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ARTICLES -

AN ESTIMATE OF THE ERRORS OF A METHOD FOR DETERMINING THE DEPLETION
OF SPENT MIXED URANIUM—PLUTONIUM FUEL OF FAST REACTORS

V. Ya. Gabeskiriya, V. I. Borisenkov, UDC 621.039.626:621.039.54
V. V. Kalygin, M. N. Maslennikova,

V. S. Prokopenko, V. M. Prokop'ev,

V. L. Chernyshev, and A. P. Chetverikov

The necessity arises for a precision determination of the depletion of spent nuclear fuel
in the investigation of the breeding of secondary fuel, carrying out the guarantees of MAGATE,
optimization of the fuel cycle, studying the durability of fuel elements, and solving a num-
ber of other scientific and technical problems.

Serious difficulties appear in the measurement of the depletion of the fuel of a fast
reactor. In thermal reactors the effective cross sections of absorption of neutrons by nu-
clides which enter into the chain of nuclear transmutations differ by two to three orders of ‘
magnitude, which leads to an abrupt change in the isotopic composition of the uranium and
plutonium in the course of irradiation. Therefore by using the method of heavy atoms [1], ‘
one can determine the depletion with an error of 5-7% from the change in the isotopic composi- |
tion. However, this method cannot be used in measuring the depletion of the fuel of a fast
reactor, since due to the absence of a sharp differemce in the absorption cross sectiouns of
neutrons by nuclides the dependence of isotopic composition of the elements on depletion is
weakly expressed. :

It is difficult to determine the depletion of the fuel of fast reactors from the fission
products, since the yield of fission products depends strongly on the neutron spectrum of the
fast reactor [2]. The most complicated problem is to determine the depletion of spent mixed
uranium-plutonium fuel, especially in connection with the use of plutonium having a high con-
tent of the heavy isotopes. The vield of fission products depends on the fissionable nuclei.
For a mixed fuel it is necessary to calculate the effective yield of the fission products (1]
used as monitors of depletion and to know the effective fission and radiative capture cross
sections of neutrons for the heavy nuclei contained in the fuel. These cross sections are
known with significant errors. Therefore the need has arisen to analyze the contribution of
random and uneliminated systematic errors to the overall error of determination of the deple-
tion of fast reactor fuel and to find ways to increase the measurement accuracy.

Measurement Procedure. The sample of spent fuel being investigated was dissolved, and a

’ ‘complex marker containing 2°°U, >“?Pu, and '“’Nd was introduced into an aliquot of the solution
obtained. The extraction of elements for mass spectrometric analysis was performed by the
method of [3]. The isotopic composition of the elements was measured with a reconstructed
MI-1305 mass spectrometer. A three-ribbon source was used as the ion source. The coastruc-
tion of a detachable evaporator has been carried out in such a way that one can charge the
samples through a vacuum lock without breaking the high vacuum in the source region and with-
out examination of its ion-optical system. In order to raise the sensitivity when measuring
ion currents, a type VEU-1A secondary electron multiplier was used. The mass spectra were
recorded in digital form with the help of an Shch 1513 voltmeter and the information obtained
was processed on a computer, which eliminated subjective errors. The ratio of the content of
heavv elements and the depletion monitor to the content of uranium or one of its isotopes was
determined with the use of the complex marker.

The depletion of fuel in percentage was calculated from the formula

_ 100Ny (14 Now My )’
NuYeff Ny NuYeff

where Ny, Ny, and Npy are the molar concentrations of the depletion monitor, uranium, and
plutonium in the initial solution and Ye¢f is the effective yield of the fission products

Translated from Atomnaya Energiya, Vol. 57, No. 1, pp. 8-10, July, 1984, Original arti-
cle submitted November 18, 1983. :
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which are used as depletion monitors calculated from the formula Yetf = 2} g7 (gj is the

fraction of fissions of nuclei j in the total number of fissions, and Y, is the yield of the
depletion monitor upon fission of a nucleus). J

Experimental and computed values of the ratios of the reaction rates for BOR-60 neutron

ggsctra2£§—6] ste used in the calculation of the fraction of fissions of 235U. 23°U, 238U,

Pu, Pu, Pu, and *“?Pu. The total '“°Nd and '“®Nd content was used as the depletion
monitor. The choice of the monitor stems from the fact that the total yield of the indicated
neodymium isotopes is practically independent of the neutron spectrum of a fast reactor [2].
Thus one of the main difficulties in measurement of depletion of the fuel of a fast reactor
is overcome. The selected monitor adequately satisfies all the other requirements imposed
on depletion monitors [1]. The data given in [7] were used in the calculation of the effec-
tive yield of fission products. '

A series of parallel measurements of depletion in a single sample of mixed uraniumplu-
tonium fuel used up in a BOR-60 fast reactor were performed to determine the convergence of
the results (Table 1). Analysis of the data, carried out in accordance with GOST 8.207—76,
has shown that the results of parallel measurements satisfy the normal distribution law. 1In
accordance with the rules for estimating the abnormality of observational results (GOST
11.002-73), it was established that the result of measurement No. 17 has a coarse error, and
it is necessary to exclude it.

The relative mean square deviation of the result of a single measurement calculated in
accordance with GOST 11.004—74 was found to be equal to 0.008. Thus, the confidence level
of the random relative error of a single measurement at a confidence level of P = 0.95 is
€ = 1.6Z. With n parallel measurements the random component of the total error is reduced
accordingly by a factor of vn.

The error of determination of the isotope content of the actinide elements and the fis-
sion products includes an uneliminated systematic error caused by an error in the calibration
solutions used and by an uneliminated systematic error of the mass spectrum method of measur-
ing the molar fractions of isotopes of the elements being investigated. The indeterminacy
of the nuclear constants used to calculate the effective yield of the depletion monitor makes
an important contribution to the uneliminated error of depletion measurement.

In order to analyze the effect of the different sources of error on the accuracy of the
method of depletion determination, the uneliminated systematic error of the method was cal-
culated, and the effect of the individual components on it was discussed. The calculations
have been made for mixed fuel with U/Pu = 4, The content of heavy isotopes of plutonium
(2%°72%%Pu) was 40%, which corresponds to the composition of plutonium accumulated in thermal
reactors. The calculations are given for different ratios of molar fractions of the uranium
isotopes Ng/Ns.

The limit of the uneliminated systematic error O of the result of the depletion measure-
ment (in %) was calculated from the formula 0= 1OOVZ(AF1/F)2, where AF. is thechange in the
depletion upon a change in the value of the i-th parametér entering into the calculation by.
its uneliminated systematic error.

The computational results are given in Table 2, Analysis of Table 2 shows that even with
- a systematic error of determination of the uranium and plutonium isotope content of -.1% this
component makes no noticeable contribution to the total uneliminated systematic measurement
error. However, the accuracy of determination of the relative content of the depletion moni-
tor Ny/Ny is important. '

The total error is produced mainly by the indeterminacy of the yield of fission products.
The contribution of the error in the effective neutron absorption cross sections of 238y and
239py (0g,s 04,) and as (the ratio of the capture and fission cross sections of *°°U) is al-
so appreciable? The total error depends significantly on the composition of the fuel, since
as the ®?°U in the original fuel decreases the contribution of the fraction of fissions of
the plutonium isotopes, for which the yield of fission products is known with poorer accuracy
than for 2°°U to the total depletion, increases. '

When two parallel measurements are performed, the confidence limits of the error in the
depletion determination result calculated from the formula A = /o + €2, are equal to 2.7,
2.9, 3.4, 4.2, and 4.9% for fuel with a ratio of molar fractions of 2?®U.and 2?°°U of 0.1, 1,
3, 10, and 100, respectively.

430
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~ TABLE 1. Experimental Results of Parallel
Measurements of Depletion of the Fuel of a
Fast Reactor

Npy NM Depletion,
i Meas, No, 7 Ny g 102 %
. 1 0,2458 0,6973 791
| 2 0,2479 0,7148 8,08 -
. -3 0,2404 0,7038 “8,00
B 4 10,2464 0,7121 8,06
o ‘5. 0,2458 0,7061 - 8,00
‘ ) 6. 0,2389 0, 6961 7,9
7 0,2435 0,6962 7,9
| 8 0,2354 0,6928 7,92
| 9 0,2434 0,6986 1,9
o 10 0,2446 0,6362 7,90
‘ 11 0,2476 0,7023 7,95
: 12 0,2434 0,6943 7,89
13 0,2467 0,7066 8,00
‘ K 14 0,2374 0,6922 7,90
w v : 15 - 0,2486 0,6970 7,89
‘ o - 16 ©.0,2404 0,6942 7,91
17 -0,2467. 0,7305 8,25
18 . 00,2404 0,6984 7,95
19 | - 0,2469 © 00,7082 8,02
20 - 0,2381 . 0,6932° 7,9
21 0,2440 0,7108 ‘8,06

TABLE 2. Contribution of the Separate Com—
ponents to the Total Error of Measurement
of the Fuel Depletion of a Fast Reactor, 7%

Parame- |

ters 0; %2—:0.1 %%:1 N—"):a x: =10-11-:%:r100
Ny 1 06 |04 [049 0,7 | 0,008
Ng 1 0,11 | 0,3 0,5 0,6 0,6
N, 1 0,14 | 0,11 0,10 0,10 0,09
N, 1 0,08 1 0,06 0,06 0,06 0,06
Ny 1 0,04 ] 0,03 0,03 0,03 0,03
N, 1 0,04 | 0,01 -] 0,01 0,0 0,01

Oag |25 |>0,004|>0,001|> 0,001|> 0,001|> 0,004
Gay |25 |>0,001[> 0,001]> 0,001{> 0,001|> 0,001
"Gag 15 0,02 0,47] 0,4 0,6 0,8
Gag 10 | .03 | 04 0,5 0,6 | 0,6
Oay |25 0,04 | 0,04 0,03] 0,009 0,002
oq, |25 0,007 0,026 0,07| 043| 0,2
Oa, |50 0,07 0,0 0,442| 0,45| 0,2

o 15 0,08 0,08 0,07 0,04 0,006
. ag 40 |>0,001]> 0,001{> 0,001|> 0,001}> 0,001
@, 4 |>0,001{> 0,001]> 0,001|> 0,001]> 0,001
: Og 20 . 0,02 0,13 0,3 0,4 0,6
Oy 15 0,04 0,05 0,08 0,07 0,07
oy 25 0,014 0,011]- 0,007 0,003 0,002
oy 40 |>0,001| " 0,002 0,006 0,012 0,02
oy 50 0,003 0,05 0,06 0,08 0,09
Y, 2,81 1,9 1,4 1,0 0,5 0,06
Yq 30 0,04 0,03 0,026 0,016] 0,002
Y, 30 |=>0,001{= 0,001> 0,001}> 0,001{> 0,001
Yq 14 0,4 | 0,7 1,3 2,1 2,6
Y, 4,2 0,7 1,1 1,5 1,9 2,2
Y, 20 0,6 0,8 1,1 1,5 1,7
Y 20 0,71 141 1,5 1,9 2,3
Y, 20 0,04 0,061 0,09 0,1 0,1
Ny/Nu 1 0,9 0,9 0,9 0,9 0,9
Total unelimi- 2,5 2,7 3,2 4,021 4,8
nated systemat-
ic error

431
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Conclusions., The indeterminacy in the yield of fission products of plutonium isotopes
makes the main contribution to the total measurement error of depletion. Therefore the error
increases as the fraction of plutonium, especially its heavy isotopes, in the original fuel
increases. The contribution of the random component to the total error is inappreciable, and
there is no need to carry out a large number of parallel measurements. It is advisable to
make two measurements to eliminate the coarse error. The depletion can be determined with an
error no worse than 5% when the total *“°Nd and '“°Nd content is selected as the depletion.
monitor, depending on the composition of the mixed uranium—plutonium fuel.
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NUCLEAR-PHYSICAL INVESTIGATION OF MASS TRANSPORT OF CARBON
AND NITROGEN BY SODIUM COOLANT

0. V., Starkov, I. V. Istomin, UDC 539.1.08:620.193:621.039
V. A. Karabash, M. Kh. Kononyuk, '
A, N, Sosnin, and V. S. Shorin

The durability of structural materials (steels) in liquid sodium, used 'as a coolant, re-
mains an urgent problem for fast reactors. In order to make a correct prediction of the be-=
havior of steels and the change in their mechanical properties during the operation of power
equipment for (2-3)¢10° hone must have an understanding of the processes of mass transport and
corrosion. Laboratory investigations [1-5] showed that the transport of the main elements e
(Fe, Cr, Ni) does not appreciably limit the operating life of steels in liquid sodium of re-
actor purity. The corrosion rate is low, amounting to less than 5 um/yr for austenitic chroé-
mium-nickel steelsat 700°C. The principal corrosion effect is the transport of interstitial
impurities, carbon and nitrogen. The transport rate depends in a fairly involved way on the
temperature as well as on the composition of the steels, the heat treatment conditions, and
geometric and other factors. Processes of absorption of the carbon and nitrogen by the mate
rial (austeniticsteels) are possible and so are processes of denitration and decarburization )
(for unstabilized 10Kh2M pearlitlc steel); all of this has a different effect on the mechani~
cal properties of the steels. : :

o,

Transport of carbon through liquid sodium between steels of different composition can be
described by the diffusion equation. In order to solve the equation it is necessary to know
the boundary conditions, in particular the relation between the areas of the surface of the
steel that is the source of carbon (Sg) and the steel that is the receiver (Sy) of the carbon
and the value of the thermodynamic act1v1ty ‘of the carbon. The solution of. the diffusion
equation shows that the thermodynamic activity is proportional to the surface concentration
Co of carbon. Thus, in order to study the thermodynamic properties of complex systems one
must have experimental data about the functions C(x) of the distribution of the gaseous im-
purities over depth in the range >50-100 um, which is characteristic of the width of the cor-
rosion zone. Existing methods of chemical analysis to determine the nitrogen and carbon con-
tent with a layered mechanism of removing material of the specimen have a poor depth resolu-

. tion (Ax >50 um), which does not allow Co to be measured w1th the necessary accuracy for .
° % large gradients of impurity distribution.

Translated from Atomnaya Energiya, Vol. 57 No. 1,.pp. 10-14, July, 1984: Original arti-
cle submitted November 4, 1983. . , R .
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Fig. 1. Differential cross section of the '2C(d, po) reaction \
for the angle 6; = 165° (a) and amplitude spectrum of protons io
the region of carbon impurities in a 10Kh2M steel specimen for

E, = 1.76 MeV (b). The arrow points to the peak of surface coon-
taminants. :

In the work reported here the nuclear-physical method of microanalysis from the instan-
taneous radiation was used to study the distribution of nitrogen and carbon in specimens of
unstabilized 10Kh2M pearlitic steel in contact with liquid sodium under different conditions.
The method is based on the spectrometry of protons from the (d, po) reactions which occur on
impurity nuclei when the surface of the specimen is probed with a deuteron beam having an en-
ergy of 1-2 MeV [6]. The protons were detected by two semiconductor detectors of the DKPs
type, set up at angles of 150 and 165° to the beam in a scattering chamber connected to the
ion guide of an £G-2.5 electrostatic accelerator. The electronics of the experiment pernitted
simultaneous accumulation of amplitude spectra from two detectors, one of which was adjusted
to detect the carbon impurity and the other, to detect nitrogen. The details of the method and
the experimental technique were described in [7, 8]. The method has a depth resolution ;x <
1 ym at a probing depth Ro << 10 ym. In order to obtain information at a greater depth the
method was employed in conjunction with the sectioning technique.

In order to simplify the analytical procedure, we assumed that the desired distribution
C(x) in the region x <{ Ro has the form

‘ C(:c):C!,q'—(C,,a)ﬁ(x), (1)

where the distribution function of surface contaminants in the specimen is approximated by a
5 function and C_ is the average impurity concentration in a surface film of average thick-
ness a. . The assgmptiOn (1) permits the method to be made a rapid method since the procedure
of analyzing the measured spectra car be replaced by one of comparing the reaction yields
Y(E,) for several values of the incident deuteron emergy E.. The yield Y(E,)

R(EY)
Y (E) A 3 0 (2) C (@) dz=Ac,® (E) 83" [Cy-+ € jaz (B} (2)
. { .
where the functions ®(E;) and z(E,) have the form
' ' ' r '
(B =\ 1o (B)/6a) 18,8, (E)] dF;

t
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Fig. 2. Differential cross section of the '“N(d, po) reaction for
the angle 61 = 150° [a) points at top] and amplitude spectrum of -
protons in the region of nitrogen impurities in a 10Kh2M steel
specimen for E, = 2,02 MeV [b) points at bottom].

TABLE 1. Content of Carbon»(XlOZ) and Nitrogen (x10%) in Surface Layers of 10Kh2M
Steel after Tests, mass 7

Conditions of tests ' Carbon - o Nitrogen
T, . carbon re- Sg/ distance from surface, mm ~ distance from surface, mm
"l 1T h jceiver 5 " 0,05 0.1 0-0,1% o R
400] 5,6-10¢ | 10Kh18N10 1:1 13010 12,540,6 | 10,840,3 | 1241 10010 2541 1840,7
50 108 | 10Kh18N10T |1 : 200] 0,990,131 | 2,8840,26 | 3,4640,10 {2,530,5{ 1,560,145 | 5,080,42 7,8+1.5
Ho0) 5-102 }8}8}}% 1:1 2,040,321 4,300,10 | 4,69+0,37 541 2,054-0,3 1,04+0,3 | 8,984-0,32
Gl 5. 102 104 | 1.04£0,07 | £,07£0,04 | 2,173:0,10 bES 2,4740,10 | 1,69:£0,10.] 4,274:0,2

*t denotes the duration of the tests.
Data from chemical analysis.

2(E,) = Soo (E,) [0, (E}) D(EH]™.

_ Here o[E(x)] is the cross section of the reaction at a depth x, R(E) is the range of
deuterons of energy E, S;(E) is the stopping power of the substance, 0o = 0(Eo), So = S3(Eo),
and Eo, is a certain "base" energy. The constants A and oo were determined in an experiment
with a standard, i.e., a specimen of known stoichiometry, for which we used specimens of re-
actor graphite, natural diamond (carbon), and aluminum nitride (nitrogen). The S(E) data

were taken from [9], making it possible to determine the relative value of S(E)/So with an

error of 1-1.5%. The energy dependence of the reaction cross section ¢(E)/go was measured in
experiments with thin carbon and nitrogen (adenine CsHsNs) films with an error of no more than
2%7. ’ :

The results of cross-sectional measurements are given in Figs. 1-2. The figures show
that a broad resonance at Eq = 1.2 MeV dominates in the *2¢(d, po) reaction cross section
while the cross section for the 14N(d, po) reaction grows smoothly by a ~E®*! law to a reso-
nance at1.9 MeV. The shape of the cross section essentially determines the shape of the spec-
tra measured (see Figs. 1b and 2b) and the effective depth <x> of analysis; calculation for
R, = 1.8 MeV gave a value of <x> = 4.9 ym in an analysis for carbon and 2.8 ym in an analysis
for nitrogen in steel. o

This method of isolatiﬁg the surface film is easily realized in the case of nifr_ogen mi-
croanalysis. Measurements showed that the nitrogen film on steel specimens is fairly stable
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and has a thickness of approximately 1 monolayer (0.1-0.2ug/cm® for C_ = 1). The thickness
of the surface carbon film is substantially greater (0.4-3pug/cm®) and increases with time
[scattering~chamber pressure ~3¢107° torr (1 torr = 133.322 Pa)]. Thus, C, for the carbon
film was determined by a simpler method, exploiting the fact that the surface film is expli-
citly isolated in the measured proton spectrum at a deuteron energy E; > 1.7 MeV and a detec-
tor resolution 8E ~ 50 keV (see Fig. 1b). TFor carbon analysis, therefore, it was sufficient
to carry out measurements for one value of deuteron energy, viz., E;y = 1.76 MeV. This value
is optimum since interference with oxygen [the contribution of the eo0(d, pPo) to the measured
spectrum] is minimal at the energy indicated [8]. For nitrogen the interference of the
*“N(d, po) and '*N(d, ao) reactions is easily eliminated by placing a polyethylene filter
(~17 mg/cm®) in front of the detector; the filter removes other impurities from the spectrum
of detected protons (see Fig. 2b) [7].

The specimens, in the form of disks 14 mm in diameter, were sections made at a particu-
lar depth in the material in contact with liquid sodium. They were prepared from the wall of
an operating tube of a BN-350 steam generator as well as test-stand specimens and their sur-
face was polished. The beam diameter on the specimen was ~1.5 mm. The system for moving
the specimen permitted simultaneous scanning of the beam over the surface of the target. The
final data were obtained by averaging the results of measurements at 3-5 points of the sur-

‘ face in order to eliminate the influence of local inhomogeneities which in some cases served
as the main source of errors. The dose of an individual irradiation was 50-130 uCi at a beam
current of 0.1-0.3 pA and the statistical error of measurement of the yields Y(E,) for the
specimens was 1-5%, depending on the impurity content and the value of E,, for a measuring
time of 10-25 min. The estimated inherent (systematic) error of the method in the case of
one-parameter analysis (of carbon) is 37%. :

The results and characteristics of the conditions of the testing of specimens of 10Kh2M
steel are given in Table 1. The investigations were carried out at 400-650°C for 500-56,000
h. High-alloy steels of different compositions (10Kh13, 10Kh18N10, 10Khl1810T) were the car-
bon receivers. The presence, in the austenitic chromium—mnickel steel, of titaoniuvm which is
strongly carbide-forming substantially affected the surface concentration of carbon in the
10Kh2M steel. When the testing apparatus was made of 10Kh18N10OT steel, then according to
chemical analysis data the average carbon content in the surface layer 50-100 ym thick of
10Kh2M steel was 0.03 and 0.02 mass % after being kept in sodium at 500 and 550°C, respec-
tively. When 10Kh18N10 steel served as the carbon receiver, Co increased to 0.075-0.09 mass %.
Data from nuclear microanalysis show (see Table 1) that when 10Kh2M steel is decarburized, the
value of Co is smaller than the data from chemical analysis by a factor of 2-2.5. Such a low
carbon content near the surface can be explained not only by equalization of the thermodynamic
activity of carbon in the system 10Kh2M-Na—10Kh18N10T, tending to equilibrium, but also by a
change in the stoichiometric equilibrium of the surface layers of the steels with respect to
the main elements (Cr, Fe, Ni) because of their dissolution and deposition in the sodium.
This, in turn, causes a change in the thermodynamic . activity of the nitrogen and carbon. Con~

- sequently, when the surface is depleted of chromium the content of carbides and nitrides de-
creases.
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Fig. 3. Distribution of concentration C(x) of carbon impurity

(a) and nitrogen impurity (b) over the depth x for the wall of
the steam generator made of 10Kh2M steel in the BN-350 plant.
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TABLE 2. Average Carbon Content in a 0.1~
mm Surface Layer of 10Kh2M Steel after
500 h in Sodium, mass %

Carbon receiver BHUY L GHo° ¢
10Kh18N10 - 0,075 0,05
10Kh13 0,045 0,020
10Kh18N10T 0,025 e

The hypothesis put forward here can be illustrated by the data for the wall of a BN-350
steam generator operated for 56,000 h (Fig. 3, Table 1) at 390-400°C. At such a temperature
a change in the stoichiometry of the surface layers can be observed only after long tests, ow-
ing to the slow rate of mass transport of the main elements. The results of mass-spectromet-
ric analysis of specimens of 10Kh2M steel reveal that near the surface the chromium content
increases from 2.25% to 3-4%, as is confirmed by the existence of a process of transport of
the main elements in a nonisothermal loop through the sodium between the 10Kh18N10 and 10Kh2M
steels. This process leads to carburization of the 10Kh2M steel, which is not entirely usual
for a low-alloy pearlitic steel. Nevertheless, this tendency is indicated by chemical analysis
data which attest to a carbon concentration of up to 0.12 * 0.01 mass % in the surface layer
(~100 um) of the 10Kh2M steel. The results of nuclear microanalysis (see Fig. 3) support this
with great reliability for carbon as well as for nitrogen, for which no other data were ob-
tained. The results of microanalysis show that carburization and nitration processes are no-
ticeable at a depth <40 pm even at a low temperature.

Table 1 also presents the results of nuclear-physical analysis of the transport of ni-
trogen and carbon between 10Kh2M and 10Khl3 steels; this analysis stemmed from interest in
ferritic chromium steels as possible structural materials for sodium-cooled reactors. The
data presented indicate decarburization of 10Kh2M steel after it has been held in sodium at
550-650°C and that the decarburization rate almost doubles when the temperature is increased

by 100°C. These data can be compared with the results of chemical analysis for carbon in the :

surface layer of 10Kh2M steel (thickness 100pm) with 10Kh18N10 and 10Khl8N10T steels as the
carbon receivers (Table 2). It turns out that the results for 10Khl3 steel are intermediate
between the values of the concentration for 10Kh18N10 and 10Kh18N1OT steels. It thus follows
that the thermodynamic activity of carbon in chromium ferritic steel occupies a position in-
termediate between the corresponding values for titanium-stabilized and unstabilized chromium—
nickel steel.

The simultaneous measurement of the distribution of nitrogen and carbon impurities in
surface layers of 10Kh2M steel by means of nuc¢lear microanalysis permits an unambiguous con-
clusion as to the correlation in the variations in the carbon and nitrogen concentrations
(see Fig. 3, Table 1), viz.: The decarburization process takes place simultaneously with the
nitration process. This correlation is in accordance with the values and signs of the thermo-
dynamic parameters of the reaction of nitrogen and carbon with the alloying elements in the
steel [1]. Quantitative estimation of such parameters is an urgent and interesting problem.
The application of the methods of nuclear microanalysis, which have a high sensitivity and
resolution over depth, are very promising for the solution of this problem. The results of
this paper also indicate a necessity of more detailed investigations of the surface zone to
a depth <C10 ym, in which a particularly pronounced change occurs in the concentration of both
the interstitial impurities and the main elements. In this region (of the order of the grain
size of the material) the nuclear method of analysis on the basis of instantaneous radiation
in practice has no competition from other nuclear and atomic methods.

In conclusion, the authors express their gratitude to B. D. Kuz'min for taking a constant
interest in the work, V. G. Balin, A. F. Gurbich, Yu. M. Nikitin, and M. P. Filin for partic-
ipation and assistance in the individual stages of the work, as well as to the members of
the EG-2.5 group for reliable operation of the accelerator in the desired regime.
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CRITICAL TRANSPORTATION VELOCITY OF SUSPENSIONS IN HEAT-CARRIER FLOWS

V. V. Alekseev, F. A. Kozlov, UDC 621.039.534.63
and Yu. I. Zagorul'ko

Studying the transportation of suspensions in heat-carrier flows is associated with the
need to obtain theoretical dependences for estimating the transfer and accumulation of impuri-
ties in the loops.

