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An atomic explosion produces penetrating radiation, spart from its blast
and thra effects, and it is desirable to know the effect at this radiation
on conventional arimments. oft particular interest is its effect on the
sensitivity of initiators.

Part I of this report in concerned with an investigation of the effect of
high energy X-rays (analogous to the y-rays of an atomiic explosion) on the thermal

* detonation properties of a typical initiator, Service lead aside. Samples at
Service lead azide were exposed to the radiation from. a =illion volt generator.
The times of heating, at different temperatur'es,, required to produce detonation
of these saples were ocepared with those of unirradiated samples. It was found
that the irradiation produced no effect below dosages of 10' roentgmns, but
marked sensitization was produced by a dosage of 7 x ie'r.' This is to be
comipared with a dosage of i0r received at the edge of the complete dama.ge region
of an atomic explosion.

Part nI includes a general d1scussion of sensitivity tests and gives
reasons which suggest that the thermal detonation results of Part I might
completely specify the effect of irradiation on the sensitivity of the samples
investigated,

It conc~ludes with a brief diso=usxm of the mechanism of the thermal
detonation of lead azide.
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U. IL RESTRICTED

Part I

i • Introduction

1.1 Object of the work

An atomic SXPlosion produces its major effects by blast and fire and its
action is thus qualitatively similar to conventional high explosive and incendiary
ordnance. Hawever nuclear radiations are produced also and it is destrable to knm
what special effects, if arys these will have on conventional arnaments
particularly at distances from an explosion where major damage is not caused by
blast and thermal radiation. The nuolear radiation consists of fission fragments
together with a-particles, fl-partiles, neutrons and y-rays but on 1y the latter two
need be considered, the others being of too short a range to be Umportant. The
effect of irradiation on initiating compositions is of particular importanoe for
it is possible that a major chang in sensitivity might be produced "7 a relatively
small amount of irradiation. Irradiation of an initiator might give (a) imdiate
detonation (b) sensitization making hanling unsafe (o) desensitization meld the
material unusable. It is the general question of the effect of y and neutron
irradiation on initiating materials with which we are concerned here. We have
selected Servioe lead azide as a typical initiator suitable for stu4y and have used
high energy X-rays for our irradiation. These are strictly omparable to y-rays
and their use makes the irradiation of the test material with high dosages
relatively easy. For reasons that will be discussed below sm tentative
conclusions about neutron irradiation can also be drawn frm the high voltage
X-irradiation results.
1.2 Co on or the sensitivity berore and after irradiation

As noted above, it is variations in the sensitivity of initiators that are of
major importance. Other factors that are not investigated in this work are pMW
and stability. The method used for caparing the sensitivities of the midiatL
and unirradiated material we to heat samples at known temperatures and measure
the time of heating required to produce detonation* Tests of this type have been
used by other workers (1). Graphs of time to detonation against temperature for
the unirradiated material and the materials irradiated at various dosages were used
for comparison of sensitivity. A discussion of sensitivity tests and the reasons
for the use of this particular test is given in Part II i.

1. 3 Y and neutron radiations produced by an atomic explosn

)A-rays are initially produced by three processes in an atomic explosion
Sa) by the fission process (b) by interaction of neutrons with atomic nuclei
n.y reactions) (o) by emmission from an atomic nacleus that has been excited by

a neutron. The y-rays carxy about I per cent of the total energy liberation ot the
explosion, but roughly 99 per cent of this radiation is absored by heavy nuclei
in the immediate vicinity of the explosion. A further I per cent of the total bomb
energy is liberated as delayed y radiation by the radioactive decay of fission
fragments and most of this escapes. An approximate estimate is that from a stan3sxd
20 K ton. explosion the total y-ray dosage in an unotected position at 2,100 feet
is 104 Roentgens (the limit for total damage by blast and thermal effects is given
as 2,100 feet). The average energy of y-ways at distances reaoter than 3,000 feet
is about 3 ev.

Most of the inforuation in sections 1.3 and 1.4 is quoted fran,
"The Effect of Atondc Weapons", Chapter VII, (Reference 2.)

U. K RESTRICTED



Of the neutrons initially produced those escaping from the Immediate proximity
of the explosion carry Q03 per cent of the energy of the bomb i.e. about I per cent
of the escaping o-zwy enerey. At 29100 feet approxiuately 2 x l0"I fast neutrons
with an energy in excess of 3 ,ev will strike each square centimetre of surface and
2 x 10" slow neutrons with energy mainly about 092 ev. Neutrons with energy less
than 0*2 ev are readily captured by nitrogen and this gives a lower energy limit
for neutrons of appreciable range.

1 o e M anism of interaction of y-rnws n neutrons with mter

Ther are three ways in which y-rays can interact with matter. The most
Important of these is by Compton scattering where a y4W photon interacts with an
electron giving up sow of its kinetic energy to the electron. The efficiency of
a material for Compton scattering is proportional to its electron density. The
second mthod of Interaotion, the photoelectric effect, is an inelastic collision
between the )-ray photon and an eleotron, the photon is destroyed and its energy
is completely tromferred, to the electron. The magnitude of the photoelectric
effect is ipional to the 5th power af the atomic number of the irradiated
mterial, and is only significant at fir2 high photon energies. The third ioeess
is per production; here the ywray photon is annihilated and a positron and an
electron are prodmcd. This process requires a mAnium photon energy of 1902 ev.

It is seen that y-rays initially lose their energy by producing excited
electrons and in a solid insulator these will dissipate their excess energy ty
interaction with other electrons of the lattice. High energy eleatrons mill be able
to interact with extV%ea electrons in deep shells, but low energy electrons will
be repelled by potential energy barriers and will only interact with the more loosely
bound electrons. The secondary and ertiary eto., electrons will continue to
interact with further lattice electrons while they have the necessary eergy. The
net effect of y irrodiation on an insulator will be to produoe a larie number or
i zexoitons i.e. electrons in an excited state but still bound to their parent ions

conduction band electrons i.e. electrons of slightly higher energy moving freely
hough the periodic field of the lattice (o) positive holes i.e. lattice positions

that have lost an electron (d) photoelectrons i.e. electrons with sufficient energy
to espape from the lattice. Tn addition all these electronic effects will have
interactions with the phonons of thb lattice vibrations, so that much of the energy
will finally be dissipated as heat. It is generally agreed that y-ray irradiation
o a mot directly change the position of atomic nuclei (3) and changes in nuclear
position can only result from a decomposition process initiated by the irradiation.
It is well known that for gases a free ion and an electron are produced for every
30 ev of energy initially possessed by the photon, (2, p.23X) this being considerably
more than the ionisation energy of the gas molecules. Por some solids there is
evidence that a conduction band electron and a positive hole are procluced for every
10 ev of energy of the bombarding photon (4).

