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ARTICLES

:CHANGE IN THE FUEL COMPONENT OF THE COST OF
ELECTRICAL ENERGY DURING A TRANSITIONAL
OPERATING PERIOD OF A HIGH-POWERED WATER-
COOLED CHANNEL REACTOR (RBMK)

S. V. Bryunin, A, D. Zhirnov, . i UDC 621.039.517.621.3.016.003.12
V. I. Pushkarev, and V. I. Runin ~

The presently accepted scheme for taking a high-powered water-cooled channel (RBMK) reactor out of
service into a stationary operating regime involving the reloading of channels with a predetermined degree of
fuel burnup consists in thefollowing. The first fuel load of the reactor is only part (~85%) of the standard
amount. Channels with additional absorbers (AA) make up the remaining part. As the operation of the reactor
continues and fission products accumulate in the fuel, the AA are gradually replaced by heat-releasing assem-
blies (HRA). The burnup of the first channels discharged from the reactor core is less than that projected for
a stationary regime of operation. The burnup gradually increases, reaches the projected value, and for a cer-
tain portion of the channels exceeds the projected amount, After all channels in the initial loading are replaced,

the fuel burnup in the discharged channels becomes equal to the projected value. The stationary operating re-
gime of the reactor also begins at this time.

We can obtain an expression for the fuel component of the cost of electrical energy delivered by an atom-
ic power plant (APP) at a given instant of time t (the time is reckoned from the beginning of operation of the
APP in effective days) from the equation for the balance between cost and expenditures at a given instant of
time

k—1

eny= D) cfi AW+ K™% . @)

i=0

where c is the cost per HRA including the cost of transportation to the plant site, ny is the number of HRA used
at the APP from the start of operation up to and including the k-th reloading, cf; is the fuel component of the
cost of electrical energy between the i-th and (1 + 1)~th reloading, AWj is the electrlcal energy delivered be-

tween the i-th and (i + 1)~th reloading, and Kk is the value of the active zone of the reactor after the k-th re-
loading.

The left side of the equation gives the expenditures of the APP on fuel from the beginning of operation up
to the present. The first term on the right side represents the total cost of electrical energy delivered by the
APP, taking account of the change in the fuel component of the cost of electrical energy in the preceding period;
the second term represents the value of the reactor core, taking into account the number of HRA in the core
and their partial burnup at the given moment. In this way, the balance equation is based on the principle that
the means expended should be equal to the value of the electrical energy delivered plus the presently available
means in the form of the value of the reactor core at the given moment.

The fuel component of the cost of electrical energy at a given moment can be defined as the ratio of the
value of the reactor core to its energy resources at that instant: i.e.,

cfn = Ki%len, - @)

where gy is the energy resource of the active zone after the k-th reloading of the HRA. This can be put in the
form

e = nmag (Py, — Py), . 3)

where 7 is the net efficiency, my is the number of HRA in the core after the k-th reloading, g is the uranium

charge in a HRA, and Py is the projected and current burnup of the HRA in the reactor after the k-th reloading
(averaged over the active zone).

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 219-222, April, 1979. Original article submitted
June 9, 1978.
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Whén this is taken into account, Eq. (1) becomes
’ h-1
cny = cfpnmyg (Pr— Py) + .20 of; AW, (4)

From this it follows that the fuel component of the cost of electrical energy after the k-th reloading can be ex-
pressed in the form o -

k-1

Cfp = Cly— 'go cfi AW/ [ninug (Pr~— Py)]. . _ : )

- This expressiori can bé simplified and put into a form which is more convenient for practical calculations.
The sum in the numerator of Eq. (5) (the fuel component of the expenditures on electrical energy delivered up
to the present moment) can be expressed as follows:

B-1 .
.20 cfi 4W,~=c[nh—mk(Ph—Ph/Pk)]. (6)
The quantlty m the square, brackets represents the a’ctﬁal consumption of HRA at a glveh moihent (ata .
given reloading), takmg into account the fact that the HRA in the core are only partially burned up (proportional
to the relation Pk Pk/ Pk) Taking this relation into account, the expréssion for cgy is easily put in the form

ofn = C/Tlgph : 7

I the dimensionality of the parameters appearing in cfk is taken into account, and the expression is trans-
formed from a discrete to a continuous form, we obtain the following expression:

ef () = (100/24) le/ngP ()] (kopecks/’kWh), o (s)

where ¢ is the cost in rubles of the HRA mcludmg cost of transportation to the power plant site, n is the net ef-
ficiency (fraction of unity), g is the charge of uranium in the HRA in kg, P(t) is an average over the active zone
of the projected burnup of HRA in the reactor at time t in kW-days/kg, and t is the effective reactor operating
time in days.

As is well-known, there are two approaches to calculating cgr: making no allowance for reprocessing
the spent fuel and extracting plutonium from it ("for disposal™), and taking the latter into account. Expres-
sion (8) corresponds to the first approach. In the second case, the numerator must involve the difference be-
tween the cost of HRA and the cost of the realized uranium with a final content of ?*°U and the accumulated
pluboniuin; as well as the expenditures on reprocessing; it does not involve the cost of fresh fuel rods nor the
cost of their transportation to the nuclear power plant. In this connection, the content of 2357 in the fuel and
the accumulation of plutonium is determined as the average over the reactor of the projected degree of burnup
at the given instant P(t). This expression does not take into account the cost of AA initially loaded in the re-
actor and gradually replaced by HRA. The increase in cfx (including the cost of AA) can be expressed as

Ach = (100/24) @n ppcup /Ny T o 2)(Ty 4 —H/T 5 ) (Kopecks W), ©)

where npa and cpp are, respectively, the cost in rubles of the additional absorbers loaded initially into the
reactor and the cost of one of them, Np is the heating capacity of the reactor in kW, and TpA is the time (in
days) from the beginning of the reactor operation to the end of discharge of the AA,

This is a differential expression; i.e., it defines ACfA A at a given instant. The average (integral) value
of the fuel component of the cost of electrical energy over the precedmg time interval from 0 to T can be ob-
tained as follows

—

st i |

Cf(t)dt)/T. i . _ (10)

However, in practical calculations it is more convenient to use another relation which has the same meaning:

cn(M—m (@) [P I—FOUP )

: ;.f — (100724) NNpT

1)

With this expression it is easy to determine the average fuel component for any time interval (calendar
year, quarter, and so forth).

260
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Fig. 1. Degree of burnup of HRA unloaded from the reactor.
Fig. 2. Average over the core of the burnup of HRA located in the reactor at a given time. '

Fig. 3. Fuel component of the electrical energy cost of an APP using an R§M(—1000.

It is important to note that the only design parameter appearing in Eq. (11) is P(T), Allof theothers (the
total HRA outlay n(T), the number of HRA in the reactor m(T), the average over the active zone of the current
burnup of HRA in the reactor P(T), and the average over time T of the nuclear power plant efficiency) can be
calculated 4t the APP using its actual operating characteristics. The presence in the calculational expressions
of the differential and average (integral) fuel component of the cost of electrical energy P(t) is a necessary
methodological element which is due to the specific use of nuclear fuel. I particular, this consists mainly in

the fact that the cost of nuclear fuel is transferred to the energy produced over a very extended period, while
the outlay to acquire it occurs only once.

The method described here was tested in a calculation of the fuel component of the cost of electrical
energy at an APP plant using an RBMK-1000, For purposes of clarity, the burnup of HRA unloaded from the
reactor was assumed to depend simply linearly on the effective reactor operating time (Fig. 1). In the interval
from O to Ty, the AA are withdrawn and replaced by HRA; during the time from Ty to Ty, the channels of the
initial fuel charging are unloaded (their burnup varies from Py,i, t0 Pmax), and all channels added to the core.
are withdrawn with the projected (stationary) burnup Pg during the time interval after T,. In accordance with

these assumptions for the various periods of time, the average projected burnup of the HRA located in the core
at a given time was determined as follows:

t=0 P = (P, + B/

| (12)
o<ty P(t)y= [(Pmaxt+ Prin)/2) [(my Im ()] + P [(jn(t)dt)/m 5 (13)
0
T, <t<Ty Pl)=[Bop +—22 00 7y yp  Tfox
‘ t
x[(my— | n@ae) [mot-py(§ r@atm )]s 4
T4 0

where mj and mg are the number of HRA at the initial reactor loading and in the stationary operating regime

respectively, n(t) is the HRA loading in the reactor (HRA/day), and m(t) is the number of HRA in the core at
time t.

To determine the average burnup of the HRA in the core (Flg. 2),.we used the results of ‘many calcula-
tions of the transition period. From these it follows that the value Ps is attained in an RBMK-~1000 by the time
T, at which the AA are completely unloaded. P(t) varies linearly from 0 to Pg during the time interval from 0

261
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to Ty. According to Fig. 3, the fuel component of the electrical energy cost at the beginning of the power plant's
operation (t = 0) is 17% larger than the corresponding value in the stationary regime of operation. It subse-
quently drops nonlinearly to the value corresponding to the stationary regime of operation. The average cost
of the fuel component over the transition period is ~10% higher than the fuel component of the cost of electrical
energy in the stationary regime of operation.

It should be noted that the actual operating characteristics of the APP (the degree of fuel burnup, the net
efﬁmency, etc.) can be dlfferent from their design values. The fuel component of the cost of electrical energy
(calculated by using the actual operating characteristics of the nuclear power plant) can also be different from
its projected value. The method proposed here, however, makes it easy to correct the fuel component of the
cost of delivered electrlcal energy.

OPTIMIZATION OF THE SAFETY MARGIN TO THE CRITICAL
LOAD OF THE HEAT-RELEASING ASSEMBLIES IN A
HIGH-POWERED WATER-COOLED CHANNEL REACTOR (RBMK)

S. V. Bryunin, A, I. Gorelov, UDC 621.039.542:620.16
'V. Ya. Novikov, I. K. Pavlov, '
and V. V. Postnikov

For atomic power plants (APP) having a stable regime of energy distribution control and a channeled -
distribution of coolant flow through the core, it is possible to establish definite relationships between reactor
output and rate of failure of the heat-releasing assemblies (HRA). The main reason for HRA breakdown as the
reactor output increases is obviously the fracturing of the fuel element shells as critical heat loads are ex-~
ceeded. The operational and economic characteristics of APP are to a large extent determined by the mar-
gins to maximum allowable output and critical load of the HRA.* Decreasing the safety margin causes an in-
crease in the probability of HRA failure, which increases the fuel component of expenditures on electrical
energy. Increasing the safety margin, on the other hand, improves. the heat engineering reliability of the core,
but reduces the generation of electrical energy and increases the constant component of expenditures on elec- .
trical energy. The choice of safety margin must therefore be consistent with the indicators of reactor re~
liability, the technical and economic characteristics of the APP, and minimal expenditure on the production
of electrical energy. :

In the practical control of an RBMK-1000, the safety margin to maximum allowable output of the HRA
is determined by the relation {1]

ki =(N§ ~x VD& + NiD, )IN,, @

where NfT is the critical output of the i~th HRA (a function of the temperature, pressure, and coolant flow rate
of the 1—th fuel channel (FC) for a limiting linear heat load per fuel element), Nj is the output of the i~th HRA,

DfT is the dispersion of the error in the determination of the critical output of the i-th HRA, Dj is the relative
dispersion of the error in the determination of the output of the i-th HRA (DfT and Dj are both determined by the
errors of the control apparatus and method of calculation), and w is a.constant.

The energy distribution over the reactor core is regulated in such a way that kj does not fall below unity
for any one of the HRA of the reactor. For kj = 1, the constant » determines the probability of the onset of a
heat-removal crisis in the HRA. Instability of the energy distribution over the reactor due to xenon, steam,
and other effects of reactivity makes it necessary to use manual and automatic regulation. The quality of main-
tenance of the required energy distribution is determined by many factors, primarily the perfection of the con-

* The nature and qualitative resulfs of the following investigation do not depend on the physical processes and

concrete models which determine the critical load.

Translated frorn Atomnaya Energiya, Vol. 46, No. 4, pp. 222-227, April, 1979. Original article submitted:

" February 27, 1978.
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trol and regulation system, the number and accuracy of the control system detectors, the programs for cal-
culating the three-dimensional energy distribution, and the performance and number of local regulators of the
control and safety rods. The aggregate of these factors, as well as the state of the local coolant flow rates
and the overall reactor heat-engineering parameters cause the random character of the time variation of ki.
Because of this, the output of each HRA and its critical output can also be considered as a random function of
time [2]. The frequency of the surges in HRA output of the reactor beyond the critical level is determined

. by the cumulative intersection frequencies of random processes of unity level or less. The safety margin to
critical output of the i-th HRA is found by using the equation :

Cr

kW) = INS @QUN, @), i=1,2, ..., m, | @
where m is the number of HRA in the reactor.

When an APP is operated in the basic regime, random processes can be regarded as stationary and er-
godic. For a stationary and normal random process, the integrating and smoothing elements which must be

present in a real system cause kfr(t) to be a differentiable random function for which the frequency of surges
beyond a certain level KT is given by the equation [3]

V(K = 22 gy (5T) fyer _geor,

Van

where (pi(kf?) and Ugi are the distribution density and variance, respectively, of the rate of change of the safety
margin to critical output of the i-th HRA, o

)

The error in the determination of kfr is due to the measuring apparatus and the calculation methods of
- the discrete control of the energy distribution. Analysis shows that these errors can be considered as random
functions of time whose characteristic correlation times are considerably larger than the analogous values for
the processes kfr(t)._ Depending on the functions used by a given apparatus or the calculation programs of the
- system of energy distribution control, the errors in the determination of kT are either specific for each HRA
or are the same for all of the HRA. * Among those errors which are specific are those which exist because of
an error in the measurement of the coolant flow rates in the channels or because of an error in the calculation
of the specific output of the HRA. Among those errors which are common to all HRA are those which are due
to an error in the measurement of coolant pressure and temperature, and also those due to errors in the de-
termination of the absolute thermal output of the reactor. I v(® (K®T) is the frequency of the intersections of
the recorded process 'kicr(t') of the level K°T, the computation of the effect of the errors in the determination
of k‘{r which are specific for each HRA or common for all HRA reduces to a calculation of integrals (the dis-

tribution of the errors is assumed to be normal, with variances Dpj.and Dy and a bilateral cutoff at the levels
Xmax and Xmin, Ymax and Ymins respectively): ' ' :

Xmax

WET)= | dav (KT 4 2) (P01 T )

: ' 4)
*min .
¥Ymax .
N&)) (KCI) = S dy v (KCI‘ + y) (e~ 1722/ Do)/ 1/'2_;“—[)0), ' o (5)
“ymin '

where v (KT)= D} v¥ (K)..

=1

It is difficult to analyze and sum the functions V(il)(Kcr) over all HRA, It is therefore appropriate in

practice to use as a basis the concrete requirements of the problem and apply approximation methods to ob-
tain the functions p(2) (KCT) with respect to a restricted number of realizations of the processes kfr(t).

For the purpose of studying how the frequency of surges in HRA output beyond the limits of the critical
level depends on small shifts in the average output near the value for which experimental data on the charac-
teristics of the processes k{T (t) were obtained, we introduce an output shift factor. We define it as

ky = NI/N,, (6)

where N is the reactor output level under consideration, and Nj is the reactor output level for which the ex-
perimental data on the processes kfr(t) are obtained. The study is based on the assumption that smail changes
of reactor output do not affect the character of the relative distribution of average values of the safety margins
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Fig. 1. Integral distribution function Fig. 2. Frequency of surges of HRA
of the random gquantity k€T, output beyond the critical level, and the

reliability as a function of kg.

with respect to the core changing only the absolute average values and variances of the functions kicr (t) and
also changing the relative dispersions Dyj. A calculation of the changes makes it possible to obtain the family
v (3) (KCT) of functions (5) as a function of the parameter kg as well as the function

Cnlkg) =W, (KT =1), ' (7)
which is the sum over the reactor of the frequeney of surges in HRA output beyond the critical level.

This method of defining the frequency of surges of HRA output beyond the limits of the critical level was
used in making an economic optimization of the HRA kcr in a reactor of the first unit of the Leningrad APP.
With the reactor operating in a stationary regime at an output level close to the rated value, realizations of the
random processes of change with time kfr for 20 uniformly distributed HRA were obtamed The measurements
were carried out over a period of ~1.5 months at intervals of ~2 h.

The Pearson criterion was used to test whether a normal distribution of the random quantities k1 matches
a cutoff correspondmg to the least regulated safety margin to the maximum permissible output. A test based on
the Kolmogorov criterion showed that the experimental data are consistent with the hypothesis that Eq. (3) can
describe the variation of the frequency of surges in HRA output beyond various levels. -The procedure defined
by Eq. (2) was used to find the parameter oy, using a least-squares approximation of Eq. (3) for the experi-
mental intersection frequencies of the various levels of K°T. Such an approach made it possible to avoid pos-
sible errors in calculating o, as the second derivative of the autocorrelation function of the process kCY(t),
depending on the analytic expressvlon chosen for it and the measurement errors. The extent of agreement of
the experimental data and the approximated function is shown in Fig. 1. The experimental points are obtained
on the basis of an analysis of the frequency of random intersections of the k°T(t) of the various levels. To ob-
tain the function n(ks), it was sufficient to take integrals similar to (4) and (5), taking account of the distribution
of the HRA over the safety margin to the maximum allowable output in finding the functions V@)(Kcr) A graph
of the function n(kg) is shown in Fig. 2, which also shows the values of the reliability: h = e™ are the prob-
abilities for all the reactor HRA to remain throughout a year in a state below the corresponding critical levels
{n is the average over a year of the frequency of surges of HRA output above the critical level). Figure 3 shows
the n-dependence of the probability of crisis-free heat removal at each moment for the whole reactor. In addi-
tion to the factors enumerated, the values of the function n(kg) are also affected by the errors of approximating
the sum in Eq. (5) by »@)(KCT), and also by the errors in the estimation by volume sampling of the statistical
characteristics of the random processes being studied. These were neglected in the present investigation. ‘The
optimal safety margin to the critical HRA output and the optimal parameter » in Eq. (1) which was baded on it
were selected by analyzing the relationship between the economic characteristics of the APP and the frequency
of surges in HRA output beyond the critical level, i.e., on the reactor output shift factor. The reduced ex-
penditures on electrical energy with allowance madé for the reliability characteristics of the reactor were
treated as an economic criterion. A closing station of the power system must make up the deficit (underpro-
duction) of electrical energy resulting from a decrease in the output N below a certain level Nyom (henceforth
referred to as nominal). Taking this into account, the reduced expenditures on electrical energy genera ted
by the APP complex and the clos ing station can be expressed as follows:

= E (¢N/9sNpom + E (1 — ON/poN, hom? ‘ ®

where E represents the reduced expenditures on electrical energy delivered by the APP in kopecks /kWh Ec are
the closing expenditures on electrical energy in the given power system in kopecks/kWh, ¢ is the actual (al-
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lowing for HRA failure) utilization factor of the APP installed capacity, ¢y is the nominal (neglecting HRA -

failure or the reduction in reactor output during their replacement) utilization factor of the APP installed
capacity.

In a previous article [4] it was shown that the fuel component of expenditures on electrical energy allow-
ing for possible premature HRA failure is equal to the fuel component of the expenditures neglecting this pos-

sibility divided by the average value of the probability of reliable HRA operatlon durmg the time they are in
" the reactor:

T/0 " - ‘ | . . i
se=gff (§ | par), . . ©)
0

where p(t) is the probability of reliable HRA operatlon as a function of their operating time, and T is the oper-
ating period of the reactor in years.

The expression for the total expendltures (allowing for the constant component) on electrical energy de-

livered by the APP complex and the closing station [for an exponentlal relationship between the reliability and
the rate of HRA failure A (yr—!)] has the following form:

E=a, 8% 4 % 4ot B (1—akg). ' (10)
In this expression, the quantity
365N,k ————mnﬁ .
oPkg 365N ophs
od)= MGnDP (1— ), (11)

ai, ay, ag, and a, are the engineering-economic coefficients:

. A00GN, . 100 CyEG
11— =
v %P9V nom | RN . _ " a2)
_ CokBK . | -
%= g7. 69N nom’ a‘_ =Ny qj"Mlom.

In Eqs. (12), Cydenotes the unit cost of fuel in rubles/kg, G is the charge of uranium in the reactor in kg, Pis
the reactor average of the degree of fuel burnup in kW-day/kg, n is the overall efficiency of the APP, C, are

the constant costs of production at the APP in rubles/yr, K is the capltal invested in the APP in rubles and ES
is the standard efficiency coefficient of the capital investments in yr-! .

When the fuel unloaded from the reactor is chemically processed and plutonium is extracted from it, the
coefficients ay should be replaced by by:

By = 100 (C,+ cchem CPG/2%4 - 365q:oNn°m, ' (13)

where Cchem is the cost of processing the fuel unloaded from the reactor in rubles/kg, and Ct 1s the cost of
fuel with a final content of #°U and accumulated plutonium in rubles/kg.

The HRA failure rate and utilization factor of APP capacity are directly proportional to the HRA failure
rate of the reactor. The quantity ¢ is independent of the frequency of HRA failure for the case in which the
HRA which have undergone failure are replaced without reduction of reactor output.

The optimal output shift factor is determined by the equation

9F/ok, =0 (14)
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equal to the following values: 1) 1.3;
2) 1.4; 3) 1.5; 4) 1,6. o

or is found by a nurerical method. In this study, its optimal value was found by step-by-step calculation of
expression (10) on a computer using a sufficiently small interval for the shift factor.

This method is based on two assumptions. First, it is assumed that a surge of HRA output beyond the
critical level leads to its failure and subsequent replacement; second, a change in reactor output level close
to the nominal does not cause a significant change in the dynamics of the energy distribution and does not ,
change the character of the dependence of the frequency of surges in HRA output from kg. The first assump-~
tion is quite essential from the economic point of view, since it exaggerates the economic loss from the increase
. in the frequency of surges of HRA output beyond the critical level. Allowing for the fact that not all the HRA
whose output exceeds the critical level undergo failure, the proposed method allows one to obtain only a lower
bound for the optimal kg. In other words, one can assert that the optimal kg obtained on the basis of actual
HRA failure(considering the relationships between the number of surges, their duration, and the actual failure
of the HRA) will be no smaller than that calculated according to this method. The second assumption (which
simplifies the calculations considerably, as demonstrated in practical reactor operation) is legitimate, since
the given relative energy distribution can be ensured at various output levels. It should also be noted that the
method does not take into account economic effects related to.the change in the radiation environment at the
APP associated with a change in the frequency of HRA failure, and the economic consequences of the loss in
morale due to an increase in the frequency of HRA failure.

The present method was used to calculate the optimal output shift factor for the reactor in the first unit
of the Leningrad APP. ‘For this reactor, the dependence on kg of the frequency of surges in HRA output be-
yond the critical level is shown in Fig, 2. As shown in Fig. 4, given an output level of 1000 MW (el,) and utilization
factor of plant capacity equal to 0.8, the optimal shift factor kgpt corresponding to minimum listed expenditures
on electrical energy equals ~1.1 for the regime in which the damaged HRA are reloaded in operation. Similar
behavior is found for other reactor output levels and values of ¢. It is characteristic that for a considerable
variation of these parameters (the output dropped to 830 MW (el.) and ¢ dropped to 0.5) and corresponding change
in absolute expenditure on electrical energy, their dependence on kg shows little change, with kgp equal to
1.08-1.1. The quantity kgpt depends strongly on the average time At used in reloading the damaged HRA in a
nonoperating reactor as shown in Fig. 5. In view of this, the operational efficiency of the reloading machine
becomes especially important in choosing the economic regime for operating the reactor.

~ I is essential that kgpt be stable with reference to the electrical energy expenditures necessary to make
up any deficit for various combinations of ¢ and output level, This makes it possible, on the one hand, to use
- the listed results for APP located in various regions of the European part of the country; on the other hand,
it makes it possible within the framework of the present problem to neglect the dependence of the closing

266

Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2




Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2

expenditures on the operating regime of the station. The value obtained for the optimal output shift factor

enables one to determine the optimal relation between the critical and maximum allowable HRA output, i.e.,
to find an average over all the reactor HRA of the ratio

O/ kgp = (ET/kp) (1/K2PY, o )

As shown in Fig. 2, the optimal output shift factor (~1.1; see Fig. 4) corresf)onds to ~50 HRA failures

per year; the probability of crisis-free reactor operation ~0.99, and the reliability ~e~50t (t is the operation
time of the reactor in years).

Strictly speaking, the problem we are considering should be solved ‘by an iteration procedure, i.e., the
results should be used to determine a new relationship between the frequency of surges in HRA output beyond

the critical level and kg; the latter should then be optimized, and so on. In the present example, the calculation
was limited to the first approximation.

At the present time, experience in operating RBMK s insufficient from a statistical viewpoint and does not
permit one to make a definite recommendation for the choice of kfT. This investigation shows, however, that
adopting a safety margin to critical load which corresponds to a given probability (the same for all HRA) of
being in the regime of critical heat removal conceals certain possibilities for reducing the operating margins

to critical HRA output while keeping acceptable levels of reliability. Additional investigations will obviously
be needed in order to realize these possible reductions.

’
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DEFORMATION OF AN ENERGY RELEASE FIELD

IN A HIGH-POWERED WATER-COOLED CHANNEL
REACTOR (RBMK) '

A, N. Aleksakov, B. A. Vorontsov,
I. Ya. Emel'yanov, L. N. Podlazov,
V. I. Ryabov, and B. M. Svecharevskii

UDC 621.039.45+621.039.514.25

The possibilities for increasing the specific output of the reactor core are limited by the maximum per-
missible thermal loads of the construction materials. As a result, new high-power reactors must be made
larger, and there is an especially significant increase in the ratio of their size to the neutron migration length.
In reactors for which the ratio R%/M? > 103, the shape of the energy release field in the space of the core has

-a clearly expressed tendency to vary spontaneously in the course of time. The solution of the problem of con-
trolling such reactors depends on the specific spatial and dynamic characteristics of the energy release field.
Estimating these characteristics is becoming necessary and is one of the important stages in designing high-
power reactors and their associated control systems. Experience in designing and operating RBMK has under-
lined the practical importance of the dynamics of the energy release field and has made it possible to define
more precisely the important aspects of this area and to develop methods for design and experimental analysis.

The distribution of the energy release field in an RBMK has a structure that is complicated by the pres-
ence of irregularities in the lattice of the technological channels (control-and-safety rod channels with ab-
sorbing rods, channels without fuel elements, etc.), and also by the fact that the reactor simultaneously con-

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 227-232, April, 1979, Original article submitted
June 20, 1978,
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tains cassettes with different degrees of fuel burnup. Nevertheless the assembly of the elements which com-~
prise the core has properties which feature a common purpose (criticality, the dynamics of the integral out-
put). The nonstationary deformation of the energy release field belongs to the group of such properties. From
this point of view, the details of the structure of the energy release field do not play an important role, and in
order to study the spatial and dynamic characteristics, it is sufficient to simply describe the "average" be-
havior of the field. A homogenized model of the energy release in the space of the RBMK core is used to de-
scribe the properties of the average field.

In the mathematical model, the dimensional physical variables are reduced to dimensionless variations
in the following way:

D(r, 1) =O(r, 0) + g (r, H®(0, 0).
The dlmensmnal current density [® (r, 0)] ln neutrons/ sec -cm? is found from the condition
| S D (r, 0) =, (r) dr:‘No3.1.10w,

v

where No is the thermal output of the reactor in MW, The temperature dlfferences between the fuel and graphite
and the coolant are determined, respectively, by the expressions

8 (r, t) = 0¢ (r, 0) + 05 (r, ) 0£ (0, 0);
9f (r, t) =Tf (r, t)—t;;
e'gI (r, 1) = egl‘(r7 O) + ﬁg}‘(ri ?) egl' (0,0);
Bgr="Tgr(r, £)—12, )

i.e., assuming the saturation temperature tg is constant with average pressure in the active zone. In this

.- .case

85 (r, 0)/05 (0, 0) =D (r, O/ (0, 0).
The variations of the ion and xenon concentrations are found from the relations

J(@x, )=J(r, O)+i(r, ) J (0, 0);
J(x, 0) =[7:sZ4 (r) D (r, O)/As);
X(r,t)=X(r,0)+=z(r, )X (0, 0);

2 (vx+vs) D (r, 0)
X, 0=~ o0 .0

When the assumptions made are taken into account, the relationship between vartatlons of steam content and
heat flux along the fuel element can be given by the approximate equation '

n{r, 2) =r_b 8¢ (0, 0) :,, _[1 —sin(r) —;L] .\ 0{(1‘, t) dz;
EoH

Y, 0=z (xr, 0)/[v"/y" 4z (r, 0) (1 —7"/¥"));

2 {r, 0)=(0.77-10-14/rb) { Zwor 0a,
’ . toH _ . .
where kp is the heat-transfer coefficient, F is the perimeter of the fuel element, r is the latent heat of vapor-
ization, G is the circulation flow rate, y' and y " are the density of water and steam, respectively, at the satura-
tion line, x(r, 0) is the stationary mass distribution of the steam content, ¥ (r, 0) is the stationary volume
distribution. of the steam content, and 7 (r, t) is the instantaneous deviation of the volumetric steam content.
The boundary of the economizer section {3H is determined by the equation
toH )
0.77-10-% 5 25 (r) @ (x, 0)dz=1b(r) (i’ — ijn).
0
The equations which describe the dynamlcs of the fleld in the linear approxtmatlon (written for the dimen~
sionless deviations of the parameters as defined above) take the form

120D pr2(v2 4l (0] o, 1)+ Ble(r, ) —
— ¢ (r, )]+ D(r, 0)/O® (0, 0) [eten (r, t) +
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+a8 (0, 0)9, (r, )+ g ge(0, 0)Oge(r, 1) +axz (r, o)
(1/8) (9¢ (v, )/ 0t) =@ (r, t)—c (r, t);
Tg (9% (x, 1)/08) =(Z; (1)/Z; (O)] @ (x; ) — B (x, 1);
Ty 394 (r, t)/atl—m, (V2 (00 (1, ) — %18 g (x, ) — %1 (%8, (v, 0)/02%);
ge(® le=o="0g (r, 1) .=n =0,

where § is the fraction of delayed neutrons, c(r, t) is the dimensionles:s concentration of delayed neutron
sources, axx(r, t) is the deviation of the multiplication constant, related to the change in the xenon concen-
tration, »; is the coefficient of heat transfer from the graphite to the coolant, and » is the coefficient of

thermal conductivity along the graphite unit. The change in the xenon and ion concentration can be written
in terms of dimensionless deviations as follows:

(/A7) (98 (x, 2)/02) = [Z4 (x)/ Z¢ ()] @ (v, B) —i (T, 2);

1 sz ) [ vz ()
- Axtox®(0, 00 a T Lyxtrs 30
. 6x® (0,0 Ax-tox® (0,0
Ax+ox®(r, 0)] QD(I', 9 + ¢ (l‘ t) — Ax+ox® (r, 0) X(r, 2).

With respect to @ (r, 0) it was assumed that @ (r, 0)/ @ (0, 0) =1 within a region bounded by the cylindrical
surface r =y (in cylindrical coordinates):
{ r—= Ri
2, 2K 2

Ri<Ry 0O0<z; H>z,.
®(r, 0) =0 at the extrapolated boundary of the reactor (r=B):

r==R,
{ 2=H
z2=0.

