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ARTICLES

COST OF INFORMATION IN NUCLEAR POWER

Ya, V. Shevelev ' UDC 33.621.039.003

Statement of the Problem. Appreciable information on the interaction of neutrons with
matter has accumulated in nuclear and reactor physics., There are many programs for the cal-
culation of neutron fields. One can obtain an answer with this or the other accuracy to
almost any practically significant question on the number of reactions of this or the other

" kind between neutrons and the materials of a nuclear reactor. If this accuracy is limited

by incompleteness of information about the cross sections or other characteristics of the

‘nuclei, a dilemma arises: whether totolerate thlSlnaccuracy and the nonoptimality of the en-~

gineering solutions -associated with it or to run experiments which refine the nuclear data.

In order to solve this problem, it is necessary to know, on the one hand, the cost of
the experiment and, on the other hand, its usefulness-[1], i.e., the decrease of loss asso-
ciated with availability of the necessary information. The experiment is profitable if its
usefulness is greater than its cost. In this paper methods are discussed for determining the
usefulness of an experiment which refines nuclear data and other parameters affecting the -
operation of a nuclear reactor as well as the usefulness of parallel design—structural devel-
opments of competing installations or azlternatives of their elements. -

Mathematical Model. Let f(x, y) be the expenditures for an economic measure, for exam-
ple, for construction or operation (and perhaps for something else) of the installation;
more exactly, these are the discounted (reduced) costs [2]. The parameter x should be se-
lected from some set of permissible values; this is the parameter to be controlled. It is
impossible tochange theparameter y; it isassociated withobjectively actingand uncontrollable
factors, i.e., the organization of the world. However, it is not known completely accurately.
One can express the set of values of y by means of the subjective probablllty density distri-
bution for y in the form p(ylyo, Oe0), namely,

Sp(yly‘o, o) dy=1; S P(WlYo, 00)y dy=y,; |
(1
S P(¥1Yo Oo) (y—yo)? dy =o.

The subjective probability is specified on a set of differently constructed (having different
values of y) worlds, among which the real world was mislaid. It characterizes our idea of the
plausibility of the assumption that apparently the world with the parameter y is the real
world.

The optimal choice of the parameter x should be aimed at minimization of the anticipated
costs

Zopy: min | f(2, 1) P(U1Vor 00 dy. (2)

It is proposed to run an experiment which will refine our ideas about y. After the ex-
periment we shall obtain a new subjective probability density for y. We"shall denote it as
p(ylyl, 0:); similarly to the expression (1), ‘

Sp(yly“ o) dy=1; Sp(ylyp o) ydy=y,; 3)

5 p Wy, 0{) (y—y)2dy=o;.

*Reference [4] isdevoted tothe controversy w1th the other v1ewp01nts for example, those ex—

“pounded in [3].

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 147-153, September, 1984, Orig-
inal article submitted December 5, 1983, '
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The quantity

Ad® =05 — 0} ' (4)

is a measure of the information content of the experiment and can be estimated prior to its
execution., The cost of the experiment Af can be estimated. The wvalue of y, is not known in
advance. We shall denote the probability density of obtaining the value y; as a result of the
planned experiment by p(yi|Yo, 0o, 01). The experiment is profitable if Af in the sum of

the expected costs after the experiment with an optimally selected (after the experiment) x

is less than the anticipated costs without doing the experiment, but again with an optimally
selected x. Of course, the optimal x will be different. The economic effect from perfor-
mance of the experiment is equal to

Ef —{mln {fdo}— {Af+(m1n (j)‘)o,} A (5

where ()» On and Qu are the averaging signs with “the welghts p(¥|Vo» T0)s p(y|y1, 0,), and
P(YllYo, 0o, 0U1), soO that )

Ef = {min Sf(x, y)p (YlYe 6p) dy}— {Af + S P(¥:1¥0, 0y, 04) dy, [min Sf(a:, »Ne@lyn o) dy]}. (&)

If Ef=0, the economic advisability of doing the experiments is proven.

The function p(yllyo, Go, 0;) which enters 1nto the expression (6) should satlsfy the
equation

(nyo, 0p) = 5 P (UylYes Goy ) P (Yly, 0y)dy,. ' ’ (7)

Actually, one can treat the averaging of y as a two-stage process. In the first stage an
inaccurate experiment gives the parameter y,; with the probability p(yllyo, Oo, 0:), after
which an accurate measurement gives the value y with the probability p(y{yl, 0:). The final
distribution of y cannot differ from that existing prior to the experiment p(y|yo, Co), as
long as the possible results of its execution are being discussed. In particular, we find
from Eq. (7), using the expressions (1), (3), and (4),

bo=| Py 00}y dy= S P(WilYer O 9)dyy | PWlwy o) ydy = S P(1l¥o % 0 Y.y,

Sp(ythlov Ogs Oy) ¥1dY1 = Yo; ' - (8)
o= 5 P (¥1¥0> O0) (4 — ¥o)* Ay = S P(y11¥0, 00» 0y) dy, .\ PWlYyn o) (i —yo+

+y—u)? dy= S (¥1]¥0, 04, 0,) dy, [y, — yo)“+o,],
. (9
S P(¥1l¥0, Go, G,) (¥, — yo)? dyr—AUs (9)
If there are grounds for assuming p(y|yo, 0o) and p(y|y1, 01) to be normal distributions,
p(y1|yo, 0o, 0:) is also a normal dlstrlbutlon with a mathematical expectation yo and a dis-
persion Ac?.

Simplest Quadratic Model, Let the choice of x be unconstrained in any way, and let f
be approximated with good accuracy by a quadratic function of X and y. One can, without
restricting generality, figure x from the optimum point at Y = Yo and f from its value at
this optimum. Then

=ty @ — Yo+ Fuy- U= Yo)2+ Taat2F fan@e (4 — Vo), | (10)

fex>0. ' (11)

Integrating the expression (10) with the weight p(y[yo, 0o), we obtain accordlng to the ex-
pre331on (l)

(fye=FyyOel2+ f-x,,_zz/z
578
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The optimal x is equal to_zere, so that

min (f)g = f,,05/2- (12)
. Cox .
Integrating the expression (10) with the weight p(y[yl, 0:), we obtain, according to Eq. (3),

<f>1=fy'(.'/1"‘yo)‘f‘fyy'[(yl“yo)z‘FU:]/Q +‘fxxx2/2+fxyx'(yl—'y0)'

The optimal x is equal to — [y (U1 — Yo)lfxx» S0 that:

n]in (f)izfy'(yl_yo) +.fy1:[( y0)2+01]/9‘_ (fxl/)2 (yi y0)2/(2fxx) (13)

Averaging this quantity with the weight p(yllyo, Go, 01), we obtaln, according to the expres-—
~sions (7) and (8),

(mm h )oj—fyy (AOZ +ON2— (fey)? A0?(2f ux). (14)

Substitutlng Eq. (2) and the expression (14) into formula (5) and using the quantity (4), we
find

Ef = {/0y0%/2}— {AS + f,0%12 — Ao? (fxy)zl(zfxa;)},
| Ef=CAd*—Af, | (15)

where

C = (fay)( 2fxx) - ' (16)

The quantity CAc? is the economic cost of the information, i.e., the usefulness of the
experiment. If its value is greater than the cost of the experiment Af, the experiment is
profitable. The economic value of the information turns out in this case to be proportional
to the information contentof the experiment Ac®. One can call the proportionality coefficient
C the information cost. According to the expression (11), this is a positive quantity. If
the experiment is accurate, Ac? = o5, The usefulness of an accurate experiment Coa coincides
with the disadvantage from a lack of information prior to the experiment: -

L= co (17)

_ P0351b1e Generalizations of the Quadratlc Model. A rather simple generalization of the
model consists of replacing the scalars x and y with vectors x and y. The expansion (10)
takes the form (to shorten the writing we set yo = 0)

h t 1 1t :
f=.'/fy+‘Z—ytfyyy+—2-1‘fxx¢+xtfxyy, : (18)
where "t" denotes transposition, fy is a vector whose components are the derivatives of f
with respect to the components of y, and f yys fxxs and fy xy are matrices whose elements are
the corresponding derivatives. In order that x = 0 be a minimum point of f aty= yo-O the
matrix fy, should be positive definite. Then

lnln (f)o—_ (y fyyy>ov ' : (19)

where ()¢ is, as before, the averaging symbol for the dlstrlbutlon of probab111t1es for y
prior to performance of the experlment This dlstrlbutlon is now characterized (be81des the
mathematical expectation yo = 0) not by the number o3 but by the covariant matrix 9. Yo with
the elements (ylyJ)o. We shall find the loss from inaccurate knowledge of the value of y.
Assuming that the planned experiment gives an accurate value of y, we obtaln in place of the
" expression (5)

Ef= min (f)o——Af—(miﬂf>o | (20

The optimal value of x for an accurately measured value of y is equal to —#xd}yy. Substi-
tuting it into the expansion (18) and averaging, we obtain

579
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. 1 1 : -
(mxln Do= 5 <ytf;,yy>o —3 <ytf§cyfx§cfxyy>ow
so that

Bf = TS fib ey VDo — A (21)

The economic loss from a lack of information is equal to

L =.§ 5] Cij Wiy . (22)

where Cjj are the elements of the cost matrix

C = frufey @3

The matrix C, just as fyy; is positive definite. Therefore the loss calculated from formula
(22) is always positive.

Constraints can be imposed on x. If at y = 0 the optimal x does not lie on the boundary,
formulas (22) and (23) remain in force for covariant matrices (yyt>o which are sufficiently
small in the norm, since the probability of the optimal value of x lying on the boundary is
small for a small indeterminacy in the values of vy,

Let us consider the case in which at y = 0 the optimal value of x lies on the boundary
of the authorized region. If the boundary is smooth in the neighborhood of the optimal value
of x, one can reduce the problem to the preceding one by selecting new generalized coordi- -
nates on the boundary., The new vector x will have a smaller dimensionality, and its choice
will not be constrained in any way. If the optimal (at y = 0) value of x is located at a sin-
gular point of the boundary (at a "corner"), so that the optimum point is not shifted upon
small changes iny, the cost of the information for a matrix (yyt)o which is sufficiently small
in the norm is equal to zero (ignorance of the value of y does not impose a loss). :

Finally, if upon a change in y in the region in which the probability is not small the
optimal value of x can switch from the boundary into the volume or from one boundary to anoth-
er, the analytic calculation of the -usefulness of the experiment is complicated. One can
do it by using the Monte Carlo method.

A Model of a Different Type. In a number of cases the transition of the parameter x
through some boundary whose position is not known completely accurately will result in large
economic losses. Moreover, if there were not these losses, the optimum would lie on the
boundary. The simplestmathematical model of such a situation is expressed by the following
dependence of the expenditures on the parameter being controlled x and the poorly known value
of the parameter y:

@ y)=—ce+HE@—y), >0, W>0. (24)

Here the function E is equal to zero for nonpositive and to unity for positive values of the .
argument. The statistical properties of y are determlned by the expression (1); yo = 0, and
the distribution for y is Gaussian: 8

P (¥1¥o, 60) =exp [—y/Q2o1/(V Tray). (25)
In addition to a local minimum at x = y, the function f formally has a global minimum as
x e, However, we shall assume that larger values for.x are forbidden.

Averaging f over the distribution (25), we obtain
S . L o
(Mo= —cz+1II | p(ylye o) dy. - o (26)

If

W>cyZo, o @n

580
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a minimum of (f)o is observed at

—ec+1p (Zopt]Yor G5) =0;

. 28
dp (xoptlyoo 00)/dxopt >0, (2%)

whence according to the distribution (25),

ZLopt = — 0y ‘I/-IHW . (29)

Substituting the expression (29) into formula (26), we find

. _ mz 12
min (fo=0e-{ (In ) (30)
. 2 1/2-
[(ln 2ngic? ) J}’
where
erfo (z) = —, $e~"dt LIPS . - (31)
Va ; Vns
An approximate formuia whichvis valid for large values of z gives
' me iz oy W2 oy\-427, I :
min (o o[ (10 oz ) o+ (In g ) ] e >t | (32)

If y were to become known accurately as a result of the performance of an experlment
we would have

Zopt=Y, minf= —ecy,
*
so that

min fyy=0 ‘ o N (33)

and the economic loss from a lack of 1nformat10n is

L__nun(ﬂo | ' ‘ ' (34)

In agreement with the expression (32), this loss vanishes when 0o = 0, However, in contrast
to the preceding models, the loss is not proportional to the dispersion c3. In the first

approximation it is proportional to 0o, i.e., to the root of the dispersion (the proportion-
ality coefficient depends on 0, logarithmically, i.e., very weakly), and with good accuracy .

daL — m2 1/2 : 35
.dco"’c(ln 2n03c2) e ‘ (33)

The loss increases slowly as III increases and is almost proportional to c.

An Example of the Application of the Simplest Quadratic Model. Let it be known that the
annual volumes of plutonium extracted from fast reactors whlcharesubgect to refabrication
vary linearly with time:

g=q + ¢ o (36)
The rate of growth of the refabrication volumes q/qo is equal to the rate of growth of
the total installed’ capacity of breeder reactors. We shall assume that it is limited by the
arrival of excess plutonium from these reactors. Actually, thermal reactors also supply plu-
tonium. But ignoring this source of plutonium, we overestimate the cost of the information
which we are talking about. Consequently, we shall assume that {/qo is proportional to the
excess of the value of the breeding ratio of the breeder reactors above unity.

We shall denote the relative error in this excess, and this also means in {, as 0Oo.
Very large expenditures have been consumed throughout the world in the last decade for a

581
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decrease of 0o, and right now the absolute error of the breeding ratio is 3.5% [5, 6], so that
o~ 0.10.* Was there an economic necessity to refine the breeding ratio? Should one refine
it further?

Automated assembly lines should be constructed for the refabrication of plutonium. We
shall assume that the design capacity of the assembly line Q is not expressed in that part
of the instantaneous flow rates which is proportional to the load of the undertaking. One
can ignore this part of the flow rates by selecting the design capacity of successively
installed assembly lines Q , 3 =0, 1,0us « In other words, we shall represent the expendi-
tures for construction and operation of the assembly line reduced to the time of its startup
which are not associated with the load of the undertaking as a linear function of Q [7, 8]:

¢ Q)= +kQ, Q>0. (37)

At time to = 0 a line should be introduced with a capacity Qo subjectto determination,
The times of 1ntroduct10n of the lines t., tz, ... are uniquely determined by the design
capacities Qo, Qi, ..., since it is advisable to introduce a new line prior to exhausting
the production reserve of the lines already operating: .

tJ'+i"“tj:Qj/Qv i>1 t—t=(Qo—q)/q- » (38)
The true value of § will be determined up to the time of exhaustion of the production capa-
city Qo.

The part of the reduced costs subject to minimization is equal to

=9 @)+ 3, 9(0) exp(— P, | o)

where P is the discount norm, i.e., the norm of the reduction of nonsimultaneous costs to a
single time [2]. When § becomes known, the equal intervals between the introduction of the
lines and accordingly the equal values of the design capacity

ta—ti=t—t,=...=At, (40)
0=0Q:=-..=0 oD

will be optimal by virtue of the time-independent nature of the problem, sothat we obtain
from the expressions (37)-(41)

f= 9 +KQy + (9 + kaAtyexp [ —(Qu— o) Pla] 1 —exp(—PADI™. 42)
Let us ‘introduce the dimensionless parameters :
2= PAL; a = (Qy— 00) K/ pw=PK(kg). (43)
We obtain
142/p

J198 = A+ kauldf + at =gt

instead of the expression (42). After g, and thlS means U also, are determined, one ‘should
for minimization of the costs find a z (and this means At also) such that the expression

(1 -+2/p) (1 —exp (—2)]™t

is a minimum. Equating the derivative with respect to z to zero, we obtain an equation for
z [8]:

Attt s

*If b.r. = 1.5(1 +e), where € is the relative error of the breeding ratio, the relative
error (b.r. — 1) will amount to € b.r./(b.r. — 1) = 3e.
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exp (5)— 1 —z = p. ' | O ws)

With this equation taken into account the expression (44) is transformed:

1 =1+ kgl +a+ i+_$tz_exp(_pa) o (46)
Here the parameter being optimized is a, and u is undetermined. In order to reduce the prob-
lem to the simplest quadratic model discussed earlier, we shall assume

b= /(1 +y); 1)
=ay-(1+1x), S (48)
whege
o= PO (K (@bo); | , 49)
ao-—zofpo, _ ' - (50)
expla)—t—t0=py | o NGY

It follows from the expressions (43) and (47) that

= <q>o(1 +y), (52)

so that the relationships (1) with yo = 0 are va11d for y. It is easy to see that for y = 0
~the optimal value of g is equal to ao, and accordingly the. optlmal value of x is equal to
zero, Next

fx/W——‘ao*‘ao'U-l-u-*—Z)exp[—uao-(l-{—:c)];
Fxxl = poag- (1 + po +20) exp (— Botlo);
eyl = [a] (1+P~o+zo) My —
— g+ (py 1 2)] €xp (— peay),

whére_
By = —Ho; 2y=py/lexp (z) —1].
We obtain from formula (16) after simple transformations using the expressions (50) and (51)
' 1 1 % \2 : ‘ :
C = 0 : (53
/W 2 “0( zo‘l‘Po o ) : : ( )

The dependence of C/& onthe optimal dimensionless intervals between introductions of assem-
bly lines zo is given in Table 1 (the corresponding values of uoare also given there)

The intervals between the:ntroductlonS(afllnes should scarcely exceed 10 yr, so that
with P~10-* yr~! we obtain zo <1 and

C x4 i (54)
We shall assume that & is evaluated as 10° rubles. Then an ekperiment run with the aim 6f;
decreasing the error from go = 15% to o, = 10% would be justified by the economy in the con-

. struction and operation of assembly lines for refabrication if it would cost nomore than300
thousand rubles, i.e., would not require the creation of engineering facilities.

TABLE 1. Dependence among Zo, Ho, ‘and C/s%

. N o
0 0 0,250
1 0,718 0,235
2 4,39 . 0,196
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An Example of the Application of a Different Type of Model. We shall assume that at

each time the capacity of the reactor is selected to be optimal with account taken, on the
one hand, of the benefit from its overloading and, on the other hand, of the danger of dam-
age to the heat-generating assembly (HGA). There is a productivity reserve in the thermo-
power part of the installation which is sufficient for the undertaking of a forced capacity.
The exact value of the capacity leading to damage to the assembly is unknown. . It varies with
time. During a certain time, on the average equal to T, changes accumulate in the reactor
which require the adoption of a new solution of the permissible (optimal) reactor capacity.
The changes can consist of a creeping of the hot spot to a new HGA or may be. associated with
overloads of fuel. One can assume that "tests" of the reactor for the stability of its HGA
are performed at intervals of T; a positive result of the test (the assemblies passed) gives
useful information only during the interval T, i.e., the average correlation interval of
those unknown factors which affect the stability of the fuel.

Let x be the relative difference between the reactor capacity selected for the next
interval T and the mathematical expectation of the capacity at which damage to the HGA at the
hot spot of the active zone occurs. The loss from such damage shall be denoted as I, and
the advantage from forcing of the capacity (without a change in the reactor construction) and
the generation as a result of this additional unit of energy shall be denoted as AC. If y is
the relative deviation of the damaged capacity from its mathematical expectation, which has a
dispersion o2, the loss in the calculation for a single reactor and a single "test" from in-
accurate knowledge of the damaged capacity will, according to the expressions (29) and (32),
amount to

min (fy, & 20,AC TQ,, (55)
where o= ’ :

112 1/2 56)
zZ= I-Topt”00= [lﬂ _—__—231_03 (ACTO. ] (56)

The loss per unit generated energy, i.e., the increase in the price of energy due to lack of
knowledge, is calculated according to the expression (55) from the formula

§C = 20,AC. (57)

The value of AC — the difference between the total cost of the electric power generated
by a nuclear power plant and its fuel component — is approximately equal to 1 kopeck/kWh..
(the fuel component C¢ is about 0.3 kopeck/ kWwh [9]).

In high-powered water—cooled channel reactors (RBMK-1000) in which increases in the time
for an unstable harmonic of the neutron field to accelerate to 1 h are achieved by different
means, the value of T can be estimated to be 1 h (when it is 1/4 h or less, the operation of
the reactor is complicated) [10]. Assuming (which some understating) that the loss upon the
HGA getting out of .order is equal to the contribution of its cost to Cf, we obtain

11 Cf (58)

T

N O,] — AC NT»
where N is the number of assemblies in the reactor and T is the duration of their excess in
the reactor at nominal capacity. With N = 1600, t = 25,000 h [10], and 0o = 0.05, we obtain
the value 2.6 for z.according to the expressions (56) and (58), so that with formula (57)
taken into account 8C 0,13 kopeck/kWh. If the error is reduced as a result of scientific
investigations from 0o, = 5% to oy = 4%, the electric power becomes cheaper by 0.026 kopeck/
kWh. Since there is a large program for the introduction of RBMK-1000 (more than 10 units)
[11], this price reduction will provide an appreciable economy exceeding 10® rubles. There-
fore the costs for the investigations are undoubtedly repaid.

Optimal Time for Cessation of the Investigations. In the initial stage of development
of a new facility many versions of the engineering schemes and structures of this facility
and its subassemblies are usually considered. Certainly the noncompetitive versions are
gradually eliminated, and several schemes and structural designs remain, from which it is .
not easy to select the best one. The following problem arises: whether to continue parallel
developments or to finally select a version by using unreliable information and risking
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making a mistake. Parallel developments require costs which may or may not be repaid. The
costs are inappreciable at the stage of draft designing, larger at the stage of engineering

 design, and very large at the stage of preparation and test operation of pilot plants. But

even at the stage of penetration of a small series the choice of the best version sometimes-
requires obtaining reliable statistics which are collected for one year.

We shall formulate a mathematical model of this complex problem as follows. The most
probable value of the economic advantage of the version which seems the best over its compe-
tition is estimated by the monetary sum fo.  However, the estimate is not reliable. The un-
certainty of fo has also been estimated and is expressed as the dispersion of the economic

advantage oa, or fo *00, as 0o is comparable to f, and perhaps exceeds fo.

The next stage in the developments requires additional (in comparison with the develop-
ment of a single selected version) discounted costs Af but promises a decrease in the disper-
sion by Ac®, Has the continuation of parallel developments been justified or not? In this
problem we have a poorly known value of the vector y with the components fy and fy — the
costs for the apparent best and worst versions. The parameter to be controlled x can take
two values. If the apparent best version is selected, x = b; in the opposite case x = w.

Let fpo and Op, be the parameters of the probability distribution p(fp] fpos Tpo) fOT f, in the
initial stage of developments; fy, and Oy are the same for fy,. The next stage of parallel
developments. will give the distributions p(fb[fb, op,) and P(fw|fwl: ow:1); the information
content of the developments is known: ‘ : o

VN S R (59)

Evidently,

fo=/{fw—fido=heo—foo; O3 = 6By + Gio- (60)
In the next stage the dispersion of (fy — fp) will be 0§, +05., so that

Ao?= Ad? + Ad,. ' (61)

The probability distribution for fy,, is found from Eq. (7). We shall assume that p(fb|fbo,
0o) and p(fy|fy,, op,) are normal distributions. Then p(fp,|fpos Obos 0p,) is also a normal

distribution with the mathematical expectation fj, and the dispersion Acﬁ. We obtain

B - o ) -
PUlfbor Gbo. Oor) P (has s oo, i) =exp [ — Lol — Lerhed™ ] o poy ) (62)
w

for the probability density of the vector y, with the components fy, and f . Now one can
use the general formula (5). Evidently, ' '

for = o r I =, - . 4
f=l(f" - b);<f>o=(fb° o b); (63)

fw for . z=w foo for T=w
_ min {fs} = fhg.
x
*This is the discounted economic effect from the introduction of a series of installations.

TABLE 2. The Dependence of ¥ on v Ac-
cording to the Expression (65)

v v » b
0 0 3,0 0,763
0,5 0,00425 3.5 0,953
1,0 0,0833 4,0 1,145
1,5 0,227 4,5 1,339
2,0 0,396 5,0 1,53
2,5 0,576
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Next
| <f>,=(f'°‘ for I=b);

ot for T=W

for for fb1<£u)
fwi for fb1>fw1
for for b <ﬁnn)
fn for f>fa

(b, — fb)?  Ghai—heo®] _dfbrdhgs
.xexP[— 2A0§ ZAG;O ] 2:rtAab Aow .

min (f),—.—_-(

(min (o= | (

Simple but cumbersome rearrangements lead to the formula

(min {f)y)os = fpp — fob (Ao/fo), v (64)
where o= _ )
. . . e _; g . (65)
V)= —= wt—1)e 22 dt. |
"p ( ]/Zﬂ l§v

Substituting the expressions (63) and (66) into formula (5), we obtain

Ef =fo‘l’_(AU/fo)—Af- ' . : (66)

The funcion Y(v) increases monotonically from zero, becoming linear for large values of v
(Table 2). Upon a very large reduction of the dispersion as a result of the continuation of
parallel developments, when Ac/fo>> 1,

gf = AclY 2a—fol2— Af. (67)

Since Ac<oo, the relationship (67) can be satisfied only for a very large initial in-
determinacy of information,

Oolfo = Ao/fy>>1.

In those cases in which a reduction of the dispersion occurs as a result of the multiple
recurrence of uniform experiments or observation of the behavior of the installatioms, the
approximation '

Y An?  Af . ) : .
Ao?=Aos g7 _ . (68)
is valid. By estimating Ao, and Afo, one can with the help of the expression (66) establish
whether or not Ef >0 for some Af>0. If this isnot so, the experiment (set of statistics) should
be curtailed. It follows to continuously check the advisability of continuation of an ex-
periment as long as it lasts, since fo varies in the course of the experiment.
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USING IN-REACTOR MEASUREMENTS TO REDUCE THE INDETERMINACY
OF THE PHYSICAL CALCULATION OF FIELDS OF ENERGY RELEASE

V. K.. Goryunov and Ya. V. Shevelev UDC 621.039.51:681.3.06

Monitoring of the fields of energy release is an important measure for ensuring the safe
and, at the same time, economic operation of modern energy-intensive reactors. For certain
reasons, however, for most reactors it is deemed inappropriate to equip all the fuel assem—
blies (FA) in succession with detectors. Usually, the number of such detectors constitutes
~ 107 of the number of FA. ’ ‘

At the same time, when physical calculations of energy-release fields are performed on
computers in a computing center, despite the increasing power of the computers and improve-
ments' in the computing programs it is not possible to take all the design features of the
reactor into account and, most important of.all, unknown random deviations of the properties
of the FA from their design values cannot be taken into account.

Under these conditions the accuracy of physical calculation can be enhanced substantial-
ly only by tying its results with measurements, naturally with allowance for the reliability
of the calculation and the measurements {1]. In this paper in order to determine the energy-
release field more precisely and to indicate the optimum method of locating detectors we
make use of the specific characteristic of the random. component of the error of the physical
calculation from the random scatter of the properties of -the FA, viz., the correlative nature
of errors at a considerable distance [2-6]. We shall explain the appearance of this charac-
teristic feature. :

Suppose that the reactor core is made up of FA that are identical as far as design is
concerned but in fact differ in composition from each other and from the design. In the com-
putational model these deviations are expressed in terms of the mean deviations over a cell
of the-interaction cross sections, scattered over the reactor in a random and uncorrelated
manner,

Thus far, while the fluctuations of the -cross sections are still relatively small, we
can apply first-order perturbation theory to evaluate the response in the neutron field,
which the energy-release field is proportional. 1In particular, in the ene-group d1ffusxon
approximation the difference in the neutron fields before and after perturbation is ex-
pressed in terms of the eigenfunctions &y and the simple discrete elgenvalues A of the un—
perturbed problem L% = A9,

(D,Ld)o ' ,
Bym e 3, ’cbh+0(ez> | W

k=1

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 153-157, September, 1984, Orig-
inal article submitted March 8, 1984.
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where eL' is the perturbation operator in the equation (L +eL' )@ = A@ describing the neutron
balance in the perturbed reactor. '

The neutron-flux fluctuations 8¢ = (50 — 00) /0o relative to the average value ¢, are
zero when averaged over the set of realizations (6¢) = 0, while for the autocorrelation
function (ACF) of relative fluctuations in the one-velocity approximation we have the ex-
pression [4] '

Dy (r) DF, (1)

R (r, r') = 60 () S0% () = & 3t —g iy @

R, R0
where

(DD, ©p.Dy)

= D0 Do) 3
= To—2) ho— ) )

If not only the average compositions of the FA fluctuate but so also do the average com-
positions of the individual fuel elements and details of the FA, the form of formula (2) does
not change; only the factor ¢ Y in front of the summation 3ign changes. Upon making a de-
tailed analysis of formulas (2) and (3) we found the following [4, 6].

1. Regardless of the geometry considered, reactors with any quality of reflector are
characterized by the anisotropy and inhomogeneity of the random field of the neutron-flux
fluctuations. The amplitude of the relative fluctuations increases toward the periphery of
the reactor core. This is due to the predominant contribution of 'low" spatial harmonics,
i.e., those modes to which there correspond smaller eigenvalues of the unperturbed problem
and a small difference Ao — Ay in the denominator of formula (3). The anisotropy is con—
served in the transition to a normalized field of fluctuatioms.

2. Even a homogeneous reactor with "point" spatially uncorrelated white-noise type of
perturbations of the cross sections is characterized by neutron—flux fluctuations that are
correlated at a distance on the order of the linear size of the reactor core. This is a
consequence of the nature of the equations and boundary conditions.

3. The standard (root-mean-square) deviation of the neutron flux is proportional to
the squared ratio of the linear core size L to the migration length M and is inversely pro-
portional to ¥Np,, where Nps is the number of FA or other reactor-core elements having a
constant deviation of the properties.

4, The higher the quality of the reflector (or the more homogeneous the field), the
greater the amplitude of the fluctuations of the neutron flux (Fig. la).

In fact, the nonuniformity of the flux deviations,which manifestsitself asthe dependence
of the dispersion R(r, r) on the coordinate r, is a consequence of the skews of the real
‘neutron fields relative to the results of their physical calculation; these skews are due to
the combined action of randomly distributed perturbations, These skews are next described .
with the aid of a system of functioms Qk/¢o with random coefficients; the statistical descrip-
tion of these coefficients (variance and the coefficients of the- correlation between the co-

efficients) is contained in the expression for the autocorrelation function of the neutron
flux [6].

The form obtained in this approximation for the large-scale correlations in the errors .
of the calculation makes it possible, when we know the deviations of the calculation from
the measurements of the neutron flux in individual fuel assemblies, to establish the computa-
tional error and, therefore, the neutron field in all the FA. Inaccuracy of the measurements
as well as the inexact knowledge of the reactor properties (concentration of nuclei, cross
sections) and the methodological imperfection of the computational program raise . the prob-
lem of merging diverse sources of information, with an estimation of the inaccuracy of each
source, into a single information flow., The inaccuracy of each source of information is
described by the corresponding matrix of covariations of the ACF. Before describing the
method of merging we point out the principal difference in’the descriptions of random fields
of neutrons and fields of energy release.