The interaction of neutrons with matter is initially by knock-on oollisions
with the nuclei and is therefore different fra that of the y-ay photons ifich first
interact with the extra-nuclear electrons (3). In collision with a heavy nuodes
the neutron will lose little of its energy, ,ut in each collision with e*.g a
bWdrogen nuoleus, it will lose half of its energy and 3oduce a highly energetic
proton movn through the solid. This in turn will lose energy by collision with
atomic nuolei, by ionisation and eitation of electrons and by ther al interactions
with phonons. The conoentration of these effects along its path will be much greater
than that produced along the path of an electron. Seits (5) sugests that
teuperatures of the order of 10,000 my be produced for a distance of several
atomic radii immediately after the passage of an ion. This "hot spot" is not however
big enough to produce detonaton (6). Neutrons, in addition to the effects produced
by r-revs will produce interstitial ions and lattice vacancies (3). They have the
further capacity of taking part -in nuclear reactions and of particular interest to
us is the N"(n, p)C4 reaction given by neutrons of energy lesa than 0.2 ev
(2, page 241). The general evidence is that neutron irradiation does not produce
arv effect on bulk materials not given by X-rays and y-rays (7), but it is necessary
with lod aside to consider the effect of interstitial ions and vacancies. The
N' (n, p)OC" reaction night also produce special effects.

-2-



1.5 1)eco aosit ion of solid asides by irradiat ion

No quantitative work has been reported in the literature On the effeot of
pre-irradiation on the sensitivity of initiators to detonation. Ubbelohde (8)
found the exposure of Service lead aside to direct sunlight for several hours
reduced the time to detonation at any particular elevated temperature and Garner
and Gcm (19) found a similar effect for pre-irradiation with ultra-r1olet light.
It was found both by Ubbelohde and by Hawkes and Winkler (1) that a similar
permanent sensitization was produced by a period of pre-heating which us
insufficient to give detonation. In addition there has been a considerable amount
of work on studies of the reaction kinetics of the decomposition produced by
irradiation and also some work on the sensitization to subsequent theml
decomposition produced by pre-irradiation. The latter is particularly relevant,
for the thermal decomposition and the detonation are likely to be intrinsically
similar reactions although their detailed kinetios may be very different.

The decomposition of barium and potassium asides by ultra-violet light
irradiation has been studied "by Jacobs and Tompkins (9) and by Thomas and Tompkins
(10) and the decomposition of sodium and barium asides by 200 volt electrons has
been investigated by Groocock and Tompkins (II). Groooook has also examined the
decomposition of o-lead aside by ultra-violet irradiation ard by 200 volt electron
bombardment (12). Heal has studied the decomposition of sodium aside by
irradiation with 58 kV X-rays (13). It has been found that pre-irradition has a
marked effect on a subsequent thermal decomposition and here Thoms aid Tompkins
(11+) and Jacobs and Tompkins (15) have investigated the effect of pre-irradiation
with ultra-violet light on barium aid potassium asides aid Groocook aid Tompkins

n() the effect of pro-electron bombardment on barium aside. Bowden and Singh (6)have shown that pre-neutron bombardment accelerates the thermal decomposition of
lithium aside. Except for potassim aside it was found that a permanent ffect
was always produced by irradiation and the subsequent thermal decomposition ms
markedly accelerated. In all cases the reciprocity law vxs held i.e. the effect
was a function of the total irradiation dosage and not of the rate at which this
was applied. Groooock and Tompkins expressed their thermal decouposition results
at constant temperature in terms of the equation P = C(t-to) 6 where P was the amount
of decomposition which had occurred at time t; C and to were constants. It usfound that pre-bombardment of barium aside spread over an area of 1 sq. om with an
electron current of 20 microamps for 30 seconds at a potential of 40 volts increased
the value of C by 400 times. Heal founc that X-irradiation of sodium aside, gave
no immediate evolution of nitrogen but that gas was liberated on dissolving the
irradiated material, indicating a "bulk effect".

Throughout it has been emphasised that the effect of irradiation is to produoe
imperfections in the solid lattice of various kinds (exoitons, free electrons,
vacancies, interstitial ions etc., and combinations of these); it is the presence
of these imperfections which will be responsible for any sensitization of the
material after irradiation. Apart from a direct study of decomposition and
detonation, information about imperfections can be given by speotroscopy. The
spectroscopy of irradiated solids has been studied by mazy workers but results of
particular interest have been obtained from a study of the reflection spectra ofsodium aside by Roserwasser, Drefus and Levy (16). These workers followed theabsorption bands produced by y-irradiation and showed that similar bands, but of
different relative intensities, were given by thermal or fast neutron irradiation.
They are proposing to extend their work to lead azide.

2. Experimental

2.1 ApxLratus an p roedure

All experiments were carried out on samples of a single batch of well-aged
Service lead aside. Service lead aside contains the a form only and the particles
are single well shaped crystals of fairly uniform size. The one or two per cent
impurity is mainly lead carbonate. The crystals were sieved and the fraction* passing through 235 mesh but not through 300 mesh was uued; this frnction ws
shown by microscopic examination to have a rather more uniform particle size than

* the unsieved material.
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Samples of the sieve fraction weighing about 30 mg. were irradiated using a
perspex And tufnol jig attached to the I MV. X-r'ay generator, the azide being held
in a position about 58 nns from the focus of the X-ray beam. A 1,000 kilovolt
potential was used for all irradiations, but most of bhe X radiation would, of
course, have an energy belw 1 Mev. The intensity of the radiation at the position
of the aside sample was too high to be measured directly by a radiation dosimeter.
It was therefore calculated from a measurement rade at a greater distance from the
focus of the beam, using the inverse square law. Table I gives details of the
radiation dosage given to each sample.

Tabl.e I

Sample Weight Appld. Electron Time of Dosage in
No. Volts Current Irradiation Roentgens

I 0#0255g 100Ckv 2.5a 76.8 mins 106r

2 0.0258g 1000kv 25ma 7 mins 39 secs 105r

3 0-0256g 1000kv 2-5m 4.6 sees 104r

4 025g 1000kv 25wa 0.6 sees 10r

11 0-0440g 1000kv 3.m 66"8 mins 106r

22 0*0o#.51g 1000kv 3-0ma 7 hours 6-35 x 106r

Measurements of thermal sensitivity were made in the apparatus illustrated in
Fig. I. This equipment was designed for use in a study of the meclanism of the
thermal letonation of lead aside and is more complex than is necessary to maim only
the measurements relevant to this work.

The apparatus made of pyrex glass could be pumped out to a pressure of 10-"6 mms
of mercury by means of a conventional pumping system of liquid nitrogen trap,
mercury diffusion pump and rotary oil pump. The samples of azide were contained
initially in the small glass bucket A and by seans of the magnetic device B could
be tipped down the guide tube onto the copper block C contained in the furnace D.
The tipping mechanism was such that the bucket banged against the support rod,
ensuring that no azide stayed in the bucket.

The electric furnace D was controlled by a proportional temperature controller
and the temperature of the copper block varied by less than 0*059C during the course
of a measurement. The temperature was measured using a copper constantan
thermoouple; the arrangement was such that the hot Junction was just beneath the
centre of the top surface of the block and the cold Junction was in an ice-mater
bath. The thermooouple was calibrated against a staniard mercury thermometer
accurate to 0*1 C over the range 295-3559C. Temperature readings throughout are
given in terms of the thermo-emf in millivolts and these were found to have a linear
relationship with degrees Centigrade such that 16.000 mv - 587-3 0K and of slope
I mv = 16900C.