The solution of this system of equations is found as a series of eigenfunctions of the following boundary-value
problem:

V2 (r)+ (- A g (r)=
@ (l‘) ,r:B = 0;
V@ (r) fr=y-0 = V@ (1) |er=p+0-

A set of eigenfunctions {gouk(r 3, z)} and corresponding eigenvalues {A,Uk} is obtained from the solution of
this problem.,

The next step in the analytical procedure consists in making a transformation from the equation in vari-
ables which are functions of the coordinates and time to the varying amplitudes of the harmonics, the latter
being functions of the time only. If this procedure is carried out rigorously, so-called cross-coupling between
the harmonics occurs. The geometrical proportions and spatial characteristics of the operation of the de-
stabilizing effects of reactivity in the-RBMK are such that the principal forms of the radial and azimuthal mo-
tions of the field with respect to time are separated from the motions of the axial field. The procedure for
making the transformation to an analysis of the radial ~azimuthal deformations involves the assumption that
the height distribution is constant. The "cross" terms in the equations for the amplitudes of the harmonics can
be neglected in the analysis of the dynamical characteristics of the radial —azimuthal field, since the coeffi-
cients of the equation are slowly and smoothly varying functions of r and 4, and the resulting errors are suffi-
ciently small from a practical point of view. This makes it possible to analyze the dynamical characteristics

of the deformations separately. The spatial profiles of these characteristics are determined by the various
harmonics.

The wide range of the time scales of the processes which determine the dynamics of the energy release
field cause difficulty in the calculations, since the roots of the characteristic equation of the above system of
equations differ from each other by several orders of magnitude (up to 10“’). The determination of the roots
having the maximum real part presents the greatest interest. In order to find them, it is necessary to dis-
tinguish three regions of time behavior of the nonstationary field deformations. Further changes are made in
the mathematical description of the processes during the analysis of the dynamics in these regions.
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The finite lifetime of the prompt neutrons can be neglected in all cases, i.e., 1 (3¢(r, ty/at) =0,

1. The region of fast processes {< 10% sec):
6ﬂgr(r, Y (r)

A "Tsr syl AR
__1 Gele) [ _vx %@ . _ox®0.0 ..,
Pz T0:00 0) o Vet B0 Trteaeor) P Y

2. The region of slow'processes (>10% sec):

o 0950 _

3. The intermediate region (102-10% sec):

1 dr(r,f) [ vx Z(m __ 8x0(0, 0 - )
Axt8x%0, 0 o _[y,ﬁ_y, 50 T hr tog®E 0 J(p(r, £);

p—0; 7p-REED o |
These regions overlap sufficiently to allow the results of the calculations to be matched accurately.

The nature of the connection between the dynamical properties of the field and the determining param-
eters is more clearly and completely expressed by the trajectories of the roots of the characteristic equation
in comparison with other methods (for example, with the D-partition). Usually the trajectories of the roots
(the root hodographs) are represented in the form of parametric curves in the complex plane. One of the var-
iable parameters of the dynamical system is taken as the parameter of the curves. Here, because of the
multivariate nature of the relationships to be analyzed, it is more convenient to plot the relationship between
the real part of the roots and the total "fast" output effect. Another essentially variable parameter is the re-
activity coefficient with respect to the moderator temperature. In order to analyze its effect, a series of cir-
cumscribed graphs was constructed for a certain set of values of the temperature effect of the moderator. The
coefficients of the equations describing the dynamics of the xenon poisoning do not depend on the change in the
physical properties of the active zone during output in a regime of stable overloading and for the most part
change only as a result of changes in output level. The steam effect of the reactivity also has a strong depen-
dence on the output level. But because the operating regime of the energy unit with the RBMK is basically sta-
tionary and quasinominal, the calculations presented here are for the nominal output level. The series of
graphs is shown in Fig. 1. _

The character of the motion of the field in time is determined by the most real root or pair of complex
conjugate roots, As shown in Fig. 1, it follows that:

The harmonic components of the nonstationary deformations of the energy release field are arranged
according to increasing stability in order of increasing eigenvalues (¢g9, ®o1» Po20 19> 20d S0 ON);

for smaller values of 'xfg,,, the roots varyinthe following way: the pair of real roots converge, for a
certain value of Nfp they become equal (they become a multiple root) and for a further increase they be-
come complex roots. Their real part continues to decrease as A decreases, At a certainvalue of i the
real part changes sign. This value corresponds to the boundary of stability for the given harmonic;

if, asn ¢, increases, it approaches M?»f], the corresponding largest root of the ij-th harmonic approaches
infinity, which corresponds to the threshold of "rapid® instability, i.e., an instability which is defined only by
the effect with respect to the steam content and fuel element temperature.

The real process of the deformation of the energy distribution in an RBMK observed from a certain
instant in time is determined by an extended prehistory of about a day of the perturbing and controlling in-
fluences. Therefore it is impossible to calculate a unique set of initial conditions at the instant of the beginning
of observations during the development of the deformatlon.

From the properties of the deformations we can conclude that the more comphcated the spatial profile
of the instantaneous deformation, the slower it develops in time. Putting it differently, as a result of neutron
diffusion in a reactor with an unstable energy distribution, the spontaneously developing deformatlon with the
smoothest form is that for which the stabilizing action of the diffusion is minimal. In the case in which the
total reactor output is maintained constant, the spatial profile of the 01 harmonic corresponds to the minimum
of the stabilizing effect of the diffusion. This rule was used as a basis for a method for the experimental de-
termination of the quantitative characteristics of the spatial and dynamic properties of the RBMK.
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Fig. 1. The dependence of the real part of the roots of the characteristic
equation on the total "fast" output effect of reactivity: a) o gr 0gr (0, 0) =
0.01; b) agregr(o, 0) = 0.02; ¢) Qgr Ogr(0, 0) = 0.03; 1) @gg; 2) Pog;-3) Pg2;

4) @495 5) @g3; 6) ¢44; — and — + — * — denote the real and complex roots,
respectively.
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Fig. 2. Arrangement of sensors in the RBMK
core. O, @) energy release control sensors
along the radius and altitude; 0O) thermo-
couple assemblies of the graphite.

Fig. 3. Cartogram of the lines of equal dif-
ference from the initial state, recorded at
the moment the experiment is terminated.

The method for making the measurements consists in the following: it is proposed that the operator
temporarily stops using the rods on the field. The automatic regulator of the total output remains in opera-
tion. Starting with the moment the operator's action is discontinued, recordings are made periodically of the
readings of the sensors which measure the parameters having to do with the energy release in the reactor
(Fig. 2). The experiment is discontinued at the appearance of a warning signal at any energy release control
facilities. The results of the measurements undergo a treatment to enable the separation of the harmonic
components of the motions of the field of energy release. The sensor signals are transformed to differences
from the average value and normalized to it. The normalized differences, recorded at the time the experiment
was started, are subtracted from all of the following, i.e., the differences from the initial state are computed.
The differences from the initial values can be approximated by a selected finite series of harmonics

8a (v, tn) = 2 ai () @1 ().

The approximation consists in the determination of the aj(ty), since the @j(r) are given functions of the

coordinates. The coefficients of the series are determined by the method of least squares; the 6,4 (r, ti), which

are obtained from the approximation, are compared with a fixed set of these values, and then the cartogram is
constructed (see Fig. 3).
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Fig. 4. The time variation of the harmonic amplitudes: 1) Ryy(r) cos $; 3)

Ryy(r) sin ¢ ; 4) Ryp(r) cos 24 ; 5) Ryy(r) sin 28, The solid curve (2) is the ap-
proximation of the exponential ay(t).

Fig. 5. The approximation of the differences from the initial state along AA.

Such a method of treating the data of the energy distribution makes it possible to reduce the analysis of
the dynamics for a large number of measurements (117 sensors) to an analysis of a limited number of harmonic
amplitudes, while the presentation of the results of the approximation as a cartogram of the lines of equal values
gives a clear picture of the development of the nonstationary deformation. As a rule, a series of experiments
of a single kind are performed in carrying out similar investigations. The results of one of the experiments are
shown in Figs. 3-5. As shown in Fig. 4, the amplitude of the first azimuthal harmonic shows the greatest varia-
tion, which corresponds to an increase of the output in one half of the reactor and a reduction in the other.

(The energy release decreased in the left half and increased in the right half.) This is clearly shown in the
diagram of the differences from the initial distribution (see Fig. 3). The method of constructing these dia-
grams involves approximating the experimentally recorded values of the sensor signals. It is known that the
approximation involves an error whose features are given in Fig. 5.

The deformation becomes larger at an increasing rate with time in an approximately exponential fashion
(Fig. 4). The time constant of the growth in amplitude of the first azimuthal harmonic was found from the ap-
proximate form ag (tk) of the exponential. Its value was 64 min,

Evaluation of the results of several experiments enables one to draw the following conclusions:

the spatial form of the nonstatiénary deformations observed in the experiments takes the form of an in-
crease in the energy release in one half of the reactor and a decrease in the other, The azimuthal orientation
of such a spatial deformation of the field is arbitrary;

the amplitude of the nonstationary deformation increases with time at an increasing rate according to
an approximately exponental law. The concrete form of the transition process is determined by the initial con-
ditions, which in turn depend on the actions of the operator in the period (about a day) preceding the start of
the experiment. The time constant of the exponential which describes the growth of the deformation amplitude
is independent of the initial conditions and is determined only by the physical properties of the reactor at the
time the experiment is carrled out. This time constant characterizes the state of the reactor in the sense of
the stability of the energy release field; .-

the picture given by the experiments of the growth of the nonstationary deformatlons and their quantitative
characteristics agrees with the theoretical analysis. This confirms the correctness and efficacy of the method
of theoretical investigation of the spatial-dynamic features of the radlal—azimuthal energy release field in an
RBMK.,
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REPRODUCTION CHARACTERISTICS OF FAST BREEDER
REACTORS AND THEIR DETERMINATION

V. S. Kagramanyan, V. B. Lytkin, ~ UDC 621.039.526
and M. F. Troyanov

The following parameters are usually used to compare the reproduction qualities of different breeder
reactors: the breeding ratio BR, the doubling time of the fuel T, or its reciprocal, the growth rate w, and in
some cases also the specific fuel load per fuel cycle Ge and the specific quantity of excess fuel r produced by
the reactor per year (approximately proportional to BR — 1),

Of these characteristics of a breeder reactor the most general criterion of reproduction is the doubling
time, since it incorporates all of the other fuel characteristics plus the degree of fuel burnup and the duration
of the external fuel cycle. However, not even the doubling time can be used in all cases as a unique criterion
for determining the type of breeder reactor which is optimal from the viewpoint of fuel balance.

The value of the specific loading per fuel cycle [1] has decisive significance for the economics of fuel
expenditure during the initial period of the development of fast reactors when their rate of being put into oper-
ation is the highest and is effected (in the main or to a considerable degree) by the plutonium from thermal
reactors. The effect of the excess reproduction in a given case is considerably less. Because of this, if there
are two breeder reactors with the same doubling time, the one with the smaller specific loading per cycle will
be the better. This is evident, in particular,from the equation describing the plutonium expenditure in a system

of fast breeder reactors growing at a given rate w g The plutonium expendlture is proportional to the func-
tional F:

F =Go5(1 — oloy. : ' @)

At large values of w g (when wg > W, as is actually observed in the initial period) the effect of changes in w on
F is considerably less than the effect of changes of the specific loading.

As the share of fast reactors in the nuclear power system is increased and their proper growth rate Values
and a given growth rate for the system output are approached, the role of the excess fuel reproduction in breed-
ers increases quite rapidly. At this stage of development of the system, the value of the doubling time will be
decisive;its value will determine whether a combined nuclear power system which is developing at a given
rate will subsequently be able to enter a regime of total or partial automatic fuel level maintenance.

In a regime in which the characteristic growth rate of fast reactors becomes larger than a given one
(w > wg), the fuel balance in a system of thermal and fast reactors can depend to a large extent on the excess
reproduction. The effect of changes in the latter on the fuel balance will be w/ wg times as large as similar
changes (as 2 percent of the ratio) in the fuel loading per fuel cycle.

In this way the doubling time is an indicator of the reproduction properties of fast breeder reactors for
the long-term outlook, and is fully developed only in a system of fast reactors that has 'atta_ined a certain de-
gree of development. One can find in the literature extremely diverse interpretations of the doubling time of
specific fuel loading and excess reproduction [2-~6]. This was in fact what stimulated the present authors to
take the available experience into account in giving systematic considerations in accord with the fundamental
definitions for adopting a single method of calculating the reproduction indicators.

The breeding ratio — the most general characteristic of a breeder reactor — expresses the relation be-

tween the quantity of fuel in a reactor which is generated in a certain time and the quantity of fuel burned up
in that same fime.

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 232-236, April, 1979, Original article submitted
June 2, 1978,
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Traditionally, the BR is determined from the fissionable 2*Pu and 24!Pu., At the present time, the BR is
mostly calculated in practice from the following two definitions: '

(NSNS — (N (+ N4 ) ' ‘ '
] (1)= v il .
BR ™ AN ) ag, @
(NN,
RR(2) o ¢ ° .
B EEy v . @)

' where Né and N% are, respectively, the number of captures and fissions of the isotope iin the reactor in the ac-
tive zone and in the shielding. These definitions are connected by a simple relationship: '
(Ng, ;+N fr

H_4)= B _qy it &fir . : .
(BR Y —1)=(BR @ —1) e PN (4)

The difference in the values of (BR —1) obtamed with Egs. (2) and (3) amounts to 5-8% for sodium fast power
reactors using the tradxtlonal construction.

Since the rate of fuel reproduction is determined by BR — 1, the excess reproductlon constant (ERC)
normalized to the total number of fissions of all isotopes in the reactor — is frequently used as a reproduction
characteristic instead of the BR:

(N NE—Ng ;— Ny
Np)y

mRC = ®)

Such a normalization makes it possible to compare breeder reactors of quite different construction since
in this case the denominator of the expression depends only on the output, and is not sensitive to variations in
the contributions of the individual plutonium isotopes to this output. In the process, the calculation of the quan~
tity of excess fuel generated in the reactor in a year is simplified,

Kazachkovskii [7] has introduced the concept of the economical BR, defined as follows:

_ (NS4 Nao) (N2 N A ,
R= N?-}-N}l & (6)

where A is the plutonium loss per cycle relatlve to the fuel burnup.

In these definitions, the BR of the fissioning 2**Pu and %1py are summed without taking into account their
nuclear-physical properties, with the result that the direct relationship between the BR of the active zone and
the variation of the reactivity is not taken into account. In order to determine this relationship, Baker {8] has
proposed the following way to define the ECR, which he calls the "breeding gain" (BQ): :

- NN | |
me=3 me; = 3 L , | @

j i

where j is- the zone index, and the y1 are the normalized weighting coefficienfs of reactivity for the i-th plu-
tomum isotope (the summation is over all plutonium Lsotopes)

Experience in making calculations has shown that the weighting coefficients can be accurately determined
from the single-group cross sections averaged in the active zone according to Baker's recommendations [8]:

i (vor—0c, Pi—(VOr—0c, fle . : : ’
V= (vo;—0c, 1)y — (Va5 —Oc. s " . (8)

- The mass coefficients for a fast power reactor are approximately related as follows: -
Yo :Vio:Vsr:Vee=1:015:15: 0.15.

The difference between the BG and the traditional BR depends on a number of factors, in particular, on
the isotopic composition of the plutonium in the reactor (Table 1). In this case accumulation of ?'Py occurs in
both variants, so that BG > (BR —1). I the %4!Pu content of the original fuel is larger than its equilibrium
concentration for the conditions of a stable regime in a fast reactor, BG < (BR — 1), since #!Pu burnup will
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TABLE 1, Values of BR Calculated Ac-
cording to Egs. (2), (3), and (7) for a
"Standard" Fast Reactor [9]

Fuel BR(1) BR (2 BG
239Dy 238() 1,24 1,23 0,26
239,240py; * 238(J 1,41 1,39 0,51

* 2/3238Pu, {/3240Pq.

occur. This is the typical situation when plutonium from thermal reactors is used to maintain the fuel level in
a fast reactor. A comparison of the various definitions of BR shows that BG with the mass coefficients of re-
activity is the most convenient for calculations.

Doubling Time. The methods proposed by many authors for defining the doubling time can be arbitrarily
divided into two groups. The first group includes methods in which the doubling time of the fuel is defined only
on the basis of the fuel balance of an isolated reactor [3, 4, 10]. In this case the indicators of reproduction
depend on the state of the reactor (whose characteristics are estimated), on the isotopic composition of the
plutonium used to reload the active zone of the reactor, and on the choice of plutonium isotopes and their weight-
ing coefficients that is made to calculate the fuel balance. As a result, there may be more than a factor of two
difference between the values obtained for the doubling time for one and the same reactor [5, 10]

The systems approach [2, 5] methods fall into the second group. In our view these are more accurate,
The doubling time must be determined by the conditions of operation of a fast breeder reactor in a system
similar to itself, and then the meaning of this value becomes completely unambiguous. In this case the doubling

time is the time interval required for the output of the system of fast breeder reactors to double. The output
grows because of the excess plutonium produced in the system.

The proposed definition is universal, and makes it possible to give a clear answer to the question as to
whether a system consisting of the breeder reactors being studied can ensure the required rate of growth under

the conditions of a given fuel cycle. Such a definition of the doubling time also makes it possible to get rid of
the many uncertainties associated with a nonsystems approach. :

In a developed system of breeder reactors without an external fuel source, a natural equilibrium com-
position of plutonium will become established with its inherent breeder fuel characteristics. As this takes
place, the fuel balance can be determined for any plutonium isotope, since the existence of an equilibrium plu-
tonium compositionin a developed system means that the growth rate or the doubling time of the quantity of
every plutonium isotope is the same. I the first approximation, the isotopic composition of plutonium in
equilibrium in a developing system of breeder reactors can be estimated from an analysis of the operation of
a single reactor in a stable regime. It is also necessary to find such an isotopic composition of the plutonium
used for maintaining the fuel level in the active zone in a stable reloading regime, in order that the isotopic
composition of all of the plutonium unloaded from all of the reactor zones be the same as that of the plutonium

used for fuel level maintenance. Any program for calculating the isotopic composition of the fuel in a stable
reloading regime can be used for the iterative calculations.

The equations formulated by L. N. Usachev [2] can be used to obtain an expression relating the doubling
time of the fuel in a system of fast breeder reactors with the reactor characteristics and the fuel cycle. The

balance equation is conveniently represented in a general form for a reactor of unit output which consists of
J zones, each zone j being characterized by its own indicators:

J J
'§1 gy (t)=j§1 GN; ¢—Ti/o—1T:j) (1 —ey), ©)

where NJ is the number of fresh heat-releasing assemblies (HRA) of the j-th type spent at time t for main-
taining the fuel level of the operating reactors and for putting new reactors into service, 8j and qj are the quan-
tity of fuel in the fresh and unloaded HRA, respectively, T; and Ty;j are, respectively, the average times spent

by the HRA in the j-th zone and the fuel from the j-th zone in the external fuel cycle, ¢ is the load factor of the
reactor, and € is the fractional fuel loss in the external fuel cycle (including radioactive decay).
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The solution of the equation is found in the form , ,
Ny (1) = 4, exp (0t), A (10)

where A j is a constant for each type of HRA, which can be deterniined by taking into account the fact that the
growth of output of the system is given by the equation

dP () _ Nyj()—Nj(t—T4/9)
dt mg i

in which P(t) is the output of the system at time t, and m; is the number of HRA in the zone. Substitution of

solution (10) in Eq. (9) leads to the exponential equation for the fuel balance, from which the characteristic
growth rate w of the system can be found as well as the correspondmg doubhng txme T, (smce Ty=In 2/w)

migy (1 —ey) gjmy ; ‘
Zm Zm%p_[—m(ﬂ/@-{-ﬂz)l R - an

The value of w found from the exact solution of Eq. (11) can be approxnmated accurately by the followmg ex-
pression: :

9 Z (1—8;)<Ij—g; '1
12)

W0 Y~

é -Sé; (H_q,TrJ)

The expression in the denominator of Eq. (12) is the average quantity of plutonium in the fuel cycle of the sys-
tem in a calculation for one reactor of unit'output. This value can be interpreted as the specific loading of
plutonium in the fuel cycle:

7
¢ =3 (q’-gg)m,(i-{-cp Tr!) | ‘ (13)

It should be emphasized that G involves the averagé quantity of plutonium in all zones of the reactor, including
the shield. The numerator of Eq. (12) is the annual production of excess plutonium in the whole reactor re,
taking into account its operating regime and the loss in the external fuel cycle:

Z (1—ej)ay—gy m,.

Te=¢ T;

14)

j=1

Ge and te¢ can be used as independent specific fuel characteristics of a fast reactor in studying the fuel
balance of a system of fast and thermal reactors during the period in which all of the plutonium is for the most
part consumed in the fast reactors. To account for the differences in the isotopic compositions of the plutonium
from the thermal reactors and the natural stable plutonium in fast reactors, these indicators must be expressed
in equivalent amounts of *®Puy, i.e., according to the sum of all plutonium isotopes with appropriate weighting
reactivity coefficients normalized to 2% Pu and 238U (8). It is also desirable to use equivalent quantities of 2¥Pu
to unify the calculations and in defining the doubling time. .

Equation (12) can be rewritten in a somewhat different form which is more suitable for comparative cal-
culations by introducing the breeding gain BG, calculated for natural stable plutonium:

i J
e (YBG — 2 Gojer)

L= "] =1 .
2 Gy 1+ (Try/T )]

(15)

where GQ = q M / T; is the quantity of equivalent plutonium unloaded from the j-th zone per year in tons /kW(el.,) «
yr), G j= (q + g )m f 2 is the average quantity of equivalent plutonium in a zone in tons /kW(el.j, and Y is the quan-
tity of flssmn products formed in the reactor during a year of operation atfull power in tons/kW(el.) - yr). Using
an energy balance of 200 MeV for one fission of a heavy nucleus, we get Y = 0.39/n tons/kW(el,) - yr), wheren

" is the efficiency of the atomic electric power plant.
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TABLE 2. How Doubling Time Depends
on the Composition of the Plutonium Used
for Fuel Level Maintenance and on the
Method of Calculation

Form of plutonium used | Ty, yT

for fuel level maintenance | a B
Plutonium of natural equi~

librium composition 10.5 10,5
Plutonium from thermal l 9,2 14
reactots

It should be noted that the use of fhe weighting reactivity coefficients is justified in determining w (Ty)
only when the plutonium has the natural stable composition of a fast reactor.

Table 2 lists the results of a calculation of the doubling time for a large fast reactor (with an active
zone volume of 9 m?) using oxide fuel for plutonium of the isotopic compositions: plutonium with a composi-
tion corresponding to the natural stationary regime of a fast reactor (76% 2%Pu, 19% 290Pu, 3.5% 24!py, and 1.5%
24py), and plutonium from thermal reactors (62% *Pu, 20% >Pu, 14% 2!Py, and 4% 22py), The equilibrium
composition of plutonium in the stationary regime of fuel level maintenance of a fast reactor was determined
in both cases by the method proposed in [11]. Two methods were also used to calculate T,: according to
the sum of fissioning isotopes (A) and according to the equivalent quantity of 2py (B).

It is seen from the data of Table 2 that an error in the value of the doubling time results in the case of
plutonium from thermal reactors when the doubling time is formally defined simply by the sum of the fission-
ing isotopes; in particular, it is reduced in comparison with the true value (10,5 yr) by 20%. Introducing the
weighting coefficients (i.e., using the equivalent quantity of 2%Pu) into the calculation increases the doubling

time by 33%. The true value of the doubling time determined for plutonium of natural stable composition does
not depend on the method of calculation. ' '

Conclusions. The study of the reproduction characteristics of fast breeder reactors clearly shows the

need to unify the approach used in determining them. The authors consider it possible to formulate the follow-
ing conclusions and recommendations.

1. From the viewpoint of the reproduction process, the most accurate definition of the doubling time and
the fuel characteristics of a fast breeder reactor is based on the conditions of the reactor's operation in a sys-
tem of such reactors in a stable regime. '

2. For calculations of the doubling time and also as an independent indicator it is appropriate to use the
BG [Eq. (7)] defined for natural stable plutonium, rather than the traditional BR. :

3. For the purpose of unification, it is preferable to use Eq. (11) and the approximate equations (12) and
(15) for determining the doubling time (characteristic rate of growth),

4. To allow for the differences in isotopic composition of the plutonium, it is good practice to produce
plutonium in thermal and fast reactors, and also to express the load of plutonium in a fuel cycle in terms of
equivalent quantities of ?¥Pu. '
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DETERMINATION OF STRESS-INTENSITY FACTOR
IN REACTOR VESSEL FROM MODELS

V. S. Postoev, N. I. Ryndin, ’ . UDC 620,171.5:621.039.53
S. N. Eigenson, and V. B. Titov

The complexity of calculations of the stress state of the connection zone of nuclear reactor vessels with
surface cracks makes research on models very timely. The polarization-optical method of "freezing-in" the
strains has been applied most effectively [1]. The stress-intensity factor for a reactor vessel with surface
cracks in the connection zone was found from a model of optically sensitive material based on ED-16M epoxy
resin, made on a 1:20 scale (Fig. 1a). The model consisted of the vessel and cover, connected by bolts. The
parts of the vessel (cylindrical shell with connection pipes and bottom) as well as the cover were made by
precision investment casting with subsequent machining.. "Large® cracks of 4.4 x 13 mm were inflicted on the
three connection pipes of the upper row and "small" cracks of 3.4 x 11 mm, on the three connection pipes of
the lower row (Fig. 1b). Themodel of the vessel was loaded in a glycerin medium with an internal pressure
p = 0,02 N/mm? under temperature conditions ensuring that strains would be frozen in. In the loading process
the cracks were in static equilibrium. The nommal stress was taken to be a mrcumferentlal stress in the
cylmdrical wall of the reactor’ :

. _ _ n = PR,/ = 0.15 N/mm?, ‘ 1)
where 6 is the wall thickness and R,y is the average radius.

Preliminary experiments on a smooth-walled cylinder with a non-through crack, loaded with an internal
pressure, as well as on parts of the model under tension made it possible to determine the internal pressure
with freezing of the reactor-vessel model, in which case the crack does not grow in the highly elastic state,
Once the strains had been frozen in, grooves were filed perpendicular to the plane of the crack (Fig. 2). The
optical path difference at the crack tip was found with a polarizing microscope. In accordance with this method
[2] the thickness of the section was reduced from 2.5-3 mm to 0.8-1 mm in order to make the optical path dif-
ference more precise. '

Analysis of experimental data showed that the principal stresses are distributed symmetrlcally about a
crack. They have their maximum values in planes passing through the middle of the crack. The stresses are
located within a short distance of the crack. Beyond that distance the stress state is the same about all cracks.
(Fig. 3). The stresses in Fig. 3 are given in relative units ¢/ 0, as a function of ratio x/d (x is the radius in
polar coordinates, reckoned from the crack tip, and d is the crack-weakened thickness of the connection pipe).
As is seen from Fig. 3b, the circumferential normal stresses oy, increase sharply near the crack. The stress
concentration at the tip of a large crack reaches a value 15 times and that at the tip of a small crack, 10.5
times the value of the nominal stresses in the wall of the reactor model. The stress is observed to fall off at
a short distance from the crack tip, 0.1 and 0.06 x/d for the large and small cracks, respectively.

Within the framework of linear fracture mechanices the stress-intensity factor is given by
' —UV—qJ (a,/L) 2)

where 0 is the normal stress, [ is the crack half-length, and ¢ is a dlmensmnless function which depends on
the ratio a;j/L of the dimensions of the body. In the given experimental investigations, the stress-intensity fac-
tor for the structure was calculated with allowance for: the stress state in the vicinity of the crack, which had
been found in polarization-optical studies by the procedure given in [2]. Two methods of calculation were used:
the first stems directly from Eg. (2), whereas the second is based on the Neuber model of the structure of a
real polycrystalline solid, according to which model the stresses in the vicinity of a crack are averaged over
the experimental curve. Finally, relations of the following form were obt;ained: . :

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 236-240, April, 1979. Original article submitted
April 24, 1978. ‘ : .
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Fig. 1. a) Position of cracks and b) cross séction of model of reactor -

vessel: 1) cover; 2) holts; 3) crack; 4) connection-pipe nipples; 5) cy-
“lindrical shell with connection pipes; 6) bottom,

Fig. 2. Bands in frozen-in section of model,
passing through the middle of a large crack

(section v1 in Fig. 1b).

first method: Ki/o, =V 2nd (2/d)"'* (o,/0,);

x/d

second method: Ky/o, =}/ wd/2 (I/d)-mj (0,/0,) d (z/d).
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Fig, 4. Stress-intensity factorvforvmodel of reactor vessel with: 1) large and 2) smallcrack in con-
nection-pipe zone; solid and dashed curves denote calculations by Egs. (3) and (4), respectively.

Fig. 5. Results of theoretical calculations for reactor vessel with surface crack in connection-pipe
zone. '

It is seen from the results of the calculations, as given in Fig. 4; that the values obtained for the stress-
intensity factor by the two methods do not differ at the crack tips. With distance from the ¢rack tip, a con-
siderable difference, 10-25%, is found for large cracks. At a distance of 0.05x/d the stress-intensity factor
for the structure becomes constant. In the case of small cracks the same value is obtained by both methods
of calculation. ‘

The measurements showed that the maximum circumferential normal stress in a crack-free pipe con-
nection of the model was 0.325 N/mm2 The stresses can be scaled" up to a fill-size reactor vessel by the
relation [1]
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TABLE 1, Experimental and Theoretical
Values of Stress-Intenswy Factor

Stress- -
Dejpth of ﬁeé‘gnﬁ‘éﬁsf sltr?sfsaéilg?" Divergence, -
crack, mm tlgrl/};gle. K1 N/mmslz %
85 300. 44004800 * -
4450 T
4600 — 5000 *
¢ 410 260 —
46607 ‘
30 360 35003700 * 10,7
- ‘ ETPLE
50 340 3850— 4200 * 1.8
o 2751
* Solution of [7].
1 Experiment,
1 Calculation according to [8].
£s = (Pfs/Pm)%me. _ ©)

where 0fg, O and pgg, Py are the stress and pressure, respectively, for the full-size reactor vessel and the
model. The highest stress in the pipe connection proves to be a boundary stress; therefore, the use of Eq. (5)
is not at contradiction with modeling technique developed for studying the stress—strain state of a reactor ves-
sel [3]. The model stress- intensity factor can be scaled up to. the full-size reactor vessel by-the relation [4]

Kis = (os/om) (Ugs/ I/ Ky, ()

where lts/1 ts the ratio of the lengths of like segments of the full-scale reactor vessel and the model re=

spectively (modeling scale). The ratio of the stresses at like points of the full-scale vessel and the model is -
equal to the operating ratio of operating pressures ogg /om = =Pfg /pm,

 Below we give comparative calculations for a reactorvessel with an internal diameter of 5014 mm with
eight connection pipes, uniformly distributed in one level along a circle [7]. The calculations were performed
by using two versions of the method of finite elements {5, 6] for two non-through cracks witha depth of 40 and
50 mm, on the inner surface of a connection point at the same place as in the experimental investigations de-
scribed above. For the method of calculations from [5, 6] we used the same breakdown into finite elements,
f.e., 178 twelve-point isoparametric elements and 1049 nodes, The results were found to be in good agreement.

Curves 2 and 3 in Fig. 5 show how the stress-intensity factor varies with the crack depth whereas curve
1 shows the variations of the normal circumferential stress in the connection pipe, this stress being perpendic-
ular to the plane of the crack. In the absence of a crack the maximum stress is 400 N/ mm?, When there is a
crack the stress falls off with its depth h while at the same time the stress-intensity factor Kjincreases. Thus,
with a crack depth of 30 mm, we have KI = 3500 3700 N/mm?%? and oy = 360 N/mm?, whereas with a crack depth
of 50 mm we have Ky = 3850-4200 N/mm® 2 and o, = 340 N/mm?, Curve 2 was drawn according to the results
of approximate analytic calculation and curve 3 was drawn according to the data from calculations by the Parks
compliance method [6] and the method of finite elements [5]. The results of the calculations by the-1last two

methods almost coincide and curve2 givesresults which differ by no more than 8% from those of curve 3. The
calculations were carried out with the assumption of elastic strain.

