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ARTICLES

DISTRIBUTEDVMICROPROCESSOR—BASED SYSTEM FOR MONITORING
RADIATION IN NUCLEAR POWER PLANTS*

A. A. Denisov, V. S. Zhernov, ' - UDC 621.317.794+621.039.564
I. S. Krasheninnikov, V. V. Matveev, .
- N. V. Ryzhov, and V. M. Skatkin

Protection of the environment from anthropogenic actioms is becomlnga.moreurgent problem
with each pas51ng year. With the rapid growth of nuclear power, omne of the complex and spe-
cificproblems in this area is ecologically safe operatlon of nuclear electrical power plants,
nuclear .thermoelectrical power plants, AST, etc. The most important part of the problem is
creating measuring and information gathering systems and control systems, which permit monitor-
ing the changes in the -environment due to the action of such objects, i.e., monitoring fac-—
tors acting on the enviromment, evaluating the actual state of the enviromment at any given

"time, and forecasting the possible future effect.

The presently available radiation monitoring systems [1-3] provide the necessary informa-
tioh on the radiation state of the main and auxiliary equipment, enclosures, emissions of
radicactive substances into air, water, radiation exposure of personnel, etc. However, in

‘the future, such systems must encompass all possible perturbing factors and must not only

provide information, but also in some cases control.

Systems for monitoring such -enormous commercial objects as, for example, nuclear power
plants, include geographical and biological, impact and regional monitoring in the presence
of combined radiation, physical, and chemical perturbing factors, i.e., they on the one hand
represent the most complex and important systems for providing monitoring information and,
on the other, they are the most advanced (developed) systems that lay the path for developlng
other similar monitoring systems. :

Aside from expanding the functions and increasing the amount of monitoring and control,
further development of such systems is directed toward increasing the measuring capabilities,
since measurement of physical parameters is the primary function of these systems. The ac-
curacy of measurements can be increased by decreasing the influence of external background
and the background accumulating at the monitoring points, eliminating systematic error, and
including automatic compensation of the nonlinearity of the detectors.

The economic factors in creating and using such systems are an important aspect. The
cost of the systems is in many ways determined by the cost of replacement parts, communica-
tion lines, assembly, and startup operations. The operational cost is determined by the
cost of maintaining constant parameters of the system by the serv1ce personnel, the number
and quality of personnel, and their errors.

Increasing the requirements for reliability, accuracy of measurements, especially in
real-time, and fast response, expanding the functions together with the economic factors de-
termine the requirements and criteria for constructing modern systems, choosing the structure,

elements, and composition of the main and peripheral installations and the organization of
their communication.

The development of computer technology and the advent of accessible, inexpensive micro-
processers and microcomputers permit new solutions to these problems and may permit taking
the next qualitative step in creating and improving radiation monitoring systems in nuclear
power plants. The success in solving the monitoring problems is in many ways determined by
the state of knowledge about the object, the choice of an appropriate information and measur-
ing model with optimum monitoring capacity for the given object.

*This paper is based on a report at the 2nd Conference of Member—Countries of the Council
on Mutual Economic Aid on Radiation Safety of Nuclear Power Plants, Vilnius, May 18-21, 1982.

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 131-138, September, 1982.
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The pragmatic side of constructing modern systems is the development of a complete,
basic set of functional installations, which permit creating in a planned manner an object~
oriented system with optimum functional capacity, control points, equipment for maintaining
operation, i.e., making it possible for the planners of radiation safety monitoring complexes
to account for the characteristics of the object without considerable additional expenditures.

In this paper, we examine the problems of constructing modern systems for monitoring
radiation in nuclear power plants. We emphasize the problem of operational radiation monitor-
ing and we demonstrate, using this problem as an example, the possibilities of microprocessors

. and microcomputers and distribution of functions over. subsystem levels.

Radiation Monitoring System Structure. The structure of the system for monitoring ra-
diation in a nuclear power plant is based on realization of two basic planning principles:
separating in the overall problem the most independent parts and introducing a hierarchy of
ordered levels for solving it. Both.principles are effectively satisfied in the radiation
monitoring system: first, due to the possibility of solving the overall problem in the form
of a parallel construction of the entire set of weakly coupled (from the point of view of the
interaction dynamics) problems: radiation monitoring of enclosures and equipment in the power
block; radioecological monitoring of adjacent territories; monitoring pass—through and exit
paths; individual dosimetric monitoring of nuclear power plant personnel; and, second, the
specific nature of each problem is reflected in the choice of the optimum number and organiza-
tion of levels in its solution.

Figure 1 shows the structure of the complex of radiation monitoring apparatus in the
form of a three-level, hierarchial system for a two-block nuclear power plant with a water-
cooled water-moderated power reactor.

The use of standard computer equipment in the system (microcomputers and microprocessors)
permits automating most of the routine work in the operation of the complex and leads to a
more flexible interaction of the operator (dosimetrist) with the system due to the use of
a dialogue mode instead of functional keyboards. The program realization of the system func-
tions decreases the range of technical equipment and improves its adaptation to the character-
istic of the object., The use of standard peripheral equipment at operator stationms permits
broad standardization of the methods for recording and displaying the state of the object
and permits using standard forms of report documentation. Each problem is realized on a
separate subsystem of the technical equipment, and the high-frequency dynamics of the object
are localized in them. The interaction of subsystems at the upper level of the system re-
presents its low-frequency component.

Weshallexaminethestructunaofthesubsystemsforsolvingtheproblemsenumerated above.

Radiation and radioecological monitoring is characterized by a large number of monitoring
points (300~500) distributed over enclosures and the territory encompassed by the power plant,
continuity and efficiency, and requirements for minimum delays in transformation [1l, 2]. The
choice of structure for a subsystem with two processing levels is determined by the economic
saving due to the reduction of cable lengths, which is achieved by placing the processing
equipment closer to the monitoring points. The lower level of the subsystems consists of

" stations for collecting data, containing the primary transducers including the detection

blocks, weather sensors, flowrate meters, as well as systems for local alarms and control,
radially connected to the base modules. At this level, the parameters being monitored are
measured and calculated in real-time, the control actions are drawn up, the working order
of the equipment is checked, and data is formed for transmitting to the upper level of the
subsystems.

The base modules form a distributed computed system, in which several loops and modules,
cascade-connected by communication lines in series with an interface, according to GOSTu
23765~79, are separated. Each loop begins and terminates in the executive module, the loop
control. In contrast to the structure in [4], the use of an executive module in the loop
permits organizing horizontally independent groups of computers (for example, for solving
subproblems involving monitoring of protective shields in the first and second loops or in
the auxiliary equipment), radially connected by lines from a series interface to the upper
level of the subsystem. One loop can encompass 100 monitoring points. The survivability of
data collecting stations with a breakdown in the communication lines to the series-connected
interface is ensured by retaining the measurement, alarm, and control functions of the base
modules and the possibility for controlling the operational modes of the module through its
built-in digital display.

578
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The operational control and display functions, introduction of operational records and
transmission of data to upper levels of the system for centralized display of the monitoring
processes and introduction of the main radiation monitoring system records are executed in
the upper level of the subsystems. Radioecological monitoring of the adjacent territory in-
cludes group analysis and accumulation of data from measurements of soil, water, and other
samples, which the operator introduces at the second level of the subsystem from results
of laboratory measurements. ' ‘ ‘

Monitoring of the pass—through and exit paths for contamination of hands, body, clothing,
and transport is characterized by short permissible computing time and high reliability of
the decisions adopted. The subsystem contains one level of technical equipment, whose high
capacity is achieved by local concentration of computers. The link to the upper level of
the system is established when necessary by centralized recording to contamination events.

The subsystem for individual dosimetric monitoring of nuclear power plant personnel con-
sists of two processing levels. Data collected from the ionization and thermoluminescence
dosimeters, as well as information on the content of radionuclides in the body are collected
and preliminarily processed and the personnel are identified. The results of measurements
are processed at the upper level, where an intermediate data file is formed, which is then
sent to the upper level of the system imnto a data bank for individual dosimetric monitoring
of nuclear power plant persomnel. Operational information on random (in time) queries, for
example, in the case of regulation or repair and preventive work, as well as a periodic list-
ing of the exposure of the nuclear power plant personnel to external and internal irradiation,
are displayed by the display systems in the upper subsystem level. The data band contains
information on each worker: the y, B, and neutron irradiation doses over a ten-day period,
the current month and year, over the time of work in the nuclear power plant, and from the
beginning of professional work together with an indication of the last name, name, the depart-
ment, section, specialty indication, and classification number.

Centralized radiation monitoring systems permit concentrating at the operator or dosi-
metrist total information on monitoring processes and radiation conditions at the plant [3].
However, increased attention to the radiation safety of nuclear power plants has increased
the number of monitoring channels up to 200-300 for each block in the nuclear power plant
and approximately to 500 in the two-block plant. Information is given to the operator in
the form of signals showing an increase above the warning and accident thresholds and reports
on the working order of the channels, translating them into the verification regime and other
auxiliary regimes (in all there are about 1500-2500 positional signals), as well as in the
form of results of measurements for each channel. Receiving this quantity of information
and adopting operational solutions for normalizing the radiation state at the nuclear power
plant leads to appreciable psychological pressure on the operator and operator fatigue. The
general problem of man—machine dialogue requires finding an optimal solution for the problem
of representing incoming information in a convenient and compact form with preliminary selec-
tion by importance and management efficiency.

Possibilities have recently been discussed for comprehensive representation of the diverse
information on radiation conditiomns at the nuclear power plant using colored CRT displays [4].
The information content of reports is increased and the time required by the operator, who
is responsible for the safe operation of the nuclear power plant, for analyzing events and
making decisions is decreased by the colored displays in separate channels automatically
changing in accordance with the program loaded into the microcomputer.

We can consider the application of a single colored display with variable display format
or simultaneously two and even three display formats, for example, for a two-block power plant
etc. In order that the operator can rapidly comprehend and evaluate the background or the
changing radiation conditions, it is first necessary to display the presence or absence of
alarm signals (accident, warning, or malfunction signals), using for this purpose contrast-
ing colors and positioning of symbols convenient for perception.

The format shown in Fig. 2 consists of 300 rectangles, grouped either according to
channel number, for the channels used at the power plant (variant I or II), or according to
the connection to some base module (variant IIT). For normal conditions at the nuclear power
plant, all rectangles are green. When the first threshold has been exceeded in some channel,
the color changes to a blinking yellow color and when the second threshold is exceeded to a
blinking red color. In order to make the work of the operator easier, these channels are
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Fig. 1. Structure of the complex fcr monatorlng ra-

" diation safety at a nuclear power plant: 1) central
console of the radiation monitoring system; 2, 3, 4)
subsystem for individual dosimetric, radioecological

. and radiation monitoring, respectively; 5) subsystem
for monitoring ‘contamination; 6) dosimetrist's console;

- 7) operating console; 8) contamination monitoring
units; 9) primary proce351ng unlts, 10) data collectlon
statlons. ’
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Fig. 2. Format of states: ...) blue; —) red;
——) vyellow.

automatically displayed on the screen for continuous measurements with the appropriate color.
In so doing, the alphanumerical label of the channel, used for the given power plant within
the scope of a unified automated control'§ystem, as well as the physical dimensionality of

the parametef measured is indicated. The operator can put the indication manually into a con-
tinuously 1lit state, so as to make it possible to evaluate rapidly the change in the conditions
in other channels (according to the blinking display). If a threshold has been exceeded in
some channel and then the monitored quantity has returned to the norm, then the corresponding
rectangle is transformed into a green triangle (the fact that the threshold has been exceeded
in this channel is remembered). When a malfunction is discovered in the channel, the color

of the rectangle changes to blue, and while the channel is switched-off for the time period
required to make a check, the rectangle has a light-bluecolor. Priority in the representation
of information is given to the blue color, and then light-blue, red, and yellow. At the same
time, the operator can query the measurements in any other channel, which will be displayed

by a green color. This format must be constantly present for efficient evaluation of the
overall situation at the power plant. ’

In addition to the format presented above, it is also useful to have a second format
in the form of a group analog histogram (Fig. 3), which indicates the current values of the
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Fig. 4. Group histogram'fofmat on color display.

level of measured parameters in a chosen group of channels in the form of vertical lines.

The number of channels in such a group is limited by the resolution of the CRT and is usually
about 100 for black and white displays [5]. For more efficient evaluation of information

in channels where the first or second thresholds have been exceeded, the corresponding channel
is transformed into the b11nk1ng line mode and can be represented in digital form on the same
screen.

The colored display increases the 1nfofmat10n content of such a format. Here, it is
possible either to increase the number of channels in a group to 250, changing at the same
time the color of the lines from green to yellow and red (when thresholds in separate channels
are exceeded), or to remain in the 100 channel format (using different colors) while introduc-
ing different information. ' '

Figure 4 shows the format used in monitoring radioactive inert gases, for which each de-
" tection block is used for measurements in several enclosures by means of remote switching of
air ducts. 1In addition to the colored histogram, a picture is shown on the format indicating
the open valve and the number of the enclosure from which the gas being monitored is entering.
If the threshold has been exceeded in some channel, then the number of this channel and the
value of the excess above the threshold level in percent, calculated using the equation

4neas ﬂues.ioo,
tires

where Apasg is the current value of parameter being monitored and Athres is the threshold
setting, are displayed automatically on the screen in an appropriate color.

The operator can also call up manually on the same format the reserve up to the threshold
level, defined according to the equation

1

A — A
thres4 meas i 100,
“ thres
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Fig. 5. Structure of the subsystem for monitoring ra-
diation in the power block: 1, 2) digital and operational
display, respectively; 3) printout of group data; 4)
control pamel; 5) data library storage; 6) input-output
control; 7) central console for the radiation monltorlng
system; 8) central processor; 9, 10) operational and per-
manent system memory,. respectively; 11) common bus; 12)
input-output control for the sequential interface; 13)
control module with microprocessor; 14) data collecting
station; 15) base module with microprocessor; 16) detec-
.tion blocks, alarms, control units; 17) sequential inter-
face.

if the threshold has not been exceeded in this channel.

~ All of these formats and colored displays greatly improve the operation of the man-machine
link. However, in order to maintain high reliability of the monitoring, it is useful to
provide the traditional simple and reliable general alarm systems (1nd1cat1ng that the first
or second threshold has been exceeded or a malfunction has occurred), signals from which can
also be used to switch-on automatically the formats of the color displays above.

Subsystem Monltorlng Radiation in the Power Block. All processing and preliminary in-
formation functions are transferred to the lower level of the system, while operational dis-
play, recording, and collecting data concerning the state of the object, and communication
with the operator and the upper level of the complex are performed in the upper level. Figure
5 shows the organization of the upper subsystem level (operating station) based on the common
bus of the Elektronika-60 microcomputer. The subsystem is constantly in the main state, in
which sequential scanning of all monitored points and automatic output of information in
analog form on a CRT (operational) display screen for all monitored points of the operator-
chosen loop (channels, in which the threshold has been exceeded, are distinguished by color
and blinking display), as well as in digital form for channels in which the threshold has
been exceeded, and selectively for any monitored point in both displays, occur. The monitored
parameters are periodically listed in red for those channels where a threshold has been exceeded
and the procedure for introducing the operational records and processing queries from the upper
level of the complex is performed automatically.

The operator interacts with the subsystem, forming with the help of a keyboard in the
control panel over several steps of the dialogue on the CRT display screen a query for opera-
tional or recorded information in the form of charts, graphs, and tables, grouped according
to the indicators of the monitored parameters, giving the type, logical and boundary condi-
tions for data output. All control actions by the operator are recorded on the printer.
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Let us examine the interaction of the components, levels of control, and organization
of the given subsystems.

The lowest level of the subsystem contains up to five loops of the base modules. The
loops operate in parallel and each of them is connected at the upper level of the .subsystem
to a digital display, controllers of the input-output operational display, printer, accumul-
ator of record data on a magnetic tape, controller of input—output of the sequential inter-
face, and is closed in the executive module of the loop. In the basic state (throughout
scanning), the loop control functions are transferred to the upper level of the subsystem
in the executive modules, which sequentially increment the number of the loop channels and
translate the records of the channels on the output device in the upper level. The pro-
cedures for servicing the queries for data output from the operational records are performed
at the upper subsystem level, independent of the lower subsystem level.

Queries for output of required operational information (for example, printing the tech-
nological monitoring channels, where a threshold has been exceeded) generate a sequence of
control commands for the loops in the base modules. Each of them can be represented as a
processor, which performs the current job, while the executive module acts as an interpreter
of the commands from the upper level. It obtains commands from the controller of the se-
quential interface and executes them on the processor (loop). When the current command has
been performed on the processor, the executive module returns control upwards outputting the
results of performing the command, entering into the output devices of the upper level. 1In
this state, the process of sorting and merging of channel records occurs in each loop and
between loops. In the base modules, its records are selécted according to qualifying indica-
tions (for example, according to type of parameter monitored), sorted according to a fixed
‘'sort key, and if the given relations between the trace transmitted through the interface and
the upper record formed in the selection module are satisfied, they are outputtedinto the se-
quential interface of the loop. Analogous interaction processes occur between the executive
modules of the loops. The termination of the regime is indicated by complete rotation of the
same record through the loop. .

The information collected, computed, and sorted by the subsystem forms the data base for
operational radiation monitoring and on a logical level is represented in the form of files
of actual data from the lower level and operational record data., The records contain data
on each monitored point: its identifying number, type of monitored parameter, value, scale
coefficient, two threshold settings, and state indication (passage through a threshold, equip-
ment malfunction). '

Structure of Base Module. The required productivity of the lower level of the radiation
monitoring subsystem is achieved by separating it into a set of base modules. Each of them
contains a complete collection of functions, transferred to the level, and is related to
neighboring modules only by the transfer function.

The structure of the base module shown in Fig. 6 reflects two aspects of its operation:
functions and logic. The functions form the external characteristic of the module, and most
of them vary with the specific planning of the subsystem. Their designation depends on the
types of connected detection blocks and stored processing algorithms., The logic of a module
is reflected in the organization of the coupling of its components (structure). - The multi-
level structure of a module separates its permanent and variable functions. The permanent
functions are the measuring and control procedures. Their realization is organized on sepa-
ratemicroprocessor sections and is fixed in the permanent microprogrammed memory. The vari-
able functions are separated into semipermanent, which are changed during the operation of
the module, and fixed for a given module (but not necessarily the same for neighboring modules).
These functions are realized on the upper level of a module (its central microprocessor) and

differ according to the storing procedures, viz., in permanent, semipermanent, or operational
memory.

The measuring procedures are fixed in the permanent microprogrammed memory of the multi-
channel average frequency meter (MAFM), realized on the microprocessor sections. The MAFM
has up to 32 independent galvanically decoupled frequency inputs, in each of which the input
frequency can vary over a range covering four orders of magnitude from 0.5 to 5-10% pulses
per second. The model presented in [6] is chosen as one of the basic algorithms for realizing

the MAFM program. The procedure for measuring in each channel is described by the following
recurrence expression:
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X (mT)

Y (ml)=———+47Y [(m—1)T) exp (— T/1), , (1)

where mT are the discrete time intervals fixed by the timer; m = 0, 1, 2, ...; X(mT), number
of pulses from the detecting block over the interval mT; T measuring time constant; Y[(m —
1)T], value of the average frequency calculated up to the time mT and stored as a result of
the measurements; Y(mT), new value of the average frequency calculated at time mT.

Expres51on (1) describes the digital equivalent of the integrating RC c1rcu1t whlch
when measurlng randomly distributed pulses gives a statistical error calculated from the
equation .

8=V ane, - S ' - (2)
where n is the average frequency of the pulses.

The condition for optimum measurements in the system operating .in real time can be taken
as | , R . : ‘ : o

A nv = const, - - : N )

which ensures constant accuracy of the measurements over the entire range and minimum delay
in the measurements. The operands in MAFM are represented in a floating point binary system,

~‘'which permits measurements over a wide range with the required accuracy. The format of the

fractional part is determined by the dynamic range of the input frequency and constitutes 16
binary d1g1ts and the integer part constltutes 8 binary digits.

The process of making measurements in each channel consists of periodic multlpllcatlon
of the information accumulated in the channel by a coefficient, less than 1, and adding the

‘result to that contained in the input buffer of the given channel, after which the buffer is

tripped and accumulates the next portion of input pulses, while the final result is stored
up to the next processing cycle. .The quantization period is fixed by a timer-with a quartz
resonator; T and the capacity of the input buffer Bi are related by the relation

nfn.]axT/I. <Bi' ) » ) ) v (l")
where Nipay is the upper limit of the average frequency with respect to the i-th channel;
I is the number of channels.

Equation (1), including relation (3) and the floating point binary representation of
operands, describes the measuring algorithm of the channel

Y (mT) = M2+ 2P, ~ M, 2P, , )

where My is the number of input pulses accumulated in the buffer over the interval mT; C1,

constant coefficient equal to the binary -logarithm of the fraction BT/c; 2pMy_1, binary re-
presentation of the result of the preceding measurement; c2, constant coefficient equal to

the binary logarithm of TT.

Thus, for T and = whlch are multiples of Zk, where the modulus k-is an integer, the
multiplication is performed by a rapid series of shifts followed by subtraction. The number
of cycles of shifts depends on the integer part of the operand of the result. For addition,
the first operand in Eq. (5) is shifted by a constant number of digits and it is not necessary
to adjust the orders.

When the measuring procedure is completed, the MAFM switches to comparing the result with
fixed threshold levels, multiplies it by a scale factor, which takes into aecount the sensitiv-
ity of the detector and its dead time constant T4, as well as the scale of the monitored param—
eter, and transforms the final result into a binary—decimal number system. Next, the output
record of the channel is formed and is sent into the output buffer of the MAFM. The next
timer signal triggers an analogousmeasuring and processing process in the next channel.
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Fig. 6. Structure of the base module: 1) digital
display; 2) central microprocessor; 3, 4, 5) opera- -
tional, semipermanent, and permanent memory, respec-
tively; 6) exchange buffer; 7) common bus; 8) multi-
channel average frequency meter; 9) timer; 10). input=
output control unit; 11) input buffets; 12) output
-switches; 13) main amplifier; 14) detection blocks;
15) alarms and executive units; 16) sequential inter-
face. . )

The computing and control procedures are performed on the céntral microprocessor .of the
module. Its specific actions depend on the current operational state of the module. Never- .
theless, there is a permanent part of the functions, determined by the configuration of the
module, composition and type of primary transducers connected to it, alarms, and executive
systems. These include subtraction of the external background for the difference blocks
for detecting and accumulating background at the monitoring points, calculating the ratios
for monitoring leakage, calculations of the rate of growth of activity while working on a
stopped strip of the aerosol sensors, identifying the malfunctioning detection blocks, out-
putting requested information on the local digital display, control of local alarms and exe~-
cutive systems for threshold penetration signals. . The remaining procedures of the central
microprocessor are performed by operator commands, given from the upper level of the sub-
system or from the keyboardof the local digital display. The control procedures switch the
reference sources built into the detection blocks on and off, as well as the detection blocks,
and change the scale factors and the threshold settings in the channels. The computational
procedures include creating and eliminating virtual (program-generated) channels. The measur-
ing information generated in the module of the virtual channel is the value of the function,
whose arguments consist of the data from the real channels of the module. The attributes of
the trace of the virtual channel, the transformation function, the time of its creation and
annihilation are set by the operator.