The fluctuations of the energy-release field are comprised of the neutron-flux fluctua—
tions and the macroscopic fission cross section. Accordingly, the autocorrelation function
of the energy-release field is the sum of the ACF of the neutron flux, the ACF of the fission
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“Fig. 1. Some characteristics of random fluctuations of the neutron
flux in response to randomly distributed perturbations of the pro-
perties of the core in a critical reactor: a) mean-square value of
the relative fluctuations of the neutron flux 0,51, (rel. units)
as a function of the distance r/L to the center of the reactor core
(of radius L) and h, the index of the reflector efficiency that is
proportional to the logarithmic derivative of the flux at the reac-
tor-core boundary: L(nV)® +hé¢ = 0 (a smaller value of h corresponds
to a more homogeneous neutron field); b) correlation of the flux of
neutrons with the neutron-generating perturbations of the fission
cross section (8¢ (r)8Zf(r)) (rel. units) as a function of the pa-
rameters r/L and h (the calculations were carried out in the dif-

N~ fusion approximation). '

7 43

‘ Center of ‘reactor

s AUY e

cross section, and the cross correlations of the neutron flux with the fission cross section
S(r, r') = (88(r)8Zs(r')). As shown by calculations, the amplitude of the cross correlations
is proportional to the square of the ratio of the linear reactor size L to the migration
length M, whereas the ACF of the neutron flux is proportional to (L/M)®. The relative role
of the cross correlations, therefore, is substantial in reactors with a small L/M ratio or
with a low sensitivity of the flux to perturbations. It is noteworthy that S(r, r) as a
function of the coordinate in a reactor without a reflector increases toward the periphery
of the reactor core while in a reactor with a reflector after some growth it diminishes
toward the periphery (see Fig. 1b), thus smoothing out the inhomogeneity of the fluctuations
of the energy-release field.

L

The spread of the properties of FA, in fact, takes place in many parameters, including
some not affecting the cross section. The deviations of many properties lead to the growth
of the ACF of the neutron flux and, therefore, a reduction of the relative role of the cross
correlations S(r, r') of the ACF of the cross section in the formation of the ACF of the
energy-release field. The latter can, in the first approximation, be replaced by the ACF of

- the neutron flux in a number of practical calculations (this is done below), although anal- '
ysis of the other components is important, particularly in the methodological processing of
numerical experiments.

Thus, suppose that P and Pp.,, are the vectors of the unknown relative errors in the
energy release of the FA, The firstvector withNpp components (Npa isthe number of FA in the
reactor) describes the errors of the calculation, while the second vector with Nye,g com-
ponents (Npeas is the number of FA with detectors) describes the error of measurement. Sup-
pose that R is the covariation matrix of the errors of calculation while Ry,,s is the cova-
riation matrix for the errors of measurements of the energy release. The details of the
method of calculating the matrix elements [R];;=~R(ry, rj) have been presented in [4], and
Rpeas 1s usually specified by means of a diagonal matrix.

Until the measurements become equal to the calculations the density of the probability
of finding a given combination of vectors P and P in the reactor under study is propor-
tional to

meas

Bopry ~oxp { = [PPRP+ Plicag Rineas Prmeas 1}, W
if we postulate a normal distribution law and if we allow for the fact that the errors of

measurement do not depend on the errors of calculation,

Once the measurements become equal to the calculations, we know the discrepancy vector

Y= B I, S (3)
where Il is the projection matrix of dimension Npgag XNpp such that NP is the vector of errors
of - calculation in FA with detectors. The a posteriori probability distribution is the a
priori distribution (4), considered on the manifold (5) and renormalized on it. The mathe-
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matical expectation of P for this distribution will be denoted by X. When the distribution
is normal, X is at the same time the most probable value of P, i.e., the vector of most prob-
able relative corrections to the physical calculation of the energy release in the FA, For

X we get a system of equations N

X =— ﬂ'neagﬂf meas HHHT)_1 HHH'TR_l Y } | (6)

meas
X = — RII" R (Y +11X).

Upon finding X from these equations, we can obtain the linear-approximation correction
to the calculation. The result will not differ from that given by "statistical interpreta-’
tion" [1] if in it we use the same covariation matrix R, The term "statistical interpreta-
tion" as applied to an inhomogeneous field of energy release, in our opinion, is inappro-
priate, but the difference between the calculations described above and the method of [1]
consists essentially in the use of the resulting matrices R in different ways. In this paper
R is calculated by using the harmonic expansion (2).

A search algorithm for the correction vector X is built into the program EREBUNI, which
uses individual measurements of the power of the FA to correct the physical calculation of
the energy-release fields in the (r—¢) geometry of reactors, specifically the VVER-440 and
£GP-6 (Bilibinskaya Atomic Heat and Power Plant) reactors. ’

The effectiveness of the program was checked by numerical experiments. Using the Monte
Carlo method, we simulated the errors of the measurements, the systematic.errors of the pro-
gram of physical calculations, and errors due to the random spread of the FA parameters. The
discrepancy between the energy-release fields corrected according to the EREBUNI program and
the conventional true fields was within limits of accuracy of the correction method that were
in satisfactory agreement with analytic estimates [7]. These estimates were made in terms
of the analysis of spatial harmonic which constitute a deviation of the calculation from the
real field of energy release. The contribution of the k-th harmonic (averaged over the re-

actor) RK to the average variance R of the calculation

R=3 Rt=-'—SpurR ' (7)
p . "FA

can be treated as the indeterminacy of the calculation of the energy-release field at the

k—th harmonic as a consequence of the spread of the FA properties. The error in the recording

of the harmonic by detectors is on the order of opeas/VNpeas (Omeas is the mean-square error.

of the detector). The accuracy of the result of the correction of the physical calculation

for the k—th harmonic depends on the relafiqn between Opeas/YNpeas and W;?. In an approxima-

tion thatis correctfor afairly largenumber of detectors the ratio Géélc/GZorr before and after
correction is expressed by the formula '

@ale"fonz 2;‘ ﬁ/lz,:: R (14 ﬁNmeas 1% meas) - : (8)

The next test of the program consisted in reproducing the energy-release fields from the
results of physical calculation and a small part (8-16 points out of 269) of measurements
with fission chambers, carried out during the physical start-up of the first, second, and
third reactors of the Bilibinskaya Atomic Heat and Power Plant. When the results of the
reproduction (correction) of one such field from 16 points were compared with the remaining
253 points (fuel channels), we detected that the discrepancy had a variance of 17 (%)?, while
the discrepancy between the uncorrected calculation and the measurements was 37 (2%, The
results of the reproduction differ from the results obtained in [8] by no more than 1.5%,
although in that paper different points were taken as the reference points and there were
more of them, 24,

The program was also tested in calculations of different states of the VVER-440 reactor
of the Armyanskaya Atomic Power Plant [9]. As the "reference" energy-release field we - took’
the results of indirect measurements of the power of 190 fuel assemblies with the aid of
individual thermocouples at their exits, although the error of these measurements is fairly
high. 1In the case of reactor states with large initial discrepancies between the uncorrected
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Fig. 2. Estimates of the expected quality

of the reproduction of the energy-release
fields from the results of physical calcula-
tion and measurements in the VVER-440 reactor.
The diagrams show 6 and 7 shaded regions with
30 uniformly arranged detectors.

.
o
L\_

Fig. 3. Distribution of the expected
error Ogorr (rel. units) of the energy-
distribution fields along the line AA'
(see scheme 5 in Fig., 2) for several -
versions of detector arrangement [a)
scheme 4 of Fig. 2; b) schemes 3 and:

1 (-=-); ¢) schemes 6 and 7 ( = - =)
d) schemes$ 6 and 5 (- - -)] ‘and for dif-
ferent relations between the measuring

e€rror Opaag and the ierror Ocale of the
uncorrected calculation: B) Omeas™
Jealcs C) %meas = Scalcs M) Omeas =
]
—Ycale*
-5

calculation and the measurements (when the error due to the spread of the properties of the
fuel assemblies plays a large role), from the fact that the corrected and measured energy-
release fields become more similar we can see a graphic improvement in the quality of the re~
production of the field ds a consequence of the correction made to the physical calculatlon.

The inhomogeneous distribution of the errors of the phy51cal calculatlon in the space
of the reactor core permits the assumption that there exists a particular_ arrangement.of de-

;tectors which gives a smaller error of reproduction of the energy-release fields by the method
‘described. We choose as a criterion of the quality of reproduction the squared error o2

corr
of reproduction (correction), averaged over the reactor:
— (9
gt = SpurRx, .
corr A@A ‘
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where Ry is the covariation matrix of the correction vector X (the diagonal elements are
the expected squares of the reproduction errors). The matrix Ry, in accordance with the
lemma on matrix inversion, can be written as o

Rx=(R*+I'R] )=
=R—RI"(R _

T Ty—
eas + HHH )"tIIR. : , (10)
The latest version of the EREBUNI program has been supplemented with a module for calcula-
tions of the diagonal elements of the matrix Ry for a given way of arranging the detectors.
Figure 2 gives the ratio Ezorr/az of the reproduction error to the variance of the un-
corrected physical condition, fof ceértain ways of arranging the detectors (shown on right)
as a functionof t = Ezalc/aéeas’ where Opeas is the error of the measurements. Comparison
of the different versions of detector arrangement shows that the reproduction error o, ., is
smaller when the detectors are symmetrically arranged with respect to the azimuthal angle
and are displaced from the center toward the periphery of the reactor core. The advantage
gained from the displacement is especially pronounced for a small number (fewer than 10) of
detectors. For example, for Npe,s = 7 the effect of the optimum arrangement is equal to the
effect from a 1.5-fold increase in the number of detectors arranged uniformly.

Qualitatively, this conclusion can be explained by the nonuniformity of the representa-
tion of different harmonics in the skews of the energy-release fields relative to the com—
puted results. The first, most probable harmonics have a maximum near the boundary of the
reactor core. We point out that we are cgnsidering skews and contributions of harmonics rela-
tive to the fundamental harmonic, i.e., (o — ®o0)/®o and & /%0. It is advantageous to move
the detectors to points corresponding to the maximum of ®k7¢o so that the signal/noise ratio
(skew for the given harmonic/measuring error) would be maximum for reliable recording of the
first harmonics that make the largest contibution to the amplitude of the skew (Fig. 3).

It must be noted that in fact the indeterminacy of the physical calculation is due to
not only the error of the input data but also to the systematic error of the computational
program. Having an idea of the scale of the systematic error of the program and the most
probable points of its occurrence, we can "reproduce" not only the errors of the cross sec-
tions and the errors of the detectors but also the systematic errors. With the development
of computational capabilities the systematic error will, obviously, become much smaller.
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INCORPORATING RELIABILITY IN OPTIMIZING UNITS IN NUCLEAR
POWER STATIONS CONTAINING WATER-COOLED—WATER-MODERATED
REACTORS

N. E. Buinov, S. M. Kaplun, and L. S. Popyrin’ UbDC 621.039.019.3:51.001.57

A major topic additional to providing safety and economy in nuclear power stations is to
" incorporate equipment rel1ab111ty in the choice of the optimum design for units containing
water-cooled—water-moderated (VVER) reactors. The criterion for choosing the unit structure
is the minimum reduced cost C for the system and the reserve power in the electrical power
system (EPS), with the latter required to compensate for the deficiency in power production
due to failure and repairs in the unit equipment:

C=Co+Cu=0[(K,+K; )+§1(Lzm+ L) (1+p) . (1)

Here Co is the reduced cost without allowance for unplanned repairs; C; is the reduced cost
for backup to the EPS and for unplanned repairs; Ko is the capital investment in the unit,
including a structural redundancy; Lot is the loss during operating year t without allowance
for unplanned repairs; K;; is the capital investment in the backup EPS power; T is the calcu~
lated working period; and o and p are normative efficiency and reduction coefficients. . The
values of Ko and Lot are determined by the usual method [1]. The annual losses due to lack

. of reliability in the unit are

Lys=Lp+Lp+Lsit+Llen . (2)

where LBt is the loss due to overconsumption of fuel in the EPS and in the unit during failure,
Lpy are other working losses due to the backup power in the EPS, Lgy are the losses due to
unplanned shutdown and startup in the unit, and Lgq are the 1osses involved in restorlng
failed equipment.

- The following are the components of the annual losses due to complete and partial fall—
ures _1n unit equipments:

5 I, ‘
Lg = 21 ,21 [(Nyj— Nyg) PysTes (brePre— bisP)l + 2 Nyytys (D, —b,_,) P : (3
=17=
for thsgNts

Ty
Bf"'z ; NyjPyytis (bi—byj) Pes |
anbn < - - @)
8760’;150 R 2 Z (Ngy—Ny,) Pu"m '

s=1 7=1

. S‘ ' ‘ .
L‘Sl= 521 ntsl' nst ' : :

M 7 o '
LCt= 2| nmtTth me } . . . ' (6)
m= . B

Translated from Atomnaya Energlya, Vol. 57, No. 3, pp. 157-161, September, 1984 Orig-
inal article submitted July 11, 1983; revision submltted February 22, 1984,
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Here S, is the number of complete and partial failures in a unit in year t; J; is the number
of loadlevels, whichis adaptedto themode ofoperat%on; this the power output at load lgyg}‘jj_
Ny is the power of the unit in state of failure s; P,.; is the probability or relative annual
duration of load level j; T¢g is the mean recovery time on failure s; by, and pry are the
specific consumption and specific prices for the fuel for the backup power; btj and p; are
the specific fuel consumption at load level j and the specific costs of the fuel in the unit;
bg and by are the specific fuel consumption in the unit in emergency and planned reduction
of the load to Nig (b; for ths;Nts); o is the overall coefficient for assigning capital
investment to the backup power; kg is the specific capital investment in the backup power;
RPUR is the reserve power wuse factor; ngg is the number of failures of type s in year tj L,g¢
is the specific loss due to startup and shutdown on complete failures of the unit or when
parts of it are switched out; M is the number of types of equipment; npt is the number of
failures inequipment m; Ty 1s the mean recovery time for equipment of type m; and Lyy is the
mean hourly cost for emergency repair of equipment of type m.

We can take as a general parameter for the reliability the coefficient m representing the
provision of the planned energy production, which incorporates the complete and partial fai-
lures as well as the load graph: :

8 Iy
&E Y
a=t—g; AE =3 2 (Nig—Nig) PyjTss: @

s=1 j=1

AE is the energy deficiency due to the complete and partial failures in the unit and Eo is
the planned energy production by the unit in accordance with the load graph (neglecting fai-
lures). :

To calculate the structural reliability in a unit, we use a scheme composed of M systems
joined in sequence. Each system may have L, subsystems that perform identical functions and
which share the total production (power) of system m in equal parts. An individual subsystem
l;m includes Z7 units, in which there are X, working components and Y, backup ones, For a
unit in a nuclear power station containing water-cooled-water—moderated reactors, the fol-
lowing thermomechanical equipment components may be assumed: reactor, steam generator, main
circulation pump (MCP), pipelines, turbine, feed and condensate pumps, and so on. The num-
bers and connections of the elements are determined by their functions in the system,

One starts calculating the reliability parameters of a unit with those of the elements,
and the possible changes in these parameters during the working period may be approximated
as a power law in years of service. This enables one to assume constant parameters for the
fluxes of failures and repair during a year for each element. The reliability of the Z units
is determined in accordance with the connection structure, and analytical relationships for
total failures have been given for this purpose in [2], The form of failure, complete or
partial, in item z is determined by the number of elements §z failing in it and by the tech-
nical minimum unit power N p:

if (X, +Y,)>z,>Y, and N, 2> Ny, » then we have a2 partial failure; .
if (X, + Y,)' >z, >Y,and N,, < Ny or §z= (Xz 4+ Y,), then we have a complete failure, (8)

Here N,y is the power of a unit on the failure of X, elements in item z. The reliabili-
ty parameters for subsystem [, are found from the scheme for the series comnection of zj; items
gseparately for the complete and partial failures. The equipment power and the reliability
- parameters for system m on failure of 75 out of L technologically parallel subsystems may

be defined as follows if the items are identical in reliability: '

Ni =0V (L= T Lini %5 ()= i (0 ©

7 -1 1 -1 1 -1
o7 () =2Tw, (t) T, (&)™ CLH,;/CL",:,— 1

where N is the installed power of a unit; vy, is the safety factor on output for subsystem -
Ims me(t)’ T7m (t) are the fault flux parameter and the mean recovery time for subsystem lms

Cim and Cgﬁl are the numbers of combinations from Ly taken'zﬁ at a time and from Lj~' taken
m m
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TABLE 1. Initial Data on Equipment Re-
liability

Parameter estimates
mean  |Pessimisticloptimistic

Element or Power,
part of stationi jpw

@x 108, wx103] " 103, .
S0 e P en o e

1000 0,2 135
2000] 0,3 150

0,25 |150) 0,1 | 100
0,4 |200] 0,15 | 125
250| 0,025{100| 0,04 |120] 0,02 | 60
500| 0,04 | 120 0,06 | 150 0,025] 100
0,12

Reactor- {
o~ { 2501 0,09 200 2251 0,06 | 150

MCP

Steam genera-

tor 500] 0,13 |225{ 0,15 }250| 0,09 | 200

Main pressur - - 250 0,025{ 60| 0,04 | 80} 0,015 40
500] 0,035{ 100§ 0,05 | 150} 0,025 60

ized equip-

ment 5001 0,4 {100{ 0,5 [130] 0,35 | 70

Turbine 1000} 0,6 |130| 0,75 | 150 0,45 { 100
20001 0,7 |140| 0,85 j165] 0,55 | 410)]

Feed pump . 5000 0,451 25/ 0,2 | 351 0,1 ] 20
1000] 0,21 | 30{ 0,3 | 40]0,45] 25

Condensate 250] 0,42 ] 10( 0,18 | -15| 0,00 ] 5|
pump { 500] 0,18 | 151 0,25 | 20 0,12 | 10|
_ _ 1000{ 0,2 | 20| 0,3 | 25| 0,45 ] 15

Low-pressure 5001 0,045 10 0,06 | 15} 0,03 )
heater - “[ Y 1000 0,06 | 15| 0,08 | 20| 0,04 | 10

High- pressure { 500f 0,04 | 4v] 0,055 15| 0,03 5
heater 1000] 0,055( 15[ 0,07 | 20| 0,04 | 10

TABLE 2. Mean Estimates of the Differ-
ences in Capital Investment in Units
for Various Forms of Structure

Capital'i 1 t diffe
power, v | et of e, Sl Tables
ower oops and tur- .
. binef’ss with MPE ;’Ag;rzlout
1000 4tae 0 —1,4
o4 5,9 13
242 a8 5
2000 - 4+2T _ of
441 - 148

*Taken as the initial form for a unit
containing a VVER=1000., g
tTaken as the initial form for a unit
containing -a VVER~2000, '

Z;;l at a time correspondingly. The form of failure in the unit when 76 subsystems fail may
be determined from the relation between the parameters NT and Ntm by analogy with the above

expressions, The reliability parameters in the unit may ge found from the scheme for the )
series—connected systems. The calculations give the reliability parameters for all the hie-
rarchic levels in the unit for each year of operation t. : '

At the end of 1982, there were over 150 water-cooled power reactors working in the world,
whose total service life exceeded 2000 reactor-years. The conditions of use vary widely as
do the standard dimensions and the designs, which means that the information.on the reliability
and cost is inhomogeneous and ambiguous [3-6]. Therefore, the initial data for theoretical
researches on reliability may be specified as the average and the limits to the ranges corre-
sponding to the average pessimistic and optimistic evaluations (Tablel). The initial cost
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parameters were varied from + 40% to —10%Z of the mean estimates. Various conditions for emer-
gency repair of the first circulation loops were also considered: shutting down the unit for
repair immediately after fault is observed (mode I), shutting down the unit for repair in ac-
cordance with the management service during the period of falling load in the EPS (mode II),
and repairing the individual components of the switched-out loop with its main pressurizing
equipment (MPE)if possible without shutting down the reactor (mode III).

In the calculated example, forms of scheme were drawn up for units containing water-
cooled—water-moderated reactors of power 1000-2000 MW, which differed in the number of loops
in the first circuit, the presence or absence of MPE, in the number of turbines, and corre-
spondingly in the capital investment (Table 2). The transition from a double unit to a single
one containing a VVER-1000 gives an economy in the reduced costs on account of a reduction in
capital investment of an average 1.5 million rubles per year. In the case of the VVER-2000,
Co is reduced on average by 3.7 million rubles per year on going from a double unit to a
single one. On the other hand, the reliability parameters of a single unit are lower than
those of a double one because of the larger number and longer duration of the complete fai-
lures, which increases the cost for maintaining a reliable energy supply in the EPS, namely
C, (Table 3). From the value of C for the overall reduced costs, one can say that forms of
system containing two turbines are economically more efficient than single units because
AE; is reduced by 10-25% (Table 3), with the corresponding reduction in the necessary emer-
gency backup in the EPS. This result agrees with the conclusion for units containing water—
graphite reactors [6].

The optimum number of circulation loops is dependent to a considerable extent on the
mode of transfer to repair conditions and on the presence or otherwise of MPE. If the repairs
are cogducted in modes I and II, no matter whether there is MPE, the forms of units contain-
ing VVER-1000 reactors with two loops are more efficient than forms containing four loops be-
cause of the reduction in costs not only due to equipment failures but also to capital in-
vestment. The improved reliability in a unit containing two loops is explained by the re-
duced number of equipment items liable to complete failure. If, on the other hand, the MPE
provides for sealing off a disconnected loop and ensures conditions for safe repair of the
failed circulation loops in course (mode III), then the reduction in number of complete fai-
lures in the unit in a scheme with four loops reduces the power deficiency by 8-10% by com—
parison with the two-loop scheme. Correspondingly, the savings in overall reduced costs for
a four-loop scheme containing MPE are from 0.4-1.1 million rubles a year.

Eliminating the MPE from a four-loop first circuit in a VVER-1000 gives a saving in
capital investment of up to 1.5 million rubles, together with a relative reduction in the
deficiency in energy production in mode I by 5-8% or by 4-6.5% in mode II, which reduces the
reduced costs by 1.0-2.5 and 0,5-1.7 million rubles a year, respectively. The lower economy
in mode ITI occurs because the power loss from the unit on shutdown for repair is less than
that when a loop in the MPE is shut down.

We not only determined the costs with various estimates for the initial data but also
found the optimum levels of equipment reliability improvement (Fig. 1). The following rela-
tionship applies between the reliability-change coefficient B4 and the costs of the elements:

Q; =Qotﬁ?i =Qy; (mOiTOi/miTi)aii - (10) ‘
where Qo4 and Q; are the costs of equipment type before and after raising the reliability,
while woi, Wi, Toj, and T4 are the fault-flux parameters and the mean recovery times, and
aq is a coefficient given values from 0-0.6 in our calculations. Equation (10) was used to
determine the limiting permissible capital investment Skye going to reliability enhancement.
According to Fig. 1, the optimum reliability ievel is attained for a single unit containing -
a VVER-2000 on raising Bj by more than a factor of 2.5,while the permissible increase in the i
capital investment is 20~40% of the original equipment cost. ‘

Table 3 shows that the forms of unitswith two turbines are more efficient than single
units with the various reliability estimates; on the other hand, there are uncertainties in
the data, so we examined the necessary increase in the reliability in a single unit required
to make it more efficient than a double one, The calculations showed that this requires a
reduction in the fault-flux parameter for the turbine equipment in a single unit containing
a VVER-1000 of 20-50% in accordance with the element reliability estimates and the value
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' TABLE 3. Comparison of Reliability and
Reduced Costs for Forms of a Unit Scheme
Containing VVER-1000 and VVER-2000
without MPE (Mode I)

i
r i
z |88 8 |
S |85 | Reliability ) 2zl 8s]
N estimates == |ERlES
2 [ el o LS ES
N =2 .8
& 125 4] & v B8lUE
442 13,5 | 86,5 | 23,2 [127 3
4+1 | Average 16,2 | 83,8 | 26,7 [129,4
242 : 12,6 | 87,4 | 21,8 124.3
2-+1 15,3 | 84,7 | 25,6 {1265
: a2l 18,9.] 81,1 | 32,2 [136,3
1000 | 411 [Pessimistic 21,6 | 78,4 | 35,2 |137,8
242 17.6 | 82.4 | 30.4 [132,9
241 20,5 | 79,5 | 33,7 [134,6
442 7,3 | 92,7 | 12,8 |116,9
441 |Optimistic 9,2 | 90,8 | 15,5 [118,1
242 : 7.4 | 92,6 | 13,0 [115.5
2-+1 9,3 90.7 | 15.6 {116.5
-{ 442 lAverage’ ] 22,0 | 78,0 | 73,6 |269,3
| 4+1 _. 24,8 | 75,2 | 78,7 [270,7
2000 | 442 [Pessimistic 29,8 | 70,2 | 97,6 [293,3
441 33,7 | 67.3 [104,5 |296.5
4+2 |Optimistic 13,6 | 86,4 | 45,9 |241,6
4+1 o 14,5 | 85,5 | 50,8 |242,8

*In the fourth yvear of operation with a 3-
yr repair cycle the repair durations for
a unit containing a VVER-1000 were 1080,
1440 and 1080 h a year and those for
VVER-2000 were 1180, 1460, and 1180 h a

year.

Fig. 1. Dependence of the relative reduced costs 6C

and capital investment 6kye in a single unit con-

taining a VVER-2000 on the reéliability-change coef-

ficient B4 with the following estimates for the re-

liability: optimistic (a), average (b), and pessi-

‘mistic (c) with the values of a = 0 (1); 0.4 (2);
0.5 (3); 0.6 (4); 6C is given relative to the value
of Co before optimization,
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4k, rubles/ kW
Sn

Fig. 2. Equal-performance limits for a single unit (a)
|  and a double unit (b) containing VVER-2000 with the op-
2 A7 % timistic reliability estimate (1), the average estimate
(2), and the pessimistic one (3) in relation to the dif-
ferences between them in providing the planned output
Am = wq — 7, and as regards capital investment Ak =
kq — kg, (the subscript m corresponds to a single unit,
and subscript d to a double one): ) mode I; - -=--)
mode II; the hatched rectangle shows the relation be-
tween Ak and Am for the average estimates for the re-
liability and equipment cost.

of a., The additional specific capital investment required to improve the reliability should
not exceed 7.7-1.7 rubles/kW, which appears feasible.

At present, there are, discussions on the numbers of cylinders for turbines of power 500

. or 1000 MW and above, as well as on simplifying regeneration systems while simultaneously in-

creasing the heat output to users and the desirability of other changes in turbines that af-
fect the cost, reliability, and efficiency. As regards the economy in direct use of metal
and labor, turbines of higher power have potential advantages, and the same applies as re-
gards the cost of the control and monitoring equipment., Theoretical studies enable one to
estimate the effects from these improvements, as well as from changes in the parameters of the
nuclear power station as a whole and of the EPS, which influence the numbers of turbines and
other items in a unit. A boundary zone of equal efficiency has been identified- for single
and double units for various estimates of the equipment reliability (Fig. 2). Figure 2 shows
the relation between reliability and capital investment for double and single units, which
enables one to determine the effectiveness of various designs intended to raise the rellabll—
ity in VVER-2000 systems. Similar relationships have been derived for units containing VVER-

1000.

The following conclusions are drawn:

1) Tt is important to consider equipment rellablllty in defining the schemes for nuclear
power station units:

2). zones of equal efficiency have been defined for structural forms of units containing

VVER reactors, as well as the zones of higher efficiency subject to alteratlons ln reliability,
equipment cost, and other factors;

3) it has been shown to be economically desirable to increase the reliability of a single
unit containing VVER reactors by making additional capital investments thatenable one to re-
duce the costs for providing EPS backup and equipment repair;

4) an economic comparison of different forms shows that it may be desirable to use two

circulation loops in a unit containing a VVER-1000 subject to the condition that the required
reactor safety is provided.
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EFFECTS OF IRRADIATION ON THE ELASTOPLASTIC
DEFORMATION OF Zr + 1% Nb FUEL PIN CLADDING

V. A. Matushkin, A, A. Medvedev, UDC 621.039.548.3
Yu. V. Miloserdin, B. D. Semenov,
Yu. K. Bibilashvili, and I. S. Golovnin

It is extremely important to have information on the mechanical properties of structural
materials under actual working conditions in order to improve the performance of nuclear re-
actors. In particular, in order to choose the optimum conditions for running the reactor up
to power one needs experimental results obtained at very low neutron fluences (up to 10%“
m-*). Also, such data are of some value in researching radiation damage accumulation. In
this connection, we have examined the effects of reactor irradiation on the resistance to
elastoplastic strain in standard fuel—pln sheaths of diameter 9.15 x0,65 mm made of Zr +1%

Nb alloy.

In accordance with the standard method [1-3], the tubular specimens underwent cyclic
sign-varying torsion with a constant strain amplitude of #* 0.7%. The small tube thickness
enabled us to analyze the results by means of standard relationships for the shear deforma-
tion y and the tangential stress T:

—_— . — M
V=07 "TamTa®R=—

where ¢ is the angle of torsion in the working part of the specimen of length I, R and r are
‘the outside and inside radii of the cylindrical tube, and M is the torsional moment.

The plastic strain Yo was determined as the difference between the total y and the elas-
tic strain:

where G is the shear modulus.

The tests were performed with TsIRK apparatus [4] as follows. Initially the elastoplas-
tic strain in the fuel-pin sheath was examined under laboratory conditions over a wide range
in strain rate: 8 x10-°-8 x10™® gec~? at 295 780°K. At each temperature, we used 20-30
strain cycles with a rate a = 8 xlO“f sec™ . The cyelic-strain diagram after temperature
change stabilized within 3-5 cycles. TIn some cycles, the material was kept at constant load
(in creep testing) for short times (up to 2 x10" sec) or under monotonically decreasing load.
Such tests enable one to estimate virtually all the parameters required to forecast the ac-

cumulation of . plastic strain in a given state of stress [1]: the temperature dependence of
the elastic moduli, the yield point, the sensitivity to the strain rate, and the change in
deformatlon resistance during steady conditions under load [5, 6].

After thlS, the apparatus together with the specimen was placed in the core of an IRT-
2000 reactor. The flux den51t1es for the thermal neutrons and fast ones (E >0.1 MeV)were
1,2+10'7 and1,8¢10%® m~2esec-?, respectively. The. testsunder irradiationwere performedat 540-

Translated from Atomnaya Energlya, Vol. 57, No. 3, pp. 162—165, September, 1984, Orig-
inal article submitted August 1, 1983; revision submitted March 21, 1984,
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Fig. 2. Dependence of the yield point for Zr + 1% Nb alloy on ther-
mal-neutron fluence at 540°K.,

Figs. 3. Cyclic-deformation diagrams for Zr + 1% Nb.

770°K. During thereactor shutdown, the temperaturefell to320°K. During 95%of thetime, the irra-“
diation was under conditions of self-heating at 540°K.,

The graph of the temperature dependence of the cyclic shear modulus (Fig. 1) shows that
irradiation to a thermal-neutron fluence ¢ = 1.5 x10?® m~? jincreases the shear modulus by °
10-13% at all temperatures, with the change in modulus occurring at ¢ = 10*! m~? and per—
sisting in the range 102?-10?° w™2, Also, the results obtainéd with the reactor working and
after it had been shut down are described by a single temperature dependence, whlch shows
that this low flux density has no effect on the elastic modulus.

The cyclic yield point To,, was determined from the steady-state diagrams for sign~vary-
ing deformation in the range 300-780°K. Figure 1 also shows the temperature dependence of’
the yield point obtained before irradiation, during irradiation, and during reactor shutdown.
The increase in the yield point was determined only by the neutron fluence and was indepen-
dent of the flux density.. Figure 2 shows the effect of the fluence on the yield point at
540°K.
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The increases in shear modulus and plastic-deformation resistance on irradiation sub-
stantially affect the diagram for cyclic sign-varying strain (Fig. 3). To estimate the ef-
fects of irradiation on the accumulation of plastic strain, over 1000 creep ‘and stress-relaxa-
tion tests were performed. Orovan's relatlon was used in processing the results:

o= bpnV (1—1,),.

where b is Burgers vector; pp is the mobile-dislocation density; V(t — Ti) is the mean speed
of the mobile dislocations, which is a function of the effective stresses T, = T — 143 T is

the applied stress; and T4 is the inverse internal stress, whlch is dependent on the' accumu-~-
lated plastic strain and on the loading history.

