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Abstract: Cryogenic isotope-separation equipment is special, encountered in relative few research
centers in the world. In addition to the main equipment used in the operation column, a broad
range of measuring devices and actuators are involved in the technological process. The proper
sensors and transducers exhibit special features; therefore, common, industrial versions cannot be
used. Three types of original sensors with electronic adapters are presented in the present study:
a sensor for the liquid carbon monoxide level in the boiler, a sensor for the liquid nitrogen level
in the condenser and a sensor for the electrical power dissipated in the boiler. The integration of
these sensors in the pilot equipment is needed for comprehensive system monitoring and control.
The sensors were tested on the experimental equipment from the National Institute for Research and
Development of Isotopic and Molecular Technologies from Cluj-Napoca.

Keywords: cryogenic isotope-separation; capacitive liquid-level sensor; pulse width modulation
(PWM) electrical power sensor; system monitoring

1. Introduction

An important research activity of physicists and chemists is dedicated to isotopes—stable or
radioactive. Isotopes are species of chemical elements with the same number of protons and electrons
in the nucleus, but with a different number of neutrons in nucleus. For any chemical element,
the natural distribution of isotope concentration is constant, being a particular property of each element.
For example, in the case of carbon (C), the basic isotope (12C) has a concentration of 98.89%, while the
most important heavier isotope (13C) has an abundance of 1.11%.

Research for new isotope properties and for processing methods—and, consequently, the extension
of the isotope application range—has led to new and more efficient equipment for the isotope-separation
process. Starting from the natural abundance of the isotope of interest, during the separation process it
is possible to increase the isotope concentration to a desired level. Various chemical compounds based
on enriched (13C) have a broad field of application [1]:

• Applications in medical fields: in clinical studies, differential diagnosis of multiple diseases,
state of illness judgment, treatment evaluation, research on organ function and development of
new drugs [2], such as PET diagnosis [3], 13C-urea breath test [4], tumor therapy (boron neutron
capture therapy) research on drugs [5], etc.;

• Applications in life sciences fields: in the spectrum research of the structure and function of
protein species by nuclear magnetic resonance (NMR) and mass spectrometer (MS), including
isotope-coded affinity tag testing method (ICATTM), stable isotope labeled amino acid cell
cultivation (SILAC), absolute quantification protein analysis method (AQUATM) [6];
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• Applications in energy metabolism: in sports medicine, child nutrition, food nutrition, weight
loss and diet for astronaut using he-isotope tracing method [7];

• Applications in agricultural scientific research fields: in the research of plant physiology and
biochemistry, nutrition of soil and plant, plant protection, the improvement of rice, flower,
agricultural products and other crops, nitrogen cycle of grassplot [8];

• Applications in the research of environmental science: monitoring of ecosystem pollution,
determining of the length of food chains, ascertaining the pollutant sources in air and water and
defining the distribution area of plant [9,10];

• Applications in analysis and testing: in the testing of food [11], pesticide residue analysis [12],
drug and excitant, heroin testing [13], also in the research of geology, geochemistry, paleontology
and ecology [14,15].

Many principles, procedures and methods are known and used today to separate one or more
isotopes from the “basic species” [16]. Some may be used only for laboratory research, while others are
proper for industrial large-scale developments.

The National Institute for Research and Development of Isotopic and Molecular Technologies
(NIRDIMT) in Cluj-Napoca, Romania is recognized over the world for scientific results in the production
of carbon, oxygen, nitrogen and other isotopes [17]. There are relatively few scientific international
research centers known in this domain, which disseminates particular results and presents possible
isotope applications domains. The technology, equipment data and structure, details about the mode
of operation for isotope-separation equipment are still “classified”. In these conditions, the research
team from NIRDIMT conceived, developed, designed and built various isotope-separation equipment.
Our goal is to design and implement a proper monitoring system for these equipment, the first case
study being the (13C) isotope-separation column. Being a unique process, with particular properties,
market available sensors are not suitable for use.

The main objective of the present work is to present the three dedicated sensors, designed and
implemented for this cryogenic isotope-separation equipment.

The study is organized as follows: After this short introductory section, Section 2 presents
the cryogenic separation column. Section 3 deals with the dedicated sensors. Section 4 details the
corresponding practical problems. The work ends with a results and conclusion section.

