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Abstract: RELEVANCE. The design and development of radio frequency (RF) coil sensors is an
important engineering and, at the same time, fundamental task for those radio spectroscopic
instruments that require an increase in sensitivity, measured as a signal-to-noise ratio (SNR).
Radio spectroscopy of nuclear quadrupole resonance (NQR), especially in nitrogen compounds, in
which the resonant frequency is very low and ranges from a few megahertz or lower to hundreds
of kilohertz, requires the use of special solutions to increase the sensitivity. PURPOSE.
Theoretical substantiation and search for a technical solution that allows achieving high
sensitivity on standard equipment through the use of a high-quality sensor. METHODS. Methods
for optimizing the design of sensors for NQR/NMR spectrometers are considered. The design of
the sensor for the NQR spectrometer, which contains an inductance coil wound with a Litz wire,
has been calculated and designed. RESULTS. A high-quality coil for the spectrometer sensor was
made, which gives an increase in the quality factor by about 1.5 times. The use of a spectrometer
with this coil made it possible to confidently record weak noisy signals of paracetamol at a low
duty cycle. The sensitivity of the sensor made it possible to distinguish preparations from different
manufacturers by their spectral characteristics. CONCLUSIONS. A solenoid sensor has been
developed, modeled and manufactured, which has a high quality factor and allows recording
quadrupole resonance signals of drugs (paracetamol) by a non-destructive method directly
through the package. The possibility of using such a sensor for quality control of medicines,
detection of falsified and counterfeit medicines is shown.
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Abstract: AKTYAJIBHOCTb. Ilpoexmuposanue u paspabomka paduouacmomnvix (PY)
O0aMUUKO8 KAMYUWIEK AGIACMCA  BANCHOU  UHIHCEHEPHO-MEXHUYECKOU U, OOHO8DEeMEHHO,
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@yHOamenmanbHoOU 3a0ayei Ofii mex PAaoUOCHeKMPOCKONUYeCKUx  npubopos, 6 Komopbix
mpebyemcst yeenuueHue YyecmeumenbHocmu, usmepsemoe kak omuoutenue cuenar/wym (SNR).
Paouocnexmpockonus sioeproco xeadpynonvnozo peszonanca (AKP), ocobenno 6 coeduneHusx
asoma, 6 KOMOPLIX PE3OHAHCHASL HACOMA O4eHb HUSKA U COCMABISen Om eOUHUYbL Me2azepy uiu
Hudice - 00 comeH Kuaozepy, mpeOyem NPUMEHEHUs CHeYUANbHbIX peuleHull 05l yeeaudeHus
yyecmeumenvocmu. L{EJIb. Teopemuueckoe o0b0cHo8aHUe U NOUCK MEXHUYECKO20 DeuleHus,
KOmMopoe no360.sem 000UmbCsi 6blCOKOU YY8CMEUMENbHOCIU HA CIMAHOAPMHOM 000pPY008aHUU 3
cuem  npumeHenusi  8blCOK0O00OpomHozo damuuxa. METO/bBI  Paccmompenvl  memooul
onmumusayuy  KoHcmpykyuu  oamuukog 0 AKP/AMP  cnexmpomempos. Paccuumana,
CHPOEKMUpO8ana KOHCmpyKyusi cencopa 0as cnexkmpomempa SAKP, codepocawas xamywxy
UHOYKMUGHOCMU, HAMOMAHHYIO nposodom muna aumyenopam. PE3VJIBTATBI. Hzeomoenena
8bICOKOO0OPOMHAST KAMYUIKA OSL OAMYUKA CNEeKMpOMempa, 0auwds yeeiuieHue 000pomHocmu
npumepHo 6 1,5 pasa. Hcnoavsosanue cnekmpomempa ¢ OaHHOU KAMYWKOU NO360UNO YEEPEHHO
peaucmpuposamn, ciabvle 3auiyMieHHble CUSHANbL NApAYemamond npu HU3KOM Kod@uyuenme
3anonnenus.  YyecmeumenbHoCcms — 0AMUUKA — NO3GOAUNO  PA3IUNUML N0 CHEKMPATbHbIM
xapaxmepucmuxkam — npenapamvl  pasuvix — npouszeooumeneu. BbBIBO/bBI.  Pazpaboman,
CMOOENUPOBAH U U320MOBJIeH COJICHOUOHbLI 0amyuK, 001a0arwuil 8blCOKOU 00OPOMHOCMbIO U
NO3GONAIOWULL PEUCTNPUPOBAMb CUSHATbL K8AOPYNOIbHO20 PE30OHANCA NEKAPCMEEHHbIX CPEeOCE
(napayemamon) Hepaspywawum MemooomM HenocpeOCmeeHHo uepe3 Ynaxoeky. Iloxasana
B03MOJICHOCTL  UCNONL30BAHUSL MAKO20 OAmM4uUKa O KOHMPOIs KAYecmed JNeKapCmEeHHbIX
cpedcmas, GblAGIeHUs (PANbCUDUYUPOBAHHBIX U NOOOETbHBIX JIEKAPCME.

