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ARTICLES

THE LITHIUM ZONE IN THE BLANKET
OF A FUSION REACTOR

V. G, Vasillev, Z. V, Ershova, UDC 621.039.6:621.039.573
and E, V, Dmitrievskaya

A controlled deuterium—tritium thermonuclear reaction in a fusion reactor involves producing tritium
in the reactor itself, which is then used to supply the plasma. It has been suggested that tritium can be pro-
duced by using either metallic lithium or various lithium compounds in the reactor blanket. Schemes were
first proposed {1, 2] for the blanket zone in pure reactors, where the fusion neutrons are absorbed in the
breeding zone of the blanket, which contains lithium materials in the molten or solid states [3~5]. In the first
case, the lithium material is used also as the heat carrier. In the second case, the heat carrier is some other
working body, e.g., helium. Therefore, the lithium zone in a pure reactor acts as a tritium accumulator and is
a source of thermal energy. Table 1 gives the lithium materials that have been suggested for the breeding
zone. A fusion reactor differs from a fission one in that the heat-transport loop is involved in the production
and isolation of the tritlum required for fusion. The performance of a pure reactor is examined in terms of
three parameters: improvement in the efficiency of the reactor (station) as a whole, attainment of the maxi-
mum tritium breeding factor, and optimization of the working conditions in the first wall.

High efficiency involves raising the heat-carrier temperature, and this complicates various aspects
related to the accumulation of tritium, Elevated temperatures increase the diffusion and dissolution of tritium
in the material. Also, there are serious problems of corrosion failure in constructional materials in contact
with molten lithium or salts.

The tritium breeding factor may be increased by incorporating elements into the lithium or the construc-
tional material that undergo (n, 2n) and (n, 3n) reactions: beryllium, molybdenum, tungsten, etc.

The following major problems arise in the lithium breeding zone for a pure reactor:

1) 'choice of the lithium isotope composition (natural or enriched in ®Li) and determination of the required
macroscopic cross section;

2) provision of high temperature in the coolant, which is required for high efficiency in the station;
3) radiation safety problems arising from leakage of tritium from the loops by diffusion;

4) the interaction of the molten coolant with the constructional materials and the choice of the most sta-
ble ones for long-term operation; ’

5) choice of a lithium material for the blanket zone resistant to radiation damage and also thermally"
stable; and

6) determination of the economic features of various schemes for the accumulation and extraction of tri-
trium.

Hybrid reactors have also been proposed, in which the blanket contains fissile material, such as depleted
or natural uranium {22, 23], This can raise the energy yield to 100 MeV per fusion neutron, which gives a sub-
stantial advantage over a pure reactor. A hybrid reactor not only produces electrical energy but also pro-
duces plutonium, while still producing tritium for the plasma. The advantages of a hybrid reactor are accom-
panied by some obvious disadvantages, such as increase in the radiation hazard and the need to process fissile
materials. '

The lithium zone is designed to breed tritium in the blanket, and the optimum dimensions and composition
of the latter are determined by neutron-physics calculations. Figure 1 shows a scheme for a blanket with
uranium and lithium zones [24, 25].

Translated from Atomnaya Energiya, Vol. 48, No, 5, pp. 283-287, May, 1980. Original article submitted
January 30, 1978; revision submitted March 20, 1979.
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Fig. 1. Forms of blanket with various mate-
rials.

TABLE 1. Lithium Zones in Fusion Systems and Reactors

Coolant tempera- |Temp. of
- ture, °C lithium | Ref.
Fusion system or Lithium zone Function —————T " |material,
reactor . ) G
inlet outlet
' | - ' _
. Coolant and tritium 300/480 | 470/550 (6, 7]
T-20 blanket module senid lithi production 283 483 18]
UWMAK 1 Liquid lithium 630 980 {9]
UWMAK 1L . _ 20 | 550 [10]
Blanket module for the 50% Pb—Li; 44% Db Tritium production ~ 450 [11]
LINUS fusion reactor and 6% Cd
T-20 blanket module Molten 50% LiF— Cg?égﬁtcégi tritium 500 650 upto700 (6]
) 50% BeF P ; 7 2—1
Blanket for tokamakhybrid =~ Molten 47,5% LiF — Tg;:)tll;r; ﬂl%dﬁxuc;on. , o700 | [12—13)
reactor 52% BeF,,  balance '
PuF; or a lant and tritium pro- up to700 | [14—15
Symbiotic system of Molten LiF —BeF, Cgﬁce}c?on ne pr P [ !
fusion-fission reactors v
Solid inorganic lithium Tritium production, 300 570  [up to 700 6]
T-20 blanket module Compoungd coolant helium
"o 6. to 90 16
UWMAK 11 LiAlO, . 450 50 uptogoo | [16]
GTRT : Solid inorg;nic lithium (17)
compoun ooy . 300 500 |uptoB00 | {18—19)
JAERI-M7300 b.z(? e y » 275 585  |upto700 | [20]
Doublet DPR blanket Li,Pb, or Li,Si0,
module . Triti duction, < 950 21
Mirror blanket module Li,Be;0;+ Be rclét)"gnntp ;c:zl;fnioxith o= [21]
' : - lithium '

The lithium zone in a hybrid reactor operates under a variety of functionally conﬂic"cing conditions [17].
Most of the energy is produced in the uranium zone in a-hybrid reactor, while the heat produced in the lithium
zone is not more than 5-6% of the total produced in the blanket, so the lithium zone is mainly a tritium gen-
. erator, where the tritium accumulates for subsequent extraction and return to the plasma.

The dimensions of the lithium zone have not been finally established ; they may vary during calculation
and development, but they should lie in the range 50-150 mm. Figure 1 indicates that the lithium zone con-
~ sists of two sections, the first of which lies beyond the uranium zone, while the second has the lowest therinal
and neutron loadings. It is found [23-26] that the ratio of the tritium formation rates in these sections is 5: 1.

~~On existing proposals, a fusion reactor is designed for long-term operation (not less than 20 years), but
the provision of long-term thermal stability and radiation resistance has not been finally resolved for the con-
structional materials in the various zones of the blanket and in the lithium material itself.

In all models, the lithium breeding involves fairly prompt extraction of the tritium and return to the
reactor, which should be self-sufficient in tritium. Economy requires that the cost of the tritium stock should
be minimized during the startup period. For a reactor with a thermal power of about 7 GW, the daily consump-
tion of tritium in the plasma would be about 100 g, and the same amount of tritium must be produced in the -

- lithium zone. The problem is to reduce the hold-up of tritium in the blanket, i.e., to begin the extraction of

, tritium at very low concentrations. This not only reduces the demand for tritium in the start-up period but
also provides the maximum radiation safety for this element, since continuous extractionvc')f} tritium at low con-
centrations will keep the total amount in the blanket reasonably small (not more than 1 kg).

Experimental data are available on the isolation of tritium from irradiated inorganic compounds such as
lithium fluoride, sulfate, carbonate, oxide, aluminate, chromate, and nitrate when the levels of tritium are less
than 107 mass %; heat treatment under vacuum can extract 90-99% of the tritium in the range 500-800°C {21,
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Fig, 2. Release of tritium from irradiated lithium sulfate for an initial tritium
concentration of 1+10% Bq/gat 15-550°C (O) and 1* 107 Bqg/gat 550°C (@).

Fig. 3. Energy production and temperature difference in a sphere of diameter '
10 mm with A =1 W/m - °C, g=8 W/cm®,

27, 28]. Figure 2 shows the extraction of tritium from irradiated lithium sulfate during heat treatment under
vacuum. Preliminary estimates indicate that the tritium diffusion coefficient is 10-10 cm¥ec at 550°C.

At present one envisages the following modes of operation for the lithium zone in a hybrid reactor, which
provide for fairly independent production of the temperatures needed for the accumulation and extraction of
tritium (Table 2}.

1. Low-temperature (100-200°C) irradiation of the lithium material for instance in the form of spheres
with hard coating or in some other form. In that case, the lithium material may be cooled to the required tem-
perature for example with helium. Figure 3 shows the energy production and the temperature difference over
the radius of the sphere for a thermal output of 8 Wem? on the assumption that the thermal conductivity of the
lithium material is A% 1 W/n *°C (A~ 1,7 W/m - °C for lithium aluminate and oxide) at rooin temperature [16, 18].
A gap of 0.5 mm between the shell and the contents of the sphere may result in an additional temperature dif-
ference of about 200°C if the gap is filled with argon or about 20°C if the gap is filled with helium. This pro~
vides for minimal loss of tritium from the breeding zone during irradiation and minimum contamination of the
helium coolant with tritium. ‘

2. Operation of the lithium zone with helium as coolant at about 500°C; in that case the fritium is
released from the lithium material by diffusion and is continuously carried out of the zone by the helium. This
requires continuous treatment of the helium to extract the tritium. The operation of the lithium components
may be complicated by the fact that the helium formed in 11 (n, @) T cannot be extracted from the lithium com-
ponent without breaking the sealing in the sheath, The accumulation of helium within the lithium components
causes a gradual increase in pressure, and within a year of operation the helium in a sphere of diameter 10 mm
with a free volume of 0.05 cm? will give rise to a pressure of 9.8 * 10° Pa, In addition to the gas released from
the lithium elements, one has to consider the temperature at the wall of the lithium zone. "A preliminary cal-
culation on the leakage of tritium through the hot outer wall of this zone shows that this can be minimized, Then
the main difficulties in the isolation of tritium from the helium, where the partial pressure of tritium is to be
kept not more than 13.3 Pa, are transferred to the processing section. The tritium can be extracted from the
zone continuously or periodically, as in the production of tritium by continuous irradiation in fission reactors
[29-31]. '

The energy production in the parts of the lithium zone of about 3° 10 W/m® is distributed as 5: 1 b'emeén
them [26]. Figure 4 shows the expected distribution of the temperatures in zone I for two-sided cooling a_nd'for
zone II with one-sided cooling. However, it is clear that one can produce conditions required for tritium ex-
traction throughout the lithium zone. Compounds of lithium such as the aluminate, silicate, and oxide having
A®N1-2 W/m * °C can result in temperature differences of several hundred degrees in the first 5-10 mm of the
layer. The lithium material in the central part of the zone will be at the melting point. : '

Table 2 gives characteristics for the lithium zone in a hybrid reactor; further research is required on
the operation of the lithium zone, particularly the complications arising in continuous isolation of the tritium.
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TABLE 2. Characteristics of the Lithium Zone in a Hybrid Reactor

Lithium zone cooled to 200°C

Lithium zone cooled to 600°C

Lithium zone at a high temp.,
wall temp. 200°C, temp. of

Features |by helium (wall temp. 200°C, helium mp. 500- |, .., .
' s);;herical élemehte)p , 2)(;0°C,I;phg?ilt;e?n:nts) lithium material between
600°C and the melting point

Advan- — - : :

tages Safe operational zone with Continuous isolation of tri- | Continuous isolation of tri-
minimum trition loss from tium with a minimum level |tium with a minimum level
elements in the blanket in the blanket
Scope for rapid change of Prolonged operation of ele- | Elimination of radiation
elements under emergency |ments without replacement |damage by melting of the tri-
situations ' tium material in the zone
Tritium extraction outs1de Scope for-rapid change of Production of tritium in con-
the reactor elements under emergency |centrated form

situations
Disadvan-|Tritium hold-up in reactor |Maintenance of a small tem- Severe working conditions in
tages perature difference between| the lithium zone with pressure

Periodie -or continuous dis-
placement of elements for
trition extraction =~ |
Increased consumptiosn of
initial material and for-
mation of radioactive
wastes

the spherical elements for
tritium isolation
Considerable dilution of the
tritium with helium

Contamination of the cool-
ant and need to cool the
walls to reduce diffusion
leakage o

differences

Change in the composition of
the lithium material by mass
transport

A hybrid reactor allows one to control the temperature of the lithium zone and to isolate the tritium
under safe conditions of operation. Here it is necessary to consider the construction of the lithium components
for the blanket in order to provide rehable operation in the lithium zone. This requires lithium material of
.high thermal stability and good radiation resistance on exposure to integral fluxes of 1021-10% neutrons/cm?
as well as constructional materials for the sheaths compatible with the lithium materials, and improved de—
sign of the blanket as a whole and of the lithium zone in particular.
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TEMPERATURES IN THE GRAPHITE STACKS IN THE REAC TORS
AT THE BILIBINSK NUCLEAR POWER STATION

O. V. Komissarov, N, I. Logosha, "  UDC 621.039.516.5
M. E. Minashin, G. E. Soldatov,
N. V. Filippova, and V. N, Sharapov

The reactions at the Bilibinsk combined heat and power station each have a pile of graphite blocks, in
which there are vertical technological channels TC and control and protection channels CPC [1]. The pile is
contained in a sealed volume filled with nitrogen to prevent rapid burnup of the graphite at high temperatures,
The heat deposited in the graphite by neutron moderation and y-ray absorption is output in the main to the TC
and CPC, although some part passes through the reflectors to the foundations and to the biological shielding
tank filled with water.

The thermal power of each of the four reactors in the stationis 62 MW, of which 12 MW is utilized in
electrical form and 29 MW represents the heat load. Figure 1 shows a cross section of one~-quarter of a
reactor. Five three-zone thermocouples are installed at various distances from the center of the core to mon-
itor the temperature of the graphite. Each measures the temperature at three points along the height of the
graphite stack. Temperature measurements are also made on the metal jacket surrounding the graphite and
on the foundations and uppercover of the reactor.

Temperature Distribution in a Technological-Channel Cell, Figure 2a shows the cross section of a cell
in a technological channel; the channel consists of six tubular fuel rods within the core, which are enclosed in
graphite sleeves around the central tube, The outside diameter of the fuel rods is 20 mm, while the central
tube in the channel is of diameter 25 mm, and the graphite sleeves have diameters of 88 mm. There is the gas
gap Oy between the central tube and graphite sleeve, while between a fuel rod and a sleeve there is the gap &,
together with the gap &; between the channel sleeve and the graphite blocks in the stack. The coolant moves in
the channel by natural circulation.

The heat released in the graphite ina TC cell in the main is transmitted to the fuel rods, whose surface
temperature is about 310°C. The maximum temperature in the graphite is dependent on the channel power.
Figure 3 shows an example of the calculated temperature distribution along the radius for a cell of output
250 kW, The calculations were performed by simulation with conducting paper. This method has been de-
scribed [2] in application to temperature distribution determination for reactor cells. Figure 3 shows that
the temperature of the graphite is determined mainly by the thermal resistance of the gas gaps.

These gaps should provide ready extraction of the channels from the reactor and free movement of the
fuel rods in the graphite sleeves. They must be chosen in accordance with the thermal and radiation-induced
changes in the sizes of the graphite and in the fuel rods throughout the time spent by the latter in the reactor,
but on the other hand they should be small enough to prevent an unacceptable temperature rise in the graphite.

In a reactor with natural circulation, the distribution of the heat flux from the graphite to the fuel rods
and to the central tube is dependent on the relation between 6; and 8,. To prevent the natural circulation from
being interrupted when the emergency protection gear operates, when the heat flux from the graphite becomes
comparable with the residual heat production in the uranium, it is necessary to minimize the amount of heat
transmitted to the central tube [3]. Figure 4 shows the proportion of heat transmitted from the graphite to the
central tube as a function of oy for various gaps between the fuel rods and the graphite sleeves.,

Most of the heat from the graphite must pass to the fuel rods, so the gap between these and the graphite
sleeves should not be large. When the fuel rods are a close fit to the graphite sleeves, the part of the fuel-rod
surface facing the central tube is screened and plays little part in removing heat from the graphite, which
causes the temperature to rise. In the TC at this station, the minimum size of the graphite wall between fuel
rods is about 8 mm. Then the heat flux from the graph1te via the surfaces facing the central tube is half that
through the surface facing the graphite block,

Translated from Atomnaya Energlya Vol. 48, No. 5, pp. 287-291, May, 1980, Original article submitted
February 5, 1979; revision submitted July 16, 1979,
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Fig. 1. Cross section of a reactor:
2) CPC; 3) thermocouples for measuring
graphite temperature; 4) reactor jacket; 5)
biological shield. ’
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Fig. 2. Cross sections of a TC cell (a) and a CPC cell (b):
tube; 4) graphite sleeves; 5) graphite block, :
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Fig. 3. Temperature distribution over the radius of a TC cell: 1) channel tube; 2) fuel rod; 3) gra— '
phite sleeve; 4) graphite block.

Figure 5 shows the theoretical relationship between the maximum temperature of the graphite block and
5, derived on the basis of the uneven distribution of the heat flux at the outer surface of the fuel rods. This
relationship has been used on the basis of possible rod swelling during operation to choose §, in the cold state.

If we choose for the cold state 65 = 0,25 mm, 63 = 0.35 mm, while the heat production in the graphite in
a cell is 8.7% of the power and the coefficient representing the nonuniformity over the height of the reactor is
1.35, we get the maximum graphite temperature in relation to TC power as shown by curve 1 of Fig. 6. This
“relationship was derived for fuel rods coaxially placed in the holes in the graphite sleeves and the same for the
sleeves in the holes in the graphite blocks. Under real conditions, these elements are-always in contact. Cal-
culations by electrical simulation show that the maximum temperature of the pile may be reduced by con-
siderably more than 10° on account of the contact, There is a temperature reduction of about 10°C on account

of heat leakage over the height of the graphite stack.
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Fig. 4. Propor'tion of heat transferred from graphite to central
TC tube, power 340 kW, 8§, = 0.7 mm (1) and 0.2 mm (2).

Fig. 5. Theoretical dependence of maximum graphite temperature
on 6, (TC power 340 kW; 6, =1 mm; 83=0.35 mm).
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Fig. 6. Theoretical depehdence of maximum graphite temperature on TC
power (dimensions in TC cell: 6y = 1 mm, &, = 0.25 mm, &5 = 0.35 mm, in
CPC cell: 6y = 3 mm, 6, = 0.20 mm, &3 = 0.35 mm): 1) homogeneous TC
lattice; 2) TC cell with angular disposition relative to CPC cell; 3). TC cell
adjacent to CPC cell; 4) CPC cell.

Fig. 7. Water temperature at the exit from a CPC channel in relation to
reactor power for tin = 104°C: solid line from calculation with allowance for
contact between fuel rod and CPC channel tubes; points from experiment.

Effects of CPC on Graphite Temperature. Ina homogeneous TC lattice, the heat production in the gra-
phite constitutes 8.7% of the channel power, but in the presence of CPC the graphite in the latter produces
5.0% of the heat, while the graphite in the TC cells in line with the CPC cells and at angles to them will pro-

duce, respectively, 7 and 8.4%. The CPC cells in the pile reduce the maximum graphite temperature by about
70°C (Fig. 6).

Figure 7 shows theoretical and experimental data on water heating in the CPC in relation to reactor
power., The temperature rise is almost independent of whether the abs orbing rods have been withdrawn from
the core or not, and about 70% is due to heat produced in the CPC cells (including heat from the abs orbing
rods), while about 30% is accounted for by heat coming from adjacent TC cells. The set of CPC extracts about
2% of the thermal power of the reactor into the deaerator.

Graphite Temperature in the Core. The graphite temperature was measured at three points along the
height of the pile: at the center of the core and at the interfaces with the upper and lower reflectors, where

-the temperature does not greatly exceed the fuel-rod temperature and is about 350°C for the top and bottom at
. the nominal reactor power, : : : ’

The graphite temperature is maximal at the center of the core; the value increases with the reactor
power and does not exceed 510°C at the nominal power. The temperature variations in the graphite over the
radius of the core are not more than 20°C although the TC power at the center is 1.5 times that at the peri-
phery. This is because the CPC channels lie predominantly at the center of the core, and calculations (Fig. 6)
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ments at 93% of the nominal power.
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show that this tends to equalize the graphite temperatures in the central and peripheral TC cells. Figure 8
shows how the temperature of the graphite in the center of the core varies with the reactor power.

Graphite Temperature in the Lateral Reflector. Calculation indicates that the total heat production in
the laterial reflector is about 400 kW; measurements of the water flow rate and temperature rise for the
foundations and biological shield indicate heat removal of about 500 kW, i.e., 100 kW more, The difference is
due to the additional influx of heat from the lower end reflector and the core. Figure 9* shows the distribution
of the heat production and the temperature pattern in the lateral reflector. The temperature distribution has
been derived on the basis of the axial heat leak,

Conclusions. The graphite stack temperature in the Bilibinsk reactors is maximum in the core and is
measured as 510°C at the nominal power. The calculated temperature for average gas gaps is about 50°C

*The heat production in the peripheral layers of the reflector and in the reactor jacket was calculated by L. B.
Kuznetsova and A, P, Suvorov.
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higher. The measured temperatures of the graphite at the center and edge of the core are virtually identical,
in spite of differences in the TC power. This occurs because the central thermocouples lie near the CPC cells,
whose channels are cooled by water at only about 120°C. When the graphite pile temperature is calculated, it

is necessary to correct for the reduction in thermal resistance of the gas gaps arising from contact between
the components of the pile.
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SAFETY IN SERVICING OPERATIONS AT THE BOR-690
NUCLEAR POWER STATION

V. D. Kizin, V, I. Polyakov, UDC 621.039.58:621.039.526.004.6
Yu. V. Chechetkin, and L. M. Levin

The high levels of radioactivity and chemical activity in the sodium coolant in a fast reactor often lead to
pessimistic evaluation of the radiation environment in a nuclear power station during servicing operations.
Complicated multitone shielded equipments have been built for removal systems, along with complicated de-
contamination systems, and means of cleaning the gas in the first loop. Some experience has been accumulated
with servicing operations on working fast reactors, particularly the BOR-60, especially for equipment in con-
tact with the coolant and contaminated by fission products and corrosion deposits,

Servicing the First Loop. During the planned prophylactic servicing on the BOR-60, various operations
were performed on modifying and replacing the transducers for the monitoring and measuring instruments, and
checks were made on the states of certain parts of the hot zones, which were serviced, and further checks were
made on the cabling systems, the fire alarms, the transducers in the monitoring systems, etc., with replace-
ment of various items subject to wear (pumps, valve gear, nonreturn valves), etc.

The units in the first and second loops (heat exchangers, pumps, and valve gear) were designed in such
a way that parts showing wear could be replaced without entering the first-loop space or cutting the main pipe-
lines. In each case the equipment consisted of a body welded to the pipelines and a removable part containing
the components and items needing servicing. :

The most complicated servicing operation is to extract the removable parts of the heat exchangers and
pumps, which is followed by transport and decontamination. When these removable parts are being demounted,
there may be high-intensity radiation fields at the working site, and the films of coolant on the surfaces may
ignite, with the production of large amounts of oxide within the loop, which hinders installation of the removable
parts after servicing. Further, such operations often give rise to aerosols, which may enter the working loca-
tion, .

The following servicing operations involving the removal and replacement of parts from the first loop
were performed during the working cycle of the BOR-60:

1) removal of filters installed in the bodies of the valve gear during the start-up period, with replace-
ment by standard removable parts of this gear;"

2) replacement of removable parts of the nonreturn valves;

3) replacement of parts in slides after prolonged operation;

. Translated from Atomnaya I:Znergiya, Vol. 48, No. 5, pp. 291-294, May, 1980. Original article submitted
April 23, 1979,
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TABLE 1. Staff Irradiation in Servicing Operations on the BOR-60

Dose rate | Totaldose,

Operation uR/sec ber

Operations in the heat-exchanger sections
of the first loop, including examination
and modification (checks on smoke detec-
tors, examination of thermocouples, re~
placement of electric lamps, replacement
of vibrational transducers, etc.) 200-300 | 0.04-0.1
Servicing in the heat-exchange sections
for the first loop (connection of electrical
flowmeters, replacement of electrical
heaters on parts of pipelines, servicing of
thermal insulation, servicing of base of

oxide trap, etc.) 200-300 0.5-3.0
Replacement of removable parts (pump

level gauge, pump, etc.) 200-1000 0.2-0.7
Reloading of fuel-rod and experimental

assemblies 1-25 1-3

4) removal and replacement of pump components; and
5) replacement of reloading tubes and experimental devices in the core.

No major servicing and replacement operations were performed in the heat-exchanger segments of the
first loop, and only one small leak of sodium (about 1-2 kg) was detected as coming from a butt weld under the
thermal insulation. The removable parts of the equipment were extracted in a working hood (without biological
shielding) flushed by argon, either with a low level for the sodium (without drainage of the bodies) or with the
coolant completely removed from the loop. When the removable part of the pump was. being extracted, argon
was injected into the body, while nitrogen was injected under the working hood. The use of a sealed hood made
of a plastic film facilitated the transport and other operations during the reloading, and this also prevented the
ignition of the sodium and formation of oxides in the body, as well as the production of aerosols in the working
site.

