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INTRODUCXION _ 

_ - - . . . 

During the past two decades the family of thermoanaIytical methodshasbeen 

complemented by the:techuique of-emana tion thermal analysis, a method-which is 
based on the inert gas release from solids_ The emana tion method, known in radio- 

chemistry for more than haif a century, has undergone in recent years a palticnIarIy 
important -development in theory, instrumentation and app!ic.ation Requirements 

of nuclear technology, i.e., to understand inert gas behaviour in irradiated nucIear 

fuels, as well as the rapidly in creasing bowledge of the solid state, contriiuted to the 

development of the theory of the method- The requirements of -more and more 
sensitive experimental techniques in the investigation of solid-state processes, to- 

gether with modem nucIear instrumentation developed in recent decades, facilitated 
the expansion of the emanation method to various branches of scitnce and technotq~_ 

The method has found diverse appiication in sohd-state chemistry, physicaI chemistry, 
mineralogy, metalla~, silicate chemistry and ceramics, polymer cdl tmistry, -et& 

Inert gases have become the trace indicators of the soIid state and its changes. They 
have aho been widely used as uuivers&I~ indicatcrs in analytical chemistry for the 
analysis of gases, liquids and solids_ 

The number of publiations dealing with the matter has steadily increased 

since the beginning of this century_ Review artichzs by Zimens’ (1942, 1943) and 
Hahn2 (1949) were followed by surveys of inert gas applications in various branches 

by ChIeck et aL3 (1963), Zhabrova and Shibanova4 (I967), Ichiba’ (1968), BaIek 
and Zaborenko6 (19683, Tijl_gyessy and Varga7 (1970), Balek*-r” (1964, 1969, 1970), 
Mat&z”* I2 (1969, 1970), I&si&e’3 (lo72), Fe*bxr4. I5 (1973) and others. An 
important place was aliocated to the emanation method znd the inert gas difkion 
solids in monographs by Hahn” (1936), Wahl and Banner’ ’ (1951) and Adda and 

Phiibert18 (1966). Zimen, Freyer” (1966, 1968) and Zimen and Mickeleyzo (1973) 
issued a biblio_eraphy on the inert gas release from solids. 

However, a summarizing and c&sifying survey of the practical viability and 

limitations of emanation thermai analysis for the solution of specific probkms in 
various branches together with an outline of the state of present-day theories and 
their feasiiility dm not exist in recent Iiterature The present work aims at improving 
this situation and the facilitation of further appiication of emanation thermal analysis_ 

The subject matter is divided iuto six chapters_ Chapter i gives the deiinition 
and h&or&I development of the method, Chapter 2 deals with techniques used for 

the IabeIing solids by inert gases_ Chapter 3 and 4 outline the theories of inert gas 
rcl~ from solids in cases of introducing into the solid inert _gas as such and its 
parent, respectively. C!xapter 5 deals with the measurement of inert gases used in 
E’J-k The possibilities and limitati~us of the method itself as weil as some important 
ap_+ations are dealt with in Chapter 6, 

The preseut work does not pretend to give an exhaustive bibIiography OQ 
emar don them& audysis; it is intended rather to give instructive guidelines. certain 



principks of radiocbernistq and nucku physics related to the methtxi are given here, 
sina many redxs may be unfamiliar with these concepts. 

During the years of colkctin~ material for this review a number of institutions 
and persons from all over the world have been helpfti to the author who is especially 
indebted to M-cow State Universi ty and Profs. A. N. Nesmejanov and K. 33.2&o- 
renko (USSR); Prof. W, Seelman-Ewbert; Dr. _Hj. Mat&e; Messrs, Netzsch- 
Ger5teba~ and Dr. W. D. Emmerich @xieraI Republic of Germany); The Institute 
for Catalysis Researc b; Dr. P. 33ussike and Prof. G. Clandel (France); Prof. R Kelly 
(Canada); Prof. F. .W. Felix (Berlin-West); Prof. J. ANid HedwaJl (Sweden); Prof. 
J. ‘Qltgessy and Dr. c Jecb (Cnechoslovakia). The work could not have appeared 
in its present form without fruitfd discussions and criticism of Drs.- P. Hoiha, 

K. Hahersherger and other colleagues of Prague and ReZ. Numerous -foreign 
coIkagues are also acknowkdged for _permission to reproduce their graph&4 E&U- 

mention. Many thanks are due to Professor W. W. Wendlandt, Editor-in-Chief of 
Z5erznocLCnu.~ Acta, Texas, U.SA., for his encouragement and critical remarks, and 
to -Dipl. ing. K. &slavsk$, Prague, for the careful reading of the manuscript 

Finahy, the author &arks Mr. M. Pracha? for preparation of the Iine-drawings.. 
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C-P-1 _ - . 

BASIC PRINCIPLES-AND HISTORICAL DEVELOPMENT ; - 
- . 

-_ - _. 
1.1 DejiniUiz of themethod - - 

Emanation therm4 analysis (ETA) is the method by means of which informa- 
tion about the solid state and its changes is obtained on the basis of inert _a release 

from solids measured at various temperatures. Strictiy speaking, emanation thermal 
ad_ysis is not a method of anaiysis~The‘parameter measured, i.e-;the total amount 
of inert gas* released or the velocity of inert gas rekase are ued for the character&a- 

tion of the solid state. 
hxrt gas atoms arc used as ace indicatofi cf the solid state and its cbangcs. 

.%th ETA, both radioactive and non-radioactive (stable) inert gas isotopes can be 
u~xd, nevertheless the radioactive mert _@scs are more advantageous for their easy 
and sensitive detection. The inert gases do not react with the solid, in which they were 

incorporated in trace amounts before the measurement. The inert gas release measured 
is controIied by physiuxhemical processes of the solid studied. Structural changes, 
interaction of the s&d sample with surrounding medium, or the establishing of 
chemicai equ$ibrinm which take place in solids bring about microscopical processes 
followed bythe inert gas release. .- 

_ 

1.2. TernzIkoiogy 

The radiochemical method proposed by HahnI for the investigation of solids 
by natural radon isotopes (emzzration) has usually been calied the Hahn emanation 
method. Later, when other labeling techniques and inert gases were used, v&ions 
names for the method concerned were invented, such as the method of emanating 
power (la m&&ode du pouvoir d’&nanation*‘), the evolution of radioacf3ve inert 
gax% (Knission des gaz rares radioactifs, EGGR2~, the-method of surface-_eas 

bling23-26P etc. A more general term, the radio-release method”, has sometimes 
been used in this connection. The radio-release method using the radioactive isotope 
of krypton for the labeling solids has been called dekryptonation thermal analysis2s. 
In spite of the fact that various gases and various techniques of-sample labeling can 
be used with the method in question we have proposed’O. 29. 3o the term emanation 

thermal analysis, taking into account its historical development. The abbreviation of 
the- term is ETk.Tbe name, -emanation method”, should be reserved for- the radio- 
anaIyti& method of r@ium determination in mineral waters based on the measur.6 

ment of radon, the daughter decay product of radium. 
. _ ~~ I -- \ _ _-_ - _-__ _ar_ _ -- 

_ -_- ._ 
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The exktence of radioactive emanation was 6ir t descrii by M. Curie3’ in 
1900, i-e_, oniy a few years after the discovery of radioactivity_ Ruth~rford’~ (1901) 
in Great Britain and Kolovrat-Chervinskii 33 (I 907) v rorking in the laboratory of 
M. Curie in Paris first showed thzit the refease of radioactive emanation from radium 

s&s is dependent on tempera- 
In the i92Ys and 19M’s Hahn and his co-workers developed in the Kaiser 

Wr&Im institute for Chemistry in Berlin, Germany, the emanation method which 
enabled the investigation of surf&c &an_- of precipitates34 and modification changes 
of solids3 5. 

Baranow and his co-workers 36 (1936) in the USSR. wereengaged in emanation 
mcasurcments of SOI& h$ny publications of that time came also from other Iabora- 
tori- such as the Institute for Metallurgy in Stutt_eart (Werner et a).), the Chemistry 

Institute of the Technical University in Stuttgaart, G ermany (Fricke and his co 
workers), and the RadioIogical Institute in Prague., Czechoslovakia (I@hounek)_ 

In spite of the fact that, after the discovery of uranium fission by Hahn and 

Strassmau3’ (1938, I939), the interest in naturally radioactive nucJ.ides declined, the 
emanation method has been further developed in Germany under Professor 0. Hahn. 
There, Fiiigge and Zimens3s (1939) devised the first theory of the emanation method, 
Zimers published papers’ summarizing all the work concerning this subject matter, 
Rmrch work on the emanation method was carried out even during World War if, 

particu’arIy in the Institute for Silicate Research in Gothcnborg, Sweden, under 
Professor J_ Arvid Hedvah (Jagitsch and others)_ 

After 1945, several research groups in Europe dnc eisew’rere were enga8ed in 
the app!ication of inert _gas re!ease from solids, such as rhose at the Technical Univer- 

sity Stuttgart under Professor R Pricke; at the Univer&; Df Ma& F_RG_ under 

Prof-r F_ Strassman; at the UniXrsity of Graz, Austria under Professor G. Hiittig; 

at the Chalmers Un&rsity of Technolo~, Gbteborg, Swzdeu (Zimen and his co- 
workers, Lindner and his co-worhers): at the University of Braunschweig, F.RG.; 

(Linduer, Matzke et al.); at UK_ Atomic Enera Research Establishment, Harwe& 
Great Britain (Gregory; Moorbath and others); at *he University of Melbourne, 
AustraIia(Anderson, Baulch and others); at the Nuclear R esearch Center Ispra, 

Italy (KdIy, Mat&e et al-); and at the Hahn-Meitner Institute for Nudear Research, 
Berlin-West @men, Felix, Gaus and others). 

Numerous studies on the emanation power of minerals were published at the 
Khiopii Institute of Radium in Lmingrad, U_S_S_R, by Starik and his co-workers_ 
The reIease of inert gases of radiogenic origin concerning the d-on of the 

absolute age of geological materials was studied at tie Academy of S&mcesi Moscow, 
USSR (Geriing et al,); at the Leningrad State University, USS_R_ (Murin et al.); 
and at Da-g&an State University, Makhatschkala, U.S.S.R (Amirkhanov- et -al-)_ 

A number of experimental and theoreti&l Papeti -were pubhsbed Gy ‘tplo . - . _ ..- 
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research groups in Moscow; at Moscow State University (Z&ore&o and her CD- 
workers) and at the Academy of Seienees (Zhabrova and her co-workers). . ~. 

In France, -the e manation method has been experimentaIIy.and thcore&aIIy 

developed at the Institute for Catalysis Research VilIeurbanne-Lyon (Bussierr, 
Claude1 and others). 

fn a number of laboratories aII over the worId various techniques for the 
Iabehng of solids have been developed. For example the labeling techniques based 
on the recoil effect of fission inert gases were developed at the Japan Atomic Energy 
Research &*te, in Tokai-Mura (Yajima and his co-workers); NucIcar Reactor 

Center Scilxxss.i~n, Austria (Ross); North Caroline State University; and BatteIIe 
Memorial Institute, Cc’umIxs, OH, U.S.A. (Morrisson, EIIeman). 

The diff&on technique for IabeIing solids by krypton was established by ChIeek 
and his co-workers at P arametrics fnc, MA, U.S.A. Other techniques of the inert _w 

inwrporation into solids were developed at the Chalk River Nuclear Laboratories, 

Canada (Kelly and others); at the Czechoslovak Academy of Sciences, Prague, 
CzehosIov&& (Jesh); and at the University of Technology, Bratislava, Czecho- 
slovakia (T5Igyessy and his co-workers). 

Ion bombardment techniques, largely developed in the 1950’s and 1960’s for 
the purpose of eIeetronics, have been sueeesfully used aIs0 for the I*ling of solids 
by inert gases. The studies concerning this subject were carried out, e.g., at the ChaIk 
River NucIear Laboratories, Canada (Davies et al.]; at the NationaI Research 

Council, Canada (KomeIsen et al.); at the University of ;iarhus, Denemark (Alm&r 
and Bruce, Lindhard and others); and at the University of LiverpooI, Great Britain, 
(Carter et al.). 

In this way, various problems of solid-state chemistry, merahurgy, physicat 
chemistry, cataIysis and other branches have been investigaed by means of inert 
gases. On the other hand, the inert gases brought abo1.t some problems in nudear 
technoIoey, such as the swehing of nuclear fuel material. Numerous inert ,m diffusion 
studies have been conducted in various laboratories (like the Argonne National 
Laboratory, Brookhaven National Laboratory, U.S.A. *tie NucIear Research Center, 

SacIay in France; Chalk River Nuctear Laboratori , Canada; and the Japanese 
Atomic Energy Research Institute) to imprave the understanding ar?d control of the 
proce.s of swelling of nuclear fuel and the fission product release in nuclear reactor 
fuels. In place of reactor fuels, non-fissionable sohds such as a&ah and aikaline-earth 
halides have been frequency Investigated with the expectation of getting a better 
I&gilt into more comphcated tissionable material. For this purpose IabeIIng techniques 
w on the neutron activated nuclear reactions have been sueted and developed 
in the Hahn-Meitner Institute for Nudear Research, Berlin-West (Zimen, Felix and 
their co-workers): at the Nuclear &search Center KarIsmhe, F.RG. fSchmehug 
et aI.);and at the NucIear R esearch Center Studsvi& Swede-r; ,‘LagervaII). 

In the U.K. Atomic Energy Reseamh Establishment, _HarweII, and Ordord 
University, England, theoretical studies were ear&d out by L&iiard”and,Norgett 
(1968), whichsigni&cI the.beguming of a new insight on the inert gas retipro&+es 

r-_ 
. 



IO 

from inajiattd solids. Theoreticai studies done by Kelly, Marzke and Jech G Nuclear 

Research Center, Ispra, Itslv, McMastex University, Harniltoa-Canada azd the 
European Institute for Transuranium Elements, Kari~.ruh< F_R_G_. between 1964 
and 1970 established the- bases for the evaIuation of inert gas release measurements 
from solids laix&xi ty ion bombardment. 

Thermoaualyti~ methods (such as DTA.,-TG/DTG, dilatometry), X-ray 
parterns etc., have often b used as supplementary methods of ETA, However, 
questions were raised concerning the comparison and interpretation of the results of 
the above-mentioned methods- To answer these questions and to ikd n&w appLica_ 

tions of ETA, systematic work has been undertaken by BaIek and his co-workers 
at the Charles University, Prague, and the Nuclear Research Institute &Z near 
Rag& czechosioYakia, 

Ins%ruments permitting simuhaneous ETA measurtmen ts with such methods 

as DTA, TG/DTG, EG_4 and dilatometry, have been desigued in various European 

laboratories and have been commercially avaiiabk from Messes NetzcbGer%&au 
Inc., Mb. F_RG. These iustrumcnts differ greatly from the laboratory apparatus used 
by Hahn in the 1920’s and 1930’s_ instead of an ionisation chamber connected to au 

elechxxope, the scintillation or semicondudor detectors are used to measure the 
amou3l of radioactive inert gas released_ Mass spectrometric detection or thermal 

conductivity detection is used for non-radioactivegases,_ Ncwequipments areequipped 
with automated tcmperatme control and automatic recording of ail of the parameters 
measured, 

‘The switch over from the emanation methods to emanation thermal anaIysis 

described above can alsO be documented by a number of publications deaIing with 
the inert _S release_ Fig_ I shows the diagram of the number of papers published in 
each decade from 1900 to 1970, 
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LABELING OF SAMPLES 
_ 

InmostcasesmateriaIstobe examined by_E’fA do not contain the inert gas, 
and it is the&fire nec&sa& & l&l the solid with the inert & in order to make 
possiile thtsubsequent r+asurement of gas relezse from the sample- The techni&es 

of labeling cons& in general, either in the introduction of the inert gas itself, or in 
the bxx-porasio~ of &pare& nucfide (as the inert gas source) into the solid_ Ihe most 
common techniques of the incorporation of inert gas itself are based on: 

(i) the diffusion of inert gas into soIid under high pressure and temperature; 
(iii the indusion of inert gas by sample during its preparation or phase traasi- 

tions ih the gas atmosphere;. 

(ii9 the bombardment of the sample surf&e by ac zelerated ions of inert gases. 
For the introduction of pareit nuclides the so-ca!Ied (i) incorporation technique, 
(ii) impregnation techuique, or (iii) recoil techtique are mainly used. 

2.1. Intlt gas sources 

Natural radioactive inert gases such as -radon isotopes or common non- 
radioactive inert gases (e-g_-, argon, krypton, xenon) and their radioactive isotopes can 
genera&; be used for ETA-&easur~_ilents_ The radioactive inert -gases are preferred 
because of their easy detection_ Radioactive isotopes of inert gases which can be 
usedinETAaodth~rcharacteristics3’arelistedinTable1_ 

Nuclear reactions yielding inert gas n&ides can be used for the production of 
in&t gases- Examples of nuckar reactions producing inert gas of not too short half- 
!& in amounts suffi&nt for the emanatidn measurement are given in the following 
SeaiOnS. 

2.1.1. Nuclear reactions produc.sTe hmt gases 
(a) Alpha &cay. The list ot Inert g=s n&ides formed by alpha decay of their 

ancestors is gi~cn in Table 2. By su;urquent decay of inert gas atoms non-gaseous 
products, c&d “active deposit”, are formed- The naturally radioactive parent atonis, 
the proper inert gas atoF and the active deposit atoms belong to chains of successive 
decays which constitute radioactive families or series4*. 

(b) Beta &my_ ArtifiGal!y produccd radioeiements undergc+g beta decay a 
also be used for fhe prod&ion of inert gas atoms_ Some of the m and parent 
nuclidcs arc l&ted in Table 3, 

(c) Neutron acfivazed reacriom. The inert &s atoms can be formed in a number 
of solids by neutron irradk&on in nuclear &actors_ Neutron&tivated nuclear 
reactions@, p) (n, cc)‘and (n,-y) and &ion (n,- f) or;cu~ in these cases. Table 4 IiS& the 
inert gases which & bk p%oked by fasr neutron irradiation in compounds contain&g 

akaliand&alineearthelements. _ - _ _ 
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TABLE2 

1AOOa 

191 a 

3.68 d 

21-8 a 

183 d 

= a 
-F&-“Rn - 3.82d 

4.78 MCV 5s MeV 

a 1 5_42MeV 

a a 
-== - -Rn -55.65 

5.68 McV 629 McV 

22a 

212pb 

IO.6 h 

‘xs~ 

7_4m . 

TABLE 3 
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I --L =%e + -Xc 8.0 0 

_ 

-The poss~%iIities of (n, 7) nuclkw reactions by thezma1 neutroumrk shown in 
Tabk 5-0n the ML By (n, 7) reactions radioactive halogen atoms are produced which 
are *Jansfo.pled by beta decay intd st.abIe inert gas atoms_ During tte r&c&r irradia- 
tion of the stable -inert gas, a second neutron activation process produces detectable 
amounts of. radiOactive inert ,eas n&ides (see Table S-on the right). -By &ion 
reactions (n; fj of uranium or thorium several Kr and Xe isotopes (e.&- !%r, ?B?Xe, 
“‘Xe) are formal amongst a large variety of other nuclides.~ . -: 

>L _ - c- -‘.Z. _-_. - 

2_1;2, Label~gsoluc~. -. - _- : 

Parcut nuclides ~roclucing inert gas by n@ear reactions are -desiguated as 
labeling sourcesSof iuert gas atoms,-and used either as extemal -of- int&nal la@eling 
s_urcq_- ^ _ - - - _ -, .” - __ ‘, ( _~ = - _ - _ -._._ __. _-.-: -_-. 
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<- . .im .i(l)xadium nucli&. !?%a, k.a&&bed on &e-sample su&cexind&.d~n 
- h&lid& -“?+; is @rnx$ by its elm-decay and itmduced into the sa.m@le byStie 
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ncutr~~~~ is an external soura of f&ion inert gases. ineae gases are then introduced 
into the sample surface by the action of their recoil aergy. 

The conapt of an internal labeling source assumes the incorporation of inert 
gas parent nuclides into the Iattia. In some cases ions of parent nuclides are con- 

stituting the httice. 
In this chapter various techniques of lab4ing solids with inert gases wih be 

dtihed. The techniques are divided into two groups: 

(i) techniques introducing the parent nuclide of inert _eas; 
(ii) techniques introducing the inert gas v&hout the parents. 

22. Techniques in~mdbcibg he parent m&de of inerr gas 

2.2 I. Incorpwmion rechnique 

‘_rhi technique proposed and deveioped by Hahn r6 and his co-workers in the 
19ZO.s and 1930% should be named first of all. The technique consists in incorporation 
of a parent nuclide producing the inert _a into the sohd. The introduction of the 
parent atoms into the labeled solid is usually accomplished by common crystalfization 
or co-precipitation from the solution containing the radioactive parent nuclide in 
txace conceutratious’*, e.g., IO- ’ I n-solution of “9 representing about 4 x lo3 
s- ‘ml- r. 

For metal oxide hydrates of gel structure, the adsorption of the parent nuciide 

atoms into the precipitate can be used. In the case that tie specimen is a compound 
where crjstallization or adsorption of*% parent nudide cannot be carried out., it is 

possible to label another cornpourS fro,- which the desired compound can be 
prepared. In this way inorganic oxides wezrc prepared by the thermal decomposition 
of hydroxides, &nates, oxaIates etc.* r . Mtied oxides of the spine1 type are pre- 
pared*= by heating the mixture of sim;JIe oxides, hydroxides or carbonates. Metal 
nickel containing the parent nuelide, “6&., WAS prtqared by the reduction of labekd 
NiO in hydrogcnc3. 

Zeolites (chakite and heukmdite) were labeied by rW~~~ging calcium ions 
for barium ions charged with 22sRaU. It was z5ow1 that the ien exchange for radium 
adually takes &ace in the bulk of the minerai and &at radium is not merely adsorbed 
upon the surf&~ of the aystahitf~ whose _mular diameter was 0.13 mm. Radium 
was successfully incorporated into metals by ekctroIysis or meIting45. Incorporation 
of the parent n&i* 1331, into AgI can be achieved by its precipitation from a 
solution collmiuing “% Labeling of aIkaI.i iodides with * 33Xe was successfully 
accomplishedi by growing the crystals from the melt containing r 3 31. The resuhing 

spa5fk actkity of the labeled sampIes1o was usua!ky 3.7 x f04 s- ’ (i.e. 1 microcm$e) 
of 22sTh per ,eram of sampk. 

The distriiution of the incorporated parent should obvio&ly be uniform if it 
can be grown isomOrphonsly into the crystal iattiq e.g., as radium in barium s&s. 
With regard to the spatial distribution of the inert gas atoms formed as daughter- 

products of “STh in a soli& the foilowing consideratious seem to be justifS. When 
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an atom of,22 ?Kh disinte_~tes; the resulting atom of 224Ra is ejected along a recoil 
path some 2&30 nm in length; the same OCCKG when atoms of “.?Ra disintegrate 
into 22oRn. Irrespeztive of whether the parent, z2sTh, was grown isomorphously on 
a proper cation site, or located on a surface or an interstitial position, there is a very _ 
high probability that both the daughters, ‘=(R.a and 2.2GRn, end up in some inter- 
stitial position remote from vacant cation sites. This can lead to a random distribution 
of 224Ra and 220Rn atoms within the Iattice which in a statistical way can (but need 
not) result ia a uniform spatiai distribution. The final distriiution is dependent on the 
structure of the lab&xl solid and can be changed as a result of diffusion by heating 
of the sample I3 When the density of trapping sites for 224Ra and “ORn in the . 
structureofaiabeIed solidis highenou_&, the uuiformdistributionoftheprent 

shouldremainduringheattreatment, 

2.22. Impregn5tkm techni.e 

In cases where no possrMity of introducing the parent nuchde during the 
preparation of the sample exists, it is possible to use the so-called impregnation 
technique. This technique consists of treating a substance to be label& with a solution 
containing the radioactive parent nuclides. The specific radioactivity of the commonly 
used labeling solutions contaiuing “STh and 224Ra is in the order of lg4 s- ‘mi- ’ 
(i.e., several microcuries ml- ‘1. The impregnation technique was successfully used for 
labeling minerals, various chemical products delivered corumercialiy, etc. The resufting 
specific activity of the IabeIed samples is in the order of IO4 s- ‘g- ’ (i-e, of se&al 
microcuries g-l). 

As to the distribution of the labeling atoms in the solid-the following con- 
siderations can be made. We can suppose that the f2STh parent atoms are present 
after labeling by the impregnation technique, only on the surface of the solid (see 
Fig. Zj. The daughter products, ‘?%a and 220Rn, are immediately injected as a 
result ofth&recoiiin+othe dept.hofthegr&s. Themaximum depthofpenetmtion 
of 220ti is two path Iengths of the recoE in the given substance_ This is about4’ 
60 run in the substance of a mean density of 3 g cm-3. If no special homo_&zation 
measure anz taken, the impregnation technique usually yields a non-uniform distribu- 
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tion both of the parent nudides and the inert gas atoms in the solid_ In cases whew the 
dimensions oC grains of the solid to be Iabekd are of the order of hundredths of a 
micrometer, the uniform distriiution cf the inert gas can be assumed, By heating 
solids to their meiting temperatures, the initially non-uniform distribution of the 
parent m&ides obtained by the impregnation technique cam be changed in some cases 
to a uniform one. 

223 Reed techn&ue 

An interesting way to incorporate the 224Ra parent nuclide was proposed by 
Jcch”_ This technique is based on the effkct of recoil of radium (‘=%a) atoms at the 

moment of their formation by alpha decay from thorium (22%)_ Atoms of 22%a 

from the “‘Th recoil source possess energies between 500 and 100 keV which are 
sufikient for their implantation into the surface layers of solids_ The concentrations 
of5 x 106t01 x 10 ’ ‘=%a atoms per cm ’ of surf&z were obtained which give 
radon concentrations of 8 x lo3 to 4 x IO0 of 2zoRn atoms per cm2 of surfaaz. 

22-d. ik of inert gas raiiiogenic fotmalion in mikrak 

It is obvious that uranium, radium and thorium isotopes prescut in natural 

minerab cm be considered as the parent n&ides of inert _N Inert gases of radio- 
gcnic origin are in some cases present in an amount sufficient to allow emanation 
measurements, AnalogicaiIy, ioAr is formed in minerak by the decay of the natural 

radioactive isotope, J°K_ Over a long period there accumuiates a measurable amount 
of radio-tic argon which is oRen used for the determination of the absolute age of 

mineral and rocks*9- ‘O_ 

225_ IJrorfrrcrlbn of &ert gas atoms from corresponrfing parent m&ides 

(a) Sponfaneous ra&oacZit-e decay_ The amount of inert gas atoms N, formed 
as a dau&&i prodact from the parent atoms in time t can be expressed by the 
following equationSo 

N2 = [i-r@2 - lir)j NT (c--ilr - eDis) (9 
where Afz denotes the amount of the pareut atoms present in the sample at time t = 0 
after iabelin~ I,, and i, denote the characteristic decay constants of the parent and 
daughter atoms, respectively*_ As the parents. 22sTh, 2z6Ra and “‘_4c are of a 
longer half-life (it Q i- z and @& % (tII2)2)r than the daughter inerr gas atoms 

(+zo=-% 
222&, and 219 

Rn, nspectiveIy) and the activity does not decrease measurably 
during many daughter half-lives, a state called radioactive equilibrium is reached ip 
the sample after a certain timea (10 daughter haWives are usuaHy taken), It Can be 
readily seen from relation (1) that after this certain time, e-lx’ is ne@igiiIe compared 
*a e-‘I’ _ Since Ehe vnount of the parent atoms present at time f eqti N, = N; x 
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e-*1’ and 2, Q 2, we can write, NJNr = I,/&. This me&n, that the amounts of 
parent and daughter atoms present in the labeled solid in-the ~equilibrium state is 
constant. In the case of relatively long parent’s half-life we can speak of the stable 
(continuous) inert gas source. If the parent is shorter lived than the radio&t&inert 
gas, which is true in the case of iodine, 133I (11,2 = 20.8 h), uG$ as the parent 
nuclide of xenon, r3’Xe (r112 = 5.6 d), after a certain time cl0 parent lntlflives) the 
first term in the equation (I) e --11’ is negligible compared with e-+‘. This means 

that the parent atoms of 133I after this time are practically fully decayed and the 
amount of the daughter inert s 133Xe, present in the sample diminishes according 
to its haWife. In this case we can speak of a temporary inert ~gas~ource. - ~ 

As to the amount of the radioactive parent nuclide used for theAi&orpo&ion 
into the labeled solids, a trace amount is usually taken. For example in the case of 
ZzSTh, we customarily label a solid to achieve the-specific activity of 1.0 microcurie 
(3.7 x lo* s' ‘) of parent isotope **‘Tb per 1 gram of the sample. When radio- 
chemical equilibrium between the parent and daughters nuclides is established, this 
corresponds to the presence of about 3 x IO” atoms of 22sTh, IOr” atom of ‘=%a 

and 5 x IO5 atoms of **‘Rn per gram of material of any instax&‘. This corresponds 
to a 220Ru concentration of about IO- I4 to 10’ l3 atom %. 

Using ’ 331 as the parent nuclide for 133Xe, concentratio.ns of 5 x IO’* to 
4 x lo’*atomsof ‘33Xe per cm3 of RI, RbT &nd CsT are obtai~ed~~. The g&~ 
concentration of 4 x 10’ z Xe-atoms per cm? corresponds to 4 x lo- 1 O mole faction 

in RI. 
(b) Neutron acliratedreacrions. The amount N, of the inert gas present in the 

labeled substance as formed by neutron irradiation can be expressed by the following 
equation40: 

N2 = # tr Nr (I - eeil’) (2) 

where N2 denotes the amount of the inert _9as, N, is the amount of parent (target) 
nuclide, A2 is the decay constant of the inert gas, C#J is total flux of neutrons, Q is cross 
section of the targeh I is time. The target used in the nuclear reaction can ‘be considered 
as a temporary labeling source of inert gas, the duration of which is given by the 

time of neutron irradiation. 
Figure 3 shows tbz nuclides of the periodic system which can be utilized for 

the inert gas formation by neutron irmdiation. 
The (n, p) and (n, a) reactions listed in Table 4 were advantageously used for 

inert gas formation by Kalbitzer” and &hersS2-‘q SchmclingS5 and Felix and 
co-workers’a. “. “j. 

_ DilGrent combinations of gas producing reactions activated by neutrons are 
possible arrd offer an opportunity to label a solid tith two various gases: e.g., by 
neutron Non of ICI and RbI, the gas mixture of Ar/Xe -and Kr/Xe on be 
produced. U-doped alkaline earth fluorides take sufficient U?? into the lattice so that 
Kr &d Xe can bi= introduce&.besides the-gases- producedby the &a) reactions.?. 

Table.6 summaZzes-inert gas concentrations produced by reactor&ad&ion id RbI 

_ - 
_ .-. 



Fw 3, Xdides and rzutrcm m&car rcxtions utiibk for prodoaion of radiozdve -a== 
with half-life gmxcr than 1 hour- 

TABLE 6 

and CaFz pure and doped with U. The distribution of inert gas produced by nuclear 
reactions depends on the distriiution of t&e target dement in the solid, Ifit is uniform, 
the gas distriiutior~ cau also be assumed to be LmifornL 

23, Technique for imroducing rhe iim-t gas without parent 

After experimental investigations, it seems t&at uuder ordiuary conditions the 
inert gas atoms do not dissohx in metals and ionic crystals and do not permeate 
through them. The conditions of high energy gas ions, high temperahue and high 
&s pressme are required for impeliing the inert gas iutd the solid_ -Ther& &ists a 
ntiber of tedmiqnes u&i& can be used for direc$ incorporation of iuertgas atoms 
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into solids_ -AU of them are, in general, charactenztd by-a definite -quantity of the 
imrodumd gas which demeases at the time of storage or during-the measurement_ 

The most common techniques are based on: - 
.- (i) the Fecoil effect 0fnucIear reactions; ’ . 

(iii 4on bombardment; - - 

(iii) diEtion technique; 
(ii). direct gas introduction during sampte~preparation or phase transitions. 

r _ 

231, TeckniQues utiliz%zg the recoil energy of nuclear reactions 

These techniques need intimate contact of the labeled solid with the external 
inert gas source_ This contact is achieved by the adsorption of alpha-decaying parent 
nuclicie on the su&aaz, _by irradiation of specimen wrapped -in uranium fo& or 
surrounded by an atmosphere of -Lhe inert gas_ Recoil energies of alpha-decay and 
neutron-actkakd reactious have been utiiimd for the inert gas introduction. 

2.3.1.1. Afpho-deeay. For introducing radon into a solid, it is possible to IJSZ 
the recoil energy (85 keV per atom) of its atoms freshly formed by the decay of radium, 

Lindner and Matzke5’ have used this technique for labeling a large number of ionic 
compounds in a powder state_ * =*Rn ions are adsorbed from a -solution on the 
surface of the k&&d sample. After a certain time (optimally 5 weeks; i.e., 10 taKiives 
of 222b wht*n the equiliirium concentration of the radon formed is achieved) 

about 50 per ant of the radon forms ptmztmtes into the sample surface. The tidium 
is then washed from the surface of the powder_ The labeling performed is super&~ I 

with nearly linear distribution of the inert gas. With a suffickntly @e powder (particle 
size O-1 p) a uniform distribution of the inert gas can be obtained, . 

23.12. Neutron-activated reactions. Using parent nuchdes as external labeiing 
sources of inert gases, recoil energy of foilowing neutron-activated reactions can be 

used for the inert gas incorporation (see TabIe 7) 
The use of %sion reaction for introduction of inert gases into non-6ssionabie 

solids was chosen as an example. By fission reaction (n, f) several Kr and Xe isotopes 
(88R&_ r 33xe, 13’Xej are formed amongst a large variety of other nuclides. However, 
af& a decay period of about five days after *&e.neutron irradiation; no SssionabLe 

ma&al contains any radioactive gas but ’ 33Xe (f1,2 = 5.6 d)_ 

TABLE7 _ 
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The iabeling of non-lissionaMe solids can be done by irradiating the sampie 
to be labeled in contact with a fissionabie solid_ The iabeied solid was mix4 with 
fineuraniumox.idepowder_ Withtheweightratio of UO;ZtotheIabcIedsu&tancc 

of 30 I I, about 90 per cent of the gaseous fission products are found in the soiidss. 
This technique wxs applied by Yajima et al.‘* for hbeziing oxides, by Kawasakis9, 
by Ko&* for Iabeiing various metal wires and fox%, by Morrison et aL6’ for labeling 

singe crystals z+Iph=Al,O,, &o, MgO, and ZrO,- In the last group of cases, the 

exposme Icvcl was such rhat Ihe normal fission product content was IO’” fission atoms 
per cm2 at the surfaa of the samples- FoIIowing the irradiation, the UO, was 

separated from the specimen and the sampies were cleaned with distiIIed water in au 
uhasouic bath_ SimiIarIy, Eliemau and co-workers62 used the recoil enerw of the 

f&on reaction to prepare Csi IaheIed by ‘33Xe_ The crystals were surrounded with 

enriched 235U uranium foil and irradiated with thermal neutrons. This technique 
has the advantage of being appiicabie to any non-lissionabie solid- The fission recoil 

labeling was carried out at 3 x IO” &ion fia_gments/cm’, i_e. 5 x 1014 Xe-atoms/ 
cm3 yiiiding a 5 x IO- 3 moie fraction in IUs2 _Astothedistn~utionoftheinert~, 

it should be born in mind that the fission recoil ran_ees are low in most solids (abotlt 
IO pm) so that this ttchnique is suitabie for the iabeiing of the surface Iayers, 

Another example of inert gzs incorporation into a solid based on the recoil 
effect is the (n, 7) reaction in the atmosphere of an inert gas. This technique was used 
by K~IIY~~ for the I&ding of ahxminum, TiO, and numerous other powders with 
argon, krypton and xenon- The sampie is pIaced in an atmosphere of an inert gas in a 

sealed ampoulc and irradiated with a flux of fast neutrons. The neutron bombardment 

results in a (n, 7) reaction and gives rise to radioactive inert gas atoms which are 
implanted into the surface of the solid- Aboct IO-20 per cent of radioactive xenon- 

isotopes formed by nudear reaction are 6.xed as a resuIt of the IO0 eV-recoil ener_gy 
in the surfaa Iaycrs of the solid_ 

The great possibiiity of the ion bombardment technique for implanting inert 
gas atoms into soiids has bezn descn’hed in numerous papers published since 1950 

and in two monographs by Carter and Coiligon6” and by Dearndcy and ~workcrsb5. 
There exists a great methodical variability of the ion ‘bombardment technique which, 

obviously, can be appIied to any solid mate&L 
ZJ_z,I. Appmmus, At present there exists a whoie range of techniques for 

ion bombardment_ In one technique, ionized atoms are accderated with a high 
voItage66-6= and in others, ionization and accelerations of gas atoms occur in a 

W69- To, 26 oramkrowave pIasma”_ The process of introducing gases into 
solids used in these pumps has been studied’2. Ion-bombardment equipment most 
fi-equently used for the implantation of inert gases into solids can be cha&terized 
by F folIo*ing principles: 

(a) In a yacum discbar@ tube, atoms of the inert gas are ionized by eiectrons 
emitted from the cathode-or a high-f&qucncy discharge- The ions formed are 



Fig_ 6. D&am of apparatus for introducing a gas by ion bcsnbardmaxt in a high-fi-cq~ 
dis&argc. 1 = adsorption pump; 2 = inat radioactive gas resew*, 3 = sample cdl; 4 = me- 
tal& calciuin for inert &as puriikation; H-F = high-fqucncy &Id gi;,naator; M = vacuometer; 
K&K+= w&iuinglassapwratus 

accelerated by the potential drop and strike the target co~ected to a cathode with 
an energy which dcpcnds on the voltage- Some of the impiqing ions are trapped in 

the material of lhe target, A ciiagram of this kind of apparztus is shown in Fig 4, 

The ion source by Carter73 operates in a rather high vacuum (IO-4-iO-3 Pa). 

