Investigation of Neutron Spectra Formation
Behind the Radiation Shielding of a Shipping
Cask With WWER-1000 Spent Nuclear Fuel

Yu. A. Revoon', S.G. Lebedenko', A.N. Kondratyev', V.N. Yershov', G.Z. MoroZ’,
L.A. Kozlovskaya®

'All-Union Project and Research Institute of Complex Power Technology (VNIPIET), Leningrad
*Ministry of Public Health of the USSR, Union of Soviet Socialist Republics

ABSTRACT

'The paper dealswith the results of investigation
of gamma-neutron radiation formation behind the radiation
shielding of a shipping cask with WWER-1000 spent fuel.
The cask short description is given. The radiation shiel=-
ding structure, spent fuel characteristica, devices used
e:c described.- The way of neutron spectra reproduction
aad the eatimate of different energy neutron dose commit-
ment are presented which have been used to find the correc-
tion factors for standard radiometer inaications.

Radiation safet) provision is one of the main problems
concerning the development and operation of shipping casks for
spent nuclear fuel (SUP). In this case, as a rule, the radiati-

on shizlding efficiency control is baded on the neutron- and
gamma~-radiation dose rate measurement results. At the same

time it is known that indications of dose rate radiometers
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and dose meters used depend upon the energy radiation spect=-
rum. It 18 known in the practice of radiation monitoring
that energy dependences of neutron dose rate radiometer
gensitivity (for example national PYC-VS,ITII-2, JTIA  and
foreign RUST instruments, etc.) are different from that of
the maximum specific neutron dose equivalent hm (SV/““eln)
recommended by the lational Radiation Safety Standards
RSS~76/87, /I/ which is based on the analytical data of
Sneider /2/ and Publication 21 of ICRP /3/.

These differepces stipulate the need to introduce rea-
pective corrections for the instrument indications which
reach some hundred percent for some types of radiometers.
Enowlege of neutron and energy gamma-radiation spectra from
shipping casks containing SHF 1s required for their design
optimization.

A TK-10 shipping cask charged with 6 spent FAs of
WWER=-1000 reactor was used to investigate the neutron and
gamma-gpectra formation.

Spent nuclear fuel loaded into the cask was characterized
by the following parameters:

-~ the campaign time - 825.5 eff.days;

- burn-up rate 37.2 GWD/t (U);
cooling time 1265 days;
initial enrichment in U-235 is 2.4% (18FE);

3% (48FE), 3.3% (251 FE).

Constructionally the TK-10 cask is a cylinder
(¢ 2000x588051), with 360 mm thick steel inmer shielding
screen and 20 mm thick steel outer shielding enclosure with
the gap between them filled with antirreeze (water) forming
she 120 mm thick neutron shield.

The radiastion field of the cask charged with long-cooled
spent nuclear fuel is fermed by gemma-radiation of nuclear
fission products, radionuclides of corrosion and activa-
tion origin, high-energy gamma-quanta of capture radiation
on hydrogennuclei (Ey= 2.23 MeV), iron (Ef' 7.’64; 8.89;

9.3 NeV7), gamma-quanta arising in neutron inelastic scatte-
ring on oxygen (Ey= 6.13 le'l), etc.; as well as by nesutrons
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mainly originated from Cm-244 spontaneous fission.

In experiments with the TK-10 cesk the influence of neut—
ron shield on neutron spectrum and gamma-radiation formation
was also studied. lleasurements in this case were performed
both directly on the cask surface and 2m apart from it.

For neutron spectra investigation multisphere spectro-
meter was used which contains 6 spherical polyethylene mode=-
rators, @ 50, 100, 150, 200, 250, and 300mm, a thermal neut-
ronli[1-295 and a®37-II4 type scintillation detector,

‘a LP=4700 (llokia) analyzer. The thermal neutron detector is

a plastic light guide ($10x20mm) with dispersed in a thin layer
over the end face and the side surface phosphor granules based
on ZnSAg with boron. For investigation with the TK-10 cask
this type of detector was preferred to the LiI/Eu/ crystal due
to its low sensitivity to gamma-radiation which came to about
8.5 mR/h. The shape of this detector line unlike that of

the LiI/Eu/ erystal allows to discriminate reliably by ampli-
tude the pulses from neutrons and gamma-quanta /4/.