For a comparison of the results of the analytic calculations with experimental data the latter must be
scaled up for the full-scale reactor, As our full-scale reactor we take the one for which calculations are
given in [7]. Inshape it is roughly similar to the experimental model given here and has an internal diameter
of 5014 mm. The model has an internal diameter of 200 mm and, therefore, the coefficient of geometrical
similarity is Zfg/l m =5014/200=25, Model cracks with a depth of 3.4 and 4.4 mm correspond to full-size
cracks with a depth of 3.4 x25=85 mm and 4.4 x 25=110 mm. The calculated data for such cracks were ob-
tained by extrapolation of curves 1, 2, and 3 from Fig. 5 (shown by dashed lines). The possibility of such
extrapolation was shown in [7]. Scaling up the model stress- intensity factor to the full-size reactor vessel
was done by Eq. (6). The results given in Table 1 indicate that the experimental data are in agreement with
analytic calculation by the method of finite elements. Table 1 gives data from approximate analytic deter-

mination of the stress-intensity factor on the basis of knowledge of the linear fracture mechanies for plates
with shallow surface cracks [8]:
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KI = Msanm (34/0)1’27 (7)

 where Mg =1 + 0.12(1 —a /c) is a coefficient making allowance for the effect of the crack coming out on a free
surface, 2 and c are the depth and half-length of the crack, and o,y is the nominal stress in the connection-
pxpe zone near the crack. Parameter Q was found from

Q = @ =0.212 (a/aT)2 C8)

where @ is an elliptical integral defined as a function of the shape of the surface crack and o is the yield

stress of the material. With the crack cross section weakened by 5-10%, it can be assumed with sufficient ac-
curacy for calculations that the stress in the connection-pipe zone will diminish in proportion to the weakening
(in comparison with the stress in the connection pipe without a crack).

-

Thus, the investigations carried out made it possible to determine the stress-intensity factor for a reac-
tor vessel with surface cracks in the connection-pipe zone. Scaling up the stress-intensity factors of the model
to the reactor shell yields satisfactory accuracy while maintaining the geometric similarity in the crack di-
mensions. With shallow surface cracks in the connection-pipe zone of a reactor the stress-intensity factor can
be approximated by using available solutions for plates. The agreement between experimental and calculated

- results attests to the feasibility of employing the polarization-optical method of freezmg—m strains to determine

the stress-intensity factor in constructions with a complex geometry. :
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NEUTRONS EMITTED BY FRAGMENTS OF THE SPONTANEOUS
FISSION OF 252Cf AND THE FISSION OF ¥py
"BY THERMAL NEUTRONS

B. G. Basova, D. K. Ryazanov, UDC 539.173.84
‘A. D. Rabinovich, and V. A. Korostylev :

The investigation of fission fragments which emit an enhanced number of neutrons is of appreciable in-

terest for theory and practical application. It is known that such fragments should have a large nonequilibrium

deformation at the moment of fission. Establistiment of the equilibrium shape of the fragment is accompanied
by a transition of the deformation energy to excitation energy of the fragment nucleus with subsequent neutron
emission. '

It has been established experimentally that the dependence of the number of -emitted neutrons on the frag-
ment mass v(M) is saw-toothed in nature, indicating a strong nonuniformity in the distribution of the excitation
energy E* between the two fragments [1]. The peculiarities in the behavior of v(M) are explained by the in-
fluence of shell effects in the fragment nuclei [1, 2].

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 240-245, April, 1979. Original article submitted
March 13, 19%78.
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It is of interest to clarify how the dependence v(M) varies with a change of another parameter of the
fragments — the total kinetic energy of the fragments Eg (MeV), reflecting the shape of the fragments and
their elongation fowards the instant of disruption, which is evident from the relation

k= 1442, 2y (R, + Ry + 4), a)

where Z1, and Zp are the charge numbers of light and heavy fragments reSpectlvely, Ry, and Ry are the maxi-
mum radii of light and heavy fragments, and d =1-2 F.

Assuming the shape of the fragments to be spheroidal, one can write

Ry=Roif1+5 1), Ry=Rou(1+2 Be). | @)

where By, and By are the deformation parameters of light and heavy fragments and Ryp, g =1 22M2L/3H

An enhanced neutron yield is expected for highly deformed fragments with B1,, By = 1 and low values of
EK, in agreement with the energy balance upon fission. One can write the energy balance formula in a form

which is valid for an individual fission event if one identifies this event by the fragment mass M and a specified
value Exg

Q (M)=Ey(M)+ E* (M, Eg) = Ex (M) +v (MEy) [BN(M) -+ Eq(M)] + E, o @)

where By is the bmdmg energy of a neutron for a fragment of mass M averaged over the charge dlstrlbutlon,
EN is the mean energy of the spectrum of neutrons emitted by a fragment of mass M, E* is the excitation en-
ergy of the fragment, and E is the total energy of the y quanta of the fission. The quantities Eg(M) and

v(M, Eg) in Eq. (3) are spemﬁed the rest vary weakly with a variation of the fragment parameters M and

Ex [4]. :

Thus the simultaneous measurement of M, EK, and the number of neutrons for the fission fragments and
the subsequent calculation of the distributions P(M, EK) and v(M, Eg) corresponding to 1t permlts formulating,
in general outline, a picture of the energy distribution in individual flSSlOl’l events.

The main goal of this paper is to obtain the dlstrtbutlons P(M, Eg) and v (M, Eg) for fissionable 282¢t

and #Opy nuclei, which differ strongly in their nucleon makeup, as well as to reveal fragments which emit a
large number of neutrons,

Description of the Experiment. The targets were prepared by the method of vacuum deposition of fis-
sionable material onto a film made of Al,03 (30 ug /em?) covered by a layer of gold (30 xg/cm?). The kinetic
energies of the fragments were recorded by a double ionization chamber with grids filled with a mixture of
gases consisting of Ar + 4% N, [5]. The fragments were collimated by two diaphragms mounted on both sides
of the target. The mean deviation angle of the fragments from the symmetry axis of the chamber was ~12°,
The moment of fission was fixed with a temporal accuracy of ~10~% sec with the help of an FEU-30 photo-
multiplier recording the scintillation bursts in the chamber gas caused by the fragments, A plastic scintilla-
tor 175 mm in diameter and 70 mm in thickness served as the neutron detector in combination with the FEU-30.
Separation of instantaneous neutrons and y -quanta of the fission was carried out by the tlme—of—fllght method
on a baseline of 40 cm. An accumulator having 8192 channels and executed on a magnetic drum was used to
record the information. The capacity of each memory channel was 214 discharges. The accumulator memory
was divided into two equal parts. Double coincidences (64 x 64) in the coordinates "kinetic energy—kinetic
energy of coincident fragments" F(Ey, Ey) were recorded in one part, and triple coincidences between two
fragments and a neutron in these same coordinates —N(Ey, E,) — were stored in the other part[6]. The average
number of neutrons for each fission event (Ej, Ej) was calculated from the relation

- ~ N(En . )
Y (Eu B) = “ppepa|1F (B, ) +N<E,, E)), | | 4)

where £(Ej, E ) is the eff1czency of recording neutrons emitted by fragments in'a fission event with the co-_
ordinates (Ei, ])

' The procedure of calculating the efficiency and the procedure for processing the measurements are de-
scribed in detail in [7]. We briefly note that the algorithm for calculating ¢(Ej, E; ) was constructed on the basis
of the model of neutron evaporation from completely accelerated fragments with account taken of the neutron
spectra in the center-of-mass system of the fragment, the dimensions of the neutron detector and its sensitivity

of neutrons of different energles and the angular distribution of coincident fragments and the velocities of the
fragments. :
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Fig. 1. Dependence of the neutron yield on the mass of the fragments for 22Cf: —) yield of

fragments and e) total number of neutrons from two fragments; the number of neutrons per
fragment is from the sources: O) this paper, A) [8], and ) [4].

Fig. 2. Dependence of the neutron yield on the mass of the fragments for *®py + Nth: —)
yield of fragments and e) total number of neutrons from two fragments; the number of neu-
trons per fragment is from the sources: O) this paper and 0O) [10].

v As aresult of experiment 7.84 - 10% events of spontan'eous fission of 2%2Cf and 2.83 - 10° neutrons emitted .
by fragments were recorded. For the fission reaction of 2Py by thermal neutrons 1.28 - 10¢ fission events
and 2.9 - 104 neutrons corresponding to them were recorded.

Results of the Measurements. The dependence v(M) for the spontaneous fission of #:Cf is shown in Fig. 1
in comparison with the data of [4, 8] obtained with the help of a large liquid scintillator (LLS) with dissolved
gadolinium and by the time-of-flight method with application of a plastic scintillator. One can note the good
agreement of the data obtained by different methods. The structural peculiarities of the distribution v(M) at
Mj, ~ 90-100 mass units and My ~ 140-142.156 mass units are appreciable, which was pointed out in [9].

Also shown in Fig. 1 is the variation in the dependence of the total neutron number from two fragments on the
mass of the heavy fragment v,(Mg). The increase in v, (My) upon fission of the nucleus into fragments of
equal mass draws attention to itself. '

The dependences v (M) and vy (Mp) for the fission of 239py by thermal neutrons are shown in Fig. 2 in
comparison with the data obtained with the help of an LLS with dissolved cadmium [10]. The difference in the
methods .of measuring the number of neutrons appeared more strongly at the edges of the dependence v(M).

Notwithstanding the difference of 12 nucleons between the fissionable nuclei and the differences in the
mass distributions, one can note general features in the behavior of ¥(M) and v, (Myg) for the fission of 220
and 2¥Pu. As has already been noted, the dependence v(M) is produced by the properties of the fragments [1,
2, 4. Fragments with masses Mf, ~ 80-90 mass units and My ~ 130 mass units are distinguished by a large
rigidity and are stable to a change in their shape due to a "magic" number of nucleons making up closed shells
in nuclei with M =82 (N =50, Z = 32) and M =132 (N = 82, Z = 50) [2, 11]. Fragment nuclei of mass 150-170
and 105-120 mass units and with the number of nucleons differing strongly from the known magic numbers thus
obtain a supply of deformation energy which changes into a number of emitted neutrons.

Consideration of the experimental data on »(M) for 23317 and 23°U upon fission of the indicated isotopes by
thermal neutrons [10] and of the fission of 23U and %6Ra by protons [12, 13], together with the data presented
in Figs. 1 and 2, permits concluding that fragments of specified mass emit the identical number of neutrons in-
dependently of the type of fission and the kind of fissionable nucleus. Thus the mass distribution of the frag-
ments determinés in a decisive way the average number of neutrons v formed upon fission. We note that such
a relation of »(M) and the mass distribution of the fragments can be used for a more or less successful predic-
tion of v for a number of heavy and superheavy nuclei [14].
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Fig. 3. Dependence of neutron yield (o) on the mass of the fragments (—— is the yield

of fragments) for the specified values of the total kinetic energy (a) upon the spontane-

ous fission of 2%2Cf and (b) upon the fission of 29py by thermal neutrons.

Let us consider more detailed information in the form of the dependences v(M) for fixed values of Ex
(Fig. 3). Here are given the corresponding mass distributions of the fragments. As was pointed out earlier,
the parameter EK is important from the point of view of the energy balance upon fission and the effect on the
shape of the fragments [see Egs. (1) and (2)].

A characteristic feature of the results presented is the large and stable yield of neutrons from light frag-
ments in the mass range 110-126 mass units for %20f and 105-120 mass units for 2Py over almost the entire
range of variation of Eg. The function v(M) for a heavy fragment demonstrates a strong decrease of v as Eg
increases, which can be explained by the preferential yield of a narrow group of masses with My ~ 130-134
mass units (spherical fragment) for 2%Cf and ?®Pu. The maximum number of neutrons (v =~ 5) are emitted
by fragments with My, ~ 120 + 5 mass units and EK =~ 185 MeV for 22¢f and fragments with Mj, ~ 110 mass
units and Eg ~ 167 MeV for ¥Pu. The corresponding heavy fragments with My = A — My, (here A is the mass
of the fissionable nucleus) almost do not emit neutrons. In both cases there are fission events with extremely
different deformabilities of the fragments [11]. We also note that as Eg increases fission events with greatly
different masses of the light and heavy fragments (highly asymmetric fission) are characterized also by a large
difference in the deformability of the fragments, In this case the heavy fragment emits a large number of neu-
trons: for 22Cf My S 164, Eg ~ 150-165 MeV, and v = 5; for 2®Pu My =~ 156, Eg ~ 137-147 MeV, and v ~ 4.
In this case the light fragment with (A — My) = My, = 82 is a rigid nucleus of almost spherical shape, due to the
effect of the shell structure.

Let us estimate the deformation parameters 8y, and By for the indicated fission events on the basis of
Egs. (1) and (2). The values of the charges Z1, and Zyj are determined from the assumption that the charge
density in a fissionable nucleus is identical to that in the fragments (one can include direct experimental data).
For a heavy fragment with My ~ 130-134 mass units it is natural to take § = 0. Then we obtain 8y =1.0 for

282Cf with My, ~ 120 mass units and Exg = 185 MeV and 8y, =1.17 for 29py with Mj, ~ 110 mass units and Eg =
167 MeV. .

Having assumed 8 =~ 0.1-0.2 for a light fragment with MIf = 82 mass units, we obtain Sy = 0.9 for ¥2Cf
with My ~ 164 mass units and Eg = 155 MeV and gy = 1.0 for %Py with My ~ 156 mass units and Exg = 147
MeV. It is evident that upon fission fragments can be formed with very appreciable initial nonequilibrium de~
formations. An estimate of the excitation energy from the formula

s 1 5
E .-——2—432 ) ( )
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(here ¢ = 120 MeV), which corresponds to the liquid-drop model, gives an exaggerated value of E* for highly
deformed fragments in comparison w1th the experimental data. . . .

" Returning to Fig. 3, we turn our attention to the appreciable yield of neutrons from fragments of sym-
metrical fission, which is more and more clear as Eg decreases right down to Eg = 140 MeV for 22¢f and
Eg ~ 137 MeV for 29py, Inview of the fact that the yield of events of symmetrical fission is small and sub-
ject to the effect of instrumental errors, corrections are introduced into the data of Fig. 3 for the background
of random double and triple coincidences, scattering of fragments at the collimator edges, and other factors.
A correction was not introduced for the mass resolution, which is equal to 3.5 mass units. The dependence
of the neutron yield on Eg for the spontaneous fission of 22¢f is shown in Fig. 4 for three selected masses of
the fragments. At My, = My =126 V(Eg) is a weakly growing function with decreasing Eg. There are fission
events in which both fragments are strongly deformed by neutron-rich nuclei, emitting 3-4 neutrons each, which
is in agreement with the energy balance formula (3). An estimate of the deformation parameter gives the value
By, ~ By =~ 1.29 at EK =145 MeV. The yield of such events is small (10~ for spontaneous fission of 252Cf),
and they have no appreciable effect on the average number of fission neutrons ..

Let us consider a pair of fragments with My = 132 mass units and My, = 120 mass units. The neutron
yield from them is shown in Figs. 4b and ¢ as a function of Ex. At Eg = 170 MeV the light fragment emits an
appreciable number of neutrons, and consequently, it is more highly deformed in comparison with the heavy
fragment. However, at EK < 170 MeV the number of emitted neutrons is redistributed in favor of a fragment
with My = 132 mass units, which indicates the possibility of strong deformation of a fragment with the magic
number of nucleons. It has been shown theoretically [3] that a definite set of deformed states is observed for
a fragment with a specified nucleon makeup (Z, N). For strong deformation of the nucleus the property of the
magicness of 132 nucleons is destroyed, i.e., for a quantitative estimate of the neutron yield from fission frag-
ments it is necessary to know not only the mass distributions of fragments but also the deformed states of frag—
ments up to the moment of separation. :
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PROBLEM OF THE OPTIMIZATION OF A SYSTEM OF
DIRECT ENERGY CONVERSION WITH PARA BOLIC
TRAJECTORIES OF CHARGED PARTICLES

S. K. Dimitrov and A, V. Makhin UDC 621.039.6

A Suggestioﬁ was made in [1] for the direct conversion of the energy of reactor ion beams by using a sys-
tem with parabolic trajectories of the ions or a system of tapered diaphragms (STD). The simplicity and high
efficiency (~90%) of an STD for sufficiently dense ion beams (d/ rg; = 0.2, where d is the beam diameter at the

entrance to the deceleration zone and rq, is the Debye ionic radius) may prove to be decisive factors in con-

nection with the selection of a specific regenerator design for a thermonuclear reactor. It is possible to use

an STD in the injection system of tokomaks; however, it is necessary in thls case to apply compensation of the
ion space charge by electrons [2].

A method is given in [1] for calculating the optimum parameters of the system (slope angle of the dia-
phragms @opt» lengths of the deceleration zone Aopt, and maximum efficiency 7, 4x). The optimum angle of
a section of the diaphragms B¢ is assumed to be found from the condition

tg Bopr =2 tg %optr (1)‘

or Bopt = 2agpt for small agpt, i.e., the edges of the collecting electrodes coincide with the line of the vertices
of the parabolic trajectories of the ions.

A method of calculating the optimum angle of the section is assumed in this paper which takes account of
secondary emission from the diaphragms. The trajectories of charged particles in the STD are shown sche-
matically in Figs. 1a and b. The beam energy W is such that the vertices of the parabolas lie between the N-th
and N + 1-th diaphragms. As experiments have shown, the current in this case flows 'mainly towards the N-th
and N — 1-th diaphragms if the beam is not very dense and wide. The dashed line shows the trajectories of
secondary electrons. It is necessary in the case of regeneration of negative ions or electrons to exclude in-
cidence of the beam on the diaphragms from the direction of the entrance aperture of the system, since failure
to do so leads to a loss in efficiency due to secondary emission only if 0 > 1, where ¢ is the secondary emis-
sion coefficient, which depends on the energy of the particles incident on the diaphragms, i.e., on the discrete~

ness of the plate arrangement (see Fig. 1a). I is possible to write this condition mathematically in the follow-
ing way:

x‘ ' y}v (aOPt+ 9/2)<$N1 (2)
where x"YN (O‘opt + 6 /2) is the coordinate of the first intersection boint of the trajectory of a particle flying into

the STD at an angle aqpt + 6/2 to the y' axis with the line of the N~th diaphragm and. Xy is the coordinate of
the end of the N-th diaphragm. '

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 245-248, April, 1979. Original article submitted

~ June 26, 1978.
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Fig. 1. Trajectories of charged particles in the STD: a) negati‘;e'ions and secondary '
electrons; b) positive ions and secondary electrons [trajectories of secondary elec-
trons: 1) without a magnetic field and 2) with a magnetic field].:

Fig. 2. Results of a computer simulation with the help of the large-particle method:.
a) position of the beam in the deceleration region (j = 1000 A/m,t=1.2- 1078 sec,
d/ rde = 0.3) and b) equipotentials with space charge taken into account in the case of

the same beam parameters.
The minimum angle 5opt can be calculated from the following formula (here divergence of the beam due
to Space charge is also taken into account similarly to [1]):

6 20w +0+V3dirg V_d/’d (3)
pt= \1/2 1—
1+(1V2 dplrd) I/ /ra

whefe dp is the distance between adjacent plates.

Part of the particles, having described a parabola, are incident on the N — 1-th diaphragm, which is
equivalent to electron emission (¢ = 1) from the N-th diaphragm. Therefore when ¢ < 1, such losses should
be excluded. One can write the condition in the following way:
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& luN (aopt—e/z)>zN+d | @
from which ‘

= Zaopt—e—]/_z dirg —V2dlr,. . | . . (5)
éopt. 1= (V2 4y V— : ‘ "

We will discuss the direct conversion of the energy of a beam of positive ions in two aspects,

1.. Mode without Compensationof the IonSpace Charge by Electrons, In this case it is necessary to achieve
the absence of a current of secondary electrons from the diaphragms, since secondary electrons will be ac-
celerated along the direction towards the next diaphragm, which will result in a loss in efficiency (see Fig. 1b).
The condition for finding Bopt can be written as follows:

s luy (dopt_ 6/2)>zy+d, (6)

from which

Doopt — 60— 1/ 2 d/rg VZar
Bopt=—RE—_— T — S
P W agr) T 1=V 24y _ @

One should note that the estimates made will be valid for beams which are not very wide and dense; other-
wise a significant redistribution is observed in the current among the diaphragms. In addition, for wide and
dense beams of charged particles (d/xq > 0.2 and d/ 7\opt > 0.1) the efficiency of the system may be insuffi-
ciently high even in the optimum case. As computer calculations have shown, the field in the STD is already
distorted at d /rg ~ 0.3 by the beam so much that it loses its ability to deflect particles effectively. The posi-
tion of the beam in the deceleration region and a picture of the equipotentials with space charge taken into ac-

count (the method of large particles was used) are shown in Figs, 2a and b. It is advisable in this case to apply
a mode with compensation of the ion space charge by electrons.

2. Mode with Compensation, The system is placed in a weak trémsvverse magnetic field, such that the
ion trajectories do not differ too much from parabolas (see Fig. 1b); the secondary electrons drift from one
edge of the diaphragms to the other, compensating the space charge of the ion beam. The optimum angle is

that at which a maximum part of the beam is incident on the N-th dlaphragm, where the ion energy is a mini-
mum,

Itis possnble to write the condmons for Bopt as follows:
x4 | _(opt+ 9/2)<xN-, ;
z, Il’N (cx.Opt —0/2)=zy1-d.

@)
©)

Condition (8) excludes incidence of the beam on the N — 1-th diaphragm from the direction of the input
aperture of the system, and condition (9) does the same for a beam incident from the direction of the N-th
diaphragm. Thus the angle Bopt should satisfy the following inequality:

faopty® g - oop—0 __ Viar (10)
1-4(2 ]/Edp/rc,)”Z S Pope < 14 (1 2dy/rg )2 1—V2dyrg :
This inequality is always satisfied for thin parallel beams (d/A opt ¥ 1land 6 =0),and in this case
1/2 .
In the general case one should take an "average" angle 13opt=
' Biopy = _Copt H012 copt—62 _ __a/(VZrg) (12)
PRV Igrd T 1+ (VigrdT 1=V Epira

The difference between Bopt and 2ozopt amounts to~ 10%. Experlments have shown that such a dev1atlon from
optimality is accompanied by a drop in efficiency of 4-5% on the average.

The proposed method of calculating Bo t was checked experimentally in an STD with regeneration of the
electron beam (Fig. 3). A beam of electrons from a Pierce gun (d/rde = 0,05, W =5 keV, and 6 = 2,5°) was
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/ Fig. 3. Layout of the experimental setup:
1, 2) cathode and anode of the beam, 3) col-
"limation diaphragm, 4) collector of sec-

’ondary electrons, and 5) system of tapered
dlaphragms.
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.Fig; 4. Dependence of: a)the current of secondary particles and b) the regener-
ation efficiency on the section angle of the collecting diaphragms [O) experiment].

decelerated in a system of 10 diaphragms of overall length 10 cm, The optimum parameters of the system
calculated from the relations in [1] are as follows: @ opt = 8.6°%, Aopt =8 cm, and ’7max=95%- .

A secondary-electron collector (SEC) mounted immediately beyond the collimating diaphragm (CD) was
used to measure the current of the particles flying out of the system. The diameter of the central aperture of
the SEC is somewhat larger than the diameter of the central aperture of the CD in order to exclude the incidence
on it of electrons from the direction of the beam anode. This method permits tracing qualitatively the course
of the dependence of the secondary electron current on the different parameters of the system. I this ex-
periment the energy of the electrons incident on the surface of the diaphragms is ~0.5 keV, i.e., 0 =1.,5,

The dependence of the current at the SEC on the section angle 8, with the other parameters being op-
timum, is shown in Fig. 4. I is evident that Bopt =14° and 2aqpt = 17.2°. When g < Bopta the current at the
SEC increases strongly due to secondary emission. If 8 > B opt » the current at the SEC increases insignificant~
ly by virtue of the returning electrons which have not hit the diaphragms. A significant increase in the current
from the intermediate diaphragms occurs simultaneously. The dependence of the conversion efficiency n on
B is presented in Fig. 4b. The maximum efficiency is Ny,a4 = 92% at Bopt =14°, Calculations according to
Eq. @) for ¢ > 1 also give Bopt = 14° In a control experiment NMmax = 88% at Bopt =16°when & = 10°, which
is in agreement with the calculated value. .

Thus the proposed method of calculating the optimum angle of the diaphragm section with account taken of
losses due to secondary emission is well confirmed by the experimental data. A maximum efficiency of direct
conversion is achieved in the optimum case (92 * 3%) with a calculated value of 95% for a beam with d/ rd,

0.05,
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DEGREE OF PERFECTION OF GRAPHITE AND CHANGES
IN ITS PROPERTIES UNDER IRRADIATION

P. A, Platonov, I. F. Novobratskaya, UDC 621.039.532.21
Yu. P. Tumanov, and V. I. Karpukhin '

The development of nuclear power reactors has been responsible for an increase in the production of

graphite and the use of different starting materials; this explains the interest in the technology of the produc-
tion of structural reactor graphite.

An important stage in the technological cycle for obtaining graphite is that of high-temperature treat-
ment., The transformation of carbonaceous material into crystalline graphite proceeds gradually with a rise in
the graphitization temperature. For a material with a different processing temperature in the range 1300-
2800°C there exist structures characteristic of both the turbostriated and graphite states, as well as mixtures.

The perfection of the structure of the carbon—graphite material is usually characterized by the degree of
graphitization v {1]. For turbostriated structures, wehavey = 0, whereas for ideal single crystalsy =1. Itis
well known that the degree of perfection of graphite has a substantial effect on a change in its linear dimen-
sions under irradiation [2, 3] and on the working capacity of graphite, especially at an elevated temperature.

Characterizing the behavior of graphite under irradiatibn, we can arbitrarily isolate several temper-

ature and fluence ranges within which the variations in the linear dimensions are of a common nature for vari-
ous grades of graphite [4-6]. '

1. In the temperature range up to 300°C swelling is observed to occur at a rate which falls with a rise
in temperature. o

2. Over a narrow temperature range (300-400°C) changes in the dimensions take place -at a slow rate up
to a fluence of more than 10?2 neutrons/em?. In this case the character of the deformation (shrinkage or swell-
ing) depends on the type and anisotropy of the graphite.

3. At a temperature of 500-800°C shrinkage occurs at a rate which depends on the temperature;in the

fluence range ~10% neutrons/cm? shrinkage gives way to swelling. The fluence at which this process takes
place decreases with a rise in temperature. ’

4. At a temperature above 850-900°C the behavior of graphite does not differ qualitatively from that at
500- 800°C but the transition from shrinkage to swelling shifts sharply to low fluence values (4-6) - 1021 neu-
trons/cm? and the shrinkage rate rises substantially.

The character of the change in the linear dimensions of GMZ graphite is shown in Fig. 1. Although the
fluence corresponding to the transition to the region of "secondary swelling™ has not yet been attained here, it
is seen clearly that the shrinkage rate diminishes at an irradiation temperature of 500-600°C and approaches
an extremum (Fig. 1a). It is precisely for this temperature range, which is of greatest interest in respect of

the use of graphite as a moderator in channel-type reactors, that we studied the effect of the degree of per-
fection on some properties of GMZ graphite.

Specimens with a diameter of 30 mm and a height of 40 mm, cut from an annealed block parallel to the

axis of extrusion, were heat-treated for 2 h at 1300-3000°C in a nitrogen atmosphere and at 2300°C and higher,
in an argon atmosphere.

Table 1 gives the structural parameters characterizing the specimens studied. It should be noted that
from a heat-treatment temperature of 2300°C, when the interplanar distance practically does not change, the
crystallite size increases considerably. Since the temperature in the graphitizing furnace may differ at dif-

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 248-254, April, 1979. Original article submitted
December 14, 1977; revision submitted April 17, 1978.
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TABLE 1. Structural Characteristics of
Graphite of DifferentDegrees of Perfection

’}ll"gmp. of |Lattice con- Degrheie of | Crystallite
at treat- ’ . | graphitiz,, :
ment, °C [stant, A §el.Pun.its * | size,t A
1300 6,96 — 60
1500 6,89 — 75
1800 6,88 - 120
2000 6,87 - 0,08 150 -
2300 6,76 - 0,7 : 200 |
2800 6,74 0,82 1000
3000 6,74 0,82 —
* Found from formula of Selyakov [1].
AUL%= : - ‘ :
” 190-150%‘ a 70 - 90-150°C D ' b
4 _ ) 190-220
1,0
I 1l o220
2 -
M
280-320
49 Y
-10 1 1 1 1 L -20 TR - 1 1 L 1
0 Z2 4 5 & W 12 " oz 4 6 8 W 1z m
F, 102 neutrons/ cm? F, 102 neutrons/cm?

Fig. 1. Change in linear dimensions of GMZ graphite specimens, cut a) perpen-
dicular and b) parallel to the extrusion axis at different irradiation temperatures:
‘o, O) experiment. '

ferent points of the specimens by 300-400°C [3], even in one batch of graphite with practically the same lattice
constant the crystallite sizes of the various specimens may differ.. o )

Variations in the electrical resistivity during the heat treatment are correlated with the structural trans-
formations of the carbon —graphite material (Fig. 2). It has been proposed [3] to use the value of the electrical
resistance as a parameter for checking ready graphite blocks. As the heat-treatment temperature is raised
there is also a decrease in the modulus of elasticity (Fig. 2). The linear relation between the strength and the

modulus of elasticity allows the change in the strength after irradiation to be assessed from the change in the
modulus of elasticity,

Specimens with varying degrees of graphitization were irradiated in the hot channels of the MR reactor

. at 500°C. The maximum neutron fluence was 6.8 - 10%! neutrons/cm? (E > 0.18 MeV). The temperature was
monitored with thermocouples and diamond indicators [7]. The neutron fluence in the hot channels was cal-
culated from the energy production of the fuel in which the irradiation was performed and of the three chan-
nels nearest to it and was also found with the aid of threshold indicators. The graphite specimens were ir-
radiated in hermetic ampuls (in whichthe medium was nitrogen or helium). The linear dimensions, the modulus
of elasticity, the electrical resistivity, and the structural characteristics of the material before and after ir-
radiation were measured in accordance with techniques described earlier [8].

It follows from Fig. 3 that the shrinkage rate increases substantially as the degree of perfection of the
material diminishes. For carbon—graphite material heat-treated at 1300°C, a transition from shrinkage to
secondary swelling is observed at a fluence of 3 - 102! neutrons/cm?,

The change in the modulus of elasticity of the specimens at various heat-treatment temperatures shows
that the higher the degree of structural perfection (Fig. 4), the greater the difference between the moduli of
elasticity before and after irradiation. The dependence of the modulus of elasticity on the fluence has a maxi-
mum at a fluence of 2 - 10?! neutrons/cm?, after which for specimens heat-treated at a temperature above 2000°C
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Fig. 2. Effect of heat-treatment temperature on changes in the properties of carbon—graphite ma-
terial.

. Fig. 3. Dimensional changes in graphite with different degrees of perfectlon as a function of the .
neutron fluence at an irradiation temperature of 500°C (here, as in Flgs 4 and 5, the specimens were

cut parallel to the axis of extrusion; the numbers next to the curves are the heat-treatment temper-
atures),

(f/fy)":

F, 10" neutrons/ cs?

