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ARTICLES

EFFECTIVE SINGLE-GROUP COEFFICIENT OF NEUTRON
DIFFUSION IN REACTOR GRIDS

N. I. Laletin and V. F. Boyarinov ' UDC 621.039.5

INTRODUCTION

In the surface-harmonic method (SHM) — a generalization of homogenization theory; see [1, 2], for ex-
ample — the effective coefficient of neutron diffusion in the reactor grids is introduced, among other quantities.
The corresponding definition is a natural generalization (also suitable for nonuniform grids) of the definition of
the effective diffusion coefficient adopted in [3, 4], where sufficiently extended uniform grids were considered.

In the single-group approach, the effective diffusion coefficient is defined as follows

D=—% _ ‘ (1)
\ a ’
25 ( T) |
where
¥y (5) =2 [ a0 {arv e, @ @)
ATt r
is the value ofthe combination of zero and second angular moments — (22; = [1 £ 2P, () - of the antisym-

metric trial function at the cell boundary T'y; I is the length of boundary I'y; @ is the lattice step. In Eqs. (1)
and (2), the coordinate x is measured from the center of the cell, and in the problem of determining the anti-
symmetric trial function the x axis is in the opposite direction to the current flux.

It is assumed that the secondary angular moments in Eq, (2) almost always make a small contribution,
and Eq. (1) may be approximated as follows:

D~ —2° | @)
e |
where ‘l"’as( ”T) = 17 aQ ‘ dr, ¥ (r,2) is the neutron flux at the cell boundary, This approximation was used in

AR T

the El'shin program, in which the diffusion coefficient is calculated for square and hexahedral cells in the P,
and P, approximations of the spherical-harmonic method. For a cylindrical cell, the expression analogous to
Eq. (3) takes the form

R

P=wmw )

where R is the radius of the cylindrical cell.

This approximation was used in the first version of the ORAR-Ts program [5]. In calculations by this
program, the following features were noted: a strong dependence of the diffusion coefficient in Eq. (4) on the
angular distribution of the neutrons entering the cell — tens and even hundreds of percent (ORAR-Ts) and large ‘
deviation of its value beyond the limits of the interval [1/3Z, A/3}*

*1It is known — see [6], for example — that for a cell with weak absorption (173)5 and A/3 are the limiting values
of the diffusion coefficient, It is natural to expect that, for cells with weak absorption, the diffusion coefficient
will not pass far beyond the limits of this interval.

Translated from Atomnaya Energiya, Vol. 59 No. 2, pp. 91- 96 August, 1985, Or1g1nal article submltted
July 13, 1984, i

0_038—531X/85/5902--0631$09.50 © 1986 Plenum Publishing Corporation 631
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These results lend themselves to more careful analysis and it is also of interest to verify the approxima-
tions on which Egs. (3) and (4) are based.

Diffusion Coefficient in a One-Dimensional Plane Cell

In one-dimensional plane geometry, the neutron-transfer equation in the transport approximation takes
the following form in the single-group case

1 . b 5
8o G W i )W (@ 1) = 5 Py (8) £ oy (0 ©
{the notation is conventional).
The solution of Eq. (5) according to SHM is
‘l, (t~ “’) qéym (.27, IL) 6'[ _|' ‘l’as (1.‘7 ll) '[’ ‘ (6)
where ¥gym and ¥55 are the symmetric and antisymmetric trial functions [1], i.e., ¥sym s i) Z‘I'sym (—x,

k) Yag % ) =Yg (=%, —p); O/ = % (/i — j,) is the neutron current reaching the cell (or leaving it); .J _% .

(3 +i) is the neutron current passing through the cell; j; and j, are the neutron currents at the cell boundaries.

This representatipn is a generalization of that adopted in [3, 4] and is related as follows to the division of
the solution ¥B (x, uB)elBX into components in {4] for a uniform and sufficiently extended (Ba « 1) grid:

B (z, p, B)eiby= [‘I’B(x, w, 0y

A Wz, p, B)lumoil | (1 ibi) 2 WP (3, s, 0)

N : @
B[ (2 O+ 5 ¥ (2, B[ | ;
l Yeym (i, p):coust B (¢ u, 0);
oy ®)
}l as (£, W) =const, [z‘l’ (z, n, 0)+
o ¥ (@, Bl .
Consider the equation of the spherical-harmonic method
®)

di

(n+1) dd’uu () +n n i (1) +(2n41) 2y, (2) D, (2) = 0

where @, (z) = ‘dgp” W) ¥ (z, n); P, (n) are Legendre polynomials, When n=1, it follows from Eq. (9) that
- B, (2) = J (2) — — D (&) = Dy (2) + 2, (2)].
If d®,(x)/dx may be neglected, the usual Fin law is obtained:

11
J(z)= —D(z) Lol an

In Egs. (10) and (11), D=1/(32 tr)» but in Eq. (10) D is the proportionality factor between the current and
the derivative of the combination of the flux with the second moment. This combination is called the neutron
level. The introduction of this term is justified in that the neutron current is proportional to the gradient of
this quantity, i.e., the neutrons flow from a region with a high neutron Ievel to one with a low level (see Ap-
pendix). Note that Eq. (10) is absolutely accurate if the precise functions ®,(x) and ®,(x) are available. The
finite-difference analog of Eq. (10) may be written in the form -

JAz : » | (12)

D~ g, 7w,

where Ax is the plate thickness; A[®+2®,] is the jump in neutron level; J is the neutron current passing t hrough
the plate; J = 11/ (x,) + J (+,). Substituting Eq. (8) into Eq. (12) gives

632
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A
LAY . ®

where
i

Wi == 9 () P ) an.
-1

Suppose that «/2 is half the plate thickness, and the neutron current through the cell is directed along
the x axis;-then

Do Coa (14)

T TEA |

Equation (14) completely coincides with Eq. (1), which is the definition of the diffusion coefficient in the
SHM equations. Another expression may be obtained for the diffusion coefficient: if Eq. (7) is multiplied by
Qy =(Qix) = p and integrated over 2 and over the volume of the cell, some elementary transformations lead to
the result ’ )

a 1 ’
== 15
z[qw (——%— +2wgs(—%) 3Zirk; (15)
where
] af2
+ | are@vye
Etr: Ik /2 H
—l— S dz W}g (x)
-u/2
Wl
kan—i“a—; ‘P;,(-—%)zi. (16)
" (—7)
It follows from a comparison of Eqs. (14) and (15) that
D=1/(3Z.k;). a7)

Thus, two alternative expressions — Eqs. (14) and (17) — are obtained for the diffusion coefficient in a
one-dimensional plane cell, allowing the computational scheme to be constructed in different ways. Consider
Ed. (17). Note that T¢p is the mean (with current weighting) transport cross section of the plane cell; ki is the
current nonuniformity coefficient in the plane cell. Suppose that in the plane cell i is the number of the zone
with maximum transport cross section and j is the number of the zone with minimum transport cross section;
then

1
§ 521 ’

i‘” <
“tr

Inview of its definition — see Eq. (16) — the coefficient kj is usually not greatly different from unity, and
in a nonbreeder cell is always less than unity. Thus, Eq. (17) is expedient in that it has a clear physical mean-
ing and allows the limits of variation of the diffusion coefficient in the cell to be approximately estimated.

Diffusion Coefficient in Square Cell

In two-dimensional Cartesian geometry, the neutron-transfer equation in the transport approximation
takes the form*

p 2 Ly TR os y T (”)+ i (2, Y)W () = 22 te D D gy 18)
* Since, as is evident from the formulas of the preceding section, the diffusion coefficient depends only on the

antisymmetric component of the solution, which is influenced fairly weakly by the breeding, as a rule, a cell
without breeding is considered here and below, for the sake of simplicity.

633
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where w= {x, y, Q}; u =Riy; x is the angle between the planes (X, Y) and (f, ix). The solution of Eq. (18) in
a square centrally symmetric cell may be written, in accordance with SHM [1], in the form of a linear com-
bination of trial functions

W (w) - - Weym() 8 - Wag () J o - W (10) S, (19)
Here Jx and Jy are the neutron currents passing through the cell in the direction of the x and y axes, respec-
tively. .

Expansion of ¥(w) with respect to spherical functions is used, in the form
2n4-1

- v wrnk (o
W () - ZI iy U @Y (), 20)

where

(n—kK)!
(n--k)!

(21)

Yn(@)=1 Pk () cos ky.

Multiplying the Eq. (18) by 9y =, integrating the results over £ and the cell volume, and making a series of
transformations, taking account of Eqs. (19) and (20), it is found that

a 1

- 22)
. 1 a DV 0 : iy
2 [‘l’g’s ( _T) -|-2¥38 (*“3‘)] 2wk
where
| 11(2 n[_Z
o ) | atee ey
'2 - —af2 —aj2 .
tr . /2 a/2 ' (23)
ey \ dx S rl_:/‘l';s" (zy ¥)
“njz -uf2
- ___E%__ . 2N _ 1.
ki 7 yrin (_L) ! ]35 ( 2 )_. ]’
as 2
1 II{2
v (—4) =7 | (-5, ).
—-a/2
Here a is the side of the square cell.
Thus, for the diffusion coefficient in a square celi
D= 2 (24)
P U] a 20 a
2[rg (=) rova ()]
and
(25)

N
3§trkj.

Diffusion Coefficient in a Hexahedral Cell

As in the preceding section, a two-dimensional Cartesian coordinate system is used, with its origin at
the center of the cell; the x axis is directed through the middle of one of the sides. Let I'f, denote the cell _
boundary to the left of the y axis and I'g the boundary to the right. The representation of ¥(w) in terms of trial
functions and spherical harmonics will be as in Egs. (19) and (20), respectively. Multiplying Eq. (18) by Qx=H,
integrating the result over £ and the cell volume, and making a series of transformations, taking account of -
Eqs. (19) and (20), it is found that

@ 1 (26)

5 w0l 20 = aF, 5!
2V 1, - 2“’;5""‘1.1 84k

where

634
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+ S dFZ i (1, )V (@ )

;t . 14 .
Qg T T )
| arrle, )
%
- ‘—Vlég“ arx10
‘i“ﬁﬁr; Was,y =15 27)
as, 1 L
]rgsn,hI‘L = 3 dr Wz (z, y).
II‘L I'L
Thus, for the diffusion coefficient in a hexhedral cell
. a
S— : (28)
2[‘!”;‘;"’ L -} 2‘v;§",Ll'
: Do it (29)
| 3Ztrk,-. : )

Diffusion Coefficient in Cylindrical Cell

The neutron-transfer equation in the transport approximation‘ may be written in the following form in a
cylindrical coordinate system

(e Uopety IV pends 2l0)
: 80)
— E B
e ‘”"‘”’+2tr(p>‘1’< ) = 2aBlum e, a),

‘where w=1{p, a, G} ; u =(8p)/p; xis the angle between the planes (8,p) and (x, y).
The solution in the cylindrical cell is written in the form of a set of trail functions
¥ (w)y= \Psym(w) 8 + Ve (w) J, » (31)

where 6J is the neutron current reaching the cell; J is the neutron current passing through the cell in thedirec-
tion of the x axis.

Suppose that the coordinate origin 1s at the center of a cell of radius R. The solution is expanded in terms’
of spherical func’clons

¥w=3 i Y (@) 1a () T (p), (32)

cosa, if k is even,
sina, if k is odd. -

fk(“)-_-[

where
This representation in terms of @ derives from the symmetry of the problem [5].

In a cylindrical coordinate system Qx takes the form

Qx“-':llcosa;VF—PzCOSX-“i"“- )

and (32). From the integral over the cell volume, it is convenient at this point to isolate simply the integral
over a. Integration with respect to p is performed later, Then it is found that

31,, rm (o[22 (p) + 2728 (p)+V6‘I“' (1) + Zu(p)l‘l’” (0) -V 2WL (p)] -~ 0. - (34)

It follows from Eq. (34) that the quantity called the neutron level above is determined by the following expres-
sion in cylindrical coordinates

|

Multiplying Eq. (30) by £y, the result is integrated with respect to @and the cell volume using Eqs. (31)
|

|

|

i Was{p) - 2W5s (p)- V()‘l {P-

635
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Now integration of Eq. (34) with respect to p from 0 fo R gives

g N y K - -“1 ? (35)
‘lra’s(lf) [-J‘l’ég(h') -V (;‘l';é(l.') Ak

where

B 5dop~n IR ZH (u - V2u 0]
Ly = H
é dpp 1Y 304p) - V2¥ 4L ()]

(36)
__ YRTVEIYE
T g+ VIR @
i (R)+ Y TR () = 1.

The right-hand side of Eq. (35) coincides — in external form and in the physical meaning of the quantities
which it includes — with the expression for the diffusion coefficient in plane, square, and hexahedral cells.
Therefore, Eq. (35) is taken as the definition of the diffusion coefficient for a cell with a c¢ylindrical boundary.
The result obtained is A

I

D= _ '
‘[’gg (R)-I-Z‘l’ig (R)4- 1/(3‘]’%;(11’) @7)
and
1 .
_— . 38
3Ztpk; 38)

Analyzing a formula of the form in Eq. (38) for all the geometries here considered, the following general-
ization may be obtained:

‘v
_ v 3 drZir (1) jx ()
S = Vi — ;
v .\ drjy (r)
) (39)
je(r)= S dQQ Yas (w);

AT

sz T 3 ’erx (l‘)
-V
Thus, calculating the diffusion coefficient for a cell of arbitrary form involves averaging Zi;(r) over the
cell volume with weighting by the neutron flux along the x axis, multiplying by three and by the current-non-
uniformity coefficient, and taking the inverse of the result.

Influence of Taking Account of the Second Angular Moments

of the Distribution Function at the Cylindrical-Cell Boundary

on the Diffusion Coefficient

Calculations are performed for the three cells I, II, III with the characteristics shown in Table 1. CellI
is a microcell (UO,—H,0) isolated from the internal region of the RBMK-reactor channel, with constants char-
acteristic of the thermal group. The constants of cell II are characteristic of a narrow fast group. Cell III is
a two-zone macrocell of an RBMK reactor. In the first zone of this cell all the materials in the composition of
the RBMK channel are homogeneously distributed; the second zone consists of graphite. The constants are
characteristic of the thermal group. The constants for cells I and III are taken from [8].

In the calculations, the ORAR-Ts and BENT programs are used. In the ORAR-Ts program, the calcula~-
tions are performed in the Gz approximation of the surface-pseudosource method; the diffusion coefficient is
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determined both with — Eq. (37) — and without — Eq. (4) — taking account of the second moments, In the BENT
program, the calculations are performed in the P, approximation (the last cell is calculated in the P, approxi-
mation) for a square grid of elements, disregarding the second moments. The results of calculating the dif-
fusion coefficients are shown in Table 2, together with the values of 1/(3Ztr.,), 1/(3Z¢y,5). Table 3 gives the
maximum (in terms of o) values of the flux and the second moments of the distribution function at the external
cell boundary calculated by the ORAR-Ts program for all three cells.

It follows from Tables 2 and 3 that, for small cells (the thickness of the external moderator is approxi-
mately equal to the free path length), the effect of taking account of the second moments on the value of the dif-
fusion coefficient is fairly significant. In cell I, Eq. (4) underestimates the diffusion coefficient by 4.8%, and
the BENT program by 12%. The influence of the second moments on the diffusion coefficicient is especially
large for cell II, which is characterized by very strong relative absorption in the moderator, The overestima-
tion of the diffusion coefficient is 139% by Eq. (4) and 94% by the BENT program, For cell III with thick ex-
ternal moderator (moderator thickness much greater than the free path length), the influence of the second
moments on the diffusion coefficient is practically nonexistent.

Note that in the ORAR-Ts program the angular distribution of the neutrons reaching the cell may be
changed. This is accomplished by means of a volume source/sink Qp cos a, which extends from p=Rtop= e,
Change inP, changes the angular distribution of the neufrons reaching the cell; for more details, see [6]. The
values of the diffusion coefficient in Table 2 are calculated with Ry= . The influence of the angular distribu-
tion of incoming neutrons on the diffusion coefficient has been investigated. For all three cells, Py varies from
R to », In calculations by Eq. (4), the diffusion coefficient changes smoothly for cell I from 0.29319 t00.29398,
i.e., approximately by 0.3% and for cell II from 2.48590 to 5.79958, i.e., almost twofold; for cell III, it remains
practically constant (up to five significant figures)., In calculations by Eq. (37), the diffusion coefficient for
cells I and I is practically unchanged (up to five significant figures); for cell II, it changes smoothly from
2.45281 to 2.42897, i.e., by less than 1%. Thus, neglecting second moments leads to marked error in the
value of the diffusion coefficient in various methods of modeling the real surroundings of the cell. It is par-
ticularly important to note, however, that the accurate diffusion coefficient is practically independent of the
cell surroundings. '

CONCLUSIONS

Specific formulas are obtained for the single-group effective diffusion coefficient used in the SHM equa-
tions, for plane, square, hexahedral, and cylindrical cells in terms of the angular moments of the antisym-
metric neutron distribution function at the cell boundary. The limits of validity of neglecting the second angu-
lar moments are tested. It is shown that, for dense grlds, this leads to larger errors, which explains the pre-
viously incomprehensible results, :

TABLE 1. Cell Parameters TABLE 2, Diffusion Coefficient in Cells
Cell .| Zone Extgmal -1 -1 D
type | No,  |Fadius i € Zq: O Cell ORAR-Ts
] _ lem type | VO3, )| 102 ) [=———————| penr
Eq, Eq, | Py, P2
1 1 0,68 0,6114 0,2455 S G
2 0,864 2,1318 0,0075 :
B 1 0,38 0, 15604 0,01962
2 1,27 0,13655 0,109716 U] 0,54520 | 0,15636 | 0,29398 | 0,30887 | 0,27185
1431 1 4,4 0,11 1,117 1| 218620 | 2ias111 | 5079958 | 2,42897 | 4,70182
2 C 44,105 00000 038094 : (1| 020842 | 087510 | 0,85275 | 0,85269 | 0,85470

TABLE 3. Moments of Distribution Function
at Cell Boundaries

Cell yelho et wll

type ag [¢5) a8 (3] Ias ()
1 2,038 0,07M2 0,00674
n 0,24898 0,09524 0,04620

1 16,54063 0,00343 -0, 00230

637

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3

In addition, for any cell geometry, a single formula for the effective single-group diffusion coefficient is
obtained: :

APPENDIX

It is known that the neutron current is only approximately proportional to the flux gradient. Thus, even
in one of the first books on nuclear-reactor theory [9], an expression was given for the generalized Fick's law,
from which the value of the second angular moments of the neutron distribution function is evident for thegiven
particular case in determining the neutron current, In addition, in works devoted to the refined boundary con-
ditions in the spherical-harmonic method [10] and in the surface-pseudosource method (see [11], for example),
and also in obtaining equations in generalized homogenization theory (see [1, 2], for example), some combina-
tion of flux with the second angular moment appears again and again as the basic factor. This entails more
careful consideration of this combination and the introduction of a special term for it,

Consider the transfer equation for monoenergetic neutrons in a medium with an isotropic source
QYW (w) 4 2 (1) ¥ (w) = 5 2, (2, r) W (Q)dQ |- S(r), (A.1)

Multiplying Eq. (A.1) by £ — the projectionof the vector 2 onto axis i of the Cartesian coordinate system —
and integrating with respect to @, it is found after simple transformations that .

] 1 _ (A.2)
Ji=— 35— Vil

where jj is the i~th component of the neutron current and

S,=2—3k Sl= 3 (QQ) 3, (') dQ;

Ly=3 | Q@)
Summation is implied by the repeating subscripts in Eq. (A.2).

Consider 1jj. It is simple to show that ljj = ®,+2®y, i.e., the same combination of the flux &, and the

second angular moment ., — \'pz (Q) ¥; (@) dQ, as mentioned above. Since, as follows from Eq. (A.2), the mag-

nitude and direction of the neutron current are related to the derivatives of the tensor components lij’ it is
natural to propose the term neutron-level tensor for the latter, and to call the diagonal elements of this tensor,
which are encountered most often, neutron levels. '
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GENERALIZED SUBGROUP APPROACH TO CALCULATING
THE RESONANT ABSORPTION OF NEUTRONS

V. V. Tebin and M. S. Yudkevich UDC 621.039.5

The concept of a subgroup was first introduced in [1]. Further development and use of the subgroup ap-
proach [2-5] was aimed at taking account of the resonant self-screening of the cross sections in fast-reactor
calculations. In fast reactors, resonant effects appear basically in the high-energy region (the region of un-
resolved resonances of heavy-element nuclides). Therefore, in obtaining subgroup parameters, a hypothesis
valid in this region is used: that energy dispersal in neutron scattering significantly exceeds the width of the
resonances and the distance between them (narrow-resonance approximation).

This assumption is adopted in the BNAB system of constants [3], which is widely used for fast-reactor
calculations. At the same time, the narrow-resonance model is incorrect in the region of low-lying broad
resonances, where the basic resonant capture occurs in thermal reactors.

Special calculations of thermal heterogeneous systems show that, in the region of unresolved resonances,
the subgroup approximation introduces an error comparable with the indeterminacy in the microconstants. In
this energy range, the BNAB constants [3] may also be used for thermal reactors. Their use in the region of
resolved resonances, however, leads to an error of ~ 10% in the resonant absorptlon [6]. The error in individ-
ual groups reaches 30%. :

In the present work, a subgroup equation of neutron transfer valid for resonances of arbitrary width is
formulated, The problem of obtaining subgroup parameters in the approximation of a constant (in units of
lethargy) collision density for neutrons of a single subgroup is considered.

Subgroup Kinetic Equation

The resonant energy region is divided into intervals (groups). The boundaries of the groups are deter- .
mined as in the ordinary group method, i.e., so that, for the whole class of problems considered, absorption
and leakage of neutrons does not lead to significant difference in the fluxes of decelerating neutrons at thegroup
boundaries. Note, first of all, that for typical thermal reactor grxds this condition is always satisfied if the
group interval- of lethargy Au~ 1.,

The basic 1dea of the subgroup approach is that, within the limits of the group, all the neutrons at energ1es
such that the total cross sections are enclosed in the interval Aci={oi-1, oi}, ¢® =min oy (W) are assigned to
the same spatial—angular distribution. In the absorbing units of the thermal heterogeneous reactor, the spatial
distribution of neutrons is basically determined by singly colliding neutrons, andthe scattering anisotropy at
resonant heavy-element nuclides inthe intermediate energy range is small. Therefore, in the group, all the
neutrons with energies at which the total cross sections of resonant nuclides are equal have approximately the

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 96-101, August, 1985, Original article sub-
mitted July 11, 1984; revision submitted December 5, 1984, .
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same spatial—angular distribution. This allows the idea of the subgroup approach to be used in calculations
of resonant absorption in thermal heterogeneous reactors.

The integral equation of neutron transfer will now be written in the subgroup formulation. First, the
following definitions are introduced.

1, The subgroup of neutrons i of nuclide k — denoted by either (i, k) or i below — is called the set of all
neutrons in the group with energies at which the total cross section of this nuclide belongs to the specified
interval Ac ék.

2, The subgroup neutron flux at point r in the direction € is called the integral — over the subgroup (i, k) —

flux &bl’k(r, ) normalized to unit lethargy.

3. The neutron subgroup is characterized by the complete subgroup cross section ¢ (1’k) and the frac-

(1 k) k)

tions of the subgroup in group a®k) | The value of o inside Ao (1’ is determined by averagmg the total

cross section and the limit as ¢i-!—o 1 is ol, The fractxon ‘of the subgroup is the relative part of the group

i
integral of the lethargy in which all the neutrons belong to this subgroup, i.e., ) a®® - 1, wherel is the
i=1
total number of subgroups in the group. Partial subgroup cross sections are determined from the condition of
conservation of the number of processes for each reaction x in each subgroup

oE W 4GP ()@ (r, Q). (1)

4. The relative fraétion of the neutrons in subgroup (j, 1) also belonging to subgroup (i, k) is callgd the
correlation coefficient of subgroup j of nuclide I relative to subgroup i of nuclide k (denoted by a[(s ), (1,K)]

J
or ali>il). From the definitions it follows that ) al,0,(, =1, and al(:k)s (K] =0,

.1—1

5. The subgroup scattering function is the probability that the neutrons of subgroup (j, 7) of grou m
after scattering on nuclide ! will belong to subgroup (i, k) of group n (denoted by ¢ (G5 2)s (k)] op ¢ Dsi In
addition, the quantity n [, (1 k] g introduced; this is the probability that the neutron, after scattering in group

m on nuclide I, will belong to subgroup i of nuclide k in group n, that is

7
[ (3,0 i, (4, R
), n M= 2 mE,ff,.’ e,

=1

..

The balance equation for neutrons of subgroup (i, k) in group n at point ¥ traveling in the direction & is
now written, It is assumed that the sources from the other groups Qﬁflﬁ (r; Q) and at the surfaceof the given
volume T(l’k) (rs, Q) are known, Proceeding as in the derivation of the ordinary transfer equation, itis found

that
: .
P (r, Q) T} D r, @) 2 2 ok 11(r, @) = Sdr Pi(e, n{{ae Z 2 @ (r, @) 3
% olh 1(Q, @, Y-+ Qi (r, Q)} -+ ‘ Pi(rg, 1) T (rs, ?)drg. 2)
B

Here the index of the group and the nuclide is omitted; 2}; = o%pk; pk is the concentration of nuclide k; E]S is
the macroscopic scattering cross section in subgroup j of one of the nuclides I, including k; P, r) is the
probability that a neutron of subgroup (i, k) produced at point r' will undergo its first collision at point r.

Exhausting all the possible values 1=k=L and 1 =i=1Igives a closed system of equations.

Different groups are related through the sources

.'\l L J
ehers @) faw B S S e, oy X () Wi 0., ©)
o [

b3
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Determining the group functionals from the values of the subgroup fluxes means calculating sums of the
type )
“)

J
Ae(ry @) Au ) Mol (Wi (e, Q).

To solve Eq. (2), it is necessary to know the subgroup parameters, which, in turn, depend on the neutron
spectrum. In this sense, the subgroup approach is no different from other means of solving the kinetic equation
by determined methods, for example, the group or multigroup approaches. Thus, taking account of the general
laws, the weighted spectrum must be found for obtaining "universal" (in the given class of problems) subgroup
parameters O'é, al,o lx, alisileylisil, The problem of calculating the resonant absorption in cells of thermal
heterogeneous reactors is considered.

Determining the Subgroup Parameters

To elucidate the most general laws of the resonant-neutron distribution in cells of thermal reactors, a
large series of calculations has been performed by the Monte Carlo method [6-8].. The results confirm that,
in a broad range of variation of the cell parameters, the spatial distribution of the collision density of neutrons
of a single group is basically determined by the value of the total cross section, This provides a basis for
assuming, in obtaining the subgroup parameters, that the energy dependence of the collision density is a func-
tion only of oy . The dependence of the collision density is approximated by a piecewise-constant function.,
Analysis is performed with fixed boundaries for 26 groups, with the aim of matching with the existing libraries
of BNAB constants [3].

The assumption of constant collision density in the subgroup is sufficient to determine the boundaries of
the subgroups and find all the subgroup parameters. It may be used for a mixture of resonant nuclides because
of the extremely rare coincidence of resonances of the latter. Violations of the hypothesis of constant col-
ision density within the limits of the subgroup restricts the region of application of the parameters obtained.
Two similar examples are considered below.

The derivation of the criteria for selecting the subgroup boundaries and the method of obtaining subgroﬁp
parameters was outlined in detail in [9]. Only the conditions which determine the subgroup division in the group
are considered here.

Systematic transition from the Peierls integral equation to the subgroup equation of neutron transfer is
now undertaken. Consider the simplest composition of a heterogeneous medium: an absorbing unit or resonant
nuclide surrounded by weakly absorbing moderator. Attention is confined to the energy range where there are
no sources of fission neutrons and inelastically scattered neutrons, Elastic scattering is assumed to be spheri-
cally symmetric in the laboratory coordinate system. Then the neutron collision-density in the unit ¥(u, r) con-
forms to the equation

u

Y(u, r)— S ar'l (u, ', r) Y 05 (4 yr (W, r) Wu —»u)du + S dr'P (u, r', r)Q, (u, '), ©®)

Gy (n)
Viun ~Bu Ymod
where W(u'—u) is the elastic-scattering function; éu is the maximum energy threshold in elastic scattering; -

Qg(u, r') is the source of neutrons with lethargy u in the moderator; Vi, Vmod are the volume of the unit and
the moderator.

A probabilistic method of specifying the cross sections may be used to achieve transition to the subgroup
form [1]. Inthis case, the differentials du and doy may be related
du/Au = a (o) doy, 6)
where a(op) is the distribution density of the probability of having a cross section o¢ inside the group; Au is the
width of the group.