Radiation Environment during Servicing. The BOR-60 has now operated about seven years with the
coolant contaminated by fission products. The number of fuel pins with ruptured sheaths is 0.1-1% of the load.
The level of radioactivity in the gas phase in the reactor with this number of defective pins is governed by
133x% 6 and has risen to 1200 Ci.* However, the gas system is sealed, so this level of radioactivity has not
resulted in any difficulties. The gas release from the reactor to the environment is governed by YAy (in the
shield cooling) and is not more than 25 Ci/day. The protective gas was purified on activated charcoal before
the reactor was opened for reloading.

The fission-product activity in the sodium at certain periods has greatly exceeded the radioactivity

arising from the main long-lived activation isotopes **Na (0.7 mCi/kg) and ''*™Ag (0.2 mCi/kg). This has
resulted in increased radiation fields outside the heat exchangers in the first loop, which have risen to 300~

500 uR/sec. Up to 8% contribution to the dose rate comes from the y rays of Y¥0s and 134Cs, and the specific
activity of '3’Cs has varied from 2 to 20 mCi/kg at different times.

See [1] for the isotope compositions of the surface contaminants on various parts of the loop and more
detailed information on the radioactivity in the coolant. The 4%Ba—!4T.a and ¥Nb activities, which govern the
contamination of the surfaces in the loop, are dependent on the run time since the defects were formed in the
fuel-pin sheaths in the core; at certain times, the ¥ rays from these nuclides contributed up to 65% of the dose
rate from the pipelines. Drainage of the coolant from the loop then did not reduce the dose rate in the heat-
exchanger sections below 100-150 uR/ec. - The activity due to %Co and 54Mn, which are nuclides of corrosion
origin, increased on the surfaces during the years of operation of the reactor, but they never contributed more
than 109% of the dose rate from the pipelines.

*1 Ci = 3.700 - 101° Bq; 1R = 2.58 * 107* Cu/kg; 1 ber = 0.01 J/kg.
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When the nuclear power station is operated normally, there is no leak of radioactive gases and aerosols
into the working locations, nor are there any sources of surface contamination of the equipment and buildings.
Some such contamination occurred during reactor reloading, particularly during removal of the loading tube
and effector mechanism for the CPC, which involved modification and servicing of the loading machine, The
contamination levels of the surfaces were not more than the equivalent of 4000 8 particles per minute per cmz,
which were due to 95Nb, 13705;, and *'Ce. When equipment was removed from the reactor into the central bay,
there were brief episodes of radioactive aerosols, whose concentrations were not more than 1* 10~ Ci/liter
(mainly 1¥7Cs).

A coefficient was formulated to characterize the escape of radionuclides from the contaminated surfaces -
into the atmosphere as aerosols (the ratio of theactivity in the air to that at the surface) by reference to mea-
surements, which gave 3107 m™" for *¥'Cs and '*Cs or (1-5) - 10~* m~! for e, ?Nb, °Co, and *Mn; the
high cesium activity in the coolant and the high volatility of the element make it obligatory to use respirators
in servicing operations. The surface contamination in the central bay was purely local in character and was
readily flushed away.

Personal Exposure during Servicing. We examined the exposure records aris ing from planned prophy-
lactic servicing after prolonged operation with fill pins that had begun to leak; we found that examination and
minor servicing of monitoring and measuring equipments in parts of the first loop involved certain does levels
to a comparatively large number of staff (Table 1).

During operations in the heat-exchanger sections for the first loop, the Y-ray doses to the hands were
80-40% higher than those to the body as a whole; the exposure due to 8 rays was not more than 3% of the total

dose. The mean radiation dose per person was 0.3-0.5 ber per year. Not more than 2-3% of the staff received
doses of 1.5-5 ber, '

We now consider the radiation environment and staff irradiation during one of the major servicing oper- -
ations, namely replacement of the replacable parts of pumps in the first loop, which are extracted by a special
technique using an isolating cover without biological shielding. The cover was supplied with nitrogen to pre-
vent combustion of the sodium on the pump surfaces.

The exposure dose rate from 7y rays from the extracted part was 200-300 uR Aec at a distance of 3-5 m.
The radioactive aerosol concentration in the building at that time was not more than 10~3 Ci/liter. The total
working time from start of lifting for the removable part to immersion in the decontamination tank was about
1 h. The total dose to the staff concerned with preparatory operations and removing the part of the pump was
0.7 ber. The use of an isolating plastic-film cover in place of a special shielded container enabled us to remove
the part of the pump rapidly and did not lead to contamination of the building or any considerable staff irradi-
ation. The removable part of the pump was placed in a decontamination tank. The exposure dose rate from the
pump after removing the remaining sodium and decontamination was reduced to 0.4-5 LR ec.

Estimates show that replacement of the cables, valve gear, electrical heaters, etc. in the heat-exchanger
segments give rise to a collective staff dose of 100-500 ber at the level of contamination of the coolant and sur-
faces corresponding to prolonged operation with pins with leaking sheaths. Consequently, such operations must
be performed after drainage or purification of the coolant, and sometimes after the loop has been decontami-
nated.

Consequences of Sodium Ignition during Sérvicing. The radioactivity of aerosols during reloading and
servicing operations seldom exceeded 1-10~!! Ci/liter, which represents no hazard if individual protection is
used. However, there may be unacceptable effects from the chemical action of sodium oxide on the skin and
eye. Also, sodium oxide rapidly becomes caustic soda and sodium carbonate in contact with air, and these
materials can corrode construction materials., The most hazardous consequences arise from combustion of
the residual film of sodium on the surfaces of removable parts during extraction when there are coolant leaks.
The resultant dense clouds of sodium oxide greatly reduce visibility and may hinder the escape of staff from
the hazard zone. A concentration of 50 mg/m? of sodium combustion products can be tolerated by the respira-
tory system for only 2.5 min. A rise in concentration from 50 to 100 mg/n’ irritates the eyes and lungs and
interferes with vision. ‘ .

When the removable part of the pump was being extracted from the BOR-60 with an isolating hood, there
was some combustion of the sodium film on account of lack of match between the nitrogen supply to the hood
and the lifting of the component. However, the smoke lasted only a short time and the sodium aerosol concen-
tration in the working site was low (the radioactivity of the aerosol was about 10™13 Ci/fliter, while the sodium
concentration was below 1 mg/m?).

292

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0
TALLE 2. Nuclide Concentrations in the
Air of the Central Bay on Burning of Sodium
Film on the Surfaces of Intermediate Heat

Exchanger
Activity |Activity |Conc., Ci/m®
Nuclide o0 S4f= |12 &lh
faces, Ci|Ci t—omin*|t=15 min| t=60min|
22Na 3.10-2 {4,5.1073 | 1,7-107 [ 5,3.10-% | 6.40-°
tomag [1,2.10°3 | 1,8-10-4 | 7.40°8 [2,2.10-9 | 310710
137(Cs 1,1 6,66 12,5.107 | 7,810 | 9.10°7
134Cs 0,1 6-10-212,3.10°6 17,1107 | 8-10-8

*t is the time after burning.

As a limiting case one can consider the combustion of the residual sodium film on the very extensive sur-
face of the heat exchanger. We assumed that the surfaces ofthe removable parts bore a sodium film about
0.2 mm thick. This corresponds toabout 50 kg of sodium for the BOR-60 heat exchanger. We do hot propose
to consider all the possible emergencies and envisage the case where the inert-gas supply to the isolating
cover is interrupted for some reason. The sodium film on the surfaces of the heat exchanger burns up very
rapidly (in about 18 sec). The maximum sodium concentration in the air may rise to 290 mg/m3 Calculations
were performed on the sodium aerosol concentration and the radioactivity due to the main nuclides in the air
of the central bay of the BOR-60 for this situation on the assumption of ins tantaneous mixing with the ventilation
disconnected, using the maximum observed values for.the nuclide activities in the coolant (Table 2). The co-
efficients representing transition of the nuclides into the aerosol in the-combustion of sodium were taken from
[2]. The nuclide activities and the sodium concentration in the air of the central bay would greatly exceed the
permissible values. It would be impossible to enter this space, and the building would have to be evacuated
temporarily. If the ventilation was not working, about 80% of the combustion products would settle on the floor,
18% on the walls, and 2% on the ceiling. All the surfaces would be contaminated and require decontamination.

Experience with the BOR-60 thus indicates the following positive factors occurring in sodium-cooled sys-
tems:

1) retention of a large proportion of the radionuclides escaping from the fuel pins;
2) low activity in nuclides of corrosion origin in the coolant and in deposits;

3) reliable operation of the main units and equipments;

4) prolonged perfect sealing in the first loop at high sodium temperatures;

5) the possibility of cutting pipelines containing frozen sodium;

6) low surface contamination of buildings and low aerosol activities; and

7) low radioactive gas releases from the nuclear power station, with consequently no effect on environ-
mental radioactivity.

However, there still are some problems to be envisaged in the design and operation of sodium~-cooled
reactors, which arise mainly during servicing operations:

1) the high level of radioéctivity in the coolant on prolonged operation with leaking fuel rods, which
requires efflclent means of purifying the coolant;

2) ignition of the residual sodium film on the surfaces of removable units at elevated temperatures,
where protective hoods with inert atmospheres must be used;

3) production of oxides in the loop on opening, which tend to be deposited at the points of installation of
removable parts. It is necessary to maintain an inert atmosphere at such a point throughout servicing;

4) the possibility of sodium leakage, which requires reliable systems for detecting and suppressing com-
bustion in buildings containing the loops; and

5) the possibility that aerosols containing sodium combustion products will enter the buildings if the
sodium burns, It is then necessary to protect the organs of respiration and the eyes from chemical effects of
the sodium.
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SEMIEMPIRICAL METHOD OF CALCULATING ISOTOPIC
COMPOSITION OF URANIUM AND PLUTONIUM IN IRRADIATED
FUEL FROM A WATER-COOLED — WATER-MODERATED REACTOR

B. A, Bibichev, A. V. Lovtsyus, UDC 621.039.524.4
V. P. Maiorov, M. A. Razuraeva,
A, V, Stepanov, and P, I, Fedotov

The method of fission-product ¥ spectrometry is widely used to measure the burnup of power-reactor
fuel. However, such measurements do not contain direct information on the concentration of heavy nuclides in
the fuel. Broader prospects for the method of fission-product v spectrometry may be secured by combining y-
spectrometric measurements with theoretical calculations [1].

The concentration of fission products in irradiated fuel depends on the initial isotopic composition of the
fuel, on the conditions of irradiation (the duration of each irradiation cycle and the mean relative thermal -
power of the given fuel element in each irradiation cycle), and also on the neutron-flux parameters and their
variation in the course of irradiation of the given fuel element. This allows the neutron-flux parameters in the
course of fuel irradiation to be determined and the concentration of heavy nuclides to be calculated from the
known initial fuel composition and the measured concentration of certain fission products, for known irradiation
conditions, !

The change in isotopic composition of the fuel in the course of irradiation is described by the following
system of equations ' A .
AN (8)/dt = Din0i (Vi (1) — (DinG -F by) N (8); 1)

Ny @/ = O T Y 30iN 1 (0) + Oinf N1y (8)— (D05 +1,) N (1), (2)

where Nj(t) is the concentration of the i-th heavy nuclide; N](t), concentration of the j-th flSSlOI] product; &y,
thermal-neutron flux density; of, effective cross section of the i-th nuclide; Y., yield of the j-th fission pro-
duct in the fission of the i-th heavy nuclide; Uf_l, effective cross section of the (n Y) reaction at the (i — 1)-th
mclide; oa, effective absorption cross section for the i~th nuclide; A, decay constants of the i~th nuclide.

In solving Egs. (1) and (2), the neutron spectrum is divided into two groups: thermal and superthermal,
In addition, in calculating the contribution of 2%y to the formation of fission products, the fission neutron spec-
trum is also considered. The effective cross section for all nuclides except *3¥U is determined from the for—-
mula
6 =0y + al, , . - (3)

where g, is the thermal cross section; I, resonance integral; «, hardness of the neutron spectrum.

For 238U the product o§33 *r is taken as ?JgggU, where 0533[] is the ®yU fission cross section averaged
over the flssmn neutron spectrum; r is the ratio of the fission-neutron flux density to &;. In the calculations,
use is made of the dependence of the variation of o4 and o on the concentration of fissile nuclides from [2].

On passing from the n-th irradiation cycle, with relative thermal power Rp, to the (n+1)-th cycle q’th is
multiplied by Rp+Rp.

There are three free parameters in Egs. (1) and (2): &(0) and «(0), which are the values of ®4h and @
at the beginning of irradiation, and also r. In [1] it was noted that r has a weak influence on the fission-pro-
duct concentration, and therefore in the present calculations the value of r is taken from theoretical calcula-
tions for a water-cooled—water-moderated reactor [3]. Having measured concentrations of 13'Cs and “"405, a

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 294-297, May, 1980. Original article submitted
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TABLE 1. Uranium-Isotope Concentrations in Fuel-Element Samples, 108 atom/g U

Position over |Calculated 2357 2367
Sample No. f\;gel element | o1 _element burnup, kg/ton -
g height, mm U expt. calc. expt. calc.
1 98 125 6,2 58,5 60,1 (+2,7) * 2,87 3,09 (7,7
2 76 2125 10,7 49,1 49,9 (4-1,6) 5,02 4,86 (—3,2)
3 4 375 12,8 44,9 45,3 (+-0,9) 5,30 5,59 (45,5)
4 4 1125 14,6 41,6 41,8 (-0,5) 5,89 6,14 (4+4,2)
5 107 50 15,0 40,0 41,0 (4-2,5) 6,22 6,25 (4-0,5)
6 87 375 28,5 20,8 21,3 (-+2,4) 09,38 9,04 (—3,6)
7 76 375 28,9 21,1 21,4 (4-1,4) 9,29 9,04 (—2,7)
8 68 1625 33,7 15,8 16,0 (+1,3) 9,65 9,58 (—0,7)

*The figureﬂl brackets is the discrépancy between the calculated and experimental results,

%

specified irradiation program, and-the initial isotopic concentration of the fuel, the values &4,(0) and «(0) are
found by fitting the calculated values Nj3; and Nyg (N;39)? to measured values. The values of Njz; and N/ Nysp?
may expediently be used for finding the parameters ®¢h(0) and «(0), since each value strongly depends on only
one of the parameters: Nyg; on &th(0) and N134/(N137)2 on a(0). For example, for a fuel burnup of around 20
kg/ton on U

61n Nys, 81n Nyy,

5 Tn Dy (0) =10 ST ) =0.18;
§1n [Nigq/ (N13q)?] _. . 81n [N134/ (N137)2] _
80 & (0) =0.09; §1n & (0) =0.60

Numerical integration is used to solve Egs. (1) and (2), with an irradiation time step of 1 day. The values
of &,(0) and «(0) are found by the gradient method. The following nuclides are included in the system of equa-
tions: 235U, 236y, 238y, Wpy, Uo0py, MUipy M2py 137Cy, 138cs, 13Cs, M4Ce, 1%Ru. Note that the accuracy obtained
in calculating the burnup and isotopic composition of the fuel within the framework of the given method depends
significantly on the choice of nuclear data: oy, [, and Y. -In the present calculations, values of o, and I for
heavy nuclides calculated using the ROR program [3] are taken as the basis. However, these values change as
burnup proceeds, and so averaged values of oth and I for burnup from 0 to 35 kg/tononUareused. The value
of Y is taken from [4].

The error in calculating the concentration of uranium and plutonium isotopes was verified experimentally
on fuel-element samples by destructive methods. To this end, eight samples were cut from fuel elements of
two cassettes of the VVER-365 reactor, with an initial U enrichment of 3% and with various irradiation his-
tories. Samples 1-4 were cut from DR-3 No. 80 cassette, with a mean burnup of 12.7 kg/ton on U, and the
remainder from cassette RP-3 No, 223 with a mean burnup of 30.2 kg/tononU. The numbers of the fuel elements
and the positions over the height of the fuel element at which the samples were cut are shown in Table 1 (the
total fuel-element height is 2500 mm). The samples were dissolved, and the concentrations of 137Cs and '¥Cs
and also the concentrations of uranium and plutonium isotopes were measured in aliquots of the solutions. The
137Cs and '3Cs solutions were measured by a y-spectrometric method. The uranium concentration was deter-
mined by potentiometric titration using the Davis and Gray method, and the plutonium concentration by the
method of isotopic dilution with a-spectrometric termination and using *®Pu as isotopic label. The isotopic
composition of uranium and plutonium was determined using a mass-spectrometric method (Tables 1 and 2).
The error in measuring the 13’Cs and 1%Cs concentrations in the samples was, on average, 1.5%; for 2¥U,
0.8%; for 2%y, 1:.3%; for 2®Puy, 0.8%; for *'Py, 1.2%; for *'Pu, 1.5%; and for **Pu, 1.8%.

Note that the measured concentrations of uranium and plutonium isotopes in sample 8 were used in cor-
recting c{h and o)) for “°U and ®*Pu; I° for Py and '®¥Cs; and also for correcting r. The values of these
quantities were chosen in accordance with the condition of best agreement between the calculated and experi-
mental values for sample 8. For the remaining samples these quantities were chosen in the same way as for
sample 8. The important point in the correction of oy, and I is the choice of Ify3, since the rather stronger
resonances of the reactions (n, ) on !33Cs and %V partially overlap, which leads to If3 blocking. Table 3
shows the values of gy, and I for uranium, plutonium, and cesium nuclides used in the calculations.

The greatest discrepancies between the calculated and measured concentrations for 23U and *¥U (see
Table 1) are 2.7% and 7.7%, respectively. The difference in calculated and measured concentrations for plu-
tonium isotopes is larger (see Table 2) than for uranium isotopes. The greatest discrepancy for 2¥py, observed
in end samples, may be explained in that the thermal-power distribution over the irradiation period may differ

295

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0
TABLE 2, Plutonium-~Isotope Concentrations in Samples

Sam- 238Py, 1018 atom/gU} 2e0py, 1018 atom/g Y| 261py, 1017-atom/g U| 242Pu, 1016 atom/g U Pu, 1018 atom/ g U
) %1: expt. | calc. expt. calc. expt. calc. expt, calc. exptL. cale.

1 6,76 17,28 (+7,7Y*| 0,75 0,73 (—2,7) 2,08 | 1,25 (—40) 1,16 | 0,60 (—48) 7,73 | 8,14 (+5,3)
2 10,3 10,4 (41,0) 1,76 1,72 (—2,3) 7,53 | 4,83 (—36) 6,94 | 4,29 (—38) 12,9 12,6 (—2,3)
3 10,8 11,0 (+1,9) 2,20 2,20 (0) 9,98 { 7,00(—30) 12,2 7,77 (—36) 14,1 14,0 (—0,7
4 11,3 [11,2(—0,9) 2,54 2,59 (42,0) [ 11,9 8,85 (—26) 17,4 11,6 (—33) 15,2 14,8 (—2,6)
5 9,26 (10,9 (+18) 2,27 2,65 (-17) 8,74 | 8,74 (0) 14,1 12,1 (—14) 12,5 14,5 (4-16)
6 13,1 13,4 (42,3) 5,02 5,19 (-}3,4) | 27,6 29,0 (+5,1) | 96,2 94,0(—2,3) [ 21,8 22,4 (+2,8)
8 13,1 [13,2 (+0,8) 5,64 5,77(-+2,3) | 31,8 34,7(+9,1) | 140 146 (—4,3) [ 23,3 23,9 (+2,6)

*The figure in brackets is the discrepancy between the calculated and experimental results,

%-

TABLE 3. Thermal Cross Sections and
Effective Resonance Integrals Used in Cal-

culations

Nu- | of ¢ Nu-

clide | °th O oty | 1° |clide »°€h ofog | e

2851J 1 307 | 292 | 58,0 | 149 249Pu| 744 | 459 | 267 331

2367] | — — | 3,73 | 350(242Pu] — — 19,91 1210

238J 10,3490,349} 1,45 |23,51133Cs | — — (16,6 300

239Pu| 672 | 286 | 374 | 180 184Cs | — — 80,2} —
—_ — 10,083 —

200Pu| — [ — | 173 |3400]137Cs

for end and central sections of the fuel element. In addition, 1(2338 may also differ somewhat for end and central
sections of the fuel element. The considerable discrepancy between the calculated and experimental data for

the %!Py and 2Py concentrations in samples with small fuel burnup is related to the strong dependence of I&o
on the fuel burnup. Since the value of IS, was chosen for sample 8 with large fuel burnup, it is not optimal for

. samples with small burnup.

To estimate the contribution of the error in measuring Ny3; and Nys, to the total error in determining the
concentrations of uranium and plutonium isotopes, the change in isotopic composition of uranium and plutonium
in samples 4 and 8 when Njy3; and Ny change by 1.5% was calculated. The change in the concentrations of
uranium and plutonium isotopes in sample 4 was as follows: 2¥U by 1.1%; 2%U by 1.0%; *®Pu by 1.2%; *'Pu
by 2%; %!Pu by 0.003%; 2py by 2.4%. In sample 8, the corresponding figures were as follows: 23U by 4.3%;
23U by 0.7%; *®Pu by 3.5%; " Pu by 1.5%; 24'Pu by 1.7%; and %2Pu by 2.5%. It is evident from Tables 1 and 2
that, except for the 25y concentration, the discrepancy between the calculated and measured concentrations of

uranium and plutonium isotopes in all the samples, taken as an average over the sample, considerably exceeds
the error due to Njg; and Ny,

Note, in conclusion, that experimental and calculated data for a considerably larger number of samples
are necessary for reliable estimation of the error of the method. In addition, it is also necessary to verify the
correction of the most important effective cross sections used in the calculations over the whole set of experi-
mental data on the isotopic composition of the fuel in the fuel-element samples. After correcting the effective
cross sections, the method may be used for nondestructive measurements of the content of uranium and plu-
tonium isotopes in the fuel elements and cassettes of water-cooled — water-moderated reactors. The ¥Cs and
13%Cs concentrations in intact fuel elements and cassettes may be measured y-spectrometrically.
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EFFECTS OF TRANSDUCER LOCATION ON THE AZIMUTHAL
AND RADIAL STABILIZATION IN A REACTOR

B. Z. Torlin UDC 621.039.56

A form factor u analogous to the Randall form factor [1] has been introduced for a reactor with N fast-
acting astatic regulators* [2, 3] as an eigenvalue for the system

1 2 12’1\ . . (la)
A(P-rBocp+(D0j=,_|1 Fis;+po=0;

[ Kjpav=0, j=1,2,...,w, (1b)
v
where By and &; are the unperturbed material parameter and the neutron-flux distribution, while F; describes
the spatial localization of the reactivity 85 introduced by control rod j and Kj is the weighting function in the
formation of the transducer signals for control of this rod. The spatial stability of a reactor for slow pro-
cesses is the greater the higher the minimum value pmjp [1-6]. Various control systems influence i, and
a study has been made [3] of the effects of various arrangements of the transducers and control rods for a
height problem. The same method has been applied [7] to the effectq of a central automatic regulator on the
spatial stability for the cylindrical case, Such a regulator cannot correct the azimuthal distortion in the neu-
tron distribution, and this requires eccentrically placed control rods. The BASIRA program has been used with
a BESM-6 in detailed analysis of the stability of such a system with a complicated distribution of the param-
eters; however, the situation can be analyzed qualitatively without resort to a computer. We consider a homo-
geneous cylindrical reactor of unit radius with zero boundary conditions (B = 2.405).

If the thin control rods are placed at points with coordinates (RJ, 19]), j=1, 2, ..., N, then the solution to
(1a) will [8] be the sum

N B
@(r, 8)= 31 a;f; (r, 0), (2)
7= .
where
150, O)=Ny(Br) — 3 1,(BR) T, (Br) 2B cosn (0, (22)

n=-—o00
Here J,, and N, are Bessel and Neumann functions, respectively, of order n, B! = B2+u, and rj is the distance
from control rod j to the point with coordinates (r, 6).

The relation between the aj and the eigenvalues B can be derived from (1b); it has been shown {2, 3] that
conditions (1b) become ¢ (r s OJ) 1iJ=1,2, .sy N (r and fjare the polar coordinates of transducer j) if
each regulator is designed to mamtam a given neutron flux at the position of its transducer.

We consider six control rods symmetrically disposed in azimuth at a radius p and six transducers at
radius rg on the same radii as the control rods. We put f; = f; (rg, 0), £y, =1y (rg, TA), f3 = (rg, 21r/3), and
f, =1 (rg, 7, and instead of (1b) we have Aa = 0, where a is a vector with components aj and matrix A takes
the form

*It is assumed that the regulators have fast-process stability.

Translated from AtomnayaEnerglya Vol. 48, No. 5, pp. 297-300, May, 1980, Original article submitted
July 2, 1979,
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f

Fig. 1. B as a function of the distance
between control rod and transducer for the
first roots of: 1) (3a); 2) (3b); 3) (5); 4) (6a);
5) (6b); 6) (7). '

['bl by by by by 1)2\
by by by by by by
by by by by by by
by by by by by bg]?
by by by Dy by by

) th bg by by by bl,l

where by = 1.

