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PROBLEM OF HELIUM IN THE STRUCTURAL MATERIALS OF A THERMONUCLEAR
REACTOR

A. S. Nikiforov, A. P. Zakharov, UDC 669.14.018.8:621.039.5
V. I. Chuev, A. G. Zaluzhnyi,

Yu. N. Sokurskii, V. D. Onufriev,

V. N. Tebus, A. E. Gorodetskii,

V. Kh. Alimov, I. V. Al'tovskii,

and V. M. Cherednichenko-Alchevskii

Under the action of high-energy neutrons, because of (n, a)-reactions, a large quantity
of helium can be accumulated in the structural materials of a thermonuclear reactor (INR);
in particular, the content of helium in the material of the primary wall, after 10 years of
operation, can attain 0.2 to 0.5 at. % [1]. The presence of helium causes high-temperature
radiation embrittlement (HTRE) [2-6], imposing the most rigid limitations on the choice of
material for the primary wall of a thermonuclear reactor. Therefore, a study of the re-
sistance of materials to helium embrittlement is of great interest. In recent years, the
investigations of the behavior of helium solids have been extended {6, 7].

Helium Buildup

At the present time, together with the experimental study of the buildup of helium in
structural materials as the result of neutron irradiation [8-13], theoretical calculations
of the helium concentration formed are being used successfully. Thus, in the Kharkov
Physicotechnical Institute of the Academy of Sciences of the Ukrainian SSR, using perturba-
tion functions obtained experimentally [14] and calculated by means of the ALICE program
[15], the buildup of helium in 30 steels was calculated, in the conditions of water-graphite,
fast, and future thermonuclear reactors [16]. -

Table 1 shows the quantitative estimates of the rate of formation of displaced atoms
and the buildup of helium, for a number of structural materials, for the condition of a
neutron loading of 1 MW-y/m® [16-18]. It was established [19], that the nature of the
radiation damage is determined to a considerable degree by the relation between the rate of
buildup of helium atom c, and the rate of formation of displacements d, expressed by the co-
efficient K. The value of K depends on the neutron spectrum, the cross section of the
(n, a)-reactions, and the elastic scattering cross sections. With large values of K, the
tendency to the formation of helium bubbles increases, the number of interstitial atoms
avoiding recombination is increased, and the growth of a loop of interstitial atoms is in-
tensified. According to Table 1, K amounts to approximately 3 to 35 for TNR and high-flux
reactors, and 0.0l to 0.1 for fast reactors. Therefore, it will be advantageous to use high-
flux reactors with a thermal neutron spectrum, e.g., SM-2, in order to verify the radiation
resistance of nickel-containing alloys and steels, proposed for the material of the primary
wall of a thermonuclear reactor.

Table 2 shows certain data about the buildup of helium as a result of irradiation in a
number of reactors. The higher concentration of helium in materials irradiated in reactors
with a thermal spectrum of the neutron flux, is explained by the course of the two-stage re-
action *°Ni(n, y)®°Ni(n, «)®°Fe, leading to a parabolic dependence of the helium concentra-
tion on the fluence [9, 13, 16]. Moreover, the formation of helium in structural materials
as the result of neutron irradiation, can be caused [16] by the presence of impurities of
silicon, phosphorus and sulfur, for which the (n, o)-reaction cross sections in the region
up to 5 MeV is a factor of ten greater than for iron isotopes. All this indicates the
necessity for verifying the theoretical calculations by means of direct experiments on ir-
radiation with high-energy neutrons.

Translated from Atomnaya énergiya, Vol. 53, No. 1, pp. 3-13, July, 1982. Original
article submitted January 12, 1982. :
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TABLE 1. Rate of Formation of Helium, ¢ (10™“ at. %/y) and Displaced Atoms, d
(displ./atom) in Certain Materials '

TNR EBR-II [18] HFIR [1]
Material
c* a7t K ¢ d K c d K
Steel 345 147 200 11 10 13 20 4,7 | 44 0,11 4200 | 140 {30
Nb 29 24 7 7 411 3,4 |1 28 0,04 1,8 4 1o,04)
Mo — 47 — 8 — 5,9 | 1,8 | 30 0,06 3,1 44 | 0,07
v — 57 — 12 — 4,7 |1 0,5 54 0,009 — — —
5—10% Al,04 8 Al - 410 —_ 17 — | 24 7,9 | 76 0,1 — — —
Al 310 — 14 —_ 23 — — | = — — - —
Nimonik RE-16 240 — 12 —_ 20 — —_ — — — — —_

*The values of c in columns 1 and 2 are from the data of [17, 18], respectively;
for steel 316 according to [16], ¢ = 350.

tThe values of d and K in columns 3, 4 and 5, 6, respectively, are according to the
data of [17 and 18]; for steel 316 according to [16], K = 35.

TABLE 2. Concentration of Helium, Formed in Certain Structural Materials during
Irradi;tion in Reactors, with E > 0.1 MeV, at. %

ITR -2000 * BOR- 607 ] SM2 %
aterial ¢ C
Materia Ce Ce i Ce Ce = Ce
C C
Fe (99,97%) 2,5-10~* | 1,5-107%]9] 160 140~ | 7,7-10~4[9] 1,3 —
Ni (99,98%) 9,5-104 8,8-1075 [9, 10} 4 — — — 1-10-2
OKh16N15M3B 9,5.10 1,4-107° {9, 10] 70 3,8:103 9,2-1074 [9] 4,1 4,1-107¢
Kh26N6T — to— — 1,2-10™2 1,5-10-3 [9] 8,0 —
KhNT7TYu — _ - 4.10-3 1,1-10-3 3,6 -
Steel 304 3,0.10* | 9,4-107%[9, 10] 32 — — — —
OKh17N40B — _ — - — — 3.10-3

%6t = 4.8°10'° neutrons/cm®, Tirr ~ 450°K.
tot = 7.8°10%? neutrons/cm?, Tirr = 800°K,
fet = 2.4-10*' neutrons/cm®, Tipr ~ 340°K,

Effect of Helium on the Mechanical Properties

It is well known that the presence of helium in austenitic stainless steels leads to a
reduction of plasticity at T > 0.555 [3, 5, 6], and in many cases the degree of embrittle-
ment is independent of the degree of radiation damage, d, displ./atom. Figure 1 shows how
the mechanical properties of samples of austentitic steel OKh16N15M3B depend on the tem-
perature, after irradiation in the SM-2 reactor by neutrons, and helium ions in a cyclotron.
It can be seen that the plasticity at a temperature above 600°C for samples irradiated in
the reactor and saturated with helium in the cyclotron, varies identically. A similar high-
temperature helium embrittlement (HTHE) was observed for samples of this steel irradiated
with high-energy electrons at a temperature of 700°C and above [4].

When investigating the dislocation structure and the nature of failure of irradiated
samples of steel OKhl6N15M3B, it was established that during deformation at 800°C, poly-
gonization and recrystallization occurred, which is confirmed by the serration of the grain
boundaries (Fig. 2a), and the polygonal dislocated structure (Fig. 2e). In samples saturated
with helium, tested at 800°C, the serration of the grain boundaries is absent (Fig. 2b) and
formation of dislocated walls is not observed (Fig. 2f), which indicates a retardation of
polygonization and recrystallization processes. Samples with a content of 1072 to 107! »
at. % of helium, fail through the grain boundaries (Fig. 2b, d) in contrast from unirradiated
samples, or samples containing a small (107°-10"“ at. %) amount of helium, which fail trans-
crystallitely (Fig. 2a). The size of the helium bubbles at the grain boundaries in all
cases did not exceed 10 nm. :

The retardation of climbing and gliding of the dislocations in samples saturated with
helium can be explained either by a reduction of the effective concentration of free vacan-
cles, because of their bonding with free helium atoms in a solid solution, or by the re-
tardation of the dislocations by minute helium bubbles. 1In this case, the body of the grain
is strengthened and becomes less plastic. The helium bubbles weaken the boundaries between

444
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Fig. 1. Temperature dependence of the ten-
sile strength op, the yield stress o,,2, and
the total expansion of samples of steel
OKh16N15M3B, irradiated (@, A) with helium
ions up to a concentration of 10~? at. %

(a), and with neutrons up to a fluence of
1+10** neutrons/cm® withE > 0.1 MeV, and up to a
helium concentration of ~2+107% at. % (b);
O, A ) unirradiated samples.

grains and additionally increase the difference between the relative strength and plasticity
of the body and of the grain boundaries, increasing the tendency to intergrain failure and
reduction of plasticity of the materials.

A reduction of the rate of deformation from 5-1072% to 5°10 ° min ! leads to a retarda-
tion of the movement of the dislocations, formed in samples of steel OKhl6N15M3B in the case
of high-temperature (700-800°C) deformation, with dispersed (v10 nm) particles of Nb(C, N),
and to an additional embrittlement (Fig. 3). The contribution of this embrittlement is
more marked at a low (107°-10"“ at. %) concentration of helium.

An increase in the helium injection temperature from approximately 100 to 700°C leads
to a reduction of plasticity at a testing temperature of 400°C and above (Fig. 4). This is
due to the formation, under irradiation at a temperature of 550-700°C, of relatively large
bubbles (020 nm) at the grain boundaries and in the solid.

Thus, the mechanism of the embrittlement effect of helium on structural materials dur-
ing tests at T = 0.55Ty is clear. The helium retards polygonization and recrystallization,
disturbs the relation between the strength of the body and the boundaries of the grains, and
leads to intergrain failure with low plasticity. The concentration of helium and the condi-
tions of testing (irradiation temperature, rate of deformation, etc.), at which the embrittle-~
ment effect of helium appears, of course, are peculiar to each material. Heterogeneous
phase decay, leading just like helium to the formation of barriers for the movement of dig-
locations in the body of the grain, and to the appearance of large layers over the grain
boundaries, also causes embrittlement at elevated temperature,

Effect on Stainless Steels, Iron and Nickel

As a significant reduction of plasticity of Fe—Cr—Ni alloys, saturated with helium, is
observed at a temperature in excess of 600°C, and the effect of helium on the strength
properties at this temperature is insignificant, then we shall derive only the values of the
total expansion of the samples at 800°C (Fig. 5a). Samples saturated with helium in the
cyclotron, of iron and nickel, ferrite—martensitic steel 1Kh13M2, steel OKh16N15M3B, and the
alloys DKhl7N40B, KhN77T, and KhN77TYu [20], were investigated. It can be seen from Fig. 5
that, with a given helium concentration all the materials, except ferrite—martensitic steel
1Kh13M2, showed a very considerable tendency toward HTHE. This applies particularly to

alloys with 40-80% nickel and, first and foremost, to KhN77TYu, alloyed with titanium and
aluminum.

445
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e
Fig. 2. Nature of failure (aje) and dis-
located structure (e, f) of samples of steel
OKh16N15M3B, unirradiated (a, c, e) and
irradiated by helium ions up to a concentra-
tion of 107% at. % (b, d, f), after testing
at 800°C: a-d) x1000; e, f) x40,000.
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Fig. 3. Dependence of the total expansion on the rate
of deformation at 800°C of samples of steel OKhl6N15M3B
before (O) and after (@ irradiation with helium ions
up to a concentration of 107° to 10™* at. % (figures at
the curves represent the helium concentration, at. %):
ww==) initial sample; O, @ ) experiment.

Fig. 4. Temperature dependence of the total expansion
of samples of steel OKh16N15M3B, irradiated with helium
ifons up to a concentration of 10™% at. %, for different
temperatures: O) original sample; A) Tirr. < 100°C;
m, @) Tirr. = 550° and 700°C.

446

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0




Declassified and Approved For Release 2013/03/04 : Q.L’%%‘SDE‘IO;OZ'IQGR

T,
#& : s
5 i e
e e
K- n

oW -

. : -, (e
Rl )

8% Y TRAI3MZ

ar |
- | VOKh16N15M3B

s\ KhN71T 4
- /2 . “/,o
0Kh17N408

S

—
a

Kh77TYu e
L)

-
h17N40 Kh77T\
- Fe o

o ot
\ 0Khl6M5M3B N

\

® 1Kh13M2
L1 1

S
S

o
8§ R §3
T T T

Degree of embrittlement, o

3

[
b g w w 4 10

Content of nickel, %

Fig. 5 Fig. 6

Fig. 5. Dependence of relative expansion (a) and degree of embrittlement
8init —8irr. (b) of materials saturated with helium, investigated up to a

init
concentration of 107° at. % and tested at 800°C, on the content of nickel.

Fig. 6. Fractograms of samples of steel 1Kh1l3M2 (a), OKh1l6N15M3B (b),
alloys OKhl7N40B (c) and KhN77TYu (d) (x1000), deformed at 800°C, un-

irradiated (left) and saturated with helium to a concentration of 10~ 3
at. % (right).

According to the data of metallographic and fractographic investigations, irradiated
samples of iron, steels OKhl6NL5M3B and 1Kh13M2, fail at 700-800°C through the body of the

grains, samples of nickel through the grain boundaries, and alloys with 40-80% nickel have
a mixed nature of failure (Fig. 6).

It was established by an electron-microscopic investigation that helium, as already
mentioned earlier, retards polygonization and recrystallization, and intensifies the ten-
dency toward intergrain failure of samples of all the materials investigated, with the ex-
ception of steel 1Kh1l3M2. With increase of the content of nickel, the embrittlement action
of helium is intensified. In the case of the deposition of dispersed particles of y'-phase

in the alloy KhN77TYu during deformation at 700-800°C, the embrittlement of samples satu-
rated with helium is a maximum.

The very low capability of ferrite-martensitic steel 1Khl3M2 towards HTHE may be re-
lated with the special features of the composition (strengthening of the body and boundaries
of the grains with carbon), high mobility of the grain and subgrain boundaries, and the low
diffusion mobility of helium. We note that the degree of HTHE of this steel was not in-
creased with increase of the helium concentration up to 10°2 at. Z.

Thus, it may be noted that in the range of helium concentrations of 10 ® to 10™* at. %,
of the Fe—Cr—Ni steels and alloys, only ferrite—martensitic steel 1Khl3M2 was found to be
almost uninclined towards HTHE. According to the mechanism given for HTHE, a reduction of

447
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TABLE 3. Sensitivity of a Number of Ma-
terials to Helium Embrittlement [22]

; : 8init, 4
Material Cyer 102 5, o |8 =m——
alg.e"/o & 8irr. ©
Nb 0 47 —
1,5 40 80
2,5 3 60
Ti-70A 0 50 —
1,5 43 80
3,0 33 50
Ti-6A1-4V 0 35 —
1,5 15 160
Steel (3;,0 %é EO
316 0,05 17 3300
0,2 11 1300

#Parameter of sensitivity to HTHE.

TABLE 4. Chemical Composition of Samples of Titanium and its Alloys

Composition, mass % Impurities, mass %o
Material
Ti Al Mn Zr G N Fe Si H (o}

Titanium Basema- | 0,05 — — 0,02 0,01 0,05 0,02 | 0,0003 | 0,07
Titanium alloys terial .

Ne 1 Same 5,1 — — 0,02 0,02 0,04 0,03 0,0003 0,05

N 2 » 2,0 — 2,1 0,03 0,0004 | 0,08 0,01 0,005 | 0,06

N: 3 » 0,7 0,6 — 0,04 0,01 0,04 0,02 0,005 0,03

the embrittlement effect of helium on austenitic steels and alloys can be expected in the
case of alloying, ensuring stronger and more plastic grain boundaries.

Effect on Titanium and its Alloys

The effect of irradiation on the properties of titanium, and more so of the HTHE of
titanium, have been studied insufficiently. According to a number of papers, titanium and
a-titanium alloys possess a higher resistance to radiation swelling and HTHE, than stainless
steels. Thus, Jones et al. [21] did not detect radiation swelling of a-alloys of titanium
Ti-70A and Ti-6A1-4V during their irradiation with Ni** ions with an energy of 5 MeV, up to
doses corresponding to 50 displ./atom [21]. Data have been published [22] about the effect
of ®He injected into titanium by means of a 'tritium trick" on the transient mechanical
properties at 20 and 450°C. It can be seen from Table 3, that alloys of titanium, Ti-70A
and Ti-6A1-4V, are considerably less damaged by HTHE -than stainless steels.

An investigation was conducted of the effect of “He injected in a cyclotron up to a
concentration of 1°10 % at. %, on the transient mechanical properties of titanium and the
alloys Ti—Al Nos. 2and 3 (Table 4). Irradiation leads to a marked hardening of all mate-
rials in the temperature range 20-400°C. The degree of hardening is decreased with increase
of the temperature of testing, and at 500°C and above, the hardening disappears completely.
At the same time, irradiation reduces the plasticity of all materials. It is shown in Fig.7
how the total and uniform expansion depends on the testing temperature. It can be seen that
irradiation does not have an identical effect on the plasticity of difference alloys; however,
the general properties are: ’

1. independence of the reduction of plasticity on the testing temperature in the range
20-400°C;

2. reestablishment of plasticity at a temperature above 500°C (this is especially
noticeable from the data on uniform expansion); :

3. a sharp increase of plasticity with T > 500°C, which is due, obviously, to re-
crystallization processes and not to the limited presence of helium.

Tt should also be noted that in the irradiated materials at all temperature values, a
satisfactory reserve of plasticity is retained (Gp > 8%) and, as shown by investigations
on the optical and scanning electron microscope, failure during testing to fracture is of
a ductile nature, just as for the original materials.
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Fig. 7. Variation of the total and uniform &, expansion of titanium and
the alloy Ti — 5% Al, by the effect of irradiation: A, A ) original and
irradiated titanium; O, ® ) same, for Ti — Al.

Fig. 8. Dependence of the variation of plasticity of titanium (a) and ti-
tanium alloys Ti—2%Al-2%Zr (b) and Ti—0.7%A1-0.8%Mn (c) on the testing

temperature: A,0O ) § and Gp (original samples); A,® ) & and Sp (irra-
diated samples).

TABLE 5. Plasticity of Al-Li Alloys
with a Different Content of Radiogenic

Gases, % e
Tempera- | Concn. of gas (*He + *H), at. %
ture of
testing, °K 0 1,5-1072 2,8-10-2 23,5-1072
77 23 33 26 20
296 26 25 13 22
523 69 10 8 1

‘Investigations were conducted also on the joint effect of reactor irradiation (fluence
~1+10%° neutrons/cm®, E > 0.1 MeV) and He (concentration n5:10" % at. %), implanted by means
of the "tritium trick,"”" on the transient mechanical properties of titanium and Ti—Al alloy
No. 1. Figure 8 shows how the total and uniform expansion depends on the testing tempera-
ture. It can be seen, that just as in the case of helium, implanted by the cyclotron method
the plasticity of the materials is retained at quite a high level (8§ > 6%) and with T >
500°C is completely reestablished (for titanium), or has a tendency to reestablishment (for
the alloy) at a higher temperature.

Thus, it can be said definitely that titanium and titanium alloys are considerably less
inclined to HTHE than stainless austenitic steels, and this factor can serve as the limita-

tion for the use of titanium as the material for the primary wall of a TNR, in the case of
loadings up to 5MW°yr/m®.
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Fig. 9. Dependence of the change of mech-
anical properties of aluminum on the test-
ing temperature: (O, @ ) unirradiated and
irradiated samples.

TABLE 6. Calculated Values of the
Energy of Disscolution, or the Formation
of Interstitial Helium Atoms, Activa-
tion of the Migration Process, and the
Link between Helium and Vacancies for
Certain Metals, eV/atom

He He e He He -He
Metal Qdiss. EM E Metal Qdiss. B} El
Cu 2,031 0,5 1,88* I Mo 4,91 10,23 3,0
Ni 4,52 1 0,08 2,3 W 5,47 | 0,24 | 4,05
rd 3,68 1,74 | 3,0% v 4,61 | 0,13 | 3,20%
Au 1,53 | 0;86 ] 1,53*% | Ta 4,23 | 0,00 | 3,44*
a-Fe | 5,36 | 0,17 | 3,98%*

*Calculated values, other —~exﬁerimental.

Effect on Aluminum and Its Alloys

There are even more limited data about HTHE for aluminum and its alloys. It is known
‘that HTHE has been observed in aluminum alloys irradiated up to high fluence values [23],
and it has been assumed that it was due to the effect of helium atoms generated in these
alloys because of (n, a)-reactions. However, direct experimental evidence was not obtained.

No appreciable joint effect of reactor irradiation (fluence up to 5-:10%! neutrons/cm?,
E > 0.1 MeV) and “He formed by (n, a)-reactions up to a concentration of 0.17 at. % was de-
tected, on the plasticity of baked aluminum alloys in the temperature range 20-500°C [24];
however, the plasticity of the original materials was extremely low (less than 0.5%, for T =
400°C). Embrittlement of Al—Li alloys, irradiated in the reactor, was observed by Smith
et al. [25] and Farrell et al. [26]. They explained the loss of plasticity by a weakening
of the strength of the grain boundaries in consequence of the formation in them of large
helium bubbles (Table 5). '

The results of the investigations of the effect of “He, implanted in pure aluminum in
the cyclotron, up to a concentration of 110 ? at. %, on the transient mechanical properties
of aluminum in the range 20-300°C are shown in Fig. 9. It can be ‘seen that the expansion
of aluminum saturated with “He in the temperature range 100-300°C is approximately a factor
of 1.5 less than the expansion of the original material. This experiment shows unambiguously
that aluminum is subject to HTHE for T > 0.5Tp.

Helium in the Crystalline Lattice

Helium is almost insoluble in metals. The energy necessary for transferring an atom of
helium from the gas phase into an interstitial position in the metal lattice, i.e., in the
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Fig. 10. Occupation by helium of helium-vacancy complexes: 1)
desorption spectrum of Mo(110), containing 1.5°10*% cm™? HeV.
The sample was previously irradiated with 1 keV Het with a dose
of 2¢10'® ions/cm®, and then annealed up to 1050°K; 2, 3)
previous treatment just as in 1), but with subsequent irradia-
tion with 150 eV HeT, with a dose of 1 10*“ and 2°10*“ ions/cm?,
respectively.

Fig. 11. Correlation link between the thermal dissolution of
helium in metals, and the binding energy of helium with vacan-
ciles.

dissolved state, according to computer calculations [7, 27] is quite large (2-6 eV), and
is comparable with the energy of formation of inherent interstitial atoms (Table 6).

It is quite complicated to determine experimentally the energy of dissolution. The re-
sults of measurements of the coefficient of helium capture n as a result of irradiation by
ions with energy below the threshold for the creation of point defects, i.e., with energy
5-25 eV, can serve as a rough estimate. In this range of energies, the capture coefficients

are reduced sharply to 10", and the mean free path amounts to one interatomic distance
[28].