Measurements were made as follows. The B.45 Joint E was opened and samples
of azide (2*2mg) were weighed into the two glass buckets A (for simplicity Pig. I
shows only one bucket). The bucket holder was resealed in the apparatus and the
apparatus pumped overnight at a pressure of 10-2 mms with the furnace heated to the
desired temperature. Before deconposing the aside the apparatus was pumped down to
10-mim for three hours with liquid nitrogen round the trap P and a solid carbon
d4oxide/alovhol mixture round the Pirani gauge P. It was found that reproducibility
could only be obtained if the pumping conditions were standard for all runs. The
first bucket as then tipped, the aside fell onto the copper block and spread evenly
over its one inch diameter surface, being retained by the raised edges. The more
usual system of lowering a bucket, of "relatively high thermal capacity, into the
furmce, gives a heat up time of several minutes and, as the time to detonation in
these experiments is of the order of a minute, is obviously ursuitable.

-.. . .... ......



For cubic crystals of edge 005 rms, if it is assumed that the beat transfer
is entirely by conduction frm the copper block, 1/100 of the surface of one face
of the crystal being in contact with the block, a very rvu& calculation irdicates
that the temperature of the crystal will have risen to within IC of the block
temperature in 3 seconds. Similarly if it is assumed that the heat trwesfer in
entirely by radiation and black body conditions are used, it is found that it again
takes about 3. seConds to reach within 1OC of the furnace temperature. It is
possible that, even unler the vacuum conditions present, a considerable fraction of
the heat transfer might be by gas conduction so that an effective heat up time of
the order of I second is to be expeoted. As a large fraction of the heat transfer
is by radiation it is necessary for the-aside reaotion to take place in an enolosure,
radiating at the required temperature, in addition to being in contact with the metal
block and this was ensured by having the block Yell inside the furnace. It is of
interest to note that in some experiments in which the aside sample vas placed upon
the heated blook, but was free to radiate to a surface at vocm temperature above it,
it was fourd that the aside temperature was sa tens of degrees below that of the
block.

On being heated to the reaction temperature the aside Uediately began to
decompose, nitrogen gas being evolved. Because of the constriction F in the pumping
line there was a pressure build up in the reaction chamber and this was measured by
the very sensitive Pirani gauge and recorded photographice,l.y with a time resolution
of better than I second. The sie of constriction, pumping rate and pressure ranges
used were such that the Pirani gauge reading was directly proportional to the rate
of decomposition of the aside, but as the quantitative depeidence was not necessazy
for this work it will not be discussed further here. Typical photographic records
are shown in Fig. II; A iidicates the time at which the asid was inserted, B a
typical peak in the decomposition curve and C the point at which detonation occurs*.
The time t is the "time to detonation" used in later ana]yses. Thermocouple readings
were recorded continuously throughout the run. It should be noted that detonation
of single crystals of Service lead aside would produce an immediate pressure pulse
of greater than 10-4 ums in the reaction chaaber, which was quite sufficient to
register as a detonation on the record trace. Usually propagation to the rest of the
aside took place but when this did not occur the pressure pulse for the first crystal
detonating mas used in measuring the time to detonation.

When the reaction was complete and the apparatus had once more reached
equilibrium a further run mas carried out by tipping the seconi bucket.

2.2 Results

The unirradiated service lead aside was white in oolcur and there was little
change in the appearance of the samples irradiated at dosages of less than 10r.
The samples irradiated at 106r were ooloured light brown and those irradiated at
6-35 x 106r were coloured dark brown. This indicates the production of additional
absorption buds in the visible spectrum, due to the production of high concentraticM
of imperfections.

The unirradiated service aside was found to detonate at temperatures above
312*C; below this temperature 100 per cent decomposition would occur without
detonation. (It had been found previously (17) that pure r-lead aside of particle
size 60-150 mesh detonated at temperatures above 2850C). At temperatures only
slightly higher than 3120 there was a temperature range ih which detonation did not
always occur. The results for the unirrediated aside are sumnadied in Figure III
where time to detonation is plotted against temperature. It is seen that the time
to detonation increases from about 0.55 mine at 3170C to a maximim of about 0- Mi
at 312'b. For a few runs in which the standard pumping procedure was not adopted
it was found that prolonged evacuation resulted in a reduction in the tim to
detonation for arW given temperature, but this was not systematically investigated

The results obtairAd frce sample (2) (irradiated at 10-Ar) are graphed in
Figure III and sliow no merked difference from the unirradiated sample. The samples
(and I I) irradiated at 10sr again show little difference from the unirradiated
samples, but there did seem to be more failures to detonate at temperatures above
the minimum and there was one run in which detonation occurred after 1.6 mn -

other runs had always detonated in less than 1-3 mins or given no detonationm
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A marked difference between sample 22 (irradiated at 6"35 x iOor) and the
other samples was found. The initial peak in the decomposition rate/time curve
(Fig. IIB)although still present, is largely obscured by the more rapid
acceleration of the later stages of the decomposition. The time to detonation/
temperature graph is given in Figure IV and it is seen that at a given temperature
the time to detonation is roughly one fifth of-that of other samples at the same
temperature. Moreover the miniorm temperature for detoration is lowered by 150C to
2970C, the time to detonation at the limit being about 1'05 mimtes. Both the time
to detonation at a given temperature and the minpimun temperature at which detonation
can be produced, are important criteria in defining the sensitivity of the material
and by both criteria considerable sensitization of the material has been produced
by irradiation of this magnitude.

An interesting point is that for the pure a-lead azide of particle size
60-4i5 mesh (reference 17) at the lowest temperature detonation would occur after
heating times as long as 13 minutes. On the other hand in the temperature range
studied for the Service aside, the time to detonation for the pure aside seemed
approxately the same as that of the Service aside. This is to be investigated
further.

3. Discussion

The absorption process for y-rays or high energy X-rays can be shown to follow
an exponential law (2), the transmitted intensity being defined by:

where Ie is the incident intensity, I the intensity at a depth x and i the
absorption coefficient of the material. i can be expressed as the stun of the i a
for the different modes of adsorption

i.e. p(total) -a (Conpton) + g(photoeleotric) + p(pair production)

p(pair production) is zero in our case and as it is known that 5<ompton) a atomio
ntmber of the element and p(photoelectrio) a(atomic umber)5 we can calculate the
absorption coefficient of lead azide from known values of the absorption
coefficients of the elements. The X-radiation from the million volt generator will
embrace a wide range of energies and for the purpose of calculation a value of
650k will be used.

