Mathematical modeling of radiation damage to microelectronic devices
V. S. Barashenkov, A. N. Sosnin, and S. Yu. Shmakov

Joint Institute for Nuclear Research, Dubna

N. G. Goleminov
Moscow Engineering—Physics Institute

A. Polanski
Institute for Nuclear Problems, Swerk, Poland

Fiz. Elem. Chastits At. Yadra 24, 246-284 (January—February 1993)

The statistical Monte Carlo model of radiation damage to microelectronic devices of various
configurations induced by protons, neutrons, and ions of various energies is discussed.

Special attention is paid to high energies, where the primary bombarding particles generate
developed showers of secondary particles. Devices made of silicon and gallium arsenide

are considered as examples. The influence of the surrounding parts is studied. Depending on
the energy deposited in the sensitive volume of a microelectronic cell, the model allows

the calculation of the time dependence of radiation-induced breakdowns (upsets) of electronic
devices. The modeling of radiative damage to microstrip detectors and bolometers with
thin-film sensitive elements made of high-temperature superconducting material is discussed.

INTRODUCTION

The trend toward microminiaturization of electronic
devices makes it more and more important to ensure their
stability to radiation such as cosmic rays and radiation
from terrestrial sources. In devices containing semiconduc-
tor elements the danger of radiation-induced upsets arises
primarily from the sharp drop in the capacitance of pn
transitions to tens and even single femtofarads. This makes
it possible for very large electrical pulses to appear during
the collection of the charge generated by a particle crossing
the sensitive volume of the detector. Although such phe-
nomena are reversible and the device always returns to its
initial state, the rather frequent radiation-induced upsets
significantly decrease the device efficiency, especially under
extraterrestrial conditions.

Many modern electronic devices contain elements in
the form of a film ‘“honeycomb” consisting of a large num-
ber of semiconductor (in future also superconductor) cells
with size ranging from several micrometers to several tens
of micrometers. In an external radiation field (protons,
neutrons, and various types of ion beams), electromagnetic
and nuclear processes develop in the cells, the backing, and
the surrounding parts. This leads to the presence of addi-
tional charge and a significant amount of energy in the
sensitive volumes of the microelectronic cells. If this
charge and energy exceed a certain threshold (depending
on the type of device and on the conditions under which it
is used), radiation-induced upset can occur.

Satellite data show that in semiconductor devices with
about 10’ cells, cosmic rays induce upsets about once every
twenty-four hours.! During long flights (space stations
should last several decades) this can prove to be a signifi-
cant instability factor, particularly in view of the trend
toward further miniaturization and increase of the number
of semiconductor cells.

The use of electronic devices involving films made of
high-temperature superconductors presents similar prob-
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lems. Of course, the use of electronic devices involving
high-temperature superconducting films has not yet spread
beyond scientific research, where such devices are used in
elements for collecting physical data. From the viewpoint
of modeling radiation damage, their structure does not dif-
fer from that of an integrated circuit. Special conditions
arise in large, densely packed systems, where the break-
down of superconductivity owing to the release of a large
amount of heat in a small volume can lead to a rapidly
propagating thermal wave which destroys the supercon-
ducting phase throughout the device. This can be a source
of serious trouble.

The problem of calculating the radiation damage to
microelectronic devices also arises in accelerator experi-
ments, where devices often operate in very intense radia-
tion.

Finally, we should mention microstrip detectors,
where the radiation-induced leakage current determines
the quality of the device.?

Particles propagating through a medium release energy
just as in electromagnetic processes (ionization inside the
cells of the thin-film honeycomb), but the high ionizing
power of the nuclear fragments and recoil nuclei thus pro-
duced induce upsets in the operation of one or even several
cells with large probability. In such interactions an energy
of the order of tens and more MeV can be deposited in a
cell. The upset probability is increased significantly by nu-
clear interactions in the surrounding parts of the detector.

The number of radiation-induced upsets of a micro-
electronic circuit is equal to the number of its completely
damaged (put out of operation or not yet restored to op-
eration) cells per bombarding particle:

n(t) _
No(t) ™

L 0<P(E)P(E)[1—R(E,t)]a’E, (1)

where ¢ is the bombardment time, N is the flux of primary
nuclear-active particles, ¢ (E) is the microunit breakdown
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FIG. 1. Probability of upsets in a memory element of size 64 K (1), 16
K (2), and 4 K (3) when an energy E is deposited in one of its cells.

probability for energy deposition in one cell, P(E) is the
probability for such energy deposition inside a cell (the
“radiation spectrum” of a single event), and R(E,?) is the
restoration probability (the “healing”), which depends on
the intensity of the radiation field and on the features of the
electronic device.

The device functions ¢(E) and R(E,t) depend on the
specific parameters of the electronic device, and their de-
termination is an independent problem. At present it is
most convenient to find them experimentally.’ In Fig. 1 we
show examples of the function ¢ (E) measured by methods
described in Refs. 4 and 5 for several standard elements of
an internal memory device in the energy range 0-20 MeV.
The measurements were carried out in beams of electrons
and heavy ions at the JINR Laboratory of Nuclear
Reactions.® Here the condition R =0 was satisfied, and the
number of radiation-induced upsets observed experimen-
tally exactly corresponded to the function ¢.

We see from Fig. 1 that for different memory elements
the measured functions @(E) are quite similar and differ
only by a shift along the £ axis. The upset probability,
especially in devices with a large number of cells, can be
approximated as a step function:

0, E<E*
1, E>E*

A similar form of the function @(E) also holds for
particles with higher energies.

The radiation spectrum of a single event P(E), which
depends on the type of bombarding particle, the chemical
composition, and the device configuration, can be calcu-
lated theoretically fairly accurately using the Monte Carlo
method with the internuclear-cascade model, which takes
into account the contribution of showers induced by had-
rons traveling through the material and strongly ionizing
nuclear fragments and recoil nuclei.

The primary reason for radiation-induced upsets is en-
ergy deposition by particles in the sensitive volume of the
device. Therefore, studies of the energy-loss spectra of var-
ious particles with a wide range of charge and mass are
essential for analyzing this class of phenomena. The appli-

o(E)=
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cation of the results to specific types of electronic systems
is an independent problem lying outside the scope of this
review.

THE INTERNUCLEAR-CASCADE MODEL

The propagation of a beam of high-energy particles in
a medium is such a complicated phenomenon that it is
extremely difficult to describe it analytically by equations,
especially in view of the complicated geometry of the prob-
lem and the multicomponent nature of the medium mate-
rial. Difficulties arise already at the stage of specifying the
various initial data for describing the features of nuclear
reactions. The best approach to a theoretical analysis is
therefore statistical modeling using the Monte Carlo
method. Here it becomes possible not only to include the
diverse details about the nuclear interactions, but also to
model the specific features of actual setups and experi-
ments.

A method for the statistical modeling of the various
processes arising in the propagation of high-energy parti-
cles and nuclei in condensed and gaseous media has been
developed over the last few years at JINR.”® By using
canned programs it is possible to analyze interactions of
hadrons and light nuclei with heterogeneous matter of
practically any geometry and content for energies from a
fraction of an eV (induced thermal neutron beams) to
several tens of GeV. The use of models of quark—gluon
strings—short-lived physical objects formed in interactions
of fast hadrons—makes it possible to extend the calcula-
tions to even higher energies. The methods developed can
be used to calculate the intensity and spectra of various
types of particle inside the bombarded matter and the spa-
tial distribution and parameters of the nuclear-reaction
products, which, as noted above, are particularly effective
in inducing radiation defects.