According to computer calculations [27], atoms of helium entering the lattice can mi-
grate quite rapidly by an interstital mechanism, withan energy of activation of 0.1 to 0.3
eV for the majority of metals (see Table 6). Low values of Eﬁe were observed experimentally
in thermodesorption experiments with W [29], Mo [30] and Ni [31], and also in experiments
with the ion projector [32].

According to calculation [27], complexes of the type HeV, also are quite mobile, whereas
the complex HeV 1s only slightly mobile. The contribution of multivacancy complexes HeVp,
where n > 2, to the migration of helium also is small. The migration of helium to con-
siderable distances throughout the body of the metal can be observed at a temperature in ex~
cess of 0.5-0.6Tp, when self-diffusion processes are activated [33-35]. One of the possible
mechanisms for this migration is based on the dissociation of HeV complexes with the ejec-
tion of an He atom into the intergrain position, with rapid migration through the inter-
stices, and with a new capture of vacancies. In this case, the effective diffusion coef-
ficient must depend on the vacancy concentration.

When studying the release of helium from the matrix by heating at a constant rate
(thermodesorption procedure), the nature of the disposition of the helium in the crystal
lattice can be estimated [29, 35-37]. The quantitative thermal desorption spectrometer,
developed by Kornelsen [29] and Caspers [30] and coworkers, has become one of the principal
methods for obtaining information about the behavior of helium in metals. The essential
conditions in these experiments are low concentration of the helium being investigated, and
of the radiation defects interacting with the helium. The latter must be disposed close to
the surface at a distance of not more than 10 nm from it, in order to exclude recapture pro-
cesses of helium by the traps. An important feature is the use of beams of helium atoms
with subthreshold energy. The investigation of the system He—No (Fig. 10) can serve as an
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Fig. 12. Desorption spectrum of W(100) with five different types of col—
lectors, created by previous irradiation with ions of He+, Net, Ar+, Krt , and
Xet , and subsequent annealing. The collectors were filled by means of irradia-
tion with Het ions with an energy of 250 eV, up to a dose of 1°10'? ions/cm?®.
The vertical lines on each spectrum show the temperature of the peaks, and the
figures show the number of atoms of helium in the dissociating complex: a)
average number of captured helium atoms per single collector (0.17); b) same,
as in a), but after irradiation by He' up to a dose of 2:10'2 ions/cm?, aver-
age number of captured helium atoms per single collector 5.6; c) same as in
a), but with a dose of 1.2-10'* ions/cm?, average number of captured helium
atoms per single collector 62.

example. Analysis of the experimental results led the author of [38] to the conclusion that
the gas release peak at 1100°K is related with the dissociation of HeV complexes. The peaks
lying to the left of it and appearing at a lower temperature, were interpreted as dissocia-—
tions of HepV complexes, and the peaks located to the right are dissociations of HeV, com-
plexes. Thus, it was possible to determine the binding energy of the He,V, complexes in
tungsten [28], nickel [39)], and stainless steel [40].

According to Table 6, a definite correlation is observed between the energy of forma-
tion of interstitial helium atoms and the binding energy of the helium with vacancies (Fig.
11). This makes it possible to estimate the energy of dissolution of helium from the ther-
modesorption spectra. In consequence of the quite large values of the binding energy, the
vacancy secures an atom of helium, converting it into a nonmobile defect up to a temperature
of ~0.5Tp. Another important consequence was the discovery of the fact of nonsaturability
of the collectors during irradiation with helium ions in the temperature range less than
(0.4-0.5)Tp. The property of nonsaturability means that in proportion to the entry of
helium into the metal, new collectors cannot originate, but the old ones will serve as in-
finite sinks for the helium, continually increasing their size, due to the transfer of metal
atoms to the interstitial positions.

The collector centers, previously created in monocrystals of tungsten, of the type HeV,
NeV, ArV, KrV, and XeV, to the amount of 10'' cm ?, were filled with helium without the in-
jection of additional defects [41]. It was found that with an average filling of the col~-
lectors equal to 0.2, the radius of capture amounts to 2.5-3 A (lA'— 107*° m), and the gas
release peaks on the thermodesorption spectra are displaced to the region of lower tempera-
ture with transition from HeV to XeV (Fig. 12). With an average filling of the collectors
equal to 6, the radii of capture are increased to 5-7 A, and the thermodesorption spectra
are similar to that obtained for the HeqV complexes. Finally, with a collector filling
equal to 60, all the low-temperature peaks disappear and pegks appear which are related with
the release of helium from gas bubbles with a radius of 12 A (see Fig. 12).

These experiments show that in proportion with the buildup of helium in the metal (even
at a temperature less than the temperature of the start of movement of the vacancies), the
collectors continually increase their radius of capture, having been converted into helium
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Fig. 13. Distribution of implanted helium
in molybdenum (dose 107 ions/cm?®) with
energy of 1.5 (1); 3(2), and 9 keV (3) and
a temperature of 300°K. Inset, dependence
of the capture coefficient of helium on
the dose for 9-keV Het.

bubbles. The process of increasing the radius of the bubble, as a result of filling with
helium, can lead to seepage, playing the role of an additional mechanism of helium release
from the metal [42]. 1In proportion with the increase of helium concentration (in the case
when the bombarding ions have a broad energy spectrum), the bubbles can join up with one
another, forming "dynamic" channels for the outlet of helium at the surface.

Modeling on the computer has shown that the collectors for helium can be not only
vacancies, but also boundary dislocations [43] (especially steps in them), implantation
loops [44], and also accumulations of impurity implantation atoms, e.g., carbon [45].
Finally, somewhat closely disposed helium atoms can collapse, expelling a metal atom into
an internode and forming complexes HepVp [46].

An investigation of the distribution of helium in metals, implanted by irradiation with
ions with an energy of 1-10 keV and with a different backing temperature, gives very im-
portant information about the helium buildup mechanism [47]. These experiments showed, that
in Mo, Ni, Cu, and a-Fe in the temperature range 77-600°K, the depth of penetration of he-
lium coincides mainly with the mean free path of the helium ions of this energy (Fig. 13).
There are similar data for niobium [48], vanadium [49], and stainless steels. The thermal
migration of slowed-down helium atoms and their capture by lattice defects affect the dis-
tribution [47]. When annealing the samples, it was established that with a dose of 10%%-
107 ions/cm?® the helium is found predominantly in the compound high-temperature complexes
HenVm, where n and m > 2. A significant reduction of the helium content in the metals being
considered can be achieved only by heating the samples up to (0.4-0.6)Ty.

With doses preceding blistering, the relative concentration of helium near the surface
of the metal can attain 0.3 to 2 atoms of gas per atom of metal (Fig. 14), so that gas
bubbles are formed, thepressure in which reaches several tens of kilobars (1 bar = 10° Pa).
After rupture of the blister caps, the helium distribution curves assume the normal form
(Fig. 15), and the capture coefficient becomes close to zero. The observed enhanced pene-
tration of helium through a diaphragm of molybdenum, irradiated from one side with helium
and hydrogen ions, is of great interest [50]. This phenomenon, in the first place, is due
to the origination of a high helium concentration in the irradiated near-surface layer and,
secondly, to the formation of radiation defects. It will be interesting, in particular,
to analyze the possibility of the release of helium from the metallic matrix during inter-
action of the interstitial atoms with HeV complexes. The energy of formation of the inter-
stitial atoms usually exceeds the energy of an atom of helium occupying an interstitial
position and, therefore, the reaction of the displacement of helium into the interstitial
position can be accomplished even at a low temperature. This reaction was observed in the
case of a molybdenum target irradiated with ions of xenon [30] or hydrogen, and previously
irradiated with helium ions. 1In any case, experiments will be necessary, in which a high
rate of helium buildup would be combined with a high rate of generation of defects.
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Fig. 14. Dependence of the change of concentration
of helium in the maximum distribution in molybdenum,
on the irradiation dose, for an energy of the in-
cident ions of 1.5 (1), and 9 keV (2); ----) atomic
density of molybdenum.

Fig. 15. Distribution of implanted 9-keV Het in
molybdenum, with a dose of 10*7 (1) and 5°10'® ions/
cm? (2), at a temperature of 20°C.

Change of Structure of Metals by the Implantation of Helium

As the result of the implantation of helium into the metallic matrix, the crystal struc-
ture of metals is changed significantly, especially with high helium concentrations. As the
production of .a high concentration of helium by irradiation in a reactor or on a cyclotron
requires high costs, methods have been developed for using electrostatic accelerators. The
uniform saturation with helium achieved with samples of thickness ~10 um has allowed the
physical properties to be studied and x-ray structural investigations to be carried out,
neglecting surface effects [52].

In the case of low-temperature irradiation [<(0.3-0.4)Tpl, the helium atoms remain im-
planted in the lattice, forming a metastable solid solution and submicroscopic complexes,
which were mentioned above. The x-ray investigations revealed a sharp increase of the lat-
tice period with small doses (Fig. 16a), which is characteristic for the formation of solid
solutions of helium in the metal. The appearance of a saturation stage is due to the forma-
tion of complexes. The increase of the width of the lines (Fig. 16b) further confirms this.
The maximum on the Bg curve for nickel indicates consolidation of the depositions and the
formation of noncoherent depositions or the process of formation of new complexes, because
of recombination of vacancies. The number of these vacancies is increased in proportion
with an increase of the dose, which can be judged by the increase of the number of inter-
stitial atoms, enclosed in dislocation loops (Fig. 17c¢). The size and concentration of the
loop in nickel and steel OKh1l6N15M3B differ strongly (see Fig. 17). The loops in steel re-
main small for all radiation doses; their concentration is maintained and the number of de-
fects enclosed in them. It follows from the results quoted that the nature of the structure
with defects depends strongly on the chemical composition of the material. On annealing,
the x-ray lines converge; the value of the lattice period is restored. The dislocation
loops are enlarged and their concentration decreases. It was established by a comparison
electron-microscopic investigation [53] of the structure of a molybdenum foil, through which
o-particles passed, and foils in which these particles were stopped, that the implanted he-
lium atoms have a significant effect on the growth of the loop of interstitial atoms. The
atoms of helium, forming the HeV complexes, reduce the probability of recombination of
Frenkel pairs and increase the rate of growth of dislocation loops of interstitial atoms.

With increase of the annealing temperature up to T > (0.44-0.54)Ty, gas bubbles are
formed. The principal experimental facts about this process were described briefly in
(8, 34], however many details of the mechanism of their generation and growth remain unclear.
It is necessary only to emphasize that irradiation at a given temperature T more effectively
affects the development of the helium bubbles than low-temperature irradiation with subse-
quent annealing at this same temperature [54]; as in the first case radiation acceleration
of diffusion appears.
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Fig. 16. Dose dependence of the lattice period (a) and the integral
line width (331) Bg (b) for Ni (0), steel OKh16NL5M3B (0) and alloy
Kh20N4OM5B (A); along the ordinate axis to the left is the lattice
period of nickel, and tothe right — that of OKh16NL15M3B and
Kh20N40OM5B. ’

Fig. 17. Dose dependence of the size (a), concentration of disloca-
tion loops (b), and the number of point defects (c), enclosed in the
dislocation loops (symbols the same as in Fig. 16); in b along the
ordinate axis, to the left the concentration of loops in nickel, and
to the right in OKh16N15M3B and Kh20N4OMSE.

In the case of irradiation with helium ions with an energy of 1-10 keV up to doses of
10*°-10"7 fons/cm®, a lattice of pores was observed in many metals [54, 55], which was
destroyed with increase of helium concentration, and channels were formed which promoted the
release of helium. Irradiation with high doses of helium ions with an energy of 30-50 keV
of sprayed-on thin films of a number of transition metals [56], led to phase transformations
with a change of structure: in nickel, fcerhep; in iron, bee+hep; in molybdenum and vana-
dium, bece+fccrhep, and in titanium, hep->fcc.

Similar transformations were observed also in the case of irradiation with other ions.
It 1s assumed that in this case that the "new" structure is stabilized not by "the foreign"
implanted atoms, and the radiation point defects, but more likely by atoms of the natural
lattice, ejected into the interstices. However, the sputtered films usually contain a large
number of atoms of impurity gases, which under the action of irradiation can promote stabi-
lization of structures, typical for implantation phases.

There are certain indications of a significant change of material properties as the re-
sult of implantation of helium atoms in the crystal lattice. 1In particular, BeO irradiated
in a reactor and containing atoms of helium, formed because of (n, o)-reaction, possesses an
enhanced surface activity and is capable of being sintered at a lower temperature than un-~
irradiated BeO [57].

CONCLUSIONS

The volume of the publication does not allow an exhaustive review of the problem to be
made, because only certain aspects have been considered, which are important for the develop-
ment of radiation-resistant materials for the primary wall of a thermonuclear reactor and
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which represent the maximum scientific interest. According to the theoretical estimates,
in the majority of structural materials during the operation of a thermonuclear reactor a
large quantity of helium is accumulated. Because of this, the buildup of helium obtained
in the course of experiments in fission reactors, usually exceeds the calculated amount by
a factor of several. This problem may yet prove to be more serious.

Stainless steel has a tendency to high-temperature helium embrittlement (HTHE). A
similar tendency is observed also with aluminum and its alloys; however, in the latter case
further investigations are necessary. A significantly less tendency to HTHE is found with
ferrite—martensitic steels, titanium and its alloys. It must be emphasized here that the
limiting concentration of helium achieved in experiments is still below the expected values
during the operation of a thermonuclear reactor.
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MODULE OF ANGARA-5 FACILITY

Bol'shakov, E. P. Velikhov, UDC 621.039.6

E. P.

V. A. Glukhikh, 0. A. Gusev,

E. V. Grabovskii, V. TI. Zaitsev,

Yu. A, Istomin, Yu. V. Koba,

G. M. Latmanizova, G. M. Oleinik,

A. M. Pasechnikov, V. P. Pevchev,

A. S. Perlin, 0. P. Pecherskii,

L. I. Rudakov, V. P. Smirnov,

V. I. Chernobrovin, V. I. Chetvertkov, -

and I. R. Yampol'skii

Advances made in the technique of high-power pulsed accelerators and in research on
the physics of the interaction of intense fluxes of charged particles with matter have made
it possible to proceed with the construction of a demonstration thermonuclear facility with
inertial plasma confinement, the Angara-5. Scientists of the D. V. Efremov Scientific-
Research Institute of Electrophysical Apparatus jointly with scientists of the I. V.
Kurchatov Institute of Atomic Energy have developed a design for the accelerating complex
of the Angara-5 facility, which consists of separate modules, radially arranged around the
reactor chamber which contains the thermonuclear target.

The module is a pulsed electron accelerator with a design energy of 2 MeV and a current
of 0.8 MA with a pulse full-width at half-maximum of 85 nsec. At the end of 1980, in opera-
tion with an equivalent load, the main module of the Angara-5 was brought up to near-design
conditions.

Description of Module. The accelerator is installed in a horizontal multisectional
cylindrical tank (Figs. 1, 2). The first storage device is a surge generator based on a
circuit with bipolar charging. The generator consists of three parallel branches, each of
which has 14 cascades of four series-parallel connected 0.4-uF capacitors with a nominal
voltage of 100 kV. The generator is switched by gas dischargers with field "distortion"
which are arranged on the outer perimeter of the generator to reduce its internal inductance.
The control pulses enter the discharges through longitudinal and transverse resistive con-
nections. The generator is set up in a section of a 3-m-diameter tank filled with trans-
former oil. The energy stored in the generator is transmitted along a coaxial dual shaping
line, whose geometric dimensions are given in Fig. 2. The intermediate electrode of the
dual shaping line is connected to a high-voltage electrode generator by two symmetric con-
ductors which pass through dielectric diaphragms located between the sections of the tank.
With the actuation of five gas-filled commutators radially arranged between the intermediate
and inner electrodes a nanosecond electromagnetic pulse is formed and is transported along
a transmission line to the load.

Two-gap commutators with distortion of the electric field are mountedin the module {1].
The middle electrode is made in the form of two segments, turned with their bases to each
other. It has a central through-hole 60 mm in diameter. One of the gaps controls the de-
livery of a triggering pulse to the igniting electrode while the second gap is irradiated
through the hole in the intermediate electrode.

Calculations of the commutator electric fields showed that the maximum value of the
field at the surface of the intermediate electrode in the prebreakdown stage is 392 kV/cm
while after breakdown in one of the gaps it is 614 kV/ecm. The field intensity tangent to
the surface of the insulator in the gas does not exceed 105 kV/cm in the first regime and
.180 kV/cm in the second regime.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 14-18, July, 1982, Original
article submitted February 26, 1982.
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Fig. 2. Schematic of Angara-5 facility: 1) current trans-
former; 2) branches of surge generator; 3) generator of ig-
niting pulses; 4, 6) thyratron amplifiers; 5) synchronizer;

7) commutator-triggering unit; 8, 9, 10) commutator and inter-
mediate and inner electrodes, respectively, of dual shaping
line; 11) prepulse discharger; 12) transmission line; 13) load
equivalent; 14) protective resistor; 15) high-voltage dia-
phragm.

The main design characteristics of the module are:

Surge generator:

surge capacitance, nF 78.7
operating voltage in surge, MV up to 2.3
operating energy store, kJ ' up to 210
Dual shaping line:
operating charging voltage, MV up to 2.1
wave resistance of inner line, Q 1.35
wave resistance of outer line, § 0.86
capacitance of intermediate electrode, nF 77
Wave resistance of transmission line, @ 2
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Maximum electrlic rield intensity, kvV/cm:

at high-voltage electrode of generator 132
at surface of insulation diaphragms 79

at positive electrode of dual shaping line 155
at rounded parts of negative electrode of dual shaping line : 220

The dischargers of the generator and the commutators of the dual shaping line are con-
trolled by a special synchronization scheme whose elements are indicated in Fig. 2. The
surge generator is triggered by an auxiliary ignition generator built on ceramic capacitors.
An ignition pulses (70 kV) is delivered through six cables to the dischargers of the first
three cascades of each parallel branch. Pulses which control the commutators of the dual
shaping line are produced by a generator with coaxial-cable shaping lines. The control
pulses, with a voltage of 150-200 kV and a leading edge of ~20 nsec, are formed when the
cable lines are closed with the aid of a gas-filled thyratron discharger. The cables are
charged in step with the intermediate electrode of the dual shaping line from a pulsed cur-
rent transformer, connected into the circuit of one branch of the surge generator. Smooth
regulation of the amplitude of the charging voltage of the controlling cables is attained
by connecting a variable capacitor to the input of the triggering unit.

Damping resistors protect the cables from overvoltages arising when the commutators
of the dual shaping lines are actuated. The ignition generator and the capacitor triggering
unit are triggered by 50-kV pulses, with a leading edge of 20 nsec, which come from pulse
amplifier-shapers. Control is effected by the synchronizer. '

The current in the. apparatus was measured with Rogowski loops with integration in co-
axial foil resistors. These pickups make it possible to resolve signals with a leading edge
of about 10 nsec. The voltage in the apparatus was measured with the aid of capacitive
dividers in which a foil capacitor with a low stray inductance was the secondary capacitance.
The time resolution of these dividers was about 2 nsec.

Results of Measurements. In the accelerator the electrical strength of the principal
units was checked under actual operating conditions, the regimes of stable switching of the
surge generator and the dual shaping line were ascertained, and the energy balance of the
facility was studied with the dual shaping line being charged at voltages of up to 2.1 MV,
During the experiments an equivalent load with a built-in voltage divider was installed at
the end of the transmission line in order to absorb the energy of the module and to enhance
the reliability of the measurements of the output power. A solution of potassium chloride
was used for the resistor.

The switching characteristics of the generator were investigated while the dual shaping
line was being charged. The mean switching time of the generator is 600 * 30 nsec with an
asynchronism of 100-150 nsec in the triggering of the individual branches, which can be
considered to be allowable with a total charging time of 1,4 usec for the dual shaping line
(Fig. 3).

Processing of the current oscillograms for five controls of the cables by the commuta-
tors reveals that the spread of their switching-on times does not exceed *2.6 nsec. As shown
by comparison of the current rise time with the values calculated for the ignition time, the
first breakdown occurs between the control and intermediate electrodes. The oscillogram of
the commutator current (Fig. 4c) shows an oscillation of frequency ~26 MHz. Analysis of the
oscillations indicates that in the gap between the intermediate and high-voltage electrodes
the overvoltage reaches a threefold value, which is quite sufficient for a reliable break-
~down in the gap under illumination. On processing a series of such oscillograms, we used
the damping decrement to estimate the average resistance of the discharge channel as being
Rc = 0.325 Q. This value is roughly half that calculated form the theory of Braginskii [2]
with the assumption that each discharger has ten discharge channels. From the same mea-
surements we estimated the average inductance of one commutator as L¢ = 64 nH.

Figures 4a and b show the voltage pulses at the end and beginning of the transmission
line with the dual shaping line being charged at 1.6 MV. The parameters of the output pulse
were measured with the aid of two capacitive voltage pickups. From the values of the voltage
we isolated the reflected and incident waves, which enabled us to calculate the current,
voltage, and impedance of the load. Figure 4d gives the oscillogram of the voltage across
the resistance divider built into the load. The dashed line shows the voltage pulse calcu-
lated from the values of the voltage at the end and the beginning of the transmission line
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Fig. 3. Oscillogram of charging of ca-
pacitance of dual shaping line (the period
of the calibration markers is 200 nsec
while the amplitude calibration is 700

kV).
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Fig. 4. Current and voltage pulses in various elements of module
with the dual shaping line being charged at 1600 kV: a, b)
voltage pulse at end and beginning of transmission line, the
distance to the load being 1.5 and 4.8 m, respectively; c) cur-
rent in one commutator of the dual shaping line; d) voltage
pulses in equivalent load; dashed lines and solid lines, respec-
tively, are the curves calculated from oscillograms ¢ and b and
the curves plotted according to the measured values.

(Figs. 4a, b). The agreement (to within 3%) indicates that the calibration of the capacitive
pickups was correct since the division ratio of the resistance divider is determined only by
geometric factors.

Figure 5 gives the oscillogram of the voltage pulse in the transmission line at a
charging voltage of 2.1 MV in the dual shaping line; the time calibration is 40 nsec and the
voltage calibration is 550 kV. The pulse energy up to the time of polarity reversal is
105 kJ + 107%.

Comparison of the Calculated and Experimental Characteristics. To obtain reliable re—
sults concerning the energy transfer coefficient and also to ascertain if it can be in-
creased, we calculated the process of recharging the surge generator by the dual shaping
line and compared the results with experiment. The calculations were performed by using the

.
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Fig. 5. Oscillogram of voltage at be-
ginning of transmission line 4t a voltage
of 2100 kV in the dual shaping line,
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Fig. 6. Equivalent circuit for calcula-

tion of recharging of surge generator by

dual shaping line.