Equipment of this type makes it possible to produce a bigbIy concentraM beam of 
highly ene@?tic ions (up to 100 kev) and is best suitx5d for labeling metal targets or 

bulk material. 
$P) Some authors, such as Aimen and Bruce74mand Davies and co-workers7 5* 76, 
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have used ion sources with an electromagnetic isotope separator and obtained very 

weil-defkd beams of ions witb definite energy, mass- charge and entrance an&s_ 
The schematic drawing of an eIectromagnetic separator is shown in Fig- 5. It cotiists 

of an ion soufce, mass separator and a target chamber. The _gs atoms to be implanted 
are ionized to obtain the required type of ions- These ions are extracted from the 
source and acceIem-bd in a strong electric field_ The beam is then detIected by a 
magnet and sIit con@uration, so that the de&red ions can be separated from the 

unwanted ones hatig different masscs- A second acceleration step which is not 
shown in Fig_ 5 is often applied after the mass separation before the ions impinge 
on the targe~lhe beam is scanned across the target to obtain homogeneous IabeIing 

(c) An apparatus for introducing gas traces into soiids in a high-frequency 
discharge was proposed by Jechz5. The schematic drawing of rhe apparatus as 
descriibed in ref_ 77 is shown in Fig_ 6, ‘The sampIe to be iabcled is placed in a smalI 
thick-wa.IIed gIass ceII connected to a vacuum apparatus After z vacuum of about 

I_3 Pa has been produced in the aelI, a small amount of the rad%active gas is in- 
troduced, so that the Sinai pressure dces not normaily exceed 7-76 Pa Ions of the 
inert *gas are formed and accelerated with a puIsed high-fquency IieId with a maximum 

voltage of 15 kV, produced with a Tesla transformer_ The aceeIerated ions penetrate 
the surface layers of the solid to a depth of I to IO nm_ The apparatus cf this type is 
capable of operatinI$ with a higher pressure of the inert -gas than the above descrii 
apparatus using the beam technique_ 

It should be noted that under conditions of l-3 Pa pressure in the Iatter type 
of apparatus, it is difEcuIt to determine the exact parameters of the bombardment 
process Doubly and triply char_& ions of the gas are produced it the discharge in 
addition to singIy charged ions of the gas and bombard the surface with energies 

that are two or three times as high as those of singIy charged ions. It is impossiile 
to focus :he beam ions, the ions obtained are not mono-energetic and finahy, ions of 
residuai -easer of the working space also participate in bombardment at low vacuum_ 

However, apparatus in which the acceleration of ions is based on the discharge, are 
more simpIe and the IabeIing of samples can be carried out more rapidiy since it does 
not require prolon_ped pumping of the apparatus_ This method of introducing the 
inert gas is convenient for the use of labeling surf?ice Iayers 9f solids causing low 
radiation damage_ it is aIso more suitable for powders since the unconc&rated beam 

of ioti labAs the whole surfkce of the powder_ With the ion bombardment, sampIes 
can usually be labeled using doses of the order from lOLo ions cmW2 (corresponding 
to gas concentration of about lo-’ at “%) to 10z6 ions cm-’ (3 at_ “A_- 

In general, the ion bombardment technique has a number of advantages_ The 
specimen can easily be handled and used imn&iateIy after IabefIng- In the ease of 
reactor irradiated sampks, which are fqucntly highly radioactive, iox~g waiting times 

are ncas=ry- On the other hand, some diIZcuIties are connected withthe apphcation 
of theion bombardmen tEecfinique,s~asdama~intbesurfacelayers~fthe~ 
Iattica 

23_22_ Trapping #d2nq-- In using the mctbod of ion bombardment for 
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introducing iner& gases-into a soIid we must remember that not all ions reaching the 
surf&e are introduced into the substance. The degree of introduction is chara- 
by the effjciency. of trapping q, sometimes called the trapping probability which is 
defined as the ratio of the number of atoms which remain trapped in &e solid to the 
total flux of ions reaching the sample surface during the bon&ardment’4: We can 

assume that entrapment of inert gas atoms by a solid consis& of the following 
processes:. 

_ (a) Penetration of the incident ion through the suifkce layer of atoms, 
(b) Migration within the lattice where a certain possibility exists that the inert 

gas atom escapes through the surface. 
(c) Eventual trapping within the fat&e, in intekstitial or in regular sites or in 

other lattice defects produced by radiation. 
Considering the first requirement for trapping, penetration through the surface 

layer necessz 3ates the bombardment ion passing within a distance of 0.5 lattice 
spacings from a surface atom at the most 
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The trapping efbciency q of ions in a substan~ at constant temperature, depends 
on the dxuacter of ion, its mer_g and the material of the target The trapping 
efficiency, II, in hm_Estc for various inert gases in relation to the cncfgy of ions, 

obtained by Kornelsen4’ is given in Fig 7, This diagram reveals that at ion energies 

I 100 eV the trapping efiidency is very low, < IO-’ for all ions but rapidly increases 
at 3 keV to about O-6_ The effect of the mass of the ions appears only at energies Iowcr 
than 1 keV_ The trapping efficiency normahy increases with a decreasing mass of the 
bombarding ion_ Other works at higher energies conducted by Brown and Davies’* 
and Almcn and Bruce” indicate &at, at energies below 5 Ice-V’, B is always lower than 

I for many metals but tends rapidly to unity above this value of energy_ The decrease 
of the trapping efiiciency with increasing target temperature for glas~‘~ is shown 
in Fig 8_ The release of trapped atoms occurs at the target temperature and can be 

expected to increase as the temperature is increased, resulting in a reduction in the 
effective value of the trapping efficiency, On the other hand, the increase ofqwas 
observed as the target was cooied below room temperature. 

The material of the target also af&cts the efficieucy of trapping A gas enters 
metal targets at ion energies of about 100 eV with a trapping efficiency in the order 

of Io-6 to IO-*_ The trapping efiiciency of inert gas ions in aluminum is higher than 
in tun_gsten_ Considerably higher values of trapping efficiency were found for glass 
(q = 0.6) with the same energy of bombarding ionsso_ The huger \-aiue of q for g&s 
can be explained on the basis of larger average interatomic spacing and weaker 
interatomic potentials resulting in easier penetration of the impinging ion_ AImen and 
Brt~ce’~ have measured 1 for inert gas atoms incident upon a number of materials. 
The q values for IQ-ions of 45 keV energy were always close to unity for target atom 

masses < 25. The trapping efficiency of inert gas ions in a substance is aIs affected 
by the physical state of the material, The nature of the sites occupied by the gas atom 
introduced into the lattice depends on the stri.xture and the state of the crystal lattice_ 

2.3.2.3_ Penerradon of inert gas ions_ The energetic ions which have passed a 

solid surfaoz are siowed down by e&tic coliisions with electrons and target atoms and 
by disphxement cascades around the path of the ions penetrating the solid, The 
slowing down of energetic heavy ions, such as the inert gas ions, is strongly dependent 
on the energyP mass and charge of ions, on the mass of the tar@ atoms and on 
temperature_ For single crystal targets it depends, moreover, on the crystallographic 
orientation of the lattice with respect to the direction of incident ion beam. AU of 
these factors affect the resuiting distribution of the inert gas atoms within the solid, 

As the penetration of energetic inert _a ions is of general importance with 
the labeling of solids, basic theoretical relations and experimental techniques con- 

_ 
cerning the problem are s- here_ The stopping power or the specific energy 
loss dE/dx is taken to be due to both dectronic and nudear stopping, At lowest ion 
energies nuclear stopping dominates, at higher ion energies eIectronic_cohisions are 
more important_ The following expression for electronic stopping power can be given8 ’ 



where 2; is the atomic number of the ion, e is the change on the electron; N is the 

number of target atoms per unit voIume, m and a are the electronic mass aud velocity, 
respectively, and B is a dimensionless “stopping number”. Be&es2 gave a quantum 

mechanical derivation of B = Z2 In (%zo’/Z), where Z2 is the atomic number of the 

target atom, Z is the average excitation enelm of the electron in the target, which is 
after Blocha proportional to Z2. 

The nuclear stopping power has been evaluated in theoretical works by Bohrs4, 
Nielsenss, Lindhard et al_86V “, and Holmes and Lel%fried**_ Bohr84 originally 
proposed that the elastic nuclear collision process responsible for the slowing down 

of heavy ions of low velocity occurs in an exponentially screened Coulomb field, 
Recently, Lindhard et al.*‘, by substituting a Thomas-Fermi potential in place of t&z 

exponentially screened potential, obtained a rangeener= expression that is reasonable 

with experiments *’ They suggested a _ universal range-nergr curve in terms of 
suitable dimensionless range and enerm parameters p and E, respectively, given by 

P = R N Ai2 4xa2 M,/(MI + Md2 (5) 
E = EaMJZ, Z,e’(M, + iU2) (6) 

where R is the range, E is the ener=, N is the number of target atoms per unit volume, 
2, and- Z2 are the nuclear charges of the incoming particle and the target atom, 
respectively, M, and M2 are the corresponding masses, e is the electronic charge 
and a is the screening radius used by Lindhard et al_87 which equals a = a, x O-8853, 
where aB is the Bohr screening radius 84_ The calculations result in a set of curves of p 
versus 8. The LSS theory has been found to predict satisfactoriiy the penetration 
ranges of heavy ions in amorphous and polycrqstalline solids. 

The increased penetration occurring along the more open directions between 

the closed packed rows of atoF due to a channeling in single crystals has been 
identied on the basis of computer calculations by Robinson and OenQo_ The ex- 
perimental techniques for determinin, = the penetration ranges of ions can be sum- 

marized into three groups: 
(i) “Stripping” techniques based on the stripping away of a given thickness 

of material from bombarded specimen and on the subsequent measun --ng of the 
amount of the remaining inert gas or the amount of the inert gas removed. Anodic 
stripping Was developed by Dairies et al_’ I* “; chemical and electrochemical s*Jipping 
techniques by Bredov and 0kuneva93; and mechanical vibratory polishing owes its 
development to Whittong4_ Lutz and Sizmann 95 also employed sputtering to remove 
known thickness layers from metals, 

(iii Techniques based on the determintition of the changes in the properties of 
the specimens caused by labeling bomb&dment, such as refractive index in transparent 
materAsg6, and electrical r&i&v&y of semiconductors9’, etc - - _ ____~ 

(iii? Tech&ques maki&-use of CL &r b radioa&& of labeling aiomsy.These 
techniques are based on the fact that the energy spectra of rx-l;articles and low enera 
fi particles are degraded according to the dept.& of the radioactive atoms below the 
surface_ Domelij et aI_” established the penetration ranges of 222F&ions of ener&s 

2 
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70=210 keV in zduminum, silver, gold and tm~gsten.- Ranges of “‘Xe-ions ix-N, Be, 
NiiZr, Ta aY.nd AK were succe&ully determined by Fkrgstrom3qanhGraham’o~ lo’. 
Somt exampIes of ion raqes in amoehous and crystalline materials are given below. 

-The differential and integral rangescur&for-222Rn in alutninum obtatied by 
ma e d-98. 102 are shown in Fig. w-b. Energies from 2 to 450 keVand total 
fluxes 102a atoms cm-= were used -__ _ - --_. 

-. I The penebdion depth is usually exprrssed zs the-total weiglit of t&-get &r unit 
&& (im:fig cm-3 as the numtir of atom Xayers or aS distant: from the sm-f&ce(in 
naGmeters), The depth df 1-m anon’ &responds approxi+tely to 16 atotilayers 
~of~**&4~,_ _._- _ -;r_ _ _ I- 

_ - 
. _.‘:. 2 -i_ 

-- F&mz 10 gives cm~es of the diff&ential d&riiution of xenbn atoms in~aluini~ 

_- : 

- -_ 
A”,. . _. 
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nium and gold. Energies from 3.1 to 150 keV were empIoyed. These are indicated 
beside each curve76. 

The results of Figs_ 9 znd IO ~Vustrated wel! the general behavior of range 
distribution in relation to the ion ener_q for unsaturated targets. The distribution 
profiles distinctly indicate non-uniform distributions. The distribution of the embedded 
atomsisseentoconsistofanasymmetricpeakwithanexpone~tialtail.Withanin- 
in the energy of the ions the maximum is shifted towards greater distances from the 
surface_ In addition, the range distribution curves are much narrower for materials 
ccm&.ing of the light eIements (with lower 2) such as aluminum than for heavier 
e!emeuts, such as gold (see Pig_ IO). The distribution curves are considerably broadened 

using large integral fiux (> IO’O ions cm - ‘) during a iong bombardment, peaking 
at lower penetration depth. The peak occurs at only half the depth observed in the 
trace bombardment. Similar rest&s were obtained by Davies and co-workers* 02- lo5 

for the distribution of various inert gases in a series of metals and oxides (Al, W, Ag, 
Si, Ge, Al,&, WO, etc.). Figure I! shows a comparison of the range distribution of 
40 keV “Kr in specific directions of aluminum single crystal and in amorphous 

abrminum oxidc measured by Pier-q et al. ‘OS. The deep penetrations are typical 
chanueliu~ evmts and are markediy different from the results of the -isotropic 
(amorphous) solid, Direction (I IO> exhibits the deepest penetration. It is to be noted 
that by heating the crystal to 1200 K during bombardment, the channehzd ion ranges 
were considerably reduced below the values obtained at room temperature. This 

indicates an inch stopping due to thermal vibrations of the lattice atoms. 
It can bc concluded that the exact estimation of the penetration depth and the 

distribution profile of inert gas atoms introduced into the solids by ion bombardment 

is rather complex. 
2X&#_ sclrwarrbn rafue. Experiments have shown that the tunes of the 

dependence of the inert _gas concentration trapped within the solid on the flux of 
bombarding particles reaches a saturation value, The saturation value q for a given 

inert gas and a givcu target mat&al is usuahy expressed as the total weight of the 

sample per unit area in /Ig cm-’ or in the number of atom layers. Target saturation 
occurs when the integrated flux of incident partides is sufi%icut to damage and to 
sputter away a s&i&ant amount of the target material and some of the colIected 

gas atoms escape as well. The variation of q with ion cncrgy has been measnrcd by 
Colligon and Leckso6 and KorneIsenXo7 using ion beam apparaturses. The former 
found that the saturation value q increzsed almost iinea.rIy with ion energy from 
0.7 keV to 3.75 keV for inert gases in Ni, MO and Pt. At the highest energies, the 
satmation leveXs were in the order of three to thirty atomic distances. The saturation 
value q for inert gas atoms differs for various materi& The q values for krypton 
ions measured I.,; Ahnen and Bruce76 are coliected in Fig.- 12, AIJ of these values were 
obtained at the same energy and current density of krypton bomb&dmcnt (45 k& 

and 10 & cm-‘). The variation of q with target atom mass is periodic showing 
maxima and-minima. The miuima correspond to the minima of trapping ehiciency q- 
and to maxima in the sputtering. 

_ 
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It is interesting to state that the saturation-value q reaches a maximum for 
elements beionging to the same group of the periodic table, i-e-, for Group IVa (Ti, 
Zr, I-E). A minimum in the saturation value q is found for elements Zn and Cd 
(Group ?b)_ An approximate reiationship between binding energies of the elements 
and the trapping efficiency can be noted. A study of sputtering carried out by the 
same authorsT4 explained this cmdaticm, The sputtering ratio was found to be 
inversely related to the binding cner_ey_ As it might be expected, the less strongly held 
atoms were more easily sputtered off. 

Some interesting conclusions on the dependence of saturation value q-upon 
the surface orientation of singIe crystal targets were made by Ahnen and BF’~_ 
Their -on can be explained by ion channding along prcferrtd open crystal 
directions_ In single crystal targets, as observed experimentaUy65, an appreciable 
fraaioE of incident atoms can travel very large distances into the -get. It has been 
established that this is a result of ion penetration along axes denoted as chanzels in 
the crystal where the energy ioss of penetrating atoms io target atoms is small because 
ofcrystalsyametry, _ _. , - 

233. Diflksiim technkpe 
The original method was used for the preparation of *‘Kr labeled solids by 

Chleck et aL3- They introduced krypton into various substances at-- an- elevated 
temperatnreandgaspressur~ The essential ekment of the labeling apparatus by this 
techniqueisapressure vesselinwhkhthemateriaUobelabeIedispiaced?_Detaikd 
views of the @ssure vessel modiliai by TGigyess~‘~* areshown in -l?g: 13a, b. The 



inert gas (krypton) is introduced at normaI temperature and pressure, the vessel i= 
dosed off from the remainder of the system and the tcmpaaturc is raised by $1 bath, 

heating tape or furnace to 300°C. The pressure was controlled and reached 7-100 bp 
cm-’ and kept under these conditions for sewal hours_ At the compIetion of a run 
the mahx-2 is quenched by i mmersing the pressure vessel in liquid nitrogen. The 

rehion of the amount of gas co&cted in a solid to the time under given temperature 
and pressure is cxp_xssed by the following equation3 . 

M oc p (D,,I)“~ exp (- AHj2RZ-J (7) 

This means that the amount M of the iixrt gas cokcted per square kentimeter is 

directly proportional to the pressure p, proportional to tie square root of the time 2 
and exponentiaily proportional to the temperature T; AN sign&s the activation 
ex~thaIp~~~ of inrrt gas dif5sSon and R is the molar w constant. Thk experim&tally 

found pcuetration depth was in the order of magnhcie 10 to 1000 pg &II-‘, i-c, 
IO* to 1W XUXL It depcmkd exponentially on the temmre and is a*function of the 

Sjua!rerootofthctime 

The radioactive nudide, “Kr, is mostIy used for the diffusion Wing techniq~ 
The nuckar mcter&h-half-life 1025 years, 0.6i2 MeV-fi emission (see Table I) 
-are very suitabIe for the labeling of solids. The diffusion ahnique was Gsexl &!B 
introduce *‘Kr into more than 250 difkent solids iududkg metals, inorganic, and 
or_ganic compounds, in the form of foils, pwders and single crystak l%c k.xypton 

atoms difF&~ into the solids and remain in gene& on sub&tutional jkitions h_ tW 
metal lattice (the diamett of Kr-&torn is too Iarge for oidinary interstitial pckitio~). 
In some sol&- such-as tfiose wiih a graphite skxturc~ there are fe&G h&r&&l 
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voids of sufhcient dimensions to accumulate inert gas atoms. ~Matexials of this type 

(boron nitride and molecular sieves) give the highest specific activities (6 x JO’- and 
7 x IO6 s-l mg-‘, i.e., 16 and 200 /rCi mg- ‘, respectively) of au materials prepared 

by Chleck’. The inert @s atoms can be tied on various Iattice imperfections including 

thegraiu boundaries. 
The diffusion technique is especially suitable for the Iabeling of organic com- 

pounds. It has been pointed out in the litemture that the prese&e of hydroxyi groups, 
which _are able to be mutually bounded by a hydrogen bound, is necessary for -the 

formation of the crystal Iattice permitting incorporation of the gas molecule. Krypton 
was found bonded considerably weaker in organic compounds than with metals 

labeled by diffusion technique lo9 It was shown that the presence of inert gas atoms . 

in the crystai latti& has little or no effect on the chemicaI properties of the host solid3. 
Additional -experimental arrangements for the diffusion technique Gere prg- 

posed. Trofimov109 prepared xenon labeled pcreso!e in a thick-wall glass vessel, 
containing the sample in the xenon atmosphere, by cooliug it to the temperature of 
Iiqnid nitrogen and by subsequentIy keeping at room temperature for a-week, By 

heatGig to room temperature the gas pressure in the vessel increased to about 3 x IO6 

Pa (-- 30 atm.) The clathrate compound of composition [Xe][C,H,0]6 was rg 
portel’oQ to be prepared. 

TGlgyessy et al.’ lo proposed a microdiffusion technique for Iabeling powders 
whid~ reduced the losses of residual inert gas after labeling_ The Iabeliug was provi#d 
Q ‘J thick-wail+ capillary which is schematically shown in Fig. Ha. After injecting 
krypton in the capiliary eontainiug the sample the eapihaxy was attached by a holder 
(see Pig. i4b) to a nitrogen bomb, the pressure of 3 x 106-10’ Pa (i.e. 30-100 atm.) 

being subsequently set for the neceyary time. Should a higher quantity of the inert 



34 

TABLE 9 

P&St-S 

P--l? 
mfP+1 

09 
3-O 
20 

,ea be incoxporated into a solid, a technique proposed by Jesendk et al_“’ can be 
used_ This technique is based on labeling of powdered material by diffusion or ion 
homhar&ent followed by pressing the labeled powder into a solid of desired size 
andshape-~esolidwlllbei~yinhomogeneous_ThistechniquewasadvantagtonsIy 
used for preparation of labeled solids, as AgIO,, KCi, AgNO, used for ana@ical 
purposes_ The specific activities of AgIO,, KC], lGH~N03 (grain size 0-I mm) 
achieved by diffns :Y technique at elevated temperatnre and IQ-pressure, as well as of 
pellets (diameter 10 mm and I mm thick) obtained by pressing the labeled samples 
are given in T’abies 8 and 9. 

234, Direct gas introAction during _cmnple prepararion or pAare mzmition 
In some types of solids the inert gas can be advantageously inoqrporated during 

the formation of the solid_ In the followin_9, exampIes of processes are given which can 
be used for the direct sampIe iabeling if they are czrried out in atmosphere of inert gait 

(a) crystaIlization from a meit or solution; : ~_ 
(b) sublimation of the solid; 
(c) evaporation and condensation of a thin Glm qf metais ‘bnto a &d sarface; 
(a) polymerii&on of monomers; 
(e) tempering of solid in the temperature range where phase trzz~o~ or 

another p- t&es place_ 
-__ -. .~ _-_ s 

The choick of the technique for inert gas introduction depe&s -L&&y u&Z-the 
charada of the solid to he Iaheled and the aim for which the labeI~_solid shonld @ 
prepared, Incorpora~on of: in- gas atoti during the form&&_ oi’_ti& s&d phase 
was 6rst used for the preparation of the so-called radioactive kxypt&& &iathr& 



Fig. 16. Diam_of apparatus for sublimation kryptmation (cf.. ref. 7). I = Glass apparat&: 2 = 
ekctrid heatin& 3 = ahminim block; 4 = tmn&rmcr. . . 

type- Chfecketai_ll’ prepared * %r-labeIed hydroxyquinohne by slow crystahization 
of hydroxyquinoline from a melt under a positive pressure of krypton gas containing 
*‘Kr. A scheme for the hydroxyquinohne molecule labeled v&h krypton is demon- 
strated in Fig I5_ It is a typical dathrate compound. The atom of *‘Kris trapped 
in a trimer of B_hydroxyquinoIine [C6H4(OH)& [“‘Kr]_ 

By crystah&&ion from both a melt and a solution the homogeneous labeling 
of sampIes can be accomplished_ The condensation of the solid during sublimation 
offers very favorable conditions for incorporation of inert. gases (mainly used for 
85Kr) into the crystalline Iattice of the solid when it- for& a clathrate type lattice. 
The simple apparatus used for this labeling is schematically shown in Fig. 16. 

Tiilgy~ and co-workers”? showed the possibility of preparing krypton 
labeled polymers by arranging - polymerization in an atmosphere of -the noble gas 
Monomers such as methyimethacrylate_ vinylbenzene, styrene and a.uyIonitril were 
polymer&d in this way_ During polymerization under static or dynamic “conditions 
*?ICr wtic%ptured by the polymer and was found to be uniformly distributed in the- 
resuItingplastifz . _ _, ._ ., 

SiZmL3M and Rup’14 succeeded - m incorporating *‘Kr into quartz during the 
polymorphic transformation, If quartz is heated in an atmosphere of krypton, during 
the phaseconve&on of /3 quartz into j3 cristoballite noble gas ato& enter the crystal 
lattice- It-is interesting-that there is no capture of ‘krypton bythe +i& during the 
phase tra&itions a .* fi_qnartz and Q .+ j? cristoballite_ The authors ascribe this fact 
to the di@erent character0 of the-phase transitions. In the_last--two*--_#y the- 
valence-angles change and thebondsare not actuahy broken2 I&the case&f-the-#& 
quartz to j? cristobaIhte conversion, a completely new lattice is formed. ~ .-- -, . -> 

_ 
_-. 
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Hidalgf2 and Sizmann”S accomplished labcling of alumina powder, A1203,s 

by the hearing at temperatures higher than 1323 K in a gas atmosphere containing 
*%r_ The gas indusion in this temperature range is expIaiued by xcqstallization, 

dosure of pores and sintering- 

2_4_ The choke of hbeIing technique 

The techniques used by various authors for Iabeiing of solids with ihert gases 

were summa&xi in this chapter- The technique chosen for Iabeling the studied 

substance depends upon the character of the substanc&nd 0;1 the-end to be reached 
bytheinertgasreieasemeasurem ent_ Techniques based on the introduction cf parent 

m&ides of inert gases are usuaIIy applied to substances when information on changes 
of surface or structure in reIation to temperature or time is required_ Heating cooling, 
re-heating etc_, can be applied without any danger that the inert gas will be exhausted. 
The sample label-d with the parent of inert gas can be used for ETA measurement 
many times, even after long storage, as long as the puent of inert gas does not dis- 

integrate. 
In contrast to these techniques, the amount of a gas introduced into the sample 

without a parent decreases with time_ It dm ~~&~~ously during sample heating 

and can be exhausted even before high temperature changes occur in a substance_ In 
this case, repeated labeling should be made after axding the sample to room tempera- 
ture 

The labeling of samples by the inert gas without parent is usuahy applied when 
the _a rekase is to be followed in one heating run only without the necessity to 

follow the rekase behavior during sampIe cooling- On the other hand., labeling based 
on the direct introduction of the inert gas makes it possible to use d greater variety of 
inert _9ases- Tbe homo_=eous labeling by nuclear reactious and the ion bombardment 

found an advantageous use in studying the properties of crystal Mt.&, namely its 
defects, 

By varyiug the conditions for labeling (neutron flus, type of nuclear reaction, 
or dose and energy in ion bombardment), it is possible to separate different release 
processes which othemke could occur simuItanecusIy leading to a release behavior 
which wouId be difficult to interpret. By varying the ion dose in the ion bombardment, 
the _eas concentration can easily be varied without c2anging the purity of the specimen, 
thus avoiding the disturbing impurities that are prxiuced during reactor irradiation, 

By varying the en- of m ions, the position of the gas (or median range of the gas 
ions) with respect to the surf&ce cau be chosen, thus enabling a separation of surface 
and buik release processes Moreover, the effect of radiation damage or +eciSc 
impurities on re!ease can easily be studied in double bombardments. 

The ion bombardment together with the di&sion technique -are used for 
producing krypton-labeled- compouuds calied kryptonates_ Tbe latter bave found 
wide appiication in analytical chemistry as very sensitive anaIyzrs of gases and 
liquids_ 
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- .- 

&ER+ GAS RE-SE--FROM- SOLIDS CONTAINING 

PARENT NUCLIDES 
. - - 

COR&SPON&G 
-- , _- 

_-* _ 

Inert gas release from i solid depends not only on the properties of the solid 

but aIs0 on the laWin& i-e-, whether the inert gas itself or its par&t nuclide was 
introduce4 into the solid, and on their distribution_ Therefore, the inert gas reIease 

behavior will DC &scribed SeparateIy: 
(i) forsolids~ntainingaparentnudideoftheinutgas; ’ - 

(iii for solids containing the inert gas withc+t parent nuclide_ 

In this chapter, these cases of inert gas release are treated where th&y are parent 
m&ides of inert gas atoms introduced in the solid, The Cases discussed below deal 

with the samples of various grain shapes Iabekd by incorporation, impregnation and 
recoil techniques (for the description of iabeliug techniques see Chapter 2)_ In ail 
cases, parent m&ides which are in the solid give rise to inert gas atoms, 

3.1. Processes of inerr gas reKease 

Generally, there are two processes which contribute *to the release of in+ gas 
from the solid containing corresponding parent nuciide: 

I. The recoi! of freshiy generated inert gas atoms, Jf the pares: atom Iies &se 
to the surface of the grain the recoil ener_g of the order 1CU keV which the inert gas 
atom gains dtig the decay of the parent may be sufficient to eject it from the solid_ 

2 The diffusion of inert gas in the solid, 
The schematic drawing of the processes of inert gas release from a spherical 

,& of soiid is shown in Fig 17, Both processes are affected by the physical properties 

of the solid and by the structural and chemical changes taking place in the solid, For 
the sake of simplicity, we shall first deal with the case when, above the given tempera- 
ture range, there are no changes in the state of the solid studied, 

, 
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The theories of both recoil and diffusion processes vere first developedLb)i 
F&&e and Zimens3*_ The authors assumed an assembly of uniform (spherical) 
particles within-which the distriiution of the inert‘g&s parent (RaG&onis) is uniftirm 
and constant_ The recoil rehzase of the inert gas from solids of various grain shapes 
with a non-utiorm distribution of the parent nuclide was recently treated by Bussiere 
et al _ *I’_ Kapustin and Zaborenko”’ proposed solutions for inert Qas release from 

solids with -unSonn, &rear or exponential distributions of the &r-t gas_ Cases are 
trcatcd for ‘both timeindepeudeut (statiouaxy) and timedepcudeut conccutration 
profiles. 

The formal treatment assumes that there k a continuous _source of inert gas 

atoms provided that radioactive equilibrium is mainkS+; this xxans that the rate 

of inert _B formation by decay of parent is equal to the sure ;f ht rate of its decay 

and the rate of its escape from the gzain. 

Experimental measurements give the total emanatingpower E&fined by Hahn I6 
a5 

E = &&_, 

where fire1 denotes the number of emanation atoms rekased from the solid in unit 

time, &cTsm denotes the number of emana tion atoms formed within the solid in unit 

time. The total emanating power may be repnzented as the sum of two terms 

E=E;,tE, (9) 

where 5, the recoil fraction, represents the fraction (fircJs/fir,_, of aIl emanation 
atoms for which the =oiI tracks end outside the solid, and J!&, the diEnsion fralcton, 

represents the fradion (~,,,)dEJ,, escaping by diffusion during the lifetime of the 

emanation atom_ 

3.2. Rewii emanating pan-er Ex 

32.1, i%e sphericaigratk - 
(a) Uniform aSstri&ution q<the inert gas parent. FKi~ge and Zimens38 evaluated 

& for a single spherical -tin 9~ the basis of the following model (see Fig. 18a). The 

parent nuciidcs of emanation (Ra-atoms) are uniformly distributed within the grain. 
A razoi? atom (Rn) can escape from the surface of a grain only if its parent lies within 

the recoil range R of *Jrc surface. Of these, only a fraction escapes by recoil. Only 
haK of those found at the surface escape and none formed at the distance R from the 
surf&x The prohabrlity of inert gas escl-.pe by recoil from the position in depth r 

from the surface q(r) is givex~ by the ratio of the surface of the spherical segment with a 
radius E which protrudes outside the original spherical grain to -the total surfae&cf 
the sphere with the radius R (see Fig Ha)_ 

q(r) = Z?zR(R- ~j2xR2 = (R- a/R for 5 I-R._ _ __ :.-__ -_ . _ - (IO) 
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The total quantity of the emanation escapiug by recoil through the surface of the 
grain with radius r, in unit time is given by the following relationship _ 

It 

(l&JR = Gl4lr 
I 

q(r) i dr 

r#J-R 

- (il, 

where C is $he concentration of the parent, supposed to be con&& in time and 
volume, A & the decay constant of the parent (Ra atoms), and product C/1 is the 
number of emanation ator& formed in unit volume per time unit. . - 

_ By solution of the integral, the following expression is obtained: 

(N=-& = CAn(~ - Pjl2) (12) 

The quantity-of the emanation atoms formed in the jxziticle in urit time equals to __ 

N ,- = 4K r; CA/3 ii31 

For the emanating power due to recoil & of single particles the following expression 
r.as obtained: 

& = @&)&vr_ = 3I44ro - R’116r’, (14) 

Expression (14) is vakd for r. > R/2_ For r. I; R/2, A?& = (N,,Jplrv,,, + 1, i.e., 
every just formed emanation atom escapes by recoil. Since for most usual solids r. is 
of the order - o.Ot ;rm, this reMion5hip can be used for parGcles of diameters equal 
or greater than this value of O-01 JUI+ For iarger particles (r. - I m) the second tezrm 
times negligii!e and we can write 

Kyfbo _ : -. . 1. 

. - -- ..- _ - - 

(15) 
\- - 1. . _.~ - - :.. _ I _ _ _ _ 

_ (6) Non-unijiom distribuzikz of the.inert gas parent_ C&et et aL? 1 g-_ccmsici~ a- 

sim#e spherical grain of solid Iabded by 22% using the imp-on technique_ 
_?%is-means that:.~ZTIlXktoxIB are sitnat&op-the-surf&z-of-grain witb~radius~-ro. 
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(see Fig_ ISb), Recoiled atoms of radium “IRaaregeneratcdbythedecayoft2&rh 

and stopped at the distance 32’.from the smfkce of the grain. The-$babiit$ dP to 
Gnd the recoikd &-atom within r + dr from the surface (~-CR’) can be ejrpressed by 

. - 
dP = (r/2Kr&ir (16) - 

From eqn (16), it foilows that dP = OforR’ -z r 5 r,.Thismeansthatthecorewith 

radius (rO - 0 in he middIe of the grain contains no radon atoms. 
Having estimated the probable density-of radium atoms within the grain, it is 

possible to evaIuSe the recoil emanating power, EEt_ This mode1 is dekriid in Fig. 
ISb_ Using eqns (14)-(18) we can write: 

dere q is the probability of inert _W escape owing to Rn-recoil (Seceqn (IO)) For 
the case when the radius of grain is much larger than the recoil ranges R’ and R of 
radium and radon atoms, respectively (recoiI ranges R and R’ are in the order of 
tens pm) the expression for I& was evaluated and is given in a simplified form as 
eqn (IS): 

& = 1[2 - F/M i (5Z + 3R2)/12 r. R 

forr, $ R,K_ 

08) 

The expression for Ep corresponding to ~S.T case of r. -C R I 2 r. is given in 
ref. 1 IS_ 

32-2. I?Y Lxbic grain, slab and c~lik.ikica~ sample _ . 

(a) Uniform d&M&ion of the inert gas parenz_ For a small cube having the 

side of a 2 2R, Kurbatov’ r 9 derived the relationship 

&C&Z i_5(a - 2R)‘R/a3 -k 5.3Wa - 2R)R’/a3 +- 4.776 R3fa3 

For large cubes (a % R), eqn (19) is reduced to 

Ep = 3R&z 

For s!abs of thickness e, the following values of 4 we-x estin&ed”6 
& = OS fore=R 

&-,I fore 6 K 
For a cylinder of radius r. and of he@& h, Kapustin and 

derived: 
ZIlkO’ I7 

Ep =(1j2XR/ro f R/h - 2R21hr, + R’jb& _ _ - . (2ij 
For a c$kirical sample of comparable dirrensions, h = 2ro, the &iaizkion 
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de_rived. The probable density of radiom atoms equals dP y:_ l/JR’ _yhi~h has the sauib 

value as that obtained from eqn (16) for a spherical grain -with ?,, ‘$ R’. 1 _ . 

-Theexpressionfor-.Ep I :_ .- -_ _ ;._ _ 1 _ --- 

is the limit form of expression ii8) and is valid tar spherical grains of the radius very 
large in comparison to R’:and R. : 

3.23, Rewii emanatikg power and smfme area 

_ . (a) Uziforrn distriimtion of the inert gas parent. For the relatively Iarge single 
grams of any shape (of dimensions comparable to 1 pm) the recoil emanating power 
can be expressed using specific snrface area S, F S/M and density p. -The following 
expression results from eqn (15):. _ 

Thus, there exists a direct proportionality between & and surface area S,. 
@) Non-zuu.fTorn: d&m&t&z of the inert gas-ptzrenr. For single crystal ,mains 

large enough in comparison to the recoil ranges of the inert gas and its parent atoms, 
a single rehitiousbip was found between Ep and S,,. For example, for spherkzd grairk; 
the following expression results from eqn. (IS): 

E;p = (112) - (R’/4R) + (SK’ + 3R’)p SJ36R (241 

In this ose, a linear dependence between E& and S, was found instead of the 
direct proportionality, valid for the case of uniform distribution of the parent nuclide 
in the grains. 

-- ._ 
324. i3fGnalion of recoil range R. _ 

For the practicaI use of emanating power expressions, it is neazzzq toestinlate 
the penetration range of recoil atoms, called recoil range R. Various ways were 
descrii to cakulate the recoil range. 

