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1. INTRODUCTION

It is well known that methane is extremely prone to radiation damage. The most substantial 
process of decomposition and sequential reactions is the generation of molecular hydrogen and 
methyl radicals [1]:

2CH4 —>H2 + 2CH3 (1)

These radicals, trapped in the solid methane matrix, can "live" for a rather long period at 
temperatures below 25K. As radical recombination reactions (RRR) are exothermic (the energy 
release in the

c h 3 + c h 3 ^ c 2h 6 (2)

reaction is 336 KJ/mol), the presence of free C IT -radicals in irradiated solid methane is the cause 
of the stored energy, similar to Wigner energy in irradiated graphite. It was originally observed by J.
M. Carpenter, and later on by others [2-6], that this stored energy can be released violently in a
spontaneous way or due to a slight change in the cooling conditions. Carpenter called the occurrence 
"a burp", because an ejection of radiolytic hydrogen usually accompanies it.

In chemical kinetics, such a phenomenon is called a "thermal explosion" [7-9], The critical 
conditions, consisting of the relationship between radical concentration, temperature and size of the 
methane slug, and cooling rate have to be fulfilled for a fast RRR to occur. A common and the 
simple approach to mathematical models of exothermic chemical reactions is to describe them with 
equations such as:

on/o t = R -  K (l)n 2 ^

o l / o t  = aT + q/cp + (Q/Cp) K(T)n2 (4 )

where n is the molar concentration of chemicals ("radicals" in this case), R is their production rate, 
T is the temperature of the medium, a is the temperature conductivity coefficient (of methane, in this 
case), cp is the specific heat capacity per mole, q is the radiation heat deposition rate (note: R and q 
values are linearly dependent), Q is the heat of the exothermic reaction per mole of reacting radicals, 
and K(T) is the recombination reaction rate coefficient that is assumed to have an Arrhenius form: 
K(T) = K() exp(-T/T J  , where Tact is the so-called "activation energy" expressed in degrees Kelvin.

Detailed consideration of the classic approximation of the thermal instability problem is 
given in [7-12], This paper is devoted to an optional model of radical recombination in solid 
methane, apart from the conventional theory. It shares the common property of two-order reactions, 
but accounts for local nonuniformities of the objects involved (such as radical concentration, the 
track nature of energy deposition, and others). Accounting for local nonuniformity provides 
absolutely different results for the time dependence of the space-averaged concentration of radicals, 
both for the processes of their storage and "burping", compared to the common approach; it also
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brings new conditions for the thermal instability of the methane slug under irradiation and gives a 
better understanding of most of the strange features of burp performances.

2. INCONSISTENCY OF THE CONVENTIONAL SECOND-ORDER, SPATIALLY UNIFORM 
REACTION MODEL WITH EXPERIMENTS ON BURPS IN SOLID METHANE

Generally, all terms in Equations 3 and 4 are time- and space-dependent but, usually, the 
spatial distribution of the chemical concentration is neglected, and the R, q, Q, a and cp are assumed 
to be constant. Applying classical chemical kinetics theory as Equations 3 and 4, with n being 
independent of the coordinates to the processes of storing radicals during irradiation, it is possible to 
restore the values of both the reaction rate and activation energy from experimental data (Please refer 
to [5] for details about how this is done.) They appear to be as follows (R, q, Q, a and cp values are 
known either from the references or from special experiments):

K (26 K) = 37 ± 8 mol/mol per hour; and
T = 290 ± 30 K for T inside the 23-28K interval.act

But difficulties appear when trying to apply space-independent chemical kinetics in an 
attempt to understand the features of burps observed during irradiation of solid methane samples
(more than 40 at IBR-2 and many at the IPNS facilities). Equations 3 and 4 appeared to be
inapplicable in this case. At least four evidences for this could be presented:

2.1 Problem # 1

The critical condition for thermal explosion of the slab of thickness x  at a given periphery 
temperature T of D. A. Frank-Kamenetsky that was derived from the impossibility to fit in stationary 
solution of Equations 3 and 4, is as follows [8]:

S L N m i f = „ 8 8 , < 5 )

AT
where A is the thermal conductivity. A similar relation was derived by Carpenter [10], We can see in 
Equation (5) the strong relation between the radical density and temperature T at which the slab is 
unstable. However, the experimentally observed relationship between the critical concentration of 
radicals and ignition temperature appeared to be inconsistent with theoretical prediction of 
Equation (5) with the RRR parameters estimated from the experiments for IBR-2 runs; see Figure 1. 
At IPNS, they observed roughly daily self-ignited burps at 25K; thus, the critical concentration of 
radicals was about 0.6-0.7%, whereas the calculated critical concentration should be at least ten 
times as much if using Equation (5) with the estimated parameters of K(T) and Txt.