Matrix A belongs to the circulant class [9]. We use a property of such matrices to convert it to diagonal
form and get the following four transcendental equations for B:

b1+2(b2+ba)+b4—0;

by + by — by — b, = 0

by — by — by +.b, =0 (3)
by — 2 (b, — by) — b, = 0.

-We substitute the corresponding expressions for the by and get after elementary steps

No(Brl)+2No(Br2)+2N0(Br3)+N0(Br,,)—6 _2; Ujgn=0; (3a)
No (Bry) + No (Bry) — No (Bro)— No (Bre) —6 3 Uyygm =0 (3b)

n=—oo

Ny (Bry)— Ng (Bry) — No (Bry)+ N (Br,) — 6 2 Ulpon =0; 30)
A== 00 [¢]

\IO(Bri)—QNO(Br2)+2N0(Br3)—N0(Br,,)—6 ? U,3+pn,_0 _ : @a

where U, = Jk (Bo) Jh (Brp) I;Ik((g) ry is the distance from the first control rod to transducer i, and r; = rg—pl.

Apart from the sum of (2), the solution to (1) for this example is provided by functions of the form Jgp
(Br) sin 3n6 for those values of B for which

I (B) =0, n =1, 2, | - (3e)

Therefore, the minimum eigenvalue B ;,, = B0+pmm should be selected from the complete set of roots
of these equations,

The simplest of the equations is (3e). The least of the set of values defined by this is B = 6,380. This is
not dependent on p or on Iy, so such a system in principle cannot provide stability in the reactor if the latter
is unstable on more than two azimuthal modes in the absence of the regulators. Although the other equations
- are complicated in form, they can be analyzed quite simply, and the least roots can be estimated even without
a computer Equation (3a) is related to the scope for radial stabilization (including the fundamental), while
(3b), (3c), and (3d) are related mainly to the scope for eliminating dipole, quadrupole, and higher-order azi-

.. muthal perturbations in the neutron distribution. These considerations alone indicate that one should seek the
minimum eigenvalue primarily alongst the roots of (3a). The same conclusion is reached by considering the
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B : ,

Fig. 2, Dependence of B on control rod
placing: 1 and 2) first roots of (3a) and (3b)
respectively; 3 and 4) first root of (4) for
I=0and!l = 1; 5) first root of (5).

limiting case ry— 0. Then Ny(Br;)~~—«. The structure of the expressions for Uy shows that the roots of all
equations are then zeros of Bessel functions. Therefore, the minimum roots of (3a)-(3d) will be correspondingly
2.405, 3.832, 5.136, and 6.380. The same technique can be applied to the performance of eccentrically disposed
control rods [8] for r; small to demonstrate readily that these values of B increase with ry., It is difficult to
demonstrate analytically that there is monotone growth of these throughout the entire range in ry, but this is
confirmed by numerical calculations, and it is demonstrated also below analytically for large r;. Therefore,

one should not seek the By, among the roots of (3d), and this equation can be eliminated from the subsequent
analysis. If only the first azimuthal mode is unstable, we can also eliminate (3c) from consideration. Very
often, the minimum eligenvalue is found from the equation related to radial stabilization, i.e., (3a) in this exam-
ple. ' _ ,

An important feature of the sums appearing in (3) is the rapid convergence; as a rule, it is sufficient to
take the term in the sum with the least subscript in order to determine the least of the roots. These are cor-
respondingly Uy, Uy, and U, for (3a), (3b), and (3¢). Figure 1 shows the ry dependence of the least roots of (3a)
and (3b) for p = 2/3. The solution was obtained graphically. Incorporation of the second term in the sum results
in a correction to the root not exceeding 3%. Figure 1 shows that the stability of the system is limited by the
least root of (3a), i.e., the fundamental mode is actually stable.’ Further, the stability is increased within rather
narrow limits as the transducer recedes from the control rod to the edge of the core. However, such displace-
ment of the transducer has a much greater effect on the azimuthal stability (curve 2). Figure 2 shows the
effects of control-rod position on the least roots of (3a) and (3b) for rg= 0.9. It is clear that the stability.can
be varied widely via the separation between the control rod and the transducer. Stability on the fundamental is

the limiting factor throughout the range.

Curves 3 and 4 of Fig. 2 are described by B = 2.405p and B = 3.83%p; Fig. 2 shows that the divergence
between curves 1 and 3 decreases as the distance between the transducer and the control rod is increased, and
the same applies to curve 2 and 4. This is explained as follows, The addition theorem [10] for Neumann func-
tions enables us to transform (3) into , -

_2 Vigomy =0, 1=0,1,2,3, (4)
where
Ny (B
[ 3 (Bo) [ Na (Bro —Tu (Bro) Ty |
% ! for p<rg;
BT Ny (B) 7
| I (Bro) [ Na (Bo)—=3u (o) T3 |
L ' for p>>rg.

If the terms of (4) are arranged in order of increasing subscript, then the sums will converge the more
rapidly the greater the difference between p and ry. If this difference is sufficiently large, we can restrict our-
selves to the following equations in estimating the least roots: o h

V,~0, 1=0,1,2 ‘ : .
These equations have previously been published [7], where it was pointed out that the p dependence of the least

(4a)
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¥ b tvain suuwu LI £Ug, Z\CUrVes 3 and 4) for I = 0 and I = 1 for rg sufficiently large,
Figure 2 shows that curves 1 and 3 almost coincide for Ty = 0.9 and p £0.5, and the same applies to curves 2
and 4, i.e., the terms other than the one with the least subscript in (4) are unimportant,

In this example, the number of transducers was equal to the number of control rods; if there are more
transducers than control rods, one has redundant information, which can be utilized in the best fashion. For

example, one can specify minimality in the square of the deviations ) ¢ of the neutron distribution from the
. : i=1

steady-state distribution, which means that (1b) becomes

M
Zi 9:9;=0, j=1,2,...,N,

where M is the number of transducers and ¢ and zpij are, respectively, the deviation of the neutron distribution
from the stationary value and the influence function of control rod j at sensor i.

If the system of the previous example is supplemented with six sensors symmetrically distributed in
azimuthal angle ¢ at radius r_, then (1b) will still take the form Aa = 0. On the other hand, the matrix elements
will now have a more complicated dependence via f; and the influence functions of the rods:

by=fip,+ 2y, + 2f5s -+ 2f,ps + 2fsips -+ 2f6113§ - f2y;
by= fsby+ (fa+fa) Yo+ (fi+1s) Y3+ (fo+ fo) 4 -F (f3+f7) Y5+ (fa+ fo) Ve -+ f5z;
by = fsPs 4+ (fu + fo) ¥o F(fs+ f2) ps+ (foti) b+ i+ 15) Y5+ (fo+ 1) Pg + fapr;
b= frp,+ 2fewpy -+ 25y + 2f e + 2fs¥s+ 2fpa + 1195,
~ h=H (rg, 0); ﬁz=”/6(l—1); V=1 4.
However, diagonalization of A results in the same four equations of (3). Substitution of the appropriate
expressions in place of by causes only the first to differ from (3a). The other equations are the same as (3b)-

(3d). Therefore, the azimuthal stability of a system with twelve sensors is the same as that of one with six.
Instead of (3a) we get

where

o0

6
No(Br)+2 % No(Bri)+No(Bri) —12 3] U}y =0. ©
= Nz==00

Figures 1 and 2 show the ry dependence of the least root of this equation; the reactor stability is still
limited by the behavior of the fundamental, and the stability for a system with twelve sensors is shown by curve
3 of Fig. 1 and curve 5 of Fig. 2 to be only slightly higher than that for a system with six transducers.

The situation is substantially altered if a sensor at the center of the active zone supplements the six or
twelve sensors uniformly disposed at radiis rs. Inthat case the least root for the fundamental is even higher
than 6.38, The reactor stability is governed by the least root of (8b), since the central sensor does not affect
the form of (3b)-(3d). Therefore, the central sensor greatly increases the stability.

In conclusion we consider the situation characteristic of a reactor controlled by local automatic regu-
lators. We first consider six control rods placed as in the previous examples, namely uniformly in angle #at
radius p. The control sensors are placed around each control rod at distances ry. The minimum eigenvalues
for such a system are to be found in the roots of the equations :

No (Bry) -1y (Bry) [2Ny (Bp,) + 2N, (Bp,) - No(Bp)—6 D1 vjsu] =0; (6a)

No (Bry) +Jo (Bry) [Ny (Bp,) — No (Bpy) — Ny (Bpy) ____6 n_ZJj Ulti4on)] =0, (6Db)

which are related primarily to the fundamental and dipole modes respectively. Here pi is the distance between
the first control rod and control rod i, while v, = J} (Bp) ljl;((g)l - Figure 1 shows the r; dependence of the

least root of (6a) and (6b) for p = % (curves 4 and 5, respectively).

In the case of these local automatic regulators, the dependence of B on the distance between the sensors
and the control rods is more pronounced than that in all previous examples. One can provide stability of the
reactor within wider limits by increasing the distance between the sensor and the control rod. However, six
control rods do not allow us to raise Bmin above 4.8 (here r; = 1/3) The limiting mode is again the fundamental
one. The stability can be improved substantially if a further control rod surrounded by sensors at radius ry is
placed at the center of the reactor. Clearly, this local control does not influence the azimuthal stability, and
(6b) remains unchanged. The equation (6a) is replaced by a more complicated one:
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[«

‘{NO(Brl)—{hJO(Bri) [QN[, (Bps) + 2Ny (Bps) + N, (Bp,)—6 Z U|6n;]} [No (Bro) — _ )
— 30 (Bro) 0BV ] 63, (Bro) Jo (Bry) 1N (Bo) T3 (Be) 2 ',

Curve 6 of Fig. 1 shows the r; dependence of the least Toot of this equation for ry=ry and p = 2/3.

The stability is determined by the root of (7), i.e., by the fundamental, when the sensors for the local
automatic controls are arranged around the control rods at distances of less-than 0.14 of the radius of the
reactor. If the sensors are further from the control rods, the dipole mode becomes the limiting one (curve 5).
Then Byyjn = 6.38 when the sensors are at a distance of 0.26 of the radius of the reactor from the control rods,
and any further increase in the distance does not improve the stability. In the case of the RBMK-1000 reactor,
this corresponds to about six steps in the lattice. A system of seven local automatic contr ols with this dis~-
position of the transducers provides stability in a reactor that on Randall's criterion would be unstable on two
azimuthal modes and one radial one. The sensors arranged around the control rods at distances of not less
than three steps in the lattice can provide stability in a reactor that would be unstable on the first azimuthal

* harmonic w1thout the local automatxc controls.

Al these effects of the transducer disposition on the stability have been confirmed by calculatlons via the

v BASIRA program. More details of this will be given in a forthcoming paper.

. Iam indebted to A, D. Galanin, Ya. V. Shevelev, A. M. Afanas'ev, I. B, Basina, B. B. Bergel'son, and
others for interest in this work and discussion of the results, and to E. F, Sabaev and I. S, Postnikov for

. directing attention to the properties of circulant matrices.
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EFFECTS OF NEUTRON-DISTRIBUTION PATTERN
ON THE STABILITY OF A POWER REACTOR

I. Ya. Emel'yanov, L. N. Podlazov, UDC 621,039.512
A. N. Aleksakov, and V. M. Panin

‘ The'energy—p,roduction pattern alters during the operation of a power reactor because of change in the
. isotope composition of the fuel and because of displacements of the control rods, and this may have a marked
effect on the stability, ) » : ‘

It is important to establish how changes in the configuration reduce the stability, and if possible to avoid
the development of such changes. It has been shown [1] that there is a 1oss of stability in a cylindrical reactor
with a plateau in the center if the size of the latter increases. The real changes do not amount only to change
in the size of the plateau, so the stability analysis must be performed for more complex configurations,

Here we present a method of calculating the stability in the energy production pattern for any stationary
neutron-flux distribution &,(r) together with tables of parameter values that can be used to determinethe insta-
bility development period. :

Formulation. A one-group equation in the diffusion approximation is used in a cylindrical coordinate sys-
tem to describe the neutron balance. Relatively slow processes are envisaged, where one can neglect the
delayed neutrons, and where the neutron multiplication factor is a function of the reactor power-and the
moderator temperature, with due allowance for the instantaneous power feedback due to the fuel temperature
and steam content. We assume also that there is hydraulic profiling of the coolant flow in the core. A first-

- order differential equation for the moderator reactivity is employed. We then assume that the variables can
be separated and average all changes in the parameters with respect to the square of-the neutron flux to get
the equations for the reactor dynamics in terms of deviations as ’

(0 [ (25 )+ e |

Jl + (o —1) ¢+ (209 L 1) D= 0; 1)
i @ lp=pr,=0; . ) . (2)
: L Cmg—;m: ap—=tm, ' (3)

where M? is the neutron migration area; &, and ko, energy distribution and neutron multiplication coefficient
under steady-state conditions; ag and ay,, power and moderator-temperature reactivity coefficients, respec-
tively;. R, extrapolated core radius; and Cm, moderator time constant, '

We introduce the dimensionless quantities r = R/Rq; no = R} (ko= 1) /M?; Yo = Riagmax &/M?; v, =
Riamae max &/M?%; @' = ¢ /max & fo = ®¢/max & and use a Laplace transform to get from (1)-(3) that

19 f gy, 1 8% —
*—(’_)—f‘_——ae?+%o([3+

r o dr ar r2
v = . ‘
(—P Irzl = 0, . (5)

"where @ (s, r, 6) = L [o' (t, T, 0)].

We assume that the steady-state neutron distribution is dependent only on the radius, and then the expres-
sion for gy can be put as

nm = A2 (2

The latter equation enables us to put (4) as

Translated from Atomnaya Energiya, Vol, 48, No. 5, pp. 301-303, May, 1980. Original article submitted
July 23, 1979.
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Fig. 1. Instability buildup period for the
first azimuthal harmonic in relation to the
dip in the neutron flux at the center of the
core for ry = 0.7, C,, = 40 min, R§/M? = 792;
G = 3.9°107° 1/"C =0, and a mean
moderator temperature of 300°C.

TABLE 1. Eigenvalues yy Corresponding to
the First Azimuthal Harmonic

1
U

0,1 0,2 0,3 0,4 0,5 0,6 0,7

. 0 13,63 | 1,76 | 9,85 | 8,29 | 7,02 | 5,80 | 5,01
0,05 | 13,57 | 1,65 | 9,68 | 8,10 | 6,89 | 5,69 | 4,89

0,4 | 13,51 11,54 [ 9,51 7,91 6,75 | 5,58 [ 4,77

0,15 | 13,45 | 11,43 | 9,34 | 7,71 | 6,61 | 5,46 | 4,64

0,2 | 13,39 | 11,32 | 9,47 | 7,52 | 6,47 | 5,34 | 4,50

0,25 | 13,32 | 11,21 19,00 7,32 | 6,33 | 5,22 | 4,36

0,3 | 13,25 | 11,09 | 8,83 | 7,12 | 6,18 | 5,10 | 4,21

0,35 | 13,18 | 10,97 | 8,66 | 6,92 | 6,03 | 4,98 | 4,05

0,4 | 13,11 | 10,85 | 8,49 | 6,72 | 5,88 | 4,86 | 3,89

0,45 | 13,04 | 10,72 | 8,32 | 6,51 | 5,73 | 4,73 | 3,75

0,5 | 12,96 10,59 | 8,16 | 6,31 | 5,58 | 4,61 | 3,56

0,55 | 12,88 | 10,46 | 7,99 | 6,11 | 5,43 | 4,49 | 3,39

0,6 | 12,80 10,33 | 7,83 | 5,92 | 5,27 | 4,37 | 3,22

1 48 ap 1 % [ e 18 ( dfg\T= :
| var (7 50) tor ) H =+ 5 (r5e) Je—o, (6)
where . .
- Ym : .
v="o+ T (7

i.e., the stability problem for an arbitrary &,(r) amounts to finding the eigenvalues for the boundary-value pro-
blem of (5) and (6).
We solve the problem of (5) and (6) approx1mate1y by representing the desired eigenfunction ¢ as
;= W, (r) (a; cos i6 +b; sin i0). ®)

We substitute (8) into (6), multiply the resulting equation by cos ig (sin i6) for i= 0 1,2,..., and integrate
with respect to 6 from zero to 27 to get

Lo ( oWy _2 Mep_ L0 ( 0 _ .
fol 757 (r 5t ) = wi] +[sii— 7 o (n5) Jwa=0 ©
The functions Ri(r) can be represented approximately as a sum: o
< (10)

Wi(r)= j; ;%5 (),

where Yijs § = 1, 2, ... is a system of linearly independent coordinate functions with the corresponding boundary

conditions.

We substitute (10) into (9), multiply by Pijs and integrate with respect to r to get a linear homogeneous
algebraic system of equations for the coefficients @jjy = 1, 2,
n

2 Aiiu'aij =0,

k=1,2,...,n,

where

1
i 7 ap; 2 i)
Apj= S {‘Pi.i o (r ;p,k )—IT Vijbin -+ viiybarfo— 5
0
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TABLE 2, Values

of fo(o ’

Iy)

1

fo

SO OOCODOOD

=1 O3 DTN QO DD

0,216
0,228
0,249
0,275
0,303
0,332
0,364
0,396

TABLE 3. Calculated Values of (AyR;)® as
a Function of RyR; and U

Ry/Ry

U

0,14 0,2 0,3 0,4 0,5 0,6 0,7
0 8,70 | 8,17 | 7,42 | 6,69 | 5,98 | 5,16 | 4,63
0,05 8,67 (8,11 17,30 6,52 (5,8 | 5,02 | 4,47
0,1 8,64 | 8,05 |7,1816,35|5,69 | 4,88 | 4,30
0,15 8,61 (7,98 |7,05|6,18 5,54 | 4,74 | 4,14
0,2 8,57 [ 7,92 { 6,93 | 6,01 | 5,40 | 4,60°| 3,97
0,25 8,54 | 7,85 6,8 | 5,83 (5,25 | 4,46 | 3,81
0,3 8,50 7,79 { 6,67 | 5,66 | 5,11 | 4,33 | 3,64
0,35 8,477,721 6,55 | 5,49 | 4,96 | 4,19 | 3,47
0,4 8,43 | 7,64 | 6,42 | 5,32 | 4,82 | 4,06 | 3,31
0,45 8,39 | 7,57 | 6,30 | 5,15 | 4,68 | 3,94 | 3,14
0,5 8,356 | 7,49 | 6,18 | 4,99 | 4,54 | 3,81 | 2,97
0,55 8,31 7,42 )16,06 | 4,82 | 4,40 | 3,60 | 2,81
0,6 [8,26]7,34|5,9 | 4,661 4,263,581 2,65

We equate the determinant of this system to zero to get an approximate equation for the eigenvalues vy

(i% 0,1, 2, ...):

| 45;]=0. v ; (11)

Stability on the First Azimuthal Harmonic. If the radial and azimuthal energy distributions are unstable
on several harmonics, then the most unstable is the first azimuthal harmonic (the fundamental is usually sta-
bilized by the automatic power regulator), and therefore from the practical viewpoint the period of instability
buildup will be characterized by the period corresponding to that harmonic. From (7), the expression for this

period can be put as

Toi=cm/(ﬁ—1). (12)

At the present time, Ty is one of the most important dynamic characteristics of a power reactor of large physi-

cal dimensions.

To determine eigenvalue y01' we can take the coordinate functions in the form g4 = ri 1-r),i=1,2,..,n;
numerical analysis shows that one obtains an acceptable accuracy for vy if the first eight terms in the expan-
sion of (10) are taken. There may be a dip in the neutron pattern in the center of a cylindrical reactor on
account of burnup and displacement of the control rods. To estimate the effects of this on the stability we take
the depth of the dip at the center of a core U = l—l/fo (r) [r=0 28 the adjustable parameter,

AT (mo7) Yo (10) — Yo (por) Jo (10)]

U@2ri—1)+1 for . r<<ry;
fo(r)={

for ry<Cr<Ci;-

ry = R;/R, is the relative radius of the region with the dip in the neutron flux, and u§ is the material parameter
for the case corresponding to a plateau in the energy distribution with plateau radius ry.

Table 1 gives numerical results for vy as a function of ry and U, which shows that the stability deterio-
rates appreciably as the dip in the center increases. Extrapolation to ry; = 0 along all lines in Table 1 gives
¥o1 = 15.38 with an error of up to 1%. Figure 1 shows how the ins’tability buildup period varies for a constant
total reactor power. The period of the first azimuthal harmonic decreases monotonically as U increases,

The calculations may be performed for a constant reactor power to relate the value to max &) : max & =

&/2f,, where

304

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0

21 Ry
Dy = S S D,R dR dO/ (nR?);
[
1 .
o= g for dr.

0

The value of f; is dependent on U and ry. The U dependence may be put as
fo (U, r) =fo (0, r)—r2U /4.
Table 2 gives numerical values of f; (0, ry).

Table 1 can also be used to estimate one of the reactivity coefficients. For example, the energy distri-
bution $4(r) may be derived from detectors within the core [2] and all the parameters of the system may have
been determined by experiment, including Ty, [3], apart from a,,, in which case (12) can be used with Table 1
to derive ¥y and thenap,. The method can then be used to identify the system parameters,

A method has been given [1] for calculating the stability of a reactor with an equalized neutron flux. In
order to use the results of [1] it is necessary to determine the eigenvalues for the boundary-value problem

{, A+ (g 22) p = 0;
@ lr=p, =0.

It is of interest to compare the eigenvalues calculated as above for U = 0 with (2»01R(,)2 of [1]; Table 3
shows that the difference does not exceed 2%, which is quite acceptable for practical calculations.

Conclusions. A method has been developed for calculating the stability of a power reactor with any sta-
tionary power distribution &y(r); tables have been formulated for the values of the parameters that can be used
to determine the instability buildup period for the radial and azimuthal power distribution. A dip in the steady-
state neutron distribution at the center of the core has an appreciable effect on the instability buildup period,
e.g., a 30% dip at the center of the core reduces the period by about a factor 1,5, This method can be used with
the method of measuring the instability period of [3] in identifying the individual dynamic parameters of a
power reactor.
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THERMOHYDRAULIC CALCULATION OF MULTIROD
HEAT-LIBERATING PILES COOLED BY SINGLE-PHASE
HEAT CARRIER

G. 8. Mingaleeva and Yu. V., Mironov - UDC 621.039.5:536.27

The possibility of increasing the power and reliability of rod heat-liberating piles (HLP) in gas-cooled
fast reactors is determined primarily by the maximum fuel temperature at the center of the fuel element and
its shell and the maximum temperature difference over the fuel-element perimeter. In stu‘dying these param-
eters, it is necessary to take account of bias of the heat liberation in the cassette cross section, the influence
of the unheated shell, and other factors producing nonuniform gas heating in the different parts of the channel
cross section; this is done by means of numerical methods in which the channel cross section is arbitrarily
divided into elementary cells. For each cell, mass, momentum, and energy balance equations are written,
taking into account the interaction of the heat-carrier fluxes in the elementary channels. On this basis, both
within and outside the Soviet Union, computer programs for the calculation have been developed [1-3]. A con-
siderable proportion of these are oriented toward the analysis of the evaporating channels of boiling reactors
the HLP of which contain a relatlvely small number of fuel elements. The development of special algorithms
which are very rapid and economical in the use of computer memory is necessary for the calculation of the
characteristic gas-cooled-reactor piles with a large number of fuel elements.

In the present work, the PUCHOK-BM (high-power) program intended for thermohydraulic calculations of
multirod HLP cooled by a single-phase heat carrier is described. This program has the following features:

for a system of interrelated channels, it solves the steady problem with initial conditions at the channel
inlet;

it allows the three-dimensional temperature distribution of the heat carrier in the pile and at the fuel-
element surface to be obtained (without taking into account the leakage of heat over the perimeter in fuel ele-
ments) for an arbitrary energy-distribution curve in the fuel elements over the pile height and cross section;

it takes three mechanisms of transverse flow mixing into account: convective redistribution of the flows
due to equalization of the longitudinal pressure gradients; turbulent energy and momentum diffusion through
the cell boundaries; and local transverse currents due to distance pieces obstructing the flow;

the system of differential mass, momentum, and energy balance equations is integrated by the Euler
method with automatic choice of step, depending on the given error;

The program is written in Fortran, taking the requirements of the BESM-6 computer's translator into
account.

Suppose that the active channel cross section is divided into N cells. The cross section of the k-th cell
will be denoted by Fy, and the perimeters of the fuel elements and shells appearing in this cell by 113, where j
is the numbering of the walls in the cell. A flow of flow rate my and heat content ik passes through the cell,
The frictional stress at the j-th surface is denoted by and the heat flux by qk Let the k-th cell be adjoin-
ing some n-th cell. The length of the boundary betweenkthese cells is Iy, and the mass transfer per unit
height of the pile from the n~th cell to the k-th is Wien (Win =—Whi .

