


STELLINGEN

1. De door Omori et al geconstateerde afwezigheid van een
49 51

isotoopeffect tussen Cr en Cr, geproduceerd in

kaliumchromaat door bestraling met 60 MeV Bremsstrahlung,

is waarschijnlijk een gevolg van de stralenbeschadiging.

T. Omori, T. Kikuahi, 1. Shiokawa

Badioohem. Radioanal. Lett. 37_, 233 (1979)

2. De opmerkingen van Cohen en Besnard over gejodeerd

chloroguin zijn aan twijfel onderhevig.

ï. Cohen, M. Besnard in:

"Principles of Radiopharmacology" 2, 155

ed. L.G. Colombetti, CRC press, Booa Raton (1979)

3. In het door Beshty uitgewerkte mathematische model voor

de verbranding van een poreus kooldeeltje is diffusie

van zuurstof naar de inwendige koolstructuur moeilijk

voor te stellen, hetgeen in tegenspraak is met zijn

voorgestelde fysische model.

S.S. Beshty
Combustion and Flame S2_, 295 (1978)

4. Vaughan besteedt geen aandacht aan de verschillende

mechanismen van de ontleding van diazoniumzouten in

aanwezigheid van de halogenen jodium en astatium.

A.T.M. Vaughan

Int. J. Appl. Radiât, and Isot. 30_ 676 (1979)
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5. De door Alfassi opgegeven specifieke Br - activiteit

is vele factoren te hoog, omdat de radiolyse van kalium-

bromaat berekend wordt voor een "gamma-vrije" bestralings-

faciliteit.

Z.B. Alfassi

Radioohim. Acta 26_, 93 (1979)

6. De vorming van ammoniak, naast kooldioxide, uit methaan,

water en stikstof bij 673 K over een ruthenium katalysator,

zoals beschreven door Naito en Tamaru, is op grond van

thermodynamische overwegingen hoogst onwaarschijnlijk.

S. Naito, K. Tamaru

J.C.S. Chem. Comm. 1105 (1978); Com 970

7. De opmerking over Huize (Groot) Essenburgh: "In de vijver

bevindt zich een bron met radioaktief water" kan op

verschillende wijzen geïnterpreteerd worden.

"Kastelen in Nederland", ANWB,

's-Gravenhage (1971)

8. Het feit, dat het toepassen van de buitenspelval bij

veldhockey gehonoreerd wordt, is in tegenspraak met de

regel dat het uitlokken van overtredingen bestraft dient te

worden.

M.T.A. Teeling,

Amsterdam, 14 mei 1980
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CHAPTER I

GENERAL INTRODUCTION

I.I Recoil chemistry

The nuclear transformations of which the chemical
consequences are studied in the present work, are processes in
which a nucleus reacts v:ith an elementary particle. These
processes involve a large amount of energy. Part of this en-
ergy appears as recoil energy of the resulting atom and energy
of the emitted particles and/or electromagnetic radiation. A
nucleus produced in this way has a kinetic energy which is
high in comparison with the energies involved in classical
chemical reactions. The energy necessary for bond rupture
ranges from about 5 eV, whereas the energy of an atom, recoil-

2 6ing as the result of a nuclear event, may reach 10 - 10 eV.
This corresponds with an equivalent temperature of 10 -10 K.
This "hot-atom" can react, while it posseses this high energy.
Such a reaction is called a hot reaction. However, the hot
atom can also be slowed down by collisions with other atoms
and afterwards participate in a thermal reaction.

In solids, the reactions may involve the original
lattice species, but also the debris created by the hot atom
itself, or by the damaging radiation during activation. It is
generally accepted that the energy which is required to eject
an atom from its lattice site in an ionic crystal may reach
25 eV (Se-56). When the atom produced is radioactive, it acts
as its own tracer and the product distribution can be deter-
mined. So it is possible to obtain information about the
ultimate state of the radioactive recoil atom in the lattice.
Part of the atoms are -•'tuated in a metastable state. These



may further react, if energy is added to the lattice, e.g. by
heating, to overcome the activation energy of the reaction to-
wards a more stable state. The information obtained immediate-
ly after activation, combined with the results after annealing,
may provide information about potential reaction sequences.

1.2 The nuclear reaction process

One of the descriptions of the nuclear transforma-
tion process at energy levels below 50 MeV invokes the compound
nucleus model developed by Bohr (Bo-36). In this process the
incident particle is captured; consequently an excited nucleus
is created which has a lifetime (10 - 10 s ) , which is
long as compared to the time it takes a nucleon to traverse
the nucleus (Fr-64). So the system loses memory of the in-
cident channel (save for the conserved quantum numbers) and
the formation and decay of the compound nucleus become in-
dependent processes (Ma-79). If the excitation energy of the
compound nucleus is large enough, there will be an emission of
one or more particles.

proton

nucleus

neutron compound nucleus

Figure I.I A schematic illustration of the compound nucleus
model for an (n,p) reaction



As a consequence of the conservation of momentum and
energy the nucleus acquires a recoil energy. As said before,
the recoil energy is usually far larger than the bond energy.
Consequently the chemical bond will be broken in the majority
of events. The process in which bond breaking occurs is often
referred to as the Szilard-Chalmers process (Sz-34).

1.3 Evaluation of the recoil energy

Thermal neutron capture

Thermal neutrons do not have sufficient energy to
cause bond rupture by collision, but when a neutron is cap-
tured, the compound nucleus almost always deexcites by gamma-
ray emission. A gamma-ray has a momentum of p = E /c. To con-
serve momentum the nucleus of mass M recoils, in the case of a
solid matrix, with an energy:

Er = 537 fl (1)
M (Wa-57)

where Er is in eV, E in MeV and M in a.m.u. In (n,y) reactions,
however, the deexcitation of the compound nucleus usually
occurs through a cascade of gamma-ray emission. In a number of
cases the momenta will cancel, at least partially, and the
recoil energy will be lower than calculated on the basis of
formula (1).

Particle emission

When a nucleus reacts with a particle which has
sufficient energy to cause emission of another particle, the
energy and momentum of thp incident particle also contribute
to the recoil energy. This process is illustrated in
Figure 1.2, where A is the target nucleus , x is the bombard-
ing particle (mass p ) , 6 is the angle between x and y, C is
the recoil atom (with mass M) and y is the emitting nuclear
particle (mass M ) .

The total energy and momentum before and after the
nuclear reaction have to be equal:



Ex + EA = EB + Ey + Q

P*X
 +
 P"A - P"B + Py

where Q stands for the difference in mass energy and E x, E«,
Eg and Ey represent the sum of kinetic and mass energy of the
reacting species and the products and p is the momentum.

Figure 1.2 Libby's recoil energy model (Li-47)

Libby (Li-47) derived an expression for the average recoil
energy, FM, of the atom M, for events where only one nuclear
particle is emitted:

_ My m(m+M-u) 0 (m+M)
EM = Ev[ ,- + 5- (1 + )3 (2)
n x (M+mp (m+Mr Ex(m+M-y)
If the energy of the bombarding particle lies slight-

ly above the threshold energy, the kinetic energy of the
emitted nucleon is very low and may be neglected, with regard
to the recoil energy already transferred by the bombarding
particle. In this case:

EM - Ef-JA*-^) (3)



Eq. (3) allows the recoil energy for these reactions to be
estimated. If the energy is higher than the threshold energy,
its contribution to the recoil energy must also be taken into
account.

If two or more particles are ejected, the estimated
recoil energy results from Monte Carlo calculations (Do-60).
It is agreed, that in the case of an (n,2n) reaction eq. (2)
may be used to estimate the order of magnitude of the recoil
energy, provided y equals the mass of two neutrons (Ca-79).

Immediately after the emission of particles different
reaction channels exist for the recoil atom:

i) The recoil energy is insufficient to cause bond rupture.
This can be the case for some {n,y) reactions (Hs-62).

ii) There is bond rupture, which is very rapidly followed by
the reaction of the recoil atom with some, or all of its
original partners. This is called a cage-effect (Fr-34).

iii) Replacement of another atom by a recoil atom possibly
occurs via a knock-on collision.

iv) The recoil atom may be stabilized in a vacancy or as an
interstitial ion in the lattice.

These reactions take place on a short time scale
(̂  10 s). Afterwards various kinds of annealing reactions
may occur which involve the thermalized recoil atom and enti-
ties in thermal equilibrium. It must be considered that mostly
the amount of material involved is extremely small and consti-
tutes only a tracer quantity. Consequently the process cannot
be detected by conventional chemical methods, but only through
the measurement of the induced radioactivi ies.

I.4 The hot atom and the lattice

A number of models have been suggested which try to
answer the intriguing question of how the recoiling atom
transfers its energy to the lattice during the slowing-down
process (Li-47, Fr-49, Mi-50, Wi-53, Ha-58, Mu-65).

Harbottle and Sutin (Ha-58) propose the hot spot or
thermal spike model. From displacement studies (Se-56) it could
be calculated that the slowing-down from a lattice site, should



occur in a restricted number of collisions. The probability
of channeling being small, the range of the atom has to be
short (Ch-66, To-67). The recoil atom then generates what is
called a thermal spike. In a ionic crystal the model predicts
that a recoil atom with an energy of 300 eV causes a hot zone
of 1000 atoms at an equivalent temperature of 1000 K lasting
about 10" second. During this time several ligand transfers
may take place. On a microscopic scale this theory has not
been confirmed by experimental evidence (e.g. phase transitions
(Go-60, Ci-66)).

Another model, the disorder model, is proposed by
Miiller (Mu-65); it is based on computer calculations of radia-
tion damage in crystalline solids (Gi-60, Vi-61). This model
does not predict a large zone for a certain period of time at
a high equivalent temperature, but it assumes the creation of
a restricted number of defects in the vicinity of the final
position of the recoil atom. It predicts a reaction zone,
which is ten times smaller than the hypothetical hot spot.
* The rapid loss of energy, which is necessary for the
model, is explained by focuson and crowd ion transport. A
focuson is a series of focussed knock-ons by which only energy
and momentum are transported, whereas crowdions transport both
energy and matter (Si-57, Le-59, Se-62) (cf. Figure 1.3).

crowrtons, propagating
dynamically

Figure 1.3 Schematic picture of possible disorder caused by
a recoil atom (Se-62)



Computer calculations on the compounds KgReBrg and
confirm the model, showing a small disorder, leaving the
ligands undisplaced (Ro-74).

The differences between the hot spot model and the
disorder model may focus on the size of the reaction zone, the
temperature and the amount of disorder. But either model
predicts that the recoil atom is positioned in a surrounding
of lattice species, occupying sites of higher potential ener-
gy than expected for a normal situation. In this reaction zone
the recoil atom can undergo chemical reactions, depending on
the lifetime and extension of the zone and on the availability
of reactants.

Retention

It will be clear that nuclear processes have chemical
consequences in the atoms affected. As a consequence of the
recoil event, the nuclides formed may be found in a chemical
state which is different from the original compound. Retention
is then defined as the fraction of radioactive atoms, that:
are detected in the parent, or original chemical form.

1.5 The veineovpovation of the reeoil atom

I.S.I Annealing processes

Annealing in general means reduction of the number
of defects present in the lattice. This reduction is achieved
by recombination of disordered species tc reconstruct the
regular lattice arrangement. In activated compounds, annealing
means the process that provokes the recombination reaction of
a radionuclide to reach a chemical state, which is compatible
with the undisturbed crystal in thermal equilibrium. Such
processes generally cause an apparent increase of the reten-
tion.

The energy needed for the activation energy of the
recombination reaction of the defects can be supplied to the
lattice in several ways (Mo-75, Va-79). Thermal annealing is
induced by heating the activated sample. Radiation annealing



can be performed either by irradiation after activation or by
varying the activation duration, which involves a variation of

•i the dose. For photoannealing experiments the activated samples
are exposed to ultraviolet light. Ultrasonic annealing is a
treatment by which the activated samples anneal under the in-
fluence of ultrasonic excitation. Pressure annealing may also
influence the retention as the recombination reaction may be
positively influenced by a volume decrease.

To study the contribution of actual- or pseudo-
exchange reactions during annealing, it has been tried to du-
plicate the situation of a recoil atom by doping an inactive
crystalline solid with a radioactive tracer. Transfer anneal-
ing is then the result of several processes which may include

I charge and/or ligand transfer.
| All these annealing processes can be influenced by
i the presence or absence of species other than the recoil frag-

ments. Also the ambient atmosphere and the fact whether the
activated compounds are hydrated or anhydrous, have an in-
fluence on the annealing process.

1.5.2 Kineiie models of annealing

controlled kinetics

It is possible to consider the recombination of the
recoil species as a result of the healing of damage, which is
a diffusion controlled process. Such a model is proposed by
Fletcher and Brown (Br-53, Fl-53), who assumed that the pro-
duced vacancy-interstitial pairs have such a small separation
distance, that the recombination ought to be a first-order
process with one single activation energy. The model was per-
fected by Waite (Wa-6O) and further extended by Peak and
Corbett (Pe-72).

Distribution of energies of activation

A more usual model is based on a first-order process
with a distribution of energies of activation. It is supposed
that, for the annealing process, only the entities resulting



from a nuclear transformation and the normal lattice species
are involved. As in complex solids, such as oxyanion salts, the
vicinity of a recoil atom is disturbed by various kinds of
defects; it is further supposed that the rate constants for
the annealing reactions of these reactive centres have a
spectrum of activation energies and/or a distribution of
frequency factors.

If the frequency factor v is constant, there is a
spectrum of energies of activation, F'(E). The spectrum can be
scanned by an annealing function <j>, which defines the fraction
of unreacted species present at time t, for given E, T and v
(Figure 1.4).