Actually, no strong relation was observed between the concentration of radicals (to be 
rigorous, “temperature rise” in a burp) and the “ignition temperature” (we define this as the 
temperature at which the rate of temperature rise in methane becomes greater than the rate of 
temperature rise of the coolant for a thermally activated burp); moreover, some burps occurred at 
temperatures below the irradiation temperature.

2.2 Problem #2

The character of the time dependence of the methane temperature during burps is different 
from that of the classical theory of combustion - it is much steeper at the beginning of a burp. To 
have it at least as it was experimentally observed, one needs to use a higher value for Txt in the 
calculation , not less than 900-1000K; see Figure 2.

Also, the value of the rate of RRR, K(T), in the process of fast RRR, as restored from the 
experimental temperature dependence on time at a given point of the methane slug,
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Figure 1. The relationship between ignition temperature for burps and radical concentration in solid 
methane: triangles: experimental points of the IBR-2 cold moderators with concentration estimated 
at the given irradiation time; circles: the same data, but with concentration estimated from the energy 
yield of a burp; crosses: calculations based on the classic theory of explosion, Equations (8-12).

assuming the process of energy release be adiabatic, looks rather strange; see Figure 3. First, it has 
nothing to do with an Arrhenius law, and, secondly, even at low temperatures, this factor is several 
orders of magnitude greater than that for the process of storing radicals estimated from the saturation 
condition, as mentioned above. Thus, there is an imbalance between the Tact value estimated above 
from the experimental data for a saturated concentration and that fitting the characteristic rate of the 
temperature rise in a burp.

60

55

50

45

40

35

30

25

20
50 100 150 200 250 300 350

Time, se c o n d s

Figure 2. Transient temperature in the center of a 1-cm slab of solid methane during a temperature 
stimulated burp; solid line is for calculation for uniformly distributed radiation defects; circles are 
for the experiment.

There might be an alternative explanation. The fast RRR process could be considered as a 
wave process, not thermal explosion; recombinations could travel through the volume of a sample 
like a flame front in a combustible, starting from a point where the RRR process was locally
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initiated. In this case, the observed rate of RRR, K(T) would actually be consistent with the 
temperature Tm near the adiabatic temperature of a burp, 55-56K, and not with a low temperature
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Figure 3. Coefficient of the rate of the radical recombination reaction, K(T) , moles CH4/mole CH3- 
sec, versus methane temperature, for a burp; curves 1,2-  estimated from experimental data 
T(t) ; 3 ,4-  calculated from the Arrhenius law with activation temperature values set equal to 700 K 
and 340 K, respectively.

of ignition. However, such an explanation also fails, due to the experimental facts of almost 
simultaneous “burning” of radicals at remote sites of a slug, see Figure 4 and Beliakhov [13], and the 
expected value of the speed of the recombination wave is too low compared to the observed one. In 
actuality, the speed of travel of the front would be governed by the Equation [8]:

iA= 2a/(l  6s)  , (6)

where a = 0.003 cm2/sec, 6 = Tact (Tm -  T) /Tm2, and t  = l/K(T)n is the "lifetime" of the radicals at 
T=Tm . One can calculate the speed from the equation above as equal to 0.005 cm/sec at Tact = 300 K 
or 0.2 cm/sec at Tact = 1000 K whereas the flame front (if it exists) actually travels with a speed of 
order of 5 - 10 cm/sec. Moreover, the critical concentration of uniformly distributed radicals for 
recombination wave propagation through solid methane, as estimated by computer simulation, is not 
less than 4% (at Tact = 1000 K), while its experimental value is 0.6% or less.

2.3 Problem #3

No strict repetition in magnitudes of energy released in burp processes with adequate 
conditions was observed (see figures in [5] and Figure 5).

