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Development of é vapor generator for consistently producing accurate amounts of vapor
from low vapor pressure explosive materials is a pressing need within the explosives
detection community. Of particular importance for reproducibility and widespread
acceptance of results is the correlation of such a vapor generator to a National Institute of
Standards and Technology (NIST) mass standard. This paper describes an explosives
vapor generator recently developed at Varian in which a solid explosive sample in a
precision bore glass tube is put in an oven at constant temperature, and vapor diffusing
from the top of the tube is entrained in a carrier gas flow. The rate of vapor output is thus
dependent on both the equilibrium vapor pressure of the solid at oven temperature and the

rate of diffusion up the length of the tube. Correlation to a NIST mass standard is
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achieved by periodic weighing of the sample tube on a microbalance. We report results
obtained with the explosives TNT and RDX. Resuits for TNT show that the mass output
rate is constant over hundreds of hours of continuous use, with outputs of ~ 10-2000
pg/sec for oven temperatures in the range of 60-120 °C. Both the mass loss experiments
and calibration with an ion mobility spectrometer (IMS) give a TNT mass output value of
85 pg/sec at 79 °C, and this result is supported by transport theory calculations. Mass loss

curves for RDX are also linear with time, and show the expected exponential increase of

mass output with oven temperature.
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Introduction

The de?elopment of accurate vapor generators for low vapor pressure explosives is an
area of active research within the explosives detection community. Various attempts have
been made to develop vapor generators capable of operating in discreet, pulsed, and
continuous flow modes. Discrete mode operation typically involves placing a known mass
of explosive onto a surface, followed by heating the surface to desorb the explosive.
Some highly accurate discrete generators have been developed recently [1]. Such
generators are usually inexpensive and easy to operate. However, discrete generators are
generally not capable of producing continuous, quantifiable vapor pulses for- a desired
length of time, and the amount of material vaporized must be known (i.e. carefully
measured 'out) pﬁor to evaporation. In some cases, loss of material due to decomposition
of the explosive on the desorbing surface or poor spacial direction of the desorbing flux
may also be a problem. For maximum flexibility in operation, a vapor generator that can
produce a well-quantified vapor flux both continuously or in timed pulses is desirable.
Ideally, the explosive mass output rate and the pulse time should be independently
variable. In addition, tying the measured mass outputs to an National Institute of
Standards and Technology mass standard is desirable to ensure accuracy and widespread

acceptance of the results.

In this paper, we discuss the calibration of a vapor generator capable of operating in both
continuous flow and pulsed modes. The explosives studied to date are 2.4,6-

trinitrotoluene (TNT) and cyclonite (RDX). The vapor generator used was developed by




Varian Associates [2], and is based on the principle of vapor diffusion up a glass tube from
a solid or liquid explosive sample contained in the bottom of the tube. Upon exiting the
tube, explosive vapor is entrained in a carrier gas and swept out of the exit nozzle of the
generator. The results obtained indicate that this generator can serve as a convenient,
quantifiable source of explosives vapor, once an initial time investment for calibration

experiments has been made.
Description of the Varian Vapor Generator

Figure 1 shows a photo of the Varian vapor generator interfaced to an ioﬁ mobility
spectrometer. A schematic diagram of the inside of the generator is shown in Figure 2.
The overall systeﬁa consists of the generator and its housing, a control box for setting and
monitoring the carrier gas flow rate and the various temperatures within the generator,
and a hand-held switch box. The switch box controls a solenoid valve that allows the
carrier gas/explosive vapor to be directed either through the generator exit nozzle, or out
a separate line at the bottom of the generator. When the generator is interfaced to a
detector, flow out the exit nozzle corresponds to the “on” position, while flow out the
bottom of the generator corresponds to the “off” position. If flow out the bottom of the
generator is likely to lead to environmental contamination problems, this can in principle
be remedied by connecting either a zeolite trap (to remove explosive vapor from the flow)
or a long hose (to direct the flow out of test area) to the line at the bottom of the

generator.




