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The heterogeneity effect on the shielding efficiency of laminated composites under electron and gamma irradiation of moderate
(~MeV) energies was studied. The effect was quantified, by means of Monte Carlo method, in terms of the asymmetry of the
bimetallic dual layer system’s AIW shielding efficiency depending on the direction (AI-W vs. W—Al) of both electron and photon
irradiation. The charged particles and bremsstrahlung radiation transport was simulated for electron irradiation of the 9-layer
composite test sample fabricated by the vacuum hot rolling solid phase welding of Ti—-Ni—Cu—Nb—Cu—(W—Cu), layers. Dose and
photon kerma rates behind the laminated shielding were calculated and the prospects of its application under severe constraints both
on shielding weight and dimensions were substantiated.
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JlociipKeHnit BIUIMB TeTepPOreHHOCT] apyBaTHX KOMIO3UTIB Ha e()eKTUBHICTh 3aXUCTY HUMH BiJl €IEKTPOHHOTO Ta Y-OIPOMiHEHHS
noMipauX (~MeB) enepriit. Metomom MonTe-Kapio BiH oxapakTepn30BaHUH KiJIbKICHO B TEpMiHAX aCHMETPii 3aXUCHUX NOKa3HUKIB
OimeramiuHoi nBomrapoBoi cucremu AIW B 3amexHocti Big Hampamky (Al-W um W-Al) ompominenHs o6ox BuaiB. s
CJIEKTPOHHOTO OIPOMIHECHHS €KCIePHMEHTANBHOrO 3pa3ka 9-mapoBoro kommo3ura Ti—Ni—Cu-Nb—Cu—(W-Cu),, BUTOTOBICHOTO
3’€IHAHHAM IIapiB y TBepHii (a3l IUIIXOM rapsdoi NPOKAaTKH B BaKyyMi, IIPOMOJETHOBAHHIN IEPEHOC y 3pa3Ky 3apspKeHOi i
raJbMiBHOI KOMIIOHEHT BHIIPOMIHIOBAaHHS, PO3PaxOBaHi IOTYXHOCTI J03M U ()OTOHHOI KepMH 3a 3aXHCHOIO CTPYKTYpOIO Ta
0o0IpyHTOBaHa IIEPCHEKTUBHICTS 1 3aCTOCYBaHb 3a KOPCTKUX 0OMENKEHb OJJHOCTAMHO 3a Baroko Ta rabapuTaMy 3aXUCTYy.
KJIFOUOBI CJIOBA: enextpony, GoToHH, pajaiauiiHuil 3aXucT, apyBaTi KOMIO3UTHI MaTepiany, metox MounTte-Kapio.
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VccnenoBaHo BIHMSHHE TETEPOT€HHOCTH CIOHCTBIX KOMITO3MTOB Ha 3((EKTHBHOCTh 3alIUTHl UMU OT 3JIEKTPOHHOTO M Y-00TydeHUs
yMepeHHbIX (~M»3B) snepruil. Meronom MonTe-Kapiio oHO oxapakTepH30BaHO KOJMYECTBEHHO B TEPMHHAX aCUMMETPHHU 3aIlUTHBIX
rokasareseit Gumerauinueckoil AByxcioiHoi cucrembl AIW B 3aBucumoctr ot Hanpasienus (Al-W umn W—Al) oGiydenus o6oux
BUOOB. [l 5IEKTPOHHOTO OOIy4eHHs OSKCIepUMEHTanbHOro obpasna 9-cnoitHoro kommosuta Ti—Ni—Cu-Nb—Cu—(W—Cu),,
H3TOTOBJIEHHOTO COCIMHEHHEM CIOEB B TBEPAOH (aze MyTEM ropsueil MpOKaTKH B BaKyyme, IPOMOJICIHPOBAH MEpeHOC B oOpasie
3apsHKEHHON M TOPMO3HOI KOMIOHEHT M3ITydeHHs, PaCCUUTaHbl MOIMHOCTH O3Bl M ()OTOHHOH KEpPMBI 3a 3aIIUTHON CTPYKTYPOH U
000CHOBaHa NEPCHEKTUBHOCTH €€ IPIMEHEHHUH [P KECTKUX OTPaHUUCHUSIX OJHOBPEMEHHO 10 BeCy U rabapuraM 3aliyThl.
KJIIOUEBBIE CJIOBA: snexTpoHbl, ()OTOHEL, paJHallHOHHasl 3allUTa, CJIOMCThIE KOMIIO3UTHBIE MaTepHaisl, Meto Monrte-Kapio.

R&D of materials for efficient protection against ionizing radiation [1,2] still remains an actual direction of
radiation physics and engineering. Biological shielding of nuclear reactors, neutron sources and charged particles
accelerators, tanks for spent nuclear fuel and radioactive waste, protective components of medical equipment and
clothing [3] are common applications of shielding materials. Other applications of great fundamental value are the
background minimization in low-background experiments on Dark Matter [4] and double B-decay searches, protection
of radiation detectors [5] and electronics in nuclear medicine as well as on interplanetary spacecrafts and satellites of
the Earth [6,7].

The general function of shielding materials is to reduce the rate of absorbed dose D [1,2,8] of radiation in the vital
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parts of a system to an acceptable level compliant to working standards, or objectives and conditions of experiments.
The shielding material optimum selection is then determined by the kind and energy spectrum of radiation. The
optimization issues are often occasioned by an urgent need of simultaneous efficient protection against various kinds of
radiation, e.g., neutrons and y-rays in nuclear reactors, electrons, protons, X- and y-rays in space applications, and so on.

It is worth noting that such a diversity is not only due to multi-component nature of primary radiation sources but
also emerges, in matter, from secondary processes at cascade development of electromagnetic (e.-m.) and nuclear
interactions. Typical examples are y-rays produced at inelastic interactions of neutrons with nuclei of reactor fuel,
structural and shielding materials, bremsstrahlung of accelerated relativistic electrons as well as the electron-photon,
muon and hadron showers at passage of high-energy cosmic rays through matter [4].

From the standpoint of end-user industrial applications, special attention, in the design of radiation shielding and
the selection of appropriate materials, has to be paid to the minimization of weight and/or geometrical dimensions of
shielding relevant component parts of different equipment and devices, as well as to the durability of their operation
under extreme conditions of high temperature and mechanical stress. These requirements are usually considered as opti-
mization criteria which are specific to each application.

