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Abstract: The radiation degradation of the npnp thyristor radiation-sensitive characteristic, holding current, Iholding, considered. 
As the dose of γ-irradiation (Φγ) increased, the distribution of the Iholding shows pulsating change (quasi-periodicity) in quantity 
and amplitude of peaks (extremes) of Iholding in a wide range of Φγ. The investigated thyristors samples show real radiation 
hardness only up to 200 mSv. At 200 ≤ Φγ ≤ 1000 mSv Iholding S-shape degradation was observed. From a practical point of 
view, using such a low-power discrete planar npnp thyristor in the range of 1000 ≤ Φγ ≤ 7·103 mSv is advisable. For the range 
of approximately 6·103 ≤ Φγ ≤ 1·105 mSv it's difficult to forecast the value of the Iholding (heavy risk zone). Φγ ≥ 1·105 mSv may 
be considered a failure zone of the devices. The evaluation method was proposed for a realistic assessment of the radiation 
resistance of discrete devices. It includes the construction of approximating Iholding dose dependence using results of 
experimental measurements and calculations to find laminar (smooth) and chaotic (jagged) phases of degradation. The laminar 
phase will show the ranges of real radiation hardness (no changes of the holding current) and predictable changes of device 
parameters under irradiation. The beginning of the chaotic phase indicates the end of the reliable npnp structure operation and 
the possibility of soon device failure. Obtained experimental results agree with previously received theoretical approaches of 
other authors. 
 
Keywords: Low power npnp structure, γ-irradiation, Bimodal distribution, Probability, Radiation hardness, Heavy risk zone, 
Failure, Phases of the holding current degradation, Realistic assessment of the radiation resistance of discrete devices. 
 

 
 

1. Introduction 
 
A severe nuclear power plant (NPP) accident can 

release significant radiation from the reactor core [1]. 
For example, the Chornobyl disaster exposed a 
substantial fraction of core material to the 
environment. The exposed reactor created γ-radiation; 
the highest dose was about 300 Sv/h. Similarly, the 
Fukushima disaster also released many radioactive 
substances into the environment due to hydrogen 
explosions and fire damage to the containment 
structures. In Feb. 2017 the level of radiation was 
estimated to be up to 530 Sv/h. So, the design of 
radiation-hardening methodologies, as well as rad-

hardened analysis techniques are not a luxury, but 
necessary, to ensure the reliable operation of the 
special equipment (post-accident monitoring systems 
(PAMs), mobile military robots) to work in harsh 
environmental conditions during decommissioning 
processes in the event of an accident. Approach, based 
on the rad-hardened components employed for 
special-purpose equipment manufacturing can be 
excessively expensive due to special semiconductor 
materials used, technology complexity in the 
production processes, and most of all, the small size of 
the market supporting such devices. Another approach 
is to rely on regular commercial off-the-shelf (COTS) 
devices with high vulnerability to radiation. 

http://www.sensorsportal.com/p_3352.html
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Experience in the use of "extreme robotics" in the 
external conditions of a radiation accident, for 
example, during cleaning of the destroyed reactor 
from highly radioactive elements, debris of the 
structure, fuel residues etc. (γ-background level up to 
≈3000 Roentgen per hour (R/hour), in some places, 
radiation levels up to ≈104 R/hour), showed the 
possibility of decontamination using a mobile robot, 
on which all drives were made electromechanical [2]. 
Control systems were made on very humble relay 
elements. It is not possible for complicated intelligent 
robotic systems [3, 4]. Therefore, the radioactive 
shielding protection of the radiation-sensitive robot 
components is now considered the key technology of 
robot efficiency in severe radiation ambiance. Still, 
protecting the mobile platform and manipulator 
sufficiently increases the robot's weight, thus affecting 
its motion flexibility [5] near the destroyed reactor, 
creating the risk of lodging. Reducing the thickness of 
protection enhances robot survivability in hazardous 
radiation environments. For highly complex work, it is 
necessary to use solid-state relays (SSRs), because of 
various features that mechanical relays do not 
incorporate [6]. SSRs are immune to the shock and 
vibrations at levels, normally encountered [7]. This 
facility employs semiconductor switching elements, 
transferring the signals at high frequency. Most DC 
solid-state switching devices commonly use power 
transistors, whereas, for an AC SSR, the switching 
device is either a triac or back-to-back thyristors 
instead of the usual mechanical normally open contact 
relays [8]. Thyristors are preferred due to their high 
voltage and current capabilities. Theoretically, it is 
necessary to increase the radiation hardness of 
electronic components to complete the equipment to 
eliminate accidents at nuclear power stations with an 
element component base operating at γ-irradiation 
with an intensity of up to 10 R/s and an integral dose 
of up to 106R [9]. This is a technologically complex 
task [10]. The radiation-hardening methodology,  
Rad-Hard-By-Process (RHBP), employs modified 
manufacturing processes to improve their ability to 
withstand radiation. The cost of developing new 
RHBP became prohibitively expensive; as a result, 
there are no widely used industrial technologies [11]. 
That's why creating new approaches to radiation 
hardness improvement is stably relevant. 

 
 

2. The Purpose of the Work 
 
 

The evolution of the structure of radiation damage 
of the irradiated objects (and semiconductor devices, 
of course) is also accomplished, under certain 
stationary irradiation conditions radiation defects 
density self-organizing [12]. Many experimentally 
observed phenomena that correspond to  
self-organization, such as self-oscillations of 
conductivity, non-monotonous dose dependence of 
microhardness, non-monotonous dose dependence of 
creep, oscillations of the size of vacancy voids, etc. 

due to the probability of their sensitive characteristics 
changing to much higher or lower values than 
expected before irradiation. 

Therefore, it is necessary to consider the 
possibility of self-oscillation, for example, of the 
thyristor characteristics for the secure operation of 
nuclear facilities. For the confident operation of 
discrete devices in a hazardous radiation environment, 
it is necessary to consider the possibility of the most 
thyristor radiation-sensitive characteristic – holding 
current (Iholding) – self-oscillation. 