For 650 w x-Tays p(total) Al = 0.20 2
Reference 2o

p(total) Pb .i00)

Assuming that for aluminium g total p p Compton the value of I Compton for lead
can be calculated

no. of electrons/co Pbg co,zpton) Pb = Ccmton) Al z no. of electrons/co Al

27 2 82 x N x i.G34: "2 x13 x N x 2*207

0 0.69

Where N is Avagadro's a mbter, 2*70 and I1*34 are the densities of aluminim and lead
respectively, 27 and 207 are their atomic weights, and 13 and 82 are their atomic
numbers. From this p(photoelectric) for lead is 1.00 - 0.69 = 0-31 in good
agreement with the graph given in Reference 2 page 226.

p(Compton) for single crystals of lead aside (density 4.70) is calculated
similarly. 291 g of PlK6 contain 82K + 6 x V= 124N electrons

-6 -



Pno. of eletronlco ANG

no of electrons/cc Fb

o069 x 12 4  **4jS0x 20
2918Z 1t.

=031

p(photoelectric) is negligible for nitrogen and we therefore need only oonsider
the absorption due to the lead atoms in the aside.

tKphotoelectric)Plf, = u(photoeletric) Pb x no. of atoms of Pb/co in P l&

4.70 207=0031 x2 11- x 0-09

The total absorption coefficient of lead aside of density 4-70 is therefore

0"31 + 0"09 = 0"10 cm'.

This value can be combined with the known Roentgen dosage to give the amount
of energy absorbed by each sample under irradiation. By definition, ir is an
amount of radiation corresponding to an absorption of 0.11 ergs per cc by ry air.
The absorption coefficient of air for 650 W radiation is 1-00 X 10- 4 cI So that
the energy absorbed by lead aside per *c is given by:

1"00 O 10

= 9 1 r ergs/g. of PW6. where r is the Roentgen dosage. Samples I and 11 (10'r)
should therefore have absorbed 94 x 10' ergs/g. (i.e. 2.25 calories/g.) and sample
22 (6.35 x 10'r), 600 x 10' ergs/g. (i.e. 14*3 oalories/g.).

A consideration of the mechanism of the thermal detonation in outside the scope
of this report and forms the subject of an experimental anc theoretical
investigation which is now being made (17). However certain points will be
discussed here and in addition Part n 2 will show the relevance of these results
to the general subject of the mechanism of the detonation of lead exide. Curent
theories of the decomposition of ionic solids emphasise the importance of lattioe
defects. In the thermal decomposition of barium aside Thomas and Tompkins (14)
postulate a mechanism in which one type of defect, F centres, is made mobile by
interaction with another, anionvacanoies. The earlier theory of Mott had
utilised mobile interstitial Ba ions. The mechanism of the thermal decomposition
of lead azide has not yet been worked out but experimental results, (19) show that
it is similar in type to that of barium aside i.e. it is a surface, interface
reaction oatalysed by muclei of the metallic decomposition product. The mechanism
may be similar to that for barium azide proposed by Thomas and Tompkins, or, in
view of its relatively high ionic conductivity, the deocomposition may follow a
mechanism similar to that proposed by Mott. It is highly probable that, by
analogy to the thermal decomposition, its thermal detonation also should be
dependent upon lattice imperfections.

It is known (10) that irradiation of barium aside with ultra-vicolt light
produces decomposition by an exciton mechanism and this gives a permanently increaso
concentration of anion vacancies. As a result a thermal decomposition oarried out
on pre-irradiated barium azide (14) proceeds much more rapidly than one carried
out at the sam temperature on unirradiated material. Similarly, it has been shown
(ii) that electron bombardment or barium aide produced decomposition by a hPM am
dependent upon positive holes, which again gives rise to anion vacancies and
increases the rate of a subsequent thermal decomposition. The effect of pre-
irradiation and pre-bombardment on the thermal decomposition of lead aside has not



been investigated but Groocook (12) has shown that both irradiation and eleotron
bombardment produce decomposition by a positive hole mechanism and it is highly.
likely that pro-treatment would accelerate a subsequent thermal decomposition.

As noted above, it is probable that the therml detonation of lead aside has a
mechanim dependent upon lattice imperTections ard we should therefore expect that
arW pre-treatmet vfieh increases the concentration of whichever defeat types are
utilised in the detonation mechanism should sensitize the mterial. The
sensitization produced in the sample irrediated at 6.35 x 101r is undoubtedly due
to the high concentration of imperfections produced. As noted in the introduction
the imperfections prochoed initially by the radiation-will not include anion
vacancies. However although no decomposition was measured during the irradiation
it is almost certain that this did occur - irradiation of lead aside with ultra
violet light and slow electron bombardment are known to give deco 4position (12)
and high energy X-irradiation of sodium aside gives decomposition (13). It is
therefore likely that anion vacanciez will be produced too and these. are possibly
the active defeat, for positive holes and ezoiton are less likely to be permanent.
Similarly excited states of the lead ions would be expected to return to the round
state on standing. The sensitization we have measured (and also the sensitization
to decomposition meased by other workers) was permwen and mmst therefore be
dependent upon imperfections of very long life. The oolouration produoed by the

radiation further evidence for the production of imperfections by the
irradiation , being due to the aditioml absorption bands in the visible region of
the spectrum, associated with defects or colloidal lead.

A rough estimate of the number of positive holes produced can be made if it
is assumed that the energy requred is of the order of 30 ev which is the average
value for pair production in air. The number of excitons produced is probably
greater. For samples I and 11:

Energy absorbed a 94 x 106 ergs - 59 x 0l eav/ga.

No. ofexcitations , 5 Z 10'6 , 20 x JO"

Total na. of ions per S. a 3 x 6-022x W3 6.2 x 10"'

Fraction excited -620 x 0o" 1

6-2~~ 3*11 a 10'iX-IZ

For sample 22 this becomes 1/4*9 x 108. The quantum efficiency for the deoompositiam
of sodium and barium azides by ultra-violet irradiation and by electron bombardment
was of the order of 10- to 10-2, so it is probable that the concentration of anion
vacancies produced should be two or three orders less than the figures calculated
above.

In reference 2 (page 235) an estimate is given of the dosage of gamen radiation
received as a function of distance from a nominal 20 K ton bomb, and it is concluded
that for distances of about 2,000 ft. the dosage is 104r which is less than I per
cent of the dosage we have found neoessary to give an appreciable effect. At
distances less than this complete destruction of arW ordnance blast arid fire is
to be expected. Even if y-irradiation due to fa-out. and also the effect of
neutron bombardment is added no great effect on the sensitivity can be expected.
It should be noted that even the highest dose irradiation (6.35 x 10r) gave a
sensitization (on the minimum temperature for detonation criterion) that was small
compared with that produced by a change in the type of a-lead aside. (Oompare the
results found for service -lead azide, with those for pure ce-lead azide, particle
size 60 - 150 mash - Page 5-)

The energ5 carried b neutrons from an atomic explosion is only I per cent of
t (2) in general it is to be expected that it will produce

similar kinds of defects in the azide. However, neutrons of thermal energy suffer
an (n,p) reaction with nitrogen atoms and the transformation of the nitrogen atom
to a carbon atom may produce special effects leading to sensitization. Also theeJected proton will give a much greater concentration of imperfections along its
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path than y-ray photons. Neutrons of high enery lose ucmh of their energy b
knook-on collisions with atomic nuclei and these displaced nuclei, produce vu7
high concentrations of lmperfections along their path. Mor"over lattice vacancies
and interstitial ions ae produced in large numbers. and because of the very
important part these particular defects are thought to play in the decomposition of
asides special effects on the sensitivity might again be possible.

