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INTRODUCTION

During the past two decades the family of thermoanalytical methods has been
complemented by the-technique of emanation thermal analysis, 2 method which is
based on the inert gas release from solids. The emanation méthod, known in radio-
chemistry for more than half a century, has undergone in recent years a particularly
important-development in theory, instrumentation and application. Requirements
of nuclear technology, i.c., to understand inert gas behaviour in irradiated nuclear
fuels, as well as the rapidly increasing knowledge of the solid state, contributed 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 modern nuclear instrumentation developed in recent decades, facilitated
the expansion of the emanation method to various branches of science and technolozy.
The method has found diverse application in solid-state chemistry, physical chemistry,
mineralogy, metallurzy, silicate chemistry and .ceramics, polrmer chemistry, -etc.
Inert gases have become the trace indicators of the solid state and its changes. They
have also been widely used as universal indicatcrs in analytical chemistry for the
analysis of gases, liquids and solids.

The number of publications dealing with the matter has steadily increased
since the beginning of this century. Review articles by Zimens®' (1942, 1943) and
Hahn? (1949) were followed by surveys of inert gas applications in various branches
by Chleck et al.? (1963), Zhabrova and Shibanova* (1967), Ichiba® (1968), Balek
and Zaborenko® (1968), Tolgyessy and Varga? (1970), Balek®~ 19 (1964, 1969, 1970),
Matzk=11- 12 (1969, 1970), Bussiére’> (1972), Feiix'*- '* (1973) and others. An
important place was allocated to the emanation method =nd the inert gas diffusion
solids in monographs by Hahn!® (1936), Wahl and Bonne:'? (1951) and Adda and
Philibert*® (1966). Zimen, Freyer'? (196€, 1968) and Zimen and Mickeley>° (1973)
issued a bibliography on the inert gas release from solids.

However, a summarizing and classifying survey of the practical viability and
limitations of emanation thermal analysis for the solution of specific problems in
various branches together with an outline of the state of present-day theories and
their feasibility does not exist in recent literature. The present work aims at improviang
this situation and the facilitation of further application of emanation thermal analysis.

The subject matter is divided into six Chapters. Chapter 1 gives the definition
and historical development of the method. Chapter 2 deals with techniques used for
the labeling solids by inert gases. Chapter 3 and 4 outline the theories of inert gas
release from solids in cases of introducing into the solid inert gas as such and its
parent, respectively. Chapter 5 deals with the measurement of inert gases used in
ETA. The possibilities and limitaticns of the method itself as well as some important
ap ~lications are dealt with in Chapter 6.

The present work does not pretend to give an exhaustive bibliography on
emai iiion thermal analysis; it is intended rather to give instructive guidelines. Certain
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principles of radiochemistry and nuclear physics related to the method are given here,
since many readers may be unfamiliar with these concepts.

During the years of collecting material for this review 2 number of institutions
and persons from all over the world have been helpful to the anthor who is especially
indebted to M_.cow State University and Profs. A. N. Nesmejanov and K. B. Zabo-
renko (USSR); Prof. W. Seclman-Eggebert; Dr. Hj. Matzke; Messrs. Netzsch—
Gerdtebau and Dr. W. D. Emmerich (Federal Republic of Germany); The Institute
for Catalysis Rts&rci); Dr. P. Bussiére and Prof. G. Claudel (France); Prof. R. Kelly
(Caonada); Prof. F. W. Felix (Berlin-West); Prof. J. Arvid Hedwall (Sweden); Prof.
J. Tolgyessy and Dr. € Jech (Czechoslovakia). The work could not have appeared
in its present form without fruitful discussions and criticism of Drs.- P. Holba,
K. Habersberger and other colleagues of Prague and ReZ. Numerous . foreign
colleagues are also acknowledged for permission to reproduce their graphicel docu-
mentstion. Many thanks are due to Professor W. W. Wendlandt, Editor-in-Chief of
Thermochimica Acta, Texas, U.S_A._, for his encouragement and critical remarks, and
to Dipl. ing. K. Caslavsky, Prague, for the careful reading of the manuscript.
Finally, the author :hanks Mr. M. Prachat for preparation of the line-drawings. .



Chapter 1
BASIC PRINCIPLES "AND HISTORICAL DEVELOPMENT
1.1 Dgﬁnmon af the method

Emanation thermal ana]ys:s (ETA) is the method by means of which mforma—
tion about the solid state and its changes is obtained on the basis of inert gas release
from solids measured at various temperatures. Strictly speaking, emanation thermal
analysis is not a method of analysis. The parameter meastred, i.e., the total amount
of inert gas™ released or the ve!ocity of inert gas release are used for the characteriza-
tion of the solid state."

Inert gas atoms are used as trace indicators cf the solid state and its changes.
with ETA, both radioactive and non-radioactive (stable) inert gas isotopes can be
used, nevertheless the radioactive mert gases 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 controlled by physico-chemical processes of the solid studied. Structural changes,
interaction of the sclid sample with surrounding medium, or the establishing of
chemical equilibrium which take place in solids bring about mxcroscopu:al proc&sses
followed by the inert gas release. . .

1.2, Terminalogy

The radiochemical method proposed by Hahn!® for the investigation of solids
by natural radon :sotopes (emznation) has usually been called the Hahn emanation
method. Later, when other labeling techniques and inert gases were used, various
names for the method concerned were invented, such as the method of emanaticg
power (la métkode du pouvoir d’émanation??), the evolution of radioactive inert
gases (I’émission des gaz rares radioactifs, EGGR??), the method of surface-gas
labeling?3~ 2%, etc. A more general term, the radio-release method?7?, 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 analysis2%.
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?®: 2%- 3° the term emanation
thermal analysis, taking into account its historical development. The abbreviation of
the term is ETA. The name, “emanation method”’, should be reserved for the radio-
analytical method of radium determination in mineral waters based on the measure-
ment of radon, the daughtcr demy product: of radium. -

P e -

’]Jsemertgasnsgmuallyanygaswbwhdosnotund«goanycbemmlmtaachonwuhthcsohd
investigated under the given conditions. Noble gascs of Group zero of the Feriodi Tablearemost
commonlyusad_
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1.3. Historical development

The existence of radioactive emanation was fir it described by M. Curie?! in
1900, i.c., oniy a few years after the discovery of radi-activity. Rutherford32 £1901)
in Great Britain and Kolovrat-Chervinskii*3 (1907) v-orking in the laboratory of
M. Curie in Paris first showed that the release of radioad tive emanation from radium
salts is dependent on temperature.

In the 1920°s and 1930’s Hahn and his co-workeirs developed in the Kaiser
Wilkelm Institute for Chemistry in Berlin, Germany, the emanation method which
enabled the investigation of surface changes of precipitates>* and modification changes
of solids33.

Baranow and his co-workers>® (1936) in the U.S_S.R. were engaged in emanation
measurcments of soils. vnny publications of that time came also from other labora-
tories, such as the Institute for Metallurgy in Stuttgart (Wemer et al.), the Chemistry
Institute of the Technical University in Stuttgart, Germany (Fricke and his co-
workers), and the Radiological Institute in Prague, Czechoslovakia (Béhounek).

In spite of the fact that, after the discovery of uranium fission by Hahn and
Strassman?®? (1938, 1939), the interest in naturally radioactive nuclides declined, the
emanation mcthod has been further developed in Germany under Professor O. Hakn.
There, Fligge and Zimens>8 (1939) devised the first theory of the emanation method,
Zimens published papers® summarizing all the work concerning this subject matter.
Research work on the emanation method was carried out even during World War 11,
particuiarly in the Institute for Silicate Research in Gothenborg, Sweden, under
Professor J. Arvid Hedvall (Jagitsch and others).

After 1945, several research groups in Europe anc elsew'iere were engaged in
the application of inert gas release from solids, such as ihose at the Technical Univer-
sity Stuttgart under Professor R. Fricke; at the Universitv of Mainz, F.R.G. under
Professor F. Strassman; at the University of Graz, Austria under Professor G. Hiittig;
at the Chalmers University of Technology, Goteborg, Sweden (Zimen and his co-
workers, Lindoer and his co-workers): at the University of Braunschweig, F.R.G;
(Lindner, Matzke et al.); at U.K. Atomic Energv Research Establishment, Harwell,
Great Britzin (Gregory,” Moorbath and others); ax the University of Melbourne,
Australia (Anderson, Baulch and others); at the Nucdlear Rescarch Center Ispra,
Italy (Kelly, Matzke et al.); and at the Hahn-Meitner Institute for Nuclear Research,
Berlin-West (Zimen, Felix, Gaus and others).

Numerous studies on the emanation power of minerals were publ:.shed at the
Khlopin Institite of Radium in Leningrad, U.S.S.R_, by Starik and his co-workers.
The release of inert gases of radiogenic origin concerning the determination of the
absolute age of geological materials was studied at tae Academy of Sciences, Moscow,
USS.R. (Gerling et al.); at the Leningrad State University, U.S.S.R. (Murin et al.);
and at Dagestan State University, Makhatschkala, U.S.S.R. (Amirkhanov et al.).

A number of experimental and theoretical papers were published by" two
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research groups in Moscow; at Moscow State University (Zaborenko and her co-
workers) and at the Academy of Sciences (Zhabrova and her co-workers). -

In France, the emanation method has been experimentally and theoretlmlly
developed at the Institute for Catalysis Research, Villeurbanne—Lyon (Bussxere,
Claudel and others).

In a number of laboratories all over the world various techniques for the
labeling of solids have been developed. For example the labeling techniques based
on the reunil effect of fission inert gases were developed at the Japan Atomic Energy
Research i.-titute, in Tokai-Mura (Yajima and his co-workers); Nuclear Reactor
Center Seiberscorn, Austria (Koss); North Caroline State University; and Battelle
Memorial Institrte, Ce'umtus, OH, U.S.A. (Morrisson, Elieman).

The diffus_on technique for labeling solids by krypton was established by Chleck
and his co-workers at Parametrics Inc, MA, U.S_A. Other techniques of the inert gas
incorporation into solids were developed at the Chalk River Nuclear Laboratories,
Canada (Kelly and others); at the Czechoslovak Academy of Sciences, Prague,
Czechoslovakia (Jech); and at the University of Technology, Bratislava, Czecho-
slovakia (Tolgyessy and his co-workers).

Ion bombardment techniques, largely developed in the 1950’s and 1960’s for
the purpose of electronics, have been succesfully used also for the labeling of solids
by inert gases. The studies concerning this subject were carried out, e.g., at the Chalk
River Nuclear Laboratories, Canada (Davies et al.); at the Nationai Research
Council, Canada (Kornelsen et al.); at the University of .iarhus, Denemark (Almén
and Bruce, Lindhard and others); and at the University of Liverpool, Great Britain,
(Carter et al.).

In this way, various problems of solid-state chemistry, metallurgy, physical
chemistry, catalysis and other branches have been investiga ed by means of inert
gases. On the other hand, the inert gases brought aboit some problems in nuclear
technology, such as the swelling of nuclear fuel material. Numerous inert gas diffusion
studies have been conducted in various laboratories (like the Argonne National
Laboratory, Broockhaven National Laboratory, U.S.A. “he Nuclear Research Center,
Saclay in France; Chalk River Nuclear Laboraton , Canada; and the Japanese
Atomic Energy Research Institute) to improve the understanding ard control of the
process of swelling of nuclear fuel and the fission product release in nuclear reactor
fuels. In place of reactor fuels, non-fissionable solids such as alkali and aikaline-earth
halides have been frequently investigated with the expectation of getting a better
insigat into more complicated fissionable material. For this purpose labeling techniques
based on the neutron activated nuclear reactions have been suggested and developed
in the Hahn-Meitner Institute for Nuclear Research, Berlin-West (Zimen, Felix and
their co-workers): at the Nuclear Research Center Karlsrihe, F.R.G. {Schmeling
et al.); and at the Nuclear Research Center Studsvik, Swedes {Lagervall). -

In the U.K. Atomic Energy Research Establishment, Harwell, and Oxford
University, England, theoretical studies were carried out by Lidiard and.Norgett
(1968), which signified the beginning of 2 new insight on the inert gas release processes
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from irradiated solids. Theoretical studies done by Kelly, Matzke and Jech at Nuclear
Research Center, Ispra, Italy, McMaster University, Hamilton," Canada and the
European Institute for Transuranium Elements, Karlsruhe, F.R.G., between 1964
and 1970 established the bases for the evaluation of inert gas release measurements
from solids labeled -y ion bombardment.

Thermoanalytical methods (such as DTA, TG/DTG, dilatometry), X-ray
parterns ctc., have often been 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 find new applica-
tions of ETA, systematic work has been undertaken by Balek and his co-workers
at the Charles University, Prague, and the Nuclear Research Institute ReZ near
Prague, Czechoslovakia.

Instruments permitting simultarcous ETA measurements with such methods
as DTA, TG/DTG, EGA and dilatometry, have been designed in various European
laboratories and have been commercially avaiiable from Messrs. Netzsch-Gerdtebau
Inc., Seib. F.R.G. These instruments differ greatly from the laboratory apparatus used
by Hahn in the 1920°s and 1930’s. Instead of an ionisation chamber connected to an
electroscope, the scintillation or semiconductor detectors are used to measure the
amount of radioactive inert gas released. Mass spectrometric detection or thermal
conductivity detection is used for noi-radiocactive gases. New equipments are equipped
with automated temperature control and automatic recording of all of the parameters
measured. ’

The switch over from the emanation methods to emanation thermal analysis
described above can also be documented by a number of publications dealing with
the inert zas r=lease. Fig 1 shows the diagram of the number of papers published in
cach decade from 1900 to 1970.

1

§ 38 §

Number of publications

" 920 M0 @ WO 0 T yyars

Fig. 1 Numbers of papers dealing with ETA publishe¢ in the decades between 1900 to 1970.
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Chapter 2
LABELING OF SAMPLES

In most cases materials to be examined by ETA do not contain the inert gas,
and it is therefore necessary to label the solid with the inert gas in order to make
possible the subsequent measurement of gas release froin the sample. The techniques
of labeling consist, in general either in tke introduction of the inert gas itself, or in
the incorporation of its parent nuclide (as the inert gas source) into the solid. The most
common techniques of the incorporation of inert gas itself are based on:

(i) the diffusion of inert gas into solid under high pressure and temperature;

(u') the inclusion of inert gas by sample during its preparation or phase transi-
tions in the gas atmosphere;

(iii) the bombardment of the sample surface by ac celerated ions of inert gases.
For the introduction of parent nuclides the so-called (i) incorporation technique,
(1) impregnation technique, or (iii) recoil technique are mainly used.

2.1. Inert gas sources

Natural radioactive inert gases such as radon isotopes or common non-
radioactive inert gases (e.g., argon, "rypton, xenon) and their radioactive isotopes can
generally be used for ETA-measur. aents. The radioactive inert gases are preferred
because of their easy detection. Radioactive isotopes of inert gases which can be
used in ETA and their characteristics®? are listed in Table 1.

~ Nuclear reactions yielding inert gas nuclides can be used for the production of
inert gases. Examples of nuclear reactions producing inert gas of nct too short half-
lifz in amounts sufficient for the emanation measurement are given in the following
sections.

2.1.1. Nuclear reactions prodi..»g inert gases

(a) Alpha decay. The list ot “nert g=s nuclides formed by alpha decay of their
ancestors 1s given in Table 2. By sucsrquent decay of inert gas atoms non-gaseous
products, called “active deposit™, are formed. The naturally radioactive parent atoms,
the proper inert gas atoms and the active deposit atoms belong to chains of successive
decays which constitute radioactive families or series*°.

(b) Beta decay. Artificially produced radioelements undergoihg beta decay caa
also be used for the productxon of inert gas atoms. Some of the gases and parent
nuclides are listed in Table 3.

(c) Neutron activated reactions. The inert gas atoms can be formed m a number
of solids by neutron irradiation in nuclear reactors. Neutron activated nuclear
reactions (n, p) {n, a) and (n, y) and fission (n, f) oucur in these cases. Table 4 lists the
inert gases which can be produced by fast neutron irradiation in compounds containing
alkali and alkaline earth elements.
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TABLE 1

RADIOISOTOPES OF INERT GASES

Irert gas Halflife Decay mode %ay of production
nuclide and energy -
SHe ~08s — £3.5 MV 9Be (n, a)
=Ne 38s — f 44 MeV *Ne(n, 2); ==’Nat(n. p). *Mg(o, a)
— 7439 keV -
**Ne 3.38 min — B 20 MeV 2Ne(t, £
— 7 874 keV ’
3FAr 35.1 day El capture - 38(a, n*; 37CY(Q, 21); 3¥CYp,n) - - -
IK(, c) *Ca(n, o)
*Ar 269 yr — B 06 MeV FBAr(n, ) ¥K(n, p)
S1AT 183 h — P12 Mev “A-{d, p), “Ar(n, ¥); “K(n, pj
7 1.3 MeV - ~
2Ar 33yr — B~ 0.6 MeV “IAr(n, 7), parcat <K
“SKr 146h El. capture YY(p, spallation)
“Kr 124 h + B 1.9 MeV 74Se{a, n) .
7 130 keV
SKr 349h El. capture 76Se{a, n), “?Br(d, 2n); "9Br(p, n)
50s - 130 keV BKr(n, )
SIKr 2.1 x 10°yr El. capture 81Br(p, n); $Kr(n, ) daughtcr SiRb
133s v 191 keV
S=Kr 1.833 h 79 keV $9Se(a, n), $*Kix(d, p), *Kr(n, 7)
X-rays on BKi, fission U, daughter
SBr, daughter ¥Rb
L S 4 44%h - — B8 MeV 83Se(a, n); $4Kr(n, )
- 151 keV $SRb(n, p); 83Sr(n, a), fission U,
daughter 3SBr
sSKr 10.76 yt — B )T MeV $Kr(n, 7), fission U
$7Kr 763 m — B35 MeV 88K r(n, 7), $Rb(n, p), fission U
7 43 keV
$SKr 280h — 5205 MevV fission U, Th
7 239 MeV
Ky 3.18 — B35 Mev fissicn U, Pu
v 221 keV
bad 4 o 323s — B 26 MeV fission U, Pu
v 1.19 MeV :
NKyr 86s — 3 4.6 MeVY fission U, Pu
- - 109 keV - - .
”2Kr 1.84s — B 4.6 McV fission U, Pu, Th
T 2 142keV ) T :
Ky 1.29s — P62 MeV -fission U, Pu -
2112 MeV - P
=Ky 02s . - ) fission U -
1Y 388 m + B 28 MeV 151, 7n) T
- T 2253 keV - R
12*Xe 201 h EL capture 127(p, 6n). s -
7350 keV i e
=) 208h " EL capiare *7Y(p, 5n) i
- + 1.5 MeV o
1B 57s > 112 keV 127Y(a, 6n), U’Cs,danghterl”Cs p
135Xe 163 h El. capture - 1 Tela, n), veeE,?) - .-

[}
—

+ 188 keV



TABLE. 1 (contiruzed)

RADIOISOTOPES OF INERY GASES

3824 d

a 5.48966 McV

7

Inert gas Half-life Decay mode Way of production
nuclide and energy
1rTme 70s 7 125 keV 1*7[(a, 4a) 1*°Cs; daughter 13°Cs
127Xe 364d El. capture 124Te(a, n); 1*71(d, 20j *1(p, n);
v 188 keV 126Xe(n, )
e, 8.89d 7 40 keV 125Xe(n, 7) -
131mYe 1204 2 164 keV 131Xe(n, n'); fission U
IRnYe 22d v 233 keV 122Xeln, 7); fission U - .
1XXe 5294 803 MevV 132Xe(n, 7): 132Xe(d, p); 134Xe(n, 20)
7 81 keV 130T e(a, n); 13°Cs(n, p); ***Ba(n, @)
fission U
13ISmY e 153 m 7 527 keV 135X e(n, 2n); 134Xe(n, ) 1**Ba(n, «)
fission U
135X 9.17h 809 MeV 132 Xe(n, 7); B5Xe(d, p); 13EXe(n, 2n)
7 250 keV 138Ba(n, a); fission U
137Xe 383 m B 4.1 MeV 138X e(n, 7); fission U
7 455 keV
135Xe 14.1m £ 0.8 McVY fission U
2 258 keV
13%%e 39.7s £ 4.6 MeV fission U, Th
¥ 219 keV
140X e 135s B 2.6 MeV fission U, Th
+ 806 keV
14rXe 1.79s B 49 McV fission U
7 119 keV
143Xe 083s ; fission U
7 5712 kxV
206Rn 567m a 626 MeV 157 Au(4N, Sn)
El. capture
297Rn 93 m El. capture 17Au(A4N, 4n)
a 6.126 McV
. » 345 keV
28%Rn 244 m a 6.14 MceV Spaliation Th; Pb(**C, spall)
El. capture ;
29Rn 30m ?. capture Spallation Th; Pb(3=C, spall)
@ 6.039 McV )
219Rn 24h a 6.04 MeV Spaliation Th; Pb(2C, spall)
El capture - ;
5 458 keV
2MRn 146h EL capture Spallation Th; Pb(3=C, spall)
- a'5.783 McV -

- =« 684 keV - .
RN 24m a 6.264 MceV Spallation Th; Pb(2C, spall)
S13Rn 396s . a 6819 MeV Member of =50 decay chain

7 271 keV
220Rn 556s a 6288 McV Memter of 2Th decay chain
7 .
2xRn 25m B =3=Th(p, spall)
a ~6.0 Mev -
IRn Member of 38U decay chain
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TABLE 2

INERT GAS NUCLIDES PRCDUCED BY G-DECAY

Arcestors Inert gas - Active deposit
Half~ Nuclides Naclides Half- Nuclides Half-life
Life life of the longest.
I hys lived nuclide
16002 >Rz — —— = 382d  2spo, 1ePL :Bi,  M9pp
4.78 McV 5.5McV
24po, 20T, 2'PH,  22a
210Bi, 219Po
191a =3Th
=1 542McV 216po, 212Pph, 212Bj, 212ph
564d  =Ra ——— =oRp 5565 212pg, 0Ty 106 h
5.68 McV 6.29 McV
2i8a =FAc 215pg, 315Bj, 211PH, 215Rj
-8 1 0045MeV 211R;, 211py 207T] 74 m
18.74d 222
!l 60$MeV
[-4
=Ra — MRn ——— 396s
6.82 MceV
TABLE 3
INERT GAS NUCLIDES PRODUCED BY 3-DECAY
Half- Ancestor Inert gas Half-
life nuclides nuclides life
s $3Se
25m —sll -
-8 z.
24h 2By — 3Ky - - 19h
54 m 1BTe .
125m S 34 ] .
s —z s
208h 13351 - 13Xe 564
; bt 4 7
67LE sy — 1sxXe - 156 m
« R - ‘ . =
- 91hb




M (n, p) G* M (n, a) G*

Li  *He - - Be  ®Be -
Na =Ne Mg =Ne

K  Ar, “Ar Ca  ¥Ar “Ar

Rb  8=mKr, 5Kr T St ®mKr -
Cs  13=Xe, 33Xe T Ba  135Xe, 18Xe

TABLE 5

INERT GAS NUCLIDES PRODUCED BY (D, 7) NUCLEAR REACTIONS

-8 7 ’
X (n,7) X* — G (stable) G (n, v} G*.

I1s

- 20Ne i
37m

C1 - 3SAr — 3%Ar 269 a

Br - 80Ky
36h . , .
- 2Ky ° - B8aKri9h 7 _
25m .

I - 1IMXe — 129mXe 804

-The possibilities of (n, y) nucicar reactions by thermal neutrons. are shown in
Table 5—on the left. By (n, 7) reactions radioactive halogen atoms are produced which
are transformed by beta decay into stable inert gas atoms. During the reactor irradia-
tion of the stable inert gas, a second neutron activation process produces detectable
amounts of radioactive inert gas nuclides (see Table 5—on the right). By fission
reactions (n; f) of uranivm or thorium several Kr and Xe isotopes (e.g., 8“Kr 3 33‘Xe
135Xe) arc formed amongst a largc vancty of other nuclides. .

2.1.2. Labelmg sources . ; -

Parent nuclides producxng men gas by nudmr reactions are desxgnated as
labeling sources of mcrt gas atoms, -and used either as extcrnal or- mternal labelmg
sources.- - - - oz

Twoms&sofcxt:mal labclmg sources are:
] (l) .Radium nuclide, 22°Ra, is adsorbed on thc samplc sud'acc and radon
: nudxdc, 222Ru, is formed by its alpha—dmy and mtroduced into the sample by reooil
energy,.. . reiimre eheds o - R
el ,(Z)NUmmumfoilennchedby 2:’"’Usmrou:ndmgthcsnmph:m!:hcﬂuxoftln:n:na.l
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neutrons is an external source of fission inert gases. Inex ¢ gases are then introduced
into the sample surface by the action of their recoil ¢nergy.

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

In this chapter various techniques of lab-ling solids with inert gases will be
cescribed. The techniques are divided into two groups:

(i) techniques introducing the parent nuciide of inert gas;

(i) techniques introducing the inert gas vithout the parents.

22. Techniques introducing the parent nuclide of inert gas

2.2.1. Incorporation technique

This technique proposed and developed by Hahn!® and his co-workers in the
1920’s and 1930’s should be named first of all. The technique consists in incorporation
of a parent nuclide producing the inert gas into the solid. The introduction of the
parent atoms into the labeled solid is usually accomplished by common crystallization
or co-precipitation from the solution containing the radioactive parent nuclide in
trace concentrations'?, e.g., 10~ '* n-solution of ?22Th representing about 4 x 10>
!

For metal oxide hydrates of gel structure, the adsorption of the parent nuclide
atoms into the precipiiate can be used. In the case that the specimen is 2 compound
where crystallization or adsorption of *%c parent nuclide cannot be carried out, it is
possible to label another compourd from which the desired compound can be
prepared. In this way inorganic oxides werr: prepared by the thermai decomposition
of hydroxides, carbonates, oxalates etc.*!. Mixed oxides of the spinel type are pre-

ancaddZ by hantine tha civtrirea ~f cirm-ila Avidace hudeswidac ~r sackhoacatas AAat~l
Pl‘lw vy ucauu‘ is HilALULG Ul Dlu“’lc VAIULD, u’ulUMUC& Ul CAlUuviialilo. 1viltial

nickel containing the parent nuslide, 2 °°Ra, was prepared by the reduction of labeled
NiO in hydrogen*3.

Zeolites (chabazite and heulandite) were labeled by c€xchanging calcium ions
for barium ions charged with 226Ra**. It was shown that the ica exchange for radium
actually takes place in the bulk of the mineral and #hat radium is not merely adsorbed
upon the surface of the crystallites whose granular diameter was 0.13 mm. Radium
was successfully incorporated into metals by electrolysis or melting*>. Incorporation
of the parent nuclide, '3?I, into Agl can be achieved by its precipitation from a
solution containing *>?L. Labeling of alkali iodides with !33Xe was successfully
accomplished*® by growing the crystals from the melt containing *33I. The resulting
specific activity of the labeled samples®® was usua'.y 3.7 x i0*s™* (ie. I microcurie)
of 225Th per gram of sample. .

The distribution of ihe incorporated parent shouid obviously be uniform if it
can be grown isomorphously into the crystal lattice, e.g., as radium in barium salts.

WEF-aBu A 2o tha contcaAl dietaclurtlae A0 o S el — e e e bl
ywwili ICEATG 10 i Spaudr QiSiouuon Ox the imert E3S awins formed as aaugnicr

products of 22*Th in a solid, the foliowing considerations seem to be justified. When
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an atom of >22*Th disintegrates, the resulting atom of 2**Ra is ejected along a recoil
path some 20-30 nm in length; the same occurs when atoms of 224Ra disintegrate
into 22°Rn. Irrespective of whether the parent, ??2Th, was grown isomorphously on
a proper cation site, or located on a surface or an interstitial position, there is a very
high probability that botn the daughters, 22Ra and 22°Rn, end up in some inter-
stitial position remote from vacant cation sites. This can lead to 2 random distribution
of 22Ra and ?2°Rn atoms within the lattice which in a statistical way can (but need
not) result in a uniform spatial distribution. The final distribution is dependent on the
structure of the labeled solid and can be changed as a result of diffusion by heating
of the sample'3. When the density of trapping sites for 22°Ra and 22°Rn in the
structure of a iabeled solid is high enough, the uniform distribution of the parent
should remain during heat treatment.

2.2.2. Impregnation technique

In cases where no possibility of introducing the parent nuclide 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 labeleu with a solution
containing the radioactive parent nuclides. The specific radioactivity of the commonly
used labeling solutions containing 2?*Th and *?*Ra is in the order of 19% s~ !mi~*
(i.e., several microcuries ml~*). The impregnation technique was successfully used for
labeling minerals, various chemical products delivered commercially, etc. The resulting
specific activity of the labeled samples is in the order of 10* s~ g™ ! (ie., of several
microcuries g~ ). :

As to the distribution of the labeling atoms in the solid the following con-
siderations can be made. We can suppose that the 2?°Th parent atoms are present,
after labeling by the impregnation technique, only on the surface of the solid (see
Fig. 2). The daughter products, ??“Ra and ??°Rn, are immediately injected as a
result of their recoil into the depth of the grains. The maximum depth of penetration
of 22°Rn is two path lengths of the recoil in the given substance. This is about*?
60 nm in the substance of a mean density of 3 g cm™3_ If no special homogenization
measures are taken, the impregnation technigue usually yields a non-uniform distribu-
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tion boih of the parent nuclides and the inert gas atoms in the solid. In cases where the
dimensions o7 grains of the solid to be labeled are of the order of hundredths of a
micrometer, the uniform distribution cf the inert gas can be assumed. By heating
solids to their melting temperatures, the initially non-uniform distribution of the
parent nuclides obtained by the impregnation technique car be changed in some cases
to a usiform one.

2.2.3. Recoil technique

An interesting way to incorporate the 22*Ra parent nuclide was proposed by
Jech*®. This technique is based on the effect of recoil of radium (*?2*Ra) atoms at the
moment of their formation by alpha decay from thorium (22%Th). Atoms of 22*Ra
from the Z2*®*Th recoil source possess energies between 500 and 100 keV which are
sufficient for their implantation into the surface layzrs of solids. The concentrations
of 5 » 10° to 1 x 107 22*Ra atoms per cm? of surface were obtajned which give
radon concentrations of 8 x 103 to 4 x 10* of ?2°Rn atoms per cm? of surface.

2.2.4. Use of inert gas radiogenic formation in minerals

It is obvious that vranium, radium and thorium isotopes present in natural
minerals can be considered as the parent nuclides of inert gases. Inert gases of radio-
genic origin are in some cases present in an amount sufficient to allow emanation
measurements. Analogically, “°Ar is formed in minerals by the decay of the natural
radioactive isotope, *°K. Over a long period there accumulates a measurable amount
of radiogenic argon which is often used for the determination of the absolute age of
minerals and rocks*®- *°.

2.2.5. Production of inert gas atoms from corresponding parent nuclides

(@) Spontaneous radioactive decay. The amount of inert gas atoms N, formed
as a daughter product from the parent atoms in time r can be sxpressed by the
following equation*®

Ny = [44f(A; — )1 N} (> — %) @)

where N{ denotes the amount of the parent atoms present in the sample at timet = 0
after labeling, 4, and 4, denote the characteristic decay constants of the parent and
daughter atoms, respectively”. As the parents, 223Th, 22°Ra and 227Ac are of a
longer half-life (%, < i, and (ty;;), » (t;,3),), than the daughter inert gas atoms
(*2°Rn, ??2Rn and ?'9Rn, respectively) and the activity does not decrease measurably
during many daughter half-lives, a state called radioactive equilibrium is reached in
the sample after a certain time*° (10 daughter half-lives are usually taken). It can be
readily seen from relation (1) that after this certain time, e ~%** is negligible compared
with e ~#1*_ Since the 2amount of the parent atoms present at time f equals N, = NS x

'lbchalf-ld’cnnlsthetnncmtcwalreqmmdforh'tofallfromanypan:mlarva.lwtoonc-halfd’
that value, being related to the decay constant as 15+ = In 2/1 = 069315[4..
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e % and 2, <€ i, we can write, N,/N, = 4,[i,. This means 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
(conticuous) inert gas source. If the parent is shorter lived than the radioactive inert
gas, which is true in the case of iodine, *>?I (7;;, = 20.8 h), used as the parent
nuclide of xenon, '*3Xe (1,,, = 5.6 d), after a certain time {i0 parent half-lives) the
first term in the equation (1) e~ is negligible compared with e~*2*. This means
that the parent atoms of !33I after this time are practically fully decayed and the
amount of the daughter inert gas, !33Xe, present in the sample diminishes according
to its half-life. In this case we can speak of a temporary inert gas source. = -

As to the amount of the radioactive parent nuclide used for the incorporation
into the labeled solids, a trace amount is usually taken. For example in the case of
228Th  we customarily label a solid to achieve the specific activity of 1.0 microcurie
(3.7 x 10* s~ 1) of parent isotope 228Th 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 10'2 ztoms of 22%Th, 10'° atom of ?2“Ra
and 5 x 10° atoms of 22°Rn per gram of material of any instant*”. This corresponds
to a 22%°Rn concentration of about 10~ % to 10~ '3 atom %.

Using '2?I as the parent nuclide for '??Xe, concentrations of 5 x 10!° tc
4 x 10'? atoms of '33Xe per cm® of KI, Rb! and Csl are ottained*S. The gas
concentration of 4 x 10'% Xe-atoms per cm? corresponds to 4 x 107 *° mole fraction
m KI.

(b) Neutron activated reactions. The amount N, of the inert gas present in the
Iabeled substance as formed by neutron irradiation can be expressed by the following
equation®?:

Ny =¢o N (I —e*) 2

where N, denotes the amount of the inert gas, N, is the amount of parent (target)
nuclide, 4, is the decay constant of the inert gas, ¢ is total flux oi neutrons, ¢ is cross
section of the target, ¢ 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 tk.> nuclides of the periodic system which can be utilized for
the inert gas formation by neutron irradiation.

The (n, p) and (n, a) reactions listed in Table 4 were advantageoasly used for
inert gas formation by Kalbitzer>' and others32~ 3%, Schmclmg” and Felix and
co-workers!4- 15- 56_ . ) .

. Different combinations of gas producing reactions actxvated by neutrons are
possible and offer an opportunity to lakel a solid with two various gases: e.g., by
neutron irradiation of KI and Rbl, the gas mixture of Ar/Xe and Kr/Xe can be
produced. U-doped alkaline earth fluorides take sufficient U** into the lattice so that
Kr and Xe can be introduced .besides the gases produced by the (n,-a) reaction>®.
Table 6 summarizes inert gas concentrations produced by reactor.irradiation in RbI
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Fig 3. Nuclides and r2utron nuclear reactions utilizable for produoction of radicactive inert gases
with half-life greater than 1 hour.