The interaction of a high-energy particle with matter is
a cascade type of process which develops rapidly in time: a
“cascade tree” with a large number of branches and nu-
clear interactions at the junctions. The calculation of the
cascade tree requires the modeling of three fundamental
processes:

e The particle interaction with a nucleus encountered
along its path; in the case of an inelastic interaction this is
accompanied by secondary particle production and some-
times by nuclear disintegration or fission.

o The particle mean free path in the medium from one
nuclear interaction to another, taking into account the en-
ergy loss of a charged particle to electromagnetic processes
in the medium.

® The possible decay of an unstable particle between
two nuclear interactions. This, as a rule, happens with 7°
mesons, and in extended media also with 7 mesons. As
the particle energy increases the decay probability de-
creases according to relativistic laws.

It is easy to see that the calculation is cyclical in nature
and reduces to several repetitions of a few basic operations
(Fig. 2). After one cascade tree is calculated, the calcula-
tions are repeated for a new primary particle, then for
another, and so on. This approach corresponds to actual
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FIG. 2. Basic scheme for calculating an internuclear cascade in matter.
1) Random selection of the energy and other parameters of the primary
particle; 2) check whether or not the particle is a 7 meson,; if yes, calcu-
late its decay probability; 3) the particle did not decay; compute its mean
free path; 4) calculate the nuclear interaction. Determine the character-
istics of the particles produced and the residual nucleus (or its fission
fragments); 5) the particle decayed, choose a new particle. If a primary
particle was considered, go to block 1 (dashed line). The actual compu-
tational scheme includes many additional details and is therefore consid-
erably more complicated.

physical processes occurring in nature, where the end effect
results from the independent contributions of a large num-
ber of cascades.

The only special feature of calculations for film inte-
grated circuits is the fact that in the direct modeling of
cascades, most of the particles bombarding the film pass
through it without undergoing a single nuclear interaction.
Here we are actually calculating the macroscopic cross
section for a particle to interact with the film, because
ensuring that a sufficient number of interactions occur in it
requires too much computer time. The calculation becomes
simpler if the cross section for the particle to interact with
the film is specified a priori on the basis of experimental
data about the nuclear-reaction cross sections, and if it is
used later as a statistical weight in the Monte Carlo simu-
lation. In other words, it can be assumed that each primary
particle interacts with the film, and the resulting data then
pertain to an effective flux

N=No[1—exp(—dZy)], (2)

where N, is the actual flux of bombarding particles, d is the
film thickness, and X, is the macroscopic cross section for
elastic and inelastic nuclear interactions.

Actually, the situation is somewhat more complicated,
since the crystalline honeycomb of semiconductor cells is
attached to a backing in which ionizing-particle cascades
also develop. Here several particles move at large angles to
the primary-beam direction (6>90°) and also can lead to
radiation-induced damage of the semiconductor cells. Of
course, at high energies the contribution of these particles
is small. For example, calculation shows that in the bom-
bardment of 100 um of film by protons with energies of
several GeV, the inclusion of the silicon backing of thick-
ness d=200 um increases the number of damaged cells by
20% (Fig. 3). However, as the energy decreases the radi-
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FIG. 3. Increase of the number of damaged cells of a silicon microcircuit
due to particles emitted from the backing of thickness d. The primary
particles are 3.65-GeV protons. The points show the statistical accuracy
of the Monte Carlo calculation. It was assumed that the cell is knocked
out of operation if an energy greater than 2 MeV is deposited in it.

ation effect of the backing becomes more important.

To preserve the high efficiency of the Monte Carlo
simulation and include the contribution of the backing, it is
convenient here again to use statistical weights: for exam-
ple, to randomly select the nuclear-interaction depth using
an exponentially decreasing weight function with appropri-
ately selected exponent, which is mainly determined by the
radiation mean free path of the a particles or recoil nuclei
produced in the backing at low energies. The other nuclear
components give a smaller contribution (see below). The
coefficient depends weakly on the energy of the bombard-
ing beam."

CALCULATION OF THE MEAN FREE PATHS

The particle mean free path in the medium between
two successive nuclear interactions is determined from the
equation

!
f dl/A(E(r),r) = —Iné, (3)
0

where A=1/20;(E(r))p;(r) is the mean free path at the
point r, g; is the total cross section for the interaction of a
particle with a nucleus of type i at the point r, p; is the
number density of these nuclei, and £ is a random, uni-
formly distributed number. The integration runs along the
particle trajectory. This equation is a generalization of the
familiar relation /= —In£ with constant A to inhomoge-
neous media and takes into account the variation of the
particle energy e=E(r) along the trajectory as a result of
electromagnetic processes.

The hadron—-nucleus interaction cross sections o; for
the nuclei most frequently encountered in practice are
given in tables in Ref. 9, and for intermediate nuclei they
can be accurately calculated by using approximating
expressions. %11 At low energies (E < 14.5 MeV) the stan-
dard group constants from Ref. 12 can be used.
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The cross sections for the interaction of two nuclei are
more complicated. There are few experimental data on
them, and it is necessary to use the approximation

o=7 R[AY + Ay +bA AN’/ (A +A4y7) +d (1
—Zy/Ag—Zy/Ay) —C(E)]*(1-V/E), (4

where Ay and A, are the mass numbers of the incident
nucleus and the target nucleus, Zy and Z,, are the corre-
sponding charge numbers, V is the Coulomb barrier for a
given pair of nuclei, E, is the energy of their relative mo-
tion, 7y, a, b, and d are numerical parameters, and C(E) is
a function (different for o, and o;,) weakly dependent on
the energy, selected from comparison with experiment sep-
arately for deuterons, a particles, and groups of heavier
nuclei.
At low energies we use the approximate expression

on=m (A3 +4Y3)2(G/E,)
XIn{1+exp((E.—V)/g)}, (5)

where r,=(1.4—1.6) X 107" cm and g is a phenomeno-
logical parameter. The coefficient G is determined from the
condition that (4) and (5) match smoothly for E=10
MeV/nucleon.

It should be noted that uncertainties in the choice of
the cross sections strongly affect the results of the calcula-
tion. This is one of the most important features of the
calculations.

Regarding the calculation of the energy lost by singly
charged p, d, and ¢ particles and multiply charged ions in
electromagnetic processes, at low energies these are calcu-
lated using the Lindhard method.!> We should stress that
for microelectronic circuits this region is particularly im-
portant, since the mean free paths of the most strongly
ionizing low-energy particles are comparable to the dimen-
sions of individual cells, and errors in the specific losses
dE/dx very strongly affect the results of the calculation. In
addition, it should be borne in mind that tracks of low-
energy particles differ significantly from straight lines. The
inclusion of these deviations is quite difficult. In our model
all tracks are assumed to be straight lines. This limits the
applicability of the model to cell dimensions larger than
several micrometers.

