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ARTICLES

QUANTITATIVE ESTIMATION OF NUCLEAR SAFETY

B. P. Shishin ' , UDC 621.039.58

Ensuring nuclear safety of a critical stand or nuclear reactor, i.e., preventing un-
controlled increase in the breeding coefficient of neutrons in a breeder system above umity,
presumes the solution of a series of technical problems: the development of special control
and protection systems, training of staff, and the production of documentation coordinating
and limiting the functional activity of the staff and systems of the equipment. The de-
signers, users, and inspection personnel must evaluate the nuclear-safety level of nuclear-
physics equipment in the same way. In such conditions, it is important to formulate and
employ objective methods of estimation as an instrument of analysis, as.a supplement to
the Rules of Nuclear Safety. In the present work, .the possibility of quantitative estima-
tion of the nuclear safety of apparatus, primarily critical stands, is demonstrated; it is
reduced to the problem of analyzing the reliability of functioning of the systems and ele-
ments of the equipment, using the apparatus of mathematiqal-lbgic and probability theory.

The nuclear installation takes the form of an active region in combination with systems
for emergency protection, flooding the active region with water, parameter monitoring, etc.
The service personnel are regarded as one of the elements of the systems. Each system con-
sists of elements (sensors, valves, tubes, mechanisms, etc.), which may be in one of several
poss1b1e states (operatlve inoperative, emergency, etc. ).

The set of states of the elements determines the set of states of the system, which, in
turn, are components ofthe set of states of the installation. The states if the elements
may be taken in accordance with some value of the probability, i.e., the relative proportion
of time in which the element is in a particular state. Transition of the system from one
state to another in the course of the operating time is also characterized by a probability
[1]. . Emergency states of the installation correspond to some probability value, which is
a measure of the "nuclear hazard," while its inverse is a measure of the "nuclear safety."
Estimation of these quantities is an important problem of nuclear safety. Nuclear emergency
of the installation may be regarded as the intersection of two events: the nuclear installa-
tion is in a supercritical state, and increase in the nuclear flux above a specified limiting
value in the active zone does. not trigger the emergency-control (EC) devices.

The probability of nuclear emergency & (NE) is written in the form

& (NE.) =5 (p > 0) q (EC), \ (1)

-where & (p>>0) is the probability of a supercritical state of the reactor; p is the reac-
tivity of the reactor; q(EC) is the probability of EC failure. The probability & (p > 0)
consists basically of two components. One &, q):>0) is determined by the operating program.
In the course of this program, the reactor is sometimes in subcritical, critical, and super~
critical states. The probability that the reactor will be in a supercritical state may be’
estimated if the operating program and ‘the methods of its implementation are known. The
second component &, (p>0) is determined by random unplanned processes in reactor control,
when it becomes supercritical as a result of operator error or by breakdown or loss of func-
" tioning in the systems of the installatlon (systems of moderator and fuel filllng, control
and safety system, etc.).

The probability of failure of the emergency-control system q(EC) is determined by the
-specific logic circuit and elements of the installation. If a limiting value of the nuclear-
emergency probability is specified, then variation of the values of & (p>0) and q(EC) is
permitted. The nuclear-safety level may. be increased by decreasing the probability that the
reactor will reach a supercritical state and increasing the reliability of operation of the
EC system.

Translated from Atomnaya Energlya, Vol. 56 No. 5, pp. 275-277, May, 1984. 'Originai
article submitted July 6, 19832, :
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Fig. 1. Dependence of the
~ probability of the reactor
state on the reactivity.

Fig. 2. System for flooding CP w1th
: water.

In the present work, an example of estimating the nuclear safety of a critical stand
(critical pile with a water moderator, a system for flooding with water, and a control and
safety system) is considered, when experimental programs assocated with the attainment of a
supercritical state are employed, with possible disruption of the functioning of the water-
flooding system and EC failure,

Estimating % (p > 0).

It is assumed that the critical pile (CP) in the flow of working mixture first moves
from a deep subcritical state (p<< — 10p) to a weakly subcritical state (p= — B) , and then
from this state moves periodically to a supercritical state with a reactivity not exceeding
p = P/4 ., -Such experiments are usually conducted with measurements of the differential re-
activity. After the experiments, the CP is in a subcritical state. The characteristic de~
‘pendence of the probability of the reactor state on the reactivity > Po . for such exper-
iments is shown in Fig. 1. When pp =0 , which corresponds to a supercritical CP, the pro-
bability of this event is ~0.1.

Estimating -3, (p > 0).

A subcritical reactor may become supercritical as a result of disruption of the normal
functioning of the system for flooding the CP with water. The maximum scale of emergency
corresponds to instantaneous uncontrollable flooding. The length of the process may be taken
into account at the stage of more detailed computations.

In normal conditions, the system (Fig. 2) operates as follows. Water from reservoir 1
is fed by pump 2 to be branch 3-7 or the branch 4-5-6-7, depending on which valves are open
(the pump and valves are controlled by the operator). With a deep subcritical state
(p<—#H8) , and the need for fast flooding of large volumes, branch 3-7 is used. The other
branch is used for the dosed flooding of the CP in near-critical states (0>p> —f) . The
flooding process occurs in two stages here: with valve 4 open and valves 3, 6 closed, volume.
5 is flooded; them pump 2 is switched off, valve 4 is closed, and valve 6 is opened, to re-
lease the water into CP 7,

Emergency flooding of the CP with water occurs as a result of operator error or technical
faults in the following cases: :

a) when pump 2 is operating, valve 3 is opened in subcritical conditions p<:-—-ﬂ (in
normal use, valve 3 is regarded as closed when p> —-ﬁ),

b) when valves 2 is operating, valves 4 and 6 are opened with subcritical conditions
0>p>—-[5 H

288 , _ o |
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- Fig. 3. Emergency-control system

c) with the pump inoperative and intermediate volume 5 filled valve 6 is opened with
subcritical conditions 0;>p:>——ﬁ .

'In all emergenc1es, control is lost above the valves. In the approximation of "instan—
taneous flooding," no correction of the operator error or repair of the equipment is assumed.

The glven emergency corresponds to the follow1ng expre551ons for the probabillty of
~ emergency flooding of the critical pile with water -

P, (p>0)=pip;pr (p<—B): | (&)

Py(p>0)=p} (p} +P7) P;p1(0=> p=> —B); _ (3
L Ple>0=piplaipip 0>0>—B). | G

Here pt, Pz are the partial probabilities of the states of element 2 (the pump): operating
or not operating, p;, pi, py are the same parameters for valves with i = 3, 4, 6 closed,
-open with normal functioning, and open as result of operator error or fault; pt, ps are the
probabilities for element 5 (intermediate volume): filled, not filled; p, is the partial
probability of the state of the CP (element 7) with-respect to the reactivity parameter;

- pr (p << — B) —corresponds to a CP reactivity of less than - and p; (0>p> — B) to a
@rwuﬂﬁymthrm%0>p>—ﬁ .

In the given experimental program, the pump may operate for 10% of the operating time
in the shift. In this case, ptf = 0.1 and p7 = 0.9. The valves are open in normal use for
approximately 5% of the time; thus, p} =~ pi ~ p{ ~ 0,05, and Pl pi~pi=~09 . The volume
5 is in the filled state for 90% of the operating time; for 5% of the time, it is empty, and
pathway 2-3-7 is used; and for 5% of the time it is filled through valve 4; thus pf = 0.90.
The probability of operator error ps may reach O. 02 {2, 31.

The probability of failure of the valves and other components of the hvdrosystem ‘in the
course of the working shift is approximately 10-“-10-% [4-7].

The probability that a valve opened as a result of operator error remains:open is p¥p3=
0.05°0.02=10">, where i = 3, 4, 6 ~ This quantity may be denoted by pj, the probability of
random opening of the valve. ' < : :

: The probabllity pr that the reactor will be in states with p< — B, according to Fig.
1, is ~0.8, while in the range 0 >p> —f , it is approximately 0.1l. 1In such conditions,
the probability of random emergency flooding of the CP with water is estimated as :

Py (p>>0) = py+ Pyt P =8-10°45-107
4-8-10=1,6-10"*.
Estimating q(EC) .

‘In the given example, it is assumed that the EC system (Fig. 3) has two power-measure-
ment channels (1-2 and 3-4), a reactivity-measurement channel (5-6), two groups of EC work-

- ing components, (8 and 9), elements of manual (10) and automatic (11) regulation, and a

compensating unit 12. Sensors 1, 3, 5 send signals to the comparative instruments 2, 4, 6.
"~ When the signal exceeds a specified level, it is fed to commutating device 7, resulting in
the triggering of all the working elements of the safety and control system (8-12).

Failure of the EC system may occur in the case of failure of the following system ele-
ments: 1 or 2, 3 or 4, 5 or 6, or even element 7, or element 8-12. The expression for the
289

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040005-3




Declassified and Approved For Release 2013/09/14 : CIA-RDP1 0-02196R00030004000_5-3 _
probability of sucn an event is written in the form

q(EC)= || @i+ qie) + 0+ ﬂmqn _ ®)

1,3,5

where qi 1is the probability of failure of the i~th element in the system; I is the product
sign. _

The failure rate of the radioelectronic equipment, its components, the relays, drives,
electric motors, is 10~ —10‘6 h~' [5-7]. The failure probability of such equipment in the
course of a workingshift is 10-°-10~°, ' According to Eq. (5), the probability of EC-system
failure in this case is approximately 1073-10~®*. For nuclear power plants, the approximate
failure rate of the control and safety system is a few times 10-* n=* [5, 7].

Probability of Nuclear Emergency

The probability of nuclear energency in experiments associates with attainment of a
supercritical state by the reactor, in the case of possible disruption of the functioning of
the flooding system and RC system is calculated from Eq. (1) with

with the values of «P1(03>(»w?z(03>(» , and q(EC) determined above, the probability of
such an emergency is P (NE) = 10—“-10-°.

The maximum contribution comes from AC failure in planned movement of the reactor to
a supercritical state in the course of the experiments. The next most probable emergency is
associated with erroneous release of water from volume 5 and emergency discharge through
channel 3-7 (Fig. 1). If % (NE) is the probability that there will be an emergency 'in the
- course of a single operating shift, the probability of such an emergency in the course of a
year (100 operating shifts) is 10-?-10-“., A similar analysis may be conducted with respect
to other nuclear-lnstallation systems. ’ ' '

The development of quantitative methods of estimating nuclear safety will facilitate
the adoption of more accurate solutions and the reduction in material costs in ensuring the
safety of nuclear—physics installations.
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'EMISSIONS OF °°Co, '*°™Ag, AND ®“Mn AT THE ARMENIAN
NUCLEAR POWER PLANT, AND THEIR CONTENT IN THE

SURROUNDING ATMOSPHERE

" E. S. Saskov, A. A. Avetisyan, = UDC 551.510.721.614.73
and K. I. Pyuskyulyan ’ : '

Six years of operation of the Armenian nuclear power plant (NPP) with a VVER-440 led to
an increase in the contribution of radioactive corrosion products, in particular °°Co, ''°Mag,
and *“Mn, to the total activity of the gas—air mixture discharged into the stack (Table 1).

According to the data for January-September, 1982, these radionuclides contributed 57% of the

total activity of the long-lived aerosols discharged into the atmosphere, neglecting *3'I.

.. Consequently, the yearly emission of long-lived radioactive aerosols is due largely to ra-
o dioactive corrosion products.

The 6°Co énters the coolant from abrasion resistant alloys containing this eélement

- (pump bushlngs, control and safety rod actuators, etc.), and from austenitic stainless
steels. The *“Mn comes from the same structural materials, and the ''°Ag from the silver .
~in alloys used in the thermoelectric heater of the volume compensator and control devices.

. Most of the radioactive corrosion products are deposited on the inner walls of the

"'primary loop system. As a result of changes in the coolant velocity and temperature and the

water-chemical condition during transient operation there is a change in the relative amounts

- of corrosion products deposited on the walls of the equipment and in the coolant; during

shutdown the amount of ammonia and boric acid in the primary loop is increased. Thus, it
was determined that.with a drop in power the specific activities of ®°Co, ''°MAg, and *“Mn
at the Kola NPP increased by factors of 50, 80, and 110 respectively. According to data in

- [2], about 25% of the corrosion products in the coolant are in the form of large particles,

about 75% are colloid, and the ion fraction is less than 1%. The concentrations of the
nuclides mentioned reach a maximum in ~46-48 h after a drop in power. Then the specific
activity decreases, and the coefficient of precipitation of radioactive corrosion products

becomes an order of magnitude smaller than that obtained under steady reactor operation [1].

In view of this, one should expect that during reactor startup and shutdown the emission

of radioactive corrosion products would be appreciably increased. Using the daily measure-
ments of the total activity of the discharge of long-lived aerosols during tlie period of
planned preventive maintenance on the first block of ‘the Armenian NPP, we plotted a graph
(Fig. 1) of the time variation of the activity of the discharge. The figure shows that

.- during cooling, hydraulic testing, and:reactor startup, the total activity of the discharge
_increase sharply. The same conclusion can be drawn from spectrometric analysis (Table 2).

TABLE 1, Contribution of Radionuclides to
Total Activity of Dlscharge of Long—leed
mmmm,% ‘

Period : “f;Co Homy 54Mn
1978 R RS
Ianuary-Sepuember 1982 | 12,0 14,0 | 5,0

Translated from Atommaya Energiya, Vol. - 56, PP. 278—280 May, 1984. Original article
submitted September 20, 1983.

0038-531X/84/5605-0291508.50 ® 1984 Plenum Publishing Corporation 9
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Fig. 1. Total activity of discharge of
long-lived aerosols into the stack during:
I) cooling; II) unpacking main joint,
opening volume compensator; III) refueling;
IV) hydraulic testing, output at power.

TABLE 2. Rate of Discharge of Radionuclides
in 1982 107 Bq/month

Period e Homy,, A1Mn
January 1,65 1,30 0,69
February o 3,43 | 3,20 1,30
March 2,60 1,42 0,84
April . _ 20,80 6,75 7,22
May : 7,45 7,22 - 2,37
June ’ 520 | 7,58 1,78
Jul . 4,00 1,85 13,02
August .02 2,96 -0,91
September . . 1,66 1,5 0,71

TABLE 3. Concentration ofi Radionuclides
in Air at 1 km from NPP in 1982, 10~8

' Bq/liter
' Period, _ sico Hompg 54Mn
13t quarter 0,62 0,64 Traces
2nd quarter 1,40 3,00 1,10
Iuly 1,70 4,80 Ig,m
0,80 o 0,80 races
: Seﬂxr‘nber Traces Traces Traces

The increase in the d:Lscnarge of ti°Co, 11%mpo  and ®“Mn coincides with the periods of planned
preventive maintenance at the NPP. The time variations of the discharge of °°Co and °*“Mn are
identical, since they have a common source. The behavior of 110Mpy §g somewhat different;
in particular there was a sharp increase in the discharge of silver in July due to opening
the manhole of the volume compensator and repairing it during planned preventive maintenance
on the first block. :

Air samples were taken at seven check ﬁoints in various directions from the Armenian NPP

292
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TABLE 4. Comparison of Calculated and Mea-
sured Maximum Concentration of Radionuclides
During July, 1982, 10~® Bq/liter

Radionuclide 60Co Nomge | sapn’
Calc, values 1,10 3,60 0,51
hdea£ values 1:70 4:80 1:00

and at distances of 1, 5, 6, 11, 14, 15, and 50 km from it. The spectrometric analysis was

‘performed by using a DGDK-32A-1 semiconductor detector of AI-4096 and UNO-4096-90 analyzers.

' The minimum detectable concentration of aerosols estimated by the formula in [3] is 0.4 x 10~°
Bq/liter with an error of 30% (Table 3). Only traces of radionuclides were found in samples
taken at 5 and 6 km, and none were found in the samples taken at the remaining points, The
results are confirmed by analysis of sedimentation samples. Samples of top soil showed only
insignificant amounts of '®7Cs and °°Sr due to global fallout.

Evidently the recording of these radionuclides in the air near the Armenian NPP is due
to specific climatic conditions in the region. The climate of the Ararat valley is clearly
continental, with an arid summer and a short rarely cold winter. The atmospheric precipita-
tion is 250-300 mm. During the long calm summer with an abundance of sunny days, the air
‘is heated up to 40°C. The wind velocity in the industrial region of the Armenian NPP does
not exceed 3 m/sec. Under the strong solar heating of the earth's surface, the air temperature
decreases with height, so that the vertical temperature gradient is larger than adiabatic.
Such conditions lead to intense vertical displacement of the air. The maximum concentration
near the ground for the present stack height is relatively large, but it decreases rapidly
with distance from the source, depending on the wind direction.

The minimum value of K4, the average monthly dilution ratio of the contaminant, was
caldulated from metereological data obtained at stations in' the NPP region, and the formula
recommended in [4]. The calculated value of Kgq was 1.4 x 10° m®/sec. For comparison we
point out that the minimum yearly average dilution ratio for the center of our European
territory is 3.4 x 10° m®/sec [4].

The maximum ground level concentrations of‘quo,_11°mAg, and *“Mn were found form the
measured values of their emission and the calculated value of Kq. Within the limits of
error, the calculated values. agree with the spectrometric analysis of air samples taken at 1
km from the NPP (Table 4)

The data obtained Justify the following 'conclusiohs and recommendations:

the possibility of recording °°Co, ‘1°mAg and *“Mn in the air at 1 km from the Armenian
NPP for emission which does not differ from that of other NPP with VVER is due to the specific
climatic conditions at its location;

the emission of radioactive corrosion: products during reactor shutdown and startup can
be reduced by u31ng filters to retain the deposits, after loosening them and scraping them
off; :

in determining the isotopic composition of the radionuclides in the layer of the atmos-
- phere near the ground, and the radiation doses received by people living near NPP, it is
necessary to take account of the contribution of radioactive corrosion products.
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UNLOADING ADDITIONAL ABSORBERS FROM THE RBMK-1000 CORE

N. V. Isaev, V. E. Druzhinin, o UDC 621.039.539.1
and Yu. V. Shmonin - :

In the initial loading of the RBMK-1000 reactor, the considerable reactivity margin is
reduced by loading the channels only incompletely with fuel assemblies (FA), absorbers being
inserted in the unfilled channels, The core then contains 234 additional absorbers (AA) and
44 unloaded channels containing water columms (WC). :

The RBMK-1000 design envisages a strategy for reloading the channels by dividing them
up into periodicity cells (polycells) of size 4x 4 cells each [1]. One channel in each
polycell is reloaded, and to maintain the loading symmetry and periodicity, one unloads
channels identically placed in the polycell. This method has been used -in reloading the
reactors at Kursk nuclear power station. ' : :

Here we examine the effects of AA unloading order on the economic parameters of the
second-generation RBMK-1000 reactors in the steady state. As the safety state is attained
at 7-8 years after commissioning, the optimum AA unloading strategy in the transition period
can be examined only on theoretical models. The unloading of the AA involves about 670-700
effective working days. ' - '

Model Description. The REF program [2] is used in calculating the transient state in
the RBMK and envisages a specially homogenized core. This program is widely used in de-
termining RBMK characteristics, so the algorithm is not described here.

The OPERA program for optimizing apparatus reloading [3] enables one to perform a.
detailed full-scale two-group diffusion calculation on the RBMK parameters under conditions
of partial and ongoing reloading, including the adjustment of the power production field by
varying the insertion lengths of the control and protection rods (CPR). The OPERA program
is based on the OPTIMA one [4]. A difference from the OPTIMA algorithm, which is described
in [4], is that the OPERA program uses an improved algorithm that instead of using the CPR
to compensate the reactivity and equalize the power production (while retaining kaf) enables
one to bring the reactor to a given kef by automatic selection of the necessary rods in the
CPR set. In simulating RBMK reloading, the power production field is profiled to a certain
set field wgeg. The following constraints must be met in using the OPERA program:

1. The insertion depth hy of the CPR is in the range

Oghi‘<xmnx..iy . | v ' . (1

where R,y i— is the maxiﬁum permissible insertion depth for CPR rod i.
2. The power Wy in a channel should not exceed the limiting value W7i:

W Wy 2)

. 3. 'The values of the coefficients for power production nonuniformity along the radius
kr and over the height k, should not exceed the corresponding maximum values kmax  and jmaxy

k,.gk:.““x; v . . ‘ (3)
e I | ' W

Translated from Atomnaya ﬁneréiya, Vol. 56, No. 5, pp. 280-282, May, 1984. Original
article submitted August 10, 1983. '
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4. " The relative deviations in the power Wy from wﬁeg in channels containing monitoring
sensors should not exceed the given value ¢: "

(W, —Wr B/wiBce. (5)

5. The power W: in a channel and the water flow rate G; through it are such that the
margin coeff1c1ent kcr up to the limiting permissible power is greater than one:

ker>1. _ _ . (6)

6. During the operation, an operational react1v1ty margln N(t) not less than the value
N, (t) specified by the working rules is to be maintained, which is usually expressed in units

'~:’of the reactivity introduced by the manual control rod:

NO>Nep () | o)
7. A final check is made on obedlence to the nuclear safety condition for the final
reloading model. :

If any of these constraints is v1olated when the OPERA program is run, and if the viola-
tion cannot be eliminated by diSplaclng the CPR, the reloading in that channel is ruled out

. and the next one is considered.

One primarily considers channels characterized by large dev1at10ns of the current wJ

reloading of each channel has been simulated, a check is made on obedience to constraints
2-7. The weights of the reloaded channels are usually known in advance for the RBMK-1000,

and therefore the number of these channels per reloading can be determined from the need to

produce the required reactivity margin AN = N — Nop.

Model comparison. As two different models realized in the REF and OPERA programs are
used to calculate the RBMK-1000 reloading, the first part of the study involves comparing
the results. The comparison was made starting with the instant when’ the unloading of the
AA ends. ' The following reactor parameters were considered: the time AT, startup to the
end of AA unloading, the _reloading rate R(t), the mean burnup in the unloaded fuel E(t), the
mean burnup in the core E (t), and the number of FA loaded into the core after startup npa(t).
The values of these parameters calculated from the RED and OPERA programs agreed within about
1%. There was also practically exact coincidence between the values of R, E, I ¢ AT, , and
npa for various unloading orders, which occurs because these parameéters are affected only by
the absorbing properties in the plateau in the uﬂeg distribution (where most of the AA are).
This explains the agreement between the characteristlcs calculated from REF and OPERA, since

-the .REF program envisages an infinite planar model having the parameters of the plateau zone

in the RBMK. By combining these calculations one can economize in computer time. The OPERA

‘ program is usually employed to calculate only those characteristics that cannot be ‘obtained

from REF (for example, the power distribution in the channel and the FA burnup in the core
at various times). :

Checking the nuclear safety conditions. This is based(n1the SAFETY program, which
deteirmines the subcriticality when the emergency—protection rods are raised.to the upper
limit stop, as are the other CPR rods for a given state in the core. To save computer time,
the faster SOS program is used to select the most reactive state (calculating the RBMK par-
ameters with an ES-1052 computer on the OPTIMA program requires 4—7 min, while the SAFETY
program requlres 25-30 min).