The operation of the vapor generator is straightforward. A small amount of solid
explosive is placed in a glass tube, which is in turn placed in the sample oven of the
generatbr. A glass stopper seals the opening where the glass tube is placed in the
instrument, and the control box is used to set appropriate temperatures and carrier gas
flow rate. Four parts of the generator have independent temperature control: the sample
oven; the carrier gas preheating oven; the mixing chamber, where the entering carrier gas
meets explosives vapor diffusing from the glass tube; and the exit nozzle. Typically, the
sample oven and carrier gas preheating oven are set at the same temperature, the mixing
chamber is set about 2 °C hotter, and the nozzle is set 5 °C hotter than the mixing
chamber. The carrier gas is typically nitrogen or purified air contained in é standard
compressed gas cylinder, and is run at a rate on the order of 100-200 cubic centimeters

per minute (cc/min).

Under these conditions, the flux of explosives vapor out the nozzle of the generator is
controlled by the sample oven temperature and by the dimensions (length and inner
diameter) of the glass tube containing the sample. There may also be a slight dependence
on atmospheric pressure due to the pressure dependence of the gas phase diffusion
coeﬁiciént (see next paragraph). Provided that the system has been allowed to come to
equilibrium, the amount of solid explosive present in the sample tube is not important as
long as some is always present and as long as the amount present is small enough that the
distance from the surface of the solid explosive to the top of the tube can be taken as
constant while the material siowly evaporates. In other words, the fraction of the tube

" length occupied by the explosive sample should be small, probably less that 5% of the total




length. The choice of carrier gas also makes no difference provided that no
decomposition of the explosives vapor occurs. For this reason relatively inert carrier
gases ére preferred. The carrier gas flow rate also does not affect the amount of
explosives vapor produced per unit time. It does affect the concentration of the explosive
within the carrier gas, which is cut in half if the carrier gas flow rate is doubled.
Adsorptive losses of explosive on the inside walls of the tubing leading to the exit nozzle
are unimportant once equilibrium has been reached in system operation, since by definition
the rate of adsorption onto the walls will then equal the rate of desorption from the walls.
In practice, 1-2 hours of operation at a chosen temperature appears to be more than
adequate for reaching equilibrium with TNT. For RDX, the time is somewhat lénger, and

running the generator overnight before attempting quantitative work is advisable.

Under the above conditions, the flux (mass per unit time) of explosives vapor leaving the

diffusion tube (and the exit nozzle) is predicted by transport theory to be
(1) output = DAny/L,

where D is the gas phase diffusion coeflicient of the explosive molecule, A is the cross
sectional area of the tube opening, ny is the equilibrium vapor concentration (mass per unit
volume) of the explosive at the sample oven temperature, and L is the tube length [2].
The diffusion coefficient D has units of cm?’/sec and is expected to be proportional to T*?
(where T is temperature in Kelvins) and inversely proportional to the ambient pressure [3].

™ D cannot be calculated exactly, and calculation of a generator output from equation (1) is




therefore not straightforward. However, a value of D in the range of 0.05 to 0.1 cm?%/sec
is expected for a molecule such as TNT based on comparison to other molecules of similar
size [4]. The main temperature dependence of the output will be in the n, factor, and since
this quantity is expected to increase exponentially with oven temperature, the generator
output is expected to do the same. Furthermore, it can be noted that the sample tube
dimensions are critical, since vapor diffusion up the tube determines the flux leaving the
top. Doubling the length is expected to reduce the output by a factor of two, while

doubling the radius should lead to an increase of a factor of four.
Experimental Procedures

Two types of exi)eﬂments were performed with the Varian vapor generator. At New
Mexico State University (NMSU), continuous flow experiments were performed in which
the vapor generator was run for hundreds of hours with a fixed sample oven temperature,
and sample mass loss was monitored in order to calibrate the generator mass output. The
glass tube containing the explosive sample was periodically removed from the generator
and weighed on a Perkin-Elmer AD-6 microbalance. This balance has a reported accuracy
of + 0.1 micrograms (ug). The balance was calibrated with a NIST standard mass during
each weighing procedure, and hence the results reported here are tied directly to this
NIST standard. Nitrogen was used as the carrier gas at a flow rate of 100 cc/min. The
glass tubes used to hold the explosives samples were 10 cm long with an inner diameter of

