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ARTICLES

TECHNOLOGY OF INCREASING THE QUALITY OF URANIUM
ORE DURING EXTRACTION AND PRIMARY PROCESSING*

M. A. Temnikov o UDC 622.349..5:622.79

The expansion in nuclear power engineering calls for an increase in the extraction of
uranium ore, and comsequently in the productivity of mines. This has led to the use of a
system for processing deposits involving mass methods of breaking down ores and completely
working out the ores. The cost of hydrometallurgical processing of such ores is high, but
it can be reduced by chemical concentration methods. '

The present article examines the use of radiometry methods for increasing the quality of
the ore during extraction and primary processing.

Figure 1 gives a scheme for checking the quality of the ore in systems involx}ing selec-
tive and mass breakdown of the ore respectively. The roman numerals denote the radiometric
methods for increasing the quallty of the ore. These are based on hydrometallurgical proces-
sing. ' .

Let us now examine each of these methods in greater detail:

We know that the gamma radiation from uranium ores can be used to determine the concen-
tration of uranium directly in the ore body by a radiometric method. The method of deter-
mining the uranium content and power of mineralization at the outcrop of the ore is conven-
" tionally known as gamma sampling, in the same way that determination in cores and boreholes
is known as core gamma sampling or gamma logging [4-6].

The gamma sampling of a shothole is used during selective cutting of ore and rock to
determine the contours of the ore body. The holes are drilled at the points at which the
samples are needed. Gamma sampling is carried out either by determining the difference in
effect achieved by the use of special lead screens installed on the detectors of portable
radiometers, or by the radiometers of a directional y-radiation detector.

*A version specially written for this journal of a paper read at the MAGATE symposium on
estimating reserves of uranium and mining techniques, Buenos Aires, 1-4 October, 1979.

TABLE 1. Experimental Data on the Sorting
of the Same Ore Mass in Dumpers on Route
to the Ore Chute and in Rail Wagons (RTS)
after Leaving the Ore Chute

¢ Waste from

8 sorting pro=

g cess, % PR »
Gy ot

°  Stope ls Notes

= E (face) g 4 °

§_ ] sort- | RTS 1% g .

&1 &2 |m | (5%

A |Horizontal |24.5| 7,9| 16,6 |Averaged data -
bed, cutting :
downwards
Substage 11,9 2,0 9,5 |The same'
stoping

‘B |substage and| 53,0 | 34,0 | 19,0 Separateex-
bed (partial) 4,2 | 1,77 2,5 periments
brealgdown 27,0 0,0 27,0

17,3 | 10,8 | 6,5
25,4 | 11,6 | 13,8 Averaged data

Translated from Atomnaya Energiya, Vol. 48, No. 3, pp. 139-143, March, 1980. Original
article submitted December 7, 1979.
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Systems of processing and selective mining of ores - Open-cut: and underground workings for mass ex-
. traction of ore

1, Gamma analysis of deposits

|

Fine-core drilling of deposits ) . : Drilling of blocks (chambers)
IL Core gamma sampling o - PI. Gamma logging of shotholes
elective extraction of ore (rock) . Mass extraction of ore

‘ ' LII Face sorting of rock in the excavator buckets
during loading into dumpers or in the dumpers during
.| transport to. ore chutes

I,V.lRapid gamma analysis-of ore- ' IV. Rapid gafnma analysis of ore
(rock) at RTS (rock) at RTS

III, Face sorting of rock in the dumpers
during transport to ore chutes

Barren rock " |v. Unsorted Commercial(rich) - Commareial
to waste.or ore to radio- ore to chemical Barren I°°k! V. Unsorted ore} ( riéh) ote Lo
tailings metric enrichd  |conversion : to waste or to tadiometric hemical
- o tailings - ichment . | chemica
ment : enrichme 8
7 o T : . | conversion

. |enriched - ' - | waste | | Enriched

Waste A . . | —_
———l,v product [ o product

Fig. 1. Scheme for checking the quality of uranium ore during mining and primary -
- processing (RTS: radiometric test station). :

Shothole gamma sampling is used- for the quantitative assessment of mineralization and
for defining the boundaries of ore bodies, using the holes drilled for blasting. The shot-
holes are checked for the correct charge of explosive to ensure selective cutting of the
rock. o

The fact that the results are obtained directly at the measurement site, coupled with
the simplicity and availability of the methods used, has ensured their widespread use as
a means of increasing ore quality.

Gamma logging of holes is used during the deveibpment of deposits by systems that in-
volve mass recovery of the ore. The shotholes are gamma logged prior to being charged with
explosive, in order to define the boundaries of mineralization and to select the sites for

TABLE 2. Results of Tests on Various
Types of Uranium Ore :

Type of No.of L Rel.error in analysis, o
o . in=
aore containers of whole av '_Of 107 max. individual
meas. ore batchdnndua} analy. i
analy.
1 59 —0,7 | +31,0 | +90,0 | —36,0
11 50 +1.4 | ¥23.0 | +72.0 | —31,4,
111 137 0,0 +6,9 § +22,5 | —26,6
IV 85 —5,1 +6,9 | +43,3 | —66,7
.V 42 —6.0. | 2217 | +38,5 | —62,3
VI 18 +5.8 | ¥22,4 | +91,3 | —36,9
- VII 25 +1.2 | ¥24,0 | +36,0 | —43,8
VIIl 7 —1,8 +18,4 | +56,2 | ~43,4
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.0
-8 | R
7 8 B
' ] ’ s | Clarification
Waste and tailings - Muds Drainage]

|
l

Commerical ore to hydrometallurgical plant l

Fig. 2. Ore enrichment scheme.

the setting of charges. This enables one to carry out shot firing with minimum disturbance
and mixing of the ore. '

By gamma logging the holes and selectively cutting the rock and ore in a single deposit,
we can achieve a considerable enrichment (18%) of the extracted ore in certain parts of the
chamber, compared with bulk mining throughout the whole depth of the fold. Under these cir-
cumstances, the output of the unconditioned ore mass can be increased by a factor of 1.38.

Radiometric sorting of the extracted ore mass in the face, by taking measurements in
the excavator buckets or in the dumpers, can be used as a means of primary enrichment of the
ore. This technique is being rapidly developed, due to the use of large wagons, dump trucks,
and rail dumper cars in uranium mines and quarries. Unfortunately, the radiometric contrast
or the variation in the distribution of the radioactive component of the ore tends to fall
with an increase in the size of the loads subject to sorting. At the same time, radiometric
~sorting of extracted ore at the stope in turn enables one to mine whole formations or just
individual parts of the formations, or in certain cases to abandon unproductive systems of
selective mining and change over to more productive systems of mass or semimass mining.
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Fig. 3. '"Granat" separator for sorting ore size —200+50mm: 1) sorting

hopper; 2) electropneumatic valve; 3) radiometer detector; 4) fixed
spiral of conical pick-up feeder; 5) conical pick-up feeder; 6) vibro
feed; 7) bunker;" 8) dr1ve to conical pick-up feeder, 9) frame of separa-
tor.

The extracted ore is sorted in the buckets of the excavators by means of special instru-
ments, each consisting of a control board mounted in the cabin of the excavator and detec-
tors with special shock absorbers mounted on the bucket and equipped with special protective:
screens made of steel and:lead. ‘ '

.

The following data serve to illustrate the effectiveness of bucket screening. The
average depletion factor of ores in opencut workings was 25.1-31.0% prior to the introduc-:
tion of bucket sorting (as high as 48% in certain blocks), with a standardized depletion of
20%. The introduction of bucket radiometric sorting enabled this to be reduced to 19.2% on
an average, with a maximum of 22.87.

As we have already noted, the output of tailings and the content of uranium in the com-
mercial ore become lower as the mass of the sorted portion of ore deposit is increased, for
a constant minimum workable content of uranium. For example, when a six (cubic) meter exca-
vator bucket was replaced by four meter and three meter buckets on one quarry, the tailings
of the sorting process increased by 3 and 5-5.5%, respectively. At the same time, the con-
tent of uranium in the ore increased by 3.3 and 5.7-6.0%, while the depletion factor fell
by 2.9 and 5.27%, respectively.

Increasing the efficiency of the radiometric sorting in the excavator bucket in some
cases facilitated a reduction in the height of the excavator berm. For example, drilling
and blasting is carried out at a height of 15 m, whlle the ore is excavated in two or three
subberms, i.e., at a height of 7.5 or 5 m.

In the case of underground uranium workings, the quality of the ore loaded in the dump-
ers is determined at the instant it is moved to the ore chute, with the aid of a radiometer
mounted on the machine. The machine will then load the material in one chute or another,
depending upon its quality (ore or waste). Stope or face sorting avoids the need to move the
rock to the ore chute for measurement, acting virtually as a primary enrichment process for
the extracted ore. ‘

Table 1 gives exper1mental data on stope sortlng prior to the ore being transported to
the ore chute, together with rapid gamma analysis of the same ore mass after leaving the ore
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"chute. We can see from the table that radiometric sorting ahead of the ore chute leads to

an increase in the tailings of 9.5-16.5%, which in turn leads to an increase of 8-15% in the
uranium content of the ore.

Rapid gamma analysis of the rock in the transport containers (rail wagons, dumpers,
etc.) has long been an integral part of ore processing for the rapid sampling of the ore
mass as a whole., A high degree of accuracy in the sampling of the ore in wagons, and the
possibility this offers of changing the content of the sorted rock being carried, enables
us to treat the rapid ore analysis method as a primary method of ore enrichment, in much
the same way as radiometric sorting. Radiometric test stations for rapid gamma analysis
have been set up both underground and on the surface for sorting the extracted rock and for
calculating the uranium content of the extracted ore. Radiometric test stations are equipped
with special radiometers based on gas-discharge or scintillation counters [3, 4]. Where
necessary, the stations are equipped with balances, and in recent years they have been fur-
nished with equipment for recording analytical data on magnetic or punched tape, and with
teletype machines for transmitting the data to a computer for processing.

The error in gamma analysis depends upon the uniformity in the distribution of the
uranium throughout the ore, the dimensions of the portion of ore being analyzed, the state
of radioactive equilibrium, the radon emission from the ore, the weather conditions, and
other factors. It can reach a level of *20-30%Z in individual analyses. However, the error
in analyzing batches of ore does not eXceed +5-67% and satisfies the conditions for the chemi-
cal analysis of uranium ore.{3] (Table 2).

Where there is no provision for face or stope analysis at the mine, its function can

"be taken over by the radiometric test station, generally by testing the whole of the extrac-

ted rock. The quantity of waste that is generated by this method of sorting comprizes from
0 to 347 (see Table 1).

Consequently, the use of radiometric methods as part of the ore processing cycle of the

mine and the use of various types of electronic apparatus lead to a significant primary en-

richment of the ore, either during the blasting operation or during the transport of the
extracted ore.

This type of sorting operation is carried out prior to chemical refining operations
and more thorough sorting or radiometric separation (enrichment) of the industrial ore is
carried out on radiometric test stations at a radiometric enrichment plant [2]. Radiometric
separation relies on the same properties of the uranium ore as are employed in gamma sam-
pling and borehole logging, face sorting and rapid analysis of ore in the dumpers. For
roughly half of the type of uranium ore, radiometric separation is not just a method of
primary processing, it is the only method of mechanical enrichment employed. The advantages
of this process lie in its cheapness, and also in the fact that it does not require milled
ore, does not use reagents, requires very little electrical energy, and produces virtually
no products that are harmful to the environment.

The most serious of the drawbacks to radiometric separation is the limited enrichment
that is possible with low grade ores. For this reason, it is very important not to overre-
duce the ore when blastlng and to strive for the range of sizes most suitable for separation:
—150+30 mm.

The technology of radiometric separation has its own special features. Figure 2 gives
the schematic of a radiometric enrichment plant. We can see from this that such plants in-
volve the following main operations [1]:

1) reduction (this plays an insignificant role). The pﬁrpose of the reduction process
is to ensure the maximum size of rock suitable for separatlon, usually not larger than 200-
250 mm. Only the larger rocks (+200 mm) are crushed;

2) screening, which is one of the basic preparatory operations for separating the un-
sorted fines (particles below 15 mm, for example) and dividing the sorted material into two
or three "machine" size classes in order to eliminate any large differences in the weight
of the rocks passing through the machines;

3) washing the machine classes to remove any radioactive mud coating the rocks. Other-
wise, barren material would become radioactive and would not be rejected. Sometimes, the
operations of screening and washing are combined, since they can be carried out on the same

piece of apparatus;
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4) the sorting of the "machine" classes, i.e., dividing them into concentrate (commer-
cial ore) and waste, is carried out on’ ore-sorting machines known as radiometric separators.
Despite the range of structural designs employed for this purpose, all separators have the
following basic parts, used for the same purposes (Fig. 3): '

a bunker outlet for ensuring an even flow of material from the bunker for sorting;
a vibratory feed with an electromagnetic drive;

a cone-shaped pick-up feeder with a fixed spiral ‘for spreading out the rocks through-
out the measurement zone;

a radiometer with scintillation counters and a count-resolving system, to provide a
quantitative estimate of :the content of radioactive component in the rock and to send
a signal to the actuator; '

an actuator (pneumatic valve or throttle) for mechanically segregating the rocks;

a sorting discharge hopper for accumulating the sorted material and passing it to the -
appropriate conveyer. S

The'throughput'rate of the separators varies from 40 to 100 tonnes/h for the size class
—200+50 mm, 10-15 tonnes/h for class —50+25 mm, and 4-5 tonnes/h for class —25+15 mm.

The radiometric enrichment plants in existance at the present time generate wastes of
from 25 to 43% of the original ore, or from 50 to 80% of the sorted class, the output of
which varies from:45.0 to 64.5% for the various types of ore. The content of uranium in
the waste from the radiometric separators varies from 0.010 to 0.015%. Under ‘these circum~
stances, the enrichment factor of the final .product leaving the :plant for chemical proces-
sing equals 1.25-1.64.

‘Consequently, the concept of increasing the quality of extracted uranium bearing ores
by the widespread introduction of radiometric methods and instruments during ‘the mining
process itself and during primary processing of the ore enables us to <dincrease the uranium
content of the commercial ore ‘that is passed on for chemical refining. This leads to a -con-
siderable reduction in the cost of the raw material for nuclear fuel.
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USING DETERMINATIONS-OF PROTACTINIUM WHEN ASSESSING
URANIUM SHOWINGS AT THE PROSPECTING STAGE*

G. N. Kotel'nikov and I. P. Shumilin UDC 550.8.835

A group of uranium ores known to prospectors is formed by the leaching of uranium and
radium from ore deposits and the subsequent deposition of these elements near to the surface.
Showings of this type are often highly radioactive and cond1t10ned at the outcrop, but tend
to die away rapidly at depth. Such showings are known as "rootless," "insolated," "false,"
etc., and are difficult to diagnose at the surface. A great deal of time and material can
go into the mining of such deposits before they are found to be commercially useless.

In certain geochemical settings connected with processes of hypergenesis, we observe
intensive transport of uranium and radium in the outcrops of conditioned ore bodies. In
such cases, weak anomalies only are maintained at the surface, whileanalysis shows a balanced
concentration of uranium, which does not correspond to the real content in' the primary
ores. This group of showings is most often passed over or classed as noncommercial, parti-

" cularly during small —-scale surveys. At best, they tend to be mined as a last resort.

The features of prospecting and methods of assessing anomalies in which there is a
loss of equilibrium between uranium and radium have been described in [1], but these methods
are not always suitable for the showing that presently concerns us. An efficient method of
primary assessment of showings, based on the complex determination of protactinium, uranium,
and radium in samples taken over the anomalies is recommended.

The nuclide 2®'Pa is a product of the decay of *2°U and is found in company with it in
a definite ratio. The halflife of ?3'Pa is 3.248.10“ yr. Protactinium has a considerably
lower migration capacity than uranium or radium and is retained better at the outcrop of the
ore body, even under intense conditions of hypergenesis. This allows us to use it as a
"datum" and employ it to determine the intensity and direction of the transport of uranium
and radium. The dire¢tivity of the migration processes (acquisition and transport) is an
important factor when assessing showings and deciding whether or not to mine a particular

deposit.

All the variety of features of the various uranium showings reduce in the final analysis
to three types of uranium—protactinium ratios (see Table 1), which characterize the direc-
tion and intensity of the migratory processes and also govern their preliminary assessment.

In showings of the first type, where U/Pa is equal to or close to unity, we see a weak
transport of uranium and radium. Surveys of this type of showing have indicated that the
uranium contents at the surface and at deep horizons are roughly the same, and that the
mineralization represents the primary minerals of uranium: pitchblende, coffinite, etc.
The second type of showing is characterized by theé prevalence of uranium over protactinium
(U/Pa>1), which indicates an intensive acquisition of uranium. In this case, the content
of uranium at deeper horizons is lower than at the surface, and frequently approximates to
a Clarke distribution. The uranium mineralization is represented by colored secondary mine-
In showings of the third type, the content of protactinium is considerably higher
than the uranium content (U/Pa < 1), which indicates an intensive transport of uranium into
the surface parts of the showing and a high content of uranium in the primary ores. The
content of uranium in boreholes and workings at deep horizons is several times greater than
at the surface. The uranium mineralization is either absent altogether in the hypergenesis

zone or takes the form of traces of secondary minerals.

rals.

*A version adapted for this journal of a paper read at the MAGATE symposium on assessing
uranium resources and mining techniques, Buenos Aires, October 1-4, 1979.

Translated from Atomnaya Energiya, Vol. 48, No. 3, pp.‘léa -145, March, 1980. Original
article submitted June 4, 1978.
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TABLE 1. Radiological Features of Show-
ings in Relation to the Direction of
Migration of Radioactive Elements

Content of radio=

active elements, o. :
Type Of- U/Pa Ra/Pa Ra/u

showing
U Pa Ra

"1 | 0,070[ 0,075 0,060 0,93 0,80 0,86
11 |0,07]0,05|008| 1,40 | 1,60 1,15
1L 0,05 |0,17 [ 0,08 { .0,29 0,47 1,6

Note. The contents of protactinum and radium are given
inumts of equilibnum glith uranium

The results we have obtained give us reason to recommend the determination of protac-
tinium in all anomalies observed during prospecting, in order to assess the uranium content
in the primary ores up to the point at which they are disrupted at the outcrop. The proposed
method of assessing uranium showings during the prospecting stage has been made possible by

- the development by I. P. Shumilin of a radiometric method and the necessary transducers for

rapid analysis of samples of uranium, radium, radon, protactinium, and thorium (the deter-
mination of pota551um is also possible) [2, 3].

The analyses c¢an be carried out on standard commercially avallable apparatus. The
transducer takes the form of a crystal of NaI(Tl) measuring 100 x 100 or 80 x 60 mm on which
six B counters type STS-6 are arranged in two or three rows, with additional removable fil-
ters 0.2 g/cm® in density. The milled samples, weighing from 20 to 150 g, are measured in
one cuvette (or alteratively several cuvettes, to increase the accuracy of the B measurements),
120 cm? in area, in layers that are intermediate or saturated for B-radiation. The measure-
ments are conducted simultaneously through six channels. '

The uranium is determined from the high energy B-radiation, while the radon is deter-
mined by means of the total y-radiation with .a discrimination threshold of 300 keV. - The
protactinium is determined in two parts of the spectrum: in the energy ranges 82 and 270
keV, which enables us to duplicate the protactinium analyses. The radiation of Ra is deter-

- mined in the energy region 186 keV, while that of thorium is determined in the 2620 keV

region. On the basis of such measurements, we have compiled a system of six equations and
determined U, Ra, Rn, Pa (two results), and Th. To increase the accuracy of the analyses,
we can raise the temperature of the samples to 800-1000°C. Under these conditions, the sam-
ples lose about 90% 6f their radon, and the intensity of the radiation from the radon, whose
presence has an adverse -effect on the analysis, is reduced by an order of magnitude. The
analysis as a whole occupies a period of 10-15 min.
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PROBLEMS OF DIAGNOSTICS OF PHYSICAL CHARACTERISTICS
OF RBMK REACTORS ACCORDING TO NEUTRON NOISE

B. A. Vorontsov, I. Ya. Emel'yanov, | UDC 621.039.562:621.039.514
L. N. Podlazov, V. D. Rogova,
V. I. Ryabov, and B, M. Svecharevskii

The operation of high-capacity atomic power plants requires that the physical and
dynamic characteristics of the reactor be monitored not only in the stage of start-up and
entry into steady-state recharging conditions but also throughout the entire period of )
operation. The latter is due in particular to the fact that rapid advances in the fabrica-
tion of fuel elements make it possible to improve the technical and economic characteristics
of reactors already in service. The final assessment of the effect of such measures on the
characteristics of an atomic power plant should be made through full-scale tests.

In experimental studies of power reactors the principal of minimal changes in their
operating conditions is most important. It is therefore advisable and promising to intro-
duce into the practice of operational tests statistical methods excluding interference in
the operating conditions of the atomic power plant. One such method is based on analysis
of the neutron power, whose noise contains information about practically all processes and
properties of the reactor [1]. The literature contains information about the use of analy-
sis of neutron noise from power reactors to predict resonant instability [2], to diagnose
vibrations and displacements of elements of the reactor construction [3, 4], etc.

In the present paper on the basis of experimental and computational-theoretical inves-
tigations we substantiate the possibility and the promise of using statistical methods for
operational monitoring and diagnosis of changes in the steam coefficient of reactivity of
reactors of the RBMK type under the conditions of commercial operation. '

Formulation of the Problem. In a qualitative examination of the oscillograms of the
neutron power (Fig. 1) of the RBMK-1000 reactor of the first unit of the Leningrad Atomic
Power Plant it was found that the character of these fluctuations changed with entry into
the steady-state recharging conditions along with the change in the reactivity coefficients
and some dynamic characteristics of ‘the reactor. This was the basis for studies on the per-
tinent quantitative relations. The method of solving this problem was refined after prelimin-
ary analysis of the autocorrelation functions (ACF) of the neutron noise, which were obtained
in special experiments. '

Description of the Experiment. From the measuring part of the regular control and
safety system (CSS) the neutron-noise signal, being the relative deviation of the neutron
power from the prescribed value, was fed into two recorders: a sensitive electronic record-
ing potentiometer and a magnetograph. The use of a multichannel magnetograph enhanced the
quality of the record and simplified the processing of the experimental information; at the
same time, the noise-of some other thermohydraulic parameters of the reactor installation
was recorded in parallel. The experiments were performed with steady-state operation of the
reactor at 85% nominal power. A study was made of the effect of the operation of the auto-
matic pressure (APR) and level (ALR) regulators in drum separators (DS) on the spectrum of
neutron noise. As a result, we obtained a series of realizations for the following modes
of operation: all regulators switched on (nominal mode of operation); only the APR switched
off; only the ALR switched off.