J. General Conclusions and ture Work

It has been shoxn that irradiation of service lead aside with high energ
X-rays at dosages of less than ier produces no noticeable sensitization to a
thermal sensitivity test. Even at 6"35;g lOOr the effect is snail omared with
that produced by a change of a-lead aside type. It is thought that y-eadiation
dosages of a magnitude sufficient to produce a marked effect are unliely to be
found in the field at distances from an atomic explosion where conplete damage is
not produced by other effects.

It is suggested that, even tough the total energy carried ly neutrons in an
atomic explosion is less than that carried by y-rays, because of possible special
effects, important in reactions of ionic solids and particularly nitrogen compourids,
the effect of both thermal and fast neutron irradiation should be imestigated
experimentally.

An experimental and theoretical investigation of the thermal detonation of
lead aside is being carried out. The effect of pre-irradiation with ultra-violet
light and possibly pre-electron boMardment on the thermal detonation is likely
to be of interest in this programe.

Part 3I1

1 • Sensitivity tests

1.1 General Amalysis of Sensitivity Tests

For az explosive there is a certain probability that explosion nmy occur
accidently during mafacture, transport, use eto. and in general terms it may be
said that the sensitivity of an explosive is a measure of this probability. After
several years of large scale use the sensitivity of any explosive can be assessed
directly from the presence or absence of acoidental explosions, but for a new
explosive this experience has not been acumulated and it is necessary to have sae
other means of measuring its sensitivity so that a decision can reasonably be made
as to whether it can safely be brought into use. The various empirical sensitivity
tests that have been devised have this as their object. They try to place explosives
in an order of "figures of insensitiveness" so that an estimate can be made of the
accident probability of new explosives compared with explosives already in use.
These sensitivity tests (e.g. Impact tests, gap tesi, friction tests) try to simulate
the oodlitions which in practice lead to accidental explosions. The degree of
violence with *ioh the test mst be performed on the new explosive to produce
explosion is compared with the degree c violence necessary to explode an explosive
of known sensitivity. It is found in practice that no certain conclusions can be
dramn from a small number of measurements and it is only by a statistical analysis
of a large =aner of measurements that useful informtion is obtaixed This
variability is a consequence of the great ecup2exity of the processes leading to
explosion in the performance of the tests, which is a reflection of a similar
oomplexity in the processes actually leading to accidental explosions. Even the
best sensitivity tests, vfich give results correspolding closely with later
experience of actual use, are therefore time consuming ama expensive.

It is probably impossible to obtain a single, quantitative measure of the
sensitiveness of an explosive. In general every different explosive charge (the
charge may be anything from a single crystal of initiator to a large casting of high
explosive) will be either sensitive or insensitive to ary particular action performed
upon it, i.e. a particular action will divide explosive charges into two groups:
one will contain charges sensitive to the action, being exploded by it, the other
will contain charges insensitive to the action. Different actions will give a
different distribution of charges between the two groups. Even with actions which
differ only in the violence with which they are performed no definite conclusions



can be made without a knowledge of the mechanism leading to explosion. Similarly,
different charges of the saw explosive my show very different sensitivitbe to
identical actions e.g. charges clear-cast from pure TNT are very insensitive to the
action of even strong shook w ves but charges pressed fr small particle-ie TOT
are relatively sensitive to shock. Finally,, there is no fixed criterion which, fixes
the "fire" condition in an explosion and in different circumtanoes this my be
defined as detonation of a single crystal, propagation to the whole charge, rapid
burning but without true detonation etc. In practice it wvAl seem reasonable to
fix the "fire" condition at the level where serious damage is produced by an
accidental explosion and this will obviously vary from charge to charg. Partioular
charges showing a certain sensitivity to a particular action may show a different
sensitivity to th same action if the "fire" condition is changed.

The mechanism leading to detonation in all sensitivity tests can be divided
into three parts:

(i) an action is performed on the explosive oarg

(ii) this produces a change in the physical state of the charge
(e.g the temperature of the whole or some small part of it is raised)-

(iii) the "new physical state of the explosive charge is such that a
chemical reaction takes place which leads to detonation giving a "fire";
alternatively the chemical reaction, if occurring at all, does not lead
to a detonation, giving a "no fire". (The "fire" con ition can be
defined in an , e.g. as complete propagation, initiation of one
crystal, etc.).

These three processes, while they must logically follow in the given order will In
practice be largely concurrent and each one will react on the others. Further,
each process will in general contain a =ar of 'variables, so that the overall
system will be very complex.

A typical sensitivity test will now be considered in terms of this analysis,
for example a friction test in which the explosive, mixed with rit, is goud.
between metal plates. Here the closest we can oom. to defining the action in to
say that an ill-defined nmber of explosive particles has been placed in ill-defined
proximity to a ==ber of grit prtiolvas which have been heated to a nmber of
different elevated temperatures. An further, the relative positioning of the it
and explosive particles and the temperatures of the grit particles will be varyiqg
in a omplex men r with time during the test. To make the position even more
ouplicated the action performed will depend upon the properties of the explosive.

For example, one explosive might lubricate the grit particles so that no signian
elevation of temperature of the grit is producedo

We see that for a test of this type the action performed is so complex that
we cannot hope to get detailed knowledge of its effect. However, let us assums
that we have full knowledge of the action performed; ire can now consider section (ii).
The new physical state of the explosive charge (its temperature and concentration
distribution in space and time, etc.) will depend upon the action performed and the
pysical properties of the charge (the specific heat, the thermal conductivity,
the hardness, the particle size and distribution, the state of aggregation, etc.).
Oce again, for the general case, the physical state of the charge rill vary in a
complex nner with time during the test and we have the further complication that
the chemical reactions considered in (iii) will themselves influence the pbysioal
state (e.g. the heat of reaction produced will raise the temperature of the
explosive). To avoid this latter complication a study in this section might best
be carried out on an inert analogue of the explosive, of identical pbysioal
properties.

Carrying the analysis a stage further, when we have complete knowledge of the
physical state of the explosive produced by the action we can now consider the
chemical reactions leading to detonation. These my go through initiation and growth
stages over a fairly long time period, during which the physical state of the
explosive will be varying in a cmplex manner becaase of the continuing action, the
various energy dissipative processes and the affects of the chemical reaction itself.
The chnging physical state will, of coarse, have its effect on the chemical reactiont
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Most empirical sensitivity tests even though they may give sensitivity values
which correspond closely to the actual sensitivity found in use, have a complexity
of this order and are therefore unsuitable for any detailed analysis.

It is seen that the sensitivity of an explosive charge under any particular
test action is a complex of its physical and chemical properties. One explosive
charge might be sensitive because the action produced a large change in its pbysical
state. Another might be sensitive because only a smll change in its physical state
was needed to start a chemical reaction leading to detonation. A third might be
insensitive because even though initiation of some part of it occurred, the
arrangement of particles was such that propagation was inhibited.

