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RADIOLYSIS OF CONCRETE

A computer based radiation chemical program has
been used to simulate experiments with gamma and
alpha radiolysis in concrete. The experiments
have been performed at Savannah River by Ned
Bibler and co-workers. The calculations showed
that the gas yields were very sensitive to the
pH of the water phase. At a pH of 12.3 fairly
good agreement was obtained between measured

and calculated gas yields, assuming that the gas
production only took place in the free water
phase of the concrete. The following main
conclusions could be made from both measurements
and calculations:

1) A steady state is obtained by gamma

radiolysis of a NO3 free concrete.

2) The yields are higher and a steady
state is not obtained if NO3 is
present.

3) The yvields are higher and a steady
state is not obtained by alpha radio-

lysis.

Calculations were also carried out on radiolysis
from cladding hull waste stored in a cement
matrix assuming both alpha and beta radiation.

In the presence of an aerated gas phase a steady
state pressure of more than 0.21 MPa was obtained.

*Ris® National Laboratory, Risd,
DK-4000 Roskilde, Denmark
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1. INTRODUCTION

One of the waste products from reprocessing is
fuel cladding hulls which is planned to be
encapsulated in cement. Radiolysis is an important
aspect for the safety of the storage of this
product. Concrete has been considered as the
storage form for defense waste in USA, and an
experimental programme, including radiolysis
studies, has been carried out, primarily at the

Savannah River Laboratory, SRL (1, 2).

Bibler at SRL has studied the gas production

from the radiolysis of concrete, by external and
internal gamma or alpha irradiation for different
types of waste. The conclusions from Bibler's
studies are that hydrogen is produced from both
gamma and alpha radiolysis, Oxygen is produced

in alpha radiolysis but it is normally consumed

in gamma radiolysis., A steady state is obtained
from gamma radiolysis. The steady state concentra-
tion is proporticnal to the square root of the
dose rate. Gas production by alpha radioclysis
continues with a constant G-value. Presgsures of

up to 1.4 MPa have been measured, and based on
this a pressure exceeding 14 MPa has been
calculated to exist after a storage time of 105
vear (2). Steady state concentrations were not
achieved by gamma irradiation at higher dose

rates {2.8x107 rad/h}) in the presence of NOB_ or

N02 .

We have made calculations simulating the condi-
tions in Bibler's experiments in order to check
whether the radiolyeis in concrete can be
described by radiolysis of the water phase in

the concrete.
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e) dose and duration of the irradiation.
a) and b) are shown in Table 3.

The predictive capacity of the program has been
tested by comparing calculations with results of
measurements by T Eriksen and J Lind (8).
Eriksen and Lind irradiated bentonite/water
mixtures to various doses and measured the
hydrogen production in the gas phase. The
hydrogen was analysed by gas chromatography. 02
and HZOE were not determined in the experiments.
The correlation between measured and calculated
results was very good {4). Calculated results
have also been compared with literature data. In
this case the correlation was also very good

(9).
In the presence of iron, NOzm, and NO3w ions the
reactions listed in Table 4 have been included

in the mechanism.

2.2 Presence of gas phase

The program is designed for a homogeneous liquid
phase. However a gaseous phase can be simulated
by using two elements: Dummy I and II, which
represent H2 and 02 in the gaseous phase,

but which the program treats as components in
the liquid phase. Equations 37-41 describe the
partition between the liguid and gaseous phases:
equations 37 and 40 apply to H2 and 39 and 41

to 02. The relationship between the volumes of
gas and liquid have been taken in account. The
ratios K37/K40’ and K39/K41 are determined by
the solubility of hydrogen and oxygen respecti-
vely. The absolute values have been taken to be
large so that the equilibrium between the liquid

and gaseous phases will be established quickly.
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From equaticons 37 and 40 it can be seen that at

equilibrium
- Apummy T) _
Ky7/Kyg = = K
) 1ig
= \4
(Durmmy I) = (Hz)gas X _gas
vliq
K = K x K. ¥ v as
37 © fa0 * fp ¥ 22
Vliq
2,3 Primary vields of radiolysis products

The primary yields of radiolysis products
discussed and applied previously (4) have been

used and are summarized in Table 1.

3. COMPARISON WITH MEASUREMENTS

3.1 Introduction

Bibler has presented results from radiolysis
experiments under different conditions (1, 2).
In the following results from calculations are
compared with the experimental values for 12
cases. They include experiments with pure gamma-
irradiation, pure alpha-irradiation and combina-
tions of alpha and gamma-irradiation. The effect
of NOBm-ions is also included.

As far as possible the data given by Bibler have
been used. In some cases the initial conditions
were not specified directly in Bibler's reports,

but could be inferred.

All the experiments were carried out in closed
containers assuming an initial air pressure of

1 atm.

NW76 EG



STUDSVIK ENERGITEKNIK AR

NW76 EG

PRESSURE, MPa

0.03

0.

0.

02

01

STUDSVIK/NW-83/434 7
1984-03-16

3.2 Effect of pH

The pH of concrete is normally in the range of
12.5 - 13.5. In the beginning pH is about 13 and
is determined by NaOH and KOH. Later on the pH
is determined by CaOH and is then 12.6. However,
contents of SiO2 and other oxides may decrease
the pH. In the first calculations a pH of 13 was
assumed . However, the calculated results were
not in good agreement with the experiments (case
1 below). Therefore the results of calculations
carried out at various values of pH (7, 12.0,
12.3, 12.7 and 13) were compared. It can be seen
from Figs 1-2 that the pH is an important
parameter. This is because of the changes in the
rate constants with pH, mainly K3, K8, K14 and
K15. The species OH and H, 0, which exist in
neutral and acid solutions, are substituted by
0 and Hozm in alkaline solutions, the pK being
about 11.9 for both species (10). The species O

and HOZ“ react with other rate constants than

the species OH and H?OZ'

©
O

O
|

I - |

100 200 300
TIME, hr

Figure 1. Calculated results for case 1 at a pH

of 7.0
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‘. /. ]
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=
0 ! ] |
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TIME, hr

Figure 2. Calculated results for case 1 as a

function of pH.

The best agreement was obtained using a pH of
12.3. Therefore, we have assumed this pH to
be relevant for the experiments and used it in

all subsequent calculations.

3.3 Test cases

3.3.1 Gamma irradiation

Case 1 and 2
Portland cement and gypsum perlite based
concrete.Experiments described in Ref 1, Fig 1.
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Conditions and results

Case 1 Case 2
Water volume, ml 65 % 61*
Gas volume, ml 168 112
Dose rate (gamma), rad/h 1.4E7 2.6E7
Irradiation time(expt), h 400 400
" " (calc), h 800 800
Pressure after 400h{expt),MPa 0.23 0.31
" " {calc),” 0.25 0.25

* This is a reduced water volume used in the
calculations. The reduction is 25% which is
motivated by reactions and water of crystalli-
zation, which is assumed not to take part in the

radiolysis,

Measurements and calculations can alsc be seen

in Figure 3.

g9

\h
.
i
|

[ | | I
0 100 200 300 400

IRRADIATION TIME, hr

Figure 3, Gamma radiolysis.

Pressurization from gamma radiolysis of concrete at
47°%¢. _

Experimental results (From DP-1459, Fig. 1):

0 =:1.4x10 rad/h,[7:2.6x10  rad/h.

Calculated results: 0:1,4x107 rad/h (case 1);

] :2,.6x107 rad/h {(case 2).



STUDSVIK ENERGITEKNIK AR STUDSVIK/NW-83/434 10

NW76 EG

1984-03-16

In the calculations, stoichiometric amounts of
hydrogen and oxygen are formed. In the experiments
oxygen in the air trapped in the container was
partially consumed and N2 was unaffected.