The turbulent frictional stress and heat flux at the boundary between two cells will be denoted by Tkn 2nd
Qgpe Then the mass, momentum, and energy balance equations for the k-th cell may be written

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 303-308, May, 1980. Original article submltted
June 26, 1979,
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where z is the longitudinal coordinate along the channel axis; py and pk, gas density and pressure inthe k-th
cell; u{;n and iﬁn, longitudinal momentum and energy of the transverse current Wy, equal to the momentum
and energy of the flow in the donor cell.

To close the system in Eq, (1), additional relations are required for determining the currents between’
cells. Remaining within the framework of hydraulic assumptions, the following relation may be used to deter-
mine Wiy, : ‘

Win I Win l ’ (2)

Pn—Pr="Cpy —=—,
n i3 n Zpknnkn

where £}, is the drag coefficient of the transverse current between the k-th and n~-th cells; pip is the mean
gas density in the considered cells.

In some programs, a complete form of the momentum balance in the transverse direction is used,
including the convective terms. However, it was shown in [4, 5] that the difference between these approaches
only becomes pronounced in channels with strong perturbation of the flow, for example, in the vicinity of a com-
pression of part of the channel cross section. On the other hand, a more complete form also requires more
empirical parameters, the values of which have been inadequately investigated as yet.

Thus, Egs. (1) and (2) form a system of ordinary differential equations of order 3N in the uhknowns py,
my, and ig. To integrate this system, 3N initial conditions must be specified — the values of the unknowns at
the channel inlet: whenz =0 :

Pr =Po, My = Myp. Iy = L. (3)

However, direct numerical integration of the equations obtained leads to rapidly appearing instability.
For example, if there is a random increase in pressure in one of the cells of the system which is in mechanical
equilibrium, this will lead to a discharge into a neighboring cell according to Eq. (2), and the gas velocity in
the considered cell will decrease. Then the retardation of the flux and the decrease in hydraulic losses, in
turn, lead to further rise in pressure in the cell. The opposing factors (turbulent momentum transfer and heat-
ing of the gas) are unable to balance this process. '

In the present work, stabilization of the systém is achieved by introducing an approximate equalization
of the pressure in the cells by an iterational method, with subsequent averaging of the pressure over the chan-
nel cross section. In Eq. (1), the pressure gradients in the cell may be written in the form

dph/dZ:Bh—{“ZaknWhn) A (4)
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where*Bk com‘l‘)ines terms independent of Wiy, and the factor Okp includes the parameters of the transverse
flow ugp and igy, i.e., depends only on the direction of these currents.

Thus, suppose that at the i-th iteration the maximum difference in gradients is observed between cells
numbered r and s, The pressure gradients existing at this iteration are then used in Eq. (2) to calculate the

vector W;n characterizing the direction of the change in the set of values me. Then the new currents for the
(i+1)-th iteration are found from the formula :

o (5)
W}z: - W;m + aW}tn:
where « is an as-yet unknown number.

The difference in gradients between cells T and s at the (i+1)~th iteration may be written, in the first
approximation, in the form

. . . . (6)
8:':1 ~ E;s+ @ (2 6;L‘nW$n— 2 6;11W.fn)~
n .

n

Requiring e]i[.'gi to vanish in Eq, {6), an expression for « is obtained

i

ST'S

2 6;11W;lfn - 2
n n-

= e 7

LMK 1)

Using Eq. (5), the following approximation is obtained. The process ends after reducing the imbalance
£pg to the specified level. In the PUCHOK-BM program, provision is also made for exit from the iteration
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after a specified number of iterations or the reduction of the corrections to the currents to a specified value.
Calculations have shown that it is expedient to substitute into Eq. (5) not the parameter o determined from Eq.
(7) but a' = a/k, where k is a parameter whose optimal value is determined, on the basis of specific caleula-
tions, from the criterion of maximum rate of convergence of the iterative process.

The behavior of the maximum imbalance of the pressure gradients in the cells in the iterative process
as a function of the parameter k is shown in Fig, 1, Calculations were carried out for a pile of 271 rods cooled
by helium at a pressure of 160 bar, with uniform spacing of the fuel elements in a triangular grid with spacing
s/d = 1.32. At the beginning of the iteration, zero currents were specified. An acceptable reduction in the
pressure-gradient imbalances to 250-500 N/m? - mis observed with k = 5.7 after 80-130 iterations. Note that,
if in the subsequent calculations of the coefficients in Eq. (1) the currents obtained in the previous calculations
are used as the initial approximation for the iterative process, the number of iterations required is reduced to
12-18. Experience of calculations shows that k depends only weakly on the parameters of the flow conditions,
and is mainly determined by the number and geometry of the cells, Usually k= 2-6. If the value of k optimal
for the given pile is used, the machine time required may be reduced by an order of magnitude. For the given
form of cassette, the time required for the calculation (with k = 5.7) is 8-12 min per 1 m length (depending on
the specified level of error). In this case, the above equalization of pressure gradients resulted in a pressure
difference in the cells after one integration step, equal to ~0.01-0.05 m, that was within the iimits of 10~20
N/m?, This allows the pressures in the cells to be regarded as practically equal.

The terms characterizing the turbulent momentum and energy transfer in Eq. (1) are expressed in terms
of the velocity difference or heat-content difference in the considered cells
Tan = Wan (Un — up); .

C Grn = Win (B — ia), (8)

where W[, is the turbulent-diffusion intensity at the cell boundary. In recent years, there have been numerous
investigations of the dependences for turbulent mixing between cells of beams, many of them having been con-
sidered in the review [1]. In the PUCHOK-BM program, provision is made for the use of different relations for
the calculation of W}, so that the investigator may choose the one which he judges to be best.

Local resistance in the channel with the rod bundles (distance pieces and annular grids) may have a pro-
nounced influence on the flow distribution over the channel cross section. The mass, momentum, and energy
balance equations for the grid are written in integral form, without any terms taking the turbulent interaction
of elementary channels into account. The friction distributed over the length is then replaced by local losses
expressed in terms of the local drag coefficients of the grid in the cells. In the absence of more accurate
information, these coefficients may be calculated taking into account the decrease in cross section of the ele-
mentary channel on the basis of data for the grid as a whole.

The PUCHOK-BM program was used for a thermophysical analysis of the HLP of a gas-cooled fast
reactor, considering 217 rod fuel elements arranged in a triangular lattice with relative step sAl equal to 1.32,
and relative distance to the wall (2s,,/d) equal to 1.33. The numbering scheme adopted for the rods and ele-
mentary cells is shown in Fig. 2, together with curves of the energy distribution in the cassette cross section.
The cassette is cooled by helium with an initial pressure of 160 bar.

In the calculations, the equation of state of an ideal gas and the temperature dependence of the viscosity
and heat conduction of helium were used. The diffusional mass flux in Eq. (8) was determined from the data
of [6]. The heat-transfer coefficients were calculated from the averaged presser dependence [7]. In calcu~
lating the hydraulic drag of the cell, a special form factor was introduced, taking into account the difference in
characteristics from a circular tube. For the central cells this factor is calculated from the data of [8], while
for the peripheral cells the theoretical results of [9] are used, taking into account the influence of the noniso-
thermal flow conditions by means of a temperature factor in accordance with [10].

The temperature distribution of the gas and the fuel-element surface is shown in Fig. 3 for cells
arranged along the pile symmetry axis. At the channel exit the gas temperature in cells 1 and 223 differs by
97°C. The maximum surface temperature of the fuel elements is observed at z/L = 0.625, i.e., the value is
somewhat shifted downstream with respect to the center of the active region and the maximum of the energy-
liberation curve, varying in almost cosinusoidal fashion in the central region of the zone (where 0.25=< z/L=
1.75). However, more unfavorable effects were observed for the corner fuel elements. Calculations show a
considerable rise in gas temperature in corner cell 5. This is due to the decrease in mass velocify of the gas
in the corner cell, since its hydraulic diameter in much less than that of the central "triangular™ cells.
Decrease in mass velocity in cell 5 leads to an increase in surface temperature of the corner fuel element, the
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Fig. 3. Temperature distribution of gas (dashed curves) and fuel-element

surface (continuous curves) along the symmetry line of a 217-rod gas-cooled
pile with z/L = 0.5 (1), 0.625 (2), and 0.75 (3).

Fig. 4, Maximum temperature drop over the perimeter for corner fuel ele-
ments of a 217-rod gas-cooled pile as a function of the energy liberation (4, %)
in fuel element 5 with z/L = 0.625; curves 1-4 are for fuel elements 5,9, 4, and
10, respectively.

extent of which increases with increase in gas temperature in the corner cell, since the heat-transfer coeffi-
cient is proportional to Reynolds number to the power 0.8. At the same time, the calculations show a consider-
able temperature drop over the perimeter of the corner fuel element, reaching 90°C at z/L = 0.625. Therefore,
further efforts were directed toward the discovery of constructional means of smoothing the observed corner
effects. The simplest method, involving decrease in the degree of enrichment of the fuel in the corner rod,
does not lead to significant improvement in the situation. In Fig. 4, the change in maximum temperature drop
over the perimeter of the group of fuel elements is shown as a function of the energy liberation in fuel element
5. With decrease in enrichment in the corner rod, the heat flow into the adjacent cells 4 and 15 is reduced, as
a result of which the temperature drops at rods 4 and 10, which appear in these cells, are increased. Conse—
quently, equalization of the temperature requires, on the one hand, a certain decrease in the fuel enrichment

in the corner fuel element, to decrease the gas heating in the corner cell and, on the other, some kind of
"squeezing® of cells 4 and 15, to raise the gas temperature in them. This may be achieved by changing the fuel
enrichment in the corner fuel element in combination with change in its diameter or with the fitting of a dis-
placer in cells 4 and 15. The results of calculations for an alternative version in which cells 4 and 15 are fitted
with cylindrical displacers, reducing the active cross section of these cells by 16% and reducing the energy
liberation in fuel element 5 to 65% of the nominal value, shows that this approach has possibilities. In this case
the maximim temperature drop over the perimeter of the corner fuel elements is no more than 32°C.

Thus, the above method and the PUCHOK~BM program allow the problem of thermohydraulic optimization
of gas-cooled-cassette construction to be considered in the first approximation. The program will be useful in
generalizing experimental data and more accurate modeling, on this basis, of cassette behavior under different
conditions. .
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NONSTATIONARY SLOWING DOWN OF NEUTRONS
FROM A PLANE PULSED SOURCE IN A SYSTEM OF TWO MEDIA
WITH A PLANE INTERFACE

Yu. A, Medvedev and E. V. Metelkin _ UDC 621.039.512.4

The investigation: of the nonstationary slowing down of neutrons is of great interest for the solution of
certain problems of nuclear physics, reactor physics, nuclear geophysics, shielding phys1cs ete. [1-3). While
the problem of nonstationary slowing down of neutrons in homogeneous media can-be considered adequately
studied {4-8], the slowing down of neutrons in spatially inhomogeneous media has been far from completely
investigated. In [9, 10] nonstationary space—energy spectra of neutrons elastically slowed down in slightly
inhomogeneous media were calculated analytically. At the same time, it is necessary to investigate thedirectly
opposite situation, which is frequently encountered in practice, when neutrons are slowed down in a system
consisting of homogeneous media- with different moderating properties. ‘ 5 .

In the present article we consider the case with the simplest geometry: " slowing down of neutrons from
a plane pulsed source in a system consisting of two different media with a plane interface. The space—energy
dependence of the average slowing-down time of neutrons in each medium is calculated on the basisof the age
approximation. It is assumed that neutrons slow down as a result of elastic collisions, the mean free path of
neutrons in each medium is constant, and there is no absorption of neutrons. .It should be noted that the steady-
state problem of neutron slowing down in a system of two medla with a plane interface was solved in [11-14]
within the framework of the age approximation. .

The Boltzmann equation describing the nonstationary elastic slowing down of neutrons: in the age approxi-
mation without absorption has the form [11}].

1,0
vEY at

CAF (u, r, t)

. . 7 . B
F(u I't)-f——-l’ (LL r, t)—m

Sy, e M
~ where F = &vZf (u, r, t) is the neutron slowmg—down density; f (u, r, t) dudr number of neutr ons in the 1nterva1
(u, utdu; r, r+dr) at time t; u = 1n (E+/E), lethargy; E, energy of the neutrons undergoing moderation; v,
their velocity; E+, maximum energy of the neutrons emitted by the source; I, neutron scattering cross sec-
tion; £, average change in lethargy as the result of a single collision;.u, average cosine of the neutron scat-
tering angle in the laboratory coordinate system; and S (u, r, t), a function which characterizes the space—
energy and temporal distribution of the neutron sources. :

We assume that the neutrons are slowed down m a system conswtmg of two media separated by the plane
zZ = 0 and that a plane pulsed monoenergetm neutron source lies in the plane z = d. In this case Eq (1) will
have the followmg form in the different media: S ' - : -

7602 7 F; (u, z, 1) —f—m Filu,z t) — {3 :2 Fi(u,z, t)=8(u) 8(t) 8(z—d) 8, _. - ‘ o y (2)
for z>0i=1, and for z<0 i+ 2; J; is the Kronecker symbol:
132 1 1

/?i = ;s T;== =1, . 3
35,’21? (1—ug) K g2t (L 1 2) ( )

Taking Laplace transforms with respect to time and lethargy

o R , E (4)
F; (U, z, p)=5 die~P'F,(u, z, t), :
)

Translated from AtomnayaEnerglya, Vol. 48, No. 5, pp. 308-313, May, 1980. Original article submitted
April 23, 1979,
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Fi(s, z, )= S due-F, (u, z, £) (5)
R o

and shifting the inhomogeneity into the boundary conditions, Eqs. (2) can be written in the form

$Fy (s, 2, P)— Ri g Fi (5,20 P) 4 puiFy (s— = 2, p) =0, (6)

Equation (6) must be solved for the following boundary conditions:

Fi(s,p,2)=~0 as z- oo;

Fyls,p,2)>0 as z— co: )
~ N 8 : 7o : .
Fl(ss p, d):Fl('S’pl d)y H1[E[’1(S, d>p)"—“0‘z—171(37 d,p>J=1, (8)
TFi (5,0, ) =1Fy (s, 0, p)i B2 Fy(5. 0, p) — BRI +-Fy (5,0, p) =0, | )
where Fy (s, z, p) and fi (s, z, D) are solutions of Egs. (é) in the regions z=d and 0= zﬁd, réspectively. ,
We seek a series solution of Eqs. (6) in powers of p:
. M o0 (10)

nl

Fi(s, 2z, p)= D) D2 g (s, 2).

n=0 )
After determining the functions Fﬁn) (s, 2) it is easy to find the times from the corresponding distribution func-
tions of slowing~-down neutrons, defined as ‘ _
@@=\ dieFyw oz, ) |[[\ deFi 2, w0 _ :
] W aervte v J

©-  Actually, using (4) it is easy to see that

{t (2, u)) =(—1)" (%Fi (#, z, P}lp;o]/[Fi (u, z, p)']p:{);]. (12)
Substituting (10) into (12), we obtain . S . .
(}(u, 2))=F" (u, 2)/F (u, 2): E : (13)

Substituting series (10) into.Etis. (6) and equating terms with the same powers of p, we obtain a chain of
equations describing the functions F in) (s, z)

B~ REZ P9 (5, 5)=0  (i=1, 2); (14)
SF™ (s, 7)— RE 2 P (s, 2) —nn F D (s ) =0(n =1, =1, 2). ' " (15)

Substituting series (1?121 into boundary conditions (7)-(9) and equating terms with the same powers of P,
we find that the functions Fy ) (s, 2z) for n = 0 must satisfy conditions (7)-(9), and for n=1 conditions (7)-(9)
with the only difference that the right-hand side of the second of Egs. (8) will be zero instead of unity

Equations (14) and (15) are linear differential equations of the second order with constant coeffic'ielzts '
which can be solved successively by using appropriate boundary conditions., For the functions F§°) and Fii) (i=
1, 2) which determine the average slowing-down time of neutrons in each medium (cf. (13)), we obtain

PO _ (R —Ryny) exp {=(Vs/R) (z4+d)} | exp {—(V5/R) (z—a)}, : (16)
(5, 2)= (RyTo+ Ry1y) 2R, Vs R 2RV s ’

(1 _ OByt — Remy) 1 Vis—05 11 Vs :
Fi¥(s, 2)= g, e Ry {‘/m exp[— R ''(Z+d)J—V—-§e>‘D[——R1 (Z+d)J}+

T

1
T & {Vs_o.s

__Vs=0.5 I _ﬁ _ 27, T,R, (T, — Ty)
exp| L2 ema) | renp [~ ra—a) [} el

Grvimlel 50w

_ T 1 ~fz _d\. - (18)
O 5= gt oo (Vi —w )
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exp[*’rl/s'——05(R i)]—-T—‘—}—_x

2 Ry T Vs [

Jew[fe-YETa oo

21,7,

1
Rty Ry {]/3—0.5
xep [ Vil ) |} - antrep Ly + (55 ) viss

- The expressions for the functions F(Osll (cf. remark following Eq. (9)) are obtained from Eqs. (16) and (17) by
replacing the difference z — d which appears in them by d — z. Hence it follows that by taking the inverse Lap-
lace transforms with respect to s of the functions F1(°’ 1 (u, z) and ¥, (0, 1) (u, z) .we obtain corresponding
_expressions,.as can easily be verified directly.

F(21) (Sa Z) =

‘By using (16)-(19) for a homogeneous medium (74 = T3 Rl = Rz) it is easy to find from Eq. (12)

1_L). (20)

v+

@ ) homo 2r; (eulz_ = Epz; LZ; (

This expression agrees with the analogous expression derived earlier in [4,”5].

Let us consider first the simplest case when the neutron source is on the interface of the two media
(d = 0). Here the simplest result is obtained for the neutron slowing-down time in the plane z = 0, Taking
inverse Laplace transforms of Egs. (16) and (17) for z = d = 0 [15], and using Eq. (12), we obtain

. 0)_<t1 @, 0)_ 1+4/V0) 21)
{h (“))homo 1+vs !
where, as in [13]

Q:__-_R_%_ B (1—ps) , o= G (1—py)
RE 2, (1—wm)’ § (1—pp) °

1t is known [13] that for an air (i = 1)— g'round (i=2) system Q = 10® and 6~ 2.1. Using these constants,
we find that at the air—ground interface the neutron slowing-down time is only 0.4 times shorter than the neu-
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U

du’ [uD—u’' (y-D)] e { Dpr oyt
o D ex
VYR —1) YVim o e ’ ' 24“’*(”—“)}

Ty(u, y, Dy=1-

~ g (26)

(1+Ver et o [@=DP (1-V8 (y+ D)

{Hp[ 4u +(1+]/5\’ )‘p[ 4u J}
where y = z/Ry; D = d/R; (for y>0);
_(2—y8) V38(1—y(8)

T2(u7 Y, D) - eu/g__1 - 2(1—{—]//8) X (27)

V u/z u/n (y—D)2 o, ¥ o (u D2 y?

X o2 _ ex . ] 5 (e’ ( ,3/g [HD u (D4 ]/'3)]exp {?w/w_’_/;(u—u')} '

where y = z/R,; D = d/Ri (for y<0).

From the results of Eqs. (26) and (27) it is easy to determine that at early times (u—0) the function Ty
approaches the constant limit unity. At the same time as u— 0 the function T, approaches a limit which depends

ony'and D, Its form in the two limiting cases for y«D and y>D is determined respectively by the expressions:

N ~ 105 _ A=V yy.
Ta(,y. D) ——>To (9. D, 0) ~ V-3 —m(%;, . (28)
T,(u, v, D)—u;?T (y, D, 0) ~ 1 +(1_-V@(%), (29)

Figures 4 and 5 show the dependence of the functions Tj(u, y, D) and Ty (u, y, D) on lethargy, plotted from
Egs. (26) and (27) for Iyl = 1 and for various positions of the source in the first medium for a system consisting
of two identical media (6 = 1} with different densities. An analysis of these results shows that the displacement
of the source into the first medium (an increase in D) decreases the effect of the second medium on the average
slowing-down time of neutrons in the first medium (cf. Figs. 4a and 5b), but on the other hand increases the
effect of the first medium on the average slowing-down time in the second medium (cf. Figs, 4b and 5a). This
character of the dependence of T; and T, on the position of the source results from the fact that the displace-
ment of the source into the first medium leads to an increase in the time which slowing-down neutrons spend
in the first medium, and to a decrease in the time they spend in the second medium.

The authors thank N, S. Potapovaya for help in performing the numerical calculations.
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RETARDATION IN MEDIUM OF VARIABLE DENSITY

A. A. Kostritsa _ UDC 621.039.5

The theory of neutron transfer in varying media was considered in [1], where gas-phase reactors were
the subject of discussion. In [2], the behavior of neutron gas was investigated in the case when the density p of
the medium and the scattering path length 15 undergo significant variation in the residence time of the neutrons
in the densifying medium, The variation of p and Ig amounts to ~(1+u0/v) , where ug is the velocity of the
boundary of the medium toward its center, and v is the neutron velocity. This variation may be significant for
thermal-neutron diffusion in a gaseous medium with ug larger than the velocity of sound (if I is comparable
with the dimensions of the medium, and scattering is taken into account), and for retardation and diffusion of
fast neutrons in the case of supercompression of the medium.- ‘

Consider the retardation of neutr',ons when the density of the medium changes; so as to be specific, rise
in density will always be considered. The initial kinetic equation for the neutron distribution function f may be
written in the form )

d 1—pt 8 ) g . :
Lo (22 TN v f=v [ av 7 [aue@ e - v w ‘ ‘ @

r

+ 50 518 (1 —1o),

where p is the cosine of the angle between v and r; ¢(w), distribution function of the atoms of the medium over
the velocity u; the pulsed source S(v) lies at the point r = 0 and emits neutrons isofropically in all directions;
vg and vg, frequencies of scattering collisions and collisions leading to absorption, and are assumed to be
independent of the neutron velocity, which implies decrease in the cross section with rise in neutron energy.
The assumption that the collision frequency is independent of velocity is very sweeping, but allows the basic
features of the considered phenomenon to be retained, The probability of change in velocity in scattering is
determined by the function _
’ 2 r__ 2, — 2
G(v' > viw) = e[yl voulm ), 2)

dn v —u| 2

where m is the mass ratio of the neutron and the nucleus; scattering is assumed to be isotropic in the center-
of-mass system. ' ' o

.The moments of the distribution function are now introduced; these are quantities averaged over the
velocity and coordinate spaces, i.e., quantities of the form

§aranr { dvryf :
(=" (3)
S dr4nr? 3 av f '
0 . .
A velocity distribution of the atoms that is isotropic over all directions is assumed, and the system of
equations for the moments is written ‘

d (r =2 (rvp); SN ()]
d (rvp.) —
1o H—m (rup) = (©?); ®)
d(,ﬁ) LIC/ N (12_:"‘:)2 w* (1+ 2 4 W 8 (t—10), (6)

where u?r is the mean square velocity of the atoms; (v(%) is the mean square velocity of neutrons emitted by the
source.

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 313-315, May, 1980. Original article submitted
June 4, 1979.
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Fig. 1. Mean-square distance of neutrons from source and dependence on time and
degree of compression for m = 0.5 (a) and maximum value of (ri) as a function of the
compression rate for m = 0.5 (b).

Fig, 2. Evolution of pulse with initial distribution of energy over the *®U fission spec-
trum in an infinite medium: a) number of particles at the peak referred to the initial
number; b) period of exponential increase in neutron pulse as a function of v.

From Egs, (4)-(6), it is easy to find the time dependence of the mean-square Velocu:y of the neutron gas,
(vz(t)), and of the mean-square distance of neutrons with such a mean energy from the source, (rz(t)) It is
‘assumed that uT is constant, the time t is measured from t;, and two particular cases are considered.

1. Suppose that yg is independent of the time., Then

2mi ' 7
v o | 0

where 7y = (1+m) 7; T = 15 is the mean time between scattering collisions and.

W (1) -

7 ()= 2m, { o [1— g —bm g (L —&) ]+ (e —)), (8)
where |
B =t1—exp(—2);
§2=1——exp(—1—i’n—m%). (9)

~ If the thermal ‘motion of the atoms is neglected, the linear dependence of (r% on t, which is characteristic of
diffusion, disappears, and attention is confined to the retardation stage. If in the course of retardation the
energy changes by 6-7 orders of magnitude, then (r? (t)) stops changing somewhat earlier than the relaxatlon of
(v}(t)) is complete, and becomes equal to

(r (o0)y == At _;m)s LEECHE (10)

At small m (medium of heavy nuclei), the migration area is larger, but its minimum value occurs at m = 0.5
and not at m = 1.