The critical velocity of transpertation of particles suspended in a turbulent flow, de-
fined as the smallest velocity of the suspension-bearing flow (at which no accumulation of a
deposit on the floor of the horizontal channel occurs), depends on a series of parameters:
the dimensions, density, form, and concentration of the parameters; the viscosity and density
of the liquid; the dimensions, form, and roughness of the channel surface; the adhesional-—
interaction force and the friction of the particles with the surface.

In the known empirical dependences used to calculate the critical velocity [1-3], the
influence of only some of these parameters is taken into account; the region of definition of
the individual characteristics is significantly restricted. There is a considerable discrep-
ancy in the numerical estimates of the critical velocity obtained from the data of different
authors.

In the calculation method described here, the forces which act on particles at the sur-
face of a circular channel are considered, and the influence of all significant determining
parameters is taken into account. The following basic hypotheses are employed.

When u >>u_, the particle flux deposited on the channel surface is equal to the particle
flux removed from the wall and entrained in the layer of liquid at the wall. When u < u,, the
: individual particles incident on the channel surface are retained there, as a result of which
deposit accumilation occurs. In the case of deposition of a single particle (which occurs at
a sufficiently small particle concentration in the liquid flow), the critical velocity is
identically equal to the velocity of particle breakaway. To determine the breakaway velocity,
the balance of all the forces acting on the particle at the channel surface is considered. The
dependence of the critical velocity on the particle concentration is specified on the basis
of the breakaway condition for a group of particles.

Estimation of the Forces Acting.on a Particle at the Channel Wall

Using the data of [4], the force exerted by the liquid flow on a particle remaining
within the limits of a laminar sublayer of the boundary layer may be estimated:

1

@ +=1050 (0< 1, <5). (1)

If the particle dimension exceeds the thickness of the buffer sublayer of the boundary
layer (1, > 30), the velocity of flow around the particle is taken to be equal to the flow
velocity at a distance of 1/2 from the wall. A Karmanovskii velocity distribution over the

Translated from Atomnaya Energlya Vol. 57 No. 1, pp 14-18, July, 1984. Original ar-
ticle submitted October 28, 1983.
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channel cross section is assumed. In this case, taking account of the dependence of the
frontal force on the velocity of flow around the particle [5], it is found that

Fey = 6945 10y In (L /3.68) 10 (30 << Ly <ALA) : 3 (2)
Faw =432 1 In (L 3.68) 10 (A0 < Ly < 60 : '_ - (3)
Feoo= 12 [, In (A1) (La = 60). : , 4

The dependence of Fp4 on 7, taken in a linear approximation in logarithmic‘coordinates
between the points I, = 5 and I4 = 30 is described by the equation :

Fp o= 4700 (5L B0). ' ' (5)

' With an approximation to a few percent, Eqs. (2)-(5) may be written in the less accurate
form : : . &
Fo =585 BB . (6)

The lift force is estimated using the dependence
Fv=0.0761,. | )

The simplest form of the dependence of the adhesion force on the particle dimension was
proposed in [7]

F, =k, ‘ (8)

The particle weight, taking account of the expulsion force, is

K, =ngl? (p —-p)/(‘n. ' - (9)

Calculation of the Critical Velocity of Suspen31on—Bearing Flows w1th Small Partlcle Concen-
trations in the Liquid

A small concentration of the suspension here is understood to be such that the mutual
influence of the particles at the channel wall when u > u, may be neglected. In this case,
the critical velocity is taken to be equal to the breakaway velocity. .

The breakaway condition for a particle at the wall of a horizontal channel (in its lower
part) is [8] :

B Sk (Fy B, ) ~ . o)

If the particle is nonspherical, Egs. (1)>and (6) take the form . .
B o =10.5 (1) ' | (11)
Fo v =518 (k 124, - . 12)

where ks = ZM/Z, 7= (6V/ﬂ)1/3-v

Substituting Fg, Fa’ w» and F. into Eq. (10) from Egs. (1) and (6)-(9), an expression
is obtained for the dynamic flow ve&ocity corresponding to particle breakaway

w* >k [ka/l + ng (p,—p) U] 10.50)* 5k (LY ' (13)

by {a - e (pp- -p) 12/65 }"-41 w018
5.48k2+4% 1 0.076k, 148 105901 : : (14)
el +

(B L < B00).

u*;a{

The critical velocity is determined from the solution of the equation establishing a
relation between the dynamic and mean-mass flow velocity [9]:

w* = e /1515 Ig (uDe/v) — 4.64]. @1s)

For a channel with a rough surface, when the particle is on the side of a projection,
the breakaway condition may be written in the form '
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o I"F Ccos ot — Kysino-t 1 sina ke (Fo+ F cosat bz sin o — Iy, cosa). (16)
The angle o is estimated aﬁproximately from the relation (Fig. 1)

cosa (R, — e [2)[ Py _ (17)

Using Eq. (16), the following expressions are obtained for a rough surface

¥ koke 1 4-m (Dp-- 1) (sin a4k cos o) 16 ]n ‘:‘//‘ )
i O (cos o by sino) " (18)
(<
u*> Teylin -1 71 (P D) (510 ot kg cOs ) P2/GTI0. AT w018
- P (5v_18k;’/'l' (cos & — Ky 8in &) - ]

(19

" 10,076 (sin |- by cos @) 15:°%)

(5<<14<<300).

Equations (18) and (19) are valid if h,., << 5. For cases when the particle touches a few

projections of the rough surface, the breakaway velocity is determined using Eqs. (13) and
(14). '

Dependence of the Critical Velocity on the Concentration of the Suspension

At velocities of the suspension-bearing liquid flow exceeding the critical value, there.
is an equilibrium dynamic layer of particles at the channel surface; the density of the layer
depends on the concentration of the suspended phase. If particles at the channel wall are suf- -
ficiently far apart, their mutual influence in the boundary layer of liquid may be neglected.
In this case, the critical velocity is equal to the breakaway velocity. The limiting concen-
tration of the suspension at which this condition is still satisfied may be determined as fol-
lows. On average, the number of particles on unit surface at the face of an isolated element
of suspension volume is

n = ¢ (6c/nl3)¥3, (20)

where ¢ is a coefficient.
The mean distance between the centers of spherical particles at the face surface is

s= (I3 /6c)V3 (4 /)12, (21)

It may be assumed that coincidence of the face planes and the channel surface has little
influence on s when u>>u,. There evidently always exists a line s = s,, on crossing which
the mutual influence of particles at the channel wall may be neglected. The value of s, cor-
responds to a suspension concentration

e, = (/6) (s,/1)3 (/)2 i} (22)
The ratio s./l depends on the conditions of liquid flow around the particle. If'the particle
size considerably exceeds the thickness of the laminar sublayer, the ratio may be estimated
on the basis of the data of [10], and is ~15-20. :

When ¢ > ¢y, the critical velocity is determined on the basis of the breakaway condition
for a group of particles: TFor a group of particles at the wall, the adhesion force and the
weight increase in proportion to the surface density of particles n in comparison with the
same forces acting on a single particle. At the same time, as a result of the mutual influ~
ence of the particles, the frontal and lift forces increase considerably less than the adhe-

. sion force and the weight. ~For a group of particles, Eqs. (10) and (16) may be written in
the form '
K 4 kB, =l (Fo 4 By) bens | 23
Pb(cosa——kTshla)4~ﬁ£(shla—rchosa);z(kTFa4nF&(shna—%k,cosa))kn. (24)

~ The value of k is determined from the condition that, whem ¢ = c;, the critical velocity
is equal to the breakaway velocity, or kn = 1; hence, k = s?.
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Fig. 1. Determining the
angle of slope of a rough
surface.

ug, m/sec

770 w0 4 km

Fig. 2 Fig. 3
'Fig. 2. Dependence of the critical velocity on the dimensions of the suspension: par-

ticles: 1, 1', 1") calculation by the method here described; 2) calculation from the
data of [3], 3) experimental values.

Fig. 3. Concentration dependence of the critical velocity: 1) by the method,here
described; 2) calculation from the data of [3].
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|
7 170 700 I, pm

Fig. 4. Dependence of the critical ve-
“locity for iron particles in sodium.

It follows from the solution of Eqs. (23) and (24) that Egs.-(13), (14), (18), and (19)
are used to determine the critical velocity; when I, << 5, the right-hand side of the inequal-
ity is multiplied by (kn)°°®, and when 5 < 74 <300 by (kn)°*“*. When c<< c,, kn = 1. If
¢ > ¢, the product kn is found on the basis of the estimate of s,. When Z+ < 2, the parti-
cles are immersed in laminar flow, and their mutual influence is small even at a distance of
2], i.e., sy = 2l. When I, > 15, s, = 15]. In the range 21 < 14 <15, s, varies from 27 to

157. In final form (taking account of the s1mplif1cat10ns adopted), data for the calculation
of kn are given in Table 1.

The coefficient ¢ may be regraded as a parameter taking account of the influence of mu-
tual collisions of particles on their deposition. As the distance between particles decre7s-
es, so ¢ differs more strongly from unity. Taking a linear dependence of ¢ on s, ¢ Alct
may be written, where A is a proportionality factor. Calculation of A is based on the condi-
tion that, when c¢ = 10~“, the particle collisions are practically nonexistent, i.e., ¢ = 1.
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0 — 1/(24.4c413), (25)

Experimental Determination of the Adhesion and Friction Coefficients

To confirm the possibility of using Eq. (8) to calculate the adhesion force of particles
in sodium and to determine the coefficients ka and kg, the following procedure is used. From
the balance of forces acting on a particle, at an inclined surface, it follows that the lim~
iting particle dimension at which breakaway sets in under the action of the gravitational
force is

] _l' 6k, 2 _
L= ng (pp—p) (cos B-sin B/IcT)J o (26)

- Equation (26) is intended for the calculation of the coefficients k, and kp from the experi-
mental value of ZL at different angles of slope of the surface. With this aim, the function-
al dependence Z;(ka, kT) is analyzed by the least-squares method.

- To determine ZL in liquid, a stand was set up in an empty vessel, with Kh18N10T steel
supports fixed at the same level, having a polished surface on one side. The polished sup-
port surfaces were inclined to the horizontal at angles of 0, 30, 60, and 90°. A carefully
mixed suspension of particles of the chosen material was poured into the vessel. Particles
of the suspension of dimension less than ZL were retained on the supports after deposition.
After evaporation of liquid from the vessel at a rate at which the velocity of level drop is
no more than 1 pm/sec, the substrate is transferred to the field of view of the microscope.
Since the adhesion force in the gas medium is several orders of magnitude higher than in the
liquid [4], transfer of the supports and their rotation does not lead to particle breakaway.

Using the ocular scale of the microscope, the longitudinal and transverse dimensions of
the largest particles were estimated with an accuracy of up to 2.5 pm. . The vertical dimen-
sion of the particles was determined by scanning. The particles considered were oval in form;
the deviation from the mean dimensionwas by no more than a factor of 1.5 for each of the three
measurements. For each support, the mean dimensions of the three or four largest particles
were averaged. The value obtained was taken to be equal to the limiting particle dimension
114 in the calculations.

To estimate the accuracy with which the coefficients k_ and kr are determined, the stan-
dard deviationof the values measured for 7. from the results given by Eq. (26) was calculated.
Experimental and theoretical values of the parameters for particles of different materials ob-
tained in water, alcohol, and sodium are shown in Table 2. Taking into account that the ad-
hesion force is probabilistic in character, the value of ka corresponding to the maximum ad-
hesion force is determined by the given method.

Theoretical Estimates of the Critical Velocity. Comparison with Experimenfal Data

The dependence of the critical velocity on the dimension of tungsten particles in sodium,

calculated in accordance with the data in [3] and the method here proposed, is shown in Fig.

2. The following initial parameter values are adopted: ka = 5.7107° N/m, kp = 1.25, ky =
0.7, « = /12, D_ = 0.02 m, ¢ = 0, and a sodium temperature of 300°C. Curve 2 is a general-
ization-of a large number of experimental points (shaded region) for suspended particles with
dimensions of more than 100 um. The segment of straight line 3 denotesthe limits of experi-
mentally measured values of the critical velocity. Theoretical values are enclosed between
curves 1' and 1" , which correspond to the limiting deviation of the adhesion and frictionm
coefficients from the mean.

Curves of the concentration dependence of the critical velocity for a tungsten suspension
in sodium with 7 = 100 um are shown in Fig. 3. The shaded region and curve 2 correspond to
calculation by the data of [3].

On the basis of the results obtained, the critical flow velocity of sodiumwith suspended
iron particles is estimated, in conditions close to those for flow in the active-zone chan-
nels of the BN-600 reactor. The sodium temperature is taken to be 600°C, D, = 2.42 mm, k_ =
0.7, a = 7/12. The results of calculation are shown in Fig. 4. Hence it follows that, for
the given case, with a mean-mass flow velocity of 4.75 m/sec, all particles of size >1 um are
transported. ) .
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TABLE 1. Dependence for Determining the
Product kn
\
ls c1 hn
<2 (re/48) o/ (48e/m)? g
R [u/(ﬁl‘)llq’”“ (Ge/n) 13y

1,715 1,55-10-4/¢%/% _B46c?3¢

TABLE 2. Results of Experimental Deter- : ‘ S

mination of Adhesion and Friction Coeffi-
cients of Particles in Liquids

critical velocity is equal to the particle breakaway velocity,

k,, 1073
Particle :
Medi . N/m (maxi- k
edium material mum value) T
Water Tungsten 6,0+1,8 | 0,87+0,20
Ethyl alcohol [Stainless steel 3,2:0,9 | 0,7540,20
Sodiumn The same 9,743,2 [ 1.17+x0,14
Sodium Graphite 6,3+2,7 | 1,104£0,16
Sodium Tungsten 5,74+2,5 | 1,264+0,13
Sodium Nickel 8,7+2,8 | 1,220,414

The given relations allow the critical velocity of suspension-bearing flows to be cal-
culated over a broad range of initial parameters. Using the data of Table 2, the transporta-
bility of suspensions of particle size up to 1 ym may be estimated, the most dangerous points
may be determined from the viewpoint of clogging of the cross section, and the propagation
of some active and inactive impurities in loops with a sodium heat carrier may be estimated.

NOTATION

1, particle dimension, m; ZM, minimum particle dimemsion, m; 7;, limiting particle dimen-
sion, w; D,, channel diameter, m; » microprojection height of surface roughness, w; R.. rad-
ius of roughness projection, m; s, glstance between partlcle centers; s,;, limiting value of
the distance between particles, m; V, particle volume, m>; Fp, frontal force N; F_, adhesion
force, N; F , weight, N; FL lift force, N; u., critical velocity, m/sec; u® + dynamic velocity,
m/sec; c, bulk concentration of suspension, mg/m s €1, maximum concentration at which the"
m’/w®; p, liquid demsity, kg/m®;
p_, particle density, kg/m®; n, number of particles per unit channel surface, m"’; v, kine-
matic v1sc051ty, m?/sec; k.., sliding friction; k_, adhesion coefficient, N/mw; = Zu*/v,
Fpp = F /pv s Fiy = FL/pv , dimensionless parameters; kg, sphericity coefficient' k, propor=-
tlonallty factor; g, acceleration due to gravity, m/sec?; a, angle of slope of surface of a
roughness prOJectlon B, angle of inclination of the support to the horizontal; Re, Reynolds

number.
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USE OF DETECTORS EXTERNAL TO REACTOR TO DETERMINE THE REACTOR POWER
AND THE MEAN ENERGY DISTRIBUTION OVER THE HEIGHT OF THE ACTIVE ZONE
A. N. Kamyshan, A. M. Luzhnov, , UDC 621.039.512.44

A. 'S. Makhon'kov, V. V. Morozov,
N. S. Orekhova, and S. G. Tsypin

Systems based on detectors positioned outside the reactor have been successfully used
'to monitor the power and mean energy distribution over the height of the active zone in non-
Soviet atomic power stations with PWR [1-3]. The development of systems with monitoring from
outside the reactor is also of great importancd in the USSR [4]. As a rule, these systems,
permitting continuous take-up of information characterized by inertialessness and high re-
liability, are associated with emergency-protection systems of the reactor.

"A typical setup of detectors external to the reactor (DER) is shown in Fig, 1. Three or
four detector units are positioned around the reactor, each with two to four detectors at dif-
ferent heights [1, 3, 5]. Since the neutron field outside the reactor depends on the energy
distribution over the volume of the active zone, the form of  the energy distribution over the
‘height may be recovered using the appropriate method of analysis of the detector readings. The

., ,integral of this distribution will be proportional to the reactor power.

| ' In the present work, an attempt is made to determine some characteristics of systems of
\ DER optimal from the viewpoint of a reasonable compromise between the error of the results

| and complexity of construction. One of the basic characteristics of this system isthe number
"~ of detectors in each unit. Usually, it oscillates from two to four, but there is no sound ba-
sis for the choice of any specific number [1, 3, 5]. For a specified class of functions, in-
cluding a set of possible forms of height distributions, how may the minimum number of detec-
tors sufficient for recovering any function from this class with satisfactory accuracy be
found? To estimate the accuracy of recovery, the following criteria may be used

i 1l

=S‘|F(z)—f(z)|dz/gF(z)dz | (1)

[ 0

8p=] max F(z)— max f(z)]|/ max F(z). ‘ (2)
z€[0, ] . z€[0, ] 2€[0, H] .

Here F(z) is the true energy distribution over the height; f(z) is the energy distribution
recovered; H is the active-zone height.

The reading of detector number k in the unit is related to the energy distribution over
the volume of the active zone Fv(r) through the space—dependent welghtlng function of this’
.detector Sv(r)

Du={ Fy (0 St (9 dr, ™
v

where V is the volume of the active zone; SX(r) is the space-dependent weighting function,

which specifies the response of detector k to a point fission source of unit power at point
* ‘ :

r.

It is assumed that Fy(r) may be written in the form
| Fy (1) =F (&) F,(r, 9), @

where the function F,(r, ¢ ) is normalized to unity

Translated from Atomnaya Energiya, Vol. 57, No. 1, pp. 18- 21 July, 1984. Original arti-

|
i *Methods of determining the weighting functions were considered in detail in [6-8].
|
‘ cle submitted August 22, 1983.
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Fig. 1. Positioning of detectors: 1) detector units; 2) active
zone; 3) shield; 4) channel and three-detector unit; 5) channel
and_ four-detector unit. .

23! R ]
| do S rF, (r, @) dr — 1,
0 0

and R is the radius of the active zone.

Combining Eqs. (3) and (4) gives
i
Dy=|F@Si@dz (5)
S v
where v
2 R
Sn(2)=| d(p\rdrSX (@1, D) Fy(r, @),

0

Below, Sk (z) will be simply called the weighting functions. The height of the active
zone is divided into N equal sections, and Eq. (5) is written in the form

24 : © N+
D,=W, [ 0@ S @at ...+ Wx | on(d S (3) dz.,
2y N

where the sequence {z_; n =1, N} specifies the division of the active-zome height; and

n4r

0@ =F @] | Fla)dz
W, = "Sﬁ.lF (z) dz, .

In'
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or , » o :
Dy = Wa'Smr"*‘ Wzs_l_;z’i' +WySun, 7 (n
whete | v
o Zn1
Sin = | @ () 51 (2) da.
Zp -

If the number of detectors in the unit is N, and_the.reading of each‘detector is written in
the form in Eq.-(7), the following system of equetions is obtained:

Sy Sy ... Sin ‘W, _' D, _
Sot Sz -i Son || W || D, - (8)
Sws Swz .- Sun/ \Wy/ \Dy,

solution of which yields {W ;. n=1, NJ}. From the values of {Wh} (called the incomplete in-

tegrals of the dlstribution? the integrand function F(z) may be recovered.

_ " One method of recovery was described in [5]. The function F(z) is written in the form
of a series of sines with as many terms as there are detectors in the unit

F(z) c,sm( )+C s1n(2;;z)-i—.....+CNsi_n(A;IM). o (9)

In this case, recovery of F(z) reduces to finding the coefficients {Cn, n=1, N} These co-
efficients are related to {W ; n = 1, 1, N}.

Ay A ... Ay 'Cy W,
Ay Ay ... Ay C \_| W, (10)
Ay Ang ... Ann Cn WN

Here A is a matrix of constant coefficients which may be obtained by substituting Eq. (9)
into Eq. (10) successively for all n from 1 to N.

Since the number of incomplete integrals from which F(z) is recovered is equal to the

- number of detectors in the unit, determining the optimal number of detectors entails finding
the minimum number of incomplete integrals sufficient for the recovery of any distribution
from the specified set of possible forms with the required accuracy.

As an example, the results of recovery for two, three, and four incomplete integrals of
the distribution given in [9] are shown in Fig. 2. It is evident that the recovery of the
initial distribution from two integrals (i.e., from the readings of two detectors) may lead
to considerable distortions in form of the distribution, while increase in the number of in-
tegrals from three to four does not facilitate significant decrease in error according to the
estimates in Eqs. (1) and (2). On the basis of an analysis of the distributions in [1] for
PWR, it may be concluded that a construction with three detectors in a unit is acceptable.
Two detectors allow the form of the distribution to be approximately estimated only in the
case when the function which describes it is -unimodal, : :

Determining the number of detectors in the unit, it is natural to pose the question of
‘how-to position these detectors in order to have minimum error in recovering the distribution
by the method in Eqs. (8)-(10). Change in configuration and physical proverties of the pro-
tection and the position of the detectors appearing in the unit only influence their weight-
ing functions. Therefore, the initial problem reduces to finding the form of the weighting
functions ensuring minlmum error of recovery. The weighting functions of the detectors are
used in calculating the elements of the weighting matrix S, which specifies the coefficients
of the system of linear equations in Eq. (8). The relative error of the incomplete integrals
which are the solution of this system depends on the conditionality of the matrix S and may
exceed by a factor of m (m is the conditionality number of the matrix) the relative
error of the elements of the matrix S and the detector readings {Dg; k = 1, N}.
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One form of matrix with the minimum pos31ble condltionality number, equal to unity, is
a diagonal matrix with identical elements on the diagonal

' ‘ S0 ...0 - ‘
||S,,||=(0 S ... 0). ‘ : ‘
00 ...8 ‘ . »

A weighting matrix of this form corresponds to the "ideal" weighting functions shown in
Fig. 3. In this case, each of the detectors of the unit records only the radiation of the
section of the active zone opposite it (called "its section'), and does not react to the ra-
diation of other sections. In existing systems, the detector units are most often positioned
in vertical channels in hydrogen-containing protection. ‘The weighting functions for one such '
construction with four detectors per unit are shown in Fig. 3 [6]. The conditionality num-
ber corresponding to the weighting matrix is three, which may lead to threefold elevation of
 the error in the partial integrals in comparison with the error for a construction with an
"jdeal" form of the detector weighting functions with the same accuracy of the initial data.
Therefore, in developing systems of DER it is expedient- to choose a construction in which the
weighting function has the form closest to ideal. The development of such a construction is
a separate problem, and will not be considered here.

Systems of DER are also used in monitoring reactor power {1, 5]. To measure the power
W, it is sufficient to have one detector, if its weighting function is equal to a nonzero:
_constant when z € [0, H]. However, the creation of a construction in which the detector
would have such a weighting function is a complex scientific and engineering problem. It is
. obvious that it is better to use a construction with several detectors in a unit, since in
this case such rigorous requirements need not be imposed on their weighting functions.,
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Fig. 3. Weighting functions of detectors: a)
"jdeal"; b) in a real system [6].
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1, |
112|_
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Fig. 4. Weighting functions ensuring that
a, and a» are equal in Eq. (11).

The relation between the power and the readings of the detectors in each unit is now de-
termined. Suppose that a two-detector unit is used to measure the power. The power W is
proportional to the sum of the incomplete integrals W, and W., which are written in accordance
with Eq. (8), with N =

W=W, Wg-_:a,D, -+ 0aldy. (11)

Here o; = (S22 — Szl)/(sxxszz _“"51232 1) o2 = (81 — S12)/(5:1522 = S12821) .

It follows from Eq. (11) that the power is proportional to a linear combination of the
detector readings; the coefficients a; and a, are mnot equal, in the gemeral case, and depend
on the weighting functions of the detectors. In practice, it is expedient for the coeffi~
cients to be equal, since in this case the power is proportional.to the sum of the detector
readings. With the weighting functions shown in Fig. 4, o, and a, are equal. It is obvious
that such weighting functions of the detectors may only be present in complete symmetry (rel-
ative to the central plane) of the geometry and physical properties of the space separating
the detectors and the active zone of the reactor. If there is no such symmetry, the condi-
tion of proportionality of the reactor power to the sum of detector readings of the unit is
observed only with considerable error.

Thus, it is expedient to use units with no less than three detectors for the correct de-
termination of the power and mean energy distribution over the height of the active zone. The
position of the detectors is chosen for a specific construction of the reactor and shielding
in accordance with the given requirements on the weighting functions.
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BUILDUP OF GASEOUS NUCLEAR REACTION PRODUCTS IN CHROMIUM AND NICKEL
- CAUSED BY HIGH-ENERGY ELECTRON IRRADIATION

A. G. Zaluzhnyi, 0. M. Storozhuk, ’ UDC 539.18.188:621.039:581.3
M. V. Cherednichenko-Alchevskii, : '

N. L. Emets, L. Z. Ozhigov,

Yu. N. Ranyuk, and V. A, Yamnitskii

In performing experiments involving irradiation of materials with accelerated particle
beams for the purpose of simulating and investigating the phenomena occurring during irradia-
tion in reactors, it is necessary to maintain the similarity numbers with respect to certain
factors, such as the total number of primary defects, the spectrum of primary knocked-out
atoms (PKA), the amount and mass distribution of nuclear reaction products, the damage pro-
file, etc.

While the required similarities pertaining to the numbers of primary defects, their dis-
tribution profiles, and the PKA spectra can readily be secured for simulation of neutron dam~
age in heavy-ion or proton irradiation of materials [1], certain difficulties are encountered
with regard to the amount and mass distribution of nuclear reaction products. The problem of
helium buildup in simulator experiments is especially critical, since helium actually causes
many radiation phenomena, for instance, high-temperature embrittlement.

_ Simulator experiments on helium buildup involve alpha-particle irradiation in cyclotrons,
where the so-called tritium trick [2] or the (p, @) reaction [3] is used. However, irradia-
tion with a beam of high-energy electrons and photons [4] also makes it possible to study the
helium buildup in materials for different ratios of the number of helium atoms to the number
of primary radiation defects. We shall present here the results of theoretical and experi- .
mental determinations of the buildup of gaseous nuclear reaction products, primarily helium
and hydrogen, resulting from irradiating various materials with 200-MeV electrons.

