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Abstract

Study of radiation resistance of hydrogenous materials at low temperatures is a first priority task in the design of

advanced cold neutron moderators. At temperatures 20–100 K the most essential radiation effects in solid hydrogenous

substances are:

• Formation of radiolytic hydrogen.

• Accumulation of ‘‘frozen’’ radicals, which results in a rise of a self-sustaining reaction of their recombination fol-

lowed with unexpected fast heating of the moderator.

• Formation of high-molecular, high-boiling products of radiolysis.

• Decrease of thermal conductivity.

In the paper, the recently obtained results of the study of the accumulation of chemical energy and the conditions of its

release performed with the URAM-2 cryogenic irradiation facility at the IBR-2 research reactor, are presented.

Spontaneous releases of stored energy were detected in solid methane, water ice, hydrates of methane and tetra-

hydrofuran [Particles and Nuclei, Lett. 5 (2002) 82; Radiat. Phys. Chem. 67 (2003) 315] and in frozen mixtures of water

ice with atomic hydrogen scavengers. A negligible amount of energy is accumulated in aromatic hydrocarbons which

demonstrate no spontaneous self-heating under irradiation. All irradiation runs were performed at up to 20 MGy in the

temperature range of 15–50 K.
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1. Introduction

Nowadays, in many neutron centres in the
world scientists are trying to increase neutron
ved.

mail to: ksa@nf.jinr.ru


Fig. 2. The head part of the facility: (1) capsule, (2) a suspender

(thermal bridge), (3) cooling helium tubes, (4) thermocouples,

(5) irradiation cavity.
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performance of their instruments by optimising the

source. This is much cheaper than increasing of

current in accelerators for spallation sources or of

reactors� power and may give a gain factor of three
in the neutron flux. But it is not easy to do. The use

of solid moderators entail problems. One is that

under irradiation the moderator materials accu-

mulate energy as ‘‘frozen’’ radicals with a subse-

quent spontaneous or induced reaction of

recombination (burp), which could damage the

moderator container [3–6]. To investigate the be-

haviour of such materials, a cryogenic irradiation
facility was decided to be built at the IBR-2 reac-

tor.

Some preliminary measurements of the fast

neutron flux, absorbed dose rate as well as the

elaboration of sample preparation techniques

preceded the construction.

The measurements gave: the fast neutrons flux

is 3 · 1012 n/cm2/s, absorbed dose rate in water is
110 Gy/s (about 20 Gy/s is induced by c and about

90 Gy/s is induced by neutrons) [7]. These have

allowed the construction of the URAM-2 cryo-

genic facility and start of investigations of suitable

materials.
2. The conditions of irradiation

A conceptual design of the URAM-2 facility is

in Fig. 1.

The irradiation cavity inside the capsule con-

sists of two parts: the bottom hemispherical
Fig. 1. The conceptual design of the URAM-2 irradiation facility: (1)

cart in the ‘‘near-reactor’’ position, (4) helium pipelines, (5) evacuated

cart in ‘‘out-of-reactor’’ position, (8) charging tube with a plug, (9) v
(d ¼ 3 cm) part and the upper cylindrical part

(Fig. 2). The walls of the cavity are made of
pure, oxygen-free copper (M1 purity in Russian

standard, thermal conductivity 1000 W/m/K at

20 K). The surface area of the irradiation cavity

is about 22 cm2 and the inner volume is about

12 cm3.

The temperature is monitored with five ther-

mocouples at a frequency of either 1.25 or 5 Hz:

one is at a distance of 8 mm from the bottom of
IBR-2 reactor, (2) irradiation capsule, (3) carrying bowl with a

transport passage, (6) nitrogen cryostat, (7) carrying bowl with a

acuum lock.
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the capsule, two are on the outer surface of the

capsule and two measure the temperatures of in-

coming and emergent cooling helium.

The gas pressure monitoring is carried out with
two gauges: 0–400 mbar, <0.1% accuracy at full

scale, and 0–2 mbar, about 20% accuracy.

Also, the flow rate of helium is monitored (not

all the time). By combining all these measurements

the energy release in a burp can estimated within a

15% accuracy.

The stability of the temperature of the sample

during irradiation is within ±0.3 K and the sta-
bility of dose rate is within ±1%.