A promising way of the complex radiation environments operating shielding optimization is the application of
composite materials and, in particular, of laminated multi-layer structures and coatings. Just the heterogeneity of these
structures improves their protective efficiency taking into account all the above-mentioned constraints peculiar to
specific applications. For example, to protect against y-rays used are the so called “graded-Z” laminated structures [3]
having atomic numbers Z of layer materials successively decreasing from high-Z (Pb, W, Ta) to low-Z (Sn, Cu, Fe, Al)
ones in the direction of radiation propagation. The main function of the sequence of low-Z layers is to absorb the
secondary Auger electrons and fluorescent X-ray photons emitted at scattering and absorption of y-rays in the preceding
Z-ordered layers of higher-Z materials. Such a protective structure is frequently more lightweight than the single-layer
heavy metal shielding. Laminated composites of materials of different Z were also proposed [6,7,9,10] for protection
against protons and fradiations (moderately relativistic electrons) especially relevant to a shielding of spacecrafts in
Earth orbits [9,11]. In this case of charged particles irradiation, the due selection of the layers alternation promotes the
suppression of the yield of secondary bremsstrahlung y-quanta extremely undesirable in view of their high penetrability.

From the point of view of the materials science and technology, of great practical value is the perfecting of the
laminated shielding composites fabrication methods. This is especially true in poor compatibility of the materials they
should be composed of. One of these methods, the joint of layers of dissimilar materials in the solid phase by their
vacuum hot rolling [12], is developed and practicing in NSC KIPT. It allows to obtain multilayer composite materials
having high physical and mechanical properties. This makes the laminated composites thermal stress resistant and well-
deformable to impart the specific applications’ required shapes without the loss of layers integrity. The method is
applicable to virtually arbitrary combinations of metals in the multilayer composite. However, the structural complexity
of such laminates confronts the shielding design engineers with the task of reliable prediction of their radiation
protection parameters which do not reduce to the well-known tabular data [1,2] for standard shielding materials.

The design and optimization of compositionally and structurally complex radiation shielding requires both the
large amount of experimental tests carried out in conditions close to the expected radiation environments and the fine
preliminary calculations of the efficiency of the developing material and/or structure with an accuracy comparable with
that of experimental measurements. The application of computational technique to the design of heterogeneous
shielding has a long history [1,9,13,14] and can significantly reduce the costs of finding of the most appropriate option
and the amount of ionizing radiation sources involvement in the R&D procedures. Currently, the precise methods of
computer modeling of radiation propagation through heterogeneous media are widely used for these purposes.
Particularly, this is the Monte Carlo (MC) method [15]. It is implemented in numerous computer codes which offer the
most adequate and comprehensive simulation of all elementary physical processes of interaction of ionizing radiations
with materials and structures complex by their geometry as well as by their elemental and isotopic composition.

The present paper deals with the application of Monte Carlo simulation to the study of peculiarities of the passage
of MeV-energy electrons, the accompanied bremsstrahlung, X-ray and y-beams through dual and multilayer shielding
structures. This advances the previous studies of the authors [16—18], and extends the use of simulation to the
assessment of shielding efficiency of the sample of multilayer structure obtained by the solid phase welding of metals.

PROBLEM SETUP

The objective of this work is the detailed computational description of the spectral and dosimetric characteristics
of radiation passed through certain typical examples of laminated shielding structures.

We restrict ourselves to the protection against electrons of moderately relativistic energies E. = 0.5+3 MeV as well
as against photons of energies E, = 10'+10° keV in the X-ray and y-range, the topical cases for many electro-physical
irradiation processes, medical, and space applications. We shall consider different, by the layers’ composition and
alternation order, laminated shields under irradiation by broad parallel beams of electrons and photons.

Our task is to calculate the energy spectra of various kinds of the shielding emerged radiation along with the
efficiency relevant and the dosimetry standards compliant physical quantities [1,2,8] such as the attenuation factor %, the
photon air-kerma K and the dose D absorbed in a solid-state detector located immediately behind the shielding.
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Two interrelated goals are pursued in this paper at the subsequent analysis of the results of calculations.

First, we investigate quantitatively the laminated shields’ heterogeneity impact on their radiation-protective
efficiency ratings. For model bimetallic dual layer system of tungsten and aluminum, this is done in terms of the
asymmetry of these ratings depending on the order (Al-W vs. W—Al) of layers the relativistic electron or photon beams
pass through the shield. We identify and discuss the essentially different nature of the asymmetry effect in these two
cases.

Next, we proceed to the example of a real multilayer shielding composite TINiINbWCu fabricated by the solid pha-
se welding of different metals and designed for optimized protection against electrons with energies up to 3 MeV. The
goal is to rate this laminated composite quantitatively for this specific use-case. The results of calculations of various
dosimetric quantities are compared, as functions of electron energy, with the corresponding results for typical single-
element materials widely used for protection against S and y-radiation. Basing on such a comparative analysis, we
discuss possible applications of this novel composite material and the prospects of application of our computational
technique to further R&D of composite shielding.

SIMULATON METHOD AND COMPUTER CODES

To simulate the (e,y) transport in laminated shields, we use two completely independent general-purpose MC
codes, the extensively validated commercial code PENELOPE [19,20] (we already used it earlier in refs. [17,18]) and
the multi-purpose code RaT 3 [21] developed in-house in NSC KIPT on the basis of the open-source libraries GEANT4
OO Toolkit [22]. Both of these codes make use of the Monte Carlo method of the numerical modeling of the radiation
interaction with matter. The method consists in the successive sampling of random events of the elementary processes
of radiations interaction with atomic nuclei and electrons of the medium and the statistical estimation (“tallying”) of the
expected mean values of various physical quantities, including the dosimetric ones, to be measured in real experiments.
Thus, these codes implement the computer experiment methodology [21] to simulate a natural one at a very limited use
of model assumptions. This allows to predict and, in prospect, to optimize the parameters of the systems under design.

In our calculations, both of the applied codes took into account the complete systematics of the e.-m. processes of
radiation particles interaction with media. These are: the electrons and positrons ionization and radiation stopping
resulted in their slowing-down and emission of bremsstrahlung photons; the multiple nuclear scattering of charged
particles and the production of high-energy d-electrons; the photoabsorption which produces secondary electrons and
fluorescent photons; the photons incoherent (Compton) and coherent (Rayleigh) scattering and their y-conversion to e"-
pairs followed by emission of annihilation y-quanta. Hadronic processes (such as photonuclear reactions) were omitted
from calculations as irrelevant to the considered energy range of radiations.

