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A B S T R A C T

The paper describes development of the detailed structure and circuit diagrams of the continuous wave NQR
temperature sensor with increased conversion linearity. It is experimentally established that at amplitude mod-
ulation of 40% and change of input voltage in the range of 20–1000 mV, the circuit of a symmetric marginal
oscillator with a linear active demodulator provides better linearity of transfer characteristic than the circuits of
asymmetric marginal oscillators with JFET or diode detectors. As a thermometric substance of the proposed NQR
sensor, copper oxide Cu2O was used, which is characterized by a strong temperature dependence of the resonance
frequency of 63Cu NQR. In contrast to 35Cl NQR in KClO3, for cuprous oxide the temperature dependence of 63Сu
NQR frequency in the frequency range 26.621–25.658 MHz is linear in the temperature range 100–390 K. It is
experimentally confirmed that the use of a low mass sample (less than 200 mg) as a thermometric substance of the
proposed NQR sensor is quite sufficient for successfully observation of the resonance line at the SNR equal to 9.1
dB.
1. Introduction

There are continuous wave (CW) and pulsed methods for observing
nuclear quadrupole resonance (NQR) signals in the frequency range from
~2 to 1000 MHz. Despite the intensive development of pulsed methods
in resonance radiospectroscopy, CW methods have not lost their rele-
vance and are still used in laboratory practice. This is especially true of
NQR spectroscopy, where the absence of a strong external magnetic field
makes them attractive and accessible to researchers. The results obtained
with the help of NQR are unique and valuable in the study of the structure
of materials. Great contribution to the development of theoretical foun-
dations and scientific and technical basis of NQR thermometry was made
by such scientists as R.T. Pound, F.N.H. Robinson, Michael S. Adler, Tara
P. Das, V.S. Grechishkin, T.N. Rudakov and others [1–4].

Marginal oscillators based on junction gate field-effect transistor
(JFET) have been widely used by scientists in recent decades to observe
the methods of continuous wave spectroscopy of NQR, nuclear magnetic
resonance (NMR) and electron paramagnetic resonance (EPR) signals
[5–21]. Compared to other similar devices, such circuits are character-
ized by simplicity, reliability and high sensitivity [7–11]. Despite the fact
that the principle of modern radio spectrometers is based on the methods
of pulse Fourier transform spectroscopy, marginal oscillators can be
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effectively used in the development of high-sensitivity and
high-precision NQR sensors of physical quantities (temperature, pres-
sure, magnetic field, etc.) that do not require calibration and periodic
verification. Unlike pulse Fourier transform NQR spectroscopy, where
the sample is exposed to strong radio frequency radiation, continuous
wave spectroscopy uses weak radio frequency radiation, which has little
effect on the parameters of the sample crystal lattice, and therefore
makes it possible to significantly increase the accuracy of the NQR sensor
[12–17]. The potential use of such sensors is possible in distributed
sensor networks and devices of the Internet of Things physical link.
Spintronics is also an important application area of marginal oscillators
[22].

From the analysis of scientific works it follows that the most well-
known methods of synthesis of circuit diagrams of marginal oscillators
are based either on cumbersome analytical calculations using the clas-
sical theory of signal generation and nonlinear systems, or on the results
of numerous experimental studies [18–20]. In this case, in the majority of
cases, the increase in sensitivity is achieved mainly by reducing the
intrinsic noise of the circuit and weakening the external interference
[21]. The aim of this work is develop circuit diagrams of marginal
oscillator NQR sensor with increased conversion linearity using simula-
tion results. Cuprous oxide (Cu2O) was chosen as a research object of the
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developed temperature sensor. To a large extent, this choice is due to the
ability to provide a high frequency of cuprous oxide, which in turn
provides high reproducibility of the response signal line width, as well as
a relatively narrow absorption line width (~10 kHz) and high tempera-
ture sensitivity ~ 4–5 kHz/�C.

