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ASTRACT

An extreme test of the "hot-spot" model of explosive initiation as ap-
plied to microscale irradiation events shoold occur when the explosives
are irradiated at elevated temperatures. To so test this model, fission-
fragment irradiation" of four explosives selected for their high reaction
rates (P.DX, HMX, PETN, and nitroglycerin) were performed at 1250 to 215 'C.
No explosions or signs of thermal decomposition were observed with any
of the explosives. Since a detailed analysis of the resulting cylindrical
zones of radiation heating and their subsequent behavior with time predicts
initiation for these particular explosives, it appears that the "hot-spot"

model is inadequate in describing microscale irradiation phenomenA.



lMI11UI IOM

Cosiderable research a been dome in recent years (Ref 1) to deter-
mine the basic coaditioss necessary 6w the initiation of an explosive. Most
of the m exotensive studies have bees made on the macroscopic behavior
of explosives mnd have been interpered smisfactorily in terms of the clas-
sical "hot-spot" model (Refs 2-6). Several explosives have aiso ben sob-
jected to irradiation, but not until recently has a detailed analysis of this
process bees attempted.

Cery d Kaufam (Ref 7) irradiated several explosives with pioas to
produce spherical hot spots less tha lo' cm is diameter. In this work it
was moed that so, initiatins had occurred. However, it was shown that the
high eergydensity poduced by pion cspture (when assumed to quickly de-
grade to themal energy) (Refs 8 and 9) aoud cause a temperature increase
sufficient to initiate several of the irradiated explosives.

A comparative asalysis of typical pion-capture ad nuclear-fission events
shows that, in the latter process, a higher energy-dessity occurs and hence
the temperature increase is greater. As is discussed is detail elsewhere
(Ref 7), the energy deposited by the Auger electrons and alpha particles
which arise from a "typical" pion capture event produces a spherical hot
spot. The intense ionimation ad excitation along a fission-fragment track,
however, produce a high eergy-density region of cylindrical geometry.

Irradiations of a few explosives have been performed with fission-frag-
meats (Refs 10 and 11) but no initiations have been observed. (The explo-
sions of Nitrogen iodide are apparently due to a surface effect rather than a
thermal spike (Refs 12-14).) However, the calculations of Cersy and Kauf-
man (Ref 7) indicated that some of the more sensitive secondary explosives
had not been investigated and that, surprisingly, the frequently investigated
lead aside was not expected to initiate on this model.

The purpose of the present work was to determise the behavior of several

of these more sensitive high explosives when irradiated with fission-frag-
mtts at a controlled elevatcd temperature. Table 1 (p 11) shows the tem-
perature required to produce various degrees of decomposition in 10-" sec-
onds (the characteristic time for heat disipation) for all the explosives in-
vestigated. It is apparent that tht strength of the ther-al spike arising from
the irradiation need not be great to produce ippreciable heat from chemical
decomposition. Then, by having the explosives at some elevated temperature,
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say, 1504,,the likelihood of an irradiatio'n-induced iiitiation-aecording ro
the "hot-spot" model-shoud-be signiificantlyincreased. Table 1 also,
shows the temperatures used'in the experimeit; Fourhigh purity (>:99%)
secondary explosivesi were -investigated: pehtaerythritol tec'ranitrate (PETN),
-kesaydro- 1,3,5-trinitro-s-triazipe (IkDX), ,octahydro- 1,3,5, 7-etranitro-s-
terrazine (IIMX),and glyceryl crinitrate (nitroglycerin).