The PENELOPE code is focused exclusively on the simulation of e.-m. processes of leptons and photons
interaction with matter in a wide (~10'+10° eV) range of energies. In this area, the code manifests an outstanding
accuracy of physical models, data and algorithms [20]. This allows to rate it as a reference code. On the other hand, the
research code RaT 3 inherits all the variety of physical models and data banks of GEANT4 package [22] which cover
the physics of elementary particles as well as the high-energy hadron, and neutron physics. Therefore, it has a much
wider range of applications [21]. RaT 3 fully incorporates various options of physical models of the above-listed e.-m.
interaction processes. Moreover, modern versions of GEANT4 contain a set of e.-m. models which is specifically focused
on the reproduction (‘emulation’) of the physics of the standard code PENELOPE. We mainly used this subset of
GEANT4 models for the RaT code based simulations. It is worth noting here that the extra task of this paper, the
methodical one, was the comparison of the modeling results obtained using both options of the applied software,
PENELOPE and RaT.

ASYMMETRY OF THE PROTECTIVE EFFICIENCY OF BIMETALLIC COMPOSITES

Aluminum with density px = 2.7 g/em’, and the pyw = 19.3 g/cm’ dense tungsten were chosen as the conventional
shielding materials for protection against different kinds of radiation which we consider in this paper. Aluminum is
widely used for protection against electron flows of moderate energies (particularly, in aerospace engineering having in
mind its low specific gravity). However, it is a lightweight material which is ineffective for protection against y-radiati-
on due to its small Z= 13 (and, hence, a low concentration of electrons), and low density. The heavy tungsten (Z = 74)
is preferable with respect to both of these parameters, and is widely used in X-ray and y-radiation shielding. However,
under irradiation by relativistic electrons of energies we consider here, the use of tungsten as a shielding material is
impractical since, despite of the relatively small ranges Rw ~ 1 cm of such electrons in W, tungsten is one of the most
efficient converters of their energy into bremsstrahlung. This virtually annuls all the protective effect.

We will study the protective properties of a laminate of these materials depending on which side it is irradiated by
electrons or photons. So, we consider two systems having the low-Z (Al-W) or the high-Z (W—Al) metal at front.

Electron irradiation
Let’s first compare the spectral properties of radiations observed behind the equally thick plates of each of the
considered materials the bimetallic composite is made of.
The PENELOPE code calculated energy spectra f(E) of electrons of initial energy E. =2 MeV after the passage
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through ;= tw = 1 mm thick slabs of aluminum and tungsten are shown in Fig. 1(a). Obviously, they are different
qualitatively, as well as differ quantitatively by several orders of magnitude.
Such a behavior of MC simulated spectra of Fig. 1(a) is quite explainable and agrees well with simple estimations.
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Fig. 1. Energy spectra of electrons (a) and photons (b) behind the 1 mm thick slabs of aluminum (Al) and tungsten (W) calculated for
electron beam initial energy E. =2 MeV. Monte Carlo simulation by means of the PENELOPE code.

According to the U.S. NIST standard calculator ESTAR [23], the CSDA range Ra; of 2 MeV electrons in
aluminum equals to 1.224 g/cm” =4.53 mm > f,; = | mm. Therefore, the 1 mm thick aluminum plate lets through a
significant (~70%) fraction of primary electrons having the well shaped energy spectrum. At the same incident beam
energy, the same ESTAR code reports the total specific stopping power S=p "-|dE/dz| of Aluminum
Sxi=1.518 MeV-cm®/g which results in the mean energy loss rate |dE/dz| = pa;-Sa; = 410 keV/mm. This explains the
pronounced spectral peak of Fig. 1(a) at £~ 1.6 MeV =2 MeV — 410 keV/mm x 1 mm. The finite peak width is mainly
due to the energy loss fluctuations taken into account by the simulation code. The low-energy spectral tail is the result
of the electrons path length fluctuations due to multiple scattering by target atoms.

In tungsten, the range Rw(2 MeV) = 1.613 g/cm” = 0.8 mm < ty = 1 mm. Therefore, the primary beam electrons
are almost completely absorbed in the tungsten slab of chosen thickness. At first glance, this manifests its good
protective ability. However, this conclusion is wrong if we recall the secondary bremsstrahlung produced by electrons.
In Fig. 1(b), shown are the PENELOPE code calculated energy spectra f{£,) of photons behind the same slabs of Al and
W. By photon energy E,, they spread from X-ray energy range (<100 keV) up to the initial energy of electrons.

In a low-Z Aluminum, photoabsorption is unsubstantial down to very low photon energies £, <30 keV [24]. Thus,
the f{E,) shape agrees well with the known shape (cc 1/E,) of the Shiff bremsstrahlung spectrum. For high-Z and dense
tungsten, the strong self-absorption of bremsstrahlung photons occurs in a target. This violates the Shiff spectral
dependency below E, < 0.5 MeV, and results in a relatively broad spectral maximum near E, =~ 300 keV. Besides, the
sharp low-energy peak of fluorescent X-ray photons is observed at energies in the vicinity of the Tungsten K, u Kz
series (=60+70 keV). These secondary X-rays emerge from the thin surface layer at the rear edge of the tungsten slab.

As concerns the radiation-shielding properties of materials, Fig. 1(b) clearly shows that the spectral density of
high-energy (E, > 0.2 MeV) highly penetrable bremsstrahlung y-quanta is significantly higher for the tungsten shield as
against that of the shield of lightweight aluminum. With respect to this parameter, tungsten acts as a converter rather
than the shielding material.

Now let’s proceed to the sandwich structures AI-W and W—Al which correspond to the heterogeneous bimetallic
composite of the same slabs having total thickness ¢ = t5 + ty =2 mm and irradiated, from different sides, by 2 MeV
electrons. The data of Fig. 1(a) clearly show that both sandwiches guarantee an excellent protection against the primary
beam electrons since 1 mm thick layer of tungsten is common to both of the structures. Therefore, it is sufficient to
compare them with respect to the intensity parameters of the produced secondary bremsstrahlung.

Energy spectra of photons emerged from Al-W and W-Al targets are shown in Fig. 2. In this figure, the
simulation data of the PENELOPE code (markers, we obtained these data earlier in ref. [18]) are supplemented with the
results of the RaT code simulation (histograms). We note the good quantitative agreement of the simulation results of
both codes throughout the whole range of photon energies. This also confirms the possibility to focus hereinafter on the
outputs of the RaT code which is more flexible in respect of the problem setups and deep analysis of the modeling
results.