\

equivalent circuit shown in Fig. 6. The values of the circuit parameters were obtained from
the results of experimental measurements on the module. The loss resistance of the capaci-
tors, determined from the damping decrement for a single capacitor at the operating fre-
quency of the surge generator, was Ro = 0.57 Q. The surge capacitance of the generator
(Co = 78.7 nF) was calculated from the measured values of the capacitances of the capacitors
installed in the generator and was corrected by allowing for the fact that the dynamic ca-
pacitance of the capacitors, determined at the operating frequency, is 47 smaller than the
static capacitance. The pattern of the electrostatic fields was used to determine the outer
and inner partial capacitances of the dual shaping line, C:; = 48.5 and C, = 28.5 nF, and the
junction capacitance C; = 13 nF.

The inductance of the charging circuit, calculated from the results of measurements in
the short-circuit regime, is L, = 5.6 uH. The charging inductance of the inner capacitance
of the dual shaping line is L, = 0.44 uH.

The resistance of the spark channel in the dischargers of the generator was measured
in a separate experiment from the damping of the oscillations in an auxiliary high-frequency
circuit, incorporating a discharger (fo = 11 MHz, p = 30 Q, ro = 0.13 Q). The main circuit,
with a natural frequency of 330 kHz apd p = 2 Q, ensured the operating current of the dis-
charger spark. Within the limits of the-measurement accuracy the experimental results are
in agreement with the resistance values calculated from the Braginskii formula. The good
agreement is apparently attributable to the fact that there was one-channel switching in
these experiments.

The results of the calculation of the efficieﬁcy of energy transfer by the dual shaping
line during one charging half-period and the distribution of the losses are as follows (in
%)
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Fig. 7. Voltage of incident wave in trans-
mission line with dual shaping line being
charged at 1600 kV; the solid line is the
experimental curve while the dot-and-dash
and the dashed lines are the preliminary
and refined calculated curves, respec-
tively.
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Fig. 8. Diagram for refined calculation:
a) distribution of electric field in dual
shaping line; b) equivalent circuit: 1)
delay 30 nsec, wave resistance 14.5 Q; 2)

9 nsec, 2.58 Q; 3) 5 nsec, 2.25 Q; 4) 6 .
nsec, 2.25 Q; 5) 26 nsec, 1.3 @; 6) 9 nsec,
2.58 Q; 7) 12 nsec, 1.2 Q; 8) 30 nsec, 0.86
Q; 9) 17 nsec, 2.68 Q; 10) 17 nsec, 2.5 Q,

respectively.
Losses:
in capacitors 6.2
in water (pyater = 3 MQ'cm) 4.5
in contacts 4.7
in dischargers 1.1
Residual energy in capacitors 1.3
Efficiency of energy transfer by dual shaping line 81.3

It is of interest to compare the values of the incident wave in the transmission line
with the calculation made during the designing of the facility [3]. The main characteris-
tics of the pulse, i.e., the amplitude and length, coincide but the shape of the curve dif-
fers (Figs. 7 and 8). The calculations are refined substantially by using data on the dis-
tributions of the electric field (Fig. 8a) in the dual shaping line to select the equivalent
parameters of the segments of the lines (Fig. 8b). In this case the length of the segments
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TABLE 1. Efficiency of Charge Transfer in the Accelerator Module

Energy
Characteristic g Y

Initial energy of generator 210 100
Energy losses in recharging of generator and dual shaping line 40 19
Losses in commutators of dual shaping line . 15.5 7.4
Energy losses due to nonideal geometry of dual shaping line

(inequality of lengths and wave resistances of outer and inner lines,

charging inductance, stray capacitances, etc.) . 46.3 22.1
Energy losses in prepulse discharger 3.2 1.5
Useful energy in load ‘ 105 50

is chosen to be equal to the mean equipotential length while the capacitance is chosen from
the number of tubes of force. In Fig. 8 ea¢h tube of force corresponds to 1 nF. The re-
sistance of the commutators was chosen to be 0.325:5 Q. Their inductance is estimated from
the two-dimensional approximation of the magnetic field pattern. It was L. = 17 nH. The
losses in the prepulse discharger were determined [3] for eight one-channel discharges de-
veloping in the discharger.

The satisfactory agreement of the calculated results with experiment makes it possible
to calculate the losses in the individual elements of the pulse-shaping system and to de-
termine the efficiency of energy transfer of the surge generator to the load. Table 1 gives
the energy balance in the Angara-5 module with the capacitors of the surge generator being
charged at #82 kV according to the results of refined calculation.

When the voltage in the dual shaping line is raised to 1.8-1.9 MV the module operates
stably and no breakdowns are observed either in the liquid insulation or in the structure
of the insulators, diaphragms, and dischargers. A further increase of the voltage to 2.1 MV
led to a decrease in the stability of the generator triggering owing to the small amplitude
of the commutators of the dual shaping line. We did record individual cases of breakdowns
in the water insulation between the intermediate and outer electrodes. The operating sta-
bility can be enhanced by increasing the charging voltage of the generator to 180 kV and .
appropriately shortening the charging time of the dual shaping line.

The authors express their thanks to the workers of the I. V. Kurchatov Institute of
Atomic Physics, the D. V. Efremov Scientific-Research Institute of Electrophysical Appa-
ratus, and the Institute of High-Current Electronics, Siberian Branch of the Academy of
Sciences of the USSR, who participated inthe experimental investigations.
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FLAW DETECTOR FOR THE INSIDE SURFACES OF PIPES IN A NUCLEAR
POWER STATION

A. A, Madoyan, V. G. Kantsedalov, UDC 620.179.1(08.8)
V. P. Samoilenko, and P. B. Samoilenko

Present-day methods of monitoring the inside surfaces of pipelines can only be used on
straight runs. Therefore, the best and most promising way of solving the problems involved
in monitoring the metal of the pipelines in a nuclear power station is to create remote-
monitoring systems able to cover the whole of the lines, including bends and parts that are
difficult to get at. Such equipment must be able to cope with sections having complex
arrays of pipes with bends of various radii of curvature and remote control of the trans—
ducers under conditions in which the shapes of the surfaces being monitored are not con-
stant.

Analysis and simulation of the technical process of remote monitoring shows that these
difficulties can be overcome if the unit for moving the transducer is made up of flexibly
articulated members, each of which is capable of being deployed in a plane passing through
the center of curvature of the bend, normal to the plane containing its axis. Furthermore,
the transport mechanism as a whole must possess axial symmetry and be controlled only by the
commands "Forward" and "Reverse."

It is also necessary to adapt compact transducers to the geometry of the surfaces being
monitored, which be achieved by pneumatic drive of the parts in contact with the pipe, by
taking advantage of the damping properties of compressed air. In this case, the contact
force does not depend upon the "path" of the transducer when it moves from its initial to
its working position. To adapt a noncontact transducer, such as a telemetric, photographic
or optical-fiber type, involves an increase in the depth of focus of the optical system.

The Southern branch of the Dzerzhinskii Institute of Heat Engineering has investigated
a prototype for a production version of equipment for monitoring the inside walls of gipes
on nuclear power stations equipped with water-cooled water moderated reactors type VVER-440,
developed and approved for the Armyansk nuclear power station. The type DTL-500 equipment
can deliver the surface-treatment and the testing and measurement units to the check zone.
This latter unit consists of various units of nondestructive testing equipment which are
assembled on the transport in the form of modules. The composition of these modules will
depend upon the subject of the investigation and the demands placed on the reliability of
the metal in the pipeline. The transporter consists of the following assembles and units:
the transport mechanism, a system for controlling the transport mechanism in the automatic
mode, equipment for preparing the inner surface of the pipe, a scanning system, a system for
controlling the angular orientation, a fiber-optics system for checking the metal of the

pipe, a control desk, a power line, and a communications system for control signals and in-
formation.

The present article examines a transport mechanism consisting of two support belts and
units for coupling and displacement (Fig. 1). Each support belt takes the form of a cup,
the outer surface of which carries an elastic annular chamber. The coupling and displace-
ment units take the form of a bellows attached between the bottoms of the cups, the internal
cavity of which, together with the chamber, are connected to a compressor via a reversing
valve and automatic control equipment. The mechanism is set in motion by the compressor,
compressed air from which is applied through a system of regulators so that each link of the
mechanism operates in sequence, ensuring that the device moves automatically.

The transport mechanism for flaw detection of the inside surface 1 of tube 2 comprises
two support belts in the form of cups 3 and 4, on the outer wall of which is mounted an
elastic cylindrical collar 5 and annular chambers 6 and 7. The bottoms 8 of the cups are

Translated from Atomnaya Energiya, No. 1, pp. 18-21, July, 1982. Original article
submitted May 12, 1981.
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connected by a coupling and displacement mechanism taking the form of a bellows 9 made of a
set of rigid rings 10 connected together by elastic members 11 in the form of truncated cones
attached to each other by small flanges 12. The inside cavity 13 of the bellows and the
cavity of the annular chambers are connected to compressor 14 via reversing valve 15 and
automatic equipment for controlling the mechanism. Air is applied to feed main 17.

The mechanism cperates as follows. Compressor 14 applies compressed air through change-
over valve 15, which initially acts to pressurize the feed main 17. Air is applied to cham-
ber 6 of cup 3. The elastic collar is deformed by the increased pressure in the chamber, to
become convex. This brings it into contact with surface 1 of pipe 2, locating it in place
by friction. The air in the internal cavity 13 of the bellows and chamber 7 is at atmo-
spheric pressure (see Fig. 2, position a). The automatic equipment then connects the dis-
charge chamber 13 to the main, so that the pressure builds up, expanding the bellows so
that it elongates, pushing cup 4 forward relative to 3 (see Fig. 2, position b). With a
further increase in pressure in cavity 13, the automatic equipment connects chamber 7 of cup
4, the air pressure in which deforms the collar and fixes cup 4 to the inner surface 1 of
pipe 2 in the same way as with cup 3. Chambers 6 and 7 of both cups, together with internal
cavity 13, are now pressurized (see Fig. 2, position c¢). The next cycle starts with a drop
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Fig. 3. Design of transport mechanism.

in the pressure of chamber 6 of cup 3 and in cavity 13, so that the friction between the
elastic collar of the cup and the inside surface of the pipe disappears (see Fig. 2, posi-
tion d). The automatic equipment then connects cavity 13 to the suction pipe of the com-
pressor, causing the pressure in 13 to drop below atmospheric. The bellows collapses under
atmospheric pressure. Since cylinder 4 is fixed in place, cup 3 is drawn along behind cup

4 (see Fig. 2, position e). The automatic equipment then connects the air supply to chamber
6 and fixed cup 3 in the pipe (see Fig. 2, position f). The pressure in cavity 13 and
chamber 7 equalizes with that of atmosphere (see Fig. 2, position a) and the process is re-
peated. If need be, the mechanism can move in reverse simply by reversing the sequence of
operation of cups 3 and 4. :

The transport mechanism Fig. 3 is simple to operate. It enables a system of transducers
for flaw detection of -the inside surface of the pipe to be delivered to site regardless of
the configuration and position in space of the pipes. It is extremely reliable and economic,
since a small pressure head created by a compressor will produce a large tractive force, in-

creasing as the diameter of the pipe increases. Therefore, the mechanism can carry a large
payload.

The support belt (cup) consists of guides 1, shell 2, insert 3, and bottom 12. The ‘
guide and insert take the form of thin-walled perforated cases with abutting end faces. The
perforations only serve to reduce weight. The shell comprises a thin-walled cylindrical
case on the outer face of which there is an annular slot for the rubber toroid 4. To prevent
accidental damage during contact with the inner face of the pipe, the toroid is covered by
collar 5 made of dense wear-resistant rubber. Ring-shaped projections are formed at the

sides of the shell to grip the collar with the aid of wire ring 6, the elastic toroid has a
union for connecting to the pressure main.

Since the guide and insert have different heights; the shell (and, consequently, the
collar, the outer surface of which clamps the device in the pipe when the toroid is pres-
surized) is displaced to the end of the mechanism. This disposition of the fixing surface
ensures reliable clamping of the mechanism in the tube and reduces the toppling moment
exerted from outside the confines of the cup by the transducers being carried. The assembly

of the support belt (cup) out of guide, shell, inert, and bottom is completed by means of
rubber connectors.

The connection and displacement assembly (bellows) is formed with a periodic structure.
The members of the bellows comprise truncated cones 8 made out of rubber. The ends of the
cones about the perimeter are fixed to rigid metal rings 9, 10. The number of members is
determined by the geometry of the "most difficult" bend and the geometry of the member it-
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self (v20). The number of sections is also determined by the preset length of each step of
the mechanism. The members are assembled into a bellows with the aid of a glued-rubber
connection, in order to ensure that the joint is airtight. The end sections of the bellows
are fixed to the bottoms of the cups.

To limit the step and prevent the bellows from bursting by overextension or by an acci-
dental increase in pressure inside the bellows, a cable 11 is attached between the bottoms
12 of the cups. The final stage in the assembly of the transport mechanism is the rubber
connections of the bellows to the support belts.

Laboratory and site tests at the Armyansk nuclear power station have shown that the
transport mechanism has good traction properties, enabling it to pass along pipes with any
spatial configuration, containing bends with radii of curvature of R > 1.25Dp, where Dy is
the internal diameter of the pipe. The presence of branch lines with D = 0.2 Dp presents
no problems for the mechanism. The technical data of the transport mechanism are as fol-
lows: :

Tractive force (with gauge pressure of p = 0.04 MP in the bellows) 3500 N

Range of action 100 m
Payload : 250 kg
Speed: :
on the straight o 0.005 m/sec
round bends 0.003 m/sec
Weight - 100 kg
Drive i Pneumatic
with P, =
0.25 MPa
Power connectors One
CONCLUSIONS

Equipment type DTL-500 has been developed for flaw detection on the inner surfaces of
pipes on nuclear and thermal power stations involving the remote monitoring of the state of
the base metal and welded joints. The equipment consists of a transport mechanism and sys-
tems for preparing the pipe surface and checking on the state of the metal. The flexible
displacement unit and axisymmetrical design of the transport mechanism enables the equipment
to negotiate bends of any spatial orientation and maximum curvature.

The tractive forces generated by the transport mechanism at an excess pressure in the
supply main of ~0.25 MPais 3-4 kN, which enables the DTL-500 to carry any check-measurement
apparatus. Laboratory and site test have shown that the equipment is simple to manufacture
and operate, and that it possesses good performance characteristics.
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PROPERTIES AND BEHAVIOR OF THE HIGH-ACTIVITY WASTES
FROM THE EXPERIMENTAL GAS-FLUORIDE REPROCESSING OF SPENT
URANIUM-PLUTONIUM AND URANIUM FUEL OF THE BOR-60

A. P. Kirillovich, Yu. G. Lavrinovich, UDC 621.039.59:621.039.75
M. P. Vorobei, and Yu. I. Pimonov

The development of the gas-fluoride method for reprocessing fuel elements [1, 2], which
is considered to be one of the most promising for the reprocessing of spent fast reactor
fuel, requires investigations of the properties and behavior of the high-activity wastes
formed. The purpose of these investigations is the development of safe methods of process-
ing and the long term storage of the wastes. It was reported earlier [3] about the behavior
of the high-activity wastes obtained from spent uranium oxide fuel of the BOR-60 reactor,
with a cooling of 3 and 6 months.

In the present paper, the results are given of an investigation of certain radiation
and physicochemical properties of high-activity wastes, obtained during the gas-fluoride
reprocessing of spent uranium-plutonium oxide fuel, and also the behavior of these wastes
(initial radioactivity 6130 TBq/kg) during six years of monitored storage.

Investigational Procedure

The investigations were conducted on a special test rig, mounted in a shielded chamber.
The energy release of the spent fuel and of the high-activity wastes was determined in a
calorimeter of the heat-conducting type [4]. The error of the measurements, taking account
ofi the preparation of the average sample did not exceed +5%, with a confidence coefficient
of 0.95. The radiation gas release, degree of contamination of the gas phase, and the
thermal stability of the samples were studied by the procedures described previously in [3].

The composition of the gas phase in the waste containers was determined by a mass-
spectrometric method for both a uniform temperature of self-heating of the highly active
products and for the containers heated externally to 700°C [5].

In order to study the leaching-out of the radionuclides from the wastes, the recommen-
dations given in [6] were used: the ratio of the volume of distilled water to the surface

area of the sample amounted to 9 cm, and water samples were taken over 30 days. The quanti~
tative yield of '*’Cs was determined by the y-spectrometric method. The error of the mea-
surements amounted to $207 with a confidence coefficient of 0.95.

The thermophysical characteristics of the solid fluoride wastes were found by the
method of differential thermographs with a quasisteady heating regime. The facility and the
procedure for measuring the thermal conductivity are described in [7]; the error of the mea-
surements in remote handling conditions was +10%.

Results of Investigations and Discussion

Table 1 shows the characteristics of uranium—plutonium oxide spent fuel, taken for the

experimental reprocessing, and the highly-active solid wastes obtained as a result. As shown.

by the investigations, approximately one-half (44.8-60.9%) of the fission product radiocac-
tivity is concentrated in the fluorination residues (cinders), for which the specific heat
release amounted to 50-52 W/kg, and the B-activity was in excess of 550 TBq/kg. The main
contribution to the B-activity was made by cerium, *““Pr, ruthenium, ®°°Rh, zirconium, °°Nb,
and '®’Cs. It was shown earlier in [3], that more than 997 of the ?°Sr is concentrated in
the cinders. The solid wastes formed by the gas-fluoride reprocessing of the fuel, are
highly active powdery (cinders) or granulated (sorbent, chemical absorber) materials with

a saturated density of 800-1200 kg/m3. '

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 22-25, July, 1982. Original
article submitted July 6, 1981,
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TABLE 1. TForms and Characteristics of the Wastes from the Reprocessing of Spent
Oxide Yranium—Plutonium Fuel

— 8 1 '
. lbs P %T’TT& Activity of radionuclides, TBa/kg
Form of SRar e OO&.:‘_:}” ge =
mixture SEE[0 o LI02 SIS B 1aa¢e_ TU—
: z § g (%EE §-§ CE E‘E\é 144(‘1(3} 12%16{1;'}] 103Ru|  137Cs 134Cs 957r 95Nb 141Ce
Mechanical
mixture ) .
uo, 6 20,0 (222 100 110 4.7 — 0,8 — 24 30 —
Puo, 170 2,9 | 32,2
Fluorination
residues 12 ] 50,8 564 60,9 | 510 6,3 0,56 | 1,2 — 44 27 1,2
Powder from
forecon-
Sgr résnatte 12 | 52,0 580 4 160 120 5,6 |14 0,4 32 170 0,48
Sc?r?)sel(rzxt 1;2 0,32 4,11 1,8 0,004 0,093 (0,003 | 0,0002 | 0,00008 | 0,0007 0,040 | 0,0002
! 12 0,15 1,6 | 1,4 0,0007 0,017 |0,0005 0,00007 | 0,00002 | 0,00007| 0,0008 0,00001
.| Chemical
absorber 12 0,52 81 22,5 0,0006; 0,07 [0,0015 0,00008 | 0,00002 [ 0,00006] 0,0006] 0,00002
Actual mixture .
U0, — Pu0, 8 | 21,44[238 |100 87 2,4 — 10,28 — 6,7 3,3 —
Fluoripation
residues 8 51,8 [580 44,8 | 240 2,5 — 0,09 — 8,9 3,7 —
Powder from ’
dorecon-
ensate 8 73.4 2% _ ; _ ¢ .
Sotbent 73,4 810 16,0 | 260 16 0,93 5,2 9,3 —
basic ] 0,08 0,8 0,9 0,10 0,20 0,0003 0,003
¢ ) [ X g LU 14 - » _ ) 0105 -
Sorbent 8 0,44 4,9 (17,3 0,27 0,05 — 0,001 — 0,006 0,013 —
Chemical ?
absorber 8 0,05 0,57 4,0 — 0,06 — — — — 0,0002, —

Note. *°Sr was not determined.

TABLE 2. Forms and Characteristics of Wastes from the Experimental Reprocessing
of a Consolidated Portion of Spent Uranium Oxide Fuel

PHa |
§ - 19 u.§ © R o (')“50 Activity of radionuclides, TBa/kg
Form of ‘5.‘?”57‘5“0)3';{ RO
EE: 2992 ol Ead0 N
Product Sé\&( %Er?;l%g c[f:| E'Eéé 1§jf“‘§r— “1’:’,{““{‘“— 187Gs 957 95Nb 1258D 103Ry 134Cs
Spent
fuel — 13,001 144 100 60,60 2,50 0,88 3,30 5,40 0,016 0,012 0,005
Fluorination
residues 1050 | 78,701 874 86,0 436 16,9 7,0 16,2 12,0 0,15 0,09 0,08
Sorbent
scrubber 800 | 0,611 6,8] 1,1 0,11 0,11 | 0,009 0,0007 { 0,006 0,002 — —
Sorbent 800 | 0,1 1,1 1,0 0,015 | 0,004 | 0,003 0,0004 | 0,003 0,002 0,003 | 0,00006
Chemical
absorber 1000 | 0,4 1,1 1,0 0,005 | 0,22 | 0,0006 — — — 0,014 —

Note. ®°Sr was not determined.

Table 2 shows the forms and characteristics of the wastes obtained from the experimental
reprocessing of a consolidated portion of spent uranium fuel with an aging time of 5-48
months and a burnup of 4.4-12.8%. A comparison of these data with the results previously
obtained from reprocessing uranium oxide fuel with an aging time of 3 months [3], shows that,
almost independently of the aging of the fuel, as a result of its gas-fluoride treatment,
more than 80% of the fission products is concentrated in the fluorination residues.

In order to work out safe conditions for the long-term monitored storage of the highly-
active fluoride wastes and to prepare them for burial, the temperature and energy release
of the wastes, the radiation gas release, degree of contamination of the gas phase and its
chemical composition, thermal stability, leaching out of '®’Cs, and the thermal conductivity
were studied.

The variation of temperature and heat release of the cinders from the reprocessing of
uranium fuel aged for 3 months, is shown in Fig. 1, from which it follows that the main fall
in temperature and energy release is observed during the first 200-300 days of storage;
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Fig. 1. Dependence of temperature (O) and specific heat release (A)

of cinders, obtained from reprocessed fuel, aged for 3 months, on the
duration of storage with natural cooling of the container (volume of
container 1 liter, diameter 105 mm, wall thickness 2.5 mm, and mass
of cinders 0.280 kg).