The task to reproduse the neutron spectra-shkape , f/u/,
based on the results of the counting rates, Ni, reasured with
a set of moderators (i=1.2,......n) comes to aolting of
the following integral equation system:

N = ./(/ () £)du (1)

where: U, and U, - boundaries of lethargy range (u+1gE ) in
which the spectrum is reproduced;
E = neutron energy;

Ki(U) - detector sensitivity function in tre moderator "i".

By breaking the lethargy range into m=46 e¢qua™ intervals
the system of equations (1) is transformed into the following
matrix equation:

N=if (2)
where ;. H - vectcr with I7j components;

' K - (lx;) matrix of sensitivity functions with
matrix elenents Kij;

| f - voc’or of the spectrum to be reproduced with compo-
nents £J.
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Matrix elemenzf Kij and components fj equal respecti-
velys Ske ) fre) du
el
-('/’/

K=
(3)
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s S Fle)du
/ - o

L(’,?l F “/‘

As the spectrum in its nature is subject to statistical
fluctiations, there is no sense to look for a more exact
equation (2) solution, and more relible results are expec-
ted with the statistical approach to its solution. In this
case the vector used for solution should minimize
the followin~ iunctional:

N n i 2 ot 2
Fif) = 3 -5k %) De < f w
A J.’ e
where: Dy - registered counting rate dispersions;

Z: 2 _ a small enough value giving the statistical
criterion significance level. _

A gorithm of the F(f) functionalmininizatioris based
on the gradient integration method allowing to build
the iteration process. For calculational formulae in the al-
¢gorithm & somewhat changed writing form is used instead
of (4):

FiO)=4(A44)-(8 £)+C 5)

n
vhere; A - (ns«m) matrix with Al =2 ZK,;_ kx@:
elements; i /
B - vector with
components
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In théese designations the main formulae of the minimi-
zation algorithm by the method of ihtegrated gradients are:

Zﬂ-_/- )["t’+ at’f./ I"/' érr
s guad EI- LTS8 6

In the algorithm shortened iterations are used, with |
the coefficients al+1 being determined ag:

a . g A (v vg‘ 2 (fj r
(47, A‘ vev) (VeVe
The quality of neutron spectra nproduction depends to
a large extent on the choice of the initial approach spect=-
rum £°, In our problem for initial approach the uranimum
neutron fission spectrum behind the iron/water shield and
californium - 252 spectrum from a¢) 600 mm iron sphere /5/
were taken.
The iteration process ceases when the condition (4) 1s
seliaflied or when the relative velocity of the functional
F(FL) change becomes leas than a given parameter & , 1.e,:

FE)-FE®) | . (0
oo

The calculations assume £ = 0,01 :
If in the iteration process a vector T component 1’;

becomes negative, then variation against this component cea-
ses and the null value is assigned to it. This procedure
allows to provide the nonnegativity condition of the neut-
ron spectrum reproduced.
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To avoid oscillations resulted from the use of limited
set of moderators in the multisphere spectromecter it was
found expedient ( and this is accounted in the algorithm)
to correct the spectrum shape by its smooting. Different
smooting procedures - against 5 or 7 values are used. For
the smoothness indication of the spectrum to be reproduced
the ¥ value eatimated by the formula:

Yii ({, ")6)2]; £,2 (9)

is acc~nted:
who.e: K = number of the aUj interval locking the smoothing
area.

The index Y is calculated for the € vector on which
the next minimization cycle of the functional F. £%) ceases (8).
.The gpectrum reproduction process is over when ~he respec-
tive rate of the Y index change per minimizatio cycle be-
comes less than a given parameter Jg s 1.2, wien the con=-
ditions are speciried:

g € '
Y -QY Sﬁ (10)

T ——

Y

where: 1, and 1, are the numbers of iterationt or. which
two last minimization cycles ceased.

The resulted vecior f describes the shape of the neut-
ron spectrum to be reproduced end satisfies to sor: extent
all the requiremen<isor the statistical approach.