2. Suppose that vy increases with time according to the formula vg = vge/(1— 5) If a sphere' of initial
radius R is compressed, and the boundary moves toward the center of the sphere at a velocity uy, then ¢ =
uot/R

Then Eqs. (4)-(6) give

<v2(t>>=”7¥{1—exp[—%c(t>]} e [~ tm]; an
(re(g)H =2 s.dt exp[ C(t)JSa’t exp[ ]+2((v§ l:j )Stdt’x
0 : 0
. (
on %) farono [ pae )] .
where '
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b4
()= S vedt'. (13)
0
Now consider the neutron migration area under the assumption u?r = 0, or specifically
(14)

¢ : ) 2
sag = § dzexo { = o [ = — 11} {avern {imme k[ — 1)
0

where k = Rvg/2up; ¢ = ugt/R; 76 = 1so.

It is simple to pass from £ to t using the relation tfry = 2k£. The quantity k characterizes the compres-
sion rate ug/(vg) = RA2klg if Igg = (vp) Tg. Small k corresponds to rapid compression.

The dependence of (r7} on ¢ and the degree of compression is shown in Fig. la. As a result of the in-
crease in density of the medium, the neutrons quickly perform the number of collisions necessary to reach a
standstill in a cold medium. The limiting value (rl) to which (r’(t)) quickly tends is significantly less than
(r’(e0)y as given by Eq. (10). When k~1, (r}) < s and weakly depends on m, The dependence of ¢rly onk for
m = 0.5 is shown in Fig. 1b. With increase in compression rate, the minimum of ’(ri) (which corresponds-to
m = 0.5 in the absence of compression) is shifted toward smaller m. ‘ :

To what degree are the results obtained here by the moment method applicable to a finite region of
radius R? A rigorous condition of applicability is the requirement that neutrons on a straight path are not able,
in the course of retardation, to pass beyond the limits of the region, which is equivalent to the inequality
Rl > 2kE/(1 — %). It is evident from Fig, 1a that when k = 5 the retardation process ends when £~ 0.35-0.4,
i.e., it is hecessary that R/ISON 6. The mean-square distance of neutrons from the source amounts in this case
to (r2) &~ 0.3-8 x (V2 w2 ~ 2.4 I}y but the condition R/l5, 3 1.6 would be too weak.

The above discussion, based on Eqgs. (4)-(6), has a significant deficiency, in that it takes no account of the
velocity of directed motion of the medium toward the center of the target. The entrainment of neutrons to the
center is a complex process, since thé heating of the neutron gas plays -an important role, especially ina -
medium of heavy nuclei [2]. The heating of the neutron gas amplifies its migration. At a small target, those
neutrons which undergo major collisions remain, but they accumulate energy in collisions in the centrally sym-
metric flow of heavy nuclei, i.e., a phenomenon inverse to diffusional cooling is observed. In [3], it was noted
that when the velocity of directed nuclear motion is ~5°* 10% m/ec, heating of the neutron gas, together with the
increase in energy of the medium due to fission neutrons may compensate the neutron energy losses in inelastic
collisions on 28U, This conclusion may be illustrated by the results of numerical calculation for centrally sym-
metric uniform motion of heavy nuclei. In Fig. 2a, the number of neutrons ny, at the pulse peak (in an infinite

medium of *3U) is shown as a function of ¥ = ugA;, where vy is the velocity of neutrons with an energy of 1 .

MeV. The initial number of neutrons is taken to be unity, and their initial energy is distributed over the fis-

sion spectrum. The time for the number of neutrons to rise by a factor of e is shown as a function of ¥ in

Fig. 2b. ‘
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IRRADIATION LEVELS OF PROFESSIONALLY EXPOSED
GROUPS AND RADIATION-MONITORING OPTIMIZATION

V. I. Ivanov, I. P, Korenkov, UDC 621.039.76(063)
and O, N, Salimov ' :

The extensive use of atomic energy for peaceful purposes is one of the characteristic features of the
present time; techniques based on ionizing radiation not only provide technical progress but also bring an
enormous economlc return, which is over 250 million rubles a year in this country [1].

In earher times, the use of ionizing radiations for peaceful purposes was the concern of a restricted
number of organizations, but now it is difficult to name any sphere of the economy where radiation is not -
employed. In recent years alone, Soviet industry has produced over 10,000 y-ray flaw detectors, 60,000 radio-
isotope instruments, and over 50 high-power y-ray systems containing sources up to 50 Ci (1 Ci = 3,700 * 1010
Bg) [2].

Radioisotopes are particularly widely used in medicine; in 1965, there were 17,500 x-ray sections in
this country, which were equipped with 35,000 x-ray sets and 21,000 fluorographs, while there were over 200
departments of radiology. At the beginning of 1977, the number of x-ray sections exceeded 30,000, with over
48,000 x-ray sets, and there were more than 600 radiological departments [3]. :

The uses of radioisotopes in COMECON member-countries also increased considerably. For example,
the use of radioisotopes in Czechoslovakia has increased by a factor 6-7 in the last 10 years, while the number
of medical organizations employing radioactive preparations has increased by a factor 2.5. The annual in-
crease in the consumption of radioactive medical preparations is 20-30% [4].

Radioisotopes are also widely used in other countries.  Data from the United States Atomic Energy Com-
. mlssmn 1nd1cate ‘that 5000 American clinics and hospltals use radioactive substances for therapeutic and diag-
‘.'nost1c purpos es. The value of the annual output of isotopes for medlcal radlology is 700 million dollars [5].

Pa.rtlcularly promising lines of radioisotope use in medicine 1nclude afterloading methods, the use of
2201 for. intracavity and intratissue therapy, and the use of short-lived isotope generators for diagnostic pur-
poses [6-8].. s

Any use of 1on1z1ng radlatlon involves a radiatioh hazard, so it is particularly important to monitor ir-
radiation level$ of staff in view of the increasing scales of the use of atomic energy. Also, data from such ob-
servations are of great practical significance in evaluating the performance of protection measures and the
relative hazards of various technological processes.

. During the past 15 years we have used film dosimetry to determme individual radiation doses for ionizing-
radiation workers in various branches of the economy. Weused IFK-2, 3 M, and IFKU cassettes placed on the
chest, with exposure times of 30 days. The films were cahbrated of VNIIM The usual methods were employed
to process the working and monitor films. :

Figure 1 shows that the irradiation levels for various professionally exposed groups range from 0.2 to 4.0
rad/yr (1 rad = 0.01 Gr). The largest doses were received by workers in medical organizations concerned with
intracavity therapy, x-ray diagnosis, and radioisotope diagnosis by means of short-lived isotope generators.

An important part in routine monitoring is occupied by sample choice for the various professional groups.
The mean or collective dose is used in evaluating the remote effects of irradiation:

(Dy=\ Dw (D) dD;
3

o0

S - g DN (D) dD,
0

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 315-318, May, 1980. Original article submitted
July 3, 1979,
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Fig. 1. Approximation of the annual dose distribution for medical staff performing: a)
x-ray diagnosis; b) intracavity therapy; c) radioisotope diagnosis; d) teletherapy: 1)

actual distribution; 2) v distribution; 3) log-normal distribution; 1 centiGray (cGr) =
0.01 Gray (Gr). '

where N is the total number of persons irradiated and w(D) is the dose distribution, which is related to the
former by N(D) = w(D)N. : '

However, the mean number of remote radiobiological effects may vary with the dose distribution for

identical values for the mean and for the same dose-effect response. A set of moments gives a fuller descrip-
tion [9] of any dose distribution: ' ' '

5}

My = S D'w(DydD (d=1,2,...).
) \
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One can approximate the dose distribution analytically in order to standardize the data on the population dose
structure. A log-normal distribution has been used [10], while the ¥ distribution has been employed also
[11, 12]:

v (D)= Fs D* et
where o and B are parameters of the dose distribution; T (a) = S y*~'e~Vdy, T function; and y, variable of inte-
0

gration.

The origin moments for the dose distribution are then given by
v m,=T(a+n)/T (@)p" (n=1,2,...). ' (1)
The parameters a and /3 are found from the origin moments my and m,:
B=m(my—mi); a=m,p. .
The position of the peak Dy in the y distribution can be determined by equating the first derivative to
zZero: .
(¥ (D)T @] =D o=t (2L g) 0,

Then
Doz(oc——i)/ﬁ. ’ (2)

Figure 1 shows the approximation results for medical staff performing various procedures; one can
select an analytical approximation and compare for example the third central moments for the actual and ‘ap-
proximating distributions.

A knowledge of the distribution enables one to use the sample volume for routine dosimetric monitoring;
it also allows one to define the optimum technique. Subject to certain assumptions one can obtain the relative
error §; in determining the first moment (mean dose) as expressed by the following [11]:

8= 6+bN"2 (3)
where 6 is the relative error in measuring the individual dose and

1 ¢ —
N=YNN; bi:TI s' DV w (D) dD;
1 0
where N; is the number of workers receiving doses in the range from Dj to Di+ADj (subscript i characterizes
the division of the doses into intervals ADj). One can calculate the necessary sample volume N subject togiven
errors in the mean dose and a given error in measuring the individual doses. It follows from (3) that

N= [bi/(ai —6)]2-
Numerical values have been given for N for professionally exposed groups as considered here [12].

Each professional group has its own dose distribution and own number; this approach allows one to deter-
mine the necessary sample volume for staff as a whole. This involves determining the best way of distributing
the total sample volume over the professionally exposed groups with the object of reducing the statistical error
in measuring the moments. This problem can be solved by analyzing the errors in moment calculation.

The problem is that of defining a conditional turning point. Analytical solutions have been derived for
cases where the dose distributions are represented by histograms or analytical relat1onsh1ps The optimal
sample volume has been calculated for each professional group.

The data have been used in calculating the probability of exceeding a specified dose (1/3 of the maximum
permissible dose) for various professional groups. The value is 0.3 for staff performing x-ray diagnosis and
intracavity therapy by traditional methods of source handling; the corresponding value for radioisotope diag-
nosis by traditional methods is 0.035; the value for teletherapy is 3 +107%; and that for generator operation
is 0.3.

It is therefore essential to employ individual monitoring in x-ray diagnosis and in radioisotope diagnosis
by means of short-lived isotope generators (in the first stage of use). It is also desirable to perform individual
monitoring in automated teletherapy, cavity therapy, and traditional methods of radioisotope diagnosis,
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NONLINEAR DEPENDENCE OF INTENSITY EFFECTS
ON NUMBER OF PARTICLES IN RING CURRENT

S. G. Arutyunyan and G, A, Nagorskii UDC 621.384.6.01

The design of large-current accelerators and accumulators depends on intensity effects, i.e., on the
influence of the intrinsic beam field on the dynamics of its motion. This field is usually found from Maxwell's
equations, in the right~hand side of which are substituted averaged values of the beam charge and current.

In addition, it is assumed that the field of the beam charges coincides with the field of charged particles
moving uniformly in a straight line [1].

In the present work, the problem of self-action of a ring current is considered (calculations for more
complex current configurations are complicated). The accurate Lienar—Vikhert formulas [2] may be written
for the field of particles moving over a circle at a constant velocity. Then, using the Plan summation method
[3], the Lorentz force acting on one particle from all the others is found, In the formulas obtained, a nonlinear
dependence on the number of particles in the ring current is seen, Various particular cases of the formulas
obtained will be considered. '

It will be shown that in the ultrarelativistic case for the given problem it is impossible to use the ap-

proximation of the field of a charge moving in a straight line for any current density,

Instantaneous Picture of the Field

The electrical and magnetic fields produced by particles of energy v, in units of me?, moving over a cir-

" cle of radius R at an observation point with the coordinates (p+R, @, z) in a cylindrical coordinate system at

time t are found.

It is expedient to write the vector from the particles at a later time t' directed to the observation point
in the form 22 [vie, (8)+ v,e, (8) + vse,] , where e; are the unit vectors of the cylindrical coordinate system;
6 =—A <0, azimuthal angle of the particle at the time t'; Bc, particle velocity. The directional cosines vy, vy,
and vg are

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 318-321, May, 1980. Original article submitted
January 8, 1979,

0038-531%/80/4805-0323$07.50 © 1980 Plenum Publishing Corporation 323

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0

¥l

Fig. 1, Complex contour of the applied in-
tegration x of Eq. (9) —— e k=1, 2, 3,
4) contours of integration; ——) ci{ contour
of integration in the boundary N —~ ex-
cluding the segments set of zeros [0, x4].
(XN i 1r] obtained for deformation of ¢y

from ck
= (B/A) [(1 + p/R) cos ((D 4+ Ay —1];
= (B/A) [1 + p/R] sin (® + A); ’ )
— (B/A) (/R). :

The following relation is obtained for determining A
APt = 1 + (1 + p/R)® — 2 (1 -+ p/R)cos (© + A) + (*/RY). (2)

Using the formulas for the potentials at t', the fields E and H at the point of observation (p+R, 0, z) are written
as a function of the parameters Vi, yz, Vg, A

| E:(W%:Eﬁ{[ﬁYzA (1 —Pvg) +-v, (1— _ _ f(S)
—By2Avy)] e (8') + (1 — By Avy) [(vy—P) €, (0") +vaesl);

B = i (91— Brav™) e (0) 92 (1 —Bv0) € (6) — (v ¥4y — By (s3] o) @

Ring Current .

‘The self-action of a ring system of N particles moving at equal intervals over a circle of radius R will -
be calculated. Using Egs. (3) and (4) with z = 0 and p = 0, the radial (f1) and tangential (f”) components of the
Lorentz force which acts on one particle at an angular distance of & from another may be written in the form
4R2 1 2 2 gi -

i= [ +8 B2 sin x J

e? o

(1—Pcosy)siny v2 (1 —Peosy)?

=g, (1) )

4R? f4cosy 2 (f—cos ¥)
Tt f" [(1-—-Bcosx)sin2 +(1—ﬁcosx J_'g" vor

o (6)
where the angle y = (O 4 A)/2 satisfies the following expression, which follows from Eq. (2)

. v = ®/2 + Bsiny. _ » ) (7)
The total Lorentz force F actmg on each of the N particles is written as a sum

N1 ‘ C(8)

Foy = ],__.t Toow Qs

[1

where ¥j is the solution of Eq. (7) with & = 2mj/N §j = 1,..., N—1),
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j in Eq. (8) is replaced by integration over x = x{(j).
As a result, Eq. (8) is replaced by the formula

ANy

4 .
o N N t 1—
Fiy=3 iy @i )l +5 | fri—Beosndrt o 3 py | LR s ()
%1 h=1{ L%

where —py=—p,=H3=p,=—€;=€,=—£5= g = 1, and the integration contour ci in the plane x = x) +ix® is
chosen so that the imaginary part of the exponential is constant. The contours Ck, depending on the number of
particles N, may expediently be combined with the limiting contours ck, to which the contours ci transform as
N-+=w, The circumvention of the poles is indicated in Fig, 1. The resulting additional contributions along the
real axis are combined with the first integral term in Eq. (9). Reducing the integrals over the contours ci<

to integrals over the real axis leads to the following formula for the radial component of the Lorentz force

’

AR® po__2N(H2Y) 2PNV B
e 1T n n n(E—1)

X

(B N(1+62) " gt ot @
[(1_{_52) 2+ Ing B+1—ﬁ]+— P-4 (Xl) +eL - +—5— S dz In X

ch z—1da?
0
g ! ' '
><( thz o\ 4BV "B < dz d .- : )
exp {2V (z—p sh z)} —1 )—m,z (AFp)2 S (1—[5)—thi dz
0
1 N (142 chz+1 d
X ‘ + dzln X.
(chzé[y(i—ﬂ)—[—th%]z(exp{2N(z—-ﬁshz}-—1)) n SO S chz— ”?2
' : th = . 2(&1\1*’5T dz [(H-(sz) (e+doigz) |
( exp {2N (z+PBshz)}—1- ) n exp{2NG}—1 22 Detg?z - '
0
Az(Actgz—S:t)—l—D(x—-?’Actg z) ° _|_2N(52 §° .dx shz
+ V{42 F D J+ ) QNG +Bsha)—1 (AFBeho’
while for the tangential component of the Lorentz force
x -
4R2 20N d ' 24 4A%
—Fy =—53 4+ [g\l )+ g1 (v-0)1 + =~ ﬁ S(; eip {Zl\fG}—1 [ 1D —Yi(Az+D)z+
n
(t+4p® (=4 .A ctg z)z..(A2+D) ctg z |22+ (14-B2) ctg z] ZﬁN d sin? z
T @I rDotgia) . o S dzctgz Oz ( (@ D) (exp (2NG)— 1) ) '

0 1y

where

E=exp {QN (.ln%—!—%)}; A AA: 1.—x ctg z;

D=z2—p2sin?z; G=1n[(z+V D)/ (B+sinz)] —V Deigz.

It is evident that the Lorentz force depends on two parameters: N and v, “ However, analysis of the expo-
3
nential behavior shows that the characteristic parame;ers of the problem are N = N/?° and v. For existing
high-energy particle accelerators and accumulators, Nz1 [4]; in this case, almost all the terms in Eqgs, (10)

and (11), except the last term in Eq. (10), are of the same order, and depend on N in a significantly nonlinear
manner.

In the ultrarelativistic case, when v>1, the functions F, and F| are expanded in series in inversepowers

of 72

+ 12
I'J_IK*Y'L"va)ll(N)Y“ (12)
where @, = 3, aj| = 4. After replacing the variable of integration x b%r , 1t becomes obvious that only terms

; n

to the fourth power appear in the sum. Note that it is possible for F (N) to depend on in y. At large ¥, only
the first nonvanishing term of the expansion in Eq. (12) exists.
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The expression obtained for the radial component in the case N>>Y‘ 3 is of the form

*

o 3N, 2N 8 oW, sy (A4uy) 4N i
FEW)=—F+———c+3 I 2+ 1 M)+u(1—{—u) e Sd““zﬁ'\
® 1 * : * 00
z & dz exp [k (2)] [1 —Nz(14-2)3]—1 , 8N 1 3
{exmk_(Z)]—1} a S (1+42)2 Aexp [k (5)]—1)® +T§exp[p(z]—1 344z (9+4Z)2]’ (13)

where C is an Euler cons‘rant M = exp (2N/3) also
1/3
u= U/Q’”H +3“) —( ¥
N N
is the real root of the equation a +3u"61r/ﬁ =0; k(z) = ﬁz(l —z%); and p(z) = (2N/33)(1+4z/3)v (1+z/8).
In the limiting case Y3« N<<1 the first nonvamshmg term in Eq. (12) takes the form
FO (N2> 0) = 1/2x. (14
In the other limiting case N>>1 the first term of the asymptotlc expansion in Eq. (12) takes the form

F‘f’(]\?—»— oo):iiv ( n 2NY 4 (‘) . (15)

Note that the formula for the radial force obtained in the approximation of the field of a charge moving in a
straight line contains an additional factor ~7v~2 in comparison with Eq. (15). For N~ 1, all the terms in Eq.
(13) are comparable in size. '

The ratio of the radial component F, of the beam self-action to the external force maintaining circular
motion of a single particle over a path of radius R may be of the order of unlty in certain cases (e.g., in
adhesators, where y~10, N~ 1013 R~1 em [5]). However, for large electron and proton accumulators and
- accelerators, the important factor is not this ratio, which is less than unity for such machines, but the fre-

- quency shift of the betatron oscillations arising due to beam self-action. The corresponding analysis, while of
considerable interest, is beset by great computational difficulties.

. “ .
For the tangential component in the case N>>'y‘3, the first term of the expansion in Eq. (12) takes the

form
FiP ):’Jf%f% + 125 io T =T | T — BT —
— G+ 1?116‘ EOdT & (ormese@D ) (16)
In the limiting case v~3 <<I$<<1, Eq. (16) gives '
==~ (3 ) o

. *
In the opposite limiting case when N>>1, the first term in Eq. (12) is

Fio (N ,oo)__.ﬂ“_z_ ' _ (18)
AI2
The results obtained show that in calculating intensity effects it is desirable to take into account accurate

formulas for the particle field and the discreteness of the beam current.

In conclusion, thanks are offered to A, Ts. Amatuni for numerous useful discussions of the problem and
valuable comments.
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ISOTOPE ANALYSIS OF NANOGRAM URANIUM SAMPLES.

R. N, Gall', A, M. Korochkin, UDC 621.384.83-034.822
V. A, Lednev, B, N, Sokolov,
and V. N. Vyachin '

Mass-spectometric isotope analysis of solid specimens in nuclear physics, geology, and cosmochemistry
frequently involves the use of specimens perhaps as small as 10~10 g. Such specimens impose specific require-
ments on the apparatus and methods, and in particular the sensitivity of the mass spectrometer must be very
high. This can be attained by surface ionization in the source, with use of a secondary-electron multiplier in
the recording system and point scanning of the mass spectrum, which considerably reduces the sample loss
during the analysis, and which also increases the accuracy while reducing the analysis time.

Tight specifications are laid down for the reproducibility of the analytical conditions with small samples,
since even minor deviations such as in the working times or in the vacuum can cause appreciable loss of re=
producibility. The working times may be standardized by automating the recording system, with subsequent
automatic data processing. The provision of identical vacuum conditions makes it desirable not to use ion
sources that require the spectrometer to be opened to change the sample. The mass spectrometer should also
have low memory for previous samples which is particularly important if the samples differ greatly in size or

isotopic abundance.

These conditions are largely met for high-accuracy measurement of small samples by the MI 1320 mass
spectrometer {1, 2]. This instrument has high technical characteristics: sample utilization factor 0.05%, limit
of detection 2+10713 g, isotopic sensitivity 3 - 10-%, convergence and reproducibility in the measurement of iso-
tope ratios of better than 0.1 and better than 0.05% relative when the isotope ratios vary over the range 1: 100,
These characteristics relate to uranium specimens with near-natural isotope contents, and the aceuracy param-
eters have been derived by the use of relatively large specimens (about 104 g of uramum)

Here we describe studies on the attainable accuracy with the MI 1320 for nanogram uranium samples
Solutions in nitric acid of concentration 0.3 N in uranyl nitrate were used with the natural isotope- abundance
(Table 1). o ,

The specimens were deposited with a quartz capillary of dlameter 0.2 mm, which was flushed several
times with the uranyl nitrate solution before use in order to equilibrate the uranium concentrations in the bulb
and within the capillary. Fresh capillaries were used for solutions differing in concentration. The error in
determining the mass of the deposited sample was 10-12%.. The sample was transferred from the capillary to
the evaporator strip in the ion source in small droplets, with the first droplets evaporated at room temperature
and the latter ones evaporated by passing a current through the strip. This method prevented the solutionfrom
spreading over the evaporator and enabled us to localize the spemmen over a section of length 1-1.5 mm in the
center, : .

TABLE 1. Concentrations of Solutions in
Terms of Uranium for Various-Sample
Weights, 28y* Jon Current, and Multiplier

Voltage
Specimen, |Conc., g/ml - 2381+, A UpuprkV
g
10-¢ 10-3 2,5.10-11 2,3
10-7 10-4 31072 3,4
10-3 o | 710 | 3,8
10 | 107 21118 4,0

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 321-324, May, 1980. Or1g1nal article submitted
July 4, 1978; revision subxmtted May 23, 1979,
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TABLE 2. Results for RU with the Elec~
tron Multiplier

Analy Specimen, g

sisNo.| 49— 10-7 10-8 10-9

136,40+0,22{136,35-4-0,68(136,34+1,48{137,22+1, 66|
136,5240,31136,4934-0,49(136,91+0,74/|138,06 +-0,73
136,27+0,25(136,51+0,77/137,28+1,02(137,01 4-1,73,
136,57-+0,41|136,08+0,72{136,99+1,85/137,824-0,90
136,294-0,19136,75-+0,49(138,09+-0,68/137,34=-1,00
136,36+0,22|136,46--1,31|137,253-1,11|137,95+1, 05
Mean values .
136,400, 131136, 44:£0, 22/137, 1440, 57]137, 560,43
) Corrected values

OO U QO DN =

137,78 |} 137,82 | 138,56 | 138,95
: Mean convergence, rel. %
0,20 | 0,54 . | 084 | 0,86

Reproducibility, rel. %

0,1 | 0,16 | 0,42 | 0,31

A series of six analyses was performed for each specimen, in each of which 14-16 28+ and 25U mass
spectra were recorded. These were taken in point readout, and the intensity of each peak was measured with
a digital voltmeter of class 0.02, with the results passing to the computer in the mass spectrometer for pro-
cessing. This processing involved averaging the intensities for each peak, making corrections for the change
in ion current with time, correction for the zero drift of the electrometer amplifiers, calculation of the mean
isotope ratio, and definition of the convergence in the results. The convergence was judged from the standard
deviation of the isotope ratio and was assigned as the error of the analysis.