*XPERtIMEWHTAL _POCEWURE

A variable-temperature explosive container was uied to heat the explo-
sive samples-. 'A small quanity (030 mnl) of an acidic soluti6n containing
Cf-252 (3%_spontaneous- fissioni) was.addedt6_30 ingof each explosive. In,
the case 6f the three solid explosives the mixture for each pellet was then

dried, mixed, and pressed'onto a, 1O-mil thermocouple inrightcylindrkcal
pellets approximately one-quarter inch in diameter and- one-quarter inch
high. 'Each pellet was inserted in the container and heated on all surfaces
except the top from room temperature to-appr6 Aimaiely'35 0C below the melt-
ing point of the explosive. The pellet was kept at this temperature for thirty
minutes and-then-heated to ignition. the time to ignition, which ranged.

frm4 o1 oftsd the tmeaue of the pellet and the container

Th ehv* fteepls v elt otiigC-5 was coiapared to
thatof ellts f th sae eploiviprepared'in an identical mAnner but

Cihdu alifornium'.

The-amoun of d-252 in the pellets was determined by measuring the
alpi-Ativi'yof small samples of the solution ini a liquid scintillation
couner.Theratio ofspontanecus fission to alpha-decay being known~ it

Was possible coaiscertain that at-least three fissions per miinute occurred
in the explosive samples. Table 2 (p 11) showstle parameters of typical'
light and heavy fission-fragnents for Cf-152 (Ref 15).

The liquid nitroglycerin samples were easier to irradiate since it was
only necessary to add the solution containing the Cf-252. Tlte~mixture was
then placed into the container in a small, beaker and thechtermocouple im-
mersed.

A second method of *irradiatiton also employed was using Cf-252 plated on
small platinum foils. In this case, a foil was placed in direct contact with
the top of the pcee-(immerscd in the case of nittoglycerin) and the pellet



was heated ,as before. ,Procedures similar to those used inthefirsi method
to control, heartang to ignition and to measure the activity were followed.,
The amount of rad iatio' to'which each pellee was-exposed was determined
to be 33 fragments per intae, 4ikh, was appreciably, greater thAn'that of'
the first, method;

OWESLTS AND DISCUS06ON

No, differencedsbetien the response of the irradiated explosives and the
stanldards -were bbseivid even though the former werleexposed to about, 20
to 2000 fissiont-fragmeints. The "hot" pellets showed no signs of accelerated
decompositioii (compared, td the stanidards), either whenm held at the elevated'
temperaturei or~when-heatedto ignitiqn.,Both-,types of pellets of an explo-
sive ignited at'the same temperaturei in the same general mnfner,,and in

jthe saime time-- within the niormal range.6f deviation-for such measurements{ of explosives.

Although the fission- fragmenit iirradlitiondid 'nolt initiate these explosives,
a-detailed qui4titativLe analysis was made to determine the predicted be-
havior Within theframework of the "hot-spot" model (Refs,2-6). This model
has enjoyed some suc tcess in explaining the behaior& of explosives on a
Macroscopics cale,.ibut has ot-often (Ref 7) been used in detail,"nani
analysis of microsicile processes.

Initial. "temiperature"-raditis profiles for the"hot-spats;" which in reality
are energy-radiuis profiles, were obtained by calculating thc enetrgy de-
posited in successive cylindrical-she Ills coaxial -with thelissioh-ragment
track. S uchcalculat ions are complicated, ,however, t f a lack of p~ecise in~
formation on the relative- amounts of ehergy'that a stopoint fission-fragment
lose3 to excitations and ioni zat ions. !'agce'(kef 16) discusses the ionization
and excitation resulting from the passageof high-energy, charged, particles
through nmatter and postulates that two processes- termed "head-on"Afid

glancing" coil istona-Make equal contributions to the differential energy
loss of the particle. Emnploying this model for the 'initial, port ofits track,
we assumnielt~at a f ission- fragment would lose-half of its energy in producing
delta rays (knock-on electrons of-,energy,.say, greater than 200 cv) and the
other half in low-eniergy toniz~tions and excitations. This latter type of
energy deposition was assumed to occirwithin IOA of the center of the
track (Ref 17). Although the-vulues ,chosen fnr the minimum delta raxy energy
and the radial distance for lesser-energy drops are somewhat arbitrary, it
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is evident (Refs. 17'and-18) that,200-ev is of the correct order of magnitude
f6r'such a figure and that for the explosives.investigate d 0A is approxi-
iately the.straight-line distance traveled bya 2M0-ev electron.

the relativenumber of delta rays of a given energy that are pr6duced by
thi fissioai fragmentcan b& fbund using the.relation 6f Mott-as cited by
Bradt and Peierst(Ref 19). This expression was normalized (over allp6s-
sible.energies) to 6ne-half the value ofd (dE/dx) which was calculaied from.
the range-energy curves of'Fulmer(kef 0). This particular (dE/dx) was
chosen at~the point along the-ttack where thefragmet'hadlost one~half
its'initial energy.