A rather approximative way proposed by Fliigge and Zimen~‘~ (1939) consists 
in applying the semkmpirical expression: : _- 

where C is a proportionality constant that increases with the energy of recoiled atoms, 
> is the density of the solid, A is the atomic weight, and s& the atomic stoppmg pbwer 
of the solid related to the atomic stopping power ofair. The constant C was evaluated 
from the e&z&ion-power.due.m recoil measured glass rods3*. Therecoii ranges 
obtained by meaus of cqn (25) kd to values of C = 57. x lo-* and ?k x.~ lo--*-for 
222Rn and ?“Rn, mspectively. ‘Ihe Filigge-Zimensrecoil rangeeqn f?s) has been 
Subjected to various objections on both c.x+&&~ and theor,&& &&&21_ 

_* - 
> _Mort~~y;Bobr84:~l:1958)'Pioposedlthejange-cnergyrrdation~in'terms of 

n&rn_the+sofstoppingofatomic-m; .p--- ._-._ : z--> ,;:-; :-.-- --I 
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wftere R is the recoil range, 4 the recoil energy, m, is the electron mass, N is the 
number oII atoms of stopping material/cm ‘, fi is PIanck constant equalling. 1.0545 x 

10 - 23 J s-l, 2, and Z, are the charges of the nuclei of the recoil ato& and the +-uck 
atom, rcspe&dy_ The read energy, *, is calcuIa*%zd from alpha-particle decay 

ener_q E= using the relation, * = 4. &J&f, where M is the-inass of-the recoil atom_ 

The calculation of stra&ing or mean square heviation from the mean range R is 

given in ref. 84. . _ 

Recoii ranges in solids Iabeled by impre_gnation or recoil techniques can be 
estimated by the expressions and experimental methods developed for dctcrmining 
*-he penetration range of atoms in ion-bombardment labeling (see paragraph 2323_)_ 
To assist the reader in visualizing the recoil ranges of radium 3rld radon atoms, some 
VaIucs obtained by different authorsa’- “’ are quoted below: 
Recoil ranges of 220Rn in M-&s R = 41-7 nm 

in SK&: R = 65-4 nm 
in Ba-stearate: R = 94 nm 
in air: R=8_3x 104nm 

Recoil ranges of “‘Ra in MgO: R= 39.5 nm 
in SiO,r R = 61.0 run 

3X Di@ion emanating power ED 

Two shapes of grains considered in the literature are: (i) sphere, and (iii cylinder_ 

33_ I_ i%e sphericai grain 
The quantity of emanating atoms reieased by diffusion from a spherical grain 

is given by: 

where D is the diffusion coefficient of inert gas in the sample, c is the concentration of 

the inert gas atoms in the volume unit, and (&/ar)+_, is the concentration gradient 
of the inert gas at the surface of the grain- The diffusion faction of emanating power, 
ED, can be evaluated using Fick% 1st iaw as the ratio 

For the evalnation-of the concentration function c(r, z) the following differential 
equation based on Fidzs 2nd law, considering the recoil effect, the formation and 
decay of emanatl -on was used: 

- _ : . . 

__ d 
DVfC-wiC-2x-AGJ(r) 

-_ 
i?c/f?f = - _- - __ :. _; _ .& _ - 

where V’ is the LapIace operator, D is the diffusion co&c&t of emanation, DV2C 
denotes the amount of emanation atoms which~diffuse through unit-vohune, AC 



denotes the amount of e mauation atoms formed in unit time, I.s denotes tie amount 
of emanation atoms decaying in unit time, and AC q(r) .denotes the amount of 

emanation lost by the recoil. ff the grain is homogeneous and isotropic, q(r) depends 
pnly on r and can be obtained from geometrical considerations as follows: 

I 0 for r I r, - R 

4(r) = 
_-- . 

(30) 
[2Rr - (r; - R=) f r=-JjZRr for r; - RIr<r, 

For the solution of the concentration function c(r, t), Fiiigge and Zimens38 
assumed the limit conditions of the radioactive equibbrium: c, &/Zt are constant and 
time-independent, c,.,(r) = co = const (a uniform dissbution of iuert gas withiu the 

whole grain), coticuntration of the gas on the surface being zero ~(0) = 0, _ 

Finally, the emanating power due to diffusion was evaluated in terms of two 
dimensionless par&neters x and y: . 

ED = (3/2u2)CVx- ([siuhY(i - x)-J/x siuh y).- 11 t- 

+ (3/y)((I --x/2 - I/xy*) cth y i [cash y(L -x)-j/x-y* siuh y) (30 

where x = R/r,, y = r&/D) *‘* Parameter x (the atio of recoil depth R to particIe - 

radius ro) denotes the thickness of the surface layer relevant to the recoil fraction of 
the emanating power_ Parametery is the ratio of particle radius r. tt, the daracteristic 

“diffusion path”, (D/A) I’*, which passes in average an inert gas atom by diffusion 

during its lifetime- Equation [331) can be simpIified for large particles, where r. S I?, 
x 4 1 asED = (3/y)(cthy- l/y), and for -sampies with a relatively small 0, y >> I, 
we can &uxlIy make the simplifications 

Eu = 3/y = (3/r,)(DII_) ‘I2 = (D/rl)x/2 p Ssp (32) 

Equation (32) gives a good approximation for large! singIe particies in which 
the inert _g~ diffusion coefficient D is small (ED c O-3)_ For higher emanating powers 
the expression becomes more invoIved. However, Fiiigge and Zimens38.- have Tn- 
veniently tabulated the reIat.ionship between y and ED for the full range of vahres. 

Kapustin and Zaborenko ‘I7 evaluated the En-function assuming various limit 
conditions: various concentration profiles (i) homogeneous, (iii linear, (iii expo- 
nential, the gas concentration on the surface of the grain being different form zero 

(i-e-, c(ro) = c = # 0), and considering the cases of (a) time-independent (stationary) 
and (b) time-dependent concentration profiles. 

We will summar& here the formulas propose& 
(a) Time-independent _conkration profik and limit con&i&s E<o, < oc), 

t(ro)=cifO. ’ _ 

. 

_ -wvu - X)-J/X Shy) i LcIl y( 1 - X)&V sh y) ” -: (33) 

wherex = R/r&y = r&jD)‘i2, a =_2 AC&C- _ _ - -- - - _-*-c34) 

.- _ 
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-using the work and method of Fiiigge and Zimen~~~~ the foIIowins approxi- 
mative soIutious were obtained; . 

(I) for smaU @ains_ with R = 2r0 (ii = 2) 

ED = ~U--Y~Y112y2 (35) 

(2) for targe -grains, where re&l path R 4 r. (x 4 i) 

ED = 3 (2 - 4 Cd Y - WII/2y 

andfory * I,cthp= 1 weobtainforE, 

ED = 3 (2-a)Dy (337) 

(b) Time-dependent concsntxation profiles and limit conditions 40, t) -C 0, 

c(ro, 2) = c,, c@* 0) = c&r)_ The initiai _ra concentration in ,dns of various con- 

centration profiles depends on the radius r, only_ The formulas for b given beIow 

were eAuated with the assumption of R + lo, x 4 1, using dimensionless para- 

meters x, y, a (the same as in eqn (34)), and b = c&AC. The following cases of 
concentration profiles are tnzteci: 

(i) homogeneous distriiution c&r) 

En, = [X2 - a)/Zy] + (6:612) 2 exp - 
8=rl 

{b - I i- I(1 - a) n’n’/Z@’ i- a’n’)]) 

= co =COllSt 

L-~*n*IJL) +- 1-J it x 

(iii Iiuear distriiution co(r) = (co/ro)r 

(b - 1 f I(1 - a) z2n2m2 + A=)] + 2b(l - cos IUI)~&I*) 

(iiii exponential distribution q,(r) = co exp r/r0 

ED, = [3(2 - a)/2y] + (6/y? 5 =xp - C(gn2fy2) + 11 AZ x 
*=I 

(b - 1 i [(i - a) z*n*/Q* -I- z%‘)] - (bm/(l + x’n*) x 

exp - [I(I - xZn3/(1 + A*)]- - f2(- IF/i1 + 7&f)] + (1 _i ~‘$)]m]~ 

The ikst three terms of eqn (40) = suffident for practical applications_ 

(39) 

332, The cyfindiicol szanzpkk 
T The formulas for the emanating power due to dif&iou G- for the case of a 

cylmdrical sample (a pekt) of comparable radius rb to zhe height h were dc+ed under 
- . 
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- -_. (a) For the timcindependent concentration prohie assuming knit conditions 
c(O) c ao, c(..,,) =_4 rather involved formulas for. ED are arrived atr22_ However, 
ztfier simplifkation for large grams (i-e;, y(l -xx) % .l audy % 1)thefollowiug 
relationship is obtained . 

ED = (I fz!/yr 
_a 2 

(42) 

where y = r,(AJD)ll2, z = h/r,. 
(b) For the time-dependent concentration profile (homo&e&s, Iin& &d 

exponential), the resulting expressious of ED are rather complex as can be seen from 
reE 122 As-with the spherical grains, the-authors analyzed the cases of R 4 r,, 

Y(l -xx)s 1andyB 1, 

3.4. Total enumat- xrig power 

The expression for-the total emanating power, E, is obtained by the addition 
of the two terms for E& and ED, which are given above for various sar-pie shapes, 
size and gas concentration profiles. The appropriate expression describing the 
experimental data (the total emanating power is usually obtained) is obtained by 
taking into account the size, shape and mode of preparation (labeling) of the sample- 
Expressions for the toti emanating power for two cases of sample shape, supposihg 
a homogeneous distribution, under limit cond$ious cfr,,) = 0 are given betow (using 
the dimeusioukss parameters x = Rlr,, y = ro(j-lD)1f2, z = hJr,,). _ 

(i) -The case of spherid particks3* with a diameter of 1 p for & <’ 0.3 
(x Q 1) and & < 0.3 (y % 1) 

E = Elt + E,, = 3x/4 i- 3/y = [R/4 i (DJii)“2] -p S,, (43) 

(for the description of 0, p, SsP see eqn (32))_ 
(iii The c?se of cylindrical 53mpIe122 of comparable dimensions 

E = i -x- E, = [(z + 1)/z] (xJ2 +- 1 Jy) 
. , 

. - _- 

^ *- 

3.5. Apparent t&anaGrg power d its tv _~ - _ _ 

.i: ~ -- ; _.--l_m ” * >. __ -_ - 
.- . _ T&. above expressions for emanating-wwer, 33, were derived., assuming a _. 
radioactive e@librium between the parent nuclide a$ the inert~_i.e., a constant 
%mcentration of thqinert gas atoms in the solid. However, in the time interval before 
.the radioactive_ e&ilibrium is established, the -value E of emauatiorr Fpwer is time- 
deper$eut and the. term- of “apparent.-emanating. powe< :should be>use& $The 
folIowiu~co~derati~-~ can be made+ thisqpectz All+l+~ atomsthat-+. 

_ -__ 
__ -- _- 

2 _-_ __ _ _ 
- -.. . _- 

-. _ . -_ -_- 
. . _ - c_ - _-. - _ A,. - _. _. 



from grains by recoil do so immediately after being generated. Therefore, the rate 
of escape by recoil does not depend on the concentration of inert _eas atoms in the 

grain or on the time interval behveen the sample labeling and the ETA measurement. 
On the o*-her hand* the rate of escape by diffusion does depend on the concentration 
of inert gas atoms in the grain and, therefore, on the age of the labeled sample, until 
the radioactive equilibrium is reached. The apparent emanating power “Ec” of a 
fresh3y labded sample from which inert _B atoms escape only by recoil should 
therefore be equal to J!$_ The value of ,P increases in time, until it reaches its satura- 
tion value, when the equilibrium is established_ The following expression for apparent 
emanating power LLE,‘V was proposed38s 

(45) 

where "E," is the apparent emanating power at time t elapsed since the sample 
Iabeling R is the decay constant of the inert gas. As follows from cqn (45), the 
equilibrium is supposed to be established in the time comparable to I/L, i-e., to the 

haIf-life of the inert ,W atoms_ 
The term for apparent emanating power should also be used when destruction 

of radioactive equilibrium takes place, such as by an abrupt increase of inert gas 
rely rate on heating of the sampie, Assuming that the reiease rate of inert _a from 
the solid is directly proportional to the amount of inert gas in the solid, the following 
expression for the time-dependence of the apparent emanating power ‘-E,” was 
derived’: 

“E,” = E, (1 i [(E, - E,)/(l - EJJ[exp [- rt/(l - Ed]]) 

where “E,” is the apparent emanating power at time f passed after the change, El 
is the emanating power before the change, Et is the emanating power after the change 

and 1 is the decay constant of the inert gas. From eqn (46), it follows that a new 
radioactive equilibrium is established after a sudden change of inert gas is rdeased 
in the time I/Z., i.e., with the inert gas half-Iife_ 

3_6_ Enumatihg power of ajkciy dispersed solid 

The above expressions for emanating power were evaluated under consideration 
of large single particles - 1 m iu which the diffusion coefficient is smaIL The ex- 
pressions remain unchanged aIso for the case of a powder when spacing ~,i grzzns is 
Iarsr than the recoil range- To consider the grains of a powder in air as is&a&d, the 
gr&u size of some tens of micrometers is required. For a powder with tilllifuer grains 

thau the size mentioned, the recoil path can affect several grains aud the ex~~ions 
devdopai above for single grains are no lougcr applicable_ For the case when the 
distance between iudividua! grains or por& volume is smaller, Zimenz? considered 

the fcUowing model: .When a recoiling inert gas atom passes across a pore and strikes 
a second _& before being siowed down to thermal energies (- O-1 eV)*‘it will 
penetrate the second grain. If it is-to contribute to the emanating power. of the 



sample, it must diffuse out of the second grain into the pore and into the f&e gas space 
above the sample. Zimens’ caIIs these ineat gas atoms, that penetrate a second -erain, 

indirect recoil atoms, and those that are stopped in the pores, direct recoil atoms. The 
symbol, pi, is used to represent the fradion of inert -gas atoms that escape from a 
solid sample by indirect recoil, and E& is used to represent the fraction of those that 

escape by the direct recoil. For an aggre_@e of grains, Ep in eqns (14), (I8), (21) and 
(22) is given by the SUIII of both terms & and E&d 

FIiigge and Zimen? caIcuIated that for a dry powder Epd cannot be greater 

than 0.1. Qualitativeiy~ their arguments are that for smaIi grains (- 1 pm) from which 
a large fraction of the inert gas atoms may recoil, the air gap between the grains is 
much less than the recoiI range in air (- 100 m). ConsequentIy, only a smaIl fraction 
of the rccoil atoms are slowed to them& energies in the air-5iIed pores. For large 
grains (- 1 m), even though the air gap is sufficientIy Iarge to stop a Iarge fraction 

of the recoiled atoms, the specific surface is so small that I& is also less than 0. I. 
In the finely dispersed solid consisting of -grain WE & is uzuaIIy found targer 
than 0-I. The larger part Of A?& is then composed Of indirect recoil atoms, pi. 

To understand the relatively higher value of J?& in comparison to A?&,, it is 

necessaq to note that the recoil atom causes along its path a damage to the lattice. 
The diameter of the damaged area depends on the recoil range and was estimated to 
be 0.1 pm, and the path of the atom recoiIing from the surface of one grain into a 
second grain was estimated to be 0.1 pm. Moreover, in the surface Iayers of the 6ne 
grains where the indirect recoil atoms of emanation are trapped, a relatively high 
degree of Iattice disorder exists, depending on the conditions of the preparation of the 

sampie. 
It is obvious that inert gas atoms may diffuse through the region of the damaged 

Iattice more rapidIy (D vahte is higher) than through the undamaged regions of lattice. 
This modeI was successfully proven in practice and can be used for the explana- 

tion of the relatively high value of e manating power at room temperature of f&ely 
dispersed oxides, as MnO,, NiO, A1203, metal hydroxides etc.’ 16. 

For the fraction of indirect recoil atoms that escape by diffusion through the 
descrii lattice, the damage apparentI~ differs from one solid to another and 
depends on the structural properties of the soIid concerned. GISte’z3 obtained 
evidence for the indirect recoil effect and the evidence indicating that the rekase rate 

of inert gas atoms from damaged grains is largely dependent on the composition 
(mainly stmctnre) of the solid. When a zinc hydroxide preparation, with an emanating 

povver for 220Rn of 0.22, was mixed with inactive iron hydroxide, the emanating 
power increased -to 0.60; when mixed with iron oxide, the emanating power 
deaezed to 0.1 I. Therefore, it is possiile to con&de that the rekase of indirect 
recoil atoms from iron@) hydroxide is easier than from iron(III) oxide. . 

i - _^ _- __ _. 

: . . - 



3-7, T~aturedepenaknce of enuvuzhg power 

3.7.1, Dbect recoii emanaring pwer ERd 
IJx emanating power due to direct recoil, E&. is temperature-independent 

since the thermal energy (- O-1 ev) is insignificant compared with recoil energies 

(- fOO,OG0 eV for recoil atoms resulting from aipha‘decay). However, diffusion 
processes are dependent on temperature. We can say that, if the_ emanating power is 
experimentaNy found to be temperature-independent over a reasonable temperature 

rap,% the difhsion process must be absent (ED = 0) or its contriiution to the 
rekase is 100% (ED = lj_ For iow temperature-independent emanating powers, ED 
must be dose to zero_ 

3-7-Z lnditec~ recoil e-hag pow-er Epp 
From the preceding paragraph 3_6., it follows that the emanating power due to 

indhzt recoil E,i is temperature-dependent The release of the indinxt recoil inert 
_eas atoms can be controkd either by diffusion in pores of about 0-l lun diameter (in 
larger pores the diffusion coe5icient D and the diffusion path at room temperature 
are gred enouaJI) or by diffusion in the regions of the damaged lattice_ 

For the fkt case we cau suppose that 

DocT”‘orlogD = 1/2logT+k 

For the second case D varies with temperature as 

D ot exp (- flm/RT) or log D = - CUT/S? + const (4% 

AH’ being the activation enthalpy ofdamage diffusion and TtheWabsolute temperature. 
The amount of emanation atoms which escape from the dama_& regions of the s&d 
during their Iifttime is proportional to the diffusion path, (D/Z]“‘_ 

3-73, Di#kien enranahg power ED 
The emanating power due to difhsion, Ea, depends on temperature since:D 

varies with tlT%qmam as 

D = D,, - exp (- AHfRTj (50) 

Theu we can write for spherical grains of the solid in temperatare cquilik+m: 
ED = 3;'~ = 3!r0 (D&) li2 exp (- AH/2RTj = 

= (DO/i?jlf 2(SjM)p cxp (- AWI2RT) (50 

whenr dH daotes the ztcrivation enthalpy for difkion of inert gas atoms in the solid, 

R the gas constant, and T the absolute temperature, ExperimentaI data complying 
with eqn (51)-are usually obtained only with samples annealed at a temperature 
somewhat above the temperate% range within whicttheemanatingpoweris measured. 
This annealing prevents the occumznce of water dcsorption, chemical reaction, 
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Fis 19. Tanpmt~ of anamhg power. <a) rdationsbip E wssus T. (bj rdationsbi~ 
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recryda.ilization, sintering or other structural changes which might occur in the solid 

within-the temperature range considered. 
Ahuninum ox&, AI&, homogeneously IabeId_ by 2f8Th and annealed at 

1350°C (I623 K), which is usllally taken as the reference material for DTA, is used 
as an example* for diffiio~ emanating power, Z& related to temperature within the 
ran% 204250°C (29>1523 K) ( see Fig. 19). In the absence of- any chemical or 
structural changes the l&,-T curve has an exponential form as shown in Fig. 19a 
Figure f9b shows the relationship, log &, versus l/T’.. Values of ED were o%ained 
from the total measured emanating power rcduccd by &, the latter being the due 

of E at room temperature. The c manation release due to diffusion in the anne&d 

A120S sample is determined by transport processes taking place in the impe&ct 
crystal lattice during heating. On the curve plotted with a semilogarithmic s&e 
(Fig. 19b), usually two or more linear sections may be distinguished corresponding 
to various transport mcchaGms. In the low temperature section, the diffusion 
mechanism controlled by the presence of frozen-in defests & supposed. The high 
temperature section is believed to correspond to the equihbrium state of the lattice 
defe. The me&au&u of volume diffusion is cousidered in this temperatu&~regiou8. 

From the slopes d log EJZT of the linear sections, values for the activation 
enthalpy, AH of diffusion of emanation in the respective temperature region, can be 
evaiuated using the following formula: 

AH = 38.38 [kg E, - log EJ/[(ljTa -(l/T,)] in k3 mol-’ 52) 

The intersection temperature 7 of the two temperature regions is termed the 
Tammann temperature’24, which can be interpreted in the following way: By 
auuealiug of the Al,O, sample to 1350°C (1623 IQ a the4 equilibrkm of lattice 

defeds has been established. During sample cooling, the established equilibrium is 
frozen at a definite temperature, 7. As shown by Tam.manu124, this temperature is 
related to the absolute meIting point of the solid and has been reported for ionic 
salts Bnd oxides to be about one half and for metak as about one third of the absolute 

meking point, The frozen high-temperaturk equihiri& can be considered to be the 
controlhng factor of the diffusion em_anation releak during the reheating of the 
anneakd sample to te&era~ T < T. kt tempt&rues T 2 r, the emanation 
releakis contr&d b$ &hi&-tcr&eraturk &.r~Ziirium of $he.lat&e’def&~ _ _ l 
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The evduation of the diffusion coefficient, D, in relation to T within the 
respective tcmpcraturt ranges can be accomplished from the experimentally obtained 

A?& vaiues using eqn (32)_ It should be remembered that the diffusion of emanation 
in solids is an impurity-diffusion process. The diffusion parameters evaluated from 
the emanating power measurements describe the mobility of the inert gas within the 
solid, 

3-8,1_ Porosity 
In common powder& samples, the incit gas atoms, that reach gas-filled pores 

with thermal energy, rapidIy diffuse into the free gas space above the samples uniess 
they arc adsorbed on the surfa- of the grains- This conchrsion can be reached from 
a consideration of pore len_@hs and diameter and inert gas diffusion velocity and it is 

essential to the explanation of the high emanating power of many preparations. For 
example, a powdered barium pahnitate sample emanates 220Rn with an efficienq of 

99 %‘_ Therefore, only 1% of the 220Rn atoms (half-life 55.6 s) decay during the time 
required for their diffusion from the solid grains and from the gas-ffhed pores. 

From studies with barium carbonate’~ ‘* and iron(IIl) oxidet2’, it appears 

that compression of a powder has little effect on its emanating Rower until the 
vohxmc of the pores bc~~rncs less than the voiume of the grains (r - 10-r F)_ The 

1 I I I I 
6 5 4 3 2 1 -0 



decrease in emanating power, when the volume of the pores hecomes less than the 
volume of the grains, may be due to the closing of some of the pores_ 

3.8.2_ Adsorption of inert gas 
If the inert gas is adsorbed on the surface of the grains, diffusion from the pores 

will be hindered and the emanating power reduced_ The amount of adsorption was 
studied by lvIiiller(+ with an external source of radioactive inert gas. He found that 
when labeled chabazite, a zeolite containing 7-4 moles of water per gram formula 
weight, was dehydrated, its emanating power for 222Rn decreased (see Fig 20). 
When he exposed a similar but not labeled sample of chabazite at 293 K (20°C) 
to an external source of radon. he found that the fraction of radon adsorbed increased 
with dehydration, This indicated that the decrease in emanating power with dehydra- 
tion is largely due to adsorption_ The problem of the adsorption of radioactive inert 
gases is also treated in numerous papers: e_g, on Si02126* *27, charcoal’28* 129, 

Fe O313o-r32 Z Fe(OI-I)j’32’ 133, ZnSr3’ Cr(OH)3’33 and Zr02132_ It can be 
summarized &t the adsorption of inert gases is particularly remarkable with samples 
of large surface area and from about u)8 K (- 6YC), the boiling point of radon, 

up to temperatures somewhat above laboratory temperature_ 

3XZ_ Adsorption of Iiquiiis 
The presen ce of a liquid, such as water, in the pores of a powder wiil binder the 

escape of the inert gas. The short-lived inert gases (219Rn and 220Ru) do not escape 

quantitatively from liquid-filled pores. The effects of adsorption of inert _W and 
liquids on the surface of studied samples are to be taken into account by the quan- 
titative interpretation of the emanating power data_ 

33.4. Grain size (surface area) 
It follows from eqn (43) that & and En both depend on the grain size, l/r0 

(surface area S/M = S& The diffusion fraction En is moreover directly proportional 
to DLf2_ It holds therefore that 

E6c (i/r& IPi2 = (Vrd exp (- &WRT) -(SZ) 
. 

Using thG equation the importance of grain size (surf- area) in relatioir to the 

emanation power E will be estimated below, By plotting E against T for a given grain 

radius rc, a given activation enthalpy An of diffusion, four theoretical curves are 
obtained (Fig 21) It can be seen from Fig 21 that the change of the grain radius 

causes _an considerable charige in the-ET eke_ 1% for exampie, a recrystallizition 
tak#placeati2GOKinthesample,~-eic~~tocurveZ - 
1 . r 

3_85_ Texhue antistructure -. _ 
__ The emanating power is largely de&dent on the texture and structure of the 

solid. At room ftmpemture_ the majority of inorganic salts; glassesand ignited metal 
oxides are poor emanators (E = O-01), whereas metal hydroxides, some organic and 
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Fig. 21, Fkxinating power as d-t on giain radius and activation cnthaipy of==Rn difTusion. 
(I) ro = 1 arm. dH = 628 kJ mol-1; (2) ro = 2 v, dH = 628 W mol-x; (3) ro = 20 pm, AH = 

62-S W mol-1; (4) ro = 1 pm, AH = 1256 kJ moF. 

Fig. 22. ETA heating curve of iron (IIl) oxide sampk di5xkg iu ttxttue: sampIes wae prepared 
W~fcofiron(-rSru) carbonattinsirto700(1).900(2)aed1100~C(3)_~~rateSoC~-~_ 

h&h-n101ecuIar substams were! found good emanators. In a homologous series of 
or-tic saits the emanating power appears to increase with increasing chain length’ 3 ‘_ 
The differences in emanating power of fizxeiy dispersed samples at room temperature 

seem to be due to the indirect recoil escape, l&, of the in~xt gas arid to its difftion 
in pores, Due to its texture, the emanating power of any material strongI* depends 

on the way of preparation_ 
For illustration, three specimens of iron oxide136 wili be described, which 

were prepared by the heating of iron@& III) carbonate in air to 973 K (7(WC) - 
sample I,~-1173 K (900°C) - sample 2, and 1373-K (llOOcC) - sample 3, and sub- 
vntly quenched_ The ETA heating curves of iron oxide samples differing in 
texture arc demonstrated in Fig_ 22. Diffkrenczs in emanating pokier me&red at 
room tcmpcrature are caused * 36 by different surf&e areas (53,l.S and 1.0 rn*g--’ for 

samples 1,2 and 3, respectively), and by porosity_ The ETA heating cm-ves of the threz 
sampks show the differences in their textures: emanating power measured in the 
temperature range between 293 and 1073 K (20 and 8OOOC) were caused mainly by 
diffixsion in poti and in surface regions of tik- lattice, differ, in agrecmcnt with 
eqns (48) and (49)_-The ETA curve of sample 1 indicates a fecryStaUjzatIOn tihich 
takespIa.&duringheatingofthesampleat 1103K(830°C). - : _-- 1. 
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Diffusion properties of s&Is are believed to depend on the structure of the 

crystal lattice, its density and perfectness. For exam+, the CsCl-iattice is considered 

more dense than -the Nail-Iat&&-the rutie lattice more dense than the anatas- 
lattice, etc.‘/. -_ 

The importance of the value of the dH of the activation enthalpy of inert gas 
diffusion on the shape of the E-T ctuve is shown in Fig. 2 I. Curves 1 and 4 in Fig. 2 1 

show the release behavior of emanation at assumed AI9 values of 628 and 125.6 lc3 

mol-’ (15 and 30 kcal-mol-‘), respectively, for the-same grain size (1 m) of the 
sample. -. 

3.8.6. Structural ad chemid changes 

At the be_ginning of this chapter, it was stated that any changes in structure such 

as phase transition and/or chemical c&an_- strongly infhrence the inert gas release 
from solids. Changes of structure, the appearance of a new condensed phase including 
a Iiquid one, are usually accompanied by the change of conditions for the diffusion of 

inert gas in the Iattice of the solid. Chemical reactions in the solid state, such as 
decompositions, gassolid reactions, solid-solid reactions, etc., are usually also 
accompanied by the changing conditions of diEtsion for inert _eas atoms. 

The _eas-soIid reaction between NiO and Hz was chosen to demonstrate the 
shape of the ETA curve (see Fig. 23) measured during the heating of MO in a stream 

of hydrogen i3’. The rate of water formation simuItaneousIy measured during the 

reaction is also shown in the Fig. 23. 
Changing diffusion conditions of solids during structuraI and chemical trans- 

formations can exhibit sudden changes in the emanating power. In cases of rapidly 
increasing emanatin_e power the above-described model of emanation release, derived 
under assumption of radioaaive cquiiirium, cannot be used. The destru&ion of 

radicktive equiliirium by a sudden increase in the ema&ing power of a &lid xvii 
result in an even huger increase in the apparent emanating power. For example, if 
the emanating power of a sample suddenly increases from 0.5 to 0.8, the apparent 
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emanating power, measured immediatery during the change- may be as high as 20_ 

This phenomenon, calfed the “peak effcd”, is the result of the fmite lifetime of-radio- 
active inert ,eas atoms- Some of the inert gas atoms formed before the sudden change, 
and would have decayed in the solid if no change had oaxrred, now escape from the 
solid and contribute to the apparent emanating power. _ 

From eqn (26) it follows Hia& the radioaCtive equilibrium after the structural 

and/or chemical changes of solids is re-estabkhed in the time comparabIe to the 
inert gas half%k Using 220Rn, this period corresponds to about 60 secon& There- 
fore, about 60 seconds afkr the end of &ructuraI or chemical change the above 
described model and derived expressions are qain applicable. 

327, Metrhmicd treaffnent 

The efkct of milling on the emanation release from zinc oxide is shown by the 
example in Fig_ 24, The ZnO sample was prepared’3s by thermal decomposition of 

Fig 5 Iuff- of radktion &a% induced by ion bombardnxnt M -tingpowcrofiroo(lli) 
o&c d-sing katiug (cf. r& 143)_ Curve 1 and 2 txxnpond to the first and 5wond heating ruus. 
rcspaxk-dy, 
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ziuc hydroxide. homogeneously lab&d with 228Tb and milled before the-ETA 
measurement, The emanation heating cur& is rep;izxnted by curve 1 in Fig. 24. The 
effect on awe I in the temperatmc range 333-703 K (6&43W~ conesponds tq the 
annealing of a lattice damage induced by the mechanical treatment, The effect does 
not appear in the second heating run (curve 2 in Fig_ 24)_ 

3-88, RaaUion dhage 
A sample of ferric oxidez2 homogeneo&ly labeled with I*% was submitted 

before ETA-measurement to ion bombardmen t with Kr-ions (eneru of 2 keV reached 
in TESLA transformer)_ The radiation effkcts of the ion bombardment on the emaua- 
tion rekxw arc dcmWted in Fi& 25, cnrvc 1; curve 2 corresponds to the repeated 
heating run_ The collisious of the heavy kxypton ions cause displacements in the 
surface layers of the sample which could lead to a gross damage of the lattice, such 
as amorpbization, Fig- 26.shows the schematic drawing of lattice disorder prodnced 
by ion bombardment at high and low doser. By beating the bombarded sample the 
radiation effects are accompanied by the release of emanation- As is seen in Fig- 25, 
cunfe 1, two effkcts on the emanating cnrve of Fe203 are obsenred- Fii in the 
temperatnre range 393-553 K (lurzsO”C); believed as uxresponding to the release 
of emanation atoms located at positions, where the difftion path was shortewd by 
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the bombardment_ second, in the tempetiture range 673-873 K (~“C), believed 

to be caused by annealing, of a gross disorder in the iatticc of r-Fe,O,_ Jeeh and 
KeUy r 3 9 ascribed this effect to *he anneahng of bombardment-induced amorphousness_ 

38.9, dyon-eqriit&km akfecis 
In addition to the above-r, zntioned factors, there exists a number of factors 

influencing the mobility of inert _eas atoms in solids, e-g, non-equiihinm defeds, 
prcscna of impurities and non-stoichiomctry. The conantration of non-equilibrium 
defcas is usually retkted on the emanation rekse curve in the temperature range of 
“frozen-in” defad equxlibrium, i.e., below the so-cahed Tammann temperature- 

F&r-e 27a, b, shows ETA curves of iron@I) oxide samples prepared by the 
heatiug of various iron saits (MOWS saIt, iron(n) sulphate, iron(n) oxalate and 
iron(II, III) carbonate) to 1373 K (1 iOWC)_ Values of activation enthalpies for the 
diffusion of emanation’36 AN = 46.06; 79.6; 1 I7_2; 125.6 kJ mol-‘, respe&veIy, 
were determined in the temperature range between 873 and 1123 K (600 and 7SO*C). 
These values express quantitatively the influence of the non-equilibrium “frozen-in” 
defects on the inert gas mobility in the rl-Fe,O, iatzicrze366, 

The different behavior of the iron@) oxide sampIe of various history (expressed 

in their reactkity, soiubihty in acids, catalytis activity) was named by HedvaU’?” 

structural memory. According to HedvalILJo, “the structure of the salt remained in 
the structure of the ferric oxide sampIe until the mobility of the crystal lattice in- 

’ creased to such a degree that the equilibrium state in the lattice was reached*T. 
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. 
3.8.20. -rln--ties - - - c _- 

The-presence of impurities may strongly. inflwnce the diffusidn release of 
eman&on from solids. The ETA curves4 of pure ZnO and 2110 containing 0.5 at % 
L+i,O and ZnO containing GazO, are shown in-Fig. 28:The increase of emanating 
power, evidently cansed by the temperatnre increase of radon mobrlity in the crystal 
lattice, for pure 2110 b&an at about IO73 K (soO”C, (curve 2), whereas for 2x10-with 
L.i* additives this state is reached at a considerably iower temperatnre and -the 
emanating power increases more sharply with temperature (curve 1). It is knoti141 
that the presena of Li+-ions in the Z&-lattice leads to the creation of a defect 
structure in the oxide characterizd by the appearance of an excess of interstitial 
zinc atoms. The presence of Ga3+-ions in the ZnO lattice causes an inverse effect 
(curve 3). 

Another example is demonstrated in Fig. 29 by the ETA cooling curves of 
TiOz @utile) pIotting log E;D against I/K The behavior of TiOr sampies containing 
varions additive (0.1% S03, CKB% K20, 0.5% 2110, 0.24% A1203 and sample 
especially purified by NHs) auuea!ed to 1273 K (IOCKPC) is represented by *-es 1 
to 5. The presence of impuriti~ intiuences the defect equiiibrium and the formation 
of a perfkct rutile lattia producing a change in the inert _ezs mobihty1S2. 

3.8.11, No?l-sIoicJIimetr_v 

Appruciable alterations of equilibrium vacanqr concentration may occnr as a 
result of deviations from stoichiometry. The diffusion emanating power, f5& of a 
number of solids proved to be dependent on non-stoichiometry. Even if chemical 
analysis is not sensitive to detectin g the degree of non-stoichiometry, emanation 
rekase measurements still point towards it. For example, titania(G0.J when heated 
in a reducing atmosphere may iose oxygen and form a solid of formula, Tit?, 
Tiz- O$:, [A.V.&, where [A.V.] is an anion sacancy. The diffirence due to the non- 
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stoichiometry of liO+ (annealed- to I373 K (I lCKY’C) in air) and TiOz_; (annealed 

to 1373 K (i ioO”C) in nitrogen) is iiIustrz&xi in Fig. 30. The log ED-i/T relationship 
isshownherebyawcs 2 and 1, corresponding to samples cooled in air and nitrogen, 
respedtivdy, The vaiues of the actbmtion euthalpy, AH, within the temper&we range 

of 8734123 K (6004350T) are 2135 and 50.2 kJ mol-’ (51 and 12 kc+4 mol-I)_ 
The decrease of the Aff value for Ti02_-r is ascribed la3 to the increased concentration 

of anion vacancies [AX]. 