The main parameters of the URAM-2 facility:

• maximal time of irradiation: about 50 h at 20 K,

• temperature range: 10–60 K,

• possible materials for sample preparation:

pieces of ice, any gases or liquids,

• possibility to measure the pressure of hydrogen
released during the experiment.

More detailed information about the URAM-

2 facility is in [8,9]. However, some alterations

have been made since their publication. For ex-

ample, the carrying bowl is replaced with a new

one suitable for carrying liquid substances; the

helium Dewar of 100 l capacity is replaced with
another vessel of 250 l capacity, and some parts

of the liquid helium transport system are modi-

fied.
Fig. 3. The readings of the thermocouples and helium flow

meter during spontaneous release of the stored energy in a

mixture of water and peroxide 5% weight (1 – temperature of

the cooling helium, 2 – temperature of the copper walls of the

irradiation capsule, 3 – temperature of the ice, 8 mm away from

the walls, 4 – helium flow rate).
3. The experimental details

About 700 h of irradiation runs with the aim
of accumulating of the chemical energy to have a

posterior spontaneous or induced burping in the

next materials at low temperatures: methane,

water, water mixed in different proportions with

H2O2, KMnO4, C2H5OH, methane hydrate, tet-

rohydrofuran hydrate, mesitylene, mesityl-

ene + toluene, were carried out. In almost all of

the experimental runs the burping was observed
as a sharp jump in the readings of the thermo-

couples making it possible to calculate the stored

energy and estimate the energy accumulation

rate.
4. Results

4.1. Water ice

All water ice samples, including those doped

with peroxide and potassium permanganate and

an ice mixture of water with alcohol, demonstrated

spontaneous burping. The times to the burp varied

and were not strictly determined by the absorbed

dose. For pure ice samples of equal size, the times

varied from 5 to 11 h for the irradiation temper-
ature �20–25 K. The samples doped with peroxide

(5% by weight) (Fig. 3), potassium permanganate

(6%) (Fig. 4), and the mixture with alcohol dem-

onstrated a similar behaviour.

An increase of peroxide content to 15% by

weight reduced the time to burping (from 6 to 4 h).

One continuous irradiation run proceeded until

four spontaneous burps happened. They followed
one another with no regular periodicity (Fig. 5).

So, one may conclude that spontaneous burps are

determined not only by the concentration of rad-

icals but also by some other factors, e.g. the

amount of the accumulated defects.

Most informative of the obtained results is the

dependence of the time to burping on the size of



Fig. 4. The readings of the thermocouples and helium flow

meter during spontaneous release of the stored energy in a

mixture of water and 6% KMnO4 (1 – temperature of the

cooling helium, 2 – temperature of the copper walls of the ir-

radiation capsule, 3 – temperature of the ice, 8 mm away from

the walls, 4 – helium flow rate).

Fig. 5. The energy released in spontaneous burps versus the

time of one irradiation run (mixture of 85% H2O and 15%

H2O2).

Fig. 6. The stored energy versus the time of irradiation in ex-

periments with water ice.
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the sample. The smallest pure water samples of

0.4 g (it was a segment 3 mm thick) showed a burp

after �20 h of irradiation against 8.4 h averaged

over all spontaneous burps for bigger samples

(P 2.5 g). It confirms that for small samples of ice
(6 5–7 mm) the critical concentration depends on

either the size or volume of the sample.

The rate of accumulation of the stored energy in

all doped samples of ice at the beginning of irra-

diation is close to that for pure water ice which is
equal to 21–24 J/g/h. It was found to be a little

lower (by �30%) for the alcohol mixture. Natu-

rally, the rate decreases with the time of irradia-

tion. At an irradiation temperature of 25 K the
rate falls to �13 J/g/h, between 10 and 20 h of ir-

radiation. Accordingly, a maximal stored energy

of 240 J/g was released in a sample of 0.4 g. The

energy released at spontaneous burps is higher for

the 5% peroxide mixture (about 30–40%) and is

lower for the alcohol mixture compared to pure

water ice.

The maximal rate of energy accumulation in
water ice was estimated to be as high as

5.4%±0.4% of the absorbed dose rate.

