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REAL-TIME ANALYSIS OF HNS DETONATION PRODUCTS: CARBON 
CWSTERS 

Normand C. Blais 
Los Alamos National Laboratory 
Chemistry Division, MS G738 

Los Alamos, NM 07545 

We have determined the mass spectrum and the time evolution 

of the freely expanding products of HNS detonation. The products 

arriving at the detector earliest have velocities-of 8 km s-l ; 

except for hydrogen, this is characteristic of all of the products 

irrespective of mass. The spectrum is dominated in intensity by 

products at mass 28, which we ascribe as composed of 80% CO and 

20% N2. 

remaining products are spread over many mass peaks from mass 12 to 

mass 60, the most important being H2, N20, C02 and carbon clus- 

ters. 

distribution that decreases monotonically with n. 

distributions are also obtained under conditions of partial con- 

finement by solid Xe at 30 K and the distributions are found to be 

These account for  nearly half the total products. The 

We observe carbon in clusters, Cn, with 1 S n 6 5 in a 

Carbon cluster 

relatively unchanged. We compare our mass spectrum with those 

obtained under conditions closer to equilibrium and to earlier 

measurements of the same kind with PETN. 
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INTRODUCTION 

We present the results of measuring the mass spectrum of the 

freely expanding products from laboratory scale detonations of 

hsxanitrostilbene, HNS. We are dnterested in examining this 

explosive because one of its major constituent products is soot, 

or solid carbon. The study promises to make an interesting con- 

trast with another explosive for which we've reported similar 

measurements,' pentaerythritol tetranitrate, PETN. 

PETN are characterized as high explosives, but HNS (C14H6N6012) is 

oxygen poor compared to PETN (C5H8N4012) in the ratio of oxygen 

atoms to carbon atoms. The resulting immediate detonation prod- 

ucts have a different product spectrum, especially in.the forma- 

tion of carbon molecules in HNS that ultimately become soot. The 

energy release by forming soot is a significant part of the deto- 

nation energy,3 sometimes making the difference between predicting 

the overall reaction as even being exoergic or endoergic. 

1 

Both HNS and 

The kind of measurements that we make allows us to detect 

many radicals and reaction intermediates that are not observed 

using other methods. Our previous work suggests that those prod- 

ucts that arrived early on the time scale of our experiments 

originated from layers of the explosive nearest the detector.2 

While these molecules have experienced many collisions in the 

expansion process, there were far fewer than the number suffered by 

products originating deeper in the bulk of' the explosive. These 

early arriving molecules therefore have a mass and energy spectrum 
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that depart considerably from the equilibrium conditions that 

would result from measurements taking longer times and having more 

constrained expansion conditions. The carbon molecule distribu- 

tions we present here are thus an indication of the distribution 

of carbon species closely following detonation. 

The problem of soot formation is a long standing one that is 

familiar to those studying high temperature gas-phase combustion 

of  hydrocarbon^.^ Carbon clusters are thought to play an impor- 

tant part in this process, but the mechanism by which soot results 

from carbon bearing molecules is still not well understood. Small 

clusters, such as Cg, C3, C2H are easily observed in large amounts 

in flames that are luminous from large carbon ~1uster-s.~ Perhaps 

by undertaking analogous measurements to those done in combustion 

studies, the kind that we are reporting, we can add to the infor- 

mation about the mechanism of soot formation. There is evidence 

that the chemical reactions that drive the detonation wave in a 

high explosive do not have the bimolecular characteristic of 

gas-phase reactions, but clearly those reactions that occur during 

the product expansion are describable as gas phase. We hope to be 

able to distinguish in which phase soot is formed by measuring the 

distribution of the carbon clusters in the detonation. The dis- 

tributions we obtain, as we will see below, are unlike those 

obtained from the newly developed laser ablation methods of form- 

ing carbon clusters.6 Our distributions contain much smaller 

clusters, such as are found in flames. 
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EXPERIMENTAL 

The apparatus used fo r  these studies was described in detail 

earlier.' Briefly. 22-mg pellets of HNS (PANTEX 4307-07-MDT-01) 

having a density of 1.55 to 1.60,ar-e detonated electrically in a 

large vacuum chamber. The dimensions of the chamber are such that 

the expanding products of the detonation reach collisionless 

molecular flow and enter the detector before they can collide with 

either ambient molecules or with product molecules that have had a 

wall collision. The time and intensity distribution of a particu- 

lar mass are measured using a quadrupole mass filter located in an 

ultrahigh vacuum chamber isolated by apertures from the detonation 

chamber. For each mass measured a pellet must be detonated. 