2.4 Problem #4

The maximum value of energy released in burps is strangely almost independent of both 
temperature (in the range 20-26K) and dose rate deposition (at least, in the narrow interval 5-50 
Mrad/h) and is equal to 60J/g, whereas it follows from Equation (3) at dn/dt = 0 that a saturated 
density of radicals is strongly related to the conditions of irradiation:

n2 = R / K ( T )  (7 )
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An attempt was made to eliminate the discrepancies by numerically simulating the processes 
of storing and dissipating energy in methane and considering the variables in Equations 3 and 4 to be 
space-dependent. The results of fitting the reaction parameters by computer simulation are:
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Figure 4. Time diagram of the methane temperature at two points (a, b) and the helium (coolant) 
temperature (C ) of burp number B8, which occurred during the IBR-2 cold moderator tests at zero 
reactor power after 4 hours of irradiation at 2 MW and 25 K methane temperature.
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Figure 5. Peak temperature during burps in the solid methane “C” moderator of Argonne’s IPNS, 
versus absorbed dose in terms of the number of protons on target. The irradiation temperature was 
about 25K, the proton current was approximately 15 pA.

the values R and K(26)K are the same as those above;
activation temperature is impossible to define, but it should be high, at least, higher than 
900K, to satisfy the given ignition temperature and the experimentally observed shape of the 
temperature pulse. The value of 300K, as it was defined by the adiabatic approximation, has 
nothing to do with the actual activation: its origin is in the heat propagation and not in the 
deposition of energy, as can be seen from Figures 6 and 7. Discrepancy #2 may be 
eliminated from the list if Tact is much higher than 300K, but the other discrepancies still 
remain.
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3. CONCEPT OF A "HOT TRACK" RECOMBINATION OF RADICALS

As we concluded in the above section, the activation temperature for the recombination of 
defects in solid methane is about 1000K or even higher. Then, given a reaction rate at 26K of 37 
mol/mol/h and the Arrhenius law for its temperature dependence, one can estimate the reaction
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Figure 6. Temperature rise distribution in a solid methane slab due to a burp (calculated by classic 
equations) versus irradiation temperature; the irradiation time is 10 hr, the thickness of the slab is 
1 cm, the activation temperature is 600 K.
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Figure 7. Temperature rise at the center of a solid methane slab due to a burp, calculated by classic 
equations for different activation temperatures, versus irradiation temperature; the irradiation time is 
10 hr, the thickness of the slab is 1 cm.

rate for higher temperatures: for T= 56K (maximum of temperature observed), it appears to be as 
high as 109 mol/mol/sec with the radical recombination time equal to 107 sec. Such a short 
recombination time assumes the RRR process is probable in the vicinity of the hot region of a proton 
track or near just recombined molecules.
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The model under discussion is based on the assumption of a short recombination time at high 
temperatures and, in addition, on the assumption that the diffusion of radicals at low temperatures 
(<30K) is too slow to get them away from their origins in the tracks of recoil protons. The 
consequences of these properties are:

recombinations of radicals by diffusion, in the cold phase of storing, is insignificantly slow; 
the radicals are arranged primarily in lines (or in clusters of different shapes) with densities 
close to the initial one in tracks, nQ, and are nonuniformly distributed through the methane 
bulk;
only near the proton tracks is the temperature condition suitable for radical recombination. 
The differential equations for radical concentration and temperature in this case would be the 

same as Equations (3 and 4), keeping in mind that, this time, neither n nor q are space-averaged 
values, but are locally dependent on the (r,t) variables due to the intrusion of hot tracks. Reverting 
back to the space-averaged values and assuming the radical density inside a track (or clusters) is 
uniform and equal to nf) , a new differential equation for the radical concentration, instead of 
Equation (3), appears as follows:

dn /dt = R -  RCr [ j J  K(T)dVdf ]nn0 , (8)

where the integral represents the number of radicals recombined around one track, with T(r,t) being 
the transient temperature due to track formation (the integral itself,

J j  K(T)dVdf , (9)

would be the fraction of radicals recombined around a hot track if the radical density is assumed to 
equal unity).

It should be noted that this integral is a function of the space coordinates only, not of time; n 
is meant to be space-averaged over some definite volume greater than that occupied by a hot track 
but much less than the size of the methane slug. The /v -function is nothing more than the Arrhenius 
law with a real activation temperature. The transient temperature under the integral is governed by 
Equation (4), with the q term representing the space-time distribution of the energy released in the 
proton track, and with the term for the recombination energy deposition is neglected.