Results. The OPERA program has been used to simulate partial reloading the first unit

- at Smolensk nuclear station. The burnup and channel power calculations were compared with

the readings in the centralized SKALA monitoring system. The OPERA program was used to exa-
mine various forms. of partial and continuous reloading up to complete AA removal from the
core and onwards in the transition to the stationary state. Various forms of AA unloading

 ..proposed by power station specialists were considered; as well as ones recommended by the

OPERA program. To calculate one model for AA unloading with the OPERA program requires about

.8 h with the ES-1052. In all the comparative calculations, we used the same typical graph
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for the reactor reaching nominal power. Some general regularities on AA unloading were there-
by formulated: '

1) the most trouble arises over reloading (because of power rise in the surrounding
channels) near channels containing shortened CPR, near automatic-protection rods, and near
channels containing power-production monitoring sensors;

2) rises in Wj can occur near channels containing WC;

3) it is always possible to unload an AA from a channel whose diagonal env1ronment con-
tains manual-control rods;

4) AT, is virtually independent of the order of AA unloading;

5) the values. of R, E EC, and nFAvobtained with various forms of AA unloading up to the
end of AT; show only very small d1fferences since the consequences of these make themselves
felt only after 6-8 years;

6) the minimal interval in the characteristic instability time on the first azimuthal
harmonic To, is attained only after 900-1100. effectlve ~operating days in the absence of local
automatic regulators and;

7) it is recommended that OPERA should be used to simulate the operation for about 50
effective days ahead, since the consequences of incorrectly planned realoading can appear
within this time.

When the reactor is operating at power, cases can arise where conditions 2-7 are met at
the time of channel reloading, but after a .certain time there is a power rise in the channel
due to accumulation of plutonium in the fuel or to the effects of incorrectly simulated
subsequent reloading. The effect from the accumulation of plutonium for the RBMK in the
steady state is small. However, allowance must be made for it in the transitional period
(especially in the initial stage). During the first 40-50 days of operation, the reactivity
hardly falls, and it is therefore impermissible to place several fresh FA together in the
core during continuous reloading.

Effects of WC Channels on Core Parameters in the Transitional Period. The calculations
show that the RBMK core parameters in the steady state are influenced mainly by the number
of water channels, not by their positions within the plateau in the W¥®8 distribution. o
According to the safety conditions, there should not be more than 53 channels containing
water columns in the RBMK-1000 core in the transitional period. To estimate the WC effect,
we performed two calculations on the transitional periods for the RBMK-1000. 1In the first,
we used a typical initial load with 44 channels containing WC; these WC channels were loaded
with fuel after the end of the AA unloading. In the second calculation, the initial reac-
tivity was compensated only by means of AA (for this purpose, the number at the start was
increased to 265). In the first case, the transitional period required 25 FA less than in
the second (taking account of the total number of FA in the initial load and the number in-
volved in loading during the transitional period). The initial core load in the second model
contained 31 FA less than in the first. The presence of the WC channels caused a power re-
distribution between them (since the total thermal power was taken from a smaller number of
FA), and also a slight increase in the reloading rate, as well as neutron capture in the water,
and as a result the pure effect at the end of the transitional period was 25 FA,

Recommended AA Unloading Order. These calculations provide a simple procedure for deter-
mining the AA unloading order to provide a given WXe8 distribution. The core is split up
into polycells of size 4 x 4 cells as usually employed in RBMK calculations. Each polycell
contained two AA in the initial period. We selected four polycell lattices as follows:

1) the first was constituted by polycells arranged in chessboard order with intervals
of one from the central polycell; :

2) the other three were defined by shifting the first one polycell to the right, down-
wards, or to the left correspondingly.

We then took the following sequence for unloading the AA from the polycells:

1) unloading épplies to one AA out of the two in a polycell (for,definiteness we take |
the AA in the upper row in the polycell);

2) one unloads one AA from each of the polycells in the first lattice, then in the sec-
ond, etc.;
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.3) after unloading the first AA from all these lattices

» one unloads the second AA using
the same order for the polycells as in unloading the first; o

4) in partial reloading, one unloads the AA completely from the entire polycell lattice;

5) with continuous'reloading, the séquence of AA unloading within a given lattice is
determined in accordance with the recommendations from the OPERA program; and

6) when the AA unloading from a given lattice has been completed, one transfers to the
' mext, and so on.

Usually, there are three partial reloads at nuclear stations containing RB!KrlOOO reac-
tors, after which continuous reloading begins.
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DISSOLUTION OF DXIDE FILMS ON CONSTRUCTIONAL STEELS.

Yu. G. Bobrov, G. M, Gur'yanov, o . UDC 621.039.53:537.534
A. P, Kovarskii, Yu. P. Kostikov, ’ L
and A. V. Motornyi

The key problem in the chemical engineering of nuclear power systems is to ‘manage the
interaction of contructional materials with the various media (coolants, deactivating so-
lutions, etc.). The specifications are frequently conflcting. For example, to organize
proper water treatment for the first circuit in a pressurized water reactor it is desirable
for a stable passive film to be formed on the materils, which reduces the corrosion and the
accumulation of radioactivity. On the other hand, the performance in decontamininating the
circuit after use is directly related to that in removing the surface oxide layers formed .
during use. .

It is necessary to provide relatively uniform dissolution of the oxides of iron (nickel)
and chromium in the deactivating solution [1, 2] to provide identically effective removal
of the films from the constructional steels 12Kh18N10T, 2Kh13, 48TS, and 22K (a task arising
in decontaminating the circuits in the VVERré&O). Here we consider ways of realizing these
conditions,

Methods. As previously {1, 2], model oxide films on these steels were made by keeping
polished specimens at about 300°C in a static autoclave containing a solution simulating
the coolant in VVER-440 reactors (10 mg/llter KOH, 5 mg/liter NH;, 8 g/liter H3BOs, and 200
mg/liter N2H,'Hz0). We examined two groups of specimens after oxidation for 1600 and 2200 h.

We analyzed the compositions of the surfaces (layer thickness <100A, 1A =101 )
by the ESCA method (electron spectroscopy for chemical analysis) [3, 4]. The photoelectron
spectra were excited with monochromatic Kg aluminum radiation. The spectrum was scanned in
the energy range 0-1000 eV, :

The contents of an element (relative to Fe) were estimated from the ratio of the heights
of the 2p peaks for the element and Fe multiplied by the ratio of the ionization cross sec-
tions for the corresponding atomic levels., The error in the estimatels‘+204 and the limit
of detection for an element is about 3 at.Z%.

The NGR ICE method (nuclear y-resonance spectrometry on intermal-conversion electron)
[5] was used to examine the chemical form of the iron in the surface layers of the model
oxides (thickness <2000 A) . The y-ray source was °’Co of activity. about 50 mCi in a palla-
dium matrix. The internmal-conversion electrons were recorded with a flow counter (helium
containing alcohol vapor), with the specimen placed within it. The limit to the detection
of a particular form of Fe in the layer was about 10%. In layerwise analysis of the oxides
by the SIMS method (secondary ion mass spectrometry) [l 2], we used a beam of primary Ot
ions of energy 5.5 keV and current density 1.7-2.9 A/m® on admitting oxygen to the chamber
up to a pressure of about 4 x 10~ Pa, The working layer thickness was several um.

Results and Discussion. Figure 1 shows the £sca spectra from 12Kh18N10T, 2Kh13, 48TS,
and 22K steels oxidized in an autoclave for 1600 h. Table 1 gives the contents of the main
components in the metal and the values determined for the surfaces (relatives to Fe) from
the ESCA spectra.

Table 1 shows that the oxide films are depleted of Cr and. enriched in Mn after 1600 h
(the value for Ni appears to be an overestimate because of overlap from the Auger lines of
Fe). After 2200 h in the autoclave, the surface oxides show only Fe lines. In accordance
with the oxidation picture for alloys containing chromium [6], there is a stage in which'a
layer of Cr oxides is formed through which Fe cations diffuse to form the outer iron-oxide
layer.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 5, pp. 282-286, May, 1984, Original
article submitted August 18, 1983.
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Fig. 1. ESCA spectra from the surface of -
12Kh18N10T, 2Kh13, 48TS, and 22K steels ox-
idized in an autoclave (Ebl is the photo—
electron binding energy)-. .

TABLE 1. Elemental Compositions of Oxd~
dized Steel Surfaces in Comparison with
Alloy Compositions '

) Elemant contents
Element . j
Steel ™| alloy in surface
- oxide
12Kh18N10T Fe 1 : 1
: Cr 0,26 v,23
Ni - 0 11 0,3
Mn 0, 03 b,.22
48 TS Fe 1 : 1
Cr 0,03 < 0,03
; Mn 0,005 - o<<0,03
2Kh13 Fe 1 1= I |
Cr : 0,15 < 0,03
: Mn 0,01 L2003
2K _Fe 1 . 1
Mn 0,01 . 0,07

Figure 2 shows the 'NGR spectra of these four 'steels oxidized in model coolant for 2200
h. The Fe at the surface is present mainly as magnetite FesOi. The intensity ratio- for the
two right-hand lines shows that there is not more than 107 y-Fe20s (magnetite), which has the
spinel structure and forms solid solutions with Fes0,. So far, ‘there is mno satisfactory
explanation for the spectrum for 12Kh18N10T steel showing the lines of metallic Fe.

sms {1, 2] showed that the outer layers are depleted in the alloying elements (apart
from Mn), whereas the concentrations are increased at the oxide—metal boundary. ‘The following
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12KH18N10T

Fig. 2. NGR spectra from the surfaces of

12Kh18N10T, 2Kh13, 48TS, and 22K steels

oxidized in an autoclave together with the
- standard spectra of a-Fe20s and FesO..

TABLE 2. Cr/Fe Ratios at the Surfaces of
12Kh18N10T and 2Kh13 Steels after Various

Treatments
Steel . . Treatment . |. cure
12Kh18N10T Autoclave. 0,23—0,63
. o 1600 b
2200 h : < 0,03
) After autoclave .
I—3h, 11—45h 1,67—3,07.
11-—-2h o < 0,03
2Kh13 : Autoclave .
2200 h < 0,03
After autoclave T
II—14h ) < 0,03

structure ‘applies for the films under these model conditions: outer irom—oxide layers of
magnetite (sometimes doped with Mn), and inner layers possibly composed of spmels of FeO

Me, 03, MeO)-Fe,04 (where Me is Cr, Ni, Mo, etc.).

The outer layérs are readily removed (1, 2] in acid decontaminating so‘lutions (HeC.0,
H,C0; + HNO, etc.). It is much more difficult to remove the inner layers. . The usual
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TABLE 3. Treatment Seqﬁénc‘:e (1 h at 95°C)
in Removing Oxide Films from 12Kh18N1OT,
2Kkh13, 48 TS, and 22K Steels

Treat-
ment Solution pil

1 1% H,C,O. ~2
t§ eatment 1 with the addi-:j ~ 10—12
tion of 1-3% OEDP +KOH

111 Asintreatment I with the additioq 2—3

of HyC,0, .
1V | As in treatment I with the addi- ~ 40
tion of KOH -
V. lAsin treatment IV with the addi- 23
tion of H,C;0, .

Percent transition

0 Jo 69 90 120 150 ¢, min

Fig. 3, Dissolution kinetics of model Cr
oxide in certain solutions: 1) 0.5% KMnO,, +
1% KOH; 2) 1% OEDP + KOH (pH 13. 0); 3 9%
HNOs, 17 H2C204; 4) 37 KOH.

TABLE 4. peciman Corrosion in Treatments -

I-v
Thickness ry pm of layer removed .
Steel treatment
I o 1441 _Iv_- v
12Kh18N1OT| o,05 | 0,40 |. 0,5 07 | 2.6
2Kh 18 | 1,7 | 4.2 14,0 15,7 | 25,3
2K 1 3,2 4,6 6,4 | 7,4 1.8
48 TS 2,6 3,9 5,2 | -58 5.8

method of removing the chromium-bearing layer from stainless ‘or chromium steels is to use a
| solution of alkaline permanganate, which dissolves . [l, 2] the Cr component of the oxide '
| - . selectively, after which acid treatment removes the chromium—depleted layer. None of the.

, other solutions examines [1, 2] provided substantial dissolution of this layer, which is due
| to the high stability of the chromium oxides. An exception was represented by OEDP* citrate
' solutions examined in [2], which showed some signs of dissolving the Cr components. There-
fore, a more detailed study-was made of the action of reagents containing OEDP onthe surface

oxides on these alloys.

*0xyethylidene diphosphoric acid.
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“Fig. 4. Layerwise SIME analysis of surface
oxide -on 12Kh18N10T steel after various treat-

" ments: a) initial specimen (220 h in auto-
clave) ; b) after treatment .I; c¢) after I and
IT; d) after I and II; e) the same on a part

. with the oxide removed (I ion-current inten-
sity in relative units, I depth of etched
layer, rel. units). -

A standard method [7] was used to synthesize Cr(OH)s labeled with *'Cr. After exposure
to conditions simulating reactor ones (an autoclave at about 300°C) for 96 h, the material
was dried. -The oxide was identified by x~ray structure analysis as CrOOH, which simulated
the Cr component on chromium-bearing steels oxidized under circuit conditions. Figure 3 shows
kinetic curves for this oxide dissolving in certain solutions. The relative entry of the
model oxide into alkaline OEDP solution is almost five times higher than those for the acids
being about 30% of the entry into alkaline potassium permanganate solution.

We examined the effects of the following sequence of chemical treatment on oxidized
12Kh18N10T and 2Kh13 chromiunrbearing steels: I) 1% H2C204, . 1 h 95°C; II) 1% HzC20, + 1-3%
OEDP + KOH up to pH 10-12, 1-3 h, 95°C. The purpose of treatment I was to dissolve the irom
oxide layer (magnetite) and also to provide selective dissolution of the Fe from the inner
layer, which leads to the surface being enriched in Cr before treatment II. The purpose of
treatment Il was to dissolve the Cr component from the oxide layer enriched in Cr by the
previous treatment. :

It was assumed that the Cr enrichment by treatment I would tend to equalize the rates
of removal for the Cr and Fe components in the inner layer, and would therefore produce more
uniform dissolution of the layer as a whole.

Table 2 gives. data on the changes in Cr/Fe ratio for these specimens derived from ﬁSCA'
_it is clear that treatment I removes the magnetic layer and selectively dissolves the Fe from
the inner layer, while treatment II does not dissolve the outer iron oxide layer, whereas the
inner -layer is evidently uniformly attacked as regards the Fe and Cr components, as is evident
from the slight increase in the Cr/Fe ratio at the surface in treatment II following 1. SIMS.
provided additional evidence on the mechanisms whereby treatments I and II affect oxidized -
12Kh18N10T steel.
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Figure 4 shows layerwise :analyses for 12Kh18N10T steel, There is selective dissolution
of the Fe component in treatments I and IIa (5% H.C:0, solution) and of the Cr component in
II. The oxide was partially removed from the steel after treatment IIa,

Complete removal of the oxide layer from 12Kh18N1OT steel as formed in ahout 2200 h
required a repeat acid-alkali treatment by successive addition of H;C;0. and KOH to the
solution used in treatment II. This was evidently due to the inadequate uniformity in dis-
. solving the Fe and Cr components in treatment II, leading to the surface being enriched
in Cr and the dissolution slowing down. Table 3 gives the treatment sequence.

Specimens of 12Kh18N10T, 48TS, 2Kh1l3, and 22K steels oxidized in an autoclave (2200 h)
were given treatments I-V in sequence. The oxide was removed from 22K, 48TS, and 2Kh1l3 after
- treatments I and II, To reduce the corrosion of the surfaces of these steels when freed from
oxide in treatments III and V, thiourea [CS(NH,);,l was added to the solution at the level of
0.1%. The successive treatments removed the model oxide completely from all the steels (a
small amount of slime was formed in the removal of the oxide from the stalnless steel).

Table 4 gives data on the corrosion at the various stages.

The data show that one can attain comparable performance in dissolving the Fe and Cr
components of the oxide film on chromium-bearing steels by succegsively varying the solution
compositions. One can use a solution based on oxalic acid and OEDP. The optimum conditions

-for dissolving the Fe component in this solution are attained at low pH (with the addition
of H2C204), while those for the Cr component are attained at high pH (on the addition of
alkali). Treatment in alkaline HzCz0, and OEDP replaces the usual alkaline permanganate

' '_treatment but it enables one to repeatedly adJust the working solution (impossible when

using alkaline permanganate) and thus to replace a multibath treatment by a single-bath one.
When an inhibitor is introduced, the method is suitable for removing oxides from low-alloy
steels, The performance of the successive treatments has been confirmed in removing model
oxide films from 12Kh18N10T, 2Kh13, 48TS, and 22K steels.

We are indebted to S. M. Bashilov for assisfance experiments.
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INFLUENCE OF COLD DEFORMATION ON THE BEHAVIOR OF HELIUM IN
STEEL OKh16N15M3B

A. G. Zaluzhnyi, M. V. Cherednichenko-Alchevskil, UDC 621.039.53:539.219.3
0. M. Storozhuk, V. F. Reutov,
and G. T. Zhdan

It is known that one of the basic factors limiting the working life of materials at
- large neutron fluxes is high~temperature radiational embrittlement (HTRE), which, according
to most hypotheses, is explained by the formation and accumulation of helium in the material
as a result of (n, a) reaction. According the current concepts, the basis of HIRE is the
helium-induced disruption of the relation between the strength of the body and the grain
boundaries [1-4].

In a series of works, it has been shown that reduction in HTRE is facilitated by optimal
cold deformation [5, 6], in connection with which there is considerable interest in investi-
gating the behavior of helium in 1rradlated constructional materials subjected to prellminary
cold deformation. ' '

In the present work, the kinetics of helium liberation is studied in the course of
heating at constant rate and by isochronous annealing of samples of steel OKh16N15M3B uniform-
ly (over the thickness) saturated with helium [7] to a concentration of 2- 10-°% at.%, as a
result of a-particle bombardment in a cyclotron. Samples in the austenitic state agd after
preliminary 157 and 50% cold deformation are con31dered. The irradiation temperature is
no more than 370°K. C

The apparatus and method of investigating the kinetics of gas liberation in different
conditions of heating were described in [8]. Immediately before the experiment, the samples
(of dimensions 5x5x0.1 mm) are electrically polished with subsequent washing in alcohol
to remove any possible oxide film. :

Spectra of the rate of gas liberation from samples of steel OKh1l6N15M3B in different _
states are shown in Fig. 1. The spectra are plotted by graphical differentiation of kinetic
curves of helium accumulation in the experimental volume of the apparatus in the course of
heating the samples [8]. A temperature dependence of the helium accumulation in the exper-
imental volume of the apparatus after isochronous annealing of duration 0.5 h is also shown.

It is evident from Fig. 1 that helium is liberated in several stages, with a maximum of
gas liberation (a peak) at temperature of 37-400 (A), 500-520 (B), 750-780 (C), and 1160-1190°K -
(D). In addition, for cold-deformed samples there is an additional peak at ~900°K (D'), - :
while peak B appears more clearly and peak D is somewhat modified in form. Note that con-
siderable gas liberation from samples of 50% cold-deformed steel is observed even at tem-—
peratures above 550°K (Fig. 1d), but the total fraction of gas liberated in the course of
isochronous annealing to 1370°K is approximately the same for all the samples. It is also
interesting that, in the temperature range corresponding to peak C, there is considerable
liberation of nitrogen and a small amount of other chemically active gases.,

It is logical to assume that the features of gas liberation from cold-deformed steel ,
observed are associated with the presence of a developed dislocational structure. To explain
the results obtained, it is assumed that the activation energy of helium diffusion over
dislocational tubes is considerably less than the activation energy of diffusion by the -
vacancy mechanism. Indirect confirmation of this hypothesis comes, in particular, from the
data of [9, 10]. In [9], by means of a transmission electron microscope, the structure of
the dislocational walls in a high-nickel alloy saturated with helium was investigated. It
was established that, on annealing the experimental samples, helium bubbles appear; for a
regular hexagonal lattice, all the bubbles were practically of the same size and positioned
at coupled points. In [10], the kinetics of helium liberation from samples of aluminum alloy

. Translated from Atomnaya énergiya, Vol. 56, No. 5, pp. 286-288, May, 1984, Original '
article submitted May 30, 1983, : ‘
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Fig. 1. Temperature dependence of the rate of
helium liberation from samples of steel OKh16N15M3B
bombarded by a particles in a cyclotron in' the
austenitic state (a) and after cold deformation by
15Z (b) and 50% (c) in the course of linear heating

. at a rate of 7 K/min; d) helium accumulation in the
experimental volume of the apparatus after iso-
chronous annealing; ©) austenitic state; O, 0) 15%
and 507 cold deformation, respectively.

irradiated in the initial state and subjected to a sign-varying load was studied. With in-
crease in the applied flexural stress, an increase in the amount of helium liberated at the
low-temperature stage was observed, together with a corresponding decrease at moderate and
high temperatures. The effect observed was explained by more intense capture of helium by
flexural dislocations and subsequent easy escape on heating along the channels of the dis-
locational structure.

The 1nterpretation of the stages observed in the liberation of helium has been confirmed

for the example of the spectra of gas liberation from samples of cold-deformed steels (Fig.
1b)-. :

Peak A at 320-400°K may be associated with the migration of helium atoms in interstitial
positions. Some of the gas then moves to the surface of the sample and the grain boundary,
some is captured by vacancies and moves to substitutional positions, and some is captured by
dislocations, forming a Cottrell atmosphere. The absence of this peak for a sample of 507
cold-deformed steel must be associated with the absorption of helium diffusing interstitially

. by dislocations, the density of which is con51derab1y hlgher than in the undeformed and 15/

deformed samples.

Peak B, covering the range 400-600°K with a maximum at m520°K,-is most probably associated
with migration of helium atoms along dislocations. The amount of helium liberated in this
stage (Fig. 1d) depends strongly on the degree of cold deformation, since increase in the
dislocation density is associated with increase in the probability of capture of interstitial
helium atoms by dislocations, and increase in the proportion of gas liberated at this stage
of annealing over channels of the dislocational structure to. the grain boundaries, the sample
surface, and other sinks,
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Peak C appears at 600-850°K; according to the data of [11], it is assumed that gas
liberation is associated with growth of the dislocation loops, their escape to the surface,
and the liberation of the associated helium over dislocational tubes. The influence of the

. proposed mechanism should appear more clearly at a smaller dislocation density, as follows
from Fig. 1.