2. The Cryogenic Separation Column

Unfortunately, the physical and chemical properties of the compounds of (12C) and (13C) are very
close, hence the difficulty of “separation”. Even though, these small property differences must be
used to increase the abundance in (13C). By the cryogenic separation process, at very low temperature
(~−190 ◦C), carbon monoxide (12CO) has a higher vapor pressure (

o
p12CO) than the pressure (

o
p13CO) of

the compound (13CO), in accordance to the ratio [18,19]:

α =

o
p12CO
o
p13CO

> 1, α ≈ 1.01 (1)

where (α), the “elementary separation coefficient” is essential for the separation process efficiency.
If the gaseous and liquid phases of the carbon monoxide are in contact, the chemical compound (13CO)
accumulates in the liquid phase as the end-product, while (12CO) accumulates in the gaseous phase,
which must be evacuated as waste. The separation efficiency increases by the multiplication (αk) of the
(13C) exchange process in the isotope-separation column in continuous recirculation (Figure 1) where the
gaseous carbon monoxide upstream is in contact with the liquid downstream of carbon monoxide [19].
A simplified scheme is presented in Figure 2, used for the corresponding equations description.
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Figure 2. Isotope-separation column simplified scheme, with condenser K, column C, boiler B, input 

(CO) flow qiCO, waste flow qoCO, product flow qP. internal gaseous flow QgCO, internal liquid flow 

QlCO, electrical power Pel, (N) level in the condenser hN. 

The internal flows of gaseous and liquid phases—the column loads—are generated by thermal 

effect. The electrically heated boiler (B), from the column basis, generates by evaporation the gaseous 

ascendant phase in the column, while the condenser (K) from the top side of the column, cooled by 

liquid nitrogen, Figure 2, converts the gaseous phase to a liquid phase downstream. In order to 

increase the contact surface between gas and liquid, in column is fixed a special packing  

material [20,21]. 

During the normal operation, the column is supplied with gaseous carbon monoxide at the 

in-flow (qiCO) and the waste is evacuated by the flow (qoCO). 

The main variables related to the column operation may be divided into control (manipulated) 

variables, internal measurable variables, internal unmeasurable variables and external disturbances. 

The control (manipulated) variables are: 

 qiCO = carbon monoxide inflow (mol/sec); 

 qoCO = carbon monoxide outflow (mol/sec); 

 Pel = electrical power developed in the boiler (W); 

 hN = liquid nitrogen level in the condenser (cm). 

The internal measurable variables are: 

Figure 1. Isotope-separation column scheme, with condenser K, primary column C1, final column C2,
reboilers B1–B2, vacuum jacket VJ, rough pump RP, diffusion pump DP, temperature sensors T1–T3,
manometers M1–M4, level sensors L1–L2, feed reservoir FR, buffer tank BT, waste reservoir WR.
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Figure 2. Isotope-separation column simplified scheme, with condenser K, column C, boiler B,
input (CO) flow qiCO, waste flow qoCO, product flow qP. internal gaseous flow QgCO, internal liquid
flow QlCO, electrical power Pel, (N) level in the condenser hN.

The internal flows of gaseous and liquid phases—the column loads—are generated by thermal
effect. The electrically heated boiler (B), from the column basis, generates by evaporation the gaseous
ascendant phase in the column, while the condenser (K) from the top side of the column, cooled by
liquid nitrogen, Figure 2, converts the gaseous phase to a liquid phase downstream. In order to increase
the contact surface between gas and liquid, in column is fixed a special packing material [20,21].

During the normal operation, the column is supplied with gaseous carbon monoxide at the in-flow
(qiCO) and the waste is evacuated by the flow (qoCO).

The main variables related to the column operation may be divided into control (manipulated)
variables, internal measurable variables, internal unmeasurable variables and external disturbances.
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The control (manipulated) variables are:

• qiCO = carbon monoxide inflow (mol/sec);
• qoCO = carbon monoxide outflow (mol/sec);
• Pel = electrical power developed in the boiler (W);
• hN = liquid nitrogen level in the condenser (cm).

The internal measurable variables are:

• pB, pm, pk = the pressure in the boiler, middle region and in the condenser vicinity (mm H2O);
• hCO = carbon monoxide liquid level in the boiler (mm);
• concentration (cp) of (13C) in the liquid phase from boiler (mol/m3).

