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The study considers the impact of the environmental contamination by the electromagnetic
radiation of electron beam generator and high-energy radioactive source on the memory com-
ponents. Electron beam generator can be used for injecting particle energy into the plasma of
the fusion system based on a Marx generator, while radioactive source as a simulator of
high-energy ionizing radiation that can be caused by the neutron-induced activation of
plasma surrounding structures or released from deuterium-tritium fusion reaction. The ef-
fects of gamma radiation of high-energy radioactive source and electric field of the electron
beam generator on EPROM and EEPROM semiconductor computer memory, were investi-
gated. An older memory types were deliberately chosen for the reason that their more robust
construction will better protect them from the effects of ionizing and non-ionizing radiation.
The results obtained under well-controlled conditions show a high degree of non-resistance
of the semiconductor technology to the expected electromagnetic pollution of the electron
beam generator and high-energy radioactive source. This conclusion raises doubts on the pos-
sibility of simultaneous application of electron beam generator, consequently fusion system
and nanotechnologies with the increasing need for miniaturization of electronic components.
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memory component

INTRODUCTION

Population growth in world countries and the de-
velopment of new technologies have increased the need
for energy. Today, countries that have relied on nuclear
energy sources do not enter into any energy crises.
However, conventional baseload power sources are
limited due to greenhous gas and its negative impact to
the climate change. Uranium, which is the fuel of both
thermal and fast reactors, is present in nature in limited
quantities as the last unstable element of the Periodic
Table, originating from a supernova explosion that oc-
curred before the formation of the Solar System. For
this reason, it is considered that the definitive solution to
the energy needs of the entire planet will be met by
achieving economically acceptable, controlled nuclear
fusion.

* Corresponding author, e-mail: dusan@vin.bg.ac.rs

As one potential solution for significant source of
energy with zero carbon emission is technology based on
nuclear fusion in which a plasma is heated. Scientists or-
ganized on demanding projects emphasize the negligible
impact on the human environment as one of the advan-
tages of fusion reactors [ 1]. This statement, although par-
tially true, ignores that fusion type reactors are a source
of considerable electromagnetic (non-ionizing and ion-
izing) environmental contamination [2, 3].

Electromagnetic contamination of the environ-
ment causes consequences for the biosphere and the
technosphere. The impact of electromagnetic contami-
nation on the technosphere is particularly unpredictable,
since the growing trend towards miniaturization of elec-
tronic circuits makes them very sensitive to overvoltages
induced by ultra-fast electromagnetic fields generated in
the fusion reactor. In order to examine the possible occur-
rence of electromagnetic pollution of the fusion system
in the environment, a study was carried out on the influ-
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ence of the electromagnetic field, created in the electron
beam generator which can potentially be a part of fusion
machines for plasma heating, and gamma radiation, as a
possible product of the neutron-induced activation of the
surrounding plasma structures, on the memory compo-
nents in its vicinity.

Several tests were performed on the plasma heat-
ing in the core of the generator with particle beams and
their comparison with the plasma heating with an elec-
tromagnetic (laser) beam where, at high temperatures,
there is considerable reflection of the laser beam and loss
of energy [2]. A consideration of the before-mentioned
problem is a continuation of previous research [4]. The
electron beam generator, used in this study for plasma
heating in the fusion system, is described in detail in the
paper [5]. This generator in vertical part is a Marx gener-
ator, immersed in insulating oil to prevent sparking be-
tween capacitors and activated by three-electrode spark
gaps insulated with a composition of SF6-N2 gases with
a separate third electrode. Such a way of triggering gives
minimal jitter when the percentage composition of the
gas mixture is optimal [6-9]. For getting high plasma
temperature, it is optimal to inject pulses of the order of
10 TW with a width of about 5 ns. Such a pulse cannot be
obtained from one electron beam generator, so the
plasma is heated by several electron beam generators that
simultaneously fire into the plasma.