Peak D' at 900°K appears only for cold-deformed samples. According to electron-micro~
scope investigations [11], annealing of the dislocational loops occurs at this temperature,
and helium porosity begins to form. In addition, it follows from Fig. 1 that in the same
temperature range the next stage of gas liberation (peak D) begins, associated with the
diffusion of helium atoms by a vacancy mechanism. Therefore, the characteristic peak D'
obviously owes its appearance to two competing processes: on the one hand, the presence of
a developed dislocational structure facilitates the intense liberation of helium atoms
diffusing by the vacancy mechanism and captured by dislocations and, on the other hand,
decrease in dislocation density and the appearance of internal sinks (bubbles) leads to de-
crease in the rate of gas liberation.

As already noted, peak D is associated with the diffusion of helium atoms by a vacancy
mechanism. Increase in helium mobility in this temperature range is also indicated by the
formation of helium porosity [11]. Broadening of peak D for cold-deformed samples toward
lower temperatures is probably also associated with more intense gas liberation on account
of migration of helium atoms over the channels of the dislocation structure. Note, however,
that the amount of gas liberated in stage D depends only slightly on the degree of deforma-
tion, since at the given temperature practically all the helium is evidently in stable com-
plexes or bubbles. Therefore, gas liberation at higher temperatures may only occur on account
of the migration of helium complexes to the surface of the sample. A break on the ascending
branch of peak D for cold-deformed samples may be associated with polygonization of the structure.

To estimate the activation energy of processes responsible for the liberation of helium
on heatlng, the relation obtained earlier [12] is used; according to this relation, the ac-
tivation energy of helium diffusion in OKh16N15M3B steel by an interstitial mechanism is E,
0.2-0.3 eV, while in the case of diffusion by a vacancy mechanism Ep =-2.0-2.5 eV. With
formal use of this method we estimate the activation energy of the migration of hellum atoms
along dislocational tubes to be Eg = 0.6-0.7 eV.

The activation energy of gas liberation in the temperature range of peak C is determined
on the basis of investigations of the rate of growth of the interstitial-atom loop (11, 13]:
Ec = 0.7-0.8 eV. As already noted, in this temperature range there is an accompanying libera-

tion of chemically active gases, which may influence the growth of the loop and the 11berat1on
of helium.

Thus, on the basis of the experiments, it may be concluded that the dlslocational struc—

ture of the steel exerts considerable influence on the distribution and liberation of helium
in the course of heating.
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ISOTOPIC COMPOSITION OF FUEL IN THE BLANKET OF A HYBRID
" 'THERMONUCLEAR REACTOR WITH A THORIUM CYCLE

5. V. Marin and G. E. Shatalov o i UDC 621.039.516.22

In order to determine and analyze the potential feasibilities of hybrid thermonuclear
reactors as sources of energy and generators of secondary nuclear fuel intended for outside
users, it will be necessary to study the change of isotopic composition of the initial
charge during irradiation [1-3].

" The high probability of (n, 2n) and (m, 3n) nuclear reactions in the nuclei of the

. dnitial charge leads to nuclear transformations, as a result of which isotopes with a small
mass number are formed. Characteristic differences arise in the isotopic composition of the
spent fuel of thermonuclear and nuclear reactors. It is particularly interesting to in-
v‘véstigate the process of the formation of highly active 22U, the amount of which in the-
uranium made mainly determines the radiation environment at certain sections of the techno-
logical process of the plants of the external fuel cycle [4]. For a hybrid thermonuclear
reactor with thorium fuel, the chains by which the formation of 232y takes place are relatively
'short

232Th (n, 2n)23‘Th LG} (n, y)23?Pa Y
—»”zlﬁ—a... (1)
#2Th (n, v)%°Th &5 20pa '3
— 28U (n, 2n)232U—> ..

23y (n, 2n)B2U > ... ' ' 3

2)

They reflect the succession of nuclear reactions taking place with a hlgher probablllty than
the similar chains in uranium fuel.

With the presence in thorium of *°°

Th, which is formed in uranium—thorium ore by the
decay of zs“U, one further chain appears, 1ead1ng to the formation of

23z,

- 29Th (n, ?)23’Th Lard 231Pa (n, 7)232Pa -
' NG § P ) ’ (4

In addltlon, the presence of 23°

Th leads to the formation of *2®rh, which is the decay product
of 232Ua zsthg ) . )

0 Th (1, 30)2Th % , )

20T} (n, 2n)2Th (n, 27)Th "> ... o C(®

As the formation of ?°U in thorium fuel proceeds via threshold nuclear reactions, in

order to analyze the change of isotepic composition of irradiated fuel, a version of the _
hybrid thermonuclear reactor blanket was chosen [1], characterizing the high-energy spectrum
-of the neutron field. The neutron-physics calculation of the blanket and the solution of

the equations for the change of iSotopic composition were performed by using the BURNEL
program [5], taking account of the nuclear transformations of the thorium fuel (Fig. 1). Such
principal neutron-physical parameters of the blanket as the tritium breeding factor, power
multiplication in the blanket, the coefficient of production of secondary nuclear fuel, . and

a number of other parameters are calculated for discrete instants of time in the interval up

Translated from Atomnaya Energlya, Vol. 56, No. 5, pp.'289-291, May, -1984. Original
article submitted September 18, 1983.

0038-531%/84/5605~ 0307$08.50 © 1984 Plenum Publishing Corporation 307
Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040005-3




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040005-3

1Y) V=
AN b
\\\\ MJMré&

Mpgs Bpa Ppq (n20= N (1)

Fig. 1. Scheme of nuclear transformations.
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up to 1000 days. The neutron loading on the primary wall of the reactor was assumed to be
equal to 1 Mi/m®’. The calculations were performed with consideration of the spatial. change
of isotopic composition during irradiation at each interval of time.

At the start of irradiation, when the charge consists only of thorium and uranium has
not yet been formed, fission takes place predominantly in the range of neutron energies from
13 to 14.1 MeV. The fraction of fissions in this range of neutron energies amounts to 80%
of the total number of fissions in the fuel zone of the blanket in a given isotope. Approx-
imately 15% of the fissions take place in the range of neutron energies from 3.0 to 13.0 MeV.
According to the buildup of uranium, the contribution of uranium fission neutrons in the total
source of neutrons increases. The number of fissions with normalizing to a single fusion
neutron, incident on the surface of the primary wall of the reactor, is increased twofold
from 0.17 at the start of irradiation during 1000 days. If, in the initial period, the
energy release in the blanket is due exclusively to fission of thorium, then at the end of
the run the contribution from fission of 222Th and *°%y is approximately identical. The
whole system is found to be in the subcritical state (keff = 0.16). The velocity of the
nuclear reaction *23Th(n, y) also increases due to the increase of the internal source of
fission neutrons (from 0.79 to 0.92). In view of the increase of the fraction of fission
neutrons in the spectrum of the neutron field ofithe blanket, due to fission of heavy element
nuclei formed, the velocity of the threshold nuclear reactions (n, 2n) and (n, 3n) is es-

" sentially unchanged with time. The number of (n, 2n) nuclear reactions w-ith normalizing to

a single fusion neutron incident on the primary wall of the reactor amounts to 0.28 and 0.27,
respectively, at the beginning and end of irradiation, and for (n, 3n) reactions — 0.11 and
0.10. The production of tritium in this model of the blanket is achieved in °Li; the con+
tribution of the 'Li(n, n'a)T threshold reaction to the formation of tritium is less than

2%. The change of the tritium breeding coeff1c1ent and the number of fissions in the blanket
with time is shown in Fig. 2.

The rate of production of uranium in the blanket being studied amounts to 4 kg 233U/‘Jt
fuel-yr. During 1000 days ~v1.8% of the thorium is burned and ~10.3 kg *?°0/ton fuel is
accumulated. After cooling the fuel until total decay of 2°°Pa (T} =27 days) the uranium
content increases to approximately 11 kg 233U/ton of fuel. On the average, during the time
of irradiation of the fuel, V5% of the accumulated uranium is burned and burnup of the uranium
takes place predominantly as a result of its fission.
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TABLE 1. Isotopic Composition of Fuel
(average over the fuel zone), kg Isotope/
ton Fuel

Irradiation time, days
Isotope . .

200 400 600 800 | . 1000

228Th | 6,0-10-%| 2,9.40-4| 1,6.40~3] 3,7-10-3 | 7,4-10-3

230Th 0,29 0,58 0,871 1,45 1,43
232 996,54 | 992,98 | 989,44 | 985,85 | 982,24
231 g 0,68 1,30 1,85 2,33 2,75
233Dy 0,45 0,46 0,46 | 0,47 0,47
By 14,8.40°5(8,9.40-5| 2,4-10-3| 3,9-40-4| 6,240
22 3,4-102 0,13 0,29 0,54 0,78
asy 1,77 3.9%| 6,09| 823) 10,3
=|1y 3,4-10-3( 1,4-10-2]| 3,3.10-2] 5,8.102] 9,0.40-2
857) 4,4-107%| 4,4.10-5 | 1,4-10~| 3,3-10-¢| 6,5-104
236 6,0.10-9[ 4,2.40-7| 6,2-40-7] 2,0.10-%} 4,9-40-8
Fission 050  447| 1,93 |  2,71| 3,8
cts

Vu+| 2,26 454) 687 9,27| 11,64
; :

+23Pa)

TABLE 2. Isotopic Composition of Uranium
Produced (average over the fuel zone of the
blanket), kg Isotope/ton Fuel

Iso- Irradiation dme, days
tope — .

_ 200 400 600 800" | 1000
2321 1,5 2,86 | 4,22 5,50 6,70
238U 98,2 96,9 95,3 93,9 92,5
231 | 1,5-10-% § 3,1-10-3] 4,8-14-3] 6,3-10-3] 7,7-10-8
25y | 0,2.10-% [ 0,9.10~5] 2,0-10-% | 3,6.40-% 5,6-10-%

The high probability of (n, 2n) and (n, 3n) nuclear reactions has a significant effect
on the ratio of the nuclides produced in the blanket of the thorium thermonuclear reactor with
a high-energy neutron field with respect to the same isotopes formed during the irradiation

"of thorium in the spectrum-of nuclear reactor neutrons. The results of a calculation of the
" isotopic composition of thorium fuel, irradiated during 1000 days in the blanket of a hybrid
. thermonuclear reactor, are given in Table 1. Data about the content of uranium isotopes in

the uranium produced, taking account of the total decay of 23‘:’Pa, are given in Table 2.

The content of 2°°U in the uranium produced is relatively high (92%). For comparison,

it can be pointed out that for HTGR reactors it amounts to 70% [l]. As can be seen from the
data presented in Table 1, the production of uranium in the thorium blanket with a high-energy
232y, 1Its content in the spent
fuel is 0.8 kg/ton of fuel or ~7% in the uranium produced. ' This value is a factor of many
higher than the maximum permissible *°3U content in the fuel, allowing safe operating con-
ditions with it in the technological processes with the presence of manual operations. -
According to the data of [1, 4], this value, determined by the level of y radiation and the
content of gaseous isotopes in the *2?U decay chain, amounts to ~(0.1-1.0):10"°.

The formation of 232y takes place predominantly as a result of nuclear transformations,

~described by chains (1) and (3). Their total contribution amounts to ~90%. With increase of

233

the U content in the fuel, the effect of nuclear reaction (3) increases. The presence in

23°Th leads to an additional increase of the 222U content (up to 10-15%).

The fundamental differences should be noted of the effect of the 23°Th content on the rate
"of formation of

tron field,
232

29871, depending on the spectrum of the neutron field., In a low-energy neu-

Th is formed predominantly as the result of the natural radiocactive decay of
U (half-life 72 yr), which is formed by chain (4). For the high-energy field, through

228,
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TABLE 3. 2°2U content in Uranium (per 10°
parts uranium)

Reactor Maxi- | Average | Mini-
i mum mum -

Hybrid thermonuclear :
reactor ()l;mesent paper), 95 GO0 15600 | 7000

1000 d

Hybrid thermonuclear re- _ 3 600 —
actor [1], 200 days ' '

LMFBR [6] (100%'1%). 443 127 30
blanket

LMFBR [6], (10%U +90% - 96 20 1,8
Th), zone :

chains (5) and (6) from 2*°°Th as a result of (n, 3n) threshold reactions, and two successive
(n, 2n) reactions, *2?°Th is formed directly. In this case, in the chain of formation

of 2'“"I'h, there is no time delay due to the natural radioactive decay of 232U, which leads
to an earlier increase of act1v1ty of the spent fuel after 1ts dlscharge. '

From the point of view of the organization of radiation safety operations at the stage
of repeated use of the secondary nuclear fuel bred in the hybrid thermonuclear reactor, the
high content of #3?U in the uranium imposes more rigid demands on shielding from radiation =
than in the case of uraniumplutonium fuel reprocessing. Moreover, in the uraniumrplutonium
5331 cycle a shift in time of the instant of attaining the maximum permissible content of
nuclides. If the purification of uranium from thorium is really feasible, then the separa~-
tion of 222y and ?°°U toall appearances is a complex and expensive technological process.

Data about the content of *?2U in spent thorium fuel are compared in Table 3, whence
it can be seen that the content of**?y in spent uranium fuel, .or fuel irradiated over 200
days from hybrid thermonuclear reactors, is a factor of 10%-103 higher than its content 1n
the uranium of nuclear reactors with a thorium charge.

Thus, when investigating the isotopic composition of the spent fuel of a hybrid thermo—

nuclear reactor with a high-energy neutron field in the blanket, high' content of 233U and
232U in the uranium is established (v92 and 7%, respectively). :
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RECUPERATOR WITH INHOMOGENEOUS ELECTRIC AND MAGNETIC
FIELDS ‘

S. K. Dimitrov and Ya. A. Mel'nik "UDC 621.3.032.266.001.5

In order to increase the energy efficiency of injectors of neutral particles in thermo-
nuclear machines as well as in some electron devices (klystrons, traveling-wave tubes, elec-
' tron-beam valves, etc.) direct convertors of the emergy of charged particles, i.e., recuper-
ators, are used. In this paper we present one recuperation scheme.

In [1] Timofeev described a recuperation scheme with a homogeneous electric field and
inhomogeneous magnetic field. The apparatus is part of a torus, which has a winding on its
surface to produce a magnetic field. Inside the chamber a homogeneous electric field is
produced by a system of electrodes. The basic idea underlying the scheme is as follows.

In order to slow down the charged particles the direction of the magnetic field is chosen
so that the drift velocity in the inhomogeneous magnetic field (gradient drift) would be

in the direction opposite to that of the electric field. In addition to the gradient drift,
however, such a scheme also has electrical drift, v= cE/B) directed toward the outer wall

of the apparatus. This explains the strong dependence of the conversion efficiency on the
ratio Ro/R: : ' ‘

where Ro and R, respectively, are the radius of beam injection and the radius of the outer
wall of the apparatus, €, and €, are the initial energies of the transverse and longitudinal
components of motion (relative to the magnetic field lines).

A major disadvantage of this scheme is that in principle it is impossible to convert
the energy of particles, practically all of whose kinetic energy is concentrated in the lon-
gitudinal component (g /e ® 1). The particle enters the end part of the recuperator without
having managed to give up its energy to the field.

The proposed scheme (Fig. 1) differs from that A. V. Timofeev in that the end parts of
the recuperator are regions of inhomogeneous electric field. This, on the one hand permits
conversion of the energy of particles with any value of €y /e (since the field in the end
parts has a slowing-down effect on the particles) and, on the other hand, increases the
efficiency of the recuperator (since in these regions no electrical drift exists in the pre-~
sence of gradient drift). : »

We consider the principle of recuperation with this scheme. Without loss of generality
in our considerations, instead of an inhomogeneous electric field in the end parts of the
recuperator (equipotential lines are shown as solid lines in Fig. 2a) we can analyze the
idealized case in which during motion the current is either in a region in which E is directed
along the OZ axis (as in the Timofeev scheme) or in a reglon in which E has an azimuthal
direction (i.e., slows down the particle).

The beam enters the recuperator through a channel (see Fig. 2a) and passes into a region
in which the field E is directed vertically. The particles move along the curve AB. Then
‘they enter a region in which E has only an azimuthal component. The particles describe the
curve BCD. The process is then repeated. ~ For comparison, the dot—dash curves in Fig. 2b
shows the projection of the particle trajectory according to the Timofeev scheme.

Our scheme was investigated experimentally on an electron beam with a particle energy
elUo = 20~40 eV and a ratio en /e = 0.9 of the longitudinal component to total energy. The”
vapparatus constitutes a quarter-torus with a square Cross sectlon. The inner radius is 20 cm
the outer radius is 40 cm, and the height is 20 cm. .

] Translated from Atomnaya Energiya, Vol. 56, No. 5, pp. 291-293, May, 1984. Original
article submitted June 27, 1983.
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Fig. 1. External view of recuperator: i) coil
producing a magnetic field; 2) injection of
charged-particle beam; 3) electrodes.

Fig. 2. Sections of recuperator (F = eE)):
a) section by the surface R = const; b) the
ZOR section; 1) injection of beam; 2) equi~
potential line; 3, 4) projections of particle
trajectories in recuperator under study and
in recuperator proposed by A. V. Timofeev,
respectively. ' :

The magnetic field B = 0.008-0.08' T (at the outer radius). ‘The electric field is produced
by a system of electrodes at the required potential. : : :

With the assumption that the beam was monochromatic, we calculated the efficiency from
the formula . ‘ ' ' '

TI:(F{J IiUi) U, g']i)’

where U; and Ij are the potential and current of the i-th electrode, and U, is the potential
of the cathode, determining the electron energy. In a system of 14 electrodes (nine are
shown in Figs. 1 and 2) with equal potentials Uj = Uyi/13 (U is the voltage of the power
supply and i = 0, ..., 13). ' : ' :
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Fig. 3. Dependence of the recuperator
efficiency on the decelerating potential
(e, /e =~ 0.9, relative error An/n = 0.08)
for Uo = 31 Vv, » =0.75 (1), Uo = 35 V,
=0.68 (2), Up = 35 V, x =0.75 (3); n.=
0.53 and na = 0.44 were calculated from
the formula presented by A. V. Timofeev,
for = 0,68 and » = 0 75, respectively.

retarding potential U, for different values of the electron energy elUo and the ratio of the
radius of beam injection to the outer radius, x = Ro/R. For Uy < Uo all the electrons of the
" beam impinge on the last continuous electrode. Here we observe the usual ordinary direct
‘proportional dependence of the efficiency on the retarding potential for systems of the type
monochromatic beam—Faraday cylinder. The principle presented above is realized when Up > Uo.
‘ The mechanism of the rise in efficiency with increasing Uy has not been ascertained as yet.
. For comparison Fig. 3 gives the values found for the efficiency from the formulas presented
} by Timofeev [1]. ’

|

|

\

| )

i Figure 3 presents the results of measurement of the dependence of the efficiency on the
|

|

Thus, the following conclusions can be made. For the conversion of the energy of plasma
fluxes containing particles of both signs with a small longitudinal velocity component it is
expeditious to use the recuperator described by Timofeev. But for nonmonoenergetic beams of
charged particles of the same sign with an arbitrary ratio €l /€, the recuperator presented in
this paper is more efficient (n>0.7 for ey /€% 0.9 and RfR % 0.7). Inorder toincrease its
efficiency, it is necessary to increase the size of the apparatus, i.e., decrease the ratio Ro/R.

The recuperator discussed here can be used in the neutral-particle injectors of thermo-
nuclear machines, microwave devices (travel1ng—wave tubes, klystrons), electron-beam valves,
etc.

LITERATURE CITED
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CALCULATION OF MODEL HIGH-LEVEL WASTES IN A HORIZONTAL
APPARATUS

V. V. Kulichenko, V. F. Savel'ev, UDC 621.039.7.14
V. A, Prokhodtsev, and A. A. Ryabova ' - ’

In the processing of radioactive wastes by calcination [1], the wastes are dried and
the salts are thermally decomposed, the final product consisting mainly of oxides. As the
wastes contain many different compounds, a wide temperature range is used: first the nitrates
of the rare—earth and other trivalent elements decompose, then the nitrates of the alkaline-
earth metals, and finally at the highest temperatures and with the lowest rates the same
applies to the alkali-metal nitrates. Calcination is considered as the first stage before
vitrification, the production of ceramics, etc,

Various calcination methods have been devised based on equipment of sprayer type,
fluldlzed beds, and of horizontal type with a rotor or rotating body [2-4]. A horizontal
plant is much less sensitive to the waste composition than is a fluidized-bed or sprayer
one, and the volume of the gas discharged is determined only by the vapor—gas mixture formed
during the drying and calcination. However, the design is more complicated, since there are
moving mechanisms in the rotor (worm conveyer) or body. Also, the calcination is conducted
in a thin layer and heat must be supplied through the wall of the apparatus, which makes it
difficult to design a horizontal plant of large throughput.

A horizontal calcinator of throughput 40 liter/h [3-4] has been operated for several
years in France in a plant for vitrifying high~level wastes. The calcinator consists of a
heated tube of diameter 27 cm and length ‘3.6 m rotating at 30 rpm, which is tilted at 1°47'.
Within it there is a free rod to grind up the solid product. The liquid wastes contain
mainly the nitrates of aluminum (up to 81 g/liter), sodium (19-23 g/liter), and iron (15- 17
g/llter) together with other salts at much lower concentrations. The product from any
apparatus must be as dry as possible and contain the minimum amount of nitrate (source of
corrosive oxides of nitrogen) and should flow freely, in order to provide for transfer to the
vitrification apparatus.

We have examined the calcination conditions in a horizontal plant operating with wastes
having elevated sodium nitrate contents.

The drying and calcination were performed in a horizontal tubular apparatus containing
a rotating worm conveyer to mix and transport the product through the working zone into the
bunker (Fig. 1). The length of the working zone was 1400 mm, internal diameter 160 mm, gap
between projections on the blades of the worm conveyer and the inner wall of the apparatus
about 2.5 mm. The apparatus was heated by six external demountable heaters of power 2.5 kW
‘each. The temperatures in the sections of the working zone were 250-800°C in accordance
with the required conditions.

The nitrate solutions were supplied by a dispensing pump to the input, where they were
dewatered, denitrated, and calcinated as they moved thorugh the working zone. The solid product
in the form of powder or granules was transmitted by the worm conveyer to the bunker. The
steam—gas mixture containing oxides of nitrogen passed successively through a filter (to
remove aerosols), a cooling condenser (to collect condensate), and to a bubble tower con-~
taining alkaline solution to neutralize the oxides of nitrogen.