By shape, the Fig. 2 spectra are similar to each other as well as to the Fig. 1(b) spectrum of photon emission from
the tungsten plate. However, about 1.5+2 times high asymmetry of AI-W and W—AI systems is found with respect to
the spectral density values in the whole range of the bremsstrahlung energies. The same order of magnitude quantifies
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the asymmetry of the spectral energy distributions F(E,) = E,f(E,) of emitted photons as well as that of the integral

dosimetric functionals like oc I Hen(E,)-F(E,)AE, with photon-to-medium energy transfer coefficient zen(E,). With respect

to all these parameters, the system AI-W looks more preferable, as a shielding structure, than the W—Al system.
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Fig. 2. Energy spectra of photons behind the 2 mm thick dual layer
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occurs inside the layer of tungsten. For the W—Al
system, bremsstrahlung is only slightly attenuated in the successive aluminum layer where its local production rate is
significantly weaker (see Fig. 1(b)). In the AI-W structure, the tungsten layer is effectively irradiated by electrons
having the noticeably smaller energies (~1.6 MeV and less, see Fig. 1(a)) than the incident beam energy, 2 MeV.
Radiative energy loss rate of electrons decreases approximately linearly with the decrease of their energy. Therefore,
the production rate of y-quanta in a tungsten layer decreases, as it is clearly evidenced by the data of Fig. 2.

Photon irradiation

Let’s proceed to the case of AI-W and W—Al systems irradiation by photons of different energies E,.

For this case, we adopted the layers thicknesses ¢4 = 0.25 cm and #y = 0.25 mm since the shielding properties of
such a sandwich were experimentally studied in NSC KIPT [16]. We shall also compare certain results of simulation of
such a “thin” laminate with those we obtain for its tenfold scaled version, the “thick” system having ¢4, =2.5 cm and
tw = 0.25 cm. As of their mass per unit front surface area, these laminated composites are equivalent to the slabs of an
effectively homogenized alloy Alsg3Wy;7 (%wt) having a density per =4.21 g/cm3 and the thicknesses z.;;=2.75 mm
and 2.75 cm, respectively for “thin” and “thick” options.

10° ——gr————r—r , ——rry The natural measure of the photon irradiation rele-
’L;L E —e— Al-W —— W-Al ] vant shielding efficiency is the attenuation factor . It is
= 0 experiment (W-Al) 1 defined [1,2] as the ratio of the values of any (but the

same) dosimetric functionals [8] of the photon flux ¢
] (e.g., the energy flux @, exposure X or air-kerma K)
N just before, and behind shielding. For definiteness,
10' \ below we calculate the attenuation factor k(E,) of the

energy flux ®(E,)=Ex¢(E,) of monochromatic

250 um W
2500 ym Al ] photons. In these terms, k(E,) = Dy(E,)/ D(E,) where
] zero subscripts the primary energy flux.
RaT 3.0 | The RaT code calculated k(E,) of “thin” bimetallic

composites AI-W and W—ALl are shown in Fig. 3 for a
wide range of photon energies E,. The data calculated
for the homogenized alloy Alsg3Wy4;7 lie between the
E (keV) curves for AI-W and W-Al systems.

! This figure also presents the W—Al sandwich atte-
Fig. 3. Energy dependencies of attenuation factors k(E,) at passage  nuation factor measurements results [16]. They are well
of photons with different energies £, through dual layer bimetallic ~ described by simulation for the cases of spectral lines
laminated composites AI-W (®) and W—Al (O)in comparison with 57 (122 and 136.5 keV). A little bit worse agreement
experimental data [16] for the system W-Al (D). is found for the 59.5keV line of Americium **'Am.
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This is probably due to ~10% variance (which was omitted in our model) of the thickness of the foils used for
measurements. In general, the agreement of simulation and experimental data is quite satisfactory.

As expected, the attenuation factors of Fig. 3 generally increase with decreasing of E, but manifest a resonant
behavior near the energies of the absorption edges of Tungsten. For our simulation statistics, ~10° histories of primary
photons per each E,, the Monte Carlo estimation r.m.s. statistical error is smaller than the size of the Fig. 3 markers.
Therefore, their exists the statistically valid difference of attenuation factors k(Al’W)(EY) and k(W’Al)(EY) for all E,. Note
that mostly k(A"W)(Ey) > k(W’Al)(EY). Thus, similar to the above considered case of electron irradiation, the asymmetry of
shielding efficiency takes place. As a whole, the “light—to—heavy" combination is preferable.

To quantify the observed effect, let’s introduce the asymmetry factor 77(E,) = k(Alfw)(Ey) / k(wal)(Ey). Its energy de-
pendence is shown in Fig. 4(a) and is supplemented, in Fig. 4(b), with the results obtained at the simulation of the
scaled “thick” system. Besides, these plots’ open markers indicate the ratio 7.4(E,) = k(Al’W)(Ey, t=tarttw)/ k(eff)(Ey, Letr)
where £ is the attenuation factor of the t.sr thick mass-equivalent slab of effectively homogenized alloy Alsg; Wy, 7.
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Fig. 4. Photon energy dependencies of the asymmetry factor 7= k" /k"-2D (@) and the heterogeneity ratio 7.;=k“""/ k™ ()
for monochromatic photons attenuation by “thin” (a) and “thick” (b) dual layer bimetallic composites of aluminum and tungsten.

The data of Fig. 4 reveal several important patterns.

First, 77.(E,) # 1. The heterogeneous and homogenized systems data divergence indicates the significant impact of
the shielding layered heterogeneity on the attenuation of photons. It is also clear that the curves for multilayer systems
(Al-W), shall lie between those of the dual layer and the homogenized systems tending to the latter one when n — oo.

Secondly, 77(E,) increases with the increase of the laminated shielding total thickness ¢. The asymmetry is
relatively small, less than 10%, in the “thin” system (the experimental measurements [16] gave a rough estimate of the
effect of ~5% at £, < 100 keV). In the “thick” system, the effect is grown in magnitude to about 70% at E, =~ 160 keV.

Finally, 7(E,) <1 for the “thin” system in the upper vicinity E, = 75+100 keV of the photoabsorption K-edges of
Tungsten. The W—AI system is more efficient there with respect to its protective properties.

All these features cannot own to the attenuation of an uncollided energy flux of primary photons. It obeys [1,2,8]
the exponential Beer’s law CI)(prim)(Ey, 1) = Oy(E,)-exp[—u(E,)£] where ¢ is a uniform slab thickness, ((E,) = /1’1(EY), cm’,
is the linear attenuation coefficient of its material (the x(E,)/p data for various media can be found, e.g., in ref. [24]),
A(E,) is the photon’s mean free path length (MFP). Since the attenuation factor A*"™(f) = @y/DP™(f) = &' = " at
each E,, the attenuation factor of a laminated composite having x; # 1, (i #j) in each i"™ of n layers of thickness  is

e 3= explE, )T T K1)

As a product, it is the layers alternation order independent.