The input—output control unit of the base module participates in each transmission ses-—
sion of the sequential interface of the loop and its action in the established mode consists
either of outputting on the interface the output trace of the channel, receiving commands from
the control module, or retransmitting the current message.

The control unit interacts with the central microprocessor through the common separating
resource, namely, the exchange buffer, into which it periodically retransmits the actual re—
cords of the measuring channels. In the scanning mode, the collection of traces in the buffer
is sorted according to the identifying number of the channel, while in the output mode of the
input channels, according to the key indicator.

The connection of the controller with the lines from the sequential interface of the lobp
has a galvanic decoupler. 1In order to ensure operation, two paraphase main amplifier blocks
are situated on a twisted pair of telephone wires, up to a kilometer long, in the module.

When the main of reserve coupling lines malfunction, the module switches into an automatic
operating mode retaining the alarm and control functions. When the blocks in the base module
break down, they are manually switched out of the sequential interface line, while the trans-
mitted messages are retranslated by the second block of main amplifiers.
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Thus, the creation of a system for monitoring radiation in a nuclear power plant is
related to the overall program for development of nuclear power. The required radiation
monitoring capacity can be effectively ensured by staged growth of the apparatus using sys-
tems with a distributed structure. The application of microcomputers and microprocessors
increases the flexibility of the system, its adaptability to the properties of the object,
ensures convenient coupling with the human operator, increases the intelligence level of its
important link, namely, the lower level processing systems (data collection statiomns). The
sequential transmission channel at’the lower level greatly decreases the cable routes. The
multilevel structure permits clearly separating and organizing the levels for solving the
problem: primary processing, cumulation of measurements, display, and coupling with the oper-
ator. Introducing data records from dosimetric and radiation monitoring in the power plant
ensures efficient operation of the system and automatic composition of the record documerita-
tion, including forecasting and timely identification of possible events.
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MONITORING THE DISTRIBUTION OF RADTONUCLIDES THROUGHOUT THE
TECHNOLOGICAL CIRCUITS OF A NUCLEAR POWER STATION#*

. Antonov, A. A. Gruzdeva, . _ UDC 621.039.58

V. L

V. S. Zhernov, S. K. Kozlov,

0. B. Lapshev, V. V., Matveev,

V. V. Pushkin, M. K. Romanichev,
A. E. Shermakov, E. P. Vargin,

and L. P, Drozdova

In recent years, the demands on the operating safety of nuclear power stations and the
protection of the environment have. been increased. Because of this, in modern radiation
safety monitoring systems an important role is being assigned to the prediction of a possible
deterioration of the radiation environment as -a result of a breakdown of the normal function-~
ing of the plant fulfilling the role of safety barrlers in the path of the spread of radio-
active substances. - .

For nuclear power stations with Water—coo1edeater—deulated,power reactors (VVER), the
most probable entry of radioactive substances into the outside medium is a result of break-
down of the turbogenerator hermetic sealing. Because of the large degree of branching of the
pipeline system of the primary circuit and the considerable velocity of motion of the coolant
through U-shaped pipes, considerable stresses are created at the sites of their bends, which
leads to vibration, the formation and growth of microcracks at the bends, and the pipeline
welds. Therefore, the probability of a small leakage of coolant from the primary to the second-
ary circuit has always been assumed. Usually it is equal to 20-50 grams/h, but may reach 2
and even 50 kg/h [1]. As a résult of the rupture of one of the U-shaped pipelines, the leakage
may amount to 10° kg/h. ’ - :

The radionuclides contained in the coolant of the primary circuit, on entering the water
of the secondary circuit, accumulate and attain an equilibrium concentration over 7-9 h. The
time of attaining equilibrium concentration is determined by the flow rate of the water enter-—
ing through the continuous purging line in-the special water purification system, and by the
half-life of the radionuclides. Gaseous and volatile radionuclides enter the steam pipelines
of the secondary circuit, collect in the turbine condensers and then are ejected into the at-
mosphere through the ejectors [2]. Thus, by locating the radiocactive radiation detector equip-
ment in the steam generator purging line and the éxhaust of the ejectors, an event of coolant
leakage from the primary into the secondary circuit can be recorded. Additional detector
equipment installed alongside the main live steam pipelines will allow loss of hermetic seal-
ing of the steam generator to be recognized (Fig. 1).

The sensitivity of the monitoring equipment to leakage, measured in kg/h, depends on the
radioactivity of the coolant of the primary circuit, determined first of all by the number
and degreeof depressurization of the fuel elements and the reactor power. In order to assess
the leakage in units of the mass flow rate, it is necessary to know the fadloactlvity of the
coolant at the instant of breakdown of hermetic sealing of the steam generators. A knowledge
of the activity by volume of the gaseous fission products, determining the radioactivity of
the live steam and the steam—air mixture at the ejector exhausts, is the most important, and
also the activity by volume of the isotopes .of iodine, from which the radioactivity of the
steam generator purging water can be judged.

In the composition of the radiation safety monitoring apparatus, there are devices for
detecting the volume activity of **?I and ®°Kr in the primary circuit coolant. The informa-

*Journal version of a report at the Second Conference of the CMEA Member Countries, "Assurance

of Radiation Safety in Connection with the Operation of Nuclear Power Stations' [in Russian],
(Vil'nyus, May 18-21, 1982).

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 138-143, September, 1982.
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Fig. 1.~ Location of steam generator leakage monitor-

~ing points: 1) reactor; 2) main circulatory pump; 3)
steam generator;.4)~turbine; 5) condenser; 6) main
ejectors; 7) ejector exhaust; 8) into the overflow
tanks; 9) to water purification; 10, 11) anion and
cation exchange filter, respectively; 12) heat ex-

. changer; 13) expander; A — coolant of primary cit- .
cuit; B— live steam of secondary circuit; C,; D — steam
generator and primary circuit purging line, respec-—
‘tively; I-IX — monitoring points. '

Fig. 2. Device for -the detection of °°Kr
activity: 1) detector unit; 2) cooler; 3)
shielding; 4) bypass line. o

tion from these instruments, in addition, allows the state of the reactor core aétivity to be
followed, and also the dynamics of the development of depressurization of the fuel element
cans and the radiation safety at the nuclear power station.

Detection bevices for the Technologicai Monitoring of the Activity of the Primary Circuit.

The volume activity of ®°Kr in the primary circuit coolant is measured by using a detection
device (Fig. 2) consisting of a y-quanta scintillation detector unit with a crystal of NaI(T1)
with a diameter of 63 x 63 mm, a lead shield, and a collimator, installed in the bypass line
through which part of the coolant passes after the cation- and anion—-exchange filters of the
water purification system (see Fig. 1, VIII). This inclusion system allows the background
from the y-emission of the radionuclides to be reduced, found in the coolant in the form of
cations and anions. A cooler built into the shielding provdes stable operating conditions
for the equipment. ’

Electrical pulses. from the detector unit are amplified and are fed to two differential
discriminators. One of them is tuned to a y-emission energy of 2.4 MeV and the other records
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Fig. 3. Device for detecfing the activity
of '321: 1) detector unit shield; 2) coding
- water feeder pipe; 3) bypass.line..

Fig. 4. Detector device for the total y-
activity of the liquid: 1) main detector
‘unit; 2) measurement cell; 3) shielding; 4)
detector compensation unit. '

the y-radiation of a higher energy. Thus, the background from external y-radiation and the
high-energy y-radiation of the radionuclides located in the coolant, is partially compensated.
The sensitivity of the equipment is 8-107'° pulses-m’/sec+Bq, and the recording range is 5-:
10°-5-10*" Bq/m® (v107°-10-* Ci/liter).

The volume activity of *®?I is measured by the cascade y-emission, using the device
shown in Fig. 3. The scintillation detector units are positioned on different sides of the
bypass pipeline, sampling the coolant after passing through the cation-exchange filter of the
water purification system (see Fig. 1, IX). As a result of this sampling scheme,- the back-
ground is reduced, caused by the radionuclides which are located in the coolant in the form
of cations. The electrical pulses from each of the detector units are fed to two differential
discriminators. One of the pair of discriminators from different measurement channels is
tuned to the cascade radiation energy of ®?I. After the discriminators, the pulses are fed
to a coincidence circuit. The second of the pair, with the coincidence circuit, records the
vy-radiation of higher energy, which makes it possible to partially reduce the background from
the cascade radiation of the nuclides located in the coolant. In order to reduce the inte-
grated loading of the detector units and the background of random coincidences, the devices
have a lead shield. Stable operating conditions are ensured by coolers built into the shield.
The recording range is 4°10%°-4-10'' Bq/m® (10~°-10"2 Ci/liter). The recording range is divided
into two subranges, with a sensitivity of 8:107° and 2.2:107° pulses-m®/sec+Bq, respectively.

Detector Device for Monitoring the Hermetic Sealing of the Steam Generators. The total
volume y-activity of the water in the common steam generator purging collector (see Fig. 1,
VII) is monitored by a device (Fig. 4) consisting of two scintillation detector units with
NaI(Tl) crystals with a diameter of 63 x 63 mm. One of them, the main one, is located in a
spherical sampling cell. The second is installed nearby, behind a lead insert, and serves
to compensate the extraneous y-background. The detector units and the measurement cell are
surrounded by a lead shield with a thickness of 60 mm. The sensitivity of the device is 0.8
pulses/sec at 4-10® Bq/m® and the energy range is 0.1-3 MeV. The recording range is 3.7-:10“-
3.7+107 Bq/m® (10~°-10"° Ci/liter). -
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Fig. 5. Live steam activity détector device:
1) shield; 2) cooler; 3) Qetector'unit; 4)
secondary circuit steam pipeline.

The activity of the live steam in the main steam pipes of the secondary ¢ircuit (see
Fig. 1, I-IV) is monitored with a~scintillation»detector unit with a NaI(Tl) crystal with
a diameter of 63 x 63 mm, recording y-quanta of energy 0.1-3 MeV. 1In order to shield the
detector unit from the extraneous y-background, it is.surrounded from the sides by a lead
shield with a thickness of 60 mm, as shown in Fig. 5. The sensitivity of the device is 8,8+
10~® and 10™* pulses-m’/sec-Bq for the steam pipelines of the secondary circuit of the VVER-
440 and VVER-1000, respectively, The recording range is 5.10“-5-107 Bq/m® (1.3:10~° to 1.3-
107° Ci/liter). - S =

The activity of the steamgas mixture dt the exhaust of the main ejectors (see Fig. 1,
V-VI) is determined by the high-energy B-emission of the radioactive gases. In order to
record them, a detector dqvicé with two high—témperaturé~gas—discharge counters SBM-18 is
installed inside the pipeline with the steamrgas mixture. The main counter is surrounded
with a thin sheath of polyamide for shielding from_the effect of moisture, and the compensa-
tion counter is installed in a steel casing with a thickness of 4 mm. The construction of
the detector deviceand the scheme for its installation in the steam pipeline are shown in
Fig. 6. The sensitivity is-1.6-107° pulses-m®/sec-Bq when standardized on ®3Kr. --The record-
ing range is 3.7-10°-3,7-10° Bq/m® (107%-10"° Ci/liter).

In order to estimate the coolant leakage. from the primary circuit, which can be recorded
by the detector devices described, we shall calculate the volume activity of ‘the medium at
the monitoring points I-VII in Fig. 1.

Determination of the Volume Activity of the Secondary Circuit and the Lower Limits of

Its Measurement in the Case of Leakage of the Steam Generator. The primary circuit coolant
containing radioactive products of fission, corrosion and activation, in the case of break-
down of the hermetic sealing of the steam generator, together with the purging water and the
steam, is conveyed along the communicating pipes of the secondary cicuit (Fig. 7). The read-
ings of the monitoring devices, with constant values. of the activity of the primary circuit
coolant and the parameters of the secondary circuit, are proportional to the leakage of the
steam generator. '

The sensitivity of the equipment to leakage can be estimated from the data of the
radionuclide activity calculation at the monitoring points of the VVER-440 and VVER-1000, -
with secondary circuit parameters which are characteristic for them, the coéfficient of re-—

- moval, -and also the radionuclide composition of the primary circuit coolant [2-4]. We shall
calculate the volume activity of individual radionuclides at the monitoring points for values
which are characteristic in the first months of operation of the reactor, when the activity
of certain radionuclides of the noble gases and of the iodine isotopes is close to 4°+10°
Bq/liter (107> Ci/liter). In the case of depressurization of the steam generator, nongaseous
radionuclides are accumulated in the reactor water, as the radioactive noble gases escape
directly from it into the steam. The buildup of activity of the nongaseous radionuclides in
the reactor water can be calculated from the following system of equations:

I - - : -
HEE =0t T Bgepld) [ U= KByt S Kb th a0 @
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Fig. 6. Steamr—gas mixture activity detector device:
1) setting in the steam pipeline; 2) shielding filter;
3) high-temperature counter.

B0 K pgaapl) (1=K Byt T3 KB A a0, o @

where Adp (t) and ap(t) are the activity of the radionuclides accumulated in the reactor water
of the depressurlzed (dp) and pressurized {(p) steam generators respectively; qo is the activ-
ity entering the depressurized steam generator from the primary circuit, and determined by
the formula

Go= AIQI/Q}T’

where Ay is the volume activity of an individual radlonucllde in the prlmary circuit coolant,
Bq/m?; Qr, leakage of the primary circuit coolant into the steam generator; and p%, density
of the water in the primary circuit, t/m®.

Bsg is the water exchange coefficient of the steam generator through the turbine con-
denser, which is found by the formula
‘ Bsg=Gsg /PI\A}ng"
where ng is the live steam flow rate in the main steam generator, t/h pII and ng are the
‘ density (t/m?® ) and volume of reactor water in-the steam generator (m®);

Byp is the water exchange coefficient through purging of the steam generator, calculated
by the formula

Bup= wppu"sg’

where Gyp is the flow rate of the reactor water to purging the steam generator, t/h;

A is the decay constant of the radionuclide, and K¥ is the coeff1C1ent of removal of
radionuclides from the steam, relative units.
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‘Fig. 7. Distribution of radionuclides contained
in the coolant -of the primary circuit, through the
communlcating pipelines of the secondary circuit:
.1, 2) steam generators; 3) ejector exhausts; 4) tur-
bine; 5) turbine condenser; 6) leakage of coolant
into the reactor water of the steam generator. B —
Live steam of secondary circuit; C — steam generator
‘purging. line, ' o

In order to shorten further notation, we introduce the following symbols:

a=(K'IP)fyg;
r P—1
B—(1—K ) Byt —5— K Bgt-h
where P is the number of stean génerators. The volume activity of the nongaseous radio-
nuclides over the time t can be found from expression (1)
dp . . - dp,. :
Ag= M = 4s pde(t)} @)

(t)-—iP;L) K 1),

. where Adg and Ap are the equilibrium volume act1v1ty in the reactor water of the depressur-

\

ized and pressurlzed steam generators respectively, in expanded form representing the follow-
ing expre381ons'

do g, B _ A
B Vog Pt | | 3)
AP 90 _ @ ‘ ’ - .

sg = Vs pi— azf

where K4 (t) and K,(t) are time terms, characterlzlng the buildup of. radionuclides which
attain equilibrium value, equal to 1, when t tends to infinity and in expanded form are ex-
pressed as:

pr—az o= (B-)t o (Bt o
R T

N p2—at e—(B-o)t e—(B+art -
0=l =" | o 57 |

Kgp(t)=1— (%)

The ratio of the activity of a nongaseous radionuclide in the depressurized and pres-—
surized steam generators is called the discrimination ratio. In this case it has the form

dp ,p B (1—KHBg+r 1 (5)
AglAt,=Bla=P [-1+———8—Krﬂsg 3t

S 2 , S
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From the known volume activity in the reactor water, the volume activity in the water of the
common steam generator purging collector can be determined:

(1 —KY), - (6)

ASngp(t) +(P—1) AggK pt)
P

Ayplt) =
which, over approximately 8 h from the start of the leakage is close to the equilibrium value

d
Ag(1—K")

A= 1e - F]. - 7

The volume activity of individual nongaseous radionuclides in the live steam of the

" second circuit can be described by the equations

dp 1
: dp Asé) 0 K ps )
- : ) : Asteam(,‘) =1 )
| , | ®
Ao (1) K pg - o
Ao (0= 22005 ]
- plf )

where pg is the density of .the live steam,it/ma. The equilibriumVVOlume activity will be
equal to : ' T

dp __ Ktp’s ﬁ

A, = oyl ' . :
steam pg"Ing p2—a? : : - (9
AP _ aKlps
steam | vavIng 52 — 2

respectively. Because the radicactive noble gases almost immediately and completely escape
from the reactor water of the depressurized steam generator into the steam, their volume
activity in the case of constant leakage of coolant rapidly attains the equilibrium value,
determined from the expression ’ '

dp . ‘ ' .
Agteam. = JoPg /ng‘ ’ ’ (10)

Separation of the radioactive noble gases, which enter the atmosphere through the ejectors
and the effluent stack, from -nonvolatile and slightly volatile radionuclides passing into the
condensate and returned to the steam generators, takes place in the turbine condenser. The

volume activity of the individual radioanuclides in the atmosphere at-the ejector exhaust,
can be determined by the formula : '

where Pej is the density of the atmosphere at the ejector exhaust, t/m?; Ges is the flow
rate of steam at the ejector outlet,.t/h. The figure 2 in the denominator takes account of

the redistribution of the steam from the depressurized steam generator between the two tur-
bines. '

The calculations, performed by formulas (2)-(11) on the assumption of a constant value
of the coolant leakage and nominal flow rates of the medium, allow certain conclusions to be
drawn.

The volume activity of the steam generator purging water, determined by the detector
devices at the monitoring point VII, is 70-80% due to iodine isotopes. The minimum recorded
leakage of the primary circuit coolant, for the initial state of the reactor core, amounts
of 0.5-1 kg/h. 1Its value was determined, starting from the minimum intensity (rate) of count-
ing of the instruments, which for the expected level of the extraneous background of y-radia-
tion at the site of their installation, and for the primary circuit coolant activity assumed
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in the calculation, can be reliably identified as the induced activity of. the medium, -and
not statistical fluctuations of the extraneous y-radiation background. The minimum count-
ing intensity (rate) at points VII, I-IV and VIII, and IX amounts to 5, 2.5, and 0.5 pulses/
sec, respectively.

The volume activity of the live steam of the depressurized steam generator is 15-30% due
to the radioactive noble gases, 55-70% due to nitrogen isotopes, and 3~5% due to iodine iso-
topes. It increases rapidly during the few minutes from the start of the leakage because of
the radiocactive noble gases and '°N, then during 8 h it still increases slightly, in conse-
quence of iodine isotopes and other slightly volatile radionuclides entering the steam. The
minimum recorded activity of the live steam.amounts to 30-40 kg/h.

The readings of the detector instruments, measuring the volume activity of the live
steam of the pressurized steam generators, will be a factor of 10-20 less than the readings
of the similar instrument monitoring .this parameter of the depressurized steam generator.

The activity of the live steam of the pressurized steam generators, due to the nongaseous
radionuclides which enter the reactor water through the makeup system, slowly increases up to
the equilibrium value during dpproximately 8 h from the start of the leak.

The readings of the detector instruments installed at the ejector exhausts, are deter-
mined by the activity of the noble gases. The minimum recorded leakage is equal to 5-15 kg/h.

, Estimates of the minimum detectable leakage which can be recorded, were carried out for
the initial state of the core. In proportion with the iricrease of the volume activity of the
primary circuit coolant during operation of the reactor, their sensitivity to leakages in-
creases, and may be a factor of 3+5 better than was mentioned earlier.

As already mentioned, the volume activity of the medium at the monitoring point VII is
determined mainly by isotopes of iodine, and at points I-VI by the radioactive noble gases.
At the same time, it is proportional to the scaled volume activity of these groups of isotopes
in the primary circuit coolant at the leakage value. Therefore, in order to estimate the
leakage, the readings of the detector instruments at the monitoring points VII and I-IV, it
will be necessary to normalize on the readings at the monitoring points VIII and IX respec-
tively, where the volume activity of **2I and ®®Kr is determined. A more accurate estimate
can be obtained, if the detector instruments measuring the volume activity of the live steam
at points I-IV, are tuned to recording 88Kr-withrespect to the energy of the y-quanta of
2.4 MeV. The information entering from the detector devices at the monitoring points VII and
V, and VI allows depressurization of the steam generator to be revealed in the early stages,
when the leakage is small. At the same time, it does not. give information ds to precisely
which steam generator has developed the leak. The failed generator is determined from the
readings of the detector devices at monitoring points I-IV but, as already mentioned, these
devices are less sensitive. In consequence of this, two cases of localization of the depres-
surized steam generator are possible. :

The detector devices at monitoring points VII, V, and VI have registered a- leakage of
a steam generator, but it is so small that it is at the sensitivity threshold at monitoring
points I-IV. 1In this case, the servicing personnel have sufficient time to sample the reactor
water from each steam generator and to determine in laboratory conditions in which of them
the total activity has increased, to assess the degree of failure of the steam generator,
and to take the necessary measures. '

A large leakage, which can create an emergency situation or which can cause a dangerous
radiation environment at the nuclear power station, is determined from the readings of the
detector devices measuring the volume activity of the live steam at points I-IV. In this case,
the failed steam generator can be localized within 100-200 sec from the start of the leakage.

Further ways for improving the monitoring equipment are possible because of:

a) increase of the operating stability and sensitivity of the detection equipment, mea-
suring the volume activity of the live steam at point I-IV, which allows a leakage at
earlier stages to be detected. By tuning the discrimination thresholds to record such
datum radionuclides as °°Kr and '°N, it becomes possible to estimate the leakage directly
in kg/h;

b) locating the detector devices determining the volume activity of the purging water,
directly in the purging line of each steamgenerator, as these devices have quite a high
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sensitivity, and will allow the failed steam generator to be located in the case of a
leakage of 0.5-1 kg/h.

The method of monitoring a steam generator leakage by measuring the volume activity of
the live steam condensate, sampled from the main steam pipelines, in our opinion is less
promising by comparison with determining the volume activity of the water in the steam gener-
ator purging lines. This is because the coéfficient of removal of nongaseous radionuclides
from the steam K' < 1 and, consequently, the volume activity of the live steam condensate is
many times less than the volume activity of the water in the purglng 11nes.

The authors express their thanks to L. M. Luzanova for useful dlSCuSSlOD of the results
of the present paper, advice, and valuable comments.
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DISTRIBUTION OF THE FLUX DENSITY AND HARDNESS OF THE NEUTRON
SPECTRUM WITH HEIGHT AND OVER THE CROSS SECTION OF THE
HEAT-GENERATING ASSEMBLIES OF VVER-365 ARD VVER-440 REACTORS

B. A. Bibichev, V. P. Maiorov, , . B UDC 621.039.512.45
V. D. Sidorenko; -and P. I. Fedotov ' ‘ .

. One can measure the flux density and spectrum of the neutrons in the active zones of
VVER-365 and VVER-440 reactors (water-cooled-water-modulated power reactors) only in special
channels located in the central tubes of the heat-generating assemblies (HGA) [1]. One can
measure the distribution of the flux density and spectrum of the neutrons with the HGA height
with the help of activation detectors in these channels. Experimental data on the distribu-
tion of these quantities ovéer the HGA cross section are also necessary for checking and cor-
recting the computational programs. One can obtain such information from the concentration
of certain fission products in the fuel after the HGA are unloaded from the reactor.