The final product was analyzed for nitrogen, water, total carbon, carbon in the form
of carbonate, and iron, and some mechanical properties were determined. The specific surface
was measured by thermal nitrogen desorption; the data curves were recorded with an 0OD-103
instrument by the standard method. Table 1 gives data on the calcination of model solutions
of various compositions in the presence of molasses and without them at temperatures below
800°C with throughputs of 4.0-17 liter/h and time spent by the product in the apparatus of
2 and 4 min,

Translated from Atomnaya Energiya, Vol. 56, No. 5, pp. 293-297, May, 1984. Original
article submitted August 18, 1983. :

314 0038-531X/84/5605-0314508.50 1984 Plenum Publishing Corporation

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040005-3




Declassified and Approved For Rélease 2013/09/14 : CIA-RDP10-02196R000300040005-3

Fig. 1. Apparatus with calcinator of work-conveyer type: 1) tanks for preparing,
‘ storing, and handling solution; 2) dispensing pump; 3) calcinator proper; 4) re-
} movable electric heaters; 5) worm conveyer; 6) receiving bunker; 7) pumps; 8) filters;
| 9) bubble tower for removing oxides of nitrogen; 10) cooled condenser; 11) condensate
- receiving tank; 12) tank for neutralizing condensate and holding used alkali; a)
extraction fan; b) to point 12; ¢) cooling; d) line supplying concentrated alkali
solution; e) wventilation. _ o

Fig. 2. Appeafance of calcinate granules (runs
3~4): a) granules of maximum size (about 1%);
b) granules of main fraction (about 85%).
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TABLE 1. Calcination Data for Model Solutions and Characteristics of Calcinates

Composition of Temps, in work- Solution Element contents in
Run mi/tigltle:olutiom ing sections, °C Conveyer| through- calcinate, mass % . |Poured |} Specific
gum g speed, ¢ ]g:‘ct} ‘h carbon H,O | densfty, surface,
er - rpm Hier/ No- | in 10727 Im?yg
ANNO2a [ NaNO; gelsas' 1 2 3 3 [tomal [ coz- [ prod-| 8/ cm?
uct
{ 0 - — | 265 | 440 | 590 18 5,2 a0l — | — | 408 27,3 0,63
2 170 - 100 { 280 | 500 | 470 18 4,8 2,0 11,01 — 6,41 10,6 3,66
3 141 122 — 220 | 415 | 58O 18 4.1 60,0 —- — . 615,0 0,18
4 141 122 — 260 450 560) 18 4,9 09,4 — - — 720,0 A
5 141 122 — | 250 | 460 | 590 18 45 |66 — | — | | 7800 —
9 ¥ Jon 30 11 270 [ 430 | 440 18 4,0 25,0 1,01 0,9 2.9 37,0 01,48
7 141 122 DO [260 | 440 | 540 18 4,0 3,01 1,01 0,7 | 3.1 34,3 1,00
8 ¥ 141 Sz 50 | 270 | 460 | 560 18 4,0 1340 06] 0,2 | 1.86] w40 | 1,37
9 141 122 120 { 260 | 600 | 620 18 40 [0 2| 2 — 38,6 —
I 141 122 120 1 280 | 530 | 620 18 6,0 27,7 — — 34.8 —
il 141 122 L0 | 275 | 500 | 630 18 8.4 | 2m2| — — 42,4 —
12 141 122 | 420 | 255 | 530 | 640 | 18 10,0 [205] 351 2,14 | — 20 | 1,17
13 141 122 120 260 h70 640 22 4,0 22,0 3,0 3,6 —_ 29,0 —
14 141 122 120 280 n20 | 590 18 4,0 13,0 4,5 4,4 1,6 52,5 1,49
15 141 122 120 290 a0 [ 590 18 4,0 13,0 2,81 2,7 - 43,1 —_
'l(_i 1414 122 120 320 760 770 18 4,0 7,5 4,61 4,9 — 21,4 —
17 141 122 200 340 760 750 18 4,0 1,1 5,41 5,3 — 34,1 —
15 175 260 | 164 | 240 | 600 | 610 18 40 14931 = | = | 1,0 3902 —
19 175 260 164 | 250 | 600 | 610 18 4,0 54,2 3.6 3,3 110,68 30,0 —
90 175 260 164 1 250 | 620 | 620 9 4,0 49,2 3,71 2.8 153 34,4 0,58
oy 141 1221120 | 260 | 650 | 590 9 a0 sl 2] 2 12 a3l s
22 141 122 120 | 255 | 520 | 570 9 7,0 [41,8] 3,3] 2,9 — 33.2 —
A 141 122 120 265 540) 650 b 11,0 4,4 o —- 9,5 19,7
24 141 12 120 | 270 { 470 | 610 9 15,0 | 47,0 | 3,90 2,4 [11.0 22,3 1,60
55 141 122 | 120 | 360 | seo | g0 9 17,0 {400 34| 32| 2 32,0 -
26 141 122 | 420 | 620 | 740 | 700 18 a0 |3| 2| 2| — 48.3 -
27 141 122 120 720 800 760 18 4,0 26,8 3.3 3,1 — 61,2 0,38
28 141 122 200 740 780 750 18 4,0 12,8 4,3 4,2 — 32,1 !

*The conveyer speeds of 9 and 18 rpm correspond to calculated times spent by the
product in the apparatus of 4 and 2 min;

TIn runs 7 and 8, the initial solution contained 10 g/liter Fe(NOs)s, 1.0 g/liter
Cr(NO3) s, 1.0 g/liter Mn(NOs)2, and 0.1 g/liter Ni(NOs)z. :

Fig. 3. Appearance of some calcinate fractions (run 14) immediately after un-
loading. The numbers are those of the fractions in Table 2.

The apparatus worked satisfactorily with and without molasses, which favor the denitra-
tion and swelling, and the worm conveyer provided complete unloading from the working zone
into the bunker. In the absence of molasses (runs 3-5), the main body of the calcinate
(about 85%) was granulated material (Fig. 2). The largest fraction to some extent resembled
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TABLE 2. Fractional Compositions of Typical Calcinates, Mass%®

Number and size of fraction, mm : Sgp of

Run ‘ ; 0%-0.2
number M) ez | s N 4 Ne 53 Ne | N 8} Ne 9; 2100 | mm frac-

. R 5—1, 1,6—~1,011,0-0,6]0,6—0,4 0,4—0,3]0,3-0,210,2—-0,16 0,16-0,1{0,1 (nbinb tion, mz/g
“Run - 14 21,0 18,1 4,3 5,3 4,1 2,3 5,0 2,2 7,7 29,6 1,49
Run 3 85,1 3,6 . 1,8 1,5 0,7 0,2 0,4 0,1 0,2 0,2 0,18
Run 20 6,8 8,5 8,8 12,8 1,4 5,5 1,8 5.3 10,5 19,8 0,58
Run 42 18,3 9,2 | 74 8,8 8,2 4,3 9,9 4,8 11,0 17,9 —

*The fractional analysis was performed aftér the calcinates had been stored for 2-9
months. - : .

the shape of the depressions in the worm conveyer between the blades; the main fraction was
represented by granules of size 10-35 mm (Fig. 2). When the initial solution contained

. molasses, the product was loose material varying in fractional composition (Table 2 and

Fig. 3). Much of the product consisted of readily poured powder, which did not stick
together on storage. ' , '

) The nitrate contents in the calcinate (Table 1) were directly related to the amount
of molasses added. For example, in runs 3-5 (without K molasses) the nitrate content was
highest (about 60 mass %). The addition of about 50 g/liter of molasses to a solution con-
taining 141 g/liter of A1(NOs)s and 122 g/liter of NaNO; reduced the nitrate content by

‘about a factor two (30-35 mass % in runs 7 and 8). Increasing the molasses content to 120

g/liter provided the fullest denitfation. Under otherwise equal conditions, the products
from runs 9, 14, and 15 contained 13-20 mass % nitrate, because a redox reaction occurs
between the molasses and the nitrate at elevated temperatures:

CoH 04+ 6NO; — 6CO, + 6NO +- 6 H,0.

The degree of denitration increases with the molasses content, while the carbon (carbonate)

" content also increases. When the sodium nitrate concentration increases (from 122 to 260

g/liter). and the aluminum nitrate concentration also increases (from 141 to 175 g/liter),
the degree of denitration decreases. '

Table 1 also gives data on the effects of temperature. Raising the temperature in all
three sections above 600°C (runs 26 and 27) reduced the degree of denitration appreciably.
Increasing the temperature in the first section (to 620-720°C) led to partial decomposition
of the molasses and reduced participation in the denitration. When the molasses concentra-
tion was increased to 200 g/liter with the same temperature (run 28), the nitrate content
of the calcinate was reduced to 13 mass %. Reducing the temperature in the first section to
320-340°C and increasing the molasses concentration to 200 g/liter produced the minimal
nitrate content of 1.1 mass % (run 17). The degree of denitration obtained with the worm
conveyer rotating at 18 rpm was higher than that at 9 rpm, because of the more vigorous
mixing at the heated wall during the transport. There was no appreciable change in the ni-
trate content in the product on increasing the throughput from 4 to 17 liter/h under other-
wise equal conditioms.

Data recordings on samples of the calcinate showed that at 125-130°C there were endo-

~thermic peaks for all the specimens related to evaporation of the water sorbed on the ex-
" tensive surface of the calcinate. The specific surface Sgp in run 14 (with molasses) was

about 1.5 m?/g, while that in run 3 (without molasses) was 0.18 m*/g, and correspondingly

the endothermic peak was small. In run 3, for which calculations indicated that about 7% of
the aluminum nitrate was undecomposed, there was an endothermic peak at about 195°C [5, 6],
indicating final decomposition of this salt residue. The product from run 3 also had an
endothermic peak at 290°C corresponding to melting in the NaNOs. The A1(NOs) s in the mixture
reduced the melting point of NaNOs; from 310 to 290°C. The endothermic peaks for the products
from runs 14 and 3 at 660°C correspond to the decomposition of sodium nitrate [5, 6]. The
molasses in calcinate 14 reduced the decomposition temperature. for the NaNOs by 20°C (from
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660 to 640°C). The specimen 14 also had two small exothermic peaks at 200 and 300°C, and
analysis of this calcinate showed that it contained 3 mass % residual nitrogen and about

0.1 mass % free carbon. One assumes that the reaction of the residual carbon with: the sodium
nmitrate continues at these temperatures, which is accompanied by the production of heat,

The calcinates in runs with molasses contained carbon in the form of carbonate at from
0.1 to 20 mass % (Table 1), and there was a strong alkaline reaction when the calcinate con- -
tacted water: CO§‘ + 2H,072 20H™ +H,C0a, and there was an endothermic peak corresponding to
carbonate decomposition at 840°C (run 27), which shows that the calcination produces carbo-
nates. Physicochemical analysis showed that the following salts and oxides occur in the
product when molasses are added: NaNOs, NaAlO,, Al.0,, Na,CO,. s

These results enable one to evaluate the scope for using equipment of worm conveyer type
for trating model solutions of high-level wastes containing elevated amounts of the nitrates
of sodium (up to 260 g/liter) and aluminum (up to 175 g/liter) with or without the addition
of molasses at temperatures below 650°C (800°C), and it may be noted that a horizontal ap-

paratus enables one to perform the dewatering and denitration in a stable fashion and to
produce a fairly dry product (1-6% water) that is porous (poured mass mass 10.6 x 10-2-532.5 x
10~2 g/enm®) that flows readily (natural piling angle 40-46°) and which does not stick together,
this having a specific surface of 0.5-1.5 m°/g; the material absorbs water but does not lose
the capacity to flow on storage. A calcinator of horizontal type has been used with the con- -
ditions shown in Table 1 to process about 160 liter of model solutions, which ptoduced_over
22 kg of calcinate. '

When the apparatus was overhauled and the worm conveyer was removed, it was found that
there was very little sticking of the calcinate to the walls and conveyer. There were no
visually obvious signs of corrosion on the shaft, the walls, and the conveyer blades, Chem-
ical analysis indicated some entry of iron into the calcinate in the first six rums at levels
from 0.76 to 1.37%, which was due to contamination by scale (remaining after welding) and
erosion products in the form of small particles taken up by the calcinate from the unworked
surfaces of the body and conveyer. The iron contents tended to fall subsequently from run
to run (to about 0.1 mass % in run 9). These results and the data from examining the cal-
cinator show that it is possible to use 1Kh18N10T stainless steel as the material.

Therefore, it has been shown to be possible in principle to use a horizontal calcinator
to process wastes with elevated NaNos contents (up to 260 g/liter) and to produce a fairly
dry calcinate that does not stick together and which remains in a freely flowing and trans-
portable state, in conjunction with minimal nitrate contents, where the subsequent vitrifica-
tion will be accompanied by relatively small release of corrosive oxides of nitrogen. - :
However, the subsequent vitrification of material containing carbonate will involve consider-
able gas release from the latter, so the next stage of research on the calcination involves
binding the sodium as nonvolatile salts such as silicates by introducing fluxing additives
such as quartz sand, datolite, etc. '
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CONCENTRATION RATIOS FOR RADIOGENIC LEAD AND URANIUM d o

™~ N
IN AUREOLES AROUND HYDROTHERMAL URANIUM
MINERALIZATION |

V. M. Ershov , ' ) UDC 550.84.092.1

Considerable importance attaches to the origin of radiogenic lead aureoles in hydro-
thermal uranium mineralization zones, since one can use anomalies in radiogenic lead con-
centrations as features of the mineralization on a scientific basis only when the nature of
these aureoles around the mineralization has been elucidated. One of the main aspects is to
establish the source of the radiogenic lead. Some researchers (for example, [1]) consider
that the ore bodies are the sources. However, it has been pointed out [2] that there is no
proper basis for this view on the origin of the radiogenic lead aureoles. Other workers take
a different view (the radiogenic lead in the aureoles is due to the decay of uranium atoms
in the geochemical aureoles), and the primary concentrations are recovered from the radiogenic
lead [3, 4].

In research on the states of the uranium-lead system in unmetamorphosed-uranium minerals,

- it has been found that the state can be perturbed not only as a result of supergenesis [3]

but also during the final stages of hydrothermal mineralization [5]. Within large volumes
of the ore body in a metamorphic deposit, the relations between the radiogenic lead and the
uranium correspond to the age of the mineralization [2]., Therefore, one assumes that the
radiogenic lead in the ores does not participate in producing the aurcoles. However, this
does not demonstrate that the radiogenic-lead aureoles in all hydrothermal deposits are
derived from primary uranium geochemical aureoles. To demonstrate this, it is necessary to
use a number of instances to show that the concentrations of -the radiogenic lead isotopes
Pbygq are related to the uranium contents and the age of the aureole t:

Pbyag=U {K, (1—155) lexp (Aet) —1] + 55 lexp (hst) — 11}, _ W

where Ag and As are the decay constants of uranium and actinouranium correspondingly, while

K is a coefficient that incorporates the changes in atomic mass. This formula shows that the
dependence of the radiogenic lead concentration on the uranium content is linear for given t.

This relationship was first established in a Precambrian mineralization aureole [2]. 1f this
correlation could be demonstrated for aureoles in hydrothermal mineralization zones of various
ages .in various geological settings, it would enable one to establish a general relationship

" between uranium and lead around ores and to draw sound conclusions on the nature of the ra-

diogenic lead aureoles at hydrothermal deposits.

The studies were made on aureoles on hydrothermal uranium mineralization zones differing
in age of the mineralization and of the country rocks, as well as in type of mineralization
and the subsequent changes, the -extent of supergenesis, and the rock composition. The uranium

‘and lead contents were'determined in the main by x-ray spectral methods [6], while the lead

isotope compositions were determined spectrally with an isotope-analysis system {7]. The
relative errors in the ratios of the radiogenic lead to uranium vere dependent in the main -
on the errors in determining the radiogenic lead concentrations and were usually  10-30%.

The data were used to derive linear-régression equations and correlation coefficients.
Table 1 gives the slopes.in these equations and the correlation coefficients, which indicate
that the experimental and calculated slopes are quite similar and increase regularly with
the age of the mineralization. The relative discrepancies hetween these slopes are less
than 10% in most cases. The aureoles in two zones (Nos. 3 and 6) had relative deviations of
13 and 17%, while the aureole in the youngest zone (No. 1) gave 407 difference. Here the
experimental values of the slopes differed substantially for the zones differing in age, while

Translated from Atomnaya Energiya, vol. 56, No. 5, pp. 298-300, May, 1984. Original
article submitted March 15, 1983..
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TABLE 1. Slopes of Linear Regression Equa-
tions for Radiogenic Lead and Uranium Con-
tents in Aureoles

Slopes .

. ) . . Pbrad—U
2 |- Mine - |Calc, pair cor-
Z [ lllteﬁgidz;uon charac fniw;n i ound rggg ;‘°“

: miner~ 1
aliza- eZpr. ficients
tion age

1 | Uraniunr—Titanfum min- - 10,0205 ]
eralization in crushed | ' 2 0,029 1 0,999

zones in Precambrian mig-

matites and granites -

2 | Uranfum mineralizationin |0,041 | 0.039 | o

: a fault line in Precam-~ . 3 : e

.brdan sandstones, clay

ghales, and dolomites

3 | Uranium mineralization in | (0,053 0,046 |- 0,832
Cambrian carbonaceour
clay shales

-4 | Uranfum mineralizationin 0,053 1 0,050 | 0,988
ter‘rii nous sediments of

iddle and -
21\'/{3 agean Lower Paleo

5 | Uranjunr-molvbdenum {0,053 0,058 1 0,733

. mineralizationin Middle :

and Lower Paleozolc

| =iolite porphyry o

6 | Uranfum-~molybdenum 0,053 | 0,062 ] 0,615

mineralization in Devonr |

ian volcanites and se~

.~ | diments

! |Uranjum mineralization at- {0,053 | 0,055 | 0,877
tectonic contacts between| -

* granites and terigenous

sediments

8 {Uraninite mineralization in] 0,319 0,294.1 0,993
alkali metasomatites '

amongst Precambrian

metamorphites

the positive pair correlation coefficients between radiogenic lead and uranium are such as -
to imply close or extremely close correlations. We therefore conclude that the aureoles
contain mainly radiogenic lead derived from the decay of the uranium in the primary geochem—
ical aureoles.

There are comparatively large deviations in the slopes and low values for the pair cor-
relation coefficients in aureoles where the country rocks show extensive supergene altera-
tion. The geochemical features of uranium in the supergenesis zone indicate that the cor-
relation between radiogenic lead and uranium is here disrupted because of the extensive su-
pergene alterations in the uranium—lead system in the aureoles. The following data confirm
this. There are low and fairly uniform backgrounds of trace lead in the aureole rocks in most -
cases, and then the total lead Pb, is linearly related to the concentration of radiogenic
lead or uranium. In the latter case, the slope of the regression line should correspond to
the age of the uranium mineralization, while the constant term corresponds to the background
lead level. The total lead contents in 7% for the aureoles numbers 6 and 8 are described by

'Pby =0.0038 +0.053 _ @
Pby = 0.0031 +0.31U ' ’ 3)
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with correlation coefficients of 0.5 and Q.92 correspondingly. The constant terms in these
equations indicate the background lead levels quite satisfactorily for the aureole rocks,
while the slopes hardly differ from the calculated values. There is a low correlation coef-
ficient for No. 6 in the table, which evidently reflects not only disruptive relations be-
tween the radiogenic lead and uranium, where the correlation coefficient is 0.615, but also
variations in the lead geochemical field in the aureole. Consequently, correlations between
- the total and radiogenic lead can serve to indicate alterations in the uranium—lead system
due to supergene processes. '

The following equations describe the relation between the total lead (in %) in the
aureoles in these two mineralization zones and the contents of radiogenic lead:

‘Pby=0.0037 41.058 Pbrad (4)
Pbt=0.0038+1.06 Pb4 o : (5)

The pair correlation coefficients are 0.893 and 0.997 correspondingly. The relative dif-
ferences between the constant terms in these equations and those in (2) and (3) are 3 and
20%, which may be taken as satisfactory in estimating the background aureole lead concentra-
tions from the two types of correlation. ‘The slopes in (4) and (5) are almost one and in-
dicate that the main source of lead in excess of the background in the aureoles is radio-
genic, The correlation between the ordinary and radiogenic leads is closer than that be-
tween the uranium and radiogenic lead, so the uranium-lead system has been disturbed, with
‘this occurring recently relative to the age of the mineralization. As endogenous processes
in these regions essentially ceased in the Early Paleozoic period, and as the mineralization
zones ‘show extensive processes related to Mesozoic—Cenozoic crust formation, there is every
reason for the disruption of the uranium to radiogenic lead relation being associated with
supergenesis,

It has thus been established that radiogenic lead aureoles around hydrothermal uranium
mineralization are formed by radiogenic lead isotopes accumulating from the decay of uraniumn
in the primary geochemical aureoles. There is no basis to consider these aureoles as re-
presenting a space that has received radiogenic lead from the ore bodies. Consequently, the
radiogenic lead aureoles represent a form of indication for uranium geochemical aureoles and
have the same practical significance as the latter. There are advantages in using radiogenic

lead aureolés in geochemical prospecting for uranium ores relative to uraniummeasuring methods

only in areas where the uranium aureoles are weak or diffuse, as occurs in weathering crusts.
In small-case exploration, information on radiogenic lead contents in radiometric anomalies
provides more reliable conclusions on the nature of the latter. ' ‘ '
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EFFECT OF GAMMA-NEUTRON RADIATION FROM A NUCLEAR
REACTOR ON THE ELECTRICAL STABILITY OF MICROLITE

N. S. Kostiukqv, M. I. Muminov, UDC 620.22
and V. M. Lanskov .

Ceramic insulators of microlite (M) can be used as bushings in nuclear reactors, and _
also in electronic, electrical, and automatic control systems [1-3]. The electrical stability i
is one of the most important characteristics of an insulator and it frequently limits the
use of many dielectrics in zones of action of the intense ionizing radiation fluxes existing
in a nuclear reactor. However, at the present time here is little published work on the in--
vestigation of the change of electrical stability of ceramic materials during irradiation
with y-neutron and y~radiation fluxes. In connection with this, in physics and material
behavior interest arises in a study of the effect of the radiation mentioned on' the electrical
stability of microlite. . :

A test of ceramic samples in y-neutron fluxes was carried out in the reactor of the
Institute of Nuclear Physics of the Academy of Sciences, Uzbek SSR, with a dry channel passing
through the core and having an outlet in a hot .box. The neutron flux density was equal to
1.2-10'? neutrons/cm®+sec with a cadmium ratio with respect to gold of 2.1 and an absorbed
dose intensity of 4-10% Gy/sec. The investigations of the electrical stability after receiv-
ing a specified fluence in a °°Co y-field were conducted on the gamma—facility of the Ins-
titute of Nuclear Physics, Academy of Sciences of the Uzbek SSR, in a channel in which the

exposed dose intensity of y radiation amounted to 1.08 C/(kg-sec).