The calculated curves agree fairly well with the
exXperimental curves, however the difference in

the calculated final pressures is small in the

two cases.

We have also made calculations in order to
determine the effect of dose rate: Case 1 was
repeated but with 10 and 100 times lower dose
rates (389 and 39 rad/s, respectively). As can
be seen from Table 8, the equilibrium pressure
appears to be independent of dose rate, contrary

to the experimental findings.

Case 3-~5
Experiments described in Ref 2, Table 2 and

Fig 3.

Conditions and results
Case 3 Case 5 Case 4 Case &

Water volume,ml 55 55 55 55
Gas " yml 167 167 167 167
Gamma dose rate,

rad/h 2.8E7 2.8E7 2,587 2.5E7
Irradiation time,h

- experiment 260

- calculations 560 560 560 560
Iron conc(Fe3+), uM 0 1 0 1

Measured equil

pressure, MPa 0.72 0.83
Calculated equil

pressure, MPa 0.26 0.25 0.26 0.24
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Measured and calculated results are shown in
Figure 4. The yields are a little lower in the

presence of iron.

MPa psig
- 150
1.0F T 1 -
O~
0.8t /[]D/ —
0
100 nide —O=O—0= -
0
w - -0 —
x 0.6
>
[¥))]
0
o O
& 0.4 / -
50— @) -
0
’I¢5==s====ﬂ——'*'h"—4.
o2 p —]
0 o)
/
L0 0 ! !
0.0 0 100 200 300

IRRADIATION TIME, hr

Figure 4. Gamma radiolysis

Pressure from gamma radiolysis at two dose rates of
concrete containing Fe203.

Experimental results (From DP-1464, Fig.3)
0:1.4x107 rad/h; [1:2.5x10’ rad/h.

Calculated results: O:2.8x107 rad/h (case 3);

B :2.5x10 rad/h (case 4).

In the calculations stoichiometric amounts of
hydrogen and oxygen are formed. This was not
always the case in Bibler's experiments, indi-
cating that some unknown (oxygen consuming)

reactions were taking place.

NW76 EG
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3.3.2 Alpha irradiation of concrete
244 . .
Cm 1s used as an internal alpha-source.
Case 7

Experiment described in Ref 1, Figure 4.

Conditions and results

Water volume, ml 3.5
Gas volume, ml 11,6
Alpha dose rate, rad/h 2.8xE6
Irradiation time, h

- experiment 330

- calculations 700

Measured pressure after 330 h,MPa 1.39
Calculated " " " MPa 1.13
Calculated pressure after 330 h
including decomposition of

H202 to 02, MPa 1.39

In both the measurements and the calculations

the pressure increased at a constant rate, see

Figure 5.

The calculated hydrogen peroxide concentration
after 330 h was 0.725 M, which is probably an
unrealisticly high concentration. H202 is
probably decomposed to oxygen through catalytic

reactions.
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0.0+ 0 I 1 l
0 100 200 300 400

IRRADIATION TIME, hr

Figure 5. Alpha radiolysis.

High pressure generated from alpha radiolysis of
concrete at 23°C.
Experimental results (From DP-1459): O

Calculated results (case Z): ]

NW76 EG
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Case 8
Experiment described in Ref 2, Figure 13.

Conditions and results

14

Water volume, ml 3.4
Gas " ; ml 9
Alpha dose rate, rad/h 2.7xE5
Irradiation time, h

-~ experiment 3670

- calculations 8000

Measured pressure after 3670 h,MPa 1.33
Calculated ™ ¥ ;MPa  1.47
Calculated pressure after 3670 h

including O2 from decomposition

of H.0,, MPa 1.83

Measured and calculated results can be compared

in Figure 6.

psig

200

100

0 1000

| |

2000 3000
IRRADIATION TIME, hr

Figure 6. Alpha radiolysis.

Pressure from Long-Term Alpha Radiolysis of

Concrete Container Fe-~Mn Simulated SRP Waste.

Experimental results {(From DP-1464): O
Calculated results (case 8): @

4000
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Stoichiometric formation of oxygen and hydrogen
was found both in experiments and in calculations.
In both cases 7 and 8 the pH decreased from 12.3
to 10.2. In both cases 7 and 8 the G-value for
the hydrogen production was 1.29, if the calcu-
lation is baszed only on the radiation absorbed

in the watexy phase.

3.3.3 Combined alpha and gamma irradiation

Case 9
Experiment described in ref 2, p 28-29. 165 g

concrete containing actual SRP waste (SRP:

Savannah River Plant) was used.

Conditions and results

Water volume, ml 82

Gas volume, ml, asvated 167

Dose rate, rad/h CAIMA 3 3x104

¥ B i alphasz 4x102
Irradiation times

- experiment, v 1

- calculations, v 2
Bibler's reszults and the corresponding calculated
results are presented in Figure 7. After one

year both containers leaked. The calculated
pressure after 1 v was 0.11 MPa and the measured

pressure was 0.05 MPa., After 250 4 the cal lculated

W

0.09 MPa and the uweasured pressure

pressure w
M nossible explanation for the

A2 LD

ag
Py

5‘
p;
7o}

was 0.05

>

differences may be the uncertainty in pH or

water volums.
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T i ] |
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O
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Cé)
V4
0.02— 0.0 —— — — — =~ = o= s i e e e
"
\D/D
0.00L 5 ’ *
0 100 200 300
TIME, DAYS

Figure 7. Radiolysis in waste containers.

Pressure from Concrete Containing Radicactive SRP

Waste.
Experimental results from two containers (From

DP~1464): 0O, [
Calculated results (case 9}: @

The contribution of alpha radiation is only

about 1% in this case.

The composition of the gas in the experiments is
not given. In the calculations stoichiometric

amounts of oxygen and hydrogen are formed.

3.3.4 Gamma irradiation of concrete containing
NO, and/or NO,
Case 10-12

Experiments described in Ref 2, Figure 7.
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Conditions and results

Case 10 Case 11 Case 12 Case 5

Water volume (assumed) ,ml 55 55 55 55
Gas volume (assumed) ,ml 167 167 167 167
Gamma dose rate, rad/s 2.8E7 2.8E7 2.8E7 2.8E7
Iron conc, uM in water 1 1 1 1
NO3— , wt% of concrete 1 5 5 0
NO, ;" v 0 0 2.5 0
Irradiation time, h 143 143 143 143
Measured pressure, MPa 1.28

Calculated " ; MPa 2.34 2.54 2.28 0.22

The results are shown in Figure 8.

PRESSURE

2.

2.

1.

1.

0.

0.

MPa  psig
5 T ® T

300 j —
0 @ -
5 L. ]

200 - -

-
DI

0 - _

100 e _
5 L. -
0 . . O ! I

100 200 300

IRRADIATION TIME, hr

Figure 8. Effect of NOB”.

Pressure from gamma radiolysis at 2.8x107 rads/hr

203 with sorbed NO3— ions.
Experimental results (From DP-1464): [ |: 1% NO3~;
A s 0% NO, .

Calculated results {(case 10): & : 1% NO

of concrete containing Fe

2
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Both experiments and calculations show a consider-
able effect of NOBM on the gas production, which
is much higher in the presence of NOBB, It should
be noted that a steady state is not obtained in

the presence of NOQW,

Almost stoichiometric amounts of hydrogen and
oxygen are formed in addition to small yields of

nitrogen oxides.

