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The features of determining the longitudinal T; and transverse T, relaxation times in NMR relaxometer designs
for measuring the parameters of condensed matter for various applications, including biology and medicine, which
are both in a stationary and current state, are considered. The advantages of using the modulation technique
for recording the NMR signal for flow NMR flowmeters-relaxometers and small-sized NMR relaxometers for
express monitoring of condensed matter in comparison with other methods and techniques are noted. It has
been experimentally proven that the resulting relationship from the Bloch equations using approximations for
determining T; from the results of two measurements of NMR signal amplitudes or resonant frequencies has a
number of restrictions on application for both flowing and stationary condensed matter. These limitations are
associated both with the technique of recording the NMR signal and with the ability to generate NMR signals
for different modulation frequencies of the Hy field, the amplitudes of which will differ from each other beyond
the measurement error. The reasons that led to this discrepancy in the ratio for determining T; and the limits of
applicability of this ratio are determined. Based on experimental data, a study of the relationship for determining
T was carried out and it was proven that for a number of cases using it is impossible to obtain the T; value. In this
case, NMR signals from a condensed medium are recorded in these cases, and the medium itself has relaxation
times T; and T,. The results we obtained make it possible to eliminate errors when conducting experiments when
studying condensed matter using the NMR method, this is especially important in biology and medicine, where
the requirements for measurement accuracy are increased.
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Introduction

Currently, the nuclear magnetic resonance (NMR)
method is one of the main methods of studying condensed
media, especially those in the liquid state [1-4]. The
scientific result in biology and medicine is considered to
be reliable only in rare exceptions in case of study of
liquid media without using the NMR method. Various
methods for recording the NMR signal have been developed
for the practical implementation of the NMR method in
industrial and laboratory devices [2,3,5,6-10]. The spectrum
of [3,4,6,11-13] is recorded in most studies conducted using
NMR. Designs of spectrometers with different operating
frequencies of the magnetic field are used for recording the
NMR spectrum (ranging from desktop NMR spectrometers
with an operating frequency of 80 MHz to high-resolution
spectrometers with the operating frequency of 1.8 GHz and
higher). In a number of cases, recording of the NMR
spectrum in the study of condensed media is complicated,

especially in a flowing liquid or during express control in
weak fields. In this situation, the tasks of studying liquid
media, as well as determining their state, are solved based
on measurements of the longitudinal T; and transverse T,
relaxation time [14-19].

The greatest preference is given to pulsed methods when
measuring the values of T; and T, in liquid media that are
in a stationary state [7,8,10-13,20,21], with the exception
of weak magnetic fields [22,23]. It is extremely difficult
to use pulse methods for conducting studies in a flowing
liquid, especially for cases where the flow velocity changes
by an order of magnitude or more. Therefore, a special
place among the methods of recording the NMR signal
is occupied by the modulation technique [9,14-17,22,23],
which allows recording the NMR signal both in a weak
field and from a liquid flow in a large range of changes in
its flow rate q.

The NMR signal is recorded in the form of non-periodic
damped oscillations (,,wiggles®) in case of usage of the
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modulation technique. Relaxation times T; and T, are
measured using NMR signals that are recorded at the
resonant frequency of protons ('H). This is due to the
fact that protons have the highest sensitivity to the NMR
method [2-8,11-14,22-26] and are part of 99.8% of liquid
media and their mixtures [18-27]. In rare cases, the
NMR signal recording frequency is tuned to the resonant
frequencies of other nuclei (for example, lithium, fluorine,
phosphorus, boron, and others). Based on the results
of this tuning, a spectrum is formed that can determine
the presence of these nuclei in the medium under study
and their relative concentrations. In these cases, the
concentration of these nuclei in the medium and the
induction of the magnetic field should provide a certain
signal-to-noise ratio (S/N) when registering the NMR signal.
S/N > 1.3 for stationary media in weak fields, S/N > 2.5
for current media. The recording of the NMR spectrum
refers mainly to the cases of the study of acids, alkalis, as
well as, for example, perfumes (toothpaste and others).