' Fig. 4. Modulus of elasticity of graphite with different degrees of
perfectlon as a function of the neutron fluence at an lrradiatlon
temperature of 500°C.

the curve of this dependence gradually becomes flat and for specimens heat-treated at 1800°C or lower the
modulus diminishes steadily, even gomg below the initial value for the specimen treated at 1300°C. .

The maximum on the plot of the modulus of elasticity agamst the fluence for specimens with a parallel

cut '[5] is attributed to the overlapping of stress fields caused by complexes of radlatlon induced defects. ThlS
effect can,. however be given another explanation.

It is characteristic of most materials that the contribution of radiation- indaced defects to the change in
properties under. 1rrad1atlon diminishes with a rise .in the concentration of structural lmperfectlons in the ini-
tial state. Most frequently, this is due to the fact that the initial Structural 1mperfectlons being sinks for ra-
diation-induced defects, intensify the annihilation of the latter. In the process, part of the initial imperfec-
tions should vanish as the result of absorptlon of radlatlon mduced defects. Such an effect is probably ob-
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Fig. 5. Change in resistivity of graphite with different degrees of S
" perfection as a function of the neutron ﬂuence at an irradiation tem-
perature of 500°C,

AR - F1g.7l

, _ . Fig. 6

- - 4

i,
Fig. 6. Overgrowth of oriented mlcroporosn;y and formation of a network of cracks in imperfect

graphite under irradiation: a) original specxmen b) after irradiation (Tlrr = 500°C, fluence 5 -
10% neitrons/em?). . v e v y ‘ )

.

Fig. 7. Cracking inside coke partlcles in 1mperfect graphlte (Tlrr = 500 C ﬂuence 5 10*! neu-
trons/cm?).

served during” irradiation of graphite heat-treated at 1300°C as is expressed by a'drop in res1stw1ty at the on-
set of irradiation- (Fig. 5)...The most characteristic aspect of’ the- change in resistivity is its ‘sharp growth after
a ﬂuence of 3- 1021 neutrons/ cm2 for less perfect graphite, which correlates well with the change in the mod-
ulus of elastlmty.‘ The growth of, the resistivity begms at the same fluence as the transition-from shrmkage

to swelling for the material treated at 1300°C, : P B y s

. The latter unambiguously demonstrates that the "secondary swelling," growth of resistivity, and decrease
in the modulus of elasticity of the graphite below the initial value are all caused by the same process, i.e., - -
the mtenswe formatlon of poros1ty. The character and nature of the porosnty(formatmn are evident upon exam-
ination of the changes in the structure of specimens in the secondary swelling stage.

R \ . . \
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Fig. 8. Crackmg (typlcal cracks are mdlcated by arrows) at filter —-bmder mterface in imperfect
graphite as a result of 1rradlatlon a) orlgmal specimen; b) after irradiation (Tjpy = 500°C, flu-
ence 5 - 102! neutrons/cm?).

The structure was studied with electron and optical microscopes. To avoid structural imperfections -
‘during the preparation of thin sections, the specimens were impregnated with epoxy resin, then ground, polished
on paper with diamond paste, and subjected to cathodic-vacuum etching (Figs. 6-8). It is seen from Fig. 6 that
the oriented pores (Mrozowski cracks. [9]), which are characteristic of unirradiated graphite, are practically
closed in the irradiated specimen while at the same time a large numberof microcracks are oriented across the
basal plane. It is likely that precisely the formation of such cracks, which do not lead to any significant swell-
- ing, is the reason why the modulus of elasticity decreases after reaching a maximum value. Verification of
the assumption requires more detailed electron-microscopical studies of graphite in the range of fluences up
to 5 - 102! neutrons/cm?.

In addition to the microcracks detected during electron-microscopical inveétigations the structure of
graphite in the secondary swelling stage is characterized by many larger cracks (Wthh for convenience,can
henceforth be called macroecracks) which are visible at lower magmflcatlons. o

The crack shown in a coke particle in Fig. 7 extends across the basal plane. The region Shown is highly
characteristic: in coke a striated structure envelops, as it were, a long segment in which the orientation of the
crystallites differs from the external layer. In the course of shrinkage tensile stresses should develop in the
outer striated layer, and the maximum stress should be in 'the region of maximum curvature in which place
cracking occurred. Figure 8 shows cracks at the filler —binder interface in a direction perpendicular to the
largest axis of each coke particle. Among the cracks we can see wedge-shaped cracks which are the result of
grain glide over their boundaries. Thus, the pores formed constitute cracks with a wide range of sizes.

The experimental results allow a qualitative picture to be given of radlatlon-lnduced damage in graphite
in the range of elevated temperatures. As is known, graphite single crystals experience growth along the ¢
axis and compression along the @ axis. In the polycrystalline material, which synthetic graphite is, the crys-
tallites interact with each other during irradiation, causing deformation which leads to a gradual, closed Mro-
zowski crack and other pores in the region of compression. In this case the crystallites prove to be compressed
along the c axis and elongated along the a axis. When the stress reaches a critical value, depending on many
factors (the modulus of elasticity, the size distribution of pores, the -surface energy, the coefficient of creep,
the size of the crystallites and coke particles, the anisotropy coefficient, etc.), micro- and macrocracks begin
to form. The formation of cracks (especially microcracks) probably begins somewhat earlier than when complete
covering of the oriented porosity occurs, but a pronounced growth of stress and intensive cracking begin after
the maximum possible compression. In accordance with this hypothesis, a qualitative analysis can be made of
the relation between the individual factors and the fluence at which maximum compression is attained.

If £ denotes the relative deformation of the crystallites along the c axis until the pores closed, (d/dF)
(AXC/XC) and (d/dF)(AX a/X ) are the rates of change of dimensions along the ¢ and a axes, respectively,
a¢ and @, are the mean coefficients of thermal expansion of the graphite single crystal along the ¢ and a axes,
respectively, and T is the temperature, then the fluence up to the moment that maximum compression is reached
can be written in simplified manner as

b= o= 7] [ (52) i (55|

The numerator of this relation is the relative total "width" of the‘ péres in the specimen heated to a tem-
perature T (the pores close in part because of thermal expansion), and the denominator is the radiation-induced
deformation of crystallite.
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Thus, elevation of the temperature on the one hand reduces the total deformation until maximum com-
pression is attained because of the partial closing owing to the thermal expansion of the crystallites, On the
other hand, as follows from experimental data [7], after reaching a minimum at a temperature ~500°C the
rate of change of crystallite size again grows with a further rise in temperature, i.e., raising the temperature
above 500°C simultaneously causes the numerator in the relation to diminish and the denominator to increase
and results in a decrease in the fluence corresponding to the maximum compression. Moreover, with a rise
in irradiation temperature the radiation hardening decreases and, consequently, cracking is facilitated. There-
fore, the higher the irradiation temperature, the greater the probability of cracks forming before the maxi-
muin compression is reached. In other words, the maximum shrinkage during transition to secondary swelling
should decrease with a rise in the irradiation temperature, as is confirmed by many experimental data [5].

If it is assumed that the transition to secondary swelling for most grades of graphite at 500-600°C is
observed at a fluence (1-1.5) - 102 neutrons/cm?, then upon comparing these data with the results obtained
for a specimen heat-treated at 1300°C, we can conclude on the basis of the formula given above that the rate of
change of crystallite size in this specimen should be three to five times that in well-graphitized material, In
actual fact, this rate may be somewhat lower if it is borne in mind that in the specimen heat-treated at 1300°C
the oriented porosity is less pronounced than in the well-graphitized material. The estimate made here is in
agreement with the data on the rate of change of crystallite size of pyrocarbon [10] with crystallite sizes com-
parable with those in Table 1. The ideas considered here. correlate with the results and data of other research-
ers. A more detailed consideration of the mechanism of the transition from shrinkage to swelling requires ad-
dltlonal experimental data.

Thus, our investigations of carbon~— graphite material with various degrees of perfection permitted the
following conclusions to be drawn.

1. If the degree of perfection of graphite decreases, the shrinkage rate of the graphite rises and the tran-
sition from shrinkage to secondary swelling is shifted to the region of lower fluence. A qualitative correlation
is observed between the shrinkage rate and the crystallite size.

2. The transition from shrinkage to swelling of the graphite at an elevated temperature is due to the ap-
pearance of micro- and macrocracks caused by stresses generated by radiation-induced deformation of crys-
tallites. The stress apparently reaches a critical value when the oriented porosity is closed. The cracks are
oriented primarily in a direction perpendicular to the basal planes.

3. The transition from shrinkage to swelling is accompanied by a sharp rise in resistivity and a decrease
in the modulus of elasticity below the initial value. Since the resistivity correlates with the thermal conduc-
tivity and the modulus of elasticity correlates with the strength, the character of their changes at the same
time denotes a drop in the thermal conductivity and strength. The latter indicates that additional factors limit-
ing the lifetime of graphite products, along with the intensity of swelling after maximum shrinkage has been at-
tained, are the drop in strength and thermal conductivity.

In view of these limitations, it must be admitted that, apparently, the lifetime of graphite only slightly
exceeds the fluence at which the graphite goes from shrinkage to swelling since in the region of secondary
swelling the graphite structure suffers quite rapid degradation; under actual conditions, this degradation may
be accelerated by the existence of cyclic thermal stresses, an increase in the temperature gradients, and in-
teraction with other elements of the reactor structure.

Consideration of the results obtained leads to the indirect conclusion that, other conditions being equal,
grades of graphite with a higher strength prove to be radiation-resistant with respect to secondary swelling.
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OXIDATION OF (U, Pu)O, AND UO, PELLETS

G. P. Novoselov, V. V. Kushnikov, UDC 621.039.542.342:66,094.3
Yu. Ya. Burtsev, and M. A, Andrianov '

Gaseous discharges during regeneration of spent nuclear fuel must be decontaminated in order to protect
the environment [1, 2]. I is expected that oxidation of the fuel may resolve this problem quite effectively since
this will make it possible to isolate Kr, Xe, 3H, 14C, I, and other highly volatile fission products (FP) during
preparation of the fuel for reprocessing. However, the conditions have not yet been found for a sufficiently

complete isolation of the radioactive noble gases and iodine from the fuel during its oxidation. The published
data on the behavior of these FP are contradictory [3-12].

The objectives of the present paper are, first, to ascertain the rate of oxidation of unirradiated briquettes
of a solid solution of uranium dioxide and plutonium (U, Pu)O,, briquettes of UO,, and the same briquettes after

thermal stripping of the fuel elements (melting off the cans) [13-15] and, second, to study the conditions for
obtaining powdered UsOg with particles of a certain size,

Results and Discussion. In our investigations we used unirradiated pellets of a solid solution of (U, Pu)O,
and UO, which are used in fuel elements for thermal and fast reactors [16]. The phase composition of the
powders obtained at different stages of oxidation of the pelletized fuel and the reduction of the oxidation prod-
ucts were monitored by the x-ray method (RKU-86 camera for Co radiation). The granulometric composition

of the oxidation products was determined by sieve analysis and microscopic examination under an MBI-11 mi-
croscope (x1000).

The briquettes were oxidized at a temperature ranging from 350 to-550°C and a continuous flow of air
(or commercial oxygen) at a linear velocity of 0.2-0.3 cm/sec or under static conditions in air. The powdered
U30; was reduced with dried and purified hydrogen at 600°C for 7 h.

The rate of the process of oxidation of the ceramic fuel and reduction of the powdered U;0; was studied
on continuously weighing scales with a coil wire of OVS alloy [17, 18], the change in the mass of the specimens
was found with a KM-6 cathetometer, and the temperature was measured with an accuracy of % 10°C.

Uranium Dioxide. Oxidation of UO, briquettes proceeds according to the reaction

3U0, + O, — Uy04 + 25keal/ mole

1)
through stage)s of formation of intermediate oxides and at a temperature above 300°C ends with the formation
of UgOg with a rhombic structure [19]. An attempt has been made to describe this process with a system of
differential equations and to provide a theoretical explanation for it [20].

The efficiency of the oxidation process is affected by a number of factors. Thus, high linear velocities
of the oxidant (>25 cm/sec) are employed with "fluidized-bed" apparatus. We proposed oxidation in a "vibro-
fluidized" bed which permits operation with an air supply at a lower linear velocity [21] and considerably re-
duces the demands on dust-collecting and gas-purification systems. It is well known that the rate of oxidation .
of pelletized fuel is affected considerably by the temperature, fabrication technique, quality of the sintering, the

specific surface of the initial powder used to make briquettes, the presence of fission products, and axial melt-
ing of the core of the fuel elements [22].

Studies on the oxidation of U0, brlquettes showed that for some tlme they remain "inactive." The length
of this period depends on the temperature and other factors. Figure 1 shows the plots of the completeness (o)
of the reaction of oxidation of UO, briquettes. (The term "completeness of oxidation," which has been borrowed
from [22], denotes that fraction of the substance which has reacted in wt.% of the initial quantity.) It follows

Translated from Atomnaya Energiya, Vol, 46, No, 4, pp. 254-258, April, 1979. Original article submitted
January 30, 1978,
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Fig. 1. Completeness of reaction of oxidation of UO, pellets as function of time at various tem-
peratures under static (——-) and dynamic (—) conditions: O) initial UOy; e) UO, after thermal
opening of fuel elements; 1-5) 500°C; 2, 4, 6, 8) 450°C; 3 and 7) 400°C.

Fig. 2. Temperature dependence of mean rate v of oxidation of UO, and (U, Pu)O, pellets under
. static (——-) and dynamic (—) conditions: O) initial UO;; @) UO, after thermal stripping of
fuel elements; O) (U, Pu)O,.

from Fig. 1 that as the temperature rises, the process of UO, oxidation becomes shorter (curves 1-3 and 5-7),
with the oxidation ending more quickly under dynamic conditions than under static conditions (curves 2, 4 and
6, 8). The curves have three segments characterizing different stages of oxidation. In the initial stage after
the induction period the rate of oxidation increases insignificantly. A further change in the completeness of
the oxidation reaction is characterized by a rectilinear segment; then the oxidation products form a protective
layer and the reaction rate falls off. Oxidation of UO, briquettes after thermal stripping of the fuel elements
(curves 1-3) ends more quickly than does oxidation of the initial briquettes (curves 5-7) at the same temper-
ature: after thermal stripping the briquettes have a large specific surface because of micro~ and macrocracks.

From the curves given in Fig. 1 we calculated.the mean rate of uranium oxidation in U0, briquettes at
various temperatures (Fig. 2). The value of the apparent energy of activation of the process for UO, briquettes
under static conditions was 5.7 keal/mole, with the oxidant moving with a linear velocity of 0.2-0.3 cm/sec the
value was 5.3 kcal/mole, i.e., even a slight increase in the velocity of oxidant flow in the reaction zone in-
creases the oxidation rate. '

It is known that the particle size and the stability of the granulometric composition of U0 or (U, Pu){Op
solid solutions are the principal factors determining the rate and completeness of fluoridation of UgOg, €.g., in
apparatuses of the flame type. Moreover, the size of UgOg particles determines the degree to which the FP
and their chemical compounds are stripped as well as how completely the gaseous and volatile FP are re-
moved from the fuel [23]. The particle size is controlled by selecting the optimal oxidation temperature, the
gaseous medium, the rate of oxidant flow, and the execution of cyclic operations of oxidation and reduction.

The optimal UgOg particle size was not established. In view of this, we studied the conditions for obtaining
powdered UgOg4 with a particular granulometric composition (Table 1). Analysis of the data of Table 1 shows
that with a lowering of the oxidation temperature, the proportion of fine fractions in the powder increases. At
350°C in an atmosphere of air all of the powdered U0 consisted of particlesunder 50 um in size. The explana-
tion usually given for this is that, along with the formation of finely dispersed powder, there is sintering of
this powder at a rate which is inversely proportional to the particle size and directly proportional to the tem-
perature [24]. Replacement of air by oxygen increases the oxidation reaction rate and the quantity of heat re-
leased and this also results in the growth of the particle size. With the oxidation conditions indicated above,
UgOg is the principal phase in the oxidation products, regardless of the size of the powder particles.

Microscopic examination of fractions with a size =100 pm, obtained by oxidizing UO, bnquettes made
it possible to find the distribution of particles ranging from 5 to 100 pm insizeinthese fractions andto deter-
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"TABLE 1. Granulometric Composition of UjOy Powder after Oxidation of UO,
Briquettes with Air and Oxygen, wt.%

Fraction, g
Temp., °C + 200 —~ 200 + 100 —~ 100463 -63 + 50 - 50
oxygen air oxygen| air | oxygen | air [oxygen | air |oxygen | air
500 49,42 — 17,82 — 11,82 4,25 18,70 35,15 2,24 60,6
450 46,73 — 18,42 — 6,95 2,16 11,63 19,14 16,27 78,7
400 36,43 — 22,59 — 14,58 1,80 15,86 18,20 10,54 80,0
350 - — = N - - — | = = 100,0
o, Wt. %,
1 50
] or
12+ nr
‘é g}
10 .
=4 5ol
g 8
Q a0l
«
m 6
3o+
Al
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0k
1 b 1
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Fig. 3 Fig. 4

Fig. 3. Effect of temperature of oxidation process on granulometric composition of UsOg at A
0) 350°C and e) 450°C. '

Fig. 4. Time-dependence of completeness of oxidation rate of pellets of (U, Pu)Oz solid so-
lution at temperature of: 1) 550; 2) 500; and 3) 750°C under dynamic conditions.

mine the mean size of U305 particles (Fig. 3): 18 um (rymijn=5 #m, Iy ax =42 um) at 350°C and 53 pm (rpip =
6.6 um, rmax = 98 um) at 450°C. Moreover, it was found that the particle distribution over the fractions
depends on the temperature in different ways.

(U, Pu)O, Solid Solutions. The rate of oxidation of the solid solution affects the PuO, content in it {5, 22].
The investigations were carried out in a solid solution containing 15 wt.% PuO, (Fig. 4). The oxidation rate in-
creases with the temperature. The relation shows that the briquettes are inactive at first and the oxidation
rate begins to grow after some time. The curves have three segments characterizing the different stages in
the oxidation process. They are less steep for the solid solution than are the analogous curves for UO,, in- -
dicating a longer process of transformation of UO, to UgOg in the solid solution. The data of Fig. 4 were used
to calculate the mean rate of oxidation of UO, in briquettes for (U, Pu)Oy solid solution at various temperatures.

The apparent activation energy of the process (see Fig. 2) for the given conditions (linear velocity of
oxidant 0.2-0.3 cm/see) is 5.8 keal/mole, i.e., the apparent activation energy of the oxidation process for
briquettes of (U, Pu)O, solid solution is somewhat higher than for UO, briquettes, Data on the granulometric
composition of the oxidation products of the solid solution are given in Table 2. Just as for UOy briquettes,
the granulometric composition of the oxidation products of the solid solution depends on the temperature of
the process. The appearance of particles with a size exceeding 200 um at 450°C maybe the result ofthe in-
completeness of the oxidation of briquettes of the solid solution. Microscopic examination of the powder frac-
tion smaller than 50 tm in size revealedthe distribution of particles with a size ranging from 6.4 to 48 pm (Fig. 5),
and made it possible to establish that the mean particle size was 29.2 um.

The oxidation products of the solid solution consist mainly of UsOg with plutonium dissolved in its rhombic
lattice. Comparison of the x-ray photographs of UjOg and the (U, Pu);O; solid solution revealed that, in the x-ray
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‘TABLE 2, Granulometric Composition of
Oxidation Products of (U, Pu)O, Solid Solu-
tion at Various Temperatures, wt.%

“Temp, of | - Fraction, g

process, °C | ;299 | —200+100 | —100+50 —50
450 3,68 — 0,27 96,05
500 - — —_ 100,0
550 — 0,16 12,84 - 87,00

Fraction, wt.%
(-~ Y
T

| | 1 1 1 3 s i L
g 10 20 30 40 50 60 70 80..90 100
" Pparticle size,

" Fig. 5. Variation of granulometric composition of
oxidation products of (U, Pu)O, solid solution in
course of: O) first and e) second cyclic oxidation—

_reduction operation.

photograph of the latter, lines corresponding to large reflection angles 6 are displaced noticeably towards
smaller angles, which is indicative of an increase in the dimensions of the crystal lattice of the (U, Pu);0,

solid solution as the result of part of the uranium atoms in the UgOg4 lattice being replaced by plutonium atoms.
Analysis of the x-ray photographs, however, did not show the oxidation products to contain the PuO, phase
whose presence in similar'products was noted in [23]. K is possible that in the oxidation products of the studied
solid solution containing 15% PuOj, the amount of the PuO, phase was small (<5%); the fraction with partlcles
greater than 100 u m size contains a considerable quantity of a tetragonal phase based on UsO 7e

The oxidation products of the (U, Pu)Oy solid solution were reduced and then reoxidized. Reduction in a
stream of hydrogen yielded a solid solution with an O/ (U + Pu) ratio of about 2.29 (@ = 5.427 A). This product
was oxidized at a lower temperature (350°C) so as to avoid sintering of fine powder particles. Microscopic
examination once again determined the size of the powder particles (see Fig. 5). It is seen that cyclic oxida-
tion —reduction of the solid solution facilitates an increase in the fraction of finer partlcles the mean partlcle
size drops to 15.3 K.

Investigations on the process rate and the effect of technological parameters on the granulometric com-
position of oxidation products will make it possible to select the direction in which the search should be made
for optimal conditions for comminuting nuclear fuel and removmg gaseous and highly volatile flssmn products
from it.
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LETTERS

NEUTRON ACTIVATION DETERMINATION OF OXYGEN
COEFFICIENT OF OXIDE NUCLEAR FUEL

V. F. Kononov, V. I. Melent'ev, g o UDC 543.08 : 543.53: 546,21
V. V. Ovechkin, and V. A. Luppov o ' '

The oxygen coefficients of uramum—plutomum oxide fuel [X = O/ U + Pu)] has some effect on the inter-
action of the fuel with the fuel can [1] and should be determined with an error of no more than 1 rel. %.

The neutron-activation method of determining the oxygen content as is known, is based on the 16O(n, p)“N
nuclei reaction which occurs under the action of neutrons with an energy of about 14 MeV and then recordmg
the induced v rays in.the 6-MeV energy range. :

Although this' method has found quite extensive application for analyzmg structural matenals, it is a quite
difficult undertaking to reduce the error to roughly 1%, espemally for flsswnable substances. This is mainly
because the fission products emlt h1gh—mtens1ty radiation whose rate of decay 1s commensurate with ley half—
life {2].

In the present paper, in order to take more exact accountof the fluctuations in the neutron flux during ir-
radiation the specimen under analysis was surrounded with an oxygen-containing "control™ and the activity of
the specimens was then recorded with two detectors. For a two-component mixture of the MeOx type with prac-
tically no impurities, the number of pulses recorded per gram of analyzed specimen in the optimal energy
range can be found from

80X +(Am/Ao) S¢ . 1)
=T X+Anido "

where So and St are the number of pulses detected per gram of oxygen and fissionable substances, respectively,
reduced to 2 common neutron flux, and Ap and Af are the atomic masses of oxygen and the fissionable substance,
respectively. :

In the range of oxygen concentration of interest to us (X = 2), when the fact that Af/AO > X is taken into
account Eq. (1) assumes a form which is characteristic of the equation of a straight line:

_ Sx = aX + b, - @)
"where a = (Ag/Af)Spand b ~ S¢. Therefore, using the calibration curve Sx = £(X), constructed as the result

of measurements of control specimens, we can determine the oxygen coefficient X in the specimen under analy-
sis. In this case the relative error of determination of X is

x=(1+7) 5. @)

where 6g is the relative error of the value of 6, measured in the course of the analysis, k is the number of
points on the calibration curve X =£(S;), and ¢ = SO/ S¢ = 35 (the experimental value for the optimal conditions
of analysis).

For developing the technique we prepared three control specimens so that in respect of dimensions and
mass of uranium with the addition of oxygen (Plexiglas) they would correspond to the specimens studied. Their
masses were 1,4038,1.4392,and 1.3082 g withanoxygen coefficient of 2.09, 2.00, and 1.93, respectively. The co-
efficient of the uranium dioxide specimen, determined by a polarographic method, was 2.05. All the specimens
were packed in hermetically sealed polyethylene ampuls and were then placed in stainless steel transport con-
tainers.

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 259-260, April, 1979. Original article submitted
June 17, 1977,
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TABLE 1. Variation Coefficient of Ratio Counts for Irradiated
Specimens and Control Specimens, %

Fuel Sy VN
Mixed oxide fuel 0.434 0.8 (N =12)
Uranium dioxide 0.393 0.8 (N =14)
U + Ox (control specimen) 0.445 1.2 N =14)

Fig. 1. Block diagram of experimental arrangement: 1) BZ-15 numeri-
cal printer; 2) PP-9 scaler; 3) Angara spectrometric unit; 4) automatic
analysis control; 5) pulse-height analyzer; 6) printer; 7, 8) units for de-
tection of control specimen and specimen, respectively; 9) separator;
10) specimen-loading device; 11) burial ground; 12) pneumatic rabbit; 13)
irradiation chamber; 14) generator target; 15) concrete shielding; a) to
console of NG-1501I; b) to power mechanism; ¢) compressed air,

The block diagram of the apparatus used is given in Fig. 1. The specimen and control specimen were
irradiated in an NG-150I neutron generator for 20 sec and the assembly was then sent by pneumatic rabbit to -
the detectors, namely Nal(TI) scintillation counters measuring 150 x 150 mm, with a 33 X 70-mm well, Be-
fore the measurement the specimen was separated from the control specimen by the separator. The trans-

portation time was 3 sec and the recording time was 20 sec. The y-ray spectrometer incorporates an instru-
ment of the SES-2-07 (Angara) type.

Induced activity from the specimen studied was recorded in the energy range from 5 to 7 MeV. To avoid
overloading the recording apparatus, we kept the neutron flux at a level of (5-7) » 10° neutrons/sec. It was
found during the measurements that the counting rate in the given energy range increases and reaches a steady
state value after six or seven irradiations with a 6-min interval which was selected so that the residual ac-
tivity of the specimen from the previous irradiation would be no more than 0.2% of the activity being measured.
Figure 2 shows the calibration curves for saturation (a) and up to saturation (b). v

The values of the variation coefficient vy calculated from N parallel measurements of each specimen are
given in Table 1. These values of vy can be used to assess the error 8g. Thus, by the formula

dg=t ton (vy/n'/?),

where t,,\ is Student's coefficient, n is the number of valid paralle] determinations, and vy Is the variation co-
efficient (see Table 1), for n = 5 the error of determination Sy is £0.8 rel.% and the corresponding error of
determination of the oxygen coefficient, as given by Eq. (3), is +1%, which satisfies the problem formulated.

-The value of the oxygen coefficient (1.90 + 0.02) obtained for mixed fuel is in accordance with the com-
position of the specimen. The result of the measurement of the oxygen coefficient for the uranium dioxide
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Fig. 2. The ratio of the iumber of pulses from the speci-
- men under study and the control specimen as a function
of the oxygen coefficient: O) experiment. '

specimen X = 2.10+ 0,02) was confirmed by the polarographic method (X = 2.1089 and 2.113)’./ Thus, it has been
shown possible to determine the oxygen coefficient quite accurately by means of neutron activation and scin-

tillation v -ray spectrometry.
The authors wish to express their gratltude to B. N, Grmev and N. F, Mukhortov for analyzing the uranium
dioxide specimens.

LITERATURE CITED

1.  J. Ellis and R. Hilbert, Trans. Am. Nucl. Soc., 19, 134 (1974).
2. P, Fisher and L. Engle, Phys. Rev., 134, B796 (1964). S

APPARATUS EOR MEASURING THE THERMOPHYSICAL
PROPERTIES OF REACTOR MATERIALS AT
ELEVATED TEMPERATURES .

S. A. Balankin, D. M. Skorov, UDC 536,21:621,039.54

and V. A. Yartsev

The apparatus is intended for measiuring the thermal conduct1v1ty, thermal diffusivity, and heat capaclty
of metals and metal-like compounds in the temperature range 550-1800°C by the method described in [1]. The
apparatus can be used for measurements on small specimens, which is important in testing materials (UO,,
UC, UN, etc.) prepared by powder metallurgy techniques.. It employs.a simpler system -for forming and mea-
suring a heat pulse than do apparatuses in which the specimen is heated by an electron beam [2] and ensures
reliable adjustment and adequate stability of the emission current.

The working section of the apparatus (Fig. 1) is a demountable vacuum-tube diode with a water-c_ooled
envelope. The test specimen 1. (in the form of a pellet of diameter 6-15 and thickness 0.5-2.5 mm) is placed

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 261-262, April, 1979, Original article submitted
October 19, 1977. - o o
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Fig. 1. Diagram of apparatus.

in tungsten-wwe holders 2 directly under a lanthanum hexaboride heated cathode 4. The cathode 1s heated to
the operating temperature by radiation from the heater 5 fed by rectifier Rect. The stream of electrons from
the cathode, accelerated by the voltage between the cathode and the anode-spec:men heats the front surface of
the latter. The steady-state temperature of the test specimen is recorded by a tungsten—rhenium thermo-
couple 3 with 0.1-mm wire; the thermocouple junction is inserted into a.recess in the end of the specimen and
wedged there with a pin. The thermoelectromotive force of the thermocouple is measured with a low-resis-
tance potentiometer Py. The change in the temperature of the back surface of the specimen after a gradual
change in the thermal flux heating the front surface is recorded by the radiation from the specimen which
travels through the base—light-conductor 6 and received by the photodiode PD.  The photodiode is connected
into the bridge arm from which the unbalance signal is preamplified and then either automatically recorded by
an electronic potentiometer or reproduced on an oscillograph screen. The presence of a light conductor:in
the chamber of the working section makes it possible for optical pyrometers to be also used to record the .
steady-state temperature of the specimen.

\

The anode voltage (applied between the cathode and anode) determines the power liberated by the elec-
tron beam in the test specimen. Series connection of variable voltage sources S; and Sy (the latter is shunted
by a diode chain) permits both continuous and step control of the anode voltage. Continuous control is achieved
by varying the voltage at the input of S;; step control, by means of a switch. By varying the input voltage of S,
we can change the magnitude of the step of anode voltage, i.e., we can also change the magnltude of the step
of poweér liberated by the electron beam .in the anode-specimen.

The power is monitored by measuring the anode voltage and the la'node current flowing through the speci-
men. The anode voltage is measured by the reference voltage divider D and the high-resistance potentiometer

- Py. One channel of P, is used to measure the anode voltage and the other channel is used to measure the cur-

rent in the specimen. The current is found from the voltage drop across a standard resistance coil R; =1 Q
through which the anode-specimen is grounded.

Thermophysical properties are measured on a previously prepared specimen which is set up in the
working section of the apparatus. The chamber of the working section is sealed and pumped down to a pres-
sure of about 1073 Pa. Thecathode is heated by the heater to the working temperature and source S; is used
to set the anode voltage corresponding to the maximum temperature of the measurements. For 15-20 min the
working section with the specimen so set up is subjected to vacuum conditoning, An indication that the vacuum
conditioning has ended is given when the surges of emission current in the vacuum-tube diode have ceased.

The anode voltage is then lowered to a value corresponding to the proposed temperature of the measurements.
The steady-state temperature and the power released by the electron beam are then recorded. The time varia-
tion of the temperature on the back surface of the specimen is recorded from the radiation. The difference in
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the temperature and power corresponding to two steady-state thermal states of the specimen as well as the
time of the transient thermal conditions are used to determine the thermal conductivity, thermal diffusivity,
and heat ca.paclty of the material of the test specimen [1].