At high energies we use the Bethe-Bloch approxima-
tion with corrections for density effects and the effect of
electron coupling in inner atomic shells.!*'® In the inter-
mediate region we use the analytic approximation

dE/dx=(C,E+C,+Cy/ JE)~, (6)

where the coefficients C; are determined by comparison
with the Lindhard expressions at low energies and the
Bethe-Bloch expression at high energies.!”!8

At very high energies our model includes the effect of
the electromagnetic form factors and the electron—positron
pair contribution.!%2!

The calculated value of dE/dx is in good agreement
with the tabulated values**? obtained by analysis of the
corresponding experimental data.
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Equation (3) is solved by the technique of equalizing
the cross sections.?* Here the values of dE/dx for protons,
mesons, and the bombarding nucleus (or nuclei, if the pri-
mary beam consists of a mixture of them) are calculated at
the first stage of the calculations and then interpolated; for
the nuclear fragments and recoil nuclei produced in the
internuclear cascade the losses dE/dx are calculated anew
each time.

To speed up the calculation of the mean free path
R= [dE/(dE/dx) of mesons and nuclei at energies above
several MeV, it is convenient to perform the calculations
using the scaling relation

R(E/A)=R(E*/A)+(A4/Z*)[R,(E/A)
—R,(E*/4)], )

where R, is the proton mean free path, E* is a minimum
energy above which the scaling relation is applicable, and
A and Z are the nuclear mass and charge numbers (for =
mesons A=0.15).

MODELING OF NUCLEAR INTERACTIONS

The calculation of the junctions of the cascade tree is
the most complicated and awkward part of the problem. In
principle, these junctions can be described using phenom-
enological approximations of known experimental data. In
this manner it is almost always possible to obtain a good
description of elastic collisions, where only the momenta of
the colliding nuclei and particles change and all their other
properties stay the same. As far as inelastic collisions are
concerned, their properties depend significantly on the par-
ticle energy and the type of target nucleus, so phenomeno-
logical approximations turn out to be effective only in cer-
tain special cases, for example, when the averaged
characteristics of the radiation and targets of simple chem-
ical composition are of interest. However, also in these
cases the development of phenomenological approxima-
tions for a wide energy range is itself a very difficult prob-
lem, and is warranted only in the case of multiple repeti-
tions of the calculations for matter of a given composition.

Since we wanted to consider a variety of situations, we
rejected this approach and instead performed a new calcu-
lation of the inelastic nuclear interaction each time. The
exception was the energy range below 10.5 MeV, where all
the calculations of the internuclear cascade are carried out
using the well known 26-group set of constants of Abagyan
et al'?

In our work we use the cascade—evaporation model of
nuclear reactions.”>® In accordance with experiment, it is
assumed that inelastic interactions of particles with ener-
gies below a few tens of MeV are accompanied by the
formation of a so-called “compound nucleus”’—a strongly
excited system decaying with emission of one or two neu-
trons or ¥ quanta. At energies above several tens of MeV it
is assumed that inelastic interactions occur in three succes-
sive stages. The process begins with the rapidly developing
“cascade stage,” when the newly created particles and
knocked-out intranuclear nucleons leave the nucleus, with
the nucleus remaining in a highly excited state. During the
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TABLE 1. Number of nuclei with charge Z produced in the inelastic interaction of a proton and a

12C jon with a silicon nucleus at 3.65 GeV/nucleon (Ref. 6).

z P+ Si 12¢ 4 si
A B c A B c
1 0,50 0,27 - 0,50 0,34 —
2 0,71 0,55 0,30 0,59 0,44 0,27
3 0,004 0,006 0,01 0,03 0,003 0,01
4 0,04 0,02 0,04 0,06 0,02 0,03
5 0,03 0,01 0,03 0,03 0,02 0,02
6 0,09 0,06 0,09 0,10 0,04 0,07
7 0,03 0,02 0,04 0,04 0,03 0,02
8 0,08 0,08 0,10 0,05 0,04 0,06
9 0,04 0,04 0,05 0,03 0,02 0,03
10 0,08 0,08 0,09 0,04 0,04 0,06
11 0,06 0,07 0,08 0,04 0,05 0,04
12 0,13 0,11 0,18 0,08 0,07 0,09
13 0,13 0,18 0,08 0,07 0,11 0,04
14 0,09 0,14 0,04 0,07 0,10 0,02

Note. 4 is the calculation based on the cascade-evaporation model (2000 primary pro-
ton interactions and 1500 '2C ion interactions were studied). B is the calculation in-
cluding nonequilibrium precompound decay processes (1000 primary proton interac-
tions and 1000 '2C ion interactions). C is the calculation using the percolation model

(2500 proton interactions and 2500 2C ion interactions).

second stage this nucleus relaxes to the equilibrium state
(here again individual fast particles can be emitted, which
carry off a large fraction of the excitation energy). The
interaction concludes with the relatively slowly developing
““decay stage,” during which the nucleus loses its excitation
energy by the competing processes of particle evaporation
and nuclear fission (the fission fragments produced, as a
rule, are also highly excited and lose their energy by par-
ticle evaporation). The decay stage concludes with the
emission of ¥ quanta, after which the nucleus is in a long-
lived state.

During the development of the intranuclear cascade,
some of the nucleons of the target nucleus (and, in the case
of nucleus—nucleus collisions, some of the nucleons of the
incident nucleus) are knocked out even before the cascade
stage is completed, so that the intranuclear densities at the
beginning and end of the process are different, which sig-
nificantly affects the results of the calculation. In order to
take into account this factor (the trailing effect), the mod-
eling of each hadron-nucleus event or nucleus—nucleus in-
teraction begins with the random selection of the spatial
coordinates of all the intranuclear nucleons. The intranu-
clear density distributions measured in electron scattering
experiments are used for this. At the initial instant of time
t corresponding to the touching of the colliding nuclei (or
of the bombarding hadron and the target nucleus), all the
intranuclear collisions allowed by the kinematics and the
Pauli principle are randomly selected. The one which oc-
curs earliest, i.e., at the time #'=¢+min(¢;), is selected,
after which the positions of the colliding nuclei and all the
cascade particles (nucleons and created m mesons) are
shifted to the new position corresponding to the time #'.
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Then the procedure is repeated until all the cascade parti-
cles are exhausted, after which the calculation of the post-
cascade interaction stage begins.

It should be noted that this part of the model is the
least developed. In particular, the selection of the phenom-
enological parameters to be used is made difficult by the
lack of reliable experimental data on the nuclear excitation
energy and momenta (some of the data are
contradictory?®). In the calculations carried out thus far
using the internuclear-cascade model, namely, those for
electronuclear reactors,* isotope yields of practical
importance,**** averaged data for radiation shielding, and
other problems, the uncertainties in the properties of the
produced excited nuclei weakly affected the results, so rel-
atively little attention has been paid to them. The
intranuclear-cascade model has not been developed in re-
cent years for energies below several GeV/nucleon. The
fact that the radiation energy deposit is almost completely
due to the nuclear component of the cascade requires more
careful study of hadron—nucleus and ion—nucleus interac-
tions.

