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

Yu. A. Revoon1
, S.G. Lebedenko1

, A.N. Kondratyev1
, V N. Yershov1

, G.Z. Moroz2
, 

L.A. Kozlovskaya2 

1All-Union Project and Research Institute of Complex Power Technology (VNIPIET), Leningrad 
2Ministry of Public Health of the USSR, Union of Soviet Socialist Republics 

ABSTRACT 

' The paper de:ll s w1 tb the resul ta of investigation 
ot gamma-neutron radiation formation behind the radiation 
shielding o! a shipping cask with VNffiR-1000 spent fuel. 
The cask short deecription is given. The radiation shiel­
ding structure, spent tuel characteristics, devices used 
a:~ described.· The ~n1 ot neutron spectra reproduction 
~d the estimate ot ditterent energy neutron dose commit­
ment are presented which nnve been used to tind the correc­
tion tac~ors tor standard radiometer inaications. 

Radiation sattoty proTision is one of the mtrl.n problems 
concerning the development and operation of shipping casks tor 
spent nuclear fuel (~TP). In this case, as a rule, tho radiati­
on shi!lding etticienc7 control is baaed on the neutron- and 
gamma-radiati on doso rate measurement results. At t he same 
time it is known tho.t indications of dose rate radiometers 
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and dose meters used depend upon ~he enerey radiation spect­
rum. It is known in the practice of radiation monitor1ng 
~hat energy ttependences or neutron dose rate radiometer 
sensitivity (for example nat1onal l'YC- Y8 , IQUI-2 , JUIA and 
foreign RUST instruments, etc.) are d1f'terent from that or 
the maximum specific neutron dose equi vo.lent hm ( SV ,e-m 2 /n) 
recommended by the Uational Radiation Saf'ety Standards 
RSS-76/87, /I/ which is based on the analytical data of' 
Sneider /2/ and Publication 21 of ICRP /3/. 

These dif'f'erenoes stipulate the need to introduce res­
pective corrections tor the instrument indications which 
reach some hundred percent for some types of radiometers. 
Knowlege of' neutron and energy gamma-radiation spectra from 
shipping casks containing SilF ~s required for their design 
optimization. 

A TK-10 shipping cask charged with 6 spent FA& of 
',V\'IER-1000 reactor was used to investigate the neutron and 
gamma-spectra formation. 

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

- the campaign time - 825o5 eff.days; 
- burn-up rate 37.2 G\VD/t (U); 
- cooling time 1265 days; 
-initial enrichment in U-235 is 2.4% (18FE); 

J% (48FE), 3. )% (251 FE). 
Constructionally the TK-10 cask is a cylinder 

(q.52000X588~), with 360 mm thick steel inner shielding 
s creen and 20 mm thick steel outer shielding enclosure with 
the gap between them· filled with antifreeze {water) forming 
~he 120 mm thick neutron shield. 

Th~ radiation field of the cask ch~ged with long-cooled 
spent nuclear fuel is f~rmed by gamma-radiation of' nuclear 
fiss-ion products, radionuclides of corrosion and activa­
tion origin, high-energy gamma-quanta of capture radiation 
on ll~:ctro;;en nuclei (Er• 2.23 lleV), iron (Er• 7 •. 64; 8.89; 
9.3 Me7); gamma-quanta arising in neutron inelastic scatt e­
ring on oxygen {Er• 6.13 U.e'.'l), etc.; as well as by neutrons 
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mai~ly originated from Cm-244 spontaneous fission. 
In experiments with the TI<-10 ce.sk the influence of neut­

ron shield on neutron spectrum and gamma-radiation formation 
was also studied. Measurements in this case were performed 
both directly on the . oask surface and 2m apart from it. 

For neutron spectra investigation multispbero opectro­
meter was used which contains 6 spherical polyethylene mode~ 
rntors,s6 50, 100, 150, 200, 250, and )OOmm, a ~hermal neut­
ron.lULI-2913 and a 03Y-II-1 type scintillation detector, 

.a LP-4700 (ITold.a) analyzer. The thermal neutron detector is 
a plastic light guide <¢1ox20mm) with dispersed in a thin layer 
over the end !ace and the side surface phosphor granules based 
on ZnSAg with boron. For investiga~ion with the TK-10 cask 
this type of detector was preferred to the L!VEu/ orystal due 
to its low sensitivity to gamma-radiation which came to about 
8.5 mR/b. The shape ot this detector line unlike that ot 
the Lii/Eu/ crystal allows to discriminate reliably by ampli­
tude the pulses !rom neutrons and gamma-quanta /4/. 