.To verify the efficiency of the apparatus, we measured the thermophysical properties of polycrystalline
tungsten and molybdenum. The molybdenum specimen (diameter 14.0 mm and thickness 1.62 mm) contained
99.9% molybdenum, less than 0.001% nickel, 0.007% sesquioxide, 0.001% silicon oxide, and traces of oxides of
calcium and magnesium. The density of the specimen at room temperature was 10.20 - 10% kg /m3. The tung-
sten specimen with the same dimensions contained 99.95% tungsten and less than 0.03% molybdenum. Its den-
sity at room temperature was 19.15 * 10° kg/m%., The measured thermal conductivity, thermal diffusivity, and
heat capacity of tungsten and molybdenum are given in Fig. 2, which also presents data recommended in [3] as '
the most satisfactory for these metals. As follows from Fig. 2, the thermophysical characteristics of tungsten
and molybdenum, measured with the apparatus described above, are in good agreement with published values.
This warrants the assumption that the apparatus can be used to measure the thermophysical properties of re-
actor materials in the temperature range from 550 to 1800°C. '
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BEHAVIOR OF URANIUM MONOCARBIDE UNDER LOW-
TEMPERATURE REACTOR IRRADIATION

Kh. E, Maile* UDC 621.039.548.3

‘The behavior of uranium monocarbide in a field of reactor radiation has been studied by many researchers
[1-6]. Childs [1], in particular, showed that during irradiation of cast specimens of uranium monocarbide at
~350°K the lattice constant grows rapidly with a rise in fluence to roughly 5 - 10%7 neutrons/cm? and practically

does not change at a fluence of up to 10¥ neutrons/cm?. . The largest increase-in the lattice constant of cast
and sintered specimens is about 0.15% [1, 4]. : :

Low-temperature irradiation of uranium monocarbide specimens was carried out in the cryogenic chan-
nels of the nuclear reactor at the Institute of Physics of the Academy of Sciences of the Georgian SSR, which en-
sures intense heat removal from quite bulky specimens (sintered pellets with a diameter of 10 mm and a thick-
ness of 1,5-2 mm). The changes in the x-ray diffraction pattern and the lattice constant after irradiation over a

large range of neutron fluences (1 + 1016-3 + 10!® neutrons/cm?) were studied at room temperature with DRON -
type apparatus. '

The change in the lattice constant as the result of irradiation with various neutron fluences at 110 + 5°K
is linear in character (Fig. 1). The relation Aa/a = f(F) does not assume a steady-state value up to a fluence
of 3 * 1018 neutrons/cm? whereas in the case of high-temperature (~350°K) irradiation such a value is reached,
as shown above, even at a fluence of 5 + 1017 neutrons/cm? [1], this apparently being due to the establishment
of dynamic equilibrium between the processes of generation and disappearance of defects induced by radiation.

In the case of irradiation at a quite low temperature, radiation annealing is retarded considerably and up
to a fluence of 3 + 10!8 neutrons/cm? there is a buildup- of radiation-induced defects which cause a linear
growth of the lattice constant. It is significant in this respect that the radiation-induced increment in the lat-

tice constant after irradiation at 110°K with a fluence of 3 - 1018 neutrons/cm? is three times that observed 4]
in irradiation at about 350°K.

This increase in the lattice constant may be caused by the formation of intrinsic uranium and carbon
intferstitials as well as by fission fragments from uranium nuclei. The low temperature of irradiation is con-

ducive to their being accumulated, as a result of which their concentration is higher than in low-temperature
irradiation. - ‘ ' :

It must be noted that with a rise in neutron fluence, there is a significant decrease in the intensity of x-
ray diffraction lines (coupled with line broadening) and at a fluence of 3 - 10%8 neutrons/cm? the intensity of
lines at low diffraction angles diminishes by 60-80% whereas the lines at high diffraction angles practically
do not appear (Fig. 2). It may thus be concluded that as a.result of irradiation up to this fluence the mono-
carbide specimens exhibit a tendency towards amorphization, i.e., comminution of the crystallites to a size of
less than 500 A under the stresses set up about the tracks of the fission products. A similar x-ray diffraction
pattern was also observedfor a numberof other irradiated uranjum compounds, namely, U;Fe, U;Si, UAL,, UAl;, and
UAl, [7, 8, 9]. The fact that uranium monocarbide does not display any tendency towards amorphization under

low-temperature irradiation up to very high neutron fluences can be attributed to the restoration of the struc-
ture in the course of irradiation. : : :

Z. A. Titik took part in the investigations. The author wishes to thank L A. Naskidashvili for his un-

flagging interest in the work and for his useful discussions as well as O, L, Yurin for his assistance in the
calculations, ' ‘ ' B

* Deceased.

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 262-264, April, 1979. -Original article submitted
December 28, 1977. : : : - A
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Fig. 1. Increment in lattice constant of uranium
monocarbide as function of neutron fluence: o)
low-temperature (110°K) irradiation; O) high-
temperature (350°K) irradiation according to
data of [1].

¥*

Fig. 2, X-ray diffraction patterns of uranium monocarbide specimens:
a) before irradiation and b) after irradiation with a fluence of 3 - 10%
neutrons/cm? (% denotes diffraction lines of diamond powder deposited
on the specimen before each x-ray photograph).

b
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THE POSSIBILITY OF INCREASING THE "HOT" NEUTRON
FLUX IN BEAM OF IVV-2 REACTOR WITH A RETHERMALIZER

V. V. Gusev, B. N. Goshchitskii, ' UDC 621.039.555.556
A, E, Efanov, M. G. Mesropov,
B. G. Polosukhin, and V. G. Chudinov

Hot neutrons (E = 0.1-0.5 eV) are used in diffraction experiments in studying the structure of matter.
The fraction of such neutrons in the spectrum of thermal-neutron beams extracted from the channels of a nu-~
clear reactor is small. To increase the flux of these neutrons a block of moderator, i.e., a rethermalizer,
heated to a high enough temperature, shifts the mean energy of the neutrons upwards. The choice of material
for a rethermalizer for a source of hot neutrons (SHN) depends upon both the nuclear-physics properties of
the material and its ability to operate at a temperature of 600 to 2000°C. Existing rethérmalizers use graphite,
beryllium, and beryllium oxide in the form of cylindrical blocks with diameter 100-200 mm and length 100-300
mm at T, ~ 800-2000°C [1-5]. In some cases auxiliary electrical or induction heating is employed to reach a
temperature Ty, = 1000°C [1, 4]. The hot-neutron flux increases two to seven times and depends strongly on

the type of reactor, and on the material, thickness, temperature and location of the rethermalizer relative to
the reactor core.

Hydrogenous material, e.g., zirconium hydride at T, = 600°C, holds out promise as a relatively thin
rethermalizer for increasing the flux of neutrons with an energy ranging from 0.1 to 0.2 eV. It canbe heated
by radiation heat release.* With a fixed value of T,, and with the SHN in a given location in the reactor the
maximum increase in the flux of hot neutrons with a particular value of E can be attained with some optimal
rethermalizer thickness. This conclusion is based on studies carried outf on the cold-neutron generator [7, 8].

The measurements were performed on the physical modeling test stand of the IVV -2 reactor with movable
Po—Be source with a yield of 6 - 10" neutrons/sec [7]. The model of the SHN (Fig. 1) had two vessels: an outer
one (vacuum envelope of aluminum alloy) and an inner one (rethermalizer vessel of corrosion-resistant steel),
placed one within the other with a.-space of about 20 mm between them. For vacuum heat insulation of the inner
rethermalizer vessel the pressure in the outer vessel was kept at (2-1) - 1072 torr. The rethermalizer had a
thickness varying from 10 to 50 mm in 10-mm steps and was composed of layers of zirconium hydride. Placed
between these layers were two Nichrome electric heaters and the three Chromel-Alumel thermocouples to
monitor the zirconium hydride temperature, which was automatically kept at the desired level, The neutrons
were detected by a detector of seven SNM-16 3He counters set up along the channel axis. This detector had
practically the same sensitivity as well to neutrons of the thermal part of the spectrum. The collimation chosen

was such that the detector would "see" the effective radiant surface of the zirconium hydride with a diameter
of 150 mm.

The measurementis were made with boron filters, i.e., thin and thick filters based on £-0,06 glass fabric
with a known boron content. T

For a thin filter (with Z,t < 1) with a thermal-neutron absorption cross section %, ~ 1/V'T, the square
of the neutron absorption ratio for the filter is inversely proportional to the temperature ratio of neutrons
passing through the filter (other external conditions of neutron-beam formation remaining unchanged). Cal-
culations carried out with the assumption of a Maxwellian energy distribution of the thermal neutron flux in
the neutron temperature range from 300 to 1000°K shows that the ratio of neutron transmissions by the thick

* It is practically impossible to heat zirconium hydride to a higher temperature since at Ty = 600°C it de-
composes intensively, liberating hydrogen [6].

t An attempt at direct separation of neutrons with an energy of 0.1 to 0.2 eV with a lead crystal monochroma-
tor was not successful, apparently because of the insufficient yield of neutrons from the source.

. Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 264-266, April, 1979, Original article submitted
January 5, 1978,
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TABLE 1. Relative Rise of Neutron Temperature*

t, mm
Experiment Tpps °C
.10 20 30 {40 50

Without graphite 400 1,0+0,2 1,240,2 1,34+0,2 . 1,340,2 1,3+0,2
reflector (1v0i012) - (116i072) - (1. ,3i012)

, 600 1,0%0,2 1,440,1 1,7%0,1 1,740,1° 1,7£0,1
With graphite 400 1,0£0,2 1,240,2 1,3+0,2 1,340,2 1,3+0,2
reflector 80 mm (1,0+0,2) - — — (1,7£0,2)
thick 600 1,040,2 1,4+0,1 1,6+0,1 1,7+0,1 1,7+0,1

. . (1,020,2) = (1,8%0,1) = (1,9%0,1)

* The results of measurements with the thin filter are given without parentheses and
those with the thick filter, in parentheses., :

I I Ir

778 7 8 170

Fig. 1. Diagram of experimental arrangement: I)
physical modeling test stand; II) model of SHN; III)
collimator; 1) water; 2) model of reactor core; 3)
graphite; 4) graphite reflector; 5) zirconium hydride;
6) vacuum heat-insulating gap; 7) polyethylene; 8)
boron filter; 9) cadmium; 10) detector. :

boron filter (the cadmium cutoff energy) is proportional to the ratio of the temperatures of neutrons passing
through the filter. The value of the neutron temperature Ty, corresponding to room temperature of the rether-~
malizer, determines the slope of the linear dependence of the transmission ratio on the neutron temperature,
which is confirmed by experimental results. This value was chosen so that the calculated dependence of the
relative increase in the transmission coincides with the experimental dependence within the limits of error of

measurement,

With this assumption, Ty = 350-360°K, which is in agreement with the value obtained earlier in measuring
the spectra of neutron beams extracted from a reactor (365°K) [9]. The thickness of one filter, chosen from
the condition of minimization of the total error (procedural bias and statistical error), was 0.24 cm; the thick-
ness of the thick filter was found from the condition of tenfold attenuation of the flux of 0.1-eV neutrons (3.84
cm). In measurements of neutron transmission up to the cadmium cutoff energy, cadmium 1 mm thick was
set up after the filter (see Fig. 1). '

The relative increase in the flux of neutrons with an energy E in the range from 0.1 to 0.2 eV during
heating of the rethermalizer was calculated from the ratio of the fraction of neutrons of energy E in the Max-
wellian spectra with temperatures T and T ., corresponding to the degree of rethermalizer heating, The absolute in-
crease in the flux of neutrons of energy E in the range from 0.1 to 0.2 eV obtained with the SHN was found as
the ratio of the fractions of neutrons of energy E in the Maxwellian spectrum of the neutron beams extracted .

with and without the SHN, respectively.

The relative rise of the neutron temperature from the heating temperature of zirconium hydride of vari-
ous thicknesses is given in Table 1 with an indication of the root-mean-square error for the normal distribu-
tion law with a confidence coefficient of 0.68. Setting the SHN right next to the reactor core corresponds to ex-
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a " zirconium hydride at Ty, = 600°C for en- -
E ergy of: 1) 0.10,2) 0,12, 3) 0.14, 4) 0.16,
s 25+ 5) 0,18, and 6) 0.20 eV.
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periments without a graphlte reflector and setting the SHN behind the reactor reflector corresponds fo experi~
_ments with a graphite reflector (the latter was placed between the model of the reactor core and the SHN model).

The growth g, of the flux of neutrons of energy E is plotted in Fig. 2 against the thickness t of the zirconium
hydride when the latter is heated to 600°C (in the absence of a graphite reflector); it follows from this plot
that the maximum value of g is ensured at an optimal rethermalizer thickness of 30 mm. When t > topts the
value of g, is observed to diminish owing to the drop in the thermal neutron flux. Setting up an 80-mm graphite

. reflector reduces g, by 20- 25% and results in some increase in the optimal thickness of the zirconium hydride
" (to roughly 40 mm)..

Moving the rethermalizer away from the model of the reactor core in the direction of beam extraction
leads to gy being decreased by 1-1.5% for each centimeter that the rethermalizer is moved, When 0,8-1,5-mm-
thick Kh18E10T steel is used as the material for the rethermalizer vessel, the value of gy is reduced by 2-4%.
When a 6-mm-thick aluminum alloy scatterer.(plate), imitating the vacuum shell of the SHN, is placed on the rether-

malizer side facing the detector, g, is observed to decrease by roughly 1% per centlmeter of distance from the
rethermalizer.

Thus, zirconium hydride heated to 600°C ensures that the neutron flux experiences an absolute increase
of 1.2-4.3 times, depending on the value of E in the range from 0.1 to 0.2 eV (see Fig. 2). The temperature of
neutrons in the extracted beam is estimated to be 600-650°K. ‘

For a maximum increase in the flux of neutrons with an energy of 0.1 to 0.2 eV it is advisable to set
SHN closer to the reactor core. The wall of the SHN vacuum shell should be brought closer to the rethermalizer
surface facing in the direction of the beam extraction. The steady-state temperature of radiation heatmg of a
hydride specimen in the reactor reflector reaches 550°C [10]. Therefore, a zirconium hydride rethermalizer

can be heated in a SHN in a reactor by radiation heat release in the materials without resorting to the use of.
auxiliary electric heaters.

The authors wish to take this opportunity to express their gratitude to N. A. Dollezhal for his continuous
interest in the work, to A, G. Chudin for his valuable comments, and to A. N. Baleevskii and V. I. Shcherbakov
for their assistance in making the measurements.,
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THERMOMETRY OF MEDIA WITH SOLID-STATE
TRACK DETECTORS

Yu. V. Dubasov, V., G. Zhérekhov, UDC 536.5:539.1.073(045)
and V. A. Nikolaev '

One of the first papers on the method of solid-state track detectors established that heating of irradiated
unetched detectors leads to regression of tracks [1]. After etching regression manifests itself in the reduction
of the size and density of tracks in the detector. In a number of cases this effect must be taken into account,
e.g., in determining the age of minerals by the track method [2]. Making allowance for the regression effects
came down primarily to introducing corrections to the recorded number of tracks. Moreover, qualitative es-
timates of the degree of heating of the mineral were made in [2]. Quantitative measurements were made diffi-
cult by the indeterminacy of the duration of the heating and the fact that the tracks in the mineral were formed
by fission fragments emerging at the surface of the detector at various angles and from various depths. The
latter led to very wide distributions of track size (Fig. 1a) and a low accuracy of determination of their mean
size. ’

The objective of the present paper was to develop a comparatively accurate method of measuring the
temperature of different media by measuring the relative decrease in the mean diameter of tracks in glass de-
tectors of different compositions. The method is intended for cases when it is difficult to use the usual methods
of temperature measurement (because of the intensity of radiation, strong mechanical actions on the detector,
and small volumes of media).

We measured the dependence of the track diameter on the heating time and temperature for soda-silicate,
phosphate, and quartz glasses. The glasses were irradiated with fission fragments in a vacuum in a direction
perpendicular to the detector surface and were then kept in air for a certain time at a fixed temperature and
atmospheric pressure. After heating the glasses were etched simultaneously with control detectors. The re-
sults of the measurements for soda-silicate and quartz glasses are given in Fig. 2. The results for phosphate
glasses differ little from the corresponding results for soda-silicate glasses. Unlike the case of uncollimated
fragments (2] when the distribution of the major track axes with heating reaches 70%, the distribution of the
diameters of tracks from fragments incident perpendicularly to the surface is extremely narrow, and with
" heating there is no significant broadening of the distribution (see Fig. 1b); this ensures a possibility of ac-
curate (<1%) determination of the mean track diameter from a small number of cases, The degree of regres-
sion can be assessed with an accuracy of 5-7% even from one track, which means that the method is not very
time consuming and is fairly accurate.

To determine the temperature of a medium, a glass detector previously irradiated withfissionfragments
is placed inthe medium for a given time. If the mean track diameter in the thermometer-detector and the con-
trol detector is measured after etching and if the relative decrease in the track diameter is determined in this
way, the calibration curves in Fig. 2 can then be used to find the temperature of the medium. It is essential’
that the calibration and working detectors be heated, cooled, and etched under much the same conditions. Soda-
silicate or phosphate glasses are suitable for use in the temperature range from 100 to 300°C and quartz glasses
in the range from 300 to 1000°C. Since the tracks have a size =15 umand since atrack density =100 cm~? is
easily attained with a californium source, the detectors can have a very small size (<1 mm) and mass (<0.5
mg), i.e., can introduce minimal thermal perturbations in the medium whose temperature is being measured.

If the calibration and measurement are carried out under identical temperature and time conditions,
then the maximum accuracy with which the temperature of the medium is measured is determined by:

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 266-268, April, 1978. Original article submitted
February 2, 1978,
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Fig. 1. Distribution of diameters (major axes) of
tracks in control detectors (right hand) and heated
detectors (left hand), measured: a) in [2] and b} in
present paper; e) experiment (present paper).
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Fig. 2. Regression of mean track diameter as function of heating time
and temperature in: a) soda-silicate and b) quartz glasses; the plot in
¢) was constructed from plot b (A is. the track size in a heated deteet;or
in relation to a track in the unheated control detector),

error of measurement of the mean track diameter =<1% (with several tens of tracks measu_re.d) [31;

spread of values of the mean track diameter in various detectors <0.8% [3];

exposure time error, which depends on the concrete conditions of the experiment but, in prmmple may be
low (=1%);

error of calibration, which consists of all the errors mentioned above, error of measurement of the tem-
perature during calibration, and also depends on the number of points on the calibration curves, the number of

curves, and the way in which these curves are drawn. When a sufficient number of points is chosen, this error
‘may be very small (1-2%);

the slope of the calibration curve segment used.

~ According to estimates, the accuracy of determination of the temperature of the medium may reach 1-2%.
Practically, the accuracy of the method is determined mainly by the calibration accuracy and the degree of cor-
resporidence between the temperature and time conditions of calibration and measurement.
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" The technique described here was used to measure the temperature in neutron-irradiated assemblies
but in the vertical channels of a reactor. Since the problem of making the measurements did not require de-
termination of the temperature with maximum accuracy, the calibration curves given in the figures were drawn
with five to seven points each. The error of determination of the temperature in the reactor was 10-15%. _ .
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ROTATIONAL STABILIZATION OF A SPIRAL INSTABILITY
IN A PLASMA WITH AN IMMOBILE BOUNDARY

T. 1. Gutkin, V. S. Tsypin, | S - UDC 533.951.7
and G. I. Boleslavskaya ' ’

. Solov'ev [1] and others have examined the effects of rotation on spiral instability in 2 plasma with a fixed
boundary, the rotatlon stabilizes the instability if

cagla < @K VZ (caold); : W
where Q2 is the rotational frequency, c Agp is the Alfvén velocity with fespect to the azimuthal magnetic field,

and a is the radius of the plasma; this was derived in the 1ncompre551ble—plasma approximation and is ap—
plicable only if the speed of sound cg —~«. Here we consider the case of finite cg.:

Consider a cylindrical plasma column of radius « in a steady longitudinal magnetic field Byy surrounded
by an ideally conducting jacket with the same radius; the current through the plasma produces the azimuthal
magnetic field Byp = Bypl@)r /a within it, while the plasma itself rotates with the angular velocity © = const.

Here we envisage a perturbation of the form i
, ‘F—‘F()GXP[t(—mt+kz+mcp)1

The equations of ideal one-liquid hydrodynamlcs are used; the following dlfferentlal equation must be ex-
amined to define the stability of a rotating plasma bearing a current:

Cd o dYy, ‘ '
d—r(rd—r)-i-g(r, 0) ¥=0, @)
- []
where
. ome 4k2rm mired, 2n CAp  O4 2
e BRC sl e B L

P,
WOp=0— mQ; (oA_=kch,+r—ch,; 0 =0 —0%; = \; o,
0

. A 04; cag=Bool V &m0y A —clptehsi  car =Bo/ V Epy.
The following is the relation between ¥ and the radial component By of the perturbed magnetic field:
: Y=rB/os. . , . l )
The value at the jacke;t satisfies’ ‘ . ‘ ' N
=0 S o (4)

It has been assumed that kye, cAqp /CAz, C5/CAz are small by comparlson w1th 1 in deriving (2). The
last term in the expression for g is related to the compre551b111ty of the plasma. Solov ev [1] derived an an-
alogous equation.

Translated from Atomnaya Energiya, Vol 46, No. 4, pp. 268-269, Apml 1979. Orlgmal article submltted
February 6, 1978.
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We assume that the density p, of the plasma and the longitudinal magnetic field By are independent of
the radius; then the solution to (2) subject to (4) ie the dispersion equation

Jm (0a)=0, N » _ ®)
where '
‘ Gk ‘m2el, caq CAp. . @y 242
_ ot = 0% of (cfol fco?) { +Qz_ rt —( r —,{-mm Q) } '
This gives
R =2z /a2’= (6)

where zm 1s the first root of the Bessel function J, (@ r)

I there is no rotation (Sl 0), we get from (4) that

| 0= 0% — 4k Aw/zz ) . R . (7
The maximuni "incxjement then occurs for ky, = (m/a)(c A (p/c Az) and takes the followmg value [2]
‘ ' e 2% Ao/ - - ' ®) .

smaic kchgp/zm for an mcompress1b1e fluid f3], i.e., the mcrement of the mstablllty
is doubled when the compressnblllty is incorporated. Note that (7) describes spiral and banana mstablhties,
as is clear from comparing (7) w1th the corresponding equation of [4].

The result isw (2)

It follows from (4) that the rotation still stabilizes the plasma if the latter is compressible prov1ded that
(cro/a) V2 2=V 3) 1/ 2) < < (easla) V2. _ - ©)
However, (6) shows that other branches appear when the compreSSLbihty is mcorporated and these are-
unstable for w5 sufficiently large (wp > kch(p), the increment being as follows when cg is negligibly small:
0f ~ m2%a/fcazp,. _ _ . (10)

‘This increment is of the same order as that for the spiral instability in the absence of rotation, so the latter

does not suppress the instability in a plasma at a negligibly low pressure when the plasma carries .a current

and has a fixed boundary; it merely displaces the region of unstable k,. "However, the branch of (10) is sta- :
bilized for finite cg, as we now show. From (6) we get for wp > chA¢ that.

2 %5 m2Qéa2
g
The condition for stability is then
. B> 24 Cqu:; M Cag

522 c% . a0l ' V (12)

where 8 = 8TPy /B}; B} = BY, + Bo(p, under the most unfavorable condltions viz., when wp ~ kzep g, which is
- at the limit of apphcablhty for the condition cg/CAz < 1, we get from (12) that ‘
B > 24/5z%,. - S : ‘ (13)

Therefore, rotation stabilizes the spiral instability ina plaSma of not very low pressure under certain

conditions. Hopeful results have been reported [5, 6] on the scope for producing reasonably large angular ve-
locities in a plasma.,
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FISSION-FRAGMENT SPUTTERING OF INSULATORS

I. S. Bitenskii and E. S. Parilis - , , UDC 537.226:539.173

Experiments have been performed {1, 2] on the sputtering of thin films of plitonium oxide by fission frag-
ments from an external source of **Cf; the sputtering coefficient increased with thé mean energy of the frag-
ments. This relationship goes with the absolute value of the sputtering coefficient, S £ 100-500 atoms /fragment, to
indicate that the sputtering mechanism is related to the energy lost by ionization, not to the loss by elastic
collision, since the latter becomes importdnt only at low fragment energies.

An insulator contains no free electrons, and therefore the neutralization time forrthe ions formed by
passage of a fission fragment is fairly large, so the ions can acquire kinetic energy sufficient to escape from
lattice nodes. This model explains the formation of tracks when fission fragments pass through nonmetallic
solids [3]. : »

'Iohization and bond bi‘eakage reduce the threshold energy for the displacement of atoms near fragment
tracks, which facilitates cascades of atomic collisions, and these result in Sputtering near the surface.

Coulomb repulsion between ions is responsible for the sputtering of nonmetals by slow, highly charged
ions [4]; in that case the ions are formed by Auger neutralization of the ions approaching the surface,

The Coulomb-explosion model provides an expression for the sputtering coefficient that incorporates
the spatial distribution of the ions around the track Thompson's scattering theory [5] indicates that the partial
fiux at energy E from the surface is :

O =sErEy

S E'q(E')dE, o @
where Ep, is the surface binding energy, q(E')dE' is the energy of the primary recoil atoms produced in unit
volume in unit time with energy in the range from E! to E' + dEt, Ey, is the maximum energy of a primary re-
coil atom, and d is the interatomic distance.

.The track from a fragment contains a cylindrical core of radius 6-7 A having a high lonization density [6],
which is surrounded by an extensive sheath having a low ionization density, which itself decréases rapidly away
from the axis. K we assume that the charge is uniformly distributed with a density p in a cylindrical region
of radius R, then the charge on unit track length is governed by the number of electrons ejected by the fission

fragment. Sternglass {7] gives this number as

1 dE : ’ .
E, dz° @

n,=

where E; is the mean energy reduired to produce a secondary electron, which is 25 eV, and dE/ dx is the specific
lomzatlon loss by the fragment. The sputtered atoms are produced by the collisional cascades near the sur-
face, so the value of dE/ dx can be taken as that for the energy of the fragment on entry to the solld.

The charge density and radius of this cylindrical region are related by
ene = PnR?, . (3)
where e is the electronic charge; the energy in unit length of a charged cylinder of radius r is

n2p2re

R @)

where % is the dielectrit constant. Then the energy per particle is

~Translated from Atomhaya Energiya, Vol. 46, No. 4, pp. 269-270, April, 1979. Ofiginal article submitted
February 13, 1978.
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where N, = 7r?N is the number of particles per unit length of the cylinder of radius r, while N is the number

of particles in unit volume. We then get the following expression from (5) for the density of the prlmary ions
of energy E' per fragment

' q(E')dE' =aN2nrdr=a z’sﬁ"’ aE',

(6)
where the coefficient @ corrects for the incomplete conversion of the Coulomb-repulsion energy to kinetic
energy. We substitute the q(E') of (6) into (1) and integrate with respect to E' from zero to Em= n'pR2 /ZMN
on the basis of (3) to get the sputtering coefficient as -

‘ ade? dE \2
S= G4EpnE] ('d—x') . (7)

Haff [8] used qualitative considerations to deduce that the sputtering coefficient is proportional to the
square of the specific ionization loss,

A major aspect of the Coulomb-explosion model is the lifetime of the charged state, since growth of the
collisional cascade requires the charge to persist for a time of 74 ~ 108 gec. As yet there is no unambigu-
ous solution here, and estimates of the lifetime range from 10~1 sec [9] to 5 - 10~% sec [10]. An expression

has been given [10] for the above coefficient: o = exp¢T,/7), which defines the probability that a state with
mean lifetime T will exist for a time t > 7,

We assume o = 0.5,d = 3.8 A Ep =3 eV, % =5, and dE/dx = 2800 eV/A and use (7) to get S = 400, which
is in agreement with experiment [2] The comparison was based on an empirical relation [11] for dE/_dx
Figure 1 shows that the observed curve is described satisfactorily by (7) with « = 0.74.

In this model, the sputtered atoms escape on account of collisional cascades, so the laws of ordinary
sputtering [5] should make themselves felt in the energy and angular distributions of the sputtered atoms, i.e.,
dS/dE =~ E™? for high energies and dS/df ~ cos 6, where 6 is the angle between the direction of escape and
the normal to the surface. A high cascade density may result in a thermal-spike effect [12] and some thermal

sputtering. The contribution from the latter might be evaluated from the energy distribution of the sputtered
particles.

The measured sputtering coefficients for fine-grained materials are about 100 times those for coarse-
grained ones, which is ascribed to accelerated space-charge neutralization in coarse-grained solids, where the
grain boundaries have less effect on the hole mobility, which is reflected in the value for c.
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CALCULATION OF GAMMA-RAY EFFICIENCY FOR
A GERMANIUM DETECTOR

V. A. Kalugin, V. I. Sedel'nikov, ‘ UDC 539.1.074
and O. N. Tuchkina

A computer program is required to convert the physical spectrum arriving at a semiconductor detector
to the apparatus spectrum in spectrometer applications; a major point is the physical model used for y ~ray
interaction with the detector, in particular, the behavior of the secondary electrons, positrons, and secondary
Y rays. Some papers [1-5] have appeared on this topic, but they deal with only certain details of the efficiency
of such a detector in the total-absorption and double-escape peaks. Here we consider the effects of these pro-
cesses on the v -ray recording characteristics of a Ge(Li) detector, in particular, as regards the shape of the
energy-loss spectrums.

Model. Monte Carlo techniques were employed with three forms for a FORTRAN program written for
the M-222 that incorporated the energy dissipated by the secondary electrons and positrons.

1. The energy from the secondary electrons, positrons, and secondary ¥ rays (» rays) was assumed to
be absorbed at the points where these particles arise.

2. A rectilinear approximation subject to continuous energy loss [6] was used for the dlsplacement of
the electrons and positrons; x-ray productlon was neglected.

3. The same as the previous, but mcorporatmg x-ray production.

Photoelectric absorption begins to play an appreciable part in germanium at y -ray energies below 0.5
MeV [7], while the range of an electron of that energy in germanium is not more than 0.6 mm, so the displace-
" ment of the photoelectrons was neglected in order to simplify the calculation. The energy and direction of mo-
tion of a v ray resulting from Compton scattering were determined from the algorithm of [8]. The difference
in retardation between electron and positron was neglected in the derivation of the pair production, as was the
annihilation of the positron while in motion. The following expressions [1] give the energies and directions of
motion for the particles:

E, = (E, — 1.022) B;

E.=Ey,—1.022 — E; ' )
0 0.511
+ =70 SUFE, )’

where the subscripts + and — denote quantmes relating to the pos1tron and electron, respectively, 8 is a random
number uniformly distributed over the range (0, 1), 6 is the angle between the directions of the initial ¥ ray
and the secondary particle in radians, and E is energy in MeV.

The data of [4] were used to estimate the contribution from the secondary v rays; the number of y rays
emitted was taken as proportional to the initial kinetic energy of the electron. It was assumed that the prob-
ability of such emission per unit electron energy was constant at all energies. The distribution of the radiated
energies was varied in accordance with the experimental distribution, while the angle of escape was derived

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 271-273, April, 1979. Original article submitted
April 17, 1978,
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Fig. 1. Comparison of observed and calculated efficiencies in the total-absorption peak as func-

tions of energy (source 8 cm from the surface of the detector): 1-4) measurements [9]; 5) theory

[10]; 6-8) our calculations (models 1-3 respectively); dashed line denotes curve corrected for
absorption in the source.