Therefore, the asymmetry is absent to the 1 order of the number of photons interaction events in the laminated
shielding. It can be explained only taking into account the secondary effects of photons scattering and production of
secondary radiations. The common practice of shielding calculations [1-3] treats these effects phenomenologically by
the introduction of the so called buildup factors B[u(E,):t] > 1 which are pre-calculated, for a set of conventional
shielding materials, in such a way that ®(E,, f) = CI)(prim)(Ey, H*B[1(E,)-t] in a homogeneous shield. Then, for our dual
layer system, the asymmetry 7= k“"") /gW-AD = gOWV-ADy ) AW o, 1 arises if BV ) 2 BA™™) Besides, it can be due to
some other effects of photon scattering and re-emission such as, e.g., their backscattering from the front surface of a
shield.

These considerations are confirmed in our modeling. The RaT code calculated energy dependencies of the buildup
factor B(E,) and energy albedo Rg(E,) for bi-directional photon irradiation of the “thin” system Al-W are plotted in
Figure 5(a,b). Though all curves are qualitatively similar, the substantial quantitative differences both of B(£,) and
Rg(E,) are evident for the cases of AI-W and W—Al systems. They can be immediately confronted with the asymmetry
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observed in Fig. 4.
Secondary effects are noticeable (B > 1) already in a “thin” laminate. They are much more significant in a scaled
“thick” system having attenuation factors k ~ 10° and the layer thicknesses 75 and fy which substantially exceed the
MFPs A(E,) for all photon energies E, under consideration. This explains the much greater values of the asymmetry
factors 77(E,) clearly seen in Fig. 4(b).
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Fig. 5. Energy E, dependencies of buildup factors B(E,) (a) and energy albedo Rg(E,) (b) for photon irradiated dual layer bimetallic
composites AI-W (O) u W-Al (@).

Correlating the Figs. 4(a) and 5(b) data quantitatively, we also found that ﬂ(Ey)z (1— ROV-AI( Ey))/ (1 — RAW)( Ey))

for y-quanta of sufficiently high £, >> 10> keV in a “thin” system. No such a correlation is observed for the “thick”
system of Fig.4(b) up to E,=1MeV. This is easy to explain if we introduce the reflectance R = Ry(E,), the
transmittance 7(E,), and the shielding absorbed fraction 4(E,) of radiation energy flux in such a way that R+ 4 + T'=1.
Since, by definition, k=T"'=(1-R-A)'=1-R)'X[(1-R)/(1-R-A)]=(1—-Ry'x[(T+A)/T]1=(1-R)
'x(1 +"/7), the necessary and sufficient condition of the observed correlation consists in the smallness “/; << 1 of the
share A4 of absorbed radiation as against 7, that of radiation passed through the shield. This is satisfied only in rather thin
systems having ¢ ~ A(E,) and k(E,) ~ 1, the case of our “thin” structure. In this case, the asymmetry effect is mainly due
to the enhanced reflectance of the AI-W system. The “asymmetry—albedo” correlation is broken either at sufficiently
low E, or in thick (#>> A(E,), k(E,) >> 1) shields. In such cases, 4/7>>1 and the asymmetry is mainly due to the
difference in absorption.

In Fig. 5, the attention should be drawn to the abnormally high values of buildup and backscattering factors in the
vicinity of the K-series photoabsorption edges of Tungsten just above the Kz, line energy, 69.088 keV. The anomaly of
energy albedo is also well traced at E, above the L-series edges energies, 8+-12 keV. It is very probable that this determi-
nes the anomalous behavior of the asymmetry factors 77 (E,) of Fig. 4(a) in the correspondent range of photon energies.

To clarify these fine details of the asymmetry effect foundation, we calculated, by means of the RaT code, the
energy spectra of the photon energy flux behind “thin” AI-W 1 W—AI laminates for two photon energies, £, = 220 keV
and 75 keV, which lie far from, and in the upper vicinity of the photoabsorption edge, respectively. The results are
presented in Fig. 6(a,b). Smaller values of the spectral density, esp. in a high-energy range E,,~ E, which mainly
contributes to the transmitted photons energy flux ®(E,), correspond to better protective properties of the laminated
shielding.

To understand the Fig. 6(a) spectra, one should note that the cross-section of incoherent Compton scattering
exceeds the photoabsorption cross-section above E,~50 keV in Al while only above E, =500 keV in W [24]. This
means that Aluminum is predominantly the Compton scatterer while Tungsten is mainly an absorber of 220 keV
photons.

At energies E,, far above the K-edge of Tungsten, the Fig. 6(a) W—AI system relevant spectrum manifests the
distinctive features of the Compton scattering of those photons which had not been absorbed in the tungsten layer.
Indeed, according to the Compton effect kinematics, the final energy E£' of a E, energy primary photon single scattered
at an angle 6 is E'(E,,0) = Ey~mecz/ {E, (1 —cos@)] + m.c*} where m.c®=511keV is the rest energy of electron. The
energy E' is minimal at sideways scattering, = "/,. In our case, E'(220 keV,"/,) = Epin = 154 keV.

Both spectral densities of Fig. 6(a) leap down at the scattered photon energy E,, = Eni,. However, the single
scattering peak at E,, = 160 keV > E,i, is observed only for the W—Al system. It is absent in the spectrum of the AI-W
system where scattered photons are efficiently absorbed in tungsten. At E,, =~ 100 keV, the broader peak of double
Compton scattering is seen in the W—Al spectrum. This peak is also lost in the AI-W system where multiply scattered
photons, along with their enhanced absorption in W, can scatter back from Al and contribute to the Fig. 5(b) albedo. At
Eqo > 70 keV, all these effects make the transmitted photons spectral density lower for the AI-W system. In Fig. 4(a),
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this results in the asymmetry factors 77(E,) > 1 at sufficiently high E,.
In the low-energy part, the Fig. 6(a) spectra are complicated because of secondary fluorescence of Tungsten. This

has an opposite effect on the shielding transmittance asymmetry, and is illustrated in detail in Fig. 6(b).
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Fig. 6. Spectral distribution of the energy flux of photons of different energies E,, behind the laminated composites AI-W (bold
curves) and W—Al (dashed curves) irradiated by monochromatic photons of energies £, = 220 keV (a) and 75 keV (b).