If we assume that the mobile-dislocation density and the internal stresses are dependent
only on the accumulated plastic strain at the given fluence, flux den51ty, and temperature,

then one can derive a relationship between the plastic strain rate Yc at the stress T(Yy.) and
the rate Yea under conditions of strain rate a:

V [t (90 =1 (3]
Vit(ve) —Ti(ve)l ?

V.—= (1)
k't
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ol & T
2k
= % p Fig. 7. Strain diagram for Zr +17 Nb on changing the strain
00 01% rate a by a factor 10® at T = 593°K: ——) experiment; - —-)
Py calculation from (3) and (4).

where Ta(Yc) is the resistance to strain with rate q.

For an exponential relationship between the mean speed of the mobile dislocations and the
effective stress we get

'Yca

'Yc

=exp{a[t, ('Vc)~ T (v}

The plastic-strain rate at a constant rate of displacement in the loading tie is defined
by :

vo=af[ 143 (z+3) ], @

where G is the equipment rigidity and d'ra/dyc is the current plasticity modulus.
Then the coefficient o defining the sensitivity of the material to strain rate (o =

dIEVC )Jcan be found from the slope of the experimental.curve constructed from the creep-
T AT, ve .
test data or from stress-relaxation results in ln(yca/yc) (tg — 1) coordinates (Fig. 4). The

agreement between these results indicates that the initial assumptions are correct. Then
knowing o and the strain diagram, one can calculate the rate of plastic strain accumulation
from

po=[af1+25 (L4 L) Jesplat—tatr). o)

However, the dependance of 1n(Yca/Yc)»°“ Tqg — T is substantially nonlinear in the range
500~600°K (Fig. &), which is due to dynamic strain aging, which has a considerable effect on
the behavior of Zr +17% Nb at the working temperature.

The increase in strain resistance after a temporary reduction in the strain rate or par-
tial unloading due to dynamic strain aging may be related to the increase in the internal
stresses by the value B [6]. Then to retain the given plastic strain rate it is necessary to
increase the applied stresses by At = B. Therefore, one can judge the changes in the internal
stresses from the changes in the applied ones under conditions of variable-rate strain,

The results show that the degree of strain aging is dependent on time and on the plastic
strain, With an infinitely small increment in the internal stresses, one can write the fol-
lowing approximation for this material [6]:

\

d5=f(Afﬂ)dtf—Rﬁch, o (4)
where r, A, and p are parameters to be determined from experiment which are dependent on tem-

perature (Fig. 5). A notable result from these studies is that irradiation does not affect
the dynamic strain aging parameters.

The change in the inverse stresses on aging during creep or stress relaxation must be
incorporated in determining the sensitivity to strain rate: the coefficient a is calculated
from the slope of the curve in ln(§ca/§c)—(ra — 1 +B) coordinates (Fig. 4). In accordance
with Fig. 6, the data obtained before irradiation, during it, and afterwards lie on a common
curve, which shows that the sensitivity of Zr +17Z Nb to strain rate remains unchanged within
the limits of the fluence and neutron flux density used.

Joint consideration of (3) and (4) enables one to describe the fairly complicated pheno-
mena observed in tests at variable strain rates and under the corresponding working condi-
tions in fuel-pin sheaths when the reactor power varies. Figure 7 compares the calculations
with experimental data obtained under conditions of nonstationary loading (w1th the strain
rate reduced by a factor of 1000).
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These results indicate that one can use (3) to forecast the accumulation of plastic
strain under conditions of brief nonstationary loading at high temperatures and low fluences.
In practical calculations, allowance must be made for the changes in Ti and o due to the dy-
namic strain aging and for the changes in G and 7, caused by the irradiation conditions. Ad-
ditional experiments are required to establish whether these formulas can be used for more
prolonged irradiation and higher flux densities.
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DAMAGE SUMMATION IN ANNEALING AND REPEATED . .
TRRADTATION OF PRESSURE-VESSEL STEEL

V. A. Nikolaev, V. I. Badanin, _ UDC 621.039.531
and A. M, Morozov '

Reducing heat treatment is a means of increasing the working life of pressure vessels
of water—cooled—water-moderated reactors (VVER), but its use requires a knowledge of the laws
of radiation embrittlement in materials under conditions of repeated irradiation in order to
provide a reliable forecast of viability on further use, - Since it is far from always desir-
able or possible to bring about complete recovery of the properties of the material by re-
ducing heat treatment, it is important to establish how the residual damage sums with the
radiation damage produced by repeated irradiation. The available information is very re-
stricted because the corresponding studies are very complicated [1, 2].

In the early experiments [1], it was found that the residual shift in the embrittlement
temperature ATrag (50°C), persists in A350-LFl steel after irradiation to a neutron fluence
of 3 x10%° m—? and annealing at 307°C, and this should be borne in mind in estimating the
total shift AT, after repeated irradiation. It is possible to do this on the assumptién that
the material has already accumulated some damage at the start of the repeated irradiation,
this damage corresponding to an equivalent neutron fluence F,, which causes a radiation em-
brittlement effect of AT,..g5. This approach is .less conservative than the method of indepen-—
dent (arithmetic) summation of ATreg with the shift due to the neutron fluence on repeated
irradiation (ATy,), and so if it is to be used in calculations one requires a reasonably reli-
able experimental basis for it, the more so since ambiguous results were obtained in a series
of experiments on the irradiation of welded joints in A)33fB steel: a difference from the
results from repeated irradiation after annealing at 399°C, which confirmed the results of
[1], while the changes in T¢ resulting from annealing at 343 C and subsequent irradiation
‘agreed best with the view that the damage sums “independently [3].

In this connection, experiments were performed on repeating the irradiation of Soviet
reactor steel following variable intermediate—annealing temperature and determination of

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 165-167, September, 1984. Orig-—
inal article submitted October 13, 1983; revision submitted January 31, 1984.
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ATpegs We examined 15KhZMFA steel made commercially with phosphorus and copper contents of
0.013 and 0.15%, respectively. An abbreviated program was also used in testing 15Kh2NMFA
steel (0.012% phosphorus, 0.12% copper). As it was necessary to irradiate a large number of
specimens simultaneously under identical conditions in order to determine T, the embrittle-
ment temperature, for 15Kh2MFA steel, we used impactor specimens of size 5 x5 x27.5 mm. The
15Kh2NMFA steel was tested in the form of standard specimens.,

The cassettes containing the specimens were placed in ampules of identical internal di-
ameter and were irradiated in the core of the VVR-M reactor. The cassettes were inserted
in the ampules as sliding fits and the irradiation temperature was not more than 250°C. The
temperatures of the specimens during the first irradiation were monitored with 8 Chromel—
Alumel thermocouples. On repeated irradiation, the specimens were sealed in by means of a
conical fitting ground into the head of the ampule and the edges were rolled over by remote
control. In that case, it was impossible to insert thermocouples, and diamond 1ndlcators
were used to monitor the temperature.

The initial 1rrad1ar10n of the 15Kh2MFA specimens was performed to a neutron fluence
of F;, = 7.5¢10%> m~* (E =0.5 MeV). The irradiation temperature varied over the height of the
ampule over the range 180-200°C at the start of the exposure and up to 215 £15°C inthe closing
stage. The rise in the embrittlement temperature ATf, under these conditions was 100°C, which
corresponds to an irradiation embrittlement coefficient of AF = ATy, /(F,- +1072%)/? = 24 An-
nealing for 100 h at 240, 275, or 325°C produced reductions in the Shlft in Ty correspondingly
of 80, 50, and 20°C, i.e., the degrees of recovery were 20, 50, and 80%.

The repeated exposure was given to previously irradiated specimens either with orwithout
annealing as above, as well as to control specimens, which had not previously been irradiated.
In the latter, the irradiation to a fluence of F; = 8.7-10%% m~? raised Ty by 130°C, which
corresponds to Ap, = 29. The value of Ay, is higher than Ap, evidently because of the lower
temperature in the repeated irradiation (100-120°C).

Specimens annealed at 240, 275, and 325°C showed additional increases in T, of 70, 70,
and 100°C, respectively. The smallest shift in Ty on repeated irradiation (50°C) occurred
in the material that had not been annealed. Therefore, the embrittlement of 15KhZMFA steel
on repeated irradiation, which is characterized by the additional shift in T, is the less -
the more the material has been embrittled after the preliminary treatment: irradiation or
annealing after irradiation (Fig. 1).

The first exposure of the 15Kh2NMFA steel specimens was at Ty = 160-180°C with'a_neutron
fluence F, of 8.3 x10?> m—*, which gave ATgp, = 160°C; annealing the specimens at 350°C for
100 h resulted in ATyeg = 20°C., After repeated exposure (Fp = 9-1023 m=?) ATy for the un-

47,56 ‘ . [£]
. [A]
750 b8
0,6}
700
. 04
50 02
| 1 1 1 1
g 50 100 Afee °C cg 02 4% 0,6 48 q
Fig., 1 : ‘Fig. 2

Fig. 1. Dependence of the rise in viscous—brittle
transition temperature ATy, on repeated irradiation
on the preceding shift AT, due to preliminary irradia-
tion and incomplete annealing. The curves have been
constructed from (4): Q) steel 15Kh2MFA, fluence

8.7 x10%® m=?; A) steel 15Kh2NMFA, neutron fluence

9 x10%° m~2,

Fig. 2. Dependence of the increase in permissible
neutron fluence on the degree of recovery in T¢ on
annealing steels 15Kh2MFA (1) and 15Kh2NMFA (2).
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annealed specimens increased to 220°C, i.e., by 60°C. In specimens that had been annealed,
the additional shift in Ty was 160°C, as against 180°C in the control specimens. Therefore,
the experiments indicate unambiguously that there is nonadditive summation of the residual
damage (after annealing) and the damage caused by repeated irradiation.

We now transfer to considering the damage summation principle and first consider the
behavior of 15Kh2MFA steel under conditions of stepwise change in irradiation temperature
from T, to T, where T, >T;, where consequently there is no annealing of the defects formed
at T, during the second stage of irradiation. We assume formally that the value of ATf, cor-
responds to Fe at Tp, i.e., F, = (ATFI/AF2)3. Then the total shift is

AT, = Ah(FeJr Fz)‘“ (A5.F,+ A%, F,)'". - (1)

The justification for summing the damage in accordance with (1) can be checked by means

of the above experiments with 15Kh2MFA steel: AT, = (242+75 429> 87)1/3 '147°C with the
' experimental value AT, = 150°C. ‘ ,

The summation for T, >T, was checked in independent experiments, whose detailed descrip-
tion falls outside the scope of this paper. We mention only one result, which was obtained
for the metal in a welded joint in 15Kh2MFA steel.  The specimens of this material were orig-
inally irradiated at 290 £10°C to a fluence of 4.4 x10%?® m~? and then additionally to a flu-
ence of 2.7 x10% m~? at 225 +10°C. The increment AT. due to that irradiation was 140°C,

whereas (1) gives AT. = 152°C.

A similar result was obtained for 15Kh2NMFA steel for Wthh however, the change in Ty
satisfies a dose dependence of the form

AT p=CpF'?, . | (2)

where Cy is a coefficient dependent on the irradiation temperature that characterizes the
radiation stability of the steel. Statistical processing was applied to data from 17 experi-
ments in which the fluence varied from 2 x10*? to 3.9 x10?® m~?, which showed that with ir-

radiation temperatures of 200 +20°C and 240 +10°C the power-law dependence -of the embrittle-

ment for this steel applies with powers of m = 0.446 and 0.532, respectively. In this con- .

nection, the summation formula for 15Kh2NMFA steel was similar to (1), but Ap should be re-
placed by Cp, while the powers 1/3 and 3 should be replaced by 1/2 and 2. ‘In the above ex-
periment, Cp,; = 17.5, Cy, = 19, and the calculated value of AT, was 240°C, while the actual
value was 220° C.

We now consider the damage summation on partial recovery during annealing (ATyeg >0) and
repeated 1rrad1at10n. By analogy with (1), we get for 15Kh2MFA steel that

AT o= (AT + A . (3
The values of AT, calculated from this formula with ATy eg of 20, 50, and 80°C as given
by experiment were correspondlngly 128, 130, and 137°C, which agree Wlth the experlmental
values (120 120, and 150°C) within the error with which ATt 1s determined.

If the dose dependence of the radiation embrittlement is descrlbed in general by a power
law with power m, then the summation formula becomes

Calculation from (4) for 15Kh2NMFA steel (m = 1/2 ATres = 20° C sz— 9-10%2 m‘z, CF2 =
19) gives AT, = 182 C while the experimental value is 180°C. : ‘ ;

These relatlonshlps imply important conclusions on the calculation of the llmltlng per-
missible neutron fluence under conditions of irradiation after annealing. Consider a pres-
sure vessel made of 15Kh2MFA steel for which the established limiting permissible fluence is
[Fi] = ([ATt]AF) » where [AT¢] is the limiting permissible shift in T+ allowed by the working
conditions, If [F,;] has been attained and the vessel is annealed with a degree of recovery
in the properties of the material n = {[AT¢] — ATyesl [ATt], then in accordance w1th (3) the
permissible fluence for the subsequent operatlon is ‘
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AT P — AT
[F2]=_'__L].“1%‘—fefs=[pi]{1_(1__n)3}_ ‘ (5)

Figure 2 shows the dependence of [F.]/[F.] on n as expressed by (5). We see that to in-
crease [F,] by 80% it is sufficient to have n = 0.4, i.e., 407% recovery in the properties
of the material. As to increase n requires a corresponding increase in the annealing tempera-
ture, one assumes that recovery of the properties by 40-607 is an optimal specification for
the annealing. For structures made of 15Kh2NMFA steel, the power in (5) varies by a factor of
2, as previously, and the corresponding curve is flatter (Fig. 2). B
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EFFECT OF CHEMICAL COMPOSITION AND ANNEALING CONDITIONS
ON THE RADIATION EMBRITTLEMENT OF THE METAL OF LOW-
ALLOY WELDED SEAMS

V. A, Nikolaev, A. M, Morozov, V. I. Badanin, UDC 621,039.531:621,791.053
A. S. Teshchenko, and R. P. Vinogradov

The metallurgical factors determining radiation embrittlement of low-alloy reactor steels
have been studied in sufficient detail. However, for the metal of welded joint, mainly de-
termining the operating efficiency of the structures on the whole, data about the mechanisms
of the effect of chemical composition and heat treatment on radiation embrittlement are quite
few [1-3]. This has served as the basis for the study of radiation embrittlement of the metal
of welded seams as a function of their annealing conditions and the contents of certain
alloying and impurity elements.

In order to explain the role of alloying elements in the radiation embrittlement of the
metal of seams, the effect of the contents of nickel and manganese, which improve the struc-.
ture of the metal weld, its strength, and resistance to brittle fracture [3], was studied,
but, judging by the data for the base metal [4-6], they can have an unfavorable influence on
the radiation stability. As the content of impurity elements (phosphorus and copper) is an
important factor controlling the radiation embrittlement of steel and the metal of welded
seams [1-3, 7], it was advantageous to study in detail the effect of these elements on the
embrittlement of the metal of specific seams.

Material and Investigation Procedure. The effect of chemical composition was studied
on the metal of laboratory welded seams, obtained by the use of experimental batches of wire
of CrMn—Ni—Mo composition, which is the basis of Sv~08KhGNMTA wire [7] and which is' intended
for the automatic welding of the pressure vessels of water-cooled/water-moderated power re-
actors. In the metal of the seams investigated, the phosphorus content varied within the
limits of 0.008-0,022%, copper 0.03-0.35%, nickel 0.76-2.167%, and manganese 0,47-0,957. 1In
each individual series of compositions the content of one element was varied as a rule, the
contents of the others being almost unchanged.

Grade £-12 (0.18% Cu, 0.01% P) and 03ZhR (0.01% Cu, 0.004% P) irons were used in smelting
the metal of the experimental compositions. The fusions, with a mass of 160 kg, were carried
out in an open induction furnace. The elements being varied were added in the furnace (nickel,
manganese) or in the ladles (copper, phosphorus) in proportion with the casting of the metal
in ingots of mass 16 kg, Wire with a diameter of 5 mm was obtained from these ingots by
forging and subsequent drawing. Welded samples were prepared under grade 48NF-18M flux
(Technical Specification 5.965-4011-72); plates of 15Kh2NMFA steel with a content of 0.017%

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 167-172, September, 1984. Orig-
inal article submitted October 13, 1983. '
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TABLE 1. Chemical Composition, Cooling Conditions after Annealing and Irradiation,
and Increase under Irradiation of the Critical Temperature of Brittleness T. of the
Metal of the Welded Seams Investigated

Series Content of varied elements, massh - - Irradiation

and com- - Cooling neutron fly- | temperature, TC’ T
position No. Mn Ni P Cu ence, cm” e
1—-'-1 1,0 1,5 O,()?S 8,82 In the furnace to 2’31?):: %’;8—%8 2200
—2 1,0 1,5 0,012 , in ai ,3- —
1-3 1,0 15 0,045 004 |300T.themimair | gl 270340 - | 30
1—4 1,0 1,5 0,020 0,04 . 4,3-1019 270—340 40
15 1,0 1,5 0,015 0,32 4,3.101? 270—340 80
1-6 1,0 1,5 0,020 0,35 4,3-101° 270—340 90
2—1 0,63 1,28 0,041 - 0,07 |In water 2,5.1010 320—340 | 70
2—-2 .| 0,63 | 1,28 | 0,015 0,07 ' 2,5-1010 320—340 80 -
2—-3 -1 0,63 | 1,28 0,018 0,07 2,5.101 320—340 T 90
2—4 0,63 1,28 0,022 0, 2,5.1019 320—340 100
3—1 0,63 1,28 0,010 0,07  |In water- 2,5-1010 320—340 60
3--2 0,63 1,28 0,010 0,10 | 2,5-1019 320—340 . 8
3—3 " 0,63 1,28 0,010 0,135 2,5.1010 320— 340 120
i1 0,75 | 14,30 0,011 0,03  |{In the furnace to 2,6-1019 290—310 40
4—2 0,5 | 1,30 0,011 0,40 3007, then in air 2,6-101? 290—310 50
4—3 - 0,75 1,20 0,011 0,18 : 2,6-1010 290310 70
44 0,75 1,20 0,011 0,27 2,6-10%° 290—310 90
5—1 0,47 0,91 0,012 0,19 In the furnace to 2,6-1012 " 990—310 60
5—2 0,47 1,70 0,012 0,19 300%C, then in air 2,6-1010 260310 80
-5—3 0,50 0,76 0,012 0,17 2,4-1010 270—300 50
5—4 0,50 1, 0,012 0,17 241010 270—300 70
- 5—5 0,50 | 2,16 0,012 0,17 2,410t 270—300 90
6—1 | 047 | 4,20 0,012 0,49 |Inthefurnaceto | 2,6.101° | 290310 60
6—2 . | 0,64 1,20 0,011 0,19 [300%C, then in air 2,6-1019 290— 310 60
6—3 0,75 1,20 .| 0,014 0,18 : - 2,6-101 290—310 70
8—4 .0,82 1,20 0,012 0,19 2,5.1010 300—310 80
6=5 0,83 1,20 0,011 0,19 2,5.101 300—310 80
6—6 0,85 1,20 0,012 0,19 2,5-40° | 300--310 90
6—17 0,95 1,20 0,011 0,19 2,5-1019 300—310 90
7— 0,60 1,1 0,007 0,26 In the furnace to 2,8-1019 290310 40
7-2 0,63 1,0 0,004 0,26 3007, then in air- 2,8-101®. 200—310 . 40

phosphorus and 0.14% copper and with a thickness of 50 mm were used. Welding was carried
out in the following conditions: Iye1q = 600-650 A, Uyy. = 38-40 V, Vyeiq = 24 m/h, reverse
polarity, and temperature of heating up of the plate before welding was 150-200°C, The chem-
ical composition of the metal of the welds investigated is given. in Table 1, S

The heat treatment of the samples was high tempering with the following conditions:
heated to 650°C and held for 10 h. Most of the welded samples (see Table 1, No. 1, 1-6; No,.
4, 1-4; No, 5, 1-5; No. 6, 1-7; No. 7, 1~2), in accordance with a realistic regime of heat
treatment of the articles, were cooled in the furnace to 350°C* (rate of cooling 20°C/h), and
then in air. The materials .of two series of compositions, with a variable phosphorus and
copper content, after annealing were cooled in water in order to study the effect of impurity
elements with a high cooling rate of the welds.

The tendency of the materials to radiation embrittlement was estimated by the values of
AT. — the shift of the ductile—brittle transition temperature T, caused by irradiation. The
values of T, were determined by the impact viscosity serial curves, using notched samples with
a size of 5x5x27,5 mm (radius of the bottom of the notch was 0.25 mm and the depth 1 mm),
The testing temperature, at which the impact viscosity amounted to one-half of the maximum
value, was used for T..

The samples were irradiated in the core of the VVR-M reactor by the usual procedure [4].
The temperature was measured with a Chromel—Alumel thermocouple, spot-weldéed to the samples.

x
As in the Russian original; the temperature given in Table 1 is 300°C — Publisher.
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Fig. 1. Effect of the content of phosphorus (a) and copper (b, ¢) on
the increase in T, of the metal of welded seams of CrMnNi—Mo composi-
tion, by the action of neutron irradiation. a: 1) compositions 1-1 to
1—4 (4), neutron fluence 4.3-10'° cm™? at 270-340°C; 2) compositions
2-1 to 2—4 (V), 31 (@), 2.5+10"° cm~? at 320-340°C; 3) compositions 4-4
(O, 771, 72 (@) (2.6 to 2,8)+10'° cm~? at 290-310°C; b: 4) composi-
tions 3—1 to 33 (I, 2-1 (V), neutron fluence 2,5+10*° cm~? at 320-
340°C; 5) compositions 4—1 to 44 (O, 63 (@), 2.6+10'% cm~? at 290-
310°C; 6) compositions 1-3,1-5 (A), 4.3+10'° cm~? at 270-340°C; c: @
1.95-2,01% Ni; O0) 1.45-1.64% Ni, neutron fluence with energy E >1 MeV
2.8+10'° cm~? at 288°C [1, 2]; O) 1.65-1.75% Ni, neutron fluence with
energy E>1 MeV 3,5-10%7 cm—? at 288°C [1, 2].

There was no possibility of regulating the temperature of the samples during irradiation be-
cause, during the reactor rum, a monotonic increase in temperature was observed within the
limits of 20-40°C. 1In view of the fact that in this situation the temperature conditions of
the final stage of exposure [8] set the determining value for radiation damage to the mate-
rial, as the principal characteristic of the irradiation regime we assumed the maximum values
of the temperature of the samples.

The fluence of neutrons with energy E=0.5 MeV was determined on the basis of the power
output of the reactor during the time of irradiation, preliminary measurements of the flux
density at the site of location of the samples, and additional monitoring by irradiated acti-
vation detectors together with the samples. The 5"Fe(n, p)s“Mn reaction was used, with a
cross section of ¢ = 92 mb (1 b = 1072® m®) for neutrons with energy in excess of 0.5 MeV of
the energy spectrum of the VVR-M reactor core.

Results of the Investigation. The experimental data about the effect of irradiation on
the increase in T, for a different phosphorus concentration in the metal of the welded seams,
with a copper content of 0.04-0.07% and different cooling rates after annealing, are given
in Table 1 and also in Fig. la. The data presented were obtained for irradiation at a maxi-
mum temperature of 340°C, It follows from Fig., la that with increase in the phosphorus con-
tent, the values of AT, increase almost linearly. In this case, for the material cooled in
water (curve 2), despite the somewhat lower neutron fluence, markedly greater variations of
T. were obtained than for materials cooled in the furnace (curve 1). An even sharper inten-
sification of embrittlement with increasing phosphorus content was found for the metal of
welds containing 0.26-0,27% copper and subjected to slow cooling after annealing (curve 3).
If the high values of AT, in this case can be partially explained by the lower irradiation
temperature (v 310°C), then the steeper slope of curve 3 confirms the intensification of the
effect of phosphorus in the presence of copper. '

The effect of the copper content on radiation embrittlement of the metal of the welds
investigated is described in Fig., 1b. On the curves of the concentration relation, con-
structed on the results of tests of individual series of compositions, the points are plotted
corresponding to the experimental data for materials with identical cooling conditions and
with a similar content of other elements and with similar irradiation conditions. It can be.
seen that for all materials the shift of AT, increases linearly with increase of the copper
concentration from 0,03 to 0.3%. For materials having been slowly cooled after annealing,
the curves of the concentration relationship have a lesser slope and, in addition, they are
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dlsposed lower, even in the case of irradiation at a lower temperature, With copper concen-
trations < 0.05%, a.tendency to merging of the curves is observed. For metal with slow cooling
after annealing, a neutron fluence of ~ 2.5+10'°cm™2, and an irradiation temperature of
300-310°C, an increase in the copper content by 0.2% causes an increase in AT. by approxima-
tely 50°C, while in the same conditions an increase in the phosphorus content by 0.005% led

to an increase in AT, by approximately 40-45°C, Thus, the effect of copper on embrittlement
of the welds is more than a factor of 10 weaker than the effect of an equal amount of phos—
phorus,

For comparison with the experimental data obtained, Fig. lc shows the results of a study

- of radiation embrittlement of the metal of experimental welded seams of similar composition
(2,5CrMn—Ni—Mo) with a copper content varying within the limits of 0.01-0.27% and with a
phosphorus cortent of 0.007-0,012% [1, 2]. After annealing, the welded samples were cooled
at the rate of 56°C/h. Samples of these welds were irradiated at 288°C. It follows from a
comparison of Figs. lc and la that with .a concentration of < 0.05% copper in the seams, the
values of AT, almost coincide with.those obtained. experimentally. With a copper concentra-
tion of > 0.1%, the published experimental points [1, 2] in conjunction with the intermediate
values of the rate of cooling aftér amnealing are disposed between the curves obtained for
the materials having been cooled after annealing either in water or in the furnace (one should
also bear in mind the slight difference in the irradiation temperature of the welded mate-

" rials). :

In comparing the effect of copper on the radiation embrittlement for the seam metal and
steel 15Kh2MFA [4, 5] at an irradiation temperature of 340-350°C, a definite similarity can
be noted in the behavior of these materials, shown in the linear dependence of AT, on the
copper content within limits of up to 0.3% and with a phosphorus concentration of = 0,01%,
When the irradiation temperature is reduced, the effect of the influence of copper increases.
Judging by the experimental data obtained for welded seams, an increase of the cooling rate
also shows the same effect.

The effect of the nickel concentration on the radlatlon embrittlement of the metal of
the welded seams, with a phosphorus content of 0,010-0.012% and 0.17-0.19% of copper, sub-
jected to slow cooling after annealing, is shown in Fig, 2a. The data given relate to an
irradlatlon'temperature of 300-310°C. It can be seen that with a change in the weld metal
of the nickel concentration from 0.76 to 2.16%, the value of AT, is almost doubled (from 50
to.90°C). Comparison of the results obtained with the data of [4- ]. concerning the effect
of nickel on the radiation embrittlement of the base metal of 15Kh2MFA steel showed that for
the metal of the welded seams and for deformed steel the nature of the radiation embrlttle—
ment versus the nickel concentration is almost 1dent1cal The linear dependence with almost

AT > ‘
. ¢ a r g ¢
ot} e ' ,‘ L .
. ! o
g0t KN ’

) 1o ° '
; { 1

40 L ! ! 40 ' '
as 1,0 7,5 Ni,% 04 06 06 Mn%

Fig. 2. Effect.of the content of nickel (a) and
manganese (b) on the increase in T. of the metal
of welded seams of Cr-Mn—Ni—Mo composition by
the action of neutron irradiation: a) composi-
tions 5-1to 5-5, 6—1 (see Table 1): @, A) neutron
fluence 2.6+10*° cm=? at 290-310°C; O) 2.5-10%°
cm=? at 270-300°C; @) 3.8-10%° cm? at 50-80°C;
b) compositions 6—1 to 67, 54: @ neutron flu-
‘ence 2,6°10'° cm™? at 300—310°C; O) 2.5+10%?
cm~? at 300-310°C; ®, &) 3,8:10° cm~? at
50-80°cC.
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the same angle of slope is maintained even in the case of a reduction of the irradiation tem-
perature to 50-80°C, Similar results were obtained when studying the effect of nickel in the
case of the metal of welded seams of Cr—Mn—Ni—Mo composition [2].

Manganese, similarly to nickel, intensifies the tendency of the seam metal to radiation
embrittlement, which is demonstrated in Fig. 2b. In this figure, the set of points corre-
sponding to the experimental values of AT, for the material of almost one series, obtained
with an irradiation temperature of ~ 310°C, shows that with increase in the manganese concen-
tration approximately from 0.5 to ~ 1%, an increase in AT, is observed from 60 to 90°C. Irra-
diation at 50-80°C leads to stronger radiation embrittlement of the materials investigated,
but the nature of the dependence of AT, on the manganese concentration is maintained. Simi-
lar observations were obtained also for Cr—Ni—Mo—V steel [5, 6]. As confirmation of the ne-
gative effect of manganese, the data on the embrittlement of welded seam metal of Cr—Mn—Ni—Mo
composition [2] can be considered also.

From a comparison of the AT, curves of metal of the seams investigated versus the man-
ganese and nickel concentrations, it follows that manganese exerts a stronger influence on
embrittlement than the same amount of nickel, although it cannot be excluded that the result
is characteristic only for the metal of the melt being considered.

Discussion. Consideration of the experimental data obtained indicates that for the
metal of welded seams of studied composition, in the main the same regularities of the effect
of alloying and impurity elements on radiation embrittlement are qualitatively observed as
for the principal metal — chrome—molybdenum steel, Consequently, there are grounds for as-
suming the mechanisms of this effect also to be identical.

Relative to the role of phosphorus in the intensification of radiation embrittlement of
steel and alloys of iron, the opinion is expressed in [9] that atoms of this element, owing
to its capability of forming loose complexes with vacancies or mixed dumbbell~type pairs with
interstitial atoms, segregate on imperfections of the crystal structure of ferrite, in parti-
cular on accumulations of point defects or on the grain boundaries. In consequence of the
low surface energy of phosphorus and the deformation of the lattice in these zones.of segre-
gation, the interatomic bonds are weakened and embryo microcracks can originate most easily
here. If the irradiation temperature is sufficiently high for annealing the defects (above
300-350°C), the embrittlement caused by the presence of phosphorus in its principal appear-
ances is similar to thermal brittleness. The difference, in essence, reduces to the accelera-
tion of the diffusion redistribution of phosphorus under the action of superequilibrium va-
cancies., The similarities of these two phenomena concern also the effect of alloying ele-
ments., Nickel and manganese intensify the segregation processes, first and foremost in con-
sequence of the reduction of solubility of phosphorus in ferrite [10], but in radiation em-
brittlement their role is not limited to this. Judging by the fact that with increase in
concentration of these elements in steel and alloys, a marked increase in radiation hardening
is observed in the case of irradiation at a temperature in excess of 300°C, and the atoms of
nickel and manganese in some way participate in the formation of a defect structure. Definite
hypotheses have been expressed concerning the mechanism of their interaction with defects
[11], but reliable arguments still have not been found.