The internal unmeasurable variables:

• QlCO, QgCO = liquid downstream and gaseous upstream of carbon monoxide (mol/sec/cm2)
• Hb, Hp, Hc, Hg, Hw = the retained carbon monoxide material, called the “hold-up” values,

respectively in the boiler, on the packing material, on the condenser wall, in the gaseous phase
and on the column wall (mol).

It can be appreciated that (Hb, Hp, Hc) have much greater values than (Hg + Hw), so that (Hg + Hw)
can be considered neglectable. The total column hold-up is [22,23]:

HΣ= Hb+Hp+Hc (2)

which approximates the total quantity of carbon monoxide from column.
The external disturbances are:

• the under-pressure in thermal insulation system (vacuum jacket, p ≈ 10−5 Torr);
• the external (ambient) temperature (◦C);
• the final product extract material flow (qp) (mol/h).

Due to the fact that qp is small in comparison with (qiCO, qoCO), in this study (qp) is neglected
(qp ≈ 0).

The system monitoring and control must deal with the key variables of the equipment. To find
these, we need the basic equations of the column.

In a simplified description of the cryogenic normal mode of operation, the liquid carbon monoxide
volume, accumulated in the boiler (VB.CO), Figure 2, is given by the equation:

VB.CO =

t∫
0

(
qiCO(τ) − qoCO(τ)

)
dτ+

t∫
0

(
qk(τ) − qB(τ)

)
dτ− ∆Hp (3)

where (qk) is the condensation flow, (qB) is the evaporation flow and (∆Hp) is the “hold-up” variations
on the packing material.

The linear dependences of the main variables can be presented as:

qk = kN · hN

qB = kel · Pel

∆Hp = kp
(
pB − pk

) (4)
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with (kN), (kel) and (kp) specific constants. It can be concluded that VB.CO = hB · SB, where (SB) is
the boiler cylindrical crossover section and (hB) is the (CO) level in the boiler. For the liquid (CO)
level results:

hB =
1

SB

t∫
0

(
qiCO(τ) − qoCO(τ)

)
dτ+

t∫
0

kN

SB
· hN(τ)dτ−

t∫
0

kel

SB
· Pel(τ)dτ−

kp

SB
·

(
pB − pk

)
(5)

This equation emphasizes the key variables involved in the column operation besides the flows
(qiCO, qoCO):

• the liquid carbon monoxide level in the boiler (hB),
• the liquid nitrogen level in the condenser (hN)
• and the electrical heating power (Pel).

For column monitoring and control purposes, the authors designed and implemented three
sensors for these key variables: the first is based on a cylindrical capacitive sensor for providing
information about the liquid carbon monoxide level in the boiler; the second capacitive sensor provides
information about the liquid nitrogen level in the condenser; and the third one—an electronic power
sensor—provides information about the thermal power dissipated in the boiler. Because the isotope
separation is particular equipment operating in cryogenic conditions, classical sensors cannot be
embedded in the column design, due to placement, shape, operation and even dimensions issues.
The insulated material used for electrical connections to transducers working at about −193 ◦C,
also raises special problems.

3. Sensor System for Cryogenic Column Control

The pressures in the boiler (pB) and the condenser (pk) can be measured with high accuracy using
common low-pressure transducers [24,25] with or without electrical output signal.

The carbon monoxide inflow (qiCO) and outflow (qoCO) may be measured and controlled by
automatic controlled mechanical-electric valves [26], available on the market. The particular difficulty
in this case study is the very low value of the processed flow, so that the desired balance (qiCO-qoCO)
≈ 0 cannot be achieved accurately for long term operation. If the liquid nitrogen level (hN) and the
electrical power (Pel) are constant, the flow unbalance is sensed by the liquid carbon monoxide level
(hB) in the boiler and the flow (qiCO) or (qoCO) must be periodically corrected.

3.1. Sensor for Liquid Carbon Monoxide Level in the Boiler

The necessity to know the accurate value of the (CO) level in the boiler (hB) is relevant for many
reasons. A minimum, but constant value of (hB) is a practical measure for the high efficiency of the
isotope-separation process [20]. The evolution of the liquid (CO) level also gives information about the
stability of the column operation and about the stability margin up to an unstable disastrous situation:
column “flooding” [20]. It was tested a particular, intricate column construction [20] with a special
small glass window in the basis of the column in order to view the liquid level in the boiler. Due to the
generated huge technical problems, this solution was abandoned.