Fig. 2. Thermograms of cinders: a) from the reprocessing of uranium
fuel, aged for 3 months; b) same, but after a three~year sotrage of
the wastes; c) from the reprocessing of fuel, aged for 1.3 y; d) from
reprocessed uranium—plutonium fuel (figures at the curves are the
transformation temperature).

after 6.5 years, the specific heat release of the cinders has been reduced by a factor of
60.

The thermal conductivity of the fluoride wastes is slightly dependent on the form of
the reprocessed fuel and in the temperature range 100-700°C it amounts to 0.220-0.450
W/ (m*deg C) for the cinders, and 0.330-0.460 W/(m*deg C) for the sorbent. TFor the chemical
absorber it varies from 0.280 to 0.435 W/ (m*deg C) in the range 100-500°C.

The radiation gas release was measured periodically for all forms of wastes from both
the reprocessed mixed and uranium fuels. An increase of pressure (6.08:10° Pa, V = 0.23
cm®/g) in the container with the cinders and with a heat release of 552.3 W/kg, was re-
corded only at the start of the experiment [3]. A qualitative analysis of the gas phase,
released from the wastes, indicated in it the presence of fluorine, hydrogen fluoride, and
fluorocarbon. Subsequently, the pressure was determined during 3.5 years. In no case was
its increase detected; in the container with the cinders, a vacuum was observed. No excess
pressure was detected in the containers filled with the wastes, obtained by reprocessing
both uranium and uranium—plutonium fuels (Table 3) with a lower specific energy release,
i.e., radiation—chemical processes in the wastes die down in proportion with the decrease
of the radioactivity of the wastes, which is well illustrated by the thermal analysis data.

Figure 2 shows the thermograms of the cinders obtained by the fluorination of uranium
and uranium—plutonium fuel. An analysis of the thermograms confirms the thermal insta-
bility of the cinders, most characteristic for a product with a high specific energy release
(see Fig. 2a). By comparing the thermograms of one and the same cinders, taken at the ini-
tial instant and over 3.5 years, a completelydefinite conclusioncan be drawn, that the thermal
stability of the cinders increases in proportion with the decrease of energy release and
radioactivity. This is well supported by the data for the wastes obtained by reprocessing
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TABLE 3. Composition of Gas Phase in Containers with Highly-Active Fluoride

Wastes*
Expt. conditions |. . . Content, vol. %o
Form and charac- - E,c'g 2
teristics of FE o= “3;?8 2~
| Wastes 7,00 [BL5dl5es B 53 Ne | co| No | o2 | Ar | co, |NOF| siFa | DGR
0°g Bl 23Ea , o
e R R
. 100
Cinders from fluor- | { gelf- | 192 |—9,80 |—42,10(84,20] — | — |11,0 [1,25] 3,53| — | — —
ination of a con- heat-
solidated portion ing
of uranium oxide 200 18 13,30 | 57,60)75,80] — 118,00| 0,11} 1,13 | 4,96 — —
fuel (mass 1.5 kg; 300 18 126,80 | 580,0 |50,10141,00| 0,05 0,04| 0,75 | 8,1 — — —
radjoactivity 1.4+ 400 18 | 57,70 | 266,00 |62,80|28,60| — | 0,06| 0,94 | 7.6 | — | — —
101 Ba/kg) 600 18 120,00 | 550,0 [50,9 | 3,4 | — | 0,05| 0,76 | 0,46|0,67|41,80] 2,00
700 18 55 | 24,4 |79,2 [10 — | 21,04 0,04 — | 9,72 —
Cinders from the
fluorination of a
mixed uranium - 38 72 — — 82,70 — — 15,90} 4,10 | 0,30| — — —
plutonium fuel 300 1 — — 77,90 — 5,201 0,90] 1,05 | 14,95 — — —
(mass 0,290 kg,
radjoactivity 1.4 -
10 Bq/kg)

*Capacity of container 1 liter, diameter 105 mm, and wall thickness 2.5 mm.

fuel with a long aging (see Fig. 2c). Thermal processing of the wastes promotes an increase
of their thermal stability.

The mass-spectrometric analysis of the gas phase in the container with the cinders (see
Table 3) also indicates the relative instability of the latter: with external heating, a
very slight gas release is observed (up to 126.8 cm®/kg), obviously due to the decomposition
of a number of thermally unstable complexes of the type NOUFs, NOMoFs, FM(CO)s, SrSiFs, and
BaSiFs (8], with the release of NO, CO, and SiF,.

It was established that the radioactivity of the gas phase is due to the presence of
the same radionuclides as are in the solid wastes. The rate of volatilization of the radio-

nuclides from the end surface, calculated by the formula %%1le—1 (here g' is the radio-

activity of the nuclides, passing into the gas phase, Bq; a, specific radiocactivity of the
product being investigated, Bq/g; 1, time of the tests; and F, end surface area of the
wastes, cm?®) increases slightly with increase of temperature and for the most toxic_radio-
nuclide **’Cs in the range 20-600°C, for the chemical absorber it amounts to 1.8:10 ° to
1.3°10"%, for the sorbent 3.1°1077 to 4.7°10 %, and for the cinders 1.8-107'° g/(cm®-dis),
respectively. As it was shown earlier [3], with increase of the aging time of the wastes,
the fraction of the radioactivity removed with the aerosols, decreases because of consoli-
dation of the aerosol particles and settling on the container walls, and also because of
the gradual depletion of the surface layer of wastes with the radionuclides.

The investigations of the leaching-out of the radionuclides showed that the rate of
transfer into water of *27Cs from the sorbent and chemical absorber amounted to 1.9°107%"
to 8.0°10"2 and 1.4°10"° to 6.9°10" 2 g/(cm®'dis), respectively, and from the cinders ob-
tained by reprocessing both uranium and uranium—plutonium fuel, it is equal to 7.5°10 ® to
2.3°10"°% g/(cm®*.dis). The data obtained are comparable with leaching-out of 137¢cs for boro-
silicate glasses [107° to 107 ° g/(cm*'dis)]. This allows the assumption that the cesium in
the cinders is present not in the form of CsF, which is well soluble in water, but in the
form of complexes with the fluorides of fission products which, obviously, have a lower
solubility.

The results of the investigations carried out can be used for calculating the condi-
tions for the radiation-safe storage of solid, high-activity fluoride wastes, and for opti-
mization of the technological process for the gas-fluoride reprocessing of spent fuel.
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TWO-DIMENSIONAL ANALYSIS OF THE STABILITY OF THE NEUTRON
DISTRIBUTION IN A REACTOR

V. N. Konev and B. Z. Torlin UDC 621.039,512:621.039,512.45

In developing a method of determining the stability of the neutron distribution from
the principal eigenvalues of the two-dimensional problem of regulating slow processes in the
spatial dynamics of a reactor, a series of previously explained assumptions have been
adopted. It follows from [1, 2], e.g., that the mutual positions of the control rods (CR)
and sensors have a strong influence on the radial—azimuthal stability of the reactor,
stronger than their influence on the stability over the height [3]. Therefore, in studying
the stability of systems for stabilizing the neutron distribution, it is necessary to ensure
accurate CR and sensor spacing in the reactor lattice corresponding to the investigated ob-
ject in the calculation. It is this which primarily determines the calculation scheme. On
this basis, a regular quadratic or hexagonal lattice is proposed, with a number of cells
equal to the number of channels.

The large dimensionality of the units determines the choice of calculational method.
For example, to solve a system of equations with of the order of 10® unknowns, it is neces-
sary to resort to an iterative method. To ensure the stability and reliability of these
procedures, it is worth ensuring in advance, for example, that the spectrum of the trans-
formed operator 1s positive.

How these principles are realized in the analytical algorithms and the BASIRA program
for which they provide the basis will not be considered. Since interest focuses on the
analysis of reactor stability in slow processes, the regulators are assumed to be fast-act-
ing, and the lifetimes of instantaneous and delayed neutrons and the lag time of those rapid
feedback systems which are due to the change in fuel temperature and heat-carrier enthalpy
are neglected. The change over time in the '>®Xe concentration and the temperature of the
graphite moderator is taken into account, using precisely the same linearized equations as
in [4]. After Laplace transformation, these equations are found to include a Laplacian
parameter, which will also play the role of eigenvalue — generally speaking, a complex and
often nominally complex eigenfrequency w.

The basic, or principal, eigenvalue, with a maximum real component, is the most im-
portant from the viewpoint of stability. A simple power-law method (external iteration)
similar to that used in [4] is expedient for its determination. Isolating the required
eigenvalue involves a shift of the spectrum in which the basic complex frequency becomes the

Translated from Atomnaya ﬁnergiya, Vol. 52, No. 1, pp. 25-29, July, 1982. Original
article submitted November 3, 1981.
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largest in modulus [4]. The basic — generally speaking, also complex — eigenmode is then
calculated. This involves determining, at each step of the iterative process, the deviation
cf the neutron distribution ® from its steady value ¢, under the action of the reactivity
perturbation x, which is a result of the action of all the feedbacks, both fast and slow.

In a single-group approximation, the relation of ¢ with x in the presence of N fast-acting
regulators is described by the linearized equation .

N |
Aq>+B§Lp+~ﬁ(%(2 p,.Fi+x):O; | (1a)
M o {
Sa e;=0 (i=1, 2,... N) J| (1b)
=

with homogeneous boundary conditions on . Here pi is the change in CR effectiveness; Fj,
spatial-localization function of the CR; aij, weighting factors forming the off-balance sig-
nal for the i~th CR from all M sensors; ¢; = ¢ (r;), where r; is the point at which the neu-
tron distribution is recorded by the j-th sensor; B3, M3, respectively, the unperturbed
values of the material parameter and the area of neutron migration; ¢, is determined from
the equation

AW,y -+ 2Dy = 0 (2)

with boundary conditions on ¢o of the same form as in Eq. (la). If each i corresponds to a
particular group of sensors for which aj;3. 0, and the groups for each i do not intersect,
then the local-automatic-regulator (LAR) model is obtained.

The solution of Eq. (la) may be written as a sum

N
0= ADy -t 2y pitby (3a)
with the condition in Eq. (1b) and
N
21 Dili iy =0, (3b)
1

e
i

where the influence functions y and the parameters p are described by the equations
Al o, Dy
M Bty e (== 10) =0

4 i, (|’4 . y
(1, D) = 0; IH"”W? i=1,2, ... N; (4)

Ay + B2y + —;";'“ (@ — i) = 0

, Dyor, D , , N
(s W) = 05 g TeCl i g, 2, L N (5)

with the previous boundary conditions. All the pj are determined from Eq. (1b) after the
substitution of Eq. (3a) and after taking Eq. (3b) into account.

It is quickly evident that the operator acting on the unknowns " and p in Eq. (1) is
not symmetric. Conversely, the operator acting on ¢ in Eq. (4) or (5) is symmetric, and its
difference analog is positive-definite. Therefore, the influence function y may be calcu-
lated by any iterative method developed for positive-definite matrix operators. In this
case, all the y{ are calculated once, and in each cycle of the external iteration it is
necessary to recalculate only yx and pi.

Since Yy is of large dimensionality and is calculated iteratively (internal iteration),
all the time involves in performing one external iteration is in fact taken up by this. An
important moment in performing this procedure is the choice of the initial vector. Note
that this problem is associated with the complex form of the required solution. If it were
real, the solution obtained in the preceding step would be a completely suitable initial
vector, and the number of internal iterations would rapidly reduce from cycle to cycle. To
ensure reduction in the number of internal iterations in the process of isolating the in-
trinsic solution, regardless of whether it is real or complex, the initial vector in dgter—
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mining wr - at tue u—ul sLep UL Lne external 1Ceration 1§ taken to be 1,’, detined by the
relation

w_ _ Pn -t Gn (n-o 6
fn o kn & inkn-y ke ’ (©)
where Y1 and V™ ? are the values of ., found from the two preceding external itera-
tions; pp and qp are the coefficients of the equation for the desired eigenvalue wp
wp Pnn +qn =0, (7

and are determined in the BASIRA program, as in the IRINA program [4, 5], from the condition
of a minimum of the vector modulus [6]

8;1:“ = knkn—iRn "57 pnkn—an—-i + (]an—Zi (8)

where 1L, is the orthonormalized total vector of the problem variables at the n~th external
iteration, and ky is a coefficient formed in its normalization.

The method of conjugate gradients is used to solve Egs. (4) and (5) [7]. 1In the given
case, a special feature is that the desired solution must be orthogonal to the steady dis-
tribution ¢é¢. Formally, the solution scheme retains its orthogonality if it is ensured for
the initial vector. However, for the sake of reliability, and to eliminate the noise aris-
ing, e.g., because of rounding, the solutions are periodically orthogonalized. In choosing
the method of solving Eqs. (4) and (5), some other methods were investigated as well as that .
already noted. The method of conjugate gradients and the method of Chebyshev polynomials |
were the best, and almost equal in speed [8]. Although the first requires twice as many |
arithmetic operations to be performed at each step of the iterative process, it requires
half as many iterations to attain the same degree of accuracy. This economy of iteration
is the reason for its choice, although it also requires a larger memory. A procedure based
on the Chebyshev polynomial proves most effective for the solution of Eq. (2) [8].

Termination of the process of isolating the principal eigenvalue is verified primarily
from the collinearity of the vectors R, and R,_; in two successive iterations. It indi-
cates that the solution is real. 1In its absence, coplanarity of the vectors R., R,_,, and
R,-, in'Eq. (8) is verified. Then the pair of roots (complex or real) is determined from
Eq. (7). With high azimuthal symmetry of the reactor load, it may be expected that the
principal eigenvalue has a multiple pair, to which corresponds a pair of identical linear
elementary divisors. However, with weak symmetry violation, splitting occurs, and two close
complex pairs of roots may be formed. Therefore, the following verification is performed
for the smallness of the modulus of the vector

8;15) N knkn%kn-an-ﬂR n “Jf' aikn—ikn—Ean—i + (I'an—‘zkn—.’il{n -2 + a3kn—3nn—-3 “+ aIARn—A- (9)
The eigenvalues are determined here from the equation
@} - a,0% + 2,02 - a0, +a, =0, (10)

and the coefficients a7 are chosen from the condition that the modulus of the vector el® be
a minimum.

The BASIRA program is found to be a powerful instrument for analyzing the potentialities
of different kinds of regulatory systems in ensuring the stability of the neutron distribu-
tion in the horizontal plane of large reactors. As an example, the stability of an RBMK-1000
reactor with an operating LAR control system and the possibilities for its modification are
considered.

The map of the load, CR positions, and in-core sensors is adopted on the basis of the
data of [9, 10], i.e., as in the first unit of Leningrad atomic power station. The calcula-
tion is performed for a reactor with a square lattice and 1884 cells. The steady neutron
distribution in accordance with [9] is well equalized in the central region; the coefficient
of radial nonuniformity is ~l.l. The area of neutron migration MZ = 550 cm?®; the reactivity
power coefficient «, = 0.005. The reactivity coefficient over the graphite temperature ag =
0.013 with a time constant of 1 h; the xenon reactivity coefficient axe = 0.0298. With the
standard automatic regulator switched on and the given parameters, according to a calcula-
tion by the BASIRA program, the reactor has several unstable eigenmodes, and the accelera-

475 .

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0




Declassified and Approved For Release 2013/03/04 : CU)‘!A-RDP1O-O2196R00030001OOO1-0

201
= g
<) 7 =07
L0t 3
4
IO T N N R
7 2 J. 4
ULNumber of grid stepf 7 a6 ?‘ : t; 7
A 0,1725‘ I 0,2‘.7’0 /*/|/f Number of sensors
Fig. 1 _ Fig. 2

Fig. 1. Dependence of Re w on the distance between
the LAR control rod and the surrounding sensors
with 6 (1) and 7 (2) regulators; R is the active-
zone radius of the reactor. )

Fig. 2. Dependence of Re w on the number of sensors
placed around the LAR control rod.

tion time constant of the most unstable of these (the first azimuthal) To; = 2 min.* Some
results of the analysis are now given. 1In Fig. 1, the real part of the principal eigenfre-
quency 1s shown as a function of the distance between sensors and control rods. In the
calculation, it is assumed that around each rod, at equal distances, four sensors are
placed. Curves are shown for seven standard LAR control rods, and for the case when the
central LAR is switched off. They quantitatively confirm the earlier [2] qualitative in-
vestigation of the effect of amplifying the stabilizing action of the LAR system as the
sensors are moved away from the rods. For the given reactor, as shown in [2] and as evident
in Fig. 1, moving the sensors more than 6-7 grid steps from the LAR control rod is inex-
pedient. The maximum stabilizing effect of seven LAR, as i1s evident from Fig. 1, is such
that the acceleration period of the most unstable mode is reduced to ~1.7 h; for six LAR,
this period is ~1 h.

In Fig. 2, the influence of the number of sensors surrounding each LAR control rod is
shown. The curve is plotted for seven rods, and the distance between rods and sensors is
five reactor grid steps. It is evident that, with increase in the number of sensors, the
stability of the calculation increases, but using more than six sensors does not in fact
improve the stability. Other investigations have been performed for sensors that are non-
uniform in their angle of orientation, sensors placed at different distances from the rods,
etc. Without dwelling on this in detail, it may simply be noted that when sensors are

placed at different distances around a rod the stability is mainly due to the closest sen-
SOrs.

In {2], in addition to the usual LAR, there was also a qualitative investigation of a
system of spatial regulation in external ionization chambers, consequently referred to as
LAR—EIC. 1In Fig. 3, on the basis of calculations by the BASIRA program, it is shown how in
this system of regulation the instability of the neutron distribution is weakened with in-
creasing distance of the CR from the external chambers. For six rods, the limiting stabil-
izing effect is practically reached when they are half the radius of the reactor active re-
gion away from the chambers. The characteristic acceleration time of the most stable mode
is ~1.8 h. In Fig. 3, the influence of different positions with respect to the external
chambers of a system of three rods on the stability is also shown (curves 1-3). It is evi-
dent that, in this case, the maximum stabilizing effect (admittedly less than for six rods)
is reached when the rods are placed at a distance from the center equal to half the active-
region radius and when their angular coordinates differ by 60° from the angular coordinates
of the external chambers. Placing the rods and sensors on the same paths markedly worsens
the stability. This effect was also investigated in [11]. Some discrepancy of the results

*Calculations have also been performed for the set . of parameters ensuring To. = 7.8 min.

The dependences obtained are unchanged in form. In the given range, the characteristic time
for the development of the processes is increased, roughly speaking, by approximately 545
min.
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Fig. 3. Dependence of Re w on the radius
at which LAR-EIC rods are placed on the
reactor: the crosses correspond to
sensors and the circles to CR.

with the results of [1l1] may probably be explained by small differences ‘in the calculational
models. The position of the rods with respect to the sensors at which the corresponding
angular coordinates do not coincide was called zone-asymmetric in [11]. For three regula-
tors, such a configuration allows the stabilizing influence of the system to be somewhat
amplified. This assertion also holds for other systems with an odd number of regulators.
Zone-asymmetric positioning of the rods in this case leads to deterioration in the condi-
tionality* of the matrix characterizing the influence of the rods on the sensors (it may
even become singular, with a zero determinant), and correspondingly the problem becomes in-
correct. Physically, this must be regarded as noise-instability of the system. In this
sense, the LAR system has an undoubted advantage over the LAR-EIC system, in which, to a
large extent, the stabilizing properties of moving the chamber away from the rods are used.
The noise-stability may be increased using any of the following methods: 1) control by
means of the regulating rods in each sector according to the signal from the group of ex-
ternal chambers monitoring the neutron distribution in the same sector; 2) forming a control
signal for any rod from all the external chambers appearing in the system (which must be
more than the rods in the system) as the sum of the off-balance signals, with weighting fac-
tors determined from the optimization condition for the stability or the quality of the
transient process [2, 12, 13]; 3) as in the preceding case, but adding the off-balance sig-
nals from the internal sensors, with their own weighting factors, to the sum of off-balance
signals forming the control signal. Calculations of a system with six rods have been per-
formed for these three variants. No marked change in stability in comparison with the
LAR—EIC method is observed. A certain difference in the curves of the stability as a func-
tion of the radius of the rod positions in the presence and absence of a central sensor is
seen in Fig. 3 (curves 4 and 5). It is evident that the central sensor has no influence

on the limiting possibilities of the system, but may significantly affect the stability with
close positions of the rods and external chambers.

In conclusion, results are given for the calculation of a system of 12 LAR positioned
uniformly in the CR grid of an RBMK reactor (see the map in [9]). Each rod of the LAR system
is controlled according to the disbalance of the total current of four sensors placed at
equal distances from the rod. Whereas in all the previous examples aperiodic instability is
observed, in this case the instability is oscillatory in character, with an oscillation
period of 36 h and a maximum acceleration period of ~7.5 h when the sensors are removed to
a distance of 5.5 grid steps from the rod. If this distance is reduced to one and a half

grid steps, the instability becomes aperiodic with a period of ~1.8 h.

*Generally speaking, this assertion is invalid with regard to other forms of asymmetric
positioning of rods and sensors in the reactor. In the present work, no consideration is
given to the results of investigations by means of the BASIRA program, theoretically con-
firming the possibility of significant suppression of the instability of the neutron dis=-
tribution in the RBMK reactor, for example, by using only two rods and two sensors appro-
priately positioned in the active region.

477

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0
LITERATURE CITED

Torlin, At. Energ., 45, No. 6, 457 (1978).
Torlin, At. Energ., 48, No. 5, 297 (1980).
Afanas'ev and B. Z. Torlin, At. Energ., 43, No. 4, 243 (1977).
Afanas'ev and B. Z. Torlin, At. Energ., 44, No. 6, 487 (1978).
Afanas'ev and B. Z. Torlin, Preprint ITEF-2 {[in Russian], Moscow (1978).
. Wilkinson, Algebraic Problem of Eigenvalues [in Russian], Nauka, Moscow (1970).
. K. Faddeev and V. N. Faddeeva, Computational Methods of Linear Algebra [in
Russian], Fizmatgiz, Moscow (1960).
8. G. I. Marchuk and V. I. Lebedev, Numerical Methods in the Theory of Neutron Transport
[in Russian], Atomizdat, Moscow (1981).
9. N. A. Dollezhal' and I. Ya. Emel'yanov, Channel Nuclear Power Reactor [in Russian],
Atomizdat, Moscow (1980).
10. I. Ya. Emel'yanov, V. V. Postnikov, and Yu. N. Volod'ko, At. Energ., 48, No. 6, 360
(1980).
11. I. Ya. Emel'yanov et al., At. ﬁnerg.,.ﬁl, No. 6, 370 (1979).
12. B. Z. Torlin, At. Energ., 47, No. 6, 415 (1979).
13. A. M. Afanas'ev and B. Z. Torlin, At. Energ., 48, No. 2, 121 (1980).