The possibility of applying theoretical concepts of 
self-organization in the analysis of experimental data 
obtained by irradiation of low-power npnp thyristors 
was proposed in [13]. Shown, that as the dose of  
γ-irradiation (Φγ) increased, the distribution of the 
Iholding shows pulsating change (quasi-periodicity) in 
quantity and amplitude of peaks (extremes) of Iholding 
in a wide range of Φγ. At the same time, this work did 
not investigate the dependence of the reproducibility 
of experimental results on the radiation dose, i.e. 
dispersion of Iholding. It is also necessary to describe the 
calculation methods that allow reflection the specific 
features of the thyristor degradation (laminar (smooth) 
and chaotic (jagged) phases). 

Thus, the purpose of the present work was to 
receive details of the npnp structure Iholding radiation 
degradation to find possible ties with radiation-
induced self - organization processes. 

 
 

3. Devices (npnp Structures), Method  
of Measurement 
 
The description (vertical structure, package, 

geometric dimensions) of the used experimental  
low-power thyristors is given in [14]. 

Measurements were carried out by [15]. The 
isotope Americium-241 (the half-life 432.6 years) 
with the following main parameters: energy of  
γ-quanta E = 59.5 keV; photon flux density at a 
distance of 1 m from the center of the working surface 
(7.0±2.1)·104 s-1 cm-2; maximum activity of the source 
2.24 Ku used as a source of γ-radiation [16]. 

 
 

4. Results of Experiment 
 
4.1. Quasi-periodic Change in the Numerical  
       Value of the Holding Current Probability  
       of a Low-power npnp Thyristorunder  
       γ-Irradiation 
 

The results of the holding current measurements 
were analyzed using Statistica 10 [17]. The nonlinear 
relationship between Φγ and the number of peaks with 
different forms and amplitude was experimentally 
observed (Fig. 1). Formulas of used distribution 
density functions (e is the base of the natural logarithm 
(2.71), π is the constant Pi (3.14) are in the cells with 
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histograms in Fig. 1. It was discovered that as the dose 
of γ-irradiation increased, the distribution of the 
thyristor sample selection distribution modes, and the 

amplitude of the peaks of Iholding, did not change 
monotonically.

 
 

 
 

Fig. 1. Examples of the Distributions of Numerical Values of the Holding Current at Different γ-irradiation Doses. 
 
 

With an increase in the radiation dose, there is a 
periodic increase/decrease in the probability of Iholding 
in a wide range of numerical values, Fig. 2. 

This phenomenon is characteristic of irradiation of 
solids [18] (including, in our opinion, npnp crystal 
structures of silicon discrete low-power thyristors), 
which in this case are the so-called open flow-type 
system. The energy flux of γ - irradiation, which does 
not dampen in a certain interval, maintains conditions 
in the irradiated sample far from thermal equilibrium. 
As a result of radiation exposure, the structure of the 
semiconductor material of the irradiated thyristor is 
disrupted due to the formation of radiation defects. As 
the radiation dose accumulates, the structure of 
radiation damage in Si becomes more complex. The 
phenomena occur due to various interrelated 

processes, among which it is often impossible to single 
out several dominant ones (the phenomenon of 
synergy). Mobile defects (vacancies, first of all) can 
form clusters (in particular, clusters of divacancies) 
and bind into electrically active complexes  
(A-, E-, K-centers) with impurity atoms. As a result, 
their spatially ordered concentration distribution 
(stratification) is formed, which depends on the 
radiation dose (which, in turn, depends on the 
exposure time). 

Each accumulated radiation dose probably 
corresponds (to some extent) to an individual [14] 
distribution of impurity-defective complexes. At the 
same time, it is logical to assume that there is a  
quasi-periodic reproduction of the structure of the 
recombination regions of the npnp structure created by 
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radiation exposure. This partly causes a "pulsating" 
change in the probability of the numerical value of the 
thyristor holding current during irradiation. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 2. Quasi-periodic change in the probability  

of the numerical value of the Iholding under γ-irradiation. 
 
 

So, the evolution (change) of the dependence of 
probability fluctuations of the Iholding in a wide range of 
radiation doses can be considered a reflection of the 
self-organization of complexes of radiation defects. 

In other words, at certain doses of γ-irradiation, the 
distribution of the Iholding becomes more homogeneous 
(Fig. 2(a)) Φγ = 360 mSv; b) 2800 mSv;  
c) 293800 mSv); it may reflect the similar distribution 
of impurity-defective complexes in the irradiated Si 
single crystal on which the npnp structure is formed. 

From a practical point of view, the shape of the 
resulting oscillations of the Iholding is consistently 
reproducible, albeit at different Φγ values (Fig. 3). 

For certain doses, modes, most likely values of 
peaks of Holding Currents probabilities, are in 
relatively narrow intervals of the numerical values of 
the Iholding. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 3. The probabilities of different numerical values  

of Iholding, grouped by the shape of their probability 
distributions; a)  ̶ bimodal; b)   ̶unimodal distributions. 

 
 

Self-organization can also be understood as 
periodic (similar to pulsating) associated with an 
increase in Φγ, a change in the number and amplitude 
of peaks of the Iholding, observed at different doses of 
radiation (Fig. 4, Left axis). In addition, there is a 
periodic change in the difference (Δ) (Fig. 4, Right 
axis) numerical values of peak amplitudes, including 
Δ = 0 observed for the same defined values Φγ, in 
which the distribution of the Iholding is unimodal. 

 
 

 
 

Fig. 4. Pulsating change in the amplitude of peaks 
(extremes) of Iholding in a wide range of Φγ. 



Sensors & Transducers, Vol. 267, Issue 4, December 2024, pp. 34-48 

 38

 
 

Fig. 5. A pronounced difference in the amplitudes  
of the left (extreme distribution) and right (logistic) 

extremes (peaks) of the Holding Current at Φγ = 120 mSv. 
 
 

The same calculations were made for every value 
of the probability of Iholding peak at different Φγ, Fig. 6. 
 
