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DETERMINATION OF TOTAL IONIZATION DOSE BY RAY TRACE ANALYSIS BASED
ON A GEODESIC SPHERE
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When designing the spacecraft, it is necessary to take into account the deleterious action of various factors in outer
space. The main factor limiting active life of spacecraft is ionization radiation and it is the cause of most failures.
Its influence is accompanied by ionization losses of the energy of charged particles in active and passive areas of semi-
conductors and integrated circuits, that leads to emergence of radiation effects and it is characterized by the value
of absorbed dose. At present there are several approaches to forecast the value of total ionization dose (TID): Monte-
Carlo methods, methods that take into account only standard shield geometry (sphere, plane) and ray trace analysis
(or sector-based analysis).

The paper presents a modification of ray trace analysis that uses a geodesic sphere for sector construction and pro-
vides regularly distribution of tracing rays in space unlike classical approach with using a parametrical representation
of a sphere. Our approach enables to take into consideration real density of materials and allows using fewer sectors
to meet the requirements of the method 154.PM—129 and keeping calculation accuracy. This is especially important
for carrying out element-by-element radiation analysis taking into account heterogeneous protection through shielding
of calculated point by elements of spacecraft design.

This method is implemented as an extension for SolidWorks CAD. The input data for calculation are the following:
3d-model of equipment component as a part of spacecraft and radiation attenuation tables. The accuracy and the speed
of the analysis depends on the number of tracing rays, and it is possible to carry out the calculation for several types
of ionizing radiation at the same time.

As an example of using the proposed method and a software module, we carried out radiation analysis of the block
of the on-board digital computer for the spacecraft “Sfera”; its active life duration is 10 years on a high-elliptic orbit
and 15 years on a geostationary orbit. As a result, we revealed that for the elements of the block minimum and maxi-
mum total ionization doses differed substantially. It means that taking into account shielding properties of structural
elements of device and blocks makes significant contribution to TID calculation.
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Ilpu npoexmuposanuu Kocmuyeckux annapamos (KA) neobxooumo yuumwieams nogpescoaroujee oeticmsue
OM PA3TUYHBIX PAKMOPo8 KocMuueckoeo npocmpancmed. OCHOBHBIM (haKMOPOM, 02PAHUYUBAIOWUM CPOK AKMUBHO20
CYWecmeo8anus KOCMUYECKUX annapamos, AGNAemcs UOHUsUpyoujee usiyieHue — Npudura OOTbUUHCIEA OMKA308
u cooes. E20 6030eticmsue conposoxcoaemcs: UOHU3AYUOHHBIMU NOMEPAMU IHEPSUU 3APAHCEHHBIX YACMUY 8 AKMUBHBIX
U NACCUBHBIX 001ACMAX NOTYNPOBOOHUKOS U UHMESPATbHBIX CXeM, YMO NPU8OOUm K NPOAGIEHUIO PAOUAYUOHHBIX
apghexmos, u xapaxmepuszyemcs 8eIUNUHOU NOTIOWeHHOU 003bl. B nacmoswee epems cyujecmsyem HeCKOAbKO NOOXo-
008 K NPOSHOZUPOSAHUIO eUHUHBI HAKONAEHHOU 003bl: Memoobl Moume-Kapno, memoosi, yuumvigaiowue moabKo
CMAHOGPMHYIO 2e0MemPUI0 3auumol (cghepa, RIOCKOCMb), U Ty4esoll aHatu3 (U CeKmopuposanue).