The calculated pressure {case 10} is higher than
the measured pressure. The difference could be
caused by a lower pH in the experiment than is
to be expected (if acid nitrates are added to
the concrete). We have interpreted Bibler's
description of the experiment to mean Nﬂgm
contents of 1 and 5 wt% of the concrete, and
have then assumed the concentrations in the

water phase to be 3 times higher.

3.4 Conclusions

The comparisons between Bibler’'s measurements
and our calculations show that the latter can

describe the principies derived in the measure-

ments:

1) A steady state 1s obtained by gamma
radiolysis of a ﬁ03 ~free concrete

2) The yields are higher and a steady
state is not obtained if NO3 is
present

3) The yields are higher and a steady

state is not obtained by alpha radio-
lysis.

In some cases we have calculated lower and in
other cases higher vields than found in the

experiments. It has been shown that the gas

NW76 EG
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vields are very sensitive to the pH in the water
phase of the concrate, which must consequently

be known accurately., Other important parameters
are type of radiation, dose, initial concentra-
tions of NOBW, 02; and organics, type of organics,
and - especially for alpha irradiation - the

gas/liquid ratio.

Obviously, in the experiments there is an
unknown oxygen consuming process. Radiolysis of
pure water yields stoichiometric gquantities of
oxidizing and reducing species. An oxygen

consumption may be caused by organics or Fe

ions. Despite the excess of hydrogen found in
the experiment we obtain roughly the same

pressure in experiments and calculations. It
might be possible to include oxygen consuming
reactions and at the same tlue change the pH in

the calculations and thus obtain anothey f£it to

the experiments.

As can be seen from Teble 1 the radical yields
(e w, H and OH) are much larger and the molecular

ag
yields (HZ and H) ,} much lower for gamma

radiation, in comparison with alpha radiation.
Therefore, the recombination reactions 8, 14 and
16 are important for gamma irradiation. The
result of these reactions is that a steady state
is obtained. Scavengers, which react with the
radicals and thus impede the recombination, may
change the gituation drastically. This can be
seen in the cases where NOTJ is added. If the
recombination ig blocked totally a G(Hz} value
of 0.5 vould be expected. Due to the low yields
of radicals in alpha irradiation, scavengers are
not expected to have a great effect in this

case.

NW76 EG
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Stoichiometric amounts of hydrogen and oxygen
are formed according to the calculations, but
only hyvdrogen was found in the gamma-experi-

ments in the absence of NOS
4, RADIOLYSIS IN CEMENTED CLADDING HULLS

4.1 Activity content and dose rates

Dose rates in the cemented cladding hulls were

calculated using the following information, (5):

1l ton U gives 300 kg cladding hull waste con-
taining: 6000 Ci activation products, mainly
60Co and 55Fe, 10000 Ci fission products,

mainly 106Ru and 0.1% of the fuel, i e about
1000 Ci, including alpha activities. These
activities give a gamma and beta dose rate of
8.5 rad/s {in 3 vear old waste) if the radiation

is absorbed howmogeneously in the concrete.

1 ton U was contained in 354 fuel pins. If the
0.1% fuel is assumed to cover the inside of the
fuel cladding uniforwiy, a 2x10m4 cm thick
layer is obtained over an area of 4x105 cmz.
Further the alpha irrvadiation is assumed to be
absorbed in a 0.03 mm thick water laver, corre-
sponding to 1.3 1. The 0,1% fuel develops a

power of 0.18 W atfter 40 vy, 50% of which is
assumed to be absorbed in the water lavyer,
corresponding to an alpha dose rate of 7 rad/s.
The corresponding beta dose rate is assumed to

be 2.5 rad/s, in accordance with the calculations
of Klas Lundgren (6). The dose rates after
various storage times arve given in Table 2; they
have been calculated based on data from Lundgren

(6) .

NW76 EG
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4,2 Results of calculations

We have calculated the results of alpha radiolysis
(including a contribution of beta radiolysis),

in a thin water layer on the inside of the fuel
cladding (1.3 1) for various times up to 105y,

see Table 5. It was assumed that hydrogen and
oxygen could diffuse out of the system. The
diffusion rate constants used are those valid

for water (1.34x107% s71 and 4.78x107° 71 for

H, and O, respectively (11)).

2 2

Initially the water was assumed to be deaerated
and to have a pH of 12.3. At each storage time
(Table 5) calculations were carried out to
simulate irradiation for at least 4 months,

during which production rates were constant. The
results from fuel irradiation are given in

Table 5. If the vyields are integrated, substantial

amounts of gas are obtained (60 m3 after 105 v,

However, it is most likely that the hydrogen and
oxygen produced in the thin alpha irradiated
water layer (1.3 1) diffuse into the bulk water
(190 1 for concrete waste from 1 ton UOZ},
Therefore we have carried out calculations on
beta irradiation of the bulk water, including a
continuous supply of hydrogen and oxygen produced
in the thin water layer. The effect of the beta
irradiation in the bulk water phase is to
recombine the hydrogen and oxygen produced in
the thin layer. The resultant total gas produc-
tion is therefore decreased due to the effect of
beta irradiation, see Table 6a, which shows that
the yield of hydrogen is very low. In this
calculation we have neglected the gaseous phase,
and instead assumed that oxygen and hydrogen
diffuse out of the system through a surrounding
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bentonite layer, where the diffusion coefficients
are very low, approximately 700 times lower than
in water (12). The production values given in
Table 6a would therefore be approximately 700
times higher if hydrogen disappeared by diffusion

in water instead of in bentonite,

In the calculations shown in Table 6a it was
assumed that the water was oxygen free initially.
If it is assumed that the water is aerated at a
pressure of 0.1 MPa the results shown in Table
6b and 6c, corresponding to diffusion through
bentonite and water respectively, are obtained.
In these cases (6b and 6c) it 1g also assumed

that the system is surrounded by aerated water.

As can be seen from Tableg 6a-c the initial
oxygen concentration in the irradiated water

hase is a very important parameter.
¥ P

We have also carried out a calculation, in which
we have assumed that the 190 1 free water is in
equilibrium with a gasecus phase of 100 1 inside
the concrete. Even in this case hydrogen and
oxygen are supplied to the system from the thin

alpha irradiated water layer. The results of

~this calculation are shown in Table 7. The

steady state pressure 1is surprisingly low, when
compared with Bibler's measurements and corre-

a
sponding calculations, see for example Case 1.

The main differences from Case 1 are a different
dose rate (Case 1: 3,890 rad/s:; cladding hull
waste, 3-4 y; 5.5 rad/s) and a different initial
oxygen concentration {(Case 1l: air-saturation
assumed; cladding hull waste, deaerated conditions
assumed) . Therefore further calculations have

been made in order to explain the low equilibrium

pressure obtained at steady state.
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The water phase (190 1) was irradiated in the
presence of an air-saturated gas phase (100 1).
After 3.7 y irradiation /Hz/gas was 5.51x10_2M,
corresponding to a pressure of 1.3 atm (19 psig).
The total pressure increase was 2.0 atm (28 psiqg),
see Table 7; the gas pressure was still not at

its equilibrium value. It is obvious from this
calculation that an initial presence of oxygen

is very important for the formation of gases

from the radiolysis of water.
5. CONCLUSIONS

The gas yields are very sensitive to the pH of
the water phase. At a pH of 12.3 a fairly good
agreement was obtained between measured and
calculated yields, assuming radiolysis of the

free water phase only.

The gas yields are very sensitive to the initial
oxygen concentration. The yields are approxima-
tely 103 times higher in aerated conditions

compared with deaerated conditions.

The following main principles were found in both

measurements and calculations:

1) A steady state is obtained by gamma
radiolysis of a NO3 -free concrete.

2) The yields are higher and a steady
state is not obtained if NO3 is
present.