Assuming that the collision density depends on r in the same way for different values of o, and trans- -
forming from the independent variable uto o (u) in Eq. (5), it is found that

""H! X

Yo, 1) {arp o, v,y [ ”"‘U',”) ¥ (o, 1)
. Vun "ll;lll ! .
X W (o] >0, duya (o)) do) -F \ dr'P (o, v', 1) Q{0 1), ' )

v
mod
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TABLE 1. Comparison of the Results of Calculating the Resonant Absorption by the Monte
Carlo Method (Appc) with Those Obtained on the Basis of the Generalized Subgroup Approach

(Aga)
Unit Moderator .
Variant | composition, diameter, | SO osition, A * A LM(: ~7SA e
s 2 eus 3 step MC SA A
No. (nucieus/cm3)* em _l%u_(?:f /cm3)* eeps e
10~%4
1 0,2 0,4 0,1666 (8) 0,1651 : —1,0
2 2387 1,0 H,0 1.2 0,375 (2) 0,378 0,8
3 1,0 2,0 0,1045 (5) 0,4052 0,6
4 01,0473 4,0 0,0333 10 10,0331 (2) 0,340 -}-3,0
5 0,5 2,0 0,220 (3) 0,222 41,0
6 25y 1,0 1,0 4.0 0,151 (1) 0,151 0,0
7 0,0473 2,0 0,0333 7,0 0,1197 (6) 01198 -0,
8 1,0 ) 4,0 0,0105 (1) 0,0104 —1,0
9 2Tl 1,6 11,0 7,0 0,6071 (1) 0,0069 —2.8
10 0,0293 4,0 0.0333 12 0,0106 (1) 0,0106 0,0
1 0,376 3,27 0,134 (1) 0,431 —2,2
12 238y) 1,0 G 40 0,345 (4) 0,341 —1,2
13 0,0473 1,0 0,1 8,0 0,101 (1) 0,099 —2,0
14 0,76 1,27 0,1264 (6) 0,1234 —2.4
: (0,1265) (~1-0,03)
15 23800, 2,0 1,0 7,0 0,066 (1) 0,0158 —4,8
(0,0164) (—1,2)
16 0,0228 6,0 0,0333 10 0,0627 (3) 0,0597 41,1
(0,0626) (—0,2)

*The notation 0,1666(8) means 0.1666+0,0008, where 0.0008 is the mean square deviationin
calculations by the Monte Carlo method,

where W(ot——at, 6u) is the generalized scattering functlon (the probability that the neutron, after scattering in
the energy range where the total cross section is ot, passes to the region where the total cross section is o).

The region of variation of the total cross section is divided into I intervals within which neutrons are
combined into a single subgroup, assuming that ‘I’(O‘ ts T)= \Ill(r) for this subgroup. Integrating Eq. (7) with
weights a {0f) within the limits of each interval Aot g 2 system of equations relating the subgroup collision densi-

ties in the unit is obtained
J

Wi(r)— \' dr 3 W) < P(o, r, |)< “(Gt) W (o} — o, 6u)>> @ -

Van
+ o v Qo ' @)
Vmod
i—1, 2,...,[;
where
l’j
&=\ a(o)doy;
Uj"—l
ol
. 1 i
(W (o)) ==q’. — jl ¢ {04) (o) day,
nd’

and ¢(o¢) is any function of oy defined within the group interval.

Analogously, an expression is obtained for the number of processes x in the group

©)
=3 v ) (2 o

7y

The following conditions must be satisfied in order to reduce Egs. (8) and (9) to subgroup form, as in Eq.

(2):
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(o) A 10
NN ) (02)

/ Os (’s i " (10b
(/,Q.\'>l o /'>t (Qa)l (100)

This is also the criterion for the selection of the boundaries of the subgroups ol, The error of Eq. (10a) is
completely determined by the number of subgroups and the position of the boundaries o1,

Taking account of Eq. (10a), Eq. (10b) is well satisfied for elastic scattering in the interresonance region,
thanks to the smoothness of the function P(o¢). In the region of sharp variation in total cross section, the error
in Eq. (10b) will be minimal if the width of each energy interval within which the total cross section is con~
tinuous and belongs to a single subgroup is less than the maximum energy loss on scattering. This may be
achieved by choosing the boundaries ol

The condition in Eq. (10c) holds since the collision density in the moderator depends only weakly on the
lethargy. When the moderator in the thermal reactor is hydrogen, Eq. (10c) holds practically precisely.

In [9], the selection of the subgroup boundaries and the determination of the values of cr%, o-,i(, al arebased
on reducing the error of Eqs. (10a)-(10c) to a permissible level. Furthermore, the additional condition

Py vy )L (0 Ty 1)) ' (104d)

is imposed, allowing the value o'i: to be used in calculating the probabilities of the first collisions and also
allowing the whole apparatus of the method of first-collision probabilities developed for single-velocity prob-
lems to be applied.

In {9], the relation was found between the required accuracy of calculating the resonant absorption and
the necessary number of subgroups in the group. For example, it is sufficient to have 6-8 subgroups in the
group in order to calculate the resonant absorption at *¥U in the region of resolved resonances with an error
of no more than 3%,

The calculation of the subgroup parameters « [»i] and wliil = ((W)])lal under the assumption of constant
collision density in the subgroup with known boundaries ol, is sufficiently obvious, and follows from their de-
finitions, It is only necessary to note that the subgroup scattering function in transitions between subgroups of
different niclides may be found from the values of the correlation coefficients and the subgroup scattering func-
tion transitions between subgroups of the same nuclide

Ik (11)
ol 1, G D= ) gltd, 1) Gy Dl B, Gr 1],
G, 1

The parameters of the generalized subgroup approach aé, Gi, a i, a,i((x=c, e, f), a[ﬁ ’l)'(i'k)], wll,K), G, k)]
for the basic nuclides determining the resonant-neutron spectrum in thermal reactors are obtained irom the
SERP program [9]. '

The number of subgroups is chosen from the condition of calculating the resonant absorption with an error
of no more than 3% using a 26-group division [3]. This ensures the introduction of newly obtained parameters
as a supplement to the BNAB-78 library [3]. However, note that, as shown in [9], the constant-collision-density
approximation is also valid for broader groups in the case of thermal reactors.

Results of Numerical Testing

Table 1 gives the comparison of the results of calculating resonant absorption in regular grids by the
Monte Carlo method (MONR1 program [10]) and in the subgroup approximation. The initial mformatlon on de-
tailed resonant cross sections in both cases is identical (CROS program [11]).

The resonant absorption is calculated in the energy ranges 465-4.65 eV for 28y, 100-1 eV for 2%y, 2150-10
eV for #2Th, The diameter of the central unit, its composition, the triangular grid step, and the moderator
material are varied. It is evident that the calculation error in the subgroup approximation for most variants is
not more than the 3% established in obtaining the subgroup parameters. In addition, it may be noted that, except
for variants 4, 14-16, the selection criterion for the number of subgroups in the SERP program gives an upper
bound of the estimate. The calculation error for these variants is due to violation of the condition of constant
neutron collision density for a single subgroup. For variant 4, the violation occurs in internal layers of the
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thick unit: because of strong attenuation of the neutron flux from the moderator, the collision density at an
energy less than the resonant energy is markedly different from that at an above-resonant energy. With fur-
ther increase in diameter of a metallic-uranium unit, the error does not rise, since the fraction of neutrons
absorbed in the internal layers decreases.

The pronounced error arises for UO, units, This is a result of the nonasymptotic oscillations of the col-
lision density in the region of broad scattering resonances [12]. This is of practical interest for thermal re-
actors when the resonant nuclides of heavy elements are diluted by nonresonant nuclides of light elements [8].
Under the assumption of constant collision density, the subgroup function for transitions after scattering on a
nonresonant nuclide to the subgroup of a resonant nuclide is equal to the fraction of the subgroup of the reso-
nant nuclide. ‘ :

Nonasymptotic oscillation leads to a redistribution of probability between the subgroups. In [8, 9], an
effective method of taking account of the nonasymptotic oscillations of the collision density was proposed. On
the basis of solving the precise equations of moderation in the model problem (homogeneous mixture of reso-
nant nuclides with a light moderator at a source equal to the absorption at each energy point) corrections to
the subgroup fractions are obtained. They are used in forming the subgroup scattering function in transitions
from the nonresonant nuclide to the subgroup of the resonant nuclide

lly (b W1 gl AL G, (L U 12)

m, 1

where flZ,(,k)] is the correction to the nonasymptotic oscillations; 7 gﬂrlx] is the probability that the neutron

enfers group n after scattering on the nonresonant nuclide  in group m,

Table 1 gives the results of calculation using the corrections f[l’(i’k” inparentheses for variants 14-16;
these results show the possibility of using the effective method in cases that are of practical interest.

The generalized subgroup approach outlined here is convenient for computer realization on account of the
single method of solution in the regions of unresolved and resolved resonances and the presence of a sufficiently
complete library of constants. At the same time, this approach is also sufficiently economical. For example,
the computation time for a single variant from among those shown in Table 1 is 10-15 sec on the BESM-6 com-
puter. ’
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INFLUENCE OF STATISTICAL CORRECTION ON THE RESULT
OF SOLVING THE RADIANT-TRANSFER EQUATION

Yu. I. Balashov, V. V. Bolyatko, ' . UDC 621.039.538:
A. I. Ilyushkin, V. P. Mashkovich, ' 621.039.51.134
V. I. Savitskii, and A. A. Stroganov

In [1], a method was proposed for taking account of the influence of the statistical character of the in-
determinacies in the initial data on the result of solving the radiant-transfer equation. The result is under-
stood here to mean the linear functional of the radiation flux density (dose, heat liberation, activation, radiation
damage of the material, etc.), and initial data to mean the interaction cross section (group constants), functions
specifying the radiation source and the detector response, etc.

When the initial parameters ("transport" group parameters) include statistical indeterminacies, the re-
sult of the calculation depending on these parameters must also be regarded as a statistical quantity with some
mean value and dispersion., In [1], it was noted that the mean value of the result of the calculation may differ
from the result obtained with mean values of the initial group constants. The following quantity is taken as the

characteristic of this difference :

@

Rz, 79, ..., TN)
Rz 7 ..., 2N)

wp =

-

and is called the statistical correction, where R (xj, X5 ..., XN) is the mean value of the result of the calcula-
tion; R(Xj, Xgs ..., XN) is the result obtained with mean values of the "transport" group constants,

It is important that wg> 1 for the radiant-transfer problem in the shielding. If R(xj, X3 ... s XN) is
regarded as the result of experimental determination of the functional and R(&;, X, ... , XN) as a result of cal-
culation, the amount by which the theoretical result is less than the experimental (true) value may be estimated.
In [1]), a method for estimating wR Was proposed, on the basis of the mathematical apparatus of sensitivity analy-

TABLE 1. Comparison and Correction of the Results of Calculations and Experiments on the
TSF Apparatus v

Composi Layer thickness, cm Data of [6] ) Present work
tion stainless . arbon C G )
No. steel sodium: ;:t erel T T °p °r R op —g—
1 47 0 0 1,00 1,07 — — - S
2 47 155 0 0,90 1,05 10 - 10 1,01 0,90
3 47 309 0 0,78 0,84 29 30 1,04 0,81
4 47 309 15 1,04 0,9 38 - 39 1,07 1,12
5 47 309 31 1,13 1,29 44 46 1,10 1,24
6 47 309 A 0,87 1,52 47 50 1,12 0,97
7 . 47 309 62 0,75 1,37 47 50 1,12 0,84
8 47 460 0 0,84 0,73 54 58 - 1,16 0,97
9 47 460 15 1,54 0,95 64 . 5! 1,23 1,89
10 47 460 3 1,82 1,38 63 70 1,24 2,22
11 47 460 41 0,46 0,80 74 . 85 1,31 0,60
12 47 460 51 0,30 0,74 76 88 1,33 0,40
13 47 460 62 0,30 0,75 75 90 1,35 . 0,40
14 31 460 0 0,88 0,80 50 53 1,13 1,00
15 31 460 15 1,51 1,07 57 62 1,18 1,78
16 31 460 3 1,38 1,42 57 62 1,18 . 1,62
17 31 460 41 0,82 1,24 51 63 1,24 0,99
18 31 460 51 0,77 1,26 64 ! 1,23 0,95
19 31 460 62 0,76 1,26 65 73 1,24 0,9
20 31 460 72 0,77 1,30 65 73 1,24 0,95
.2 31 460 82 0,73 1,25 66 74 1,24 0,91
22 3 460 90 0,70 1,20 67 75 1,25 - 0,88

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 101-103, August, 1985. Original article submitted

August 13, 1984,
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TABLE 2. Statistical Correction wp for a TABLE 3. Constant Component of Error in
Composition with a Sodium Layer (4.6 m) the Activation of Sodium for the Model of the
and an Iron Layer (0.9 m) Lateral Shielding of a Fast Reactor, %
Function of radiation field —
Neutron Process Sodjum | Iron Carbon
spectrum | ¢f (E=L4| A
MeV) equ P detector
Capture 10,5 1,13 —
Elastic scattering 15,9 9,34 7,40
f+1/E 7,5 1,5 1,5 1,5 Inelastic scattering 1,92 3,72 -
INC 4,9 2,0 2,0 2,0 Sum over the process 19,2 10,1 7,45

sis [2, 3], the PARF method [1}, and the assumption of a normal distribution law of the initial parameters.
The expression obtained for the statistical correction is

onme5p (- er ) @

where
U%LPT - ; 1'2 PnaPn0nOnPan’; 3)
G%LPT is the relative error of calculation of the functional in the approximation of linear perturbation theory

(LPT); pn» Pny are the relative seusitivities of R to the parameters Xp and Xp'; Op, Op, are the relative errors
of xp and Xp'; pyn' is the correlation coefficient of xp and xp'. -

The introduction of statistical correction with the aim of correcting the results of calculations and im-
proving the agreement with experiment for problems of deep penetration by radiation is illustrated below.
Estimates of the values of wg in one-, two-, and three-layer compositions and for test multilayer models of
the lateral shielding of fast reactors of integral compositions are given [4-6].

As an example, the results of miscalculation of the data of the basic experiments at the Oak Ridge Na-
tional Laboratory on the TSF apparatus are corrected [6]. The composition consists of alternating layers of
stainless steel, sodium, and carbon steel. The measurements are made by Bonner derectors. The results of
the correction are shown in Table 1, which gives the ratio of data calculated by the DOT III program in the
51-group energy approximation (C) to experimental data (E); the ratio of data calculated by the DOT III pro-
gram and corrected with respect to the ratio of the theoretical data according to the ANISN program in the
171- and 51-group approximations (C,)tothe experimental data (E); the standard deviation of the result of the
calculation due to errors in the differential data only op (corresponding to OR] pT in [6]); the standard devia-
tion determined by the PARF method ¢ g [1]; the statistical correction wg found from Eq. (2); the ratio of cal-
culation to experiment corrected taking account of the statistical correction wR.

On the basis of Table 1, it may be concludedthatit is important to take account of the statistical correc-
tion wy in problems of deep penetration by radiation; the method proposed here improves the agreement of the
theoretical and experimental data for compositions with a thick last layer in which asymptotic conditions are
established; this is a necessary condition for the possibility of using Eq. (2). Introducing the correction wr for
compositions 6-8, 14, 17-22 markedly improves the agreement between theoretical and experimental data.

In contrast to the method used in [6], where the correction of the cross sections at least improves agree-
ment between the theoretical and experimental data, but may lead to physically unreal values of the group cross
sections, the introduction of the statistical correction in the result of the calculation takes account of the physi-
cal laws of error formation. It was noted in [6] that, although there was improvement in agreement between
the theoretical and experimental data, the corrections to the cross gections here were found to be twice as large
as expected. This was attributed to the presence of shifts of systematic errors in the constants, In fact, this
may be partially explained by the constant wr. Therefore, it is proposed here that wg be introduced to take
account of some of the statistical component of the error in calculating the functional (unrelated to the fitting
error of the group cross sections). The importance of this is confirmed by the data of Table 1.

In some cases, the statistical shift in the result of the calculation may be small against the background
of the error introduced in fitting the macroscopic constants (for example, that associated with taking account
of the resonant structure of the cross sections). This is especially evident in the transition regions (composi~
tions 9, 10, 15, 16). '

646

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3




LGB

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3

Estimates of wp are made for one- and two-layer spheres of sodium and iron with a point isotropic source
at the center with the energy spectrum of an intermediate-neutron converter (INC) [7] and a fission spectrum
at neutron energies E = 2,5 MeV as well as a spectrum of the form 1/E at E=2.5 MeV (f+1/E). Table 2 gives
estimates of wg for a spherical composition with a sodium layer (4.6 m) and an iron layer (0.9 m) in calculating
the flux density of fast neutrons ¢f (E= 1.4 MeV), the absorbed skin dose rate P, the equivalent dose Pequs and
the detector readings 1/v, where v is the neutron velocity. The relative errors in the calculation results due
to the errors in the interaction cross sections ORy pT are taken from [7].

Note that wr depends not only on the error of the interaction cross sections but also indirectly, through
the sensitivity coefficients, on the energy distribution of the source and the response function of the detector.
If this is taken into account, the results in Table 2 may be understood. For example, for a fast-neutron flux
there is a significant difference in the values of p, for the (f+ 1/E) and INC spectra, determining the difference
in the values of wR.

It follows from the data of Table 2 that failure to take account of the statistical indeterminacies in the
interaction cross section leads to approximately 7.5-fold underestimation of the fast-neutron flux. For the
remaining functionals, the theoretical data may be too low by half.

On the basis of the data on the error in calculating the activation of sodium in a test model of the lateral
shielding of a reactor proposed in [5], the statistical correction for calculations with ENDF-B/IV and ENDF~
B/ V data are estimated: in the first case, the relative error op = 69%, wg = 1.3; in the second, op = 65%; wg =1.2.

Calculations of the test model of the lateral shielding of a reactor of integral composition [4] have been
carried out, Information on the sensitivity of the calculation results is obtained from the ZAKAT program [7];
analysis of the errors in accordance with Eq. (3) is based on the CORE program [8], using LUND-12 files of the
errors and correlations of the interaction cross sections [8, 9]. Table 3 gives a partial (with respect to the
type of neutron interaction with matter and with respect to the various elements appearing in the composition
of the protection) component of the error in calculating the activation of second-loop sodium. The total constant
component of the error is 23%; the statistical correction wr =1.04.

In conclusion, it remains to thank G. N. Manturov and I, N, Kachanov for useful discussions,
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SURFACE-PSEUDOSOURCE METHOD FOR CALCULATING
THE ANTISYMMETRIC SINGLE-GROUP NEUTRON
DISTRIBUTION IN A CYLINDRICAL REACTOR CELL
V. F. Boyarinov UDC 621.039.5
If such cell characteristics as the effective transport cross section ;) or the neutron diffusion coef-
ficient (D) are to be correctly obtained, it is necessary to know how to calculate the antisymmetric neutron
distributions in the cells, In the present work, a method of calculating such distributions in the smgle—group

approx1mat10n is proposed.

Formulation of the Problem

A multizone cylindrical cell is considered. The neutron distribution in zone h of the cell is described by
the single-group neutron-transfer equation in the transport approximation

\ Q)
QVY, (1) + LW, ()= 22 Wl (r) + S (1),

where w=(r, Q); ‘I’g (r) = S dQ V¥, (r, Q); r=p=@,a); S (r) is an external source.

An

At the external boundary of the cell, the value of the neutron current flowing in the direction of the x axis
is specified

dQ Qi) ¥y (R, o, Q) =T; @)

dQ (Qiy) lF" (R7 a, Q) = Oy

Mg

A

a

where R is the external radius of the cell; H is the number of final (external) zones of the cell; ix and iy are
unit vectors in the direction of the x and y axes, respectively. It follows from Eq. (2) that the function ¥ (w)
must be symmetric relative to the x axis. In addition, only the part of ¥(w) that is antisymmetric with respect
to x is of interest. Hence, the function ¥(w) must satisfy the following two conditions

‘P(p, «, (-)1 X)=lp(9+v —a, (;)1 n"'x); 3
V(o 0, )= V(o n—a, O, 1y, | @

where ®=arccos (2p/p); x is the angle between the planes (Q, p) and (x, y). This coordinate system was used
in {1]. Conditions of the form in Eq. (3) must also be satisfied by the source S(r). Equations (1)-(3) determine
the antisymmetric single-group distribution of the neutrons in a multizone cylindrical reactor cell.

Using the Surface-Pseudosource Method to Calculate

Single-Group Antisymmetric Neutron Distributions

in a Cylindrical Cell

According to the surface-pseudosource method (SPM) [2], the solution of Eq. (1) in zone h of a multizone
cylindrical cell takes the form

¥, () =W}, (w) + U5 (0) -+ Vo (w) 8y 114 @)

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 104-108, August, 1985, Original article sub-
mitted July 13, 1984.
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where ¥f(w) is the neutron distribution in an infinite homogeneous medium of the material of zone h from
source Sp(r); \If% (w) is the neutron distribution in an infinite homogeneous medium of the material of zene h
from the surface pseudosources of this zone; ¥Q(w) is the neutron distribution in an infinite homogeneous
medium of the material of zone H from some volume neutron source/sink Q(w) placed in the region from p =
RiZR top=co source/sink Q(w) is necessary to satisfy Eq. (2) at the external cell boundary.

An expression is now written for the moments of the function ¥},(w), which will be used below
2n
‘ 1in \ do cos a \ dQY" (@) ¥, (w),
i hn
) n=0,1,...: k=0, 2,...,2[n/2|;
| 2:1
1/ \ da sin \ aQ vyt (2 Wy, (w),
,;’ R i . (5)
( n=1,2, ... k=1,3,...,21n/2|+1,

where [x] is the integer part of the number x; and

/ (n—hl

TETR Pt (p) cos ky;

l« (S!) =

pw=cos ®. Each of the three terms in Eq. (5) is- now considered in more detail.

Function \Il[sl (w). Writing the source Sy (r) in the form of a series in trigonometric functions of the axial
angle @ and requiring that it satisfy the condition in Eq. (3), it is found that

Sy, (r)= —123 S,,,.,,(p) cOS no..
Retaining only the f1rst term in this expansmn, and spemfymg the spatial dependence Sy, (p) in the form
Sh,10) =SBpy, (pp=pZ ), it follows that
S, (xr) = 8"pp cos a. 6)

The particular solution of Eq. (1) from the source in Eq. (6) satisfying Eq. (3) is obtained in the Appendix, and
takes the form .

W (w) =

{c05 0 |pgY 2 (@) — TV (@) —sinal/§)'v:(!2)}. @)

An \Il

The expression for the moments of the function \Ilts; w) is

1lIL

Shr oo s 4 1 8
h s( h Lpbﬁno(sho *galziélxo_maniahl]- ( )

Function \IIE w). The following expression may be written for ‘Ilﬁ (w)

Vi) =3 6" i), g o, ), )

where w —{pJ, al, ﬂ'} j is the number of sndes of the boundary

1, h—_1
_{ 2h—2, 2h—1, hs£1, H;
9H —2, h=H;
Pon-1=P2n=pp, h=1,2, .. H—1; .
2
(@ wlw)), gy lo, XN = | do § a9 6" (wiw) g (@, @);
0 in
Gh(w/wi) is the Green's function of Eq. (1) {3, 4]; gj(a, 1) are surface pseudosources.
Writing g; @, 2) in the form ' ‘
g(a, Q)= > by b, Yﬁ (Q) lcos pag;. W'J‘ sin pagi pds

P

e —
=0, 1... n=1, 3... h==0, 1.,
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retaining two terms in the expansion with respect to a (p =0, 1), and requiring that the pseudosource gj(x, ﬂ)
satisfy conditions of the form in Eq. (3), it is found that

gile, Q)= X MY gl (@), - (10)

n-=1, 3. h= 0 L.
where

nh g;}.klcy if k is even
Fe
£i nh . .
&i, ts» if k is odd;
cos a, if k is even
sina, if k is odd.

i@ = |

Substituting Eq. (10) and the expression for Gh(w/w ) from [3] into Eq. (9), and taking account of Eq. (3),
it is found that

2n -+ 1 A n'k
Vi) =3 sy YA @G @ X Gl oled 5 (1)
n, h FREN
where ngk' (p/p}) are the moments of the Green's function, expressions for which were given in [4].

The expression for the moments of \I'%(w) is

7 N\ n 7 (12)
Mula(p) = E Gl (()/p,)g"‘
7o,

Function \I‘Q(w) The source/sink Q(w) is introduced at some distance fromthe cell center p =R;= R so
that Eq. (2) is satislied at the external boundary of the cell. Taking into account that Q(w) must satisfy condi-
tions of the form in Eq. (3), it is chosen in the form

Q(Ry, @, Q)=Q.(R) Y1 (Q)cosa +Q, (R)) Y} (@) sin . (13)

Choosing Q(w) in the form in Eq. (13) allows the conditions at the external boundary to be accurately
satisfied. The choice of Ry allows the real surroundings of the cell to be modeled in different ways, which
influences the angular distribution of the neutrons reachmg the cell. This source/sink is used in the firstver-
sion of the ORAR-Ts program. :

It is found that a source/sink of the form in Eq. (13) does not permit transition to the limit as Ry~ o,
since in this case the two constants Q. and Qg degenerate to one. Using one constant, however, it is impossible
to satisfy Eq. (2) precisely. Therefore, when Ry is equal to a few free path lengths in the external zone of the
cell, there is loss of accuracy. Therefore precise satisfaction of Eq. (2) is not attained. It is expedient to.
introduce the volume source/sink Q(w) in the region from p =R;= R to p =, in the form

Q (w)=Qppcosa, PE[Ry, o], RiZ=R. (14)

The source/sink of the forin in Eq. (14) satisfiés Eq. (3) and allows the conditions at the external cell
boundary in Eq. (2) to be approximately satisfied; precise satisfaction of Eq., (2) is impossible with one constant
Q. The solution ‘IlQ(w) from a source/sink of the form in Eq. (14) takes the form

: 2n -1 '
Yo () =Q D) smriargy ¥4 (@) f1 ()6 (o), (15)
n, k
‘ p < Rh
where
. . ) (D"1 b} ifkiseven L A '
nh , 1 Rbb, k0 ( v ) ’ . .
6t )= | do oG o) = — I J vl e (RB)S TR - S ae)
f . ' A — iy, (——) s, if k is odd

and the notation of [3, 4] is used.
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The expression for the moments of ¥Q(w) takes the form _
M (p) == QGH" (p). (17)

Passing to the conditions at the external cell boundary, Eq. (2) takes the following form in cylindrical
coordinates '

{ a0 @n) ¥, (8, @, @) =T cosa;
/Aun . (18)
[ a0 (@0 W, (R, o, @)= —Tsina,

4n

where nis the external normal to the cylindrical surface at the point (R, ar); T is the unit vector at the point
(R, ) directed counterclockwise along the tangent to the cylindrical surface.

As already noted, the condition in Eq. (2) or Eq. (18) cannot be precisely satisfied using a source/sink of
the form in Eq. (14). Therefore, Eq. (18) is satisfied approximately, dealing only with the normal (and most
important) component of the neutron flux. Thus, the condition at the external cell boundary which is realized
by a source/sink of the form in Eq. (14) takes the form

S dQ (@) ¥, (R, o, Q)=Tcosa. (19)
in
Taking into account that (ﬂn)=Y§’(ﬂ), Eq. (19) is rewritten in the form
(20)
S dQY(Q) ¥y (R, o, Q)=T cosa.
4m
Substituting ¥H(w) into Eq. (20), the following expression is obtained for the unknown constant Q
’ n’hk’ 21
Q"" GlO(R) [T+ 3211 2 Gnk R/Pzn—z)gz;—z]- ( )
n', k'
Substituting Eq. (21) into Eq. (15) gives
1 1 2”‘{‘ k nk
¥y (w)= PR (T+ e ) Z DA Bng) Yo (Q) /i (@) Go" (p) — 22)
2n4+1 n . n'R’
TGy Zk Zn(:-_:-_éno) » (9 /1 (@) G&(p) Z Gitw: (Rlpon-2) g2si-2.
Finally, for ¥}, (w), the following expression is obtained
2n4-1 N 1 nk
Vi=3 AT Vi@ @ D o e (0169) 8}
jin’ k
1k (23)
£ S*D (p) + 84 wT DY (0) ] 5
where the notation introduced is o
o ' ' 63" (0) 610, (Ripjy o) :
. Q n'h 2H-2 .
n k (P/P:) n h (P/ ) Gbﬂ (H) 6’1.’ Hs
nk 1 . G}j" () 8w
(P) 5K 9“61106’«0 ""6n16k0 X% 5n16r«1] +W ;
B - - R (24)
. N . Gnk ([)) ) ‘ o .
PEO = G |
The expression for the moments of \Dﬁ(w) takes fhe form
M ()= X Fle(plpi) g™ 4 S"DU (9) 481, T DF' (0)- (25)
. N n h*
651

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3

Equating the moments of the distribution function at the boundaries between the zones, an infinite system
of boundary conditions is obtained

M () = My (o), R=1,2, ... H—1. (26)

Breaking off the infinite system in Eq. (26) at n (n= N), the Gy approximation of SPM is obtained. In Eq.
(26), identical numbers of moments with respect to cos a and sin a are equated: in the Gy approximation (n, k) =
0, 0), (1, 0), (1, 1), (2, 1); in the G3 approximation (n, k) =(0, 0), (1, 0), (2, 0), (2, 2), 3, 0)y (3, 2), (1, 1)s (2, 1),
Bs 1), 35 3)y 45 1), (4 3).