TABLE 6

INERT GAS CONCENTRATIONS IN SOLIDS PRODUCED BY NEUTRON IRRADIATION

System Preducing Gas concentration Dose ncutrons per Rej.
samplelgas reaction (atoms cm3) cm®
RHI/Kr SRb (n, p) B¥Kr 1 x 10 tol1 x 10 104 0 6 x 10¢ 56
3 x 1017 i x 101* 51
Rbl/Xc =T (n, pY=°1 — 133Xe 2 x 1014 4 x 1015 56
CaF:/Ar #Cz (n, a) $*Ar 1012 10°) 1015 52
CaF=: dopped 5 x 1014 3 x 102 fission
CaF=fXe with 0.055 mol 2, U fragment/cm? 62
UM N1FXe. ..
135Xe
sSKr

and CaF, pure and doped with U. The distribution of inert gas produced by nuclear
reactions depends on the distribution of the target element in the solid. If it is uniform,
the gas distribution can also be assumed to be uniform.

2.3. Techniques for introducing the inert gas without parent

After experimental investigations, it seems that under ordinary conditions the
inert gas atoms do not dissolve in metals and ionic crystals and do not permeate
through them. The conditions of high energy gas ions, high temperature and high
gas pressure are required for impelling the inert gas into the solid. ‘There exists a
number of techniques which can be used for direct incorporation of inert gas atoms
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into solids. -All of them are, in general, characterized by-a definite quantity of the
mtroduced gas which decreases at the time of storage or dunng the measurement.
The most common techniques are based on:
. (i) the recoil effect of nuclear reactions;
(i) :ion bombardment;- - - .
(iii) diffusion technique;
(iv) direct gas introduction during sample preparativn or phase transitions.

23.1. T echm‘ques utihzzng the recozI 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
nuclide on the surface, by irradiation of specimen wrapped-in uranium foil, or
surrounded by an atmosphere of the inert gas. Recoil energies of alpha-decay and
neatron-activated reactions have been utilized for the inert gas introduction.

2.3.1.1. Alpha-decay. For introducing radon into a solid, it is possible to use
the recoil energy (85 keV per atom) of its atoms freshly formed by the decay of radium.
Lindner and Matzke57 have used this technique for labeling a large number of ionic
compounds in a powder state. ¥22Rn ions are adsorbed from a solution on the
surface of the labeied sample. After a certain time (optimally 5 weeks; i.e., 10 half-lives
of 222Rn, when the equilibrinm concentration of the radon formed is achieved)
about 50 per cent of the radon formed pegetrates into the sample surface. The radium
is then washed from the surface of the powder. The labeling performed is superfici: 1
~with nearly linear distribution of the inert gas. With a sufficiently fine powder (particle
size 0.1 gm) a uniform distribution of the inert gas can be obtained.

- 2.3.1.2, Neutron-activated reactions. Using parcat nuclides as external Izbeling
sources of inert gases, recoil energy of following neutron-activated reactions can be
used for the inert gas incorporation (see Table 7).

The use of fission reaction for introduction of inert gases into non-fissionabie
solids was chosen as an example. By fission reaction (n, f) several Kr and Xe isotopes
(33Kr, '33Xe, !35Xe) are formed amongst a large variety of other nuclides. However,
after a decay period of about five days after the neutron irradiation; no fissionable
material contzins any radioactive gas but *3>3Xe (t;,, = 5.6 d).

TABLE7 .

NEUTRON ACTIVATED REACTIONS PRODUCING INERT GASES

Targe: atoms Reaction type _ Activating particle

Alcalic metal T n,p ) fast neutrons

Earth alcaline na ) -~ fast neutrons - -
Halogen n,y thermal neutrons -
Uranium . : _ | . n, f . thermal neutrons

Thorium - T - fast netrons -

- - - [— — Tyl -




The labeling of non-fissionable solids can be done by irradiating the samgle
to be labeled in contact with a fissionable solid. The labeled solid was mixed with
fine uranium oxide powder. With the weight ratio of UQO, to the labeled substance
of 30 : 1, about 90 per cent of the gaseous fission products are found in the solid33.
This technique was applied by Yajima ct al.>® for labeling oxides, by Kawasaki®®,
by Koss®® for Iabeling various metal wires and foils, by Morrison et al.®* for labeling
single crystals alpha-Al;0;, BeO, MgO, and ZrO,. In the last group of cases, the
exposure level was such that the normal fission product content was 10** fission atoms
per cm? at the surface of the samples. Following the irradiation, the UO, was
separated from the specimen and the samples were cleaned with distilled water in an
ultrasonic bath. Similarly, Elleman and co-workers®? used the recoil energy of the
fission reaction to prepare Csl labeled by !?3Xe. The crystals were surrounded with
enriched ***U uranium foil and irradiated with thermal neutrons. This technique
has the advantage of being applicable to any non-fissionable solid. The fission recoil
labeling was carried out at 3 x 10'2 fission fragmentsf/cm?, i.c. 5 x 10'* Xe-atoms/
cm? yieldinga 5 x 10> mole fraction in K1°Z. As to the distribution of the inert gases,
it should be born in mind that the fission recoil ranges are low in most solids (about
10 gm) so that this technique is suitable for the lateling of the surface layers.

Another example of inert gz=s 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 Kelly®? for the labeling of aluminum, TiO, and numerous other powders with
argen, krypton and xenon. The sample is placed in an atmosphere of an inert gas in a
sealed ampoule 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. Abort 10-20 per cent of radioactive xenon-
isotopes formed by nuclear reaction are fixed as a result of the 100 eV-recoil energy
in the surface layers of the solid.

232 Ion bombardment

The greai possibility of the ion bombardment technique for implanting inert
gas atoms into solids has been described in numerous papers published since 1950
and in two monographs by Carter and Coiligon$* and by Dearneley and co-workers®>.
There exists a great methodical variability of the ion bombardment technique which,
obviously, can be applied to any solid material.

23.2.1. Apparatus. At preseni there exists a whole range of techniques for
ion bombardment. In one technique, ionized atoms are accelerated with a high
voltage®®~ %% and in others, ionization and accelerations of gas atoms occur in a
discharge®®- 7°- 26 or a microwave plasma?!. The process of introducing gases into
solids used in these pumps has been studied”2. Ion-bombardment equipment most
frequently used for the implantation of inert gases into solids can be characterized
by the following principles:

(a) In a vacuum discharge tube, atoms of the inert gas are ionized by electrons
emitted from the cathode or a high-frequency discharge. The ions formed are
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Fig. 4. Diagram of apparatus for ion bombardment by ion source witha c.c. voltage. R = reservoir
of the radioactive inert gas; K = capillary valve; F = filament; A = ion accelerator; M = per-
manent magnet; T = targe: (sample to be labcled); Vak = vacuum pump; and gA = a micro-
amperometer.

Fig. 5. Schemzgtic drawing of an electromagnetic separator.

o
;gh
*

Fig. 6. Diagram of apparatus for introducing 2 gas by ion bombardment in a high-frequency
discharge. 1 = adsorption pump; 2 = inert radioactive gas reservoir; 3 — sample cell; 4 = me-
tallic calcium for inert gas purification; H-F = high-frequency field generator; M = vacuometer;
K. Ks = valves in glass apparatus. - T

accelerated by the potential drop and strike the target connected to a cathode with
an energy which depends on the voltage. Some of the impinging ions are trapped in
the material of the target. A diagram of this kind of apparatus is shown in Fig. 4.
The ion source by Carter’® operates in a rather high vacuum (107%-i0~3 Pa).
Equipment of this type makes it possible to produce 2 highly concentrated beam of
highly energetic ions (up to 100 keV) and is best suited for labeling metal targets or
bulk material. ’

- {b) Some authors, such as Almen and Bruce”# and Davies and co-workers73- 76,
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have used ion sources with an electromagnetic isotope separator and obtained very
well-defined beams of ions with definite energy, mass, charge and entrance angles.
The schematic drawing of an electromagnetic separator is shown in Fig. 5. It consists
of an ion source, mass separator and a target chamber. The gas atoms to be implanted
are ionized to obtain the required type of ions. These ions are extracted from the
source and accelerazed in a2 strong electric field. The beam is then deflected by a
magnet and slit configuration, so that the desired ions can be separated from the
unwanted ones haviag different masses. A second acceleration step which is not
shown in Fig. 5 is often applied after the mass separation before the ions impinge
on the target. The beam is scanned across the target to obtain homogeneous labeling.

(c) An apparatus for introducing gas traces into solids in a high-frequency
discharge was proposed by Jech?>. The schematic drawing of :he apparatus as
described in ref. 77 is shown in Fig. 6. The sample to be lateled is placed in a smali
thick-walled glass cell connected to a vacuum apparatus. After = vacuum of about
1.3 Pa has been produced in the cell, 2 small amount of the radfoactive gas is in-
troduced, 50 that the final pressure dces not normally exceed 7-70 Pa. Ions of the
inert gas are formed and accelerated with a pulsed high-frequency field with a maximum
voltage of 15 kV, produced with a Tesla transformer. The accelerated ions penetrate
the surface layers of the solid to a depth of 1 to 10 nm. The apparatus cf this type is
capable of operating with 2 higher pressure of the inert gas than the above described
apparatus usicg the team technique. ’

It should be noted that under conditions of 1.3 Pa pressure in the latter type
of apparatus, it is difficult to determine the exact parameters of the bombardment
process. Doubly and triply charged ions of the gas are produced i the discharge in
additioa to singly charged ions of the gas and bombard the surface with energies
that are two or three times as high as those of singly charged ions. It is impossible
to focus the beam ions, the ions obtained are not mono-energetic and finally, ions of
residual gases 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 simple and the labeling of samples can be carried out more rapidly since it does
not require prolonged pumping of the apparatus. This method of introducing the
mert gas is convenient for the use of labeling surface layers of solids causing low
radiation damage. It is also more suitable for powders since the unconcentrated beam
of ions labels the whole surface of the powder. With the ion bombardment, samples
can usually be labeled using doses of the order from 10*° ions cm ™2 (corresponding
to gas concentration of about 10 % at %} to 10'° jons cm™ 2 (3 at. %).-

In general, the ion bombardment technique has a number of advantages. The
specimen c¢an easily be handled and used immrediately after Iabeling. In the case of
reactor irradiated samples, which are frequently highly radioactive, long waiting times
are nccessary. On the other hand, some difficulties are connected with the application
of the ion bombardment technique, such as damage in the surface layers of the crystal
Iattice. - -

2322 Trapping efficiency. In using the method of jon bombardment for
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introducing inert gases into a solid we must remember that not all ions reaching the
surface are introduced into the substance. The degree of introduction is characterized
by the efficiency. of trapping 7, sometimes called the trapping probability which is
defined as the ratio of the number of atoms which remain trapped in the solid to the
total flux of ions reaching the sample surface during the borrbardment®4. We can
assume that entrapment of inert gas atoms by a solid consists of the following
processes:. i

(@) Penetration of the mcxdcnt ion through the surface layer of atoms.

(b) Migration within the lattice where a certain possibihty exists that the inert
gas atom escapes through the surface.

(c) Eventual trapping within the lattice, in mterstmal orin regular sites or in
other lattice defects produced by radiation.

Considering the first requirement for trapping, penetration through the surface
layer necessitates the bombardment ion passing within a distance of 0.5 lattice
spacings from a surface atom at the most.
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The trappisg efficiency 57 of ions in a substance, at constant temperature, depends
on the character of ion, its energy and the material of the tarpet. The trapping
efficiency, 7, in tungsten for various inert gases in relation to the energy of ions,
obtained by Kornelsen®” is given in Fig. 7. This diagram reveals that at ion energies
< 100 eV the trapping efficiency is very low, < 107! for all ions but rapidly increases
at 3 keV to about 0.6. The effect of the mass of the ions appears only at energies lower
than 1 keV. The trapping efficiency normally increases with a decreasing mass of the
bombarding ion. Other works at higher energies conducted by Brown and Davies’8
and Almen and Bruce?* indicate that, at energies below 5 keV, 71 is always lower than
1 for many metals but tends rapidly to unity above this value of energy. The decrease
of the trapping efficiency with increasing target temperature for glass?® 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 redection in the
effective value of the trapping efficiency. On the other hand, the increase of 77 was
observed as the target was cooled below room temperature.

The material of the target also affects the efficiency of trapping. A gas enters
metal targets at ion energies of about 100 eV with a trapping efficiency in the order
of 10~ to 10~ 2. The trapping efficiency of inert gas ions in aluminum is higher than
in tungsten. Considerably higher values of trapping efficiency were found for glass
(n = 0.6) with the same energy of bombarding ions®°. The larger value of 7 for glass
can be explained on the basis of larzer average interatomic spacing and weaker
interatomic potentials resulting in easier penetration of the impinging ion. Almen and
Bruce®* have measured n for inert gas atoms incident upon a number of materials.
The n values for Kr-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 also 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 structure and the state of the crystal lattice.

2.3.2.3. Penetration of inert gas ions. The energetic ions which have passed a
solid surface are slowed down by elastic collisions with electrons and target atoms and
by displacement 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 energy, mass and charge of ions, on the mass of the target atoms and on
temperature. For single crystal targeis it depends, moreover, on the crystaliographic
orientation of the lattice with respect to the direction of incident ion beam. All of
these factors affect the resulting distribution of the inert gas atoms within the solid.

As the penetration of energetic inert gas ions is of general importance with
the labeling of solids, basic theoretical relations and experimental techniques con-
cerning the problem are summarized here. The stopping power or the specific energy
loss dE/dx is taken to be due to both electronic and nuclear stopping. At lowest ion
energies nuclear stopping dominates, at higher ion energies electronic collisions are
more important. The following expression for electronicstopping power can be given®?

— dEj/dx = 4=Z} e* N Bjmp* €)]
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where Z; is the atomic number of the ion, e is the change on the electron, N is the
number of target atoms per unit volume, m and v are the electronic mass and velocity,
respectively, and B is a dimensionless “stopping number”. Bethe®? gave a quantum
mechanical derivation of B = Z, In (2mo?/I), where Z, is the atomic number of the
target atom, 7 is the average excitation eneigy of the electron in the target, which is
after Bloch®? proportional to Z,.

The nuclear stopping power has been evaluated in theoretical works ty Bohr®?,
Nielsen®®, Lindhard et al.®% 87 and Holmes and Leibfried®%. Bohr®* 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 fieid.
Recently, Lindhard et al.87, by substituting a Thomas-Ferrai potential in place of tt:e
exponentially screened potential, cbtained a range-energy expression tnat isreasonable
with experiments®®. They suggested a universal range-energy curve in terms of
suitable dimensionless range and energy parameters p and &, respectively, given by

p=RNM,4na*> M, [(M, + M,)*? ()]
e=EaM,/Z,Z,e* (M, + M,) ©)

where R is the range, E is the energy, /N is the number of target atoms per unit volume,
Z, and Z, are the nuclear charges of the incoming particle and the target atom,
respectively, M, and M, are the corresponding masses, e is the electronic charge
and a is the screening radius used by Lindhard et al.37 which equals 2 = a5 x 0.8853,
where aj is the Bohr screening radius®*. The calculations result in a set of curves of p
versus ¢. The LSS theory has been found to predict satisfactoriiy the penetration
ranges of heavy ions in amorphous and polycrystalline solids.

The increased penetration occurring along the more open directions between
the closed packed rows of atoms due to a channeling in single crystals has been
identified on the basis of computer calculations by Robinson and Oen®°. The ex-
perimental techniques for determining the penetration ranges of ions can be sum-
marized into three groups:

(1) “Stripping™ techniques based or the stripping away of a given thickness
of material from bombarcded specimen and on the subsequent measuring of the
amount of the remaining inert gas or the amount of the inert gas removed. Anodic
stripping was developed by Davies et al.?!* 22; chemical and electrochemical stripping
techniques by Bredov and Okuneva®?; and mechanical vibratory polishing owes its
development to Whitton®#. Lutz and Sizmann?? also employed sputtering to remove
known thickness layers from metals.

(ii) Techniques based on the determination of the changes in the properties of
the specimens caused by labeling bombardment, such as refractive index in transparent
materials®S, and electrical resistivity of semiconductors®?, etc.

(iii) Techmqu&s making use of « or ﬂ radxoacuvxty of labelmg atoms _These
techniques are based on the fact that the energy spectra of a-particles and low energy
B particles are degraded according to the depth of the radioactive atoms below the
surface. Domelij et al.®% established the penetration ranges of 122Rn -ions of energies
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Fig_ 10. Diflerential range distribution curves normalized to same peak height for 13Xe in Al 2nd
Au targets. The bombarded energy is indicated beside each curve (@ Al; X Auv) (cf, r=f. 76).
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Fig. 11. Integral range distribution of 40 keV 35Kr ions xmplanted into single a'ysta.l ofalummnm
along different crystzl directions (cf. ref. 105). ’

70-210 keV in aluminum, silver, gold a.nd tungsten.. Ranges of 125Xe ions in"Al, Be,
Ni, Zr, Ta and Au were successfully determined by Bergstrom®? and Graham°°- 1°1,
Some examples of ion ranges in amorphous and crystalline materials are given below.

“The differential and integral range curves for 222Rn in aluminum obtained by
Davies et al.?®- 1°2 are shown in Fig. 9a, b. Energxw from 2 to 450 ch and total
fluxes 1022 atoms cm ™2 were used.

.. The penetration depth is usually expressed as the total we:ght of target per unit
area {in ug cm™~ %) as the number ofatomlayers or as distance from the surface (in
nanometers). The depth of 1. pm cm corrspomk approxlmately to 16 atom layers
of aluminum, i.e., 4 nm. - - ce Al

- Figure 10 gives curves of thc dxﬁ'e°entlal dlstributlon of xenon atoms in aJumx-
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nium and gold. Energies from 3.1 to 150 keV were employed. These are indicated
beside each curve’.
The results of Figs. 9 2nd 10 illustrated well the general behavior of range

Cea Tl ol POy N Y .._-..o......o-.l bnenatse Tha Atctelvedcmcn

distribution in relation to the ion €Nergy 107 UnsSatiiraieQ w@argees. incé aisuiouuon

profiles distinctly indicate non-uniform distributions. The distribution of the embedded

atoms is seen to consist of an asymmetric neal- with an exnonertialtail With anmcorease
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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
consisting of the licht elements (with lower Z) such as aluminum than for heavier
clements, such as gold (see Fig. 10). The distribution curves are considerably broadened
using large integral flux (> 10'° 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 results were obtained by Davies and co-workers!®Z~19%
for the distribution of various inert gases in a series of metals and oxides (Al, W, Ag,
Si, Ge, Al,O;, WO, etc.). Figure 11 shows a comparison of the range distribution of
40 XeV 3°Kr in specific directions of aluminum single crystal and in amorphous
aluminum oxide measured by Piercy et al.?%>. The deep penetrations are typical
channeling events and are markedly different from the results of the - isotropic
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that by heating the crystal to 1200 K during bombardment, the channeled ion ranges

were considerably reduced below the values obtained at room temperature. This
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indicates an increased stopping due to thermal vibrations of the lattice atoms.

It can be concluded that the exact estimation of the penetration denth and the
distribution profile of inert gas atoms introduced into the solids by ion bombardment
is rather complex.

2324 Saturation value. Experiments have shown that the curves 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 g for a given
inert gas and a given target material is usually expressed as the total weight of the
sample per unit area in pgg cm™? or in the number of atom lavers. Target saturation
occurs when the integrated flux of incident particles is sufficient to damage and to
sputier away a significant amount of the target material and some of the collected
2as atoms escape as well. The variation of g with ion energy has been measired by
Colligon and Leck?®® and Komeisen*®? using ion beam apparaturses. The former
found that the saturation value g increased almost linearly with ion cncrgy from
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saturation levels were in the order of three to thirty atomic distances. The saturation
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ions measured L, ; Almen and Bruce?* are collected in Fig. 12. All of these values were
obtained at the same energy and current density of krypton homhardmmt 45 keV

and 10 pA cm~2). The variation of g with target atom mass is periodic showing
maxima and minima. The minima mmmnd 1o the minima of tranmng efnaencv ”-
and to maxima in the sputiering.
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Fig. 12. Saturation values (g) of Kr in different targets. Yon anrent density = 0.1 gA - mm—2;
ion encrgy = 45 keV. (cf. ref. 74).

It is interesting to state that the saturation value ¢ reaches a2 maximum for
elements belonging to the same group of the periodic table, i.e., for Group IVa (Ti,
Zr, Hf). A minimum in the saturation value g is found for elements Zn and Cd
(Group 2b). An approximate relationship between binding energies of the elements
and the trapping efficiency can be noted. A study of sputtering carried out by the
same authors’* explained this correlation. The sputtering ratio was found to be
inversely related to the binding cnergy. As it might be expected, the less strongly held
atoms were more easily sputtered off.

Some interesting conclusions on the dependence of saturation value g upon
the surface orientation of single crystal targets were made by Almen and Bruce’<.
Their observation can be explained by ion channeling along preferred open crystal
directions. In single crystal targets, as observed experimentally®®, an appreciable
fractior of incident atoms can travel very large distances into the *irget. It has been
established that this is a result of ion penetration along axes denoted as chanaels in
the crystal where the energy ioss of penetrating atoms io target atoms is small becausc
of crystal symmetry. -

2.3.3. Diffusion technique

The original method was used for the preparation of ®°Kr labeled solids by
Chleck et al.3. They introduced krypton into various substances at-an-elevated
temperature and gas pressure. The essential element of the labeling apparatus by this
technique is a pressure vessel in which the material to be labeled is placed?. Detailed
views of the pressure vessel modified by Tolgyessy*°® are shown in Fig: 13a, b. The
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Fig. 13. (@) Steel vessel for knvpionation at high temperature and increased pressure (cf.-ref. 108).
1 = Steel vessel body; 2 = sample to be labeled; 3 = metal (Pt) springs; 4 = perforated steel
plate; 5 = ampoule containing 35Kr; 6 — rubber sealing; 7 = plug screw. (b) Pressure vessel for
diffusion kryptonation of melts (cf. ref. 108). 1 = stzel jacket; 2-—mctalplug;3—-nwdlcvalve.

inert gas (krvpton) is introduced at normal temperature and pressure, the vessel i<
closed off from the remainder of the system and the temperature is raised by -il bath,
heating tape or furnace to 300°C. The pressure was controlled and reached 7.100 kp
cm ™2 and kept under these conditions for several hours. At the completion of a2 run
the material is quenched by immersing the pressure vessel in liquid nitrogen. The
relation of the amount of gas collected in a solid to the time under given tcmperature
and pressure is expressed by the following equation® - -

M oc p(Dor)"'? exp (— AH[2RT) : @)

This means that the amount M of the icert gas collected per square centimeter is
directly proportional to the pressure p, proportional to the square root of the time ¢
and exponentially proportional to the temperature 7; 4H signifies the activation
enthalph:- of in=1t gas diffusion and R is the molar cas ccnstant. The experimentally
found penetration depth was in the order of magnitude 10 to 1000 pug cm™2, ie,
107 to 10* nm. It depended exponentizlly on the temperature and is a function of the
square root of the time.

The radioactive nuclide, 8*Kr, is mostly used for the diffusion labelmgtechmaue.
The nuclear characteristics—half-life 10.25 years, 0.672 MeV-g enission (see Table 1)
—are very suitable for the labeling of solids. The diffusion :echnique was used to
introduce *3Kr into more than 250 different solids including metals, inorganic, and
organic compounds, in the form of foils, powders and single crystals. The krypton
atoms diffuse into the solids and remain in general on substitutional positions in the
metal lattice (the diameter of Kr-atom is too large for ordinary interstitial position). -
In some solids, such as those with a graphite strecture, there are regular interstitial
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voids of sufficient dimensions to accumulate inert gas atoms. Materials of this type
(boron nitridc and molecular sieves) give the high&st specific activities (6 x 10® and
7 x 10°s~ ! mg~?, ie., 16 and 200 xCi mg™~ !, respectively) of all materials prepared
by Chleck?. The inert gas atoms can be fixed on various lattwe imperfections including
the grain boundaries.

The diffusion technique is especially suitable for the labeling of organic com-
pounds. It has been pointed cut in the literature that the presence of hydroxyl groups,
which are able to be mutually bounded by a hydrogen bound, is necessary for the
formation of the crystal lattice permitting incorporation of the gas molecule. Krypton
was found bonded considerably weaker in organic compounds than with meials
labeled by diffusion technique?®. It was shown that the presence of inert gas atoms
in the crystal lattice has little or no effect on the chemical properties of the host solid>.

) Additional experimental arrangements for the diffusion technique were pro-
posed. Trofimov!®? prepared xenon labeled p-cresole in a thick-wall glass vessel,
containing the sample in the xenon atmosphere, by cooling it to the temperature of
ligaid nitrogen and by subsequently keeping at room temperature for a week. By
heat’ng to room temperzature the gas pressure in the vessel increased to about 3 x 1(‘)"S
Pa (~- 30 atm.) The clathrate compound of composition [Xe][C,HzO]s was re-
portei*°® to be prepared. i ‘

Tolgyessy et al.!'° proposed a microdiffusion technique for labeling powders
which reduced the losses of residual inert gas after labeling. The labeling was providad
iX u thick-wall~d capillary which is schematically shown in Fig. 14a. After injecting
krypton in the capillary containing the sample the capillary was attached by 2 holder
(see Fig. 14b) to a nitrogen bomb, the pressure of 3 x 10°-107 Pa (i.e. 30~100 atm.)
being subsequently set for the necessary time. Should a higher quantity of the inert

Fg.l4 (a)Fﬂlmgofcupﬂhrmthhmdxoacuvekrypton (cf. ref. 108). 1 —vmlmthmcmry
2 = sample to be labeled in 2 glass capillary; 3 = syringe. (b) Diffusion kryptonation (cf. ref.
llO).l—matnxseahng;Z—_matnx,3—groundpartoft=pinary 4 = rubber sealing; 5 =
saewmtbanopenmg;ﬁ—gaswpillary-7—movabkmmmryplug;8—gaseous“Kr9-—
sampletobelahebﬂ. ) ’



TABLE 8

Sabs:ance N Kryptor Temperatice . . Timeof _ Specific -

pressure (°C) diffusion  _  activity

Pa (h) ) (s-g71)
AglOa 6.7 x 10¢ ol 50 . 28170
K 79 x 105 _ 200 10 1080
NHNO; 8.8 x 105 20 s 1630
TABIE9

ACTIVITY OF KRYPTONATED PELLETS

Sabstcrnce Pellets Surface specific
pressing activity
(Mp amr2) (s Yerm2)
AglOs 09 ‘ 39170
XK 30 650
NHNOs 20 350

gas be incorporated into a solid, a technique proposed by Jesenik et al.*'* can be
used. This technique is based on labeling of powdered material by diffusion or ion
bombardment followed by pressing the labeled powder into a solid of desired size
and shape. The solid will be locally inhomogeneous. This technique was advantageously
used for preparation of labeled solids, as AglO;, KCl, AgNO; used for analytical
purposes. The specific activities of AglO;, KCl, NHNO; (grain size 0.1 mm)
achieved by diffusi~n technique at elevated temperature and Kr-pressure, as well as of
pellets (diameter 10 mm and 1 mm thick) obtained by pressing the labeled samples
are given in Tables 8 and 9.

2.3.4. Direct gas introduction during sample preparation or phase transition

In some types of solids the inert gas can be advantageously incorporated during
the formation of the solid. In the following, examples of processes are given which can
be used for the direct sample labeling if they are carried out in atmosphere of inert gas

(a) crystallization from a melt or solution; -

(b) sublimation of the solid;

(c) evaporation and condensation of a thin film of metals ontoa cold surface,’

(d) polymerization of monomers; -

(¢) tempering of solid in the temperature range wherc phase transmon or
another process tzkes place. -

) The choice of the technique for inert gas introduction depends mamly upon the
character of the solid to be labeled and the aim for which the labeled solid should be
prepared. Incorporation of inert gas atoms during the formatlon of the solid phase
was first used for the preparatxon of the so-called radioactive kryptonats of clathrate
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Fig. 15. Diagram of hydroxyquinoline clathrate.

Fig. 16. Diagram of apparatus for sublimation kryptonation (cf. ref. 7). 1 == Glass appamms 2=
electrical heating; 3 = aluminium block; 4 = transformer.
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type. Chleck et al.' ! prepared #°Kr-labeled hydroxyquinoline by slow crystallization
of hydroxyquinoiine from a melt under a posiiive pressure of krypton gas containing
85Kr. A scheme for the hydroxyquinoline molecule Iabeled with krypton is demon-
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in a trimer of f-hydroxyquinoline [CsH(OH).]; [ **Kr].

Rv crvstallization frnm ‘u\t‘\ a m»‘f anﬂ a solution fl-u» hnmnmnpnﬂc labelin>

of samples can be aocomphshed- The condcnsauon of the solid durmg sublimation
s51(1') into the crystalline lamce of the solid when it forms a clathrate type Iattice.
The simple apparatus used for this Iabeling is schematically shown in Fig. 16.

Tolgyessy and co-workers!!? showed the possibility of preparing krypton
labeled polymers by arranging. polymerization in an atmosphere of-the noble gas.
Monomers such as methylmethacrylaie, vinylbenzene, styrene and acrylonitril were
polymerized in this way. During polymerization under static or dynamic conditions
85Kr was captured by the polymer and was found to be umformly distributed in the
resuiting plastic. .

- Sizmann and Rup'?* suwecded in incorpomting 85Kr into quartz during the -
polymorphic transformation. If quartz is heated in an atmosphere of krypton, during
the phase conversion of § quartz into § cristoballite noble gas atoms enter the crystal
lattice. It is interesting that there is no capture of krypton by the latticc during the
‘phase transitions @ — § quariz and x — J cristobailife. The authors ascribe this fact
to the different character- of the phase transitions. In the last-two-cases, only the
valence-angies change and the bonds are not actually broken. In:the case-of the 8:

quartz to f cristoballitz conversion, a completely cew lattice is formed. . -
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Hidalgc and Sizimann''® accomplished labeling of alumina powder, Al,O;,
by the heating at temperatures higher than 1323 K in a gas atmosphere containing
85Kr. The gas inclusion in this temperature range is explained by : ecrystalllzatxon
closure of pores and sintering.

2.4. The choice of labeling technique

The techniques used by various authors for labelmg of solids with mert gases
were summarized in this chapter. The technique chosen for labeling the studied
substance depends upon the character of the substance and oa the end to be reached
by the inert gas release measurement. Techniques based on the introduction of parent
nuclides of inert gases are usually applied to substances when information on changes
of surface or structure ir: relation 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 pirent of inert gas does not dis-
integrate.

In contrast to thes= techniques, the amount of 2 gas introduced into the sample
without a parent decreases with time. It decreases cor.tinuously 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 cocling the sample to room tempera-
ture.

The labeling of samples by the inert gas without parent is usually applied when
the gas release is to be followed in one heating run only without the necessity to
follow the release behavior during sample cooling. On the other hand, labeling based
on the direct introduction of the inert gas miakes it possible to use a greater variety of
mert gases. The homogeneous labeling by nuclear reactions and the ion bombardment
found an advantageous use in studying the properties of crystal lattice, namely its
defects.

By varying the conditions for labeling (neutron flux, type of nuclear reaction,
or dose and energy in ion bombardment), it is possible to separate different release
processes which otherwise could occur simultanecusly leading to a release behavior
which would be difficult to interpret. By varying the ion dose in the ion bombardment,
the gas concentration can easily be varied without c1anging the purity of the specimen,
thus avoiding the disturbing impurities that are produced during reactor irradiation.
By varying the encrgy of gas ions, the position of the gas (or median range of the gas
ions) with respect to the surface can be chosen, thus enabling a separation of surface
and bulk release processes. Moreover, the effect of radiation damage or Mc
Impurities on release can easily be studied in double bombardments.

The ion bombardment together withk the diffusion technique are used for
producing krypton-labeled- compounds called kryptonates. The latter have found
wide appiication in analytical chemxstry 2s very sensitive ana.lyzexs of gases and
liquids.
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Cthter3

INERT GAS RELEASE FROM SOLIDS CONTAINING CORRESPONDNG
PARENT NUCLIDES

Inett gas release from a solid depends not only on the propert:s of the sohd
but also on the labeling, i.c., whether the inert gas itself or its parert nuclide was
introduce- into the solid, and on their distribution. Therefore, the inert gas rel&se
behavior will be Zescribed separately:

. (1) for solids containing a parent nuclide of the inert gas;

(i) for solids containing the inert gas without parent nuclide.

In this chapter, these cases of inert gas release are treated where they are parent
nuclides of inert gas atoms introduced in the solid. The cases discussed below deal
with the samples of various grain shapes labeled by incorporation, impregnation and
reccil techniques (for the description of labeling techniques see Chapter 2). In all
cases, parent nuclides which are in the solid give rise to inert gas atoms.

3.1. Processes of inert gas release

Generally, there are two processes which contribute to the release of i inert gas
from the solid containing corresponding parent nuclide:

1. The recoi! of freshly generated inert gas atoms. If the pares: atom lies close
to the surface of the grain the recoil energy of the order 100 keV which the inert gas
atom gains during the decay of the parent may be sufficient to ejcct 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
grain of solid 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.

I-'ig.17.Theteooﬂanddiﬁnﬁmprocsisofinatysrd&se&omasphu;algmiﬁff}: o
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The theories of both recoil and diffusion processes svere first developed by
Fliigge and Zimens33%. The authors assumed an assembly of uniform (spherical)
particles within-which the distribution of the inert gas parent (Ra-atoms) is uniform
and constant. The recoii release of the inert gas from solids of various grain shapes
with a non-uniform distribution of the parent nuclide was recently treated by Bussiére
et al.'1®_ Kapustin and Zaborenko®!7 proposed solutions for inert gas release from
solids with umiform, linear or exponential distributions of the .nert gas. Cases are
treated for both time-independent (stationary) and time-dependent concentration
profiles.

The formal treatment assumes that there is a continuous source of inert gas
atoms provided that radioactive equilibrium is mainizined; this :reans that the rate
of inert gas formation by decay of parent is equal to the suic oi _he rate of its demy
and the raie of its escape from the grain.

Experimental measurements give the total emanating power E defined by Hahn'¢
as

E = Nrcllﬂform (8)

where N, denotes the number of emanation atoms released from the solid in unit
time, Ny, denotes the number of emanation atoms formed within the solid in unit
time. The total emanating power may be represented as the sum of two terms

E=EK+E ©)

where E;, the recoil fraction, represents the fraction (N, )g/Nrom Of 2ll emanation
atoms for which the rezoil tracks end outside the solid, and E,,, the diffusion fraction,
represents the fraction (N, ¢)p/Nrom €5c2ping by diffusion during the lifetime of the
emanation atom.