3) The yields are higher and a steady
state is not obtained by alpha radio-
lysis.

In the measurements it was found that during
gamma radiolysis the steady state pressure was

proportional to the square root of the radiation

intensity.
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In the calculations it was found that during
gamma radiolysis the steady state pressure was
independent of dose rate in the range

39-3890 rad/s.

It is possible that some reactions take place in
the experiments which have been disregarded in
the calculations. The square root law was
obtained partly by pressurization with hydrogen,
which, however, may change the result of the

irradiation.

Studies carried out by Zagorski, pages 9 and 20
of ref (3) indicate that radiolysis in water of
crystallization is unimportant for the production

of the gases.

Experiments of Mockel and Kdster (13) also
indicate that chemically bonded hydrate-water is
less susceptible to radiolysis than the bulk

water.

Mdckel and Kdster have found that hydrogen alone
is formed by gamma-radioclysis of N03m free
cement. In the presence of 10% NaNO3 the hydrogen
production is reduced by a factor of 10 and the
gas produced consists to more than 60% of

oxygen. No nitrogen oxides are formed. Mockel

and Kdster added fluidizer to the concrete.

M & K also remark that the yield of H2 increases
linearly with dose, i e saturation is not
observed, dose rate {235~4.9}x105 rad/h, dose

(0.7-9)x10%2av.
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The gas production in Bibler's experiment seems

to be independent of the w/c ratio (at ratios of
3-4). The calculated steady state pressure is

also independent of the w/c ratio. However, the
initial rate of production found in the calculations

is dependent on this ratio.

Mdckel and K8ster (13) have found an increasing
hydrogen yield with increasing w/c ratio (in the

range w/c 0.2-0.6).

A possible presence of organic material in the
waste product might explain the preferential

formation of hydrogen found in Bibler's gamma-
irradiation experiments. The presence of Fe2+

ions may have the same effect.
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TABLE 1. Primary G-values by ilrradiation of water

a vy and B a + B
{thin water layer)

H, 1.3 0.49 1.08
0.21 0.44 0.27
- 0.06 2.68 0.75
HOZ— 0.985 0.74 0.92
0 0.24 2.59 0.86
0, 0.22 0.01 0.16
Hz 1.505 6.11 2.71
OH 0,09 0.02
-H,0 2.71 6.86 3.79

TABLE 2. Dose rates in the water phases of the

cenmented cladding hull waste

Free water

Storage Thin water layer (1.3 1)
time irradiated from fuel in the
Dose rates in rad/s concrete

Dose rates
in rad/s

Y o B 8

3 7 2.5 8.5

40 7 2.5 2.5

100 5.75 1,73 1.73

10° 1.75 5.3E-1 0.53

104 0.38 1.18-1 0.11

10° 1.88E-2 4.3E-3 4.3E-3
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TABLE 3. Reac

RE6:E + H =
RE7:E + H =
RE8:E_ + H,0,
RE9:E + H.O

RE10:HY + on™

RE11:H.0 = OH

2
RE12:2H = H2

RE13:H + OH =
RE14:0H + H2
RE15:0H + HZO
REl16:H + HZO
RE17:E + O2
RE18:H + O, =

2

3]

RE19: HO., = O
+ 2 -
RE20:H' + O,
RE21:HO2 02
RE22:H + HO,
RE23:H + 02”

RE24:E + HO,

RE25:E + 0O, =

2
RE26:0H + H,
RE27:H,0 + HO
RE28:0 + O

RE29:0 + HO

2
RE30:02"' + H
RE31:0 H..O

+ Hy
RE32:0 + H2
RE33:0H + OH
RE34:0 +

+

RE35:E 5

STUDSVIK/NW~-83/434
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tion scheme

29

Rate constant

M_'1 s_1
T+ H, 5E9
OH + H,0 3E10
5 ) 4,.5E9
=0, + OH 1.2E10
E 2E7
H + H)0 2.4E10
OH + H, 2.5E10
= OH + OH + H,0 1.3E10
= H + OH + H,0 1.6E1
= H.O 1.43E11
2y
+ H 2.599E-5
8E9
H,0 2E10
= H + H,0 4.5E7
, = H,0 + HO, 2.3E7
= OH + H,0 9E7
= 0, + H,O 1.9E10
HO 1.9E10
_2 +
5 + H 8E5
= HO, 5E10
= 0, + HO, 7.9E7
= Hzog 2.2E10
= HO, 2E10
= HOZ_ + H29 2E10
= HO, + OH 1E10
o2 = HO, + Hzg 5E3
5 =_}_1202 + OH 5.735E-1
i 02 _ _ E9
= OH + 0, 4E8
,0 = HO, f OH 1
= OH + OH 2
= OH + H 8E7
= 0 + H,0 1.4E4
T = 20H 2E10

T =0 4+ OH + H,O  3.5E9
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Table 3 continued
RE37:H, = Dummy 1
RE39:O2 = Dummy 2
RE40:Dummy 1 = H2
RE41:Dummy 2 = O
RE42:02— + 92 = OZ + O2
RE43:0H + 0 = H02
RE44:O§ + HOg = HZS + 02
RE45:O~ + O2 = 03
RE46:0 _f H202 O2 + HZO_
RE47:O3 + H2O = O2 + 20H

STUDSVIK/NW~83/434 30

Rate constant

Mwl s

~1

E4

E4
62.9
104

E6
1.8E10
7.5E9
6E8
5E7
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TABLE 4. Additional reactions in the presence of

iron ions, NOZ_ and NO3—

Rate constant

L o1

RE48:FETT + 0~ = FETTY 4+ 07" 3. 4E8
RE49:FETY + oH = FE' T + OH 3. 4E8
res0:FETT + ET=FE™tY + oBT + BT 1.2E8
RE51:H + H.O = H, + OH E-2

N e - -
RE52:FE = + HO, =FE + OH™ +0 60
RE53:FETT + H.O, = FE' ' + OH +OH 60

++ 272 vt -
RES54:FE" " + H = FE + H 1.3E7
RES5:FETT + 0.7 FET T 4+ 0,77 AES

trr | 2- ++ 2
RES56:FE + E = FE = + H,0 2E10
RE57:FETTT + 0,7 = FE'T + 0 AES

+++ 2 ++ 2
RE58:FE + 8 =rE"" +u" ES
RE59:0  + H20 = 20H E-2
RE60:0 + N02 = NO, + o 2.4E8
RE61:0H + No2 = NO, + OH™ 2.4E8
RE62:E + N03 = NO, + 20H™ 9.5E9
RE63:H + No3’ = NO, + OH~ E7
RE64:H + NOZ— = NO + OH E9
RE65:NO + NO, = N203+ ) E2
RE66:N,0, + H,0 = 2H + 2NO, E-2
RE67:NO, + NO, = N£O4 i i E2
RE68:N,0, + H20 2H +NO,” + NO,” E-2

NW76 EG
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Production of hydrogen and oxygen in cemented

TABLE 5.

cladding hull waste in a thin alpha irradiated water layer

Time H2 O2 Integrated

period mol/y G-value mol/y G-value gas product.

Y 1 at 0%,
0.1MPa

3-40 0.427 1.05 0.213 0.52 530

40-100 0.376 1.05 0.188 0.52 1290

100-10 0.212 1.04 0.106 0.52 7700

103-10% 0.0611 1.04 0.03055 0.52 26000

104—105 0.0113 0.91 0.00565 0.45 60000

TABLE 6a. Production of hydrogen in the free water phase of cemented
cladding hull waste. Hydrogen is assumed to disappear by diffusion
through a bentonite layer. The water is assumed to be initially deaerated.