Kniouesvie cnoea: AKP 14N, oamuux K6aOpynoavbHo20 pe3oHauca, JAumyeHopam, pu,
aymenmupurayus 1eKapCcmeeHHulX nPenapamos.

Jasi  uurupoBanusi: XycHytauHoB P.P., Mosxyxun I'.B., Xycuyraunosa H.P.,
CanaxytnnHoB b.M. BBICOKOZOOpPOTHBIN SKp CEHCOp Ui METUIIMHCKUX MPIJIOKEHUH //
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Introduction

The problem of pharmaceutical drugs quality is relevant all over the world. According to
the World Health Organization in developing countries, one pill in 10 is adulterated. It may
contain no active ingredient at all or contain less than necessary. According to official statistics,
the share of fake (counterfeit, adulteration) drugs in the Russian Federation is 2-4%, according to
unofficial data, the number of counterfeit drugs is much higher and reaches 10% for some
positions. In Europe and North America, the percentage of low-quality drugs is lower than in
Russia; in Asia and Africa, the proportion of counterfeit drugs reaches 50% for some popular types
of drugs [1-5]. Another factor influencing the spread of counterfeit products is the increase in the
online trade in medicines. Exercising control organizations use physical and chemical methods to
test drugs. An obligatory set, as a rule, are methods of chemical analysis, chromatographic analysis,
methods of IR spectroscopy, mass spectroscopy. Most of these research methods allow a
qualitative analysis of the medicinal product for compliance with regulatory documentation.
However, the existing analytical equipment has a number of disadvantages.For example, generally
preliminary preparation of a test sample is required. The equipment is bulky and requires qualified
personnel. The modern analytical method based on Raman scattering spectroscopy is devoid of the
main disadvantages as non-destructive testing is provided, i.e. analysis can be carried out without
damaging the packaging, and the scanners are portable and easy to operate [8-11].At the same time,
their use is limited by the requirements of the optical transparency of the medium, which means
that it is impossible to study drugs in opaque packages and most tablets or powders in capsules.
Therefore, the technique of nuclear quadrupole resonance (NQR) has outlook as a method for
determining the quality of drugs, as it allows the study of chemical compounds in the solid phase
directly in the package (in blisters, plastic and cardboard boxes and tubes) [10-12].