The task to reproduoe the neutron spectra-sbape , t/u/, 
based on the results ot the counting rates, lfi, r:easured w1 th 
a set ot moderators {1•1.2, ....... n) cgmes to sol't·ing ot 
the following integral equation system: 

UJ . 

M = J Kc. fuJJ(u) du <1 > u, 
where : u1 and u2 - boundaries ot lethargy range : u .. lgE ) in 
which the spectrum is reproduoed; · 

E - neutron energy; 
Ki(U)- detector sensitivity function 1n tte ~~derator "i". 
By breaking the lethargy range into mm46 E qua1 intervals 

the system of equations ( 1 ) is transformed in·to the following 
matrix equation: 

-- 1\ -

/II= Kj (2) 

where:- N - vectC".r w1 tb lli components; 
, \ 

• K - (Il11 u,) matrix of sensitivity functions w1 th 
matrix ele11en~.s Kij; 

? - v•to".;or of the spectrum to be reproduced w1 th compo­
llents tj. 
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Matrix elements Kij and components fj equal respect!-"' . .,, 
vely; f~K£.·/uj jtu) d U. 

K,i=- a ·'J.''f/ujdu. (ty,,-t~) 
U; 
W"' (.3) 

J f(ujdu 
(.( 0 

ui.,.,- '$' 

As the spectrum in ita nature is subject to statistical 
tluctiations, there is no sense to look tor a more exaot 
equation (2) solution, and more relible results are expec­
ted with the statistical Rpproach to its solution. In this 
case the vector used tor solution should minimize 
the follorn~ : iunctionall 

whero a Di - registered counting rate dispersions; 

1C 2 - a small enough value giving the statistical 
criterion significance level. 

Algorithm of the F(f) tunctionalminioizatio~ia baaed 
on the gradient integration method allowing to build 
ihe iteration process. For calculational formulae in the al­
uorithm a somewhat chut.god writing tom 1a USI)d instead 
of (4)t 

n 

\7herc :: A - <n.-.m> matrix w1 th Aij·2 .r K~i.. ·K/(1. V"-' 
t=l , 

elements; 
B - vector with 

components 
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In thtee designations the main formulae 
zation algorithm by the method or integrated 

/t"~(_ 7 ~ erl v- e~ol 
Y- ->' +a . 

-~+I ;:-~, / _. :1-t'J v = ozad f{/ /:: r'A, /-8 

or the minimi­
gradients are: 

(6) 

In the algorithm shortened iterations are used, with 
the coefficients a1+1 being determined as: 

The quality of neutron spectra reproduction depends to 
a large extent on the choice of the initial approach spect-

-o 
rum f • In our problem tor in1 tial approach the uranimum 
neutron fission spectrum behind the iron/water shield and 

californium - 252 spectrum from a¢ 600 Dill iron sphere /5/ 
were taken. 

~!.'he iteration prc,cess ceases when the condi t1on (4) is 
so.1.1:.~!1.e<1 or wnen the relative velocity of the functional 
F(i1)· change becomes less than a given parameter ~ , i.e. : 

The calculations assume~ • 0,01 
It in the · iteration process a vector 11 component r; 

becomes ncgstive, then variation against this component cea­
ses and tile null value is assigned to it. Thio procedure 
allows to provide the nonnegetivity condition of the neut­
ron spectrum reproduced. 
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To avoid oscillations resulted !rom the use o! limited 
set o! modera~ors in the mul tisp!1ere spectrometer it was 
found expedient ( and thio ia accounted in the algorithm) 
to correct the spectrum shape by its smootinc. Di!fcront 
smooting procedures - against 5 or 7 values are used. For 
the smoothness indication o! ;t;he spectrum to be reproduced 
the Y value estimated by the formula: 

K 2 K 2 

Y== j~ ({,- J; )JJ, ~ (9) 

is a~c",~rJd: 

wh-: . -.! : K - number o! the ~ Uj interval locking the smoothing 
area. 

