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Emiss ion  detectors  (ED) for neutron and y radiation and small  ionization chambers  are  widely used in 
o rde r  to control power distribution in reac to r s .  A signal f rom the ED and the ionization chambers  within the 
active zone and the biological shield is t ransmit ted along cables which have a core and a casing consisting of 
magnesium oxide [1, 2]. When developing ED and chambers  for a specific r eac to r ,  it is often necessa ry  to 
know how the res i s tance  of the cable insulation in the communication lines depends on tempera ture ,  i r r ad ia -  
tion intensity,  and operational lifetime in the active zone for a choice of optimal operational reg imes  for  the 
detectors  and on es t imates  of the e r r o r  in monitoring the power distribution. Let us examine the mechanism 
for  e lec t r ica l  conductivity in i r radiated and unirradiated minera l  cable insulation in order  to clarify the laws 
that govern such behavior.  

The mechanism of e lec t r ica l  conductivity in magnesium oxide outside of radiation fields has been studied 
exper imental ly  by the EMF method and by Turbandt ' s  method [3, 4]. The e lec t r ica l  conductivity consists  of bulk 
and surface components. The bulk e lec t r ica l  conductivity of magnesium oxide at a tempera ture  500-1400~ 
and high part ia l  oxygen p ressure  (exceeding 10 -5 Pa) consists  of intr insic and ionic conductivity, i .e. ,  the 
charge is t r ans fe r r ed  by magnesium ions [5]. For  polar c rys ta l s ,  including magnesium oxide, the following 
tempera ture  dependence is charac te r i s t i c  for the bulk e lec t r ica l  conductivity [6]: 
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where A 1 and A 2 are  coefficients that depend weakly on tempera ture ;  Wi, activation energy required for  drift  
of weakly bound atoms (ions) and vacancies ;  Wd, activation energy necessa ry  for  the formation of a defect. 

At low t empera tu res ,  the contribution of the f i r s t  t e rm in formula (1) to the e lec t r ica l  conductivity is 
much grea ter  than that of the second, and at high tempera tures  the opposite occurs .  Fo r  this reason ,  the de-  
pendence of #V on T for  high and low tempera tures  is exponential. This s tems f rom the fact  that the concen-  
t ra t ion of Frenkel '  and Sehottky defects in a crystal l ine lattice increases  exponentially with temperature .  

Thus,  the tempera ture  dependence of the res is tance  of cable insulation Rin s in the absence of i rradiat ion 
can be represented  in t e rms  of the var iables  logRin s and 1/T. In this case,  the graph of the function will con- 
tain s t ra ight- l ine  segments .  

The mechanism of e lec t r ica l  conductivity with i rradiat ion was studied pr imar i ly  theoret ical ly for  e l ec t r i -  
cal conductivity s temming f rom ~' radiation. It is assumed that the band model of a solid with t raps  distributed 
in the forbidden band is valid for  minera l  insulation, i .e. ,  f ree  and trapped charge c a r r i e r s ,  e lec t rons ,  exist  
[7]. The action of the radiation involves the t ransfer  of e lect rons  f rom the valance band into the conduction 
band in a quantity that is determined by the y-quanta flux density. An electron can re turn into the valance band 
and recombine only via a trap. The tempera ture  dependence of ~/ radia t ion- inducedelect r ica l  conductivity a r i s -  
ing f rom y radiation is determined,  on the one hand, by the fact  that the probability for  an e lectron to re turn 
f rom the energy level of a t rap  into the conduction band increases  exponentially with tempera ture  and the 
probabili ty for  recombinat ion dec reases  correspondingly,  while on the other hand, the tempera ture  dependence 
of the e lect ronic  mobili ty is of the form p ~ const T 3/~, obtained f rom Ruther ford ' s  formula for  sca t ter ing of 
electrons.  