Literature Review

Nuclear quadrupole resonance (NQR) is a radiospectroscopy method based on the resonant
absorption of electromagnetic energy in crystals, due to transitions between energy levels resulting
from the interaction of the electric quadrupole moment of the nucleus with the electric field
gradient (EFG) at the location of the nucleus. NQR is observed in solid mono- and polycrystalline
compounds (also in frozen liquids) containing quadrupole nuclei, and the energy levels arising
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from this interaction absorb and emit in the range from 0.1 to 10 MHz. Typical nuclei on which
NQR is observed are®Cl,*'CI,”Br,®'Br,"?’I,"?'sb ,'?*Sbh,"*As,**Cu,Cu,**N,'°B,"Betc. Since the
NQR resonance frequency is determined by the interaction between the quadrupole moment of the
nucleus and the EFG tensor around the given nucleus, it is unique for a given chemical compound,
the so-called passport. This circumstance made it possible to develop entire areas of research
related to the search and detection of explosives and narcotic substances [13-15] since all
explosives and most drugs contain quadrupole nitrogen'*N. In the early 2000-s, a group of
scientists from King's College proposed to use the NQR method to determine the authenticity of
drugs. In addition, with the help of NQR it is possible to study the polymorphism of medicinal
compounds [16].

The physics and technology of NQR is in many ways similar to nuclear magnetic resonance
(NMR), with one very significant difference: pure NQR does not require a constant magnetic field.
Therefore, NQR equipment is more compact and cheaper to manufacture. The main and serious
problem that limits the use of NQR for such studies is the low sensitivity or the associated low
signal-to-noise ratio. The amplitude of the NMR/NQR signals is related to the resonant frequency,
and in NQR, for example, nitrogen frequencies lie in the range of 0.6-6 MHz, as a result, the
transient signals induced in the sensor coil have amplitude of several uV, which is commensurate
with the noise of the device itself. There are a large number of ways to increase the sensitivity,
such as the use of multiple signal accumulation, the use of special multi-pulse sequences, the use,
together with NQR, of sensors based on other methods, such as giant resistive resistance or
SQUID, a combination of NQR and NMR, two- and three-frequency techniques, improvement of
the sensor design[17-20].

Materials and Methods NQR Probe design

The NQR sensor of the spectrometer must simultaneously perform two main functions. On
the one hand, it must create a high radio frequency field to excite all quadrupole nuclei, and on the
other hand, it must be sensitive to register very small (a few microvolts) NQR signals.
Traditionally, RLC oscillatory circuits tuned to the resonant frequency are used for these purposes.
The test sample is placed inside, as a rule, a solenoidal inductor. For a number of specific tasks,
such as mine detection, flat coils are used, with a sample containing quadrupole nuclei located
outside the coil. The main parameters of the oscillatory circuit are its active and reactive
resistances, impedance and also the quality factor of the circuit. A detailed calculation of the
circuit elements for parallel and series oscillatory circuits is given in [21, 22]. For a series
oscillatory circuit shown in Fig. 1, the expressions are as follows:
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Fig.1 The series oscillatory circuit
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where R is the resistance of the coil at the resonant frequency w=2xf, where f is the frequency;

Cyand Cr capacitances of the matching and resonant  capacitor, respectively, L is the inductance
of the coil. Simplifying the expression and removing negligible terms and separating the real and
imaginary parts separately, we get:
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In order to match with the output stage of the power amplifier, it is necessary to provide a
resistance of the real part of expression (2) equal to 50 Q. To do this, it is necessary that the circuit
be tuned to the resonant frequency by adjusting the values of Cyand Cy in such a way that the
relation is fulfilled:

R

»°C.?R2 =50Q (3)
M

The value should be:

1
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For maximum sensitivity, it is necessary to achieve several indicators simultaneously. The
oscillatory circuit must be tuned to resonance and, at the same time, be matched with the output
stage of the spectrometer; it must have a low ohmic resistance and a high quality factor, must
withstand the impact of powerful radio frequency pulses (up to several kW), retaining its
characteristics, while being easily tuned to other frequencies. Therefore, the design of the sensor,
its material, winding method, shape and cross-section of conductors are carefully calculated and
selected to achieve optimal parameters.

The sensor scheme is shown in Fig.2. Here C,, is a capacitor for matching the output
impedance of the power amplifier with the input impedance of the sensor - a Jenings 5-500 pF
variable vacuum capacitor, C7is a similar capacitor for tuning the circuit into resonance.
Additionally, high-quality ceramic capacitors from ATC were used. The cross-diodes are designed
to protect the preamplifier from high RF pulses.