 

 
 

Fig. 6. Experimental results for visualization of the value  
of the probability of Iholding peaks at different Φγ 

 
Increasing the radiation dose Φγ in the studied 

range leads to a decrease in the likelihood of Iholding 
peaks with a high amplitude, and, accordingly, an 
increase in the possibility of peaks with a lower 
amplitude of Iholding when enlarged Φγ. For certain 
ranges of Φγ, the effect of the maximum of Iholding peaks 
probabilities exists, Fig. 7. 

Using MathCAD shows two numerical values of 
Φγ, in which the so-called "effect of small doses" [19] 
is observed, Fig. 8. 

Reduced probability of high-amplitude currents 
means longer (increased) lifetimes of minority charge 
carriers τp in the wide thyristor n-base after irradiation 
by Φγ ≈ 4.2 104 mSv. Data in [20, p. 55] confirms that 
the relatively low increase in τp leads to a significant 
decrease in Iholding. The physical cause of the increase 
in τp is the transition of the crystal to an equilibrium 
state, which is considered to be when irradiated with 
small doses of γ-quanta. This is accompanied by a 
significant change in their electrophysical properties: 
an increase in the lifetime and mobility of charge 

carriers. Observed in a certain range of ionizing 
radiation doses, τp increases significantly due to the 
ordering of the structure of the crystal lattice of silicon. 
This is possible only by releasing the energy stored in 
the crystal [21]. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 7. The probabilities of different ranges of numerical 

values of Iholding peaks, grouped by γ-irradiation doses 
(Origin PRO); a) 3d visualization, b) contour plot. 

 
 

The process of energy storage is simplistically 
considered as the process of increasing the internal 
energy of a physical system (e.g., npnp structure), 
regardless of how this energy was increased (added), 
including, obviously, as a result of the diffusion 
technology of the thyristor. 

According to the authors of the cited works, the 
effect's physical essence lies in the relaxation of 
energy stored in the form of defects in the crystal. Heat 
is released due to the annihilation of defects in the 
crystal lattice of a solid body during its transition to an 
equilibrium state in the irradiation process. 

At Φγ ≈ 4.2 104 mSv ("small dose") there is a 
decrease in the probability of observing amplitude 
hold-current peaks range 13.6…18 mA ("high 
currents") from 0.411 to 0.304 or by ≈ 25.8 % (better 
seen in Fig. 9). 

For the peaks of Iholding with the amplitudes 
12…13.5 mA ("low currents") the reduction in their 
probability at this radiation "small dose" is about  
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2.14 % (from probability ≈ 0.42 to 0.411) or almost an 
order of magnitude less than for the "high currents". 
Range ≈ 6·104 ≤ Φγ ≤.1.8·105 mSv is relatively 
homogeneous in terms of a smooth change (decrease) 
in the probability of Iholding in the range 12…18 mA. 
The most probable value of holding current in the 
range 10…2.5·105 mSv is Iholding = 13.5 mA 
(probability of this holding current ≈ 0.42…0.304 
changes in a wide range, but the line Iholding ≈ const  
≈ 13.5 mA practically connects the mountaintops of 
the "canyon" regions, i.e. the regions of holding 
current, in which a pronounced instability of the 
probabilities of the Iholding peaks is observed. It may be 
considered, in this case, as the border between "high" 
and "low" amplitude values of the holding current. 

 
 

 
 

Fig. 8. Probabilities of Different Numerical Values  
of the Holding Current Peaks at Different γ-irradiation 

Doses; 3d visualization. 
 
 

For Iholding ≥13.5 mA, i.e., in the region with a less 
ordered structure, a decrease in the probability of the 
amplitude of hold-current peaks is observed  
once more at Φγ ≈ 2.47 105 mSv, Fig. 9. This dose is 

in the usually considered range of "low doses" of 
irradiation, (104…105R ≈ 100…1000 Sv = 1·105 
…1·106 mSv). 

So, the dose Φγ ≈ 4.2 104 mSv may be considered 
"ultra-low". This effect for the thyristor sample under 
consideration is manifested in the range of amplitudes 
of the holding current peaks 13.5 ≤ Iholding ≤ 18 [mA]. 
Observation of the "low-dose effects" concerning peak 
amplitudes of Iholding allows reasonable selection of the 
criterion for rejection of npnp structures for sampling 
before radiation resistance tests. There is no point in 
testing knowingly unstable devices [22] with  
Iholding > 13.5 mA under the influence of γ- radiation. 

 
 

4.2.2. Effect of γ-irradiation Dose  
          on all Current Values of Iholding

 

 
There is an alternation of extremes (zones of max 

and min values of Iholding) forming an inhomogeneous 
quasi-periodic surface of the response of the thyristor 
holding current to the increasing dose of γ-radiation 
(Fig 10 a), b)). This can be represented especially 
clearly in the contour graph, Fig. 10 c). 

The resulting contour graph is qualitative and 
makes it possible to visualize the possibility of  
quasi-periodic recurrence of Iholding, especially in the 
11…18 mA range. At the same time, the probability of 
observation Iholding < 11 mA from a practical point of 
view, is negligibly low. The probability of  
Iholding > 18 mA is much more probable (Fig. 10 c)). 

Visualizing the change of Iholding using MathCAD 
[23] makes it possible to determine the radiation 
resistance limit for the device under study, i.e. dose of 
Φγ, in which there is a sharp change (deterioration) in 
the criterion parameter, Iholding. In this case, it is  
Φγ ≈ 4.5·104 mSv. 

The data provided in Fig. 1 and 2 were used to 
construct the relevant surface. They were reduced to a 
matrix, Fig. 11 a), and the surface was built using 
standard Mathcad technology, Fig. 11 b). 

 
 

 
 

Fig. 9. Probabilities of Different Numerical Values of the Holding Current Peaks at Different  
γ-irradiation Doses; contour plot. 
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(a)                                                                                      (b) 

 

 
(c) 

 
Fig. 10. Quasi-periodic Process of the radiation degradation of the planar npnp structure Holding Current (Iholding)  

under γ-irradiation; a, b) 3d visualization, c) contour plot. 
 