3.2. Recoil emanating power Eg

3.2.1. The spherical grain -

(G) Uniform distribution o the inert gas parent. Fligge and Zimens>® evaluated
E;. for a single spherical grain -. the basis of the following model (see Fig. 183). The
parent nuclides of emanation (Ra-atoms) are uniformly distributed within the grain.
A recoil atom (Rn) can escape from the surface of z grain only if its parent lies within
the recoil range R of the surface. Of these, only a fraction escapes by recoil. Only
balf of those found at the surface cscape and none formed at the distance R from the
surface. The probability of inert gas esc=pe by recoil from the position in depth r
from the surface q(r) is given by the ratio of the surface of the spherical segment witha
radius R which protrudes outside the original spherical grain to the total surface cf
the sphere with the radius R (see Fig. 18a).

o) = 22R(R— O2xR* = R— /R forE<R. - .. .- -(Q0)
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Q b .
Fig. 18. Model of emanation release by recoil from a spherical grain. (2) Case of uniform distribution

ofinu'tgasparem(n‘Ra).(b)‘Cascofnon—mifomdBﬁ:bmionofMgaspamt(%bdng
situated on the grain surface). . }

The total quantity of the emanation escaping by recoil through the surface of the
grain with radius r, in unit time is given by the following relationship -

- ,
(N, Dg = CA4n f q(r) rdr © D

where C is the concentration of the parent, supposed to be constant in time and
volume, A is the decay constant of the parent (Ra atoms), and product CA is the
number of emanation atoms formed in unit volume per time unit. :

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

(N..)p = CAz (RFZ — R*[12) , 12)
The quantity of the emanation atoms formed in the paiticle in urit time equals to
Nyow = 4nr3 CAJ3 , ‘ (13)

For the emanating power due to recoil E; of single particles the following expression
was obtained: ’

By = (Noda/Nroom = 3RlAro — R[1673 a9

Expression (14) is valid for ro > R/2. Forrq < Rf2, Eg = (N.def/Nreem —* 1. i.e.,
every just formed emanation atom escapes by recoil. Since for most usual solids rg is
of the order ~ 0.0l ;m, this relationship can be used for particles of diameters equal
or greater than this value of 0.01 pm. For larger particles (ro ~ 1 gm) the second term
becomes negligible and we can write

By = 3R/4r, L S (>

" (6) Non-uniform distribution of the.inert gas parent. Quet et al. 118 considered a:
simple spherical grain of solid labeled by ??**Th using the impregnation technique.
This-means that :>?*Th atoms are situated:on -the surface- of grain with: radius r,.
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(see Fig. 18b). Recoiled atoms of radium 22*Ra are generated by the decay of 2**Th
and stopped at the distance R’-from the surface of the grain. The probability dP to
find the recoiled Ra-atom within r + dr from the surface {r <R’) can be expressed by

dP = (r|2R't,)dr o ‘ (16)

From eqn (16), it foilows that dP = 0 for R' < r < rq- This means that the core with
radius (ro — R’) in he middie of the grain contains no radon atoms.

Having cstirnated the probable density of radium atoms within the grain, it is
possible to evaluate the recoil emanating power, Ey. This model is described in Fig.
18b. Using eqns (14)-(18) we can write:

- |
Ee = [ atXapianar » an

where g is the probability of incrt gas cscape owing to Ra-recoil (See eqn (10)). For
the case when the radius of grain is much larger than the recoil ranges R’ and R of
radium and radon ztoms, respectively (recoil ranges R and R’ are in the order of
tens pm) the expression for E; was evaluated and is given in a simplified form as
eqn (18):

Eg = 12— R'/AR + (5R° + 3R?})[12r, R (18)

forro > R, R
The expression for E; corresponding to u.=case of ro < R < 2 ry is given in
ref. 118.

3.2.2. The cubic grain, slab and cylindrical sample -
(@) Uniform distribution of the inert gas parent. For 2 small cube having the
side of a > 2R, Kurbatov!!? derived the relationship

E, = 1.5(a — 2R)*>Rfa® + 5.364(a — 2R)R*/a*® + 4.776 R3[a® T 19)
For large cubes (@ > R), eqn (19) is reduced to ’
Ex = 3Rj2a (20)

For slabs of thickness e, the following values of E; were csmnated' 16

Eg =05 fore = R -

g1 fore € R - .
For a cylinder of radius r, and of height A, Kapustm and Zaborenko'*”

derived: B} .

Es = (/D(Rfro + RIh — 2R*bro + R¥brd) - @

For a cylindrical sample of comparable dirensions, h = 2r,, the emanatxon
m!mscsfuﬁyducmrwoﬂ(e.,ﬁ—lbecomswhcnR[ro>l.56) e

- (b) Non-uniform distribution of the inert gas parent. For slabs of a thickness
smaller than other dimensions and larger than R’ + R, the following formulae were
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derived. The probable density of radium atoms equals dP = 1 /ZR ‘which has the same
value as that obtained from eqn (16) for a sphcncal gram “with | ro > R’ )
- The expression for- Eg - }

E.=()—R[R S - @

is the limit form of cxprmxon \18) and is valxd for sphenczl grams of the radius very
large in comparison to R’, and R. :

3.23. Recoil emanatmg power and suiface area

(@) Uniform distribution of the inert gas parent. For the relatxvely large single
grains of any shape (of dimensions comparable to 1 ym) the recoil emanating power
can be expressed using specific surface area S,, = S5/M and density p. The following
expression results from eqn (15):. _ :

E, = (Rp S.)/4 ' ) ’ (23)

Thus, there exists a direct proportionality between ER and surface area S,,.

(b) Non-uniform: distribution of the inert gas parent. For single crystal grains
large enough in comparison to the recoil ranges of the inert gas and its parent atoms,
a single relationship was found between E; and S;,. For example, for spherical grains,
the fellowing expression results from eqn. (18):

Ep = (1/2) —(R’'/AR) + (5R’? + 3R%)p S,,/36R @

In this case, 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.

3.2.4. Estimation of recoil range R. - -

For tke practical use of emanating power expressions, it is necessary to estimate
the penetration range of recoil atoms, called recoil range R. Various ways were
described to calculate the recoil range.

A rather approximative way proposed by Fligge and Zimens>® (1939) consists
in applying the semi-empirical expression: - - ) )

R'= (Clp) (A1) ’ , S @5
where C is a proportionality constant that increases with the energy of recoxled atoms,
p is the density of tie solid, 4 is the atomic weight, and s is the atomic stopping power
of the solid reiated to the atomic stopping power of air. The constant C was evaluated
from the emaration power due to recoil measured glass rods®2. The.recoil ranges
obtained by means of eqn (25) led to values of C = 57. x 1072 and 74 x. 1072 for
?22Rn and *?°Ru, respectively. The Fitigge-Zimens recoil range egn (25) has beea
subjected to various objections on both expenmental and theoretical grounds!2!,

* ; More recently; Bobr®#:(1948)° ‘proposed-the rangc—-energy rc!at:on -in terms of
modem theormofstoppmgofatomxcpamds I .
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R=m. /(=N -K 2P Z) o . (26)
where R is the recoil range, ¢, the recoil energy, m, is the electron mass, N is the
number of atoms of stopping material/cm?, % is Planck constant equalling 1.0545 x
1023 ¥s™!, Z, and Z, are the charges of the nuclei of the recoil atom and the struck
atom, respectively. The recoil energy, £z, is calculated from alpha-particle decay
energy &, using the relation, &g = 4. £,/M, where M is the mass of the recoil atom.
The calculation of straggling or mean square deviation from the mean range Ris
given in ref. 84.

Recoil ranges in solids Iabeled by impregnation or recoil techmques can be
estimated by the expressions and experimental methods developed for determining
the penetration range of atoms in ion-bombardment labeling (see paragraph 2.3.2.3)).
To assist the reader in visualizing the recoil ranges of radium and radon atOﬂlS, some
values obtained by different authors*?- ! 12 are quoted below:

Recoil ranges of 22°Rn in MgO: R =417nm

in Si05: R = 654 nm

in Ba-stearate: R = 94 nm

in air: R =83 x 10* om
Recoil ranges of 2**Ra in MgO: R = 39.5nm

in SiO,: R = 61.0 nm

3.3. Diffusion emanating power Ep
Two shapes of grains considered in the literature are: (i) sphere, and (ii) cylinder.

3.3.1. The spherical grain
The quantity of emanating atoms released by dlﬁ'usmn from a sphenwl grain
is given by: -

(Noedo = — D 4nrg (3cfor), -, » o @n

where D is the diffusion ccefficient of inert gas in the sample, c is the concentration of
the inert gas atoms in the volume unit, and (G¢/2r), -, is the concentration gradient
of the inert gas at the surface of the grain. The diffusion fraction of emanating power,
E;, can be evaluated using Fick’s Ist law as the ratio

Ep = (Vo)suNeeem = — (3DICAry) Gcfor),=ry, . . @B

For the evaluation of the concentration function (7, 1) the following differential
equation based on Fick’s 2nd law, considering the recoil effect, tbc forma.txon and
decay of emanation was used: ) =

oc/ét = DVC + AC—je—ACQ®) - . )

where V2 is the Laplace operator, D is the diffusion coefficient of cma.nat:on, DV’C
denotes the amount of emanation atoms which diffuse through unit volume, AC
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denotes the amount of emanation atoms formed in unit time, 2< denotes the amount
of emanation atoms decaying in unit time, and AC g(r).denotes the amount of
emanation lost by the recoil. If the grain is homogeneous and isotropic, g(r) depends
only on r and can be obtained from geometrical considerations as follows:

0 » forr<rs, — R L )
a() = SRR )
[2Rr — (r2 — R + r*1/2Rr forr—R<r<r, :

For the solution of the concentration function c(r, 7), Fliigge and Zimens?>3
assumed the limit conditions of the radioactive equilibrium: ¢, éc/Gt are constant and
time-independent, co(r) = ¢¢ = const (a uniform distribution of inert gas within the
whole grain), concentration of the gas on the surface being zero ¢(r,) = 0.

Finally, the emanating power due to diffusion was evaluated in terms of two
dimensionless parameters x and y:

Ep = GR25){1/x — ([sinh (1 — )]fx sinh 3) — 1} +

+ G —x/2— Ixp?) cthy + [cosh (1 — x)]/xp? sinh y} 31

where x = Rfro, y = ro(Z/D)"/2. Parameter x (the -atio of recoil depth R to particle
radius ro) denotes the thickness of the surface layer relevant to the recoil fraction of
the emanating power. Parameter y is the ratio of particle radius r, to the characteristic
“diffusion path™, (Df2)'/?, which passes in average an inert gas atom by diffusion
during its lifetime. Equation (31) can be simplified for large particles, where r, > R,
x <€ 1 as Ep = (3/y)cth y — 1/y), and for samples with a relatively small D, y > 1,
we can finally make the simplification:

Ep =3[y = @fro)(D[H'?* = (D[ p S, s - 32)

Equation (32) gives a good approximation for large single particles in which
the inert gas diffusion coefficient D is small (E, < 0.3). For higher emanating powers
the expression becomes more involved. However, Fliigge and Zimens>®-have con-
veniently tabulated the relationship between y and Ej for the full range of values.

Kapustin and Zaborenko!!7 evaluated the Ej-function assuming various limit
conditions: various concentration profiles (i) homogeneous, (ii) linear, (iii) expo-
nential, the gas concentration on the surface of the grain being different form zero
(.e., c(ro) = ¢, # 0), and considering the cases of (a) time-independen (stationaiy)
and (b) time-dependent concentration profiles.

We will summarize kere the formulas proposed.

(a) T'me-mdependent concentratxon profiles and hmxt condmons c(O) < o0,
(ro) = ¢, # 0. ’ -

Ep = (G2y*){l/x—1 +a+ cth)' [ —a)—(llxy)—(xyﬂ)] -

—([shy(1 —x)l/xshy) - [¢hy( —x)Yxy shy} : < (33)
where x = Rfro,y = ro{AID)"/*,a =2 Ae,fjAC-_ - - - - .- (9



stng the work and method of Fliigge and Zx.mcns” the followme approxx-
mative soliations were obtained, -
(1) for small grains, with R = 2ro(x—2)

Ep = 3a (1 —ycth y)/2y* - (39
(2) for large grains, where recoil path R € ro (x <€ 1)

Ep =3 Q2 —a) [cthy —(1/»))2y (36)

and for y > 1, cth y ~ 1 we obtain for Fp,

Ep=3Q2—a)f2y 6D

(b) Time-dependent concentration profiles and limit conditions (0, ) < O,
ro, 1) = c,, c{r, 0) = co(r)- The initial gas concentration in grains of various con-
centration profiles depends on the radius r, only. The formulas for E, given below
were evaluated with the assumption of R € ro, X < 1, using dimensionless para-
meters X, y, a (the same as in eqn (34)), and b = ¢y2/AC. The following cases of
concentration profiles are treated:

(i) homogeneous distribution co(r) = co = const

Ep, = [32 — )f2y1 + (61 3 exp — [*nly®) + 11t x

=1

{b — 1+ [(1 — a)2°n’[2(y* + °n*)]} (38)
(i1) linear distribution co(r) = (cofro)r )

Ep, = 32 — a)f25] + 61y 3, exp — [@n?ly>) + 1122 x
{b — 1+ [(1 — a)=*n*[2(y* + n°n")] + 2b(1 — cos mz)/;zzni} (39
(iif) exponential distribution co(r) = ¢4 exp rjrq

o, = [32 — a)f2y] + (6/y®) :Zlcxp — [@*r?ly?) + 1] At x

{b - 1 + [(A — @) Z2n?2(y* + 72n*)} — (brn[(1 + 7n?) x

exp — [[(1 — ) + P*n™)] — [A— DYQL + 2n)] + (1 + 2*n=n]}  €10)
The first three terms of eqn (40) are sufficient for practical applfmtions.
3.3.2. The cylindrical sample \

The formulas for the emanating power due to diffusion ED for the case of a
cylindrical sample (a pellet) of comparable radius 7 to the height & were deiived under
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sxma!atcons:dcrahonsasmthccaseofasphemnlgr:«unbyKapustmandZaborenkouz
For E;, of a cylindrical sample, we can . write

Ey=—[2D (o + Wi hdCY@cfor)y=ry @D

(a) For the time-independent concentration proﬁle assuming hmxt condmons
c(O) < o, efro) = 0, rather involved formulas for E;, are arrived at!%2. However,
after simplification for large grains (i.e., y(l —x)>» land y > l) the following
relationship is obtained

Ep=(1 +2Myz ' ‘ ] D G2

where y = ro(A/D)Y2, z = hlro. _

(b) For the time-dependent concentration profiles (homogeneous, linear and
exponential), the resulting expressions of E;, are rather complex as can be seen from
ref. 122. As with the spherical grains, the authors analyzed the cases of R < To»

yl—x)y> landy > 1.

3.4. Total emanating power

The expression for-the total emanating power, E, is obtained by the addition
of the two terms for E; and E;,, which are given above for various sar-ple 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 itotal emanating power for two cases of sample shape, supposing
a homogeneous distribution, under limit conditions ¢(r,) = O are given below (using
the dimensionless parameters x = Rirg, ¥y = ro(A/D)Y2, z = hfry). _

(®) The case of spherical particles®® with a dlamctcr of 1 pm for Eg <0.3
(x<Dand Eb <03(y>1) -

E=E + Ep=3x/4 + 3y = [RI4 + (/)] p S, (@3

(for the description of D, p, S,, see eqn (32)).
(ii) The case of cyhndnml s:implt:122 of oomparable dxmensxons

E=FE+ B = [+ DEGR + 1) L . @

3.5. Ap;parent Mg powa' c:nd its 1bne—depe:xdax;:e

BTN

The above exprmons for emanatmg power, F, were denved assummg a
radloactlve equilibrium between the parent nuclide and the inert-gas, i.e., a constant
‘concentration of the inert gas atoms in the solid. However, in the time interval before
the radicactive equilibrium is established, the value E of emanation power is time-

' dcpcndent and the. term- of “apparent- 'emanating power’” :should be. ~used: The
following cops;dcrahons can be made in this respect: All-the gas atomsthat escape
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from grains by recoil do so immediately after being generated. Therefore, the rate
of escapé by recoil does not depend on the concentration of inert gas atoms in the
grain or on the time interval between the sample labeling and the ETA measurement.
On the other hand, the rate of escape by diffusion does depend on the concentration
of inert gas atoms in the zrain and, therefore, on the age of the labeled sample, until
the radioactive equilibrium is reached. The apparent emanating power “E,” of a
freshly Jabeled sample from which inert gas atoms escape only by recoil should
therefore be equal to E;. The value of “E™ increases in time, until it reaches its satura-
tion value, when the equilibrium is established. The following expression for apparent
emanating power “E,;” was proposed>2:

“E;" = Eg + Epfl — Jtf(exp (— 71) — 1)] @3)

where “E,” is the apparent emanating power at time ¢ elapsed since the sample
labeling, Z is the decay constant of the inert gas. As follows from eqn (45), the
equilibnum is supposed to be established in the time comparable to 1/, i.e., to the
half-life of the iner: gas 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
release rate on heating of the sample. Assuming that the release rate of inert gas 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{l + [(E2— E)(1 — E)][exp [— 24/(1 — Ex)]1} “0)

where “E,” is the apparent emanating power at time ¢ passed after the change, E,
is the emanating power before the change, E, is the emanating power after the change
and 4 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 released
in the time 1/Z, i.e., with the inert gas half-life.

3.6. Emanating power of a fineiy dispersed solid

The above expressions for emanating power were evaluated under consideration
of large single particles ~ 1 pm in which the diffusion coefficient is small. The ex-
pressions remain unchanged also for the case of a powder when spacing of grains is
larger than the recoil range. To consider the grains of a powder in air as isolated, the
grain size of some tens of micrometers is required. For a powder with smaller grains
than the size mentioned, the recoil path can affect several grains and the evnressions
developed above for single grains are no longer applicable. For the case when the
distance between -individual grairs or pore volume is smaller, Zimens® considered
the fcllowing model: When a recoiling inert gas atom passes across a pore and strikes
a second grain before being slowed down to thermal energies (~ 0.1 ¢V),-it will
penetrate the second grain. If it is_to contribute to the emanating power. of the
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sample, it must diffuse out of the second grain into the pore and into the free gas space
above the sample. Zimens! calls these inest gas atoms, that penetrate 2 second grain,
indirect recoil atoms, and those that are stopped in the pores, direct recoil atoms. The
symbol, E;;, is used to represent the fraction of inert gas atoms that escape from a
solid sample by indirect recoil, and Eg 4 is used to represent the fraction of those that
escape by the direct recoil. For an aggregate of grains, E; in eqns (14), (18), (21) and
(22) is given by the sum of both terms E;; and £,

Ey = Epg + Eg; A (4:7)

Fligge and Zimens>2 calculated that for a dry powder Ez; cannot be greater
than 0.1. Qualitatively, their arguments are that for small grains (~ 1 um) from which
a large fraction of the inert gas atoms may recoil, the air gap between the grains is
much less than the recoil range in air (~ 100 gm). Consequently, only a smail fraction
of the recoil atoms are slowed to thermal energies in the air-filled pores. For large
grains (~ 1 pm), even though the air gap is sufficiently large to stop a large fraction
of the recoiled atoms, the specific surface is so small that E;, is also less than 0.1.
In the finely dispersed solid consisting of grain aggregates, E; is usually found 1arger
than 0.I. The larger part of E; is then composed of indirect recoil atoms, Eg;.

To understand the relatively higher value of Ey; in comparison to Egg, it is
necessary 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 um, and the path of the atom recoiling from the surface of one grain into a
second grain was estimated to be 0.1 gm. Moreover, in the surface layers of the fine
grains where the indirect recoil atoms of emanation are trapped, a relatively high
degree of lattice disorder exists, depending on the conditions of the preparation of the
sample.

It is obvious that inert gas atoms may diffuse through the region of the damaged
Iattice more rapidly (D value is higher) than through the undamaged regions of Iattice.

This model was successfully proven in practice and can be used for the explana-
tion of the relatively high value of emanating power at room temperature of ﬁﬁely
dispersed oxides, as MnQO,, NiO, Al,O;, metal hydroxides etc.116.

For the fraction of indirect recoil atoms that escape by diffusion through the
described lattice, the damage apparently differs from one solid to another and
depends on the structural properties of the solid concerned. Gotte!23 obtained
evidence for the indirect recoil effect and the evidence indicating that the release rate
of inert gas atoms from damaged grains is largely dependent on the composition

“(mainly structure) of the solid. When a zinc hydroxide preparation, with an emanating
power for 22°Rn of 0.22, was mixed with inactive iron(ITI) bydroxide, the emanating
power increased .to 0.60; when mixed with iron(III) oxide, the emanating power
decreased to 0.11. Therefore, it is possible to conclude that the release of indirect
recoil atoms from iron(III) hydroxide is ecasier than from iron(III) oxide.
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3.7. Temperature-dependence of emanating power

3.7.1. Direct recoil emanating power Eg4

The emanating power due to direct recoil, Egy4, is temperature-independent
since the thermal energy (~ 0.1 eV) is insignificant compared with recoil energies
(~ 100,000 eV for recoil atoms resulting from alpha decay). However, diffusion
processes are dependent on temperaturc. We can say that, if the emanating power is
experimentally found to be temperature-independent over a reasonable temperature
range, the diffusion process must be absent (£, = 0) or its contribution to the
release is 1009 (Ep = 1). For low temperature-independent emanating powers, Ep
must be close to zero.

3.7.2. Indirect recoil emanating power Eg;

From the preceding paragraph 3.6., it follows that the emanating power due to
indirect recoil E;; is temperature-dependent. The release of the indirect recoil inert
gas atoms can be controlled cither by diffusion in pores of about 0.1 ym diameter (in
larger pores the diffusion coeficient D and the diffusion path at room temperature
are great enough) or by diffusion in the regions of the damaged lattice.

For the first case we can suppose that

Do T2 orlogD = 1]2logT + k (48)
For the second case D varies with temperature as
D o exp(— AH'/RT)orlog D = — SH'[|RT + const (49)

4 H' being the activation enthalpy of damage diffusion and T the absolute temperature.
The amcunt of emanation atoms which escape from the damaged regions of the solid
during their lifetime is proportional to the diffusion path, (Df7)'/2.

3.7 3. Diffusion emanating power Ep, /
The emanating power due to diffusion, E;, depends on temperature since D
varies with temperature as

D = Dy ~exp(— AH[RT) (50)

Then v;fe can wnte for spherical grains of the solid in temperature equilibrium:
Ep = 3fy = 3[ro (Do/)'!? exp (— 4H[2RT) =

= (Do/2)"/*(SjM)p exp (— AH[2RT) , &)

wheve AH denotes the activation enthalpy for diffusion of inert gas atoms in the solid,
R the gas constant, and T the absolute temperature. Experimental data complying
with eqn (51) are usually obtained only with samples annealed at a temperature
somewhat above the temperatc e range within which theemanating power is measured.
This annealing prevents the occurrence of water desorption, chemical reaction,
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Fig. 19. Temperature-dependence of emanating power. (a) relationship E versus 7. (b) rda.tionshib
fog Ep versus 1/7.

recrystallization, sintering or other structural changes which might occur in the solid
within the temperature range considered.

Aluminum oxide, Al,O,, homogeneously labeled by 223Th and ann&led at
1350°C (1623 K), which is usually taken as the reference material for DTA, is used
as an example® for diffusion emanating power, %, related to temzperature within the
range, 20-1250°C (293-1523 K) (see Fig. 19). In the absence of any chemical or
structural changes the Ep~T curve has an exponential form as shown in Fig. 19a.
Figure 19b shows the relationship, log E,, versus 1/T. Values of E,, were obtained
from the total measured emanating power reduced by E;, the latter being the value
of E at room temperature. The emanation release due to diffusion in the annealed
Al,0; sample is determined by transport processes taking place in the imperfect
crystal lattice during heating. On the curve plotied with a semilogarithmic scale
(Fig. 19b), usually two or more linear sections may be distinguished corresponding
to various transport mecnanisms. In the low temperature section, the diffusion
mechanism controlled by the presence of frozen-in defects is supposed. The high
temperature section is believed to correspond to the equilibrium state of the lattice
defects. The mechanism of volume diffusion is considered in this temperature region?.

From the slopes 3 log E,,/6T of the linear sections, values for the activation
enthalpy, 4H of diffusion of emanation in the respective temperature region, can be
evaluated using the following formula:

AH = 38.38 [log E; — log E,Y[(1/T2) — (1/T})] in kJ mol~ 1 152)

The intersection temperatare z of the two temperature regions is termed the
Tammann temperature'??, which can be interpreted in the following way: By
annealing of the Al,O; sampie to 1350°C (1623 K), a thermal equilibrium of lattice
defects has been established. During sample cooling, the established equilibrium is
frozen at a definite temperature, 7. As shown by Tammann'?#, this temperature is
related to the absolute melting point of the solid and has been reported for ionic
salts and oxides to be about one half and for metals as about one third of the absolute
melting point. The frozen hxgh-temperature equilibrium can be considered to be the
controlling factor of the diffusion emanation release during the re-heating of the
annealed sample to tcmperamrcs, T < 1. At tcmpcramm T = =, the emanation
release is controlled by the high-temperature equilibrium of the Iattice defects.
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The evsluation of the diffusion coefficient, D, in relation to T within the
respective temperature ranges can be accomplished from the experimentally obtained
Ey values 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. Factors influencing the emanating power of solids

3.8.1. Porosity

In common powdered samples, the inert gas atoms, that reach gas-filled pores
with thermazl energy, rapidly diffuse into the free gas space above the samples unless
they are adsorbed on the surfaces of the grains. This conclusion can be reached from
a consideration of pore lengths 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 palmitaie sample emanates 22°Rn with an efficiency of
999%*. Therefore, only 1% of the 22°Rn atoms (half-life 55.6 s) decay during the time
required for their diffusion from the solid grains and from the gas-filled pores.

From studies with barium carbonate®: *® and iron(II) oxide!?3, it appears
that compression of a powder has little effect on its emanating power until the
volume of the pores becomes less than the volume of the grains (r ~ 107! pm). The
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Fig. 20. Effect of dchydration on the emanating and adscrbing powers of chabazite for radon at
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decrease in emanating power, when the volume of the pores becomies less than the
volume of the grains, may be due te 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 Miiller** 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 ?2?Rn decreased (see Fiz. 20).
When he exposed a similar but not labeled sample of chabazte 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 pavers: e.g., on SiO,'2% '27 charcoal'?%- 129,
F8203l3°_l32, Fe(omJlSZ. 133’ ZnslS-‘o, Cr(OH)3133 and Zr02132. It can be
summarized that the adsorption of inert gases is particularly remarkable with samples
of large surface area and from about 208 K (— 65°C), the boiling point of radon,
up to temperatures somewhat above laboratory temperature.

3.8.3. Adsorption of liguids

The presence of a liquid, such as water, in the pores of a powder will hinder the
escape of the inert gas. The short-lived inert gases (2!?Rn and 22°Rn) do not escape
quantitatively from liquid-filled pores. The effects of adsorption of inert gases and
liquids on the surface of studied samples are to be taken into account by the quan-
titative interpretation of the emanating power data.

3.8.4. Grain size (surface area)

It follows from eqn (43) that ER and E, both depend on the grain size, 1/rq
(surface area S/M = S,;). The diffusion fraction Ep, is moreover directly proportional
to D'2_ It holds therefore that -

Ecc (l/ro)D”Z = (ifro) exp (— AH[2RT) o (53

Using thxs equation the importance of grain size (surface am) in relatioa to the
esmanation power E will be estimated below. By plotting E against T for a given grain
radius rg, 2 given activation enthalpy 4H of diffusion, four theoretical curves are
obtained (Fig. 21). It can be seen from Fig. 21 that the change of the grain radivs
causes an considerable change in the £-T cuive. If, for example, a recrystallization
taksp!aoea.t 1200Kmthesamplc curve 1 chang@stocurvez.

3.8.5. Texture and structure N

The emanating power is largely dependent on the texture and structure of the
solxd. At room temperature the majority of inorganic salts; glasses and ignited metal
oxides are poor emanators (E = 0.01), whereas metal hydroxides, some organic and
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Fig. 21. Emanating power as dependent on grain radius and activation enthalpy of ==Ran diffusion.
(Dro=1pum, AH = 628 kI mol~}; (2) ro = 2 pm, 4H = 62.8 kJ mol~%; (3) ro = 20 pm, 4H =
28 kImol ;@ ro =1 pugm, AH = 125.6 kI mot—L.

Fig. 22. ETA heating curves of iron (IIT) oxide samples differing in texture: samples were prepared
by heating of iron(-TLII) carbonate in air to 760 (1), 900 (2) and 1100°C (3). Heating rate 5°C min—1.

high-molecular substances were found good emanators. In a2 homologous series of
organic saits the emanating power appears to increase with increasing chain length!33,
The differences in emanating power of finely dispersed samples at room temperature
seem to be due to the indirect recoil escape, E;;, of the inert gas and to its diffusion
in pores. Due to its texture, the emzanating power of any material strongly depends
on the way of preparation.

For illustration, three specimens of iron(III) oxide!3¢ will be described, which
were prepared by the heating of iron(Il, III) carbonate in air to 973 K (700°C) —
sample 1, 1173 K (900°C) — sample 2, and 1373.K (1100°C) — sample 3, and sub-
sequently quenched. The ETA heating curves of iron(III) oxide samples differing in
texture are demonstrated in Fig. 22. Differencss in emanating power measured at
room temperature are caused ! 3¢ by different surface areas (53, 1.8 and 1.0 m?g—! for
samples 1, 2 and 3, respectively), and by porosity. The ETA heating curves of the three
samples show the differences in their textures: emanating power measured in the
temperature range between 293 and 1073 K (20 and 800°C) were caused mainly by
diffusion in pores and in surface regions of the lattice, differ, in agreement with
eqns (48) and (49).. The ETA curve of sample 1 indicates a recxystalhzauan which
takes place during heating of the sample at 1103 K (830°C). T Lt B



53

Diffasion propertics of solids are believed to depend on the structure of the
crystal lattice, its density and perfectness. For example, the CsCl-lattice is considered
more dense than -the NaCl-lattice; the rutile lattice more dense than the anatas-
fattice, etc.1%_ - :

The |mportanoc of the value of the 4H of the activation enthalpy of inert gas
diffusion on the shape of the £-T curve is shown in Fig. 21. Curves 1 and 4 in Fig. 21
show the release behavior of emanation at assumed AH values of 62.8 and 125.6 k¥
mol ™! (I5 and 30 kcal mol™ 1), respectively, for the-same grain size (1 lxm) of the
sample.

3.8.6. Structural and chemical changes

At the beginning of this chapter, it was stated that any changes in structure such
as phase transition andfor chemical changes strongly influence the inert gas release
from solids. Changes of structure, the appearance of 2 new condensed phase including
a liquid one, are usually accompanied by the change of conditions for the diffusion of
inert gas in the lattice of the solid. Chemical reactions in the solid state, such as
decompositions, gas—solid reactions, solid—solid reactions, etc., are usually also
accompanied by the changing conditions of diffusion for inert gas atoms.

The gas—solid reaction between NiO and H, was chosen to demonstrate the
shape of the ETA curve (see Fig. 23) measured Jduring the heating of NiO in a stream
of hydrogen®>7. The rate of water formation simultaneously measured during the
reaction is also shown in the Fig. 23.

Changing diffusion conditions of solids during structural and chemical trans-
formations can exhibit sudden changes in the emanating pcwer. In cases of rapidly
increasing emanating power the above-described model of emanation release, derived
under assumption of radioactive equilibrium, cannot be used. The destruction of
radioactive equilibrium by a sudden increase in the emanating power of a solid will
result in an even larger 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 immediately during the change, may be as high as 2.0.
This phenomenon, called the “peak effect™, is the resuit of the finite lifetime of-radio-
active inert gas atoms. Some of the inert gas atoms formed before the sudden change,
and would have decayed in the solid if no change had occurred, now mpe from the
solid and contribute to the apparent emanating power.

From eqn (46) it follows that, the radioactive equilibrium after the structural
and/or chemical changes of solids is re-established in the time comparable to the
inert gas half-life. Using ?2°Rn, this period corresponds to about 60 seconds. Tkere-
fore, about 60 seconds after the end of structural or chemical change the above
described model and derived expressions are again applicable.

3.8.7. Mechanical treatment
The effect of milling on the emanation release from zinc oxide is shown by the
example in Fig. 24. The ZnO sample was prepared!3® by thermal decompositicn of
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Fig. 24. Effect cf millng on the emanation release from ZnO during heating in air (cf. ref. 138).
Curve 1, sample milled; curve 2, second beating run.
Fig. 25. Influence of radiation effects induced by ion bombardment »n emanating power of iron(Iil)
oxiGe during heating (cf. ref. 143). Curve 1 and 2 correspond to the first and second heating runs,
respectively.
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zinc hydroxide homogeneously labeled with ?28Th and milled before the ETA
measurement. The emanation heating curve is rep:esented by curve I in Fig. 24. The
effect on curve 1 in the temperature range 333-703 K (66-430°C) corresponds to 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).

3.8.8. Radiation damage

A sample of ferric oxide?? homogmously labeled with 225Th was submitted
before ETA-measurement to ion bombardment with Kr-ions (energy of 2 keV reached
in TESLA transformer). The radiation effects of the ion bombardment on the emana-
tion release are demonstrated in Fig. 25, carve 1; curve 2 corresponds to the repeated
heating run. The collisions of the heavy krypton ions cause displacements in the
surface layers of the sample which could lead to a gross damage of the lattice, such
as amorphization. Fig. 26 shows the schematic drawing of lattice disorder prodnced
by ion bombardment at high and low dosec. By heating the bombarded sample the
radiation effects are accompanied by the release of emanation. As is seer in Fig 25,
curve 1, two effects on the emanating curve of Fe,O; are observed. First, in the
temperature range 393-553 K (120-280°C), believed as corresponding to the release
of emanation atoms located at positions, where the diffusion path was shortened by

o7 a8 05 - 10 11 HTx100 K
1100 XG0 900 8to 20 mg{OC‘?

Fzg.ﬁ ETA curves of iron{lll) oxide prepared by heating various iron salts to 1100°C: iron{11L1IT)
carbonate (curve 1); iron(II) sulphute (cuxve 2); Mohr’s salt (curve 3); and ferrous(IT) oxalaxc (curve
a(a)bd@mdmeofEms\BT-(b)asdepmdcmeoﬂogEnmsusl[I_ ]
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the bombardment. Second, in the temperature range 673—873 K (400-600°C), believed
to be caused by annealing, of a gross disorder in the lattice of x-Fe,0;. Jech and
Kelly*3? ascribed this effect to the annealing of bombardment-induced amorphousness.

38.9. Nan—eqml:bnum defects

In addition to the above-r. >ntioned factors, there exists a number of factors
influencing the mobility of inert gas atoms in solids, e.g., non-equilibrium defects,
presence of impurities and non-stoichiometry. The concentration of non-equilibrium
defects is usually reflected on the emanation relezse curve in the temperature range of
“frozen-in"" defect equilibrium, i.c., below the so-called Tammann temperature.

Figure 27a, b, shows ETA curves of iron(III) oxide samples prepared by the
heating of various iron salts (Mohr’s salt, iron(Il) sulphate, iron(Il) oxalate and
iron(I1, III) carbonate) to 1373 K (1100°C). Values of activation enthalpies for the
diffusion of emanation'?® 4H = 46.06; 79.6; 117.2; 125.6 kJ mol™*, respectively,
were determined in the temperature range between 873 and 1125 K (600 and 750°C).
These values express quantitatively the influence of the non-equilibrium “frozen in*’
defects on the inert gas mobility in the a-Fe,O; lattice'35.

The different behavior of the iron(I11) oxide sample of various history {expressed
in their reactivity, solubility in acids, catalytic activity) was named by Hedvall*<°
structural memory. According to Hedvall'*°, “the structure of the salt remained in
the structure of the ferric oxide sample until the mobility of the crystal lattice in-
creased to such a degree that the equilibrium state in the lattice was reached™. ‘
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F:g 28. Effect of Li* and Ga®* on ETA heating curve of ZnO. Curve 1: pure ZnO; curvez.ZnO
containing Li*; carve 3: ZnO containing Ga3*.