Cw Cr

Fig.2. The NQR sensor scheme

The sensor coil is one of the most critical elements. Requirements are also imposed on it for
low active resistance on the one hand and a sufficiently high inductance on the other. The
dimensions of the coil must allow for completely non-destructive measurements for various types
of drugs. Their packaging can be in the form of a rectangular cardboard box in which blisters with
compressed tablets are packed, or in the form of a plastic tube containing gelatin capsules.

The quality factor of a series circuit consisting of a coil and a capacitor depends on the
quality factor of both of them. But taking into account the fact that the quality factor of the
capacitor is much greater than the quality factor of the inductor coil, it is the quality factor of the
coil that turns out to be decisive for the oscillatory circuit.The quality of the capacitor has a strong
influence on the quality factor of the circuit as a whole, but since the further selection of the
inductor used the same set of capacitors for both cases, the further calculation concerns only the
coil.

The sensor coil was wound with N = 65 turns of copper wire with a diameter of 0.6 mm on
a frame made of PVC pipe with a diameter of D = 50 mm. All available samples of paracetamol
were placed in such a coil, both in blister packs and in plastic tubes. There are several formulas
that allow you to calculate the inductance from a solenoidal coil, taking into account its parameters.
The range of inductance values was from 140 uH to 240 uH. The most accurate value of 169 puH
also takes into account not only the geometric dimensions of the frame, but also the ratio of the
coil winding length to its diameter as follows:

L=+ N2Do (5)
A



In this expression
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Wherea. =1/D = 0,84 is the ratio of the length of the winding to the diameter of the frame.
The quality factor of the coil is calculated by the formula
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In this expression, the denominator is the loss impedance for alternating current at a given
frequency. Despite a large number of studies on this topic, there is still no single algorithm for
calculating losses with alternating current from the basic works of Butterworth 1926 [23] and
R.G.Medhurst [24].

At the same time, the exact calculation of losses is not an easy task. The most profound and
detailed consideration of this issue is given by David W. Knight in his works [25, 2].

Losses at radio frequencies are caused by three factors: dependence on the material of the
conductor, the influence of the skin effect, the influence of the proximity effect. The first factor
can be ignored, since the copper material used has a rather low resistivity value and, in comparison
with the skin effect, the influence of this effect is much less. Of course, you can use metals with
lower resistivity, such as silver, but then this will lead to an increase in cost, with a very small gain.
The phenomenon of the skin effect is manifested in the fact that at radio frequencies the currents in
the conductor flow in a thin near-surface layer, increasing the resistance to alternating current.
Despite the fact that the frequency is "boundary” to take into account the influence of the skin
effect, it was decided to take into account the skin effect.

The proximity effect is due to the interaction of the radio frequency field of adjacent turns
of the coil, eddy currents arise in them, which, in combination with skin effect currents, add losses.
The value is determined by the ratio between the winding pitch and the diameter of the wire, as
well as between the length and diameter of the coil. According to the table from [27], for a coil
with the parameters used in the article, this coefficient is equal to ¥=5.8.

Thus, total resistance is

Ry =Roc -E-W (®)

The thickness of the layer & in which the entire current is enclosed more precisely, the
depth at which the current density decreases by e=2.71 times is determined by expression (9):

5= |L— ©
zfu

Where p is metal resistivity [Om.m] fis frequency [Hz], 1 = piypt, , phy =4mx 10 "H/m, M, -

relativepermeability.

The influence of the skin effect is introduced as a coefficient =, which shows how many
times the resistance to alternating current at a given frequency is greater than the resistance to
direct current.