One of the problems that currently arises when moni-
toring the state of a condensed medium using an NMR
signal recorded using a modulation technique is the lack of
a universal measurement method T; for both flowing and
stationary liquids. The formulas currently used to deter-
mine T; do not allow in some cases determining the value
of Ty in the presence of a recorded NMR signal at a certain
ratio between frequencies f; of field Hy modulating a
constant magnetic field Ho . The values of T; for condensed
media are successfully determined using the same formulas
with other ratios between the values of f,, (the measured
values of T; coincide with the measurement results of T;
on an industrial NMR relaxometer Minispec mq 20M,
which confirms the reliability of the measurements). The
presence of the phenomenon noted by us significantly limits
the possibilities of using NMR flowmeters-relaxometers
and small-sized NMR relaxometers for conducting studies
of condensed media and solving a number of technical
problems, especially when working with biological solutions
in their current state. Therefore, the purpose of this paper
is to study in detail the causes of this physical phenomenon,
as well as to determine the conditions under which it is
possible to determine the values T; of condensed matter
in the implementation of their studies and control of flow
parameters.

1. Modulation technique for recording
NMR signals from current
and stationary condensed matter

The motion of the components of the magnetization
vector during signal recording using various methods is
described in NMR theory by the phenomenological Bloch
equations [27-29]. A transition to a rotating coordinate
system is performed using the Vagness method to describe
the signals of absorption v(t) and dispersion u(t) in case
of usage of the modulation technique to record the NMR
signal [27,29]. It should also be noted that the peculiarity

of using the modulation technique, unlike other methods, is
that the NMR signal is recorded at the resonant frequency
of protons or other nuclei (Aw = 0). The system of Bloch
equations in a rotating coordinate system has the following
form taking into account this feature:

du(t u(t .
% + T(—z) + yHmsin(wnt)v(t) =0,
du(t v(t .

v + vo _ yHmsin(omt)u(t) + yHiM(t) =0,

dt T,
dM;(t)  Mz(t) x(Ho+ Hmsin(wmt))

— —yHiu(t) =0,

a T T yHIv()

(1)
where wm — field modulation frequency Ho, Hm —
modulation field amplitude Hyg, H; — radio frequency
amplitude the field that is formed in the NMR signal
recording coil, yo — static magnetic susceptibility, t —

current time.

Structural diagrams of laboratory layouts of an NMR
relaxometer (the condensed medium is in a stationary
state) and an NMR flowmeter relaxometer are presented
as an example in Fig. 1,2 where magnetic fields and their
directions are indicated in case of recording of an NMR
signal using a modulation technique [1,9,17,22,23].

A comparison of the two designs of NMR signal record-
ing systems (Fig. 1,2) shows a large number of coincidences
in them both in the direction of the magnetic fields and
in the identical location relative to the magnetic fields of
the NMR signal recording coils 6 (Fig. 1) and 10 (Fig. 2)
with condensed medium. NMR signals from a condensed
medium (in two states) are recorded in the form of non-
periodic damped oscillations (Fig. 3,4).

The differences in the recording of NMR signals for the
two media states are that the segment of the magnetized
flowing liquid from which the NMR signal is recorded is
located in the recording coil 10 (Fig. 2) for a certain time tp.
The ratio t, > 1/f, should be fulfilled at the same time.
The pipeline in the recording coil area 10 is expanded in
2-2.5 times for increasing t, (vessel—analyzer 7). This
leads to the fact that the value H( decreases, this decrease
can only be compensated by increasing the size of the
magnetic system (increasing the size of the poles of the
magnet) or using another magnetic material. This will
lead to an increase of the weight of the entire measuring
device structure. Therefore, the sizes of magnetic systems
in flow-through NMR flowmeters-relaxometers are much
larger than in stationary NMR relaxometers. It should be
noted that the value of t, depends on the flow rate of the
flowing condensed medium q and varies within two orders
of magnitude (operating conditions of flowmeters of various
types [15,19,24]). Therefore, it is extremely difficult to apply
the Fourier transform to solve the system (1).