I

Figure 1.4 The progress of annealing. The shaded area is al-
ready annealed at a given time t,

F'(E) has to be determined from the experimental data by a
mathematical approach, as is supposed by Vand (Va-43) and
Primak (Pr-55, Pr-60). Only the value of v must be estimated.
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(Usually, v = 10 1 0 - 10 1 1 s'1.)
It should be considered that these models are pri-

marily developed to study annealing in simple solids. When
these models were used in more complex systems, it turned out
that the data obtained from experiments had to be adapted in
order to fit the equations used (Mo-75). Furthermore, to ob-
tain acceptable energies of activation, a very large number of
experimental data is needed. In the present work, the model of
a spectrum of energies of activation will be used to explain
the results in a qualitative way.

1.6 Purpose of this investigation

As was seen in the preceeding paragraphs, the fate
of a recoil atom depends on a number of variables. When dif-
ferent recoil atoms are produced during the irradiation in the
same matrix, the surrounding lattice is identical for these
nuclides. If the recoil atoms are isotopes (nuclides of one
element), only the nuclaar reaction and the stabilizing
processes are different. These differences show up as different
retentions and as different annealing patterns.

Aten et al. investigated annealing of activated
potassium permanganate and reported the absence of essentially
different annealing patterns for Mn and Mn, although a
slight isotope effect was mentioned (At-50, Ko-64, He-72,
Te-80). In Chapter III further investigations on manganese
isotopes, produced in potassium permanganate as well as in
mixed crystals of permanganate, are reported.

In Chapter VI the influence of the nature of the
radionuclide and the recoil energy on the reaction schemes
is investigated. The formation during the same irradiation of
different radionuclides (76As, 8 1 mSe, 8 1Br) produced in potas-
sium brornate crystals is dealt with.
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CHAPTER I I

EXPERIMENTAL

11.1 Introduction

This chapter gives a survey of the experimental set-
ups as used for the investigations as described in this work.
In the following chapters, references will be made to this
chapter if they concern general details.

Subsequently are given: specifications of the
several irradiation facilities, a description of the heating
processes of the activity measuremits, a listing of the most
important chemicals used in the course of the research.

11.2 Irradiations

II.2.1 Charged particles

The irradiations with charged particles were perform-

ed with the different facilities of the IKO-synchrocyclotron.

The deuton bombardments were carried out in the ex-

ternal beam of the cyclotron at an energy of 26 MeV. The beam

current was kept below 50 nA. The proton irradiations took

place in the same external facility. The energy of the protons

was 52 MeV and the maximum beam current was 50 nA.

These currents were estimated by a separate measure-

ment just in front of the exit-foil of the external beam at

about two centimetres from the sample.

Water-cooled aluminium targets were used (Fig. II.1).

Ni-foils were placed behind the samples, their activations

verify that the targets were thin enough to assure a homo-

geneous activation.
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1 cooling
water

Fig. II.1 Target for external radiations with charged
particles

II.2.2 Neutrons

The neutrons were provided by the IKO-synchrocyclo-

tron.a 14 MeV DT-neutron generator and a piutonium-beryl1ium

source.

Cyclotron: Fast neutrons were produced by the impact of a

10 pA beam of 26 MeV deutons on an internal, thick beryllium

target. The neutron energy spectrum is shown in Fig. II.2. For

fast neutron irradiations, the permanganate samples were

fitted inside the beryllium head. The dose as measured by

lithium fluoride thermoluminescence probes may be estimated at

230 Gy (Br-79).

Outside the cyclotron, the neutron beam thermalized

in a paraffin moderator, envelopping the samples. So, thermal

neutrons were obtained by this paraffin moderator, in which

the samples could be activated. The dose, which was also
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0 5 10 15 20 25 MeV
Fig. II.2 The neutron spectrum of 26 MeV deutons on Be

(He-63)

measured by TLD-probes was about 0.5 Gy (Br-79).

Neutron generator: Irradiations with fast neutrons were per-
formed in the DT-neutron generator of The Netherlands Cancer
Institute, the Antoni van Leeuwenhoek Hospital. This generator
produces neutrons with an energy of 14.7 MeV and an output of

12about 10 neutrons per second. The apparatus is designed for
clinical research in radiotherapy. A hole was drilled through
the iron and paraffin shielding. In this hole a perspex rod
was placed, in which the samples were clasped.

During the irradiation of a patient, the samples
were activated in a position, about 5 cm from the tritium
target (Fig. II.3). The dose was measured by two fission cham-
bers, and converted to an absorbed dose, given in Grays.
Measurements with threshold detectors confirm that the energy
of the fast neutrons was 14.7 MeV (Ha-78). There is always a
flux of low energy neutrons - below 2 MeV - due to scattering
phenomena.

PuBe-source: Activations with a low flux of thermal neutrons
were performed in a paraffin container in which several holes
were drilled. A piutonium beryllium source was placed in the
center hole, whereas the samples were placed in the surround-
ing holes and activated at ambient temperature (Fig. II.4).
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Concrete

F i g . I I . 3 Schematic diagram of the neutron therapy u n i t (Co-75)

sample PuBe source

paraffin
Fig. II.4 The activations with a PuBe source

The PuBe source is manufactured by NUMEC and is

sealed in two tantalum stainless steel containers. The pluto-

nium activity is about 10 Bq and the total neutron emission

is about 10 neutrons per second (Mij-71).

II.2.3 Gamma irradiations

When samples had to be exposed to ionizing radiation

a cobalt-60 source was used. The latter is placed in a water-

pool and the samples were conveyed, by means of a time-control 1•

ed, electric windlass. The total activity of the source was
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about 5.10 Bq and the dose rate was 1.2 Gy/s, as measured by
Fricke dosimetry.

Linear accelerator: Activations of samples in a mixed field of
neutrons and photons were carried out in the low energy station
(LECH) of the 300 MeV linear accelerator (MEA) at Amsterdam.

In this facility a platinum converter was irradiated
with 80 MeV electrons, resulting in Bremsstrahlung and neutrons.
Behind the converter a strong magnet is placed to yield a
photon beam without electrons.

The samples were transported by means of a rabbit
system to the irradiation positions. These could be positioned
either in the center of the photon beam, or at a distance of
one meter from the center of the photon beam (Br-80).

II. 3 Thermal annealing

Thermal annealing was carried out in the presence of
air, in a temperature-controlled furnace. The temperature was
kept constant within 0.1 K.

Short annealing experiments were done in pre-heated
glass tubes in a copper block inside the furnace.

The crystals were heated at a constant temperature
for varying periods of time. This treatment is called iso-
thermal annealing. For isochronal annealing the crystals are
heated at different temperatures for a constant period of
time.

II.4 Activity measurements

The radioactivity of the activated sample was measured
by means of the following counting devices: a Ge-Li crystal
(30 c m ) connected to a 4000 channel analyzer and a well-type
Nal crystal (2 x 2") linked to a 400 channel analyzer.

In the case of samples, which had very low activities,
the measurements were done in a well-type Nal crystal (3 x 3")

210which was shielded with ancient lead in which Pb (t, = 22 y)
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had completely decayed and an iron castle (Ru-68) in the ap-
propriate window (600 keV - 2000 keV), this kept the back-
ground below 2 counts per minute.

II. 5 Chemicals used

The following chemicals were used without further
purification.

KMnO., pro analysi from Merck
^ g O , pro analysi from U.C.B.
,̂ purum from Fluka

KReO4, LAB from Merck
KC104, pro analysi from Merck

KBrO,, pro analysi from Merck
, Laboratory reagent from British Drug House

g Laboratory reagent from British Drug House
NaAsO2» pro analysi from Merck
NapHAsO. .7^0, pro analysi from Merck.
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CHAPTER III

RECOMBINATION IN THE KMnO4 LATTICE

III.1 Introduction

This chapter concerns the recombination behaviour of
radiomanganese in potassium permanganate in pure and in mixed
crystals. If radiomanganese is produced in potassium permanga-
nate at ambient temperature, it appears that only a part of
the radioactivity is recovered as MnO^. The retention is about
25% (Ap-79). As a consequence of the Szilard-Chalmers process,
the Mn-0 bond will be broken and the manganese will recoil away
from its original lattice position. At room temperature part
of the recoil manganese atoms will recombine with oxygen atoms
and yield permanganate. The retention increases considerably
if the crystals are heated after activation. The highest reten-
tion reached after thermal annealing is about 90%.

The work presented in this chapter aims to obtain
information about the relative importance of the factors in-
fluencing the recombination behaviour of the manganese recoil
atom. One of the factors can be the recoil energy, which may
vary from a few hundred eV to about a million eV, depending on
the nuclear reaction. Another factor of importance may be the
activation conditions such as: temperature, dose, dose-rate,
linear energy transfer (L.E.T.). The lattice conditions can be
of importance too. These can be changed by use of mixed crys-
tals of potassium permanganate or by pre-activation treatments.

A model for the recombination reactions has been pro-
posed by Libby and was repeatedly supported (Li-40, Ri-50, Mc-
53, Gr-53). It was based on the assumption that the oxidation
state of the manganese atom would not change on recoil. Then
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a variety of intermediate fragments is available: Mn , MnO + ,
MnOX+, MnOt. It was supposed that the Mnot was the most im-
portant fragment. The retention seemed to be dependent on the
acidity of the solvent, as e.g. 50% at pH = 0, 30% at pH = 2-10,
70% at pH = 14. The fact that the retention increases in mixed
crystals of KMnO^ - KC10. proportionally to the perchlorate
concentration would be explained by a transfer reaction (Ri-50)

56Mn03 + ClO^ -»- 56Mn0^ + CIO*

The activity found as MnOg was considered as ad-
ditional proof for the existence of fragments mentioned above
(Li-40,Ri-50, Ap-63',Sh-69, Sh-70). However, Cogneau et at.
(Co-67), using a double tracer technique, proved that there is
no MnO, present at the moment of dissolution. On the contrary

56they gave evidence that the non-retained Mn-fraction appeared
in the form of bivalent manganese ions. These can be adsorbed
on a MnOp carrier or undergo an oxidation reaction in solution:

3Mn2+ + 2MnO^ + 2H20 •* 5MnO2 + 4H
+

Although this reaction is very slow at room temperature, it
may be that a few percent of MnOp is produced in that way
(Ap-79).

As for thermal annealing, from van Herk and Aten
(He-72), it seems that there are two types of annealing taking
place. One type, which can be suppressed by the irradiation
dose, and another, which is quite independent of the dose.

However, isochronal annealing shows no disconti-
nuities on which the assumption of several simultaneous or
subsequent reactions could be based (Ri-50, Co-67, Sh-70,
Ro-72). In this chapter a series of experiments is presented
which further investigate the factors mentioned above. The
conclusions must endeavour to reach an improved model which is
in closer agreement with the results.
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III.1.1 A survey of reaoil experiments in KMnO .

Potassium permanganate remains an attractive compound
for hot atom chemical studies, because manganese has a high
cross section for thermal neutron capture and the Mn, pro-
duced in that way, has a convenient half-life of 2.56 hours.

Rieder et al. (Ri-50, Br-50) also investigated the in-
fluence of thermal annealing on retention. Thermal annealing
causes an increase of the retention, depending on annealing
time and temperature. Afterwards a wealth of information about
permanganate has been published. For a review, see Apers (Ap-79).

Tumosa et al. (Tu-70) used two analytical techniques
for their research on potassium permanganate, which was irra-
diated with Co gamma-rays. First a wet analytical technique
(Ap-63). And secondly magnetic susceptibility measurements, a
non-destructive technique. This allowed to evaluate the conver-

2 +sion of MnO- to Mn . Both techniques showed very good agree-
2+ment, leading to the conclusion that the amount of Mn found

after dissolution is already present in the solid state. The
possibility of exchange between Mn + and MnOl in solution,
was discarded by Polissar (Po-36).

Van Herk and Aten (He-72) found that the retention in
unannealed potassium permanganate was not affected by the ra-
diation dose. However, after thermal annealing they observed a
striking difference in retention as a function of the dose.

Activations and analysis, both at low temperature,
yield values for the retention of 3 - S% (Ve-62, Co-67). This
means that the retention at ambient temperature is caused by
recombination of recoil atoms and not by a failure of bond
rupture.

Tumosa et al. showed that the (n.y) ejected atoms
from a metallic manganese foil, immediately after the primary
event, recoil as Mn+ or Mn . So the recoil atom remains al-
most in its formal valence state (Tu-70). Aten and van Herk
found no difference in the retention for Mn and Mn after
annealing, when both nuclides have been created under identi-
cal fast neutron irradiation conditions. Shiokawa (Sh-70),
however, claims that Mn first shows an increase of the
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plateau value followed by a sharp decrease after heating at
453 K for 5 hours, while the retention of Mn is slowly en-
hanced on heating.

Mn can also be obtained by the irradiation of man-
ganese compounds with deutons. This was done in potassium per-
manganate by Oblivantsev et al. (Ob-73), who surprisingly
found no Mn at all in permanganate form at ambient tempera-
ture. However, the isothermal annealing curve showed the usual
pattern. For rubidium permanganate and cesium permanganate
they found retentions at ambient temperature of 21 and 31%
respectively.

Series of mixed crystals of KMnO. - KC10. with diffe-
5firent weight ratios were activated and the fraction of Mn as

permanganate at ambient temperature was determined. It appeared
that this "retention" was proportional to the concentration of
potassium perchlorate (Ri-50, Ob-73, Ow-73). The retention in
100% potassium permanganate was 20%, whereas in a mixed crys-
tal of 10% potassium permanganate, the retention was 75%.