3-9, Info~ion from emunaCt2g power measwemmt 

From the emanating power measurement two types of information can be 
obtained_ First, indirect information about processes taking plaaz in the solid, Any 

process proceeding within a solid and Ieading to a chauge either in the surface to 
volume ratio or in the diffushdty of the emanation atoms becomes indirectlyo&e~~b~e 
f%om the measurement of the emanating power. This is the basis of the numerous 

qualitative applications of ETA to the study of solid-state processes, as aging, 
wtiou, modification chau,ees, d issociation, solid-state reactions, etc_ 

Due to the complexity of the release processes, supplementary information 

about the studied solid are usually necxsary for the correct evaluation of ETA curies. 
Methods such as DTA, TG, dilatometry~ X-ray analysis, etc are frequently employed_ 
To provide this indirect, qualitative information the choice of the incorporation 
technique for the radioactive Iabei and distribution of the label is directed only by the 
proper aim of the FTA measuremeut Should information about changes in the 
surf&c layers of the solid be obtained, a surface distribution of the inert gas is 
sufficient . _ 

Secondly, from emanating power measurements, it is possibIe to obtain direct 
information about specific surface or difhrsion parameters of the inert ga5 in the solid 

-fhe=pe rimental conditions must be maintained so that the state of radioactive 

equiIr%xium is not destroyed during the measurement of the emanating power. For 
t!! quantitative information the question of labeling of samples becomes extremely 
importas& since any theoretical approach starts with the assumption of some well- 

defiued distribution of the immediate parent of e manation throughout the solid, To 
provide direct information about the specific surfact and the diffusion coefiicient, a 
separation of the totai emanating power E into & and &, is usuaiiy necessary, The 

simplest but approximative way, applicable for solids with small D, consists in the 
subtraction of the E;t (obtained as the room tern- value of E) from the total 
emanating power at the rehzvant temperatuG Et, = E - I&_ Other zmtbds of 

~ofE;and~willbed~~later,~somcoscs,w~oneoftheterms 
composing the total emanatin g power E is negli~iile compared with the other, the 
precise aualysis of E-values into & and & is not necessary, For exampIe, for the 
roomtem~ meanurment of emanating power, ED GUI be negligiiIe compared 
with E& when Eu < I/&_ This is accomplished5 for ==ORn atoms when D -c lo-l6 

cnl=scc-‘_ , _ 
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The evaluation of the diffusion coefficient D and the activation enthalpy AH of 
diffusion of emanation makes possible the quantitative estimation of fmrs influenciug 

the diffusion parameters of the solid such as non-equihbrium defects, non-stoichio- 
metry, presence of impurities, etc- It has already been shown in paragraph 3.8. that 
the inert gas diffusion charaderistcs,~ D and AH of the solid, provide-valuable in- 
formation on the properties of the solid and its state, In the low tempemturc range, 
where T- < r, the dSirsiorr &amckrScs usually reflect a non-equilibrium state of the 
lattice; in the high-temperature range- where T > 7, an equilibrium state of the lattice 

is descrikl_ 
From the plot of fog Er, versus l/T obtained during the heating or cooling of 

the sample, the Tammann temperaturecan~estimattd.Thetemperature,T,estimated 
from the ETA cooling curve of the sample, indicates the temperature at which the 
defect equilibrium achieved by previous heating is being fkozen. In addition, other 
phenomena co~ected with chan_a of the mobility of the inert gas atoms in the solid 
can be indicated by means of the ETA curves, 

. 



RELEASE OF 1NERT GAS INCORPORATED WlTHOUT PARENT TN SOLIDS 
.* 

According to the rxethod employed and the conditions of introducinpthe gas 

traces, it is po&bIe to obtain samples in which the inert gas rs distributed uniformly 
throqhout the volume or located beneath the surface_ The most ~common distriihntion 

profiies are: 
(a) Homogeneous distriiution which is usualiy obtained either by neutron 

inzdiation EQener;tting inert g;rs atoms in the bulk of the solid, or in natxral minerals 
containing inert -eases of xadiogenic originn- 

(b) Distribution with a definite concentration proflIe beneath &surface (plane 
soum exponential, or peaked with an exponential tail) obtained by ion bombardment, 
diffusion or recoil techniques of labeling_ _ - 

In this chapter the inert gas release with re_eard to the most common cases of 
gas distribution in the sampIe will be analyzed_ 

,Qelease oT the inert gas incorporated without parent in a s&d can be caused 

by a number of processes, such as diffusion, instability of the surface, amxaling of 
lattice damage during heatins evaporation of surface layers, recrystahization or 
phase chan_9es, and chemica! reactions of labeled sample, etc_ For the sake of sim- 
plicity we shall Grst deal with a sample whei-e neither chemical nor physical +D 
formations occur during heating over the temperature range considered_ Fractional 

release, F, or release rate, U/d& are most commonly measured in experiments where 
the inert _m release is studied- The heating at various temperatures for a definite 
time- so-calied isothermal step-he&n g or isochronal heating, or the heating in 
conditions of increasing temperature are usually employed_ 

4-i_ KFnericz of iirerf gas releae 

As inert _m are practically insoiuble in solids, one expects a gas concentration 
@ient between the bulk and the surface of the sample as long as the sample is not 
completely &austecL The time dependence of the inert gas concentration is given 
by Fick’s 2nd law, and as the concentration of the gas ma, change by decay of the 
inert gas atoms, the following differential equation can he written: 

wherecisthe_pacconcentration, V2Laplaaoperator, ;?istheir.ertgasdecayconstant, 
and t is the time_ Inthoff and Zimen”* solved this equation for the appropriate 
boundary conditions and the homogeneous distribution of the gas within the sampIe_ 

4.1.1, Womogeneous gas &Wibuffon 
For the case of home_eencous gas distribution in an assembly of cmaU &rains 

. 
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(diameter about 0.1 J.UU) a formula was derived’45 permitting the cakukition of the 
release fraction;I;, at any time, t, 

F = AJA, -=‘ Z(S/V)(Dtji)1/2 exp (- 2) forF< 03 
: 

(i$ 

where F is the amount of inert gas released after time t representig a fraction-of the 
total amount of inezt gas introduced into the substance, A, is the activity of the .gs 
measured at time t and A, is the total activity taking into account the decay, I, is the 
radioactive decay constant, D is the diSkion coefficient, S is the surface of the sample 
grains, Y is their volume, and exp (- AZ) is a decay correction term. The decay 
correction term can be omitted if+ the ha&life of the inert gas is much greater than the 

duration of the experiment, zS12 % 1. 
Equation (55) is valid for F_ -c 0.3, Higher values, F > 0.3, require more in- 

volved expressions forPdependingcnthegrainshape. Fortheoseofasphericalgrain, 
Inthoff and Zimen!“* derived the following expression, valid for all values of E 

F 1 = - (6@) 2. &n2) exp (n2t?a2) for 0-x F -c 1 (56) 
==1 

where a2 = (Dffrz)1 and r. is the radius of the spherical grain, &sun&g vaIues of 
F- -z 0.3 and using the parameter a, the following simplified expression is obtained: 

F = 6_a/lr’12 for F -z 0.3 (57) 

For higher values of F, the fokwing useful approximation is obtained: 

. F = 1-(6/z’) exp (- =‘a? WI 

Figure 31 shows the rekase fraction, F, rektkd to parameter ag.a being (Dz/r,3ti2. 
For F -c 0.3, a Lkar dependence is expected as follows from eqn (57). Solutions for 
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rectangdar and cylindrical grain shapes were also derived by hthoff and Zimenr4~_ 

4erwall and Zimen *a5 tabuhxted the function, F = f(z’), for most of the commou 

-gain shapes_ By plotting zz a&n.% 2, the diffusion coefficient, 0, can be evaluated 
from the slope- 

The theoretical considerations and the above-reviewed expressions suppose an 

ideal vohtme diffusion mechanism of the inert gas release. A large number of gas 
release experiments did iu fact follow this idea! diffusion pattern. However, most of 
the experimental work showed deviations_ In the isothermal reiease curves, as a mie, 
more rapidreleaseoftkinert~~observedin&efht 5-10minthanwou!d 
follow fmF- the theoretical model given above- The authors explained this by the 
fact tLtt the patt of the solid close to the surface exhibits defects and structural 

anomalies_ The imperfect structure of solid near the surface may further be dis- 

ordered by the radiation damage caused by the inert gas incorporation. Felix’( 

analyzed the factors eff&ting tire idea! inert gas volume diffusion and distinguished 
four types of deviations of ideal _gas release kinetics- Figue 32 shows the deviations on 

the F’ = f(r) dia_gam, assumin,o Fz < O-06. Curve 3 corresponds to the ideal non- 

disturbed kinetics of the inert _eas release, where F2 a t- Curves 1 and 2 correspond 
to diffusion influeuazd by surface effects, namely, the accelerated release at the be&r- 
ning of the experiment_ These socalled ‘burst eff&ts” are characterized by a release 

f-on, Fb at time r = 0 (curve I) and the enhanced release caused by evaporation 
(curve 2)_ Curves 4 and 5 correspond to the diffusion hindered by gas trapping in 

the solid_ Curve 4 demonstrates the changes of the ideal release kinetics caused by the 
presence of traps_ Curve 5 shows the fraction of the gas reIeased as a consequenceof 
annealing the traps where the inert gas atoms have been coihxted. The hindering 

effect is characterized by a time, r,. 
Mathemati~y, these effects have heen introduced in Fick’s iaw by adding 

adsorption and desorption terms. A model of a quasichemical reaction between 

mobile _eas atoms and a stable distribution of traps has been considered. Solutions 
of this problem were pu%shed by Hurst’ 46 in numerical and by Gat~‘~~ in analytical 

form- The authors proposed the following reaction between inert _gs (G) and traps 

0% 

gas mobile (G) t traps (I) p gas trapped (GT). 

We denote the concentration of the mobile gas atoms (G), equal to c, the 
concentration of trapped atoms (GT), equal to m, p is the probability of trapping, 
b the probability of gas emission if the distribution of traps is uniform. By including 

the reaction rates, Jo and a, and the fractions of mobile and trapped gas, c and m, 
reqechdy, into the differential diffusion eqn (%I), we obtain: * 

The initial fractions of mobiIe and trapped gas atoms at z. =.-0 arep& and,q,, w 
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tively, with po -I- qo = 1, For such non-ideal release kinetics, eqn(55) giving the 
f&on F of the released inert gas should be replauzd by 

This means that for the case of the “burst” release at the beginning of the experimeuc 

the vaiue of ta > 0, and for the case of a hindered release, t, -E 0. ‘Exe due, t,, 
depmis on the pro’bability p of trapping and the probabihty b of emission as well as 
on the initial concentrations of mobile and trapped gas atoms p. and qo_ 

Afkracmtain time (f 5 tJ of inert -gas refease at a cle&ite temperature, whe$t 

a thermal equilibrium is reached, the differential equation is reduced to the simple 
Fick type (cf_ eqn (55)) but with DSpp, which is smaller than D for und&urbed 

diffusion 

Thus, regardless of trc 2iitial conditions of the experiment, rehabk diffusion coeflkzients 
can be evaluated when thermai equilibrium is reached. This theory -was found suitabie 

for inert gas release evaiuation in most so!& labeled homogencousIy by inert gas 

without the parent making possible the calculation of the diffusion coefiicient, D, 
from experimentahy obtained F values at codstant temperature, For evaluation, it is 

convenient to use the graphical representation of F = f(Z) or F = f&/t). Table 20 
shows some ways recommended by FelixI far the evaluation of F_ 

Figure 33 shows F plotted against ,f(t - ti) for a step-wise heating experiment 
according to LagerwaIl and Schmeling 14* in .which ti is the time atwhichthetemper- 

TABLE 10 

stxds WAS FDR rkzs xv~_u~-nos OF D 

Tjpe of rekhzsc kiwtics Erpaimrzr Procedure ,=ir D erahafibn 
diiam used 

Ideal volume diffiion and stepwise 
hcatiag (asrvc 3. Fig- 32) 

Voiurat diffiinion bindard by p- 
oftrapsattkbqkmingofthc 
cxpcrimcnt(~S,fi~32) . - 

SIopeofanypartofthediagramk 
proportional to D 

F= (z> s1opcoftbeEncarp&ofthe 
diziglze proportional to 3 

F(/1) sbpeilltlleIilleafpartis 
gJropmi*-to-D 

J=<+ - rs, for 2-x: stopc in the iixld+part 
propmionaltoD :- 
fixTtandhigkcSIopeofthc 
asymptote-iothkcnrvcis ; 
proportionaItaD _ 
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ature is changed_ It represents the case of an initial burst at temperature Tl but no 

burst rekase at Tz and T3. 

4.12 Non-fiomqgen~ow gas distribution 
incasesof apkmesouroe,ancxpCmentiallydecnas ingproiik, alinesrly de- 

creasing gab distribution, and a peak distribution with an exponential tail, which are 

important with ion bombardment labeling, were thoroughly anaIyzed by Kelly et aI- 

and Matzke1*9-1sz. The cases of Iineariy decreas ing and rectangular prolik, which 
occur in recoil doping technique of Iabeiling, were theoretically treated by DiCola 

and Matzkels3 and the iineariy decreasing distribution by Mcars and El!eman’s4_ 
Kelly and Matzke ls2 used the diffusion equations modifkd by Hur~t”~ and Gaus14’ 
but treated the problem using the discrete diffusion theory deveIoped by KeIly150~ ’ 5 ‘_ 
This tkory involves making time continuous but space discrete_ According to the 
authors, it is in primSpIe better suited for discrete media snch as the crystal lattice 

than conventional diffusion theory (both time and space continuous) or random walk 
(both time and spaa c&x-e+ 

Kelly and Matzke1S2 denoted the concentration of gas in the presence of the 
trapping eEect by c, the concentration of permanent traps by m (both i_n fractional 

units), and the difkion kngth for permanent trapping L (jm atomic Iayer spacing 
units o)_ The concentration of gas c and of traps m related to the distant from the 
surfkce Carl be either diEerential or iutegr& the rela~ouship betweell the two forms 
being cd’” = - (d/dx) P_ They ’ ” defined the diff’on coefikient D & _ . 

D= 1/2kti(I-f)= 1/2ka2 (62a) 

andthedifksionpathLas . . 
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where k = k,, cxp (- AHIRT) is the difhiiti ratt amstain de&xi -as the rate of 
jumping along a given hne,fis the atomic fraction of atom-size traps, and a is the 

_ ._ _- 
atom layer spacing It is of interest to note that the tinv@ruioxGI diffusron theory by 
HursP6 gives a value of L2 twice ak high Diffusion coefficiknt D and difksion 
trapping iength L are defkd by Kelly and Mat&G52 in a more fundamental atomic 
parameter, uameIy in the atom layer spacing a (denoted by the authors as 2). The 
mean atomic spacing a is equal to @f/p N0)rf3 25 0.25 nm, where Mis the molecular 
weight, p the density and No Avogadro*s number. 

The following equation describing diffusion with both permauent and weak 
trapping for unidimensionai gradient was proposed f St _ 

i?cjGz = (Dfa2)(a2cjaz2) - (D/Lfa*)c t bm (6%) 

iYm/Zz = (D/L2a2)c- bm - _ . _. (63b) 

where c is the concentration of moble gas atoms, m is the concentration of gas in 
traps, b is the rate ofdetrapping and L is the diffusion trapping length or the spacing 
of the trapping centers_ 

Soiution of eqn (63a) gives appropriate expressions152 for the fradional 
release in the absence of trapping (F,), and the fraaional release in the presence of 
permanent trapping (F& By sohrtion of eqn (63b). the fradion of permanent traps 
F, was evahated’52_ . 

Expressions for FE ~nsidering difkent gas concentrations profiles and the 
ide& volume difkion kinetics are listed in Table 11. For expressions of F2 and F, 
assuming the trapping behavior we recommend the original paper of Kelly and 
Matzkex5*. Iu Table II, z2 stands for (Dr/R*) where j? denotes the range of the gas 
which is the iimit in penetrations in the cases of a plane source, a rectangular and a 

TABLE 11 
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linearly deneasing concentrations proH& In-the caSeof a peak dis#ibution‘wi& an 
exponential tail, the most probable or peak range 4 is to be used; with exponential 
distriiution, the median range R, is to be used_ Fi_gure 34 shows the resrihs plotted in 

bilogarithmic scaIe as F = f(z), zz being (Dr/Rr>_ 

Theoretically, the inert gas distribution in ion bombarded solids wilZ be deter- 
mined by the energy of bomb&ding ior* and by properties of the solid such as 
atomic mass, type oZatti% crystaibnity, httice defeds, etc- The gas distribution also 
depends on whether the solid is amorphous, polycrystalli~e or monocry&Uirre, as 

well as on the dose of gas ions applied. _ 

Figure 35 shows differential forms of four idealized concenctition profiles, 
suited for most cases of ion bombardment, recoil labeling and diffusion labeling: 

(a) Plane source assuming inert gas concentration in-the vicinity of 4, the 
most probabk or peak range, It is suitable for exampie. (i) for low- and high mass 
solids with very low bombardment energies (I kev) so that R,,, equals only 1 or 2 
atomic layers. It is +o a possible representation of(K) low-mass solids at very high 
bombardment energies (300 kev)p'- lo2 an.3 @ii for amorphous sohds wh& the 
distribution‘is generaily compact due to the absence of chaneUing’02_ 

(b> Peaked with an exponential tail distriiution. (or “x - e-=-), where the 
theoretical most probabk_50% range is given by %, = I.68 4. ‘This geometry is 
suitable, for example, for poIycrystahiue material hbekd by _a ions at energies 
where R_ equals rou_ehIy 2 to 10 atomic Iayers as can be seen from the differentiaI 
distribution curves of 2-100 keV Rn in ahuninium’oz (cf; Pig. 1 I). 

(c) Exponential (or “e-” ‘) distribution is suitable (i) for polycrystabine solids 
and bombardment cncrgies such as E& 2 10 atomic layers ro2* rs6* s ST and (iii for 

some solids Iabekd with difhfiion techniquezo5 and many cases of diffusion which 
can be attributed to “bubble diffusion”’ ‘*_ 

(d) Linearly decreasing distribution is sui?abIe for solids labeled by recoil 
technique’ ’ r and in some cases for diffusion tech.nique~os_ 

(e) When high energy bombardments are used for lalxzfing 6ne powders or with 
alpha Rn recoil or fGz$on Xe recoil, the concept of a homogen_e+y Me&i sphere’ 5 * 

011 be used. Equation (56) is applicable in this case_ _ - 

In most cases actual distribution lies ,between these ideal&d cases, With 
exponential or Iineariy decreas ing dissiution, most of the gas is dose to the surface 

It can be seen from F&-34 that with b and R, constant, most of th& rek+es occur 
within a short time With peaked distributions and espe&hy -with a plane source; 

the _a is deem in the solid Hen&, the rekase corresponding to the un&turbed 
volume diffusion starts at higher values of t_ On the other band, the exponential 
distriiution contains some gas very deep in-the solid, thus the values of I; are not 
reachedhefo~ high values of-r are-attained. -- ~ : c 

c -* ” _- .- . _ , : 1 -_ _ _ _ ; . . _I 

42.~ In&#g*r&rse cltongn*n=&o~h~dhealhg _ r .I_ = - . -:_ I _,-*:_= ._: . . - 1 
. . -_--- _- -- . . - . z i. . -1 : ‘ - . . I ----; _ _ --r 

:__: -Inc&g don *,f&ioA +& FoW h &..A &&g&g)& 
._._ 
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TEMPERATURE - 

F< axncs1and2)2ndofrdcascratedl;7dt 

muds and the release rate dF’/dt obtained under conditious of linearly incxhing 
temperature will be analyzed_ Fig_ 36 shows the temptraturt dcpcndeme~.of the 
frisctional rtttasc; F, (curves 1,2) and of rdcase rate, &Flat, (&es 3,4)_ Curves I 

and 3 dcsatbc a proass with one discrete value of the activation CnthaIpy of di&rsidn, 
Curves 2 and 4 dcscriti a process with a uniform spedrum of &iv&on e&haQies. 
TI~~.cxponcntial disbiiution of inert gas in the solid and absence of ~ppingiffi 
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am qj+& h’& @&‘meeMF & f(T) cum&i show tEex+&d baGa!ly~sigmoid 

shape& -ThL Curves &-be regarded as bGrig chGacter&d by the tempe&res for_ 
i0, & and 90% release_ ThehF/dt curves show the expected basicaily $&ked shapes 
for discrete valurs of activation e&halpy:T&~ -c&v&s On be characterized by the 

*mperaturcs. T-~z, G 112 and T, which denote the half-heights tind the maximum - 
temperature of the peak, respectively_ 

_- 
. . . -0- _. 

As was‘shown in the paragraph 4-L the release curves stron.gIy depend on the 
median range, R, of bombarded ions in the solid Fi_m 37 shows some theoretically 
expected release curves predicted by Matrke et aL’ ” for a volume di&lsion with a 
discrete value of AH (45 k&i mol- ‘) assuming an exponential distribution p&file and 

D ,, z 0.3 cm*sec~ I. Increasing the bombardment energy (I, 5, 10, 20,40, 100 and 
300 kev) shifts the release curves towards higher temperatures (for these calculations 

a linear Aatiorship between R,,, and energy was timed). Simultaneously, the 
release curves cover a wider tempera- interval, The two dotted curves a and b 

show _the effect of change in D,, (both curves are for 40 kc4 but for Do .= 0.03 and 
3 cm*sec-1, mspectively). Varying the annealing time is ex_pected to yield a similar 
shift in tempcmture, Similar shifts oc&r in the peaks of the dF/dt curves. For com- 
parison of the T-7 and (d.F/dr)-T plots, we can sunpose that a iinear temperature 

increaseoflOKper60seccorrespon~toastepwiseheatingwitha60secannealing 
time. More complex F-Tdiagrams are obtained when the inert gas release is governed 

LO 

t 

____--_-__------______ ______ ___- a 

_KBr, Xe-133. S x fO” fONS/cm2 /v--l 



by trapping and mechanisms other than normal volume diffusion_ Sekckd exampIes 

of such release behaviors are shown in Figs- 38 and 39_ 
Figure 38 shows the F-T curve of 1 33Xe release from KBr sir&e crystals 

following ioc bombardment with a dose of 4 x 10” ions per cmz. By vaqing the 
enercgy of the incident helm between 05 and 40 keV% Mat&e’ ” proved the effect 
of surface proximity on the _W release at low temperature. It can be seen that tith 
decreasing en- a dccreasb g percentage of the _eas is released at temperatures below 

230°C (503 K) which axesponds to 0.5 melting point on the absolute temperat+re 

scale- At an enera of 40 keV, this rclcasc at low tempcraturcs-is ncgligiblc and the 
cume represents the normal volum& gas diffusion which occurs for most materials 
at temperatures compatiile with scIf_difGuion. When the ipert gas rclcasc occurs at 
temperatures weIl below that for normal diffusion, it is supposed that the inert gas 
rekase is subject to the effizct of diffusion alqng boundar&s or diffusion pipes and 
reIease due to excess point defects, etc_ This type of relmse proars has been called 
-damage diffGon”_ The low temperature xenon rf&zase from KBr seems to @e due 
to the proximity of gas to the surf&e xather than to daSqe and annealing only_ 
in some experiments a shift of the si_gmoidal relea& c&fe to higher tcmpqatures can 
be observed, This retarded release indicates a trapping of the inert_ gas‘ qn‘ de&c% 

inthesolid 

Figure 39 showy F-T car& of pure -ad doped KBr single qystals, The ion 

gergy in the& eqxxhents w+5 k@pC cons&t at 40 keV to abqsd‘inftucnc& of s&face 
proximity_ Using a very I&w d&e (8. x 10” Xe i&s p&c&q w-j69 s&&d that 



_ - 
D&tlibUtiO#l F=OJ F==OJ = F=0.9 

_ * 

PlsgeSOilW 78-8 -- 752- -f xc”(pcakcdwithaponcntiattail) so9 75.2 As; 

e-= (apcmaltial) 833 755 c& 
l&ZLtiydcacasing 91-2 83.7 - 75-9 

86.8 765 70.7 
spbatwithradivsro : _ - 893 . -- -822 .788 

the gas rekase corresponds to norraai volrsme gas diffusion for ah thr& materiak 
pure KBr, doped with 200 ppm KPC09 aad doped with 5CXY ppm CaBr&urve I). 
At higher ion doses (2 x lOI6 Xe ions per cm2) the release is retarded, i.e., is shifted 
to higher temperatures (curve 2). The effect is more pronounced ia the specimen 
doped with CaBr, (curve 3). 

-. . 

4_-9,1. Approaches to evaluate reiease curves of the F-T type 
(a) For analyzing experimeatal rekase data of ion bombarded solids, it is oflen 

conveaieat that F be made explicit in AH/T. A correlation between the activation 
eathalpy dk aad some recognized temperature-T can then be found. Kelly and 
Mat&e* ” gave relations for cumulative gas release at F = O&O.5 aad 0.9, assuming 

various _eas distributions and geometries. The general_ forra of these relations is 

A_HjT = (A_ 33) + 4.6 IO&o tie 

where AH is in cal mol- ’ (4.187 J mol- ‘), _Q the median range is in units of &omic 
spaciags a, t the aaaeahng time a given temperature in-minutes, aad A a coastant 
which depends on the geometry aad F values. The uncertainty of ri_5-arks from the 
assunlptioas of D, values (3 x IO- l ,i l cm+ s-l); this range of values a_- well for 
metals and quite-well’ for halides and oxides with diffusion literatux& 2’. The diEerent 
values of-A are given ia Table 12. The values obtained for d-H- differ only sJightIy 
for various geometries aad shapes of the distribution curves.. Th: r$ations are -valid 
under the assumption that the values of Fccrrespoad to a normal difhxsion me&a&m 
only and are not perturbed by damage diffusion or trapping. 

For experiments conducted with step-heatin g, 
was defined by Kelly et al.’ ’ I 

rhe width of-a gas rekasepeak 
as the difference between tbo tea$x&ur~ for ?O aad 

10% relw i.e., T,,-T,& it’d caa be es&a&ted by reat-kgiagthe dH/T f~nnula~ 

of izqa (64)xad Tabk 12.: - - -’ _ - - - - 

-(b) kno~approachtotvalnatingthereleasedatawaspro~b~Maake’,60. 
Is is based:@ the relation between Fond (Or/%?- an 3 is shown in Fig. 34. Using the 
r&pcctivecarvePaccordiug-ta-the dissbutioti geomet&% isjxjssii~e t&-read tit&D 
values corresp&ding to each F value. By plotting these%.a&x$th_the A?&eaius 

__ _ - _ 
,___- . _ . -. 

-_ . - 
:- _.- _ _ .- . _, _ - _, -- -. --_:- 
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eqlmion, D = Do exp (- AH/R?), both AH and Do can be found. This approach 
does not assume a value for Do_ The expa+entalerrorsofthismethodcap~ 
&obtainedby 2k2stsqu2refit 

(c) Pronko and Kelly”’ used 2 r&&on for retained gas t* evaluate 0, AH 

and Do from the experimental rekasc data_ 
In the case of an exponentiaI initial distribution, the foIlowing expression was 

proposed for the fFaon of gas retained after annezdingz _ 

(1 - F) = exp(Df/~erfqDz/~'f2 (5s) 

where F is the fracb’onal gas release, D is the diffusion coefficient, 2 is the annealing 

time and Z& is the mean range. A plot of (I - F) plotted against Df/Rz was used to 
determine the actual value of D_ The error in D as 2 result of this approach was less 

than IO%_ The vakes of the activation enthalpy, AH, and diffusion constant, Da, can 
be obtained from the Arrhenius equation, 

42-2, Appmches 20 edkate rehse czuzws of the (d.F/dt)-T tF 

Various approaches to evaluate the temperature dependence of the release rate, 
dF/dt, for 2 Iimsr rise of temperature are given in papers by Redhead’ 63, Carterr6q 

