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Introduction

In recent years, side by side with the development of industry
enerqgetics, where the building of atomic electrical stations is of
great importance, much attenticn has been olven to the creation of
low-powered self-contained sources of electrical energy based on util-
ization of radicactive isotope decay eneray. Such sources have aeen
developed and apnlied mostly for supplyina the on board equipment of
artificial earth satellites and space stations, ac?anaonpphic and
navigation deuvices, metecorolocical stations, etc. L} - }'.

The main forms of enrerqy that may be transformed into electrical
energy are: chemical energy, produced during the combustion aof fuel
or as a result of electrochemical processes in various kinds of
batteries, and fuel cells; nuclear energy released during the splitting of heavy or
fusion of light nuclei or durina radioactive decay; the enargy aof
salar radiation reaching the earth's surface or the space craft.

From the point of devaloomeant of self-contained electrical enmerqy
sgurces , chemical sources of calvanic element or battery types have
had wide application. (Tradiiioral oenerators bessed on combustlon
of chemical fuel and mechanical methods of transfarming thermal ereragy
into eslecticity usually require systematic service; thesrefore, they
cannot be used for the cases studied here.}) In the last 15 - 20 years
all possible combimations of nalvanic pairs with different electrolytes
nave peen investioated from the polint of utilization as current sources.
Ornly a few electrochemical systems, however, av= of oractical feasibility.
Besides the classical lead and nickel batteries, silver batteries
with a zinc or cadmium anode have become industrially imnortant. There
are also a few systems .hich have hiogh short-term capacity. (In nqen-
eral, these are the ampule batteries.) The main ch racteristics of
galvanic elements and storaqge batteries are oiven in Taole 1 |2,3] .
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Table 1

Key: &) System and type of electroelement
b) Electromagnetic force, e.m.f.
c) Operating voltage, volts
d) Self-discharne per month, % .
@) Minimum operating temperature, ‘'C
f) Sopecific erneroy canacity
watt hr/kg, watt hr/dm
g) Capacity efficiency, %
~) Energy efficiency, %
1) Service life (number of charaoe-disciraroe cycles or time)
J) Lead (acid)
k) Nickel-iron (alkaline) NI
1) Nickel-cadmium, lamellzr (NC)

m) Nickel-cadmium, non-lamellar (NNC)
n) Nickel-cadmium, sealed (NCS)
o) Nickel-zinc (NZ)
p) Silver-cadmium (SC) 4
(continyed)
-3- ‘
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All bisic parameters are oiven for the temperature




As follows from the table, the specific energy capacity of the
best (silver-zinc) batteries is no more than 120-130 watt hr/kg under
tha most favorable operating conditions., The utilization of these
sgurces inhigher or negative temperature regions causes deterioration
of their characteristics.

When making self-contained systems with longer service timae, to-
agether with useful ereroy consumotion, the self-discharce of chemical
batteries pecomes very substantial. It restricts the operating time
and lowers the value of enerav capacity.

' Ong of the consumers of self-contained energy sources is the
Hydro-meteorological Service. In the Soviet Union every year auto-
matic radiometeorological installations are tuild in the Far North,
in the deserts, in the taiona znd in high-mountain regions where neither
sources of electrical supply nor the usual meteorolooical stations
g@xisted and could not be set up because of severe climate or difficult
access, The electrical supply of such stations {s usually perfarmed
with nickel-cadmium batteries. The battery weioht (for supplying the
statian for one vyear) is 1-2 tons, while the weiaoht of the station
itself does not exceed a few hundred kiloqgrams,

If it is passible to charae the batteries with a wind turbine,
then the weioht of the suonly source us sliohtly decreases. However,
the normal operation cf a wind turbire is possible only under certain
wind conditions, making their exploitation difficult and not providinn
reliable non-interrupted station oneratiomn., It is also possible to
charge the chemical hatteries with tne aid of thermoelzctric oener-
ators operatino on liguid or naseous fuel, but such aqeneratars reguire
systematic maintainz ce, not easv under self-contaired conditions.

At the present time, the oround and floatino weather stations
have been developed for measurinog a larae number of parameters and
transmitting them to reniomal and central meteoroloaical centers.

This recuires a power increase of the supolv source ard, theefore,
leads to an additional increase of weinht and decrease o” reliability.

The increase of specific emerov capacitv of self-contained elec-
trical ermernv sources is the pasic recuirement fur cererataors desioned
for suooly of the on boerd enuioment of space craft.

Solar elements tonether with ouffer batteries are now widelv used
as electrical ereray sources for supply of on board equipment for
artificial earth satellites ans space stations. At the presert time
70-100 watts of electrical enernv car be obtained from 1 m?% of solar
photoelement surface. As al. listed sources of electrical eneroy,
solar natteries have some sh.rtcominng restricting t»=ir oossibile
anplicatiorn. The surface of -crlar elements muyst be srotected in the
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radiation region of the earth from the shocks oﬂwmicrameteurita dust,
overheating and other harmful actions [1,9,15,16) .

Recently exclusive attention has been given to desionino and
creating electrochemical fuel elements having a specific emerny capacity
which exceeds by several times the capacity of chemical batteries.

The wmost developed and ootentially useful are apnarertly the hydrocen-
oxygen elements, The electrical ereray of such elements is obtained

as a result of tranmsformation of chemical enerav irto electrical eneray.
The element can operate at room temperature and atmospheric pressure,
but the efficiencv of the electrochemical process substantially in-
creases with increasing temperature and pressure.

The process of creating fuel elements is very intense in the
United States.. 1In particular, the battery of fuel elements has been
desioned which provides electrical emeray for on board equipment of
the *Gemini® sattelite.(the maximum power of the battery is 2 kwatts).
The an.logous battery for the "apollo" has been developed. This
battery produces energy for the on board systems of the spacecraft and
at the sama time gives as a by-product drinking water for the astronauts.

Despite the substantially higher specific ermeray capacity of tne
fuel elements, their apolication is restricted by devices with service
time of about a few hundred hours. For longer aoeration, nuclear or
solar systems are maore advantageous.

The great necessity of self-contalned electrical eneray sources
has arisen in conrection with the orooram of surface and underwater
navioation, development of oceanoaraphic work, automation of the
Meteoroloaiczl Seivice, realization of long space flights and the
creation of oortable apparatuses for various uses. These soiirces must
have longer operatino times with specific emeray capacity tems and
hundreds of times higher than the existing sources. In a few cases,
such sources can be created on the pasis of utilization of the decay
gnergy of radioactive isotopes. Radicactive isotopes are accumulated
in laroe gquantity in the yaste solutions of the nuclear industry and
heat produci;~ elements of nuclear electrical stations and can also
be outained by neutron irradiation 1in nuclear reactors.

In the last few vyears, several scientific research institutes
and technological companies in Enoland, France, Japan, Lanada and
west Germany have been involved in the orocess of developino radio-
isotope sources of electrical emeray. Such areat interest in this
utilization of nuclear eneray can be exolained , first of all, by
the substantial advantages of radiocisotope thermoelectric nenerators
over other self-contained electrical onercy sources: hioh enerqgy
capacity (thousands of watt hr/kn), lona service life (up to 10 years
and more), and sufficientlv hioh reliability.




The sxperience of development and operation of the radioisotope
- ganerators in different regions of the earth and also the growing
possibilities of radicactive isotope production allows the hope that
redioisotope energetics will be more widely used.

[

In this book the authors have souaht to describe briefly the
main problems that arise during the development and operation aof radio-
isotaope thermoelectric generatars :nd to answer many aquestions received
from the builders and consumers of self-contained sour_es of thermal
and electrical energy with long service life and high energy capacity.

General Information on Radioisotope Fuels_
.Racioisotope Fuels. - | ;

Radioactive isotopes hav: the property of spontaneous decay. ' 1
The following tyoes of decay are usually distinouished: .X-decay, 3
}3-dacay. electron capture, spontareous fission,

The decay results in continuous decrease in the atomic number ' 3
of the initial radiocactive isotope. If N = number of nuclei of the
isotope at time_t, then the number of decayina nuclei per unit time <
is provortioral to N. Let us call the proportionality factor, deter- b
mined by the orobability of decay per unit time, )\ (this value is
usually called the decay constant). The law of radicactive decay ;
can be writter in tha form ?

a4 (2.1)

— = — AN,
r

where dN = number of nucleil decayino in the time interval dt from
time t to t + dt. ie designate N. the number of atomic nuclei at - ]
time t = 0; from expression (2.1) we derive the basic equation ]

Ny= N,

(2.2)

From the aiven equation one can see that the decay constant .A
characterizes the rate of radioactive decay, or the rate of "burning"
of the radiocisotope fuel.

b It is convenient to characterize the rate of the radicactive :
: ’ decay orocess by the time during which the number of nuclei decreases i
by half, Ty,. This value is usually cal.ed the half-life of tne
radioisotope. Tne decay constant /4 is related with the half-life i
according to :

Ny=2 _ o093
A - l . (2 02 ' )
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The value of the half-life is constant for a aiven radiosctive
isotope and is practically independent of external conditions such as
temoarature and pressure, and alsa maanetic ard electrical fields,
chemical composition of the material, etc., The velues of the half-
lives may vary from fr.ctions of a second to millions of years.

The value characte~izina the number of radicactive decays per unit

time is called the activity of the r dioactive oreoaration (C = N} ).

The activity is measured in curies: 1 curie = the activity of a ore-
paration having 3.7:10° decays per secord.

Alpha-radioactive isotopes are usually assiciated with the heavy
elements, In the orocess of their oecay, &« -particles (helium nuclei)
are formed, with emeroies in the rarge of 5-9 Mev. (1 Mev = 1,6-107"%§ =
1.6 10" erns.) The most imoortant nrooerty of o -radioactive isotooes
is the larce amount of eneroy relea ed in a sinole act of decav. Inr

some & -emitters which are the oricvinators of radiozctive transformation

chains (Ac??7, Th?¥r y23+) the total enerny released in onre decay
event of the mother isotope is 35-40 Mev, comnarable to the enerqy of
fission of heavy nuclei. It is also imnortant that < -oarticles have

very short oaths (a range of millimeters) in the material of the oreoaration
and tnat deceleration of the < -narticle in matter results in oractically

no braking radiation.

Ourina & -trarsformations, togetner with 4 -particles, neutrinos
are usually emitted, Thus, the erernv of the decay is distributed
between 43 -particles, neutrinnos and nuclear recoils. In some cases
/6 -decay can be ascomnanied by Y -radiation,

Ouring electron canture, there arises charucteristic X-ravs,
electromannetic radiation «ith erernies in tens of kiloelectron volts.

During fission of heavv nuclei, noutrons and nuclear fraoments are
farmed.

In the aceneral case, the total enerov of decav E 4.y see (2,3)
is made un of the enerry of the &« =-particles and the recoil micleus
(first term), the erercv of the Y -nnanta (tnird term), ard the erercy
af the /q -particles (second term). uwnen there is sportanreous dec.ay,
it is recessary to include the enermy nf thz fissinon decay m-~ducts
(fourth term):

’"’1 i

E(Mev/decay) = \1 - l"_)_\:_ E. n. -
I

N En N i E,. (2.3
l- i i T [} )

‘Here n,, , N, , N, = the rymbe: of X -, Ae-na-ticles and [/ -nuarta,

respectively, in a decav act; m, /m,, ratio of masses of the

-8-




alphas-particle and recoil nucleus; E £, = energy of the ;( ~particles aof
the given group; hyv, = eneray of the ;-quanta of the oiven arouo;

ﬁb = MEan enarqgy of the ,5-uarticles of thae niven group., The sum-
metion is carried out with respect to all aroups of .o -.‘5—particles
and a -guanta.

The majority of radioactive isotopes may be obtained from the
wastes of atomic industry (fission oroducts) or by means of irradiatiaon
in nuclear reactors (reactor isotopes).

At the present time more than 10u0 radinactive isotopes are known;
however, only a few of them may be used as fuel.

The energy 0f i - and 3-particles is practical lv cumaletelv
absorbed with the material of tne radicactive fuel; .4-radiation
is apsorbed only partiqlly.

Beta-radiation has a continuous eneray spectrum; the energy of

A -particles lies within the limits from zero to some limitino value,
Eu., , Characteristic for the aiven isotope. Beta-particles have
relatively short paths (several mil.imeters in all); however, their
absorption in matter is accomparied by the apoearance of oraking
radiation, the spectrum of which is continuous ang extends from zerco
to some maximum electron eneray,., __The mean enerqy of the beta spectrum
€ occurs in the range 0.25€ 3 E < < 0.5E,,, .

After radioactive decay the nucleus of the daunhter isotope is
often in an excited state. The jump of the nucleus from this state
to a lower energy level and to the normal state is accompanied by
radiation of ¥ -cuanta., Gamma-radiation af .he radiocactive isosope
can pe comprised of guanta of the same eneray or of a orsup of guanta
with discreet eneraov values. Gamma radiation has hioh penetration
apilities which may be described by a linear absorotion coefficient i+ .

EFundamental «equirements of Radioisotope Fuels

when makinn a radioisctooe heat source, one nives oreference
to those chemical forms and phyaical states of tne radivactive prepar-
ation wnich correspond to the minimum radictoxicity with minimum (for
the oiven isotope) specific heat evolution. The radiocactive preparation
should be solid, non-frianle, nractically inscluple in sea ang fresh
w2ter, nonsuplimating and non-recctive witn alr, water and tne material
of the ampoule. The preparation sould have hioh radiation and thermal
stability ensurina mirimal lezkage of the isotone durino unfarseen
accidents damaaino the radioisotope heat source. The lower limit of
its melting and boilino points are reculated by the "Sanitation Reg-
ulatiogns" (see Aopendix) and are enual to 500° and 1500 C resnectively
(for cererators with low temnerature tnermoelectric convertors).

As renards the radiation cnaracteristics, the prcoaration should

ppreon
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contain/a minimum amount of impurities of radicactive isotopes with
hard -radiation and neutron radiatiaon. The material of the chem-
ical compound or of the carriers shguld be made from elements with

low Z when making fuels based on /7 ~active lsctopes, ana with high

Z when making fuels based un .< -active isotopes. The latter reauire-
ments necessitate the reduction of output of orekinc raoiation in

_» =preparations and of neutron radiation in <-prezparations.

Reaarding the thermal characteristics, the oreparation should
possess sufficiently high thermal corduction and not contain a larae
guantity of impure radicvac:.ive isotopes with a hulf-1ife differino
strongly from T,, of the basic isotope. Lou thermal conduction of
the preparation leads to a substantial drop in the internal temperature
of the oreparation and the possi ility of disturbance of its thermal
stabilitv. The presence of a significant quantity of short-lived
isotope leads to a substantial droep in the initial cavacity, ard
tne presence of lorno-lived isotope -~ to a decrease in sp-cific cavacity.

i
When using fuels characterized oy low specific capacity P,  the
size of{the aenerator is excessivelv increased, its efficiency is
lowered, and its weight increased. Aan dcrentanle value 18 P, > 0.1

watt/cm 3 . Tne half-life should be larce or at least equal to the

-service life of the generator. uith short half-life and sionificant

service 1life, i: pecome. impossible to requlate heat flow to tne

thermel convertor. As a rule, the half-life of the radiocisotone should

not pe less than 100 days or longer than several hundred years., Iso-

topes with half-lives agreater than 100 years have fairly low snecific

cnaracteristica (P . ~J.1 watt/cm’ ). .he nossibility of obtaining

the fuel%in sufficient guantity at relativeiy low cost is alsa important.
|

i _Basic Types of Fuel

Fis%ion oroducts. Amarg the fission oroducts, the most suitable
for radipisotope tnermoelectric gererators with lona service life
(1-30 years), one may include sr” - _» -radiatian of mean eneray of
the S-spectrum £; 1.2 ¥ev. Uhen it is possiole to use local oro-
tzction (water envirnrment, natural cover) and rot impose rigid weiaht
and size restrictions, Cs'’' may be used. Present in its decav cnain
are J~-aquanta of enerav EI = 0.A60 Mev; mean =sneray of Y -spectrum
is £4 =.0.25 Mev.