Solving Eq. (26) in the Gy approximation, the moments of the surface pseudosources are determined.
Knowing the values of the surface-pseudosource moments, the moments of the distribution function at any point
of the cell may be calculated.

Using the Matrix-Factorization Method

One of the advantages of SPM is that it is short-range, that is, the neutron distribution in each specific
zone is determined by the neutron sources in that zone and the pseudosources at the boundaries of the zone,
and does not depend on the sources in other zones nor on the pseudosources at the boundaries of other (includ-
ing adjacent) zones. As a result, the pseudosources of only two adjacent zones (three boundaries) are related
in each equation of the system in Eq. (26). Consequently, Eq. (26) lends itself to the application of the method
of matrix factorization (fitting) [5]. In [6, 7], the matrix-factorization method was used in solving SPM prob-
lems to calculate symmetric distributions. The modification described in [7] is found to be most convenient
and most natural. It may be used to solve Eq. (26). First, Eq. (26) is written in a form convenient for fac-
torization

— /ihgh+1+ gkgh"’éhgh—i =D, @7)
k=1,2,...,H—1,

where the matrix elements Ak’ ﬁk, ék are combinations of the moments of the Green's function; & =0 and
Ay-1=0; D is a vector whose elements are combinations of ShD{1k (Pp) and TD%k (Ph); the vector gi includes
all the moments of the surface pseudosources on the two sides of one boundary (boundary k). The form in Eq.
(27) is expedient in that the matrix elements ﬁk must be close in value, since they consist of moments of the
Green's function for a single boundary, and this leads to stable calculation. In accordance with the matrix-
factorization method [5]

gh:Ehgh+l+Fh1 k=19 27---1H—1v (28)
where
E\=B{'Ay; (29)
F‘ =EIID1;
E‘H—l =()
2nd Ey=1By— Gy Ay
Fp,= [ék— éhék—i]_l (D, + éth-xL )

Equations (28)-(30) determine the vector g. Using the matrix-factorization methodto solve Eq. (26) allows the
time for computer calculation to be reduced.

ORAR-Ts Program

The above algorithm has been realized in the ORAR-Ts program. The program calculates the single-
group antisymmetric neutron distributions in a cylindrical reactor cell with a specified current at the external
cell boundary in the Gy and G; approximations of the SPM. To operate the program, the VORAR-Ts executive
program is written; the VORAR-Ts program introduces the initial data and calls the ORAR-Ts program. In
addition, from the results of ORAR-Ts calculation, the effective cell diffusion coefficient is calculated in
VORAR-Ts. ORAR-TSs is written in Algol-GDR, '
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TABLE 1. Diffusion Coefficients of Cells

Cell Zone | . . ORAR-Ts Py
No. No. ;:'11'1 cm-t Ry - Ry oo Sg(;?;“e griiiingmar
]
1 ! o o o 0, 24824 0,24824 0,22982 0,23361
2 é (1):‘(-"2 12::32 0,21212 0,21207 0,20344 0,20584
3 é 3:82 332 0,17399 0,17392 0,17192 0, 17266
4 ; 3:82 3,32 0,14800 0, LAT0 0, 14506 0, 14440
5 g 8:83 %85 0,16540 - 0, 1658 0,16766 0,16769

Calculation Results

Comparative calculations of the effective diffusion coefficient have been carried out for five two-zone
cells with external zone radii r; = 0.3 cm and r,=0,42003 cm. Calculations are performed by the ORAR-Ts
program in the G approximation of SPM with the two limiting angular distributions of the neutrons reaching
the cell which may be realized in this program (R; =R and R, = «). The diffusion coefficient in the VORAR-Ts
program is determined from the formula

= R (31)
WO (R)-+2¥20 (R)4 VB Y21 (R) ’

where \Ilnk(R)=M?Ik (R). Equation (31) is accurate with known values of ynk (R)* Calculations are also per-
formed in the P, approximation of the spherical-harmonic method for square and triangular lattices. The dif-
fusion coefficient is calculated without taking account of the second moments of the antisymmetric distribution
function at the cell boundaries. The material parameters of the cell and the results of the calculations are -
shown in Table 1. '

The basic reason for the difference between the diffusion coefficients calculated by the ORAR~Ts program
and in the P, approximation is that, in the latter case, the diffusion coefficient is calculated from an approxi-
mate formula in which the influence of the second angular moments of the antisymmetric distribution function
is neglécted. It follows from Table 1 that the effective diffusion coefficient of the cell calculated from Eq. (31) —
the ORAR-Ts program — is almost independent of the angular distribution of the incoming neutrons.

APPENDIX

Particular Solution of the Single-Group Neutron-Transfer

Equation from the Source p cosa

The single-group neutron-transfer equation in a cylindrical coordinate system used in [1] with a source
p cosa takes the form

d (4 —n?) cos? g 6‘1’ (w) nsin2y ¥ (w) V1—picosy 8¥ (w) 4 v ¢
oy Y@+ 5 +55 o+ 5 T ¥ (w) = ‘I’o(p, @) + 7
where w ={p, @, n, %}; the coordmate p is measured in units of free path length c=Zg/Zt. Only the anti-

symmetric part of the solution of Eq. (A.1) is considered, i.e., the function ¥g(w) must satisfy Eq. 3). Now
¥g(w) is found in the form

I Pcosa, (A.1)

¥, (w) =cosa[ac (1, %) +bc (1, X)p] +sinafa, (1, x)+ b, (s X) 0l ’ - A2)

Substituting Eq. (A.2) into Eq. (A.1) and equating terms with identical powers of p (p~1, p% p!), the follow-
ing system is obtained

, dae (W, . da , L sin 2 da, y . dag (1,
(1—p2)coszx[cosa“°—(;;——’g—{—sma s (1 X)]—i-l 7[0050‘ °f3‘; X)+Sllla—f-(£—£)]+

an

VYV T—p2cosy|—sinaa, (4, x) +cosaa (1, x)=0;
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wcos ab, (w, x)+ wsinab, (U, ¥) + (1—p?) cos?y [cosa —————~°(“ + sina s (al:;, X)] + ”Sl;‘ X [cosa e “; X)Jr o Psite 2 :,l; X)] +

+ V T—p2cos x [ —sinab, (4, x) +cosab (b, x)} +cosaa (r, x)+ sinaa, (1, x) :Z%L—[cos aal® - sin aal’];
(A.3)

cos o

cosah, (1, ¥)+sinab, (1, 1) =—7— [(‘osal)‘"’ +sinab§’] -

From the last relation in Eq. (A.3), in view of the orthogonality of the trigonometric functions with respect to
a, it follows that

1 .
{ be (s 3) =77 (1 +c82); (A4)
bs (pv X) :&% bgo- '

Integrating Eq. (A.4) with respect to (i, x) and assuming that ¢ # 1, it is found that

1
bgﬂ = T—c
B o0,

{ by 0= =g (A.5)

and hence

bs (p‘v x) = O-
Substituting Eq. (A.5) into the second relation in Eq. (A.3), it is found that
1cos & . 1/1—p,zusy_l_

In@—g SN — g oS ale (i, y) +sinaa (u, x) = o = Jcos aad® 4 sin mal’].

and hence, in view of the orthogonality of the trigonometric functions, it is found that

ae (1, x)=% [ca— 1] | (4.6)
3y (s 1) = [eatt 4 L2,

Integrating Egs. (A.6) with respect to (4, X) for ¢ =0 yields a3 = a}f = 0, whence

. TR 4 %00 A
ac(p, x)=— im(l—c) dn(1—c)’
CVi=pResy VI 0
a; (P" X)— Ant (1_,,) o An (1_(:) - (A.7)

Substituting Eqs. (A.5) and (A.7) into the first relation in Eq. (A.3) yields an identity.
Thus, the particular solution of Eq. (A.1) takes the form

- A8
. lI’,;(w)=4—n—(11Tc)[cosm(p—p)—l~sinoz.V1—p2cos)(] (4.8)

or

(A9)

¥, (w) = Ay (cosa [pY*(Q)— Y (Q)] —sinal/ 2Y!(Q)}.

“Im(l—c) (1

It remains to thank N. I. Laletin for useful comments and discussion and also I. A. Zhokina, who par-
ticipated in the early stages of the work. ‘
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EFFECTS OF THE CONTAINMENT CHAMBER
OF A HIGH-TEMPERATURE GAS-COOLED REACTOR
ON THE CORE

A. M. Bogomolov, A, V, Zhirnov, : : , UDC 621.039.51
V. A, Zavorokhin, A. S. Kaminskii,
V. V. Paramonov, and V. M. Talyzin

The presence of an erection clearance between the upper end of the reflector and the core of a high-
temperature gas-cooled reactor with spherical fuel elements has a considerable influence on the neutron and
physical characteristics of the reactor. In order to investigate this effect and test design methods and pro-
grams, we have carried out a series of experiments on cores using a test rig type GROG [1].

In order to arrive at a "clean™ assembly, i.e., a core without additional structural members, and in order
to be able to dismantle it rapidly, we erected models of the reactor with their central axes horizontal, Figure
1 shows the core with a clearance height of 50 cm (the distance bet ween the upper end of the reflector and the
core). Inorder to form a chamber in cube-shaped graphite cladding with 2 450 cm edge, a seriesof columns were ex-
tracted and replaced with shaped blocks, As aresult, a chamber of diameter 320 cm was formed inside the cladding.
Four series of columns of total thickness 100 cm at the front of the chamber simulated the upper end of the reflector,
A core of the same diameter was formed at the rear of the chamber, together with a zone containing the ab-
sorber elements and the lower face of the reflector. The assemblies simulated the start-up charge of the re-
acor with a ecylindrical core that was quasihomogeneous for nonresonant neutrons (less than 10% blocking), 62.5
cm along the axes, burning 85y ~ 6%, with a ratio of nuclear concentration of graphite and 2?5U equal to 9000,
The fuel-element system with modules of the universal physical simulator of HT gas-cooled reactor fuel elements

TABLE 1. Spectral Neutron Characteristics

: Neutron Rigidity of Cadmium
Zone gés temp., |spectrum ratio
Upper end 340411 0,016+0,003 50
reflector
Chamber (H= 37012 0,055+0,003 14
50 cm) . ;
Core 480+14 0,0864-0,004 8

Translated from Atomnaya Energiya, Vol. 50, No. 2, pp. 109-111, August, 1985, Original article sub-
~ mitted October 8, 1984,
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4500 mm

4500 mm

Figure 1. Diagram of core with 50-cm erection
clearance: a) cross section of chamber along clear-
ance: 1) graphite cladding; 2) channels for horizontal
rods; 3) fault protection rods; 4) clearance; b) cross
section along central axis: 1) channels for horizontal
rods; 2) channels for fuel elements; 3) channels for
absorber rods; 4) clearance.

[2] and modules of the absorber (a homogeneous mixture of boron and aluminum) are installed in vertical channels
of the cladding. The control rods are also mounted in the vertical channels, while the control rods being
studied run in horizontal channels parallel to the central axis.

The investigation was carried out on six assemblies, differing in their clearance heights (0.25 and 50 cm)
and compositions (degrees of blackness) and their absorber zones (wo versions). The critical parameters and
the reactivity effect, together with the spectral indices, plutonium coefficient, the mean energy ratio of micro-
scopic 28y capture section and B57 fusion, and the neutron gas temperature were determined during the experi-
ments, The distribution of reaction rate was investigated with the aid of activation detectors [3Cu (n, v) #cu,
164Dy (n, v) % 1Dy, 8L (0, v) 1" Lu, 35U (n, f)] and by the use of scanning equipment, ensuring the simultaneous
displacement of groups of miniature fission chambers in the assembly and the recording of their signals. When
measuring large reactivity margins, we used the homogeneous contamination method [3], with 10 mm diameter
absorbers containing boron, that enter the cladding with a step of 25 em, The disturbance in reactivity caused
by a single absorber did not exceed 0,158 off, which virtually excluded any interference.

The cores and their clearances were designed within the framework of a diffusion approxirnation, using
two approaches: 1) the clearance is described by means of the effective diffusion constant; 2) the corresponding:
conditions at the boundary of the clearance are employed. '
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Fig. 2. Relationship of reactivity introduced by the chamber to its height: ®) by experiment;
—) by calculation, calculated for anisotropic and isotropic diffusion coefficients in the chamber;
——=) by calculation, using the transfer matrix at the boundary with the chamber.

Fig. 3. The effect that the height of the clearance has on the radial distribution of the rate of
257 figsion (A) inthe upper part of the core when the clearance is: ——) 50 cm; ———) 25 cm;

—+—) absent,
7,0 =2 N
, X
91 , 3
\
46} A
g
i . |
<
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L 1 : 1 l
. g ‘ Jo 700 750 200 R, em
‘' Fig. 4. Radial distribution of rate of U fission (A) at the boundary of a
core with 50 cm clearance: ——)by experiment; —°—) by calculation using
anisotropic diffusion coefficients for the chamber; ———) by calculation

using isotropic diffusion coefficients for the chamber; — X —) by calcula-
tion employing the transfer matrix at the boundary with the chamber.

The homogenization constants were found by means of a WIMS program [4], with the constant then being
corrected in accordance with data obtained from programs PIT [5] and MONR-1 [6], in which the thermalization
and resonance effects are taken into consideration with greater accuracy. Calculations by the WIMS program
involved equivalent conversion of the geometrical cell [7].

When employing effective diffusion constants, the neutron interaction section in the chamber is assumed
to be zero and anisotropic [8] or isotropic diffusion coefficients are introduced instead. We take one third
of the mean chord of the chamber as our isotropic diffusion coefficient, i.e., D=1/3=(1/3)(4V/S), where V and
S are the volume and surface area of the chamber respectively. The diffusion:coefficients in a chamber with
absorbing rods are takenas being the same as in a chamber without such rods, since investigations have shown
that they have little effect on the neutron and physical characteristics, andthe effective chamber constants
scarcely change at all when the rods are inserted. When a core having a containment chamber is being designed,
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we employ the usual methods of representing the control rods in the diffusion calculations (including empty
space). The effective neutron multiplication factor k,p and the spatial energy distribution of neutrons in the
presence and absence of control rods are determined by the three-dimensional QUM-3-HER program [9]. When
the core is being designed without control rods, we can also use the two-dimensional PENAP program [10].

The second approach combines the theory of transfer in the chamber and the theory of diffusion in the
main part of the core, employing the corresponding boundary conditions. A neutron transfer matrix M is as-
sumed at the boundary of the fhamber to describe the relationship between the one~way flows of neutrons for
the diffusion solution: Iyt =MIjy. Where the chamber is cylindrical in shape and without rods, the neutron
transfer matrices for isotropic and linear-isotropic distributions of neutron flux were determined analytically.
The elements of the neutron transfer matrix for the chamber can be calculated by the Monte Carlo method for
any positioning of the control rods. In this case, the time needed for the calculation is considerably less than
would be the case if the whole core were to be calculated by the Monte Carlo method. This approach has been
realized in a two-dimensional DOP program [11].

Figure 2 shows the relationship between the reactivity of the assembly and the height of the chamber,
while the shape and composition of the remaining zones remain the same. In this case, the relationship is
linear. We observed a close similarity between the experimental results and calculated values obtained both
when the chamber was described by means of effective constants the values with anisotropic and isotropic
diffusion coefficients being virtually the same) and when the neutron transfer matrix at the boundary of the
chamber is used. We should note that the relationship between the reactivity and chamber height becomes less
pronounced when a reflector of structural material is fitted at the upper end.

Calculations of kegf for a core in the critical state (Keff=1.000=% 0.001), for different combinations of
loading in the zone of the horizintal absorber rods that are being studied, show thatthereis a difference between
calculated and experimental values of keff of 0.1~0.5%. Measuring the spectral characteristics shows a sig-
nificantly "rigid" neutron spectrum (see Table 1). The presence of the chamber and its size have a slight
effect on the neutron spectrum in the core. The calculated values of spectral characteristics lie within 6% of
the experimental results,

LITERATURE CITED

1. A, M. Bogomolov, A. S. Kaminskii, A. D. Molodtsov, et al., "Basic characteristics of type GROG critical
test rig and problems of studying the physics of the high-temperature gas-cooled reactor," Vopr. At.
Nauki Tekh., Ser. At. Vodorodnaya Energ. Tekhnol., No. 3(10), 17-21 (1981). .

2, A. M., Bogomolov, A. S. Kaminskii, A, D. Molodtsov, et al., "Fuel element for the core of a reactor,"”
Inventor's Certificate No. 915628, Byull. Izobret., No, 30, 300 (1982).

3, V. A. Pavshuk and V. M, Talyzin, "Measuring the margin in reactivity of a gas-cooled reactor,” Vopr,
At. Nauki Tekh., Ser. Fiz. Tekh, Yad. Reaktorov, No. 5(18), 105-107 (1981),

4, J. Askew et al,, "A general description of the lattice code WIMS," J. Brit. Nucl. Energy Soc., 5, No. 4
564 (1966). .

5. A.S.Kaminskii and L. V. Maiorov, "The PIT program for calculating slow neutrons by the Monte Carlo
method, taking thermalization into account," Vopr. At. Nauki Tekh., Ser. Fiz, Tekh. Yad. Reaktorov,

No. 8(21), 76-77 (1981). ’ ‘ '

6. A, G. Sboev, "A program for calculating resonant absorption of neutrons in reactor cells by the Monte
Carlo method MONR-1," Vopr. At. Nauki Tekh., Ser. Fiz. Tekh, Yad. Reaktorov, No, 5(18), 91-96 (1981).

7.  A.S.Kaminskii, A. G. Morozov, A. G. Shoev, and A. V. Cherepanov, "Some model methods of calculating
resonant capture in complex cells," Vopr. At. Nauki Tekh., Ser. Fiz. Tekh, Yad. Reaktorov, No. 6(43),
22-24 (1984).

8. H. Gerwin and W. Sckerer, "Ein diffussions-theoretisches Simulationsverfahren zur Behandlung desoberen
Hohlraumes in Kugelhaufen-HTR," 1599 (1979).

9. S.S. Gorodkov, M. L. Gurevich, and N. L. Pozdnyakov, Instructions for Using Program Calculation of
Three-Dimensional or Two-Dimensional HeterogeneousReactor QUM-3-HER, Preprint IAE-2794, Mos-
cow (1977).

10. P. N. Alekseev, S. M. Zaritskii, L. N. Usachev, and L. K. Shishkov, "Program complex TVK-2D," Vopr.
At. Nauki Tekh., Ser. Fiz. Tekh. Yad. Reaktorov, No. 4(33), 32-35 (1983).

11, V. F. Tsibul'skii and V. S. Malkov, "Multigroup diffusion program DOP for calculating neutron flelds in
two-dimensional reactors with containment chambers," Vopr. At. Nauki Tekh., Ser. At.-Vodorodnaya
Energ. Tekhnol., No. 3(16), 29-31 (1983).

658

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3

ANALYZING THE MAXIMUM DESIGN FAULT IN THE CORE
OF A FAST REACTOR

Yu. K. Buksha, Yu. E. Bagdasarov, UDC 621.039.526:621.039.586
L. M. Zabud'ko, and I. A. Kuznetsov

One of the two worst-case design faults for nuclear power stations with fast reactorsis the fault involv-
ing clogging of the cross section of an individual fuel element, caused by swelling of the element itself, by
precipitation of foreign substances from the coolant or by penetration by foreign objects. This leads to a re-
duction in the flow of coolant through the element and damage, destruction or melting of the fuel element with
consequential damage to its immediate surroundings [1]. To satisfy the requirements of Standard OPB-82 on_
preventing the spread of damage due to a breakdown of normal operation of a fuel element, the whole of the .
core has to be studied at the different stages in the development of a fault, in order to determine the time
characteristics of the process and the danger that the fault situation represents for the reactor as a whole.
This allows us to formulate the demands that must be imposed on the monitoring and protection systems of
the reactor.

The present article examines some aspects of such a worst-case fault for reactor type BN-600.

The nature of the fault process is determined by the size and position of the blockage. Partial clogging
of the passage through the fuel element outside the bounds of the fuel area itself is not particularly dangerous,
even when the blockage is of considerable extent. Even a blockage of half the area of the passage through this
part of the element only results in a fall of 10% in the flow of sodium. Therefore, the danger of blockage ap-
plies to the fuel part of the subassembly.

In recent times, the accumulation of calculated and experimental data, both in the Soviet Union and abroad
[2], has made it clear that the blockage of a few cells leads only to an increase in temperature at the point of
blockage, without causing the sodium to boil, With blockages encompassing a significant proportion of the cells,
a stagnant zone is formed beyond the obstruction, whose length comprises just two diameters of the blockage
zone. The average temperature of the sodium in the stagnant zone is below the boiling point, whereas directly
beyond the blockage, the temperature of the sodium can reach boiling point. Calculations carried out by the
authors into the process of boiling of sodium with overheating of up to 85°C at blockages of 50% of the’
through section of the fuel part of the element show that the lifetime of the vapor bubble comprises about 0.1
sec, and complete drying out of the surface of the fuel element does not take place.

There isno doubt that the temperature of the can rises above rated and that the sealing of the can may
fail with a loss of gas to the interelement environment, depending upon the nature of the process and the num-
ber of pulsations of the bubble. These calculations of the boiling process have been confirmed by experiment
[3]. Experiments carried out on the DFR reactor involving significant blockage of the through section resulted
in boiling of the sodium [4]. These experiments show that the fuel subassembly can operate for several hours
under such conditions without catastrophic consequences. We therefore see that even large local blockages do
not spread to the fuel subassembly as a whole, ' '

When burnup is complete and the pressure of the gas-forming products of fission is fairly high in thefuel
element, while the mechanical properties of the can material have deteriorated due to the high fluence levels, ’
there is a possibility that the sealing of the fuel element will fail. However, the resultant escape of gas will
vary depending upon the area of the cracks formed in the can. With microcracks, the escape of the gas-forming
fission products will be slow, with small bubbles forming and breaking. Such a situation is not particularly
dangerous from the point of view of reducing the flow of sodium and of causing overheating in the fuel element.

Calculation of the thermohydraulic processes taking place in the fuel elements when large breaks have
occurred in the fuel can (with areas of 1-2 cm? show that almost complete expulsion of gas takes place from
the can in the initial stages of the process, during the first few milliseconds. The pressure in the space between

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 112-116, August, 1985, Original article sub-
mitted August 13, 1984; revision submitted January 23, 1985. '
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the fuel elements increases considerably above its nominal level. The introduction of gas into this space leads
to a short-term rise in the flow rate of sodium at the output and a maintenance of the flow rate in the inlet
parts of the subassembly. When the outflow is complete, the flow rate of sodium returns to normal. The bub-

ble now moves towards the outlet, practically at the speed of the sodium itself, with small periodic variations

in pressure and in the sizes of the bubbles. As a result, the fuel elements are left without cooling or with
inadequate cooling for several hundredths of a second, which is a considerably shorter period than the maxi-
mum permissible time for loss of cooling (measured in hundredths of a second). When the sodium circulates
by convection, it takes a long time to expell the bubbles (about 2 sec). However, the temperature of the fuel
element does not rise very much in this time. Consequently, large breaks in the fuel can or expulsion of bub-
bles do not in themselves endanger the fuel element, whether at maximum sodium rates or at rates correspond-
ing to convectional circulation.

Reference [5] surveys experimental results on the loss of gas from fuel elements. Various types of loss
were investigated, slow and rapid, with various degrees of can fallure.

The expulsion of thin fast jets and the rapid expulsion of a large quantity of gas represent some degree of
danger. Jets can lead to the formation of "dry" spots on the surface of the adjacent fuel element facing the
defective element., Experiments have shown that droplets of liquid are present in the jets which moderate the
process, so that the can temperature of the neighboring element does not exceed the permissible level. Fur-
thermore, even when there is a break in the can of the neighboring fuel element at the point wherethe jet strikes,
the fault will not spread further, since any emission from the new break would be directed back towards an
already faulted element, We can assume that this type of emission does not lead to the fault propagating and
is self-limiting in this respect.

Reference [6] gives the results of experiments with large instantaneous breaks of fuel-element cans hold-
ing an initial gas volume of 16.8 cm® at a pressure of 15.0 MPa. The following conclusions are drawn: bubbles
pass through a region of isolated heat transmission for several tens of milliseconds. Extrapolated to the con-
ditions existing in a fast sodium-cooled reactor, the results show that the maximum temperature rise under
worst-case conditions is no more than some tens of degrees, while the increase in pressure at the wall of the
fuel system is not more than 2,0 MPa, with aduration of a few milliseconds. Special experiments for studying
these processes have not been carried out in the USSR, However, the calculation model has been shown by
experimental and theoretical investigations to be very close to the phenomena arising in the space between the
fuel elements as a result of interaction between the sodium and the water of the hydrogen bubble when it is
ejected into the compensation space. The results are practically identical from the point of view of hydro-
dynamics [7]. These calculations show a close accord between calculated and experimental data,

Analysis shows that local blockage of the coolant paths inside the fuel subassembly and failure of the fuel
cans do not lead to an avalanche spreading of the damage. The situation could continue for some time without
any significant extension of the fault zone. An effective way of recording such a situation is to monitor the
sealing of the can by reference to the gas activity and delayed neutrons. It is also possible to register this
stage of a fault from the neutrons and the acoustic noise of the boiling sodium.

It is possible for the sodium to boil throughout the fuel subassembly when the flow rate falls by not more
than half. This could arise through the blockage of a considerable part of the coolant path section and also
through an increase in the hydraulic resistance, combined with a sealing failure in a large number of fuel ele-
ments. The spread of damage in this case can be determined from the nature of the boiling (stable or other-
wise). Unstable boiling, accompanied by a rapid reduction in the flow rate of the coolant through the fuel sub-
assembly, or pressure pulsing, accelerates the breakup of the fuel element. The hydraulic characteristics of
the fuel subassembly determine the nature of the boiling. The location of the operating point on the drooping
part of the hydraulic characteristic of the core is a sufficient condition for unstable boiling, In a normal fuel
subassembly, the operating point lies at the minimum of the hydraulic characteristic and boiling at this point
would be unstable. This is a property of all BN reactors. The hydrualic characteristic of a faulty fuel sub-
assembly can be represented as the sum of the hydraulic characteristic of a normal fuel subassembly and some
additional resistance, which can be either local or distributed throughout the length of the subassembly. Any
additional resistance to the liquid part of the flow of sodium increases the stability of any possible boiling.
Resistance to the two-phase part increases the instability of the process. Despite the low probability of sodium
boiling in the subassembly, it is logical to suppose that it would start due to the appearance of additional resis-
tance at the inlet to the subassembly, since the flow section of the core is reduced at this point, due to thebuildup
of oxides or the depositing of any foreign material from the coolant. This would occur predominantly at the
inlet part in the vicinity of the gas chamber of the fuel element, since this is the "coldest” place in the primary
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Fig. 1. Melting of one fuel element: 1) instantaneous contact of fuel and liquid sodium; 2) the
same, but with boiling sodium; a, b) when there is no interaction of initial vapor and gas; ¢, d) with
dispersion (fragmentation) time of fuel and its mixing with liquid sodium of 0.005 sec.