The following basic processes occur as a material is irradiated with a high-energy elec-
tron beam: development of electron—photon showers; formation of PKA by the shower electrons;
interaction between shower photons and nuclei of the target material along with the formation
of PKA due to photons, light nuclear reaction products (up to helium inclusively), and residu-
al nuclei; decay of radicactive residual nuclei. The simultaneous occurrence of many mutually
related processes makes it difficult to obtain numerical results, and, therefore, we used
mathematical simulation of the interaction between radiation and the material, utilizing the
IMITATOR program system [5] and BESM-6 and ES-1040 computers.

Several simplifications are presently used in simulating the electromagnetic shower: We
neglect the angular divergence of the electron and photon bedms as well as the Compton scatter-
ing, due to which the results obtained hold only for targets with a thickness of up to two
radiation lengths. The spectra of PKA produced as a result of electron scattering on the
target nuclei are calculated by using the total electron spectrum (primary and secondary elec-
trons resulting from the development of the electron—photon shower) and considering the Fermi
form factor. The number of primary point defects is determined by means of the TRN-standard
cascade function. The formation of nuclear reactor products in the material is calculated
on the basis of the photon spectrum at a given depth in the target without considering the
electronuclear processes. .

Translated from Atomnaya Energiya, Vol. 57, No. 1, pp. 21-25, July, 1984. Original
~article submitted May 30, 1983. '
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The multistage process of interaction between a photon and a nucleus has been divided
conventionally into two stages. At the first stage, the nucleus is comsidered as an assembly
of free nucleons and quasi-deuterons. while the energy pulse is transmitted to the nucleus by
the oncoming photon during collisions with nucleons; forced absorption is simulated first,
and then the cascade stage of nuclear interaction proper [6]. At the time when the energy of
individual nucleons is lower than the emission threshold, the second simulation stage is ini-
tiated: the vaporization—fission model, which accounts for the process of "cooling" of resi-
dual nuclei as competition between the emission of individual particles and the fission pro-
cess [7].

The calculations are performed by using the Monte Carlo method for a set of fixed photon
energies. The items determined in calculations are the number and the space—energy distribu-
tion of the following particles emerging from the nucleus: F+—; n°-, ® -mesons, neutrons,
protons, deuterons, tritons, and *He and “He nuclei. The fission events, the charge, the
mass, and the residual nucleus energy are recorded separately.

‘ 1f we know the photon energy spectrum at a certain given depth in the material dN, /dE
and the probability of development of the i-th nuclear reaction products pi(EY) during the
photonuclear process for photons with the energy E,, the yield of the product in question
from a thin target layer at the assigned depth is calculated from the equation

hV max

0;= ‘ Pi(Ey) 0y ot (E7) < 2 UIV) > dEy, (1)

En

~ ¥ where d}tot (EY) is the total cross section of absorption of a photon with the energy Ey by
the target material, determined by means of the semiempirical expressions interpolating the
experimental data from [8]. Integration is performed from the neutron emission energy E,
(approximately 8 MeV) to the maximum bremsstrahlung photon energy E ... The energy spectra
and the charge and mass distributions of residual nuclei are calculated by means of equations
similar to (1). 1In connection with the fact that a considerable part of the residual nuclei
are unstable, the experimentally obtained radioactive decay chains [9] are considered in simu-
lation,

The described simulation method [10] was used for calculating the distribution of pri-
mary radiation damage and the buildup of hydrogen and helium resulting from chromium and nick-
el irradiation with 225-MeV electrons (Fig. 1). The buildup of helium and hydrogen is deter-
mined almost entirely by photonuclear processes, whose contribution to the development of
primary defects does not exceed 15%, since the predominant role is played by secondary elec-
trons of the electrom—photon shower. The mass distribution of residual nuclei resulting from
electron irradiation that has been found by simulation differs fundamentally from such a dis-
tribution resulting from fast neutron irradiation.

Figure 2 shows the histograms of the yields of light nuclear reaction products and res-
idual nuclei for chromium and nickel at a depth of 2 cm in the case of irradiation with 225-
MeV electrons and irradiation with neutrons from a BOR-60 reactor. This figure also shows
the fission cross section of the nucleus 1n question (denoted by f). 1In accordance with Fig.
2, electron irradiation produces, besides “He, other gaseous nuclear reaction products: °He,
hydrogen isotopes (up to tritium, inclusively), argon, chlorine, and possibly, nitrogen and
oxygen, which are generated as a result of fission of the residual nuclei from the photonu-
clear reaction (the fission barrier after Nix is used in calculatioms).

It should be mentioned that a considerably greater buildup of helium is produced by elec-
tron irradiation than by irradiation with neutrons from the BOR- 60 spectrum (the yield of
nuclear reaction products in the latter case has been calculated by using the ALICE statisti-
cal nucleus model, which has also been included in the IMITATOR system {11}). 1It is also re-
markable that, during electron irradiation of chromium, the bu1ldup of argon exceeds the hel-
ium buildup resulting from neutron irradiationm.

Simultaneously with simulation of the buildup of gaseous nuclear reaction products caused
by electron irradiation, we performed an experiment on direct determination of the amounts of
helium formed in chromium and nickel under the action of an electron beam. For this, we ir-
radiated in a KhFTI LUE-300 linear electron accelerator a package of consecutively arranged
targets with an electron fluence of 10'° cm™ at 225 MeV.
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Fig. 1. Theoretical distributions of defects (a), hydrogen (b),
and helium (c¢) in chromium (-----) and nickel (——-) developing

under the action of a 225-MeV electron beam.
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Fig. 2. Theoretical histograms of the yields of light nuclear reaction products
and residual nuclei at a depth of 2 cm, produced by irradiating chromium (a) and
nickel (b) with a 225-MeV electron beam ( ) and neutrons from BOR-60 (—e-e-e-),

. The helium percentage in the irradiated specimen, which has a thickness of 0.2 mm, is
determined by vaporization in vacuum with direct determination of the amount of belium by
means of an IPDO-2A partial-pressure gauge. The specimen is placed in a molybdenum glass flask
with a tungsten heater, which eunsures temperatures of up to 2300°K. The flask walls are in-
tensively cooled during the vaporization process. ‘A forevacuum is created in the volume by
means of a TsVN-1 adsorption pump, while an NORD-100 magnetic discharge pump is used both for
preparation for the experiment (when all the units of the degassing device are heated to 600-
700°K) and for creating the high vacuum immediately before the experiment. During the vapor-
ization process, the atomization volume is evacuated by means of a GIN-05M1 ion-getter pump,
which pumps out only chemically active gases under sorption conditions. An RMO-4S omegatron
data unit is connected directly to the branch pipe of the ion-getter pump.

The sensitivity of the device with respect to the partial pressure of gases is.equal to
4+10~® Pa, which corresponds to 10'? helium atoms in the volume of the device, i.e., the
atomic fraction of the helium percentage in the vaporized specimen (~5 mg) is approximately
equal to 10~°%.
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Fig. 3. Experimental helium distribu-
tion, determined by irradiating a pack-
age of nickel targets with 225-MeV elec-
trons -at 90°C, using a fluence of 10"°

cm™?,

The maximum helium percentage is observed at a depth of roughly one radiation length,
| while its atomic fraction amounts to ~3+107°% for chromium and -2.5¢107°% for nickel. Ac-
cording to calculations, for an electron fluence of 10'° cm™”, the atomic fraction of the per-
centage amounts to 0.6+107° and 3.2¢107°% for chromium and nickel, respectively. Moreover,
the theoretical position of the maximum helium percentage is located at a distance of 1.5
radiation lengths for chromium, and 2 radiation lengths for nickel. The experimentally deter-
mined helium distribution in the package of nickel targets is shown in Fig. 3. The discrep-
ancy between the calculated and the experimental positions of the maximum can readily be ex-
plained by the fact that the angular divergence of the electron—photon shower leading to a
shift of the maximum toward the surface of the target package has been neglected. 1Tt is much
‘more difficult to explain the discrepancies between the absolute values of the maximum (amount-
ing to factors of 5 and 8 for chromium and nickel, respectively).

First of all, it should be mentioned that the maximum recorded for chromium when using

an electron fluence of 10'° cm~? is commensurable with the experimental error of the IPDO-2A
instrument. In connection with this, the chromium specimens were additionally irradiated with
275-MeV electrons to a.fluence of 10%?' cm™?. The atomic fraction of the maximum helium per-
centage in this experiment amounted to 6,7+10-%%. With linear extrapolation of this value
| to the electron fluence of 10'° cm 2, the atomic fraction of the helium percentage amounts to
‘ 0.67¢10-°%, which is in good agreement with the theoretical value (0.62107°% for electrons
’ with an energy of 225 MeV).

‘The discrepancies between the theoretical and experimental data on the helium buildup
in nic§e1 may be caused by the following factors:

accumulation of additional amounts of helium due to the yield of “He, produced directly
by photonuclear reactions as well as by the decay of the tritium formed in these reac-
tions;

N ° . .
buildup of helium dué to photonuclear reactions on small amounts of impurities (commer-
cially pure nickel containing certain amounts of carbon and oxygen was used in the ex-
periment); - -

formation of helium due to secondary (n, @) reactions on neutrons occurring as a result
" of photonuclear processes;

helium yield in the a decay of certain unstable nuclear reaction products (radioactive
residual nuclei);

possible inadequacy of the simulator description of the helium buildup process.

Allowance for the additional amount of *He yields a correction of not more than 10% (see
Fig. 2) and cannot explain the discrepancy between the theoretical and the experimental data.
In addition, in the range of low mass values (up to 29 inclusive), the RMO-4S omegatron tube
has maximum resolving power.

. A considerable helium yield is observed in photonuclear reactions on carbon and oxygen
.in connection with thé high probability of the photodisintegration processes (v, 3a) and (v,
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4a), respectively. Thus, the theoretical helium yield from '°C with a photon spectrum char-
acteristic for the development of electromagnetic showers in nickel at a depth of 2 em cor-
responds to a cross section of 20¢10~>' m?. Hence, for a 0.1% mass concentration of carbon
in nickel, the additional helium buildup amounts to approximately 10%, which cannot explain
the discrepancy between the theoretical and experimental data either.

The largest correction — up to 30% with respect to the amount of stored helium — is pro-
vided by an allowance for the secondary (n, o) reactions on photonuclear neutrons. The spec-
trum of photonuclear neutrons that are formed in nickel at a depth of 2 cm as a result of
irradiation with 225-MeV electrons lies in the range from 0.1 to 100 MeV, while the mean )
cross section of the (m, y) reaction for such a spectrum amounts to 35107 %! m?. Considering
that the dimensions of the target package are much smaller than the mean free path of neutrons

in nickel, we can calculate the additional helium yield by means of the expression

E n l."ﬂx

¥ Ny n
Tije = (l)tN“ '\ # \ g (’l. OL) (b’,,) <dl Iln(l ) > /hn (2)
14 ' .

En min

where ¢t is the electron fluence, N, is the atomic density of the target package, V is the
total target volume, r is the distance between the point at which the helium yield is calcula-
ted and some other point in the volume V, dN,/dE, is the differential energy distribution of
photoneutrons, o{n, a)(En) is the excitation function for:-the (n, o) reaction, and E; is the
neutron energy. Expression (2) has been derived on the assumption of an isotropic three~
dimensional photoneutron distribution. Consideration of the effect of a decay results in an
increase of not more than 1% in the overall amount of stored helium.

Thus, additional helium sources may increase the buildup of helium. by 40-50%, however,
even then, there is a discrepancy between the theoretical and experimental data amounting to
a factor of 4-5. Therefore, it would be advisable to perform further investigations in order
to refine the mathematical models and discover other sources of helium buildup. It should be
mentioned that anomalies in the bu1ldup of helium are also observed when nickel is irradiated
with fast and slow neutrons.

The threshold of the *®Ni(n, o)>°Fe reaction on fast neutrons amounts to approximately
2 MeV (it is equal to ~4 MeV for the °*°Fe(n, a)°°Cr reaction), in connection with which, for
a typical neutron flux spectrun in a fast reactor, the (n, o) reaction cross section is much
larger for nickel than for iron, especially if we take into account the competing (n, 2n)
and (n, p) reactions, the thresholds of which are higher for nickel than for iron. TFor a
neutron energy of 8 MeV, the cross section of the °°®°Ni(n, o)®?Fe reaction is equal to 57e
10'al m’, while the cross section of the °®Fe(n, a)’>Cr reaction amounts to only 10.10—3%?
m?.

Helium buildup in nickel due to thermal neutron irradiation occurs as a result of the
two-stage reaction °°Ni(n, vy)’°Ni(n, a)’°Fe [1]. However, the half-life of >°Ni is equal
to ~5000 years, so that it can be neglected. Using the equation for determining the isotope
percentage in radioactive decay chains {9], we obtain the relationship

Nuel Ny =1—— 1 - oy e-ibl — -0, (3)

where ¢, is the cross section of the 58Nl(n, i/‘Nl reactlon, oz is the cross section of

the °°Ni(n, a)®°Fe reaction, ¢t is the neutron fluence, and Nye and Ny; are the atomic
percentages of helium and nickel, respectively. The value of o, in the thermal region of the
spectrum is well known (4.2¢1072® m?), while the value of 0, varies in the (12-14)+107%% n*
range. The large cross section of the *°Ni(n, a)®°Fe reaction is due to its exoergic na-
ture. For the above values of ¢, and 0., relationship (3) yields a quadratic dependence of
helium buildup on the neutron fluence in the range up to 10°? cm™®, while, for higher fluence
values, the dependence becomes linear. The atomic fraction of helium buildup in nickel reach—
es 0.1%Z for a thermal neutron fluence of 10?? cm™2.

In conclusion, it would be useful to indicate the possible scope of application of the
simulation experiments on irradiation with an electron beam. A highly characteristic param-
eter of radiation damage is the ratio of thehelium percentage to the number of primary radia-
tion defects (atomic fraction of the helium concentration in percentages to the number of
displacements per atom). Figure 4 shows the behavior of this ratio along the target thick-=
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| Fig. 4. Behavior of the ratio of the number of stored helium
_ atoms to the number of primary defects during irradiation of
} a package of nickel targets with 225-MeV electrons in a BOR-60
reactor (————- ) and in a thermonuclear reactor (-e-e-e=),

| ness and provides its characteristic values for a thermonuclear reactor and a BOR-60 fast re-

‘ actor. The curve was plotted on the basis of experimental data on the helium buildup and cal-
culations of the number of the defects generated. It is evident from Fig. 4 that the same

package of targets can be used for simulating the effect of different neutron flux spectra.

In conclusion, it should be emphasized that irradiation with high-energy electrons and photons

produces a larger buildup of gaseous nuclear reaction products than irradiation of the targets

by charged particles of any other type.
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CORROSION-TEST METHODS FOR ZIRCONIUM ALLOYS IN A RESEARCH REACTOR

G. V. Samsonov, S. V. Seredkin, UDC 669.296:669.018.2:620.172.251.296
and V. N. Shulimov

Increased importance attaches to research on the corrosion resistance of zirconium alloys
in superheated steam on account of the increasing use of RBMK reactors in nuclear power, which
make extensive use of these alloys [1].

The numerous data obtained under laboratory conditions cannot finally determine the vi-
ability in reactors, since it has been found [2] that radiation substantially affects the ox-

‘idation. A major requirement in the tests is that the medium should be constant. However,

the composition of the medium in a closed autoclave alters continuously because corrosion
products accumulate, which means that the number of specimenstested simultaneouslyis restrict-
ed by the relation

miS =04, (1)

where m is the mass of a specimen in g and S is the total surface in em®. This condition is
even more difficult to meet when there is radiolysis.

Therefore, the medium must be constantly changed in order to obtain reliable results, and
this is usually feasible in full-scale reactor loops, but it involves considerable expense.
Also, it is difficult to carry out experiments at elevated coolant parameters because of the
restricted viability of the constructional materials. The safety of the entire reactor system
is also adversely affected. ' ' :

Ampul devices are more widely used in routine tests at certain stages in radiation-in-
duced corrosion[3]. The mainadvantages arethat there is good measuring equipment, together
with reliability and economy. The safety of the entire installation is also not reduced [4].
Conditions (1) are met in such experiments by means of devices for pumping the corrosion med-
ium continuously throughan ampul at a low speed, which is justified by the low corrosion- :
product accumulation rate.

The Nuclear Reactor Research Institute has devised a suite of ampul devices of this type
for use with swimming-pool-type research reactors RBT, and here we consider some of them.

Open Stem Loop [5]. There are two major components: the ampul containing the specimens,
which is located in a channel in the core, and a system for supplying superheated steam, which
usually lies outside the core.

As the steam flow is small, the device can be built as an open circuit without adverse
effect on the radiation enviromment in the reactor, which receives the medium after passage
through the ampul. This eliminates the complicated equipment characteristic of a full-scale
reactor loop.

The apparatus (Fig. 1) consists of two steam generators (SG), a superheater SH, a con-
denser, a line supplying a distillate to the SG, a sampling device, and means of flushing
the ampul with inert gas (helium) before the reacter is run up. All the pipelines are ther-
mally insulated and electrically heated.

The working conditions in the heaters in the SG are determined by the pressure and tem-
perature and are controlled automatically. In the SH (autoclave), one can place reference
specimens for testing under identical conditions but without irradiation. The flowrate is
estimated from the rate at which the measuring vessel at the exit from the circuit fills up
and from the change in liquid level in the SG, which is monitored by a level gauge.

The steam is supplied to the ampul when the reactor has been run up and the temperature
in the circuit is higher than the condensation temperature at the working pressure. When the

Translated from Atomnaya Fnergiya, Vol. 57, No. 1, pp. 25-28, July, 1984. Original
article submitted October 31, 1983.
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Fig. 1. The open steam loop: 1) ampul, 2) re~
actor chamnnel, 3) condenser, 4) steam super-
heater; 5, 6) reserve and working steam genera-
tors; 7) vessel.
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Fig. 2. Natural-circulation steam loop: 1) evap-
orator; 2) TET; 3) condenser; 4) liquid; 5) riser
tube; 6) descent tube; 7) ampul; 8) specimens.

distillate has been used up in the working SG, the reserve one is switched on. 'The apparatus
has been operated for some years with the RBT-6 reactor. :

Compact Natural-Circulation Loop. The device is completely contained in a reactor chan-
nel and does not require additional equipment in the reactor bay. The loop provides for
continuous change in the medium in the ampul, so the composition remains constant. The spec-
imens are tested at a normal steam pressure.

Figure 2 shows the design. The evaporator and condenser are partially filled with liquid
and are at some distance from the ampul. The descending and rising parts of the circuit and
the evaporatof are equipped with electric heaters. Under working conditions, natural circula-
tion occurs in the two-phase medium, with the ampul receiving only superheated steam. The"
condenser is a vessel connected to a tube brought out from the reactor via the upper flange.
The tube is cooled by natural circulation of helium in the chanunel. ' After condensation, the
liquid trickles into the evaporator. The passage of steam through the ampul can be judged
from the readings of the thermoelectric transducer TET: The temperature at this point should
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Fig. 3. Ampul with free specimen setting: 1) heat input tube; 2) central tube; 3)
ampul; 4) TET; 5) specimen; 6) filling tube (CC is core center).

Fig. 4. Special ampul with ring specimens; 1) steam outlet tube; 2) steam supply
tube; 3) heater; 4) upper collector; 5) aluminum block; 6) container; 7) specimen;
8) lower collector.

rise to 100°C. The radiolysis products are vented via the tube into the reactor bay. The loss
of water by radiolysis or leakage is made good via a capillary tube.

In tests with the RBT-6, it was found that the system was highly reliable and that the
circulation was stable. Topping up was not required during the experiment. The instability in
the specimen temperature was not more than #5°C. The amount of corrosion medium in the cir-
cuit (70-100 cm®) was 10-20 times the amount of medium in a sealed tube, which ensures that
(1) is obeyed with an unaltered number of specimens.

Design Features of Ampuls for Corrosion Tests in a Flowing Medium. Ampules for irradiat-
ing specimens in a corrosion medium can be divided into two types: universal (Fig. 3), in
which specimens of various shapes can be accommodated (rings, tubes, flat corrosion-test spec-
imens, and flat tensile-test ones), and special ampuls, which are adapted only to specimens
of a particular type, e.g., ring or flat ones. A universal ampul does not provide identical
temperatures for all the specimens. The temperature pattern is set up mainly by the natural
circulation of the steam, with its low thermal conductivity (one cannot control the specimen
temperature within wide limits by varying the conductivity of the thermal gap filled with
helium). Such an ampul is best used in high-temperature tests (T > 500°C) when it is not
necessary to have the entire volume isothermal. One way of reducing the temperature nonuni-
formity is to use a device with specimens of the same type. In such an ampul (Fig. 4), there
is a small gap between the specimens and the walls, and the heat is transmitted mainly by
conduction. To equalize the temperatures, the ampul is placed in an aluminum block separated
from the walls of the channel by an exactly set gas space. In this design, the temperature

difference between a specimen and the wall of the ampul is small (~50°C), so there is improved

scope for adjusting the specimen temperatures by altering the thermal impedance between the
block and the channel (range up to 300°C). These special ampuls can accommodate specimens
of various sizes, for example, rings of two different diameters but at the same temperature.
For this purpose one chooses appropriate widths for the gas and steam gaps. A similar ampul
has been devised for testing flat specimens (Fig. 5). The specimens are placed in a rect-
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Fig. 5. Special ampul for flat and ring specimens: 1) aluminum block; 2) rect-
angular container; 3) flatspecimens; 4) cylindrical container; 5) ring specimens.

Fig. 6. Ampul for examinihg corrosions under variable temperature conditions: 1)
ampul; 2) specimen; 3) copper leak; 4) conical 12Kh18N1OT steel sleeves; 5) reac-
tor channel; 6) conical aluminum sleeves; 7) radiant heater.

angular 12Kh18N10T steel container inserted in a longitudinal slot in the aluminum block. An
advantage of this design is that one can equalize the temperature over the height, which is

done by profiling the steam gap in accordance with the power distribution over the height of
the core. :

 In addition to the ampuls for use in flowing media at constant temperatures, we also
devised a special ampul providing specimen temperature regulation in the range 400-1000°C,
This ampul can be used in examining the corrosion resistance of zirconium alloys under con-
ditions approximating those of emergencies leading to overheating of the fuel-pin cladding.

The device (Fig. 6) consists of an ampul containing ring specimens, a copper leak, and
conical 12Kh18N1OT steel sleeves fitted on the leak. The gas gap contains conical aluminum
sleeves whose internmal surfaces are matched to the outer surfaces of the sleeves, while the
outer surfaces match the inner surface of the channel. The specimen temperature is controlled
by varying the gas gap between the sleeves by displacing the aluminum sleeves along the verti-
cal axis. The ampul has been tested in the RBT-6. The temperature control range was 300~
1000°C with a rate of change of 2-4°C/sec.

This suite of equipment for use with swimming-pool research reactors for examining cor-
rosion in zirconium alloys in superheated steam has been operated for several years. It is
planned to use the system also with other reactors. . :
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PURIFICATION OF THE FIRST CIRCUIT OF NUCLEAR POWER SYSTEMS
WITH A TWO-COMPONENT COOLANT-GAS FLOW

A. V. Beznosov, P. N. Martynov, UDC 621.039
S. Yu. Orlov, and V. E. Serov : :

During prolonged use, deposits of contaminants develop on the inner surfaces of the first
circuit of reactor systems and in stagnant zones thereof. 1In general, the contaminants re-
sult from soiled equiment undergoing repair work, contamination by repair work, impurities
contained in the gas and the coolant of the first filling or introduced in refilling of the
circuit by these media, erosion products of the construction materials of the circuit, prod-
ucts originating from wear of the circuit components by erosion, cavitation, or mechanical
effects, fission products of the nuclear fuel and other fuel-element materials (when their
shells leak), and impurities introduced in the eircuit in the recharging of the core or in
repair work. The quantity, the physicochemical composition, the thickness, and the properties
of the contaminant deposits on a particular circuit section depend upon the corrosion of the
construction material at the surface of contact between the solid wall and the coolant, the
crystallization of the impurities from a saturated solution onto the surface, the adsorption
of impurities by the deposits from the coolant flow, the separation of dispersed impurity
particles from the flow toward the walls, the solution of precipitates, and the destruction
of deposits and the subsequent removal of dispersed contaminant particles by hydrodynamic
forces. 1In the general case, several zones which can be treated in different ways can be
distinguished in the distribution of the contaminants at a wall (Fig. 1).

As a consequence of these processes, the surface of the circuit can be considered a fil-
ter removing impurities from the coolant toward the walls; the absolute mass ratio of the im-
purities retained by the circuit surfaces and the system of coolant treatment deserves the
greatest attention. It has been observed in the operation of reactor circuits of the primary
coolant of nuclear power systems [l, 2] that contaminant deposits develop on the inner sur-
faces in continuous operation of the coolant-treatment system. This negatively influences the
operational features of such circuits. The surfaces can be purified from the deposits (in-
cluding precipitates weakly adhering to the walls) by mechanical means, i.e., by washing the
surfaces with a large quantity of coolant or with chemical agents, but these methods are ei~-
ther littleefficient or technologically complicated. It is therefore interesting to search for
and to investigate other techniques of cleaning the circuit surfaces from deposits, to sim-
plify thecleaning of the circuits, to reduce the cost of the cleaning process, and to reduce
the volume of the liquid radioactive waste material obtained. One of the techniques is based
on cleaning the circuit by introducing a small amount of a gaseous component into the coolant
flow, which gaseous component is neutral or chemically active vis-a-vis the deposits. Sub-
sequently, the two-component mixture enriched with the impurities is discharged onto a filter.
Techniques of flotation cleaning of liquids from dispersed impurities are being used. In these
techniques, gas is bubbled through a large volume of the mixture [3] or gas flows with a high
gas concentration (up to 507 by volume) are employed in special cleaning operations with to-
tal or partial shutoff of the equipment (e.g., in maintenance work). The introduction and
dispersion of a small amount (up to 3% by volume) of the gas into the coolant flow, the de-
struction of deposits more or less strongly adhering to the walls, the attachment of parti-
cles to the bubble surface (wetting and adhesion on the particle—liquid interface and the
particle—liquid—gas boundary), and the transport of the contaminant to filters are the impor-
tant stages of the proposed process.