Although many versions of liquid-level sensors are available [24,25,27,28], the constructive
particularities of the separation column impose particularized sensors. The place, shape and dimension
of the liquid carbon monoxide-level sensor is an important element embedded in the isotope-separation
column design. The authors propose the use of a capacitive sensor—based on the difference between
the liquid (εl) and gaseous (εg) permittivity coefficients. It is a cylindrical capacitor embedded in the
boiler (column body), with the height (H) and the external/internal diameters (D1/D2). This sensor is
schematically presented in Figure 3.
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Figure 3. Scheme of the liquid (CO)-level sensor in the boiler.

If the liquid level is (h), three equivalent capacitors are parallel connected, so that the total capacity
(CΣ) is:

CΣ = CL + Cg + Cp (6)

Starting from the general equation of the cylindrical capacitor:

C = 2π(εr · εo) ·
1

ln(D1/D2)
· H =

2πεo

ln(D1/D2)
· εr · H (7)

results:
Cl = εl · ka · h (F) for liquid level
Cg = εg · ka · (H− h) (F) for “gaseous” level
Cp � constant for the parasitic capacitor (pF)
with ka = 2πε0

ln(D1/D2)
.

Introducing these results in Equation (6), we have

CΣ = ka
(
εl − εg

)
· h + ka · εg · H + Cp (8)

so that

h =
1

ka
(
εl − εg

) · CΣ −
Cp/ka + εg · H(

εl − εg
) = γ · CΣ −β (9)

Equation (9) describes the basic operational principle of the sensor, with (γ, β) constants.
The output (useful) signal of the transducer is generated by the electronic adapter, Figure 4,

where a high-frequency generator (HFG) (f ~300 kHz) supplies a mixed (R/R) and (C/C) bridge. In the
(RC) bridge, (C1) is a reference capacitor and (C2 = CΣ) is the transducer total variable capacitance.
The variable resistors (R1, R2) are used to calibrate the measuring bridge. The bridge unbalance is
rectified and amplified by an operational amplifier.
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Figure 4. Electronic scheme of the adapter for liquid CO-level transducer.

The electronic adapter, Figure 4, was conceived in order to ensure a good proportionality between
equivalent capacity CΣ and the transducer output voltage (Vout):

Vout = kC · CΣ = kC ·
[
ka

(
εl − εg

)
· h + ka · εg · H

]
= kh · h + V0 (10)

with kh = kC · ka
(
εl − εg

)
, V0 = kC · ka · εg · H, neglecting the parasitic capacity (Cp). In addition,

the bias (V0) is compensated by the variable resistors.
In Figure 5 are presented the experimental, measured results of the level transducer (marked

with stars)—in the range of 0–78 mm of the CO liquid level—compared with the results given by the
Equation (10), solid line. It is observed a good linearity, with the norm of residuals of 0.62685 and the
R-square equal to 0.99, computed in MatlabTM. Outside this range, the transducer is saturated, but the
present application do not need other values.
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From constructive point of view, the transducer for liquid carbon-dioxide level in cryogenic
isotope-separation column is an embedded component, maid of special stainless steel. The main
cylindrical component of the capacitive transducer, insulated by the column body, is also made
of stainless steel as a particular component of the column. The second part of the capacitor is
a column-grounded body. An important issue solved here is the achievement of the connections from
cylinder of the capacitor to the outside, with the proper technology of the column producer, due to
very low working temperature in the column.

Using this sensor, some technical issues must be taken into account, detailed below.
In the thermal steady-state, the dimensions of the sensor are constant, so that the Equation (8)

is valid. The transducer may be calibrated measuring the total capacity (CΣ)—or another signal,
proportional to it.

In the thermal transient (in-rush, analysis, experiments, etc.) the dimensions change and generate
some errors.