The effect of copper on embrittlement likewise is explained by the increase in radia-
tion hardening [5, 12]. The cause of this effect is associated in [12] with the hetero-
geneous origin of vacancy accumulations at complexes of vacancy—copper atoms, owing to which
the volume concentration of defects is increased, resolvable in the electron microscope.
Certain data, characterizing the change of physical properties of iron—copper alloys in con-
ditions of irradiation [11], coincide with this concept. According to this concept, the in-
crease in sensitivity of steel and the weld metal to the presence of copper, with increase in
the phosphorus content, can be traced as a consequence of the increase in the volume concen-
tration of intercrystallite defect zones, enriched with phosphorus.

It cannotbe excluded that welded seams, in preserving the characteristic of the structure -
of cast metal, such as crystallization nonuniformity of distribution of the elements, have
certain specific properties of behavior by comparison with forged steel. Both phosphorus
and copper show a tendency to liquidate in the interdendritic layers of cast steel [13], in
connection with which it is possible to suppose that these elements, entering into competi-
tion, mutually change the volume concentration of individual structural components of the
weld metal.
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Fig. 3. Dependence of T, of the metal of welded seams of

o ° CrMn—Ni—Mo composition on the temperature of final annealing:
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Fig. 4. - Dependence of 0., on the tempera-
ture of testing: 1) metal of a welded
seam of CrMn—Ni—Mo composition (wire
Sv—08KhGNMTA); 2) steel 15Kh2MFA; 3) steel
10KhNIM; 4) steel A-302-B.

The marked dependence of the radiation embrittlement of the weld metal on the rate of
cooling of the samples after amnealing is interpreted most naturally as the result of a change
in the ferrite of the concentration of limitedly soluble elements, affecting the radiation
tendency to damage. Thus, it was established that previous prolonged irradiation (500-1000 h)
maintained at 450-500°C, causing an increase in T, for steel, is inclined to thermal brittle-
. ness, and at the same time it reduces its sensitivity to embrittlement with subsequent irra-
diation [14], This fact was described by the partial transfer of phosphorus atoms from the
solid solution at the boundaries of the former austenitic grains during aging, owing to which
~ the corresponding fraction of phosphorus atoms is excluded from the processes of interaction

with radiation defects. It is slightly probable, however, that in the weld metal containing
less than 0,0207% of phosphorus, the grain-boundary segregation processesderived an appreciable
development during slow cooling of the samples (v 15h) after annealing. The experiment,
moreover, did not reveal any significant difference in the angle of slope of the curves of
the dependence of embrittlement on the concentration of phosphorus in the casé of a change of
the cooling rate, whereas in the case of a deficit of phosphorus in the solid solution, such
a difference should be expected.

The circumstance that for rapidly cooled welds the maximum angle of slope is observed
for the curves of the dependence of embrittlement on the content of copper gives the basis
for supposing a possible responsibility of this element for the observed effect. The limit
of solubility of copper in iron does not exceed 0.15% by mass at 450°C [15], and in alloyed
ferrite it can only be less., The separation of excess copper from the solid solution during
slow cooling of the welds from 500-350°C, in principle, is capable of weakening the tendency
of the metal to radiation embrittlement. This assumption, admissible in relation to welds
with a copper .content of > 0.1%, does not explain, however, the reason for the sensitivity
to the rate of cooling of the welds containing 0.04-0,07% copper (see Fig. la). Meanwhile,
the nonrandomness of this result coincides with the data of a special experiment carried out
on the metal of a welded sample, performed with commercial wire grade Sv-08KhGNMTA and heat .
treated in industrial conditions in the following regime: annealing 650°C, 16 h; cooling in
the furnace to 350°C, then in air. The contents of phosphorus .and copper in the weld metal
amounted to 0.013 and 0.05%, respectively, This sample was divided into four parts, three
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of which were subjected to additional annealing according to different conditions: 600°C,
10 h; 600°C, 10 h + 500°C, 10 h; 550°C, 10 h., The samples in all cases were cooled in water,
As a result of the additional heat treatment, the initial value of T, (—40°C) wvaried within
limits of + 20°C, and in proportion with the reduction of temperature of the final annealing,
an increase in T, was observed. - After irradiation up to a neutron fluence of 5¢10'° cm~? at
300-330°C, the values of T, were found to be identical, independently of the conditions of
the previous annealing. The minimum shift of AT, (20°C) is appreciable for metal subjected
to stepwise annealing with a concluding temperature of 500°C, and the maximum shift of AT.
(60°C) — for metal after annealing at 600°C (Fig. 3). Intermediate values of AT. were ob-
tained for metal after regular heat treatment, i.e., after annealing at the highest tempera-
ture (650°C), but with cooling in the furnace.

Thus, even with a low content of copper, a change of cooling conditions after annealing
changes somewhat the sensitivity of the welds to radiation embrittlement.

A change of the cooling rate after annealing can also change the concentration in the
solid solution of implanted atoms (carbon, nitrogen). The effective influence of these ele-
ments on the increase in radiation hardening and embrittlement of alloys of iron, and also
low-alloy steels, is well known. Although until recently there is no single universally
accepted hypothesis for explaining the mechanism of the effect of implanted atoms on the
formation of defects in alloys based on iron [16, 17, 11}, the role of these elements in ra-
diation embrittlement is quite important. It is understood, owing to the alloying of the
metal of welding wire with carbide- and nitride-forming elements, in the first place chromium,
that the concentration of carbon and nitrogen in the ferrite of the welds after high annealing
cannot be so high as in technical iron or carbon steel. Nevertheless, concerning the presence
of dissolved implanted elements in the weld metal, the nonmonotonicity can be confirmed of
the change with temperature of the transient tensile strength oy, (Fig. 4). The extreme de-
pendence of the strength and plasticity of iron and steel in the range 200-400°C reflects the
phenomenon of dynamic deformation aging (blue brittleness), to the cause of which is attri-
buted blocking of the loose dislocations by atoms of implanted impurity, mainly atoms of ni-
trogen [18]. A comparison of the metal of the weld with the studied composition and certain
structural steels shows (Fig. 4) that steel of grade 15Kh2MFA, alloyed in addition to chro-
mium with such a strong carbide- and nitride-forming element as vanadium, manifests the mini-
mum tendency towards deformation aging, and for foreign steel A302-B (G¥Mn—Mo composition),
according to the data of [19], this effect is expressed in thegreatest degree. The metal of
welds made with wire of grade Sv-08KhGNMTA, occupies an intermediate position and is similar
to steel 10KhNIM, which has a similar system of alloying.
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EROSION OF Fe—Cr—Ni ALLOYS AND VANADIUM ALLOYS
DURING BOMBARDMENT WITH HELIUM IONS

B. A. Kalin, I. I. Chernov, V., L. Yakushin, UDC 621.039.531
V. I. Badanin, I. P. Kursevich,
V. A, Nikolaev, and V. N. Kulagin

Austenitic heat-resistant alloys and alloys of refractory metals, in particular vanadium,
are considered to be prospective structural materials for thermonuclear reactors. It has
been established that these materials are subjected to considerable erosion in consequence
of helium blistering, and it is well known that the nature and degree of damage to the sur-
face by blistering depends on the alloying and purity of the starting material, Because of

- this, a comparative investigation was carried out of the erosion of a number of trinary
Fe—Cr—Ni alloys with fcc lattices and alloys of vanadium with bec lattices, by bombardment
with helium ions with energies of up to 40 and 100 keV at a temperature of 290-970°K and an
ion dose of (8-50)+10°" m~*, The chemical composition and heat treatment of the alloys are
given in Tables 1 and 2. All the alloys are homogeneous solid solutions with dispersed se-

* TABLE 1. Chemical Comp031t10n, Treatment, ard Certain Mechanical Properties (at
290°K) of Vanadium Alloys

Item Teeat- N Maés frécti{)n. 6f elem“enfs,"% oy .

No. | Material [ ...~ |Melt v o ¢ . others | MPa | % | m, MPa
1 | VEL-2 " lcp I Base | — | o,02 1-10* | 0,MAl | 335 | — | 1550120
2 | VTsU TO-1 1 Same —~ | 04 | 5400 (2):2%]:6 410 | 20 | 1080100
3 | V—7Nb TO-2 I » o | = | o017 | 3.0 2:811\11 540 | 18 | 20404180
4 | V—14Nb  |TO-2 I » » - | 0,017 ' 3'-10-a 14,0Nb 635 | 17 | 2590230
5 | v—scr TO-2 I » » | — | 0,018 3-10* | 8cCr 515 | 18 | 1870150
6 | V—5Ti TO-2 I » » | 50][ 0,017 41073 - 445 | 15 | 17804180
R A R R sl e LA =
9 | V—10Ti TO-2 L » » | 10 | 0,046 | 1,2.10°¢ - | — | — | 19%0+19%
10 {v—20Ti (FO-2 | L » » | 20 | 0,034 | 2,910 - — | — | 20202200
1 | v—30Ti TO-2 L » » | 30 | 0,08 | 1,710 — =1 = | 2170220
12 | V—40Ti TO-2 L » 40 | 0,037 41074 — —~ | — | 23204230

*cp — cold deformation; TO-1 and TO-2 — annealing at 1470 and1370°K during 1 h, re-
spectively; I, L — industrial and laboratory melts,

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 3, pp. 173-178, September, 1984. Original
article submitted December 8, 1983,
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TABLE 2, Chemical Composition, Treat— TABLE 3, Coefficients of Erosion of Vana-
ment, and Microhardness (at 290°K) of dium Alloys, Irradiated with Het Ions,
Fe—Cr—Ni Alloys 10~% atom/ion
Mass fraction of ele- \ E=40keV, D=2-1022 m~* )
] Thermal [ments, % H 3 E
Material | treatment n —_ i %g
Fe l Cr Ni MPa = ) =)
4 P o~
£ N i " % B =t
Kh20N15 | 1270 K, 1h | 20| 15 |14354145 = S| s g S g 5.
Kh20N25 | 4270 K. 1h | Same | 20 | 25 [1295+130 M R S ks
‘| Kh20N35 1270 K, 1th | » » 20 35 [13004-130 VEL-2
Kh20N45 1270 K, 1h 35 20 45 1315130 TeU 103 |14-+4 18+5 19+5 1444 14+3
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Kh20N80 1270 K, 1h — 20 80 [1335+135 N .
" Ni(99.98%0) | 1070 K, 1h — — Base i V—14Nb | 1825 [40x10| 39+10{0,3+0,1] ~0 246
- R Tt S - v—scr 31+8 [58+15] 33+8 | 1544 | ~0 | 105230
V-5Ti 2847 {9524 | 110427 6015 | ~0 77419
V—15Ti 5+2 |40+10| 35+9 | 33+£8 [15+4 | 338 |

Fig. 1. Surface erosion of V-8Cr alloy, irradiated at 420°K with Het ions with ener-
gy 40 keV up to a dose of 2:10%°% m~* (a) and at 770°K with Het jons with energy 100
keV up to a dose of 5+10%% m~? (b).

gregation of the carbide phase, The bombardment of the electropolished samples was conducted
in the ILU-3 ion accelerator [1] by the cassette method: 8 targets with a size of 4.5 x8 mm
were clamped with a cover in the cells of a metal cassette and irradiated by horizontal
scanning with a beam of helium ions. The procedure ensured completely identical bombardment
conditions of all samples. The surface of the irradiated samples was investigated on an
REM-200 scanning electron microscope. The coefficient of erosion was calculated from an elec-
trom-microscope photograph of the surface, using the well-known procedure {2].

Vanadium Alloys. The results of the electron-microscope investigation of industrial
alloys of vanadium, irradiated with He' ions with energy 40 and 100 keV, are shown in Table
3, and typical photographs of the surface topography are shown in Fig. l. Analysis of the
results allowed a number of the special features of erosion of the samples investigated to
be explained.

The temperature dependence of the erosion of the alloys is found to be identical and is
characterized by a maximum. As seen from Table 3, in the case of the alloying of vanadium
with Zr and C (VIsU alloy), Cr, Nb, and Ti, the temperature range of intemsive scaling is
extended and moves into the region of lower temperature; the coefficient of erosion S also is
increased in comparison with that observed for pure vanadium of the electron-beam melt (VEL—Z).
In consequence of the effect of alloying additives on the temperature corresponding to the
maximum scaling, the nature and degree of damage to the surface with identical irradiation
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Fig. 2. Surface erosion of vanadium VTsU,
irradiated at 770°K with Het ions with
energy 100 keV up to a dose of 5¢10%% m—2.

TABLE 4. Dependence of the Coefficient of
Erosion in Consequence of Scaling of Fe—Cr—
Ni Alloys on the Nickel Content and the
Temperature, during Irradiation with He't
Ions with Energy 40 keV up to a Dose of
1-10** m~*, 10~* atom/ion

T,’K

Material

290 470 670 770 .| 970
Kh20N15 2846 59412 6914121441 O
Kh20N25 3246 72+14 88+18| <5 0
Kh20N35 21+4 3848 55411 ~0 0
Kh20N45 1042 1343 /T | ~0 0
Kh20N55 1844 4248 5812 <1 \
Kh20N80 24+5 48-+10 16012 <1 0
Ni (18x4)* | (3246)T |51 | <t | O

* °

At T = 370°K.

tat T = 570°K.

conditions are different. As seen from Table 3 and Fig. 1, at 370-420°K two-layer scaling
of the surface takes place and the alloys V—8Cr, V—5Ti, V—7/Nb, and VTsU have maximum values;
at 570-670°K, the alloys V—Ti, V—Cr and V—Nb are characterized by maximum erosion, and the
alloy VIsU by minimum erosion. At a temperature of 770°K, the alloys V—Nb and VTsU have the
maximum erosion. High-temperature undamaged blisters are observed on the majority of alloys

investigated at T3> 870°K; however, in the case of VEL-2 and V-15Ti, even more scaling is ob-
served (see Table 3),

-As a result of the irradiation of the alloys with He' ions with energy 100 keV up to a
dose of 5-10°% m~* at 770°K, a change of nature and degree of erosion was detected (see Table
3): for the alloy V—8Cr, four layers of scaling with blisters in deep craters (see Fig. 1b);
for the alloy V—5Ti, six layers; and for the alloy V—7Nb, three layers. The minimum erosion
is observed for the alloys of vanadium VTsU (Fig. 2) and VEL-2.

The data presented confirm the complex dependence of the erosion stability of the alloys
on the composition, temperature of irradiation, and energy of the ions, in view of which a

systematic investigation was conducted of the erosion of vanadium alloys with mass fractions
of titanium from 0 to 407 (see Table 1, items 8-12),

The results of the electron-microscope investigation of the irradiated V—Ti alloys are
presented in Figs. 3 and 4. Damage to the surface of the alloys varies in a complex way in
proportion with increase of the titanium content (see Fig, 3); the coefficient of erosion
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S, atom /ion
S, atom /ion

v 10 20 &0 40 Ti
Ti, % by mass

Fig. 3 Fig. 4
Fig. 3. Dependence of the coefficients of erosion of alloys of V—-Ti, melts L and
I, on the titanium content, as a result of 1rrad1at10n with He ions with energy 40

keV and Tjpp=370°K, with doses of 8-10° 2 (O); 1+10** w~? (@ and 1.5-10% m~*
(A)o

Fig. 4., Temperature dependence of the coefficients of erosion of alloys of melts L
(1-5) and I (6, 7), irradiated with Het ions with energy 40 keV, up to a dose of
1+10%? m~?; 1) vanadium, technical; 2) alloy V—10Ti; 3) V—20Ti; 4) V—30Ti; 5)
V—40Ti; 6) V—5Ti; 7) V—15Ti..

decreases at first and then increases. The increased erosion of the alloy V-10Ti, apparently,
is caused by the increased concentration of carbon (see Table 1). The relation between the
coefficients of erosion of the alloys and vanadium is maintained over a wide temperature
range (see Fig. 4), approximately up to 770°K, which confirms the stable effect of titanium.
At a temperature in excess of 770°K, erosion of the alloy is reduced sharply and with in-
crease in the titanium content the range of scaling is increased on the side of higher tem-
perature. With a low carbon concentration (I melt), the erosion of alloys with a mass frac-—
tion of titanium of 5 and 15% is reduced considerably, as this follows from Figs. 3 and 4

and Table 3.

According to the electron-microscope photographs, the increase in the coefficient of ero-
sion of vanadium alloys as a result of alloying is caused by scaling (flaking of large sec—
tions of the surface), and the reduction of the coefficient of erosion is explained by
flaking of the domes of individual blisters, and a reduction of the carbon content suppress-
es the flaking and stimulates the formation of blisters, Thus, alloying of vanadium with
substitution elements (Nb, Cr, and Ti), strengthening the solid solution, increases the tem-
perature range of intensive scaling, and in the system of V—Ti alloys, alloys with 20-30% of
titanium have the maximum erosion.

Fe—Cr—Ni Alloys., The results of the electron-microscope investigation of samples of
these alloys are presented in Tables 4 and 5 and in Fig. 5.

All the alloys investigated were subjected to radiation erosion at T <770°K. The de=
pendence of the coefficient of erosion on the nickel content in the alloys has a nonlinear
nature (see Table 4): alloys with a mass fraction of nickel of 35-45% (see Fig. 5a) and pure
nickel are subject to the minimum erosion, and alloys with a mass fraction of 15-25% and 80%
(see Fig. 5b) are subject to the maximum erosion. The same regularity is observed for all
temperature values investigated. At 670°K the first pores appear in pure nickel along the
boundaries (S~ 0,05 atom/ion), while for Fe—Cr—Ni alloy the maximum erosion is observed (S =
0.88 atom/ion). No pores were detected on the surface of the alloys right up to a tempera-
ture of 970°K, and at T 770°K high—temperature blisters are observed, the parameters de-
pending on the content of nickel in the alloys (see Table 5). The distribution of ‘these V
blisters by size is characterized by two peaks, and with increase in the nickel content in
the alloys up to a mass fraction of 45%, the density of fine blisters (d€0.5 um) is reduced.
At 770°K the coarsest, most frequently ruptured blisters with the least density are observed
in alloy KhZONlS, and the coefficient of erosion amounts to 0.21 atom/ion (see Table 4).
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TABLE 5. Parameters of the Blisters in
Fe—Cr—Ni Alloys Irradiated at 770°K with
Het Ions with Energy 40 keV up to a Dose
of 1+10%2 m=2 '

p-10-10, m~2 :
Alloy Imax - i

Hm e (d<0,5 pm) o (d>0,5 {m)

&‘C
o]
~-

Kh20N15

4,9 21,9 8,5 30,4

» Kh20N25 3.3 8.8 17,7 96,5
| Kh20N35 2.7 3.3 21,6 2.9
Kh20N45 3.9 0 22,3 22,3

Kh20N55 3.5 0 2.9 24,9

Kh20N80 3.6 0 2%.6 24,6

l
i
1
i
1
1

Fig. 5. Surface erosion of alloys Kh20N45 (a) and Kh20N15 (b), irradiated at 470°K
with Het ions with energy 40 keV up to a dose of 1-10%% m~2,
With increase in the nickel content, the density of the coarse blisters (d >0.5 um) is
increased, their sizes are reduced, and the coefficient of erosion does not exceed 0.05 atom/
ion. In the alloy Kh20N15, flaking of the surface ceases at a higher temperature than in
other alloys and pure nickel.

Discussion of Results. The majority of researchers relate the degree of surface damage
with the mechanical properties of the materials and their structure [3-6]. Therefore, it is
advantageous to carry out the analysis of the results obtained in the light of these concepts.

The materials investigated, according to their crystal structure, can be divided into
two groups: with bee and fce lattices; however, they all are solid solutions of alloying
substitution and implantation elements. The set of experimentally obtained data and the
results of previous investigations [6-9] confirm the existence of two general tendencies.,
First, withidentical irradiation conditions the materials with the becc lattice (for example,
refractory metals and their alloys) are less damaged by erosion than austenitic steels and
alloys with an fce lattice. Hence it follows that the process determining the blistering
depends not only on the mechanical properties but also on the characteristics of the crystal
structure of the material., Second, the irradiation erosion of the solid solutions is inten-—
sified with increase in the number and content of alloying elements. For example, complexly
alloyed steels and nickel and vanadium alloys are characterized by large erosion in compar-—
ison with less alloyed solid solutions [7-9] (see Table 3). Therefore, it can be supposed
that the high short-duration and long-duration durability and high resistance to stress re-
laxation intensify the surface radiation damage.

If the surface damage is determined by the properties of the material, then a monotonic
"change of the coefficient of erosion would be expected, as the mechanical properties of the
alloys, in particular the tensile strength usually increase in proportion with increase in
concentration of the alloying elements up to 50% approximately. However, the experiments
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TABLE 6. Change of Electron Configuration,
Electron Density (pg), and Average Size of
the Ions (rj) in Alloys

Electron | Charac- .
Compositionof . lconfigu~ | teristic Per elec
alloy by mass, % fration |valence -|trons/ rp I
atom
v 34t | 5 5,00 | 0,0400
95V —5Ti — - 4,95 | 0,0412
90V —10Ti — - 4,90 0,0424
85V —15Tj — — 4,85 | 0,0436
80V —20Tj - — 4,80 | 0,0448
0V —30T§ — - 4,70 0,0472
B0V —40Tj — - 4,60 | 0,0496
Ti 3d4s2 4 4,00 0,0640
92V —8Cr — -— 5,08 0,0396
Cr 3dt4s1 6 6,00 0,035—
0,058

93V —7Nb - - 5,00 0,0420
86V — 14Nhb — — 5,00 0,0441
Nb 4d45s? 5 5,00 0,0690
Fe ad4s? | 3 3,00 | 0,0650
80Fe —20Cr — — 3,00 0,0664
65Fe — 20Cr — 15Ni — — 2,85 0,0675
55Fe — 20Cr — 25N - -~ 2,75 0,0682
45Fe — 20Cr —35Ni - - 2,65 0,0689
35Fe — 20Cr —45Ni — - 2,55 0,0696
20Fe —80Ni — — 2,20 0,0720
Cr 3db4s! 3 3,00 0,0600
Ni 3d84s? 2 2,00 0,0600

confirm the deviation from the expected monotonic change of the coefficient of erosion in
proportion with increase of the alloying elements (see Tables 3 and 4 and Fig. 3) in solid
solutions with bcc and fce lattices. ‘

It may be supposed that a change of erosion with a change of concentration of the alloy-
ing additives must correlate with a corresponding change of state of the solid solutions and
their properties, in particular the structure of the outer electron shells and the sizes of
the ions [10]. The resistance of metals to plastic deformation depends on the nature of the
packing of the atoms and the electron density, but the resistance to damage is determined
predominantly by the electron density, i.e., by the binding energy. If we suppose that the
number of collectivized electrons is proportional to the characteristic valence of the ele-
ments occurring in the alloys, then a definite similarity can be traced of the change of
electron density and the sizes of the ions in the systems V—Ti and Fe—Cr—Ni. It is shown in
Table 6 how the electron density in the calculation per atom of alloy and the average radius
of the ions in the alloy vary:

where ry, is the radius of the ion of the i-th metal M with the characteristic valence, and
Ci is the concentration of metal atoms. It can be seen from Table 6 that in both systems
the electron density calculated per single atom is reduced in proportion with the increase
of the content of one of the alloying components in the alloy, and the average size of the
ions and, consequently, the interatomic distance increase. Thus, two parameters are varied
simultaneously, which are responsible for the monotonic reduction of the thermodynamic and
strength characteristics.

In consequence of the characteristics of the interaction of the electron shells of the
atoms in alloys of the systems V-Ti, V=Nb, V—Cr, and Fe~Cr—Ni, the concentration curve of
the high-temperature strength is characterized by two maxima, displaced to the side of both
pure components (for example, vanadium and the alloying element), and this effect appears
around the recrystallization temperature and is temperature-dependent. The presence of the
maximum of strength in the region of a small concentration of alloying elements can be ex-
plained qualitatively, first, by the marked difference between the coefficients of erosion
of alloys similar in composition and, second, by the change of ratio between the coefficients
of erosion with increase of irradiation temperature (see Table 3). When analyzing the dia-
gram of the change of tensile strength and the limit of plasticity of alloys of the systems
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V—-Ti, V-Nb, and V—Cr, it was established [11] that the change of mechanical properties corre-
sponds to the concepts concerning the existence of the two maxima. With the addition of chro-~
mium and titanium, the strength is increased markedly and the plasticity is reduced, and par-
ticularly sharply by alloying with chromium.” This corresponds to the maximum values of ero-
sion of the alloys (see Table 3), Alloyinz with small additions of titanium, however, causes
a reverse change of 6, and 8. The introduction of refining titanium (5% by mass) into the
vanadium causes a sharp increase of o, and a reduction of §, in complete accordance with the
nature of the change of erosion of alloys with a low carbon content (melt I), when the ero-
sion minimum is observed with a mass fraction of 5% titanium. However, an increase in the
carbon concentration (melt L) sharply changes the erosion pattern (see Figs. 3 and 4), in
that the erosion maximum for a mass fraction of 10% titanium and a mass fraction of 0.0467%

of carbon evidently is caused by the significant strength of the alloy and by the reduction
of its plasticity in consequence of the formation of dispersed carbides of titanium. Alloying
of vanadium with titanium and carbon promotes an increase in the energy of activation of
creep 'by the increase of the high-~temperature strength and, as a consequence of this, ero-
sion at 970°K increases because of the widening of the range of flaking in the high-tempera-
ture region in the series V »>V—10Ti +~V—20Ti +V-30Ti +V—40Ti, The monotonic change of strength
and of the coefficient of erosion is observed with a relatively identical content of the im-~
planted impurities (see Table 1). On the whole, it is necessary to note the extremely strong
influence of implantation impurities (especially carbon) on the change of the coefficients of
erosion of alloys with a bcce lattice.

The implantation impurities also play a special role in fcc metals [8], having increased
octahedral vacancies and characterized by an increased solubility of carbon. The effect of
the implanted impurities in the solid solution is determined by the elastic dilation of the
fece lattice because of the difference in the sizes of the cation and the vacancies [12]. It
was established [8, 13] that with increase in the content of implantation impurities and,
first and foremost, carbon, nitrogen, and boron, the erosion of austenitic materials is in-
tensified, whereas a decrease in their concentration in consequence of double vacuum remelting
or-heat treatment of the alloys in casting leads to a reduction of the surface scaling. An
important mechanism for the intensification of erosion was also discovered [8] 1in conse-
quence of the distribution of implantation impurities throughout the depth of the target and
their buildup in the surface layer during ion bombardment, as a result of which the strength
is increased significantly and the plasticity of the irradiated layer is reduced, Based on
these concepts, it is easier to explain the increased erosion in trinary Fe—Cr—Ni alloys with
a mass fraction of nickel > 45%. An increase in the content of Ni reduces the ability of
austenitic alloys to carbide formation and increases the amount of unbound carbon in the solid
solution; moreover, diffusion of the carbon is accelerated, which must promote segregation
of the carbon in the surface layer during ion irradiation. Thus, with an identical total
content of carbon, Fe—Cr—Ni alloys with a mass fraction of nickel of more than 45%under the
influence of both these factors must be characterized by increased erosion.

In conclusion, it should be noted that the experimentally obtained coefficients of ero-
sion as a result of irradiation with Het ions characterize the special features of surface
damage in the final stage of blister formation and, in conjunction with the results of earlier
investigations [6, 8, 13], confirm unambiguously that the well-known correlation of the coef-
ficients of erosion with the mechanical characteristics is possible only for materials with
identical structural-phase state, and these characteristics must be obtained for the surface
layer. Unambiguous conformity between radiation erosion and the mechanical macroproperties
of the material is hardly possible, since with ion irradiation deformation and damage take
place in a thin surface layer, and the diameters of the blisters usually are less than the
grain size.
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RESONANCE EFFECTS IN THE INTERACTION OF 0.2-0.8-MeV
NEUTRONS WITH ®°Fe NUCLEI

A. A. Sarkisov, I. N. Martem'yanov, UDC 539.17
A. M. Boguslavskii, V. N. Ivanov,
and G. N, Ivanov

Calculations of individual components of nuclear reactors and radiation shields require
detailed knowledge of the energy and angular distributions of neutrons described by the trans-
port equation. The solution of this equation involves poorly known values of the parameters

s
ORiot

{Orot >  (0s), (Uoty), (o m,)<‘ >, fror(0), and f4(0), which characterize the structure of the

neutron total and partial interaction cross sections of elements which comprise the reactor
and shield. The symbol ( ) denotes the average over the energy range considered.

Preliminary estimates of a number of physical characteristics (group-averaged cross sec-
tions, asymptotic relaxation length, average logarithmic decrement, etc.) for iron show
20-30% differences in the values calculated with and without taking account of resonance
shielding of the cross sections, Thus, the asymptotic relaxation length of 1-2-MeV neutrons
in iron, calculated from experimental data with allowance for the effect of shielding in the
P, approximation, is 7.9 0.7 cm. The value of this same quantity calculated without taking
account of the resonance structure of the cross sections is 6.1 em [1].

Results of studies of the structure of the neutron total scattering cross section of
iron in the ranges 1.5-10 MeV, 1-~2 MeV, and 2.5-5.24 MeV are given in [2-4], In the present
article we report on measurements in the 0,2-0,8-MeV energy range made by using a horizontal
channel of the IR-100 research reactor [5]. The equipment was arranged according to the
principle of central geometry, with the extraction of the neutron beam through a collimating
system, The total collimation length of 4.1 m and a diameter of 0,046 m ensured 'good" geo-
metry.

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 3, pp. 179-182, September, 1984, Orig-
inal article submitted July 28, 1983,
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We took account of the effect of shielding in the transmission of neutrons through ex-
tended layers of shielding materials by using the method of resonance filters proposed by
M. N. Nikolaev. Resonance neutrons were removed from the beam by extended filters made of
the material under investigation. A thin scatterer was also made of the same material, Cy-
lindrical filters 0.05 m in diameter were made of 98% °°Fe, and the scatterers were a set of
thin-walled shells 0.05 m high and of various wall thicknesses. This permitted the experi-
mental determination of the effect of multiple neutron scattering. By placing the scatterer

"in the beam" and "outside the beam," the background effects could be determined.

The following quantities were measured directly in the experiment on filtered neutron
beams: N(t), the rate of counting neutrons which passed through a filter of thickness t
without interaction and entered the detector at the location of the scatterer; N(t, p), the
rate of counting neutrons which passed through the filter and were scattered through an angle
.® = cos~' p; N(0), the counting rate in the direct beam with no filter or scatterer present.
Neutrons were recorded with a 30 x30 mm stilbene scintillation counter with n—y pulse-shape
discrimination. - For an n~y separation efficiency of almost 100%, the energy threshold of the
apparatus wasn 100keV, andthe degreeof discriminationagainst gamma rays was 10—“. Measure~.
ments were performed for filter thicknesses of0, 0.02, 0.06, 0.10, 0.14, 0.18, and 0.22 m and
at 10angles for which the cosine of the scattering angle varied from 0.9 to —0.9 in 0.2 steps.

The important charactéristics of thée medium, taking account of the resonance structure
of the cross sections, are expressed in terms of the parameters N(t), N(t, u), and N(0):

the scattering cross section for neutrons which passed through a filter of thickness t
and after scattering remained within the limits of the group being studied:

W R N(,p) .