Approximating the integral in Equation (8) with the average of the integrand, we come to the 
next equation for the radical density during the “cold” or storage phase of the irradiation process:

dn/dt= R -R C rC}K(T*)nn0 , (10)

where T is now some effective temperature at which the radicals recombine near a track, not a 
transient one, T = Th + AT, where T0 is the bulk methane temperature that could be space-dependent. 
Equation (10) appears to be of the first-order, not of the second order as Equation (3).

First, as it can be derived easily, the saturated radical density of Equations.(8) or (10) is 
independent of the dose rate R :

nsat= [CrC 1K(T*)n0]  \  ( 1 1 )

Secondly, the saturated radical density is dependent on the slug temperature during irradiation, T,. in
a different way than in Equation (7). Really, it could be derived from (10), assuming C, is a constant,
that

p n T „ c, I Tt 2.  Tm !(AT+ T f , (12)

instead of

251



Proceedings of the International Workshop on Cold Moderators for Pulsed Neutron Sources
Argonne National Laboratory, September 29-October 2, 1997

idn„,rc)T~T„l2T„2, ( 13)

as follows from Equation (7), assuming K(T) is of the Arrhenius form. Now, it becomes clear that the 
“activation temperature”, estimated from experiments by applying Equations (3) and (13), is really 
some effective activation temperature, Tmeff = 300K, not the real one. The real activation 
temperature, as defined by

Tact = Tact eff (T /Tq) 2 /  2 = Tact eff(l + A T /T q)2 72  , (14)

is much higher than the effective one, due to that the yet unknown AT- value is expected to be 
several times higher than the T, -value because the transient temperature around a recoil proton track 
is as high as several hundred degrees.

A more accurate procedure can be applied to estimate the Txt and T* values if one considers 
the propositions imposed first in Equation (8):

RCr[J j  K(T)dVdf]nn0 >K(To)n2sat (15)

nsat= [CrC 1K(T*)n0]  1. (16)

Most of the values in the relations above are known from experiments nsat • 1020 cm'3 or 0.5 mol.%, 
CR • 5 x 10"4 tracks/radical, R=  4 x 1015 rad/cc/sec); n0 be estimated from CR and from the mean 
value of the volume of a track: n0 • 3 mol.%. The constant C, can be expressed as C, = Vr w here Uis 
the effective volume in which radicals can recombine, and T is the effective recombination time. 
Evidently, both V and T are linear to T ' as follows from the conservation of energy of a track, Qt • 
cV T and from the heat propagation law for a long cylinder (the track itself), where r • V/af and /  
is the length of a track. With all that in mind, we have Vr ~ C/T2 with the factor C • 0.33 x 10"20. 
Then, after algebraic manipulations, we find T to be >70K and Tact> 1200 K in order to satisfy 
conditions (15) and (16).

It should be noted that with the assumption of hot track recombinations of radicals, the real 
A(26K)-value is no longer equal to its experimental estimation, but is much lower, and the second 
term on the right-hand side of Equation (3) is negligible compared to that in Equation (8), under the 
conditions of IBR-2 irradiation, i.e. at T< 30-40K.

Thus, the concept of a "hot track" recombination of radicals implies that the recombination 
of radicals during their accumulation and storage goes as a "hot" reaction, at temperatures higher 
than the temperature of the bulk. It will be clear from below that such proposition allows one to 
explain not only the independence of the saturated radical density from the dose rate R, as indicated 
above, but also to understand some features of a burp listed on pages 3-4. Problems #2 and #4 are 
now completely resolved by this concept. Two others remain: the stochastic character of the number 
of radicals recombined during a burp, and the ignition mechanism for fast RRR that causes the 
ignition temperature to be almost independent of the radical density. It is the subject of the next 
chapters.