By in-rush phase, the internal capacitor armature is strongly cooled and its diameter decreases:

D∗2 = D2 · [1 + α · (θop − θe)] < D2 (11)

where (α) is the thermal coefficient of dilatation (θop) in the operation temperature and (θe) is the
environment temperature. The dielectric “thickness”

d∗ =
D1 −D∗2

2
> d (12)

increases and the total capacity decreases [20]:

C∗Σ =
ka

d∗
(εl − εg) · h +

ka

d∗
· εg · H + Cp (13)

The indicated value of the level (h) is smaller than the real value, introducing the relative error:

|∆ε1| �
d∗ − d

d
� α · ∆θ (14)

For ∆θ = 210 (◦C) and α ≈ 23 · 10−6 (◦C)−1, ∆ε1 ≈ −0.483 (%).
For calibration, the sensor external wall is strongly cooled: the external capacitor armature

contracts first, so that the dielectric thickness decreases:

D∗1 = D1 · [1 + α · (θop − θl)] < D2 (15)

d∗∗ =
D∗1 −D2

2
> d (16)

while the total capacitor value increases.
The indicated value of the level (h) is greater than the real value. The relative error may be

approximated by the same equation.

3.2. Sensor for Liquid Nitrogen Level in Condenser

The goal of the second sensor is to offer information about the liquid nitrogen level in the
condenser. Due to the very low temperatures, related to cryogenic techniques, the specific equipment
must solve a series of major problems: stable behavior, without significant deformations, effective
thermal insulation, etc. Different types of level transducers used in the field of cryogenic processes
related to liquid nitrogen are known: carbon film resistors, hot wire transducers, cryo-diodes, ultrasonic
or conventional capacitive transducers, etc. The choice of concrete solution depends primarily on the
range of variation of the liquid nitrogen level. Ultrasonic transducers are used for level variations of
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centimeters, while for small variations—of the order of millimeters—are known applications using
concentric capacitors with hot wire or carbon film. In all these mentioned constructive solutions,
a series of disadvantages are noticed: low sensitivity and accuracy, high price, the need for complex
electronic circuits for adaptation, hysteresis type nonlinear behavior due to the phenomena that appears
in open vessels with liquid nitrogen, the intense superficial boiling being the main disturbing factor.

It is a great difference in the information processing given by the sensors of the liquid carbon
monoxide level and of the liquid nitrogen level. The liquid carbon-monoxide sensor must generate
a signal proportional to the small level (about 8 cm) in the boiler, the information about this level being
crucial for the column operation supervision. In order to maintain the liquid nitrogen at a desired value,
for the automatic control system is more useful a sensor with nonlinear characteristic, not available on
the market. The nitrogen level range in column is about 75 cm and the control system must maintain
the desired level anywhere in this range with an accuracy of 3 mm. Choosing an ON–OFF level
control system based on the electromagnetic valve, the whole system is drastically simplified with
the proposed nonlinear sensor. The solution is given by a sensor different from the previous one,
which generates useful signal only in a small level range. This sensor is presented in detail in patent
proposal [29].

The proposed sensor is based on two parallel horizontal plates with area (A/2), each with
semicircular shape, placed in the same plane, Figure 6.
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Figure 6. Section of capacitive-level sensor.

The superior plate with area (A) is fixed on the vertical insulator, while the inferior plate can
move in vertical direction, together with a floating body. Based on the equation of the plane condenser
capacity [30]:

C = ε ·
A
d

(17)

the capacity changes with the nitrogen level evolution due to the variation of both parameters:
permittivity (εl/εg) and distance (d). Since the permittivity ratio in the case of isotope separation is
(εl/εg = 1.45), the capacity variation with the nitrogen level is relatively small. For the proposed sensor
also changes the distance (d) between capacitor plates with the nitrogen level, which generates much
more variation of the sensor capacity. In accord to Figure 6, the distance (d) varies in the domain
0.5–6 (mm). The plates of nonlinear transducers for the liquid nitrogen level in the condenser are made
of typical one-side plates for printed electronic circuits. The electrical connections are achieved of
copper with Teflon insulation. The sensor support is made of insulated carbon fiber bare.
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The corresponding electrical circuit is similar with the circuit presented in Figure 4, with the
difference of the final element, which is now an electromechanical relay used to control the
electromagnetic valve. The output voltage is the voltage over the relay coil. The relay contacts
switch at a voltage of about Vout = 8 V. Unlike the usual CO-level sensor in the boiler which must
exhibit a good linearity, the liquid nitrogen sensor has a nonlinear characteristic, typical for accurate
level control systems. In Figure 7 is presented with solid line the theoretical dependence between output
voltage over the relay coil and the liquid nitrogen level, while the stars represent the experimental
data, exhibiting good accuracy. The corresponding mean squared error is 0.012.
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Unlike the usual linear character of commercially available level transducers, the presented liquid
nitrogen-level sensor can be used to maintain the controlled nitrogen level in a very narrow band due
to the nonlinear characteristics.