47tn

the group-averaged integral microseépic scattefing cross section for neutrons trans-
mitted through a filter of thickness t; this is found by integrating Eq. (1) over the cosine
of the scattering angle from —1 to + 1; )

the total transmission function for a filter thickness t:

N .
JORSELE (2)

the group—averaged microscopic total cross sections for the interaction of neutrons with
nuclei for a filter thickness t, neglecting resonance shielding:

e
25 dEN (E) @ (E) exp [ —Ztot (E) 1]
. ) _
o=l | B =~ o
, 55 dEn (Ey@(E) . | .
2' .

where ¢ (E)dE is the neutron spectrum at the exit of the horizontal channel, and n(E) is the
~‘detector sensitivity function.

TABLE 1. Average Microscopic Neutron Total Interaction and Scattering Cross Sections
of Iron for Various Filter Thicknesses, b*

Energy range, o L o .Filter thiCknessf-m
MeV . - I

0,02 0,08 0,10 0,14 0,18 l 0,22

_ Total cross sections
0,8-0,4 3,3+4+0,7 3,1+0,1

| 3,0+0,1 I 2,8+0,2 2,740,2 |'Lsi02‘ 2,4+0,3

0,4—0,2 | 3,03+0,09 2,9+0,2 2,8+0,2 2,6+0,2 2,56+0,2 2,3:+0,3 2,240,3
: Séatteiing cross sections

0,8—0,4 3,30:0,06 3,101:0,08 2,940,1 2,8+0,1 2,6+0,2 2,54:0,2 2,44-0,2

0,4—0,2 3,00-+0,09 2,904-0,10 2,8+0,1 2,54-0,2 2,4490,2 2,3+0,3 2.2+0,3

621

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4




Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4
TABLE 2., Subgroup Parameters for Iron

Samples
Energy ) . . .
range, MeV | 7 aj oot b
0.8—0.4 1 0,684-0,03 3,89+0,08
' ’ 2 0,32+0,03 1,5840,02
0.4—0.2 1 0,83+0,04 3,494-0,07
’ ' 2 0,17+0,04 1,254-0,02

TABLE 3. Microscopic Characteristics of the Structure of Total Cross Sections for
Iron Samples ' :

Epergy range, MeV 1 - -

. 8y g€, “/Utot)'b “/Utaow' %bz_ (Uto(:),b Oiotr b ftot 0)
0,8—0.4 0,4340,2 0,2440,01 3,334:0,07 1,7840,02 0,53+0,4
0,4—0,2 0,400,041 0,2334-0,008 - 3,0540,04 1,70+0,01 0,564-0,4 -

TABLE 4. Group Characteristics of the Resonance Structure of the Neutron Differen—
tial Scattering Cross Sections of Iron

|Energy range, (o50p) (o o fof )
MeV
=0 I =1 =2 1=0 ‘ t=1 I I=2
, k=1
0,8—0,4 1,8840,3 I 0,170+:0,009 0,018-0,002 1,06:+0,02 | 0,09540,007 | 0,0102-0,001
0.4—0.2 1,58+-0,03 0,130+0,008 | 0,01440,001 l 0.93£0,02 | 0.076-:0,006 | 0,008-0,001
k=2
0,8-0,4 1,060,02 0,999-£0,008 0,0140,002 0,59:£0,01 | 0,045-0,007 | 0,006=:0,001
0,4—0.2 0,9330.01 I 0,078=0,007 ! 0,0090,001 ‘ 0,55--0,01 ‘ 0.0450,008 l 0,0050,001

The values of the group-averaged total and scattering cross sections are shown in Table
1 as functions of the filter thickness., The averaging was performed over the energy ranges
taken in BNAB-78, The cross sections clearly diminish with increasing filter thickness. In
the experimental determination of the effective cross sections the neutron energy intervals
were chosen from the results of the calibration of the spectrometer by using a set of OSGI
standard gamma sources and changing the light output by the method of "known cross sections"

(6l.

Our values of the group-averaged neutron microscopic total interaction cross sections
of iron are about 13% larger than the values in [7], which were obtained by using filters of
thickness zero and 19.95 cm. For the range 0.4-0.2 MeV the experimental results are in sa-
tisfactory agreement with the BNAB-78 values. For the range 0.8-0.4 MeV our values of the
total and scattering cross sections are 137 smaller than the BNAB-78 values.

Analysis of the total transmission functions and their approximation by a sum of ex-
ponentials, the choice of the initial approximations, and the determination of the statisti-
cal weight of the experimental points made it possible to determine the parameters a} and
ciot of the total cross section for the groups considered. - In the energy range AE of a group
the parameter at determines the fraction of the whole group i occupied by the subgroup j, and
the o%ot are the subgroup microscopic cross sections. The analysis was performed by the
method of least squares and linearization of the approximating function with iterations [8j.
The results of the studies of the subgroup parameters are listed in Table 2.

We resolved the total transmission function into two exponentials, whereas in [8] three
were used. The transmission curve deviates from exponential in the energy range considered.
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Fig. 1. Angular distributions of
unfiltered neutrons, and difference
angular distributionsof unfiltered
and filterédO.B—O.Z—MeV neutrons
scattered by *°Fe as measured
behind l4-cm-thick extended shields.

The experimental data permitted a determination of the group characteristics of the re-
sonance structure of the neutron total interaction cross sections:

the moments of the total cross section taking account of shielding

<

Siﬁce the effect of resonance shielding in the cross sections is determined mainly by
the first and second moments, we took k = 1 and 2 in the calculations;

!max

5 N (. | (4)
0

1 .
> (k—1) L pN (0)

Ott

the average neutron total interaction cross sections taking account of resonance shield
ing
s (Uﬂmt) .
[1] =
tot (Uatot) (5)

the shielding factors of resonances inthe total cross sections

Tior (0) = 22 (6)

{6tot)”
The results of the study of the group characteristics of the total cross sections are
listed in Table 3. ' . .

From the experimental data we determined the group parameters which characterize the re-
sonance structure of the differential scattering cross sections:

the spherical harmonics of the scattering cross section:

o pam et e o e ;

T +1
@, mz)——— S duN (¢, 1) Py (w); Q)

the constants, taking account of shielding in the total and scattering cross sections:

o o  fmx h ‘
3 —_ R- .
°%o;> T anTEw | # Sid*‘N(t’ B) Py (p); - ®
0 -

the shielding factors of the scattering cross section:

_ 1 <0J0un)

j"’(us) (1/otor) ? _(9)
where P7(u) is the Legendre polynomial of order 1, and the (wz) are the moments of the scat-
tering indicatrix.
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All the expressions given take account of corrections for multiple scattering in the .
filter and scatterer. These corrections were determined by modeling with the Monte Carlo
method. The characteristics of the scattering cross section are listed in Table 4. The
shielding factor for the scattering cross section is 0.75 +0.0l in the range 0.8-0.4 MeV
and 0.78 #0.02 in the range 0.4-0.2 MeV. The errors in the determination of all values are
5-7%.

Using the experimental data and Eq. (1), we obtained the neutron differential scattering
cross sections of iron in the energy ranges studied (Fig. 1, curve 1). The figure shows the
statistical errors for the experimental points, The errors of certain values for scattering
into the forward hemisphere correspond to errors in the determination of values from Egs.
(2)-(9); for scattering into the backward hemisphere the errors are * 10-20%. The angular
distributions plottedfrom the experimental data in the energy ranges considered are satisfac~
torily approximated by second-order Legendre polynomials [9]. :

In determining the shielding of the neutron differential scattering cross sections it is
convenient to consider the difference angular distributions for unfiltered and filtered beams,
rather than the distribution for filtered beams. These are shown by curves 2 in Fig. 1 for
a l4—cm—thick iron filter., These curves have a pronounced diffraction character. The values
of this difference for angles symmetrical with respect to 8 = 7/2 differ by more than a fac-
tor of 1.5, which is clearly beyond the limits of experimental error. The change of shape
of the resonance angular distribution for filtered and unfiltered beams shows the presence
of shielding in the neutron total and differential scattering cross sections.

Our results shown in Table 1-4 and Fig. 1 confirm the presence of shielding in the neu-
tron total and differential scattering cross sections of iron, which is clearly related to the
change of shape of the filtered as compared with the unfiltered neutron spectrum. The quanti-
tative data obtained permit the refinement of the effective interaction cross sections of
iron, which is an important structural material, and taking account of resonance effects by
introducing corrections for the shielding of cross sections in multigroup and subgroup calcu-
lations of nuclear reactors and radiation shields. : '
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APPLICATION OF GAMMA SPECTROMETRY IN INTEGRATED
EXPERIMENTS ON REACTOR PHYSICS

A. V. Bushuev and V. N. Ozerkov UDC 621.,039.51.

The physical parameters of a nuclear reactor (multiplication factor, breeding factor,
and others) are determined by the ratios of the rates of different neutron reactions. The
required accuracy of their measurements, depending on the characteristics of the reactor under
study, is estimated by means of calculations of the sensitivity of the critical load (or the
doubling time, parameters of the outer loop) to errors in the experimental results.

Ixperiments are performed on the subcritical and critical assemblies with flux densities
of 10°-10'° neutrons/(cm®ssec) and recently in power reactors with ¢ = 10'2-10'% neutrons/
(cm®-sec). A special task of these studies is to analyze the nuclide content of the spent
nuclear fuel, which gives information on the contribution of different processes over the
operating time of the reactor. 1In order to obtain the required volume of information, com-
plexes of different instruments and techniques, each of which had limited application, were
used.,

Often investigations of one reaction interfere with other reactions, occurring simulta-
neously and creating a background for the measurements. In order to decrease the background,
laborious chemical procedures are used. Many of the problems enumerated above can be solved
by the method of gamma spectrometry. The possibilities for its application have increased
especially after the development of the semiconducting detectors, which have a high resolu-
tion with satisfactory photon~detection efficiency. Other favorable factors are the refine—
ment of nuclear data (quantum yields of radiation and others) and the development of effi-
cient programs for processing the instrumental spectra on a computer. In this paper, we
analyze the possibilities of gamma spectrometry in studies of neutron processes in nuclear
reactors.

Measurements of the Ratios of Neutron Reaction Rates. The procedure for determining the
ratio of reaction rates includes the following stages: irradiation of the sample in a fixed
region of the reactor, measurement of the instrumental spectrum of the gamma radiation of
the irradiated sample, computer processing of the spectra in order to determine the intensity
of production of separate reaction products and their content in the sample, and calculation
of the ratio of the reaction rates from the content of their products:

1t

S 1 exp (ATAA

i =m (—Y—;) H—exp(=AAT) H—exp (—AD) ] Pmyk (K N, - ()
Here S is the area of the photopeak created by the gamma rays of the product-monitor of the
'reaction rate; IY is the quantum yield of the recorded radiation; e is the detection effi-
ciency; X is the decay constant of the reaction product; T is the duration of the measure-
ment; ' is the time interval from the end of the irradiation to the beginning of the measure-
ments; ATis the duration of irradiation; A is the atomic mass of the isotope; m is its weight
content in the sample; P is the mass of the sample; N, is Avogadro's number; K, is the cor-
rection for absorption of detected quanta within the sample; K, is the correction for the
"dead" time of the apparatus used; Y is the probability of formation (output) of the frag-
ment-monitor of the fission reaction rate (this cofactor appears in measurements of the fis-
sion reaction rate).

Ixpression (1) explicitly contains the measured quantities and the external data: nuclear
(Iv; A; Y) and nonnuclear (¢, P, m, K;, K3).

If the error in the external data is large, then a different method for solving the prob-
lem can be used. This variant is based on weighing the samples in the flux of neutrons with
a standard spectrum for which the reaction cross sections are well known (most often in the

Translated from Atomnaya ﬁnergiya, Vol, 57, No. 3, pp. 182-186, September, 1984. Orig-
inal article submitted November 11, 1983.
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flux of thermal neutrons). In this case, expression (1), to within corrections for the dead
time, for the change in the yield of fragments, depending on the neutron spectrum, and so on,
assumes the form

R;=(S;/St) Rin. (2)

~ The experimental results can be affected by a perturbation of the neutron field when
the sample is placed in the reactor or into the thermal neutron flux. This source of error
is minimal if for studies of reactions occurring in the fuel, samples prepared from the same
fuel are used (usually these are tablets consisting of enriched uranium dioxide)., Such sam-
ples have adequate strength with a thickness of 1 mm and greater, and their diameter is se-
lected to equal the diameter of the fuel element. The following difficulties appear when
using these samples for the measurements:

1. The radioactive nuclei — products of the neutron reactions — can be nonuniformly
distributed over the radius of the irradiated samples. Special measures must be adopted in
order to obtain identical efficiency of detection of quanta emitted from different sections
of the surface of the sample [1]. ’

2. A significant part of the detected gamma quanta can be absorbed inside the sample.
The corresponding correction is determined either by a computational method, or the results
of measurements of the absorption coefficient for gamma quanta in the real geometry are used.

3. Calibration of the sample perturbs the thermal-neutron field. The corresponding
correction is obtained by a calculation with the help of the Monte Carlo method or from spe-
cial experiments,

In the studies of lattice of thermal reactors, the standard set of parameters to be de-
termined includes the modified conversion factor (MCF), p2%, &%°, 6*° and the spectral in-

dices, including 02°°/02%°. Thus, in the experiments, it is necessary to determine the rates
s g f f P y

of the reactions ??®U(n, v), **°U(n, f), **°U(n, f) and *?°Pu(n, f), as well as the cadmium
ratios for the first two reactions. It is advantageous to use 2>°Np as a monitor for the
rate of the reaction 2°®U(n, y) and the fission products *“3Ce, '“°La, and others as monitors
for the rates of the fission reactions.

We compare below the errors in the enumerated parameters achieved (first value) in gamma-
spectroscopic measurements and the allowable (second value) values-[2], %: :

MCF | 1,26; 2—3
e . . . . 1,5, 2,5
6% . ... 2,5, 2,5
628 . ... 2,2 5,0

The error in the ratios of the average cross sections presented below correspond to the
.smallest error among the errors obtained with the help of expressions (1) and (2).

The parameters p2% and 62° (Table 1) are usually determined either by the cadmium screen
“method (a) or the indicator method 1/v (b}. Unfortunately, the method of gamma spectrometry

TABLE 1. Componentsof the Errors in the
y-Spectrometrical Determination, 7

_ Correction for |Error in the | Error in the
Parameter i measure- i
t?énﬁrebﬁinon of hents constants i
MCE 0* 1,0 0,77
o8 @ 0,5 1,0 0 |
b 0,5—1,0 1,0 0
5% @ 0,5 1,0 1,5—2,0
b 0,5—1,0 1,0 1,5—2,

*If in determining the MCF a sample iden-
tical in size and composition to the re-

gular fuel tablets is used, the perturba-
tion of the neutron field is absent.
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TABLE 2. Nuclear Data for the Monitors of
the Rates of (n, y) and (n, 2n) Reactions
on the Nuclides Th, U, Np, and Pu [3]

I %

6.@,’ § :3_‘_‘-’« g~ g

Reaction St = p= .':.‘-,U-

~ a8 = 28| 3 9

o] 25 o >
233Th (n, V) 233pa §:’:,g§g;(‘“d§zy 311,9[38,6+0,5
;ggg (7 V) 37U 2,35520,004qay] 208 [21.7x0.2
(n, ¥) 239Np |- 277,8{14,1%0, 4

237Np (n, ¥) 238Np |2,117+0,002day] 984 23,8
232Th (n, 20 + v, n) | 231Th |25,512+0,00 h | 84.2 | 6,540,4

28U (n, 2n+ v, n) | BWIU | 6,75+0,01 day | 59,5 33,5

TABLE 3. Yield of Fission Products of Th, U, Np, and Pu [4], 7%

Yield per neutron-induced fission act

Fission

q thermal neutrons fast neutrens
product : =

2357 239pp 2337 |232Th | 233U 236( 2367 2387 237Np 239py

143C 5,94+0,05 | 4,47+£0,03 |5,89]6,87|5,59] 5,72+0,08 | 5,724-0,08 | 4,6+0,13 | 4,92+0,16 | 4,34=40,12
14012 |.6,3440,06 | 5,56+0,06 |6,41]7,89|6,29] 6,03+0,07 5,76 6,010,041 5,58 5,2940,07

(as practically all competing methods) does not permit measuring in low-flux reactors the
rate of radiative capture reactions for ?°°U and *°°vU.

The enumerated reactions, together with the radiative capture reaction in 235y, make

the main contribution to the neutron balance and determine the criticality of the thermal

reactor. Useful information on the formation of the isotopic composition of plutonium can
be obtained from measurements of the fission reaction rates for 2“°Pu, 2“'Pu, and others.
In solving a number of problems associated with the external fuel cycle, it is of great in-
terest to study the reactions **°U(n, v), **’Np(n, v), and *3°U(n, 2n +y, n), leading to the
accumulation of *2°Pu, *®®Pu, and *??U, on whose concentrations the selection of the tech-
nology and the refabrication regime of spent fuel depend.

In studying uranium—thorium lattices, the experimental program includes measurements of
the rates of radiative capture reactions as well as rates of the reaction (n, 2n +vy, n) in
232Th and the fission reactions in *®2Th and *?°U. The required information on the rate moni-
tors for these reactions is presented in Tables 2 and 3.

Table 4 summarizes the results of the analysis of the errors in the measurements of. the
ratios of the rates of a number of important reactions occurring in fast reactors,” Informa-
tion on the allowable error in their determinations is also presented there.

Thus it has been established that gamma-spectroscopic measurements can yield information
on most of the important neutron reactions occurring in the fuel of a nuclear reactor with
the required accuracy. We note especially the usefulness of studying the Doppler effect ac-~
companying the resonance absorption of neutrons in this manner [5]. With the help of gamma-
spectrometrical techniques, it is possible to study the neutron reactions not only in the
fuel, but also in other reactor components: in structural materials, in some heat carriers
(Na), and others. Gamma-spectrometrical measurements with collections of resonant, threshold,
and other indicators give information on the spatial-energy distribution of the neutron
field, including a detailed picture of the neutron field in a unit cell, in nonuniform lat-
tices, etc. [6]. .

Determination of the Depth of Fuel Burnup. The distribution of fission products over
the active zone of the reactor characterizes the energy liberation field, and their concen-

r—_‘—_ . .

It should be noted that the accuracy of measurements of the rates of threshold reactions in
the experiments in thermal reactors is lower than in fast reactors, due to their lower prob-
ability for the (n, f) reactions.
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TABLE 4.

Components, and the Permissible Error, 7%

Total Errors in Measurements of Some Functionals in a Fast Reactor, Their

! . v ) ____ |Permis-
i | () | 25) | ) | o) | () | o(R) | v
(0238)/(03) 1,1 2,5 1,1 0,7 0,5 0,5 341 3,6
(39)/(0%%) 0,01 1,1 0,7 0,5 1,3 2,8
(ogsvlo%as) 9.5 1,1 0,7 0,5 0,5 2,9 3,6
(0%57)/(0?) 0,01 1,1 0,7 0,5 1,3 2,8
(029%)/(a7%) 2,8 , 11 0,7 0,5 0,5 4 3,6
(O(n, sy, my/(OF) 2,5 1,1 0,7 0,5 0,5 2,9 10,2
(0339)/(0 1) 0,01 1,78 0,7 0,5 2 2,8
(022)/(a%) 1,3 2,5 1,1 0,7 0,5 0,5 3.2 3,6
(0,232)/(0%35) 0,01 1,1 0,7 7 0,5 1,4 2,8
O oy, WP | 6,2 2,5 1,1 0.7 0 P I s
(0383)/(0335) 0,01 1,4 0,7 0,5 1,3 2,8
(033%)/(a%) 0,01 2,0 0,7 0,5 2,2 2,8

tration in the fuel characterizes the depth of fuel burnup. In determining the total number
of fission events by the gamma-spectroscopic method, the emission from *37Cs and some other
fission products is usually used [7]. The errors of the gamma-spectroscopic determination

of burnup are due to the statistical error in the measurements, the ertror in determining the
detection efficiency, the uncertainty in the value of the average yield of the fission product,
and the corrections for 'its burnup and decay.

In measurements with samples of a solution of the fuel, the spectrometer is usually
calibrated with the help of a ccllection of radioactive sources. In these cases, the error
in the determination of the efficiency e is determined by the inaccuracy in the nominal data
for the sample sources (1%). In experiments with fuel elements or fuel assemblies, the gamma
spectrometer is calibrated based on destructive tests or with help of a special standard fuel
element of a standard fuel assembly. The upper limit of the error e is given by the uncer-
tainty in the certified data for the spent fuel element or fuel assembly in nondestructive
measurements and is equal to ~ 3%.

The value of the average yield, as a rule, is determined from a mass—spectrometrical
analysis [8] or by a computational method. The uncertainty of the yield of products in fis-
sioning of ?2°U makes the determining contribution to the error in the average value of the
yield Yay of the product—monitor with a burnup depth of less than 40 kg/ton U. The yield of
1370s with fissioning of uranium in thermal and fast reactors is known to within 0.8 and
2.9%. The errors in the corrections with burnup and decay of the monitor are equal to 0.1-0.4
and 0,1-0,2%, respectively.*

The information presented permits estimating the minimal error in the gamma-spectroscopic
determination of the fuel burnup depth of thermal and fast reactors. It is equal to 1l.4-3.1
and 3.1-4.2%, respectively.

Determination of Plutonium Accumulation. The intense gamma emission of the uranium fis-—
sion products initiates x-ray emission of heavy nuclei, whose measurement can give information
on their content in the spent fuel of a power reactor. The number of corresponding x-ray
quanta is proportional to the content of the element in the spent fuel and the excitation
probability.

_ For the detection, it is most convenient to use the x-ray emission in the K, series. For
elements with Z = 92-95, the energy difference between the K, lines is equal to 1.5 keV, and
in order to distinguish them in the total emission spectrum of the fuel element, a spectro-
meter with high energy resolution (v 700eV at an energy of 122 keV) is required.

The correction for the burnup of the monitor is significant. For a fuel burnup depth of 40
kg/ton U in a fast reactor, this correction and the correction for the decay of '?’Cs over
the operating time do not exceed 57%.
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The analysis for the plutonium content is compatible with the procedure of gamma scanning
in determining the burnup depth. The elemental ratio Pu/U in the fuel elements of. a fast re-
actor is determined in this manner [9]. Attempts have been made to determine with the same
method the accumulation of plutonium in the fuel elements of water-moderated—water-cooled
power reactors. Due to the nonuniform plutonium accumulation over the radius of the fuel
elements of thermal reactors and the weak penetrability of the recorded quanta, corrections
for the difference in the concentration of plutonium in the surface layer and at the center
of the fuel element must be introduced into the experimental results.

The error in the determination of tha ratio Pu/U consists of the random error in the
measurements and the error in the correction for the different efficiencies of detection of
the Ky quanta of uranium and plutonium and for the difference in their excitation probabili-
ties. With a plutonium accumulation of ~ 15-25kg/ton U, the random error exceeds 2%. The
correction for the difference in the detection efficiency can be determined from special mea-
surements with standard sources, and the correction for the differences in the excitation
probabilities can be determined computationally. Due to the closeness of the energies of the
recorded quanta, these corrections do not exceed several percent, so that the random error
makes the main contribution to the error in the determination of the plutonium accumulation.

Determination of the Isotopic Ratios in Plutonium Samples. The gamma-spectrometric de-
termination of the content of individual isotopes in solutions and samples of plutonium is
based on the detection of gamma quanta in the energy range 30-60 keV, which includes the most
intense lines of 2?2®Pu, 2°°Pu, 2“°Pu, and *“*Am. For such measurements, Si(Li) spectrometers
with a resolution of 500 eV for radiation energies of 60 keV are used. It is important to
take into account the absorption of low-energy gamma radiation within the sample. The ef-
fective thickness of the sample can be determined from the results of intensity measurements
of two or several gamma lines of a single isotope (for example, 38.6 and 51.6 keV for 239py).,
The thickness obtained is then used to calculate the corrections for absorption.

The isotopic ratios can be determined by two methods. The first involves the direct
determination of the quantitative content of separate isotopes from the intensity of their
emission. The second method is based on a comparison of the intemsities of lines in the spec-—
tra of the sample under study and a standard sample whose composition is known. In the first
case, the uncertainties of the nuclear constants used make the main contribution to the error;
-in the second method, the error in the certified data of the standard makes the main contri-
bution.  The necessary condition for gamma-spectroscopic measurements is that the fission
progucts must be removed from the plutonium sample. Their admissible content is no more than
107 %.

Determination of the Content of 222U in Uranijum and 22°Pu in Plutonium. The concentra-

tion of 2??U in uranium samples and *?°Pu in plutonium samples can be determined from the
intensity of the gamma quanta of *°°T1 with energies of 583 or 2615 keV, which are emitted
with the highest probability., The error in the determination of the activity of *°°Tl1 is due
to the random error in the measurements and the errors in the determination of the effective-
ness of the contribution of the background emission of 20811, present in the structural
materials., ‘

The accuracy of the analysis of the 23253 (23%py) content is increased if thorium is

specially removed from the samples under study. Otherwise, it is necessary to know the con-
centration of *2®Th at the moment that the sample is prepared.

The aggregate of the data on the achieved error of the gamma-spectroscopic determination
of the characteristics of spent fuel is shown in Table 5. The table also shows for comparison
information on the admissible error in these characteristics for a fast power reactor., Ac-
cording to the data in Table 5, the accuracy of gamma-spectrometric measurements in most
cases satisfies the requirements. An exception is the determination of the burnup depth,
where the error in the values of the yield of *37Cs with fissioning of ?3°U in a fast reactor
must be reduced by a factor of 3. (In the destructive tests on thermal reactors, the re-
quired accuracy is almost achieved.)

Thus gamma spectrometry yields important data on the composition of spent fuel.. Measure-—
ments can give extensive information on the isotopic fields and the energy liberation fields
in a reactor with all of their structural and operational peculiarities., Many types of anal-
yses can be performed under operational conditions. '
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TABLE 5. Error in the Gamma-Spectrometric
Determination of the Characteristics of
Spent Fuel, 7

Concentration of nuclides
Burnup

Error depth

asay | 236pu | 238py [240py [241py

Pu accu-
mulation

Achieved 3 20 20 5 4 4
Admissible | 1 [1.68] 3 | 30 | 20 | 5 | 4

[

It is expedient to combine extensive gamma-spectrometric measurement with separate high-
accuracy analyses based on traditional (mass and a-spectrometry) methods. It should be noted,
however, that in some cases gamma spectrometry is not only more productive, but it can also
compete with traditional methods with respect to accuracy (for example, in the analysis of
plutonium samples for the content of >3®Pu, ?“°Pu).

Thus the use of gamma spectrometry based on the application of semiconducting gamma- and
x-ray detectors makes it possible to obtain, with satisfactory accuracy, information on a
number of very important neutron reactions occurring in nuclear reactors and on the concentra-
tion of some radionuclides in the spent fuel. A complex analysis of these data makes it pos-
sible to estimate some parameters that cannot be measured directly. For example, 23% can
be determined from measurements of the isotopic composition of plutonium, the burnup depth,
and the functional (0}°°)/ (522%); the functional {c??7 )/ (0;3;> can be determined from

£
measurements of the 22°Pu and ?°°Pu contents. n,2sn ’
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PENETRATION OF RADIOACTIVE INDUSTRIAL WATERS
FROM THE NORTH SEA INTO CENTRAL REGIONS
OF THE BALTIC

Se M, Vakulovskii and A, I. Nikitin UDC 551.464,6.02

We know that the radiation conditions in the Baltic are affected by the arrival of water
from the North Sea, polluted by radioactive industrial effluent carrying high levels of '®7Cs
[1, 2]. The expedition launched in 1980 by the Institute for Experimental Meteorology ob-
served '®“Cs in the mouth of the Baltic itself [3, 4].

We should bear in mind that the influences of other sources of local radioactive pollu-
tion (the effluent from nuclear power stations on the shores of the Baltic) are only observed
in the direct vicinity of the power stations themselves and then chiefly from the pollution
of bioindicators. There are presently no reports of *>“Cs being found in sea water caused
by the effluent from the Baltic nuclear power stations.

As our criterion of penetration of radiocactive effluent water into the center of the
Baltic, we used the content of *?“Cs in the bottom waters of troughs (Arkonsk, Bornholm,
Gdansk, and Gottland) lying in the path of the North Sea waters, since this serves as a radio-
active indicator of the presence of polluted water. The radionuclides from the samples of
bottom waters comprising several thousand liters were concentrated, since the content of
13%Cs is of an extremely low order. The method of sample extraction and the means of con-

centration have already been described in {3, 5].

Table 1 gives the results obtained for **7Cs and *?“Cs (soluble fraction). The average
content of '37Cs in suspension in the bottom waters comprised 0.06 Bk/m®>. This result was
obtained by measuring combined samples totalling 15,900 liters. The presence of '>“Cs was
observed in the bottom waters of all stations. The minimum concentrations observed by means
of a semiconductor spectrometer with a DGDK-80 detector were set by the speed of measurement
and the volume of the sample. TFor example, where the measurement time was 480 min and the
volume of sample 3000 liters, the minimum concentration of '®“Cs that could be measured was
n~ 0.04Bk/m®. We should bear in mind that the presence of a radioactive indicator, such as
124Cs, characteristic only of the North Sea, in the waters of the Baltic can be used to
solve the water—dynamics problem and to identify water within the Baltic Sea.

TABLE 1. Content of *®“Cs and '®’Cs in Samples of Sea Water Taken from the Baltic in

June 1983
. Concentration, . . a1 BT,
Stati Depth  |Level of Volume o Bk/m® Content of industrial ~'Cs
Region of | Station of sam~ | Salinity
egion o No of sea, [sample, ) s % of rise in
sea (rench)| ' °- m m ple, liters| ¥/ o - 1sacs | Bk/m® Doof otal | om-
Cs Cs m (foncentra- ‘|water con-
gon centration
Arkonsk 80 46 0 1250 7,8 12 — —_ — —_
45 3000 12,0 - 22 0,32 5,5 25 55
Bornholm 62H 90 0 730 7.5 . 12 - — — — —
88 3000 15,0 20 0,24 4,2 21 . 53
Gdansk 55 102 0 1210 6,1 11 — — —_ —
100 3035 11,2 18 0,15 2,9 . 16 41
Gottland 46 130 0 300 7,3 i1 — — — -
100 4560 9,0 15 0,11 2,1 14 52
37 240 0 600 7,1 13 — — — —
170 2300 11,2 18 0,12 2,6 14 5

Translated from Atomnaya fnergiya, Vol. 57, No. 3, pp. 186-188, September, 1984, Orig-
inal article submitted February 21, 1984,

0038-531X/84/5703~ 0631$08.50 @ 1985 Plenum Publishing Corporation 631

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4




Riga
Klaipeda

Kaliningrad

Fig, 1, Locations of sampling stations,

These investigations showed that radioactive pollution present in the North Sea waters
has penetrated the system of deep-water trenches of the Baltic as far as the Gottland trench.
The greatest degree of *?“Cs and '?7Cs pollution of bottom waters is found in the Arkonsk
trench (Station 80 in Fig. 1), adjacent to the Strait. The concentration of '*“Cs in the
Gdansk trench (Station 55) is half that in the Arkonsk, while that in the Gottland trench
(Stations 46 and 37) is only a third of the Arkonsk level, This is due both to the dilution
of the waters and to the decay of the *°“Cs as it moves through the sea. As a rule, in-
creased levels of salinity correspond to higher concentrations of 13405, An exception is the
Arkonsk trench, where the salinity proved to be lower (at 12 %) than in the Bornholm trench
(15 %4 ) despite the higher concentration of '?“Cs.