III. 1.2 Physical and chemical aspects of KMnO^

111.1.2.1 Chemical properties

Potassium permanganate crystallizes from an aqueous
solution as deep purple prisms. In the solid state the compound
is reasonably stable. In solution it is a strong oxidizing

2 +agent (e (MnO./Mn ) = + 1.51 Volt). Potassium permanganate
has its highest oxidation power in an acid solution. The reac-
tion with H?0o is characteristic in which the MnOT is reduced

2 +to Mn . Due to its high oxidation potential, it is rather
difficult to obtain and to preserve potassium permanganate
crystals in a completely pure state. Trace amounts of manganese
dioxide in the bulk of the material or at the surface are prac-
tically inevitable.

111.1.2.2 Lattice structure

In solid potassium permanganate, manganese is at the
center of a nearly regular tetrahedron and the average Mn-0
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distance is 163 pm (Pa-67). The unit cell is orthorhombic and
has the barium sulphate structure (Wy-65).

Model of KMnO,

The free space in the crystal is about 50%; the lattice can
accommodate an interstitial ion with a maximum radius of
120 - 130 pm. Prout et al. (Pr-64) observed that the lattice
constants show a very small increase where potassium permanga-
nate has been exposed to a dose of 5 MGy Co gamma-rays.
Potassium permanganate is isomorphous with potassium per-
chlorate, potassium tetrafluorborate and potassium periodate
(Gm-75). Mixed crystals with potassium perchlorate are possible
over a wide range (Gr-40). Mixed crystals of potassium per-
manganate and potassium tetrafluorborate can only be obtained
at low concentrations of potassium permanganate 10.4% (Za-22)
and 2 - 6 % (Ra-32)]. Taldykina (Ta-68) mentioned the possibili-
ty of simultaneous crystallization of potassium permanganate
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and potassium perrhenate.

III.1.2.3 Thermal decomposition

Potassium permanganate shows signs of decomposition,

which is not abrupt but is preceeded by an induction period;

the latter is approximately 100 minutes at 488 K and approxi-

mately 60 minutes at 497 K (Pr-44, Pr-58). Pre-irradiation of

the potassium permanganate crystals provokes a shortening of

this induction period as a function of the radiation dose.

Comparing the results obtained after irradiation in

a reactor (thermal neutrons and gamma-rays) and with a Co-

source (gamma-rays) it appeared that the change is caused by

gamma-rays (Pr-58). Irradiation with protons (145 MeV) reduces

the induction period to zero (Pr-58). This is due to the heavy

damage which is produced by the large number of primary and

secondary knock-ons which occur during a first charged particle

bombardment. It is possible that a similar mechanism occurs

when the crystals are submitted to a fast neutron beam. Irra-

diation with electrons from an electron microscope causes de-

composition, which cannot be attributed to any thermal effect

(Gl-53). The following reactions are proposed:

2KMnO 4-VW-» K2Mn04 + MnO2 + 02 (1)

3KMnO4-tyvV*
 K3 M n 04 + 2 M n 0 2 + 2 02 (2)

Co gamma-rays could also lead to a decrease of the

oxidation state of the manganese, e.g. the formation of inter-

stitial manganese species. The gamma-rays of Co have suffi-

cient energy for some of the Compton and photo-electrons, which

these rays generate, to exceed the threshold for atomic dis-

placement (Ke-66).

Boldyrev assumes (Bo-66) that the radiolysis of per-

manganates under the influence of the secondary electrons e-

jected by the gamma-quanta is described by reaction (1), while

he minimizes the importance of reaction (2). He supposes that

the acceleration of thermal decomposition is due to the action

of two factors working in opposite directions, 1) MnO, which
2-

catalyzes the thermal decomposition and 2) MnOjf which acts as
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an inhibitor. Both species are formed simultaneously in the
radiolysis of potassium permanganate. However, from more recent
publications in which decomposition products were analyzed by
means of electron spin resonance spectroscopy, it appeared that
MnO^~ is unstable at room temperature in KMnO 4 (Wh-72). This
could account for Boldyrev's prediction that the destabilizing
effect of M n O 2 overshadows the stabilizing effect of MnO^".

From the work of Swordsma>et at. (Sw-71) it appears
that, when the dose is kept below ^ 300 kGy, there is no
visible change in the oxidation state of manganese in potassium

2 +permanganate crystals, at a dose of 5 MGy they found 4% Mn
2+

and at a dose of 10 MGy 7% Mn . Radiolysis of potassium per-
manganate is the result of several successive processes. At
high doses the radiolytical yield of reduced manganese seems
high ( G/M n2+\

 = 0 - 4 ) . At low dose, on the contrary, this yield
is very low and it is assumed that only interstitial K +-ions
and vacancies are formed which are randomly distributed in the
crystal (Pr-58, S w - 7 1 ) . When manganese has been ejected from
its lattice position by a photo- or Compton-electron, its oxi-
dation state may change.

If the potassium permanganate is at a temperature of
453 K, bond breaking might occur in the MnOl-ions, which are
adjacent to a recombining vacancy-interstitial pair ( P r - 5 8 ) .
A centre of nucleation of decomposition is there created. This
will result in a deformation of the potassium permanganate
lattice.
"There will be an increased region of disorder, which will
enlarge in size to form a decomposition spike." ( P r - 5 8 ) .

III.2 Experimental

III.2.1 Production
55The only stable isotope of manganese is Mn. The

retentions of the following Mn-isotopes in potassium permanga-
nate were studied: 52Mn, 54Mn and 56Mn.

* For data concerning the experimental radiation set-up, see
also Chapter II.
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CO

The Mn was created by irradiation with 52 MeV protons by

the reaction:
55Mn(p,p3n)52Mn, E t h r e s h o l d = 31.8 MeV

52In this process Mn acquires an estimated recoil energy:

Erec = 3 MeV-
52

It should be pointed out here that the Mn can also be created
CO

via the decay of Fe:
CC CO t, = 8.2 h co
ssMn(p,4n)s';Fe * + *- D^Mn

The cross section for this reaction, however, is a hundred to

a thousand times smaller than the one for the (p,p3n) reaction,

so this contribution is negligible (Bu-77). Mn was produced

with charged particles as well as with fast neutrons. Bombard-

ment of potassium permanganate with 52 MeV protons creates
54

Mn via the reaction:

55Mn(p,pn)54Mn, E t h r e s h o l d = 10.4 MeV

in which process the Mn may recoil with an estimated energy
of E w a_ = 0.9 MeV. If potassium permanganate is bombarded with

54
26 MeV deutons, Mn is created via the nuclear reaction:

55Mn(d,p2n)54Mn, E t h r e s h o l d - 12.9 MeV

and the estimated recoil energy is 2 MeV. It was also produced

with fast neutrons:

55Mn(n,2n)54Mn, E t h r e s h o l d = 10.4 MeV

and the average recoil energy is r = 0.4 MeV. Mn is pro-
i 6 C

duced by irradiating potassium permanganate with 26 MeV deutons

via:
55Mn(d,p)56Mn, E t h r e s h o l d - 0 MeV *

the average recoil energy for the Mn is r r e c = 1.4 MeV. It

can obviously also originate best by thermal neutron capture:

55Mn(n,Y)56Mn, a = 13.3 barns.

* Positive Q-value
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In this process the maximum recoil energy is 510 eV. It should
be observed here that the Mn compound nucleus de-excites via
the emission of an extensive cascade of gamma-rays through
numerous energy levels, with different life-times. Consequent-
ly, the recoil energy will be lowered.

III.2.2 Analytical procedure

Potassium permanganate, activated and accurately
weighed (% 300 tug), was dissolved in 0.025 molar sulphuric acid.
A weighed amount of MnSO^.HgO (-v 55 mg) was added to this solu-
tion. Then the following reaction took place:

2Mn0^ + 3Mn 2 + + 2H20 + 5MnO2+ + 4H
+

The precipitated MnO2 was filtered and the precipitate was
thoroughly washed. This precipitate was dissolved in a mixture
of H 20 2 and HgSO^. Thereafter the solution was brought up to
pH % 10 by means of ammonia and MnO2 was again precipitated.

MnO2 + H 20 2 + 2H
+ •* Mn 2 + + 02+ + 2H20

Mn 2 + + 20H" + J02 •* Mn02+ + H20

This precipitate was heated in a furnace at about 1200 K
during 15 minutes. The Mn02 was then converted to Mn,0..
This fraction is called fraction I

3MnO2 •+ Mn,04 + 0 2 +

The filtrate (MnOl-solution) was reduced using H 20 2 and H2S0..

2MnO^ + 5H 20 2 + 6H
+ •> 2Mn2+ + 8H20 + 50 2 +

Ammonia was added and the manganese was precipitated as MnO2.
This precipitate was filtered off, redissolved in H20o and
H2SOi, and precipitated again by means of ammonia. The MnOT-
fraction has been twice precipitated in order to eliminate
potasssium, because of its possible contribution in weight to
the Mn 30 4 (Ko-64); the latter is referred to as fraction II.
Both fractions were measured on a 30 cm Ge-Li crystal or in
a 3 x 3" Nal well counter. Mn was measured by means of its
845 keV photopeak, Mn and Mn were measured by means of
their respective photopeaks at 834.5 and 935.6 keV (Fig.III.1).
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If several manganese nuclides occurred at the same time, Mn
54was always measured first and .Mn at least 24 hours later. If

52
Mn was also present, the latter was counted a day after the
Mn and Mn after approximately one month (Fig. III.2).

III.2.3 Calculations of the retention

Up to now the following data are available: A mg
KMnO^ dissolved, B mg MnSO^.HgO added.The weight of fraction I
is X mg and yields x counts per minute. Fraction II weighs Y mg
and gives y counts per minute. The chemical reactions are:

^ + 3Mn2+ + 2H20 •* 5MnO2 + 4H
+

^ + 5H 20 2 + 6H+ - 2Mn 2 + + 8H20 + 50 2

Mn 2 + + 2OH" +

3MnO2 -»• Mn 30 4 + 0 2

For fraction I the following stoichiometric relation applies:
? 5 5

1 mole MnSO. + •» mole KMnO. •* 4 mole MnO2 -* 4 mole Mn,0,

For fraction II:

1 mole KMnO. •+• 1 mole MnO2 •* -j mole Mn,0^

The counting rate for fraction II (MnO^ activity) will be:

1
\ y = a cpm

2+Fraction I (Mn ), corrected for the reacting MnO. will be:

• x } " • •

2+(contribution of Mn ) - (contribution of MnO4)

The counting rates are now corrected for any possible loss of
material during the analytical procedure (0 - 5%). The reten-
tion will be:

n 01

a + . 100%

A statistical error of 1% for the counting rates must be taken
into account, so that an error of about 2% on the retention
values is expected. If data are given, which are the means of
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Fig. III.2 Spectrum of KMnO^ irradiated with protons. Measured
on a Ge-Li crystal.(a) Direct after irradiation,
(b) One month after irradiation.
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several experiments, the standard deviation of the average is

quoted.

III.2.4 Mixed crystals of KMnO4

The mixed crystals containing potassium permanganate

are produced by means of a slow co-crystallization from an

aqueous solution. The crystals are thoroughly washed and dried.

The weight percentage of KMnO^ in the mixed crystals with KC10 4

is evaluated by reduction of MnO^ to Mn +, by H 2 0 2 / H 2 S 0 4 and

titration with a titriplex-solution (Me-70). In the case of

mixed crystals of KMnO 4 and KReO 4 or KBF 4, the weight percentage

of KMnO. is determined, after dissolution, by spectrophotometry

at 545 nm. The percentage of radiomanganese was measured in the

same way as described in § 2.1. Here, retention means again

% * M n O 4 .

III.3 Results

III. S.I Thermal neutron activation

Moderated neutrons from a Pu-Be source or from the

impact of deutons on a beryllium target were used for the

thermal neutron activation. In both cases the neutrons were

moderated using paraffin (see Chapter II, Experimental). The

radiation damage in this activation is very low, as compared to

e.g. reactor irradiations. Comparable results for activations

with Pu-Be neutrons and (d + Be) neutrons are given in

Table III.l.

Table III.l Retentions of KMnO 4 > activated with moderated

neutrons
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min
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Pu-Be
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60 min

100 min

195 min
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60 min

443
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443

K
K

K

K

% 5 6

22
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79
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MnO4
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These results, including those found by van Herk and Aten,
show a somewhat higher retention for the activations with the
Pu-Be source, the difference is so small that the results may
be considered as one group of experiments. The increase of the
retention caused by thermal annealing is dependent on anneal-
ing time and temperature.

t 100-
#80-
c

CO
in

60-
40-

20 40
•time (min)

60

Fig. III.3 Isothermal annealing at 453 K of KMnO4,
activated with Pu-Be neutrons

Fig. III.3 gives the retention after annealing at 453 K. Ini-
tially the increase is exponential, but after 30 minutes the
retention reaches an almost constant value, known as the
plateau value, which is determined by the temperature. This in-
fluence of the temperature can be seen in Fig. III.4, which
shows the plateau value plotted vs temperature.

III.3.2 Cyclotron irradiations

Radiomanganese was also prepared in a cyclotron with
neutrons, produced by means of 26 MeV deutons on a Be-target,
as well as directly via nuclear reactions with charged particles.
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decomposition
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Fig. III.4 Isochronal annealing after 60 minutes of
activated with Pu-Be neutrons

Cyclotron neutron irradiations

Deutons on Be yield a wide spectrum of fast neutrons
(He-63), together with neutrons which are moderated by the
surroundings. The retention in potassium permanganate irradiated
inside the cyclotron by means of neutrons are given in
Table III.2.