0.47 mm.
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Work performed at Sandia National Laboratories (SNL) involved testing of the vapor
generator in a pulsed mode. In these experiments, the generator output was directed into
an ion mobility spectrometer (IMS) for time intervals ranging from 5-120 seconds. This
pulsing was accomplished by manually operating the generator switch box. The carrier
gas was air, at a flow rate of 175 cc/min, and the glass sample tubes were identical to
those used at NMSU. For a given explosive and oven temperature, vapor pulses of
different time duration were performed and the resulting signals on thé IMS were
integrated using a Spectra-Physics ChromJet integrator. These data yield a linear curve of
vapor output (in arbitrary units) versus pulse time. To calibrate these data, a sécond IMS
response curve was obtained using identical IMS conditions [5] for known amounts of
explosive from sfandard explosives solutions. This was accomplished by using a syringe
to place a measured amount of solution onto a 1/8” o.d. pyrex probe, allowing the solvent
(acetonitrile) to evaporate, and then placing the probe directly into the IMS inlet. The
inlet is maintained at an elevated temperature, and the explosive is quickly evaporated into
the IMS, with the signal intensity again being measured with the Spectra-Physics
integrator. This was done with different amounts of explosive ranging from 0.1-1.0 ng,
resulting in a linear plot of mass vs. signal intensity. The slope of this line could then be
used to provide an absolute calibration of the IMS signal vs. pulse time data obtained with
the vapor generator. Taken together, these measurements provide a quantification of the
generator output completely independent of that obtained in the continuous flow mass loss
experiments. In addition, pulsing into the IMS allows the purity of the explosive vapor

exiting the generator to be verified.




The explosives samples used in these studies were obtained from Pantex by SNL. Purity
analysis of the TNT and RDX was performed at NMSU [6]. Using gas chromatography,
the TNT was shown to be > 99.9% pure. Using liquid chromatography, the RDX was
shown to be > 95% pure. The latter is a very conservative estimate and the purity is
probably substantially higher, but further quantification was not possible with the test

equipment available.
Results and Discussion
TNT

Figures 3, 4, and 5 show mass loss data as a functibn of time for TNT with generator
sample oven temperatures of 79, 99, and 120 °C, respectively. Table I summarizes the
output values calculated from these curves. Table I also lists an estimated output based on
much cruder mass loss data obtained at 60 °C and measurements for pulsed mode
operation obtained at 60 and 79 °C. The curves obtained at the three temperatures shown
are vefy linear, with R? (correlation coefficient) values greater than 0.99. In addition, all
three curves come very close to passing through the origin. This behavior is anticipated
since by definition the mass loss should be zero for time t = 0. Figure 6 shows a plot of
vapor generator output vs. temperature with the output plotted on a logarithmic scale.

This plot approximates a straight line, showing that the mass output increases

exponentially with temperature, as expected. In addition, combining the measured output




with equation (1) yields an estimate of the diffusion coefficient. For example, at 79 °C,
the output is 85 pg/sec, A/L is 0.0173 cm based on the tube dimensions stated earlier, and
tabulatéd vapor pressure data give an n, value of 63.8 ng/cm’ [7]. These numbers give an
estimated D value of 0.078, which falls into the expected range. All of these results
indicate that in the case of TNT the vapor generator functions reliably and in accord with

theoretical predictions.

Results obtained with pulsed mode testing aré shown in Figures 7 and 8. Figure 7 shows
the integrated IMS signals for different pulsing times with a sample temperature of 79 °C.
Results are plotted for three measurements each for pulses at 5-second time intervals
ranging from 0 (background) to 30 seconds. The curve is linear with R? again greater than
0.99. All points fé.ll on the line within the limits of experimental error, except for those for
a S-second pulse time. These are consistently low. This results from switching the carrier
gas/explosive vapor flow path: due to the design of the generator, the carrier gas pulsed
out the nozzle in the first 1-2 seconds after flow switching contains little explosives vapor.
This leads to a large error for S-second pulses, while for pulses longer than 10 seconds the

error becomes negligible.

Figure 8 shows the IMS calibration curve obtained with TNT solution standard samples;
the IMS conditions are identical to those employed for Figure 7. Four different data
points were obtained for each of 10 different masses of TNT between 0.1 and 1.0 ng.
This curve is also linear with R* > 0.98. Combining the slope of this line with the data in

™ Figure 7, the pulsed mode output of the vapor generator is estimated to be 85 + 5 pg/sec.
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This precise agreement with the continuous flow mass loss experiments, obtained by a
completely independent method, confirms the excellent performance of the generator

under these conditions.