For E, =75 keV, even the small-angle (6<<1) Compton scattering of primary photons can shift their energy by
6+-8 keV down to the energies of Tungsten K-series photoabsorption edges. Resonantly absorbed, these scattered
photons induce the emission of fluorescent radiation having a discrete energy spectrum. The peaks in the high-energy
part of Fig. 6(b) (also traceable in the low-energy part of Fig. 6(a) as a result of multiple Compton scattering of 220 keV
primaries) correspond to different spectral lines of this X-ray response of the high-Z layer. The peak channel energies
Eq agree well with those of W-Kg (69.088 keV) and W-Kp, (67.248 keV) spectral lines as well as those of K-series
(=58+59 keV) for the strongest peaks. The ~10>* times weaker fluorescent response of the Tungsten L-series is also
well resolved in the low-energy part E,,; = 8+12 keV of the emission spectrum.

Of key importance is that the X-ray yield of “thin” dual layer laminate is higher for AI-W system in all spectral
peaks of Fig. 6(b). This is because of two reasons. First, the tungsten layer’s effective thickness in the AI-W system
becomes greater than the geometrical thickness #y for photons Compton scattered in the preceding aluminum layer. This
enhances the photoabsorption yield in tungsten. Secondly, some part of fluorescent photons emerged from the preceding
tungsten layer of the W—Al system is absorbed in the successive layer of aluminum. Added in phase, both these effects
result in the Fig. 4(a) asymmetry factor 77(E,) <1 just above the Tungsten photoabsorption edge energy.

Besides, the high flux of fluorescent X-ray photons explains the anomalously high values of the buildup factor
B(E,) in this range of energies (see Fig.5(a)) while the abnormally high energy albedo Rg(E,) of Fig. 5(b) is
predetermined, in this energy region, by their practically isotropic angular distribution.

Discussion

The observed asymmetry effect justifies that the selection of a suitable alternation of layers of light and heavy
materials can improve the efficiency of protection against both the electron and the photon irradiation. In both cases, the
heterogeneity of the laminated composite affects only the characteristics of scattered and secondary radiations. Our
calculations suggested that the “low-to-high-Z* sequence with increasing atomic number of the material is generally
preferred in respect of the minimization of their production yield. However, this preference is of the essentially different
physical reasons for these two cases of charged and neutral particles irradiation.

For electron irradiation, the “low-to-high-Z” sequencing allows suppression of the parasitic bremsstrahlung in the
high-Z material by reason of the prior ionization slowing-down of the e -beam in the layer of low-Z material which
mainly plays a role of a beam energy damper. Obviously, this scenario is not something new since AI-W or Al-Pb
composites are used for this reason, and for decades, in space, e.g., in the design of manned spacecrafts [9]. In our
simulation, the prevailed role of electrons stopping over that of their scattering is confirmed by the similarity of the
shapes of bremsstrahlung spectra from Al-W and W-Al systems (see Fig. 2) which differ only by the photons yield
magnitude.

The photon irradiation scenario is much less straightforward. On the one hand, the most dangerous high-energy v-
quanta are better absorbed in the “low-to-high-Z” structure by reason of the enhanced photoabsorption, in a high-Z
layer, of those photons which have been heretofore Compton scattered in the low-Z layer material. This also promotes
their enhanced backscattering off the shield. However, the inverse “high-to-low-Z” grading is more suitable for
protection against X-rays because of suppression of resonance re-emission of fluorescent photons.

The natural idea [7,10] to combine the benefits of these two options can be embodied into the innovative designs
of multilayer (n > 2) laminated composite shielding. One of such designs is considered below in the present paper.
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ASSESSMENT OF THE RADIATION PROTECTION EFFICIENCY OF THE ATOMIC NUMBER
PROFILED MULTILAYER COMPOSITE

The system under simulation consists of nine single-element metal layers positioned, in the direction of radiation
propagation, in the following order:

TG 7 m = NG o = CUg = NbG S = G = W mm = CUG Tam = Wo'5am = CUG Fom
Here superscripts denote the atomic numbers of the materials of layers while subscripts are their thicknesses.

At first, the layer material atomic number increases monotonically. Then this is followed by the alternating layers
of heavier (Nb,W) and lighter (Cu) materials. The whole structure is an implementation of the “low-to-high-Z” option.
It is similar to the AI-W system of the previous section with the peculiarity that the heavy metal layers alternate with
thin (0.1 mm) layers of lighter copper. The functionality of these copper layers is of two kinds. First, they promote
better adhesion at the metal interfaces and thereby improve the mechanical properties of the composite. Secondly, these
local “high-to-low-Z" substructures act as scatterers and absorbers of fluorescent X-rays and secondary electrons from
the heavy layers. Obviously, the main role plays the last copper layer located behind a thicker (0.3 mm) layer of
tungsten.

The mass thickness p-¢ of the shielding structure was chosen to be equal to the CSDA range of 3 MeV electrons in
Aluminum, R (3 MeV) = 1.868 g/ecm” according to the ESTAR code calculation. This corresponds to the total
thickness # = 1.5 mm of the laminated composite and to the thickness #4; = 6.927 mm = 4.614-¢ of the mass-equivalent
aluminum slab.

The objective of this section is to describe the passage of relativistic electrons with energies E. up to 3 MeV
through this multilayer structure by means of the MC simulation and to evaluate, in such a way, its shielding efficiency.

The RaT code calculated depth z profiles of the radiation energy absorption rate are depicted with open markers in
Fig. 7(a) for incident energies E. = 1, 2, and 3 MeV. The solid curve indicates the PENELOPE code simulation data for
E.=2 MeV. They agree well with those of RaT modeling. All these data describe the beam energy absorption integrally
considering both the stopping of primary electrons and the attenuation of the produced bremsstrahlung y-quanta. The
energy loss rate slowdown by the end of the target qualifies it as a perfect electron absorber of a reasonably chosen
thickness. Jumps at the boundaries of layers are due to different electron stopping powers and photon energy absorption
coefficients of their materials. These jumps are especially great in the vicinity of Cu—W—Cu interfaces.
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Fig. 7. The depth z dependencies of the electron beam energy absorption rate |dE4,/dz| (a) and energy fluxes ® of primary and
secondary electrons and bremsstrahlung y-quanta (b) inside a laminated composite shielding TININbWCu. The overlaying numbers

on curves denote the electron beam incident energy E. in megaelectronvolts. The results of calculations by means of the RaT 3
(markers) and PENELOPE (solid curve in figure (a)) Monte Carlo codes.