- Those fission products are most favorable for these purposes whose accumulation depends
differently on the thermal neutron flux and hardness of the neutron spectrum and whose con-
centration one can measure by the y-spectrometric method without destroying the fuel elements
[2, 3]. The method of y-spectrometry of fission products has been used previously [4] to mea-
sure the depletion and isotopic composition of uranium and plutonium in samples of the fuel
elements from VVER-365 and VVER-440 reactors. This same method is employed in this paper
to measure the distribution of the flux density of thermal neutrons ¢y and the hardness of
the neutron spectrum y with respect to the cross section and height of several HGA of these
reactors.

The vglue of y is determined by the relationship [5] v = Z%h/éfs, where Z%h is the total
macroscopic cross section of a cell of the active zone and £I8 is the moderating power of the
medium. In this case one can write the effective fission, capture, or absorption cross sec-
tion for a given nuclide in the form & = Oth + YI, where oty is the cross section for mneutrons
of the thermal group and I is the resonance integral.

The method for measuring of ¢¢, and vy is based on the significantly different dependence
of the accumulation of **7Cs and *>*Cs in the fuel on y and ¢;;. The *>’Cs concentration de-
pends weakly on y and is proportional to ¢ ht in the first approximation, and the *2“Cs con-
centration is proportional to Y(<I>tht)2 [4], where t is the irradiation time of the HGA. The
sequence for the calculation of y and &ty from the measured values of the concentration of
these nuclides is shown in Fig. 1. It is evident from Fig. 1 that y and ¢y, are calculated
by fitting the calculated values of the '*“Cs and '®’Cs concentrations to the measured values.
The calculated concentrations N,s3, and N;ss; are found from the solution of the system of de-
pletion equations for the isotopes of uranium, plutonium, and their fragment nuclides. The
depletion equations are solved by numerical integration in the two-group approximation for
the neutron spectrum with an irradiation time step of 1 day. The fission of 23°U and the
variation of y and ®.y as a function of the variation of the concentration of fissile nuclides
[6] is taken into account in the calculations.

Data on the initial enrichment of the fuel, the irradiation time, and the specific power
of the fuel in the investigated HGA are used in calculating Yy and ¢¢y. The specific power of
the fuel in the last irradiation cycle is corrected on the basis of the measured concentra-
tion of '°®Ru [7].

One should note that the values of y and ¢}, obtained in this way depend on the choice
of the effective thermal cross sections and the resonance integrals of the capture and fission
of heavy and fragment nuclides. The choice of the resonance integral of neutron capture for
133cs (Iéas) has the most important meaning for the calculation of y, since the partial over-

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 3, pp. 143-147, September, 1982. Original
article submitted August 17, 1981.
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lapping of the principal resonances of the (n, y)-reaction by Cs an U and the decrease
of the neutron flux density at the energy of the principal resonances of '33Cs due to the cap—
ture of resonant neutrons by *°°U lead to a blocking of I}>>.

The values of the thermal cross sections and resonance integrals for the uranium and
plutonium isotopes used in this paper were taken from calculations by the POP program [8].
The thermal cross sections (o;’°, ¢2°%, 0239, 62%') and 1%°°, which are most important to the
calculation of the isotopic composition of the %uel, have been corrected on the basis of the
measurement results for the concentration of nuclides of heavy elements and fission products

in the fuel for various depletions. The concentrations of '°®Ru, '%“Cs, *®7Cs, 2352236,238p
and 23932403241 43242

288
S
T
o1
"?;Q
X3

s S,
Pu have been measured for this reason with a 1-2% error by destructive

]
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Fig. 3. Dlstrlbutlons of y and ¢}, with height for (a) four VVER-365 HGA and (b)
three VVER—44O HGA:
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)- calculation of vy by the POP program; A) o ths ©O) v.
|

methods in samples of the VVER~365 and VVER-440 fuel elements [9]. The correction method is
based on minimization of the sum of the squares of the deviations between the calculated and

- experimental values of the concentrations of uranlum, plutonlum, and cesium 1sotopes in all
the samples [10].

The set of effective cross sections obtained in this way was used to investigate. the
distribution of vy and %ty with height and over the cross section of four HGA of a VVER-365
reactor and three HGA of a VVER 440 reactor of the Novovoronezh nuclear power plant (Table 1).
HGA DR-3 No. 80, RP-3 No. 223, RI-2.4 No. 03, and RP-3.3 No. 71A were not mounted on the edge
of the active zome or next to the HGA for operational regulation of the reactor power in even
a single irradiation cycle. HGA R-3.6 No. 213 and R-3.6 No. 216 were mounted on the edge
‘ - of the active zone in the first irradiation cycle, and HGA OI-3M-5 No. 12 was located next

to the HGA for operational regulation of the reactor power during all three runms.

power plant. Prior to the measurements all the HGA were disassembled into individual fuel
elements. A total of 24-26 fuel elements were investigated in each HGA comprised of 126 fuel
elements. Several fuel elements were selected from each series for the measurements in order
| to obtain information on the distribution of the fission products with respect to the HGA

cross section. The y-spectra of the fission products weére measured at ten points along the
height of these fuel elements. The measurements were made every 25 cm along the height of
the fuel elements, and the first measurement was made at a distance of 12.5 em from the lower
end of each fuel element (the bottom of the active zone). The spectra of all 126 fuel ele-
ments were measured in HGA R-3.6 No. 213 and R-3.6 No. 216 for a more detailed investigation
of the distribution of fission products over the cross section of HGA located 87 5 cm away
from the bottom of the active zonme. The function nj(x, V) = doi + aiir + qair? + asix + aa.iy,
where nj is the concenrratlon of the i~th fission product in the fuel element with coordinates
X, v and r = v¥x* + y? (the origin of coordinates coincides with the axis of the central tube
of the HGA), has been used to approximate the distribution of the concentrations of **7Cs,

The measurements were performed in the protective chamber of the Novovoronezh nuclear
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Cs, an Ru over HGA cross section and to calculate the average values of the concentra-—
tions of these nuclides. The coefficients @oid1i...asi were calculated by the method of least
squares from the measured concentrations of the i-th nuclide in 24-26 fuel elements.

As an example, the errors in the measurement of the **7Cs, '®“Cs, and '°®Ru concentra-
tions at a giver point alongthe height of a fuel element of HGA R-3.6 No. 213 and the aver—
age concentrations of these nuclides over the cross section of this HGA are given in Table
2. The sensitivity coefficient of y and @th‘to the concentrations of these nuclides in the
fuel are used in calculating the errors of the experimental values of these quantities, which
are also given in Table 2. ' : '

The distribution of y and ¢y over the cross section of HGA R-3.6 No. 213 at a distance
of 87.5 cm from the bottom of the active zone are given in Fig. 2. Since Y and %y} vary in
time in-proportion to the depletion of the fuel, the average values of y and 9.y during the
irradiation time of the HGA are given in Fig. 2. It is evident from Fig. 2 that the values
of vy for the fuel elements of the outer series is approximately 1.5 times less than that for
the fuel elements of the inmer series, and the values of ®tp are on the contrary larger than
for the fuel elements of the outer series. This peculiarity of the distribution of y and oy
over cross section is explained by the influence of the water gap of the HGA on the neutron
spectrum in the fuel elements of the outer series. '

The smallest values of Yy, and consequently the largest values of ¢th, are observed in
fuel elements 1-7, 1-58, and 58-120. This is possibly associated with the fact that HGA
R-3.6 No. 213 was mounted on the edge of the active zone in the first run and with these ele-
ments was turned towards the water reflector. The nonuniformity coefficients of the distribu-
tion of vy and ¢} over the cross section of HGA R-3.6 No. 213 are 1.18 and 1.35, respectively.
The difference between these coefficients. indicates an appreciable nonuniformity in the dis-
tribution of epithermal neutrons over the cross section of HGA R~3.6 No. 213. Similar dis-
tributions of y and ®th over cross section were observed for the remaining HGA. One can glso
note that a similar distribution of y over HGA cross section is observed in the HGA of VVER-70
reactors [11]. o '

The experimental values of y and ¢th at ten points along the HGA height and the calcu-
lated distributions of y along HGA height, calculated with the help of the POP program for
an asymptotic neutron spectrum, are given in Fig. 3. It is evident from Fig.. 3 that the ex-
perimental values of y vary significantly with height in HGA R-3.6 No. 213, R-3.6 No. 216,
and 0I-3M-5 No. 12, and that the calculated values of y are almost constant for all the HGA.

The decrease of y in the end sections of HGA R-3.6 No. 213 and R-3.6 No. 216 is explained
by the influence of the water reflector on the neutron spectrum in these HGA. The increase
of y in the upper part of HGA 0I-3M-5 No. 12 can be explained by the influence of the HGA for
operational regulation of the reactor power on theneutron spectrum in this HGA (the fuel—
absorber boundary of the HGA of the safety and control rods of the 12th group is located be-
tween the sixth and seventh measurement points). The leveling off of the distributions of ¥
with height for the remaining HGA is possibly associated ‘with the use of depleted absorbers
in the HGA of the reactors of the second and third units of the Novovoronezh nuclear power
plant. The distributions of ¢¢h with HGA height repeat the depletion distributions in these
HGA. '

It is also evident from Fig. 3 that a discrepancy between the calculated and experimental
values of y in absolute value is also observed for some HGA. . The experimental average values
of vy and 5th in the HGA and the average calculated values of v calculated by the POP program
are given in Table 1. It is evident from Table 1 that the deviations between the experimental
and calculated values of y in HGA DR-3 No. 80, R-3.6 No. 213, and R-3.6 No. 216 exceed the
errors in the experimental values of ?. The largest deviation is observed for HGA R-3.6 No.
216, and it amounts to ~30%.

Thus, the possibility has been shown in this paper of applying the method of y-spectrom-
etry of fiesion products to obtain information about the distribution of y and dth with height
and over the cross section of the HGA of VVER reactors. Measurements of Yy and ¢ty in the HGA
of VVER-365 and VVER-440 reactors by this method have shown that the neutron spectrum can
vary significantly over the cross section and height of HGA and that is is advisable to take
these variations into account in calculations of the nuclide composition of spent fuel.

N

600

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010003-8




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R00030001 0003-8

LITERATURE CITED

1. S. S. Lomakin, V. P. Petrov, and P. S. Samoilov, Radiometry of Neutrons by the Activa-
tion Method [in Russian], Atomizdat, Moscow (1975). )
2% J. Krtil et al., in: Proc. IAFA Symp. on Analytical Methods in the Nuclear Fuel Cycle,
"© Viemna (1972), p. 491. ' : '

. 3. 0. Eder and M. Lammer, in: Proc. IAEA Symp. on Nuclear Data in Science and Technology,

Vienna (1974), Vol. 1, p. 233. ‘
4. B. A. Bibichev, et al., At. Energ., 48, No. 5, 294 (1980). )
S. M. Feinberg et al., in: Transactions of- the 2nd Geneva Conference, Lectures of Soviet
Scientists [in Russian}, Vol. 2, Atomizdat, Moscow (1959), p. 411.
T. S. Zaritskaya, A. K. Kruglov, and A. P. Rudik, At. Energ » 41, No. 5, 321 (1976).
. Tasaka, Nucl. Technol., 29, No. 2, 239 (1976).
. D. Sidorenko and E. D. Belyaeva, Preprlnt TAE-1171, Moscow (1966).
V. Stepanov et al., At. Energ., 49, No. 4, 225 (1980) _ :
. Luffin, Z. Szatmary, and I. Vanuxeem, J. Nucl. Energ., 26, No. 12, 627 (1972).
. Mehner, Kermenergie, 22, No. 11, 382 (1979).

w

o
HOoO WV~
oo <R

CONTROL OF THE NEUTRON DISTRIBUTION.IN A REACTOR BY A LIQUID ABSORBER '
P. T. Potapenko | - B o UDC 621.039.515

The use of a liquid absorber of neutrons for control is one of the trends in the improve-
ment of channel power reactors [1l, 2]. Liquid regulation has been applied effectively on the
reactors of Canadian nuclear power plants [3]. An extensive program of the application of a
liquid absorber on an RBMK has been carried out by Soviet scientists{4, 5]. Liquidregulating
units (RU) for the three-dimensional control of the neutron distribution are discussed in this
article.

Technical Requirements for RU. It is advisable on the whole for effective utilization of
reactor fuel to equalize the energy distribution and temperature of the matérials limiting
the power of the reactor [6]. To this end an absorber which compensates the operational reac-
tivity reserve must be placed in the central part of the active zone, which is called the _
control zome [7, 8]. With such a placement of the absorber (Fig. la) the neutron distribution
within the confines of the control zone is equalized. Based on a calculation, the height of
the equalized zone for an RBMK is about 50% of the reactor height, and the nonuniformity coef-
ficient of the neutron distribution with height kz = 1.1, With the traditional arrangement

of the RU rods adopted for RBMK (Fig. 1b) kz = 1.2-1.3. The height of the equallzed control

zone is evaluated from the formula [6,
h=H—aM/VK =1, _ | 1

where

_ K — 24052 M2 RY;

H and R are the effective height and radius of the reactor; M, migration length; K, neutron
multiplication factor outside the control zone; and y, correction coefficient (y= 0 for
large dimensions of the control zone, and y = 1 in the absence of such a zone when the reac—
tor has no reactivity reserve). The multiplication factor in the control zonme should be com-
pensated with the help of the RU under the optimal regime up to a value K = 1.

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 147-151, September, 1982. Orig-
inal article submitted July 6, 1981.
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Fig. 1. 'Distribution of absorbers (—) and neutrons
{—~-) in a diametrical cross section of the reactor:
a) optimal placement; b) in operating high-powered
‘water-cooled channel reactors (RBMK); and c¢) with .
"soft" control; X and Y are the boundaries of the
active zone, and.A and B are the boundaries of the
control zone. :

One can significantly equalize with safety control rods (SCR) thé neutron distribution
with height in the case of deep insertion of the rods into the active zone from above and
below [for RBMK these are the manual regulation rods (MR) and the shortened absorber rods
‘(SAR)]. However, such placement of the absorbers (see Fig. 1lc) is not used due to a deteriora-
tion in the radial distribution of neutrons produced by deep insertion of the SCR rods. One

can avoid this by the use of less effective soft RU, which with a nominal reactivity reserve
would in practice fill all the existing -SCR channels in the reactor. '

The proposed liquid RU are alternative upper (MR) and lower (SAR) rods for RBMK. There-
fore, besides optiﬁél location in height, such RU should have acceptable dynamic properties.
The dynamical characteristics of the neutron distribution of RBMK are characterized by a
constant development time of the first azimuthal harmonic To, of the order of 10 min [27].

. Thus, one can formulate the following basic technical requirements on the regulating
unit and a system of units.

. 1. 1In order to equalize the neutron distribution with height, the absorber should be
concentrated in the. central part of the reactor with respect to height — in the control zone.

2. The height of the absorber should be regulated upon a variation in the reactivity
reserve. : ‘ a '

3. In order to equalize the radial distribution of neutrons, the effectiveness of unit
length of absorber should be three to four times less than the effectiveness of an emergency
protection rod. (The requirement of "soft" control).

4. The density of the absorber in unit volume of the control zone should be regulated
upon variation.of the reactivity reserve so that K = 1.: Upon satisfactionof the third require-
ment this can be achieved, for example, by varying the number of RU in unit volume of the A
control zone. . ’ ' .

5. The RU system should provide independent control of the radial—azimuthalband height
energy distributions.

6. The position of the RU with height should be regulated for control of ‘the first
harmonic of the height distribution of neutrons.

7. The time constant for variation of the RU length should be no longer than 2-3 min
for operational stabilization of the neutron distribution, and no longer than 1 h (for sup-
pression of perturbations associated with xenon poisoning) for a variation in its position
with respect to height.

8. According to economic considerations, the RU absorber should be placed in those
same channels as are the solid SCR.

The development of -RU satisfying the listed requirements is a nontrivial problem and
requires resourceful creativity. The best liquid absorber for channel reactors is water [2,
3]. The effectiveness of a column of water in the SCR channel of an RBMK is approximately
one—third of the effectiveness of an MR rod [2].

Construction of the RU. Combination RU (Fig. 2) are proposed to satisfy the formulated
requirements: a solid rod intended mainly for emergency protection is mounted in the SCR
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Fig. 2. Designs of liquid RU with (a) a lower
expeller, (b) lower and upper expellers, and (c)
a throttle on a rod: 1) channel, 2) rod, 3) water
“column, 4) lower expeller, 5) stroke limiter, 6)
upper expeller, 7) aperture, 8) tubular rod,

and 9) throttle. C o

channel in the upper part, and control of the reactor is accomﬁlished with columns of water
of variable height which are situated in the control zone. The water above and below the
control zone is removed from the active zone by means of its expulsion by a gas void or ex-
pellers. : ' :

An RU with a floating lower expeller located in the lower part of the channel is pre—
sented in Fig. 2a [9]. Sections of the expeller are hollow. Their mass and dimensions are
such that with a nominal flow of water through the channel (2-3 m®/h) the expeller floats
up in the channel to the detents (stroke limiter) and submerges at the maximum flow rate. The
material of the expeller sections is an alloy of aluminum or zirconium. They are fabricated
in the in the form of thin-walled tubes tightly welded at the ends. Water flows in a thin
wetting film over the channel walls in the upper part of the channel above the level.

The water level in the channel, and this means the reactivity, is controlled in a given

.construction either by varying the hydraulic drag of the line carrying water out of the chan~

nel at a constant nominal flow rate with a valve or by varying the flow rate of water through
the SCR channel at constant -hydraulic drag of the loop by regulating it on top at the inlet.

An RU is presented in Fig. 2b [10] in which one can regulate the lower boundary of the
water column by controlling the position of the floating expeller by varying the water flow
rate. This is achieved by the fact that the channel is widened in the lower part. With a
nominal water flow rate the expeller submerges if one places it in the upper part of the chan-
nel, and it floats up if it is located in the lower widened part of the channel. Thus, it
occupies an intermediate average position which varies upon regulation of the flow rate. Due
to the effective feedback on position by virtue of the widened section of the channel such a
"suspended" state is stable. When the expeller moves, the lower boundary of the liquid ab-
sorber and the amount of it in the active zone changes, and this means the reactivity asso-
ciated with control changes. In order to remove water from the upper part of the active zone,
another upper expeller (see Fig. 2b) is attached to the end of the rod which can be shifted
together with the rod. However, it is impossible in this case to use such an RU for emergency
shutdown of the reactor, since when the rod is submerged in the initial section of its stroke
some positive reactivity is introduced by virtue of the removal of water by the expeller at
the boundary of the control zone.

It is advisable to use the regulating units presented in Figs. 2a and b for emergency
protection and for manual regulation, respectively. Such RU provide for soft control of the

radial and height energy distributions by replacing rods introduced from above and below (see
Figs. 1b and c). '
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Fig. 3. - Diagrams of the control actions of liquid

RU upon a change in (a) the water level, (b) the
position of the lower expeller, (c) upon displace-
ment of the throttle and (d) a simultaneous change

in the level: —) diagram of the variation of the ‘
neutron multiplication factor; —--) excited harmonics:
(0) fundamental, (1) first, and (2) second.

‘A design of an RU [11] in which a water column of the necessary height is contained by
a throttle suspended on a tubular rod by the emergency protection rod is presented in Fig. 2c.
The throttle forms an annular gap with the channel walls (the difference in diameters is about
1 mm), whose hydraulic drag is sufficient to form a water column with a height of 3-5 m water
flows through the channel as'rapidly 'as’3 m®/h. The water flows in a thin wetting film above
and below the water column outside the control zone. Gaseous cavities above and below the
water column freely communicate with each other through the tubular rod and apertures. The
lower apertures serve to fix and stabilize the maximum column height (5 m).

- Variation of the reactivity and control of the rddial energy distribution with the help
of such RU is accomplished by varying the height 6f the water column and the flow rate.  The
height distribution of the energy is controlled by shifting the water column up or down with
a  servodrive rod. 1In the extreme upper position of the rod and throttle the channel is
emptied, since the throttle enters into the wide part of the channel. The channel is cooled
over.its entire length by a wetting film.

Chafacteristiés of the RU. The rate of chénge inthe height h of the water columm is
(for the RU in Fig. 2c) ' ' g '

dnldt—(Q—Q)IS, @

where Q and Q; are the flow rates at the entrance and exit from the control zone, respectively,
and S is the cross-sectional area of the water column. The flow regime of the water in the
channel is turbulent; therefore, : '

h==EQ3, o (3
where £ is the throttling coefficient. Thus the dynamical equation for the water column is

dh/dt=(Q—V hIE) S. (4)
The level-flow rate static calibration characteristic is the parabola (3), since in the
static situation Q = Q,. '

In the case of a step-by-step variation of the flow rate from Qo to Qa, Eq. (4) has an
analytic solution in implicit form:

~BVhy o s Vi—VE (5)
t==0-2[Vh VRGO +V s n o PR .
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Fig. 4. Arrangement of the detectors
«(0O) and liquid RU (®) in the regulation
system. :
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Fig. 5. (a) Layout of cne of the 12 identical chan-
nels of a system of double-level zone regulation; (b)
the same with separate loops for regulation of the
radial-azimuthal and height distributions of energy: 1)
detectors; 2) integrators; 3) comparison elements; 4)
controller; 5) amplifiers; 6) servodrives; 7) valves;
and 8) water columns.

Here. the level h(t) at any time after the change of the flbw rate to Q. is determined in terms
of the steady-state value of the level h, corresponding to the flow rate Q; and the initial
value of the level ho.

For small changes in the level relative to the steady value the transfer function of the
RU )

W (p) = 8h (p)/8Q (p) = Kgye™*?/(Tp 1), - (6)
where‘
T ==285h/Q; Kgry-=2h/Q;

where p is the Laplace operator, derived by linearizing Eq. (3) in the neighborhood of the
base functions h and Q.

For RBMK [2] S = 50 cm®, h = 400 cm, and Q = 3.6 m®/h, we obtain from the expression (5)

T = 40 sec and K & 2.2 m of height per 1 m?®/h of flow rate; the transport delay is 1 = 2-3
sec.

One can show that the dynamical characteristics of a floating expeller (see Fig. 2b)
when its position is controlled by varying the flow rate of the water are described by the
transfer function of a stable second-order element. For the dimensions of the expeller and
the SCR channel of an RBMK the transfer time of the expeller from one level to another upon
a change in the flow rate does not exceed 1 min. As is evident from the diagrams given in
Fig. 3, the described RU provide for indpendent control of the zeroth and first height har-
monics of the neutron distribution. These RU satisfy the requirements listed above.
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The arrangement of the detectors and RU is presented-in Fig, 4, and two versions of sys-—
tems of three-dimensional automatic regulation using the described RU* are presented in Fig.
5. The system presented in Fig. 5a is preferable for use with the RU in Figs. 2a and b. It
contains 24 zone regulators with detectors and liquid RU mounted on the upper and lower levels.
Three intrareactor upper detectors and two liquid RU as shown in Fig. 2a are used in.each of
the 12 upper zone regulators. Three lower detectors and two liquid RU as shown in Fig. 2b
(it is shown for a single RU in Fig. 5a) are used in each of the 12 lower zone regulators.