Table III

55Mn(n,
55Mn(n,

.2 Retentions
(% MnO")

Y)56Mn

2n)54Mn

of KMnOd irradiated

unannealed

25

23

with (d

annealed

63

58

+ Be)

1 h at

neutrons

453 K
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Cyclotron irradiations with charged particles

If potassium permanganate is irradiated with charged

particles, like deutons and protons, the nuclear reaction is

totally different from reactions induced by neutrons- Also the

L.E.T. for these particles is considerably higher. Therefore

it is to be expected that this will affect the retentions. The

results of irradiations of KMnO^ crystals with protons or deu-

tons are given in Table III.3.

Table III.3 Retentions of radionanganese in KMnO4 induced by

26 MeV deutons or 52 MeV protons {%

55Mn(d

55Mn(d

55Mn(p

55Mn(p

,p)56Mn

,p2n)54Mn

,pn)54Mn

,p3n)52Mn

unannealed

17 ± 1

20 ± 1

24

23

annealed

30 mi

36 ±

40 +

40

40

in

2

1

at 453 K
60 nin

38 ±

40 +

41

39

1

1

It appears from Table III.3 that the unannealed retention for

the proton-induced reactions has once again the constant value

of about 23%. The deuton-induced reactions, however, present

somewhat lower unannealed retentions. There is no difference

between the retentions after annealing, whether the radionuclides

have been obtained by a proton- or a deuton-induced reaction.

In order to study the influence of the damage of the KMnO^

lattice caused by the bombardment with charged particles,

these already activated crystals are irradiated with thermal

neutrons, at a dose which is negligible as compared to the dose

absorbed during the first activation. This was done in the fol-

lowing way: samples which had earlier been irradiated with a

high dose of charged particles are stored at room temperature

until the 56Mn has completely decayed. They are then exposed to

a low thermal neutron dose. This reactivation took place in the

paraffin box of the cyclotron. So the reaction of the newly

(n,y) formed 56Mn can now be studied in a matrix, which has
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suffered an identical radiation damage as the samples bombarded

with charged particles, or as the fast neutron bombarded samp-

les. The results are in Table III.4.

Table III.4 Fraction of total radiomanganese found as retention

in KMnO« produced by different nuclear reactions.

Annealing was performed at 453 K.

26

26

52

52

26

Irradiation Unannealed (%)

MeV deutons 56Mn

MeV deutons 54Mn

same after one week recovery

with low thermal neutron dose
54Mn

56Mn

MeV protons 54Mn

MeV protons 52Mn

same after one week recovery

with low thermal neutron dose
54Mn

52Mn
56Mn

MeV d on Be neutrons
56Mn

54Mn

same after one month recovery

with low thermal neutron dose
54Mn

56Mn

17 ± 1

20 ± 1

irradiated

25

11

24

23

i rradiated

23

24

27

25

23

irradiated

24

Annealed {%)

30 min

36 ± 1

40 ± 1

39

48

40

40

41

41

51

60 min

38 + 1

40 ± 1

37

52

41

39

43

41

11

63

58

61

§1
Figures obtained by low-dose thermal neutrons activation of

samples which had been activated with a high radiation dose

before, have been underlined.
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There is a risk, that during the week in which the
crystals were kept at room temperature, a certain degree of an-
nealing occurs. However, from the fact that the unannealed
retentions of the original formed nuclides Mn and Mn are
hardly changed, it appears that this fear-is unfounded.The newly
produced Mn, however, does not reach the plateau value of
'v- 90%, but reaches a value nearer the range of the plateau values
of nuclides earlier produced; it is true, however, that the val-
ue is as much as 12% higher than the original Mn created by
deutons. If potassium permanganate was originally activated
with fast neutrons (d on Be) and later on irradiated with thermal
neutrons, the Mn retentions are more or less equal to the
original Mn retention. See also Table III.9. Hence it appears
that the radiation damage for fast neutron irradiations is
smaller than for charged particle activation.

III.3.3 Thermal pre-treatment

It is a well-known fact, that thermal pre-treatment
of potassium permanganate results in lowering of the plateau
value (Ko-64, He-72).

If potassium permanganate is heated and cooled again
before irradiation, additional lattice defects will be introduced.
However, the number will depend on the way by which the potassium
permanganate is cooled. An abrupt cooling might result in a
larger amount of defects than a gradual cooling in which a kind
of healing might occur. In order to see whether the previous
thermal history of potassium permanangate influences the re-
tentions, portions of potassium permanganate were submitted to
different pre-treatments.

An amount of potassium permanganate is heated for one
hour at 453 K. One fraction was cooled abruptly down to 77 K in
liquid nitrogen-to freeze the defects in the lattice (tempered
samples). Another part was cooled gradually from 453 K to room
temperature over a period of 12 hours (pre-annealed sample).
Aliquots were taken from these samples. A tempered sample, a
pre-annealed and an untreated one, were irradiated with thermal
neutrons.
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It is evident from Table III.5 that the plateau value
is lower for the pre-treated samples than for the untreated ones,
as was found earlier by Aten et al. (Ko-64, He-72). Neverthe-
less, the difference between the 70 percent retention of the
tempered samples and the 72 percent retention of the pre-anneal-
ed samples is slight or hardly significant. The contribution
of additional crystal-defects may not be noticeable, when other
factors as the presence of impurities (e.g. manganese dioxide)
interfere.

Table III.5 Influence of pre-heating at 453 K on the retention
after thermal neutron activation

pre-annealed tempered untreated

unannealed
annealed at 423 K

27
72

26
70

24 ± 2
78

Samples of tempered, pre-annealed and untreated potas-
sium permanganate were also irradiated internally in the Be-
target with fast neutrons. These results are given in Table III.6
for the retentions of both Mn and Mn. Here again the plateau
values of pre-treated crystals are lower than those of untreated
crystals and there is no significant difference between the
tempered ones and the pre-annealed ones. These results indicate
that the fate of the manganese recoil atom is not differently
influenced by the two thermal pre-treatments.

Table III.6 Annealing of 56Mn and 54Mn in KMnO4 after different
thermal pre-treatment at 453 K.
Activation was performed with fast neutrons.

Pre-treatment

unannealed
60 min annealed
at 423 K

pre-annealed
56.. .- 54,, .-MnO4

 3 HMn0 4

26% 23%

44% 42%

temDered
5 6Mn0"

23%

44%

5 4Mn0"

22%

43%

untreated
5 6Mn0'

21%

49%

5 4Mn 0;

21%

48%
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III.3.4 Influence of irradiation dose

On neutron activation the sample is not only exposed
to a neutron flux but also to a simultaneous ionizing radiation
which is inherent to any neutron source. In order to evaluate
the influence of the ionizing radiation, potassium permanganate
has been irradiated with moderated neutrons from a Pu-Be source.
With these activations the radiation damage is very low. The
dose as a result of the gamma-radiation is much higher than the
one resulting from neutrons, but in comparison with other
neutron-radiation facilities it is very low (Fa-72). The reten-
tion after isothermal annealing at 453 K is presented in
Fig. III.3 as a function of the heating time. The influence of
radiation-time, c.q. dose, is given in Table III.7.

It is evident that there is practically no difference
in plateau values which can be attributed to a variation of the
irradiation time. An additional dose of ionizing radiation was
given, by irradiating the potassium permanganate crystals with
gamma-rays from a Co-source.

Table III.7 Influence of the irradiation time on the retention
of KMnO^, activated with Pu-Be neutrons

irradiation
(hours)

0.5
2.5
18
95

1170

2600

Retention 56Mn

unannealed [%)

18.9

22 ± 1

24 ± 2

2 2 + 2

25
-

Retention

60 min at

85

88 ±

88 ±

89 ±

85
85

56Mn (S)

453 K

.8

1
1
1

This has been done before, as well as after activation with
neutrons. The results are given in Table III.8. It can be
concluded that Co gamma-rays after activation influences
the retention more than a 60Co irradiation before activation.
An additional radiation damage can also be caused by an irra-
diation with fast neutrons. This was done by means of 14.7 MeV
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Table III.8 Influence of ionizing radiation on the retention

of KMnO^, activated with Pu-Be neutrons

Dose

rays

Co gamma-

before (Gy)

500

2500

5000

2500

-

-

-

Dose 60Co

after(Gy)

-
-

2500

500
2500

5000

unannealed

28

28

26

28

24
24
28

Retention

annealed (60 min, 453 K)

62

64

62

55

50
49 + 2

52

neutrons of a neutron-generator. After these irradiations the

samples were stored for a month at ambient temperature, so

that the Mn formed had completely decayed. Then the samples

were again activated with moderated neutrons of a Pu-Be

source. The newly formed Mn can than be compared with the

originally formed Mn. The results are presented in

Table III.9. For comparison see Table III.4.

Table III.9 Influence of pre-irradiations with fast neutrons

on the retention of Mn

Irradiation

14.7 MeV neutrons

(dose 4 Gy)

Activation after 1 month

with thermal neutrons
14.7 MeV neutrons

(dose 35 Gy)

Activation after 2 months

with thermal neutrons

unannealed

annealed

annealed

unannealed

annealed

unannealed

annealed

% 56Mn0"

25 ± 1

74 + 1

78

25 + 1

62 + 2

26

67

* 54MnO

20 ±

70 ±

65

22 ±

58 ±

24
62

4
2

1

1
1

annealed means heated at 453 K for 60 minutes
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The damage caused by gamma-rays can be healed. How-
ever, if the gamma-dose becomes very high, the resulting dam-
age is so large that the centres of damage lie close to one
another. Then the induction period for decomposition will be
considerably shortened (Pr-58) (see also § 1.3.3). There will
be a competition between the repair of the radiation damage
on the one hand and the decomposition of potassium permanganate
on the other. Disappearance of the radiation damage will cause
an increase of the retention, whereas an increase in decomposi-
tion will result in a decrease of the bulk MnOT material and
consequently of the retention. Figure III.5 and Table III.10
show that a certain healing of low damage is possible. After
a dose of ̂  8 KGy decomposition and healing balance each other.
At higher doses decomposition predominates.

f 80-

60-
pre-irradiated

pre-irradiated
& pre-annealed

10 100
— • d o s e ( k G y )

500 XXX)

Fig. III.5 Influence of the ionizing radiation dose on the
healing of the radiation damage.(—): irradiated
with Co gamma-rays before activation; ( ): ir-
radiated with Co gamma-rays, followed by heating
for 1 hour at 453 K, before activation.
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Table III.10 Annealing of Mn in KMnO4 after thermal neutron

activation at low absorbed dose (Pu-Be neutrons)

Radiation

(hours)

Retention (%)

Unannealed

Retention

60 min at
(X)

453 K
Pre-irradiation

dose 60Co

before activation

0.5
2.5

95

2

2

17

15

16

16

5

5

3

18

19

16

17

19
(22 ± 1)

(22 ± 2)

28

20

26

24

27

26

25

27

24

28

25

26

23

86
(88 ± 1)

(89 ± 1)

64

70

62
64

65

64

62

54

55

58

46

58

46

none

none

none

2.5 kGy

2.5 kGy followed by

1 hour at 453 K

5 kGy

5 kGy followed by

1 hour at 453 K

8 kGy

8 kGy followed by

1 hour at 453 K

46 kGy

46 kGy followed by

1 hour at 453 K

500 kGy

500 kGy

500 kGy followed by

1 hour at 453 K

840 kGy

840 kGy followed by

1 hour at 453 K

It appears that the retention of the unannealed samples has

not been lowered by the ionizing radiation dose, but the

plateau value at 453 K has been strongly decreased by an

increasing radiation dose. The influence seems to be dependent

on the temperature at which the annealing took place.
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Table III.11 shows the results of experiments, where pre-irra-

diated samples, which had been activated with thermal neutrons

(Pu-Be source) were annealed at different temperatures.

Table III.11 Influence of ionizing radiation on the plateau

values at different temperatures. The Co-irra-

diation is before the activation with thermal

neutrons

Dose of Co

Pre-irradiation

none

500 Gy

500 kGy

none

500 Gy

500 kGy

none
500 Gy

500 kGy

none
500 Gy

500 kGy

none
500 Gy

500 kGy

Anneal ing

Temperature (K)

293

293

293

333

333

333

343

343

343

353

353

353

453
453
453

Retention

% 56Mn04

24 ± 2

28

28

31 ± 1

30

34

34

31

37

42

31

35

88 + 1

62

58

Production with the aid of the neutron generator

To study the influence of pre-irradiation with Co
54

gamma-rays on the retention of Mn, potassium permanganate
was activated with fast neutrons (n,2n) from a neutron genera-
tor. A flux of slowed down neutrons will always be present,
causing the formation of 5 6Mn. From Table III.12 it is clear,
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that the °Mn retention after annealing is not rising up to

90%, but only to 74%. The influence of post-irradiation on the

unannealed sample can be neglected, but it appears that there

is an evident correlation between post-irradiation gamma-dose

and plateau value, both for Mi< and Mn.

Table III.12 Influence on the retention of Co post-irradia-

tion after activation with 14 MeV neutrons

Neutron dose 4 Gy

Treatment

post-activation
60Co irradiation

none

10 Gy

100 Gy

1000 Gy

5000 Gy

10 kGy

37 kGy

unann.

25 ±

24

25

25

26

25

-

Table III.13 Influence on

1

56Mn0"

ann.

1 h,

74 ±

71

69

61

53

52
-

453 K

1

the retention of

tion after activation

Neutron dose 35.5 ±

Treatment post-

Co-irradiation

none

1 kGy

5 kGy

21 kGy

; 51 kGy

59 kGv

3.3 Gy

unanr

25 ±

25 ±

26 ±

26
-
-

i.