For one aspect of the reported work, we modified the appara- 

tus so that the carousel supporting the pellet and detonators 

could be cooled to 30 K. With this modification, we could deposit 

an overiayer of Solid Xe onto the HNS pellet. 

change the expansion environment of the products to observe any 

changes in the carbon cluster distribution. This apparatus modi- 

fication has also been described el~ewhere.~ 

This allowed us to 

Molecular velocity distributions are obtained by time-of- 

flight measured over a distance of 110 cm. 

RESULTS 

Figure 1 is a plot of the raw data as it is collected in the 

multichannel scaler (MCS) fo r  two masses M = 15 and M = 44. The 
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dwell time, At, for collection is 10 us in each channel. The 

transit time from pellet to detector is taken to be the time at 

the center of each n'th channel: 

t = (fh- 1/2)At 

Figure 2 is a mass spectrum for HNS. We obtained it by 

summing all of the counts above background for each mass indi- 

cated, stopping at channel 40 so that the maximum arrival time 

considered Is about 400 us. We did this because several of the 

time distributions showed a subsequent rise in intensity after 

channel 40, as shown in Fig. 1, for which we couldn't account. 

Fearing that these molecules were not direct products of detona- 

tion but had been "reshocked" by collisions with the detonator 

supports of our apparatus, we chose to exclude them from the 

counting procedures. Thus, we are restricting our data to the 

early arriving molecules, those that are closest to being the 

detonation products. By so doing, we also avoid the necessity of 

converting each time density distribution to a time flux distribu- 

tion to construct Fig. 2. Each mass had a remarkably similar time 

distribution up to channel 40 so that the conversion from density 

to flux would not alter the intensities within the uncertainties 

of our measurements. 

As we will discuss later, the mass peaks for Fig. 2 were 

corrected for ionization efficiency' and mass transmission of the 

quadrupole mass filter. 
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FIGURE 1 
Detonation product time of arrival distributions. The counts 
stored in each channel of 9 multichannel scaler are plotted as a 
function of time after detonation for two masses, M-15 and M-44. 
The flight path is 110 cm. 
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INTENSITY, RELATIVE TO M = 28 
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FIGURE 2 
Mass spectrum of HNS detonation'products. The intensities are 
relative to M-28, which is given unit intensity. Species were 
assigned to each mass as described in the text. Dots indicate 
masses at which measurements were made but no products were 
detected. Selected measurements were made to M=720, but no 
signals were obtained. 
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&sides searching f o r  products a t  masses l a r g e r  than those 

shown i n  Fig. 2 ( u p  t o  M = 402) ,  we a l so  paid p a r t i c u l a r  a t t e n t i o n  

t o  masses t h a t  correspond t o  l a r g e  C l u s t e r s  of carbon up t o  c60, 

M = 720. The only s i g n a l s  that ,were c l e a r l y  ev ident  above elec-  

t r i c a l  noise were those up  t o  C 5 ,  M = 60. I n  addi t ion  t o  being 

p lo t ted  i n  Fig. 2 ,  we've p l o t t e d  them s e p a r a t e l y  i n  Fig. 3 i n  a 

d i f f e r e n t  way, a s  r e l a t i v e  r a t i o s  of c l u s t e r  i n t e n s i t y .  Also, we 

include t h e  d i s t r i b u t i o n  f o r  carbon c l u s t e r  formation under very 

d i f f e r e n t  detonat ion condi t ions.  

For the d i s t r i b u t i o n  shown i n  open t r i a n g l e s ,  we detonated 

the  HNS p e l l e t s  a t  low temperatures, 30 K ,  and covered t h e  sur face  

of each p e l l e t  w i th  20 t o  30 mg of Xe condensed on t h e  sur face  as 

a s o l i d .  T h i s  l ayer  approximated an i n e r t  l ayer  of HNS equal t o  

the  mass of the  p e l l e t ,  s o  tha t  t h e  carbon a r r i v i n g  a t  the detec- 

t o r  was now equivalent  t o  carbon formed near the  center  of the  

p e l l e t  f o r  an unconfined detonat ion.  Our i n t e n t  was t o  see i f  

l a r g e r  c l u s t e r s  of carbon were formed under more confined condi- 

t i o n s ,  o r  if the d i s t r i b u t i o n  i n  c l u s t e r  s i z e  was changed markedly 