4. THE CHAIN PROCESSES OF RECOMBINATION INSIDE CLUSTERS OF 
NONUNIFORMLY DISTRIBUTED RADIATION DEFECTS

In the previous chapters, we accounted for the nonuniformity of the radical, or radiation 
defect, density over a slug of methane when we derived the differential equation for the space- 
averaged density. There may be another consequence of the nonuniformity of radicals: it gives an 
opportunity for a chain process o f radical recombination along a high density cluster o f radicals, 
whether the whole slug of methane is stable or not, in the usual sense (see Equation (5)).
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The distance between neighboring radicals can be estimated, keeping in mind the value of 
the linear energy transfer characteristic for the fast neutron energy spectrum of a nuclear reactor, the 
radical yield observed in experiments, and the square of the cross section of a track [14], The 
distance appears to be about twice or three times as much as the lattice parameter of the methane 
matrix, which is 6x1 O'8 cm. Accordingly, the radical density at the site of a track is around n0~ 3-6 
mol %. Assuming the diffusion of radicals at low temperatures is too slow to move them away from 
their origins, the concentration of radicals in clusters of high density would be much more than its 
averaged value. Computer simulations of the process of defect storage showed that maximum value 
of local concentration inside a rather extended volume the size of 1 O'6 cm is near to the in-track 
limit.

With such a high radical density, a small micro volume of the methane slug could be 
temperature unstable. Acts of recombination could propagate quickly along a cluster, provided 
energy from one (or some concurrent) recombination act is high enough to ignite the same number of 
succeeding recombinations. As a result, all radicals in the cluster would recombine. Therefore, we 
may call such clusters “flammable clusters

There is a theory on the chain process of radical recombination in solid media of Jackson
[11]. It has nothing to do with the non-uniformity of radicals or with tracks. The mechanism 
proposed in [11] for the propagation of the radical chain reaction is as follows: the heat from a 
recombination reaction frees "frozen" (i.e., trapped in the matrix) radicals within a sphere of some 
volume, if T > Txt. These freed molecules could recombine with other trapped radicals. If the number 
of secondary recombinations is unity or more, then the chain of recombinations continues.

The critical condition for the stability of radicals derived by Jackson is

0.62c (Tact -  Tq)
n cnt = ---------7n--------- ’ (17)

where x  is the number of nearest trap sites plus one (for the methane matrix, x  is 13); other symbols 
are customary. He did not apply the Arrhenius law to the recombination rate, but only considered a 
free radical reacting at once with its neighbor if there is one.

For solid methane and CH3 radicals, Equation (17) gives a critical value for the radical molar 
concentration as much as 4% for Txt = 300 K and about 7.5% for Txt = 1200 K. Such a high 
concentration could hardly be achieved, even inside a track region. Nevertheless, a chain process of 
RRR propagation similar to Jackson’s might occur at an appropriately arranged cluster of tracks if 
one takes into account both the Arrhenius law and bulk temperature changes which would occur due 
to the heat from the simultaneous recombinations of some radicals in the neighborhood and due to 
the self-heating of the methane in the process of fast RRR. The heat of the preceding recombinations 
adds to the heat of the succeeding ones, affecting further propagation of the reaction. Accounting for 
this, the critical concentration for a chain process inside high density cluster appears to be about half 
of what is obtained by Jackson’s equation.

In the course of irradiation, flammable regions appear and disappear, but do not affect each 
others recombination until their concentration has progressed to the stage where the burning of 
radicals in the primary flammable region causes a number of recombination reactions in neighboring 
flammable regions and ignites at least one secondary cluster. Flammable regions can percolate into a 
rather large area; in such a situation, the RRR process propagates through the area from one cluster 
to another, resulting in the recombination of all radicals inside the percolated volume. This case can 
be called "the second-step chain process", whereas chain recombinations in a single flammable 
cluster may be considered as "the first-step chain process

Computer simulation of coupled Equations (3) and (4) for 2D-space, with all variables 
depending on coordinates and with radicals deposited in tracks, showed that a chain process of 
recombination occurs in tiny regions of about 10"5 - 10"4 cm, where all radicals recombine long 
before a burp occurs. Actually, it starts to be significant when the space-averaged concentration of 
radicals reaches 0.2 - 0.3%, which is about half the critical concentration for a global spontaneous 
burp in the methane bulk.
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These microburps were initialized in the computer simulation by forced simultaneous 
recombinations of two pairs of neighboring radicals (the probability of this, with the parameters of 
the RRR in question, was estimated to be sufficiently high to be considered as a source of local 
ignition); in actuality, either hot tracks or some internal thermal microeffects of a different nature 
might cause microburps as well.