We should note that a smaller concentration of '®’Cs was observed in the surface waters
of the areas under investigation in 1983 than in 1980: a reduction from 14-18 Bk/m® [3, 4]
to 11-13 Bk/m®. Such a comparison is difficult to make in the deep waters, since the salinity
of the bottom waters was higher in 1980 than in 1983. This tendency for the concentration
of *®7Cs to fall in the surface waters has been confirmed by West German studies [6], which
found in December 1981 that the intermediate levels in the concentration of '°7Cs were 13-15
Bk/m®. Investigations carried out in Poland and East Germany, however, did not note any re-
ductions in the concentration of *>7Cs in 1981 [7].

By utilizing data on the concentrations of *>“Cs in the bottom waters, we are able to

estimate the proportion of industrial *°’Cs in the total content of radionuclides present in
the bottom waters from the ratio of **7Cs/'®“Cs in the effluent. Reference [8] gives an
average value of 5.8 +0.6 for this ratio for the point of effluent (Windscale) during 1970-
1978. We used a correction factor found earlier [3] for the decay of **“Cs over the time.of
travel (3.3 years) from the point of entry of the effluent to the Baltic (Arkonsk trench).
The time of propagation of the water into the Baltic can be estimated on the basis of data
on changes in salinity in the trenches during the period of high encroachment of North Sea
water [9]. We can infer from these data that the transfer of water masses from the Arkonsk
trench to the Bornholm, Gdansk, and Gottland trenches takes about 1, 4, and 8 months, respec-
tively., The concentration of industrial **’Cs, calculated from this ratio in the. effluent,
taking account of the decay of *°“Cs during the journey, is also given in the table.

We can see that the proportion of industrial **7Cs within the total content of radio-
nuclides in the bottom waters is significant and reaches a level of ~ 25% in the Arkonsk
trench. The level of industrial **®7Cs tends to fall with distance from the mouth of the
Baltic, as we would expect, reaching about 14% in the waters of the Gottland trench. These
data also enable us to estimate the contribution made by industrial pollution to the increase

in the concentration of '?’Cs in the bottom waters in excess of the surface concentration.
We can see that ~ 50% of this increase is due to industrial pollution. This value remains
practically constant with distance from the mouth of the Baltic to the central region.

We have therefore been able to establish that '*“Cs entering the Baltic as the result
of emissions from radiocactive waste disposal plant at Windscale [Sellafield] is contained in
the bottom waters of the Baltic trenches in measurable amounts., Further investigations by
the use of this radioactive tracer of North Sea water can determine the extent to which radio-
active effluents penetrate to other parts of the Baltic.
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UNDERGROUND LOW-BACKGROUND-LEVEL LABORATORY
FOR RADIOGEOCHEMICAL INVESTIGATIONS

Yu. A. Surkov, 0. P, Sobornov, c ’ UDC 539.1.074.3
0. P. Shcheglov, G. Sh. Shengelaya, '
K. K. Daneliya, and T. G. Khundzhua

When low levels of radioactivity are being determined in small samples of material, the
analytical capabilities of the low-background-level gamma spectrometer used in above-ground
laboratories are limited by the contribution that cosmic¢ rays make to the background level of
the detector. The sensitivity of gamma spectrometers can be increased by reducing the back-
ground levels, and this can be achieved by creating underground low-background-level labora-
tories, such as are described in [1-5]. These laboratories can also be used for a wide range
of physical investigations. In view of their suitability for long-term experiments, there is

a need to create new laboratories built to a high specification.

The low-background-level underground laboratory ''Saberio" was built in the Soviet re-
public of Georgia, in an old stope tumnnel passing through low-activity limestone for a dis-
tance of 430 m (Fig. 1). The height of the tunnel entrance above mean sea level is 140 m and
its downwards slope is 10%.

A low-background-level chamber weighing 3500 kg was set into the tunnel at a distance
of 350 m from its mouth, under a layer of rock equivalent in its protective properties to 180
m of water equivalent (mwe). . It was located in an equipment room linked to the surface labora-
tory by power, telephone, and coax lines 650 m in length.

Fig. 1. Layout of ‘Saberio station: 1) un-
derground laboratory; 2) entrance to stope
tunnel; 3) communication line with surface
laboratory; 4) ventilation opening.

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 188-191, September, 1984, Orig-
inal article submitted December 29, 1983,
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TABLE 1. Background Count Rate for NaI(Tl) Detector in Various Underground Labora-
tories, min~'

Thickness E, MeV
Laboratory and [of passive
depth, mwe g’f’:;%“oﬁv 0,3-3,4 | 0,5-0,8 | 1,0-1,4 [1,35-1,55| 1,7-2,0 | 2,5-3,4 | 3,4-5,0 | 5,0-7,0
Baksan, 660 353 17,0 (23,1) *}4,76 (6,79) 11,78 (4,01) 11,22 (2, 12) [0,29 (0,76) ]0,25 (0,41) |0,04 (0,68) [ 0,01 (0,06)
Saberio, 180 - 270 1 14,3( 7,3 14,13(4,33)|1,85(2,46)10, 5(1 10) (0,26 (0,42) |0,25 (0,37) |0, 12 (0,63) | 0,08(0,16)
Radiev, 120 207 19,4 5,6 2,13 1,1 0,35 0,38 0,14 —

The first value is for a 76 x76 mm diameter NaI(T1l) scintillation counter; the se-

cond (in parentheses), for a

block.

{0y

Count rate, pulses/sec at 24 keV'

Fig. 3.

ﬁﬂ

Number of channel

720

740

Spectra of background for scintillation detector No.

274 with NaI(Tl) crystal, 76 x76 mm diameter, in the underground
laboratories at Baksan (x), Radiev (), and Saberio (e).

100 x100 mm diameter NaI(Tl) detector with a 33 x 60 mm
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Irradiation from the medium surrounding the chamber is attenuated by layers of steel 100
mm thick, lead 100-150 mm thick, copper 25-40 mm thick, and tungsten 30-40 mm thick (Fig. 2).
The position of the last two layers and their thickness can be varied in relation to the con-
figuration of the detector and can accommodate a maximum diameter and height of the sensitive
part of the detector of 200 x200 mm. The upper wall of the chamber comprises a cover weighing
700 kg, which can be freely moved in guides to permit access to the chamber when replacing
samples or changing detectors. :

The temperature in the tunnel at the site of the equipment room tends to vary throughout
the day by not more than 0.3°C (for variations of charge temperature of up to 20°C). The tem-
perature is 16-17°C during hot weather. For this reason, the instruments located in the
chamber (high-voltage power packs, preamplifiers, and analyzers) are guaranteed stable long-
term operation. The content of radioactive nuclides in the rock surrounding the tunnel and
the natural ventilation due to its connection with a tunnel carrying river water to a reser—
voir ensure a low concentration of radon in the air and a reduction in the contribution of
radon decay products in the background spectrum of the gamma spectrometer,

The same scintillation counters (ScC) were used to compare the screening conditions of
the chamber as were used in {5]. The results of the present investigations were comparable
with those achieved in the best Soviet underground laboratories, such as the Baksan Neutrino
Observatory of the Institute of Nuclear Research of the Academy Sciences of the USSR and the
laboratory of the V. G, Khlopin Radiev Institute (Table 1). The measurements were carried
out with the aid of multichannel amplitude analyzers types NTA-512B and AI-1024-95, mounted
in the low-background chamber and in the surface laboratory at a distance of 650 m. The
error .in determining count rate comprised 1-5% for E <3,4 MeV and 10 and 30% for >3.4 MeV
(P =0,95) usingmultiple exposureof 5:10“ sec (13h, 53min). The backgroundspectra obtained inthe
range 0.3-7.0 MeV were processed in a similar manner to [5]. Figure 3 gives the results of
background measurements made on the same scintillation counter in three different laboratories.

Comparison of the data given in Table 1 and Fig., 3 shows that the 1ntegral count rate of
the background in the energy range 0.3-3.4 MeV (including a summated stage of 2°°T1 radiation).
is lower in the Saberio chamber than in the Baksan and Radiev laboratories. Contributions to
the background radiation at energies > 3.4 MeV of o radiation, due to the decay products of
U and Th, are found in thedetector [5], together withthe muon component from the cosmic rays.
The contribution of cosmic rays proved to be less effective in this range at the  Baksan Ob-
servatory, due to the vast amount of overlying rock (660 mwe). Consequently, the analytical
problem in the energy range that includes the y lines of all the radionuclides of the gamma
radiators is easier to solve at Saberio, despite its shallower overlay of rock and the less
sophisticated equipment included in the first stage of comnstruction.

A comparison of the measurements of the content of natural radioactive elements in sam-
ples of rock taken from the tailings of the excavation work at Baksan and the bedrock pene-
trated by the Saberio tunnel (Table 2) shows that the bedrock in the latter case is consider-
ably less radioactive. The higher count rate at Baksan in the 1.35-1.55-MeV range (incor-
porating the “°K photopeak) has also been noted by workers at the Radiev Institute [3]. It
seems that the chamber itself and the dunite used for shielding the bedrock were not able
entirely to eliminate the radiation from the potassium contained in the protection material,
Lower background count rates in the range 1.7-2.0 MeV (in the region of the total absorption
peak for ?'“Bi, 1.76 MeV) were registered than at Baksan or Radiev. From this, we are able

TABLE 2. Content of NaturalRadionuclides
in Rocks Surroundlng Laboratory, %

Radionuclidé' Baksan Saberio
K 3,20—6,22 | 0,0440,01*
: U (Ra), 10-¢- 2,0—-3,7 : - 0,6+0,2
: Th, 10— ‘ 13,3—-27,6 0,440,2
| .
i

. .
Corresponds to average content of po-
tassium in dunites.
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Fig. 4. Relationship of background count
rate to depth of detector in passive pro-
tection in the energy ranges AE, = 0.3-3.4
MeV (1), 2.5-3.4 (2), 3.4~5,0 (g) and
5.0-7.0 (4), based on the data given in
[5].

to conclude that the contribution of the y radiation due to decay products was lower in the
spectrum of Saberio. The investigation also showed that the contribution depended to some
extent on the weather conditions (the humidity in the tunnel). Further improvements in the
laboratory could bring the background count rate down by hermetically sealing the chamber.
The lower count rate of the background radiation registered at Saberio in the range 0.3-3.4
MeV by the two monitor detectors is due to the lower contribution of gamma radiation from
“°K and a number of radionuclides representing decay products of radon.

A comparison of the count rates in various energy ranges in relation to the depth of the
laboratory in which they were taken (Fig. 4) shows that a depth of 100-120 mwe is adequate
for virtually full absorption of cosmic rays under real conditions of measurement in the la-
boratories we have been comparing, taking the 'differences in the protection of the chambers
into account. The contribution of the muon component becomes negligible at a depth of 180
mwe, in comparison with the natural radiation of the materials.

The Saberio laboratory is used for determining low contents of radionuclides (K <0,01%,

U(Ra) and Th n+1-10->%) in small one-off samples (from 5 g) and for estimating the intrinsic
radioactivity of various types of detector.

The authors would like to express their gratitude to workers at the Institute of Geo-
.physics of the Academy of Sciences of the Georgian SSR and the Institute of Geochemistry of
the Academy of Sciences of the USSR A. M. Nikoladze, A. M. Kritarasov, V. G. Gelashvili,
‘E. ‘M. Sizov, E. B. Konovalova, M. L. Rivkin, I. L. Artemenkov, G. V. Petrov, and G, A, Fe-

doseev  for their assistance in carrying out the preliminary investigations, in creating the
underground laboratory, and in discussing the results.
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MEASUREMENT OF THE RANGES OF RECOIL NUCLEI OF HFAVY
ACTINIDES FORMED IN MULTINUCLEON TRANSFER REACTIONS
INITIATED BY 2%2Ne IONS

'A. G. Demin, V. A. Druin, Yu. V. Lobanov, UDC 539.172.6:539.16.17.015
R. N. Sagaidak, and V. K. Utenkov »

In experiments on the synthesis and study of the properties of the transfermium elements
in reactions with heavy ions, a serious problem is the separation of the synthesized nuclide
usually produced in the total-fusion reaction of the impinging ion and the target nucleus,
on a background of the numerous reaction products of multinucleon transfers, the yields. of
which, as a rule, considerably exceed the yields of the total-fusion reaction products [1-3].
This problem is particularly complex in experiments on the synthesis of spontaneously fissile
nuclides, as their identification causes additional difficulties.

In experiments on the synthesis of spontaneously fissile nuclides with Z =104, using
transuranic targets, the differences in the radioactive properties and in the angular
distribution of the recoil nuclei formed via the composite nucleus and in the multinucleon
transfer reactions were used for the separation of the total-fusion reaction products [4,
5]. Additionally, it is possible to improve the background conditions during separation of
the total-fusion reaction products by means of the differences in the kinetic energy of the
recoil nuclei., Thus, when investigating quasielastic transfer in nuclei of the fissile region
over a wide range of mass and energy values of the incident ions, it was found that the ranges
of the recoil nuclei in the direction of the beam are markedly different from the ranges of
the reaction products of total fusion, and depend in a quite complex way on the energy of
the incident ion [6].

" The purpose of this project has been the measurement of the ranges and angular distribu-
tion of the recoil nuclei ?°°Md, formed in the reaction 2“°Bk +2?Ne, and also the measurement
of the ranges in the direction of the beam for the recoil nuclei *°?Fm and *°°Md, formed in
the same reaction, and the recoil nuclei **°Cf, *“?*Cm, and 2“°Cm, formed in the reaction
23%Pu +2%Ne, in order to assess the feasibility of isolating the total-fusion reaction pro-
ducts from the reaction products of multinucleon transfers in the experiments on the synthe-
sis of transfermium nuclides. An abstract of this paper was published earlier [71.

Experimental Procedure. The experiments were conducted on the U-300 cyclotron in the
Nuclear Reaction Laboratory of the Joint Institute of Nuclear Research. The facility, shown
schematically in Fig. 1, was used for the measurement of the angular distribution and ranges
‘of the ?°°Md atoms with different angles of flight from the target. The target of 2“°Bk,
with a thickness of 0.3 mg/cm® and an area of 0.1 cm®, was irradiated with a stream of *°Ne
ions with an energy of 118 MeV, The energy of the ion beam at the target was established by
means of aluminum absorbers and was monitored by the elastic scattering of the ions by a thin
gold target located in front of the inlet to the reaction chamber (not shown in Fig. 1). The
absorbers were chosen on the basis of tables of ranges [8], taking account of the thickness
of the inlet window of the target and its backing.

The recoil nuclei ejected from the target were collected in aluminum collectors, forming
the lateral surface and the base of the Faraday cylinder enclosing the target. The thickness
of the collectors (0.1-0.3 mg/cm®) was determined by the energy absorption of the a-particles
of a spectrometric ??®Pu source by means of tables [9]. The error in determining the thick-
ness amounted to "~ 5%. TFor the purpose of preventing heating up of the target, the collec—

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 3, pp. 191-195, September, 1984, Orig-
inal article submitted October 4, 1983,
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Figs. 1

Fig. 1. Diagram of the facility for measuring the angular distribution and ran-

ges of the 2°°Md recoil nuclei, formed in the reaction *“°Bk +*°Ne: 1) ion

beam; 2) ion beam collimator; 3) aluminum absorbers; 4) aluminum foil collectors

of recoil nuclei; 5) Faraday cylinder; 6) inlet and outlet vacuum windows; 7) i
24%Bk target. o

Fig. 2. Diagram of the facility for measuring the ranges of recoil nuclei of
multinucleon transfer reaction products, emitted in the direction of the beam
(the maximum angle of flight of the recoil nuclei is shown): 1) ion beam; 2)
ion beam and recoil nuclei collimators; 3-7) as in Fig. 1.

tors, and absorbers under the action of the intense ion beam, the reaction chamber was se-
parated fromthe vacuum space of the cyclotron and the Faraday cylinder by aluminum windows
and was filled with helium up to a pressure of 4:10° Pa.

The yield of 256Md was determined from its spontaneously fissile daughter product 23°Fm,
the direct formation of which in the reaction being considered is negligible at an energy of
118 MeV [2]. It was assumed, therefore, that all the spontaneous fission activity recorded [
at the collectors is due to the decay of 23°Md. The spontaneous fission fragments of the !
nuclei remaining in the collectors were recorded by means of solid-state track detectors
(Lavsan, with a recording efficiency of the fragments of ~ 90%).

The measurement of the range of the recoil nuclei in the direction of the beam was ef-
fected by means of a similar facility, shown in Fig. 2. 1In these experiments, targets of
249p1 and 22°Pu were used, with thicknesses of 0.15 and 0.4 mg/cm® and areas of 2 and 0.5
cmz, respectively. The stack of aluminum foils of the thickness shown above was located af-
ter the recoil nuclei collimator at some distance from the target. The maximum angle of
flight of the reaction products achieved in this case was equal to 25.4°, The reaction
chamber in working conditions was filled with helium to a pressure of 2000 Pa. The ranges
of the recoil nuclei of the multinucleon transfer reaction products in *’°Pu were also mea-
sured in the stack of aluminum foils without collimator (angle of flight of the reaction pro-
ducts ~ 120°). The energy of the *?Ne ions at the target layer amounted to 118 MeV during
the irradiation of 2“°Bk and 121 MeV in the similar experiment with 239py, which corresponds
approximately to the calculated maxima of the excitation functions of the total-fusion reac-
tions 2“°Bk(**Ne, 4n) and *°°Pu(®*®Ne, 5n) [10].

The alpha—activity of the reaction products collected by the foil-collectors was mea-
sured with an eight-channel alpha-spectrometer with semiconductor surface barrier detectors.
The resolution (lines width at one-half of its height) for the distribution over the thick~
ness of the source located close to the detector amounted to 150-180 keV. The observed ac-—

‘tivity values of 2°2Fm, 2“°Cf, *“?Cm, and **°Cm were identified by the characteristic a-de-
cay energy and the half-life of the nuclide.

In view of the similar radioactive properties of 252pnm and *°°Fm, for the purpose of ad-
ditional identification of the l-day activity attributed to 232pm, in a separate irradiation
of 2“°Bk with 2°Ne ions, it was shown that the ratio of the cross sections of formation
O2s2+255Fm/O2s4Fm > 10. Allowing for the content in the target *“°Bk (T.;» = 314 days) of
its daughter product 2“°Cf (7%) and the data about the isotopic distributions of the acti-
nides formed in reactions of 22Ne ions with 2“°Cf [2] and ?“®Cm [3], it could be verified
that. the observed l-day activity is associated mainly with the decay of *°*Fm, formed in the
24%cf impurity in the berkelium target. '
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Experimental Results.

Fig. 3. Range distribution of the ?°°®Md recoil nuclei,

formed in the reaction *“°Bk +?*Ne with an energy of 118
MeV, for different angles of flight. For the angles 0-6°,
the calculated distribution of the ranges of the total-

' fusion reaction products of *“°Bk(*®Ne, 4n)?°7107 is shown.

F(t)
0,999

0,99

a9

Fig. 4. Gaussian approximation of the
range distributions of 2°°Md recoil
nucli in aluminum, shown in Fig. 3:
1) range of angle of flight of recoil
nuclei 0-6°; 2) 6-12°; 3) 12-16°; 4)
16-21°; 5) 21-25°; 6) 28-38°; 7)
38-47°; F(t) is the buildup fraction
of the total activity of the collec-
tors (Gaussian scale).

Figure 3 shows the distributions obtained of the ranges of 2°°Md

atoms formed in the reaction 2“®Bk +%2Ne, for different ranges of angles of flight of the’

products in the laboratory system of coordinates. The thickness of the foil, corrected for

the average value of the given angle of flight of the recoil atom, is plotted along. the
abscissa, and the measured relative spontaneous fission activity of the foil-collectors in
mg/cm® is plotted along the ordinate axis. The calculation of the average value of the
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TABLE 1. Average Values and Dispersions of
the 2>°°Md Recoil Nuclei Ranges in Aluminum,
Measured in Different Intervals of Angles

of Flight, in the Laboratory System of Co-

~ordinates

Interval of Disper- | Energy of re-

a?gles plf flight| Range, mg/  {sion, coil nuclei,

0—6 0,844-0,08 0,28 17,44-1,7

6—12 0,804-0,08 0,26 16,44-1,6

12—16 0,75+0,07 0,23 -15,3+1,5

16—21 0,704-0,06 0,22 14,2+1,3

21—25 0.67+0,06 0,27 13,5+1,2

28—38 0,51+0,05 0,29 10,1+1,0

38—47 0,34+0,06 0,35 6,61,2

. Note. The energy of the recoil nuclei, cor-
responding to the measured range, was ob-
tained by means of tables [11].

10 —
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Fig. 5 Fig. 6
Fig. 5. Angular distribution in aluminum of 25°Md recoil nuclei,

formed in the reaction 2“°Bk +2°Ne with an energy of 118 MeV, in
the laboratory system of coordinates. The statistical error is
shown at each point of the distribution (by a vertical line), as is
the interval of the defined angles & (by a horizontal line).

256 252

Fig. 6. Distribution in aluminum of the Md and Fm recoil
nuclei ranges, formed in the reaction 249k +2°Ne with an ener-
gy of 118 MeV, measured in the direction of the beam. The cal-
culated distribution is shown of the ranges of the total-fusion
reaction products; the arrow corresponds to the average value
of the range, and the hatched section corresponds to the region
in which 68% of the 2°7107 (Fig. 6) and 25°Ru (F1g. 7) atoms
are stopped.

range of ‘the 2°7107 atom was performed by extrapolation of the table data [11l], which agreed
quite well with the measured ranges of the heavy recoil atoms [6, 12]. For this, the energy

:of the recoil nucleus was calculated as

= EPMPMR/]‘IECNi

where the subscripts R, P, and CN relate to the recoil nucleus, the emitted particle, and the
compound nucleus, respectively; E is the energy, and M is the mass. . The effect of neutron
emission on the range of the recoil nucleus was taken into account [13]

In the calculations of the straggling parameter (dispersion of the range distribution),
representing the sum of several quantities, the contributions dueto stopping processes of the

640

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4




Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4

J | e
4 26 e
Sl
U 7y
- 20m
2 s
P
: - A
e
' .; 2106"
2 0k Fig. 7. Distribution in aluminum of the ranges of ct,
S 24%chm, and 2“?Cm recoil nuclei, formed in the reaction
5 g 23%p4 +22Ne with an energy of 121 MeV, measured in the di-
% rection of the beam.
. M 1
g 95 10 15 20

R, mg/cm?
TABLE 2. Degree of Separation of the Re-
action Products of Total Fusion and Multi-
nucleon Transfers n in the Interaction Re-
actions Investigated o

L . Reaction :
Interaction reaction product n

2108k 4 22Ne ::ggad (;
m

239 Py ' 22Ne :::gf 1’17
m

210Cm 16

O Qo 0o LT =3

heavy atom in the material, neutron boiloff from the compound nucleus, and the finite thick-
ness.of the target [13] were taken into account.

In order to determine the average values of the ranges of the atoms and their dispersion
for 2°°Md, a Gaussian approximation was used for the distributions obtained with fitting by
the method of least squares,'as shown in Fig. 4. The average values of the ranges of the
atoms and their dispersion obtained in this way for different ranges of the angles of flight
of the recoil nuclei are shown in Table 1. The average value of the range of *°°Md in alu-
minum was corrected for the thickness of the effective working layer of the target and the
layer of helium filling the reaction chamber at the.time of the experiment. The range cor-
rection was.done by means of range—energy tables [11] and did not exceed 15% of the experi-
mentally measured values. Table 1 also shows the average energy values of the recoil nuclei,
obtained by means of table data [1l]. ’

Figure 5 shows the angular distribution of the 256Md recoil nuclei in the laboratory
system of coordinates- for the reaction 249py + 22Ne, In Figs. 6 and 7, the results are shown
of the measurement of the recoil nuclei emitted in the direction of the beam: 2°°Md and
252pn  formed in the reaction 2“°Bk +2*2Ne, and also *“°Cf, *“*Cm, and 24%cm, formed in the
reaction 2?°Pu +22Ne. Only the statistical errors of the measurement are shown in the distri-
bution for 23°Md, and the errors are not shown for the distribution of a-active products. In

the latter case, they were determined by the systemmatic error due to the geometry of counting
and did not exceed 15%.

Discussion of Results and Conclusions. The results derived show that the ranges of the
recoil atoms of the multinucleon transfer reaction products in the direction of the beam,
with an energy of the impinging ions corresponding to the maxima of the excitation functions
of the reactions (*?Ne, 4-5n), exceed the ranges of the total-fusion reaction products by a
factor of more than two. This fact can be used in experiments for separating the reaction
products of total fusion and multinucleon transfers. The data obtained allow quantitative
estimates to be made of the degree of separation of these products n, for which was chosen
the ratio of the total number of nuclei — multinucleon transfer reaction products — to the
‘number of these nuclei remaining in the stopping region of the total-fusion reaction products.
The regions in which 68% of these products are stopped are noted in Figs. 3, 6, and 7. The
values of n are given in Table 2. Its data give an idea of the background suppression factor
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from the reaction products of multinucleon transfers, which can be achieved by the use of
recoil nuclei collectors of appropriate thickness and collimation of the recoil nuclei in
experiments on the synthesis of the transfermium nuclides. It should be noted that the sim-
ilar values for the reaction products of *2°Pu +??Ne, obtained in the experiment without
collimation of the recoil nuclei, did not exceed 2-3.

Thus, relatively shallow collimation and choice of the stopping conditions of the recoil
nuclei (preliminary slowing down and appropriate thickness of the stopping layer) allow reac-
tion products of total fusion and multinucleon transfers to be efficiently separated. The
separation of the products should be revealed particularly distinctly when such light gases
as hydrogen and helium are used as the stopping media. Then the contribution to straggling,
due to the stopping process of the heavy atom in the material, which is fundamental in the
case of the use of thin targets, will be significantly less [13].

The measurements of the ranges and angular distributions of the recoil nuclei may be
found to be useful in the identification of the nuclides in the transfermium region, as they
allow kinematic sampling of the most probable reaction channels to be carried out, leading
to the formation of the nuclide being observed [14].

In conclusion, the authors consider it their duty to express their acknowledgement to
G. N. Flerov and Yu. Ts. Oganesyan for the formulation of the problem and for interest in
the project. We also thank S. P, Tret'yakova for ensuring processing of the track detectors,
and G, V. Buklanov for the preparation of the targets.
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ENERGY AND ANGULAR DISTRIBUTIONS OF ELECTRON
BREMSSTRAHLUNG FROM THICK TARGETS

V. I. Isaev and V. P, Kovalev UDC 539.163:539.124

In view of the fact that electron accelerators for an energy of several tens of megaelec-
tron volts are used extensively in industry and the applied sciences it is important to know
the energy spectra and angular dlstrlbutlons of bremsstrahlung from targets of different ma- .
terials and configurations.

At the present time the theory enables us to calculate these characteristics over a lim-
ited range of angles, corresponding to roughly half the radiation intensity [1-3]; calcula~
tion using the Monte Carlo method is laborious [4, 5] and practically no experimental data
are available for the range of large angles. It is of great practical interest to derive an
analytic expression for the angular and energy distributions of bremsstrahlung that would
permit rapid calculation of these characteristics for different targets.

In this work, using the method of summation with the aid of an approximation series we:
have obtained analytlc expressions for the energy and angular distributions of bremsstrahlung
from electrons of energy 10-100 MeV for targets of different configurations in the range of
angles from 0 to 90°.

In deriving the formulas we assumed that as it penetrates into the target, an electron
continuously loses energy and at a depth t its state is characterized by an average energy
E(t); the bremsstrahlung emitted is directed forward, along the ray (line) of electron scatter-—
ing, and is attenuated according to an exponential law with a minimum absorptlon coefficient
for the given material [6].

The general expression for the calculation of the number of y-ray quanta of energy k that
are emitted from the target at an angle 8 into a unit solid angle has the form

, Y : :
N(T, 0, k)d@ =" S n(t)At)o (E, t)e-n=-di, (1)
0

where No is the Avogadro number, A is the atomic weight, n(t) is the number of electrons at
the depth t, A(t) is the angular distribution of the electrons, o(E, k) is the cross section
for the formation of y-ray quanta of energy k, E is the average electron energy at the depth
t, (x — t) is the distance that a y-ray quantum traverses in the target after formation in
the direction of the line of scattering of the electron, u is the y-quantum absorption coef-
ficient, T is the target thickness (gecm™?), and v is determined in formula (18).

The principal difficulty in calculating expression (1) is that at this time the inte-
grands n(t) and A(t) are not sufficiently well known for high-energy electrons. We shall
calculate expression (1) approximately. -

We take n(t) in the form [7]

n (t) =exp [—a(t/Re) 1, : (2)
where b = [387 E/Z (1 + 7.5-10° ZE})]-*; = (1 — 1/b)*"P, E, is the initial electron energy
(MeV), and Re . is the extrapolated range

B e=0.565 (7_%) E$9%, (3)

The angular distribution A(t; 8) of electrons will be written as

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 195-198, September, 1984. 'Orig—
inal article submitted January 23, 1984.
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A(t) =T (t) exp [—a () 6. @
The normalization condition ' '
L 2n ; 2
1= g \ A(t) sineded(p=5 S T () e~o082 4 dop. (5)
00 00 R

should be satisfied for A(t, 9).

When integrating over 6 we can set the upper limit of integration equal to infinity since
the value of the exponent for 6 = m is small., The calculation yields

PSS _2al (1) 1
1=2al (t)§e worsingdy ~ O [1—L [~ L.

The last approximation was obtained for a >1.

Thus, T(t) and o(t) are related by

T (¢) =a (t)/=. : . (6)

It is known that when the diffusion thickness is reached the angular electron distribu-
tion does not change and is described approximately by

A (tg) =cos28.

We assume that the distribution (4) and the diffusion distribution are equal for 6 = 45°:

exp [ — o (tq) (%—)’J = cos? 45°.

Hence, a(ty) = 1.12. This means that a(t) should have a form such that as the diffusion thick-
ness is approached it tends to the value 1.12 and then does not change (or changes only very
little) upon a further increase in the thickness.

For thin targets electron scattering is described by the Moliere distribution [8]

02\
E 3 2 2 ¢
where 02 = (44.8)2/( ptoe Trem) T8 (eg).
. It thus follows that o(t) v1/t.
We choose a(t).in the form
a(t)_t+t2+1 (8)

For small values of t expression (8) leads to a(t) v1/t, since the first term is con-
siderably greater than unity; for a larger thickness, equal to the diffusion thickness,
a(t) »1,

For targets in which electrons lose only an insignificant part of their initial energy
but are scattered many times, the angular distribution of the bremsstrahlung is determined
almost completely by the angular distribution of the electrons [9]. It was shown in [10]
.that in this case the part I(0) of the electron energy that is emltted into a unit solid
angle in the forward direction is given by

1(0)= A% In (950t;). _ (9)

Here, ty is the target thickness and the radlatlon length and 1 is the radiation energy loss
per radiation length.

The range of thicknesses correspondlng to this case lies between the limits 5-10-*
t <<l (in radiation lengths Xo).
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From this we can determine the constant Uo in expression (8). Multiplying by k and in-
tegrating both parts of equality (1) over the photon energy from zero to the maximum value
Eo, we get the intensity (or energy) of the bremsstrahlung radiated in the direction of the
given angle. Using the approximate equality

@Eldz), , ~cE~ Y ( oz, pyrar, - (10)

L Yo

we get

. ) Y
O = | c£ () n () 2 e-at002 g-uie-0 gy, (11)-
: 0

For high—-energy electrons [1] we have

E(t) = E,exp (—Et), (12)

where (dE/dx)rad is the radiation energy loss by an electron per unit length, & = (dE/dx) .,/
Eo, and (dE/dx) to¢ is the total electron energy loss per unit length.