The system in Fig. 5b is preferable when RU as shown in Fig. 2c are used in it. It con-
tains 12 zone regulators, which provide for stabilization of the radial—azimuthal energy dis-
tribution. All seven sections of the intrareactor height control detector or the radial con-
- trol detectors with four liquid RU each of the design shown in Fig. 2c are used in each regu-
lator. The power of each of the 12 zomes is regulated by varying the water level in the four
liquid RU of a given zone. 1In addition the system contains 12 zonal harmonic regulators,
which provide for the regulation (suppression) of the first height harmonic in each of the
12 zones (see Fig. 3). The signal of the three upper detectors in each such regulator is
compared with the signal of the three lower detectors, and when a mismatch occurs in the water
column in the same four RU, the rods are shifted by a servodrive through the throttle and its
rod until the mismatch is removed. During operation this subsystem has practically no effect
on the zonal regulators of -the radial-azimuthal energy distribution, notwithstanding the RU
in common with them. For simplicity's sake one of the four RU is shown in Fig. 5b, to which
two regulating actions are simultaneously fed from the two subsystems: variation of the water
column height by regulation of the flow rate with a valve, and variation of the position of
the water column by the servodrive of the rod.

In the regulation systems presented the power controller should be consistent with the
controller of a standard power regulator or be a common one for all the regulators. An in-
tegrator of the signals of all the detectors (a "floating" regulator) can be used as the
power controller in the systems described, since these systems should only operate together
with a standard fast—actlng power regulator.

Analysis and synthesis of the multiply connected regulation systems has been performed
by well-known [8] methods. The object of regulation — the neutron distribution — is described
by a transfer matrix, which relates the variation of the signals from the 24 integrators to
changes in the position of the RU, i.e., the positions of the valves controlling the lower
and upper water levels in the RU, and the servodrives which move the water columns. This
matrix is determined by physical calculation or by direct experiments on a reactor [1l]. One
should note that in the systems presented only a redistribution of the flow rates through
the RU occurs in the regulation process (due to the presence of a fast-acting power regulator
responsible for maintaining criticality of the reactor). Therefore hydraulic coupling of the
RU through common supply and discharge collectors is absent in practice. Nevertheless it is
advisable to specify measures for stabilization of the presence in the supply and discharge
collectors of the SCR in order to avoid variations in the characteristics of the RU upon va-
riations in the reactivity reserve being compensated for by them.

Automatic control by RU is also effective when the harmonic regulation method [12-15]
is used. In this case the amplitudes of the most weighted first subharmonics (the two first,
the two second azimuthal, the first radial and height) are measured to high accuracy with
the help of all the detectors existing on the reactor. These harmonics are suppressed "softly"
by many liquid RU uniformly distributed throughout the volume of the active zone. Such algor-
ithms have also been presented in [8]. As simulation shows, the role of inoperative de—
tectors and RU is reduced in this method, and a higher accuracy of regulation is achieved
with smaller displacements of the RU in comparison with the algorithms of zonal regulation.
Of course, optimization algorithms [8, 15] can be used to control the neutron distribution
with the help of liquid RU. The cited characteristics and possibilities of liquid RU are
confirmed by physical calculations, bench tests, and reactor tests.
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HARMONIC SiMULATION OF A POWER REACTOR
P. T. Potapenko : ‘ ' ' © UDC 621.039.515

The désign of the control systems of contemporary power reactors is based on the dis-
tributed mathematical model of a reactor. A matrix description_of a reactor as-a multidi-
- mensional control object has been introduced in [1]. ' i

The transfer matrix of a reactor relates the vector of the variation of the neutron dis=
tribution (ND) in individuals zones or channels to the vector of the variation of the posi~
tion of the regulating rods (the reactivity), and it is actually adopted as the mathematical
model of a reactor [1-5]. The difficulties in the experimental computational determination
of the static transfer matrix are associated ‘with the nonunique aé¢tivation of a reactor to
the critical,. but more accurately, a steady state [2]. For example, there is no static trans-
fer matrix in a high-powered water-cooled channel reactor (RBMK) evenwhen the automatic power
regulator is switched on due to instability of the ND. Isolation of the individual contribu-=
tions of the first most important harmonics in the reaction of the ND [4, 5] is a nontrivial
problem. _ o i : A': ' '
The proposed method for construction of the transfer matrix permits eliminating these
difficulties by separating the deviations of the ND into a practically instantaneous part and
an inertial component caused by the action of delayed neutrons and feedbacks.

With this approach the transfer matrix &€ (p) is represented in the form
H (0~ M+ 3 T () Ay | W

Here M is the numerical matrix of the instantaneous component of the ND which describes its
reaction during tenths of a second after a change in the position of the rods; v, number of
harmonics of the ND, which is determined by the necessary accuracy of the simulation; Jj(p),
transfer function of the j-th harmonic with feedbacks {4-6] taken into account after sub-
traction of the instantaneous component, which is taken into account by the matrix M; p, La-
place operator; and Aj, numerical matrix of the j-th harmonic, whose elements are equal to

- the relative value of the j~th harmonic excited by the m-th rod in the n-th channel [4, 5]:

ai"m: fiifim/foif()my . i (2)

where fji is the value of the j-th harmonic in the i-th channel.

An expression is obtained for Jj(p) from the well-knwon [4-6] transfer function of the
harmonic w&(p) with the instantaneous component taken into account:

T30 =W, (0) — (3)

where Kj = B/cxﬁM2 (B is the fraction of delayed neutrons), o2 is the eigenvalue of the j-th
harmonic, and M* is the migration are of the neutrons. For example, if Ko; = 1 for the first
azimuthal harmonic of an RBMK [4] and '

Top+1
DV01(P):;'€%BP ’

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 3, pp. 151-155, September, 1982. Orig-
inal article submitted November 16, 1981.
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then

Jvm(-[’)"‘__"_ . | (4)

2on

Here To = 1/A, where X is the average disintegration constant of the sources of delayed
neutrons. o : '

One can obtain an equation for calculation of the instantaneous component of the ND°
deviation W%, for example, from the  linearized reactor equations [5, 6] in which the power
of the delayed neutron sources is taken as constant and appropriate for a steady ND:

’

MVt (K — 1 —KB) @* 4k (1 —p) e r 25 ©)

where & and K are the steady ND and neutron multiplication factor, ¢ and k are their devia-
tions, and 1 is the lifetime of the neutrons. If one takes 1 = .0, then for a zone with an
equalized ND, where K = 1 and ¢ = const, we have e <

VZ(P*—'T??(P* . —_(l-)"(;[_z_-@_ k. v ‘ o ' (6)

Equatibns (5) and (6) are a model of a subcritical reactor {the subcriticality is equal to
B8) with a neutron source [see the right-hand side of Eq. (6)]. Its solution by a computer
presents no difficulty and can be obtained with the help of any reactor program. For a neu-
tron source mounted at the center of an infinite or very large reactor (whose radius R> M)
Eq. (9) has the analytic solution [7]:

oo k(DY o m

where Ko is the zero-order Bessel function of the second kind and B is a normalization fadtor'
upon introduction of a reactivity of 0.01B the change in the average integrated mneutron flux
®(r) should be 1% of the nominal value. .

The steady—state static influence function of a critical reactor with a negative power
reactivity coefficient Kp = dk/d¢ is determined for a zone with an equallzed ND from the equa-
tion

Kp® @ '
qu)——‘—ﬂ%— O=—7= k, _ ‘ (8)
whose solution in cylindrical geometry is analogous to the solution of Eq. (7):

o () = DK, (L2 ) S ®

the coefficient D is determined by the following condition: upon introduction of a reactivity
p the average neutron flux ¢ should increase by p/Kp. '

The necessary accuracy of the simulation depends on the type of equations being solved.
Thus when analyzing the stability of a system of local automatic regulators (LAR) in an RBMK
models with accurate simulation of two-three harmonics of the ND prove to be satisfactory [4].
It is sufficient to model deviations of the ND in the range *10%. Larger deviations are not
permitted by the emergency protection. ' '

Let us estimate the systematic error of the model (1), taking into account that the first
v harmonics in it are simulated without systematic error. Let the values of the amplitudes’
of the first v harmonics be equal to ¢j in the case of a unit local perturbation of the reac-
tivity (p = B). With such a perturbation the instantaneous components of the remaining har-
monics do not exceed Kj/(l + Kj), and their steady-state values with the power reactivity

609

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010003-8

e . Y IWANIAIET A AA AR AT N A W T AW I AW = W WA AR e AR AT W W e W AW W AWM WA



Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010003-8

2-0

[ - — -V

Fig. 1.- :(a) Structural layout of the
analog model and (b) the basic layout
of the i-th node of the grid: 1) resis-
~tive grid; 2) units for simulation of
the harmonics. ' -

coefficient taken'intoaccountate.(Kj/(l+ Kij5/B) I4—6]; Since Kj > Kj+1, the relative
simulation error does not exceed '

,
oo . o0
K; L ;. S ‘ K !
: —_ - Y ¢ 14 Ky /] —
3 1= KK, O/p 1+Kf) wa (K T 2, (1-- K7 (1= K B/t |
€ == v+1 P < v+1i
v oo . ©o i
. . K; o . . . K - o |
2 0t ¥ =S DI ey
=0 vy T T KK OB v+11hAMbmm .

-Strengthening the inequality, we'obtain

£ < Kyiy (1+ Kp®I) = 1008 (1 -+ Kp®/B)/ai M2, %. . 10)

Thus, if the entire simulation range is +10% of the nominal ND and a simulation accuracy of ¢

is specified, then in the model (1) one selects the v first harmonics which satisfy the con-
dition : : ' :

( . 1/e3M2 > e10p (1 + Ky D/p). _ (11)

In accordance with this, taking the eigenvalues of the first most ‘important harmonics into
account [4, 8, 9], the accuracy of the model (1) for an RBMK is no worse than 3% if one in-
cludes the fundamental, first, and second azimuthal harmonics in the number v. When simulat-
ing slow variations of the radial energy distribution of the VVER-1000, the equations of sub-
critical reactor of the type (8) can be adopted as the model.

Digital modeling of the ND of a specific reactor requires satisfaction of the following
preparatory operations: 1) qalculation of the matrix M and writing it into the memory device
(MD) of the computer; 2) calculation.of the v first eigenfunctions of the steady reactor and
writing the corresponding elements aim [see Eq. (2)] of the numerical matrices Aj for these
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Fig. 2. Instantaneous influence functions of the LAR rods of an RBMK in the (a)
radial and (b) azimuthal directions and (c) a chart of the placement of the de-
tectors (Q) and the seven LAR rods (®): ——) digital simulation; ——-) analog
'grid model; ~.-.-) experiment in a reactor.

harmonics into the MD; and 3) calculation of the transfer functions Jj(p) or formulation of
the differential (difference) equations corresponding to them. Naturally, computer simula-
tion consists of multiplication of the transfer matrix J(p) and the reactivity vector:

@)= M+ 3 I () Alp (). (12)

The operations written here in terms of the Laplace transformation are conveniently
carried out on a computer with the help of the apparatus of state space [10]. 1In order to
obtain the matrix M, for example, from Eq. (5) [we set 9y/dt = 0], the operator V’¢* is
written in difference form, as a result of which the matrix equation

D—Kph g = —®U—fk - 13

is obtained, where I is the unit matrix, D is the difference matrix, and & is the diagonal
matrix of the nominal ND. Since for model (5) the reactor is subcritical, then the matrix
(D — KBI)~' is not singular, and

M= —(D—&Bl)™ @ (1—B). K _ - (14)

Effective programs exist for the inversion of sparse matrixes in a multiplicative formula and
for storing them in an MD using packing in the form of a coherent copy [11].

An analog model [12] implementing the proposed simulation method consists of a resistive

'grid and v operational amplifier units connected to it also through resistors (Fig. la). One

operational amplifier each is provided for each node of the grid in a traditional analog sim-
ulation.

One of the nodes of the resistive grid is presented in Fig. 1b, which simulates, in ac-
cordance with the outlined procedure, a subcritical reactor; more accurately, its equalized
control zone, where the detectors and rods are mounted. The equation for the i-th node of
the resistive grid (see Fig. 1b) is

4 .

N U, —U)—-2—U, + 2 E, —~RC YL (15)
1 ) Req Vi TR di

—

where U; is the voltage at the i-th node, which simulates the deviation of the ND; n, number
of the four nodes adjacent to the i-th one; E;, source voltage, which simulates the deviation
of the safety and control rod (SCR) from its base value (reactivity); R, resistance of the

grid resistors; and Req, resistance of all the resistors connected in parallel to the i-th
node:
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Req=Ri'+ Ri' + Row+ Ry, (16)

where Rip and Ryt are the resistances of the resistors which connect the node to the inputs
and outputs of the amplifier units, and R7 are the resistances of the load, for example, a-
detector model. Of course, not all the rodes of the grid are equipped with' all the elements
presented in F1g. lb, only the resistors R of the grid are maturally obllgatory

" If one writes the operator V. in Eq. (5) in finite- d1fference form, then for a zone with
a balanced ND 1t is transformed to the form

2 (@5 — ) — h2Bo? + h2k, (1 ~p®, =h3E at . 7 (a7

where h is the partition step expressed in migration'nnlts. The computational relationships

for the grid parameters follow from a comparison of Egs. (15) and (l7) and the adopted scales

for k and o*

lh==ﬂlw¢f;1%=zﬂﬁﬁpxkﬁv
RC =vh%; RIReq=h; S ae
RMk/R,M,pz:hzﬂ—ﬂ).

As has been shown by Ya. V. Shevelev [8], a reactor w1th a large equallzed zone can be
replaced with good accuracy by a'reactor with a completely equalized ND and a boundary which
passes halfway between the reactor boundaries and its equalized zone. In this case the bound-
ary nodes of the resistive grid should be "grounded" through the resistors Req but not through
R. The test for regulation of the boundary "grounded" resistors is: the variation in the
neutron flux averaged over the reactor due to an introduced reactivity of p = 0.018 should
amount to 1%.

The transfer functlons of the amplifier units are selected so that together with the
resistive grid they reproduce the transfer Eunctions of the appropriate harmonics. For ex-
"ample, the appropriate unit to reproduce Woi(p) [see Eq. (4)] should have a transfer function
for the voltage of 2/(Top + 1). For each of the two azimuthal harmonics (sinj¢, cos j¢) one
unit each is provided; the conductivities of the resistors Rip and Rout are chosen to be
proportional to the wvalue of the harmonic being simulated for the reactor cell corresponding
to-the i-th node. : : :

Examples of the Results. The procedure described has been,implemented with digital and
analog models of a reactor, the main purpose of which is the investigation of systems for ND
Regulation. 7For example, a programf has been written for digital simulation of the instan-
‘taneous component of the ND in an RBMK with a spatial grid spacing of 25 cm, and a grid analog
‘model with a spacing of 50 cm is produced. For illustration the instantaneous influence func-
‘tions are given in Fig. 2 for the central and peripheral LAR rods of an RBMK [13] when they
are withdrawn by 0.01p as obtained with these models and experimentally on an RBMK.]

The matrix of the instantaneous discontinuity, .supplemented by a factor which takes into
account the prompt neutrons, which 'is needed to calculate the LAR within the framework of the
first adiabatic model [4], follows from the data and chart of the placement of the LAR rods
and detectors which have been given (Fig. 2c):

5.0 1.3 0.4 0.2 0.4 1.3 1.0

1.3 5.0 1.3 0.4 0.2 0.4 1.0

0.41.3 5.0 1.3 0.4 0.2 1.0 .
M—1l0.2 0.4 1.3 5.0 1.3 0.4 1.0 ! %

0.4 0.2 0.4 1.3 5.0 1.3 1.0[| T p41

1.30402041.35.01.0) B

1.0 1.0 1.0 1.0 1.0 1.0 3.0

TThe program and calculation are the work of 0. L. Bozhenkov.
YAccording to the data of V. V. Postnikov [4].
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As has been shown [4], when the LAR of the correcting inverse matrix M~' is incorporated
into the system (between the mismatch amplifiers and the comparison elements), autonomy of

the local regulators is achieved.
5

‘Jlﬁ is important to emphasize that the matrix M of the instantaneous discontinuity does
not depend on inertial feedbacks (temperature, vapor, poisoning). Therefore simulation of
ND deviations at different power levels requires appropriate fine adjustment of the param-
eters of model (1) only for the v harmonics being taken into account. The described harmonic
model has been effectively used in connection with the development of algorithms for ND control
in a reactor of the Beloyarskaya nuclear power plant [14] and trainers for instruction in the
control of RBMK reactors. .

Thus, the simulation procedure consists of calculating the steady ND of subcritical
reactor and simulating the behavior of its first v harmonics. It permits shortening the
machine time for digital simulation and reducing the amount of equipment needed for analog
simulation in comparison with direct programmlng of the nonsteady equatlons descrlblng the
behavior of the ND.
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REFINEMENT OF BOUNDARY CONDITIONS IN THE CALCULATION OF
CLOSE-PACKED LATTICES BY THE SURFACE PSEUDOSOURCES METHOD

N. V. Sultanov and I. A. Zhokina ‘ | UDC 539.125.533.348

In reactor calculations it is frequently necessary to solve the kinetic equations in.
square and hexahedral cells. As a rule these calculations are made in the Wigner—Seitz ap-
proximation, replacing the actual cell by a eylindricalized cell with an equal area. In
close-packed lattices where the optical thickness of the moderator is less than one neutron
mean free path, the details of the boundary conditions at the outside boundary of the cell
begin to have ‘a substantial effect on the integral characteristics of cells [1, 2]. By as-
suming isotropic reflection of neutrons at the outside boundary of a cell, the Wigner—Seitz
approximation can be extended to the calculation of cells in close-packed lattices [1, 2].
But even this condition has limited application, particularly if the materials of the inner
regions of the cell are strongly absorbing (Table 1). By using the first collision prob-
ability method the outer region of the actual cell can be divided into small subregions, and
the problem can be solved in two-dimensional geometry [2]. This procedure complicates the
calculation and requires increased machine time. Within the framework of the surface pseudo-
sources method [3] we propose boundary conditions which extend the range of application of
the Wigner—Seitz approximation for calculating close-packed lattices with practically no in-
crease in machine time. ' ' '

Using the surface pseudosources method we solve the one-velocity transport equation in a
multiregion cylindrical cell. Each region is characterized by constant scattering .(£g) and
absorption (Za) cross-sections. Neutron scattering is assumed isotropic. A constant neutron
source density q is specified in each region. Within the framework of the surface pseudo-
sources method Laletin [3] used a '"'sink at infinity" condition on the outside boundary of the
cell to calculate cells with optically thick outer moderator regions, but this method leads
to relatively large errors in calculating close-packed lattices (see Table 1). Calculations
showed that the "isotropic sink" condition at the outside boundary of a cell formulated in
the present article gives results close to those obtained with the isotropic reflection con-
dition (see Table 1), and the “"combined sink" condition leads to results. close to those ob-
tained with the reflection condition in actual cells (Tables 1.and 2). :

To formulate the neutron reflection condition at the outside boundary of a cell we write
the neutron distribution function in the outer region in the form

'{f(p, Q)=q/2a‘+ Z YZ(Q) ,E ’gn'm' ::nT' (P/P}I_j) + AY¥ si (0, Q)y (1)

where the Yg(Q) are spherical harmonics normalized in the usual way [4]; the Ggimm'(p/pH_l)

are the angular moments of the Green's function [3] for an infinite homogeneous 6n a surface
of radius p from a source on a surface of radius PH-1; the gu' ' are the angular moments of
the surface pseudosource on the inside surface of region H: ¥gi(p, Q) is the contribution to
¥Y(p, Q) from the external neutron sink; A is a constant which is chosen from the condition
that there is ne net neutron current at the outside boundary of the cell.

In the surface pseudosources method a subsidiary problem is considered for each region,
which leads to a problem in an infinite homogeneous medium with the material of the chosen
region, and the effect of adjacent regions is taken into account by introducing neutron pseudo-
sources on the boundaries or at some other place. A "sink at infinity" means that the neutron
sink is much farther away than one neutron mean free path.

An "isotropic sink" is represented by placing a sink with an isotropic angular distribu-
tion of neutrons (2n) on the outside boundary of the cell, where m is the normal to the out-

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 3, pp. 155-158, September, 1982. Original
article submitted November 3, 1981.
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Disadvantage Factors

TABLE 1.
Method Boundary condition and approximation Number of cell
T1 r2 T3 T4
Monte Specular reflection, hexahedral cell 1,145X 1,297 X 1,651 X 2,453 X
Carlo : K(1£0,4-107%) | X(1+0,5-10-2) | X(1£0.4-10-2) | X(1-:04-10-2)
Isotropic reflection, cylindricalized 1,130 » 264X 1,600 % ,326 X
cell X(1£04:10-2) | X(1£0.5:10~2) | X(1£0,4-10-2) [ X(140,4-10-2)
Surface : -1,3)* -2,5) —3,1)* —5,2) *
N Y (—=1,3) (-2,5) (—3,1) (—5,2)
pseudo~ Sink at infinity o ’
sources G, * 1,195 1,388 1,818 © 2,785
method (4,4) (7,0). (10,1) (13,5)
Gy * 1,165 1,340 1,4731 ’ 2,616
1,7 3,3) 28 6,6
Isotropic sink . . (. ) @8 ©.8
Gt 1,146 1,288 1,620 2,390
0,1) (0,8) (1,9) (2;7)
Gy T 161131 16273 1,589 2,31§
s 7 —0,7 —0,3).
Combination sink ¢ ) @, )., ¢ D ¢ )
1 * - 1(,116? X . 1( ,23225’ 1,694 2,539.
I CTha : (2,2 (2,6 - (3,9)
Gy* Lo,443 - 11,300 1,644 2,434
. £—0,2)- - =0,2) (—0.,4) (—0.,8)

*Numbers in parentheses are percentage. deviations.from results for. a.hexahedral cell
calculated by the Monte Carlo Method.
tNumbers in parentheses are approximate percentage deviations
dricalized cell with isotropic reflection calculated by the Monte Carlo method. -

from results for a cylin-
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TABLE 2. Disadvantage Factors

Method or program Boundary co.ndition and Numbt.ar of cell
’ approximation Ki K2 ) K3 - Kh
Monte Carlo | ‘Speculdr reflection, square 1,62 (1£0,8X | 1,156 (10,5 | 1,147 (140,5% | 1.157 (1+0,3X
cell CoxX107y) | - X102 X102 X10~2)
CELTIC [2} 7 " ’ 1,170 1,160 1,155 | 1,152
. 0,7) * 0,4 s -0
PNF-2 (7] - i (1,‘1()30 : (—) (0—?) ¢ —(‘)4)
—0,2 ’
Surface pseudo- Skin at infinity =02
sources method Gy - . 1,192 1,179 1,183 1,199
. (2,6) (2,0) ~(3,1) (3,6)
Gy 1,11g6 1 ,137 1,161 1,168
) 1, :
Combination sink 4.2 .0 2 (;1’0)
Gy ' 1,164 1,474 - 1,154 1,188
(0,2) (1,6) 0,7) (2,7)
Gy 1,163 1,461 1,145 1,155
(—0,1) (0,4) 0,2 ©0,2)

*Numbers in parentheses are percentage deviations from results calculated by the Monte
Carlo method. » :
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side boundary of the cell. Then, using the Green's function for eh infinite homogeneous
medium, we can write the function ¥g5(p, £) in the form'

Y (0, @)= 3 YT (@) CLT (o/ow), (2)
n,m _
and the constant A as '

n’, m*

A= 2 gn, mel ,m' (Pu/Pu 1)/01 o(p“/pu) - (3)

~ To represent a "combination ‘sink" we use the fact that the angular dlstrlbutlon of neu-
trons entering the cell is shaped in its 1mmed1ate v1c1n1ty at ‘a distance of approximately
one neutron mean free path. Since we are cons1der1ng an infinite uniform lattice, surface
pseudosources corresponding exactly to the surface pseudosource of the selected block are
distributed over the surfaces of the nearest set of" fuel elements.