Figures 8 and 9 display some results of the computer simulation of the process of microburp 
recombinations in 2D-space, accounting for the formation of radicals in the tracks. In Figure 8b, the 
traces of temperature solitons can be located; at places where it comes through, all

.a

Figure 8a. Distribution of radicals over the XY-plane before a “microburp”; the space averaged 
density is about 0.5 mol %.

radicals recombine at high speed. The reason is that inside the soliton the temperature is high and 
corresponds to the radical density (at n= 1.5% T~ 110-120K). Evidently, the traces of temperature 
solitons go preferably through regions that are rich in radicals; see Figure 8a.

From Figure 9 one can judge that long before the chain process overwhelms the entire bulk 
of methane (in our case, this critical condition corresponds to number of tracks being equal to about 
30), some solitons could be generated at a lesser number of tracks (in other words, at a lower 
radiation dose), but they die away shortly after their birth.

All of the above proves that the process of recombination during irradiation, in the “cold” 
phase, occurs as thermally induced, that is, as ignited by either hot tracks or by other thermal effects, 
at temperatures much higher than the bulk temperature. In addition, it has a chain character, 
spreading through tiny regions with high concentrations of radicals like a flame or a temperature 
soliton.

Now, we can qualitatively modify the equation for the radical density averaged over its fine 
distribution Equations (3) and (4) or (8), accounting for assumed microburps, by adding a new term 
to the right-hand side of Equations (3) or (8):

dn/dt= R -  RCrCjK  (T*)nn0 -%Mb , (18)

where X is the probability of the ignition of a microburp per second per cubic cm; and Mb is a factor 
of multiplication, that is, the number of radicals recombined if ignition occurs. If
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Figure 8b. The hot spot diagram on the XY-plane at a microburp in a cell; each spot enclosed in the 
numbered loop corresponds to the sequential point in time which value is marked at the bottom of 
the frame. (One time step is 2xl0-11 sec; the size of the diagram is ~ 1pm.)

10
Number of tracks

Figure 9. Parameters of a microburp in a cell of about pm in size: Large circles - fraction of radicals 
recombined (RRR) versus number of tracks; Squares - fraction of burps with RRR > 80%; Triangles 
- fraction of burps with RRR > 50%; Small circles with line - fraction of burps with RRR in the 
range 50-80%. The activation temperature is 1800 K.

microburps are assumed to be induced by hot tracks only, then % = % 1 is equal to the second term of 
Equation (18); if microburps are caused by another reason independent of the dose rate, say, by a hot 
spot due to the formation of a crack, then the %-value is an independent one. If microburps are caused 
by simultaneous multiple recombinations of neighboring defects, then X = cZ^, where P is the 
multiplicity of simultaneous recombinations needed to initialize a microburp. In Equation (18) the 
Mb -factor is a function of some variables, namely, the averaged concentration of radicals, its 
dispersion Dn, and the bulk temperature. Of course, it also strongly depends on the recombination 
reaction rate coefficient K(T).
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We can write Equation (18) in a more explicit form, using the results of the computer 
simulation, namely, the number of radicals recombined after stimulation of a microburp in a sample 
follows the power law na , where the a-index is between 3 and 4. Thus, we come to an absolutely 
different equation for the radical concentration evolution during irradiation compared to the classic 
one (2.1):

d n /d t= R -  RC2K(T+AT)nn0 - RC2K(T+AT)M(T)n« +1n0 , (19)

where the function M(T) and the values of the constants AT  and a  are currently unknown. It can also 
be expressed as

dn/dt= R -  RF1(T)n-RFf^T)na+1 , (20)

where the functions Ft and F, are not of Arrhenius form.

5. CONCEPTION OF A BURP IN SOLID METHANE AS A MULTISTAGE PROCESS

Now we will proceed with a conceptual description of the most probable model of burping in 
a slug of solid methane. Rigorous mathematical solution is not the subject of this paper; therefore, 
we can restrict ourselves to approximate estimations and the confirmation of some aspects of the 
model by computer simulation and experimental observations.