3.3. Sensor for Electrical Power in the Boiler

Another essential variable which controls the column operation is the thermal power developed
in the boiler. The thermal power is controlled by the electrical power generated by a dedicated resistor
(heating element). The third transducer proposed in this study gives information about the electrical
power (Pel) dissipated in the boiler.

Different types of analog transducers are known for measuring power in direct current. They differ
primarily in how the multiplication (mathematical product) is achieved between the voltage and
current. Among the methods of principle are the use of the Hall effect, the use of square signal
generators and, respectively, the use of the pulse width modulation (PWM) [30,31]. All the variants
mentioned above have a number of disadvantages: complicated and in some cases, voluminous
electronic circuits, sensitivity to ambient temperature, low reproducibility and nonlinear behaviors.
The technical problem solved by the proposed solution is to make a transducer with a simplified
structure electronic circuit, with reduced sensitivity to various external factors (e.g., variation of
ambient temperature, variation of supply voltages), with extended linear operating area and high
accuracy. The transducer is described in detail in patent [32].

In the separation process it is recommended a DC power supply for the boiler resistor in
order to avoid the electromagnetic interferences (EMI). The proposed transducer is based on the
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pulse–width-modulator (PWM) principle, implemented with optocouplers as variable resistors,
in closed loop, as it is schematically presented in Figure 8a. Due to the variations of the heating element
resistance, the power value is obtained using the product (Pe = UR · IR), where (UR) is the voltage,
(IR) is the current related to the heating resistor and (Pe) is a power proportional with (Pel). The current
(IR) is sensed by a usual shunt (ρ) [32], which gives a voltage (UIR) proportional to the current (IR).

UIR = ρ · IR (18)
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The operating principle of the transducer, Figure 8b, is based on the modification of the duty
ratio (µ) by the PWM modulator, two electronic switches (SW1, SW2) realized with transistors and
two low pass filters (LPF1) and (LPF2). To generate the appropriate value of the duty ratio (µ), a flip
flop circuit is used based on amplifier (A2) with positive feedback through (R1) and (R2), but also
with negative feedback using diodes (d1, d2), controlled equivalent resistances (r1, r2) and capacitor
(C). Equivalent resistors correspond to two bipolar transistors from two interconnected optocouplers.
The variation of the resistors (r1, r2) leads to the variation of the collector current that contributes to
the charging/discharging of the capacitor (C), thus modifying the duty ratio (µ).



Sensors 2020, 20, 3890 12 of 16

The “PWM modulator” generates a rectangular wave (U1) characterized by the duty ratio (µ) [32]:

µ = kPWM · ux (19)

where the voltage (ux) is the output error of the high gain amplifier (A1):

ux = A1(UR −UE) (20)

Here (UE) is the value of the low-pass filter (LPF1) output signal. The switch (SW1) is operated
with the duty ratio (µ), so that [32]:

UE = µ · E (21)

where (E) is the reference supply voltage for the (LPF1).
If A1 is a high gain amplifier, for finite values of (ux) results the equation:

UR ≈ UE = µ · E (22)

so that the duty ratio is proportional with (UR) and inverse proportional with (E):

µ ≈
1
E
· UR (23)

The same duty ratio (µ) drives the switch (SW2). The input of the low pass filter (LPF2) is the
voltage (UIR) over the shunt (ρ) and the average value of the filter output voltage (U0) is:

U0 = µ · UIR (24)

Using the Equation (24), results:

U0 = µ · UIR =
1
E
· UR · UIR =

1
E
· UR · ρ · IR = k · Pe (25)

with k = ρ/E.
The output voltage (U0) proportional with (Pel) gives information about the electrical power

dissipated in the boiler:

Pe =
1
k
· U0 (26)

In this study, is presented a particular version with UR = (2;20) VDC, UIR = (0.4;4) VDC and
U0 = (0.08;8.75) VDC, 1/k = 4.57. The value of the load resistor is RL = 10 Ω and of the shunt is ρ = 2 Ω.