The goal of this study is to examine the influence
of the fast electromagnetic field, created in the fusion
reactor, on the technical-technological components in
its vicinity, i. e., the impact of electromagnetic contam-
ination of the fusion reactor on the technosphere. It re-
fers to the comparison of the damage of EPROM and
EEPROM memories by gamma radiation and induced
overvoltage due to the fast electromagmatic field that
occurs in fusion reactors.

Figure 1. System of eight electron beam
generators for injecting energy into the
plasma by simultaneous triggering:

(1) chamber with an oil-insulated Marx
generator, (2) electrical assembly for
beam formation, (3) entrance of the hori-
zontal part for injecting electrons into the
plasma, (4) space shielded by p-metal
with plasma, and (5) building for the con-
version of heat energy into electricity
(from [5])

MATERIALS

The Marx generator was set to give a 1.2/50 us
pulse shape by selecting resistors to charge and dis-
charge the capacitor. In the horizontal part of the cir-
cuit there was a system of conductors and capacitors
filled with deionized water. At the top of the horizontal
part of the electronic generator there was a capacitive
probe (or alternatively a Kerr cell) which was con-
nected to the pulse conductor of the generator. This
probe has the task of measuring the voltage form of the
electronic pulse that is fired from the electronic gener-
ator and which injects energy into the plasma. The hor-
izontal part itself serves to adjust the electronic pulse
to the need, fig. 1 [5].

From the aspect of electromagnetic pollution of
the environment by the fusion systems, two compo-
nents appear. The first component is electromagnetic
radiation as a consequence of extremely fast pulses
generated by electron beams injected into the plasma
(conceived in this way). The second type is ionizing
high-energy gamma radiation as consequence of neu-
tron-induced activation of plasma surrounding struc-
tures (walls and components) [ 10]. Together, ionizing
and non-ionizing radiation can affect electronic equip-
ment used for protection, measurement and manage-
ment control of the processes in a fusion system. Mod-
ern electronic equipment is especially sensitive, where
the trend towards its miniaturization has caused an ex-
ceptional sensitivity to electrical noise induced by ion-
izing radiation [ 11-13]. Also, surge protection compo-
nents can change their characteristics so, the entire
control system could be compromised by overvoltage.
Finally, ionizing radiation affects the low-voltage part
of the sensor, which consists of a capacitor with an
electronic type of polarization insulator (or some other
material that has a frequency independent dielectric
constant such as mica) and an adaptive resistance [14,
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15]. Even the smallest deviations from the set values
of the system, especially the probe, can disrupt the fu-
sion process and put the generator out of function.

EXPERIMENT

Estimation of the environmental pollution by a
fusion system was conducted in two separate experi-
ments: experiment on the influence of the gamma radi-
ation field on electronic components and experiment
of rapidly changing electric field on electronic compo-
nents. The electronic components on which the exper-
iments were carried out were EPROM and EEPROM.
The older types of memories were chosen for reasons
of more robust construction, so it could be expected
that they have greater resistance to ionizing radiation
and overvoltage [16].

Tests were performed on EPROM and
EEPROM memories of various types and manufactur-
ers. The obtained results presented in this study refer
to JL27C512 EPROM and 28C64C EEPROM memo-
ries manufactured by TMS, Singapore. The 100 mem-
ories of the same type were used for the test, which
were divided into groups of five memories each.

The experiments with gamma radiation field
were performed under well-controlled laboratory con-
ditions. The gamma radiation field was realized by the
IRPIK-B device. The thickness of the walls decreased
the intensity of the source 1000 times. Beam shaping
was done with a collimator of variable direction. The
maximum dimension of the field at a distance of 1 m
was 30 cm x 30 cm. The used radioactive source was
80Co (activity of 124.1 TBq; production date 2010).
The ®°Co provides two gamma rays with energies of
1.173 MeV and 1.332 MeV.

Before the start of the test, the same memory
content 1 was written in all memory samples. Memory
content 1 was used because it is more energy stable. In
doing so, constant voltage forms were used [17-20].

