
Original Article

Effects of temperature and solution composition on evaporation of
iodine as a part of estimating volatility of iodine under gamma
irradiation

Jei-Won Yeon*, Sang-Hyuk Jung
Nuclear Chemistry Research Division, Korea Atomic Energy Research Institute, 989-111 Daedeok daero, Yuseong-gu, Daejeon, 34057, Republic of Korea

a r t i c l e i n f o

Article history:
Received 13 November 2016
Received in revised form
26 June 2017
Accepted 21 July 2017
Available online 12 August 2017

Keywords:
Evaporation of iodine
Evaporation rate
Temperature

a b s t r a c t

As a part of evaluating the volatility of iodide ions subjected to gamma irradiation, I2 evaporation ex-
periments were performed with I2 and Ie mixed solutions in the temperature range 26e80�C in an open,
well-ventilated space. The evaporation of I2 was observed to follow primarily first order kinetics,
depending on the I2 concentration. The evaporation rate constant increased rapidly with increase in
temperature. The presence of Ie slightly reduced the evaporation rate of I2 by forming relatively stable I�3 .
The effect of Cle at <1.0 wt% on I2 evaporation was insignificant. The evaporation rate constants of I2 were
1.3 � 10�3 min�1 cm�2, 2.4 � 10�2 min�1 cm�2, and 8.6 � 10�2 min�1 cm�2, at 26�C, 50�C, and 80�C,
respectively.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The volatility of radioactive iodine has been mainly of interest in
the study of severe accidents at nuclear power plants, because
radioactive iodine is a major radionuclide to determine the total air
radioactivity around the accident area during the first number of
weeks [1e3]. Therefore, many studies [4e23] have been carried out
in order to understand the behavior of radioactive iodine and to
minimize the impact of severe accidents. In reactor containment
buildings during accidents, the radioactive iodine becomes dis-
solved in the cooling water directly from irradiated fuels or indi-
rectly by the emergency spray. Iodide, which is one of the major
iodine species dissolved in cooling water, is easily diffused into the
gas phase after being oxidized to gaseous I2 by gamma irradiation
[4e6,11]. Next, I2 can be converted to more volatile organic iodides,
such as CH3I, after reacting with various organic materials such as
paints under high gamma irradiation [12e16]. Overall, the behavior
of I2 which is main precursor of organic iodide, is an important
component used to evaluate and predict the radioactivity at an
early stage of severe accidents.

To date, most iodine volatility tests were carried out with iodide
solution under a high dose rate (~ k Gy/h) of gamma rays [4e6,11].
The evaporated I2 from the Ie solution was directly measured by

radiation counting or chemical analysis. This type of direct method
generally provides highly reliable data about the volatilization of
iodine under gamma irradiation, because the test condition was
very similar to that of a real accident.

By contrast, as shown in Fig. 1, the volatilization of iodine can be
divided into two connected steps. The first step (1) is the oxidation
reaction of Ie to I2 by oxidizing species such as HO$generated from
water radiolysis [22,23]. The second step (2) is the evaporation of
dissolved I2 to gaseous I2. When we predict the volatilization of
iodine under various environmental conditions, it is advantageous
to evaluate separately the effects of environmental factors on each
step. For example, temperature is one of the main factors that af-
fects these two steps. With increasing temperature, the rate of Ie

gamma oxidation (1) decreases, while the rate of the I2 evaporation
(2) increases. Therefore, by separating the effect of temperature on
these steps, we can evaluate the volatility of iodide at various
temperatures more accurately. For the first step (1), which is
gamma oxidation reaction of Ie to I2(aq), considerable experimental
data have been obtained on various factors, such as gamma dose,
iodide concentration, and solution pH [4e6,22,23]. For the second
step (2) which is evaporation of I2(aq), various experiments and
tests were carried out based on the two-film model and its
extended ones [16,24]. However, relatively few experimental data
have been reported [25] to date.

In the current work, we investigated the effects of temperature,
concentration of I2, and presence of Ie and Cle on the evaporation of* Corresponding author.

E-mail address: yeonysy@kaeri.re.kr (J.-W. Yeon).