 

 
(a) 

 

 
(b) 

 
Fig. 11. Increase the likelihood of growth of npnp structure 
Iholding with an increase in the dose of γ-irradiation;  
a) a fragment of the matrix and a table with data. The range 
of data for analysis (b)) selected by the submatrix command. 

The predicted (calculated) numerical value of 
Iholding(Φγ) does not make practical sense as a 
consequence of the repeatability of numerical values 
of the holding current at different doses of radiation, 
but the probability of the Holding Current dependence 
on the dose of γ-irradiation is easily determined  
(Fig. 12). 

 
 

 
 

Fig. 12. Nonlinear Probability Change of the holding 
current, reflecting various Regularities of Iholding (Φγ) 

degradation with an increase in the dose of γ-irradiation. 
 
 

For example, when (Φγ) ≈ 4500 mSv the 
probability of the holding current Iholding = 17.8 mA is 
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0.188, and the probability of 11.3 mA is equal to 0.107 
or about 1.7 times less. 

To design the device, it is logical to use the 
numerical value 16.7 ≤ Iholding(4500 mSv) ≤ 18.9 [mA]. 
For higher doses (Φγ ≈1·104…4.5·104 mSv), it is 
possible to consider approximately that the Probability 
of the Holding Current Range changes stepwise  
(Table 1): 

 
 

Table 1. "Stepwise" Dependence of the Probability  
of the holding current in the Dose range of γ-irradiation.  

Φγ = 5·104…6·104 mSv. 
 

No. 
Range of Holding 

Current, Iholding, mA 

Probability of the 
Holding Current 

Range 
1. 9.0…13.4 0.027 
2.. 13.4…16.8 0.054 
3 16.8…20.0 0.08 

 
 

The studied npnp structure has a truly high 
radiation resistance in the dose range  
1·104 ≤ Φγ ≤ 4.25·104 [mSv]. In this dose range, the 
numerical values of the holding current vary in a range 
approximately equal to 16.9 ≤ Iholding(1·104 ≤ Φγ ≤ 
4.25·104 [mSv]) ≤ 20.0 [mA], the probability of these 
holding currents changes from 0.054 up to 0.08. 

At the other doses of γ-irradiation  
(Φγ ≥ 4.5·104 mSv and Φγ ≤ 1·104 mSv) the probability 
of Iholding may be an order of magnitude  
higher (Fig. 12). 

From the point of view of assessing the 
degradation of the npnp structure Holding Current, 
when Iholding (Φγ) approaching the maximum value, of 
interest, is the visualization of the probability of the 
holding current in the range 5·104 ≤ Φγ ≤ 6·104 [mSv], 
Fig. 13. 

 
 

 
 

Fig. 13. Probability Increase Feature of Iholding ("spiral 
staircase") when approaching the dose Φγ, at which  

the maximum of Holding Current is achieved. 
 
 

The probability distribution of numerical values of 
the Holding Current in the entire studied range of Φγ 
(Fig. 14) indicates the possibility of the existence of 

various degradation mechanisms of the Iholding at 
different doses of γ-irradiation. This fact is reflected 
by two intersecting surfaces. 

 
 

 
 

Fig. 14. Visualizing of numerical probabilities of the 
Holding Current in everything under study range of Φγ.. 

 
 

With an accuracy, sufficient for a practical 
assessment of the radiation resistance of the thyristors 
of the type under consideration, it is possible to 
consider, that at Φγ ≈ (5.88∓0.7)·104 mSv there will be 
a sufficient increase in the probability of  
Iholding = 21 mA (up to 0.349) compared to the 
likelihood of a "boundary value" of Iholding ≈ 13.8 mA 
(0.323), Fig. 15 a). 

This value can be considered "borderline" due to 
the stability of the high probability of holding currents 
in the "yellow" and "dark-yellow" zones from 0,323 to 
0,349. The probability of holding currents less than 
13.8 mA ("green" zones with different shades) is 
significantly lower, equal to 0,296…0,215 and there 
are no areas with stable probability. Compared to the 
min value of Iholding (5.88∓0.7)·104 mSv) = 9 mA, the 
probability of which is 0.054, the probability of the 
max value Iholding ((5.88∓0.7)·104) mSv) = 21 mA at 
this dose significantly increase up to 0.349  
(≈ 5.46 times). 

This phenomenon is also observed at lower  
γ-irradiation doses but is less pronounced. For 
example, at Φγ = 3.68·104 mSv probability  
P (21 mA) = 0.08, P (9 mA) = 0.027. This means that 
the probability of the max value of Iholding exceeds the 
min value by ≈ 2.96 times. For max Φγ = 2.94·105 mSv 
(Fig. 15 b)) the probability of Iholding ≤ 11 mA is 
negligibly small and equal to 2.878·10-4. The 
experimental observation of such confinement 
currents is practically impossible. Therefore it is 
logical to consider, that Iholding ≈ 11 mA with a 
probability of 0.027 is the minimum possible holding 
current at this dose. 

The Probability of the max value  
P(21mA) = 0.135, therefore the probability of the max 
value Iholding ≈ 21 mA exceeds the min value of  

Iholding ≈ 11 mA approximately 5 times: ቀ଴,ଵଷହ଴,଴ଶ଻ 	= 	5ቁ; 
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The same is true for Iholding ≈ 12.74 mA with the same 
probability. The Holding Currents in the other ranges 
have a probability ≠ 0 (Table 2). 
 

 

Table 2. Dependence of the probability of the holding 
current at the dose range of γ-irradiation Φγ ≈ 3·105 mSv. 

 

No. 
Range of Holding 

Current, Iholding, mA 
Probability of the 
Holding Current  

1 8.97…10.855 2.878·10-4 

2 10.855…12.74 0.027 

3 12.74…14.24 0.054 

4 14.24…15.75 0.081 

5 15.75…17.25 0.1 

6 17.25…20.645 0.135 

 

Due to the difference of zero of holding current 
probability in the range No 2…6, it may be measured. 
This means, that the degradation processes, occurring 
in the thyristor during irradiation, are stochastic. 