Storage Mean dose Equilibrium G(H2) Prod(Hz) Integrated
period, vy rate rad/s concentr in mol/y hydrogen
liquid phase production
uM 1 (STP)
H2 O2
3-40 5.5 0.44 0.13 1.09E-7 4.4E-6 2.6E-3
40-100 2.1 0.46 0.18 3.2E-7 4,0E-6 8E~-3
100-1000 1.13 0.51 0.25 5.7E~7 4.0E~-6 8.9E-2
103-10% 0.32 0.43  0.21  1.68E-6  3.4E-6  0.77
104—105 0.77 0.35 0.17 5.7E~6 2.7E-6 6.2

NW76 EG
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TABLE 6b.Production of hydrogen in the free water phase of cemented
cladding hull waste. Hydrogen is assumed to disappear by diffusion

through a bentonite layer. The water is assumed to be initially aerated

at 0.1 MPa

Storage Mean dose Equil.conc. G(HZ) Prod(Hz) Integrated
period, y rate rad/s mM, H, mol/y H, prod.

1 (S8TP)
3-40 5.5 0.235 8.9E-5 3.04E-3 2.5
40-100 2.1 0.248 1.53E-4 2.01E-3 5.2
100—103 1.13 0.248 2.78E-4 1.94E-3 44.7
103—104 0.32 0.250 9.81E-4 1.96E-3 4,38
10%-10°  0.077 0.244 4.00E-3  1.90E-3 4265
TABLE 6c. Production of hydrogen in the free water phase of cemented

cladding hull waste. Hydrogen is assumed to disappear by diffusion

through a water layer. The water is assumed to be initially aerated

at 0.1 MPa.
Storage Mean dose Equil. conc. G(H2) Prod(Hz) Integrated
period, y rate rad/s mM, H2 mol/y H% prod

m~ (STP)
3-40 5.5 0.234 3.58E-2 1.22 1.0
40-100 2.1 0.218 8.59E-2 1.13 2.5
100-~103 1.13 0.191 1.38E~1 0.970 22
103—-104 0.32 0.099 2.65E-1 0.527 128
104~105 0.077 0.035 4,00E-~1 0.190 510

NW76 EG
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TABLE 7. Production of hydrogen in cemented cladding hull waste.
Assumption: 190 1 free water in contact with 100 1 gas phase

Storage Mean dose Equilibrium Equilibrium Total
period, rate concentration pressure, MPa pressure
vy rad/s in liquid phase MPa
uM

H2 O2 H2 02
3-40 5.5 1.02 0.80 1.3E~4 6E-5 Deaerated
40-100 2.1 0.94 0.74 1.2E-4 6E-5 conditions
3-40 5.5 1070 1090 0.14 0.07 0.2 Aerated*
40-100 2.1 1370 1340 0.18 0.09 0.26conditions

* The given values are a little below equilibrium values

TABLE 8. Gamma-radiolysis of concrete at a pH of 12.3

using varying dose rates (see text, case 1)

Final gas

Dose Pressure Irradiation

rate time

rad/s MPa psig S

3.890 0.25 37 2xE6 Steady state obtained
389 0.24 34 1.3E7 Steady state, not yet
39 0.24 34 l.lES} obtained

NW76 EG
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INTRODUCTION

The majority of work on electrons at low
temperatures has been done on glass systems.
One of the reasons for this is without any
doubt the simplicity of experimental approach.
The easiest method of studyving trapped
electron is to deal with its characteristic
and intense absorption spectrum. The glass
matrix makes the task comparatively easy.
There is, of course the deeper motivation for
the glass system. Such a matrix is well
motivated as the object of study by its
direct relation to the liquid systems. Like
in ligquids, one can add a diversity of
additives, and have a homogenous and trans-
parent but rigid system of high viscosity
with elements of the structure practically
immobilized.

However, the fact of life is, that the
majority of solid agqueous systems, at any
temperature, is of crystalline structure,
usually more stable than the glassy one.
Electrons are easily stabilized in crystalline
material; in a variety of ways the e

chemistry seems to be even richer and more
interesting than it is in glass systems.
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The experimental approach is much more difficult
and the presert paper gives only a few facts in
the. hope that the radiation chemistry of electrons

in crystalline material will eventually reach

N in glass materials.

the level corresponding to e

General survey of the irradiated matrix

The matrix treated in the present paper is
limited to alkaline-agueous systems. It comprises
not only Na and K hydroxides but takes into
account tetralkylammonium hydroxides which

behave in many respects similar, thus helping to

eliminate the role of cations.

Figure 1 shows the field of researchs: the
variety of systems at different temperatures. It
is obvious that the glassy state is rather an
exceptiocnal, rigid state of undercoocled liquid,
thus thermodynamically unstable. It changes
easily into polycrystalline state. Limits of
concentration of hydroxides in which glass is
formed are well defined: there is no possibility
to obtain a glassy state below 6 mole KOH (NaOH)
per liter. The limited solubility of R4NOH in
water probably prevents the preparation of glass
at all. There is no possibility to obtain mixed,
Na+, K+, R4N+ hydroxides in the glassy

state, because of salting-out effect.

Glassy versus crystalline state

A popular critericn of the glassy state is the
transparency of the frozen sample. In the case
of sodium and potassium hydroxides that criterion
is true but it fails in the case of tetrabutyl-
ammonium hydroxide - clathrate, not to mention

solid ammonia and other systems.
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Looking for a deeper understanding of the
differences between crystalline and glassy
states, we have determined systematically the
density of KOH and NaOH solution at 77 K.
Results show a marked difference between the two
states (Fig 2). The glassy state is substantially
more dense, i e more tightly packed than the
crystalline or polycrystalline preparation. The
average distance between molecules and ions is
significantly shorter in glasses. The difference
is substantial indeed: Taking the NaOH solution
of starting concentration of 6.2 mole/l at room
temperature, the crystalline material has a
density of 1.19 g/ml (77 K) whereas the corre-
sponding glassy material has 1.28 g/ml (77 K).
Or, if we consider the density 1.19 g/ml, it
corresponds to 3.8 mole/l (hypothetical) glassy
material, or 6.2 mole/l -~ polycrystalline

material.

Still more examples may be found in the high

concentration zone.

In view of the drastic differences in density,

it would be reasonable to refer to the real

volume when describing the concentration. E g

the glass obtained from 12 mole/l NaOH solution,
att 77 K is really 12.3 mole/l. Correspondingly,
the solid NaOH.lHZO has the molarity of 29.8 mole/1

at room temperature or 29.6 at 77 K.

The differences of densities have a practical
aspect in the experimental technique. Glass is
prepared easily because substantial contraction
does not introduce any mechanical forces.
However, the freezing of 0-5 M solutions or slow
freezing of a concentrated solution (e g 12 M at

~138 K} invariably destroys all vessels by
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forceful expansion. Also the slow rewarming of
glass systems, connected with the formation of
an -expanded crystalline phase, destroys the

vessel.

The determination of density also learns that a
rapidly cooled polycrystalline material has a
pretty regular composition. The glassy material
obtained by rapid cooling of concentrated
solutions (at the same rate of cooling), is no
longer as regular. We can conclude that poly-
crystalline material does not contain a heavy
packed glassy fraction, but in glassy material
some crystalline, light fraction may be present.
That applies specially to KOH solutions {(cf

Fig 2b). Figures 2a and 2b were originally
published in 1979 /1/, but since that time
enriched with more points, expecilally describing
crystalline preparations of high sodium hydroxide

concentration.

Methods of polycrystalline matrix investigations

Before describing experiments on electrons
trapped in a polycrystalline matrix, one has to
do as much as possible about the recognition of

the matrix itself.

