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The efficiency of a radiation shielding structure consisting of a set of alternating
layers of light and heavy metals is shown to be enhanced when the layered structure is
turned to a radiation source by the light metal layer. The protection efficiency is maximal
at the single-period structure scheme (one light metal layer and one heavy one). The
validity of the predicted regularities is confirmed by experimental results obtained using
W and Al as the layered structure materials. Dependence of radiation absorption efficiency
on orientation of layers relative to the source was observed also for thin three-layer
W-Mo-Ti structure.

IloxasaHo, uTo () (PEeKTUBHOCTL BAIl[UTHI, COCTOAIell M3 Habopa UepemyIOIUXCH CJI0EB
JIETKOTO ¥ TSMKEeJOro MeTaJlJIoB, BBINIE B cjlydyae, KOTJa CJIOHCTAsd CTPYKTypa obpalleHa K
HCTOUHUKY M3JIYUYEHUs CJIOEM JIEMKOro mMerayaa. OPQPeKTUBHOCTL 3AIUTHl MAKCUMAJbHA IIPU
OJHOIIEPUOLHON cXeMe CTPYKTYPbI (OZMH CJON JIEKOTO MeTaJjla U OAUH — TSMKeJOro).
CropaBefINBOCTL MPEICKA3AHHLIX 3aKOHOMEPHOCTEH MOATBEPKAeHa Pe3yJIbTaTaAMU JKCIIePH-
MeHTOB ¢ mcnoab3oBanuem W m Al B KauecTBe MaTEepHAJIOB CJIOHUCTOI CTPYKTYPbl. SaBUCH-
MOCTb 2 (PEKTUBHOCTY IIOTJIOIIEHUS M3JIYyYEeHUs OT OPMEHTALMM CJIO0eB OTHOCUTEJIbHO MCTOY-
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HUKa HAOJIOZAIach TaKiKe AJsA TOHKOHN TpexciaoiiHoi crpykrypbl W—-Mo—Ti.

Traditionally, homogeneous materials on
the base of elements with high atomic num-
bers (heavy metals, steels, concrete, etc.)
are used to make radiation-shielding struc-
tures. However, the size thereof (including
weight, cost, and other important charac-
teristics) as determined by provision crite-
ria of designed attenuation level of primary
fluxes y-radiation limit the practical use
possibility such structures. This functional
limitation of protecting structures made of
traditional homogeneous materials may be
surmounted by insertion of heterogeneous
materials into their composition. The use of
multiple scattering and backscattering of
photons on boundaries of different struc-
ture-phase components of heterogeneous
material is supposed.
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In this connection, of interest is the
manufacturing of spatial structures con-
taining separate restricted volumes of two
or more homogeneous substances, where the
reflecting characteristics of one substance
are higher while the absorbing charac-
teristics are lower than those of another
substance. Joining of substances with low
atomic number (highly reflecting) and with
high atomic number (highly absorbing) in
one heterogeneous structure provides the
conditions for multiple reflection of photons
from interface of these substances and re-
turn of the photons into the volumes filled
with highly absorbing substance not leaving
the boundaries of the structure as a whole.
Such structure has higher protecting char-
acteristics in comparison with homogeneous
substances being its constituents. The scat-
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tering mechanisms at atomic level inherent
in homogeneous substances are comple-
mented in heterogeneous materials by
macrostructural mechanisms. As an exam-
ple of such structure, the heterogeneous
structure of layered type, where each pair
of the neighbouring layers consists of dif-
ferent homogeneous materials, reflecting
and absorbing, could be considered.

Analytical description of such a struec-
ture [1] testifies that its total transmission
coefficient will be minimum when minimal
transmission coefficients for absorbing com-
ponents are in combination with maximal
reflection coefficients for reflecting compo-
nents. This agrees with the known criterion
for optimal material selection for multilayer
structures according to maximal difference
in reflection coefficients of neighboring lay-
ers [2]. This work is aimed at analytical and
experimental study of y-radiation absorption
by laminar heterostructures.

The attenuation law of irradiation inten-
sity (dose, dose rate or flux density) by ho-
mogeneous protection in a narrow beam ge-
ometry for single-directed source may be de-
scribed as

S=8, ehd, (1)

where S, and S are the measurable values
of irradiation intensity without and with
shielding, respectively; d, the shield thick-
ness; U, the linear attenuation coefficient.
When solving the problems of shielding, one
has to consider a broad beam where both the
primary, non-scattered, and multiply scat-
tered photons should be taken into account.

Photons multiply scattered into the me-
dium are taken into account by introduction
of accumulation factor B [3] into the law of
irradiation attenuation in narrow beam ge-
ometry, this factor characterizes the ratio
of detector reading in broad beam geometry
to that in narrow beam one. Attenuation of
y radiation on passing through the shield
composed of m layers of protecting materi-
als occurs according to the law:

< (2
S =8y -exp|) b;|- BE,b),

i=1

where b;=n;-d; is a dimensionless quantity
characterizing the i-th component of the
shield with the thickness d;; ;, linear coef-
ficient of radiation attenuation in the i-th
shield material determined by the total in-
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teraction cross-section of y radiation with
atom of the protecting material; B, accumu-
lation factor depending, other conditions
being the same, on y radiation energy E
and the protecting material thickness b;.