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net

http://dx.doi.org/10.1016/j.net.2017.07.018
1738-5733/© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Nuclear Engineering and Technology 49 (2017) 1689e1695

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yeonysy@kaeri.re.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2017.07.018&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
http://dx.doi.org/10.1016/j.net.2017.07.018
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.net.2017.07.018
http://dx.doi.org/10.1016/j.net.2017.07.018


I2 in I2 and Ie mixed solutions in an open and well-ventilated space.
From the experiments, we confirmed that the evaporation rate of I2
increased exponentially as the solution temperature increased,
showing a similar trend with temperature dependence of the
saturated vapor pressure of I2. We obtained the evaporation rate
constant of I2 under the temperatures of 26�C, 50�C, and 80�C. The
presence of Ie was observed to slightly decrease the evaporation
rate, but there was no prominent effect of Cle below 1.0 wt% NaCl
on the evaporation of I2. Our results will contribute to the under-
standing of the I2 evaporation reaction under various environ-
mental conditions.

2. Materials and methods

We prepared various I2 and NaI mixed solutions for I2 evapo-
ration experiments. The chemical reagents used for the experi-
ments were NaI (99.5 wt%, Sigma Aldrich, USA), I2 (99.8 wt%, Sigma
Aldrich, USA), and NaCl (99 wt%, Sigma Aldrich, USA). The Ie ion
from NaI is a major chemical form of iodine released from the
irradiated fuels and one of the chemical additives used in filtered
containment venting system pool scrubbing. The NaCl was used for
the consideration of seawater injection. However, the concentra-
tion range of each species was not determined by the consideration
of any accident conditions, but rather by the detection limits of the
measurement techniques we used.

The pH values of all evaporation solutions were in the range
6.1e6.5. This pH range was determined since it is the highest pH
range in which I2 is relatively stable. Above this pH range, the hy-
drolysis effect of I2 cannot be ignorable in the concentration we
used (~1mM), and H2O2 (a radiolysis products of water) starts to
reduce I2 to non-volatile Ie [22,23]. The portion of I2 hydrolysis is
less than 5% (at I2~1mM) at pH 6.5 [26]. The pH values of all
evaporation solutions were measured by a pH meter (Metrohm
654, Metrohm AG, Switzerland) at room temperature before the
evaporation experiments. The solution pH definitely depends on
the solution temperature, since most equilibrium reactions, even
the dissociation of water molecules, depend on the temperature. In
addition, the electrochemical reactions including the chemical ac-
tivity of Cle ion working in the pH meter depend on the tempera-
ture [27]. However, in this experiment, we did not compensate the
temperature effects on the solution pH and chemical reactions.

We used typical 20 mL glass vials as evaporation vessels. During
the evaporation experiment, the temperature and relative humidity
in the fume hood were in the range of 23 ± 2�C and 75 ± 7% relative
humidity, respectively. The temperature of evaporation vessels was

controlled in the range 26e80�C by a water bath. The airflow rate
measured by the air velocity meter (TSI Velocicalc 8346, TSI Inc.,
Shoreview (MN), USA) at six points of evaporation vessels was in
the range 0.81 ± 0.15 m/s. This flow rate was the maximum airflow
of the fume hood, and was not determined from consideration of
any reactor building condition. All I2 evaporation experiments were
carried out in the same fume hood. The schematic diagram of the
evaporation experimental equipment is shown in Fig. 2.

The mixed solution of 15 mL was contained in the evaporation
vessel. The height of the solution was approximately 3.5 cm from
the bottom of the vessel, and the exposed area of solution for I2
evaporation was 4.16 cm2. In some cases, the exposed area of
evaporation solution may affect I2 evaporation. However, in this
work we did not consider the effect of the exposed area on I2
evaporation. Four ormore evaporation vessels were used for a series
of experiments at the same temperature. As the evaporation time
passed, vessels were collected from the water bath one by one in
order to measure the concentration of I2 remaining in the solution.
The I2 concentration was measured at the ambient temperature
using an ultraviolet and visible light spectrophotometer (Biochrom
model WPA Lightwave II, Biochrom Ltd., Cambridge, UK) [28].