For thin targets n(t)a1l, e-&tal, e H(x= t)”VI and for zero degrees e—a(t)8? - 1, we
find that equallty (9) is equal to expression (11):

1(0)=

p) =

ce_,ﬁ.;-

il fom, 0 ' (13)

For a small thickness, o(t) can be written as o(t) =(Uo/t)4-i. Then, integrating the .
‘right-hand side of expression (13) and setting the lower limit of integration equal to
0.00105X0, we get an equality in which we neglect the 1n31gn1f1cant terms and from this we
determine U,:

 Egt ' : :
‘ Uo=gz0¢ - / (14)
Thus,
Byt ' o
a(t) = m—{—l (15)

The bremsstrahlung cross section is written as

o W (G-g) (16)

and the proportionality factor is found from the condition

(dE/dz) = cE = \ o (E, k) kdk= d\ (+——4)kdk; d=2c. (17)

0

We substitute all the necessary functions into expression (1) and make the change

' 1
exp [—a () 02] =~ TFae

we determine c2 from the condition

. 1 2 In2 2 a(t) 1 1
0.5 =exp [—a () 0% /5] = ——— , 0f)p = —22 €2 __In2 t U0z
| p[ ( ) 1/2]. 1 tc ge%/z 172 (@) ’ 2 no ° 1““3%92 = Tn2 100 erz " ) u=]T20——|—§§ ,
| ma2fee

exp[—a (t/R)*+ ] =~ iﬁﬁ’

where ¢} = [2 exp (ufy) — 11/8, ty = R, (In 2/a)®, 2z = 1/c.
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: Fig. 1. Angular distribution of the bremsstrahlung
of electrons from a tungsten target: a) Eo = 10
MeV, T = 3.1 geem™?; b) 30 MeV [1) 6 geem—2, 2) 12

3,

——— | geem™2, 3) 24 geem*]; c) 60 MeV [1) 8.25 gecm™?,
6?”—_"‘4:: - 2) 16.5 geem™?, 3) 33 geem~?]; the histogram and the
iy ' dashed lines represent Monte Carlo calculations [4,
/ . 5]; for b and c the results of the calculation from

formula (19) and by the Monte Carlo method practi-
cally coincide in the range of angles_0-90°.

10°

1(@), MeV st~ selectron™!
3

e — ——

Then solving Eq. (1) reduces to the calculation of the expression

In2 2z _, (1 1 1 Updtge ¢
N©)dQ—rrm s o (17 7) é—m e ardt

This calculation gives for the bremsstrahlung spectrum the expression

__In2 2 _ . 11 i L L n+ty c z+y: | D y
N (€)dQ = e Lomwn (L L) fin () +BIn bl S n 2L Vgarctgm}, (18)

where Xo is the radiation length,

A= U+ 1) @—1)], B=l—u( —pu)+

+ @+ 1) A+ u),C=p—A4—BD=1-—
—uu+ A+ uB, y= %ln(E(,/kx) if 0<k<
ke y= gIn(Bk) i k< k< E, Here

ky = E, exp (—§2).

When calculating the energy (intensity) (11) of the bremsstrahlung emitted in the direc-
tion of a given angle per unit solid angle, we make the substitution

1
exp [—a (t/Re)’ — E— W] = 1o
. where Cf = {2 exp & — n) tg] — 1}/15%
and we denote v = 1/c?.

Calculafion of Eq. (11) gives the following expression for the bremsstrahlung intensity:

) _ In2 cE _ ) vtz c v—liac2 D z
LT, 9)dQ= 15 n°§XP( pa) {An(1-+2)+Bln wromix, Tz ﬁawtgﬁ}’ (19)
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Fig. 2. Bremsstrahlung yields from a target (tungsten) of
optimum thickness in the direction 0 as a function of the
electron energy Eo: 1) 0°, 2) 10°, 3) 30°, 4) 90°, 5) 180°.
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where A = UM +v)(u—1)], B=—u+ (1 +v)A/@w +u?), C=—A4A -8, D=1-]4 1 B.
¥For the intensity in the forward direction at 6 = 0° formula (19) gives us the expres-
sion .
ol 9h0T
1(T, 0)d2 =2C2oxp (—17) {AIn (1+T)+ Bl =+ 5 in V_mct,q =} (20)

where x is defined as the distance calculated along the ray in the direction of the angle ©
from the point of incidence of the electron to the point of intersection of the ray with the
line forming the external profile of the target.

Formulas (18)-(20) enable us to calculate the bremsstrahlung spectrum and intensity for
a target of any material and any configuration for angles ranging from O to 90°. The results
are expressed for the spectra [photon-MeV 'esr-'] and for the intensity [MeVesr='] and are
normalized to one incident electron.

For a plane-parallel plate of thickness T that is infinite in the transverse direction

z=7T/cos 9,

while for a disk of height T and radius r

z=T[cos B, if Ggarctg% ;
x =rfsin®, if arcig _;_<0<90°.

Figure 1 presents the values of the intensity of bremsstrahlung at angles of 0-90°, cal-
culated from formula (19) and by the Monte Carlo method for angles 0-180° [4, 5].

In some cases, e.g., when assessing radiation hazard, it is neeessary to know the maxi-
mum values of the intensity of bremsstrahlung emitted from a target in a given direction.
Analysis of expression (19) shows that for the forward direction the optimum thickness of a
target of heavy elements (tungsten—uranium) is 1.5-2.5 gecm? for an electron energy range
of 10 to 100 MeV. When the angle increases, the value of the optimum thickness increases and
at 90° reaches a value of 0.5 of the electron mean free path. From the data of [4, 5] we
can conclude that for angles of 180° the optimum thickness is close to the electron mean free
path.

Figure 2 shows the yields of bremsstrahlung from a target of optimum thickness for the
chosen direction, plotted as a function of the electron energy. The intensity in the forward
direction from the target of optimum thickness is proportional to the third power Ea of the
electron energy. The proportionality factor is 3.16- -10-° With increasing angle the degree

of dependence of the intensity on the electron energy decreases and is 1.1 at 90° and 0.6 at
180°. .
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CALCULATION OF EQUIVALENT AND ABSORBED PHOTONEUTRON DOSES

V. I, Isaev and V. P. Kovalev UDC 539.136:539.124

Since electron accelerators are widely used as neutron sources, it is necessary to esti-
mate dose rates at operating areas due to photoneutrons from accelerator targets.

The dose rate produced by neutrons with an energy distribution N(E) [neutrons/(cm *sec*
MeV)] is calculated from the expression

p={N@B@aE (1)
b

where B(E) is the ddse factor {1].

Since the functions N(E) and B(E) cannot generally be expressed analytically, the inte-
gration is replaced by a summation, the neutron energy distribution is represented by a set
of monoenergetic groups, and the continuous function B(E) is replaced by a group dlstrlbutlon,
i.e., by a set of factors B averaged over the neutron energy-group limits,

The spectrum of the photoneutrons produced by electron accelerator targets is continuous,
and in most cases is satisfactorily described by the simple expression

N (Ey=T-*Eexp(—E[T), (2)
where T is the effective nuclear temperature.

If B(E) is expressible in analytic form, an analytic expression can be obtained for the
photoneutron dose rate.

For the equivalent dose the dose factor R(E) is represented by the Snyder—Neufeld dose
relation. This relation is difficult to express by a single curve over the photneutron spec-
trum, which extends from zero to several MeV. In order to represent it in piecewise compo-
nent form, we divide the whole range into three regions:

for 100 eV=E <9 keV, B(E) = 1.6 x10~° rem/(neutron/cm?);
for 9 keV=E <1.1 MeV, B(E) = 10=7-3° E°+%%? rem/(neutron/cm?); 3)
for 1.1 MeV=E < o, B(E) = 5 x10~° rem/(neutron/cm?),

Since the photoneutron spectrum has few low-energy neutrons, the first region in the
integration can be neglected, and for convenience of calculation the relation for the second
region can be extended to zero. Then the integral in Eq. (1) can be written as the sum of
two integrals:

1

SN(E)ﬁ(E)dE=1ﬂ-7~35 S T-2ge~F/Tposs2 g 4 \ 5.10-s7-2Ee~EIT 4. (4)
0 1]

ot 3

Calculation yields the equivalent dose (in rem) from a unit flux of photoneutrons inci-
dent on an area of 1 cm® (1 rem = 10 mSv):

P = [4.ATT0.882 (2.682; 1.4/T)4-5(1.1—T)e~1-1T] q0-8, (5)
where y(a, x) is the incomplete gamma function [2], o = 2,682, and x = 1.1/T.

" In the energy range 0.02-7 MeV the dose factor R(E) (rad) for the absorbed dose is ex-
pressed in the form [3] (1 rad = 0.0l Gy)

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 3, pp. 199-200, September, 1984, Orig-
inal article submitted October 27, 1983.
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' B(E)==29-10-9F0.43, - (6)

Substituting it into Eq. (1), performing the integration, and taking the upper limit as
infinity, we obtain the absorbed dose (in rad/neutron) for one photoneutron incident on an
area of 1 cm®:

P =3.67-107°79.48, : . . -

With an accuracy sufficient for practical purposes, we assume that the photoneutron
spectrum does not depend on the angle of emission of a photoneutron, the angular distribution
of -the photoneutrons is isotropic, and the target region in which most of the photoneutrons
are produced is a point in comparison with the distance R to the operating area. Under these
conditions the dose rate at the operating area due to photoneutrons produced in a target of
atomic number Z and thickness t by electrons of energy Eo, and a current I is

6.25-10'8IB(E,, Z, ¢

nger, ®
where 6.25 x10'® is the number of electrons corresponding to a current of 1 A, B(Eo, Z, t) is
the photoneutron yield from a target on which one electron is incident [4], and P is the
equivalent or absorbed dose produced by one photoneutron [cf. Egs. (5) or (7)].

D=

To transform the results obtained into SI units, Eqs. (5) and (7) must be multiplied by
10-?., The errors of the final results are determined mainly by the error of the effective
temperature, the photoneutron yield, and the approximation of the dose factor. The estimated
error of the calculation of the equivalent and absorbed doses is 20-40%.

Let us compare the calculated values with published experimental data. Kovalev [5] mea-
sured the absorbed doses of photoneutrons produced by a 6-cm—diam. spherical lead target bom-
barded with 25-MeV electrons. Dosimeters were located at an angle of 90° with the direction
of the electron beam at a distance of 20 cm from the target, and lead shields 10-20 cm thick
were located between the target and the dosimeters. The following values were obtained for
the absorbed doses: for a 10-cm—-thick shield 1.3 rad/pA-min; for a 20-cm—thick shield 1.0
rad/pAemin.

Let us calculate the absorbed dose with Eqs. (7) and (8). For a 4-cm—thick lead target
and T = 1 MeV, B(25, 82, 4) = 70 x10~"* neutrons/electron. The photoneutrons are attenuated
by a factor of 2.7 in passing through a 20-cm-thick lead shield, and by 1.73 in passing
through a 10-cm-thick lead shield [5].

Substituting these values into Eqs. (7) and (8), we obtain

6.25.102.60-75-10-4 _
D =5 than27 3.67-107" = 0,76 rad/uA-min for a 20-cm-thick shield,

D = 6:25-1012.1.60.75-107%

AN AT 3.67-10* = 1.19 rad/uA+min for a 10-cm-thick shield.

The differences between the calculated and experimental values are 32 and 5%, respective-
1y, which is consistent with the errors of the data used in the computations.,
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INVESTIGATION OF THE INFLUENCE OF THE SURROUNDING MATERIAL
ON THE ACTIVATION OF SAMPLES IN A NEUTRON-ACTIVATION
APPARATUS WITH CENTRALLY LOCATED SOURCE

B. S. Vakhtin, V. S. Ivanov, UDC 543.53
and G. A. Kuznetsov '

In a previous paper [1] we showed that when a californium source is placed inside a
cassette along with a sample (so-called central geometry) the fast-neutron flux is used more
efficiently than in a geometry providing for plutonium—beryllium source outside the sample.
Even though the average energy of neutrons from californium sources is lower than the average
energy of neutrons from plutonium—beryllium sources (2.34 and 4.0-4.5 MeV, respectively),
the effect of activation of silicon and aluminum is sufficient for the more accessible cali-
fornium sources, which are small in comparison, e.g., with plutonium-beryllium sources, to
be used in neutron-activation analysis.

As already mentioned, this apparatus is provided with a cassette of a special shape:
its lower part has a vertical cylindrical channel to half the cassette height. 1In the
irradiation position the cassette is inserted by means of this channel onto a neutron source
and as a result the source is in the center of the cassette with the sample. The radiation
from the source is used in almost a 47 geometry.

In this work we carried out a series of measurements to assess how the materials sur-
rounding the sample affect the activation of aluminum and silicon specifically for the given
neutron-activation apparatus. Two artificial samples were used in our studies. The first
consisted of a mixture of chemically pure aluminum oxide and calcium carbonate (content 10%
Al2053) and the other consisted of quartz glass powder (100% SiO.). The mass of each sample
was 290 g.

In the experiments these. samples were irradiated with neutrons from a californium source
inside the cassette containing the sample, with and without neutron-scattering or absorbing
materials near the sample; the induced y-ray activity of these sampleswas then measured.

As a result, the (n, Y) and (n, p) nuclear reactions occurring in aluminum and silicon nuclei,
respectively, produce 28A1 which has a half-period Ti/2=2.3 nin and a y-ray energy E= 1.78
MeV.

In the first experiment no scattering or absorbing materials were present next to the
sample in the channel. The holder with the source was set up on a vertical support (a rod
of diameter about 10 mm and height 1.6 m) at a distance of no less than 1.5 m from the walls
or other protruding objects (see Fig. 1la). For the duration of the irradiation (6 min) the
cassette with the sample was inserted onto the holder with the neutron source. After the
irradiation the sample was removed from the holder and put into the detection unit where in
5.4 min (according to the timer of the instrument) its induced y-ray activity was measured.
The interval between the completion of irradiation and the onset of the measurement was 20
sec. The samples were re-irradiated no sooner than 1 h after completion of the measurement.
The times of the irradiation, interval, and measurement were the same in all the experiments.

The detection unit was made up of a scintillation detector, consisting of a thallium-
activated sodium iodide single cyrstal (diameter 160 mm and height 200 mm) with a well of
diameter 70 mm, and an FEI—49 photomultiplier. 1In order to reduce the background the detector
was placed in a lead housing (wall thickness 10 cm). An AI-256-6 pulse-height analyzer served
as the recording instrument. The >®Al photopeak was identified on the basis of 26 selected
channels. The stability of the channels was checked with the aid of “°K y-rays (E=1.46

MeV) from a potassium preparation. We also checked the position of the photopeak (channel
" number) and its magnitude. The neutron yield of the californium source (diameter 7 mm and
length 14 mm) was 1.8x 107 sec™*.

Translated from Atomnaya Energiya, Vol. 57, No. 3, pp. 200-201, September, 1984,
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d

Fig. 1. Dlagram of 1rrad1at10n of samples (in experi-
ment): a) in absence of absorbing or scattering mate-
rials; b) in cadmium shield; c¢) in moderator; d) from
two sources outside the sample; 1) water; 2) organic
glass; 3) sample; 4) neutron source; 5) cadmium shield.

TABLE 1.  Influence of the Surrounding Ma-
terial on the Activation of Aluminum and
Slllcon from a Callfornlum Neutron Source

Posi- |Fosition of.source, Total |Norm- |!

) cassette, surround~| g, oo count |ajized

uon  ling material- - P in pho-| count
topeak ’

Source inside cas-|| | ‘
1 lsette, Cassette atl} 10 % AlL,05 | 1393 | 0,22
distance = 1.5 m | 100 % Si0, 72490 2,48
fronll floor and

-
o
w

2 |Source jnside cas-{| 10 % Al,0; | -3150 0
jisette, Cassette in-} 100 % SiO, 72596 2,46
{side_cadmium
shield. Shleld sur-
rounded by orga-
nic glass and .
3 [water 10 % Al,0, | 63682 | 21,7
: Source inside cas- h ;s
sette, C assette in 100 % SiQ, 73122 2,49
‘orgamc glass
block surrounded
water
4 wo sources out- | 10 % Al,0; | 39879 | 28,2
side sample in | 100 % SiO, 9334 | 0,60
lorgamc glass
JIblock surrounded
by water

Notes: 1. The background count was 730
pulses for the standard aluminum sample and
700 pulses for the standard silicon sample.

2. The table gives the arithmetical mean of two
measurements for each sample.
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Table 1 gives the results of this experiment: the count, in pulses (without background),
in the region of the 28Al1 photopeak, normalized to a mass of 1 g and an oxide concentration ~
of 1%. This count is 2.48 pulses for silicon and 0.22 pulse for aluminum (position 1).

The next experiments were carried out in the irradiation unit of the neutron-activation ap-
paratus. Upon irradiating the samples with fast neutrons (in a cadmium shield, i.e., a
thermal-neutron absorber), we established that the silicon activation remained at the same
level (position 2), i.e., fast meutrons do not return into the bulk of the sample from the
surrounding scattering material (Fig. 1b), i.e., organic glass and water. The increase in
the aluminum activation can be attributed to the influence of the neutron scatterer (organic
glass) in the upper part of the working chennel.

In position 3 (see Fig. 1lc) the cassette with the sample is surrounded by scattering
materials (organic glass, water); an intensive zone of thermal neutrons forms in the scat-
terers and part of these neutrons diffuse ‘into the sample, causing an aluminum activation
of 21.7 pulses. The silicon activation increased insignificantly, by roughly 1 rel. 7. The
final experiment was carried out with two californium sources which were located outside the
sample (Fig. 1d) and has a total neutron yield of 8.0¢10° sec™*. The aluminum activation, converted
to the yield of the source used in the '"central" geometry, is 28.2 pulses (position 4).

Upon analyzing the results of the experiments, we can note that the silicon is activated
only by the fast neutrons of the source itself; there are no reflected or scattered fast
neutrons here and, therefore, it does not matter what medium lies behind the cadmium shield.
The aluminum activation by thermal neutrons in the "central" geometry per unit neutron yield
is lower than for the case when two californium sources are outside the sample but higher
than for plutoniumberyllium sources (see [1]). Moreover, when samples are irradiated in
the "central" geometry the total induced activity from the silicon includes a contribution
due to the activation of the silicon by fast neutrons from the source. When the californium
sources are located laterally this contribution decreases by a factor of almost 7. Thus,
the arrangement in which the source is centrally located is optimum for the silicon determlna—
tlon while the lateral arrangement is optimum for the aluminum determination.

In designing the irradiation unit of the neutron-activation apparatus, in order to sim-
plify the operations of irradiating samples and to reduce the radiation hazard we adopted the
"central" geometry optimum for silicon analysis. Although the possibilities of improving
the conditions of sample irradiation with thermal neutrons are not realized completely in
this geometry, as already mentioned these conditions are more favorable than when two
plutoniumberyllium sources located outside the sample are used.

The irradiation unit of the neutron-activation apparatus with a centrally located source
is described in [1]. The neutron source is placed in a yoke of the holder and is set on the
bottom of the working channel. For the irradiation of a sample with fast neutrons a cup-
shaped cadmium shield 1 mm thick, which has in its bottom a hole equal in diameter to the
yoke of the source holder, is put into the working channel. For the irradiation of a sample
with thermal neutrons the cadmium shield is removed and a "neutral" shield (of organic glass,
polyethylene, etc.) is put in its place so as to maintain the diameter of the working channel.

This arrangement is used for neutron-activation analysis of potassium-bearing ores to
determine the presence of aluminum and silicon. Upon comparison of the measured values we
see that there is no loss of statistics in relation to the arrangement in which plutonium—
beryllium sources were used. The relative change in the counting rate for plutonium—beryllium
and californium sources as a function of the silicon concentration upon irradiation with
fast neutrons is roughly the same: for a sample containing 61.2% Si0, the activation increased
by 25-28% in comparison with a sample containing 49.6% 8i0>. When thermal neutrons were used,
the activation of samples containing 11.82 and 24.02% Al.0s increased 2.16 times for a cal-
ifornium source and 1.8 times for plutoniumberyllium sources. This apparatus is also used
for the neutron-activation determination of sodium on the basis of *“Na (Ty/2=15 h, E=1.37
and 2.75 MeV) as well as for y-ray spectrometrlc analysis for potassium (on the basis of the:
natural y- ray activity of “°K).

LITERATURE CITED
1. B. S, Vakhtin and G. A. Kuznetsov, At. Energ., 54, No. 1, 60 (1983).
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EFFECT OF TEMPERATURE ON THE INDICATIONS OF MAGNETIC
FLOWMETERS IN THE SODIUM LOOPS OF THE POWER BLOCK
OF BN-600

A. I. Karpenko, A. A. Lyzhin, V. P. Minin, UDC 621.039.564.5
and A. G. Sheinkman

The validity of information obtained from magnetic flowmeters (MF) in the sodium loops
of the power block of BN-600 is of great significance for ensuring plant reliability and
safety. The indications of these flowmeters are used in the accident containment system,
for operational control of the flow rate through the active zone of the reactor, for de-
termining the maximal temperature of the jackets of the fuel elements, in the remote control
system, and in determining the hydraulic characteristics of the secondary loops in the
secondmain loop and the distribution of flow rates of the heat carrier along sections of the
steam generators. In this connection, it is necessary to know how different factors, including
the temperature of the heat carrier, which can vary over a wide range, can affect the indica-
tions of MF during reactor operation. However, up to now, the effect of the temperature of
the heat carrier on the indications of the MF, especially for pipes with large diameter, has
not been studied systematically [1, 2].

After the power block with the fast BN-600 reactor was started up at the Beloyarskoi
Nuclear Power Plant, constant observations were made of the indications of the MF,
placed in the bypass secondary loop of the first main loop with a pipe diameter of 50 mm and
in the pipelines with a diameter of 300 mm at the outlet from each section of all steam gen-
erators. The MF of the first main loop were calibrated during the power start-up of the
power block of BN-600 with a sodium temperature of ~240°C. -

As the power of the reactor increases, the temperature of the heat carrier increases
up to 360°C. An experiment was therefore performed to determine the effect of a change in
the sodium temperature on the indications of the MF in the bypass secondary loop of the reac-
tor with a constant rate of rotation of the principal circulation pumps in the first main
loop (PCP-1). The experimental results are presented in the form of the dependence K¢ =usos/
uts where usos and uy are the signals (in mV) at 305°C and the temperature t, respectively
(Fig. 1). In the range of variation of the sodium temperature studied, the variations in
the indications of the MF do not exceed +1.5% of the average value.

The sectioned MF in the second main loop were calibrated by a correlation method with
a sodium temperature of ~260°C [3, 4]. The results of the calibration were used to determine
the dependence of the flow rate of sodiumin the secondary loop on the rate of rotation on the
principal circulation pump in the second main loop (PCP-2) for each secondary loop. In order
to determine the effect of the sodium temperature at the outlet from the sections of the steam
generators on the indications of the MF, placed in the pipes with an inner diameter of 300
om, we measured the signals from the MF accompanying a change in the sodium temperature from
225 to 315°C with a constant rate of rotation of PCP-2.

In the analysis of the results obtained, it was established that the signal from each
sectioned MF decreases as the sodium temperature is increased practically linearly, while
the absolute increment in the signal does not depend on the initial level. Thus the results
of experiments with MF in pipelines with diameters of 50 and 300 mm showed that as the diameter
‘of the pipeline is increased, the effect of the temperature of the liquid metal on the indica-
tions of the MF increases. This phenomenon is explained by the change in the physical charac~
teristics of the flow and a change in the size and properties of the gap between the pipeline
and the magnetic mass.

] The computed increase in the signal from the MF due to the change in dimensions and the
~electrical resistance of the wall of the pipe made of Kh18N1OT steel with an increase of 100°C

. Translated from Atomnaya ﬁnergiya,Vol.57, No. 3, p. 202, September, 1984. Original
article submitted November 9, 1983.
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Fig. 1. Effect of the temperature on the
indications of the MF in the bypass secon-
dary loop in the pipeline with a diameter
of 50 mm with a rate of rotation of PCP-1
of 280 (s), 315 (A), 340 (+), and 680
(x) rpm. ' '

Fig. 2. Effect of the temperature in a
_pipeline with a diameter of 300 mm on the
indications of the MF in the section A4 of
the steam generators5 (X} and 6 (@).

in the sodium temperature is equal to ~0.7% [2]. This value is much smaller than the observed
changes in the signal. Figure 2 shows how the coefficient of change of the MF signal (K¢ =
usos/uj) in the second main loop depends on the temperature. It was established that k¢
depends practically linearly on the sodium temperature and does not depend on the rate of
‘rotation of PCP-2.

It is shown in [4] that the flow rate of the heat carrier through the section of the

steam generator is an indirectly measured quantity, related to the signal of the MF by an
approx1mate relation of the form

u=AG— BG?, (1)

where u is the signal in mV; G is the volume flow rate in n®/h; and A and B are the approxima-
tion coefficients.

In order to account for the dependence of the signal u on the temperature of the heat
carrier, the values of the coefficient K; obtained must be introduced into the relation 1).
In this case, the volume flow rate of the heat carrier will be related to the MF signal by
the formula

Upeq =Kitur=(4,6—B,6%), (2)

where uyeq is the reduced value of the signal with respect to the selected reference tempera-
ture.

‘ Thus, in the range of the heat-carrier temperatures in the first main loop from 220 to
360°C studied,; the signal of the MF placed in the pipeline with an inner diameter of 50 mm

‘ is virtually independent of the temperature. The indications of the MF placed in a pipeline
with an inner diameter of 300 mm depends strongly and almost linearly on the temperature.

The true flow rate of the heat carrier can be determined from the measured signal by introduc-

ing into it an emplrlcal correction factor that takes into account the effect of the tempera-

ture. :
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INFLUENCE. OF A RESONANCE BUFFER GAS ON THE CHARACTERISTICS
OF THE PROCESS OF INFRARED MULTIPHOTON DISSOCIATION OF
2-CHLOROETHENYL DICHLOROBORANE

G. I. Abdushelishvili, T. G. Abzianidze, UDC 621.033.343:546.262.7
A. S. Egiazarov, G. I. Tkeshelashvili,
and T. B. Tsinadze

Jensen in [1] and we in [2] investigated the isotopic effect and the process of multi-
photon dissociation (MPD) of molecules of 2-chloroethenyl dichloroborane in the radiation
field of a pulsed CO. laser. In the present article we study the influence of buffer gases
on the process of infrared multiphoton dissociation (hereinafter called IR dissociation)
of HCLC=CHBCl. molecules, as well as the frequency characteristics of their isotopically
selective dissociation.

Figure la shows the spectral variation of the yield of the dissociation of the molecules
HC1C=CH'°BCl, and HC1C=CH''BCl, in the laser radiation frequency range from 990 to 930 cm='.
The data were obtained in the direct case of a COz laser at p=13.3 Pa and a laser-radiation
energy density ¢=2.5 J/cm®. From the spectral dependence of the dissociation yield B it can
be seen that the MPD spectrum is characterized by several maxima. The first maximum for
B*°® (radiation frequency 982 cm~', curve 1) is displaced from the contour of the linear
absorptionby 10+ 2 em—", and the second (radiation frequency 966 cm-', curve 1) by 26+ 2 cm—*.
At a frequency of 978 cm~' the dissociation yield with respect to *°B is minimal, which is
apparently due to the properties of IR excitation at low oscillatory levels and to the transi-
tions of the excitation to other resonance levels in the process of variation of the laser
radiation frequency. :

Starting at a radiation frequency of 972 cm™', the molecule CHCI=CH'*BCl, also dissoci-

ates. The dissociation reaches its maximum value at a frequency of 947 cm™~*. The displacement of the
peak for B'* with respect to the maximum of the linear absorption is equal in this case to 12+ 2

cm~'. The shift of the MPD peaks with respect to the contour of linear absorption (curve 3)
is due to the anharmonic oscillations of the molecules [3].

Figure 1b shows the variation of the selectivity of dissociation (a= 810/611) as a func-
tion of the laser radiation frequency (v) at a pressure of 13.3 Pa. The relation a= f(v),
as in the case of boron trichloride [4], is asymmetric. In the short-wave region we observe
'a sharp increase in a, with preferential dissociation of the HC1C=CH'°BCl, molecules. When
the laser radiation was shifted further toward the short-wave region (in the 975~986 cm—*
frequency range) at the given pressure of the substance being investigated (p=13.3 Pa), the
selectivity of the process was not determined, since the change in the peak of the absorption
for HC1C=CH''BCl, during IR dissociation of the molecules is commensurable with the error
of measurement of the IR spectrometer itself.

As the pressure of the material increases, i.e., as the collision processes increase,
there is clearly observable in the short-wave portion of the spectrum a dissociation of both
isotopic modifications. Figure 2 shows the variation of the yield of the dissociation of
2-chloroethenyl dichloroborane as a function of the laser radiation density & when p = 133
"Pa and v=987.6 cm~'. Even though the oscillatory transition of the isotopic modification
HC1C—CH''BCl, is out of resonance with the frequency of the laser radiation, for values of
®>2.5 J/cm® we observe considerable dissociation of the molecules to BCls and acetylene.

The dissociation of HC1C=CH!'BCl, becomes possible as a result of the collision processes
between the isotopic modifications of 2-chloroethenyl dichloroborane, which leads to a de-~
crease in the isotopic selectivity of the process. The selectivity of dissociation also

TranslatedfrmmAmomnayaﬁnergiYa,Vol. 57, No. 3, pp. 203-204, September, 1984. Original
article submitted November 11, 1983.
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‘Fig. 1. Spectral dependence of the yield

of the dissociation of 2-chlorocethenyl di-
chloroborane (a2) and variation of the selec-
tivity of dissociation as a function of the
laser radiation frequency (b): a) 1, 2

show the yield of the dissociation of HC1C=
CH'®°BCl, and HCIC=CH''BCl,, respectively;
.the  dashed curve shows the IR spectrum of
the linear absorption on the transitions
v=0-+v=1; the arrows indicate the shift of.
" the peak of the multiphoton absorption with
respect to the peak of the linear absorption
curve; b) 1: a=p**/B'%; 2: a=p*%/8*".

Here and in Figs. 2-5 the symbols O and @ in-
dicate experimental data. :

B

C 1
10" 2
S 10°k
B Fig. 2. Yield of the dissociation
oy of HC1C=CH'°BC1, (1) and HCLC=CH''BCl,
101 “; ‘} “‘i (2) as a function of the laser energy
®,J/cm? density.

decreases when there is an increase in the intensity of the laser radiation owing to a field
broadening of the absorption contour.. When there is preferential dissociation of the HCl(=
CH'°BCl, molecules, in the decomposition product BCls we observe an enrichment in *°B, and
in the remaining gas there is an enrichment in *'B. In this case the enrichment is usually
characterized by the degree of separation K. '

| In Fig. 3 we show the variation of the degree of separation K as a function of the time

of irradiation of the molecules in units of BN (N is the number of pulses) when p=133 Pa,

l v=987.6 cm~', and ¢=2.8 J/cm®. It follows from the figure that as the material is further

; irradiated, the degree of separation with respect to *°B in the dissociation product and with

‘ ‘respect to B in the remaining gas will increase. These results contradict the published
data according to which the degree of separation in the dissociation products decreases as
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Fig. 3. Degree of separatlon as a func-
‘tion of the time of irradiation in the
case of excitation of HC1C=CH*°BCl. mol-
ecules: 1) enrichment in *°B in the
dissociation product BCls; 2) enrich-
ment in '*B in the remaining gas
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Fig. 4. Dissociation yield as a function
of the number of pulses: 1, 2) yield of
the dissociation of HCLC=CH*°BCl. and
HC1C=CH'*BCl,, respectively; 3) selectiv-
ity of the dissociation process.

the number of pulses increases [5]. The yleld of the dissociation with respect to '°B in
the present case P = &p——Ach , Where Bsp is the spectral value of the dissociation yield
and ABcol is the decrease in the dissociation yield caused by the deexcitation of the mol-
ecules in the collision processes.