A sign of stochastic radiation degradation of Iholding 
at Φγ ≈ 3·105 mSv is a gradual increase in the 
probability of reaching its max value (≈ 21 mA is the 
probability of the event 13.5 %) and extremely low 
probability (2.878·10-4) of Iholding ≤11 mA ("red zone" 
in Fig. 15, b). 

Reaching the Iholding max value is also possible with 
2.32·104 ≤ Φγ ≤ 2.57·104 [mSv], it's the practical failure 
of the device, but the probability of the event is only  
≈ 8 %. The most dangerous dose at which failure is 
likely ≈ 35 % of the npnp thyristors is  
Φγ = (5.88∓0.7)·104mSv. 

 
 

 

 

 
(a) 

 

 
(b) 

 
Fig. 15. Changing the probability of numeric values of the Holding Current at different doses of γ- radiation. 
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4.3. Statistical Estimates of Distribution 
Parameters, Describing the Holding 

Current (Iholding) Changes of the 
Thyristors (Low-power npnp Structure) 
under γ-irradiation at Different Doses 

 
The specific feature of calculating the expected 

value and variance of the Iholding for bimodal 
distributions (for example, for Φγ = 7800 mSv), is the 
calculation of the coefficients for the terms of the 
probability density functions of the numerical values 
of the Iholding(Φγ). 

Let's calculate the probability density function of 
the holding current at a certain radiation dose, in this 
case at Φγ = 7800 mSv. Used (Fig. 16) probability 
distribution of Holding Current numerical values in 
the range 9…26 mA. 

A brief description of the proposed methodology 
for calculating the coefficients of distribution peaks in 
MathCAD is as follows. Using the approach, proposed 
in [24, p.28], the probability density of the holding 
current (Iholding) numerical values at a given radiation 
dose may be expressed in the bimodal form (two 
peaks), formulas (1), (2): 

࢚࢟࢏࢙࢔ࢋࢊ࢚࢟࢏࢒࢏࢈ࢇ࢈࢕࢘࢖ࢌ  = ࢑ࢇࢋ࢖࢚ࢌࢋ࢒࢑	 ∙		∙  ,࢚࢟࢏࢙࢔ࢋࢊ_࢚࢟࢏࢒࢏࢈ࢇ࢈࢕࢘࢖_	܏ܖܑ܌ܔܗܐ۷_࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢘ࢌ·	·	࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢑࢘++…+.࢚࢟࢏࢙࢔ࢋࢊ_࢚࢟࢏࢒࢏࢈ࢇ࢈࢕࢘࢖_	܏ܖܑ܌ܔܗܐ۷_࢑ࢇࢋ࢖_࢚ࢌࢋ࢒ࢌ

(1) 

 
࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢑࢘  + ࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢑࢘ 	= 	૚ (2) 

 
Calculated the integral likelihood (integral 

probability) of observing the experimental values of 
the holding current for thyristors on the control silicon 
in the entire studied range of Iholding(Φγ), i.e. from 9 to 
26 mA (3) (the denominator). 

Results of the kleft_peak and kright_peak calculations are 
in the same cells. 

 

The Denominator (the same for both peaks) = = ׬ (݅ܵ_݈݀݋ℎ_ܫ)7800_݅ܵ_݈݀݋ℎ_ܫ_ݕݐ݈ܾܾ݅݅ܽ݋ݎܲ ·· ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ , 
(3) 

Similarly the integral probabilities of the first (left) 
(4), (5) and second (right) (6), (7) peaks were 
calculated (the numerators). 
 
 

 
 

Probability of the Iholding at Φγ = 7800 mSv  
in the range 9…26 mA: 

 a_I_hold_7800	=	17.75	 b_I_hold_7800	=	1.72	Probability_I_hold_Si_7800	(I_hold_Si)	=	= 0.92 · ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + +1.0· ଵଶ·௕_ூ_௛௢௟ௗ_ௌ௜_௓଼଴଴·݁ష|಺_೓೚೗೏_ೄ೔	ష	ೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ	|್_಺_೓೚೗೏_ೄ೔_ళఴబబ 		
 

 
 
Fig. 16. Sequence for calculating in MathCAD  
the probability density of the holding current bimodal 
probability distribution,	a) Histogram and distribution 
function of Iholding(7800 mSv); b) formula for calculating  
the Holding Current Probability of Numerical Values  
in the range 9…26 mA at the same Φγ; c) visualization  
of the probability of Iholding in the same range. 

 
 
 

The Nominator(left peak):  The Nominator (right peak):  

0.92 · න ,(݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185,0.9) ·· ଶ଺݅ܵ_݈݀݋ℎ_ܫ݀
ଽ ׬ (4)  ଵଶ·௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ ·ଶ଺ଽ ൬݁ష| ಺_೓೚೗೏_ೄ೔షೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ|మ·್_಺_೓೚೗೏_ೄ೔_ళఴబబ ൰ · 	· ݅ܵ_݈݀݋ℎ_ܫ݀ (6)

The coefficient of the left peak:	 	 The coefficient of the right peak:	 	
׬ 0.92 · ,(݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185,0.9) · ׬ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ (݅ܵ_݈݀݋ℎ_ܫ)7800_݅ܵ_݈݀݋ℎ_ܫ_ݕݐ݈ܾܾ݅݅ܽ݋ݎܲ · ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ == 	૙, ૝ૡ૚ (5) 

׬ 12 · 7800_݅ܵ_݈݀݋ℎ_ܫ_ܾ ·ଶ଺ଽ ൬݁ି| ூ_௛௢௟ௗ_ௌ௜ ି௔_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴|ଶ·௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴	 ൰ · ׬݅ܵ_ܫ݀ (݅ܵ_݈݀݋ℎ_ܫ)7800_݅ܵ_݈݀݋ℎ_ܫ_ݕݐ݈ܾܾ݅݅ܽ݋ݎܲ · ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ == ૙. ૞૚ૢ (7)