We note that the component of the neutron flux at the cell boundary arlslng from the
pseudosources of the adjacent fuel elements K contains axial spatial harmonics. Because of
symmetry, axial harmonics which are multiples of K remain. In the approximation under con-
sideration we retain only the harmonic with K = 0. The effect of the remaining sets of fuel
elements is replaced by a "sink at infinity." ~Then the function Ygilp, Q) takes the form

ZY"’ 9)( a 2 En mGﬁ.'"m"(,'(p'/pn_lr)+G}§‘;'"(p/bw)], (4)

where the GM:™9  (p/py_y) are the angular moments of the Green's functlon from the adjacent
I\,m,o

block in the coordinate system of the chosen block [51; the Gn T (p/py)- are the angular moments

of the Green's function from the "sink at infinity"; k is equal to 4 and 6 for square and

hexahedral cells respectively; r is the distance between the centers of symmetry of. the chosen

fuel element and the fuel elements surrounding it.

Then

A =n,2m, En’,m’ [G:L".,Om' (PH/p”_i) + kG;’,om' (PII/PJJ-rr)]/Ggé 0 (p!{/pco)- (5)

Thus, the "combination sink" condition reduces the two-dimensional problem to that of
calculating a one-dimensional cylindrical cell.

The modified boundary conditions were introduced into the PRAKTINETs-3 program [6], which
was used to calculate two-region hexahedral and square cells. The results were compared with
those calculated earlier by the Monte Carlo method for hexahedral and equivalent cylindrical-
ized cells and for square cells [2]. The specular reflection condition was used in calculat-

ing actual cells by the Monte Carlo method, i.e., the axial dependence of the mneutron dlstrlbu—
tion was taken into account.

The follow1ng initial prameters were assumed for all hexahedral cells. p. = 0.3 cm,
p2 = 0.42 cm, I} = 0.02 em™?, ZS 2 cem™, Il = 0.3 em™*, q" = 0, and q°> = 1. For cells
numbered I'l-I'4 x5 = 0.5, 1, 2, and 4 cm*, respectively. Table 1 lists the values calculated
for these four cells. It is clear that the values obtained by the surface pseudosources
method for an "isotropic sink" are close to those found for isotropic neutron reflection (less
than 1% error in the Gs; approximation). The results calculated for 1sotroplc reflection dif-
fer by 1-5% from data obtained in calculating actual cells. By using the "combination sink"
condition the disadvantage factors are calculated with less than 1% error.

The following initial parameters were taken for all the square cells; py = 0.381 cm,
Iy = 0.387 em™, Il ¢ = 0.78 em™?, q, = O Q2 = 1. For cells K1l and K; p. = 0.86 cm; for

K3 and K& p, = 0.645 cm; for K1 and K3 Z = 0.0088 cm—'; Zzot = 1.0618 cm™*; for K2 and K&
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= 0.00587 cm ', and Zéot = 0.70787 cm™' (see Table 2). For the cells treated by the sur—
face pseudosources method a "sink at infinity" can also be used; by changing to a "combination
sink" the disadvantage factors can be calculated with less than a 1% error. Taking account
of the fact that the machlne time required under these conditions is practically the same
(the computation time on a BRESM-6 computer was increased by 0.005 sec), the "combi# it lin ¢ sink”
is the better choice. In the G, and G, approximations the calculation of a single region re-
quires 0.15 and 0.27 sec, respectively, on a BESM-6 .computer.

We have used the isotropic and "combination sink" conditions within the framework of the

surface pseudosources method. By using these conditions the Wigner—Seitz approximation can
be extended to the domain of close-packed lattices, and the disadvantage factors in the cells
considered can be calculated with an error of less than 1% for isotropic reflection in cy~-
lindricalized cells and for specular reflection in actual cells. We propose to use the re-
flection conditions .in a multigroup calculation of cells in the MG PRAKTINETs programs [8],
which employ the method of decomposition.of the operator, with the spatial-angular: part of
the problem solved by the surface pseudosources method [9, 10].

In conclusion the authors thank N. I. Laletin for his interest in the work and.for
valuable comments. The results of the calculations of hexahedral and cylindricalized cells
by the Monte Carlo method were kindly supplied by the late A..D. Frank-Kamenetskii.
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. GAS RELEASE FROM URANIUM DIOXIDE
V. Sh. Sulaberidze and A. V. Pershin : UDC 621.039.524.44:621.039.542.342

The working parameters of nuclear reactor fuel elements are such that an appreciable
part of the fuel doses not reach the temperature at which columnar grains are formed (1900-
2000°K). Under such conditions the level of gas release is not determined by the volume dif-
fusion of gaseous fission products (GFP) in the fuel, but by other mechanisms. This is man-
ifested in the change of the temperature dependence of gas release, a complication of the
dependence of the relative yield of GFP radionuclides from the fuel on the radioactive decay
constant. :

The experimental value of the GFP diffusion coefficient is a certain effective param-
eter reflecting the combined effect of several gas-release mechanisms. It depends also on
a number of factors characterizing both the fuel (oxygen content, microstructure) and the
experimental conditions (fuel burnup, GFP concentration in' the fuel, fission density) [1].
Therefore, in calculating the GFP yield from uranium dioxide in specific fuel elements it is
‘necessary to employ diffusion coefficients obtained for fuel with'similar characteristics.

We have determined the temperature dependence of gas release from compact uranium
dioxide in the range 770-1700°K for a burnup of .up to 1% of the uranium atoms. The GFP yield
from a fuel sample was studied by an in-pile method. The experimental arrangement consisted
of an irradiation device with the sample and an open helium loop. Gas samples were analyzed
with standard spectrometric apparatus using a (Ge)Li detector. Gamma spectra of ®7Kr, °°Kr,
®SmRr, **°Xe, '*°Xe, and '*®Xe were identified. ‘ :

The fuel was 10% enriched in ?*°U, had a density of 10.45 g/cm®, an 0/U ratio of 2.006,
a mean nominal grain diameter of 6.9 um, a ratio of volumes of bare and clad surfaces 0.19,
and a calculated specific:pore surface equal to 460 cm?®/cm®. The temperature at the center
of the sample and on its surface was measured with thermoelectric thermometers. The relative
- changes of the neutron flux at the sample location were determined from readings of a direct
charge transducer with a 103_{Rh emitter. The absolute value of the thermal neutron flux den~
sity in the central cross section of the channel was found from the results of neutron-phys-
ical measurements. The error in the measurement of the temperature in the device was +1%,
in the relative change of the neutron flux at the sample location, taking account of the un-
certainty of its position in the channel *1%, in the average fission density in the sample
*15%, and in the release rate of GFP radionuclides from the fuel #20%.

Changes in the irradiation conditions of the sample were produced by changing its height
in the channel, the power of the electric heater, the gaseous medium, and the evacuation of
the channel cavity. Three identical samples were irradiated. Sample No. 2, for which the
most detailed investigation of the temperature dependence of gas release was made, was irra-

diated to a dose of 2.4:10%° fissions/cm®, with a maximum fission density fmax = 8.9-10%2
fissions/cm®-sec. ‘ : '

The dependence of gas release on the fuel temperature was similar for all nuclides in-
vestigated. Figure 1 shows the relative yield of 83Ky (F) from samples as a function of the
mean bulk temperature of the fuel Ty. 1In the temperature range 770-1200°K gas release is in-

dependent of the temperature, in good agreement with results in [2] obtained by a similar
method. '

It should be noted that in investigations by the method of postirradiation annealing the
temperature dependence of gas release appears at a lower temperature. Calculations using
relations obtained by such a method underestimate the low-temperature yield of GFP, since

under in-pile irradiation surface mechanisms ensure a level of gas release appreciably higher
than these relations give,

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 158-160, September, 1982. Orig-
inal article submitted January 19, 1981; revision submitted February 23, 1982.
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Fig. 1. Relative yield of ®°™kr as a function of
the mean bulk temperature: ®) sample No. 1;0,0,
©, ¢ ) sample No. 2 (burnup equal to 0, 0.3-0.22,

0.22-0.46, 0.83-1.0, and 1.04%, respectively); ®)
sample No. 3; the experimental points over which

the averaging was performed are numbered.

At a hlgher temperature the relatlve yleld of GFP 1ncreased w1th increasing temperature.
The spread of points corresponding to a different fission density lies mainly within the
limits of error of the determination of F; i.e., in the range (2.7-8.9)-10*? fissions/cm®-sec
the GFP release rate is. proportional to the fission den81ty

The observed dependence of the gas release rate on the fission density for a mean bulk
fuel temperature Ty >-1200 K is consistent with the diffusion of GFP uranium dioxide.

Table 1 lists values of the activation energy for the diffusion 6f GFP in the range . 1200—
1700°K for a burnup of 0.03-0.22% (results of proce351ng data on the GFP yield for sample No.
2 by using the Booth model), kJ/mole.

For a fuel burnup of 0.22-0.46 and 0.83-1.0% the activation energy does not differ ap-
preciably from the values presented (see Fig. 1), Similar values of the activation energy
for the diffusion of nuclides of a 31ngle element indicate that thermally stimulated diffusion
1s the predominant mechanism for the release of GFP from uranium dioxide for Ty > 1200°K and

= (2.7-8.9)-10'? fissions/cm®-sec. However, the activation energy in this case turns out
: to be lower than the activation energy for volume diffusion, and is essentially an effective
parameter taking account of the effect of several gas-release mechanisms.

Figure 2 shows the relative yield of GFP having various radioactive decay constants for
"three values of the temperature. The experimental results were normalized to the relative
yield of *®3®Xe. The figure also shows the theoretical dependence for a temperature of ~1700°K
. predicted by the Booth model, based on the volume diffusion of GFP in fuel. The difference
between the experimental and theoretical values, noted in a number of papers, is accounted’
for by the more effective trapping of short-livednuclides in fuel [3], the effect of grain-
boundary diffusion [4], the trapping of GFP in closed porosity [2], and the dlffu51on of GFP
‘precursors [5].

Calculations showed that no one mechanism describes the observed dependence of the rela-
tive GFP yield on the decay constant (see Fig. 2). The variation of the relative yield of
Xe and Kr with the decay constant in the range 107°-10"° sec~' is better described by a model
which takes account of volume diffusion, grain-boundary diffusion, and the diffusion of GFP
precursors (curve 5 of Fig. 2). A similar conclusion was drawn by Turnbull and Friskney [6].
At a low temperature the general level of gas release and its dependence on fission density
and the radiocactive decay constant indicate the action of a mechanism of the "knockout" type.
Thus, for in-pile irradiation low-temperature gas release from fuel contained in a shell with
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TABLE 1. Estimates of the Spread
of the Regression Coefficients and
the Mean-Square Deviation of the

Average Values

85Myy | 275 + 16

2K 279 £ 19

: f7Kr : 258 £ 19

- ' _ - Average - | 270 £ 11
B : ’ 125 %e 1 249 £ 14
| 133%e b 2264 14
; Average- |- 237 +'16

7791y

Y rel, units’
3
4
T

7

-3 1 | . .

v b/ A/ S /A
Radioactivity decay constant, sec~1

Fig. 2. Reduced relative yield of GFP (Y) as a
function of radiocactive decay constant. Experi-
ment: @) T, = 1000°K; o) T, = 1300°k; O) Ty, =
1700°K. Calculation: 1) volume diffusion; 2)
grain-boundary diffusion; 3) diffusion of GFP pre-
cursors; 4) trapping of GFP in closed porosity; 5)
grain-boundary diffusion (2) and diffusion of pre-
cursors (3); 6) "knockout." ' :

a small gap is due to the mechanisms of the type indicated. The temperature dependence of
-gas release from uranium dioxide directly in the irradiation procéss appears at a temperature
above Vv1200°K, and this temperature limit varies slowly for fission densities from 3-10%2 to
10*® fissions/cm®-sec. Between 1200 and 1700°K the GFP yield from compact uranium dioxide

is determined by volume and grain-boundary diffusion of GFP and their precursors.

The activation énergyvfor the diffusion of krypton and.xenonin the fuel element samples
investigated was 270 * 11 and 237 + 16 kJ/mole respectively, and did not change for a burnup
of up to 1% of the uranium atoms. ‘
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NEUTRON YIELD OF THE (a, n) REACTION FOR MULTICOMPONENT‘MEDIA

SYFIRLoT

V. I. Bulanenko, V. V. Frolov, v _ © UDC 550.35:357.591
and E. M. Isenter :

There has been a steady rise in the production and use of a-active nuclides in nuclear
engineering, and it is necessary to know the accurate neutron. yield Q for the solution of
many practical problems, a detailed and reasoned list of which is given in the review [1].

The components of Q are spontaneous nuclear fission and (a, n) reactions in light elements
with Z2<{ 20. The importance of taking (a, n) reactions accurately into account is illustrated
e.g., by the result of [2], in which a sharp increase in yield and hardening of the energy
spectrum of neutrons when light elements are present in the compounds is demonstrated.

b

In view of the difference in composition of the set of materials and components actually
used, it is preferable to obtain accurate information by calculational means. Whereas the
calculation of the neutron yield of spontaneous fission with known nuclear data is not dif-
ficult, the calculation of the neutron yield of the (a, n) reaction Q*" is far from obvious.
Individual aspects of determining Q* and its dependence on the a-particle energy and composi-
tion of the medium have been considgred in a series of works [3-21], but nevertheless there
are no published data on the systematic and critical analysis of these calculations, and also
on the analysis of sources of error and the possibility of reducing them.

Calculation of the Neutron Yield Q*®., Theoretical Formula

It is known -that chemical compounds and solutions may be regarded as homogeneous media.
Suppose that this medium contains a single radioactive nuclide, emitting r groups of a-particles
with initial energy Eoj and intensity I, and the number of components at whose nuclei (a, n)

.reactions occur is Z. Then, for a homogeneous medium, the neutron yield of (o, n) reactions
at nuclei of type j will be

r Em’ - .

xn . { a;i(F) - - 1

ile=dn; 31, g —agiay L : @
= B :

where A is the activity of the a emitter; nj, number of nuclei of type j in unit mass of com-
pound; o5(E), cross section of the (a, n) reaction at ‘elements of type j; (—dE/dx), energy
loss of the a particles in the ionization and excitation of atoms in the medium; Bj, threshold
of (@, n) reaction for the j-th nuclide. ‘ '

Using the Bragg—Kleman sum rule for the stopping power, the neutron yield for a multi-
component medium is obtained " :

r

Oan - ANAV 2 ]i ;

i
i=1  j=t B

Ei .
g“ B (B dE. @

Mj(—dE/dpx);

Here Npy is Avogadro's number; Mj, mass number of atoms of type j; f:(E), weighting factor
determined by the composition of the medium and expressed in terms o% the ionizational a-

-particle losses in an element of type j in mass units (—dE/dpx)j and the gravimetric fraction-

of the atoms Mji

' ¢
CFi(E) = py(— dlf/flpz);/ly, Wi, (— dE/dpz)p. (3)
. . == | .

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 160-164, September, 1982. Orig-
inal article submitted November 28, 1980; revision submitted February 22, 1982.
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A similar ekpression for fj(E), expressed in terms of the mas§ range pR, was obtained in [11].

Eqﬁation (3) for fj is valid for any compounds, including équeous solutions and finely
disperse mixtures. For chemical compounds, a weighting factor expressed in terms of the
relative atomic stopping power Sj is more expedient, as follows:

g ’ - : )
1i(E)=N,S; <E>/hz=:i N, (E), @ _

where Nj is the relatlve proportlon of atoms of type j. Usizg Eq;'(3) or (4); Eq. (2) allows
Q*! to ge calculated, 1n principle; for any arbltrary comp031t10n. However, Suchvcalculations
are found to be dlfficult. : )

Approx1mate Formula [3]

It is quickly evident that, when the weighting factor fj is independent of the a-particle
energy, Eq. (2) transforms to the formula proposed in [3] and distinguished by its significant
simplicity in practical applications:

=43 1, X0y (B 1y (B @

=1

Here qj(Eoi) is the maximum specific neutron yield from a thick target at an energy Eoi, and
is : " R ‘

. Eoi‘ '

Vav 1 oB e

0 Eo) =25 | ——dimmr 4B | - ©
N Bj

Essentially, qj is calculated under the condition that the neutron vield is referred to the
pure material of type j of the target in which (a, n) reaction is possible, i.e., with_fj ='1.

The basis of this approximation is that the relative stopping power does not change much
as a function of the energy. In fact, the dependence S(E) is steepest in the low-energy re-
gion. At the same time, the cross section ¢(E) is small at these energies. Therefore, the
real contribution to the neutron vield from low-energy a particles is slight. Calculations
of QY™ for binary compounds of type PuBe,s, PuO,, etc., according to Eqs. (2) and (5) show
that Eq. (5) overestimates Q"™ by mo more than 3%. If values of S averaged over the energy
range from B to E, are used, the accuracy of calculations based on Eq. (5) is increased.
According to [20], the energy dependence of f may be neglected in calculating QT from Eq.
(5) if the value of the ionizational losses is taken at E, = 5 MeV. For natural a emitters,
this gives an additional error of less than #5%, which is considerably less than the inde-
termlnacy existing in (—dE/dpx). ' ’

O0f course, the limited dimensions of the medium reduce the neutron yleld, since some
of the o particles of the surface layer do not lead to neutron formation. Since the a-particle

path is very small ( 1-25 mg/cm®) [11], this effect appears for compounds of small mass (*0.15¢g
and less).

Hence, Eq. (5) gives a sufficiently good approximation in calculating the neutron yield
for multicomponent media. At the same time, the semiempirical Eq. (5) is markedly preferable
to the theoretical Eq. (2), since it is based on q, which may be determined not only by cal-
culationbut also by experiment, and may be tabulated. This allows Q¥M to be calculated in
a considerably shorter time for any chemical compound. Thus, calculating Q%% from Eq. (5)
reduces to the separate determination of q, f, A, and I. The components of the error in
calculating Q@0 are also considered in aceordance with this division.

|
l . The Error §q
|

The maximum specific neutron yield for the a-particle energy q may be calculated from
Eq. (6). Such calculations for several nuclides [5, 9, 10, 13-15] have shown that the de-
pendence of g on the energy is complex.
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Fig. 1.  Dependence of the maximum neutron yield per
10° a-particles for a thick beryllium target on the

. a=particle energy, according to the data of [13]
(—, 112] (=), [6] (~+--- ), [7] (....), and [15]
(----) and the experimental data of [13] (OQ), [12]
(x), [4, 6] (A)y, and [18] (®).

The use of Eq. (6) has certain limitations. First, the detailed structure of the cross
section o(E) is measured for a restricted number of nuclides, mainly at an energy of <<5.3 MeV.
Second, the ionizational a-particle losses in the energy range below 10 MeV have not been well
calculated, and experimental material is inadequate as yet. Third, the absolute values of
o(E) obtained in the measurements have a large indeterminacy (v15-30%), while these measure-~
ments are all that exist for many nuclides.

As a result, the values of q obtained in calculations by Eq. (6) are significantly dif-
ferent from the experimental values. Therefore, it is expedient to normalize the calculated
values, which, as is evident, reflect the trend in the curve of the neutron yield as a func-
tion of the energy sufficiently well, with respect to reference points obtained in measure-
ments for individual values of the a-particle energy, with an accuracy markedly exceeding the
calculated values. Such normalization with respect to reference points is presented in [5,
10, 13]. "However, this normalization is not absolute, since the values of q measured by dif-
ferent authors are markedly different. Thus, for the element which has been most studied —
beryllium — thereference points chosen were values of q expressed by the number of neutrons
per 10° o-particles: 84 + 6 [6] and 69 *+ 2 [13], at an energy Eo = 5.304 MeV. It is evident
that more accurate information on the dependence q(E,) may only be obtained in direct measure-

-ments with a thick target in accelerators with a tunable energy. More precise results have

been obtained recently in exactly this way [14, 16, 18, 19].

The values of q obtained by different methods are in poor agreement. As an example, the
neutron yield for beryllium according to the data of various workers is shown in Fig. 1. This
comparison shows that the power-law approximation for q(Eo) [6, 12], which has been widely
used, is correct only at the large values of the energy at which it is derived. The semi-
empirical formula of [7] gives large deviations at both large and small energies. The cal-
culated dpeendence q(Eo) normalized to the most accurate value with an error of 3% [13] gives
a value of q 8% larger than the experimental data of [18] and 15% smaller than the calculated
data of [15].

Taken together, this indicates that a sufficiently well-founded estimation of the sig-
nificant data is necessary for each element. Since the recently measured values are known
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TABLE 1. Neutron Flux of (a, n) Reactions per Gram of o Emitter for Various Com= -

pounds, sec™'

Error, % Lo
Compound .Calculation Experiment Calculation/

L | e l o, 1 8 O experiment
234U, 5 10 0,2 0,5 421450 576420 (32} 0,73+0,09 -
238 5 10 0,31.0,5 8,941,1 15,0+1,5 132] 0,590,099 .
239Py I, 5 10 0,21 0,3 (4,7640,55)- 103 (5,3+0,4)-10% |33} - 0,90+0,12"
29 Py, 5 10 0,2 0,3 (5,53+0,65)-10% (6,10,5)-10% [33] 0,.91+0,13
. ' (7,4£0,7)-10% [31}. - 0;79+40,12°
238pu0, 30 5 | 0402 (1,4520,00)-100 | - (1,45220,02)-10% [30] 1::0,06-
21Am0, 3 5 | 0,2] 0,3 | (2.88%£0,17)-108 | (2.7810.41)-108 [17] - .. © 1,030,146
29PuBe., - 51 8 [ 0:2] 03] (8:09€0,77)-108 | (8143:00,44)-10¢ [12, 36] 0,96£0,10
226Ra Bk, * 50 8 1 05] 0,5 | (214740,19)-108 (2,8£0,3)-10° [34] - 0,78%0,10
U0, (NO,), 31 6 |25 |1 §,01,0 5.240,0 135 - 0,77%0,23 .~

*At the stage of radioactive equilibrium. ) )
tValues of Q@ are given for a volume of 1 liter, uranium concentration of 53. g/liter,.

and 93% enrichment with respect to

235U
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with an error of ~3-5% and their reestimation in subsequent measurements is possible, a value
8q 10% should be adopted for most nuclides.