It was not possible to perform pulsed mode calibration at 99 and 120 °C because the TNT
output at those temperatures is high enough to saturate the IMS. Thus, the output would
be above the linearity range of the instrument [8], and any attempt to estimate the output
by calibration against. solution standards would result in an underestimate of the output.
However, the results obtained at these temperatures in the mass loss measurements are
believed to be just as accurate as those obtained at 79 °C. This is because 'che-R2 values
for linear fits to the data are similar, and because the accuracy of the mass loss
experiments incréases at higher temperatures as the mass loss per unit time increases.
Pulsed flow data obtained for a sample oven temperature of 60 °C yield a mass output of
13 pg/sec, which at this low temperature is probably more accurate than the mass loss

estimate of ~ 17 pg/sec.

Pulsed flow data also confirm that the output of the generator is pure TNT entrained
within the carrier gas flow, and that decomposition and contamination by impurities are
negligible. Figure 9 shows three ion mobility spectra. Spectrum (a) is the background
spectrum that results when no TNT is directed into the IMS; this can be thought of as the
spectrum of ambient air along with the methylene chloride carrier gas. The large reactant
ion peak, which is deliberately shown off scale so that smaller peaks can be observed

easily, corresponds to CI. The remaining two small peaks at low retention time appear to
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be associated with vapors emanating from humans present in the room (e.g., pyruvic acid).
Spectrum (c) results when TNT from the generator with a sample oven temperature of

79 °C is pulsed into the IMS. The peak in the right hand window (at a retention time of
12.05 ms) is characteristic of TNT, and it can be seen that no additional impurity or
decomposition peaks are observed. This is true for sample oven temperatures up to at
least 120 °C. Spectrum (b) shows the response of the IMS when a bottle containing solid
2,4-dinitrotoluene is held up to the inlet flow. The signature peak of DNT appears in the
left hand winaow at 11.4 ms, and it is clear that no such peak is present in the TNT output
shown in spectrum (c). This is of particular importance because it has been suggested that
DNT impurities in TNT may contribute to erroneous vapor generation measurements.
The purity of the TNT output as judged from these IMS spectra is consistent with the

estimate of > 99.9% purity obtained from GC studies [6].

RDX

Mass loss measurements similar to those performed with TNT were also performed with
RDX, aﬁd the results are summarized in Table II. The values given for 110 and 129 °C
are averages for two different experimental runs. Data for these two temperatures are
plotted in Figures 10 and 11. It can be seen in Figure 11 that the two curves obtained at
129 °C are very linear (R* > 0.98), but the output values differ by ~ 20%. Thus the output

under these conditions should probably be taken to be 270 + 50 pg/sec. Figure 10 shows

that the data obtained at 110°C are less linear (R*> ~ 0.90), and the output obtained from




chart A is nearly 50% greater than that obtained from chart B. Furthermore, both curves
have a y-intercept that is offset considerably from the ideal value of zero, suggesting an
initial period of substantially more rapid mass output. This could result from volatile
impurities being “baked out” of the RDX, or from the evaporation of RDX particles that
are stuck to the inner walls of the sample tube well above the bottom of the tube following
RDX sample introductibn. Whatever the cause, these data indicate that running the
generator overnight is advisable before attempting quantitative experiments with RDX.
Clearly, the mass output at 110 °C is sufficiently low that the accuracy of the mass loss
measurements becomes substantially reduced, and quantitative experiments would best be

run using sample oven temperatures at or above 129 °C.

It was not possiﬁle to obtain a reliable measurement of the vapor generator output in
pulsed flow mode using an IMS, as was done in the case of TNT. First, RDX generally
gives rise to two rather than one peak in the IMS spectrum, and the variations in intensity
of the two peaks appear to depend on the manner and speed of the RDX injection into the
IMS. This is true not only of RDX produced by the vapor generator, but for vapor from
solid RDX in a bottle and RDX from standard solutions as well, and in some cases a weak
third peak (less than 10% of total integrated area) is also present. Any attempt to
integrate two or three peaks would involve the assumption that the IMS is equally
sensitive to the RDX in the forms corresponding to each peak, which is not necessarily
true. Second, the mass calibration curves obtained with standard solutions of RDX
(integrating all peaks) tended to be somewhat quadratic rather than linear, rendering the

" determination of a “slope” subject to considerable errors. Nevertheless, attempts were
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made to measure the mass output at 110 °C by this method, and values were obtained in
the range of 24-85 pg/sec. Thus it can be said only that the estimates obtained agree with
the mass loss measurements to within a factor of two. No IMS peaks were observed in

these experiments that could not be attributed to RDX.