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 1, pp. 29-31, July, 1984. Original
article submitted January 24, 1983.
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The proposed introduction of a gas component into the coolant flow can be obtained via
an external gas supply, with subsequent release of the gas into a special gas-treatment sys-
tem (for this purpose one can use compressors—gas blowers), with circulation of the gas within
the circuit (without release of the gas), or with ejectors introducing the gas into the flow
with the energy provided by a jet of the flow proper and gas circulation within the coolant
circuit., It is not desirable to introduce the gas from an external supply (tank, compressor)
because the amount of radiocactive products discharged from the circuit is increased, the re-
quired flow of the gas to be introduced is technologically hard to maintain, and the disper-
sion of the gas in the case of real, admissible pressure fluctuations in the circuit is diffi-
cult owing to difficulties in monitoring the development of the purification process. Some
of the above shortcomings can be eliminated by introducing into the circuit a compressor which
makes the gas separated from the flow (e.g., on the free surfaces) return into the coolant
flow. But such compressors still have to be built and the problem of dispersing the gas in-
troduced still must be solved. The ejection of the gas by the coolant flow offers itself as
a better solution (Fig. 2). In this technique basically all systems connected to the circuit
(air vents, treatment of the coolant) are involved; an ejection device, a filter on the mani-
- fold of the air vents, and lines connecting these two components are introduced in addition.
The surfaces can be cleaned intermittently or continuously. The coolant which is gathered
in the coolant-purification system is partially directed into the ejector, whereupon the two-
component flow is returned into the main circulation circuit. 1In this fashion the gas con-
centration is substantially reduced by dilution with the main current. The gas component in-
teracts with the deposits, destroys the deposits, and tears them off and into the coolant
flow by purely physical processes (gas cavitation, etc.) in the ejection of a neutral gas, or
by physicochemical effects in the case of an added chemical agent. Part of the deposit par-
ticles gets close to the gas bubbles and adhesion of the particles to bubbles takes place in
the gas current, whereby the specific surface energy at the interphase boundary decreases. -
Another part of the dispersed contaminant particles is caught by the coolant flow proper. The
coolant flow is purified from the contaminants by filters mounted in the manifold of the air
vents and in the coolant-treatment system. The gas (or the vapor—gas mixture) which was sep-
arated on the free level of the coolant in, say, the volume compensator is returned into the
circulation circuit by the ejector. If necessary, a chemical agent which can interact with
‘the deposits is introduced into the gas (or vapor—gas) volume of the circuit or into the gas
supply line to the ejector.

The introduction of a small amount of gas (up to 3% of the flow volume) does not notice-
ably influence the performance of the main equipment. Even a slight improvement of the per-
formance is possible: The anticavitation resistance of the materials of the pump components
through which the flow runs is increased, the heat dissipation coefficient is slightly in-
creased by additional swirling of the flow [4, 5], and the pressure pulsations in the circuit
(and its vibration characteristics) assume a higher frequency with a reduced amplitude.

An analysis of the changes in the coolant level in the compensator volume is important
for determining the performance of the circuit. The increased coolant level after putting
the system into operation can be determined with the formula

";’C vd, (1)

c

ng1::d04—

when we assume that the bubbles are homogeneously mixed within the coolant volume and that
the gas is fully separated; the notation is interpreted as follows: Gg denotes the gas sup-
plied (m®/h) to the circuit by ejection, with the supply reduced to the conditions in the
circuit; v (m?) denotes the volume of the gas component in the circuit, with the volume re-
duced to the conditions in the circuit; J . (m®/h) denotes the release of two-phase coolant
through the volume compensator; and V. denotes the volume of the coolant in the circuit. When
we solve this equation, we obtain

Ggle Fre Cgle Fc (2)

AHS == 8% UOX)(‘— 1)——g——ex (—A———'c)
ke b o ox] Ve K¢ r Ve ’

where S denotes the free surface area (m?) in the volume compensator, and v, denotes the vol-

ume (m®) of the homogeneously mixed gas in the circuit at the time at which the system is put

into operation. ’

The possible gas filling V_ in the upper volumes of the circuit, which are not ventilat-
ed by the air vents, was disregarded in Eq. (2).
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It follows from an analysis of Eq. (2) that after sufficiently long time intervals (which
are given by the ratio of the coolant flow through the volume compensator to the coolant flow
through the circuit), the increase in the coolant level is

AITS =GV [Ty (2a)

when the gas ejection is terminated, the time required for reducing the coolant level and for
the practically complete degassing of the circuit (with V, being disregarded) can be deter-
- mined with the formula

7 =5V Iye . ' , (2b)

The hydraulic characteristics of the tube duct and the equipment change only insignifi-
cantly when the gas concentration is as high as 5% and, as expeiments made by the authors on
models of circuit components have shown [6], the changes do not exceed 3%. :

The equation for the balance of contaminants in the circuit after putting the system
shown in Fig. 2 into operation can be stated in the following form

dAldy = wet )..‘wi — (AXf/Vc ’_ltz) ‘llc_(A/Vc_k]) Jps' ) (3)

where w_ denotes the amount of contaminants entering as a result of the ejection treatment;
Zw;, total output rate of the contaminant sources in the circuit; J gs flow of the coolant
through the treatment system; k,, concentration of contaminants in the treated coolant behind
the treatment system; x., flotation coefficient, with the attachment of contaminants to the
gas bubbles taken into account; k., contaminant concentration in the coolant behind the filter
on the air-vent manifold; and Jyc» coolant flow through the air-vent system. The solution of
this equation (wherein the output rate of the sources of contaminants is assumed to be con-
stant in time) can be stated in the form

it -1+ J, J, .
K ;.;’L(.{CV_‘E (e + S, +liydye + Tyl ps + Ay exp ( _m 1:) ) . 4)
c c

When the gas concentration in the coolant is constant, we have
0, /dt = ksn, (5)

where k denotes the coefficient of contaminant-mass removal from a unit of surface; s denotes
the area of the deposits in contact with bubbles; and n denotes the number of gas bubbles,
which, on the average, is defined by the ratio of the total gas concentration to the average
static bubble volume. An analysis of Eqs. (3) and (4) reveals that the removal of the ‘con-
taminants towards the filters increases from the time at which the gas is admitted to the’
circuit, with k being constant. Obviously, during the purification process, when a certain
time has elapsed, the coefficient of mass removal of contaminants from a unit surface must
decrease and when a normative value of the contaminant mass in the volume of the circuit
(contaminant concentration) has been reached, the purification system can be switched off.

The w, value is given by the flow conditions of the two-component mixture and the solid-
ity of the contaminant deposits, with the solidity depending upon the type of the coolant,
the contaminant sources, and the physicochemical composition of the contaminants. Since the
time of the purification process and the periodicity with which the purification system is
put into operation depend upon the real form of the circuits, the materials used therein, the
conditions of operation of the circuits (power rating, impurities), etc., definite rules for
purification can be established only experimentally on the real circuit. The gas phase in
the coolant flow is of great importance for the purification with the proposed technique.

When the authors made experiments in models with optically transparent materials and
with ejection devices of different orientation, intense .coagulation of the bubbles formed by
the ejector was observed on the section of hydrodynamic stabilization [6]. But with bubble
dimensions for which the rate of bubble surfacing is equal to the speed of the pulsating com-
ponents of turbulent flow, a release of the gas to the lower points of the horizontal chan~
nels in the models of the circuit components was observed:

o~ 200—07 g W ' (6)
V., 2= 3" L ALP 3 —2u" ?
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Fig. 1. Scheme of the qualitative distribution of impurities near
a wall: 1) construction material; 2) oxide film; 3) dense layer of
deposits adhering to the wall; 4) porous impurity layer soaked with
coolant; 5) laminar sublayer enriched with contaminants; 6) core of
the flow. :

Fig. 2. Scheme of purifying surfaces with a two-component cool-
ant-gas flow: 1) reactor; 2) volume compensator; 3) heat exchang-
er; 4) filter; 5) circulating pump; 6) inlet of chemical agent;
7) ejecting device.

where vy y z denotes the pulsating component of the speed; o' p" and ', p" denote the den-—
sity and the kinematic viscosity of the coolant and the gas, respectively; g denotes the grav-
ity acceleration; and R®> denotes the critical bubble radius. When visual observations on

the bubble flow in long channels and in models of the circuit components (curves, narrow pas-
sages, etc.) were compared, a greater dispersion of the gas phase was found in the latter
case. :

The authors made experiments in which they purified steel tubes from contaminant deposits
with the aid of an ejection device developing a two-component flow [6]. The experiments were
made at 15°C in an isothermal water circuit with relatively clean surfaces. An experimental
tube section of steel 3 (I = 300 mm, djpr = 20 mm) with extensive deposits of iron oxide.was
fit into the circuit. In order to determine the amount of contaminants which are carried
away, a retaining filter was mounted behind the monitoring section; the filter was weighed'
before it was inserted, after operation of the test setup without ejection, and after operation
tion with ejection of a gas phase. The volume concentration of the gas in the two-component
flow amounted to 5% and the water speed to 1.5 m/sec in the experiments. The difference be-
tween the contaminant particle masses carried away by the water flow without adwission of gas
and with admission of gas through the ejector was (1.5-3.0)+10"3 g/(m*eh). These tests, as
well as other experiments made by the authors (on test stands and on setups under counditions
ruling inside reactors), have shown [6] that a rather intense purification of the circuit
surfaces from contaminant deposits takes place when the circuits are treated with a two-phase
flow. :
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CONSTRUCTION OF AUTOMATIC SYSTEMS FOR RADIATION MONITORING OF THE ' ‘
ENVIRONMENT OF NUCLEAR POWER STATIONS

E. P. Volkov, A. I. Glushchenko, UDC 621.039.58
V. N. Durnmev, V. V. Zhabo,
M. I. Saparov, and L. P. .Kham'yanov

Providing safety for the population and protecting the environment from contamination
are one of the important problems of modern power engineering, including nuclear energetics.
The accident in the Three-Mile-Island Atomic Power Station (March 30, 1979) has led in many
countries to a reassessment of the safety concepts and technical solutions in the planning,
building, and utilizing of atomic power stations. It has been one of the conclusions of the
report issued by the presidential commission on the investigation of the accident that the
services for an operational evaluation of the radiation consequences of emissions for the
environment and the population were insufficiently prepared.

Though the emissions from atomic power stations are usually smaller than those of thermo-
electric stations, the specific form of the operation of atomic power stations necessitates a
careful observation of the radiation conditions in the environment. Establishing an opera-
tional link between emissions and environmental contamination is an important aspect in a
properly organized radiation-monitoring system. When the radiation conditions in the environ-
ment are determined, two conditions of operation of atomic power stations must be distin-
guished, namely the normal operation or the accident conditions in which the radioactive emis-—
sions are monitored by state equipment for radiation monitoring or accident conditions of an
atomic power station with uncontrollable arrival of radioactive materials. 1In the latter
case, the dose of the radiation received by the population can be determined only at previ-
ously established points in the environment, which are provided with the corresponding equip-
ment.

Such equipment must work automatically and must be connected to a singlé automatic sys-
tem with transfer of the entire information from the periphery to the center in order to ob-
tain operational monitoring and fast reception of the pertinent information. Since the prop-
agation of contaminants in the atmosphere depends upon the state of the atmosphere, a subsys- :
tem for measuring meteorological parameters which define the thermal stratification of the
atmospheric layer close to ground must form part of the equipment. Besides that, a subsystem |
of state radiation monitoring, which checks for gaseous and aerosol emissions from an atomic ‘
power station, must be operationally comnected to an automatic "accident-monitoring" system
of the environment of an atomic power station.

The presently used radiation-monitoring systems, which were developed on the basis of
AKRB-03 "Seival-1" and AKRB-06 "Gorbach-1" instruments, do not comprise automated subsystems
for radiation monitoring of the environment. These functions have to be performed by exter-
nal dosimetry services of the atomic power station; these services are autonomous as far as
the territory and the technical means are concerned. The division of the functions causes
difficulties in the operational monitoring of the radiation conditions outside an atomic pow-
er station. :

Systems for the automatic monitoring of the environment of atomic power stations have
been developed and are presently used in a number of countries. The best of the foreign .sys-
tems comprise the following components:

measuring instruments mounted at various points inside and outside the atomic power sta-
tion for determining radiation parameters and meteorological and hydrological parameters (the

Translated from Atomnaya ﬁnergiya, Vol. 57, No. 1, pp. 32-34, July, 1984. Original
article submitted October 31, 1983.
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monitoring techniques and the points of the measurements depend upon the type of the atomic
power station and the requirements of the user service);

a monitoring center with a reliable system reserve; the center is computer controlled to
read out the measured values, to process and store the data, and to output the required in-
formation; : :

a display on the control panel for representing operatibnal information on the radiation
conditions in the area close to the atomic power station; and

a spectrometer measuring emission from humans so that incorporated gamma emitters can be
determined. .

The authors of [2] have described an emergency system for recording and analyzing the
irradiation doses in and around atomic power stations in the direction of the possible propa-
gation of accidental emissions. The system comprises nine remote dosimeters with a measuring
range of 1 yR — 10 R/h (L R = 2.58+107" C/kg); the dosimeters are mounted at distances of 8-
10 km from the atomic power station. The system also comprises a remote meteorological station,.
a minicomputer, and a set of color displays for projecting isotope maps along the propagation
path of the radioactive cloud. This system is connected to the main radiation-monitoring sys-
tem of the atomic power station. A mobile radiometric laboratory with a microcomputer on
board is provided for additional operational monitoring.

An automated system for monitoring the radioactivity of the environment has been devel-
oped and implemented in the atomic power station "Paksh" in the Hungarian People's Republic [3].

The experience gathered in the use of such systems has shown that in addition to current
data, efficient monitoring of the operation of an atomic power station requires average data
on the dose load near the station in the form of daily, monthly, and annual values. The devel-
opment of a corresponding computational model is an important task in the mathematical work of
emergency-monitoring systems. In normal operation, extensive calculations are made once per
day and the daily dose load is determined. Computed daily, monthly, quarterly, and annual
dose loads are kept in the computer memory. Curves of the isodose distribution around the
atomic power station are constructed on the basis of those data for various time intervals.

From the above considerations we can formulate the following tasks of an automated en-
vironmental radiation-monitoring system of an atomic power station:

During normal operation of the atomic power station, the system must sample, record, and
process information on the radiation conditions in the region of the station, determine its
normal state, and, if necessary, transmit the results of the information processing to a com-—
puter; and

in the case of sn accident, the system must output instantaneous data for taking opera-
tional measures, among them measures providing for the radiation protection of the population.

In addition to the tasks listed, statistical data which are accumulated in the operation
‘ of such systems make it possible to refine the calculation of the concentration of contamin-
‘ nants entering the environment under various conditions of operation of the atomic power sta-
‘ tion; in these calculations, the changes in the meteorological parameters and the influence
| of the buildings of the industrial area upon the propagatiom of emissions are taken into ac-
count under the condition that the ventilation tubes of the atomic power station are not very
high. ' '

The first experimental automated system which in the USSR has been taken into operation
to monitor the contamination of the atmosphere by emissions from a thermoelectric power sta-
tion [4] was developed by the Moscow Power Institute in collaboration with Institutes of the
Academy of Sciences of the Ukrainian SSR {5] and the Board for the Protection of Nature at
w the Department of Energy of the USSR and other organizations. The system comprises three main

subsystems: one for monitoring the emissions from the thermoelectric power station, one for

monitoring the meteorological parameters, and one for monitoring the contamination of the en-
vironment. Information obtained from these subsystems is automatically transmitted with an
averaging interval of 20 min to the computer of the information-processing/computing system
located in the electric power station. This system performs automatic sampling of information
on the gas pollution of the air by the emissions of the Zaporozhe Electric Power Station with-
in a radius of 25 km and transmits data to a center controlling the system and monitoring both
the emissions proper and the meteorological parameters in a 300-m-thick layer.
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The system for external radiation monitoring of an atomic power station must be organized
in analogous fashion. The subsystem for the emissions from the atomic power station must moni-
tor radiocactive rare gases, long-lived aerosols, and radioactive iodine: the subsystem moni-
toring the environment must measure the dose rate of the y radiation, and the timewise inte-
gral concentration of radioactive iodine and long-lived aerosols.

The meteorological state of the atmosphere close to ground is an important factor in the
operational monitoring of the radiation conditions around an atomic power station. The tem~—
perature gradientand the wind speed at various levels are important characteristics in this
case. Resistive thermometers or thermocouples mounted at various heights are conveniently
used to determine temperature gradients. Special meteorological towers are set up to deter-
mine the wind speed or a net of meteorological ground observations with readings of the wind
speed on the level of a wind vane are employed. In the latter case, for the purpose of cal-
culating the wind speed in high layers and for estimating the wind speed on the level of the
ventilation-tube's mouth, one must assume some dependence of the wind speed upon the altitude,
and this assumption reduces the accuracy of the input information. However, rather great dif-
ficulties in building automated systems for monitoring the environment can be encountered in
the technical realization of continuous meteorological observations made at various altitudes
in the large number of areas of atomic power stations.

The mathematical provisions of the system are based on the algorithm expounded in [6, 7]
for calculating the radiation conditions around an atomic power station, because this algorithm
requires only observations made by a net of ground stations for the meteorological informa-
tion input. 1In order to increase the efficiency in the use of the data, the system monitoring
the environment must include an automatic weather station relaying the meteorological informa-
tion obtained directly to a peripheral device (magnetic tape or disk) of a microcomputer.

Such weather stations are now serially produced. The monitoring of the meteorological parame~
ters obtained by ground observations must include at least the wind speed and the wind direc-
tion, precipitation data, and the air temperature at two or three points at the altitude (10
m) of the wind vanes. '

The serially produced "Post-1" stations are conveniently used for external radiation mon-
itoring. Information obtained from sensors monitoring the emissions and discharges of the
atomic power station and meteorological data obtained from weather stations can be transmit-
ted over conventional cable channels, whereas the information from the external stations is
transmitted through (telephone) lines or radio links to the center which samples and processes
the information. But a reliable radiation monitoring of a possible contamination of the envir~
onment makes it necessary to increase both the sensitivity of the detectors and the amount of
information they provide. For example, one must develop sensors for continuously monitoring
the accumulation of '°'I in all its physicochemical forms (molecular iodine, aerosols, methyl
iodide, etc.). '

The construction of automatic radiation-monitoring systems and their implementatiorn in
nuclear power generation in the USSR, first of all in atomic thermoelectric centers and atomic
heating stations near huge cities will help to determine within extremely short times the ra-
diation conditions around these objects during their normal use and in possible emergency
situations when radiation effects on the nearby living population may exceed the admissible
levels which are laid down in valid norms.

Emergency-monitoring systems, whose development and implementation are provided within
a joint special-purpose scientific-technological program of producing automatic monitoring
systems for the thermal power of atomic power stations, will increase the reliability and
safety of nuclear power generation. This will expand the scale on which atomic power genera- ‘
tion can be introduced in the national economy of the USSR and of the member-nations of the
COMECON.

LITERATURE CITED ,

1. Nuclear Power Generation, Man, and Environment [in Russian], Energoizdat, Moscow (1981).

2. D. P. Serpa,A., M. Walker, and T. A. Jenckes, IEEE Trans. Nucl. Sci. NS-28, No. 1, 236
(1981).

3. Sh. Dehme, in: Abstracts of.the Reports of the 2nd Int. Conf. of the COMECON Member-
Countries on Radiation Safety of Atomic Power Stations [in Russian], Press of the Imst.
of Physics of the Academy of Sciences of the Lithuanian SSR, Vilnius (1982).

4. E. P. Volkov, V. V. Zhabo, and M. I. Saparov, Teploenergetika, No. 11, 913 (1980).

464

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6



Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6

5. A. N. Shcherban', A. V. Primak, and V. I. Kopeikin, Automatic  Systems Monitoring the Con-
~ tamination of Air [in Russian], Tekhnika, Kiev (1979).
6. N. G. Gusev and V. A. Belyaev, in: Atomic Power Stations [in Russian], No. 4, ﬁnergoiz—
dat, Moscow (1981), p. 137. : . :
7. A. I. Glushchenko et al., in: Atomic Power Statiomns [in Russian], No. 6, ﬁnergoizdat,

Moscow (1983), p. 47.

" EFFECT OF ALUMINUM, BERYLLIUM, AND TRIVALENT CHROMIUM NITRATES ON
' THE EXTRACTION OF URANYL NITRATE WITH A 10% SOLUTION OF TRI-n-
BUTYLPHOSPHATE IN n-PARAFFINS

B. S;-Zakharkin, T. A. Rumyantseva, - - UDC 541;123;4:546,791.6:546.45.621.763
and D. P. Adaev . _ o 7 o o

The effect of salting-out in liquid—liquid extraction systems is caused by the fact that -
hydration of the ions of the salting-out agent leads to a reduction of the amount of free wa-
tér in the aqueous phase, ‘an increase of activity of ‘the. substance being extracted (activity
"coefficient), and, consequently, to an-increase of the distribution coefficient D. .The in-

. dividuality of the salting-out agents is manifested in their effect on the activity coeffi-
" cient of the distributing salt. . A detailed review of the problem of salting-out was published
previously [1, 2]. = : , o

In the present paper, the effect is considered of nitric acid salts of beryllium, alum=
inum, and trivalent-chromium on the extraction of uranyl nitrate with a 10% solution of tri-
butylphosphate (TBP) in n-paraffins. According to [1, 2], the relation between the thermody-
namic properties of aqueous solutions of electrolytes and the salting-out action of salts dur-
ing the distribution of the substance between the organic and aqueous phases can be described
quantitatively by the equation ' :

D = KE? (p;)3,

where K is the extraction constant (for uranyl nitrate in the case of extraction with TBP,

K = 1.4¢10%); s effective surface density of water molecules in the first coordination

' layer of all cations present in the aqueous solution; p'e = LH+]0'$NO§ + Zp'i[Ci]Zi; o "HNO, =
0.06; Z, cation charge; [C], salt concentration; 1, A1°T, Be?*T, cr’T; E,, active concentration

" of extractant in the organic phase_(Eé_=Eo)/l + Eo[H"']a , BEo is the concentration of "free"

extractant, for nitric acid solutions and 10% TBP calcugated by the equation :

_ 0.35—2 [Ul org

E, =
“0 = {FBATHNO] g 0.8 [ANO, !

,
_ ndiss.
where [U]org is the equilibrium concentration¢jfuranium in the organic phase) . _

The degree of dissociation of nitrié‘acid a is found, according to the data of [1, p.
100], for the effective acidity: . '

[H*kfr=([H*],4 [NOslaq )123L;

[HNoslu-ndigg_:: a[HNO,) ag-
[HNOs]aq is the equilibrium concentration of nitric acid in the aqueous phase; q is the ef-
fective solvation number, calculated by the eiuation q=2 —-(0.06[H+]aq/1-+2~0.06[H+]aq);
[H"’]aq is the equilibrium concentration of [H'] ions in the aqueous phase.

In this case, when the values of p' of the cations present in the solution are known,
the effect of salting-out on D can be described by means of the equation quoted above. In
‘[1, 2], the value of p' is quoted only for A1°% (0.055); values of p' for Be?t and cr®t are
absent. In order to determine p'Be and p'Cr, the effect of the nitrates of these elements

, Translated from Atommaya fnergiya, Vol. 57, No. 1, pp- 34-36, July, 1984, Original arti-
_cle submitted August 18, 1983.
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Distribution of Uranium in the

TABLE 1.

System 107 TBP—HNO5—UO, (NO5) ,—~A1(NOs)s—

Be (NO3) ,—Cr (NOs) 3—H,0 (values of D for

uranium during extraction from solutions
containing aluminum are taken from [5])
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on the extraction of uranium with a 10% solution of TBP from nitric acid solutions was studied.
The experiments were conducted in separatory funnels at room temperature (20-22°C), times of
contact of the phases 3-5 min and with a phase volume ratio equal to unity. After separation
' the organic and aqueous solutions were analyzed for the uranium content by the method of [4],
and for nitric acid (potentiometric titration). It was established beforehand that beryllium
- and trivalent chromium are almost unextracted with tributylphosphate; for example, the dis-
tribution -coefficient of Cr(III) = (2-6)+10~7 with [HNOs3] = 1-4 mole/liter and [Cr(NO3)s] =
1-1.5 mole/liter. '

~From the results obtained on the distribution of uranyl nitrate in the systems U02(N03)2—
Be (NOs ) ,—HNO5—H,0-10% TBP, and U0, (NOs),—Cr (NO3) s~HNOs-H,0-10% TBP, the values of p' were cal-
culated for beryllium and chromium, equal to 0.08 and 0.048, respectively. ’ »

From a comparison of the known values of p' for a number of cations {1, 2], it follows
that beryllium is the most powerful salting-out agent of all cations, for which the value of
p' is known, and chromium is a less powerful salting-out agent than beryllium and aluminum
(the extraction potentialsof beryllium, aluminum, and chromium are 6.45, 6.0, and 4.7, respec-
tively.

It can be seen from Table 1 that the experimental values of D for uranium and the values
calculated by the equation given above, coincide satisfactorily (deviations do not exceed
#12%). This corresponds to the results obtained in [6]. Hence it follows that with the con-
ditions of accuracy of the experimental values of D, the method of [1, 2] allows the ability
of the cation toward hydration (p') to be determined quantitatively with sufficiently high
accuracy. If the values of p' present in the solution of cations are known, then the distri-
bution of uranium during extraction with TBP can be calculated over a wide range of compositions
of the aqueous phase. The equation can be used for forecasting the extraction equilibria by
means of a computer, during the extraction of uranium with tributylphosphate or other neutral
extractants from aqueous solutions of a complex salt composition.
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NEUTRON PARAMETERS WHICH CAN BE REACHED IN FAST URANTUM BLANKETS
OF HYBRID FUSION REACTORS

G. E. Shatalov : , UDC 621.039.677

Great- possibilities can be expected from the use of a source of thermonuclear (fusion)
neutrons for the fission of heavy-element nuclei and the simultaneous production of nuclear
fuel. On the one hand, depleted or natural uranium and thorium can be used in the blanket
of a fusion reactor so that the cost is reduced. The problems associated with the criticality
of the blanket do not arise. Mainly *°°U or *°Tn burn in the blanket and, owing to the im-
proved neutron balance, much more nuclear fuel is produced in the blanket of hybrid fusion
reactors than in nuclear reactors. On the other hand, the multiplication of the energy in the
fusion reaction improves the energy balance of the reactor so that the complexity and, accord-
ingly, the cost of the fusion part of the unit is justified.

Attempts to make use of these advantages are often based on the limit parameters of the
blanket neutrons, though such parameters are not compatible with all the limitations of real
units. The goal of the present article is to evaluate the neutron parameters which must be
reached in real blankets and to compare the nuclear fuel under various requirements to the
blanket.

In order to reduce the number of possible versions, one must immediately introduce sev-
eral assumptions which do not essentially affect the conclusions but imply restrictions on the
treatment of the main points. The assumptions are as follows.

l. We do not consider symbiotic systems of fusion and fission reactors in which *2°Pu

or °U is produced in the fusion reactor while tritium is produced in the fission reactor.
It follows from the considerations below that the parameters of a hybrid fusion reactor are
adequately characterized by the total production of useful isotopes and that the system clos-
ure obtained through tritium breedlng does not substantially change the optimal parameters
and limit parameters.