2. Analysis of amplitude demodulation methods in marginal
oscillators

Among the known circuit diagrams of marginal oscillators, there are
several basic ones, the difference between which is mainly in the method
of introducing the feedback required for the occurrence of self-
oscillations [7–11,18–21]. These devices for amplitude demodulation
of absorption signal employ conversions in a nonlinear element of the
marginal oscillator – a transistor or a semiconductor diode. In each case,
with a successful design, careful selection of electronic components and
modes of operation of the oscillator with self-excitation, a fairly high
sensitivity of detection of absorption signals can be achieved.

Ref. [7–9,18–21] describe the use of a nonlinear converter on JFET
for amplitude demodulation. In addition to the above strong points, this
demodulator has disadvantages. It is, first of all, high coefficient of
nonlinear distortion of the output signal, as well as the need to constantly
adjust the position of the operating point of the transistor when changing
the mode of operation of the marginal oscillator. The use of an amplitude
demodulator on a semiconductor diode to detect the NQR signal is
described in Ref. [7]. Due to the use of a high-frequency cascade
amplifier, this diode demodulator operates in strong signal mode. A
similar solution is also described in Ref. [10]. The introduction of an
additional amplification stage improves the linearity of the transfer
characteristic of the demodulator.

Simulation Program with integrated circuit emphasis (SPICE) simu-
lation was performed to synthesize the amplitude demodulator circuit
and study its transfer and noise characteristics (Fig. 1).

SPICE simulation was performed in the Cadence OrCAD software. The
noise characteristics of the JFET based and diode based amplitude de-
modulators are shown in Fig. 2 and Fig. 3. In the range of input voltages
0.1–2.2 V, the active diode demodulator provides better linearity of the
transfer characteristic than the JFET based demodulator. The SPICE
simulation results showed that for the circuit shown in Fig. 1B the har-
monic factor is 33% smaller (at m ¼ 10%) compared to the harmonic
factor for the model shown in Fig. 1A.

Active amplitude demodulators are known to have a number of ad-
vantages over passive ones, in particular, have better linearity of the
transfer characteristic. In order to study the characteristics of the active
amplitude demodulator, its SPICE model was developed (Fig. 4).

The circuit contains a half-wave rectifier on the operational amplifier
(op amp) U1 and an adder on the op amp U2. With a positive polarity of
the input voltage, U1 works as an inverting amplifier.
Fig. 1. SPICE models of the amplitude demodul
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The simulation results of the linear active amplitude demodulator are
shown in Fig. 5. The results of SPICE simulation showed that the linear
active amplitude demodulator circuit is not inferior in noise character-
istics to the JFET or diode demodulators, however, it provides better
linearity of the transfer characteristic in the input voltage range of
20–1000 mV. The minimum value of the detected signal (at a carrier of
20 MHz and a modulation frequency of ~1 kHz), which was observed
without significant distortion was 1.8%.

3. The principle of implementation of the NQR sensor

The purpose of the experiment was to determine the minimum mass
of a thermometric substance which can be precisely detected using the
proposed NQR sensor (Fig. 6).

3.1. Symmetrical marginal oscillator

In the process of analysis conducted on the basis of equivalent low-
signal circuits and mathematical modeling, the dependences of the
noise factor and sensitivity on the amplitude of radio frequency (RF)
oscillations for asymmetric and symmetric circuits of marginal oscillator
were obtained [21]. A common disadvantage of both circuits is the
deterioration of noise characteristics at low levels of generation voltage
(below 100 mV). However, with a decrease in the amplitude of RF os-
cillations, there is an intensive increase in the sensitivity of the marginal
oscillator. It is the relationship between these two factors that must be
taken into account when setting the operating modes of the circuit.

It was investigated that for BF245C transistors at a carrier frequency
of 26 MHz, resonance modulation frequency of 140 Hz, and voltage of
generated oscillations on the 800 mV circuit, the noise factor for the
symmetrical circuit decreased by 8.5%, and the sensitivity increased by
4.7%. It is obvious that the increase in the sensitivity of symmetric cir-
cuits allows observing lower concentrations of the studied nuclei.