~ou LN
XEXNN

B
B
A.
A,
A
J
D

MEASUREMENT OF THE NEUTRON TOTAL CROSS SECTIONS OF '°°Ag
AND ''°Mpg

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

The neutron total cross sections of stable '°°Ag and radioactive ''°MAg (T.;s = 254
days) were measured on the neutron spectrometer at the SM-2 reactor. Information on the
199A0 and ''°MAg cross sections is of interest for calculating the effect of fission prod-
ucts on reactor characteristics [1, 2] and for the development of optimum conditions for the
accumulation of the commercially useful isotope ''°MAg in reactors [3].

The neutron total cross sections of silver isotopes were determined by measuring the
transmission of samples by the time-of-flight method [4]. The best resolution of the neu-
tron spectrometer on a flight path of 91.76 m was 58 mnsec/m. Work with **°Ag was performed
by remote control, using a device for measuring highly active samples [5]. In all the mea-
surements of transmission a fixed exit collimator was used to form a neutron beam with a
rectangular cross section 1 x 6 mm.

A 1200 mg sample of silver metal enriched to 99.4% in 19%Ag was sealed in an aluminum
can having inside dimensions of 1.5 x 7.8 x 24 mm. Measurements were made with the sample
in two positions differing in thickness (nuclei/cm®) by a factor of 16. From the results
of the measurements of the neutron cross section in the energy range up to 210 eV, 13 levels
of '°°Ag were identified and their resonance parameters 2glp, Eo, and I'y calculated (Table
1). ‘ '

The results obtained were compared with published data [7-~10) and with values recom-
mended in [6]. In the main the resonance parameters agree with the values in [7-10] within
the limits of error, except for differences of factors of 1.5-2 in 2gly and T for neutron
levels with Eo = 88.1 and 172.6 eV. From an analysis of the distribution of neutron widths
and distances between levels of '°®Ag (Figs. 1-3) the following average characteristics were
obtained: D = (15.6 * 1)eV; 2gTp° = 2.82 meV; So = (9.0 # 0.3)+107%; Iy= (1434 10) meV, On
the basis of the experiment and the average characteristics the total resonance capture in-
tegral of *°®Ag was calculated to be I, = (1480 + 10)b (I1b = 1072® m?). TFor measurements
with neutron energies in the thermal region (0.02-1 eV) "thin" silver samples were used.

The energy dependence of the total cross section is shown in Fig. 4. The values of the

Translated from Atomnaya Energiya, Vol. 53, No. 1, pp. 29-31, July, 1982. Original
article submitted July 16, 1981.
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Fig. 1. O) distribution of values of reduced neutron
width of '°®Ag resonances; ) Porter-Thomas distribution
[11]. ‘

Fig. 2. Dependence of sum of values of reduced neutron
width of '°’Ag on neutron energy.
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Fig. 3. Distribution of number of observed levels for '°°Ag as

a function of neutron energy.

Fig. 4. Neutron total cross section of *°°Ag for neutron energies
in the range 0.02-10 eV.

TABLE 1. Neutron Resonance Parameters,

meV

Eg, eV T r, 24T, r{6] | T, [6]| 26T, [6]
5145+0,003{156+20(143+20/19,32:0.6 [[146£6 [137+6 |19.1+0.3
30,703 |[145%7 [132%7 (11,0404 [t37%6 |130£6 [11,0+06
40,5+0,4 [152:x13[147513]. T.4+0,5 11367 [131%7 | 75302
56,0£0,7 [|200:£19{172£19(16,6+1,1 [176+9 [139%7 [18.6%1.5
71,109 17549 |140%9 |38.5%E1,6 J147%5 [120%5 | 4043
88,1+1,3 [260£76(2583:76| 4.74+1,0 §136=15{130+15| 9,4+0.3
91,3%1,5 148 — 0,052 = = |0,05%0.01
106,8+1,7 [141£35[141£35/0.2240,08] — — 7 10,20%0,03
134,3%2.4 |240%16[159%18[ 12124 |200+7 |120+5 | 12056
139,9425 1135+21(134621] 32500 1353:46|133%46] 2.420.3
170,0£3.4 148 i 041 = - [0,39%0.13
172,6+3.4 |202x:30{164+30| 575 [188x20/140+15| 7246
207.6+4.5 [165%47|140%47| 37,6 [157+20[1334:15 36x2

cross sections for Vo = 2200 m/s, g¢ = (95 * 4)b, og = 5.9b, and. oy = (91 + 4)b, are in com-
plete agreement with the values recommended in [6].

The radionuclide ''°MAg was obtained by bombarding °®Ag with neutrons in the vertical
channel of the SM-2 reactor. The samples used were those initially employed in the measure-
ment of the neutron cross section of *°®Ag. The fluence of thermal neutrons in the bombard-
ment was calculated from a Co monitor (1.07°10%' neutrons/cm®). The '*°MAg content was de-
termined from a balance of all isotopes present in the silver samples which had been bom-
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Fig. 6. Distribution of number of observed levels for
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TABLE 2. Characteristics of Silvér

Samples

Not bombarded Bombarded
Nu - - 2 720 Vem? =20
clide nuclei/cm?, 10 nuclei/em?, 10

% % X .

thick l thin thick - | thin

0740 | 0,6(3,74-0,2/0,23+0,01]0,57|3,6-+0,2] 0,23+0,01
109A0 199,4(620+15 |38,8+0,8 |77,6{484-+8 30,340,5
omAgl — — — 1,489,2+2,1| 0,58+0,13
10Cd | — — — 20,2{126 42 7,871+0,13
med | — — — 0,1|0,6=+0,1|0,0404+-0,006

barded and.those which had not. The number of isotopes was calculated from their neutron
resonances, namely: '°°Ag from levels with Eo = 5.15, 30.7, 40.5, and 56.2 eV; 197Ag from

Eo = 16.46, 41.05, 46.1, 51.7 eV; ''°Cd from Eo = 89.6, 230 eV; ''’'Cd from Eo = 27.7 eV. We

note that by using data obtained with silver samples which had not been bombarded, the sys-
tematic error in the resomance parameters of '°°Ag and '°’Ag was eliminated. The complete
composition of samples which had been bombarded and those which had not is shown in Table 2.

For a reliable identification of neutron resonances the transmission of bombarded sil-
ver samples was measured twice — 15 and 170 days after bombardment was stopped. For the
first time 11 levels of *!'°MAg were observed for neutron energies up to 120 eV (Table 3).
The resonance parameters were calculated, as for '°®Ag, by the '"shape" method, using the
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Resonance Parameters ot °°~""“Ag

(Ty/2 = 254 days), meV

By, €V r 2¢T, 24Ty,
11,5440,05 13345 0,2630,05 0,0764-0,015
19,45+0,13 224441 1,14+0,25 0,264-0,04
| 21,2040,15 168-4-36 1,34+0,2 0,28+0,04
f 26,54-0,2 9011 0,55+0,12 0,11+0,02
| 45,7+0,5 148 1,240,4 0,18+0,06
‘ 58,540,7 148 0,86:+0,42 0,110,006
62,54-0,7 148 1,0340,52 0,13+0,06
| 78,4+1,1 148 1,1+0,8 0,1240,09
98,4+1,5 148 3,2+1,6 . 0,3240,20
120,2+14,9 148 3,14+1,5 . 0,28+0,15
15243 148 — R
T one-level Breit-Wigner formula. The resonance capture integral tor ''°TAg is I, = (20 #
4)b. Statistical processing of the distribution of resonance parameters (Figs. 5-7) enabled
\ us to calculate the average characteristics of this isotope: (12 £ 1)eV; Zan = 0.19

meV; So = (1.1 #+ 0.5)*107°. The values obtained for the average of the parameter S, for
1°%ag and **°MAg confirm the conclusions of the statistical model of the existence of a
minimum of the strength function in the region of mass numbers 85-115 (5+107°) [12]. At the
same time we note an appreciable difference in the experimental values of S, for '°®Ag and

‘ 110Mpy (9410 ° and 1.1°107%, respectively). From a comparison of measurements of silver
samples which had been bombarded and those which had not, the 110MAs cross section in the
thermal energy region was estimated as oy < 200b.

|

?

|
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SEPARATION OF HYDROGEN ISOTOPES BY METAL MEMBRANES

V. V. Latyshev, V. A. Gol'tsov, UDC 621.039:621.385:533.15
and S. A. Fedorowv

The problem of providing engineering equipment for controlled thermonuclear synthesis
requires the solution of a number of problems in the purification and separation of hydrogen
isotopes [l], including the utilization of the tritium contained in waste water and dis-
charge gases [2]. Many problems in the ultrafine purification, recovery, and separation
of hydrogen isotopes can be successfully solved by using methods of hydrogen membrane tech-
nology [3], in which special alloys of palladium are used as the material of the diffusion
cell [4]. The method of diffusive enrichment of hydrogen isotopes in the tritium cycle
of thermonuclear reactors is all the more effective because in this case it is sufficient
to use only a known amount of enrichment with high purity of the isotope mixture. An analy-
sis of the experimental material [5-7] shows that the method of diffusion through palladium-
alloy membranes in the diffusion regime of filtration can be used to achieve a separation
coefficient of @ = 1.5-2.0. The protium flow through a membrane 0.1 mm thick is 0.2 cm®/
(cm®+sec) for a working temperature of 800°K, an inlet pressure of 0.1 MPa, and a vacuum
at the membrane outlet. Thus, the method seems highly economical and requires more
thorough analysis.

In the present paper we consider the scientific foundations of the diffusion method of
separation. Since the rate of penetration of the hydrogen isotopes through a membrane is
different for different metals (Table 1), the theoretical possibility of separating isotopes
by this method is fairly clear. However, this approach is not a trivial one. In the
separation of isotopes by diffusion through porous membranes, the fundamental process bring-
ing about the separation is molecular diffusion of the gas. In the case under consideration
we are dealing with the separation of isotopes as a result of a complex process taking place
with dissociation of molecules when they are sorbed by the metal. Therefore the process
of diffusive separation is a multistage process. The following stages should be distin-
guished: transport of the isotope mixture to the inlet side of the membrane, physical and
chemical adsorption with subsequent dissociation of the molecule on the surface of the mem-
brane, penetration of the atoms into the lattice of the metal, diffusion of the atoms from
the inlet side of the membrane to the outlet side, exit of atoms from the metal, and their
association into molecules on the outlet surface.

Any of the above-mentioned stages may be decisive for the effect of separation of hy-
drogen atoms when they penetrate through the membrane. Depending on the parameters of the
process and on the construction and characteristics of the apparatus, the coefficient of
separation by the membrane may be represented as the produce of the separation coefficient
of the individual stages. However, the most hopeful results are obtained for a diffusion
regime of separation, when the decisive stage is the diffusion of the atoms in the metal
from the inlet side to the outlet side of the membrane. For a protiumdeuterium mixture
this process is described analytically in the present paper. '

Let us consider a closed system consisting of metal atoms in a condensed state and an
isotope mixture of protium and deuterium in the gaseous phase. The transition of the pro-
tium and deuterium atoms from the gaseous phase into the metal is described by the following
reaction equations:

1

=1, =1l; ¢9)
é%l)gzzl); (2)
D ==114-D, (3)

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 32-35, July, 1982. Original
article submitted November 28, 1980; revision submitted June 1, 1981,
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TABLE 1. 1Isotope Effects (n = py/pp) and Permeability of Hydrogen and Deuterium in

Some Metals and Alloys, cm®*mm/(cm®-secvkPa)

T, °C
Material |Constants
200 300 400 500 600 700
Ni pa 3,8-10-8 3,6-10-7 1,9.-10-¢ 5,7-10-¢ 1,3.10° 2,6.10-5
D 2,3-10-8 2,2.1077 1,1-10-¢ 3,4-10-¢ 7,8-10-¢ 1,5-10-5
n 1,7 1,7 1,7 1,6 1,7 1,7
Pd P 2,36-10~¢ . 5,410~ 9,210~ 1,3.10~3 1,8-10-3 2,6-10-3
PD 1,41-10-4 3,24-104 5,9-10-4 8,6-101 1,2-10-3 1,7.10-3
' 1 1,7 1,6 1,6 1,6 1,5 1,5
PANi10 Pig — — 4,4-10~1 7,3.1071 — 1,5-10"3
PD — — 3,1-10~4 5,2-101 — 1,1-10-3
7 — - 1,4 1,4 — 1,4
PdNi65 PH — — 9,0-10-¢ 2,5-107% 5,6-10-° 1,0-10-*
| PD — - 6,8-10~¢ 1,9.10-5 4,1-10-5 7,7-107°
| n — - 1,4 : 1,4 1,4 1,4
— — 1,2-10-3 1,6-10-3 — 3,110
D — — 8,3.10—4 1,0-10-3 — 1,9-1073
n — — 1,5 1,6 — 1,6
Steel 25 rH — — 3,8-10-5 — . _
PD — — 2,7-10-¢ - —_— —
n — — 1,4 — — —
V-1 alloy | pg 2,7-102 5,7-10~% 9,6-10-+ 1,2.10-3 1,5-10-3 2,0-1073
PD 1,8-10-% 3,8-10~* 6,3-10-4 8,1-10+ 9,8-10~ 1,4.1073
n 1,5 1,5 1,5 1,5 1,5 1,4
V-2 alloy | pH — 9,1-10~ 1,4.10-3 1,9.10-3 2,403 2,9-108
PD — 5,3-10— 0,8-10-% 1,1.10-3 1,440 1,8-10-3
n 1,7 1,7 1,7 1,7 1,6

where Hz, Da, and HD are, respectively, the molecules of protium, deuterium, and protium
deuterium in the gaseous state; H and D are the atoms of protium and deuterium dissolved by
the metal.

The isotope exchange reaction in the gaseous phase is described by the equation
LH, 4~ Dy== 1D (4)
gy 45 D= 1D,

The chemical potentials of the molecules of the ideal gaseous phase and the atoms in

the metallic matrix are described as follows:

M, = piy, -+ R7 In Py (5)

By, = “(1"[2 -+ RT In 1)1)2; (6)

Wi = Wiy -F BT In Py (7)

- - = wir -+ BT In yuay; (8)
up = uh -+ R7 In ypap, (9)

where Py,, Pp,, and Pygp are, respectively, the partial pressures the protium, the deuterium,
and the protium—deuterium; xy and xp are the ratios of the number of atoms of protium and
deuterium dissolved in the metal to the number of atoms of metal; vy; and yp are the co-
efficients of activity of the atoms of protium and deuterium dissolved by the metal; p° is

PdAg15 DPH
the chemical potential of the corresponding atoms and molecules in the standard state.

Making use of the condition of thermodynamic equilibrium and material balance, we can
describe a system of five independent equations in the concentrations (xg; x%D; XH, =
PHZ/P; Xp, = PDQ/P; xHp = Pyup/P):

i/ V P;lc”2 = exp (AGY/RT); o (10)
voa/V Pap = exp (AGH/RT); _ (11)
I].]])/.TJ[2ZD2 == CXP (AG‘J’“)/[{T), (12)
PV .

2-”'HZW+$IU)5:_711/+-THNM4;:N‘}'i; (13)

2% PV ,
2$J)2ﬁ‘+ Zup 7+ 2oNue = N, (14)
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We use the following notation:

AGY =5 plr, — i (15)
{ 1 ()
AGY = > Muz — M‘f')? (16)
AGhip =+ phi + = wh, — pio; (17)
HD =35 an 3 Wb, — WHD;
P =Py, + Pp, + Pup, ' (18)

where AG® is the difference between the corresponding standard molar isobaric—isothermal
potentials; V, volume of the system; k, Boltzmann constant; NMe, number of atoms of metal;
Ng, NB, total numbers of atoms of protium and deuterium in the system.

The system of equations (10)-(14) can be solved by numerical methods. However, if the
concentration of the gaseous phase is kept constant (i.e., if we can disregard the number
of atoms dissolved in the metal in Eomparison with the number of atoms in the gaseous phase),
we can obtain analytically an exact solutlon for the ratio of concentrations of the isotopes
in the metal:

— 0 0 3 0
W oo Vi (ﬂ_) l/%(ﬂ_Q M 19
= _Y—H(,A\p[(AGH AGY) /RT] [ n ) 1]+ 6\ 0 +N?)’ (19)
where '
Piir 2AG1:
kozzpﬁﬁi):zcxp(—jﬁgg) (20)
2 2 . i

is the constant of the isotope-exchange reaction.

The values of AG® may be calculated, in principle, on the basis of known model repre-
sentations, and thus, the expression (19) enables us to find the equilibrium concentration
of the isotopes in the metal from their known concentration in the gaseous phase.

The separation coefficient of protium and deuterium in the dissolution process,

0
ry Ny
L
£y N;‘)

— / ' ‘ 20
oy, == Yo li ‘/"‘0 (’[ A/O ) ) V Ky (1 N% )2' ! N;!-) } exp (AL’H- AG%) (22)
L=\t | T T \l=—= ) T e\ ——Fx7 |
Yol f N 16 Ny /o Ny AT

In this case the coefficient of separation depends on the isotopic effect of solubility, the
constant of the isotope-exchange reaction, and the ratio of the concentrations of the iso-
topes in the gaseous phase.

(21)

(ZL::

takes the form

In the diffusion regime of penetration the flow of an isotope 'is proportional to its
solubility and its coefficient of diffusion in the metal. Therefore, the coefficient of
separation of the isotopes in penetration through a membrane can be represented in the form:

— 0 T ;0 -0 0\
D _ N N N AGY, — A6
o, = HVD[‘/‘U 1—20 +\/ (1— oD) -%Jexv(——“—ﬁ*')—) 2(23)
Dpva | 4 Ny N Ny /

In this case also, the separation coefficient depends, among other things, on the ratio of
the coefficients of diffusion of the isotopes.

We consider the solubility of the isotopes to be represented by the functions:
Ly =va'PHZ exp (AGH/RT); (24)
Lp =5 Py exp (AGH/RT). (25)

The isotopic effects of the diffusion on the solubility (these are calculated for the
condition Py, = Pp, from experiments carried out for each isotope) can be written in the
form '
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TABLE 2. Values of K tor Ditferent

Values of NR/N§ and ko

ko
N/ ;
408,751 3,5 3 2 1 1071 | 108
10-¢ 110,97 10,935] 0,870,711 0,5 0,16 | 0,016
10-3 110,97 (0,93 | 0,8 | 0,7 0,5 10,16 | 0,04
104 110,97310,947) 0,8% [ 0,77 | 0,61 [0,39 | 0,32
1 11 1 1 1 t | 1
105 |1 14,08 (1,07 | 1,15 [ 1,41 | 1,99 [6,4 |24,7
1o¢ 111,06 [1,1 1,16 | 1,45 | 1,99 | 6,326 |63
o ! - ——— = - - - ~ P— -
TABLE 3. Variation of ap as a Func-
tion of Temperature
T, °C %, - T, o0 l “p
300 1,8 500 1,6
400 1,7 640 1,6
460 1,6
L . [ ach —AGY ‘
My = =2 :hexp HZ 77D ). (26)
Ly vm R
Ny == Dy/Dy,. (27)
If we write
— 70 0 2 0
[(: ]//Co (1__ AD)+“/ i"i(j',« 'NI)) _+_ /\/Ii) (28)
4 ; f 0 .
AN Ny 16 N N .
then
oLy =N Npk. (29)

Here np and np are constants of the material of the membrane, and K depends on the constant
of the isotope-exchange reaction and the initial concentration of the mixture. In Table 2
we give the calculated value of K for all possible values of ko and Nﬁ/Nﬁ. Thus, in the
limiting cases, when ko4,

Cp=NLND, ) (30)
and when ko-0,

&Ly, = ﬂLT]DV ]VP)/}V'([)-] . (31)

The separation coefficient is inversely proportional to the square root of the ratio
of partial pressures of the isotopes in the gaseous mixture at the inlet of the membrane.
For example, if Pp,/Py, = 10°, then ap = 10°. 1In reality this can happen only when the
gaseous phase is nonequilibrium (when there are no HD molecules). Under equilibrium con-
ditions ko = 4, and in that case ap = 1.3-2.0.

In our study we made direct measurements of the separation coefficients of an equi-
librium isotope mixture (H,—HD-D,) for penetration through a membrane made of a special
palladium-based alloy called V-2 [4]. Diffusive filtration of the isotope mixture was
carried out at a total pressure of 0.1 MPa at the inlet and a temperature from 300 to 610°C
(Table 3). The composition of the initial fraction and the diffused fraction was analyzed
with an MKh-1302 mass spectrometer. The choice of the regime (accelerating voltage, emis-
sion current, pressure) and the design of the inlet devices enabled us to reduce substan-
tially the memory effects and the ''diaphragm' effects.

The results obtained showed that in the region of most efficient operation of the alloy
(T = 500°C) we have ep = 1.6 £ 0.2. For the given temperature and initial fraction composi-
tion (in this case N{/N§ = 1) this result is in good agreement with the calculated results
[see Eq. (29)]. When the temperature is reduced to 300°C, the separation coefficient in-
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Fig. 1. Output of a dif-
fusion filter for hydrogen
isotopes with respect to
protium (1), deuterium (2),
and the isotopic effect

(3).

creases to 1.8 + 0.2. However, the output of the membrane decreases somewhat faster than
exponentially. These effects apparently can be attributed to the interaction between the
hydrogen atoms and to the formation of '"groups" of hydrogen atoms in the metal. This metal-
physics aspect of the problem will require further investigation.

A further study of the method of diffusion separation of hydrogen isotopes was carried
out using a filter with an output of 2 liters/h, whose elements were made of industrial
capillary tubes. The filter was tested on a special stand [8]. The results of the tests
are shown in Fig. 1, from which it can be seen that the outputs of protium and deuterium in-
crease exponentially with temperature. At the working temperature of the apparatus, the
protium and deuterium output values were 2.2 and 1.3 liters/h. Thus, the isotopic effect
of the output is equal to 1.7, which, in view of Eq. (29), ensures an equally high separa-
tion coefficient for the given conditions.

The permeability of the V-2 alloy to protium at a working temperature of 500°C was 1.8*
10”3 cm®-mm/ (cm®*sec*VkPa), which yields an output of 1 liter/h per gram of industrially
produced capillary tubing. It should be borne in mind that when the membrane does not
operate properly, precious metals may be used. This ensures that they can be almost com-
pletely regenerated.