: : - e LT
ror,oenera:ors witr shorter service life, Ce and Pm may

be used. In the decav chain of Ce'"” a series of .'- and 4 -
transitions are ooserved (mean eneray of decav £, ,= l.& vev). The
presence in the spectrum of ‘he daughter oroduct Pr - lirme E, - 2.2

Mev, necessitates the use of heavy shieldinu;/houever, in view of tne
hioh ererov output, one may zoncentrate a sZﬁniFicant part of the
orotection inytne center of the imstallatioh and therebv decrease its
weignt. Pm' comparec to Ce'” has relativelv low mein -~ -decay

energy (£, = 0.062 Mev) leadinc to a ﬂrEuLLV/?éduced value of soeci:§5\\\\\

/
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snergy output. At tne same time, being a pure A-emitter, Pm;V7has

. a8 comparatively low output of (brakina)

J-radiation, purmitting the

use of shielding of relatively small thickness.

The basic specific characteristics of th2 fission products are

givan in Table 2.

Tabaunua2
Yacaeur . sneprosuzeden !
a)“ b}'ar.‘umn dc) i A lbll‘ ‘Om;::r:b),nu e ne n’)':::‘:u;"
ol AN W T, R0 M O B
Kwpu, ¢ )ur,': aricu3 F )mopu_/.sr 2y
Sr 144 0,935 , 2,44 154 20,7 rnaa h
Cai? 8.4 0,4} 0,77 215 29,68 et gy
Ce'n BA)H 26,7 184, 4 120 NS un 1
Pm:er 918 0,338 — PPN 2,66 1o »)
Table 2
3
Key: a) isotope e) watt/cm
b) specific activity f) curie/watt
(curie/a) g) half-life
c) specific oower ocutput rn) years
(canacitvy) i) davs

d) watt/a

Strontiym-9y ~—— a metal, navinag ninon radictoxicity, may be used
in the form of compounds which are inhert, stanle and have acceptable
physical properties (hinh heat conduction, hioh melting temperature).
In Table 3 are aiven the most acceutaple fecrms of the fuel and their

characteristics (the metal is given for comparison).

The vield of Sr'"

separation of Sr?-

48 a fission oroduact is ™~ 5.8%;
the oreparation also contains Sr -7

T/, = 56 days), and stable Sr*'.

Cesium=-137 — alkali metal,
majority of which dissolve wuell in water.
of compounds not havina these urdesiranie uualities.
as a fission oroduct is 6.2%; separated with it is Cs'}’

However,

at the time of

(vield . 8%,

redily forms cnemical compounds, tha
there is a series
The vield of Cs’

(T, v 2.1 yr).

Some cnaracteristics of various cesium ¢ :mpounds are aiven in Taple &,

-11-
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Table 3
N : Tabanual
Pﬁ e .
Q AR TSTE P emiepaTypa R j’l.‘h'ﬂlm\ﬂ,
a) ::L':‘::ﬁc::: j ‘ )""‘:‘;‘;:‘""- i nadsaeine, C ‘ S
v . - i .
B.‘»\efa.m (umctult) ' | 0,13 L , :E'?
$cTi0, . j 0,45 l‘.}‘xo :‘._
SN I I N
Sr210; i 0,35 l 7| 5
Key: a) chemical compound
b) metal (pure)
c) specific capacity, watt/o
d) meltiro temperature, “C
e) density, a/cm 3
!
l
|
Table & , f
‘1 Tabanua 4
;
;d) T e)ﬂr'r" 1TYDa F) Th
a) Xistnys (Ao Cus TIRCRE ' ;,,')‘.‘""' ", Batam v R, ! 1?1-::‘037 '
Paraeny) ) ' , ’ J C i
S . ~
‘ oo 2,3 1,67
T 130 3.97 N
21 Bt 3,5
R G 3,77
u,07 1o 3

Key: a) chemical compound (fuel)
b) metal (pure)
¢) cesium polynlass (horosilicate olass with Cs content
af 43 weioht %)
d) specific cavacity, watt/o
e) melting temperature, c
f) density, c/ems

Cerium-144 — prarg-garth metal, chemically hinhly active, pyro-
ohoric, is an active reducino agent havino hard 4 -radigtior, The
vield of ve “ 3as fission oroduct is eoual to anuroximately 6+, The
correspording characteristics of several cerium compounds ar alver
in Tahle 5. -~ S '//)}

/
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b} Mernia (qircrud) ! N i o1
Ceo" " 2 ‘ ROTES ]
Cedlty o o
C0), 93 , o
CQFJ 4 ' N
Cells S | 2
Sey ' s P
Ces 5 -l ! 2imn

Key: a) chemical comoound
b) m.tal (nure)
c) specific capacity, watt/a
d) meltina temperature, °C
e) density, n/cm’

Promethium-147 — a3 rare-sarth element, /%-emitter. Its vield as
fission product is 2.7%. Table 6 uives its characteristics.

: Table 6 Tatbauna 6
a) ) FEEIRTNY] Tewaeypa Tt 1hy
NV yaee o cone gaeiene Q) MUNLIN b, ".l.n‘.u‘:»lml. AR
"y ) [ ’e
QM e (MneTiaft) 0,86 [Helh i
pl‘n.,(), ( 0,50 | IR 6,0
f 0,2 1650 .

key: a) chemical compound
b) metal (pure)
c) specific capacity, watt/g
d) melting temoerature, C
e) density, o/cm’

Reactor isotopes, Amono tnz laraoe nurSer of isotapes obtained
bv means of direct irradiation of stable isctopes in a nuclear reactor,
the most interesting are Co'‘ (for generators with service life uo to
5 years), Tm'’* and Ir’Y (for generators with service life tao three

or four manths),

The pasic characteristics of these isotopes uithout carrier are
oiven in Table 7.
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Table 7
Tabanua 7
a) 'b)‘ o P".&v.‘n.uue'::&.:;J;:‘:‘::tx’c.-u-.vn«c ,3?’ o
Haurou aRTH -cn. ; -1)'.:.:‘;1:] ::n'.
ARpLle | ! Ty
’ e P)n.".‘ e?l,.l»‘ gfa)-;':.'rr‘ l e
] - ’ - 1
o R !1:5 ' 172 6 | 5,21 rom B
i s : “_J'l..u 0,7 s 154 Dl A
far 2 b l 1,85 1 105,5 325 129 aneiv
Key: a) isotope e) watt/cm’
b) specific activity f) curie/watt
(curie/a) g) half-life
t) specific power outout h) years
(capacity) i) days
d) watt/a

The specific eneray outout achieved in practice is several times
less than the theoretically possible value given in the table.

., Conalt-60 — metal, obtained by irradiation of Co®’' in a reactor
(Co—' +n — Co’, + ). 1Its activation section is 30 barnma. Co "
aives hard X#radiat1un (1.17, 1.33 Mev), mean specific capacity
is 1.6 watt/o (100 curies/q), densitv is equal to 8.7 a(cm5 carres-
pondina to a volumetric specific capacity of 14 watt/cm’ .,

. Thulium-170 ~— 3 rare-earth element, obtained by irradiation of
‘9—_—-—-———

Tm in a reactor; activation sectlon is egual to approximately
130 barns; melting temperature 1600°C.

Alpha-radionactive isotooes. when gbtaining X -radioactive
isotopes irradiated in a nuclear reactor, the taroets underco sub-
sequent chemical treatment.

Obtaining «{ -radipactive isoton-s in sufficient guantity presents
a rather difficult oroblem. Therefore, when choosing one or ancther
of the [-active isotooes for fuel, it is necessarv to thorounhly
analyze the possitility ard economic expediency of its production in
the necessary guantity.

5ufficient guantities of Po~'* , py- , and tm="? can be optaired
by irradiation of the startino materials in a reactor.

The specific characteristics of these isotopes are aqiven in
Tanle 8.
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Table 8
. TaGéanua8
,ﬁ) § )
°) y:“).“"" ¥ae .-n.uoe( :m:g:ﬂ;}menue "qgml "
$tworon “::.;;:?b' d) ) t‘)“ ”""r‘?"‘"_-“
or/e ar;cad KOpu/er
Pohe 4700 114.0 | 1310 31,4 | 138,5 ann 13)'
Putss 17,45 0,58 9,25 30,3 86,4 roaavh}
Cm™2 <120 12,5 §1652 27,6 162,5 aun )
3
Kay: @a) isotope @) watt/cm
B) specific activity f) curie/watt
(curie/a) o) half-life
c) specific power output h) years
(capacity) 1) days
d) watt/g

<ty in a reactor,

Polonium-210 — obtained by irradiation of 81
In Table 9

It is a weak g-emitter (10°°  s-oguanta per decay).
is aiven the characteristics of Po~'“ and its compounds.

Table 9 a) ) [ I — 2365“:12
Xmmwu.uc COUIMHC e 'e) \ .‘x‘..;;;du ::, :d).‘.'\ !l ‘ l-.)“f“::n.,

b) ! i |

Mertaaa (uncrnt) ’ 11,0 ‘ | Q.4
HgPo 720 ! - 11,1
PbPo Lo ’ B0 9,6

Key: a) chemical compound

b) metal (pure)

c) specivic capacity, watt/q

d) melting temperature, C

e) density, ao/cm?

Curium-242 — metal, obt-ined from Am ~ recovered from Fission
oroducts and then irradiated in a reactor (activation section of Am <"’
is anproximately 750 varrs), The half-life of Cm‘“? is 0.447 year.
The characteristics of Cm’ "> and several of its compounds are aiven
in Table 10. ’
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Table 10
: Ta6anga 10
X Y;‘.-.*..u_u Teuncparyps Maornocm,
) Xumuneckos coeannenne e) uox:nraz:ts. u.us.?.-:uun_ e
b) . .
Merana (uneruii) 12t 950 13,5
Cm.0, 110 17002000 10,7
CmC 15 9w [{U
CmO; L > 1500 175
Cm~—30Ni 85 - 9,05

Kay: a) chemical compound
b) metal (pure)
c) specific cavacity, watt/a
d) melting temperature, “C
e) density, a/cm?

Curium-24L mav also be used as fuel. 1Its half-life T, = 18
years, snecific capacity is 7.8 watt/n. Cm?’Y is obtained by ir=-
radiation of Am?Y3, It is a weak y-emitter. It is at oresent ob-
tainable in limited quantity.

Plutonium-238 — a3 metal, obtained by irradiation aof No"{’. Its
characteristics are aiven in Table 1l.

TaGauuall

' ¥acaunan Tewneiaryra Havruoers,
a) NNMuNCCROC CCaRIICHRE |G) \mu;u;‘n:-rb. | u.r‘l'.:;(-;m:n. cud
1
VPRI DTN (P11 . )
b) ol ‘ 08 G0 16,5
i ) | 0"l RV 12,7
Pt | 0.2 16570 13.6
Puo; j 0,40 2250 11,46
Pu.0, ‘ 0,7 200 -

key: a) chemical compound
b) metal (pure)
c) s8wuecitic capacity, watt/a
d) meltina temperatur:, “C
e) density, a/cm’

Actinium-227 (T/,%22 vr; R, = 15 watt/o) is obtaired by irradiation
of Ra-<6 in a reactor. In its de: v nroducts are 4 =emitting isntopes.

It is vossible tn nse it in the form of Ar 0, or AcF.
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Thorium=-228 (T, %= 1.9 yr., Py = 170 watt/g) may be obtained By
irradiating RatZé; it is also a dauohter product in the decay of U-'~
and Ac? .

Uranium-232 (7., &~ 74 yr, /w(' 5 watt/a) may oe obtained by
irradiatino Th15“(10n1um) or Pa . In its decay chain exist iso-
tones which are )-emitters with hard radiation (T1-%),

Estimation of Gereral Resources of Radiocoactive Fuels

According to the estimates available at the present time, by the
yaar 2000 there will be accumulated approximately SUQ billion curies of
radicactive wastes Lb7 unicn may be used for abtaining various fuels
based on Sr’ , Ca''’, Ce ™, Pm "’ and mixtures of fission oroducts.
Isotoues uotained by irradiation in a reactor (such as Pu*“, ro"’
Cm‘il, Cmi') may perhaps also be used. In Taple 12 are prasented
the datos of the AEC of the USA concernina the increase of production
of eioht of the above mentioned isotopes. In the upper line is shown
the arnual production for each of the isotopes (by year) in millions of
curies, and in the lower — the corresponding thermal canacity in
kilowatts,

Atomic datteries

Develonment of radinisntooe aources of electrical enernv was be-
aun in the 4ij's, The oririnal sources had mill{ (micro) watt caracitv
and naed various forma nf interactinn nf radiation with matter,
Transfaormation of the erer~y nf radipactive reray nf the mentinmen
sources {s not related to a heat cyrle. Such sources are usuallv
called atomic batteries.

Amory the atrmic bhatteries known at the present time are orimary,
with direct coliectior of x - or 3 -narticles emitted durinmo radio-
active deray (batteries witn direct charne cnllectinn): secardary,
where nenative or nositive charmes are nathered which arise as a3 re-
anlt nf interaction nf arimarv radiatine with matter (hatteries with
p-n conversion, cnnt ot nntential Aiffer - rce, with™ serondary oleoctran
emigsion);: amd tertiury, when electrical emerny is nbtainen as 2
result of a dnuble trarsformation (nhotoelectric batterivs),

Such sources are being develoned and at the nresent time they

" are uwaed fnor supnly of the nrid ~urrent af varions vinds of panine-

technical instriuments, for charninn dagimeters, for aatnmatic charnimn
of clocks, and for nthep asees, i ,p, {n *nnse cnagea yhere hinh para-
motopr atahility with low noeer consimntinn is rengired,

—~
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? Table 12 Tabanua 12 :

nada

3 b) — A 3 FOLN AR HPOI BTN CIRHCT u l
‘ Lanuuga . = A ﬁ ena,
) Hroton HaNepenna .G:) Pt br) 1965 . | 1#€ T m’-r@ :'-bh ) nm@, 19.‘0?. 971 ] 1z r|  dosajer
™ Q) MNikwopu 3 [ 5 5 10 16 1 10} 10 10 10 77 1
d) xer TONE e B> B I IR O IO IR O j
Csia? &) Mriwpu i 3,51 3,51 351 10 10 10 10 10 10 104
d) ~er ST T T A | b oAy 48| 48 ) 48
14 ¢) Mxwopu a5 a5 sal 35010 [l ploo | ool 100] 100 5
[ c}) G4 T P P P 5 O N T N N LY
. mi g - 5 : s | 3 :
Pm'e @) Muwpu 0l on) 05 0,0 3 30 0 3o 485
)) At I R N R N L B B LE A {
Poro €) 20 | 50 Jio 100 | 1000 ] 10001 1000 | 1600 | 1000 | 1000 190 b
q) 3 7174 e [190 190 ) T[T 14w | 140 |10 |
puz® '0 ko 3 3 6 9 |5 15 | 17 | 2 A | B 1040 1
0 xar R SR I B EN R E
Cote e . 0 | 12 | s | 1000 ] 100 | 1000 1000 | 1000 | 1000 | 1000 165 t
xar R PR N P-TRN P T NPT RPN RPN R PV P 4
Criv f) v o {os] o] 6 as |0 |6 s | ]!l
) d)) ror et O O O T N AR R N R R
Kev: a) 1isotooe f) kilonrams 1
b) unit measured 1) oroduction yensr
c) millions nf curies h) vear
d) kilowatts i) cost, doliars/watt
e) orams '
Batteries with Direct Charre Collection
If one takes two nlates amd on ore nf them (the emitter) denosites . - :
radicactive material, the rariated nartirles, as thev accumglate on 1

the nlate opoosite (the collector), charoe it arccordirn to the sinn 1
of the charned particles, ;

In the case of a »»3-emitter, the rlate is charnerd necatively:
in the case nf an X -emitter — positively. Beta-emitters are most 3
frequently used.