For a low gas flow rate at the beginning of the irradiation the deactivation of the
HCLC=CH'°BCl, molecules takes place mainly as a result of V-V exchange with the HC1C=CH''BCl.
molecules which are out of resonance with the laser field. In this case the HC1C=CH'*BCl,
molecules, participating in the collision processes, can gather enough energy for dissocia-
tion, and eventually they can increase the total yield in '*B. Then the yield of the dis-
‘sociation is BU—pip + ABley; Where Bis means the spectral values of the dissociation yield which
are caused by the overlapping of the absorption field of the two isotopic modifications for
the chosen laser wavelength, and ABgd1 is the additional yield of the dissociation resulting
from the V-V exchange between the molecules. As the material is further irradiated and there
is an accumulation of BCls molecules, there appears an additional collision channel, which
leads to deexcitation of the molecules of both the light and the heavy isotope. However,
the influence of the V-V exchange on the B'® and on the B'' will be different. Tor the dis-
sociation of the HC1=CH'°BCl, the BCls; molecules can compensate for the increase in B'° caused
by the reduction in the partial pressure of the original material. Thus, the result of this
phenomenon will be that the dissociation with respect to '°B remains the same (Fig. 4, curve
'1). The dissociation yield with respect to 1*Bwill decrease, since the HC1C=CH''BCl, molecule
"obtains energy mainly through the V-V exchange. The appearance of an additional deactivation
channel can therefore lead to a decrease in its observed yield. Figure 4 shows that as the
material is further irradiated, the B! dissociation yield decreases (curve 2) and the selec—
tivity o of the process increases correspondingly (curve 3).

To confirm the influence of the resonance buffer gas on the increase in the selectivity
of the process of dissociation of HC1C=CHBCl., we conducted special experiments in which we
added to the main material a resonance buffer gas BCls at different partial pressures. The
variation of the dissociation yield as a function of the BCl,; partial pressure was determined
for a constant laser radiation frequency of v=987.6 cm~"' and different values of the laser
energy density.
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a 50 7i0 Pa

“Fig. 5. Select1v1ty of the process (a) and
dissociation yield (b) as functions of the
pressure of the resonance buffer gas: 1,

2) yield of the dissociation of HCLC=CH'°BCl,
and ‘HC1C=CH''BCl,.

"In all the experiments the qualitative variation in the dissociation yield and in the
selectivity of the separation process over the range of increasing partial pressures of the
resonance buffer gas from zero to 27 Pa was the same and was analogous to what was -observed
in the process of formation of BCls; directly during the decomp051t10n of HC1C=CHBC1; -in the
IR field of the laser radiation (Fig. 5).

Thus, the presence of a resonance: buffer gas. during IR multlphoton dissociation of HC1C=
CH'°BCl, enables us to obtain at the same time the enrichment in °B in the decomposition
product BCl; and in *'B in the remalnlng gas (HCLC=CH''BCl.).

We also 1nvest1gated the influence of a nonresonance . buffer gas (argon) on the process
of dissociation of 2-chloroethenyl dichloroborane. The addition of argon led to a decrease
in the yields of both of the isotopic modifications and to a decrease in the selectivity
of the process. ‘ '

As we noted earlier [2], a molecule-of 2-chloroethenyl dichloroborane can be regarded _
as promising for use as a working substance in developing a laser method for separating boron
1sotopes Our investigation confirms these hypotheses and at the same time indicates that
the appearance of a resonance buffer gas in the dissociation of molecules of 2-chloroethenyl
dichloroborane or the addition of this gas to the zone of interaction of laser radiation
with the material leads to an increase in the selectivity of the dissociation process.
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EFFECTIVE FISSION-PRODUCT YIELDS IN VVER-365 AND VVER-440 FUEL

V. Ya. Gabeskiriya

UDC 621.039.516.22:
and V. I. Borisenkov

621.039.524.4-98

The most accurate (error v1.5%) method of determining the depth of burnup of nuclear
fuel is based on the measurement of the quantity of heavy atoms Np and any fission product
(FP), which is a monitor of the nuclear fuel burnup NM. Knowing the effective yield Yeff
for fission [1}, the burnup F (rel. units) is calculated by the formula

. Ny/Yeff 1
r—Nh'“l'NM/Yeff’ 1)
" where
Yegr=D) &Y in; (2)
7

g4 is the fraction of fissions of nuclei j in the total number of fissions: Yjk is the yield
of the k-th nuclide from fission of the j-th nucleus.

Using the results of analysis of fuel and also data about the nuclear constants and
design of the reactor, the value of gj can be calculated by the method of heavy atoms [1].
The measurement of the content of the nuclides uranium, plutonium, americium, curium, and
fission products in samples of spent VVER fuel with a different burnup [2, 3], carried out
by mass-spectrometric methods, has allowed the numerical relationships between the values
of 83 and the fuel characteristics, verified by experiment, to be established (see Table 1).

TABLE 1. Fraction of Fissions of Uranium and Plutonium Nuclides and Effective
Fission-Product Yield* -

*The first value is for a *2°U enrichment of 3.6%, and the second for 3%.

'Fuel burnup. ; ] . . : . e

depth (with Eraction of fissions, % Effective yield, %

respect to 2357 2387 289pu 241py 137Cq 144Ce 148Nd

u), kg/ton {_ ..ol - b R . R

VVER-365
5 89,15; 86,13 5,029; 5,948 [5,791; 7,864f 0,030; 0,055 6,286; 6,290 5,306; 5,259 1,703; 1,706
10 84,07; 79,70} 5,147; 6,048 |10,58; 13,91] 0,205; 0,355 6,296; 6,304 5,210; 5,160 1,705; 1,708
15 79,45; 74,05 5,291; 6,185 |14,66; 18,791 0,599; 0,979 6,3.6; 6,315 5,149; 5,073 1,707; 1,710
20 75,09; 68,91| 5,456; 6,346 |18,22; 22,83 1,235; 1,918 6,315; 6,326 5,084; 5,000 1,709; 1,713
25 70,89; 64,12} 5,636; 6,524 |21,37; 26,25 2,100; 3,104 6,320; 6,336 5,020; 4,926 1,741; 1,716
30 66,84; 59,65| 6,828; 6,705 |24,17; 29,19 3,146; 4,452 6,331; 6,346 5,962; 4,860 1,714; 1,710
35 62,93; 55,46] 6,024; 6,893 |26,74; 31,77| 4,321; 5,872 6,339; 6,355 4,904; 4,800 1,717, 1,723
VVER <440

5 88,78; 85,71 | 5,302; 6,264 |5,891; 7,981 0,028; 0,050 6,285; 6,289 5,29; 5,323 1,704; 1,706
10 83,59; 79,16 | 5,409; 6,353 |10,53; 14,15 0,175; 0,325 6,296; 6,304 5,219; 5,154 1,705; 1,709
15 78,92; 73,40 | 5,555; 6,479 |14,97; 19,47] 0,552; 0,901 6,307; 6,316 5,139; 5,067 1,707: 1,710
20 74,51; 68,28 | 5,743; 6,627 |[18,63; 23,32 1,442; 1,770 6,315; 6,327 5,077; 4,990 1,710; 1,714
25 70,30; 63,31 | 5,884; 6,788 |21,87; 26,82] 1,947; 2,878 6,324; 6,337 5,014; 4,918 1,712; 1,747
30 66,25; 59,06 | 6,067; 6,955 |24,75; 29,831 2,932; 4,144 6,333; 6,346 4,955; 4,851 1,715; 1,720
35 62,35; 54,93 | 6,254; 7,127 |27,34; 32,45 4,047; 5,500 6,341; 6,356 4,898; 4,793 1,718; 1,723
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When calculating the effective yields of *®7Cs, thlce, and 1"BNd,‘given in Table 1,

data were used about the yields of these nuclides from the fission of 277U, 239Pu,2ﬁ?Pu{4], and

238y [5]. Similarly, the effective yields of any fission product can be calculated by formula

(2), using the values of g3 given in the table and published data on fission-product yields.

The error in the determination of Yeff depends slightly on the accuracy of the values of
g5+ This is explained by the fact that Igj=1, as a result of which a reduction of the con-
tribution to Yeff of fissions of a single nucleus gjYik is almost completely compensated
by the increase of the contribution of fissions of the other nuclldes Therefore, the error
in the determination of the effective yield

AYeff=D) #jAY jn, ' _ : (3).
7

~ is determined completely by the error of the fission-product yield values AYjk used, and is

almost 1ndependent of the error in the calculation of the values of gJ, which amounts .to
5-10%..

An excellent monitor of the fuel burnup is '““Ce, as it has an acceptable half-life and

does not migrate in the fuel. It can be seen from the analysis given that the effective
yield of this nuclide is significantly different from the yield by the fission of *°°U.
Therefore, if *““Ce is the fuel burnup monitor, it is necessary to use only the values of
the effective yields of this nuclide.

It can be seen from an analysis of the table that the effective yield depends on the
depth of burnup of the spent fuel. For VVER-365 and VVER-440, it is almost identical.
Although the effective yield depends slightly on the initial enrichment of the fuel, in a
number of cases this dependence cannot be neglected, for example, in the mass-spectrometric
method of determining the depth of burnup. It follows from the table that the effective =
yield of *““Ce, from fuel with an initial enrichment of 3 and 3.6%, is different by 1%,
which is comparable with the error in the determination of the depth of burnup.
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EFFECT OF GEOMETRICAL PARAMETERS ON THE CIRCULATION
CHARACTERISTICS OF AN EVAPORATIVE ELEMENT

V. A. Farafonov ' _ UDC 621.039.534.25
and V. I. Churyumov

The creation of a heat—exchange surface using Field tubes is of definite interest in
the calculation and design of high-temperature steam generators. In order to provide for
* the reliable operation of steam generators and good technicoeconomic indices of them, workers
have devoted special attention to the choice of the optimal geometry of the evaporator chan-
nel, especially its circulation channel.

Theoretical and- experimental investigations of an evaporator channel of the Field—-tube
type have been carried out in [1, 2] for the determination of its geometry for the maximum
circulation characteristics. On the basis of analysis of the data, a geometry has been sug-
gested for the channel which corresponds to maximum circulation possibilities. Under these
conditions the ratio of the cross section of the rising annular channel to the cross section
in the descending tube is Sa,/Sgegc = 2-4, which permits obtaining the greatest multiplicity
of circulation for a given average specific heat flux.

However, one should note that all the computational formulas in [1, 2] are obtained in
the solution of a system of differential equations. The assumption is adopted that heat
exchange between the rising and descending sections is absent, since the temperature of the
water in the descending channel is close to the saturation temperature at the average pressure.
This assumption first of all makes the calculation insufficiently rigorous for an evaporator
channel fabricated in the form of a Field tube and secondly is unsuitable for use in cases
in which the supply water enters the descending tube with strong underheating.

The ideas presented have forced making a more detailed study of the effect of the geome-
try of a Field tube on its circulation parameters. A mathematical model was developed for
the investigation of heat exchange processes in a Field steam-generating tube with natural
circulation and study of the effect of its geometry on the circulation parameters. We did
a calculation for "direct-flow" and "counterflow' schemes of the motion of a warming coolant.

For the counterflow scheme the differential equations in a Field tube have the following
form. The evaporator section:

temperature of the supply water in the inner tube

¢ 3k, t—1) (1)
dx

ey

enthalpy of the steam—water mixture in the annular channel

Gy kg (1) Ry (T — 1) 2

and temperature of the warming coolant

ar
emGy = =ky (t—1). (3)

The economizer section:

. temperature of the supply water in the inner tube

303 2L — kf (B—); (4)

Translated froulAtomnaya'Energiya, Vol. 57, No. 3, pp. 206-207, September, 1984. Original
article submitted December 22, 1983.
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Fig. 1. Dependence of the multiplicity of cir-
culation on the ratio of the transitional cross
sections of the annular channel and the descend-

_ing section for a pressure in the loop of 5.2
MPa: (1) qav= 135, (2) 145, and (3) 175 kW/m?*;
At = 22°C.

Fig. 2. Dependence of the multiplicity of cir-
culation on the ratio of the transitional cross
sections of the annular channel and the descend-
ing section for p = 5.2 MPa: qgv= 145 kW/m® and
(1) At=100, (2) 86, (3) 62, (4) 42, and (5) 22°C.

temperature of the supply water in the annular channel
—enGr B2 ki (1= 0) 1 K (7O, )
and temperature of the warming coolant

c,,TGl ._kz 8—71). (6)

Here £, 8, and T are the temperatures of the water in the inner tube, the annular chan—
nel, and of the warming coolant; < is the enthalpy of the steamwater mixture in the annular
channel; G, and G, are the flow rates of the warming coolant and the supply water; ki, ki, ka,
and k) are the.linear heat-exchange coefficients of the inner and outer tubes in the.evapo-
rator and economizer sections; and cp and cpT are the specific heats of the water and warm-
ing coolant.

The system of differential equations for the direct-flow scheme of coolant motion dif-
fers only in the signs of its terms on the left-hand side of Egs. (1), (2), (4), and (5).

A mathematical description of the problem was carried out under the following assump-
tions: the inner and outer tubes have the identical length, and the specific heats of the
coolants are constant within the limits of the section under discussion. We solved the
system of differential equations on a computer by a numerical method which permits finding
the distribution of the temperature of the warming medium and of the supply water, the weight-
ed steam content along the length of the field tube, as well as the variation of the heat
exchange coefficients along the length of the section under discussion as a function of the
temperature of the warming coolant and the supply water in a specific cross section.

In order to determine the effect of the channel geometry on its circulation characteris-
tics, we used the ratio S,.c/Sdesc as the main geometrical parameter. We varied only the -
transitional cross section of the descending tube in the computational analysis. The dia-
meter of the heat-transfer tube bounding the annular channel was left unchanged. The mul-
tiplicity of the circulation K. was calculated as the inverse of the exit steam content Xout-
We did the calculation with different flow rates of the warming coolant, i.e., with different
values of the average specific heat fluxes. We also analyzed the effect on K¢ of the input-
temperature of the warming coolant and the supply water. The pressure in the steam—water
loop was varied from 2.6 to 5.2 MPa. The computational results for three values of the

663

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4




Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050003-4

. specific heat fluxes are shown in Fig. 1. It follows from Fig. 1 that as the average specific
heat ' flux increases, the multiplicity of circulation decreases and its maximum is shifted

in the direction of large values of Sa.c/Sdesc-

Investigations of the effect of underheating of the supply water on the multiplicity
of circulation have shown the following (Fig. 2):

with appreciable underheating to tg the multiplicity of circulation increases sharply;
“thus with At=100°C, KF&X=40;

as the underheating increases, the maximum multiplicity of the circulation is shifted,
depending on Sa.c/Sdescs in the direction of smaller values of this ratio;

with appreciable underheating to boiling the maximum multiplicity of circulation is
observed for Su,c/Sdesc=2-3. The calculations performed have also shown that the optimal
ratio of the transitional cross sections of the steamwater loop for motion of the coolant
by the direct-flow scheme is Sj,¢/Sjege=2-0-4.0. The value Sa.c/Sdesc=1.5-3.0 is recom-
mended for motion of the coolant by the counter-~flow scheme. When the coolant moves according
to the direct-flow scheme, the multiplicity of the circulation is somewhat higher for the given
values of the average specific heat flux than in the case of the counter-flow scheme. A
change in the length of the steam-generating Field tube with the input parametersof the cool-
ants unchanged exerts no significant effect on the multiplicity of circulation.

Thus the investigations performed have shown that in the range of recommended values of
Sa-C/Sdesc with the counter-flow and direct-flow schemes of motion of the warming coolant,
conditions which provide for the reliable operation of the heat-exchange surface of a Field
tube under conditions of developed bubble boiling will be satisfied for values of the output
steam content less than the critical value.
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TEMPERATURE ‘INTERVALS OF Si(Li)p-i-n DETECTOR USE

R. A. Muminov, B. N. Zaveryukhin, ' UDC 621.315.592
V. D. Krevchik, Kh. Kh. Ismailowv, -
and A. Sh. Shamagdiev

Si(Li)p—i—n detectors are nowadays widely employed in the spectrometry of electrons and
low-energy x rays. Investigations of the spectrometric characteristics of such semiconductor
detectors have revealed substantial limitations for their applicability in certain temperature
intervals (4.2-180°K) [1]. Substantial changes in the amplitude A of the charge-induced signal

| were explained at T < 50°K by fine impurity levels causing the capture of nonequilibrium charge
carriers or by the '"polarization" of the semiconductor detector (total loss of the spectro-
metric properties) and at T# 50-150°K by the temperature dependence of the average energy '
e(T) of electromhole pair generation. When we studied the temperature dependences of the
signal amplitude in the range 77-250°K, we detected particular details in the function A(T)
which are associated not only with the dependence e(T) but also with other physical processes
taking place in the sensitive detector region. An analysis of the resulting experimental de-
pendences A(T) has shown that at 77-150°K the contribution of €(T) to the change in the signal
amplitude may be considered constant and insignificant.*

We therefore made experiments to study the processes which determine the amplitude changes
of the charge-induced signal in the particular temperature interval. Si(Li)p—i-n detectors
having a thickness w=0.1 cm of the sensitive region were examined. p-Type silicon with the
initial specific resistivity pp 2-4 kQecm, the charge carrier lifetime 1535004800 usec, the
dislocation density Ny3 10“ cm~?, and the oxygen concentration Np,% 10*° cm—? was used in
the manufacture of the detectors. A diffusion-drift technique was employed to manufacture

the semiconductor detectors.

Detectors with T-shaped geometry, which were mounted in a metal housing, had an inverse
current I;,. and an energy equivalent E, of the noise not exceeding 1.5 upA and 15 keV at the
operating voltage and at T= 300°K, respectively. In order to separately determine the behavior,
of the electron and the hole components of the charge losses, the spectrometric characteristics
of the detectors were studied while the detectors were irradiated with collimated **7Cs 8-

? and 2°°Pu o-particle sources. A cryostat made it possible to adjust smoothly and at a given
rate the temperature in the interval 77-300°K. The temperature was monitored with a copper—
Constantan thermocouple and a digital VK2-20 voltmeter. The spectrometric setup included

* a charge-sensitive amplifier, a BUS-2-97 pulse-shaping amplifier, a BUS-2-06 expander, and
.an AI-256-6 pulse analyzer. In order to increase the curvature of the characteristics of
the transistors used and in order to expand the range of the dynamic capacitance of the charge-
sensitive amplifier, two KP-307Zh field-effect transistors were inserted in parallel in the
head stage of the preamplifier. The stability of the spectrometric channel was monitored
with a pulse generator of stable amplitude; the pulse amplitude was measured with an error

- of ~0.01%. :

The experimental dependences A\T) and A(E) which were obtained in counting « and B
particles are illustrated in Figs. 1 and 2. The step of the Ay(T) dependence and the "hump"
attest to an impurity level and large-scale traps [3, 4], respectively. The analysis of the
authors of [3] has shown that steps in the Aq(T) and ZAg,(T) dependences are caused by ad-
mixed oxygen (E.=0.16 eV, Nep10*! em™®, and op 3 107*% cm®), with the impurity being

"frozen'" at T= 77°K. When the temperature is increased (T>87°K) the oxygen impurity begins
tobe ionized; at TA 107-154°K, a transition of the ionized oxygen from its atomic form into the
| associated form takes place whereupon vacancy-oxygen complexes are being formed (the so-called
‘ A centers of [5]). 1In the field strength dependence Ay(E), two sections (I — a linear sectionm,

| *Owing to the temperature dependence of the width of the forbidden energy gap Eg’ the change
L of the average energy €(T) required for generating an electron—hole pair in Si. is very small
i in the range 77-250°K and amounts to ~0.02 eV {2].

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 3, pp. 207-208, September, 1984. Origi-
| nal article sumitted January 30, 1984.
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Fig. 1. Experimental temperature dependences of
the signal amplitude A(T); the dependences were
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trometry of (o) o particles and (A) B particles
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Fig. 2. Dependence of the signal amplitude Ay(E)’
generated by I) the ionization of single oxygen im-
purity atoms and II) the activation of large com-
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and IT — a superlinear section) correspond to the transition of atomic oxygen to the A
centers; the sections characterize the losses of charge at isolated oxygen atoms and vacancy—
oxygen complexes, respectively (see Fig. 2). Finally, the investigations of the shape of the
a- and B- amplitude spectra have revealeéd doublets -(in the same temperature interval of 107-
154°K) which attest to-the large scale of the inhomogeneities formed [6]. The transformation
of the amplitude spectrum from the doublet form to the single-line form was observed at elec-
tric field strength Ef 1.5-2 kV/em and T= 154-200°K (Figures 3a.and 3b). This means that in
the range 77-150°K there exist intervals in which the spectrometric characteristics of the
semiconductor detector deteriorate as a consequence of the accumulation of A centers which
are formed by thermal ionization of impurity—oxygen levels. The capacitive dependencies

C(V) and C(T) of the semiconductor detectors also attest to large-scale formations in the
sensitive region of the detector.

Thus, when excellent spectrometric characteristics of silicon semiconductor detectors .
are to be obtained, the optimal intervals of the operating temperature and bias voltage must
be selected in dependence upon the degree of inhomogeneity in the concentration of uncontrol-
lable impurities, particularly oxygen, in the initial material.
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DENSITY DISTRIBUTION OF THE PHOTONEUTRON FLUX IN A THICK
LEAD TARGET '

V. I. Kasilov, N. I. Lapin, ' . UDC 539.172.284
and S. F. Shcherbak

We present in the present work results of measurements of the radial and longitudinal
distributions of fast neutrons in electron-irradiated lead; we describe the change which
occurs in these distributions when oriented Si single crystals are placed before the target
on the path of the electrons. -

Our work was done on the beam of the linear 2~GeV electron accelerator of the Khar'kov
Physicotechnical Institute of the Academy of Sciences of the Ukrainian SSR. A beam of 1200~
MeV electrons with a divergence of 2¢10-“ rad passed through a 1.5-mm-thick Si single crystal
positioned in a goniometer; then the beam was incident on a 300-mm~long lead block with a
diameter of 150 mm; the block consisted of 5-mm-thick disks. The crystal ‘was oriented with
an error of 5¢10™° rad withrespect to the electron beam axis with the aid of readings of
an ionization chamber [1]. The activation method of [2] was used to measure the neutron
yield: the *’Al(n, p)*’Mg reaction with a threshold of 4.5 MeV and a half-life of 9.5 min
was employed. The detectors, which were 2.5-mm~thick aluminum disks with a diameter of 15 mm,
were placed as indicated in Fig. 1. The activity of the detectors was measured with a semi-
conductor gamma spectrometer equipped with a Ge—Li crystal. The statistical error of the
measurements did not exceed 1%.

Figure 2 depicts the longitudinal distribution of fast (En > 4.5 MeV) neutrons generated
in the lead block by the electrons which had passed through the Si single crystal. The<111>
axis of the single crystal was parallel to the electron beam direction. Figure 2 also shows
the longitudinal distribution of the fast neutrons generated by electrons which were directly

e vwe s

a b

Fig. 1. " Scheme of the detgéfo;'arrangement.
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Fig. 2. ZLongitudinal distribution of the fast
neutrons: 1) with the oriented Si single
crystal; 2) without the Si single crystal.

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 3, pp. 208-209, September, 1984. Origi-
nal article submitted February 23, 1984, ’
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Fig. 4. Dependence of the ﬁeutfon yield ratio
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oriented single crystal and without it.

incident on the lead block. A maximum at t=20-25 mm is observed on both curves (this is
equal to approximately four radiation lengths). At the maximum the yield of the secondary
gamma quanta with an energy in excess of 10 MeV has its highest value [3] (the threshold of
the photoproduction of neutrons in the lead is ~8 MeV). Curve 1 is situated above curve 2.
2 This can be explained by the increase in the gamma radiation intensity when oriented single
crystals are employed. The increase occurs at the low-energy part of the spectrum, which
part coincides with the "giant" resonance in the cross sections of photonuclear reactions

(4, 5].

( Figure 3 depicts the radial distributions of the fast neutrons for lead block thicknesses
of 10, 15, and 20 mm. The distributions were obtained a) with the oriented Si. single crystal
and b) without it. The substantial difference between the curves corresponding to a parti-
cular thickness (Fig. 3a and Fig. 3b) is observed only in the case of small radii (in the
region of the electron—photon avalanche propagation). At large radii the difference is
small because the absorption [6] and the neutron scattering are of dominating importance.
Therefore, only detectors situated on the axis of the lead block were taken into account in
Fig. 4 which depicts the yield ratio of the neutrons for the cases of Figs. 3a and 3b in
dependence upon the thickness of the lead block. The value is K< 1 for thicknesses of 5-15
mm because of the scattering of the electron beam passing through the Si single crystal, i.e.,
because of the decreased dehsity of the electrons incident on the target.

The authors also measured the number of neutrons leaving‘ﬁhe lead block when an oriented
Si single crystal was used or omitted. The results do not differ within the error limits
of the measurements and the corresponding value is 0.05 neutron per . electron (Ep > 4.5 MeV).

The above experimental results may be useful in the de51gn of sources of fast meutrons
on the basis of linear accelerators of electrons,

The authors thank A. P. Antipenko for his help in the experiment.
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CROSS SECTION OF THE ‘**Cd(n, n')***™Cd REACTION IN THE INTERVAL
EXTENDING FROM THE THRESHOLD ENERGY TO 2.2 MeV

Yu. N. Trofimov UDC 539.171.017

The sparse data which are currently available on the cross sections of inelastic neutron
scattering at **’Cd have been listed in two papers [1, 2]. We have attempted to measure the
cross sections of these reactions with the activation method in order to obtain data of
. greater accuracy and in a greater amount.

The measurements were made between the threshold energy of 0.4 MeV and 2.2 MeV relative
to the known cross sections of the (n, n') and (n, v) reactions of ***In [3]. 1In order to
increase the precision of the measurements, an enriched *''Cd isotope of the following per-
centage composition was irradiated: 0.35 *'°cd, 95.1+0.3 **'cd, 2.98 **2cd, 0.48 '*3cd,
0.93 **“Cd, and 0.16 *'®cd. Targets with a diameter of 6 mm and a low weight (20 mg) were
irradiated in order to minimize the corrections for self-absorption. Neutrons were obtained
from the °H(p, n)>He reaction when tritium—titanium targets were bombarded with protons .
accelerated in the electrostatic accelerator of the V. G. Khlopin Radium Institute. The
integral neutron flux was measured with ''®In activation detectors. Two detectors with a
diameter of 6 mm and a thickness of 0.2 mm were mounted on the two sides of the sample and
close to it. The difference in the activation of a detector close to the sample and one
far from it did not exceed 8%. . The sample and the *'®In detectors were mounted 12 mm from
the neutron source and irradiated for 20 min. Slight changes in the neutron flux during the
relatively short irradiation time influenced the activation of ***Cd and ***In in the same ,
way; the activation products have very similar half-lives (49.1 min in the case of **Mcg ‘
and 54.15 min in the case of *'°®In). The activity of the.reaction products was determined
from the 245.35-keV gamma line of *'*™cd and the 336.25-keV and 416.98-keV gamma lines of
11507, and *16M1h, respectively. The energy and the intensity of the Y peaks were determined

N
1 l{ |
57 I
£ J
Toer i : '
T | (Fig. 1. Dependence of the cross section of
e | the 11cd(n, n')***™cd reaction upon the
7k x ineutron energy: O) data of the present work;
x {x) data of [1]; A) data of [2].
|
Q 1 | .‘
0 7 2 :
: £, (MeV)

Translated from Atomnaya Energlya Vol. 57, No. 3, p. 210, September, 1984. Original
article submitted April 5, 1984.
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TABLE 1. Cross Sections of the **'cd(n,
n')***¢d Reaction and Cross Sections Used
in the Case of the **®*In(n, y)*'*™In and
1*31n(n, n')**°M™In Reactions [3]

11104 115In
En +AE,, * |
Onn’ +£AO0pps Cnyp Onn’ i
MeV MeV mb mb b mb i
]
0,3 0,14 0 0 180 0 '
0,5 0,43 0,3 0,1 183 3,75
0,7 0,13 8 1 190 14
0,8 0,13 25 2 200 23
1,0 0,12 62 5 188 59
‘ 1,2 0,11 103 8 178 1M
. 1,4 0,10 150 12 166 136
o1 ] 010 174 15| 160 167
] 1,6 0,09 205 16 153 189
1 18 | o9 236 17 137 232
i 1,9 0,09 248 18 129 246
il 2.0 0.08 290 17 124 260
o2t | s | 232 18 115 | 210
22 0,08 253 20 108 280
|
® xbzlo 23 m? - {

with a Ge(Li) spectrometer having a detector with a volume of 38 cm® and a resolution of 3
keV at the 1332 keV line. The spectrometer was calibrated with a set of standard gamma
nuclides (0SGI) and referénce gamma sources of the D. I. Mendeleev All-Union Scientific-~
Research Institute of Metrology.

The product of the ***Cd(n, n') reaction, the **'™Cd isomer, can also be produced by
radiative capture of neutrons by *'°Cd, a small amount (0.35%) of which is present in the
enriched ***Cd. However, the lack of the 11iMed isomer in the reaction products at neutron
energies below 0.4 MeV.indicates that the radiative capture of neutrons by *'°Cd is negli-
gible. ' -

The results of the measurements of the cross section of the ***Cd(n, n')**'™Cd reaction
are listed in Table 1 which includes the cross section figures employed for the 3Tn(n, v)-
116Myy and **®In(n, n')***®In reactions [3]. Figure 1 depicts the results of the present
work and of [1, 2]. The results of our work are smaller than the data of [1, 2] by 50-70%,:
but the errots of the cross sections of the cited papers overlap our cross section figures.
The experimentally observed reaction threshold of 0.4 MeV corresponds to the energy of the.
isomeric level (396 keV).

In calculating the cross sections, we introduced corrections of 3+ 1% for the neutron
scattering and of 1.5+ 0.37% for the summation of the pulses from t1IMegd, The counting ef-
ficiency of the Ge(Ll) detector was determined with an accuracy of 4%. Corrections for the
nonstationary flux of the neutrons, differences in the geometry, neutrons generated in the
(p, n) reaction at target components, self-absorption of the radiation in the sample, and
counting losses of the analyzer by superposition of the pulse edges were negligibly small.
The statistical error in the measurement of the *''™Cd activity was 0.5% and amounted to 1%
in the case of the *'°™In activity. The following published data were used by the authors:
11Meg half-life 49.1%0.1 min; ***®Inhalf-1ife 54.15 + 0.05 min; quantum yield of the gamma
radiation with Ey = 245.35 keV amounting to 94.2+ 0.1% for ***Tcd and to 33%1% for **°"In
with Ey = 416.98 keV [4].

The total relative mean—square error of the measured cross section (indicated in Fig.
1 for Ep=1.6 MeV) amounted to 8%. Figurel also depicts the characteristic spread of the
neutron energies. The spread results from the energy losses of the protons in the titanium—
tritium targets ‘and the solid angle formed by the sample vis-a-vis .the neutron source.
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