The knowledge of this sort of matrix is rather
poor and the solid state chemistry does not
contribute very much in this respect. Our
systems are outside the traditional interests of
solid state chemistry, which is, still traditio-
nally limited to silicates as concern glassy
material and to cases of crystalline materials
of applied interest, like semiconductors. Very

seldom hydroxides, nitrates, hydrates etc are

investigated.
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Especially solid hydrates, which are the main
object of our investigation, a favourable matrix
for electron traps, are poorly known. Except for

a few celebrated cases like LiClO4,3H20. BeSO4.4H20,
CuSO4.5H20 and others, the knowledge is not

deep. The knowledge is specially insufficient in
the case of hydrates which trap electrons with

special efficiency.

For instance, there is only one paper written in
the recent two decades on the system water-sodium
hydroxide /2/ describing the existence of

several hydrates and one study on NaOH.4H20

structure. There is no information on KOH.

The most important is X-ray analysis but the
majority of eguipment does not accept hygroscopic
and caustic samples and low temperature work.

only few measurements were performed in the
Institute of Physical Chemistry in Warsaw, were
X-ray diffraction patterns confirmed our conclusions
(see the paragraph about density) that the

glassy material contains varying amounts of

crystalline centers.

There are other simple experimental approaches
possible, which contribute to the knowledge of
£he matrix. We have applied thermogravimetric

and differential thermoanalysis which earlier
proved its value in the investigation of hydrates.
Indeed, that method helped us to formulate the
composition of KOH.1/2H2O, to decide if all the
water in a hydrate containing more than one

molecule of water, is equally coordinated.

Looking for a specific behaviour of some hydrates,
we have also applied IR spectrophotometry. The
reason was the distinct behaviour of hydrates

obtained from alkaline solutions:
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v -
NaOH,hZO, K3PQ4,3H20, Na2

. . e
NaH,PO, .H,0) , Na,CO;.H,0, Na,50,.7H,0,
2K,C0,.3H,0, LiOH.H,0, Ba(OH),.8H,0,

(CH,) ,NOH.5H,0, BaCl,.2H,0.

PO, . 2E . }
H O4 2{20 {but not

Finally some methods had to be applied, which
say something about the homogeneity and texture
of polycrystalline materials. These methods are
not necessary in the case of glassy systems,
where one believes, probably with justification,
that the sysem is ideally disordered and that
every additive is distributed with a perfect

homogeneity.

It may not be the case with polycrystalline
material. During the crystallization the process
of fractionation takes place, However, a rapid
cooling secures at least a macro-homogeneous

composition.,

Experimental investigation of electrons trapped

in polverystalline material at low temperatures,

Polycrystalline material is usually opaque, from
semitransparent, slowly frozen <6 mole/l solutions,
to more opaque, cooled melts of hydrates, to
practically white pigmentlike 10 mole/l NaOH
solutions frozen first under nixing at 135 K and
later cooled to 77 K. Even semitransparent
preparations can not be investigated spectrophoto~
metrically because the extinction at 1 mm
thickness, already without trapped electrons,
exceedes 3. The reflective spectrometry is

vaguely mentioned, but no results has been

published vet.
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The pulse radiolysis method using the Cherenkov
light selfabsorption brought the solution to the
problem of detection of intermediates in opaque
media. The method helped to investigate the
phenomenon of trapped electrons in a matrix of
very low water content (e g KOH.1/4H20) and to
formulate the thesis of "one water molecule-one

electron" responsible for the electronic spectrum

/37 .

Our Cherenkow Light Selfabsorption Method is
useful in measurements also at low temperatures.
It is a little more complicated than at room
temperature but a proper vessel makes the task
comparatively easy. The opagueness of the sample
slows down the process of bleaching, if such is
needed. For that purpose we are using light with
the maximum of intensity shifted to IR. The
increase of the local temperature and higher
penetration of IR in the matrix of many internal
reflections speeds up the bleaching. Such a
procedure would not have been acceptable in the
case of glass, where local warming could produce
annealing phenomena. With the polycrystalline
material no structural changes are expected, and
only desired ones, i e the emptying of traps, is

achieved.

The second method used in the investigation of
electrons at low temperatures in polycrystalline
material consists in collection of the charge,
released later during the illumination of

previously irradiated samples /4/.
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The unconventional method of pulse radiolysis
using the Cherenkov Light Selfabsorption may
rise doubts concerning its veracity. Therefore
we have applied it to the transparent system
which may be investigated by both spectrophoto-
metric methods, using external or internal
analyzing light. The gystem chosen was electrons
trapped in glassy NaCOH solution, 10 mole/1l.
Figure 3 shows that the maximum of absorption
measured by both methods is the same. The
Cherenkov Method gives more information i e the
spectra at the beginning of the pulse is the
same. The slight difference at the red part of
the spectrum cannot be explained until IR
measurements will be done. They are very diffi-
cult due to the low level of Cherenkov light in
the red region. Experiments on monocrystals by
conventional pulse radiclysis are also planned.
The polycrystalline systems investigated by
pulse radiolysis at low temperatures were
hydroxides of sodium, potassium and t@traalkyl~
ammonium cations. Spectra are very similar and
small shifts of maxima can hardly be attributed
to the cation, but thers are blue shifts of the
spectrum with diminishing contents of water

/5, 6/.

At a very low content of water {e g KQHa1/4H20)
in the matrix only the bhlue shift is observed,
but the difference between room temperature and
77 K is not a marked one. The interaction of
electron with one molecule of water is decisive
and the influence of the matrix is slightly more
pronounced in comparison with the mainly aqueous

system (Fig 4).
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Figure 5 shows the estimated kinetics of the e,

decay, extrapolated from calculations cf the
build-up curve. That curve results from the

linear formation and exponential decay of ey -
The algorythm is similar to the case of activation

by the neutron beam of a nuclide which decays

rapidly.

The question is very often asked about the

e spectrum in KOH or NaOH free from water.
With the disappearance of the last traces of
water also the characteristic spectrum
disappears. One observes a very faint spectrum
(Fig 6) with the maximum at ca 400 nm which does
not disappear in microseconds at room
temperature, but is permanent like F centers in

irradiated halogenides (e g KCl).

Final conclusions are hoped to be reached after
the completion of esr investigations, which have
just started, of the X-ray and neutronographic
ones due to begin, and analysis of products,

expecially important in the case of R4NOH.nH20.

Another question asked is that of the final
stable products. Already the pulse radiolysis
work shows that the production of stable new
compounds 1is rather low. Subsequent pulses
applied to the same sample after the time needed
for recording of the kinetic curve give the same
result. That indicates either the formation of
products of radiolysis which do not take part in
the stabilization of electrons or the yield of
radiolysis calculated as permanent radiation
damage is negligible. We were looking for the
presence of hydrogen by gas chromatography and
for hydrogen peroxide by polarography, after the
dose of 10 Mrads applied carefully without an
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O
o
[
o]
o+
n
O
By

during pulse radiolysis work. No pr

radiolysis could be found.

As experiments performed at extreme temperatures
(room temperature and liguid aitrogen) give
different results as concerns the stability of
the trapped electron, we have made an attempt to
look into phenomena at intermediate temperatures,
Such an approach was necessary also because of
the necessity to compare results with only two
papers dealing with radiation chemistry of

sodium hydroxide hydrates, low water, crystalline,
mperature. Our experiment

iD

but at liquid nitrogen t

by

was difficult, because of the slow adjustment of
£

a precise intermediate 3mpefa%uze One can make

a vague statement that around -50° C oa rather

stable trapping occcurs, but 1f that temperature

has the character of a threshold vremains an open
question. However, already at that temperature a
distinct difference between the first and
subsequent pulses is observed, The first pulse
produces the familiar kinetic curve of build-up

of the trapped electron spectrum. Next pulses
applied to the same sample produce only constant
Cherenkov emission without the usual selfabsorption.