Calculations show that far ,§-sources, the specific capacity,
on the averaoe, i~ several microwatts oere millicurie. oince the
activity of the source does not exceed several curies, the output
capacity is only several milliwatts. The output voltage of such
sources is dependent on the enerav of the s -particles as well as
on the resistarce of the insulation betw en the emitter and collector.

The first battery with direct collection of charne was made bv ' !

Mosley in 1s13. Using 20 microcuries uf radium, he obtained a current
of 1G™" ampos under a voltane aof 150,UU. volts,

el




At the presant time in some countries, industrial mogels of nuclear
batteries are manufactured; various models of the battery based on Sr ’¢
are marketed. uoattery D-S0 (USA) contains a Sr’* source of 10 micro-
curies activity and oolystyrene insulator of ~ 0.8mm thickness. The
pattery is olaced in a lead container. The volume of thelbatterv is
aporoximately 16.5 cm?, voltaoe 7000 v, current (short circnit)

L1107 amo. f

The actual pars eters achieved by a battery with diréct charae
collection lie within the limits: voitage 1-100 kv; current 10°°-
107* amp. i

{
HSatteries Based on Semiconductor Junctions

Batteries based on semiconcuctor jumctions consist of a radiation
source (~ - or 4 -emitter) and a semiconductor with a p-n junction,
It is possible to use a t-emitter, since )-nuanta, in the process
of interacting with matter, knock out electrons from the crystal
lattice of the semiconauctor. forming numerous pairs of charoe carriers
— glectrons (-) and holes (+). Thus, a kind of amplification of the
orimary charge of the A-particles occurs, reaching vilu=s on the
order of 10° or the transformation of eneray of the A’-nu'nta into
eneragv of the electron-hole pair. Such sources mav have relatively
low voltage, pbut hiaher current than in atomic batteries with direct
charce collection. The capacity of such patteries is limited by the
radiation stability of the semiconductor junction.

Therefore, as an emitter, it is adv.nrtaceous to select a soft
radiation source (for examole Pm '’ ). Experimental models! have a
capacity of 1 wicrowatt, voltage — :; fraction of a volt, éffxc ency
- lk. 5

Batteries Based on Contact Zotential Difference E
|

In avery metal, there are so-called free electrons (elec.run
gas), the concentration of wnich is anoroximately luzlner cm . In
order tha: the electrons can escaoe the metal, a necessarv,derinite
energy, called the work furmction P, ,. , exists, The difference in
the work functions “or a aiven pzir of metals is called the contact
potential differerce (this value is differert for various metals).
If betueen two unlike metals (electrodes) there ig ionized cas, then
(under the actior of the contact potential aiffererce), when the
circuit connect’ng the electrodes is closed, current begins to flow.
in such set ups may be used either self-ionizing radioactive oas,
for example Kr$’ or T, or a gas ioniced ov a special source. 3ince
one - -particle may form 1ljU ion pairs, the current of such a
patterv is aporoximatsly 100 times higner than in a batterv with
direct crarge collection, The e.m.f. is enual to the difference of
the work functi ns of the electrodes (aonroximately several volts).
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The strenath of the current depends on the ion concentration which,
in turn, is dependent on the activity of the emitter, the emeray of
the /4 -particles, the nature of the ionized nas, etc.

Photoelectric datteries

In recent years a larage number aof materials have been discovered
which luminesce intensively under the action of ionizino radiation.
It is also known that under the action of lisht radiation on the g7~
called photoelements, electric curremnt is formed. A combination of
radioisotopic phosnohorus and a chotoelement allows ore to make a
photoclectric battery.

For obtainina a conversion of lionht enerny into electrical eneracy
for a photoelectric pattery, a spectrum of the luminophor is selected
in the range of maximum spectral sensitivity of tne photoelements,

The actual canacity of such ar installation is on the order of tens
of microwatts, efficiency 1-2%, voltage, several volts.

Batteries with Secondary Electron Emission

1f a stream of, for examnle, A -particles is sent toward an
electrode having a sufficient coefficient of secondarv emissiaon,
then a stream of secondary charoed particles is “ormed. 3&v usino
this effect, one may make small-sized sources of electrical ereray.
Satteries with aoirect charge collection may be used to create accel=-
erating voltages in subsequent cascades. The e.m.f, of sinole cascade

patteries i3 approximitely eaqual to thne enernv of the secondary electrons.

Radioisotope Electrogenerators

Turbozlectric Gererators

Althounh radiocisotone turboelectric oererators have not as yet
found practic~+l an.lication, they are of interest fur makinc nenerators
with capacities greater tnan 1 uatt.

The orincipal screme of radinisctone turboelectric aenerators
is presented irn Fig. 1. The oenerator comsists of a racioisctope
thermal block 1,where tne oneratino medium is heated: a svstem 2
to transfer this medium to the turbine 3; refricerator 4 and electro-
generator (dynamo) 5. As operating medium, a licuid metal (Aankin
cycle) or aas (Bravton cycle) may be used.
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-Fio. 1. 8asic zcheme of radinisctope turbocelectric oenerator

The operating reliapility of tne turbine, aereratcr, arnd "ump
plays a role aof no small importarce. However, even when achieving
a relatively lono service life, their reliacility, because aof the
presence of rotary elements, will slways be less than the reliability
of a thermoeiectric .ystem. In view of the nigher effi . iency of turoo-
electric cermerator3 in comparisaon to thermoelectric cenerators (at
high capacity), turboelelectric gererators may in the lona run be
used, especially in rhose -ases where noth electrical arno mechunical *
eneruy are recuired. Calculatiors show that the ceneral efficiercy
is ~ 15%.

Thermoemissive Len.rators

There are two most usual torms of thermoemissive corvertors (TEC):
vacuum and pl-sma diode. 35 a source of trermal eneray, an isotone
with a laroe snecific enernv outzut 18 usnally used (Cm” 7, RPa’'C, ete.)
in nrder to achieve hinh temoerature. Ine scheme cf the ner rator is
presented irm Finure 2., The neated cathode emitts elzctrors which cro s
the rarrow interelectrone nan 4nd strike the relativelv cold anode.
If the catnode and armite, having dit*erart sork furctlieors, gre cornected
across tne load, thner, necause of tre onterti.:l Aaiffe crce which dev:lopes,
an electric currert 4ill flow *hrouch it. ith respect to the exterral
circuit, the catn.de will 9e tne pnsitive termiral of the thermnemissive
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generator and the anode, tne negaLive one, The thermal ereray, arriving
on the catnode, is spend in surmounting the wark function of the
electrons from the metal. In addition, there are enercy losses due

to radiation, convection, and heat conduction. The zreroy lost by

the cathode is in ceneral received by the anode. To protect the anode
from overheatina, it is necessary to cool it.
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Fiag. 2. dasic scheme of radioisotone thermoemissive cenerator

key: a) radioisotove thermal Block
b) cathode
c) anode
d) refrigerator
e) load

The most serious difficulty in makiro a TEC is the develooment
cf a space charoe in the anode-cathooe gao, leaiting to restricted
currert, In grder to reduce the volumetric sopace charne, the ooal
is to make the smallest nossible nap between the cathode and onode
(d ~ 210 Ycm in a vacuum 4iode) or to use a pair of materials with
low ionization ontential (e.n. caesium) in a nlasma dicoe,.

The basic oarameters of thermgemissive nererators are the efficiency
ard the specific capacitv ontaired throuah the canmvertor (watt/cm ©).

In the case of a nas-filied diode this value is a functior of the
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cathode (emitter) temoerature T, , the anode {(collector) temperature
. T~ , vaoor pressure p, the size of the interelectrode gao d, and the
work functions of the anade and cathode.

Experimaent has shown that the specific capacity for thermgemissive
generators is eguxl to apuroximately 5-10 watts/zm~, and an efficiency
faor a capacity of -~ lU watts is approximateiy 10% (calculated efficiency
~ 30%). # ,

It must be noted that the creation of thermcemissive aensrators
entails serious technical difficulties combined with the selagtion
of materials stable in relation to high temperzture (T.* 2uuld #,
T,v 1500 K).

gvolved in the radioisotooe block passes thrpugh 3 thermocanvertor !
to the refrigerator (Fia. 3). It is known that pecause of the develop- .

ment of a temperature arop alono the thermoelements, there is a movement

of ~ositive charoes (holes) toward the cold junction in the p-nranch

and of nenative cnaroes {(electrons) in the n-pranch L}O-lzf . As

a rasult, a notential aifference is created, orooortional to the

temgerature aragient,and part of tne heat flow is tramsformed into :
zlectrical ererov.

Ir tne nereral case, tnermoelectric germerators are heat sources
on whose sur*ace are installed thermoconvertor fiements and structural
conrectors. he remaininc surface is surroundzd nv imsul ation . The
elements of the convertor are cornected with the structural assemoly 3
of the cerarator, whic dissipates reat tou the surroundings. The *
output voltane in such sources is graooortioral to the temgerature droo
and the numoer of consecutively conrected oairs of thermoelaments. ;
For the petter semiconductor materials, tve thermal s.m.f, (L is
cansiderably hianer than for metals, and is equal to 1l millivait/den.

Thermoelectric Generators
In the thermoelectric method of conversion, the thermal eneroy

4

Thermoelectric materials of the pe- and n-grancnes are characterized
py tnree values: thermaciectromotive force ., specific el-ctrical !
conductivity =5 , and neat cornductivitv »2 . : 1

WIS TON g1

Tne pasic factor determining the =ffigiercv of the convertor
~itariii i9 its uality factor 2. For tne case of a thermccoupie
consisting of a nasitive o~ «nd rerative n-prarech, at ontiral matediro

sections /10~

PR

2 - (p - 1§

. [( -4,)1: ap 121
Iy (3’ J
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In accor ?ance with the gereral theory of thermoelectric converturs
. ll 12! tne efficiencv of the thermoelement is i

|
-

y
V ! +—;-:(TN,-,- Tras)~ 1

g - Trop-Tsun .
Trop 7,
VI*J"S(Trop"' Tiea) + "_"‘7'”
rop

where T-,. and T..\ are the temperatures of the hot and cold junctions,
respectiv:ly. The first factor determines the afficiency of the ideal
heat angine (Carnot cycle), and tha second, the actual thermosiectric
efficicrcy characterizinao the reduction of the efficiency of tna Carnot
cycle throuah irreversible losses.

Thermacanvertors fraom semiconductor materials of constant rompesition
with temperature difference in its junctions of T : 300" have, bn
the averaoe, an efficiency of an.roximately 3-8%. Considerably hiaher
efficiency may oe optained i{f the optimal valus of z at the olven
temperature is achieved alono the br rcres of the thermaoelements.
The theorctically possinle efficiencv in the reaion from 250 te
1360 n is ~ 30%,.

In sccorgance with the temperature decendence of z, all tnermo-
electric materials are usually divided into low temoerature (ooperating
; in the interval from 200-600 %), medium temperature (&lL-1000 K),

; and nigh temoerature (1G00-1260 K/. Low temoerature tnermoelements

' - (for example, based on tne triole junction 8i-Te-Se) have hiah service
life (nreater than 5U,0U0 hrs) and stanility cnaracteristics. Their
efficiency in tne tumperature interval 250 -6U0 K is aooroximately
equal to 6%. Meoium temperature slements pascd on Pb-Te nave some
worse characteristics: efficiency 4-5%, service life acout 1 yr.

High temperature cunvertors based on Si-Ge nhave a 3% efficiency énd a
4 service life areater than 1l year,

At the oresent time the technnlocy has been developed to aptain

: the necessary nuantitv of tnermoclectric materials and to make morels

of cascade oatteries operatinn in :ne tumperature rarce from 250 -

: 1300 %. Tne selection of one material or anntner (temoerature ranaoe)

d "and makirg a spoecifis structure of a thermoelectric convertor deoends on
: the operating concitiors of tne radicisotone tnermoelectric nererator,
the parameters of the neat snuyrce, ard the necessary noriod of service.

.
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Existing excerience of development and operation of radicisctooe
thermoelectric generators with capacities from one to several hundred
watts has shown that the most (oractically) acceotable conversion
method at the present time is the thermoelectric ore, which comoines
relianility, accectable efficiency, and lonao service life. Tne
accumulated service time of thermoelectric convertors is calculated
at tens of thousanrds of hours. This condition is very important in
the majority of cases, since the aoreatest advantaces of racdioisotope:
sources of clectrical 2rernv become apparent in their use in self-
contained, lono actinc assemblies.

Radioisotope Thermal Jdlocks

Isotope Selectian

The choice of isotooe is to a laroe extent determined by tne intended
use of the aenerator. For ooeration in space, it is most expedient
to use < -emitters havino hiah eneroy cutput and not reuuxrino neavv
shigldino. Amona them the first are Po’ " , Pu-"", Cm-" and Cm 7",
For around and underuatar’aoulxcat cns, «- and ~ -emitters such as
Sr , Cs' , Ce *Y, Pm'"’, Co‘* and athers are uidely used.

The eneray outnut of the > -emitters is lower than that o7 . =
emitters, but the former are readily available and ch-ao2r.

The enerav characteristics of radicactive isotooes may be calculated

from the following exnressions.

The specific activitv C., of the pure radioactive isotooe is
found oy the ratio '

R L
iy 1 (curie/a)

where T L= half-life (in gavs); A = atomic weioht.

If the isotope is used in a chemically combined state, then

1,50 ek

(curie/n)
Ty M

C ==

where K = number of atoms of trne radioactive isotooe in a molecule of
the compound; M = molecular weiaght of the chemical comnound.
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The 3pecific heatino capacity of the radiocactive isotope is
calculated according to the formula

5‘ HE (X4
',4,, M

p¢,‘\ (Uatt/o) = 7.5‘ lU

where E, , = total ererqy of the act of decay, takina into account
radiation leaskace, Mev.

The specific heating capacity Pw, may be determined fram a‘knoun
value of L by the relationship:

P, (watt/a) = 5.93.107 C(curie/a) E.,(Mev)

The volumetric heat output of the pure radicactive isutope is
egual to

| Aoy (uatt/em’) = P,
where (O = gensity of isotope, ofcm”
Far chemical compounds
3
F!,,-‘v = P,,.,-(J %’j (watt/cm )
The activity per unit of heating canacit: C may be calculated
accarding to the formula:
‘ C 1 169 .
C..= - 5.93'1[TT-E_:., = g':t-:— (curie/watt)

n
\

Structure of Ampoule

The reauirements of the amooule (Fia. 4) in which the radig-
active preparation is to be nlaced are usually determined by the
necessity that thg intearitv and savety of the amooule be insurean
over a neriod of ter half-livez of the basic isotope and also under
cornditions of damaoe durino gperation and shippirnao. «hen using radio-
isotope blocks in agenerators for space uses, damaoe may 3lso arise
during launch and re-entry.

The ampoule material and sealina techninues should provide high
corrosion resistance in relation to the surroundinmg air snd oround
water and to sea water. The amhule material should be compatible
with the radivactive preoaration :and ite decay oroducts and also
with those structural elements with which it is {n direct contac*.

In accordance with the "S nitation Reoulationa®™ (see Appennix)

the structure and manufacturino techroloay of low temperature
units sknuid insure its inteqritv and tiantress with a high marain
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of safaety (bvy a factor of 10) in rela-icn to impact (™>3000 o over
s period of D.Sﬂ/sec) and oscillation (20-60 Hz with acceleration
> 10 o in a period of 6 hrs)* load, internal and external oressure.