Calculation of the e lec t r ica l  conductivity of mineral  insulation in accordance with the considerations p r e -  
sented above gives for ~' radiat ion-induced e lec t r ica l  conductivity the following expression [7]: 

% = PvGT 3/2 exp (-- W/kT) ,  (2) 

Translated from Atomnaya Energiya, Vol. 50, No. 1, pp. 21-25, January, 1981. Original art icle submitted 
August 6, 1979. 
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where P7 is the intensity of the y-radia t ion dose; T, absolute temperature ;  G and W, coefficients that do not 
depend on tempera ture  and radiation intensity. 

In per forming  the calculation, it was tacit ly assumed that the number of trapped electrons does not de-  
pend on the y-radia t ion dose,  f rom which it follows that the e lect r ical  conductivity is proportional  to the 
irradiat ion intensity. Such an approach is simplified and does not permit  explaining the experimental ly observed 
dependence of a r on P7, which is of the form ~r ~ P~ ,  where A differs f rom unity. In order  to understand 
the physical mechanism of the phenomena leading to this difference and to establish limits on the variat ion of 
A, let us use some of the resul ts  of theoret ical  investigations of the phenomenon of photoconductivity [8, 9]. 

It is possible to change the number of trapped e lec t rons  depending on the i r radiat ion intensity by using 
the concept of the Fe rmi  level and the energy distribution of t raps in the forbidden zone. The number of 
trapped e lect rons  equals the number of t raps located below the Fe rmi  level [10]. Two types of distributions 
of t raps with respec t  to energy are  considered [9]: uniform and exponential, i .e. ,  such that the concentration 
of t raps having energy E decreases  exponentially with increasing distance of E f rom the bottom of the conduc- 
tion band. It turned ou~. that the functional dependence of the number of free e lectrons n in the conduction band 

,~ 1/2 having the form n P_ , which is valid for  substances that do not contain t raps ,  changes into a dependence 7 of the form n ~ Py for a uniform distribution of t raps.  If the energy distribution of t raps  is an exponential of 
the form nEdE = A exp (-E/kT1)dE and the Fe rmi  level is situated in the center of the region where the energy 
distribution of t raps  is exponential (the case mos t  often encountered in pract ice) ,  then a dependence of the 
form n ~ P~, where A = T1/(T +T1) and T < T1, is often valid [9]. Here,  T is the absolute tempera ture  of the 
insulation, while T lcanbe  viewed as an equilibrium tempera ture  corresponding to the given t rap distribution, 
i .e. ,  the tempera ture  for which the t raps  are frozen when the substance cools after  it crys ta l l izes .  When the 
energy distribution of t raps is very  sharply exponential, as  T l approaches T,  the pa ramete r  A approaches 0.5 
[9]. The pa ramete r  A is a charac te r i s t i c  of the substance of which the insulation is made. However,  theo- 
ret ical  calculation of the pa ramete r  A for MgO is at present  difficult due to the absence of information on the 
energy distribution of t raps  in this substance. 

Special conditions, apparently,  exist  in ED insulation. When the emi t te r  is i r radiated by neutrons,  ED 
insulation is i r radiated by fast  e lectrons f rom the emi t te r ,  which, in slowing down, create  a large number of 
secondary electrons with energy exceeding 1 eV. In this case,  the express ion A = T1/(T + T1), s tr ict ly speak- 
ing, is not applicable, since the injection of h igh-energy electrons into insulation was not taken into account 
in deriving it. However,  this effect can be taken into account empir ica l ly  by introducing into the express ion 
for A some effective temperature  Tel  f instead of T. Injection of a large number of h igh-energy e lect rons  in- 
to the insulation by secondary forces  can, probably,  strongly increase  the effective tempera ture  of the e lec -  
tron gas in the insulation, as a resul t  of which it will turn out that Teff > T~. In this case,  we obtain A < 0.5, 
i .e. ,  for ED the dependence of the insulation res is tance  on the i r radiat ion intensity can turn out to be signifi-  
cantly weaker than for a cable. In this case,  however,  it should be noted that, as evident f rom the exper imen-  
tal resul ts  in [2], the radiat ion-induced e lec t r ica l  conductivity ~r is greater  for  ED than for a cable, even 
though it depends weakly on the irradiat ion intensity. 