1%

_ ’ Fig. 1. Fluctuations of neutron
n;rA/ﬂ~aAVV\JWAf,,fﬂu\»ﬂ‘,\rvpﬁng/\~\m power of RBMK-1000.
10sec : ) )
-1% et ‘

Translated from Atomnaya Energiya, Vol. 48, No. 3, pp. 145-148, March, 1980.’ Original
article submitted July 24, 1978, ' '
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Fig. 2. ACF of neutron noise: 1) all regulators switched on; 2, 3) APR and ALR,
respectively, switched off. ’ :

Fig. 3. Spectral density S of neutron noise (same notation).

Computational and Theoretical Analysis and Discussion of Results. The mathematical .
processing of the data was carried out on a electronic computer according to a special pro-
gram for calculating the ACF, the spectral densities (SD), and other statistical character-
istics.

Figures 2 and 3 show the experimental ACF and SD of the neutron power for the three
operating modes indicated. The ACF is in a form similar to the exponential—sinusoidal rela-
tion which is characteristic of processes excited by a wideband input signal when the object
has resonant properties [1]. The cosine component implies periodicity in the signal of the
neutron-power noise. The form of the ACF depends weakly on the conditions of the experiment.
These features are traced in the resonance peak of spectral characteristics in the frequency
region 0.021-0.022 Hz. It can also be concluded from the data of Fig. 3 that the resonance
at 0.021-0.022 Hz reflects the internal resonance properties of the reactor plant.

[ _yn 1
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Fig. 4. Block diagram of transfer func-
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Fig. 5. AFC of reactor plant for a¢/aFE=-—6.4(l), —12.8 (2),
and =19.2 (3). _(a¢ is the change in reactivity per percent

steam content; afg, the change in reactivity per degree change
in fuel-element temperature.)

Fig. 6. Change in characteristic resonance -during operating
run of first reactor of Leningrad Atomic Power Plant (0 —

" experiment).

To confirm these conclusions we studied the amplitude-frequency characteristics (AFC)
of a model of the reactor plant (Fig. 4). The system of automatic thermal controls of the
APR and the ALR was not taken into account in the model. The following notation has been

adopted in Fig. 4:

The symbol n is the deviation of the neutron power; WK:=(1_-;%;134) i, the transfer
function of the reactor kinetics with the assumption that Zdn/dt = 0; Wypp = —q(A)/s, the
transfer function of the automatic power regulator (APR); q(A), the coefficient of harmonic
linearization; Wp=Ap/(s+ A7), the transfer functionof the change in the temperature gradient
from the fuel elements to the coolant; Ay, the inverse time constant of the change in the
thermal power of the reactor; pppr, the relative reactivity of the APR; Tyg, the dimension-
less deviation of the thermal flux from the fuel elements to the coolant; K,, Kz, Ks, coef-
ficients determining the change in the steam flow rate under a change in the pressure, ini-
tial enthalpy, and thermal power of the reactor; Kgr, Kgp, Keji, coefficients determining
the change in the steam content as the result of a change in the thermal power of the reac-
tor, the pressure in the DS, and the initial enthalpy; APy, A¢%, A9;, the changes in the
steam content as the result of a change in the thermal power, pressure in the DS, and the
initial enthalpy; K, the gain of the pressure-change transfer function; TM, the time con-
stant of the smearing of the temperature front in the circulation loop; T, the transport
delay in the circulation loop; afpg, s the reactivity according to the fuel-element tempera-
ture and the steam content; Ppc, the deviation of the pressure in the DS; and 1, the devia~-

tion of the initial enthalpy.

It is seen from the block diagram of Fig. 4 that in the range of frequencies studied
a change in the reactor reactivity occurs primarily because of a change in the fuel temper-
ature and the steam content, the change in the latter being associated with a change in the
thermal power (positive relation*), a change in the pressure in the DS (negative relation#)
and a change in the initial enthalpy with a corresponding transport delay (positive relation®).
Each process has its phase shifts and gains, and this is why resonance peaks appear in the

AFC of the reactor.

*With positive og.
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Periodic measurements during an operating run of the RBMK indicated a small change in
apg and a substantial change in ag. Therefore, in order to ascertain the effect of the phy-
sical characteristics of the reactor core on the AFC it was sufficient to change agp in the

calculations. From Fig. 5, which presents some of the results of the calculations, it is
seen that at 0.023 Hz there is a resonance, which is in good agreement with experimental data.
It is also seen that the amplitude of the resonance increases as agp grows. It thus follows
that in the real spectral densities of neutron noise, recorded at various times during the
RBMK operating run, the resonance at these frequencies should also increase as agp grows.

Figure 6 shows the change in the amplitude of the resonance as found by processing
neutron noise recorded at various times during the operating run of the reactor. The maxi-
mum in this plot corresponds to the state of the reactor with the highest value of «a The
subsequent decrease in the amplltude of the resonance corresponds to a new state of fke reac-
‘tor core after modernization of the charge. E

Thus, experimental (see Fig. '6) and computational and theoretical (see Fig. 5) data
indicate that the parameters of the resonanceof the spectral characteristic of the neutron
noise of the RBMK-1000 at frequencies of 0.021-0.022 Hz can be conveniently used to diagnose
changes in the physical and dynamic characteristics of a reactor. And on the basis of the
well known relation Si/So = |Wi|?/|Wo|?, with the assumption that the perturbing action is
of an unchanged character, it is possible to make a quantitative estimate of the change in

at any i-th moment in the operating run if at some moment, labeled by a zero subscript,
a neutron-noise spectral density S, was measured with known properties of the reactor core,
i.e., in fact, with a known: reactor transfer function Wo. :

Conclusion. Studies of the neutron noise of the RBMK-1000 can be made on the basis of
the existing regular CSS equipment. In studying the neutron noise it was revealed that in
the frequency range 0.021-0.022 Hz the spectral characteristic displays a resonance whose
amplitude depends essentially on the steam coefficient of reactivity; this makes it possible
to use analysis of neutron noise to monitor and diagnose changes in the steam coefficient
of reactivity of reactors of the RBMK type during normal operation. At the same time, it
was establlshed that for analysis of neutron noise in the RBMK-1000 in the frequency range
indicated one ‘can use a simplified model of the dynamics of the reactor plant.
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COMPARISON OF CERTAIN METHODS OF CALCULATING"
NEUTRON FLUXES IN A REACTOR FUEL CHANNEL

Yu. P. Elagin, A. S. Il'yashenko, = .. UDC 621.039.51.12:539.125.52
V. A. Lyul'ka, T. S. Poveshchenko, : ' L
and N. V. Sultanov

The complex of programs being developed for the detailed calculation of RBMK reactors
must provide for the rapid and sufficiently accurate calculation of the neutron flux aver-
aged over a cell of a fuel channel (FC). This problem can be solved in various ways. In
the present article we investigate the surface pseudosources method (SPM) in the GN approxi-
mation with the reduction of the channel to cylindrical geometry, the SPM in the GN approxi-
mation, the first collision probability method (FCPM), and the generallzed first collision
. probability method (GFCPM).

These methods are compared with the Monte-Carlo method. In addition to accuracy the
machine time necessary in the various methods is also taken into account. With this in
mind the following problems were treated in the one-group approximation:

1. The problem of a unit unidirectional flux of neutrons incident on the outer boun-
dary of a FC with no internal sources; neutrons emerging from the channel are not returned.

2. Problems of a source of specified constant strength inside the FC; neutrons emerg-
ing from the channel are not returned; ‘

3. Problems of a source of épecified constant strength inside the FC; neutrons are
specularly reflected inward from the outer boundary of the channel.

In these variants it is required to determine the average neutron fluxes in zones into
which the FC is divided. By a FC we mean the reactor channel itself plus an adjoining layer
of graphite a few centimeters thick (Fig. 1). The FC is divided into several zones with
p2=0.9 cmy, p3=2.3 cm, and p, =3.78 cm; the numbers 2, 3, and 4 refer to circles counting
“from the center of the channel.. The graphite is also divided into two or four regions by
concentric circles. . '

Surface Pseudosources Method in the Cy Approximation. In this method a calculation is
first made for a two-zone cylindrical microcell consisting of the fuel element and a sur-
rounding layer of water with an outside radius determined in the Wigner—Seitz approximation
by the expression

TABLE 1. Comparison of Average Neutron Fluxes in a RBMK FC with External Sources

D-BMC 1009 E:_@lvl_c_ 100%
I%Ione Material ‘oout(::;l zt,cm-{ Ea,crn-l T MC ‘ . DMC *MC DMC
o- Pet (anisotropic source) (isotropic source)
MGG3 G} FCPM |GFCPM
1 Zr 0,75 | 0,3485 | 0,0085 { —7,5 |—3. 1,34 (1+1,3-10-?) |-+0,8) —3,4 |1,32(1£1,3-10°%)
9 H,0 2,3 2,1318 { 0,0075 { —4,5 |-—0,6| 1,52 (1+0,6-10-%) [4-0,7| —2,0 {1,51(1+0,6-10%)
{ U0, 1,6 0,6114 | 0,2455 | —2,5 {—0,8 | 1,34 (1+0,7-1073) 43,6 —0,9 |1,33(1+0,7-107%)
3 H,0 | 4.0 | 2,4318 | 0,005 | 41,3 |+0,3| 3,08(1%+0,3-10°3) |40,3| —1,0 |3,06 (10,3.10-%
{ U0, 3,09 0,614 [ 0,2455 | 40,42 (40,2 ] 2,36 (14+0,3-10%) (—1,7| +0,3 {2,35(140,3.10°%)
4 Zr 4,4 0,3485 { 0,0085 | -+0,43 [4+0,2| 4,64(1+0,3.10?) |-3,5| —1,0 [4,59(14+0,3-107%)
5 C 5,4 0,3809 | 0,0002 | 40,39 |--1,2} 5,10 (1+0,2.10-2) |[—3,7| —1,2 |5,07 (140,2.10"%
6 C 6,4 0, 13809 0,0002 | +0,70 |+-1,2|.5,80(1+0,2-10-%) |—3,2| —1,2 |5,68(1+0,1.10°%)
7 C 7,7 0,3809 0,0002 | --0,33 |+0,30] 6,09 (1-+0,2-10-2) |—3,4] —1,3 |6,06 (1+0,2.107%)
8 C 9,0 | 0,389 | 0,0002 | --0,80 |+1,1| 6,47 (1+0,1.107%) |-—3,0/ 0,8 |6,49(1%0,2.107%)

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 148-151, March, 1980. Original
article submitted March 26, 1979. :
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Fig. 1. One sixth of a RBMK fuel
channel; 1) zirconium rod; 2) water
or steam~water mixture; 3) fuel ele-
ment; 4) zirconium tube; 5) graphite;
——-) radii of centers of fuel slugs
of flrst and second rovs.

Mo pi—p} l/pi—pﬁ
v ' R 1/ TR _
where p» and p3 are respectlvely the inside and outside radii of the'homogenized zone (Fig.
1), and the superscrlpt M characterizes quantities referring to the microcell.

The choice of neutron source in the calculation of a microcell depends on the model
problem. For problem 1 a unit difference current of incoming neutrons is specified on the
outer boundary of the ‘microcell for the "sink at infinity' boundary condition {1]. For
problem 2 uniform volume sources of unit strength are specified in water with diffuse reflec-
tion at the outer boundary of the mlcrocell. Diffuse reflection is achieved by introducing
an additional zone with a large total cross section and a small absorption cross section.
From microcell calculations performed by the PRAKTINETs 3F program [2], the disadvantage
factor d= ¢MH20/¢MU 0, and the macroscopic cross section of the homogenized annular zone
containing the fuel elements are determined by the expression*

S 2:a(mq’ (") dr
Eg(a) = Y_.._—. ) V .
S oM (1) dr @

v - .o .

Here superscript g indicates the homogenized value. A macrocell is also calculated by the
PRAKTINETs 3F program. :

Average neutron fluxes over the microcell in the homogenized region were determined by
using the disadvantage factors d and the balance condition

“UO Vuochuo,-i- ap,0V H 20@;{20:23175(1)‘* _ _ S (3)

Surface Pseudosources Method in the GyP Approximation. The development of the surface
pseudosources method for determining neutron distributions in complex two-dimensional cells
was reported in [3]. Using the algorithm obtained, N. V. Sultanov wrote a PRAKTINEK program
[3] for calculating neutron fluxes averaged over zones of a FC in the GNY approximation; N
is the number of spherical harmonics;. and P, the number of axial harmonics.

First—Collision-Probability Method. It_haé frequently been pointed out in the litera-
ture [4, 5] that the FCPM is a fruitful method of calculating the spatial and angular dis-
tributions of neutrons in a lattice of a heterogeneous reactor. The calculation of Pjj, the

"*This method of averaging can lead to an appreciable error for 58, but this does not have
"a large effect on the final result.
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TABLE 2. Comparison of Average Neutron Fluxes in a FC of a RBMK Reactor with Inter-
nal Sources ‘ o :

| -0 . | T Brie
Zone : Pout l s Tﬁ“o"%- ' I "MC 1o0s | -
terial 2, | 2 |q, cm- - MC .
No.. (MAter2 pzf Jem=! :crx:'v k , oMC , e
cm - 6} [Fcem|GECPM MGG3| 63
1| ze | 0,75 [0,3475(0,0075/ 0,00755 0,4]—10,2] —1,4 [0,437 (1+1,9-10%—0,1 | —1,0 10,403 (12,8-10-2)
o |1 H,0 |23 [11534 [0,0102]0,8196"| 0,2 —3,4] —134 [0444 (1308101181 —0,6 (0,42 (1*1,2-10%).
LU0, 11,6 10,670810,3209) 9 0,01 —0,8| —0,6 |0,414 (10810508 | 0,4 [0,0005 (13:4;2-10-2)
3 { H,0 | 4,0 }1,434 [0,0102{0,8496 |—0,7| 0,0 —0,7 [0,140 (1+0,5-10-2) 1,9 0,0 0,457 (1+0,8:10-2)
. uo, ‘| 3,09 |0,6708]0,3233| 0 0.0 0,0 0,0 0,412 (1+0,6-10-%)| 0,7 | —0,2 [0,4210(1+0,7-10-%)
4 Zr 4,4 10,3475(0,00750,0075 | 1,1 0,0} 0,8 0,425 (1+0,7-10-%)}—0,0 | —0,2 [0,497 (1£1,0-10%)
5 | C 6.4 (0,4 [0,0003/0,0836 | 0,9] —1,8 0.0 [0,409 (1%06-10-%)| 0.4 | 1,4 [0,214 (1£0,8-10-2)
6 Cc 9,0 ‘lo,4 [0,0003/0,0636 [0,75 | —1,2| —1,5 |0,0665 (1£0,5-10-%)] 0,9 04 07233 (1£1,0-10-2)

*Closed channel.

probability of a neutron created in .zone i from a uniform isotropic source experiencing its
first collision in zone j, plays a fundamental role in this method. Unfortunately, the
approximate version of the FCPM, the so-called method of geometrical characteristics, cannot
be applied directly to an actual FC since it was developed only for two-component (moderator-
fuel) media, and a FC has a more complex structure involving at least three components.
Therefore, Pij must be calculated by the exact method using double integrals,* and this
increases the computation time. The calculations were performed by V. A. Lyu'lka and Yu. P.
Elagin. , . g ST _ _

Generalized First-Collision-Probability Method. In this method the flux is expanded
in a set of orthogonal polynomials in Cartesian coordinates. We present the results of cal-
culations performed by T. S. Poveshchenko using the generalized first—collisidn—probabili;&
method in the linear approximation; the neutron flux in a zone is represented by a linear -
function of the x and y coordinates. o ' :

Monte-Carlo Method. In principle, high accuracy can be achieved with this method (e?g.
[4]). Therefore, we take the results obtained by A. S. 11'yashenko using the results of the
Monte-Carlo method as bench marks. v - S '

Results of Calculations. The accuracy of neutron flux averages over.zones of a FC cal-
culated by various methods was determined by comparison with the same averages calculated
by the Monte-Carlo method. The first calculation'was for a channel with neutrons entering
from the outside. In calculations by the surface pseudosources method in the GNY approxima-
tion and the GN approximation with the reduction of the FC to cylindrical geometry, the neu-
trons entering the cell through the outer boundary had a linearly anisotropic angular dis-
tribution with an anisotropic fraction of 7.25%. In calculations with the ordinary and
generalized first collision probability methods the angular distribution of the neutrons
entering the cell was isotropic. , The calculations with the Monte-Carlo method were made
with both angular distributions of' the entering neutrons. L '

The input data and calculated results are listed in Table 1, ' where BMC is ‘the average
neutron flux calculated by the Monte-Carlo method. 'In order to compare results the calcula-
tions were normalized to.the same number of neutrons. absorbed in the channel per unit time.
This variant of the calculation is the most complicated because of the large gradient of the
neutron flux toward the center. Therefore, we discuss it in more detail.

In the calculation by the surface pseudosources method in the G, approximation with the
reduction of the FC to cylindrical geometry (we denote it as the MGG3 approximation) the.
channel was divided into zones as shown in Fig. 1. The fluxes were averaged over the zones
by the expression '

D = S ADAVIAV. ' (4)

*The integral is triple, but the inner integral is tabulated beforehand..
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In all zones the approximate neutron fluxes differ from the bench mark values by n17

except in the central rod (—=7.5%) and the water zone adjoining the first row of fuel slugs
(~4.5%). : : ‘

The division into zones for calculations by the surface pseudosources method in ‘the Gs
approximation is shown in Table 1. The error of the calculation is 1% (3% in the central
zone). In the FCPM the FC is divided into zones as shown in Fig. 1, but each fuel element
and the water surrounding it are further divided into two parts (dashed curves). Thus, the
channel is divided into 16 zones. The maximum error of the calculation is “3Z%Z. 1In the
GFCPM the FC is divided into zones as shown in Fig. 1, i.e. into 12 zones. The accuracy
of the calculation of the neutron flux in the fuel elements is somewhat better than in the
FCPM with division into 16 zones.

In the second stage of comparison of the accuracy of the approximate methods a calcula-
tion was made of a channel with internal neutron sources. The calculations were normalized

to one neutron absorbed in the channel. The input data and results of the calculations are
listed in Table 2. :

In order to compare the results of the SPM calculation in the GNP approximation, the
FCPM, and GFCPM with bench-mark values, a channel was chosen with a vacuum outside it.
These boundary conditions were established exactly in all the methods considered except in
the SPM where at the outer boundary of the channel the integrated current of incoming neu-
trons from the FCPM calculation was specified.. The neutron source density in zones of the
channel was assumed proportional to the slowing-down power of the medium EIg. The error of
the SPM calculation in the G} approximation and the GFCPM was 1%; the FCPM has the same
error except in the average neutron flux in the first and second zones where there is a
systematic underestimation of the flux by ~10%.

SPM calculations with the reduction of the FC to cylindrical geometry and in the onF
approximation were compared with the bench mark value by calculating a "closed" channel,
i.e. a channel with internal neutron sources and zero neutron.current at the outer boundary
of the channel. '

The results of calculations in the G3 approximation differ from the accurate values
by 17%; the calculations in the Gs approximation also differ by 1% except for water zones
where the flux differs by 1.9%.

_ The values presented show that the SPM w1th the reduction of the channel to cylindrical
geometry requlres considerably less machine time and is not far inferior in. accuracy to the
SPM in the Gg_approximatlon and to the GFCPM.

The computation times of a FC of a RBMK on a BESM-6 computer byzthe MGG3, G3, FCPM,
and GFCPM are 3, 30, and 90 sec, and 4 mln, by the Monte-Carlo method the times are 2 h for
variant a and 15 min for variant b.
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CALCULATION OF EFFECTIVE BOUNDARY CONDITION AT THE
SURFACE OF A MULTIREGION CYLINDRICAL.SLUG

B. P. Kochurov o . UDC 539.125.52:621.039.51.12

In heterogeneous reactor theory [1l] the effective boundary condition at the surface of
a slug is specified in terms of the thermal constant :

v = 2xDp 10N (p) /3plIN (), (1)

where D is the neutron dlffu51on coefficient in the moderator, p is the radius of the slug,
and N(p) 1s the asymptotic neutron flux in the moderator extrapolated at the surface of the
slug. Many papers have been devoted to the calculation of y or the related quantity T:

=N (p) /1[8N (p) /dp) = 2nDp/lv (é) -

based on various methods of neutron transport theory and applying mainly to one-region slugs
in an infinite moderator, generally assumed not to absorb neutrons [2, 3]. A more detailed
bibliography can be found in [4].

We consider the calculation of T for a multiregion cylindrical slug, based on a numeri-
cal solution of the integral neutron transport equation .[5], spec1f1ca11y in a finite cell.

’ Suppose the slug is located in an infinite moderator. Assuming isotropic scattering,
or in the transport approximation, the neutron flux in the one-velocity theory satlsfies the
integral equation :

HN = 0 H = 1-— L :
LN = K@) 5 @) NE) o e

Fig. 1. Distribution of neutron
. flux N.(r), the source Q (r),

the weight function W (r). The

moderator is 8.4 cm thick.