The accumulation of the stored energy tends to

saturation which cannot be reached as a sponta-

neous burp occurs earlier at irradiation tempera-

ture less than 35–40 K. The saturation curve is

close to exponential (Fig. 6). The higher the tem-

perature, the shorter the saturation time:
s ðhÞ � 0:53ð50� TirrÞ. Virtual saturation values of

the accumulated energy can be calculated by the

relation Q1 ðJ=gÞ � 11ð50� TirrÞ. These are 25–

30% (for T 6 35 K), which is higher than that

predicted in [11] where the experimental data on

gamma irradiated ice were used.

4.2. Methane

Apart from the results [1,2] only one sponta-

neous burp occurred in a 5 mm thick methane
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spherical shell at 20–22 K after 11 h of irradia-

tion this time (Fig. 7). Another methane spherical

shell of half thickness showed no spontaneous

burp even after 26 h. The principal contradiction
between the URAM-2 results and those of the

use of cold moderators at IBR-2, IPNS and

KENS, namely lack of spontaneous burps is
Fig. 7. The readings of the thermocouples and helium flow

meter during spontaneous release of the stored energy in solid

methane (1 – temperature of the cooling helium, 2 – tempera-

ture of the copper walls of the irradiation capsule, 3 – tem-

perature of methane, 8 mm away from the walls, 4 – helium

flow rate).

Fig. 8. (a) The readings from the thermocouples and helium flow met

temperature of the cooling helium 2 – temperature of the copper walls

from the walls, 4 – helium flow rate). (b) (rescaled (a)): The readings of

mesitylene (2 – temperature of the walls of the irradiation capsule, 3
possibly eliminated by these experiments. The

reason for a very low probability of spontaneous

burps in the URAM-2 irradiation capsule may be

its small volume. It seems that occurrence of
spontaneous burps more depends on the volume

(mass) of the sample than on its characteristic

size (for example: the characteristic size of a

plate/cylinder is its thickness/radius for any vol-

ume). In the URAM-1 experiments [3] where the

mass of methane was also small (about 16 g) no

spontaneous burps were registered, though the

characteristic cooling size of the sample (1 cm)
was close to that of the solid methane moderator

at the IBR-2 reactor.

The maximal rate of energy accumulation in

solid methane (at temperatures over 20 K) is esti-

mated to be as high as 1.6%±0.2% of the ab-

sorbed dose rate. The characteristics of burps in

methane are in [1–4,10].

4.3. Aromatic hydrocarbons

Radiation effects in aromatic hydrocarbons

appear to be significantly less than in the other

substances studied. The samples studied were

solid mesitylene at T ¼ 20–36 K in three struc-

tural states: phase 1 (‘‘proton glass’’), phase 2

(high temperature phase), a sample with all three
er during induced release of the stored energy in mesitylene (1 –

of the irradiation capsule, 3 – temperature of mesitylene at 8 mm

the thermocouples during induced release of the stored energy in

– temperature of mesitylene 8 mm away of the walls).
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phases mixed, and a mixture of mesitylene with

toluene. There were not observed spontaneous

burps but weak induced burps (Fig. 8(a) and (b))

in all samples of aromatic hydrocarbons, though
the time of irradiation reached 45 h (dose up to

20 MGy). For higher temperatures of irradiation

we expect neither spontaneous nor induced

burps.

The maximal rate of energy accumulation in

mesitylene (in phase I, ‘‘proton glass’’) is estimated

to be <1 J/g (<0.02% of the absorbed dose rate) for

14 h of irradiation. It is the reason why no spon-
taneous burping is observed. In the other samples

no stored energy was detected.
5. Conclusion

(1) Water ice at T 6 35–40 K shows spontane-

ous burping at about P 2 kJ/g dose even for small
samples (0.4 g).

(2) Spontaneous burps in solid methane occur

less readily in such experiments. It occurred once

at about 8.3 kJ/g whereas in the IBR-2 cold

moderator and at IPNS such events happen at

lower doses. The given experiments confirm the

probabilistic character of spontaneous burps.

(3) Basing on the URAM-2 experiments it may
be proposed to use mesitylene or a mixture of ar-

omatic hydrocarbons as a moderating medium as

very small concentrations of radicals, even in the

case of operation at spallation sources, are ex-

pected to accumulate.
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