1.2 CoSxrison of sensitivities of irrAiated and unirradiated service lead azide

In this work we wish to compare the sensitivity of service lead aside
irradiated with high energy X-rays, with that of unirradiated service lead aside.
The irradiation is capable of altering both the physioal and the chemical properties
of the salt. In the introduction, reasons were given which suggest that quite
large changes in the chemical properties might be expected, and among these are
included the chemical sensitivity (part iii ct the above analysis) and the
explosive power. The latter will be reduced by any decomosition produced by the
irradiation, but it is unlikely that more than a fraction of a percentage of the
total material was decomposed by the dosages used, although this decomposition was
not measured; the appearance of the irradiated crystals did not accord with aWy
major decomposition. The ohemical sensitivity, however, might be changed markedly.

The most important physical parameters that influence the chemical reactions
leading to detonation are likely to be the samw as those which most influence all
chemical reactions, i.e. the temperature and the concentrations of the various
reacting species (the latter will include concentrations of defects, surface ions,
free radicals etc.) and their variations with time. For any given action the
resulting temperature, concentration, time distribution will be influenced main3y
by the thermal conductivity, specific heat and partiele size and distribution (apart
from b 2ges produced by the resulting chemical reactions). For certain tests
involving grinding, hardness will be important and for others involving electrical
initiation the electrical conductivity may be Important. The X-irradiation has no
offect on the particle sise of the service aside crystals and changes in other
concentrations will be indicated by chemioal effects. Of the other physical
properties it is known that the thermal condu tivity of ionic salts is reduced by
irradiation, the defects produced reducing the mean free path of the phonons through
the lattice. Similarly, irradiation changes the hardness by the production of
dislocations and by the production of defects which serve to look dislocations and
inhibit their movement. The electrical conductivity may be reduced beause of the
discontinuities produced in the periodic field of the lattice reducing the mobility
of electrons or increased because of the production of mobile charge carrying defects.

However, it would seem that the temperature, conCentration, tims distribution
produoed by the performanoe of aT action on amy charge made frm either the
irradiated material or the unirradiated material will be influenced mainly by the
particular charge set up and the arrangement of the crystals (both of which are
unaffected by the irradiation) and little affected by small changes in the internal
physicel properties of the crystals ap-rt, of course, from the afeot these changes
produce in the chemical reactions. If this is true any differences in the
sensitivity of charges made from the irradiated and uirradiated materials will be
due entirely to the chemical changes of Section ( ii) of our analysis, and only
these need be considered.

Lead aside has the property of detonation at full velocity an pow in very
small charges (20). In fact it is only in single crystals of size less than 100 y
that full detonation does not occur. Initiation of a single crystal is usmlly
sufficient to cause complete propagation with letonation of the entire charge.
Comparison of the chemical sensitivities of irradiated and unirradiated single
crystals otherwise identical should therefore be sufficient to compare the
sensitivities of ary identical charges made from these materials. In amy case
propagation through the obarge will be governed only by its physical properties,
and the power and sensitivity of its constituent crystals and if only the sensitivity
is changed by irradiation the propagation shauLi run varallel to the initiation.
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Surming up, if a complete omparison of the chemical sensitivities (part iii)
of two originally Identical single crystals of Service lead azide, one irradiated
ant the other unirradiated, can be made, then the sensitivities to a;W identical
action of arq identical charges made from these two materials should run parallel
to the single crystal sensitivities.

It has been noted above that it is likely that the chemical reactions leading
to detonation, like other chemical reactions are governed mainly,by (a) the
temperature and (b) by the concentrations of the various reacting qecies. In a
sensitivity test the performance of the action my alter several of the paxameters
that define the physical state of the explosive oharge but only changes in the
temperture a the concentrations will affect the subsequent chemical reactions.
For mDt sensitivity tests the "nw" physical state (prior to chemical reation)
produced by the action will have rm,h the same concentrations of reacting speoies
as those of the original pbysic&l state and it is suggested that usually it will
be increases in the temperature of the charge or se part of it that will initiate
the chemical reactions leading to detonation. This is not always true: in the
detonation of lead azide crystals rowing from solution, no appreciable temperature
changes occu qpd here it may be the build up of the concentration of some reactive
species in the -altion or on the on-face of the crystal, which leads to detotion*
Similarly, the detonation of nitrogen tri-iodidie by hIgh vacuum treatment (21) Is
not a result of temperature changes, but because the concentration of surface ions
free of adsorbed ammA, is increased. However, these are exceptions ard it is
probably true that in most cases it is increases in the temperature of the
explosive charge or some pert of it that start and control the chemical detonation
reaction. This will certainly be true for a*zW sensitivity test working on a "hot
spot" mechanism. It would seem therefore that a quantitative assessment of the
thermal detonating properties of the irradiated and the unirradiated materials, is
the most reasomble vay of compering their chemi sensitivities.

The ideal way of comparing the thermal detonating propertis of the a te
sa unirradiated materials would be to got a number of identical crystals of. the
service lead aside ad to irradiate some of them at the correct dosage leaving the
others unirradiated. The temperature of one of each type of crystal is now raised
to a particular value ant maintained at this value until one or other detovates.
If the irradiated crystal detonates first, then the irradiated oystal will be
sensitive to an action that maintains the particular temperature for that time while
the unirradiated crystal will not be sensitive to that particular action. The time
to detonation of single, otherwise identical crystals of service lead &zid, both
irradiated and unirradiated at other temperatures wold then be determined, covering
the whole temperature range from that at which detonation did not occur to that at
Which detonation occurred in zero time. If the time to dotonation/temperature
curves were identical over the whole rang then it could be said that the chemical
sensitivities were the sam. If the time to detonation of the irradiated material
at ainy temperature wAs always less than that of the unirradiated materia then it
could be said that the irradiated material was sensitized over the entire range. If
the curves crossed,then under some oonditions there would have been sensitization
ad undr- others de-sensitization. For general applicability it would have to be
assumed that these results obtained at constant temperatures could be applied to
systems in which rapid variations of temperature occurred,ai there seems no reason
wby this should not be so, for if it was shown that sample A was more sensitive
than sample B both at temperature T, and at temperature T,, then it would seem very
unikely that in a test in which the temperature varied between T. arA TS, that B
would be founl more sensitive than A.

The test carried out in practice falls short of the ideal outlined above. It
is virtually Impossible to obtain a number of completely identical aystals of
service lead azide, but steps were taken to make the orystals tested as nearly as
possible the an. They were all taken from the same, well aged batch of materiale
Then as crystal size is an important parameter a particular sieve fraction only was
used and to reduce the effect of residual variations each sample tested was made up
of a large number of crystals. The time to detonation of the mat sensitive in each
sample vs then recorded and these are likely to be nearaly the same. For suppose
sensitivity ren parallel to crystal size, the largest crystal being most sensitive.
If the size limits given by the sieves were 0.100 mms. and 00120 mm,s. then each
sample containing a large number of crystals would contain some which were negligibly
different from the size limit of 0-120 mms- i.e. which had the highest 'snsitivity.
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In practice this device will probably not work perfectly but it should re due the
scatter considerably. The use of this method introduces the possibility that
detonation does not depend upon a single crystal, but upon interaction between
two or more. This is unlikely beoause it would be mainly a self-heating effect and
this did not occur to any great extent (see below). Moreover, if inter crystal
action were signifioant the sensitivity would be a function of the sample sise.
This is contrary to experiment.