The res is tance of cable insulation and ED insulation depends relat ively weakly on the operational l ife- 
time in the active zone of the reac tor  in comparison with the dependence on tempera ture  and i r radiat ion inten- 
sity [2, 11]. The operational lifetime of cables in the active zone is conveniently expressed  in t e rms  of the 
fluence of fast  neutrons Ff, while the operational lifetime of ED is conveniently expressed  in t e rms  of the 
fluence of thermal  neutrons FT. 

Thus,  the dependence of the res is tance of cable insulation on t empera tu re ,  i r radiat ion intensity, and 
operational lifetime in the active zone can be sought in the form 

Rr = GIP~AT 3/e exp (W~/kT -}- HFf  , (3) 

where GI,  WI,  A ,  and H are constants determined f rom the experimental  data, and fu r the rmore ,  it may be 
expected that the pa ramete r  a falls into the range 0.5-1. It is clear  that the following four dimensional v a r i -  
ables will be convenient for such an analysis :  1/~,  lnP7 ,  Ff, and In (RrT3/2). 

A s imilar  dependence is also obtained for  ED, but the expected value of A in this case,  as follows f rom 
what was said above, will be 0-0.5. In o rder  to analyze the data on the res is tance  of ED insulation, it is con- 
venient to use four dimensional var iables  of the type l /T ,  IngOT, FT,  and In (RrT3/2). 
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TABLE 1. Confidence Intervals  for the Coeffi- 
cients of Empir ica l  Formulas  with a Con- 
fidence Probabil i ty of 0.98 
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The e lec t r ica l  conductivity of insulation with i r radia t ion consists  of thermal  ~t and rad ia t ion- thermal  Cr 
components ,  i .e. ,  the res is tance  of the insulation at a given tempera ture  and i r radiat ion intensity is expressed  
as follows: 

where Rt is the res is tance  of the insulation for  a given tempera ture  and in the absence of radiation. 

The general analytic express ion of R r for  the cable is obtained by a s tat is t ical  analysis of numerical  
information on the res is tance  of cable insulation with magnesia  insulation, and in addition, we simultaneously 
analyze the data f rom our experiments  [2, 11] on the IVV-2 water  c o o l e d - w a t e r  moderated r e s e a r c h  reac to r  
for cables produced in this country,  as well as the resul ts  obtained by r e s e a r c h e r s  in other countries [12, 13], 
for  tests  in a r e ac to r  and ~ radiation f rom a source ,  for  cables manufactured in the USA and in Canada. 

All tes ts  are obtained for coaxial cables with a single layer  of insulation (external cable diameter  v a r y -  
ing f rom 1.0 to 6.3 mm,  casing thickness vary ing  f rom 0.2 to 0.5 mm,  and core diameter  varying f rom 0.2 to 
0.7 mm). Most of the resul ts  are  for a cable with an external diameter  of 3.0 ram, and for this reason ,  the 
res is tance  of insulation in cables with other d iameters  was r e f e r r ed  to a cable of this size. 

Data f rom four different exper iments  were analyzed: in three of the exper iments ,  the dependences of 
the res is tance  of cable insulation on tempera ture  and i r radiat ion intensity were obtained with independent va r i a -  
tions in the la t te r ,  while in the fourth experiment  the dependence on the operational lifetime of the cable in the 
active zone was obtained. These experimental  resu l t s ,  apparently,  reflect  all of the published information (up 
to mid-1978) on the res is tance  of cable insulation with MgO insulation under intense irradiat ion and t e m p e r a -  
ture varying f rom 20 to 750~C. 

The experimental  data were analyzed using two stat is t ical  methods:  a multidimensional l ea s t - squa res  
method (MMLS) and the method of grouping arguments  (MGA) [8, 14]. For  the analysis ,  the experimental  r e -  
sults were represented  in t e rms  of the coordinates indicated above. The data corresponding to a tempera ture  
less than and above 450~C were analyzed separa te ly ,  since at approximately this tempera ture  there is t r ans i -  
tion f rom impurity e lec t r ica l  conductivity (at a t empera ture  up to 450~C) in magnesium oxide to the intrinsic 
ionic e lec t r ica l  conductivity. It should be expected that with this separat ion in doing the analysis  using the 
indicated var iables ,  the multidimensional analytical express ion obtained will be close to linear.  

