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ABSTRACT.Computercontrolledexplosivevapor generatorsfor 2,4,6-
trinitrotoluene(TNT),cyclo-l,3,5-trimethylene-2,4,6-trinitramine
(RDX) and pentaerythritoltetranitrate(PETN)were built and
calibratedto supportan IndependentValidationand Verification
(IV&V) facilityfor ExplosiveDetectionSystems (EDS) for the Federal
Aviation Administration(FAA) at the Idaho NationalEngineering
Laboratory.The generatorswere constructedusing pure explosive
suspendedon quartz beads which were then loaded into a stainless
steel tube. The tube was coiled and placed into a temperatu_'e
controlledchamber.A carriergas (ultra-pureair) was passedthrough
the coil to carry the explosivemolecules.The generatorsare capable
of delivering a pulse of varyingexplosivemass through the controlof
coil temperature,air flow rate, and pulse width. Preliminary
calibrationshave been completedin the picogramto nanogram range
using an Ion MobilitySpectrometer(IMS) as the calibrating
instrument.The explosivevapor generatorswill be used as
quantitativevapor standardsto establishthe lower limit of detection
for EDS systemsat the IV&V.

INTRODUCTION

Over the last 15 years explosivevapor generatorshave been
constructedby a number of investigators.The first generatorswere of
a basic design that includedthe explosivein a temperaturecontrolled
reservoirthroughwhich a carriergas is passedto carry_theexplosive
vapors.These includedesigns by Pella',Krzymienet al.t, Carter et
al.° and Hobbs et al._. All of the above generatorsare continuous
flow systems.

The generatorsneeded in the IV&V tests are requiredto deliver
a pulse of explosivevapors betweeni and 1,000 picogramsin less than
5 secondswith a high degree of accuracy.The mass output will be
varied during a test with only a few minutes betweenpulses.Pulsed
systems have been reportedby Reiner et al" and McGann et al_.
Reiner's system uses a modified gas chromatograph(GC). An aliquotof
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a standard is injected into the GCresulting in the emission of the
vaporized explosive at the exit of the capillary column. The system by
McGannuses a heated syringe which contains a reservoir of the
explosive in the syringe barrel. The difficulty in preparing standards
at the low pg level and the significant variability in the output from
the GCgenerator 5 and the lack of controls in the syringe method led
us to construct a new pulsed vapor generator. The system is based on
the design of Carter et al 3.

In this paper the design and preliminary calibration of the
explosive vapor generators will be discussed. An lon Mobility
Spectrometer (IMS) was used to calibrate the generators mass output.
The calibration of the IMS will also be discussed.

EXPERIMENTAL

VAPOR GENERATORCONSTRUCTION

A diagram of the vapor generatorsystem is presentedin Figure I. The
system is composed of four parts, a thermostatedexplosivevapor
reservoir, a flow controlmanifold,a supply of thermostatedair and a
computer data acquisition/controlsystem (not shown on the schematic).

Explosive reservoir.The explosivereservoircontainsapproximately
0.1 grams of solid explosivesuspendedon quartz beads. The explosive,
either TNT, RDX or PETN, is dissolved in -15 ml of methyl ethyl
ketone. Between20 and 22 g of 0.1 mm diameterquartz beads are added
to the solution.The mixture is stirredduring solventevaporationto
aid in homogeneousdepositionof the explosiveon the beads. The
explosivecoated beads are then loaded into a cleaned 10 foot long
thin walled 1/8 inch OD stainlesssteel tube. A 1/2 inch long plug of
quartz wool is packed into both ends of the tubingto hold the beads
in place. In the case of the TNT and PETN tubes, I/2 inch of empty
tubing remains at both ends. The RDX coil is constructedwith I foot

of empty tubing at both ends (The reason for the lattertube design is
discussed in the resultssection).After packing,the tubing is coiled
around a 2" thin-walledaluminumtube and placed insideof a 3" thin