2. The considerations are referred to the initial moment of time and the changes of
the parameters during the operational period of the reactor are disregarded. Corresponding
corrections can be made separately and can be important for certain versions (for example,
in the case of a thorium fuel). The changes of the basic parameters amount to 20-30% in the
majority of blankets with uranium fuel during an operational period corresponding to a neutron
load of 1.5~3(MWeyr)/m?.

3. Blankets with enriched fuel, which resemble critical blankets, are disregarded. In
such blankets, the coefficient of breeding fissile material and the energy multiplication in
the blanket, both referred to a single fusion neutron, can be much greater. But the breeding
of fissile materials per unit of thermal power of the blanket is reduced, as will be shown
through a comparison of fuel consisting of natural uranium and enriched uranium. The specific
load of the fuel elements of the blanket has values close to the limit value for the presently
assumed plasma parameters of fusion reactors when natural or enriched fuel is considered.

An enrichment can make sense in the blankets of fusion units in which the specific neutron
load on the first wall amounts to 0.3-0.5 MW/m® in accordance with the plasma parameters which
can be reached. But few such units are possible and as far as the economic aspects are con-
cerned, these units are inferior to units with higher specific load values.

4. We exclude from our considerations the so-called blankets with suppressed fission
(see, e.g., [1]) in which the neutron multiplication takes place mainly through (n, 2n) reac-
tions on beryllium or lead and where the breeding of the fissile isotopes takes place on a
thorium salt with continuous removal of 23°U (or protactinium). Such blankets have a very
small energy multiplication coefficient and fissile-material breeding coefficient which is

Translated from Atomnaya fnergiya, Vol. 57, No. 1, pp. 36-41, July, 1984. Original arti-
cle submitted August 1, 1983.
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two Limes smaller than that of the fast uranium blankets with nonenriched ruel considered

~in the present article.

Geometry of the Systems under Consideration. Calculations have been made for a number

‘of different blanket compositions in one-dimensional geometry. An infinite cylinder with a

radius of 300 cm of the central zone, uniformly filled with distributed neutron sources of

“the D-T fusion reaction, was assumed in the calculations. The source was assumed to be iso-

tropic and monochromatic with an energy of 14.1 MeV. This geometry rather closely describes
both tokamak-type fusion reactors and linear systems. '

Calculation Method. The calculations were made with the Monte Carlo method in combina-
tion with the P, approximation; the BLANK program [2] with a 52-group [3] or 21-group [4]
system of combined constants was employed. For the majority of elements, the 52-group system
which describes the interaction of the elements with neutrons at high energies was based on
the ENDL-~76 library of assessed data. :

Calculations with the Monte Carlo method were usually made for 5000 neturon histories.
The relative error of the majority of the integral parameters (total neutron source, breeding
coefficients of tritium and the fissile isotope) amounted to 1-27%; the relative error was 2-4%
for the rate of the (n, 2n) and (n, 3n) reactions.

As far as neutron multiplication and the increased output energy per neutron of the
source are concerned, the layers of the material undergoing fission by thermonuclear neutrons
(i.e.. 2°°U or 2%Th) are most conveniently disposed in the region adjacent the plasma. The
thickness of that region must be chosen so that a neutron of the source makes at least one
inelastic collision with a probability close to unity. The probabilities of the first 2-3
inelastic collisions determine the extent of the expected neutron source in mixtures of vari-

_ ous materials. Actually, all basic characteristics of the blanket are proportional to the

effective source value: the total coefficient of isotope breeding, the number of fissions,
and the energy multiplicution coefficient. The basic dependencies of the integral parameters
of blankets with a complicated structure can therefore be cstablished by investigating blan-
kets of infinite thickness and a composition corresponding to the composition of the first
zone of real blankets. :

The goal of the present work is to analyze the integral characteristics of a blanket.
The following parameters are employed: Ko, which denotes the coefficient of tritium breeding
per neutron of the thermonhuclear source; Kp, and Kzssy, which denote the coefficient of breed-
ing fissile nuclei per source neutron in media containing 238y gnd 2°2Th, respectively; Ky =
Kp + Kpy + Kusayg — Kdepl’ which denotes the yield of useful isotopes per thermonuclear neu-
tron, with Kjap1 denoting the number of capture reactiouns (including fission) omn 233y, ?3%Pu,
and 2?%U referred to a single source neutron; E denotes the energy liberated in the blamket
per source neutron:

i ] i i i i
|- H’ I — Ny, 'Ju()'u. wy =y, .'ht()u. .':n)v

A Ky \‘ H )i
L“h"‘fiﬁsLMS‘cwl‘mm
i i i i ..
where N s Oy ane Nficg? and o 0¢ denote the number of (n, 2n), (n, 3n), fission, and cap-
ture realtions At the i-th isotope, respectively; Q ,, and Qﬁ o+ energy of the (o, 2n) and

13

(n. 3n) reactions, respectively; E%iss and Eéa t» energies liberated in fission and capture
reactions, respectively; M = E/E,, coefficient of energy amplification in the blanket; Eo,
energy of a source neutron; y = (Ky — 1)/E, coefficient of breeding useful isotopes, with the
coefficient referred to the unit total power of the blanket and the need for breeding tritium
in the same blanket and the burnup of 2°°U in the initial fuel composition taken ianto consid-
eration; and Q, total number of neutrons in the blanket, referred to a single thermonuclear
neutron [Q = 1 + ny ,p + 2nn’3n + (v — )nfjigsl-

The neutron-physics characteristics of the reactor are usually employed in the initial
economic estimates. The reactor characteristics are divided into two groups om this occasion.
The first group comprises Kr, Kpy, and E which describe the yield of the isotopes and the
energy in the normalization to unit power of the thermonuclear reaction. These quantities
are of overriding importance in systems in which the cost of the thermonuclear part of the
system forms a significant fraction of the total cost or in systems inm which the limitations
are given by obtainable specific power of the plasma string and, accordingly, by the neutron
load on the first wall. In such a case, the cost of the electric energy generated by the
system and of the nuclear fuel is inversely proportional to KPu and E.
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The second group comprises the coefficient y of breeding useful isotopes; this coeffi-
cient characterizes the yield of nuclear fuel per unit of thermal power of the reactor. The
actual meaning of this coefficient resembles that of the breeding coefficient

BG = Lol

“fiss

where K denotes the plutonium-breeding coefficient normalized to one fission event. The BG
value 'is usually employed to characterize the quality of a fast breeder reactor. In blankets
in which Dfjcg 2 0.3, y and BG differ by at most 15%, whereas in systems in which Neigg 18
small (e.g., in thorium blankets), the difference reaches 100% and y should be used as the
characteristic quantity. 1In evaluating the economic aspects of systems in which the cost of
the thérmonuclear part is low or the specific energy intensity of the blanket rather than the
power of the plasma string is the limiting quantity, y is of prime importance.. In the lirmit,
the cost of nuclear breeders is inversely proportional to y.

. Ildealized Blankets. The parameters of infinite single-component blankets with a fissile
material are listed in Table 1. The best characteristics in regard to the parameters Kfiss
and E are found in a blanket containing metallic uranium fuel. In 2°°U, 1.02 fission events
take place and 4.2 neutrons are captured with subsequent transition into 2*°Ppu per source
neutron. The energy amplification coefficient M is 16. In 2°®U the maximum value of the condi-
tion y = 1.4¢107* MeV™' is reached among all uranium blankets; the maximum value corresponds
to a **°Pu breeding in the amount of 1.1 kg/(MWeyr) of the thermal power of the blanket. The
coefficient y decreases during the operational period because the average number of fission
neutrons decreases while the enrichment of the fuel by plutonium proceeds.

Data for infinite uranium and thorium media have been cited in [5, 6]; in the case of
238y [6], the energy multiplication coefficient is 16.5 and the total neutron capture coef-
ficient is 4.4. These coefficients are in rather good agreement with the results of our work.

One can try to improve, in a certain sense, the blanket parameters by using natural
uranium in place of °?®U. 1In this case the plutonium yield is increased to 4.75 nuclei per
source neutron and the total number of fissions is raised to 1.44. But a simultaneous burnup
of *?°U takes place and K amounts to 4.4, whereas M is increased to 22.5. Thus, the use of
natural uranium increases the yield of the fissile isotopes from the blanket by 5% and the
energy liberated in the blanket by about 30%. At the same time the coefficient y decreases
to 1.07¢10°% MeV™' which implies an isotope breeding of 0.83 kg/(MWeyr), i.e., the breeding
is smaller than that in the case of *°°U by 17%. The question of whether uranium should be
used and the question of the possible initial enrichment of the fuel in the blanket can be
solved only when all other limiting factors of a specific thermonuclear system are taken into
account. ' :

The total neutron flux at the boundary with the source is 30 cm 2esec™! at a neutron flux
from the source amounting to 1 cm™?esec™' on the inner surface of the blanket. It is inter-
esting to note that the fraction of neutrons with more than 5 MeV amounts to ~5%, i.e., the
number of displacements of atoms in the blanket materials of hybrid fusion reactors differs
only slightly from the corresponding number in fast breeder reactors when the neutron flux
is the same. However, 5% of the source neutrons suffice for increasing the rate of hydrogen
and helium formation in the blanket by 1-2 orders of magnitude.

Uranium compounds are inferior to the metallic fuel in regard to the parameters which
are referred to the neutron source. When nuclei of elements which do not undergo fission )
are introduced in the blanket composition, the probability of a primary collision of source
neutrons with **°U nuclei decreases and this, in turn, linearly reduces the number of fission
events and the breeding of fissile isotopes in the blanket. The smallest gain (~10%) in all
parameters is observed in the case of uranium silicide. The characteristics of uranium oxide
are below those of metallic uranium by a factor of 1.7-1.8. In units in which the limita-
tions are associated with the specific thermonuclear power, the use of uranium oxide leads

" to a sharp deterioration of the parameters of the fusion reactor.

The yield y of useful isotopes per unit thermal power of the blanket changes only slight-
ly in all the uranium compounds. The maximum advantage obtained in the case of UO, over me-
tallic uranium is 12% and when the specific energy intensity of the blanket is the limiting
factor, the advantages of the various uranium compounds depend upon the limitations which
characterize the corresponding fuel elements in regard to temperature and intensities.
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TABLE 1. Neutron Balance of Infinite Single-Component Media of Fissile Materials

Reaction and output energy gt 23U U;mtSi i UMl UG Un‘MOz 28UO, 232Th
Un, f) _ . 1,44 [ 1,02 | 1,37 0,93 1,07 0,80 0,78 0,60 —
:SSU (7, V) > Pu==Ap, 4,75 | 4,20 4,44 3,87 3,96 3,57 3,68 2,77 —
3Th(n, ) ) - - - - - - - - 0,20
:3,2Th (n, ) > 299 = Ky, _ - - — — - — — 2,46
2350 (n, y) 0,06 | -- 0,06 — 0,05 - 0,04 - -
Capture by nonfissile material ] o= -~ 0,08 0,076 ! 0,01 0,18 0,18 -
All (n, 2n) reactions 0,33 1 0,33 ¢,32 0,32 0,34 0,31 (4,23 0,23 0,59
1}11 (n, 3n) reactions 0,18 } 0,18 0,15 0,16 0,14 0,14 0,41 0,11 0,25
B (0, ) 1,16 | 1,02 1,07 0,93 0,89 0,80 0,64 0,60 -
2387 (, f) at an energy > 6 MeV 0,57 | 0,57 - - 0,5 0,49 0,38 0,33 —
350 (n, ) 0,28 | — 0,30 - 0,18 -— 0,14 — —
Total energy E (MeV) 320 1 230 300 210 240 190 180 145 60
238[101.y)”J”U(n,/)w-33ﬂ1(n,y)w;Kx 4,41 1 4,20 5,08 3,87 37 3,57 2,89 2,77 2,46
(Kpn - D/E, 102 MeV-1 TAGL 4,39 ] 1.5 1,37, 1,23 1,35 1,13 1,22 2,46
(Ky--1)/E, 102 Mey-1 ‘ 1,07 11,30 1,03 1,37 1,15 1,35 1,05 1,22 2,46
Total source 6,24 | 5,21 6,00 4,88 5,08 41,39 4,04 3,54 2,66
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Fig. 1. Parameters of infinite media of 23°U + Fe (=== ) and of *°°U + H,0 ( ).

Fig. 2. Parameters of an infinite medium consisting of a mixture of *3°U and lith-
) 2°°U + natural lithium; ==---) 2380 4 SLi.

ium:
Fig. 3. Parameters of an infinite medium of *3°U with a shield of natural lithium
( ) or of Fe (-----) between the medium and the source.

An even higher y value is observed in the case of thorium. In a blanket of metallic
thorium, 1.9 kg/(MWeyr) *°°U are generated by breeding at the beginning of the operational _
period. But the Ky and E values of a thorium blanket are much lower than those of an uranium
blanket and thorium cannot be used for the blankets of units in which a substantial amount of
energy is spent for maintaining the fusion reaction.

Figure 1 illustrates the influence of the lithium-containing materials, construction ma-
terials and of the coolant upon the blanket parameters. Figure 1 shows the dependencies of
‘the parameters Kp,. and ng. upon the fractions of the various materials in a 2°°U mixture for
a homogeneous blanket of infinite thickness. The greatest effect results from the incorpora-
tion of iron in an uranium blanket. Kp, and ng; . change at a rate of ~1% per volume percent
of iron in the mixture. This is a consequence of the fact that the macroscopical cross sec-
tions of the inelastic processes of uranium and iron are approximately equal at the energy of
the neutron source. The blanket parameters decrease in almost the same fashion in an uranium—
water mixture but in this cace the mechanism of the ng, o decrease depends considerably upon
the decrease in the probability of the 2°®U fission by the neutrons of the fission spectrum.

A homogeneous mixture of uranium with 1lithium (Fig. 2) can be used in'compositions of
hybrid blankets in which the maximum value of Kr must be obtained. The Ky and nfisg values
an

change in about the same fashion for the natural mixture of the lithium isotopes pure °Li.
An increase in the capture by lithium causes the maximum in a mixture consisting of equal
volume fractions of *°°U and Li. The maximum value is 2.93 and seems to be the absolute

value for the nonenriched compositions. When lithium is introduced in an uranium blanket, KZ
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and De.o change much more slowly than when iron is introduced. Even with a 70% volume frac-
tion of lithium Ky decreases in comparison with pure uranium by 20% in the case of natural
lithium and by 30% in the case of °Li. Thus, a homogeneous dilution of the uranium by lithi-
um does not greatly reduce the properties of the blanket.

In order to assess real blankets, one must also know how the blanket parameters are in-
fluenced by the layers of the various materials located between the neutron source and the
uranium region. Data for shields consisting of iron and lithium and inserted before an infi-
nite uraniummedium are illustrated in Fig. 3. The decrease in K. amounts to 1.5%, on the aver-
age, per 1 mm thickness of an iron layer and to 0.3% per 1 mm o natural lithium. For a 10-
cm-thick iron shield, the number of fission events per thermonuclear neutron is still 0.19,
whereas the coefficient of breeding useful isotopes, Ky = Kp,, amounts to 1.53; this means
that it is basically possible to manufacture a breeding blanket even in the case of a thick
steel shell before the uranium region. The coefficient y remains rather high (0.88+107% MeV™"),
and the breeding of plutonium amounts to 0.7 kg/(MWeyr) at the beginning of the operational
period. ' '

The coefficient y of a shield of natural lithium increases with increasing shield thick-
ness up to 50 cm. This effect is caused by the formation of tritium in inelastic scattering
of neutrons at ’Li nuclei, whereby the neutron balance in the reactor is improved. In the
case of a 50-cm-thick shield, y amounts to 2.8+107% MeV™', which, in principle, makes it pos-—
gible to reach a plutonium breeding of up to 2.0 kg/(MW-yr) in the blanket under consideration
when some depletion of lithium in regard to °Li has taken place. The K, value is two times
smaller than in an uranium medium without shield. This is still acceptable, but the E value
is reduced by a factor of 6. Such a blanket is obviously economically adequate in systems
with a high neutron load on the first wall. The blanket can be particularly interesting for
pulsed fusion reactors.

The limited thickness of the uranium region has an important influence in real blankets.
The scale of the effect can be inferred from Fig. 4 which shows the dependence of the parame-
ters of a blanket (consisting of a 238y layer and an infinite °Li reflector) upon the thick-
ness of the uranium layer. A °Li reflector for uranium blankets with a hard neutron spectrum
provides the greatest K. value which is practically equal to the outflow of neutrons from a
layer of pure uranium. The highest Ky value (2.65) is obtained at a thickness of 7 cm of
the uranium region. But at the maximum of KT’ the coefficient Ky is 3.3 and smaller than that
of an infinite uranium blanket by 207%.

Limit Parameters of Real Blankets. Let us consider the changes of the parameters of
‘idealized schemes in the transition to real blanket desigus of fusion reactors. As has been
explained in the preceding section, the maximum breeding of useful isotopes (4.2 nuclei per
source neutron) was obtained in an infinite *°°U blanket. Let us observe how this quantity
changes when the construction elements of the blanket are taken into account. Three basic
factors reduce the Ky value.

1. A certain quantity of construction materials must be present in the vuranium region:
these materials are the shells of the fuel elements and the housings of the coolant channels.
In the optimal design of fuel elements designated for a heat dissipation of ‘0.2-0.3 MW/liter,
the fraction of the shell volume amounts to 10-15% of the fuel element volume. The housing
of the cooling channels, the spacing grids, and other design elements at least double the
above value and one can hardly hope for a reduction of the fraction of the design materials

~below 20% by volume. The effects of the various materials do not strongly differ and we will
use the data for iron in our estimates (see Fig. 1). The change in - Ky amounts to -~17% of iron
in the blanket and the introduction of 20% of a construction material would reduce Ky to 3.4.

2. The first wall of the plasma chamber is situated between the iron zone and the urani-
um region in the designs of the majority of fusion reactors. It follows from Fig. 3 that the
‘wall reduces Ky by 1.7% per lmm of wall thickness at low thickness values. .In the projects of
tokawak reactors which have been developed so far, the thickness of the first wall is assumed
as 10-15 mm; plasma sputtering of the wall and the requirements to the rigidity of the struc-
ture have been taken into account. In fusion reactors of the open-trap type [5, 6], where the
flux of particles from the plasma to the wall is smaller than in the tokamak, a thickness of
5-6 mm was assumed. When we consider this as the real lower limit, the Ky value which can be
reached must decrease by 8-10% and amount to 3.1.
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TABLE 2. Parameters of Blankets in Some
Fusion Reactor Projects

Unit y Fpy Iy "fiss
Open trap 2.4 1.8 1.1 0,7
Tokamak [4] Bn6 p o4 L s oo
Tokamak [4]T 276 | 1,54 IRCII I

%At the beginning of the operational per-
iod. _

tAt the end of an operational period of
2.25 years at a neutron load of 1 MW/m?
on the first wall.

3. It is not advantageous to make the uranium region of the blanket very thick because
the energy liberation and the plutoniuw breeding in this region are nonuniform and because it
is bard to obtain K, >>1 (see Fig. 4). When the thickness of the uranium region is reduced
to the optimal value of 7-10 cm, losses of ~20% occur in the breeding of useful isotopes.

The value Kp > 1 can be obtained (though this is not always desirable) in quasihomogeneous
lithium-uranium mixtures (see Fig. 2), but in this case the Ky losses amount to 10-20%. Thus,
we arrive at an effective total breeding coefficient of 2.5-2.8 which also has been assumed

in the majority of promising developments of hybrid blankets of fusion reactors. The parame-—
ters of two of these reactors, in which metallic waste uranium is used in the blanket, are

listed in Table 2. The expected breeding can amount to 1.4-1.8 plutonium nuclei per fusion
event.

The real yield values of the fissile nuclide are reduced to 0.5-0.8 per fusion event
when other uranium and thorium compounds are employed. The production of these nuclides, re-

ferred to the total thermal power, either slightly decreases (to 0.9 kg/ (MWsyr)) or increases.
The yield of the nuclear fuel reaches 2 kg/(MWeyr) in the case of metallic thorium fuel and

certain compositions of uranium blankets.

During the operatiomnal period, Kp, is almost constant and the specific breeding decreases.
In the case of metallic uranium, the plutonium yield decreases by a factor of 1.3 and amounts
to ~0.65 kg/(MWeyr) of thermal power by the end of an operational period of ~2 years and a
neutron load of 1 MW/m®> on the blanket surface.

Conclusions. The above considerations have shown that when the real requirements to
blanket design are taken into account, a production of 1.4-1.8 tons of plutonium nuclei per
fusion event can be expected in a blanket in which metallic uranium fuel is employed. Ac--
cordingly, in a reactor with a fusion power of 500 MW, 2.5-3 tons of plutonium can be produced
per calendar year; when the total thermal power of the reactor is 2.5-3 GW at the beginning
of the operational period, the breeding amounts to ~1 kg/(MWeyr).
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REVIEWS

RADIATION BACKGROUND IN LIVING ACCOMMODATIONS

£E. M. Krisyuk and V. I. Parkhomenko UDC 614.876+613.5:539.16.08+539.16

Introduction. Natural ionizing-~radiation sources make the main contribution to the pop-
ulation dose. That contribution to the collective effective equivalent dose (EED) is 60-70%.
Medical irradiation constitutes 30-40% of the collective dose. The overall contribution from
all other sources, including environmental contamination from weapons tests, professional ir-
radiation, discharges from nuclear power stations, etc., is not more than 1%.

In recent years there has been a particular increase in the interest in population ir-
radiation research. This has occurred because the International Commission on Radiation Pro-
tection (ICRP) [1] suggested that there is a linear threshold-free effect from ionizing radi-
ation. On that basis, the frequencies of somatic-stochastic genetic effects are proportional
to the mean EED to the population. The largest doses from natural sources arise in living
accommodation and working buildings, where the radiation background arises from cosmic radi-
ation, which is partly attenuated by the material between floors, the y rays from natural
radionuclides (NRN) present in the building materials, and from radon decay products entering
the air in the building from the building materials and the soil.

The vy background in a building is dependent on the specific activity of the NRN in the
materials. The vast scale of building of living accommodations in the country has led to a
search for new sources of traditional building materials and to the use of products made from
the wastes from mining, metallurgy, and the chemical industry, as well as ash and slag from
the thermal power stations. The use of these wastes has also been stimulated by the need for
low-waste production technology. However, such building materials frequently have elevated
NRN activities, which increases the population dose.

The elevated NRN activities in the materials also raise the concentrations of radon and
its daughter decay products DDP in the air. Other reasons for elevated concentrations of ra-
don and DDP may be that the nuclide enters the building from the soil and passes upwards be-
tween floors; low rates of air exchange are also another factor. There has been a tendency to
reduce air—exchange rates in living accommodations becauseof the need for power economy in
heating.

Until recently, there have been no standards for radioactivity in building materials,
nor have there been building regulations that restrict the concentrations of radon and DDP,
which has meant that in some countries (Sweden, the Federal German Republic, and the USA)
there have been considerable rises in the doses to large groups of the population [2]. In
recent years, there have been large-scale researches in most developed countries on the irra-—
diation of the population from natural sources, with emphasis on the origins of the dose, and
there have been discussions on restricting population irradiation.

Research Methods. The NRN contents of building materials are usually examined by y spec-
troscopy, where the single measurement enables one to determine the specific activities of
226Ra, zsth, and “°K. If there is radioactive equilibrium in the uranium and thorium fam-
ilies, the activities of these nuclides completely characterize the radioactivity of the ma-
terial. We have developed [3] the SGS-2C0 high-sensitivity y spectrometer, where the detec-
tor is an NaI(Tl) crystal of size 150 x 150 mm containing a well (sample volume up to 212 cm®) .
The minimum measurable specific activities of NRN are 23 Bq/kg for “%k, 5 for *?°Ra, and 9
for 2?°Th with a measurement time of 20 min and an error of 25%. A relatively small sample
is used (250 g). 1If there are deviations from equilibrium in the uranium and thorium families
(as in specimens that have undergone chemical processing), it is best to use radiochemical
methods for v spectrometry with a Ge(Li) detector, which enables one to determine the activ-
ities of several nuclides in each family, although the method is more laborious.

High-pressure chambers are mainly used to measure the y background. The first such cham-
ber was described in [4]. The apparatus is not readily portable, which has led to difficul-
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ties. This disadvantage is absent in a scintillation dosimeter as described in [5]. The de~
tector here is an air-equivalent plastic scintillator (C, . H;o) covered with zinc sulfide. The
instrument has a virtually comnstant (+10%) dose sensitivity for radiation of energy >25 keV.
The photomultiplier dark current and other features give rise to a very low inherent back~
ground, which is equivalent to a dose rateof 0.04 pR/h (L R = 2.58¢10™" Ci/kg). The instru-
ment has been used in large-scale research on the y background in the Federal German Republic.
In recent years, extensive use has also been made of LiF, CaF.{(Dy), and CaSO,(Dy) thermolumi-
nescent dosimeters to measure the y background [6]. The advantages of these are that the
detectors can be sent by post and the measurements made in a single laboratory, which ensures
that the results are comparable.

We have calibrated geophysical exploration apparatus for irradiation from models for
saturated beds containing uniformly distributed potassium with uranium and thorium in equi-
librium [7], which has shown that the ratio of the dose sensitivities for these models and
a point “?°Ra source is 1.0 * 0.1 if one uses instruments containing gas-discharge counters.
The only disadvantage of such instruments is that it is necessary to correct for the counter
background.

The concentrations of radon and DDP may be determined in the air and livingaccommodations
by means of various instruments and methods. In particular, the radon concentration can be
determined with an SAS-R-2 alpha scintillation counter [8]. In determining the DDP concentra-
tions, one usually employs the aspiration method, whose sensitivity is dependent on the
throughput of the air-sampling device and the method of counting the filter. Various methods
have been compared [9]. A deficiency common to them all is that one can determine the concen-—
trations of radon and DDP only at the time of sampling; as these concentrations vary over time,
one requires repeated measurements to test a single building.

In recent years, integral methods have been developed for determining the concentrations
of radon and DDP averaged over large time intervals. These take passive and active forms. In
the active method, the air is pumped through a filter and the o particles from the DDP depos-
ited from it are recorded continuously [10]. This method is used to measure DDP concentra-
tions and the sensitivity is determined by the throughput of the sampler (usually <1 liter/
min), by the background in the detectors, .and by the efficiency of o-particle recording. The
best instruments used in that method enable .one to determine DDP concentrations in the air
in buildings and in the open atmosphere.