Ilpeocmaenena moougurayus n1yueso20 aHAIU3A ¢ NOCMPOECHUEM CEeKIMOPO8 HA OCHO8Ee 2e00e3uyecKoll cgepul,
KOMOopas 6 omauyue om KiacCUuiecko20 nooxood ¢ UCNONb306aHUeM NAPAMEMPULECKO20 NPeOCmAaBieHUus: NO360Aen
RONYYUms mpaccupyroujue J1yuu, pasHoMepHO pacnpedenennvle 6 npocmpancmee. Taxoli no0xo0 oaem 603MOAICHOCHb
VUUMbBIBAMb PeanbHble NJIOMHOCMU MAMEPUANOs, 00XOOUMbCA MEHbUUM KOAUYECEOM CeKMOPO8 O GbINOIHEHUs.
mpebosanuti memoouxu 154.1IM — 129 u coxpanenus moyHocmu pacuema, Ymo 0COOEHHO AKMYaibHO Npu NPoeedeHuU
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NOSNIEMEHMHO020 PAOUAYUOHHO2O0 AHANU3ZA C YUEMOM HEOOHOPOOHOU 3auumbyl, MAK KAK NPOUCXOOUM IKPAHUPOBAHUE
paccyumoiéaemoi moyxku snemenmamu konempyxyuit KA.

Hannvii memoo peanusoean 6 euoe pacuupenus oasi CAIIP SolidWorks. B kauecmee ucxoOHuIX OaHHBIX O
pacuema gvicmynaem 3D-modenv 6noka 6 cocmage KA u 3a0annvie 8 mexHuueckom 3a0anuy mabauysbl ociabieHus.
Tounocmsb u CKOpPOCHb GLINOIHEHUS. AHAUZA 3AGUCUIM OM KOJIUYECMEA MPACCUPYIOWUX TyYell, Npu IMOoM G03MONCHO
nposedeHe paciema 0OHOBPEMEHHO OJisl HECKOMbKUX 6UO08 UOHUSUPYIOULE20 U3 YEeHUSL.

B rauecmee npumepa ucnonv3oeanus npeoiodicenHo20 Memooa u RPoePaMMHO20 MOOYJisL NPOBEOEH PAOUAYUOHHbIU
ananuz onoxa BLBK onsi KA «Cghepar co cpoxom axmuenozo cyujecmeosanusi 10 nem Ha 6blCOKOIMUNMULECKOU
opbume u 15 1em — na eeocmayuonapnoi. B pesynomame pacuema O6uLi0 NOAYUEHO, YMO OJisl INEMEHMO08 GHYMpPU OL0KA
MUHUMATbHAS. U MAKCUMATbHAS. HAKONJEHHble 003bl OMIUYAIOMC NPUMEPHO HA NOPAOOK, 4MO 2080pUM O MOM,
HACKOIbKO 3aMEMHbLU 6KAAO 6 PACHEN MOJICEN BHECIU YYen 3aUWUMHbIX C8OUCTNG INEMEHMO8 KOHCMPYKYULL annapama
u 6710K08.

Kniouesvie cnosa: naxonnennas 003a, memoo cekmopupoeanus, uonuzupyrowee usiyyerue, SolidWorks, ceodesuue-
cKkas cghepa.