1

1
1

56M»0"

ann.

1 h.

62 ±

59 ±

56 ±

52
-
-

with 14

453 K

2

1
1

% 5 4

unann.

20 ± 2

23

-

-

-

-

24

MnO"

ann
1 h,

70

•
453 K

+ 1

69

67

55
-

49

47

Co post-irradia-

MeV neutrons

% 5 4

unann.

2 2 + 1

23 + 1

24 ± 1

23

26

26

MnO;

ann
1 h.

58 ±

56 +

50 ±

50

47

46

453 K

1

1

2
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Comparing Table III.12 and III.13 it should be noted that the

difference between both tables resides in the fast neutron

dose. Although the plateau value for the samples which are not

pre-irradiated are quite dependent on the irradiation dose

(4 Gy - 74%; 35 Gy - 62%), it appears that there is hardly any

difference between the plateau values for the post-irradiated

samples, pro'

activations.

samples, provided that the Co dose is the same after both

Table III.14 Influence on the retention of Co pre-irradia-

tion after activation with 14 MeV neutrons

Neutron dose 35.3 ±

Treatment
6 0Co irradiation

none

5 kGy

50 kGy

2.3 Gy

y 56
to

unann.

25

26

± 1

24

± 2

MnO~

ann.

62 ±

62

55 ±

2

1

., 54
to

unann.

22 ± 1

24

22 ± 1

MnO"

ann.

58 ± 1

51

44 ± 1

In Table III.14 the results are presented of Co

pre-irradiation treatments, while the neutron dose was the same

as for the experiments of Table III.13. Both tablesshow similar

results, this means that the dose absorbed during the 14 MeV

bombardment is to be considered as preponderant.

From a DT-neutron generator there is, besides the

production of neutrons, always an X-ray (max. 250 keV) output

from the ion source, at the position of the samples. The ab-

sorbed dose, due to this X-ray beam, can be suppressed by

shielding the samples with lead during activation. This shield-

ing was done with 2.5 mm lead (2.8 g/cm ) , which should remove

the major part of the X-rays, thereby hardly reducing the fast

neutron flux (Fr-64, Fa-72) (Fig. III.6). The plateau values

for the shielded samples appear to be slightly higher than the

unshielded ones. The samples received an equal neutron dose

(Table III.15).
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Tritium target

perspex

KMnO,

d* - icnen
(250 kV)

Fig. III.6 Lead-shielding of the KMnO4

Table III.15 Influence of Pb-shielding on the retention. The

dose was 35 Gy and the annealing was performed

at 453 K for 60 minutes

Shielding

none

2.5 mm Pb

Influence of

* 56Mn0

unann.

ann.

unann.

ann.

25
62

23

67

irradiation

4

± 1

± 1

± 1

± 1

dose

% 54M

22 ±

58 ±

21 ±

61 ±

1
1

1
1

Experiments, done with the neutron generator, indica-

te that the irradiation time, which is directly proportional

to the dose, does have an influence on the retention value

after annealing (Table III.16). This is in contrast with the

Pu-Be irradiations (cf. Table III.7), for which the dose is at

such low level that no effect can be observed. However, there

is a large difference in the total neutron output of the 14 MeV
12

neutron generator (Q = 10 n/s) and the one of the Pu-Be

source (Q = 107 n/s). A synopsis of the yield of 56Mn and Mn

as MnO^ as a function of the annealing time and of the absorbed

dose during the irradiations is given in Figure III.7.
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Table III.16

Neutron dose

(Gy)

Influence of the fast neutron dose on the

plateau value

After annealing, 1 hour at 453 K
56KMnO,

1
2

2

4
26

35

75

540

.0

.0

.7

83
77

75

74 ±

-

63 ±

57 ±

49

1

1

1

54MnO,

78

73

70

70 + 1

63

58 ± 1

54 ± 1

44 (46, after 6.5

hours at 453 K)

In fast neutron activations it was important to vary the doses

as little as possible for comparative experiments. The possi-

bility exists that during irradiation a larger amount of heal-

ing might occur at a low dose-rate than at a high dose-rate.

In order to study this, the dose-rate of the neutron generator

was decreased by a factor of 5 and the irradiation time in-

creased 5 times so that the fission counters of the neutron

generator finally indicated the same dose for both experiments.

Table III.17 Dose-rate effects

Dose

35 ± 2 Gy

normal dose-rate

^ 40 mGy/s

33.0 Gy

lowered dose-rate
8 mGy/s

t 56I

unann.

ann.

unann.

ann.

25 ±

62 ±

24

62

1

2

%54M,

22 ±

58 ±

23

60

l04

1

1
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The results tabulated in Table III.17 lead to the conclusion
that a 5-fold reduction of the dose-rate does not influence the
retention before or after annealing.

Closed symbols:
Open symbols : 54Mn
x Low flux thermal

neutron activation

CYoMnO;)
80

40
time (min)

60

Fig. III.7 Time dependence of annealing at 453 K of
54,

56Mn and
Mn in KMnO^ activated with 14.7 MeV neutrons,

as a function of the absorbed radiation dose
(compared to a moderated Pu-Be activation)

Linear accelerator irradiations

If a Pt-target is bombarded with high energy elec-
trons, Bremsstrahlung is generated, together with neutrons.
Irradiations of potassium permanganate have been done, direct-
ly in the photon-beam behind the Pt-target. At the same time
an identical sample was irradiated one meter from the centre
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of the photon beam. The results of these experiments are given
in Table III.18.

Table III.18 Retentions of Mn, produced by irradiations with
a linear accelerator. Annealing was performed at
453 K. Irradiations were done at room temperature

Conditions % 56Mn0;

80 MeV electrons
on Pt-target

(10 min irradiations)

80 MeV electrons
on Pt-target

(30 min irradiations)

in the beam

outside the beam

in the beam

outside the beam

unann. 24; 23
60 min 59; 56
unann. 21; 23
60 min 76; 75

unann. 25
60 min 54
unann. 26
60 min 66

As the irradiation set-up was still in an experimental stage,
reproducible doses could not be delivered. Moreover, the
current was too small to produce a measurable quantity of
(55Mn(Y,n)

54Mn).

54Mn

III.3.5 Mixed crystals with KMnO4

KMn04-KC104: Mixed crystals of KMn04-KC104 containing
34.3 weight percent KMnO4 were activated with thermal neutrons
in the paraffin box and with fast neutrons inside the cyclotron.
The results of the activations with moderated neutrons are
listed in Table III.19.
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Table III.19 Retentions of mixed crystals activated with
moderated neutrons. Annealing was performed at
443 K

Target Irradiation % 5 6Mn0 4

unann. ann.

^ 2 min par. box 22 + 2 81 + 1 ( 20 min)
81 ± 1 ( 60 min)*
79 ± 1 (100 min)

KMn04-KC104 10 min par. box 47 ± 1 66 ± 1 ( 60 min)

* figures of van Herk (He-72)

In accordance with the investigations mentioned be-
fore (Ow-73) the retention of the unannealed crystals is higher
than the one in pure potassium permanganate. The retention
after 60 minutes annealing at 443 K is, however, lower than in
pure potassium permanganate. The retention values of these
mixed crystals, irradiated with fast neutrons, are given in
Table III.20.

Table III.20 Retentions of mixed crystals, activated with
fast neutrons

Target Irradiation % 56Mn0 4
unann. ann. at 453 X,

60 min

KMnO4 15 min inside cyclotron 25 44
KMnO4 75 min inside cyclotron 24 ± 1 * 43 ± 2*
KMn04-KC104 15 min inside cyclotron 4 8 + 2 64
KMn04-KC104 60 min inside cyclotron 50 ± 2 6 5 + 3

* figures of van Herk (He-72)

The fast neutron activations gave the same retention values as
the thermal neutron activations. In this case there is no in-
fluence of the irradiation dose in contrast with pure potassium
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permanganate. If the retentions are compared with the retentions
in pure potassium permanganate, it appears from Table III.20,
that the retentions in the mixed crystals are higher for the un-
annealed as well as for the annealed material.

KMnO^-KReO^: A series of mixed crystals of KMnO4-
KReO4 was activated with a relatively low dose in the neutron
generator, except for the highly diluted crystals (0.95%
KMnO.). The activity of Mn was undetectable. The retention of

Mn in the unannealed crystals increases, as the crystal is
more diluted with KReO4; however, this increase is not so
pronounced as in the case of the mixed crystals of KMnO.-
KC104 (Table III.21). It is remarkable that the retention for
the crystals with 4 and 14 percent KMnO4, after thermal anneal-
ing is lower than it is for pure potassium permanganate. For
more dilute crystals (3.1% and 0.95%) the plateau values are
higher than for pure permanganate.

Table III.21 Retention in mixed crystals of KMnO.-KReO*.
56Fraction of Mn in MnO^ after activation by

14 MeV neutrons. Annealed 60 minutes at 453 K.

Percentage KMnO4 unannealed annealed absorbed dose
in the crystals

0
3
3
4
14

.95%

• o %

%

%

KMnO4

KMnO4

KMnO4

KMnO4

KMnC

100 % (recrystal1ized)
100 % (recrystallized)

36%
37%
41%
38%
28%

21%
23%

78%
81%
80%
57%
48%

71%
65%

34
4
4
4
4

4
34

Gy
Gy
Gy
Gy
Gy

Gy
Gy

•KMnO4-KBF4: In the mixed crystals mentioned above,
KMnO4 was mixed with other oxyanions. Also KMnO4-KBF4 mixed
crystals have been irradiated with 14 MeV neutrons at a dose
of 34 Gy. Results are given in Table III.22.
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Table III.22 Retention in mixed crystals of KMnO.-KBFy,.

Fraction of Mn and Mn in MnOl after activa-

tion by 14 MeV neutrons (absorbed dose ^ 34 Gy).

Annealed 60 minutes at 453 K.

Percentage in KMnO4

0.07

0.25

0.25

0.48

0.57

0.69

1.7
6.5

53.5

100

X dose

KMnO4

KMnO4

KMnO4

KMnO4

KMnO4

KMnO4

KMnO4

KMnO4

KMnO4

(recry

600 Gy

unanneal
56Mn

2

5 ± 1

5

6

9

10 ± 2

28

20

20

ed (%)

(54Mn)

(3)

(28)

(22)

annealed (%)
56Mn

8

22 + 2

18
26

31

34 ± 2

40

60

50

(54Mn)

(18)

(55)

(52)

23 (22) 65 (60)

For crystals, in which the concentration of KMnO4 is less than

1%, the retention values decrease drastically, when the concen-
54

tration of KMnO4 decreases. The retention values for Mn

(when they could be measured) show the same pattern as the
56Mn retention (Fig. III.8).

III.4 Discussion

III.4.1 Influence of the nuclear process

It appears that the radiomanganese in potassium per-

manganate, when created at ambient temperature, yields a nearly

constant value of 23% for the retention. This seems to be a

little increased by ionizing radiation. It nay be that radia-

tion annealing occurs (Tables III.10, III.11, III.16), but

only at a small degree. This value is not lowered by thermal

pre-treatment of potassium permanganate, the dose of pre- or

post-irradiations with Co gammas, or on the type of the
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t
to
ID

30
• time (min)

0.647.
0.57 7»

•X 0.48%
0.25°/.
0.257.*

0.077.

60

Fig. III.8 Annealing at 453 K of radiomanganese in highly
diluted KMnO 4-KBF 4 mixed crystals of different
weight percentages of KMnO^. Activations were per-
formed with 14.7 MeV neutrons. The neutron dose was
34 Gy, except for the case of 0.25%, which received
a dose of 600 Gy. All points are % MnOT with the
exception of T> which means % MnO«.

nuclear reaction, with the exception of the somewhat lower val-
ues for the reactions induced by deutons. If only the effect
of the recoil energy determines the retention, it is to be ex-
pected that, as the recoil atom has a higher energy, it will
cover a larger distance from its origin before it comes to
rest. Accordingly, as it will be further removed from its ori-
ginal ligands, the probability of recombination is less during
thermal annealing. So the expectation would be: all other condi-
tions being identical, retention values decrease when the re-
coil energy of the radiomanganese has been higher. This has
been partly confirmed by the experiments: there is a consistent
difference between retention for the (n.y) and (n,2n) reactions,
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if they take place under identical irradiation conditions. The
Hn retention is higher than the Mn retention, for the an-

nealed as well as for the unannealed samples. This difference
occurs in every experiment, even though the difference is of
the order of the experimental error. Also the retention values
after annealing for the reactions, induced by charged particles,
are indeed lower than those for the reactions involving neutron
irradiations (Tables III.2 and III.3).

Table III.16 shows that the retention after annealing
for 6.5 hours at 453 K has not changed in comparison with 1 hour
annealing. Thus the anomalous decrease (after a similar dose)
reported by Shiokawa (Sh-7O) is not confirmed. However, as the
concomittant ionizing radiation dose is considerably higher
for charged particles, the influence of the latter should not
be a priori neglected.

III. 4. 2 Influence of radiation damage

There appears to be a relationship between the dose
resulting from the bombardment and the plateau value of radio-
manganese in potassium permanganate (Fig. III.9). The dose of
accompanying activation by moderated neutrons either from the
Pu-Be source or from the cyclotron is very small. It is evident
from Table III.7 that it makes no difference whether or not
such a small dose increases by a factor 1000. Fig. III.9 shows
that it is allowed to extrapolate the dose of the neutron
generator to the dose of the Pu-Be source. The Mn plateau
value seems to follow an exponential course which agrees with
the following equation

R = 62 e" 0- 4 2 D
 + 26 e"

2 0 0 D

where D is the absorbed dose in kGy and R is the retention in
percent. The Mn retention cannot be determined at very low
doses, but when the influence of the irradiation is considered
for Mn and Mn plateau values in the same interval, it ap-
pears that the influence of the irradiation dose is the same
for both isotopes (cf. Fig. III.9).
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100 200 300 400 500
(Gy)

Fig. III.9 Influence of the irradiation dose on the plateau
values in KMnO^. Annealing was performed 1 hour at
453 K.
(X): ^ 54(0): 5 4Mn0^.