As stated above, during neutron irradiation at low temperature (10-25K), the defects in solid 
methane (or radicals) are distributed nonuniformly, to a high extent, through the bulk of the material. 
Some regions of about 10"5-10"6 cm are populated with radicals in a density up to n0~3-6 mol %, 
which is an order of magnitude higher than the average density. In some of these clusters, under 
specific conditions (additional heating from, say, a hot track nearby), all radicals could recombine at 
once. Recombinations in one cluster can initiate recombinations in neighboring clusters, resulting in 
burning of radicals in a more extended region, percolated region. These processes were called "the 
first-step chain process" and "the second-step chain process" respectively.

In the course of irradiation, some percolated regions (let us call them "megaclusters') 
disappear (recombine or "bum"), but new ones appear. They increase in size with the dose of 
radiation (see Figure 9) until the critical condition is satisfied. This means that flammable regions 
percolate into the entire bulk of methane through which the second-step chain process of RRR can 
then propagate. It is a real burp.

Such a multiple-chain approach gives an understanding why the critical concentration of the 
irradiated-induced radicals is much lower than it should be from the critical condition for uniformly 
distributed radicals. Computer simulations of coupled Equations (3) and (4), which were referred to 
above, showed that the chain process occurs when the space-averaged concentration of radicals is 
lower by a factor of 6-7 than the critical concentration for uniformly distributed radicals 
(correspondingly, by a factor 12-15 compared to the estimation of Jackson; parameters of 
recombination reaction were taken as those estimated in previous chapters).

We can apply an approach of Jackson’s type to the second-step chain process as well, 
considering a flammable cluster as a pair of radicals with the heat of the recombination reaction 
being equal to NQ instead of Q, where A is the average number of stored radicals in a cluster. Also, 
we should substitute Tact with the temperature of ignition of a flammable cluster, T , which is much 
lower than Tact, Moreover, it is essential to take into account that the mean distance between 
interacting clusters would not be the mean distance between their centers, r, as for single radicals, 
but r-rchster, where rmsted is the average size of a cluster. Following Jackson’s reasoning, we then 
receive:
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r =  ( J _ J _ c lu s te r ) 3  (22)

is a factor accounting for the decrease in the critical concentration due to the finite size of a cluster; x  
is now the average number of flammable clusters around the primary one; N  is the number of 
recombined radicals in a cluster depending on both the space-averaged radical concentration, n, and 
the irradiation temperature Tf) (in Equation (21) Tf) is either the irradiation temperature, for a 
spontaneous burp, or the bulk temperature before an externally induced burp.) Evidently, for r > 
2 r , t , then 1/8 • y < 1. It is worth mentioning that N, r and r are bounded values.c lu ster  • c ?  7 cluster

To be in agreement with the experiments, such a modification of the critical condition should 
reduce the critical concentration by a factor of 10-20: from 4-7% to 0.3-0.6%. Assuming reasonable 
values for Tlgn and x  to be about 50-70 K and 1-2 respectively, the value of N  in (21) should be 
settled of an order of 1. However, the computer simulation of defect generation in a bulk of methane, 
accounting for the stochastic character of the formation of tracks, proves that a reasonable value of N  
is about 10. This imbalance between the estimated and expected values of N is quite acceptable when 
one considers that some factors affecting the critical condition and which make the critical 
concentration lower, were neglected. These factors are heating due to recombinations in the space 
between clusters of high density and the chaotic distribution of clusters. The last factor affects the 
critical value of the concentration in a similar way as the stochastic distribution of radicals provides 
for the critical condition inside a cluster itself.

One can see from Equation (21) that the value of the critical radical density weakly depends 
on the bulk temperature before a burp, T0 as opposed to the classic Equation (5). Therefore, Problem 
#1 is now solved, also.

The theory of Jackson is not consistent with the Arrhenius law for the reaction rate. It is 
more accurate to derive the critical condition from an expression such as:

d u s t e r  j  j f  K (T(r,t))dtdV = (1 , (23)
cluster

where Vc]uster is the volume occupied by one flammable cluster which is the nearest to the already 
burned cluster, K  is the rate of the second-order reaction, and (3 is, as previously defined, the 
multiplicity of simultaneous recombinations needed to initialize a microburp. The T - function is the 
transient temperature in the vicinity of a burned cluster depending on N, Q, and T0 . Although the 
average density of radicals n is not involved in Equation (24) in an explicit form, all values in the 
equation actually depend on it and its dispersion Dn. including the r - variable that is bounded with 
the distance between neighboring clusters. Surely, they also depend on the bulk temperature.