The series of analyses for each sample was used in calculating the arithmetic mean for the isotope ratio
‘and the reproducibility, which was calculated as the standard deviation and taken as the error of measurement.
For each analysis we used a fresh plate bearing evaporators (a tungsten strip 10 x 0.6X 0.02 mm) and ionizer:
(a rhenium strip 10 X 0.8 X 0.02 mm).

Before the analysis, this block of ion sources was outgassed for 2-3 h in the chamber for outgassing these .
units, which involved general heating of the unit under vacuum to 250-300°C .and heating the strips by passing
currents through the evaporators (2 A) and the ionizer (3 A). The units before outgassing were cleaned mechan-
ically and then washed with pure ethanol. This cleaning in combination with the outgassing ensured a low
memory level. The memory effect was tested by using a unit without samples deposited, in which the working
source conditions were operated. The multiplier recorded the 23yt ion current. With careful cleaning, the
‘memory level for *®*U* was not more than 3+ 10™% A, which was at the limit of detection of the instrument.

The outgassed unit bearing the specimens was passed through a gate device to the ion source. The heat-
ing current in the ionizer and in the evaporator was raised slowly until 1 A was reached in the evaporators and
‘3 A in the ionizer, after which only the ionizer current was raised until the working state was reached. This
- state was checked from the ¥'Re™ ion current, which was 10713 A at the ion-detector collector. This condition
provided a reasonably high efficiency in ionization and long-term operation of the ionizer. Then the heating
currents in the evaporators were increased until the working 238U+ current was set up (Table 1), after which
there followed a short delay of 10~12 min before analysis and determination of the isotope ratio Ry = 28y23y,
This delay before the analysis is needed to ensure stability in the ion currents. This method of preparing the
specimens provided a stable ion current, which varied by less than 10% during the analysis time (10-15 min).

The electron multiplier recorded the *¥U™ ion current corresponding to a potential difference across the
input impedance of the electrometer amplifier of 17 V; this was attained by adjusting the gain in the electron
multiplier, which assisted in producing reproducible analysis conditions, since then the error aris ing from the
nonlinearity in the input impedance of the electrometer amplifier was constant.

The measurements were performed with a res olution Ry¢q, = 400 in the mass spectrometer and aresidual-
gas pressure in the analyzer of p=5- 10~° mm Hg (1 mm Hg = 133.322 Pa), which provided an isotopic sensi-
tivity for adjacent masses for uranium of about 5 - 107¢,

. Table 2 gives results for Ry for natural uranium for various sample masses made by means of the
secondary-electron multiplier, where the results are distorted by discrimination effects in the multiplier [3-5].
Discrimination effects were allowed for by means of a series of analyses of samples of 10~° g in which the
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TABLE 3. Results for Ry for Samples of
10~¢ g Measured with an Ion Collector (repro-
ducibility 0.11 rel. %)

Analy- Conver - ;\ Conver

Kis 238/285y  (gENCe, | g 238U /2380 |gence,
=] =]

INO. icel, ‘70 <.az rel. %

1 137,81+0,31| 0,22
2 138,02+0,38| 0,27
3 137,664-0,35] 0,35

137,78--0,25| 0,18
137,80+0,307 0,21
137,60+0,31 | 0,22

O U

.

multiplier was replaced by a Faraday' cylinder (Table 3), A sample of 10-¢ g made it possible to attain high
time-stable 28UY currents of (2-3) * 10711 A, which is quite sufficient for measurement with a reproducibility of
about 0.11% relative, i.e., with the same accuracy as for samples of natural uranium 100 times larger (about
10~* g), while the time for the ion source to reach the working state with a mass of 10-% g'was reduced by a -
factor 2-3, with an overall reduction in the analysis time of 50-70%.

Tables 2 and 3 show that the mean values of Ryj obtained with the collector and the multiplier differ ap-
preciably, with the multiplier giving the lower values. The values obtained with the collector (Table 3) cor-
respond to published data for natural uranium [6], i.e,, the mass spectrometer does not have an appreciable
systematic error, and the difference between Ry 1 and Rycol is to be ascribed to discrimination effects in
the multiplier.

The reproducibility of the results for samples of 10~% g was about the same in both cases, i.e., the mul-
tiplier makes no appreciable contribution to the random component of the error at this accuracy level. The
mean value of Ry increased as the sample mass was reduced (Table 2), and the random error also increased.
This rise in Ryy is mainly due to two factors: the increased fractionation in the ion source during the run-up
to the working state and the differences in voltage dependence of the multiplier gain for ions-differing in mass.
A third possible factor (uranium isotope fractionation in deposition from the walls of the capillary during sam-
pte deposition) has not been examined. ‘

The fractionation in the ion source with small specimens was examined in three successive analyses of
the same specimens (10~8 g) with a fixed voltage on the multiplier. Each analysis required 10 min. The results
were as follows: Ry, = 138.09; Ry, = 138.59; Ry, = 138.81, i.e., the 283y isotope ratio increased by 0.5%
relative in 20 min. e time required by the ion source to reach the working condition when the evaporator
heating current was switched on was 20 min for a sample of 1078 g, i.e., enrichment in the 28y of several tenths
of a percent could occur.

The differences in gain of the multiplier are due mainly to the electron emission processes at the first
dynode on bombardment by the ions; and

Iy = LonKu = IionyKei’ )
where Lg) is the output electron current from the multiplier; Ion»s input ion current; Kpyyi, gain of the multi-

plier; v, secondary ion—electron emission coefficient from the first dynode for the given type of ion; and Kegj,
gain of electron current in the multiplier, and we get for isotopes 1 and 2 for some element that

Liel _ Tiion %1 Kiel _ {2
Iyel Toion Ve Kzel *

HUmulz
If the values of the ion currents I jon and I jon are such that the multiplier is far from saturation, Kej
is independent of the input ion current and
Ry, = Rocor (vi/v2) = Rucq &
where o = v1/v; is the multiplier discrimination factor.

@)

There is no mechanism for potential electron ejection in this case (the ionization potential of uranium
U; = 6.08 V [7]), and the work function of the copper —beryllium alloy e¢ = 4.2 eV [8], so the energy dependence
of v can be put in the following form [9] for ion velocities Vj<3°* 10° mAec, which corresponds to energies Ej <

100 keV for uranium:

vo=e (V= V2, @
where V; is the threshold ion velocity corresponding to the onset of kinetic emission and cj is some constant
for a given target—ion pair. If the surfaces are covered with a gas film, V;= 0 [9], and in the presence of an
isotope effect for a sample of 107% g we get
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Vo= (1) = Rucal _ 4 g1, ®)

e \ Vy Umul
whence cl/cz = C = 0.997, i.e., the isotope effect due to the mass difference between 2¥U and 2%U is (0.320.2)%
on the basis of the error of measurement, From (3) and (5) we can correct Ry as measured with the multiplier
(Table 2). The values from various samples indicate that the main contribution to the rise in Ryy on reducing
the sample size is the fractionation in the ion source, which begins to become appreciable for samples <10~' g.
The multiplier discrimination factor is due mainly to differences in speed between the is otopes.

The random component of the error increases as the sample is reduced mainly because of the increasing
statistical fluctuations in the %%V jon current, since it is impossible with small samples to obtain currents of
adequate intensity stable over long periods. For example, I%g;,U“ 1.5-1071% A for a sample of 10~° g (Table 1),
which results in statistical fluctuations of about 1% during the 10-sec measurement on a single peak. If the
analysis time is increased, the error tends to increase on account of an increased effect from fractionation in
the ion source. - Also, minor variations in the analysis conditions have a marked effect on results for small
specimens.

In spite of the above factors, the reproducibility is represented by a spread of not more than 0.45% for
samples down to 10~ g. The limit of detection by the MI 1320 is 2 - 10~18 g, so inprinciple it is possible to
analyze 107 g of natural uranium, where the content of *¥U is 7-10713 g, which is sufficient to record several
mass spectra from the uranium,
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LETTERS TO THE EDITOR

FIELD ION MICROSCOPY OF RADIATION DEFECTS
IN TUNGSTEN IRRADIATED WITH 50-keV wt IONS
I. METHOD AND RESULTS

A. F, Bobkov, V. T, Zabolotnyi, UDC 539.2:539.12.04
L, I, Ivanov, G, M, Kukavadze,
N. A, Makhlin, and A. L., Suvorov

In the interests of the further development of nuclear materials science, we have made a study of the
atomic collision cascades in tungsten, like those formed by the action of neutrons during the deuterium—tri-
tium synthesis reaction. This extends extant work [1] to other neutron energy and temperature ranges.

Following our experimental procedure, we irradiated samples (tips) of technically pure tungsten (grade
VA-3) that had earlier been prepared and analyzed in the field ion microscope [2] in the Vesuvius-1 ion ac—
celerator with50-keV tungsten ions at 300°K, corresponding to the second annealing stage. The irradiation
doses were 1012 1013 and 5° 10 10n/cm which according to calculation [3] means the production in the ir-
radiation time of 0. 01, 0.1, and 5.5 d1sp1acements/atom, or equivalent neutron fluxes of 7 1018 7 1013, and
3.5+ 10% neutrons/cm . The rate of generation of defects in tungsten was 10~ d1splacements/atom, ie., 10t
times higher than that expected in thermonuclear reactors.. We then analyzed the samples again in the fieldion
microscope at 78°K. We derived a picture of the spatial distribution of the radiation defects by field evapor-
ation of layers of surface atoms (in the continuous mode). Approximating the sample surface as a hemisphere
and the field ion image with a pseudostereographic projection [4], we can use sequential images to construct the
defect (vacancy) distribution along the track of the bombarding ions, We corrected for the distortion of the
form of the radiation defects by the imaging and evaporating fields by the published method [5, 6] and identified
the nature and size of the radiation damage on the basis of our earlier results [6-9].

Field ion microscopic analysis of the irradiated samples revealed the formation of deofect regions, whgch
were vacancy clusters (depleted zones) with a halo of interstitials lying at a distance of 25 A on average (1 A =
1071 m), We calculated the vacancy concentration in the depleted zones as 30+ 10 at. %, as isolated vacancies
and as vacancy clusters contammg up to 30 vacancies. Wxth an irradiation dose of 10! jon/em?® we detected
vacancy clusters of volume ~1-10° Qg (here Q4 = 15.85 A3 is the atomic volume of tungsten), containing roughly
300 vacant sites. In some cases close to the large vacancy clusters we observed smaller vacancy clusters con-
sisting of 10-30 vacancies and separated from one another by several tens of angstroms (Fig. 1a, b). Both
clusters may well originate as a result of the multiplication of a single cascade into isolated subcascades. On
the average, ~ 1.25 subcascades correspond to each intrinsic ion. The average energy of formation of a sub-
cascade has been estimated as ~30 keV [10]. We calculated the pumber of displacements in the tungsten lat-
tice produced by one 50-keV tungsten ion from the relation y = kE2E4, where k is the coefficient of the cascade
function (0.8); E is the average energy lost by the ion in the production of displacements- (37.7 keV); and Ej is
the threshold displacement energy of tungsten atoms (50 eV). Hence »~300. :

Fig. 1. Field ion images derived by sequential field
evaporation of two surfaces of an irradiated tungsten
sample with the depleted zone of a single cascade (the
arrow indicates the direction of the incident ionbeam):
a) initial irradiation; b) after removal of eight atomic
layers by the field. d.z. — depleted zone.

Translated from Atomnaya fEnergiya., Vol, 48, No. 5, pp. 325-326, May, 1980. Original article submitted
September 21, 1978; revision submitted January 8, 1980.
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Fig. 2. Tield ion images of the surfaces of
irradiated tungsten samples demonstrating
the formation of vacancy clusters at doses
of a) 1*10'% and by 510 ionfem? (arrows
indicate the direction of the incident ion
beam). d.z. — depleted zone.

With an irradiation dose of 110 1on/cm , in several cases we detected clusters of volume 3 10 P
consisting of roughly 10% vacancies. One of these clusters, formed by the overlap of three cascades (Fig. 2a),
started on the sample surface and extended approximately 90 A into the bulk along the direction of the incident
ion beam. The concentration of these cascades in the samples was 10'® cm™® and their average volume was
~2-10° Qg (~600 vacancies).

Some of the field ion images revealed the formation of smgle interstitials at distances of 10 to 50 A from
the edge of the closest vacancy cluster and at depths of at least 45 A from the surface; the total number of

interstitials was ~ 1% of the number of detected vacancies. We did not observe contrast effects that could be
interpreted as interstitial clusters.

After irradiation to a dose of 5- 10? ion/cm2 we detected depleio:ed zones with volumes from 1 to 5 104 Qq
(Fig. 2b). The zones started on the surface and extended up to 130 A into the bulk of the sample along the
direction of the incident ion beam. Obviously, this damage was caused by the coalescence of depleted zones

belonging to a number of cascades. At all irradiation doses we detected small voids of diameter ~ 10 A within
the vacancy cluster.
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FIELD ION MICROSCOPY OF RADIATION DEFECTS
IN TUNGSTEN IRRADIATED WITH 50-keV W' IONS
II. DISCUSSION OF EXPERIMENTAL RESULTS

V. T. Zabolotnyi, L. I, Ivanov, UDC 539.2:5639.12.04
N. A. Makhlin, and A. L, Suvorov

We decided to compare our experimental results [1] with calculations on radiation damage in tungsten,
computer calculations of the development and annealing of cascades, and the results of other experiments [2-5].

We found that the depleted zones of the cascades had maximum linear dimensions (up to 60 A&, 1 A=
10" m) in the {110} direction. The average number of vacancies generated by one W' jon was at least 240,
i.e., in the second annealing stage about 80% of the original number of vacancies perist in the cascade, The
reason for this low recombination is that in these experiments the overwhelming majority of the interstitials,
which have high mobility at the irradiation temperature, emerge onto the surface, acting as the dominant
effective sink,

The average separation of the interstitials from the edge of the depleted zone was 25 A, while their
number did not exceed 1% of the calculated number of Frenkel pairs that were formed. The high mobility of
the interstitials in tungsten at room temperature is due to the formation of complexes with impurity atoms.

The interstitials are usually assumed to be formed by focused replacement sequences {5]. The existence of
impurities in the irradiated metal can reduce the sequence length because the sequences are broken at impurity
atoms [6]. However, in the present case the impurity concentration was less than 0.2 at. % and could not sub-
stantially alter the average sequence length. Consequently, we can conclude that the formation of interstitial—
impurity atom is not due to this sequence breaking but takes place as a result of the capture of interstitials by
impurity traps during thermal migration.

Since we detected interstitials only in the region 10-50 A from the edge of the depleted zones, we can con-
clude that thermal migration has only a small effect on their original distribution. Otherwise a uniform inter-
stitial distribution should be generated in the volume in question, i.e., the average separation of the intersti-
tials from the edges of the depleted zones corresponds to the average length of the focused replacement
sequences in tungsten at room temperature. The average sequence length is 65 A in the irradiation of fung-
sten at 18°K with 20-keV W' ions [5]. Thus, increase in the irradiation temperature from 18 to 300°K reduces
the sequence length to approximately one-third; this is due to the increase in the energy losses as a result of
thermal vibrations when the replacement sequence propagates.

In these as in earlier experiments [5] we did not detect complexes of interstitials, although their existence
has been predicted by computer calculations of the development and annealing of cascades [2, 3, 7}. The origin
of this discrepancy could be that in these calculations the replacing collisions were not examined, while the
recombination volume of the interstitials was chosen arbitrarily.

In addition to the depleted zones containing several hundreds of vacancies, we also detected smaller clus-
ters containing about ten vacancies. The distance between the small and the large vacancy clusters was several
tens of angstroms. These clusters seem to-be the depleted zones of subcascades of energy ~1 keV. The over-

Translated from Atomnaya Energiya, Vol, 48, No, 5, pp. 326-327, May, 1980, Original article submitted
December 15, 1978; revision submitted January 8, 1980.
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Fig. 1. Depth distribution of defects derived from
the collection of field ion images of the surface layers
with irradiation doses of a) 1+10!% and b) 5- 10
ions/fcm?,

lap of cascades with simultaneous annealing of the damage within them has so far received comparatively
little attention. The sole method with which this process can be examined on the atomic level seems to be field
ion microscopy.

The depth distribution of defects is among the most important parameters needed for comparison of, e.g.,
swelling due to neutron irradiation and simulation experiments. Such information is extremely difficult to
derive experimentally, particularly when the bombarding ions have comparatively low energy. Figure 1 shows
the depth distribution of the vacancies with various irradiation doses; here the direction of the x axis coin-
cides with that of the incident ion beam. We plotted theoretical curves (broken line) in addition to the experi-
mental histograms. The average vacancy density (continuous line) and the average displacement density
(broken line), derived from the histogram and the theoretical curve, respectively, differ by 4.4%. The dis-
placement of the maximum of the histogram toward the surface on increase in the irradiation dose is due to
sample sputtering. The change in the defect distribution gives the sputtering coefficient as 60-70 atoms fion.
The calculations indicate that the average displacement concentration for a given dose should be 2.2 - 1023
em™3, However, the observed value is 1.45*10%2 cm™3. The reason for this discrepancy resides in the detailed
development of the cascade in a crystal having a high vacancy concentration. The dlsplaced atoms formed in
the cascade can encounter existing vacancies, thus reducing the total number of defects that are created.

As we have said, the radiation damage with an irradiation dose of 1 10'? ions/cm is principally the
depleted zones of single cascades. Because of the overlap of the cascades, at a dose of 1-10!° ions/m? defect
regions are additionally generated from the coalescence of several depleted zones. When the irradiation dose
is increased to 5° 10" ions/fem? the overlap of numerous cascades takes place and is accompanied by the ap-
pearance of extensive defect regions. The overlap of cascades reduces the efflclency of the formation of radi-
ation defects. Thus, while at an irradiation dose of 1°10'? and 11013 1ons/cm each ion forms on average 300
vacancies, only 22 vacancies are formed when the dose is 5+ 10! fons/m?®, The average vacancy concentration
in the damaged layer at a dose of 1°10'2 jons/em? is (3.5-7. 0) * 10~° atomic fraction, but 10 times lower at a
dose of 1103 ionsfem?, while it does not exceed 0.09-0.17 atomic fraction at a dose of 5°10'4 ions/em? The
volume of a vacancy in tungstenis 0.42 Q4 [8]. Thus, the average vacancy swelling of the damaged layer at the
max1mum irradiation dose can be 7%. We did not detect the formation of voids with dimensions greater than
10 A at high irradiation doses, but the existing small voids under the corresponding thermal COﬂdlthﬁS could
act as the nucleation centers for the larger voids.
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EFFECTS OF GAS DISSOLVED IN WATER ON CRITICAL
HEAT LOADINGS

V. V., Fisenko, Yu. D. Katkov, _ UDC 621.039
A. P, Lastochkin, and V. I. Maksimov

Reliability specifications for nuclear power station components are steadily tightening, particularly for
the cores of power reactors, and therefore various papers have appeared in the USSR and elsewhere on the
heat-transfer crisis in the forced flow of water in pipes. In 1976 tabular data were published [1] for use in

-calculating the heat-transfer crisis for water boiling in uniformly heated circular tubes. The tables gave care-

fully tested and consistent experimental data on critical heat loads and limiting steam contents obtained for
water boiling in technically smooth tubes of diameter 8 mm with a relative length of A = 20, pressures between
3 and 20 MPa, mass speeds from 0.5 to 5.0 Mg/m®* sec, deviations from the boiling point from 0 to 75°K, and a
step in the relative enthalpy change of 0.05.

Surveys have also been published [2, 3] of data obtained in experiments with outgassed water and with
water in which the gas concentration either was not measured at all or else was measured after outgassing
with an inadequate accuracy. It is therefore desirable to estimate the size of the difference between the criti-
cal heat loadings calculated from the recommendations of [1] and the values found by experiment with nearly
zero dissolved gas, :

For this purpose we built a system with a gas and steam volume compensation system for the coolant,
as well as a system for simulating and monitoring the dissolved gas. The error in determining the dissolved
gas concentration was not more than + 5%. The purification system allowed us to produce a residual dissolved
gas concentration not more than 30 neutrons *cm” of Ny/kg H,0.

The system was a cylindrical channel made of 0Kh18N10T steel of length 1.0 m and internal diameter -
8 *107% m with uniform electrical heating along the length. The coolant moved upwards with a mass flow rate

pW = 2000 kg/m?* sec (constant in all experiments), and the input was supplied with outgassed water having
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Fig. 1, Comparison of experiment (broken line) and calculation (solid line) [1] for pres-
sures of 18.0 (1); 16.0 (2); 14,0 (3); 12,0 (4), and 10.0 (5) MPa.

Fig. 2, The qoy = f (ijy) relation for P = 18 MPa given by experiment for C = 0 (O); 500
(@) ; 1200 (0); 220 (A); 3200 (O); 3500 (V) in cm® N,/kg H,0.
22002 » .
Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 327-328, May, 1980. Original article submitted
December 4, 1978; revision submitted December 11, 1979,
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various temperature deviations from the saturation point. The critical heat flux was detected from the sharp
rise in the channel wall temperature The following ranges in the initial parameters were used: P = 10-18
MPa, Atj = 10-100 °K,

Figure 1 shows a calculation in accordance with the recommendation of [1] and experimental values. The
discrepancy between the theoretical and observed values is minimal at a pressure of 10-12 MPa. The dis-
crepancy is over 25% for P = 18 MPa and water near its boiling point, Figure 2 g1ves our experimental results
on the effects of gas concentration on the critical heat load.

It has therefore become necessary to examine the effects of dissolved gas on the critical heat load over
a wide range in the initial parameters. The effect may be substantial in any system where there is a gas
.volume-compensation system for the coolant. :
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EFFECT OF FLUORESCENCE ON y-RAY BUILDUP
FACTORS IN LEAD

I. N, Butueva and I, N, Trofimov UDC 539.121.72:539.122

Shields against v radiation with energies of 200 keV and less are generally calculated by using the atten-
uation rates given in the handbook [1}, which are based on amply large values of the buildup factors, In a
number of practical problems, however, it is required to reduce the mass of a lead shield to a minimum, and
this requires more accurate calculations of the buildup factors.

For low-energy photons in lead coherent scattering and fluorescence are important. The y-ray buildup
factors which take account of these processes are calculated by the Monte Cario method. The authors pre-
viously developed a modification of this method [2] which permits the calculation of buildup factors in a shield
up to 20 mfp thick. The essence of the modification involves specifying first collision sources uniformly over
the whole thickness of the shield plus splitting. The modification was tested by comparing calculated buildup
factors in water, iron, and lead with results obtained by the moments method [3].

Using this modification dose buildup factors were calculated with and without taking account of coherent
scattering and fluorescence for energies of 200, 150, 120, and 100 keV. The coherent scattering cross section

TABLE 1. Dose Buildup Factors in Pb fora TABLE 2, Dose Buildup Factors in Pb for
Point Isotropic Source, Taking Account of a Point Isotropic Source, Taking Account
Coherent Scattering of Coherent Scattering and Fluorescence

- w | Energy, nx

Energy, !

MeV 1 2 i 7 10 l 15 I 20 MeV 1 2 4 7 10 15 20
0,2 (1,42 [1,23]1,4 11,7 {1,9 | 2.4 2,9 0,2 1,2 | 1,3 t1,55] 1,9 2,5| 3,8 5,4
0,15 1,4 [1,45 14,25 | 4,45 1,65 | 1,9 2,3 0,15 1,4 | 1,6 { 1,8 2,1 2,4 341 3,9
0,12 1,1 1,12 1 1,2 1,3 1,45 | 2 4,3 0,12 7| 1,7 | 2,3 | 3,7 6,71 12,7 | 40 130
0,10 1,06 | 1,1 1,24 | 2- 5,3 73 2300 0,10 2,2 3,2 | 6,4 | 22 80 810 10000

Translated from Atomnaya Energlya, Vol, 48, No. 5, pp. 328-329, May, 1980. Original article submitted
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K oon Was obtained from data in the handbook [4] by taking the difference between the total cross sections with
and without taking account of coherent scattering. The angular distribution of y photons in coherent scattering
was found by the conventional method [5]. It was assumed that the fluorescence yield in the photoelectric ab-
sorption process was 0,96, the energy of the fluorescent photons was 75 keV, and the angular distribution was
isotropic.

The calculations were performed for a plane isotropic source, and the results were then converted for a
point isotropic source by the well-known relation (cf. [2]). The results of the calculations are listed in Tables
1 and 2. The lower limit of the energy spectrum was chosen equal to 10 keV, The standard statistical error
of the results varied linearly from 5% for ux =1 to 30% for ux = 20.