A distinguishing feature of MGA in compar ison with MMLS is the possibili ty of separat ing out arguments  
according to the degree to which they effect  the function. In ca r ry ing  out the MGA analysis ,  it turned out that 
the function In (Rr T3/2) is most  s trongly affected by lnPT, less strongly by l /T ,  and most  weakly by Ff. At a 
t empera tu re  30-450 ~ the effect of the la t ter  argument was genera l ly  not discernible in the range of i r r ad ia -  
tion intensities and neutron fluence investigated. 

A general  analytic express ion for R t for  a cable is obtained by simultaneous stat is t ical  analysis in the 
var iables  1/T and log R t using the l eas t - squares  method on data f rom three experiments  [2, 12, 13] for  an un-  
i r radia ted cable for t empera tu res  below and above 45ffC, separately.  

The following general  analytic express ions  were obtained using MMLS for  R r and Rt:  
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for  tempera tures  above 450~ 

R r ~ 3,6.10~3T -3/2 (102p~) -~ exp(5200/T § 0.t8Fft0 -20) in b , 

B, = 2,5. i0 -3 exp (2i300/T) ln--ba ; 

for  t empera tures  up to 450~ 

B~ ~ 4,2. ]O~TT -a/z  (i02Pv)-,,o exp( --530/T + 0A 8Ff 10-~o) in b .  
a 

(5) 

(6) 

(7) 

Rt ---- 0.087 exp (16300/T) In b , (8) 

where T is the absolute cable tempera ture ,  in ~ Ry,  dose of 5' radiation, in g-R/sec;  Ff,  fluence of fast  neu- 
t rons (E > 1 MeV), in neutrons/cm2; a and b, inner and outer d iameters  of the cable insulation, in ram. Rr  
and R t are  r e fe r red  to a 1-m length of cable and expressed  in ft. m. 

The limits of applicability of formulas  (5) and (7) are determined according to each of the variable 
ranges investigated in the experiments ,  on the basis of which these formulas  were obtained, i .e. ,  for t e m -  
pera tures  f rom 30 to 720~ for  5'-radiation dosage f rom 0.8 to 1.105 g-R/sec ,  and for  fast neutron fluences 
f rom 0 to 9.1020 neutron/cm 2. 

We est imated the e r r o r s  in the analytic express ions  s tar t ing with a check of the normali ty of the d i s t r i -  
bution of deviations in the experimental  values of l o g R r  f rom the values computed according to formulas  (5} and 
(7) using the cr i ter ion [15]. It was shown that this distribution was close to normal  (using a • cr i ter ion with a 
confidence probability 1 - p  ~ 0.7). A s imi lar  resul t  was also obtained for  logR t. It was verif ied that the ex-  
per imental  resul ts  on the res is tance Rr ,  obtained in different exper iments ,  can be viewed as belonging to a 
single general set of results .  The resul ts  were checked using Bar t le t t ' s  c r i ter ion with a confidence p rob-  
ability of 0.98. 

We also checked the normali ty  of the distribution of deviations in the experimental  values of (logRins) 
f rom the values of (log Rins)comp, obtained f rom formula (4) using formulas  (5)-(8), and it was established 
that the distribution is close to normal  (• confidence probability of 0.7). The mean-square  deviation of 
(logRins)ex p from (logRins)comp was computed. It corresponds  to an increase  or decrease  in the r e s i s -  
tance of the cable insulation by a factor  of 2. It should be noted that a s imilar  mean-square  deviation ob- 
tained in analyzing data of one of the experiments  [2] corresponds to a change in Rin s by a factor  of 1.6. 