The graphs of time to detonation against temperature bave been prepared on
the assumption that the crystals remain at the furnace temperature until just before
detonation. If this is not so the possibility of detonation of any crystal might
be slightly dependent upon such things as its thermal emissivity and how good was
the thermal contact it made with the copper block. However, conditions are ideal
for reducing self-heating effects. The crystal is mall and thus has a high surface
to volume ratio and the surface is blackened by reaction products, so teaperature
equilibriation by radiation is facilitated. Further, equilibriation will be assisted
by conduction to the copper block. From the known reaction rate just prior to
detonation, and knowing the heat of reaction, the temperature rise produced by
self heating can be caloulated if some heat exchange condition is assumed. Par
black body radiation only (ignoring conduction) a very rough clculation indicates
a temperature rise of the order of MC which is unlikely to be signifimnt.
Another approach would be to extrapolate the rate of decomposition curves for low
rates to higher rates and see if there was any divergence between the theoretical
and experimental curves, that could be attributed to self-heating.

In the ideal test, outlined above, the whole temperature range from the
temperature giving no detonation to that giving detonation in sero time would have
been investigated. In practice it has only proved possible to investigate part
of this range because at high temperatures the time to detonation is so short that
the heat up time of the crystal and the time lags of the recording syste= become
significant. Conclusions drawn from this work and applied to sensitivity tests in
which a high temperature is aplied for a short time therefore involve an extra-
polation, but unless there is a radical change of mechanim in different temperature
regions there is no reason why pre-treatment giving sensitisation at one temperature
range should give no sensitization or de-sensitization at another.

This sensitivity test has been carried out on sauples of lead aside that have
been held in a high vacuum overnight. While it is unlikely that this treatment will
have significantly altered the physical properties of the salt it is possible that
quite large changes might be made in its chemical properties. It har been found,
for example, that nitrogen tri-iodide detonates at roan temperature in vacuo because
vacuum treatment removes surface adsorbed ammonia, which stabilises the coupound (21).
However, both the irradiated and the unirradiated aside have been treated in the sam
way and it is probable that any effect produced by the vacuum treatment will be the
sam for both samples. This test could be modified to work in different pressure
regions.

The general conclusion is therefore reached, that at the Roentgen dosage for
which this test revealed no appreciable change in sensitivity, no other test carried
out on our samples should reveal a significant chaxge in sensitivity. It should be
pointed out that this test indicated a large difference between two very similar
materials (service a-lead azide and pure a-lead azide) so that, while it is
possible that a test of even greater discrimination might show a difference in
sensitivity where this test showed no difference, no practical advantage would be
gained. The further conclusion is reached that for the Roentgen dosaga where this
test shows a difference in sensitivity other tests, if sufficiently discriminating,
should reveal the same change. These two conclusions are based on the following
assumiptions, which have been discussed above:

(a) there is no significant difference in the physical parameters oontrolling
energy transfers of the irradiated and unirradiated material;

(b) changes in the sensitivity to propagation r= parallel to changes in
sensitivity to initiation;
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(a) the chemical processes leading to detonation in practice are temperature
dependent and no other external physical parameter (e.g. pressure) has
any significant effect;

(A) extrapolation of the results obtained over a limited temperature range
to higher temferatures where times to detonation are short, can be made;

(e) the use of dynamic temperature conditions instead of this test's static

conditions will not give special effects.

1.3 More general applicability Of this test

In this work the test has been used exclusively to compare the sensitivities
of irradiated and unirradiated service lead aside. Here the problem is relatively
simple because identical physical properties can be assumed for aiW charges made
from the two materials and from a knowledge of the chemical sensitivity immediate
conclusions can be drawn about the total sensitivities of any otherwise identical
charges, umde of the two materials, to any action. For other materials these
assmptions camot be made so that, even if values of the chemical sensitivity
(section iii) were obtained general conclusions about the total sensitivity could
not be made without additional information about the physical properties.

In any detonation the "neW" physical state (part ii of the analysis on page 10)
of the explosive charge produced by the initial action (part i) will usually be only
relatively little different from its initial state (e.g. a rise of 100 or 200 degrees
in the temperature of sme small part of it). On the other hand, the physical
conditions in the reaction zone of the stable detonation which results will be Mobh
more extreme, these being produced by the energy liberated by the exothermio
chemical reactions taking place. For the chemical reactions considered in part (iii)
of the analysis there will in general be two possible mechanisms leading to the
change from the "new" physical state to the detonation reaction zone physical state:
(a) self-heating (b) some accelerating chemical reactions dependent e.g. upon
autocatalysis. It is probable that most growths to detonation are influenced by
both (a) and (b).

If the chemical reaction taking place in the explosive charge is not
autocatalyied, i.e. the rate of reaction stays constant with time for aW given
p1ysical state, except for the fall in rate as the quantity of reactant decreases,
then there will be a certain rate of reaction associated with the "new" pbysoal
state. If the rate of energy production exceeds the rate at which it can be
dissipated the pbysical state of the charge will become even more extreme by the
process of self-heating and the chemical reaction will be correspondingly accelerated.
Finlly the stable detonation conditions will be set up when there will be
equilibriu between the energy production and dissipation processes. The important
feature of detonation taking place exclusively by mchanism (a) is that from the
moment of performance of the initial action to the time at which stable detonation
is e stablished there =wt be a continuous rise in the physical conditions to make
the chemical reaction accelerate. (This, of course, assumes that there is no large
change in the external factors governing the energy losses during the process - it
would be possible to cool the reaction, when at an advanced stage, back to an early
stage and then again allow it to build up).

No reaction leading to detonation can tike place entirely by method (b) because
the change from the "now" physical state to the much more extreme detonation
reaction acne pbysical state of necessity requires self heating. However, the
experimental results of this work show that in the thermal detonation of service
lead azide much of the chemical reaction leading to detonation can take place under
constant physical conditions, self beating becoming important only at the very end,
although the details of the autocatalytic process taking place during this period
are not yet known. The process may depend upon the build up of a certain
concentration of some species necessary to the reaction or possibly aggregation or
diffusion to some special position, of a species already present.

For a detonation controlled entirely by self-heating, i.e. where the chemical
reaction rate is constant in time for any constant physical conditions, determination
of the rate of reaction for particular physical conditions is the only chemical
information required (a curve of rate of reaction against temperature for the range
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from zero rate to the detonation zone temperature would probably be most useful,
and if the kinetics were sufficiently simple extrapolation might give a reasonable
value of the rate at the higher temperatures). The acceleration of the reaction
rate to its detonation value would then be controlled by the known reaction rate
under any given pbysioal conditions, the heat of reaction and the various physical
parameters controlling enerMr transfers. Calculations of this type have been made
recently by Cook (22) for a model system where simple unimoleoulr kintics were
assumed and application to several secondary explosives has been made. For an
explosive of this type measurements of time to detonation, such as used in this work,
would be meaningless* So long as isothermal co ditions were maintained no detonation
would occur and a detonation resulting from self-heating would be largely influenced
by the physical factors controlling heat dissipation.