The algoritha nllowa to calculate the following values
based on the spe:trum reproduced:

1) Distribuations of different. energy neutron dose commit-

| aD(E) _ h(E)SE)

~ MsE (11)

b ST EHE)




2) Correction factors for different neutron dose rate
rodiometer indicationa

> HE)-k, (5)

K = J” {12J
non m=rg
L(5) 4, (E)
where K, - inatrument sensitivity.
3) Values of the average isotropy factors
W
j 3 /(! (13)

Z" bn 455)-,_/55,-2

£y
where I(E,) - isgtropy factor for monoenergy neviron of
energy EJ /X/.

For spectra reproduction energy dependencies of modera-
tor sensitivies as recommended by ICRP /6/ were used, which
were scaled for the dimensions of moderators and thermal neut-
ron detector [MH-29B used. The multisphere opectrometer
was calibrated against isotope sources Pu-Be an! 252bf'

Figs. 1 and 2 show typical shapes of the r:produced
neutron spectra for the TK-10 cask with the Jjacte* not fill:z'
with water (measuring point N2) as well as with thi water-
~filled jacket of the neutron shield (measuring pclnt IlS5)
and distribution of different energy neutron dcse :ommitments.
Table 1 shows neutron dose commitment . for three anergy
groups (‘l(}'2 - 104eV, 10% - 1.6%x10%V ana higter :han
1.6X10"eV) for some meacuring points as well as arerage
isotropy factors I calculated on the basis of the spectra
measured.

- The analysis of the spectra found shows that in case
of the neutron shield (water in the cask jacke:) tie neutron
gpectrum "sofcens", the share of thermal ncutrons and that
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of intermediate energy neutrons as well as their dose commit-
ment inorease from 5-7% to 24-27%. At the same time, with effi-
cient attenuation of interncdiate cnergy ncutron flux

ond significant decrease of neutron dose rate as a whole

(see Tab.2) 120mm watey layer is not sufficient for fast neut-
ron thermalization, whichresults in their respective dose
commitment increase. It schould be also noted, that the proper
choose of spectra fo as the initial approaches gave suffici-
ently good agreeing shapes of neutron spectra.

Indications of different neulron dose rate rediometers,
KIH=-2, PYC-¥8, 2202-l ("Afora" company), were compared
with the data calculated on the basis of the spectra. Table 2
shows correction factors for radiometer indications.Tor
the KIH-2 radiometer Koopr €20=ls in average 0.59 and
0.45 for the neutron spectra from the TK-10 cask w.ith
the neutron shield jackets without water filling and with
water £illing, respectively., For the PYC-Y8 radiometer
K, opy €Quals in average 0.39 and 0.29 and for 2202-/]
radiometer it is about 1.03.

It should be noted that though the 2202=[l raaiometer
indications are to the least extent effected by the nn:*-nn
spectra ditferences due to its (rodiometer) sgimiler to
the Sneider curve energy dependence of the sensitivit; func-
tion, this radiometer 1s of high sensitivity anisotropy.

Uéing the scintillation gamma-=gspectrometer with
a Mal (Te) ¢ 40x40mm crystal the TK-10 cask gamma-radl{-~‘ion
gpectra were investigated. Fig.3 shows typical instrument
spectra,and Fig.,4 - distribution of different energy -1:-a-
-radiation dose commitment. Investigations of gamma-cpe~tia
showed, that water filling of the cask neutron shield:n;
Jacket though it results in increase of capture gorma-r~'ta-
tion on hydrogen and ironby 20 and 60%,respectively, at
the same time it significantly decreasesthe neutrom Il:x ¢--1
the cask (by~102) and gemma-radiation from oxygen (iij==..' . r¢).

Neutron and gamma-radiation intensity from the . ="
cask changes along the cask length with the maximum in
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the middle of the cask (see Figs, 6, 7, 8). Maximum values of
the ionizing radiation dose rate equivalent from the TK-10

- ctok loaded withh spent fucl of the parameters shown above arc
not high than the permissible values of the international re-
gulations, Scaled values of radiation levels for fuel with
the maximum design parameters for the WWER-1000 reactor do pe:
exceed the permissible {ransport standards either,
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Table 1
Different energy neutron dose commitments (%)
for TEK=-10 cask
|lfumber of | Coordinates of | Energy range, eV lI
measuring l measuring point | | sot
point _ ‘ ‘1§:gz
Kot n Distancq\ﬂei; 1072-10% 10%-1.6x10% 10° tor
m ‘ght|
m
leutron shielding jacket without water filling
1 @ 1 2 1 “LE* e e B
T.3 ‘ 92.7 | 2.9
2 I 2 .1 |
¥k 94.9 = | 2.9
- 94.6 2.9
Heutron shielding Jjacket with water filling
3 W :on sur- |1 2.38 i 76.2 -] 3.3
o face
4 I¥ on sur-
face 1 |23.9 75.6 0.5 3.28
5 : on sur- ({3 | 25.2 60.2 14.6, 2.98
face
| 6 I 2 3 i27.7 52.8 ﬂ9.5i 2.964