First, EPROM and EEPROM memories were
tested on the effects of gamma fields. During the test with
radiation from a gamma source, the size of the radiation
field was 8 cm x 8 cm. The distance between the source
and the tested memory samples was 45.6 cm. The strength
of the absorbed dose in air was 60 Gyh™, and 65.82 Gy
in Si material. Testing of the gamma field effect on mem-
ory components was performed at a temperature of 20 °C.
Erasing the contents of the EEPROM components was
done with a standard UV eraser. The effects of radiation on
the examined memories were observed as: differential
change in the number of defects as a function of the total
radiation dose and cumulative change in the number of de-
fects as a function of the total radiation dose. One series of
measurements was performed with one irradiation on five
memory components.

After that, EPROM and EEPROM memories
were tested for high-frequency electric field (voltage

rise field 50 kV(ns)~!. During the testing of the resis-
tance of the memory components to overvoltages
induced by fast voltage pulses, they were placed at a
distance of 50 m, 100 m, 500 m, and 1000 m (these
tests were performed in a clean area without reflec-
tions) from the model of the electron fusion injector in
the horizontal plane, in which the previously de-
scribed electric field is established at all points. The
examination of the effect of the fast electric field was
performed in the same way as in the case of irradiation
with gamma photons. EPROM and EEPROM mem-
ory components, from the same manufacturer, were
used for all the measurements. Those components
were tested for stochastic identity and were chosen
among the most stable components for the tested effect
in the gamma field. The two effects of a fast electric
field on the tested memories were observed: the direct
effect of a fast electric field on the memory and the ef-
fect of a fast electric field on memories protected from
overvoltage by a fast protective hybrid circuit accord-
ing to the standard IEC 77.C1, as shown in fig. 2 [21].
During the examination of the non-ionizing radi-
ation impact on one memory component, the number
of triggering reps of electronic generator model were:
100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000.
Between two consecutive triggering, a one-minute
break was made. The process of one measurement se-
ries was automated. After the completion of a series of
triggering, the number of errors, caused by the action
of a non-ionizing electromagnetic impulse, was deter-
mined. An error was considered if logical content 1
from a memory component cell is lost, i. e., logical
content 0 in a cell was considered as an error. The read-
ing of the memory component cells was performed
with equipment and software obtained from the manu-
facturer of the tested component. The number of de-
structive errors after one series of non-ionizing elec-
tromagnetic pulses was recorded and then the content
of the measured semiconductor component was
cleaned and logical content 1 has been set. If the con-
tents of the memory component cell in which the entry
of the logical content 1 failed, it was considered de-
stroyed. Memory component was considered de-
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Figure 2. Scheme of the protective hybrid circuit made
according to IEC 77.C1 standard
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stroyed if the writing of the logical content 1 to mem-
ory cell failed.

The measurements were performed under
well-controlled laboratory conditions. The used in-
strumentation was certified by licensed laboratories.
The semiconductor components measured were iden-
tical and new. The combined measurement uncertainty
was for all the measurements less than 8 % [22, 23].

RESULTS AND DISCUSSION

Figures 3 and 4 show the differential change and
the cumulative change in the number of EPROM com-
ponent defects depending on the received radiation
dose, respectively, where N; , ; is number of defects for
(i+ 1) component, Ni is number of defects for i compo-
nent, N, is total number of defects, and N, is initial
number of defects (for figs. 3-16).

Based on figs. 3 and 4, it can be concluded that
gamma radiation leads to a significant damage to the
contents of EPROM memories.

A change occurs when the total radiation dose
exceeds 1300 Gy. The resulting changes are revers-
ible. After deleting the content by UV radiation previ-
ously irradiated with a dose of over 1300 Gy, all func-
tions are restored 100 %.
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Figure 3. Differential changes in the number of defects as
a function of the total received radiation dose of the
EPROM memory samples irradiated for the first time
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Figure 4. Cumulative changes in the number of defects as
a function of the total received radiation dose for the
first-time irradiated EPROM memory samples

The re-irradiation of EPROM memories after
erasing and restoring all records to state 1 shows that
there has been a decrease in the stability of memories
in relation to radiation, figs. 5 and 6.