Samples in the form of thimbles, with a wall height of 50 mm, were used for the tests
in the reactor. Small balls of ball bearings with a diameter of 6 mm were used as high~
voltage electrodes. The high~voltage cable was the inner core in a polyethylene sheath of
"~ an RK-50 radiofrequency cable. The electrodes were contained in cylindrical insulators of-

epoxy resin, glued to the samples with epoxy glue. :

The electrical stability of the microlite in the °°Co vy-field, after setting up the ..
specified neutron fluence, was determined by means of measurement cells assembled. on a base
of samples — disks with a diameter of 30 mm. For setting up the fluence, the disks were
packed into stacks (3 pieces in each), which then were immersed in picene in order to exclude
contact of the ceramic with water. These stacks were wrapped in copper foil and placed in
standard block-containers used in the VVR-SM reactor. After completion of irradiation, the
samples were retained in the hot box for a month in order to reduce the induced activity.

As the exposed dose intensity of a single stack did not exceed 2.58-10" % C/ (kg*sec), further
treatment of the samples could be carried out inside the box. The foil was removed from the
stack in the box, the picene was dissolved in benzene, and the samples were cleaned from
residual picene films by wet polishing with silicon carbide powder. After washing in dis-
tilled water, the samples were dried at room temperature over a day. Then, one common
electrode of copper foil was fastened to it and four electrode-beads. The electrodes were
contained by insulators of epoxy resin, which were glued to the samples with VGO-1 hermetic
glue. The thickness of the samples was measured with a micrometer with a moveable pivot.
For the samples in the form of thimbles, the required value of the thickness was assumed to
be the minimum value of the series of measurements at the site of the proposed breakdown,
and for the plane samples — the average value of ten measurements at the point of application
of the globular electrodes.

For the purpose of monitoring the density of the ceramic at the point to be tested
according to the absorption coefficient, a collimated °°Y + °°sr B-source with a diameter of -
up to 2’ mm was used. The value of the density in this case was found from the expression

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 5, pp. 300-302, May, 1984, Original
article submitted July 26, 1983. . .
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Fig. 1. Dependence of the elec-
trical stability of microlite on
the temperature during irradiation
in a nuclear reactor (— ) and
without irradiation (- = -) for a
frequency of the applied voltage
f=.0; A, O) experiment.
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Fig. 2. Dependence of electrical
stability of microlite in the case
of a constant polarity voltage (—)
and an alternating voltage of in-
dustrial frequency (- - =), one the
neutron fluence: x, A) experiment.
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where Io and I are the intensities of B-radiation before and after the sample, respectively;
u is the mass coefficient of attenuation of B radiation; & is pthe sample thickness. The
thickness of the samples tested was 0.3-0.5 mm. '

The temperature was measured by a contact method with Chromel—Alumel thermocouples f4, 5].
A KSP-2 automatic potentiometer served as a secondary instrument. When determining the tem—
perature at the instant of breakdown, a temperature—time characteristic curve was used, which
was constructed on a basis of data recorded on the potentiometer film, obtained with three
cell-simulators installed in the core of the working reactor. Using the characteristic curve
obtained and measuring the time elapsed from the instant of introduction of the measurement
cell into the zone of action of the y-neutron radiation up to application of the test voltage,
the temperature of the section being determined at the instant of sample breakdown was de-
termined. Subsequently, in order to monitor individual measurement cells, a thermocouple was
installed from the side of the earthed electrode. The accuracy of the temperature determina-
tion amounted to *10Z%.

The test voltage ‘of constant and alternating polarity was supplied from an AII-70 m
apparatus, on which an electric motor was installed of the manual drive, which ensured a cons-
tant rate of voltage increase equal to 3 kV/sec. The voltage was measured with an S-96 kilo-
voltmeter. The instant of breakdown was recorded by the maximum position of the pointer on
the instrument scale. If the breakdown voltage was like (according to estimate) to exceed
30 .kV, then a resistance voltage divider was used.

The results of the investigation of the microlite, presented in Fig. 1, were obtained
in conditions of the action of the y-neutron radiation of the VVR-SM nuclear reactor with a
uniformly increasing voltage of constant polarity and in conditions .of normal heating. Before
the application of the voltage, the samples were held in the core during a time from.a few
seconds to 20 min at a temperature of 19-79°C for the purpose of obtaining the required tem-
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Fig. 3. Dependence of the elec-
trical stability of microlite, ob-
tained for a constant polarity
voltage (—) and an alternating
voltage of industrial frequency

(- - =), on the y-radiation dose

P during testing of samples in a
¢°Co source y-field with an exposed
dose intensity of 1.08 C/(kg-sec):
x, A) experiment. :

perature. ' Each average experimental value of the electrical stability was derived from the
breakdown results of six samples. The spread of the experimental values in this case amounted
to 17-277% for a 90% reliability of the results.

The experimental dependence of the electrical stability E on the fluence of y-neutron
fluxes are shown in Fig. 2, obtained during tests of microlite after collection of the fluence
in the °°Co y-radiation field with an exposed dose intensity of 1.08 C/(kg-sec) for voltage
of constant polarity. The difference between the maximum and minimum values.did not exceed
8.5%, and the spread of the values relative to the average values amounted to 10-21%, i.e.,
the electrical stability with the stated conditions of the test did not change.

Figure 2 also shows the dependence of the electrical stability ngf on the neutron
fluence, obtained by testing samples irradiated in the reactor in a ®°Co y-radiation field
for an alternating voltage of industrial frequency. The calculation of the average values
- was performed with the results of the breakdowns of 10 samples, for which the spread of the
values was equal to 8-15% with a reliability of the results obtained of 90%. The difference
between the maximum and minimum values did not exceed 11%, from which it follows that Eeff

in the given conditions of the test also was unchanged. '

The investigation of the dependence of the electrical stability of microlite on the
y-radiation dosé (Fig. 3) was carried out for the purpose of explaining the effect of the
y-radiation dose as a factor leading to filling up levels, related with the presence of
structural defects, with electrons, having developed as a result of disturbances in the zone
of conductivity, and to explain the effect of this filling on the electrical stability of
the ceramic. ‘

The experiment consists of two stages: collection by the samples of the necessary
dose of y radiation and testing the samples to breakdovm in a y-radiation field. The temper-
ature of the samples at the instant of application of the voltage was equal to 50°C. The
spread of values relative to the average values amounted to 20-40Y% with a reliability of
results obtained of 90%, and the difference between the maximum and minimum values was 20%,
From the data presented, it follows that the electrical stability of microlite for a unipolar’
~ voltage does not vary in the range of exposed doses of 2.58-10°-2.58:10° C/kg for tests in

. the y-radiation field of *°Co 6, 7]. ' -

Figure 3 depicts the experimental dependence Egs of microlite on the y-radiation dose
with a steady rise in the voltage of industrial frequency. The spread of values relative to
the average values in the present case amounted to 18-30% and the difference between the
maximum and minimum values did not exceed 13%. Thus in this way the effective values of
the electrical stability remain invariable. ' :

The characteristic curves shown in Fig. 1 show the absence of a reduction of electrical
stability of microlite in conditions of continuous irradiation, although the electrical
conductivity of the ceramic in the case of an absorbed dose intensity of 400 Gy/sec is in-
creased by 2-3 orders of magnitude [8-10]. In accordance with this, it can be concluded that
- ‘breakdown of this ceramic is now related with an electrothermal mechanism, but to a consider-

able degree is determined by electronic processes,
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Starting from the characteristic curves shown in Fig. 2 which confirm that the buildup
of defects in the microlite during irradiation with a fluence of up to 10?2 neutrons/m®, does:
not change the electrical stability, it can be supposed that the density of the radiation
defects is still lower than the density of the technological defects present in ceramic
materials. Moreover, as the test was conducted in a y-field, it can be confirmed that there
is no change of mechanism of electric breakdown. The data of Fig. 3 confirm that the filling
of the defect levels, in which the appearance is shown of a brown coloration of the samples:
in the case of an absorbed dose of not less than 2.58:10° C/kg, does not change the value of
the electrical stability and the electrical breakdown of microlite.

-Based on what has beensaid, the following principal conclusions can be drawn:

‘breakdown of microlite in the range of temperatures investigated is due to electronic
processes;

, the y—neutroﬁ radiation of the core of the operating VVR-SM réactpr for a meutron flux
density of 1.2-10'*® neutron/(cm®+sec) increases the average value of the electrical stability
of microlite by 22-707 (see Fig. 1);

a neutron fluence of less than'1023 neutron/m? does not change the internal mechanism
of electrical breakdown of microlite; '

filling of defect levels with electrons, excited by y radiationm, does not affect the
electrical stability of the material considered.
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REVIEWS :

THE. NEW GENERATION OF HIGHLY~CHARGED ION SOURCES

K. S. Golovanivekii - - UDC 621.3.038.612

Introduction. Highly charged ion sources are major components in heavy-ion accelerators
employing classical systems, and they ultimately determine design features such as the size,
mass, cost, and facilities. Up to the 1970s, virtually the only type of ion source for
heavy-ion accelerators was based on the Penning reflective discharge with oscillating elec-
trons (PIG). Most accelerators were equipped with these sources, and the ongoing upgrading
of them has meant that the intensities and charges of the beams they provide have attained
the theoretical limits realted to the restricted plasma temperature, density, and lifetime.

PIG sources typically have the following plasma parameters: 7,= 1013 em~-3; T, &~ 20
eV, and ion and electron lifetimes t; = 7, &~ 10 usec. The HILAC acceperator in Berkeley [1]
has these plasma parameters provided by supplying a discharge with over 20 kW (dicharge cur-
rent 15 A at an anode voltage of 1.5 kV). Discharge optimization, in particular the pulse
supply of the working substance to the plasma [2], has resulted in the best beam parameters
at present with the PIG source of the U-300 cyclotron in Dubnas (Table 1). The discharge
consumes about 15 kW (el.) at 10-14 A. Table 1 shows that the percent content of ions in
the beam decreases sharply as the degree of ionization Z increases. Eninger's estimates [3]
indicate that the ratio of charge to mass for ions that can be extracted from a PIG source
in satisfactory amounts is < 0.3 for light elements, < 0.1 for medium ones, and < 0.5 for
heavy ones. : : -

A considerable step forward was provided by the suggestion [4] of low-charge ion strip-
Ping at energies of the order of 1 MeV/nucleon on passage through thin foils. For example,
a uranium ion under these conditions loses up to half of its electrons and acquires Z/A~
0.2. This method is extremely expensive and has serious disadvantages associated with the
beam scattering during stripping and the brittleness of the very thin foil, which is easily
damaged by the beam. An elementary ionization in the foil (as in a PIG plasma) is provided
by electrom—ion collision, whose effect is dependent on the relative velocity of the collid-
ing particles. Therefore, it is completely unimportant which of the colliding particles acts
as the target at rest. In a plasma, the ions are the target, while in a foil the electrons
act as the target. There are differences only in the relative velocity of the colliding par-
ticle (electron) density. When the energy of an ion in a foil is 1 MeV/nucleon, the relative
collision velocity is 1.4 » 10° cm/sec. To provide this electron velocity to bombard ions at
rest, an energy of only 550 eV is required, which represents a hardly soluble problem for PIG
plasma. The electron density and the ion stripping tim 1. are determined by the number of
ionizing collisions. The stripping time in a matal foil (n, ~ 5.10°2 cm~2®) of thickness 3 um
is equal to the time of flight T; & 0.2 psec, and therefore the characteristic Lawson para-
meter is n.t; &~ 1-10' gec+cm™2 for an electron kinetic energy of 550 eV in the coordinate sys-
tem linked to the incident ions.

Therefore, the costly stripping method with foils can be replaced by the cheaper method
of producing a plasma having T, ~ 0.5 keV and n.1; &~ 1-109 cm~®. The specifications
for the plasma parameters are much higher in controlled fusion: T, ~ T; ~ 10—100 keV and
n.v; & 5-10" sec* cm™®. This means that the vast experience accumulated on controlled fusion
_ can be extremely useful and possibly decisive for producing highly chargen ions. The only
essential difference between the two cases is that the ion temperature in an ion-source plasma
must be as low as possible in order to provide sufficiently low ion-beam emittance, whereas

ion heating is one of the objects most difficult to attain in a fusion plasma.

To produce nuclei of heavy elements, the electron energy must be sufficient to empty the
K shell. Also,.the value of n Ty should be higher than that given above, which is typical
of stripping half the electrons rrom the uranium. Evidently, an ideal source capable of pro-
ducing uranium nuclei would be a plasma containing cold ions and having an electron tempera-

Translated from Atomnaya Energiya, Vol. 56, No. 5, pp. 303-310, May, 1984. Original ar-
ticle submitted August 1, 1983; revision submitted January 2, 1984. '
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ture T,~ 200 keV together with a retention parameter ~ 1-10" sec* cm~2, which from

the viewpoint of fusion research is a difficult but soluble problem at the current stage.
Lower plasma parameters are required for less extreme purposes such as producing neon-type
heavy ions, helium-type ions from middle elements, and bare nuclei from light ones.’ In that
casg, it is probable that the optimum parameters are T,~5=50 keV and =~ 10°—10" sec-

cm™".,

The first of the new generation of sources of highly charged ions was the electron-beam

source invented by Donets in Dubna in 1967 [5] and now usually called the EBIS (Electron Beam
Ton Source). Sone time later, papers appeared from Geller's group in Grenoble: [6, 7] on the
use of a fusion mirror trap containing a magnetic well and having plasma heating by electron
cyclotron resonance, together with the proposals -of Peacock and Pease [8] from Culham to use
laser microtarget heating, the proposal from Tonon in Lima [9], and that from Bykovskii's

' group in Moscow [10] to produce highly charged ions from a laser plasma produced by a fo-
cussed beam from a solid specimen. In the same period, there was the suggestion from Trivel-
piece's group [11] in Maryland to produce ions by adiabatic plasma compression in a mirror
magnetic trap, as well as the suggestion that a toroidal magnetic trap containing a potential
well for the ions made by Daughkerty et al. [12] in the Avco Everett laboratory. In 1969,
Stix [13] from Rehovoth suggested producing a negatively charged stationary plasma with elec-
tron cyclotron resonance heating in a mirror magnetic trap, which would provide for a rapid

| in n,t4 as the ion charge increased. However, it is complicated to produce a charged plasma
of sufficient density, and it was some while before this idea was realized in a somewhat mo-

‘ dified form [14, 15].

| Not all of these proposals ended in actual sources. At present, there are three main
lines of advance in this area: EBIS, lasers,.and ECR, which have either already led to work-
ing sources or are expected to do so in the near future. The present review deals with the

| state of the art in these three lines.* The main attention is devoted to the major aspects
of each and to elucidating the potential and discussing the best results so far obtained.

| We do not describe identical or slightly different sources made in different laboratories and

‘ concentrate attention mainly on the best specimen in each family.

‘ EBIS. The EBIS concept is that ions are retained for a long time within a dense electron

| beam of energy optimum for multiple ionization. Current electronic technology enables one to

‘ produce electron beams of the required energy (tens of keV) at current densities of about
1 kAs cm™2 without particular difficulty, which corresponds to an electron density of n,
~ 10" cm~°, Therefore, to attain n,1; ~ 10! — 10'"* sec¢cm” >, we require an ion retention time

‘ of 1; 0,1 — 10 ¢. gec. The ions are retained in directions perpendicular to the beam axis au-
tomatically by the electrostatic field of the electron space charge (at least until the beam
is neutralized by ions of the working substance and residual gas). To eliminate rapid neutral-
ization, one should introduce only small batches of the working substance and provide a su-
fficiently high vacuum. Special measures are needed to provide longitudinal retention, which
have to produce potential barriers near the ends of the beam for the stripping time t;.

Figure 1 shows the scheme for the KRION source (cryogenic ionizer), which is the best de-
vice of the EBIS type [16~19]. Only the key elements in the source are shown together with
the longitudinal distributions of the magnetic field and electrostatic potential. The magnet-
ic field H is homogeneous along the entire beam length, and its function amounts to transverse
electron retention in order to keep the current density constant. The profile of the longi-~

| tudinal electrostatic field is controlled by programmed potentials ¢ on the electrically in-

" sulated sections of the drift tube (total number 25). The potentials applied to the sections

are switched by a special automatic device [20], which produces three different longitudinal
profiles at set instants, which are denoted by A, B, and C in Fig. 1. First one produces pro-
file A, in which the beam is cleared of trapped parasitic lons. Then a batch of the working
substance 1s supplied in the region of section 3 and profile B is applied, which constitutes
a potential well for positively charged particles. When a sufficient number of ions of low
charge has accumulated in this well, profile C is switched in, which shuts off access to the
well from new fons from the injector. Profile C is maintained during the set ionization time
74; then A is again applied and the highly charged ions are ejected along the axis to the ex-
traction system. Complete stripping for argon requires ty = 2 sec under the conditions of
the KRION-2 source, whose technical parameters are as follows:

|
|
*There are regular specialized international seminars on EBIS and ECR sources.
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TABLE 1. Ion Currents of Various Charge States in the PIG Source for the U-300 Cyclo-

tron, mA
z
Gas
3 4 5 6 1 8 9 10 11 12 13 14 15
argon | 20 | 13 | 50 27| 08| 02 | — ~ - - — - | -
Krypton 24 145 8,4 8,0 7,3 4.3 1,7 0,5 0,1 - - — —
Xenon 24 ‘24 12 10 9,3 8,0 5,8 4,0 3,6 1,1 0,4 0,2 {0,05
[////' 1244, caddd 7820 6
ﬂ:Dnﬁﬁég;"DDmDuwuuuusaGD:nu[:G§J
Extraction
Fig. 1. Scheme for the KRION source:
1-25) drift-tube sections; 26) electri-
cal collector; 27) electrical gun.
Fig. 2. Empirical dependen-~
" ce of proportion of ions
‘with charge Z on total num-
ber of ions in laser source
[29]
Fig. 3. A simple scheme for a laser source of
highly charged ions HCI: 1) laser; 2) window;
3) lens; 4) target; 5) plasma; a) HCI; b) pump.
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TABLE 2. Fluxes 'z of Ions in Chafge State Z in MINIMAFIOS

Nitrogen Oxygen Argon Krypton Molybdenum " Tungsten Neon
z r, z T, z Iy z r, z r, .z \ r, z r,
7 2-10% 8 1101 13 | 4100 19 3400 |20 IR {1 29 I 2-101 10 1109

i} 7o 9 1

(2 : 2sem

Fig. 4. The MINIMAFIOS scheme [3]: 1) pump;
2) high-vacuum region; 3) insulator; 4) mag-
netic coils; 5) window for UHF power; 6) in-
sulating tube for ejection and preliminary
ionization; 7) first resonance zone; 8) j
region; 9) multimode cavity; 10) hexapole
‘SmCos magnet; 11) ECR heating region; 12) ex~
traction system; 13) radiation shield; B,
longitudinal magnetic field; By radial mag-

netic field between poles.

Beam length, cm
Vacuum, mm Hg*
Beam current density, A-cm”™

Beam energy, keV

T4s S€c .
nTys sececm—3

« 2

140

.- 10712
600
22
10

6x10%2

. The best result at present is the production of 2 x 10° helium—type ions from xenon in a
pulse (2 x10° ions/sec). The nuclei of light elements are stripped in substantially larger
numbers. For example, one can produce 2 x 10° carbon nuclei per pulse. - ‘ I

So far, the main efforts have been devbted to attaining the maximum degree of ionization,
and the problem appears to have been solved. An unsolved problem remains the low intensity

of the EBIS beam. The following are the most optimistic forecasts for this [19, 21]:

yue+

X3+
Arls+
Nelo +

Ions/sec
2.1me
5.101
41012
3 ..1()]3 .

‘A bunch of higher intensity of highly charged beams from EBIS involves raising the ener-
gy efficiency. Essentially, the energy deposited in the electron beam is used directly for

ionization with very low efficiency because the electrons spend only a short time in the

stripping region (0.01-0.02 usec in the KRION-2).
1o/t4, which in the best EBIS models is 10-° (the optimum value clearly 1is Te/Ty = 1). The
value of To/T4 means that only a small proportion of the beam energy is used in stripping,

wich means that there is an exceptionally high energy price for a single ion. ‘For example,

in the KRION-2 the production of one Xe*?

1l mm Hg = 133.322 Pa.

ion consumes about 0.3 J. At that level, the

The efficiency can be characterized from
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TABLE 3. Values of n,Tyy7 for the HELIOS-12A

Plasma
z "etize z '"atiZ§ z TeTizs
sec.cm™¥ ec-em- sec . cm-3
2 2-407 H 2-10° 8 2.401
3 1-108 6 1-101¢ 9 8.4011
4 5.108 7 4.1010 10 44012

production of the forecast yield of Xe52+ ions of 1x10'2 per second for future EBIS [19]

will require an impossibly high beam power (about 3 x10® MW). Production of that number of
xenon nuclei would indoubtedly require even more power. To increase the efficiency, one or-
ganizes energy circulation in the EBIS by recuperating and reusing the beam energy [22].

This is a complicated electrical engineering problem when the circulating power 1s very high,
since even with quite high recuperation coefficients the dissipated proportion of the circu-
lating energy would represent very large absolute values. One way of cheapening the ions is
to use lonic supercompression, which was observed by Arianer's group at Orsay [23]. This
effect leads one to hope to raise the current density by 2-3 orders of magnitude, which great-
ly reduce T, and correspondingly increase t_/t,. Here however there is a fundamental problem

of providing stability in the system with hgghienergy density under highly nonequilibrium con-.

ditions represented by the superdense electron beam filled with ions. :

This indicates that EBIS is a sensitive and extremely complicated physics instrument
that has opened up new scope for fundamental research in nuclear physics [24] and also for
injecting highly charged ions (as far as stripped nuclei) into pulsed accelartors with low
repetition frequencies (synchrotrons). It would become acceptable to use this source as an
injector for a continuous-running accelerator if a solution could be found providing radical
improvement in the energy efficiency.*

Laser. When a laser beam with a power density @ of over 10® Weem™? falls on a solid
target, the energy and the radiation pulse are transferred in a short time to a small amount
of material, which produces a hot dense plasma moving in a particular direction. Highly
charged ions in this plasma have been detected spectroscopically [25-27], which led to sug-
gestions [9, 10] that a laser plasma of this type could be used as a highly charged ions
source.

The physical characteristics of such a plasma are determined by the energy transfer,
which can be represented schematically as follows. In the initial stage, a cold plasma is
forme at the surface whose density attains the critical value ( n.. = 1021/3? cm™3, where A is
the wavelength in ym). This plasma 1s an intermediate body that transmits the laser energy
to the solid target. The rapid plasma heating produces a shock wave, which propagates in the
target, heats it, and accelerates the atoms in the propagation direction, i.e., into the tar-
get. The local compression causes the target atoms to be ejected into the vacuum, where they
pass through the hot plasma and are ionized. Therefore, the final result is a jet of ions
directed into the vacuum, some of which are highly charged. :

A.théoretical analysis of this model was performed in [28], where the following expres-
sions were derived for the electron temperature and parameter n.Ty:

o= 1.25-10°% (4/2)vs (12, W

n,T, =108 (A/2) T3, @

Here 14 18 the ion time of f1ight through the hot piasma in sec, Tg is electron temperature ineV, ¢ is

the flux density in Vecm=2, ) 1s the wavelength in ym, and n,Tj is the Lawson parameter in sec-cmfa.