Fig. 7 shows the circuit diagram of a symmetrical marginal oscillator
[21]. As a threshold oscillator, a two-cycle RF source voltage repeater
was used [19]. The specific feature of the proposed circuit is its sym-
metrical structure with respect to low-frequency (LF) signal. For the RF
signal, this is a high-frequency amplifier with positive feedback, and for
the LF component, this transistor circuit (Q1, Q2) is, in fact, a differential
amplifier. This makes it possible to maintain the symmetry of the circuit
while further amplifying the absorption signal. The symmetrical struc-
ture of the circuit also significantly reduces the influence of external
noise – electromagnetic, acoustic and vibration disturbances to which
such circuits are very sensitive, especially if they operate near the
threshold of generation failure.

The output of the repeater is loaded on the capacitor С8, whereby the
sources of transistors Q1, Q2 are distributed according to RF by coils L3,
L5. Oscillations at the resonant frequency are excited by positive
ators: A – built on JFET, B – built on diode.



Fig. 2. Simulation results of the JFET based amplitude demodulator: A – signal-to-noise ratio (SNR), B – noise figure.

Fig. 3. Simulation results of the diode based amplitude demodulator: A – SNR, B – noise figure.

Fig. 4. SPICE model of the op-amp based linear active amplitude demodulator.

Fig. 5. Simulation results of the op-amp based amplitude demodulator: A – SNR, B – noise figure, C – equivalent input noise voltage spectrum, D – frequency response.
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Fig. 6. Block diagram of the proposed NQR sensor: L – probe coil; G1 – clock generator; G2 – sweep generator (sawtooth voltage); A1.1, A1.3 - A1.5 – buffer am-
plifiers; A1.2 – wideband instrumentation amplifier; C1.1 – ganged capacitor; G1.1 – symmetrical marginal oscillator; G1.2 – voltage-controlled oscillator; PF1 –

frequency meter; U1.1 – frequency divider; U1.2 – phase detector; U1.3 – linear active amplitude demodulator; Z1 – low pass filter; U2.1 – phase splitter; U2.2, U2.3 –

frequency dividers; U2.4 – binary counter; U2.5, U2.6 - triggers; S2.1, S2.2 – switches; SM2.1 – adder; A2.1-A2.3, A2.5 – amplifiers; A2.4 – comparator, C2.3 –

capacitor bank; A3.1 – operational amplifier; A3.2 – power amplifier; U3.1 – power supply module; U3.2 – bipolar pulse generator.

Fig. 7. Circuit diagram of the symmetrical marginal oscillator.
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feedback created by a symmetric divider with C3, C7, C9, C10. Input
capacitors of JFETs, which are formed by a gate-source transition, are
functionally included in the divider. In fact, the circuit of this marginal
4

oscillator is a combination of two oscillators based on a capacitive triple
that operate in antiphase. The mode of operation of transistors Q1, Q2 is
set by changing the gate-source voltage Ugs using potentiometer R3. The
frequency of the generated oscillations is determined mainly by the
inductance of the coil L1, capacitors C1, C4, C11 and varicaps D1, D2.
The circuit generates oscillations in the range of 1–150 MHz. The level of
RF voltage on the circuit is in the range of 10 mV–0.5 V. The amplitude of
the high-frequence voltage on the oscillatory circuit is set by the ratio of
the capacitances of the dividers and is regulated by the synchronous
change of capacities C3 and C10. Varicaps D1 and D2 are introduced into
the circuit for frequency sweep and implementation of the frequency
modulation mode.