From constructive point of view this power transducer is based on usual electronic components:
transistors, optocouplers, etc. The main advantage is the avoidance of the multiplying component
(analog or digital) as main source of errors in order to generate the power signal.

The static diagram of the electrical power sensor is given in Figure 9. Based on the well-known
“volt–amperometric method” [31], with high precision voltmeter and ammeter (class 0.2) were measured:
the voltages (UR), (UIR) and (U0) and the current (IR). The theoretic characteristic computed using
the equation Pe = k · UR · IR, is represented with solid line in Figure 9. With stars are represented
some measured output values of the power transducer. The maximum error was observed by the
superior range limit, where the computed value is 8.75 V, the measured value is 8.65 V, resulting the
absolute error of 0.1 V and the relative error of 1.14%. For the isotope-separation column operation,
it is considered a good transducer quality [20].
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4. Results and Conclusions

The three sensors designed for cryogenic isotope-separation columns were built together with the
corresponding electronic elements.

The capacitive carbon monoxide-level sensor is based on the difference between the coefficients of
the dielectric permeability in liquid and gaseous phase. The electronic adapter was conceived in order
to ensure a good proportionality between equivalent capacity of the sensor and the transducer output
voltage. The experimental device is presented in Figure 10. The proposed transducer was tested in the
range of 0–78 mm of the liquid CO level, highlighting proper operation.
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Figure 10. Liquid CO-level sensor: experimental version.

The nitrogen-level sensor consists of two coplanar metal plates, which are the fixed electrodes of
the capacitive transducer and a metal plate insulated from the two upper plates and which can slide
due to a float fixed to the lower metal plate, Figure 11. The signal from the capacitive-level sensor is
processed by an electronic circuit adapted to different uses.
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The electrical power transducer, according to the patent, realizes in an original way the dependence
between the duty ratio and the measuring circuit voltage. Using a closed loop negative feedback,
the output signal of the transducer provides a voltage proportional to the power, Figure 12.
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The main novelty of the proposed electrical power transducer is that improves the stability,
reproducibility of measurements and measurement accuracy, using the (PWM) modulator closed in
a negative feedback control loop.

The testing and calibration strategy was established and accomplished in National Institute
for Research and Development of Isotopic and Molecular Technologies from Cluj-Napoca using
dedicated equipment.

The transducers are reproducible (errors of reproducibility smaller than 2%) and will be used in
automatic control of the equipment operation.

Author Contributions: Conceptualization C.F.; methodology, validation, writing—original draft preparation,
E.H.D. All authors have read and agreed to the published version of the manuscript.

Funding: E.H.D. was funded by Hungarian Academy of Science, Janos Bolyai Grant (BO/ 00313/17) and the
ÚNKP-19-4-OE-64 New National Excellence Program of the Ministry for Innovation and Technology.

Acknowledgments: The authors would like to thanks to the research team from National Institute for Research
and Development of Isotopic and Molecular Technologies from Cluj-Napoca for their support and help in the
elaboration of the described sensors. Special thanks to Eng. Mihai GLIGAN and Aurel BALDEA.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2020, 20, 3890 15 of 16

References

1. Available online: http://www.stable-isotope.com/research.html (accessed on 10 June 2020).
2. Talip, Z.; Favaretto, C.; Geistlich, S.; van der Meulen, N.P. A Step-by-Step Guide for the Novel Radiometal

Production for Medical Applications: Case Studies with 68Ga, 44Sc, 177Lu and 161Tb. Molecules 2020, 25, 966.
[CrossRef] [PubMed]

3. Uzuegbunam, B.C.; Librizzi, D.; Yousefi, B.H. PET Radiopharmaceuticals for Alzheimer’s Disease and
Parkinson’s Disease Diagnosis, the Current and Future Landscape. Molecules 2020, 25, 977. [CrossRef]
[PubMed]

4. Alsulaimany, F.A.S.; Awan, Z.A.; Almohamady, A.M.; Koumu, M.I.; Yaghmoor, B.E.; Elhady, S.S.; Elfaky, M.A.
Prevalence of Helicobacter pylori Infection and Diagnostic Methods in the Middle East and North Africa
Region. Medicina 2020, 56, 169. [CrossRef] [PubMed]