Fio., 4. Rculoisotope blocks based on sr .

The ampoule material should be stable to heat (to 1100°C) and
radiation (loss of strength durinc the time of operation should not
exceed l0% af the oriainal). Radiation stapility zhould be insured
both in relation to orimary radiation (<, %, y , n) and to secondary

(brakina and neutron) radiation coming from the radioactive preparation

or from the walls of the ampoule.

Radigtion contymination should be minimal (<& 1frcurie for - -
and 5\10 "y curie for .{ -radioactive isotopes) from all surfaces if
the olock. The radiation ocutput of the radicisotope block is re-
stricted to 300 rad/tr at a distarce of 1 m. If the do-e rate from
the radioisotope block exceeds the ngiven value, this block should be
placed in protective shielding which satisfies all the reqyuirements
with respect to shieloing of the radioisotope olock.

Determination of Thermal Output

‘Lalculation of the thermal outout in the isotooe block involves
calculation of that nortion of the emeroy releused during radicactive
decay which is absoroed by the oreparation itself and by the amnoule
walls. Since the paths of (L-particles and fission franments in
the radioisotope fuel consists of fractions of a millimeter, all the
kinetic eneray is absorbed within the fuel itself and in the walls
of the isotope block; i.e. the ererav apsorved witnin th. radioisntooe
block is eaual to the tot=l ereroy releagsed, ard the specific thermal
outout may bLe taken, with sufficient accuracv, as corstart with respect
to volune,

* Withinm the narentheses are shnwn the values snecified in the
"Sanitation Renulations".
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An analogous statement may also be made in relation to the therrel
output ?rom‘f‘-particlas, the eneray of which is almest fully absorbed
within the fuel material and ampgule walls, Estimation of erergy losses
with braking radiation shows that thigs effect can be disrecarded, since
it does nat exceed l%.

The most difficult problem is the calculation of the thermal
output through abscrption of -radiation which has rather signifi-
cant penetratino ability. For more complete collection of eneray,
radioisotooe blocks based on ¢ -emitters are usually enclosed in a
casing material with acood absorotion properties (wolfram, depleted
uranium). The combination of the radicisotope block with the pro-
tective (absarbinag) casing is called the thermal block.

Table 13
@ . TaGauna 13
. i _F) TR L IR RS TU- A T RTINS T T HENE E S (BT THLU ST 0'1‘.1“!&.11‘"“" K-.-vlt" "
. [ S I R NS T HTIVE SR TR U AR O TR R LTI CL )
c) et Tt N
a) Marepnar 0% vonay i oA 3) ! R g) LW 9) 15 M 3) 20 M g) 34 M g)
4 :-’ AN } r '..' I lu:! A B Y l'r'.' AR 11\\' K-V {A - |ml N (ALl A%
PN | I P S
b) “]'(lll IS T "o { (R A I 1.5 ! 3.7 3.2 o ',4 ‘_',:} 5.4 7.0 ’ (:’.”
Loawdpan sty b b e S0 s 1T | 6,1 F7 ) 66 89 1.6
8y Cumnen 1,31 13.;1.ni:nu St el e | s aia] e fi2,2] w6
Key: 8) casing material r) density, o/cm’
b) uranium f) absorber thickress (cm)
c) wolfram orovidino an attenuation factor
d) lead K = lUU and K = 50 for various
eneroies of radiatian
a) Mev

In Table 13 are aoiven the calculated values of casing thickness
of the thermal block from various materials (uranium, wolfram, lead)
providing absorotion of 99% (K = 100) and 98% (K = 50) of tnhe oriairal
energy releasad in the form of {-radiation. Here K = atturnuation
factor, i.e. the value determining bv how many times the radiation
is reduced in the noresence of absorhbers.




Calorimetry is a direct metn o wh'ch allows direct msasurement
of the tnermal outnut in the radigisotope block., By this method it
is possible to calculate thne sctivity of the plock for a niven content
of inmoredients by usinro known values of tna enerav of one decay act.
ang measurima tnhe tnermal ocutnut .,

The gesion of calorimeters for measurement of tnermal outout in
a block for -~ - and {ur - -emitters may be essentially the same,
since the penretrating aoiiity of tneir r.agijation igs not hiaoh (Fia. 5).
Calor:maeters for measuring the thermal outnut of radioisotone hlocks
based an ) -emitters are usually made uith thick walls for mearly come-
olete aoscrption of tne , -raciation, since calculation of the unassorded
nart of %he ragiation is difficult, especially for complex ceometrv
and neteronenetity of the absoroire mater©al.

Fic. ©  Lalorimetr, set up

Thermeelectric Convertors
A il A Ml - nn  ———— e
3431c Am airemanta

In order to insure reliacie aro efficinont oneration of the cone

vertor, tne trermoelement Lnould m et tne foilouwinn basic reauirements:

l. Hiagh gualitv factor 2 = ~ iy, tee. Pigm eiectrical conruce
tivity =~ and tharmo-e.vw.f, cuefficicnt frr the louest nossinle
thermal conguctivity D ., ) ) ]

2. Sufficioently nian mocharical strercth, stanility tagard tnermal
shuce, ard radiaticen and cnemical interactiirs,

5. Tne possioility of usin: simple manufac urirn Lechrolocy fo-
the pranch:-s and its counling to the ulock by suitchinn whicr is reiiable
Fur the ~iv:.n temmerature level ard nags mimim,] D.C. resistance and aiso
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metalluraical and chemical compatahiiity with the material of the
. thermoelements,

Since the temperature behavior of <L, 7, X depends essentially
on the material chosen, the maximum value of 2z for various materials
lies within various temperature ranaces. Fig. 6 shows the temperature
dependerce of tie guality factor z for several semicanductina materials
of the p- and n-types.

{627
; ' " Si=62(t)
6o -_._;i__.__ ; A\ _-»-i‘—“"‘;__’._l_’_-—.—‘:.‘_'"_:.:f_‘___—{
! 1 1 ' : ' {
2 A wes  E0 00 75 62 §w LT

Fia. 6. Temperature dependerce of acuality factor of some thermo-
electric materials p(.) —positive branch; n(=) =
negative branch

Key: a) dea”

The level of operating temperature influernces not anly the choice
of thermoelectric material, but also the desiqr of the oemerator, which,
! in turn, is also determined by its interded use.

Low Temperature Canvertors-

j In the tumperature irterval (200 -600“K) the following materials
! are most efficient and techn looically feasible to manufacture:

Bi.Te,, Sh.FC,. Bi.Se, ShZn, Bi.Se, — Bi.Te.,
/7 Bigte — ShTe. .
/ ‘

Solid solutions of B8i;7Ti,- Sb ie, (p-tyoe) and Bi Te - ol Se,
(n-type) have been foung//ést oractic.1 for manufa\ture of tnermoelements.

/
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It is apparent that low temperature limits are determined by
the possibility of heat dissipation from the cold junction. Tne
operating temperature T;,4 of the thermooile is naot hiah, essentially
lowering the neaative influences of such factors as oxidatian, diffusion,
vaoarization of tne alloying and basic materials.

Experience of application in domestic radioisotope thermoelectric
nenerators af convertors based on terrery allaoys of 3i-Te in the tem-
perature interval from 200 -600°K has shown that they have a long
service life (no less than 3-%5 years), stable characteristics durino
that time, and an efficiency where T, , - T. ., 250  up to 6%.

When the temperature interval is raised, the efficiercy is sliohtly
increased (to~7%). Low ooeratina temperatures of such convertors
make it easier to creat directed heat flow, i.e. allows one to make
generatars with small heat losses (10-20%) with acceptable dimensions
of heat insulation, leadirmc to lower weiaoht and size characteristics.

The temperature deocenderce of the parameters >, ¥V, and % for
ternery alloys pased on 3i-Te are ngiven in Fin, 7., Table 14 qgives
the parametric values, averaoed with respect to temperature, in the
interval fram 2U to 270°C.

o
Joctso0] 313
s
~
T NG
~
3
 200(10501% —Jf}zg
S m 3 g
53 RN
[ ! W
R N
Ve Rt
{ I
ot OL Ja

) Py AT
: : 200 ZL5%

Fia. 7. Temoerature depoendence of ., v, and ‘L for Bf Te -
Sb;Tex (o-branch) and 31 Te, = 4i.Se (n=-branch). 5

Key: a) microvolteden?
b) watt cm ' deq -’
c) deag”'
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Table 1&
TaGannalé

- gy = 2 | : Ry =2 Ty

2p = 2, E
|
!

180 wxa/epud ) 750 o tecu VB) ll.ﬂ- 10-2? o7/(ca - 2pad) &)

Key: 8) hicrovolt/ueg
o) ohm' cm-
c) watt/(cm:gea)

Medium Temperature Convertors

S In the temoerature interval from 600 -l000 K the basic tnermo-

: electric materials are currertly Ppb-Te, Ge-Te, Pb-se, Aa-3bTe,; and

N : solid soclutions pased on them. Elements manufactured on a Pb-Te basis

/ have found gractical aopolication in thermoelectric cenerators. However,

/ alloys of Pb-Te are suoject to nlastic defarmation, especialiy at hiah
temperatures, =nd have {npsufticient mecharical strenath. Its service
life is less tnan that of the low temperature convertors. If sublimation
properties are not decisive in the selection of low temperature materials,
then duering transition to medium temperature materials this nuestion

will become hignly sionificant. Therefore, in the maiority of instances,
tharmoelements nf these materials must be snecially coated, The
efficiency of medium temperature materials based on Pb-Te in the stated,
higher temuerature inte-val is ~ 4-5%; service life — on the order

of a vear. In Fin. B the basic character:stlcs of medi'm temperature

- thermpelectric materials are shown.

High Temperature Corvertors

The aperatina condition of high temperature elements (T, + 1300 K)
is incomparably more difficult than that of medium and low temneratures.
Juestions of subnlimation, oxidation ard diffusion here olay a3 highly
important role. ~roblems of structural mountirmo of the thermooile ,
commutators and electrical insulatiun are sinnificantly comolicated.

The efficiency of the convertor (from cerculations gt lUu”L) of the
high temperature materials currently known is anproximately 1.5 times
less than the efficiency of medium tompoerature convertors ard two times
less than that of low temperature onres. Cf tne niah temnerature
materials which have heen investiaated up to the oresent time, silicon-
germanium (5i-Ge) alloys are most widely used. They have sufficiently
ninh mechanical oronerties. The most efficient temper :ture renion lies

-33-
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in the interval 900 -1300°K (~3% efficiency); in the interval 600 -IBUUJH,
the efficiency reaches 5-6%. Fig. 9 oives the basic characteristics
of high temperature materials.

1

JCo-3250

2]
57 57 00T, C

Fig. 8. Temperature deoendence af & , =
for Ge-Te (p-oranch) and ¢b-Te
(n-pranch).

’ .)'L A

Kkey: a) microvolt dea "'
b) watt em ' deq -’
c) den "'
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Calculation of Parameters of
Radioisctope Thermoelectric Lenerators

Selection of Heat Circuit

From the standnoint of the heat circutt, the radiocisotope thermo-
electric cemzraror is a system with an interral source of tnermal out-
put and a tnermal field in which is determin-d the pasic processes aof
hagat transfer throuah heat conduction or radiation witnin the system,
and convective (radiant) or contact neat exchanpe with the surroundirgs.

The fundamental oroplem in the selsgction of 2 heat circuit is
ta provide maximum heat flow to the thermoconvertor and the creation im
it of a temperature differerce corresnundina to the ontimal temperature
rance. In this, soecial consideration i3 niven to makina egual heat
flow tnrouch the elements of the thermoelectric convertor and to de-"
creasiny *he resistasnce alonn its route.

JOevelaoment of trne heat circuit comsists of armalysis of tne
distribution of the heat flows and temperature fields irside tre

o AN Bl i .k 3o, il
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aenerator stemmino fron the operation of the convertor, conditions of
hea.. exchanoe with the surrounrdiras, thermophysical properties of the
materials, ceometry and relstive oositions of the oenerator elements ,
its capacity arnd intended use.

Radioactive isatopes may be divided accordina to oower density
into isotopes with lower power density (less than 1 watt/cm? ) (in
this qroup are Cs”; Sr '), those with medium density (1-10 watt/cm )
(Ca'¥, ~u®¥, Cotv), and hiah density (creater than 1J watts/cm3)
(Cm~", Pa~'"").

Isotooes with low and medium power density z2re advantanegusly
used in generators witn heat circults based on low 2~1 medium temoerature
thermoalectric convertors, since for considerable increase in temperature
it i3 necessary tao sicnificantly increase the tnickness of the heat
insulation, leading to worseninn of the weloht .nd size indices of
the aoenerator.

The selection of the neat circuit of the gererator is alsc dependert

gn the radiation characteristics of the fuel and allowable radiation
level during assemoly and operation of tne oererator. For isotooes

with interse y - and neutron radiation, considerable binlonical protection
is reguired to reduce the radgiaticn intensity to an admissible level.

The distribution of tne binloric:l shielaimn (which constitutes the
areater part of the gemerator’'s weight) in relation to the radioisotope
olock nas a determinming influence on the heat circuit of the ca:neratar
and its overall weioht arg size cnara teristics. CF the operatino
factors, the oreatest influerce on the acererator's heat circuit is

shown Dy tne value of dynamic loads which arise durine shippina, assemoly
and operation of the gererator, ard also the conditions of heat exchanage
with the surroundinos.

Under sinnificart dynamic load ama limited supoortina oower of
the thermoelectric convertor, structural conrmections are envisaoed
in the nenerator in oroger to sustain tne mecnanical load 3nd insure
the intenrity of the thermoelements. The structural caonrectiors are
spurces of neat loss; these losses may corsiderable exceed or he come-
mensurate with losses tnro aoh tne tnermal insuylatior, Therefore, one
of the fundamental construction ogroolems is the maximgl shortenino
of these connectiorns. The oest metnod is the direct fastering of tne
radioisotone nlock to tne thermocgrvertor. From tne standooint of
the heat excnanoe wiih the surrourdinas, there are two variations of
the heat circuit: with contact ard with convective (radiant) hecat
gxchange. In tne first case the uroolem amounts to maxino nood heat
contact between tne oenerator ard tne surroundines (the surrounding
around, water); in the second it is necessary to make an extended
surface of tne heat ex"aust (to the air, to snace).

.
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Heat Calculations

Corract calculation of the heat circuit of the thermoelectric
generator is quite a complex oroolem, since it is practicallv impossiole
to consider all the factors: specific geometrical units, structural
cnnnections, temperature ch:noes, heat conduction, actual values of
thermal contact resistamces, ard a wnhole series of other factars in-
fluencina the selectian of the limitino conditiaons [13, lh1.

The aim of the tnermouphysical calculations is the determinztiion
of tne temperature field ard distribution of heat flows within the
elements and units aof the nererator.

In the aeneral case tne heat transfer orocesses are renresented
as differential ecuations of neat conduction which estanlish the
cannection oetween time and spatial chamoes in temnerature:

oot s w o it Lo U3
— l.-—-)--—-—-’ r.-‘-—|+——-;l.—-—"’\ ¢-Q—cp-'—-.
72 SR TA Uy oy iz e o=

.

where 1 = coefficient of tnermal conductisn , t = temser=ture,
N = dersity, ¢ = specific heat canacity, [ = time, Q = density
of heat sources.