Introduction. During the performance of their mis- — displacement effects caused by structural damage
sions, spacecraft are exposed to various destabilizing fac-  due to knockout atoms from the lattice point with subse-
tors affecting the availability of radio electronic equip-  quent degradation of the basic electrophysical characteris-
ment and its element base. Among the many known fac- tics of silicon;
tors (space vacuum, micrometeorites, null gravity, infra- — single effects, caused by the passage of a separate
red emission, etc.), the primary item limiting the active  charged particle through the sensitive volume of a semi-
life of devices and the application of specific electronic  conductor.
components in on-board equipment is the ionizing radia- Single radiation effects have a probabilistic nature;
tion of outer space [1]. According to GSFC Space Science  dose effects and displacement effects are cumulative,
Mission Operations Team, 59 % of all space missions  therefore, when creating modern spacecraft designed for
were affected by perturbations of “space weather”.  the lifetime of 10-15 years with complex configuration, it
Changes in space weather are mainly related to solar s required to know the spatial distribution of the absorbed
activity, which causes fluctuations in the radiation back-  dose in the elements of spacecraft construction, taking
ground of the Van Allen belts, resulting in temporary into account their mutual screening.
anomalies in the operation of satellites, important elec- At the present time there are several approaches to
tronic components are destroyed, solar cells are being  forecast the value of total ionization dose (TID): the
degraded, etc. In January 1994, two Canadian communi-  Monte Carlo methods, which are based on modeling the
cation satellites (Telesat’s Anik E1, E2) were disabled in  trajectories of individual particles [6]; methods that take
a geostationary orbit, similar anomalies occurred in Janu-  into account only standard shield geometry; and methods
ary 1997 with Teslar 401 satellite, and in May 1998 with  that use sectoring or the construction of tracing beams.
Equator-S, Polar and Galaxy-IV [2]. According to ESWW  The Monte Carlo methods allow to provide arbitrary pro-
conference materials published in 2012-2015 [3], in the  tection and they directly model the material-radiation in-
periods from 2001-2015, there were more than 10 failures  teraction, but they are the most difficult to implement and
of “Thaicom 57, “Galaxy 157, “AMC 147, “Arabsat 4A”,  resource-intensive to use, although, as a rule, they use
“Artemis-Ariane 57, “Inmarsat”, and according to the  known libraries GEANT4 [7] and MCNPX [8]. Modeling
materials of “Central Research Institute of Mechanical — only the simplest shield geometry (sphere, plane) imple-
Engineering” only in 2015 there were 30 failures. In this  mented in the majority of known programs — CREME96
regard, the assessment of radiation resistance of products  [9], COSRAD [10], SHIELDOSE [11], OMERE [12],
designed for space is a necessary development stage. does not allow to carry out element-by-element analysis

The main sources of ionizing radiation are cosmic  and complex screening [13]. Therefore, in practice, it is
rays, divided into solar, galactic (representing charged  the most reasonable to use the sectoring method (ray trace
high-energy particles, born and accelerated beyond the  analysis), since it allows us to take into account the het-
limits of the solar system) and the natural radiation belts  erogeneity of protective properties of blocks, equipment
of the Earth [4]. Radiation is a stream of primary charged  and constructional elements of spacecraft in various direc-
particles — electrons, protons and heavy charged particles,  tions, and it is much easier to implement then Monte
as well as secondary particles — products of nuclear trans-  Carlo methods.
formations of primary charged particles. Ray trace analysis. When performing element analysis

The effect of ionizing radiation on radio electronic  to determine the value of the accumulated dose in accor-
equipment is accompanied by ionization losses of particle  dance with branch standard 134—1034 [14], the ray trace
energy in active and passive regions of semiconductors  analysis is used. Its algorithm is stated in 154. PM-129 [15]
and integrated circuits; that leads to the manifestation  and consists of the following steps.
of radiation effects [5]: Step 1. On the element of block being considered, we

— dose effects in gradual degradation of electronic  select the point M where we need to determine the dose.
component parameters as a result of accumulation of ab-  The space around it is divided into a number of sectors
sorbed dose; with solid w; angles (fig. 1), and in the direction of each ij
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sector we construct a tracing /; ray with the start at the
design point M.

Step 2. For each [; ray we define the /; intersections
with the elements of spacecraft construction, other blocks
and components.

Step 3. Taking into account the density p; of inter-
sected bodies, we determine the effective protection Xj;
in each ij direction:

K
Xij:Zlijk'pk' (D
k=1

Step 4. After that, using the tables of attenuation, we
determine the contribution D(X)-w;; of each sector to the
final accumulated dose and carry out summation over all
ij directions:

Dy = iiD(Xij)'wij' 2)

1
2 a

The key stages of the algorithm are the construction
of tracing rays and the determination of their intersections
with the elements of spacecraft construction.

Tracing ray construction. As a rule, to construct sec-
tors and rays, the parametric representation of a sphere
is most often used with the help of azimuth and zenith
angles (UV — parametrization of the sphere, fig. 1). With
this partition, the cells are different in shape and area, and
the sectors are not only significantly different in magni-
tude, but their distribution in space is highly unequal: on
the poles of the sphere there are more sectors and they are
smaller than in the equatorial region (fig. 2, ).