Fig. 29 The log Ep-1/T relationship obtained during cooling of TiOz (rutilc) samples
various additives: 0.19;, SOz (curve 1), 0.28%, K:0 (curve 2), 0.5“/; ZnO (m 3), 0.24% AlsOa
(m4).andsamplc¢speaallypmlﬁedbyNH:(m5).
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3.8.10. - Impurities ‘ -

- The._presence of mpuntxs may strongly mﬂuence the dxﬂ'usxon release of
emanation from solids. The ETA curves* of pure ZnO and ZnO containing 0.5 at. %
Li1,0 and ZnO containing Ga,0; are shown in Fig. 28. The increase of emanating
power, evidently caused by the temperature increase of radon mobility in the crystal
lattice, for pure ZnO began at about 1073 K (800°C) (curve 2), whereas for ZnO with
Li* additives this state is reached at a considerably lower temperature and-the
emanating power increases more sharply with temperature (curve 1). It is known141
that the presence of Li*-ions in the ZnO-lattice leads to the creation of a defect
structure in the oxide characterized by the appearance of an excess of interstitial
zinc atoms. The presence of Ga®*-ions in the ZnO lattice causes an inverse eﬂ'ect
(curve 3).

Another example is demonstrated in Fig. 29 by the ETA cooling curves of
TiO, (rutile) plotting log £y against 1/7. The behavior of TiO, samples containing
various additives (0.19 SO,, 0.289%, K,0, 0.5% ZnO, 0.249%, Al,0, and sample
especially purified by NH,) annealed to 1273 K (1000°C) is represented by curves 1
to 5. The presence of impurities inflaences the defect equilibrium and the formation
of a perfect rutile lattice producing a change in the inert gas mobility**2.

3.8.11. Non-stoichiometry

Appreciable alterations of equilibrium vacancy concentration may occur as a
result of deviations from stoichiometry. The diffusion emanating power, Ep, of a
number of solids proved to be dependent on non-stoichiometry. Even if chemical
analysis is not sensitive to detecting the degree of non-stoichiometry, emanation
release measurements still point towards it. For example, titania(TiO,) when heated
in a reducing atmosphere may lose oxygen and form a solid of formula, TijZ,,
Ti3F 022, [A.V.],, where [A.V.] is an anion vacancy. The difference due to the non-
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(curve l).
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stoichiometry of TiO, (annealed to 1373 K (1100°C) in air) and TiC,_; (annealed
to 1373 K (1100°C) in nitrogen) is illustrated in Fig. 30. The log Ep—1/T relationship
is shown nere by curves 2 and 1, corresponding to samples cooled in air and nitrogen,
respectively. The values of the activation enthalpy, 4, within the temperature range
of 873-1123 K (600-850°C) are 213.5 and 50.2 kJ mol~! (51 and 12 kcal mol~?).

The decrease of the 4 H value for TIO, _ . is ascribed 1“3 to the increased conccntratxon
of anion vacancies [A.V.].

3.9. Information from emanating power measurement

From the =manating power measurement two types of information can be
obtained. First, indirect information about processes taking place in the solid. Any
process proceeding within a solid and leading to a change cither in the surface to
volume ratio or in the diffusivity of the emanation atoms becomes indirectly observable
from the measurement of the emanat'ng power. This is the basis of the numerous
qualitative applications of ETA to the study of solid-state processes, as aging,
recrvstallization, modification changes, dissociation, solid-state reactions, etc.

Due to the complexity of the release processes, supplementary information
about the studied solid are usually necessary for the correct evaluation of ETA curves.
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 label and distribution of the label is directed only by the
proper aim of the ETA measurement. Should information about changes in the
surface layers of the solid be obtained, a surface distribution of the inert gas is
sufficient.

Secondly, from emanating power measurements, it is possxble to obtain du'ect
information about specific surface or diffusion parameters of the inert gas in the solid.
The experimental conditions must be maintained so that the state of radioactive
equilibrium is not destroyed during the measurement of the emanating power. For
this quantitative information the question of labeling of samples becomes extremely
important, since any theoretical approach starts with the assumption of some well-
defined distribution of the immediate parent of emanation throughout the solid. To
provide direct information about the specific surface and the diffusion coefficient, a
separation of the total emanating power E into Ey and E;, is usually necessary. The
simplest but approximative way, applicable for solids with small D, consists in the
subtraction of the E; (obtained as the room temperature value of E) from the total
emanating power at the relevant temperature, £, = E — E;. Other methods of
analysis of Ep and E, will be descnbed later. In some cases, when one of the terms
composing the total emanating power E is negligible compared with the other, the
precise analysis of E-values into E; and E,, is not necessary. For example, for the
room temperature measurement of emanating power, E;, can be negligible compared
with E; when Ej, < 1/E;. This is accomplished® for ?2°Ra atoms when D < 10"16

cm?sec™ L.
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The evaluation of the diffusion coefficient D and the activation enthalpy 4 H of
diffusion of emanation makes possible the quantitative estimation of factors influencing
the diffusion parameters of the solid such as non-equilibrium defects, non-stoichio-
metry, presence of impurities, etc. It has already been shown in paragraph 3.8. that
the inert gas diffusion characteristics, D and 4H of the solid, provide valuable in-
formation on the properties of the solid and its state. In the low temperature range,
where T < 1, the diffusion characteristics usually reflect a non-equilibrium state of the
Iattice; in the high-temperature range, where T > 1, an equilibrium state of the lattice
is described. . ) -

From the plot of log Ep versus 1/7 obtained during the heating or cooling of
the sample, the Tammann temperature can be estimated. The temperature, T, estimated
from the ETA cooling curve of the sample, indicates the temperature at which the
defect equilibrium achieved by previous heating, is being frozen. In addition, other
phenomena connected with changes of the mobility of the irert gas atoms in the solid
can be indicated by means of the ETA curves.
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Chapter 4
RELEASE OF INERT GAS INCORPORATED WITHOUT PARENT IN SOLIDS

According to the riethod employed and the conditions of introducing the gas
traces, it is possible to obtain samples in which the inert gas .s distributed uniformly
throughout the volume or located beneath the surface. The most common dlstribntxon
profiles are:

(a) Homogeneous distribution which is usually obtained clthcr by neutron
irradiation generating inert gas atoms in the bulk of the solid, or in nah ral minerals
contzining inert gases of radiogenic origin.

(b) Distribution with a definite concentration profile beneath thc surface (pl:mc
source, 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 regard to the most common cases of
eas distnibution in the sample will be analyzed.

Release or the inert gas incorporated without parent in a solid can be caused
by 2 number of processes, such as diffusion, instability of the surface, annealing of
lattice damage during heating, evaporation of surface layers, recrystallization or
phase changes, and chemical reactions of labeled sample, etc. For the sake of sim-
plicity we shall first deal with a sample where neither chemical nor physical trans-
formations occur during heating over the temperature range considered. Fractional
release, F, or release rate, dF/ds, are most commonly measured in experiments where
the inert gas release is studied. The heating at various temperatures for a definite
time, so-called isothermal step-heating or isochronal heating, or the heating in
conditions of Increasing temperature are usually employed.

4.1. Kineticz of inert gas release

As inert gases are practically insoluble in solids, one expects a gas concentration
gradient betweesn the bulk and the surface of the sample as long as the sample is not
completely exhausted. 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 be written:

écjét = DV?c —cit %
where ¢ is the gas concentration, V2 Laplace operator, 1 is the irert gas decay constant,
and 7 is the time. Inthoff and Zimen'** solved this equation for the appropriate
boundary conditions and the homogeneous distribution of the gas within the sample.

4.1.1. Homogeneous gas distribution
For the case of komogeneous gas distribution in an assembiy of small grains
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(diameter about 0.1 um) a formula was derived'*® permitting the calculation of the
release fraction, F, at any time, 7, - .

F= AJA_ = AS|VXDYm) P exp(— i) for F < 0.3 - (55

where F is the amount of inert gas released after time ¢ representing a fraction of the
total amount of inert gas introduced into the substance, A, is the activity of the gs
measured at time r and A4, is the total activity taking into account the deczy, 1 is the
radioactive decay constant, D is the diffusion coefficient, S is the surface of the sample
grains, ¥V is their volume, and exp {— A7) is a decay correction term. The decay
correction term can be omitted if the half-life ofthemertgas;s muchg:mterthan the
duration of the experiment, #,,, > 1.

. Equation (55) is valid for F < 0.3. Higher values, F > 0.3, require more in-
volved expressions for F depending cn the grain shape. For the case of a spherical grain,
Inthoff and Zimen'** derived the following expression, valid for all values of F:

F=1-— (@) :ﬁl. (1n?) exp (n*n%a®) for 0 < F < 1 6)
where a2 = (D1/r2), and r, is the radius of the spherical grain. Assuming values of
F < 0.3 and using the parameter «, the following simplified expression is obtained:
F=6afz’*> forF<03 ’ / ‘ o7
For higher values of F, the following useful approximation 1s obtained:

F = 1—(6/z%) exp (—n%a?) ' : (58)

F‘gure 31 shows the release fraction, F, related to parameter a, a being (Dt/rz)” z
For F < 0.3, a Iinear dependence is expected as follows from eqn (57). Solutions for
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Fig: 32." Kinetics of inert gas release affected by various factors. -
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rectangular and cylindrical grain shapes were also derived by Inthoff and Zimen**4.
Lagerwall and Zimen'** tabulated the function, F = f(x?), for most of the common
grain shapes. By plotting 2* against ¢, the diffusion coefficient, D, can be evaluated
from the slope.

The theoretical considerations and the above-reviewed expressions suppose an
ideal volume diffusion mechanism of the inert gas release. A large number of gas
release experiments did in fact follow this idea! diffusion pattern. However, most of
the experimental work showed deviations. In the isothermal release curves, as a rule,
more rapid release of the inert gas was observed in the first 5-10 min than would
follow from the theoretical model given above. The authors explained this by the
fact that the part of the solid close to the surface exhibits defects and structural
anomalies. The imperfect structure of solid near the surface may farther be dis-
ordered by the radiation damage caused by the inert gas incorporation. Felix'*
analyzed the factors effecting the ide2! inert gas volume diffusion and distingunished
four types of deviations of ideal gas release kinetics. Figure 32 shows the deviations on
the F? = i(f) diagram, assuming F? < 0.06. Curve 3 corresponds to the ideal non-
disturbed kinetics of the inert gas release, where F? oc r. Curves 1 and 2 correspond
to diffusion influenced by surface effects, namely, the accelerated release at the begin-
ning of the experiment. These so-called “burst effects™ are characterized by a release
fraction, F,, at time 1 = 0 (curve 1) 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 released as a consequence of
annealing the traps where the inert gas atoms have been collected. The hindering
effect is characterized by a time, 7,.

Mathematically, these effects have been introduced in Fick’s law by adding
adsorption and descrption terms. A model of a quasichemical reaction between
mobile gas atoms and a stable distribution of traps has been considered. Solutions
of this problem were published by Hurst!4% in numerical and by Gauns!#7 in analytical
form. The authors proposed the following reaction between inert gas (G) and traps

Mm:
R

gas mobile (G) + traps (T) & gas trapped (GT).
b

We denote the concentration of the mobile gas atoms (G), equal to ¢, the
concentration of trapped atoms (GT), equal to m, u is the probability of trapping,
b the probability of gas emission if the distribution of traps is uniform. By including
the reaction rates, p and b, and the fractions of mobile and trapped gas, ¢ and m,
respectively, into the differential diffusion eqn (54), we obtain: -

éclt =~ DAc—p ¢ + bm ” ST )

The initial fractions of mobile and trapped gas atoms at 7. = 0 are p, and g,, respec-
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tively, with p, 4+ go = 1. For such non-ideal release kinetics, eqn_(55) giving the
fraction F of the released inert gas should be replaced by

F? = (4/z)S/V)* [DIQ + p/b)] (¢t — 1) ’ (60)

This means that for the case of the “burst” release at the beginning of the experiment,
the value of 7, > 0, and for the casec of a hindersd release, 7, < 0. Tne value, 7,
depends on the probability u of trapping and the probability b of emission as well as
on the initial concentrations of mobile and trapped gas atoms p, and g,.

After a certain time (r > 1) of inert gas release at a definite temperature, when
a thermal equilibrium is reached, the difierential equation is reduced to the simpie
Fick type (cf. eqn (55)) but with D,,,, which is smaller than D for undisturbed
diffusion

avp [D/(l + l‘/b)] (61)

Thus, regardless of .:c (nitial conditions of the experiment, reliable diffusion coefiicients
can be evaluated when thermal equilibrium is reached. This theory was found suitzble
for inert gas release evaluation in most solids labeled homogeneously by inert gas
without the parent making possible the calculation of the diffusion coefficient, D,
from experimentally obtained F values at coastant temperature. For evaluation, it is
convenient to usc the graphical representation of F = f(7) or F = f( /). Table 10
shows some ways recommended by Felix!4 for the evaluation of F.

Figure 33 shows F plotied against \/(r —1;) for a step-wise heating experiment
according to Lagerwall and Schmeling®*2 in which ¢; is the time at which the temper-

TABLE 10

SOME WAYS FOR THE EVALUATION OF D

Type of release kinetics Experiment Procedure jor D evaluation
diagram used

Ideal volume diffusion a2nd stepwise F= () Slope of any part of the diagram is

heating (curve 3, Fig. 32) proportional to D

Volume diffusion hindered by presence  F2 (2) Slope of the Lnear pert of the

of traps at the beginning of the didgra proportional to O - -

experiment (curve 5, Fig- 32)

Overlapping of volume diffusionand =~ F{4/1) Slope in the linear part is

“burst cffect™ at the beginning of . : proportional to D -

the experiment (curve 1, Fig. 32) -

Step-vnse heéating overlapping procsscs FQR/G — ) for Ta: Slope in the lmr part

in the first temperature step (71) -7 proportional to D i

(Fig. 32) ] ’ forTzandhxgbchlopcofthc
- asymptote to the curve is :

proportional to D ~




A=

t-1p

Fig. 33. Ideal inert gas relcase plotted as F against 4/(r — #1) superimposed by one singie “burst
at the beginning of the anncal.

ature is changed. It represents the case of an initial burst at tcmperature T, but no
burst release at 7, and T;.

4.1.2. Non-homogeneous gas distribution

In cases of a plane source, an exponentially decreasing proﬁle, 2 linearly de-
creasing gas distribution, and a peak distribution with an exponcntial tail, which are
important with ion bombardment labeling, were thoroughly analyzed by Kelly et al.
and Matzke!*?~ 152, The cases of linearly decreasing and rectangular profiles, which
occur in recoil doping technique of labelling, were theoretically treated by DiCola
and Matzke53 and the linearly decreasing distribution by Mears and Elleman!34.
Kelly and Matzke!52 used the diffusion equations modified by Hurst!46 and Gauns47
but treated the problem using the discrete diffusion theory developed by Kelly*3°- 133,
This theory involves making time continuous but space discrete. According to the
authors, it is in principle better suited for discrete media such as the crystal lattice
than conventional diffusion theory (both time and space continuous) or random walk
(both time and space discrete).

Kelly and Matzke!>? denoted the concentration of gas in thc presencs of the
trapping effect by c, the concentration of permanent traps by m (both in fractional
units), and the diffusion iength for permanent trapping L (in atomic layer spacing
units a). The concentration of gas ¢ and of traps m related to the distance from the
surface can be either differential or integral, the relationship between the two forms
being C¥f = — (8/0x) C™™'. They'>2 defined the diffusion coefficient D as .

D=1Rka(—N= 12ka? (622)
and the diffusion path L as
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L*=Q0—NIeN= 1) . . — - - ST (62b)

where kK = ko exp (— AH[RT) is thc drﬂ"‘nsidn ratc constam deﬁncd as thc rate of
Jjumping along a given line, f is the atomic fraction of atom-size traps, and a is the
atom layer spacing. It is of interest to note that the conventional diffusion theory by
Hurst'“® gives a value of L2 twice as high. Diffusion coefficient D and diffusion
trapping length L are defined by Kelly and Matzke!*? in a more fundamental atomic
parameter, namely in the atom layer spacing a (denoted by the authors as 3). The
mean atomic spacing a is equal to (M/p Ngj}'/? =~ 0.25 nm, where M is the molecula.r
weight, p the density and N, Avogadro’s number.

The following equation describing diffusion with both permanent and v*mk
trapping for unidimensional gradient was proposed*®>2 -

Gc/at = (Dfa*)(@%c[o1*) — (D[L*a%)c + bm S : (632)
dm|ét = (D|L*a®)c —bm - : S -(63b)

where c is the concentration of mobile gas atoms, 1 is the concentratior of gas in
traps, b is the rate ¢S detrapping and L is the dJﬂ"usxon trapping length or the spacing
of the trapping centers.

Solution of eqn (63a) gives appropriate exprmsnons152 for the fractlonal
release in the absence of trapping (F;), and the fractional release in the presence of
permanent trapping (F,). By solution of egn (63b), the fraction of pcrmanent traps
F,, was evaluated!52,

Expressions for F, considering different gas concentrations profiles and the
ideal volume diffusion kinetics are listed in Table 11. For expressions of F, and F,
assuming the trapping behavior we recommend the original paper of Kelly and
Matzke' 2. In Table 11, zZ stands for (D¢/R*) where R denotes the range of the gas
which is the limit in penetrations in the cases of a plane source, a rectangular and a

TABLE 11

EXPRESSIONS FOR FRACTIONAL RELEASE (F1} CONSIDERING VARIOUS GAS CONCENTRATION PROFILES

Geometry F = f(z); 22 = Di/R? Ref.
plane source erfc (1/22) 150
peak distribution 1 — 2z[a2 — (1 — 22%) exp (29) - erfc(z) 151, 152
with exponential tail . )

exponential 1 — exp (0.480z°) crfc (().48023)’4'z S 149, 152
lincarly 1 — {(2z® + 1) eric (1/22) + 2zfz1* . 153,154
decreasing - fexp (— 1/4z9 — 21} ) )

coctangolar . 1 .- . - 2p{l — ep QM)+ o) - 153,154
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linearly decreasing concentrations pretile. In the case of a peak distribution witir an
exponential tail, the most probable or peak range R, is to be used; with exponential
distribution, the median range R, is to be used. Figure 34 shows the results plotted in
bilogarithmic scale as F = f(2), z* being (D1/R?).

Theoretically, the inert gas distribution in ion bombarded solxds will be deter-
mined by the energy of bombarding ions, and by properties of the solid such as
atomic mass, type oi iattice, crystailinity, lattice defects, etc. The gas distribution also
depends on whether the solid is amorphous, polycrystallme or monocrystalline, as
well as on the dose of gas ions applied.

Figure 35 shows differential forms of four idealized concentration proﬁl&s
suited for most cases of ion bombardment, reccil labeling and diffusion labeling:

(a) Plane source assuming inert gas concentration in-the vicinity of R, the
most probable or peak range. It is suitable for example (i) for low and high mass
solids with very low bombardment energies (1 keV) so that R, equals only 1 or 2
atomic layers. It is also a possible representation of (ii) low-mass solids at very high
bombardment energies (300 keY)®?- 12 anJ (jii} for amorphous solids where the
distribution is generally compact due to the absence of chanelling!92.

(b) Peaked with an exponential tail distribution (or “x - e *"), where the
theoretical most probable 507 range is given by R, = 1.68 R,. This geometry is
suitable, for example, for polycrystalline material labeled by gas ions at energies
where R_ equals roughly 2 to 10 atomic layers as can be seen from the differential
distribution curves of 2-100 keV Rn in aluminium!®? (cf. Fig. 11).

(c) Exponential (or “e™*") distribution is suitable (i) for polycrystalline solids
and bombardment energies such as R, = 10 atomic layers192- 156. 157 an4 (ji) for
some solids labeled with diffusion technique'®> and many cases of diffusion which
can be attributed to “bubble diffusion!33.

(d) Linearly decreasing distribution is suitable for solids labeled by recoil
technique®®! and in some cases for diffusion technique*®®3.

(¢) When high energy bombardments are usex for labeling fine powders or with
alpha Ra recoil or fission Xe recoil, the concept of 2 homogeneously labeled sphere®>?
can be used. Equatxon (56) is applicable in this case. -

In most cases actual distribution lies between these idealized cases. With
exponential or linearly decrwsmg distribution, most of the gas is close to the surface,
It can be seen from Fxg ‘34 that with D and R,, constant, most of the rel&s&s occur
within a short time. With peaked distributions and especially -with a plane source;
the gas is deeper in the solid. Hence, the release corresponding tG the undisturbed
volume diffusion starts at higher values of 7. On the other hand, the exponential
distribution contains some gas very deep in.the solid, thus the valus of F are not
mched bcforc hlgh values of 7 are attained. - - HE

4.2. Inert gas re!ease durmg nan-zsathermal heatmg o 1 . I

In thxs sectlon the fractnonal rel&sc F obtamed in stcp-w:se xsochronal expen—
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Fig 37. Theoretically expected release curves for volume diffusion process with AH = 195 eV =
226 kJ mol—*. The full curves are for De == 0.3 cm?® s~1 and bombardment energies of 1, 5§, 10, 20,
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ments and the release rate dF/dr obtained under conditions of linearly increasing
temperature will be analyzed. Fig. 36 shows the temperature dependence of the
fractional release, F, (curves 1, 2) and of release rate, dF/ds, (curves 3, 4). Curves |
and 3 describe a process with one discrete value of the activation enthalpy of diffusion.
Curves 2 and 4 describe a2 process with a uniform spectrum of activation enthalpies.
The exponential distribution of inert gas in the solid and absence of trapping cffects
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are supposed in all cases. The F = f(T) curvés show the expected basically. sxgmoxd
shap& ‘The curves can be regarded as being characterized by the temperalnres for
10, 50 and 90 % release. The dF/dz curves show the expected basicaily peaked shapes
for discrete values of activation enthalpy. The curves can be characterized by the
temperatures, T_y;2, T; 2 and T,,, which denote the half-helghts and the maximum
temperature of the peak, respectively.

As wias shown in the paragraph 4.1., the rel&se curves strongiy depend on the
median range, R, of bombarded ions in the solid. Figure 37 shows some theoretically
expected release curves predicted by Matzke et al.*>? for a volume diffusion with a
discrete value of 4H (45 kcal mol ™ ') assunidng an exponential distribution profile and
Do =~ 0.3 cm?sec™ L. Increasing the bombardment energy (1, 5, 10, 20, 40, 100 and
300 keV) shifts the release curves towards higher temperatures (for these calculations
a linear relatiorship between R, and energy was assumed). Simultaneously, the
release curves cover a wider temperature interval. The two dotted curves a and b
show the effect of change in D, (both curves are for 40 ke but for D, = 0.03 and
3 cm?sec™ !, respectively). Varying the annealing time is expected to yield a similar
shift in temperature. Similar shifts occur in the peaks of the dF/dr curves. For com-
parison of the i—T and (dF/dr)-T plots, we can suppose that a iinear temperature
increase of 10 K per 60 sec corresponds to a stepwise heating with a 60 sec annealing
time. More complex F-7 diagrams are obtained when the inert gas release is governed

T s T
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Fig. 39. Isochronal release of *5Xe (low dose of 8 x 1019 jons per cm?) and 131Xe (high dose of
2 x 10°# ions per an®) from pure and doped KBr single crystals. -

by trapping and mechanisms other than normeal volume diffusion. Selected examples
of suci release behaviors are shown in Figs. 38 and 39.

Figure 38 shows the F-T curve of !'33Xe release from KBr single crystals
following ioz bombardment with a dose of 4 x 10'2 ions per cm?. By varying the
energy of the incident beam between 0.5 and 40 keV, Matzke!%° proved the effect
of surface proximity on the gzs release at low temperature. It can be seen that with
decreasing energy a decreasing percentage of the gas is released at temperatures below
230°C (503 K) which corresponds to 0.5 melting point on the absolute temperature
scale. At an energy of 40 keV, this release at low temperatures is negligible and the
curve represents the normal volume gas diffusion which occurs for most materials
at temperatures compatible with self-diffusion. When the inert gas release occurs at
temperatures well below that for normal diffusion, it is supposed that the inert gas
release is subject to the effect of diffusion along boundaries or diffusion pipes and
release Gue to excess point defects, etc. This type of release proocss has been called
“damage diffusion”. The low temperature xenon release from KBr seems to be due
to the proximity of gas to the surface rather than to damage and annealing only.
in some experiments a shift of the sigmoidal release curve to higher temperatures can
be observed. This retarded release indicates a trapping of the inert gas on defects
in the solid.

Figure 39 shows F-T carves of pure and doped KBr sing.ie crystals. The ion
energy in these experiments was kept constant at 40keY to avoid’ mﬂucnus of surface
proximity. Using a 2 very low dose (8 x 10*° Xe ions per cm?) Matzkr.‘“ stated that

~



TABLE12.~ - - ~ -~ - . e e
VALUES 4 ™ eqn (64) ‘
Distribution ’ - F=o0d1 "F=05 =~ F=09
plane source 788 - 752 -~ - 685
xe—= (peaked with exponential tail) 809 . 752 679 -
e~= (exponential) 833 . 755 612
linearly decreasing 912 83.7 - 11589
rectangular 868 76.5 70.7
sphere with radius o - . - 893 ; - 822 .78.8

the gas reiease corresponds to normal volrme gas diffusion for all three materiais:
pure KBr, doped with 200 ppm K,CO; ard doped with 500 ppm CaBr, (curve 1).
At higher ion doses (2 x 10'® Xe ions per cm?) the release is retarded, i.e., is shifted
to higher temperatures (curve 2). The effect is more pronounced in the specimen
doped with CaBr, (carve 3).

4.2.1. Approaches to evaluate release curves of the F-T type -

(a) For analyzing experimental release data of ion bombarded solids, it is often
convenient that F be made explicit in AH/T. A correlation between the activation
enthalpy 4H and some recognized temperature-7 can then be found. Kelly and
Matzke! 52 gave relations for cumulative gas release at F = 0.1, 0.5 and 0.9, assuming
various gas distributions and geometries. The general form of these relations is

AH|T = (A £5) + 4.6 logyo t/R2 ‘ , (%)

where 4H is in cal mol~ ! (4.187 J mol~ 1), R the median range is in units of atomic
spacings a, t the annealing time a given temperature in minutes, and 4 a constant
which depends on the geometry and F values. The uncertainty of + 5 arises from the
assumptiors of D, values (3 x 10~ *=* cm?® s™'); this range of values agrees well for
metals and quite well for halides and oxides with diffusion literature!3!. The different
values of 4 are given in Table 12. The values obtained for 4H differ only slightly
for various geometries and shapes of the distribution curves. The relations are valid
under the assumption that the values of F correspond to a normal diffusion mechamsm
only and are not perturbed by damage diffusion or trapping.

For experiments conducted with step-heating, the width of a gas release ‘peak
was defined by Kelly et al.15! as the difference between the temperatur&s for 90 and
10% release; ie., Tyo—T, ¢, and can be tsmnated by mrrangmgthc AH[T formulas
of eqn (64) and Table 12.- «

“(b) Anotha-approachtoevaluanngtherelasedatawasptoposed by Ma!zkc‘“
Is is based on the rclation between F and (D#f/R2) and is shown in Fig. 34. Using the
respective curve according to:the distribution geometry; it is .possible toread the D
values oompondmg to each F value. By plottmg these’ data thh thc Arrhenius
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equation, D = Dy exp (— AH[RT), both 4H and D, can be found. This approach
does not assume 2 value for Dy- The experimental errors of this method can easily
be obtained by 2 least square fit. h

(c) Pronko and Kelly'%2 used a relation for retained gas t~ evaluate D, AH
and D, from the experimental release data.

In the case of an exponential initial distribution, the foIIow:ng expression was
proposed for the fraction of gas retained after anneaiing:

(1 — F) = exp (D1/R]) exfc (Dt/RZ)'? (69

where F is the fractional gas release, D is the diffusion coefficient, 7 is the annealing
time and R, is the mean range. A plot of (1 — F) plotted against D#/R2 was used to
determine the actual value of D. The error in D as a result of this approach was less
than 109;. The values of the activation enthalpy, 4H, and diffusion: constant, Dy, can
be obtained from the Arrhenius equation-

4.2,2. Approaches to evaluate release curves of the (AF|dt)-T type
Various approaches to evaluate the temperature dependence of the tclmse rate,
dF/dz, for a linear rise of temperature are given in papers by Redhead'®3, Carter!%4,
and Kelly and Matzke!*2,
Rcdhmdasumedthatthcm!ascofgaslymgdosctothemrfaococcmsm
one jump, i.c., by the mechanisms of diffusion with a definite activation enthalpy,
H. Assuming that the desorption is a reaction of the first order, the rate of gas
release can be expressed in differential form as } -

—(dN/di) = v - N - exp (— AH/RT) ) - (69)

where N is the number of atoms trapped in a unit surface, v is a constant (the frequency
of oscillation of atoms in the lattice is assumed to equal 10~ 13 s™*) 4 H the activation
enthalpy of the inert gas, and R is the molar gas constant equal to 83143 JK ~ ! mol~ 1.
A linear rise of temperature (T = T, + fr, where f is the heating rate) and 4H
independent on N was also assumed.

By differentiating expression (66) and equating it to zero, the following ex-
pression for T,,,, was obtained:

AH[RT,, = (v/[B) exp (AH[KT_) ’ ] 67
and - B
4H|T, = In (6T /p) — 3.64 ' (68)

The value of the activation enthalpy, 4H, can be determined directly from the
experimentally found temperature of the maximum, T, (see Fig. 40). The relationship
between 4H and T, over the given temperature range is close to lincar!63- 164,

’ Kellyetal.! sz derived on the basis of their theory for constant tcmpetatnre“’
a similar formula taking into account different gas distribution proﬁlm in the sample
and different types of diffusion. . C s e
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release curve dFjdr = f(T) (sce eqn (68)).

Fig.4l-l’.-‘xamplsofinatgasmlmsep&ks,dﬂdt=f(7‘).forlixmﬂyinamingtempqaturc,

Curves are given for true diffesion of 2 plane source and for single jump diffusion with discrete 4H.
all cases with T = S30°C and with the values of Tin/B2f (in sec) as indicated in brackets.

TABLE 13

vnwzsosAmeqn(GB)u&nbm C OF equ (70)

Distribution profile or A B C
type of diffusion - for d*Fld1 = 0

plane source - 69.5- 0.0935 - . 0.0063
x-ex 683 0.138 - 00092
s 675 } 0.175 0.0117
single jump diffusion with discrete AH 695 0.0673 ’ .0.0044

sphere with radiusro - 732 - - - — T —

The (dF/df) curves generally exhibit peaks, the maxima (7)) of which are
governed mainly by the value of 4H (one exception is a single jump diffusion with a
uniform spectrum of AH’s where, according to Grant and Carter'®> there is no
maximum). Figure 41 gives examples of these peaks and shows that the shapes depend
markedly on-the type of diffusion and on the heating rate f and the median or 50%;
range, R_. The (dF/dr) curves for linearly increasing temperature are given for ideal
volume diffusion (withcut trapping) of a plane source and for single jump diffusion
with discrete 4H, in al sases with T,,, = 530°C and with the value (T;/R2 - B (in s))
as indicated in parentheses: The values of 7T./R2 - B from 1 to 10.000 are typical for
the usual experimental conditions with ion bombardment labeling where it is assumed
that R, .= 1.to.100 mean atomic spacings and 8 = 5t020Kmin“ Theexpxmsmn
gtven by Ke!ly and Matzke!3% for- AH/T,, - e -

AH|T = (425 +46log 0 TulRE- B - RPN
where the -activation enthalpy, 4H, is given in cal mol~! (where 1 cal moi~! ="
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4.187 3 mol ™ *) and the heating rate § in K min ™. Constant 4 depends on the distribu-
tion profile and the diffusion type. Values of A are listed for different distribution
profiles and diffusion types in Table 13. R, 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 r,. The uncertainity of +5 arises from the assumption of D, values
(Do =3 x 107" = cm?s™ ')

Peak width. As can be seen from Fig. 41, the widths of the peaks depend mainly

ho alvmcnatac ~L tha cne dicterlhirtiam Thae marrnuract funthin o fammaratizers oo
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60-100°C) corresponds to a single jump mechanism and, while a2 wider peak was

ohtamed with 2 nlann conree the width of the mlte beineo increased with the median
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range R_. Kelly et al.*5? defined the width of a gas release peak under conditions of
linearly increasing temperature as the width at half-height, AT, ;.. The expressions

for AT, can be written in general form as follows:

ATy [T, = B — C-log,o T, - Do/RZ, - BO3 - (70)

where T, is the maximum temperature, R, the median range in units of atomic
spacings a, f the heating rate in X min™ ', and D, is assumed to equal 3 x 107 *=?
cm?s™!. B and C are constants which depend on the geometry. Different values of B
and C are given in Table I3 for varions shapes of the distribution curves. -
Estimation of errors. The evaluation of 4 based on Kelly’s theory is subject to
a number of errors. The first error, of 2 minor nature (of the order of 8 to 12 kJ
mol~ %), is caused by the uncertainty in the penetration depth and as o 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 values for Dg4. The range taken,
Do = 3 x 10~ "= cm?s™ ', is obeyed closely in metal diffusion®>* and also applies

moderatelv well to self-diffusion in the ionic crvstals as alkals halides,
moderately well in ID¢ 1onIC Crysials

The formulas for 4 H/T reviewed above concern unperturbed volume d:ffusion.
Other processes, namely trapping of the gas on the lattice defects or interaction between
inert gas atoms, may occur in the solid as it js 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 kJ mol ™). A precaution should therefore be taken when 4 H values obtained from
the experimental release data are compared with other inert gas release datz, in

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

4.2 3. Temperature-dependence of diffusion

Norgett znd Lidiard’®® gave a complete 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 interstitially incorporated in the crystal lattice and to diffuse via random waik
interrupted by the trapping of these gas atoms in various mpcrfecnons existing in the
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caystal lattice. The same authors have calculated the cucfglcs of -migration and

trapping of the inert gas on the basis of the g:xtcuded classical Born mod;l of an ionic
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crystal'®*. Like Hurst'*% and Gaus'*?, the authors mterpreted the mteract:on of the
atoms and lattice defects as a quas:-chemxaal reaction

G+ T=GT ‘ ' S
where G signifies the 1a0obile gas, T the traps of various types, and GT the immobile
BAas. - . N . 2

The equilibrium partition of the gas atoms between mobile and immobile

sites is considered here. The snmplc case of undxsturbcd (untrapped) diffusion can be
written as

D = Dy exp(— Qu/RT) : @™

-

where Q,_, is the activation energy for the fundamental 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
untrapped, the apparcnt diffusion coefficient observed cxpcnmcntally can be writtenas

D,,=pD ) ‘ (73)

The probability p is given as the fraction of the untrapped gasatoms and was calculated
by Norgett and Lidiard'®7 with the help of the mass action law as

p=G/(G + G o (74

Two limit cases can be distinguished: -
(1) constant trap concertration (extrinsic region);
(i1) thermal equilibrium of traps (intrinsic region).
- In the first case a crystal containing a small fixed concentration of traps is
assumed, which in principle can involve a number of j types.
The probability p can than be written as

p= 1/[1 + ,:Zl (c,1KS) exp (— QB,-/Rn} a5

where ¢; is the molar fraction of traps of the j-th type, &7 is the pre-exponential factor
of the trapping equilibrium constant which-for the j-th type of trap is equal to k; = k¥
exp (— s;/RT), and Qjy; is the binding energy between gas atoms and the Iattice
traps of the j-th type. Under the simplifying assumption of the traps of the i-th type

being predominant in the crystal in the concentration ¢;, D,_, can be expressed by

Dypp = (DokPled exp [— (Qpes + @5 )/RT] : : @76)

where & is the pre-exponential factor of the trapping equilibrium constant. In this
case the apparent diffusion coecfiiiert D,,, has a temperature dependence involving
an activation enthalpy which is the sum of the activation energy for simple inter-
stitial diffus’on and a contribution for the binding energy into the trap. In the second
case the traps are supposed to bc prscnt ina thermal equilibrinm and their concentra—
tion c; is given by i
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where QO is the formation energy of traps of the i~th type. In tlus case the concentra-
tion of the traps increases with temperature:

If Q¢ ;: > Qg ; the diffusion coecfficient is given by eqn (72),

if Qg ; > O ; the diffusion coefficient is

D,,, ~ (DokZ/c?) exp - (Qu + Qns — Qe MIRT] ‘ @3
The observed activation enthalpy for diffusion thus involves the formation energy of

2ta S e

[38.5 I-IGP-

In the intrinsic region (traps in thermal equilibrium) a simple Arrhenius type
equation is valid, however, with an activation enthalpy slightly larger than the value
for nure undisturbed diffusion, corrected by the difference between the binding
energy of the gas in the trap and the formation energy of the trapitself. The expressions
for the apparent diffusion coefficient, D, are correct if this equilibrium is established
rapidly compared with the rate of inert gas diffusion. This condition was fulfilled in
many experiments. Figure 42 shows the possible diffusion curves with inert gas
trapping. Curve 1 corresponds to the undisturbed (untrapped) diffusion mechanism
with an activation energy, ... The trapping occurs either when the binding energy,
O, exceeds the energy of formation, Qf, of defects (curve 3), or, at low temperatures
(T < T,) when the-e is 2 fixed concentration of trapping centres associated with
radiation damage of heterovalent ions (curve 2). At higher temperatures (T > T,)
the term exp (Qp/RT) decreases and this corresponds to the release of gas atoms from
the traps. At low temperatures, the activation energy is (Qy + Qf), which at high
temperatures decreasss to Q.. Similar diffusion curves were obtained by Mears and
Elleman %2 who assumed a mobile cluster diffusion mech-.nism for inert gas. In this

case, ihe inert gas atom is assumed to move wiith a defect clusier through the laitice
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and becomes immobilized when the cluster dissociated. The various mechanisms for
inert gas diffusion in solids are discussed in paragraph 4.4.3. -

4.3. Factors_ influencing the mobility of inert gas in solids -
" Numerous experimental resu’ts showed that the mobility of inert gas in solids
is influenced by various types of radiation damage and their annealing, proximity of
the gas to the surface, impurities, gas concentration and other factors. The i importance
of such individual factors depends on the labeling technique (reactor irradiation, “recoil
doping, ion bombardment, diffusion technique, etc.) applied. The factors influencing
the mobility of inert gas will be critically discussed in this section in the attempt to
help investigators in evaluating and analyzing the inert gas release measurements.
Inconsistencies in inert gas diffusion data reported in the literature by various authors
can mostly be explained by these factors.