The effect observed in figs. 5 and 6 is a conse-
quence of the cumulative effect of radiation. The main
physical effect that leads to damage to the contents of
EPROM memories is the generation of electron-hole
pairs in the insulating SiO, layer. In addition, gamma
radiation leads to the formation of surface states on the
Si-SiO, boundary surface. Both of these effects are
successfully canceled by deletion, but there is always a
memory effect caused by the significantly lower mo-
bility of the holes.

Figures 7 and 8 show the differential change and
the cumulative change in the number of EEPROM
component defects depending on the total received ra-
diation dose, respectively.

Based on figs. 7 and 8, it can be concluded that
gamma radiation leads to a significant damage to the
content of EEPROM memory. The threshold for
EEPROM memory damage is at doses of 100 Gy. With
the increase of the total received dose, the number of
damages to the content of EEPROM memory increases.
In contrast to the behavior of EPROM memories, the in-
fluence of gamma radiation on EEPROM memories is
irreversible. Therefore, once the EEPROM memory
has been damaged by the influence of gamma radiation,
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Figure 5. Differential changes in number of defects
as a function of total received radiation dose for
reprogrammed re-irradiated EPROM memory samples
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Figure 6. Cumulative changes in number of defects
as a function of total received radiation dose for
reprogrammed re-irradiated EPROM memory samples
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Figure 7. Differential changes in the number of defects
depending on the total received radiation dose for
EEPROM memory samples
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Figure 8. Cumulative changes in the number of defects
depending on the total received radiation dose for
EEPROM memory samples

itcan no longer be overwritten by the application of UV
radiation, 7. e., cannot be reprogrammed again. This dif-
ference between EPROM and EEPROM memories
from the aspect of the effect of gamma radiation is in the
retention of holes created by ionization in the insulating
layer due to a higher value of the electric field. In addi-
tion, there is an accumulation of holes on Si/SiO, sur-
faces. The impact of both of these effects increases with
a decrease in oxide thickness, which confirms the ex-
pectation that further miniaturization of electronic com-
ponents decreases their resistance to ionizing radiation.

Figures 9 and 10 show the differential change and
the cumulative change in the number of EPROM compo-
nent defects unprotected from induced overvoltages, de-
pending on the number of triggering of the electronic
generator, respectively.

Figures 9 and 10 depict that overvoltages in-
duced by a fast electromagnetic field, caused by the
triggering of an electronic generator, led to a signifi-
cant number of defects of EPROM components. The
number of defects of EPROM components, caused in
this way, is significantly higher than the number of de-
fects caused by the received radiation dose. Also, un-
like the effect of gamma radiation, EPROM compo-
nents unprotected from induced overvoltages, do not
show the existence of a threshold, i. e., the effect of the
damage occurs already at the first trigger. In addition
to the above, it was found that defects, caused in
EPROM memories due to overvoltage, cannot be re-

100
90

EI
g 70
L &0 2 3
Z 5
40
30 1 =—e=50m
e
20 2 == 100 m
10 3 —m— 500 m
4 1000 m
0
0 1 2 3 4 5 6 7 8 9 10

Number of triggering (x 100)

Figure 9. Differential change in the number of defects

of EPROM components unprotected from induced
overvoltage depending on the number of triggering of the
electronic generator (distance from the electronic generator)
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Figure 10. Cumulative change in the number of defects of
EPROM components unprotected from induced
overvoltage depending on the number of triggering of the
electronic generator (distance from the electronic gener-
ator)

moved by erasing the contents and reprogramming
again, which is also an important difference compared
to the effect of gamma radiation.

Figures 11 and 12 show the differential change
and the cumulative change in the number of EPROM
component defects, protected against induced
overvoltages, depending on the number of triggering
of the electronic generator, respectively.

Figures 13 and 14 show the differential change and
the cumulative change in the number of EEPROM com-
ponent defects unprotected from induced overvoltages de-
pending on the number of triggering of the electronic gen-
erator, respectively.