Thus, the above-described experiments confirm the possibility and high efficiency of
separating hydrogen isotopes by the method of diffusion through a metal membrane.

v
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EXPERIMENTAL INVESTIGATION OF THE NEUTRON FLUX REGULATION
BY MEANS OF A TWO-PHASE EQUILIBRIUM REACTION

I. G. Gverdtsiteli, A. G. Kalandarishvili, UDC 621.039.515
V. B. Klimentov, M. N. Korotenko,

S. D. Krivonosov, B. A. Mskhalaya,

A. V. Nikonov, and V. D. Popov

The autonomy of each channel inspected must be considered in nuclear research reactors
when several experiments requiring different neutron flux densities are made at the same
time.

In order to match the reactor power with the required neutron flux density in a cell,
one can successfully employ the earlier [1] described method of regulating the neutron flux
by means of a two-phase equilibrium reaction in which neutron absorbing materials are kept
in layer structures transparent for neutrons. The method may be supplemented by using
porous structures, e.g., activated carbon. A profile of the neutron flux over the height
of the core can be obtained in neutron flux regulation by means of a two-phase equilibrium
reaction.

We chose cadmium and its compounds, as well as boron trifluoride gas, as absorbers.
Studies of the sorption kinetics involved weight and volume techniques applied to the acti-
vated carbon-cadmium system; the studies have shown that the particular pair can be effi-
ciently used to regulate the neutron flux at temperatures above 600°C, whereas the pair
consisting of activated carbon and boron trifluoride can be employed in the temperature
range 20-300°C.

In order to check the possible neutron flux regulation in the apparatus with the aid
of sorption systems, we developed a tube with the activated carbon—cadmium system. The
channel was designed in the form of several coaxial cylinders. The inner cylinder 1 con-
tained a calorimeter assembly [2] with two thermal dispersers of radiation which were filled
with material capable of undergoing fission (uranium dioxide with 2% 232U enrichment).
Cylinders 2 and 5 formed an autonomous evacuated volume communicating with a cadmium thermo-
stat mounted below the core. The 0.65 cm wide gap between cylinder 5 and the perforated
partition was filled with activated carbon; the space between cylinder 2 and the partition
served for admitting the cadmium vapor phase through fourdistributors into the planeof the
core center. A jacket formed around the entire assembly a protected cavity which was
evacuated by pumping during the entire experiment. The temperature of the individual com-
ponents was kept constant with four electric heaters and checked with Chromel-Alumel
thermocouples. A directly charged sensor was attached to the outer surface of the jacket
for measuring the neutron flux in the cell.

The experimental tube for regulating the neutron flux density was tested in the VVR-M
reactor of the Institute of Nuclear Research of the Academy of Sciences of the Ukrainian
SSR. The degree of attenuation of this particular sorption system was measured at various
power ratings of the apparatus and for various temperature conditions of the sorbent and the
absorber.

The results of this research (Fig. 2) have shown that the change in the degree of
attenuation is correlated to the change in the temperature of sorbent and absorber, the
temperature determining the specific cadmium concentration in the activated carbon. The
degree of attenuation of the sorption system was defined as the ratio of neutron flux den-
sity required for obtaining the experimentally measured liberation of heat in the calori-
meters to the neutron flux density in the experimental cell. The flux density of the thermal
neutrons in the cell was determlned from the external directly charged sensors (sensitivity
of 3.15:107%° A-cm®‘sec).

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 36-37, July, 1982. Original
article submitted August 20, 1980.
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Fig. 1. Experimental tube for regulating the neutron flux with an activated carbon—
cadmium system: 1, 2, 5) cylinders; 3) sensor of thermal neutrons; 4) partition; 6)
simulator; 7, 12) thermal dispersers of radiation; 8, 10) directly charged sensors;
9) distributor; 11) core; 13, 14) electric heaters; 15) cadmium thermostat; 16)
jacket. ’

Fig. 2. Dependence of the degree of attenuation (1) upon the temperature conditions
of the sorbent (2) and the absorber (3) (¢ denotes the neutron flux density behind

an adsorbing shield, the flux density being determined from the heat liberated; Ogp¢
denotes the neutron flux density before the shield (subscript '0'"), as measured with
the directly charged sensor (the subscript ¢ refers to the center plane of the core)).

The liberation of heat in the thermal dispersers of radiation was converted into neu-
tron flux densities with a formula of [3], taking into account the temperature coefficient
of the sensitivity:

Q = (l-q_)NOGFV,

where a denotes the energy (MeV) liberated in a single'zasU fission event; &, average
thermal-neutron flux density (neutrons/cm?®:sec); No, number of 238y atoms per cm®; op, ef-

fective fission cross section (cm?); V, volume (cm®) of the material undergoing fission; and

Q, heat liberation in the calorimeter (W).

In order to eliminate the influence of the cadmium vapor phase upon the degree of
attenuation of the neutron flux density, the neutron flux and temperature conditions exist-
ing while the power of the apparatus is raised were reproduced. Cadmium condensation was
produced by a sharp inflection of the heat liberation, which resulted in a redistribution
of the neutron flux density in the core and a subsequent rapid return of the calorimeter
readings to the state before the reduction of the apparatus power and to cooling of the
cadmium, i.e., an attenuation of the neutron flux density was obtained basically via the
cadmium absorbed by the activated carbon.

Our investigations have confirmed that the neutron flux density of a reactor can be
efficiently regulated by sorption and desorption processes involving neutron-absorbing ma-
terials. It is suggested to investigate in the future the possibility of regulating the
neutron flux density of a reactor with sorption systems consisting of activated carbon and
boron trifluoride or pyrolytic graphite and an alkali metal.
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DEVICE FOR CONTINUOUS MONITORING OF BURNING OF NUCLEAR FUEL

I. G. Gverdtsiteli, A. G. Kalandarishvili, ' UDC 621.039.546
and V. A. Kuchikhidze

The breeding of fuel is of great importance in the design of modern nuclear power re-
actors. This requires the exact calculation of a number of neutron-physical parameters
" of the reactor. In particular, one must know the degree of burning of the nuclear fuel in
recycling of the core and in order to optimize the recycling of the spent fuel.

The known destructive {1-3] and nondestructive [4] methods of determining the burning
of nuclear fuel require fuel rods to be removed from the reactor, which is inconvenient
and often also undesirable from a technological point of view. Further, they do not permit
burning to be monitored continuously while the reactor is operating.

In the present communication we discuss the possibility of determining the degree of
burning of nuclear fuel through the accumulation of the nuclides *®®:*®*7Cs and ®®>°®’Rb in
a sensing element based on layered graphite compounds. These nuclides, with the exception
of '®7Cs, are stable [5] and satisfy the requirements that have to be met by monitors of
fuel burning [6]. '

As a monitor of burning we propose using nuclides of the alkali metals cesium and ru-
bidium, and as a sensing element we propose anisotropic pyrolitic graphite, which is selec-
tively sensitive to the alkali metals [7]. The alkali metals (cesium and rubidium) inter-
calate into the spaces between the graphite layers and so give rise to a considerable ex-
pansion of the geometrical dimensions along the C axis of the layered graphite structure
[8, 9]. By measuring the absolute expansion of the graphite along the C axis we can de-
termine the number of cesium and rubidium atoms that have been introduced and thereby de-
termine the degree of burn-up of the fuel.

The sensing element of anisotropic pyrolitic graphite is located between two flanges
in a fuel rod (Fig. 1). One of the flanges is movable along the C axis of the graphite.
The quantity of fission products present (cesium and rubidium) increases as the nuclear fuel
is burnedup. By diffusion the fission products find their way into the graphite element,
where, by intercalation, they cause the graphite to expand along the C axis. This expansion
is transmitted by a rod to a special device mounted in the can, where it is recorded.

To estimate different characteristics of the device, a calculation was carried out for
a water-cooled water-moderated reactor fuel rod type VVER-440 with 3.5% 22U enrichment (di-
mensions of nuclear fuel: d = 0.77 em, h = 250 cm) for a mean thermal neutron flux of
~10'® neutrons/cm?+sec [10].

The number of stable and long-lived isotopes emitted from the fuel during the time of
irradiation 1t was calculated by solving the diffusion equation [11]:

ON,/(’)T*—“])AN,{ in, . (1)

where Nj is the number of atoms of the i-th isotope in the solid fuel rod (atoms+cm” ®); f is
the fission rate of *°°U (nuclei‘cm ®*sec”'); Yj is the relative output of the i-th isotope
per single fission act; and D is the diffusion coefficient (cm?'sec” *).

The solution of this equation for stable and long-lived nuclides subject to the ini-
tial [Niy(r, 0) = 0] and boundary [Nj(d, 1) = 0] conditions has the following form [1l] for

Translated from Atomnaya énergiya, Vol. 53, No. 1, pp. 37-38, July, 1982. Original
article submitted March 13, 1981. .
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Fig. 1. Fuel rod with continuous monitoring of burn-up by de-
scribed scheme. 1) Fuel assembly; 2) channel for removal. of
vapor; 3) screen; 4) graphite block; 5) bellows; 6) rod; 7)
device for recording expansion of graphite.

Fig. 2. Plot of burn-up of nuclear fuel versus absolute elon-
gation of graphite block for intercalation by nuclides of
cesium (1), rubidium (2), and a mixture of cesium and rubidium
nuclides (3).

the number of atoms Ni of the i-th isotope emitted from volume V during the irradiation time,

allowing for burning of the fuel:

(e

‘ E - T Ga? Ga® v 1 . nitDt o\
Ni = [Y; 1V exp (vﬁ_,(h'r) Al-— DT + Y 2_' - exp ( . - ) J, (2)
n=I1

where the diffusion coefficient D is determined from the formula:

D=6.6-10=% exp (—- ’}{’790 ). (3)
The results of the calculations were used to plot burn-up versus the absolute elonga-
tion (Fig. 2) of a graphite block in the form of a washer with doyter = 0.725 cm, dinner =
0.3 emy, Z = 4 cm. The sensitivity of such a block is 0.385 cm at 1% burn-up for intercala-
tion of the graphite by a mixture of cesium and rubidium nuclides. The sensitivity of
burn-up measurements can be increased by optimizing the construction of the sensing element.
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KINETIC CONSTANTS OF RADIATION GAS FORMATION IN POLYETHYLENE

N. N. Alekseenko, P. V. Volobuev, UDC 541.28:621.039.538
and S. B. Trubin

In the biological shield of small-scale nuclear power facilities, polyethylene is
widely used as a material with excellent moderating properties with respect to reactor neu-
tron radiation. However, polyethylene is characterized by a relatively low radiation sta-
bility, as a result of which during its operation, intense gas release is observed, which
can lead to the origination of an explosion-hazardous situation. It is necessary, there-
fore, to conduct a comprehensive study of the process of radiation gas release from poly-
ethylene. '

It is well-known that by the action of ionizing radiation, radiation——chemical reactions
take place in polyethylene, leading to the formation of molecular hydrogen. The presence
of atomic hydrogen in the polymer matrix has not been detected [1]. It may be supposed,
therefore, that the hydrogen in polyethylene is formed according to a biradical mechanism.
A certain amount of the hydrogen formed leaves the material by means of diffusion, and
another part as the result of recombination reaction is returned to the polymer matrix. 1In
this trivial concept, the process of radiation gas formation in polyethylene can be de-
scribed by quasichemical reactions of the type

hy

N )
2
I —)Hp, : (2)

where II is a gas formation center (a pair of hydrogen atoms in the polyethylene); NI' is a
pair of radicals, formed after the breakaway of hydrogen atoms; Hp, pair of radicals, re-
combined with one another; H., hydrogen molecule; and k;, k., ks, reaction velocity con-
stants.

The system of kinetic equations corresponding to the process, described by reactions
(1) and (2), taking account of diffusion of the gas formed, can be written in the form

on . 9N ' 3
7-—0[\}1 —6t y ( )
N K N4-kyNG; (4)

at

Translated from Atomnaya énergiya, Vol. 53, No. 2, pp. 38-40, July, 1982. Original
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T ' (5)
Here n is the number of hydrogen molecules formed in unit volume of polyethylene; N, number
of gas formation centers in unit volume of polyethylene; N', number of radical pairs,
originating as the result of the formation of hydrogen; t is the time, and D is the diffu-
sion coefficient.

The system of equations (3)-(5) can be converted to a system of two equations, one of
which is Eq. (3) and the other is
i
= —(ky 4 Eyn) N+ IeyNone ™"t 1+ kykgne st S N (1) e=a7 g, (6)
)

oN
at

The solution of the system obtained is a problem of considerable complexity. There-
fore, we shall consider the simplest special cases. The simplest case, obviously, will be
the case of quasiequilibrium, isochoric process of gas release. By quasiequilibrium is
understood the part of the isochoric radiation gas release process, where the concentration
of gas dissolved in any point of the sample, with the quasiequilibrium isochoric gas re-
lease negligibly small by comparison with the concentration.

In order to derive the quasiequilibrium criterion, we shall consider the case when the
process of diffusion of the gas, which has formed, from the sample is steady. Without re-
ducing the generality of the discussions, it can be supposed that the strength of the gas
release sources v = —dN/dt is independent of the time. This is fulfilled if the time of
observation is significantly less than the characteristic time of gas release Ty — the time
during which the intensity of the gas release is decreased by a factor of e. It is shown
in [2] that this time amounts to (3-7)'10“ sec. Assuming uniformity of the dose intensity
distribution throughout the sample, which is equivalent to independence of the function on
the coordinates, for the diffusion equation with boundary conditions

nlyqg=ksp 7

x==]
we can obtain
n=—t (la—x%)+ksp, (8)
where kg is the solubility constant of the gas(hydrogen) in the sémple; P, gas pressure; and
1, thickness of the sample.

The nonuniformity of the concentration throughout the sample is defined as the ratio
of the maximum concentration at the center of the sample, to the minimum concentration at
the boundary

—max g v 11
= %sp T ID Tep 4 )

It is necessary that the nonuniformity ¢ is close to unity or

(e—D 1. (10)

In order to satisfy condition (10),as it follows from Eq. (9), it is most effective to
reduce the thickness of the sample 1. We shall suppose that condition (10) is satisfied.
Then the gas release process can be assumed to bein quasiequilibrium, the diffusion mechanism
of gas transfer in general can be neglected and, consequently, the whole gas-release process
can be described by the one equation (6). _As, in the case of gquasiequilibrium between the
pressure in the gas phase and the gas concentration in the sample, there exists an unam-
biguous conformity; then having assumed that the process of dissolution is described by
Henry's Law (7), the concentration in Eq. (6) can be substituted by the pressure p.

However, in Eq. (6), a further number of gas formation centers occur. In order that
this quantity also ¢an be substituted by the pressure, we shall use the equation of balance.
Taking into account that the ampul with the sample being investigated and the gas vacuum
measurement system have a different temperature [3], we can write

14 14
s Pt P Vs (e, (11)

492

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0




Declassified and Approved For Relfzase 2013/03/04 : CIA-RDP10-02196R000300010001-0

o]
a 44
e g6}
o
_agr-—

- 1 | 1 I 1 1
7’[)0 4 & 12 16 20 ¢ h

Fig. 1. Variation of pres-
sure of the gas released
during radiolysis of poly-.
ethylene in a closed system
(dose intensity 0.64 Gy/
sec).

where Vg is the volume of the sample; V,, free volume of the ampul, being at temperature
Ty; Va2, volume of the measurement system, being at temperature Ts; k, Boltzman's constant;
and (No — N), number of destroyed gas formation centers. '

With independence on the coordinates of the absorbed dose intensity, the concentration
of destroyed gas formation centers alsc is independent of the coordimates. Taking account
of Henry's Law, we find

N (Ve gttt )
or
N=N,—px, (12)
where
v, 1 . Vv, 1

S A PR A
Whence we obtain

dN _ dp 1
Relation (6) can now be written in the form
1

P e by Nothynp — Nofltspt sk snp® - Nykgkspe ™5t - kybsNop (1— e s —xkskgkspe™ " [r@a a9
0

In the experiment, the isochoric gas release curves are observed (see Fig. 1). The
presence of a horizontal section means that in Eq. (1) and (2) the constant kj either is
very small, or is equal to zero. We shall assume that ks = 0. Then the gas release pro-
cess must have a section where dp/dt = 0. Consequently, we can write

whykgpl - ey wpy —F Ny — 0. (15)

We find from this expression k;, and we substitute in the relation for dp/dt:

Ap __ Jrakspia Ny shobsDi Ao Teokgp. (16)
di No—%pm No-—npm
Hence,
dp | vkspi N w2y -t
dr |, No—=nupm * No—%pm 2 a7

The value of dp/dt as a function of p is not difficult to calculate from the experimental

curve of p = p(t), andthe value of pp is found also from experiment. Thus, from the experi-
mental results of the investigation of the isochoric radiation gas release, it is found to

be possible to determine the constants of the forward and reverse reactions of gas formation.

The study conducted of the kinetics of isochoric gas release from polyethylene of low
density, has enabled the values of the kinetic constants to be determined: k, = (7.4 #
0.6)+10"7 sec™ and k, = (2.8 # 0.2):10 2® m®/sec, and the latter coincides well with the

493

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010001-0
known data for the kinetics of destruction of alkyl radicals [4]. Unfortunately, there are
no published data about the numerical values of the constant kj.

The experiments were conducted with the follow1ng thermodynamic conditions: T; =
328°K, T, = 301°K; Vg = 0.31+107* »®; V; = 0.21:107% m®; V, = 0.56°107% m®; 7 = 10 *

10%% (m®)~*; kg = 0.68. 10*® (m®)7*+Pa. The values of py and dp/dt ~ f£(p) were determined
from experimental data, shown in Fig. 1.
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CHARACTERISTICS OF THE DISTRIBUTION OF HELIUM BUBBLES
IN A DISLOCATION NETWORK

A. M. Parshin, S. A. Fabritsiev, UDC 669.785:546,291
and V. D. Yaroshevich

The high-temperature helium embrittlement of structural steels and alloys is accom-
panied, as a rule, by intercrystalline failure. This proves irrefutably that the grain
boundaries (natural sinks for helium atoms) are the most vulnerable structural elements of
these materials. All the measures which allow the helium atoms to be held in the body of
the grain, and thereby preventing its collection at the boundaries, should promote the
suppression or weakening of high-temperature helium embrittlement. The latter undoubtedly
requires studies of the detailed mechanism of interaction of the helium atoms with both the
grain boundaries and with other imperfections of the crystal structure of the grain itself
(different type of dislocations, twins, packing defects, carbides, nitrides, etc.).

In the present paper, the distribution of helium in samples of the alloy Kh20N45M4B,
containing 3:10"% at. % He, was studied by the methods of the transmission electron micro-
scope. Samples with this quantity of helium were investigated in the following states: 1)
in the original state; 2) after annealing at a temperature of 1050°C during 30 min; 3)
after their deformation up to € = 10%, and 4) after deformation up to e = 10% and subsequent
annealing at 1050°C during 30 min.

In the original state, the structures of the samples containing helium, do not differ
from the structuresof the samples without helium. Figure 1 shows the structure of samples
containing helium after their annealing (state 2). It can be seen that after annealing,
helium bubbles have been formed. They are all due to defects of the crystal structure.

The distribution of the bubbles by size has two maxima in the region of 50 and 300 A (1 A=
107'° m), the first is related with bubbles at dislocations and the second with bubbles at
boundaries and inclusions.

In the microstructure of the samples containing helium after their deformation up to
€ = 10% (state 3), no significant differences are detected from the structure of samples
without helium and with this same degree of deformation. The distribution of dislocations
in both cases is identical, and their density is ~9°10*° cm?. However, subsequent annealing
of these samples leads to completely different structures. If, in the samples not contain-
ing helium, the dislocations are completely annealed, then in the samples with helium their
density is reduced by not more than a factor of 2. This indicates that the helium is a

powerful stabilizer of the dislocation structure.

Translated from Atomnaya énergiya, Vol. 53, No. 1, pp. 40-41, July, 1982. Original
article submitted March 18, 1981.
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4

Fig. 1. Structure of the alloy Kh20N435M4B,
after annealing at a temperature of 1050°C
during 30 min.

s

Fig. 2, Distribution of helium bubbles in
a dislocation network.

When studying the distribution of helium in samples, annealed after deformation, the
following interesting characteristics are found. First and foremost, it was found that in
contrast from the annealed samples, not subjected to previous deformation, the sizes and
density of the helium bubbles at the grain boundaries in the deformed samples, are signifi-
cantly lower, and the density of the bubbles found in the dislocations in the body of a
grain, is significantly higher. This indicates that the dislocation structure created by
previous deformation, is a quite powerful acceptor, effectively retaining the helium in the
body of the grain.

Figure 2 shows the characteristic structure of a sample containing helium (state 4).
In addition to the characteristics listed above, it can be seen from the figure that anneal-
ing leads to the formation of numerous dislocation networks, in which obviously are found a
previously unobserved uniformity of distribution of the helium bubbles, namely: the helium
bubbles are found only in collapsed nodes of the dislocation networks; the sizes of the
helium bubbles are identical (50 = 10 A).

The causes, leading to the observed mechanisms, at the present time are still not com-
pletely explained. It can be said only that one of the possible causes of this distribution
of helium bubbles is a different solubility of helium in expanded and collapsed nodes of the
dislocation networks. The results of this investigation show that the dislocation structure,
stabilized by helium, is a reliable means for preventing the escape of helium at the grain
boundaries and for weakening high-temperature helium embrittlement.
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ABSORBED ELECTRON DOSES IN MIXED LIQUID-PHASE SYSTEMS

/
E. D. Grushkova, V. V. Krayushkin, UDC 539.12.08
and Yu. D. Kozlov

One of the most pressing problems at present is the purification of the sewage and
waste water from towns, factories, and large livestock complexes. Intensive development of
technology for the purification of effluent using various sources of ionizing radiation has
led to the conclusion that the use of electron accelerators is promising [1]. In connection
with this, it is important to investigate the characteristics of the absorbed electromn

- energy in the irradiation of mixed liquid-phase systems.

The absorbed dose (AD) of electrons at any depth of the irradiated medium may be
calculated by the Monte Carlo method, using the kinetic equation with definite boundary
conditions [2]. Relatively simple semiempirical methods of calculating the AD have now also
been developed [3]. 1In [4], an experimentally determined universal function was proposed,
allowing the dose rate in the depth of a semiinfinite absorber to be calculated when a broad
beam of electrons with a known initial angular and energy distribution is incident. These
calculational and experimental methods, however, are cumbersome and complicated for the
practical solution of technological problems and for use in calculations of the basic param-—
eters of radiatiom—chemical plants (RCP).