That indicates a saturaticn of existing traps.

Irradiation of concrete

After 10 years of operatiocn of our linear
electron accelerator, we have realized, that
below the processing window, the concrete
received the dose of ca 1 Trad (10GCy) of
electrons (10-13 MeV). The place was always
covered with a thin sheet of aluminium, thus
being not spciled by dirt and graphite etc from
the conveyor. The temperature at that place
reached sometimes up to 100% {empty

conveyor) .
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Except of a light reddish colour, the concrete
did not show a dramatically diminished resistance,
indicating dissipation of ionizing energy into

heat with negligible chemical effect.

To examine the phenomenon more closely, samples
of Portland cement SP 550 of Polish production
(Cement Works GorazdzZe - Danish Licence)

were hydrated for 30 days at room temperature,
and later, after drying, were irradiated urder
controlled conditions with the same machine, but
this time using the polyenergetic straight beam
of electrons. The sample was placed 17 cm from
the window. The diameter of the beam (half-gaussian)
was 18 mm. At the centre of the sample, a
thermoelement was placed (Sodern Thermocoax,
Chromel Alumel 2AB Ac 05, Gaine Inox diam 0.5
mm) of the sort used in reactor technique,
extremely resistant to ilonizing radiation. The
sample was intensively cooled by air. The flux
of energy was adjusted at such a level that the
temperature did not reach a zone higher than
108-116°C. These were the limits in which the
equilibrium oscillated, between the supplied
energy and the heat taken by air. Thus the
maximum dose rate was reached, ca 2000 Mrad/h.
The sample looked unchanged, except small cracks
{the cement was hydrated without sand). It did
not change colour like our old sample. The last

one probably contained much iron.

More experiments are planned on irradiated
samples, expecially thermogravimetric and

thermoanalytical ones.
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DISCUSSION

Several aspeéts of the investigated system have
to be considered if a reasonable understanding

of the phenomena is the aim of cur reseasrch. The
first thing is a clear differentiation between
the ligquid, solid-~glassy and the solid-poly-
crystalline states from the point 0of view of
radiation chemistry. Early phenomena are slightly
influenced by the state of the system, but if we
move deeper in the time scale; the influence of
the structure, and later even of the texture of

the system i1s more and more pronounced.

Figure 7 shows the space-time development of
small isolated energy deposit (spur) in a
diluted aqueous system, slightly modified, or
rather edited from the recent paper by Magee and
Chatterjee (7). Although some points in that
scheme are still controversial, the picture is
generally accepted. The next Figure 8 shows in
the same ordinates phenomena in a chemically
similar but rigid sysfem, The impossibility for
intermediates to diffuse as gquickly as in the
solution is obvious., Less obvious is the difference
in the dielectric relaxation. Here we are
touching an old question, raised already in the
fifties, before the discovery of the hydrated
electron: How far may an elaectron travel from
the parent positive ion. The critical radius,
called the Onsagers radius, depends on the
dielectric constant of the medium. The classical
textbook calculations says, that in polar
liquids like water (e ~80) the c¢ritical distance
is only 0.7 nm at 300 X, whereas in nonpolar
liquids (e g 1ligquid hydrocarbons) the distance
is ca 28 nm. Looking into rigid systems containing

water, are we allowed to draw the same conclusions?
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If so, the travelling distance of the electron
here is always rather long because the
dielectric cosntant (the high frequency one, the
same as accepted for liquid water) 1is low both
in solid hydrates and in ice. The dielectric
constants for the hydrates we are mainly
investigating are not available, but similar
ones have low values: Na2C03.10H2O - 5.3
(anhydrous has even 8.41), BaC12.2H20 has 9.4
(anhydrous has even 11.4), all values for
frequency 6X107 Hz, etc, etc (according to /8/).
The same source does not gquote values for ice,
but in monographs on water /9,10,11/ we can find
low values. In one of the handbooks /12/ we
found ¢ = 69.4 at -10°C falling sharply down to
3.8 at -50%. 1In spite of the enormous work done
on frozen glassy systems, we were not able to

find date on dielectric constants of alkaline

glasses.

Nevertheless, a low dielectric constant in
frozen aqueous systems and of hydrates at all
temperatures, seems to be a general fact and may

be used in the discussion.

What really matters is not the dielectric
constant itself, but a proper estimate of the
kinetics of relaxation of water molecules.
Looking for that, Kevan /13/ has calculated,
that if the temperature is decreased from 260 K
to 77 K the duration of the dielectric relaxation
in water ice, is increased from 6.4 x 1072 to
10225. It means that in the range of 130-110 K
water dipoles are already practically motionless
and fixed. The obvious next conclusion is that
the electron is trapped in existing defects of
the lattice. The presence of ready electron

traps is suggested also by Taub and Eiben /14/.
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The very large differences in density between

crystalline state

i

systems in the glassy an

,

ey

auts

e y I o E
£ nhem L

U

drew. our attention to interpr

of internal energy. Sodium {on potassium)
hydroxide solutions of concentrations higher
than 6 M mentioned in "Results” are well suited
for this sort of consideration, because thelr

the same, but

U1

chemical summary composition .L:
structural differences are reflected in a

different density of vacking., The glassy variety

is meta-stable and is relaxing to the polycrystalline
form of more loose structure and higher volume.

Lower density manifests itself sometimes in a

very dramatic mode, causing a violent destruction

of the vessel with frozen glass, 1f the heating

is slow, and the system has time to rearrange

into crystals before melting.

The investigation of vz, the polycry-

stalline system from ooint of

thermodynamics has just started. We are trying

to make as much use from ths rather precisely

measured difference in density. Other measurements
L

would be necessary to have s full picture: the
rystalline

heat of change from glassy
form, the temperature coal of density

| , 9 In V° . -
around 77 K,q = “mwww$wl;as well as the influence
X T/,

e
2 :/?)

of pressure on the density at constant temperature.

The first characteristics gimple enough to

cycies what L1s needed is

realize from the He:
only the dissolution of glassy and in the next
experiment the crystalline sample in the water
calorimeter, both samples of the same weight and
frozen to the same temperature of 77 K. We did
not succeed yet in making that experiment with a
satisfactory precision. The same applies to the
measurement of the temperature coefficient of
density. There is little choice of liguefied

gases with boiling temperature close to that of
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liquid nitrogen. The third value {that of the
dependence of the density on pressure, practically
impossible to measure, may be neglected, because

it is of little influence on the result.

We may safely accept, that the transformation
from glassy state into crystalline (a->g) 1is not
connected with any chemical changes, with any
changes of the hydration of ions involved
(sodium and hydroxide) and of their interaction
with the medium. If so, we may consider a change
from a densely packed system of randomly arranged
molecules of hydration into a more loosely
packed system of similar molecules of hydration,
this time rearranged and regularly filling the
space. Both systems may be characterized by
distinctly different potential energy curves.
Now the difference of internal energy may be

described as

QBG“TF) ( O}T) °
(“”)~> L () %

After several simplifications substituting the

i

BAaH

BAdH

lack of experimental data one obtains for BAa H
value -560 kJ/kg, or -135 kcal/kg. At this stage
of research it would not be reasonable to make
further conclusions. However, operating with
order of magnitudes one can state that the
indicated energy recalculated on 1 mole of water
is equivalent to the energy of 1 mole of hydrogen
bonding. Even another comparison is possible:

The enthalpy of transformation a->8 recalculated
into 1 mole of water equals approximately one

third of the enthalpy of evaporation at 100°¢
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What consequences may be
differences in internal

crystalline systems? It
that the radiation chemis

may be closer to liguid water

Many interesting questions appear:

heating by the deposition of rad

cause local crystallization and

amounts of energy? Has the

energy in the shape of compressed matter

iation energy

extra

[
&

May the local

velease of new

amount of

something

to do with the phencmenon of tunneling?