and Kelly and Matzkers2_ 
~~~thattherdeastof~lyingdosetothes~~ocausin 

one jump, ix+ by the ma&anisms of diEusion with 2 definite activation mtbaipy, 
AU-Assamingtbatthedeso~tionisa~onofthe~orCtr,therateofgas 

rdmsccanbcfix.p~illdifferrntlaIformas _~ 

-(diVjt31)=w-iV- exp(- AHfRT) _ 
(66) 

where N is the number of atoms trapped in 2 unit surface, v is 2 constant (the fnequcncy 

of oscillation of atoms in the lattice is assumed to equal lo-r3 s-l) AHthe activation 
mthalpy of the inertgzq andR is the mokr gas constant equal to 83143 3KT 1 moI_ r_ 
A linear rise of temperature (T = To + /It, where /? is the heating rate) and AH 
independent on 1y was also asslImed_ 

. By difi&ntiating expression (66) and equating it to zero, the following cx- 

pressionSfor T__ was obtained: 

AH/RT, = @Ml =PCAW~~L) (67) 

and 

AHpmm = Jn (v&J/3) - 3.64 W) 

-The value of the activation enthalpy~ AH, czk be determined dkxtly from the 
experimentally found temperature of the maximum, T,. (see F&40). The rektionship 
between AH and T, over the given temperature range is dose to lincar’63- _‘“‘.- 

KdlyetaL’52 derived on the basis of their theory for constant tcmp&tnre~4g, 
2 simik formuhx taking into account different gas distribution prof2es in the sampk 

and diErent types ofd.ifi&ioon - _- - ‘.‘ _ ‘. __ _ _ 



TABLE I3 

IJ-- 69.5 0.0935 ’ -oak53 
x-c-f 0.138 oio!n 
zr&ump~tionwi&discretedH iE- 0.175 0.0117 _ 

OAK73 - r 0_0044 
sphcretithradinsro - 73-2 - --. - 

: _ 

_m (dF,kU) curves generally exhiiit peak, the maxima (T> of which ai-e 
govkmed mainly by the value of AR (one exq$ion is a single jump diffusion with a 

uniform spectrum of dll”s w&ere, according to Grant and cartWE65 there is no 

xnaximum). Figuxe 41 gives examples of these peaks and shows that the shapes depend 

markedly on-the type! of diffhsion and on the heating rate /3 a~@ the median or 50% 
range, e. The (W/dr) curves for linearly incrmsing temperature are given for ideal 
voIume diffusion (withcut trapping) of a plane source and for single jump diffusion 

withdiscreteAH,inakaseswithT, = 530°C and with the value (TJG - j? (in s)i 
as indicated in parinthtses; The vahes of TJRZ - p froni I to 10.000 are typkal for 
the usual f2xperikntaI ~nditions with ion bombardmen tiabelingwhereitisassumed 
that I&-= I- to -100 mean atomic spkings and fl= 5 to 20 K &in-‘: The,expxessi& 
@en by K&p& Ma&+~-fo~:A~IT, k -- i _-c-r-. -_ ,- -__ ’ ; - -- 

where the-activation enthalpy, AH, is giwn in -Cal moI_’ (where -1 c& rrxS1 =. 
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9_187Jmol-‘)andtheheatlng~te~in Kmin”. Constant A depends on thedktriiu- 

tion profile and the diffusion type. Values of A are listed for different distribution 

profiles and diffusion types in TabIe 13. %, is the median range in units of atomic 
spacings a, which for a single jump mechanism equals 1 and for a sphere is taken as 
the radius ro. The uncertainity of +5 arises from the assumption of Do values 

(Do = 3 x ]o-‘*‘~‘p)_ 

I%& wiXzh_ As Can be seen from Fig. 41, the widths of the peaks depend rnaitiy 

on the character of the gas distriiution. The narrowest (within a temperature range 
60-loO”c) corresponds to a singIe jump mechaukm and, while a wider peak was 
obtained with a plane source, the width of the peaks being increakd with the median 

range &. Kelly et a!. f 61 defined the width of a _eas rekase peak under conditions of 
tine&y increasing temperature as the width at half-height, AT,,,. The expressions 
for AT,,, can be written in general form as follows: 

~=-i&TE, = B - C - 10g,~ T, - D,!e - j? 0.3 _- cm 

where T, is the maximum temperature, R,,, the median range in units of atomic 
spacings a, fi the heating rate in ‘S min- ‘, and&isassumedtoequal3 x~!O-“’ 

cm’s_ I_ B and C are constants which depend on tbe geometry. Different values of B 
and C are given in Table I3 for various shapes of the distribution cum. 

Esrtmdon of errors. The evaluation of AH based on KeIly’s theory is subject to 
a number of errors. The first error, of a minor nature (of the order of 8 to 12 kJ 
mol- ‘), is caused by the uncertainty in the penetration depth and as to whether the 
distribution profile is exponential or peaked. Secondly, estimated by the authors as 
the _greatest error, is the use of an idealized range of vahres for Do. The range taken, 
Do = 3 x ~()-rll_'s-', is obeyed dosdy in metal difUion’ ‘I and also applies 
moderatiy weIl to se&diffusion in the ionic crystals as alkali halides. 

The formulas for AH/T reviewed above concern unperturbed volume dXusion_ 
ckherproasses, namely trapping of the gas on the lattice defe or interaction between 
inert gas atoms, may occur in the solid as it is heated, and give rise to slight shifts 
in release temperature- This can be a third source of errors (of the order of 29 to 
40 W mol- I). A pncaution shouId therefore be taken when AH values obtained from 
the experimentaL rekase data are compared with other- inert gas rckase w in 

comparison with seifkiiEusion and with the discussion of diffusion mechanism. - 

4.23 Tmperatur~ of ditunbn 
Norgett znd Lidiard’66 gave a compIete description of the -temperature- 

dependence of gas diffusion with interaction of point-defects in the extrinsic and 
intrinsic region of defects induced by radiation. -They assumed-the inert gas atoms to 

be inters%tiaIly incorporated in the crystal Lattice and to diiTusevia random walk 

interrupted by the trapping of these gas atoms in various imperfkctio~ existing ip the 
aystaX lattice. The same authors have cakuMedthe energies bf-m&ration &d 

trapping of the inert gas on the basis of the extended classic& 3om model of an ionic 
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clystal’6y- Like H~rst”~ and GausE4’ , the authors interpretedLthe interaction of the 
atoms and lattice defects as a quasi-chemicai reaction 

G+T+-GT . 
-_ 

--l-W 
-- r 

where G signifies the mobile gas, T the traps of various types, and GT the immobile 

gas. : 

The equihirium partition of the -gas atoms between mobile and immobi!e 
sites is considered here. The simple cast of undisturbed (untrapped) diffusion &an be 
written as 

D = DO UrP <- Qc&W _ (72) j c_ 

where.& is the activation energy for the fundamentaI diffusion process, DO is the 
diffusion constant, and R is the gas constant_ 

-If the gas can be trapped, and the average probability p of gas atoms remain 
untrapm the apparent diffusioncoefficient observed experimentally can be written as 

. . 
D ‘Pp =pD (731 

The probabiiityp is given as the fraction of the untrappedgasatomsandwascakulated 
by Norgett and Lidiard’67 with the help of the -S action law as . 

P = G/(G -t G-I-) (74) 

Two tin& cases A be distinguished: - . 

(iJ constant trj3p concer,h-ation (extrinsic region); 
(iii thermal equilibrium of traps (intrinsic region). 

Iu the 6rst case a crystal containing a small tied concentration of traps is 
assumed, which in principle can involve a nunzber ofj types. 

The probability p cm than be written as 

(75) 

where cj is the molar fraction of traps of thej-th w 9 is the pre+expone@al factor 
of the trapping equiIl%rium constant which-for thej-th type of trap is equal to ki = l$ 

exp 6 iz~@T), and Q, is the binding energy between gas atoms tid the lattice 
traps of thej-th type- Under the simplifying assumption of the traps of the i-th type 
being predominant in the crystal in the concentration ci, Dip, can be expressed by- 

D .PP = (D&I4 TXP ii (42w.i -t- Qi)[RTl cm 
where k; is the pre-exponcntial factor of the trapping equilibrium co&&nt. In this 
case -rhe apparent diffusion coecfEiex% Dspp has a temperature dependence involving 
an activation enthalpy which is the sum of the a&-vatioti-energy for jimpie inter- 
stitial diffus;on and a contribution for the binding ener_gy into the trap_ In the second 
case the traps a.r&upposed ti b6 prekntin a thermaJ+ilibi&mand,theircon~nti- 
ticki cl is &en by- . = * r . _ - _ - _ _= : ” ,_‘I_.i_ 



76 

ct = crtip-(- Q&W) _ . 
-7 _ 

_ _- - 0% 

where QF is the formation energy of traps of the I-th type. In this case the concentra- 
tion of tfre traps increases with temperature: 

_- 

If QFPr > Qe.r the diffusion cot-t is given by t<In (72), - ” _ 

if QBei > QF,i the ciifhsion coeffitient is 

DpP w r(Q,+i’l exp C- (Qx + Qw - QFJW’~ w9 

The obsxved activation enthalpy for diffusion thus involves the formation energy of 

thenaps, 
In the intrinsic region (traps iu thermal equiliirium) a simple Arrhcuius type 

cqua5on is valid, however, with an activation enthalpy slightly larger than the value 
for w un- diEusion, corrected by the difkeuce between the binding 
ener_q of the gas in the trap and the formation energy of the trap itself. The expressions 
fortkapparmt &EiEiion coetit, Dlpp, are correct if this equilibrium is established 
rapidly compared with the rate of inert gas difksion. This comiition was fuSkd in 
many experiments Fi_pre 42 shows the possibIe diffusion cmves with inert gas 

trappin_e Cuxve I uxresponds to the undkturkd (untrapped) diffusion mechankm 
with an actkktion eneqq, Q=. The trapping occurs either when the binding energy, 
Qa, exceeds t!x energy of formation, QF, of defkcts (curve 3), or, at low temperatures 
(T .c To) when theze is a fixed concentration of trapping centres associated with 
radiation damage of heterovalent ions (curve 2). At higher temperatures (T > To) 
theterm =P (Q&W- and this comzspo~ds to the release of gas atoms from 
the trap. At lox tempcWureq the activation eucrgy is (Qs $- QF), which at high 
tcmpcxatures ~UTRZSS to Q,. Similar diffsion curves were obtained by Mess and 
uleman16s who assumed a mobile cluster difksion me&-.nism for inert gas. In this 
case, the inert gas atom is assumed to move with a defkct duster through the Iatticc 
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and becomes irnxirobilized when the cluster d‘ sssociated, The various mechanisms for 
inert gas aon-id solids are. disksed in parag&+ 4_4_-3, - -- ;__ _L- -- . . _ 

__- ,: - 

_ 43, Factor~_in&encing the mobility of inert gas in SOMS ’ ** - _ 
. _T e-. 

- Numerous experimental rest&s showed that the mobility bf inert gas in soiids 
is infhrenazd by various types of radiation damage and their annealing -proximity of 

the gas to the surface, impurities, gas concentrationand other fmors. The importance 

of such individual factors depends on the labeling technique (reactor irradia.tion,~~r&oI 
doping, ion bombardme&, diffusion technique, et+ a~pkd_‘Th~ fmrs influencing 
the mobtlity of inert gas will be critically discussed in this section in the attempt to 
&eIp investigators in evaluating and wnalyzing the inert g& release measurements. 
Inconsistencies in inert ,ea diffusion data reported in the literature by various authors 

can mostly be explained by these faders, 

Eileman et al_ I69 showed that the naturzd defects of the crystal lattice mfiuence 
the mobility of Xe in CsI homogeneousIy labeled with 1331_ The “natural defects” 
were introduced into single crystals of CsI by using a high growing speed or by 

osciUating the melt temperature during the production of the crystals. -These natnra! 
defects consist most IikeIy of SinaII voids or dislocation Ioops; _- _ 

Radioactive inert gas colkcted in open pores and microcracks of the specimen 
will, of co- be easi!y released by heating and this release has accelerated kinetics. 
Similarly, -erain boundari&_permit a higher diffusion rate than does the lattice”8. 
The gas atoms located in grain boundaries are likely to Ieave the specimen upon 
heating before temperatures arresponding to a voiume ditFusion, Contrary to the 

homogenek l+beIing,. in most ion bombardment or rezoil Iaheiings, the “short 
ciralitin~.’ of - inert. gas by natural defects is considered to be unimportant-The 
reason is, that for ion-bombardment Iabeled solid, the diffusion-distance is much 

shorter (order of magnitude IO nm) than the spacing of various preexisting defects, 

grain boundaries, dislocations, lines, pores, etc- (order of magnitude JU@I?~_ In 
diffusion technique labeling the release of inert gas atoms is supposed to-be influenced 
by the presence of natnral defkcts’!! ?- with a single crystal specimen, the grain bound- 
axyeffectsaresupposedtobeabsent- _ _ -- _. _ _ __- ~. - 

-. _ : . . _ .--_ I_ . _-. 
431,npraities.: -7 c --._ - ; -_ _ _ I _ : 

Numerous investigators have shown that impurities present in & &ce,which 
change the concentration of cation-or anion vacancies may .infIuence-the--mobility 

of inert @es- The ineucnce on gas mobility depends on the gasdiffasion-me&&- 
For instance,,it was-observed -&at impuritiesinfiuenced&zrt &Ls_.mWility Ssolids 
fal by ion boxnbardment or&actor ir@iation when high& ion or neutron+doses 
were applied;. __ L i - _- _. .Lz: j .: _ _. i~‘~~f - r_-s_; ; I . . _:._,, : $ _f:d . -1 ~L_;~f5__-s;- -_; 

MaQkef ‘* studied the releaz of xenon from pure Th02, ThOz + 0.1 moI -% 
_ 
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Nbz05 (to mcrcase the cation vacancy concentration) and ThOz i- 0.1 and 0.5 mol % 
Y,03 (to lower the cation vacancy concentration), The sampIes were labekd by 
40 keV xenon bombardment to three doses of 8 x IO”, 4 x 1013 and 2 x iOE6 

ions per cm2. 
Felix and MiiIkr”’ proved that the release of argon from neutron irradiated 

ICBr is infiuenced by the presence of Srzc ions in concentrations of 0,005 and O-05 
moi %_ Figure 43 (thick line) shows the Arrheuius diagram or argon release in pure 

KBr crystals_ A neutron dose of 10” cm-’ was used for ixrt gas production- The 
comparatively high values of the diffusion coefficient and the low activation enthaIpies 
in ‘&e high temperature region (indicating an iutcr&ial diffusion me&an&m) varied 

at about 4OO’Z but are exphiucd by gas trapping, In ICBr crystals doped with Sr” 

ions, a Jeatase of argon mobiiity was o-cd. This behavior is in agreement with 
the trappiug xne&a&m mentioned in paragraph 4_2_3, By the addition of impurities, 

the concentration of cxtrhsic defe serving as traps for the inert gas atoms cau be 
increased and the trapping equilibrium shifted in favor of the trapped gas atoms- The 
resulting incrza _ e in theconcentration ofcation vacaucieswasdeterminedbymeasuring 
the ionic conductivity. In Fig_ 43 these values are transformed by the.Nerust-Eiustein 
relation into D values io enabk direct compa&on -with gas difftioa- -Figure 43 
ckariy shows the doubie naturt of cation va.canci& in ICBr, which act as difhsion 
carikrs for-seKdi&sion and as traps to decmasegas mobility, .; .’ -- :_ . 

Thc~tfftct of impurities obxrved in the mob:- of inert gas &&es fairly well 
with thetheory of Norgett aud Lidiard *66_ This-thcory_aUowed ?.G state a direct 
corrhtion of the gas diffusion coeflicient to the couceutration 4$ weU+kf@$+ 
ckfii . 

, c .-_ , . 
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oCOF, I Ha* 
OCaF, IY'- 

7 8 9 10 a1 
_1- 

D _==: l/c ation mxaacia R-0 

Figure 44 gives the interesting case of ICI where the mobility of argon is obviousIy 
unafkted by an increase of cation vacancies, caused by Sr’+ in the concentration 
of 0.023 mol “/, Similariy, Largewall et z&172* I” found that the mobility of argon 

in CaFz crystals was not ifluenced by the presence cifC_Z mol oA Nai or 20 mol oA 
Y’* (set Fig. 4!9_ The effect of imp~urities on the gas mc3ili~ L a solid obviou&y 
depends on the mechankm of the gas digusion- Diffusion-in small vacancy clusters 
w3s &sumed. 

It is known that inert gas atoms are trapped &n t&y me2 specikdef~ 
while d.iff&ing through a solid_ Such defects may be iarg& vacziky dusters, &slocaGon 

l-P% P rsexlsling natural voids, gas Wed bobbies, &@.~~king the in& gas into 
the solid by bombardment with a beam of energetic inert gas ions, trapping of the 

gas is obrrerved at high gas CoIl~tratiOns that coin&&Gth highjamag&o~~- 
tiq!%._ Kqxlsen6~_ _*die+he i+utnor: of+ nyber +d..e+qzy of born-g 
i3ns on inert &s kka& axves F&n.& 46 ihows the_rele&e ‘&rv& of$dy&@all&e 

_ ; 
_ 1. _ _ _- - 
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tungsten -S&r-bombS?dment -‘i&h Ne and Kr ions of various doses: 4. x 10’ ‘,m 
14. x lox3 and 4 x 10’ joits per cm’. The dependence of r&asc curves on the ion 
energy is shown far the case of Xe release from poly&staUine hmgsten in-Fig_ 47, 
As foUo&s fi-o& Fig 46, the- Tower tempera&re peaks” observ*__.were almost 
independent of the ion energy but the temperature for the %$her temperatnre 
peaks” i&eased sIightIy with increasing ion energy- It was shown by Matzke170 
that both high conceutrations of the’& and the def& arq needed f&r trapp&g to 

o&W_ 
- _ _- ,r. 

In addition & the gas trapping, radiation induced structural change& excess 
of point defects in the lattice, proximity of the &a+ to a surf&e, etc., can infiuence the 

mobility of inert gas, Their impo~-tance markedl$~depends on the condition of gas 
incorporation, as has been discussed in Section 4A- . _- . 

The efkct of the radiation in+zd trapping has been de&ii by various 
authors. The effect of pre-bombardment with various icns~oti the mobility of xenon 

in KU crystals was studied by Matzke’74B The high dose of 2 x 10r6ions per cm” 
with beams of mass 2 (hydrogen), beams of 28 (nitrogen and- CO) and beams of 
chlorine and indium were used for pm-bombardment Figure 48 shoti the F-T 
release curvtfor crystals bombarded to the low dose (8 x 1Or0 xenoil ions-per cm3 

which refleds mm vohne diflbsion of xenon atoms as well -as the~STrelease 
clllve for the high dose (25 x 10’ 6 xenon ions per cm’). The latter is shifted towards 
higher tempemtmes by more than 200 K as compared to the release curve for&w 
dose bombardment; This indicated a strong interaction of gas atoms withradiation 
damas or interaction with other gas atoms- or gas S&d bnbhles_- 

/ ._ ._ . . . 

400 600 _ 
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Other examples can be given with neutron irradiated solids. The decrease in 
argon mobility of neutron kadkted KBr by in creasing the neutron dose is shown in 

Fig. 49, WIthin Che Iknits of experimental errors a paralfel shift of the low temperature 
~ta~hi~temperaturcswas~bservcd”~,AsimiIardosedependenctof 
the inert gas diffksion co&i&t was also found by Felix and M6kr’75 for other 

alkali halides (see Fig_ So)_ These authors stated thatz (a) Now a certain dose D_ 
becomes independent of neutron dose; and (b) with inereasin_e neutron doses, D_, 
dccrrascs in invcrsc proportion to the neutron dose. From this, Felix drew the 
conckion that irradiation, in fact, induces a new type of gas trap. From the ex- 
perimentally obtained relationship 

D rpp = ~wsl~ m 

an expression was proposed simii to that valid for chemically produced cation 
vazancies”5, or 

TABLE 14 



Eg_ 51_ Tans of Kr diliusion in Rkhalidts (d, 8-d. 14). 

TABLE 15 

RbF 0.282 4.sXlo- 25 - 133.35 - - _ 
0327 63 x IO-= 7-S . x lot 5359 1.4 x lo-l@ 1968 

RbBr 033 1-O x loz s-0 x 1oJ 2902 4.0 x 107 ; 16246 
lZb1 O-366 20x104 I.6 x lo-= 29.18 13x10”- 136.5 

where the defect concentration 8-7 increases proportionally with se neutron dose_ 
Sy Ong and Elleman6’ measured the release _of I ‘33Xe from CaF2 CrystaIs 

labelkd through fission recoil and found.that the gas mobility was-also strongly 
influenced by trapping The dii%ion chkacteristics of Xe in CaF, infhxenced by the 
fksion fragment concentration are summarized in Table 14. Normal volume_%iifkion 

results were supposed to be obtained at low gas fission fkagmentsconcentrations_ At 
higher &sion fkagment concentrations, lower values of diffusion activation enthalpy 
resulted._ . -- I- 

Othertypesofradiationdamage~~n~theinertgasmobility.~bedscusscd 
in section 4.4, -. 

_- . - - _ 
. -,’ _- - - . _ -_ _ -” __. . _- _ _ .-- 

4_3_4_ Crysfd IktZitx parameters and orimhztiun 
- __ - 

_ 



W and the activation enthaIpy, in both high and low temperature regions, 

increases as the lattie parameters are reduced. The difference in gas diffusion with 
respect to the NaCi and CsCl iattiuzs was very instructivcIy shown by Felix and 

Meierrf6 for cscl with its P + fi phase transformation at 469°C. Figure 52 shows an 
A.rrher..ls d&gram for the mobihty of Ar, Kr and Xe in the CsCi single crystal. 
In the low temperature CsCl phase all gases have prastieahy the same mobility, but in 
the NaCl phase (akvc 46!VC), a large separation of Ar, Kr and Xe takes place; 
Ar-diffusion bas a 200.fold higher D than Xc-diffusion. The much hi@rer diffikvities 
and the low activation energies of inert _eas migration in j?-CsCl (NaCl phase) indicate 
an interstitial diffusion mechanism_ which is comparable to the inert gas dilkion 
results in the other NaCl type alkali halides. As the intcrstitkl space is extremely 

smaB in the cz-CsCl pk (CsCl lattice), the gas has to move by another mechanism. 
The cakxrIations of Miller-and Norgett “’ showed that themobile gas/divacaney 

quantktkely fits the exponential results. 
C’@ZQZ orienmion e@kct, Smerai authors found that different crystal faces gave 

diBkrent gas release rates and apparent diffusion &Wkients. Sy Ong and Eknan62, 
for example, investigated CaF, erystais labeled with ’ 33Xe through the fission recoil 

technique and found that at all temperatrues cxystak with surf&es paralief to (I 1 I> 
planes have higher gas release rates than crystals cut parahel to <f&l> planes. An 
Arrhenius diagram of the diffusion coefkients gave different activation enthalpies: 
337 k.3 mol- rfor<lIl>and2S9Wmol~‘for<~I>faces.~ -- 

The er$stal orientation e&et is emphaskd for the ion born ba.&nent and 

&ion reecil techniques of l&&n& i.e., where chanekg of the inert gas atoms is 
posiik. -Korkisen and-Sinbag7’ observed r&n effect of crysMographic direction 

df ion bombardmen t on the inert gas reiease from tungsten singIe crystak- Figraze 53 
Sham WirWi& of -release spectra of tungsten ery&als for identkal400 eV *- 
Xe-bcmbardmerit of three difkent faces <llO>, (100) and---(211). Similarly, 
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Matzke” obtained different values of diffusion activation enthaIpy from release_ 
- of SiO, cryslals bombarded with 40 lceV xenon_ At a IDW dose (8 x 10xo ions 

per cm’), diffusion release alcng and perpendicular to the oaxis dominated with 
activation enthalpies of 243 aud 2554 kJ mol”, respectively_ The vaIue of AH = 
361 kJ mol-’ was found for Xe-bombarded fused silica_ Diffusion in the amorphous 

phase was markedly slower than diffusion in the crystalline phase. -- - 

4.35 Type of hen gas and its concemrariiwa 

Komelsen axid Sinha’8o observed that v%rious gas atoms implanted at the same 
energy, 600 eV; into the (100) faoe~of txmgsten cr#tals rekzased differently_- Figure 54 
shows the rekzise curves for Ne, Ar, Kr and Xe from tuugsten bombarded by a dose 
of5 x ’ 10~2i&speran _ The results of Fig- 54 are interpreted under the-%sumption 
that atoms of-*diff&nt inert gases are released from positious in. the lattice with 

merent trap&g energy-- The gas release may pertain to a quite differ&t trapping 
coufigu+iou thau that in whatthe ion came to rest at the bombard&nt tempera$re_ 
sin& annealing~d re-trapping may occurasthesolidi&ea~Ithasbeenreported 
byMatzkel!!!,‘Felix et aLs6* lta- and others l M the inert ga& diKusion data@_ 
-&_an$-AH) of asolidcouId-differ according t&the inert-gas used,- :: --t.* :*- -: -:A _ 

’ -_ _ _- 

. . 
I . _ 

.-._ . 
_ -_ -- 

_ .- 
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TABLE16 

Ar 

Afc?rDk~*(Iml) O-112 0,154 O-169 O-190 0214 
BoltIngpoint<" -246 -186 -133 -lo7 
MdtingpointWI -249 -189 -157 --112 z 

A wxy ins&uctive example of different mobality of argon, krypton-and xenon 
atoms in &CsCl (NaCMattice) has already been shown in Fig_ 52 The mobii of the 
i3tigasatonrr daxascs in the order Ar-Kr-Xe, i.e.; in the same order as tix atomic 
radii of difftig gases immase “e6_ F&and Lager~U 1’3 showed ditE&nM in the 
mob&ties of argon, lnypton and xenon on the alkaline earth ffuorickq CaFi, SrF; 
and 13aF2 (CaF2 lattice)- Figure 55 shows an Arrhenius~diagmm f&r the Ar_ Kr_aqd 
Xc-diffusion in Cal?,_ As in the Nail lattice type_ the gas &obilit~_&pen& @I the 
type of ikr$ gas used for &f&ion_ measurknent tid degmses -il.vtlyl-or&eroi:$l? 
creasing atomic radii: Ar-Kr-Xt. At the xi&ting point, bigkD+&cs We fou=i 
aga&ho-, with higher actkation enthaI& with respa2 t0 thC Naa_ l&i& due 

:s _- 
_ .- 

I. 
-. _ . “_ . _ 
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to the much denser structure of the CaFr lattice. The lower mobility for &&on and 

krypton in the Iow temperature region yas ir#erp+ed by__? ,frapping’6~~:__1~_7 of the 
gas atoms in the watt& For x&r&*_ ator+ +ith the ~l~t+ely I_arge$+omic_ radius, 
the trapping takes place in the whole-temperatme region ~nsidezed- The atomic 

radii, binding energies of the gas atoms in the Iattice and other factors mainly deter- 
mine the mobilities of inert gas in solids. Table 16 summarizes the main physico- 
chemical characteristics of inert gases”* “’ usuaily used in diffusion measure merits_ 

The effect of gas concentration on the mobihty &f the inert gas, as observed by 
a number of investigators, has already been mentioned_ Mears and Elleman’ 68 st&ied 

diffusion coefficient of xenon in ICI using high conc&ntrations of fksion xenon 

(5 x 1014 Xe atoms per cm’) and of xenon produced from 133I parent (4 x 10t3-Xe 

atom3 per cm3)_ Lower vaIues of the xenon diffusion coefficient in ICI we& observed 

in both cases compared to its- theoretical values. The labeling using a 133I parent 
produced negligible radiation damage so that the lowering of the diffusion coefficient 

must refiect gas trapping from gas-gas interactions_ Fore release fikious, F = O-1, 

the rekased gas was estimated as undergoing an average of u]oogas-gas interactions 
(prior to &ease) when gas atoms occupy adjacent Iattice sites, This is appa.rentIy a 

sufficient number of interactions to produce a measurable reduction in gas diffusion 

rates. 

436_ Eva&ion of the sampie 

Using ion bombardment, fission recoil or reactor irradiation technique. for 
labeling a possjbrlity arises that the rekase of inert gases ma? be caused by the evapo- 
ration of the sampie- Since the-ranges (penetration depths) of the inert gas atoms in 
ion bombardment, fission recoil doping, etc. usually vary between a few tenths of 
MI up to about 1000 nm, evaporation losses of the order bfbne-or a few bg per cm’ 
of surface can cause a release of the inert gas atoms located in this surface region- 
If the activation enthaIpy, AN, for inert gas diffusion is lower than the AH for 
vaporization, evaporation will dominate the release at high temperatures- Therefore, 
due to the short diffusion distances of inert gas atoms in solids labeled by ion bom- 

bardment, high temperature prccesses at or near the melting point can *y not be 
studied when ion bombardment is u&i for labeling An unambiguous interpretation 
of diffusion data -is possible only if one knows whether, or not inert gas .is being 

released by vaporization of the sample. For this -purpose,- Kelly. and .Makke’?’ 

defined a “minim xrn vaporization temperature’2 or “MVT?,’ for the beginning of 

vaporization of a sample. This is the temperature at which the amount of v&oriiktion 

inthetimescaleofthee xpeGment is comparable to the median range, J&.-Thesin@& 
-method of derivation proposed by Kehy and Mat&e! s-’ is to use weight-loss data, the 
&WI -then follows directIy_ In .Table 17 the MVTs_-aie listed1-5s foi-some most 
con&on-oxides--and ha&k Kelly et.aL’,6rW pro@osed formulas for-_evahrating the 
MVk fiotiexperimental data-obtained atboth step heatinig‘,a+%a&eating.rate, 

._ -. . .^ i _ / -.. . _ _ __ <- ~; I _ _ : r-._z _. _;-L;- _ . _ . -. __ :r _ -. .._ -. . . . 
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4-4 clara;cation and mod& of inerr gas mobility 

44.1. Sys&ztn of stages for inert gas mobdify 

The appiication of the ion bombardment Iabeling technique with weii-d&ned 
ion beams makes it possible to separate the stiaa from the bulk release processes_ 
By varying the ion energy, the position of the gas with respect to the sample surface 
can be chosen and by varying the ion dose, the inert gas conantration in the solid czu 
easiiy be provided_ fn this way a ckar separation of various proazsxs that ccMriiutc 
to the overall releaseEz* Is30 l** is possible, These p&esses weregroupediutoa 
system of stages in analogy to the recovery stages observed in ek&ical rrsistiyity 
studies in w or irradiated materials. _- .__ -2 

Figure 56 shOws a schematic presentAtion_of the stages_ Simikk to h_ recWexy 

Srpge Z involves gas mobility at unusuaUy low tcmp&&rcsr 
S&e 14 is due to gas fortuitotiy Iocated in hi@ mobility S&s_ 
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: :IStage Iii is due to annealing ofstraclural radiation dnmaPe_ tbemost&mi&on 
form of w?Gch-is_ radiation induced amorphousness, - = -_ - 1 __ ,; m-m> . . : 
_m ; 2 -Stage -i?Z involves gas mobility ai* “norma% t&m pera+aq i-e_, _iemperaixues 
simiiarto.thoseof~~~ionofthematrixatoms,-- 1+-u : _ -L-.._-e --: ei . 

-StageIIAisductotIme_unpc+@edm~l” Jnglegasatoms. -_ -f I 
Stage l(TB is due to t.em&~ trapping 0) -gas, ie, to weakintcra&ons of gas 

atoms with r@aiion damagc or prekxisting defeds, or with other g&s atoms- - 
- Szqge ZZZ involves gas mobility at unusually high temperatuns and is due to 

-strong trapping of gas at pre-cxSng dkfkcts or in gas-fiki. bubbles, _ -1 - 
As a conscquexxe, stages IB;-IIB and III are dominant at hi& k&iation 

exposures feading to bigb concentrations of damage cc^nd gas_ lkconzast., --IA 
and IIA domkiate in the absence of damage and hence at low irradiation exposureAn 
general_stageIAwiUpredominantly oazur in surface near iavers and stage IL% fiutber 
in the bulk Eramples for &I these stages wili be given in this section and the possible 
mechanism of mobility will ti discus&. -_ 

AIuminum oxide (a-A1203) labeled by the ion bombardment technique was 
selected to demonstrate the stages_ Results published by Jech and KelIy’*’ ck ir; 

c I. 
A$03- 06SECTEsu 
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Ai,& single crystal bombarded with Kr-ions which reveal the most typicaI features 
are demonstrated in Fig 57, Labeling in a Tesla-disehaqe under 20 Pa of Kr was 
car&d out using discharge durations of 0.6 and 9 set to obtain the various gas 

concentrations,3 x 10 * 3 Kr per em2 and 13 x 1014 Kr per em’, respectively- Depth 
distribution of I&-ions in the sample was estimated to be about l-2 run_ The respective 

amounts of the gas remainin, * after heating to f 100°C were 10 and 4Ok, as indicated 

in Fig_ 57, 
4_4_I,I, Gas refeare from high tnobiiify sites (Siage IA)_ This stage is most 

prominent at low bombardment energies and Iow doses. It can he explained in terms 
of -gas which is fortuitousiy located in high mobility sites 

in Fig 57 (upper curve), stage IA is represented by two peaks in the temperature 
region of NIO-550°C. The peak at IOO-375°C was ascriihed to the reiease of gas from 

the surf” proximity_ The peak at 375-550°C possibly indicates the rok of excess 
point dcfcas. According to the authorsi=‘, such rclcasc is also prcscnt at higLter 
bombardment energies and doses but its contriiution f&i._ off rapidly with increasing 
energy_ The second substage, with a timum 375-550°C corresponds to AH = 

2x2 kJ Inor s (AH being evaluated by eqn (69) under se assumption of single jump 
kinetics with a discrete AH). As the AH value is similar to that for point defect motion 
in z-A120s, a connection with excess point defects, presumably created in the bom- 
bardment process was suggested_ For example, it was shown in various annealing 
expe~m~186- IS8 on fast neutron irradiated a-AI,03 that the recovery of the 
lattice damage began at temperatures corresponding to AH values of rou_ehly 205-243 
kJ mol”, while a va!ue of 243 lc3 mol- ’ ha been proposed for extrinsic 0-Al,O, 
diffusion I *‘_ Further comparisons were made with the density recovery data of 
Desport and Smith‘qo and the color-center work of Levy’q’. The three stages dis- 
tinguished in his work are indicated in Fig 57, 

Other evidence for stage IA has been observed with KBr, KCI, Fe,O,, SiOz, 
TiOl, Nb,05, Si and W (cf refs_ 150, IaO, 185, 192-195). 

The stage IA inert gas reIease would be eqected to be described by theequations 

for diffusion with irreversible trapping (eqn (63)). These equations are valid not only 
for stage IA reiease (some gas coming to react in high mobility sites and to rest ending 

up in either normal sites or deep trap& but also for the case of stages IIA and IIB, 
where one part of the _9as moves via normal sites and the other part becomes trapped 
in deep traps (e__~ radiation damage)_ 

4-4-12 Annealing of strucfud rahfion dhage (srage IB) _ The next stage 
encountered with increasing temperature is that where inert gas motion corz&les 
with the annealing of a bombardment-induced structural change_ Such behavior has 

been revitwed for a number of anisotropic or covaIent materials such as Al,O,, 
Fe203, SiO=, TiO=, U,Oa and the semiconductors Ge, Si and GaAs (CL refs, 17, 
151, I%, 139,180)_ Since the temperatztres in all of the eases studied to date were 
well below those for self~on or normal gas diffusion, gas motion involving a 
st~ural change is basically part of V&nqe difhsion”, or stage IB_ Robably the 

best derstood exampIe is a-M203. As shown in Fig 57 flower curve), a-&O3 
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bombznded with krypton to high doses shows a IlaLTow-relese peak at 64xLsoo~C. 
This pe!ak is pre!sent~*s whenever the gas concentration exceeds about 10x4_atom 

cmT2. Direct evidenuz of au amorphous crystalline transition was obtained by Matzke 
and Whitton*g6 on the basis of electron diffraction patterns. A further indication of 
the structural transitions is the character of the peak at 600-8OO“C. The width at half 
maximumofthepeak, ATsjz, has an observed value of 60 & 10°C. It is to be cornpar 
with a predicted value of about 60°C for release governed by single jump kinetics 
with a discrete AH13’. Rekase governed by diffusion kinetics would have given baK- 

widths perhaps of double val~e’~~. A value of 322 +8 Ed mol- ’ was obtgiued for 
the activation enthalpy by substituting the follo%tig data into the appropriate AH/T 

fornxda for single jump motion with a discrete AH (eqn (69)), the temperature of the 
maximum &GSSCZ rate at 70&76OpC using a heating rate of 2O’C/min and the usualiy 

assumed value for the diffusion pre-exponential term, DO = 0.3 cm’s_‘. 
T&e gas rckase linked with the amorphous-crystalline transitions of a+2O3 

(AH = 322 f8 ‘kJ mol- ‘) has close auaI~+s in the workxgl on the annealing of 
color centers in reactor irradiated z-Al,03 and in the work’ 86 on the annealing of 
density changcz~ The solubility changes described by Kelly and Jech’ 98 and the DTA 
exothermal effect accompanied the annealing of the neutron irradiated sampIelgg. 

Stage IB is most readily observed with ion bombardment i&e@. It is a common 

meiting point, Tm (OK) - ,. 
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though not unhmsal phencmenon and is due to the arm&g of grossstructural 

da=+= 
4_4_13_ Nom& rotme di@zsibn (unperturbed pas mobiiity) (stage IIA). 

Stage IIA is due to the unperturbed mobility of sir&e was atoms-and will therefore 
be prominent at Iow da The self-diffksion of Kr-bombaxded-cz-A1103 or normal 

_ea difkion begins at SOWXWC, as can be seen in Fig. 57 (upper cuTye)_ Matzkc” 
IK+S show that tb2 stagt of ,ea~ release starts betwttn O-4 and O-5 Tm,lli.g for a 

surprisingly large variety or Lit crystals of different lattice structure. The tempera- 
tures of peaks anA ‘dpaature widths of stage HA &ease could be intexprcted in 

terms of ac?ivation enthalpies by means of eqns (64) and (69), using experiments with 
_stepwise or iinear heat& respectively. The values of AH deduced from the gas 
release curves in =&ion to the meiting point T&iop are shown in Fig_ 58 for ionic 
crystals and metals of different lattie structure_ Evidently, AH values increase 

linearly with the melting point. TICS r&&ion can be cqrcsed by 

AHi, = (IA 2 0.2) - lo-3 T_e,tim (83 

wbcre AH is in eV at- ’ (I eV at- I = %_427 kJ mol- ‘) and the two limits of error are 
indiated by dashetd iints . . 

4.4J.4. Rezar&i gas reiease due IO a weak trapping- (stage JIB). Higher gas 
concentrations, and hence b&&r damage concentrations, lead to a decrwsed mobxlity 
which is expressed by stagz IIB- This age occurs within the temperature range of 
seifkliffkion of the matrix atom, similar to stage IIA, Since there are many types of 
defeds, vacancy clusters of different size* dislacation loops, stacking felts, etc. one 
cannot n eassarily expect the same trapping energies for different badiation condi- 
tiOUS_ 

Examples for stage IIB indude neariy every material labeled by ion bombard- 

K 
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ment or nuciear reactioris by neutron irradiation, though thz clearest are ion bom- 
barded CaF,-LiF, KC!& Pt, Th02, UOz, W, tog+her With-neii~6n hadiaed KBr, 
ICCI and RbCI (cf refs- 52,IO5,201, 159-161,182,56)~In Fig. 59-a typical example 
of stage IIB is shown, krypton-bombarded ICC1 illustrating a-dose-dependent fine 
structure within the self-di%xsion temperature range’ 83. Peak IIB is morepronounced 
when higher doses are used: _ - 

4-4.15, Gas-jihd-bubbks (stage IZi)- Stage III might be described as- any 
gas rekase well above the temperature of volume se&difksion, This stage is due 
to strong trapping of gas in preexisting defects (such as porosity) or in gas-f%kd 
bubbks. A pre-requisite for-bubble formation is a sufficiently high gas concentration_ 
Stage III was therefore found to be most prominent at very high doses and, moreover, 
with materials not sub+ to bombardment-induced disorder- Usually, bubbles are 
quite immobile before very high temperatures are reached_ Inert _eas atomsprecipitared 
into bubbks can bc re!eased by three mechanisms: ’ - _ 

(i) volume diffusion of the matrix atom; 
(iii) surface diffion ,+ tiz matrix at&G; 
(iii) vaporizatioucono2nsatio~? mechanism_ 
Insofar as bubble motion 1 ;~volved, one wouid expect the same diffusion 

theory as for stage IIA to hold, including the same Fand dH/Tcxpressions,e.xcept D 
should be replaced by DbPbblc_ Thus, we should use one of the following three G- 
pressio~~depending on whether the rak-controlling process invoks surface self- 
diffusion, volume selfdifksion or vap&zation-condensation203 - - 

D babble = -we 4wrace 

D bmbbk F 3/+%) klPnre (83) 
D bubble = 3/(4ru3) D,c_a3 

Here r is the bubble radius in units of a, tp the correlation factor, and C, the 
equilibrium vapour concentration in atoms cm”, In addition R, shouid be replaced 
by (L -In2), where L is the diEusion trapping length appropriate to bubble formation. 

Examples for stage III behavior include the Xe-bombarded goId2F3 and 
phitinum’s8. BubbIes are most common in metals but have also been found in UO,, 
UC, MgO, Al,03, etc204* ‘OS_ Transm& on electron microscopy is frequently used 
to study bubble nuckation, growth, and mobility_ 

4-42. PossiHe d#~on rnechanikm 

Four diffusion, mechanisms have been proposed at various times to explain 
inert gas migration in solids- _ 

Vacancy aY$usiim- The inert m atoms are assumed to occupy vacancy sites in 
the lattice and diEuse &rough either the cation or anion sublattice by jumping into 
appropriate &jacent vacancies. - . - . . > - 

Inlerstl’rial diflksibn_ inert &as atoms occupy interstitial sites in the lattice and 
diffuse-by jumping into aajaccnt int.erstitiaI sites, - _- 

-_ hfekifiizi d@himz ph zrwping. Inert gas atoms diH” interstitially- but may 
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bc trapped at dekcts in the lattice such as vacancies, If the binding energy to the 

defkct is sll&cientIy Iaree, the ratocontroIling step in diffkion will be the rekase 

rate from the dekct, and the measured diffusion activaticn energy will involve both 

the defti binding energy and the energy of migration of the gas atom 
Mobile chrsrer di@rion_ Inert gas atoms ass&ate with mobile vacancy chrsters 

and moIrt through the lattice with the cluster_ Dkociation of the gas atom from the 
dt.tster may occur which immobii the gas atom until another vacancy cluster 

diffuses to the lattice position adjacent to the gas atom. 
4_4_2_Z_ Vacancy di@sifm_ Self-diffusion usually occurs a 

mecfianism. The v&d&y of tbis mechankm can be prow& experimentally if divalent 

impurities which substitute for lattice atoms in monovalent solids produce an increase 
in the diffusion coefficient_ The presence of divalent impurities in a monovalent solid 
will create cation or anion vacancies to maintain the total charge balance in the solid. 

The impurity-generated vacancies may exceed the concentration of thermally generated 
vacaucies and au in- in the diffusion coetlkieut is observed, 

However, Mears and Elleman ’ 68, SyOngandElItman6’andMatzkc’70-‘5g-160 

f&cd to detect an impurity increased inert gas dit’lkion with ThO,, N&L KBr, CsI 
and other alkali iodides. Schmc fing”’ and Felix” r have observed an impurity 

effect in S&l2 doped crystals of KCi and KBr, respectively, with Ar as the diffusion 
gas_ However, the impurity reduced the inert _W diffusion rate (due to a trapping), 
which is the opposite of the trend expected for vacancy difIusion_ Another reason 

against the vacuxy diffusion of inert gases is the large diffcrencc frequently observed 
between the inert gas and self-diffusion coefkient in a solid_ For example, for Xe- 
diffusion in CsI the diffusron coefficient was reported by Mears and ElIeman’68 to be 

at Ieast two orders of magnitude higher than the self-diffusion coefficient measured by 

LyELcfi=06, while the activation enthalpies are similar Since the vacancy migration 

rates are controlled by self-diffusion, diffusing ,eas atoms present in trace concentra- 
tions shouId exhibit values of D within an order of magnitude of the seSdi&sion 
coeffitients, even if the gas atcw always competed successfully foravaiIabIevaca.ncies 

with the host ions_ 
The diffksion activation entha!py, AH, in this model is AH = Q, + QF; the 

sum of the gas mi_don energy, Q,. and the formation energy, Q,- of cation vacancy- 
Matzke2o7 and Matzke and Dzukszo8 studied the channeling of alpha particles 

from 222Rndecayasameansfor ascerWining the position of the 222Rn-atoms in the 

lattice_ They concluded that the gas atom in KCl, C&F2 or U02 dots not occupy a 
lattice site, and Wore, apparently does not diffuse by a simple vacancy process 

#-#J-2_ Intersrifid d@iion_ Diffusion by a simple interstitial process also 

appears incompatible with marry of the ex p&mental results Norgett and Lidiard’67 
have calculated values for the diffusion activation enthalpies for inert gas diffusion 
in alkali haI.ides by interstitial mechanism and have obtained values in the mgc 

between O- 10 and 034 eV at- ‘, which corresponds to 9-64 and 3273 M mol- * (the 
transformation factor is: I eV = 96.427 kJ mol- I)_ The diffusion activation enthalpy 
for the interstitial mechanism AH = Q,, corresponds to the gas &m migration 
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energy only_ Atoms in interstitial positions are sqqmsed to produce lattice strain 
which lowers the migration energy for movement from one interstitial position to an 
adjacent position. However, measured values for Ar, Kr and Xe-diEusion in alkali 

halides lie in the range 0.30 to 20 eV with most values above 0.8 eV. This disagmement 
with the calculated vaIues is too great to explain inert gas diITirsion in uzms of an 

interstitial model. 
4-4.23. Inf;rsririal di#ksiin plus rrapphg- Norgett and Lid&d’ 6e* ’ 67 have 

suggested a model in which inert gas atoms diffuse interstitially but are also trapped 

by lattice vacancies. The diffusion activation enthalpy, AH, will contain a term which 
reflect the binding of the _9as atom to the vacancy trap, so it is possible to obtain 

large values of AH even though the gas migration energy Q, is low. The authors have 
used this model in calculating expected vaIues of AH which satisfactorily agreed with 
experimental values in certain cases. This model has considerable fIexiiiIity in fitting 

experimental results and presents a number of obvious advantages_ It is possible to 
explain Aribenius dia_grams with two activation enthalpies, such as those observed 
by FeIixs6 in terms of different rate-controIling processes in the two temperature 
ranges, The high activation enthalpy region at low temperatures can be assumed to 
involve appreciable trapping, so that the diffusion activation enthrdpy contains for 
the trzp binding enerm: Qe, the trap formation energy Q, and the gas mi,gration 
energy & or AH = QH -I- Qn i QF- The high temperature diffusion component is 
assumed to result from interstitial difkion only with no trapping_ 

Different crystals with different lattice parameters, host ion sires, and structures 
are expected to yieId different interstitial activation enthalpies- The calculations of 
Norgett and Lid&d r 67 do predict different activation enthalpies Zor dHerent crystal/ 
gas systems, The model ako readily explains why the gas diffusion coefficient can 
+mtly exceed the selfkIiffusion coefficient since the mechanisms are diffe,-ent_ Also, 

diffusion results with a single activation enthalpy, such as KFjAr and RbF/Kr which 
may be explained by assuming that trapping dominates over the entire temperature 
range of measurement. 

The lowering cf diffusion coefficients through the introduct.& of impurities, 
as observed by Schmeling*“’ and Felixr7’, is also consistent with the model, but the 
results in which no impurity effects were observed would appear inconsistent if singIe 

vacancies act as traps. The Iowering of the diffusion coeflicient through *he radiation 
indud traps can also be consistent with the model since the radiation induced traps 
are believed to be defect clusters. One would expect a larger binding enerw for a gas 
atom in a defect cluster than for a _eas atom in a single vacancy_ 

4.42_4_ Mobile cluster di’@krion_ Mat&e’ 6o was the first to suggest that inert 
gas atoms could possibly associate with mobile defect clusters and move with clusters 
through the Iattiaz The sire of the mobile vacancy cluster is unknown and presumably 
Iies between a divacanq and the seven or eight vacancies postulated for skbIe void 
formation- One of the simplest possible cluster models, a Schottky defed consisting 
of one cation and two anion vacancies, was described by Sy Ong and Elleman6*. Au 
inertgasatomisassumedto associate with the defect and move through the lattice 



with the dusters. The _eas atoms may periodically disskatc from the clusters to 

become trapped in the k3tt.i~ so observed _9as diffusion coefKcieuts may be lower than 

the duster diffusion coefficients_ An eqdibrium between diffusion gas atoms in the 
dusters and immobile _ga atoms is assumed- The equilibrium can be represented in 
terms of quasi-chemical equifrbrium with the equilibrium constant I& The diffusion 

activation entbaIpy for this diffusion model is given by: AH = 2, + Q,,(c) + Q&c) - 
Q,,(c), where Q, is the mi_gration energy for the mobile cfuster; Q,,,,(c) is the migration 
enera for the mobile cfuster containing an inert gac atom; Q&c) the cluster formation 
euew; and Q&z) the duster dissociation energy with a contained ,eas atom. Like 
the trapped interstitial model, the mobiIe duster difT&ion qualitatively explains most 
of the features in inert gas dii-fusion experiments_ 

An Arrhenius diagram with the break of the type observed by Fefixs6 is ex- 
plicable by this mechauism also. The low temperature component results from appre- 

ciabfe gas dissociation of all of the gas that remains in the duster- The straight line 
of the Arrhenius diagram is also possible, The model is compatible with gas diffusion 
coefficients, which are considerably hi&er than the seIf_difTusion coefkients since the 
mechanisms are different_ There may or may not be impurity effects for gas diffusion 
since some duster concentrations are altered by impurities while others are not_ For 

exampIe, in divalent salts, the divacancy concentration is impurity-independent (the 

product of cation and anion vacancy concentrations is unaltered by impurities) but 
the trivacancy concentration is impurity-dependent_ The model piedicts a decreasing 

f&on of mobiie gas atoms with increasing gas concentration which is compatible 

with the generally observed decrease in diffusion coeBicients with increasing gas 
concentrations_ The model is also compatible with the channehn.g of Matzke207 
and Matie and Davk~‘~a which showed that gas atoms are not on single fattice sites. 

The problem with the mode! is, that currently, it does not appear possible to 
specify values of Do, Q,- Q&Z) in advance and it is therefore possible to fit almost 
any shaped curve by a suitable choice of parameters- The mobile duster model has 
been found6’ to be the best explanation for diffusion of inert gas atoms in CaF,, 
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MEASUREMENT OF INERT GAS RELEASE AND INSTRU~MENTATIGN 

%.I. Methvds of inert gas release determinariotz 

The inert gas release can be measured as: 
(i) The amount N(t) of gas released from the sample in time t. From the 

measm-ed N(t) value the rekased faction F of the gas is usuahy evafuated: i; = 
N(t)/lV& NO behg the total _eas amount initially prcscnt in the sample, . 

(ii) The release rate A(t) of the gas. The measured H(t) value is usually expressed 
as the rclcaze rate dF/dt of the inert gas* but it can be used forevahratingtheemanating 
powcrE(E = &(z),&,_) when a sample Iabe&? ivy the parent of emanation was 
measured_ 

Apart from the direr’- rueasurement of the inert -gas rekzsc, the residuai gas 
remaining in the sampIe can be measured and the reIease calculaterl_ The latter cast 
has been employed with saz_nies IabeIed by the gas without its radioactive parent_ 
The time or temperate dependence of the inert gas release can therefore be expressed 
by an integral release curve (i), and by an differential release curve (ii). 

5.1~ I _ Released fraction F of inert gas 

The determination of the fraction F of the inert gas released (F = A&k,,) 
canbemade bycolledingtheeasinanactivatedcharcoaltrapatlow temperature60P ‘I1 
or by using a closed circuit apparatus 211_ The amount N(t) of the collected gas may 
be measured continuously or periodic&y (every 5 minutes). The carrier gas flow or a 
circulation pump are used to transport the inert gas into the measuring chamber_ 
The amount N(z) of the _eas released can also be determined212 by counting the 
remaining radioactivity of the labeled sampIe after step-wise heating and cooling to 
room temperature, rusing a flow-type proportional counter. 

To express the fraction Fof the inert gas released, the total activity (ZVc) of the 
inert gas present in the sample must be determined_ Many investigators determine the 
value NO by dissolving the sample in acid or another solvent. In order not to destroy 
the sample, a second sample labeled together with the specimen may be separately 
d&olved_ Mat&e2 1 ’ proposed to heat the sampIe to the temperature at which all 
the gas present is supposed to be rekzased. 

For experiments lasting a relatively long time when compared with the half-life 
of the inert gas nsed, the decay of the measured inert gas should be taken into account, 
The fractional rclcase F(f) is then e~prcss&~ as 
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where N(r) is the number of inert gas atoms presented in the charcoal trap and 
mtasurtd, No is the number of inert gas atoms present in the sample in “time 7 = 0, 
the term, 2 Ji N(z)dr, represents the number of decayed atdms of the radioactive 
_ea released in time I, and i, being the decay constant of radioactive gas. 

5.12. Release rare dF/dr of ikert gas 
When the re?ease rate of the inert _eas is to be determined, the amount of inert 

gas escaping from the sampIe in unit time is measured (hi,,r = d.F/df) and expressed 

in terms of emanation rekase rate or emanating power. The emanating power E 
(used with samples containing an inert _S parent nuciide as the souraz of emanation) 
is defined as the ratio of the emanation rcleasc rate!, 6frCl, and the emanation formation 

rate, %8av or E = ~frcJ&,,_. 
(1) Determination of gas fornuztion rate, &fO_, and retease rate, fi,,1. several 

methods can be used for this purpose. DissoIution of the sample in acid or another 

solvent and measurement of the inert gas rekase from the soiution’ is usually applied. 
The radon formed during the definite time interval is removed from the solution by 
eiution with a gas and measured (z22Rn esca pes quantitativeIy from hot acid solu- 
tions). A static or a fiow method can genexahy be used for the measure ment of the 
radon released. The static method (which can be apphed for 222Rn measurement) 
consists of measuring the radioactivity of the sampIe after radioactive equilibrium 
between radon and its active deposit (daughter products) has been established (- 4 
hours). When the radioactivity of short-lived nuclides, 2’oRn and ’ “Rn, is to be 
measured, the fiow method is usualiy employed. in this method the escaping inert gas 
is swept through the measuring chamber at a azstant rate. Alpha particks emitted 

by 220Rn or 21gRn decaying in the measuring chamber and by their immediate 

cbWZh==, 2‘aPo (rli2 = 0.158 s) or ‘isPo (zllt = O.OOI83 s), are measured. The 
radioactivity measured is proportional to the rate of csckpc of inert _eas from the 
sample awasured 

(2) Co~pari~ fo star&& specimen’ me&d_ The- rates of inert gas release 
from the sample and standard, denoted (NJS and (fi&, respectively, are measured. 
The rates of the inert gas formation in the sample and standard (&& and- (&&. 
are detcrmincd by mcasu rcmcnt of their a and fl activities in scaicd containers after 
radioactive cquiiiirium has been attained. The emanating power is equal to: 

The method of comparison to a standard specimen is usuaiIy empIoycd_ for the 
determination of the emanation formation rates when the inert gases, 220Rn and 

al’P;l, are used since they do not escape quantitativeIy from aqueous solutions. The 
emanaGng power of the standard E;, is determined in another way, e-s., by-the active 
deposit method. The emanating power of barium palmitate or stearate, which are 
usuahy employed as the standards, are E = 9%99%. 

(3) Aczive drpost method’. This m&hod (suitable for samples of fairly high 



emanating power) cmsists in the measure ment of beta or gamma ktivity of thk active 
deposit in equilibrium with the radioactive inert gas_ A sa&e labkl&kvith the is&t 
gas parent (where the inert gas is iuxadioactive equilibrium with the pa&t) is 
thorou@ly washed in a dry-stream of uitrogcn, until radi0activeequiliirit.k between 
short-lived active deposit uld inert gas remaining in the sampI& has been attained, 

The sample is then placed in a container and its beta and/or gamma-activity is 
measured’ 4iately after seaIing the container_ The measured radioactivity, a,, 
is proportional to the rati of decay of the radioactive inert gas in the sample. The inert 

gas escaping from the soiid into the sealed container is then allowed tg grow until 
radioactive equilibrium is reached between incorporated parent, estzpkg inert gas 
and active deposit on the walls of the sealed container. When 22zRn and 220Ru 
nucli~ are empioyed, zpproximately I month and IO minutes, mspectiveIy, are 
needed- The activity of the se&d sample, a,, is then measmxxi zgaixk This z&vity 

is proportional to the rate of formation of radon in the solid, The emanating power 
in absolute values can be calculated as .” -_ 

E=(& -I$)/_&, _ _ _@6j 

lfconditions of steady radioactive eqniliium are no: fixElI& the measured ratio-E 
is called “apparent emanating pow&‘_ 

. _ 

5.2, The ei+@nenr for inert gas feleuse nii ement 

The ETA apparatus consists in general of several components, ensuring 
inert gas detection, monitoring and rezsxding; 

sample heating and temperature control and measurement; 
carrier gas supply with flow stabilizskion and measurement; 

measurement of complementary parameters_ 

521, Inert gas detection 

Various inert gas detectors have been proposed in the past to measure the 
amount of the inert gas released from the sample. If the inert gas used is a radio- 
active emitter;_ on&.tif the methods for the detection of radioactivity can be used. If 
the inert &as is nkr;-radioactive, a mass spectrometer (e-g., Omegatron type) c& be 
eniployed for its d&x&on and m easurement, The experimenter faced for the first time 

with the probkti-of radioactivity detecticn must be referred to st&&rd.t&& 66 the 

subject, e.g. ref. 213. 
_ . _*- _, ._ -. 

Techniques which can be used for the detection and G&re&ent bf the inert 
gas radioactivity cau be divided into several categories. AU ok them are commercially 

available: 



. The choiaz of detector depends on the type and energy of the radiation;- haWife 
of inert gas nuciide and the information desired; Couplea detec&orsz4 are sometimes 
used for simultaneous detection of several gaseous n&ides, Early instigators used 
the ionization chambers of 200-600 cm3 volume as detectors for measuring alpha 
activity The conditions for measuring 2foRn and zzpR.u by meaus of an ionizxtion 
chamber have been examined in detail by Volb and Adloff? s_ The use of ionization 
chambers for atpha activity measurements e- a high efficiency of measurement, 
however; the efficiency of counting depends on the nature of the gas used as the carrier 
gas and other gaseous components (moisture and organic impurities). The same 
drawback has to be taken into account when-using flow-type GM_ copters. The 
efficiency of activity measuremeut by means of the end-fact G.M. copters, scintiUa- 
tion and semiconductor detectors is almost unaffected by impurities in caxrier &as. 
These detectok are therefort advanta_~usly used when solids are studied which 
undergo decomposition accompanied by evolution of _@ses or water vapor. 

52.1-Z. Memuring chmn6ers_ The detector itself is usuaHy placed in a measuring 
chamber, the shape and volume of which arc designed according to conditions of the 
radioactivity measurement and the information desired- Figures 60-64 show the 
primSpal types of measuring chamber, Figure 60 shows the classical iouization 
chamber’ connected to an eIectrcsco_x and used to measure the rx%~ rate of the 
radon isotopes, zzoRn (1) and 22LRu (2) Figure 61 shows the measuring chamber 
for 220Rn rekzase rate using an zlp‘la-scintiUation detector (&S, co~ecfefd to a 
photomuItipher2 ’ ‘- ’ ’ ‘_ V arious shapes of measuring chambers23* ‘O* for krypton 

*‘Kr are iliustrated in Fig 62: (a) small volume chamber with one or two end-face 
GM- tubes, (b) small volume chamber bored in the beta-scinriliarion crystal diredy, 

C 



b 

Fig_62varizulssbajnsofcbambcfsuscdfottbc mcaSnrrmcnt of beta-acee inext gaszs (“Kr): 
a=~ly~~~~conncctedtooncortw~end-faceG_M,tubes;b=smalIY61umechamber 
&i&d in a bcta_scintil~ti~ crystal connazta3 to a photomultiplier tube, c = flo~-typc G-M. tube 
(after Ti5lgyasy et al?* ‘a3.1 = ad-f- GM. t&e; 2 = scintilfator, 3 = photoinultipli~ 4.5 = 
n!e&ltiWandpo!5itkdoctrodes tqsti~dy, of tbc fkv-type GM. tube; 6 = ekctrd= holder 

_ 
Fig. 63. c’hambcrs usai for mcasm% g rekase rare of &unma-aaivc inert g&s (W)i equipped 
(a) with a GM_ tube (afta Lindnm and Mati@ or 0~) with a gamma -scintillation crystal co-& 
to tbc photomuItiplia tube (after khiba~~)- 1 = G.M_-ruk; 2 = Scmtiktor, 3 = nhotcmdtipfia 
mbc;4=I?khicl~ - 

- 
. . 

Fig_64 MB cbmba for mcaauingrcleasedfraaionF0finertgascsbctaor~~ 
(afterKc?#Ql= cbarcd trap cooki; 2 = a~%5iocG_U tube orscintiUation dctecto~ 3 = Dcwzr 
fiaskzQ=ptnbiddIng. 

-, - 
. _ 

_- -_ -_ - _ 

and (c) flow-type GM, tube_ Fig. 53 shows two measuring chambers for gam& 
activity kg-, 13’Xe_ The chambers are equipped with GM_ tube21? (part a) or with 

a gatka-sc&ilIation crystal connected ti a photomultiplier~** ‘I9 (part b). Fig&e 64 
shows-&&amber with a.cbarakl-trap60 for measure me& of releaqzd fhohr;l, 
An &l-faot G&f:- tube-or a scintik!~on detector can be usd for the meyrement of 
be@ or gamma actSi?_ The samt.types of detectors -can be .used for coukiug t&z 
reSinnal~~~veiuertgasinffie~~FIe_ - --- _ - :- -I- -.- -:- .: -,r:- .--7 
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52-12, Mortiotig mtd recording of iher2 gas relzare, The output of the radick 

ztivity detectors (GM. tube, scintil!ation and semiconductor detectors) is connected 
to a count-meter, a count-rate meter, or a spectrometer_ The recording -of the ex- 
perimental results is provided by a printer, a recorder or recentiy by a punch @pe 
printer which enables the immediate use of a computer for data evaluation. 

522_ Systems of carrier gar flow .md sra6ikation 

The ETA of the sampIe is performed in a ~-as stream which se~yes as a gaseous 
medium for the solid sample and as a carriergas for the inert _gas and volatile products 

rckased from the sampk The carrier gas is usually supplied from a pressure vessel; 

in some cases it can be also drawn through the apparatus by a vacuum pump, When 
the emanation rekase rate is measured, the continuous fiow system is usualiy employed 
to transport the inert gas released from the sample to the measuring chamber with a 
detector_ The good stabilization of the fiow-rate is essential, otherwise faIst effeds 
on the ETA curve can appear_ in the cases of short-lived inert gas nuclides (as “‘IZn) 
the gas flow-rate must bc sufficimtiy high to prevent too much lo& by decay before 
the measuring chamber is reached, On the other hand, a high fiow-rate means that the 
inert gas atoms spend fess time in the chamber and the probability of detection by 

their disintegration is less. 
The maximum ffow-rate depends on the volume proportions of the flow system, 

the voiume of the measuring chamber and the decay constant of the radioactive inert 
-gas cudide, Assuming a linear fiow-rate in the system (which is a simplification of the 

r&it& V, the volume between the sample and the measuring chamber, Vz the 

vohxme of the measuring chamber, u the rate of the gas flow, ri the decay constant of 
the radioactive inert _a measured, and a0 the number of the inert gas atoms rekascd 

from the sample in unit time, the number of inert gas atoms a decaying in the 
measuring chamber in unit time can be exprused220 as: 

a = a0 exp (- W&f) [I - exp (- WJu)] (87) 

The _gas flow-rate corresponding to the maximum efficiency of the measurement can 
be found as: 

r4p = [NJq[I + (I i- 4V,/Vz)“‘] (W 

Figure 65 shows the experimentaliy found dependence2i * of the efikiency of 
the carrier flow system on the gas fi ow-x-a& when the radioactivity of 220Ru is 

measured, The curve can differ for different carrier gases. The worlcing fiow-rate, 

~6 is usually chosen on the descending par& of the curve where the measured 
activiry does not change as much with the possible aazidentai changes bf the fiow-rak 
For the case &en in Fig 65, the working fiow-rate is ua,, = 20 cm3 miu-‘, ’ 

To-thegStightness0fth.e carrier gas flow system two-gas flow &eters 
are~yb3tintothe_easoneatthc~gandtheo~atthcmdofthe 

system, as shown in Fig. 66, The traps for p&cation and dryins of e-car&r gas 

m also bc buik into the gas line. After passing through the puri@ing tram t@e 
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Fig_ 65. E5p&mcntai:y dctcrmimd count-rate as a function of carrier gas (air) flow for small 
Yolumc mtzaakg chamber (VI3 = 8.4cm3and-RI.ltzolm~workingfiowratech~u, = 
20 aI9 mill-‘, 

Fis 66_ Diagrqn of EI-A-DTA simultaocous appzxatus. 1 = sample; 2 = DTA ref.. ==Pk 
3 = dctcctoq 4 = detector; 5 = flow-xatc mews; 6 = Bow-rate stab-. The carrier gas piping 
duringsampleandbackgruundrrmsawu arcdmnonstratibyafullordashai~ xspaxkiy_ 

carrier gas enters the reaction vessel and passes in~close proximity to the sample. 

The inert gas released from the solid is carried by the carrier gas into the me&ring 
chamber aud then to the exhaust For thz radioactivity background determination, 
the apparatus should permit the measurement of the carrier gas flow directly to the 

measuring chamber_ (see Fig. 66). - 

5.23. Sampk heating and temperature conwol and measurement 

The sample is pla&d into the reaction xssel which is heated by an eIectrical 
furnace, the temperature program of which ;S cOnt+Ued 5y a tempe+ure Coiitrol 
unit. The temperature programmers of DTA or TG devices**’ can be used for this 

purpose. The temperature is measured by thermocoupies pIaced directly in the sample 
or the sample holder. 

The inVeStigatiOn of solids needs the application of not only one but several 

ucprimenti .methods-- To ensure identi+ experimental conditions, -some auth9x-s 
proposed‘dwfces enabling the simultatieous performance of ETA and ot&er thermo- 
analyticai jn~t$~_~ &. DTA: d~Zatom&y; TG, -EGA; e&‘-A %.&ntio&i W&i@ 

system-$ used in the sim&aneous e&ip&nt and ~ari&~~&$xneters~& measu@ 



together with the Inert _a release, A muItichanne1 recorder or di@aI output measuring 
unit can lx used for the recording of experimental data_ Fieres 66 to 69 show 
dia_grams of instruments permittin, - the simultaneous measurements using the 

fig. 67_ Remion wsd of FTA-DTA-dilatometrv simukmcous apparars Wttx Ehkk9- 1 = 
fabekd sample; 2 = DTA-rd-w sampie; 3 = d&t omcter sampk; 4 = compa6irc thumazouptes; 
S=~di&tonaaarod;6=qtnnz~;7=supportIngpipes;8=mctalbIock;9=q~ 
outa- vasd; 10 = grotmd glass joint; Ii = coolant tube 



Fig. 69. Diagram of ETA-DTA-‘GjDTG siinultaneous apparatus (after Emma-a and Babzlcq. 
I=Iakiedsamp~2=DTArdaeoct sample; 3 = furnaoc; 4 = SiIiam surfke ban-k cGso=tq 
5 = tiow-mc n;clcr, 6 = fiow-me stab%zq 7 = arricr gas supply; 8 = amplifiq 9 = caunt-zate 
mess, so-= muI- rcuxder. 



Fig 71, GaaaI view of M NM ctcvice for simL!r~ ETA-~A-TG/DTG, 
indbg tcmpcramrc amtroi unit. 

folIowing thermoanaIyticai methods: ETA-DTA, ETA-DTA-diIatometry, ETA- 
DTA-EGA, and ET’A-DTA-TG/DTG_ The ETA-DTA apparatus222 (see Fig- 66) 

commercially buiIt by Messrs. Netzsch, Mb, (West Germany), is equipped with a 
semiconductor detector_ A Iabekd sampIe is used for ETA as weII as DTA measure- 

mmt- The reaction wssel of the simultaneous ETA-DTA-diIatometry apparatus is 
schematicaIIy shown in Fi g_ 67, Figure 68 schematically shows the ISA-DTA-EGA 
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instrument, constructed by adapting the commercial Netzsch high-temperature 

apparatus with a gas flow sample hoIderz9. The EGA is performed by thermal 

conductivity detectors. Before entering the measuring chamber for the inert _a, the 

carrier gas passes through the reference and sample ceIIs equipped with a thermal 

conductivity detector. The gas line for the background measurement is shown by the 

dotted line. A dia_eram of the Netzsch apparatus’ se for the simultaneous measurement 
of ETA-DTA-TG/DTG is shown in Fig. 69. General views on the commercial 

Netzsch devices for ETA coupIed with DTA and DTA-TG/DTG xe shown in Figs. 

70 and 71, respectiv*eIy. 

5.29. Radiation safety of ETA measzuemenls 

In the course oT aI1 the years when ETA has been applied, the question has 

been posed about the biological hazards of radioactive inert -eases used for labeling 

solids. According to the actual kno:v!edae of protection of a human body against 

radioactive radiation, the fohowing remarks seem to be appropriate. 

The labeling of samples by radioactive inert -gas or their parent has to be 

performed in a specially equipped laboratory certified for work with radioactive 

isotopes. Any handling of the radioactive labeled substances (as weighing, inserting 

into a furnace, taking out from the furnace, etc.) requires safety precautions normal 

for work with radioactive emitters. Rubber gloves are used to protect the hands and 

the crucibles are handled by a tweezers. The IabeIed sampIes have to The stored in a 

box under a smali vacuum to minimize the hazard of the escape of the radioactive 

emanation into the laboratory atmosphere (active deposits nucIides formed by :he 

decay of radon isotopes could enter the !ungs as aerosols). 

The ETA apparatus itself can be instaIIed in any chemical oi physical laboratcxy 
equipped with a digestory exhaust. ETA is the micromethod (the sampIe amount 

needed for a measurement is about 10-100 mg), the carrier gas system has to be gas 

tigh< the z-as led to a suitable exhaust. The labeling of substances is made by traces 

of inert radioactive _m which, after dilution by the carrier gas, do not represent 

a biological hazard. The inert gases themselves do not enter into the metabolic system 

of the organism. Especially when “Kr is used as the inert grr Iabel, the work with 

labeled substances requires a minimum of safety precautions. The isotope, *‘Kr, 

does not form any radioactive deposit and decays to a stable nuclide. It is used in 

medicine as a radioactive tracer for the examination of heart funztion. 

5.3. The apparatus response lo ineri gas reIeme 

The apparatus response with ETA is always somewhat delayed and distorted 

to the actual inert _S release from the sample studied. For evaluation of ETA meas- 

urements involving the change of inert gas release with time or temperature, it is 

essential to know quantitatively the relation between the apparatus response and the 

actual inert gas input. This knowledge enables the changes on the ETA curve to be 

properiy identified with a particular time or temperature. The detailed analysis of the 