The more detailed picture of physical processes which occur at the e -beam propagation through the laminated
shielding is characterized by the RaT code calculated depth dependencies of the energy flux ®(z). They are shown in
Fig. 7(b) and can be used to compare the development, in the target, of various radiation components such as primary
beam electrons, bremsstrahlung y-quanta, and the accumulating secondary electrons including 8- and photoelectrons,
photon Compton scattering recoil electrons, and those of y-conversion.

The incident beam electrons mainly contribute to ®@(z) in the first layers of the target. The ®(z) profile is shaped by
the competitive effects of their stopping and scattering. The former one augments @ due to the increase of the electrons
path length in a layer. The latter one dumps electron’s energy thus reducing ®@. As a result, ®(z) is only weakly varying
there, esp. for E.=2 and 3 MeV. More in depth z, the stopping becomes dominant, and the primary electrons energy
flux drops down by 5+6 orders of magnitude to the end of the 5™ layer (Cu) at E. = 1 MeV, the end of the 7" one (Cu)
at 2 MeV, and to the target edge at 3 MeV. This corresponds to the decrease in the beam energy down to the lower
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energy threshold of the simulation (~10 ¢eV), is fairly consistent with the profiles of Fig. 7(a), and reconfirms the
optimal choice of the shield thickness. However, this does not mean the absence of the charged component of radiation
behind shielding. The simulation shows that ®(z) of secondary electrons is very weakly depth dependent. This is due to
their permanent makeup by the bremsstrahlung produced in the target. At the shielding exit, the energy flux of this
virtually irremovable component in about 10*** times higher than that of primary electrons. Finally, in considering the
most problematic y-component of ®d(z), we see that its production in the frontal, light, layers is more than compensated
by its attenuation in the subsequent heavy layers of the laminate. Again, this demonstrates the close to optimal balance
of its composition and construction which prevent turning of the electron beam protector to its converter into y-
radiation.

In total, this corollary is illustrated in Fig. 8 which shows the results of the PENELOPE and RaT codes
calculations (note, again, their good agreement with each other) of the energy dependence of the conversion factor, the
ratio of the total energy of y-radiation behind shielding and the electron beam energy E., in comparison with the
simulation data for a tungsten slab of the same thickness #w = 1.5 mm. One can see that the multilayer structure has the
smaller conversion ratio than that of tungsten and, therefore, should be a more efficient shielding when irradiated with
electrons.

0.05 : : More reasoned evaluation of the shielding
| PENELOPE RaT | efficiency can be obtained by calculating the
—0— —e— TiNINbWCu o absorbed dose D in the objects to be protected.

s This requires either a comprehensive simulation
of the target system “shielding + object” or
calculations made in some reference conditions.
The former task is quite doable but goes beyond
the scope of this paper. The latter approach is
7 adopted in the present study. We focus not so
much on the magnitudes of dosimetric quantities
(which are the radiation source strength and
exposure time dependent) but on the comparison
of calculation results obtained, under identical
conditions, for the TiNINbWCu laminated
shield and for other shielding materials. We

Ee (MeV) chosen to compare with the above studied

Fig. 8. Electron energy E. dependencies of the e-to-y energy conversion ~ Single-element materials, lightweight aluminum

ratio for 1.5 mm thick laminated composite TININbWCu and tungsten slab ~ (an €electronic protector) and heavy tungsten (a

of the same thickness. Simulation by means of PENELOPE (open  gamma-protector). The correspondent results of

markers) and RaT (closed markers) MC codes. calculations are shown in Figs. 9 to 10, and are
discussed hereinafter.

Fig. 9 shows the RaT code calculated energy dependences of the photon kerma rate (per one electron of an
incident e -beam) in the air behind shielding. The air-kerma rate K, “the total kinetic energy of charged particles

0.04

0.01

0.00

released per unit time by indirectly ionizing radiation in the volume of standard air of unit mass” [8], quantifies only the
effects owing to the photon component of radiation. It scales with the exposure rate X , Roentgens per hour, and, in
dosimetry, is a conventional measure of the strength of sources of ionizing radiation and the efficiency of biological
shielding [1].
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Fig. 9. Electron energy E. dependencies of the photon air-kerma rate behind the laminated composite TiININbWCu shield (®) as
compared with the simulation data obtained for Al (O), W (M) and Ru (<) slabs of the same mass (a) and geometrical (b) thickness.
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In Fig. 9(a), the multilayer composite simulation data are compared with those relevant to the weight-equivalent
slabs of different shielding materials of the same mass thickness 1.868 g/cm’. Since the smaller rate means better
protection, the laminated composite is much better than tungsten but yields to aluminum in K at E.>1MeV yet

surpassing it at lower E.. The reason is simple. As E. grows, the thickness of a lightweight Al slab of the same mass is
not enough to produce the same magnitude of bremsstrahlung flux the layered shield is first accumulating and then
absorbs.

The picture is somewhat different if optimization is not subjected to weight but to dimensions of shielding. The
data of Fig. 9(b) show that the multilayer shield outrank both W and Al slabs of the same thickness (1.5 mm). For
aluminum, this is evident at £, <2 MeV. At higher energies, the photon air-kerma rate comparison is radiation shielding
irrelevant since the range R, exceeds the shield thickness 74; = 1.5 mm starting already from E. ~ 800 keV. Therefore,
the 1.5 mm thick Al slab is not suitable for protection against electrons of higher energies where it is just a filter.

Fig. 9 also presents the comparative data for ruthenium (Ru) slabs. Obviously, this rare metal is not used for
radiation shielding purposes. Nevertheless, it can be considered as a natural homogeneous analogue of our
heterogeneous composite TININbWCu having both an effective atomic number Z.¢ and an effectively averaged density
et close to the atomic number Zg, = 44 and the nominal density pr, = 12.41 g/cm’ of ruthenium, respectively.

The Fig. 9(a,b) data for both Ru slabs of equivalent mass and geometrical thickness illustrate again the essence of
the heterogeneity effect on a laminated composite shielding efficiency gain. In Fig. 9, the laminate looks much better
than its homogeneous analogue which is clearly far from optimal protection against relativistic electrons of all energies
considered. Indeed, despite of its much smaller Z (44 vs. 74), ruthenium is almost only as efficient as tungsten.

Since compact and lightweight laminated composites are frequently targeted to the radiation shielding of
semiconductor detectors and electronics in aerospace engineering [6,7], we also evaluated, by means of the RaT code
simulation, the reference dosimetry quantities valuable for these applications, the rates of Total Ionization Doze (TID)
D,, and photon kerma K in Silicon (Si, Zs; = 14, ps; = 2.33 g/em®). The calculation results are shown in Fig. 10.
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Fig. 10. The electron energy dependencies of the Silicon total ionization dose (a) and photon kerma (b) rates behind the TININbWCu
laminated composite shielding (®) compared to those of W (B) and Al (O) slabs of the same mass thickness.