The formulas show that 7, ~A%% and »n.1;, ~A% , so long-wave lasers are the best, such as
a C0; laser (A=10.6 ym). At flux densities of about 10%° W-cm~2, which are readily attained
with such lasers, it follows from (1) and (2) that the plasma has 7.2 150 eV, n.1; =~ 5-101

*See the recent review by Donets concerned with EBIS (ﬁChAYa, 13, 941 (1982)).
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Fig. 5. Hot-electron ring (Te==4 keV) of
diameter 2 cm recorded in x rays.

sececm™>, and high efficiency, since 7./t; > 1 . The total number of ions formed in a pulse
is given [29] by ,

' o2 )
Ny % e (DAY S, - | e

where § is the area irradiated by the laser in cm® at t; is the irradiation time in sec.
For example, with ® ~10*° Wéem™ >, S=1 mm®, and t, =50 nsec we get Niwlo‘? ions/pulse for
iron. The number of highly charged ions Nyz is some fraction n of Ny: :

Ni=n(2)N;, | . (4)

where n (Z) < 1 is the function of Z shown in Fig. 2 [29]. 1In th$ present case; of the 10*s
ions produced in a pulse one expects a yield of 10'' ions of Fe?° . Therefore, the physical
conditions in a laser plasma are extremely favorable to generating highly charged ions.
Therefore, the physical conditions in a laser plasma are extremely favorable to generdting
highly charged ions. ' ‘ '

A laser source is attractive also because of the exceptional simplicity. The design es-
sentially consists of a laser, the optical system, and the target in a vacuum chamber. Figure
3 shows a very simple scheme for a laser source. At fluxes of 10° -10'? Wecm™} and a wave-,
lenith of 10.6 um, the source provides stable yields of ions such as C*', Al''", Pb*¢", W'*,
viet  co2°+, Fe?°t [31]. The processes accelerate the ions perpendicular to the target, and
these separate the ions differing in charge not only in coordinate space but also in momentum
space. The highly charged ions are produced as a cone of angle <30° , and this angle de-
creases as the charge increases. The energies of the highly charged ions are distributed over
the range 5-50 keV.

A disavantage of the laser method is that the electron temperature is comparatively low
(30-60 eV) [32], and this is inadequate even at high n,t; to provide extensive stripping for
heavy elements. Nevertheless, a source of this type produces light nuclei in amounts suffi-
cient for injection to pulse accelerators designed for relativistic energies [33]. For ele-
ment of medium mass, the source can give 10'° sec™ ions with 7/4 ~ 0.3, in a solid angle of
10~* sr, whereas heavy {ons can be produced at 10° sec~! with Z/4 ~0.05 , 10*° sec™ with
Z/A ~0.03 » and 5 x 10*° sec™ with Z/A »~ 0.01at a pulse repetition frequency of 1 Hz [32].

Another substantial disadvantage of a laser source is that the target must be moved to
prevent the beam from falling on the same point many times. The essential pulsed mode of o-
peration makes a laser source not very convenient for injecting heavy ions into a cyclotron,
although such experiments have been performed [31]. However, the total number of ions pro-
duced in a pulse is very large (about 10'®), which makes this source promising for heavy-ion
fusion research [32], and also for providing ions for relativistic electron rings in collec-
tive-accelerators. )

‘ ECR. At present there are two essentially different families of ECR édurces: the MAFIOS
sources (Machine 3 Faire Ions Strippés) and the (HELIOS ones Hot Electron Laver Ion Source).
For brevity, we call the first family ECR-M and the second .ECR-H. '

ECR-M. Geller's group in Grenoble proposed and‘developéd the ECR-M sources, in which a

. plasma trap containing a magnetic well is used, in which the electron component of the plasma
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Fig. 6. Scheme for the HELIOS-12A source [43]:
1) NaI(Tl) detector; 2) x rays; 3) microwave
-feeder; 4) 10 kV pusher; 5) gas inlet; 6) TE
cavity; 7) collector; 8) target; 9) liner;
10) pump; 11) pyrex chamber.

is heated by UHF fields in electron cyclotron resonance. The most powerful device of this
family is SUPERMAFIOS~B [34-37], which was based on a fusion trap containing a system of six
Ioffe rods producing a hexapole transverse lagnetic field superimposed on a field of simple
mirror configuration. The plasma has the maximal diamagnetism of n,T, =3-10" ., eVecm™2,
which with 7. =10 keV gives n,. ~ 3.101" cm~® with 1, = T; & 30 msec for the particle lifetime.
Therefore, the SUPERMAFIOS-B plasma attains »,T; &~ 1.10Y c.cm~® with 7T, ~ 10 keV,

111

The efforts of the Grenoble group directed to optimizing and miniaturizing the ECR-M
have led to a final form termed MINIMAFIOS [30]. Figure 4 shows the scheme for the commer-
cial model (the cost of one of these is about 600,000 dollars). Five coils produce a longi-
tudinal magnetic field of simple mirror configuration, whose profile is shown in Figure 4.
.The transverse magnetic field providing the minimum-B configuration is provided by a current-
free hexapole lens consisting of six plates of samarium—cobalt permanent magnets placed with-
in the coils. Figure 4 also shows the radical magnetic-induction distribution. Along the ax-
is of the magnetic system there is a cylindrical section made of stainless steel (diameter 7
cm and length 30 cm) for a multimode cavity, whose second section takes the form of a paral-
lelipiped and is used to supply the UHF power (w/2m=10 GHz, P~ =2.5 kW) along a circular
waveguide through a vacuum-tight beryllium oxide window, which is provided with cryogenic
pumping (1000 literesec='), with a facility for injecting a cold plasma from an insulating
tube, where the primary ionization is provided in the working gas supplied at a pressure of
about 10-° mm Hg. The condition for electron cyclotron resonance is met within the insulating

" tube in region 3 where there is a sharp fall in pressure (10™>-10"5mm Hg), and also in region
11. The residual-gas pressure measured in region jj is about 10™° mm Hg when the source is
working, but it is much less (possibly by two orders of magnitude) within the hot plasma be-
cause the neutral atoms are burned out by ionization in times shorter than the time of flight
through the plasma [38]. Therefore, the effects of charge transfer on the charge composition
of the ionic omponent are slight. Table 2 gives the optimized values of parameters such as
the pressure, microwave power, and injection system obtained in 1982 in the steady state [8].

v The MINIMAFIOS source consumes about 80 kW (el.), but not more than 2 kW is deposited in
the plasma. The efficiency can be estimated from the total power consumed, which gives that
the energy price of a liiht nucleus is about 3 x 10”7 J/ion. Mo?°% and W2°T have about the
same price, whereas Ne'°T, Ar'**, and Kr'®* are about 100 times cheaper. Nevertheless, the
efficiency in the ECR-M sources is quite high because of the optimal value of t_/t,, which is
one. At present, ECR-M sources analoguous to that described above such as the ﬁC VETTE {39]
and HISKA [40] are used in external light-nucleus injection into cyclotrons at Louvain la
Neuve and Karlsruhe respectively. 1In the first case, the source provides 2 x 10° sec™! of
C** and 2 x 107 sec™? of 0°F, while in the second case the target has provided 2 x 10% sec™!
of energy 26 MeV/nucleon.

. ECR-H. The sources in this family were suggested and began to be examined about 10 years
later than the ECR-M ones, after it had been observed that there was a specific radial ambi-
‘polar potential distribution in the UHF discharge excited in a single-mode cavity with elec-
tron cyclotron resonance in a mirror magnetic trap, which took the form of a potential
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well* instead of the usual potential hump found in a gas discharge- [41]

A magnetic trap is used in the ECR-M and ECR-H sources, in which the electron component
is heated by electron cyclotron resonance. A key element in the ECR-H sources is the ring
layer of hot electrons.encompassing the central densest part of the plasma. This layer is
formed automatically via the upper hybrid resonance in the heating of the plasma enclosed in
the insulating chamber within the single-mode cavity excited in a right-hand rotating mode.
The axially symmetrical local plasma heating leads to a rise in the potential of the periph-
eral parts relative to the colder central part, i.e., to the formation of an electrostatic
well for the ions in a cross section of the plasma with respect to the static magnetic field.
The magnetic mirrors reflect the hot electrons moving in the transverse direction towards the
center of the trap, which increases the potential at the ends of the plasma relative to the
center. These factors produce a time-stationary three~dimensional potential well for posi-
tive ions. Figure 5 shows the annular layer of hot-electrons from the x rays photographed
along the axis of the magneric field [14] at a UHF power less than 20 W.

The three-dimensional electrostatic well provides the conditions necessary for separat-
ing and retaining the highly charged ions, whose lifetimes increase exponentially with the
charge in the presence of good thermal contact between the differently charged populations.
Therefore, the ECR~H sources can produce highly charged ions not because the retention time
for the plasma is long (as in the ECR-M) but because the retention times are long only for the
highly charged ions. Under these conditions, n eTq ceases to be single-valued, 51nce Ty is

~a function of Z:

Ty2/Tiy = exp [B (Z —1)], (5

where Tt is the singly charged ion lifetime, Tt is the lifetime of an ion in charge state
Z, ='eq/kT;; ¢ is the depth of the potential well for singly charged ions, and T; is the
temperature of the ions of all charges in thermal equilibrium.
The following parameters are typical of the plasma in the HELIOS-12A source [43]:

= 5.1010 ¢em%; B = 1.5; 1;;— 100 usec, i.e., n,T; =5-10° sec xcm™. Table 3 gives values of
n,T47z for Z=2-10, which shows how rapidly ng7;7, increases with Z, so that the retention
parameter becomes comparable with that for the ECR-M even at Z = 6, in spite of the relative-
ly small value of n,1y,, while the former exceeds the latter considerably for larger Z and
attains values characteristic of EBIS.

The HELIOS-12A {43] is shown in Fig. 6. The cylindrical single-mode cavity is placed
between the poles of a permanent magnet (the lines of force are perpendicular to the plane of
the figure), and it is excited in the TE;;; mode from a magnetron (w/2m = 2375 MHz, P=150 W)
by two coaxial feeders separated by 90° in azimuth, whose phases are also displaced by 90°.
Within the cavity is a pyrex vacuum chamber, which is supplied with the working gas. At a
pressure of about 5 x 10™°mm Hg, a discharge is excited in electron cyclotron resonance in
the magnetic field of mirror configuration set up by the poles of the permanent magnet. Fi-
gure 6 schematically shows the hot-electron ring (T, = 4 keV) automatically formed when the
magnetic-field configuration and strength are appropriate. The plasma contains a graphite
electrode (pusher), to which is applied a positive potential of 10 kV relative to the ground-
ed cavity. The plasma as a whole then acquires a potential equal to that of the pusher, which
provides for extracting the ions in the direction of the grounded target.

The ECR-H sources have exceptionally high efficiency, since the UHF supply is only 100-
200 W. Under these conditions, the HELIOS-12A source has given 4 x 10! sec-? of Ne®t, 6.10%°
sec-' of Ne®+ and 5 x 10° gec™? of Ne'°t . The values for argon are 1 x 102 sec™® of Ar®t
and 8 x 10*° qec‘* of Ar***., The energy price of one neon nucleus is low at 3 x 10'° J/ion,
while one Ar®t ion requires 1.5 x 10° J/ion. The other advantages of the ECR-H include small
dimensions and simple design together with the absence of heavy damage to components during
operation, the absence of any need to maintain the source or any outer part at a high voltage
in order to extract the ions, and the availability of continous operation.

The main disadvantage of this type of source is that it is impossible to produce metallic
ions because the pyrex chamber rapidly becomes coated with metal, which prevents the UHF en-

*Shortly afterwards, the same effect was observed in the NBT fusion system [42], where the
physical situation is analogous.
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ergy reeching the plasma. Studies are being made on the scope for using an evacuated cavity
without an insulating chamber together with preliminary ionization of solid-state substances
(including metals) by means of laser radiation.

Conclusions. During the last 10-15 years, there has been a vigorous search for new ways
of generating highly charged ions. Of the many suggestions, the most promising appear to be
EBIS, laser sources, and ECR. The latter has two parallel branches: ECR-M and ECR-H. Re-
searches on all three lines have already been completed or are bei Eg completed by the con-
struction of working sources capable of producing. light nuclei (c*™, v7F, ot Ne!*) at
rates of 10° -10'2 per second.

Nuclei from elements in the middle of the periodic table are at present produced only
by EBIS sources, but the rates are low (10® -10’ per second) and the energy price is extremely
high. The feature is a central problem in this approach.

A laser source provides a large number of heavy ions with moderate charges (Z<{10) in
the form of periodic short pulses, which may be of interest to fusion research. -

The ECR sources are promising for continuous-running ion accelerators because they can
produce reasonably strong beams in continous mode [46, 47] (10'° -10*° sec™!) of medium and
heavy ions having Z/4 =0.2 — 0.3 . These sources may be improved without obvious essential
difficulties by raising the electron temperature to hundreds of keV and increasing the strip-
ing times to some seconds with T1./7 1. The basis for such developments can be provided by
results on the production of relativistic plasma by means of electron cyclotron resonance
together with stable retention in a magnetic trap for an adequate time (44, 45].
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LETTERS

SMALL-SCALE SYSTEM FOR THE FORMATION OF A.FIELD OF IRRADIATION
WITH ACCELERATED ELECTRONS ' ' -

0. A. Gusev, S. P. Dmitriev, A. S. Ivanov, V. P. Ovchinnikov, UDC 621.384.6
M. P, Svin'in, and M. T. Fedotov ' ' ' ' '

High-voltage electron accelerators are used extensively today in some industrial radiation-
chemical processes [1]. With an irradiation-field size of 1.5-2 m, however, it is often dif-
ficult to fit the accelerators into standard industrial premises in view of the fact that,
with the customary method of forming the irradiation field by scanning the beam through an ‘
angle of * 30°, the height of the accelerator reaches 5-6 m above the surface of the object
to be irradiated. A possible way of solving this problem is to use single-gap accelerators
with an extended cathode [2] or to design electron-beam-scanning systems with deflection
through angles greater than 30°. The application of single-gap accelerators is limited by
the maximum voltage across the vacuum gap, viz., no more than 200-250 keV at the present
time. In systems with scanning through large angles, in order to reduce the electron energy
losses the beam extractor must provide for a correction to .the electron trajectory so as to
ensure that the electrons impinge on the foil at nearly 90° [3]. : :

In this paper we consider a method of correcting the electron trajectory by means of a
constant-field beam-deflection electromagnet, installed directly in front of the extraction
window. TImplementation of this method of correction for a strip beam was considered in [4]
and for an axisymmetric beam with small-angle scanning, in [S].

For a strip beam with parallel trajectories (Fig. 1) the correcting electromangent turns
into a converter of the beam width, which varies in accordance with the relation

L= lfcos e, (1)

where I and L are the initial and final beam width and « is the slope angle of the beam re-
lative to the vertical axis. A strip beam can be obtained from an extended cathode of length
l (see Fig. la) or can be formed by means of axisymmetric scanning with double deflection

[61.

In order to increase the height of the scanning chamber, it is desirable to choose the
angle within the limits 75-85° and the correcting magnet ensures that the electrons enter
the foil of the exit window at angles of nearly 90°. For an axisymmetric beam with angular
scanning (see Fig. 1b), in order to reduce the vertical size of the facility the accelerator
“1s placed horizontally and the beam is scanned within the limits of 5-20° to one side of the

horizontal axis over the entrance plane of the correcting magnet. With this method of cor-
rection the angles of entrance into the foil differ from 90° by roughly half the scanning
_angle. This deviation can, in principle, be eliminated by setting up an appropiate magnetic
field distribution in the gap or varying the height of the poles along the length of the
magnet., : . :

For a uniform distribution of the electron current over the length of the exit window
the form of the current in the coils of the scanning electromagnet should differ from saw-
tooth since the velocity with which the beam moves over the object ceases to be constant
when the scanning angle changes linearly in time; the reason is that the velocity is dependent
on the scanning angle

Cdp b . ' (2)

di sintq?

where v is the velocity of the beam over the entrance plane of the magnet, h is the distance %
from the axis of the radiator to the entrance plane of the magnet, and ¢ and t are variable
values of the angle and time.

. Translated from Atomnay ﬁhergiya, Vol. 56, No. 5, pp. 311-312, May, 1984. Original ar-
ticle submitted January 31, 1983. ’
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N

Fig. 1. Small-scale system for the for-
mation of an irradiation field with a
strip beam (a) and an axisymmetric beam.
b). 1) electron beam; 2) scanning cham-
ber; 3) correcting electromagnet; 4) ex— *
it window; 5) irradiated object; 6) scan-
ning electromagnet.

Z,rel, units

O =20 500 7000 7400 Zmm

‘Fig. 2. Distribution of the linear cur-
rent density along the exit window.

On integrating Eq. (2) for v=const and taking account of the dependence of the deflec-
tion angle in the scanning electromagnet on the magnetic field H(t), we get the law governing
the variation of the scanning current I(t)

' VIWE,+ W2 _ ( r ) - (3
1(,)=___3_0_0_b__:~m_ arccot 7 t), ( )

where W is the electron energy, Eo is the electron rest mass, b is the height of the poles of
the scanning electromagnet, f is the sweeping frequency, and L' is the sweep length on the
entrance plane of the magnet. ' v

To verify the principle advanced here, we devised a mock-up of a system of irradiation—
field formation with an exit window 1500 mm long and 80 mm wide, the height of the scanning
chamber in this case being 600 mm. The law of current variation in the coils of the scanning
magnet for the longitudinal sweep was realized with the aid of a generator of triangular volt-
~ age with subsequent approximation of the form of the current {7]1. The mock-up was used to
study systems of irradiation-field formation both with a strip beam, obtained from an axi sym-
metric beam, and with an axisymmetric beam, scanning through an angle of 5-20° to one side
of the horizontal axis. The latter formation system is smaller in size and a lower power
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. supply for the scanning magnets while having practically identical characteristics of the
- .expanded beam.

The uniformity of the distribution of the linear current density was determined at a
distance of 60 mm from the foil of the exit window by a technique expounded in [8]. The

‘measuring error of the linear current density, in the assessment of the authors of the tech-—

nique, is * 3%. The distribution of the linear current density for an axisymmetric beam
scanning through an angle of 5-20° to one side of the horizontal axis at an electron energy
of 300 keV and a beam power of 18 kW, is presented in Fig. 2. The uniformity of the distri-
bution of the linear current density in this case + 8% at a length of 1200 mm; this can be
explained by the real shape of the current in the coils of the scanning magnet for longitu-
dinal sweep not corresponding exactly to the required law of current variation in them. The
angles at which the electrons enter the foil, measured with the aid of a small-aperture dia-
phragm, lie in the range 7 * 0.5° from the normal to the plane of the exit window, which is
close to half the scanning angle. Investigations of the mock~up confirmed the feasibility
of the principle advanced here and the possibility of a commercial facility being built with
a small-scale system of irradiation-field formation [9]. v -
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DENSITY AND SURFACE TENSION OF MOLTEN MIXTURES OF URANIUM
TETRAFLUORIDE WITH LITHIUM AND SOﬁIUM FLUORIDES

A. A. Klimenkov, N. N. Kurbatov, S. P. Raspopin, UDC 532.14'61:54.161-143
and Yu. F. Chervinskii " :

Molten mixtures of uranium tetrafluoride with alkali-metal (Li and Na) fluorides may -
by of use in nuclear power [1], and it is therefore of interest to examine the physicochemical

properties of these mixtures.

The density p and surface tension o of molten binary mixtures were measured over the
complete concentration range by means of the maximum pressure in'a gas bubble, which provided
stable and reproducible results. The salts were used in vitrocarbon crucibles. Nickel was
used as the capillary material, which is resistant to fluorides. The working gas was purified

argon.

We determined the density on the basis of the correction for the displacement of the
melt by the capillary [2]. The surface tension was calculated from the Cantor—Shroedinger
formula [3]. Much attention was given to the preparation of the initial anhydrous salts.
The uranium tetrafluoride was made by a wet method involving precipitation from aqueous solu-
tion with excess hydrofluoric acid followed by drying and firing [4]. The anhydrous lithium
and sodium fluorides were made by drying the correspondlng chemically pure fluorides initially

TABLE 1. Density and Surface Tension for
Molten LiF-UF. and NaF—UF. Mixtures

g:::, pen—tr- T, gfem® | 6=a-B.7, mJ/m? | Temp.

‘mol. range, K

AN b |sog0a] A 7 5

Lik—UF,

0 12,3854)0.5141 0,5 5,9 j0,00321 0.6 | 11301250
10 [3,8676]0,704% 8 51040041 0,8 | 10701265
15 |4.4680(0,8471 8 Lol t0g4] 0.7 | 4--1260
20 [4,888000,9081] 6 5.7 10,1068 0,9 | 975--1270 .
26 [5,4160H 06601 7 ,210,1092] 0,6 {1 9501250
30 [5,01144 23040 3 0,1109| 0,9 | 947—1265
A0 [6,303211 1438 10 10,1449 0.8 | 9721260
45 |6.60811,1892 11 310,4183] 0,7 | 977—1267
50 |6,695111,12400 8 0,1204] (1,8 | 1033--1260
A5 6,899 . 1038] 6 0.4227) 1,0 | 11171279
60 |7,203201.21800 9 2 [0, 4334) 1.0 | 41201274
70 §7,76221,41220 1 4o 14160 1.3 4220.4320 |
80 17,703311,1741) 1 §1372,2 00,1442 1,2} 12421330 4
100 17,862011,01790 9 {408,210,1746{ 1,7 | 1316—1360

NaF —UF,

288,410,0833] 0,6 | 1270— 1334
30:3,1 [0,0054] 0,3 | 1250- 1300
01,6 [0.0056] 0.3 | 12191278
MG.3[0,1003] 0,2 | 1005 1270
313,90,1082 0,9 | 974—1268
#18,9]0,1114 0,8 | 994—1253
320.8[0.1126 0,6 | 1002—1268
221.7 o 1130] 0.6 | 10201271
322,50, 4435f 1,0 | 40531270
4450,5[0,4272] 1,0 | $068—1275
48,6 [0,1307] 1,1 | 62— 1312
377.3 [0,1523} 0.8 | 12711334

0 |2,6436)0,5498)
7|3, T134{0, 8932
10 14,01 83{0, 9630
15 [4.506:301,053
29 |9,03551,0463
30 [5,3791)4,1040
35 15,6120)1,0851
40 [6,0762(1,2253
- B0 16,7713/4 ,4234
60 |7,30411 ,4821
0 |7,3804(1,2742
80 |7,5116{1,1363

[N - o RN Kool U R A Y &

Translated from Atomnaya Energiya, Vol. 56, WNo. 5 pp. 312-313, May, 1984. Original
article submitted July 4, 1983.
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Fig. 1. Physicochemical parameters of
melts in the systems LiFUF, (a) and
NaF-UF, (b) at 1270°K.

in air and the under vacuum with gradual heating to the melting point, followed by slow crys-
tallization in argon. The melting points were determined by differential thermal analysis
and agreed within *2° with the most reliable published values [5].