The index Y is calculated !or the fe vecto1• on which 
the next minimization cycle of the functional F·:! 0

) ceases (8). 
The spectrum reprodu~tio::l process is over when ·;he respec­
tive rate of the Y index change per minimizatio:l cycle be­
comes less than a ctven parameter )3 • i.e. w1en the con­
ditions are speciried: 

( 10) 

where : 1 1 and 12 are the numbers o! 1 teratioru 01· . which 
two l~st minimization cycles ceased. 

The resulted v~c~or ! describes the shape of the neut­
ron spectrum to be ~produced and satisfies to sor' extent 
all the requirenen'.:3 or !he statistical approach. 

The·algoritb~ nllo~~ to calculate the !ollowjng values 
based on the spe~tr~ reproduced: 

1) Distrib~tio~a of different. energy neutron dose commit­
ments: 

~ u(E.J _ h,.,(s.J .Jf0J 
1\ - Jf'hm(E)/(f;} 
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2) Correction factors for different neutron dose rate 
radiometer indicationo 

- ~ J(E,;). k.,J~) }(non -m <~-....;..:"f_t _____ _..;; __ 

~ If~) A,. !EJ) 
(12) 

where Knp- instrume?t sensitivity. 
3) Values of the average isotropy factors 

r:& hm (E; ).j (E) 
(13) 

m--7• ;,, (E )·/(E,;) 
.?srEJJ 

where I(Ej) - is5tropy factor for monoenergy ne~tron of 
energy E j /I/, 

For spectra reproduction energy dependenci£s of modera­
tor sensitivies as recommended by ICRP /6/ were used, which 
were scaled for the dimensions or moderators and thcrmo.l neu~-
ron detector ,nMH-298 used. The mul tisphere npectrometer 
was calibrated a~ainst isotope sources Pu-Be a11 r 252ct. 

:E'igs .. 1 and 2 show typical shapes of tho r 1produce~ 
neutron spectra for the TK-10 cask with the jacce• not !ill~ ~ 

\7i th water (measuring point U2) as well as Vti th tt ·! water­
-filled jacket of the neutron shield (measuring pctnt US) 
and distribution of different energy neutron dcse Jommitments. 
Table 1 shows neutron dose commitment . for tht ee onergy 
groups (10-2 - 104ev, 104 - 1 .6l(106ev and higl:er .;han 
1.6~106ev) for some meaouring points as well as arerage 
iso~opy !actors I calculated on the basis of the spectra 
measured • 

. The analys·is of the spectra found shows that :ln case 
of the neutron .shield (water in the cask jacke·=) t :.1e neutron 
apectrum "sof·c;ens", the share of thermal ncutr,ms .~nd that 

686 



of intermediate anercy neutrons an well as their dose commit­
ment increase from 5-7~~ to 24-27~~. At the srune tin:e, with effi-
cient attenuation of intcn:cdit"\tc oncrcy neutron flux 
and cicnificnnt decrea~e of neutron do~e rate as a whole 
(ace Tab.2) 120m."Tl water layer is not sufficient tor tnst neut­
ron thermalization, which results in their respective do an 
commitment increase. It should be also noted, tho.t the p:;:v}J~r 

choose of spectra fo as the i n1t1nl npproaches .gave suffici­
ently good agreein~ shapes of neutron spectra. 

Indications of different n~~~ron dose ro.te radiometers, 
KD.H-2, PYC-Y8, 2202-,U ("Mora" company), v1ere compared 
with the data calculated on the basis of the spectra.. ?a0le 2 
shows correction tuctors for radiometer indications.For 
the KD.H-2 radioceter Kcorr e~t~~ls in average 0. 59 nnd 
0.45 tor the neutron spectra !rom the ~(-10 cask ~~th 
the neutron shield jackets without water filling and ~dth 
water tilling, respectively. For the PYC-Y8 radiometer 
Kcorr. equals in average 0.39 and 0.29 and ror 2202-A 
radiometer it is about 1.03. 