by the  confinement. Figure 4 shows a time d i s t r i b u t i o n  i n  carbon 

c l u s t e r s  taken under ordinary condi t ions ,  and although the  e f f e c t  

is not l a r g e  and t h e  shot-to-shot r e p r o d u c i b i l i t y  is not good, i t  

seemed t o  u s  t h a t  t h e  l a r g e r  carbon c l u s t e r s  always a r r ived  a t  t h e  

de tec tor  a l i t t l e  l a t e r  than C, or C2. i n d i c a t i n g  t h a t  they were 

formed deeper i n  t h e  expanding gases .  Our a n t i c i p a t i o n  of l a r g e r  

c l u s t e r s  appearing under confinement was not borne out .  As Fig. 3 
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shoi.ts, there  is no d r a s t i c  d i f fe rence  between the  two condi t ions 

of detonat ion.  In f a c t ,  the relative prominence of C, is in- 

creased by confining t h e  detonat ion.  I n c i d e n t a l l y ,  we saw no 

d i f fe rences  between t h e  carbon dr is t r ibut ions when the p e l l e t  was 

cold or when it  was a t  room temperature, s o  long a s  the  Xe over- 

layer  was absent .  

DISCUSSION 

As we found was the case f o r  our e a r l i e r  work on PETN, the  

a r r i v a l  time a t  threshold f o r  a l l  of the molecules was the  same 

almost i r r e s p e c t i v e  of mass. T h i s  time was about 135 us corre- 

sponding t o  a ve loc i ty  of 8 km s-', somewhat lower than t h e  

1 1  km s-l found f o r  PETN. Both hydrogen, M = 1 and M - 2 ar r ived  

s l i g h t l y  e a r l i e r ,  w i t h  v e l o c i t i e s  about 9 km s-', ind ica t ing  t h a t  

these  e a r l i e r  a r r i v i n g  molecules were not  fragments from heavier  

molecules produced i n  t h e  ion izer  de tec tor .  For those molecules 

i n  t h e  time region of 400 US t h a t  we include i n  our a n a l y s i s ,  the 

v e l o c i t i e s  a r e  determined by the  hydrodynamic expansion of t h e  

product gases. I t  is a s  i f  t h e  molecules came from a f r e e - j e t  

expansion of a mix tu re  of gases  i n  which there is very l i t t l e  

"s l ippageff  between the  components of the  mixture. 

In ass igning the  mass peaks t o  Fig. 2 we were guided by t h e  

necess i ty  t o  maintain t h e  cor rec t  mass balance t o  the  system. We 

guessed a t  what spec ies  cons t i tu ted  t h e  pr inc ipa l  cons t i tuent  of 

each peak, and corrected the i n t e n s i t y  for its mass t ransmission 
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FIGURE 3 
Carbon cluster intensity distribution from HNS detonations. The 
relative intensity of a cluster containing n carbon atoms is shown 
under two different detonation conditions. The closed circles are 
for room temperature, unconflned detonations. The open circles 
are detonations at 30 K with an overlayer of solid Xe covering the 
HNS pellet. The dashed line is an equilibrium distribution of 
carbon clusters at 3400 K and 0.01 bar carbon partial pressure. 
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FIGURE 4 
Carbon cluster time of arrival distribution. These are similar to 
Fig. 1 ,  but for three clusters of carbon containing 1, 2, and 4 
carbon atoms. 
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and for i ts  ion iza t ion  e f f i c i e n c y .  Then t h e  t o t a l  atomic con- 

s t i tuency  was added up. I f  t h e  atomic r a t i o s  were not those of 

HNS, we revised our guesses and s t a r t e d  over .  T h i s  procedure was 

a f fec ted  most by the  mass 28 peak ,  which was much l a r g e r  than any 

o ther  peak. 

the  f r a c t i o n  of each was t h e  most s e n s i t i v e  way of c o n t r o l l i n g  t h e  

t o t a l  atom balance. Figure 2 represents  what we f e e l  is t h e  bes t  

choice of mass peak assignments. It is not a unique choice,  but 

t h e  atom balance comes out  reasonably well. The r e l a t i v e  abun- 

dances of C, N, and H a r e  within 5%. and t h e  0 atom abundance is 

shor t  by about 25%. This  shortage can be improved by changing the 

r a t i o  of CO t o  N2 a t  M - 28 or by l e t t i n g  a l l  of t h e  M = 44 be 