The curves in Fig. III.9 can be divided into two parts (cf.
Fig. III.7). A rather fast exponential decrease of the reten-
tion with dose is followed by a leveling off to a limiting
value of 40 - 50%. Activations with neutrons, produced by the
impact of deutoris on beryllium inside the cyclotron, yield
plateau values which may appear on this curve, provided that
the dose measured by TLD is comparable to the dose of the
neutron generator, measured in the same manner.

It is striking that for deuton irradiations the re-
tention values for unannealed fractions are lower than those
for neutron and proton activations. The retention value of
0% found by Oblivantsev et al. (Ob-73) after deuton bombard-
ment is not at all confirmed. There is a difference in the
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energy transfer to the lattice by charged particles and by

neutrons and consequently the radiation damage will differ

for these particles. Thermal neutrons transfer no energy to

the lattice. Charged particles as protons and deutons loose

their energy mainly by interactions with electrons. This may

lead to excitation and ionization. The energy is deposited in

a rather narrow track. The length of this track is different

for deutons and for protons, which can be seen from the values

for the range in potassium permanganate. For 26 NeV deutons

this range is 3 mm, whereas for 52 MeV protons this value

amounts to 11 mm (Wi-66).

Fast neutrons loose their energy in inelastic and

elastic collisions. Because of the absence of a Coulomb inter-

action the path of the fast neutrons is much longer than the

track for charged particles. The radiomanganese, which is

produced via a nuclear reaction of Mn with a charged part-

icle, will then be created in a disordered region. The plateau

value will lie in the neighbourhood of the plateau value for

radiomanganese, which has been created in a lattice which has

also suffered such a high damage, e.g. by high dose gamma-rays

or fast neutrons, that the surroundings of the recoil atom

become comparable. If potassium permanganate is irradiated in

a Co source before activation, the retention value of the

unanneaied crystals was not affected. However, the plateau

values are lowered at high doses. It appears that if Co

irradiations are performed after activation with thermal neu-

trons, these irradiations affect the plateau values more than

if they are performed before activation (Table III.8). This

effect seems less pronounced if activation has been done by

means of a 14 MeV neutron ge-nerator at a neutron dose of 35 Gy

(Tables III.13, III.14).

At low doses (4 Gy) of 14 MeV neutrons, it appears
54

that, again an exponential relation is obtained for Mn as

well as for 56Mn (Table III.12, Fig. III.10).
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Fig. III.10 The influence of the

on the plateau value

60Co post-irradiation dose

Although this curve shows a strong likeness with Fig. III.9,

it appears that above 4 Gy (neutrons) an additional high dose

( Co gamma's) is needed to obtain the same minimum plateau

value. The dose delivered during activation seems to be the

most efficient in lowering the plateau values: if the dose of

the fast neutron activations increases, the plateau value de-

creases (Fig. III.7). Retention values obtained with samples

which were irradiated with the linear accelerator, show the

same trend (Table III.18). Various influences of gamma-radia-

tion could be the result of the absence or presence of short-

living, radiation induced defects.

III. 4.3 Influence of alien anions

If the results of mixed crystals of KHn04-KC104 are

compared with those of pure KMnO4, two facts arise:
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1) the high retention value of the unannealed crystals
2) the retentions for unannealed and annealed samples irradiat-

ed with very low or very high doses are practically the same
(Tables III.19, III.20).

The lattice surrounding of the radiomanganese is apparently the
predominant factor. The unannealed retention values are also
higher in the mixed crystals of KMnO^-KReO^ than in pure KMnO^.
But only if the KMnO. concentration in these crystals is very
low, the annealed retention values are also enhanced with res-
pect to pure KMnO4 (Table III.21). The increase of the reten-
tion values in mixed crystals of KMnO^-KClO^ is sometimes
attributed to the oxidation properties of KCIO^, which would
influence the result of a wet analysis. However, KReO^ is a
weak oxidizing agent (Ho-76), so that it is not likely, that
the higher unannealed retention values are caused by oxidation
of the manganese fragments. According to Libby's hypothesis,
fragmentation of Cl-0 bonds will liberate oxygen atoms, where-
as Mn-0 bonds will liberate oxygen ions (Li-40). Following this
view the fragmentation of the Re-0 bond will also liberate
oxygen ions (Ha-59). This would lead to a low value of the
retention in KMn04-KRe04. This is not in agreement with the
results presented here (Table III.21). The increase of the
plateau value when the permanganate is very diluted in perrhe-
nate would be due to the fact, that a ReO^ lattice shows a
higher stability than a MnO][ lattice and consequently more
readily accepts a transfer annealing reaction.(This is support-
ed by the observation of a 100% retention of Re in pure potas-
sium perrhenate.) In a fluoroborate medium the retention is
appreciably decreased with the permanganate dilution. This is
easy to understand as a manganese recoil atom evidently needs
oxygen ions in order to recombine, whereas fluoride ions remain
quite inefficient for this purpose. One single hypothesis thus
explains the feasibility or hindrance on annealing in mixed
crystals: in a perchlorate or perrhenate medium the surroundings
are favourable to reforming a MnO« species by a transfer reac-
tion, whereas in a fluoroborate medium recombination is subject
to a diffusion controlled reaction with oxygen atoms.
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A possible influence of the recoil energy should be
very clear in a crystal strongly diluted with KBFy,. Unfortuna-

54tely the Mn activity in the preceedingly described experiments
was so low that, in such a strongly diluted medium, measurements
could not be performed. However, one experiment was carried out
for which the activation dose was yet so high as to allow
reliable results. The expected discrepancy between Mn and

Mn was not observed. The tendency of the unannealed retention
to approach a value close to zero in very diluted KBF.-KMnO^
crystals, is again evidence for the fact that there are no
recoil atoms, that fail to break their bonds (Te-79).

JJJ.5 Conclusions

The isochronal annealing curve (Fig. III.4) shows a
definite discontinuity at 413 K. This indicates that there are
two groups of annealing reactions; the second one requires a
higher activation energy than the first.

The model of successive reactions with different
spectra of energies of activation has been mentioned before
(Chapter I). Several authors derived quantitative data from
the results of their experiments. However, the lack of accuracy
of the determinations of the retention in solids, at least in
the case of potassium permanganate, requires that these quanti-
tative results should be considered with reserve. To this date
little is known about the mechanism of the successive reactions
which occur during the annealing process. In the present work
a proposed model will be tested only qualitatively,with the
experimental results.

The first group of reaction - which will be referred
to as process I - occurs below ca 400 K and appeals to reagents
which are but slightly sensitive to the damage resulting from
ionizing radiation (Table III.11). The second group - process
II - which does not occur below ca 340 K is strongly inhibited
when potassium permanganate crystals have suffered a conside-
rable radiation damage. The results infer that the spectra of
energies of activation of both processes are partially over-
lapping.
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Process I may contribute up to 40 3 50% to the plateau
value of the retention. Process II may increase the plateau
value up to a maximum of 95%, when the radiation damage is
negligible and the annealing temperature is high.

From Figure III.4 it might be expected that the reten-
tion would ultimately reach a value of 100%, above a temperature
of 475 K. Unfortunately at this stage the decomposition masks
the recombination.

Figure III.11 shows schematically the two spectra of
energies of activation for both processes. Also is shown, how
it can be imagined that the contribution of process II is re-
duced by an increasing radiation damage.

Models obtained by mathematical treatments reveal that
annealing can be described by an annealing function <|>, which
scans the spectrum from low to high activation energies. The
annealing temperature determines the scanning speed and the
final position of the <f>-function (Ma-75).

The results of the experiments are consistent with
the description state above:
i: the thermal annealing at room temperature will only affect

process I. As the latter is not suppressed by ionizing
radiation, the retention will have a fairly constant val-
ue of about 23%.

ii: when the crystals have received a radiation dose of several
hundred Gray, either during or after activation, the reten-
tion appears to stabilize at about 40 to 50%. Also pre-
irradiajtion with a much larger radiation dose gives results,
which are not in contradiction with this hypothesis
(Tab'Tes III.4, III.8, III.9 and Figure III.3).

\ ./Reaction model: Recoil manganese atoms are in a low
oxidation state when they come to rest in potassium permanga-
nate (C.o-67, Co-68). The following reactions are then propound-
•ed:. " '4?-r -

'•:'•' M n * + A -»• M n O ^ ( 1 )

Mn* + B + MnO^ (2)

A are the items which are hardly sensitive to the effects
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Fig. III.11 Distribution of energies of activation for thermal
annealing of activated KMnO^. Dashed curves for
process II show how increasing radiation damage
lowers the probability function of process II.
The hatched area represents the fraction already
annealed.

resulting from radiation, whereas B is liable to react with
species produced by radiation. If radiation damage is intro-
duced into the lattice, a reagent C will be produced in much
larger amounts than the manganese recoil atoms. C reacts with
B and this will result in a compound S, which cannot interact
with the manganese recoil atoms.

B + C -> S (3)

There is a competition between reactions (2) and (3), so that
the Mn* has a much lower probability to react with B. Conse-
quently Mn has to remain in a low oxidation state. A and B
are supposed to be either the abandoned oxygen ligands, or that
part of the lattice which has trapped the manganese recoil
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atom. As reaction (1) is not affected by radiation, A has to be
the lattice. Consequently, B stands for the oxygen ligands.
In the various experiments, mentioned before, A is either the
permanganate, the perchlorate, the perrhenate or the tetra-
fluoroborate lattice. Reaction (1) might now be described as a
re-orientation of the lattice (Ma-71, Al-72). In the case of
an oxyanion surrounding, this re-orientation results in perman-
ganate (Figure III.12).

o o o o o o o o

V Mn» X * y" "n* x

V V \s \
o o o o o o/\ / \ / \

o o o o o o o o
Mn* * Mn*

X=Mn,Re or Cl

Fig. III.12 Model for the re-orientation of the lattice with
a recoil manganese atom

In potassium tetrafluoroborate this process will yield manganese-
fluoro compounds, except in the case of relatively high concen-
trations of permanganate. So in highly diluted crystals, the
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retention decreases considerably (Figure III.8). It should be
considered that the recoil atom is located in a reaction zone,
in which an amount of extra energy is available (Chapter I).
Consequently the reactions of the recoil atom in the lattice
cannot be compared with the exchange reactions, observed in
doped crystals (Le-65, La-75).

Fig. III.13 Model for the recombination reaction of the
manganese recoil atom and the debris

Process II, the recombination of the manganese recoil atom with
its oxygen ligands, requires a higher activation energy than
process I.

Pre- or post-irradiations will partly result in
scavenging these fragments. The post-irradiation will be more
effective, because also transient species created by the rad-
iation are available to react with the ligand fragments. At
pre-irradiation only part of these defects are stabilized. By
heating after pre-irradiation, but before activation, these
defects are healed for the greater part (Table III.10). So,
pre-irradiation will allow a plateau value for MnO^ of ca
62%, whereas post-irradiation will reduce this plateau value
to 52% (Figures III.5, III.10). A remarkable result is the

• plateau value of 58% lying between the two values mentioned

above for the samples which are pre- as well as post-irradiated.
This seems to indicate that a pre-irradiation inhibits the
effect of the post-irradiation. The stabilized defects,
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produced by the pre-irradiation, can compete with the ligands
of the recoil atom, if new primary defects are formed at the
post-irradiation. Table III.11 shows that there is a small in-
crease of the retention at ambient temperature, as a result of
ionizing radiation. This is attributed to the small energy
which is stored in the disordered zone, where the recoil atom
is injected and which may induce process I.
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CHAPTER IV

RECOMBINATION IN THE KBrOg LATTICE

IV.1 Introduction

In this chapter the results are reported of the acti-
vation of potassium brontate crystals with fast neutrons. In
that way the following nuclides are produced i.a. Br, Se
and As. Whereas in the preceding chapter the recombination
behaviour was reported of different radionuciides of the same
element (Mn) in a KMnO^-matrix, this chapter is concerned with
the (re-)combination of radionuciides of different elements
(Br, Se and As) with oxygen ligands in a KBrO,-matrix. In the
case of manganese recoils in potassium permanganate, the reten-
tion was not determined by the type of nuclear reaction. How-
ever, it appeared that the radiation dose was very important.

In the case of potassium bromate the radionuclides
are formed by different nuclear reactions in the same matrix.
Under these circumstances the extent of radiation damage of the
matrix is the same for each of the nuclides.

IV.1.1 Literature survey

A considerable amount of research has been conducted
on the recoil of radiobromine in bromate lattices (Ow-79).
Especially Br is an attractive radionuclide, as it is easily
produced by thermal neutrons (on * 3.3 barn). It has a half-
life of 35.4 hours, so that one lias sufficient time to perform
different chemical experiments.