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 151-153, Merch, 1980. Originai
article submitted April 2, 1979. ' ’ ’ .
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TABLE 1. Effective Boundary Condition I of
Black Slugs, Obtained by Using a Numerical
Method and from Data in [4]

¢=0,9999 . €=0,99 . c=0,9

r o |rurfenw| v [rufen w| o v e %

1,2040 11,2058 ;—0.40 {1,2207]4.2216/|—0,07]1,3979/1,3856. |-0,89 -
1.1300 {1,1362 |—0,55 |4,1480|1,1502|—0,49|1,3046]1,2951 | 0,74
1.0802 |1.0858 {—0,52 {1,0969{1.0985|—0.15]1,2368/1,2284 { 0,68
1,0103 11,0149 {—0,46 {1,0249]1,0255}—0,06]1,1395(1,1336 | 0,52
0,9622 10,9662 1—0.42 10,9753]0.9755|—0,02/1,0720|1,06851| 0,33
0,9122 10,9159 1—0.41 |0,9239}0,9237(--0.021.0025(1,0046 | 0,09
.0 10,8286 [0.8318 1—0,39 {0,8384|0,8374|4-0,12{0.8479/0.8459 [ 0,15.
0,7632 (0,7623 |+-0.12 10,7715/0,7664|1-0,67|0,8082/0.8062 | 0,36
0,7521 10,7429 |4-1,24 ]0,7540/0,7466]--0,99/0.7876 0 7836 | 0,52

PRI ROOO0DO
ooooumwwn_

Here K (r, r') =exp (—iR) J4mR?*; R= !r‘— r'], IR is the op‘tical path between r and r'.
Let Ho and Lo be the corresponding operators for an infinite moderator:

LN = 5 K, (r, £') Z,N (r,)) dr'; @

K, (r, ¥') = exp (— SR)/4nR?,
where Iz and T are the scattering and total cross sections of the moderator.
The regular solution N, and the Green's function Go (r, ro) for the operator Ho are
HyN,=0; Ny= Iq(nr);. -
HGy (r, 7)) = & (r —Ty), . , (5)
where K.ls a root of the equatlon (the asymptotic parameter) -
(2 /2%).1n (1 + ®/Z)/(1 — */Z)]) = 1 (6)
"and the Green's functlon for large Ir - ro| has the asymptotic representation -
Goiac (Ty To)= g(c’ l)Ko(“IrTirof")v ¢ = Z,/Z;
l=13; g(c, l)—m ’ = . %3]
At large distances. from the surface'qf the slug (more: than one,td two neutron mean free
paths in: the moderator) the azimuthally symmetric solution of Eq. (3) Hhas the form
- Nao () = AU, (ur) + uK, (ur)), @
" where: the parameter u is uniquely related to vy or T} o '
B _AL@O=uE G . o e - |
o= Taket 3 °=Pk #=%P. | o

A closed. functional expression can ' be obtained for the parameter u. Rewriting Eq. (3).
in- the form.. -

HN = HN + (H—H)N =0

(10)
- and using the Green's function, .we find .
Nae () = £ (¢, 1) Ko (u0).§ 14 (0re) (@ — Lo)Ndty,

(11)
where the addition theorem for Bessel funCt‘lonS [1] has been _appl;..ed.to Ko (|T — ro|).
Comparing Eqgs. (8) and (11), we obtain. ‘ _

w = 0/A) [ Lol L —LO N =lgle, D/A) [ (L — L) LN G (19
Thus, u is found as a functional for the solution,: determined by ‘the Veight
W () = lg (¢, DAl [ 2 @) K (ri70) —ZK, (5, 1)l (wro) dr, (1%

in which the integration in_ Eq. (12) is extended over the slug and part of its neighborhood.
The function W (r) is damped out exponentially at -distances from the slug of the order of
the neutron mean  free path in the moderator. ‘
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TABLE 2. Parameters u- and T of Two Four-
Region Cylindrical Slugs (4{ is the layer
thickness in cm)

g |t :
-] i B s T

2 |88t |z2] 3 [4|BE *

> 0 A E &

1 A; 5,0 10,1 | 0,3 0,04 . ) k
z; 0,20(0,09{3 - 10-5|0,09{0,4001| —0, 2385; 3,059
= |0,14[0,08)3-10-510,08]0,4000 .

2 A; 2,610,411 0,3 10,3
Zi 0,50/0,01] 2,0 |0,01]0,4001| —0,1830; 2,922
34 10,25]0,0] 1,9810,01}0,4000

Equation (3) can be solved by transforhing the regular part of the solution into a
fertain source. Let :

N () = Al (xn) - )

be the fegular solution, continued into the slug. We find the complete solutlon in the form
N (@) =N, () + N, (0. ' _ . as)

We rewrite Eq. (3) in the form

HN = HN, + (H —H) N, =0
or R . _
Ny=LN,+Q Q= (L~ LNy, | o as)

where the source function Q is damped out exponentially in the moderator at distances from
the slug of the order of a mean free path. How do we find u or ' from the solution of the
integral equation in a cell of finite dimensions? . We surround the slug with a sufficiently

. thick layer of moderator, and seek the solution in the form (15) where

N0 (=1, (@xr) (17) '
is the flxed regular part of the solution continued into the slug, and the operators in Eq.
(16) are defined for a finite cell. Sufficiently far from the slug

Nyao () = uKo (x) &+ B Lo (ur) -+ uKo (xr)] =B [ 1, (ur) + 282 k¢, (uer) ],

(18)

where the first term comes from the fixed regular part of the solution No (17), and the
term VB is related to the finite size of the cell. The latter part of Eq. (18) follows
from the vanishing of the diffusion current at the cell boundary R. The coefficient B can
be found by requiring the least deviation of (18) from the numerical solution in a certain
asymptotic region of the moderator. Then it follows from Eq. (18) that

= 115 .

Equation (12) can also be used for u w1th A=1+B representing the total amplitude of
the regular solution in the present case.

(19)

Table 1 lists the calculated values of T for black slugs surrounded by a moderator which
absorbs neutrons, obtained with a program for solving an integral equation in a finite cell
[5]. The condition at the cell boundary indicated above is realized as a result of the
location of an infinite scattering moderator in the region r >R. The highly accurate data
iof [4] presented here serve essentially as tests. In the calculations it was assumed that
Igl =100 cm“, £gs1=0.001 ecm~', £=1, c=1g/I, a=pL. The moderator layer was 4-5 mfp
thick.

Table 1 shows that the divergences from [4] are generally within #0.5%. Table 2 lists
the calculated values of u and T for two four-region slugs which can serve as tests, with
an error of no more than *17%. : :
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Figure 1 shows the neutron flux N (r), the source Q (r), and the weight function W (r)
for variant 2 of Table 2. The functions Q (r) and W (r) are exponentially damped out in
the moderator at distances of the order of a neutron mean free path. :

The author thanks A. D. Galanin for helpful comments.
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NEUTRON IMPORTANCE AND SENSITIVITY COEFFICIENTS
IN ITERATION SYNTHESIS METHODS

A. M. Kuz'min, K. S. Rafaev, L UDC 539.125.52:621.039.51.12
and V. V. Khromov ' ’ :

In the practice of neutron-physical calculations of reactors extensive use has been .
made of iteration synthesis methods in which the. space—energy distribution of neutrons is
presented as a product of functions, each of which depends on one variable. These methods
include methods of conditional separation of variables [1] and methods of synthesis in the
class of corntinuous functions [2]. These methods served as the basis for high-speed pro-
grams (18-4RZ-15 [3] and its up-to-date modification SINVAR, SYNHAX [4], etc.) which make
it possible, with sufficient accuracy for optimization studies, to calculate the neutron
distribution and to determine the physical characteristics in reactors of complex form.

However, the application of these methods in calculations from the formulas of perturba-
tion theory and with automation of the search for the optimal reactor parameters (e.g., by
‘the method of successive linearization [5]) was hindered by the lack of algorithms for the
solution of the pertinent equations for the neutron importance. In the present paper within
the framework of the methods mentioned we formulate equations for the neutron importance,
describe an iteration scheme for solving these equations, and give the results of calcula-
tions of the sensitivity coefficients for a typical fast sodium reactor with oxide fuel.

For simplicity, we confine ourselves to consideration of problems in which the neutron flux
density o(x, y) depends on two variables (extension of the discussion to the case of a large
number of variables does not entail any major difficulties). As follows from [1, 2], t

find the distribution ¢(x, y) it is necessary to solve the system of nonlinear equatlons

eé@Mb+kQ@Mp=0;
—Lmy+rQ =0

for the auxiliary vector functions ¢(x) and ¥(y), whose boundary values ¢s and yg satisfy
the conditions I'y;@g) =0 and T'2(Ps) =0. In the course of the solution there are the non-
" linear transformations

(1)

E=P(%); n=25( 2y
to the vector functions E(y) and n(x), on the basis of which the operators of Eq. (1) are
constructed: L(&) and L(E), operators "kindred" to operator { of the neutron transport
equation describing the spatial displacement, absorption, and scattering of neutrons, as
well as Q(g) and Q(n), operators "kindred" to operator § of the transport equation char-
acterizing the creation of secondary neutrons. In this case A is the leading eigenvalue of
the problem and is proportlonal to the neutron-multiplication factor keff while the opera-
tors L(E), £L.(M)Q(E), and Q(n) depend in a known way on the perturbation parameter u (the

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 154-157, March, 1980. Original
‘article submitted July 13, 1979.
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Fig; 1. Scheme of reactor:
“AXy = 109,0; AX, = 43,3; AXy = 50,0;
AY, =52.0; and AY, =50.0 cm.

concentration of aﬁy element, e.g., can be taken for such a paramétef). The concrete form
of these operators and the mappings P(¢) and S(¥) were described in detail in the papers
indicated above. o : ' : '

We shall assume that: _

with a fixed value u=u, the eigenvalue )Xo and the corresponding solutions ¥, and Yo
are obtained; ) : S
) in the proximity of the solution the products g (B0); My ()i Py (o) Sep (90): M, (Bo); and
My (no) are definite and continuous, so that ' ' :

M (&) o= — L& % o QG0
Py (b= 0L 5 3y (ma) o = L RN
Sw(%)=“a§£°); Affu(go)@o:,r_ﬁﬂ;_(s_z)ﬂ _{_,‘02(2%9‘)_@;
M, () o = — L%y, 20 %o,

there exist adjoint operators L+(£o), Q*(£o) and LH(ne), Gt(ne) G (mo) in the class of Furic-
tions ®+(x) and ¥+(y), respectively, which satisfy the adjoint boundary conditions rTesh =
0 and TT(¥}) =0. . |

The orthogonality conditions |

are satisfied; here, { 1}x and { J}y denote the integration of the expression in braces
over the range of variables x and y, respectively. 'The latter condition is easily verified
with due account for the properties of transformation (2), as described in [1, 27. .

Suppose that uo, has changed by du. A new eigenvalue A= Ao + 68X and new distributions
@=¢o +8¢ and P =P+ 8 correspond to the value u=uo +8u. As a result, any physical char-
acteristic F, which is a functional of the neutron flux, experiences an increment §F. To
obtain the perturbation theory relations associating SF and Su, we employ discussions simi-
lar to those in [6]. In this case it is easily shown that to estimate the variation 8x it

is necessary to successively solve the adjoint equations

—L* (ny) ‘F; + AoQ* (M) Wi = - Dy (po) {@ -1, Mg (&) fPo}x;

' | — L* (80) @+ 200" (80) ¥ = — S (o) (ks M (1) oy (4)
where k=1, 2,.... ‘ . ,
As the first approximation we can take the distribution ¢t which satisfies the homo-
geneous equation » ) » ' ’
— L* (&) 98+ 200" (%) @8 = 0. - (5)
Solutions ‘Plt and wit (k=1, 2,...) exist since by conditions (3) the equations
- {boy P (bo) {@h-1, Mg (o) Qo }y= {®0r 8¢ (90) {ph-1 My (n) Po)y}e="0
173
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" TABLE 1. Properties of Reactor Zones
.Zone No.
Crosssection,
em™! 1,1 1,2and2,2| - 2,1 3,1ands,2
2 0,2353 | 0,2548 | 0,2354-.0,3119
1022 0,5286 | 0,4123 | 0, 15690 0,5555
103 0,5610 | 0,1090 | 0,6781 | 0,1518

«

are satisfied and can be obtained by well-known methods 171
iterationless scheme, described in [8],

.- It is of interest to use an
since the eigenvalue ), is known.

If the iteration process (4) is truncated at the step of number k_=n,-'we get

R BA‘W : {(p+v Mlu. (‘éo) (Poa"'}x +{'\l’+, Mu ("0) ¢06u}y + An’ (6)
where;_ ‘
. . . ! .n—1 . ] n
W= {6, Q&) Po}as 9" = D) @h+agr; " =D Pi; _
= = (6a)

An=0 {89, P (h0) (9, 415 @) @udady+(1—2) (89,5 (90) (91, Mo (o) xpo}",,,}x;

where ' _J0 if the n-th iteration ended in the determination of tpn,
L oif the n-th 1terat10n ended in the determination of <pn+

The value of An characterlzlng the error of calculation of 6 in‘the n-th approximation will
be smaller the weaker the nonlinearity of the initial equations (1) and (2). It is also
obvious that the final result (as n—>°°) for 81 should not change if the iteration process
is begun by finding the solution i of the homogeneous equation

—L (Mo) 1p0—{—?\.0()* (o) ‘I’O—
having simultaneously changed the sequence in whlch the functlons ‘l’k and ‘Pk'*' are found in
each k-th step in the system (4) and in Eq. (6a).

To estimate the variation F of any linear-fractional functional F(@, ¥) of the neutron
flux it is necessary to obtain the sequential solution of equations of the form of Eqs. (4),
taking for the initial distributions the solutions of the inhomogeneous equations

—L (M) o + A0 (o) W= — Fp (90, Po)s

— L* &) @5+ Ao0" (&) 96 = —Fq' (o, o) — 8% (@0) {5, Mn(mo) bo}ys (7

-where Fy(%o, Yo) and Fyu(Po, Po) are the functional products in Y (y) and (p(x), respectlvely,
calculated for u=ue; @=¢, and ¢ = Yo.

For simplicity we shall assume that the functional F(¢, y) does not depend explicitly
on the parameter u. Then for the variation &F we get an expression of the same form as in
the right-hand member of Eq. (6). 1In this case

n-1. ' n
¢t= D gitoaqh ¢ =2 Pi.
. R=0 k=0

By way of illustration of the efficacy of the schemes described for solx}ing adjoint
equations, we give some results obtained for a two-dimensional, cylindrical, multiple-zone
reactor, symmetrlc about- a central axis (x=0) and the diametral plane (y=0). The scheme

TABLE 2. Sensu_:lvlty Coefficients of Functlonals Keff and Fo
Sensitivity Calculation by perturbation=theory formulas (with &y = 0) Cal
' n=0 n=1 n—2 7 alculation
coefflcient,
4 .from Eq.( 8)
10% ¢m a=1 Ca=0 a=1 | a=0 a=1 =1 ‘ 4
L —0,9727 | —o0,978 | —0,9804. | —0,9806 —0,9809 . —0,9811 - —0,9817
Ly - 0,6667 3,8763 3,9601 3,9688 ~ 3,9816 3,9864 3,9869
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of the reactor is given in Fig. 1 and the properties of the zones are given in Table 1. It
is assumed that each zone of thickness AXi (i=1, 2, 3) and height AYj (j=1, 2) is labeled
by two subscripts (i, j) denoting, respectively, the number of the i-th radial layer and

the j-th height layer of the reactor. For macroscopic cross sections of neutron interaction
we introduced the following notation: I, absorption cross section; Itr, transport cross '
section; vif, product of number v of secondary neutrons and the fission cross section If.

The distribution of the density of neutron fluxes was calculated in the one-group
diffusion approximation by the method of conditional separation of variables [1]. Within
the framework of the modification of this method used, the components of the vector func-
tions @(x) and Y(y) had the sense of neutron-flux distributions integrated over the thick-
nesses of the respective layers of the reactor. The components of the vector functions n
(or E), defined only on the boundaries of the zones with coordinates x=Xj (or y=Yj), are
numerically equal to the ratio of one-sided neutron currents, obtained in the distributions
@(x) [or P(y)], to the neutron fluxes integrated over the volumes of the adjacent reactor
zones. In constructing the adjoint operators, for the initial equations (1) we took the
finite-difference analogs of the respective equations of the method of conditional separa-

tion of variables.

Let us examine the convergence of the iteration schemes and the values of the variations
for two functions F: Keff, the effective coefficient of neutron multlpllcatlon, and Fo, the
ratio of the integral neutron flux density in zone (2, 1) to the integral flux density in
zone (1, 1). As the perturbation parameter u we take the absorption cross section I for
zone (1, 1). Calculations showed that iteration schemes of the form of Eq. (4) converge
quite rapidly. For example, no more than 7 iterations were required (n=7 and in each
iteration two corrections Yt and ¢kt) in order that, with an accuracy of e-—lO‘s, there
be simultaneous satisfaction of the 1nequa11t1es .

\ + + . ZIW +
(Lot Da<e (|3 | Leana il yy<e || 2w

Let us note that the value Keff =0.92985, the corresponding distribution B(x), Yoly,
¢8(x), and ¥¥(x) and the value Fo =0.63777 were obtained with great accuracy since with
iterative. solutlon of the system (1) it was required to have satisfaction of the inequali-
ties .

| K& — K” Pl <elK$y), i=1, 2 3 7i=1, 2,

where K(12 is the value of Keff in the 7Z-th iteration, estimated by the functions integrated
over zone (i, j). This was done with a view to excluding, as much as possible, the errors
caused in the distributions ¢+t(x) and $+(y) by inaccuracies in our knowledge of the leading
eigenvalue )Xo =1/Keff and the corresponding eigenfunctions.

In practical problems there is probably no need of a high accuracy in the calculation
of functions ¢t(x) and Y+(y) since frequently the values of the variations of the functions
(8Keff, 8Fo) and the coefficients of sensitivity L= Keff/8Z and Lo = 8Fo /8L rather than the
importance distributions are of concern. Table 2 gives approximate values of the sensitivity
coefficients, obtained by using relations of the form of Eq. (6) in which the remainder A,
is assumed to be zero. For comparison, Table 2 also gives values of the sensitivity coeffi-
cients found from

Ft _-F= :
ﬁ_ 0 0
L= ——La Lo=—55— (8)

where K}rgr, F¢ and Kzff and Fs are the "perturbed" values of the functionals Keff and Fo,
found by solving Eqs. (1) for £+38L and I — &I, respectively. In the calculations we
assigned the increment 8L =0.01%. It is seen that the zeroth approximation (n=0, a=1) of
perturbation theory for L gives a relative error of less than 1%. To obtain roughly the
same magnitude of error in estimating Lo it is necessary to go over to calculation of the

neutron importance in the first approximation (n=1, «=0).
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PRODUCTION OF DEFECTS IN MOLYBDENUM BY A .
DEUTERIUM GLOW DISCHARGE PLASMA

V. N. Chernikov, G. A. Arutyuﬁova, Co - -. UDC 620,192:669.28
Yu. N. Sokurskii, and A. P. Zakharov - , . ..

" Processing in glow discharge plasmas is a powerful technlque for working the surface
structure of metals and modifying their properties [1, 2]. :

Cathode bombardment of polycrystalline molybdenum foils in a hydrogen glow discharge
plasma is known [3] to lead to the formation of many dislocation loops in the volume of the
foil and to the formation of regularly oriented surface dislocations. It was of vital im-

‘portance to learn what type of loops are formed during bombardment and determine their
character, that is, to find whether they are injection or subtraction loops.

Experimental Technique

The foils which were to undergo bombardment and subsequent- electron microscopy were
prepared from a monocrystalline rod of molybdenum that had been doubly purified by electron
beam zone melting. The rod axis formed an angle of about 5° with the [111] direction of
the crystal lattice of the metal. The rod was cut perpendicular to its axis with an erosion-
spark apparatus into wafers with a thickness of about 1.5 mm. The wafers were then polished
on both sides to yield a thickness of 300-400 um, and 3 mm—-diameter discs were then cut from
the wafers by the erosion-spark technique. ' The discs were then finely polished to a thick-
ness of 200-250 um. A standard "Tenupol" jet electropolishing apparatus with an electrolyte
based on sulfuric acid and methyl alcohol (1:3) at a voltage of 15 V and a minimum electrolyte
feed rate was then used to thin them electrolytically from both sides until a small hole
appeared in the central region. In this way monocrystalline molybdenum foils with their
[111] axes almost perpendlcular to the plane of the foil were obtained.

Cathode bombardment was done in a diode-type discharge chamber mounted on an Edwards
306 pumping station, and spectrally pure deuterium was employed. The potential on the cham-
ber electrodes was 500 V, the total current density was 4.5 mA/cm?, the gas pressure was
1670 Pa, the temperature was 800°C, and the irradiation time was 30 min. The integrated
dose was thus about 5.10° particles/cm®. Upon completion of the processing in the plasma,
the foils were examined with an EM-301G electron microscope with an accelerating voltage of
100 kV. The existence of a goniometer and a special sample holder made it possible to tilt
the sample at angles of up to *60° and rotate it azimuthally at angles of up to *180°.

Expefimental Results

A microphotograph of a new foil is shown in Fig. la and a typical light-field micro-
photograph of a foil after irradiation in the plasma is shown in Fig. 1b. Structural de-
fects in the form of loops and dark points are visible. The observed contrast is caused by
lattice defects rather than by coherent inclusions formed with the participation of ex-

v Translated from Atomnaya Energiya, Vol. 48, No. 3, pp. 157-161, March, 1980. Original
article submitted April 2, 1979; revision submitted November 30, 1979.
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Fig. 1. Structure of an initial (a) and irfadiatéd}(h, c)
_monocrystalline foils of molybdenum (Fig. lc ‘'shows a complete
analysis of the dislocation loops).

traneous atoms injected during irradiation. A layer analysis .of a massive sample by mass
spectrometry of secondary ions demonstrated that deuterium was not present in greater than
equilibrium amounts and, to judge from microdiffraction patterns, the irradiated foils did
not contain new phases. A certain amount of broadening of the interference maxima and the
appearance of a background in the electron diffraction patterns are quite natural for a crys-
tal with a large number of defects [4].

. The volume density of observed defects estimated for the volume of a 1000-8-thick foil
1X=10"'° m) is 6.5-10*% cm™®. If we assume that these defects are dislocation loops of a
single type, thén over the same volume they should contain 6- .10-2 at. % point defects.

Figure 2 shows a plot of the function AN/Ad==f(d) which characterizes the distribution :
of defects with respect to thé diameter d for part of the microphotograph of Fig. 1lb. The
diameter of the loops was measured along the line of zero contrast. The existence of two
maxima at d, = (50 £ 10) A and d. = (150 + 50) R 1s characteristic: If this .curve is represented
as the sum of two symmetric curves, then the ratio of the number of primary point defects
in the loops for the two curves is <0.1; that is, the bulk of the point defects enter in the
" formation of the set of loops that are characterized by large mean diameters. When it was
being examined with the electron microscope the foil was turned with its irradiated side
downward. Stereomicroscopic examination revealed that all the defects were concentrated
on this side in a layer several hundred angstroms thick.

Determinatlon of the Burgers Vectors. According to the Frank criterion, the vectors
b=af2 <111> and a <100> are stable Burgers vectors.for body centered cubic crystals [5], .
but sometimes small loops with b equal to a/2 <110> are observed, for example, in niobium
[6, 71. Clearly, these~types of vectors exhaust all the possible variants in our case as
well. :

Figure lc shows a microphotograph of part of a foil which has more than 2000 secondary
defects resolvable in the electron microscope. The largest of them are characterized by an
extremely wide range of contrast because of the strong dependence of contrast features in
images of fine loops on a number of diffraction and orientational parameters [8-10].

Light-field mlcrophetographs were obtained for s >0 in the +g reflections of type <200>,
<110>, and <211> In terms of typical contrast forms, the more than 200 loops with diameters
of at least 100 A that were analyzed could be divided into 21 groups. Schematic repre-

Joo

~
(=3
o

Fig. 2. Size distribution of secon-
dary defects for part of the foil in
Fig. 1b (N=885).
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. "Fi'g.3' e T gl b
, Fig..B. Fragment of part_of the structure shown in Fig. lc; g is 121; .
_only_lgops'with;b:=a/2flll] lose contrast; loops denoted K have b =
a/2{111], L, a/2[111], M, a[T00], M2, a{0I0}; Ms, a[001]. ‘

Fig. 4. "Dislocation loops with Burgers vector b=a[010] (dendtednby
M); g is 020. : ’

sentations of the contrat for eight of these groups of dislocation loops in the 200,
020, -and 002 reflections dre shown in Table ‘1. There the crystallographic indices of
the plane (hkl) perpendicular to the electron, beam are enclosed in parentheses. This kind

‘of "catalog" of the images.of all groups of dislocation loops in the three main reflections

made it much easier to identify the loops' on:photographs obtained in other reflectioné.‘ For
fixed s and g the different contrast types in the 'small loops are the result of different
Burgers vectors b with unlike orientations.of the planes of the loops and, often, of the,
crystal with respect to’the electron beam. The depth'of the defect is. also quite important;
however, in the.present case this factor -evidently has-little effect because of the concen-

‘tration of defects at the surface of the foil.