The test sample is placed in the inductor coil L1. To be able to work in
the low-temperature range, it is necessary to move the coil with the
sample into the cooling tank, which is possible when using a communi-
cation line. Since the circuit is symmetrical, we used a two-wire sym-
metrical communication line. The design parameters of the
communication line affect its characteristic impedance, and with
increasing frequency, they also affect the Q-factor of the circuit. Variable
inductors and different types of lines were used to operate in a wide range
of frequencies. In particular, experiments were performed using a four-
wire symmetrical line, two additional wires of which are connected in
parallel to the main ones, but placed in the intersecting planes. This made
it possible to reduce the parasitic inductance, which is included in the
equivalent circuit of the generator oscillatory circuit. The latter is
equivalent to increasing the effective fill factor of the oscillatory circuit
coil and increasing the Q-factor. As a result of using a four-wire line, the
sensitivity of the detector increased by a factor of 1.8–2.2, and the upper
limit of the generated frequencies increased by a factor of 1.2–1.5. Also,
to reduce the influence of line characteristics on the resonant charac-
teristics of the circuit when operating at cut-off frequencies (about 150
MHz), we used a constructive line solution, which consists in the use of
additional coaxial capacitors placed on the line conductors near the coil
with the sample. In this case, the inner linings of the tanks are formed by
the conductors of the line, and the outer – by hollow thin-walled cylin-
ders, fixed to the conductors of the line through the dielectric gaskets.
Each of the outer linings was connected to the opposite line conductor.
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In the study of 63Cu NQR in the vicinity of a relatively low frequency
of 26 MHz, an L1 inductor coil was used with the following parameters:
inductance – 1.7 uH, coil diameter – 18mm, coil length – 25mm, number
of turns – 12, winding step – 2.1 mm. A classic symmetrical two-wire
communication line with a length of 100 mm and a distance between
the conductors of 11 mm is used to connect the L1 coil to the circuit. The
inductor coil and line are made of silver-plated copper wire with a
diameter of 2 mm. The characteristic impedance of the line used is 276Ω,
which agrees well with the characteristic resistance of the circuit – 278Ω.

The inner part of the circuit, highlighted by a dotted line, is located in
a separate additional screen and suspended on shock absorbers to reduce
acoustic and vibration noise.

3.2. Frequency sweep linearization

Scanning of the oscillator frequency near the resonance conditions is
carried out using varicaps D1 and D2 (Fig. 7), the nonlinearity of the volt-
farad characteristics of which leads to a violation of frequency scale
nonlinearity, and, accordingly, to distortion of the resonant spectra.

One solution to this problem is to synchronize the frequency of the
marginal oscillator with an external reference oscillator [10]. The
disadvantage of this method is the synchronization in a small frequency
range and the reduction of marginal oscillator sensitivity. Expansion of
the synchronization range while maintaining high sensitivity of marginal
oscillator is possible when using phase-locked loop (PLL) [23].

3.3. Amplification and detection chain

RF oscillations from the output of the marginal oscillator are fed to
the input of the amplification and detection chain which is schematically
shown in Fig. 8.

To ensure minimal influence on the marginal oscillator, the input
stage of the circuit, which acts as a RF matching amplifier, is made on
broadband op amp AD812 (U1 and U2) with high input resistance and
low input capacitance. Op amps are connected according to the instru-
mentation amplifier circuit, which provides an additional increase in the
input resistance of the circuit and the ability to amplify the differential
signals. The family of experimental transfer characteristics of the RF path
for the frequencies 10 MHz, 30 MHz and 50 MHz is shown in Fig. 9A. A
test sinusoidal signal in the frequency range of 10–50 MHz was fed from
the OWON AG2052F signal generator to the input of the device under
test. At the output of the generator, a 40 dB attenuator is applied to
attenuate the amplitude of the test signal. The amplitudes of the signals at
the input and output of the device under test were monitored using a
Siglent SDS1202CNL digital oscilloscope. The experimental transfer
Fig. 8. Circuit diagram of the amp
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characteristic of the amplitude demodulator on U3 is shown in Fig. 9B.
The high linearity of the characteristics of the proposed amplification and
detection device allows reducing the distortion of the shape of the
resonant lines in the operating frequency range, and the uniformity of the
phase-frequency characteristic simplifies the phase adjustment of the
synchronous detector. The overall gain of the chain is 53.2 dB.
3.4. Magnetic field modulator with a “rectangular” shape of the output
current

A method for observing NQR by magnetic field modulation in the
form of rectangular pulses was proposed in Ref. [24]. Nuclear quadrupole
resonance lines in powder samples usually expand in the presence of a
weak (compared to quadrupole interaction) external magnetic field. This
phenomenon is used as a modulation mechanism in NQR spectroscopy
and is called the Zeeman modulation. If a bipolar magnetic field is
applied to the sample so that the resonance periodically switches be-
tween the undisturbed line and the Zeeman expansion, then during the
cycle of the magnetic field the NQR signal is jammed twice. The resulting
amplitude modulation of the RF signal is detected by a lock-in amplifier
at double the Zeeman modulation frequency [25]. An important feature
of the Zeeman modulation, in comparison with frequency modulation,
which is also used in the NQR technique, is the insensitivity of the
spectrometer to piezoelectric resonances and the absence of parasitic
amplitude modulation of the RF signal. At the same time, direct inter-
ference to the coil of the sensor circuit at the second harmonic of the
modulation frequency is eliminated.