Fig. 1. The scheme of constructing sectors
for UV-parameterization of a sphere [15]

Puc. 1. Cxema nocTpoeHust CEKTOpoB
npu UV-napamerpusanuu chepst [15]
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Fig. 2. Two-parametrical representation of a sphere: a — cells are different in form and area; b — unequal distribution of tracing rays

Puc. 2. JIByxnapameTpryeckoe npeacTasieHue chepbl: a — pa3indHbie 1o GopMe U IIIoImany S4eiku;
6 — HEpaBHOMEPHOE pacIpeelIeHIe TPACCUPYIOIINX JIydeit
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Increasing the number of sectors rises the ratio of
maximum and minimum area of cells, and for 500-600
sectors the ratio is ten times. As a result, there is unequal
distribution of rays, condensation on the poles and rare-
fied in the region of the equator (fig. 2, b). In some cases,
this inequality in the distribution of tracing rays in space
leads to the dependence of the accumulated dose on the
orientation of the divided sphere relative to spacecraft due
to the presence of various kinds of holes, connectors,
stiffeners, etc. in the models. In this regard, the require-
ment of the methodology 154.PM-129 [15] of ensuring
equal protection within the sector is often ignored, so we
refused this partition and turned to constructing sectors
based on the geodesic sphere.

Geodesic sphere is a result of sphere triangulation us-
ing the method of recursive decomposition of icosahed-
rons (fig. 3). Its specific feature is that faces differ mini-
mally from regular triangles and they are almost equal in
area at the same time [16].

The number of faces and vertices of a geosphere de-
pends on the triangulation order: the higher the degree of

triangulation, the greater the number of faces and vertices
of the geosphere. With the increase of triangulation order,
the grid becomes smoother, and its faces approach the
surface of the sphere (fig. 4, a). The tracing rays con-
structed on such a grid are uniformly distributed in space
(fig. 4, b), and solid angles formed by the sectors are
almost similar in size.

This approach allows us to use a smaller number of
sectors to meet the requirements of the methodology 154.
PM-129 [15] and maintain the accuracy of the calculation.

Definition of intersections. The next important step
of the algorithm is to determine the intersections of rays
with constructional elements. This is the most time-
consuming operation in terms of time and computing
costs, so it does not make any sense to look for intersec-
tions of each ray with each body for complex 3D-models.
However, using the algorithms of computational geome-
try it is possible to quickly determine whether the ray
intersects elementary geometric bodies, such as a sphere
and a rectangular parallelepiped [17].

Fig. 3. The principle of geosphere construction by recurrent splitting of regular icosahedrons

Puc. 3. [IpuHIMD mOCTpOCHUS reocdepsl MyTeM PEKyPPEHTHOTO pa30UEHHS HKOCAdIpa
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Fig. 4. Geosphere application for approximation of spherical surface:
a — geodesic sphere (642 vertices and 1280 faces); b — the corresponding distribution of tracing rays

Puc. 4. Ilpumenenne reocdeps! A7 aMPOKCUMALUH CHEPUIECKON TTOBEPXHOCTH:
a — reone3ndeckas cepa (642 Bepmuasl u 1280 rpaneii); 6 — COOTBETCTBYIOIIEE paclpe/ieIeHHe TPACCUPYIOMNX JIydei
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A rectangular parallelepiped with faces parallel to the
coordinate planes can be circumscribed around any con-
sidered body of spacecraft models. Such a parallelepiped
is uniquely determined by any two its vertices (x_, y_, z.)
and (x4, v+, z+) adjacent to one of its diagonals. The ray
with the start at the point (xo, yo, zo) and the directing vec-
tor (/, m, n) is described by a parametric system of equa-
tions:

x=x,+1t,
Y=y, +mt, 3)
z=2z,+nt.

Let’s consider the relative position of the ray and each
pair of planes parallel to the coordinate and containing
opposite faces of the parallelepiped (fig. 5, a).