In 1935 it was reported by Amaldi and D'Agostino,
that the majority of the radiobromine (90%) produced in bromate
as a result of the (n,y) reaction was found as Br" after
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dissolution (Am-35, Ag-35). More specific separation methods,
as anion exchange, revealed that a few percent of the activity
was recovered as BrO" and BrOZ (Bo-68). Although in the case
of bromates Brown et al. (Br-69) mentioned a radiolytic forma-
tion of BrO^ (0.86%) in CsBrOj, irradiated with Co gamma-rays,
they were unable to give evidence for the presence of labelled
BrO^ in neutron irradiated LiBrO,. It is presumed that BrOT is
not a primary product, but arises from a radiation induced
reaction of the products (Jo-70). It was reported by Vlatkovic
and Aten that in irradiated chlorates, no perchlorate was found
(Vl-62).

Low temperature (195 K) reactor studies of the (n,Y)
produced recoil mBr and Br showed retentions of about 15%
(Ve-62, An-66). Thermal annealing of irradiated alkali bromates
showed an increase of the retention with a maximum value arourJ
90% (Ca-59, Ap-63, Ca-68, Bo-68). It was shown by Boyd and
Larson (Bo-68) that the increase of the retention almost entire-
ly occurred at the expense of the BrO" and the BrO« fractions.
The bromate retention at ambient temperature is also influenced
by ionizing radiation and this effect is called radiation an-
nealing (Chapter I).

It may be assumed that the recoil radiobromine is
stabilized in the bromate crystals as Br", BrO", BrOg and BrO^.
It appeared, however, that in potassium bromate only 1% or less
of the activity could be recovered as BrOjj and BrO" (Bo-68).
No stepwise pick-up of oxygen in a sequence Br", BrO", BrOg,
BrOg has been established to explain the annealing process
(Bo-68). Evidently, bromide and oxygen recombine directly to
yield a bromate ion.

The observation of transfer annealing in bromate
crystals doped with bromide ions suggests that there are oxy-
gen atoms available for recombining upon heating. Exchange
reactions in molten bromates have been observed by Duke et al,
(Du-62). Exchange reactions mediated by oxygen transfer can
occur in bromate crystals, particularly in the disordered
region where the slowing down of the recoil bromine has taken
place (Bo-68).
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+ Br" -*• BrOg + BrO" (slow)

BrOj + BrO' * 2Br0lJ (fast)

BrOj + BrOg -»• BrOg + BrO" (fast)

Experiments with mixed crystals of NaBrOj-NaClO, show
an increase in the bromate retention with a decrease in the
bromate concentration. The same phenomenon as was seen in per-
manganate mixed crystals (Ow-76, Ho-66).

When bromate is irradiated with fast neutrons, there
are also reactions which produce radionuclides other than those
of bromine. Some of these radionuclides (like arsenic and sele-
nium) also tend to form oxyanions.

Selenium has been activated in numerous compounds.
O 2-After activation the radioseleniurn is detected as Se ,SeO~

O_ i

and SeOjj . When KoSeO. is activated with thermal neutrons, the
retention at room temperature is about 77%. Thermal annealing
at 673 K increases the retention to 90%, whereas Se was not
detected (Du-69, Co-72, Al-72, Je-79). In selenite the selenium
has a lattice surrounding of three oxygen ligands, like bromine
in bromate. The experiments with Na2Se0j, activated with ther-
mal neutrons show that 50% of the radioselenium appears as Se
and 35% appears as selenate in the temperature interval of
70 - 300 K. After thermal annealing above 600 K in vacuo, the
selenium activity as selenate reaches a value of about 75%
(Al-72").

Retention studies on lithium, sodium and caesium
arsenates reveal that the retention at room temperature for
these compounds is about 70%. Thermal annealing at 473 K or
higher Increases this value to about 90% (De-761, De-76'1,
De-77). In sodium arsenite, activated with thermal neutrons,
5% of the radioarsenic was detected, as arsenate, which de-
creases to 2% after thermal annealing at 473 K (Ka-59). In
these experiments the radioactivity detected as As appeared
to be less than 1%. In Table IV.1 the results of the investi-
gations mentioned above are summarized.



Table IV.1 Retention of bromine, selenium and arsenic in their neutron activated
crystalline oxyanion salts

Radionuciide Retention (%) Max. retention (%) References
at room temp. at T K

82Br, 8 0 mBr, 8 0Br, 78Br 12 - 2 5 80 - 90 (623 K) Ap-63",Ca-68,Bo-68,

Sa-65,An-68,Jo-6Z,Kl-78

10 20 (673 K) Al-72
(79Se0JJ~: 35%) (75Se0J|': 75%)

77 90 (673 K) Du-69 ,Co-72 ,A1-72 ,Je-79

in

75

75

76

76

BrO3

Se

Se

As

As

in

in

in

in

S e 0 3 ~

SeoJ-

AsOg

AsOj"

95 98 (473 K) Ka-59
0;j~: 5%) (76As0^~: 2%)

70 90 (473 K) De-76',He76'',De-77
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IV.1.2 Properties of KBrOs

IV.1.2.1 Chemiaal properties and lattice structure

Four oxyanion salts of bromine are known: BrO",
BrOg, BrOl and BrO^. The perbromates (BrO^) are not very stable.
The acids with four oxygen ligands of the elements preceding
bromine in the fourth period of the periodic system have in-
creasing stabilizing possibilities by means of ir-bonds. The
decreasing effect goes from GeO^~ •* AsO^~ •*• SeO^" •»• BrO^
(Ho-76). The bromates are rather stable. HBrO, is a strong
acid and a powerful oxidizing agent in solution. Potassium
brornate is a solid with a melting point of 707 K (We-76).

The crystal structure of potassium bromate is a
rhombohedral distortion of the sodium chloride arrangement..
The Br03-group is a flat pyramid with a Br-0 distance of 145 pm
and a 0-0 distance of 273 pm (Wy-65). When potassium bromate
is heated at about 570 K, a loss of weight of 2.5% is observed.
At a higher temperature of about 640 K another loss of weight
of 10% was found (Me-56). The overall process of thermal de-
composition has been described as:

2KBrO3 + 2KBr + 302 (He-76).

IV.1.2.2 Radiation ahemistry of bromates

Boyd *nd Cobble (Bo-59) reported the relative con-
tribution of slow and fast neutrons, gamma- and beta-rays to
the decomposition of crystalline potassium bromate. They ob-
served a G-value of 1.0 for the decomposition using gamma-rays.
The major part of the research on decomposition of bromates at
different temperatures and under different radiation conditions,
was done by Boyd and co-workers. A survey of this work is given
by Johnson (Jo-70). A correlation was found between radiolytic
yields and the free space of bromate crystals. A reaction me-
chanism for the decomposition induced by Co gamma-rays was
developed (Bo-62). According to Boyd the most significant
reactions are:
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BrOj -VW-BrO~ *

BrOl —VW* BrO., + e

O + O

IV. 2

IV. 2.1

Experimental

Production

KBrO- crystals were irradiated with fast neutrons,

produced by the bombardment of 26 MeV deutons on a thick,

water-cooled beryllium target in the IKO synchrocyclotron at

about 300 K. The irradiation times were 30 minutes and the

current on the beryllium target was kept lower than 10 yA. The

dose, measured with TLD probes, was about 600 Gy. The following

radionuclides were studied: 82Br, 81mSe and 76As. All three

nuclides are created in the same KBrO- matrix, which means that

the influence of thermal annealing on the ratios of AsO,/AsOf ,
2- ?- — -

SeO,/SeOjj and Br /BrO3 could be compared under identical condi-

tions.

Fig. IV.1 Part of the chart of nuclides with Br, Se and As
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Table IV.2 Production of the different radionuciides

Nuclear Reaction t, (h) a (barn) Recoil Energy

(keV)

79Br(n,a)76As 26.4 6 x 10"3 639

81Br(n,p)81mSe 0.96 22 x 10"3 233

81Br(n,Y)82mBrJr-ilUL82Br 35.3 2.7 0.38

IV.2.2 Chemical analysis

The irradiated and eventually annealed samples were
divided into three portions. One portion for the radiobromate
determination, one portion for the radioselenate determination
and one portion for the radioarsenate determination.

i) Br'/BrOg separation
The radiobromine as Br" and BrO" was separated by means
of a Dowex-I (100 - 200 mesh) anion-exchange column in
the bicarbonate form. Part of the irradiated KBrOg was
dissolved in 0.1 molar KHCO,, containing OsO^ to reduce
BrOg to Br" and AsOg to reduce BrO" to Br". Solutions of
1 molar KHCOg and 1 molar KNO^ were successively pumped
through the column (Bo-68) to elute BrOJ and Br" respec-
tively.

2- 2-ii) SeOg /SeO£ separation
For the determination of the selenium activity, another
part of the irradiated KBrO, was dissolved in a solution

2- 2-
that contained SeO3 and SeO4 ions as carriers and am-
monia to adjust to pH = 7. Two aliquots (I and II) were
taken from this solution. In solution I all the selenium
was oxidized to SeO^~ with Br2. An excess of Ba(N0 3) 2

was added. The precipitated BaSeO4 was centrifuged from
the liquid. Inactive selenate carrier was added again.

P1 m ? -

A second precipitation made certain that all SeO4~
was recovered. Both precipitates were combined to yield
total selenium. Solution II was submitted to an analogous
treatment, except for the prior oxidation of selenite
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with B ^ . This yields the selenate fraction. The oxidation
and the precipitation of the selenite in the supernatant
solution was carried out to verify the material balance.
Extractions of aqueous solutions of the activated samples
with carbon disulphide or with trichlorethylene (Ku-66,
Ap-67) showed that the radioactivity in the Se form was
less than 1%. This was the case for annealed as well as
for unannealed samples.

ill") AsOl/AsO?" separation
Another fraction of the irradiated KBrO, was dissolved in

3- -a solution containing AsO. and AsO 2 carriers and 0.2 molar
NaOH. Again two aliquots were taken. In the first aliquot
the arsenate fraction was precipitated as Mg{NH^)AsO4

(Ba-61, Vo-64). The remaining AsOZ was oxidized with Br,
to AsO^ and also precipitated. In tne other aliquot all
radioarsenic was oxidized with B ^ and the arsenate was
precipitated to yield total arsenic and to verify the
material balance. The activities were measured in a well-
type Nal-crystal.

The activity of the Se was measured at the 103 keV
photopeak, immediately after analysis. After a few hours the
op y c

Br retention was measured at the 776 keV photopeak. The As
precipitates were measured the next day at the photopeak of
559 keV (cf. Figure IV.2).

IV.2.3 Thermal annealing

The irradiated KBrO, crystals were heated for vary-
ing periods of time, at a constant temperature (isothermal
annealing) to investigate the influence of the temperature on
the distribution among the different valence states of Br,

Se and As. The temperatures laid between 350 and 500 K.
The annealing time was varied up to 60 minutes.
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36

Fig. IV.2 Decay schemes of 8 1 mSe, 82Br and 76As
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IV. 3

IV. 3.1

Results

82
Bv veaoil

82,The retention of Br in KBrO, at ambient temperature

is about 18%. The increase of the retention during isothermal

annealing follows the classical pattern (Ca-59, Ap-63, Bo-68,

Ca-68). The temperature increase to 379 K causes a very small

rise in retention, while annealing at 523 K results in a rise

to a retention of 51% (Figure IV.3).

D 523 K
— v 518 Kv 5

Fig. IV.3 Isothermal annealing of

activated KBrO,

82
in fast neutron

IV. 3.2 82mSe recoil
film *)

The annealing curves of SeO* in KBrO.
7C^ 9- °

(Figure IV.4) are similar to those of SeOjj in thermal

neutron activated I^SeO^ (Du-76). The retention for the un-

annealed fractions is considerably higher than the values

reported by Cogneau (Co-72) "\nd DuplStre (Du-76) in the

K2Se04 matrix at ambient temperature (77%).
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•/o81mSe0f-

V

523 K
486 K
433 K
379 K
354 K

20 30 t(min)

Fig. IV.4 Isothermal annealing of SeO^" in fast neutron

activated KBrO,

IV. 3.3 76As veaoil

The As-activity always appears for 100% in the AsO?

fraction, as verified from room temperature up to 573 K.

3-

IV. 4 Discussion

In the KBrO-'2 lattice there are simultaneous reactions

of the bromine, arsenic and selenium recoil atoms, which evi-

dently, have very different reacting possibilities with the

debris in the matrix or with the lattice itself. It turns out

that the arsenic recoil atoms immediately react completely to

form arsenate. As 88% of the radioselenium is found in the form

of selenate in the unannealed samples, the energy of activation

of the reaction, leading to this form, must be fairly low.
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Radioselenate and radioarsenate are thus easily formed in a
bromate matrix, although their structure is strikingly differ-

82ent from the bromate ions configuration. However, the Br
recoil atoms, which could accommodate as BrO~ in the KBrO,
lattice, do so only with great difficulty.

IV.5 Conclusions

Figure IV.5 shows the distributions for 8 2Br, 8 1 mSe
and As after isochronal annealing. The recombination process

82of Br shows a rather abrupt change at 500 K. The selenate
shows a continuous increase and the radioarsenic remains for
100% in the arsenate form and does not show inverse annealing.

The bromine has to overcome a threshold to recombine
with oxygen ligands, but thereafter recombination increases
from 20% to 40%. The bromine recoil atom has the possibility
to stabilize in the Br" form, until the energy available al-
lows it to recombine to BrO^. The local crystal symmetry is
thus restored.