~~~ziiii of the apparatus response auveto the actuaI inert gas changes 
~thtmagnitudeandrateofchangisoftheinerteas~~ 

The most frrqntntfy used ETA apparattk is based on the continuous flow 
system of inert _eas release rate measurement_ This type of apparatus enables the 
measurement of the inert gas release rate in dynamic conditions of the sample 
treatment, that is, using the same conditions as other tbermoanalyticaI methods; 

In this Para_grapfi attention wiIl therefore be paid to the response curves of the 
ETA appara?us representing the emanation rekase rate as a faction of time or 
temperature_ The degree of distortion of the response curve will be analyzd by com- 
paring the ETA rekase si_gnal to the inert -gas input- When a change of inert gas 
x-elm rate of the sample occurs during an experiment, the full_ response in the 
measuring chamber to this change will be slightly delayed, and as shown in practice, 

it will be somewhat distorted_ Tbe delay of the si_gnai caused by the transport of the 
inert gas from the sample to the measuring chamber and tire distortion of the signal 
caused by a dilution of the inert _gas in the carrier gas arc analyzd in the following_ 
Under steady-state conditions, with uniform gas flow and cocctant emanation release 
rate, tire si_gnal oi the inert _ea detector is proportional to the rate of inert gas release 
from the sample. If a change in emanating rckase rate occurs in the sample, the ETA 
si_gual to this change will not be immediate_ The change in inert ,g3s release wiIl 
t%rstly aher the concentration of the inert gas in the carrier ,eas fiowing at the rate u_ 
This new conmntration must then be carried through volume Vr of the system 
between sample and measuring chamber before any change in acti\@ is detected, 
The time between the change and the first sign of response to a change is approxi- 
mately (V,/u)sec_ The steady-state activity of t3e new inert gas concentration will not 

be fully attained until a suficient quantity of lhe carrier gas bas been swept througb 
the system to fill the measuri ng chamber co~pIeteIy at the attained inert gas con- 
centration The rate of activity change in the measuring &amber due ‘u) the new iuert 
gas concentration wiil also be a function of volume V, of the measuring chamber 
and the carrier gas ffow-rate U. The time needed for attainment of tie steady-state 
activity is approximately (VJU) (- tn se+ This means that the carrier _g flow system 
has a definite time constant which can be denoted as Tr_ The detection system it&f, 
consisting of the inert gas detector (ionization chamber, G.M. tube, scinti!lation or 
semiconductor detector) and co~cctcd with the count-rate meter or -meter, 
has the time constant, Td_ -. 

53.1. Murhetmricd ma&si3 of practical cases 

If x(r) is the total radioactivity of gas in thz measuring chamber at time t and 
J-(Z) is the response of tbe ETA apparatus, we car1 write 1 

where Ta is the detection system time constant and R is the instrumental constant 
which inchrdes amplification factors and has the dimension [s-i J: 1, - . 
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The a&al change of gas radioa.&vity in the measuring chamber. is then 

evaluated by 

dJr/& = o@)-Jz-(u/&)x = a(z)-(l/TSx W) 

where q(t) is th: 2 :. :: of adding the radioactive gas in the chamber which is related to 
the input of the radioactive gas at(Z) as a(r) = al(r) - ii(u/V,), Lx is the gas radio- 
a&vi@ &crease due to decay, (u/V&.x is the activity decrease due to the gas flow 

from the chamber, 2(u/V,) is the decrease of gas radioactivity due to the decay during 

the transport from the sample to the measuring chamber, T, is the time constant of 
the measuring chamber, l/T, = R f (u.N& 

It follows from eqns (89) and (90) that the radioactivity signal y(r) measured 
by the ETA apparatus is related to the unknown activity, a(z), entering the chamber by 

d2y/dt2 -i- [(lITa i- (l/Q-j dy/dt i- (I/T,TJ y = Ar(r) (91) 

The solution of eqn (91) given by Gregory and Howlett2” is 

(92) 

This eutireIy general expression makes it possible to derive the apparatus effect of any 
variation of initial activity_ The appropriate function, Crcr), has to be substituted in 
eqn (92) Particular cases will next be analyzed* 

(A) Cmsrant due of activity, If al(r)_has a constant value (so that Q(Z) is 
constant), then J-(Z) will tend to have a constant value, The steady state value of y can 

bewritten 

Y = AT,T=z (93i 

ThismeansthatifAT,T, = 1,thenycaubemeasured directly without change of 

scale. _ _ 

(B) -LhemIy mmyhg activity_ If the dvity input is a linear fm.lon of time, 
a(f) = Kt,thcntheresponseis _ 

[T,(t - T,(1 - e-tl*Q)) - T,,{t - &(I _- e-t’?d)]] (94) 
_ . 

The function inside the square brackets in eqn (94) is plotted in Fig. 72 It 
follows from eqn (94) and Fig 72 that the actual response is linear sin& the-non- 
linear terms, e-‘/T- and e- “Td, converge to zero after a ion& time compared with 

eitherT,orT,,Forthis.ose,eqn(P4)canbewrittenas -: - 

y j-K&(T, ‘t‘TJ] - _ _ - __. 

ifATdT, = L’l-his 1 - 

. ~_ _ -_ _ -1. _._ __.(95) 

mcansthatultimattlytheresponserises(orfalls)atthesamerate 
as the input but lags behind by a time (T’+ +--T’&:Ihis lag is independent of the rate 
&r&of the input but depends on the~volrimt of-measuring chamber V,. and the _ 

. . 
-_ 

-_ - _- -_ . . 1, -- _ 



rate of the carrier _gz~ flow u- The response of the activity drop is prqxn-tional to its 
input for slower r&ase rate measured during the drop than that of the “decay curve” 
(the 2ecay m” is fb to experimenter since it occurs w&never the carrier gas 
Bow is s~tched to backmound measurement)- There is no limit to the inert gas 
release rate in which the observed activity can rise,- as this is also dependent on the 
rJcofthcimrtgasmixingtothecaniergasstream. 

(CJ Particuhr pukes of activity hput_ Response curves were calculatedfZo for 
sehzcted types of .xxivity pulses which are approxixnations to the actual inert gas 
release input: 

(i) Square pulse (vertical rise of inert gas release to a constant value li and aftrr 
a cftain period vertical drop to the original value), This exampke can be very casiIy 
produceda.rtXcWyand~ord opp~-tunity to testthetheoryagainstpractical results_ 
It can also SCIVC as an approximation L2 the 5put in the case of certain pbasc b-ami- 

tions wbtll the rise of inert gas r&a% is aimost instantaueous. 
&) Triangular p&e (the iiiert ,gas rekzise rises linearly with time from zero to a 

ocrtamtimcand~faIlsataratecqualtotberateofrlse), _ _ 
(iii’) Sharp pcaksd “parabola sided pulst” &he inert gas &es proportioGilly to 

the square of the time for a tied inttnal and then fails along a curve which is a 
mirrorimageoftherisecurve)_ 

Examples (iii and (iii) approximate the inert gas release during certain solid- 
state reactions_ The response functions of these three pulses have been ca!cuiated220, 
Fi_m 73 shows the shapes of pulses in-the origin and in the distod form resulting 
from the ETA apparatus equipped with an ionization chamber and the count-rate 
meter (the respe&ive time constants being T’,‘, = 59.4 s and T, = 82-3 s). It-has ban 
shown that t&e areas of the input and response curves are equal, For siniplicity of 



calculations, the zero basic line of activity was taken in all three p&s but the same 
typeofreqxxseoccurs whm the pulses are superimposed on a steady activity,- . 

In all cases, the output curve is related to the original curve of activity &an= 
in that the amplitude is reduced and the duration extended, The time interval be&v- 
the actual and observed maxima of z&v&y can be exactiy determined_ Gregory and 
H~wlett*~~ derived expressions for evaluating positions of the-maxima, r_ on the 
timeaxisandsta%dthatthela~[z__ - (d/211, representing the distortion of the 
puke for a given type of input efkct is only a fisxtion of d (the pulse basis) and is 
entireiy independent of the puke magnitude h. When d approaches Zero, the lag, 

LX. - (dj2)], approaches the sax= limiting value for all of the puke types aid can 
beeXpESC%laS 

2 max. -(d/2) = [T&TJ(T* -T,] Io&(TJTa _ ifor d ---+ o> . WI 

_ . For the ETA apprahts utihing the small ~ohme measuring &ambei (V, = 
8_4crm3)~asdn~on~r~~~toacoant-~~meter(in~~ontime 
being I(&30 s) and the gas fiow-ratt w O-33 cm3 s- ‘, for Z& r= 20 I &d-T,- = 
IO-30 s-the limit value of the lag [fan_ - (dp)] is 243 s, This time can be regarded 
as the displacziti~of the maxima of input and respoiise for any,* and-is very 
important for the &act&l evabmtioi of inert gas release meaiurements dnd the 
&&pretafio~ofthe~Acur~~_ -.:-- .:. . -_-._ .T*, _ __ : r Lss:__e. _ 
_- _ - LCS us-est&a!e the awrap-untity of -ETA curvis* during iineiir. rise of 
temperatart when the lag b&v&n the &put and response signal is &ot&ke~~into 
accounLWhtaachangeoft &ion-felcasc rate is obsckd on the ETA _qrve;the 

i - _ 



112 

response WiII Iag (T, + Td) set behind the input. For the small volume chamber with 
a scintikticn detector and using an integration time on thecount-ratemeterof IO-3Os, 
the constants TY = 10-30 s, and T, = IO-20 s. When a heating rate of 5°C min-’ 
is used, the observed temperature of the effect is by 2-3°C too high. Another condu- 
sion arising from the above analysis is that a possiitity e+s not to gtect +-short 
sharp peak even of considerabIe amplitude when the time constantS of the apgiaratus 
are excessive. It is therefore advisable to design the rate-determining constants of the 
ETA apparatus to give it rapid response characteris~~ i.e., to make T, and T, 

sufficie~tIy smaIl_ The value Td for the ionization chamber itself can be reduced to a 
fp seconds and for a scintillation and semiconductor detector connected to a count- 

rate meter, Tb is of the order of counting integration time, usually between 10 and 30 s. 
The v&e T, can be reduced by increasing u, the -gas velocity and decreasing 

Vz, the volume of the measuring ch2mber, sine 

The voIume between the sample holder and the measuring chamber shouid be as 

small as possible. However, a reduction in the total time constant makes the ETA 

apparatus respond more readily to statistical fluctuations in the activity. No further 
advantage can be therefore attained by reducing T, and Td beyond the stage where 
statisticaI ffuctuations begin to compare in magnitude with the variations of the inert 
_eas reIe!a5e nxasurement The optimum velocity of the carrier gas flow can beevaIuated 
by means of eqn (87). In view of the anaIysis of the response curve of ETA equipment 

it is possible, in principle, to caIcuIate the exact shape of an input puke producing 
a given response by using the diffkrentiai eqn (91). Lx eqn (89) the fnnction, K(Z), is the 

input function to & determined, y(z) is known, dyldr and d2y/dt2 are to be found by 
nmnericaI differentiation. The digital form of the monitoring experimental results 
is most suited for the immediate evaluation of the ingut curve from the response 
cute, It shorrld be mentioned, however, that this is not a quite satisfactoxy way, 
sina the diffkrcntiation aazentuates aII the irregukuities in the observed response and 

no very prazise information is to be expected from it. 

5.4. Some recornnr~rio~ for pracrice 

The reproducibility as weII as the accuracy of the experimental measurements 
depend mainIy on the de&l - ttion of optimal experimental conditions of the 
measurement Some recommendations for the practice of ETA measmzments are 

SIllIlIILarjzed hex 
What should be done before the proper measurementoftheETAcurvet . 

I. Choice of the carrier gas fi ow vdocity. _ . _- 

2 Determination of apparatus time constants T., T:, T& 
3. Choia of working voltage for GM. tube or scintillation detector, measure- 

ment of the detector chamcteristjcs. . - - - -. 

4. Measurement of the radioactivity.background; _ _- 
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Fig 74_ An exampIe of the ETA auve when no chaniaI nor physical transition t&s place & the 
samplezxxamd_meaxveisrccordcdasthe~~of emanation rekase rate dF@f 
during (a) bzckground i==u===t; @) sampk meawemcnt at room temperature; (c) sample 
-t during Ibear heating sate; (d) sample measurrmcnt during linear cooling rate. 

5_ Measurement of ETA standard, determination of the ‘decay curve” after 

having switched to background measurement. 
6, Choice of the appropriate he+ing (cooling) rate with respect to the so&d- 

state process studied, 

What shouid be done during the ETA measurement? 
1. The stabiSty of the working parameters of the apparatus (voltage, ff ow-rate, 

etc_) to be checked, 
2 The radicactivity background determination is sometimes carried out during 

the experiment. Using radon isotopes, the background increases s@htIy in the course 

of the ETA measurement, which is caused by the presence of an active deposit in the 

measuring chamti_ A + 1-5 o/o deviation of the background was found after a g-hour 

measurement of the steady state emanation release rate of 220Ru at 18,700 + 160 

counts s -‘_ After a few minutes, in case of 220Rn, the background diminishes as the 

active deposite itself decays_ 

3, It is recommended to make the ETA measurement of one sample at least 
twice to be sure of the reproduciiility of results and to exclude the accidentid 
irreg&rities of the curve- Figure 74 shows the general view of the registered ETA 

curvt of it sample labeled by ‘=8Tti and when radon diffusion takes piace only at 
sample heating and cooling. 