To avoid ambiguities arising from the non-trivial spatial distribution of doses absorbed inside a massive detector,
both TID and kerma rates were detected in a negligibly thin (0.1 um) Si layer located in vacuum immediately behind
the shielding. In Fig. 10, the characteristic range of their magnitudes (~10°+1072 Gy per day) corresponds to the
characteristic value, ¢= 10"’ ¢ /cm® per day, of an electron flux at Low-Earth Orbits (LEO) outside the radiation belts
[11].

The Total Ionization Dose (TID) D is a key parameter the accumulation of undesired irradiation effects in
semiconductors is scaled with. Along with the contribution of the photon component of radiation, the charged
components of a shielding outer surface emerged radiation contribute to TID. For this reason, D, > K, in Fig. 10. This

difference is substantial in a Silicon detector surface layer comparable in thickness with the ranges of a shielding
emitted secondary electrons but thin as compared with the characteristic MFPs A of the secondary bremsstrahlung y-
quanta.

For all considered energies of electrons, the comparison of the TININbWCu system TID relevant data of Fig. 10(a)
with those of W and Al shields of the same mass per unit area shows that our laminated composite substantially
surpasses the tungsten shield and is practically equivalent to that one made of the common material, Al, applied in
space.

However, it is worth noting that the aluminum shielding of the same protective efficiency and weight is almost
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five times thicker (6.921 mm vs. 1.5 mm). Therefore, the developed and vacuum hot rolling solid phase welding
fabricated laminated composite shielding has good prospects of application in environments where the simultancous
optimization of radiation shielding by weight, dimensions, and physical and mechanical properties is crucially
important.

CONCLUSIONS

This paper presented the consistent procedure of the laminated shielding calculation analysis by means of the
Monte Carlo reference code PENELOPE and the original code RaT 3 (NSC KIPT) radiation transport simulation. As
against the traditional conservative semi-analytical calculations, its benefits are (i) the detailed reproduction of the ra-
diation shielding design features in the calculation model and (ii) the possibility to obtain the approximation-free and
well-founded quantitative results which take into account all the processes of interaction of both primary and internally
generated secondary radiations with shielding medium using the up-to-date banks of atomic and nuclear data.

Two interdependent problems were solved within this procedure, (i) a fundamental problem of identification and
analysis of physical reasons influencing the shielding efficiency and (ii) an applied problem of calculations of reference
dosimetric quantities of transmitted radiation with an adequate view of its complex spectral composition. Our results
confirm the potential of this approach by the case of assessment of shielding efficiency of dual and multi-layer
composites designed for protection against electrons of moderately relativistic energies, X- and y-rays.

At detailed simulations of the (e,y)-beams passage through a simple bimetallic dual layer system Al&>W we
found an asymmetry of the energy spectrum and dose relevant quantities depending on the order the beam passes
through the shielding layers. The “low-to-high-Z” ordered shielding AI-W was generally rated as the most efficient one.

We identified the physical reasons of the observed asymmetry. Commonly to both e -beam and y-irradiation, it ari-
ses only due to secondary radiation (bremsstrahlung, or scattered and fluorescent) produced by a primary beam. Thus,
the magnitude of the effect increases with increasing of the layers thicknesses measured, for y-irradiation, in the mean
free path lengths of the photons of characteristic energies, and probably in radiation lengths for the electron incidence.

Other reasons depend on the kind of irradiation and deserve special attention in the photon case. It was shown that
the heterogeneity driven asymmetry is maximal for the dual layer AI-W shielding. The shielding efficiency reduces at
homogenization or at the increase of the number of Al/W periods. The effect is due to photons Compton scattering in
the front lightweight layer (Al) followed by their enhanced absorption in the rear heavy layer (W) or by their
backscattering removal. The gain in absorption dominates in thick shields having the attenuation factors £ >> 1. The y-
albedo enhancement prevails in thin (k~ 1) systems. We also revealed that the asymmetry is strongly spectrally
sensitive i.e. an optimal “scatterer<>absorber” arrangement depends on the photon energy. In the upper vicinity of the
absorber’s photoabsorption edges, the W—AI shielding is more efficient by reason of the resonance fluorescent X-ray
yield reduction.

The innovative design of the laminated composite shielding manufactured, in NSC KIPT, by the method of the
solid phase vacuum hot rolling joint of layers of materials conforms to all these regularities. The multilayer atomic
number shaped structure accounts for both a general trend towards greater efficiency of the “low-to-high-Z grading
and a special use of “high-to-low-Z" grade to suppress the fluorescence response of the absorber layers.

Its Monte Carlo modeling based design assessment has been accomplished by means of the RaT code radiation
transport calculations. Their results were successfully benchmarked against those of the reference code PENELOPE.

This allowed us to quantify, in great detail, the development of radiation cascade in the laminated shielding
materials. The detailed picture of the passage, development, and absorption of both electron and bremsstrahlung
components in the multilayer shield has been obtained. At last, the calculations of photon air-kerma and Si-absorbed
dose rates behind a laminated composite shielding and the comparison with other reference shielding materials (W and
Al) have shown that its design is close to optimum for protection against electrons with energies up to 3 MeV when
both the shielding weight and dimensions are simultaneously constrained in possible applications.

It can be concluded that the combination of the NSC KIPT advanced techniques of laminated composites
manufacturing with the computer-aided prediction, assessment and optimization of their protective efficiency opens up
rich possibilities of creating novel radiation protection systems, and is a promising direction for further R&D.

Finally, it is worth noting that the most computationally demandable problem of the laminated composite shielding
efficiency optimization still remained beyond the scope of the present paper. To solve it efficiently, it is extremely desi-
red to narrow the extent of Monte Carlo simulations. For this purpose, of great interest is the development and
application of the simplified 1D models of different kinds of radiation production and attenuation in the multilayer
structures. This went us back to the conventional semi-analytical approach to the shielding dosimetry [1]. The models
can make use of certain parameterizations of electrons [23,25] and photons [24] interaction with matter and shall
incorporate the operations research techniques (e.g., dynamical programming, or neural networks) for maximization of
the shielding efficiency regarding it as a criterion function. The obtained guess design can serve as the reasonable initial
problem setup for the subsequent Monte Carlo simulation. The high-precision technique of this paper can be applied to
the final design stage for fine optimization of the laminated shielding in view of all fine details of its specific
applications.
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