In the nureral case the v lues of A |, )3, 2 ard [ are functions
of the coordinmates, time, «rnd temnerature., 3Jirim errineerirg esti-
maticms this eqguatior czn be consideraoly simplified. For examole,
if tne thermal corductinn co:fficiznt is taken as corstzart, tnen '
the agene:al eauation thermal corduction t:kes the follewino form

@t o, ot 2 Q ¢ Ot
dx? ay? Uzl 1 s 0
For fixed corditions, i.e;, anen t is a furnction of the coorginates

onlv ard does not depend on iime

Q a9t 6%t o2t

——

T am T g T on =0

Finally, for tre Fixed urocblem, the calculation of the units
in the ansence of sources ard flows of heat
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In esserce, trhermophysical calculations amount to solution of

one of the diffferential eauations niven above.

The basic difficulty,

as discussed above, is the sufficiently correct determirmation of the
limitino and Ynitial conditions. In this process one rotaing temperature
fields, the knowledae of which allows ore to find the distrioution of
neat flows within tne separate elements of tne nererator desion and

the value of tne thermal eff'iciency aof the u=re~ator as a whole.

The heat;circuit of the aenerator may also pe presented in the

form of a dual circuit (Fin. 10).
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Fio. 10. ODual circuit of -adipisntope tnermoelect:ric nererator.

rey: | 38) radinisrtooe block
B) tnermal plock
c) TN:?
{1 U) T,_-;'o
%e) o ..
The symoois Qe = comolete neat ortout of the radioisotope block:
Q.. = heat flow arrivino at the corvertor: .. = heat losses; R,, R,,
R« = thermal resistances of heat insulation, thermooile, 4no

structurzl elewents, resnectively., CZalculatior is carried out under
the oiven assumptions. It is assumed that the temnerature on t-e

surface aof the thermal olock and housimo 18 constant.

In accordance

with the dual circuit, tne thermal efficiercv of the radioisaotroe
thermopelectric cemerator may be determirmed from trne fallowine ratios

7 - Qr 6 Qr&
Qs Qr 5+ Quor

=38~
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from which
) T R'p“
’ R\R; + RiR_ - RR;

.

Calculation of Thermoelectric Convertor

On tne basis of tne adooted v.:lues of T,.+ and T.according to
the kno.n properties of the chcesen thermoelectric materials and oiven
electrical outnut parameters, the calculation of the thermocorvertor
is carried out. As a pasis for the calculation, one may use the
method of "averaoe parameters" orooosed by A.F. loffe :1G, 11° .

The efficiuncy of the convertor is determimed according™to the farmula
niven on p.26. The heat flow 4,y tc the convertor, necessary far
octaining the oiven electrical camacity Q. is determired ov the
equatiaon '
Qr.éu _‘-)_u.__
LR 3

Proceecing from tne niven cutout voitane U, tre em.f, E 19
; determined

where

o = thet) o+ wera
. LT

R T R A i

The recessarv numpoer of thermo=lement pairs n is_Found
by the formula

. /1_._.._1_‘___.

: 15, « 1a) AT "

: where T = T..4 = T .0y, the temrerature giffererce of the hot arg
L cold furctiors.

whenrn gotainimo a fracticr:l value, tne rumber cf trermoeigrent
nairs should oe rounced off, ther tne veltace J feg inta the extern,l
circuit is recalculated accordinn to the formula
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U
M+

The value of the currert flowino in the tnermapile — load
circuit is aiven by -

1 Pe¢
u

The aptimal resistance of the load Ry 1is calculated by the
formula

The internal resistance r,. of the _onvertor, rot counting the
resistance of the commutators, is determired oy the condition of
maximum efficiency: R; =r_ M, from which r, . = R, /M.

The ratio of the lenaoth of tre thermoelement 1 to its cross
section 5 is determined from the relationship

. o Xy

= 2n

i

where 7 2 %, =T i §=286,=58,,1=1,21,

Proczeding from th2 structural value of the thermoelement cross-
section S, we can find the value of 1 and converselv. Sometimes one
nas to chanoe the value of the outnut voltace because of the impaossibility
of makino structurally reliasple elements corresponding to the cross
sections and lenaths.

Zxtreme conditions of opera ion of thermoelectric corvertors are
short circuit conditions (R.-=~0) and no loag (R, ~:~). Calculation
shows that in a short circuit condition thne tempe. ature of the hot
junction is decreased (for lou temperature elements by ~ 1U%), ard
in no load conditior, is increased (by -~ 20%). A rise in temnerature
of the hot junction in some cases may lead to breakdown of the
convertor anrnd also lower pattery reliaghility. Urder ary circumstarces
the no load cornditiorn is rot desirable.
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_Descriotion of Radioisotope Generator Desiaons

Daesiagn Features of Generators

Up to the present time in the Soviet Union and abroad, radio-
isotope thermoelectric agenerators of various desians have been developed
which depend an the intended operating conditions and the radicactive
isotopes used.

The main design differernces of the aererstors sre in the caonrection
of the thermal or radicisotope block, the design of tnhe thermoelement
olock, the thermal decouplino on the route aof the main heat flow from
the thermal block toward the thermoelements and from the thermaelements
toward the heat exhaust system, the tyues of thermal inuwulation, etc.

Usually in foreian radioisoctope tnermoelectric aererators, the
thermoelectric convertor is desinned as a number of separate therma-
elements placed on the surface of the tnermal olock. The tolerances
and thermal expansions are compensated for by spring-controllied heat
passaqe along tne cold side. One of the advantages of this scneme
is the possibility of obtaining more evenly distributed temperature
along the surface of the tnermal block. The assembling of the seoparate
thermoelements, however, is highly comolicateq, and in emeroencies
their replacement is difficult. Moreover, the thermoelememts alanag
the side of the cold ‘unctions have to be hermetically sealed. Since
the number of thermoelements in some desions reaches the hundreds of
nieces, the nresence of a nreat number of seals substantially lowers
the reliability of the whole gererator,

From the ooint of assembly and aneratinr, the block arouning
of thermoelements nlaced on ane or several surfaces of the thermal
(radioisotooe) block is tne more experiient., This scheme has insionif-
icantly lower tnerm:l efficiency (because of the existance of a
temperature drop along the heinnt of the thermal block) compared
with the oprevious onme, ard it has recently become increasiroly
aprlied in foreiaor and domestic desions of radirisctope thermoetectric
generators.

Descriuvtion of Domestic Generator Desions

In the "HBeta-1" oenerator, the radicactive isotope Ce "7 was used
as fuel. I[n order to maintain constent nererator nower guer the
neriod of a year, a thermal reaulaticn system is orovided. Canstant
heat flow to the tnermopile is obtained throunb requiation of the
heat exhaust by radiation, wnich is carried out with the aid of mov.-hble
shielding insuiatior.
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Fia. 11. Scheme of radiocisotope generator
"Beta~l" based an Ce®™ ,

The design of the "8eta-l" aenerator (Fig. 11) consists of the
following elements: 1 — end shield: 2 — reaulatino mechanism; 3 —
lead nlua; 4 — biolonical shieldirng; 5 — heat exhaust system; é-—‘
couplina stud: 7 — rib flange; 8 — thermal insulation; 3 — isctope
block; 10 — thermal olock: 11 — thermoelement block: 12 -— electric:l
terminal; 13 — base; l4 — cooger pluo.

under operatinag conditions, the thermal block has comtact with
the thermoelement block under the actiomn of its own weinht, Durino
shippina, tne thermal block is fixed with the aid of two locking luas
which orip the lateral surface of tre thermal block (raising the
thermal insulation). The thermoelement block is fixed into a chassis
which allows its chanoe (ov radial disnlacement when the thermal block
is raised). The thermal insulation is made in the form of hood screens;
the spaces betueen them are filled with inhert nas.

The advantanes of tnis scheme are the simplicity of design, absence
of structural elements for fastering the thermal bleock and, therefore,
the absence of heat losses throuoh them, and the partial umloading
of the thermoelement hlnck durimo shippina.
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The shortcomings of this scheme are the absence of reliable
cantact of the plates of tne hot junctions of the thermoelement
block with the thermal block, and of the plates of the cold junctions
with the agenerator base, the necessity of dependahle securina of the
thermal  block durimo shippoina, and the possibility of displacement
of the thermal block relative to the thermoelement block axis which
could later result in substantial increasse in the thermal resistance

- between the thermal block and the thermoelemert block. If the size

and weinght of the thermal block is increased the construction of locking
elemants becomes sionificartly complicated. These elements are also
heat conductors. The nrea* weight of such a scneme is alsa a disadvantaae.

Tests and operatina exoeriments of the nererator have demonstrated
that the "deta-l" generator had a total efficiency of aoout 4% at a

‘surrounding temperature of +20 C.

The heat exhaust system, in.the form of a detacnable radiator,
provided heat exhaust in the conditions of natural convection af (e
surraunding air (the temperature drop oetween the radiator and the
air was 5-7°C at a totaol heat flow of ~- 135 watts and coclina surface

of apout 8 m* ),

Figure 12 shows the desian scheme of the "Seta-2* generator (Sr*
as fuel) with electric power aof 5-7 watts.

7/

The fastening of tne tnermal block in the "Beta-2" aenerator was
performed with the aid of structural ties and sorino suspensian.,
Such a scheme has additional neat losses because of heat leakaoe throuoh
the carrvina studs. The desian of the carrving studs and sorinas was
based on the conditions of orovidinn the necessary stremath duri g
dvnamic loadina and of the absernce of disturbsnce of heat contact of
the tnermal block with the thermoelement olock Jurimg sninping as
well as under operatinc cordit ons, To decrease the thermal contact
resistance betweer thne t ermal block arg the thermpelement block,
the lead gaskets of 1 mm thickmess were inserted, causina a decrease
in the temperature difference betwesn the contactinno surfaces to
2-3°C, compared wit!, 7-8 C im the absence of lead naskets. Ihe presence
of soring-suspension in the "8eta-2" rernerator orovides the mecessary
conrectian of the tnermobatterv with the thermal oplock, but does nat
eliminate the mechanical stresses of the elements of tne tnermoelectric
convertor. The tnermal insulation of the "Seta-?" gererator is oro-
vided by screens, placed alomn the ecuttemoersature surfaces, nreventino
heat leakaoge, especislly in the tranmsition zone from the heated thermal
block to the coal oznerator end-shield.

The design of the "deta-2" aenerator reauires special thorouohness
of assembly, hiagh accuracy of marufacture of the elements of the sprina
suspension, strict warmino-up seauence of <he thermoelement block,
and mzintainance of the necessaryv contact of the tnermopile and tne
surface of the thermzl block,
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thermoelectric convertor (thermaonile)
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Similar to the "gdeta-¢" oererator 1{s the "gdeta-S" nermerator
which is shown in Fia., 13. 1In 1958 domestic industrv benan the
serial oroduction of such nenerators.
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Fio. 12. Scheme of radioisotooe oererator "gets-2" oased or Sr
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Fig. 13 "Beta-5" radioisotope nereratur in operating conditiun
I
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The desinn scheme of the "j. a-2" nereratar wai furtner imoroven
in the radioisotone nereratar "3eta-3", the cro-s-.ection of which is
shown tn Fiag., 14, Thnis nenerator is intended for aoneratior in the
corditions of the Far North and Antarctic.

!

The thermal block is Fasterm~d by three studs, wnich carrv tha
weight of the hlock ard tne sorin- stress in nrder to nrovide thermal
contact with the thermo:lemer* 2lock., In this ccheme the sorinng
susnenaion and carrvire ties mus*® nrcuvide the cornectirm of the thermal
alock and the thermoelement lock (corsiderine the thermil eangnsion
and compensatinn for tolerarmces) onlyv in operatine conditiors,

Ourinn shinning of tne penerator, the thermal olnce is gisconnected
from the thermoelement block with the aid of o snecial rnd, which

is simultareously usud 4s a heat fdissinatnr., In this case the thermo-
element Dlock is completely unioaded fFrom 'he gshre s cr2ated hy the
thermnal nlock dorinn shipning ot the nena2 a‘nor.
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Fio. l4. Scheme of "Beta-3" radivisotope nererator based on Sr”‘ .

radioisotope oplock

thermal block

thermonile

end-shield

housing

radiator (heat dissipatior system)

W W
FEETL

The shortcominns of this scheme are the disturbance of thermal
contact between the thermoelement block and the cover cf the thermal
nlock durimg the period of tramsition from the oreratino state to
shinoino conditions, and also the nossibility of misiliaomment of the
thermal bBlock, resultino in the imnairment of contact of thne thermo-
element block in the oneratino state, and, finslly, the reduction of
the power output of the cererator.

The distinctive feature of the "Seta-3" cgererator is the nrotection
bv the depleted uranium olaced inside the therm4l insulatiorn,
allowing the total weinht of the device to be decreased to 250 ke,
while the "3eta-S" nencrator (tooether with snipning cortairer) has
a weight of 500 ko, havino oractically the same electrical nower.
The reductinr of the gene-ator weinht permitts ite instailation in
irmaccessible renicrs without special loading mecharisms,
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Radioisotope aenerators of the D-1, D~2w, and N-1 types have
schemes which basically differ from those studied above. In these
generators, rioid fastenino of the thermal block is used, anrd thermal
expansians and tolerarces are comaensated for with the aid of a heat
passaoce placed elither between the thermal block and the thermo-
element block or between the thermoelement block and the aenerator
housina. In this case, the thermoelement block is almost completely
unloaded from the dynamic action of the thermal olock wciaoht, increasing
tne reliability of the aererator with small reduction of thermal
efficiency.

Thus, in nenmerators with Cs'az 0-1 (Fio. 15), the thermal block

(200 kg weight) ia fastened with the aid of three stairless steel X1BH10T

posts of 4x30 mm cross sectionm and 70 mm heinht, welded to the casing
of the thermal olock and to the support rino. The heat passaoe between
the tharmoelement block anmd the therr.al block is performed sith the

aid of copper plates, fixed to the correspondirg covers and released

by four cylindrical sprimgs. Such a scheme of heat passaoge results

in irncreased heat losses throuch hiagh thermal resistance (the temper-
ature drop in the heat oassane is 4Lu-50°C for a heat flow density of
about 1 watt/cm* ) and ircrease of heioht of the hot zore.

In various modifications of the N-1 aenerator (Fiag. 16) the
following versions of heat passane zre developed: nor-contactina,
wire-counled, ard hydraulic.

The nan-contactina heat passaoge was made as a system aof extended
surfaces of tne thermal nlock and cover of the hot junctians of the
thermoelement block in such a way that the thermal exnarsicns and
tolerances were compensated for by oaps betweer the surfaces. The.
heat transfer, in tnat case, is carried out oererally by radiant and
conveztion heat exchanage. At a heat flow dernsity from the thermal
olock surface of about 5 watt/cm? and nas clearance (xernan) af
about 0.5 mm, the calculated temperature difference of the.thermal
blaock anmd cover of the thermoelement hot functicns is ~ 50°C. Due to
siaorificant thermal resistamce, such a scheme can be expediert for
cenerators in which the radiouctive isotores with hioh ererav output
are used. Secause of the small size of the therral hlock, the nreater
part of its surface can be used to accomodate the thnermgelements, and
the increase of the heat losses pecomes insianificant.

The heat nassage (wire-counled) is in the form of two plates
connected with each other by a oreat number of wires soldered to
them., [f the couplings with aismeter 1.2 mm (the single~wire thickness
is U.l4 mm) are olaced alomo a s ualre with a 3 mm side (at a heiaht
of 10-12 mm), then tie compensating aoiiitv of such a heat passage is
2-3 mm., The temoerature drop is 1lU°C at a neat flow densityv of
2.5 watt/cm® .,
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At the axial load the thermal nassace has the tendency toward
longitudinal displacement, which comolicates the assembling technoloay
of the thermoelement nlock. The heat passanes with wire coupnlinas
are more likely to be used for aenerators which de not recuire the
possibility of chancino the olock in case of emeraency, because both
plates of the heat passace are rioidly counled with the casina and
the thermoelement black, In order to replace the thermpelement block,
the generator must be completely dismantled and the radioisotope

block extracted.