Magnetic field is created by two coils having a common axial axis and
located in parallel planes at a distance equal to their radius (Helmholtz
coils).

Voltage-controlled current sources (VCCS) are designed to supply a
load with a current whose strength does not depend on the output
voltage, but is regulated only by the magnitude of the input voltage of the
circuit. The feature of a voltage-controlled current source is its high
output resistance. A simplified diagram of the proposed magnetic field
modulator based on VCCS is shown in Fig. 10 [26]. The basis of the
circuit is an operational amplifier U1 with connected high-power MOS-
FETs Q1 – Q8. The use of MOSFETs in the circuit is due to the low
resistance of the chain in contrast to bipolar ones and, accordingly, lower
heat release.

The depth of the current feedback is regulated by the selection of
resistors R3 and R14. In this case, both the control signal (bipolar
voltage) and the feedback signal from the resistor R16 are fed to the
inverting input U1. To prevent high-frequency excitation, the L1 and R15
are connected in series with the load. The proposed activation of
lification and detection chain.



Fig. 9. Experimental studies of the amplification and detection chain: A – RF chain transfer characteristics, B – transfer characteristic of the amplitude demodulator.

Fig. 10. Circuit diagram of the VCCS based magnetic field modulator.

Fig. 11. Influence of feedback on the shape of current in inductive load: A –

feedback is disabled, B – feedback is enabled (VCCS mode).
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transistors VT1 – VT8 allows unloading the output of the operational
amplifier and using transistors in sparing mode.

The Helmholtz coils Lm are used as modulator load. With a series
connection, the maximum induction of the magnetic field in the coils
reaches �100 G at a current of ~30 A. To achieve the required value of
magnetic field induction, the design parameters of Helmholtz coils were
calculated: average radius – 5 cm, active resistance of each coil – 0.1 Ω,
inductance of one coil – 110 uH. Experimental studies showed that the
inhomogeneity of the magnetic field in the area of the sample did not
exceed 0.1%. Fig. 11 shows current waveforms in the Helmholtz coils
with the feedback off and on. The experimental waveforms obtained
using the Siglent SDS1202CNL oscilloscope. When the feedback was
turned off, the coil current rise/fall time was 1.2 ms, and when it was
turned on, it was 0.2 ms. To visualize the shape of the current in the load
and control its level, the resistance R16 is calibrated and is 0.01 � 5% Ω.

3.5. Signal processing chain

A system with phase detection of the response signal was used to
study the NQR spectra in sweep mode. This allows you to ensure good
reproducibility of the line shape. The method of synchronous detection,
together with such methods as stroboscopic and multichannel accumu-
lation, is widely used to extract weak signals from noise in experimental
physics. It is especially actively used in optical and radio spectroscopy
[27].

To implement the method of synchronous detection, in this work we
have developed a circuit diagram of the absorption signals processing
chain consisting of: synchronous detector, synchronous integrator and
phase shifter.
6

A circuit diagram of a synchronous integrator developed for an NQR
sensor is shown in Fig. 12. The on-off switch U4, alternately, with a
frequency f connects the capacitors to one of the resistors R with the help
of a switching bipolar pulse Ug.

In this case, the output voltage Uout will be the result of the successive
integration of Uin by the links RC7 and RC8. If the input voltage Uin is a
rectangular signal with a frequency F,which coincides with the switching



Fig. 12. Circuit diagram of the synchronous integrator.
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frequency of the switch f and the amplitude Uin, then it is clear that C7
will be charged to the voltage þ Uout, and C8 to the voltage -Uout. Since |
Uout| is the voltage across each capacitor, then a rectangular signal with
amplitude Uout is obtained at the output.