The passive method is used in measuring mean radon and DDP concentrations. The radon
concentration is determined with simple devices, which usually take the form of a vessel con-
taining a detector, with the open end closed by a membrane [11], which is made of an appro-
priate material, (silicone rubber, polyethylene, glass-fiber filter, etc.), which prevents
the DDP and thoron penetrating into the vesseland passes only radon. The sensitivity is de-
termined by the a-irradiation geometry, by the background, and by the phasing, as well as by
the radon diffusion coefficient in the membrane. In measuring DDP concentrations, the detec-
tor is placed in a special cassette and one records the o particles from the radon and DDP
deposited on the detector and present in the air-[10]. The mean radon and DDP concentration
is usually measured by means of thermoluminescent detectors (CaF.(Dy), CaS0,(Dy), etc.) or
with track ones (cellulose nitrate, polycarbonate, etc.). The sensitivity of a passive device
is usually less than that of an active one, but in the best spec1mens it is sufficient to
measure radon and DDP concentrations in building air.

Structure of the Radiation Dose in Buildings. The floors in a building tend to reduce
the cosmic-radiation dose. Values have been given [12] for the screening coefficients for
buildings of various types. In particular, in a two-story wooden building the average screen-
ing coefficient is 0.94, while in a four-story building of older construction it is 0,84, and
in a modern 10-story buildlng it is 0.6. The y-ray dose rate in the building is dependent
on the specific activity of the NRN in the building materials, the size and shape of the build-
ing, the areas of the w1ndows and doors, and the thicknesses of the walls and floors. The max-
imum p0551b1e dose rate can be estimated from a formula for the dose ratein an air cavity in
an infinite space having uniformly distributed radionuclides:

Pia(prad/h)’  =0.104 (Cy + 1.26C, + 0.086CY), ' _ 1)
*#] rad = 0.01 Gy.
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where Cgy Crp, and are the specific activities of ?2°Ra and ?2%Th in equilibrium with the

other members of the uranium and thorium families, and of “°K correspondingly in Bq/kg. The
quantity in parentheses is the effective NRN specific activity C_¢ [13].

Measurements .have been made in the Fereral German Republic and Norway [14, 15] on the
dependence of dose rate on wall and floor thickness, with calculations made for modern brick
and concrete buildings on the basis of field studies, which has indicated [13] that the dose
rate in a modern building is ~0.7P,,. Therefore, the y-ray dose rate in a modern stone build-
ing is determined only by the effective NRN specific activity in the walls and floors. The
contribution from each component of the building material (cement, sand, ballast, etc.) is
determined by its contribution to the effective NRN specific activity. 1f the walls and floors
differ in NRN specific activity, the dose rate is determined by the mean weighted value of
C_.. The weighting factors are proportional to the solid angles subtended by thewalls and

&)

floors at the center of the building.

A model description has been given [16] on the mechanisms whereby radon isotopes accu-
mulate inbuilding air. The radon concentration Co in the air and the specific equilibrium of
the walls and floors q; are described by the following expressions:

e
Y I NV g ‘ thp; o Ay it
L"::Tx;jﬁijr;ul«ﬁnJiq#hPi"Fr'bi+Nj::7:fcnv (2)

Qi:=(c\u0i'hdivig%?1ko- 3)
Here A, is the decay constant of **?Rn or 2?°Rn; )y, air-exchange rate; V, volume of the
building; (Cgy)i, specific activity of 226ps or 224Ra (i is the subscript for the wall or
floor); n,, radon emanation coefficient; 24, ghickness of the wall or floor; pj, den?ity,of
the material; S;, area of the wall or floori Co, radon concentration in atmospheric air; and
Bi’ ratio of the half thickness of the wall or floor to the diffusion length lo:

Pi =dil(lo): N C)

The diffusion length is determined by the diffusion coefficient b and the porosity p:
' N ' (5)
Ly =V biph,. .

In modern living accommodations, the air-exchange rate is usually 0.3-3 h~'. Therefore,
the value Ao = 7.56+10=> h™' for %???*Rgn in the denominator in (2) can be neglected, which means
that the 2??Rn concentration in the air of a building is always larger than that in atmospher-
ic air. The value of the excess is determined by the first term in (2). For %?°Rn (lo = 45.1
h™'), one can neglect A, so the concentration in building air is virtually independent of
that in atmospheric air YAV/AO << 1). The **°Rn concentration in building air is inversely’

proportional to the air-exchange rate, whereas the 22%Rn concentration is almost independent
of it.

Formula (2) has been derived on the assumption that the air-exchange rate is constant
‘over time. As the “??Rn concentration is inversely proportional to this rate, the mean value -
of Co with a variable air-exchange rate differs from the value obtained from (2) with Ay = XV-
Numerical estimates show [17] that when the exchange rate varies within the usual limits, the
correction factor is -~1.5.

The measured diffusion length for *??Rn in building structures is 10-20 cm [18], and then
the values of tan B8/8 for the walls and floors of modern buildings are close to one (mean value
~0.8), which means that the radon release approximates to the maximum possible value, which
corresponds to all the radon atoms produced by the decay of *?°Ra escaping. It follows from
(5) that the diffusion length for ??°Rn is less by a factor 77, i.e., is 1-2 mm, and then
tan B/R ~ 1/8= 7o/d, i.e., the *?°Rn is released only from the very superficial layers.

A basic characteristic of a building material determining the radon concentration in the
air is the effective radium specific activity, which is the product of the specific activity
by the emanation coefficient. ' '

The radiation dose to lung tissue is determined not by the radon concentration but by the
concentration of the short-lived decay products CoF, where F is the equilibrium coefficient.
For 2%?Rn
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¥ =040485C,/C, 1 0.5565C,/C, | 0.57950C,/C,. (6)

218P

where C;, C;, and Cs; are the concentrations of o, *'*Pb, and ?'“Bi correspondingly. For

22 oRn.
F =T 1075, /C, 1-0.913260,/C, + 0.08673C,4/C,, (7)

where C,, C,, and Cs; are the concentrations of ?'®Po, ?'?Pb, and 2'?Bi.
The product CoF is called the equivalent equilibrium radon concentration. The value of

the equilibrium coefficient is.dependent on the air-exchange rate and on the deposition of the

decay products on the walls, floor, ceiling, and other surfaces. The following formulas [19]

give the dependence of the equilibrium coefficient on the exchange rate:

i

|

v Ry . Ay S
Cermn i O
R PR | (8)
R VNI N L WA T N i,
A , Av |
C., = 1 ( 3
g sl A R J

where A,, A2, and Xs are the decay constants of the daughter products, whose concentrations in
atmospheric air are €2, €2, and cg.

The effects of the deposition on the equilibrium coefficient have not finally been es-
tablished. Numerical estimates show that the exchange rate has a not very marked effect on
the equilibrium coefficient for *??Rn. It is usually close to 0.5 for living accommodations.
For ??°Rn , the value is much lower (~0.05), and it is very much dependent on the exchange
rate (approximately inversely proportional to it). The rate of entry of *?*?Rn from the soil
under the building is related to the concentration in the soil there and to the permeability
of the basement. It is difficult to provide theoretical estimates. On the second and higher
floors, the nuclide is derived mainly from the building structures. The entry of >?°Rn from |
the soil is unlikely. ' :

Field Studies. Studies have been made on the NRN specific activities in building mate-
rials inmany countries. The foreign data have been collected in [2, 20], which has identified
materials with elevated NRN activities: natural omes (granite, alum shales, bauxite, and tuffs)
and industrial wastes used in building (ash, slag, phosphogypsum, red sludge, etc.). The
NRN specific activities in the materials are dependent not only on the form of the latter but
also on the point of extraction. For example, it has been shown [21] that the radioactivity
of red brick and concrete in Denmark is lower by factors of 2-3 than that in the other Scan-
dinavian countries. :

Very thoroughstudies of building material activity have been made in the USSR [22, 23].
Specimens characterizing over 3000 deposits of building material and 200 forms of industrial
waste have been examined. The mass character of these studies has provided a histogram of the
effective NRN specific activities, where the mean value (93 Bq/kg) is appreciably less than
the background levels of NRN in the earth's crust and is virtually the same as the mean NRN
level for soils. The histogram is skewed when a logarithmic scale is used along the abscissa,
falling more steeply on the right (Fig. 1). The extrapolated upper limit is ~370 Bq/kg (10
pCi/g). Only ~1% of materials have effective NRN activities exceeding this value. The curves
for some forms of material are close to log-normal. Table 1 gives the median values for NRN
activities in various materials and the 957 limits. The highest NRN levels occur in granite
rubble, concrete based on it, and red brick. Most of the industrial wastes used in this
country in building have NRN activities at the level of traditional building materials. Only
in 5% of these wastaes does the NRN effective specific activity exceed 370 Bq/kg [23].

The emanation coefficients and effective specific activities for 22%Ra [24] are deter- i

mined by the mass proportions and contents of ?°Ra in the components of Soviet combined
building materials (concrete, plaster work, and silicate brick), so it is possible to estimate
the contribution of each component (sand, cement, aggregate, etc.) to the radioactivity of the
air in the building and to the lung tissue irradiation, which is done in the same way as one
estimates this contribution to the external radiation dose from the mass fractions and effec-
tive NRN specific activities of the components.
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Fig. 1. Distribution of effective NRN
specific activities for Soviet build-
ing materials.

TABLE 1. ERN Specific Activities in USSR Building Materials

Num- Medians and 95% limits pCi/g‘
ber of J— . a24Ra oK effchive specific
Material speci- actvity
mens
len (“m:lx ) (—:’ len Cmux e leu Cm:lx C Cmm Cm.'n‘ C
Clay 449 0,4 1,9 0.9 0.3 1,2 0,55 5,7 25,3 12,0 1,5 5,7 2,9
Sand 630 1 0,09 () 029 | 0,08 0,5 1,21 1.4 19,4 521 M4 3,2 1,1
soMmT 188 | 0.2 1.4 | o4z | o o7 losgl 48 [ a2 f 65 06 | 3,7 | 1,5
Gravel - 101 | 0.1 1,1 w37 | 02 0,9 0,438 1.3 23,1 8,71 06 4.3 1,7
Limttastone aggre- 400 (.08 w3 0,43 | 04 1.1 0,34 0,2 5,2 1.1 0,2 1.8 0,7
gate _ . )
Sandy aggregate 115 | v,2 1.2 0.5t | 0.2 0.9 0,40 9,1 20,0 (10,3 11 4,2 2,0
Granite.aggregate 3421 08 i 0.97 | 0,2 2.3 0,74 7.4 7.4 (16,61 1,6 9,7 4,0
Cement ' 190 | 0,2 1.0 {uas | 04 2,2 0,88 1.9 9,5 4,21 1.0 4,3 2,0
Slag 181 .2 1.9 {060 0.4 3,7 1,18 1.5 13,4 4,4 .49 7.1 2,5
Clay brick 088 | 0.5 | 1.0 ] 04 1.8 0,88 8.1 30,7 (15,7 2,0 71 3,8
‘Silicate brick 124 | o1 0,6 0,26 1 0,1 0,5 0,26 1,2 19,6 3,61 v,4 2,0 0,9
Light concrete 55 | 0,08 2.1 0,4 0,00 L8 0.59 1,0 25,8 501 0,3 7,5 1,6
Heavy concrete 121 | 0,00 2.3 045 | 020 2,0 | 0,64 1,4 39,7 7,51 0,6 8,2 2,2

{ *1 pCi/g = 37 Bq/kg;
Sand—gravel mixture.

TABLE 2. Ratio of y-Ray Dose Rates in
\ : Buildings Py and Near Them Pg [14]

’ Buildi y g Building . op

| ?:ﬂgglagl e material Ib / ’s
Pumice 1,50 |Limestone 1,24
Slag 1,47 |[Concrete 1,24
Clinker 1,36 |Foamed concrete 1,18
Brick and natural 1,35

‘ stone Wood 0,96
Clay 1.35

The emanation coefficients of materials treated at high temperatures (red brick, cement,
ceramics, ash, and slags) are less by about an order of magnitude than. those for the raw ma-
terials. For this reason, the contributions from such materials to the radon release are
small even if they have elevated radium specific activities. The highest effective specific
activities of 22°Ra occur for soil and clay, which means that the maximal air activities will
be observed in buildings that can be entered by soil radon and also in homes made of unfired
clay brick., The effective 226pa activity in brick is lower by a substantial factor than that
in concrete, whichshould be responsible for a corresponding difference in the air activity for
brick and concrete buildings.

The y backgrounds in _build'in.gs and populated areas have been examined in detail in the
Federal German Republic [14] within the framework of a national interdepartmental program for
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researching natural radioactivity in the environment. About 30,000 measurements were made in
buildings and 25,000 near them in the open air. The contributions from the cosmic radiation
were subtracted. The ratio of the dose rate in a building to that outside it on average was
1.36, the exact value being dependent on the material (Table 2). The y rays from the building
make a certain contribution to the dose rate near it if the building is of stone, and for this
reason the data given in Table 2 are underestimates in comparison with the ratio of the dose
rate in a stone building to the y background in-the locality before it was built. There
should not be this difference for wooden buildings. The ratio of the mean dose rate in stone
buildings (50 mrd/yr) to the average dose rate near wooden buildings (31 mrd/yr) is 1.62,
which evidently gives a better indication of the effects from building stone structures on the
Y-ray dose rate.

In measurements on the y background in Norway [15], the measurements in open areas were
made in parks and gardens far from stone buildings. The following ratios were found between
the dose rates in buildings and in open areas: wooden structures 0.95, concrete ones 1.42,
and brick ones 1.60. These ratios are close to the corrected results found in the Federal
German Republic.

Measurements have been made of the radioactivity of air in buildings in many countries,
and these are summarized in an UNSCEAR [20] report. In many cases, the measurements were made
in buildings in which the windows and doors had previously been closed, and therefore the val-
ues characterize the maximum radon and DDP concentrations, not the mean annual ones. There
was also an effect from the time of year, since the air-exchange rates in buildings are high-
er in the summer than in the winter (on average by factor three) [25]). For this reason,
large-scale studies made in Canada during the summer [26] give underestimates, whereas mea-
surements made in Norway in the winter [27] give overestimates. The most accurate results in
that respect have been obtained in Britain [25], where simultaneous measurements were made of
the radon concentration (from the concentration of 2'®Po or RAA) and the frequency of air ex-
change. The data were used to calculate the rates of entry of radon into the building air,
and from that result was derived the radon concentration with the mean annual air-exchange
rate of 0.93 h™" . The mean annual equivalent equilibrium radon concentration was 0.31 pCi/
liter (11.5 Bq/ma), which is close to the corrected values for Canada and Norway. A similar
estimate of the mean at 15 Bq/m® (0.4 pCi/liter) is given by UNSCEAR [20]. Recent measure-
ments in the Federal German Republic [28] give the smaller value of 0.24 pCi/liter (9 Bg/m?).
Unfortunately, no measurement of the air-exchange rate is quoted in that paper, so it is im-
possible to judge whether this difference is due to a difference in the mean annual air-ex-
change rate or in the rate of entry of radon into the building air.

Almost all the field measurements on radioactivity in air have been made in buildings on
the first floor. In [29] it has been shown that the radon and DDP concentrations on the up-
per floors are lower by about a factor four. Similar results were obtained in [30]. As the
first floor can receive radon from the soil as well as that from the structure, whereas the
upper floors receive it only from the structure, the above estimates of the equivalent con-
centrations characterized most likely the entry of radon from the soil under the building.
Very few measurements have been made on the concentrations of decay products from 2?°Rn in
building air, and those indicate that the contributions from these isotopes to human doses
are less by factors of 5-10 than those from the decay products of 222Rn.

Population Radiation Doses. We have estimated the doses to the population in buildings
by comparing the field studies with the calculations of [31]. The mean effective NRN speci~
fic activities in Soviet building materials were used to determine the EED for irradiation of
the population by vy rays as 370 uSv/yr (1 Sv = 100 ber), which exceeds the dose in an open
-locality by 100 pSv/yr, with the latter determined from the mean effective specific activity
of the NRN in USSR soils. The ratio of the dose rates in a stone building and in the street
outside of 1.52 agrees well with the field studies. The 100 uSv/yr is the additional irra-
diation of the population due to the y rays from building materials.

The following results have been obtained from calculations on the DDP concentrations in
the air of living accommodations, and analysis of the field data. The EED representing the
background irradiation for people in the open air throughout the year is 220 uSv/yr, while
the additional irradiation due to building structures is 350 uSv/yr, and that due to emanation
from the soil under buildings is 690 uSv/yr. The overall doses due to y rays and DDP are
close to the UNSCEAR estimates [20], but our estimates are more differentiated. The addition-
al dose in buildings is 1140 uSv/yr relative to the background in an open locality, i.e.,
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~30% of the total population dose from all sources of ionizing radiation [32]. Therefofe,
modern stone buildings are one of the main sources of irradiation, and they are comparable
as regards EED with the irradiation from medical sources.

Scope for Restricting Irradiation in Buildings. The doses received in a building from vy
rays and DDP are determined by different characteristics of the building materials and struc-
ture, so protective measures should be designed to restrict each of these forms of irradiation
separately.

The y-ray dose in a building is determined almost completely by the effective NRN speci-
fic activity in the building materials. A basis has been provided [33] for a standard for
this for the materials used in living accommodations andcivil buildings. Current approaches
to standardizing population exposure are based on the argument that the restriction of irra-
diation shouldbe attained not at any price but with due allowance for economic and social fac-
tors. Unfortunately, it is difficult to perform a rigorous quantitative incorporation of the
use-harm relation in carrying out protective measures because of the large uncertainty with
the maximum justified costs for reducing the population dose by 1 man-ber [34]. For this rea-
son, the basis for the standard is provided by a purely qualitative incorporation of the use—
harm relation. The standardized values approximated to the extrapolated upper limits for build-
ing materials as regards effective NRN specific activity (Cef <10 pCi/g). The purpose of the
standardization is to prevent a substantial rise in the mean value of Cgo¢.,and perhaps also to
produce some reduction. A considerable reduction is-certainly not justified on economic
grounds. The standard extends to each component of a building material (sand, aggregate, ce-
ment, etc.), since the contribution to the dose and the cost of the protective measures are
determined by each of the components. The characteristic is the mean value of Cqf for the ma-
terial extracted at a given deposit (or a given part of it). Recommendations have been made
on monitoring the radioactivity of building materials [35]. The value of the standard for
existing buildings should be substantially higher, since the cost of protective measures is
much greater. The basis for the standard should be detailed studies of the y backgrounds in
existing buildings together with estimates of the cost of protective measures (modification
or transfer to other uses).

There are various ways of restricting the population exposure due to DDP. For example,
the specifications could be introduced for flooring impermeability to radon in new buildings,
which would gradually reduce the population dose and might eliminate the entry of radon from
the soil under the building. The entry of radon from building structures can be restricted
by standardizing the effective “?°Ra specific activities in materials [36]. It is also im-
portant to provide the necessary mean annual air-exchange rates in living accommodations. In
some cases, one can use antiradon coatings on walls (for example, with oil paint). Detailed
implementation of these measures should be based on large-scale research on the radioactivity
of air in living accommodation and on the modes of radon entry.
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CHANGE (F MECHANICAL PROPERTIES GF’LOADED STEEL SPECIMENS
SUBJECTED TO HYDROGEN ION DISCHARGE

G. Biggiero and A. Borruto : ‘ _ -  UDC 669.018.2

It was established earlier (G. Blgglero, A. Borutto, and F. Maraflnl, At. Energ., 49,
No. 1, 22 (1980)) that under tensile stresses exceeding the static fatlgue limit, the time
to fracture and the form of the fracture surface depend on the intensity of hydrogen dis~
charge in specimens of heat-treated 38 NiCrMo with the bainitic structure. Upon continuation
of the experiments it was found that when the load on the specimens is far below the static
fatigue limit under hydrogen discharge conditions, premature fracture occurs, which can be .
considered as the limiting case of fracture due to aging; in the case of the specimens which

'did not fracture we found that with increasing discharge time the volume of discharged hydro-

gen decreased and the reverse process of recovery of mechanical properties occurred. In view
of this it seemed advisable to establish what stresses and hydrogen discharge regime could
affect the reduction of mechanical properties as well as the 1n1t1at10n time and course of

the process of recovery of the original propertles of the steel,

Tensile tests of the specimens under4hydrogen-dlscharge condltions were performed in ac-
cordance with the procedure described earlier on an Instron machine at a constant strain
rate of 0.5 mm/min. These tests were carried out at a constant current density (8 mA/cm?)
while the stress was varied (50.0, 50.5, and 57.5 kg/mm®), as well as at constant stress
(50.0 kg/mm®) while the current density was varied (6, 8, 12, and 14 mA/cm®). The fracture

surface was examined under the scanning electron microscope and the presence of inclusions

was determined with the aid of an optical microscope.
The tests at constant current density (Fig. 1) revealed:
a lowering of the reduction in area as the stress grew;

a decrease in the reduction in area, starting after 60-100 min and reaching a minimum
after roughly 1600 min;

no fracturing of some specimens, even when the duration of the hydrogen discharge was
prolonged 100-fold, at a load of 57.5 kg/mm?;

coincidence of the minima on the "load—time to fracture" curve and on the curve of the
reduction in area.

The tests under a constant load (Fig. 2) showed that when the current density was varied
the minimum reduction in area is observed after 2100 min at 6 mA/cm®, after 1600 min at 8
mA/cm?®, after 600 min at 12 mA/cm®, and after 110 min at 14 mA/cm?; the rapture stress of
the specimens remains constant.

Figure 3 presents the linear dependence characterizing the relation between the current
density and the time corresponding to the appearance of the minimum on the "load—time to
fracture" curve.

Phase and fractographic analyses point to the important role of inclusions in the frac-

.ture of specimens at stresses below the static fatigue limit. Since the specimens.were pre-
pared from the same melt and did not differ significantly as to phase composition, we can

assume that the appearance of the fracture surface is due to the hydrogen effect. Inter-
granular fracture was found to occur in specimens fractured during hydrogen discharge, where-
as specimens characterized by a minimum on the "load—time to fracture" had a predominantly

. fibrous structure in the form of horizontal open canals, which indicates a loss of strength

in regions with active segregation of hydrogen.

Institute of Metallurgy, University of Rome, Rome, Italy. Translated from Atomnaya
Energiya, Vol. 57, No. 1, pp. 49-50, July, 1984. Original article submitted January 27,
1983, ‘

-0038-531X/84/5701~-0483508.50 ® 1985 Plenum Publishing Corporation v 483

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6




Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6

R kg/ mm? ) ¢ kg/ mm
|
720 \\ / 20k
00} \\,/ 00}
L 2%
LA
m-ﬁﬂ=ﬂhzﬂizﬁﬁk;tiji§
L AN )
40[40: \$ Q\/A
20v20F
L Pty 1 |’|||||1;”—r~1 SRERET| l | X [l“““. o o
W 2 4 68W° 2 465405 2 4 68U R R P R R R T R R WL
' t, min a7
Fig. 1 : Fig. 2

Fig. 1. Variation of rapture stress and reduction in area during testing of speci-
mens under hydrogen discharge at current density 8 mA/cm® and stress 53.5 (¢ ), 50
(o), and 57.5 kg/mm® (A);* denote specimens which raptured during the hydrogen
discharge.

‘Fig. 2. Variation of rapture stress and reduction in area during testing of speci-
merns under hydrogen discharge at stress 50 kg/mm® and current density 6 (©), 8 (0),
12 (A), and 14 mA/cm® (+). ‘
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Fig. 3. Effect of current den-
sity on time required to reach
minimum on "load—time to fracture"

curve,

Fig. 4 Fig. 5
- Fig. 4. Fracture surface of a specimen in initial stage of hydrogen embrit-
tlement (x 500).

Fig. 5. Fracture surface of specimen corresponding to the minimum on the
"load—time to fracture'" curve (x 200).
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Figure 4 shows the fracture surface of a specimen, corresponding to the initial segment -
of the curve in Fig. 2 when pores are just beginning to appear. Specimens corresponding to
the minimum on the "load—time to fracture" curve (Fig. 5) are characterized by slight radial
cracks and very deep canals, formed by elongated pores; this is undoubtedly associated with
the action of the hydrogen. '

Thus, the results of tests at stresses below the static fracture limit, which are in
agreement with data from similar tests, permit the follow1ng conclusions to be made:

1. At constant current density and constant stress the values of the reduction in area
and the rupture stress change. These changes persist for a more or less long time during
hydrogen discharge, and the mechanical properties then begin to recover their initial values.

2. Investigation of the specimens after practically complete recovery ofithe.meqhanical
" properties revealed irreversible changes in the structure of internal regions; the particu-

lar, we detected a large number of slight cracks and pores which coalesce into clearly vis-

ible canals.

3. A dlstinct, inversely proportional relation is observed between the. effects of stress
and of discharge current density. Damage begins and reaches a maximum in different 1ntervals
of time and, hence, is caused by different amounts of incorporated hydrogen.

4, It may be assumed that at a low current density hydrogen penetrates into the .steel
mainly along grain boundaries. When the current density increases penetration of hydrogen
begins along dislocations in regions with a strongly distorted lattice. As a result the
- cohesion along the grain boundaries is weakened and the local plasticity of the material di-~
minishes. 1In the course of the hydrogen discharge, microcavities arise in the specimens and
subsequently form canals. These canals facilitate the expulsion of the hydrogen from the
metal and this in turn gives rise to a reduction in the embrittlement.
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ECONOMIC ASPECTS OF THE USE OF BREMSSTRAHLUNG IN RADIATION TECHNOLOGY

V.V, Krayushkin, A. V. Larichev, _ A uDC 537.531.9
and M. E. Tulupov '

The further development of radiation technology in our c0untry and the introduction of
many radiation processes into industry have given rise to a number of problems, the most im-
portant among them being the limited production of the isotope sources which have long been
the most widespread type of source used to emit ionizing radiation, as well as the increased
demand for such sources. In addition, the substantial costs incurred in connection with the
transportation and storage of isotope sources and the need to replace radioactive decay, and
with the burial of depleted sources, the radiation danger faced by service personnel in case
of accident, and the theoretical impossibility of using isotopes in some high-temperature
processes and processes in which there is danger of explosion are factors which compel re-
searchers to devote more and more attention to charged-particle accelerators [1].

During the past decades, both in our country and abroad, there have been many more accel-
erators produced, the range of their characteristics has been expanded, their reliability has
been greatly improved, and they have been made more compact. There is by now a considerable
body of experience relating to their operation in the industrial irradiation of materials by
extracted electron beams. -Bresmsstrahlung beams which are obtained from accelerators by means
of special targets [2] and have the same penetrating capacity as gamma rays have come into
wide use both in medicine and in a number of technological processes in industry [3, 4].

Such processes include:
nondestructive testing of materials;

activation analysis for determining the amounts of various elements contained in miner-
als, metals, and biological materials; '

radiotherapy of tumors and other illnesses by means of high~energy bremsstrahlung;
sterilization of medical specimens and food products.