The measurements of relaxation times T; and T, in these
devices are currently implemented as follows. The time T, is
determined by the decay of the envelope constructed from
the peaks of the recorded NMR signal (Fig. 3). The number
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Figure 1. Block diagram of a small-sized mobile NMR relaxometer: / — permanent magnet; 2 — special buses; 3 — neutral

for placement and adjustment of the position of magnets; 4 — adjustment screws; 5 — modulation coil; 6 — NMR signal recording coil;
7 —,tank” for container with studied medium; 8 — a container with the studied medium; 9 — a magnetic field modulation generator;
10 — a recording circuit including an RF autodyne generator; /1 — a processing and control unit; 72 — display device.
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Figure 2. Structural diagram of the NMR flowmeter relaxometer: / —magnet polarizer; 2 — volume polarizer; 3 — nutation coil;
4 —connecting section of the pipeline; 5 — radio frequency generator; 6 — magnetic shield; 7 —polarizer vessel; § — field modulation
coils Ho; 9 — electromagnet; /0 — NMR signal recording coil; 7/ — NMR signal recording device; 12 — processing and control device;
13 — electronic key; 14 — low frequency generator; /5 — display device.
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Figure 3. NMR signal from tap water at temperature of T = 289.4 K, recorded in a small-sized NMR relaxometer.
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Figure 4. NMR signal from the current liquid medium (aqueous solution (H,O-+H3;BO3) with nitride-plutonium filler) at temperature
T =333.1K.
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Table 1. The results of measuring relaxation times T; and T, of aqueous solution (H,O+H3;BOj3) with filler made of plutonium nitride

at different temperatures T by two devices

Small-sized NMR relaxometer Industqa} NMR relaxometer
T.K Minispec mq 20M
T1,S T2,S Tl,S T2,S

288.1 1.029 £ 0.009 0.655 £ 0.006 1.0284 4+ 0.0031 0.6536 +0.0018
2932 1.064 £+ 0.009 0.661 4 0.006 1.0627 £ 0.0032 0.6585 + 0.0018
303.2 1.139 £0.010 0.675 £+ 0.006 1.1402 4+ 0.0034 0.6731 £ 0.0019
317.6 1.213 £0.011 0.684 £ 0.006 1.2118 4 0.0036 0.6824 + 0.0020
3232 1.252 £0.011 0.694 4+ 0.006 1.2514 £ 0.0037 0.6951 + 0.0021
3335 1.343 £0.012 0.716 £ 0.006 1.3443 4 0.0040 0.7143 + 0.0021
338.6 1.387 £0.012 0.730 +0.007 1.3869 + 0.0041 0.7284 + 0.0022
3434 1.445 +£0.013 0.746 4+ 0.007 1.4443 £ 0.0043 0.7474 + 0.0022
348.2 1.621 £0.014 0.766 £ 0.007 1.6225 4 0.0048 0.7646 + 0.0023

of peaks and the nature of changes in their amplitude are
determined by the uniformity of the magnetic field in the
area of the recording coil 6 (fig. 1) or 10 (Fig. 2).

Problems arise when measuring the longitudinal relax-
ation time T;. It is difficult to implement the classical
measurement of T; using the frequency measurements of the
Julotto method [27,30] in the design of a small-sized NMR
relaxometer and an on-line NMR flowmeter relaxometer.
The resonant frequencies differ from each other by fractions
of a hertz in a weak magnetic field Hy (Fig. 1) when
the frequency of modulation of the magnetic field Hg
changes. The recording of such frequencies requires high
precision of resonance tuning, which can only be achieved
by measurements in laboratory conditions. It is extremely
difficult to implement such a measurement mode in the case
of usage of the device in the field conditions. In addition,
the formula for determining T; in the Julotto method [30]
was obtained from the Bloch equations without taking into
account the peculiarities of NMR signal recording in a weak
magnetic field using a modulation technique [1]. Also,
its output did not take into account the features of the
NMR signal recording in the flowing liquid, which are
associated with the time of the liquid in the recording
coil tp, and the modulation frequency fp. Therefore, the
following formula was derived for the case of equality
of two relaxation times T; and T,, as well as for the
assumption that the amplitude of the recorded NMR
signal is maximum (a magnetized liquid with a maximum
value of M; enters the recording coil, which allows in
the equations (1) consider dMz/dt = 0) and taking into
account the thermal equilibrium factor for different field
modulation frequencies Hop, when the magnetization value
does not have time to recover after external action:

M = Mo[l — (1 —exp(=7/T1))/(1 +exp(—=7/T1))]. (2)

where My — the magnetization of the medium under
study before exposure to the modulation field, M — the
magnetization of the medium under study at which the
NMR signal is recorded.

Technical Physics, 2024, Vol. 69, No. 9

As in the Julloto frequency method for determining T;
using the ratio (2) it is necessary to measure the ampli-
tudes of the NMR signal Us at two times 7, which are
determined through the modulation frequency 7 =1/f,
and to determine T; through the ratio of two amplitudes Us
which are proportional to M. The developed experimental
setup (Fig. 1,2) was used to check the ratio (2) for an
aqueous solution (H,O+H3BO;) with a nitride-plutonium
filler (this solution is used in chemistry, biology with other
fillers and cooling systems) for different temperatures T.
Additionally, the change in the value T, of this solution
was studied. Relaxation times are measured 10 times, then
the average values for T; and T,, deviations from the mean
and standard errors of measurement are calculated. Next,
random errors are calculated for T; and T, with a confidence
probability of 0.95, which is commonly used in technical
measurements.

The results of measurement of the values T; and T,
were compared with the results of measurement using
industrial NMR relaxometer Minispec mq 20M (BRUKER,
Germany). The data obtained are listed in Table 1.

T; was measured at two times 7, which differed by at
least an order of magnitude. The analysis of the obtained
results showed that they coincide within the measurement
erTor.

On the other hand, it was experimentally found that
the ratio (2) does not allow determining the value of T
for the case when the difference between the modulation
frequencies of the field Hg is less than one order of
magnitude. This situation for the ratio (2) needs a more
detailed study.

2. Research results and discussion

Fig. 5,6 show the recorded NMR signals from an aqueous
solution with fluorine ions (the NMR signal is recorded at
the resonant frequency of fluorine °F).

The green line in Fig. 6 in the recorded NMR signal
shows the peak decay envelope (it is used to measure T;).
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Table 2. The results of measurement of relaxation times T; and T, of an aqueous solution (HAbout+H3;BO;) with filler made

of plutonium nitride at different temperatures T by two devices

Laboratory NMR flow meter- Industrial NMR relaxometer
T.K relaxometer Minispec mq 20M
T1,S T2,S T1,S Tz,S
288.2 1.032 £ 0.009 0.658 £ 0.006 1.0284 £ 0.0031 0.6536 £ 0.0018
2931 1.066 + 0.009 0.664 + 0.006 1.0627 £ 0.0032 0.6585 £ 0.0018
303.2 1.141 +£0.010 0.678 £ 0.006 1.1402 £ 0.0034 0.6731 £ 0.0019
3175 1.215£0.011 0.686 £ 0.006 1.2118 £ 0.0036 0.6824 £ 0.0020
323.1 1.255 +0.011 0.698 + 0.006 1.2514 £ 0.0037 0.6951 £ 0.0021
333.6 1.348 £ 0.012 0.719 £ 0.006 1.3443 £ 0.0040 0.7143 £ 0.0021
3385 1.392 £0.012 0.735 £ 0.007 1.3869 + 0.0041 0.7284 £ 0.0022
343.5 1.451 +0.013 0.750 £ 0.007 1.4443 £ 0.0043 0.7474 £ 0.0022
348.1 1.627 £0.014 0.771 £ 0.007 1.6225 £ 0.0048 0.7646 £ 0.0023
The modulation frequencies at which the NMR signal is
0.6 T T T T T T T recorded (Fig. 5,6) differ from each other by less than two
times. The amplitude of the recorded signal decreases by
more than 2 times with an increase of frequency f,, .
0.4 T All this shows that NMR signals actually exist with real
relaxation times. The measurements of the values T, using
> two signals (Fig. 5,6) showed that these values coincide
~ 02F ] within the measurement error with measurements made
using industrial NMR relaxometer Minispec mq 20M. On
the other hand, it is impossible to determine the values of T;
0 : . , . .
using (2). Let’s prove mathematically that this is the case.
Consider the ratio (2) in more detail to do this. Let us
02 . . . . . . . perform some transformations in the ratio (2). Let’s bring
) 08 16 24 32 40 48 56 64 the fraction on the right side to the common denominator.