4.3.1. Natural crystal dzfects

Eileman et al.1%? showed that the natural defects of the crystal lattice influence
the mobility of Xe in CsI homogeneously labeled with 1331, The “natural defects”
were introduced into single crystals of Csl by using a high growing speed or by
oscillating the melt temperature during the production of the crystals. Th&sc natural
defects consist most likely of small voids or dislocation loops.
- Radioactive inert gas collected in open pores and microcracks of the specxmen
will, of course, be easily released by heating and this release has accelerated kincti
Similarly, grain boundaries permit a hizher diffusion rate than does the lattlce“s
The gas atoms located in grain boundaries are likely to leave the specimen upon
heating before temperatures corresponding to a volume diffusion. Contrary to the
homogeneous labeling, in most ion bombardment or recoil labelings, the “short
circuiting” 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 10 nm) than the spacing of various pre-existing defects,
grain boundaries, dislocations, lines, pores, etc. (order of magnitude gm)!**. In
diffusion technique labeling the release of inert gas atoms is supposed to be influenced
by the presence of natural defects®3. With a single crystal specxmen, the grain bound-
axy cffects are suppowd to be absent. .
4.3.2 Impurmes - - . -

Numerous mvstxga.tors have shown that meuntxs prment in thc latuoe whlch
change the concentration of cation-or anion vacancies may influence- the mobility
of inert gases. The influence on gas mobility depends on the gas ‘diffusion-mechanism.
For instance, it was observed that impurities influenced-inert gas mobility in solids
labeled by ion bombardment or. xmctor mdiaﬁon when hlgher ion or nchon dos&s
were applied.. : T -~

Matzkc"" stndled the rcl&sc of xenon from pure ThOz, ThOz + 0.1 mol /
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Fig. 43. Infiuence of Sr*~ doping in XBr on Ar-release from KBr (cf. ref. 171).

Fig. 44. Influence of Sr2~ doping ou Ar-release from K (cf. ref_ 171).

Nb,Os (to increase the cation vacancy concentration) and ThO, + 0.1 and 0.5 moi 7
Y .O; (to lower the cation vacancy concentration). The samples were labeled by
40 keV xenon bombardment to three doses of 8 x 10'°, 4 x 10'3 and 2 x 10*'¢
ions per cm?.

Felix and Miiller*”! proved that the release of argon from neutron irradiated
KBr is influenced by the presence of Sr** ions in concentrations of 0.005 and 0.05
mol %, Figure 43 (thick line) shows the Arrhenius diagram or argon release in pure
KBr crystals. A neutron dose of 10'® cm™? was used for inert gas production. The
comparatively high values of the diffusion coefficient and the low activation enthalpies
in ihe high temperature region (indicating an interstitizl diffusion mechanism) varied
at about 400°C but are explained by gas trapping. In KBr crystals doped with Sr**
ions, a Jdecrease of argon mobility was observed. This behavior is in agreement with
the trapping mechanism mentioned in paragraph 4.2.3. By the addition of impurities,
the concentration of extrinsic defects serving as traps for the inert gas atoms can be
increased and the trapping equilibrium shifted in favor of the trapped gas atoms. The
resulting increase in the concentration of cation vacancies was determined by measuring
the ionic conductivity. In Fig. 43 these values are transformed by the Nernst-Einstein
relation into D values io enable direct compaﬁson with gas diffusion. Figure 43
clearly shows the double nature of cation vacancies in KBr, which act as djﬁ’usxon
carriers for self-diffusion and as traps to decrease gas mobility. - -

- The effect of impurities observed im thcmobﬂxtyofmertgasagxesfmﬂywcll
with the theory of Norgett and Lidiard!®®. This theory allowed to state a direct
correlation of the gas diffusion coefficient to the concentration of well-defined lattice
defects ) - - AU TP N
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Tig 45. Theoreiical iemperaiure dependence of diffusion counclcnt, D=f

single crystals (pure and doped with 0.5 mol 9, Na or 2 mol 95 Y).

_ = T

Dps = IIC cation vacsancics (79)

Figure 44 gives the interesting case of KI where the mobility of argon is obviously
unaffected by an increase of cation vacancies, ccused by Sr?* in the concentration
of 0.023 mol %,. Similarly, Largewall et a1.172- 7> found that the mobility of argon
in CaF, crystals was not influenced by the presence 65 2.5 mol % Na* or 2.0 mol %,
Y3+ (sec Fig. 45). The effect of impurities on the gas mchilitv ia a solid obviously
depends on the mechanism of the gas dlﬂ‘usmn- Diffusion in small vacancy clusters
was assumed.

4.3.3. Radiation darnage and its anneaiing
It is known that inert gas atoms are trapped whcn they meet spec[ﬁc defects

== = = RS —cr A 2T 8 __
while diffusing through a solid. Suck defects may be urgc vacancy clusters, Jdislocation

loops, pre-existing natural voids, gas filled bubbles, ctc. Introducmg the inert gas into
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gas is observed at high gas concentrations that coincide with high damage concentra-
tions. anp_rkens-' smudied the influence of the number nnd _energy of hgmbarrlmo

ions on inert gas rclmse curves. F'gure 46 shows the relmse curves of polycrystallme
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tungsten after bombardment-with Ne and Kr ions of various doses: 4 x 10'%;
4 x 10*% and 4 x 10*? jons per cm®. The dependence of release curves on the ion
energy is shown for the case of Xe release from polycrystalline tungsten in.Fig. 47.
As follows from Fig. 46, the “lower temperaiure peaks” observed were almost
independent of the ion energy but the temperature for the “higher temperature
peaks” increased slightly with increasing ion energy. It was shown by Matzke!7°
that both high concentrations of thc gas and the defects are needed for trapping to
occur.

In addition to the gas trapping, radiation induwd structural chang&s, excess
of point defects in the lattice, proximity of the gas to a surface, etc., can influence the
mobility of inert gas. Their importance markedly depends on the condition of gas
incorporation, as has been discussed in Sectior 4.3.. .

The effect of the radiation induced trapping has been d&scn‘bed bv various
authors. The effect of pre-bombardment with various icas on the mobility of xenon
in KCl crystals was studied by Matzke!?“. The high dose of 2 x 10 ions per cm?
with beams of mass 2 (hydrogen), beams of 28 (nitrogen and CO) and beams of
chlorine and indium were used for pre-bombardment. Figure 48 shows the F-T
release curve for crystals bombarded to the low dose (8 x 10'° xenon ions per cm?)
which reflects undisturbed volume diffusion of xenon atoms as well as the F~7 release
curve for the high dose (2.5 x 10'® xenon ions per cm?2). The latter is shifted towards
higher temperatures by more than 200 K as compared to the release curve for Iow
dose bombardment. This indicated a strong interaction of gas atoms with radiation
damage, or interaction with other gas atoms, or gas filled bubbles.-
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doses (cf., ref. 14).

Fig. 50. Dependence of inert gas diffusion in alkali halides on neutron doses.

Other examples can be given with neutron irradiated solids. The decrease in
argon mobility of neuntron irradiated KBr by increasing the neutron dose is shown in
Fig 49. Within the limits of experimental errors 2 parallel shift of the low temperature
branch towards higher temperatures was observed?75. A similar dose dependence of
the inert gas diffusion coefficient was also found by Felix and Miiller!?> for other
alkali halides (see Fig. 50). These authors stated that: (a) below a certain dose D,
becomes independent of neutron dose; and (b) with increasing neutron doses, D,,,
decreases in inverse proportion to the ncutron dosc. From this, Felix drew the
conclusion that irradiation, in fact, induces a new type of gas trap. From the ex-
perimentally obtained relationship

D, 2 (1$9) " (80)
an expression was proposed similar to that valid for chemically produced cation

vacancies'?3, or

D, ~ 1/cim as)

TABLE 14 -

DIFFUSION CHARACTERISTICS OF CaFs

Fission fragment Do . H

conc. (ff e 2} {em>s1) - (kT mof-1) _
3 xion 9.5 x 108 ' 427 :12

3 x j012 : 23 x 10® . - 3558 -

24 x 108 - . 79% 102 . - - - ... 297 R R E
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Fig 51. Temperature-dependence of Kr diffusion in Rb-halides (cf., ref. 14).
TABLE 15

LATTICE PARAMETERS AND Kr-DIFFUSION CHARACTERISTICS OF Rb-HALIDES

Sample d ngh—lemperame region - Low-temperature region
(nm) Dga.p. -Do AR Do - AH
(em3s—1) " (ems™3) (kJmol1t) (cm3s—t) {kJ moi—t)
RbF 0.282 4.5 x 10-¢ 25 - 133.15 = — i _
RbC1 0327 63 x 10—¢ 7.5 x 108 © 5359 1.4 x 10-10 196.8
RbBr 0343 10 x 105 50 x 103 2902 40 x 107 ~ - 16246

Rbil 0366 20x10% - 1.6 x 103 29.18 13 x 108 136.5

where the defect concentration c‘;,';;" increases proportionally with the neutron dose.

Sy Ong and Elleman®? measured the release of :*33Xe from CaF, crystals
Iabelled through fission recoil and found that the gas mobility was-also strongly
influenced by trapping. The diffusion characteristics of Xe in CaF, influenced by the
fission fragment concentration are summarized in Table 14. Normal volume difiusion
results were supposed to be obtained at low gas fission fragments concentrations. At
higher fission fragment concentrations, lower values of diffusion activation enthalpy
resulted. -

Other types of radiation damagc aﬂectmg the inert gas moblhty wnl be discussed
in section 4.4. “

4.3.4. Crystal lattice parameters and orientation = S oo
: Figure -51- gives the- Arrhenius diagrams of- krypton rclmsc for Rb—halxdos
labeled by neutron irradiation®¢ (all Rb-halides have. the NaCl lattice type). A low
neatron exposure (1.x 102 cm™3s7 ¥) was used for Kr—producuon. “The parameters
of the Jattice-and of krypton release m&surcments are summarized: in-Table. 15.It
can be seen from Table 15 that the activation cnthalpy, 4H; and dxﬁ'usxon coefficient;
D; ofthcmcrtgasamrclatedtothelamcepammetersd.l‘hedxﬁ'usmncoefﬁment
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Fig 52 Inert gas release from CsCl (cf., ref. 176).

decreases and the activation enthalpy, in both high and low temperature regions,
increases as the lattice parameters are reduced. The difference in gas diffusion with
respect to the NaCl and CsCl lattices was very instructively shown by Felix and
Meier! 78 for CsCl with its 2 — § phase transformaticn at 469°C. Figure 52 shows an
Arrher _as diagram for the mobility of Ar, Kr and Xe in the CsCl single crystal.
In the low temperature CsCl phase all gases have practically the same mobility, but in
the NaCl phase (above 469°C), a large separation of Ar, Kr and Xe takes place;
Ar-diffusion has a 200-fold higher D than Xe-diffusion. The much higher diffusivities
and the low activation energies of inert gas migration in f-CsCl (NaCl phase) indicate
an interstitial diffusion mechanism, which is comparable to the inert gas diffusion
results in the other NaCl type alkali halides. As the interstitial space is extremely
smali in the 2-CsCl phase (TsCl lattice), the gas has to move by another mechanism.
The calculations of Miiller and Norgett'?? showed that the mobile gas/divacancy
quantitatively fits the exponential results.

Crystal orientation effect. Several authors found that different crystal faws gave
different gas release rates and apparent difiusion coefficients. Sy Ong and Elleman®2,
for example, investigated CaF, crystals labeled with !33Xe through the fission recoil
technique and found that at all temperatuses crystals with surfaces parallel to {111)
planes have higher gas release rates than crystals cut parallel to {001) planes. An
Arrhenius diagram of the diffusion coefficients gave different activation cnthalplw.
337 k3 mol™ ! for {111) and 289 kJ mol~?* for {001 faces.. :

The crystal orientation effect is emphasized for the ion bombardmcnt a.nd
fission recoil techniques of Izbeling, i.c., where chanelling of the inert gas atoms is
possible. Korneisen and -Sinha'72 observed un effect of crystallographic direction
of ion bombardment on the inert gas release from tungsten single crystals. Figure 53
shews variations of Xe-release spectra of tungsten crystals for identical 400 eV'—
Xe-bombardment of three different faces (110), <100) and- (211) Sxmilaﬂy,
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Fig. 54. Release curves of Ne, Ar, Krand chromtungstcnlabcledbyionbomb‘udmcnt;adoscof
5 x 10*2 joms per am®.

Matzke!? obtained different values of diffusion activation enthalpy from release
curves of SiO, crystals bombarded with 40 keV xenon. At a Iow dose (8 x 10'? ions
per cm?), diffusion release along and perpendicular to the c-axis dominated with
activation enthalpies of 243 and 255.4 kJ mol~?, respectively. The value of AH =
301 kJ mol~ ! was found for Xe-bombarded fused silica. Diffusion in the amorphous
phase was markedly slower than diffusion in the crystalline phase.

4.3.5. Type of inert gas and its concer:itration

Kornelsen and Sinha!8° observed that various gas atoms implanted at the same
energy, 600 eV, into the (100> face of tungsten crystals released differently. Figure 54
shows the release curves for Ne, Ar, Kr and Xe from tungsten bombarded by a dose
of 5 x 1022 ions per cm?. The results of Fig. 54 are interpreted under the assumption
that atoms of different inert gases arc released from positions in-the lattice with
different trapoing energy. The gas release may pertain to a quite different trapping
configuration than that in what the ion came to rest at the bombardment temperature,
since annealing and re-trapping may occur as the solid i keated. It has been reported
by.Matzke'®!, 'Felix et al.3%- 176 and others that the inert gas diffusion data- (D
-Dg and-AH) of a solid ‘could -differ acoordmg to the inert gas used.” :t et ol s
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Fig 55. Temperature-dependence of Ar, Kr and Xe diffusion in CaF=.

TABLE 16

PHYSICO-CHEMICAL CHARACTERISTICS OF INERY GASES -

Gas Ne Ar Kr Xe - iRn,

Atomic radius (nm) 0112 0.154 0.169 0.190 0214
Boiling point (°C) —246 —186 —153 —107 —65
Melting point (°C) —249 —189 —157 —112 -7

! A very instructive example of different mobility of argon, krypton and xenon
atoms in §-CsCl (NaCl-lattice) has already been shown in Fig. 52. The mobility of the
inert gas atoms decreases in the order Ar~Kr-Xe, i.e., in the same order as tke atomic
radii of diffusing gases increase’7S. Felix and Lagerwall!?3 showed differences in the
mobilities of argon, krypton and xenon on the alkaline earth fluorides, CaF;, SrF,
and BaF, (CaF, lattice). Figure 55 shows an Arrhenius diagram for the Ar, Kr.and
Xe diffusion in CaF,. As in the NaCl lattice type, the gas mobility.depends on the
type of inert gas used for diffusion measurement and decreases in the order of. in-
creasing atomic radii: Ar-Kr-Xe. At the melting point, high D values were found
again, however, with higher activation enthalpies with respeci to the NaCl lattice due
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to the much denser structure of the CaF, lattice. The lower mobility for argon and
krypton in the low temperature region was interpreted by a trapping®®- 1°7 of the
gas atoms in the xamce. For xenon atoms thh the relatwely Jargest aton}.xc radius,
the trapping takes place in the whole temperature region considered. The atomic
radii, binding energies of the gas atoms in the lattice and other factors mainly deter-
mine the mobilities of inert gas in solids. Table 16 summarizes the main physico-
chemical characteristics of inert gases!'4- 22 ysually used in diffusion measurements.

The effect of gas concentration on the mobility of the inert gas, as observed by
a number of investigators, has already been mentioned. Mears and Elleman * ¢® studied
diffusion coefficient of xenon in KI using high concentrations of fission xenon
(5 x 10'* Xe atoms per cm?) and of xenon produced from *33] parent (4 x 10'*Xe
atomsz per cm3). Lower values of the xenon diffusion coefficient iz KI were observed
in botk cases compared to its theoretical values. The labeling using a 1331 parent
produced negligible radiation damage so that the lowering of the diffusion coefficient
must reflect gas trapping from gas—gas interactions. For gas release fractions, F = 0.1,
the released gas was estimated as undergoing an average of 3000 gas—gas interactions
(prior to release) when gas atoms occupy adjacent lattice sites. This is apparently a
sufficient number of interactions to produce 2 measurable reduction in gas diffusion
rates. i

4.3.6. Evaporation of the sample

Using ion bombardment, fission recoil or reactor irradiation techmque for
labeling, a possibility arises that the release of inert gases may be caused by the evapo-
ration of the sample. Since the ranges (penetration depths) of the inert gas atoms in
ion bombardment, fission recoil doping, etc. usually vary between a few tenths of
nm up to about 1000 nm, evaporation losses of the order of one or a few pug per cm?
of surface can cause a release of the inert gas atoms located in this surface region.
If the activation enthalpy, 4H, for inert gas diffusion is lower than the 4H 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 precesses at or near the melting point can usually not be
studied when ion bombardment is used for labeling. An unambiguous interpretation
of diffusion data-is possible only if one knows whether. or not inert gas is being
released by vagorization of the sample. For this purpose, Kelly. and Matzke!>!
defined a “minin 2m vaporization temperature”- or “MVT’’ for the begmnmg of
vaporization of 2 sample. This is the temperature at which the amount of vaporization
in the time scale of the experiment is comparable to the median range, R,. The simplest
‘method of derivation proposed by Kelly and Matzke!*! is to use weight-loss data, the
MVT then. follows directly. In Table 17 the MVTs arc listed*>* for-some most
common -oxides and halides. Kelly et al 151 ptoposed formulas for evaluating the
MVTs from cxpenmental data obtained atboth stcp h&tmg and an humng rate.
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TABLE 17

mxmuuvnrouznmmms“wr”msbuzmmomgsh -

Mater:c! MVT (°C)
- - ; 35 atom layers in 5 min
BaF= . 775— 800
CaFa 875~ 900
KCl1 365- 3385
a-AlOg - 1690-1750
ThO= 1775-1800
UO- 1430-1475
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Fig 56. System of stages in gas release studies for the case of a linear temperature increase in the

re escatation dFfdr against temperature 7. T3q refers (o the temperatures of sclf-diffusion for the
conditions of ion bombardment.

4. 4. Classification and models of inert gas mobility

4.4.1. System of srages for inert gas mobility

The application of the ion bombardment labeling technique with well-dcﬁned
ion beams makes it possible to separate the surface 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 concentration in the solid czn
easily be provided. In this way a clear separation of various processes that contribute
to the overall release!?: 183. 134 i naqsible. These processes were grouped into 2
system of stages in analogy to the recovery stages observed in electrical mxstmty
studies in quenched or irradiated materials. - --

Figure 56 shows a schematic presentation of the stages. Similar to the recovery
of metals, the stages are grouped according to their temperatures with mpect to
those of self-diffusion and are attributed to specific transport processes!Z. --

_ Stage I involves gas mobility at unusually low temperatures:
Stage IA is due to gas fortuitously located in high mobility sites.

»
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;-Stage IB is due to annealing of structural radiation damage, the most common
form of which-is radiation induced amorphousness. -

.- . - Stage-II involves gas mobility. at' “normal”- témperam:&s, ie.,. temperaturs
similar to_those of sclf-diffusion of the matrix atoms. -~ .-~ - T e e
’ - Stage IJA is due to the unperturbed mob ,mglcgasatoms St :

Stage 1IB is due to temporary trapping o gas, ie,, to weak interactions ofgas
atoms with radlauon damage or pre-existing defects, or with other gas atoms. ~ .

- Stage HI involves gas mobility at unusually high temperatures and is due to
strong trapping of gas at pre-existing defects or in gas-filled bubbles. . }

As a consequence, stages IB, IIB and III are dominant at Ligh nradlatxon
exposures leading to high concentrations of damage 2nd gas. In conwrast, stages TA
and IIA dominate in the absence of damage and hence at low irradiation exposure. In_
general, stage TA will predominantly occur in surface near lavers and stage IIA: further
in the bulk. Examples for all these stages will be given in tlns scctxon and the poslble
mechanism of mobility will be discussed.

Aluminum oxide (a-Al,0,) labeled by the icn bombardment techmque was
selected to demonstrate the stages. Results published by Jech and Kelly'®’ on a-
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AL, single crystal bombarded with Kr-ions which reveal the most typical features
are demonstrated in Fig. 57. Labeling in a Tesla-discharge under 20 Pa of Kr was
carricd out using discharge durations of 0.6 and 9 scc to obtzin the various gas
concentrations, 3 x 10'3 Kr per cm? and 13 x 10'* Kr per cmm?, respectively. Depth
distribution of Kr-ions in the sample was estimated to be about 1-2 nm. The respective
amounts of the gas remaining after heating to 1100°C were 10 and 4%, as indicated
in Fig. 57. ) :

4.4.1.1. Gas release from high mobility sites (Stage IA). This stage is most
prominent at low bombardment cnergies and lew doses. It can be explained in terms
of gas which is fortuitously located in high mobility sites.

In Fig. 57 (upper curve), stage 1A is represented by two peaks in the temperature
region of 100-550°C. The peak at 100-375°C was ascribed to the release of gas from
the surface proximity. The peak at 375-550°C possibly indicates the role of excess
poini defects. According to the authors!®5, such release is also present at higher
bombardment energies and doses but its contribution fali. off rapidly with increasing
energy. The second sub-stage, with a maximum 375-550°C corresponds to 4H =
223.2 kJ mol ™ * (4 H being evaluated by eqn (69) under the assumption of single jump
kinetics with a discrete AH). As the AH value is similar to that for point defect motion
in 2-Al,0;, a connection with excess point defects, presumably created in the bom-
bardment process was suggested. For example, it was shown in various annealing
experiments'36~ 138 on fast neutron irradiated a-Al,O; that the recovery of the
Iattice damage began at temperatures corresponding to 4 H values of roughly 205-243
kJ mol~!, while a value of 243 kJ mol~! kas been proposed for extrinsic O-Al,O;
diffusion'®®. Further comparisons were made with the density recovery data of
Desport and Smith!®? and the color-center work of Levy'®!. The three stages dis-
tinguished in his work are indicated in Fig. 57.

Other evidence for stage IA has beer observed with KBr, KCI, Fe,O0,, SiO,,
TiO,, Nb,O,, Si and W (cf. refs. 150, 160, 185, 192-195).

The stage IA inert gas release would be expected to be described by the equations
for diffusion with irreversible trapping (eqa (63)). These equations are valid not only
for stage IA release (some gas coming to react in high mobility sites and to rest ending
up in either normal sites or deep traps), but also for the case of stages IIA and 1IB,
where one part of the gas moves via normal sites and the other part becomes trapped
in deep traps (e.g., radiation damage).

4.4.1.2. Annealing of structura! radiation damage (stage IB). The next stage
encountered with increasing temperature is that where inert gas motion coi~cides
with the annealing of a bombardment-induced structural change. Such behavior has
been reviewed for 2 number of anisotropic or covalent materials such as Al,O,,
Fe,0;, Si0,, TiO,, U304 and the semiconductors Ge, Si and GaAs (cf. refs. 17,
151, 196, 139, 180). Since the temperatares in all of the cases studied to date were
well below those for self-diffusion or normal gas diffusion, gas motion involving a
structural change is basically part of “damage diffusion”, or stage IB. Probably the-
best understood example is a-Al,0;. As shown in Fig. 57 (lower curve), a-Al,O,
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bombaided with krypton to high doses shows a narrow release peak at 600-800°C.
This peak is present*®® whenever the gas concentration exceeds about 104 _atom
cm ™~ 2. Direct evidence of an amorphous crystalline transition was obtained by Matzke
and Whitton'°® on the basis of electron diffraction patterns. A further indication of
the structural transitions is the character of the peak at 600-800°C. The width at half
maximum of the peak, AT);,, has an observed value of 60 +10°C. It is to be comparsd
with a predicted value of about 60°C for release governed by single jump kinetics
with a discrete AH'3%. Release governed by diffusion kinetics would have given half-
widths perhaps of double value!*®. A value of 322 +8 kJ mol~! was obtained for
the activation enthalpy by substituting the following data into tae appropriate AHJT
formula for single jump motion with a discrete AH (eqn (69)), the temperature of the
maximum release rate at 700-760°C using a heating rate of 20°C/min and the usually
assumed value for the diffusion pre-exponential term, Dy = 0.3 cm?s™ 1.

The gas release linked with the amorphous-crystalline transitions of a-Al,O;
(4H = 322 +3 kJ mol™ ') has close analogies in the work!?! on the annealing of
color centers in reactor irradiated 2-Al, O, and in the work!®¢ on the annealing of
density changes. The solubility changes described by Kelly and Jech!?2 and the DTA
exothermal effect accompanied the annealing of the neutron irradiated sample!2%.

Stage IB is most readily observed with ion bombardment labeling. Itisa common
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though not universal phencmenon and is due to the annmlmg of gross. strudural
damage.
4.4.1.3. Normal volume diffusion (unperturbed gas mobtlxty ) (stage IIA J-

Stage 1A is due to the unperturbed mobility of single gas atoms-and will therefore
be prominent at low doses. The self-diffesion of Kr-bombarded a-Al,O, or normal
gas diffusion begins at 800-500°C, as can be seen in Fig. 57 (upper curve). Matzke!?!
hzs shown that this siage of gas release starts between 0.4 and 0.5 7, y,;,, for a
surprisingly large variety of Iuaic crystals of different lattice structure. The tempera-
tures of peaks and ‘_.aperature widths of stage IIA release could be interpreted in
terms of activation enthalpies by means of eqns (64) and (69), using experiments with
stepwise or linear heating, respectively. The values of AH deduced from the gas
release curves in relation to the melting point T, yi.g. are shown in Fig. 58 for ionic
crystals and metals of different lattice structure. Evidently, AH values increase
linearly with the melting point. This relation can be expressed by

AHy, = (14 £ 02) - 107> T 1 (82)

vhere AHisineVat™ ! (1eVat™! = 96.427 kJ mol™?) and the two limits of error are
indicated by dashed iines.

4.4.14. Retarded gas release due to a weak trapping- (stage IIB ) Higher gas
concentrations, and kence higher damage concentrations, lead to a decreased mobility
which is expressed by stage I1B. This stage occurs within the temperature range of
self-diffusion of the matrix atom, similar to stage IIA. Since there are many types of
defects, vacancy clusters of different size, dislocation loops, stacking faults, etc., one
cannot necessarily expect the same trapping energies for different irradiation condi-
tions. .

Examples for stage IIB include nearly every matenial labeled by ion bombard-
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ment or nuclear reactions by neutron irradiation, though th2 clearest are ion bom-
barded CaF,. LiF, KCl, Pt, ThO,, UO,, W, together with neutron irradiated KBr,
KC1 and RbCI (cf. refs. 52, 105, 201, 159-161, 182, 56). In Fiz. 59.a typical example
of stage IIB is sliown, krypton-bombarded KCl1 illustrating a dose-dependent fine
structure within the self-diffusion temperature range ! 23, Peak I1B is more pronounced
wken higher doses are used.

. 4.4.15. Gas-filled bubbles (stage III ). Stage III might be d&scnbed as-any
gas release well above the temperature of volume self-diffusion. This stage is due
to strong trapping of gas in pre-existing defects (such as porosity) or in gas-filled
bubbles. A pre-requisite for bubble formation is a sufficiently high gas concentration.
Stage 11T was therefore found to be most prominent at very high doses and, moreover,
with materials not subject to bombardment-induced disorder. Usually, bubbles are
quite immobile before very high temperatures are reached. Inert gasatoms preqpxtaxed
into bubbles can be released by three mechanisms: -

(1) volume diffusion of the matrix atom;

(i) surface diffusion o1 > matrix atoms;

(iii) vaporization-conacasatio.» mechanism.

Insofar as bubble motion = iavolved, one would expect the same d!ﬁ'usxon
theory as for stage I1A to hold, including the same F and AH/T expressions, except D
should be replaced by Dy, up1.- Thus, we should use one of the following three c¢x-
pressions, depending on whether the rate-controlling process involves surface self-
diffusion, volume self-diffusion or vapa1'12%!.'1txon-<:ondensatxon203 -

Dbnbble = ’/(27‘7 )Dsurfue
Dbnbble — 3/(21"' ¢)7Drc!une (83)
Dbnbble = 3/(47?3) Dpscusas 7 )

Here r is the bubble radius in units of a, @ the correlation factor, and C,,, the
equilibrium vapour concentration in atoms cm ™ 2. In additior R_ should be replaced
by (L -In2), where L is the diffusion trapping length appropriate to bubble formration.

Examples for stage HI behavior include the Xe-bombarded gold2°*® and
platinum’*2. Bubbles are most common in metals but have also been found in UO,,
UC, MgO, Al,O,, etc.2%%- 295 Transmission electron microscopy is fmquenﬂy used
to study bubble nucleation, growth, and mobility.

4.4.2. Possible diffusion mechanisms .

Four diffusion. mechanisms have been proposed at various times to expla.m
inert gas migration in solids:

Vacancy diffusion. The inert gas atoms are assumed to occupy vacancy sites in
the lattice and diffuse through either the cation or anion sublattice by Jumpmg into
appropriate adjacent vacancies. -

Interstitial diffusion. Inert gas atoms occupy mtcrstmal sites in thc lattice and
diffuse by jumping into adjacent interstitial sites.

i Imersmzal diffusion plus trapping. Inert gas atoms dxﬁ'use mt.xsutmlly but may
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be trapped at defects in the lattice such as vacancies. If the binding energy to the
defect is sufficiently large, the rate-controlling step in diffusion will be the release
rate from the defect, and the measured diffusion activaticn energy will involve both
the defect binding energy and the energy of migration of the gas atom.

Mobile cluster diffusion. Inert gas atoms associate with mobile vacancy clusters
and move through the lattice with the cluster. Dissociation of the gas atom from the
cluster may occur which immobilizes the gas atom until another vacancy cluster
diffuses to the lattice position adjacent to the gas atom.

4421 Vacancy diffusion. Self-diffusion usually occurs through a vacancy
mechanism. The validity of this mechanism can be proved 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 catior or anion vacancies to maintain the total charge balance in the solid.
The impurity-generated vacancies may exceed the concentration of thermally generated
vacancies and an increase in the diffusion coefficient is observed.

However, Mears and Elleman * °%, Sy Ongand Ellcman®? and Matzke!79-139-160
failed to detect ar impurity increased inert gas diffusion with ThO,, NaCl, KBr, Csl
and other alkali iodides. Schmiling?®! and Felix'!?! have observed an impurity
effect in SrCl, doped crystals of KCl and KBr, respectively, with Ar as the diffusion
gas. However, the impurity reduced the inert gas diffusion rate (due to a trapping),
which is the opposite of the trend expected for vacancy diffusion. Another reason
against the vacancy diffusion of inert gases is the large difference frequently observed
between the inert gas and self-diffusion coefficient in a solid. For example, for Xe-
diffusion in CslI the diffusion coefficient was reported by Mears and Elleman®®® to be
at least two orders of magnitude higher than the self-diffusion coefficient measured by
Lynch?°%, while the activation enthalpies are similar. Since the vacancy migration
rates are controlled by self-diffusion, diffusing gas atoms present in trace concentra-
tions should exhibit values of D within an order of magnitude of the self-diffusion
coefficients, even if the gas atcns always competed successfully for available vacancies
with the host ions. -

The diffusion activation enthalpy, 4H, in this model is dH = Q. + Qg; the
sum of the gas migration energy, Q. and the formation energy, O, of cation vacancy.

Matzke?°? and Matzke and Davies*°® studied the channeling of alpha particles
from 222Rn decay as 2 means for ascertaining the position of the 222Rn-atoms in the
lattice. They concluded that the gas atom in KC}, CaF, or UO, does not occupy a
lattice site, and therefore, apparently does not diffuse by a simple vacancy process.