In ‘analyzing the conditions for fade-out of the contrast, it was found that the ‘disloca-
tion loops had Burgers vectors of the a/2<111> and q<100> types. ~In order to test this the
contrast strengths were compared with the magnitude of the product g-b {11].. A study of the
distribution of loops ih these groups showed:that dislocation: loops with Burgers vectors g
[1I00], a{010], and a[001] occur in roughly.equal amounts and that the same can-be said of
loops with Burgers vectorsa/2 [111], a/2- [I11l], and a/2 [1I1]. In addition, it was possible
to identify a.few small loops with b=g/2 [II1].* - R

" Determination of the Character of the Loops.: The determination of the character of the

loops was based on a study'of the changes in size of the loops under different difffactionv
conditions (see Table:7.1 of [8]) since loops with both ‘types of Burgers vectors were edge

“or almost edge loops. It is 'somewhat difficult to use the simple. standard methods of find-
_ing the normal n to the plane of a complete dislocation.loop [12] when the loops have dia-

meters <250 L. Although the most reliable data can only be obtained with'tHe aid of compu-
ter calculations of the contrast of an image_[Q]; in this case the traditional analysis’
methods were uséd while taking experience gained in working with molybdenum into account [12].

Loops with Burgers Vector a/2 <111>. It was first established that the defects lie

~on the lower surface.of the foil by noting the change (during tilting). of the image of seve-

ral fairly large segments of the same type whose contrast group was the same. as in part of
a loop with b=a/2<111> (Fig. 3). The possible indices n were determined from the locus of
the poles in combination with one of the three standard techniques [12]. Accordigg to the
"catalog" (see Table 1), the loops of each of the three types (b equal to.a/2 [111], a/2

" {1111, and a/2 [111]) manifest up to six contrast types.. It was thus concluded that part of

the loops with.b=a/2 <111> lies in planes perpendicular to b and part lies in planes whose
normals are inclined at an angle of up to roughly 20° to the <111> direction. According to
extensive data on molybdenum subjected to neutron irradiation at elevated temperatures [13,

178

*An uncertainty remains in choosing the sign of the vector b because of a lack of knowledge

_of the type of loop. Thus, for concreteness the signs of all the vectors have been chosen
"as if all the. loops were edge injection loops and the [111] direction of the crystal were
" opposite to the direction of motion of the electrons. : '
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TABLE 1. Contrast Patterns of Disloca-
tion Loops, ‘

gfeff:'t 200 020 002 Bl;r.gers
.4;(:%\ /.(/on) /(,00) o vestor
i
‘ z a<1op>
J
5
3 arztify
7
&

o
~200A

14] or to irradiation followed by annealing (at up to 750°C) [15, 16], injection loops with
this Burgers vector lie in the {110}, {111}, and {321} planes. Since the poles of the {110}
planes are inclined at an angle >35° to the <111> direction (i.e., an angle much greater
than the observed inclinations), it was concluded that in this case the dislocation loops
with b=qa/2 <111> lie not only in planes of type {111}, but also in the type {321} planes
nearest to them whose normals form an angle of 22°12' with the directions of the <111> Bur-
gers vectors. Thus, these loops are prismatic, nearly or purely edge loops. As each direc-
tion <111> is surrounded by six nearest directions of type <321>, seven different contrast
types can be formed at loops with a given Burgers vector.. This is in general agreement with
the experimental data. From the standard rules [5] it was established that all loops with a
Burgers vector b=a/2 <111> were injection loops. :

Loops with Burgers Vector a<100>. A characteristic feature of the contrast of images
of these loops when working in the diffraction base vectors g 200, 020, and 002 is the strict
(or nearly so) perpendicularity of the line of zero contrast to the effective diffraction
vector (Fig. 4). It can be assumed, as in [17], that these loops are located in planes of
type {100} or close to it, that is, perpendicular or almost perpendicular to the g vectors
in which their images appear (it follows from Table 1 that a loop with a specific Burgers
vector of the type a <100> is visible only in one of the three principal reflections). The
absence of an image in the form of a single dark line, as is typical in these cases, is
apparently explained by the fact that the image of a dislocation when g-b=2 is highly
asymmetric with respect to the projection of the nucleus of the dislocation and consists
of two peaks of different intensity [18]. An analysis of the planes of the dislocations
by the method described previously confirmed this assumption and, furthermore, established
that besides the type {100} planes, type {117} and {115} planes can also meet this require-
ment (they form angles of 12 and 17°, respectively, with the nearest {100} planes). Thus,
it was demonstrated that the loops are edge loops or nearly so. Then, using the rules of
[5] it was established that all loops with Burgers vectors a <100> were injection loops.
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A comparison of the size distribution curve for loops that have b=a <100> with the
curve of Fig. 2 made it possible to analyze the two maxima in the curve fairly unambiguously:
the first peak (d.~ 50 &) is due to loops with a Burgers vector a <100> and the second
(d2 =150 &) is due to loops with a Burgers vector a/2 <111>.

Discussion of Results

These experiments showed that bombardment of molybdenum in a deuterium glow discharge
plasma causes the formation of a high density of radiation defects in the metal. Besides
deuterium ions, impurity ions and ions of the cathode material are involved in defect fgr—
mation. It was established that all dislocation 1oops with diameters greater than 100 A
are injection loops. The dark points are also apparently injection defects. It thus fol-:
lows that in the surface layer of the irradiated metal, a sufficient supersaturation of
interstitial atoms is established (despite ;hé closeness of the surface — a powerful sink —
and the large diffusion coefficient of interstitial atoms in a bec crystal [19]) for the
nucleation and growth of injection loops. This can be explained by the fact that during
low-energy bombardment the interstitial atoms are injected into the depth of the metal as a
result of focussing substitution collisions with the surface, similar to the situation
observed in face centered cubic metals [20].

“In the experiments on bombardment of a monocrystalline molybdenum surface oriented
almost perpendicular to the <111> direction, dislocation loops with Burgers vectors of type
a/2 <111> and a <100> were observed. Loops with b=g/2 <111> are often observed during
bombardment of molybdenum by ions and neutrons over a wide range of temperatures [13-16,
21, 22], while loops with b=a <100> are a rare occurrence in bcc crystals [6, 23-26].

A mechanism has been proposed [27, 28] by which loops with Burgers vectors b=a/2 <111> and
b=a <100> are formed from the nuclei of loops consisting of interstitial atoms in the
{110} planes and having vectors b=a/2 <110>. The orientation of the latter is directly
coupled to the orientations of the split interstitial configurations [29]. These nuclei
contain a packing defect which is eliminated by one of the displacement reactions

/2 [110] + /2 [001] — a/2 [111]; (1)
a/2 [110] + a/2 [110] - a [010]. (2)

The minimum elastic energy is reached as a result of reorientation of the still rela-
tively small loops into edge or nearly edge loops.. It can be assumed on the basis of this
‘mechanism that in the present case inhomogeneous elastic compressive stresses in the aniso-
tropic matrix aid the formation of an anomalously large number of loops with a Burgers vec-
tor b=a <100> (see Figs. 3 -and 4). These stresses arise as a result of a large local super-
saturation in interstitial defects in the surface layer and they aid displacement in the
<110> direction in the {110} planes according to reaction (2). Such displacements usually
involve the expenditure of considerable energy and are thus unlikely [27]. Compressive
stresses in the surface layer are, in our opinion, also the main reason that the number of
loops with b=a/2 [111] constitute a negligibly small fraction of the number of the remain-
ing loops with b=qa/2 <111>. 1In fact, planes of type {110}, in which nuclei are formed for
the two comparable groups of loops, have different orientations relative to the surface.

This causes the difference in activation of the displacements in the <100> direction accord-
ing to reaction (1).

This analysis indicated that all the dislocation segments on the observed portion of
the foil as well as a number of large dislocation loops (see Fig. 3) had the same vector
b=a/2 [I11]. Here it appeared that during the irradiation the [111] direction of the crys-
tal was inclined at 3-5° from the normal to the surface of the foil in the direction of the
[I11] direction. . This fact is evidence of the strong effect of orientation on the formation
of defects under these irradiation conditions, which is also evidently connected with the
stressed state near the surface. The existence of stresses in the surface layer was con-
firmed in studies of the structure of monocrystalline molybdenum with different orientations
after it had been irradiated in similar fashion in deuterium plasmas.

CONCLUSIONS

Cathode bombardment of monocrystalline molybdenum surfaces oriented perpendicular to
~the [111] direction in a deuterium glow discharge plasma at a burning voltage of 500 V with
a discharge current density of 4.5 mA/cm® and a temperature of 800°C leads to formation in
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- the surface layer of edge and nearly edge loops with Burgers. vectors b=a/2 <111> lying in
the {111} and {321} planes and the Burgers vectors b=qa <100> lying in the {100}, {115},
and {117} planes. All loops with diameters >100 A were injection loops. It is proposed
that the smaller defects that can be seen in an electron microscope are also aggregates of
interstitial atoms. The formation of dislocation loops with Burgers vectors b=aqa <100>
has been explained in terms of the large compressive stresses.which arise in: the surface
layer of the foil during bombardment. The production of a large number of highly mobile
interstitial atoms in the surface layer of a single crystal by the deuterium plasma and
their subsequent diffusion to sinks probably play a dominant role in radiation-enhanced
self- and heterogeneous diffusion. : )
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EROSION OF THE FIRST WALL OF TOKAMAKS

M. I. Guseva, E. S. Ionova, : ,
and Yu. V. Martynenko - , ' UDC 539.12.04:121.039.616

Erosion of the surface of the first wall of a thermonuclear reactor as a consequence
of bombardment by corpuscular and electromagnetic radiation may have a double effect. On
the one hand, it causes a reduction in the thickness of the wall, thereby reducing the life-
time of the vacuum chamber, and, on the other hand, as a result of erosion, particles of
wall material are injected into the plasma, which enhance radiative energy losses from the
plasma, thereby reducing the plasma temperature and the pulse length of the reactor.

It has been demonstrated in several studies [1-3] that the main physical process respon-
sible for erosion of the first wall surface is sputtering of the wall material by D+, T+,
and Het ions., At the beginning of a discharge pulse the desorption of surface contaminants
(primarily oxygen and carbon) by electron impact and electromagnetic irradiation may have an
important effect. Hence a reactor must include facilities for cleaning the chamber.surface
prior to a working pulse by means of special conditioning discharges. It has been shown
[3] that the electron desorption coefficient, which plays a dominant role, must be reduced
to 107° mole/electron. : :

Over a certain period of operation of the reactor, helium blistering may also contribute
significantly to erosion of the wall [2]. An estimate of the rate of erosion of the wall
due . to sputtering and blistering requires knowledge of the fluxes and energies of the par-
ticles which go from the plasma to the wall, of the sputtering coefficients S (equal to the
ratio of the number of target atoms removed from the surface during sputtering to the number
of particles incident on the surface), and of the erosion coefficients S* for blistering.

During radiation blistering.and flaking pieces of the surface layer of size 1-100 pm
are removed, but for the sake. of uniformity the erosion coefficient S* is also expressed in
units of atoms/ion. The overall erosion coefficient is equal to the sum of the sputtering
coefficient and the erosion coefficient for blistering. We shall examine the T-20 tokamak
as an example of a large-scale tokamak.

The rate of wall erosion is conveniently characterized by the thickness d removed from

the wall during a year of continuous operation. For erosion due to sputtering alone,

TABLE 1. Sputtering Coefficients for H+, D+, T+, and Het Ions, Wall Erosion after
1 year of Reactor Operation, and Values of SZZ for Various Materials

Material . By atoms/ion 5p. atoms/ion| 5, atoms/ion sﬂe,atoms/ion d, cm Spzz Ref,
Be 2,8-10-2 (9] 6,8-10-25 | 1,3.10-2 0,54 [10, 11] 6,4-10"2 13,2 191, 6, 11}
tto, 111 (10,113 .
B 1,5.1072 5,8.10"2 1,2.10"1 0,41 5,5 1072 15,2 el
Carbon pyrocerd 6,5-10-3 2,2-1072 4,45-10"2 0,13 2,4-1072 {1,z [12, 61
Al 1,3-10-3— 4-10-3— 7-1078— 1,8-10-2— 6,3-10-3— 8,5—182,8 [[11, 13] l
~2,2-10"2 —5-1072- —-2,7-10"1 —7,4-1072 —2,5-1071
. [11-13]
Ti 4,7-10°3[2] 1,2-10-2 2,4-10~2 6,4-10"2[11} 2,7-10"2 51,2 [21, {11.6}
\Z 8,3-10-3 2,3-10"2 4£,3.10"2 0,12 3,9-10"2 101,8 6, 11]
OKh16N15M3B | 1.40-2 3,4-10-2 10-2 0,23 . 6,4 102 213
’ Mo 1,3-10-3 7,56-10"8 2.10-2 5,6-10-2 1,9.10-2 150 2}
w 3.10-4 8-10-4 2,3-1073 1,1-10-2 2,7-10738 79 [11, 6]
SiC 7-10-3 2,3.10-3 4,1-10-2 0,12 1,4-10-2 19,2 2]
TiC 6-10-3 1,76.10~2 3-10-2 8,4-1072 2-10-2 27 9, 6]
BeO L.-10-2 0,13 0,24 0,86 1101 57,6 [9, 6]
B,iC 1,1-10"2 4,3-10-2 9,5.10-2 0,34 4,1-10-2 69,7 {9, 6]
Al203 C2,4-1072 0,135 0,24 0,75 1,1-10"1 44 [1s, &
§i0; 4+40-2 0,13 0,23 0,69 2.101 109 9, 6]
TiB, 1,2-10-2 3,86-10-2 6,7-10"2 1 0,18 3,3-10-2 33,4 o, 6]

Translated from Atomnaya Energiya, Vol. 48, No. 3, pp. 162-166, March, 1980. Original

article submitted June 4, 1979.
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Fig. 1. Energy dependence of the sputtering coefficients for various
stainless steels by HY, D+, and Het ions: x, experiment for EP—lZS;
¢, for O01Kh18N4OMS5; A, for AS-9; V¥, for EI-847; ¢, for 45-43P; g, ¢»
RN NoT BN +, experiments for 304 and 316 steels [5].

Fig. 2. Concentration profile of 3.5 MeV a particles in stainless
steel with the angular distribution of the « particles taken into
account [8].

where A and p are the atomic mass and density of the wall materlal; S, the average sputter-
ing coefficient over the energy spectrum; q, the fluxes of D, T, and He ions and atoms; Sg,
the average sputtering coefficient for the target material by ions; B, a coefficient which
specifies the fraction of sputtered atoms which are thermalized in the plasma and return to
the wall; and a, a coefficient which takes into account the reduction by the divertor of the
~ion flux to the wall. Following [4] we assume B=0.1. For these estimates, we also set
aqp=9qT=10"" cm~?-sec™ and a = 1.

The energy spectrum of the fast D and T atoms which go from the tokamak plasma to the
wall can be well approximated by a Maxwellian distribution with a temperature corresponding
to the outer layer of the plasma [3]. For a rough estimate of the energy distribution of the
fast atoms incident on the wall we assume the temperature of the outer layer to be 1 keV.
This is evidently an upper limit on the possible temperature.

~ Figure 1 shows the sputtering coefficients S due to Ht, D, and He't ions for a number
of American [5] and Soviet steels. Using these experimental data we have calculated the.
average sputtering coefficients S due to these particles with a Maxwellian distribution at
a temperature of 1 keV: §=3.4-10"% atom/ion and Sp=7-10"7 atom/ion [6]. The sputtering
coefficient of iron due to these ions with an energy of 1 keV is 2 atoms/ion [7].

As for the a particles, it has been found that at least 75% of the high-energy Het ions
produced in a large-scale tokamak would be retained in the plasma [8]. According to [8], in
the approximation of a uniform plasma, the relative number of « particles going from the
plasma column to the wall for the parameters of the T-20 [7] is 0.26. 1In reality the confine-
ment of a particles in the plasma will be significantly better since only those a particles
produced in the periphery of the plasma column will go to the chamber walls [7]. For a plas-
ma with a parabolic radial distribution of parameters, the number of high-energy ions which
reach the wall is much lower. In T-20 {7] the ratio of the maximum value of the « particle
flux to the chamber wall for a plasma with a parabolic radial distribution to that for a
uniform plasma is 3-107°. When the parabolic plasma distribution is taken into account,
those parts of the chamber which-are characterized by small azimuthal angles 8 close to |8|N
50-60° [6, 7] will be subject to the greatest interaction with a particles.

The spread of the a particles with respect to the angle of incidence will result in
a spreading of the distribution profile of the He+ ions which are driven into the wall and
in a reduction in their penetration depth.
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Fig. 3. Microscopic structure of an EI
847 stainless—-steel surface after irradi-
‘ation by 100-keV Het ions with Tjrradss
200°C and D4,y q=1.5-10"° cm™?. ‘

Figure 2 shows a calculated profile [8] of the concentration of a particles with ener-
gies of 3.5 MeV in stainless steel including the angular distribution of the « particles.
The average penetration depth is R,~1.6 ymand the mean spread in the depths is ARp®~2.5 um
while for normal incidence of 3.5 MeV Het ions, Ry®7.5 um and ARp 0.3 pm (5]. .. For the ex- -
pected energy distribution of He' ions, roughly 80% of the integrated dose will lie in the
interval 100-350 keV (when scaled to normal incidence). : ' ’ ' T

It follows from [7] that for a plasma density on the column axis of ~10'“ cm™? and To =

15 keV, the maximum flux of a particles to, the wall for 6~60° 158-:10'* cm~®.sec™!. It has been
shown [8] by a computer calculation that the average flux of a particles to the wall corresponds
to approximately half thie peak value for 8~60°. On the basis of ‘this result we assume that-

the mean flux of « particles to the chamber wall of T-20 will be Qe = 4°10"* "cm™2-sec™®.’

The sputtering coefficient of stainless steel for 100~keV Het ions is 0.02 atom/ion.
Substituting these values for qye and SHe together with the analogous values for déuterium -
and tritium (qp=qr~10'° ca~?-sec—?; see table) into the equation given above, we find that
the rate of erosion of a stainless steel wall due to sputtering by T+, DY, Het, and Fet ions
- will be 0.26 mm/year (without a divertor). Here the sputtering of the wall by high-energy
_helium ions will be negligibly small compared to the sputtering action of hydrogen isotope

ions whose fluxes to the wall are more than three orders of magnitude greater than the flux .
of a particles. Thus, over five years of operation a wall layer 1.3 mm thick will have beén
sputtered off. ' i o ' S -

-As noted previously; radiation blistering may play an important role together‘with'f
sputtering in the destruction of the first wall [1, 2, 5]. Figure 3 shows a typical pic—
ture of the damage to an -EI-847 stainless-steel surface following irradiation by 100-keV
Het jons. The rate of erosion S* calculated from microphotographs is 0.71 atom/ion. The
extent. of damage due to helium blistering depends strongly on the temperature and irradiation
dose. The maximum erosion for various austenitic stainless steels occurs in the temperature
range (0.34-0.43)Ty (where Tp is the melting temperature) {14, 15]. In particular, for EI-
847 stainless steel the.rate of ionization is greatést when Tirrad = 400°C and when the dose
is 2-10*° cm—?, s* = 0.95 atom/ion. o

. For a rough estimate of the rate of erosion of the first wall of T-20 due to implanta-
tion of helium ions we take S* =1 atom/ion. TFor the fluxes of high-energy Het ions expected:
in T-20, in a yedr of continuous operation 2.5-10%° jons/em® will be injected into the wall.
Thus, - the erosion is -3-10"2 mm/year, that is, two orders of magnitude smaller than that due
to the combined sputtering by Dt and TV iomns. . ' '

. It should be kept in mind, however, that all the experiments done up to now have been
basically model experiments in which the effect of various corpuscular emissions from the
plasma héve‘been studied separately, while under real conditions the material would be irra-
.‘diated by all these particles simultaneously. Because of the synergetic effect, the integral
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‘effect of the corpuscular plasma radiation on the wall may be quite different from a simple

arithmetic sum of the separate effects due to the components. First, the synergetic effect
may have a. large effect on the characteristics of blister formation. It is to be expected
that the cutoff doses for blistering [16] will be substantially reduced due to sputtering of
the blister shells by intense beams .of Dt and Tt ions. On the other hand, the critical doses
for blister formation during simultaneous 1rrad1at10n by helium and hydrogen ions are reduced
and surface erosion is enhanced.

Studies of the role of synergism and the behavior of materials under conditions close to
those to be expected in real thermonuclear reactors will be needed in the mear future.

Thus, a rough analysis shows that wear of the first wall surface in T-20 will mainly be
determined by sputtering due to low-energy hydrogen isotope ions. Over a five-year operat-
ing period in a reactor the loss of stainless- steel wall material will be 1.3 mm (neglecting.
the effect of a divertor). In order to ensure reliable heat transfer and prevent mechanical
stresses due to the temperature drop, the wall thickness must not exceed about 2 mm. Further-
more, because of the high atomic numbers of the constituents of stainless steel, the stain-
less steel erosion products which enter the plasma cause it to cool by radiation. The radia-
tion power is roughly proportional to §52z% [3]. Since the radiation will remove 30-50% of
the plasma energy, the use of a stainless—-steel first wall will significantly reduce the
efficiency of a reactor. If stainless steel is used as a first-wall material, the problem

of protecting the wall may be solved as follows:
1. Develop coatings which are renewed within the reactor during its stops between
working pulses.

2. Make a screen which carries all the radiation and thermal load (except neutrons).
Heat is removed from this screen by radiation. The screen must be made of heat resistant

materials.

3. Develop nonrenewable coatings whose rate of erosion is an order of magnitude lower
than that of stainless steel. The erosion of the coating should be no more than 0.1 mm over

a 5-year operating period.
The basic specifications for the materials and screen coatings are the following:
1) heat resistance; the screen must work with radiation cooling;
2) the coatings put on the screen must have good adhesion during thermal loading
(including thermal cycling) and during ion bombardment;
3) the thickness of the coatings on the screen must be sufficient for the entire oper-
ating period;
4) the parameter SyZ® must be as small as possible;

5) the coatings can be deposited on various heat resistant materials.

Each element of the screen could be designed as a small plate.

The renewable and nonrenewable coatings will have basic specifications such as the fol-
lowing: '

1) good adhesion to stainless steel under ion bombardment conditions;

2) the temperature of the coatings during operation, as the temperature of the stain-

less steel, must not exceed 200-400°C, but thermal cycling during operation of the reac-
tor must be possible, and the coatings must have sufficient thermal conductivity for

cooling by heat removal through a stainless-steel wall;

3) minimal SyZ?;

4) there must be a 51mp1e technlque for applying the renewable coatings to the wall
without having to take the reactor apart when it is stopped and the thickness of the

renewable coating must not be very gréat but, evidently, must be thicker than the pene-
tration depth of helium ions with energies of about 300 keV (about 4- 10 uym, depending

on the coating material).