* The upper figures mean that for initial approximation,
52Cf spectrum from an iron sphere is taken.

The lower figures mean that for initial approximation,
the fission spectrum behind the iron/water shielding is

taken.
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Table 2

Heutron dose rate values in spectrum measuring points according to indications

°f pyc-38, KIH-2

and 2202-11 radiometers and correction factors values

Coordinates of

Radiometer type

sessuring point PYC-Y8 KlH-2 2202]] ol
AxisiDis- Height, Experin K Correc-| Experim Correc- Experim‘g Correc-
tance, m v%%%sb corr.|ted va- va%g9b corr.|ted va-| value, corr, | ted va-
m In lue, | lue, e rem/s lue,
|nSv/s ‘nSv/s nsv/s '
lleutron shielding jacket without water {filling
|2 1 16 0.386 | 62 14 0.593| 83 30 1.05 | 315
S 3 13 0.3%0 | 51 14 0.59% | 83.4 35 1.06 | 371 i
leutron shielding jacket [with water filliag !
i |on sur+ 1 0.3 lo.288 | 0.86 0.45 [0.447] 2 -0.6 |1.00 | 6.06 |
~  |face ; !
1Y en sur: 1 0.2 [0.289 | 0.58 0.22 [0.448| 0.99 0.45 [1.01 | 4.55
ace
I |on suri 3 0.5 10.300 | 1.5 0.40 {0.4591! 1.84 0.80 [1.03 | 8.24
face y
1 |2 ! 3 |[ec.s5 lo.2e7 | 0.43| o0.22 0.439|0.97 | 0.27 |1.034| 2.8 |
" PSR ey — ] '
| | . ; ;
. : | ! i
| i ; |
o e R e,




Neutron spectrum from TK-10 cask with a Jacket vithout
water £i1lin~ (n) and different energy neutron dose
commitment (b) at a point on the axis I 2m distance
from surface at 1m height (the initial epproximation
is the Uranium fission neutron spectrum behind the

iron/water shiclding)
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Heutron spectrum from TK-10 cask with a water-filled
jacket(a) and different energy neuiron dose commit-
ment (b) at a point on the axis i on the cask surface
at 1m height (the initial approximationis the Urani-
um fission neutron spectrum behind the iron/water

shielding)

g
§4 02
= !..l
45 015
E‘;} 0’10 'Y1.LL C...lt.lol' E Q- (a.)
& H 005 : o
~ 1
~
W 0 ® ooy
[ 162 16" 102 10" 102 10° 10% 10° 10° 107 10
E, eV
S 125
2 10,0 ol
d 3 1 (b)
Q 7,5 . .
S . 80
I . .
'g 2,5 -
3 Dlessetecectcenctones essagese® P
P 162 10" 10° 10" 10% 10° 10% 10° 10° 107 108

Es eV

Fig.2
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Ingtrument gamma-spectra measured on the exis IY 2m
distance from the cask surface at 1m height

pulse counting /600s8x50keV;

1 - a jacket without water filling;
2 - a jacke¥y with water f£illing;
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Fig.3.
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Energy distributions of dose commitments for gamma: -
~radiation from TK-10 cask (the energy range width
18 U, 4 LeV)
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Fig.4
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Heutron dose rate distribution (corrected indications
of KlH -2 radiometer) on the side surface of TK=-10
cask on the axis IY with the neutron shielding
Jacket with water filling
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lleutron dose rate distribution (corrected indications
of HIH -2 radiomater) on the side surface of TK-10
cask on the axis IY with the neutron shielding jecket
without water filling
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dose rate, mii/h

Gamma-radiation dose rate distribution on the side
surface of TK-10 cask according to indications of
[IPl' <01 instrument
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