For the pair of planes x = x_and x = x, parallel to the
plane YZ, the ray given by the system (3), for / = 0, is
parallel to them and does not intersect the chosen paral-
lelepiped for xy < x_ or xy > x.. Otherwise, we calculate
the relations:

X_—X,

X, — X
)

Suppose t, < &, subsequently f,., = t1y, and ty, = b
(fig. 5, b). Assuming that m # 0, and considering the sec-
ond pair of y =y and y =y, planes containing the faces
of the parallelepiped, we find the values ¢, and #,,:

Y-—W Y=o
E— —_

4L, =

X

and t,, =

4, =

» and 1,, =

If t, >ty then t,., =t, and if t,, <t,, then
tur =ty FOr theu >ty or 1, <0, the ray does not pass
through the parallelepiped. Assuming that n # 0, we con-
sider the last pair of planes z =z and z =z, and find
t1; and t,.:

z —z zZ, -z
_ “= 0 _ e+ 0
4, = and t,, = .
n n
(+)
i 7
! /
. /
, /
1 /
Ve
4
s
’
/7
7
/ [
¢ 7
/.
¢
a

If as a result of similar comparisons we get 0 < #,0, <,
or 0 <t,,, in this case the ray intersects the selected paral-
lelepiped, and further it makes sense to look for possible
intersections of the ray with curvilinear surfaces of the
body inscribed in this parallelepiped to determine the
entry and exit points of the ray, segments of its path inside
the body.

To determine intersections with curved surfaces, we can
use the built-in functions IModelDoc2::Raylntersections
and IModelDoc?2::GetRaylntersectionsPoints from Solid-
Works.Interop.sldworks in API SolidWorks [18].

Having found all the intersections, we need to calcu-
late the effective protection in each direction. Fig. 6
shows an example of tracing rays passing through the
elements and the parts of a real block construction. On the
selected fragment the beam passes through 4 bodies:
a microcircuit, two layers of a board and a block cover.

Knowing the /;; segments traversed by the ray in the
intersected bodies of the model, and the apparent densities
pr of these bodies (fig. 6, b), we determine the effective
protection Xj; in the ij direction by the formula (1). Next,
we determine the total accumulated dose of ionizing
radiation (2).

Software implementation. From the point of view
of a design engineer, it is most convenient to calculate
accumulated doses of ionizing radiation directly in CAD
used for the design, an engineer makes changes in the
design and arrangement of individual blocks, calculates
and introduces protective screens. We used SolidWorks,
therefore we created a calculation module for it that al-
lowed us to use the available CAD capabilities and at the
same time solve new tasks effectively. As input data for
for the calculation we used 3D-model of the spacecraft
block and the tables of attenuation given in the technical

enquiry.

znear - tl.\‘

=

X

Fig. 5. General concept of definition of the intersection points of a ray and a rectangular parallelepi-

ped [17]: a — defining a rectangular parallelepiped by means of two vertices adjacent to one diagonal;

b — relative position of a ray and each pair of the parallel planes containing opposite faces of paral-
lelepiped

Puc. 5. OOmuii mpuHIMIT ONpeAeTeHUs TOYEK MEPECCUCHNH yda U MPAMOYTOIBHOTO Mapaieseu-

nena [17]: a — 3amaHue napajenenunesa ¢ MOMOLIBIO ABYX BEPILUH, NPHICKAIUX K OJHON AUaro-

HallM; 0 — B3aHMMHOE DPACIIOJIOXKEHUE JTyda M KaXKIOH Maphl IMapauleNbHBIX INIOCKOCTEH, HECyIIHX
MIPOTUBOIIOJIOKHBIC IPaHU Napallelenuleaa
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Fig. 6. Example of tracing rays passing through constructional elements of the block: a — cut-away view of the block and
rays; b — line segments /;; passed by the ray in constructional elements and apparent densities of materials p, corresponding
to them