The nonrenewable coatings, as indicated above, must have low erosion coefficients such -
that a 0.l-mm-thick coating can endure the full effect of reactor operation.
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All coatings and screens must be economical. Possible scréen materials include graphite
(for example, carbon pyroceramic [12]) and the carbides of the light metals [9, 17] and of
silicon [18] (see Table 1). ‘ )

It might be noted that at present titanium is a sufficiently well-known renewable coat-
ing material. It is also evidently appropriate to examine the possibility of using beryl-
lium coatings. Titanium coatings have a number of advantages: the technique for applying
them has been developed and was used on PLT during runs in which a plasma with a temperature
of 5.5 keV was obtained; titanium coatings improve the vacuum in the chamber and aid in
reducing Zefs; the sputtering coefficients and, especially, the parameter §222 for titanium
are lower than for stainless steels (see table); titanium coatings inhibit the penetration
of hydrogen isotopes into a coated stainless steel wall because the sdlubility of hydrogen
in titanium is much greater than in stainless steel; and, because of the very high solu-
bility of hydrogen in titanium, hydrogen blistering is practically excluded.

The problem of hydrogen saturation and flaking arises for titanium coatings. However,
experiments [10] have shown that thin titanium films can be regenerated from titanium
hydride at much lower temperatures than massive samples. This is because in thin films
the dominant process in the regeneration is disSociation of the hydride ratherothanodiffu—
sion of hydrogen, and the hydride dissociates at T#®250°C [10]. Thus, 1000 A (1 A=10~*° m)
thick titanium films can be regenerated in about 1 second when T®&300°C. It should be noted
that hydrides do not form either in thin films or in massive samples of the alloy Ti—Al~V,

a material which might be used as a coating, at temperatures =300°C. Titanium alloy coatings
are promising but more detailed study is needed.

Beryllium coatings have still lower values of S.Z° and better thermal conductivity
than titanium. However, the sputtering coefficients of beryllium are comparable with S -
for stainless steel (see Table 1), and beryllium coatings are less heat resistant than those
of titanium. The techniques for working with beryllium are considerably more complicated.

Materials with very low sputtering coefficients are needed for nonrenewable coatings.
In this regard there is great interest in the search for the creation of materials with low
erosion coefficients.

It can thus be said that at present the best ways of solving the first-wall problem is
to make a renewable coating of sputtered Ti—Al—V (PT-3V) alloy on stainless steel and to
make a screen which bears the radiation and thermal load. Carbon pyroceramic or MPG-7 graph-
ite at a temperature above 700°C aswell as titanium carbide can be recommended as a
material for this kind of screen.
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MEASUREMENT. OF SPECTRUM OF FLUX OF ULTRACOLD
NEUTRONS BY MAGNETIC INTEGRATING SPECTROMETER

"Yu. Yu. Kosvintsev, Yu. A. Kushnir, : : . UDC 539.125.516.4.07
and V. I. Morozov

Measurement of the spectrum of a flux of ultracold neutrons (UCN) is one of the most
difficult problems in UCN experiments. Almost all existing methods of measuring such spec-
tra are based on separating the neutrons in energy in the gravitational field of the Earth.
The associated apparatus required to analyze a flux of 72,1077 eV ultracold neutrons is quite
cumbersome. For instance, the widely used N-knee gravitational spectrometer has a neutron
guide of total length not less than 4 m [1]. The complex character of the motions of neu-
trons in the guide makes it difficult to allow for the absorption of the UCN in the walls of
the guide agd for the effect of the latter on the shape 6f the measured spectrum.

Distortions of the spectrum due to the large number of collisions of the UCN with the
spectrometer walls can be avoided by separating the UCN in energy using their ability to be
reflected from the energy barrier produced by a magnetic field in a bounded region of space
[2, 3]. For UCN with a spin oriented along the field, the height of the barrier E,=uB,
where 1 is the neutron magnetic moment and B is the magnetic induction. Numerically, Ep =
60.3B neV, where B is the magnetic induction expressed in teslas. ’ '

To obtain an energy barrier of 100 neV requires a magnetic field of 1.7 T, which can
be produced with little difficulty by an electromagnet in a V1 cm gap. This makes feasible
the construction of an integrating magnetic spectrometer with a short neutron guide, on
traversing which the UCN will experience'relatively few collisions with the wall. A magnet-
ic-integrating spectrometer of this sort was used to measure the UCN spectra from an SM-2
reactor (Fig. 1). '

The main part of the spectrometer is the electromagnet, which consists of a yoke, poles
with shaped tips, and excitation coils. The ends of the pole tips have the form of rectangles
of area 1x10 cm.” The coil windings are cooled by compressed air. The maximum magnetic
field induction in the 1 cm gap between the pole tips is 2.6 T for a current of 140 A
through the exciting coils. In the electromagnet gap there is located a short neutron guide
made from electropolished copper with cross section 1x8 cm in the central part and having
cylindrical flanges at the ends. One of the flanges of the neutron guide is connected to
a gas (’He) proportional detector with an aluminum input window of area 60 cm?. The other
flange of the neutron guide is connected to a rotatable knee, rotation of which varies the
height of the spectrometer Hy above the transporting neutron guide for removing the UCN from
the SM-2 reactor [4]. ‘ ' ' :

Neutrons entering the spectrometer with a spin oriented along the field and having,
at the spectrometer input, an axial component of velocity vy >(2Eb/m)1/2 (m is the neutron
mass) pass through the energy barrier and are recorded by the detector; neutrons with vz <
(2Ep/m)*/? are reflected. Ultracold neutrons with oppositely oriented spin (against the

Fig. 1. Schematic diagram of magnetic-
integrating UCN spectrometer. 1) Reac-
tor core; 2) UCN converter; 3) trans-—
porting neutron guide; 4) aluminum
membrane; 5) rotatable knee; 6) neutron
guide of spectrometer; 7) electromagnet
yoke; 8) poles; 9) exciting coils; 10)
diaphragm; 11) UCN detector.

T

Translated from Atomnaya Energiya, Vol. 48, No. 3, pp. 166-169, March, 1980. Original
article submitted April 23, 1979. .
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Fig. 2. Dependence of UCN count rate on height of energy barrier of magnetic
spectrometer operating in the (a) accumulative, (b) streaming mode. The solid
curves correspond to calculation, the circles to experiment, and the dashed
lines to the count rate for neutrons with spin oriented against the field.

Fig. 3. a) Experimental arrangement; b) plot of dependence of UCN count rate vs
barrier height for spectrometer operating with collimator. 1) Spectrometer

. neutron guide; 2) collimator; 3) electromagnet; circles correspond to experi-
mental points; dashed line corresponds: to count rate for neutrons with spin
oriented against the field. '

field) pass through the space between the poles for any value of the magnetic field and are
accelerated, acquiring an additional kinetic energy, equal to Ep in the region with maximum
magnetic induction. If the maximum energy of the investigated spectrum Emax?>Eby/2, where
Epy is the boundary energy of the guide wall material (for copper Eby==172 neV), neutrons
that have gathered an energy E > Epy can leave the confines of the neutron guide as a result
of a diffuse collision and fail to enter the detector. Neutrons with an oppositely directed
spin can be lost only within the magnet gap, where E >Epy, since after they have traversed
the gap the ultracold neutrons are again decelerated to the previous energy.

The probability of UCN being lost from the confines of the guide is reduced greatly by
placing a collimator in front of the pole tips; the collimator selects neutrons from the
incident flux whose velocity lies in a narrow solid angle along the axis of the neutron
guide. If Epax =Epy/2, all neutrons with spin against the field pass through the neutron
guide of the spectrometer, and the need for a collimator disappears. In this case the spec-
trometer was used in the accumulative or streaming modes of operationm.

In the accumulative mode of operation, neutrons which have passed through the barrier
are gathered in the region between the detector and the poles of the magnet. TFor this pur-
pose, the area of the detector input window is made much less than cross-sectional area of
the neutron guide in the region of the poles. The UCN count rate depends on the height of
the barrier produced by the magnetic field in the following manner:

. Emax
J(Ey) =const | o (E)dE+To,
Ep T
where @(E) is the investigated spectrum of the UCN flux; J§==J(0)/2 is the count rate for
neutrons with spin against the field, where J(0) is the UCN count rate for Ep =0.

(1)

It can be seen from (1) that, in the accumulative mode, the spectrum of the flux can be
found by differentiating J(E) 2

@ (E;) =const [T (Ep)] /dEy,. (2)

When the spectrometer is operated in the streaming mode, neutrons which have passed
through the energy barrier are immeédiately recorded by the detector. In this case, the area
of the input window of the UCN detector is made much greater than the cross-sectional area
of the neutron guide. In this case, the UCN count rate as a function of barrier height
aquires the form:

) Emax . .
- J(Ey) = const T ¢ (E) (1— E,/E)dE+ J,, : (3)
. Eb i
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Fig. 4. Experimental arrangement and re-
sults .of linewidth investigations using
gravitational differential spectrometer.
a) Gravitational differential spectrometer
[1) knee, 2) rectangular channel, 3) UCN
absorber, 4) UCN detector]. b) UCN count
“rate vs h, height to which knee is raised.
c) Experimental arrangement for analyzing
linewidth by magnetic integrating spectro-
meter [1) knee, 2) rectangular channel, 3)
UCN absorber, 4) UCN detector, 5) magnetic
spectrometer}.. d) Dependence of UCN count
.rate on height of energy barrier of magnet-
ic spectrometer connected at exit of rec-
tangular channel with absorber.

where the factor (1 — Ep/E) has the significance of the transmission coefficient for neutrons
of energy E through a barrier of height Ep averaged over angles of incidence for a UCN flux
with an isotropic angular distribution. . : ’ ‘ :

It follows from (3) that the spectrum of the flux can be found utilizing the relation-
ship: ' . ; ‘

o d8J (Ey) . '
9 (Ep) =const By, dzEt':' | (4)

The magnetic integrating spectrometer was used in the accumulative and streaming modes
of operation to measure the spectrum of the UCN flux at the outlet from the rotatable knee,
lifted to a height Hq=104 cm. The UCN count rate directly at the exit from the knee amoun-—
ted to 10 neutrons/sec. The accumulative mode was implemented by placing a copper diaphragm
with an aperture of area 2.5 cm® in front of the detector. In the streaming regime, the

diaphragm was removed.

In the experiment we investigated the dependence of the count rate for UCN which tra-
versed the neutron guide of the spectrometer as a. function of the height of the energy bar-
rier produced by the magnetic field. The results of the measurements are shown in Fig. 2.
The solid curves correspond to calculation via (1) and (3) on the assumption that the UCN
spectrum corresponds to the initial part of a Maxwellian flux distribution with Epayx =91
neV. This choice for the maximum energy of the spectrum was made- because the upper boundary
of the spectrum of ultracold neutrons taken from the transporting neutron guide amounts to

197 neV [5]. )
As can be seen from Fig. 2, the obtained experimental plots for the accumulative and

- 'streaming modes differ considerably, but are in satisfactory agreement with the theoretical

calculations obtained on the assumption that the spectrum of the flux is Maxwellian. This
demonstrates that the accumulative and streaming modes are indeed realized. . The slight
discrepancy between the results of experiment and calculation probably comes about because
the ultracold neutrons removed from the transporting guide contain a small proportion of

energy greater 197 neV.
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Figure 3 shows the experimental dependence J(E;) obtalned using the magnetic spectro-
meter to investigate the spectrum of the UCN flux directly at the exit from the transporting
neutron guide. In this case Epax > Epy/2, and accordingly a collimator (Fig. 3a) made from
polyethylene in the form of a rectangular channel of cross section 1x1 cm is placed in front
of the poles. In the collimation mode of operation of the spectrometer, the spectrum of the
UCN flux is connected with the UCN count rate by relationships (1) and (2), as in the accumu-
" lative mode. As can be seen from Fig. 3b, the obtained dependence coincides in -its basic
features with the expected form of the spectrum. The lower boundary of the spectrum, deter-—
mined by the presence of the aluminum membrane (Eby'-SS neV) in the transporting guide,
amounts to 50-60 neV, and the upper boundary to 160-170 neV, which differs slightly from the
value obtained in the previous experiment. The discrepancy in the upper region of the spec-

trum is probably due to insufficient collimation of neutrons with spin oriented against the
fleld .

The magnetic spectrometer was also used to analyze the linewidth obtained from the
gravitational differential spectrometer described in [6, 7], which incorporates a N-shaped
knee in the upper horizontal part of which is‘introducedfafrectangular channel with an UCN
absorber (Fig. 4a). A construction of this sort should transmit neutrons with an energy in
the range mgh <E <mg(h+ Ah), where g is the acceleration due to gravity; h is the height of
the 1ift of the knee; Ah is the distance between the UCN absorber and the bottom of the
rectangular channel (mgh=1.02 neV for h=1 cm).

The gravitational differential spectrometer used in the linewidth measurements had a
rectangular aluminum channel 40 cm long, Ah=4 cm; the UCN absorber was polyethylene.

Figure 4b shows the dependence of the UCN count rate on the uplift h of this knee,
connected to the output from the transporting guide. The plot of J(h) is nonzero in the
region h <54 cm, although neutrons of energy less than 55 neV should not participate in the
spectrum due to the presence of the aluminum membrane in the transporting guide of the appa-
ratus. The existence of a nonzero count rate at energies <55 neV can be explained if it is
assumed that neutrons of energy E >mg(h+ Ah) are partially transmitted through the rectangu-
lar channel of the spectrometer.

We checked this hypothesis by measurlng the spectrum of the UCN flux at the exit from:
the rectangular channel using the magnetic integrating spectrometer. To this end the knee
was lifted to a height h=90 cm, and the spectrometer to a height HM =90 cm (Fig. 4c). The
results of the measurements are shown in Fig. 4d. It can be seen that a considerable propor-
tion of the neutrons transmitted through the rectangular channel have an energy of up to
50-60 neV, which considerably exceeds the linewidth mgAh=4 neV. In this connection, the
existence of a UCN count rate at a knee uplift less than 54 cm is most likely due to the
recording of neutrons of energy greater than 55 neV, rather than less, as was suggested in

[71.
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DITODIDE CRYSTALS FOR Y~RAY DETECTORS
V. M. Zaletin, 1. N. Nozhkina, UDC 539.1.074
V. I. Fomin, N. V. Shustov,

and I. I. Protasov

The production of uncooled semiconductor detectors (SCD) for maklng effective spectro-
metric measuremeénts of x-rays and y-rays over ‘a wide energy range is one of the important
lines of dévelopment of research methods in nucleatr physics. The most promising material for
the construction of such detectors is mercury diiodide, HgIl.. Its high atomic number (Z=80),
the large width of its forbidden band (2.13 eV), and its very high resistivity (v10'? Q-cm)
make the efficiency of uncooled HgI, detectors in the spectrometric¢ measurement of x-ray and
y quanta higher by about one .order of magnitude than that of SCD using GaAs and CdTe. In

recent years perfect Hgl. crystals have been obtained, and these have been used in construct-
ing x-ray and y-ray detectors [1-6].

The initial material used was ChDA-brand (analytical-grade) mercury diiodide salt with
an Hgl, content 299,5%. The impurities were removed by,three methods: frecrystallization
from a solution of Hgl, in hydrochloric acid which was saturated at 100°C, multiple sublima-
tion, and thermochemical distillation [7]. The data on the efficiency of each of these
purification methods are shown in Table 1. :

As is krown, the successes achieved in obtaining perfect single crystals of Hgl. are
due primarily to the development of gas-phase methods [1, 3, 5]:. At the same time, obtain-
ing crystals from solutions is simpler in design, and it is clear that this method permits
constant monitoring of the process and corrections as required. For this reason, we begin
our investigation of processes for growing Hgl. single crystals with this method,

Since mercury diiodide is practically insoluble in water, we crystallized it from the
organic solvent most acceptable for these purposes — 0SCh 9-5-brand (ultra-pure) acetone,
with added amounts of diméthylsulfoxide, which increased the solubility of the salt, and
water, which acted as a mineralizer. As the seeds we used crystals measuring 1 x1x1 mm;
the volume of the crystals grown from the solution was 100-200 mm .

TABLE 1. Effect of Purification Methods
on the Impurltles Content of HgIz

Amount of impirities in the
purifiedHgL,7. by mass
Purification | Purification  [sum of metals; lamorphous
method conditions 1‘%:' %ﬁlg 1\111113 BCif carbon-bear-
Ba, Ca'zsf‘ €U, ling residue
Recrystalliz
ation from
HC1 (1:1) A 2,810~  [0.02
Triple sub- [Vacuum, 5-10-° Practically
limation torr¥ none
1y =210° G 1,9-10-¢ ~
ty, 3=130°C
Thermo= Vacuum 5. 10"
Hemié . L
el Etvaporation 1,3-40-4  |Practically
) tem?erature none
. . 240°C ‘ ’
' ' . Superheating
. temperature
_400°C

* Ttorr — 133,332Pa.

Translated from-Atomn‘aya E’Inergiyé, Vol. 48, No. 3, pp. 169-172, March, 1980.

Original
article submitted March 26, 1979.
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Fig. 1. Volt—ampere characteristics of detector structures using Hglz; O)
area of sen51t1ve surface Sg=13 mm®, crystal grown from the gas phase; A)
Sg=5 mm”, crystal grown from the gas phase, o) Sg=1.5 mm?, crystal grown
from solution.

Fig. 2. Variation of the energetic apparatus .spectrum of 2%1Am as a function,

of the displacement voltage: a) 200'V; b) 500 V; c) 800 V (area of sensitive
surface 13 mm®, detector thickness 0.5 mm, no collimation).
In growing the HgI. crystals from the gas phase, we used the statistical method and
the method of temperature oscillations [1, 3, 4]. Using the latter, we obtained HgI, single
crystals with masses of up to 20 g. ' ’

In the process of purification of mercury iodide by multiple sublimation at 110-130°C
there may be a partial violation of the stoichiometry of the HgIl. because iodine is more
volatile at this temperature than mercury [5, 6]. In order to avoid iodine depletion of the
crystalline Hgl,, in the last series of experiments the iodine was introduced into an ampule
with the purified material.

The degree of perfection of the crystals so grown was studied with respect to the dis-
location density, reflection electronograms, and Raman scattering. The electronograms, ob-
tained on the EF-4 electron microscope, from crystals grown by the above-mentioned methods
showed that all the specimens had a single-crystal structure but had different degrees of
perfection. The dislocation density was calculated on the basis of the etching holes obtained
in the proce551ng of the slip plane (001) in a solution of KI. The highest dislocation den-
sity (5-10° cm™?) was observed in crystals grown from solution. TIn the crystals obtained
from the gas phase by the static method and the method of temperature oscillations the values

were (1-3)-10° and 5-10° cm~?, respectively. The lowest dislocation density was found in
" crystals grown by the static method with iodine supersaturation: (1-3).10* cm™?. We were
not able to obtain the expected degree of perfection in the crystals when we used the method
~of temperature oscillations. The reason seems to be that the selécted scheme of this method
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Fig. 3. Energy apparatus spectra obtained by means of Hgl. detectors for
55pe (a), '°°Cd (b), *“*Am (c¢), and °’Co (d); Gen. = generator.

(oscillation of the crystal temperature) causes high stresses in the growing crystals, and
consequently -the dislocation density increases [4]. An analysis of the Raman-scattering
spectra showed [8] that the addition of iodine to the gas phase leads to an ordering of the
crystal structure and that the crystals. obtained from solutions have a great many defects.
The reasons for this, in our view, are the inadequate purity of the crystallization medium
(acetone) and the intercalation effect characteristic of layered crystals of the PbI-. and
HgI. type [9].

In order to obtain the detector structures, we separated the Hgl. crystals along the
(001) cleavage plane into plates 1-1.5 mm thick, and in order to remove the traces of mechan~
ical damage, we etched the plates in a polishing etchant with a potassium iodide base.
After washing for 2-3 min in deionized water, the plates were fitted with Aquadag or palla-
dium resistance contacts. :

The resulting detector structures were 0.3-0.7 mm thick and had a sensitive surface area
of 2-20 mm>. Depending on the area of the contacts, the current through the detector was 1-
100 pA at a displacement voltage of 400-1000 V. Typical volt—ampere characteristics for
detector structures using crystals grown by different methods are shown in Fig. 1.

The investigation of the spectrometric properties of the resulting detectors was carried
out on a mass-produced spectrometric apparatus (PU-2-5 charge-sensitive preamplifier, BUS2-
47 ‘'spectrometric amplifier, and AI-256-6 multichannel amplitude analyzer) at 300°K, with a
constant signal formation time (tg=T14i=3.2 usec) . -

Detectors made with crystals grown from solution are characterized by a high noise level
and a low (v100-300 V) breakdown voltage. When we irradiated these specimens with vy guanta
from 2""‘Amy, we were unable to discover any lines characteristic of this isotope, a fact
which confirmed the serious electrical and structural defectiveness of the detectors.

A useful signal was recorded on practically all the crystals grown from the gas phase.
The specimens from the first series from gas-phase experiments were characterized by poor
assembling of the charge, especially the hole component. The peak for total absorption of
Y quanta with an energy of 59.6 keV was very weakly distinguishable. This may be due to the
iodine depletion during the purification .and growing of the Hgl., as indicated above. Ap-
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parently the violation of stoichiometry associated with the removal of iodine from the
regions near the surface of the crystal results in a diffusion of the uncompensated Hg

atoms into the volume of the crystal. There is a probability of the appearance of an inter-
stitial defect of the IHg type (Hg in the interstices). According to [6], the .interstitial
Hg is an effective center for the capture of holes, and the presence of these defects con-
siderably]reduces the value of wpTp [up is the hole mobility, cmzl(y-sec), Tp is the life-
time, sec]. . .

_ The addition of iodine to the gas phase during the ﬁrocess of growth or purification
not only improved the degree of perfection of the crystals [8] but also made it possible to
use them for constructing detectors capable of spectrometric measurement of y quanta over a
fairly broad energy range. However, the question of the optimal iodine supersaturation for
obtaining detector crystals remains open and must be studied further. Of course, the degree
of perfection of the crystal and its possibilities for the recording and spectrometric meas-
urement of y quanta are determined not only by its characteristic defects but also by the
background impurities and residual impurities of the growth system used. Practically nothing
is known about the nature and behavior of the main impurities in Hgl,. Therefore, further
improvement in the quality of detector HgIl, must come from a study of the composition of the
impurity background, improvement of the purification and growing methods, and the discovery
and removal of the main sources of impurities. .