The Error ¢

sE ol

The weighting factor takes account of the ratio of the elements in the mediumeéha their
ionizational losses, and is determined solely by calculational means from Eq. (3) or (4).
The ionizational losses are tabulated in [22-24], on the basis of Bethe—Block theory, the
phenomenological approach, and the Lindhard—Sharf theory, respectively. Comparison of theo-
retical and experimental values of (—dE/dpx) show that theory gives reliable results only
for elements of moderate Z(Al, Cu). This unsatisfactory situation is associated with in-
adequate description of the recharging process and with the influence of the electron shells
at low a-particle energies. Therefore, the theoretical ionizational losses in [24] were re-
normalized with respect to known experimental results. These data are regarded as more

reliable. Nevertheless, these too require certain corrections, since recently published
values of (—dE/dpx) differ by 3-20% [25]. :

Direct measurements of (—dE/dpx) or S(E) for U and Pu and their compounds are practically
nonexistent. Only two works [26, 27] are known in which the ionizational losses and mass
ranges of a particles were measured for carbide and oxide nuclear fuel. The results obtained
agree with the results of [24] in the limits 5-15%. The lack of reliable data on (—dE/dpx)
led in the past to a search for various empirical dependence for S as a monotonic function of
Z [4, 21]. However, according to current ideas [24], the dependence S(Z) must be irregular,
which is a consequence of individual features in the structure of the electron shells.

Comparison of the weighting factors calculated for a series of compounds from different
data shows that the use of (—dE/dpx) from [22, 23] leads to values of f 10-40% higher than
those of [24]. The use of mass ranges overestimates f by a factor of 1.5-2. Empirical de-
pendences of S [4, 21] give deviations of .from —10 to +25%. Taking account of this, and
also of the still-inadequate experimental material on (—dE/dpx) in heavy elements, it may be
concluded that our present level of knowledge does not permit f to be calculated with an error
8¢ < 5-8%. '

The Error §j

The error in the activity value, if it is calculated fromthe half-life T1/2, is evidently
due to indeterminacy in the latter. The.current state of data on T:/> was considered in detail
in [1]. For most nuclides, a value Sp < 1% has been reached [1, 28]. The only exceptions
are individual nuclides for which 8p > 3%. .

The Error 61

For practically all nuclides, o decay is associated with the emission of several groups
of a-particles of different intensity; the energy of the individual groups is sufficiently
accurately determined. However, the intensity of individual groups for many nuclides is
known with an indeterminacy of 2-5% and higher [29]. Calculations show that for practically
all nuclides the mean value of the a-particle energy E, may be used. The calculation error
8q for a small substitution does not exceed 1%.

Comparison of the Calculated and Experimental Values of Qen .

Most measurements of the neutron yield Q that have been made are relative, and have been

performed for neutron sources that are mechanically inhomogeneous mixtures and not chemical

compounds. Further, the values of Q obtained have not been normalized to unit mass or to the
activity of the a emitter. ' ’

Reliable experimental data on Q%n which may be compared with the calculated yield Q%n

‘are plainly inadequate. To a certain extent this is associated with the need to take correct

account of corrections for self-absorption and multiplication of neutrons, absorption by the
outer shellof the sample, differences in the energy spectra of the standard and the sample,
etc. Typical values of some corrections are given in [30]. The correction for the presence
of light-element impurities should be particularly noted. Thus, its neglect in the widely
used compound *?®Pu0, was the cause of contradictory results for the measurement of Q obtained
by a series of physicists over the last few years. Only by the use of high~purity samples
could the error in measuring Qg be reduced to 1% [30].

Considerable indeterminacy may also be introduced by the isotopic composition of the
heavy element when its mass is reduced to the equivalent number of basic « emitters, taking
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account of the difference in a-particle energy and specific @ activity. In particular, it
is the difference in isotopic composition of plutonium which explains the marked discrepancy
in the results for Q" for *?°PuF, according to the data of various authors [31]. The dif-
ficulties in interpreting such values may be judged from the results of [32], in which,
despite measurements with several samples of UF¢ with different isotopic compositions of the

uranium, only rough values of Qom were obtained, with an 1ndeterm1nacy of as much as a factor
of 3~4 for 23552360F,,

The .yields Q%" for several compounds and the components of the calculational error are

| shown in Table 1. 1In estimating QO‘n from the experimental Qg, the contribution of sponta-
neous—-fissionneutrons was taken 1nto account in accordance with [l] Furthermore additional
corrections were made to the measurements results for some compounds. Thus, for the com-
pound RaBeF, [34], the contribution of neutrons from‘(Y,.n) reactions was taken to be (5% 2)%,
while that for (n, 2n) reactions was taken to be (2 * 1)%Z. For uranyl nitrate solution [35],
the rough corrections for multiplication and absorption was (8 * 3)Z. The value of Q§P [12]
'for the source *?°PuBe,s was 5% too low according to later measurements. [36].

In calculating Q20 from Eq. (5), the most rellable data for q {10, 13, 18] and £ [24]
were used. The errors §gq and &f were chosen on the bas1s of an analysis of a set of data.
As is evident from Table 1, the errors s and 8T have practically no influence on the total
indeterminacy in the yield Q*2. The only exception is §5 for an aqueous solution of uranyl
nitrate, in which the *?“U content may differ from that adopted in the calculation (1%).
Comparison of the yields Q®D shows that the calculated and experimental results are consider-
ably different. This difference is mainly due to imprecise knowledge of the specific and
weighting factors.

The following may be said regarding means of further reduction in the calculational
error for the neutron yield. Equation (5), proposed in [3], gives a sufficiently good ap-
proximation for multicomponent media. Its applicability is mainly justified in that calcula-
tions of Q% prove less troublesome than by Eq. (2). To obtain more accurate results for
Q¥ a more unambiguous dependence q(E,) is required, as well as an increase in the number
of light elements investigated. It may be suggested that the recent marked rise in interest
in the study of charged-particle stopping powers in matter will also facilitate a reduction
in the indeterminacy of theoretical values of the neutron yield. A decisive role in reducing
the existing indeterminacy in Q@M will undoubtedly be played by direct measurements of the
neutron yield for different compositions of high-purity a-emitting nuclides with light ele-
ments; the efforts of researchers must be directed toward the execution of such measurements.
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_ YIELDS OF THE PHOTOFISSION PRODUCTS OF 227Np

M. Ya. Kondrat'ko, A. V. Mosesov, I UDC 539.173.8:546.799.3
K. A. Petrzhak, and 0. A. Teodcrovich '

The yields of the photofission products of *?’Np by the action of betatron bremsstrahlung
have been studied previously by radiochemical [1, 2] and mass-spectrometric [3] methods. 1In
[2], a curve is given for the distribution of the products for a ﬁaximum bremsstrahlung energy
of Eo = 14 MeV, constructed from the experimental values of the yields of 24 chains. 1In [1,
2], the variation of the relative probability of the symmetrical and asymmetrical fission of
#*37Np with a variation of E, from 10 to 24 MeV is traced. The results also are published for
the determination of the relative yields of xenon isotopes formed by the fission of 237Np by
bremsstrahlung with e, = 15 and 20 MeV [3]. There are no data in the literature about the
‘independent yields of the photofission productions ofv237Np. Because interest' in the system-
atics of fission product yields and the possible application of these data for the nondestruc-
tive determination of fissile substances does not decline, the present paper continued the
investigations of the mass and charge distributions of the photofission products of **’Np in
the region of the makimum bremsstrahlung energy of 22-28 MeV, using y-spectrometric and radio-
chemical methods. ' N . '

During dirradiation, the technique of sampling the recoil fragments from thin layers (200
pg/cm®) of fissile material was used. The samples for irradiation contained a few tens of
layers of neptunium dioxide (99.9% in *°’Np), deposited on a metal backing and adjacent to
the collector layers of aluminum foil. - The assembly of samples was wrapped up in cadmium foil
and irradiated in a linear accelerator with an electron energy of 22-28 MeV And a current of
5~6 uA. The tungsten bremsstrahlung emitter had .a thickness of 2.5 mm. The'bremsstrahlung
incident on the samples was filtered from electrons with a layer of aluminum. The duration
of individual irradiations was 5-35 h. The irradiated samples were disassembled by separating
the collector foils from the layers of neptunium dioxide. '

The procedures for the analysis and determination of the radioactive fission products,
and also the system of using the literature data on the decay schemes, were similar to those
used for determining the yields of the photofission products of ??°Pu [4]. The overall scheme
of analysis included: y-spectrometry of unseparated mixtures of fragments absorbed in the col-
lector foils; y-spectrometry of the samples obtained after radiochemical separation with
carriers; determination of the B-activity of the products, separated and purified as the
result of radiochemical analysis, in 4n-counters. The y—-spectrometer with a Ge(Li)-detector
with a volume of 40 cm® had an energy resolution of about 4 keV for the 1333-keV line. When
analyzing the y-spectra of the unseparated products, the dependence of the area of the total
absorption- peaks on the time during 5 h to 120 d after irradiation was taken into account.

Table 1 shows the values of the cumulative yields of the photofission products of 2?7Np
obtained for a maximum bremsstrahlung energy of 22, 25 and 28 MeV. For E, = 28 MeV, esti-
mates are also given of the total yields of the chains (last column), obtained :by taking ac-
count of the corrections, based on experimental data on the independent yields in 2*7Np(y, f)
and **°Pu(y, f) reactions, ‘and also the systematics of the charge distribution of the products
of neutron fission [5]. The absolute values of the yields are estimated by the method of
normalization to 200% of the area below the mass distribution curve constructed from the
values of the total yields. The yields of the photofission products of 23’Np, obtained by
the radiochemical method for E, = 24 MeV in [2], coincide satisfactorily with the results of
the present paper for '°?Ru (4.47 * 0.35%), '°°Ru—'°°Rh (2.65 * 0.18%), tiag (0.74 + 0.06%),
and ***Ag (0.55 * 0.05%). Appreciable differences are observed for the yields of *'®Cd and
*17cd. It should be noted here, that in [2], an obsolete decay scheme was used for the mass
number 117 [6]. 1In the present paper, the yields of the isomers of **7Cd were determined
from one of the latest summaries of systemmatized data [7].

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 164-167, September, 1982, Orig-
inal article submitted November 3, 1981.
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TABLE 1. Yields of Photofission Products of 227Np, %

Nuclid Method of deter- ) Maximum bremsstrahlung energy, MeV
. uclide mination® 25 5 l ; 78
ssmK r a — 1,02:£0,06 1,1540,11- '1,304+0,13
88K r a — 2,41+0,25 2,200,264 |  2.4540,26
»1gp a — 4,07+0,22 4,02%0,21 4,04+0,24
o3y a — 4.4520,18 4,03%+0,32 4,03%0,32
sgy : a — 4812047 - 4,50+0,21 4,603-0,21
#5Zp —95Nb a — 5,31:0,21 - 5,26-0.15 5.26+0,15
91Zr a — 5.4540,16 - - 5,540,416 5,690,417
Mo a - 5.89+0,241 |  5.,00+0,23 5,9140,23
103Ry a - 4,47%0,28 4393017 4,390,117
105R]y a — 2,39+0,21 2,66+0.12 2,66-£0,12
106Ry a — il 2,56£0,23 2,560, 23
109pg b — 0,91-0,06 — S
mAg b 0,590,036 0,701-£0,056 0,665-0,040 0,665:0,040
13Ag b 0,492£0,019 0,492::0,042 0,575+0,033 0,5750,033
wd, P | g | o | sl | Gl
109640, — ,124+-0,007
1 Cq b 0,211£0,018 - . 0.710l001 | | 0:4120,020
1276}, a = 1,44£0,10 1,49:0,06 |  1,50+0,06
1305} a — 1,951,114 1,97+0,12 2.1540,13
iggﬂ a — 4,4150,15 4.53%+0.14 4545014
a - = .0,20+0,13

1938] a — 4,720,413 Qoesoa. }| 4802t
1381 a — 5.57+0,25 5.49+0,20 - 5,61£0,21
135X o a — 6,570,19 6,280,418 6,34+0,18
138Cg a — 0,507-£0,065 0,538:0,021 e

140 5 a,b, ¢ 4,90-£0,18 4,8830,17 C487H044 | 4;8740,14
111G a, b —_ = 4,5930,26 4,59-£0,26
143Ce b — 3,66:0,14 3.73-:0,13 3,73+0,13
1a4Ce b - — 3,31+0,19 3,320,19
145py c - — 2,8740,17 | 2,87%0,17
1e7Ng a,b — — 1,8642:0,050 | - 1,864+0,059
1s9pm b — — 1,4960,096 1,498+0,096
151pm b — — 10,72240,045 0,723%0,045
1535m b — — 0.380+0,022. * | . 0,380-£0,022
1563m b — — 0,41540,013 0,121%0,015
157Ey c — — 0,068:0,010 0,068£0,010

*a) y-spectrometry of unseparated fission prbduct mixtures; b) y-spectrometry of
samplesof Pd, Ag, Cd, and total rare-—earth fission products; c) determination of the
B-activity of the products of radiochemical analysis. )
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Fig. 1. Curve of mass distribution of the photo=~
fission of ??’Np for an initial energy of 22 (®)
and 28 (0) MeV.

The mass—spectrometric data about the relative yields of xenon isotopes [3], normalized
to the yield of:**'I, taking account of the correction for the independent yield of ?3°Cs ac—~
cording to the data of the present paper, coincide with the smooth yield curve. c

Normalization of the mass distribution integral to 200% has been given in the present
paper to the total yield for A = 140, amounting to 4.88 * 0.17% with Eq =25 MeV and 4.87 +
0.17% with Eo = 28 MeV. This coincides with the préviously obtained values of 4.83 * 0.13%
with Eo = 24 MeV [2], which was estimated directly by the method of comparison of the ab-
solute activity of *“°Ba + '“°La from the total number of fissions in the sample, determined
by means of mica detectors. :

Table 2 shows the fractional independent yields, obtained by the analysis of the y—
spectra of the unseparated fission products, and also from the ratios of “°Ba and '“°La
after radiochemical analysis. For E, = 25 and 28 MeV, the results coincide within the limits
of the errors of the determination, and therefore the averaged values are shown.. The most
probable values of the charge Zp also are estimated, calculated on the assumption that the
broadening parameter of the charge distribution is identical (¢ = 0.59). The values of Zps
obtained for the photofission of *?’Np, are displaced on the average by —0.19 charge units
relative to the similar values of Zp in the reaction >*°Pu(y, f) for Eo = 28 MeV [4].

Figure 1 shows the curve of the mass distribution of the photofission products of *3’Np,
constructed from the estimates of the total yields for Eo = 28 MeV. The distribution corre—
sponds to a predominantly asymmetrical division of the masses from fission. The medium posi-
tions of the peaks at the half-height level amount to 96.8 * 0.2 and 136.9 + 0.2 amu., re-
spectively, for light and heavy products. An inherent asymmetry is observed in each peak
individually, for which a shift of the maxima relative to the medium positions in the direc-
tion of the trough in the distribution, is characteristic. The anomalies of the form of the
mass distribution can be interpreted as the appearance of a smoothed fine structure. Pre-
liminary analysis showed that in the peaks of the asymmetric fission, on the background of the
main approximating Gaussian curves, mutually complementary groups of products are distin-
guished, with centers at approximately A = 100 and 134.
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N Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010003-8




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010003-8

TABLE 2. Fractional Independent Yields fj
and the Most Probable Charges Zp in the
Photofission of *®’Np (E, = 25-28 MeV)

IR N

. z z 1
Nuclide 4 (o'= | Nuclide 1 =

. =0,59) =0,59)
132my 0,04140,027] — 135Xe 0,2494-0,025| 53,12

1328] 0,142+0,018) — 136Cs  10,0854-0,008| 53,69
182L¢o¢ [0,18340,032) 51,98 140La 10,0164:0,004] 55,24

One should also mention such anomaly of the mass distribution curve as certain differ-
ences in the shape of the peaks of the light and heavy. products. The peaks, approximately
coinciding in area, differ in the values of the width at half-height: 15.4 + 0.4 and 14.2
0.4 amu, respectively, for light and heavy products. This difference can be interpreted,
by taking into consideration the competition of emission fission at a relatively high energy
of excitation of the component nucleus. It follows from the systemmatics of the mass distribu-
tion of the fission products,:that a change of mass of the fissile nucleus is accompanied by
a shift of the peak of the:light products, whereas the peak of the heavy preducts is almost
unchanged. In the case of the joint course of the reactions 237Np (v, £), 2%7Np(y, nf) and,
possibly *2?Np(y, 2nf), the shift of the peak of the light products leads to its effective
broadening in the total distribution.

The weighted mean position of the axis of symmetry of the distribution amounts to
116.96 + 0.15 amu, which corresponds to an average number of fission neutrons of 3.1 + 0.2.
The averaged ratio of the peak to the trough for E, = 28 MeV, is equal to 13.1 % 0.1.
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SWELLING IN COLD—DEFORMED OKh16N15M3B STEEL ON IRRADIATION
IN A HIGH—VOLTAGE ELECTRON MICROSCOPE

M. M. Kantor, V. N. KOlOtlnSkll, ppg 6gl=8§”?§3t537€§%%
I. I, Novikov, A, 6.’ Ioltukhovskn, ' SR
V. K. Va31l'ev, and N. Yu. Zav yalova

Previous cold deformatlon greatly reduces the swelllng of austenltlc steel on neutron
1rrad1at10n at 400 650 c. Cpnfl1ct1ng results have come fr ' resea ch on the mechanlsm of
this. For example, 1t has been fOund that the reduced swelllng 1n cold-deformed steels of
types 316 {1, 2] and 0Khl6N15M3B {3] is’ due to reductlon in the growth rates of the pores,
whose mean size decreases as the degree of deformatlon r1ses. However, cold deformatlon ‘of
type 304 steel reduces the rate of pore generat1on whlch reduces the pore concentratlon and
therefore the swelling [Q] The effects of cold deformatlon on the swelling ‘of" type 316 :
steel 1nd1cates [5] that the reduced swelllng is due to reductlon 1n the size and’ concentra—
tion of the pores, and the extent of the fall 1s dependent on the 1rrad1at10n temperature.'

These data 1nd1cate that there are several factors 1nfluenc1ng the development of radla—
tion porosity in austenltlc steels. The contrlbutlon from each of the factors 1s dependent
on the structural state and the 1rrad1at10n condltlons. Also, experlments w1th1n reactors
are complicated and time- consumlng i o

T

to produce ‘the radlatlon damage in the form of dlsplaced atoms, and th1s enables one ‘to per—
form the experlments much more qulckly under strlctly controlled condltlons w1th contlnuous
recordlng of the structure changes. . '

We have examined the effects of previous cold deformatlon on the development of radlatlon
porosity in an austenitic steel of type OKhl6N15M3B by exp051ng “the ‘steel to.. 1000 keV elec-‘
trons in a JEM 1000 hlgh—voltage electron mlcroscope f1tted with a heatlng attachment '

The specimens were prepared by jet electrolytlc pollshlng [6]. The- electrolyte was a
mixture of 23% perchlorlc acid and 77% glac1a1 acetlc ac1d The cell voltage was 200 V at
160-180 mA, while the electrolyte temperature was 20°C.

In neutron irradiation, the temperature dependence of. the swelling of OKh1l6N15M3B steel
is bell- shaped with its maximum around SOO C [7] so the spec1mens vere heated to this tem—
perature, which was measured from the callbratlon curve w1th an ertor of not more than +25 c
(£5%). The electron flux density was ‘determined with' correctlon for the beam dlvergence by
means of a Faraday cylinder as about 10*° electrons/cm -sec. The dlameter of the irradiated
part was about 3 um. The vacuum in the microscope column during the experiment was about
3-10°" Pa. " The threshold displacement energy and, ‘therefore, the dlsplacement cross section
are very much dependent on the crystallographic orlenteatlon of the specimen w1th respect to
the beam, so the specimen was placed in such a way that the beam passed along the (llO) direc-
tion. The maximum dose attalned in 12 h was 4° lO23 electrons/cm , which corresponded to about
20. displacements per atom if one assumes tha the overall displacement cross section. ‘for iron
at 1000 kv is about 50 b {8]. During the experiment, the irradiated part was photographed
every 30 min durlng the first 4 h of irradiation and then. every hour.

The usual method [9] was used to determine the quantitative parameters-characterizing
the porosity, but the local thickness of the irradiated parts of the foil was found from the
change in length of projections of dislocations on stereoscoplc photographs with differences
in angle of 5-10°. The distribution of the pores is distorted by the ‘effects of the free sur-
faces in very thin parts of the foil [10], so we chose parts of thickness not less than 0.7
um. We determined the total volume of the pores AV(V — AV), which was taken as equal to the
swelling of the steel, as well as the pore concentration. Ve also examined the pore size

distribution and calculated the mean 51ze.

Translated from Atomnaya Energlya, Vol. 53, No. 3, pp. 167-171, September 1982. Orig-
inal article submitted November 25, 1981. ’
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Fig. 1. Electron micrographs of a specimen with 5% cold deformation after
1 (a), 7 (b), and 12 (c¢) hours of irradiation.

Fig. 2. Electron micrographs of a specimen with 15% cold deformation after
1 (a), 7 (b), and 12 (c) hours of irradiationm.

Figure 1 shows electron micrographs for a specimen that had undergone previous 57 cold
deformation after 1, 7, and 12 h or irradiation. It is clear that even after 1 h (Fig. 1a)
there are distinguishable pores with clear-cut facets. The pore distribution is nonuniform
in size and in disposition within the metal. The size and concentration increase with the
irradiation time. After 12 h of irradiation (Fig. lc) it is clear that the pores have the
form of slightly truncated or even perfect polyhedra.

The length of the incubation period increases with the degree of cold deformation, this
being the time for extinguishable pores to appear. Figure 2 shows that steel previously de-
" formed by 15% even after 7 h produces pores that are smaller (Fig. 2a) than those in steel
deformed by 5% after 1 h. As in the case described, the size and concentration of the pores
‘increase with the irradiation time (dose). However, the distribution remains uneven. The
concentration is maximal in steel previously cold deformed by 10%. This can be seen by com-
paring Fig. 3, which shows the distribution in such a specimen after 12 h of irradiation,
with Figs. lc and 2c.

The size distribution is symmetrical with a single peak (Fig. 4) in specimens with
various degrees of preliminary cold deformation irradiated to a maximum dose of 20 displace-~
ments per atom. One obtains more complicated curves for specimens of steel of this type
irradiated in a reactor [7], evidently because there are various additional factors. The
centers of the distribution shifts to smaller sizes as the degree of cold deformation in-
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Fig. 3. Electron mlcrographs.of a specimen
with 107 cold defotrmation after 12 h of 1rra—
diation.

Fig. 4. Size dlsﬁrlbutlons.of pores
after 12 h of irradiation for 5 (O,
10 (O, and 15% (A) .cold deformation.