In addition, we computed the mean-square  e r r o r s  in determining the coefficients in the formulas  (5)-(8) 
as a resul t  of e r r o r s  in measur ing  the t empera ture ,  5,-radiation dose,  fast  neutron fluence, and insulation 
res is tance.  The calculation was done using a Monte Carlo method and consists  of a repeated (100 times} 
calculation of these coefficients using the MMLS method, and in addition, in making the transi t ion f rom 
one cycle of computations to another, the values of t, Py ,  Ff and Rr for  the experimental  points are changed 
randomly according to a normal  distribution within the limits of e r r o r  in the measu remen t s .  The mean-square  
deviation of the values of each coefficient in the 100 computations gives the e r r o r  sought, which, as it turned 
out, is too small  to correspond to the observed spread in experimental  points for  the analyzed data on the 
res is tance  of cable insulation. 

In o rde r  to determine the e r r o r s  in the coefficients corresponding to this spread,  the Monte Carlo ca l -  
culation was ca r r i ed  out in such a way that in pass ing f rom one cycle of computations to another the value of 
In (Rr T~/2) was changed randomly according to a normal  distribution, and in addition, the mean-square  devia-  
tion, charac ter iz ing  this change, equaled the mean-square  deviation of the experimental  values of In (Rr T3/2) 
f rom the values obtained according to formulas  (5} and (7). In this case,  the spread in the values of each 
coefficient charac te r izes  the e r r o r  s temming mainly f rom sys temat ic  e r r o r s  in each experiment  due to the 
useofcab les  madebyd i f f e ren tmanufac tu re r s  and f rom different batches,  as a resul t  of per forming  m e a s u r e -  
ments in different r eac to r s ,  different techniques in setting up the exper iment ,  and e r r o r s  of a subjective 
nature. The confidence intervals  obtainedbythe latter of the methods indicated above, for a confidence 
probabili ty of 0.98 for the coefficients in formulas  (5)-(7), are presented in Table 1. 

28 



The values of the coefficients in the empir ica l  formulas  charac te r i ze ,  generally speaking, the p r o p e r -  
t ies of magnesium oxide as an insulator ,  functioning in the presence  of radiation and at high temperatures .  
However,  at the same t ime,  the values of these coefficients and their  e r r o r s  are determined to a large extent 
by the technological level achieved in prepar ing  magnesium oxide, in manufacturing and process ing  cables,  as 
well the state of all of the techniques in setting up the exper iment  for  studying e lec t r ica l  conductivity. 

We analyzed data on the res i s tance  of the insulation for  an emiss ion neutron detector  with an emi t te r  
consist ing of s i lver  and magnesium oxide insulation in a s imi lar  manner.  The resul ts  of three different ex-  
per iments  with ED manufactured in this country were analyzed: in two of the exper iments ,  the dependence of 
the res is tance  of the ED insulation on tempera ture  and i r radiat ion intensity was analyzed, while in the third 
exper iment ,  the dependence on the operational lifetime of the ED in the active zone was analyzed [2, 11]. The 
following analytic express ions  were obtained for  R r and R t for ED using MMLS: 

for  t empera tu res  exceeding 45ffC* 

= 3,8. t06T - 3/5 (%. 10_,3)_0.3, exp (6100/T) In ~ ; (9) R~ 

Rt =2.8exp (t2600/T) In b ; (I0) 
a 

for  t empera tu res  up to 45ffC 

Br = i .5. t0~T- s/2 ((pTl 0_,3)_0.so exp(2500/T + 0~024FTI 0 -~0) ]z~ b ; (11) 

Rt = 2.4. l03 exp (7700/T) in b (12) 
gt 

As can be seen f rom the resul ts  of the analysis ,  the experimental  values of the pa ramete r  A for a cable 
and for  ED correspond to the theoret ical ly predicted values. It was shown that the deviations of the exper i -  
mental  values of IogR r ,  logR t,  and logRin s f rom the values obtained f rom formulas  (4) and (9)-(12) are  d i s -  
tr ibuted a lmost  in a normal  manner  (confidence probability 1 - p using a • check not less than 0.5). The 
mean-square  deviation of the experimental  values of logRin s f rom those obtained according to (4) using f o r -  
mulas (9)-(12) correspond to an increase  or a decrease  in Rin s for  ED by a factor  of 1.7. This value for ED 
is less than that for  a cable, since the analysis  involved data f rom tes ts  in a single r eac to r  and only ED manu-  
factured in this country were used. 