Some idea of the accuracy of the calculations of the
post-cascade stage of nuclear reactions can be obtained by
comparing the various approaches: the evaporation model,
the inclusion of preequilibrium emission of particles and
fragments, and the percolation model. At moderate exci-
tation energies apparently the most accurate is the evapo-
ration model (including the competition of high-energy
fission), supplemented by the inclusion of nonequilibrium
pre-compound particle-emission processes. Although the
number of nonequilibrium fragments is relatively small, as
a rule their energy is greater than that of the evaporation
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particles, and on the average they produce a greater energy
deposit in the cells. Neglect of these decay channels of
post-cascade nuclei introduces very important errors.

A serious defect of this approach is the fact that it does
not describe the production of heavy fragments—
fragments heavier than a particles. So far there is no sat-
isfactory theory of fragmentation processes; the only hope
is that, owing to the experimentally established fact that
the cross sections for such channels are small, nonequilib-
rium fragmentation gives a comparatively unimportant
contribution to radiation damage.

An alternative method for a probabilistic calculation of
decays of excited nuclei is the percolation approach.’®-32
We see from Table I that the results obtained here some-
times differ by a factor of one and a half to two from those
calculated by other methods. However, few calculations
based on the percolation approach have been carried out so
far, and it is difficult to say how much better it is than the
others.

Comparison with experiment shows that for hadron-
nucleus interactions the cascade—evaporation model is ap-
plicable up to energies E=5 GeV. In the case of a collision
of two nuclei, its range of applicability is smaller, E=2-3
GeV/nucleon of the incident light nucleus, and for colli-
sions of heavy nuclei it is even smaller.”® At high energies
the multiplicity of created low-energy particles character-
izing the degree of branching (the “strength”) of the the-
oretical cascade exceeds the experimental value and grows
rather rapidly with increasing energy. This is not very im-
portant for the calculation of cascades in thick pieces of
matter, since the main contribution in that case comes
from interactions with lower energies, which are described
well by the cascade—evaporation model. The situation in
the case of thin layers and films is different, because there
are practically no secondary nuclear collisions and the er-
rors in the characteristics of the high-energy interaction
become quite noticeable.

The disagreement with experiment can be eliminated if
the hadron-hadron interaction mechanism is improved by
including the contribution of quark—gluon strings. Unfor-
tunately, this considerably complicates the computational
algorithm and leads to the expenditure of a large amount of
computer time. In addition, string models are not yet very
well defined. Nevertheless, if we restrict ourselves to ener-
gies below a few tens of GeV/nucleon (the energies impor-
tant for cosmic rays), we can use approximate semiphe-
nomenological quark-gluon string models (see, for
example, Refs. 33 and 34), which, in spite of some theo-
retical objections, give a good description of experiment, as
can be seen from Tables II and III (see Ref. 35 for more
detail).

In practical calculations of internuclear cascades the
contribution of quark-gluon effects can be neglected for
E <3-4 GeV/nucleon, but at higher energies the differ-
ences grow rapidly. For example, the average numbers of
nuclear interactions (junctions of the cascade tree) in cop-
per or iron targets calculated using the ordinary cascade-
evaporation model and including quark—gluon strings dif-
fer by about 20% at E=3.5 GeV/nucleon, and already by
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TABLE II. Average values of the momentum, emission angle, and mul-
tiplicity of 7 mesons at E=3.3 GeV/nucleon. SM and CM are the results
of the calculations using the string and cascade models. The experimental
data are taken from Refs. 36 and 37.

Reaction Model (p), GeV/c (0), deg (n)
p+C SM 0.49+0.001 47.3+0.1 0.24+0.001
CM 0.43+0.02 55.0+2.0 0.48+0.02
exp. 0.53+0.03 494+1.7 0.33+0.02
d+C SM 0.600.001 45.3+0.1 0.50=+0.001
CM 0.53+0.01 47.5+1.0 0.78 +0.02
exp. 0.58+0.03 442+1.0 0.60+0.03
a+C SM 0.61+0.02 41.6x1.2 0.72+0.03
CM 0.56+0.01 46.1x=1.1 1.16%+0.03
exp. 0.63+0.03 43.2+1.1 1.02+0.03
C+C SM 0.62+0.01 40.0+0.9 1.23+0.03
CM 0.59+0.01 414£1.0 1.70+0.04
exp. 0.62+0.03 40.0+0.7 1.50+0.05
C+Ta SM 0.49+0.01 54.0£1.5 3.4+£0.1
CM 0.36+0.02 66.0+4.5 59+0.4
exp. 0.48+0.01 51.6+0.6 3.2+0.1

50% at E=9 GeV/nucleon (the primary particles are pro-
tons and '2C ions).

As noted above, the main contribution to radiation-
induced damage to microelectronic circuits comes from
nuclear fragments and residual recoil nuclei. Let us study
the accuracy of calculating them for the example of the
interaction of carbon ions with silver nuclei at E=85 GeV/
nucleon, where experimental data are available.*

The cross sections for producing light fragments with
mass close to that of the 1>C ion together with their angular
and energy distributions are shown in Figs. 4-6. In Figs. 7
and 8 we give the data for heavy recoil nuclei—fragments
of the target nucleus.** We see that the agreement is quite
good. Marked differences are observed for °Li, but this
fragment plays a small role in radiation damage (see be-
low), and if desired the discrepancies are easily eliminated
by appropriate selection of the model parameters.

The discrepancies between the calculated and experi-
mental spectra for *°Mn in Fig. 8 in the region E<10 MeV

TABLE III. Average characteristics of cascade protons at E=3.3 GeV/
nucleon (“‘evaporation” particles are not included). The notation is the
same as in Table I. The experimental data are taken from Ref. 38.

Reaction Model (p), GeV/c (6), deg (n)
p+C SM 1.47+0.003 38.7+0.08 1.76 +0.004
CM 1.16+£0.04 43.3+1.5 2.15+0.08
exp. 1.44+0.06 38.2+1.0 1.83+0.1
d+C SM 1.53+0.003 39.4+0.08 1.88+0.004
CM 1.12+0.02 42.6+0.9 2.46+0.05
exp. 1.50£0.04 38.0+0.07 1.95+0.08
a+C SM 1.77+0.05 34.1%£1.0 2.63+0.08
CM 1.48+0.04 35.4+0.9 3.33+0.09
exp. 1.63+0.04 34.7+0.5 3.06+0.10
C+C SM 2.00+0.04 29.1+0.6 4.06+0.09
CM 1.93+0.05 28.0+0.7 4.99+0.10
exp. 2.00+0.03 28.4+0.4 4.30+0.10
C+Ta SM 1.13+0.03 48.4+1.4 14.0+£0.4
CM 0.96+0.06 47.0+3.1 17.0+1.1
exp. 1.05+0.01 49.6+0.4 15.2+0.6
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FIG. 4. Cross sections for light-fragment production in the reaction
12c 4 1945, The curves are from the experiment of Ref. 39, and + are the
calculated values.

are apparently related to certain experimental errors. (It is
difficult to understand why so many nearly stopped nuclei
are observed; see Ref. 40 for more detail.) The average
values (E)™*°'=12 and 29.3 MeV for 52Mn and *Zr nuclei
are close to the corresponding experimental values
(E)*P=9.9 and 31.5 MeV.

