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The miniaturization of computer facilities conditioned by the miniaturization of applied com-
ponents makes them very sensitive to radioactive radiation. This is where neutron and electro-
magnetic radiation come to the fore. The reason for the particularly pronounced effects of this
radiation is the fact that they do not interact with the Coulomb force, so they pass (leave) the
reactor vessel unimpeded. This study examines the reliability of magnetic and semiconductor
computer memories in the field of neutron and gamma radiation. This study experimental,
and conducted under well-controlled conditions. The combined measurement uncertainty of
the experimental procedure is less than 5 %. Sophisticated methods of mathematical statistics
were used to process the stochastic results of measurements.
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INTRODUCTION

What makes neutron and gamma radiation dif-
ferent from other types of radiation is that they are
non-electric. As a result, these two types of radiation
(generated in the fission reactor) easily pass through
the protective Coulomb fields and contaminate the en-
vironment of the fission reactor. Contamination of the
fission reactor environment with neutron and electro-
magnetic radiation leads to serious problems with con-
trol computer systems that have become extremely
sensitive to this type of radiation due to the miniatur-
ization of their components [1, 2].

The basic types of radiation damage, destructive
and transient, can be divided into: effect of total ab-
sorbed dose [3, 4], point gamma effect [5, 6], sin-
gle-event error or single-event upset (which is also
called soft error) [7-9], neutron effects that cause
memory damage depending on the neutron energy,
and electromagnetic pulse effects that occur due to the
high-energy electromagnetic pulses [10, 11].

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

According to the method of data storage, com-
puter memories can be divided into three basic groups:
magnetic, semiconductor, and optical. Magnetic mem-
ories are magnetic disks, drums, and tapes. For mag-
netic memories, information is recorded in binary
form. The states “0” or “1” correspond to the states of
the remanent magnetic induction of the opposite ori-
entation [12]. Semiconductor memories are divided
into bipolar and metal oxide semiconductor (MOS)
memories. In recent times, MOS memories are mainly
used [13-15]. In this study, the influence of neutron
and electromagnetic radiation on the optical type of
memories will not be considered, since it is negligible
[16].

This study aims to examine the influence of neu-
tron radiation on magnetic memories and the influence
of electromagnetic radiation on MOS memories of
EPROM and EEPROM types using an experimental
procedure that is similar to the real operating condi-
tions of a fission reactor. Such a choice is logical since
magnetic memories are sensitive exclusively to neu-
tron radiation, while MOS-type memories are almost
exclusively sensitive to electromagnetic (gamma) ra-
diation [17, 18].
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INFLUENCE OF NEUTRON AND GAMMA
RADIATION ON MAGNETIC MEMORIES AND
SEMICONDUCTOR MOS-TYPE MEMORIES

Neutron damage to the atomic structure is most
often of an irreversible type. This particularly applies to
magnetic memories. The MOS memories are used al-
most exclusively as semiconductors. In MOS-type
semiconductor memories, neutron effects are much less
expressed than gamma radiation effects [19]. The
MOS-type semiconductor memories can be divided
into two main groups: random-access memory (RAM)
where reading and entering content is enabled, and
Read-only memory (ROM) enables saving and reading
of content.

When considering the problem of neutron
shielding, one should consider the fact that the effec-
tive absorption cross-section of neutrons has an in-
verse dependence on their speed. The problem of neu-
tron shielding takes place in three steps: slowing down
of fast neutrons, capture of slowed down neutrons, and
attenuation of gamma radiation caused by neutron ac-
tivation of the shielded material [20, 21]. Slowing
down is the process of capturing fast neutrons which is
most effectively achieved by a combination of water
(moisture) and cadmium. This is how the experiment
was carried out in this study as well.

Electromagnetic radiation that can cause func-
tional or destructive damage to MOS-type semicon-
ductor components is gamma and X-radiation. Func-
tional or destructive damage of semiconductor
components by electromagnetic radiation occurs with
the material through three basic types of interaction:
photoelectric effect, Compton scattering, and elec-
tron-hole pair production. All these effects lead to
functional and/or destructive damage to semiconduc-
tor memory components.