t, ms

Figure 5. NMR signal from aqueous solution with fluorine ions
at temperature T = 294.8K, fn = 393.0Hz.

04 T T T T T T T

02F .

1
0 04 08 12

1 1 1 1
1.6 20 24 28 32
t, ms

Figure 6. NMR signal from aqueous solution with fluorine ions
at temperature T = 294.8K, f, = 702.0 Hz.

The following ratio is obtained after the conversion:

l_eF
M_M0<1—7e;)_|v|
1+e ™

E
0 2e ,l = — Mo 2 T -
1+e ™ 1+ em

(3)
Next, let us introduce additional notation and substi-
tute Ay and A in (3):

i)

2 2 A 1+en

A= Mo—, Ao = Mo—, 1 = 0
1+en I+en ™2 1+en

The following ratio is obtained after substituting and
multiplying by the denominator of the right side:

A1 Alf_l o
— 4+ —e =1+em. 4
A T A T ltel (4)

Let us introduce additional notation for the transforma-
tion (4):

As a result, (4) is transformed into an equation of the
form f (x) = 0, where the function f (x):

f(x) =kx™ —x™? +k—1. (5)

Technical Physics, 2024, Vol. 69, No. 9
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Next, let us consider the case when 7, < 77. Since K > 0,
the graph of the function f (x) has no horizontal asymptote
f(X) —— +o0.

X——+00
Next, it is necessary to determine the intervals of increase
and decrease of the function, let us find its critical points
for this purpose. f’(x) = 0 is calculated for this purpose.

f/(X) = kTIXnil — I'2XT271 = O’

n—n

Xo = is a critical point.

T
kry

Xo > 0 taking into account the previously set condition.
Let us consider two gaps for X.

X € (0;X]: f/(x) < 0= f(x) decreases at this interval

X € [Xo; +00): f/(X) > 0 = f(x) increases at this inter-
val.

The result shows that the point X is the minimum (the
only extremum). The number of solutions to the equation
f(x) = 0 depends on the value f(0), which can be zero.
There may be one numerical solution or two. Extremes are
sought to determine the number of solutions.

In general, the equation f(x) = C has at most two real
solutions for all real C. If the equation has two different
real solutions, then they are located on different sides of the
minimum point, the existence of the second root depends
on the value of f (0) (since the roots must be positive, which
follows from the conditions). Let us substitute the critical
point Xq in (5). The following ratio is obtained as a result:

B 3 ﬁ (T W
f(xo)_k(kﬁ) (kﬁ)

There are three possible cases for equation (6):

1. f(Xo) > 0 = equation f(x) = 0 has no solutions;

2. f(Xo) = 0 = equation f (x) = 0 has one solution;

3. f(Xo) < 0 = equation f(x) =0 has one or two solu-
tions. The number of solutions depends on the value f (0).

Let us consider 1 case:

L D
(%) -7 (%) -7
k( —= (= k—1
<kT1) <kT1) + >0’

+k—1.  (6)

Let us make the degrees of the relations in parentheses on
each side the same and introduce additional notation:

k((k“)v ! +1> > (kn)v RSy
2 2
1 T1 | T 1

— = = = .
T ’T2—1'1 1—|’1'2—1'1 1—1

(6) will have the following form after that:
k()™ 4+ 1) > (k)™ + (7)

Technical Physics, 2024, Vol. 69, No. 9

Let us consider a number of numerical examples with

different values k and I. 1. 71 =300us, » =200us =
=n=3

The followmg inequality is obtained after substituting
these values into (7):

()70 ()

Let us move all the terms to the right side and get the
following function after the transformation:

g(k) =27k* —27k* — 4
The inequality is now represented as
g(k) > 0.
Additionally, let us consider the derivative of g(K):
g’ (k) = 81k* — 54k = 27k(3k — 2).