What should one knoti before evaluating the FTA *Iease curve? In view of the 

possible distortion and the time shift of the ETA apparatus, the following &ems should 
bc borne in mind: 

I, The steady state activity value on the ETA responsqcurve is proportional 

to th* input activity. 
2. When the activity changes lineariy, the slope of the response curye is not 



distortcdandthttJmcshiftcaaxdby~Iag~tfitincrteas~~and~ 
o-on of thk event must be taken into account The time shift is dckrmined 
byappaxatuscondants(T, + Td)- 

3, For peak-like &ii on the ETA -e (when inert gas reIcastz rate dF[df 
is measumd)_ a Iimited quantitative relatioaship between the actual inert gas rekase 
rate and its response can bez obtained_ The areas under the response - andthe 
axrazed curves (evaluarai input) arc cquaL The exact sm of the input puke as 
wtuasthe timt~fortbemaximaofinpntandrtsponseforanypeakcan&eualuatcd, 
more, ox& the time shifk of the ETA curye should be taken into account with 
in- emanation rrieast curves (when rdeaKd fraction F is measured), 

4. hior to making any ooodus~ons about the solid-state process, one has to 
establish the relation between the evaluated input release &ta and the proper change 
in the solid- If the inert gas rckasc measured reflects the process studki through the 
parent or intern&&e nucIide. their roles should be determined_ 



; 
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6.1. Pmsibiiitiks and hitations of the method .-. - 
.-._ - -. .I 

6J.I_ Putentidiiies of ETA ties@ytions * .- 

As mentioned earlier changes in emanation reiease rate serve as the indication 

of processes oaxrring in solids such as Ioss of water, decomposition, behavior of gei 
sirudure, v 

_ 
‘on of the s&i&- solid-state interaction, etc., permitting the- 

investigation of - metasrabIe pseudo-amorphous phases issuing from _ the t.krmal 

decomposition- At higher temperatures, the general breakdown in structure imme-; 
diateiy prccxding the solid trausitious is demonstrated by a sudden increase of the 

emauation releaset rate of the substance foliowed by a sharp drop when the new phase 
f A large number of investigations describing such phenomena was 
published during the last fifty years. 

- Recently, ETA was applied to well-defined systems in an attempt to gain some 
further insight into the migration processes which occur in solids. There is rio a 

priori reason why the diffusion of the inert gas atoms in the solid lattice should 
in any way be related to self4iiffusion processes but some studies”* r2 stroagly 

suggest some kind of empirical relationship, the uatureof which depends on the 

mechanism of inert gas diffusion in the respective solid. Nevertheless, it was proved 

that the inert gas diffusion reffects very sensitively transport phenomena in solids. For 
example, the degree of disorder, biographical or radiation defeds in definite tempera- 

ture ran* can be estimated- Of the5e two types of investigation, the former is essen- 
tially qualitative and the Iatter quantitative. In the l&t case;it is not possible to do 
moretbanasso&netrendsin emanation release measured with cbariges in the solids 

and to use this method as a rather convenient and objective me&s of arriving at the 
sort of results in principle also obtainable_ by- other physical measurements such as 
DTA, TG, microscopy, surface area measurement, etc. Where actual phase transitions 
are being sought for,-ETA serves as a usefti complement to.classicai thermoanalyticai 
techniquc~, with the adtitage that sensitivity is no{ dependent on the heat of 
trausition or chauges of mass, ; ^_ 

The mode of solid labeling ia ETA is chosen with I&& to the type ofmeasure- 
_ _ 

ment In the first type of-investigation, -wh&z no special attention is paid to the: 

me&an&m of inert gas &H&ion in the solid, the inert gas distribution witbin a-solid 
shouid.be estimate& On the other hand, if any attempt- is to be-ma& to -derive 
quantitativeiy diff&ion ch aracte&ti& from the ETA measuremc~ts, the&&tions 
of inert gas distribution within the solid and diffusion mechanism become extremely 
imp@ant since any Stheoretical approach must star& witht&e-assumption-of some 
w&dcfined con&it distribution of the inertgas or its imm~ediate parent within the 
mbd_ - 1 

- _ 
__ ; <_r “._r-.- _ _ _ *__,.‘--; _ _ _ - 

. ; L- 3YBctxi* one d&baek when using apar&rt of e&an&on for I&&ng solids, 
- _ -_- - _ . . 

-a _ - j_ 
- _-. 

_- -__ _ - ~. 
: . ._ _. ; 



This is the fad that the inert s “‘I& is obtained 0nIy from 22aTh through-the 

Lltclmediite &uehttr, 224Ra_ Startine from an initially uniform distribution of 
==%a m the solid, some xdistributio;; can occur as a result of di&sion at high 

tempcnburs. 7his can give rise to a concentration of 22’Ra near the surface in excess 
of the normzf rac&active equiliirium conantration and the resulting vaiues of inert 

gas rdcasc raze arc hi~ghcr than would correspond to the equiibrium, This cr224Ra 

rejection” has heee observed in solids of the cubic form CaF2, after having been 
heated to fw hi@ temperature (about Z/3 of the absolute mehing point). With 
substanas of the hexagonal corundum typ; the &==Wa mjection” was not observed. 

The probabiiity of this process depends on the nature of solids and 03 the type of 
ktticz and the density of ktticc defec& When the density of trapping sites for ‘9Za 
and 2zoRn in the structure of the labekd solid is high enough, the uniform distribu- 
tion of the parent should remain during the heat treatment. It was rec.ommended2’3 
to use the carvier gas medium for this type of ETA inves@tions which would 
diminishtbeeventual L\2z*F& rejection” in the lattice, such as for U02, a hydrogen- 
containing gas medium To avoid this complication in principk, the direct incorpora-- 

tion of the inert _eas atoms without parent is usually employed for sample labeling 
when tbe inert _a diffusion &ara&&&cs in a solid have to be determined. 

Using the parent nuchde ‘Tb for sample iabelin_e, a hi_&-temper&rue 
limitation existi for the ETA epphcation with substances where so-called ““%a 

rejection” descrii in the previous paragraph 6, I - I_ takes place_ Otherwise no high 
temperature limitation exists with re_wd to the inert gas used for the ETA investiga- 

tions_ However, a low-temperature limitation of the ETA applications exists, being 

caused by the condensation of the inert gas used for sampk Iabelin~ The respe&ve 
temperatures as _&XI in Table 16, are: - 65°C for radon, - -IO?“C for xenon, 
- 153°C for krypton and - 186°C for argon. The processes taking place in solids 
at lower temperatures than those indicated cannot be investigated by ETA. 

There exists a Iimitation of the sensitivity of the ETA apparatus_ The sensitivity 

of the apparatus using a continuous flow system is very dependent on the apf&ratus 
constant Tr. Td and T, (see F%ua_wh 522). Zt is therefore no surprise that the 
ETA equipment used by eariy investigators may not have been ab!e to detect smalf 

changes in emanation release and the possiiihty of a quick response did not exist- 
Tbe results of the ETA measurements, published-in the years before ekctrouic 
counting and recor&ng equipment became widely avaifabk, may hati a rektively 
high w of uncertainty, In spite of this, some icsultsof this period have been 
qtroted and demonstrated in this work -_ 

62_ S@i&e area inresri-gari&ns . 

63.1, Dtiecr nrrfoceareanzearurernenfs 
As f&o= from the theoretical consi&rations giveri in Par&aphs 3-23.3 and 



3.4, the emanation power of the solid labekd by an inert gas parent is proportional 
tothesurfaccarea: 

E=E,tE,=K(Z-)S (9Q 

This c&ss~on has been verified experimentahy by Hec?rterf2* who measured the 
emanation power of Iabekd glass rods at 25°C and &term&d the surface area under 
a microscope, The proportionality has been found between ER (ranging from 0.2-1.0 
x 10W6) and the surface area (ranging from 8-10 cm*g-‘). The expressions derived 
are mathematically justified for single grains of solid larger than the path of recoil 
atoms R in the solid (about 1 pm in diameter) in whi& the diffusion coefficient is 
small and where spacing of grains is huger than the p&h of recoiI atoms in air or 
respective medium. If the surface area should be directiy determined on the base of 
the emanation release rate measnred, the experimentally found E v&ue has to be 
separated into & and En. The separation usually causes no problems for ionic solids 
where inert _eas diffusion can be negkted at room temperature and Ersr mezsured 
can be taken for the EL. For other eases, another method has btzn proposed for-the 
resolution of E, and &,, consisting of the application of two inert @es. By incorpora- 
tion of the parents of two isotopic inert gases in the sauz solid and~mezurement 
of the emanating power-of the sample for each inert gas, the surface area and the 
inert gas diffusion coefficients in the solid can be determined. 

. where a homogeneous distkbution of inert gas parent within the solid was 
assumed, a direct proportionality between ER and S was found by experiment. For 
a non-homogeneous distriiution, a linear dependence instead of the _direct prc” 
portionality has been verified’ l6 or: 

Ep = C-I-KS (99) 

In solids where the size of grains are comparable or smaller than the recoil path 
R, or where the grains agglomerate, there is no mathematical justification & use the 
simple expressions for direct surface determination from -the emanating power 
measmed_ In spite of this, in some cases of fineIy dispersed soiids a simple linear 
relationship between Ea and S has been found experimentally for snch exampks 
as ~-Ai@3224, ‘IhO,;MgO_ ZrO,2z5, NiO, pMn02226 and Mg02=‘. Figure 75 
shows the experimentally found -dependence between EB and S for Th02, MgO and 
Zr02 (Fig. 75a) as well as for NiO prepared by thermal decomposition of Ni-hydroxide 
and Nkarbonate (Fig. 75b). The proportionality constants K for the two NiO 
specimens differ which indicates that constant K depends -on the texture of the 
dispersed solids. For samples where the simpIe_relationship existed between E, and S, 
the values of krf&ce area ranged -be&v&n 1.0 and 34X3.0 m’g- ‘; However, there 
exist a number of dispersed solids where the simple reIationship between& andTS 
has-not been found, such as Fei0323; Th02228* 229, Ag20z30. The ~urfacearea 
values of these samples ranged between 0.1 to t0 m2g’li- -1l - ‘1 : _hs : -;- _ 

-I As xxi a-priori reason exists for the existence of the_ simple relation betken-E; 
andSofthedis@ersedsoIids,itisnecessary to verifl the existen& Of this simple 
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rciationship iu each case of solid and the range where surf&cc area is to be determined. 
-i-hEfCiSllO -iry ?n ue ETA for measuring the surface area of isolated -grains or 
dispersed solids, as the BET and other methods arc avaiile. However, ETA seems 
to be the most snitabk method to investigate the surface area (and textnre) evolution 
immediately at the experimental conditions of treatment of sokk. ETA has been 
advantagwusly employed for the investigation of aging of precipitates, sintexing 
solids under dynamic experimental conditions, etc, 

622 Dewhp~f and changes of surjiare in gelbus maferials 

flc the early p&cd, ETA kas bun employed for studying the efkcts of a@xg of 
iron(liI) and thorium hydroxides The “?fb parent was coprecipitated with hydroxides 
by addition of ammonia, Emanating power vabxs were determined by the active 
dcposite method by measuring the beta radiation. When precipitated cold, f&My 
prepared iron(W) and thorium hydroxides have high e manating powers (about SO “A_ 
When the hydroxides are stored in moist air (80% relative humidity) their emanating 
power values are practicaffy constant, decreasing by i-5% in one year_ The d&&on 
of ,&s tmder water at IOWC ,mtly ac4eratcs the aging process. The acOelecation 
of the aging has been studied by ETA End the results are shown in Fig, 76.-Under 
the given experimental conditions the aging process proceeds much more intensively 
with iron@) hydroxide than tith thorium hydroxide_ Hahn and Gra~t~~r associated 
the decreasing emanating power &th surface shrinkage and rcq&aWation_ The 
rcktionship between the aging of ge! and the storage time of thorium CoIIoid solution 
was cstab’isfL+d=3.’ I ^_ x_ - 



Other gels have alsO been tied by EIA. The diiferencc io behavior between 
fmh3y precipitated and aged (recrystalbed~ geious ammonium dicraaates was shown 
by Bakkand U~ek23z~ - . 

623. Sinzer@g mrd related phenormna 

Qd&ve studies on the kinetics of sintering first sages of powdered solids 
have been published for Cu powder by Schreiner and GIawitsch233 and for Fe203 
by &4ek’3”, Quantitative evaluation of the kiuetic studies of su&ce area changes 
has been made by Gourdier et aL226 for NiO, Quct and Bussi~s-c2Z’ for Mg.0 and 
Balek and BUSsi&e2zS for ThOz_ Recoil emanation release rate as well as diffusion 
-emanation release iate have beeu used for evaluating the Jcinetics of the first stages of 
sistering_ How the recoil emanation release rate ER has been employed2’? WilJ be 
described below- 

First of aI& the simple relationship between ER and $ has been verified fir NiO 
powders- As ER has been found to be proportional to S in the respective surface area 
range (see Fig. 7!Sb), the ETA curves meured during isothermal treatment at 
temperatures where E does not substantially differ from ER, can be used for the 
evaluation sintering kinetics, Fi,gure 77 shows the emanation release rate of NiO 
sneasunxi during isothermal treatment in nitrogen at temperatures b&weed 375 and 
500°C These curves are c&.imed226 as providing continuous measurement of surface 
m changes with a relative accuracy. of abut 2% for the samtile treated- For the 
first hour of the iso&ermal treatment the foUowibg kinetic law &is been propoLd: 

, 

. 
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amsant KoCNiOsintcringduringisothamaitrcatmcnt 

log(S-s@J = kr (101) 
where S and S, are the surf&cc area values at time t, and after equilibrium has bcem 

reached,risthetime. 
The temperature dependence of the kinetic constants differ when NiO samples 

were heated in nitrogen or oxygen. The apparent activation energy evaluated from 
@-he Arrhenius plots in Figs. 78 cquaJ 276 and 155 IcJ mol- ’ (i.e., 66 and 37 kcai mol- ‘) 
for nitrogen and oxygen treatmcnf respectively. An analogous evaluation of the 
kinetics of &Wing f%st stages was madez2’ for MgO. 

in cases where no simpIe reMon behveen & and S has been found,-the 
desaSxd method cannot be applied. For these cases, values of & have been 

proposedzz* to be used for evahxating the kinetics of the sintering process. The 
ev&ation of the sintering initial stage using I&-vahuzs has been made for ThO, 
pow& in the temperatnre range between 700 and 825°C. This temperatnre range 
co.xesponds to 0.30434 of the absolute melting temperature. No simpie relationship 
has bern found between Elt and S ranging between 0.1 to 15 m2g-*. 

Figure 7%~ shows the time dependence of total emanatx .on release rate -E 

measured during isothermal treatment at 705,735,780 and 825°C Fig- 79b shows the 

dtpeeatmratbe respc&ve values of &, and time (E, being determined as 
&, = E - Ep) ptottcd on a biIogarithmic s&e. 

As ED = K2 S, where Kz = (D/A)1’2 - p and S the effizctive surf&e area, the 
foliowing kinetic law has been proposed for the thoria sir&ring first stage: - 

lOgS= Jzio_eg i const 
_- . 

- _ t102) ; <i _ - 

Tke results obtained permitted the authorsz2* tomaketheconciusion that_thesiptering 
of the sampIe studied in the respective temperature range is controlled by a sib& 

mecbaninn; The effective surface area used in eqn (102) can diff”er from the &ace 
. 

&ermmed by adsorption methods. This wduc resulting from the sliying down 
emanation release rate at the given tcmpef+fc_ invoh&iIsormation ii%& the:*! 



of active surface controlling the tintering initial stages- The effkctiv_e &&zce are-2 
reflected bs the measure ment of diffusion em2nation releaserate is therefore m&e 
convenient tr, describe the powder behavior during the first _+ges<of sintering, than 
the surfati measured by an adsorption method. ETA-m&es it possible to follow 
. _ 
munuh&y the +angcs in active SUIT- including-ifs a+sling *-to ~=luate 
@antitatively the kinetics of thy changes By studying the%empera@re dependence 

of t$ kjnktjc~constant K,, the actiti& ene&,ofrad&‘diE~ion in the-ti.&wder 
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has been dctcrmi~~ed~~~_ -l-k value, AH = 222 220 kJmol- ’ (529 f4_6 kcal mol- ‘), 

supports the supposition of the grain boundary diffusion mc&anism which controls 
the &rt stage of sintcring of thoria in the tcmpcraturc fans studied 

6.3_ Imestigarion of sikgle phase systems 

63,1_ Inert gas release OS a probe of the state of solids 

6_3J_J_ Mobdity of fire ikert gas 0f0mz in rehuion zo other properriq of sd.._ 
The mobility of inert gas atoms has proven to bc a suitable paramctcr for dcscriiing 
the state of soEds and studying its &an&s. Gcncrally speaking the inert gas mobility 

s 
is detcrmincd by the diffusion me&amsm which takes place in-the r&p&ivc solid, 
The possibic mcchan~rns of ioOr ;as diffusion in ionic crystals arc d&ussed in 
Paragraph 4-4-Z. The change in the mobiity of inert gas in solids is usually Conncctcd 

with the change in other propcrtics of the solids. Property changes normally occur 
When 

(i) ?Ihe solid undcrgocs a phase change or sintcrs (see Paragraph 6.23). 
(iii The solid reacts with the surrounding medium, 

(iii) A chaqc in Iatticc defe concentration takes place. 
(iv) The mechanism of diffusion changes_ 

Examples cover& under items (i), (ii) and (iii) have been given in ParaSraph 3.8. 
and 6_28_ (sintcrin& rcsp&tivcly. As this Paragraph is dealing with the investigation 
of single phase system the properties of solids will be discus& in relation to the 
inert gas mob&ty in solids, which do not undergo any structural or chemical change 
within the studied temperature range. 

A. DifjCon propmies of sol& 
T&c diffusion propcrtics of ‘I’AI,03 wcrc dcmonstraW by Gregory and 

Moorbath4’ using r&on ***Rn diffusion after homogcncous h&cling of the samples. 
Figure 80 shows two independent proecsses which charactcriz the diffusion properties 
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of. the solid, The transition from one process to another takes place at 1 i98 R which 

is 0.52 times the absoiute melting temperature; T,&. Sehneider~~s reported that for 
met&c Cu, Fe and Mti- homo_geueously labeled by ‘*%a, the intersections of the 
lines corresponding to tid iadon diffusion processes have been Cxrnd attemp&atures 

betweeu O-3 and- 0.4 TictR_ At the temperature -raugesof OS-O.52 Tmeu for iouic 
crystals and 0.3-0.4 TmcrD for metals’*, origiutiy deseri&ed by -TamnGnn’24; m&y 
physicaf effects depeudent-on diffusion begiu to proceed kt. a rate which is-readily. 

measurable in a reasouabig time This temperature-has a close connection with the 
spkeding up ofsiuteriug, auueaiiug recrystailimton, etc, -- . - - L 

. _ From the log D = f(l/T) cun~ of a-AI,O, (Fig_ SO), it was found that& &+a- 
tion euergy of radon difIus on above the intersection point is AIT1 G= 250 r+_Z ICI mol--’ 

(B-6 +0.5 kcaI mol- ‘), , whereas the low energy low temIxxature process has -an 
activation energy of AH2 = 33-5 28 Id moI- r (8.0 202 kcal mol- “). The low 
temperature low energy susion of radon below the intersection po*mt is supposed 
to be controk! by non-equiliirium lattice‘defkcts Such a structure-sensitive diffusion 
process is therefore dependent on the previous thermal history of the oxide. Siar 
radon diffusion behavior has-been observed with o*-her oxides4’v 133 such asTiO,, 

a-CrzOs and rr-Fez03i _ . - _ 

If the high energy high temperature radon diffusion in the oxides quoted 
becomes the dominant fador at a tem&rature identical to that at which se&diffusion 
is kuown to become apprxxiabl~~ a corineetion lktween the tw0 processes hasbeen 
suggested. For example, iu a-Al#, there appeared tti be a couuection between inert 
gas diffusion and lattice def& eq-uiibrium (see further Paragraph 63.3) This couuec- 
tion cannot, however, be generally assumed in ah s&ids as the me&anism of impurity- 
diffusion of the inert gas in various lattice types can differ. 

TABLE 18 

BihNhTlOBZ-RATE- AT ~“C, SURFhCE hREh hl-30 VhLUES &s*cfs FOR BhRlUM PElHh- 
lA?E,UOPHTIiNAlEhSD-TE 

Ph- 0.111 3.6 0.031 

0.114 
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There exists the possibility to evaluate the radon diffusion chxacteristics of a 
solid dire&y fromemanation release measurements. Correctrelativevaluesofdiffusion 

coef6cient D and quite accnrate diff’usion activation energies c& be obtained. For 
mtion of diffusion characteristic see Paragraphs 3.3 and 4.2. 

The diffusion properties of some organic solids and polymers have been 
studied on the basis of the inert gas rekzase rate by Strassmann’~s, Miiller236, 

hfeaE=37* =3s, Zaborenko et al.‘39-zct, Gregory and Moorbath2”z and 33aIek 
et d.243. t=_ Experimentally determined values of the ratio Ez5.Js were used24a 
for characterizing diffusion properties of barium salts of isomeric organic acids 
@h&a&c, isophthaIic and terephthalic). The positionai isomerism of organic moiecules 
was prcved to markedly influence their diffusivity in the solid state. Table 18 shows 

the J?&& vahxs dctermincd for the organic positionaI isomers. 

Pro_mively rising emanating power has been report&242 for barium salts 

of lon_oIfiain monocarboxyiic fatty acids. From barium acetate to Iaurate and 
paimitate the emanating power rose from 0.03 to 1.0. ‘Ihe increase in room tempera- 
ture emanating power, which was explained to be due to high-difiixsion re!ease rate, 
may be better understood when looking at Fis 8i. Figure 81 shows the temperature 
dqxndence of emanating power for barium stearate, (C, 5H3,COO)1 Ba, and barium 
caprate, (C&,&00), Ba. This is typical for aU. barium salts of fatty acids where 
no decomposition or phase Mormation occurs. in gcncraJ the salts of lower farty 
acids were displaced more to the right than the higher fatty acids. At temperatures 
ranging from 0% with barium stearate to 50°C for barium caprate, the emanating 
power reached a maximum and no further increase wa+ observed with rise in tcmpera- 

ture. The rapid decrease in emanating power with d exxasing tcmperaturc immediately 
shows that the high vahxes of cmana%in gpoweratroomtemperatm-carcduetothe 
high diffusion rate of radon. At temperatures beIow 160 to 180 K, the diffusion 
contribution to the emanating power is ve.ry small and one would expect E values 
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corresponding to the remil fraction, dependent only upon the specific surface. -How- 
ever, at such temperatures and lower, an adsorption of-radon on the surface of the 
solid took place and lower E vaiues than expected were rep~rted~~~_ Relatively low 

values of activation energy for radon diffusion in all barium tits of fatty acids 
(ranging between 30 and 402 k3 mol- ’ (7.0 and 9.6 kca! mol-!) have been found in 
the temperature range of 200-300 K. The similar values of AH in all cask sum 
that the mechanism of radon diffusion is the-same for each barium salt. : . -. 

?%e high proportion of structural defects has been sue&ested to explGn the hi@ 
diffusion rate of radon in the barium salts of fatty acids_ -The Iower-the molecular 
weigbt of the barium salt studied, the better-defined is the crystal strnctnre with less 
defects to provide low-enew diffusion paths- The disorder in Ba-sahs of long-chain 
fatty acids was expIained as resulting from the fact tha? the molecuIe is firmly bound 
in the lattice at the polar end only. The disorder therefore becomes greater the longer 

the chain and the lower the proportion of the polar groups to hydrocarbon groups, 
The high diffusion release rate in the barium salts of certain organic jolids seem to be 
related to the presence of methyl group in the moiecules’35. The replatiment of a 
terminal methyl group in barium caprate by a carboxylate group reduces the rate 
of diffusion one thousand-foId_ 

B_ Mechanical properties of mefaLs 

The rekase of inert gas incorporated by ion bombardment into a metal surface 

can serve as the indicator of plastic deformation in the meta124s_ Figure 82 shows the 
release rate of radon from Ni-foil during its mechanical treatment_ Ni-foil Iabekd 

by 222Rn was vibrated with corundum powder at frequencies 4.2 and 7.2 Hz aunder 

dry nitrogen stream- The Aease rate of the inert gas has been found to be dependent 
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OQ the intensity of the exposure of the metal surface to the mechanic4 treatment_ 
As shown in Fig 82, 3-5 minutes after the Onset Of the mechanical treatment a 
staticmarystageofthcradonrtkastratehasbl?enattained_ _ _ 

C. EYeetrkal c&tiity_ th7nai wruiktiipiity, magnetic& properfies - 

For comparison of e#cctrical conductivity, thermal conductivity, magnetical 
susctptibiiity with the emanation release rate during a linear rise of temperature, a 
sample of a-ferric oxide was choseP6- The measurements were not e out 

dmUltaaeously N’- 248_ Figure 83 shows that changes of the above-mentioned 
properties take place in the same temperature range- When investigating the physical 
propa-& of solids and measuring the emanation reI_ it should be borne in mind 

that the state of diffusion equihirium has to be maintained during sample heating 

>r cooling The rate of temperature rise or fali shouid be chosen after the evidence 
wx obtained that the diffusion equilibrium k attained so rapidly that continuous 

heating or cooting at the chosen rate is justified. For the oxides investigated (cr-1U203, 

z-Fez03 and ar-Cr203), a heating rate of 5 K min- * was justified and used, 
6_3_12_ Emanmion churacteri3tics of rocks ad miherak The natural rocks and 

miner& containing a known uranium concentration can be characterized by radon 
(22.2h> escape, Stud& on radon release rate from uranium-rich mine&s have been 

reported by H~xnc?~, Gilette and K~lp”~, Lind and Whitemore2s’ and others_ 
For example, the emanating power of caruotites range from 0.16 to 0.50. The 
emanating power of brawrite increases wi*b decreasing grain size of the minerai. 

D-D on emanation release rate from common rocks and soils arc very scarce 
in JG--mrt36- 151. 253_ m-253 puJ,Jj_mh& 222bme 

manarioncharactcristics of 
some common rocks aud minerals using alpha scintillators combined with a photo- 
muitiplier tube as the mmsruing system. Under identical laboratory conditions, rocks 
have the emanating power values ranging from 0.01 to 0.20 and a specific radioactivity 
of 7 x 10m3 to 3 x IO-’ s-l h-’ g-’ (i-e., 2 to 80 x IO-’ pCi h-* g-I)_ The 
highest E-vain= were found among granitic rocks, sandstone and conglomerates 
whereas basic and caicarcous rocks showed the lowest values, A cce5soxy minerals, 
although rich in uranium show very low radon emanating power (less than 0_01-0_02)_ 
The results deariy showai that the radon emanating power of a mineral is not related 
to the urzznm concentration- Thus, xenotime and monarite with 6OOO ppm and 

400 ppm uranium, rqectivcly, show smaller radon emanating power than biotite 
apatitc or sphene with 11, 17 and 84 ppm of uranium, respectiv~I~_ Figtjre 84 shows 

emanating power va!ucs of some minerals of constant grain size (60-115 mesh) 
mcasmed at room tcmpcraturc at constant humidity_ 

Emanation &ease measurements of the minerals heated up to 1200°C have 
demonstrati aprqgessivedemease in the emanation release rate with_temperature. 
Two exampIes of ETA w for granite (origin Minnesota, USA) and for monazite 
(origin Beach deposite, Brazil) arc shown in Fig. 85. The decrczeintheemanation 
&ease rate was suw to be a result of annealing surfact defects, tiecbanical 
damage a&d IDafural radiation damage- -l%e tcmpcraturc effrxt oi, t+-ETA Curve 
~6 CtLaraatriDt the stability of the crystal structure of the mineral once da&g& 
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Fig. 84 v8ltKs of ananzzting ~OWT o:^ some rocks and minerak (after Burette, 

Fig. 85. Emanation rcleasc mcasurarents of granite (curve 2) and monazite (curve 1) heated to 
i2fn”C <zkfter Bareto-). 

Minerals whose atomic structure will retain the radiation damage effects 
especially when reaching the metamictic state exhibit high emanating powers. Minerals 
of self-annealing properties, by contrast, will show a small emanation power value. In 
this case the diffusion is mainly -kough grain surface and mechanical defects, cracks, 
disIocations, etc. The emanation characteristics of minerals can serve as the i&i&or 
of the stabrlity of their crystal structures. Because no chemical treatment is involves 
and soil samples can be analyzd as they are coiiected, ETA has been proposedzs3 
as an attractive tool for the de--ion of any mixture of uranium-bearing inciustriai 
products, such as tailings, in the regional soil background, road-base and the selection 
of construction material for schools and hospitals. 

Evemdenetai.z54 pubhshed data on diffusion of radiogenic argon in glauconite, 
microcline, sanidine, Ieucite and phlogopite. Measurements of argon release during 
sample heating have revealed dynamic lattice changes taking pIace in the mineral. 
Glauconite and phlogopite were characterized by identical diffusion parameters. The 
argon diffusion measurements at elevated temperatures enable the dating of events4g 
which took place in tile mine& a few million years ago. 

63.2. Ckuacterization of materiaI properties 

632.1. ZZXZUT~F_OJT mate&h ad a&eaJi& of lattice d$ects. As the recoil 
emanatiun release rate, -J?& strongly depends on the texture of-the m&e&l (see 
Paragraphs 3.6 and 3.8), the Ep value Can be used for characterizing the texture of 
powder as well as compact magi%&. Emanation release rates of Ba-2% alloys (6-8 
wL % Ba) measured at room temperature after various degrees of plastic deformation 
can serve-as an example ” ‘. The emanation release rate, I&, was found-to be dependent 
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on the degree of deformation of alloys homo_eccously Iabekd by **%a. The initial 
incrcas in E, found with incrtadn g deformation degree was in a good%grttntent 

withthcdmeascindemityoftheaI.loys. . -- 

It has been showz~*~~ for ZuA5Ba alloy (50% deformation degre& t.& the 

emanation release rate value, Ezsyj retkct.schanges in texture which have takm place 
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during sample heating. The recovery of the deformation-has taken place at about 
250°C which was indicated by the decreze of EzsT values, as shown in Fig 86; 

The evolution of the texture and its changes can be dircct~y investigated’when 
the emanation rekxse is measured during sample heating_ ResuIts of more recent 

investigation60 which characterize the textures of cold worked and so& saver on the 
basis of ’ 33Xe reXease during Iinear temperature rise & shown in P& 87, The 
annealing of the texture of cold worked metal (deformation degree W-not indicated) 
is reveakzd when comparing curves 1 and 2 These a&s correspond to the cold 
worked (deformed) and soft (non-deformed) silver samples, *_@veIy. 

The diffusion emanation release rate & measured attemperatures where surface 
and grain boundary diffusion a the controlling factors (see Paragraph 3.7) makes 

_ 
c-on of the texture possibfe- 

FQure 88 shows the ET-4 curves of rl-Fe,O, measured du&g cooling at a 
Iinelr rate of 25 K mm-‘, Ferric oxide samples differing in texture were prepared by 
heating Fe(IiI) hydroxide to 350,410 and 530°C. The ETA curve corressnding to 
the dispersed sampIe of mofe dgveloped texture lies higher than that of-the sample 

of a ie& developed texture, m&y ?xcausc of smaIIer mean -erain size &using in- 
creased ED and E,. The EI'A cooling curve has been proposed to be us& for the 

_ 
ctzaractenzation of the materid preheated to temperatures where annealing of the 

textural defects occumxi, since the inert gas diffusion in the “low-temperature range” 
is c~ntrohed by the texture defects (gram boundaries, disiocations and other @I- 
equilibrium defects), the activation energy of inert -gas diffusion in this temper%+xre 
rangecznbeusedasaparamexrcham cuuizing the texture of dispersed solids_ The 

dZ?_&ues evaluated from the s?opes of the log En = f(l/T) plots in Fig. 88 eual25, 
35 and 55 IcJ mol-’ (ix_, 5.9, 8.34 and 13.1 kcai mol- *) for ferric oxide ~&mpIes 
preheated to 35$410, and 530°C respecfiveIy. 

63.22, Sinrerabilify of nsatetiols. As shown in previous paragraphs, the ETA 

heating curves reflect in a Sensitive manner any surf- area change arid recrystaihza- 
tion_ As s&Wing, namely its initial stage, is usually~connecuxi with these proc%ses, 
ETA can be employed for estimating sinterabihty of materials. Figure 89 shows ETA 
heating curves of Fe103 samples_ The samples were prepared by Fe@)-hy&ofide 
decompositionand its pre-treatmentto 500% 9OOand MX.WC_ EachcurvechamcuSrizes,- 
in the row temperature region, the texture of the powdered,splle; The onset of the 
decrease in emanation reIease rate has been proposed2s6 to be taken as a char&z-- 
teristic of the actual sinterability of the sample_ The temperature of thechange observed 
on-the E’PA cur+exan beTtaken as the parameter which &am&e&es the sinterabibty 
of the mate&L-This niethod ha% been found suitable for chara&crizing Sinterability 

ofU02~dropIe& preparud by a s&gei~t&mi~ue~S7 as weH as,UOl; pelIetsz5*Ihg 

form of the material does not play an important role in the applicatitin of this rnMS3.i 



process frequently requires methods which enable to character& the properties of 
theintumedWcaxxi&x3lproductsofhcat- -~ETAhasbccn~cccssfullyused 
for &uacteSng the state of the solid material after heat-treatment. Several examples 

are quo&xi in the following 
Emma%% and E3a!ck13’ have &aracte&exl by ETA the intermediate products 

of kaolin tratment in pcrccIain production. Strudurt properties of zinc ferrite 

prepared by heating the mixture of oxides have been C-M by Balek2’. 
Ft_m 90 shows the tempeature dependence of Iog & = f(IIT) obtainexi by the 
ETA of zinc ferrite sampIes, Samples were formed by heating the mixture (Fe20, i 
ZnO) to iIOO*C; the ZnO was Iabeled by 22bn, and the Fe,O, used was preheated 
to 700,900 and 1100°C As follows from Fig, 90 in the temperature range of 850- 
1000”C, the slope of the ETA curyes is equal for ail thraz samples studied., however, 
the difE&ion coefficient values D differ, The r&tively highest D value corresponds 
to ZnFe20, prepared from Fe203 heated to 1 IOO”C_ This statement was confirmed 
by X-ray diffra&on p&terns_ The crystal lattice of fixrite formed was found to be 
more perfect when ferric oxide was preheated to 700 and 900°C, which is consistent 
with the supposition that ferric oxide preheated to l100”C is more deactivaM and 
has less ab13ty to build a perfect sphd struchme of ZnFeiOi than ferric oxide p 
heated to 100 and 9oo?C_ The activation encr& of-radocdiffusion in zinc ferrite 
samples above 850°C (almost independent cf the-ferric oxide prehistory) is AR = 
197 f#)W mol-1 (47 f5 kcal mol-‘). AtfowertempemQxes WhtregrainbOMdary 

di&Ision~dsurfaadiffnsiontakep~-~~~inactivationeoergiesisobstrvcG 
The ETA c-on of the intern&&e products of n& ~ramic_ fuel 

(W,O,) has been pubIished by Baiek et aLi5’- 260. Prope~Gesofthcproductsprcparcd 
bythe~“~~~~clepcndontheti~of~wasbingandon~ 
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3v - 34.1 106.8 0.01 
3D 728 54.4 0.17 
3T 76.6 71.6 . - O-08 
3s 759 82-2 : O-08 
05S 66.6 69.6 0.10 : 
9s 76-9 41.1 0.18 - _ 

drying conditions. Table I9 summarizes the characteristics of the products obtained 
by heat treatment of dried initial gelatinous material to 8oq”C in air. The techn~ 

logical conditions of sample preparation are given in the original pape?‘. It is 
interesting to compare the vahxes of activation eneFg$ of radon diffti&-evafuated 
from ETA cooling curves, ihe vaJu& Ez5- for the cooled sakples, and -the &at& 
porosity of the mate&Is_ The relatively highest value, AH.= 108-6 kT mol-f (25.9 
kcal mol- I), was found for a u&terial which exhibits theJotiest porpsity and IqWest 

value of EtS.c. -Contrarily, the relatively Iowest value of AH = 71.6 kJ_mol’ ‘+ (i.e., 
17.1 kcal moI- ‘) corresponds to the material where the highest por&& and highest 
value of EZST were found. The a_ereement is satisfaaory, as in :he considered fernper- 

atue inten& (between 25 and 800°C) radon diffusion is controlled by a grain bound- 

ary mechanism. 