5. Pulagam, K.R.; Gona, K.B.; Gómez-Vallejo, V.; Meijer, J.; Zilberfain, C.; Estrela-Lopis, I.; Baz, Z.; Cossío, U.;
Llop, J. Gold Nanoparticles as Boron Carriers for Boron Neutron Capture Therapy: Synthesis, Radiolabelling
and In Vivo Evaluation. Molecules 2019, 24, 3609. [CrossRef] [PubMed]

6. Uchimiya, M.; Tsuboi, Y.; Ito, K.; Date, Y.; Kikuchi, J. Bacterial Substrate Transformation Tracked by
Stable-Isotope-Guided NMR Metabolomics: Application in a Natural Aquatic Microbial Community.
Metabolites 2017, 7, 52. [CrossRef] [PubMed]

7. Jin, H.; Moseley, H.N.B. Robust Moiety Model Selection Using Mass Spectrometry Measured Isotopologues.
Metabolites 2020, 10, 118. [CrossRef] [PubMed]

8. Zhang, Y.; Shi, P.; Song, J.; Li, Q. Application of Nitrogen and Oxygen Isotopes for Source and Fate
Identification of Nitrate Pollution in SurfaceWater: A Review. Appl. Sci. 2019, 9, 18. [CrossRef]

9. Li, D.; Jiang, X.; Zheng, B. Using δ15N and δ18O Signatures to Evaluate Nitrate Sources and Transformations
in Four Inflowing Rivers, North of Taihu Lake. Water 2017, 9, 345. [CrossRef]

10. Jung, H.; Koh, D.C.; Kim, Y.S.; Jeen, S.W.; Lee, J. Stable Isotopes of Water and Nitrate for the Identification of
Groundwater Flowpaths: A Review. Water 2020, 12, 138. [CrossRef]

11. Martinelli, L.A.; Nardoto, G.B.; Perez, M.A.; Junior, G.A.; Fracassi, F.C.; Oliveira, J.G.; Ottani, I.S.; Lima, S.H.;
Mazzi, E.A.; Gomes, T.F.; et al. Carbon and Nitrogen Isotope Ratios of Food and Beverage in Brazil. Molecules
2020, 25, 1457. [CrossRef] [PubMed]

12. Wang, S.; Kong, C.; Chen, Q.; Yu, H. Screening 89 Pesticides in Fishery Drugs by Ultrahigh Performance Liquid
Chromatography Tandem Quadrupole-Orbitrap Mass Spectrometer. Molecules 2019, 24, 3375. [CrossRef]
[PubMed]

13. Karlsen, M.; Liu, H.; Johansen, J.E.; Hoff, B.H. Economical Synthesis of 13C-Labeled Opiates, Cocaine
Derivatives and Selected Urinary Metabolites by Derivatization of the Natural Products. Molecules 2015, 20,
5329–5345. [CrossRef] [PubMed]

14. Fórizs, I.; Szabó, V.R.; Deák, J.; Hałas, S.; Pelc, A.; Trembaczowski, A.; Lorberer, Á. The Origin of Dissolved
Sulphate in the Thermal Waters of Budapest Inferred from Stable S and O Isotopes. Geosciences 2019, 9, 433.
[CrossRef]

15. Meister, P.; Reyes, C. The Carbon-Isotope Record of the Sub-Seafloor Biosphere. Geosciences 2019, 9, 507.
[CrossRef]

16. Available online: https://world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-
and-fabrication/uranium-enrichment.aspx (accessed on 14 June 2020).

17. Available online: http://en.itim-cj.ro/ (accessed on 14 June 2020).
18. Cohen, K. The Theory of Isotope Separation as Applied to the Large-Scale Production of U235; Murphy, G.M., Ed.;

Washington Square College, New York University: New York, NY, USA, 2015.
19. Andreev, B.M.; Magomedbekov, E.P.; Raitman, A.A.; Pozenkevich, M.B.; Sakharovsky, Y.A.; Khoroshilov, A.V.

Separation of Isotopes of Biogenic Elements in Two-Phase Systems; Elsevier: New York, NY, USA, 2007.
20. Axente, D.; Abrudean, M.; Baldea, A. Isotope Separation 15N, 18O, 10B, 13C by Isotopic Exchange; Casa Cartii

de Stiinta: Cluj-Napoca, Romania, 1994; p. 35. (In Romanian)
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