In Figs. 9 and 10 the characteristics of fragments and
recoil nuclei calculated using our intranuclear-cascade
model are compared with the values calculated by other
authors. The agreement is quite satisfactory. A significant

do(dQ), mb-sr—

TR

0 5 0 15 20 6,deg

FIG. 5. Angular distributions of light fragments in the reaction
12 1A g The curves are from the experiment of Ref. 39, and @, and
+ are the corresponding calculated values.
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FIG. 6. Energy spectra of *Be fragments in the reaction 2¢ 4 19Ag for
various emission angles 6. The curves are the fit to the experimental data
of Ref. 39, and the histograms are calculated (6=2.5").

difference is observed only for a particles. This is appar-
ently related to the additional inclusion of nonequilibrium
processes in our model. (Data for d, ¢, and 3He are not
given in Ref. 40.)

In Fig. 11 we compare the mass-number distributions
of nuclear fragments and residual nuclei produced in in-
teractions of protons and carbon ions with Si and GaAs
nuclei. In Figs. 12 and 13 we show the energy spectra of a
particles and all the other residual nuclei with charge num-
bers Z>2 at incident-particle energies of 0.1 and 1 GeV/
nucleon. In interactions of the proton beam with the target,
the growth of the incident-particle energy is accompanied
by increased multiplicity and average energy of the helium
nuclei produced. This effect is seen especially clearly for
the GaAs target. Compared with a silicon target, the spec-
tra of a particles produced in p+GaAs collisions is con-
siderably harder. This is related to the larger Coulomb
barrier, which hinders the formation of slow a particles.
The situation is reversed for heavy recoil nuclei: owing to
the smaller mass of silicon, its fragments are on the average
formed with higher energy.

When the incident proton is replaced by a carbon nu-
cleus, a sizable high-energy tail appears in the heavy-
fragment spectrum. As the energy increases the shape of
the fragment spectra changes slightly. For a GaAs target
the use of carbon ions as the projectile leads to a significant
increase of the absolute yield of slow a particles, which is
particularly important in view of their large defect-
formation capability (see the section “Modeling of
radiation-induced damage to microstrip detectors” below).
The increased yield of slow particles is explained by the
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FIG. 7. Mass distribution of '®Ag fragments of the target nucleus. ® are
from the experiment of Ref. 39, and X and the approximating curve are
our calculation.

larger degree to which the target nucleus is broken up and,
consequently, the smaller Coulomb barrier.

It follows from these results that at low bombarding-
particle energies the energy deposition and, consequently,
the number of radiation upsets in silicon cells must be
larger than in gallium arsenide. The difference becomes
smaller with increasing energy, and at high energies the

do/dE

E, MeV

FIG. 8. Energy spectrum of **Mn (50<A4<55) and ¥Zr (85<4<89)
fragments produced in the reaction *C+'®Ag. The dashed line is from
the experiment of Ref. 35, and the histogram is calculated.
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FIG. 9. Mass distribution of residual nuclei in the reaction p+2Si at
E=100 MeV. The histogram is the calculation of Ref. 40, and the X are
our data.

number of upsets of microcircuits prepared on a base of
gallium arsenide becomes larger than for silicon cells. The
authors of Ref. 41, who calculated the radiation damage to
cells in proton beams of energy 25-300 MeV, arrived at a
similar conclusion.

ENERGY DEPOSITION IN THIN LAYERS OF Si AND
GaAs

As an example of using this model to calculate radia-
tion damage to semiconductor materials, let us consider
the interaction of protons, a particles, and multiply
charged ions with thin layers of silicon and gallium ars-
enide at £=3.65 GeV/nucleon. The measurements for sil-
icon were carried out at the synchrophasotron of the JINR
High Energy Laboratory.*

In Fig. 14 we show the construction of the target in-
corporating a surface-barrier detector with area of the sen-
sitive volume 2.5 cm? and thickness 85 um. The primary
beam was made up of protons or '’C ions, or it was a
mixture of *He, 'Li, 1°B, 12C, “N, and %0 nuclei with
relative content 18, 11, 1, 3, 6, 6, and 55%.

As already noted, the Monte Carlo method allows all
the features of the experiment to be taken into account in
detail.

The experimental and calculated spectra of the energy
deposition in the sensitive layer of the detector bombarded
by a proton beam

dN/dE
[ ae> 1Mev(dN/dE)dE

is shown in Fig. 15. In Fig. 16 we compare the energy
losses in proton and ion beams.

The experimental spectra are approximated well by the
sum of two exponentials:

N(AE)=a; exp(—b,AE) +a, exp(—b,AE) 9)

with the exponents b, and b, given in Table IV. The the-
oretical spectra have the same form. The calculated values
agree with the experimental ones within the errors.

N(AE)= (8)
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FIG. 10. Experimental distribution of residual nuclei in the reaction
p+238i for E=100 MeV. The histogram is the calculation of Ref. 39, and
the X are our data.

We see from Table IV and Fig. 16 that the shape of the
high-energy part of the spectrum for AE> 5 MeV, which is
most important from the viewpoint of radiation-induced
damage to semiconductor devices, is determined by the
contribution of the slowly falling exponential and depends
very weakly on the type of bombarding particle. At the
same time, energy depositions AE<3 MeV depend
strongly on the type of particle. The average energy losses
(E)=1 and 5 MeV, corresponding to the two exponentials
over the sensitive length of the detector equal to 85 um, are
related to specific energy losses dE/dx of order 0.1 and 1
GeV/c, respectively, which are characteristic for a parti-

cles and ions with charge number Z=7 and energy 10-20
MeV. The calculations show that the characteristics of
multiply charged fragments and nuclei depend compara-
tively weakly on the type of primary particle, which leads
to stability of the energy-loss tail.

We see from Fig. 15 that the relative values of the
calculated energy-deposition spectra are in good agreement
with the experimental ones. In addition, the absolute val-
ues N(AE) are somewhat smaller than the measured ones.
Moreover, at small AE they are noticeably less sensitive to
the type of bombarding particle (cf. Fig. 13 and Table IV).
The reason for the disagreement is not yet clear.

Let us now consider the energy deposition in thin lay-
ers of gallium arsenide. The target geometry is as in Fig.
13, but GaAs is used instead of silicon.

In Fig. 17 we compare the calculated energy-
deposition spectra for Si and GaAs bombarded by protons
and '2C ions. These and all the data given below pertain to
the energy E=3.65 GeV/nucleon. We see that the replace-
ment of silicon by gallium arsenide leads to an increase of
the energy deposition. There are three main reasons for
this: 1) the increase of the macroscopic cross section for
the interaction of the bombarding particles with the target
material, Z,,, which in the case of thin targets is roughly
the same for all AE; 2) the more developed hadron—-meson
cascade formed in inelastic nuclear collisions, which is
mainly related to small values of AE; 3) the large contri-
bution from heavy fragments in the case of GaAs bom-
barded by a proton beam, which does not break up the
target nucleus as strongly as a heavy-ion beam.