The effect of coherent scattering on the buildup factors turned out to be small, The present calculations
completely confirmed the assumption of Goldstein [3] that buildup factors can be calculated without taking
account of coherent scattering if the coherent scattering cross section is subtracted from the total cross sec~
tion. If the coherent scattering cross section is taken into account in the total cross section, the increase in
the buildup factors is given by the factor exp (u,ox). It is clear that in this case the straight-ahead approxi-
mation is valid. -

Fluorescence has a more important effect on the buildup factors. It is characteristic of fluorescence
that there is a huge jump in the cross section for the photoelectric effect at the K-level, and the energy of the
fluorescent v photons is lower than that at the jump, and therefore the mean free path of fluorescent v
photons is frequently longer than that of the source photons, The tables show that taking accoeunt of fluores-
cence increases the values of the buildup factors by a factor of 10 and more in a number of cases.

For the L-levels the jumps in the photoelectric absorption cross section are small, and it is expected
that the effect of fluorescence at the L-levels on the buildup factors will be negligible.
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SPATIAL AND ENERGY DISTRIBUTIONS OF THE THERMAL
NEUTRONS IN A CELL OF A REACTOR AT BILIBINSK
NUCLEAR POWER STATION

G. G. Panfilov, A, A, Vaimugin, UDC 621.039.512.45:539.125.52
A, V. Gusev, A. P, Korneeva,

A. G. Kostromin, V. I. Kulikov,

S. S8..Lomakin, V, F, Lyubchenko,

and V. N, Sharapov

An activation method has been used with a zero-power uranium=—graphite assembly to determine the neu-
tron spectral characteristics T, (neutron temperature) and r (proportion of ep1’cherma1 neutrons) for the com-

bination rw/Tn/To f11.

The channels in the core were of design and fuel composition analogous to those in a reactor in the
nuclear power station [2]. The central insert consisted of 25 channels. This number is sufficient to obtain a
characteristic equilibrium neutron spectrum at the center of the assembly [3].

The characteristics: of the neutron spectrum in the assembly were measured by activating foil detectors
made from alloys of aluminum with lutecium, manganese, and indium, and also pure copper foils. The neu-
tron-screening coefficients Gy, and Gepi for the detectors were close to one, apart from the copper detector
(Gepi = 0.858) and the indium ones (G, = 0.996, Gepi = 0.850). The Westcott parameter S, was taken from [1].

The foil activities were measured with y-ray detectors and single-channel differential analyzers and also
with a Protoka - counting system, The foils were calibrated in the thermal column of an F-1 reactor [1].

The neutron temperature was determined at points 1-6 in the central cell of the assembly at the height
of the center of the core in channels containing water and at points 1-6, 1", 3', and 3" in channels without
water (Fig. 1). The detectors at point 2 reproduced the cross section of the fuel rod. These were placed in a
cross section and were screened on two sides from fission fragments by aluminum foils. The cadmium ratio
was measured with screens of thickness 0.5 mm, Tables 1 and 2 give the results obtained in the central cell
(Rcq is the cadmium ratio and I is the spectral index [1]).

Figure 2 gives not only the observed neutron temperatures but also values derived from theoretical neu-
tron spectra for a cell in the Bilibinsk reactor. The spectra were calculated in the P3 approximation by the
spherical-harmonic method for cylindrical geometry [4], where the cell was split up into five homogeneous
concentric zones: water, steel, graphite, fuel rods, and graphite again (from the center to the edge).

TABLE 1. Spectral Characteristics of Cell
for Channels Containing Water

Dis-
ine |t —_—
R o, | B | VI | e
from
- center
1 0 [10,6--0,5[0,088+0,003| 1,00-£0,02 | 318+13]
2 27 5,540,3/0,177£0,005| 1,21+0,02 | 439417
3 47 8,0+0,4|0,1194-0,003 | 1,134-0,02 | 375415
4 74 | 8,5+0,4[0,102+0,003 | 1,13-0,02 | 372415
5 100 8,7+0,4]0,1084-0,003 | 1,11+0,02 | 363414
6 141 9,1+0,50,103+0,003| 1,12+0,02 | 369+ 14

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 5, pp. 329-331, May, 1980. Original article submitted
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Fig, 1. Disposition of the detectors in the central cell with channels: D fuel rod; I0)
central tube; IIT) cell graphite; IV) channel graphite,

Fig. 2. Distribution of Ty over cell: broken line and open circles) calculation and
measurement for channels without water; solid line and filled circles) same for chan~-
nels with water; 1) wall of central tube; 2) fuel pin.

TABLE 2, Spectral Characteristics of Cell for Channels without Water

] Distance, ——
i mm, from| v r VT,T, 7, K
' Point |center of sLu sLu n RCU
No. £ Cu Mn Mn cd )
of cell R ;In jLa 7L
Ccd Mn . Cu Mn
1 0 1,2440,02 | 1,40-£0,03 | 4,084+0,08 | 4,8+0,3 | 0,209+0,006 | 0,2244-0,007 | 472419 | 53421
1’ 27 — 1,40+0,03 | 3,70+0,07 — —. 0,19340,006 — 50820
2 27 1,304-0,02 | 1,42+0,03 | 3,88+0,08 | 4,640,3 | 0,22040,007 | 0,207+0,006 | 512+21 | 422421
3 47 1,18+0,02 | 1,3240,03 | 3,05+0,06 | 6,2+0,3 | 0,15640,005 | 0,1414-0,004 | 41016 | 42617
3 78 — 1,284-0,03 | 2,92+0,06 — — 0,131+£0,004 — .| 407+16
3" 109 — 1,27-+0,03 | 2,81+0,06 — — 0,12340,004 — 398+16
4 T4 1,1740,02 |, — — 6,84+0,4 | 0,14140,004 — 401416 —
5 100 1,16+0,02 — — 7,240,4 | 0,13140,004 — 392416 —
6 141 1,14+0,02 | 1,224+0,02 | 2,84+0,06 | 7,7+0,4 | 0,122+£0,004 | 0,1254-0,004 | 38115 | 382+15

- In accordance with the experimental method of [1}, the neutron temperature was determined in the calcu-

- lation from the condition for equality of the ratios of the ®*Cu and !"Lu cross sections averaged over the ther-

mal region of the neutron energies the first time for a Maxwellian spectrum M(E) and the second time from the
spectrum &®(E) derived from thermalization calculations. Integration was replaced by summation over the
individual groups of neutrons for the energy range from 0 to 0.11 eV, which is the 1limit of the Maxwellian neu-
tron spectrum.

The calculated and observed T, for channels with and without water in the main describe identically the
spatial variation in the temperature over the cell (Fig, 2). The calculated neutron temperature for the fuel
rods was below the measured value, evidently because all the material in the fuel-rod zone was taken as
homogeneously distributed in the calculation. On the other hand, the observed neutron temperature in the cen-
tral tube was about 100° below the calculated value for the channels without water. The core height in the phy--
sical assembly was small, so the discrepancy is due to additional activation of the detectors arising from neu-
trons in the low-energy spectrum derived from the end reflectors. '

We are indebted to O, V., Komissarov for assistance in performing the calculations,
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VIABILITY OF RESISTANCE THERMOME TERS UNDER
REACTOR CONDITIONS

M. N. Korotenko, V. A, Salamakha, UDC 621.039.5
S. O, Slesarevskii, and V. P, Maksimenko

Resistance thermometers are of interest for temperature measurement on account of their high stability
and high accuracy under ordinary conditions. Reactor conditions give rise to additional errors caused by radi-
ation effects. These additional errors are dependent in a complicated way on the combined effects of radiation
intensity, neutron fluence, temperature, device design, heat-transfer conditions, mechanical stress level,
degree of order in the material, and certain others. The data on this subject are relatively scanty [1-3].

We have examined the viability of six commerical resistance thermometers under reactor conditions;
the sensitive element was P1-2 platinum wire of diameter 50 um, The resistances Ry of the thermometers at
0°C were 46.00+0.02 Q, while the ratlos were Rygy/Ro=1.391% 0.0007. The design and manufacturing tech-
nology have been described [4]. The thermometers were irradiated in a VVR-M reactor, where the neutron-
flux densities were respectively ¢ 1 (E = 0.025 eV) ~9° 1013 neutrons/(cm?* sec); ¢s (E = 1.156 MeV) ~3.5* 1018
neutronsAcm? - sec), and the rate of internal heat production in the steel qg was 2.3 W. The thermometers
were calibrated before and after irradiation outside the reactor by the reference-point method at temperatures
of 100, 231.8, and 327.2°C,

The additional errors due to radiation can be divided into components due to change in physical param=-
eters of the material, effects of radiation heating, and deterioration in the dielectric parameters of the insu-
lation.

‘The change in physical parameters of the resistance were examined up to a fast-neutron fluence of 2
10% neutrons/em?®. The thermometers were irradiated at various temperatures, but the conditions were other-
wise identical. Figure 1 shows the results. Evidently, the more rapid annealing of radiation damage during
irradiation at about 500°C is responsible for the much smaller changes in Ry and Ryp/Ry by comparison with
those at t;;. # 80°C.

When a given neutron fluence had been reached, the thermometers were recalibrated; Fig. 2 shows the
resistance change, and it is clear that annealing during calibration at a temperature exceeding the irradiation

4
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6
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~
o
3
[
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0" 0% nyt, neutrons/cm’ ¢ 100 200 J00 teals C
Fig. 1 Fig. 2

Fig. 1. Effects of neutron fluence on the resistance change in resistance thermometers
(irradiation temperatures ~80 (O) and ~500°C (@), calibration temperature 0°C).

Fig. 2. Resistance change in irradiated resistance thermometer in relation to calibration
temperature (irradiation temperatures ~80 (O) and ~500°C (®), neutron fluence about
2+ 10%° neutrons/fem?).

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 331—332; May, 1980.. Original article submitted
June 26, 1979,
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Fig, 3. Transient (a) ‘and residual (b) changes
in thermometer insulation resistance.

temperature largely restores the initial value of the resistance. The effective annealing at relatively low tem-
peratures (S250°C) is explained [5] by the low activation energy and low stability of radiation damage by com-
parison with the changes produced by plastic strain. The recovery in the resistance on annealing indicates that
the change in resistance at this neutron fluence is caused not by radiation-induced recrystallization of the
platinum but by the formation of lattice defects. Fast neutrons have the predominant effect on the resistance
change. It 1s therefore best to use a resistance thermometer under conditions where the fast-neutron fluence
is <(2-4)° 10! neutrons/cm while the temperature of the medlum is over 250°C. The additional error arising
from the resistance change is no more than 3°K. '

The errors due to radiation heating are observed only under irradiation and are dependent on the rate of
internal heat production in the materials of the thermometer and on the total thermal impedance between the
sensitive element and the medium. These errors can be estimated analytically by means of standard heat-
transfer equations [6]. The error from this source with this design of device was 2-4°K for a rate of internal
heilt I;rozduction in steel Ay = 0.5 W/g but rose to 14-18°K for qg = 2.3 W/g (heat-transfer coefficient o about 3+
10° Wm* ' K),

The dielectric parameters of the insulating materials deteriorate under irradiation in the main due to
deviation from equilibrium concentration in the charge carriers and the production of radiation damage, and
also because the insulator contains new atoms of impurity elements, The resulting errors can be estimated
for a given measurement scheme with particular values of the parameters by the method of [7].

Figure 3a shows the resistance change in the insulation in the initial period of irradiation in relation to
the y-ray intensity; the broken line shows the resistance change in the insulation after exposure to a neutron
fluence of 2 *10%° neutrons/cm?. Figure 3b shows the effects of the neutron fluence on the residual changes in
insulation resistance. The measurements were made at U = 100 V. Annealing at about 600°C (for about 1 h)
reduced the residual change in the insulation resistance by 50-80%.

The considerable change in the insulation resistance indicates the need to increase the low insulation
resistance allowed by the All-Union State Standard for resistance thermometers for reactor use. These mea-
sures should be accompanied by improved design and proper choice of materials to improve the viability of
resistance thermometers under reactor conditions. ‘ '
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RECOVERY OF THE FAST-NEUTRON SPECTRUM IN A MODEL
FOR A LIQUID-SALT BLANKET IN A FUSION REACTOR

V. M. Novikov, A, A, Shkurpelov, UDC 539.125.5.164.4
V. A, Zagryadskii, D. Yu. Chuvilin,
and Yu, V., Shmonin

It is of interest to measure the energy spectra of the fast neutrons in systems that simulate the blanket
zones in a fusion reactor not only in order to refine calculation methods and nuclear constants but also to
assist the practical development of reactors. One of the simplest and yet reasonably precise methods of neu-
tron spectrometry is activation, in which only minor perturbations in the neutron spectrum at the point of mea-
surement are combined with the scope for measurement in the presence of strong y-ray fluxes. The activation
method allows one to measure neutron spectra in the range 0.5-14 MeV if the substances are chosen properly,
i.e., in the range of energies characteristic of the blanket zones of fusion reactors.

Methods have been developed for recovering the neufron energy spectrum from activation data, in par-
ticular expansion in terms of orthonormalized functions, iterative methods, and maximum likelihood [1].
Although these methods are widely used, they have major disadvantages. The recovery results are sensitive
to the number of detectors and to the distribution of the energy thresholds.

Recently, greater significance has been attached to recovery by means of a priori information [2, 3], by
which is meant the results from all past experiments or calculations that provide data on the physical features
of the spectrum. This method is stable under variation in the number and combination of the threshold detec-
tors. It has been found to work reliably for fast-neutron spectra in various fissile media. It is desirable to
use this method in researching neutron spectra in systems that simulate fusion blankets.

The recovery is performed in finite-dimension form via a system of effective constants. The a priori

_ information is supplied as a set of integral spectra, which characterize the unknown integral spectrum with a
certain degree of confidence. The set may include spectra calculated via the BLANK program for the model
[4]. Neutron spectra above 0.1 MeV are calculated in this program by a Monte Carlo technique,

Numerical experiments were used to check the accuracy of the method; some given input neutron spec-
tra were used to calculate the activation integrals, which were then input to the recovery program. The input
data included those for monoenergetic neutrons of energy 14 MeV, a set of single lines with various neutron
energies, and the characteristic spectrum for fusion neutrons. The recovered spectra agreed with the input
ones to within 2%, :

This method was then applied to the neutron spectrum in a model for a liquid-salt blanket. The model
was a sphere uniformly filled with a eutectic mixture of LiF and BeF, in the 50 : 50 mol.% relation. The out-
side diameter of the model was 400 mm,- Within the model was a spherical cav1ty of radius 60 mm, The design
of the model has been described [5].

The neutrons of energy 14 MeV were provided by an NGI-200 neutron generator; the titanium tritium
target lay at the center of the model. The neutron yield was up to 10!% neutrons/kec. Activation methods were
used to measure the absolute rates of the following reactions: 15In(n*, n)!**Mn; ¥Ni(n, p)®Co; *$Fe(n, p)**Mn;
214 1(n, a)®Na; Cu(n, 2n)%Cu; PF(n, 2n)'8F; ¥Cu(n, 2n)%Cu; ®Ni(n, 2n)°TNi.

The diameters of the activation detectors were 10 mm; the thicknesses were 0.1-1.0 mm. The detectors
were distributed radially in the model, and the spaces between them were filled with salt of the same composi-
tion. The induced activity was measured with a scintillation spectrometer (Nal, size 63 x 63 mim) from the y-
ray photopeaks. The method of determining the photopeak area and the efficiency of the y-ray spectrometer
has been described [6] along with the electronic equipment used in the experiments. :

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 332-334, May, 1980. Original article submitted
July 2, 1979.
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Fig, 1. Group neutron fluxes in relation to energy at points at the following
distances from the neutron source: 76 mm (a), 124 (b), and 155 (c): solid
line from theory, broken line from experiment.

There were fluctuations in the neutron intensity due to instability in the ion beam and to target burnup,
which were corrected for at the same time as the normalization of the activities to the mean neutron flux,
which was performed in accordance with [7]. The overall error in measuring the absolute activities of the
detectors was 7-9%. The errors in the cross sections of the activation detectors were utilized in calculating
the spectra, which are given [8] as 20-30%. The resulting maximum error in the recoveréd spectrum was
38%. Therefore, the error is determined in the main in this method by the uncertainty over the cross sections
of the activation detectors. s :

Figure 1 shows group neutron fluxes (in the range 1.8-14.1 MeV) as measured and as calculated from the
BLANK program. The calculations were performed in spherical geometry with a point 14.1-MeV source. The
resulting statistical error in the calculation was not more than 5%.

The following normalization was used in comparing the theoretical and experimental results; the group
fluxes from both sources were referred to the same flux in the source group (energy 14.1-14.2 MeV) at a point
lying on the internal interface between the salt and air. The value of the neutron flux at this point is determined
essentially by the distance to the source, which is 60 mm. This normalization allowed us to refer the theoreti-
cal and observed spectra to a single neutron source intensity. Figure 1 shows that the calculation reproduces
the energy spectrum satisfactorily in the activation measurements. There are discrepancies in the group
fluxes, which amount to about 40% for the point closest to the source (r = 76 mm), but this is within the overall
error of the spectrum recovery and calculation. The present study thus demonstrates that a neutron energy
spectrum can be recovered for the range 1-14 MeV from activation measurements. ‘
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OPTIMUM NEUTRON SPECTRUM FOR ACTIVATING FUEL
PINS IN DELAYED-NEUTRON MONITORING

B, P. Maksyutenko UDC 621.039.,54

The relative yields of delayed-neutron groups (relative yields from pure precursors) vary from one fis-
sile substance to another, so it is possible to determine the concentrations of such substances in a mixture.
The yield of any one group is proportional to the number of nuclei of a given substance and to the fission cross
section, and from the usual mixing rule one can find the ratio of the yield Yy, of group m to the yield of the
first group for a mixture of k substances in accordance with

R-1 R—1
2 YmiliMim; (1~_§ 0:) YmuLuMp (1)
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where Yy j is the ratio of the yield of group m to the yield of the first group for substance i; Lj, ratio of the
yield of the first group for substance i to the yield of the first group for the substance taken as the first; Mj,
ratio of the fission cross section for substance i to the same for the first substance; and nj, concentration of
substance i. The value of L; is almost independent of the neutron energy E over the range 0-4 MeV, while M;j
is a function of energy. : :

We consider a binary mixture to determine how the error in concentration determination is dependent on
the neutron energy. Equation (1) takes the following form for a two-component mixture:

Youufy + YmeX (1—1y)
V. - 1My 2 (2)
" Ne+ X (1—my) !

where X = L,M,.
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Fig. 1. Ratio of the yield of the second group
of delayed neutrons to that of the first for a

2%y —2%y mixture as a function of the 25U con-
centration for E (MeV) of 1.35 (1), 1.70 (2), 2.0
(3); symbols from experiment, broken line ran-
domly chosen concentration n = 0.23,

Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 334-335, May, 1980. Original article submitted
July 2, 1979; revision submitted October 29, 1979.

344 0038-531X/80/4805-0344 $07.50  © 1980 Plenum Publishing Corporation

\ Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0
As Y, (ny) is a hyperbola, (2) may be more conveniently represented in a system of asymptotic axes:

vt Yme==Ymy) X 3
Yo' =% @)

where Y:'m =Y~ Yggasn' =n “Nas-

The resolution is the name given to the minimum difference An in the percent contents of a given sub-
stance in two mixtures that can be distinguished from the relative group yields. The relative yields for two
given concentrations are considered as distinct if '

[ VI® VIO [ AYD LAY D,

Here Yi, @) an({ Yh () ar relative yields of group m for concentrations of the first fissile substance ni'(i) and
m(z wh11e AYHI and AY are the corresponding standard deviations. We take these errors as equal to get
the resolution as

R . : @
M= “)

or
 2AYp  Im=HX—up ‘ 5
S v X ' ®)

The minimum value of the second factor in (5), i.e., the best resolution, is attained with

X =nd—n), 6)

and therefore the step along the n axis is as follows for the best resolution:

re B88Ym g (7
A = B (). )

Therefore, the best resolution for a given concentration is attained at a particular value of X, which is
proportional to the ratio of the fission cross section and therefore is a function of the neutron energy. There
are no strictly monoenergetic sources, so one can estimate the permissible spectrum width by differentiating
(6):

AX = An/(1 — m)2 (8)

It is virtually never the case that the material is not a reactor fuel whose composition is not approximately
known, so the ratio of the fission cross sections can be determined in advance, and so one can state what
sources can be used for which mixture. "

The three curves in Fig. 1 show the ratio of the yield of the second group to that of the first in relation
to the U concentration for a *¥U—28U mixture for three values of the neutron energy. For a randomly
selected concentration n = 0.23 the slopes of the tangents give 9Y %', which means from (4) that the best reso-
lution should occur for curve 2. Figure 1 also shows that the variation in the relative yield is particularly
large for low 235U concentrations (over 70% over the range 0-20%). The resolution is therefore best in this
. part. Threshold substances give this scope for selection. For certain combinations of two substances (e.g.,
28%y—28py) the ratio of the fission cross section is virtually constant over a wide range, so there is no such
special point, but then the spectrum width in the source can be very great.

The neutron energy range 0.2-4.0 MeV is the best for activating fuel rods; lower energies can give infor-
mation only about the concentration in the outer layers on account of the high fission cross sections, while
higher energy is inapplicable because the reactions of (n, nf) type cause a rapid variation in the relative yields
of the groups over a narrow energy range, which may cause complications in the calculations.

In the same way one can define the conditions for the optimum energy for a multicomponent mixture.
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EFFECTS OF y RAYS ON THE INHERENT RESOLUTION
OF A THALLIUM-ACTIVATED SODIUM IODIDE CRYSTAL

E. L. Vinograd, N. Yu. Gurevich, UDC 539.1.074.3:548.55:546.33.15.683
and Yu. A, Tsirlin

Nal(Tl) scintillation spectrometers are widely used under conditions of varying temperature and radi-
ation flux. These conditions cause the spectrometric characteristics to alter. For example, x and ¥ rays
reduce the light yield from NaI(Tl) crystals [1-3]. This is due to deterioration in the transmission of the
luminescence [4-6]. Here we consider the effects of y irradiation on the inherent resolution r of NalI(T1)
crystals after irradiation at 20-100°C, particularly to determine the factors responsible for change in r.

The measurements were made on detectors in routine production of sizes 40X 40 and 40 X 80 mm; the
specimens were irradiated with *'Cs at dose rate of 1 Gr/h. The temperature was kept constant during the
irradiation by means of an NBE ultrathermostat. The inherent resolution was measured in accordance with[7].

Figure 1 shows the change in the inherent resolution of the Nal(Tl) crystals in relation to y-ray dose at
normal temperature; the deterioration in r is monotone and tends to a limit at a dose of about 1 Gr. There are
also substantial differences in the relative change in resolution between specimens of crystals grown by the
same technique and having identical sizes. i

Figure 2 shows the effects of temperature on the relative change in r after a dose of 1 Gr; the Ar(D) and
Ar/fr(T) relations (Figs, 1 and 2) follow the form of the coloring curves At/ry(D) and At/ry(T) [5] for Nal(T1)
crystals. This indicates that the radiation damage responsible for the deterioration in resolution is also
related to the reduction in transmission for the luminescence.

Parallel measurements were made of the change in r and in transmission at A~ 410 nm by the method
of [8] for detectors manufactured by the same technology and given the same dose of 1 Gr of v rays. These
measurements showed that all the crystals gave virtually identical changes in transmission in spite of a major
spread in Ar/,. The anomalously large loss of resolution in certain detectors (Ar fry 2 130%) was due to an
inhomogeneous distribution of the scintillation efficiency C produced by the 7 irradiation.

Measurements were made with a collimated source of the distribution of the scintillation efficiency for a
detector with a large value of Ar/ry; the detector was found to contain parts A and B differing slightly in per-

n%
3
. Ar/r© .
l /1, %! 5\
1206}
10+
80+
8 7 4
/ 40+
6 / 7 1
1 1 I 1 1] 1 n o
0t 2 3 Dor 20 4 & & T
Fig. 1 Fig. 2

Fig. 1. Resolution of 40 x 40 mm detectors made of
NaI(T]) in relation to v-ray dose at dose rate of 1 Gr/h
and a temperature of 20°C: 1-3) specimens made by
the same technique.

Fig. 2. Effects of temperature on the radiation-induced
change in resolution for NaI(TI) crystals 40 x 40 mm
receiving doses of 1 Gr: 1-3) specimens made by the
same technique; circles observed points.

. Translated from Atomnaya Energiya, Vol. 48, No. 5, pp. 335-336, May, 1980. Original article submitted
July 3, 1979,
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Fig, 3. Distribution of scintillation efficiency along the
length of an NaI(Tl) detector of dimensions 40x 80 mm:
1) before irradiation; 2) after (irradiation at room tem-
perature, dose 1 Gr).

Fig, 4. Relative reduction in the light-collection co-
efficient for various wavelengths for detectors irradi-
ated at room temperature to a dose of 100 rad showing
different radiation-induced changes inr: O) Arf,~
10%; @) Ar/Ay™=100%.

formance before irradiation but having substantially different C afterwards (Fig. 3). These parts also differed
in luminescence spectrum; part A had more green light (A>410 nm) than did part B. It is found [9] that the
increase in contribution tothe green emissionis due to elevated amounts of activator, whereupon the main emis-
sion centers (A, .. = 410 nm) are accompanied by compound thallium centers (Amax of 450 and 470 nm). Chem-
ical analysis also showed an elevated amount of thallium in part A (pg = 2.1°10"7" mass% Tl, pg = 7" 102

mass% TI).