When an I2 evaporation experiment was carried out, we placed
an additional vessel containing 95.6 wt% of ethyl alcohol in the
fume hood at 25 ± 1�C, outside of the water bath and measured the
amounts of ethyl alcohol evaporated during each experiment. This
was done to compare ventilation conditions in the fume hood. The
evaporated amounts of ethyl alcohol were observed to be in the
range of 0.81 ± 0.09 g/h at 23 ± 2�C and did not exhibit any
dependence. This indicated that the ventilation conditions in the
fume hood were almost constant during all evaporation experi-
ments (within a range of 10%). The ethyl alcohol vessels were
placed in parallel with the iodine evaporation vessels and airflow
direction in order to minimize contamination by the evaporated
ethyl alcohol.

3. Results and discussion

3.1. Effects of temperature and concentration on I2 evaporation

The I2 evaporation experiments were carried out with four
different concentrations (0.05mM, 0.09mM, 0.50mM, and

Fig. 1. Paths of iodine from Ie ion dissolved in solution to I2(g) in the air.

Fig. 2. The schematic diagram of the evaporation experimental equipment. (A) Iodine
solution. (B) Water bath. (C) Ethyl alcohol (95.6 wt%). (D) Exhaust plenum. (E) Ther-
mometer and humidity meter. (F) Air flow.
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0.99mM) of I2 in 5.0mM NaI solutions at 26�C, 50�C, and 80�C,
respectively. Fig. 3 shows the remaining I2 concentrations of the
I2 and NaI mixed solutions at each evaporation temperature. For
all temperatures and I2 concentrations, the concentration of I2 in
the solutions decreased exponentially as the evaporation time
increased. As the temperature increased, the concentration of I2
in the solution also decreased very rapidly. In cases where the
initial I2 concentration was 0.99mM, the lapsed times required to
reduce less than 10% of the initial concentrationwere observed to
be approximately 700 minutes at 26�C, 30 minutes at 50�C, and
7 minutes at 80�C. The results indicate that the evaporation rate
of I2 was greatly influenced by the temperature, but the initial
concentration of I2 did not have a marked effect on the evapo-
ration rate.

At constant temperature, the evaporation reaction (2) of I2 dis-
solved in solution can be expressed by a first order differential Eq.
(3), which depends only on the I2(aq) concentration. With this
differential equation, the evaporation rate can be expressed by Eqs.
(4) and (5):

�d½I2ðaqÞ�=dt ¼ kevap,A,½I2ðaqÞ� (3)

ln
n
I2ðaqÞr;t

.
I2ðaqÞo

o
¼ �kevap,A,t (4)

ln
n
I2ðaqÞr;t

.
I2ðaqÞo

o
,1=A ¼ �kevapt (5)

where I2(aq) is the amount of I2 dissolved in the solution, I2(aq)o is
the initial amount of I2 dissolved in the solution, I2(aq)r, t is the
amount of remaining I2 in the solution at evaporation time t, A is
the area of solution exposed to open air space, t is the evaporation
time, and kevap is the evaporation rate constant of I2.

With the relationship in Eq. (5), the data of Fig. 3 were converted
and shown in Fig. 4. Because the slope of the line in Fig. 4 is �kevap,
the evaporation rate constant kevap can be calculated by the linear
regression of the converted evaporation data. The rate constant of
evaporation increased with increase in temperature. Conversely, at
constant temperature, it was observed that the evaporation rate
constant was slightly influenced by the initial I2 concentration.
Thus, as the initial concentration of I2 increased, the rate constant
value decreased. The slope change caused by the initial I2 concen-
tration was more distinguishable at low temperature (26�C).
However, the concentration effect decreased above 50�C.

The phenomenon that I2 evaporation was expedited at higher
temperature can be explained by temperature dependency of the
evaporation enthalpy and saturated vapor pressure. In a closed
system at constant temperature, the free energy of I2 dissolved in
water is the same as the free energy of the evaporated I2 in the
gaseous phase, when the system is in equilibrium [Eq. (6)]. At

Fig. 3. Decrease of I2 (þ I3e) concentration remaining in evaporation vessels at three different temperatures.
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equilibrium, therefore, the free energy change expressed by Eq. (7)
should be zero.