PROCEDURE FOR MEASURING THE
EFFECTS OF NEUTRON AND
ELECTROMAGNETIC RADIATION ON
MAGNETIC AND SEMICONDUCTOR
MEMORIES OF THE MOS-TYPE

Magnetic memory disks (BASF 1.44", floppy
disk, dimensions L = H =90 mm; d = 3 mm) were irra-
diated in the Vinca Institute of Nuclear Sciences. One
diskette was placed in the center of the reactor system
(cylindrical in shape, height H,, = 140 cm and diame-
ter 27« = 40 cm), and the other two disks were on the
periphery. One of the floppy disks placed on the pe-
riphery of the reactor was coated with wet cadmium.

The calculation of the spatial distribution of the
flux and the maximum energy doses was performed
with the program VEGA [22]. The density of gamma
photons generated from fission fragments was deter-
mined experimentally. The absorbed dose on the lat-
eral side of the fission reactor was determined in this
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Figure 1. Time dependence of the energy level of gamma
radiation on the exoatmospheric and endoatmospheric
side [23]

way. Figure 1 presents the time dependence of the
gamma radiation energy level on the exoatmospheric
and endoatmospheric sides. The energy rate is ex-
pressed in terms of million electron volts per second
per kiloton of explosion energy.

Before the neutron irradiation of the magnetic
memory disks, which were placed two on the periphery
and one in the center of the HERBE, the binary content
1010 was written into them [22]. After the irradiation,
which lasted for 0.5 hours at a reactor power of 10 W,
the binary content was read to determine the number of
locations where the content changed, i. e., the number
of locations that experienced reversible damage.

Irradiation of EPROM and EEPROM memory
components was performed with a calibration device
at the Vinca Institute of Nuclear Sciences, fig. 2.

Groups of five samples of EPROM and EEPROM
memories were examined in the °Co gamma radiation
field. Tests were performed on JL 27C512 EPROM
memories (product of TMS company, Texas) and 28C64
EEPROM memories. The 28C64C EEPROM memories
(product of STMicroelectronics company, Geneva,
Switzerland) belong to the group of Complementary
Metal-Oxide-Semiconductor (CMOS) components that
have an oxide nitride dielectric in floating gate (FG)
memory transistors [24]. The tested semiconductor
memories were new. Further, it tested groups of five sam-
ples of EPROM and EEPROM memories that had not
been used for two years [25, 26]. The goal of having two
groups of samples examined two years apart was to es-
tablish the eventual effect of short aging. All samples
were tested for statistical identity with the U-test and
Chauvenet's criterion test [27, 28].

Before the start of irradiation, the same memory
content was written (recorded) in all memories. Con-
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Figure 2. Calibration device (implementing the gamma
field)

stant voltage pulses were used for this purpose. The di-
mensions of the radiation field were 8 cm x 8 cm. The
distance between the source and the radiation test field
was 45.6 cm. The strength of the absorbed dose in the
air was 60 Gyh!' and 65.82 Gyh™! in the silicon. As
these tests were performed again after two years, the
activity of the source was lower, so a correction was
made by changing the distance between the ®°Co
source and the memory (target).

The total absorbed dose was taken as a variable
observation parameter. From the first observed changes
in the memory record, the dose was increased in small
steps, to see the changes as clearly and precisely as pos-
sible. The total absorbed dose produces cumulative
damage effects creating negative and positive carriers.
It is primarily a surface leakage phenomenon, reflected
at the gate and affecting the field in the oxide.

A memory programming environment was
Marconi Applied Technologies 512 programmer [13]
with a unique originally developed Pascal program.
Erasing the contents of EEPROM components (which
were not functionally irreversibly damaged) was per-
formed electrically. Erasing the contents of the
EPROM components was performed with a standard
UV eraser. All EEPROM memories suffered irrevers-
ible changes so it was not possible to reprogram them,
i. e., write the memory contents into them.

The effects of irradiation were observed as dif-
ferential changes and as cumulative changes in the
number of defects as a function of the total received ra-
diation dose.

RESULTS AND DISCUSSION

To examine the effect of neutron radiation, the
energy limits of the neutron spectrum were divided
into four groups as shown in tab. 1.