The hydraulic heat ocassaoe is in the form of a cavity betueen
the casina with a specially shaped siphon and tne inmer surface of
the generator housina. This cavity is filled with a liquid with a
high coefficient of thermal conductivity (mercury, eutectic allays
pased on indium, ocallium or cadmium). Contact with the thermoelement
block is provided by maintaining the correspondiny oressure insige
this cavitv. CZalculations snow that the temperature droo in the
nydraulic heat passane is 3-5"C at a heat flow dersitv of 0.5-1 watt/cmZ.
The hydraulic tnermal passage permits the renulation af tnhe stress on
the tnermoelement plock. If the base of the siphon adjacert to the
thermoelement olock is sufficiently thin (on the order of u.1-0.2 mm),
then there is the oossinility of pitch of snme of the thermoelements
relative to the siohon without loss of neat contact. The hbydraulic
neat nassace, however, is difficult to manufacture ard recuires the
maintainance of anoronriate imrer onressure either throunh 3 oas cushion

or with the aid of soiriras.

Heat nassage in the form af a "heat pumn” is of d=firite interest.
It is mage ard tested experiment :lly on the 0-24 model cererator with
an electrical ‘mmitator of tne radiocisotcpe 7lock. The heat nassane
is made in the form of a cvlinder which enveloped trne outside surface
of tne thermal olock, nrovidinog tho urlosding of the tnermoelemert
block from radial and axial stresses. The tnermal nlock is fastere:
rinidly, and therm=1 exnanceigns and tolerances are comnersated far oy
clearances petween tne cvlinder armd thermal block. T7The weiaht of
the cylinder from matecials with nigh hest conductivity is 3-5 ko and
it nas insionificant dvnam.c influerce on the thermoelement nlock .
ihe thermoelement block is nlaced oetueen the nererator end shield
and the cvlinder, ard the correctress of nlacement can be verifieg "

on tne electric immitator before nlacement of the radiniscotooe Dqg,;’ i
t

in the caererator. .

The tempnerature droo between the "heat oump" and the thermal olack
is 200-50°C at a hzat flow nensity of 0.2-0.% watt/cm = and anas clearance
of about 0.5-0.8 mm., us a result of snieitdinn of the surface of the
thermal block oy the heat pump, the losses throuaoh ivsulation imcrease
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insinnificantly, and anditionil neat le :kage thrgunh the putt-ang of
the tnermal nlnck can be comnersatza for ov increasing the insulation
tnickness at thase nlaces.

The neat numo was used in the “"Beta-A®" oererator. Im order to
r~duce the temnerature arop petucer tae thermal olnck and the cvlinger
caver of tne not functions af tne thermociemeant block, sporime rings
were u=sed (7 in 7ia. 17). 5Such a schemne shouwed sufficiert relisoility
{can sustain gdvnamic loadinos ub to d 4G's) witn thermal efti icrgy

arout Yus,

In conclision, we cive 8 escrintion of tne “rcora” (Coora) tvoe
agenerator (Fie. 1E), wun'cn has Co® Fuel. This ereonerator is made in
the form of senarate vlocks: 3iclocical snielding, fre™e, trarstormer
witn tnermal screens, arg tnerrtil uincx. Assemaly 0 the o:.nergtor
is performed on the workino site. The radicisotnoe cviock is snhippea
in a special sninoirn cort-irer wunich nas a re-charuinn adevire for
olacement of the radiolsotuoe nlock into “he ceneratir.

-i1. 1R, n~ad‘oisctsne rereratnr "kroora® pased or Jo

.
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Foreign Generators

in the U.5, develooment of radioisotone sources of electricity
becan In 1947, wefore the SNAP orooram was an.roved (1952-56), only
low-power sources (ah3ut a few m.lliwatts) of the atomic battery
type were manufactured.

Tne SNAP proaram provides for the manufacture of radicisotope
sources of electricity with powes from one to SO0 watts. [m thase
sources, usually, tne thermoelectric method of heat trarsformation,
oroduced tnrouah decay of radioisctooes is used. There have alsa been
attampts to use the trermgemissive and mechanical metnods of conversiaon.

Most of the radicisotope thermoelectric aererators in the U.S.
already deveioped or in desion operate cr radicactive preparations
pased on Sr™ , Usuallv the cenerators are irtended for operation
as a suooly source for automatic meteorclocical stations, nyiroacouctic
ang naviagation devices.

The first radiolsotope aenerator =56 in tne U.5. was made by the
Martin-Marietta comoanv in 199l und was out into ooeration tonetner
witnh an cutomatic weather station., Strontium-9J was uskd as fuazl in
the penerator, in the form of strontium titanate; tne activity is
1750d curies. The thermal c:znacity of the curerator is 117 usatt,
electrical canacity — 4.7 watt. Tne strcitinm <iturate is olacwed in
a fuel capsule made from the allov hastelloy . Tne neat flow
from this cansule is releused 2y 6u nairs of tnermoeiements, b.sed on
lead tellurige, which are ulaced radiasllv at the hales af the ring belt
of the thermal insulation of Min-K . ine tnermsl alock arg convertor
are assemoled {n a steel frame, unich is tnen niaced in a lead piolonicsl
shieldinc casire of 119 mm tnickress. In order to imoruve tne thermal
con.act tne ciearance getween the steel nlock amg the 2iolocical
shielding is filied with mercurv, »rotection is provided uad a dose
rate of 3 mrag/hr at a distance of ome meter from tne certer of the
aererator.

At tne wor«<inc siteg, the generator was nut ir 5 steel tube with
240 cm lerath ang 75 cm niameter. 1he nencrator 1s siteateg in the
low section of the oipe; asove {t <« thne mickal-cadmium batterics,
voltane trarsfarmer (from 3,.3%-4 to 25 v) ard the meisurire part of
the weather statior. T2z me t exnayst of tme oemera o 5 draimead
arf thraah the lead shieigirc to trz cround.

After the devclooment pruaram of the 3har<7 sepies of nenec-a‘ors
was adaoted, tne follouwing gers ators were fesiared in the U.5.:
30.aP=7R, s AF=T74, oNAFd=7T, ShaV-T2, SMLAPSTL, ang SNA--TF
In tnese nenerators, tne racicisctone fuel im the form of strontium-9i

titanate (in fuel z.psules) is olaceZ irn the holes of t~e thermal hlerk
made from tne allov hastelloy on tne plarer sioges af which
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. thermoelemaents (pbased on lead telluride) are situated. The thermal
plock surface is covered witn aluminum oxide as electrical insulation,

The thermal block with the thermozlement3 and thermal insulation
Min-K are placed inside the housina, made from hastelloy .
wnicn is olaced in the bioloaical snielding., Thermal cont - ct witn
the oioloaical shielgina is tnhrounn a mercurv layer,
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Fin. 19. Arranczment of radioisatope cererator ShAP-7A
in a floatira bouy:

1 -~ ShAP-74 nererator

2 — bhatter-ies

3} ~— voltage transformer
4 -~ glectric lamo

Figure 19 reoreserts tn2 scheme of the 5MVAP-7A nenerator desioned
to orovide electrical enercv for a brrov. This nuov was out into action
at the arg of ls»l in Chesapeake ‘ay. Tne electrical capacitv of the
cenerator is lU watts; the activitv af the fuel is 4L ,B8uUs curies, The
pioloaical shielagint is macde from d:oleted ur nium, proviadine a ragiation
level up to 1lU mrad/hr at a distence nof ore meter frun tne nemerator
surface.
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The radicisotone aererstor SNAP-7C with thermal capacity of
256 watts (activity ~- 40,0 U curies) and electrical capacity of 10
watts was developed in 1962 and in the szme vear was put inm nlace faor
supplving the automatic weather statiom in the Anmtarctic. The ogenerator
is situated on wooden plankino ta orotect the station from subveroing
in the snouw.

The generator SNAP-7E i{s the nrototvne of oenerators SNAP-7A and
SNAP-7C. It was developed and put into operatinn inm 1962 as a part
of a deep-water statior. The remerator oravides pulsed comsumotion
of cavaecity of 1 kwatt in a l0wsec zeriod every 30 seconds. The
activity of th= fuel is 31,000 curies Sr ™ .

The scheme of tne SMNAP-745 and :NAP-70 nererators 's shouwn in
Fio. 20.

In 1964 the Coast Guard of the U.5. havy aut inta actior 2 lioht
house with the SNAP-78 gererator. The electrical DOwer‘of the aereratar
s 60 watts, activity of the fuel is 225,000 curies 5r . The cenerator
is put in a spmecial container witk exterded coolinn surface. The
interigr cavitv of the centeirer is filled with a mixture of uater
and ethylane alycel. 1Inm tne uaner part of tne contairer are placed
the storaace batterv nlock and voltane tramsiormer.

The SNAP-7D0 nencrator was set uo in a flaatimn weather stationr
in tre Gulf of Mexico. The desicn scheme of the oererator is aralo-
nous to tnat of SNAP-7C., The nererator 3NAP-70 is situated in the
lower part of the flcating station, which is filled with o0il, nravidino
neat dissination from tne ger=rator to tne housinmg ard to the
surroundinns,

~ The SNAP-7P with canacitv of 60 watts, activity 225,00C curies
Sr was out into service with a ravinztion lioht house. The service
time of the ogererator is 130 vears.

In Tabie 15 the basic rarameters of the 3NAP-7 tyne nenerators
are aiven., The mair feature of *h- 3700P-7 penerators is that the
thermogelectric conver*or is mide as 3 comolex of serarare thermo-
glemerts nlzced on the thermal nlock suyrface.

Temperature evnarsiors aro tolerarce=s are compersated for by a
flexible heat rassaoe along the cool side, nrovided ov snrincs.

Similar cererztaors have been develnped in Zraland s0d in ather
cnuntries.
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Fin. 20. Scheme of ZhNGP-78 (7D) cenerator:

1 -- radicisotone alock
~— thermoslements

—— thermal insulatinn
— pieclonic 1 shielding
-- radiator
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. Table 15
- .
TaGawua I3
~e |
a SRSV S SR
) Xapaurepucrina WSG == : :: u:-P\ SNAP-T SN F
R a
! . o
d) AKtiLuocTs, Kiopu FS0CH 406, 225000 3100 4 22
¢) Ten.10Bas MounocTy, @7 N 276 14 ‘_.._'\ N!(:
d) Maxcumaavuan srextpuue-; 4,2 [ 11,6 6N (] L
CKa® MOWNOCTL, 8T | ; - L
€) Koa¢puunent  notemoro| 3,4 $,0 4.7 3,3 $,13.
JenciBia, 7 L ) .
() Hanpaxenne, g J,ur—“ 3,0 | 12,0 3.5 -
-, )
3) Marepnax  tepmovtesen- ™) Teaaypras canmua
108 . .
h)Koaunuectso  nap repo- (x() 60 W ' 60 €0
3TOMEHTOB b T
i t} Fesneparypa ropstix | T ) TN Tl ; %3 -—
: ciaes, °K e .
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Key: a) charucteristic

b) activity, curies

t) heat capacity, watts

d) maximum electrical canecity, watts
e) efficiency, %

f) voltaoe, volts

a) thermoelement material

h) rumoer of thermoelement nairs

1) temnerature of not junctions, “ K
1) temuerature of cold junctiors, K
k) weinnt, ka

1) desinred life time, vears

m) lead telluride
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Scheme of radicisotope ocererator based on Cs ¢
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The desian scheme of radiocisotope ocenerator pased on Cs'z’is
. shown in Fig. 21. The thermoelement block is made in the form of
sequentially connected thermoelements placed between the plates.

the oenerator, the thermal block is riqidly fastemea. Temperature
expansion and tolerances are comoensated for throuah individual con-

nection of the thermoelements,

In

Fields of Application of
Isotooe Thermoelectric Generators

Technical and Economic Preconditions

One of the conditions of widesnread radioisatone thermoelectric
gererator utilization is the low cost (comparea to other sources) of

1l wattehr of enercy ornduced.
Tanle 16 gives (according to foreion press data) the cumparative

costs of orme watt-hr of electrical eneroy from utilization of various
isntooes in cenerators with ecsual capacity (efficiercy of nenerator

assumedy euual to 5%).

Tabie 16
’ TaGanua 16
{
E Q) thoron Srw Cst¥? Celés Pmie Cord rtin 120299 Crg 2 Cm2u
t b)
¥ Cpox c.13 &bl renepatopa, 10 10 I 2,6 5 0,5 1o 0,5 10
f . o) T
5 &m:moc’n., 0,023 0,031 g2 | v,86 0,081 2,12 0,26 L6y | 0,12
E do.rif(sr - w) j
; Key: a) 1isotooe
' b) service life of cermerator, years
’ c) cost, dollars/watt-hr
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encrators for :rourn Service

At the nreser: time pattery sunhily sSuLrce® or strrank patteries

with charainc units are, for the most aart, useg as tne nereral

suonly sources for communicslines ard testinn irstrouments for nrouna,
surface, arn gnderwuater anaaratus.  ocue tn the aemards of tne times,
Nwever, LNey must D renlaced by more recighle, nicher cq4acitv sunnly
spurces such s radicisutone toerwu legeirig sargralors. e repg g
can pe «icely w=ent {e yvarigus asohoces of the natioral vcuremy,  fhus,
‘thReir a.nlicatiuvn in attomatic research and weataer statior: ir rearly
iraccessanie rg remgto, urirnasiten recfoers aliows ore tn reange coeir
miintairance costs ard o oatain data from reciors 2arjler iraccessaoie,

Ir tne gviet vminn, e .. and otrer cnuntrirs radiodisactnne
nonaratar moaels for varicss norneses naye peen ey lnoerd,  in tne
Soviet ynine in procent yfars, several tyoes of acreratcrs are irm oner-
avior., Ore of <ne Fir.t marne was tne “deta=L" ~@raratap hased on e T
(Fin. .y2)c '

Fome 29, =317 01500000 2P retne "3t 4= ",
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The generator has average electrical capacity of ~ 5,35 watts,
its e.m.f. is 6.9 v, tne voltage at R,,, ~ 2.7 ohm is equal to 3.8 v,
The total efficiency is equal to 3.7-4%, r-backaround at a distance
of 1 m from the shippino contairer does not exceed 1 mrad/hr. The
aanerator onerated successfully during eioht moaths as a part af an
automatic radiometeorolonical s.ation.

The "S8eta" series oenerators are aenerally desiaored for suaoplying
various automatic devices which are olaced in remote and nearly .nacces-
sable reoions. In the generators of the "weta-2", "Beta-3", and "Beta-S5"
types and in some others, strontium-90 titanate is used as fuel. The
*gdata-2" and "3Jeta-3" tyoes of generators are desioned for operation
in the midale reaions ard in temperate climate (Fia. 23 and 13). Tne
"Seta-3" generator (Fio. 24), is speciislly made to operate in the Far
Narth recions and in the Antarctic. The other nenerators of that
series ("deta-A" are desi ned to ooerate im the high mountain recions,

In "Beta-A" aenarators, the exhausted be.* is used for thermal reaulation
of the instrument comnartment (Fia. 25). The nenerators of the "Beta:
series have electrical capacity of 5-25 watts, e.m.f. of 8-30 v, efficiency
of 4L-6%. The majority of gennrators ocoerate successfully in almost
fnaccessible reni.ns. In the U.S, a model of automatic research station
with raoioisotone nenerator nas also been desianed for the Antarctic.

The astatiom is to be used for investigation of various effects wnich

take nlace in the ionosnhere, neomsnnetism, earth movement, and ather
neophysical ohenomena, and also faor ratherimn and transmitting the
meteorolooical data.