Puc. 6. [Ipumep MpoxXoKAEHUSI TPACCHPYIOMIMX JIy4eH 4yepe3 3JIeMEHTHl KOHCTPYKIHMU OJ0Ka: a — oOmmid BuA OJ0Ka
U IIydeit B paspese; 6 — OTPe3KH [y, IPOXOIMMBIE JIy4OM B 2JIEMEHTaX KOHCTPYKIMH, 1 COOTBETCTBYIOIINE MM 00BEMHEIE
IUIOTHOCTH MaTepUajoB py

b

Fig. 7. Visual representation of calculation results: a — directions making the greatest contribution to a total ionization
dose; b — general representation of space distribution of effective protection

Puc. 7. BusyansHoe npecTaBieHUe pe3yIbTaTOB pacyeTa: @ — HalpaBJIeH s, BHOCSIIIME HAHOOIBIIHI BKJIAJ B HAKOII-
JICHHYIO JI03Y; 6 — o0I1iee mpeacTaBiIeHNe 0 MPOCTPAHCTBEHHOM pacipeaeIeHUu: 3P PEKTUBHON 3aIUTH

The calculation can be performed simultaneously for
several types of ionizing radiation (protons, electrons,
total impact), while the number of tracing rays can be
chosen in advance, thus determining the accuracy and the
speed of the analysis.

The results can be presented visually in order to sim-
plify the task of identifying the weakest points in the de-
sign of protection. Fig. 7, a shows the course of the rays,
colored in accordance with their contribution to the total
dose, by applying the filter to select the most dangerous
directions. The projection of effective protection of each
sector on the spherical shell circumscribed around the
analyzed block is presented in fig. 7, b.

Analysis of results. As an example of the use of the
proposed method and software module, we carried out a
radiation analysis of the on-board digital computer sys-

103

temblock for “Sfera” spacecraft with active life duration
10 years in a highly elliptical orbit and 15 years in geosta-
tionary orbit. We analyzed more than 400 sensing ele-
ments, while the 3D-model of the block of the spacecraft
included more than 2500 bodies.

Increasing the fineness of splitting and the number of
rays straining after greater accuracy significantly influ-
ences the time of the analysis, so in this case it is always
necessary to look for the compromised solution between
the desired accuracy and admissible duration of calcula-
tion. The graphs (fig. 8) show that the computation time
increases exponentially with increase of the number of
rays. At the same time, the accuracy of the calculation
increases as well, but, for example, at 10 000 rays the
decrease of the maximum deviation of accumulated doses
from 7 to 3 % requires 4 times more time.
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Fig. 8. Duration and accuracy of calculation depending on the number of rays: a — calculation time for a one point;
b — average (AVG) and maximum (MAX) value of accumulated dose deviations

Puc. 8. IIpo1oKUTEIBHOCTS U TOYHOCTh pacyeTa B 3aBUCMOCTH OT KOJIMUECTBA JIyueil: @ — BpeMs pacueTa OJJHOM TOUKH;
6 — cpenusist (AVG) u makcumanbsHast (MAX) Beln4nHa OTKJIOHEHUH HaKOIUICHHBIX 103

For the elements of the block, the minimum accumulated
dose was 5.3 krad, and the maximum one was 50.2 krad;
that means that within one product the values of the
minimum accumulated dose for specific electronic com-
ponents may differ significantly, and that taking into ac-
count protective properties of the constructional elements
of the apparatus and blocks can make a significant contri-
bution to the calculation. This means that element-by-
element radiation analysis has significant advantages over
the evaluation of the stability of blocks as single and indi-
visible components of spacecraft.

Conclusion. The approach presented in the work and
its software implementation allow performing element-
by-element radiation analysis in the development of
on-board equipment spacecraft taking into account real
geometry of constructions and material density.

Determining the value of accumulated dose at various
points of the developed block at the designing stage
makes it possible to place less resistant elements into
more protected areas, it is especially important for import
substitution.

Further project development includes designing the
host of functions offering locations and the level of re-
quired protection, as well as the addition of the possibility
to take into account the emission of point sources (e. g.
spacecraft engines).
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