Figure 2 shows the energy spectra of y quanta of 241am for different working voltages.
The detector was irradiated from the negative—electrode side. All the spectra and total-
absorption peaks show a low-energy "tail." 1Its contribution increases with increased y-
quantum energy. The fact that such a tail is present and that the position of the photo-
peak changes little as the working voltage increases indicates insufficient assembling of
one of the components of the charge. In the case when the dominant contribution to the
amplitude of the signal is provided by the electron component of the charge (Ey=13.9 and
17.8 keV with penetration into the crystal to a depth of 50-100 ym), the collection of the
charge is considerably better. This calls into question the assumption that the hole com-
ponent of the charge is insufficiently assembled. An increase in the displacement voltage
leads to an improvement in the collection of the holes and an increase in the total-absorp-
tion peak; however, losses in the hole component remain fairly large. ' '

The energy spectra of *°Fe, *°°cd, ?“'Am, and ®7Co are shown in Fig. 3. The resolution
values obtained for the 5.9, 22.5, 59.6, and 122 keV lines are 1.3, 1.75, 2.0, and 3.5 keV,
respectively (PShPV). From the spectra shown it can be seen that in the low-energy region
(<10 keV) the use of Hgl. detectors is limited by the noises inherent in the use of the elec-
tronic equipment, and in the high-energy region it is limited by the insufficient assembling
of the hole component of the charge.

The authors wish to express their gratitude to A. F. Kravchenko for his support and
his interest in the work. They also thank T. N. Petrunin for his assistance in the prepara-
tion of the detector structures.
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- LETTERS

CONCERNING THE CHOICE OF GRAPHITE FOR STACKING

- OF HIGH-TEMPERATURE GAS-COOLED REACTORS

Yu. 5. Virgil'ev and V. P. Shevyakov | UDC 621.039.532.21

High-temperature gas-cooled reactors (HTGR) have been assuming ever increasing impor-
tance, as confirmed by years of operating experience in various countries [1]. - The tempera-
ture of the graphite stacking of HTIGR reaches 400-1200°C and the fluence attains values of
(2-3) -10%2 neutrons/cm®.* Accordingly, only ceramic materials are used in the cores of such
reactors: graphite as moderator, reflector, and other structural elements of the reactor
core and carbides and oxides of uranium and thorium as fuel. Helium is the coolant. Radia-
tion damage to graphite, however, continues to be one of the most urgent problems, owing
to the possibility of considerable macroscopic changes in the shape of the structural elements
as well as a reduction of the strength of the materials. '

Graphite in HTGR should operate under very demanding conditions. To begin with, it
experiences radiation-thermal contraction (compression), which is then replaced by secon-
dary swelling. The latter depends to a very great degree on the conditions of irradiation
as well as on the properties of the graphite and is usually accompanied by the formation
of microcracks. The microcracks in turn are a cause of secondary changes in the physical
properties: a drop in thermal conductivity, strength, etc. Therefore, along with high:
dimensional stability, the graphite should also possess high physical properties, including
strength. : ‘ ' ’

In the present paper we consider the radiation behavior of several forms of graphite

_in order to assess the service life of the structural elements of the reactor core. Above

all, the dimensional stability of the graphite blocks should be ensured so as to eliminate
the possibility of their splitting under contraction and breaking under secondary swelling.
Table 1 gives the radiation-induced changes in the dimensions of specimens of some grades
of graphite [2-4]: the American anisotropic CSF, isotropic RP4, and graphite based on
gilsonite coke, and Soviet GMZ graphite and its variant, in which impregnation with pitch
and graphitization at 2800°C have been employed. ) ' '

It is seen from the data presented that the use of anisotropic graphite, similar in
properties to the CSF graphite used formerly, is extremely undesirable, since by the end of
service the circumferential strain of the reflector reaches +7% if the extrusion axis of
the blocks coincides with the radius of the reactor. This means that with a reactor core
diameter of 7 m the length of the circumference increases by 1.5 m. With vertical orienta-
tion of the axis of the block the circumference "shrinks" by 1.5 m and gaps form between the
blocks of the reflector if they are fastened individually to the reactor vessel.

In view of this, various forms of isotropic graphite materials are being developed.
Thus, the Sigri company produces graphite from AS 2-500 pitch coke for hexagonal fuel ele-
ments and replaceable reflector blocks as well as a special graphite made for AS 12-500
pitch coke for reflector blocks and supporting columns [5]. The use of stronger graphite,
along with measures to reduce corrosion due to water vapor entering the helium, will ensure
conservation of the serviceability of the graphite stacking. Graphite obtained by isostatic
forming is distinguished by isotropy [6] and high dimensional stability under irradiation.

By using high-density, high-strength isotropic carbon material it is possible to solve
the problem of fatigue service life, radiation stability, and corrosion [7]. Indeed, the
data of Table 1 indicate ‘a higher dimensional stability for isotropic graphite. The ser-
viceability of the blocks in the stacking is also determined by the stresses which arise
because of uneven distribution of the temperature and the neutron flux over the cross sec-

tion of the blocks.

*Here and below the fluence is given for neutrons with E>0.18 MeV.

Translated from Atomnaya ﬁnergiya,‘Vol. 48, No. 3, pp. 174-175, March, 1980. Original
article submitted November 10, 1978.
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TABLE 1.- Relative Change of Length in
Specimens of Various Grades of Graphite, %*

o luence 1022 | Gilso~- GMZ~ '
T, °C . 11s0
’ heutrons/cm? CSF | RP4 nite MZ 2800
) —1,0| —0,4
700—800 2,2 — = | — .3 <o
’ —8,0]
m-ss| 22 |l — | — = | -

—4,0]—2,5/—0,8|—0,6] —0,3
950 i 0'6_ +0,2[+9,2]=0,6[—0,3| ~~0

*In the numerator are values for specimens ciut parallel
" to the extrusion axis and in the denominator, those for
eqmnmcuhxqwcnnaw

For the most stressed segments of the stacking the operating life of the reflector
blocks is limited by both an inadmissible increase in their dimensions and by stresses in the
blocks that exceed the allowable values [8]. To ensure the serv1ceabillty of the reflector
blocks, therefore, it is recommended that graphite with enhanced strength characteristics
be used. : :

Below we give the average values and the variation coefficient of the properties of
PXA2N graphite for a HTGR reflector [9] (in the numerator are values for specimens in the
direction parallel to the axis of extrusion and in the denominator, those in the perpendic-
ular direction):

Average Variation
value coefficient, %
Density, g/cm® 1.794 1.2
Strength, kgf/em?® (1 kgf/cm? = 98066.5 Pa)
compression '803/814 15.1/12.5
bending 314/287 19.3/16.9
tension- 248/230 21.2/22.7
" Modulus of elasticity, 10° kgf/cm® 1.14/1.08  9.6/9.2
Thermal expansion coefficient,
107¢ deg"1 : ' 5.09/5.43 5.3/3.5
Resistivity, Q-mm®/m o
(1 Q-mm?/m=10"% Q/m) 9.02/9.53 5.7/4.6
Corrosion rate, mg/cmgeh . 0.264 58

" In high-temperature service one of the most important characteristics of graphite is
its thermal resistance, which is determined primarily by the thermal conductivity of the
material [10]. The latter can be raised by increasing the degree of order of the crystalline
structure of the graphite as well as the density of the material.

If they do not cause the immediate fracturlng of the graphite, the thermal stresses
relax at a fluence of about 2-10%* neutrons/cm®. In the region of secondary swelling, how-
ever, the resistance of the graphite to thermal stresses should drop. Under irradiation to
a fluence of 4.2-1022 neutrons/cm® and a temperature of 725°C [11] the thermal resistance
drops by 30-65%.

Thus, in principle it is possible to choose graphite materials which ensure a long ser-
vice life for the elements of the stacking of a HIGR without replacement. These graphites
should be isotropic (or nearly so), well graphitized, and sufficiently strong. One possible
way of enhancing the serviceability of existing graphite materials is that of one-time or re-
peated packing with pitch and subsequent high-temperature treatment to 2800°C. This simple
procedure, however, may prove to be insufficient to ensure the serviceability of the most
highly stressed segments of the stacking. It is necessary, therefore, to pay due attention
to the development of new, more serviceable graphite materials {6, 7, 9].

196
Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030003-1




Declass'ified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030003-1
LITERATURE CITED

=

D. Badenig, High-Temperature Gas-Cooled Reactors [Russian translation], Atomizdat
Moscow (1975).

I. Cox and I. Helm, Carbon, 7, No. 2, 319 (1969).

G. Engle and W. Eatherly, High Temp.—High Press., 4, 119 (1972).

I. P. Kalyagina et al., At. Energ., 36, No. 3, 212 (1974).

INIS Atomindex, 7, No. 13, 248274 (1976).

INIS Atomindex, 8, No. 7, 281083 (1978). :

ERDA En. Res. Abstr., 2, No. 7, 17835 (1977).

ERDA En. Res. Abstr., 2, No. 8, 19721 (1977). ‘ . .

P. Fieguth, M. Schulte-Oversohl, and R. Fritz, Atomwirt.-Atomtechn., 22, No. 4, 225
(1977). ' . S o
10. Yu. S. Virgil'ev, At. Energ., 44, No. 1, 89 (1978). : B

11. W. Cook et al., in: Proc. Twelfth Conf. on Carbon, Pittsburgh (1975), p. 305.

TR Y

O o~ W N
.

USE. OF THIN FILMS TO STUDY PORE DISTRiBUTION
OVER DEPTH OF RANGE OF Art IONS IN NICKEL '

A. G. Guglya, V. A. Gusev, . , . UDC 539.216.2
V. F. Zelenskii, B. V. Matvienko
and I. M. Neklyudov -

Learning the effect of inert gases on the radiation swelling of structural materials,
" an important scientific and practical problem of reactor materials science, is also of
substantial interest in relation to the use of beams of accelerated ions of inert gases to
simulate radiation damage.

In the present paper we report on the use of thin films [1] to study radiation-induced
porosity in nickel along the trajectory of Art ions with an energy of 2 MeV. The irradiation
of monocrystalline nickel ‘thin films (thickness 1000 A,* initial dislocation density 1.5-10°
cm~2?), in stacks of five films, was carried out at T=600°C to the following dose values:
6.3-10'%, 2.7-10%%, 2.1-10°, and 7.5-10'°% jons/cm? (a dose-of 1-10'® ions/cm® corresponds
to 8 displ./atom in the region of maximum damage). '

The relations obtained between the concentration n and the mean side d of the pores
as well as between the swelling AV/V and the depth of the range of argon.in nickel (i.e.,

%1 A=10"° m (exéctly) according to the Systeme Internationale (SI).
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b c
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Fig. 1. Dependence of n, d, and AV/V on depth of range of Art ions (2 MeV) in
nickel irradiated at 600°C at dose of 7.5-10*% (&), 2.1.10*° (@), 2.7-10*° (O,
and 6.3-10'° ions/ecm® () ; ---) calculated dependence of rate of damage genera-
tion on depth for Art—Ni pair.

Translated from Atomnaya Energiya, Vol. 48, No. 3, pp. 175-177, March, 1980. Original
article submitted January 30, 1979.
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the number N of films in the stack) 1nd1cate (Flg. 1) that w1th an increase in the depth
of ion range the values of T increase monotonically while the values of d and AV/V reach
a maximum in the third film, after which (in the fourth and fifth films) they decrease
substantially.

The shape of the curves n=f(N) for N¥5 and the curves 'c_1='f(N)'__'and AV/V=£f(N) for N=3
are in qualitative agreement with calculation {2]. The décrease in d and.AV/V in the last .
two films of the stack clearly is due to the effect of interstitial argon atoms on the pro-
cess of pore initiation and growth. At an irradiation dose of 1- +10*® ions/cm?, the argon
concentration in the fourth film is about 110~ atom/atom while in the fifth it is about
8:107" atom/atom [3]. At such concentrations the supersaturation with free vacancies begins
to diminish, as a result of which there is a decrease in the number of stable nuclei of
vacancy pores and an increase in the concentration of nuclei of gas-containing pores. Since
the latter have a smaller critical size [5], with a further rise in argon concentration there
will likely be an increase in the fraction of fine porés, which may explain the observed
decrease in d and AV/V in the fourth and fifth films. ‘A similar effect was also observed
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Fig. 3. Pore distribution according to size in five nickel
films irradiated with Art ions (E=2 MeV, T=600°C, D=2. 1-
10*® ions/cm?).
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atom/atom into the stalnless steel reduced swelling by a factor of 3.5 while at an argon
concentration of 10T atom/atom it was suppressed altogether

It can thus be concluded that the nature of the pores observed along the trajectory of
Ar  ions differs: In the first films of the stack these pores are primarily of a vacancy
nature while in the other fllms, of a gas nature. Confirmation of this can be provided by
Fig. 2, which 111ustrates the effect of postirradiation annealing temperature on the denSLty
and size of pores in the first and fifth films of the stack. Wherever the argon concentra-
tion is low (first film), the pores are completely annealed out at T =900°C. In the fifth
film, where the argon concentration is 107°-10“ times higher, the pores are appreciably more
resistant to annealing. At some intermediate values of the argon concentration there probably
is simultaneous development of both vacancy and gas-filled pores. This is due to the fact
that with a particular ratio between the rates at which gas atoms enter and defects forni,
at first pores predomlnantly of a vacancy character will form, growing during the process of
1rrad1at10n.' As the irradiatiom is contlnued nuclei of small pores, stabilized by atoms

of the gas, will appear.
The distribution of pores according to size will in thlS case have the shape of a curve

with two max1ma (Fig. 3, fourth £film). Dlstrlbutlons of this kind were observed earlier
when "massive" nickel foils were irradiated with Xe ions [6].

Thus irradiation of a stack of thin films makes it possible to determihe the character-
istics of porosity. along the trajectory of bombarding ions and to ascertain the effect of
the concentration of the element introduced and the rate at wh1ch damage occurs.
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DIFFUSION OF ACTINIDES AND SOME OF THEIR FISSION
PRODUCTS IN HIGH-MELTING beec METALS

V. N. Zagryazkin . o , . ‘ _ UDC 548.526

Interest in diffusion in high-melting bcc metals (W, Ta, Mo, and Nb) is dictated by
the possibility of using these-metals and alloys based on them as fuel-element cans operat-—
ing at a temperature exceeding 1000°C. Published data on uranium diffusion in high-melting
metals are contradictory [1-7], the difference in the diffusion coefficients reaching a
factor of 10“. As far as is known, no systematic studies have been conducted on the diffu-
sion of thorium and plutonium in high-melting metals, and the information about the diffu-

sion of fission products is limited. ' - ' '

To refine the known data and estimate missing information about diffusion in high-
melting bec metals it is appropriate to use generalized correlations [8] associating the
diffusion parameters with the process of vaporization, these correlations being of the form

‘ D =0.545a2v exp [ —0.35 (AHvap— TASvaP‘/RT exp—0,25 (A_H“‘,ap— B(1—2)?) /RT], cm? /sec.
Here a is the lattice constant, AHyap and AS,,, are the heat and entropy of vaporization
of the metal-base, B is the interaction energy in the solid solution, AH§,, is the heat of
vaporization of an impurity atom in impurity diffusion or that of the metaE—base in self-

diffusion, and x is the fraction of impurity atoms. The oscillation frequency v is estimated
from [8, 9]

1

AH®*. —B(1—z)t
v=0,415 Hyap—B(—2)* 112 sec,
aim ’ :

(2)

where m is the mass of the diffusing atom.

In deriving Eq. (1) it is assumed that diffusion occurs through monovacancies and the
entropy of migration in self-diffusion and diffusion of substitutional impurity atoms is
much smaller than the entropy of vacancy formation [8]. Comparison with known experimental
data showed that the correlations (1) and (2) lead to satisfactory results for both self-
diffusion and diffusion of impurities in high-melting bcc metals [8].

Table 1 gives the parameters Do and AH calculated in [7] for uranium diffusion in
high-melting metals with allowance for values of the interaction energy found from known
phase diagrams [10]. Comparison of the results of calculation with experiments [1-6] shows
that in most cases the calculated diffusion coefficients are higher than the experimental
values. A special study of the causes of these discrepancies with the example of uranium
diffusion into tungsten, tantalum, and molybdenum from a contacting uranyl foil [7] made it
possible to establish that the variable composition of the source makes itself felt here
while the results of layered radiometric analysis were processed by the method of a constant

_source [1, 2] of diffusion.

TABLE 1. Uranium Diffusion Parameters Do

- (ecm?/sec) and AH (kJ/g-atom) in High-Melting
Metals according to Calculated and Experi-
mental Data

R Calc. Expt. [T} -
Metal Kl/geatom | AH Do AH
w 79 0,45 | 399.2 0,30 | 399,2
Ta 60,6 0,34 | 379,5 [0,19 | 366,6
Mo 489 - |0,32| 341,14 [0,075] 341,1
Nb - 1,3 0,49 | 372,8 | — —

Translated from Atomnaya ﬁnergiya, Vol. 48, Nol‘3, pp. 177-179, March, 1980. Original
article .submitted January 30, 1979. '
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TABLE 2. Diffusion Parameters Do (cm?/sec) and AH (kJ/g-atom) of Actinides and
Some of Their Fission Products into High-Melting Metals

B ki/g* ' D /D
Base Impurity a'tomg' Do calc;.v £H, calc, , Dy, expte | AH, expt. | Lit. af’f{:s T:l:lc
w w - 0,70 508,7 0,54 503,7 N 1,02
Th 92,0 0,47 417,6 :
Pu 108,8 0,32 355,7 ' :
Y . 108,8 0,63 377,4 6,7-10-3 284,7 [15]) . 1,6
Zr 60,2* 0,82 430,9
Nb 12,1+ 0,93 473,6
Mo 5,4 0,87 459,8 - 0,3 422,2 121 ' . 2,70
Ru —22,6* 0,87 464,4 .
Rh —17,2* 0,80 440,6 ’
Pd 18,8 * 0,62 - 387,5 ' ‘ . .
La 330,5 0,18 306,4 :
Ta Ta e 0,50 467,3 2,0 459,8 6] - 6,30
Th 75,3 0,39 397,9
Pu 7,7 0,37 340,7 ‘
Y 200,8 0,43 330,2 0,12 301,8 [15] | 1,56
Zr 37,2* 0,66 412,6 :
Nb 15,9+ 0,74 | 447,7 0,36 419,7. [13] 3,80
Mo 4,0% . 0,64 . 436,4 - 0,0018 338,6 (12 1,10
Ru —175,7* 0,76 478,6 : . )
Rh —157,3* 0,71 451,0
Pd —159,8 * - 0,61 407,5
La 243,5 0,26 303,9
Mo Mo — 0,60 395,8 0,13 400,4 16] 0,16
Th 75,3 0,34 356,1 , '
Pu 62,8 0,24 301,0
Y 63,2 0,48 322,17 1,8.404 214.,4 [151 0,33
Zr 27,2% 0,58 373,2 1,9-10-3 365,7 [6} 0,006
Nb 3,9% 0,65 408,8 14 . 451,4 | |13] 1,1
Ru —23,8% 0,60 398,8 :
Rh —26,4% 0,56 376,2
Pd —T,1% 0,45 327,17
La 228,4 0,24 265,6
Nb Nb — 1,00 428,9 0,91 421,8 [6] 1,53
Th 87,9 0,50 372,0 .
Pu 62,8 0,38 320,6. o
Y - 65,7 0,71 339,8 1,5.10-3 232,4 {15] 5,51
Zr 28,9 * 0,89 395,0 0,10 376,2 [14] 0,44
Mo 37" 0,92 413,4 1,3.10-2 349,9 (6] 1,43
Ru —174,9 * 1,04 456,9
Rh —167,4 % 0,93 431,0
Pd —149,8 * 0,79 382,9
La 229,3 0,35 285,1

*Data of [11],

Equations (1) and (2) were used to calculate the parameters of the diffusion of thorium,
plutonium, and some fission products into high-melting bcc metals. Table 2 at the same time -
gives the values of the interaction energy B published in [11] and estimated from phase dia-
grams or by the well-known technique [11]. It can be seen that thé calculated and experi-
mental coefficients of volume diffusion at T=0.6Typ (where Tpp is the melting point of the
metal-base) differ by a factor of no more than six.

Comparison of the calculated diffusion coefficients shows that the mobility of plutonium
in high-melting metals is much higher than that of uranium and thorium. Among the fission
products a higher diffusion mobility is possessed by yttrium and lanthanum and a lower
coefficient, by molybdenum, ruthenium, and rhodium. ‘ ‘

The calculated temperature dependences of the coefficients of volume diffusion are,
naturally, tentative and are applicable primarily in the range (0.5-0.8)Tpp where diffusion
takes place through monovacancies.

201
Declassified and Approved For Release 2013/02/01 . CIA-RDP10-02196R000800030003-1



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030003-1

LITERATURE CITED

. B. Fedorov et al., At. Energ., 31, No.. 5, 516 (1971).

. V. Pavlinov, A. I. Nakonechnlkov, and V. N. Bykov, At. Energ., 19, No. 6, 521 (1965)

. Taylor, Thesis Nucl. Sci. Abstrs. » 21, No. 23, 4528 (1967).

. Schwegler and F. White, J. Mass-Spectrom. Ion Phys., 1, 191 (1968).

. A. V. Yurgens, A. G. Abdullin, and A. A. Tsvetaev, Phy51cochem1ca1 Problems of Crystal-

lization [in Russian], Izd. Kazakh. Gos. Univ., Alma-Ata (1969), p. 185.

6. G. B, Fedorov and E. A. Smirnov, Diffusion in Reactor Materials [in Russian], Atomizdat,

Moscow (1978).
7. V. N. Zagryazkinetal., in: Proc. Conf. Thermodynamlcs of Nuclear Materials 1974,

Vol. 2, TAEA, Vienna (1975), p. 193. k

8. V. N. Zagryazkln B. V. Ushakov, and G. Ya. Meshcheryakov, Izv. Akad. Nauk SSSR, Ser.
Met., No. 2, 156 (1975).

9. C. Wert and C. Zener, Phys. Rev., 76, 1169 (1949). .

10. M. Hansen and K. Anderko, Constitution of Binary Alloys, McGraw-Hill, New York (1961).

11. L. Kaufman and H. Bernstein, Computer Calculation of Phase Diagrams, Academic Press
(1970).

12, E. V. Borisov, P. L. Gruzln and S. V. Zemskii, in: Protective Coatings on Metals
[in Russian], No. 2, Nauchnaya Mysl', Kiev (1968), p. 104.

13. J. Asquil, in: D1ffus1on in Body—Centered Cubic Metals [Rus51an translation], Metallur-
giya, Moscow (1969), p. 254, '

14, G. G. Ryabova and P. L. Gruzin, in: Metallurgy and Metal Science of Pure Metals [in
Russian], No. 3, Atomizdat, Moscow (1961), p. 120.