The arsenic recoil species may comply with the crys-
tal symmetry, if it takes the form of AsOJ, although KAsOg
and KBrO, have different lattice structures. Yet formation of

Z might be favoured in comparison with the AsOZ formation.
This should account for the appearance of arsenate and the
total absence of arsenite. When the recoil selenium atom tends
to form a structure similar to the host lattice, it should
form SeOl, which is not, however, a stable compound in solu-
tion (Co-72). The formation of selenate precursors may be
seen as a ligand transfer of the oxygen ligand from the broma-
te surroundings to the selenium recoil atom, to yield a
species as SeOg, which constitutes the precursor of the sele-
nate recovered on wet analysis.
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Fig. IV.5 Isochronal annealing of KBrO3. The annealing time
was 5 minutes.
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Fig. IV.6 Hypothetical distribution of energies of activation
of transfer and thermal annealing in neutron
activated KBr0o

Reaction I leads very rapidly, already at ambient temperature,
to the formation of the arsenate from any state of the arsenic
recoil atom (Ficure IV.6).
Reaction II leads to the formation of the selenate precursor,
but only at ambient temperature.
Reaction III, the formation of bromate, is correlated with the
first 25% of the bromine activity, found as bromate.
Reaction IV describes the further formation of bromate.

The reaction models here proposed, are guided by the
general idea that whatever radioisotope is formed in a host
lattice, it would tend to stabilize in a form which is accept-
able and may be imposed by the reigning crystal structure. In
the case of KBrO.3 the model would imply a sequence of reactions
according to specific distributions of energies of activation
(Figure IV.6).
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CHAPTER V

CONCLUSIONS

In the preceding chapters ft has been shown how man-
ganase recoil atoms in potassium permanganate and bromine re-
coil atoms can react to form permanganate and bromate ions
respectively. On thermal annealing retentions are increased up
to plateau values which depend on the radiation dose. Selenium
and arsenic recoil atoms formed in a potassium bromate lattice
undergo, on annealing, an evolution leading to the highest
oxidation states. In mixed crystals the retention of radio-
manganese as permanganate is highly dependent on the other com-
ponents of the crystal and also on the permanganate concentra-
tion. All theso experiments have led to the proposal of the
following annealing mechanism.

V.I Influence of the reeoil energy

In potassium permanganate the amount of the recoil
energy seems to have no influence whatsoever on the retention
values at ambient temperature: whether Mn or Mn are created
by a variety of nuclear reactions, a retention of about 23% is
obtained; although the recoil energies differ by several orders
of magnitude. When small differences are found, they have to be
attributed to varying radiation doses. The absence of any in-
fluence of the recoil energy is also observed in a wide variety
of solids which have been submitted to nuclear transformation
reactions. Whenever isotope effects are observed they might be
attributed to a different chemical state of the recoil atom, in-
ducing different recombination reactions. Internal conversion
and Auger showers may be invoked.



78

V. 2 Thermal annealing processes

It has been emphasized in Chapter IV that two reaction
mechanisms are responsible for the increase of the retention on
heating:
i) A radiation insensitive reaction at moderate temperatures

is attributed to a re-orientation of the lattice, which
results in a ligand transfer to the recoil atom,

ii) A second reaction at higher temperatures is radiation sen-
sitive and would be due to the recombination of the radio-
nuclide with its own original ligands which it lost on re-
coil.

V.2.1 Ligand transfer reaction

The transfer reaction is seen as a re-orientation of
neighbouring ligands towards the recoil atom. The final entity
which is thus obtained must have a configuration which is
compatible with the lattice structure. Thus the lattice struc-
ture has a decisive influence on the final state of the recoil
atom. This effect will be referred to as the mimetism tendency.

In addition other factors affect the retention, such
as the difference between the bond energies of the ligand atoms
in the anions concerned and the availability of the required
ligand atoms. These factors will be referred to as the chemical
factor and the concentration factor respectively.

This model is supported by the following experimental
data:

i) Retention values at ambient temperature are higher in mixed
crystals involving permanganate and other oxyanion salts.
The increase of the retention value is particularly high
in KMn04-KC104 crystals and is a function of the per-
chlorate concentration. This means that a transfer of
oxygen from chlorine to the manganese recoil atom is a
quite feasible process. Crystals in which permanganate is
mixed with perrhenate also show higher retentions with
increasing perrhenate content. The effect here, however,
is more moderate because in this case the oxygen transfer
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is less readily achieved. The observation that annealing
gives rise to permanganate can be attributed to the mime-
tism tendency; the increase of the retention with increas-
ing perchlorate and perrhenate concentrations and the dif-
ference between the results in mixed crystals with per-
chlorate and perrhenate can be attributed to the chemical
factor.

ii) The retention decreases to zero, if the environment inhibits
an oxygen ligand transfer, as can be expected in diluted
mixed crystals of KMnO^ with KBF^. This can be attributed
to the concentration factor,

iii) In potassium bromate recoil bromine has to overcome a
threshold to recombine to bromate, after which the recom-
bination shows a fast increase with temperature. Recoil
arsenic and selenium atoms easily form oxygenated pre-
cursors, which on dissolution yield arsenate and selenate.
The mimetism tendency can adequately be invoked here.
Just as the oxygen transfer to a manganese recoil atom
in a perchlorate environment was easier than in a per-
manganate lattice, the oxygen transfer to arsenic and
selenium in a bromate lattice is favoured in a comparison
with the oxygen transfer to a bromine recoil atom.

iv) The formation of perbromate after beta-decay of Se in
potassium selenate gives a striking support to the idea
of a species which tries to reproduce the surrounding
lattice structure. Perbromate is known as a rather un-
stable compound and yet the formation in selenate reaches
a yield of 24» (Te-76). Investigations on recoil bromine,
produced by the (n,a) reaction in RbMnO. (VI-66) and in
RbC104 (At-80) have shown that the perchlorate favours
bromate formation at ambient temperature, whereas radio-
bromate was not formed at all in a permanganate matrix.
The proposed transfer reaction would explain this observa-
tion, if it is assumed that oxygen transfer is easier in
perchlorate than in permanganate.
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V.2.2 Recombination with debris

It seems strange that the recombination reaction of
the recoil atom with its own ligands predominantly occurs at
higher temperature. This process is clearly diffusion controlled
as the recoil atom and the fragments of the original anion must
come close enough to reconstruct the latter. This reaction pro-
cess is the only one which can occur in a dilute KMnO4-KBF4

mixed crystal. Yet the retention, although very low at ambient
temperature, is given the opportunity to increase with tempera-
ture. This process is radiation sensitive as the fragments may
react with radiation produced species and therefore become un-
available for a straightforward recombination. The following
experimental data are in agreement with this model.

The plateau values of the retention in potassium per-
manganate are lowered whenever the crystals have been damaged
by ionizing radiation. In other oxyanion crystals radiation
damage results in an increase of the plateau values. This means
that in this model it has to be taken into account that several
competitive reactions may occur: some defects may react with the
debris and this lowers the plateau values (e.g. KMnO^). But,
on the other hand, radiation induced defects may react with the
recoil atom itself. This affects the plateau values. So, direct
recombination with debris is highly dependent on the nature of
the defects, on the recoil atom and the compound itself.

V.3 Radiation annealing processes

It has been generally observed that exposure to
ionizing radiation after activation increases the retention,
but this effect appears only when the temperature is high enough
to allow the reparation reaction to occur. In potassium perman- •
ganate for one, a slight radiation induced enhancement of the
retention is observed at temperatures below 343 K. At higher
temperatures the plateau values decrease, which is due to the
processes described in the preceding section. E.S.R. studies
have shown that reducing and oxydizing species are generated
by radiation. In potassium bromate the concentration of
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oxydizing species increases with the temperature (Ow-79), where-
as it decreases and even disappears in potassium permanganate
(Wh-72).

The present work cannot yield definite arguments in
favour of either the hot spot or the disorder model. Yet it is
felt that the disorder model is more realistic, because of the
independence of the obtained results versus the recoil energy.
The experiments in mixed crystals of KMnO.-KBF. have shown that
no recoil atoms fail to break their bonds, nor recombine imme-
diately with their own fragments at room temperature. The
amount of energy released during the slowing down processes,
seems, however, to have only a minor influence on the retention;
so it may be concluded that the recoil energy is quickly removed
from the reaction zone. This is in favour of the disorder model.
Neither the mimetism tendency in the crystal lattice, nor the
reaction schemes which have been proposed, seem to be compatible
with the idea of a hot zone, as that model is generally asso-
ciated with a large amount of disorder.

The model proposed here, has to be interpreted with
caution, because it has not been possible to detect the nature
of the defects and the debris, nor their possible reaction path-
ways. It should be observed that another factor might be im-
portant, viz the presence of air and traces of water. Either
factor might play a significant role in determining the fate of
the recoil atom (Bo-57, Ne-58, Na-64, Po-71, De-77, Ap-79).
The radiolytic products of water, as well as the strong affini-
ty of oxygen towards defects and radicals can indeed have an
influence which should not be underestimated.
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SUMMARY

What is the fate of a recoil atom if, as a result of
a nuclear reaction, this atom receives a recoil, resulting in
a complete rupture of the bonds between the atom and its
1igands?

This thesis contributes to the answer of this question,
i.e. in the case of KMnO^- and KBrOg-crystal lattices. The
results of the reactions in the crystals have been investigated
at room temperature as well as after annealing of the irradiated
crystals.

First an introduction is given on the chemical conse-
quences of a nuclear process in a crystal lattice. This is fol-
lowed by a survey of the experimental set-ups.

The results will be elucidated by the following hypo-
theses: in KMnO., pure as well as in mixed crystals, two reac-
tion mechanisms are proposed with different energies of acti-
vation. A reaction by which ligands from neighbouring anions
are transferred to the recoil atom and a recombination reaction
of the recoil atom with its own debris. The latter reaction is
highly radiation sensitive. In KBrO3 four reactions with dif-
ferent energies of activation are proposed: one for the forma-
tion of arsenate, one for the selenate formation and two for
the bromate formation.

The transfer reactions proceed easier than the re-
combination reactions. It is proposed that the recoil atom tries
to conform itself to the lattice structure. It also appears
that the formation of the various oxyanions strongly depends on
the availability of oxygen ligands.

Thus, the influence of the lattice, mentioned here as
the "mimetism tendency", determines the ultimate oxidation state
of the recoil atom, depending on the chemical nature of the
radionuclide.
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RESUME

Quel est le sort d'un radio-isotope forme à cause
d'une réaction nucléaire, qui, en reculant dans un cristal,
subit une rupture complète de ses liaisons chimiques?

Cette thèse aborde ce problème pour les réseaux cris-
tallins de KMnO4 et de KBrOg. Les effets des réactions dans
le cristal sont étudiés à la température normale ainsi qu'après
chauffage des cristaux irradiés.

Dans l'introduction les conséquences chimiques d'une
réaction nucléaire dans un réseau cristallin sont discutées.
Ensuite les arrangements expérimentaux sont brièvement relevés.

Nous essayons d'expliquer les résultats expérimentaux
par les hypothèses suivants: pour KMnO^, sous forme pure ainsi
que dans des cristaux mêlés, on propose deux méchanismes de
réaction à énergie d'activation différente. D'une part une
réaction dans laquelle les ligands des anions environnants sont
transférés â l'atome de recul et d'autre part une réaction de
recombination de l'atome de recul avec ses débris. La réaction
de recombination est extrêmement sensible à la radiation. En ce
qui concerne le KBrO, on propose quatre méchanismes de réaction:
une pour la formation d'arséniate, une pour la formation de
sëlêniate et deux autres pour la formation de brómate.

Les reactions de transfert semblent de progresser
plus facilement que les réactions de recombination. Il semble
que l'atome de recul essaie de se former dans une configuration
spatiale compatible à la structure cristalline. De plus il
paraît que la formation des oxy-anions divers, dépend fortement
de la disponibilité des ligands d'atomes d'oxygène.

L'influence du réseau cristallin, pour laquelle nous
adoptons dans cette thèse le terme "tendance de mimétisme",
détermine alors,en dépendance de la structure chimique de l'élé-
ment nucléaire, dans quel état d'oxydation l'atome de recul se
trouve finalement.
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SAMENVATTING

Wat staat een recoil atoom te wachten wanneer dit
atoom ten gevolge van een kernreaktie een terugstoot krijgt,
waardoor het ontstane radionuklide zijn bindingen met de
liganden volledig verbreekt?

In dit proefschrift wordt een bijdrage geleverd tot
het beantwoorden van deze vraag, althans in het geval van KMnO^
en KBrOg-kristalroosters. De gevolgen van de reakties in het
kristal zijn onderzocht bij kamertemperatuur en na verhitting
van de bestraalde kristallen.

Allereerst wordt een inleiding gegeven over de
chemische gevolgen van een kernproces in een kristalrooster.
Daarna volgt een overzicht van de experimentele opstellingen.

De resultaten worden verklaard met de volgende
hypotheses: in KMnO4, puur en in mengkristallen, worden twee
reaktie-mechanismen voorgesteld met verschillende aktiverings-
energiën. Een reaktie waarbij de liganden van omringende an-
ionen worden overgedragen aan het recoil atoom en een rekombi-
natie reaktie van het recoil atoom met zijn brokstukken. De
rekombinatie reaktie wordt sterk beïnvloed door stralingsschade,
In KBrO, worden vier reakties voorgesteld: één voor de vorming
van arsenaat, één voor de selenaatvorming en twee voor de
bromaatvorming.

De overdrachtsreakties blijken gemakkelijker te ver-
lopen dan de rekombinatie reakties, waarbij het recoil atoom
een konfiguratie tracht op te bouwen, die past in het kristal-
rooster. Tevens blijkt dat de vorming van de diverse oxyanionen
sterk afhankelijk is van de beschikbaarheid van de zuurstof-
1 i ganden.

De invloed van het kristalrooster, in dit proef-
schrift "mimetism tendency" genoemd, bepaalt dus afhankelijk
van de chemische eigenschappen van het radionuklide, in welke
uiteindelijke oxidatietoestand het recoil atoom zal geraken.