Taking into account the influence of losses on proximity, the total resistance will be
considered as (8)

The classical calculation using the area of the ring in which the current passes, limited by
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the radius of the wire r and the penetration depth & gives:

A, =;z(2r—52) (10)

Then, taking into account the classical expression for the resistance to direct current
Roe =pl I A, where A= rr?
We obtain

E=r?/(2r-67%) (11)

Having carried out calculations taking into account losses due to the skin effect and the
proximity effect, we obtain an increase in losses by about 8 times. The inductance of the solenoid
coil is calculated by formula (5). Having carried out calculations for our coil, we obtained the
value of the coefficient = equal to 3.9. The value of the coefficient ¥ turned out to be 5.8. Thus,
the quality factor of the coil, taking into account losses, turned out to be 191. The adequacy of the
calculations was also confirmed by calculations in the online calculators of the Coil32.com portal.
In addition, having carried out measurements on the device “Q-meter E4-4”, the values L = 156
uH, Q = 195 were obtained, which also confirms the adequacy of the calculations. This is a fairly
good value for RF coils used for NQR spectroscopy. However, for our purposes, where the fill
factor of the coil will be very small, due to the fact that the volume of tablets in the blister will be
uneven and occupy a very small part of the volume of the coil, this value turned out to be
insufficient to obtain transient signals.

As an optimization of the coil parameters, it was decided to reduce the loss resistance, get
rid of the skin effect and reduce the influence of the proximity effect by using a Litz wire. Such
solution should lead to an increase in the quality factor of the coil and, consequently, the
oscillatory circuit, the sensor of the spectrometer as a whole.

Result

As a result, the calculation of a litz wire coil is given below. To reduce the losses associated
with the skin effect in practice the replacement of a single-core wire with a litz wire is used 3,
which is a bundle of a large number of thin conductors, where each has lacquer insulation in a
common silk or lavsan insulation. Thus, there is a gain due to the larger surface area of a large
number of conductors.

The coil was wound with 105/48 AWG litz wire. Loss resistance parameters were
calculated using New England Wire Technoljgyhttps://www.newenglandwire.com/traditional-litz-
wire-theory.

For this wire containing 105 strands with a diameter of 0.03 mm each, the total diameter
was 0.43 mm, taking into account the outer silk insulation. According to the calculations using the
above method, the loss resistance to the skin effect and the proximity effect is:

==1,0076 ¥Y=39

While Ry =0, 237 Om/m
o

M

The inductance of the coil wound with a litz wire appeared 172 puH and the final quality
factor calculated by expression (5) turned out to be 291.Here for the total resistance value, a wire
length of 10.21 m is taken into account.

This value turned out to be about 50% higher than the quality factor of a coil with a
conventional wire. This difference was sufficient to obtain an NQR signal from paracetamol [28,
29]. If we evaluate the effect of the quality factor on the measurement sensitivity, then according
to [14] the voltage amplitude of the induced signal is approximately equal to:

v :w|M,/QZA%)L ,

where @ = 27 T is frequency, | is the magnitude of the current induced by the sample, M is the

magnetization induced in the coils by currents I.
For a coil wound with a litz wire, the amplitude value turned out to be 30% larger
compared to a conventional wire.

Including losses R, = 0,93


https://www.newenglandwire.com/traditional-litz-wire-theory
https://www.newenglandwire.com/traditional-litz-wire-theory

Comparison with conventional coils made according to the technology published in [11,12]
and our Litz wire coil shows an increase in the quality factor by about 1.5-1.7 times, which leads
to an increase in the signal-to-noise ratio and, consequently, to a reduction in detection time by
about 1.5 times. This is important as a large number of measurements are required for drug
authentication purposes.

Further research involves expanding the range of drugs containing other quadrupole nuclei
and creating a prototype of a compact drug authenticity scanner.