Let us construct graphs g(k) and g’(k) to determine the
presence of the root of the equation (Fig. 7). The analysis
of the dependencies presented in Fig. 7 shows that k = 0 —
the point of the local maximum, k = % — the point of the
local minimum, g(0) = —4. In this case, g(k) = 0 has one

solution, which is in the range %;—i—oo . Let us convert

g(Kk) to the following format:

g(k) =27k* — 27k* — 4 = 27<k3 —K2— 2;47)

The value of the root ko can be found using the Cardano
formula for this equation:

B S DY L G S B ,/qj pP_a
ko—\/ +27+\/ + +3 -3

where a = —1, p_——, _______

o= {3 VF

\/ + o \/_-l—\/———\/——i— ~ 1.118.

\OII\J

It can be concluded that there are no solutions taking into
account a certain interval for k.

The experiments demonstrated that a change of the
modulation frequency, for example, an increase of the case
of recording of an NMR signal from various types of nuclei,
can lead both to an increase of the amplitude of the recorded
NMR signal on some nuclei and to its decrease in case of
recording of an NMR signal on other nuclei. Therefore, it
is necessary to consider two different options:

1) AL =1.14V, A, = 0.89 V. In this case k = 1.281 > ko,
which means there are no solutions in the equation
f(x)=0.



1354 V.V. Davydov, A.A. Goldberg, R.V. Davydov, V.I. Dudkin, M.A. Yakusheva

250

200

—_—
W
S

g(k), num. val.
S
(e

W
(e

g'(k), num. val.

-10 '
0 0.1

1 1 1 1 1 1
02 03 04 05 06 07 038
k, num. val.

Figure 7. Dependence of the change g(k) and g’(k) on k on the
interval of existence of a possible solution. The red and yellow
dots correspond to the intersection of the graphs of functions with
the axis g = 0 and g’ = 0.

2) AL =0.89V, Ay = 1.14 V. In this case k = 0.781 < ko,
which means that equation f(X) =0 has at least one
solution. The following function is considered as f (X):

f(eﬁ) :ke%—e%+k—1,

89
71 =30us, i, =200us, k= T4

The following equation is obtained after substituting all
200
the values and entering the additional designation e™ = t:

F(t) =89t> — 114t — 25 = 0. (8)
It is possible to transform (8) into the following equation:
Fi(t) = 7921t — 12996t> — 5700t — 625 =0.  (9)

Figure 8 shows the results of studies of two functions (8)
and (9). The root of equation (9) is —t = 2.017.

F(f), num. val.

— N
»n o W

o -
oS W ©

F(9), 10* num. val.

|
o
W

LR
n o

0.5 1.0 1.5 2.0 2.5
¢, num. val.

S

Figure 8. Dependence of the change of functions F(t) and F(t)
on t. a — corresponds to the change F(t), b — Fi(t). The red
dots correspond to the intersection of the graphs of functions with
the axis F =0 and F; = 0.

Let us return to the original notation e =t for
finding T; and obtain the value for T; = 286 us. The allowed
range of values is T; € [0.001;21]. The result shows that
the solution does not fit the constraint, i.e. the original
equation has no roots. Let us transform the expression (7)
for considering other options:

K((2k)"241) > (2k)~ 1 41,
4% -4k —1>0,
(2k —1)>=2>0, k> 0.