The relative importance of these three factors is clearly

dN/dA
(s ¢ o+ s
o 1 ;
' —— E=0,1 GeV
] ----- E=1,0 GeV
10 1 J
"
Al
16"
-0 40 ~ 60 80
A FIG. 11. Mass-number distribution of fragments and recoil
dN/dA nuclei. The solid- and dashed-line histograms are the calcu-
— lation for the energy of the bombarding protons and 2C ions
’ 1to E=0.1 and 1 GeV leon.
) 2C 4+ GaAs equal to an eV/nucleon
by ———
10 4 E=0,1 GeV
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A
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FIG. 12. Energy spectra of a particles (Z=2) and nuclei
with Z> 2 produced in interactions of protons and '2C ions
with Si nuclei. The solid- and dashed-line histograms are
the calculation for E=0.1 and 1 GeV/nucleon.

seen from Fig. 18, where we give the cross-section-

For AE=2-6 MeY the ratios are close to unity, and at
independent frequency ratios:

larger and smaller AE, respectively, the other two factors

3 () contribute.
N(AE)GaAs in . 12~ .
W(AE)= (GaAs) - (10) Although the energy release induced by “C ions is
N(AE)g =
dN/dE
7] Y - . e et
p + Gaas P + GaaAs
—— E = 0.1 GeV 7 —— E = 0,1 GeV
101 —---=E = 1.0GeV ] E ----E = 1,0GeV ]
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FIG. 13. The same as in Fig. 12. Interactions with GaAs
” T ) nuclei.
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FIG. 14. Target geometry. /) Aluminum screen [the measurements were
performed simultaneously with another experiment; the screen distorts
the values of N(AE) only for AE <2 MeV]; 2) a sheet of paper cutting off
low-energy a particles; 3) sensitive volume of the silicon detector; 4)
silicon backing. All dimensions are given in millimeters.

noticeably larger than in a proton beam, the uniformly
normalized probabilities

N(AE)
3aEe>ameviV (AE))

No(AE)= (11)
are practically independent of the type of bombarding par-
ticle (see Fig. 19).

Just as in the case of silicon, the full energy-deposition
spectrum for GaAs is described by the sum of two expo-
nentials. Here the exponent of the most important, slowly
falling exponential can be assumed to be independent of the
type of bombarding particle. This makes it possible to es-
timate the number of upsets in different types of beam.

s ool

il aeaal

FIG. 15. Probability of depositing an energy AE in the sensitive layer of
the detector.*? The primary beam is a proton beam. The points are the
measurement results, and the histograms are calculated. The dashed lines
are the approximation (8) with parameters from Table IV. For absolute
calibration of the experimental values it is necessary to take into account
the fact that in the range AE=1-2 MeV for one primary proton
N(AE)=1.28X10"3; a,=1.3; a,=0.087.
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FIG. 16. Dependence of the energy-deposition spectrum on the type of
bombarding particle. The statistical errors of the calculation are shown.

THE MODELING OF LAYERS IN MICROCIRCUIT
CELLS

Let us now consider a more complicated case: the
probability of radiation-induced upsets in a silicon micro-
circuit consisting of 4000 cells of thickness 100 um on a
silicon backing. As in the cases considered earlier, we shall
assume that the primary particles bombarded the target in
the direction perpendicular to its surface.

In actual semiconductor circuits the volume sensitive
to radiation damage, which depends on the construction of
the device, is somewhat smaller than the geometrical vol-
ume of a cell. We shall not take this difference into account
for now. As the threshold energy we use the value AE=2
MeV (see Fig. 1).

In Fig. 20 we show the calculated distributions of the
number of damaged cells in the value of the energy depos-
ited in them N(AE)/N,,, where

Ng= f (dN/dE)dE (12)

AE>2MeV
is the total number of damaged cells. In Fig. 21 we show
the corresponding integrated distributions
N(e)de/Nyy.

N(>AE)=f (13)

£>AE
As in thin semiconductor layers, the energy deposited

in a cell depends weakly on the type of bombarding parti-
cle. In roughly half the cases of proton bombardment and

TABLE IV. Coefficients of the exponential approximation for the exper-
imental energy-deposition spectra.

Particle b, b,

D 0.950+0.005 0.160+0.01

2c 1.81%4 0.20+0.01

‘He—'%0 0.190=+0.02
Barashenkov et al. 117
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FIG. 17. Calculated number of cases of energy
leposition AE per bombarding particle (a proton
or a 2C ion). The solid-line histograms are for
GaAs, and the dashed-line ones are for Si.
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about 60% of the cases of '’C bombardment an energy
AE=2-4 MeV is deposited in a cell. The probability for a
very large energy deposition (AE> 10 MeV) is only about
3-4% in the two cases.®

To understand the mechanism for radiation damage
and to further improve the physical aspects of the model, it
is important to know which particles—cascade hadrons,
multiply charged fragments of decaying nuclei, or recoil
nuclei—give the dominant contribution to the energy re-
lease. For this in Fig. 22 we show the relative contribution
to the probability for radiation damage of a cell (i.e., for
the deposition in it of an energy AE>2 MeV) by various
types of charged particle produced in the internuclear cas-
cade process.

The negligible (5-7%) contribution of singly charged
particles—cascade protons, mesons, deuterium and tritium
nuclei—should be noted. This contribution is small be-
cause most of these particles have high energy, so they very
weakly ionize the medium. The main contribution (40—
60%) comes from doubly charged helium ions, and heavy
multiply charged recoil nuclei formed in nonequilibrium
pre-compound decays and “‘evaporation” of post-cascade
nuclei give a contribution nearly as large (Fig. 23). Since
protons break up the target nucleus more weakly, the rel-

W(AE)
3 A T 4 T T v
2r
1 L 'y L 'l ] 4 'y
0 4 8 12
E, MeV

FIG. 18. Cross-section-independent ratios of energy deposition frequen-
cies in gallium arsenide and silicon. The solid line is the calculation for a
.beam of carbon ions, and the dashed line is for a proton beam.

118 Phys. Part. Nucl. 24 (1), January-February 1993

8

0 12 %

ative contribution of helium ions in this case is smaller, and
the contribution of recoil nuclei with charges close to the
initial value is larger than in bombardment by carbon ions.

In Figs. 24 and 25 for the example of a proton beam
(similar results are obtained for ions) we compare the
charge and energy distributions calculated with and with-
out the preequilibrium decay of post-cascade nuclei. The
differences in the charge distributions are unimportant.
The ten-percent discrepancy in the a-particle contribution
arises from the fact that preequilibrium processes lower the
excitation energy of the residual nuclei, which causes the
probability for ‘“‘evaporation” of a particles, which are
heavier than nucleons, to decrease as well. The differences
in the energy histograms are more noticeable. The non-
equilibrium fragments emitted by nuclei, as a rule, have
higher energy than evaporation particles and, on the aver-
age, generate a larger energy release in the cells. This in-
dicates that the calculations of radiation damage must be
carried out with inclusion of nonequilibrium processes.