 
Then the density of the probability distribution for Iholding at Φγ = 7800 mSv may be expressed as (8). 
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௣݂௥௢௕௔௕௜௟௜௧௬_ௗ௘௡௦௜௧௬ =

=0.481 ∙ ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + 0.519 
ଵଶ∙௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ · ݁ష|಺_೓೚೗೏_ೄ೔షೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ|మ∙್_಺_೓೚೗೏_ೄ೔_ళఴబబ   

(8) 

 
 

Calculation of the numerical values of the standard 
parameters, characterizing the resulting distributions, 
was carried out [25]: weighted average value ෨ܺ	(mathematical expectation, M[X]) experimental 
results of measurements of the holding current of 
samples set of npnp thyristors and dispersion D[X] of 
this physical quantity, where x ≡ Iholding(Φγ) is a 
holding current value in the measurement interval, 
φ(x) ≡ f(Iholding(Φγ)) is a density of the probability 
distribution, formulas (), (). 

 
 ෨ܺ 	= [ܺ]ܯ	 	= ׬ ஶିஶݔ݀(ݔ)߮ݔ , (9) 

[ܺ]ܦ  = ׬ ݔ) ஶିஶݔ݀(ݔ)ଶ߮([ܺ]ܯ− , (10) 
 
Application example of ௣݂௥௢௕௔௕௜௟௜௧௬_ௗ௘௡௦௜௧௬ of 

Iholding(Φγ) usage to calculate Holding Current 
distribution parameters (M_7800 is a mathematical 
expectation of I_hold_Si at Φγ = 7800 mSv, D_7800 is 
the Holding Current Dispersion), depicted  
in Listing 1 a), b). 

Calculated Iholding(Φγ) weighted average values and 
weighted average deviation (square root of dispersion) 
are in Fig.17, a), b). 

 
 a)	Weighted	average	value	of	Iholding at	Φγ =	7800	mSv,	M_7800:

M_7800	=	׬ ൬0.481 ∙ ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + 0.519	 ଵଶ∙௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ 	 · ݁ష|಺_ೄ೔షೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ|మ∙್_಺_೓೚೗೏_ೄ೔_ళఴబబ ൰ ݈݀݋ℎ_ܫ ·૛૟ૢ ׬=	D_7800		D_7800:	mSv,	7800	=	Φγ	at	Dispersion	Current	Holding	b)	,[mA]	15.554	=݈݀݋ℎ_ܫ݀ ൬0.481 ∙ ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + 0.519 ଵଶ·௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ 7800_݅ܵ_݈݀݋ℎ_ܫ_ܾ·2|7800_݅ܵ_݈݀݋ℎ_ܫ_ܽ−݅ܵ_ܫ	|−݁ ൰ ൫ܫ௛௢௟ௗೄ೔ − ૛૟ૢ	଻଼଴଴൯૛ܯ · deviation	average	Weighted,݈݀݋ℎ_ܫ݀ 7800_ܦ√ =	2.943	[mA]
 

Listing 1. Calculation example in Mathcad of the Holding Current (Iholding, mA) weighted average value at Φγ = 7800 mSv (a)) 
and its dispersion (b) 

 
 

   
                                                            (a)                                                                             (b) 

 
Fig. 17. Dose dependence of the Iholding(Φγ) weighted average value, a) weighted average deviation (square root  

of dispersion), b) calculated from experimental data. 
 
 

From the authors' [26, p. 38] point of view, based 
on the analysis of publications, concerning the  
so-called "complex" problems of radiation physics, 
caused by the combination of nonlinearity and strong 
non-equilibrium of processes during the irradiation of 
objects of various natures, in the seemingly complete 
disorder of an object (the supposedly chaotic 
distribution of numerical values of the holding 
current, weighted average deviation), the properties of 
the hidden order can be manifested. 

So, one of the main tasks of modeling was 
identifying ranges of the γ-irradiation doses which 
allowed description by an analytic dependence (curve) 
of experimental Iholding(Φγ) dependence and the same 
for holding current dispertion. 

5. Quantitative Dependencies, Describing 
the Holding Current (Iholding) 
Degradation at Different γ-irradiation 
Doses over the Entire Range  
of Radiation Doses 

 
5.1. Modeling the Dose Dependence  
       of the Holding Current, Iholding(Φγ) 
 

The possibilities of Origin PRO were used to 
simulate the change in the holding current during 
irradiation [27]. For example, the results of the 
calculations of Iholding(Φγ) at 60 ≤ Φγ ≤ 2000 mSv are 
shown in Fig. 18. 
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Fig. 18. Origin Pro Approximation Case Study Iholding(Φγ) 
at 60 ≤ Φγ ≤ 2000 [mSv]. 

 
 

For more simple calculations the resulting Origin 
PRO models were represented in MathCAD  
(Listing 2). 

The calculation results are shown in Fig. 19. The 
fully radiation-resistant npnp test structure exists when 
the irradiation range is 0 ≤ Φγ ≤.200 [mSv]. 

At 200 ≤ Φγ ≤ 1000 [mSv] there is a "classical" 
degradation (an increase in the Iholding(Φγ)), associated 
with a decrease in the lifetime of injected minority 
charge carriers due to the recombination processes on 
radiation defects. 

At Φγ ≈ 7·103 mSv in the base areas of the npnp 
structure, the formation of radiation defects is 
expected to be completed. This is indicated by the 
absence of an Iholding(Φγ) change. The strong 
disequilibrium of the vacancy distribution and the 
individual characteristics of the impurity-defective 
composition, which depend on the production 
technology of certain structures (for example, 
thyristors or the other types of discrete devices), lead 
to the possibility of implementing the so-called 
autocatalytic quasi-chemical reactions between 
defects [28]. In synergetic systems) anomalously large 
fluctuations arise. In this case, this is a sample of the 
devices under study of Iholding(Φγ). 

The obtained results may be explained using the 
another concept, described in [28], namely: the 
possible existence of the intermittency regime, which 
one shows the coexistence of laminar (smooth) and 
chaotic (jagged) mechanisms for the accumulation and 
evolution of radiation defects. 