Table 1. Energy limits used in testing neutron radiation

Group Lower limit [MeV] Upper limit [MeV]
l-a 810! 1.05-10"
2-b 465107 810"
3-c 465107 465107
4-d 1-107° 4651077

Based on the VEGA program [22], the depend-
ence of the neutron flux density for the memory
(floppy) disk at a height of 2 =70 cm was determined
depending on » [cm] for all four energy groups, which
is shown in fig. 3.

Figure 4 shows the dependence of the neutron
flux density for the memory (floppy) disk on the height
h [cm] for the value » =20 cm.
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Figure 3. Neutron flux density for the memory (floppy)
disk depending on r [cm] at the height # =70 cm for all
four energy groups [22]
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groups [22]
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Figure 5 shows the dependence of neutron flux
density on energy in the center of the HERBE (r = 20
cm, 2 =70 cm).

Based on that, the total strength of the absorbed
dose was calculated as the sum of the strength of the
absorbed doses for all four energy groups at the given
point, and it amounted to 4.58 Gyh™'. In the same way,
the dependence of the neutron flux density was deter-
mined for the memory (floppy) disks placed on the
borders of the reactor vessel.

Figure 6 shows the neutron flux density depend-
ing on the height /2 [cm] at » =10 cm for the first three
energy groups (both floppy disks on the periphery of
the system were covered with wet cadmium for unused
samples two years old).

Figure 7 shows the dependence of neutron flux
density on energy at » = 100 cm and /2 = 70 cm. In this
case, the diskettes (floppy disks) were located in the
same place as in the previous case, but they were cov-
ered with wet cadmium that absorbed low-energy neu-
trons of the fourth group so that the total absorbed dose
was affected only by neutrons of the first three energy
groups.

Although the tested diskettes received signifi-
cant doses of gamma radiation in addition to neutron
doses, fig. 1, during the irradiation there was no
change in the memory content. This can be explained
by the large thickness of the domain boundaries (on
the order of um), so the total absorbed energy is not
sufficient to destroy them.

The effect of gamma radiation on semiconductor
memories is significant. Figure 8 shows the differen-
tial change in the number of defects (errors) N [bits]
depending on the total dose D of gamma radiation of
all five EPROM memories irradiated for the first time.

Figure 9 shows the cumulative change in the
number of defects (in percent) depending on the total
dose of gamma radiation of all five EPROM memories
irradiated for the first time where N, = 0.

As can be concluded from fig. 9, gamma radia-
tion leads to damage to the contents of EPROM mem-
ories. The first changes in the contents of EPROM
memories were registered at doses around 1200 Gy
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Figure 5. Dependence of neutron flux density on energy
in the center of the HERBE (r =20 cm, # =70 cm) [22]
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Figure 6. Dependence of the neutron flux density
depending on the height 4 [cm] at » = 10 cm for the first
three energy groups; new samples not covered with
wet cadmium, first measurements; - - - - unused samples
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Figure 7. Dependence of neutron flux density on energy
atr=100 cm and /2 =70 cm [22]

(that value represents the threshold of the effect of
gamma radiation on semiconductor memories, herein-
after only the threshold). The changes were reversible
and after erasing the initial content and reprogram-
ming all the EPROM samples were 100 % functional
again, and new content was written (recorded) into
them and the samples were again exposed to gamma
radiation. Due to the cumulative effect of radiation, the
sensitivity level was much lower. It was observed that
the first effects on re-irradiated samples occurred at
doses (threshold) of 80 Gy.

The main effect that results from the action of
ionizing gamma radiation in EPROM memories is the
generation of charge carriers, i. e., the creation of elec-
tron-hole pairs by breaking the Si-O bonds in the SiO,
layer. This leads to the creation of affected cavities in
the insulator and the concentration of electrons on the
insulator-channel boundary surface. Electrons, being
much more mobile than holes, leave the oxide faster.
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Figure 8. Differential change in the number of defects
depending on the total dose of gamma radiation of all five
EPROM memories irradiated for the first time; (a) new
samples, first measurements and (b) unused samples two
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Figure 9. Cumulative change in the number of defects
[%] depending on the total gamma radiation dose of all
five EPROM memories