Experiment

Measurements were performed on a spectrometer Apollo Tecmag. NQR experiments were
carried out on Apollo Tecmag NQR/NMR console (0.1-100 MHz) with two-channel transmitter
and one-channel receiver modules. Two Tomco BT-00500-Beta power amplifiers with output
power of up to 500 W have been used. The detector unit includes transcoupler, a quarter wave
lines 7~ filter 1,5-3.6 MHz bandwidth, a low-noise single-channel preamplifier Miteq and signal
sensor. The coil described above was used as a sensor, complete with Jenings 5-500 pF vacuum
capacitors and fine tuning with ATC capacitors. For measurements, samples of the medicinal
compound "Paracetamol” of various brands from different countries - Turkey, Italy, Czech
Republic, Russia, India, etc. containing 500 mg and 1000 mg of the active substance were
purchased. The measurements were carried out at room temperature using a multi-pulse sequence
of double spin-locking, which is a sequence of two series of 90-degree pulses separated by an
interval for signal accumulation and recording. The pulse duration and the interval between pulses
varied over a wide range and were selected according to the echo signal maximum. At the NQR
transition frequency of 2.564 MHz, the most optimal pulse durations were 30 psec, the interval
between pulses was 2000 psec. The number of pulses in the 1024 series, the signal recording time
is 2.56 ms (the number of gates is 512 with an interval of 5 us).The experiment using such a
sensor makes it possible to obtain spin echo signals. The width of the lines for different
manufacturers is different, which allows you to confidently distinguish paracetamol from different
manufacturers (see Tablel). The reasons for this difference can be different - the presence of
moisture, impurities, the difference in the composition of the auxiliary ingredients, the density of
the tablet, etc. Discussion of these reasons is beyond the scope of this article.

Tablel

Spin echo linewidth of paracetamol from different manufacturers

Medicine name The linewidth, Hz
Parol_A_(Tur) 865
Parol_(Tur) 793
Panadol_(Che) 1305
Panadol_(Rus) 1080
Paracetamolo_(Ita) 350
Paracetamol_(Rus) 1245
Paralen_(Che) 980
Tachspirinal000 (Ita) 827
Tachspirina500_(Ita) 970
Merimol650_(Ind) 940

Conclusion

Measurement of quadrupole resonance signals of very small amplitude, in most cases
covered by noise of various nature, is a rather tricky engineering problem. Most often, this
problem is solved in a complex way - equipment, multi-pulse sequences, mathematical signal
processing. The choice of the optimal sensor design for the spectrometer is one of the main ways
to solve this problem. Therefore, solutions that give even a small, few percent gain, can help to
pull the signal out of the noise, especially when measuring the NQR characteristics of low nitrogen
compounds (0.5 - 6 MHz). The quality factor of coil makes it possible to increase the sensitivity,
and therefore the proposed solution of replacing the wire with a litz wire turned out to be effective,
despite the fact that the measured frequencies approached the limit of applicability of the influence
of this effect.

References
1. World Health Organization (WHO). Substandard and falsified medical products. [Abstract].
Available at: https://www.who.int/health-topics/substandard-and-falsified-medical-products#tab=tab_1.
Accessed: 25 May 2023.


https://www.who.int/health-topics/substandard-and-falsified-medical-products#tab=tab_1

Ipobnemvr snepeemuxu, 2023, mom 25, No3

2. Bagozzi D. WHO-led anti-counterfeiting coalition examines technologies to prevent fake
drugs. In: World Health Organization (WHO); 13 March 2007. Prague; 2007. Available
at:https://www.who.int/news/item/13-03-2007-who-led-anti-counterfeiting-coalition-examines-
technologies-to-prevent-fake-drugs. Accessed: 25 May 2023.

3. The European Commission (EC). Pharmaceutical Products—information and safety
measures proposed by the EU.[Abstract].Available
at:http://ec.europa.eu/news/business/081210 1_en.htm.Accessed: 25 May 2023.

4. The European Commission (EC). European Commission—Counterfeit
Medicines.[Abstract]. Available
at:http://ec.europa.eu/enterprise/pharmaceuticals/counterf_par_trade/counterfeit_en.htm. Accessed: 25
May 2023.

5. The European Commission (EC). Millions of counterfeit drugs seized in the
EU.[Abstract]. Available at:http://www. neurope.eu/articles/91132.php.Accessed: 25 May 2023.

6. Chen H, Lin Z, Tan C. Application of near-infrared spectroscopy and class-modeling to
antibiotic authentication. Anal Biochem.2020;590:113514. doi:10.1016/j.ab.2019.113514.