For reactions in which autooatalysis is inportant the kinetics must of necessity
be complex, particularly as the reaction rate will vary with time even though the
temperature and pressure co litions remain constant,, so that calculations of the type
discussed in the preceding paragraph mey be impossibly difficult. However$ for
explosives of this type detonation may in practice be influenced to only a smaller
extent by the plysical properties of the material and the chemical sensitivity,
possibly defined trom the time to detonatioz/temperature curves, such as used in this
work may have value. For this test both the heat-vp time and the self-heating period,
which will be influenced by the pbysioal properties of the oharge, must be negligible.
These both require the charge to be very small so that the test is only applicable
to explosives which will detonate in very small charges. The type of charge used
would need careful attention; single crystals, crystal aggregmtes and tiny pressed
pellets might be used.

While these limitations are important this test has two advantages over many
other tests.

(a) It measures directly the temperatures and the times for which these must
be applied to give detonation. It thus quantitatively follows the physical
parameters which are probably most important in governing the chemical
reaction leading to detonation.

(b) The action performed on the explosive is very simple and the "new physical
state of the explosive charge is known with precision, i.e. the original
state with the temperature increased to a known value, and the new state
is maintained constant with time. Further the new state produced in a
oharge made of any explosive is largely independent of any of the physical
properties of the explosive, i.e. the temperature of the new state is
independent of the specific heat, thermal conductivity etc. of the.
explosive.

(o) The reproducibility of the test is relatively high. The time to detonation
at a particular temperature can be determined to + 20 per cent by a single
measuremente Moreover the times to detonation vary in a regular manner
with temperature so that quite a small mnber of measurements are
sufficient to define the time to detonatioWterperature carves.

2. The Thermal Detonation of a-Lead Azide

As noted above an exhaustive discussion of this topic cannot be given now and
this sec tion will merely include a brief discussion of the problem and reoord some
additional information which has been obtained frcm these X-irradiation results which,
it is believed is relevant.

The initiation of the detonation in lead aside takes place very rapid2y and no
deflagration preceding detonation has been observed in experitrents made to a time
resolution of better than 10-6 seconds (23). This implies that there is a changeover
in less than 10"' seconds from the initial slow "isothermal" reaction taking place
in the physical state of the lead azide under the test conditions (in our case this
physical state is defined as single crystals in vacuo at o.3150 C), te the detonation
reaction taking place in the -mudh more extreme physical corditions inside the
detonation reaction zone. It should be noted that the "isothermal" reaction is the
detonation reaction proceeding at the rate corresponding to the physical conditions
of t1ae test and is not necessairly the same as the thermal decomposition reaction
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characterised by the rate of nitrogen evolution, which is occurring simultaneously.

There are two possibilities,(a) that the chemical reaction leading to
detonation is the same as the thermal decomposition reaction, (b) that the two
reactions are different. Hawkes and Winkler (1) support the first view, whereas
Garner (2j+.) has suggested a different mechanism. The thermal decomposition (see
above, page 7 ) procedes by a mechanism of surface nucleation by the product lead,
which catalyses the reaction. This is then followed by a penetration of the lead/
lead azide interface into the crystal. It should be possible for oases where fairly
certain assumptions can be made about the energy losses of the decomposing crystal,
to calculate the self-heating produced by the measured decomposition arnd to determine
if aoceleration of the rate to the detonation rate can occur in the 10 - seconds
available. For this mechanism, too, it would be reasonable to assume that detonation
would occur when a given rate of decomposition had been reached, i.e. when the rate
of energy produation was at the critical value to produce self-heating in each case.
Ay deviation from this would be expected to be in the direction of requring a
higher decomposition rate at a lower temperature for in this case the heat losses
would be slightly greater. In fact, the rate of decomposition Just before
detonation has been found (17) to vary in a reAm manner with temperatures This
may, however, have been because the aggregate decomposition rate of all the crystals
was being measured instead of the decomposition rate of the crystal whose detonation
was subsqently observed.

If the detonation reaction is different from the thermal decomposition reaction
it is not possible at the present time to formulate a mec The following
points are of interest however:

(a) The decomposition may have three functions. It may

(i) provide defects necessary to the detonation,

(ii) accelerate the detonation reaction by the self-heating given by
the decomposition,

(iii) destroy so much of the available material during the detonation
induction period, that detonation cannot occur.

(b) If, as seems likely, the detonation has a higher activation energy than
the decomposition, the former will be favoured at high temperatures and
the latter at low,

(c) The detonation process, may still be a surface reaction, or it may be
a bulk reaction. Comarison of effects produced b pre-irradJation with
X-rays, which produce bulk defeots, and ultra-violet rays and low velocity
electrons, which give surfaoe defects, would be of interest here.

(a) The detonation reaction is dependent upon crystal size. This nay be
because:

(i) the decomposition, being a surface reaction, destroys the material
(see "a" above) too rapidly in small crystals,

(ii) as the detonation process mast be dependent to some extent on
self-heating,,in small crystals the energy losses during the time
of heat up from the "isothermal" reaction temperature to the
detonation reaction zone temperature, my be such that detonation
does not occur,

All these effects should be clarified by a study of the thermal detonation
of a-lead azide crystals, otherwise identical, but of different size.

The marked acceleration of the detonation reaction produced by the high dosage
of y-irradiation implies that, whatever the mechanism, it is dependent upon lattice
defects. If the pre-irradiation merely increases the concentration of some defect
which is present in the unirradiated salt, or is produced in the induction period
it is to be expected tbst the pre-irradiation would change the pre-exponential term
in the activation energy eqation but not the activation energy value.itself. This
is in the equation:

. "



tD Aep(&

where tD. is the tin to detonation

A the pro-expowential temi

B the activation eDeXIF

R the Ws constant azzi

T the absoliute'temperature

The results shown in Figs. IlI and IV in- whtich tuws plotted, apint!T for the
unir;Aiated material and.that'irxadiated at6.35 x l0Or hav, been used to caloulate
A and B. Values of log tD~ aid i/t wre fitted to a straight line using the least
sqmmrs method. The tesults obtained inoluinlg the xtan&kzd deviations amre ven
in Table II. For omparison the values for pure, uniirr'adiated *-lead &AO of
particle size 60 to 150 meas are includedo

Table II

Asd ye Irradiation do saso 31(k oas) lostA

Servioe 0 53+ 15

Service 6*35 x10'r 86+ 8 27±+1U

Pure a 0 90±:t8 28+ 13

It is seen that the result is not onmolusives although the'high values round fCW
the aotivation energies are of interest. The large values of the standard deviation
are due more to the marronmes of the temperature range inmestigated, than to lack
of precision in the masuxements.
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FIG.m TIME OF HEATING TO GIVE DETONATION VERSUS

TEMPERATURE FOR IRRADIATED AND UNIRRADIATED

SERVICE LEAD AZIDE.
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