Fig. 2. Boiling of sodium in fuel subassembly: 1) position of boundary of bubble; 2) tempera-
ture of sodium in bubble; 1) axial coordinate of fuel subassembly.

circuit. Calculations show that the operating point in this case can be found on the rising part of the hydraulic
characteristic. However, the margin in flow stability is small and comprises a few percent of rated flow,

When considering a fault involving melting of the fuel in a subassembly of a fast reactor, we find it neces~
sary to investigate all its stages. One of the phenomena important when assessing the consequences of such a
fault is the thermal interaction between the fuel and the sodium. Investigation of this process is of interest
from the point of view of whether or not the fault can spread from one subassembly to the next, due to the mech-
anical loads on the walls of the damaged subassembly. Models, methods, and a series of calculated results
have already been obtained [8, 9]. We shall consider the process of interaction of the molten fuel with the
sodium and the reaction of the walls of the can to the pressure pulses that arise. The calculated value of the
pressure pulses depends upon many parameters characterizing the conditions governing the behavior of the
process, the scale of the fault (the quantity of molten fuel), the time dispersion of the fuel and its mixture with
the sodium, the presence of the vapor phase of sodium or gas in the zone of interaction and so on. Since the
coefficient of conversion of thermal energy into mechanical energy is determined by the rate of heat trans-
mission, we can consider melting of the fuel throughout the height of the subassembly to be negligible, since the
fact that the process differs in the various sections throughout the height of the subassembly will reduce the
maximum pressure in the subassembly (the duration of the effective interaction process does not exceed about
0.1 sec). Figure 1a, b gives the results of calculations of the pressure within the zone of interaction and dis-
placement of the wall of the fuel subassembly when one fuel element melts over a length of 1 ¢m for various
initial vapor contents in the zone of interaction, Curve 1 corresponds to the limijting case of instantaneous
contact of the fuel with the liquid coolant under the worst conditions: when there is no initial vapor and gas
in the zone of interaction. Undér these circumstances, the maximum pressure is 7.5 MPa. However, the dura-
tion of the pulse does not exceed 0.5+10~4 sec. When vapor is present, the maximum pressure is lower (curve
2). The calculated deflection of the subassembly wall shows that a short pulse at a pressure of 7.5 MPa causes
considerably less deflection of the wall than would be the case with steady-state loading, Figure 1¢, d gives
the results of calculations for the most realistic assumptions, taking into consideration the dispersion and
mixing times, but without a vapor phase, whose presence would lead to even-lower values, both of pressure
and of wall deflection. We need to have regard for the nonsimultaneous nature of the dropping of the molten
fuel into the sodium (the delay even over a section of 1 cm comprises several tens of milliseconds). Taking
the presence of initial vapor and gas in the zone of interaction into account, together with condensation of the
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vapor, we arrive at an even greater reduction in pressure and consequently to a smaller deflection of
the subassembly wall.

An analysis shows that in all the cases we have been considering, no damage to the walls of the fuel sub-
assembly takes place and therefore this factor cannot be the cause of a spreading of the damage to neighboring
subassemblies. Such damage can be spread by a drying of the surfaces of fuel cells in the zone of interaction
(the bubble) or a fall in the flow rate of sodium throughout the whole subassembly, due to an increase in the
internal pressure. However, the damage is unable to spread in these cases due to the short-term nature of the
process.

Calculations show that when the nonsimultaneity of melting ofthe fuel is correctly taken into account,
together with the instant of its falling into the sodium, we are able to maintain the integrity of the wall, even
when fuel elements melt over half the sectional area of the subassembly. However, a high level of indeter-
minacy is introduced into these calculations by the temperature of the wall and the properties of its material,

Calculating the effects of the interaction of the fuel with the sodium when the fuel elements melt over the
whole section of the fuel subassembly gives us pulses of pressure enough to cause disruption of the walls of the
subassembly, with all that this entails. However, a rapid melting of the fuel elements over the whole section
can only be considered possible by postulating a fault with instantaneous blockage of the sodium flow throughout
the whole subassembly.

The system for supplying coolant to the subassembly is arranged so that total blockage, and particularly
instantaneous blockage, becomes impossible. Consequently, faults involving instantaneous blocking of the whole
cross section can only be considered improbable. We only consider this case to determine the limiting time
characteristic of the processes involved.

Figure 2 shows the results of calculations of the boiling process (boundaries of bubbles and temperature
in bubble) with instantaneous reduction of sodium flow rate throughout the subassembly. Boiling of sodium
starts after about 0.55 sec at the exit from the core. It then spreads into the depth of the subassembly and on
to its inlet. The upper zone of destruction is achieved after about 0.08 sec, while full destruction takes place
after 0.35 sec. Heat transfer from the surface of the fuel element at its "hot" points starts after 0.3-0.4 sec
following boiling. When the film of sodium has dried over a sufficient length of the fuel part, the amount of heat
entering the bubble will fall off, and a reverse flow of sodium will take place in the subassembly.

However, full heating of the subassembly does not in fact take place. The characteristic time of develop-
ment of the damage up to this stage is about 1 sec. After heat transfer from the surface of the fuel element -
ceases, the temperature of the fuel element starts to rise and it eventually melts., Complete melting of the
fuel in the endangered section takes 5-6 sec. The time needed for the melting to spread throughout the height
of the core is 0.7-1.0 sec. After the fuel has melted, it falls onto the wall of the subassembly, The walls of
the damaged and neighboring subassemblies behave in an ambiguous way. An assessment of the temperature
of the subassembly walls for various assumptions shows that the walls of neighboring subassemblies may or
may not melt. We are unable to give one single answer to the question as to how long the coolant section can
avoid being destroyed in such a situation, However, the mechanical loading of the subassembly walls due to
the interaction of the molten fuel with the sodium can cause the walls to fail as a result of the high tempera-
tures reached, and they could quite possibly melt. We are unable to say what effect this would have on the
neighboring subassemblies. Calculations taking account of the heat transfer from the molten fuel and from
the walls of the fuel subassemblies adjacent to the damaged subassembly indicate that full melting of the walls
of the faulted subassembly would take place in about 8 sec under worst-case conditions. The molten mass of
fuel would then fall on the wall of the neighboring subassembly. The resulting mechanical loading would rapidly
disrupt this wall also. Further spreading of the damage would take place relatively slowly, since the sodium
would be circulating at its normal rate through the neighboring subassemblies and an adequate heat transfer
would be taking place. However, the loading, disruption, and melting of part of the damaged subassembly can
lead to very slow but progressive extension of the damage. The time characteristics of the fault at this stage
depend upon a number of factors which are difficult to assess in practice. Therefore, as our characteristic time
for the development and propagation of the fault fromthe damaged subassembly to the six neighboring subas-
semblies, for guarantee purposes, we can take the time interval from the onset of occlusion of the damaged
subassembly to the melting of its own wall (about 15 sec, according to calculation). This is the decisive time
for the speed of reaction of the monitoring and protection systems of the reactor covering this type of fault.

In reactors with U-Pu-charged sodium chambers, the effect of reactivity throughout the core is positive.
The maximum reactivity effect during boiling of the sodium in the coolant section and its drying out comprises
0.74-107% Ak/k. The maximum rate of introduction of reactivity is 3+ 1074 Ak/k per second. From the point of
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view of the safety of the reactor, such a reactivity is insignificant, but it is sufficient for observing such faults
from anomalous changes in reactivity, measured with the aid of equipment based on calculation of reactivity
balance [10]. The introduction of positive reactivity is possible later, during the melting and displacement of
the fuel. Faults involving the melting of one fuel subassembly and the leakage of fuel into the lower zone in-
volve a variation in reactivity of about —5.4° 104 Ak/k. The maximum reactivity is achieved in the case of a
collapse of the molten fuel in the center of the core and comprises 8.7 * 1074 Ak/k. This hypothesis involves an
idealized way of looking at the movement of the molten fuel. The maximum reactivity for destruction of seven
fuel subassemblies, melting of the fuel, and collapse in the center comprises about 0.4 *10™% Ak/k. This value
is close to the effective proportion of the delayed neutrons at the limit of accuracy of the calculations, How-
ever, the introduction of such reactivity will increase with time (the duration of the introduction is greater
than the propagation time of the fault given above). If such a rate of introduction of reactivity is achieved, then
the power level will increase at a rate of about 10% per sec.

As we have already seen, the construction of assembles through which the sodium is fed to the fuel sub-
assemblies is such that it excludes any possibility of an object blocking the inlet. When considering the worst-
case design fault, our hypothetical initial condition of instantaneous blocking of the flow through the fuel sub-
assembly is chosen with the aim of determining the minimum time characteristics of the fault. In this regard
(when choosing more-probable initial assumptions of the scale and time of the blockage of the section), the
process will in reality be considerably more drawn out. The development of the fault is observed at the stages
of fuel-element overheating and the failure of its seal by observing the delayed neutrons, which fix the limit
and the rate of increase of activity. Then, if the reactor has not already been shut down, the boiling of the
sodium and the melting of the fuel can be registered from the neutron-flux and acoustic noise and also by the
system for monitoring the reactivity balance, which initiates an alarm signal.
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DETERMINATION OF THE TRANSFER CROSS SECTION
UNDER THE THRESHOLD OF 238U FISSION, AS OBTAINED
FROM EXPERIMENTS ON THE TRANSMISSION OF FISSION
NEUTRONS

V. A. Dulin, V. V. Korobeinikov, UDC 621,039.51
V. M. Lityaev, and A. M. Tsibulya

When systems of group constants for the calculation of reactors or shields are compiled and tested, data
of integral experiments are usually employed. Experiments in which the transfer cross sections under the
fission threshold of 28U are investigated are of particular interest. The BNAB-78 system of constants [1]
facilitates the calculation of fast reactor characteristics, such as keff and the recovery factor with errors of
1.4 and 2.4%, respectively. The uncertainty of the transfer cross sections under the %30 fission threshold of
the construction materials and'of #8U itself significantly contributes to the errors indicated above (0.8 and

1.2%, respectively).

The transfer cross sections under the 23U fission threshold were studied in experiments on the spheri-
cal transmission as early as in the fifties in the Soviet Union by Bondarenko [2], Lovchikova [3], and Andreev
[4] and abroad by Bethe, Bayster, and Carter [5]. The results of those experiments were used when the BNAB-
64 system of group constants was compiled [6]. For example, the transmission through 10 spherical shells
with a transmission ranging from 0,47 to 0.96 was studied in the case of iron [5]. An inverse geometry was
used in the experiments, i.e., the threshold detector was placed inside the sphere and the neutron source was
far away outside. A thin 55y plate irradiated with thermal neutrons was used as the neutron source with a fis-
sion spectrum. The errors in the transfer cross sections of the main reactor materials amounted in these
experiments to 5-20%. In particular, the errors of the cross sections of inelastic scattering amounted to 20%
in the case of stainless steel and 28U, Nikolaev noted in his WRENDA list of requirements in nuclear data [7]
that the precision of the transfer cross sections can be increased by repeating experiments with spherical
transmission under optimal conditions and by analyzingthese experiments with all the care which can be
reached in modern computational techniques. This prbblem is the subject of the present paper.

The experiment-was made in a straight spherical geomefry (see Fig. 1), i.e., the neutron source was in-
side the sphere under inspection. A tube with the 22Cf nuclide undergoing spontaneous fission wasused as the
source. The spheres under inspection usually had the same external diameter of 170 mm. Three fission cham-
bers with 28U layers were placed close to the spheres. Each of the chambers had the shape of a sphere and
covered an angle of about 0.6 . The angles between the chamber centers were 120° and the total solid angle
covered by all the chambers was close to 2r, '

The proposed quasispherical geometry of the detector made it possible to obtain a high signal-to-noise
ratio in the neutrons reflected from the walls and a high recording efficiency with a relatively thin uranium
layer (1 mg/cm?), which helped to obtain good counting characteristics of the chamber and therefore a high
reproducibility of the results; in this way it was also possible to obtain a spherical experimental model suitable
for an analysis by calculation,

_This latter detail compensated.for shortcomings of the detector geometry selected in comparison with the
clasical detector geometry in which the detector is far from the sphere so that the various angular distributions
of the neutrons incident on the detector directly from the source or after one or several collisions inside the
sphere can be disregarded. In the classical formulation of the problem, the spherical transmission for a purely
scattering but not moderating sphere is equal to unity, In our formulation of the problem, the angular distribu-
tions of the scattered and unscattered neutrons incident on the detector are obviously different, and since a
detector with a spherical layer is characterized by an angular dependence of its sensitivity, the ratio of the
counting rate with the sphere to the counting rate without the sphere is greater than one even for a purely scat-
tering, not moderating sphere. Inthis way, the cross section of the transfer must in our case be assessed from

Translated from Atomnaya Energiya, Vol. 59, No, 2, pp. 116~119, August, 1985. Original article submitted
November 19, 1984,
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TABLE 1. Compositions of the Zones (num-
ber of nuclei in a volume of 10720 cm?)

Material of the sphere
Nu- |Zone of |Cham- terial of pher
clide {the ber . . ura-

- |source  |wan iron |steel |nmickel | nium

C 4,76 4,76 746 4,76 — -
Cr 165 | 165 — | 165 — -
Ni 84,1 84,1 —— 84,1 875 -
Si - 13,06 13,6 —_ 3,6 —

Mn 1,30 1,30 4,300 1,30 - -
Fe 584 584 | 847 584 — —
Ti 6,90 6,96 — 6,96 - —_
238y — - — —_ — 1474
2854 — — — — — 0,33

Fig. 1. Computational model of the experiment:
1) source; 2) spherical sample; 3) wall of the fis-
sion chamber; 4) 2%U layer; Ry=0.31 cm is the ef-
fective radius of the source; R, denotes the inner
radius of the sphere under consideration and

~ is for iron spheres 7.5, 5,5, 3.6, 1.5, and 1,5* cm,
and for nickel and 1Kh18N10T spheres 5.5, 3.6,
and 1.5 cm; Ry, =8.50 cm denotes the outer radius
of the sphere under consideration and Ry =1.5%
and Ry=2.5 cm in the case of the steel sphere;.
R; =8.60 cm and Ry =8.65 cm denote the inner and
outer radius of the inner wall; R;=9.00 cm and
Ry =9.05 cm denote the inner and the outer radius
of the outer wall, :

the values corresponding to a sphere with transfer cross section zero rather than one, in contrast to the mea-
sured transmission, The value can be rather accurately calculated because the geometry of the experiment is
very simple. - : :

Experiments were made with metal spheres of iron, nickel, 1Kh18N10T steel, and uranium (see Table 1).

The results of the experiments are listed in Table 2 together with the results of preliminary calculations
made with the Monte Carlo method in the multigroup transport approximation using the BNAB-78 system of
constants [1]. The possible use of the multigroup transport approximation for the calculations had been analyzed.

It was unclear how the results of the calculations are affected by the spatial dependence of the resonance
self-shielding of the cross sections. The influence of this effect is at its maximum in iron spheres. A com-
parison of the transmission through the steel sphere with Ry =1.5 cm (AR=7 cm)_calculat‘éd"iﬁﬁthe subgroup- ap-
proximation (i.e., taking into account the spatial dependence of the resonance self-shielding) and in the group
approximation (in which resonance self-shielding was assumed as similar to that of an extended iron medium)

" has shown that the effect cannot be distinguished within the statistical error limits of the computational results:
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TABLE 2. Comparison of the Calculated and Experimental ‘1Tansmissions™

Sphere Texp Teale 8Tealc Texp Teale —calceXp.ygq
Texp
Fel 0,991+0,002 | 0,988+0,002 0,05240,003 0,9394-0,003 0,936+0,002 —4+6
Fe2 0,874-+£0,003 | 0,878+0,002 0,07440,002 0,80040,003 (,803+0,002 242
Fe3 0,758+0,002 | 0,7624-0,002 0,0730,002 0,684+-0,003 0,688+0,002 141
Fe4 0,64810,001 | 0,65530,002 0,0650,002 0,583£0,002 0,58910,002 241
Fe5 0,93840,002 | 0,9443-0,006 0,005£0,007 0,9334-0,007 0,93930,004 9313
Steel 1 0,87640,002 | 0,875+0,003 0,085+0,003 0,791+0,003 0,791 40,002 042
Steel 2 | 0,75140,002 | 0,753+0,003 0,0798+-0,002 0,671 +£0,003 0,673£0,002 1+1
Steel 3 | 0,64540,002 | 0,634+0,005 0,068+0,005 0,57740,006 0,56740,004 | —2+2
Ni1 0,8564-0,002 | 0,8394-0,002 0,071+0,002 0,785+0,003 0,769+0,002 C —8+2
Ni2 0,732-+0,002 | 0,7144-0,003 0,07140,003 0,661+0,003 0,64510,002 —5+1
Ni3 0,6260,001 | 0,602+0,002 0,063+0,002 0,563+0,003 0,541£0,002 —5+1

* The results are given in the order of the R, values in the legend to Fig. 1.

TABLE 3. Cdmparison of the Transfer Cross
Sections Under the Threshold of 23U Fission

Material of :

the sphere Experiment BNAB -78 (Work of{5]

Iron 0,67+0,02 0,66 0,69

Nickel 0,78+0,02 0,83 0,71
38y 2,164:0,04 2,11 -

Steel 0,64+0,02 0,63 —

in the subgroup approximation, the transmission was 0.657 + 0,002, whereas the transmission was 0.655 + 0.002
in the group approximation. The uncertainty in the fission spectrum of 2%2Cf proved to be irrelevant.

Further, it was shown that it is possible to use the transport approximation of the scattering pattern. The
transmission T for an iron sphere with the layer thickness AR=4.9 cm was calculated in the group approxima-
tion taking precisely into account the anisotropy of scattering. The result T =0.759 = 0.004 coincided within the
statistical error limits with the results of a calculation made in the transport approximation: T =0,762+ 0.002,
An analysis of the calculated results has confirmed that the multigroup transport approximation can be used for
evaluating experimental data on the spherical transmission under real geometrical conditions,

Two quantities were determined in the calculation: the transmission T;(AR), determined with the aid of a
spherical detector surrounding the sphere, where AR denotes the thickness of the spherical layer of the i~-th
material, and the transmissionT;”(AR) for infinite distance of the fission chamber from the sphere. The dif-
ference 6 T;j(AR)= T;(AR)—T{°(AR) is termed the geometrical correction. Inthe experiments, the cross sec-
tion of neutron transfer under the 238y fission threshold can be defined as

1—T (AR @)
@ = lim ~= 00
%= 20T CTAR
where Cj denotes the concentration of the nuclei in spheres prepared from the i-th nuclide. For AR—0, we
have T%(AR) = e-Cj9y; —1 — Clo,;,- where I —AR; Eq. (1) therefore is obtained.
It follows from the multigroup system of constants that
) % Pg0fuoss @)
Oyi="g—— ‘
! 2 95950
g
where gg denotes the spectrum of the source neutrons; and G%U denotes the cross section of ¥8U fission to
which the detector efficiency is proportional; further _
o
- °/U g~g' (4 _o%U
Uyt“‘0c1+0h 2 og g ( ) + 2021" ( Gg ). (3)
§'>8 ofu g>e 1 :
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The T (:,oxp values for the first and the fifth iron sphere with identical layer thicknesses but with different
external diameters coincide within the experimental error limits, whereas the transmission values measured
with a real detector differ considerably. This confirms that corrections should be introduced for the angular
dependence of the detector sensitivity.

It follows from a comparison of experimental and calculated résults that for all spheres, except for the
nickel spheres, the experimental and calculated transmission values coincide within the error limits of the
experiment and the calculations. Thus, our experiments confirm the transfer cross sections of iron, stainless
steel, and #8U, with the cross section figures obtained with the BNAB-78 group constants assumed in the cal-
culations.

In the case of nickel spheres, a systematic difference exists between the calculated and experimental
transmission values. The difference indicates that the BNAB-78 constants render excessively high transfer
cross sections under the threshold of ¥U fission (see Table 3).

Let us make the following remarks in conclusion,

Our experiments provide interesting information on the transfer cross sections of neutrons under the
28y fission threshold; when these results are taken into account in the determinations of neutron data, the
error of the transfer cross section can obviously be reduced to 3%, and this satisfies the accuracy require-
ments of integral moderation and absorption characteristics to be assessed for fast neutrons.

This approach is possible mainly when a very careful computational analysis is performed. The errors
of the calculations due to errors of the total cross sections, the scattering cross sections, the anisotropy of
scattering, etc., and the errors associated with the group approximation must be quantitatively assessed. The
transfer cross section must also be carefully determined on the basis of available experimental data. It is
unlikely that the results of a more careful analysis will substantially deviate from the results ‘stated herein.
However, as long as this analysis has not been made, the determination of thetransfer cross section will not
be fully reliable. Therefore, the results of the computational analysis listed above should be cons1dered pre-
liminary results.

The use of the results in practice must be supplemented by a review of weighted neutron data (including
information on their errors), and accordingly, these data must correspond, within the error limits, to the
results of the differential neutron-physical integral experiments (in particular, to the experiments described
in the present article), as well as to the results of macroscopic experiments made on critical assemblies which
contain in large concentrations the materials under consideration [8-10]. Work along this line is in progress,

In conclusion, the authors thank M. N. Nikolaev, who was of great help in planning the present experi-
ments and in interpreting the results obtained.
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STRUCTURAL CHANGES IN THE Kh20N45M4B NICKEL ALLOYS
AND THE Kh16N15M3B STEEL DUE TO HELIUM ION
BOMBARDMENT

B. A. Kalin, I, I. Chernov, UDC 621.039.531
V. L. Yakushin, G, N. Shishkin, V. N. Chernikov,
O. A, Kozhevnikov, and A. N, Lapin

The structural materials of the discharge chambers of the thermonuclear systems and reactors are sub-
jected to bombardment by large fluxes of accelerated light ions. This leads to radiation damages [1-6}, and
changes in the chemical composition [6-8] and, possibly, in the phase constitution [9] of the layers near the
surface which, as was shown earlier [6, 10], have a significant effect on the fracture and erosion of the surface
layer during Het bombardment. Therefore, a study of the structural damages, phase constitution, and chemi-
cal composition of the surface layers of the bombarded specimens is of great interest for evaluating the degree
of damage of the materials during ion-bombardment and the interstitial gas accumulation in them.

Using transmission electron microscopy, x-ray structural analysis, and the thermal desorption tech-
niques, we carried out a detailed study of the structural and phase changes, defect formation, and helium ac-
cumulation in the Het-bombarded 16-15 austenitic steels and 20-45 nickel alloys (Table 1).

Experimental specimens were cut out from 0,2-0,5-mm-thick sheets of the industrial materials. Prior
to ion-bombardment, the specimens were subjected to mechanical and electrolytic polishing, and were sub-
sequently annealed in pure argon atmosphere at 1170°K for a period of 1 h, Bombardment of the specimens
with He ions having an energy of 40 keV up to a fluence of (1-600) 102° m™2 was carried out in the 300-870°K
range in an ILU-3 ion accelerator; bombardment with the ions having an energy of 20 keV up to a fluence of
(1-5) 102 m~2 was conducted at temperatures up to 370°K in a double-focusing mass-monochromator [6]. All
the structural studies were carried out on the specimens bombarded at T< 370-420°K. The changes in the
chemical composition of the near-surface layers were studied after bombardment at 300-870°K.

Microstructure of the bombarded specimens was studied using the methods of transmission electron
microscopy of thin foils in the EVM-100L and EM-301G electron microscopes. The specimens for electron
microscopic analysis were cut out from the bombarded materials on an electrospark machine, and were thinned
on a special apparatus designed for continuous one-sided removal of metals. Electron micrographs and the
microdiffraction data were processed according to the standard procedures [11-13]. X-ray studies on the
specimens were carried out on a DRON-UM]1 diffractometer using Cu Ky radiation, Thermal desorption of
helium from the bombarded materials was studied under linear heating conditions maintaining a heating rate
of 0.5 °K/sec in a mass spectrometer designed for investigating the processes of accumulation and liberation
of inert gases. The changes in the chemical composition of the surface layers of the materials were followed
using the secondary ion mass spectrometry (on a SMI-300 analyzer) and the Auger electron spectroscopy
methods. The distribution of elements along the depth was studied during the process of layer-by-layer sput-
tering of the surface layer (at a rate of 0,25-0,3 nm/sec) with Art ions having an energy of 2-10 keV based on
the analysis of mass-spectra of the positive ions of the specimen or the sputtered material,

TABLE 1. Chemical Composition of the Experimental Materials

Weight content of elements, %
Material g
Cr Ni Mo Nb Ti Al (¢ Ng B Others
Steel 16-15 16,2 14,8 2,9 0,56 — — 0,07 0,25 —- —
steel 16-15R 15,8 15,0 2,8 0,78 — —_ ((;’8?( 0,04 0,008 0 07_(0 )
20- 19,6 .5 4,0 0,84 0,08 0,10 , 016 — — , u
Alloy 45 45 00E
Alloy  20-45 ' 19,4 44,9 3,6 0,89 0,02 0,16 | 0,022 0,008 0,005 0,04 (Cu)
1,035 (Z2)

Translated from Atomnaya Energiya, Vol, 59, No. 2, pp. 119-125, August, 1985, Original article submitted
March 23, 1984,
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TABLE 2. Dependence of the Volumetric
Density of the Loops p Ips and the Bubbles

Ppls» and the Bubble Size (2rp) in the Mate-

rials Bombarded with Het (E=40 keV, T %
370°K) on the He™ Fluence

Fluence . 2ap, |20
. g | PLpse Pbls- ’ bs
21
Material  [10% 2 102[;m'3 10%4 m= pm  |am
Steel  16-15 01 14,2406 — — | =
0,3 12,2411 — — —
0,5 |2,4+1,2 2 — | =
1 2,041,001 742,41 1—5 | 2,0
Alloy 20-45 0,1 |[3,1+1.6 — — — .
0,3 [3,5+1,8 — — _
0,5 [4,242,1 — —
0,7 14,0x2,0] 6,04-1,8] 1—4 | 2,0
1 3,741,9] 6,6£2,00 1—4 | 2,0
3 = 8,4+2,5| 1—3 | 1,
H* .
10 —  11,4+3,3 -3 1,8

* Iri the fluence range (5-10) 102 m=2 the bub-
bles form a superlattice with a period d= 4
nm.

'
r :‘///}/1 T
U I
J —
| '// ~].
g s \
~1’= 2 / \
2 / %\\
¢ r P~~p %
< .
ad
I . . el . R SRR NS
7 5 m? § 10%
Fluence, 102 m™?
Fig. 1 Fig. 2

Fig. 1. Helium bubbles in the 20-45 nickel alloy bombarded with Het (E =40 keV, fluence 1+ 1022
m™% T2 370°K): a) region of ordered dispositioning of bubbles (overfocusing); b) region of disor-
dered dispositioning of bubbles (underfocusing). ‘

Fig. 2. Variation of the lattice const ant of austenite in the 20-45 alloy bombarded with Het (E=
40 keV, T <% 370°K).
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Electron-microscopic investigation of the thin foils of the specimens bombarded with He' ions of energy
40 keV showed that at a fluence of 1+10% m™2 a defect structure consisting of point defect clusters and dis-
location loops develops in the surface layers of the experimental materials. On increasing the fluence up to
5+10% m~?, the dislocation loop size is insignificantly affected, but their volumetric density increases. An
analysis of the fairly large loops in the 20-45 alloy showed that they are loops of interstitial atoms with a Bur-
gers vector b=(1/2) a {110) lying in the close packed planes {111}. The calculations showed that the number
of the point defects accumulated in these loops per unit volume amounts to ~10%-10% m=3, In the stainless
steels 316 and 0Kh16N15M3B, the nickel alloy Kh20N40M5B, and nickel, small dislocation loops form at a low
He* fluence, and their density increases with increasing fluence [14, 15]. At an ion fluence exceeding 5° 1020
m™2 (Table 2), the loop density has a tendency to decrease, apparently because of their coalescence, and there
is a slight increase in the average loop size. At a low fluence up to 1- 10% m~2, the volumetric densities of the
dislocation loops considerably differ in the 20-45 type nickel alloys and the 16-15 type stainless steels: at a
fluence of 1102 m™2, their ratio amounts to ~ 2.5, and with increasing fluence it decreases significartly. The
fact that the 0Kh16N15M3B steel (that contains a greater amount of alloying elements as compared to the
1Kh18N10T steel) exhibits higher dislocation loop density was noticed during neutron irradiation also. In this
case, the loop density varied from ~3- 102 m™ and ~10% m~? in the 0Kh16N15M3B and 1Kh18N10T steels,
respectively, up to ~7-102® m™ in both cases as the fluence is increased from 2 up to 10 displacements per
atom [16]; i.e., at a high fluence, the dislocation loop concentrations are less sensitive to the composition of
the irradiated materials. The relatively large fraction of the radiation-induced vacancies captured by the alloy-
ing elements appears to be one of the possible reasons for the observed high density of the clusters of inter-
stitial atoms in complex alloys and high-alloy steels,

At and above an ionic fluence of 7 -10% m™2, a high volumetric density of helium bubbles appears in the
structure of the bombarded materials, With increasing fluence of the interstitial ions, the concentration of bub-
bles increases, but the average size remains virtually unaltered (see Table 2). We note that while at a fluence
uptol- 104 m™? one observes a considerable scatter in the bubble size distribution (1-4 nm) and the formation
of separate bubbles measuring up to 5 nm in diameter, at a high fluence (> 3+ 108 m~2) the size distribution of
bubbles shows less scatt er and their average diameter is 1.8 nm in that the density and the sizes of the bubbles
in the 16-15 steel and the 20-45 nickel alloy are virtually identical. As was shown earlier [5], at a fluence
greater than 3+ 102 m™2 the bubbles form a space lattice both in complex alloys and pure metals [3, 4]. The
bubble density reaches its maximum in the sublattice, and amounts to ~ 10% m™3, The ordered assembly of the
bubbles is retained right up to the development of blisters on the surface, i.e., up to a fluence of ~10% m™2 but
in this case, staggered zones with a much lower degree of orderingare observed (Fig. 1). This indicates that at
a high fluence the bubble-lattice loses stability and collapses. Interaction of the neighboring bubbles is a pos-
sible mechanism of the disintegration of the superlattice. As was shown by Johnson and Mazey [17], this leads
to the formation of blister cavities at a depth corresponding to the thickness of the blister covers.