Fig. 2. Efficiency in the double-escape peak as a function of y -ray energy (source 5 cm from
surface of detector): dashed line and dot—dash line) calculations of [3] and [11], respectively;

solid line) experiment [12]; open circles, filled circles, and crosses) models 1-3, respectively,
in our calculations.

from a published expression [1] analogous to (1). The histories of all the ¥ rays were followed down to 0.01
MeV, after which any such a quantum was assumed to be absorbed at the point of production. The interaction
cross sections were taken from [7]. The energy-loss spectrum was transformed to a pulse-height distribution
with the apparatus function approximated as Gaussian, Geometrical-data input to the program allowed examina-
tion of planar and coaxial detectors having insensitive regions of any diameter and height.

Results and Conclusions. ‘The program was checked out by comparing the results with published values,
some of which are given in Figs. 1-3; in all our calculations, as in the reference sources, the source lay at a
point on the axis of the detector, The distance from the surface is given in each particular case.

Figure 1 shows that there is reasonably good agreement between theory and experiment for the efficiency
in the total-absorption peak for Ge(Li) with a sensitive volume of 38 cm?; up to quantum energies of about 1
MeV, there are only minor differences in the results given by the three forms of the program, which means
that displacement of the Compton electrons has little effect on this characteristic. At 2-3 MeV and above,
there are clear-cut effects from electron and positron displacement as well as from the production of sec-

ondary v rays, and the more detailed model gives the better agreement. Further, there is a minor systematic
excess of our results over those given by others.

Figure 2 is the efficiency in the double-escape peak as a function of y ~ray energy for a planar Ge(Li)
detector of area 2.5 cm? and thickness 0.8 cm. Our results are in good agreement with other calculations for
the equivalent physical approximation. The most detailed model gives results in good agreement with experi-
ment up to a y ~-ray energy of about 5 MeV. At higher energies, our calculations diverge increasingly from the
measured data [12], which appears to be due to an overestimate of the escape of secondary v rays from the de-

tector in the calculations.

" Figure 3 compares the observed and calculated spectra for a planar Ge(Li) detector of area 2.5 cm? and
thickness 0.2 cm for ¥ rays of energy 0.835 MeV. Although the spectra are similar in shape, it is not possible
to produce detailed agreement in any of the approximations. This gives the impression that the exact model

" overestimates the effect from Compton-electron leakage for a thin detector.

Figure 4 shows the calculated shape of the apparatus line for a planar Ge(Li) detector of area 2.5 cm?
and thickness 0.8 cm for the fairly high vy -ray energy of 4 MeV, Correction for the. electron and positron dis-
placement has the most effect on the shape of the apparatus line; the effect from the secondary ¥ rays is less

319

Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2



Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2

N P

10°

ot

Py

[ 1 1 L ! 1 L

g3 0% 05 06 07 £, MeV 0 1 2 3 £, MeV

Fig. 3 - S , Fig. 4

Fig. 3 Comparison of observed and calculated spectra for a source at 5 cm from the surface
of the detector: solid line and filled circles) calculated and observed spectra of [2] dotted line)
model 1; histogram) models 2 and 3,

Fig. 4, Effects of form of approximation on ‘spectrum shape (source 5 cm from surface of de-
tector): dashed line, dotted line, and solid line) mo‘dels 1-3, respectively.

important. This is in agreement with results shown in Fig. 2 and with those given by other workers on the sig-
nificance of the secondary vy rays for various initial v -ray energies. The predominant significance of second-

ary-electron and positron displacement persists at higher energies, although the significance of the secondary

Y rays becomes greater.

Therefore, displacement of the secondary electrons, positrons, and secondary v rays within the semi-
conductor detector has an effect on the characteristics for vy rays of energy 1 MeV and above, and the sig-
nificance of the effect increases with the energy. Up to 5 MeV, the displacement of the secondary electrons
and positrons has the predominant effect, whereas the significance of the secondary vy rays increases at higher
energies.

This physical model gives an entirely satisfactory evaluation of the recording characteristics of semi-
conductor detectors up to quantum energies of 5-6 MeV; qualitative evaluations for higher energies require an
improved physical model, and, in particular, the determination of the secondary vy -ray parameters, as well as
the use of a more exact approximation to the shape of the apparatus line, which has to be corrected for the
charge-collection efficiency.
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JOINT USE OF NUCLEAR AND ORGANIC FUELS
IN A STEAM- GAS SYSTEM

V. G. Nosach and O, E. Pushvkar_ev UDC 621.311.22:621,039

A steam —gas system is more economlcal than a steam-power or gas-turbme system [1]. A disadvantage
of a steam —gas plant is the need to use ash-free fuel. The joint use of organic and nuclear fuels can greatly
reduce the demand for scarce natural gas while providing highly economical electricity generation [2, 3]. Also,
the contribution from the nuclear fuel is increased if the organic fuel used in producing hydrogen and carbon
monoxide is converted with oxidants such as steam and carbon dioxide [2, 3]. Calculations have been per-
formed [3] on the contribution from the nuclear fuel in steam conversion of methane, Here a similar cal-
culation is performed for the case where the methane is processed with combustion products.

Figure 1 shows the system for combined use of nuclear and organic fuel in this way; heat produced in the
reactor 1 is transported by the primary loop to the heat exchanger 2, where the heat is given up to air and to
natural gas mixed with combustion products, which causes conversion of the methane. . The hot air and the
converted fuel pass to the steam—gas system 3. The air and the combustion products are compressed by the
compressors 4 and 5. The temperature T is that reached by the gases in the heat exchanger 2.

The calculations on the composition and enthalpy of the converted fuel were performed on the assumption
of thermodynamic equilibrium at a pressure of 1 MPa, where the data of [4] were used for the thermodynamic
parameters of the various substances. The following reaction was envisaged:

CH,+ £ (0, + 2H,0+7.52N,) =_co +3 Hz+-—__ (CO, -+ 2H,0) + 2.51B N,

Here B =1 for a stoichiometric relation; an excess of the combustion products (3 >1) is required to
displace the reaction to the right.

Figure 2 shows the proportion provided by nuclear fuel in the heat balance in such a system for 8 =3
(curve 1). It was assumed that the reactor heat brings the gases to 400°K and that the final temperature is T.
The contribution from the nuclear fuel increases from 23 to 59% as the temperature is raised from 700 to

1500°K. Also, the theoretical combustion temperature in the steam generator rises at the same time from 1730
to 2700°K.

If on the other hand we vary $ in such a way that the theoretical combustion temperature remains fixed
at some level, e.g., 2000°K, it is possible to provide an even larger fraction of nuclear heat (curve 2 of Fig. 2).

The contribution from the nuclear source increases from 19 to 75% as the temperature is raised from 700 to -
1500°K.

In principle, combined heat input to such a system could be employed without fuel conversion. The ex-
cess-air factor o has to be increased in order to maintain the theoretical combustion temperature at 2000°K
on raising the air temperature T. In this case, the excess air is required to reduce the temperature of the
combustion products not to a temperature that the turbine blades will withstand but to the specified theoretical
combustion temperature. Curve 3 of Fig. 2 shows that the contribution from the nuclear source is substan-
tially less if conversion is not employed, and the difference is maximal at 18% for T of 1000-1100°K.

These results show that combined use of nuclear and organic fuels is advantageous in a steam —gas sys~
tem in which the organic fuel is converted; comparison with earlier data [3] shows that it is better to use com-

bustion products (rather than steam) to modify natural gas, since then the contribution from the nuclear fuel
can be increased by not less than 10%,

Tfanslated from Atomnaya Energiya, Vol. 46, No. 4, pp. 273-274, April, 1979. Original article submitted
May 15, 1978.
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Fig. 1. Combmed use of nuclear and orgamc fuels m steam gas systems a) air; b) CHy; c) o
combustlon products.

Fig. 2. Fractional contribution 6 of nuclear fuel to the thermal balance of a steam— gas sys-
tem in relation to gas temperature. .

LITERATURE CITED

A. A, Kanaev and M. I. Korneev, Steam—Gas Systems [in Russian], Mashinostroenie, Leningrad (1974).
V. G. Nosach and V. T. Rogovoi, Teplofiz. Teplotekh., No. 31, 76 (1976).
V. G. Nosach.and P. L. Evtushenko, Dokl. Akad. Nauk UkrSSR, Ser. A., No. 2, 177 (1977).’

- L. V. Gurvich et al., Thermodynamic Parameters of Ind1v1dua1 Substances: A Handbook {in Russian],

Akad. Nauk SSSR, Moscow (1962).

o

322

Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2




Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2

NEW BOOKS PUBLISHED BY ATOMIZDAT
IN THE FIRST QUARTER OF 1979

S. A. Vladimirov, Relativistic Fields and the Symmetry Groups of Differential Equations [in Russian].
A. N. Kondratenko, Field Penetration into Plasma [in Russian].

N. D. Fedorov, Quantum Instruments and UHF Electronic Devices: A Technical-College Textbook,
Second Edition, revised and supplemented [in Russian].

P. J. Campion, J, E. Burns, and A, Williams, A Practical Handbook on Error Calculation [Russian
translation], London (1973).

“A. 8. Kostyukov; N. P, Ani;onova, M. L. Zil'berman, and N, P, Aseev, Radiation Science of El’ectrisal
Materials [in Russian].

K. Keller, Radiochenistry [Russian translation], Federal German Republic (1977).

A. G. Andreev, N, V, Kvashnevskaya, V, S, Komarov, et al., Leakage Fluxes from Uranium Deposits
(edltor G. P. Tafeev) [in Russian].

E. L Rekhin, P. S. Chernov, and S. G. Basiladze, Coincidence Methods [in Russian].

M. 8. Koval'chenko, V. V, Ogorodnikov, Yu. I Rogovoi, and A. G. Krainii, Radiation Damage in Refractory -
Compounds [in Russian].

V. P. Shelest, A New Circle (Structures of Elementary Particles) [in Russian].

G. Ya. Rumyantsev, The Linear-Algebraic Theory of Neutron Transport in Power Lattices [in Russian].'
A, S, Roshal', Charged-Particle Beam Simulation [in Russian].

C. Wong, Basic Formulas and Data on Heat Transfer for Engineers (Handbook) [Russian translation].

V. S. Barashenkov, Problems of Subatomic Space—Time [in Russian].

L. Kh. Eidus, Physicochemical Principles of Radiobiological Processes and Radiation Protection: A
Technical-College Textbook, Second Edition, revised and supplemented [in Russian].

S. N. Kriator, Dosimetry in Radiation Accidents (editor I, B. Keirim-Markus) [in Russian].

K. Leiman, Interaction of Radiation with Solids and the Formation of Elementary Defects [in Russian].
1. I. Malashinin and L I. Sidorova, Training for Nuclear Power Station Operators [in Russian].

V. V. Frunze, The Atom and Postage Stamps [in Russian]. _

E. P. Mikhno, Elimination of the Cnnsequences of Accidents and Emergencies [in Russian].

I. P. Suzdalev, Dynamic Effects in Mossbauer Spectroscopy of Solids [in Russian].

Laboratory Exercises in Nuclear Physics: A Technical-College Textbook, edited by K. N, Mukhin, Second
Edition, revised and supplemented [in Russian].

A. D, Vlasov and O. S. Lupandin, From Ptolemy's Epicycles to Magic Nuclei and Plankton [in Russian].

D. M. Skorov, Yu. F. Bychkov, and A. I. Dashkovskii, Reactor Materials Science, Second Edition, revised .
and supplemented {in Russian],

S. M. Gorodinskii, Individual-Protection Facilities in Work with Radioactive Substances, Third Edition,
revised and supplemented [in Russian].

L. S. Gorn and B, I. Khazanov, Ionizing-Radiation Spectrometry in Space Probes [in Russian].

Translated from Atomnaya Energiya, Vol. 46, No. 4, p. 276, April, 1979.

0038-531X/79/4604- 0323$07.50 ©1979 Plenum Publishing Corporation 323

Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2



Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2

A. V. Petrakov and V. M. Kharltonov, Precision TV Systems for Measurements on Fast Processes [in
Russian].

A. S, Mozzhukhin and F. Yu. Rachinskii, Chemical Prophylaxis of Radiation Damage Second Edltlon,
revised and supplemented {in Russian], .
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PERSONALIA

IN MEMORY OF DMITRII IVANOVICH BLOKHINTSEV

On January 27, 1979 the prominent Soviet physicist,"prominent organizer of atomic science and technology,
Hero of Socialist Labor, laureate of the Lenin and State Prizes, corresponding member of the Academy of
Sciences of the USSR, and director of the Laboratory of Theoretical Physics at the JointInstitute for Nuclear
Research, Dmitrii Ivanovich Blokhintsev, died suddenly at the age of seventy-two. All who had the fortune to
know and work with Dmitrii Ivanovich are deeply saddened by his untimely death, It is difficult to get used to
the thought that this remarkable man, with whom it was such a great satisfaction and pleasure to deal and who
had wide-ranging interests, profound knowledge, a clear mind, and remarkable skills, has departed us forever.
Attracted to engineering while still a youth in 1925 Dmitrii Ivanovich became acquainted with the work of K. E.
Tsiolkovskii and through their correspondence he became more enthusiastic about.science and technology and
joined in the weltanschauung of a great scholar based on a delight in the beauty and harmony of the universe.

The years thatD. I. Blokhintsev studied af Moscow State University coincided with a period of rapid growth
of physics. His teachers were such remarkable physicists and mathematicians as L. I, Mandel'shtam, 8, I,

Vavilov, I. E. Tamm, N. N. Luzin, D. F. Egorov, and others. Under the influence of L. I, Mandel'shtam and
I. E. Tamm he became a specialist in theoretical physics.

Blokhintsev's first papers are devoted to quantum-mechanical explanations of certain electronic prop-
erties of metals and solids, such as current rectification in semiconductors and the thermoelectric effect in
metals, which seemed puzzling at that time. In later years, having become interested in optical phenomena
and examining the Stark effect in a powerful alternating electric field, he showed that the intensity of light
emitted by the atoms depends nonlinearly on the intensity of the incident light. This paper was the first study
of nonlinear optics which is now developing so rapidly in laser physics.

Already in these early papers there was a deep understanding of quantum mechanics and an originality
of physical thought which at times anticipated later developments in physics. Typical in this regard is a paper

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 277-278, April, 1979,

0038-531X/79/4604- 0325$07.50 ©1979 Plenun. Publishing Corporation 325

Declassified and Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2




Declassified an.d Approved For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2

- on calculating the shift of spectral lines due to the reaction of a radiation field (1938) that essentialy contained
the theory of the Lamb shift which was discovered only ten years later. Later on, Blokhintsev devoted much
attention to the fundamental problems of quantum mechanics, including the concept of quantum ensembles,
treating the wave function as an objective characteristic of a quantum ensemble, and analyzing the process.of
measurement. Monographs by Blokhintsev on these problems have served as textbooks for young physicists
for many years and his Elements of Quantum Mechanics has been published in seventeen editions in many
languages. One cannot forget to mention another remarkable book by Blokhintsev, The Acoustics of an Inhomo-
genegus Moving Medium. Published after the war, this book contains a theoretical analysis of the important
acoustical problems and is still of great interest to physicists working in this field.

The originality and depth of Dmltru vanovich's thought showed up in the new ideas and hypothéses he
advanced in nuclear physics, the physics of elementary particles, and field theory. Thus, he first advanced the
hypothesis of fluctuations in the density of nuclear material which is fundamental to a new discipline, relativistic
nuclear physics. His idea of the existence of several vacua with spontaneous transitions between them was
fruitful and is now used widely in constructing unified theories of elementary particles, It was he who first
evaluated the contribution of the weak interaction at high energles and pomted out the existence of the so-called
Tunitary limit" in elementary partlcle physws

Dmitrii Ivanovich's great talent, efﬂcnency, and the wholeness and harmony of his weltanschauung made
it possible for him to obtain significant results in the most varied flelds of science and technology.

The readers of this journal know of D. I. Blokhintsev primarily as the director of the project to build
the world's first nuclear power station at Obninsk. In the popular booklet, The Birth of the Peaceful Atom,
on this event, he wrote: "There is a great and dignified joy in the discovery of new natural laws — this is the
real reward of the scientist — but there is equal joy in the construction of machines and equipment — this is the
reward of the engineer." I. V. Kurchatov saw a talent as a great organizer and research engineer in the well-
known theoretical physicist. Blokhintsev became the scientific director of the project and of the first trial of
nuclear power, Dmitrii Ivanovich brought much of value to atomic technology from his rich scientific arsenal
and he never hid his pride in his participation in the pioneering effort in the peaceful use of atomic energy. He
wrote that he had the "fortune to partlclpate in the great epic of creating Sovnet atomic power,"

Dmitrii Ivanovich Blokhintsev's services to the development ovf research reactors were also great. The
idea of the pulsed reactor, a powerful neutron source for research on the structure of nuclei, crystals, and
molecules, was his. On becoming the first director of the international Joint Institute for Nuclear Research
organized in 1956 in Dubna, Dmitfrii Ivanovich initiated the design and construction of the first reactor of this
type in the world, the IBR. Over the next decade of his life, Dmitrii Ivanovmh devoted much ef.fort to creating
the unique high power pulsed IBR-2. :

The pleasure of dealing with Dmitrii Ivanovich was due both to his brillient talent as a researcher and
philospher, and to his subtle and unique perception of the world, his knowledge of art, and his ability to tell
stories. He was a good artist. In his picturés as in all his life, there was a complicated but harmonious world
and in them he was a subtle psychologist, an emotional observer, and a speculative philospher. For scientists
of the older generation, Dmitrii Ivanovich was a remarkable friend. Younger colleagues learned from him a
happiness in relating to the world an understanding of the generality of seemingly unrelated physical phenom—
ena, and how to work creatively.

Dmitrii Ivanovich once wrote about the creation of the quantum theory that it "is evidence of the ex-
ceptional strength of the human mind, which could observe in the seeming chaos of microscopic phenomena a
regularity which is overwhelming in its generality and beauty." These words could be used fully to refer to
Dmitrii Ivanovich Blokhintsev himself, our great contemporary, whose life and work were devoted to a noble
goal, the goal of understandmg the world.
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INFORMATION

SOVIET NUCLEAR POWER STATION CONSTRUCTION

V. L. Timchenko

After three years of the Tenth Five-Year Plan, the installed c'apacity of Soviet nuclear power stations has

increased by almost 4.5 million kW. The contribution of nuclear power stations to the production of electric
power in 1978 amounted to 3.8%.

The construction of nuclear power staticns has continued along two principal directions — with channel

bmlmg uramum-graphxte RBMK-1000 reactors and with water-cooled/water-moderated pressurized reactors
VVER—440 and VVER-1000.

-At the Chernobyl' nuclear power station, on December 21, 1978 the second unit with high-powered
- water-cooled channel reactor (RBMK) with a capacity of 1000 MW was brought on stream, and the installed
capacity of this nuclear power station thereby achieved 2000 MW (el.). In January 1979 the second power-

generating unit with an RBMK-1000 was switched into the power-generation system of the Kursk nuclear power
station, and its installed capacity also reached 2000 MW <{el.).

Fig. 1. Turbine department of the
Kursk nuclear power station (Photo:
0. Sizov).

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 279-280, April, 1979.
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Fig. 3. Chernobyl' nuclear power station (Photo: V. Krutikov)

The construction-assembly work is proceeding at full speed, and the preparation for carrying out in 1979
startup-adjustment work on the fifth unit of the Novovoronezh nuclear power station with a VVER-IOOO, the
pilot-plant of this type of power-generating unit, on the second unit of the Armyansk nuclear power station
and the first unit of the Rovensk nuclear power station with a VVER-440, and on the third unit of the Leningrad
nuclear power station with an RBMK-~1000, In 1979, at the Beloyarsk nuclear power station, the completion
of work on the introduction of the third unit, with the fast neutron reactor BN-600, is imminent.

Construction is continuing of power-generating units with an RBMK-1000 at Kursk and Chernobyl' nuclear
power stations (third unit), Smolensk nuclear power station (first unit), the power-generating units with a VVER-
440 at Kolsknuclear power station (third unit) and the first unit of the Yuzhno-Ukrainsk NPS nuclear power station
with a VVER-1000, which it is planned to accomplish in the current five-year plan. Construction of the Ignalina
nuclear power station with an RBMK-1500 and the Kalinin nuclear power station with VVER -1000 is continuing.
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NEW HEAVY-ION CYCLOTRON

Yu. A, Lazarev

On the last day of Dec. 1978 at Dubna, a new heavy-ion accelerator was started up — the 4-meter iso-
chronous cyclotron U-400. This unique facility for nuclear-physics research was planned and constructed in
threé years by a team of scientists, engineers and workers under the direction of Academician G. N. Flerov
and Doctor of Physicomathematical Sciences Yu. Ts.Oganesyan.

The new accelerator is intended for the production of intense beams of fast ions of almost all elements-of
the Mendeleev table. The main range of mass numbers of the accelerated particles is 20 = A = 140. Ions of
this mass range can be accelerated to an energy of 10 MeV/nucleon or less. The requirement for applied
research for an energy of 1-2 MeV/nucleon can be met for all ions with mass number 12-=< A = 240, Light
particles with A = 20 can be accelerated to an energy of 30-40 MeV /nucleon.

When planning the accelerator, the main attention was devoted to the achievement of a high beam intensity
of the particles in the main mass range. For this, the design was optimized from the point of view of sim-
plicity of accelerator construction, a high operating reliability, and a low operating cost. As a result of an-
alyzing different versions, the choice of the machine type was made in favor of the cyclotron: this trend of
technology for the acceleration of heavy ions is traditional for the Nuclear Reaction Laboratory of the Joint
Institute of Nuclear Research, The U-400 accelerator project, developed in the Nuclear Reaction Laboratory
of the Joint Institute of Nuclear Research, is based on the results of 20 years of experimental research by
specialists of the Laboratory in the field of accelerator physics and technology. The significant stages of
these researches were the development of ion sources of the arc type, the construction and operation of the
U-300 classical cyclotron (operating since 1960), the building of the 2-meter U-200 isochronous cyclotron,
which came on stream in 1968, and was the prototype of the U-400 accelerator (scale 1:2), the construction
of the U-300—1U-200 tandem cyclotron and the accelerated ions of Xe, Kr and Ge obtamed on it. .’ '

‘The decision on the constructlon of the U-400 was made in 1974, The first components of the future cy-
clotron started development on July 7, 1975. Assembly of the accelerator was completed in Aug. 1978, and
in November operation with the beam started. A month later, the beam was reduced to the final radius and
heavy ions were extracted from the accelerator chamber. -

The electromagnet of the cyclotron, witha mass of 2000 tons, is assembled from individual stacks of plates
of ordinary steel, The manufacture and assembly of the stacks of the magnet framework was carried out di-
rectly in the cyclotron hall. The assembly of the electromagnet as a whole was accomplished in parallel with
this. The unique tools for assembling and machining the stacks of the framework were supplied to Dubna from
Czechoslovakia.

The design of the electromagnet allows a magnetic field strength of 2.13 T to be obtained in the air gap.
The distinctive feature of the U~400 is that on the final radius of the accelerator (180 cm), the energy of the
accelerated ions amounts to ~ 700(zz/A) MeV/nucleon. The azimuthal field variation is created by four pairs
of sectors with straight borders. A drop from 2.7 T (hill) to 1.6 T (valley) provides a stable focusing of the
beam up to an energy of 30-33 MeV/nucleon. The isochronous shape of the central magnetlc field is provided
by stepped annular shims and correcting windings.

The high-frequency system of the cyclotron consists of two coaxial resonators, loaded by two dees with
an angular length of 42°, which are arranged in two oppositely placed valleys. Over the frequency range 6-12
MHz, the potential on the dees was about 100 kV. This system has a Q-factor of 5000 and allows ions to be
accelerated efficiently at the 2nd, 3rd and 4th harmonics of the high-frequency potential (the energy increase
of the ions during revolution is equal to 2.83; 3.7 and 4z;eV,, respectively). The average power of the high-
frequency generator is ~30 kW. The vacuum space of the accelerator amounts to 25 m? and is pumped-out by
seven oil —vapor pumps with an output of 4200 liter/sec each. The working vacuum with the beam of accele;-ated

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 281-282, April, 1979.
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Fig. 1. General view of the U-400 isochronous cyclotron (Photo: Yu. Tumanov)

ions is equal to 2 - 1076 torr. It is assumed that in future the pressure will be reduced to 5 « 10~7 torr, due to
the introduction of cooled surfaces.

In order to extract the beam from the U-400 cyclotron, the method of charge transfer suggested by G. N.
Flerov, Yu. Ts, Oganesyan, and G, N. Vyalov in 1964 will be used. The essence of this method consists in that
for the ions passing through a thin carbon tape, the charge is increased as a result of which a strong radial
instability of motion originates. Describing a sharply uncoiling spiral in the axially nonuniform magnetic field
(deflection by 360 or ~700°), the particles exit from the accelerator chamber. Smooth tuning of the ions is
achieved by movement of the carbon tape along the radius, and its movement in azimuth allows the beams of
ions with different energy to be directed to the target, located at a fixed position. This method was investigated
in 1965 on the CEVIL cyclotron (Orsay, France) and was used for the first time on the 200-cm isochronous
cyclotron of the Joint Institute of Nuclear Research for extracting ‘Het! jons and for a smooth variation of
their energy from 27 to 41 MeV *, Two-revolution extraction is used in the U-400 cyclotron, which allows
1:hre4e0 bea{ns to be obtained simultaneously, of which the charge differs by one or two units (e.g., PAr+16, 04,417
and LAr+18), '

Powerful ion sources of the arc type with radial injection are used in the U-400 accelerator (the arc
power for a pulse duration of 1 msec and an off-duty factor of 4 amounts to ~30-50 kW).

In Dec. 1978, a beam of ®Ar*4 jons was obtained on the U-400 cyclotron, with a pulse intensity of 8 + 1013
particles and an energy of 5 MeV/nucleon. The first experiments will start in the near future. In parallel
with this, the intensity and energy of the ion beams will be increased, the selection of accelerated particles will
be widened, systems for transporting the extracted beams will be developed, and rooms for experiments will
be equipped.

The bringing on stream of the new accelerator opens up extensive prospects for conducting fundamental
investigations in the field of heavy-ion physics, in particular, for experiments on the synthesis and study of the
physical and chemical properties of the far transfermium and super-heavy elements (Z = 108) in nuclear re-
actions initiated by particles of mass A S 40, including the rare isotopes 8ca, Cr and "Zn, for studying the
interaction mechanism of two complex nuclei, properties of nuclei remote from the region of § -stability, and
certain urgent problems of atomic physics and quantum electrodynamics. The beams of heavy ions of the U-400
will significantly extend the possibilities for solving practical problems — the preparation of nuclear filters,
simulation of radiation damage, ion implantation, etc.

* This method was used subsequently also for heavier ions up to ?Ne,
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SEMINARS, CONFERENCES |

SOVIET — FINNISH SEMINAR ON NORMS AND STANDARDS
FOR DESIGNING NUCLEAR EQUIPMENT

E. Yu. Rivkin

The Seminar "Norms and Standards for Designing Nuclear Equipment and Systems for Reactor Faciliti¢s
of the VVER (water-modulated —water cooled) Type" was held in Dec. 1978 in Moscow. Five Finnish and 9
Soviet reports were presented at the Seminar.

Finnish specialists spoke about the existing practice in Finland for safety monitoring. The nuclear energy
laws serve as the basis, in accordance with which the authorization of the Ministry of Commerce and:Industry
is required for the construction and operation of nuclear power stations. When issuing the authorizations, the
-opinion of different organizations is sought, including the Institute of Radiation Safety, which is the inspection
unit. The Institute has published "General Principles, to Be Observed when Designing Nuclear Power Stations,"
and also other guidelines, defining their use (classification of nuclear power station plant, pressure vessels,
construction techniques, nuclear fuel, radiation shielding, etc.).

The Finnish specialists reported on the monitoring of the design, the creation of programs for quality
control, supervision during construction, and manufacture and assembly of the nuclear plant. The program
for quality control during design, manufacture and assembly of nuclear power stations in Finland mainly con-
forms to international norms and is established at the earliest possible stage (report by K. Karling). The
program defines the monitoring structure during its execution and includes instructions on the training of per-
sonnel who will carry out work, effect on the quality of production, description of responsible monitoring mea-
sures, measurement techniques, forms of verification, etc. Usually it consists of two parts: requirements

which a given firm is bound to satisfy at specified stages of planmng, and mstructlons showing the order of
their execution.

Particular attention in the report on the application of nondestructive methods of monitoring (E. Saarinen)
was paid to the possibility of standardization not only of the basic regulations on welding and the regulations
for monitoring the quality of welded joints, but also the requirements for ‘methods of carrying them out. When
assessing the resistance to large-scale destruction of the steel structures of nuclear power stations in Finland,
indices such as the zero plasticity temperature, failure viscosity during static and dynamic loading and during
retardation of cracks (report by Ya. Forsten) are used. The criteria of "flow before failure" are used, in ac-
cordance with which the maximum calculated length of a through crackis equaltotwowallthicknesses, Thefailure
fect of irradiation and aging is taken into account by the shift of the zero plasticity temperature. The failure

possibilities of structures are analyzed on the basis of data concerning the kinetics of cracks under conditions
of aging and corrosion effects.

In the report by E. Torkkel, attention was paid to the difficulties based on the standards of different coun-
tries of the assembly of nuclear power station plant.

The Soviet specialists, in their reports, mainly highlighted questions concerning normative methods of
calculating durability. In one of the reports (A. M. Bukrinskii), the general aspects of guaranteeing the safety
of nuclear power stations during planning, construction and operation were reported, which exists as the basis
of the technical and organizational measures for ensuring the safety of nuclear power stations at all stages of
construction and operation. The author noted in particular "General aspects..." and their differences from
similar foreign documents.

The structure and principles of the norms in effect in the Soviet Union for calculating the strength of
compounds of the plant and pipelines of nuclear power stations is interesting. The calculation is based on an
estimate of the strength for the limiting state of failure, the plastic deformation over the whole section of the
component, the loss of stability, unacceptable residual changes of shape and dimensions, and the appearance of

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 282-283, April, 1979.
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macrocracks as a result of cyclic loading. The calculation includes the verification of the stability, static and
cyclic rigidity, and resistance to large-scale failure, It is carried out for normal conditions of operation of
nuclear power stations, for their breakdown and in an emergency situation.

The report of M. L. Egorov was devoted to choice of the basic dimensions of the plant and pipelines of
nuclear power stations, and the verification of their strength under static loading conditions. The dimensions
of structures are calculated by formulas, based on consideration of the limiting loads. The pressure of the
working medium is taken as the calculated load, and additional loads and the temperature effect are taken into
account at the stage of the check calculation. The permissible conditions of a single loading of the structures
are determined by the calculation of the static strength, and within the framework of this calculation the stressed
state of the structure is analyzed during the action on it of static loads. The stress values obtained are com-
pared with the permissible values. When verifying the strength of structures in conditions of cyclic loading,
two types of failure are taken into account: fatigue and quasistatic failure (report of V. M. Filatov). These
aspects of the Soviet norms for calculating cyclic strength admit of certain differences of principle from the
ASME Code, widely used abroad.

Worthy of attention are the methods used in the Soviet Union for the numerical determination of stresses
and deformations in the plant and pipelines of nuclear power stations (report by N. I. Prigorovskii). Inthere-
port, examples were given of the use of different methods for determining the stressed state of the VVER con-
tainment vessel.