CO2. but t h e  abundances of both C and N atoms a r e  adversely 

changed. We point  out  t h a t  t h e  u n c e r t a i n t i e s  i n  repor t ing  the  

da ta  a r e  l a r g e ,  probably amounting t o  50% for  some of the  minor 

c o n s t i t u e n t s  such a s  C2H, C3H, etc.  where only one or two shots  

were expended t o  make t h e  measurements. But a s i g n i f i c a n t  c o n t r i -  

bution t o  the  uncer ta in ty  a l s o  a r i s e s  from t h e  adjustments t o  t h e  

ion iza t ion  s e n s i t i v i t y  of t h e  de tec tor .  For some spec ies ,  such a s  

N20, Cn, t h i s  cor rec t ion  can be s i z e a b l e  and d i f f e r s  widely 

depending on t h e  r e p o r t i n g  source. For o ther  spec ies ,  such as 

C2H, C3H, e t c . ,  no values  are a v a i l a b l e  so  we make no adjustments. 

Both CO and N2 make up its i n t e n s i t y ,  and choosing 

Our measured HNS spectrum is more complex than the equi l ib-  

r i u m  product spectrum.’ The s t a b l e  product spectrum c o n s i s t s  of 9 
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TABLE 1 

Comparison of Products in Common with Equilibrium Measurements 

, Fraction of Products 
Mass Species This Work Equilibrium - 

2 
16 
17 
18 
27 
28 

44 

12-60 

0.092 
--- H2 

CH4 

NH3 
H20 

*2 

<0.017 
0.016 
0.026 HCN 
0.1 1 

co 0.36 
N20 0.038 
co2 0.038 

0.123 LC rl 

0.034 
0.004 
0.01 1 
0.089 
0.004 
0.14 
0.24 

0.14 
0.33' 

--- 

*listed as solid carbon. 

species, which are listed in Table 1 with their abundancea. Except 

for the solid carbon, we can identify almost all of these in our 

spectrum, but we have assigned many species that do not appear in 

the equilibrium products. Also, as Table 1 shows, the abundances 

of the common products differ considerably. 

The most prominent feature of our spectrum is mass 28, to 

which we have assigned 80% as CO and 20% as N 2 .  These two prod- 

ucts combined account for almost 50% of the product intensity. 

Less dramatically, in the equilibrium measurements, they account 

for only 38% of the products. 

than appears in the equilibrium products. There is a considerable 

difference between the pure carbon products in Table 1. Only 

We see much more H2 but less H 2 0  
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about 12% of our product appears as carbon atoms or carbon clus-  

t e r s .  A t  equi l ibr ium, almost 3 times t h a t  amount eventua l ly  ends 

up as  s o l i d  carbon o r  soot .  As Fig.  2 shows. much of our carbon 

appears i n  many small r a d i c a l s  &read over the  mass spectrum from 

mass 13 t o  mass 49. He may have missed some products a t  masses 

grea te r  than H = 60 because the s i g n a l s  were t o o  small. 

of these small mass peaks e x i s t  up t o  M = 402, a cons iderable  

amount of product could be unaccounted for i n  our a n a l y s i s .  

I f  many 

While many of the  products t h a t  we see  i n  HNS a l s o  appear i n  

t h e  spectrum we repor ted  for PETN de tona t ions ,  the d e t a i l s  are 

very much d i f f e r e n t .  In  PETN also, there is a dominant mass peak, 

but it is M = 18, H20. 

amount of hydrogen a v a i l a b l e  i n  each explos ive  molecule of PETN. 

We observe no molecular hydrogen i n  t h e  PETN products. Also, i n  

PETN we see moderate amounts of NO2 formed, while  none is seen i n  

HNS. 

t i v e l y  f o r  t h e  a v a i l a b l e  oxygen i n  PETN than it can i n  HNS. 

Probably t h e  most important d i f f e r e n c e  between HNS and PETN is t h e  

appearance of carbon c l u s t e r s .  Only a small mass peak of the  

carbon monomer is observed i n  PETN, but up t o  C5 is e a s i l y  meas- 

ured i n  HNS. 

Th i s  is cons is ten t  w i t h  t h e  increased 

Thus it  appears t h a t  t h e  ni t rogen can compete more effec-  

It is not clear from Fig. 3 t h a t  w e  can decide w h a t  t h e  

mechanism is t h a t  is respons ib le  for the  d i s t r i b u t i o n  of c l u s t e r s .  