I2(soluble in water) % I2(gas) (6)

DGevapðTÞ ¼ DHevapðTÞ � TDSevap

¼ 0ðat equilibrium in a closed systemÞ (7)

If the temperature of the system increases, the evaporation
enthalpy (△Hevap) of which the value is definitely positive de-
creases, because it is the latent heat required for the evaporation. In
addition, the evaporation is a phase change reaction from liquid to
gas, so the entropy change (△Sevap) should be positive and a large
value. Therefore, by increasing the temperature, both values of
enthalpy (△Hevap) and the entropy term (�T△Sevap) in Eq. (7)
decrease. Thus, the value of free energy change (△Gevap) will be
negative. In summary, as the temperature increases, the equilib-
rium [Eq. (6)] is shifted to the right and accordingly the saturated
vapor pressure of I2 increases. However, in our experiments, an
equilibrium condition was never achieved, due to the well-
ventilated open system. Consequently, as the temperature
increased, the I2 evaporation rate increased due to increase of the
vapor pressure of I2.

In Fig. 4, it is shown that the evaporation rate constant of I2
decreased slightly even at constant temperature, as the initial
concentration of I2 increased. Under our experimental conditions,
the concentration of I2 is considered to play two opposing roles in
its evaporation. The first role is to affect the I2 vapor pressure in the
air close to the solution surface. As the initial concentration of I2
increases, a relatively large amount of I2 is evaporated from the
solution. Even in a well-ventilated space, the partial vapor pressure
of I2 in the air near the solution surface would be affected by the
evaporated I2. Also, this effect could reduce the evaporation rate of
I2 when the initial concentration is high. The second role is to affect
the stability of I2 in mixed I2 and NaI solutions. In the presence of Ie,
as shown in Eq. (8), I2 dissolved in the solution reacts rapidly with
Ie and forms a relatively stable species I�3 . Under our experimental
conditions, the Ie concentration of the mixed solutions was con-
stant at 5.0mM. At constant Ie concentration, as the I2 concentra-
tion increased, the partial ratio of stable I�3 decreased and the
condition was more favorable to evaporation of I2 [29]:

I2ðaqÞ þ I�%I�3 Keq ¼ 695 ðat 298KÞ;421 ðat 323KÞ (8)

In our experiments, as the concentration of I2 increased, the
evaporation rate constant of I2 decreased slightly at constant

Fig. 4. Relationship between logarithmic value of iodine evaporation rate constant and evaporation time at three different temperatures. The exposed area of solution for I2
evaporation was 4.16 cm2.

J.-W. Yeon, S.-H. Jung / Nuclear Engineering and Technology 49 (2017) 1689e16951692



temperature. This result clearly indicates that the influence of I2
related to the formation of stable I�3 would be overwhelmed by
another influence of I2 on the vapor pressure of I2 in the air close to
the solution surface.

3.2. Relationship between evaporation rate constant and saturated
vapor pressure of I2

In Section 3.1, we confirmed that the evaporation rate was
slightly influenced by the initial concentration of I2, especially at
high concentration. Therefore, in order to minimize the concen-
tration dependency, we chose the evaporation rate constant
measured with the lowest concentration of I2. Next, we evaluated
the effect of temperature on the evaporation rate constant. In Fig. 5,
the evaporation rate constants obtained from 0.05mM I2 solutions
were plotted against the evaporation temperature. The evaporation
rate constant exponentially increased with increase in the tem-
perature. By curve fitting of Fig. 5, we developed an empirical for-
mula [Eq. (9)] for the relationship between I2 evaporation rate
constant and temperature, and denoted it as a dotted line:

kevapðTÞ ¼ 0:00795,expð0:0354 TÞ � 0:01888 (9)

where kevap(T) is the I2 evaporation rate constant at temperature T
and T is temperature (�C).