Particular attention was paid in the report by N. A, Makhutov to the assessment of the feasibility of
using methods for calculating cyclic strength, which allow the use of the mechanical properties of the materials
for the construction of calculated curves, in order to calculate the structures in conditions of nonisothermal
loading. ' v

Experimental methods of determining the stresses and deformations on models of nuclear power station
plant were reported at the Seminar (report of N. I. Prigorovskii). Full-scale tensometricinvestigationsof nu-
clear power station plant allows all the effects on the structure to be taken into account, and its actual geo-
metrical shapes and nature of the interaction with other items (report of G. Kh. Khurshudov).

Great importance is attached in the Soviet Union to the organization of a centralized radiation safety
service (report of V. M. Skatkin). Central radiation monitoring posts have been equipped, in which informa-
tion is derived concerning the state of the "radioecological plot" of nuclear power stations. The equipment
complex includes a fixed information-measurement system, surface-contamination monitoring instruments,
individual dosimetric monitoring, laboratory equipment and facilities for measuring samples, and equipment
for the adjustment and repair of the instruments of the complex. Data about the parameters being monitored
is transferred to a computer.

The -Seminar was undoubtedly useful, and it has contributed significantly to mutual enrichment of know-
ledge for the Soviet and Finnish specialists participating in the Seminar.
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SWEDISH — SOVIET SEMINAR ON STRUCTURAL MATERIALS

A, V, Nikulina

The Seminar took place in Aug. 1978 in Sweden. In the course of the Seminar, the Soviet specialists
visited research centers and laboratories, and also parts of the zirconium tube factory of the firm of "Sand-
vik," and the factory for the manufacture of zirconium-clad fuel elements of the firm ASEA-ATOM.

The reports of the Swedish specialists and the prepared scientific pé.pers andpreprints were devoted mainly
to increasing the operating lifetime of the zirconium cladding in boiling-type reactors with pressurized water.

At present, great attention is being devoted in Sweden to investigations of corrosion cracking under stress
in the presence of iodine, and also nonuniform oxidation ("nodal® corrosion) of zirconium alloys. The action of
reactor irradiation on the strength, plasticity and sensitivity to defects of recrystallized zircalloy alloy have
been studied on tubular samples for testing with internal pressure in conditions of plane deformation. For
fluence values in the range (2.4-10.8) « 10%4 neutrons/m? (E > 1 MeV), an empirical relation is proposed, de-
fining the change of the yield pointoc =0, + A@ t:)l D The irradiated zircalloy was found to be sensitive to
surface defects, and failure occurred even after the smallest plastic deformation. As a result, maximum per

missible dimensions of surface defects were established, for which the reliable operation of the zircalloy
cladding is still guaranteed.

Corrosion tests of shortened fuel element claddings of alloys of zircalloy-2, zirconium—1% Nb, and Zr—
1% Cr—0.08% Fewere conducted in the R2 reactor in boiling water at 286°C and with a neutron flux intensity of
(4-9) - 10'3 neutrons/cm?- sec (E > 1 MeV). We studied the effect of surface workings, thermal stresses,
and time lag-on the corrosion resistance of this alloy. The values for the oxidation rates of these alloys is
asg follows: zircalloy-2, Zr—1% Nb, and Zr— 1% Cr— 0.08% Fe are respectively 0.2-0.7, 1.8-2.5, and
6-8.7 mg/dm?- day. However, traces of nonuniform oxidation were found only in zircalloy-2 claddings
(maximum thickness of oxide was 24 u).

When calculating the yield curves for recrystallized tubes of zircalloy with two different textures, it is
necessary to take account of triaxial deformation, which occurs by means of prismatic slip and twinning, in
view of which a set of values of the critical reduced shear stresses for different crystallographic slip systems
were used. Consideration of the deformation of zircalloy tubes, taking account of the anisotropy of the me-
chanical properties of the material, has permitted different types of tests used for determining the plasticity
of the claddings to be assessed. Low-cyclic fatigue of recrystallized tubes of zircalloy-2 under conditions of
flexure at a temperatures of 20, 250, 300, 350, and 400°C follows the Coffin—Manson law. Irradiated samples
were tested at 20 and 300°C. The lifetime of the irradiated samples at 20°C was less than, and at 300°C was
equal to that found by the Coffin —Manson curve for unirradiated samples. Experiments on the deformation
at a temperature of ~300°C of flat polycrystalline samples of zircalloy-2, for which the axis c¢ of the majority
of grains is oriented approximately parallel normal to the surface, showed the absence of twinning and permitted
the assumption that slip along the {1011} planes is the cause of breakdown of the oxide film, responsible for
the initial stage of corrosion cracking in the iodine atmosphere. In flat samples of zircalloy-2, the effect was
also studied of the texture and thermal processing on the plasticity and sensitivity to corresion cracking under
stress, in the case of tests at 300°C in air and in an argon medium with iodine as impurity. By comparing the
set of prereactor properties of 15% Cr—25% Ni and 19% Ni and 199 Cr—25% Ni steels, the advantage of steel
containing 15% chromium, as applicable to the operating conditions of the fuel element claddings of fast reactors,
was shown, in relation to both stability of the microstructure and phase state, andalso to creep resistance.

An automatic system has been developed for the multiparametric analysis of nonmetallic inclusions in
metals which permits about 500 inclusions with respect to area, perimeter, diameter, coordinates, and chemi-
cal composition (for 5-15 elements) to be analyzed in ~1 h,

The firm ASEA-ATOM has developed a set of programs for calculating the fuel cycle and designing
light-water reactors. The set includes the following problems: neutron physics of fuel element assemblies
and lattice, microscopic neutron physics, hydraulic and heat transfer, calculation of the fuel cycle, dynamics

and reactor control, emergency cooling system of the core, shielding from neutron and y radiation, design
of fuel elements, and analysis of structures.

Translated from Atomnaya Energiya, Vol. 46, No. 4, p. 284, April, 1979.
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In conclusion, the specialists of both countries stressed the advisability of closer collaboration in the
field of development of reactor materials, especially zirconium alloys.

IAEA SYMPOSIUM ON FUEL-PIN PRODUCTION
FOR PRESSURIZED-WATER REACTORS

V. S. Belevantsev, N. G. Reshetnikov,
and V. I. Solyanyi

This symposium was held in Nov, 1978 in Prague (Czechoslovakia) and was attended by about 250 par-
ticipants from 30 countries and three international organizations; papers were presented on the national pro-
grams on fuel-pin manufacture for pressurized-water reactors by representatives of Belgium, the United King~
dom, India, Italy, Canada, the USSR, the USA, France, the Federal German Republic, Czechoslovakia, and Japan,
In all there were 41 papers, which were concerned with four major topics.

Effects of Production Processes on Working Characteristics. Papers from producer organizations stated
that fuel reliability is ensured in part by all-round quality control for the fuel in particular and the process as
a whole at all stages, along with on-going analysis of working results.

Belgian workers reported interesting results on the production of mixed uranium - plutonium oxide fuel
for light-water reactors at the Belgonucleaire plant. This produces 18 tons of fuel per year as tablets having
92-95% of the theoretical density and an O/M ratio of 1.998 + 0.001. K was observed during the discussion
that the sizes of the PuO, inclusions in the finished tablets were less than 30 1. Some of the papers on oxide
fuel emphasized the need for strict monitoring of the density, grain size, and porosity distribution. A state-
ment from the Federal German Republic indicated that the addition of UgO4 can provide control of these charac-
teristics. The materials produced at Kraftwerkunion (KWU) plants contain less than 0.2 mass % of 1mpur1t1es
The fluorine content is less than 0.0005 mass %, while the water content is below 0.0005 mass %.

Interesting information was presented on heat-resistant UO, tablets in one of the French papers. The
method of production was outlined as follows: pressing the initial powder at high pressures, production of
granules from the pressed powder, tablet pressing from the granules, and sintering. Reactor tests have been
performed at a linear power output of 465 W/cm up to a burnup of 4000 MW - day/ton Uwith 43 thermal cycles:
tablets made in this way are readily moved undamaged from the fuel rods, whereas ordinary ones break up,

Two papers from Denmark and the United Kingdom dealt with improved fuel-rod reliability arising from
improved working characteristics in the fuel; data were presented on a modified design of fuel core, which re-
places the form commonly employed at the present time. A two-layer (duplex) tablet was suggested, in which
the outer layer consists of UO, and the inner layer of depleted material. The two ways of producing these
tablets were discussed: separate production of the outer and inner layers, with combination directly before
loading into the sheath, and pressing blanks for the outer and inner parts, which are combined by sintering.
British workers consider that these duplex tablets can be used in conjunction with control of gas release from
the fuel, with the latter provided by the addition of oxides of titanium, magnesium, niobium, and chromium,
along with grain-size monitoring.

Research and development ih the area of granulated fuel was also reported for the production of vibra-
tionally loaded fuel rods not only for high-temperature reactors, but also for light-water ones, as well as for
fast reactors; these aspects were discussed in a paper from Western Germany.

Working Characteristics of Zirconium Alloys. Some of the papers dealt with the characteristics of zir-
conium sheaths and welded joints; it was stated that careful all-round quality control of sheaths at all stages of
manufacture is essential, A British paper dealt with the causes of various flaws in fuel-rod sheaths and the
behavior of these in a pressurized-water reactor. Criteria were presented for extracting fuel-rod assemblies
containing faulty rods, and it was suggested that one should neglect the activity excursions arising from shut-
down, startup, and power cycling.
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A Canadian paper dealt with researches on zirconium —niobium alloy sheaths, including welded joints;
Zr—Nb alloys have been compared with alloys of zircalloy type in iodine vapor at 300°C. The resistance to
fodine corrosion under stress of the zircalloys is somewhat better than that of zirconium-—niobium ones.

Aspects of Reactor Operation Relevant to Fuel-Rod Production Specifications, It is generally considered
that the working reliability of the rods in a pressurized-water reactor is now reasonably high and that the
probability of failure is in the range 0.01-0.05% of the total number of fuel rods per reactor-year., This level

of reliability has been attained by attention to the following features: design, technological improvement (par-
ticularly the elimination of failure due to deposition, hydrogenation, and sheath buckling), reduction of the
maximum thermal loading at the fuel rods while retaining the mean thermal output from an assembly unchanged
(this has been attained by changing-the dimensions of the fuel rods, increasing the number of rods, and suitable
distribution of the fuel enrichment over the height and radius of an assembly), and improvements designed to
ensure stability and to meet all the technical specifications for fuel-rod manufacture.

The papers show that fuel-rod reliability in pressurized-water reactors may be improved further by
means of various improvements in the des1gn of the fuel and sheath, as well as in the manufacturing technology

For the near future, nuclear power statlons must work with peak loading, and it is generally considered
that this can increase the probability of fuel-rod failure on account of mechanical interaction between the fuel
and sheath, along with chemical effects arising from fission products and technological impurities. Some im-
provements are being made in order to prevent such forms of failure, and some of these have already been

checked out in reactors: spaces at the ends of fuel tablets, initial excess gas pressures in' BWR fuel pins, and
graphite lubrication between the fuel and sheath in HWR.

Some very promising design improvements have not yet been checked out on commercial reactors, but
American workers consider that the most promising of these are as follows: duplex tablets, lubrlcatlon in the
fuel-sheath gap (LWR), and coatings (Cu, Zr) on the inside of the sheath.

It was pointed out during the discussion that the working reliability has become the basic parameter,
while economic aspects have receded very much into the background. One American paper therefore dealt
with the economic aspects of the various design improvements. If was shown that although the contribution to
the cost of 1 'kWh fromthe manufacture of fuel pins and assemblies is not much more than 1%, improved
techniques can nevertheless result in a marked economic gain. For example, if the manufacturing cost is un--
changed, the returns from increasing the burnup from 33,000 to 45,000 MW . day/ton and from using spacing

grids made of zirconium alloys would be, respectively, one million and 800,000 dollars per year for a reactor -
of electrical output 1000 MW.

IAEA CONFERENCE ON SODIUM FIRES

V. G. Golubev and B. V. Gryaznov

This conference was held in Nov. 1978 at Caderousse, France. The participants were drawn from Britain,

Italy, the Netherlands, the USSR, the USA, France, the Federal Republic of Germany, and Japan; there were 24
papers presented.

The purpose of the meeting was to survey accumulated experience on the combustion of sodium coolants,
including fire-fighting techniques, with the special purpose of defining unsolved problems in this area,

The partlclpants visited experimental and test systems at the Caderousse nuclear research center as well
as the Phenix fast reactor at Marcoule.

Recommendations were drawn up on the following research aspects,

Sodium Ignition (Fires), The mechanisms involved in sodium ignition and combustion are now reasonably
clear. Physical and chemical models have been formulated, although these require further experimental evalua-
tion. Sodium eamnot burn in ordinary air at temperatures below its melting point, but it can ignite spontaneously
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at room temperature in the finely divided state, and in that way can cause a general fire. The ignition of sodi-
um is also favored by high atmospheric humidity. More experimental researches are required in this area.
As yet, the precise effects of the area and depth of the sump and the volume of the reactor shield on the igni-
tion have not been established. These parameters should be the subject of immediate research. Fires due to
sodium sprays are just as predictable as sump fires. I has been observed that the results from spraying
single drops are not the same as those from a series of drops.

Computer programs have been written in several countries to predict the combustion rate in a sodium
fire in a sump, and also to predict the corresponding temperature and pressure. Experiments are planned to
check these programs. An urgent task is towrite programs topredict fires arising from sodium sprays, since
the exact relationship between ignition and droplet size has not been established. Models for sodium fires
should be evaluated by defining criteria, which in particular should be used to evaluate the accuracy of the com-
puter programs. A further task is to develop and check out models for occurrences of simultaneous ignition
of sodium in 2 sump and on account of sprays.

Prevention and Extinction of Sodium Fires. The discussions indicated that successful prevention of
sodium fires can come from the design of sensitive and reliable systems for detecting sodium leaks. None of
the existing systems is satisfactory in this respect.

It is anticipated that good results will be obtained from a program of research on sodium leaks through
the reactor containment, but more experiments in this area on different scales are required. A recent ad-
vance in extinguishing sodium fires is provided by the development of extinguishing mixtures such as Graphex
SK23 and Marcalina, which are effective in sodium fires of all types. Research is needed on the consequences
of sodium fires in which new materials are employed. A further object for research concerns the effects of
possible fires and of extinguishing agents on the design of reactors and reactor equipment.

Methods of extinguishing sodium fires with nitrogen gas were discussed; it is desirable to dilute the ni-
trogen with about 5 vol.% of carbon dioxide, since this raises the ignition temperature of the extinguished sodium.
Portable and mobile powder extinguishers were demonstrated, along with fire vehicles carrying up to 2000
liters of extinguishing agent.

Aerosols., Considerable progress has been made in some countries onthe filtration of finely divided
sodium aerosols; successful tests have been performed with industrial systems such as cyclones, wet scrubbers
of various types, and Brink filters., Future tests will be concerned with Venturi scrubbers and electrostatic
precipitates. Complete characteristics of aerosols for various working conditions are required in filter testing,
Research is also needed to optimize the various filtration systems, particularly for use with higher reactor
- powers and larger loads.

General Recommendations. The reactions of sodium with concrete (in reactor shielding) were not dis-
cussed. It was decided to discuss this aspect at the next conference, which is to be held in four years' time.
A decision was also taken on further research on the chemical behavior of aerosols, particularly damage effects.

There were many favorable comments on the good organization of the conference and the warm welcome
offered by the French delegation, which was headed by George Malet.

Publication of the proceedings is planned.
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INTOR DESIGN

V, I. Pistunovich

The first meetings of the steering committee of the International Working Group on the design of the In-
ternational Tokamak Reactor was held in Nov. 1978 in Vienna; the committee decided to present a report to the
International Fusion Research Council at the end of 1979 in collaboration with the International Working Group,
which is to contain recommendations on the purposes and major characteristics of a large thermonuclear
tokamak-type system, which is to be constructed by international collaboration. The meeting laid down the
purposes of the working group, the membership, the scheduling of various tasks, the invitations for the first
session, and various physical and engineering aspects that must be discussed under the INTOR project.

The steering committee décided that the IFRC report should include an evaluation of the plasma—physics
and engineering aspects of the design, as the system might be begun now or inthe early 1980s; the recommenda-

. tions were to be included on the general design in consistency with the physical and engineering principles and

purposes, including various alternatives. The report should also identify the main uncertainties that need to .
be elucidated before the construction can be initiated, along with the researches required for full program def-
inition. Further, the requirements for the most important materials must be defined along with the plan for
detailed design and construction of the reactor. Recommendations must also be made on the engineering and
scientific feasibility of such a reactor, which should be working in the late 1980s or early 1990s.

The composition of the working group was agreed upon at the meeting. Each side (the USSR, the USA, the
Euratom countries, and Japan) will be represented at the meetings of the International Working 'Group by not .
more than four delegates. Also, the steering committee or particular members may invite experts to parti-
cipate in the meetings of the working group. '

The timetable for the working group envisages three or four meetings in Vienna during 1979 in conjunc-

tion with various tasks to be carried through by the members between meetings in accordance with the agreed
program.

The IFRC laid down the purposes of INTOR as follows: to make the largest reasonable forward step in
fusion research in order to define the scientific, technical, and engineering aspects of the feasibility of pro- -
ducing electrical power from a pure DT reactor, to incorporate the major components and systems character-

istics of commercial fusion station, and to provide for testing equipment, components, and materials for a com-
mercial reactor. ' '

The steering committee laid down the technical purposes of INTOR as the attainment of a power amplifica-

‘tion factor in the plasma Q > 5 from the D—T reaction, the definition of technologies appropriate for the reac-

tor, development of methods of creating and sustaining a plasma appropriate for a reactor, and definition of
devices for testing prototype blanket modules and the scope for electrical power production.

The first meeting of the International Working Group was held in Vienna in February 1979.
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SOVIET — AMERICAN CONFERENCE IN FUSION-APPLICATION
PROBLEMS

N. N. Vasil'ev

This conference was held in Nov, 1978 in Moscow and discussed the prospects for using fusion reactors
to produce high-grade technological heat and synthetic fuel. Research in this area has been performed in .
various laboratories and firms in the USA as well as at the Institute of High Temperatures, Academy of Sci-
ences of the USSR, and at the Kurchatov Institute of Atomic Energy.

The heat produced in the blanket of a fusion reactor can be utilized in coal gasification, production of
hydrogen from water by thermochemical or electrochemical means, and fixation of atmospheric nitrogen; the
advaritage here is that the working component (water, air, etc.) is heated directly in the blanket. No heat ex-

-changer is required, and the working medium can therefore be heated to 1200-2000°C, which very much sim-
plifies the thermochemical aspect of producing synthetic fuel, while much of the energy can be supplied as heat
in electrothermochemical decomposition of water, However, it is clear that the decomposition products in that
case will be radioactive, either from direct activation of the working body or as a result of entrainment of
blanket materials (Al;03, MgO, and SiO,). Some designs envisage an additional heat exchanger to transmit the
heat to the working body, in which case the temperature of the latter falls to 1000-1200°C, which approaches the
level adopted in the design of high-temperature nuclear reactors.

Many of the papers dealt with the definition of blanket structures in which much of the heat will be ex-
tracted at high temperatures while providing a tritium breeding factor greater than 1. This appears possible
if the high-temperature heat accounts for 0.4-0.7 of the total reactor output. In that case, the blanket would be
made of ceramic materials. The blanket would have to be changed once or twice a year, or alternatively finely
divided ceramic materials might be circulated continuously through the blanket zone.

Much attention was also given to preliminary economic analysis. Two types of system were considered:
a pure fusion reactor, in which the product is synthetic fuel, and a hybrid reactor, in which the high-tem-
perature zone in the blanket is accompanied by a zone for the production of nuclear fuel (Pu or 233U). In the
latter case, the reactor would be a dual-purpose one, which might reduce the final cost of the products. The
cost of producing synthetic fuel with a fusion reactor is comparable with similar costs in systems based on
coal (about 3.5 dollars per 2.52 - 10° kcal, or 2-3 times current prices for fossil fuels). The cost parameters
of fusion reactors are based on designs intended for electricity generation. If has been found that pure fusion
reactors will produce synthetic fuel at a cost twice that for a coal-based system, whereas a hybrid system would
involve costs comparable with those of a coal-based system at reasonable prices for the nuclear-fuel component,
" and it is possible that the costs might even be lower. The potential advantages of pure fusion reactors might
then be related in the main to the lower environmental pollution, which was not incorporated into the economic
analysis, '

On the whole, the discussion showed that pure fusion reactors may have advantages over other types of
power system in the production of synthetic fuel only if the working body can operate at temperatures above
1500°C, which will require very considerable development and research on materials and blanket design. In
that respect, hybrid reactors appear economically more attractive, while the technology and materials will be
much more similar to those used in high-temperature graphite reactors.
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SIXTH ALL-UNION CONFERENCE ON CHARGED-PARTICLE
ACCELERATORS '

V. A. Berezhnoi

4

This conference was held in Nov, 1978 in Dubna; the participants were drawn from the Soviet Union and

eleven other countries. Two plenary sessions dealt with designs for new large accelerators, at which surveys
were presented.

Considerable interest was shown in reports on the design of a system drawn up at the Institute of High~
Energy Physics for accelerating about 6 ° 101 protons to an energy of 3 TeV, in addition to the Tévatron pro-
ject and the plans for a 500-GeV accelerator atthe Fermi National Laboratory in Batavia, USA, as well as
progress in the design of superconducting magnet systems (Experimental Physics Research Institute). Other
papers dealt with a design for colliding e~e* beams, the scope for using electron cooling in accelerators de~
signed for ultrahigh energies, and the state of development on the commissioning of the VEPP-4 storage rings,

as well as on the existing and future systems with e~et colliding beams (Institute of Nuclear Physics, Siberian
Branch, Academy of Sciences of the USSR).

Attention also centered on reports on a system for accelerating ions of all elements up to energies rang-
ing from hundreds of MeV to several GeV per nucleon (Kurchatov Institute of Atomic Energy, Joint Nuclear
Research Institute, Institute of Experimental Physics, and Moscow Electronics Institute, Academy of Sciences
of the USSR), as well as the use of heavy ions at high energies in controlled fusion (USA). The last session
dealt with what have now become traditional papers on current problems in high-energy physics and the specifi-

cations for the next generation of accelerators (Institute of Theoretical and Experimental Physics and Institute
of High-Energy Physics.)

The sessiononheavy-ion accelerators was concerned with various research lines, and papers were given
on problems in extending these systeins, including the U-400.heavy~ion isochronous cyclotron, which was com-
pleted at the Joint Nuclear Research Institute in Dec. 1978. When this is brought up to its design parameters,
it will provide heavy-ion beams of very high intensity ranging up to xenon. teresting data were also presented
on the upgrading of the cyclotron at the Kurchatov Istitute of Atomic Energy and on the Saturn-2 synchrotron
in France, as well as on the development of a source for producing highly charged ions (Belgium). Results
were presented on optimization of the accelerating structure in a compact linear accelerator for heavy ions
(Technical Physics Institute, Academy of Sciences of the Ukrainian SSR), and also data on the parameters of
the heavy-ion injector for a proton synchrotron at the Institute of Theoretical and Experimental Physics. Re-
searches were also reported on the acceleration of heavy ions with a wide charge spectrum (Experimental

Physics Research Institute and Institute of Theoretical and Experimental Physics). Most of the papers at the
session were concerned with cyclic machines.

The colliding-beams session dealt with electron cooling and optimization of stochastic cooling. Beam-
cooling techniques have now become basic to pp colliding-beam systems. Much interest was aroused by papers
on a new design for e~e* colliding-beam systems (see above), which lead one to hope that an energy of 2 « (100~
300) GeV might be obtained with an accelerator of length 2 - (1-3) km and an effective aperture of ~10% c¢cm=2 -
sec™!; this led to a discussion of the production of energy increments of about 100 MeV/m, etc. One of the
papers dealt with a method of producing an energy resolution comparable with resonance-peak widths in e~ et
colliding-beam systems, particularly those characteristic of the ¥ particle family. The sessionalso discussed

results obtained with the VEPP-2M system (Institute of Nuclear Physics, Siberian Branch, Academy of Sciences
of the USSR).

High-intensity cyclic and linear accelerators were considered in a special session; here considerable in-
terest was aroused by papers on the current state and future development of the Triumph accelerator in Canada,
as well as on prospects for upgrading high-energy high-current cyclotrons (Nuclear Physics Research Institute,
Moscow University). Some of the papers dealt with designs for high-current linear accelerators with lithium
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targets, which provide intense neutron sources for materials research related to fusion (Institute of Theoreti-
cal and Experimental Physics, and also in the USA), There was an interesting communication on the use of
electrostatic focusing in the central part of the synchrocyclotron at Leningrad Nuclear Physics Institute,
Academy of Sciences of the USSR, for operation at 1 GeV, which has increased the internal-beam current by a
factor 3.

A central place was taken at the session on new acceleration methods by papers from the Joint Nuclear
Research Institute dealing with a prototype collective heavy-ion accelerator, where a decaying magnetic field
has been used to accelerate nitrogen ions to 2 MeV/nucleon over a length of 0.5 m while producing ~(5-6) - 10!
ions per cycle, while checks have been performed on the scope for accelerating argon and xenon. Researches
on electron injection have been completed with the PUSTAREX system in Western Germany, as well as on
beam generation and extraction. Considerable interest was aroused by papers on collective ion acceleration in
a system with an isolated anode (Nuclear Physics Research Ihstitute, Tomsk Polytechnical Institute). Some of
the papers dealt with multicycle injection systems and nonadiabatic processes in electron-ring production (Insti-
tute of Theoretical and Experimental Physics), along with research on the nonlinear stage in the eyclotron-
focusing instability (Moscow Electronics Institute). The second meeting during this session discussed the de-
sign of small high-current linear accelerators for use as injectors in collective accelerators (Kurchatov Insti-
tute of Atomic Energy, Nuclear Physics Research Institute at Tomsk Polytechnical hstitute, and Institute of
High Temperatures, Academy of Sciences of the USSR), as well as the interaction of high-current beams with
various resonator systems (Joint Nuclear Research Institute and Moscow Electronics Institute). Another dis-
cussion concerned ring storage of high-current relativistic electron beams (Nuclear Physics Research Insti-
tute at Tomsk Polytechnical nstitute). The results presented at the session and the discussions showed that
these researches are very promising.

An impressive picture of accelerators applied for practical purposes was presented at the sessiononac-
celerators in applied research. A particular place was taken by papers on the development of accelerators
for industrial and medical purposes (Experimental Physics Research Institute) and on researches at the Nuclear
Physics Institute, Siberian Branch, Academy of Sciences of the USSR on electron accelerators for industrial
purposes. Papers presented by the Experimental Physics Research Institute, the Institute of Nuclear Physics,
Siberian Branch, Academy of Sciences of the USSR, and the Nuclear Physics Research Institute at Tomsk Poly-
technical Institute showed that it has recently become possible to build various highly efficient and reliable sys-
tems providing high electron-beam power levels that meet industrial specifications. Accelerators are being
used on an increasing scale for many industrial purposes.

The sessionon synchrotron radiation dealt with sourcs and uses. There were papers from the Institute
of Physics Problems, Academy of Sciences of the USSR, and the Institute of Nuclear Physics, Siberian Branch,
Academy of Sciences of the USSR. Considerable interest was shown in a paper on a design for a synchrotron-
radiation source based on an electron storage ring operating at 2.5 GeV (Erevan Physics Institute). Some of
the papers dealt with research on undulator radiation (Physics Institute, Academy of Sciences) and research
on synchrotron-radiation sources at other research centers in the USSR, and these included an interesting paper
on the limiting power output of an optical klystron (Nuclear Physics Institute, Siberian Branch, Academy of
Sciences of the USSR). Synchrotron radiation appears to have many research applications, which accounts for
the importance of researches in this area, including those designed to provide coherent sources.

The session on particle dynamics in accelerators and stores dealt with research designed to improve
existing systems and to define methods for designing new ones. Particular attention was attracted by papers on
the acceleration of polarized particles (Institute of Nuclear Physics, Siberian Branch, Academy of Sciences of
the USSR) and on correction of the v.-v, resonance coupling in the proton synchrotron at the Institute of High-
Energy Physics. Some of the papers dealt with advances in the theory of particle motion in accelerators. There
were interesting communications on preliminary tests on a superconducting container for the VEPP-3 storage
ring and on a method of calculating the characteristics of beams in stores with any form of coupling between
oscillations in all the degrees of freedom (Institute of Nuclear Physics, Siberian Branch, Academy of Sciences
of the USSR).

Future progress in accelerator engineering is dependent on advances in electronic and radio systems
used in accelerators. The sessiononthese aspects discussed a report on the Nuclear Physics Institute, Siberian
Branch, Academy of Sciences of the USSR, which stated that automatic controls for accelerators employing mini-
computers or larger machines have been built at accelerator centers in the USSR, Interest was aroused by re-
ports on a system for measuring the equilibrium orbit parameters of the beam in the VEPP-4 store (Institute
of Nuclear Physics, Siberian Branch, Academy of Sciences of the USSR) and on remote-sensing methods of
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measuring beam parameters in high-energy accelerators (Moscow Electronics Institute). The session aiso
discussed the design of the accelerator systems for the new machine being built at the Institute of High-Energy
Physics and the upgrading of these systems in the U-70 accelerator (same institute).

’ There was a lively discussion on a paper concerning laser ion sources (Moscow Physics Research Isti-
tute) at the sessiononion sources and superconducting UHF systems. It was pointed out that this type of source
- is promising for the production of highly charged ioris. Considerable interest was also aroused by papers on
prospects for using superconducting uhf systems in accelerator engineering (Nuclear Physics Research Insti-
tute at Tomsk Polytechnical Institute) and on an electron-beam source of highly charged ions (Nuclear Physics
Institute, Siberian Branch, Academy of Sciénces of the USSR). It is to be expected that new types of sources
will substantially extend the performance of heavy-ion accelerators in the near future.

The session onmagnet systems (including semiconducting ones) discussed the design of magnet systems
and the definition of magnetic cycles in charged-particle accelerators, particularly for high energies. Many of
the communications dealt with the design of superconducting dipole magnets for the new system at the Institute
of High-Energy Physics, and these studies have been performed at that institute, the Joint Nuclear Research
Institute, and the Institute of Experimental Physics.

The session on efficiency in accelerator use in physics experlments (targets and beam transport) dis-
cussed the stable acceleration of about 4.5 < 1012 protons/cycle with the synchrotron at the Institute of High-
Energy Physics. Important results have been obtained with the synchrophasotron at the Joint Nuclear Re-
search Institute, where the magnet system has been upgraded along with the beam-diagnosis unit. The second
group of papers dealt with some practical results and new concepts on accelerator-beam handling. In par-
ticular, there was a paper on lithium lenses for focusing secondary-hadron beams at high energies (Institute
of Nuclear Physics, Siberian Branch, Academy of Sciences of the USSR), while there was a rather different
but interesting paper on the prospects for using single crystals in accelerators (Institute of Technical Physics, -
Academy of Sciences of the Ukrainian SSR).

The papers presented at the conference reflect the substantial pi‘ogress that has been made in accelerator
science and engineering. The papers are.to be published.

ALL-UNION CONFERENCE ON DELAYED CONSEQUENCES
AND ESTIMATES OF RISK FROM RADIATION

Yu. I. Moskalev

This conference was held in Oct. 1978 in Moscow and was attended by about 200 participants from various
research institutes throughout the country. The organizing committee received 112 abstracts, which were made
available as a booklet before the conference opened. During the three days of the meeting, 31 papers were
read and discussed, including 7 reporter papers that surveyed 32 communications on the biological effects of
various compounds of 29Pu, 2Am, 2%2cf, 228y, UTpm, 3y, Bcs, sy, Bse, 38, and B3I alone or together with
damage by radiation and other sources. .