4.4.2.2. Interstitial diffusion. Diffusion by a simple interstitial process also
appears incompatible with many of the experimental results. Norgett and Lidiard!¢?
have calculated values for the diffusion activation enthalpies for inert gas diffusion
in alkali halides by interstitial mechanisn and have obtained values in the range
between 0.10 and 0.34 eV at™ !, which corresponds to 9.64 and 32.73 kJ mol™* (the
transformation factor is: I eV = 96.427 kJ mol ™ ?). The diffusion activation enthalpy
for the interstitial mechanism AH = (Q,, corresponds to the gas atom migration
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energy only. Atoms in interstitial positions are supposed 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-diffusion in alkali
halides lie in the range 0.30 to 2.0 eV with most values above 0.8 eV. This disagreement
with the calculated values is too great to explain inert gas diffusion in terms of an
interstitial model.

4.4.2.3. Inicrstitial diffusion plus trapping. Norgett and Lidiard*%¢ 167 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
reflects the binding of the gas atom to the vacancy trap, so it is possible to obtain
large values of 4 H even though the gas migration energy Q,, is low. The authors have
used this model in calculating expected values of 4 H which satisfactorily agreed with
experimentai values in certain cases. This model has considerable flexibility in fitting
experimental results and presents a number of obvious advantages. It is possible to
explam Arrhenius diagrams with two activation enthalpies, such as those observed
by Felix®® in terms of different rate-controlling 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 enthalpy contains for
the trap binding energy Qp, the trap formation energy Qp, and the gas migration
energy Qy; or AH = Qy + Qg + Oy. The high temperature diffusion component is
assumed to result from interstitial diffusion only with no trapping.

Difierent crystals with different lattice parameters, host ion sizes, and structures
are expected to yield different interstitial activation enthalpies. The calculations of
Norgett and Lidiard'®7 do predict different activation enthalpies or different crystal/
gas systems. The model also readily explains why the gas diffusion coefficient can
greatly exceed the self-diffusion coefficient since the mechanisms are different. Also,
diffusion resulis with a single activation enthalpy, such as KF/Ar and RbF/Kr which
may be explained by assuming that trapping dominates over the entire temperature
range of measurement.

The lowering cf diffusion coefficients throuah the introduction of impurities,
as observed by Schmeling?®! and Felix'7?!, is also consistent with the model, but the
results in waich no impurity effects were observed wounld appear inconsistent if single
vacancies act as traps. The lowering of the diffusion coefficient through the radiation
induc=d 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 energy for a gas
atom in a defect cluster than for a gas atom in a single vacancy.

4.4.2.4. Mobile cluster diffusion. Matzke'®° was the first to suggest that inert
gas atoms could possibly associate with mobile defect clusters and move with clusters
through the lattice. The size of the mobile vacancy cluster is unknown and presumably
lies between a divacancy and the seven or cight vacancies postulated for stzble void
formation. One of the simplest possible cluster models, a Schottky defect consisting
of one cation and two anion vacancies, was described by Sy Ong and Elleman®2. An
inert gas atom is assumed to associate with the defect and move through the lattice
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with the clusters. The gas atoms may periodically dissociate from the clusters to
become trapped in the lattice, so observed gas diffusion coefficients may be lower than
the cluster diffusion coefficients. An equilibrium between diffusion gas atoms in the
e Bn o e X S B lh e mbacmen 2o mmcrtemead Tha ol — e B T
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terms of quasi-chemical equilibrium with the equilibrium constant K,. The diffusion

activation -r‘fhnln\r for this diffusion model ic gn.pn hy: AH = t) + Qm(c) + re 2 (n\ -

Q4(c), where Q_, is the migration energy for the mobile cluster' Q,,,(c) is the mxgranon
energy for the maobile cluster containing an inert gas atom; O (c) the cluster formation

energy; and O.(c) the cluster dissociation energy with a contained gas atom. Like
the trapped interstitial model, the mobile cluster diffusion qualitatively exnlams most
of the features in inert gas diifusion experiments.

An Arrhenius diagram with the break of the type observed by Felix®® is ex-
plicable by this mechanism also. The low temperature component results from appre-
ciable gas dissociation of all of the gas that remains in the cluster. The straight line
of the Arrhenius diagram is also possible. The model is compatible with gas diffusion
coefficients, which are considerably higher than the self-diffusion coefficients since the
mechanisms are different. There may or may not be impurity effects for gas diffusion
since some cluster concentrations are altered by impurities while others are not. For
example, in divalent salts, the divacancy concentration is impurity-independent (the
product of cation and anion vacancy concentrations is unaltered by impurities) but
the trivacancy conceniration is impurity-dependent. The modei predicis a decreasing
fraction of mobile gas atoms with incmsing gas concentration which is compatible
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concentrations. The model is also compatible with the channeling of Matzke2°7

208
and Matzke and Davies*®" which showed that gas atoms are not on single lattice sites.

The problem with the mode! is, that currently, it does not appear possible to

specify values of D,, O, Og(c) in advance and it is therefore possible to fit almost
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any shaped curve by a suitable choice of parzameters. The mobile cluster model has
been found®? to be the best explanation for diffusion of inert gas atoms in CaF,.
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Chapter s
MEASUREMENT OF INERT GAS RELEASE AND INSTRUMENTATION
5.1. Methods of inert gas release determination

The inert gas release can be measured as:

(1) The amount N({r) of gas reileased from the sampie in time 7. From the
measured N(z) value the released fraction F of the gas is usually evaluated: F =

AFr.\JIAr -t ¥ o PR e

Q) 1% 5, no Uc.ug un: wLal ¥ad amount uuuauy plQClll. lll l.uc bdmplc,

(i1) The release rate N(t) of the gas The measured N(f) value is usually expressed

ac flno rolenco rata A LA Afthe oarf o '\-uf :f ~an h--cu‘ “l\"ﬂ‘lﬁ'!!ﬁh haamanatimao
@9 Lilvw LVIVAIN 1OV Uj l\ll i ‘l‘b .llblb 5“9 /AL I Wil “llué I.llb blual-aull:

power E (E = N(f),/N¢o:m) When a sample Iabeles® oy the parent of emanation was

measured

Apart from the direc? .ueasurement of the inert gas release, the residual gas
remaining in the sample can be measured and the release calculated. The latter case
has been employed with sa.mnles labeled by the gas without iis radioactive parent.
The time or temperature dependence of the 11ert gas release can therefore be expressed
by an integral release curve (i), and by an differential release curve (ii).

3.1.1. Released fraction F of inert gas

The determination of the fraction F of the inert gas released (F = N(t)/No)
can be made by collecting the gas in an activated charcoal trap at low temperature$®- 21!
or by using a closed circuit apparatus®!'. The amount N(r) of the collected gas may
be measured continuously or periodically {(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(f) of the gas released can aiso be determined?!? by counting the
remaining radioactivity of the labeled sample after step-wise heating and cooling to

To0m l.cmpcrd.l.urc, .i)lllg g .uUW-Ly[X: p[Up()[uUﬂdl CUOUICE.

To cxprws the fraction F of the inert gas released, the total activity (N,) of the
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value N, by dissolving the sample in acid or another solvent. In order not to destroy

the sample, a second camnh- 1abeled tnopther with the cnpr:mpn may be cpnnr-afplv

dissolved. Matzke?!2 proposed to heat the sample to the temperature at whxch all
the gas present is supposed to be released.

For experiments lasting a relatively long time when compared with the half-life
of the inert gas used, the decay of the measured inert gas should be taken into account.
The fractional release F(7) is then expressed®® as i

F(t)=~|~(.t)+:.f~(r)dr|/~o_ S @
| 8 1] -5

* dF/dt should be rigorously undesstood as N(¢)/Ne.
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where N(7) is the number of inert gas atoms presented in the charcoal trap and
measured. N, is the number of inert gas atoms present in the sample in time v = 0,
the term, 2 [§ N(z)dz, represents the number of decayed atoms of the radioactive
gas released in time 7, and Z being the decay constant of radioactive gas.

2. Release rate dF|dt of inert gas

‘When the release rate of the inert gas is to be determined, the amount of inert
gas escaping from the sample in unit time is measured (N,,; = dF/dr) and expressed
In terms of emanation release rate or emanating power. The emanating power E
(used with samples containing an inert gas parent nuclide as the source of emanation)
is defined as the ratio of the emanation release rate, i, ,, and the emanation formation
rate, ﬁl’om’ or E = A.’I'CIIN"OI'IB'

(1) Determination of gas formation rate, N, ., and release rate, N . Several
methods can be used for this purpose. Dissolution of the sample in acid or another
solvent and measurement of the inert gas release from the solution? is usually applied.
The radon formed during the definite time interval is removed from the solution by
elution with a gas and measured (*2?Rn escapes quantitatively from hot acid solu-
tions). A static or 2 flow method can generally be used for the measurement of the
radon released. The static method (which can be applied for 2?Rn measurement)
consists of measuring the radioactivity of the sample after radioactive equilibrium
betw=en radon and its active deposit {daughter products) has been established (~ 4
hours). When the radioactivity of short-lived nuclides, ?2°Rn and #!°Rn, is to be
measured, the flow method is usually employed. In this method the escaping inert gas
is swept through the measuring chamber at a ccostant rate. Alpha particles emitted
by 22°Rn or ?'°Rn decaying in the measuring chamber and by their immediate
daughters, 2'°Po (#;;; = 0.158 s) or ?!5Po (#;,; = 0.00183 s), are measured. The
radioactivity measured is proportional to the rate of escape of inert gas from the
sample measured.

(2) Comparing to standard specimen' method. The rates of inert ga.s rel&ase
from the sample and standard, denoted (N,), and (N.),,, respectively, are measured.
The rates of the inert gas formation in the sample and standard, (V,), and (¥,),,,
are determined by measurement of their « and f activities in sealed containers after
radioactive equilibrium has been attained. The cmanatmg powcr is equal to: -

—E, LNII(N ], @85)
[NI(NPI.

The method of comparison to a standard specimen is usuaily employed for the
determination of the emanation formation rates when the inert gases, 22°Rn and
219Rn, are used since they do not escape quantitatively from aqueous solutions. The
emanating power of the standard E,, is determined in another way, e.g., by the active
deposit method. The emanating power of barium palmitate or stearate, which are
usually employed as the standards, are E = 98-999%,

(3) Active deposit method®. This method (suitable for samples of faxrly high
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emanating power) consists in the measurement of beta or gamma activity of the active
deposit  equilibrium with the radioactive inert gas. A sampie labeled with the inert
gas parent (where the inert gas is in .radioacrive equilibrium with the parent) is
thoroughly washed in a dry stream of nitrogen, until radioactive equilibrium between
short-lived active d=posit and inert gas remaining in the sample has been attained.
The sample is then placed in a container and its beta and/or gamma .activity is
measured immediately after sealing the container. The measured radioactivity, N,,
is proportional to the rate of decay of the radioactive inert gas in the sample. The inert
gas escaping from the solid into the sealed container is then allowed to grow until
radioactive equilibrium is reached between incorporated parent, escaping inert gas
and active deposit on the walls of the sealed container. When ???Rn and 2?°Rn
nuclides are employed, 2pproximately | month and 10 minutes, respectively, are
needed. The activity of the sealed sample, N ,, is then measured agaid. This activity
is proportional to the rate of formation of radon in the solid. The emanatmg power
in absolute values can be calculated as

E=(@N,—N)N, @9

If conditions of steady radloacuve equilibrium are no: fulfilled, the m&sured ratio £
is called “apparent emanating power”’.

5.2. The equipment for inert gas release measurement

The ETA apparatus consisis in general of several components, ensuring
- (2) inert gas detection, monitoring and recording; .
(i) sample heating and temperature control and measurement;
(11i) carrier gas supply with flow stabilization and measurement;
(iv) measurement of complementary parameters.

2.1. 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 cmxttcr, one.of the methods for the detection of radioactivity can be used. If
the inert gas is nc =-radioactive, a mass spectrometer (e.g., Omegatron type) can be
employed for its dztection and measurement. The experimenter faced for the first tirne
with the problem of radioactivity detecticn must be rcferred to standard texts on the
subject, e.g. ref. 213. T
Techniques which can be used for the detection and m&surement of the inert
gas radioactivity can be divided into several categories. All of them are commercially
available: R -
- Geiger-Miiller counters _(for a, f and y emitters), L
Ionization chambers (for a, B emitters), - Ce e
_ Scintillation detzctors _  (for a, § and y emitters), ’
Semiconductor d2tectors  (for.o, B, 7 emxttcrs)
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- The choice of detector depends on the type and energy of the radiation; half-life
of inert gas nuclide and the information desired. Coupled detectors®* are sometimes
used for simultaneous detection of several gaseous nuclides. Early investigators used
the ionization chambers of 200-600 cm® volume as detectors for measuring alpha
activity. The conditions for measuring *°Rn and ?!°Rn by means of an ionization
chamber have been examined in detail by Voltz and Adloff2?3. The use of ionization
chambers for alpha activity measurements ensures 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 G.M. counters. The
efficiency of activity measurement by means of the end-face G.M. counters, scintilla-
tion and semiconductor detectors is almost unaffected by impurities in carrier gas.
These detectols are therefore advantageously used when solids are studied which
undergo decomposition accompanied by evolution of gases or water vapor.

35.2.1.1. Measuring chambers. The detector itself is usually placed in a measuring
chamber, the shape and volume of which are designed according to conditions of the
radioactivity measurement and the :nformation desired. Figures 60-64 show the
principal types of measuring chamber=. Figure 60 shows the classical ionization
chamber® connected to an electrcscooe and used to measure the reiease rate of the
radon isotopes, 22°Rn (1) and 222Ra (2). Figure 61 shows the measuring chamber
for 22°Rn release rate using an zlpaa-scintillation detector (ZnS) connected to a
photomultiplier>'¢~2'®_ Various shapes of measuring chambers3- *°® for krypton
83Kr are illustrated in Fig. 62: (a) small volume chamber with one or two end-face
G_M. tubes, (b) small volume chamber bored in the beta-scintillation crystal directly,

2
7
‘%‘_——Qj—;%mp
R ol
ey

Fig 60. Smwdramngo(adzsmlmmhmcbambqoonnededMandedrwmandmed
formmgthcr@emtcdmdonsotops,%andﬁkn(ﬂm}hhn')-l —-condemerfor
*Rn measurement; 2 = coadenser for *2*Rn measurement; 3 = electroscope. --

Fig 61. memr«%mmmmﬂmmmmm
to a photomaultiplier tube (2) (after Quet et al.2'® and Balek213)_ -
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Fig 62. Various shapes of chambers used for the measurement of beta-active inert gas:s (3°Kr):
2 = small volume chamber connected to one or twc end-face G_.M. tubes; b = small volume chamber
drilled in a beta-scintillation crystal connected to a photomultiplier tube; ¢ = flow-type G.M. tube
(after Tolgyessy et al. >3- 195)_ 1 = end-face G.M. tube; 2 = scintillator; 3 = photomultiplier; 4, 5 =
negative and positive electrodes, respectively, of the flow-type G.M. tube; 6 = electrod.,holder

Fig. 63. Chambers used for measuring release raie of gamma-active inert gass (mXe), cqmpped
(2) with a G.M. tube (after Lindner and Matzke®) or (b) with a gamma-scintillation crystal connected
to the photomuliiplier tube (after Ichiba®1?). § = G.M.-tube; 2 = scintillator; 3 = nhotograltiplier
tube; 4 — Pb-shiclding.

Fig 64. Measuring chamber for measuring released fraction £ of inert gases beta or gamma active
(after Koss*®) 1 = charcoal trap cooled; 2 end-face G.M. tube orscmtﬂlauondetector3 Dewar
flask: 4 = Pb-slncldmg. .

and (c) flow-type G.M tube. Fig. 63 shows two measuring chambers for gamma-
activity, e.g., 135Xe. The chambers are ecuipped with G.M. tube?!! (part a) or with
a gamma-scintillation crystal connected to a pkotomultiplier >3- 21? (part b). Figure 64
shows the chamber with a charcoal 1rap®° for measurements of released fraction, F.
An énd-face G.M_- tube or a scintillation detector can be uszd for the measurement of
beta or gamma activity. The same.types of detectors can bc used for oountmg the
residnal radioactive inert gas in the:samgle. - -
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5.2.1.2. Monitoring and recording of inert gas release. The output of the radio-
activity detectors (G.M. tube, scintillation and semiconductor detectors) is connected
to a count-meter, a count-rate meter, or 2 spectrometer. The recording of the ex-
perimental results is provided by a printer, a recorder or recently by a punch tape
printer which enables the immediate use of a computer for data cvaluation.

5.2.2. Systems of carrier gas flow and stabilization

The ETA of the sample is performed in a gas stream which serves as a gaseous
medium for the solid sample and as a carrier gas for the inert gas and volatile products
released from the sample. 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 release rate is measured, the continuous flow 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 flow-rate is essential, otherwise false effects
on the ETA curve can appear. In the cases of short-lived inert gas nuclides (as **°Rn)
the gas flow-rate must be sufficiently high to prevent too much loss by decay bzfore
the measuring chamber is reached. On the other hand, a high flow-rate means that the
inert gas atoms spend less time in the chamber and thc probability of detection by
their disintegration is less.

The maximum flow-rate depends on the volcme proportions of the flow system,
the volume of the measuring chamber and the decay constant of the radioactive inert
gas puclide. Assuming a linear flow-rate in the system (which is a simplification of the
reality), ¥, the volume between the sample and the measuring chamber, ¥V, the
volume of the measuring chamber, u the rate of the gas flow, Z the decay constant of
the radioactive inert gas measured, and aq the number of the inert gas atoms released
from the sample in unit time, the number of inert gas atoms a decaying in the
measuring chamber in unit time can be expressed?2° as:

a = ao exp (— AVyfu) [1 —exp (— 2V>/u)] ty))

The gas flow-rate correspending to the maximum efficiency of the measurement can
be found as:

e = [AVL2I[1 + (1 + AV VIV (33)

Figure 65 shows the experimentally found dependence?*® of the efficiency of
the carrier flow system on the gas flow-rate when the radioactivity of 22°Rn is
measured. The curve can differ for different carrier gases. The working flow-rate,
¥, is usually chosen on the descending part of the curve where the measured
activity does not change as much with the possible accidental changs of the flow-rate.
For the case given in Fig. 63, the working flow-rate is u_, = 20 cm> min~*.

To ensure the gas tightness of the carrier gas flow system two gas flow meters
are usoally built into the gas line; one at the beginning and the other at the end of the
system, as shown in Fig. 66. The traps for purification and drying of the carrier gas
can also be buikk into the gas line. After passing through the purifying traps, the
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Fig. 65. Experimentally determined count-rate as a function of carrier gas (air) flow for small

volume measuring chamber (V2 = 8.4 am®) and **Rn counting. Working flow rate chosen uex; =
20 an® min—1. )

Fig. 66. Diagram of ETA-DTA simultancous appzratus. 1 = sample; 2 = DTA reference sample;
3 = detector; 4 = detector; 5 = flow-rate merers; 6 = flow-rate stabilizer. The carrier gas piping
dmmgamplcandbadcgrmmdnmmmdtmomtedbyafull or dashed line, respectively.

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 measuring
chamber and 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).
5.2.3. Sample heating and temperature control and measurement

The sample is placed into the reaction vessel which is heated by an electrical
furnace, the temperature program of which is controlled by a temperature control
unit. The temperature programmers of DTA or TG devices??* can be used for this
purpose. The temperature is measured by thermocouples placed directly in the sample
or the sample holder.

5.2.4. Complementary measuring systems )

The investigation of solids needs the application of not only one but several
experimental methods.- To ensure identical experimental conditions, -some authors
proposed devices enabling the simultaneous performance of ETA and other thermo-
analytical methods as DTA, dilatometry, TG, EGA, etc.’ A convenuonal beating
system is used in the simultaneous equipment and various parameters an: mmsured
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together with the mert gas release. A multichannel recorder or digital output measuring
unit can be used for the recording of experimental data. Figures 66 to 69 show
diagrams of instruments permitting the simultancous measurements using the

Fig. 67. Rexction vessel of ETA-DTA-dilatometry simultaneous apparatus (after Balek??). 1 =
Iabeled sample; 2 = DTA-reference sample; 3 = dilatometer sample; 4 = composite thermocouples;
5 = quartz dilatometer rod; 6 = quartz vessels; 7 = supporting pipes; 8 = metal block; 9 = quartz
outer vessel; 10 = ground glass joint; 11 = coolant tube.

Fig_ 68. Diagram of FETA-DTA-EGA simultanscus apparatues (after Balek and Habersberger29).
1 = carier gas supply; 2 = Sow stabilizer; 3 = flow meter; 4 = freczing trap; 5, 6 = cells of reference
and sample thermoconductivity detectors, respectively: 7 = sample holder; 8 = labeled sample;
9—D’I‘Arefcrenoenmple,lo—nmsxmngcbamberohnengasll—-comts-rateuua"lz-
bridge carcuit; 13 = muluchannel recorder.
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— labeled sample; 2 — DTA reference sample; 3 — furnace; 4 = silicon surfzce barrier detector;
= flow-rate meter; 6 = flow-rate stabilizer; 7 = carrier gas supply; 8 = amplifier; 9 = count-rate

TR FCJR " SR g

3 (- 10 = multchanne] reCorGer.

Nincram of ETA_DTA_ TG JDTG simultanenuc apparatue (. {after Emmerich and “abkm

Fig. 70. General view of commercial Netzsch device for simultaneons ETA-DTA. © -
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Fig 71. General view of commercial Netzsch device for simultaneous ETA-DTA-TG/DTG,
including temperature control unit.

following thermoanalytical methods: ETA-DTA, ETA-DTA-dilatometry, ETA-
DTA-EGA, and ETA-DTA-TG/DTG. The ETA-DTA apparatus?22 (see Fig. 66)
commercially built by Messrs. Netzsch, Selb, (West Germany), is equipped with a
semiconductor detector. A labeled sample is used for ETA as well as DTA measure-
ment. The reaction vessel of the simultaneous ETA-DTA-dilatometry apparatus is
schematically shown in Fig. 67. Figure 68 schematically shows the ETA-DTA-EGA
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instrument, constructed by adapting the commercial Netzsch high-temperature
apparatus with a gas flow sample holder?°. The EGA is performed by thermal
conductivity detectors. Before entening the measuring chamber for the inert gas, the
carrier gas passes through the reference and sample cells equipped with a thermal
conductivity detector. The gas line for the background measurement is shown by the
dotted line. A diagram of the Netzsch apparatus?®>® for the simultaneous measurement
of ETA-DTA-TG/DTG is shown in Fig. 69. General views on the commercial
Netzsch devices for ETA coupled with DTA and DTA-TG/DTG are shown in Figs.
70 and 71, respectively.

5.2.5. Radiation safet» of ETA measurements

In the course ol all the years when ETA has been applied, the question has
been posed about the biologicai hazards of radioactive inert gases used for labeling
solids. According to the actual knowledge of protection of a human body against
radioactive radiation, the following remarks seem to be approprate.

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 norraal
for work with radioactive emitters. Rubber gioves are usec: to protect the hands and
the crucibles are handied by a tweezers. The labeled samples have to he stored in a
box under 2 small vacuum to minimize the hazard of the escape of the radioactive
emanation into the laboratory atmosphere (active deposits nuclides formed by the
decay of radon isotopes could enter the lungs as aerosols).

The ETA apparatus itself can be installed in any chemical o, physical laboratory
equipped with a digestory exhaust. ETA is the micromethod (the sample amount
needed for a measurement is about 10-100 mg), the carrier gas system has to be gas
tight, the gas led to a suitable exhaust. The labeling of substances is made by traces
of inert radioactive gases 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 33Kr is used as the inert ges label, the work with
labeled substances requires a minimum of safety precautions. The isotope, 5°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 function.

5.3. The apparatus response 1o inert gas release

The apparatus response with ETA is always somewhat delayed and distorted
to the actual inert gas 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
properly identified with a particular time or temperature. The detailed analysis of the
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degree of distortion of the apparatus response curve to the actual inert gas changes
is also essential to ascertain the magnitude and rate of changes of the inert gas release.

The most frequently used ETA apparatus is based on the continuous flow
system of inert gas 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 thermoanalytical methods.

In this Paragraph attention will therefore be paid to the response curves of the
ETA apparatus representing the emanation release rate as a function of time or
temperature. The degree of distortion of the response curve will be analyzed by com-
paring the ETA release signal to the inert gas input. When a change of inert gas
relcase 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. The delay of the signal caused by the transport of the
inert gas from the sample to the measuring chamber and the distortion of the signal
caused by a dilution of the inert gas in the carrier gas arc analyzed in the following.
Under steady-state conditions, with uniform gas flow and corstant emanation release
rate, the signal of the ineri gas detector is proportional to the rate of inert gas release
from the sample. If a change in emanating release rate occurs in the sample, the ETA
signal to this change will not be immediate. The change in inert gas release will
firstly alter the concentration of the inert gas in the carrier gas flowing at the rate u.
This new concentration must then be carried through volume V,; of the system
between sample and measuring chamber before any change in activity is dctected.
The time between the change and the first sign of response to a change is approxi-
mately (V,fu)sec. The steady-state activity of tie new inert gas concentration will not
be fully attained until a sufficient quantity of 1he carrier gas has been swept through
the system to fill the measunng chamber coripletely at the attained inert gas con-
centration_ The rate of activity change in the measuring chamber due to the new ipert
gas concentration will also be 2 function of volume ¥V, of the measuring chamber
and the carrier gas flow-rate #. The time needed for attainment of the steady-state
activity is approximately (¥,/u) (in sec). This means that the carrier zas flow system
has a definite time constant which can be denoted as 7. The detection system itself,
consisting of the inert gas detector (ionization chamber, G.M. tube, scintillation or
semiconductor detector) and connected with the count-rate meter or rspectrometcr
has the time constant, T,.

5.3.1. Mathematical analysis of practical cases
If x(r) is the total radioactivity of gas in th: measuring chamber at time 7 and
¥(7) is the response of the ETA apparatus, we can write -

dy/dr + (1/TYy = A - x(t) ) ) - (89)

where T is the detection system time constant and A is the instrumental constant
which includes amplification factors and has the dimension [s~']: o
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~ The actual change of gas radloactxvnty in the m&surmg chamber is then
evaluated by

dx/dt = a() — Ax — [ V2)x = a(t) — (T yx (%0)

where af) is th: .- : of adding the radioactive gas in the chamber which is related to
the input of the radioactive gas a,(f) as «(f) = a,(f) — A(u/V;), Jx is the gas radio-
activity decrease due to decay, (u/¥,)x is the activity decrease due to the gas flow
from the chamber, i(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, /T, = 2 + (ufV,).

It follows from eqns (89) and (90) that the radioactivity signal y(7) measured
by the ETA apparatus is related to the unknown activity, a(?), entering the chamber by

d2yfdr? + [(1/To) + (TH] dyfdr + (T, Ty y = Ax(?) ©1)
The solution of eqn (91) given by Gregory and Howlett229 is R .

y= 0D f(l/T.,) [e-xn'.. J-e:/r.. a(t)dt — e T J-e:rrd a(t)dz] ‘ ©2)
o

o

This eatirely general expression makes it possible to derive the apparatus effect of any
variation of initial activity. The appropriate function, afr), has to be substituted in
eqn (92). Particelar cases will next be analyzed.

(A) Constant value of activity. If a,(r) .has a constant value (so that a(1) is
constant) then y(r) will tend to have a constant value. The steady state value of y can
be written

y=AT T (93)
This means that if 4 7,7, = l thenymnbemasumd du'ectly wn:houtcha.nge of
scale. -

(B) Linearly varying activity. If the activity input is a lmw funcuon of ume,
aft) = K t, then the response is

y= (1/1:){%/1".) [Toft — T — ™)) — Tt — T — ™01 69

The function inside the square brackets in egn (94) is plotted in Fig. 72. It
follows from eqn (94) and Fig 72 that the actual response is linear since the non-
linear terms, e~ “/T= and e~ */T¢, converge to zero after a long time compared with
either T, or T4 For this case, eqn(%)mnbewnttcnas

y= K[t——(T4+T_)] B . B 0

foT,,T = 1. This means that uluma_tely the response m(orfdk) atthesameral:e
as the input but lags behind by a time (7 + 7,,)- This lag is independent of the rate
change of the input but depends on the volume of measuring chamber ¥, and the
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Fig. 72. Apparatus response to linear rise in inert gas release.

rate of the carrier gas flow u. The response of the activity drop is prcportional to its
input for slower release rate measured during the drop than that of the “decay curve”
(the “decay curve” is familiar to experimenter since it occurs wkenever the carrier gas
flow is switched to background 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
r=te of the inert gas mixing to the carrier gas stream.

(C) Particular pulses of activity input. Response curves were calculated?2° for
selected types of activity pulses which are approximations to the actual inert gas
release input: )

(1) Square pulse (vertical rise of inert gas release to a constant value s and after
a csrtain period vertical drop to the original value). This example can be very easily
produced artifically and afford oppdG tunity to test the theory against practical results.
It can also serve as an approximation i> the Input in the case of certain phasc transi-
tions when the rise of inert gas release is almost instantancous.

(i) Triangular pulse (the inert gas release rises linearly with time from zerotoa
certain time and then falls at a rate equal to the rate of rise). )

(12) Sharp peaked “parabola sided pulse” (the inert gas rises proportionally to
the square of the time for a fixed interval and then fa]ls along a curve which is a
mirror image of the rise curve).

Examples (i) and (i1} approximate the inert gas rcl&se during certain solic-
state reactions. The response functions of these three pulses have been calculated?2°,
Figure 73 shows the shapes of pulses in the origin and in the distorted form resulting
from the ETA apparatus equipped with an ionization chamber and the count-rate
metey (the respective time constants being 7., = 59.4 s and T, = 82.3 s). It-has been
shown that the arcas of the input and response curves are equal. For simplicity of
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mlcnlatxons, the zero basxc line of actmty was taken in ail three pulses but the same
type of response occurs when the pulses are superimposed on a steady activity. -

In all cases, the output curve is related to the original curve of activity change
in that the amplitude is reduced and the duration extended. The time interval between
the actual and observed maxima of activity can be exactly determined. Gregory and
Howlett22? derived expressions for evaluating positions of the maxima, 7_,., on the
time axis and stated that the lag, [r_,. — (d/2)], representing the distortion of the
pulse for a given type of input effect is only a function of d (the pulse basis) and is
entirely independent of the pulse magnitude A. When d approaches zero, the lag,

[Zmsx. — (df2)], approaches the saiiie limiting value for all of the pulse types and can
be exptssed as
fmaz. — (@[2) = [TaTu/(Ts — T} log(TW/T,) ~ (ford—0) . ©6)

. For the ETA apparatus utilizing the small volume measuring chamber (V, =
8.4 cm®) with a scintillation detector connected to a count-rate meter (integration time
being 10-30 s) and the gas flow-rate used, 0.33 cm® s~ %, for 7,,'= 20 s and T, =
10-30 s, the limit value of the lag [7_.. — (df2)] is 24.3 s. This time can be regarded
as the displacement of the maxima of input and response for any peak and'is very
xmportant for the practical evaluation of inert gas rel&sc m&sm'ements and the
mtapretauon of the ETA curves. . - .-
- Let us-estimate the average. uncettamty of ETA curves dunng lmm rise of
temperature when the lag between the input and response signal is oot taken into
account. When a change of cmanation relcase rate is observed on the ETA curve, the
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response will lag (T, + T,) sec behind the input. For the small volume chamber with
a scintillaticn detector and using an integration time on the count-rate meter of 10-30s,
the constants T, = 10-30 s, and T = 10-20 s. When 2 heating rate of 5°C min~*
is used, the observed temperature of the effect is by 2-3°C too high. Another conclu-
sion arising from the above analysis is that a possibiity exists not to detect a short
sharp peak even of consitderable amplitude when the time constants of the apparatus
are excessive. It is therefore advisable to design the rate-determining constants of the
ETA apparatus to give it rapid response characteristics, i.e,, to make T, and T,
sufficiently small. The value T, for the ionization chamber itself can be reduced to a
féw seconds and for a scintillation and semiconductor detector connected to a count-
rate meter, T4 is of the order of counting integration time, usually between 10 and 30s.

The value T_, can be reduced by increasing u, the gas velocity and decreasing
V,, the volume of the measuring chamber, since

YTy = 2 + (V) ©7n

The volume between the sample holder and the measuring chamber should 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 7, and 7, beyond the stage where
statistical fluctuations begin to compare in magnitude with the variations of the inert
gas release measurement. The optimum velocity of the carrier gas flow can be evaluated
by means of eqn (87). In view of the analysis of the response curve of ETA equipment
it is possible, in principle, to calculate the exact shaps of an input pulse producing
a given response by using the differential eqn (91). L: eqn (89) the function, a(7), is the
input function to be determined, y(7) is known, dy/ds and d?y/dt? are to be found by
numerical differentiation. The digital form of the monitoring experimental results
is most suited for the immediate evaluation of the input curve from the response
curve. It should be mentioned, however, that this is not a quite satisfactory way,
since the differentiation accentuates all the irregularities in the observed response and
no very precise information is to be expected from it.

5.4. Some recommendations for practice

The reproducibility as well as the accuracy of the experimental measurements
depend mainly on the determination of optimal experimental conditions of the
measurement. Some recommendations for the practice of ETA measurements are
sammarized here.

What should be done before the proper measurement of the ETA curve" )

1. Choice of the carrier gas flow velocity. -

2. Determination of apparatus time constants Ty, T, Td. -

- 3. Choice of working voltage for G.M. tube or scmtillanon dcteetor, measure-
ment of the detector characteristics. - - -

4. Measurement of the radioactivity. background. .
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sample measured. The curve is recorded as the time-dependence of emanation release rate dF/d?
during (a) background measurement; (b) sample measurement at room temperature; (c) sample
measurement during linear heating rate; (d) sample measurement 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 heating (cooling) rate with respect to the sohd-
state process studied.

What shoulé be done during the ETA measurement?

1. The stabi’ity of the working parameters of the apparatus (voltage, flow-rate,
etc.) to be checkec.

2. The radicactivity background determination is sometimes carried out during
the experiment. Using radon isotopes, the background increases slightly in the course
of the ETA measurement, which is caused by the presence of an active deposit in the
measuring chamber. A 4 1.59 deviation of the background was found after a 9-hour
measurement of the steady state emanation release rate of 22°Rn at 18,700 4+ 160
counts s~ 1. After a few minutes, in case of 22°Rn, 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 reproducibility of results and to exclude the accidential
irregularities of the curve. Figure 74 shows the general view of the registered ETA
curve of a sample labeled by ??*Th and when radon diffusion takes place only at
sample heating and cooling. ’

What should one know before evaluating the ETA release curve? In view of the
possible distortion and the time shift of the ETA apparatus, the followmg items should
be borne in mind:

1. The steady state activity va.lue cn the ETA response curve is propomonal
to the input activity.

2. When the activity changes linearly, the slope of the response curve is not
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distorted and the time shift caused by the lag between the inert gas change and the
observation of this event must be taken into awount. The time shift is dctcrmmed
by apparatus constants (7, + T,).

3. For peak-like effects on the ETA curve (when inert gas release rate dF/ds
is measured), a limited quantitative relationship between the actual inert gas release
rate and its response can be obtained. The areas under the response curves and the
comrected curves (evalpated input) are equal. The exact shape of the input pulse as
well as the time lag for the maxima of input and response for any peak can be evaluated.
Therefore, only the time shift of the ETA curve should be taken into account with
integral emanation release curves (when released fraction F is measured).