It should be noted that though the 2~0~-A ra<1iome~er 

1n<tioat1ons are to the least extent erreoted by the n·~· ! • -·nn 
spe•:tra di!terences due to 1 ts (radiometer) simill".r L o 
the Sneider curve energy dependence or the sensi ti vi t~· f l~'"lc­

ti·>n, this ra<11ometer is of high tlensi tivi ty anisotropy. 
Using the scintillation gamma-spectrometer •:ti th 

a Ira I (Te) ¢ 40.x40rnm crystal the TK-1 0 cask gammo.-rc•: h ~ 1 on 
BJJectra were investigated. Fig. 3 eho\vs typical instrwr.cnt 
s"ectra,and Fig. 4 - distribution ot different energy .:: •:::. ::n­

· ·radiation dose commitment. Investigations of gamma-cr ~~~r:tt-a 

Jhowed, that water filling ot the cask neutron shiel d :.= ~. ; 

jacket ·though it resul ta in increase of capture g~.c.-r"' ·' • '\­

tion on hydrogen and iron by 20 and 60%,respect~.vely, '"'t 
the same time it significantly decreases the neutron ~l ·: x ~ -- 1 

the cask (by..,102 ) and ge.mma-ra.diation !rom oxygen (;-: ~ =- .• ~ • , •). 

neutron and gamma-radiation intensity !rom t~c . . - . . 
cask ch::mges along the cask length with the maximum 1 n 
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the middle of t he cask (see Figs . 6, 7, 8). Unximum values of 
the ionizing radiation dose rate equivalent ~rom the TK-10 

· cuch: loadcJ. \·;i"til spcr::; l'ucl of the parruncters .chown a.bovc a.rc 
not h leh than the permis s i ble values of the international re­
gula tions. Scaled values of radiation levels for fuel with 
the .mnximu.m design parameters fo~· t he \'IWER-1000 reactor do l"• ' · 

exceed the permi.ssi bl c J~ r;:msport standards ei thcr. 
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Different energy neutron dose commitments (%) 
for TK-10 cask 

Table 1 

l u~b;;-~!--r--c~~;di~;t;;-~;--~-E~;;~-;;~~;:-;;----~---r;--: 
·measuring 1 measuring point 1 1 