Let us consider two cases

%k—1>V2

ks +2ﬂ ~ 1.207.
%k-1<-V2, k>0=keg,
k=1.195 < ko =1/207 was obtained taking into

account previously determined values of amplitudes
A =114V, A, =0.89V, of recorded NMR signals for
two modulation frequencies. This means that the equation

Technical Physics, 2024, Vol. 69, No. 9
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f(x) = 0 has one or two solutions. Let us consider (5)
taking into account a number of transformations

f(eTlT) — ke™ —eT +k-1.
The following relation is obtained for the case 71 = 2n,
with k = 104/87

104
87

The following equation is obtained as a result of the

m n 104
en —eT — —1=0.
1 1+87

transformation e% =1t
Fy(t) = 104t — 87t + 17 = 0.

Figure 9 shows the graph F(t) in the interval of possible
solution finding.

The ratio for F»(t) has two roots: t; = 0.525; t, = 0.311.
Two values are obtained T; taking into account the previ-
ously performed designations. These values are less than
Zero:

T
T=—2__ <0
"7 n(0.525) ~
T
T=—2 <o
1= 31 =0

This allows drawing a conclusion that the resulting
solution does not fit the constraints. This means that the
first equation has no solutions.

For example, let us consider another case when the mod-
ulation frequencies of the field Hy are greater than 200 Hz.

3) 1 = 0.0025s, 7, = 0.0014s = | = 1 ~ 1.786,

A =1.04V,A = 0.87V=k = 2 = 12 ~ 1.195 < ko.

f(x) = 0 has one or two solutions in this case. Let us
transform (5) into the following ratio taking into account
the initial data:

f(e%):ke%—e%ij—l.

F5(7), num. val.

_2 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08

¢, num. val.

Figure 9. Dependence of change of functions F,(t). The red
and yellow points correspond to the intersection of the graphs of
functions with the axis F, = 0.
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Figure 10. Dependence of the change of function F3(t) ont. The
equation has no solution.

The following ratio is obtained for two values of times 7;
and 7, by converting this equation:

Fi(t) = 104t — 87t + 17 = 0.

The equation F3(t) has one root, which is equal to
t = —0.875. This solution does not fit the constraints, i.e.
the first equation has no solutions. Figure 10 shows a graph
of the function F5(t) to control the reasoning.

The graph presented in Fig. 10 clearly confirms this (there
is no intersection with axis F3 =0). The other possible
solutions of (2) also show absence of solutions at certain
ratios between frequencies.

Conclusion

The analysis of the obtained results showed that there
are a number of features for determining the longitudinal
relaxation time T; when using the equation (2). It was found
that these features are the same for both the current medium
and the stationary condensed medium, except for two. One
feature is related to the residence time of the magnetized
liquid in the recording coil at the time of exposure to the
modulation field during the recording of the NMR signal.
This circumstance plays a key role in many studies given
that the speed of the current environment can vary by
an order of magnitude or more. The second feature is
associated with a change of the temperature of the liquid
flow. The value T of the condensed medium is adjusted
in the required range in stationary studies. Changes of T
can be significant and difficult to control in the flowing
environment, especially in cooling systems. These features
should be taken into account when deriving a new relation
to determine T; from Bloch equations.

In addition, the results of the analysis of the ratio (2)
show that it is necessary to ensure at least a five-fold change
of the modulation frequency f., to obtain the value T; from
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the ratio (2) when measuring two amplitudes Us pf NMR
signals,. Additionally, it was found that the dependence of
the difference between the amplitudes of the recorded NMR
signals with two changes of the modulation frequency f
depends on which nucleus resonant frequency the NMR
signals from the condensed medium are recorded.

Our studies allowed us determining that the ratio (2)
is not a universal formula for determining the value T;
using NMR signals recorded using a modulation technique.
The constraints for usage of (2) that we defined when
studying liquid media flows in laboratory installations
can be implemented with great difficulty using manual
adjustment of the frequency range under human control,
which will allow obtaining reliable results and solving a
number of complex tasks, especially when working with
biological solutions. It cannot be implemented in industrial
devices since they require automatic adjustment to ensure
measurements of T; using the ratio (2). Therefore, it is
necessary to obtain a new ratio to determine T; from the
solution of the equation (1) without approximations, which
does not require the definition of constraints on its use in
measurements. This will be our next scientific task.
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