Figures 13 and 14 depict that overvoltages in-
duced by a fast electromagnetic field by triggering of
an electronic generator led to an extremely large num-
ber of defects in EEPROM components. The number
of EEPROM component defects is noticeably higher
than the corresponding number of EPROM compo-
nent defects. It was also found that the number of de-
fects in EEPROM components is twice as high as the
number of defects caused by the received dose of
gamma radiation. The EEPROM component could not
be overwritten and the component could not be repro-
grammed. The EEPROM component defects, unpro-
tected from overvoltage, had no threshold number of
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Figure 11. Differential change in the number of defects of
EPROM components protected against overvoltage de-
pending on the number of triggering of the electronic
generator (distance from the electronic generator)
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Figure 12. Cumulative change in the number of defects of
EPROM components protected against overvoltage de-
pending on the number of triggering of the electronic
generator (distance from the electronic generator)
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Figure 13. Differential change in the number of defects of
EEPROM components unprotected from overvoltage
depending on the number of triggering of the electronic
generator (distance from the electronic generator)

triggering of the electronic generator, but at the first
trigger defects occur.

Figures 15 and 16 show the differential change and
the cumulative change in the number of EEPROM com-
ponent defects protected against induced overvoltages de-
pending on the number of triggering of the electronic gen-
erator, respectively.

Figures 15 and 16 depict that the protection
against induced overvoltages of EEPROM compo-

QG W
80
70

60

N4 1= NolNigy [%]

50
40
30 1=e=50m
2 =—te— 100 M
20
3—m— 500 m

4 —— 1000m

0 1 2 3 4 5 6 i 8 9 10
Number of triggering (x 100}

Figure 14. Cumulative change in the number of defects of
EEPROM components unprotected from overvoltage
depending on the number of triggering of the electronic
generator (distance from the electronic generator)
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Figure 15. Differential change in the number of defects of
EEPROM components protected against induced
overvoltage depending on the number of triggering of the
electronic generator (distance from the electronic generator)
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Figure 16. Cumulative change in the number of defects of
EEPROM components protected against induced
overvoltage depending on the number of triggering of the
electronic generator (distance from the electronic generator)

nents is more effective than the protection of EPROM
components. EEPROM components with a protective
hybrid circuit have a noticeably lower number of de-
fects compared to the effect of radiation overvoltage
for the same type of components. This result can be re-
lated to the frequency range of the applied filter which
removes the frequencies to which the EEPROM com-
ponent is most sensitive.
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CONCLUSIONS

In the present study, it was proven in an exact
way that ionizing and non-ionizing radiation destroys
the record of relatively robust memory components
(for this reason, components of older production were
used). In addition, the miniaturization of memory
components led to faster destruction of their contents
under the influence of ionizing (gamma) and non-ion-
izing (fast electromagnetic field) radiation. It was con-
cluded that a fast electromagnetic field leads to the de-
struction of the memory component due to the
breakdown of the insulating layer SiO,. Gamma radia-
tion destroys the functioning of memory components
by changing the microelectronic circuits in the gate,
increasing the surface electron density. The changes
caused by the effect of fast electromagnetic fields lead
to physical destruction and the memory component
can no longer be reprogrammed. Changes in memory
components caused by gamma radiation can be re-
versed by UV radiation, after which they can be repro-
grammed again. However, this reversibility after the
effect of changes due to gamma radiation is of no prac-
tical importance. Since once the content of memory
components is disturbed by ionizing radiation, it gen-
erally becomes the cause of irreparable damage.

It was established that moving away from the
electronic generator reduces the differential effects of
ionizing and non-ionizing radiation, but that the inte-
gral memory effect increases them and can bring them
up to 100 % on an annual time scale. At the same time,
in the case of the destructive effect of a fast electro-
magnetic field, the most sophisticated overvoltage
protection enables a partial differential effect, butin a
longer time (e. g., several days), the protection effect is
lost and the memory components lose all protection ef-
fects. The experiments with redundancy of memory
components also did not yield useful results. Under
normal conditions, moving away the tested compo-
nents only prolongs the time of their functional and
physical destruction.