Figure 2 shows the results of x-ray studies on the bombarded specimens., An analysis of the diffracto-
grams revealed a marked dependence of the lattice constant of austenite a (determined from the position of the
(422) and (400) diffraction lines) on the ionic fluence. With increasing fluence, initially thereis a continuous
increase in the lattice constant up to a fluence of 5. 1020 m~2 (Fig. 2, region I); with subsequent increase in
fluence (> 5 * 102 m™2) we observe its decrease and gradual transition to a steady value (region II). In this case,
there is a slight difference in the values of the lattice constant calculated from two different lines. This indi-
cates the development of tetragonality in the lattice or a phase transformation involving a structural change
(for example, fcc—hcp in nickel)-[15, 18, 19]. The obtained results of electron microscopic and x-ray struc-
tural analysis of the bombarded materials generally agree with those published earlier [15].

A comparison of the dependence of a on the fluence (see Fig. 2) with the electron microscopy data on the
substructure (see Table 2) and with the thermal desorption data shows that the region I of continuous increase
of a coincides with the interval of helium accumulation and radiation-induced defects (fluence < 5. 102 m™?),
At a high fluence, the decrease in a is, apparently, due to partial elastic-stress relaxation resulting from the
decay of the solid solution of helium in the material with the formation of gas bubbles. The regions III and
IV, where the lattice constant of austenite retains a constant value, correspond to the formation of the super-
lattice of gas bubbles in the structure of the material and surface blisters. The relaxation of the lattice con-
stant with increasing fluence of the implanted helium indicates that its increase is due mainly to the presence
of helium atoms at the interstitial sites and in the HemVy, type (m > n) complexes [15, 19].

The form of the thermal desorption spectra of helium depends to a significant extent on the ionic fluence
(Fig. 3, Table 3). On increasing the He* fluence from 1+10% m™ up to 1+10*2 m™% there is an increase in the
number of peaks appearing on the thermal desorption spectra (from one up to seven) and their height; the new
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TABLE 3. Temperature of Peak Appearance on the Spectra of Thermal Desorption of Helium
from the Materials Bombarded with Het (E =40 keV, T = 420°K)

Fluence, Peak number
Material 1022
-2 1 1 1 v l v Vi viI
119
Steel 16-15 4 1600 1370 1310 1180, 1130 1050 850
'(splitting)
Steel 16-15P 8 1600 1445 1360 113 1025 860 670
Alloy 2045 10 1670 1530 1320 1170 1070 900, 850, 775
(splitting)
Note: The peak numbers correspond to the symbols of Fig. 3.
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Fig. 3. Spectra of thermal desorption of helium from the materials bombarded with He' (E =40 keV,
T € 370°K); a) steel 16-15R: 1) background; 2) unexposed specimen; 3-6) specimens bombarded up
to a fluence of 3+10%, 7-10%, 1'+10%, and 4+ 102 m™2, respectively; b) alloy 20-45: 1-4) specimens
bombarded up to a fluence of 5-10%% 1-10%, 2102, and 1-10% m~2, respectively.

Fig. 4. Mass spectra of the 16-15 steel specimens: a) original cohdition; b) after bombardment with

He" (E=20 keV, fluence 2+10% m™2, T ¢ 370°K).
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peaks appear at progressively lower temperatures in that with increasing fluence, the high-temperature peaks
are shifted towards the low temperature region (see Fig. 3). An analysis of the gas liberation spectra shows
that at a high fluence (3 4102 m™2) the steels and the nickel alloy possess the same number of peaks. Here,
the temperatures corresponding to the peaks I and IT of the nickel alloy (see Fig. 3 and Table 3) are found to be
higher than the temperatures of these peaks of the steels, but in the case of other peaksthe temperature dif-
ference is insigrificant. Hence, it may be concluded that when bombarded under identical conditions, the same
mechanisms of helium expulsion operate during the heating process of both these austenitic materials. The
obtained regularities of gas liberation from the Het bombarded specimens generally agree with the data of
analogous investigations [1, 20]. At a fluence of =5°10% m~2 helium liberation takes place by one mechanism
only: during the melting process of the specimens (peak I). From the moment helium bubbles appear in the
structure of the materials (fluence = 7 - 1020 m~2), certain new low-temperature peaks are seen in the thermal
desorption spectra. This indicates operation of new mechanisms of helium liberation. The most complex de-
sorption spectrum corresponds to the preblistering and blistering stages of structure evolution in the materials
(fluence = 4 » 102 m~2), The presence of the low-temp erature desorption peak VII (see Table 3) having an ac-
tivation energy of ~1.5 eV (calculated according to a previously suggested method [21]) is, apparently, related
to helium migration in the form of dumbbell-like complexes, for example, He—1, He—C, He— CV, etc., where I
represents an intrinsic interstitial atom, C is a carbon atom (or any other interstitial element), and V is a
vacancy. The possibility of formation and migration of such complexes is indicated by an analysis of the pub-
lished data [22-24] and an experimental study on the redistribution of the main components of the austenitic
materials (Fe, Cr, Ni) and the interstitial impurities (C, B, N, O) during the implantation process. In fact, the
study of chemical composition of the ion-bombarded materials showed that at a high fluence there occurs a
redistribution of the alloying elements along the depth of the specimens. This is confirmed by the layer-by-
layer Auger analysis and a study of the specimens by secondary ion mass spectrometry (Fig. 4). The mass
spectra of the 20-45 nickel alloys are similar to those of the 16-15 steel, but in the case of the 20-45 alloys

all the mass peaks are substantially lower. An analysis of the obtained spectra shows that bombardment with
He'* of a relatively small fluence (below 1+1022 m™% up to a temperature of 870°K does not lead to noticeable
changes in the ratio of the main elements (Fe, Cr, Ni) in the experimental materials. This is seen from a
comparison of the mass spectra presented in Fig. 4a and b. We find only a significant increase in the line in-
tensity of the oxides and simultaneous surface decontamination from the impurities such as Li, Na, K, etc. In-
creasing the ionic fluence up to 6 » 1022 m™2 leads to a redistribution of the main components of the steels along
the depth of the target: in the layer measuring up to ~ 0,4um in thickness, the Fe and Cr content decreases by
almost 2 times and a slight enrichment with nickel is observed.

According to the data of the earlier studies [6, 8], redistribution of interstitial impurities (C, B, O etc.)
is observed even at a relatively low fluence (up to 2+10% m~2), and segregation of boron and carbon takes place
in the thin layer near the surface measuring < 10-15 nm in thickness, due to the reduced content of these ele-
ments in the ~ 0,1-um-thick layer. At the same time, one observes enrichment of the surface layer with oxygen
which penetrates up to a considerable depth (up to ~1 um) and forms complex compounds with iron and chromium,
as confirmed by the mass spectra of the bombarded specimens (see Fig. 4b).

Electron-microscopic study of the thin foils of the bombarded 16-15 steel specimens did not reveal notice-
able changes in the phase composition of the materials due to bombardment. However, in the complex high-
nickel 20-45 alloy bombarded with Het of energy 40 keV up to a fluence of 1+10%2 m~2 we observed numerous
dark spots of different shapes that do not have clearly defined boundaries. Their maximum size amounts to
~0,5 um, In some cases, the coarsest ones among them are decorated with minute phase-precipitates (< 0.01
um) (Fig. 5). An analysis of their microdiffraction patterns showed that the observed particles have a fcc lat-
tice and, in particular, the microdiffraction pattern shown in Fig. 5¢ matches well with the standard electron
diffraction pattern of the fcc crystals having [011] orientation. According to our evaluation, the lattice constant
of the precipitates lies within the limits 0.5664-0.5719 nm. It may be assumed that the observed precipitates
are either particles of an intermediate phase in the segregation zone of atoms, which appear as blurred (dif-
fused) spots on the electron microscopic image, or nuclei of secondary precipitates, for example, nickel niobide
Ni(Mo, Nb),, that have a MgC-type fce lattice. Disintegration of the 20-45 nickel alloys must lead to the forma-
tion of such intermetallic compounds [25, 26].

It was previously observed [9] that in nickel and the 316 steel there are phase transformations caused by
bombardment with P+ having an energy of 40 keV up to a fluence of 10%-10% m~? (flux density of ions 2 107
m=2. sec"l) at room temperature; here, it was concluded that the transformations are related not to the chemi-
cal nature of the interstitial ion, but to the high stresses (10°-10* MPa) in the surface layers of the metal which
result from the significant interstitial-ion concentration (atom fraction 25-30%). Apparently, the high internal
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Fig. 5. Particles of the nuclei of the new phase in the Het
bombarded 20-45 nickel alloy (E =40 keV, fluence 1+10%m2
T< 420°K): a) bright-field image; b) dark-field image in re-
flected light, indicated by an arrow in the microdiffraction
pattern (c); ¢) microdiffraction pattern of the selected region.

stresses developing in the surface layers during bombardment with barely soluble He+ ions [27] also facilitates

radiation-induced disintegration of the highly alloyed nickel-alloy, thereby making it easy for the rapid re-
distribution of the alloying elements in the field of internal stress gradients.

Thus, the conducted studies showed that bombardment of structural materials with light ions can lead to
significant structural damages and changes in the chemical and phase composition of the surface layer. The
possible mechanisms of the changes in the chemical and phase composition include selective sputtering and

radiation-induced accelerated diffusion of elements in the field of internal lateral stresses developing during
_ the He' implantation process.
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CRACK RESISTANCE OF COLD-WORKED 09Kh16N15M3B
STEEL SHEETS

V. Yu. Gol'tsevy, O, G, Kudryavtsev, ' - UDC 539.4
Yu. G, Matvienko, and V, V, Novikov.

During the operation of nuclear reactors, microcracks can form in the material of the fuel-element cans
(jackets) because of the mechanical action of the fuel and the chemical interaction of the fission products with
the can material [1]. The efficiency of the fuel elements is determined by the crack resistance of the material,
which, in turn, depends on the size of the existing defects, the magnitude of load, and the properties of the
material. S ’

The structure and the mechanical properties of the materials are considerably affected by the nature of
the prior treatments such as the degree of cold deformation [2]. The optimum degree of cold deformation of
stainless steels was previously evaluated [3, 4] from the standpoint of i‘educing radiation-induced swelling., In
this connection, it is necessary to study the effect of cold deformation on the crack resistance of the material.

TABLE 1. Mechanical Properties of the Ex~
perimental Materials

egree of
Speci- priér de- -
Steel ~ [menori- [formatiofa, s | oy, | o o ls ) o
pOtation |speci. (MPa |[MPa
mens, % -

Longi- |Annealed| 200 [ 585 | 20 | —
tudinal 20 800 | 845 |11 | —

09Kh16N15SM3B
Trans- |Annealed| 227 | 554 | 55 | 40

verse
20 {780 (86014 | —
Annealed| 210 | 595 | 55 | 50

Longl- 1 20 |3t | 726 | 12,4 10
30 |s02|838| 9.0 8,9
nodified 30 [881)907 | 412 205
D9Kh16N15M3B
lAnnealed} 208 | 565 | 46 | 42
Trans- 1 oy f7as | 708 | 21 |4

verse

6
30 843 | 885 ] 14 9
40 958 1020 { 7,0 2

Note: Tables 1 and 2 give the arithmetic
average values of the mechanical properties
and the crack resistance parameters of three
test specimens,

Translated from Atomnaya Energiya, Vol, 59, No. 2, pp. 125-129, Atigust, 1985, Original article sub-
mitted April 19, 1984, ’
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Fig. 1. Deformation diagrams of transverse specimens (cut out in the direc-
tion perpendicular to the rolling direction) of the modified steel 09Kh16N15M3B:
1) annealed material; 2, 3, 4) deformed by 26, 30, and 40%, respectively.

Fig. 2. Lines of equal plastic deformation (close to 8%) in the transverse
specimens of the modified 09Kh16N15M3B steel: 1-4) see Fig. 1; 5) crack.

TABLE 2. _'Static—Crack—Resistance Characteristics of the Experimental Materials

b £ cold Thickpess, mm
Specimen egree of o 0,4 0,8
. . deformation of the
Steel | orientation . _
. specimens, % Oeor 8o MM Jor Tew 6., Mm Jer
MPa MPa-mn] mm MPa -mm
09Kh16N15M3B Longitudinal Annealed 450 0,7 315
’ 20 770 0,35 194 845 0,5 307
Transverse 20 780 0,35 211 ) 860 0,5 310
Annealed . 408 0,49 140 % 10 0, Z %25
srudi 20 736 0,2 104 05 0,23 16
Longitudinal 30 | om0 68 818 | 0.2 100
: 0
Modified 40. 908- 4 32 917 0,17 86
09Kh16N15M3B

. Annealed 408 0,48 256 l 440 0,7 370
) 20 853 0,31 267 - 816 0,4 3380
Transverse 30 977 | 0,2 131 981 | 0.33 250
40 1014 0,24 106 1066 0,26 195

We studied the room temperature crack resistance of the 09Kh16N15M3B stainless steel in sheet form
and its modifications used for producing the fuel-element cans. The materials were studied in the austenitic
condition and after different degrees of cold deformation (up to 40%). In order to evaluate the mechanical prop-
erties, sheet specimens were tested in tension according to GOST 11074-66 (Fig. 1, Table 1). The deformation
diagrams indicate that the austenitic materials possess considerable ductility, and that their ductility de-
creases and strength increases with increasing degree of prior cold deformation.

Crack resistance of the materials was evaluated from the results of the static tensile tests conducted on
the longitudinal and transverse sheet specimens (width B=40 mm, length 200 mm, and thickness t = 0.4 and
0.8 mm with a 0.2-mm-wide centrally located transverse through-slot).

Under tensile loading, the moment of crack initiation (start of crack extension) in the specimens having a
central slot is preceded by the formation of slip bands, opening of the slot tip, localized plastic deformation,
and flow of metal in the zone ahead of the crack tip. The shape of the plastic (deformation) zone undergoes
changes with increasing degree of cold deformation: from rounded pear-shape in the austenized material up to
narrow bands (oriented at an angle of 35° with respect to the crack) in the cold worked material, In this case,
the band width decreases with increasing prior cold deformation (Fig. 2). Such a plastic~zone configuration is
typical for low strain-hardening or non-strain-hardening materials [5] in which the ratio of the ultimate strength
and the yield strength tends towards unity (see Fig. 1). h

The observed ductile fracture of the test specimens of both the steels with significant plastic deformation
requires the application of the methods of nonlinear fracture mechanics.
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Fig. 3. Scheme for determining the crack-resistance of sheet materials: 1) crack; 2) grid; 3) dis-
placement gauge; 4) Xx—y recorder; 5) load (P) vs displacement (A) diagram.

Fig. 4. Deformation diagrams of the longitudinal specimens of the modified 09Kh16N15M3B steel:
¥) annealed material; ®, A, m) 20, 30, 40% deformation, respectively.
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Fig. 5. Dependence of the intensity of plastic absorption on the relative crack
length in the modified 09Kh16N15M3B steel: open symbols) transverse speci-
mens; dark symbols) longitudinal specimens;'v, V) annealed material; o, O)
20% deformation; a, &) 30%; m, 0) 40%.

Fig. 6. Jg-curves of the 09Kh16N15M3B steel after 20% cold deformations a)
longitudinal specimens; b).transverse Specimens; open symbols) 0.8-mm-thick
specimens; dark symbols) 0.4-mm-thick specimens; O,®) ;=8 mm; A, A )
1o=15 mm; O, ®) ly= 20 mm, —~~) J=2Mo, AL, -
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For carrying out a more complete evaluation of the fracture resistance of can-steels, a multicriterion
approach [6] was adopted that permits one to study: the deformation fields in the crack-tip zone; the fracture
diagrams in the coordinates ¢,/0y, vs I/B and 0 1y/ 0}, vs I/B, where oy =P/[tB —1)]; 0, =P/tB; I, crack
length at the moment of observation; P, current value of the load; and the stress required for crack initiation
oc():Pc/[t(B — 1y)], where P is the crack-initiation load; Iy, original crack length; &, critical crack-tip open-
ing; J., critical value of the Jj-integral (at the moment of crack initiation); G*, intensity of plastic absorption
during the process of crack growth; and JRg, resistance of the material to stable crack growth.

When testing the specimens, the load versus notch-edge displacement diagram (Fig. 3) was autographi-
cally recorded on an x—y plotter PDP 4-002, and the crack-tip opening and the crack extension were noted;
the tip opening at the moment of crack initiation was observed using a MPB-2 microscope. The deformation
fields in the crack-tip region were determined using the grid method. These initial data were used for evaluat-
ing the crack resistance. The procedures for determining all the characteristics were described in detail
elsewhere [6, 8].

The deformation diagrams (Fig. 4), plotted in the op/0p vs I/B and crm/o1D vs 1 /B coordinates, form a
generalized characteristic of fracture resistance. The failure process is characterized by stable crack growth
that is virtually independent of the degree of prior deformation; however, 0 increases significantly after prior
cold deformation of the material. The crack propagates at a stress equal to or even slightly greater than the
ultimate strength.

In the case of the notched specimens of the modified 09Kh16N15M3B steel (Table 2), 04 gradually in-
creases with increasing degree of prior cold deformation. This phenomenon is related to the strain hardening
of the material. At the same time, the effect of the rolling direction (specimen orientation) becomes increas-
ingly apparent: the transverse specimens exhibit greater resistance to fracture than the longitudinal specimens,
Even at 209 cold deformation, crack initiation is cbserved at a stress 0o, equal to the ultimate strength inde-
pendent of the original crack length and the specimen thickness.

The critical crack-tip opening 6 at the moment of crack initiation characterizes the local ductility of
the modified 09Kh16N15M3B steel. It decreases with increasing degree of cold deformation. This fact agrees
well with the observed simultaneous reduction of ductility 6. Based on the d¢ values, it may be concluded that
the transverse specimens possess a high crack resistance in the cold worked condition,

The J-integral forms a generalized energy parameter of fracture resistance. It characterizes the

cr1tlca1 stress (deformation) state of the region ahead of the tip at the moment of crack initiation, The value of

J. is determined by the energy expended (work done) in plastically deforming the crack-tip region and in prop-
agating the crack. The dependence of the Jo-integral on the degree of cold deformation of the modified
09Kh16N15M3B steel is nonmonotonic: after attaining the maximum at 20% cold deformation, it starts to de-
crease in that there is a significant effect of the specimen thickness and its orientation with respect to the
rolling direction (the transverse specimens possess higher elastic—plastic fracture toughness). The appear-
ance of the Jo-maximum at 20% cold deformation indicates a significant increase in the strength characteris-
tics (0gg) and a not-very-significant reduction in the local ductility (5, ).

Prior cold deformation affects the crack resistance of the 09Kh16N15M3B steel, buf in contrast to the
modified steel, in this case there is no effect of the specimen orientation relative to the rolling direction,

The observed increase in the critical crack-tip opening and in the value of the Jo-integral with increasing
specimen thickness agrees well with the results of the earlier studies on the fracture toughness of ductile steels
under plane stress condition [9].

The variation of G* (Fig. 5) at identical values of crack extension indicates a high degree of reserve
ductility of the specimens of both the materials and insensitivity of this parameter to the changes in the degree
of prior cold deformation. An analysis of the JR-curves (Fig. 6) also yielded a similar result. This analysis
showed a slightly higher resistance of the material of the transverse specimens to stable crack—growth at a
given crack extension Al,

Thus, based on the analysis of the room-temperature fracture-resistance characteristics of the
09Kh16N15M3B and its modification, the following conclusions can be drawn:

the strength properties as well as the crack resistance of the 09Kh16N15M3B steel and its modxflcatlon
increase with increasing cold deformation up to 20%;
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an increase in the degree of prior cold deformation intensifies the effect of the rolling direction (speci-
men orientation) on the characteristics of static crack resistance (the transverse specimens possess higher
crack resistance); and

the static crack resistance decreases with decreasing material thickness.

In order to confirm the obtained regularities governing the fracture behavior of the can materials (and
products), it is necessary to conduct additional experiments under the conditions approaching the service con-
ditions.
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RESEARCH IN THE DISCHARGE OF RADIONUCLIDES

TO THE ATMOSPHERE AND ASSESSMENT OF THE MAXIMUM
PERMISSIBLE DISCHARGES IN THE CONTEXT

OF THE REPROCESSING OF NUCLEAR POWER PLANT FUEL
ELEMENTS

I. N. Ruzhentsova, R. V., Semova, "UDC 004.86
E. N, Teverovskii, and I. A. Ternovskii

In accordance with the nuclear-power development plans of many countries in the world in recent years,
a transition to a closed nuclear fuel cycle with spent-fuel recycling is in progress. The reprocessing of the
fuel is the most hazardous process as far as radiation is concerned, and it is accompanied by the discharge of
long-lived radionuclides to the atmosphere. The composition of the discharge depends on the nature of the fuel
being reprocessed, the reactor campaign, the holdup time of the fuel after it has been unloaded, and also on
the technological characteristics of the recycling process and the efficiency of the gas purifiers used.

In the present article we present the results of research in the atmospheric discharge of fission and neu-
tron-activation products, and also of transuranium elements, which were obtained during the operation of facili-
ties for recycling spent VVER (water-moderated, water-cooled power reactor) fuel elements.

Translated from Atomnaya ﬁnergiyé, Vol, 59, No, 2, pp. 129-132, August, 1985. Original article submitted
October 8, 1984,
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TABLE 1. Experimental Values of Radio- TABLE 2., Values of DCFpj(Sv* m3/(yr +Bg))
nuclide Discharges to Atmosphere
Radionuclide “,/'DCF-” 0,4DCF ,; DCF:“- DCF”
Standard
Radionuclide iy (éis/cl}jllr ?.; 4
at ey 3 — — 1,6-40-6 | 4,410
a0gp — —  ]2.6-10-2] 5,6
3H 2,5-104 2,0.108 106 Ry - 195 Y 81071 1,5.10°3] 2,4.1073 | 5,310~
208 2,5-10-8 2,3.10 120} 2,0.40-7| 2 8-10-3] 1,5.10-2} 1,5
106k 2,2.10-8 3,2.108 133Cg 1.3.40-61 19102 9,3.10-1 ] 2,3.10-1
129 0,25 1,1-107 137Cg |- 137MRa 4,8-40-7 2,5.40-27 8,2-10-1 11,5401
134Cs 1,8-10-8 2,0-108 148Ce |- 144Dy A440-81 33,0407 [ 1,9-10-3 | 2,0.10-2
137Cs 2,5-10-8 5,2.108 239py - 240Pu 1,9.10-2]1,1-10-3] 5,5 1,0
144Ce 2,8-10-8 2,9-108 238pyy 1,4-10-9] 7,6-10-4| 2,5 1,8.10-1
239Py - 240Py 5,7-1079 7,0.108 241Am 2,4-10-8| 3,2-10-3] 4,3 —
238Py 7,0-107° 1,3-10¢ 244Cin’ 1,3-1079] 6,8-104| 4,9 —_
241 Am 3,6-10-8 7,0.108 85K p 1,910~ — — -—
244Cm 3,4.107° 5,2-108
4Ky 1,0 1,1-1018

* Discharge standardized on 1 MW(e) - yr.

One can assess the maximum permissible discharge (MPD), and also the possible doses to which the
population is exposed through the operation of the fuel-element recycling facilities, by using data pertaining to
a relative discharge, i.e., pertaining to that proportion of a radionuclide in the fuel being recycled which is
discharged to atmosphere during the complete reprocessing of the batch of fuel elements: Q' =AQ/Am, where
Q' is the relative discharge; Aq is the activity of the radionuclide being discharged to atmosphere, and Ay, is
the activity of the radionuclide in the fuel being reprocessed. '

The relative-discharge data make it possibie to assess the degree of environmental contamination caused
by the operation of the fuel-element recycling facilities and to predict the levels of contamination arising from
a given quantity of fuel undergoing reprocessing.

_ The specific activity of a fission product with a mass number i in the VVER-440 fuel being recycled is
given by (Bq/t):

A;=1.010% (Yia+ Yibd- Yic) (1 —e-tidl)o-riaT,

where Y5, YP, and Y{ is the cumulative yield of the radionuclide from the fission by thermal neutrons of 35y,
89py, and A1Pu, respectively (%); a, b, and c is the contribution from the fission of the 2857, 29py, and #1Pu
nuclides to the power produced by the reactor; AT is the holdup time of the fuel pending recycling; At =8.4+ 10~2
E is the reactor campaign (years), and E is the burnup. The specific activity of the neutron-activation product
of the 1Cs in the fuel being recycled is determined as follows:

Ay =1.0-1018 (0‘1'33]//%.?3+a1?) nv (Yisaa + Y ia3b -+ Yiase) [At+
I

!
Aiaq

(e~ Hand? — 1)] e M AT

where 0233 is the activation cross section for Ty =293°K; TN, apparent neutron témperature; a, epithermal
neutron fraction; R, resonance interval; nv, density of the thermal neutron flux in the reactor core (cm™%e sec™}),
and 133 and 134, mass numbers of the 13¢5 and Cs nuclei.

The activity of the transuranium elements in the fuel was determined by reference to the data of [1]. The
measurements of the radionuclide discharges to atmosphere were carried out by sampling the aerosols, gases,
and vapors present in the gas—air mixture discharged to atmosphere through ventilation shafts.

The radionuclide composition of the aerosols was determined with a gamma-spectrometer, the 127 content
was measured on an x-ray analyzer, and the 3[ content was measured in situ with a liquid scintillation counter.
For the determination of the activity of the transuranium elements we used a radiochemical separation and de-
contamination procedure, including ion-exchange and extraction-chromatography methods followed by mea-
surements on an alphaspectrometer (Table 1).

The error in fneasuring a discharge is not greater than 40%. The data given in Table 1 indicate that the
Q' value of radionuclides in aerosol form is 3.4°107%-3.6 - 1078 and that it is-close to the Q' value for the NFS
reprocessing facility in the U.S.A. (0.1-107°-10+107%) [2]. : '

Later we shall give assessments of the MPDs of the radionuclides to atmosphere for a fuel reprocessing .

facility with a throughput of 1500 ton/yr, which is typical of the published reprocessing facility projects [3].

In a mixture of radionuclides, the MPD of the ith radionuclide is given by the following expression Bq/yr):
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MPDi == 32 107 ( PKBI. —-Cq,,)]ﬂd,

where PKp;j is the average annual permissible concentration of the i-th radionuclide in respect of Category B
persons as far as the discharge of the radionuclides mixture is concerned (Bq/m3); Cgi is the background con-
centration of the i-th radionuclide (Bq/m3), and kq is the average annual dilution factor (ms/sec),

The values of PKpj can be calculated from the equation:

(iPKgy/m;) (2 ni/ PKpy) = 1 and PKpg =1, Pgy;.
where 7y =Q;/ Qj is the i-th radionuclide discharge divided by the reference j-th radionuclide discharge; PK; =
MD/IZ1 DCFni is the average annual permissible concentration with respect to Category B persons as far as the
i~th radionuclide discharge is concerned (Bq/m?®); MD is the maximum dose to which the group of critical organs
is exposed (Sv/yr); DCFy; is the dose conversion factor, which is equal to the dose rate to which the group of
critical organs is exposed in respect of the nth exposure pathway over the average annual permissible concen-
tration of the i~th radionuclide in the near-ground layer of the atmosphere (Sv +m3/(Bq- yr)).

The experimental values of the average annual dilution factor for trace and highly dispersed contaminants
in the areas proposed for the sites of the facilities with variable wind-behavioral characteristics at the effec-
tive discharge~source height of 200 m are given in [4].

It is necessary to assess the values of DCFyj relating to the principal exposure pathways, namely, the
external exposure due to the plume and the radioactive aerosols deposited on the surface of the soil, and the
internal exposure resulting from the inhalational and peroral ingress of the radionuclides into the human body,

As a result of immersion in the discharge cloud we determined the values of DCFyj by a v -method based
on the radiation-equilibrium principle [5]: '

1
DCE = 24-10% 3 mE, @

where Eyk is the energy of the y-quanta (MeV), and ni is the yield of y-quanta of energy E~vk per nuclear decay.