The conference was opened by L. A, Il'in, who emphasized the practical significance of research on re-
mote consequences and radiation hazards. Valuable report papers were presented by A. V. Fedorova, N. A.
Koshurnikova, S. V. Stepanov T. A. Norets, L. N. Burykina, et al. These papers contained new and important
data on delayed radiological effects from external and internal radiation sources, including effects on the hema-~
topoietic, immune, neuroendocrine, cardiovascular, and gastrointestinal systems, in addition to those on sex
glands, skin, and eyes. Much attention was given to malignant and other remote pathological effects, including
the evaluation of the tumor risk in various areas of the body, as well as ways of applying animal data to man.

Some of the papers dealt with the treatment and prophylaxis of delayed effects, combinations of external
radiation with ingested radionuclide damage, and combinations of radiation with chemical compounds, the latter
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including carcinogens. Interest was aroused by new evidence on biological effects of 1251, 14C, 2%2Cf, 239py,
%sr, %%y, and H, along with information on delayed consequences in man from therapeutic use of radiation.

Research on delayed consequences and radiation risks constitutes a major division of radiation hygiene,
since it makes it possible to define measures for reducing morbidity and for prophylaxis of delayed effects,
‘as well as for the definition of scientifically sound recommendations on acceptable levels for various types of
ionizing radiation. The radiation damage responsible for delaiyed effects is persistent; structural and functional
changes occur at various levels in biological systems. A biological object after local or acute irradiation
shows an increase in the number of possibly pathogenic factors. Ionizing radiation is not only a carcinogen but
also may enhance the sensitivity of an irradiated tissue to other carcinogens. Radiation is therefore one of the
agents that enhance the blastomergenesis risk. Aleksandrov (Central Radiation Research Institute, Leningrad)
considers that the changes responsible for delayed radiation damage are of a potentially but not essentially ac-
cumulated to show that it is possible to offset some late effects. The view that the changes responsible for
delayed effects are only conditionally irreversible is the basis for the search for effective means of offsetting
such effects. ’

When ionizing radiation is combined with ultraviolet light, chemical carcinogens, or cancer viruses, it
it is usual to find that the carcinogenic effect is enhanced; it seems that this is due to the fact that all physical
and chemical agents of this type damage DNA and interfere with the repair mechanism. Combination of radia-
~ tion and carcinogenic viruses may mean that this damage can facilitate the incorporation of exogenous viruses
into genes or can activate endogenous oncogenic viruses. DNA damage is also important in radiation aging
(M. M. Vilenchik, Institute of Biological Physics, Academy of Sciences of the USSR, Pushchino).

" Improvements in radiotherapy techniques and the use of high-energy sources are constantly increasing
the numbers of cures of malignant tumors in various body areas. However, any radiotherapy patient requires
prolonged followup, since such patients constitute an elevated-risk group as regards radiation-induced cancer,
as was demonstrated by A. S. Pavlov et al. ©Oncology Center, Academy of Medical Sciences of the USSR, Mos-
cow). The main way of treating cancer of the uterine cervix, and the most effective one, is radiotherapy. The
specific conditions here are such that the small intestine is irradiated, and this gives rise to malignant tumors
and other changes 5-26 years after elimination of the cervical tumor. Extended research is needed on cancer
epidemiology for population groups in the USSR exposed to radiation on account of radiotherapy and diagnostic
procedures, as well as from the use of radiation sources in industry.

A major task of experimental research is to evaluate the tumor risk arising from various forms of ion-
izing radiation. This risk is dependent on the dose, the form of radiation, the area administered, and the dose
pattern. Radiation of high LET (@ particles or neutrons) as a rule has a much larger blastomergenic activity
than does radiation of low LET (8 particles, v rays, x rays).

Rats receiving y -ray doses of 100 or 200 R at various stages during fetal development (at 7, 14, or 19
days) show increased incidence and increased growth rates of various neoplasms in the early postnatal stages
and during adult life. The irradiated animals have more organs involved in the neoplastic process than do
controls, while tumors are induced that are rare or very rare in controls (leukemia, lung tumors, and bone
tumors, as well as mammary-gland tumors in males). There are no substantial differences in frequency and
spectrum for the tumors observed in animals irradiated at various stages (V. N. Strel'tsova et al., Institute of
Biological Physics, Ministry of Health of the USSR, Moscow).

Considerable practical significance attaches to observations on the occurrence of malignant tumors in
bone and lung when small amounts of transuranium elements enter the body. Experiments show that these
tumors arise only in long-lived rats, namely in ones whose life spans are greater than the average for the con-
trol rates. The cumulative doses to the lungs and skeleton in such animals have been 3-100 rd. It has also
been found that prolonged exposure to radiation of low LET results in a tumor risk less by a factor 2-4 than
that from a single exposure to a radiation of high LET giving the same total dose.

The participants stressed the need for periodic conferences of this type (every 3 or 4 years), which should
include contributions from researchers on viral and chemical forms of carcinogenesis.
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CORRECTIONS AND AMENDMENTS TO ICRP PUBLICATION No. 26

A, A. Moiseev

In January 1977 the International Commission on Radiological Protection (ICRP) approved the final word-
ing of the text of new recommendations in the realm of radiation protection (Publication No. 26), which ex~
pounds the principal concepts of the ICRP on this subject and presents recommendations concerning the choice
of optimal conditions for ensuring the radiation safety of professional workers and the population, and the or-.
ganization and implementation of radiation monitoring. The recommendations were published in Russian in the
USSR in 1978 (Radiation Protection, ICRP Publication No. 26. Translated from the English. Edited by A. A.
Moiseev and P. V. Ramzaeva. Atomizdat, Moscow (1978), 88 pp.). At a meeting in Stockholm, Sweden, in May
1978 the ICRP reexamined the recommendations presented in that publication and made the following statement.

Assessment of Radiation Risk. The risk factors whlchtthe Commission presented in Publication No. 26
(Sections 36-60) are based on the data of the ICRP Committee 1 on Radiation Effects. They are in agreement

with the data given in the scientific literature and Wlth information given in the 1977 report of the U. N. Scien-
tific Committee on Atomic Radiation.*

On the basis of a continuous, careful analysis of available epidemiological and radiobiological data on
the risk of the effects of ionizing radiation on man, the Commission believes that the data published up to May
1978 on these subjects do not provide a basis for a review of the numerical values of the risk factors, These

values are very realistic estimates of the effects of radiation at low annual equlvalent doses (within the limits
of the permissible equivalent dose recommended by the ICRP).

To estimate the probability of stochastic effects from the action of ionizing radiation, the Commission
(Sec. 105, Publication No. 26) recommends that weighting factors be used to sum up the equivalent dose in-dif-
ferent organs and tissues. The Commission noted that it did not propose to include the wrists and forearms,
feet and ankles, the skin, and the crystalline lens of the eye among the so-called "other organs." Therefore,
EWTHT should not be taken into account in the calculations., To preclude nonstochastic effects the Commission

recommends that the appropnate max1mum doses indicated in Sec. 103 be extended to these tlssues.

In assessing the damage due to the irradiation of various groups in the population, one must take account
of the low probability of deaths as the result of skin cancer caused by irradiation, e.g., in the case of the overall
irradiation of the skin with low-energy 8 radiation. In this case a risk factor value of 10-¢ should be used for

a dose of 100 rem. averaged overthe total skin surface of the body. This value will correspond to the coefﬁ-
cient W ~ 0.01. :

The maximum dose for occupational exposure, as established by the Commission for all persons working
with sources of ionizing radiation, are based on the average values of the risk factor for men and women. The
variations of the risk level to persons of both sexes and of various ages under irradiation, mentioned in Sec.

38 of Publication No. 26, are discussed in greater detail in Publication No. 27 "Problems Arising in the Elab-
oration of an Injury Index.” This publication also considered the principal data which formed the basis for the
selection, for Publication No. 26 (Sec. 60), of a mean value of the genetically significant fraction (0.4) for occupa-

tional exposure and the mean value of the risk factor for death from cancer (10~ rem‘i) for persons of both
sexes and vanous ages,

Effective Equivalent Dose. The Commission recommends that the sum EWTHT (see Sec. 104, Publlcation
No. 26) be called the effective equivalent dose (denoted by HE)

* This refers to the report of the U. N. General Assembly's Scientific Committee on the Effects of Atomic -
_ Radiation with the appendices "Sources and Effects of Ionizing Radiation.” United Nations Organization, New
York (1978). The report was published in English, Russian, French, and Spanish,

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 291-292, April, 1979.
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Some Changes in the Wording of the Text of Publication No. 26. The Commission believes that the follow-
ing changes inthe wording of Publication No. 26 will permit the sense of the recommendations to be expressed
more clearly.

Section 38. The fourth and fifth sentences should read:

"Therefore, for the purposes of protection one and the same value of the maximum effective equivalent
dose can be used with sufficient accuracy for all workers, regardless of age and sex, This value is based on
the mean values of the risk level, given below for various organs or tissues."

Section 79. The first sentence should read:

"The maximum values of the equivalent dose established by the Commission for workers are intended
for estimating the sum of the equivalent dose due to external radiation accumulated over a one-year period and
the expected dose due to the entry of radionuclides into the human body in the course of that year."

Section 79. The followir{g shohld be added at the end of this section:

"Similar prmcnples underhe the use of maximum equivalent doses established for individuals from the
population.”

- Bection 89. In the third sentence delete "... intended for the use of the management in planning, and,
therefore..." Further as in the text.

~ Section 93. In the first sentence delete "...intended for the purpose of planning and ..."
 Section 107. The end of the last sentence should read:

"...notably, the maximum depth and surface dose indices Hy 4 and Hi,g (see Sec. 108) and PGP (see Sec.
109). ' ‘ '

Section 108. The last part of the first sentence should read:

", . . it is possible to estimate the maximum value of the equivalent dose which will be produced at a
depth of 1 cm or more in a sphere of diameter 30 cm (depth dose index Hy,q)." Further as in text.

Section 108, The following should be added at the end of the paragraph:

"Moreover, the equivalent surface dose index (the maximum value of the equivalent dose in a layer at a
depth of 0,07 to 10 mm in a sphere of diameter 30 cm) should not exceed 500 mZv to ensure the protection of
skin covers. The annual equivalent radiation dose for the crystalline lenses of eyes with such limits for the
indices of the equivalent depth and surface doses should in practice not exceed 300 mZv,”

Section 110. This section should have the following wording:

"With a combination of external and internal irradiation the dose limits recommended by the Commission
will not be exceeded if the following two conditions are satisfied simultaneously:

Hy ofHg, o+ X U1, 1) <1 and Hy JHy <1,
7

where Hy,q and Hy g are the annual indices of equivalent depth and surface doses, respectively, Hg ,L 18 the
annual hmlt of the effective equivalent (50 mZv), Hsk 1, is the annual limit of the equivalent dose for skin (500
mZv), ; is the annual l.ntake of radionuclide j, and IJ L is the annual limit of the intake of radionuclide j.

Section 113. The second sentence should be worded as follows:

"In such cases external irradiation and the intake of radioactive substances into the human body may be
permitted provided that the sum of the equivalent dose from the external irradiation and the expected equiv-
alent dose due to the intake of radionuclides into the body does not exceed the corresponding doubled annual
limit for any single event and not more than five times for the entire lifetime."

Section 187. In the first statement the term "limits of equwalent dose" should be replaced by the
term "system of dose limitation."”

Section 238. In the last sentence the third line should read:

"...articles of mass consumption, they were studied or monitored..." Further as in text.
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SCIENTIFIC —TECHNICAL RELATIONS

CONTROLLED FUSION RESEARCH IN FRANCE

G. A, Eliseev

A delegation of the USSR State Committee on Atomic Energy visited France in Nov.-Dec. 1978, in order
to study the present state of research on controlled thermonuclear fusion withinthe framework ofthe long-term
Soviet—French program of scientific and technical cooperation. During the visit the delegation saw the thermo-
nuclear laboratories at the scientific centers in Fontenay-aux-Roses and Grenoble of the Commissariat &
1'Energie Atomique of France and the plasma theory and physics laboratories of the Ecole'Polytechnique. The
delegation became thoroughly acquainted with experiments based on the main thermonuclear devices and stands
and the prospects for the further development of work on controlled thermonuclear fusion in France. Some
aspects of the organization of joint work in forthcoming years were discussed.

The Department of Plasma Physics and Controlled Fusion at Fontenay-aux~Roses comprises more than
200 workers. Half of them are on the staff of the TFR facility. Moreover, there are laboratories (groups)
working on plasma theory, ion sources, and methods of rf heating of plasma, as well as a group engaged in de-
signing the next generation of TORUS II tokamaks. About 40% of the department budget is provided by Euratom.

The TFR facility is a classical tokamak with a circular cross section and closed iron core (major torus
axis 98 cm, maximum magnetic field at chamber axis 6 T), The facility was put into service in 1973 (the TFR-
400 modification). In this version, the chamber had a copper shield inside it and the current in the plasma was
400 kA, The TFR-400 was used for experiments on heating plasma by the injection of beams of fast atoms at
small angles; ion temperatures exceeding 2 keV were attained during these experiments. In 1977, the facility
was reconstructed to become the TFR-600 modification. The copper shield was eliminated, its function of
ensuring the equilibrium of the plasma column now being performed by a system of external feedback conduc-
tors. The inner diameter of the chamber was increased from 30 to 50 cm. The cross section of the iron core
was also increased, thus making possible operations with a current of up to 600 kA in the plasma. Because of
the imperfections of the feedback system, however, the maximum current has thus far not surpassed 300 kA.
At the present time the power and speed of the feedback system are being increased, which will apparently make
it possible to increase the current in the plasma to the design value. Inconel was used as the material for the
TFR-600 chamber. The chamber cleansing technology (heating plus Taylor discharge) was optimized. As a
result it was possible to substantially reduce the impurity content in the plasma. Thus, under conditions with a
discharge current of 250 kA at a mean plasma density n ~ 7 - 1083 cm™ the effective charge Zeff does not ex~
ceed 1.2-1.5. The energy lifetime of the plasma in this case is about 25 msec.

Two injectors have been set up in the TFR-600 at the present time and each has five duopigatron ion
sources arranged vertically, Because of the change in the design of the connecting pipe of the chamber it was
possible to increase the injection angle to 15°. The sources were tested under operating conditions with 40 keV,
10 A, which warrants the assumption that a stream of fast atoms with a power of P1,~ 1.5 MW (witha pulse
duration of 50 msec) can be introduced into the plasma. At present it is operating at 20 keV and 5 A with Py, =
600 kW. It has been established that the ion temperature of the plasma rises in proportion to Py,. It is ex-
pected that with the injection operating at full power (P, = 1.5 MW) an increment of ATj ~ 2.5 keV will be ob-
tained in the ion temperature.

The TFR is to undergo another reconstruction to permlt further development of the injector program.
The main objective of this modification (TFR-604) will be to study plasma equilibrium and stability with tan-
gential injection in the ion-temperature range up to 5 keV. By replacing several coils in the solenoid of the
toroidal magnetic field and some alterations to the chamber, eight beams of fast atoms with a total power of up
to 4 MW are to be introduced into the plasma tangentially to the axis of the plasma filament. Ion sources of
the periplasmatron type, each with a power of 0.5 MW, have already been developed for these injectors. A 1-
MW source of this type, is being developed for JET, which is under construction in Gt. Britain. The project
for the TFR-604 modification has been drawn up but its implementation will not begin before the end of 1980.

Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 292-294, April, 1979.
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Fig. 1. Tokamak TFR-600 (France).

Traditionally, much attention has been paid in Fontenay-aux-Roses to rf methods of plasma heating. An

experiment on ion-cyclotron heating of a mixture of deuterium (80-90%) and hydrogen (10-20%) was carried out
“on the TFR-600. The plasma had 200 kW of rf power fed into it at double the ion frequency for deuterium. The

average plasma density was (2-3) - 1088 cm™3, the magnetic field was 4.3 T, the rf-generator frequency was

66 MHz, and the rf-pulse duration was 20 msec. The average ion temperature rose from 600 to 800 eV. The

electron temperature was also observed to rise, by AT, ~ 400 eV. No satisfactory explanation has as yet been
- provided for this effect. The power injected into the plasma is to be raised to 500 kW in 1979 and 3 MW in

1980. Plans for rf plasma-heating systems for the large-scale tokamaks JET and TORUS II are being drawn

up in parallel.

The Plasma Theory Laboratory at Fontenay-aux-Roses has a staff of about 20. Attention is being fo-
cused on the development of an adequate theoretical model for tokamak plasma (as supplied to TFR). The nu-
merical code MAKOKOT has been constructed and continuously improved on the basis of this model. Long-
term research has recently been given comparatively less attention, but in this case as well results of a very

_high caliber have been attained. ' '

Investigations are being actively pursued on various methods of rf plasma heating in the Ionized Gases
Laboratory at the Nuclear Research Center in Grenoble. Some 60 scientific workers and engineers work in the
laboratory, many of them being specialists from the Institute of Plasma Physics at Garching (German Federal

" Republic). Research is be'ing done on plasma heating by magnetic time-of-flight magnetic pumping (TTMP),
by Alfvén, ion-cyclotron, and electron-cyclotron waves, as well as at a low-lying hybrid resonance (LH). The
laboratory has in recent years concentrated its efforts on the development of LH- and TTMP-methods of plasma
heating. Experiments are being conducted on two intermediate-sized toroidal machines, the tokamak PETULA
and the tokamak-stellarator WEGA. I PETULA the ion temperature was raised from 200 to 250 eV (average
plasma density (1.2-4) - 1013 cm=%) by TTMP heating at a frequency of 150-200 kHz and an rf-power level of 16
kW. The machine is used to study rf heating in the region of low-lying hybrid resonance. Up to 125 kW of rf
power at 500 MHz is delivered to loop antennas placed inside the chamber, The ion temperature rises in pro-
portion to the rf power without reaching saturation under the conditions of the experiment. Projects are being
elaborated in Grenoble for high-power units for rf heating by the TTMP and LH methods for the JET and TORUS
II tokamaks; their construction will obviously depend on the results of experiments on increasing the efficiency
with which the rf energy is utilized. For this purpose, in particular, it is proposed to reconstruct the PETULA
and WEGA machines, Note should also be taken of the work being done in Grenoble on a steady-state source of
deuterium atoms and a source of negative ions with recharging of a xenon target.
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It was with interest that the delegation became acquainted with the plasma physics research conducted at
the Ecole Polytechnique, the oldest school of higher education in France engaged in training specialists in science
and engineering. A new complex with well-appointed laboratories was recently built for it 30 km from Paris,
Plasma physics research is being done in the Laboratory of the Physics of the Condensed State, which has some
50 specialists on its staff. The principal areas of work are: nonlinear waves in turbulent plasma, the inter-
action of high-power laser radiation with dense plasma, the formation of negative ions, etc, The Laboratory
has several experimental plasma apparatuses, including the Q-machine GALIE and EPAL, the PARADIE ap-
paratus with a magnetic multipole grid, a generator of relativistic electrons with parameters of 500 keV, 125
kA, and 60 nsec, as well as a CO, laser with a beam energy of 15 J. Some work is being done under a contract
from the Commissariat a I'Energle Atomique of France. The apparatuses are provided with modern diagnostic
equipment to an even greater extent (this is characteristic of the thermonuclear laboratories at Fontenay-aux-
Roses and Grenoble). The theoretical laboratory of Prof. G. Laval has been working successfully on problems
of the hydromagnetic stability of plasma and simulation of the compressnon of the plasma sheath.

The prospects of further development of research on controlled thermonuclear fusion in France are linked
today with the construction of a national thermonuclear center in Cadarache. In particular, this is to be the
site of a tokamak of the next generation, TORUS IL. The plans for this facility have been drawn up at Fontenay-
aux-Roses, The principal parameters of TORUS II SUPRA are: major radius of torus 2.25 m, minor radius
0.75 m, magnetic field at axis 4.5 T, current in plasma 1.7 MA, and duration of current plateau 10 sec. The °
facility will have a superconducting magnetic system with NbTi superconductor cooled to 1.8°K. Superfluid
He Il will be used as the coolant. The maximum field in the superconductor will be 9 T. A model of the coil
on a scale of 1:2 has been built for strength and cryogenic tests. The complex for supplementary plasma heating
includes a system for injecting fast atoms with a power of more than 10 MW and an rf-heating system with a.
total power of 5-6 MW. The expected plasma parameters: ion temperature 5 keV, density 5-10 cm—3, and

energy lifetime 0.1-0.2 sec. It is envisaged that TORUS II will be put into service in 1983-1984. The final de-
cision on the construction will be made in July 1979,

The reception given the delegation was well organized by the French and took place in a businesslike and
friendly atmosphere. :
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BOOK REVIEWS

NUCLEAR REACTOR THEORY, VOL. I*

S. M. Feinberg, S. B. Shikhov,
and V. B. Troyanskii

Reviewed by V. N. Artamkin

It is useful to quote from the preface to the book by two of its authors: "The textbook 'Nuclear Reactor
Theory' is based on a course given by Professor Savelii Moiseevich Feinberg over a period of 30 years at the
Moscow Engineering Physics Institute.... We tried to preserve the manner of presentation and the essential
features of the original manuscript of Savelii Moiseevich Feinberg and we hope that this textbook will to some
degree fill the void caused by the death of its author, who is remembered with great sentiment by a large number

“of former students of the Moscow Engineering Physics Institute who attended his lectures and teachers who
learned from those lectures.” Familiarity with the book warrants the statement that the objective has been
achieved. The book can be perfectly justifiably considered a weighty contribution of Savelii Moiseevich to
Soviet reactor engineering for which he did so much in his lifetime. The coauthors of the book (S, B. Shikhov
and V. B. Troyanskii) have managed in the pages of the book to recreate the style and line of thought of the
course given by S. M. Feinberg, who focused his attention on the comprehension of the physical foundations of the
processes considered.

Most of the books published in recent years on nuclear reactor theory assume the use of computers to
realize the algorithms considered and this reflects a manifest tendency to exclude analytical methods from the
practice of nuclear reactor design, methods whose role at all stages of the design process can scarcely be
overestimated. Against this background the book under review differs favorably not only by its detailed descrip-
tion of the traditional methods of reactor physics but also by its graphic demonstration of the capabilities of
these methods in the consideration of some physical prossess orother. The book will undoubtedly be conducive
to the development of appropriate habits in students and young specialists. It is to them that this book is pri-
marily addressed.

Bearing in mind that this book is a textbook, we must particularly emphasize the clarity of exposition,
accuracy of formulation, and the now classical consistency. The text has been conveniently divided according
to degree of importance (main text, text in fine print, and appendices to each chapter). Note should be taken
of the large number of well-chosen exercises, a large proportion of which have detailed solutions.

There are some slips, however. Although the terminology employed in the book does, on the whole, con-
form to the established usage, the deviations that do appear are hardly justified. Thus, the equilibrium spec-
trum of reactor neutrons should not have been referred to as "fission spectrum® (p. 18), especially since almost
right after that (p.-22) the "fission-neutron spectrum® is construed in the usual sense. For some unknown rea-
sons the nuclear fuel which remains in a reactor at the end of a run is called the critical mass (Exercise 1 on
p. 379). The same exercise gives a definition of the conversion ratio which not only contradicts the definition
introduced earlier (p. 364) but also runs counter to common sense (the conversion ratio cannot have the dimen-
sion of time!). Unfortunately, ambiguous statements can also be found. Thus, on p. 337 contrary to Eq. (8.1.20)
the book states that "neutron capture by fission fragments is not taken into account® (in actual fact what is
meant is that in the approximation under consideration the concentration of fission fragments does not change
under absorption of neutrons by these fragments). A dubious recommendation is given on p. 54: if the reac-
tivity (of a critical reactor) is to become positive, it is necessary to "move the rod to position 2 in which the
neutron flux is smaller." Such action will assuredly lead to the desired result only if a point absorbing element,
(there are no such elements, alas) and by no means a rod, is used, not to mention the fact that for a rod of
finite dimensions the concept "flux in position 2" (or any other position) requires definition. It is difficult even
for a well-prepared reader to imagine what is meant when an enumeration of isotopes found in raw materials
has the words "and so forth" after 2%2Th and 23U (p. 18).

* Atomizdat, Moscow (1978). _
Translated from Atomnaya Energiya, Vol. 46, No. 4, pp. 294-295, April, 1979.
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Typographical errors have not been avoided. Thus, the screening factor (7.3.3) for a slug has been re-
produced incorrectly. This is all the more disappointing since the authors omitted the entire derivation (p. 291)
so that not every student will know how to reproduce it. Generally speaking, the authors should not give all the
derivations. References to materials which are inaccessible to the students, however, are scarcely justified;

e.g., a reference to the general theory of Feller (p. 110).

The trifling details mentioned above are unavmdable flaws in the creation of a textbook such as that re-
viewed here. Nevertheless, it is appropriate to express the hope that the second volume prepared for publica~
tion by the authors will, while preserving the advantages of the first volume, be as free as possible of these
errors which separate a good textbook from a very good one.

COURSE OF FUNDAMENTALS OF NUCLEAR ENGINEERING
IN AGRICULTURE*

V. V. Rachinskii

Reviewed by R. A. Srapenyants

The book under review expounds in rigorously scientific style the theoretical and methodological funda-
mentals of nuclear engineering in biology and agriculture. The first edition was published in 1974 in a quite
limited printing. Therefore, the second edition in a large printing is a welcome event at a time when the de-
mand for scientific and educational-instructional literature on the use of isotope and radiation techniques in
agriculture has not waned.

In the general part the author presents the theoretical foundations of radiation physics, radiometry, and
dosimetry of ionizing radiation, isotope chemistry, general radiobiology, and health physics. The second,
specialized, part of the book is of an applied character. It gives the methodological fundamentals of the applica-
tion of isotope and radiation techniques in biological research, in agrochemistry, soil science, and ameliora-
tion, mechanization, and electrification of agriculture. The author devotes particular attention to agricultural
radiobiology and radiology (radiation protection in agriculture). The exposition is logical, and is written in
rigorously scientific language, without vulgarisms and simplifications. The book points out that nuclear en- "
gineering is a new, still little-used resource for the intensification of agriculture. In addition to this and in
combination with mechanization, chemicalization, and amelioration, nuclear engineering provides enormous

potentialities for intensification of all branches of agriculture, including individual stages of agricultural tech-
nology.

The new edition brings slight termihological corrections and gives numerical data. The author has re-
written the chapter on health physics in view of the introduction of new standards for radiation safety (NRB-76).

The chapter on agricultural radiology has been supplemented with valuable material about the radiation en-
vironment in the country.

In the next edition the author might be advised to devote more attention to the presentation of nuclear-
physics methods of ultimate analysis of agricultural objects. Substantial changes are now occurring in radio-
metric techniques., Microelectronic and minicomputer techniques are being introduced on a broad scale. Radio-
metric techniques are being automated. It is therefore necessary for specialists working in the field of applied
isotope techniques and biology in agriculture to become familiar with the new technology.

The second edition of this book by an eminent specialist on nuclear engineering in agriculture will un-
doubtedly be welcomed with great interest.

* University textbook, Second, revised and enlarged edition. Atomizdat, Moscow (1978).

Translated from Atomnaya Energiya, Vol. 46, No. 4, p. 295, April, 1979,
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An rnternatlonal medium for the rapid publication of the latest developments in mathematics. thls new quarterly keeps ' |

* western-scientists abreast of Both _practicdl and theoretrcal conflguratrons Among the many areas reported on in depth .
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“NEW RUSSIAN JOURNALS

IN ENGLISH TRANSLATION

'BIOLOGY BULLETIN

. lzvestiya Akademii Nauk SSSR, Seriya Biologicheskaya

«+ The biological proceedlngs of the Academy of Sciences of

“the USSR, this prestigious new bimonthly presents the

_work of the-leading academicians on every aspect of the life
sciences—from micro- and molecular biology to zoology,
physiology, and space medicine. :
Volume 5, 1978 (6 issues). . . . .. e .- - - $175.00

SOVIET JOURNAL OF MARINE BIOLOGY

Biologiya ' Morya /

Devoted solely to research on marine organisms and their
_ activity, practical considerations for their preservation; and

reproduction of the biological resources of the seas and

oceans. . .

Volume 4, 1978 (B igsues). . ... ... .......... $95.00

WATER RESOURCES .

Vodnye Resursy

\Evaluates the water resources of specific geographical areas
throughout the world and reviews regularities of water re-
sources formation as well as scientific principles of their
optimal use. .

Volume 5, 1978 (6issues). . . . . ............ $190 00

« HUMAN PHYSIOLOGY

Fiziologiya Cheloveka

A new, innovative journal concerned excl/usively with theo-
retical and applied aspects of the expanding field of human
physiology.

Volume 4, 1978 (6 issues). . . . . D G $175.00'

SOVIET JOURNAL OF BIOORGANIC CHEMISTRY

; Bioorganicheskaya Khimiya

Features articles on isolation and purification of naturally
occurring, biologicaily active compounds; the establishment
of their structure, methods of synthesis, and determination
of the relation between structure and biological function.
Volume 4, 1978 (12issues). <. . . . .. .o cv vt $225.00

. . t
SOVIET JOURNAL OF COORDINATION CHEMISTRY
Koordinatsionnaya Khimiya

Describes the achievements of modern theoretical and
applied coordination chemlstry Topics include the syn-
thesis and properties of new coordination compounds;

reactions involving intraspheral substitution and transforma- °
* tion of ligands; complexes with polyfunctional and macro-

Send for Your Free Examination Copy

_ gale problem.

motlecular ligands; complexing in solutions; and kinetics
and mechanisms of reactions involving the partlmpatlon of
coordination compounds. .

Volume 4, 1978 (12issues) .. . ... ..... e $235.00

THE SOVIET JOURNAL OF GLASS PHYSICS

AND CHEMISTRY
Fizika‘i Khimiya Stekila

Devoted to current theoretical and applied research on three
interlinked problems in glass technology; the nature of the
chemical bonds in a vitrifying melt and in‘glass; the struc-
ture-statistical principle; and the macroscoplc properties
of glass.

Volume 4, 1978 (6issues). . . .. .o iv v e $125.00 °

LITHUANIAN MATHEMATIGAL JOURNAL

Litovskii Maternaticheskii Sbornik N

An international medium for the rapid publlcatlon of the
latest developments in mathematics, this quarterly keeps.
western scientists abreast of both practical and theoretical
configurations. Among the many areas reported on in
depth are the generalized Green's function, the Monte
Carlo method, the “innovation theorem,’” and the Martin-

Volume 18, 1978 (4 iSSUes) « v v v v v evmvn - $150.00

PROGRAMMING AND COMPUTER SOFTWARE

Programmirovanie

Reports on current progress in programmmg and the use of
computers. Topics covered include logical problems of
programming; applied theory of algont@s control of com-
putational processes; program organization; programming
methods connected with the idiosyncracies of input lan-
guages, hérdware, and problem classes; parallel programm-
ing; operating systems, programming systems; programmer
aids; software systems; data-control systems; 10 systems;
and subroutine libraries.

~Volume 4, 1978 (6 issues). . . . . e .. ..$95.00

SOVIET MICROELECTRONICS

Mikroelektronika

Reports on the Jatest advances in Solutlons of fundamental'
problems of mlcroelectromcs Discusses new physical
principles, materials, and methods for creatlng components
especially in large systems, .

Volume 7, 1978 (B issues). . . ... ........... $135.00

PLENUM PUBLISHING CORPORAT.,ION, 227 West 17th Street, New York, N.Y. 10011
. in ‘United Kingdom: Black Arrow House, 2 Chandos Road, London NW10 6NR, England

Prices slightly higher outside the U.S. Prices subject to change without notice.

Declassified anld ApproI/ed For Release 2013/02/12 : CIA-RDP10-02196R000800010004-2