The weakly mobile cavities remain trapped in the ox-
ide and contribute to the creation of a positive charge
of the oxide Q.. These captured positive charges are
the cause of the negative shift of the I;,- V5 characteris-
tics. The charge Q,, is proportional to the thickness of
the oxide layer ¢, so the resulting threshold voltage
shift AV, is

2
agm,t. D
ﬁ !7th q V- ox (2)

WE ox

where o is the effective value required to produce an
electron-hole pair in the oxide with the value of 18 eV,
my —the mass volume of the oxide, ¢ is a charge, and a
— the a parameter that depends on the technological
conditions.

Another important effect caused by gamma radi-
ation of EPROM memories is the formation of surface
states on Si-SiO, interfaces. In contrast to oxide
charges, which are always positive, surface states in
amorphous materials capture an electron in the com-
ponent's N-channels, which leads to an increase in the
threshold. Further, another type of trapping (boundary
captures) located in the oxide very close to the Si-SiO,
interface also captures electrons. Also, oxide charges
contribute to the formation of captures on the bound-
ary surfaces.

Figure 10 shows the differential change in the
number of defects depending on the total absorbed
dose of gamma radiation of all five tested EPROM
memories.

Based on the obtained results shown in fig. 10
and the corresponding results of the cumulative
change in the number of defects depending on the total
absorbed dose of gamma radiation for all tested mem-
ories, it can be concluded that the threshold occurs at
doses of 1000 Gy. With an increase in the total dose,
the number of errors also increases, but the functional-
ity of EEPROM components decreases. It should be
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Figure 10. Differential change in the number of defects
depending on the total absorbed dose of gamma
radiation of all five tested EEPROM memories; (a) new
samples, first measurements and (b) unused samples two
years old
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emphasized that these changes are irreversible, unlike
those of EPROM components.

As already pointed out, the main effect caused by
gamma radiation on MOS-type semiconductor memo-
ries is the generation of electron holes in the SiO, gate
insulator. The number of generated electron-hole pairs
depends on the material and the available volume. Part
of the electron-hole pairs recombine. The proportion of
electron-hole pairs that will be recombined depends on
the strength of the electric field in the oxide. The stron-
ger the field, the more pairs that will avoid recombina-
tion. Under the influence of the applied voltage on the
gate, the mobile electron quickly leaves the oxide of the
insulator. Hard-to-move cavities become trapped in the
oxide or drift under the influence of the electric field on
the floating gate. They contribute to the formation of the
positive charge of the oxide. The part of the cavities that
are not blocked in the oxide is injected into the floating
gate and reduces the number of electrons in it, thereby
causing the threshold to be lowered.

Therefore, the generation of electron-hole pairs
leads to the capture of positive carriers in the insulator
and the capture of negative carriers concentrated on
the insulator-channel boundary surface. The negative
gate voltage requires the accumulation of positive car-
riers on the Si-SiO, surfaces. The positive carriers in-
duced by the action of gamma radiation cause an in-
crease in the negative gate voltage to compensate for
the positive charge. Thus, both the effects of cavity
capture and the effects of cavity injection under the in-
fluence of radiation lead to a decrease in the threshold.
The influence of both effects on the threshold voltage
also increases as the oxide thickness decreases. Most
oxide voids occur near the oxide-substrate and ox-
ide-floating gate interfaces. The positive charges of
the trapped cavities tend to mask the negative charge
on the gate. This causes the threshold voltage of the
transistor to decrease.

The third mechanism that occurs during the effect
of radiation on EEPROM memories is the emission of
electrons through the floating gate-oxide barrier. This
emission is responsible for erasing parts of the contents
of EEPROM memories under the influence of ultravio-
let light. When exposed to ultraviolet light, the
EEPROM will also lose its charge. Under the influence
of gamma radiation, photons of higher energies eject
electrons through the potential barrier. In this way, the
electrons in the oxide will be quickly transferred to the
substrate or the control gate. This loss of electrons leads
to a decrease in the threshold voltage.