 
݈݀݋ℎ_ܫ_݁ݏ݋ܦ  = 10, 20…10଺  ݒܵ݉
 

For the range 60 ≤ Φγ ≤ 7000 [mSv] the form of the equations is the following: 
=:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_1ܣ  	14.885, =:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_2ܣ 	:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ_0_ݔ ,15.951	 = 	476.2544, 	:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ_ݔ݀ = ௛௢௟ௗ_௟௢௪_ௗ௢௦௘_ௌ௜(஽௢௦௘_ூ_௛௢௟ௗ)ࡵ	,69	 ≔  = ݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ_2ܣ	 + (஺ଵ_ூ_௛௢௟ௗ_௟௢௪_ௗ௢௦௘ ି ஺ଶ_ூ_௛௢௟ௗ_௟௢௪_ௗ௢௦௘)ଵ ା ௘௫௣ቀ(ವ೚ೞ೐_಺_೓೚೗೏) ష(ೣ_బ_಺_೓೚೗೏_೗೚ೢ_೏೚ೞ೐)೏ೣ_಺_೓೚೗೏_೗೚ೢ_೏೚ೞ೐ ቁ , 

For the range 7000 ≤ Φγ ≤ 3.5·104 [mSv] the form of the equations is the following: 
	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ  = 	14.27645, 	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ_݈݀݋ℎ_ܫ = 	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ݓ_݈݀݋ℎ_ܫ	,19857.9878−	 = 	43736.68323, 	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ = (݈݀݋ℎ_ܫ_݁ݏ݋ܦ)2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ	,1.69026	 ≔ = 2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ݓ_݈݀݋ℎ_ܫ	 + 2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ	 · · ቈ݊݅ݏ	 ቂ1.071	 · 	݅݌ · (஽௢௦௘_ூ_௛௢௟ௗ)ି(ூ_௛௢௟ௗ_௫_௖_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜_ଶ)ூ_௛௢௟ௗ_௪_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜_ଶ ቃ቉ଶ  

For the range 3.584·104 ≤ Φγ ≤ 9.1·105 [mSv] the form of the equations is the following: 
3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ  ≔ 14.594, 	:3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ_݈݀݋ℎ_ܫ = 	:3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܹ_݈݀݋ℎ_ܫ	,300−	 = 	103800, 	:3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ = (݈݀݋ℎ_ܫ_݁ݏ݋ܦ)3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_݈݀݋ℎ_ܫ	,1.372	 ≔ 3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ	 3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ+	+ ··	· ቎sin ቎ 0.52 · ݅݌ ·· ൤(ܫ_݁ݏ݋ܦ_ℎ݈݀݋) − 1 · 10^5) − (3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ)(3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ_݈݀݋ℎ_ܫ) ൨቏቏ଶ 

A simple program may join the obtained equations: 
(݈݀݋ℎ_ܫ_݁ݏ݋ܦ)݅ܵ_݈݀݋ℎ_ܫ  =	≔ ቐ 	1	݂݅	(݈݀݋ℎ_ܫ_݁ݏ݋ܦ)	݅ܵ_݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ < 	݈݀݋ℎ_ܫ_݁ݏ݋ܦ	 < ݈݀݋ℎ_ܫ_{݁ݏ݋ܦ})	2݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_݈݀݋ℎ_ܫ	3^10	2	 + 0.001 ݂݅ 1.01 10^3 < 	݈݀݋ℎ_ܫ_݁ݏ݋ܦ} < (݈݀݋ℎ_ܫ_݁ݏ݋ܦ)3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_݈݀݋ℎ_ܫ4^10	3.51	 ݂݅ 3.584 10^4 < (݈݀݋ℎ_ܫ_݁ݏ݋ܦ) 	< 	9.1	10^5  

 
Listing 2. The Sequence of Calculation of the Approximating Dependence of the Iholding(Φγ) Function. 
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Fig. 19. Iholding(Φγ) Curve, Approximating the Weighted Average Value of Holding Current at Different (Φγ). 
 
 

It's important from the practical approach. The 
cited work gives an impressive example. Suppose 
radio equipment or an element base of the electric 
drive is catastrophically sensitive to these fluctuations.  

In that case, quasi-periodicity of failures and return 
of the equipment to operating condition may occur. 

The experimentally shown quasi-periodicity of the 
change in the holding current at the different Φγ 
indicates different phases of npnp structure 
degradation. 

The existence of chaotic (quasi-periodic) changes 
indicates an extraordinary evolution of defects in the 
device, not encountered before. 

 
 

5.2. Modeling the Dose Dependence  
       of the Holding Current Dispersion,  
       Dholding_current(Φγ) 
 

The calculation sequence is shown in Listing 3, 
and the results of the calculation in Fig. 20. Low doses 
of γ-irradiation also change the physical properties of 
the npnp structure in a nonlinear manner, within the 
range of 60 ≤ Φγ ≤.1000 mSv there is a peak decline of 
Dholding_current(Φγ). This may indicate a rapid 
improvement in the crystal structure of thyristor. 

A further increase in Φγ > 103 leads to a damped 
regions with different conductivity types ("low dose 
effect").variance oscillation (laminar (smooth) 
regime). There is a weakly oscillating stabilization of 
the properties of the Si crystal up to a dose of  
Φγ ≈ 1·105 mSv. A chaotic (jagged) regime at  
Φγ > 1·105 mSv may indicate an impending discrete 
device failure. 

Significant reduction in the standard deviation of 
the Holding Current npnp thyristors is necessary to 
produce devices for parallel configurations, where 
good matching of electro-physical characteristics of 
used Devices is required [29], which can be achieved 
by reducing the variance of the measured parameters. 
Min value of standard deviation (≈ 1.85 mA) observed 
(Fig. 21) at Φγ ≈ 350 mSv and Iholding(Φγ) = 15.3 mA. 
This dose can be considered technological, 

significantly reducing the spread of numerical values 
of average-weighted holding currents (decrease of 
Iholding(Φγ) standard deviation). 