7 2 4 4 Wl,m_i cm

creases, and the spread diminishes. However, the latgest pores are observed in specimens
given 5% cold deformatlon.

Figure 5 shows the dependence of the swelling AV/(V — AV), the méan size d, " and the
concentration p on F for three structural states. The linear dependence. of AV/(V — AV) on
the dose applies only for a steel deformed by 15%. In the other two structural states, this
dependence is more complicated: after the linear part up to 13-15 displacements per atom there
is a reduction in the swelling rate. This slowing has been observed previously [11], but
there are reasons for believing that it is due to the free surfaces. When thicker specimens
of austenitic steel type 316 were irradiated under similar condltlons, the dependence of the
swelling on the dose remained linear to about 70 displacements per atom [12]. The swelling
decreases as the initial cold deformation rises.

From AV/(V — AV) = f(F) and d = £(F) one can see that the length of the incubation period
increases with the degree of cold deformation (Fig. 5a, b). The end of the incubation period
is judged on the occurrence of visible pores, and an increase in the period means that the
dose required to produce pores of visible size increases with the degree of cold deformation.
Consequently, the incubation period and the corresponding dose characterize the pore growth
rate in the initial irradiation period, where the growth kinetics must differ from that ob-
served subsequently (Fig. 5b).

Figure 5b shows that the mean pore size is linearly dependent on the irradiation dose
no matter what the degree of deformation. The growth rate determined from the slope of the
d = £(F) curve for a specimen with 5% cold deformation is substantially higher than that for
one deformed by 10 or 157%. :

With a given radlatlon dose, the pore size is the smaller the higher'the degree of pre-
liminary cold deformation.
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For all the specimens, the curves relating the pore concentration p to dose (Fig. 5c)
consist of two parts: initially there is a relatively slow increase in p, and a a dose of
about 15 displacements per atom the increase in concentration ceases, and the concentration
becomes practically constant. The change in p in the first part is the less the higher the
degree of cold deformation. The peak in the dependence of the pore concentration on degree
of cold deformation ¢ occurs at 10% deformation. A similar peak at 13% deformation has been

concentration in nickel irradiated in a high-voltage electron microscope.

The data on the rise in pore concentration (Fig. 5) indicate that the growth of porosity
in type OKh16N15M3B steel in a high~voltage electron microscope is due in the main to growth

of the existing pores. The pore growth is retarded the more the higher the degree of pre-
liminary cold deformation. ‘ '

There is no doubt that the degree of cold deformation influences the growth of porosity
in these austenitic steels via its influence on the concentration of sinks for point defects
inthe structure. There are neutral sinks identical in effectiveness for different point
defects and also selective sinks that trap certain defects preferentially. For example, a

sink around which there are marked local distortions in the lattice captures interstitial

.atoms preferentially. The existence of such sinks is a necessary condition for a constant

flux of vacancies providing the pore growth.

It seems that the concentration of neutral sinks increases with the degree of preliminary
cold deformation. This may be due to the elevated dislocation density, which reduces the per-
formance as selective sinks. As a result, there is a reduced influx of vacancies to the pore

-nuclei. )

High-temperature irradiation reduces the concentration of neutral sinks and raises that
of sinks that absorb interstitial atoms preferentially. 1In this steel, the process may be
due to dislocation collapse resulting in a reduced- dislocation density or the. formation of a
Laves phase, which is associated with pore nucleation [3]. The higher the degree of prelimi-
nary cold deformation, the more lengthy this process. This is seen as an increase in the
incubation period with the degree of deformation. When the selective sinks attain a certain
concentration, which is related to the end of the incubation period, there is a change in the

pore growth kinetics. From that instant the pore growth accelerates and is linearly dependent
on the dose.
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The change in neutral sink concentration is reiated to the peak on the curve relating -
the pore concentration to the degree of initial cold deformation. Our data and the results

of [13]

These results show that irradiation in a hlgh—voltage electron microscope enables one
to examine the development of porosity in constructional materials under strlctly defined
¢onditions and subject to the effects of a restrict&d number of factors that influence the -
process.
tors that influence these:

1. C.

European Conference (1971), p..35;

indicate that this peak corresponds to 10-13% deformation.

This is very useful in researching pore nucleation and growth mechanlsms and fac-
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STUDY OF THE DEACTiVATION MECHANISMS FOR SOME CONSTRUCTIONAL
STEELS BY SECONDARYfION MASS SPECTROMETRY

Yu. G. Bobrov, S. M. Bashilov, 7 _ UDC 621.039.53.537.534
‘G. M. Gur'yanov, and A. P. Kovarskii ’

Secondary-ion mass spectrometry SIMS [2] has been used [1] to examine the structure of
the oxide films formed on 12Kh18N1OT, 48TS, 'and 22K constructiomnal steels under condltlons
simulating those in the first loop of boron—regulated pressurlzed water reactors type VVER-
440, and also the changes’ in these films after processing with certain deactivating solutions.
The concentration profiles were measured for the components of the alloys in the model films
before and after chemical processing. It was found that alkali-permanganate oxidative pro-
cessing produced selective dissolution of the Cr component of the surface oxide, ‘while there
was no appreciable dissolution of the Fe component. Conversely, processing in oxalic acid
and also in solutions of some other acids (nitric and citric) or with trilon B produced mainly
dissolution of the Fe and Ni components. This nonunlformlty in the dissolution makes- it
necessary to alternate oxidizing and reducing treatments in dissolving chromium-bearing oxide
layers. : :

Transformable recipes have been devised recently to improve the deactivating solutions,
in which the redox potential changes without changing the solution; which reduces the amount
of radioactive waste. In particular, in deactivating the first loop in a VVER-440 reactor
with boron regulation one can provide an oxidizing medium in the loop by dispensing potassium
permanganate into the boric acid solution. After oxidizing treatment, the solution can be

" transformed into one of the standard [3] reducing solutions by the ‘addition of trilon B,
citric acid, and hydra21ne hydrate.

We have used SIMS to examine the changes in oxide films on steels 48TS, 2Kh13, and
12Kh18N10T obtained under conditions simulating. those in the first loop of the VVER-440
(the constructional elements in this contain these steels) with this type of treatment.

Experimental Methods. The preparation conditions for the model specimens were as in {11].
The polished specimens of the steels of size 10 x 10 x 1.0 were kept for about 1600 h at
300°C in a static autoclave with a solution containing 10 mg/liter of KOH, 5 mg/liter of
NHs, 8 g/liter of H3BOs, and 200 mg/liter of NoH,'H,O (the hydrazine hydrate was introduced
to remove the oxygen from the sealed solution on heating). The resulting corrosion layer
simulated the dense layers of deposits in the loops of the VVER-440. The analysis method
differed from that used in {1] in that on ionic bombardment oxygen was admitted to the chamber
containing the specimen to a pressure of 4- 1072 Pa, and 0% ions were used as the prlmary ones
with current densities from 1.7 to 2.9 A/m®.

According to [4], under these conditions the measured current density corresponds most
adequately to the elemental composition of the oxide and the substrate alloy.

The figures show the distributions of the components as the ion current for the given
element I in pulses/sec in relation to the sampling depth ., which is given in relative units
 proportional to the current demsity in the bombarding beams. The broken line shows the nom-
inal oxide—metal boundary estlmated from the boron distribution curve.

Figure 1 shows results for a model oxide f£ilm on 48TS steel before and after treatment
with deactivating solutions: 1) 6 g/liter H3BO; + 2 g/liter KMnO, + NH,OH at pH = 7.5; 2)
solution 1 + 4 g/liter of trilon B + 1 g/liter of HsCit + N,H,-H,0 at pH 5.5; and solution
3 (4 g/liter of trilon B + 1 g/liter of HsCit + N,H,°H,0) at pH 5.5. The composition of the
steel was mass %: C 0.22~0.27; Si 0.17~0.37; Mn 0.30-0.60; S<C 0.025; Cr 2.5-3.0; Ni<< 0.40;
Mo 0.60-0.80; V 0.25-0.35. The following components of the alloy were taken for analysis:
Fe, Cr, Mo, and Ni; the processing conditions are indicated in the figure.

Translated from Atomnaya Energiya, Vol. 53. No. 3, pp. 171-174, September, 1982. Orig-
inal article submitted August 11, 1981.
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%, arb. units

‘ Fig. 1. ' o . Flg. 2
Fig. 1. Results for SIMS analy51s of a model oxide film on 48TS steel
before and aftér processing with deactivating solutlons (ion currents
- for Fe, Cr, Ni, Mo, .and B reduced by factors of 2 10°, 10°, lO '10*
and 0.5-10%, correspondingly): a) initial oxide; b) after ox1dat1ve
-proce551ng in solution 1 (8 h, 97° C), c) after oxidative-reductive

processing in solution 1 (8 h, 97°C) and solution 2 (12 h,. 97°C); 4d)
after reducing treatment with solution 3 (4° h, 97°C).

Fig. 2. Results of SIMS analysis for a model oxide film on 2Kh13 steel
before and after treatment with deactlvatlng solutions (1on currents

for Fe, Cr, and B reduced by factors of 107, 10°, and 10%): a) initial
oxide; b) after oxidative treatment with‘solution'l (8 h, 97°C); c) efter
oxidative—reduction treatment with solution 1 (8 h, 97°C) and solution 2
(12 h, 97°C); d) after oxidative—reductive treatment with solution l
(8h, 97° C) and’ solution 4 (15 h 97° C)

The curves of Fig. la show that the model film on 48TS steel is depleted from the sur-
face in the alloy elements Ni, Cr, and Mo. Treatment with boric permanganate (pH = 7.4)
removes small amounts of Fe and Ni oxides (Flg. 1b), while subsequent treatment of the film
with boric permanganate transformed to a reducing system by addition of trilon B, citric
acid, and hydrazine hydrate causes almost complete dissolution apart from the chromium-rich
layer at the boundary with the metal (Fig. lc). A similar result is produced in trilon-
citrate processing alone (Fig. 1d). Therefore, treatment with the boric permanganate is not
essential to remove the oxide film from this steel.

Figure 2 shows results for a model film ¢n 2Khl3 steel before and after chemical treat-
ment with solutions 1, or 1 and 2, or 1 and 4 (solution 1 + 15 g/liter OEDP* + 15 g/liter
HsCit + KOH) at pH 4. We analyzed for Cr, Fe, and B. The boron distribution curve shows

*0xyethylidene diphosphoric acid.
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Fig. 3. Results of SIMS analysis for a model oxide on 12Kh18N10T
steel before and after treatment with deactivating solutions (ion
currents for Fe, Cr, Ni, and B reduced by factors of 2-10%, 10°,
2-10°%, and 5{103): a) initial oxide; b) after oxidative treatment
with solution 1 (4 h, 97°C); c¢) after oxidative-reductive treat-
ment with solution 1 (4 h, 97°C) and solution 5 (4 h, 97°C).

Fig. 4. TResults of SIMS analysis for a model oxide film on 12Kh18N1(QT
steel after treatment with deactivating solutions (ion current for
Fe,Cr, Ni, and B reduced by factors of 10°, 107, 107, and 10*): a)
after processing with oxidative solution 1 (8 h, 97°C); b) after
oxidative—reductive treatment with solution 1 (8 h, 97°C) and solution
2 (12 h, 97°C); c) after oxidative—reductive treatment with solution

1 (8 h, 97°C) and solution 4 (15 h, 97°C).

that the boric permanganate dissolves a small fraction of the chromium—depleted surface layer
in the model film (Fig. 2b). Prolonged treatment with the trilon-citrate mixture after boric
permanganate treatment leads to complete dissolution of the chromium-depleted layer, but the
layer of oxide close to the metal with the maximum chromium content does not dissolve (Fig.
2c). The same result is obtained on successive treatment with boric permanganate and a mix-
ture of OEDP with citric acid (Fig. 2d).

Figure 3:shows concentration profiles for the components of a model film on 12Kh18N10T

- steel and the effects of chemical processing with solution 1 and with solutions 1 and 5 (solu-

tion 1 + 6 g/liter of HsCit + 8 g/liter trilon B + 2 g/liter of urotropine + 1 g/liter of
thiourea + NH,OH) at pH 4.7. The surface layer of the initial film is slightly depleted
of chromium (Fig. 3a). Boric permanganate treatment (Fig. 3b) removes some of the iron from

‘the surface. Subsequent trilon-citrate treatment also basically produces this. The boron

distribution curve shows that both treatments produce no appreciable dissolution of the film.

Figure 4 shows data for an oxide film on 12Kh18N10T steel obtained by more prolonged
maintenance of the specimen in the model coolant (about 2200 h). Under these conditioms,
the surface layer of the film is substantially depleted in chromium. On treatment with boric
permanganate, this layer dissolves (Fig. 4a). Subsequent trilon-citrate tredtment (processing
conditions as in Fig. 2) depletes the surface layer of iron without appreciable dissolution
of the film, as in the previous case (Fig. 4b). On using the OEDP-citrate mixture after boric
permanganate treatment there is a certain reduction in the chromium content of the surface
layer and also evidently some slight dissolution (Fig. 4c).
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CONCLUSIONS

Dense corrosion layers on steels 48TS, 2Khl3, and 12Khi8N10T obtained under conditions
simulating the first loop in a boron~regulated reactor are depleted in the alloying elements
at the surface. Treatment with boric permanganate (pH ~ 7.4) leads to selective dissolution
of the iron and partial dissolution of the iron-trich surface layer of the model oxide. Trilon-
citrate recipes dissolve the oxide layers efficiently when these are enrlched in iron but are
dineffective in dlssolv1ng chromlum—beallng oxide layers.

) Because of these features, the performance in removing model oxide by treatment with
‘these transformable deactivating recipes decreases in the series 48TS, 2Khl3; and 12Kh18N1OT.
‘Therefore, a basic problem in devising effective method of deactlvatlng constructions con-
taining low-alloy, stainless, and chromium steels is the prevision .in the deactivating solu-~
tion of conditions favoring relatlvely uniform- dlssolutlon of the oxides of iron (nlckel) and
the oxides of chromlum None of the recipes considered above satisfies this requlrement
Further research is in hand on the p0331b111ty of . reallzlng these conditions.

We are indebted to V. E. Ulanov for assistance in the experlments.
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OPTIMIZATION OF ISOTOPE-SEPARATION PROCESSES IN COLUMNS

V. A. Kaminskii, V. M. Vetsko, . UDC 621.039.34
G. A. Tevzadze, 0. A. Devdariani, B '
and G, A, Sulaberidze

The production of stable isotopes requires large materlal expendltures,‘and therefore
the optimization of separating installations has a decisive effect on the economics of produc-
tion. In connection with the separation of isotopes of light elements, it was impossible
until recently to solve this problem in general form, owing to the absence of a theory de-
scribing the interrelation between the technological parameters of columns and the character—
istics of the packings used.

In the present paper, on the basis of [1-3], we propose for the first tlme a general
method for the multiparameter optimization of cascade installations consisting of packed
columns. As the target function for the optimization, we selected the cost of the isotope
product, which provides a comprehensive characterization of the total experiditures required
for the production process and also determines the choice of the most efficient lines of
capital investment and the rational limits of 1mprov1ng the quality of production,

In the design of cascade installations consisting of columns, an effort is made to
minimize the total volume and to minimize the time required for attaining the stetionary
state.  Both of these conditions are satisfied in ideal cascades. 1In actuality, an ideal
cascade is approximated by a rectangular-section cascade, and the volume of the latter, to
which the bulk of the capital expenditures for constructlng the installation is proportional,
according to [4, 5], can be expressed as follows:

Ve P () + WD (cw) — FD (¢l W

NyQ*e?

where ¢(c) = (2¢ — 1) 1n[c/(1 ~— ¢)]; n, efficiency of the shape; H, height of a stage (HETP);
Q*, limiting flow density permitted by the packing; y, relative load; P, physical productivity
of the installation. It should be noted that the expression YQ*c?/4H is the separating capac-
ity per unit volume of the packed portion of the column.

Low enrichment factors in the separation of nuclides also mean that we must take account
of the amount contributed to the cost by the time required to attain a stationary state, tp,
which may reach large values in industrial installations. This quantity may be taken into
account by considering the average productivity of the installation per run. If we denote
by tr the time required for one run, then the average productivity P may be expressed as
follows:

P=P(t,—ty)fty. 2)

We shall start with the most general scheme for a rectangular-sectioned cascade, consist-
ing of a stripping section and n enrichment sections, each of which includes mp parallel-con-
nected columns of identical diameter D with identical packing and identical flow density
values. If the length of a section exceeds the permissible column length Z,, determined on
‘the basis of technical considerations, then in addition toa parallel connection of the columns,
a series connection may also be used within the limits of each section, and the number of
these columns (rounded off to the nearest unit) will be SpH/Z,. Obviously, if the section
includes series-connected columns each of which has its own devices for phase conversion,
both the operating cost and the capital expenditure will be increased.

Translated from Atomnaya Energiya, Vol. 53, No. 3, pp. 174~178, September, 1982. Orig-
inal article submitted June 22, 1981.
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. TABLE 1, Structure of the Cost of the Isotope Product for

Rectification and

Chemlcal-—Exchange Processes .

Expen- Determining n :
ditures factor Components of cost Notation
‘ Capital Volume of |Unit volume of packmg appy
cascade Columns per unit volume of tte packed %hoy
’ ‘portion o
| Circulation|Nodes of phase conversion per unit flow kL1
flow System for utlhzmg wastes from phase : anr 2'
conversion per tnit flow . L
Number of Accessones per column
1 columns Equ1pment per column’ . 22:1
‘ . lAutematic dev1ces per column ' Pk
Feed flow - Punﬁcanon system per it feed flow . _8kms
» a
’ System of utlhzatlon of ta1l1ngs ﬂow . k_:F !
per urut flow anre
‘Operating | Circulation Energy per unit flow = Z;‘;
1 flow |Coolant per unit flow e
| " |Reactants per unit flow dety
Feed flow |Unit feed flow, taking account of tha fery
’ poss1b111ty of reahzmg talhngs
Energy for puufymg unit’ feed flow Gers
{Coolant required to punfy umt feed flow g
1 Reactants for ut111zanon of umt tallmgs S
| flow e
{ Wages of operating personnel Oy
Shop expenses R

On the basis of the structure of the cost of the 1sotope product
the expre551ons (1) and (2) for the cost - functlon Co, we can wrlte.

Co=7r —tp\ {nv()*sﬁ [P(D(CPH" W(D (ew) __F(D (CF)] Za’“"

(3t B o)

rH (v o
+5 (t':r;—sz [_7: (3 LaSn+LwSw) 2 te. +F 2 %Fi_{_aw +age]

( 2 L,S, -{ LwSW) 2 akLz

'shown in Table 1, and

3)

where ta is the amortization time of the 1nstallat10n, Ly and Sy, flow of one of the phases

and the number of stages 1n the n-th section; F and W, feed and talllngs flows.

count of the fact that

M = 4L/ nD%Q%;
) F/P =_(CP—CW)/ (CF‘_—C‘V);
WP = (Cp—"cF)./ (cr—cw),

we can change the expression (3) to the form

ty —tp U tanyQ*e?

"‘: :rtD?'yQ‘ Zakmz)+zaeLt](2LnS 4‘LWS )

+(Ezahi‘i+24d‘i)", ::—cw+ it i;e
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Y g
Re
\
\ . .
r ) Fig. 1. Scheme for calculating
' the parameters of the cost function
(the squares indicate optimization

parameters, the large circles in-
dicate the parameters which are de-
pendent on them and appear in the
target functlon)

where we have summed the expenditures proportional to the volume of the installation, to the
total c1rcu1atlon flow, and to the feed flow. ;

Equation (7) is a multlparameter functlon w1th ‘nonlinear relations which is valid in the
general case both for a distillation process and for chemical exchange. However, the con-
nections between the parameters for thesé processes will be somewhat different. For distilla-
tion, on the basis of [1- -3], they will have the form

M [Py R O g e 0
Q* ——0 247 V [ 0 3(, 1 G/‘ 0 G4 (,, *‘(Pst)] 1 (8)
where ¢ % is the dynamic retaining capaéify (holdﬁp) of the pécking when v = 1;
93
RN . R igl } . ) . . : 9
'H:WnuL—MewﬁwM+ll” ©)
" where
1 r g qts d:ts 10
h=—pg (1 ) (%5 + ) + Tt (10)
. . 11 T
[ (g Boarg® n LB 419903t 150,005 — 6D, ]+ 455
and the quantitiés appearingvin it are determined according to the formulas
1.5Vo,g R*—r} 11)

9= "Ntm REirg c
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- : ' TABLE 2. Geometric Parameters of:.the .
’ Packing as a Function of the Number of
Elements, and Its Dynamics Retaining Ca-
pacityas a Function of the Relative Load

Geometric parameters of |
No, of the packing
elements |— - v oq
¢ omd
per. cm R,CID ag.cm‘l Ffy |, cm
5. o491 13,2 |0,88] 0,60 0,2 | 0,069
10 0,150 | - 19,0 0,866| 0,471 0,3 0,085
15 0,126 21,3 |0,858] 0,421 0,4 | 0,098
20 {0416 23.5 |0,853] 0,391 0,5 | 0,109
30 |0.04| 26,8 |0.,846]0,35] 0,6 | 0,418
50 |o000s| 200 |o0:838le31]07{ 0,126 -
60 | 0,080 33,1 0,8251 0,27 |. 0,8 0,133
80 | 0,070 36,2 |0.807]{ 0.2 | 0,9 | 0,140
100 |0,062 [ 38,0 |0,790] 0,22 1,0 |. 0,144
Here
Vo.g= YO VrT : | : o a2
1.5V, o.g ' L '
fes= NZ3 — 4y . - 7 L . 13
o 1n (Reg— 200) L o : - - (14)
o= Tn (Reg— 6-10%Reg) _ v‘ '
©8™ TNugh ’ L
_y)/ T 38 (arug )05, e 1)
Vs = ) by AN \ppVg, S
T =yQ*/a.0;; ' 17
3 SRFCT . .
— ] SFF" l . 18
=V e o - a8

In the laminar regirﬁe of gas flow .in packings with Re'g < 1000, the cgefficient B =
and formula '(lO_) reduces to the form i

9 Ry e (4 .1.'_% 11 To - - (19)
hzﬁan(ir__RLz)_*_’l[n_D_g(i 2" )+40~Dz' -

In the turbulent region, when Reg > 1000, we haye B ='0.25.

It should be noted that the height of a stage, determined from formulas (8)-(19), affects
not only the capital expenditures but also the operating costs, since it affects the value of
the time at which a stationary regime is attained and the number of columns connected in
series in one section.