15.  R. M.'Al'tOVSkll et al., Corrosion Properties of Yttrlum [in Ru551an], Atomizdat,
Moscow (1969). :

s whH
[P R ]

NITROGEN DETERMINATION IN MIXED URANIUM—PLUTONIUM
FUEL AFTER *“N(a, py) REACTION

V. I. Melent'ev and V. V. Ovechkin ' : UDC 539.166.3.17

In the development of fast reactors as reactors for the future consideration is being
given to fuel elements based on mixed nitride and uranium—plutonium fuel. .In view of this
it becomes necessary to reliably monitor the content of nitrogen on which the physicomechani-
cal properties of such fuel elements depend. Known methods of chemical and spectral deter-
mination of nitrogen in a mixed uranium—plutonlum fuel is based on destruction of the speci-
mens, which is not always applicable because of the problem of regeneration of high-activity
wastes and possible contamination of apparatus and production premlses with them.

It was shown in [1] that it is possible to determine impurities of light elements,
ranglng from lithium to calcium, in mlxtures with a-active 2*?°Pu by using a scintillation

TABLE 1. Results of Nitrogen Determina-
tion in U+Pu Alloys, wt.%

Mass of ) . Mass of '
speci- | @ I:K) Kjeldahl speci- | ©*PY) |Kjeldahl
method method
men, g method men, g method
1,075 {7,740,4 7,5 0,951 ]5,5+0,3| 5,91
1,972 |7,54+0,4 7,46 0,989 {2,6+0,3| 2,58
3,843 |7,540,4 7,42 0,992 11,9+0,2| 1,79
0,973 [6,5+0,4 6,52 0,991 13,0+0,2| 3,14-
0,951 [6,0+0,4 5,91 0,989 |2,44+0,2| 2,21
0,995 |3,6+0,3 3,57 0,503 |3,3+0,21 3,49
0,988 14,6+0,3 4,58 0,430 |3,8+0,2( 3,86

0,973 |6,5+0,4 6,52 : .

Translated from Atomnaya flnergiya, Vol. 48, No. 3, pp. 179-180, March, 1980. Original
article submitted March 12, 1979. . )
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Fig. 1. Dependence of q on nitro-
gen content in specimen: O) exper-
iment; =---) linear shape of depen-
dence q = f(C).

detector to detect y-rays produced in the interaction of a-particles with nuclei of the
light elements. Another paper [2] reported the characteristics of the analytic method
with the use of a Ge(Li) detector for determining nitrogen, fluorine, and sodium impurities
. 239

in Pu. : i

The objectivé of the present paper is to extend this method of anélysis to mixed nu-
clear fuel, consisting of plutonium and uranium. As in [2], a Ge(Li) detector was used to
detect y-rays emitted in the (a, py) reaction in nitrogen (E =871 keV).

Specimens of mixed fuel based on U (80%) and Pu (20%) with a mass of 0.5 to 3.8 g were
placed in thin-walled stainless-steel containers inside sealed glass weighing bottles filled
with dry argon. In the measurements the weighing bottle was placed on the Ge(Li) detector,
covered with a lead filter with a thickness of 1.5 mm to prevent the apparatus being over-
loaded by intense low-energy y-radiation from the plutonium.

The nitrogen concentration C was determined from the ratio qof the area of the nitrogen
peak (871 keV) to the area of two peaks (756+ 771 keV) of intrimsic ?*°Pu y-radiation by
using the calibration relation q=f(C), obtained by measuring control specimens of U+Pu
fuel with a mass of 0.25 g. The nitrogen content in the control specimens after the measure-
ments was determined by the Kjeldahl method (the error of the analysis was roughly *1%).

The results of measurements in the range from 0.5 to 7.7 wt.% are shown in Fig. 1. '

During the measurements of the analyzed specimens we introduced corrections for the con-
tribution of other a-active radiators: *“'Am and '“°Pu, which were determined from the areas
of the a-ray peaks with energies of 722 and 687 keV, respectively. For specimens with _
thighly enriched uranium (in ??®U) we included the small contribution from a-active fission
products of **?U according to the y-ray peak with an energy of 860 keV from *°°Tl. The
energy resolution of the a-ray spectrometer (n5 keV in the region of 870 keV) and a quite
.high'counting rate made it possible to take such corrections into account accurately.

Let us note that for a finely ground mixture of an a-emitter and other elements with a
~ known concentration the analytic expression for q=f(C) given in [2] can be used if neces-
sary. By this method we made analyses of alloys (20% **°Pu and 80% U with 90% enrichment
in *°°U); the results of the determinations are given in Table 1 along with the results of"
analysis by the Kjeldahl method.

The error of aﬁalysis was calculated in accordance with [3] by
_ £ = 4ty yuyC 1023 n12, (1)
where ty N is Student's coefficient for a fiducial probability of a=95% and N determinations
carried out when finding vy. The root-mean-square error of v, found for N =20 was 10-7

o . . . N, L. .
rel.%Z for a nitrogen concentration ranging from 3.5 to 7.5 wt.%. The limit of detection of

nitrogen was found from the formula
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, . . = 165 (Qp + LPI* (@' P)7, _
where Qp is the background number of detector pulses in the region of the photopeak of

‘energy 871 keV; q' and qo, the numbers of pulses recorded, respectively, from 1 g of nitro-
gen and 1 g of Pu+U alloy not containing nitrogen; and P, the mass of the specimen.

(2)

As a result of measurements for 60 min on the control specimen (20% Pu+807% U, with
respect to metal) with a nitrogen concentration of 3.49 wt.% we found that n'=0.05 wt.%.
‘Since n~ (Pt)~*/2, where t is the measuring time, upon increasing t to 4 h and the mass of
the specimen to 5 g we may expect to have n=0.01 wt.Z.

With an increase in the relative plutonium content, the number of interacting a-par-
ticles will grow and this should result in a lowering of the detection limit. In particular,
for a specimen consisting mainly of >*°Pu, according to the results of measurements of plu-
tonium nitride we got n=3.5-10"> wt.% (the mass of the specimen was 5 g and the measuring
time was 4 h). '

Thus, by a nondestructive method based on y-ray spectrometry with a Ge(Li) detector
it is possible to determine the nitrogen content in a mixed nuclear fuel.
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"OBTAINING ASSESSMENT DATA ON EQUALLY PROBABLE
INTRAGROUP SECTIONS FOR PROTECTION CALCULATIONS
FROM BASIC LIBRARIES BY THE MONTE-CARLO METHOD

V. E. Kolesov and N. A. Solov'ev ‘ UDC 539.125.523.348:621.039.538

When designing the protection of nuclear apparatus by the Monte-Carlo method, the
group-constant method often proves inadequate for the purpose. In such cases we need more
detailed information on the interactions between the radiation and the material. At the
same time, it is extremely difficult to use basic libraries of estimates directly, due on
the one hand to the vast quantity of information on nuclear data, amounting sometimes to
several million words for one isotope alone, and on the other hand to the limited capabili-
ties of present day computers. This has had the effect of stimulating the search for new
methods and approaches for preparing nuclear data that would enable us to solve problems
connected with the degree of accuracy that can be achieved.

Ref. [1] proposes a method involving probability tables which enables us to take the
resonance structure of the section into account correctly during the calculations, when
comparing small amounts of stored information. Such tables have been calculated on the
basis of the energy dependence of the section and enable us to organize the calculations
easily by the Monte-Carlo method. This method is close in conception to the well-known
subgroup method [2, 3]. ’

The present paper proposes that the full and partial sections be described in groups
with the aid of a set of equally probable values, which have been arrived at by averaging
out the corresponding sections with respect to energy in nonintersecting intervals with a
given weighing function. Each of these intervals includes only those energy points at which '
the value of the full section deviates least from its average. The data are best represented
in the form of equally probable intragroup values in regions within which the resonances are
unresolved. However, this method can also beé used successfully in a resonance region. The
proposed method of taking the resonance structure of the sections into consideration enables
us to reduce the calculation time by the Monte-Carlo method, compared to the time involved
in using probability tables. It would therefore be an effective way of designing protection.
The initial data for obtaining equally probable sections are taken from 11brar1es of assess-—
ment data [4, 5].

Deriving Accumulated Probability Functions for Sectlons If we introduce probability
density function p(c) in the energy interval AE, then the average of ‘the whole section func-
‘tion can be calculated by means of the formula’ [2]

(€ () = ( p () £ (0) do.

When calculatlng the transit of the nuclear radlatlon by the Monte—Carlo method our prob-
‘lem reduces to- that of expressing o -as a ‘function of the accumulated probability:
- o
F(o)= S p(2) dz.
% min
Let us choose an ascendlng series for the whole section
o—-omm,cl-kco,02—kuo,..,oi )
=koy, . .., Or = Omaxs )
_ _ , (1
where k is a constant whose value determines the accuracy and structure of the representa-
tion of the section, k >1; Opin, the minimumsection in the interval AE; and opax, the maximum

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 180-182, March, 1980. Original
article submitted March 23, 1979. ‘
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section in the interval AE. With such a construction, the number of terms in the series
can be determined from

I =l (O'maxlq;u-_n)/hl kK41, (2)

where [ ] signifies the nearest integer below the given quantity.
In addition to series (1), we shall construct series for the partial processes of scat-
tering, capture and, where appropriate, fission: .

- Of =07 ;0 Of, Ofy --vy Of ony OF=0hoy, (3)
where 04T is the arithmetic mean of the partial section, the section being taken for all
the energy points at which the whole section equals oj. . Series (3) will also diverge and

oi==§Fﬁ , provided. the following conditions are satisfied:
L ,
the interference between the partial processes does not lead to a large shift in the

position of the whole-section peaks, i.e., the shift is no greater than half the width of
the partial section;

the sum of the partial sections at each energy point equals unity.

A breach of the first condition could lead to ambiguity of the accumulated probability

‘function for the partial sections in the individual intervals. We can overcome these diffi-

cultles by using average characteristics in such intervals.

We shall postulate that series (1) and consequently series (3) generate a system of T
subgroups, and that the i-th subgroup corresponds to the summated energy interval D1, at
the points of which the whole section satisfies the relationship

G <0 (B) < W

The following quantifies also apply to the i-th subgroup:

o} = S ov (E) f (E) dE/ S 1 (E) dE;

Di Dy - 7 . .
: (5)
o= | G(E)f(E)dE/S § (B) dE;
) v
Pg-—P(o;_1<0<oi)—P(0‘ 1\0"<oi)._.S I(E)dE/S #(E) dE, , (6)
AE .

where f(E) is the spectral function; Pj is the subgroup probablllty We can see that

-E}P =1; 0-—2301 ; The distribution function of the accumulated probability at the individual
i=1 : : E o
points in relation to the section equals

i
Fi=F (o;)=F (o)) = P(Ummso ai) P(o’. o'<0’)—2 Pp; F(0g)=F (0§} =0. )]

The accumulated probability dlstrlbutlon function can be found by other means. Let us
choose a number M for some spec1f1ed ‘reason and then find ‘the value

: S:-—f% S (E) dE.
: AE ' : (8)
Let us now find a series of energy points '
;";‘ EO! El’ .. ;, Ei, o v ey Eﬁf (9)
such that Eo =Epjn and’ El is determined by the series of solutions to the equation
. Ey
f(E)dE=S, (10)
Ei-t

-where 1=1, ..., M.

Let us say that series (9) generates a system of equally probable 1ntervals It is
clear that the average section in the i-th interval will be equal to
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Ey _
G = S o (E) { (E) dE;
Eit
Eg

[ ormimae,
L SR Ei-y ‘ .
where i=1, ..., M. Let us arrange series (11) in ascending order:

El< Eg < PR g-a_,_l SE’ <07+1 s- . e S-(;M- a . . (13) )

Let us reduce series (12) in accordance with series (13). Seriéé (12) will also be progres-
‘sive when the conditions listed earlier are satisfied. The accumulated probability‘distri—

bution function at points oj and oj¥ equals

F(Go=Cyg) = F (@5 =Tmin )=0
F;:P(ornmsogo_,)éP(oémgofgc?g)_—;j/M; ) |
- j=1, ..., M, ‘ : : | (14)

where opjipn and ofj, are the minimum whole and partial sections in interval AE.

The Utilization of Data in Monte-Carlo Calculations. The information obtained in cal-
culations by the Monte-Carlo method can be used in two ways: by generating average values
or by generating sections as functions of the accumulated probability. The average values
of the whole and partial sections can be calculated in the form of a set of equally probable

values by means of the formula

1 = - 1—1 - -
2 1=0nPm (Fm—T) (Fm—Fm—l) + { 2_*;'1 °?’i+°ﬂ+1pku (YN —Fp) | (Frei—Fn)s o (15)

where o'7 is the whole section, scattering section, capture section, and fissure section (if
applicable) that are equally probable over the interval AE; 7 is the number of equally prob-
able sections in the progressive series; N is the number of equally probable sections; m

and k are found in accordance with the condition (@=1/N<F <YN, m=minh, k = max k.

If we are obtaining the values of series (12), and M is a multiple of N, then the
equally probable sections can be determined as the arithmetic means of W values:

: W ,
= > O We=MIN. . 16
i=(1- HW+1
More accurate.results can be achieved by generating sections with respect to the dis-
tribution of probability intervals. To avoid having to store the values of the distribution
functions of all the points obtained during the calculation in the memory of a computer,
we propose specifying only certain points throughout the section, and employing either
interpolation or a polynomial approximation to the curve between these chosen points. In
general, we can also avoid storing the values of functions, if the sections are specified at
points that correspond to the values of the distribution function

Fr=(—1)/N forl=1, ..., N4 1.

In this case, the probability is 1/N that a neutron in region AE will have a section in
the interval from o;f to oT74: during the generation. Within this interval, we can assume -
that the section is distributed uniformly, i.e., a linear interpolation of F(o) between the

points o7f and oT74: is valid. _
The proposed method has been realized in a FORTRAN-IV program for a type ES-1030 compu-
ter. The program employed the data from libraries [4, 5].
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HELIUM BLISTERING AND HYDROGEN ABSORPTION
BY PT-7M AND PTh3V TITANIUM ALLOYS

. M. Gusev, M. I. Guseva, : UDC 539.12.04:621.039.616
+ S. Ionova, N. G. Lemke, : C :

« I. Syshchikov, P. A. Fefelov;

. B. Chechilin, and 0: I. Chelnokov

W<

_ One of the main physical processes responsible for the erosion of the first wall in
tokamak devices is that of sputtering of the wall material by ions (or atoms) of hydrogen
and helium isotopes.

In the energy range of .interest low values of the coefficient of sputtering by light
ions are characteristic of titanium [1, 2], which is a component of a number of promising
materials for the first wall of fusion reactors or for coating it [3]. It was established
earlier [4] that when titanium is bombarded with high-energy Dt ions there is anomalously
deep penetration of the deuterium into the titanium and embrittlement of the surface layer:
It was also found that TiH, is formed in the process of ion bombardment [5, 6]. Titanium
alloys have practically the same sputtering coefficients as titanium does [7] while differ-
ing favorably in respect to mechanical properties. In particular, titanium alloys with
aluminum and zirconium (PT-7M) and with aluminum and vanadium (PT-3V) are characterized
by high strength and plasticity at an elevated temperature. Saturation with hydrogen at
T 2300°C results in the formation of a solid solution and does not cause embrittlement of
the alloys [8]. These alloys possess satisfactory resistancé to neutron irradiation and
also have the necessary technological properties. 1In the present paper we give the results
of investigations both on hydrogenation of PT-7M and PT-3V alloys during irradiation with
HY jons with an energy of 10 keV at a temperature of about 120 and 300°C as well as on the:
helium blistering of these alloys., :

Specimens of PT-7M and PT-3V alloys (30 x 30 x 17 mm) were irradiated with 10-keV H' -
ions in an ILU-1 ion accelerator [9] at 120 and 300°C until a dose of 10%-3-102° ion.cm=2
was attained. As a control, an identical specimen sctreened from the beam by diaphragms tas
mounted along with the irradiated specimen in the same holder. The content of the hydrogeti
introduced was determined by spectral analysis of both surfaces of the irradiated and con-
trol specimens. The hydrogen concentration in the original specimens was 0.003-0.004 wt.%.

Fig. 1. Surface of PT-3V (a) and PT-7M (b) titanium alloys after irradiation with
100-keV Het ions at dose of 6-10%® cm™2 (Tiry=120°C).

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 182-183, March, 1980. Original

—article submitted April 23, 1979. :
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Fig; 2. Depéndence of hydrogen content in PT-
7M alloy on dose of irradiation with 10-keV
Ht ions at 120°C.

Fig. 3. Limiting solubility of hydrogen in
PT-7M (©O) and PT-3V (@) alloys at various
temperatures.

The microstructure of the transverse microsection was studied with an optical micro-
scope in polarized light. The surface of the targets for studying helium blistering was
polished mechanically and chemically. The topography of the surface of the targets after
irradiation was examined in a Stereoskan-180 scanning electron microscope. '

Figure 1 shows the topography of PT-3V and PT-7M alloys after irradiatiom with He' ions.
The number of layers scaled.off was 6 and 3 for PT-3V and PT-7M, respectively, which gave an
erosion rate of 0.1 and 0.7 atom/ion, respectively, and attested to the decisive effect of
the alloying additives introduced.

The microstructure of the transverse microsection of PT-7M irradiated with Ht ions
under various conditions contains clearly visible titanium hydride precipitates, which are
arranged primarily along grain boundaries. Comparison of the microstructures indicates an
anomalously deep penetration of hydrogen ions into the titanium. At a dose of 3:10*? ion-
cm—? hydrides are present in a layer with a thickness of 0.35-0.4 mm and at a dose of 10°°
ion+cm™ 2 they are distributed over the entire cross section of the specimen. The observed
depth of hydrogen penetration is roughly 10* times the range of the bombarding 10-keV ions,
which apparently is attributable to radiation-stimulated diffusion. ‘After irradiation at
300°C the structure of the alloy displays only single hydride precipitates arranged over-
the grain boundaries near the irradiated surface. :

The results of spectral analyses to determine the quantity of implanted hydrogen when
Tipr = 120°C are given in Fig. 2. The maximum hydrogen concentration of 0.021 wt.Z corre-
sponds toa capturing coefficient of 0.93, the hydrogen being distributed approximately uni-
formly over the cross section of the specimen. When the dose is increased to 3-10%° ion-
cm—?, the metal is observed to be saturated with hydrogen, which is in agreement with data
on the solubility of hydrogen in the alloy studied (Fig. 3). At Tirr = 300°C the hydrogen
concentration in the alloy decreases and at a dose of 102° ijon-.-cm~? about 60% of the
implanted hydrogen leaves the target as the result of thermal diffusion (diffusion coeffi-
cient in PT-7M at 300°C is 5-10~® cm—2.sec=').

The alloy PT-3V was less inclined to interact chemically with hydrogen. At Tirr =120°C
hydride precipitates can be detected only in individual specimens and at 300°C there are
practically no hydrides. When PT-3V was irradiated with H*+ ions at 300°C no cracking or
embrittlement of the surface, which are characteristic of titanium [4, 5], were observed up
to a dose of 102° ion-cm~2. The surface relief formed is typical of sputtering of a-poly-
crystal by high doses of high-energy ions. This allows Ti—Al—V to be considered as a
promising alloy for use as a coating on the first wall and the divertor of fusion reactors.

The authors express their gratitude to V. V. Orlov for his constant interest in the
work. :
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ENERGY CHARACTERISTIC -OF SILICON NEUTRON
ACCIDENT DOSIMETERS '

V. V. Golub o ' UDC 539.12.08

Experimental investigations of the effect of moncenergetic neutrons on’MP 111 and MP
115 silicon transistors and the results reported in [1-4]} show (Figs. 1, 2) that the sensi-
tivity of a silicon neutron detector is proportional to the neutron d-kerma — the component

of the specific neutron kerma related to the production of structural defects in silicon,
i.e.

s(Ey)=md (Ey),
where m is a proportionality factor.

The function s(Ep) fluctuates considerably. It does not vary with neutron energy in
exactly the same way as the specific neutron tissue kerma k(Ep), but does show the same
general trend. Normalization of s(Ep) and k(Ep) shows that an attempt to determine an
accident dose by silicon detectors will inevitably obverestimate the contribution of neutrons
of one energy and underestimate the contribution of neutrons of another energy. This means
that the possibility of measuring an. accident dose with silicon devices, as noted in the
literature (e.g. in [1]), is feasible only for sufficiently broad neutron spectra. Since
the overestimates and underestimates cannot completely cancel one another for an arbitrary
broad neutron spectrum ¢(Ep), a systematlc error w1ll arise in measuring the dose. The
value of the sensitivity s for a neutron spectrum ¢KEn) can be related to its spec1f1c tis-—
sue kerma k[¢(En)]

d lo (En)l

219&nl Ep)l=
m T 19 (Ewl=m Mk @)

sle(Ep)l=m
A : .
in terms of a function M, over a range of values of which a quantitative estimate of this
error is determined. Sets of neutron spectra compiled specifically to test methods of
measuring doses are given in [5, 6]. Judging by the scatter of values of M, it can be
estimated with a 957 confidence interval that for the neutron spectra of these sets the

error under consideration arising because of ‘the approximate tissue-equivalence of a silicon
dosimeter is *18%. This range will be about 1.5 times smaller if the theoretical [9]

100

Fig. 1. Sensitivity of silicon neu-

tron accident dosimeter in the energy’

range <0.3 MeV: @) experimental

data obtained by bombarding MP 111

and MP 115 transistors; ) func-

tion d(Ep). Here and in Flg 2,1
~rel. unit =1 keV-.b.

5, rel, units

£, MeV

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 183-184, March, 1980. Original
article submitted May 3, 1979; revision submitted July 10, 1979.
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Fig. 2. Sensitivity of silicon neutron accident dosi-

meter in energy range >0.3 MeV: ...) function d(Ep);

+,0, O) experimental data obtained by bombarding MP : .
111 and MP 115 transistors, high-frequency transistors '

[4], and wide-base diiodes [2, 4] respectively.

instead of the experimental [7, 8] values of the energy losses of ions in elastic atomic
collisions are used to calculate the d-kerma.

Such an error is substantially smaller than the total error admissible in the measure- .,
ment of an accident dose [6]: This is the basis for assuming that in many cases a silicon
accident dosimeter is tissue-equivalent to a good approximation.’
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' FEATURES OF STANDARDIZATION OF PLUTONIUM ISOTOPE
MIXTURE FORMED IN NUCLEAR POWER REACTORS | - .

R. Ya. Sayapina, V. I. Bad'in, ' UDC 621.039.8:614.8
R. Ya. Sit'ko, and S. V. Petrov

Spent fuel elements of power reactors, as is well known, contain a large quantity of
B- and y-emitting fission products and transuranium elements (the plutonium build-up may
come to about 10 kg per ton of nuclear fuel). Returning the uranium and plutonium to the
power cycle after reprocessing of spent fuel elements is one of the important conditions
for the future development of nuclear power. A great deal of practical experience has been
accumulated throughout the world in ensuring and monitoring radiation safety during work
with plutonium. However, the specific isotopic composition of the plutonium which builds
up in fuel elements significantly changes the traditional approach to the evaluation of the
radiation hazard from that radionuclide.