6.33 Defect equilibrium changes uf elenzted temperaturesin non-stoiehiometrik sdids 
In this paragraph-the appkab&ty of the EfA will be shown to reveai the 

changes in defed equilibrium taking place at elevated temperatures in non-stoichio- 
metric solids. _ 

. - Figure t&x, b shows the ETA curves of a-Alz03 s&eque&y measured during 
heat&s in various atmospheres a%cting the stoichiometry of the sample. Aluminum 
oxide homogeneously labeled by “&im and previously anneakd has kst been heated 
in nitrogeu containing a small amount (few k Pa pressure) of oxygen?. Curves 1 and 2 
in Fig. 91 -correspond to this heating. As the two curves do not differ, it is possible 
to speak of the reversible def&t equiK%rium established during he$ing in o.xygen- 
ax&i&g atmosphere. Curves.4 and 5 in-Fig. 91 were measured~during.heating of 
the sampIe to&&t MOOCC in nitrogen containing 5% hy&ogen; they_ represent the 
defect equiliirium established in akuniquxn oxi+ d+ng be+ng in--the reducing 
atmospti-me di&krences -iri emanating power betwezu curyes i._s2-*d .4,5 a.ppear 
at-tcmpcratur& highcqthan the TamSmann temperature. -Thus, a change in thk lattice 
defed equiiirium canhe assumed. C:unre3in Fig.91 ?vas mka$~red during heating 
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in a reduciug atmosphere, the sample previously auncakd in an oxygen containing 

atmosphere_ It refiects, therefore, the process of transition of one defed equiliirium 

into another_ a-AIQ, has barn shown to be a meti excess semiconductor at high 

temperatures and the lattice becomes more defeaive on the reduction of the oxygen 
prssurc Excess metal ions are situated in interstitial positions. Wheu the sample 

is reheated in nitrogeu a pcculiz transition cmve 6 (FB~- 91) occurs, and subsequent 

heating in uitrogcn gives the reproducible cunres 7,8and9.Asthcsecurvcsarenot 
identical with the original curves 1 *and 2, one can state that the effect of hydrogen of 
the ahuniuum oxide stoichiometry is only partly reversible. Since reduction ok oxygen 
pressure cnhaxes sinteriog and rocryst;Jlization261, Gregory and Noorbath4’ 
&scribed the irrevdbk eff& to grain growth_ The rcversiik efkct is no doubt due 

to changes iu the equilibrium defect concentration with variation in the oxygen 
prtssnrc_ _- -_ I _ 

?kc difEerencts in the ETA cmti corresponding to two various la&e defect 
aqlsilii can k cx*cd usblg vabcs of activation ellergy of-radon .-diffason 
ev&atedfiom- I, 2 and 4,5, and equaUing 238_&0_4and 320 42 kJ’moi_’ 
(569 fO_1 and 76.6 5-0.6 kc& mol- ‘), rcspdively_ If the exc& metal ions occupy 
interst&l positions (Frenkel defe) in the co&ndum lattiw an increztsc of their, 
nnmhcrmay~~hindtrt6emtcrstitiaimovemeatoftht~~~~~~~3 
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and 5 re&ting the tra&itions fiozn one state of lattice defect equiEbriu& to another 

may-he used for thedescription of this proce& J . -- z . _- _._ 

-: -ETAcurves of similar shapes w&e descrii by Jagitschz46 for a number of 
non-stoichiometric oxides and suEdes,such as for C&O, MnO,+, PbO, Ag,is, 
Zn;_& Cd,_s and C&-s_ Jagitsch246 proposed a way for evalu&ting the degree 
of lattice disorder on the basis of ETA data. Another method is also under investiga- 
tion==_ _ _ _ -- _ _ _ 

- 

6.4. Physic& changes in multi-phase systems 
. 

6-4.1, Phase transitions in solids 
Phase transitions caused by the heating of solids and investigated by -ETA 

include the following: 

(a) aragonite+zalcite transformation in CaC03263 

(b) rhombic-hexagonal Iartice transformati-on in BaC03264 
(c) orthorhombic-rhomboedric lattice transformation in KN0326’ 

(d) transitions of y-Fe,O, to cz-Fe203s8 and 7-Al,03 to dU20347 c 
(e) transitions in NaN03 corresponding to the rotation change of the NC; 

anion about the trigonal crystal axis*65 

(f) polytypic transition 266 of2Htype Pb12, etc. . - 

Modification-changes in minerals, metals, polymers and other materials have 
been revealed by means of ETA In most cases, ETA c&firmed the results obtained 

by other physical or physico-chemical methods, and sometim& yielded more detailed 
information about the onset of the solid-state process, its me&a&~ etc. 

Figure 92 shows the ETA cures of KNO, labeled by 22sTh measured during 

heating and cooling a sample at a linear rate. The heating curve shows the increase 

in emanation reXease rate up to 123°C where the structure dissociates_ The point of 

maximum change in the emanation reiease rate has been reported by BaIek and 
-- . 
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22dmenkoz65 as cotIesponding to the maximtml rate of the_t.n-n-~~ 
B&eover, the log E = f(l/T) curve pemits the determhtion~of the tcmpcrabxe 
ahere the deviation of the ba!sc cxponenti~ begins: This tcmptrature~(1io”c) 
acssponds to the f-on of the fust nudei of the new phase and k__difikuIt to 
obtain so quickly by another method, According to the mechanism of thdransf~rma- 
ticm proposed by FrenlteIz6’, a continuous creation of nudei ofthe new phase and the 
&integration of the old phase take place in the solid during the sampIe heating from 
this temperature to the breaking point of the curve, 

Obsmation of the first stages of the modScation change is made p+siiie by 
ETA, cspccialiy when using the surf&e impregnation technique-for sample labeling- 

Fig_93_ Radonrdeasetateof~ zroi (cx-bdroxide) during heating (after J&h ct al.=). 

Fs 9% -km- of=lcrrdcascrateofa-Ali03aftabombar~twiths x lo= 
Kr bLt!s pa an= (afux Jcch and Kdlty=+)_ 
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On cooling, a sharp step appears atthe ETA curve at 120-I 15°C corresponding to the 
reversibIc mod&ation change_ The ?arge drop in emanation release rate suggests 
that the low temperature structnre is more compacPs_ ; 

6-4.2. CrystalIization a&rectysrallridt of soMs 
ETA as a strnctnre sensitive method makes it possible to reveal even fine 

changes in structure of soIi&~Using the surf&cc iabe!ing method, the state of the 
surface layers-of the solids can be investigated separatcIy from the bulk of the solids. 
Two examples are given here- . 

- - 
- 

Figure 93 showsthe ETA curve of ZrOl Iabekxi by z22F&eion bornbardrnent 
during heating 26p. The crystaIlion sf the initially amorphous phase at about 
420°C is demonstrated by a sharp maximum- 

Another example, presented by Jech and Kelly ’ 85, is a-Al,O,’ single crysta! 
bombarded with 5 x 1014 Kr ions per cm*. The ion bombardment caused an in- 
texzsive radiation damage of surface &ers and formation of a quasi-amorphous solid. 
The damaged layer of the solid is annealed during -sample heating at 70-800X, 
as shown by Mat&e”. As the recovery of the original structnre is accompanied by 
the instantancous~ &ase of the incorporated krypton *‘Kr, this pro&s% can be 
observed immediately by means of ETA under dynamic conditions of the heat 
treatment(seeFi~94). - . 

- _ . - 

Results important* for. silicate research as well as for the investigation of 
polymers a& inorganic pigments have been obtained by the ETA; The processes 
of crystafliiation of gh3sses270, crystallization of terylene23g, and recrystGzation of 
anatase*‘2 can serve as examples-of tie above-mentioned applications_ _ - . 

e _. 

6-43 Melring . 

Melting is usually accompanied by a change in lattice type or the tralisformatiou 
of an amorphouS strrtcture with sadden release of the gas incorporated in the solid 
An increaSe of the e&ion &ease r&e is usually &served some degrees before the 
melting point-arising from the increazd mobility of the lattice components. 

Figure 95 shows the melting of KC1 powder27~.Iab&d by Z?~-impregnation, 
as investigated by dilatometry (curve i), DTA (curve 2)and ETA (curve 3) The 
melting of the powdered KC3 is chamctcrizd by anepdothermic effect on the DTA 

amre and a v&me shri&age is observed on the dilatometric curve_ The ETA’curve 
exhibits a derrease of emanation rekase rate in-the tem&‘kge of;770-775”C+ 
Le.., before-the melting point The decrease- of the emanation release_-.rate_before 
melting point dots not appear on tbe.EG+urve-of a repeatedly heat& previously 
molten sample (cnrve 4, Fig. 95). The decrease of E has-been ascribed27x to the 
surface annealing of powdered sample, annealing of irregularities and crack&and 
other mohzular defects inthe lattice, Xctnally, the &ep fall of the ETA curve.+ith 
.powdered sampIes overlapS_ the -rise of the--e--m the %eginning &3he melting 
$roc&sz ThisY effed- has ,been obse&ed 
ni&ing~ -bf s$.ids%r@h~ as ‘Na,F3 

by ;a number- of_~a.nthors inve$igating~ the 
*‘* _L;i2CQ9;” ~N&*65- f’J3iad Q93i73_ _ , 

_- -_ -: 



136 

E 

6_4_4_ Phase d&rams of mdzicomponent qstetns 

As foI1ow-s from Para_mph 6.4.3., the phase changes are refiected by ETA 
curves in a very sensitive manner- The ETA curves can, therefore, be used for the 
determination of phase diagrams in muIticomponent systems. 

l-he phase diagSUn”4 of the system KCl-CaC12 is given in Fig_ 96~ The 
points hxkated 0 were obtained by Zaborenko et aL2= by means of ETA curves 
shown in Fig 96b for various mixtures of the two components. The phase d&ram of 
the cao-Fe20, system was determined a.naIog~usly”~_ _ 

‘IRE appIic&on of ETA is most advantageous for determining the phase dia- 
grams of pooriy cqstaEne or -@ass-hXe systems where convktional methods-do not 
provide satisktory resuits in the determination of phase change.temperatures_ The 
systems, NaBcF,-NaE’OB and NaBeFS-KPOS, invtstigated by kwina et aL2” and- 
the m of pyrophosphoric acid H4P&-&bamid CO(NH& investigated by 
Czekhovskich et al”* should be mentioned here; _- -* 

6.21, Dehya’kztion and thermal decompsition , __ - . 

N-us investigators measured the ETA curves during~‘dehydr&ion of 
crystafhy~-~--22.26.2f9-28~l~hy~o~~-~-,41~ 123. 13?,225,226.282L284 _..._.“.-_. 
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tirlz [h-j _ I -- 
Fig_97. Iso~ETAcurvcs of ca-hydrcxide at: 105 (curve I), 20s (ame Z), 350 (curve 3). 500 
(axve4)d600°c(amfc5)(afterzabartnkoaIld~ - VaIues of &i=c *to 
initial bydroxidc and final hydroxide-oxide product arc givaby O-points Chankal compositions 
of the nrpcaivc i.sc?~Iy trcatai samples arc: cao - l-l H?o (I), cao - 1.1 Hid3 (it). cao - 
I-03 Hz0 (3). cao - o-15 Hz0 (4), cao - OB5 Ezso (5)- - .- -_ _- 

and zcolites’3 
_ .~ 

and in the course of the thermal decomposition of iarbonate&~-• 2g= 
~1. 230,o~~~“‘. 37. 280. 285, nitrates’_~_, 22. 286. 287, S~1fate~2a6’ 287, iodates288 

and o*er substances’_~_. 241-243. 289-293. ETA, with great similarity to DTA, TG 
&d EGA, eva!uatcd_the temperature intervals where the decomposition processes 
take place and the loss of-differently bound water molecules_ Moreover, structura? 

changes accompanying the dchydrarion and decomposition of-solids have been 
sensitively reflected on the ETA curves even in cases where conventional methods 

were not sensitive enough. - . 

Zaborenko and -Th2tner284* *” used ETA to investigate. the thermal decom- 
position of metal hydroxides and salts of ino@c and organic acids_ * *aTh has been 
used for labeling samples by both incorporation and impregnation techniques_ Some 

of the ETA curves are reproduced in Figs. 97 and 98. - ;- 

651.1; &eaItig structwe and texture changes and th& active state of so&k 

l&m 97 shows ETA isothermal curves of calcium hydroxide measured284 at 105, 
205* 350,500 and 6OG”C The curyes yield information on the-state of texture and 
stru&ure of the hydroxide-oxide product at any instant of the isothermal treatment 
The emanation release rate is expressed in relative units of E/E25, where E25x is 

the E value measured at nom teffi~ The activity of the finely _dispersed 

hydroxid-xide product can be Casey foliowed,. - I 

As dehydration of calcium hydroxide takes plaoe in the temperature interval 
between 4oo~and SOO*C, the.ETA isotherms-measured at lower temperatures must 

e the changes in the state of the solid due to the departure of ~hysically~bound 
(adsorbed) water_ The isotherm at 500°C reflects the proper decompcsition proceS 
of calcium -hydroxide_ After the loas of.structuraI water 5om the solid, t.he.kmana- 

tion release rat&decreases slowly.indicatins ordering of the st.ructrire_ At &IO%, the 
debydratiou proceeds so quickly &at it is reflected-on-the ETA azxzryti by a sharp 

mardmumocanrin~~rafewminuterofrheiso~ermal~~~:. z :-- 
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Fis 98 shows the decomposition of thorium propionate in aifis9. Figure 9Sa 
shoYtS the ETA mz of the initial saIt during heating at the linear rate of 6 K min-‘. 
The peak effect omed between 300 and 420°C corresponds to the decomposition 
of the salt. Figure 9Sb shows the ETA curves measured when thorium-propionate 
was isothermally heated at 300,400 and 500’C. No change in emanation release rate 
was observed during the isothermal heating at 3oo”C, despite the decomposition of 
the salt (Sa% of the salts decomposed after 90 tin isothermal heating at 300°C). 

As the J&s-c value of the solid measured aftir the isothermal treatment does not 

change si_@fkzntly compared to E25T oftheinitialsaIt,itcanbeassumedthat 
annealing of the active Thor formed during decomposition does not occur. The 
annealing took. &ce however, at 400 and 5OO”C, the rate of which could be determined 
from the ETA isotherms. The portions of the initial salt decomposed during the 
treatment at 400 and 500°C rose, as is indicated in Fig- 98b. 

Figure 98~ shows ETA cunres of samples pre-treated at 30 and 500°C under 
isothermal conditions, according to Fis_ 98b. The linear heating rate was employed 
in this case. Dnring the heating of the sampk, which was pre-heated to 30032, the 
decomposition of the remaining thorium-propionate (14O& is completed and the 
annealing of the active thorium oxide takes pIace. Both processes are refkted by a 

sharpdropontheETA(curve5)attemperatmes between 400 and 580°C. As shown 
in curve 6, no more decomposition and armezding have been observed during this 
heating in the sample pre-treated at 500%. 

Thus, wizen combiGng the ETA curves measured subsequentlyat: (i) linear 
temperature rise; (iii suitably chosen constant tem@era@res; and (iii linear tem~- 
ture rise again; more complete information on the active state of solids formed by the 
tkrmal decomposition can be obtained. . - _ -- _- 1 _ 
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Fig. 100. IdcalE?.al axrvcs ETA (31, DTA (3) a&I TG (1) of aeone-stcp &ddamic daomposition, 

MetastabIe pseudostructures_of solids can be revealed when investigating the 
intermediate decomposition products by ETA- Figure 99 shows ETA and DTA 

curves of Cuso, - Hz0 (radon ion bombardment used for sample labeling)). The 
Srst peak on the ETA curve (tie Z), to which no effect on the DTA (curve 1) 

corresponds, has been attriiuted28x to the conversion of metastabIe pseudostructure 
of trihydrate presented after i<- dehydration at 120°C to the monohydrate_ The 
second peak cn the ETA (curve 2) corresponds to the dehydration of the mono- 
hydrate tc the anhydrous salt. This process is reflected by_ Bn endothermic effect on 

the DTA (curve I). ,Mutual positions of the effects on the ETA and DTA curves will 
be discussed next. 

&X1.2_ ReIalion of ETA, DTA and TG curves. The idealized curves292 of ETA, 
DTA and TG, which result in the course of a one-step endothermal de&mposition., 

are given in Fig_ 100. The solid is supposed to be homogeneously labeled by a-parent 
of emanation ( 228Th). The beginning of the weight loss (point A of curve I) corre- 
sponds to the onset of an endothermic effect on the DTA (point a of curve 2) and to 

that of the increase of emanation release raze (point a of curve 3)_ The end of the 

thermal decumposition process is denoted by point B on the TG (curve l), which 
can have the same temperature as point fl of the ETA (curve 3) provided that the gas 
transport retardation effect is eliminated. Due to thermal inertia, the DTA peak 
(ccurve 2) is usually prolonged to point c beycnd point b; which corresponds to points 
B and j3_ The shape of the peak on the ETA Lurrve is dependent on the kinetics of the 
decomposition as well as on the inert gas distribution within the solid. The ETA curve 
of a solid, whex the inert gas is incorporated in the surf&z layers, differs from the 
curve obtained with homogeneously labeled solid. The diff&ence is due to the topo- 
chemical nature of the decomposition process tid gives the possibility to distinguish 
the initial stage of a topochemical process of the centripetal type from its next stages - 

the decomposition in bulk . - 
The i&~cncc of &ting rate emjloyed for the dccpmposi~on &dy. bi ETA 



is demo&rated here- Figure 101 shows the ETA and DTA curves obtained in the 

thern\al deconpositioti of Pb,O, to PbOt in nitr~gen~~~. The solid was Iahcled by 

222F& without parent using ‘*‘%In alpha-decay_ If two difikrent heating rates (25 +d 
5 K min- ‘) are empioycd, shifts to? higher temgkatures for greater heating -rate are 
ohserved on the ETA and DTA curves_ As it appears from Fig 101, the shape and 
height of the ETA peaks depend on the heating rate also, When analyzik~ the shape 
and hci_+t of the peaks cn the ETA curves of solids Iaheled hy a parent pf emanation, 
it should be considered that the cquiliirium between the par&t and emanation is 
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destroyed dnring the decomposition reaction. This-h&s to higher values of the 

emanating po~er.and the “apparent eplanating power” shah be used in this case (for . - - _ _. 
deta& see Para_=ph 3.5). 

_ _ 

-- .- 

6.5.2. Sol&g&s r&&&s 
_- 

_ .- 
65_2.1_ Kk& study of pduction u& o-tS+zthnz The reaaion, . 

NiO ~zzzRnJ i. srIi+ Ni i. H&i- 222Rn _ . _ 

was inve5tigated by Qnet et aL4’. The reaction kinetics can be foll&ed by means of 
222Rn rekzased from IabeW NiO (22aRa alpha-r&Gl was nsed for sample labeling). 
During heating NiO in hydrogen atmosphere, a peak appears on the ETA- curve at 
temperatures between 230 to 300°C (.SX Fig. 23 in Paragraph 3.8.6). A similar peak 

of water release Gas simuhaneously recorded by a catharometer. In the kinetic study, 
NiO was heated isot!&rmahy at various temperatures in this rauge and the heights 
of the water peaks were proportional tithe maximum rate (dz/dz)__ of the solid-gas 
reaction (where z is the degree of transformation in time 2). &aiogously, the heights 
of the ~XSJ&M bf the 3ZTA isotheti were cotiideied $ropoition5d -tti the dmum 

rate of radon refease (dF/df)-_ at the given tempemtmes. Figure 102 shows the peals 
heights of the ETA isotherms as well as the peak heights of waterehzase in isotherms 
(measured simultaneousIy at several temperatures between 230 and-300°C) plotted 
on a Io_garitholic scale against 1,‘T. The similarity of the plots, Iog idF/dr)-_ = f(l/T) 

and ~ogM&W~. = f(l/T), showed that ETA can be successfully -used for the kinetic 
study of this solid-gas reaction. The apparent activation energy of the reaction, 
evaluated from the slopes of-both plots in Fig 102, is 117.2 kJ mol- ’ (28 kcal mol- ‘). 

The application of the ETA becomes especially advantageous for studying 
gas-&id reactions with industrial gases such as hydrocarbons where the gaseous 
products of reaction can hardly be detected. Various‘~lid reactions have been 
investigated by ETA from the viewpoint of chemical kinetics and reaction mechanism; 

One of the most important reactions, the oxidation of meta& shall be mentioned. 
The surface oxidation of metallic. copper labeled by “Kr was studied by- Chleck 
et al.294 and the reaction rate, reaction order, concentration and temperature 
dependence were all determined. The loss of *‘Kr has been shownto be.directly 
proportional to the rate of the oxidation process ta!&g place onthe metal surface. The 
measurement of-inert gas released as well as residual *%r activity in the sample can 
be nsed for this investigation. Figure 103 shows resnlts of the experimentz by Chleck 

et aI . 29*. The percent loss of 9 ‘Kr activity of copper @e&xi expressed as d(_WJN,)/at 
wgs found to be lin&y_dependent on the hog of the oxygen concentration over the 

range co_2 tp IOf ppm-02. Prom the Axrhenius dependence, log[d:&/Me)ldt) 

versns.IpT, the reactionorder -was dettxmin& ‘ihe_tempei&re. dependence of-the 
metal-oxraationwasPiven”t_by_he.cxprcssio_n, _ ” ‘. :- “- - . _-. _ __ - I 
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temperature have a combined effect on the release of *‘Kr, a “thermal stabilization” 

of the Jabded sample is required before the oxidation itseJf can be investigated. The 

‘%ermaJ staJSlization” is made by heating the sample in an inert atmosphere to a 
tcmw about 50°C @her tban the maximum surf&e temperature expected 

during the oxidation process. Oxidation during friction wear can k measured by 

comparing “‘Kr loss in air and then in an inert atmoqkre: The difference in the 

a&vi@ Joss obtained during experiments in air and in an inert atmosphere is due to 

the degree of oxidation. 
J&it&e295 us& 133Xe-r&ase measurements to establish the temperatuk 

dependence of the growth of the oxide Jayers on staiuless steel, 33, NJJ Cu and a- 
brass, 40 JceV-Xe ion bombardment beiugused for Jabeling met&, 

6322_ A&yti& ckmislry appkations_ The soIid_eas reactions followed by 
the radioactive inert gas release have been wideJy used for the determination of 

gaseous componeuts and traas of impurities in air aud other gas -media. Methods 
have been dcvdoped for tJw determin&on’ of Ozone (O,), oxygen (03, suJphur 

dioxide (SO& fluorine (Fa, chiorinc (CI~,&ricoxide(NO), amin&(NH3, hydrogen 
fluoride @W), carbon monoxide (CO), hydrogen suJJ&ide (H2S), and hydrogen (Iid. 
Some of these xnethod~~~~- ” 7 are intended for the dekrmkation of the components 
mentioned in the atmosphere of other pJa.nets (Mars and/or Venus)_ They arc of &zat 
importance in industry for the de termination of explosive .a+J/Gr__t+ic components 
intheatm~ph~of~ousworlrplacts.~~- _ -. _ - : . 

As an example of gas ~anaJyskvia EJ% Jet us eor&Jer tJ& me&rem&t of. 



Fig. 1cK Dqaldueof=KrI-ckascrateofPt~onvarious concentrations of hydrogm in nitrogen 
meaaned at room taIlpaature (after chkk==). 

Fig. 105. Emanation release rate, dE’dr, and teznpaature masmed during--on of ZrOz 
(%)amlMgo(b)withacttant vspor at 300 and 400cC, reqxahdy (after Zhshriwa et al_-). 

hydrogen content in nitrogen by means of “Kr lahekd PtOz. The following gas-solid 
reactio11~~* takes place on the surf&e of labekd l?tO,: 

Pt02[85Kr]f2H2-,Pt+2H20~8sKr (IW 

Figure 104 demo&rates the dependence of-the rate of *‘I(1 act&ii loss of P&O* at 
room temperature and at various concentrations of hydrogen_ 

IntheT~LabResear& Institute (US-k), two types of apparatus for the 
determination of oxidizing and reducing atmospheres in the atmosphere in concentra- 
tions of the ppm order were develop& Cases that can react directly or indirectljr (by 
chemim tiytic or thermaI reaction) with the Iabekd solid are measurable by these 
_ 
Instruments. - 

.6523_ -~!pEcation lo- heterogmeous catalysis_ A- special kind of solid-gas 
reactions are =taIytic reactions taking place on &id surfaces_ Figure 105 shows 
emanation release rates and temperatures of zr02 and MgO cataIystszgg during their 
interaction with acetone vapors added to a nitrogen stream As seen from Fig 105 
acetone vaporsdifferently_ influence the emanation release rate of Zr02 and MgO 
heated to 300 and 4OO”C, respecti~eIy~Wii ZrO,;the interaction leads to a de&ease 
of emanation rekase rate and with MgO to its increase_ The different chamcter ofthe 
-A response was explained by Zhabrova et aL2”.as the different.character of the 
car+ticintemction~ The imxease of MgO emanation release &during the-reaction 
o< acetone is thought to ~accompanicd by a parti decomposition of acetonez.The 
subsequent flow of pure nitrogen leads to a dccrrase cf emanation~rekascratc of the 
Ma catalyst The regeneration of the ca+yst in thi air-isa&ompanied by&e 



ha-ease of both the emanation rekase rate and the temperature of the catziyst 
surfaoc Iayer, 

The rcleast of inert gas was also observed by 3ech300 when a hydrogen-oxygen 
nlxture was allowed to react on a PGfoiI lab&d by 222~Theinuez3scdratcofradon 
rekase during the first stage of the catalytic reaction on Pt-foil was snpposed to be 
due to the reduction ofthe chemisorbed oxygen, which is the first step of the--y&k 
hydrogen oxidation. The ETA measaxxnents carried out by Bekman et aLBo’, in 
the course of various catalytic readions, supported the theoretical considerations 
about the seiedlvity of the active centers on the catalyst su&xce- _ 

653 SMiM@ireacr~~ _ _ 

6.531. H'&aziun- Figure 106 (curve 1) shows the time&qadence of emana- 
tion release rate which takes place during the interactionfgg cf Y&O, labekd by **sTh 
with water vapor, at I50 and u)o%_ The d&ted he (au~e 2) shows -the timc- 
dependence of the same Th02 during analogous heating, burr without interaction of 
water vapor- The increase of emanation release ratedemoastraM+n.Fig.. IO6 is 
thereiYm cansed by the surface hydration of Th02r Afkr the-puW_of the-water 
vaporhasbeenaddedtnthenitrogenflow,the emanation niease raft of the sampk 
faIlstithevahrecorrcspoadingtotemperature_ _- I r ~ -i - -,“-r’::-- _Y‘.’ 
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Fw1O-L L.ossof=Xracthitydlatto cotm&m’offourgbsssampib..=quar&qrartz2=Jar+ 
!Htott; 3 -SW4 = sheet gias. (a).Corrosion in 1M HCI; @) amusicni in 1M NaOH (afb 
3csaEskctaL~_. _ . -.- 

ETA has -also been successfully used 26g **I for studying the bydration of 
CaSOh - l/2 H20. 

6522, Chemical enchnmce of gbss_ The sensitiv3y towards external in%uences 
is a very important property of glass_ The effect of water, alkalies or acids on g&ss 
surface can be investigated by ETA a%er labeling the glass with an inert radioaetivc 
gas, The difference in behavior of Jena glass and barium glass in moist air has been 
studied by ETA by Heckter*20, who employed homogeneous glass labeling with 
radium- Recently, Jesetik et aL302 proposed a method for the determination of the 
chemical resistivity of gIasses based on measuring the foss of *‘I& previousIy in- 
corporated on the surface- 

< . 

Fig_ 107 shows the time-d~ndence of the *‘Kr activity loss in various @asses 
upon corrosion in IM HCI (Fig 107a) and in iM NaOH (Fig. 107b). At the _&ass- 
acid interface, alkali metal ions from the g&s are exchan_eed for hydrogen ions, 
according to the reaction: 

(gXass-Me[85Kr&,,,, + H’ + mH)mrpcion + Mei + *‘Kr (1W 

along with the formation of a %!m of silicic acid. This equation does not describe the 
effect of hydrofluoricor phosphoric acids which destroy the gIass-silicate structure_ 
After 1 hour of contact with the IM HCI, the relative *‘Kr act&&y &raining in 
quartzgl~decreazd by 2 %, in Jena-Schott by 5 %j in Sial by 6 % and in sheet glass 
by 10.3 % (see Fig. lOTa). The same order oPrea&ivity was found at long contact times_ 
Basic media de++ Gac siiiul~ gks stmctpre, causing other giass components also 
to go into soiution--k plot of the time-dependence of the *‘Kr activitj of la&led 
gIa& in contact with -IN-NaOH is given in Fig_ iO7b: The endurance to alkalies can 
be determined by this’method in one minute. After 10 minutes, the reiative &ivity 
_of quartz glass decreasci: by X6”/,,_&! glass by 26%,_iena-Schott glass by-32Y0_~d . I_ .___ - 
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sheet glass by 41%. The results obtaF%.xxi correspond to- those obtained by classical 

methods. 
fesen5k and Tiilgye~$~~ proposed a method for the determination of the 

rate constant of corrosion, which is based on the measurement of_*?Cr lo& of the 

lahe!ed solid after its exposure to a corrosive medium. The method permits rapid 
determination of extremely siow corrosion rates. ETA can be us&i in the &djr of 
corrosion procezzs which cause changes in the surf- or damage of the’structure 

of the solid studied. Current methods used to evaluate anti-corrosion or protective 
agents are generally unreliable, as in many cases they take severai months to complete. 

Er& using *‘Kr labeled solids, permits such studies to- be carried out relatively 

quickly and simply. For example, the labeled metal is put into various a=lti-corrosion 
solutions which will react with the uppermost layer of met$ The I&Z effect&e anti- 

corrosion agents wiii react with the thinner layers and in a short time, thus preventing 
corrosion in the deeper layers. A plot of the residual 85Kr activity of the labeled 
metal foil versus time will characterize the process. Corrosion imperceptiile to the 

human eye can be demonstrated by this method within several hours. The method is 
suitable primarily for relative measurements, or for comparison of various substances 

using a qualitative scak. The work by Chleck et aL304 dealing with the corrosion 
study of aiuminium alIoys in 10% NaCl and the relative oxidation rates of painted 
and unpainted iron s lmples can he mentioned. 

6.5.3.3. Ad’~~:ai chemiwy appikzztions. Many liquid-solid reactions, where 
the so1id was previou~!y labeled by s5Kr, have been employed for de-on of 
liquids. Analytical results are achieved by the use of caLiiration curves ChIeck et 
al 30*-306 proposed a method for the determination of traces of water in organic . 

liquids based on the following reactions 

CaC2[85Kr] + ZH,O-+ Ca(OH), -I- C,H, + *‘Kr 

The total activity of 85Kr release is measured and is 

TABLE 20 

(107) 

directly proportional to the 

KCN 
_A 
EDTA - 
r&E--.._ 
3aOH_._ _ i 
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amount of water reacting with CM!, added to the sohrtion investi_g~~L The method 
is applicable for the determination of 0.25-20~ Hz0 in methanoi306_ The importance 
of the method can be seen when noting that the effectiveness of jet fuels is infiwnced -_- . . 
by the amount of water present as an impurity- 

- . _ _ _ . _.,* - _. 

A speciaJ application of solids labeled with *‘Kr is in radiometric titration 
methods’- z OS. The application of -krypton lab&d solids +alkd- also -kryptonates) 
to the end-point indication requires that a kryptonated solid does not react with 
the solution, the concentration‘ of which is sought by titration, but does react with 
the titrant The onset of the rckasc of “Kr by the kryptonate marks the appearance 
of excess t&ant and, hence, the pas&~ of the equivalence point. This concept 
provides a new completely objective type of end$oint indicator. Solids commonly 
used after labeling by 
in Table 20, 

SSKr as end-point indicators in volumetric analysis are $stcd 
___ _ 

. _ 

6.5.k Sohi-sA2i reactions 

After examples given in the- preceding Paragraphs on the-application of the 
ETA for the investigation of solid-state processes, 7t is natural to apply the method 
to the study of chemical r&ons in which mixtures of two or more components 
react with one another at elevated temperatures. A number of publications deal with 
the application of ETA to the investigations of the mechanism of reactions in mixtures 
bf solids. 

65-4-1. Informorion OR reactibn nzechaniuns, Jagitsch et aL307* ‘OS obtained 
qualitative information about the interaction at elevated temperatures between the 
mixtmes of SiO&aC03, A1203XaCOs and CuO-Fe,O,- A quantitative approach 
to evaluate the kinetics of the reaction, PbO + SiO, -+ PbSiO,, was made309 using 
isothermal ETA heating curves of the reaction mixture, where SiOz was labeled by 

510-c 



“%. Fi_gure IO8 shows the decmase in apparent emanating power of the mixture 
of PbC&Si02 during isothermal heating at 500, 600, 640 and 700°C. Apparently, 
the lead silicate formed during the reaction exhiiits lower ER and En or both. The 
radon diffurion in the solid containing PM), SiOz and PbSiO, is rather comple& and, 
thzrcfore, the quantitative interpretation of the ETA data given by Jag&s&O9 
seems unwarranted. 

S,.&&tera’. 310 and ~t$&” investi_gted the formation of spinel-type 
compounds (CdFe,O,, ZnFezO,, EkAlr04, CuFe201 and MgFe204) from reaction 
of meta@) oxides and metal(IiI) oxides at elevated temperatures. At firs& single 
components (hydroxide, carbonate or oxide) were checked as to their behavior during 

heatins and after successive sudden coolins to room temperat~~-the ~R-values 
were measured. Later, the molecular mixtures were checked in the same vvay. Besides 

ETA, conventional methods were used to show that ETA gives results which cannot 
be obtained simply, if at all, by other methods. Other solid-solid reactions investigated 
by ETA are reactions of the mixtures: J?e02-Fe2033L3, ZnO-A12033Lf~UOZ- 
ZKO~-C~O~~~, U,O,-TiO, and U308-Zr02316, TXOz-BaC03317, and CaO- 
sioz’ x 8. 

In the folloxving, ETA curves of a mixture of ZnO-Fe,03 T(ZuO~being labeled 
by I%ra) wili be described and compared with results of other method& Figure IO!? 
shows results of the ZnO-Fe203 mixture obt&ed by E’fA;.-fiT%, dilatomet&and 
chemical analysis *’ EPA curves of the starting_componeuts~3- Ti were ~ponential . 
over the temperature range studied. Zinc and iion oxides interact in a series of 
stagz~~‘~-~~‘. The ipitial layers of the product begin tp form by surface diffusion 
at the most favorable sites at 250°C to 400”C?_!9* 321, their formaIion is ref3ected by 
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an increase in the rate of emanation release (Fig. 109, curve 3). The DTA and d&t.& 
mctry curves (curves 1 and 2, Fig. 109) did not change at these temperature+Qranges 
in catalytic activity, adsorption properties, magnetic and other properties of the 
mixture have been reported3 ’ 9 in this temperature range. At SWC, 1.5 y0 of the ZnO 
has reacted. A sharp change in aU of the curves of Fig 109 was observed at 670 to 
700°C. X-ray patterns of the mixture heated to 730°C confirmed the sharply increased 
amount of ZnO (37O& which is reacting. The DTA curve (curve 2) shows a small 
cxothermic peak. Interaction between the basic mass of the initial oxides occurs by 
volume diffusion above 75OT. On the ETA curve, a slowing down of the emanation 
release rate appears at 790% indicating tha: the reaction is completed. The dilation 
of the sample, which is probably caused by the formation of very fine reaction 
products, ceases at this point and at higher temperatures (up to the sin&ring tempcra- 
ture of the zinc ferrite) remains constant. At 85O”C, the X-ray patterns indicate the 
presence of zinc ferrite only in the sample. Further increase in temperature is accom- 
pan&d by the diffusion release of IZn from the sample. The exponential shape of the 
ETA cume of the ZnO-FetOS mixture during the second heating (curve 4, Ijig 109) 
shows that the reaction was termiuated in the course of the first heating The reaction 
of. ZnO-Fe,03 has also been investigated by Ichibag2~ (ZnO labeling by xenon 
produced at uranium fission was used), and anaIogous results were obtained, 

Valuable information rqarding the mechanism of solid-solid reac$ons can be 
obtained by means of ETA. In many cases, where EIA has been used to investigate 
soIid+oIid reactions, the investigators stated higher sensitivity of the ETA method 
than with X-ray patterns or other methods. 

6.5.4J. Edmating the reactivity of components in reaction mixtures. A method 
has been proposed by Balek 323g 324 for estimating the reactivity of ferric oxide in 
the solid-state reaction between ZnO and Fe203. The method consists in measuring 
the emanation release rate during heating of the reaction mixture where one component 
at least has to be IabeIed with 22?fh. 

The labeied component (ZnO in this case) is mixed in a stoichiometric ratio 
(I : 1) with the component to be tested (FezOa in this &se) and the homogenized 
mixture heated to I lOO*C at a constant rate of 10 K min-‘_ The ETA curves of the 
mixtures, containing different types of ferric oxide, exhibited the differences between 
the initial surface stage and the volume stage of the solid-state reaction ofZn0 +Fe203 
described in Paragraph 6.5.4.1. The temperature of the most pronounced peak on the 
ETA -es, i.e., the start of the siowing down of emana tion release rate after zinc 
ferritefomratio_n, leas chosen as a chamcteristic parametzr for tasting the ability of 
ferric oxide to react with ZnO. The higher the temperature of the peak, the Lower -the 
reactivity of the ferric oxide: In this way, ferric oxide powders prepared by the 
thermai decomposition of various ironsalts at 700, 900 and llCMI*C, as well as 
commercial ferric oxide me&have been tested~‘3.-~Cor&aring the ETA results 
with thosezob&ed by means of current methods based ion surf&e area and _&&&tic 
acti+y- m . -. casurements, it has been stated that the current methods do not always . . 



give a true picture of the reactivity of ferric oxide relevant to tbe solid-state r&action_ 
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