80 

point l 2 , _

1 
~~~: 

Axig Distance, Hei:.. 10- -10~ 104-1.6~C10 106 tor 
m l g~tl I . 

----------- ------------------------------------------------
lleutron shielding jacket without water filling 

1 m I 2 1 I 7.: * i 
~~ 

I 
-

l7:j -
92.7 

2 I 2 ) ~.:.1 2~.:.2 -
5.4 -94.6 

neutron shielding jacket with water tilling 

) I ID. . on sur- 1 2.)8 i 76.2 ).) 

I face 

4 IY on sur-
face 1 2).9 75.6 0.5 ).2 

5 I ) I 60.2 114.61 2.9 on sur- 125.2 face 

6 I 2 ) 1 21.1 52.8 119.51 2.9 
--~-----------~---------- ----~-----------------------~----~ 

* The upper figures mean that !or initial approximation, 
~!52Ct spectrum from an iron sphere is taken. 

The lower fi~ures mean that tor initial a~~roximation, 
the fission spectrum behind the iron/water shielding ia 
taken. 
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C7' 
\0 
0 

Table 2 
rreutron dose rate values in spectrum measuring points according to indication3 

I --~:_R¥~--}~J-~~3 ----~~~-~~~:1! __ :~~~~~~=~-~~~-:~==~:::~~-:~::~=~-~~~~=-------------
Coordinates o! Radiometer type I 
~asuring point ------pyc:."Ya _________ KJl_H:2 ________________ 22o2if ____________ l 

:;:~~is=--l;:~~. ~:pe:;l-:--1~.-:::t-Expe-,::-----~::::=--;:;:~m~ K ----;;::::=-l 
ltance, I m al'l.l~t. Kcorr. ted va- value7~_ Kcorr.\ted va- value, corr. ted va-
l m rreill/ ·I!~ is I r rem s ;~~'s p rem/a ~~~is I 

---------,-----~------u;~;~~~ht;~ng--;;~;;;-;tth~~-;;;;;~tiii~----ll--------~ 
@ 2 1 16 0.)86 62 14 10.5931 8) )0 1.05 I )15 

I 2 3 13 0.390 51 14 0.596 j 8).4 I 35 11.06 I 371 
I 

Ueutron.shielding jacket with water !1111~ 

0.4471 2 
.. 

tTl lon suri 1 I o.) lo.288 I o.86 I 0.45 I · o."6 11.01 I 6.o6 
!ace 

IY Jon sur- 1 1 o.2 IO. 289 I o.5a 1 0.22 j0.448l 0.99 I 0.~5 11.01 I 4.55 
.face j 

I lon a ) 1 o. s lo. )00 1 1.5 I 0.40 1.459, 1.8. I 0~80 11.0) I 8.24 

II 
face I 
I· I I 0.15 \0.287 I 2 I J 0.4) 0.22 jO. 4J91 O. 97 I 0.27 11.0)4 i 2.8 ,- I I I ! 

I 

I 
I I . I I I I I I l i 
I I I : ·-' ··- · ... -----. • I . l -- .. - - -·--·-



Ueutron spectrum !rom TI~-1 0 co.:Jk with a ja.ckc t m. thout 
":c.tcr !illin: (a) and different ener~y neutron dose 
commitment (b) at a point on the axis N 2m distance 
!rom surface at 1m height (the initial approximation 
is the Uranium !1so1on neutron spcctruc behind the 

iron/water !lhicldinc) 

- -

• • • • (b) 

• 
• • 

Ia a., e •••• •••• • • •• ~--
101 

f0
2 103 104 fO'S fo6 107 108 

E , eV 

Fig.1 
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neutron spectrum from TK-10 cask with a 'ltater-filled 
jacket(a) and different energy neutron dose commit­
men-t (b) nt o. polnt on the axis il! on the cask surface 
at 1m height (the initial approximationis the Urani­
um fission neutron spectrum behind the iron/water 
shielding) 

0,20 

0,15 

0,10 

0,05 

•••• •••• •• ••• • ••• •••• • ••• • ••• • c a> 
• -
. ··-0 

fO 
-2 -1 10 fO 0 10 2 3 10 7 104 105 106 10 108 

E, eV 

f2,5 

fO,O 
7,5 
~.o 

2,~ 
•••• •••• •••• 

• 
•••• •••• •••• 

• • • 
Cb) 

• 
• • 

. ·-0 
t62 

10-1 10° 101 102 103 104 105 106 107 108 

E, eV 

Fig.2 
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Inatrument gamma-spectra measured on the axis IY 2m 
distance !rom the cask surface et 1m height 

1 -a jacket without water fillinB; 
2 - a jackcfr with water tilling; 

I~ 
·~ ', 

' A 

~ --- _._....,_, _,, -- --, ~, 

~ 
~' 

2 4 6 8 .fO 

gamma-radiation energy. MeV 

Fig.) . 
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Energy distributions or dose commitments for gamma·­

-rad1at1on from TK-10 cask (the energy ranee W1dtb 
is 0,4 IUeV) 

---- a jnc!~et m thout \":ntcr filling 
--------- a jacket with water filling 

16--~--~--~--~--~--~--~---r--~~ 

f'f 

0 

... 
~~~~~~~~~~~. 

4 5 6 7 8 9 fO 1 2 
gamma-raaiat1on energy, MeV 

F:tg.4 



neutron done rate distribution (corrected indications 
or KAH -2 radio~cter) on the nide ~urface o! TK-10 
cosk on the axis IY· with the neutron shielding 
jacket with water filling 

0 

0 

./ 
1 

/ ~ 
~" 

"' 
4 

cnnk heicht, m 

?1g.5 
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Ueutron dose rate distribution (corrected indications 
or KAH -2 r~diom~tcr) on the cidc cur!acP. of TK-10 
cask on the axis IY with the neutron shielding jecket 
without water tilling 

0 

./' ~ 
T' v ' I 

If 
) 

I 
u 

f 2 3 

cask height, 11 

Fig.6 

696 

....... 

' ), 
5 



10 

8 

z 

Gammn-rndiation do~e rate distribution on the side 
surface o! TK-10 cask according to indications o! 
wr -01 instrument 

~ ~ 

I \ 
I ' ~ 

) 
v \ 

/ 
0 

0 1 2 J 6 

cask height, m 

P1g.7 
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