For multilayer shield, the accumulation
factor depends on the arrangement of pro-
tecting layers, namely [3-6]:

Y

m n m n-1 (8)
B-YB,| Yh|- Y B Yn|

n=1 i=1 n=2 i=1

where the layers are numbered starting
from the source side. So, n =1 refers to

first layer from the source, n = m, for the
m

last; B, Z b; | is the accumulation factor in
n

homogeneous medium for material of n-th

layer at a thickness equal to the total thick-

ness of all layers up to n, or the total thick-

ness up to (n — 1)-th layer.

It is important to emphasize what fol-
lows. The summation in (3) is made starting
from n = 1, that is from the first protecting
layer faced to the source and further in
order of increasing layer numbers. That is,
the accumulation factor of a multilayer
shield depends on the arrangement order of
layers. So, the degree of equality (3) com-
pletion may be used as a measure of the
protection efficiency.

Let a case be considered when the shield
consists of two materials only (for example,
W and Al) with corresponding accumulation
factors By and By. Let C to be a constant
thickness of shield; b, the total thickness of
one of materials (e.g., tungsten). Then the
total thickness of other material is equal
C — b (Fig. 1). Write N for number of peri-
ods or number of layer pairs in the shield
and consider the accumulation factors for
two shield modifications, namely, (i) the
heavy material (B*N) and (ii) the light mate-
rial (B:y) layer faced to the source.

It follows from (2) that

S*N =Sg- e B’y = KB'N; (4)

S*N = SO -e - B*N = KB*N;

S*N — S*n = K(B*y — B¥py),
where K is a constant independant of num-
ber of periods N. So, knowing the depend-
ence of accumulation factor By on the num-

ber of periods N, we can judge the effi-
ciency degree of a multilayer shield.
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Fig. 1. Scheme of experiment with N-periodic
shield: 1, of gamma-radiation source; 2, de-
tector recording the radiation intensity Sy.

Applying (3) for N>2, we get

By -0 5

(5.1)
N-1
X [}
n=1
nC
Bxy = Bu(C) + f(C - ) -
(5.2)

T35

* b b
BN - BN = O~ ]~ O~ (5.
N-1

nC nC+b nC-b»
A )
n+1
Here the introduced function f(x) =

Bp(x) — Byp(x) > 0, where x is the material
thickness, has the obvious properties:

f(x) >0 at x — 0, because Bp|(x) > 1
and Byp(x) > 1 at x > 0 and f(x + a) > f at
a > 0 (see, for instance, values of accumula-
tion factors in [5]).

In the particular case at N = 1 (bilayered
modification), we have:

B*[ = B (C) - 1(b), (5.4)
By =By (C)+f(C-0), (5.5)
B[ - By = f(C) - f(b) - f(C - b). (5.6)
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Consideration of functions 5.1-5.6
shows that at any values of total thickness
b of heavy material, that is, within the
limits 0 < 6 < C, the following relationships
are satisfied:

(i) B*y.; < B*y, that is, in the case when
the heavy material of the shield is faced to
the radiation source, the accumulation fac-
tor B* and thus the measured value S* at
the outer shield side decreases with the in-
creasing number of layers:

S*N41 <S*n or K*'yip > K*y. (6.1)

Here K, = Sy/Sy is ratio of y radiation
attenuation in the shielding material.

(ii) Bupny; > Bsy, that is, in the case
when the light material of the shield is
faced to the radiation source, the accumula-
tion factor B* and thus the measured value
S* increase with the increasing number of
layers:

S*N41 > S*N or Kxpn,q < K#pn (6.2)

(iii) B"y > By, that is, in the case when
the heavy material of the shield is faced to
the radiation source, the accumulation fac-
tor and thus the measured value S* is al-
ways higher than when the light material is
faced to the source:

S*n > S*p; or K'py < Kxpy. (6.3)

Thus, for any number of layers the
shielding efficiency is higher when the light
material is faced to the radiation source.
(As it is shown in [4], for multiperiod
shield cosisting of two or more different
materials, the accumulation factor does not
exceed the maximum and is not lower than
the minimum accumulation factor values of
homogeneous materials, taken over the total
thickness of multiperiodic shield in the free
path lengths).

B*N—B*N>B*N+1 _B*N-i-l —->0 at N> x

S*N—S*N>S*N+1—S*N+1—>O at No>wx, (6.4)

Inequalities in (6.4) follow from (2) and
(3) and the limit equal to zero means the
transition to the homogeneous mixture of
heavy and light materials.

It is important to note what follows. In
[4, 5] the formula (3) is stated to be appli-
cable for energies from 1 to 10 MeV. Re-
striction of the top energy limit is ex-
plained by the fact that at E, > 10 MeV,
the formation of pairs is definitive interac-
tion kind of gamma radiation with sub-
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Fig. 2. Diagram of experimental setup.

stances (gamma quanta interact not with
electrons of atoms of protecting material,
but with Coulomb field of their nuclei). At
energies E, <1 MeV, the cross-section of
photoelectric interaction having the reso-
nance character contributes to the cross-sec-
tion of gamma radiation interaction with
the target atoms together with cross-section
of Compton scattering having the smooth
character of the dependence on Ey. There-
fore, for energies, lying between resonances
of photoelectric interaction, the ratio (3)
will be also valid.