The use of high-enérgy bremsstrahlung makes it possible to carry out technological pro-
cesses with large amounts of material and in thick-walled apparatuses.

When we compare the technical possibilities of using isotope sources and electron-accel-
erator bremsstrahluung beams in radiochemical technology, we find that most of the arguments
favor the use of electron accelerators:

1. Because a bremsstrahlung beam has a given spatial orientation, the coefficient of
utilization of the radiation is high (unlike the case of 4w geometry when isotope sources are
used).

2. Electron accelerators make possible a'much higher absorbed-dose rate than_isotope
sources. : '

3. The high beam power attained on accelerators makes for a higher specific productivity
than in the case of isotope sources.

4. In case of emergency, the danger of irradiation is automatlcally eliminated in the
case of an accelerator by blocking and signaling systems of all kinds. In processes with ex-
plosion danger also, unlike the case of isotope sources, there is no risk of radiocactive con~
tamination of the irradiated materials and the environment. -

In the present study we give a preliminary economic estimate of the cost of bremsstrahlung
generated by electron accelerators.

The reduced costs per unit of bremsstrahlung energy (rubles/kWh) are determined from the
formula

Translated from Atomnaya ﬁnergiya, Vol. 57, No..l, pp. 50-52, July, 1984. Original
article submitted January 28, 1983, :
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”:.'.(Cann.i..th[\') WL, (1)

where C,,, represents the annual operating costs; K, capital cost of the radiation installa-
tion; e_, normative coefficient of effectiveness of capital investment; W, annual production
of bremsstrahlung in kWh.

As was shown in [5], the economic characteristics Cgp, and K for existing radiation in-
stallations vary linearly with the cost of the electron accelerator. To estimate the capital
cost of the actual radiation source in radiation shielding (disregarding the technological
equipment and additional industrial premises),

(2)

K=HKaee t hpg -
- where K,.. and K., are the costs of the accelerator and the radiation shielding, respectively.

The cost of the accelerator depends on the energy and power of the electron beam. TFor
high-voltage accelerators (E £ 3 MeV) the cost (in thousands of rubles) was found in [5]:

o g =Nt ® K VN, 5

where E is the electron enmergy, MeV; N, power of the beam, kW; &, cost dispersion caused by
different price formation at the manufacturing enterprises (§ < 0.1). A similar estimate of
the cost was made for linear resonance accelerators. developed and manufactured by Soviet en-
terprises:

Kaee =22 (1 8) £ 1/ (3 MeV < < 10 MeV ). (4)

As is known, the thickness of the radiation shielding, and therefore its cost as well,
depends on the energy of the accelerated electrons and the power of the accelerator beam. We
propose estimating the cost of the radiation shielding as part of the cost of the electron
accelerator: : '

Ky = 02Kacce- _ (5)

Then the capital cost of the radiation source and the radiation shielding will be

Koz 12K 500 _ (6)

Among the annual operating expenses the largest contribution is made by the amortization
deductions and the cost of spare elements and assemblies for the accelerator. Therefore, in
our opinion, it is legitimate to express Cann in terms of Kice+ Operating experience at Sov-
iet electron accelerators shows that in most cases

(Cnn = 15K acee ‘ : (7)
The annual bremsstrahlung production (in kWh) is determined from the formula

W=y, A\"'I'aCC, . . » (8)

Here Ty is the annual operating time of the accelerator (for simplicity, we assume “pure"
time, i.e., taking account of the load coefficients and the use of working time), h; n, effi-
ciency of the irradiator [6]; Npyr» coefficient of total bremsstrahlung output.

The coefficient of conversion of electron radiation into bremsstrahlung depends on the
electron energy, the atomic number of the target, and the thickness of the target (in a thick
target made of heavy-atom material there is intensive self-absorption of the bremsstrahlung).
In addition, the bremsstrahlung output depends on the angle of incidence of the electron beam
onto the target and the reflection (backscattering), which increases with the angle of inci-
dence {7].

Taking account of the self-absorption of the bremsstrahlung and the backscattering, in
the case of normal incidence of the electron beam onto a plane tungsten target which provides
maximum bremsstrahlung output in a forward direction (into the half-space in front of the
beam) [8] we found the coefficient of total bremsstrahlung output from the target:

Npp - O02E (1 4), AKOA (1K E <10 MeV). 9
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Substituting the expressions (3), (4), (8), and (9) into formula (1) and setting n = 0.8
and €y = 0.15, we find '

~
=

o 0. 2.65100 for 1<K CIMeV;

fer VT’VT{ = 1.390° for 3 < E L 1OMeV, (10)
Thus, knowing the established power N (kW) of the electron accelerator and the working

time Tog¢ [4], we can obtain from formula (10) an idea of the expected value of the reduced

costs per unit of bremsstrahlung energy produced (rubles/kWh). From the expression (10) we

can draw the important conclusion that the reduced costs for bremsstrahlung are not explicitly

dependent on the energy (disregarding the transition from hlgh—voltage to linear accelerators)

and decrease as the power of the electron beam increases.

In the calculations we did not take account of the coefficient of utilization of the
bremsstrahlung in the reaction volume (in the energy spectrum of the bremsstrahlung a large
proportion is represented by low-energy photons), which, in our opinion, makes it more dif-
ficult to compare the cost of bremsstrahlung directly with the cost of Yy rays from isotope
sources. Taking account of the fact that the reduced costs for y rays from °°Co isotope
sources amount to 6-8 rubles/kWh [9], we must admit that the cost of bremsstrahlung at exist-
ing Soviet electron accelerators remains higher today than the cost of isotope y radiation.
Thus, according to our calculations, the cost of bremsstrahlung obtained from a radiation-
technological installation with the ELV-8 accelerator developed by the Nuclear Physics Insti-
tute of the Siberian Branch of the Academy of Sciences of the USSR (1.8 MeV, 80 kW) is about
50 rubles/kWh.

However, the present trend of steadily increasing power and decreasing cost per kilowatt
of installed power at accelerators gives reason to expect a substantial decrease in the cost-
of bremsstrahlung and to hope that it will be capable of competing economically with radia-
tion from isotope sources.

In conclusion, it should be noted that itevidently is not always legitimate to use in
our estimate calculations the technical and economic characteristics of "pure" electron ac-
celerators. If the bremsstrahlung source is properly designed, we can expect it to be simpler
and more reliable, and therefore cheaper and more economical, than an electron accelerator
used as a source of primary radiation.
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EFFECT OF LITHIUM ON HOT-PRESSED BORON-CARBIDE PARTS

P. D. Kervalishvili and Sh. Sh. Shavelashvili UDC 531.21:546.34

The behavior of lithium that evolves as a result of the nuclear reaction occurring during
neutron irradiation of boron carbide largely determines the variation in the characteristics
of parts in a neutron field [1]. We shall present here the results obtained in investigating
the effect of lithium on the dimensional and phase stability and the thermal conductivity of
hot-pressed borom—carbide parts. ' ’

Cylindrical specimens of boron carbide with a density of 1.8 to 2.45 gecm ~ were obtained
by hot pressing in air and in a vacuum of ~1e107% Pa. 1In order to investigate the effect of
lithium on the dimensional stability, specimens of boron carbide with a density of 1.9-2.4 ge
cm™> were heated together with a batch of metallic lithium with a purity of 99.9 mass % in
a medium of dry high-purity argon. After isothermal annealing at 700 :+ 2°C over a period of
24 h, the specimens in fact disintegrated. The degree to which the investigated specimens
disintegrated depended essentially on their density, Moreover, boron carbide specimens ob-
tained by hot pressing in air disintegrated more thoroughly than specimens prepared in a vacu-
um. X-ray phase analysis of the destroyed specimens showed the presence of other phases:
LiBs, Li,B20., Li»0, LiC and LiB,C,, which does not contradict the data published earlier [1-
5].

Thus, as a result of heating, lithium atoms penetrate through pores and intergranular
boundaries the interior of a boron—carbide specimen, which weakens the bonds between grains,
leading to the specimen's disintegration. Moreover, in.a heated specimen, there is intensive
interaction between lithium on the one hand, and the impurities and the matrix components on
the other, which produces new phases affectingthe stability of parts. Since the percentages
of oxygen, nitrogen, and carbon in specimens pressed in air amount on the average to 0.9, 0.8,
and 1.5 mass %, respectively, while they amount to 0.2, 0.1, and 0.4 mass % in vacuum-pressed
specimens, the percentages of additional phases in these two cases pnaturally amount to 3.4
and 0.9 mass percent. This explains one of the causes of the virtual destruction of boron—
carbide specimens pressed in air when up to -15 mass % lithium is introduced in them at 700°C.
Another cause of this is the higher (by a factor of 10-100) percentage of structural flaws in
such specimens, which promotes the penetration of lithium and segregations along the boundar-
ies of these defects. At lower temperatures, the disintegration of specimens is negligible,
while, at more elevated temperatures, the boron carbide percentage diminishes.

Determination of the parameters of lithium and boron carbide is of practical interest.
In order to introduce the lithium impurity diffusively in boron carbide, metallic lithium was
deposited by spray-coating on one end-face of cylindrical specimens in a vacuum of ~1¢10-° Pa-
The boron—carbide specimens were heated to 150°C to ensure wetting. After isothermic anneal-
ing in a quartz vial in an ambient of dry high-purity argon, the diffusion specimens were cut
along the axial plane. The depth and front of lithium penetration into boron carbide were
then observed by means of a Nanolab-7 scanning electron microscope, manufactured by the OPTON
company. Isothermic annealing at 450 * 2°C over periods of 0.5, 1, 2.5, 7.5; and 10 h has
shown that the mean depth of lithium penetration in boron—carbide specimens obeys the well-
known relationship [6]:

1= 1. (1

where I is the diffusion length, D is the diffusion coefficient, and t is the process dura-
tion. '

In order to estimate the diffusion transport of lithium in the investigated boron carbide
specimens, we performed annealing over a period of 5 h at 150, 250, 350, 450, 600, 800, and
1100°C. Figure 1 shows the diffusion coefficient as a function of temperature D(T) for the
lithium impurity in boron carbide specimens with a density of 2.35 gecm™ >, produced by hot

Translated from Atomnaya Energiya, Vol. 57, No. 7, pp. 52-53, July, 1984. Original arti-
cle submitted May 26, 1983.
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Fig. 1. Temperature dependence of the
diffusion coefficient D(T) for the lith-
ium impurity in boron carbide specimens:
» ) experimental data.

Fig. 2. Photomicrograph of the surface of a vacuum-pressed boron
carbide specimen with a density of 2.35 gecm > where lithium was
introduced at 450°C over a period of 5 h. The photomicrograph
was obtained by means of a Nanolab-7 scanning electron microscope,
manufactured by the OPTON company, using an accelerating voltage
of 15 kV.

pressing in a vacuum. As is known [7], the presence of two straight segments is a consequence
of volume diffusion at 550-~1100°C and boundary diffusion at temperatures of up to 350°C. Im
the 350-550°C_range, these two mechanisms compete with each other.

Figure 2 shows the photomicrograph of the surface of a vacuum-pressed boron-carbide spec-
imen with a density of 2.35 gecm™’ after diffusion annealing at 450°C over a period of 5 h.
It is evident that lithium has penetrated not only along the pores and intergranular boundar-
ies, but also directly through polycrystalline grains.

Processing of the experimental data yielded D, * 3¢10-° m®esec™' and E. * 0.37 eV for the
high-temperature range. In the low-temperature range of the curve, these values are equal to
D'o = 5¢107'° m®esec™ and Ep' * 0.13 eV. It should be mentioned that the maximum relative
error in determining the value of Do is equal to ~16%, while the error in determining Ep
amounts to ~327%; the confidence coefficient of the results obtained is equal to 0.86 and 0.65,
respectively.

The temperature dependence of thediffusion coefficients for lithium in boron carbide
with a demsity of 2.35 gecm=>, obtained by hot pressing in a vacuum, can be expressed by means
of the equation

DTy - 30 sexpt OBTRTIE D expf - OA3/KTY, (2)

where k is the Boltzmann constant, and T is the temperature (°K).

As lithium is introduced diffusively in boron carbide, the thermal conductivity coeffi-
cient of cylindrical specimens first increases considerably. For instance, with low-tempera-
ture diffusive introduction of lithium into hot-pressed boron carbide specimens of elevated
purity (with a total impurity content of ~1 mass %), the thermal conductivity coefficient

490

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6




Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6

measured by means of the steady-state flux method increases on the average by a factor of
1.2-1.7. However, the thermal conductivity coefficient decreases with a further increase in
the lithium percentage. Lithium probably improves the heat transfer between crsytalline grains
when the lithium percentage is negligible (up to 3 mass %), while, with a further increase in
the lithium percentage, the thermal conductivity diminishes as the dimensional stability is
disturbed. T

In conclusion, we extend our thanks to I. A. Bairamashvili for his assistance inthis in-
vestigation.

LITERATURE CITED

1. P. D. Kervalishvili, At. Energ., 51, No. 2, 123 (1981).

2. V. I. Mikheev, F. I.Shamrai, and K. Ya. Krylov, Zh. Neorg. Khim., 2, No. 6, 1223 (1957).

3. D. Secrist and W. Childs, "Investigation of lithium—boron system," US Atom. Energy Comp.,
TID 17149 (1962). _

4. D. R. Secrist, Am. Ceram. Soc., 50, No. 10, 520 (1967).

5. R. Naslain, "Preparation de bor pur sous les formes rhomboedriques a et B des borures

v alcalins," Doctures Sciences Physiques Thesis, No. 188, Paris (1967).

6. B. §. Bokshtein, S. Z. Bokshtein, and A. A. Zhukhovitskii, Thermodynamics and Kinetics
of Diffusion in Solids [in Russian], Metallurgiya, Moscow (1974). '

7. B, I.Boltaks, Diffusion and Point Defects in Semiconductors [in Russian], Nauka, Lenin-
grad (1972).

DIFFUSION OF '°2Ru AND °°Zr FISSION PRODUCTS IN MONOCRYSTALLINE TUNGSTEN

D. K. Daukeev, Zh. R. Zhotabaev, . UDC 539:219.3-173.8
- R. T. Musurmankulov, aqd N. A. Reutova

An investigation of the diffusion of fission products in monocrystalline tungsten is of
certain interest in connection with the development of thermoemissive converters with nuclear
fuel [1]. A knowledge of the diffusion parameters of fission products, including ruthenium
and zirconium, will allow the buildup of the corresponding fission products on the surface
of the emitter to be calculated. A similar investigation was conducted for tungsten, deposit-
ed by the decomposition of the fluoride [2]. The calculated values of the activation energy
Q were calculated for the diffusion of zirconium in tungsten [3]. The calculation of Q for
both elements was carried out using the generalized correlation relation [4], connecting the
diffusion parameters with the thermodynamic properties of metals, and for its derivation it
was postulated that diffusion is accomplished by monovacancies and that the entropy of mi-
gration during diffusion of impurity substitution atoms is much less than the entropy of for-
mation of vacancies. The energy of diffusion activation, determined experimentally [2], was
found to be significantly less than the calculated value [3, 4]. Because of this, the coef-
ficients of diffusion D of the fission products '°’Ru and °57r in monocrystalline tungsten
were measured.

Samples for the investigation were prepared by the well-known procedure [5]. Diffusion
annealing was carried out in a vacuum of 4410~ Pa at a temperature of 1900-2200°K during 30-
100 h. The distribution of the implanted fission products before and after diffusion anneal-
ing was determined by taking thin layers from the samples by electropolishing and measuring
the relative number of fission products by the y-spectrometric method. The integrated dis-
tribution curves of the diffusing elements before and after annealing, determined in this way,
are shown in Fig. 1.

The diffusion coefficients were determined by achieving the best coincidence between the
. experimental and calculated [6] distributions (Table 1). The values of the enmergy of activa-
tion Q, obtained by the method of least squares, are given in Table 2. From their comparison
with the data published in [2}, it was established that for tungsten deposited from the gas-

Translated from Atomnaya fnergiya, Vol. 57, No. 1, pp. 53-54, July, 1984, Original arti-
cle submitted July 11, 1983.
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Fig. 1. Integrated distribution of °°Zr (a) and '°®Ru (b) in

monocrystalline tungsten: O) original; A, (1) after annealing at
1913 and 2118°K, respectively.

. TABLE 1. Experimentally Determined Coeffi-~
cients of Diffusion D, cm®/sec

“, T, K “Ru “Zr

!

P 2478 (7,14£4,28)- 10712 | (7,06-24,24)-10712
2118 (7,39+44,43)- 10712 (7,00£4,25)- 10712 . .
2118 (8.3445,00)-10-12 (6.343-3.80) - 10-12 o
2008 (4,89+2,93)- 1012 {4,6642,80). 1012
2098 (4,812 89). 4012 (4.232:2.60). {012
1983 (4,704£2,82)- 1013 (5,85;;;:;,51)- fo-18
1953 |. (1,09%0,65)- 1012 (6.712.4,03) -4 1#

o 4953 (7,2544,35)-10-13 (4,742,82)-1013

i1M3 (8,294-4,97)- 1014~ (8.084-4,85)-10-11
1913 (1,771,006} 410-138 (t L0740,64) 10713

o 1873 (6,054-3,02)-40-1# (4.9242,95)- 1018

TABLE 2. Values of the Energy of Activa-

tion Q
Element |Q, kI /(g -atom) Source
~ Ru 171,7 Expt, [2]
464,4 Calc, [4]
451,24406,1  |Expt, (present paper)
A 165 Exgt.[Z]
427,41 Calc. [3]
4309 Calc, [4]
Wix:01,7  |Expt. (present paper)

eous phase, predominant diffusion is observed apparently around the boundaries of the colum-
nar grains. At the same time, there is poor coincidence between the data obtained and the
calculated values of the energy of activation of [3, 4], which indicates a vacancy mechanism
of diffusion of ruthenium and zirconium in monocrystalline tungsten.
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OPTIMIZING REACTOR POWER DISTRIBUTION WITH A RESTRICTED NUMBER OF
SIMULTANEOUSLY DISPLACED CONTROL RODS

A. M. Afanas'ev : . - UDC 621.039.56

Algorithms have been given [1-4] for calculating the positions of control rods (CR) such
that the energy distribution (ED) is optimal. As a rule, the transition to the optimal state
requires many CR to be displaced. Even if the ED distribution is small, the number of these
rods is equal to the number of working ones (those not at the end stops), which usually con-
stitute more than half of the CR. As it is impossible to set a large number of CR in the re-
quired positions simultaneously with the reactor running, and no information is given on the
displacement sequence in [1-4], it may prove difficult to attain the optimum. On the
other hand, arbitrary displacement of the CR without reducing the reactor power may lead to
the limiting power being exceeded in some of the channels. Here we consider an ED optimiza-
tion algorithm subject to a constraint on the number of simultaneously displaced CR. The cal-
culation amounts to successive solution of a series of problems, in each of which not more than '
L of the CR will be involved in the optimization. The number of these CR is selected from the
total number M. The selection is made by examining the effects of changing the CR position '
on the optimum. When each problem has been solved, one determines the sequence in displacing
the selected CR. On transferring from problem m to problem m + 1, the influence functions
used in the optimization are modified. The new functions are calculated from the known ones
and the values of the controls obtained from the solution for job m.

Formulation and Method of Solution. We use the symbols of [3] and [4] to formulate the
problem as follows: We assume that for the operator givem h(r) we know the stationary ED No(x),
the influence functions Y¥,(r), and the values of v., from which we have to find the controls
pj characterizing the CR 81splacement to satisfy -

M
TN 4= piliN =, \ Ndro

FE

wiapi i il 2 M ' (2)

(1

which provide a maximum in the function of

i NAr; ]l
7{N] =min “l—l—(l"))-(:—J (3)
In (1)=(3), F.(xr) is the function for the spatial localization of control j and F; (r) S(xr —
r.), while Q, as, and B; are given values, with HL the threshold value at which tge channel

w1th coordinate r; will be damaged, and ¢; is the error with which the damage margin is known.

In addition to (1)-(3) we introduce the requirement that not more than L rods may partic-
ipate simultaneously in the optmization.

The problem is solved by steps. First we use the constraint on the number of CR to de-
termine p( ) and NC* )(r) Then only the p will differ from zero, where jl €94, . By & 38
we denote” certain sets consisting of JS numgers of CR, with JS < L. 1In the general case, °
N'(r) does not correspond to the optimum ED, since the optimization is performed w1th less
than M CR. In the new state of the reactor obtained by changlng the countrols by o J , We use
the known ¥.(r) and p‘;; to calculate the new functions V¥ (r). The latter are uséd to solve
the next opllmlzatlon And determine N( (r) and p ;2, wher j2¢ @32, and so on. We mnote that

Translated from Atomnaya Energiya, Vol. 57, No. 1, pp. 54-56, July, 1984. Original arti-
cle submitted December 12, 1983.
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the sets @j: and & 3, may contain identical numbers of CR. The optimization is contlnued un-
til the solution in case n for a given number €p obeys the inequality

| pJ”) f<<e#p (ﬁj” “'/nl) ine &yun- (4)

After each problem is solved, the sequence of CR dlsplacement is determined. Priority is
given to that control whose change does not displace the automatic regulator AR beyond the
~given constra1nts and has the best effect on the ED. The following problem is solved at step
m:

max Z(m); , (5)
M R .
=D N ) - \‘ Py N \ NV de AN (6)
i | 0
(,,4-—-n/‘(lm)/l)’(m» . ’ (7)

subject to the constralnt that the number pgm) # 0 is not more than L, where

20 = 7 [N ﬁmwuﬂrﬁwﬂwn{:“V““Rmy (8)
T :
ﬁ“ﬂ)_ﬁ(ﬂ:

(m -1y (m 4_) G- 1), ()
VL R A F AL
(ZJ LJ M lJ

p aj

‘.‘,gln-~1)“[.|,§nl ~2) p(m H: B;_ln I’u
We represent the solution of (6) in the form
Y ( 1)
N (p)=- MO (1)1 .\._'I' pg.lu )Gj (Nm) \|;jm D), 9)
f .

where N(m-1) and W(?") are calculated at stage m — 1 and satisfy the equations .
| ' (10)

Hm=D N =1y - gwwmnney and NO (r)= N, (r);

l;("" ”‘Fi‘m B ) D _Fj‘\'“%_ ,\,f}m - ”_47 ‘:\-"; g \lf;"l -1 dr 0
and ;V.fim (r):\]rj (r), v‘«io.;__.\.j‘ . (11)

From (10) and (11) we have that (9) causes (6) to become zero if
¢ (Nomy—gm) - N a2
. ? Ny} ) .
%’ L),
m G m (m 1)

p 0, 13)

i I

On substituting (9) into (6), the task amounts to maximizingiz(m) subject to the constraint
of (8) and the following inequalities:

M
Zomy.L n - 2 p(m)\‘f(m l)<7(m— I)‘ i—1,2,....K; (14)
M ~
2\] ',.(inl)‘.f;m—l)_____”; (15)
J= 1 :
a;.m—!')G;.m) < p'(jm)gﬁ(jm—l)a(;ﬂ). ) (16)
'where
( ( ( 4 1)) AL SmY et B}
) o). . (e~ : fit -1
P ny Pj“ ('jm)‘ A im) — A\ i“', A 1 (’_.;' ‘F:i-;” ;
. 71 .
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N(m-—l)
pm=-1) __ a1 . N (rs)
20 k "(1 Ti; ) Al Ny =N (rg);

Wij=¥;j(r:).

The values of Z(m), p§m)’ and me) are calculated by iteration using the scheme given in
(4). The number of displated CR is feduced after the first iterationm, in accordance with the
requirement of (8). One eliminates each CR by analyzing the effects on 2 M) from changes in
pgm) to zero, where j =1, 2 ,..., M. Here, one initially uses dual estimators to determine
the approximate values of AZ(m) for p.m) -+ 0. Subsequently, these values are refined if nec-
essary from the solution tod the opti&ization problems subject to the additional conditien
p(m) = 0. When the number of CR has been reduced by one, there are changes in the controls,
the dual estimators, and the functional, so in the next stage all the operations to eliminate
a new CR are repeated. The other iterations are performed on the basis of the CR selected for
the control. After determining °§$)’ where jm¢ @ , one calculates the new influence func-

tions ng)(r) and the values of v(?) satisfying the following equations:

( ‘lfg"‘)dr—-(); i—1,2,...,M. 17

J

[i(m-q)ulr;"') 4 E PS'") Fe qrg,m) s PN ‘yfi"‘)&_!\"";
: 1€C rpy

We put Y(?% = W(?) (rZ)/N°(rZ) to write ng)(r) in the form

‘l,g_,,,) (r) == ‘l!&m -1) GRS E p('m)\.grlu)qr(‘m -1) (). (18)
IEQJ,“ .

After substituting this expressiom into (17) and using (11) we get

Am) (- 1) (m)m)dm-1)
\(j" ::\]_ - E p’ '\jl vy . (19)
15 g

From (18) we calculate y(m - W(T)(r- ), where j ¢ @y, and get the system of equations
_ 7 jim jooramh m- “Jm .

n : m— \ " m), Coagpelm—1) o
\i"j'j")' I‘\ 0, dpy “ p;:::)‘lff’.n:jn: )I - . E s (‘(, ])‘V;j;n:\ylm ‘lfj;"'” ) (20)
- T€C p L #0py '
From (20) for each i =1, 2, ..., M we determine the set of values of Yijp® where jm €D Jp-
Then from (18) and (19) we derive y{®) (r) and v ?), which are used in soiving problem m + 1.
We note that to calculate y(m (¢) add v(®  yherd § =1, 2, ..., M, it is necessary to invert

the Jm x Jm matrix once, where Jm < L.

After each optimization step,'one determines the displacement sequence for the selected
CR. The reactor criticality is perturbed by displacing one CR, so we introduce the AR and
solve the following equations:¥* '

fi xS ,h‘i'")p N gmdgey g LR RN -y € gL (21)
: n . .
€5
where #(2)  and Q(gg are sets of n and k CR for which correspondingly the sequence has been
establisﬂgd and will be determined, with n + k = Jm, (3(3; Vo — D jm- We introduce the
new variables p(? 3 < p(?)N?éiglN°(rZ)’ where Z = i, j, and tﬂe AR, and write N® Q) (r) in
the form
" ~ ot 1 ~ () e - ~ B yptm -
N N () S )pyw"’-lrg"' B () Um0 1y 4op YRR Y ), (22)
{n
€% m

where Wm;§ is the inverse function for the AR, which satisfies (11) with Fj = FpR = 8(r —

rpR) - After substitutiog (22) into (21) we get the criticality condition

%The automatic regulator occupies the imitial position after the displacement of all the CR
selected at a given optimization step.
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:—-"‘u(:)‘ 1‘): r()r
E" \.(in l)p(ir)‘ “(ln)/ ;n l)lpxi{f {KR“ " (23)
e G0 ’
1 m
In accordance with (22) we write down the values of Nm(J)(r) at the points r; and r: , where
f € J s to get a system composed of m+ 1 equations. We solve this toget%er w1tﬂ (23) and

(m) 1) 5 (m) (3
3

determlne for each j € ¢ (k) the sets of n + 2 values p(m)(J) , and p . Then from

(22) we recover N(m)(J)(r) and calculate p(J) In agcordance with the resulting p(J) we: se-
lect the number of the controls whose change by p. does not displace the AR beyon§ the lim-

it.* For the latter from N(m)(J)(r) we calculate Z m)(J) and assign to sequence n + 1 that CR
for which the functional is largest.