The electron-range-ehergy relation used to find the energy deposited,
away from the track was that of Giocker-as cited by Katz and. Penfold (Ref
21). To account for the fact thatsuch slow electrons do not move out in a
straiht line nor in a plane perpendicularto the fragment track, one-half of
the-piactical range as given by Glocker was used as an average,-or eifeciive,
range (Refs 22-25).

The time required for the passage of a fission-fragment and its subse-
quent-energy deposiiion is of interest, For a.section of the track where
i.d-100A, thepassage of the fragment through this region andthe stopping
of the low energy delta raysshould 'occur in appreciably, less than 10"
seconds. Hence we may-assume that the initial.energy d:strlbution arisesin :10');seconds.

For a first-order reaction, the subsequeut time-behav.or of the'(cylindrical)
hot spots :governed by, the -eat diffusion equation:

T x , T ,-Q n e" R
S(i)

where T'is the absolute temperature, t is the time, K is the-thermal diffu-
sivity, Q is the heit of-reaction, c is the-specific heat, n is the mass
(raction nf-unconsumed reactant, Z is the Arrhenius pre-exponential factor,
H is the activation energy, and R is the gqs-constant. Also X , c where

k- is (he thermal conductivity and p is the density. These constants are
listed in Table 3 (p 12)-for the explosives-ia,-estigated.

S I I



Soltions-to Equatioti1:f6. latertimes were obtained consistent with the
initiaLtoei i-,~l and siubse-quent reactant, 6onsumpiion. ,Thv~
mehod empiloyed *s-neiii of, the Schidt method, modified to in.
chide~t'hie eat iiberueid~iby chemical reaction (Ref 37). The material was
divi&Aedni int- series of concentric. cylindrica.shells,,,the temperature of

Itc shell beingunifotm,, and!he temoerturites of the various shells deter-
qunFig -by3,-ppl13 15). The

temertur fr~ti t1%AeI,,iat im-t Atwas thnotiefrom the

where &r is the thickness of each cylindrical shell and rl is~the radius to
the center of the ithshell.

We'have assumed that, since, molelcul ar vibration frtqdenc-s are -0l

sec, it is possible to hive the init ,ial-encrgy. profile transformtd into a tern-
pciatiiie profile by 101 seconds. Stecond ly, we have assumed that this
transition from-an energy-rad -ius to a temperature-radius d istrib~ti -on can be
estimated by using Equation 1, neglecting-tchemical reaction.. After 10"
seconds, the complete solution to Equtation,2 is obtained. The temperature-
radius profiles were calculated using an IBM709 digital computer. Equation
2 was solved for-a series of, time intervals, At, being chosen in such a-way

-that the temperature change in any shell during the time interval was less
than 5 o; the shill thickness, Ar,,was taken t 'o be 5A. The results for- RDX,
nitroglycerin, and PETN are nhoivn in Figures'1, 2, and 3, respectively,
with initiation predicted in all cases. The behavior ofAIMX is expected wo
follow vcry closely that of RDX.

An alternative approach w.,s u~sed to check the sensitivity of thc results
to a variation-in theinitial energy-radius profile., In this case, energy dep-
osition was assumed t 'o be due to delta rays alone so that the temperitures
for the first-three shells (154) were essentially identicai (-Lq xlO'1C in

RDX). These calculations also predicted that initiation should occur in
each ckplosive in much the same -manner as *n the~ initial, case, Although
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initiati6n is predicted forall the-explosives investigated,, such is not the
case for explosives in geherai 4s was shown previoisly, (Ref 7).