The measurements were processed by least squares. The temperature dependence of the
density and surface tension was closely described by linear equations in-all cases. The
values found for the densities of the lithium, sodium, and uranium flourides agreed well with
"published values [5]. There was not more than 2% deviation of the measured surface tension
for lithium and sodium fluorides from the published data of [6], while the discrepancies
for uranium tetrafluoride were not more than 5%.

Table 1 gives the density and surface-tension data in the form of the coefficients for
the linear equations, together with the standard deviations S of the experimental values
from those calculated from the equations as well as the temperature ranges used in the measure-
ments. The available data on. the density for individual compositions in the LiF-UF., and
NaF — UF, [7] agree satisfactorily with out values. '

Figure 1 shows the concentration dépendence for the density and surface tension in these
systems at 1270°K. The density increases monotonically with the uranium tetrafluoride content.
In the lithiumfluoride system ,the surface tension falls as the uranium tetrafluoride content

‘increases. In the NaF-UF, system, sodium fluoride reduces the surface tension of the uranium
tetrafluoride. '

The density data were used to calculated the molar volumes V and relative deviations
from the additive values AV/V,q at 1270°K. There are positive deviations from additivity
~in the molar volumes (Fig. 1), which indicate interaction between the components. - The molar-
‘volume isotherms are identical in trend for the two systems because the structural changes
are of the same type. The mixing of lithium or sodium fluoride with uranium tetrafluoride
is accompanied by the formation of complex groupings based on the uranium cation, as is
evident from the concentration dependence of the relative deviation in molar volume from
additivity. The maximum deviations occur at 20-30 mole % uranium tetrafluoride, evidently
because stable UF3~ anionic complexes are formed in this concentration range, as is con-
firmed by spectral studies [8]. : '

There is an increase in the excess molar volume on going from the lithium fluoride system
to the sodium fluoride one, which indicates an increased interaction within the complex
groups and weakening of the counter-—polarizingaction of the cations in the outer coordination
sphere. . , ’
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INFLUENCE OF GRAIN SIZE AND DOPING WITH BORON ON THE BEHAVIOR
OF HELIUM IN STAINLESS STEEL 16-15 o i

A. G. Zaluzhnyi, M. V. Cherednichenko-Alchevskll, UDC 621.039.53:539.219.3
0. M. Storozhuk and A. G. Zholnin

In investigating the influence of cold deformation oﬁ the behavior of helium in OKh16-
N15M3B steel [1], several stages of gas liberation were established; this allowed the cor-
responding intrinsic mechanisms of helium liberation to be proposed and the activation
energies corresponding to these processes to be estimated. In the present work, the 1nvest1ga—
tion of the behavior of helium is continued, and an attempt is made to study the influence
of grain size and doping with boron on the kinetics of helium liberation with linear heating
and also after isochronous annealing, since it is known [2, 3] that reduction in grain size
and doping with boron (to 10~? mass %) significantly reduces the tendency of the steel to
high-temperature radiational buckling.

To this end, the kinetics of helium liberation from samples of OKh1l6N15M3B steel pre-
liminary treatment to produce grain sizes of 3-5, 30-50, and 100-200 um and also from steel
samples of grain size 30-50 um containing 0.007 mass % boron was determined. The experi-
mental samples were uniformly (over the thickness) saturated with helium to a concentration
of 2¢10~? at. %, as a result of a-particle bombardment in a cyclotron. The preparation of
the samples and the experimental method were described earlier in [1, 4, 5].

Spectra of the rate of gas liberation obtained in the course of linear heating ar a rate
of 7 K/min of samples of OKh16N15M3B steel with different grain sizes and a boride-steel
sample (0.007 mass % B) are shown in Fig. 1, fogether with curves of the relative helium
yield after isochronous annealing for 0.5 h.

Gas liberation from the experimental samples occurs in several stages, interpreted
éarlier {1]; peak A is associated with diffusion by the ‘interstitial ‘mechanism, peak B w1th
migration of helium atoms along dislocational tubes, peak C with escape of helium accompanying
the growth of the dislocation loop; and peak D with diffusion of helium atoms by a vacancy
mechanism. Gas liberation at temperatures above 1200°K-is attributed to migration of helium
complexes to the sample surface. It may-be noted that the spectra of. the rate of gas libera-
tion from-samples of OKh16N15M3B with different grain sizes are identical; only a small shift
of the diffusional peak D toward lower temperatures for samples with small (3-5 um) grains
is observed. However, the amount of helium (Fig. le) liberated from a sample with small
grains is approximately ten times lower in -all temperature ranges than for samples with mod-
erate (30-50 uym) and large (100-200 um) grains.

The significant distinguishing feature of gas libération from a sample of boron-doped
steel (Fig. 1d) is the almost complete absence of the stage associated with diffusion of

Translated from Atomnaya Energiya Vol. 56 No. 5, p. 314, May, 1984. Original article
submitted May 30, 1983. .
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. Fig. 1. Temperature dependence of the rate of
. helium liberation from samples of OKh16N15M3B
(a-c) and OKh16N15M3BR (d) bombarded with «
particles in a cyclotron, with grain sizes of
3-5 (a). 30-50 (b, d), and 100-200 ym (c); e
relative helium yield in the experimental vol-
ume of the apparatus: > , 1, x) OKhl6N15M3B,
grain size 100-200, 30-50, and 3-5 um, respec-
tively; A) 0Kh16N15M3BR steel, grain size 30-50
'um.

helium atoms by the vacancy mechanism (peak D) Note also that the amount of .helium liberated.
from this sample at temperatures above 770°K is considerably less than for analogous boron-free
samp les (Fig.vle)

'These features of helium liberation from samples with different grain sizes and samples
doped with boron have not yet been subjected to exhaustive explanation. However, it may be
"assumed that the grain boundaries are of great importance here, since they are unsaturated

traps for helium atoms; in connection with this, gas liberation occurs only from a thin sur-
~ face layer of the samples. - Boron doping leads to considerable reduction in gas liberation
int the temperature range corresponding to diffusion of helium atoms by a vacancy mechanism
(850—1250 K). .
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'CONSIDERATION OF THE DECAY OF 2°°Pu WHEN DETERMINING THE ISOTOPIC
COMPOSITION OF URANIUM FUEL OF A HYBRID THERMONUCLEAR REACTOR -~~~ -
S. V. Marin and G. E. Shatalov _ | UDC 621.039.516.22

235N

In this paper we consider the effect of the natural radiocactive decay of 2*®Pu and P

on the content of 222y, **“U, and *°U in depleted uranium fuel placed in the blanket of a
thermonuclear reactor with an energetic neutron field. When taking account of this process
in the numerical scheme of nuclear transformations of -the isotopes of the original charge,

it is necessary to pay attention to two circumstances. The first consists in the fact that
with consideration of the natural radioactive decay of *°®Pu and *°°Np, closed chains are
formed in the scheme of nuclear transformations, by which the makeup of 22“U and 2?°U is
affected. The makeup effect will be appreciable with a low content of 2*°U in the fuel.

The second circumstance is related with the fact that as a result of makeup, the 222U content
in the irradiated fuel can be increased. '

The formatlon of 23%U in the initial charge of depleted uranium takes place malnly as
a result of the nuclear transformations

WIL (n, 20 ) . . (1)
A (e, Y)Y (n, 30)EITG 2)

Halt (u; PYE (, 20)EOL (i, Ze)FNE (3)

and the naturai_radioactive decay of *?®py (half-life 87.75 years)

:;‘l‘lll| l) ‘_‘:‘.‘l!. . R (4)
23‘6U
nucleus and in the process of the natural radioactive decay of 23°Np, formed during irradia-
tion of the uranium fuel.

"Undesirable" from the point of view of ensuring radiation safety when working with

|

|

233y makeup is affected as a consequence of the radiation capture of a neutron by the
- irradiated fuel is 22U, formed from **“U through the following chains:

AU (0, AU —> ' : (3)
' o
2340 (n,_zn)'-'““l.! (n, 2020 —> L (6)
231() 2 Y (n, )T hL 2Py (n, y) 3 "'I'l——> 2} . (7

When analyzing these nuclear transformations, it should be borne in mind that 2347 to
the amount of 0.0057% is contained in natural uranium, and therefore for a correct determina-
tion of the 22U content, it is necessary to know the prehistory of the original nuclear fuel.

" Numerical investigations of the change of the isotopic compositlon of depleted uranium
fuel irradiated in the blanket of a hybrid thermonuclear reactor, were conducted for a model
of a hybrid thermonuclear reactor-Tokamak [1] using the BURNFL program [2]. When solving.
the equations of the change of .isotopic composition describlng the nuclear transformations
of the nuclides of the original charge in the neutron field (Fig. 1), the authors of the present

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 5, pp. 315-316, May, 1984. Original
article submitted August 18, 1983.
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paper arrived at a conclusion concerning the expediency of the analytic solution of the system
of ordinary differential equations (ODE). Numerical methods of integration of the system of
ODE leave hidden that explicit combination of functions by which the solution is described.
Moreover, consideration of small effects in the numerical integration imposes a number of
demands on the choice of method, the integration step and other parameters. The solution

of the system of ODE for the scheme of nuclear transformations (see Fig. 1) has the following

form for each component"
Jd . L .
I\’,-’_~_~'\'_"‘| cieNpir;n ATRER) W L'\'p{AHl} [y cos (Alml)‘{'bl sin (ll"'l)l \’.,(. : o (&
i=t =

where X; is the i=the component of the vector of isotope concentrations' A;, real eigenvalues
of the matrix of the nuclear transformations (see Fig. 1) AR and A m, real and imaginary parts
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Fig. 3. Dependence of X234y and X235y on time,

initial content of ng5U and consideration of the
chainwith decay of *®Pu: 1) content of *>°U with
consideration of the decay of 22®Pu and ??°Np,
X§3“U==0; 2) content of 22°U with consideration.

of the decay of 23°Pu,_X33qJ#O; 3) content of
235y without consideration of the decay of *>®Pu,
x23q1= 4,5) content of 234y with consideration of
the decay of *°°Pu, X2s.y#0 and X2s.5=0, respec-

tively; 6) content of *°“U with considerationyof
the decay of *°®Pu, X2s.y=0.

of the complex eigen values of the matrix of nuclear transformations; (J+ L), number of iso-
topes in the nuclear transformations scheme (L is the number of isotopes forming closed
isotopes forming closed chains; J, number.  of isotopes not involved in the closed chains);
csaz and b7 numerical coefficients. The appearance in the solution of the system of ODE

of a superposition of functions of the form

i = oxp M fapcox (A0 Ry sin AM0] . )

indicates the presence of oscillations. The physical nature of the‘oscillationé is. associated:

with the sequence of nuclear transformations in which the closed chains are formed, consisting
of not less than three isotopes. '

C§1culations of thé_isotopic composition of the depleted uranium fuel were performed
on a BESM-6 computer, using double accuracy arithmetic. Normal accuracy does not provide
correctness of the calculations by formula (8) in the case of similar eigen values.

The results of the calculations are shown in Figs. 2 and 3. The oscillating part of
the solution of F7(t) is given in Fig. 2 for *°*U and 2?°U in the time range up to 10° days.
The period of the function Fz(t) is large and exceeds the actual irradiation time of the
‘fuel. Moreover, the presence of an exponential factor smoothes out the oscillating part of
" the solution. An increase of the neutron loading on the primary wall of the reactor from
1 to 50 MW/m® corresponds to a compression of the actual time scale. With increase of the
neutron loading on the primary wall of the reactor, the oscillating part of the solution in
the time interval up to (1-2)¢10° days appears more weakly. than at low neutron loading values,
as the relation between the values of the radioactive decay constants and the velocity of
the nuclear reactions increases. The oscillating behavior of the *>°U content in the fuel
being irradiated is expressed in the region far remote from the actual fuel irradiation time.

More significant”is the analysis of the content of ?2“U with consideration of the decay
of ?>®Pu. 'As mentioned above, the content of this isotope in the fuel affects the rate of
formation of 2°2U. With increase of the *3“U content, the contribution of chains (5-7) in-
creases in the formation of 232y, This is manifested particularly clearly in the spatial
region of the blanket with a high-energy neutron field in the vicinity of the primary wall
of the reactor. o

Figure 3 shows how the 2°“U and *°°U content depends on the irradiation time for the

scheme of nuclear transformations, with and without consideration in the calculation of the
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natural radioactive decay of *®°Pu. Both cases are considered for two types of initial
charge. The first charge contains 22°U and 2°°U. 1In the second charge, the initial content
of ***U(X3say) is taken into account to an amount proportional to the 2%y content in natural
uranium. During irradiation of the fuel over 10° d, as a réesult of the decay of %2®Pu and
the nuclear reaction 2°*U(n, 2n)?**y, ~(2-10-7)102* nuclei/cm® of *°“U is formed. With a
*2“y content in the charge of 1.2¢10-2 of the amount of ?25U at the instant of fuel discharge,
the content of *?“U increases to approximately (1.0-107°)¢10%* nuclei/cm®. The formation of
2340 is due to approximately 80% to the occurrence of the nuclear reaction (1) and to ap-
proximately 20% to the natural radioactive decay of 2°°Pu. The content of 2°“Py in the spent
fuel in the hybrid thermonuclear reactor being investigated, does not exceed its content in
natural uranium. o ’ :

In the spatial region of the blanket in the vicinity of the primary wall of the reactor,
for a charge without *°“U at the initial instant of time and without taking account of natural
radioactive decay in the computational scheme of nuclear transformations, the content of
222y in the spent fuel amounts to n13.5¢10-5 kg °2U/ton of fuel. The presence of 2°“U in
the initial charge increases the content of >>2U up to approximately 17.0¢10-° kg *°%U/ton
of fuel. Taking account of the natural radioactive decay of ?°°Pu in the computational scheme
of nuclear transformations leads to a further increase of the *°2U content in the spent fuel
up to approximately 17.2¢107° kg *?U/ton of fuel. On the basis of [3], devoted to the anal-
ysis of the indeterminacy of the calculation of the velocity of the nuclear reactions, as
a consequence of the inaccuracy of the nuclear data and the results of a calculation of the
sensitivity coefficients for the principal nuclear reactions by which the formation of 232U
in the fuel of a fast reactor [4] is affected, the indeterminacy of the 222U content is
estimated as v100%. In order to determine the feasibility of the repeated use of the uranium
from the spent fuel of a hybrid thermonuclear reactor, we point out that the ratio of the
222y concentration to the concentration of 225U must not exceed 1.1¢107 according to the
limitations operative in the USA on the content of 222U inuranium oxide being reprocessed
into hexafluoride f[5]. :

The practical consequence of the present paper is the conclusion about the édmissibility
of the calculation .of the change of isotopic composition of fuel, without taking account in
the scheme of nuclear transformations of the natural radioactive decay of *®°Pu and 2°3Np.
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STATIC INSTABILITY OF ONCE-THROUGH STEAM GENERATORS WITH CONVECTIVE
: HEATING

I. I. Belyakov, M. A. Kvetnyi, © UDC 621.18:039:532.5
D. A. Loginov, and S. I. Mochan :

The hydrodynamic stability of once-through steam generators (SG), in particular SG in
nuclear power plants (NPP), is one of the most important conditions ensuring their reliable
operation. The operation of a SG under unstable conditions can damage the heating surface
as a result of overheating or temperature fluctuations, and lead to a decrease of the heat
reception.

At present it is customary to distinguish two types of hydrodynamic instability of the
flow of the medium in a steam generator tube: dynamic (oscillating) and static (aperiodic).
Dynamic instability, which results from the effect of inertial forces and feedback, generally
develops at low mass velocity of the medium in the tubes, and manifests itself in the form
of periodic oscillations of the flow rate with an amplitude which is constant or increasing
with time. The main method of preventing an oscillating instability is to ensure a suf-
ficiently high mass velocity of the medium, and to install throttling devices, preferably
at the tube entrance. A considerable number of experimental and theoretical studies in recent
years have been devoted to this form of instability, and many methods have been proposed
for estimating the conditions for the onset of oscillations, including the mathematical model-
ing of the process. Therefore, we do not consider this form of instability in the present

“article. ' - s

~ Static instability is a relative concept. It reflects the connection of a dynamical
process with the controlling factor —a singularity in the relation between the pressure drop
| in a steam-generating tube and the flow rate of the medium in it: '

Ap=/(G). i @

Each value of Apj is determined under steady operating conditions of the SG for a flow rate
Gj of the medium being heated. The presence of a statically unstable. regime is characterized
mathematically by the derivative d (Ap)/dG becoming nearly zero or negative. This form of
instability generally manifests itself by aperiodic pulsations of the flow rate in the tube.

, 1f several channels are connected in parallel, under unstable conditions there may be either
quasistationary operation of tubes with different flow rates, or aperiodic fluctuations of
the flow rate in individual tubes. In the first case an oscillating'instability may arise
for a low flow rate. : '

The problem of static instability was first treated in papers of Petrov [1 2] and
ledinegg [3] as applied to operating conditions of steam-generating tubes of once-through
" steam boilers. In these papers the heat flux through separate parts of the heating surface

(preheater, evaporator) was assumed constant along the length of the part, and independent
of the flow rate of the medium in the tube. Under these conditions the conclusions and com-

‘ putational recommendations of the authors of these papers are applicable, as is the method

| - proposed in [2] for plotting the hydraulic characteristic of a steam-generating tube, i.e.,
the dependence of the pressure drop in the tube on the flow rate of the working medium (1).
However, .for a SG with convective heating, particularly for a relatively small temperature
difference between the heating medium and the medium being heated (e.g., in a SG in a NPP
with water-moderated—water—cooled reactors, or with a liquid metal coolant), the procedures
indicated for plotting hydraulic characteristics are inapplicable. This occurs because the
heat reception of the parts and the distribution of the heat flux along the length of a tube
depend strongly on the temperature and the flow rate of the medium in it. The present article
is devoted to a study of the hydraulic characterlstlcs of steam-generator tubes, taking ac-
count of this dependence.

| Translated from Atomnaya ﬁnergiya, Vol. 56, No. 5, pp. 317—319,_May,-1984. Original
| article submitted August 25, 1983. :
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~Fig. 1. THC of SG at 1) 100%, and 2) 50%
power. : :

Fig. 2. THC of a SB with tight spiral coils
at 1) 100%Z and 2) 50% power; 3) calculated
. as recommended in [2]. . '

In contrast with the term "hydraulic characteristic" (HC) which is used in calculating
the heating surface with radiation heating, in convective heating it is more accurate to
introduce the.concpet of the thermal/hydraulic characteristic (THC). It is plotted by cal-
culating Eq. (1) from the distribution of the heat flux along a tube corresponding to the
flow rate and varying with the varying flow rate of the medium being heated in the tube. The’
THC can be studied by introducing new analytical relations for the dependence of the pressure
drop on the determing factors, or by performing a numerical study of a mathematical model
of thermal/hydraulic processes in a once-through SG. Since computer programs are available
for calculating once-through SG, the second method is simpler.

In analyzing the static stability of a SG, or a module consisting of several channels
connected in parallel, the following limiting conditions resulting in different THC must be
considered: :

a) the flow rate of the medium being heated varies the same way in all the tubes of the
module; for several modules (and a nonunique THC) this leads to ‘intermodular maldistribution.
In this case for each values of the flow rate of the heat medium the heating medium has its
own temperature distribution along a heating tube, differing from conditions for the nominal
flow rate; ’ -

b) the flow rate of the heated medium varies only in individual tubes of the module as
a result of intramodular maldistribution. The temperature distribution of the heating medium
along a tube with a maldistribution remains practically unchanged when the flow rate of the
medium being heated is changed. ‘

In accordance with this the THC must be calculated under the following conditions. Under
intermodular maldistribution (case a) for all values of the flow rate of the heated medium
the temperatures of both heat-transfer media at the SG inlet are fixed, and the temperature
- at the SG outlet is determined by a verifying calculation. For intramodular maldistribution
(case b), for all values of the flow rate of the heated medium a constant temperature distribu-
tion of the heating medium is assumed along the heating surface corresponding to the calcu-
lation of a module with a nominal flow rate of the medium in the tube for the given load.
Since actually possible regimes correspond only to those points of the THC for which the
. Pressure drops are the same as under the nominal regime, it does not matter whether the pres-
sure of the medium being heated is fixed at the SG inlet or outlet. For a series connected
module with inlet and outlet elements, it is necessary to include these elements in the cal-
culation of the THC. In general the THC must be calculated by taking account of possible
maldistributions over both heat-transfer media. The increase in the fraction of the leveling
component of the pressure drop in most cases contributes to a decrease of the difference be-
tween the HC and the THC. Therefore, it is particularly necessary to use the THC in analyzing
the static stability for a SG with a relatively small leving component.
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Lately helical heating surfaces (coils) are being more widely used in various heat ex-
changers and once-through SG. They have con51derable'StrUCtural‘and’tethnological"advantages.
They are compact, structurally stable, and they eliminate the necessity ‘for a large number
of spacing baffles. They can compensate for the difference of the thermal expansions of the
coils and housing by the high values of the heat-transfer coefficients, and can ensure a
given level of the mass velocity of the medium, etc. Such surfaces have been used, in par-
ticular, in a number of once-through SG developed and being developed abroad and in the USSR
with a liquid metal coolant for NPP with fast reactors. One of the main virtues of helical
coils is their small height (several times shorter than the length of the tube). At the
same time this feature leads to a hydrodynamic resistance of the tube which is considerably
higher than the leveling head in the tube, particularly for high flow rates of the heated
material which are desirable for reliability. The static stability of a SG in this case
must be verified by using the THC. : '

In the present article we present results of computational studies of THC based on a
program of thermal/hydraulic calculations of a once~through SG with a heating surface of
helical coils heated by liquid sodium. The THC was plotted from calculated pressure drops
during steady operation of the SG for different flow rates of the heated medium through the
module (through the SG): G=0.8G,-1.3G,, where G, is the nominal flow rate corresponding
to the specified power. The calculations were performed for operation at 50% and 100%Z power.
Figure 1 shows the THC of a SG of the Super-Phenix (French) NPP plotted was assumed that:
the sodium temperature at the SG inlet was 525°C, and the temperature of the feed water was
235°C. The absolute roughness of the tubes was 0.01 mm. According to data in [6], the
absolute roughness of the tubes was A0.017 mm, which is close to the value assumed, and prac-
tically does not affect the result obtained. The average diameter of the winding of the
coil was D=1.9 m. Figure 2 shows the THC of a SG with a heating surface of tight helical
coils with D ® 0.1 m [7, 8]. The ratio of the length of the SG tube to the height of the
module Z/H=3, and the mass velocity of the medium in the tube was ~2000 kg/m® sec. In ad-
dition, Fig. 2 shows for comparison the HC of this SG calculated as recommended in [2]

For nonuniform heating along the tube we used the formula . :
AP G3T6M e by :t )‘F ; : s [(Lul(xn»-(ﬂltwb 4. 4) J[ |“ = (i”—»l"i .