It should also be borne in mind that the probability for
radiation-induced upsets is very sensitive to the dimensions
and geometry of the microcircuit. For example, for the
microcircuit that we considered with transverse dimen-
sions 0.2X0.5 cm and thickness d=100 pm, singly

Ny(AE) %, MoV~
10

T™TTT™m"

10

AEREaRLLL

10 12 1%
AE, MeV

FIG. 19. Uniformly normalized probabilities for energy deposition in a
layer due to a beam of '2C ions (solid-line histogram) and a proton beam
(dashed-line histogram).
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FIG. 20. Relative number of microcircuit cells in which protons (dashed-
line histogram) and '>C ions (solid-line histogram) have deposited an
energy AE. The statistical reliability of the calculations is 1000 primary
proton interactions in the cell layer and the 299 um silicon backing, as a
result of which 198 cases of cell damage occurred; correspondingly, there
were 190 cases of cell damage for 1113 '2C ions.

charged particles produce upsets only for AE<3 MeV,
while for a circuit of dimensions 1< 1.25 cm and d=85 um
their contribution in the region AE <3 MeV is about 60%.
The distribution of upsets induced by a large energy dep-
osition is changed insignificantly. In other words, each case
requires mathematical modeling.

MODELING OF RADIATION-INDUCED DAMAGE TO
MICROSTRIP DETECTORS

As yet another application of the model that we have
developed, let us consider the calculation of radiation de-
fects (atoms knocked out of crystal lattices) in a silicon

0 2 4 6 8 10
AE, MeV

FIG. 21. Relative number of microcircuit cells with energy deposition
greater than AE. The solid-line histogram is for a C ion beam, and the
dashed-line one is for a proton beam. The statistical reliability is the same
as in Fig. 20.

119 Phys. Part. Nucl. 24 (1), January-February 1993

FIG. 22. Probability of depositing in a cell a radiation energy £>2 MeV
by a cascade particle of charge Z.

microstrip detector bombarded by high-energy carbon ions
(E=3.65 GeV/nucleon) and a neutron beam with energy
E=10.5 MeV.

The number of knocked-out atoms depends on the type
and energy of bombarding particle, and so, in general, var-
ious experiments are necessary to measure it. However, if
the relations between defect-production in different beams
are known, the expected efficiency can be estimated under
simpler conditions, for example, by bombarding the detec-
tor with an intense beam of reactor neutrons.

In order to see whether such conversion is possible, let
us consider a silicon film of thickness 3000 um bombarded
by a needle-shaped beam of particles at perpendicular in-
cidence with a given energy E. We use the 26-group system
of neutron constants!> and data on the (n,p) and (n,a)
reactions. We shall assume that a-particle production oc-
curs only within the first group (E=10.5-6.5 MeV) with a
cross section of 91 mb (Ref. 48). The (n,p) cross sections
are given in Table V. Owing to the absence of reliable
experimental data, we assume that the energy distributions
of protons and a particles are the same as for neutrons in
inelastic reactions: the energies are distributed according to
the cross sections for inelastic transitions from one group
to another, and within a single group the energy will be
selected randomly with equal probability. We shall assume
that the proton and a-particle angular distributions are

N(AE)/ Ny %

30'- -
20;- -
10F .
R L

0 2 4 6 g 10 12 %

AE, MeV

FIG. 23. Probability of radiation-energy deposition in a cell by a particles
(solid-line histogram) and nuclei with charge Z>2 (dashed-line histo-
gram).
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FIG. 24. Energy deposition in a microcircuit cell bombarded by protons
of energy E=1 GeV. The solid-line histogram was calculated using the
evaporation model augmented by nonequilibrium decays, and the dashed
line is the calculation neglecting these decays.

isotropic. The momentum vector of the recoil nucleus is
determined by energy—-momentum conservation.

To economize on computer time, we use the statistical
weight (2), as in the preceding sections.

The number of atoms knocked out of the lattice by a
multiply charged ion with kinetic energy E is

1 E (dE/dx)q
N(E)def=i—E—d J; (dE/dx)dE’

where E;=13 MeV is the threshold energy of the atomic
displacement and dE/dx is the energy lost in electromag-
netic processes.*”>? At energies above some value T, de-
pending on the charge and mass of the initial ion, the
charge screening of the nucleus is unimportant, and the
elastic losses are determined by the Rutherford-scattering
cross section and the weakly (logarithmically) energy-
dependent primary-defect multiplication coefficient.’! At
lower energies in the calculation of losses due to elastic

(14)

,N(Z)/Ntot’ %
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FIG. 25. Probability for the deposition in a microcircuit cell of an energy
AE>?2 MeV by a particle of charge Z. The primary beam is a proton
beam with E=1 GeV. The notation is the same as in Fig. 24.
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TABLE V. Cross sections for proton production by a neutron of energy

E.

Group number 1 2 3 4 5
E, MeV 10.5-6.5 6.5-4 4-2.5 2.5-14 1.4
o, mb 123 236 162 71 0

scattering of the atoms it is necessary to take into account
atomic-screening effects. In this region we have used for
dE/dx the analytic approximation'® of the results obtained
using the Thomas—Fermi theory in Ref. 13. For protons
and a particles the values of 7', were obtained in Ref. 51,
and for the other ions we used the expression

T,=0.01Z%?3, (15)

where Z is the charge of the incident ion.

In Fig. 26 we show the calculated energy dependences
of the mean free path of the bombarding particles, the total
number of defects produced by a particle of energy E be-
fore it completely stops in the detector material or leaves
the detector, and the corresponding production density at
energy E calculated for 1 cm. In the case of protons and a
particles these dependences are close to those given in Ref.
51. The data for %Si ions are characterized by defect pro-
duction due to recoil nuclei, which give a very important
contribution to the total defect production. We see that the
replacement of a proton by an a particle increases the
number of defects by about an order of magnitude, and the
use of silicon ions increases their number by another factor
of five.

In Fig. 27 we show the spatial distribution of the de-
fects AN/AS, where AS=m(r;—r3) —2mrAr, r being the
distance from the axis of the primary particle beam at
perpendicular incidence. There we also give the following
approximating curves calculated by the rms method:

AN/AS=a?,

where a=8.14x10’ and b=2.82 for protons and
a=5.7610° and b=3.88 for neutrons.

The number of defects formed in a neutron beam ex-
ceeds the number of defects formed by protons at £=3.65
GeV by almost two orders of magnitude. However, the
spatial distributions in these cases do no differ very signif-
icantly.

In Fig. 27 we show separately the contributions of par-
ticles with electric charges Z=1, Z=2, and Z>2. In a
neutron beam the recoil nuclei give a contribution only
near the axis Z=0, while in proton bombardment their
contribution is noticeable up to a fraction of a millimeter.

Comparison of the calculated values like those shown
in Fig. 27 makes it possible to arrive at some conclusion
about the possibility of mimicking the efficiency of strip
detectors by replacing some beams by others which are
more convenient for experimental studies.
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FIG. 26. Mean free path of the bombarding particle R (in cm), defect-
formation density nge (in 1/cm), and total number of defects produced
Nyes; E is the energy of the bombarding particle. The solid line is the
number of defects (X 10?), the line with small dashes is the mean free
path (in cm), and the line with large dashes is the defect density (in
1/cm).

RADIATION-INDUCED DAMAGE TO HTSC
BOLOMETERS

The technology of high-temperature superconducting
(HTSC) thin-film materials makes it possible to convert
highly sensitive and fast electromagnetic radiation devices
from liquid-helium to liquid-nitrogen temperatures, which
reveals new possible applications of them, in particular, in
fields of strongly ionizing cosmic rays and artificial
radiation.’?"56 However, here the following questions arise:
first, does the heat release in different parts of HTSC de-
vices generated by secondary-particle showers tend to
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FIG. 27. Radial distribution of defects. The distributions resulting from
various types of cascade particles are shown.

worsen their operating parameters and, second, how do
these devices behave at very large radiation doses?