It is interesting to note that the "microburp" phenomenon increases the nonuniformity of the 
spatial distribution of radicals. Indeed, in the process of irradiation and storing of radicals, some tiny 
regions containing several flammable clusters become critical to the chain process of recombination. 
Therefore, radicals inside them recombine completely, leaving "voids" instead. The higher the 
average density of radicals, the more "voids" there are inside a bulk of methane. Eventually, the 
dispersion of the density of radicals becomes higher than it would be without such local "burning" of 
clusters of radicals.

One can legitimately question this picture of a burp. An argument against is quite evident: 
the size of a megacluster, as follows from the computer simulation, is small and, therefore, there is 
an infinitely large number of them in a slug of methane. Thus, it is absolutely excluded that the 
critical megaclusters could percolate throughout the whole body of methane; most probably, they 
would be burned in local burps, or microburps, before that.

The kinetics of a burp, however, may be even more complicated than stated above. A slug of 
unstable solid methane represents many small regions, or megaclusters, but, what is important, 
almost all of them are subcritical in the terms of the "double-chain" process, Equations (18-23), 
except one or only a few. As is clear from the computer simulation, the multiplication factor (the 
number of secondary clusters ignited by the primary one), k , differs from unity by 10"2-10"4 at the
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state before a burp. It is difficult to expect that such a fine, delicate elk could keep the same value 
throughout a sample. It is more realistic that the dk -values range widely in different parts of a 
sample. Thus, a sample explodes when the critical conditions (21) or (23) are satisfied for a single 
megacluster or a few of them. After this region has burned, the surroundings are heated a little and 
the critical conditions for the neighboring regions are satisfied, as well, because T0 became higher. 
Then, they burn in their turn, perhaps, with other values of dk - 1, and so on. Furthermore, the front 
of burning radicals starts to propagate through the methane bodies, including the “bridges” of low 
concentration of defects separating megaclusters, but moving through them with lower speed. Some 
radicals in the bridges most depleted of radicals could avoid recombination during propagation of the 
front, but will recombine afterwards due to diffusion at high temperature. This phase of the process 
is responsible for the low rate of heating in the final stage of a burp and for the casual character of 
the energy released in a burp, as well. The whole process could be called an autothermocatalytic 
process of recombination; it includes both the chain processes of RRR inside clusters with high 
radical density and thermally activated recombinations of initial acts in clusters or radicals in 
“bridges”.

This challenging concept of burping in irradiated solid methane would clarify all of the 
features of observed burps discussed in Chapter 2: fast initial heating, spontaneous character of the 
released energy, and the lack of a dependence of the critical concentration on the ignition 
temperature. Most of the reasons are evident, though, possibly, the spontaneous character of the 
released energy needs some explanation. Actually, when the fast stage of a burp, i.e., recombinations 
in clusters and megaclusters is finished, the depleted regions begin to bum under the high 
temperature attained at that time. The lifetime of radicals in the depleted regions depends on the 
temperature. Thus, if it is longer than the characteristic time for cooling the bulk, then they would 
not recombine completely. As the intermediate temperature after termination of the process of cluster 
recombinations is not deterministic, depending on real distribution of clusters, the number of radicals 
finally recombined would have a causal value also. This is illustrated in Figure 10.

1

£

0

Figure 10. Diagram exhibiting the causal character of the energy released in a burp. Line “1” is for 
the fraction of radicals left after recombination by the time when the temperature has reached T; line 
“2” is for the fraction of radicals of a low density which are incapable of recombining at 
temperatures less than T for a time less than the cooling time.

6. CONCLUSION

The author confesses that the model presented is based on some assumptions that have not 
been fully justified. Therefore, a rigorous theory for the fast burning of radicals is desired. Maybe it 
would be productive to consider a non equilibrium mechanism of transferring energy from one 
recombination to another in addition to heat transfer, such as photon absorption.

Solution of the enigma of the "burp" phenomenon in irradiated solid methane is quite 
important because similar phenomena could be expected inside interstellar dust clouds.

The author is thankful to Prof. J. M. Carpenter, who granted permission to publish his 
figures, and for the productive discussions on the subject. The author is also very obliged to Dr. E. 
Rumanov, Dr. V. Byakov, and Academician V. Goldanski for their useful consultations.
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