As a result of the contamination of the surface of the soil we assessed the values of DCFy; with the for-
mula:

, v _ . .
DCin = . DCF 2; —}vegff(1—e A'eff t), (2)

where DCFy; is the dose-conversion factor, which is equal to the exposure rate divided by the density of soil-
surface contamination; Vgs turbulent-deposition velocity (m/sec); Aeff, activity decay constant of the radio-
nuclide in the top layer of soil resulting from radioactive decay and percolation into underlying layers, and t =
70 years time it takes to reach the cumulative or equilibrium surface-contamination density.

In the case of most long-lived radionuclides, Aeff=4.4 - 10~ sec™; in the case of the short-lived ones,
Aeff=0.693/T; /, and DCFy; =DCFY; vg/A gff.

In the calculation of DCFj we took into account the plural scattering of the y-quanta by assuming an
isotropic y-radiation distribution [6]:
. L 80407 S o F . . : ®)
PFE= 80107 Dyl [ — B (=) + e, ¥
where Ei(—u;h) is the integral exponential function, §i is the linear y-radiation attenuation factor (m=!); h=1m

is the height of the detector above the surface of the soil, and C, D are constants depending on the energy of the
y-quanta, : '

In the ésse_s_sments of DCFy; and DCFyj it is necessary to take into account a correction factor to charac-
terize y-radiation shielding by buildings, and also the average time (in a year) a person spends outdoors. Ac-
cording to the data in [2], this factor is equal to 0,4,

The assessment of DCFgj, which is for the internal exposure due to inhalation, was carried out on the
basis of the values laid down in NRB-76 [7] for the maximum annual intake [MAI] into the body in the case of
Category-B persons: :
| MDY / @)

PCFs = At »
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where V=7.3+10° m¥%yr is the volume of inhaled air.

The basis of the calculation of DCF,j, which is for the internal exposure due to the peroral ingress of
the radionuclides into the human body, was the expression [8]: '

A K :
. ..MD_ Bt —PLg ot .
DCF i M2 v,g{Zl mi By | ol (Lo eff) | +

©)

+ D) mABmb, [k..,, - %(1 —e"‘éffl)]}’

where my is the annual consumption of lthe 1-th foodstuff (kg/yr); Al, fraction of radionuclide content of the
1-th foodstuff found after the processing of the original agricultural produce; Bz, afactor to take into account
the average annual concentration of the radionuclide in the foodstuffs consumed in a year; m, daily fodder
consumption of agricultural livestock (kg/day); 63, fraction of radionuclide passing into 1 kg of animal product
from the content of the daily fodder ration (days/kg); kgj, resultant radionuclide concentration in the I-th plant
product (fodder) at the time of production divided by the fallout rate of the radionuclide in question (m?- sec/
ke); kpl» resultant concentration of the long-lived radionuclide in the I-th plant product (fodder) divided by the
soil-contamination density (m?/kg); and A;ff, a constant relating to the effective loss of radionuclide from the
root inhabited soil layer (sec™}).

For the 3H, whichoccursin discharges as HTO vapor, the DCF 3y was determined with the formula:

1
DCF 411 :Nl_lxlip,; -p—Zm{R,, (6)
where m; is the annual uptake with the water in the composition of the -th foodstuff keg/yr); Rj, specific ’H
activity of the I-th foodstuff divided by the specific activity of the moisture in the atmosphere; and p, mass
moisture content of the atmosphere (kg/m®). ‘The values of the parameters to be inserted into formulas (6) and
(6) are given in [8].

In Table 2 we give the values of DCFyj, which have been calculated with the aid of formulas (1)-(6), for
the radionuclides discharged during the reprocessing of nuclear power plant fuel elements. The solubility of
the radionuclides is not known. :

Here we now give the values for the MPDs of the radionuclides characterizing a nuclear power plant
fuel-element reprocessing facility, which have been standardized on 1 MW(e) °yr in case it is sited in areas
with a variable wind-rose draft: '

) S (0.6 — 1.8)10
wgp L 0.7 — 2.1)10°
CweRy L L (1.0 — 3.0)108
) (3.3 — 9.9)108
WCs L L L L. .. (0.6 — 1.8)108
WIS L L. .. ... (1.6 — 4.8)10°
Wle L L L. ... (0.9 - 2. 710
Bpy- 200py |, 24 — 630
Wpy oL L L L 0.4 — 1.2)100
WAM L L L ... 2.1 — 6.3)10°
MWCm . ... ... (1.6 — 4.8)10%
BKr . ... (3.3 — 9.9)101

In the calculation of the MPDs we took into account the I.C.R.P. Recommendation that the radiation dose
to individual members of the population should not be greater than 5 mSv/yr. Accordingly, we determined the
effective equivalent dose with the formula [9]: '

H = 2‘, OmHm,
m

where wyy, is the weighting factor and H,,, is the dose to the m-th organ (tissues).

In the assessment of the MPDs we took into account the average food ration. We assumed that all food-
stuffs consumed by the population are produced in the locality, that the sources of mains drinking water are
artesian wells, and that the background radiation is small.

Should the fuel-element recyecling facility be in an area with considerable background contamination, the
_ MPDs of the radionuclides must be reduced PKp; — Cgi/ PKpj times. '

From a comparison of the data shown it follows that the factual discharges of radionucl_ides to atmosphere
during the operation of a facility for recycling fuel elements from nuclear power plant reactors are 30-90 times
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smaller than the values for the MPDs which are assessed in the light of the proposed areas for siting it with
variable wind-behavioral characteristics.

The authors express their thanks to M. V. Ashanina and V. N, Solov'eva for their valuable assistance in

the execution of the experimental work,
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LETTERS TO THE EDITOR

DEVELOPING AN OPERATIONAL RADIOGRAPHIC
INSPECTION METHOD FOR THE ELBOW-SHAPED BRANCH
PIPES AT THE NPP WORKING WITH RBMK-1000

A, P. Semenov and V. I. Gorbachev : UDC 620,179.15

In the space below the RBMK-1000 reactor there are sharply bent elbow-shaped branch pipes ("calatches")
measuring 57 mm in diameter and having a wall thickness of 4 mm. The weld joints of these pipes must be
subjected to periodic inspection during operation. The branch pipes are positioned such that the distance be-
tween the pipes in the rows is 125 min in one direction and 200 mm in the other (Figs. 1 and 2).

Inspection of the equipment and the piping located in the premises under the reactor must be carried out
by remote control after the reactor has been stopped and cooled down for a period of 2-3 days. It must be en-
sured that the y-radiation background = 1000 pR/sec (1R=2.58 - 10™* C/kg), and the energy of background y-
radiation must be 1.2 MeV. The radiographic mspeotlon method must ensure a sensitivity specified in the
inspection regulations PK 1514-72,

The data on the effect of radiation background on the sensitivity of y-inspection [1-4] do not always agree
among themselves; they are obtained at smaller values of radiation background (up to 500 uR/sec), and do not
take into account the specific inspection features in the confined space under the reactor. The inspection pro-
cedure involves the application of the series-produced gamma-apparatus fitted with flexible cables in which
the radiation source is ¥2Ir (GII-D-3). The proposed scheme of radiographic inspection (see Fig. 2) makes it
possible to examine the welds of three pipelines from a single working position, and ensures 100% inspection
of the "elliptical™ welds from two working positions at a focal length of 320 mm.

The effect of radiation background on the results of radiographic inspection was studied using the double
exposure method: before inspecting the experimental specimens, the radiographic film was exposed to create
an artificial fog. This permits one to adequately imitate the inspection conditions under radiographic back-
ground, since it was experimentally shown that the sensitivity of a radiographic print is independent of the
sequence of operations of superpositioning the artificial fog and the radiation image [5].

v; ]
E; ,;/;
s

Fig. 1. Scheme of location of the
branch pipes and the control points (1,
2).

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 133-135, August, 1985. Original article sub-
mitted January 13, 1984.
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Fig. 2. Scheme of the branch pipe location and the working positions of the radiation
sources for weld inspection: 1, 2 and 1', 2') working positions of the radiation source for
inspecting the joints T and T% respectively; 3) cassette.

Fig. 3. Dependence of the photographic (optical) density of the radiographic film RT-1 on
the exposure dose for different cassette loadings: with 0.09-mm-~thicklead screens (1) and

without intensifying media (2).

TABLE 1, Detectability Parameters of the Standard Defects

* The data is for the holes whose diameter and height are equal.,

The relationship between the fog density of the radiographic film that is created by the radiographic back-
ground and the exposure time was obtained in the case of %°Co y-radiation source (Fig. 3) whose spectral com-

position is close to that of the y rays of the radiation background,

In the present studies we used slotted, wire, and sheet specimens as the sensitivity standards (GOST
7512-82) which were mounted on a 8.0-mm-thick 1Kh18N9T steel plate facing the radiation source. Radioscopy
was accomplished using a RT-1 radiographic film with 0.09-mm-thick intensifying lead screens and maintaining
a focal length of 320 mm.

The magnitude of the optical density of fogging of the photographs Df, which includes the initial and the
artificial fogging, was determined using a densitometer "Macbeth TD-540." The studies were carried out for
five Dy values: 0.2 (initial fog of the film) 0.7, 1.0, 1.5, and 2,0 optical density units (ODU). The dosimetric
measurements were conducted using a spherical chamber VA-K-253 (type 70110) of the dosimeter set 27012
(GDR). The exposure dose intensity (EDI) on the surface of the steel plate from the source end amounted to
8.2 mR/sec. The exposure dose X emerging from the GII-D-3 source was measured from 0 up to 2.0 R dis-
cretely at 0.25-R intervals. We obtained three prints for each combination of Df and EDI. They were inter-

[i’l‘_g‘e’s;tfg Slots (GOST 7512-82) Wires (GOST 7512-82) Holes*
D¢, ODU background range of X, range of X,
EDI of 1000 | k, mm mR k,mm mR
uR /sec, sec
0,25 4000 0,5 1000—1250
0,2 0 0,32 500-~1750 0,6 750—1500
0,7 100 0,32 7501500 0,6 7501500
1,0 210 0,4 750—1250 0,6 1000
1,5 400 0,4 750—1250 0,7 650-—1500
2,0 600 0,4 1000 0,7 750—1250

preted by the approved radiography specialists. The results of interpretations were averaged.
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Fig. 4. Absolute radiographic sensitivity during the inspection of a 8.0-mm-~thick steel using a
RT-1 film as a function of the exposure dose of useful radiation at different fog values: a, b, ¢,
d, e) Df is equal to 0.2, 0.7, 1.0, 1.5, and 2.0 ODU, respectively.

Fig. 5. Region of the exposure doses ensuring detection of the 0.3-mm-deep slots (GOST 7512-
75) at different values of Df and during the inspection of the radiographic prints on an OD-10N
negatoscope: 1) on a screen having increased brightness; 2) on a screen with low brightness (up
to 3.0 ODU of the print).

The radiographic prints were examined using an OD-10N negatoscope ("Rapan") fitted with two screens,
of which one is intended for examining the prints having a photographic density up to 3.0 ODU and the second
one is intended for examining the prints with a density up to 4.0 ODU.

Figure 4 shows the dependence of detectability k of different standard defects on the exposure dose at
different photographic fog densities: the dashed lines are plotted on the basis of the inspection results obtained
on the prints using a screen with less brightness, and the solid lines are plotted on the basis of the results ob-
tained using a screen with increased brightness.

The analysis of the curves shows that for each of the standard defects there is an optimum range of the
useful radiation levels, ensuring detection of the defects of a given size. The position of the boundaries of this
range depends on Df, the maximum brightness of the negatoscope screen, and the type of the standard defect.

Based on the curves: shown in Fig. 4, we determined the region of the exposure doses of v radiation that
ensures detection of slots (grooves) measuring 0.3 mm in depth (following the specification PK 1514-72 for a
8.0-mm-thick steel sheet) at different Df values and under different inspection (interpretation) conditions for
k=0.3 (Fig. 5).

With increasing D¢, the range of the optimum exposure doses of y radiation narrows down, andata certain
brightness of the negatoscope screen it degenerates into a point. This can be attributed to the fact that the
radiographically detectable minimum defect size depends on (besides other factors, which were unaltered in the
present case) the accumulation of scattered radiation, the changes in the slope of the characteristic plot of the
radiographic film caused by the density variation, and the limitations of the negatoscope.

In the case of the other types of defects, the nature of the X versus D relationship remains the same as
that observed in the case of slots (Fig. 5).
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Table 1 gives the data on the detectability of the standard defects of different types in a 8,0-mm-thick
steel sample examined using a RT-1 film (GII-D-3 y-ray source; focal length 320 mm). According to the speci~
fication PK 1514-72, in the absence of background, the radiographic sensitivity must be 0.25 m for the wire
sample under consideration, and 0,27 m for the slofted sample. These data were obtained for the OD-10N
negatoscope fitted with a screen that permits one to analyze the prints with a density up to 4.0 ODU., In order
to detect the slots measuring 0.3 mm in depth, the EDI given by the working source in the inspection (control)
zone must be at least 1.7 times higher than that of the radiation background.

However, for improving the efficiency of inspection and for enabling interpretation of the radiographic
prints obtained with standard equipment, we recommend the use of the y-ray sources whose EDI in the control
zone is at least thrice that of the radiation background. Employing the high-activity sources is justified only
when the GOST 7512-82 spemﬁcatlon on the poor geometric definition of the image has to be met in the given
case,

Thus, the conducted studies showed that when the series-produced GII-D-3 y-ray sources having an
activity not less than 40,2.10!° Bq and RT-1 radiographic film are used, it is possible to accomplish radio-
graphic quality control of the welds of the elbow-shaped branch-pipes under the conditions of a radiographic
background of 1000 pR/sec and within the confined space below a RBMK-1000 reactor.
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EFFECT OF THE STAGE OF LOOSENING OF A CATIONITE
FILTER ON ITS OPERATING EFFICIENCY

DURING CONDENSATE PURIFICATION AT NUCLEAR POWER
STATIONS

M. A. Argin, I. V. Komarova, - UDC 541.183
I. M. Zakova, L. M. Alekseeva,
A, A. Neverova, and S, N. Shibkov

Condensate purification in nuclear power stations [1] includes the adsorption purification of the condensate
from the cations and anions present in it and filtration purification from corrosion products and suspended
particles. The process is effected by a technological scheme consisting of two successively connect ed filters
with different or mixed ionite charges, and a cationite filter as a rule fulfils the role of a mechanical filter.

The operating efficiency of this filter, therefore, is determined by its filtration and ion-exchange properties,

In the course of the filtration purification of the condensate, clogging of the pore space of the cationite
filter by suspended particles occurs (corrosion products, finely divided fractions of ionites), in consequence of
which the pressure differential in the system increases. In addition, the pressure differential is increased also
because of caking of the bed due to the hydrodynamic action of the flow at the quite high filtration rate (70~-100
m/h).

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 135-137, August, 1985, Original article sub-
mitted May 29, 1984,
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Fig. 2. Dependence of the condensate quality (intensity of purification) on the degree of exhaustion
of the cationite, '

Fig. 3. Calculated efficiency curves of the adsorption of sodium cations on cationite KU-2-8: 1)
loosening once in 14 days; 2) without loosening.

As the concentration of ion impurities in the condensate is small and the volume capacity of the bed is
quite high, then the filtration cycle with respect to the ion component continues. On the other hand, the load
capacity of the filter with respect to suspended particles is insignificant, and their main mass is retained by a
mfrontal® layer, which leads to an increase of the pressure differential. After attaining the limiting permissible
value, loosening of the cationite is carried out. It restores the original filtration properties to the cationite.
However, as a result of loosening, partial or total mixing of the ionite occurs, in consequence of which the
partially spent cationite enters the lower levels of the filter, which leads to a change of distribution of the ca-
tions adsorbed in the solid phase of the ionite over the thickness of the bed. The concentration of these cations
in the lower layer of ionite determines the quality of the filtrate at the outlet from the filter [2], which was con-
firmed experimentally during the operation of loosened H*-cationite filters of nuclear power stations. Thus,
the content of sodium in the condensate for a cationite filter in the case of adsorption over 10 days amounted
to 0.5-1.5 ug/kg. After carrying out loosening of the cationite with subseguent adsorption, the concentration of
sodium in the filtrate after the filter increased up to 4 ug/kg, which required the filter to be disconnected for
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regeneration, The appearance of sodium in the filtrate with subsequent adsorption is caused by the displace-
ment of sodium fromthe adjacent layers of cationite where it had entered during loosening.

Consideration of condensate purification as an adsorption system on the basis of the mathematical model
of [2, 3] allows a calculation to be performed of the distribution of sodium over the thickness of the cationite
bed and the quality of the filtrate to be determined before and after each loosening during a single filtration
cycle. The purpose of the present paper is to study the quantitative characteristics of the process of sodmm
adsorption on cationite KU-2-8 in the case of interstitial loosening.

A calculation of the parameters of the condensate purification process with a salt content Cy=1- 107 N
for sodium purification conditions up to Cjj,=1.2° 107" N (2.8 pg/kg) was performed for the following start-
ing data, corresponding to the operating conditions of the H'-filter in the condensate purification scheme:

Total exchange capacity of KU-2-8, mmole/ml 1.9
Ion exchange constant Nat by H* 1.2
Equivalent grain diameter, mm 0,63
Filtration rate, m/h 80
Thickness of cationite charge in filter, cm 113
Cross section of filter, m? 7

The cationite is loosened once per 14 days. Figure la shows the calculated distribution of sodium over the
thickness of the cationite bed after adsorption over 14 days on completely regenerated cationite. The adsorbed
sodium is found in the frontal layers of the cationite and does not affect the quality of the filtrate obtained. The
area under the curve, characterizing the degree of exhaustion of the cationite, amounts to 1,18% of the total
capacity of the cationite. As a result of loosening and with a filtration rate of 70 m/h, during 20 min according
to the calculation the bed is almost completely (~98%) intermixed [4]. In consequence of this, the adsorbed
sodium in the cationite after loosening is distributed uniformly over the thickness of the bed (Fig. 1, i). The
average concentration of sodium in the cationite amounts to 0,022 mmole/ml. As the adsorption capacity is
spent only insignificantly and, consequently, restoration of the regeneration capacity of the cationite is inex-
pedient, the filter is again switched into the purification process. Because of the displacement of the sodium
ions from the cationite, their concentration in the filtrate during subsequent adsorption (during the second fil-
tration cycle) is equal to 1 1078 N (see Fig. 1, i). Figure 1b shows the calculated distribution of sodium over
the thickness of the cationite bed after adsorption of sodium during 28 days of which 14 days are by partially
exhausted cationite (degree of exhaustion 2,.36%). As a result of a second loosening, the cationite is found to be
uniformly exhausted (Fig. 1f), with an average concentration of sodium in the cationite of 0.045 mmole/ml,
During purification of the condensate over the next 14 days, the concentration of sodium ions in the filtrate
becomes equal to 1.8 10-8 N (Fig. 1, k). Figure 1 also shows the corresponding distributions of sodium in the
bed and its concentration in the filtrate after the 10th and 13th filtration cycle (Fig. 1, ¢, g, and [, and Fig. 1, d,
h, and m, respectively).

The calculation performed showed that purification of the condensate in the period between regenerations
leads to partially exhausted cationite with a constant content of sodium over the thickness of the bed. This dis-
tribution can be characterized by the degree of exhaustion of the cationite (Fig. 2). In addition, if we start from
the requirements on the quality of the purified condensate (Cljm =2.81g/kg), then the minimum permissible
values of the degree of exhaustion amount to 15% for an initial salt concentration of Co=1°107% N and 2% for
Cy=1" 107% N, which corresponds to the thirteenth and second loosening carried out for the periodicity being
considered. This means that after carrying out this cycle of loosenings, the concertration of sodium in the
filtrate becomes higher than that passing through. The use of such cationite in the condensate purification
scheme and with a separate charge of ionites is not possible without its regeneration, because of the nonfulfil-
ment of the requirements on the quality of the purified condensate, which significantly reduces the duration of
the filtration cycle.

The duration of the filtration cycle without carrying out loosenings amounts to 845, and with loosenings —
178 days (Fig. 3). For this, the working capacity of the cationite was used in the first case to 88 and in the
second case to 12%, which indicates an inefficient utilization of the exchange capacity of the cationite used as
the filtering material. Consequently, the process of interstitial loosening during the filtration cycle leadsto a
deterioration of the sorption properties of the cationite filter (the quality of the filtrate is reduced and the dura-
tion of the filtration cycle is reduced).

The efficiency of utilization of the cationite bed (as material for a mechanical filter) can be judged from
the distribution of iron over the thickness of the bed before carrying out loosening. For beds with thickness

cN
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0-10, 10-20, 20-30, and 30-50 cm, the concentration of iron amounts to 4100, 2300, 430, and 70 mg/liter, res-
pectively, but for beds with thickness 50-100 cm no iron ions were detected. Inthe H-cationite filter, the main.
fraction of the corrosion products occurs in the 20-30-cm layer; in the lower layers their quantity is small
and approximately one-half of the bed generally does not participate in the filtration purification process of the
condensate from corrosion products. This allows a conclusion to be drawn about the low efficiency of utiliza-
tion of the entire cationite bed as the material of the mechanical filter, and about the fact that for the reestab-
lishment of the filtration properties, it is advantageous to carry out loosening of only the upper part of the
filter.

Thus, for the rational utilization of the cationite and for increasing the operating efficiency of the cationite
filter in the condensate purification system, it is necessary to divide the functions of the filtering bed, so that
one part of the cationite effects purification from corrosion products and the other part — the removal of salts
from the condensate. This can be achieved in two ways: by the installation of an additional filter (the use of an
inert material is possible) for purification from corrosion products, or by loosening only the upper part of the
cationite filter during the filtration cycle, in proportion with the increase of the pressuré differential in the
upper part of the bed. Implementation of these recommendations will allow the operating efficiency of cationite
filter in nuclear power station condensate purification systems to be increased, and thereby to determine the
choice of a rational technological condensate purification scheme and the proportion of ionites in the filters.
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USE OF A MATHEMATICAL MODEL FOR DESCRIBING

THE CONDENSATE PURIFICATION PROCESS,

FOR THE PURPOSE OF SELECTING THE OPTIMUM RATIOS
OF IONITES IN NUCLEAR POWER STATIONS

M. A, Argin, I. V. Komarova, UDC 541.183
N, K. Galkina, I. M. Zakova,
and N. K. Kolotilina

The special feature of the condensate purification process at nuclear power stations consists in that the
adsorption of cations on KU-2-8 cationite, and anions on AV-17-8 anionite, takes place from strongly diluted
solutions of salts (Cy= 107°-107% Ny, Analysis of the ion component of the condensate impurity showed that it
consists mainly of Nat and CI™., Data about the ion-exchange mechanism of Nat and Cl~ on the ionites used in
nuclear power stations from solutions with a salt content of Co=1- 107 N are contradictory [1], and for more
dilute solutions they are lacking altogether. In this paper, the extrinsic diffusion mechanism of ion exchange
is verified for the adsorption of Na* by strongly acid cationite KU-2-8 and CI~ on highly basic anionite AV~17-8
from a solution of NaCl, C;=2-10"° N, and the adsorption purification of the condensate is described mathe-
matically.

It is well known that ion-exchange in columns is described by a system of equations, in which the equa-
tions of balance and diffusion occur, and also the adsorption isotherms. The theory of single-component dyna-
mics of adsorption in the extrinsic diffusion region has been well developed [1]. The admissibility of the use of
these developments for describing adsorption purification in equipments of different sizes and at different flow
‘rates is shown in [2].

The starting data shown in Table 1 formed the basis of the calculation of the theoretical efficiency curves
of the adsorption of the ions being considered,

The single-component dynamics of adsorption in the region of extrinsic diffucion kinetics is described by
the system of equations:
aw v
9xX " ar

=U—[(Vy | W)=F @)/C,

where U=C/Cj and V= a/a; are the relative concentrations of ions in solution and in the sorbent, respectively;
X =pl/v, dimensionless thickness of the ionite charge; T =ptCy/a,, dimensionless time; 8=0,009wv05/dl+5,
transfer coefficient per unit volume of ionite; w, kinetic mass-transfer coefficient; the solution of this system
of equations with initial conditions U(0, T) =1 and boundary conditions V (X, 0) =0 is performed by a numerical
method on the computer, using the method of characteristics [3]. The solution is represented in the form of
dimensionless efficiency curves of C/Cyand a/aq as functions of the dimensionless parameters X and T for a
specified ion-exchange constant (Fig. 1). The exchange constant of Nat by hydrogen on cationite KU-2-8 is -
equal to 1.2, In the case of adsorption of H -cationized water on anionite AV-17-8, exchange is accompanied by
neutralization reactions, and equilibrium is characterized by the effective exchange coefficient (for exchange of
CI” by OH", K;> 10); therefore, the exchange isotherm can be assumed to be rectangular [1].

The conditions for conducting the experiment were chosen in such a way as to ensure the feasibility of the
experimental determination in the original solution and filtrate of the concentration of ions being studied.

The curves for the adsorption of Na+ on cationite KU-2-8, and CI~ on anionite AV-17~8 from a model
solution of NaCl, were obtained by conducting experimentsona special test-rig (Fig. 2), which allows continuity
and constancy of the feed rate of the solution with a given concentration to be implemented, and continuous
monitoring of the concentrations of these ions in the original solution and in the filtrate to be conducted. The

Translated from Atomnaya Energiya, Vol. 59, No, 2, pp. 137-138, August, 1985, Original article sub-
mitted May 29, 1984.

0038-531X/85/5902-0691$09.50 © 1986 Plenum Publishing Corporation 691

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3
TABLE 1. Starting Data for Calculation and

Experiment
Cationite | Anionite
Parameter KU-2-8 AV-17-8
Total exchange capacity of 1,9 0,86
ionite gy, mmole/ml
Concen. of ions Cy, mmole/ml 2.10-% 2105
Ion-exchange constant K, 1,2 10
Thickness of ionite charge I, ‘_ 5,0 9,4
cm
Cross section of column S, cm? 1,56 1,506
Ionite grain diameter d, cm 0,062 0,063
Filtration rate v, cm/sec 3,08 3,98
o,

a5

92
a7

q05 ! L 1 1 a05. L . L A .
45 10 20 50 102007 05 10 20 - 50 140 240X
a b

Fig. 1. Solution of the system of equations of the frontal
dynamics of adsorption in the case of extrinsic diffusion
kinetics, and K, =1.2; @) dimensionless concentration in

solution; b) dimensionless concentration in the sorbent.

Iku-2-8
AV - T
17-8 54 b3
= 767}
’ E — * s
L
2
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hp . é
. K e . 2
1 “ 210Nt VM Sm—
) . . ’ - -. ! t
E-—-L—J- - : 707
Fig. 2. Circuit diagram of the aufomated test- Fig. 3. Efficiency curves of sodium (1) and

rig: 1) electrical conductivity measurement
sensor; 2) concentrator, 3) mixed bed; 4) res—
ervoir for water collection; 5) reservoir for
preparation of the starting solution; 6) reser-
voirs with starting solution.

chlorine (2); ) calculation, @) experiment,

test-rig consists of two reservoirs with the original solution, a system of successively joined columns, concen-
trator column, flow sensors for measurement of the electrical conductivity of the solution passing through, a
column with a mixed layer of ionites for the final purification of the filtrate (after adsorption of the ions on
KU-2-8 and AV-17-8) for the purpose of the repeated use of the solution, two reservoirs for collection of the
desalinated water, and a reservoir for the preparation of the model solution by dosing in a solution of NaCl
(concentration 2. 1073 N). The model solution was passed through the closed circuit, creating an excess pres-
sure of the inert gas in the reservoir with the starting solution. This allows a uniform feed rate of the solution
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to be organized during the experiment and the supply of the solution being passed to be regulated by a change

of this pressure. In addition, the constancy of supply of the solution was maintained by means of a pneumatic
system of a "pressure regulator."” Continuous operation of the test-rig was effected by the automatic change-
over of the flows from the starting solution reservoirs by means of electropneumatic valves.