From a theoretical perspective, the output rates measured for RDX are not as well
understood as those obtained for TNT. While the mass output values obtained at 129 and
150 °C are believed to be accurate to within + 20%, plugging the values into equation (1)
to back out values for D yields values close to 1.0 rather than 0.1 cm®/sec.. Since this
seems unreasonably high, it is concluded that the gas phase diffusion model used to obtain
equation (1) probably does not fully describe the functioning of the generator for this very
low vapor pressﬁre molecule. It is possible that diffusion of RDX up the sides of the
inside walls of the sample tube may occur to a significant degree, thus increasing the
measured output. Since RDX has approximately 1/1000 the vapor pressure of TNT, it is
also possible that the tabulated vapor pressure data for RDX (used to estimate D) are
considerably less accurate. It is worth noting that the RDX data do show the expected
exponential increase in output with sample temperature, and we thus believe that the

results must be related to real physical effects.
Conclusions

An explosives vapor generator based on diffusion of vapor from a condensed phase

contained in a glass sample tube has been tested for generation of TNT and RDX wvapor.
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In the case of TNT, the mass output is stable over hundreds of hours, and has been
measured at three different temperatures via sample mass loss experiments. At one
temperature (79 °C), the mass output has been confirmed by performing an independent
calibration using ion mobility spectrometry. The mass outputs are also in agreement with
transport theory predictions concerning the functioning of the generator. The output
values measured at 79, 99, and 120 °C are believed to be accurate to within + 10%, and
are in the range of 85-2000 pg/sec. These outputs have been tied directly to an NIST
mass standard. While these numbers were obtained primarily by performing experiments
in a continuous flow mass loss mode, they are valid for pulsed mode operation as long as
the pulses used are not shorter than 10-15 seconds. The output values obtainedr should be
reproducible in any laboratory provided that the same sample oven temperature and
sample tube diménsions are used. The only possible minor change anticipated is that the
output values might be slightly lower at sea level (p = 760 Torr) than at SNL (p ~ 620
Torr) and NMSU (p ~ 670 Torr) due to the expected 1/p dependence of the gas phase

diffusion coefficient.

In the case of RDX, mass loss calibration of the output has also been performed at three
different temperatures. The values obtained at 129 and 150 °C, which are approximately
270 and 2000 pg/sec, are believed to be accurate to within + 20%. In contrast to TNT,

the results are not in full agreement with simple gas phase transport theory, and more

work is needed to understand the functioning of the generator with this molecule.




Some further experimentation with this generator is desirable before it is introduced into
widespread use. The most pressing needs are (1) more detailed studies with RDX and
other ef(plosives such as PETN, and (2) calibration experiments with TNT performed at
sea level, to determine the degree to which the change in atmospheric pressure influences

the mass output.
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Table I:  Vapor generator output (pg/sec)
for TNT at different temperatureg.

Temperature Mass Loss IMS
(°C) ‘Measurement | Measurement
60 | 17  ~3
79 85 85
99 | 520 | @ —
120 - 2000 —_—

Table II: - Vapor generator output*(pg/_séé)
~ for RDX at different temperatures.

Temperature (°C)] Mass Loss Measurement
110 ' 42
129 | 270
150 | : 2000
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Photograph of the Varian vapor generator interfaced to an ion mobility spectrometer.
Schematic representation of the gas flows inside the Varian vapor generator.

Mass loss curve for TNT at 79 °C.

Mass loss curve for TNT at 99 °C.

Mass loss curve for TNT at 120 °C.

TNT vapor output vs. sample oven temperature.

Ion mobility spectrometer response to TNT vapor pulses of different time dqration.
Calibration of the ion mobility spectrometer response to TNT using standard
solutions.

Ion mobility -spectra of (a) room air (background), (b) DNT from solid sample in a
jar, and (¢) TNT from the vapor generator at 79 °C.

Mass loss curves for RDX at 110 °C.

Mass loss curves for RDX at 129 °C.
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Variér} Vapor Generator Interfaced to an Ion
Mobility Spectrometer

Figure 1
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RDX Vapor Generation at 110 C
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RDX Vapor Generation at 129 C
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