7. Assi S, Khan I, Edwards A, et al. On-spot quantification of modafinil in generic
medicines purchased from the Internet using handheld Fourier transform-infrared, near-infrared
and Raman spectroscopy. J Anal Sci Technol. 2020:113514. doi:10.1186/s40543-020-00229-3.

8. Dégardin K, Guillemain A, Klespe P, et al. Packaging analysis of counterfeit medicines.
Forensic Sci Int.2018; 291:144-157. doi:10.1016/j.forsciint.2018.08.023.

9. Eliasson C, Matousek P. Noninvasive authentication of pharmaceutical products through
packaging using spatially offset Raman spectroscopy. Anal Chem. 2007;79(4):1696-1701.
doi:10.1021/ac062223z.

10. SwarupBhunia, Soumyajit Mandal.Detecting fake pills with nuclear quadrupole
resonance.lEEE Spectrum.Available at:https://spectrum.ieee.org/detecting-fake-pills-with-nuclear-
quadrupole-resonance/.Accessed: 25 May 2023.

11. Barras J,Althoefer,K, Rowe MD,et al. The Emerging Field of Medicines Authentication
by Nuclear Quadrupole Resonance Spectroscopy. Applied Magnetic Resonance. 2012;43(4).
doi:10.1007/s00723-012-0320-2.

12. Barras J, Murnane D, Althoefer K, et al. Nitrogen-14 nuclear quadrupole resonance
spectroscopy: a promising analytical methodology for medicines authentication and counterfeit
antimalarial analysis. Anal Chem. 2013;85(5):2746-2753. doi:10.1021/ac303267v.

13. Miller, Joel B. and Geoffrey A. Barrall. Explosives detection with nuclear quadrupole
resonance. American Scientist, 93. 2005: 50-57.

14. Garroway AN, Buess MN, Miller JB, et al. Remote Sensing by Nuclear Quadrupole
Resonance.lEEE Transactions on Geoscience and Remote Sensing. 2001;39(6): 1108-1118.
doi:10.1109/36.927420.

15. Apih T, Rameev BZ, Mozzhukhin GV, et al. Explosives Detection using Magnetic and
Nuclear Resonance Techniques, NATO Science for Peace and Security Series B: Physics and
Biophysics. Dordrecht, Netherlands: Springer, 168 p.

16. TronteljZ,Pirnat J, JazbinsekV, et al. Nuclear Quadrupole Resonance (NQR)—A Useful
Spectroscopic Tool in Pharmacy for the Study of Polymorphism. Crystals. 2020;10(6):450.
doi:10.3390/cryst10060450.

17. Pannetier-Lecoeur M, Fermon C, Dyvorne H, et al. 14N NQR Detection of Explosives
with Hybrid Sensors, In: Explosives Detection using Magnetic and Nuclear Resonance
Techniques.2009. Springer, Pp. 31-40. doi:10.1007/978-90-481-3062-7_2.

18. Seliger J, Zagar V. Double resonance experiments in low magnetic field: dynamic
polarization of protons by (14)N and measurement of low NQR frequencies. J.
MagnReson. 2009;199(2):199-207. doi:10.1016/j.jmr.2009.05.001.

19. He DF, Tchiki M, Itozaki H. Detecting the 14N NQR signal using a high -Tc
SQUID.IEEE Transactions on applied superconductivity. 2007;17(2): 843-
845.d0i:10.1109/TASC.2007.898204.

20. Mozzhukkin GV,Rameev BZ, Khusnutdinov RR, et al. Three-frequency composite
multipulse nuclear quadrupole resonance (NQR) technique for explosive detection. Applied
Magnetic resonance.2012;43(4):547-556. d0i:10.1117/12.923625.

21. Hemnani P, Rajarajan AK, Joshi G, et al. (2020)Design of probe for NQR/NMR
detection.International Journal of Electrical and Computer Engineering (IJECE). 2020;10(4):
3468-3475.doi: 10.11591/ijece.v10i4. pp3468-3475.