As mentioned in Section 3.1, the vapor pressure of I2 at the
evaporation temperature is one of the major driving forces to
evaporate I2 to the open environment. In Fig. 5, the evaporation
rate constant was compared to the saturated vapor pressure [30] of
I2 according to the temperature. It is shown that both trends were
very similar as the temperature increased. Generally, the gas-
liquid transfer processes (like evaporation) can be demonstrated
by assuming a two-filmmodel [16,24], and highly soluble gases are
known to have transfer rates controlled by gas-phase films [31].
Under our experimental conditions, the saturated vapor pressure
of I2 definitely affects the I2 concentration in the gas-phase film of
the two-film model. Therefore, the similar trends of the evapora-
tion rate constant and the saturated vapor pressure of I2 indicate
that the gas-phase film is the rate limiting layer in the I2 evapo-
ration reaction.

By contrast, we also applied an Arrhenius plot to the rela-
tionship using the I2 evaporation rate constant and temperature.
From the plot analysis, we obtained a poor linearity between the
logarithmic value of the evaporation rate constant and the inverse
absolute temperature. This finding means that there are two or

more factors (or processes) dependent on temperature involved
in the I2 evaporation reaction, and that the evaporation reaction is
not controlled by just one of them. In fact, evaporation is generally
regarded as a multiprocess reaction [32]. For I2 continuously
evaporating from solution, I2 in water must transport to the water
surface layer contacted with air, latent heat had to be supplied to
I2 to overcome the stabilized energy gap of I2 between water and
gas phases, and the evaporated I2 gas should be moved into the air
away from the solution surface. Therefore, the evaporation rate
depends on many factors such as the mobility of I2 in water, the
attractive power between I2 and H2O molecules, and the partial
vapor pressures of evaporated gases, such as I2 and H2O. Also,
most of these factors closely depend on the temperature. In
summary, because each process in the I2 evaporation reaction
depends on the temperature, it is difficult to understand the
temperature dependency of the evaporation rate constant with
only an Arrhenius relationship.

3.3. Effects of Ie and Cle on the evaporation rate constant of I2

In Section 3.1, wementioned that the presence of Iemight retard
the evaporation of I2 in forming a relatively stable I�3 species in the
solution. In order to investigate the effect of Ie quantitatively, we
carried out I2 evaporation experiments at 80�C using
0.88 ± 0.02mM I2 solutions with four different NaI concentrations
(0mM, 1.0mM, 5.0mM, and 25mM).

Fig. 6A shows the changes in concentration of the remaining I2
(or I�3 ) in the mixed solutions according to the evaporation time.
Until the NaI concentration was 1.0mM, which is almost the same
concentration as I2, little effect of NaI was observed on the I2
evaporation. However, above 5.0mM NaI, the I2 evaporation reac-
tionwas gradually retarded. This can be explained because more I�3
could be formed as the concentration of NaI increased. Thus, the
equilibrium reaction [Eq. (6)] was shifted to the right by the addi-
tion of NaI. In Fig. 6B, the concentration data of Fig. 6A was con-
verted and plotted in the format of an evaporation rate Eq. (5). The
results of all four different NaI concentrations show a very clear
linear relationship. The values of evaporation rate constants ob-
tained from the slopes of the lines decreased (0.117 min�1 cm�2,
0.114min�1 cm�2, 0.086min�1 cm�2, and 0.046min�1 cm�2) as the
NaI concentration increased (0mM, 1mM, 5mM, up to 25mM,
respectively).

The result indicates that Ie mitigates the evaporation of I2 at
80�C, because the fraction of I3e, which is the more stable species,
increases with increase in the Ie concentration, according to the
equilibrium reaction [Eq. (8)]. We plotted the relationship between
the rate constant of I2 evaporation and Ie/I2 in Fig. 7. It was observed
that the evaporation rate constant decreased exponentially as the
concentration ratio of Ie to I2 (Ie/I2) increased. By curve fitting of the
data in Fig. 7, we developed an empirical formula [Eq. (10)] between
the evaporation rate constant of I2 and the ratio Ie/I2. From the
formula, we found that the evaporation rate constant of I2 at 80�C
approached the minimum value (0.0402), as the molar concentra-
tion ratio of Ie to Ie2 increased. This means that the I�3 concentra-
tion was not affected significantly when the ratio of Ie to Ie2
increased more than 30. This formula [Eq. (10)] could be useful to
evaluate the evaporation rate of I2 in the presence of Ie like pool
scrubbing of filtered containment venting system. However, our
experimental condition was not determined from consideration on
a certain accident condition:

k80ðRÞ ¼ 0:0788,expð � 0:0921 RÞ þ 0:0402 (10)

where k80(R) is the evaporation rate constant of I2 at 80�C and R is
the molar concentration ratio of Ie to I�2 .