' walled outer aluminumtube with aluminum end caps. The temperatureof
| the explosivereservoiris controlledto within _+0.I°C by varyingthe

flow rate of the heating/coolingair throughthe aluminumcanister.
The explosivesreservoirtemperatureis monitoredby two
thermocouples.The thermocouplesare positioned2 I/2 inches from each
end of the coil in the TNT and PETN generatorsand I foot from each
end of the coil in the RDX generator.A nicromewire heater maintains
the last inch of the vapor generatorcoil at 4 +_1°C higher than the
rest of the generatorto eliminatedepositionof explosivevapors at
the outlet. This last region is monitored by a third thermocouple
positioned 1/2 inch from the outlet.

Flow controlmanifold.The carriergas flow rate is set using a
micrometer needle value (V-I).During the initialsetup and between



explosivevapor pulses,the carriergas is diverted using a three way
solenoid valve (SV-I)to the setupmanifold. The setupmanifold is
used to simulatethe resistanceof the generatorby adjustinga needle
valve (V-2) at the end of the manifold.The resistanceadjustmentis
optimized by monitoringthe differentialpressure vs time (dPt)
response acrossthe generatorcoil during a pulse of air flow through
the generator.A 0-3.6 psig differentialpressure cell (Pt-2)is used
to monitor the above.When the resistancesof the coil and the setup
manifold match, the leadingedge of the dPt responsewill rise and
level off rapidly.A resistancemismatchwill result in either
overshootingthe final differentialpressure (too large of manifold
resistance)or a gradual rise to the final differentialpressurevalue
(too small of a manifold resistance).An a,;_tionalpressure
transducer (PT-3) is present in the manifold La check the system for
leaks.

Data Acquisition/ControlSystem (DACS).The DACS is used to monitor
: and controlvariousparametersof the vapor generator. The DACS

consists of an IBM PS/2 personalcomputerthat utilizesNational
InstrumentsMC-MIO-16(L/H)-25multi-functioninput/outputdata
acquisitionboard.

The DACS monitorsall 3 thermocouplesin the vapor generator,the
carrier gas flow rate and the pulse integral (dPt).Explosivevapor
pulses are set and controlledon the DACS. During a pulse the carrier

] gas is switchedfrom the setup side of the vapor generatorsystem to
the vapor generatorcoil via the three-waysolenoidvalve (valveSV-

_ 1). When the injectionis completedthe flow is switchedback to the
} setup side of the system and a 2-way solenoidvalve (SV-2) is opened

to relievethe back pressure in the vapor generatorline to reduce
trailingof the explosivevapor out the generator.The output of the
generator is monitoredusing the change in the dPt across the coilz

becausethe responseof the flowmetersis too slow to be used. During_

a typicalcalibrationthe flow rate is changedover the range of 20 to
: 100 ccm and the variabilityin the dPt over this range is less than _+

1%.

VAPOR COLLECTIONTUBES

A preconcentratoris used to collectexplosivevapors from the vapor
generatorfor subsequentquantification.These preconcentratorsare
also used to inject standardsinto the IMS.A preconcentratorconsists
of a 3.8 mm long X 5.7 mm OD X 4.0 mm ID quarts glass tube (Richland
Glass Co.) containing5.0 _+1.0 mg of quartz wool packed into a 13 mm
plug positioned13 mm from the front end of the tube. D. W. Hannum7
at Sandia NationalLaboratorieshas characterizedsimilar
preconcentratorswith respectto the collectionand releaseof
explosivevapors.Hannum reporteda quantitativereleaseof adsorbed
explosivesand a collectionefficiencyof-100%.