We do not observe any i n t e n s i t y  a l t e r n a t i o n s  between c l u s t e r  ions 

containing odd and even numbers of atoms, as have been reported i n  
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some These earlier distributions were peculiar to 

positive carbon cluster ions obtained by evaporation Prom solid 

carbon surfaces; odd-sized clusters with 9 atoms or less were more 

intense than even-sized clusterb. More recent experiments employ- 

ing laser ablation of carbon clusters from graphite surfaces also 

show evidence for intensity alternations,6a but these make their 

appearance at large cluster sizes, from 20 to 90 atoms, and only 

even clusters appear. Various reasons have been suggested to 

explain these distributions, based on stability arguments of 

preferred geometries. 

ters are more energetically stable than even clusters, and that 

the evaporation experiments demonstrate this characteristic. In 

contrast, the ablation experiments have been interpreted to indi- 

cate the formation of carbyne structures in the graphite at the 

point where laser heating occurs which retain these basic struc- 

tures into the cluster formation. Since our distributions de- 

crease more or less monotonically with cluster size, it is clear 

that none of these factors invoked above play a significant part 

in forming the clusters we observe. For example, there is no 

preferential breakup of the carbon rings in stilbene leaving 

behind stable cluster sizes that persist through the product gases 

expansion. 

It has been suggested that small odd clus- 

After the detonation wave has passed through the HNS pellet, 

the initial expansion of the products occurs under conditions of 

high temperature, 3000 to 4000 K, and of high pressure, several 
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hundred kilobar. Slower reactions are still taking place, as is 

evident from the fact that we see radicals that would not be 

present after longer, confined expansions. As the product expan- 

sion progresses, the temperaturs drops rapidly and carbon clusters 

formation can 3e controlled by one of two mechanisms. If the 

collision frequency between carbon atoms and clusters are high 

enough compared to the rate at which temperature drops then the 

cluster distribution can be reasonably close to an equilibrium 

distribution at the local temperature and pressure. At some point 

in the expansion, however, the collision frequency and the tem- 

perature become low enough that clusters grow by aggregation of 

carbon atoms and carbon clusters. The rate of recombination for 

the various cluster sizes determines the growth of the clusters, 

and for small clusters, the vibrational relaxation to lower lying 

bound states is fast compared to the recombination. Dissociative 

collisions become less important and the cluster size distribution 

departs from equilibrium. 

Modeling such an expansion promises to be a sizeable under- 

taking. The amount of carbon in the products is large and the 

energy of recombination of a carbon atom to another atom or to a 

cluster is large,9 amounting to 6 or 7 eV for clusters containing 

up to 4 atoms. Thus, the model would have to include the heat of 

formation added to the products, so that the equation of state of 

the products is complex. In Fig. 3 we have plotted an equilibrium 

distribution at 3400 K and a carbon pressure of 0.01 bar. It does 
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not fit cur rneasured distribution well, and this is about as close 

a fit as ue found using other temperatures and pressures.” (Only 

the five species C,, n = 1 to 5, were included in the calcula- 

tion.) Thus, cluster aggregatiop under nonsquilibrium conditions 

seems to be necessary to account for our measured distributions. 

We cannot explain the fact that the solid Xe confined detona- 

tions changed the carbon cluster distributions so little. Evi- 

dently, carbon originating near the center of the expanding 

products does not form larger clusters than does carbon near the 

outer regions. In fact, in Fig. 3, the distribution of carbon 

clusters under these confined detonations seem to favor smaller 

clusters slightly. Higher temperatures seem to have been experi- 

enced by this material. 

We have not yet determined the stage at which very large 

carbon clusters are formed, capable of accumulating to macroscopic 

soot particles. We‘ve considered the possibility that the cluster 

distribution that we measure arises from dissociative ionization 

in our detector of much larger clusters, but this doesn’t seem to 

be a very likely explanation. Reported fragmentation patterns 

from other workers” indicate that while our observed distributio- 

ns may be altered from the true distribution, large clusters 

should not disappear altogether. 

We did not look for ions in the detonation products. It is 

doubtful that ions would survive passage through small apertures 

over the 1 meter flight path to our detector. A special effort to 
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detect ions near the detonation region would be necessary. Because 

ions can be very efficient nucleation centers12 for cluster forma- 

tion, this possibility must be examined. We also plan to look at 

visible and infrared absorption pf light (as well as scattering 

light) in the expanding detonation products. Our goal is to look 

for other reaction lntermediates than we observed in our mass 

spectrometer, t o  obtain internal molecular temperatures, and t o  

observe the formation of macroscopic particles of soot. 
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