By testing an electronic components and densely
integrated electronic components, it is shown that
there is a correlation between the increased degree of
their miniaturization and non-resistance to ionizing
and non-ionizing radiation. At an extreme degree of
miniaturization, there is a reduced resistance to sec-
ondary cosmic radiation, which absolutely disquali-
fies them from application (unless they are made in
high redundancy with logic OR and NOR gates, which
cancels the miniaturization effect). Since these effects
are expected in the vicinity of a fusion reactor model, it
can be concluded that this source of energy, which is
considered the definitive solution to energy problems,
is dangerous from the aspect of electromagnetic con-
tamination of the environment.
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YTULAJ EJEKTPOMATHETHOI 3ATAGEIbA O TEHEPATOPA
EJEKTPOHCKOI CHOITA 1 BUCOKOEHEPITETCKOI' U3BOPA
3PAYEIbA HA MEMOPUJCKE KOMIIOHEHTE

Y papy ce pa3maTpa yTHIaj KOHTAMUHAIMjE SKUBOTHE CPEINHE EIEKTPOMAarHeTHAM 3pavyeheM,
reHepaTopa eJeKTPOHCKOI CHONA M BHCOKOEHEPreTCKOr pPajinOakKTUBHOI M3BOpa, HA MEMOpHjcKe
KOMITOHEHTe. ['eHepaTop eJIeKTPOHCKOT CHOIIA MOXKE J1a ce KOPUCTH 32 YOpU3raBambe CHepruje YeCcTua y
IU1a3My (Dy3MOHOT CHCTEMa 3aCHOBAHOT Ha MapKCOBOM reHepaTopy, IOK PaJuOaKTHBHY H3BOP Kao CAMY-
JaTOp BUCOKOEHEPreTCKOr joHm3yjyher 3padema MoxKe OWTH M3a3BaH HEYTPOHOM WHAYKOBAaHOM
aKTHBALMjOM IIa3Ma OKOJHHUX CTPYKTypa WiH ocnodobeH U3 peakuuje Qysuje neyTepujyM-TPULUjyM.
Wcnurusanu cy epekTH rama 3padeha, BACOKOCHEPreTCKOT paliOaKTUBHOT H3BOPA U €JICKTPUIHOT ITOJba
resepatopa esekTpoHckor caomna, Ha EITPOM u EEITPOM memopuje pauynapa. Hamepno cy nzabpanun
cTapWju THUIIOBM MEMOpHWja W3 pasjiora IITO MX KHUXOBa poOycHWja m3paja 00Jbe MITUTH Off JiejcTBa
joHmsyjyher m HejoHusyjyher 3pauema. Pesynratu pgobOujeHu mop g0OpO KOHTPOJIMCAHUM YCIOBHMA
ITOKAa3Yjy BUCOK CTEIEH HEOTIIOPHOCTH NOIYNIPOBOAHUIKE TEXHOJIOTHje HA OUYECKUBAHO €JICKTPOMArHeTHO
3arabeme reHepaTopa eJIeKTPOHCKOT CHONA U BHCOKOECHEPTETCKOT pafiOaKTHBHOT M3Bopa. [loOmjeHn
pe3yaTaT TOBOJIE Y CYMEbY MOT'YhHOCT HCTOBpEMEHE IIPIMEHe TeHepaTopa eJIeKTPOHCKOT CHOTIA, & CAMHAM
TUM ¥ (PY3MOHUX CHCTEMa M HAHOTEXHOJIOTH]ja ca cBe BehoM norpe6oM MUHHMjaTypH3alje eJIeKTPOHCKUX
KOMITOHEHTH.

Kmwyune peuu: eaekiipomazreitino 3azaherve, zeHepailiop eAeKpOHCKOZ CHOUA, 8ULCOKOEHePZeiCKUL
PAOUOAKTUUBHU U3BOP, MEMOPUJCKA KOMIOHEHIA