0 AT ”

RPN . — — (2)
™ Ty . ) " i .
mEen 1+ﬁ+[llf‘h Gt i) mi"- i) 7
derived in the same way as formula 1-89 in [2] with corresponding notation under the condi-
tions Qec = Ngeys 9g = MGey, Where qo., Qey, and dg are, respectively, the average heat fluxes
to the economizer, the evaporator, and the superheater. It follows from (2) that the total
heat reception Q of the tube and the values of the coefficients m and n remain unchanged at
values corresponding to nominal conditions with a change in the flow rate G of the material
being heated, which is not actually the case. For a rather long steam superheater part and
a low final thermal head, the calculation of the average specific volume of the steam by the
equation used may lead to an appreciable error. In the term which determines the pressure
drop across the evaporator part the inhomogeneity of two-phase flow in the tube is not taken
into account. These features also determine the qualitative and quantitative difference be-
tween the relation obtained and the THC. It should be noted that, unlike a SG with radia-
tion heating, in convective heat transfer the coefficients n and m are smaller than unity,
and the effect of parts of the heating of the medium on the HC as a function of the form of
heating may be very different.

Calculations show that the instability (multivaluedness) of the THC manifests itself
at the power for which long operation of the power plant is envisaged. Obtaining a stable
unique THC with the necessary margin may require a complex of structural measures: for ex-
ample, an arrangement of throttling devices, "breathing" collectors in the region of transi-
tion to superheated steam, the use of tubes of different diameters in different heat-transfer
regions etc. An attempt to ensure the stability of the THC under all operating conditions of
the SG, in particular at power below 25% and at startup power (~10-15%) may necessitate as-
suming special solutions of the hydraulic circuit of the steam generating loop. However,
the advisability of such a requirement is not obvious. Taking account of the short time
(small number of cycles), the plant operates at power below 25% of nominal, and the apprecia-
ble excess heat-transfer surface at these loads, which even in the presence of pulsations
of the flow rate of the medium being heated ensures the required parameters of the super-
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heated steam at the SG outlet, it is evidently possible to tolerate the use of a SG with an
unstable THC at loads below 25% of nominal. The final solution of this problem requires
further research to obtain data on the actual dynamical characteristics of processes in
steam—generating channels connected in parallel when operating .in the region where the THC
is multivalued. The question of whether aperiodic pulsations necessarily appear in a module
with channels connected in parallel remains open. As was stated above, it is possible that
with certain combinations of operating parameters a regime may be established without flue-
tuations and with different flow rates of the medium being heated in individual tubes.

Thus, it ‘has been shown that convective heating conditions arevless favorable from the
point of view of ensuring static stability of a SG. 1In certain cases this form of instability
becomes determining. The study of the THC of a once-through SG is quite complicated, and
cannot be performed by the simplified relations in [2]. In view of the modern trend to build
compact heat exchangers and various forms of heat-transfer surfaces, the analysis of their
THC must be considered a necessary step in their design, In addition, it is necessary to
develop reliable recommendations for estimating the static stability for the selected SG
parameters at the earliest stages of design.
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' CRYOGENIC LOOP FOR y-RAY SOURCES

I. I. Buzukashvili | | . e sn.0m. 5
and G. S. Karumidze: ’ o : .

Circulating gaseous helium is ordinarily used to cool irradiated speciments to a c}yv
ogenic temperature. . This method makes it possible to attain temperatures of 10-15°K, but
it requires the appllcation of expensive cryogenic machines and complicated communication
systems [1].

Meanwhlle many radiation 1nvestigat10ns are carried out at a temperature of 80°K.

_ For. such investigations a simple cryogenic loop with natural circulation:of the cryogenic
agent, developed at the Physics Institute of the Academy of Sciences of the Georgian SSR,
has been installed in the indiumgallium circuit of the IRT-2M [2]. -The design of this loop
differs from those described in [3, 4]. Instead of spectrally pure argon, which eliminates
the danger of explosion due to the accumulation of azides [5], the cryogenic agent uséed in
this case is chemically pure argon which is cooled with commercially pure nlttogen outside
the radiation field.

" The cryogenic loop (Fig. 1) consists of a'wérking channel].'éreser§oir2 a jacket 3,
-a packing gland 4, a rod 5 with a specimen 6, valves 7, a manometer 8, and a manovacuumeter
9. The temperaute of the specimen during the irradiation is monitored with a thermocouple.

Durlng operation of the loop the working channel is first pumped down to a pressure of
1.3 Pa. Liquid nitrogen from the tank is fed into the reservoir 2 until a pressure of 0.2
MPa is reached in it, after which the working channel is fed argon from the gas holder; the
~argon is cooled, condenses, and flows downward. The pressure of 0.2 MPa maintained in the

To gas holder

A g ettt
To_vaguum
pump
To liquid-
Al .
nitrogen -
tank

To vacuum g

pump

b2z

- Fig. 1. Cryogenic loop of the ther-
mosiphon type.

Translated from Atomnaya Energiya, Vol. 56, No. 5, p. 319, May, 1984. Original article
submitted September 21, 1983. .
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reservoir ensures an argon evaporation temperature of “85°K, which eliminates the possibility
of the argon solidifying in the cooling zone. The argon condensed in the lower part of the
channel evaporates, cooling the specimen, and rises to the zone of the reservoir, where is
recondenses. In order to prevent heating during start-up of the loop the specimen is in-
troduced into the irradiation zone after the working regime has been established. When the
-loop warms up the argon returns to the gas holder. ' '

The cryogenic loop described here provided stable cooling of specimen-simulators with
a heat release of up to 50 W to a tempeature of 85-100°K. - Such a loop can also be used in
the neutron loops of nuclear reactors, provided that radiation safety is observed by removing
the radioactive argon formed as a result of the “°Ar(n, y)“*Ar reaction. '

The authors express their thanks to V. A. Chernomordin, N. N, DatunaishVili, and R. B.
Lyudvigov for their collabora;ion-in tests with the loop. '
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INFLUENCE OF NEUTRON SPECTRUM ON .FORM.ATION OF 223y FROM **?Th

A. S. Gerasimov, G. V. Kiselev, o . UDC 621.039.8.002:621.039.554
and A. P. Rudik

As is well known, thorium fuel cycles are very promising in the nuclear power industry.
A detailed discussion of the problems involved and a review of the published data are given
in the monograph [1]. We emphasize only the specific nature of the process of the formation
of ?°%U from ?°>Th, which is due to the presence of intermediate 2>2Pa, whose decay after
reactor shut-down leads to increased reactivity.

The aim of this paper is to determine the dependence of the concentration of 22°U. formed

‘from *>2Th and the number of neutrons from 232Th burn-up that are expended in the process,

and the absolute value of the flux density and the neutron energy spectrum. In essence, this
paper is a continuation of [2] in which the formation of some actinides in nuclear reactors
was considered. The procedure employed was discussed in detail in [2].

The scheme of the formation of *?°U from *>2Th is presented in Fig. 1. Above the hori-

zontal arrows are the cross sections for the absorption of neutrons.at an energy of 0.0253

eV while beneath these arrows are the resonance integrals from a energy of 0.5 eV [3] (1 b =
107%° m®). For *?°U we give the total thermal cross section and resonance integral of ab-
sorption, including fission and radiative capture. The partial values are, respectively,

o = 531.1 b, I = 764 b, oy = 47.7 b, and I 140-b. The value of the 2°?pPahalf-life was
taken from the handbook [4]. The scheme in ¥ig. 1 has been simplified and it does not take
into further transformations of *°“U. This is justified by the fact that 225U follows after
234y, which results in roughly a zero expenditure of neutrons in the processes of 2°“U trans-
formation. Moreover, the formation of ???U is considered. This is due mainly to the fact
that the calculation of the *?U formation requires detailed knowledge of the reactor design,*
and the aim of this paper. is to obtain sufficiently broad results that depend only on the
neutron spectrum and the blocking of resonance absorption in 222Th. The problems of 232U
formation are discussed in detail in [5] while some problems of the influence of the neutron
spectrum on the *®2U formation are considered in [6].

Figure 1 presents the value I, of the *??Th resonance integral for the case of infinite

dilution.? Under real conditions resonance absorption in *22Th is blocked. The calculations

were thus carried out for three values I, = 11, 50, and 85 b, corresponding to strong and

weak blocking, or the absence of blocking. The number of fast meutrons per *°?U fission is
= 2.492 [3]. We considered two values of the effective thermal neutron flux density ¢ =

5 1013 and 10'“ neutrons/cm? esec, and for each value of ¢ we considered three values of the

*For this reason we did not consider the fission of 232’lh by fast neutronms, wh1ch Justlfied

_the smallness of the 2?*Th fission cross section. : . e

tA slightly higher value, I, = 95 b, is given in [1].

25 7,40b ‘3 #7b
Th 45b Pa #95b

27, 0days .

=, 578,65
804 b

Fig. 1. Scheme of formation of
‘2SSU from 232Th.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 5, pp. 320—322§fMay; 1984, Original
article submitted October 3, 1983.
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Fig. 2. Dependence of the total concentration
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Fig. 3. Consumption of 2°2Th for the pro-
duction of one nucleus of a mixture of
#3%pa and 2°°vy.

effective denseness of the neutron spectra; Yy =0, 0:2 ,and 0.4. The range of y values in~
dicates that the calculated results presented apply to thermal reactors.

2°°U Concentration. The nuclide concentrations are denoted as x,(t) for ?2Th, x,(t)
29%pa, and x3(t) for 223U, normalized to one nucleus of. the original *>®2Th, so that
x:(0) = 1. The amount of ?°°U produced is determined by the sum x, + x5 at the time of un-
loading since in the short time after completion of the irradiationall of the remaining *°°Pa
is transformed into 2°%y. Figure 2 shows how %, + x; depends on irradiation time t. A flat
maximum can be detected: In half the time taken to reach the maximum 90% (x2 + X3)pax is
. accumulated. From Fig. 2 we see that the influence of the neutron flux density on (X + X3)pax
is weak: In the passage from ¢ = 5¢10'° neutrons/cm?esec to 10'“ the value of the maximum
increases by 7-8%. This growth is explained by the fact that when the neutron flux density
increases the rate of transformation of *®2Th into *°Pa also increases in proportion, while
the rate of transformation of *°°Pa into *°°U depends on the B decay and not on 9.

- Thus, for
a high ¢ the fraction of *°°Pa in accumulated mixture of 23®°Pa and 2%y is larger and the
233

U has a correspondingly. smaller effect. Since ?°%Pa is a relatively short-lived isotope
'(Tl/z = 27.0 days), however, these effects prove to be weak. o

for
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Fig. 5. Consumption of neutrons for the
production of one nucleus of the mixture of
2%3pa and ??°u.

In practice the curves x,(t) + xs(t) corresponding to differehf values of@_(fot ;he same
spectrum denseness Yy and identical blocking of the 232Th resonance integral) coincide to
within the time renormilization, which is proportional to the ratio of flux densities.

. The effect of the denseness of the neutron spectrum on the formation of *°°Pa and *°°U
is determined by the blocking of the *°?Th resonance integral. When the blocking is relatively
weak the value of y has a very strong effect on (x» + Xs3s)paxs Since the contribution of re-
sonance neutrons to the rate of transformation of 2°2Th into ??°Pa is significant. When the
blocking is strong the role of resonance neutrons in.the formation of 233p3 diminishes and
the maximum x. + Xs depends only weakly on Y. B ' '

Consumption of *22Th. Figure 3 shows the consumption of ?2?*Th nuclei per nucleus of
the mixture 2>°Pa . and 2°°U, y = [x2(0) — x,(t)]1/[x2(t) + x3(t)]. The flux density has a
weak effect on the 2°2Th consumption, which can be atrributed to the causes mentioned above.
The influence cf the denseness of the spectrum depends on the blocking of the *22Th resonance
integral: When the blocking is strong y depends weakly on y while with weak blocking y de-
creases as y grows; weakening of the blocking also leads to a‘decrease in y.

Content of 2°%Pa. Figure 4 gives the ratio x./(x: + Xs) as. a function of x» + Xs. As
%X, + x5 + 0, i.e., as t » 0, the mixture contains only_zsaPa which has not yet managed to be
transformed into 2°°U. Next, >°°Pa fairly rapidly reaches saturation and its relative frac-

‘tion decreases. ' The 2°Pa content is lowest form small ¢ and Y and strong blocking since

in this case the relative decay rate of *®>Pa is high (when the rate of transformation of
23274 4into 2°%pa is very low the latter could be disregarded altogether as decaying instan-
taneously). As ¢ and y increases or the blocking is weakened the 239%pa content grows. This
law is explained by the fact that in this case the rate of transformation of *’*Th into 233pa
increases ans the 2°%Pa decay rate does not change. When ¢ = 10'“ neutrons/cm®esec and

vy = 0.4 at the maximum x, + xs the *°*Pa fraction is ~25%.

Neutron consumption R. For processes of the formation of nuclides, part of which may
undergo fission, the neutron consumption is the number of neutrons - expended on the formation
of one nucleus of the desired nuclide, taking into account the neutrons produced in. the fis-
sion of the nuclides under consideration. With this treatment R is more general than the

355
Declassified and Approved For Release 2013/09/14 : CIA-RDP10-0271796R000300040005-3




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040005-3

E, 10* MW -day/ton Th
N A T

-

0

Fig. 6. Energy release in 223Th.

conversion ratio usually required because concrete data about the reactor design must be known
in order to determine the latter. For the relation between R and the conversion ratio it

is necessary to know how many nuclei of the fissionable nuclide in the fuel (not entering

into the nuclide transformation chain under consideration) are involved in the formation of
one neutron external to the given process. If, e.g., one fissionable nuclide in the fuel

is required for the production of one neutron when R < 1 expanded production of the fissionable .
material will be observed.

The dependence of R on x, + x5 is given in Fig. 5. As x; + x5 + 0, i.e., as t » 0,
R = 1 (one neutron is absorbed in 232Th, transforming it into *°2Pa which does not manage
to decay or burn up) and (dR/dt) >0. As x, + X3 increases the value of R grows insignificantly
and the decreases for all the regimes considered, except =10 neutrons/cm’egec and y = 0.4,
its value being R< 1 at the maximum of x, + Xs (this is attributed to the contribution of
neutrons formed in the fission of 223U). The value of R increase substantially with the
growth of ¢ and y and the weakening of the blocking since in this case the 222pa content rises
and the ?2°U fraction decreases correspondingly and together with it, the contribution of
233y fission neutrons. This effect manifests itself most clearly in the regime with ¢ = 10"
neutrons/cm*esec and y = 0.4: The number of 2°U fission neutrons is insufficient to compensate
the external neutrons absorbed and R>1 for all values of x2 + X3 (we note that in this case
R increases as the blocking is intensified). ‘

Energy Release E. During the fission of the 22°U formed energy is released in the 2%2Th
charged. 1In Fig. 6 we give the dependence of E on X, + x, per ton of the initial 2°2Th.
The energy released in one ?**Th fission event was assumed to be 191 MeV [7]. For a fixed
X2 + X3 the energy release E decreases as ¢ and Y increase and the blocking becomes weaker;
this is explained by the lowering of the fraction of *°°U in the mixture of 22°Pa and 2%y,

Clearly,. the energy release is proportional to the number of neutrons produced during the
fission of 223y, : ' :

Conclusion. The results of the calculations are of interest from two points of view:
First, the main physical characteristics of the 222Th - 233y process are presented as a func-
tion of the flux density and the energy spectrum of thethermal neutrons, making it possible
to evaluate the efficiency of one reactor design or other; second, the decrease in the
2321h consumption and the increase in the neutral consumption R as y grows give reason to
hope that the problem of economic optimization for the 2°2Th - 2°°U process will have a

‘nontrivial solution.

LITERATURE CITED

1. V. M. Mufogov, M. F. Troyanov, and A. N. Shmelev, Use of Thorium in Nuclear Reactors

-

[in Russian], Energoatomizdat, Moscow (1983). :
2. “A. S. Gerasimov, A. K. Kruglov, and A. P. Rudik, At. Energ., 51, No. 4, 237 (1981).

356

Déélassified and Approved For Release 2013/99/14 : CIA-RDP10-02196R000300040005-3




Declassified and Approved For Release 2013/09/14 CIA-RDP10-02196R000300040005-3

3. S. Mughabhab and D. Garber, Neutron Cross Sections, BNL-325, 3rd ed. (1973), Vol. 1.

4. G. N. Gusev and P. P. Dmitriev, Radioative Chains (Handbook) [1n Rus51an], Atomizdat,
“Moscow (1978).

5. L. V. Matveev and E M. Tsenter, At. Tekh. Rubezhom, No. 4, 10 (1980)

6. T. S. Zaritskaya et al., At. Energ., 48, No. 2, 67 (1980).

7. I. V. Gordeev, D. A. Kardashev, and A. V. Malyshev Nuclear—Phy81cal Constants [in
Russian], Gosatomizdat, Moscow (1963).

SPECTRAL-ANGULAR DISTRIBUTION OF ¥y RADIATION BEHIND
AN INSTRUMENTATION UNIT

P. A. Barsov, V. M. Sakharov, ] _ UDC 621.039.538.7
and V. G. Semenov ' '

The weight fraction of the various equipment and devices is appreciable on transporting
apparatuses with nuclear reactors; therefore taking correct account of the shielding proper-
ties of these items is rather important. The possibility of using an effective attenuation
coefficient to estimate the shielding properties of the equipment, which has been modeled
in such a way that a binomial distribution of the units of material was realized, has been
verified experimentally in [1, 2]. It has been shown that the dose is attenuated exponential-
ly along the axis of a wide radiation beam with an effective coefficient determined by the
binomial law. : '

The possibility of using an effective attenvation coefficient in calculations by the
Monte Carlo method of the differential characteristics of y radiation behind actual equip-
ment units is discussed in this paper. With this goal we have performed experiments and cal-
culations in the identical geometry. ' o ’

In the experiments monoenergetic y radiation of a point'isotropic }37¢cs source with a

photon energy E, = 662 keV was directed at a rectangular equipment unit with a geometr1ca1
thickness at the irradiation site of Z = 53 cm and an average density of p = 0.43 g/cm

We used a scintillation spectrometer with a CsI(Tl) crystal 16 mm in diameter and 40 mm in
height placed in a conical collimator as the y-radiation detector. The isotropy of the de-
tector is no better than #*5% within the limits of the collimation angle. The distance be-
tween the equipment unit and the detector was selected so that all the Y radiation emergent
from the unit. in the direction of the detector was recorded. Measurements were made for
angles of 0, 30, 60, and 90° to the inner normal relative to the irradiated surface. The
error of the instrumental spectra was “30% in the region of Ey * 130-250 keV and 15-20% for

‘higher values of the enmergy. It did not prove possible to make measurements for Ey < 130 keV

‘due to the high background.

The calculations were performed by the Monte Carlo method using the BSERAD program [3], -
whose geometrical section simulated the geometry of the source, detector, and equipment unit
made out of aluminum. The effective attenuation coefficient of the unscattered y radiation
used to determine the mean free path of a photon by simulating the trajectory was found using
the formula [4]: - ’

Translated from Atomnaya Energiya Vol. 56 No. 5, pp. 322-323, May, 1984. Original
article submitted October 12, 1983, ‘ ‘ '
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Fig. 1. Calculated and experimental instrumental spec-
tra of the y radiation behind an equipment unit at
angles to the beam axis of (a) 6 = 0, (b) 60, (c) 30,
and (d) 90° with a photon energy of 662 keV: —) ex-
periment; - - - -) calculation for the quipment unit;

-++...) calculation for a layer of aluminum 7.2 cm thick
with a density of 2.7 g/cm®. -

In \/( "ll('lz'.‘)‘\',( Vi ’
' ' 4 S . )
" , (1)

Z

 Meff{F )= —

The distribution function of the material thickness f(x, Z) was obtained experimentally
by the method of vy transillumination of the unit in different directions [5]. We used the
sensitivity matrix determined experimentally as the sensitivity function of the detector in
the calculations. The error of the spectra calculated for the indicated angles does not ex-~
ceed 157 over the entire energy range.

The calculated and experimental instrumental spectra normalized per photon emitted from
the source in the direction of the equipment unit are similar in shape for all detection
angles (see Fig. 1). A certain systematic understating of the computational results in com-—
parison with the experimental results in the region of the single-scattering peak is evidently
associated with the use of an attenuation coefficient for aluminum, whereas the unit being
investigated contains an appreciable amount of lighter elements (hydrogen, carbon, oxygen).
The total mass attenuation coefficient for these elements is smaller than for aluminum, which
leads to the indicated difference of 20-30%. '

The dependence of the y-radiation intensity on the recording angle is of  an exponential
nature. The value of the characteristic angle 6 = 47° turned out to be close to its value
for a homogeneous layer of aluminum and a point isotropic '>’Cs source [6]. This fact served
as the reason for doing similar experiments and calculations for a homogeneous layer of alu-
minum with pa] = 2.7 g/cm® and 2 = 7.2 cm, which corresponds to an optical thickness of the
equipment unit, which is defined as the product of the effective attenuation coefficient by
the geometrical thickness of the unit in the direction of the incident beam of y-photons.

The thickness of the layer, which is calculated as pZ/paAl, is equal to 8.4 cm.

The experiments and calculations for a layer of aluminum 7.2 cm thick have shown that
the spectral-angular distributions behind the layer and behind the equipment unit are prac-
tically identical. At the same time the calculations for a layer of aluminum 8.4 cm thick
give results which are understated by a factor of 1.5 in -comparison with those given for
the equipment unit over the entire energy range.
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The calculations performed for an optical thickness of the unit of ux =4 have shown
that the use of a homogeneous layer with thickness ugffXx leads to an understating by a factor
of 1.5 of the flux of y-photons in the region EY>'&00 keV and to some softening of the spec-
trum in contrast to the direct calculations, in which the dlstance between successive in-
teractions is determined with the use of Meff.

The investigations carried out have led to the conclusion that the passage of ¥ radiation
in equipment with a thickness Z <30 g/cm (px <2) can be calculated as in a homogeneous mate-
rial with the use of the usual interaction constants, determining the optical thickness of .
the layer with the help of the effective attenuation coefficient. For equipment of greater
thickness it is necessary to use the effective attenuation coefficient. The latter asser-
tion requires further experimental verification however. :
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