The aim of the present work is to develop a sufficiently simple method of AD calcula-
tion in liquid-phase systems in designing RCP using electron accelerators.

As is known [5], the distribution of the absorbed-dose rate (ADR) over the depth of an
unmixed object, with irradiation by a normally incident beam of monoenergetic electrons,
is described by the function

P(z):le [ +sin (0.2-+62)] for Bz 4.5, (1)

where x is the thickness coordinate of the irradiated object, g/cm®; Py and O are defined
in [6] in terms of the parameters of the radiation source

1.05 2
9;{ m—- for 003<E<0.35 pl, cm/g (2)
1351 for 0,35<<E <08 pl; ;
(3

Py=23/E6, kg-R/sec.

Here E is the electron energy, pJ; J is the current density at the surface of the irradiated

object, uA/cm?.

It is assumed that the ADR distribution of the electron raidation in a water-equivalent
absorber has the same form as in unmixed systems [3], that irradiated liquid-phase systems
are similar to water in their physical properties, and that the AD distribution in the irra-~
diated layer of liquid is homogeneous (confirmed experimentally [7]). Under these assump-

tions, two cases of the irradiation of a liquid flux by a broad electron beam are considered:

1) when the thickness of the liquid layer does not exceed the path length of electrons of
the given energy; 2) when the thickness of the liquid layer is greater than the electron
path length.

The mean AD in the irradiated liquid layer is determined by integrating the ADR distri-
bution function over the depth of the layer. It is assumed here that the parameters of the
radiation source, and hence also the value of P(x), are constant over time. Then the AD is
determined from the formula (the subscripts 1 and 2 denote the two cases of irradiatiom)

o

l—)l.z: Dy \:—pﬁ(;ldxr. (4)

g

Translated from Atomnaya Energiya, Vol. 53, No. 1, pp. 41-42, July, 1982. Original
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Here x'; = X'2 = af; X", = af + ao¢, X"2 = R; P(x) is the ADR distribution according to Eq.
(1): agf, thickness of the absorbing filter; ao, thickness of the liquid layer; R, maximum
path length of electrons of the given energy in the irradiated liquid. The factor Dy is
determined from the formula
_ 2,3I0F

Dy=—F 103, kg°R, ' . (.5)
1

where I is the total yield current of the electron beam in the atmosphere, mA; L is the
transverse (relative to the direction of liquid flow) dimension of the irradiation zone,
em; v is the velocity of liquid flow, cm/sec. y

If the walls of the radiation—chemical apparatus are made of materials of atomic number
Zef > 10, then reflection of the radiation from the opposite walls must be taken into
account in conditions where the thickness of the irradiated liquid layer does not exceed the
electron path length [8]. '

Integrating, and taking into account that R = 4.5/0 [6], Egs. (2) and (4) yield the
relations

= D 2 S] L g9
D= ﬁ ’_(10 + g sin (OTZ—{—af@--J;—”(é ) sin a; ] ;
— Dy [ 4:0af 2 . af® \ A
=M " T g DIWA oE
D, S0, ! 5 - sn {\...40 +— ) sin (2.25 5 )J (6)

In the general case, when the ADR varies over time t and over the width of the radia-
tion source 7, the mean AD in the irradiated liquid is determined by integration over all
these parameters :

=

Dy

ag L (Ty—T1) Py
“

S

To
Pz, I, ©)dzdl dr. (7
T

Dy

-

1

For a series of specific radiation-engineering processes, the mean values of the AD and
ADR have been determined experimentally, and may be regarded as given in calculating RCP
parameters. Then, from Egs. (1)-(7), with the substitution of the mean values of the AD and
ADR, the basic parameters of the RCP may be determined: the current density and total cur-
rent of the electron beam, the electron energy, liquid flow rate, layer thickness,etc.

Thus, a sufficiently simple method of calculating the AD and ADR of electron radiation

in mixed liquid-phase systems has been proposed, allowing RCP design parameters to be de-
termined.
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INFLUENCE OF REACTOR RADIATION AND y RADIATION UPON THE OPTICAL
PROPERTIES OF QUARTZ GLASS

I. Kh. Abdukadyrova UDC 666.192:535.372.343

The dose dependence of the intensity of the three well-known [l, 2] photoluminescence
peaks A = 290, 470 (hexe = 252-258 mm), and 520 (Xgxc = 320 nm) was earlier studied in vari-
ous quartz glass varieties to determine their possible utilization as detectors of reactor
radiation. The latter two bands have the greatest region of monotonic growth of the light
yield as a function of the thermal neutron flux and are almost independent of uncontrollable
impurities. It was established that the results are well reproducible (57%) and that no
aftereffect exists even when the samples are exposed for several months; the influence of
the temperature in a short heating (200°C), of the dose rate of neutron radiation, and of
®°Co gamma radiation (up to 10° Gr) have been studied. In order to precisely determine the
limits of measurement and the details of the production of radiation defects, the growth of
the luminescence intensity I during a subsequent increase in the flux F to 6°10° neutrons/
cm?® was studied. It was found that the function I(F) has a maximum with a characteristic
position. The maximum of the ultraviolet band occurs earlier (at about 6°10'® neutrons/
cm?®), that of the other bands at about (2-3):10'° neutrons/cm?®. In order to establish the
reason for these changes, we analyzed the kinetics of the absorption spectra. The
optical density of an irradiated sample increases in the ultraviolet (260-300 nm) up
to fluxes of 6:10'° neutrons/cm®, 1In the visible range, there appears a band at A =
620 nm for E ~ 10® neutrons/cm®, and a band near 500 nm at 10*° neutrons/cm® (Fig. 1).

The similarity between the changes in the intensity of the photoluminescence spectra and the
optical absorption leads to the conclusion that the corresponding spectra can overlap.
According to estimates made for 520 and 470 nm, the reabsorption of the emission at visible
color centers is insignificant (10~12%). Therefore, it was concluded that the reduced light
yield of the long-wave photoluminescence bands at F > 3°10'° neutrons/cm® is often caused
by overlapping of the spectra. Most likely there exist other reasons such as radiation
annealing and superposition of the nearest absorption band upon Agyxc. It has been estab-
lished for the ultraviolet peak of the luminescence that I;,, maintains its value at low
doses and increases substantially thereafter; the maximum of the I(F) curve was shifted to-
ward higher doses (toward F = 3-10'® neutrons/cm®). Reabsorption must be considered the
basic effect which accounts for the earlier noted reduction of the light yield at doses of
up to 3:10*® neutrons/cm?®. The photoluminescence peaks under consideration can be employed
in dosimetry up to doses of F = 3:10'° neutrons/cm®? (a correction for reabsorption must be
introduced for the case A = 290 nm). '

It was noted in [2-4] that glasslike silica can exhibit photoluminescence at 615 or 668
nm (upon excitation in the ultraviolet part of the spectrum and in the 620 nm band). There-
fore, the generation of a fourth photoluminescence peak by radiation was studied in three
quartz glass varieties. It was observed that the long-wave photoexcitation of previously
irradiated glass of a fourth type (F = 5:10*7-10'® neutrons/cm?®) produces a luminescence
band with A = 651-658 nm; this is in good agreement with the results of [3]. An increase
in the flux up to 2°10'® neutrons/cm? implies a substantial increase in the light yield
(Fig. 2, curve 1l). At high flux (up to 6+10'® neutrons/cm®) saturation was observed. The
optical density of the color centers with A = 620 nm changes almost linearly at F = 0.5
10'%-2-10'® neutrons/cm® (see Fig. 2, curve 2). It is a characteristic feature that the
saturation region of this center corresponds to that noted for the photoluminescence: (2-6)-
10'® neutrons/cm®. A comparison of curves 1 and 2 (see Fig. 2) reveals that a correlation
between the change of the photoluminescence intensity at 658 nm and the absorption band at
620 nm is observed in each stage of irradiation of quartz glass. Similar peaks were found
in the spectrum of neutron-irradiated glass of the first type. These results confirm the
assumption [3] that the two bands are caused by the same defect which is of the type of a
nonbridging Si—O oxygen atom. The form of the Is20(F) curve was thereafter more precisely

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 42-44, July, 1982. Original
article submitted July 7, 1981.
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Fig. 1. Absorption spectrum
of quartz glass in the range
400-700 nm at a neudtron flux
of 2°10'® neutrons/cm?.
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Fig. 2. Dependence of the intensity of optical spectra of quartz glass
of the fourth type upon the flux: 1) photoluminescence at A = 658 nm;
2) absorption at A = 630 nm; 3) EPR signal with goff = 2.0013; 4) ab-
sorption at A = 215 nm. '

Fig. 3. Growth of the optical density of glass of the first type ex-
posed to gamma radiation (curves 1 and 3) and to reactor radiation
(curves 2 and 4) in the maximum of the 215 nm (curves 1 and 2) and
540 nm (curves 3 and 4) bands.

determined by calculation with the Smakula formula [5] with which the approximate concentra-
tion of the color centers with A = 620 nm was calculated. The values obtained show that the
concentration N of the centers does increase up to 2.8:10'® c¢m ® at 2:10'° neutrons/cm?® and
that it changes only slightly thereafter (to about N = 3,0-10*® cm ?).

A structure-sensitive technique, viz., electron-paramagnetic resonance (EPR), was used
for the subsequent investigation of the accumulation and destruction of defects in the sam-
ples under consideration. In all irradiated plates, the usual axially symmetric signal of
the E' center with geff = 2.0013 was observed at room temperature. The intensity of these
signals (see Fig. 2, curve 3) is proportional to the dose of the reactor radiation in the
range 5°10'7-2°10'° neutrons/cm®. The IgPR(F), Isse(F), and Lgy0(F) curves (see Fig. 2,
curves 3, 1, and 2, respectively) obey a unique law. The density of the optical absorption
with X = 215 nm increases linearly up to F = 2°10'°® neutrons/cm?® in the Plates examined (see
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TABLE L. Stabillity ot the Keadings ot

the (E,-Es) System Based on Quartz Glass
of Type 1 During Variations of the
External Conditions (ai-as)

Number of the measurement
Parameter

1 2 3 4

a;, h 0,5 2 15 1000
1 0,30 0,33 0,31 0,30
ay, h 0,25 0,30 0,45 0,70
E, 0,32 0,32 0,29 0,26

as, °C 30 90 150 180
E, 0,31 0,33 0,30 0,29

ay, °C 40 70 200 220
Ty 0,30 0,32 0,32 0,28

a5, R/sec* 20 80 1000 4000
E, 0,32 0,32 0,30 0,27

*1 R = 2.58:107“ C/kg.

Fig. 2, curve 4). Our results, along with the published data on the suggested nature of the
defects produced, lead tothe conclusion that the defect formation in quartz glass of in-
creased purity is dominated by a well-known mechanism: rupture of S5i—O bonds with simul-
taneous formation of two defects of the Si—0 or Si type, the defects being traps of charge
carriers. Indeed, the reactor irradiation of glass of the fourth type produces a large
number of centers with geff = 2.0013 and A = 215 nm while at the same time a significant
concentration of centers with A = 620 and 658 nm is observed. This means that the corre-
sponding structural defects are stable and interrelated and that the kinetics of their
accumulation are similar.

In our opinion, there is all reason to use the range of proportionate intemnsity in-
crease of the signals considered for the dosimetry of reactor radiation in the range of
5+10'7-2°10'® neutrons/cm®.

The glasses were irradiated with °°Co photons in order to assess the contribution of
the gamma component of the composite radiation during the development of, say, ultraviolet
absorption centers. The result is that the absorption at 215 nm is extremely weak. This
attests to selective recording of neutrom radiation by the glasses of types 3 and 4. Simi-
lar experiments were made with glass of type 1. The corresponding induced optical absorp-
tion at A = 215 nm is represented (Fig. 3) by curves 1 and 2 which indicate the accumulation
of defects upon gamma and gamma-neutron irradiation, respectively. The functions Ey (D) and
Ey,n(D) differ considerably in the very wide dose range from 10° to 10%® Gy. The curve Ey (D)
(Fig. 3, curve 1) is characterized by a proportionate increase up to 3°10° Gy and a slight
reduction of the slope thereafter. Such kineticsare extremely interésting for the deter-
mination of the absorbed gamma radiation dose in practice. Therefore the operational char-
acteristics of the glass were investigated. It follows from Table 1 that the glass of type
1 is characterized by high reproducibility of the readings (a.) in the four measurement
cycles listed, by stability during variations of the irradiation temperature and the storage
temperature (as, ds), and by a slight decrease in density at increasing times of optical
bleaching (a.) and at increasing dose rates (as). The possibility of 'healing" the induced
band by heating up to T = 500°C and the subsequent use of the sample was assessed. 1In the
case of y,n-irradiation, the coloring (Fig. 3, curve 2) is first characterized by a small
color-center generation rate which thereafter increases with increasing dose. The curve
depicting the accumulation of color centers under the influence of reactor radiation rises
higher than that obtained with y radiation and does not reach saturation. This feature can
be employed to determine the contribution of neutron radiation when unknown curves are
evaluated.

Irradiation in cadmium sheaths did not strongly modify the concentration of the cen-
ters. In the visible part of the spectrum, an absorption band with X = 540 nm is induced
in the gamma-irradiated samples (Fig. 3, curve 3). It follows from Fig. 3 that the degree
to which the sample is darkened increases proportionately to the dose up to 7-10° Gy (as we
had observed previously), and thereafter saturation of the visible coloring is observed at
10%-10° Gy. The defect-formation process seems to become stable because the unknown centers
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are of the impurity type. A similar curve was obtained for samples irradiated in a reactor.
In the first stage, the form of the kinetics and the rate of darkening resemble the case of
gamma irradiation (Fig. 3, curve 4), and the curve reaches a maximum. This can be caused

seems to result from an intense migration of metallic impurities at high doses of reactor
radiation (107-10°Gy), i.e., from radiation annealing. This feature of the function
Es,o(D), i.e., the fact that the centers are related to impurities, makes the earlier sug-
gested colorimetric gamma dosimeter from glass of type 1 (A = 540 nm) unsuitable for the
determination of the gamma component in the case of y,n-irradiation. In the latter case,
one should better employ the color centers of this glass with the maximum at 215 nm in the
interval of 10°-10° Gy of composite radiation or of °°Co gamma radiation, with the color
centers resulting from intrinsic structural defects.
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TAKING INTO ACCOUNT THE VARIABLE BACKGROUND OF DELAYED NEUTRONS
IN REACTIVITY MEASUREMENTS WITH THE AID OF PULSED NEUTRON
TECHNIQUES

A. G. Shokod'ko and V. M. Sluchevskaya - UDC 621.039.51

It is generally accepted that when the reactivity is measured with integral pulse tech-
niques, the timewise integral count Fy of the neutron detector in the delayed neutron flux
resulting from the irradiation of the reactor by a pulsed neutron source must be determined
(1, 2]. These measurements are usually made in reactors with a rather small lifetime of the
instantaneous (flash) neutrons so that the inequalities

a» R>M, (L

are satisfied to the greatest possible extent, where a denotes the basic (smallest) attenua-
tion coefficient of the instantaneous neutrons; XAi, decay constant of the precursors of the
delayed neutrons of the i-th group; and R, frequency of switching on the time analyzer re-
cording the response of the detector in the reactor to detector irradiation from the source
(the frequency of flashes of the pulsed source can be any integer times smaller than R).

Thus, with conditions (1) the time analyzer records the decay of the instantaneous
component of the neutron flux on an almost constant background resulting from the delayed
component; the Fq value is obtained from the following elementary relationship (in the zeroth
approximation): :

1/R
”1-27;_

F0
d ’

(2)
where n, 2 denotes the total number of counts in the time analyzer channels comprising the
selected time interval from t, to t, at the end of the time analyzer cycle when the in-
stantaneous component has practically ceased.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 44-45, July, 1982. Original

,article submitted July 16, 1981.
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TABLE 1. Correction Factor Kpszx and
Degree to which It is Approximated by
the Factor Kgax

ettt e
R Kyax~Fmax . Kinax~Kmax
I, Kwmax | =R — |1 Nmax T FKpar
Hz wp Hz o
E’/ljeﬁc”’ 1 p/Besr= 10
2 11,05118 0,500 2 1,00532 0,955
4 | 1,02648 0,119 4 1,04879 0,224
6 | 1,01785 0,050 6 1,03275 0,093
10 | 1,01080 0,016 10 1,01975 0,030
14 1.,00774 0,007 14 1,01413 0,013
20 | 1,00044 0,002 20 1,00991 0,005
plegr 5 0/ Bog= — 20
2 1 1,08098 0,869 2 1,00980 1,035
4 | 1,04458 0,207 4 1,05097 0,255
G | 1,02994 (0,087 6 1,03419 0,112
10 | 1,01807 0,029 10 1,02061 0,040
14 1 1,01293 0,013 14 1,01474 0,020
20 | 1,00907 0,005 200 | 1,01033 0,010

Naturally, Eq. (2) is an approximation. An Fgq determination of greater accuracy has
been provided in [3-6] where the delayed component of the detector count was represented as
a sum of exponentials the number of which is equal to the number of groups of delayed neu-
trons:

N ()=Ny D\ djexp(—ajt); j=1. ... 6 (3
i
where aj denotes the roots of the Nordheim equation which result from the decay constants
Ai:

a;o al

P i oA ‘
5eff+1z Ri—a Batt )

at given reactivities p/Beff and ratios A/Befrf; A denotes the time of generation of in-
stantaneous neutrons in the reactor; and @i denotes the relative fraction of delayed neu-
trons in the i-th group. The amplitudes Aj are given by the equation

Aj=(MByget 3] laihe /(i — o] &)

Under these assumptions a correction factor K for F§°) was obtained in [2] with the aid

of Eq. (2) for the case in which t; — t;, is equal to the channel width of the time analyzer:

: D1 Ajley
K= e 3 . (6)
ZJ {Aj exp (— L) /(R [t —exp (—aj/R)])}
7

When t; increases, the correction factor grows and reaches its maximum Kmax at the limit
tz = 1/R. This method of obtaining the correction of Eq. (6) is not very advantageous be-
cause a Nordheim of 7th order must be solved.

The goal of the present work was to obtain the maximum simplification of the formula
for the correction factor and, accordingly, to simplify the calculations at an insignificant
loss of accuracy of the correction. This was obtained by using a single group of delayed
neutrons with an effective decay constant: ~

A= _] aih;. D)
This form of A can be generally justified for the given conditions by considering only the
form of the neutron yield curve of the sample in experiments in which the parameters aj and
A{ are being determined [7]. Indeed, in flash irradiation of a sample, the curve has the
form n(t) = cZajhrjexp(—Ajit), where c = const. For a time analyzer, the curve is con-
verted into the curve n'(t) = ¢ 3 a}; |1 — cxp (—A/ )] exp (—ht) = ¢/t (1 —12a;h;), under the condi-
tions of Eq. (1), and from this curve results the efficient parameter A in Eq. (7).
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Declassified ’
For a aingie gruup UL welayea neuctrons, rq. (4) becomes a second-order equation or even

a first-order equation at alA/Beff ~ 0; oZag can be easily calculated by hand for known A
and p/Beff. After that, the unknown correction factor can be easily determined.

In order to verify the degree of accuracy of this approach, Kmax was calculated with
a "MIR" computer for six groups of delayed neutrons and K§§§ was calculated for a single
group with an effective A and with Eq. (7). The calculations were made for several p/Beff
and R values (see Table 1). The delayed-neutron data were taken from [7] for 23°U () =
0.435 sec” '). It follows from Table 1 that for all reactivity values and for the majority
of frequencies, K§££ differs from the true Kpay by at most 0.25%. This means that the
approximation with a single effective group of delayed neutrons renders good results in this -
case, and Fq can be found in this approximation either with the formula

) “1—exp (—aq/R)
Fa= 8
aT e exXD (—agly)—exp (—agly) &),
or with the formula
Fa=Fpn, | (9)

in which the correction factor n is defined by the formula

1——exb(—~adUﬂ Ly—1y | (10)’

n= exp (—agl;) —exp (—aqty) 1/R

When the factor K of Eq. (6) is taken for a single exponential, the factor is a particular
case of the factor n. v

In an experiment, oy should be obtained by iteration. In zeroth iteration, the reac-
tivity is determined with Fg (see Eq. (2)) in a pulse technique; after that, aq is deter-
mined, then n or Fq in the first iteration, etc. The iteration process converges very
rapidly. One or two iterations suffice to obtain accuracy. Interestingly enough, the

approximation with a single effective group of delayed neutrons with A= 1/2 (a;/A;) [6] in
- . 1

place of A according to Eq. (7) reduces X by a factor of about 5.5 and results in an almost
1007% deviation of (K§££ — 1) from (Kpax — 1).

Therefore, our work suggests an extremely simple and, at the same time, adequately
accurate approximation which takes into account the variable background of delayed neutrons
in pulsed neutron experiments.
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MEASUREMENT OF TRANSIENT VARTIATIONS OF THERMOELECTROMOTIVE FORCE

E. P. Volkov, V. I. Nalivaev, . |  UDC 536.532
S. V., Priimak, I. I. Fedik, K
0. P. Tselykovskii, and V. Ya. Yakubov

Certain methodological difficulties arise in the investigacion of the effect of nuclear
radiations on the thermoelectromotive force (transient variations) of thermocouples in pulsed
reactors. The distinctive features of these reactors impose specific demands on the tech-
nique of measuring transient variations. '

The rate at which energy is released per unit volume qy in the constructional materials
and reference metals needs to be known for  the thermal analysis of the irradiation device
and to provide a basis for the measurement technique. The quasiadiabatic method of measure~
ment [1] is simple, reliable, and sufficiently accurate. As shown in [1], the specific
energy released qy can be calculated through the formula:

dt
gv=¢0 —=— W/ms,

where ¢ is the specific heat (kJ/kg*°K); p, density (kg/m®); and dt/dt, rate of variation
of temperature on the linear part of the heating curve (°K/sec). This method was used to
measure qy for aluminum, graphite, stainless steel, silver, and tantalum.

The construction of the calorimetric sensor is shown in Fig. 1. A thermocouple of
diameter 0.7 mm is located in the calorimetric body, made from the material under investi-
gation. Contact between the thermocouple and the calorimetric body is provided by low tem-
perature solder. The calorimetric body is centered in the casing by means of a needle
support and an annular disk with needle-shaped lugs. The support and the disk are made from
asbestos. The sensor casing was made from graphite, to minimize the absorption of reactor
radiation. The thermoelectromotive force was amplified by a normalizing converter .and dis-
played on a cathode ray oscilloscope. The relative error of the measuring circuit was not
more than *17.