To check the relationships (6.1-6.4), the
experiment was performed with examina-
tion of a shield composed of two materials
(W and Al) and combined in six modifica-
tions: single-periodic (one W layer and one Al
layer), two-, three-, four, six- and twelve-pe-
riodic. The total thickness of each material
and, consequently, the total shield thickness
was constant (0.3 mm thick W and 4.8 mm
thick Al). A fragment of spent nuclear fuel
(SNF) was used as the radiation source with
minimum registerable y-quanta energy of
7 keV. The measurements was carried out
using a SEG-50P spectrometer with DRG5-2
detector in open geometry (the beam was
not collimated). Energy interval from 10 to
840 keV was studied. The experiment
scheme is shown in Fig. 2.

Fig. 3 shows the low-energy (10—
130 keV) part of measured spectra: spec-
trum without target (1), spectrum after
passing through a target composed of one W
layer and one Al layer with tungsten faced
to the source (2) and the same with alumi-
num faced to the source (3). In this Figure,
the effect described above is more pro-
nounced. Fig. 4 shows the dependence of at-
tenuation ratio (in relative units) of photon
radiation on the number of layer pairs
(number of periods) with aluminum (upper
curve) and tungsten (lower curve) faced to
the source. It can be seen that the effect of
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Fig. 3. Low energy (to 130 keV) part of meas-
ured spectra: I, spectrum without target, 2,
spectrum after passing through two-layered
(W + Al) foil target faced to the source by
tungsten layer; 3 — the same with aluminum
faced to the source.
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Fig. 4. Dependences of radiation attenuation
ratio on number of layer pairs with alumi-
num (upper curve) and tungsten (lower curve)
faced to the source.

attenuation is more pronounced with alumi-
num faced to the source.

Similar measurements were carried out
with a three-layered W—Mo—Ti composition.
The samples were prepared by subsequent
deposition of molybdenum and titanium lay-
ers (100 pm thick each) on 100 pm thick
tungsten foil using the vacuum-arc method
[7]. The spectra typical of such a structure
are shown in Fig. 5. It is seen that even for
such thin targets, a rather clear difference
in spectra obtained at two different orienta-
tions of target is observed against the back-
ground of insignificant absorption.

Consideration of results obtained shows
that absorbing properties of multiperiod
target in the range of photon energies from
50 to 350 keV is obviously higher when
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Fig. 5. Low energy (50-350 keV) part of
measured apparatus spectra for three-layered
(Ti-Mo-W) target. I, spectrum without tar-
get; 2, spectrum after passing through the
target faced to the source by tungsten layer;
3 — the same with titanium faced to the
source.

lighter metal is faced to the source than at
inverse orientation of layers with respect to
the radiation source. This effect is less pro-
nounced at higher energies within the in-

vestigated range. The maximum deviation
of protective properties from those typical
of homogeneous mixture of materials is ob-
served in the case of one-period target (in
experiment, the bilayer target).
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IMapyBaTuii MaTepiax oJs 3aXHCTY
Bil raMMa-BMIIPOMiHIOBAHHSA

I.I.Axcvonoe, B.A.Binoyc, I1.I''Tonuwapos, O.C. Kynpin,
H.C.JIomino, O.B.Ma3sinoe, B./].O6éwapenkxo, B.C.Ilaénos,
B.M.Pa3cykxoeanuii

IToxaszano, 1m0 edeKTHUBHICTH 3aXMCTy, II0 CKJIAZAETHCA 3 HAOOPY MepeMiKHHX IIapiB
JIErKOr'0 Ta BalKKOr'0 METaJiB, € BHUINOIO Yy BHUIAAKY, KOJM IIapyBaTa CTPYKTypa oGepHEeHa Io
I:Kepesia BUIIPOMIiHIOBAHHS IIIAPOM JIETKOro meranay. E(QeKTHBHICTL 3aXHCTy € MAaKCHUMAaJlb-
HOIO IpH OxHOIepiogHiil cxemi cTpyKTypu (OZMH IIap JIEKOrO METaJy Ta OJUH BAKKOIrO).
CrupaBeaiuBicTs HPOrHO30BAaHMX BaKOHOMIpHOCTEH IIiATBEPAKEHO pPe3yJabTAaTaMHU €KCIIePHU-
MeHTiB 3 3acrocyBanuaM W ra Al AK marepianiB mapyBaToi CTPYKTypH. 3ajeKHICTL edek-
TUBHOCTI IIOTJIMHAHHS BUIIPOMiHIOBAHHSA Bix opienTarii mrapis BigHOCHO m:kepesia criocrepira-
Jacs TAKOMK [JIs1 TOHKOI TpumapoBoi crpykrypu \W-Mo-Ti.
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