Measurements were also made of the light-collection factors for the Nal(Tl) detectors at 350-650 nm
before and after irradiation; the color centers produced by the ¥ rays reduce the transmission in the green
region (450-470 nm) much more than that in the blue region (400-420 nm) (Fig. 4).

Therefore, it is possible for Nal(Tl) crystals to have good resolution and a uniform distribution of the
scintillation efficiency before irradiation but to consist of parts differing in composition between the emission
centers, whereupon the specimen after irradiation shows differences arising from selective reduction in the
green transmission. The part of the crystal having the strong green emission due to the elevated actuator con-
tent will then give the weaker signal, which substantially distorts the amplitude spectrum and adversely affects
the resolution. The confribution of compound thallium centers becomes appreciable [9] at a concentration of
8 *10~% mass %, and the value increases with the activator concentration.

Therefore, it is not essential to have a strlctly uniform bulk distribution of the activator in a NaI(Tl)
crystal, which is difficult to attain in practice, but the crystal can work well under irradiation if the thallium
concentration varies only within narrow limits and nowhere exceeds 8°10~% mass %. It is also clear that
~ crystals with low average concentrations show less fall in light yield on exposure to y rays.

We conclude that a working temperature for Nal(Tl) 40-50° above normal temperature reduces the reso-
lution by a factor 2-3 when the detector is exposed to ¥ rays.
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CALCULATION OF PHOTON-RADIATION MASS ATTE NUATION
COEFFICIENT

V. I. Gudima and G. V., Pekina UDC 539.122

The values of the mass attenuation coefficient for photon radiation of different energies are given in tabu-
lar form [1, 2]. For certain calculations and the modeling of processes, it is expedient to have formulas
relating the mass attentuation coefficient u/p with the photon—radmtlon energy E.

For the energy range 0.3-3 MeV, which covers most sources of ionizing radiation used, e.g., in mea-
surmg technology, this dependence is satisfactorily approx1mated by the expression u/p = ay+ay/E + a2/E2

as/E>,

The coefficients a; (i = 0, 1, 2, 3) have been calculated by the least-squares method for 94 elements using
the data of [1]. Table 1 shows the values of a; for 50 elements often encountered in calculations. The maximum
error of the approximation § in the given energy range does not exceed 5%. The exceptions are rhenium (5.1%),
gold (5.2%), and thorium (5.3%).

TABLE 1. Coefficients a; for Calculating Mass A’gtenuatibn Coefficient (cm¥%g) from Photon-
Radiation Energy (MeV) and Error of Approximation & (%)

Element ag a1 az a3 [} Element ag ar a2 a3 6
Hydrogen 0,03049 | 0,1314 | —0,408 | 0,005312]| 1,4 |Iron . 0,01996 | 0,05164 | —0,01356 | 0,001858| 1
Helium 0,01711 | 0,06145 | —0,0174 | 0,002094 | 2,3 |Cobalt - 0,02223 | 0,04436 | —0,04436 | 0,001091| 0,8
Lithfum 0,01432 | 0,05482 | —0,01625( 0,002042 | 1,5 |Nickel . | 0,01943 | 0,05603 | —0,01582 | 0,002294 | 2,4
Beryllium [ 0,01502 { 0,05538 | —0,01593| 0.001939 | 1,5 |Copper 0,02129 | 0,04673 [ —0,01064 { 0,001409. 0,5
Boron 0,01647 1 0,05615 | —0,015941 0,001948 | 2 | Zinc 0,02023 | 0,05054 | —0,01348 | 00019411 1,7
Carbon 0,01695 | 0,0629 | —0,01878{ 0,002412| 1,1 | Germanium | 0,02147 | 0,04346 | —0,009204 | 0,001294 | 0,2
Nitrogen 0,0183 | 0,0593 | —0,01638| 0,001976 | 1,7 [Arsenic 0,02047 | 0,04645 | —0,01134 | 0,001751| 1,6
Oxygen 0,01796 | 0,06048 | —0,01708| 0,002091 | 1,1 [Selenium 0,02131 | 0,04199 | —0,008757| 0,001354| 0,7
Fluorine 0,01731 | 0,05658 | —0,01568| 0,001876| 0,8 |Bromine 0,021 | 0,04491 | —0,0104 | 0,001698]| 1,5
Neon 0,01873 | 0,05792 | —0,01563 | 0,001836 | 1,5 [Molybdenurny 0,02416 { 0,03864 | —0,605819 [ 0,001229 | 1,2
Sodium 0,01749 | 0,05787 | —0,01648| 0,002048 | 0,5 [Silver 0,0225 | 0,04373 | —0,009175( 0,002397 | 3,4
Magnesium | 0,01808 | 0,05976 | —0,01698 | 0,002097 | 0,9 |Cadmium | 0,02362 | 0,03866 | —0,006148 | 0,001915| 2,5 |
Aluminum | 0,01806 | 0,0575 | —0,01616| 0,001997] 0,6 | Tin 0,02504 | 0,03418 | —0,003334 | 0,001646| 1,5
Silicon 0,01918 | 0,05824 | —0,0159 | 0,001933| 0,6 |Antimony | 0,02433 | 0,03565 | —0,004311 | 0,001009] 2,2
Phosphorus | 0,04845 | 0,05727 | —0,01593| 0,001967 | 0,8 |Iodine 0,02513 | 0,03347 | —0,002268 | 0,001712| 2,2
Sulfur 0,01797 | 0,062 —0,01843| 0,002415| 1 |Barium | 0,0245 | 0,08446 | —0,00352 | 0,002367| 2,8
Chlorine 0,01917 | 0,0549 | —0,01464 | 0,001772 | 0,5 | Tungsten '0,03053 | 0,02334 | 0,00825 | 0,003233| 2,5
Argon 0,018 0,05175 | —0,01393 | 0,001724 | 0,4 |[Platinum 0,03011 | 0,02555 | 0,00819 | 0,004091 1 3,5
' Ipotassium 0,02109 { 0,05183 | —0,01262| 0,001467 0,8 |Gold 0,02843 | 0,03057 | 0,005736 | 0,004758| 5,2
Calcium 0,01957 | 0,05869 | —0,01634 | 0,002097§ 0,8 |Mercury 0,02991 | 0,02658 | 0,008452 | 0,004546| 3,7
Scandium 0,01884.] 0,05386 | —0,0147 | 0,0018%4! 0,8 [Lead 0,03233 | 0,01968 | 0,01415 | 0,003848]| 2,4
Titanium 0,0188 | 0,05258 | —0,01434 | 0,001876 | 0,9 [Radon 0,03143 1 0,02359 | 0,0147 | 0,005061 | 4,2
[Vanadium | 0,01954 | 0,049 —0,01231| 0,001539 | 0,4 | Thorium 0,02982 | 0,0278 0,01362 | 0,005697| 5,3
Chromium | 0,02028 | 0,04948 | —0,01222 | 0,00153 | 0,4 ||Uranium 0,03359 | 0,01764 | 0,02201 | 0,004697| 3,9
Manganese | 0,02019 | 0,04854 | -—0,0119 | 0,001518] 0,6 [Plutonium | 0,03294 | 0,02234 | 0,01982 | 0,005848| 4
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A MONTE CARLO ALGORITHM FOR LOCAL EVALUATION
OF PERTURBATIONS IN y-RAY TRANSPORT PROBLE MS

V. G. Zolotukhin, A. I. Ksenofontov, | UDC 519.283
and A. P. Gnutikov

Monte Carlo methods, e.g., with correlated paths, may be ineffective in calculating perturbations in radi-
ation-field functionals arising from the introduction of additional inhomogeneity; in fact, only a small pro-

portion of the paths intersecting the inhomogeneity can give useful information if the size of the perturbingbody
is small.

The perturbations can be defined by constructing paths from the perturbing region [1] using a bilinear
relation between flux and value. The following equation exists [2] for the perturbation in functional J:
. (1)
O =J' —J = — S 82,0+ dr dQ dE -+ S O dr dQ dE S«SES(;D“ aQ" dE”,

where & is the flux in the unperturbed medium; <I>+', value in the perturbed medium; and 62t and 6%g, per?
turbations in the total cross sections and the scattering cross sections, respectively.

We consider the case where the perturbation is due to the introduction of an absolute absorber, for which
the transfer equation reduces to

3D+ (r, @, E) = QVO* (r, Q, E), ‘ (2)
where £} = Zg and Z¢— .

We divide the volume of the perturbing body into sufficiently small parts, within which & alters only
slightly, and we apply Gauss's formula to refer the volume integral to an integral over the surface of the ab-
sorber, on the basis that 3% = 0 for nQ <0 (n is the exterior normal to the surface). Then the final expression
for the perturbation in a functional is

3
6J=—5 |nQ | @ (r,, @, E) O (rg, Q, E) dS dQ dE, @)

where S is the surface of the perturbing body. The equations for &* and 3" are derived analogously.

The solution of (3) by Monte Carlo methods amounts to choosing a point (rg, Q, E) on the surface from
which one constructs a conjugate path in order to estimate the unperturbed flux & with weight |nQ | for a point
source 5. In the strictly opposite direction (rg, —Q, E) we perform a direct simulation of the path of a quantum
and estimate ™' for the point of observation D.

The main difficulties in the computational algorithm lie in defining a local estimator for the flux in the
conjugate random walk for a monoenergetic source S, and also in simulating the transport of particles (pseudo-
quanta) in accordance with the conjugate kinetic equation. In that case, Compton scattering of the pseudoquanta
involves increasing the energy. To avoid the difficulties ar1s ing from energy sampling from an unnormalized
distribution [3-5] we propose to use a biased distribution [ with a normalization of the form

. Y
. _do . dE do . ., dE (4)
[(EYdE=—5 (B — EY) o5 /1;5 o E T BN TEmy
where
ta
do , Nk 49 N AR
W(E%E)andcs(E)——S F (E — E"dE

0

are the microscopic differential and total cross sections for Compton scattering, E} = min (E;, EY/1—2E") for

Translated from Atomnaya Energiya, Vol, 48, No. 5, pp. 337-339, May, 1980, Original article submltted
July 23, 1979; revision submitted January 2, 1980,
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Fig. 1. Perturbations of the intensity due to scattering in water for a point
isotropic source with E; = 0,5 MeV in relation to distance I between the source
S and the surface of an absorbing disk of radius 5.5 cm (J is the intensity of
the scattered radiation without the absorbing disk).

Fig. 2. Energy distribution for the scattered radiation intensity: solid line
ordinary calculation by Monte Carlo method (I, = 2); broken line calculation
by perturbation theory (I, =2 and { = 0.1).

Et< 0.5, and Ef = E; for E'=0.5, The deviation of the function from the true distribution is compensated by the
weight equal to the denominator in (4).

For the purpdse of conjugate local estimation we take the source as monoenergetic, and therefore the flux
is computed from point n in the scattering via the intermediate point n' lying on the vector Q, for the motion of
a pseudoquantum of energy E,, which is defined by the condition

E0=En/1 (1 — Q- 0%, (5)

my 2
where Q* is the direction from point n' to the source S.

The estimator for the flux for the point source is found from

0] 1 ! o R .
O =k 25 (By — (B ” (db ) mrao® (—dmore <
X (3¢ (Bq) sin 843 (En) sin gl ) , (6)

in which R is the distance between the scattering point n and 8, with Wy the survival welght of the pseudoquan-
tum (Wy = Z5(E) /£ +(Eq)), Wyi is the weight of the biased functlon £, (dp AER) = (mgc YED[1/5in (6 + )] is the
Jacobian related to the transfer from spatial variables to energy ones in accordance with (5), ¢ = arccos. Qp-
Q%*), and ¢ is the angle between Q,, and the direction from point n to S. The results obtained by conjugate local
estimation agree well with the data of [6] for a point isotropic monoenergetic source of y rays.

Results are given for the geometry of Fig. 1 from calculation by this method for a thin disk lying on the
source—detector line in such a way that any quantum striking the surface is absorbed. The perturbations in
the scattered intensity are minimal if the disk is about halfway between the source and the detector and increase
as the disk approaches either the source or the detector, where the screening effect is greater in the region
near the source and decreases as Iy increases,

An important feature of this algorithm is that it is possible to estimate the linear radiation-field func-
tional by means of the bilinear relation (3). If we employ complete screening for J' = 0 in the perturbed case,
then the perturbation is 6J =—J; this corresponds approximately to the disk being placed near the source
(Fig. 2), where we show perturbations in the spectrum along with the unperturbed functional J(E) for I = 0.1
mean free path. We thus have a novel method of solving some radiation-transport problems by forced pertur-
bation of the initial geometry.

LITERATURE CITED.

1. V.G, Zolotukhin, Preprint FM-91, FEI, Obninsk (1967).
2. G. L. Marchuk and V. V, Orlov, in: Neutron Physics [in Russian], G. A. Krupchitskii (editor), Atomizdat
Moscow (1961), p. 35.

350

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0



|

GBCHNP.CAJ

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0

M. Kalos, Nucl. Sci. Eng., 33, 284 (1968).
D. Irving, Nucl, Eng. Design, 15, 273 (1971). _
A, De Matteis and R, Simonini, Nucl. Sci. Eng., 67, 309 (1978).

V. G, Zolotukhin et al,, in: Monte Carlo Simulation in Mathematical Physics [in Russian], G, I. Marchuk

(editor), Izd, VTs Sib. Otd. Akad. Nauk SSSR, Novosibirsk (1976), p. 48.

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0

351




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0

4 | A

CHANGING
YOUR ADDRESS?

In order to receive your journal without interruption, please complete this change
of address notice and forward to the Publisher, 60 days in advance, if possible.

(Please Print)
Old Address:

name

address

city

state (or country) zip code

New Address

name

address

city

state (or country) zip code

date new address effective

- name of journal

r
pITHE LANGUAGE OF SCIENCE

| PUBLISHING CORPORATION | 227 West 17 Street, New York, New York 10011 ' /

Y

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0




Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030004-0

A Plenum Sampler

Mass Spectrometry of

Priority Pollutants

by Brian S. Middleditch, Stephen R. Missler,
and Harry B. Hines

University of Houston -

Designed to expedite access to mass spectral information,
this volume offers both the experienced mass spectroscopist
and novice a convenient source of comprehensive
information on 129 priority pollutants. Included are
molecular formulas, molecular weight, CAS name and
registry number, Merck Index reference, and line diagrams.
approx. 275 pp., illus., 1980, $29.50

Skeletal Growth of
Aquatic Organisms
Biological Records of
Environmental Change

edited by Donald C. Rhoads and Richard A. Lutz
Yale University

Skeletal Growth in Aquatic Organisms applies ontogenetic
and demographic analytical methods to a wide range of
paleoecological and ecological problems. Internationally
renowned researchers examine topics such as the
application of skeletal data to problems in paleoclimatology,
paleobathymetry, paleooceanography, biogeography, pollu-
tion biology, and fisheries management. Topics in Geo-
biology, Volume 1. approx. 750 pp., illus., 1980, $47.50

Electronic Interpretation of
Organic Chemistry

A Problems-Oriented Text

by Fredric M. Menger and Leon Mandell
Emory University

The purpose of this book is to familiarize the student with the
principles governing organic reactivity and to provide a
“fteel” for organic chemistry that cannot be developed by
memory alone. 214 pp. + index, 1980, $27.50, text edition:
$1250

Principles of Genetic Toxlcology

by David Brusick
Litton Bionetics, Inc., Kensington, Maryland

This book provides nongeneticists with an introduction to
the fundamentals of genetic toxicology. Suitable for use as a
textbook, Principles of Genetic Toxicology also serves as a
reference for toxicologists, chemists, and administrative
personnel seeking information on biological and chemical
safety evaluation. approx. 300 pp., illus., 1980, $25.00

Current Developments in
Anthropological Genetics

Volume 1

Theory and Methods

edited by James H. Mielke

and Michael H. Crawford

The University of Kansas

Topics covered in this important new work include historical
demography, perspectives on the evolutionary theory of
sociality, a review of the structure of subdivided populations,
genetic epidemiology and cultural transmission, and
segregation analysis. approx. 500 pp., illus., 1980, $45.00

Lipids in Evolution

by William R. Nes and W. David Nes

Drexel University

Lipids in Evolution examines the similarities and differences

of lipids in various biological contexts, and offers a critical

correlation of this information within evolutionary param-

eters. Topics covered include the origin of oxygen, the role of

temperature and pH, and phylogenetics. A volume in

g/lonographs in Lipid Research. approx. 225 pp., illus., 1980,
29.50

Nutrition and Food Science

Present Knowledge and Utilization

edited by Walter J. Santos, J. J. Barbosa, Dagoberto
Marques de Miranda Chaves, and Nabuco Lopes
Brazilian Nutrition Society

and Jose Carlos Valente

National Food and Nutrition Institute and Associagdo
Brasileira de Nutrologia

in three volumes

This timely work gives an exhaustive account of the most up-
to-date resedrch in nutrition and food science. Representing
internationally renowned researchers from more than ninety
countries, these volumes will be of great value to those
interested in one of the most challenging problems facing
contemporary and future societies.

Volume 1

Food Nutrition Programs and Policies
approx. 825 pp., 1980, $75.00*

Volume 2

Nutrition Education, Food Science,
and Technology

approx. 900 pp., 1980, $79.50*

Volume 3

Nutritional Biochemistry and Pathology
approx. 775 pp., 1980, $69.50*

*three volume set price: $195.00
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A NEW JOURNAL

Sovuet Mlcroelectromcs

A translatnon of M/kroe/ektromka ‘.

2

Editor: A. V. Rzhanov S , ) e .
Academy of Sciences of the USSR, Moscow: . ’ .

Associate Editors: K. A. Valiev and M. I. ‘Elinson _ I
Secretary’ P. I: Perov . ( ) -
Microelectronics is one of the most criti¢al areas of madern technology. Filling the need for a primary research journat in
this impor-tant area, this bimonthly journal contains articles on new advances in the solution of fundamental problems of
microelectronics. Noted scientists discuss new physical principles, materials, and methods for creatung components, es-
pecially in large systems. Among the topics emphasized are:

® component and functional integration

@ techniques for producing thin layer materiats

® designs for integrating circuits and systems analysis . T

® methods for producing and testing devices - N ' - )
® classification and termmology . ) -

7

0y

Soviet Microelectronics provtdes an on-going up-to-date review of the field for electronics and electrical engineers, sohd-
state physicists, materials scientists, and computer and information systems engineers.

Subscription: Volume 9, 1980 (6 issues) | ‘ : . $160.00

Random Titles from this Journal

Optical Image Recording and Charge Spreading in an MIS (Metal Insulator- Semlconductor) Structure—V. V. Pospelov
V. N. Ryabokon’, K. K. Svidzinskii. and V. A. Kholodnov ¢

Diffraction of Light at an Amplitude—Phase Gratmg Induced by Light in a Metal-insulator- Semlconductor Metal
Structure—L. A. Avdeeva, P.l. Perov, V.| Polyakov, M. 1. Elinson, and B. G. Ignatov

Electrical Properties of Gallium- Phosphlde Displays—Yu. N. Nikolaev and V. M. Tarasov :

Epitaxial Gallium Arsenide Films for Microelectronics—L. N. Aleksandrov. Yu. G. Sldorov V.M. Zaletin, and E A
Krivorotov -

Effect of Conditions of Formatlon of Aluminum Oxide Films on the Properties of MOS Structures Based on Them—B. Ya.

A Aivazov, Yu. P. Medvedev, and B. O. Bertush’ .

Effect of Strong Electric Fields on the Charge Distribution in the Oxide in the System Electrolyte-SiO5- S|—V A. Tyagai,

0. V. Snitko. A. M. Evstigneev., N. A. Petrova, Yu. M. Shirshov, and O. S. Frolov I

- ’ \

B
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BlOLOGY BU LLETIN . o o . ‘ - molecular llgands complexlng in solutlons and kinetics.
lzvesnya Akademii Naitk SSSR, Seriya Btologlcheskaya ] - and mechanisms of reactions mvolvmg the pamcnpatron of
The biological proceedings of the Académy of Sciences sf' coordination compounds. - o

_the USSR, this 'prestigious new .bimonthly presents the Volume 6, 1980 (12 ISSUES). ceee _’._."; R .$255 00
work of the leading academicians on every aspect of the fife. - . ‘ ' s
sciénces—from micro- and_molecular buology to- Zoology, - THE SlVIET JOURNAL 0[:’ GLASS PHYSICS
-physiology, and space medlcme ~ . AND CHEMISTRY ‘

. Volume 7, 1980 (6 issues}. . . .. B P $195.00 - Fizika i-Khimiya Stekla ) ,

- _ Devoted to.current theoretlcal and applied- research on three

SOVIET JOURNAL OF MAR'NE BwLOGYA . “... '~ inferlinked probfems in glass technology; the nature of the
Biologiya Morya . . . "~ N chemical bonds in a vitrifying mélt and in glass; the $truc-

. Evaluates the water resources of specn‘rc geographlcal areas )

"sources formatlon as well' as scientific principles of their

"?/‘Ltll;nr::el;sewao 6 JSSUGS) ........ o N $215 00" Carlo method, the - "tnnovatlon theorem " and the Martm-_ N
o . : ) NN gale problem , : o

. - Sl Volume 20; 1980 (4 0ssues). e $175 00 -

HUMAR PHYSIOLOGY N P C T

Fmé/oglya Cheloveka. P . A o

A new, innovative Journal concerned exc/us/ve/y with theo PROGRAMMING‘AND COMPUTER SOFTWARE

retical, and apphed aspects of the: expandmg field of human Programmirovanie ' . . PO

physiology. - S ‘ , . Reports on currént progress in programmlng and the use of

Volume 6, 1980 (6 |ssues) S ,$195 00 computers Topucs covered «include Ioglcal problems of

o programming; applied- theory of algorithms; controlrof com-
soleT JOURNAL OF B'OORGAN'C CHEM|STRY - putatlonal .processes; program orgamzatron programming

_ ‘Features articles on |solat|on and purlflcatlon of naturally
* oteurring, bsologrcallly active compounds; the establishment

, .SOVIET JOURNAL OF COORDINATION CHEMISTRY SOVIET MICROELECTRONICS

of the relation between structure and blologrcal function.”
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Declassified and Approyéd For Release 20'13/02/61 E CIA-RDP1(’)’-02196R000800030004-‘0

RUSSIAN J URN‘ LS

IN ENGLISH TRANSLATION LU

| - s
Y

£

( e

Devoted solelyt to research on marine orgamsms and _their, ~“ture-statistical prmcrple and the- macroscoplc propertles )

activity, . practlcal consrderatlons for their Ppreservation, and. “of glass. » - ]

latest developments in’mathematics, this quarterly keeps
throughout the world ‘and reviews regularities of water re. . western screntlsts abreast ‘of both practical dand theoretlcal

depth are the generalized- Green's functlon the Monte

8/oorgamcheskaya Khimiya <, - \ methods connected with the idiosyncracies of input lan-
“ing; operatmg systems; programmmg systems; ‘programmer
aids; software systems; data-control. systems; 10 systems;
and subroutine libraries. .

. f 2 ’.\ ; B
Volume 6, 1980 (12 issues) ... . _-. 824500 Volume 6, 1980 (6 'ss"es" A A .3115.00

of their .structure, methods of synthesis, and. determination

,\

Koord/natsmnnaya Kh/mlya L \ Mlkroelektromka kS S .

" applied coordination chemistry. Topics include the syn- ~ problems’ of . microelectronics. Distusses new physrcal
" thesis and propertles of new coordination compounds; prlncrples, materlals and methods for creatlng components

reactions mvolvmg intraspheral substitutiod and transforma- , .especlally in large systems
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reproductlon -of the’ biclogical- resources of the seas and : Volume 6 1980 (6 lssues) A .‘. . e .$145 ‘00
oceans. . _ = , \ A : :
Volume 6, 1980 (6 |ssues) ..... R $115.00, ) ‘

’ ' ‘ - LITHUANIAN MATHEMATICAL JOURNAL
WATER RESOURCES . Lo _ . : o ~Litovskii Matematlcheskn Sbormk : .":
Vodnye Resursy ’ ' L o . An international medium for the rapjd pub,lication of the .

7 .
confuguratlons Among the many areas reported on’in;

v

guages hardware _and problem classes parallel programm- .

s . . .
.Descnbes the -achievements* of “modern . theoretical- and - Repogts on the latest ad’vances in solutions of fundamental

tlon ‘of ligands; COmpIexes with polyfunctlonal ‘and matro- ‘Volume 9, 1980 (6 |ssues). o C .’$160/r.00 &