This algorithm shows that to solve the problem one needs, as in [1-4], information on
the initial ED No(xr) and the corresponding influence functions ¥, (r) together with the values
of vJ, where j =1, 2, ..., M as well as on the influence functlgn for the AR.

The algorithms given here have been used with the OPTIMA program [4] written in FORTRAN
for the BESM-6 as the OPTIMA-2 program. To solve the problem with this program requires vir-
tually the same volume of executive store as for the OPTIMA one. The OPTIMA-2 program handles
the same problem as in [4].
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*If necessary, one can calculate p<i% and N (r) initially as corresponding to the partial
change in control j.
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ANOMALOQUS EFFECTS OF SMALL DOSES OF IONIZING RADIATION IN
METALS AND ALLOYS

I. P. Chernov, A. P. Mamontov, » UDC 621.039.83
A. A. Botaki, P. A. Cherdantsev,
B. V. Chakhlov, and S. R. Sharov

Systematic studies have been made on the effects of small ionizing-radiation doses on
defective semiconductor crystals, which have revealed an interesting feature: y-ray doses
of 10°-10° R (1L R = 2.58+10™ Ci/kg) or an electron flux of 10'*-10"* cm ? does not increase
the number of defects but instead reduces it and produces structure ordering [1]. The number
of defects eliminated can be determined from the backscattering of channeled charged parti-
cles, and this exceeds the number of electron—hole pairs produced by a factor 10. This in-
dicates that the ordering is produced by chain reactions between defects initiated by the
jonization [2, 3]. One naturally seeks to establish whether a similar ordering occurs in me-
tals and alloys. For this purpose we have examined the effects of ®°Co y rays on copper,
tungsten and VK alloys. '

Copper is a good model material, and extensive evidence has been published on the effects
of large ionizing-radiation doses on its physical properties. To avoid possible effects from
the semiconducting compounds CuO and WO, the specimens were analyzed for oxygen by an activa-
tion method. We used copper foil of thickness 1.4+10”° m and wire of diameter 2¢107° m, as
well as sheet tungsten of thickness 1¢10~% m of grade V-ML, in which the atomic proportion
of oxygen did not exceed 10-%%. To introduce additional defects, the copper specimens were
quenched by heating them in argon to 600°C and cooling them in water at 3-4°C. The tungsten
specimens were cut with a diamond disk. The VK-6 and VK-8 alloys had branched WC—Co inter-
faces with elevated defect contents. We used standard rods and also parallelepipeds of size
0.25 x 0.25 x 3.5 cm with a diamond wheel from tools for working materials. The faces of the
parallelepiped were then ground with diamond paste. -

The changes in defectiveness produced by the ionizing radiation were monitored by mea-
suring thespecific resistance p at a known temperature. In that case, the change in specific
resistance Ap is directly related to the change in defect concentration AC [4]:

Ap «- 2mumrACrE net,

where n is the number of electrons in unit volume; e, v, and m, electron charge, velocity, and
mass; and r, effective radius of the scattering centers. ' :

The specimens were irradiated with a cobalt source giving a dose rate of 278 R/sec. When
the set dose had been reached at room temperature, the specimens were placed in a thermostat
maintained at 295°K. At this temperature we measured Ap by a two-probe method with an R363
dc potentiometer. The difference Ap was determined by comparing the p for the irradiated and
unirradiated specimens. The error in determining Ap was estimated from the repeated measure-
ments on a single specimen as not more than 0.2%. The Ap = f(D) relation for copper was also
measured at liquid-nitrogen temperature. The results obtained at 295 and 78°K agreed within
the errors of the measurements.

Two interesting facts were observed: firstly, low doses reduced the specific resistance
(Fig. 1 and Table 1), and secondly, the defects continued to alter after the irradiation.
Figure 2 indicates that the relaxation time was 60-80 h. The 4p measurements enabled us to
determine the number of defects eliminated. The averaged data indicated that 1% of point
defects (8.45 x 102° cm—2®) raised the specific resistance of copper by 1.7-7 uQ-¢m, or by
100-400% relative to p at 25°C. Then AC for quenched copper is (5 * 3) x 10*® cm™®, while

for tungsten it is ~10*° cm—>.

‘Translated from Atomnaya énergiya, Vol. 57, No. 1, pp. 56-58, July, 1984. Original arti-
cle submitted January 9, 1984. .
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TABLE 1. Reduction in Specific Resistance

Specimen v Dose, R P e
Quenched copper HERLLLEN I NI, )
Tungsten  ©,3-.0,1 /3,5 cm 2oqoe 2,0
VK-8 0,25,0,25.74,5 ¢m C A vin 13
VK-8, rods 0.25 x 0.25 X 3.0 cm l A-1on | 68

7 4
x Y 7%
s 7 * 4
S CANE
Q S
< -J -2
'# )
1 L !
70% 10° 10% 107
Dose, R
Fig. 1 Fig. 2

Fig. 1. Dependence of the change in specific resistance on dose for tungsten @ and
VK-8 alloy .

'Eig. 2. Relaxation in specific resistance after irradiation to 5¢10° R for VK-8
and 5+10“ R for @ .

There was found to be a complete analogy between the effects of y rays on semiconductors
and metals with defect structures. In both cases, the largest number of defects was elimina-
ted for y doses in .the range 10“-10° R (10° R for AsGa, 2¢10° R for W, 5¢10“ R for quenched cop-
per, and 5¢10° R for VK-8); there were also relaxation processes that continued for several
days after the end of the irradiation. The Frenkel' defects formed on irradiation were few
in number (10'*-10** cm™3) and could not have an appreciable effect on the structure rear-
rangement. -

Less than a thousandth of the atoms would be ionized at these doses, so only a minute
number of defects would be eliminated by the annihilation of the primary-ionization defects
(5 x 10** cm™® in copper and 10*® cm™> in tungsten). However, experiment shows that the num-
ber of defects eliminated is 1000 times larger, This means that there are conditions favor-
able to accentuating the effects of ionization on defect annihilation in metals.,

The lifetimes of particle—hole pairs in metals are very short (107'° sec), so recombina-

tion occurs essentially at the point where the pair is produced, and weak ionization does not
affect the properties. However, if the structure is highly defective, the point defects may
group together and produce a perturbation potential W(r) for electrons in the conduction band.
If one represents the perturbation potential as a one-dimensional periodic function W(x) =

) cos (2qx/H), there are two periodicities acting on the electron: one related to the lattice
period and the other caused by the quasiperiodic disposition of the defect groups. In accor—
dance withperturbation theory [5], energy gaps of width A ~ X appear in the continuous spec-
trum (or in the conduction band of the metal) at energy E, = n®q¢*/2m (n = 1, 2, ...). The
occurrence of a gap in the spectrum should reduce the conductivity, as is observed. Also, one
can calculate the particle—hole lifetime T by the method of VanRoosbrooch and Shockley [6],
which gives . »
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T=eap AT,
where T is the temperature in energy units. Consequently, the particle—hole pair lifetime
increases considerably in a metal with a defective structure, and a pair has time to interact
with defect groups and be captured. In that case, as in a semiconductor, the charge is local-
ized at the defect groups, which prevent annihilation. Therefore, low ionizing-radiation dos-

es (10“-107 R) acting on metals and alloys with highly defective structures initiate reduction
in the number of defects and produce ordering.
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CHANGES IN THE STRUCTURE OF VK ALLOY PRODUCED BY LOW y-RAY DOSES

. Chernov, Yu. A. Timoshnikov, UDC 621.039.83
. Mamontov, V. A. Korotchenko, ' :
. Lapsker, and B. S. Semukhin

«

= o>
> o g

It has been found [1, 2] that defects are eliminated and the structure is ordered in 4.
defective semiconductor or metal by low y-ray doses (10“-10” R, 1 R = 2.58e10 * Ci/kg) when
less than a hundredth of the atoms are ionized, which is evidently possible only by the re-
lease of stored energy, for example, by chain defect annihilation [3, 4] initiated by the ion-
ization.

We have examined the heat production and structural changes occurring on irradiating VK-8
alloy with low y-ray doses. The REM-200 scanning electron microscope showed that the speci-
mens of VK-8 contained tungsten carbide particles in the form of polyhedral prisms or cylin-
ders with transverse dimensions of 1-10 ym. According to published data [5], the defective
regions in this alloy are localized at the WC—Co boundaries.

If the number of defects is reduced by ionizing radiation as a result of defect annihila-
tion or rearrangement, there should be some accompanying heat release. Therefore, one expects
that the temperature of the specimen in the first cycle will be different from those in sub-
s?quent ones, since in each successive 1rradlation cycle there will be only heating by the
radiation The specimens were irradiated with °°Co y rays at a dose rate of 278 R/sec. A VK-8
specnmen of size 1 x 1.5 x 8 cm was placed in a thermally insulated cell taking the form of
two_ foam—plaqtlc vessels of different sizes inserted one in the other. The free space between
.them -Was filled with insulating material. The cover was also made of foam plastic and had two
K holes‘for inserting a thermocouple.

The specimen temperature was measured with a differential Chromel—Copel thermocouple.
The temperature of the reference junction was kept at the melting point of ice, and this was
outside the irradiation zone. Reliable thermal contact between the working junction and the
specimen was provided by indium—gallium alloy. A PP-63 potentiometer recorded the thermo-
couple. The error in temperature measurement was not more than *0.5°C.

Check experiments were performed with silicon and gallium arsenide as well as with an-
nealed copper, whose temperatures should be affected only by the radiation heating, and the
differences between .the heating curves in successive irradiation cycles of duration ~20 h each
did not exceed 0.5°C. For the VK-8 specimens, the temperature varied from 28 to 61°C in the
first cycle and from 28 to 58°C in the subsequent ones, i.e., the differences in the final

Translated from Atomnaya Energiya, Vol. 57, No. 1, pp. 58-59, July, 1984. Original arti-
cle submitted January 9, 1984.
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Co(111)

I, rel. units

27, deg
Fig. 1. Parts of the x-ray patterns
from VK-8 alloy before irradiation
) and after irradiation —----).

Fig. 2. Failure surfaces of VK-8 alloy in the initial state
(a and c¢) and the irradiated state (b and d), carbon replica,
platinum shadowing, arrows indicating chains of pores.

temperature were ~3°C. In such an experiment, one measures the average temperature, and this
does not rule out local heating to a higher temperature, for example as a result of chain re-
actions between defects [3, 4] in regions with high defect concentrations (here at the,Wp—Co

boundaries), where the structure of the material may change. ?

We examined the structure of specimens in the form of plates 1.5 x 1.0 x0.1 cmcut byelec—
trospark working using DRON 1.5 and DRON 0.5 diffractometers with filter Cu K, and monoenerge—
tic Fe K, radiations. An SM-1 computer calculated the lattice parameters and performed the °
indexing. :

As would be expected, the specimens consisted in the main of tungsten carbide and cobalt.
The tungsten carbide had a hexagonal lattlce whose parameters yaried between speciwmens within
the following limits: g = 2.905-2.907 R, ¢ = 2.837-2.838 ) (l A= 1071° m). The cobalt had
a cubic AI lattice with unit-cell parameter g = 3.565-~3.562 A

After y-ray irradiation to 2107 R, reflections from a new phase appeared (Fig. 1). The
published data and the computer indexing demonstrate that these reflections correspond to a
ternary compound, the n. phase of variable composition having the chemical formula Co wyc.
This phase has a cubic 0h lattice with parameter a = 10.8-10.9 A [6].

To identify the compound, the initial and irradiated specimens were examined by second-
ary-ion mass spectrometry. The primary beam was provided by nitrogen ions of energy 3.2 kev,
and the current density at the target was 510 7 A/cm®. The secondary ions were filtered for
energy by a cylindrical analyzer with a resolution of AE/E = 0.01 and were then analyzed by a
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mass separator with a resolution of 200. The mass spectra of the irradiated specimens showed
peaks corresponding to CoWC ions, which were absent. from those for the initial specimens..

The production of -the new phasewand..the change in defectiveness altered the cracked sur--

faces. This was confirmed by examining%the surfaces by replica methods with a £VM-100L trans-
mission electron microscope with a resolution of 20 A. : :

Figure 2 shows planar surfaces for an initial specimen (a and c) and one irradiated with
Y rays to a dose of 107 R (b and d). There are the following characteristic features in the
surfaces of the initial specimens: ' : T

1) pores in the tungsten carbide particles along the curved edges of the cleavage planes
and also at the WC-Co boundaries; '

.2) brittle failure in the tuﬁgsten carbide particlés_(failure surface smooth without
ridges or signs of stream patterns); and

3) viscous failure in the cobalt bonding. Regions of stretching around the tungstén‘cér—r'

bide particles are seen, which indicates that the material was in a compound state of strain
and that cracks propagated, so the failure occurred along the most effective WC—Co boundaries.

Irradiation substantially altered the characteristics of the fracture: firstly, the pores
along the edges of the cleavage planes vanished, and they diminished in number at the WC-Co
boundaries; second, elements of viscous fracture appeared at the surfaces of the'tungsteh car-
bide: ridges and stream patterns; and thirdly, the stretching of the cobalt bonding around

the tungsten carbide particles was reduced.

Therefore, the ordering in VK alloy at low doses is accompanied by a rise in temperature
and considerable structural changes. The most marked changes are pore healing and the produc-
tion of the new phase n, CoWC, which occurred in regions of high defect concentrations such
as WC—Co boundaries. It seems that these structural changes are due to local heating caused
by chain reactions between defects. :
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PARAMETERS OF NEUTRON RESONANCES OF *°%cd

V. A, Anufriev, S. I. Babich, UDC 621.039.556
V. N. Nefedov, and N. G. Kocherygin

The results of an investigation of the .total neutron cross section of '°®Cd in the 0.3-
400-eV range of neutron energy are presented in this paper. Study of the energy dependence
of the cross section of '°°Cd is of undoubted practical interest due to the need to select
the optimal conditions for reactor accumulation of '°°Cd (Ti/2 = 453 days), which is used
for the fabrication of x-radiation sources. The published data on the neutron cross section
of "°®Cd are limited only to values of o, (Eo, = 0.025 eV) and I. obtained from integrated
ngsurements [1, 2}1. For‘the present the only measurements of the energy dependence of the

Cd cross section have been carried out by the authors of [3], in which most of the atten-
tion was devoted only to the cross section in the thermal range of neutron energies.

The neutron resonances of '°®Cd have been investigated by measurement of the transmis-

sion of a cadmium sample enriched in '°®Cd (57.5%). The energy dependence of the transmission
was measured with the neutron spectrometer of an SM=2-~reactor using the time-of-flight method
[4]. The best resolution of the spectrometer for a time-of-flight baseline of 92 m was 58
nsec/m. The value of the background neutrons did not exceed 5%. Metallic cadmium (mass of

79 mg) mounted in a quartz tube with an inner diameter of 1.12 mm was used as the sample.
Detailed information on the composition of the sample being investigated is given in Table 1.

It is shown in Fig. 1 how the transmission T of the cadmium sample in the 50-400-eV range
depends on energy. Four levels of '°®Cd have been determined in the investigated range of
neutron energies. The resonant levels were identified using the data on impurity cadmium iso-
topes recommended in [5]. The parameters of the levels calculated by the "shape" method are
given in Table 2 in comparison with the data of [3].

1 I . {

, L —
600 400 300 200 150 £, eV

Fig. 1. Energy dependence of the transmission of the cadmium

sample at an energy of (a) 50-110 and (b) 110-400 eV; )
fitting result using the resonance parameters given in Table 2;
® ) experimental values of the transmission as a function of
energy.

Translated from Atomnayavénergiya, Vol. 57, No. 1, pp. 59-60, July, 1984. Original arti-
cle submitted January 13, 1984,
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TABLE 1. Characteristics of Cadmium '

i i~ |Content of isotope
Isotopic composi ’
Isotope tion,")’]o pe 10% atoms/b*
15C¢H 0,35 1,58
108G 57,5+1,8 265547
1oCd 6,72 29,3
med 5,74 24,8
13Cd : 12,46 53,3
usCd 4,33 18,4
L4Cd 11,14 46,8
16t 1,76 7,3

*1 b = 10-%° m?.

TABLE 2. Parameters of the Neutron Reso-
nance of *°®cCd -

Data of “this péper v Data of (3]

! i Ea, r» 2zl .
Eo, T, meV | 26T, meV | “&n
o eV i} S ev meV| meV

54,2:£0,4 [115:£45 | 0,630,03 |. 54,31 100 0,7
933.6-3,5 | 34548 | 38450 234 | 400 ) 490460
34245 500428 71060 314 | 100 [10703-150
337+5 10* | 4,3+0,5 - | - -

'*Aésumed value of T.

As follows from Table 2, a discrepancy with the data of [3] is observed in the values of
I for the level with Eo = 312 eV. A possible cause of the overestimation of the value of Tp
in [3] can be assumed to be insufficient resolution of the spectrometer used in this range of
neutron energies. In addition we were the first to detect the level with Eo = 337 eV, which
we assign to '°®°Cd. ' ' : .

Using the resonance parameters, the two-group constants of '°8cd were calculated: the
resonance capture integral I = 12 £ 2 b, and the capture cross section for Eo, ='0.025 eV
is o = 0.20 + 0.03 b. The cllculated value of the capture cross section differs from the ex-
perimental values oy = 1.3 £ 0.3 and 2.7 + 0.9 b given in [1] and [2], respectively.
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MEASUREMENT OF THE FISSION CROSS SECTION OF 2““Cm WITH FAST NEUTRONS,
USING A NANOGRAM QUANTITY OF ISOTOPE

P. E. Vorotnikov, L. D. Kozlov, UDC 539.173
and Yu. D. Molchanov

The conditions of reprocessing, storage, and transportion of cooled spent nuclear fuel i
are determined to a considerable degree by the buildup in it, during irradiation, of *““Cm. |
In enriched *’°Pu-fuel, two-thirds of the energy release of the actinides and ~90% of the neu-!
tron yield is due to *“* Cm [1]. According to IAEA documents [1], the necessity for nuclear |
data requires measurements of the fission cross section of 2““Cm by fast neutrons with an ac-
curacy of 20%. At the present time, measurements of this cross section by monoenergetic neu-
trons are known at individual points in the superthreshold range of neutron energies E_ [2,
3], and more systematic measurements over a wide range of E_ on neutrons from an underground
nuclear explosion [4, 5], the accuracy of which is estimated as approximately 50% [1].

For the determination of o (En)2““Cm, we have used the metnod of measuring the fission
cross section of the transuranic elements in a pulsed electrostatic accelerator (ESA), devel-
oped in the I. V. Kurchatov Institute of Atomic Energy, with a nanogram quantity of isotope
[6] (a factor of 10°-10" less than was required previously [4, 5]). A solid TiT-target, bom-
barded with protons from the pulsed ESA, served as the neutron source [7]. The diameter of
the beam of ions at the target amounted to ~1 mm, the frequency of the current pulses was 2
MHz, their duration 5 nsec, and the average current at the target was 6 pA. The layer of fis-
sile material with a diameter of -1.5 mm and containing 5 ng of 2““Cm, was positioned at an
angle of 0° relative to the beam of protons. The distance between the centers of the layer
and target amounted to 3 mm for the relative measurements of 0¢(Ep) and ~6 mm for the abso-
lute measurement of the cross section, carried out for an average energy E = 1100 keV. The
neutron flux was measured with flat-response counters [8), calibrated with standard neutron
sources. The fission fragments were detected with a gas scintillation chamber with a diame-
ter of 2 cm and a thickness of 1 cm, filled with xenon to a pressure of 1.5 atm (1 atm = 1
101.325 kPa) and connected with a FEU-30 photomultiplier. In order to record the time spec-
tra, a time-of-flight spectrometer [9], developed previously, was used.

Part of the instrumental spectra obtained are shown in Fig. 1, from which it can be seen
that the fission events caused by the neutrons, are well distinguished on the background of
uniformly distributed spontaneous fissions, although the number of induced fissions Nind is
much less than the number of spontaneous fissions Nsp:

;¥p<:12-ﬂr“AétEhnfTﬁ

‘l\;nd = 02N, Nyeay,

where N_. is the number of atoms of *““Cm in the layer; N,, number of neutrons passing through

1 cm® of the layer; €, recording efficiency of the fission fragments; o, and Tf = 1.3107 [10],
fission cross section (b) and the period of spontaneous fission of 2“"Cm, yr; t,, measurement
time, sec. From these relations we obtain .

_2,2:101%Nind 1m

AL ().
Nsp FiNy (

Oy
Thus, Nat.and €, which usually carry large errors in the results, do not enter into the ex- 4
pression for Og.

When processing the data obtained, the experimentally measured corrections for neutrons
scattered by the chamber material were taken into account, andalso the calculated corrections

Translated frém-Atomnaya Energiya, Vol. 57, No. 1, pp. 61-62, July, 1984. Original arti-
cle submitted January 13, 1984.

504 0038-531X/84/5701~0504$08,50 © 1985 Plenum Publishing Corporation

- Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6



Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050001-6

Ny

a0

70

70 80 80 700 70 80 30 100
Channel number

" Fig. 1. Time spéctra, obtained with E_ =
480 keV after 10 h (a) and with E, = 9
keV after 2 h of measurements (b).

TABLE 1. Measurement Results of the Fission
Cross Section of #““Cm by Neutrons :

Error of rel, measurements of of,

v O %o
E,, keV a,,b —
L isotopic

|statistical composition| total
390470 0,18 22 15 28
© 480490 0,44 14 - .8 18
- 580490 0,65 14 5,3 17
69090 1,06 15 3,2 17
7904100 1,72 1 2,7 13
950+95 1,77 9 2,2 12
1080 +90 1,63 - 10 1,8 12
1280+4-80 1,58 15 1,7 17

Note. The absolute accuracy of o is 9%.

‘due to the angular distribution Ty of the neutrons and their scattering by the material of

" the accelerator target, the commensurability of the distances between the target and the lay-
er with their diameters, the possible nonuniformity of the layer and isotopic composition.
The layer was prepared from the curium fraction of the chemically separated products of ir-

" radiation of 2“*Am-in a reactor. The fraction of the different isotopes was calculated from
their buildup curve [10], correlated with the yields of 2“%Am, 2““*2%SCp, and 2'*Cm, measured
on a Ge(Li) y-spectrometer. Thus, the following composition of the layer was obtained, %:
2601pm < 0.2; 2“*Am=4.1 + 1.0; 2“252%3Ccp < 0.15; 2*““Cm =78 * 3.5; *“*Cm=1.3 % 0.4; *“°Cm =
'6+3“7Cm-04 0.1; **®*cm = 0.4 = 0.1, o -

The results of .the measurements are given in Table 1. They caincide well with the data

"of [4], obtained by using an underground nuclear explosion and also, like the latter, for

E, s 800 keV exceed the data published in [5] by approximately 40%. The accuracy of the
relative values of ¢, obtained by us is determined mainly by the statistical count of the fis-
-sion fragments, the absolute accuracy of the o (E ) curve — the error of the neutron flux cal~
ibration (+6%). We did not measure and we did not take account of the anisotropy of the angu-
"lar distribution of the 2““Cm fission fragments by neutrons, as with the thickness of the lay-
:er used by us, this could not appreciably increase the ‘error.

: Based on the analysis of the results, taking account of the increase of the effective -
numbéer of channels of competing processes [first and foremost the neutron emission Nn(En)
2ﬂpcomp(E*) X Pn (E_.)] and the binding energy. of the neutron B_ = 5.52 MeV [11], values are
obtained for the height of the fission barrier of *“°Cm of By = 6.17 + 0,05 MeV and its curv-
ature fuwg = 21rdE*/d x In N (E* < Bg) = 0.70 + 0.05 MeV. '
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Vol. 22, 1984 (6 issues)

..........................

RUSSIAN JOURNALS IN THE PHYSICAL
AND MATHEMATICAL SCIENCES

AVAILABLE IN ENGLISH TRANSLATION

HYDROTECHNICAL CONSTRUCTION
Gidrotekhnicheskoe Stroitel'stvo
Vol. 18, 1984 (12 issues)

..........................

INDUSTRIAL LABORATORY
Zavodskaya Laboratoriya
Vol. 50, 1984 (12 issues)

.........................

INSTRUMENTS AND
EXPERIMENTAL TECHNIQUES

Pribory i Tekhnika Ifksperimenta
Vol. 27, 1984 (12 issues)

.........................

JOURNAL OF APPLIED MECHANICS
AND TECHNICAL PHYSICS

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki
Vol. 25, 1984 (6 issues)

JOURNAL OF APPLIED SPECTROSCOPY
Zhurnal Prikladnoi Spektroskopii
Vols. 40-41, 1984 (12issues) . .....ooovvvinnnnennn $540

JOURNAL OF ENGINEERING PHYSICS
Inzhenerno-fizicheskii Zhurnal

Vols. 46-47, 1984 (12issues) . ......coevevennnnnnn $540

JOURNAL OF SOVIET LASER RESEARCH
A translation of articles based on the best Soviet research in the
field of lasers

Vol. 5,1984(6isSU€S) .. ..vvvvvviiinr s
JOURNAL OF SOVIET MATHEMATICS

A translation of Itogi Nauki i Tekhniki and Zapiski
Nauchnykh Seminarov Leningradskogo Otdeleniya
Matematicheskogo Instituta im. V. A. Steklova AN SSSR
Vols, 24-27, 1984 (24 isSU€S). ... vvvvrvevrrernnnn $1035

LITHOLOGY AND MINERAL RESOURCES
Litologiya i Poleznye Iskopaemye
Vol. 19, 1984 (6 issues)

..........................

LITHUANIAN MATHEMATICAL JOURNAL
Litovskii Matematicheskii Sbornik
Vol. 24, 1984 (4 issues)

MAGNETOHYDRODYNAMICS
Magnitnaya Gidrodinamika
Vol. 20, 1984 (4 issues)

..........................

MATHEMATICAL NOTES
Matematicheskie Zametki
Vols. 35-36, 1984 (12 issues). ..........oovvuennnn
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