The limits of applicability of formulas  (9) and (11) a re :  for  t empera tu re ,  f rom 80 to 80(rc ;  for flux den- 
sity of thermal  neutrons,  f rom 1 .7 .10  t2 to 8.5- 1013 neutron/cm 2- sec;  for  fluence of thermal  neutrons [only 
for  formula (11)], f rom 1018 to 1.2.1021 neu t rons /cm 2. 

The method descr ibed above for  analyzing the experimental  and computational resu l t s ,  roughly s imi lar  
to the method for  analyzing physical  r eac to r  experiments  [16], pe rmi t s ,  having obtained an analytic exp re s -  
sion, represen t ing  all available experimental  computational information on the quantity being examined in a 
c lear  and easi ly understood form. The relations obtained for  cables and ED can be used for  developing new 
designs for  ED and ionization chambers .  
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The basic laws governing radiat ion-induced bl is tering have by now been studied experimental ly  [1-4]. 
However,  it should be noted that most  of the investigations were car r ied  out for a single type of ion, even 
though under real  conditions in a nuclear  reac to r  the f i r s t  wall will be subjected to i r radiat ion by ions of 
hydrogen and helium isotopes,  simultaneously.  It is already clear that the synergis t ic  effect occur r ing  with 
simultaneous action of different components of the plasma emiss ion will effect bl is ter ing to a grea ter  extent 
than other p rocesses  occur r ing  on the surface of the wall. In par t icu lar ,  the f i r s t  experiments  on s imul-  
taneous implantation of D + and He + ions in nickel revealed a decrease  in the cr i t ical  dose that causes the 
formation of bl is ters  [5]. 

We studied the radiation damage to the surface of 0Khl6N15M3B stainless steel with simultaneous and 
sequential i rradiat ion by deuterium and helium ions with energies of 20 and 40 keV, respect ively ,  for i r r ad ia -  
tion tempera tures  of 500 and 200~ The specimens for  the i r radiat ion were cut out of foil obtained by repeated 
rolling with intermediate annealing at 850~ for 30 min. After  the final roll ing,  the foil was annealed at 1050~ 
for 30 min. The size of a grain after  working was 30-50 t~m. Elect r ical ly  polished specimens of austenitic 
0Khl6N15M3B stainless steel were i r radiated by He + and D + ions in an ILU-3 acce le ra to r  [6]. Five ser ies  of 
experiments  were car r ied  out in order  to clarify the role of synerg i sm:  

1) i rradiat ion by 20 keV D + ions; 

2) i rradiat ion by 40 keV He + ions; 

3) simultaneous irradiat ion by 20 keV D + ions and 40 keV He + ions; 

4) sequential i r radiat ion by 20 keV D + ions and hy 40 keV He + ions ; 

5) sequential i rradiat ion f i rs t  by He + ions and then by D + ions. 

In all of the exper iments ,  the i rradiat ion dose was 1018 and 6.1018 cm -2 for helium and deuterium ions, 
respect ively.  The rate at which the dose was accumulated was 5.4.1024 for D + ions and 1.8.1024 cm -2 sec -1 
for  He + ions. It should be noted that D + ions simultaneously i r radiated three specimens f rom runs 1, 4, and 
5, while He + ions i r radiated two specimens f rom runs 2 and 4. Each of the runs was car r ied  out for two 
values of the target  t empera tu re ,  200 and 500~ monitored by a thermocouple.  As is well-known, bombard-  
ment of F e - C r , N i  steels and alloys with helium ions at T = (0.1-0.4) Tmel t  leads to the development of f lak-  
ing [4] and, for T ~ (0.4-0.45) Tmelt  , bl is ter ing is observed. A Stereoskan-180 scanning electron microscope 
was used to study the surfaces  of i r radiated targets .  

Trans la ted  f rom AtomnayaEnerg iya ,  Vol.50,No. 1,pp. 25-29, January,1981.  Original ar t ic le  submitted 
March 27, 1980. 
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