Monitoring of the composition of the starting solution and filtrate was effected by a conductimetric method,
using the four-channel IEZhK-VI conductometer and thermoresistances for measuring the temperature of the
solution, In addition, in order to determine the amount of Nat, a pNa-meter was used, and to determine the
amount of CI~ its ion-exchange concentration on anionite AV-17-8 in NO;-form wasused, with subsequent wash-
ing of the chloride with a 1 N solution of NaNOy and determination of the chloride-ion in the concentrate by a
nephelometric method,

The adsorption efficiency curves obtained are shown in Fig. 3, At the start of the efficiency curves,
there is an "instantaneous throughput," whichappears in the form of a step. From the theory of the dynamics
of ion-exchange adsorption, it is known that with a sufficiently small length of the sorbent layer and a high rate

- of throughput of the solution, in this way only the extrinsic diffusion efficiency curves are characterized. For
the extrinsic diffusion mechanism of kinetics, the instantaneous throughput is described by the ratio Cjjpy/Co=
e X [2]. According to calculation, for Na* it amounted to 4.5+ 10~¢ N and for CI” to 1.1°10~¢ N. The experi-
mental efficiency curves coincide satisfactorily with the calculated curves, but the spread of the experimental
values is related mainly with the measurement accuracy of small concentrations of ions by the conductimetric
method.

It follows from the results obtained that in order to describe the process of adsorption of Na‘t on cationite
KU-2-8 and C1” on anionite AV-17-8 from a 21079 N solution of sodium chloride, a mathematical model is
used for the adsorption of the ion least adsorbed in the extrinsic kinetic region. The adequacy of the adsorption
process with the mathematical model enables the condensate purification process for nuclear power stations to
be calculated for realistic conditions, and the optimum ratios of KU-2-8 and AV-17-8 in separate and mixed
ionite beds to be found,
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TESTS OF A U303 TUBULAR FEEDER

V. A. Zuev, A. A. Kryuchkov, ' _ UDC 669.02/09 : 546,791
Yu. A. Repkin, S. F. Romanov,
and A. I. Tselikovskaya

Batching operations of friable materials are an important component part of the technological processes
of uranium production [1-3]. In chemical technology, belt, screw conveyor, disk and vibration feeders usually
are used for bulk batching. However, they all have drawbacks related first and foremost with instability of the
friable material feed. In particular, in screw conveyor feeders, nonuniformity of the feed (error) can attain
30% and more. :

In tubular feeders [5-6], the principal transportation element is a horizontal or inclined rotating tube.
During movement through it, the friable material is repeatedly mixed, as a result of which its bulk density is
stabilized and the batching uniformity is increased. By comparison with screw conveyors, the feed in tubular
feeders is more stable and the batching error of different materials fluctuates from 1 to 1.5 up to 3-5%. These
feeders are used particularly advantageously in the case of small flow rates [5 -6].

This paper is devoted to tests of a tubular feeder (Fig. 1) for the purpose of assessmg the prospects for
its utilization for batching uranium-containing materials. After loading U3Og powder in the drum 1, served by
a hopper, the electric motor 4 was switched on, which through a mechanical transmission system 5 set the
drum into rotation and also the transporting tube 6, mounted on ball bearings in the housing 3. On rotation, the
powder first of all entered the distribution device of the "squirrel cage" type 2, and then passed info the collect-
ing hopper and the transporting tube. From the transporting tube the powder poured through the funnel of the
mixing chamber 7 into a glass flask, installed on the VLTK-500 balance, whick allowed continuous monitoring of
the change of mass of the friable product with time. The output of the feeder was regulated manually by chang-
ing the angle of inclination of the tube to the horizontal axis by means of the coupling 8. For this purpose, pro-
viso is made for rotation of the feeder relative to the hinge 9. The feed rate of friable product with the tubular
feeder depends on the diameter of the tube, its frequency of rotation, and the angle of inclination to the level
line [5-6].

The granulometrlc composition of the starting U305 is as follows: for particles with diameter < 50, 50-63,
63-100, 100-160, 160-200, 200-250, 250-315, and > 315 pum, the mass percentage of the fractions amounts to 7.3,
11.3, 26.8, 14.0, 17.3, 11.0, 5.6, and 6.2%, respectively. The picnometric density is 6. 7-7.2 g/cm?®, specific
volume (measurement by Deryagin's method) 0.55-0.65 m%/g. The flow coefficient (k=tr?-%®/G), angle of natural
inclination a, and the poured mass are given in Table 1.

The critical operating parameters of the tubular feeder, for which there is no feed of the friable product,
were determined by the following formulas:

critical frequency of rotation of the tube, sec™!

L :—— V2/d,

TABLE 1. Characteristics of the Starting Product and Individual Fractions

. Particle size, ym
Characteristic Starting !
product 5061 63—100 100160 160—200 200-2560 250315
k Discharge not — - 2,7 2,00 1,77 1,78
observed ) , .
a 43030 50°30° 50°H0° 37°30v 36o50° 35°10 RY
Poured mass, g/cm? 1,9--2,00 1,6 1,83 2,05 2,18 2,41 2,50

Translated from Atomnaya Energiya, Vol, 59, No. 2, pp. 138-140, August, 1985, Original article sub~-
mitted July 23, 1984; revision submitted January 15, 1985.
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Fig. 1, General view of the tubular feeder.
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Fig. 2. Change of feeder delivery with Fig. 3. Dependence of the feeder deliv-
time (angle of inclination 0°). ery Q on the angle of inclination of the

tube B and the particle size of the UgOg:
1) 100-160 um; 2) starting product
(angle of inclination 0°); 3) 63-100um;
4) 50-63 pm.,

where d is the tube diameter, cm; g =_9.81 m/sec? is the acceleration of gravity;

critical frequency of rotation of the drum, sec1;

1 ——
nepsDr =5 - V2D,

where D is the diameter of the drum, cm;

critical angle of inclination of the tube:
feor =avctg %— s

where d is the diameter of the tube, cm; L is the length of the tube, cm,

Delivery of the product is most stable when the frequency of rotation of the tube ny = (0.1-0.5)0¢yp 1, L =
(6-10)d and the frequency of rotation of the drum npy=(0.6~0.7)n.,. py- For the given feeder, d=2 em, D=15
em, L=19.4 cm, nep, T =300 min~, n r.Dr =109 min~!, and B,,.=—6°. The tests of the feeder were carried out
with the following: np=npy =60 min™', the U303 charge was 500 g and the measurement interval was 15 sec.

The effect of the angle of inclination of the tube and the particle size of the U3Oy on the feeder delivery
was investigated (Fig. 2).

Processing of the experimental data was carried out for the section of stable delivery of the feeder. The
calculation of the measurement errors was performed by the procedure explained in {8]. The total results are
shown in Fig. 3. The dependence of the feeder delivery on the angle of inclination of the transporting tube for
all fractions of UzOq studied, with an accuracy from * 1,1 to + 1,8%, can be described by the linear equation
Q=a +bﬁ, where ¢ and b are constant coefficients.

The results of the tests showed that the tubular feeder allows batching of the UsOy with sufficiently high
accuracy. Thus, for the starting product, the granulometric composition of which is given above, the relative
error amounted to £ 0.9 to * 2,5%. The feeder delivery was increased with increase of the particle size of the
U30g. The batching accuracy decreased with reduction of the particle size and with increase of the elevation of
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the tube (sign of the angle negative). The critical angle of inclination depended on the particle size. The batch-
ing accuracy of the starting product and of the fraction with a particle size of 100-160 ym was satisfactory for
all the investigations, for angles of inclination from —5 to +5°, The delivery of smaller sized particles (60-63
and 63-100 pm) ceased at —5°, For particles with a size of 50-63 um, lumping of the product was observed

with the tube elevation angle of —3° and the batching accuracy was reduced to * 5.4%. The tests showed the
feasibility of delivering Us;Og powders with poor consistency with inclination of the tube, with the assurance of
quite high accuracy (from * 1.0 to 2.5%).

Thus, the tests of the tubular feeder carried out have shown the prospects for the chosen design. Even
for materials with poor consistency, the batching accuracy amounted to 5% in the case of a measurement
interval of 15 sec. The feeder delivery was regulated over wide limits from 1-7.7 kg/h with a batching ac-
curacy from 1.0 to 2.5% with variation of the angle of inclination of the transporting tube. The design of the
feeder was calculated on the periodic charging of the product, and therefore with a charge in the bunker of 500
g of U30g, the duration of stable delivery was short and, depending on the angle of inclination of the tube and
the particle size of the starting material, amounted to 3-15 min. Extension of the section of stable delivery
of the feeder is possible with increase of the volume of the bunker and with cortinuous charging of the product.
In these conditions, a stable delivery of a friable product can be maintained during the required time interval
and within the limits of permissible accuracy. '
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EFFECT OF HIGH-POWER GAMMA-RADIATION ON THE %°Sr
DISTRIBUTION INTHE GROUND "

I. A, Sobolev, L. M. Khomchik, : ‘ UDC 621.329,714
E. M. Timofeev, A, S. Barinov,
and M. I. Ozhovan

The final stage in processing radioactive waste is its burial in the ground in special storage facilities of
various design [1, 2]. In order to estimate the reliability of such burial, it is necessary to predict the pos-
sibility of change in the characteristics of the ground surrounding the storage facility as a result of exposure
to ionizing radiation. Since the time of waste storage is measured in hundreds or thousands of years, the doses
absorbed by the ground may be considerable, even for waste of moderate specific activity, In order to predict
changes in the ground properties, it is obviously necessary to determine the irradiation parameters of decisive
importance for changes in the physicochemical characteristics of the ground,

The present article is concerned with the effect of gamma-radiation on the ¥Sr distribution in argil-
laceous soil. As is known, the distribution coefficient is actually the determining quantity in estimating radio-
nuclide migration in grounds,

In our experiments, we used specimens of heavy moraine loam containing up to 30% argillaceous par-
ticles with sizes of less than 1 um, represented by kaolinite, montmorillonite, and hydromica. The density of
the ground was equal to 2.68 g/cm?, the exchange capacity amounted to 0.321 mole/kg, while the humus per-
centage did not exceed 0.3%. The ground composition comprised the following cations: 65 Ca?t, 15.7 Nat, 11.2
Mg?*, and 8.1 K+, Air-dry ground samples were ground in a porcelain mortar and screened through a sieve
with 0.25 mm mesh, Samples with a mass of 70 g were taken from the fraction that had passed through the
sieve and were placed in the lateral channel of the RKhM-y-20 irradiation device with cobalt (*"Co) gamma-
radiators. The absorbed dose rate varied in the range from 1.2+10% to 2.2 *10° rd/h (3.3 X 10~%-6.1-10"1 Gy/
sec), while the integral absorbed dose varied from 10% to 2.310° rd (from 10 to 2,3*10% Gy). The temperature
in the channel of the irradiation device was equal to 40 + 5°C.

For the irradiated argillaceous ground specimens, we investigated the ion-exchange capacity (using the
Grabarov—Uvarova method based on Ba?t sorption [3]) and the gy distribution coefficient (ratio of the ?%sr
concentration in the solid phase to the *%Sr concentration in the contacting equilibrium solution [4]). The de-
termination was performed under static conditions with respect to several parallel specimens from a nitrate solu-
tion of *°Sr in distilled water with a specific radioactivity of 3.7+10* Bq/liter. The solution-to-sorbent mass
ratio was equal to 20/1. The measurement error was less than 14%.

The investigation of the irradiated ground samples has shown that the ion-exchange capacity remains
virtually unchanged up to a total dose of 2.3+ 10% rd (which agrees with the earlier data [5, 6]) in the range of
dose rates Pp=103-2-10° rd/h (2.8 -107%-5.6.10"! Gy/sec).

TABLE 1. Dependence of the %Sr distribution
in Argillaceous Ground on the Irradiation

Conditions
Py =consl = 2,2.105 . :
wd/h (6,110 Gy jsec) | D=oonst=10°1d (101 Gy)
n.rd Gy Kq Pprd/h (Gypec) Kq
-0 819 0 819
10° (10) 1073 —_ o
104 (102) 998 2,2.105 (6,1.10-1) 491
105 (109) 575 4,5-404 (1,3.10-1) 513
10° (104) A 2,240% (6,1-10-2) 593
107 (10%) 633 4,310 (1,2.10-2) 458
108 (10%) 439 1,2.108 (3,3.10-3) 204

Translated from Atomnaya Energiya, Vol, 59, No. 2,pp. 140-141, August, 1985, Original article sub-
mitted August 9, 1984,
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The effect of gamma-radiation on the %05, distribution coefficient was investigated in two series of ex-
periments. In the first series, the specimens were irradiated with doses of 10% to 108 rd (from 10 to 10° Gy)
at a constant dose rate of 2.2+10°% rd/h (6.1 10~ Gy/h). In the dose range of up to 10° rd (10 Gy), we ob-
served a slight increase in Kq, after which this value diminished by a large factor as the absorbed dose in-
creased.

The dose of irradiation of ground specimens was constant in the second series of experiments and
amounted to 10 rd (10? Gy) with the dose rate varying from 1.3 -10° to 2.2+ 10° rd/h (from 3.6-10% to 6,1-107*
Gy/sec). In this case, the distribution coefficient diminished with a reduction in the gamma-radiation dose
rate.

T he experimental results (see Table 1) indicate that the Kg value is affected by both the integral dose
and the dose rate. In connection with this, it does not seem always justified to predict the change in systems
of complex composition (such as, for instance, ground sediments) solely with respect to the results of their
short-term irradiation with large doses. In order to estimate the results of radiationaction, it is evidently
necessary to perform sufficiently long irradiation of specimens in a wide range of dose rates.

Changes in the sorption properties of grounds caused by irradiation are primarily connected with changes
in the surface layers [5-8] and, as a consequence, with changes in the kinetic parameters of the interphase
distribution of sorbed ions.

Thus, while the ion-exchange capacity of argillaceous groundremains unchanged for total irradiation
doses £ 108 rd (10° Gy), the ?%Sr distribution coefficient undergoes changes depending to a great extent on the
irradiation dose rate.
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EFFECT OF RADIATION ON THE OPTICAL
CHARACTERISTICS OF QUARTZ GLASS

I. Kh. Abdukadyrova - UDC 535.342: 666,192

This is a continuation of the investigation of the effect of radiation on the optical spectra of quartz glasses
that had been started earlier [1]. We investigated gas-fused KV glass and KSP plasma glass (in many cases,
we algo used other types of glass, KSG, KU, and KI, for radiation resistance comparisons), which were exposed
to different sets of doses D of ® Co gamma-radiation (from 1 to 103 Gy). We recorded before and after irradia-
tion the spectra of optical absorption in the visible region of the spectrum at wavelengths A =450-700 nm and
of photoluminescence (PL) at A =396.284 nm [2].

Figure 1 shows the variation of the reduced optical density E/d (E is the induced optical density, and d
is the specimen’s thickness) at the maximum of the 540-nm absorption band with increasing D values. It is
evident from the diagram that the dose dependence of the degree of blackening of KV and KSP glasses is char-
acterized by proportional growth up to D= 10% Gy. The curve subsequently reaches a saturation plateau for
D> 108 Gy. It is evident that the curves (E/d)ge=£(D) do not have an inflection in the D> (1-5)105 Gy range,
which has been found in similar dependences for the UV-band (215 nm) in these glasses as well as in KSG and
KU glasses and is probably connected with the development of additional structure defects (up to 107 Gy).

We monitored in our investigations the stability of the visible tint induced by ionizing radiation after the
irradiation of quartz glass was discontinued. According to our results (Table 1), the posteffect over a period
of 1000 h amounts to ~6-10% (after further refinements for long-duration detector exposures, it will probably
be possible to introduce a suitable correction). '

The effect of daylight was also studied. For this purpose, KSP plates were placed in an illuminated loca-
tion, and changes in the initial optical density were systematically monitored. Good stability of the induced tint
was observed. The effect of light of greater intensity was determined by illuminating the specimens with un-
filtered light from a mercury-vapor lamp. The irradiation time was equal to 0.2-2 h, It has been established
that the tint is stable with respect to the action of a wide spectrum of the lamp's radiation. All this makes it
possible to perform repeated optical density measurements for irradiated glass kept under different storage
conditions. The effect of irradiation conditions was investigated on KSP plates with a thickness of 1 mm, Varia-
tion of the radiation dose rate within the 0,2-40 Gy/sec range at processing temperatures of up to 200-250°C
show an absence of noticeable effect on the system's responses. As in the case of KI glass [1], the plates are
completely discolored by short-term heating to 450-500 deg C, which makes the system suitable for repeated
use. »

The photoluminescence method, which is the most sensitive one, was used for ‘elaborating recommenda~-
tions on the development of glass detectors in the range of small radiation doses. The well-known phenomenon

Translated from Atomnaya Energiya, Vol. 59, No, 2, pp. 141-143, August, 1985, Original article sub-
mitted August 23, 1984,

TABLE 1. Stability of the Induced Tint inVar- TABLE 2. Photoluminescence Intensity I of
ious Glasses at the Maximum of the 540-nm KV Quartz Glass (irradiation dose, 102 Gy) in
Absorption Band for Different Exposure Times Relation to Changes in the External Conditions
(irradiation dose, 2°106 Gy) - CAj
Glass Exposure time, h AL Gyy Iy, Aa, °C I, 4s h I,
t d, mm ! rel. units ' rel. units "7 el units
ype N 5 10 25 | 100 | tooo Sec ’
0,2 70 31 68 0,5 68
KSP 1,0 {0,53| 0,540,510 [0,53]0,51]0,50 0,4 69 70 68 . 2,0 63
1.6 079 | 0,81 | 081 (0,8 10.78 0,76 6,5 68 90 69 5,5 68
{ Kv 06 [0.34] 0341036 | 0,30]0,32[0,29 17,0 69 140 70 25,0 7
14 {04059 06110661060 0,57 23,0 68 160 72 52,5 70
' 3,5 | 1,87 1,81 1,80 | 1,77 ] 1,82 | 1,77
)
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Fig. 1. Reduced optical density at the Fig. 2. Effect of the gamma-radiation
540-nm absorption band for KSP (1) dose on 'the photoluminescence spectrum
and KV (2) glasses. of KV in the A=350-500 nm range., 1)Un-

irradiated specimen; 2) irradiation dose,
10° Gy; 3) 10! Gy; 4) 102 Gy; 5) 10° Gy; 6)
10%-Gy; 7) 10° Gy.

of radiation-induced reduction in the luminescence intensity I at the 396-nm band maximum was used as the
working parameter. The monotonic decrease in the luminescence intensity found for the set of glasses indicates
the presence of a sufficient number of the preradiation structure defects responsible for photoluminescence,
the filling of which by charge carriers varies during the irradiation process. It was found that the slope of the
function I=f(D) is determined by the type of glass, which may be due to a particular previous history of the
material and also the effect of controllable impurities.

The strongest luminescence degradation effect was observed in the case of KV glass (Fig. 2). As the
gamma-radiation dose is varied within the range I< D < 10° Gy, the luminescence intensity gradually decreases,
and, for D> 10° Gy, luminescence in the glass virtually ceases at A =396 nm. On the other hand, for D> 7- 10°
Qy, we found the induction in KSG of one of the two PL bands (~290 nm), where I varies as D increases. This,
together with an allowance for the above-mentioned increase in the rate of buildup of the tint center in the UV-
region of the spectrum, provides an indication that oxygen vacancies are produced in the lattice by radiation.

We investigated the effect of the radiation dose rate (Ay), the temperature of the 80Co source channel in
the irradiation zone (Ay), and the exposure time of specimens (A3), on the luminescence characteristics of ir-
radiated glass. It was found (Table 2) that, within the range under consideration, the error in measuring the
spectroscopic signal amounts to ~3-5% (this satisfies the requirements imposed on dosimetric systems; how-
ever, in order to improve the data accuracy in detailed investigations, this factor may be taken into account).

On the basis of the results obtained, we concludedthatit is advisable to use the phenomena of lumines-
cence degradation for KV glass for practical problems (detection of very small absorbed energy values), that
the initial UV-luminescence vanishes during suitable radiation processing of glass, and that the transparency
of the material in the UV- and the visible regions of the spectrum deteriorates.

There is still no unanimity of opinion concerningthe nature of the 396-nm luminescence band in quartz
glasses. Some authors [5, 6] consider that a structure defect, for instance, an oxygen deficit, is the cause of
this luminescence, while others relate it to the presence of impurities [7, 8]. If one accepts the latter, the
luminescence in question is then probably due to the presence of uncontrollable impurities of metal ions in KV
glass. Then, in order to reduce the error in measuring the absorbed dose on the basis of the monotonic de-
crease in the intensity of the 396-nm band, it would be necessary first to produce a calibration graph of the
optical signal for a control specimen as a function of the gamma-radiation dose for each glass batch.

Thus, the results of comparative investigations of the effect of 80Co gamma-radiation on the optical prop-
erties of quartz glasses and careful determination of the effect of all kinds of external factors on their charac-
teristics provided a basis for recommending KSP and KV quartz glasses as solid dosimeters of gamma-radia-
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tion in a wide range of absorbed doses, from 1to 107 Gy, At the first stage (D =1-10° Gy), it is advisable to
use the luminescence degradation phenomenon (KV quartz glass; operating wavelength, 396 nm; cell dimensions,
10X 10 X 2 mm), and, at the second stage (D:103—106 Gy), the proportional increase in optical density at A =

540 nm (KSP and KV quartz glasses with dimensions of 10X 10 X 2 (3) mm). For D=107 Gy and A =215 nm, it

is recommended to use KSP, KV, KSG, and KU glasses with the size 10X 10X 12) mm.
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RADIATION STABILITY OF CORUNDUM CERAMIC
WITH PULSED IRRADIATION BY FAST NEUTRONS

O. B. Alekseevskii, S. A. Vorob'ev, UDC 539.12,04:621.315.612
R. G. Ziyakaev, and V. V. Mameev

Ceramic dielectrics are promising electrical insulating materials for thermonuclear power generation,
which explains the interest towards changes of their microstructure and electrophysical properties in condi-
tions of intense radiation action, Measurements of the conductivity of ceramic materials under neutron ir-
radiation in nuclear reactors [1-3] do not allow the effect of the neutrons on the conductivity of the materials
to be assessed accurately because of the accompanying vy radiation. The appearance of accelerators, generat-
ing infense neutron fluxes with high energy, has made it possible to investigate the action of pulsed neutron
radiation on the conductivity of corundum ceramic,

The calculation of the number of displaced atoms was performed by taking account of elastic and inelastic
scattering of neutrons with 14-MeV energy. When considering elastic scattering, the well-known energy dis-
tributions of the initially knocked-out atoms were used. For inelastic scattering, the method of calculating
the distributions was used, based on the statistical theory of multiple processes and the results of experiments
on the investigation of the inelastic scattering of nucleons by nuclei, In the assumed model, excitation of the
residual nucleus is removed by cascade emission of Y-quanta. Calculation of the characteristics of the system,
consisting of a recoil nucleus, scattered neutron and k emitted y-quanta, is reduced to the calculation of the
phase volumes [4]. The expression obtained for the energy distribution of the initially knocked-out atoms in
the laboratory system of coordinates has the form

2h-1

4 C (i, k) o)

W(E)_'E,n}»(k)z T = —=2VEEL)X"),
i=0

where Ep is the maximum energy of the initially knocked-out atom;

2h~1
ARy = D) ”51.(:;3"); c k):(—l)i(

i=0

2k—i—1 )

o

Translated from Atomnaya Energiya, Vol, 59, No. 2, pp. 143-144, August, 1985. Original article sub-
mitted September 4, 1984, ’
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Fig. 1. Measurement circuit of pulsed radiation conduc-
tivity: 1) sample; 2) electrodes; 3) screen; 4) high-frequency
cable; 5) lead shield; 6) accelerator; 7) signal for triggering
the oscillograph scanning; 8) S8-12 oscillograph.

The average number of y-quanta, k, emitted by the nucleus was determined from the average energy of
the inelastically scattered neutrons from a comparison of the calculated and experimental data. When consider-
ing the cascade of the formation of elementary defects in Al,Oj, irradiated with 14-MeV neutrons, the cascade
multiplication factors were calculated by the modified model of Kinchin and Peas [5], converted for diatomic
materials, and were averaged over the energy distributions of the initially knocked-out atoms. Using the data
of [6-7], it was obtained that in the case of irradiation with a pulsed neutron flux of 102 cm™2 1,73+ 10% defects
per cm® are formed in the Al,Os.

An experimental investigation of the process of defect formation was carried out by measuring the radia-
tion conductivity by means of an electron microscope and the method of positron annihilation. The generation
of intense neutron fluxes was effected with the TONUS high-powered (high-accuracy) electron accelerator, with
a lithium target for the collective acceleration of deuterium ions by an electron beam. The current of the beam
of electrons with 900-keV energy amounted to 45 kA. The pulse duration at half-amplitude was equal to 60
nsec. The neutron yield per pulse attained ~ 1019, Measurements of the neutron flux were made with an Ag-
detector.

The conductivity of the ceramic during pulsed irradiation with neutrons was measured by the scheme
shown in Fig. 1, Silver electrodes were deposited on corundum disks by brazing. For protection from brems-
strahlung, a lead wall with a thickness of 5 cm was ‘located in front of the measurement cell with the sample.
As a result of careful screening, the level of interference did not exceed 2 mV. The pulse of the potential drop,
with an amplitude proportional to the radiation component of the conductivity of the sample being investigated,
was photographed from the oscillograph screen. The measurement circuit allowed single pulses with a duration
of ~10~% sec to be recorded and it had a sensitivity of 2°107° (2+cm)™!, Pulsed irradiation with a stream of
neutrons in the conditions of the experiment did not lead to the origination of radiation conductivity in MK, UF-
46, GB-7, and MG-54 ceramics for a bias potential on the sample of 600 V.

Measurements before and after irradiation with a total neutron flux of ~ 1012 cm™2 showed that changes of
conductivity of the ceramics do not fall beyond the limits of experimental error (+ 10%). When the irradiated
samples were investigated on the electron microscope, no irreversible structural changes were observed; how-
ever, with the aid of the more sensitive method of positron annihilation, some increase in the number of defects
was established. :

The calculations and experiments performed confirm the conclusion made earlier [3], according to which
changes of conductivity of ceramics based on Al,03, observed in the case of the combined action of y radiation
and neutrons, are caused by the action not of the neutrons but of the y radiation, Calculations using the energy
distributions of the initially knocked-out atoms, showed that the energy release causing breakdown of the corun-
dum ceramic as a result of pulsed irradiation with a duration of 60 nsec by neutrons with 14-MeV energy, will
be achieved with a neutron flux intensity of more than 10% em™2%.sec”t,
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DISCHARGE OF !*C BY NUCLEAR POWER STATIONS
WITH RBMK-1000 REACTORS '

V. B. Gaiko, N. A. Korablev, . - UDC 621.039.524,2:539.172.8
E. N. Solov'ev, T. I. Trosheva, V. P, Shamov, :
M. P, Umanets, and V., G. Shcherbina

According to the data of the report of the Scientific Committee of the United Nations Organization on the
Effects of Nuclear Radiation (SCENR) in 1977, the normalized intensity of the discharge of 14C amounts to 0.9
Ci [MW(el)*yr} 1 Ci=3.7" 1010 Bqg) for nuclear power stations with light-water—graphite reactors (LWGR)
operating in the Soviet Union [1]. In [2] almost the same value was derived — 0.8 Ci [MW(el) *yr], based on which
the forecast was made by certain foreign authors, that by 1990, 65% of the total amount of 14C discharged by all
the world's reactors will come from nuclear power stations in the Soviet Union with water—graphite reactors,
whereas the fraction of such nuclear power stations in peaceful nuclear power generation amounts to 1.2% [3].