The frequency response of a synchronous filter, in addition to the
passband near the zero frequency, also has a number of bands at fre-
quencies that are multiples of the switching frequency. At frequencies 2F,
the transmission coefficient is zero, that is, the odd harmonics of the
signal are passed, and the paired ones are suppressed. The input signal is
amplified by TS921 op amp, the gain of which is set by resistors R15 –

R19. The resistors are connected to the op amp feedback circuit by the
multiplexer U1. The multiplexer U3 switches the resistors R5 – R7, R9,
R12, R14, which set the integration time constant in the range of
0.05–10 s. The analog switch U4 according to the synchronization signal
connects the capacitors C7 and C8 to the resistor matrix.

Fig. 13 is a dependence showing a sharp increase in SNR at the output
of a synchronous detector while narrowing the integrator bandwidth (82
dB for a 1 Hz band). Dependences shown in Fig. 13B characterize the
transfer characteristics of a synchronous detector with an integrator time
constant of 0.51 � 10�3 s. The non-linearity of the transfer characteristic
of a synchronous detector is ~1% for frequencies 50 Hz, 100 Hz, 200 Hz.

3.6. Observation of 69Cu NQR in thermometric substance Cu2O

When developing secondary temperature standards based on the NQR
method, it is important to minimize the temperature gradient in the
sample, which leads to a narrowing of the spectral line and makes it
possible to significantly increase the accuracy of temperature measure-
ment [28,29]. Potassium trioxochlorate is used as the thermometric
substance of most NQR temperature sensors [30–33]. Such sensors have a
number of disadvantages, in particular, the nonlinear dependence of the
Fig. 13. Experimental studies of the signal processing chain: A – dependence of the S
transfer characteristics of the synchronous detector for frequencies: 50 Hz, 100 Hz,
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NQR frequency on the measured temperature. When performing exper-
iments with the substance KClO3, it should be borne in mind that its
mixtures with organic substances are explosive, sensitive to friction,
impact, heat. It is especially easy to explode chlorates in a mixture with
sulfur, red phosphorus, antimony, starch, soot, sugar. When mixing
Berthollet salt with ammonium salts, a product is formed, which explodes
at 100 �C, and during prolonged storage is self-igniting. This was one of
the good reasons not to conduct research with this substance. Copper
oxide was used as the thermometric substance of the proposed NQR
sensor, which is characterized by a strong temperature dependence of the
resonance frequency of 63Cu NQR (up to ~3.18 kHz/K in the temperature
range 77–300 K) [33,34]. For research, we used polycrystalline plates of
pressed Cu2O powder with a thickness of 0.4 mm and an area of 6 � 6
mm2.

The calculation of the operating frequency of the marginal oscillator
was performed according to the formula that correlates the frequency
(ν0) of NQR and the temperature (T) of the thermometric substance Cu2O
[35,36]:
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At atmospheric pressure Patm ¼ 101.325 kPa we consider the
following constants: 63υQ

(0) (Patm) ¼ 27.0513 MHz is the T-independent
coefficient, Θ(Patm) ¼ 0.00012978 K-1 is the characteristic temperature
for the relevant phonon mode, λ(Patm) ¼ 135.3 K is the coupling constant
between the phonon and electric field gradient [35].
NR at the output of the synchronous detector on the integrator bandwidth.; B –

200 Hz.



Fig. 14. Temperature dependences of the NQR frequencies for 35Cl and
63Cu isotopes.
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The dependence of the 63Cu NQR frequency in Cu2O on the temper-
ature ν0(T) for the temperature range of 4–400 K, calculated by formula
(8), is shown in Fig. 14 (solid line). As we can see, the limiting frequency
values are 25.65 MHz and 26.82 MHz. For comparison, the calculated
temperature dependence of the 35Cl NQR frequency in KClO3 is also
shown (Fig. 14, dashed line). Unlike 35Cl NQR in KClO3, for cuprous
oxide, the temperature dependence of the 63Сu NQR frequency in the
frequency range 26.621–25.658 MHz is linear in the temperature range
of 100–390 K.