4. Prior to making any conclusions about the solid-state process, one has to
establish the relation between the evaluated input release data and the proper change
in the solid. If the inert gas release measured reflects the process studied through the
parent or intermediate nuclide, their roles should be determined.



Chapter 6 .- .=~ S . .-

APPLICATIO&S OFETA . . - =

6.1. Possxbzlmes and Iumtanans of the method

6.1.1. Polenuahtms of ETA investigations i - -

As mentioned earlier changes in emanation release rate serve as the mdncanon
of processes occurring in solids such as loss of water, decomposition, behavior of gel
structure, recrystallization of the solid, solid-state interaction, etc., permitting the’
investigation of -metastable pseudo-amorphous phases issuing from.the thermal
decomposition. At higher temperatures, the general breakdown in structare imme-
diately preceding the solid transitions is demonstrated by a sudden increase of the
emanation release rate of the substance followed by a sharp drop when the new phase
recrystallizes. 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 no a
priori reason why the diffusion of the inert gas atoms in the solid lattice should
in any way be related to self-diffusion processes but some studies'!: 2 strongly
suggest some kind of empirical relationship, the nature of which depends on the
mechanism of inert gas diffusion in the respective solid. Nevertheless, it was proved
that the inert gas diffusion reflects very sensitively transport phenomena in solids. For
example, the degree of disorder, biographical or radiation defects in definite tempera-
ture ranges can be estimated. Of these two types of investigation, the former is essen-
tially qualitative and the latter quantitative. In the first case, it is not possible to do
more than associate trends in emanation release measured with changes in the solids
and to use this method as a rather convenient and objective means 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 useful complement to _classical thermoanalytical
techniques, with the advantage that sensitivity is mot dependent on the heat of
transition or changes of mass.

The mode of solid Iabeling in ETA is chosen with regard to t.he type of measure-
ment. In the first type of -investigation, where no special attention is paid to the:
mechanism of inert gas diffasion in the solid, the inert gas distribution within a solid
should be estimated. On the other band, if any attempt is to be-made to -derive
quantitatively diffusion characteristics from the ETA measureme- ts, the:questions
of inert gas distribution within the solid and diffusion mechanism become extremely
important since any theoretical approach must start with the-assumption-of some
well—deﬁned constant dxstn‘butlon of the inert gas or its 1mmedlate parent within the
solx'd.

The:e exnsts one drawback whcn usmg a parent of emanatlon for labehno solxds-
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This is the fact that the inert gas, 22°Rn, is obtained only from 2%3Th through the
1termediate daughter, 22*Ra_ Starting from an initially uniform distribution of
22*Ra m the solid, some redistribution can occur as a result of diffusion at high
temperatures. This can give rise to a concentration of 224Ra near the surface in excess
of the normzl radioactive equilibrium concentration and the resulting values of inert
gas release rate are higher than would correspond to the equilibrinm. This “22*Ra
rejection”™ has beer observed in solids of the cubic form CaF,, after having been
heated to fairly high temperature (about 2/3 of the absolute melting point). With
substances of the hexagonal corundum type, the “22*Ra rejection” was not observed.
The probability of this process depends on the nature of solids and oa the type of
lattice and the density of lattice defects. When the density of trapping sites for 22“Ra
and *2°Rn in the structure of the labeled solid is high enough, the uniform distribu-
tion of the parent should remain during the heat treatment. It was recommended?23
to use the carrier gas medium for this type of ETA investigations which would
diminish the eventual “?2Ra rejection™ in the lattice, such 25 for UO,, 2 hydrogen-
containing gas medium. To avoid this complication in principie, the direct incorpora-
tion of the inert gas atoms without parent is usually employed for sample labeling
when the inert gas diffusion characteristics in a solid have tc be determined.

6.1.2. Limitations of the method

Using the parent nuclide *23Th for sample labeling, a high-temperature
Limitation exists for the ETA zpplication with substances where so-called “?2*Ra
rejection’” described in the previous paragraph 6.1.1. takes place. Otherwise no high
temperature limitation exists with regard to the inert gas used for the ETA investiga-
tions. However, a low-temperature limitation of the ETA applications exists, being
caunsed by the condensation of the inert gas used for sample labeling. The respective
temperatures as given in Table 16, are: — 65°C for radon, — '107°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 limitation of the sensitivity of the ETA apparatus. The sensitivity
of the apparatus using a continuous flow system is very dependent on the apparatus
constants, 7, T, and T_, {sce Paragraph 5.2.2.). It is therefore no surprise that the
ETA equipment used by early investigators may not have been able to detect small
changes in emanation release and the possibility of a quick response did not exist.
The results of the ETA measurements, published in the years before electronic
counting and recording equipment became widely available, may have a relatively
high dzgree of uncertainty. In spite of this, some results® of this period have becn
quoted and demonstraied in this work.

6-2. Surface area investigations
6.2.1. Direct surface area measurements
- As follows from the theoretical considerations given in Pamgraphs 3233 and
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3.4, the emanation power of the solid labeled by an inert gas parent is propomonal
to the surface area:

E=Ey + Ep = K(T)S . ©8)

This expression has been verified experimentally by Heckter!2? who measured the
emanation power of labeled glass rods at 25°C and determined the surface area under
a microscope. The proportionality has been found between Ejy (ranging from 0.2-1.0
x 107%) and the surface area (ranging from 8-10 cm?g~ ?). The expressions derived
arc mathematically justified for single grains of solid 'arger than the path of recoil
atoms R in the solid (about 1 ym in diameter) in which the diffusion coefficient is
small and where spacing of grains is larger than the path of recoil atoms in air or
respective medium. If the surface area should be directly Jetermined on the base of
the emanation release rate measured, the experimentally found E value has to be
separated into E; and E;,. The separation usually causes no problems for ionic solids
where inert gas diffusion can be neglected at room temperatvre and E, ;. measured
can be taken for the E;. For other cases, another method has been proposed for-the
resolution of E; and Fy,, consisting of the application of two inert gates. By incorpora-
tion of the parents of two isotopic inert gases in the sam: solid and measurement
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 2 homogeneous distribution of inert gas parent within the solid was
assumed, a direct proportionality between Eyp and S was found by experiment. For
a non-homogeneous dxstributlon a linear dependence instead of the -direct pm—
poruonahty has been verified!!6 o

Eg=C+KS %9

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 to use the
simple expressions for direct surface determination from the emanating power
measured. In spite of this, in some cases of finely dispersed solids a simple linear
relationship between E; and S has been found experimentally for such examples
as 7-Al;03224, ThO,, MgO, Zr0,%?%, NiO, y-MnQ,2%° and MgO22’. Figure 75
shows the experimentally found dependence between E; and S for ThO,, MgO and
ZrO, (Fig. 752) as well as for NiO prepared bv thermal decomposition of Ni-hydroxide
and Ni-carbonate (Fig. 75b). The proportionality constants K for the two NiQ
specimens differ which indicates that constant X depends on the texture of the
dispersed solids. For samples where the simple relationship existed between E; and S,
the values of surface area ranged -between 1.0 and 300.0 m2g~!. However, there
exist a number of dispersed solids where the simple relationship between £y and-S
has not been found, such as Fe;0,;%3, ThO,228. 229 Ag 0239, The surfaoe ‘area
valm of these samples ranged between 0.1 to 10 ng‘ -0 - : =

: As no a-priori reason exists for the existence of the simple relauon between E,_
and S of the dispersed solids, it is necessary to verify the existence of this simple
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Fig. 75. Dependence between emanation release Exs-c measured at room temperature and specific
surface area. (2) For ThOz (2), MgO (2), and ZrO- (3). (b) For NiO prepared by thermal decomposi-
tion of Ni-hydroxide (4), ané Ni-carbonmte (5).

relationship in cach case of solid and the range where surface area is to be determined.
There is po necessity to use ETA for measuring the surface area of isolated grains or
dispersed solids, as the BET and other methods are available. However, ETA seems
to be the most suitable method to investigate the surface area (and texture) evolution
immediately at the experimental conditions of treatment of solids. ETA has been
advantageously employed for the investigation of aging of precipitates, sintering
solids under dynamic experimental conditions, etc.

6.2.2. Development and changes of surface in gelous materials

Iz the early peniod, ETA kas been employed for studying the effects of aging of
iron(1iI) and thorium hydrexides. The 22%Th parent was coprecipitated with hydroxides
by addition of ammonia. Emanating power values were determined by the active
deposite method by measuring the beta radiation. When precipitated cold, freshly
prepared iron(1ll) and thorium hydroxides have high emanating powers (about 809,).
When the hydroxides are stored in moist air (80 % relative humidity) their emanating
power values are practically constant, decreasing by 1-5% in one year. The digestion
of gels under water at 100°C greatly accelerates the aging process. The acceleration
of the aging has been studied by ETA znd the results are shown in Fig. 76. Under
the given experimental conditions the aging process proceeds much more intensively
with iron(11{) hydroxide than with thorium hydroxide. Hahn and Graue?3? associated
the decreasing emanating power with surface shrinkage and recrystallization. The
relationship between the aging of gel and the stomgr: tume of thorium colloxd solution
was cstak'ished*3 !, ) - :
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Fig 76. Aging of Th-hydroxide (curve 1) and Fe(IIT) hydraxide (curve 2) during digestion in water
at 100°C.

Fig. 77. ETA curves of NiO (ex-carbonate) during isothermal treatment in nitrogen at temperatures:
375, 400, 425, 450 and 500°C.

Other gels have also been stizdied by ETA. The difference in behavior between
freshly precipitated and aged (recrystalhzed) gelous ammonium dicrapates was shown
by Balek and Urbane : -

6.2.3. Smlermg and related phenomena

Qualitative studies on the kinetics of sintering ﬁrst stages of powdered sohds
have been published for Cu powder by Schreiner and Glawitsch??? and for Fe,0;
by Balek®>%. Quantitative evaluation of the kiuetic studies of surface area changes
has been made by Gourdier et al 22¢ for NiO, Quet and Bussi¢re®?” for MgO and
Balek and Bussiére?*2® for ThO,. Recoil emanation release rate as well as diffusion

_emanation release ate have been used for evaluating the kinetics of the first stages of
sintering. How the recoil emanation relwse rate Ep has been employed®2® will be
described below.

First of all, the simple relationship between Ey and § has been verified for NIO
powders. As E; has been found to be proportional to S in the respective surface area
range (see Fig. 75b), the ETA curves measured during isothermal treatment at
temperatures where E does not substantially differ from Eg, can be used for the
cvaluation sintering kinetics. Figure 77 shows the emanation release rate of NiO
measured during isothermal treatment in nitrogen at temperatures between 375 and
500°C. These curves are claimed>?® as providing continuous measurement of surface
area changes with a relative accuracy of about 2% for the sample treated. For the
first hour of the isothermal treatment, the following kinetic Jaw has been proposed

dsfdt = —KS* o S (100)

where S is the surface area, t nme,, and n the apparent reacuon Ofder, equal to 7.
- A second stage of. sintering beginning after one hour of mmal heatmg and
Iasting several hours, is described by the equation: - T A,
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Fig. 78. Temperature-dependence of kinetic constant X of NiQ smtenng during isothermatl treatment
in oxygen (curve 1) and nitrogen (curve 2).

log(S—S.) =k1 (1o1)

where S and S, are the surface area values at time 7, and after equilibrium has been
reached, r is the time.

The temperature dependence of the kinetic constants differ when NiO samples
were heated in nitrogen or oxygen. The apparent activation energy evaluated from
the Arrhenius plots in Fig. 78 equal 276 and 155 kJ mol ! (i.e., 66 and 37 kcal mol ™ ?)
for nitrogen and oxygen treatinent, respectively. An analogous evaluation of the
kinetics of sintering first stages was made?27 for MgO.

In cases where no simple relation between E; and S has been found, thc
described method cannot be z2pplied. For these cases, values of E, have been
proposed??® to be used for evaluating the kinetics of the sintering process. The
evaluation of the sintering initial stage using Ep-values has been made for ThO,
powder in the temperature range between 700 and 825°C. This temperature range
co:responds to 0.30-0.34 of the absolute melting temperature. No simple relationship
has been found between E; and $ ranging between 0.1 to 15 m2g~ 1.

Figure 79a shows the time dependence of total emanation rclmse rate E
measured during isothermal treatment at 705, 735, 780 and 825°C._ Fig. 79b shows the
dcpcndmcebetweenthcmpecﬁvevalusofEDandnme(EDbemgdetermmedas
Ep = E — E) plotted on a bilogarithmic scale.

As E;, = K, S, where K, = (D}2)'/2 - p and S the effective surface area, the
following kinetic law has been proposed for the thoria smtcnng first stage:

log S = nlogt + const. ) ’l- (102)~

The results obtained permitted the authors??2 to make the conclusion thal: the sintering
of the sample studied in the respective temperature range is controlled by a single
mechanism. The effective surface area used in eqn (102) can differ from the surface.
area determined by adsorption methods. This value, resulting from the slowmg down
emanation release rate at the given temperature, involves information about the: statc:
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Fig. 79. ETA curves of ThO= (ex-oxalate) during isothermal treatment in air at temperatures: 705,
735, 780, 825°C. (a) Values of emanation release rate, Eoal, related to time. (b)Depmdenceof!og
Ep = f (log time) where Ep is evaluated as Ewal — Ezs-c.

of active surface controlling the sintering initial stages. The effective surface area
reflected by the measurement of diffusion emanation release rate is therefore more
convenient t describe the powder behavior during the first stages of sintering, than
the surfazs measured by an adsorption method. ETA -makes it possible to follow
immediately the changes in active surface, including-its annealing, and-to evaluate
quantitatively the kinetics of these changes. By studymg the’temperature dependence
of the kinetic constant K, the activation energy of radon diffusion in thoria powder
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has been determined 23, The value, AH = 222 +20kImol™*? (52.9 +4.6 kcal mol ™~ ?),

supports the supposition of the grain boundary diffusion mechanism which controls
the first stage of sintering of thoria in the temperature range studied.

6.3. Investigation of single phase systems

6.3.1. Inert gas release as a probe of the state of solids

6.3.1.1. Mobility of the inert gas atoms in relation to other properties of solids.
The mobility of inert gas atoms has proven to be a suitable parameter for describing
the state of sol:ds and studying its changes. Generally speaking, the inert gas mobility
is determined by the diffusion mechanism which takes place in the respective solid.
The possible mechanisms of inert jas diffusion in ionic crystals are discussed in
Paragraph 4.4.2. The change in the mobility of inert gas in solids is usually connected
with the change in other properties of the solids. Property changes normally occur
when ’

(i) The solid undergoes a phase change or sinters (see Paragraph 6.2.3).

(i) The solid reacts with the surrounding medium.

(iif) A change in lattice defects concentration takes place.

(iv) The mechanism of diffusion changes.

Examples covered under items (3), (ii) and (3i1) have been given in Paragraph 3.8.
and 6.2.8. (sintering), respectively. As this Paragraph is dealing with the investigation
of single phase systems, the properties of solids will be discussed in relation to the
inert gas mobility in solids, which do not undergo any structural or chemical change
within the studied temperature range.

A. Diffusion properties of solids.

The diffusion properties of x-Al,0; were demonstrated by Gregory and
Moorbath*? usipg radon ?2°Rn diffusion after homogeneous Iabeling of the samples.
Figure 80 shows two independent processes which characterize the diffusion properties
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of the solid. The transition from one process to another takes place at 1198 K which
is 0.52 times the absolute melting temperature, T, ;,. Schneider?2® reported that for
metallic Cu, Fe and Mo homogeneously labeled by 224Ra, the intersections of the
lines corresponding to two 1adon diffusion processes have been Zound at temperatures
between 0.3 and- 04 T At the temperature ranges of 0.5-0.52 T, for ionic
crystals and 0.3-0.4 T,,,,, for metals'?2, originally described by Tammann'2*, many
physical effects dependent on diffusion begin to proceed at a rate which is-readily
measurable in a reasonable time. This temperatnre has a close connectlon thh the
speeding up of sintering, annealing, recrystallization, etc. - -

¥From the log D = f(1/T) curve of x=-Al, 0, (Fig. 80), it was found that the activa-
tion energy of radon diffus on above the intersection point is AH, = 250 +2%J mol™*
(59.6 +0.5 kcal mol™ '), whereas the low energy low temperature process bas.an
activation energy of AH, = 33.5 +8 kJ mol™! (8.0 +0.2 kcal mol™*). The low
temperature low energy diffusion of radon below the intersection point is supposed
to be controlled by nop-equilibrium lattice defects. Such a structure-sensitive diffusion
process is therefore dependent on the previous thermal history of the oxide. Similar
radon diffusion behavior has been observed with other oxxde:s“l 133 such aSTIOZ,
a-Cr,0; and a-Fe O5.

: If the high energy high temperature radon diffusion in the oxxd&s quoted
becomes the dominant factor at a temperature identical to that at which self-diffusion
is known to become appreciable, a connection between the two processes has been
suggested. For example, in a-Al,O; there appeared to be a connection between inert
gas diffusion and lattice defect eqailibrium (see further Paragraph 6.3.3). This connec-
tion cannot, however, be generally assumed in all solids as the mechamsm of impurity-
dlﬂ'usxon of the inert gas in various lattwc types can dxﬁ‘er

TABLE 18

EMANATION RELEASE RATE MEASURED AT 25°C, SURFACE AREA AND wu,u-a Ezs+c/S FOR BARIUM PHTHA-
1 ATE, ISOPHTHALATE AND TEREFHTHALATE .

Barium salt Formula Emonation ~ Surface EsseclS
release . area
rate Ezsec’ (ng'lj
o]
phthalate [@ ]Bo’ 0111 3.6 - 0.031
: - €00
B o - ey
i el o Ba B C-
isophtbalate % | 0.114 10 - 0.114
- . s R g :
terephtbalate &3 B 0098- 181 ;. 0012
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There exists the possibilitv to evaluate the radon diffusion characteristics of a
solid directly from emanation release measurements. Correct relative values of diffusion
coefficient D and quite accurate diffusion activation energies can be obtained. For
determination of diffusion characteristics, 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 release rate by Strassmann'33, Miiller23S,
Meares?37- 233 Zaborenko et al.*?*°~**! Gregory and Moorbath?*? and Balek
et al.?*3- *¢_ Experimentally determined values of the ratio E;5.c/S were used2*+
for characterizing diffusion properties of barium salts of isomeric organic acids
(phthalic, isophthalic and terephthalic). The positional isomerism of organic molecules
was proved to markedly influence their diffusivity in the solid state. Table 18 shows
the E,s.cfS values determined for the organic positional isomers.

Progressively rising emanating power has been reported?*2 for barium salts
of long-chain monocarboxylic fatty acids. From barium acetate to laurate and
palmitate the emanating power rose from 0.03 to 1.0. The increase in room tempera-
ture emanating power, which was explained to be due to high-diffusion release rate,
may be better understood when looking at Fig. 81. Figure 81 shows the temperature
dependence of emanating power for barium stearate, (C, ;H,sC00), Ba, and barium
caprate, (CoH,,CO0O), Ba. This is typical for ail barium salts of fatty acids where
no decomposition or phase iransformation occuss. In general, the salts of lower farty
acids were displaced more to the right than the higher fatty acids. At temperatures
ranging from 0°C with barium stearate to 50°C for barium caprate, the emanating
power reached a maximum and no further increase was observed with rise in tempera-
ture. The rapid decrease in emanating power with decreasing temperature immediately
shows that the high values of emanating power at room temperature are due to the
high diffusion rate of radon. At temperatures below 160 to 180 K, the diffusion
contribution to the emanating power is very small and one would expect E values
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Fig. 81. Temperature-dependence of emanating power for barium stearate (curve 1)3ndbaﬁum
caprate (curve 2) (after Gregory and Moorbath2£%).

Fig 82 Release of 2**Rn from picke! foil during vibrziion with corundirm powder at room tempera-
ture (after Heinicke et 21 285) a2, 2" = at frequencies 4.2 and 7.2 Hz, respectively; b = in the time
interval aficr vibration. .
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corresponding to the recoil 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 valuss than expected were reported?42. Relatively low
values of activation energy for radon diffusion in all barium salts of fatty acids
(ranging between 30 and 40.2 kJ mol™ ! (7.0 and 9.6 kcat mol~*) have been found in
the temperature range of 200-300 K. The similar values of 4H in all cases sugg@st
that the mechanism of radon diffusion is the same for each barium salt. :

The high proportion of structural defects has been suggested to explain the Ingn
diffusion rate of radon in the barium salts of fatty acids. The lower the molecular
weight of the barium salt studied, the better defined is the crystal structure with less
defects to provide low-energy diffusion paths. The disorder in Ba-salts of long-chain
fatty acids was explained as resulting from the fact that the molecule 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 solids seem to be
related to the presence of methyl group in the molecules!33. The replacement of a
terminal methyl group in barium caprate by a cartoxylate group reduces the rate
of diffusion one thousand-fold.

B. Mechanical properties of metals -

The release of inert gas incorporated by ion bombardment into a metal surface
can serve as the indicator of plastic deformation in the metal®**5. Figure 82 shows the
release rate of radon from Ni-foil during its mechanical treatment. Ni-foil labeled
by *??Rn was vibrated with corundum powder at frequencies 4.2 and 7.2 Hz under
dry nitrogen stream. The release rate of the inert gas has been found to be dependent
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on the intensity of the exposure of the metal surface to the mechanical treatment.
As shown in Fig. 82, 3-5 minutes after the onset of the mechanical treatment a
stationary stage of the radon release rate has been attained.

C. Electrical conductivity, thermal condiuctivity, magnetical properties .

For comparison of electrical conductivity, thermal conductivity, magnetical
susceptibility with the emanation release rate during a linear rise of temperature, a
sample of a-ferric oxide was chosen®*®. The measurements were not carried out
simultaneously?*?- 248 Fioure 83 shows that changes of the above-mentioned
properties take place in the same temperature range. When investigating the physical
properties of solids and measuring the emanation release, it should be borne in mind
that the state of diffusion equilibrium has to be maintained during sample heating
ar cooling. The rate of temperature rise or fall should be chosen after the evidence
wa: obtained that the diffusion equilibrium is attained so rapidly that continuous
heating or cocling at the chosen rate is justified. For the oxides investigated (a-Al,0;,
z2-Fe-0, and a-Cr,0,), a heating rate of 5 K min™! was justified and used.

6.3.1.2. Emanation characteristics of rocks and minerals. The natural rocks and
minerals containing 2 known uranium concentration can be characterized by radon
(>*2Rn) escape. Studies on radon reiez<= rate from uranium-rich minera’s have been
reportec by Homes>*?, Gilette and Kulp23°, Lind and Whitemore2>! and others.
For exaiaple, the emanating powcr of camotites range from 0.16 to 0.50. The
emanating power of broggerite increases with decreasing grain size of the mineral.

D-1a on emanation release rate from common rocks and soils are very scarce
in erature3®- 232- 253 Baretto?33 published 222Rn emanation characteristics of
some common rocks and minerals using alpha scintillators combined with a photo-
multiplier tube as the measuring svstem. Under identical laboratory conditions, rocks
have the emanating power values ranging from 0.01 to 0.20 and a specific radioactivity
of 7 x 107%to3 x 107's " h ' g ' (e,2t080 x 107*pCih~? g7 ). The
highest E-values were foun¢ among granitic rocks, sandstone and conglomerates
whereas basic and calcareous rocks showed the lowest values. Accessory minerals,
although rich in uranium show very low radon emanating power (less than 0.01-0.02).
The results clearly showed that the radon emanating power of a mineral is not related
to the uranium concentration. Thus, xenotime and monazite with 6000 ppm and
400 ppm uranium, respectively, show smaller radon emanating power than biotite
apatite or sphene with 11, 17 and 84 ppm of uranium, respectively. Figure 84 shows
emanating power values of some minerals of constant grain size (60-115 mesh)
measured at room temperaturc at constant humidity.

Emanation release measurements of the minerals heated up to 1200°C have
demonstrated a progressive decrease in the emanation release rate with temperature.
Two examples of ETA curves, for granite (origin Minnesota, U.S.A.) and for monazite
(origin Beach deposite, Brazil) are shown in Fig. 85. The decrease in the emanation
release rate was suggested 1o be a result of annealing surface defects, mechanical
damage and natural radiation damage. The temperature cffect on the ETA curve
can characterize the stability of the crystal structure of the mineral once damaged.
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Fig 84. Values of emanating power o some rocks and minerals (after Barettos3).

Fig. 85. Emanation release measurements of granite (curve 2) and monazite (curve 1) heated to
1200 °C (after Baretto®ss).

Minerals whose atomic structure will retain the radiation damage effects
especially when reaching the metamictic state exhibit high emanating powers. Minerals
of seif-annealing properties, by contrast, will show a small emanation power value. In
this case the diffusion is mainly ~hrough grain surface and mechanical defects, cracks,
dislocations, etc. The emanation characteristics of minerals can serve as the indicator
of the stability of their crystal structures. Because no chemical treatmenut is involvea
and soil samples can be analyzad as they are collected, ETA has been proposed?33
as an attractive tool for the dezection of any mixture of uranium-bearing industrial
products, such as tailings, in the regional soil background, road-base and the selection
cf construction material for sct.ools and hospitals.

Evernden et al.25% published data on diffusion of radiogenic argon in glauconite,
microcline, sanidine, leucite ard phlogopite. Measurements of argon release during
sample heating have revealed dynamic lattice changes taking place in the mineral.
Glauconite and phlogopite werc characterized by identical diffusion parameters. The
argon diffusion measurements zt elevated temperatures enable the dating of events*?®
which took place in the minerat a few million years ago.

6.3.2. Characterization of material properties

6.3.2.1. Texture of matecials and annealing of lattice defects. As the recoil
emanation release rate, Ej,, strongly depends on the texture of the material (see
Paragraphs 3.6 and 3.8), the E; value can be used for characterizing the texture of
powder as well as compact marerials. Emanation release rates of Ba-Zn alloys (6-8
wt. 7 Ba) measured at room temperature after various degrees of plastic deformation
can serve as an example?35. The emanation release rate, Ey, was found to be dependent
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on the degree of deformation of alloys homogeneously labeled by 22“Ra. The initial
increase in E; found with increasing deformation degree was in a good agreement
with the decrease in density of the alloys.

It has been shown?*> for Zn-15Ba alicy (50% deformanon dczree) that the
emanation release rate value, E, .., reflects changes in texture which have taken place
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Fig. 86. Emanation 1elease of Zn-1.5 Ba alloy (50°, plasixc deformation) heated to 410°C. a =
Recrystallized sample after heating to 410°C; b = cold wvorked sample; ¢ = differential curve
obtained by subtraction of curve b from a.

Fig. 87. Released fraction F of '33Xe from cold worked (curve 1) and soft silver (curve 2).
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during sample heating. The recovery of the deformation has taken place at about
250°C, which was indicated by the decrease of E,s.c values, as shown in Fig. 86.

The evolution of the texture and its changes can be directly investigated when
the emanation release is measured during sample heating. Results of more recent
investigation®® which characterize the textures of cold worked and soft silver on the
basis of !23Xe release during linear temperature rise are shown in F'g. 87. The
annealing of the texture of cold worked metxl (deformation degree was not indicated)
is revealed when comparing curves 1 and 2. These curves correspond to the cold
worked (deiormed) and soft (non-deformed) silver samples, respectively.

The diffusion emanation release rate Ep, measured at temperatures where surface
and grain boundary diffusion are the controlling factors (see Paragraph 3.7) makes
characterization of the texture possible.

Figure 88 shows the ETA curves of a-Fe.O, measured dun.lg coolmg at a
Iinear rate of 2.5 K min~ !. Ferric oxide samples differing in texture were prcpared by
heating Fe(Iil) hydroxide to 350, 410 and 530°C. The ETA curve corresponding to
the dispersed sample of more developed texture lies higher than that of the sample
of a less developed texture, miinly because of smaller mean grain size causing in-
creased E; and E;. The ETA cooling curve has been proposed to be used for the
characterization of the materizl preheated to temperatures where annealing of the
textrral defects occurred. Since the inert gas diffusion in the “low-temperature range”
is cuntrolled by the texture defects (grain boundaries, dislocations and other non-
equilibrium defects), the activation energy of inert gas diffusion in this temper;_tpre
range can be used as a paramezer characterizing the texture of dispersed solids. The
A H values evaluated from the siopes of the log Ey, = f(1/T) plots in Fig. 88 equal 25,
35 and 55 kJ mol™ ! (i.e., 5.9, 8.34 and 13.1 kcal mol™!) for ferric oxide sampl&s
preheated to 352, 410, and 5307°C, respectively.

6.3.2.2. Sinterability of materials. As shown in previous paragraphs, the B’I‘A
heating curves reflect in a sensitive manner any surface area change and recrystalliza-
tion. As sintering, namely its initial stage, is usually connected with these processes,
ETA can be employed for estimating sinterability of materials. Figure 89 shows ETA
heating curves of Fe,O, samplzs. The samples were prepared by Fe(III) -hydroride
decomposition and its pre-treatment to 500, 900 and 1000 °C. Each curve charactérizes,
in the low temperature region, 1the texture of the powdered sample. The onset of the
decrease in emanation release rate has been proposed®3° to be taken as a charac—
teristic of the actual sinterability of the sample. The temperature of the change observed
on the ETA curve can be taken as the parameter which characterizes the sinterability
of the material. - This method has been found suitable for characterizing sinterability
of UO, droplete prepared by a sol-gel technique®7 as well as UO, pellets®®° The'
form of the matcrial does not play an important role in the application of this method.:

- Apart from ceramic matesials, metal powders as Cu and (Ca -+ Fe) mixture
have ‘been ‘examined?33:and their smtera.blhty &stlmated. Thus, ET 'A-has beoome a
smtablctoolmpowdcrmctallurgy., ) S - PR
. 116323 Clxaractanzatwn of heat-rreated prodwts. The control of technologlml
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Fig. 90. Log Ep as a function of (1/7) for =9Rn release from zinc ferrite formed during beating of
ZnO and FexO4 to 1100°C using FexO3 preheated to 700 (@), 900 (+) and 1100°C (O) (after Balek™),

processes frequently requires methods which enable to characterize the properties of
the intermediate and final products of heat-treatment. ETA has been successfully used
for characterizing the state of the solid material after heat-treatment. Several examples
are quoted in the following.

Emmerich and Balek!3% have characterized by ETA the intermediate products
of kaolin treatment in percelain production. Structure properties of zinc ferrite
prepared by heating the mixture of oxides have been characterized by Balek?>.
Figure 90 shows the temperature dependence of log E, = f(1/T) obiained by the
ETA of zinc ferrite samples. Samples were formed by heating the mixture (Fe,O; +
ZnO) to 1100°C; the ZnO was labeled by 22%Th and the Fe,0; 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 curves is equal for all three samples studied, however,
the diffusion coeflicient values D differ. The relatively highest D value corresponds
to ZnFe,O, prepared from Fe,0O, heated to 1100°C. This statement was confirmed
by X-ray diffracton patterns. The crystal lattice of ferrite 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 1100°C is more deactivated and
has less ability to build a perfect spinel structure of ZnFe,O, than ferric oxide pre-
heated to 700 and 900°C. The activation energy of -radon diffusion in zinc ferrite
samples above 850°C (almost independent cf the ferric oxide prehistory) is AH =
197 £20 kI mol ™~ ! (47 + 5 kcal mol ™ !). At lower temperatures where grain boundary
diffusion and surface diffusion take place;« difference in activation encrgies is observed.

The ETA characterization of the intermediate products of nuclear ceramic fuel
(U,Oj) has been published by Balck ct al.2*9- 2¢°, Propertics of the products prepared
by the so-called “sol-gel” technique depend on the time of gel washing and on the
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TABLE 19

CHARACTERISTICS OF INTERMEDIATE PRODUCTS OF CERAMIC NUCLEAR FUEL

Sample Relative Activation - Emanation
notation porosity energy, AH, of release
(%) 220Rn diffusion” rate,
(kJ mol-1) - - Ezs°c
3V - 341 106.8 0.07
iD 72.8 544 0.17
3T 76.6 716 - ocs
3s 759 822 - 008
058 66.6 69.6 0.10 -
9S 769 41.1 ) 0.18

drying conditions. Table 19 summarizes the characteristics of the products obtained
by heat treatment of dried initial gelatinous material to 800°C in air. The techno-
logica! conditions of sample preparation are given in the original paper?%°. It is
interesting to compare the values of activation energy of radon diffusion ‘evaluated
from ETA cooling curves, the values E,..c for the cooled samples, and the relative
porosity of the materials. The relatively highest value, AH-= 108.6 kJ mol~! (25.9
kcal mol™ '), was found for a material which exhibits the lowest porosity and lowest
value of E,s.c. Contrarily, the relatively lowest value of AH = 71.6 kI mol™? QG.e.,
17.1 kcal mol~*) corresponds to the material where the highest porosity and highest
value of E,s.c were found. The agreement is satisfactory, as in the considered temper-
ature interval (between 25 and 800°C) radon diffusion is controlled by a grain bound-
ary mechanism.

6.3.3. Defect equilibrium changes at elevated temperatures in non-stoichiometric solids

B} In this paragraph th~ applicabiiity of the ETA will be shown to reveal the
changes in defect ethbnum taking place at elevated tcmperatum in non-stoichio-
metric solids. -

Figure 91a, b shows the ETA curves of a-Al,O, subsequently m&sured durmg
heatings in various atmospheres affecting the stoichiometry of the sample. Aluminum
oxide homogeneously labeled by 22%Th and previously annealed has first been heated

- in nitrogen 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 defect aquilibrium established during heating in oxygen-
containing atmosphere. Curves 4 and 5 in-Fig. 91 were measured during heating of
the sample to_about 1400°C in nitrogen containing 59, hydrogen; they represent the
defect equilibrium established in alominum oxide during heating in-the reducing
atmosphere. The differcnces in emanating power between curves 1.2'and 4, 5 appear
at-temperatures higher. than the Tammann temperature. Thus, a change in the lattice
defect equilibrium can be assumed. Curve 3 in Fig. 91 was measured during heating
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Fig_ 91. Dependence of emanating power of a-Al-0O3 on oxygen partial pressure {after Gregory and
Moorbatht®). Curves 1 and 2: successively measured ETA beating curves of a sample preheated 10
1475°C. Curve 3: ETA heating curve of the same sample as in curves | and 2 measured in nitrogen -+
5 Ha. Curves 4 and 5: successive repetitions of curve 3 in nitrogen - 5 He. Curve 6: ETA heating
curve of the same sample as in curves 1-3 measured during repeated heating in commercial nitrogen.,
Cuxves 7, 8, 9: successive repetitions of curve 5 obtained during subsequent heating in commercial
nitrogen. Heating rate 5 K min—1.

in a reducing atmosphere, the sample previously annealed in an oxygen containing
atmosphere. It reflects, therefore, the process of transition of one defect equilibrium
into another. z-Al,O; has been shown to be 2 metal excess semiconductor at high
temperatures and the lattice becomes more defective on the reduction of the oxygen
pressure. Excess metal ions are situated in interstitial positions. When the sample
is reheated in nitrogen 2 peculiar transition curve 6 (Fig. 91) occurs, and subsequent
heating in nitrogen gives the reproducible curves 7, 8 and 9. As these curves are not
identical with the original curves 1°'and 2, one can state that the effect of hydrogen of
the aluminum oxide stoichiometry is only partly reversible. Since reduction of oxygen
pressure enhances sintering and recrystallization?®!, Gregory and Moorbath*’?
ascribed the irreversible effect to grain growth. The reversible effect is no doubt due
to changes in the equilibrium defect concentration with variation in the oxygen

The differences in the ETA curves corresponding to two various lattice defect
equilibria can be explained using values of activation energy of radon diffusion
evaluated from curves 1, 2 and 4, 5, and equalling 238 +0.4 and 320 +2 kJ mol™!
(56.9 +0.1 and 76.6 +0.6 kcal mol™!), respectively. If the excess metal ions occupy
interstitial positions (Frenkel defects) in the cornndum lattice, an increase of their
nnmber may possibly hinder the interstitial movement of the inert gas atoms. Curves 3
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and 5 reflecting the transitions from one state of lattwc defect eqml.bnum to another
may-be used for the description of this process. - P

= - ETA curves of similar shapss were described by Jagxtsch’“ for a nnmber of
non-stoichiometric oxides and sulides, such as for Cu, O, MnO,_ ., PbO,, Ag,_.S,
Zn;_,S, Cd, _.S and Cu;_,S. Jagitsch?*® proposed a way for evaluating the degree

of lattice disorder on the basis of ETA data. Another method is also under mvestxga—
tl 252 . . . B X ; i 3 i .