Fig. 5. Relationship between the evaporation rate constant and the saturated vapor
pressure of I2 according to the evaporation temperature.
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Because seawater could be considered for an emergency cooling
water of a nuclear reactor in an accident case, the effect of Cle was
also investigated on the I2 evaporation. The evaporation experi-
ments were carried out with I2 and NaCl mixed solutions at 80�C.
We also measured the remaining I2 concentrations in the solutions
and plotted the values in Fig. 8. Although very weak retardation of
I2 evaporation was observed up to 1.0 wt% NaCl, there was no
substantial effect on the I2 evaporation. This result means that there
is little effect of Cle on the I2 evaporation step, even if about 30% of
cooling water is replaced by seawater. Upon considering that 1.0 wt
% NaCl is converted to 0.17M NaCl, we easily found that the effect of
Cle on the I2 evaporation was very weak compared to that of Ie as
shown in Fig. 6B.

For the I2 and Cle mixed solution, no electrochemical reduction
and oxidation reactions are considered because the oxidation po-
wer of I2 is considerably stronger than that of Cl2. However, it is
known that the solubility (0.029 g in 100 g water at 20�C) of I2 is
greatly enhanced by the addition of NaCl [33]. This phenomenon
means that I2 molecules in the aqueous solution are probably sta-
bilized by the presence of Cle. However, this stabilization by Cle

was not sufficiently strong to retard I2 evaporation in the NaCl
concentration range < 1.0 wt%. It should be noted that we inves-
tigated the effect of Cle on the evaporation of I2 [denoted as Step (2)
in Fig. 1], not on the overall volatilization process of iodine under
gamma irradiation. However, in Step (1) under gamma irradiation,
there are complex chemical reactions in the I2, Ie, and Cle mixed
system, which are notmentioned in this work. Therefore, this result
is only valid for the evaporation process of I2.

4. Conclusion

The evaporation reaction of I2 was confirmed to follow primarily
first order reaction kinetics depending on the concentration of I2
dissolved in the solution. As the temperature increased (26�C, 50�C,
and 80�C), the evaporation rate constant of I2 increased rapidly
(1.3 � 10�3 min�1 cm�2, 2.4 � 10�2 min�1 cm�2, and 8.6 � 10�2

min�1 cm�2, respectively). However, as the ratio of Ie to I2 increased
in the range 0e28 at the constant I2 concentration of 0.88mM, the
evaporation rate constant of I2 decreased gradually. From the
similar temperature dependences of the evaporation rate constant

Fig. 7. Relationship between the rate constant of I2 evaporation and Ie/I2 in the tem-
perature range 26e80�C.

Fig. 8. Effect of Cle on the evaporation of I2. I2 concentration: 0.88 ± 0.02mM, NaI
concentration: 5.0mM, NaCl concentration: 0wt%, 0.1wt%, 1.0 wt%. Evaporation tem-
perature: 80�C.

Fig. 6. Effect of iodide concentration on the evaporation of iodine. I2 concentration:
0.88 ± 0.02mM, Ie concentration: 0mM, 1.0mM, 5.0mM, 25mM. Evaporation temper-
ature: 80�C.
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and the saturated vapor pressure of I2, the gas-phase film was
demonstrated as the rate limiting layer in I2 evaporation reaction.
We developed two empirical formulas regarding the effects of
temperature and Ie concentration on the I2 evaporation rate con-
stant. The retardation of I2 evaporation in the presence of Ie was
attributed to the formation of stable I�3 . Conversely, the interference
of Cle in I2 evaporation was so weak that it was difficult to observe
in the concentration range <1.0 wt% NaCl. In this work, we focused
only on the evaporation of dissolved I2 to gaseous I2. Therefore, this
result is only valid for the evaporation process of I2, not for the
overall volatilization of iodine under gamma irradiation.
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