Ir addition, various tvpes nf nenmerators have been develooed for
automatic radiometerolcoical statiorms, retransmission points, etc.

in the U.S., the 5NaP-7 series of nereraters has been nevelooped.
The series has five oeneratars with canacitv from 6 to 60 watts. The
output voltage is 4,5-12 v, efficiency is 3.3-4.7%, weinht is 1-2 tons.
The shielding material is uramium, cast iron. The first nenerator
of thia tyne as a oart of an automatic weather station was tested in
lcelsnd, where it successfully operated over a neriod of two vears.
As ar enernv storane system, nickel-cadmium batteries were used.
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tnermastat hox of a8 casmic radiatign revistration system, A

i

{ .

‘ Fio, 25, <rranaement of radinisaotope oererator yeta-4 in the
‘ = radioisotope cereratnp

-~ housina of hegt dissination system

- cosmic radiatiogn detecuors ;
== housino of tnermnstat pox

-- plastic foam

1
2
3
4
5
b -~ voltace transformer
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Ganerators for Surface and Underwater Purnoses

Radioisotope thermoelec-ric cenerators may find wide use in buoys
and underwater devices for various purposes. The "D" type generators (Fip. 26
are desiomed to operate in a water enviromment. Traewy consist of the
cenerator and shioping container. 1In the "D" tvoe generators, a oreo-
aration nased on Cs'*'is used as fuel in the form of caesium-lead silicate
olass. ' The tnermooile is urloaded; the generator housing is desiored for
increased aressure, allowing the ournerator to operate at the recuired
deotns. The generators have the following orimcipal characteristics:
electrical oower autout — 10-25 watts; e.m.f. — 12-24 v; efficiency —
3-5%. Radioisntope oeneratars of such tyne also operate in the U.S. :
Thus, the radioicotope aenerator of the sNAP-7 type has bien used since
January, 1964 as a suonly source in a floatina oceuannoraphic weather
station. In addition, agenerators of such tyvpe are used in navioation
liant nouses placed in distant or imaccessinhle reginns. Several
hundreds of such nererators 4re required. To make the navigation oeriod
longer, the 4.S. Coast Guard has suanested that radioisotone supply
sources be used in the sound sioral beacons which are placed on the
bottom of thae sea or ocean to mark the ravionable chammel in zones where
use of surface sional ouovs is restricted ov floating ice-floes.
Fad oisotone nenerators can also be used im navination devices olacea
on the sea floor to desionate underwater rocks and other underwater
Jancers for suomarines. Unoerwater radicisolone nereratars can oe
used for supnlving neoohvsical and other testing irnstruments whose

" puyrpose is the recistratior of earthouakes, underaorourd ruclear

explosions, etc.

The U.S. Coast Guard plars to nlace seismometers gn the ocezn
floor to reaister underarounrg nucledsar explcosions and earthouakes.
aome of tnese devices will ngve caole communication with the coasst-l
stations; tne others will be self-contair d. Radioisotone nersrators
may be used in ooth cases: in the first — for sunolvirno tne canle
amplifiers; in the second — as the sole sunniv source of the aunole
gevice. 3Similar systems car also be useo for warrinas concerrino

tidal waves formed oy underwater cuaskes.

In fuoreion puolications, experts have sralvzed .ne oossioility
of usiro radginisotcoe sunolv sources in sound navigation transmitters
wnich provigde nousitior-location of surface and urderwater vessels with
hich accuracy. it is assumed that the scund oene- ators will te meevded wish
power suonly sources of U.il-1 watt, dependirc on the strennth, time
and reoeat velocitv of the sound sianrals., Thne onerstino time for

thase cevices i3 from 5 to 21} ve.:rs,

It is a=sumed that 3 fe. sound aengraters «ill pe estanlished im=2ress of
defirmite interest. Ffollowina arn inouirv from a ship, tnese aererators

must transmit ercoded imnulses sy which tne snints lacatiorn may be
getermired with sufficiens ccuracv. The variants for utilication
rate the

of variuus acoustic 1e.'ces have bDeen aralyzed to dosi
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location of submarines. Such devices could transmit the data throuah
the caple communication svstem to the coastal statians, the suonly

of which car Le orovided by utilization of raniciscrcne nemarators

in s special comolex of testing instruments. The nower of the suonly
source must be apout 100 watts,

Isotone curren: sources ¢~ 2lso be used durino prosnectina and
exploitation of mineral resaurces on the bottomof the ssa amd pcean.
Sevaral comuanies in the U.S. are very interested in this oroolem,

Radioisotope cererators can he used to sunoly seismic anoaratus
which is used for exnloration of o0il and also for sunplvima the special
aoparatus used for manpinc tne sea floor. Ourinc exploitation of sea
wells and exolorstory drillirg, the cenerators car be used for sucolyvina the
telametering aoparatus, tha oil oigelire reoulaticn system, etc. They
car be used for sunolv af the enuioment of underwater stat:ons for
various purocses, in particular for ohaoto- and telemaeterino devices
of comrunications systems, etc.

Gererators for Sopace lUses

-——

A wide pronram of work on exploratior of outer space is
connected with tne recessity of the avallibility of lonc term reliable
. ereroy sunnly sources, especiaily sources for suooly of life-sunonort
! systems on the space craft,

In the U.3, rardicisctnoe ererov sunnly sources3 for space craft
life sucoort systems are bdeiro developed Sv several firms, fA:dioisotone
sources may be used to nerform mary irportart fFurctions of the life
support system, narticularlv for Surrinn and nrocessine of waste,
heatinc food, conversien of linuid axvner to oas, ard also fgr revoval
of imourities ang re~ulation of the air medium im ths marned space craft,

o ——

in tne #anred srnacecraft Laporatories, 3d-dav experimerts are
carried out on 3 system in wnign drinkiro water is recovered from
human liguin wastes (wash water, urine, conoersate), As fuel a
preparation based an =0 3% is used, with neatimo capncity of 2P0 watts.

e w b

For suoplv of on-posra elactrunic renulaticon ard cortrol, sclentific
and telematric instruments and communications facilities, electrical
en2ray sources na.irg loro term service ard nich reliability are also
renuired. In somg circumatarces, tne oarameters of soclar and chemical
patteries (weiaght, reiiavilitv, operatirn life, etc.) canrot m et the
requirements gemarded cf the ererny scurces for =pecific tvoes of marnen
soacecraft. in such cases, it is advantareous to use radicisotope
Jererators. Juch a cererator wuas used {n the 4. . in satellites of
tne Trarsit-L tvpe,in the tne Soviet Union — or satellites of the
"Kesmos™ tyce. On satellites. hichly varios puroposes may alco be
served ov Sucn nereratnrs of *nermal and cluctrical erernv, the nower
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of whicnh, denendino an the purnose and service [.fe, varies fram fractions
of a watt to kilowatts.

In contrast to terrestrial cere stors, whicr are Based on fission
products and for ..hicn the critical value is usuvally cost, tne critical
parameter for nere ators for use in space is weignt. For space uses,
therefore, it is areferanle to use nreparations pased on / -emitters
wnich have nignh specific power ano whicn do not reguire tny use aof
heavy shielding.

Miniature Gene:ators

As a rule, in mirniature generators it is acvantacecus tu use £ -
radiocactive isotooes or, as a last resort, soft p-emitters.

In the USSR and tne U.3., onerative miriarure nenerators have
been develonsd, one of whose nossipnle aopnlications i3 in medicine.
Developed in the USSR, miniature oencrators of tne °‘IG-67 tvoe (Fia. 27)
nave caoacitv of ~ 1 watt, service period of iU years, fuel — Py<3#
oenerator weignt — A 0.5 ko,

A radioisotope ceregrator has oeern dev loned in the U.a. for suooly
of heart stimulators. The chAaractaristics of the aererator are as
foliow.: electrical caocacitv v 152 . watt, service life ~- o vears,
fuel — PuU**™ | nererataor weinnt’ l5J n, volume. 70 cm- , fdose rate
of irradiation — nrot mcre than 5 mraa/hr.

4orx is seing dore or artificisl (mecnarical) nearts uithr radio-
isotope sources of erernv suubly.

in conclusian, are might meriior that im the ecast 1l years a
whole series of ra-ioisogrice tnarmgelectvic gererdatnrs have OJuen
made which nave long seivice 1life «ith hign reiiadilite. Tne saecific
sower caoacitv (watt'hr/kn) of such oenerators exceens by liv times
that of tne oest model sel: -corntusired cnemical source of 2i.ctricsl
energy in wide use at tnhe oresent time,

questiors Corzernimn HWaniatior Safety Dering
Deveiooment and Oceratio- of !sotnne Tnermoelectric Gererators

Tyoes uf Radiation Zffects

Ragioactive suostarces nossess neotenti | dancer  rg o haue
narmful etfects on oo*n humans arn eguipment,

Coancerning tne actior nn humans, ore Tay tistinmyiskr tuo tvoes
of irrarniation: exterral n¢ interral. In the case of extermal
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radiation, the darger {s from neutron- , Y - and prakina radiation,
and also, in some cases, 13-radiation. Internal irradiation is cavced
Dy radisactive naterial cetting inside tne oraosnism,

External Irraciation, for the same density of radiation flow,
the oresiest danner i3 from fast neautrons, Th's is because under the
the action of this sort of particle with tissue of the human aronanism
containing gignificant amounts of nydroonen, primarily recoil orotaors
are formed, Protons create nowerful ionfzation alona tneir naths since
they are heavy, sinole-charoed particles, This ionization bv many
times exceeds the ionization caused bv electrors formed as a result
of the interaction of brakimg or ) -radiation with the surroundinns.,
Potenti -l dannaer is also nresent from tnermal neutrans, sirce durinn
thelir interaction with livirg tissue, nuciear reactions occur with
emission of Y-nuanta ard nrotons., The hinher tne ene . ny of the
neutrons, tha areater is the niolonical danoer thev nresent, i.e..
with increase of meutron eneray, there is a decrease in the annitude
of the maximum permissiole neutrom flux. For ) =, Jrakimc- and

-radistion, such dependence is orarticallv aosent uo to an en:roy
of 2«3 Mev,

For nersons constantly occunied at work with sonrce of tonizinn
ragiation there has been <gtaulished 4 limit of U.l1 remner uemek,
nowaver, in senarate occurvarces a sirale dose may have a value up to
3 rem oper ary 13 consecutive weeks (guarter) on condition that the
annual dose will mot exceed 5 rem . The stated levels are such
tnat there is no meas!:r-sale charne in the state of health of the nersan, -

Internal Irradiation. Radinactive materials insige the human

- ormanism nresent the mreatest dancer since thev intopact directlv with

tra livine tissuye., The exrogsure time sharnly increases, since in the
rajority of cases, the raniocactive materials enter intn chemical
resctions with various eipments of the siolonical tissuye and are
released from it ratner sin.ly, In andition, certair radioactive
materials havae the tendercy tn rorcersrate {0 specific oreans, wnich
increases stiil more tneir niplo~ical daresr, [t is imnortart to

pear 1n ming tr:t henr radioactive material fills trsiga the oro nism,
the uysuallv mea-ures nf ~rotectinn Dy ristance, time, shislainn materials
are fmanrlicaolie arg removal nf the raninga~tive material g cometimes
nracticaliv impnssinie. 'ne maximum Adsnter is nresent in the contam-
inaticn of tne sur:aundien aig, *Yood, --rd water, C(f these tne
nreatest dancer 18 from contaniration nf tne air., Inis is explainea
oy tne fFact tnat tne yrlime n® aip inhiled Ny 2 nersnm gar P4 nours
exceeds av many rtimes tne volume of qater or food irckgsten in the

sawe perind. In atition to cant=miration nf air, w.ter, srd toco,
one myst =lsa k~ea ‘n minad ~ortamiratinn of varions uiscts, articles,
clotninn, etc. Such contaminaticn represen*s not-ntial darner frow
its nossiple introductinem intn tha grranism,

[ -

BEST AVAILABLE COPY

[

A



g A et A -
i s 7 e e S 4 g 2 w3 e U S e S SV

e

Princinal Safety Measures

To insure safe Lneration with radiocactive materials, the followinn
precautions are necess.ary: maximum possible (reasonable) reduction 1
of the dose of exterral irradiation and lLimit of intake of radiocactive

material into the bodv.

Radinactive materials occur in covered and

uncovered farms,

The areatest biolonoical danger, undoubtedly, 1s

nresented ov uncovered oreparatiaons.,

Therefore, one must try to

use racioactive materi ils in a covered stata, insurino saximum gro-
tection from intake of rad nactive material from the imrediate surround-
imos. For this it is nossiple to transform the radicactive material
to a suitaole sta® of ancrecation and ther encase it in a snegial
envelape, etc. In tne covered state, radioactive materiasl nr.senrts
dargar as a source of exterral irradiation. From this standooint pure
X =emiiters are essentially not daraerous, since thev are eazsily
absorbed bv relatively thin layers ¢f material -and recuire nractically
na soecial protection. '

Safety wnile workino with 47 -emitters may be insured by soecial,
relatively amall, screenine (amooule ciusing, etc.). However, in the
presence of sinnificant nuantities of ragdicactive matarials considerable
: danger may be nresent from orakinn radiation arisinno from the inter-
action of £ -radiatidn with matter. woraking radiation is similar to

4 =radiatiun in thy cnaracter of its interaction witn matter, Con-
; senuently, the nrotective reasures i: renuires are tne sine as those
. ] for ¥ -radiation.

siological effects are prircioally hased on the cumulative radia-
ticn dase, which is dependent on the radiation {ntensity (dose rate)

H ard exoosure time. It is annarart that, if it is nnt possisle to € -
! shorten the exodsure time, it i3 mecessaryv to recrease the doge rate,
’ Gre may decreuse it eitner bv increasimm the object-source distance N

(usuallv tnhe dose rite decreases with the sauare aof the nistance),

or by use of saecial ‘attenuatinn shivlding (lead, turnster, etc.). - -

As a rule, in netermination
accourt all three facitnrs:
att:nuation of raigizciar v

nf nrotective congitions, one tikes inin
exaosyre rime, onject-source distarce,
tne naterial of the orotective shieldinn,

Far nrot-ction from reuntran radiat on, neutron ansorpinm material
(paraffin, water, etc.) is used.

All covered sourres must ne kept im 3 3afz2tv device. Toucning
them Dy nand is nronioited,; dering meonipulations with them, ane myst
188 vorious adaptors,: manioulators, nrotzctive snieldgionn, etc.

Aagiation Monitoring e

st e et

Radgia%ion monitoring was ornarized for manitarinn theé exnnsure
level to which aersnns warkine with sources of fonizing fadiatinn are
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subject. The task of individual radiation monitorinn is to measure
the dose recelved oy each worker,

Individual radiation monitoring can be achieved by the use of
three methnds: ophotomethod, and ionization and luminescence methnds.
In practice, the first two are most oftemn »sed. The INM kit (Individual
Radiation Monitoring) is userd for determination of the cumulative
dose of exposure (for a certain cut-o:f time). with this method it
is not immediately possiole to manitor the dose receiveg on the site,
since it recuires spmecial onotoeoraphic processing.

The ionization method exists in two forms: the first, for
“measurement of the dose, a condenser ionization champer (kit KID)
is used; irn the second, a read-ocut jonization chamber with direct
: readina of the dose oy the scale of an electruscope caonrected with
tne champer (0K). At the present time sufficiently complete sets of
specialized instruments for measurement of the dose rate, surface
contamination and aerosocls have been dev:loped.

Radiation Xrotection

Practical wark with sources of ionizirma radiation will show
that ooservance of suitable rules for handlinog radiocactive materials
and sources of nuclear radiation may orovice complete safety for the
operatinu nersonnel., Restricted oermissivle axposure levels for all
forms of ionizirmrg radiation have oezn estaclished.
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In radiolisotope cenerators based on A -radicactive isotones, the
qreatest attention must be aiven to protection from y --.and hrakino
radiation. :

The best orotection from Y -radiation is afferded by materials
with high atamic number Z (lead, tunasten, uranium).