The irradiation device together with the calorimetric sensors was installed in the re-
actor. The calorimetric body was allowed to come to ambient temperature, after which the
reactor was switched on and the temperature of the calorimetric body recorded. The reactor
power was arranged so that the temperature of the calorimetric body remained low (not more
than 400°K), when heat loss due to radiation is negligible.

The results of the measurements of qy in aluminum, grpahite, steel, silver, and tanta-
lum are presented in Fig. 2, from which it can be seen that the specific energy released is
proportional to reactor power. We note that nuclear radiation has no effect on the thermo-
electromotive force of thermocouples mounted in the calorimetric body and on the measure-
ments of qy, since this effect is independent of temperature in the working temperature
range of calorimetric semsors [2].

Our results and also those of [3] dindicate that the specific energy released by sub-
stances of atomic number Z close to those investigated is sufficiently well described by a
linear dependence of qy on Z. This enabled us to find qy for copper, using experimental
values.

The results on the specific energy released in the reference metals enabled us to solve
the questions of principle involved in the measurement of the transient variations AE,
namely: the choice of the initial temperature Tipit of the reference metal, the calculation
of the time required to melt it, and the choice of the recording instrument.

Translated from Atomnaya énergiya, Vol. 53, No. 1, pp. 45-47, July, 1982. Original
article submitted July 28, 1981.
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Fig. 1. Calorimetric sensor: 1) casing; 2) needle support; 3) calori-

metric body; 4) thermocouple; 5) annular disc.

Fig. 2. Plots of specific energy reléased versus flux density of
thermal neutrons. +) C; A) Al; O steel Kh18NLOT; O0) Ag; x) Ta.
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Fig. 3. Variation with time
after reactor switched on for
(a) power for thermal neutron
flux density dpax ~ 3.5°
10*® neutrons/m?:sec; and
- (b) temperature of silver.

TABLE 1. Time of Melting and Initial
Temperature of Silver and Copper for
Different Thermal Neutron Flux Densi-

ties

8T T =1,75-1018 T
i neutrony/m?-sec neutrons/m?‘sec
f=ars}
“:';) 5] Tmelts Tinits Tmelt? Tinjes
B sec K sec K
Ag 14,8 1190 - T4 1140
Cu 24,0 1320 12,0 1300

The initial temperature of the reference metal is chosen below the melting point by an
amount such that the reference metal is heated up to the melting point Tpelt in the time
taken by the reactor to reach steady power:

po
gy N (1) di—g
. ) 0
Enit =Znerr cp s
where q%nit is the specific energy released per unit reactor power; N(t), reactor power; ‘To,
time taken by the reactor to reach steady power conditions; and Q, heat losses due to radia-

tion and conduction per unit volume of reference metal.

7
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The construction of the irradiation device provides the necessary screening of the
sample of reference metal. This enables Q to be neglected. The time required to melt the
reference metal is found from the relationship

)

"melt = Ymett P/9v
where ype1t 1s the specific heat of fusion.

The initial temperature of the reference metals and the time required to melt them are
given in Table 1. It can be seen from these results that thermoelectromotive force can be
recorded using a penrecorder with a speed of response of ~0.5 sec.

Transient variations were measured in VR 5/20 thermocouples of diameter 1.6 mm, the
working joints of which were obtained by direct welding of the thermoelectrodes to the
molybdenum sheath. The irradiation device held a container with samples of the reference
metals — silver and copper — togetherwith thermocouples, and a heater with which to set the
temperature of the reference metals Tijpit prior to switching on the reactor. The measuring
setup and the radiation conditions of the tests are described by Volkov et al. in the fol-
lowing article of the present issue. '

A typical temperature curve in the measurement of AE is shown in Fig. 3, where AE is
defined as the difference AE = Epelt — Egolidification- It was established that the values
of the transient variations of the thermoelectromotive force of VR 5/20 thermocouples of the
tested construction at the melting points of silver and copper are negative and do not ex-
ceed 0.67% of the measured value.

Summarizing, the specificenergy released in the reference and constructional materials
of the irradiation device were measured in the course of the tests. This enabled methodo-
logical questions relating to the measurement of the transient variations of the thermo-
electromotive force of thermocouples under pulsed reactor conditions to be resolved.
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THERMOELECTROMOTIVE FORCE OF VR 5/20 THERMOCOUPLES OF VARIOUS

CONSTRUCTIONS
E. P. Volkov, V. I. Nalivaev, UDC 536.532
S. V. Priimak, I. I. Fedik,
0. P. Tselykovskii, and V. Ya. Yakubov

The effect of nuclear radiations on the thermoelectromotive force (the transient varia-
tions AE) of thermocouples has been investigated in many papers [l]. The results cited in
these papers are often contradictory, both in absolute magnitude and in sign, which renders
their practical exploitation difficult. It is no easy matter to establish the reasons for
these discrepancies, since the published papers do not always consider the contructional
features of the investigated thermocouples and the tests are carried out in reactors with
different radiation spectra.

In the work reported here we investigated the transient variations of the thermoelec~
tromotive force of VR 5/20 thermocouples of various constructions under pulsed reactor con-
ditions. The VR 5/20 type thermocouple is one which is widely used to measure temperatures
up to 2000°K in vacuo and in inert and carbon~containing media.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 1, pp. 47-48, July, 1982. Original
article submitted July 28, 1981.
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Fig. 1. Various forms of working
junction. (a) Thermoelectrodes
welded to sheath; (b) isolated junc-
tion; (c) cork with shaped slots;
(d), (e) junction with two- and
three-loop structure, respectively;
(f) thermocouple mounted in ZrC
bush.

The various thermocouple constructions are shown in Fig. 1, where 1 denotes the thermo-
electrodes, of diameter 0.2 or 0.35 mm; 2 is an insulator of BeO; 3 is a protective sheath
of Mo, of diameter 1.6 or 2.0 mm. The working junction is of various forms: welded to the
sheath, isolated from the sheath, or located in a cork 4 with shaped slots [2]. The latter
variant improves the reliability of the thermocouple as it avoids having to weld the thermo-
electrodes to the sheath, and contact of the thermoelectrodeswith the sheath isover the surface of
the sheath, the thermoelectrodes, and the cork; the working junctionis displaced, however, into
the sheath. This type of junction was thus modeled in the tests by the constructions shown
in Fig. 1d, e. The thermal resistance between the electrical contact 5 of the thermoelec-
trodes and the protective sheath is clearly increased in this model on account of the radia-
tive heating. We also tested thermocouples with a protective bush 6 of ZrC, a construction
often used in temperature measurements in pulsed reactors.

The tests were carried out on 30 thermocouples (3 of each type at the melting points of
each of the reference metals — silver and copper). The irradiation device incorporated a
graphite container with a central hole and a number of nonthrough holes around the peri-
phery containing chemically pure (reference) metals and the thermocouples. An electrical
heater was mounted in the central hole. Two coaxial screens of molybdenum foil were mounted
in the gap between the container and the casing of the irradiation device, which was cooled
by the flowing reactor water.

The tests were carried out at a reactor power giving the following conditions: thermal
neutron flux density ~3.5°10° neutrons/m®'sec; fast neutron flux density ~6°10'7 neutrons/
m?*sec; y radiation dose rate ~2°10° rad/sec (1 rad = 2.58:10 “ Cal/kg); duration of irra-
diation pulse — not more than 10 sec.

The thermoelectromotive force was measured by the precision setup described in [3].
Instrumental error in the measurement of temperature in the range 1230-1350°K by the VR 5/20
thermocouple did not exceed 9 pyV. Transient variations were defined as AE = ER — E,, where
ER and E; are the mean values of the thermoelectromotive force at nominal and zero reactor
power respectively. The mean-square error of the measurements of AE amounted to *0.6°K.
Each type of thermocouple gave a linear dependence of AE on reactor power. '

An analysis of the results of the tests showed that the transient variations of the
thermoelectromotive force of thermocouples with a working junction of type (a), characterized
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by minimum thermal resistance between the electrical contact of the thermoelectrodes and the
protective sheath, are negative at the melting points of silver and copper and do not exceed
—5.6°K, which agrees with the conclusions of [4] as regards the sign of the transient varia-
tions. The difference in absolute value must apparently be ascribed to the constructional
differences of the thermocouples and the features of the irradiation conditions.

The transient variations of thermocouplesof types (b) werenot more than 5°K, which can
be explained by the fact that the thermal resistance between the junction and the reference
metal results in an increase in the component of AE due to radiative heating [5].

The maximum values of AE of thermocouples types (d) and (e), which model type (c), are
—2.5 and —5.1°K respectively. The electrical contact of the thermoelectrodes of these
thermocouples is removed from the place of welding to the sheath but is in the immediate
vicinity of the insulator. The thermal resistance between the electrical contact and the
protective sheath is thus small and the variations of AE due to radiative heating are con-
sequently insignificant.

Variations of the thermoelectromotive force of thermocouples type (f) did not exceed
+10°K at the melting point of silver and copper. They are cuased by the effect of the con-
tact thermal resistance between the protective sheath and the protective ZrC bush, which in-
creases the component due to radiative heating.

In this manner, 1f the thermal resistance between the electrical contact of the thermo-
electrodes and the protective sheath is negligibly small, then the transient variations of
the thermoelectromotive force of VR 5/20 thermocouples are negative: from —2.5 to —5.6°K.
VR 5/20 thermocouples with an isolated junction or with a protective ZrC bush have transient
variations which are positive (5~10°K). The sign and the absolute value of the transient
variations of the thermoelectromotive force depend not only on the irradiation conditions
but also on the construction of the thermocouple and on how it is mounted in the object.
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DEPENDENCE OF SPATIAL DISTRIBUTION OF NEUTRONS UNDER MODERATION
IN POLYETHYLENE OF THICKNESS UP TO 5 c¢m ON THEIR INITIAL ENERGY

S. P. Makarov : UDC 539.125.5

In order to estimate how the capture of neutrons under moderation (resonance neutrons)
and thermal neutrons influences the energy dependence of the neutron counting efficiency, we
require to know how the space-energy distribution within a polyethylene moderator depends
on the initial energy of the neutrons incident upon the moderator.

The neutron current density to the detector is reduced as a result of the capture by
the absorber of neutrons under moderation and thermal neutrons, i.e., the neutron counting
efficiency is reduced. For each value of the initial neutron energy, the proportion of
neutrons captured depends, firstly, on the type of absorber (thermal or resonance neutrons),
and, secondly, on where the plate-abosrber is located within the interior of the moderator.
If the difference between the proportions of neutrons captured at any two values of their
initial energy is nonzero, then the introduction of the absorber into the interior of the
moderator changes the form of the energy dependence of the neutron counting efficiency.

This is possible if the space—energy distribution of the thermal neutrons and neutrons under
moderation depends on the initial neutron energy.

The accuracy of computation depends greatly on how well the spatial distribution of
points of formation (sources) of thermal neutrons is knwon. The results of the computation
cited in Table 1 were obtained allowing for the relative contribution made by epithermal
neutrons to the count rate (a 1/v detector).

The fact that At is nonzero is due mainly to the dependence of the spatial distribution
of thermal neutrons and neutrons under moderation on their initial energy. The largest
value of Ar = 0.15 was obtained at x =~ 1.5 em, while the largest (by more than a factor of
one and a half) variation of the relative counting efficiency for fast (Eo,) and intermediate
(Eo2) neutrons, important for practical purposes, is attained with a thermal-neutron ab-
sorber and is located a few millimeters from the detector.

Resonance absorbers, unlike thermal absorbers, do not screen thermal neutrons and only
partially reduce their source density. They are thus less effective than thermal absorbers.

Allowing for the capture of thermal neutrons by an indium plate of thickness 0,5 mm and
for the relative contribution of epithermal neutrons to the count rate, we find that
Arn(l, 0) = 0.09; when t = 2 cm, Ep; = 5 MeV, Egz = 0.024 MeV. For a silver plate of thick-
ness 0.9 mm under the same conditions, Apg(l, 0) = 0.04.

Experimental determination of the values of A confirmed the results of the calculation.

_ Table 2 presents the results of measurements taken under conditions close to optimum,
when the values of A, the difference between the proportions of neutrons captured, are at
their greatest. 1In the energy range of SbBe and PoBe neutron sources, the optimum thickness
of a polyethylene moderator is 2 cm (at a diameter of 7 cm); the optimum (experimental)

value of x is ~0.5 cm and is the same for any absorber (cadmium, indium, silver). It does
not depend on the thickness of the moderator (the greatest neutron count rate for the SbBe
source is observed when t = 3.5 ecm). The thicknesses of the plate-absorbers are also the

optimum (with respect to A), The measurements were repeated many times. The error in the
cited values of nagpg(x, Eo)/n(Ee) is not more than unity in the second decimal place.

The values of n' and A' cited in Table 2 (the contribution of recoil protons to the
count rate is subtracted) refers to moderated and themal neutrons, the registration of which

is affected by resonance absorbers. Resonance absorbers have hardly any effect on fast
neutrons.

Translated from Atomnaya Energiya, Vol. 53, No. 1, pp. 48-49, July, 1982. Original
article submitted August 3, 198l; revision submitted December 30, 1981.
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TABLE 1. Relative Reduction of Neutron
Count Rate as Function of x and Initial
Neutron Energy Eo, where x is Distance
between Detector and Thermal-Neutron
Plate-Absorber in a Polyethylene
Moderator of Thickness 3.5 cm

= a e @

g2 | €3 SR S

S - R ~ -z g =
Sl S| SR (26| 55| 5| &
i F & < i fle fle | <
0,0/ 0,44 | 0,08 {0,03/2,0| 0,71 | 0,56 0,15
0,5/ 0,28 | 0,48 |0,102,5| 0,8 | 0,69 |0,11
1,0/ 0,43 | 0,30 [0,13|3,0| 0,91 | 0,8 |0,07
1,5/ 0,57 | 0,42 [0,15(3,5| 1,00 | 1,00 |0,00

Note. Here A7(x) is the difference
between the proportions of thermal
neutrons captured, Eo, >> 1 MeV;
Eoz < 0.01 MeV.

TABLE 2. Ratio of Neutron Count Rates
with Absorber and Without It

[nabs (x, Eo)/n(E)]

E & i £

2y a3 3 2

5 & sl | g <2

B33 »|3 w|Z 9l

<z |= |2 i .

PR e [=d F=a =g =y el == Rl
teg - 0.2 0,80 | 0,57 [0.28] 0.60 | 0,08+0,02
g~ 0.5 0,84 0,58 0261 068 | 0,4040,02
Lag— 0,9 0,84 0,65 0,19 0,68 | 0,033:0,02

Experimentally determined values of A' are in good agreement with the results of the
calculations. The tentative estimate of A obtained for a wide energy interval E, and
thermal absorbers (see Table 1) is greater than ACd (see Table 2) due to the narrower energy
interval Eo in the latter case.

If resonance absorbers are combined, then, ignoring screening, Ay can be described by
the formula:

Ay~ (A—A)ca+ ) A
1

i.e., Ay can be increased only by combining absorbers having resonances. 1If, e.g., XIn >
Xcd» then a cadmium plate of thickness 0.5 mm completely screens the indium plate. If
(x1n — %¢d) < 0.5 cm, then partial screening is observed.

As shown by the results of calculations and measurements, the most effective absorbers
are those for which the energy of the resonances Ef < 5 eV. For a uniform distribution of
resonance absorbers over the thickness of the polyethylene moderator, the proportion of
neutrons captured is increased, which is whatone would expect from theoretical considera-
tions. The values of A' in this case are, however, less than if the same quantity (in
terms of the number of nuclei) of absorber had been used in the form of a plate. It follows
from this that a uniform distribution of absorbers in the volume of the moderator results
in the loss of the effect connected with the different spatial density distributions of
thermal neutrons and neutrons under moderation for different E,.

The values of A' become close to zero when the thickness of the polyethylene absorber
t > 5 cm. Accordingly, the above features could not be observed, e.g., when a cadmium ab-
sorber was used in the moderators of known neutron sensors under conditions much different
from optimum (t > 5 cm).
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I1f a boron absorbér is introduced into a moderator ot any thickness, the values oI Ag
-are close to zero. In this case, as before, the neutron counting efficiency is reduced to
the same extent for any value of Eo.

In this manner, the introduction of resonance absorbers into the interior of the
moderator and the determination of the difference between the proportion of neutrons cap-
tured A from measurements provides a way of detecting the dependence of the spatial dis-
tribution of thermal neutrons and neutrons under moderation on their energy. Furthermore,
this method enables the physical conditions necessary for the existence of this dependence
to be determined together with the optimum conditions for which the value of A is greatest.

The method of varying the energy dependence of the neutron counting efficiency by in-
troducing resonance absorbers into comparatively thin hydrogen-containing moderators has
found practical application. It was used to develop a portable "wide~range' neutron counter
[1, 2] in which the neutron counting efficiency varies within the limits *14% over a wide
energy range. Allowing for the energy dependence of the wide-range Hansen and MacKibben
neutron counter used as a monitor, this variation is less than *117%, i.e., lies almost
within the same limits as the known wide-range counter [3].

The author wishes to thank N. I. Laletin for valuable remarks in the course of the
calculations and also B. M. Gokhberg and S. N. Serbinov for their assistance with the ex-
perimental part of the work.
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Corrigenda: The author of "Fourth Congress on the Use of New Nuclear Physics Methods in the
National Economy" (Vol. 52, No. 4, p. 227) is Yu. S. Zamyatin.
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IMPLANTATION OF RADIOACTIVE CESIUM IONS IN SOLID MATERIALS

Yu. V. Bulgakov, V. P. Petukhov, ' UDC 516.236
and L. M. Savel'eva

In using the method of radiocactive indicators in experiments with solid objects, it is
often difficult to introduce the active impurity into the sample on account of its inade-
quate -solubility. In such cases, the method of ionic implantation opens broad possibili-
ties, allowing any impurities to be introduced into any solid substrate. However, the use
of standard implanters acting on the principle of the magnetic separation of nuclides for
this purpose is complicated by considerations of radiation safety and by the low use co-
efficient of the working material. The problem is significantly simplified if implantation
is restricted to ions of cesium, rubidium, and potassium, which have the smallest ionization
potentials. For these ions, there exist simple and highly efficient (~100%) sources,
operating on the basis of surface ionization [1]. Thanks to the selectivity of the ioniza-
tion process, such sources do not require subsequent separation of the ions, which signifi-
cantly simplifies the whole equipment, and provides radiation safety when working with ions
of radioactive nuclides. The above elements have a set of radioactive isotopes (see Table
lof [2]), and therefore the method is sufficiently universal. Below, an implanter of radio-
active ions used in investigations of the durability of materials is described [3, 4], and
some data are reported on the behavior of cesium introduced in solid materials.

The basic component of the implanter is an ion source, shown diagrammatically in Fig.
1. TIonization of atoms of the working material occurs at a tungsten strip 1, coated by a
layer of porous tungsten (tungsten sponge). The sponge is obtained by sintering tungsten
powder moistened by distilled water, at the surface of the tape as a result of heating in
vacuo at v1700°C for 1-2 min. Before exposing the sample, the working material is applied to
the surface of the tungsten sponge in the form of an aqueous solution of an appropriate com-
pound (for example, a solution of the salt CsCl). On heating the tape to a sufficiently
~high temperature, the compound breaks down, and cesium (or another alkali metal) evaporates
from the tungsten in the form of positive ions. These are acceletrated in an electric field
created in the gap between the ion-source screen 2 and the diaphragm 3, under which the
activated sample is placed.

Implantation of ions is performed in a vacuum of ~7 mPa. The permissible residual
pressure is determined mainly by the electric strength of the accelerating gap. It is pos-
sible to use an oil exhaust system without a nitrogen trap, but in this case it is de-
sirable to maintain the temperature of the activated samples at 100-150°C for the removal
of the oil film from their surface. The temperature to which the tungsten tape is heated
on irradiation is chosen experimentally, taking the condition of maximum use of the working
material into account. At low temperature, metallic cesium accumulates at the tungsten
surface, reducing its working yield, and consequently the probability of the evaporation of
cesium in ionic form is sharply reduced; at high temperature, the material evaporates too
rapidly, which leads tc breakdown of the accelerating gap and reduction is 900-1000°C, when
an ion flux of ~1°10'* em™? may be produced in the course of a single implantation. The
duration of ionic implantation in these conditions is 5-10 sec, and the use coefficient
of the working material reaches. 50%. With increase in ionic flux, the use coefficient falls,
mainly because of the reduction in ifonization probability and the breakdown of the accelerat-

ing gap.

The strength of retention of the radiocactive ions in the samples is determined by the
depth of their implantation. The latter, in turn, -depends on the nature of the ions, their
energy, and the target characteristics. In Fig. 2, the dependence of the mean projective
path lengths Rp and their scatter ARp on the atomic number of the target Z, is shown for
ceslum ions of various energies; the curves are obtained by the interpolation of tabular
data [5]. 1In the experimental conditions (E = 50-70 keV), the implantation depth of the ions
was 10-30 nm for different materials; this is sufficient to obtain strong radiocactive markers

_ Translated from Atomnaya Energiya, Vol. 53, No. 1, pp. 50-51, July, 1982. Original
article submitted September 1, 1981.
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| Fig. 2. Dependence of the mean

' " protective path Rp and the scatter
of the paths ARp (dashed curves)
of cesium ions on the atomic num-
ber of the target atoms Z; and the
energy, keV: 1) 20; 2) 80; 3)
300; 4) 1000.

TABLE 1. Decay Characteristics of Long-
lived (T./2 > 1 day) Isotopes of Po-
tassium, Rubidium, and Cesium [2]

: E, keV
A Ty

. /2 B* - v
k{40 | 71,3100 yr, 491 1321 1470
| 43 0,94days — 830 627

83 83 days — — 021
Rl [ 84 38 days 1700 908 890
7 86 10 da¥ys — 1795 1080

: L 87 | 5,3.1010year - 270 —
' , 120 1,3 days — — 410
[131 0,7 days - 355

Cs 132 6,5 days — — 670
1 134 2,1 days - 657 625

157 30 yr. — 514 662

Note. Only the energies of the most
intense spectral lines of the B%, 87,
and y radiation of the nuclides are
shown.
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at the surtace or the activated objects. Experiments with targets of diamond, aluminum,

" silicon, iron, and copper and also of some alloys based on aluminum and iron showed that
removal of the marker by mechanical or chemical means is impossible without also removing
the substrate material. Thermal vaporization of the marker in conditions excluding oxida-
tion of the materials is only observed at the. melting point of the investigated materials.

.+ It remains to thank academician G. N. Flerov for his interest in the work, and for
valuable advice.
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