As a particular example of the mathematical modeling
of the action of high-energy ions on HTSC bolometers, the
authors of Refs. 46 and 47 considered a bolometer with a
sensitive HTSC element made of YBa,Cu;0,_, on a back-
ing of strontium titanate SrTiO;. In Figs. 28 and 29 we
show the construction of such a bolometer with a nitrogen
cryostat and its intake, and in Fig. 30 we show the geom-
etry for modeling them used in our calculations of
radiation-induced heat deposition. It takes into account all
the construction elements and the device dimensions, ex-
cept for several inessential simplifications (replacement of
rectangular parts by cylindrical ones, neglect of the film
contacts, and so on).

Like the cases considered above for microelectronic
devices, a special feature of the geometry in Fig. 30 is the
presence of components with thickness less than the aver-
age nuclear mean free path of the particles, and therefore
to ensure that the calculations are sufficiently accurate it is
again necessary to use specially chosen statistical weights.
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FIG. 28. Schematic diagram of a bolometer based on an EV-214 cryostat.

For example, the following algorithm can be used. First we
assume that all the particles move in the same direction
along a line parallel to the axis (Fig. 30). For now we also
neglect the change of their energy (and, consequently, the
interaction probability) due to ionization processes in the
intervals between nuclear collisions. Then the collision
probability for a particle inside the ith part of the appara-
tus in question is

o;=8_1—§; §i=eXP(— 2 Alj(/lj))’

where /; and /;_, are the coordinates of the end and the
beginning of this part (/=0 is the coordinate of the en-
trance point, and Al,=1/,—[;_; is the thickness of the ith
part), and A, is the mean free path in the material of a
given part. The actual number of the part in which the
particle interacted is randomly selected, using a random-

FIG. 29. Construction of an intake for a HTSC bolometer. /) Backing; 2)
HTSC film; 3) contactor; 4) polycore; 5) glass.
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FIG. 30. Geometry used in the mathematical modeling of radiation en-
ergy deposition in parts of the bolometer. The dimensions are given in
millimeters, and the thickness of the HTSC film is given in angstroms.
The chemical composition and numbering of the parts are given in Table
VI

number generator for numbers randomly distributed in the
interval [0,1]. Here for thin parts, for which
Al/A; <1, w,=1. This is precisely the difficulty which
arises in direct modeling. To avoid it, we introduce the
formal (weighting) probabilities w,;; for example, we as-
sign equal probabilities to all parts of the device: w,;=1/8.
We use these probabilities to randomly select the numbers
of the parts in which cascade particles interact and the
coordinates of the interaction points:

I=l_—AIn[§+y(§i_1—E)],

where 7 is a uniformly distributed random number chosen
anew each time.

The true values of the desired quantities (in this case
the heat deposited in each of the eight parts) are found by
multiplying the values calculated using the probabilities w,;
by the statistical weights p,=w/0,;, i.e., X;=X,; p;.

The generalization of the algorithm to the case of
three-dimensional geometry is trivial. The change of the
mean free paths due to ionization losses can be taken into
account using the above-mentioned cross-section equaliza-
tion method, by additional rejection of fictitious interac-
tions. This method allows the simple inclusion of the pres-
ence of empty (1=0) regions between parts of the device.

Since in the experiment of Refs. 46 and 47 a broad ion
beam was used which covered not only the entrance win-
dow of the cryostat, but also a significant part of its adja-
cent walls, a statistical weight (equal to the ratio of the
window area and the included part of the wall with radius
10 cm) was introduced to take into account the contribu-
tion of the ions which enter the cryostat through the rela-
tively weakly absorbing quartz glass. In Table VI we give
the calculated heat depositions in all the parts of the device
shown in Fig. 30.

We see from this table that the main heat deposition
occurs in the walls of the cryostat and in the aluminum
screens. However, only the heat deposited in the actual
head of the bolometer (parts 5-8 in Fig. 30) is important
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TABLE VI. Heat deposition in parts of the cryostat and bolometer cal-
culated for 10° '*C nuclei [in (cm?-s)~'].

Construction part Material E, MeV
Cryostat wall Al 2.6x107*
Entrance window SiO, 93
Screen Al 1.6x10~*
Screen Al 1.5%107*
Bolometer container Cu 7.7x1072
Bolometer base AL, O, 15
Sensitive element YBa,Cu;0,_, 9.4%10~¢
Backing SrTiO, 6.3x107*

for the operation of the device. Knowing the total amount
of heat deposited in this part of the device, Q=S2Q; (S is
the area of the ion beam, and the coefficient of heat loss
from the bolometer container to the bottom of the cryostat
is G; in our case G=2X 102 W-K‘l), it is possible to
find the excess heating of the bolometer relative to the
bottom of the cryostat: AT=0/G=5X10"° [calculated
for the ion flux used in the experiment of Refs. 44, 45, and
56: 800 ions (cm?-s)]. It makes up an insignificant frac-
tion of the transition width AT .=1.2 K. It follows from
comparison with the experimental characteristics of the
bolometer that such temperature variations cannot notice-
ably affect the bolometer sensitivity. Variations of the
working temperature AT>0.1 K (a 10% change of sensi-
tivity) are needed for this, and accordingly, the intensity of
the '>C ion beam is roughly 10’-10% ions/cm?-s). The
critical intensity is lower for heavier ions.

The calculation shows that the radiation heating of the
bolometer has an important dependence on its construction
details. For example, an increase of the container and base
dimensions of the bolometer (i=5,6) to 10 cm raises the
temperature AT by two orders of magnitude, to 6 10~*
K. Replacement of the aluminum screens (i=3,4) by cop-
per ones increases AT by 10-15%.

CONCLUSIONS

It follows from the data given above that the cascade
model that we have developed allows the study of various
aspects of radiation damage of semiconductor microele-
ments by particles of widely varying energy—up to very
high energies of the order of several tens of GeV/nucleon.

The more correct inclusion of quark—gluon processes
makes it possible to extend the model to even higher ener-
gies. However, the most important future improvements
will primarily be related to improvement of the theory of
the decay of the excited (residual) nuclei produced in the
cascade process and the inclusion of the curvature and the
statistical spread of the lengths of the tracks of low-energy
particles at short distances of the order of several microme-
ters and below.

More reliable testing of the model will require further
experiments to measure the number of radiation-induced
upsets at various values of the threshold energy and for
various energies and types of bombarding particle.
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In conclusion, we consider it our pleasant duty to

thank L. N. Zaitsev for advice and stimulating criticism.

DAt high incident particle energies, the average energy of a particles
produced in the internuclear cascade process (including those from the
“evaporation” of post-cascade excited recoil nuclei) is about 10 MeV,
which corresponds to a mean free path in silicon of 70-80 pum. The
mean free paths of heavier nuclear components of the cascade are con-
siderably smaller (about 1-10 um). Therefore, only the first 200-300
pum of the backing are important. Accordingly, the curve N(d)/N(0)
flattens out to a plateau for d=300 um.
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