Fia., 25 shows the araphic dependence of the thickness of the
lead shielding on the thermal nower of the radiocisctope nlock for
genarators based on various isotopes. Accordino to the aiven araph,
it is possible to estimate the reauired orotection for the restricted
permissible dose rate of § -radiation of 10 mrad/hr at a distance
of one meter from the radicisotope olock. If an increase aof dose
rate is pu-missible, it is possible to use the same araon, decreasing
the value of the thermal power by as manv times as the permissibgle
dose rate is increased, ard conversely.

-71-




ol

Apnendix

Sanitation Requla ions for Instgllation_ard Operation
Of lsotope Current Sources Hased on # -active ]sot .pes
For_ iround Hurponses (SR No, 619-66)

Introduction

The reguirements of the oresent renulations are compulsory
durirno muenufacture, storane, shipaina, and oneration of current
sources based on £ -active isotopes for automatic meteoroloaical
stations, The requirements nrew out of the "Sanitation Reculations
for work with Radicactive Materials and sources of lanizino <adiation®
NO. 333-&0.

The responsinility for executinn of the nresent renulatiors lays
with the administration of the irnstitutions anc¢ enterorises of manu-
facture, shinpinao, ard opera ion of the isctone current source (ICS).

1CS's are intented for supnlv of automa‘'ic nrourd meteorolocical
stations and other iratallations estanlisned in remnte and nearly
inaccessable raninrs,

The apnlicat on of an ICS for sunnly of statiors is determired hy

its onerating relianilitv in comnarisom with other self-cnntained

sunolv sources, contiruityv of wark .ithoutf mormitorinag and replacement
of the duvice itself or its comnorents | and also by economic advantaces.

From the starcdnoint of orovidine radiation safetv, the I(CS is a
covered rattiation source of ninm activity (20-200 keuries) witn a
nigh deoree of tinntness, mecnarical, trermal ard corrosion staniiicy.

The iCS niffers from covered sources apnlied in radicisotooe
devices in that its nigrest oaeratinag efficivecy {s reached wnen the
maximun radiation apsoration insicde the sgyrce itself is orovided,
Tnis allows tne enclosure of tne radicactive rrenaration in 3 cansule
(nrimary packimn)®* uith a .1all thickrness oy far exceedinn the nene-
trating aniiity of tne primarv (workinn) radiation.

{rn order to orovide radiatinm ssfety in relation to external,
neretrating radiatirm, tne isutone nDlock is alaced ir a snieidinng
plock (.orkine comtairer) ard Agriro sriopiro, additiorslly in a
shipoing cortainer.

Fotential ratia‘ion dwcer 4durien sninnirn, irnstallatior and
onerztion of the 7S can irclude the fnlliowinn factors:

prakirn radiatiern oofd v -rantiaticn from limpurities:

surface radicactive nortaminatinn af the IS srd ohippinn cort:iners.,

*in techrical des~ ‘atipns, 't is ascentanle to call an encansilated
radioactive arenaratinn an 'isgtope block!',
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The fundamental sanitation-techrical characteristics of the ICS are:

rated (actual) activity cortalined in the isotope block;

isotope used;

chemical ai'd radiochemical purity of the isotope;

mechanical, the-mal, and corrosion stanility of the isotope
block and of the ICS as a whole;

level of radioisotope contamination of the unit and external
surfaces of the ICS;

radiation levels from the ICS.

1. Reguirements for tne Isntope 4leck

1. uhen making the heat source for the ICS, oreferenrnce should
be aiven to an isotope with maximum heat outnut with low penetrating
aoility af the princinal radiastion, with low outout of accampanyinn
and secondary penetratinmag radiation, and with minimal oossibility
of radictoxicity. Criteria for selection (when various technical-
economic indexes are egual) should be the minimal value of the product
of activity of the isotope block ard tne reciprozal of the maximum
permissible concentrs .ion of the isotope in the air.

2. Radioactive orenaration should be a solid, non-frianle, in-
soluple in water, non-suglimatina, and rot enterina into reactions
with air and the material of the cansule, with high radiation and
temnerature staoility, rnrovidinog minimal leakane of the isotope
durine runture of the isotope block. The meltino temnerature should
not be less tham SUL'C , and tne noilinn temoerature not less than

1500°C.

3, Tre desion of the isotope black should ruarantee its inte-
orityv and tinntress under normal operation snd staraae :F the [CS
over a neriod of tem half-lives of the isotile and during emerrency
situations which may arise duriro shionima by all forms of tramsportation.

L, Tne material of +ne isotone 1lock nd the, techrniocv of its
sealing should provide intenrity anc tirntness in am atmosnhere of gir
ard around water over a ericd of ten nalf-lives of tne isotumne under
any nlimatic corditinm,

5. The desion ..nd marufacturira tecnnoleonv of tre isotune block
shogu.i. imsure its intecritv =nd ti-h4ress with a safety Factor of
ten in tre case of nossiale ircrease in irmterral pre.sure. ‘‘ressure
snoulid be estimated far a temnerature of 1lod C.

he Tre isotope vlock zhould maintain its intearitv arnd tinntness
under the followinn stresses:
‘ vinration uith freauwency of 2:=~0 Rz urdir an gucelerat on
of 2 10 G's over a nericd of 6 hrs, '
sinnle impact with accuieration = 3000 I1's and action time

of U.5 m»sec.
temnerature of 1luL°C over a nericd nf 2 hnours,
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7. The capsule material of the lsotope block should be staole
toward radiation, Losses of strenath of the isotope olock from radiation
damaoe should nut exceed lU%¥ from the orioinal with absorption of a
dose corresponding to an oneratino dose for an exposure neriod equal
ta ten half-lives.

The cspsule material of the isotope lock should be chemically
staole in relation to the nreparation ¢nd the rarticactive decav nroducts.

8, Surface contamination of tne isotope olock snould nnt exceed
5+10 - wcuries/cm? fgr /5 -active isotopes and 1-10°7 ¢/ curies/cm? for
o ~active lsotones with a cumulative activity no nrester than 1 « curie
for 4 - and 5.1y"% , cuyrie for « -active isotopes.

%Y. Tre dose rate from tne isotove block (without protection unit)
shoula not exceed 3U0 rad/nr at a distance of one meter. :f the oonse
rate exceads that statesd adove, tne nrotection unit should maintain,
without disruption of its intenrity, the samne mechanical and temperature
stresses as the isotope bicck.,

1I1. Requirements of the Protection Unit (wWorkinc Container)

10. e protection unit should irsure reduction of the radiation
level from the isotope ulock to the following values:
gn the surface of the nrotectinn unit —- no more than 30 rad/br,
on the exterior surface of the heat exhaust —— 1lU rao/hr.
at a distance of one meter from tne prntection unit — 1 rad/hr.

11, Thne material and nesion of the nrotection unit should irsure
its intearity ang tightress under normali ooerating conrit’ na of the
ICS andg most nrovable accidenta,

12. The nrotection umnit must withstand the followinn mecharircal
and temperature stresses.:
vibrations of ? =R H2z and acceleration = 1lu G's in a rerind
of 6 hrs, '
sinnle impact witn acgeleravion rot Less than 100 f's Aurino
an actign time of 5 ,nsec,
temperature of 1110°C for a4 nerion of 2 nrs.

13, 7The desiagn cf tne nrotection unit snouid »rov.de fur nossiole
removal nf the heat exhaus! system ar [CS nackinm in the =hippinn
contzainer, conrection nf tne za.le, shnrt-circnit of the theimonile
terminal, renlacement of tne thermal corvertor, ard also the reversa
popgratinns with the al1 of »gryal remcte-control devices providing
removasl OF *ne coerator from tne ICS ov a4 tistamce no less tham
G.3-1 m durina an executian time for =,ch nf the staterd nperations
no more than 3 min,
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. le., Thne total weioht of tne ICS in the nrotection unit, together
with the heat exhaust system should not exceerd 250 kn,

15. The desian of the nrotection unit should insure the oossinility
of carryino the ICS with the aid of rogs of lenoth ne less than 2 m,
The orotection unit should have a device for ranid securim angd various
aother shiniing aids,

; 1. The nrotection unit accessiole for contact should not have
a8 temoeratur - over R C.

N,

17. Tne surface contamimation of the nrotectien unit (working
container) should not axceed l+10°Y #curies/cm?® for 4 - and 110 °
. : .uwciries/cm* for vy-sctive isotooes.
= ; ' The surface of tne .orkina contziner accessible to rontact

: (devices for fasturina, installation and shipnino of the ICS and the
external surface of the heat exhaust system) snould not have surface !
contamination exceeding 3.107* curies/cm* for /- and 1-10°" curies/cm? 1
for v -emittinog isotooes.

18. Tne nesion of the nrot.ction unit should exclude the possinility
of its gisassemuly ov ordimarv mecnanics toois.

19, On tne syrface of tne nrotection unit, there snould bde a
sion "Radiation Darger” indelinlv marked in red.

lll;__ﬂgﬂﬂitﬁﬂﬁﬁké_ﬂEE_5?1?Q122-§22&§12§5 —
2U0. Tne desinn of the shionino caontainer snould allou the possisility
of cuick extraction of the arotection unmit (Lorking contaimar) with
the aid of mamual remnte-control devices.

2l1. The sninpino container should be stamped inm accord :rce with
"dearrlations for the Trarsoortatior of Radivactiv- raterials” No. 3uv-Rl.

22. 7The shipoirmn corntainer ohould have devices for 1ts securinn
im tne trarsnortation fFacilities amd for nse 2v hoistinn facilities,

z3. Tne dnse rate on tne surfare of the shipning coentairer shcoul?d
not exceert 2UU mrad/nreat a nistarce of nre meter from it -— 1L mrad hr,
i.e. the .ievel corresnonaing to the (1! shnincinmn cateocory of crating
radicactive materiais.

o s < oo

/ 2t. (ontaminatinn of tne outer surface nf the sainoting contsiner
: shouid raot exceed ‘U =« -3articles or S0ul 4/ -narticles ocer 150 cm~
in one minute (3¢i" fFar - -rd 121u™™ curies far .2 -sctive isotones.

25. The exterior surface acces:inle 4o cortact of tne shipnirn
cont.uiner shhuigd Nt hi:va a temnerature anove Al [,
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. 26. The material and desiaqn aof the shinpinn container should
insure its intearity under the followino stressas:

, single impact with acceleration no less than 10 G's ond
duration of 50 msec,
temperature of 500 C for a perind of 2 nrs.

IV, Storage and Shigoing of Radioisctooe Current Sources

27. The ICS should ne stored and shiponed in its shionina container
in accordance with the "Reaqulations for Trarsnortation of Radioactive
Materials” No. 349«-1,

28, ODurimg shippino znd storace of ICS's, the thermopile terminal
should be snort-circuitec. It is not permissible to ship or store
the ICS witnout the heat exnaust svstem (finred surface),

29. 3hioping of tne ICS without a shioning contiiner is permitted
only on tnat partion of the route not accessiole for the truinsport
of the shippino cort.iner and durinc its execution ov snecially trairmeao
workers, :

30. Oelivery of the IC3 to the storace site durino smiopinc in
the working cuntainer should pe done after prenara.ion of the site
(preparation of the bunker or emiarkment, arrargément of parriers and
sions, assemoly of all units of tne weasther station, etc.).

31. During shipoing of tne iCS in the working container, it is
necessary to use all aveilable means of transportat.oun wnich speed
up the shinoiro or increase the distunce H-tugen the ICS and
persorrel (nelicoptors, cross-couniry vehicles, nack 3nimals, etc.)

V. 0Opn-ration of Isatops prrent_énurcas

32. All work cnmnected witn tramsport nf the [CS, site nreparation,
N its installation, thermopile r nlacerent, irsnectior of the IC5 and
return (recovery) should pe carried out Jv speclally trairmed corkers,

33, Jsork of a sembly arg irsuection of tha wesiner atatior units
naot o the site of tne [CS irstallation, may pe c.rried out oy weather
service personrel. Oiiring this time tnev shuuid be instrictea corcerrirc
ang zacouainteg uith current recula iors,

34, Irstallation of ueather statiors witn [C.'s ar: nermitted orly
oy authoriza“icn of tne Cnief of the sanmitarv-inideminlaniral Contrnl
of tne Ministry of “ublic Healthn of the LJSR and notificati-n af the
graans of tne militia.

39, <4s g rule, tne ICS should pe used in the shisnino container,
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. 36. OJurina oneration of an ICS in its snipning contaimer in areas
accessible to neaple, tha ICS installation site srould be fenced with

barped with 1.5 m ninh for a distance at which the dose rate does not
i exceert 0,01 mrad/nr.,

that tne ICS be ouried in the around ar su:rounded by an embankment.
In this case, the ferced off area shouli! be such that the dose rate
Y at a neiaont of 1.8 m anove the aoround should be U.Ul mrad/nr.

&\i; 37. To reduce the size of the fenced off ares, it is recomrenden

38. Wwhen the sits is located in inaccessinle arew, i mav be unferced.

39, 0Operation of the ICS in the wovkiro contaliner may be car-ied
out orly in remote sttes. :

LU. whenr uytilized im its workino contiiner, tne (CS shouid be
puried in the noround, or surrourded bv an empankment sucn that the
dose rate 3 m from the ICS does nnt exce'd 10 mrad/hr (at a naionht
of ..8 m auove the nrourd). The site should ne fenced orf ov parved
wire. The mirmimum dist.urce petween tne fenc2 ard the instaliation site
should pe 3 m,

tl. On the fence ann slso on tne ICS installation site, tnere
should be radiation daroer siors nicturing the skull arma ercssgores
and tne warnings "seep Out!", "Hazard to Life", sasilv s.em at a
gistarce of iU m,

42, All urits of the automatic weatrer stations, whem using tne
ICS in i1ts sorkinmo cont-iner, snould he set ud at a distance ro less
Ao tnam 3 m from the 1C3.

3, The specialired ornarizations uhich carry cut the instatlation
of tne ICS must ne strictlv accountigle for {t, Tne .eather aservice
gneratinao anstomatert statiors 4ith r IC35, is re~:ipud to ratify the
specializen ogrornizatinn in the case af anserce of brnaocast from the
station for a ~eriond of a .cak N tmmediately taxs joint wesuyres for
finding tne cause nof the ce3a.atiar of staticnr eneration,

Tre specializen ornaniza iom shoald ask the  eather aervice anout
the oueration of tne weatrer statior wi‘h an ITS at sast once a manth,

e me Thre nresernce of the ICS at the Indtallation site ant *»e irte~prity
. at tne isotnne nlock snoaia pe verifi:d for weathrer scations located
ir acce.siole rerinrs n. lonner tnan li diwvs from cessation of broadc-st
from the station and, in accessiole renicns, im the shyrtest nnssiole
neriog. Tne intearitv nf the ICS may be determined by the level of
external radiation :nd abserce of ranicactive contamipation on its
surface. - ‘
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44, Wwhen disturbance of inteoritv (or disappearance of the ICS)
is discovered, the oroan of the wilitia, the Saritation Service, and
the soecialized oroanization should be promptly informed and measures
taken to erase the damaae and locate the ICS.

45, Wwher giscontinuino a .eatner station when it is no Honaer
needed or owing to failure of the ICS which cannot be repaired on
site, the ICS should he delivered to its place of manufacture for
repair or to the nearest poini of radicactive waste disposal. Such
wark should be performed onlv bv specially traimed nersonnel. Shinnino
of the ICS for these ournnses should be carried out in the shipaing
container. uhen using the ICS ir the workino contairer, it should
be placed in the shipning container at the nearest nlace available

for delivery of the shipoina contairer. 5
;
L6. Before chanroina the thermonile or before repair of a non-
functionino ICS on site, it is necessary to convirce oneself of

its inteority. |
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