It is well known that with an increase in the degree of burn-up of the nuclear fuel
the mixture of plutonium isotopes becomes richer in heavy isotopes, especially 241py, which
is a low-energy B-emitter with 1870 times the activity of 22°Pu per unit weight. The *“'Pu
content in fuel elements may amount to 10-12 wt.% {1, 2]. -The radiotoxicity of the composi-
tion of the plutonium isotope mixture formed in a thermal reactor at a burn-up of 30 (MW-
day) /kg (see Table 1) is determined by both *“*Pu and the e-active isotopes of plutonium.
When this mixture enters the respiratory organs there is one unit of maximum permissible
intake (MPI) of 2“'Pu (4) per unit of MPI of the sum of a-active plutonium isotopes.

‘It thus follows that monitoring of the intake of plutonium isotopes into the body,
which is traditionally done according to the a~active radionuclides, is inadequate for
plutonium extracted from fuel elements. In addition to this, measurement of the activity
of low-energy B-radiation (Ezy ® 5 keV) against the background of a-radiation and residual
fission-fragment products entails certain methodological difficulties.

In the present paper we propose a method which makes it pessible to avoid continuous
"monitoring of B-activity and to compensate its value by lowering the MPI of a-active pluto-
nium isotopes by a factor K, proceeding from the familiar formula for the mixture:

Py

where MPI =~ is the maximum permissible intake of the mixture of radionuclides; Pj, the rela-
tive content of the i-th radionuclide in the mixture with respect to activity, in fractions;
and MPIi, the maximum permissible intake of the i-th radionuclide.

Rearranging Eq. (1), we get a relation from which we can calculate the value of K:

MPlo 4 MPLaPs _ g
MPImPa MPI gPq _ (2)

TABLE 1. TIsotopic Composition of Plutonium at
Burn-Up of 30 (MW-day)/kg in Thermal Reactors of
Atomic Power Plant

Content 238py 239Py 240py 221py - 242Pu
B}é}”keglgglft'fuel 0,11 5,5 2,64 1,6 | 0,45
By activi 1,85 0,336 0,6 132 4,75 40~3
}Eii/ gg.fuel (6,85~ 1010) | (1,24° 1010y | (2,22"1010) [ (488,4- 1010)| (6,48-107)
BIREST - ‘

Translated from Atomnaya Energiya, Vol. 48, No. 3, p. 185, March, 1980. Original
-article submitted May 18, 1979; revision submitted July 3, 1979.
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Here, MPI, is the maximum permissible intake, as regulated by radiation safety standard
NRB-76, for the sum of a-active isotopes 238py, 22%py, 2“°pyu, and *“*Pu; MPI, P,, the
sought value of the MPI for the a-active fraction of the mixture of plutonium isotopes;
Py, the relative contribution of the sum of a-active isotopes of plutonium, in fractions;
MPIg, the maximum permissible intake of *“’Pu as regulated by NRB-76; and Pg, its relative
contribution.

It follows from Eq. (2) that in order to obtain the sought value of MPI for the o-
active fraction of the mixture of plutonium isotopes the value of MPI, as regulated by
radiation safety standards must be reduced by a factor of K. For soluble compounds of
plutonium the MPI for each a-active isotope varies slightly, from 2.4:107° uCi/yr (88.8
Be/yr) to 2.1-107° uCi/yr (77.7 Be/yr).  For the mixture presented in Table 1 the MPI is
2.28-10"% uCi/yr (84.4 Be/yr) while for 2“'Pu it is 0.11 uCi/yr (4070 Bc/yr) [3] and K can

" be found from . \
K = 1—}- 0.02 (p/a)v (3)

where B/a=Pg/Py is the ratio of the B-activity of *“'Pu to the a-activity of the sum of
plutonium isotopes; 0.02 is the value of the ratio MPIj, (238_2“2Pu)/MPIB (3*'pu).

Bearing in mind that the ratio of the pérmissible intake of the sum of active plutonium
isotopes to that of ?“'Pu, equal to 0.02, depends little on the isotopic composition of the
plutonium (the error in the determination of the value of 0.02 does not exceed 10%), Eq. (3)

-can be used for any mixture of plutonium isotopes.
For the mixture of plutonium isotopes given in Table 1,
. = 50.0,02 = 2, ' '
- ‘ K =1450002=2 _ )
i.e., safety conditions will be maintained if the actual intake of a-active plutonium iso-
topes is half the value of the MPI as regulated for them by the radiation safety standards.
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PHYSiCAL ASPECTS OF INJECTING SYSTEM FOR LARGE
TOKAMAKS AND OPEN TRAPS

A. TI. Krylov, V. V. Kuznetsov, _ ' UDC 621.039.647
and N. N. Semashko '

In recent years an intensive study has been made of the possibility of constructing
thermonuclear reactors with injection, in which the thermonuclear reaction would be sustained
by the introduction of high-power streams of atoms (tens and hundreds of MW). Several
schemes for reactor-tokamaks designed for injection have been proposed [1]. One of them
is based on the fact that until they are thermalized, injected high-energy deuterons pro-
mote thermonuclear reactions as the result of collision with ions of the tritium plasma-
target (two-component reactor) [2]. The optimum of the particle energy lies in the range
200-400 keV. In another scheme, injection can be used to create in the reactor conditions

.for igniting the thermonuclear reaction [3]. The large geometrical dimensions of the toka-
maks necessitates the use of beams with a long range for the particles injected into the
plasma, i.e., necessitates injection of high-energy atoms (400 keV or more).

The transformation of negative ions with such an .energy into neutral particles occurs
with an efficiency n=0.6-0.8, depending on the type of target [4, 5], whereas the effi-
ciency of transformation of positive ions into atoms at the same energy is substantially
lower. Therefore, the energy efficiency of an injector using negative ions at high energies

* is substantially higher than one with positive ions (Fig. 1).

Two methods have been developed for obtaining powerful beams of negative ions: by
extracting negative ions directly from gas-discharge plasma as, e.g., in surface-plasma
sources [6, 7], and by double recharging of positive ions in alkali—metal vapors [8, 9].
An unquestionable advantage of the first method is the great simplicity of the scheme.

To date, however, ion beams have been obtained in pulsés no more than milliseconds in
length. With the second method the pulse duration has been extended to seconds and there
are not difficulties of a fundamental nature which would hinder the construction of stably
operating injectors whereas the prospects of the first method are not as bright.

The general scheme of an injector of fast deuterium atoms with an energy of 400-600
keV incorporates a source of positive low-energy deuterium ions (5-10 keV), a charge-
exchange target for obtaining negative ions, a system for additionally accelerating the
negative ions to the required energy, and a target for transforming the negative ions into
atoms. The comparatively low energy of the positive ions is due to the fact that the yield
of negative ions is maximum at this energy. For targets of various alkali metals this yield
reaches 0.12-0.25 [10, 11].

Figure 2 shows the diagram of the module of an injector using negative deuterium ioms.
Several separate modules are combined into an injector with a total power of 30-40 MW in
the atomic beams. The source produces and shapes a beam of positive ions with a current of
the order of 100 A and a current density of up to 0.25 A/cm®. As the first charge-exchange
target use was made of a supersonlc jet of sodium vapor [8] in which the yield of negative
ions is 0.12 for a beam of D} with an ion energy -of v7 keV. When account is taken of the

Fig. 1. Efficiency of deuterium-atom
" injector vs energy: 1) injector with
_ positive ions; 2) injector with posi-
tive ions and energy recuperation (907
efficiency); 3, 4) injector using
negative ions obtained by recharging
in cesium and sodium, respectively.

| - i 1 | 1
4 200 400 600 800 71000 71200 Epo keV

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, pp. 186—187, March, 1980. Original
article submitted May 18, 1979.
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‘Fig. 2. Module of injector of deuterium atoms with energy of’ 400-600 keV: 1)
source of positive ions; 2) sodium charge exchange target; 3) system for ‘addi-
tional acceleration; 4) bending magnet; 5) receiver of 10-keV atoms; 6) cryo- °
genic evacuation panels; 7) lithium stripping target; 8) receivers of 400-600-

keV ions; 9) vacuum fore-pumplng system 10) vacuum locks; 11) adJacent module
of injector. :

D} and DY ions which are present -in the beam and which, upon traversing the target, dissoci-
ate into ions of lower energy and undergo charge exchange, the overall yield of negative
ions reaches 0.18 (Fig. 3). The supersonic jet also serves as a vacuum lock, setting up a
pressure drop between the regions in which positive and negative ions are moving, and par-
tially pumps off the gas flowing from the source.

‘The system for additional acceleration, placed inside a high-voltage insulator, is a
series of heated electrodes. The potential distribution over the electrodes, on the one

hand, ensures hlgh—voltage strength and, on the other hand, creates as long-focus a system
as possible. :

0,15

Fig. 3. Yield of negative ions
. vs energy during charge exchange
of H' ion beams with various
‘component comp081t10ns 1) Hy =
100%; 2) HY=70%, HY=20%, HY=
10%; 3) 1t = 60%, Ht 20%, HE=20%.
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A magnet, installed after the system of additional acceleration, turns the beam of nega-
tive ions through a small angle and directs it at the entrance aperture of the thermonuclear
device. The neutral particles formed in the target are admitted by a special current
receiver. The pressure of the residual gas in this region should not exceed 1.33°10"* Pa
so as not to cause large losses of the beam of D™ ions. This space should also be shielded
against scattered magnetic fields of the device. :

If the target for stripping negative ions is one of the best developed targets based
on alkali-metal vapor, then it is desirable to choose lithium for the working substance
since it ensures the highest yield of atoms (“0.65) [11] and a very low loss of vapor such
that the thermonuclear device will have the minimum quantity of impurities with low charge.
The remaining charged components of the beam consist of roughly ‘equal numbers of positive
and negative charged particles. The charged components can be removed from the atomic beam
both by the magnetic scattering field from the current of the plasma filament of the tokamak
and by a special magnetic field. The efficiency of the injector can increase sharply if
a plasma target is used [5]. '
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POSSIBLE CONTROL OF NEUTRON FLUX BY
MOLECULAR LAYERED COMPOUNDS
I. G. Gverdtsiteli, A. G. Kalandarishvili,

S. D. Krivonosov, V. A. Kuchukhidze,
and B. A. Mskhalaya

UDC 621.039.515

In reactor operation it is necessary to ensure the required neutron spectrum and the
value and profile of the energy dlstrlbutlon Many technical solutions have been proposed
“for controlling the neutron fluk in‘a reactor, among them, controlling the reactor by means
of channels filled with neutron absorbers of substances in various: states of aggregation

[1-5].

In the present paper we consider the possibility of employing channels filled with
neutron-transparent layered structures with a neutron-absorbing substance whose content is
determined by the constant of a two-phase equilibrium reaction which is temperature-dependent.
The layered compound is formed when various elemetifts or chemical compounds interact with a
substance which has a layered structure, such a pyrolytic graphite [6] or the dichalcogenides
of transition metals [7]. e 0 1

The possibility intprinéiplé of realizing this method is shown in Fig. 1. The device
[8, 9] constitutes two coaxial cylinders of stainless steel.  The inner cylinder 1, which is
connected with reservoir 2 filled with absorbing material 3, contains block 4 of the neutron-
transparent matrix of a layered compound with a particular orientation of the crystallograph-
ic axes, held by spring 5 in the direction of expansion. The second cylinder 6 holds elec-
tric heaters 7, 8 for controlling the temperature of the layered compound and the absorbing
material. The length of the ampul is determined by the height of the reactotr core 9 while
the diameter can vary within wide limits.

Let us evaluate how effectively this device functions when use is made of a layered com-
pound based on pyrolytic graphite with alkali metals. The choice of layered compound is
dependent upon good knowledge of the parameters of the given layered compounds, which facili-
tates calculations. As the alkali metal is introduced into the pyrolytic graphite, the
thermal-neutron absorption cross section of the layered compound increases monotonically in
proportion to the weight concentrations of the alkali metal in the graphite; this provides
continuously variable control of the neutron flux.-

, Let us consider the case when the orientation of the crystallographic c axis of the
pyrolytic graphite, with a thickness of 1 cm, is parallel to the height of the reactor core.
The neutron-flux attenuation factor was .calculated from [10]

O/Dy = y=exp (— Zqd), | ()

' TABLE 1. Neutron-Flux Attenuation Factor
of Layered Compound of Pyrolytlc ‘Graphite
with Alkali Metal

_ A | B . Cc.
Compound
cs | Wk | cs | ®K | ©s | “K
CMe . 0,8 | 0,55 | 0,67 | 0,38 0,83 | 0,57
CyoMe 0,83 | 0,62 | 0,73 | 0,48 | 0,83 | 0,57
C,,Me 0,86 | 0.67 | 0,77 | 0,53 | 0,83 | 0,57
CyeMe 091 |0.78|0.88|0,72]0,91]0,75
CyeMe 0,93 |0,83]¢0,9210,8 (0,9 | 0,83
CysMe 0,94 0,8 0,93 | 0,851 0,95 | 0,87
CqoMe 0,95 | 0.89 | 095 | 0,88 | 0.96 { 0,89
CpaMe 0.96 | 0,91 | 0/96 | 0,90 | 0,97 { 0,91
Translated from Atomnaya énergiya, Vol. 48, No. 3, pp. 187-189, March, 1980.
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where ¢, and ¢ are the neutron fluxes in front of and behind the layered compound; y, the
flux attenuation factor; I, the macroscopic cross section for absorption of thermal neutrons
by the layered compound, cm™'; and d, the thickness of the layered compound, cm. Let us
suppose that when the pyrolytic graphite interacts with the alkali metal the latter is homo-
geneously distributed over the volume of the layered compound. Then [10]

. — Pa (OIN G2N‘ ) '

2100 Tl"h ‘z’f]z )

where pg is the density of the given phase of the layered compound, g/em®; o, is the micro-
scopic absorption cross section of the graphite, 3.73 mb; A, is the atomic weight; n, is the
weight content of pyrolytic graphite, %; o2, Az, and n. are the analogous characteristics of
the alkali metal, 02 =28 b for Cs and 70 b for “°K; and N is Avogadro's number. The density
and weight contents are determined by the phase of the layered compound.

The attenuation factors for layered compounds of pyrolytic graphite with cesium and the
isotope “°K for various stable phases are given in part A of Table 1. If the matrix of the

layered compound is made up of plates with crystallographic ¢ axis perpendicular to the height

of the reactor core, the neutron-flux attenuation factor can be evaluated either with the
assumption of homogeneity (see part B of Table 1) or with the assumption of heterogeneity.
In the latter case the layered compound is in the form of two plates: pyrolytic graphite
with a thickness of 1 cm and a plate of absorbing material of variable thickness, equal to
the difference between the values of the thicknesses of the layered compound and the matrix.

The attenuation factors in the heterogeneous approach, which were calculated from a
formula similar to Eq. (1), are given in part B of Table 1. The maximum attenuation factor
of the layered compound with a matrix of unit thickness for the system pyrolytic graphite—
alkali metal is 0.38 and is realized by using the isotope “°K. Layered compoundsof pyrolyt-
ic graphite with rubidium isotopes, ®°K, and “*K give an attenuation factor of more than
0.99 in all cases considered.

An increase in the control efficiency can be attained by using layered compounds of
pyrolytic graphite with cadmium bromide [11] and boron chloride [12]. The results of cal-
culations for a layered compound of pyrolytic graphite with cadmium bromide show that when
the geometric dimensions are increased by 0.1, 0.2, 0.3, 0.4, and 0.5 cm the attenuation
factor is, respectively, 0.017, 3-10~*, 4.107°, 6-10~°, and 8.10"'°,

It is proposed to try this method of control on the VVR-M reactor.
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ENERGY DISTRIBUTION OF FAST NEUTRONS IN
THE F-1 URANIUM—GRAPHITE.REACTOR

V. A. Kanareikin, V. M. Tyryshkin, _ , R UDC '621.039.512:45
and V. §. Yuzgin o

s

The first uranium—graphite reactor in Eurasia, the F-1, is now frequently used to pro-
duce the special state-standard-unit neutron-flux density [1]. However, a reliable standard
neutron-flux density is not the only information needed to solve a number of problems involv-
ing the effect of radiation on materi:ls. Actually, the effect on a material of a given
flux density of neutrons is determined by their energy distribution. This is why, for exam-
ple, in calibrating threshold detectors in a reactor in order to employ them later in experi-
ments involving the irradiation of materials it is necessary to take account of the energy
spectrum of the neutrons, particularly the fast neutrons, activating the detectors.

Accordingly, the neutron spectrum in the 0.1 to 10 MeV range was calculated in the
middle of a channel passing through the center of the F-1 reactor core. This is one of
the channels used for the activation of detectors being calibrated. The calculation was
performed for a mominal reactor power of 24 kW using a program for solving the adjoint neu-
tron transport equation by the Monte-Carlo method. This program has been successfully used
to determine the fast neutron flux density in the MR reactor [2] and in water-cooled water-
moderated reactors.

Taklng account of certain differences between the calculational model and the actual
reactor, the flux den31ty of neutrons with energies above 3 MeV calculated at the center
of a horizontal channel of the F-1 reactor is in good agreement with the experimental value
of 2.6+10? neutrons/m*-sec [1].

- ’ ’
2
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i density of neutron flux at
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Translated from Atomnaya Energlya, Vol. 48, No. 3, p. 189, March, 1980. Original
article submitted May 28, 1979.
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~ The differential energy density of the neutron flux is shown in Fig. 1. The standard
statistical error does not exceed 2.5% of the calculated values in the 0,1-0.5 MeV neutron
energy range, 4% in the 0.5~7.5 MeV range, and 6.5% in the 7.5-10 MeV range.

‘ It is interesting to compare the cross sections for the activation of certain threshold
detectors in the standard neutron field of the F-1 reactor and in other reactors, taking

"account of the fast neutron spectra. Thus, the cross sections for the activation of 1°3Rh
‘and ''®In averaged over the spectrum above 0.1 MeV in the F-1 reactor are 3.7-10"* and 7.3-
‘10~% b, respectively, while in the MR research reactor [2] analogous values when using rhodium
“and indium foils as detectors would have to be taken equal to 5.6-10-! and 1.4-10"' b.

Thus, detectors calibrated in the F-1 reactor and later used in experiments on the
properties of materials performed in the MR reactor can lead to errors of "40-50% in the .
estimate of the flux density and fluence of neutrons with energies above 0.1 MeV. It should
be noted that the cross sections for the activation of rhodium, averaged over the neutron
spectra above 0.8 MeV in the F-1 and MR reactors, are approximately the same (9.5-107* b).
This result agrees with [3]. : '

Both the activation cross sections and the effective cross sections for material damage,
averaged over the neutron energy, depend on the spectrum shape. Thus, the cross sections
for defect production in iron and zirconium, which are components of the fuel element. clad-

' ding, averaged over the néutron spectrum above 0.1 MeV in the F-1 reactor, are 4.9 and 3.7

displacements/g, and in the MR reactor 7.2 and 4.7vdisplacemehts/g.
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APPROXIMATION OF LIMITING CONTROL IN OPTIMIZATION
OF XENON TRANSIENT PROCESSES

V. I. Pavlov and V. D. Simonov ' ‘ UDC 621.039.562

The trajectory abcd in Fig. 1 illustrates the character of a transient Xenon process
during three-phase optimal control of reactor power before that power is reduced [1]. The
segments ab and cd are the phases of allowable minimum and nominal reactor power, Upip
and Uyop. At points b and ¢ the power jumps from Upjp to Up and from U, to Upop. Seg-
ment bc is the phase.of limiting control, during which the power is contlnuously reduced
from Uy, to U. according to a law ensuring that the *®°Xe concentration is kept at the highest
allowed level, which is specified by the curve x(2 )-_Xmax(z) ' Clearly, such limiting con-
trol is difficult to implement in practice.

An attempt to approximate continuous control by relay control has been reported [2]
In order to ensure that the duration of the limiting control does not increase by more than
8%, the power has to be switched from nominal to minimum and vice versa at 1ntervals of
about 5 min. Such control is hardly’ 31mpler than continuous control.

A substantial 51mp11f1cat1on can be attained by replaced cont1nuous control with p1ece-
wise-continuous control, corresponding to the final state of the reactor on the limiting
line. Then phases ab and cd of optimal control do not suffer any changes and limiting con-
trol will consist in the stepped decrease in power from Uy to U.. '

Since the trajectory which emerges from the point b and corresponds .to the control
U(t) =Up and the traJectory arriving at point c¢ with the control U(t) =U ¢ are both tangent
to the straight line x(2 )"Xmax ?) at points b and c, respectively, with one-step approxima-
tion of the limiting control switching the power from Up to Uc at the.point of intersection
of these trajectories prevents the inadmissible over-poisoning of the reactor. Such discus-
sions make it possible to find the trajectory for any number of steps. As an example Fig. 1
schematically shows the trajectory of limiting control approximated by one (blc), two (b234c),
and three (b56789c) power steps.

With n steps it is possible to employ, e.g., the following sequence of reactor power

control: Uy=Up — Jﬂi%;.lﬁLul(nn—O 1, ..., n). The choice of the number of power steps

"in each concrete situation is determined by the necessary accuracy of approximation. The
extension of the phase of limiting control through the replacement of the cont1nuous control

TABLE 1. Extension of Phase of Limiting
Control with Stepped Approximation, %

No. of power steps
P % | Un/Uy. =
T" “nom 1 2 3 4
0,9 0 95,2 - 8,2 3,0 1,8
- 0,1 82,3 . 5,4 1,9 1,2
0,2 35,7 3,2 1,4 0,9
0,3 6,6 1,5 0,8 0,4
1,3 0 12,2 2,5 1,1 0,6
0,1 6,3 1,2 0,7 0,3
0,2 2.4 0,5 0,2 | 0,1
0,3 0,8 0,2 0,1} <0,
1,7 (V] 3,2 0,7 0,3 | 0,2
0,1 11 0,2 01| <o,
0,2 0,2 0,1 <0,1 < 0,1
0,3 <0, <0,1 <01 <0,1

Translated from Atomnaya ﬁnergiya, Vol. 48, No. 3, p. 190, March, .1980. Original
article submitted June 26, 1979.
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Fig. -1.  Variation of iodine and xenon
concentration, X(*) and x(?) | under
three-phase control of reactor power:

£) curve of equilibrium states; Q)

curve of variation of poigoning for U(t) =
Ur (tangent to X(2) =Xpax 2))

by piecewise-continuous control depends not only on the number of power steps but also on

the properties of the reactor, the operational reactivity margin p, and the level Ut to
which the reactor power should be reduced.

As follows from the data of Table 1, calculated for a reactor of the VVER type (water—
moderated water-cooled power reactor) [3] with p =0.9%Z and three power steps, the phase of
the limiting control is extended by no more than 3% even when preparations are being made

to shut down the reactor. A reactivity margin above 1.5% allows us to confine ourselves
to one-stage approximation for this purpose.
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