The value of the normalized intensity of the discharge of *C, equal to 0.8 Ci [MW(el) - yr], was obtained
10 years ago on the AMB reactor of the Beloyarsk nuclear power station [4]. At the present time, the basis of
the power-generating water —graphite reactors operating and under construction in the Soviet Union, comprises
the RBMK reactors which have structural and technological differences from the AMB reactor facility of the
Beloyarsk nuclear power station. Therefore, the conversion of the data obtained'from the facility to nuclear
power stations with RBMK is unjustified. In the present paper, the results of a project are discussed, in the
course of which the rate of formation and the intensity of the discharge of 1C by nuclear power stations with
RBMK-1000 reactors were determined by a computational and experimental route,

The formation of 1C takes place in the following systems of a reactor (see Fig. 1):

1. Coolant. The 4C formed in it, together with the radiolysis products, is exhausted by the ejector from
the turbine condensers and is directed into the combustion plant with the detonating mixture. Later, inthe
form of carbon dioxide gas, it enters the atmosphere through the gas holder, filter, and ventilation stack,

2. Cooling System of the Control and Safety Rod Channels (not shown in the diagram). This is a closed
autonomous circuit in which the control and safety rod channels are cooled with water. The C formed enters
the atmosphere directly through the filters and the ventilation stack,

3. Nitrogen—helium Purging Circuit of the Reactor Space. The nitrogen—helium mixture, circulating
through the internal cavity of the reactor, provides the temperature conditions of the stack. From the reactor
space, the nitrogen—helium mixture enters the helium scrubbing plant where ¢ formed is trapped by zeolite
adsorbers. During the periodic regeneration of the adsorbers, the ¥C enters the atmosphere through the gas
holder, filter, and ventilation stack. )

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 144-145, August, 1985, Original article submitted
September 24, 1984,
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TABLE 1. Calculated Values of the Normal-
ized Rates of Formation and Discharge Inten-
sity of ¢ in Nuclear Power Stations with

TABLE 2. Experimental Values of the Nor-
malized Rate of Formation of 1C in Nuclear
Power Stations with RBMK-1000 Reactors

RBMK-1000 Reactors

Rate of formation,
Nuclear Rate of formation Systgm GBQ/[MW(.ED' ytl- )
System reaction  [GBa/IMW(el) - yi :
Nitrogen-—helium purging circuit of 0,340,1
. the teactor space (10 vol.% Ny +
Nitrogen—helium | 4N (n, p) G 0,39 90 vol.% He)
purging circuit of Nitrogen purging circuit 'of the 0,640,2
the reactor space metal structures of the circumre-
(10 voLl% Ny + actor space
90 vol ;,OH:) Coolant (at the outlet from the de- 00,3461
- tonating mixture combustion
Nitrogen purging | "*N (n, p) "G 0,54 plant)
circuit of the Cooling system of the control and 0,004-0,04
meta] structures of safety rod channels
the circumreactor Total Tate of formation 1,3+0,2
space .
Coolamt 170 (n, o) HG 0,31 Discharge {ventilation stack, taking 1,040,3
Cooling system of | 3N («, p) G account of yentilation emerging
the control and [ 170 (n, &) 14C at the roof)
safety rod channelg 4N (n, p) HC 0,04
Fuel elements 170 (n, ) MG 0,28
Graphfte brickwork | 13C (n, v) }4C 12,0
! LN (n, p) HC
Total rate of for- 13,6
mation ) -
Intensity of dis- 1,33
chargé

Fig. 1. Diagram of the discharge of “c by nuclear power
stations with RBMK-1000 reactors: 1) graphite brick-
work; 2) fuel channel; 3) drum sepafai:or; 4) turbogenera-
tor; 5) condenser; 6) combustion plant for detonating gas;
7) compressor; 8) main circulatory pump; 9) helium
scrubbing plant; 10) gas holder; 11) filter; 12) ventilation
stack.

4, Nitrogen Purging Circuit of the Metal Structure of the Circumreactor Space. The 14C formed enters
the atmosphere directly through the filter and ventilation stack. '

5, Fuel Elements, !4C is formed in the fuel and cladding.

6. Graphite Brickwork, 1C formed in the brickwork can enter the atmosphere only in the case of oxida-
tion of the graphite.

The results of a numerical estimate of the normalized values of the rate of formation and intensity of
the discharge of 14C for the RBMK~1000 when operating at a nominal power [5] are shown in Table 1. The main
contribution to the formation of 1*C is made by the graphite brickwork., However, its contribution to the dis-
charge is insignificant as, at the existing rates of oxidation of the graphite of the brickwork, the discharge of
¢ from it at the end of 30 years of operation does not exceed 3.7 * 10" Bq [MW(el) * yr]. The ¢ formed in the '
fuel elements is localized under their cladding and therefore also makes no appreciable contribution to the dis-
charge. The main quantity of the 4C enters the atmosphere from four systems: the nitrogen—helium purging
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circuit of the reactor space, the nitrogen purging circuit of the metal structures, the coolant, and the cooling
system of the control and safety rod channels.

Work on the experimental determination of the discharge was conducted over 2 years on four power-
generating units of the V. I. Lenin Nuclear Power Station, Leningrad. Sampling and the determination of the
¢ concentration was carried out in the nitrogen—helium mixture at the outlet from the reactor space, in the
gas—air mixture at the exit from the detonation mixture combustion plant, on the purgings from the circulation
tanks of the control and safety rods, and also in the ventilation stack. The investigations showed that the prin-
cipal quantity (~70%) of the 1C formed is found in the form of the dioxide. In view of this, sampling of e s
based on trapping the 14COZ with alkali, The absorbed carbon dioxide is precipitated in the form of Ba“COg.
Radiometric measurement of the purified Bal*COq deposit was carried out in a 47 -flow-counter in 27 -geometry
by the "thick layer" method [6]. The sensitivity of the method is 102 Bqg per gram of carbon. The experimental
results obtained (Table 2) confirm that the total experimental and calculated discharge of !4C into the atmo-
sphere coincided well. ‘

The experimentally obtained value of the 14¢ discharge in nuclear power stations with RBMK~-1000 reac-
tors (1.0 = 0.3) GBq/[MW (el) * yr] {(0.027+ 0.008) Ci/[MW(el)-yrl} is significantly less than that given in the
SCENR report and is comparable with the discharges of *C in nuclear power stations with the principal types
of reactors operating in the world — (0.006-0.018)Ci/[MW (el) *yr] [1].
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SPECIFIC RADIOACTIVITY OF POTASSIUM IN SEA WATER

Yu. A, Sapozhnikov and A. V. Merkushov UDC 551,464,679

The natural radioactive potassium isotope ‘*K provides the basic contribution to the intrinsic beta- and
gamma-radioactivity of sea water [1]. It has been found that the concentration distribution of potassium K,
which is among the basic sea water ions, is correlated with the salinity S, although considerable deviations of
the K/S ratio from the mean values have been observed during various expeditions. The isotopic abundance of
potassium in seawater is usually assumed to be constant, so thatthe specific activity of potassium Ak in sea
water is considered to be equal to the value suggested for terrestrial rocks, A;=28,27 % 0,05 Bq/g [2].

Our aim was to check the validity of the assumption concerning the constancy of Ag in sea water, Ac-
curate methods have been developed for determining the radioactivity of 40K [3] and the over-all potassium per-
centage in sea water samples, whereby the value of Ax can be estimated with an error of less than 1% with a
95% confidence coefficient.

In using either method, potassium is separated from sea water samples by precipitation by means of a
selective reagent ~ sodium tetraphenyl borate (Na-TPB). For determining the radiocactivity of 40K, 500-ml
samples were taken, and the deposit was separated and dissolved in a mixture of dimethyl formamide and
dioxane with scintillation admixtures. We used Na-TPB, labeled with U, for determining the overall potas-
sium percentage; the sample volume was equal to 5 ml. Both methods involve radioactivity measurement by
means of liquid-scintillator equipment.

Most of the ocean water samples for determining the Ag value were taken in the Pacific during the second
stage of the first voyage of the Akademik Aleksandr Nesmeyanov scientific-research vessel in the autumn of
1982, Table 1 provides the results of A determination for these samples and also water samples from other
parts of the world's oceans. The results of Agx determination in normal sea water and in extra spectroscopi=
cally pure solutions are given for comparison.

Altogether, 14 samples were taken in the Pacific Ocean, Within the limits of measurement error, the
mean value of Ak in these samples coincided with that of A, [2]. However, there were also considerable de-
viations to either side of the mean value. Negative deviations were recorded in the equatorial region, while a
band of positive deviations, reaching 5.9%, was observed to the north of the equatorial region (only two mea-
surements were performed south of the equator, while a negative deviation was also found in the region near
the equator); this is followed by a broad region of negative deviations, with the largest positive deviation (10.2%)
observed in the subarctic front region. ’

The sampling of the Ag measurement results is, of course, too small for reaching unambiguous con-
clusions. It should be mentioned that the samples analyzed were taken at different depths (0, 100, 300, and 500
m), so that potassium behavior at different points may have reflected different trends. In spite of this, we note
a certain dependence of Ag on the geographic latitude of the locations at which the samples were taken, which
resembles the distribution of the atmospheric fallout of cosmic and artificial radionuclides that have reached
the upper atmospheric layers as a result of nuclear tests.

Considerable negative deviations of Ag from the accepted values (up to —7.0%) were observed in water
samples from thermal brine in deep-sea basins of the Red Sea. However, in the surface water layers of this
sea, the Ak value corresponds to the mean value for terrestrial rocks. The positive deviations from the mean
values are possibly connected with the incoming cosmic dust (minute particles of meteorite matter, formed
during the ablation of meteorites in the atmosphere), whose isotropic potassium composition differs from the
terrestrial one. Values of A in meteorites that exceeded those in terrestrial rocks by two to three orders of
magnitude have been recorded [4, 5]. Values exceeding the Ag mean values by 40-7 0% have been observed in
submillimeter-size magnetic spherules (probably of extraterrestrial origin), separated from deep-sea sedi-
ments in the Pacific Ocean {5]. For the oceans, which occupy ~70% of the earth's surface, the arrival rate of
cosmic dust may reach 1.4° 10° tons/yr [6]. The mean percentage of potassiumin meteorite matter is equal to

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 145-148, August, 1985. Original article sub-
mitted September 27, 1984,
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TABLE 1. Specific Activity of Potassium in Sea Water Samples

A — A
Sample Level, m Latitude E. long. Ak, Bq/g K T 100%
No, Ao
Pacific Ocean
1 300 42°30,0° N. 1at 159°31,7° 31,15 +10,2
2 100 A1°30,0° N, lat, 159°31,0/ 26,90 —4,8
3 0 40°33,3° N, lat. 159°27,5° 28,15 0,4
4 500 4000347 N, lat. 159°20,0 27,88 —1,4
5 0 24°41,5" N, lat. 150°01 47 27,67 —2,1
G 500 21°01.5" N, 1at. 150°08,8° 27,50 —2,7
7 0 18°00,2° N, lat. 152°16,4" 27,63 —2,3
8 500 12°65,6° N. lat. 155°32,1° 28,88 +2,2
9 t] 10°51,4" N. lat. 157°16,4’ 29,93 45,9
10 0 04°33.8' N, lat. 159°36,0" 28,47 40,7
11 0 14,4 N. Lat. 160°17,3’ 27,65 —2,2
12 1] M°53,1’ S, lat. 162°26,0° 27,83 —1,6
13 300 13°58,3' S, lat. 157°14,6° 28,43 40,8
14 0 02°51,3" N. lat. 146759,07 28,33 —-+0,2
Sea of Japan
15 0| 40°08,3' N, 1lat. [ 131°50,5° | 28,03 | —0,8
Red Sea
16 0 | 28,22 —0,2
17 1460 (3 m from bottom) 27,40 —3,1
18 Atlantis Basin (5 m from bottom) 26,28 —7,0
19 Valdivia Basin (depth, 1660 m; 3 m from bottom) 26,77 —5,3
20 Normal sea water (19,374% CI 28,03 —0,8
21 KC1, extra spectroscopicaily pure 28,37 -+0,4

0.15% [7], while, according to estimates for the terrigenous suspension, 1-10% of matter available in the form
of a suspension is dissolved in sea water [8], i.e., together with extraterrestrial matter, 2,2 - 104 to 2.2 105
tons of dissolved potassium enters the ocean water annually, while the quantity entering sea water with river
effluence amounts to 5.25+ 107 tons [9].

An important conclusion has been reached in [6] on the basis of a generalization of the data provided by
many researchers: The size distribution of cosmic dust particles is such that the mean rate of arrival of
particles on earth increases rapidly as their mass decreases, up to the limiting value of ~10'12g (particles with
a mass of ~107* g are carried away by solar light pressure beyond the confines of the solar system). As they
fall into the ocean, these fine particles dissolve readily in sea water. It is difficult to determine the dispersion
composition of the undissolved part of extraterrestrial matter entering the ocean. This was probably the reason
why data on the size distribution of spherical particles in the peat at the location of impact of the Tunguska
meteorite were used in [10] for estimating the contribution of extraterrestrial matter in the dispersion composi-
tion of oceanic sediments.

It is known that meteorites are linked with the concept of cosmic or radiation age, i.e., the time elapsed
from the disintegration of the parent body and irradiation of a certain fragment by cosmic radiation {11]. In
contrast to smallAparticles, large meteorites have a lower mean specific activity (because the radiation is at-
tenuated by the meteorite mass). Moreover, it is precisely the surface layers of meteorites, which arehighly
exposed to the action of cosmic radiation, that are atomized as they enter the atmosphere duringtheablation
process., As they pass through the atmosphere, meteorites lose about one-half to two-thirds of their mass [12].
Consequently, it is possible that even larger Ax values may be in the fine~dispersion suspension of cosmic
origin, which is the main source of dissolved forms of extraterrestrial matter in sea water, than in relatively
large meteorites. ' :

The nonuniformity of the Ak distribution in sea water may be connected with the temporal and spatial
nonuniformity of arrival of extraterrestrial matter. Actually, an increase in the arrival rate of cosmic dust
by two to three orders of magnitude in comparison with the mean rate is observed at the time of occurrence
of the known intensive meteorite showers reaching the earth's surface [13]. The spatial nonuniformity of ar-
rival of extraterrestrial matter on the earth's surface from the upper atmospheric layers resembles in many
ways the character of the fallout of radionuclides of cosmic origin [12] and of artificial radionuclides that have
entered the stratosphere as a resuit of nuclear tests [14]. '

The role of extraterrestrial matter in oceanic sediment formation is sometimes considered to be in- -
significant [10]. However, it is difficult to explain the considerable increase in Ak in ocean waters by other
causes. Analysis of other processes possibly influencing Ag in sea water (sorption on argillaceous suspensions,
biological activity, formation and melting of ice, processes in the surface microlayer, etc.) indicates that their
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total contribution can alter the value of Ak by not more than 1-2%. At the same time, it has been found that
the isotopic lead abundance in deep-sea sediments is close to the percentage of isotropic lead in meteorites
[15], while siderophile elements, such as nickel and cobalt, of which there is a much higher percentage in
meteorites than in the earth's crust, enter the ocean also from the atmosphere and not only with the river
effluence. Their entry into the atmosphere is probably connected to a considerable extent with extraterrestrial
matter. The specificities of the state of iron in deep-sea sediments are possibly also connected with the effect
of both extraterrestrial and volcanic matter [16].

Irregularities in Ak values could probably also occur as a result of volcanic activity, the contribution of
which to sediment formations in oceans reaches 2-3 billion tons annually {9]. Volcanic matter can also be en~-
riched by siderophile elements [17, 18]; however, it is not subject to the effect of cosmic radiation below the
surface of the earth.

Volcanic matter enters sea water as a result of the activity of land volcanoes and, to a greater extent,
due to undersea eruptions [18]. The water from thermal brines in the Red Sea, which is characterized by low
Ag values, probably arrives from a fairly great depth in the earth, where the potassium lodged there since
the times of layer differentiation within the earth's crust was not subject to the action of cosmic radiation or
exchange with the potassium arriving with ground water from the surface layers of the earth's crust,

Dust of cosmic or volcanic origin can be retained over a long period of time by the surface microlayer
of sea water [19], where its composition can undergo considerable changes due to the action of surface-active
matter and biological activity. With the subsequent slow submergence of microscopic particles, which may
remain in the water over periods of hundreds or thousands of years [20], further leaching of compounds with
an anomalous isofopic potassium composition takes place, which leads to changes in the A value in water. As
a result of similar processes, the number of particles of cosmic origin (including magnetic spherules) in oce-
anic sediments is much smaller than in the ice of Antarctica [21].

Thus, AK can be used as an indicator of elevated concentrations in large bodies of water of both extra-
terrestrial (positive deviation of Ak from the mean value) and volcanic matter (negative deviation).

The authors are grateful to N. I. Popov for providing the water samples from the Red Sea and the Sea of
Japan.
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COMPARISON OF DETECTORS WITH RESPECT
TO THE LOWER LIMIT OF DETERMINING THE ACTIVITY
OF GAMMA-EMITTING NUCLIDES

B. Ya. Shcherbakov and V, I. Myshlyavkin UDC 628,3:539.166 :543.52

Since the number of tasks in environmental monitoring is increasing, an experimental comparison of the
capabilities of various detectors with respect to the lower limit of activity determinations on gamma-emitting
nuclides is of interest,

Measurements were made with a gamma spectrometer provided with an 800-channel analyzer and de-
tectors of various types and dimensions: a DGDK-32A germanium detector and Nal (T1) scintillation detectors
with the dimensions 63 X 63, 150 x 100, and 150 X 140 mm with a well. A 10-cm-thick passive lead shield of
detectors was employed. The comparison was based on 137Cs (energy of the gamma radiation 661.7 keV) in
liquid 25~,50-, 75-, and 100~ml samples filled into 100-ml polyéthylene bottles (see Fig. 1). The liquid sam-
ples were prepared from a radioactive 1*Cs standard solution of class 1 with a specific mass activity q (Ba/g)
indicated in the specification data with an error of 3% on the 0,95 confidence level. A certain amount of the
radioactive standard solution was filled into the polyethylene bottle which had been previously weighed on an
analytic balance with a precision of 0.0001 g; thereafter the bottle was weighed again and the mass m (g) of the
sample taken was determined. The activity Q (Bq) of the quantity of the radioactive standard solution filled
into the bottle was determined with the equation

Q=gqm. 1

The error of Q did not exceed 4%. After that, a diluting agent recommended in the specification data was poured
into the bottle to obtain a volume V =25 ml, the solution was mixed, the bottle was hernietically sealed with a
lid, and then the bottle was placed on the detector as indicated in Fig. la. After that, the average pulse fre-
quency i (sec™!) in the peak of total absorption of the 661.7-keV gamma quanta was determined (with the back-
ground subtracted) and the detector efficiency was calculated with the formula

e=r/Qp, @

Wwhere the gamma quanta yield p=0.853 was assumed [1]. Then the volume of the solution in the bottle was suc-
cessively increased to 50, 75, and 100 ml, the measurements were repeated, and the detector efficiency was
deftermined in each case. The results obtained are compiled in Fig. 2.

The lower limit of the determination of the 137Cs bulk activity was estimated under the assumption that no
errors were introduced from the "harder" radiation of other nuclides because in the case of a complicated
composition of the initial sample, the nuclide of interest can be isolated in pure form by chemical methods.
Thus, only the natural background generated by the cosmic radiation, the building materials, and the surround-
ing objects was taken into account. The average pulse frequency of the background pulses and the mean-square
errors obtained with passive lead shields of various thicknesses on the detectors are listed in Table 1,

Translated from Atomnaya Energiya, Vol. 59, No. 2, pp. 148-150, August, 1985. Original article sub-
mitted December 13, 1984,
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Fig. 1. Geometrical conditions in the measurements in the case of a) detectors without well and
b) detectors with well: 1) detector; 2) polyethylene bottle; 3) radioactive standard solution.

Fig. 2. Dependence of ¢ upon the sample volume with various detectors: O) DGDK-32A detec-
tor; A) NaI(T1) detector with a size of 63 X 63 mm; (J) NaI(T1) detector, size 150 X 100 mm; X)
NaI(T1) detector, size 150x140 mm, with well.

TABLE 1. Average Background Pulse Fre-
quency (sec™!) in the Region of the Peak of
Total Absorption of 661.7-keV Gamma Quanta;
Various Detectors

Sﬁx_ield NaT (T,
thick - Nal(Th), | Nal¢Th, [e150x140m
ness .([DGDK-32A | 5'gixea ~ |o 150100 with Mgl
cm) mm mm mm

51}

0,02160,001] 1,9840,03 | 9,55.£0,41 | 20,540,3
10 {0,0160,00| 1,0840.03 | 6.462-0.07 | 16,7+0.3
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TABLE 2. Lower Limit of Determining the Bulk Activity of Nuclides in Liquid Samples witha
DGDK-32A Germanium Detector

Energy (keV) in the Results of our work
Nuclide max§r¥1um of the feak of| frequency (sec-1) of the s AC (Bq/m¥
total absorption [1} background pulses Amin (Ba/m®)
24Na 1368, 6 0,010-£0,001 §,5-101 1,0 qus
51 M 834,49 0,016.-0,0:1 5,310 4,0
59Cao 1332,5 0,0114£0,001 8,3-100 1,310
6571, 1115,6 0,0160,002 1,610 3,7-108
Y p 7567 0,0153-0,002 8,310t 2,8-108
95N 765,8 0,044£0,002 4,5-10% 3,6.1408
3Ry 497,1 0,043-4:0,004 4,5.108 30408
jxd ( 4 iex B 5
et o Ry A
iy 364,56 0,068-1-0,002 4,010 3,710t
137Cs G61,7 0,046 4-0,001 4,610 5,6-107
144Ce 133,05 0, 16040004 S AA A,4-408

The lower limit Amin (Bd/liter) of determining the bulk activity of 137Ccs was calculated with an equation
of [2]:
Vinp 3)

Amin= 5 ]/-ZEPV’

where ny, denotes the frequency of pulses generated by the natural background under the peak of total absorp-
tion of gamma quanta; 6, maximum admissible relative error in the determination of the area of the peak of
total absorption of gamma quanta; t, time (sec) of the measurements; &, efficiency of the detector under the
particular conditions of the measurement; p, gamma quantum yield; and V, volume (liter) of the sample.

The results in the calculation of Ap,i, obtained with a 10-cm-thick lead shield, t =2 h, and 6 =0.3 (since
6> 0.3, the normal distribution of the number of pulses and the validity of Eq. (3) are affected) are shown in
Fig. 3. The vertical lines denote the mean-square errors resulting only from the errors of the experimental
¢ and np, values.

A comparison of the curves of Fig. 3 reveals that despite the significantly higher efficiency, scintillation
detectors even of a large volume do not provide advantages with respect to the lower limit of determining the
activity in comparison with a smaller germanium detector with a passive shield, because the background under
the peak of total absorption of gamma quanta is high. The poor resolution of the scintillation detectors is the
main reason (in the case under consideration, the resolution is between 10 and 16% in the 661.7-keV line).
Therefore, in determinations of a low activity of gamma-emitting nuclides in liquid waste, emissions into the
atmosphere, and objects in the environment, germanium semiconductor detectors, which pfovide more informa-
tion, should be preferably used.

- The DGDK-32A germanium detector with a passive 10-cm-thick lead shield was used to establish ex-
perimentally the lower limit of determining the bulk activity of nuclides in a liquid 50-ml sample which was
placed directly on the upper lid of the detector as shown in Fig. 1a; the nuclides *Na, %Mn, ®Co, ¥Zn, **Zr,
%Nb, 18Ry, 196Rh, 1311, 137Cg, and ¥4 Ce, which are very important with respect to environmental protection, v
were considered. The dependence of the absolute detector efficiency upon the energy of the gamma quanta was
determined from radioactive standard solutions of class 1 with the nuclides *'Co (E=122,1 and 136.5 keV),

13705 (E=661.7 keV), and ®Co (E =1173.2 and 1332.5 keV); the solutions had been diluted to a volume of 50 ml.
The activity of the solutions amounted to about 5 * 10* Bq and was in each case determined with an error of less
than 4%. The error made in the determination of the efficiency with the aid of Eq. (2) amounted to at most 7%.
The position of the peak of total absorption of gamma quanta for each nuclide was found in the analyzer channels
and with the aid of an energy calibration and the resolution of the spectrometer. The average values of the
pulse frequency of the background under the peaks of total absorption of gamma quanta and the mean-square
errors of the average values were determined in multiple measurements of the natural background. The results
are listed in column 3 of Table 2. The lower limit Amin (Bq/m?) of determining the bulk activity of each of the
nuclides was calculated with Eq. (3), assuming 6=0.3, t=2 h, and V=50 ml (5 107 m®). The gamma-quantum
yield figures were taken from the handbook [1]. The results are listed in column 4 of Table 2. For comparison,
the admissible concentrations AC of the nuclides in water are listed in column 5 [3].

It follows from a comparison that the lower limit of determining the bulk activity of gamma-emitting
nuclides in liquid samples with the aid of gamma spectrometers equipped with a small germanium detector and
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a passive 10-cm-thick lead shield in a laboratory on the ground during a medium measurement time (2 h) and
in the case of a small sample volume (50 ml) is not above the admissible concentration of the nuclides in water
and is for some of the nuclides even much lower to a degree which suffices for many tasks of environmental
protection. If it is necessary to determine a much lower activity, the background of the cosmic radiation can
be reduced by transferring the spectrometer into an underground laboratory, as indicated in [4-6], or by em-
ploying an active detector shield,
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THE KINETICS OF LIBERATING IMPLANTED HELIUM
FROM A 20-45 NICKEL ALLOY IN HIGH-TEMPERATURE
DEFORMATIONS

B. A. Kalin, A, V. Markin, UDC 669.018.8:621,039.531
A, A. Volkov, S. N. Korshunov, D, M. Skorov,
V. T. Fedotov, I. I. Chernov, and A. N. Mansurova

Cold helium, desorbed from the first wall by heating and radiation-induced erosion will significantly con-
tribute to the energy balance of the plasma in a thermonuclear reactor. Mechanical stress and deformations
arise in the first wall during the operation of the reactor and substantially affect the surface destruction by
erosion. The goal of the present work is to develop a method of recording the desorption of helium during a
high-temperature deformation.

The experiment setup comprised a unit for mechanical testing in vacuum and a PTI-10 mass spectro-
meter. The sample was heated by passing through it an electric current so that good vacuum and low thermal
inertia were guaranteed. In order to obtain temperature levelling over the useful length, a sample of special
construction [1] was used. The method was tested with Kh20N45 alloy samples which had been previously ir-
radiated with 40-keV helium ions at 370°K and up to a flux of 3 ° 104 m'? (Fig. 1). The desorption rate de-
creased uniformly during a 2-h exposure at 1000°K (see Fig. 2). After applying a load, an incubation period of
100 sec was observed within which the desorption rate was constant, Then the desorption rate increased sharply.
A stress reduction reduced the desorption rate. When the stress was increased again, the incubation period
did not show up. o

The activation energy H of processes accounting for the creep and the helium desorption was determined
with the technique of small temperature jumps based on a formula of [2]

Translated from Atomnaya Energiya, Vol. 59, No, 2, p. 150, August, 1985, Original article submitted
January 3, 1984,
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Fig. 1. Helium liberation Q from the Kh20N45 alloy in the case of 1000°K heat-
ing at a rate of 0.5 K/sec.

Fig. 2. Dependence of the rate of helium liberation upon the mechanical stress
g,

g Ly, 4(T+AT)
R

where k denotes the Boltzmann constant; T, absolute temperature; and g, rate of creep or desorptidn.

The calculated activation energies coincided within the error limits and amounted to 3 eV. This means
that there exists a vacancy mechanism of helium migration in the particular alloy at 1000°K.

The dependence which we obtained for the rate of helium liberation upon the mechanical stress seems to
be associated with an increase in the mobility of the helium atoms by diffusion because the vacancy concentra-
- tion rises in deformations. Besides that, structure studies of the alloy, which were made with an electron
microscope, have shown that slip along boundaries and sliding inside grains occur after a deformation. This
leads to the development of 10-100-nm-high steps on the sample surface and implies the breakup of the im-
planted layer (he assumed range of the 40-keV helium ions in the alloy is 200 nm). Accordingly, the desorp-

tion rate must depend upon the deformation rate, and the incubation period must obviously be associated with
a delayed deformation of the surface layer of the sample.

Thus, our results indicated that deformations substantially affect the liberation of helium. This must be
taken into account in the energy balance of the plasma,
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ERRATUM

The article by E. P. Veretenkin et al, "Use of metallic lithium for detecting solar neutrinosm (Vol, 58,

No. 1, pp. 82-83 (1985)) contains a misprint. Line 13 of the first paragraph should read: "and this is 1000
times lower than the usual contamination of the surrounding materials."

713

" Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3



Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070002-3

=

\\

R

A\

)

N\
\

W\
»*
O
&

A\

\\

A\
\

\\
p
WN

\

A\

\\\:\\\\

QI

\%\

—
Q)
\*

RN \

\

o,

A\

N
-

\\\\\
A\

\
Q

\\
W\

Gl
\\{{\i\\\\\\\

\
2

7
2

\}

W
C

\\

N\\Nw

Participation in the Copyright Clearance Center (CCC)
assures you of legal photocopying at the moment of need.

" Libraries everywhere have found the easy way to fill
photocopy requests legally and instantly, without the
need to seek -permissions, from more than 3000 key
publications in business, science, humanities, and social
science. You can:

Fill requests for multiple copies, interlibrary loan ( beybnd
the CONTU guidelines), and reserve desk without fear of
copyright infringement.

Supply copies from CCC-registered publications simply
and easily.

The Copyright Clearance Center is your one-stop place
for on-the-spot clearance to photocopy for internal use.

Its flexible reporting system accepts photocopying
reports and returrs an itemized invoice. You send only
one convenient payment. CCC distributes it to the many
publishers whose works you need.
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And, you need not keep any records, the CCC computer
will do it for you. Register now with the CCC and you will
never again have to decline a photocopy request or
wonder about compliance with the law for any publication
participating in the CCC.

To register or for more information, just contact:

21 Congress Street
Salem, Massachusetts 01970
(617) 744-3350
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