The observed effect most likely reflects the 
increase in τp (see Section 4.2.1). 

 
 

6. Conclusions 
 

1. The holding current degradation of a low-power 
npnp structure under different γ-irradiation doses 
(Iholding(Φγ)) occurs non-linearly and is complicated. 
Shown the quasi-periodicity of the radiation change in 
the holding current and its dispersion. 

2. Obtained experimental data confirm the 
theoretical approach, proposed in [28], namely: the 
possible coexistence of laminar (smooth) and chaotic 
(jagged) phase changes of physical quantity during the 
irradiation, which is predicted in the cited work. 

This work experimentally showed the existence of 
different phases of Iholding(Φγ) degradation, as well as 
the similar changes of standard deviation (square root 
of Dispersion, Dholding_current (Φγ). 

3. Radiation resistance of npnp structure, 
understood as the absence of a change of Iholding(Φγ) at 
γ-exposure, is significantly lower than expected and is 
located in a very narrow range 0 ≤ Φγ ≤.200 mSv. At 
200 ≤ Φγ ≤ 1000 mSv S-shape degradation of 
Iholding(Φγ) was observed. 

4. From a practical point of view, using such a  
low-power discrete planar npnp thyristor in the range 
of 1000 ≤ Φγ ≤ 7·103 mSv is advisable. In this very 
narrow range of Φγ holding current Iholding(Φγ) is very 
stable (the "plateau" of numerical values). Dose  
Φγ ≈ 7·103 mSv is the beginning of the chaotic (jagged) 
phase and practically the beginning of the  
thyristor failure. 

5. The given values of Iholding(Φγ) are obtained for 
one type of thyristor and thus are indicative. For the 
realistic assessment of the radiation resistance of 
various types of discrete devices, it is expedient to use 
the evaluation method used in this work, including the 
following (see Section 7 of the article). 
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a)	For	the	range	60 ≤	Φγ	≤.1000	mSv݁ݏ݋ܦ ≔ 10, 10 + 10. ݅ܵ_0_ܦ	,300000. ≔ 10.375, ݅ܵ_ܦ_0ݐ ≔ 223.99, ݅ܵ_ܦ_ܿܺ ≔ ݅ܵ__ܦ_ݓ,80.028 ≔ 873.874, ݅ܵ_ܦ_ܣ ≔ (݁ݏ݋ܦ)݅ܵ_ܦ,41.992− :	= ݅ܵ_0_ܦ	 + ݅ܵ_ܦ_ܣ · ݌ݔ݁ ቂ− ஽௢௦௘௧଴_஽_ௌ௜ቃ · ݊݅ݏ ൤1.137 · ݅݌ · ቂ ஽௢௦௘௪_஽__ௌ௜ቃ൨, b)	For	the	range	1000 ≤	Φγ	≤.105	mSv:݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_0_ܦ_ܵ݅:	 = 	10.01, ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܹ ≔ 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_0_ݐ		12300 = 72698.78101, 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܣ = :݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܿ_ݔ	,0.864488	 = (݁ݏ݋ܦ)݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅_ܦ,4710− ≔= ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_0_ܦ	 + ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܣ · ݌ݔ݁ ቀ ି஽௢௦௘	௧_଴_௠௜ௗௗ௟௘_௥௔௡௚௘_ௗ௢௦௘_ௌ௜ቁ ݊݅ݏ·· ቂ0.7002	 · ݅݌ · ቀ(஽௢௦௘ାହ·ଵ଴^ଷ)ି௫_௖_௠௜ௗௗ௟௘_௥௔௡௚௘_ௗ௢௦௘_ௌ௜௪_௠௜ௗௗ௟௘_௥௔௡௚௘_ௗ௢௦௘_ௌ௜ ቁቃ, c)	For	the	range	Φγ	≥	105 mSv:
	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_ܦ  = 	3.6, 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ = {݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ	,110000	 ≔ 	7.5, 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ݓ = (݁ݏ݋ܦ)݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܦ	,228000	 :	= ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_ܦ	 + ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ · · ቈ݊݅ݏ	 ቂ2.35 · ݅݌ · (஽௢௦௘ା଺.ହ·ଵ଴^ସ)ି(௫_௖_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜)௪_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜ ቃ቉^2, 

d) Final	equation:
(݁ݏ݋ܦ)	݊݋݅ݏݎ݁݌ݏ݅ܦ ≔ ቐ (݁ݏ݋ܦ)݅ܵ_ܦ 	+ 	0.34, ݂݅	1	 < 	݁ݏ݋ܦ	 < ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܦ3^10	3.38	 ({݁ݏ݋ܦ} − 0.1, ݂݅ 2 10^3 < 	݁ݏ݋ܦ	 < ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܦ5^10	1.065	 ,(݁ݏ݋ܦ) ݂݅ 1.085 10^5 < 	݁ݏ݋ܦ < 	5.4	10^5

 
Listing 3. Modeling of the Dose Dependence of the Holding Current Dispersion, Dholding_current(Φγ). 

 
 

 
 

Fig. 20. Non-linear Dose Dependence of the Holding 
Current Weighted Average Value standard deviation 

(square root of Dispersion (Dholding_current (Φγ)). 
 
 

7. Proposal 
 

For the selected (studied) types of devices, the 
sample of the studied devices is irradiated with a set of 
doses of ionizing radiation. Measurements of the 
chosen parameters are to be carried out, and the 
experimental results obtained are processed by 
standard statistical methods (weighted mean, 
dispersion, standard deviation). 

 
 

Fig. 21. Nonlinear Relationship of the standard deviation  
at different γ-irradiation doses. 

 
 

The main point is to construct dose dependences 
for the selected characteristics of the selected types of 
devices under study and to construct their 
approximating dependences to find laminar (smooth) 
and chaotic (jagged) phases. In our opinion, the 
laminar phase will show the ranges of real radiation 
hardness (no changes) and predictable changes of 
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device parameters under irradiation. The beginning of 
the chaotic phase indicates the end of the reliable npnp 
structure operation and the possibility of soon  
device failure. 
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