The-theriochemical and physical, values used iiithe cAlculations are
qised in Table 3(p 12). It was assumed that the thermal onducivity and

Specific, heat were teniperatue, independent, and further that the specific
beat of the products of,'reaction Wasthesame as that of the original explo-
sive. NMacroscopic~theiral parameters were used throughout as in previous
work, sincen6 evidence against their suitability had been found.(Ref 38).

Theseresults show once, more the inadequacy of the "hot-spot" model
itidescibirig the effects of miio6scale events in eilosive materials. It
should be noted.that Bowdenand Yoffe (Ref 1) havepostulated thatr a crit-
icial size of 10-' to WO" 'cr musi-be exceeded before. the model is appli-
cabie; hwever, it is'iotapparent from the mathematical model itself- just
'how this limiitation, comes about. Two theories have been proposed recently
which when appliedrio our experimental conditi6ns appear toyield results
consistent with ours. A recent es6imate'has been made by Dodd (Ref 39)
using a statil'icaI approach which indicates that simultaneous decompo-
sition of oft the order of only 10 molecules is sufficient for initiation to
occur. Secondly, a statistical model has also been used by Ling (Ref 40)
'to:describe'initiation phenomena. In applying this model to the case of
fisson fragment irradiations,'he finds that for, temperatures of 200-400'C
in the volume around the track initiation is unlikely. it appears, however,
that ifhis calculations were extended to include the higher temperatures
indicated in this work'(say'15001C in a 100A radius cylindrical ,volume),
this model would also predict that initiation is likely.

On the other hand, some of the asstimptions made-in-our work are open
'to question. The extrapolation of kinetic data to the conditions of this ex-
perimentis unavoidable but possibly erroneous. Certainly, theprocesses in-
volvedin the conversion of energy. to temperature and their interrelation
with chemical eactiot, are not well understood when considered on this
time scale (Ref 41)Q. It is conceivable, a has been noted in-shock-wave
experiments (Refs-2 and .13), that a delay may exist betweencthe time at
which a temperature distribution is established.and the beginning of chem-
ical reaction. It. should also be noted-that calculations dealitig with atomic
displacemnents in copper indicate that-heat dissipation may-occur more
rapidly in inicto,'cale-events.tlian -vould be expected from classical heat
conduction (Rf .4). If theie.is an analogy, :.uch-an effect in explosives
would considerably alter our calculations. Lacking morq;precise information
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conc rning the assumptions made, however, it appears that the "hot-rpwr"

model may. require considerable revision to account for eiperinenial data
oi explosive irradiations.

We wish to thank Ik. Harold j Matsuguin for his assistance in the

preparati6n of the expeiiment.
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TABLE I

T.aerqikars rivinsd forvsos fribcti" dP eqnsitims*

Possible Temperature of the Explosive
Temperature (,C) Required to Prodeae a Expar:mental
hInrease Decemposition of Teimperature.

Explosive '(q/c). 0C S %0% 99%

RDX 4850 750 935 1(035 160

HMX '4020 805 1025 1160 215

'PETN 4930 1065 1625 2050 125

Nitoglycerin 5i380 640 81 920 180

*Thcse are the iemperatures at which each of the explosives must be kept for 10"41
seconds in order to produce i, 507" and 99%-chemical decomposition. Also listed are the
temperatu*eincreases that would ieult from cbmplete decomposition (Q/c), and the tem-
petatures at which the irradiations were perfopued.

TABLE 2

Typical parameters for fissieon.frogments
from the spontaneous fission of Cf-252

-Parameter Units Light Heavy

Mlass (?.) anu 111 141

Energy (H) Mev 100.5 78.0

Velocity (V) cm/sec 1.32 101 1.03 1 01'

Range (1) if of RDX 8.4 7.0

Charge (2) 44 54
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