The geometric parameters of the packing — the average dimension R of the inner channel,
the specific geometric parameter a,, and the free-volume fraction Ffr'_ depend on the shape
and determining dimension I of the elements, and ultimately on their number per unit volume, N.
For one of the most widely used packings — segments of triangular wire spiral — these rela-
tions are shown in Table 2. Equation (14) is valid in the range Rey; > 200; when Re, = 200,
the initial portion of the hydrodynamic flow is not observed, and ro = 0. The value of A,
the fraction of the total-stagnation zones, is a function of the number of packing elements
per unit volume, the diameter of the column, the relative load, and the limiting discharge
capacity. The value of A is calculated on the basis of the model described in [6] for the
flow of a liquid through a packing.
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The value of n and the values of L, and Ly, the flow in each section of the cascade,
are determined by solving the problem of approximating an ideal cascade by means of a rectan-
gular section cascade, with given values of the number of sections n and the flow L, in the
first section. For each section we must satisfy the condition

L= 0%, (20)

which precludes an unduly low liquid flow density in the columns when the profile of the
cascade is narrowed. In the solution of the approximate problem, the profiles of flows and
concentrationsrequired for finding the time it takes to attain a stationary regime are also
determined at the same time, as functions of the number of stages. For rectangular-section
cascades, this time value may be calculated with satisfactory accuracy on computers by using
the method described in [7]. ' :

The sequence of operations in the preparation of the parameters appearing in the target
function for the optimization is shown in Fig., 1. From the scheme of Fig. 1 it can be seen
that there are six independent optimization parameters: N, the number of packing elements
per unit volume, which depends on the dimension of the element; the relative load v; the
column diameter D; the flow L, in the first section of the cascade; the number n of sections
of the cascade; and the concentration in the tailings, ¢y The other parameters appearing
in formula (7), such as Q*, n, L,, Ly, and tp, are found in the calculation process. In
solving the problem we must start from a specific separation problem in which we are given
the productivity P of the installation and the product concentration cp. We must also de-
termine in advance the duration of a run and the amortization period of the installation, tj.

The physical parameters of the working fluid, such as the gas and liquid densities Pg
g and Djjq, volume of a gram-
mole ugder operationg conditions Vp,T’ and enrichment factor € will, in the general case, be func—

tions of temperature and may vary if we introduce the temperature of the process as one the optimiza-
tion parameters. In this case the relations between the parameters of the target function
given by conditions (8)-(20) and the sequence of their calculation shown in Fig. 1 will not
change. - The minimum of the target function may be determined by various methods, of which
the most attractive from the viewpoint of rapid convergence is the deformed-polyhedron method

[8].

In Figs. 2-4 we show the results obtained by using the proposed method on the example
of optimization of an installation for the production of 10 kg/yr of '>C with a concentration
of 957, produced by the method of rectification of carbon monoxide. The optimal values of
the optimization parameters are: N = 80 cm™ *; vy = 0.65; D = 6.2 cm; L, = 14.1 g/sec; ey =
0.44%; n = 2. The optimal installation is a three-section cascade with 10 parallel-connected
columns in the first section and the stripping section and with one column in the second
section. The total length of the cascade is 38 m, the shape efficiency is 0.75, and the ratio

of the first-section flow to the minimum flow is 1.56.

The optimal packing was found to be one with fairly small dimensions; the cost was found
to be only slightly dependent on the optimization parameters in the region of their optimum
values. This factor increases the possibilities of acceptance of convenient technical solu-
tions when specific installations are designed.

Analyzing this example, especially the relation between the various types of expenditures,
we should bear in mind that it cannot be of a general nature, since it depends to a large ex-—
tent on the scale of the production, the site of the installation, marked-price conditions
for the raw material, other materials, and equipment, the degree of automation, etc. There-
fore, the nature of this relation may vary considerably not only for processes in which dif-
ferent isotopes are separated by also when the same process is handled by different approaches.
Thus, if we increase the productivity of the installation, the fraction of the cost represented
by wages and shop expenses will be substantially decreased, while the fraction represented by
capital expenditures will correspondingly increase. A considerable increase in the fraction
represented by capital expenditures also results from a decrease in the separation factor and
from a low cost of the initial raw material.

At the same time, the proposed approach to the optimization process is fairly general,
since it enables us, by using the appropriate cost coefficients and parameters of the mixture
being separated, not only to take account of all of the above-mentioned factors but also to
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solve a number of spec1al problems relating to the desirability of using heat-pump schemes,
determining the rational level of automation, etc. In the first case it is the relation be-
tween the capital and energy expenditures that varies, and in the second case it is the rela-
tion between the capital expenditures and the wages. Furthermore, by using a subdivided
approach, we can carry out an optimization with respect to the conditions of realization of
the process (temperature and pressure conditions), taking account of the way' in which the
parameters of the mixture being separated vaty with temperature; it should be noted that

the solution of this problem within the bounds of a multiparameter optimization of the instal-
lation, designed for the solution of a specific separation problem, is more correct than con-
sidering a process selected for an individual case, as was done in the past.
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DETERMINING DISTRIBUTION AND CONCENTRATION OF CERTAIN
ELEMENTS WITH THE AID OF A.CHARGED-PARTICLE BEAM

, . . .
I. G. Berzina, E. B. Gusev, ' o UDC 539.172.12/16:549.1
A. V. Drushchits, V. S. Kulikauskas,

and A. F. Tulinowv

The methods used in practice to determine thé_elements of which a substance is composed
usually require destruction of the object to be examined and do not allow a selective simul-
taneous determination of both the distribution and,the concentration of several elements.

The distribution of the local concentration of elements in the object to be examined must

be studied in many problems which are associated with the development of techniques of intro-
ducing microimpurities into various materials to improve their properties or of determining
the paths over which elements migrate in the crust of the earth (search for useful minerals).
Only a small number of methods of determining the local concentration of elements without
destroying the object to be examined are known; practically no methods are available for the
simultaneous determination of the local concentration and the selective determination of the
distribution of several elements,'particularly those with Z < 20 in multicomponents objects.

The present work refers to a method of elementary analysis which can be used for the
selective simultaneous determination of the local concentrations of lithium, boron, oxygen,
nitrogen, and fluorine with the aid of the (p, «) reaction and, besides that, with the (a, n)
reaction for determining beryliium in micro~ or macrosections of multicomponent objects. The
analysis was made with equipment consisting of a source of charged particles (accelerator),

a collimating device, an evacuated measuring chamber, and recording apparatus [1].

In order to increase_sensitivity'andlresolution of the analysis, a doublet of magnetic
quadrupole lenses and a scanning instrument were built. The dimensions of the ion beam were
defined with a collimator which consisted of two blocks of removable diaphragms. These dia-
phragms could be used to cut from the beam an almost monoenergetic central portion with a
diameter between 1 and 0.1 mm. This central portion was focused with the magnetic lenses.
Depending upon the dimensions of the inhomogeneities in the object to be examined, the proton
beam diameter was varied between 200 and 10 um. The scanning instrument consisted of two
perpendicular deflectors, sawtooth voltage generator, and a high-voltage supply with continuous
voltage adjustment. The beam wobbling at ‘a distance of 200 mm from the end of the deflector
plates reached about 10 mm at a plate voltage of 1 kV. '

When a focused beam of charged particles was used for the analysis, the current density
at the target could reach values which led to burning and destruction of the sample in the.
section where the beam was incident. Therefore the beam density must be chosen for each object
to be examined so that the analysis does not lead to burning of the sample, i.e., to a falsifi-
cationof the results of the analysis. The fact that no burning occurs can be recognized from
the stability of the secondary radiation density measured over successive time intervals in
a local microsection of the object to be examined.

Multicomponent analysis is performed as follows: the sample to be examined, which has a
" polished surface, is inserted into the vacuum chamber of the accelerator. First the sample
surface to be examined is irradiated with a proton beam the énergy of which (500 5;1%352 1060
keV) is chosen in accordance with the combination of the elements to be determined at the
.same time. The a particles which are formed as a result of the (p, a) reaction are recorded
with a silicium surface-barrier detector having.a solid angle of 0.8 sr. An A7-um~thick
aluminum foil is placed before the detector to protect it from elastically scattered protons
and light. The pulses generated by the a particles incident on the detector are amplified
and applied to a multichannel amplitude analyzer performing an energy analysis of the «
particles which result from the (p, @) reaction at the nuclei of the elements to be determined
[1, 2].

Trarislated from Atomnaya énergiya, Vol. 53, No. 3, pp. 178-181, September, 1982. Orig-
inal article submitted December 1, 1981.
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Fig. 1. Energy spectrum (MeV) of alpha partlcles
emitted from nuclei of 11th1um, boron, nitfogen,
oxygen, and fluorine irradiated with a proton beam
having the energy Ep = 500 keV.

At proton energies of 500-1000 kev, 7Li, *'B, *°N, *®0, and '°F have.the greatest cross
section of the (p, a) reaction among all the chemical elements {3]. For a simultaneous de-
termination of the local concentration of lithium, boron, and fluorine and, irn certain cases,
of oxygen, a 500-600 keV proton'beam is employed. The energy spectrum of the o particles. .
originating from the nuclei of the elements to be analyzed is shown in Fig. 1 (Ep = 500 keV;
angle of the detector relative to the incident beam 150°). It follows from Fig.. 1 that the
a particles emitted from lithium and fluorine with an energy of 8.0 and 6.6 MeV, respectively,
are clearly recognizable on the spectrum. Boron, oxygen,'and nitrogen emit o particles with
an energy of 3.7, 3.3, and 3.8 MeV, respectively. Though oxygen and nitrogen emit « particles
forming narrow peaks on the spectrum, and though the detector has high resolution, the peaks
are covered by a broad a particle peak produced by boron. It was established in the epxeri-
ments of [4] that at 500<C Ep5§ 600 keV, nitrogen noticeably contributes to the total number
of o particles only when the nitrogen concentration in the sample microsection under examina-
tion exceeds the boron concentration by about three orders of magnitude. 1In this case one
must either use another method to determine local nitrogen~containing inclusions or determine
the nitrogen concentration withan 850-1000 keV proton beam. The contribution of oxygen to
the overall spectrum can be taken into consideration when the oxygen concentration exceeds
the boron concentration in the sample microsection examined by a factor of moré than 100.

The reason is that the cross section of the (p, @) reaction at *®0 is smaller than the cross
section of this reaction at B by about two orders of magnitude in the proton energy interval
of 500-600 keV [4]. When the form of the « particle spectra produced by oxygen and boron
standards is known, . the contribution of those elements to the resulting particular experi-
mental spectrum can be assessed.

Once the number of recorded o particles corresponding to each element has been determined,
the relative concentration of the elements in the sample can be found by comparison with
standards. The standards are selected so that their density resembles that of the material
of the test sample. For example, in the analysis of rocks, .quartz and borax glass can be
used as standards.

In the selective analysis of the local concentration of another combination of elements,
e.g., of oxygen, nitrogen, and lithium, the proton energy must be within the limits 850 <C
E, << 1000 keV. 1In this interval, the cross section of the (p,; a) reaction at nuclei
I og boron is substantially reduced but increased at nuclei of nitrogen and oxygen; therefore
boron does not disturb the determination of the nitrogen and oxygen concentrations. If neces-
‘ sary, the presence of boron in an object under investigation can be determined with the (p, a)
reaction at 500 Ep<: 600 keV or with (n, @) radiography [1, 2].
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Fig. 2. Distribution of a) *'B, b) ’Li, and c)
'®F along a selected direction in a chondrite
grain. co : : : '

In order to determine the local concentration of beryllium, the sample surface under
inspection is irradiated with an a particle beam with an energy of 2-2.5 MeV. The neutrons

resulting from the (@, n) reaction are recorded with helium counters or proportional boron
counters, . :

With this energy of the « particles, apart from beryllium only two elements emit neutrons,
viz., oxygen and boron. The neutron yield resulting from beryllium nuclei is in this case
about ten times greater than that of the boron nuclei and about one hundred times greater
than that of the oxygen nuclei. ‘In order to determine the number of neutrons emitted from
beryllium nuclei, the boron and oxygen concentrations inm the sample microsection under inspec-—
tion must be known and their contribution to the total number of neutrons recorded must be
brought into account. The beryllium concentration is determined from the number of neutrons
recorded on the 'sample under inpsection and a standard, taking into account the background
and the number of neutrons resulting from boron and oxygen nuclei. Beryllium foils and beryl-
lium single crystals, in which the concentrations of beryllium, boron, and oxygen had been
determined with another method, were uséd as standards for determining beryllium concentra-
tions. ' '

_ A multicomponent elementary analysis can be made in various ways: determination of the
concentrations of lithium, beryllium, boron, oxygen, nitrogen, and fluorine in local micro-
sections of an object, with the dimensions of the object being limited by the cross section
area of a fixed ion beam; determination of the distribution of the cited elements by deter-
mining their local concentrations at several points situated in a certain direction or on

a selected area (in this case the sample is shifted in well-defined steps parallel to selected
directions); or determination of the distribution of the local concentration of the elements
under consideration in a certain direction by continuous scanning with an ion beam.

In the first and second technique, the multichannel amplitude analyzer works in the

- multichannel counting mode and records the energy spectrum of the secondary radiation, e.g.,
of the a particles, when the local concentration of boron, lithium, oxygen, and fluorine or
other combinations of these elements is to be determined. In the third technique, a simulta-
neous determination of the local concentration of elements is possible when several multi-
‘channel amplitude analyzers are employed (their number is given by the number of elements to
be analyzed); the aﬁalyzers are connected in parallel in- the measuring circuit. A multi-
channel amplitude analyzer in this case provides the distribution of a particular element
along the time of scanning. The beam is made incident on the starting point of the scan by
switching on the sawtooth voltage generator of the multichannel amplitude analyzer with a
trigger pulse at the moment at which the charged particle beam starts to move in a particular
direction. Multiple scanning substantially reduces the destruction of the object's surface
by the charged particle beam in comparison with a fixed beam, because the time during which
the beam dwells at each point on the line of scanning is reduced.
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The main factors which define the limits of detecting elements with this technique are:
maximum current density at which the charged particles do not yet burn the sample; the count-
ing rate of the secondary radiation; and the presence of interfering elements and a back~
ground which affect the results of an analysis. Therefore, the maximum sensitivity and ac-
curécy must be separately determined for each real object.

| When no interfering elements are present, when the background is 1-5 pulses/h, when the
counting rate is 100 pulses/h, and -when the time of measurement is 1 h, the detection limits
for the above elements in local microsections of objects are 10=°% for lithium, 10->% for
beryllium, 107°% for boron, 10~?% for fluorine, 10~*% for oxygen, and 1% for nitrogen. The
statistical error of the measurements does not exceed 10%.

" The technique was tested in several practical applications. For example, the elementary
analysis of a technical beryllium foil was made to determine whether the foil could be used
as a standard in determinations of the local concentration of beryllium. It was found that
the partlcular foil had concentrations of berylllum boron, llthlum, and oxygen of 92.0, 1-
107°, 6-107%, and 8.8%, respectively. Within the limits of the resolv1ng povwer of the tech—
nique, the elements were found to be uniformly distributed in the foil.  Impurity elements

which were present set the applicability limit for the beryllium foil as standard in elementary
analyses.

In order to determine the influence which the uniformity of the elementary distribution
has upon the properties of ceramic ferroelectric materials, the lithium dlstrlbutlon was
'studied in these materials. The analysis was made by determlnlng the local concentratlon ‘of
lithium at several p01nts situated along the length of the object to be examined. It was
found that the lithium was uniformly distributed in the sample and that the lithium concentra-
tion was (1.00 * 0,04)% at a resolution of 20 um of the technlque.

A natural beryl crystal was analyzed to determine the composition of microimpurities in
the crystal. It was found that the microimpurities contalned berylllum,'oxygen, boron, and
lithium in concentrations of 5.2, 43.7, 2- 1073, and 1.6%, respectively.

The spatial distribution of boron, lithium, and fluorine was studied on samples.of. the
mineral chondrite. The analysis was made by continuously scanning the ion beam over the
mineral grain to be examined. Each energy group of a particles emitted from boron, lithium,
and fluorine was recorded with three multichannel amplitude analyzers. Figure 2 shows the
spatial distribution of these elements in digital representation. In view of the dimensions
of the grains and the required spatial resolution of the analysis, a beam size of 70 um was
adopted. In investigating this mineral with (n, @) radiography, a practically uniform distri-
bution of the tracks on the detector was observed. . A uniform distribution of boron (CB =
0.30 + 0.05%) was found in scanning the grain with a proton beam; in addition, local inclu-
sions of lithium (up to 0.07%) were observed. 1In a subsequent detalled mineralogical analysis
of a particular grain, inclusions of amber mica were found, and increased lithium concentra-
tions are confined to this mica. The distribution of fluorine in the grain, as well as the
distribution of boron, were practically uniform, with the concentration amounting to (5 * 1)%.
The investigation of the boron, lithium, and fluorine distributions in the chondrite grain
made it possible to determine the migration paths of the elements during the formation of

the mineral. This will help to develop criteria for the search for sites of the correspond-
ing mineral. '

The investigations have shown that this technique of elementary analysis facilitates the
selective determination of the spatial distribution of certain elements and of their local
concentrations. It is advantageous to introduce the spatial distribution of the elements
to be analyzed in digital representation. Elementary analysis making use of charged particle
beams can be used in, say, the development of techniques for introducing microimpurities in
various melts and materials, for obtaining firm welded joints, for investigating the distribu-

tion of microimpurities of elements in crystals, for determining indicator minerals in the
search for sites of useful minerals, etc.

The authors thank G. N. Flerov for suggesting this line of research and for useful dis-
cussions and S. V. Malinko for providing the minerals for the investigations.
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TECHNIQUE FOR PREPARING MICROFILTERS WITH HIGH‘SPECIFIC CAPACITY

. N. Flerov, E. D. Vorob'ev, _ , : UDC 66.067.1
. Kuznetsov, V. A. Shchegolev,
. Akap'ev, P. Yu. Apel’,

. Mamonova, and L. I. Samoilova
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As is well known, the rate of flow of a fluid or gas through a filter is inversely pro-
portional to'its'thickness. The thickness of the usual nuclear microfilter [1] is 10 um,
which does not always ensure high filter capacity, especially with small pore diameter. In
order to increase the specific capacity of a filter, even thinner films can be used as the
starting material, but it is extremely difficult to work with such filters, since their mech-
anical strength is inadequate. ‘ :

In the present work, we investigated the possibility of obtaining microfilters with a
thin filtering layer by irradiating a polymer film through a mask, consisting of a plate with
openings, with accelerated ions with a free path in the bulk of the polymer less than the
thickness of the film and with an irradiation dose that ensures complete subsequent etching
of regions that are not protected by the mask to a depth equal to the path length of the iomns.
In the remaining thin polymer layer, it is possible to form a microporous structure by sub-
sequent irradiation from the opposite side by ion beams with low intensity and with chemical
working. The sections of the film protected by the mask with the first irradiation form a
reinforced grid and ensure the necessary mechanical strength.

Formation of a Cellular Structure

Choice of Energy of Bombarding Particles. The minimum thickness of the filtering layer
is limited by the spread of the particle path lengths. For the chosen ions '2°Xe with initial
energy of 125 MeV, an approximate calculation using Bohr's equation gives a normal distribu-
tion of path lengths with standard deviation "0.03 um. However, the variance of the energy
losses and path lengths of particles passing through the absorbing layer greatly exceed the
value predicted by the Bohr and Landau—Vavilov equations [2, 3]. In order to obtain results
that are close to the experimental data, it is necessary to check the calculations using more
complex techniques [4], but even in this case the desired result will not be achieved, since
it is still necessary to include the inhomogeneity of the irradiated material (density fluc-
tuations, presence of microinclusions).

We finally determined the energy of the bombarding particles and thickness of the start-
ing film experimentally. 1In so doing, it is necessary to take into account the fact that
the layer remaining after irradiation and etching must be as thin as possible and at the same
time sufficiently strong and defect-free.

We performed the experiments with Dacronfilms with a thickness of 20 and 50 um using
Xe and “®Ar ion beams. The energy of the ions was varied with the help of absorbing foils.
Good results were obtained by irradiating 20 um films with 125-MeV xenon ions, whose average
path length in Dacron was 17 um. Since the film is inhomogenous over its thickness (up to
*1 um), it is not expedient to use particles with longer path lengths.

129

Translated from Atomnaya Energiya,'ég, No. 3, pp. 181-182, September, 1982, Original
article submitted November. 3, 1981.
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TABLE 1. Specific Capacity of Anisotropic

Filters*

] . |capacity with |apacit
Speci- Pore Porosity, respect to dis- L'\‘,,rlth reZpect
men diam,,. Ty tilled water.2 to air, .
number| pm ml/mifeCM®  lyjrers /h o m?

25 0.2 6 20 5,210
30 0,2 6 26 5,2-10°
38 0,2 G 38 ) 4,4100
39 0,2 6 8. | 6,400
53 0,55 5 - 70 8,1.10¢

*Pressure differential is lOi;BZS Pa.

Choice of Etching Conditions. As a result of etching, the materlal in the reglon irra-~
diated by ions must be completely removed. It was found that for an 1rrad1at10n density of

. 5-10° particles/cm? etching over a period of 15 min in a 6 moles/liter N4OH solution at 50°C

from the irradiated side of the film is sufficient. Here, many channels from separate tracks
coalesced, forming a "well" with a thin bottom. It is evident that as a result bf the spread
of the ion path lengths, the thickness of a thin layer is not necessarily equal to the differ-
ence between the film thickness 7o dnd the average free path Ro, while depending on the chem-
ical etching time it can be somewhat longer or shorter than_Zo‘—~Ro. The duration of etching
was chosen so that the average thickness of the bottom of the "well" was equal to 2 um. This

"value was determined with the help of conductometric measurements durlng the etchlng process,

as well as by optical observations of specimens and their sections.

Formation of a Porous Filtering Layer

The following order of operations is chosen for working the starting film:

Irradiation through the mask by 125-MeV *2°Xe ions with a track density equal to 5-10°
particles/cm® (the condition Re + 3 um & 1, is satisfied);

irradiation of the entire film surface from the opposite side with 129%e ions. The
density of tracks.was 107-10° particles/cm® (the condition 3 um < Ro < Lo is satisfied);

etching of the film from the side of the first irradiatiom.

As a result of a single etchlng, we obtained simultaneously well-shaped depression in
the starting matrix and a formed, porous structure in the filtering layer.

Comparison of the Characteristics of Cellular and the Usual Nuclear Filters

Comparative measurements of the specific capacity of the usual nuclear filters and filters
prepared using the technique described above were performed (see Table 1). In order to make
a quantitative comparison, we point out that the specific capacity of the usual nuclear filters
with pore diameters 0.2 um and porosity 6% is 5.4 ml/min.cm® for water and 1.8-10° liters/h-
m? for air; for filters with pore diameter 0.55 pm and 5% porosity these values are 33 ml/min-
cm® and 4.0-10° liters/h-m®, respectively (these characteristics were measured with a pres-—
sure differential qf 101.325 Pa). The pore diameter and density were monitored with the help
of a transmission EMMA-2 electron microscepe. The transparency of the mask through which the
first irradiation was performed was 55%. Three hundred specimens were prepared and studied.
It was established after the measurements that the capacity of the new type of filters is 3
to 4 times greater than the capacity of the filters with the usual structure with a thickness
of 10 ym. The mechanical strength of the cellular microfilters permits performing all the
necessary operations during the course of filtration. In addition, during the filtration
process, contact with the substrate does not decrease the effective area of the cellular
filter. In the future, using improved methods of physicochemical processing, strong cellular
structures could be obtained with-a filtering layer having a thickness of 0.5 um and less.
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