It is time now to arrive at some

models on what 1s going on
water content systemg, ilrradiated
any dose rate and total dose at

Proposing a mechanism we are in

difficult position in comparison

working with systens

1,

any doubt the chief

x"

of one of the modelcs
mentioned systems is

water, not sufficient to secure

water molecules ayound the electron

something like e . We are able
S

some concepts from further

instance we may reject the concept

electron pair, becauss of our most

cation for sodium or potassium the pil

phenomena is the same - the electro

to our collegues
O

more rich in water, Withoi

49

experiment: intrvoduction of tetraal

proposals of

in crystalline, low
with almost

room temperature,

a much more

applice
the last
praesance of
minimum of 4
to produce

-
&

iliminate

~ongideration. For

of cation-
convincing
ky Lammonium
lcture of

on does not

"see" the cation at all. It would have been most

difficult to imagine identi
and the NR4
size and mode of hydration. The

‘ -, LT
ty of the Na e

idea of

pair

_}n — ) -
e palr - of completely different

electron=-

cation pairs has been rejected also by Kevan in

1981 /15/:

"Even though there is a very large
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concentration of sodium ions (10 M), the electron
spin~echo results show that the solvated electron
has only water molecules in its first solvation
shell". In spite of that the idea of ion pailrs

is very persistent, expecially in Russian

papers.
CONCLUSIONS

As it is a normal case in radiation chemistry
and chemistry in general, the facts are clear
reproduceable observed with reasonable precision
and satisfaction, but their explanation is very
obscure. I have spent gquite a time looking for
inspiration in cold glass -radiation chemistry,
which in two cases {Report by Wieczorek, /16/
and a paper by Puntezhis, Ershov and Pikaev
/17/) was trying to investigate well defined
sodium hydroxide hydrates, unfortunately not

going below 2 molecules of water per 1 of NaOH.

However, even the agueous glass radiation
chemistry is in confusion, concerning the origin
of traps, their depth, kinetics of trapping and
of the release, reactions of holes, bleaching
etc. Considerations of phenomena described by

the dielectric constant at different frequencies,
which were giving rather good results, being a
right guide in the liquid state of different
polarity, here, i e in the golid state, seem to
be meaningsless. Kieffer /18/ writes in his
recent (1981} NATO lecture: "The case of electron
solvation in ice is particularly interesting in
that it occurs on a time-scale which is completely
incompatible with the dielectric relaxation time
of the medium®. I did not even touch the question

of tunneling, popular in low temperature glasses
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but not clear as concerns the mechanism. In
crystalline hydrates research no tunneling was

observed vet.

Let us make some sgpeculations on the

3

chemistry of crystalline hydrates irradi

room temperature. A look at Magees
(Fig 7} will help to find out some real differ-
ences. The first energy deposit is probably not
affected by the particular state of the condensed
phase, the high energy radiation does not sgee
the movement of molecules. Consequently, the
spurs are of the same structure as in any
condensed phase. As usual, the degradation of

energy results in closer and closer ilonization

sites and in the inevitable occurence of several
ionizations very close to themselves in a small
volume located in the unchanced bulk of the
medium. Therefore, also in the solld state, the
classical diagram by Mozunder and Magee /19/ is
valid here describing the percentage constyibu-

tion of spurs, short tracks and blobs, according

to the energy of primavy electrons. Quantum
mechanical treatment of low esnergy electrons is
also valid here. The length of the De Broglie
wave (A = h/mv) is for a 100 eV electron 0.1 nm,

for 1 eV 1.2 nm, for 0.1 eV ca 4 nm and for

‘._.4

thermal energies & 7 nm. Unfortunately there is
nothing known yet about infrarved silectrons in

crystalline hydrates {the eyperiment is still in

preparation due to many diffi

If there is no doubt about the same spur distri-
bution in liquid and glassy solid states, so
there may be some questions whether the cry-
stalline state may influence the early deposition
of energy. There are some indications that the

reactive intermediates may migrate in the
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crystal to its surface. Another question is the
role of defects more or less specific to hydrates.
Practically nothing is known, and there may be
only our guess about that. Another Jjustified
guess is the presence of phonons, without any
doubt very active at room temperature in the

annealing of radiation induced changes.

At present I am trying to formulate the following
picture of events in hydrates of low water
content: Electrons released in the ionization
process and almost thermalized are trapped by

one molecule of water. It is practically only
Hamill who postulated the formation of Hzos

/20/. My argument for that species is purely a
.geometrical one: I cannot imagine the formation

of the usual eaq” with four or six water molecules
in KOH,1/4H203 Indeed, moving to higher hydrates
the spectrum comes more and more close to
classical e, ~. Nevertheless the majority of
radiation chemists rejects the H,0 idea. If
really that idea is theoretically indigestible,

I can propose as an alternative the trapping of
the electron in the OH vacancy close to the

water molecule. That concept may be supported by
the higher oscillator strength of the spectrum

in hydrated hydroxides or hydrates in which oH
ions may be present and by the effect of saturation

of traps occuring already at ca ~50%c.

The positive hole has to be identified as H20+,
but its fate is as mysterious as the electron
trap. There are all indications that HzO+ does
not react with the neighbouring water molecule,
or the participation of that reaction, called by
Magee in the case of liquid aqueous solutions as

the fastest reaction in radiation chemistry, is
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negligible,
lysis would have b=aen
that H.,O

after a short

is of lower than

excited water f

+ .
H,O0 does not

4

molecule, able to

instead, it becomes

chemical effect,

constitubtes only as a

In low water

part of the system and the rest, ugually the

nain constitutents, i1a of

composition. Some sort

parallel to radiolys in the agqueous part of

chemd

the system a;
intermediates in the nonadguesus part do not

manifest themselves

of lack of optica
situation may change

cations or a neutr

organic hydrates. show /217 that

penicillin trihydrat very low decomposi-

tion during rvadiation stevilization., The phenomena

are similar to that above, but one can

the energy is

assume vaguely that

taken by the aqueocus

acting as some sort

The continuing reseavch is hoped to bring new

y change the

[

84

facts which may contirm or Lotal

presented picture.
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Figure 1., Types of motions in the cation Tog=
HZO systemn and behaviour of trapped electron.



STUDSVIK ENERGITEKNIX AB NW-873

Figure 2a+2b
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Fig.’lc’.’Density of frozen NaOH solutions at 77 K vs the concentration {upper and lower curves). The
continuous line without experimental points denotes the density of liquid solution at the room temperature
(literature values).
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Fig. 2kDensity of frozen KOH solutions vs the concentration. The continuous line without experimental
points denotes the density of liquid solution at the room tzmperature.
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Figure 4
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Figure 4. Comparison of normalized spectra of
electron trapped in KOH.nH,0 crystal hydrates
with the spectrum of e in 5MKOH (liquid. All
spectra at ambient temggrature.
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Figure 5
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Figure 5. Rough estimate of et_ decay in
different matrices.
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Figure ©
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Figure 6. Spectrum of e in NaOH-1H,O (decaying
fast) and of e, as F-cénter (permanént) in
anhydrous NaOH (lower dotted curves). Ambient
temperatures.
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Figure 7
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Figure 8
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