To achieve maximum SNR, it is necessary that the coil fill factor with
the sample was maximum. However, in this case, the temperature
gradient of the sample may increase, which will lead to the expansion of
the spectral line. That is why we conducted a study of the minimummass
of the sample whereby it is possible to observe the NQR signal with a
satisfactory SNR. Previous studies have also shown that the spectral line
width and temperature coefficient are almost independent of the age of
the sample. To determine the transfer characteristic of the proposed NQR
sensor, a number of measurements of 63Cu NQR spectra were performed
for cuprous oxide samples of different masses. Fig. 15 shows the results
obtained for samples weighing from 0.2 g to 2 g, recorded at 26.006 MHz
at a temperature of 293 K. The experiments were performed at an inte-
grator band of 100 Hz. In this case, the maximum SNR of the channel was
about 48 dB, and the maximum SNR of the spectrum was 23.5 dB (at a
sample weight of 2 g). The recording time of one spectrum was about 5
min. The minimum mass of the thermometric substance Cu2O, recorded
without the use of digital accumulation and averaging algorithms, was
Fig. 15. NQR spectra for 63Cu isotope in Cu2O samples of various weights.
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200 mg with an SNR of 9.1 dB. For a sample weighing 200 mg, the width
of the spectral line at half its maximum intensity was 5 kHz, and the
measurement accuracy in the room temperature range was 0.03 K. The
NQR signal is recorded at the second harmonic of the modulation fre-
quency using a symmetric marginal oscillator and a linear amplitude
demodulator. The modulation frequency of the magnetic field was 65 Hz,
and its induction was 7 G.

With certain modifications of the input circuit of the proposed sensor
and a change of its operating modes, one can also use other compounds
that are characterized by the temperature dependence of the NQR fre-
quency, such as Sb2S3, GaSe, InSe and others.

4. Conclusions

There are stationary and pulsed methods for observing NQR signals in
the frequency range from ~2 to 1000 MHz. The paper describes devel-
opment of the detailed structure and circuit diagrams of the continuous
wave NQR temperature sensor with increased conversion linearity.

The SPICE models of known circuit diagrams of amplitude de-
modulators of NQR marginal oscillators have been studied. A circuit di-
agram of a symmetric marginal oscillator with a linear active
demodulator has been developed. It is established that at amplitude
modulation of 40% and change of input voltage in the range of 20–1000
mV the above circuit diagram provides better linearity of transfer char-
acteristic (harmonic factor of the output voltage did not exceed 0.5%)
than the transistor and diode demodulators.

To implement the Zeemanmodulation in NQR, the circuit diagram for
an amplifier based on a controlled current source is developed providing
magnetic field induction in the working area of the Helmholtz coils up to
�100 G.

A signals processing chain for continuous wave NQR temperature
sensor with separate setting of the bandpass is proposed: 0.01–20 Hz for a
synchronous integrator and 0.1–50 Hz for a synchronous detector, which
provides the best adjustment of the conditions for detecting a resonant
signal when observing isotopes with different values of nuclear spin
relaxation.

The purpose of the experiment was to determine the minimum mass
of a thermometric substance which can be precisely detected using the
proposed NQR sensor. Cuprous oxide (Cu2O) was chosen as the research
object of the proposed temperature sensor. To a large extent, this choice
is due to the ability to provide a high frequency of cuprous oxide, which
in turn provides high reproducibility of the width of the response signal
line, as well as a relatively narrowwidth of the absorption line (~10 kHz)
and high temperature sensitivity ~4–5 kHz/�С. From the results of the
research obtained with the help of the developed NQR sensor, it was
established that cuprous oxide is a promising material for use in sec-
ondary temperature standards. It is confirmed that the temperature
dependence of the 63Сu NQR frequency in the frequency range
26.621–25.658 MHz is linear in the temperature range 100–390 K. The
experiments were performed at an integrator band of 100 Hz. In this case,
the maximum SNR of the channel was about 48 dB, and the maximum
SNR of the spectrum was 23.5 dB (at a sample weight of 2 g). The
recording time of one spectrum was about 5 min. It has been experi-
mentally confirmed that the use of a low-mass sample (less than 200 mg)
as a thermometric substance of the proposed NQR sensor is quite suffi-
cient for successfully observation of the resonance line at the SNR equal
to 9.1 dB. For a sample weighing 200 mg, the width of the spectral line at
half its maximum intensity was 5 kHz, and the measurement accuracy in
the room temperature range was 0.03 K.
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