6.4. Physical 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—calcite transformation in CaCQO,;2%3

(b) rhombic-hexagonal lattice transformation in BaCO;%%4

(c) orthorhombic-rhomboedric lattice transformation in KNQ;26%

(d) transitions of y-Fe,O; to «-Fe,0;°® and y-A1,0; to a-A120347

(¢} tramsitions in NaNOj; corresponding to the rotation change of the NO'
anion about the trigonal crystal axis?¢?

() polytypic transition?® of 2H type Pbl,, etc. -

Modification changes in minerals, metals, polymers and other materials have
been revealed by means of ETA. In most cases, ETA confirmed the results obtained
by other physical or physico-chemical methods, and sometimes yielded more detailed
information about the onset of the solid-state process, its mechaprism, etc.

Figure 92 shows the ETA curves of KNO; labeled by ?23Th measured during
heating and cooling a sample at a linear rate. The heating curve shows the increase
in emanation release rate up to 123°C where the structure dissociates. The point of
maximum change in the emanation reiease rate has been reported by Balek and
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Zaborenko?%% as corresponding to the maximum rate of the modification change.
Morcover, the log E = f(1/T) curve permits the determination-of the temperature
where the deviation of the basic exponential begins. This temperature (110°C)
ccrresponds to the formation of the first nuclei of the new phase and is difficult to
obtain so quickly by another method. According to the mechanism of the transforma-
tion proposed by Frenkel?®7, a continuous creation of nuclei of the new phase and the
disintegration of the old phase take place in the solid during the sample heating from
this temperature to the breaking point of the curve. )

Observation of the first stages of the modification change is made possible by
ETA, cspecially when using the surface impregnation technique for sample labeling.
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Fig 93. Radon release rate of amorphous ZrOs (ex-hydroxide) during hdling (after Jech et al.2#7),

Fig 94 Tunpaatme—depmdenoeot“Krrdascmleofa-Al:O;a&dbombardm:ntmths x 101
Kr ions per cm® (after Jech and Kelly?ss).
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Fig 95_ Heating curves of KC1 measured in the temperature range between 750 and 790°C. Dilato~
metry, DTA and ETA curves of 2 powdered sample are represented by curves 1; 2md3 rspocuvdy
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On cooling, a sharp step appears at.the ET. A curve at 120-115°C corrd&ponding to the
reversible modification change. The Ilarge drop in emanation re]&se rate suggests
that the low temperature structure is more compact?°%.

6.4.2. Crystallization am_l recrysrallizanan of solids - :

ETA as a structure sensitive method makes it possible to reveal even fine
changes in structure of solids. Using the surface labeling method, the state of the
surface layers of the solids can be mv&stlgated separately from the bulk of the sohds.
Two examples are given here.

Figure 93 shows the ETA curve of ZrO, labeled by 222R0 jon bombardment
during heating?%°. The crystallization of the initially amorphous phase at zbout
420°C is demonstrated by a sharp maximum.

Another example, presented by Jech and Kelly*®3, is a-A1203 smgle crystal
bombarded with 5 x 10!* Kr ions per cm?. The ion bombardment caused an in-
tensive radiation damage of surface !avers and formation of a quasi-amorphous solid.
The damaged layer of the solid is annealed during sample heating at 700-800°C,
as shown by Matzke**. As the recovery of the original structure is accompanied by
the instantaneous release of the incorporated krypton 2°Kr, this process car be
observed immediately by means of ETA under dynamxc condmons of the hmt
treatment (see Fig. 94).

. Results important for silicate research, as well as for the mvmtxgatwn of
polymers and inorganic pigments have been obtained by the ETA: The processes
of crystallization of glasses?”°, crystallization of terylene?3?, and recrystallization of
anatase'“Z can serve as examples of tae above-mentioned applications. .-

6.4.3. Meltmg -
Melting is usually accompamed by achargein lamoe type or the transformatlon
of an amorphous structure with sudden release of the gas incorporated in the solid.
An increase of the emanation release rate is usually observed some degrees before the
melting point, arising from the increased mobility of the lattice components.

Figure 95 shows the melting of KCl powder?7? labeied by ?2®Th impregnation,
as investigated by dilatometry (curve 1), DTA (curve 2)-and ETA {curve 3). The
melting of the powdered KCl is characterized by an-endothermic effect on the DTA
curve and a volume shrinkage is observed on the dilatometric curve. The ET. A curve
exhibits a decrease of emanation release rate in the temperature range of 770-775°C,:
ie., before the melting point. The decrease of the emanation release-rate before
melting point does not appear on the. ETA curve-of a repeatedly heated, previously
molten sample (curve 4, Fig. 95). The decrease of E has been ascribed?”! to the
surface annealing of powdered sampl=, annealing of irregularities and cracks-and
other molecular defects in the lattice. Actually, the steep fall of the ETA curve with
,powdered samples overlaps the rise of the-curve-in the begmnmg of the meltmg
process: ./ This~ effect has _been. observed by ‘a number. of. aunthors investigating the
mdtmg of sohdssuch as NazC()g,zf’2 Li CO3222 KNO 265. 273 a.nd K, SO 273
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Fig. 96. (a) Phasc diagram of the salt KCL-CaClz. O, points obtained by means of ETA curves
demonstrated in Fig. 96b. (b) ETA curves of KCI-CaCly mixtures in various molar ratios: curve (1)
75 = 25; cuxve (2) 60 : 40; curve (3) 40 : 60'-.am(4)DTAcmveofKCl—CaCl~m|xnnc(40 60)
(afier Zaborenko et al. =), ;

6.4 4. Phase diagrams of midticomponent systems

As follows from Paragraph 6.4.3., the phase changes are reflected by ETA
curves in a very sensitive manner. The ETA curves can, therefore, be vsed for the
determination of phase diagrams in multicomponent systems.

The phase diagram?7# of the system KCI-CaCl, is given in Fig. 96a. The
points indicated O were obtained by Zaborenko et al.27® by means of ETA curves
shown in Fig. 96b for various mixtures of the two components. The phase diagram of
the CaO-Fe.,O: system was determined analogously27S.

The application of ETA is most advantageous for determining th\, phase dia-
grams of poorly crystalline or glass-like systems where conventional methods do not
provide satisfactory results in the determination of phase change temperatures. The
systems, NaBeF;-NaPOj; and NaBeF;-KPO,, investigated by Levina et al.??7 and-
the system of pyrophosphoric acid H,P,0,—carbamid CO(NH,), mvstxgaied by
Czekhovskich et al.272 should be mentioned here.

0.5. Chemical reactions in solids . © .
6.5.1. Dehydration and thermal decomposition

A Numerous investigators measured the ETA curves dunng dchydrahon of
crystalhydrats‘ £-.22.26,279~— 28‘,metalhydroxxd¢s"‘"“ . 123, 13} 22.5, 226, 28_2‘-”2"{-&
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Fig. 97. Isothermal ETA curves of Ca-hydrcxide at: 105 (curve 1), 205 (curve 2), 350 {curve 3), 500
(cxm4)and6m°C(anvc5)(aftetbbormkoandTh§ma:=§‘)- Values of E»s+c corresponding to
initial hydroxide and final hydroxide-oxide product are given by G-points. Chemical compositions
of the respective isothezmally treated samples are: CaO - 1.1 H-0 (1), CaO - 1.1 HzO(Z),CaO-
1031-1:0(3),Cao 015H:O’4),CaO 0.05 H=0 (5)- _

and z=olites?3 and in the course of the thermal decomposition of darbonat&s""' 29.
41, 230’ oxalat&s"“' 77, 280, 285’ nitratese.‘., 22, 286, 287’ Su‘.fat&zas' 287’ iodat&zss
and other substances®-*-+ 2417243. 285-293 FTA | with great similarity to DTA, TG
and EGA, eva'uated the temperature intervals where the decomposition processes
take place and the loss of differently bound water molecules. Moreover, structural
changes accompanying the dehydraton and decomposition of-solids have been
sensitively reflected on the ETA curves even in cases where conventional methods
were not sensitive enough.

. Zaborenko and Thatner?34- 28% ysed ETA to mv&shgate the thermal decom-
position of metal hydroxides and salts of inorganic and organic acids. 222Th has been
used for labeling samples by both incorporation and imptegnation techniqu&s. Some
of the ETA curves are reproduced in Figs. 97 ard 98. -

. 6.5.1.1. Revealing structure and texture changes and the active state of solids.
Figure 97 shows ETA isothermal curves of calcium hydroxide measured®3# at 105,
205, 350, 500 and 606°C. The curves yield information on the state of texture and
structure of the hydroxide—oxide product at any instant of the isothermal treatment.
The emanation release rate is expressed in relative units of E[E, ., where E,s.c is
the E value measured at room temperature. The a.ctivity of the ﬁne!y dlspersed
hydroxide—oxide product can be easily followed. -

As dehydration of calcium hydroxide takes place in the temperature mterval
between 400 and 500°C, the ETA isotherms measured at lower temperatures must
reflece the changes in the state of the solid due to the departure of physically bound
(adsorbed) water. The isothermn at 500°C reflects the proper decomposition process
of calcium hydroxide. After the loss of structural water from the solid, the émana-
tion release rate decreases slowly indicating ordering of the structure. At 600°C, the
dehydration proceeds so quickly ihzt it is reflected-on-the ETA curve by a sha.rp
maximum occurring after a few minutes of the isothermal treatment. :-



123

dFft dF/dt dF/dt l
wot *100,
Q"f |2
[}
H
2]
o8t )
504 50t
.3
1 04} : s
= . ‘
o Y
o <00 @00 o 30 60 90 o0 400 800
Temperaturel<C] time [min] Temperature [*c]
a b c

Fig. 98. ETA heating curves of Th-propionate measured: (a) during heating of the initial salt (curve 1)
at a linear rate of 6 K min-1. (b) during isothermal heatings of the initial salt at 300 (curve 2), 400
(curve 3) and 500°C (curve 4). The respective portions of the initial salt decomposed after the iso-
therma! treatment are 86.93 and 952, the respective E=s+¢ values are indicated by 51-points. () during
beating 21 2 linear rate of 6 K min—! of the samples prebeated to 300 (curve 5) and 500°C (curve 6)
(after Thitner and Zaborenko™9).

Fig. 98 shows the decomposition of thorium propionate in air>®°. Figure 98a
shows the ETA curve of the initial salt during heating at the linear rate of 6 K min ™ 1.
The peak effect observed between 300 and 420°C corresponds to the decomposition
of the salt. Figure 98b 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 300°C, despite the decomposition of
the salt (869, of the salts decomposed after 90 min isothermal heating at 300°C).
As the E,.. value of the solid measured after the isothermal treatment does not
change significantly compared to E,s. of the initial salt, it can be assumed that
annealing of the active ThO, formed during decomposition does not occur. The
annealing took place however, at 400 and 500°C, the rate of which could be determined
from the ETA isotherms. The portions of the initial salt decomposcd during the
treatment at 400 and 500°C rose, as is indicated in Fig. 98b.

Figure 98c shows ETA curves of samples pre-treated at 300 and 500°C under
isothermal conditions, according to Fig. 98b. The linear heating rate was employed
in this case. Duaring the heating of the sample, which was pre-heated to 300°C, the
decomposition of the remaining thosium-propionate (14%) is completed and the
annealing of the active thorium oxide takes place. Both processes are reflected by a
sharp drop on the ETA (curve 5) at temperatures between 400 and 580°C. As shown
in corve 6, no more decomposition and annealing have been observed dunng this
heating in the sample pre-treated at 500°C..

Thus, when combining the ETA curves m&sured subsequently at: (i) lincar
temperature risc; (1) suitably chosen constant temperatures; and (iii) linear tempera-
ture rise again; more complete information on the active state of sohds formed by thc
thermal decomposition can be obtained. SL T o .



139

2
dFfit
i 3
: H
2 “ :
o 00 200 300 cLcl * T

Fig. 99. ETA (curve 2) and DTA (curve 1) of CuSOs - H20 (ex-CuSOQy4 - SH2O) during heating at a
linear heating rate of 6 K min—*. (aljtcr Balek and EM@ko”‘). - ,

Fig. 100. Idealized curves ETA (3), DTA (3) and TG (1) of a one-step endothermic decomposition.

Metastable pseudostructures of solids can be revealed when investigating the
intermediate decomposition products by ETA. Figure 99 shows ETA and DTA
curves of CuSO, - H,O (radon ion bombardment used for sample labeling). The
first peak on the ETA curve (curve 2), to which no effect on the DTA (curve 1)
corresponds, has been attributed?®! to the conversion of metastable pseudostructure
of trihydrate preserved after it. dehydratioa 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 an endothermic effect on
the DTA (curve 1). Mutual positions of the effects on the ETA and DTA curves will
be discussed next.

6.5.1.2. Relation of ETA, DTA and TG -urves. The idealized curves®9Z of ETA,
DTA and TG, which result in the course of a one-step endothermal decomposition,
are given in Fig. 100. The solid is supposed to be homogeneously Iabeled by a parent
of emanation (223Th). The beginning of the weight loss (point A of curve 1) 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 ra:e (point a of curve 3). The end of the
thermal decomposition process is denoted ty point B on the TG (curve 1), which
can have the same temperature as point f of the ETA (curve 3) provided that the gas
transport retardation effect is eliminated. Due to thermal inertia, the DTA peak
(curve 2) is usually prolonged to point ¢ beycnd point b, which corresponds to points
B and B. The shape of the peak on the ETA curve 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, where the inert gas is incorporated in the surface layers, differs from the
curve obtained with homogeneously labeled solid. The difference is due to the topo-
chemical nature of the decomposition process and gives the possibility to distinguish
the initial stage of a topochemical process of the centripetal type from its next stages —
the decomposmon in bulk.

" The mﬂucncc of hmtmg rate employed for the deoomposmon study by ETA
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Fig. 101. ETA and DTA curves (1,1’ and 2,2, respectively) obtained during heating of P3Oy in
pitrogen (after Fouqué et al.*%3). Curves 1 and 2 represent ETA and DTA curves measured at a

linear hearing rate of 2.5 K min—2. Curves 1’ and 2’ represent ETA and DTA curves measured at a
heating rate of 5 K min—%.

is demonstrated here. Figure 101 shows the ETA and DTA curves obtained in the
thermal decoraposition of Pb;Q,4 to PbO, in nitrogen??3, The solid was labeled by
222Rn without parent using >?5Rn alpha-decay. If two different heating rates (2.5 and
5 K min~*) are employed, shifts to higher temperatures for greater heating rate are
observed on the ETA and DTA curves. As it appears from Fig. 191, the shape and
height of the ETA peaks depend on the heating rate also. When analyzing the shape
and height of the peaks cn the ETA curves of solids labeled by a parent of emanation,
it should be considered that the equilibrium between the parent and emanatxon is

t [°c]
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30C°C (after Quet et al.5%).
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destroyed during the decomposition reaction. This -leads to higher values of the
emanating power and the “apparent emanating power”” shall be used in this cass (for
details, see Paragraph 3.5). ; - T

6.5.2. Solld—gas reacuons
6521 Kmetzc study of 1 reductzon amI oxzdatmn. The reaction,

NiO [”ZRn] + H, - Ni + H,O + 222Ry (103)

was investigated by Quet et al.*>. The reaction Kinetics can be followed by means of
222Rn released from labe'ed NiO (?2¢Ra alpha-recoil was used for sample labeling).
During heating NiO in hydrogen atmosphere, a peak appears on the ETA: curve at
temperatures between 230 to 300°C (see Fig. 23 in Paragraph 3.8.6). A similar peak
of water release was simultaneously recorded by a catharometer. In the kinetic study,
NiO was heated isothermally at various temperatures in this range and the heignts
of the water peaks were proportional to the maximum rate (dxz/df),.., of the solid-gas
reaction (where z is the degree of transformation in time 1). Analogously, the heights

rate of radon release (dF/ds),,,.. at the given temperatures. Figure 102 shows the peal:
heights of the ETA isotherms as well as the peak heights of water release in isotherms
(measured simultaneously at several temperatures between 230 and -300°C) plotted
on a logarithrric scale against 1/7. The similarity of the plots, log (dF/dr),,,, = f(1/7)
and log{da/dr)_.. = f(1/T), shewed that ETA can be successfully used for the kiretic
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 k¥ mol~? (28 kcal mol™ ).

The application of the ETA becomes especially advantageous for studying
gas—solid reactions with industrial gases such as hydrocarbons where the gasecous
products of reaction can hardly be detected. Various gas—solid reactions have been
investigated by ETA from the viewpoint of chemical kinetics and reaction mechanism.
One of the most important reactions, the oxidation of metals, shall be mentioned.
The surface oxidation of metallic copper labeled by ®°Kr was studied by Chleck
et al.2%* and the reaction rate, reaction order, concentration and temperature
dependence were all determined. The loss of ®°Kr nas been shown to be directly
proportional to the rate of the oxidation process taXing place onthe metal surface. The
measurement of inert gas released as well as residual 33Kr activity in the sample can
be used for this investigation. Figure 103 shows results of the experimentz by Chleck
et al.??*, The percent loss of ®*Kr activity of copper labeled expressed as d(N,/No)/dt
was found to be linearly dependent on the log of the oxygen concentration over the
range 10~ to 10° ppm O,. From the Arrhenius dependence, log[d'N,/No)/dr]
versus 1/T, the reaction. order was determined. The temperature dcpendenoe of the
metal oxidation was gnven”‘* by the e.xprcssmn. .

AW NG =22 K[O,1 2 &xp (S 242/RT) -~ L ey
whctc the vnluc of Kis 0.085% min~* ppm?/2. As thc ratcofondatxon and thcsurface
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Fig. 103. Inert gas release kinctics of kryptonated Cumetalasrwponsetooxvgenatvanoustanper-
atures (after Chleck®¥).

temperature have a combined effect on the release of #°Kr, a “thermal stabilization™
of the labeled sample is required before the oxidation itself can be investigated. The
“thermal stabilization™ is made by heating the sample in an inert atmosphere to a
temperature about 50°C higher than the maximum surface temperature expected
during the oxidation process. Oxidation during friction wear can be measured by
comparing %3Kr loss in air and then in an inert atmosphere. The difference in the
activity loss obtained during expenments in air and in an inert atmosphere is due to
the dcgree of oxidation.

Matzke?*®> used *33Xe-release measurements to establish the temperature
dependence of the growth of the oxide layers on stzinless steel, Ti, Ni, Cu and a-
brass, 40 keV-Xe ion bombardment being used for labeling metals.

6.5.2.2. Analytical chemistry applications. The solid—gas reactions followed by
the radioactive inert gas release have been widely used for the determination of
gaseous components and traces of impurities in air and other gas media. Methods
have been developed for the determination? of ozone (O;), oxygen (O,), sulphur
dioxide (SO,), fluorine (F,), chiorine (Cl,), nitric oxide (NO), amines (NH;), hydrogen
fluoride (HF), carbon monoxide (CO), hydrogen sulphide (H,S), and hydrogen (H,).
Some of these methods=?%- 297 are intended for the determination of the components
mentioned in the atmosphere of other planets (Mars andfor Venus). They arc of great
importance in industry for the determination of explosive ano/or tuxic components
in the atmosphere of hazardous workplaces.

As an example of gas analysis via ETA: let us consider the measurement of
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Fig. 104. Dependence of 8Kr release rate of PO on various concentrations of hydrogu-. in nitrogen
measured at room temperature (after Chleck=99).

Fig. 105. Emanation release rate, dF/ds, and temperature measured during interaction of ZrO»
(2) and MgO (b) with acetone vapor at 300 and 400°C, respectively (after Zhabrova ct al.29).

hydrogen content in nitrogen by means of 25Kr labeled PtO,. Theifollciwwing gas-solid
reaction??® takes place on the surface of labeled PtO,:

PtO, [*°Kr] + 2H, — Pt + 2 H,O + %°Kr (105)

Figure 104 demonstrates the dependence of the rate of 35Kr activity loss of PtO, at
room temperature and at various concentrations of hydrogen.

In the Trace Lab Research Institute (U.S_A)), two types of apparatus for the
determination of oxidizing and reducing atmospheres in the atmosphere in concentra-
tions of the ppm order were developed. Gases that can react directly or indirectly (by
chemical, cataiytic or thermal reaction) with the labeled sohd are measurable by these
instruments.

- .6.5.2.3. Apphcatwn to heterogeneous catalysis. A . special kind of solxd—gas
reactions are catalytic reactions ta'dng place on solid surraces. Figure 105 shows
emanation release rates and temperatures of ZrO, and MgO catalysts?®? during their
interaction with acetone vapors added to a nitrogen stream. As seen from Fig. 105
acetone vapors _differently influence the emanation release rate of ZrO, and MgO
heated to 300 and 400°C, respectively. With ZrO,, the interaction leads to a decrease
of emanation release rate and with MgO to its increase. The different character of the
ETA responsec was explained by Zhabrova et a.29° as the different character of the
catalytic interaction: The increase of MgO emanation release rate during the reaction
of acetone is thought to be accompanicd by a partial decomposition -of acetone: The
subsequent flow of pure nitrogen leads to a decrease of emanation release rate of the
MgO catalyst. The regeneration of the catalyst in the air-is-accompanied by -the
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increase of both the emanation release rate and the temperature of the cat=lyst
surface layer.

The release of inert gas was also observed by Jech""’ when a hydrogen—oxygen
mixture was allowed to react on a Pt-foil labeled by 222Rn. The increased rate of radon
release during the first stage of the catalytic reaction on Pt-foil was supposed to be
due to the reduction of the chemisorbed oxygen, which is the first step of the catalytic
hydrogen oxidation. The ETA measurements carried out by Bekman et al.3%%, in
the course of various catalytic reactions, supported the theoretical consuleratmns
about the selectivity of the active centers on the catalyst surface.

6.5.3. Solid-liquid reactions : -
6.5.3.1. Hydration. Figure 106 (curve 1) shows the time-denendence of emana-
tion release rate which takes place during the interaction??? of ThO, Iabeled by 225Th
with water vapor, at 150 and 300°C. The dotted line (curse 2) shows -the. time-
dependence of the same ThO, during analogous heating, but without interaction of
water vapor. The increase of emanation release rate -demoastrated -in Fig.. 106 is
thereiore caused by the surface hydration of ThO,: After the pulse: of the water
vapor has been added to the nitrogen fiow, thccmananonniascratcofthcsamplc
falls to the value corresponding to temperature. - R LSTIL
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Fig. 107. Loss of 3Kr activity due to cofrosion of four glass sampies. 1 = quantz glass; 2 = Jena-
Schott; 3 = Sial; 4 = shectglass @). Corrosion in 1M HCI; (b) corrosion in 1M NaOH (afier
Jesenik et al39%),

ETA has.also been sumsfully used“' 281 for studyme the hydration of
CaSO, - 1/2 H,O0.

6.53.2. Chemical endurance of glass. The sensitivity towards external mﬂuﬁno&s
is a very important property of glass. The effect of water, alkalies or acids on glass
surface can be investigated by ETA after labeling the glass with an inert radioactive
gas. The difference in behavior of Jena glass and barium glass in moist 2ir has been
studied by ETA by Heckter'2%, who employed homogeneous glass labeling with
radium. Recently, Jesenik et al.>°% proposed a method for the determination of the
chemical resistivity of glasses based on measuring the loss of 85Kr previously in-
corporated on the surface.

Fig. 107 shows the time-dependence of the 35Kr activity loss in various glasses
upon corrosion in 1M HCI (Fig. 107a) and in 1M NaOH (Fig. 107b). At the glass—
acid interface, alkali metal ions from the glass are exchanged for hydrogen ions,
according to the reaction:

(glass-Me[ ®°Kr]), s + HY — (glass-H), 10000 + Me™ + *°Kr (105)

along with the formation of a fi!m of silicic acid. This equation does not describe the
effect of hydrofiuoric or phosphoric acids which destroy the glass-silicate structure.
After 1 hour of contact with the 1M HCI, the relative 85Kr activity remaining in
quartz glass decreased by 2%, in Jena-Schott by 59; in Sial by 6% and in sheet glass
by 10.3 % (sce Fig. 107a). The same order of reactivity was found at long contact times.
Basic media dest-Cy tic suicui glass structure, causing other glass components also
to go into solution.-A plot of the time-dependence of the 2Kr activity of labeled
glass in contact with 1N-NaOH is given in Fig. 107b. The endurance to alkalies can
be determined by this method in oae minute. After 10 minutes, the relative activity
of quartz glass decr&sed by 16 /c, Sla.- glass by 26 %, Jena-Schott glass by- 32 % and
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sheet glass by 41 %,. The results obtaned cormpond to those obtained by classical
methods.

Jesenak and Tolgyessy>©3 proposed a method for the determination of the
rate constant of corrosion, which is based on the measurement of 3°Kr loss of the
labeled solid after its exposure to a corrosive medium. The method permits rapid
determination of extremely slow corrosion rates. ETA can be used in the study of
corrosion processes which cause changes in the surface 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 several months to complete.
ETA, using 2°Kr labeled solids, permits such studies to be carried out relatively
quickly and simply. For example, the labeled metal is put into various aati-corrosion
solutions which will react with the uppermost layer of metal. The more effective anti-
corrosion agents will react with the thinner layers and in a short time, thus preventing
corrosion in the deeper layers. A plot of the residual ®°Kr activity of the labeled
metal foil versus time will characierize the process. Corrosion imperceptible 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 scale. The work by Chleck et al.>°* dealing with the corrosion
study of aluminium alloys in 109, NaCl and the relative oxidation rates of painted
and unpainted iron s :mples can be mentioned.

6.5.3.3. Analytizal chemistry applications. Many liquid—solid reactions, where
the solid was previows'y labeled by ®*°Kr, have been employed for determination of
liquids. Analytical results are achieved by the use of calibration curves. Chleck et
al. 3047306 proposed a method for the determination of traces of water in organic
liquids based on the following reaction:

CaC,[*°Kr] + 2 H,0 — Ca(OH), + C,H, + *5Kr 07))
The total activity of *3Kr release is measured and is directly proportional to the

TABLE 20

KRYPTON-LABELED SOLIDS APPLICABLE AS END-POINT INDICATORS

Solid Substance Titrans
dztermined sokution

Mg NaOH HQ

Zn NaOH, F i HCGQ -

Ag Ba2+ R KaCr2O2

Agl Niz+ KCN

AglO; Caz+, Mg=+, Sr:~ EDTA

YoCx0s)s - Fe3+ " EDTA

Glass 2+, Cd®+ NaF - - ~
Th*+, HaS504 ‘NaOH

HCl, HNO;
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amount of water reacting with CaC, added to the solution investigated. The method
is applicable for the determination of 0.25-2.0% H,O in methanol°%. The importance
of the method can be seen when noting that the eﬁ‘ectwen&ss of jet fuels is mﬂLenced
by the amount of water present as an impurity.

A special application of solids labeled with 3°Kr is in radiometric titration
methods”- *°%, The application of -krypton labeled solids -(called-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 onsct of the release of 25Kr by the kryptonate marks the appearance
of excess titrant and, hence, the passing of the equivalence point. This concept
provides a new completely objective type of end-point indicator. So'ids commonly
used after labeling by 23Kr as end-point mduztors m volumctnc analysis are listed
in Table 20. . ] e

6.5.4. Solid-solid reactions

After examples given in the preeedmg Paragraphs on the application of the
ETA for the investigation of solid-state processss, it is natural to apply the method
to the study of chemical reactions 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
of solids.

6.5.4.1. Information on reaction mechanisms. Jagitsch et al.3°7' 308 obtained
qualitative information about the interaction at elevated temperatures between the
mixtures of S:0,-CaCO;, Al,O3;~CaCO; and CeO-Fe,0,. A quantitative approach
to evaluate the kinetics of the reaction, PbO + SiO, — PbSiO,, was made>°® using
isothermal ETA heating curves of the reaction mixture, where SiQ, was labeled by

510°C

600°C

s05°C
780°C
o B B o = & .. . o o
e [oa]. R

Fig. 10" Tsothermai ETA curve of SiO: (labeled by 223Th) mixed with PbO (1 : l)(aftd'fagitsch"”).
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Fig. 109. ETA (curve 3), DTA (curve 2) and dilatometry (curve 1) of ZnO-Fe:O3 mixture when
heated at 10 K min—2. The ETA cuorve of the mixture during rehieating after it was heated to 1100°C
and cooled to 400°C is shown by curve 4. ZnO component was labeled by 225Th. Percentage of ZnO
taking part in the reaction is shown for samples I-VI (after Balek™*).

233Th. Figure 108 shows the decrease in apparent emanating power of the mixture
of PbO-Si0, during isothermal heating at 500, 600, 640 and 700°C. Apparently,
the lead silicate formed during the reaction exhibits lower E, and Ej or both. The
radon diffesion in the solid containing FbO, SiO, and PbSiQ; is rather complex, and,
therefore, the quantitative interpretation of the ETA data given by Jagitsch>%°
seems unwarranted.

Schroder®*?- 31° and Kittel®>'? investigated the formation of spinel-type
compounds (CdFe,0;, ZnFe,0,, BcAl, 04, CuFec,0, and MgFe,0,) from reaction
of metai(Il) oxides and metal(IIl) oxides at elevated temperatures. At first, single
components (hydroxide, carbonate or oxide) were checked as to their behavior during
heating and after successive sudden cooling to room temperature, the Eg-values
were measured. Later, the molecular mixtures were checked in the same way. 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: BeO,-Fe,0;3'3, ZnO-Al,0,3*%, UO,—
Zr0,~C20313, U,04-TiO, and U;04-Zr0,3'S, 'l‘iOz—BaC033”, and CaO-
Slo 318

In the following, ETA curves of a mixture of ZnO-Fe,0, (ZnO bemg labeled
by ***Th) will be described and compared with results of other methods2*: Figure 109
shows results of the ZnO-Fe,O; mixture obtained by ETA, DTA, dilatometry and
chemical analysis?S. ETA curves of the starting components?3- 77 were exponential
over the temperature range studied. Zinc and iron(IIf) oxides interact in a series of
stages>'9~ 321 The jnitial layers of the product begin to form by surface diffusion
at the most favoratls sites at 250°C to 400°C3>!2- 321 their formation is reflected by
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an increase in the rate of emanation release (Fig. 109, curve 3). The DTA and dilato-
metry curves (curves 1 and 2, Fig. 109) did ot change at these temperatures. Changes
in catalytic activity, adsorption properties, magnetic and other properties of the
mixture have been reported3'? in this temperature range. At 500°C, 1.5% of the ZnO
has reacted. A sharp change in all of the curves of Fig. 109 was observed at 670 to
700°C. X-ray pztterns of the mixture heated to 730°C confirmed the sharply increased
amount of ZnO (37%) which is reacting. The DTA curve (curve 2) shows a small
exothermic peak. Interaction between the basic mass of the initial oxides occurs by
volume diffusion above 750°C. On the ETA curve, a slowing down of the emanation
release rate appears at 790°C, indicating thai 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 sintering tempera-
ture of the zinc ferrite) remains constant. At 350°C, the X-ray patterns indicate the
presence of zinc ferrite only in the sample. Further increase in temperature is accom-
panied by the diffusion release of Rn from the sample. The exponential shape of the
ETA curve of the ZnO-Fe,0O; mixture during the second heating (curve 4, Fig. 109)
shows that the reaction was terminated in the course of the first heating. The reaction
of ZnO-Fe,0, has also been investigated by Ichiba*?2? (ZnO labeling by xenon
produced at uranium fission was used), and analogous results were obtained.

Valuable information regarding the mechanism of solid-solid reactions can be
obtained by means of ETA. In many cases, where ETA has been used to investigate
solid-solid reactions, the investigators stated higher sensitivity of the ETA method
than with X-ray patterns or other methods.

6.5.4.2. Estimating the reactivity of components in reaction mixtures. A method
has been proposed by Balek323- 324 for estimating the reactivity of ferric oxide in
the solid-state reaction between ZnO and Fe,0;. The method consists in measuring
the emanation release rate during heating of the reaction mixture where one component
at least has to be labeled with 2*#Th.

The labeled component (ZnQ in this case) is mixed in a stoichiometric ratio
(1 : 1) with the component to be tested (Fc,0; in this case) and the homogenized
mixture heated to 1100°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 of ZnO + Fe 0,
described in Paragraph 6.5.4.1. The temperature of the most pronounced peak on the
ETA curves, i.e,, the start of the siowing down of emanation release rate after zinc
ferrite formation, was chosen as a characteristic parameter for testing 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
thermal decomposition of various iron.salts at 700, 900 and 1100°C, as well as
commercial ferric oxide specimens, have been tested?23. Comparing the ETA results
with those obtained by means of current methods based on surface area and catalvtic
activity measurements, it has been stated that the current methods do not always
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TABLE 21

COMPARING REACTIVITY CHARACTERISTICS OF FERRIC OXIDE SAMPLES =~

Sample ) FexO3 (ex-carbonate) Commercial somples
heated 10 °C L _
700 %00 1100 -DF " PPG Cba
Specific surface area 59 09 03 38" 14.8 7.8
(m*g™") - . ’
Effect on ETA curve 790 925 980 720 880 920
O - )

give a true picture of the reactivity of ferric oxide relevant to the solid-state reaction.
The method based on ETA offers a2 more objective assessment of this property.

" Table 21 lists the reactivity characteristics of ferric oxide samples prepared by
thermal decomposition of iron(I1, III) carbonate at 700, 900 and 1100°C and of three
commercial (Made in U.S.S.R.) ferric oxide samples of unknown history, denoted
“D.F.”, PP.G.”, “C.D.A.". By comparing tke ETA results obtained and the specific
surface areas we can see that fersic oxide (ex-carbonate) loses its reactivity with a
Cecreasing surface area. For the commeicial ferric oxide, sample “D.F.” cxhibils
the highest reactivity even though its surface area is relatively low (3.8 m? g™ ¥).
The reactivities of the three commercial ferric oxide samples decrease in the sequence:
“D.F.”, “P.P.G.”, C.D.A.". No dependence between reactivities and specific surface
areas of these commercial samples was found.
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