22. Majewski A, Walker M.Design of Impedance Matching Networks for NMR and NQR
Studies in the HF Band.Department Of Physics, University of Florida, 2016. Available at:
http://www.phys.ufl.edu/~majewski/letters/match.pdf. Accessed: 25 May 2023.

10


https://www.who.int/news/item/13-03-2007-who-led-anti-counterfeiting-coalition-examines-technologies-to-prevent-fake-drugs
https://www.who.int/news/item/13-03-2007-who-led-anti-counterfeiting-coalition-examines-technologies-to-prevent-fake-drugs
https://doi.org/10.1186/s40543-020-00229-3
https://spectrum.ieee.org/detecting-fake-pills-with-nuclear-quadrupole-resonance/
https://spectrum.ieee.org/detecting-fake-pills-with-nuclear-quadrupole-resonance/
http://www.phys.ufl.edu/~majewski/letters/match.pdf

23. Butterworth S. Effective Resistance of inductance Coils at Radio
Frequencies.Experimental Wireless and the Wireless Engineer.1926;3:203,267,417,483.

24. Medhurst RG.H. F. Resistance and Self-Capacitance of Single-Layer
Solenoids.Wireless Engineer,Feb 1947 pp.35-43, Mar 1947 pp.80-92.

25. Knight DW. An introduction to the art of Solenoid Inductance Calculation. With
emphasis on radio-frequencyapplications.Available at:
https://www.g3ynh.info/zdocs/magnetics/Solenoids.pdf.Accessed: 25 May 2023.

26.Knight DW. Practical continuous functions for the internal impedance of solid
cylindrical
conductors.doi:10.13140/RG.2.1.3865.1284. Availableat:https://www.g3ynh.info/zdocs/comps/Zin
t.pdf.Accessed: 25 May 2023.

27.Knight Dw. Solenoid Impedance and Q. Auvailable
at:https://www.g3ynh.info/zdocs/magnetics/SolenoidZ.pdf. Accessed: 25 May 2023.

28. Khusnutdinov RR. Hardware and program system for determination of authenticity of
medicines by nuclear quadrupole resonance method. Power engineering: research, equipment,
technology. 2022;24(2):119-131. doi:10.30724/1998-9903-2022-24-2-119-131.

29. Khusnutdinov RR, Mukhamedshin I.R. Vozmozhnost' yadernogo kvadrupol'nogo
rezonansa dlya razlicheniya paratsetamola raznykh proizvoditelei i raznykh form (partii) otodnogo
i togo zhe proizvoditelya po spektral'nym kharakteristikam. In: Sbornik tezisov 15-i
mezhdunarodnoishkoly-konferentsii «Magnitnyirezonansi ego prilozheniya»; 1-6 Apr 2018;
St.Petersburg, Russia. pp. 187-189.

Authors of the publication
Rustem R. Khusnutdinov — Kazan State Power Engineering University, Kazan, Russia.
Georgy V. Mozzhukhin — Gebze Institute of Technology, Gebze, Turkey.

Naira R. Khusnutdinova —Kazan State Power Engineering University, Kazan, Russia; St
Petersburg University, Saint Petersburg, Russia.

Bulat M. Salakhutdinov — Kazan State Power Engineering University, Kazan, Russia.

Hlugp nayunoii cneyuanvuocmu. 2.2.8. Memoowt u npubopvl KOHMPOs U OUASHOCTMUKU
mamepuanos, uzoenutl, sewecms u NPUpoOOHoll cpeobl.

Honyueno 15.06.2023 2.
Ompeodaxmuposano 20.06.2023 2.

Ipunsamo 06.07.2023 2.

11


https://en.wikipedia.org/wiki/Stephen_Butterworth
https://www.g3ynh.info/zdocs/refs/Medhurst/Med35-43.pdf
https://www.g3ynh.info/zdocs/refs/Medhurst/Med80-92.pdf
https://doi.org/10.30724/1998-9903-2022-24-2-119-131