The threshold voltage can be expressed as

d
Vi =Vro + Ls

3

where V7 is the initial threshold voltage, ¢ — the gate
surface charge density, d — the thickness of the oxide
between the control and floating gate, and ¢ — the di-
electric constant of the oxide.

Based on this, it can be concluded that three ba-
sic mechanisms occur when the EEPROM memory is
exposed to gamma radiation: cavity capture in the ox-
ide; injection of cavities from oxide layers; and elec-
tron emission through the floating gate-oxide barrier.
In the case of high levels of ionizing radiation, these
three processes are balanced. In addition to these pro-
cesses, during the effect of gamma radiation on
MOS-type memories, the formation of surface states
occurs at the Si-SiO, boundary surfaces, but it is
shown that these states are negligible in the overall ef-
fect of gamma radiation.

CONCLUSIONS

A detailed examination of the effects of neutron
and gamma radiation on computer memories is ex-
tremely important for the reliable operation of nuclear
fission reactors. The most important conclusion is that
it is advisable to use magnetic memory when the con-
ditions permit. Furthermore, it can be claimed that
magnetic memories are completely resistant to neu-
tron and gamma radiation. These two radiations are
the main radioactive contaminants in the vicinity of
the fission reactor.

Semiconductor memories are extremely sensi-
tive to the effects of gamma radiation. The analysis of
the obtained results led to the conclusion that the effect
of gamma radiation on MOS-type memories can be re-
duced. However, this reduction could be greatly im-
proved by the method of multiple redundancy of semi-
conductor memory components. It can be argued that
this is a direction in which further research should be
pursued. The final success of such a procedure can be
achieved by the introduction of nanotechnologies,
which will result in practically infinite redundancy.

It should be emphasized that neither magnetic
nor semiconductor memories showed any effect of ag-
ing for two years because that is a short period. The
physical mechanisms of memorization in the case of
MOS-type semiconductor memories indicate that
their aging can be expected for longer periods. For
magnetic memories, there is no theoretical basis to ex-
pect an aging effect in real time.
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Henag M. KAPTAJTIOBUR, Ypom [I. KOBAYEBUH,
Oyman [1. HUKE3WH, IIpeapar B. OCMOKPOBIU'h

YTULAJ HEYTPOHCKOI 1 TAMA 3PAYEIBLA HA INOY3JAHOCT
MATHETHHUX U IIOJYIIPOBOOJHUYKUX MEMOPUJA

MuHyjatypu3sanyja KOMIjyTEPCKUX IOCTPOjeba YCIOB/beHa MUHHUjATyPHU3allijoM IPpUMEHUBAHUX
KOMIIOHEHTH YWHHM UX BPJIO OCET/HMBAM Ha PAaJUOaKTUBHO 3paucibe. Ty mMoceOHO mona3u o m3paxkaja
HEYTPOHCKO U €JIEKTPOMAarHeTHO 3pademe. Pasnor 3a noceGHO n3paskeHe e(heKTe OBOT 3pavuckha je INHHCHULA
ma He mHTeparyjy KysmoHoBOM criioM Tako fa mpodase (Tj. u3a3e) U3 peakTopcke nocyne Hecmetano. OBa
CTyWja WCOWTYje TMOY3JaHOCT MAarHeTHWX W IIONYIPOBOJHUYKHUX padyHAPCKUX MeMopHuja y obiactu
HEYTPOHCKOT ¥ raMa 3paderba (hUCHOHOT peakTopa. Takobe, cTynuja je eKcriepuMeHTaTHOT KapakTepa pabena
of JOOPO KOHTPOJIMCAHUM ycloBrMMa. KoMOMHOBaHA MEpHA HECHTYPHOCT €KCIIEPUMEHTAITHOT TIOCTYIIKA je
6mia mMama o 5 %. 3a 00pajy CTOXaCTHYKHX pe3yliTaTa Mepema KopulltheHe cy co(UCTUIMPaHe METOJIE
MaTeMaTHUIKe CTaTUCTHKE.

Kmwyune peuw: iioy30anociii pada, HEeYPOHCKO 3payerse, 2ama 3paderbe, MAZHEeliHa MemMopuja,
HOAYHPOBOOHUUKA MEMOPUJA