MATERIALS

Quartz tubing is cleaned with methanol then baked at 225°C. Quartz
wool in the preconcentrators is baked after the preconcentrator is
assembled at 225:C. Ali stainless steel tubing is first rinsed with
acetone then methanol. The tubing is then baked at 300:C with a
nitrogen purge. Ali teflon tubing is baked at IO0:C with a nitrogen
purge. Refrigeratorgrade copper tubing for the heating and cooling
air is used as received.Swagelokbrand fittingsconnectingthe
stainless steel as well as the teflon tubing are stainlesssteel and

j pre-cleaned in acetone followed by methanol followed by baking at
, 225 :C.
; Solventsare used as received.Methyl ethyl ketone is Fisher

Certifiedgrade. Methanol is FisherOptima grade. The explosivesare
used as receivedfrom the FAA. Gas chromatofraphywith an electron
capture detector (GC-ECD) and gas chromatography with a mass

' spectrometer detector (GC-MS) analysis did not reveal any significant
i impurities in the explosives.i
i

EXPLOSIVESTANDARDS

Standards are prepared from dilutions of stock solution of a few mg of
pure explosive (TNT, RDXor PETN) to I ml of methyl ethyl ketone. This
stock solution is kept in an amber vial with a teflon lined cap and

__ stored in a refrigeratorto reduce sampledegradation. Serial
dilutionsfrom the stock are made using methanol.These dilutionsare

| prepared in amber vials with teflon lined crimp tops. To reduceloss
e of explosivemoleculesto the walls of the vials, dilutionsare

i prepared six times in the same vial and discarded.The seventhdilution becomesthe standard. These standardsare also kept
II refrigerated.The dilution standardsare only valid for 24 hours.

ION MOBILITY SPECTROMETER

IMS operatingconditions.The IMS used in this study is a PCP model
110. In the IMS vaporizedmoleculesare carried into a Ni-63 source
where they are ionizedand injectedas a pulse (500ps wide in this
study) into a drift region. Ions are separatedin space within the
drift tube, due to charge,mass and size differences.A typical
spectrageneratedby the IMS for TNT, RDX and PETN with NO_ as the
reagent gas is shown in Figure 2. An IMS spectrum is a plo_cof voltage
vs time. The voltage is relatedto the ion current arrivingat the
electrometerplate at the end of the drift tube and therebyto the
quantity of explosivemoleculesenteringthe source.

To enhancethe selectivityof the IMS for the detectionof
explosivesthe ion source can be seededwith moleculesthat either
form adductswith the target analyteor reduce the backgroundnoise
from interferrentsin the room air. In this study the ion source is
seeded with methylenechloride (CH2CI2)for TNT and RDX detectionand
nitrogen dioxide (NOz)for PETN dei_ection.These reagentgases are
added using permeationtubes (VCII>JetronicsInc.). The typical



concentrationof the seed compoundis 2.6 +_0.6ppm for the CH2CIR and
1.3 +0.3 ppm for NO_ (basedon a temperatureof 20 °C and a carrier
gas flow of 250 ccmS. The analyteions detectedunder the above
conditionswere TNT-H',RDXoCI and PETN.N03".A generalreview of IMS
and the ion moleculechemistryof the Ni-63 source can be found in
Plasma ChromatographyB and a recent review by St. Louis et al9.

Purified room air or bottledultra high purity air is used as
the carrier and drift gas in the IMS.A water bubbleris used in the
carriermanifold in all of the experimentsto add water vapor to the
carrier gasI°.This approachresults in shorter instrumentclearance
times for the explosivesand thereforeincreasedsensitivities.The
concentrationof water is approximately6 ppt. (basedon the saturated
vapor pressureof water in air at 20 °C and a carriergas flow rate of
250 ccm).

Calibration.Calibrationdata relating IMS responseto the mass of
explosives is generatedby loadingmeasuredquantitiesof explosive
onto the quartz wool plug in a preconcentrator.A typical calibration
contains 30 points,5 at each of 6 quantities(1000,500, 100, 25, 5
and 0 pg). To reduce the variabilityin sample preparation,a modified
Hewlett Packardautosampler(HP model 7673) is used to load the
explosives onto the wool. Each injectionis 2.5 _l in volume.After
allowing the solventto evaporate(5 minutes) the preconcentratoris
inserted into the inlet of the IMS. An externalheaterwhich is held
at 100 :C is then slid over the preconcentrator.The heater suppliesa
flow of heated purified air at a flow rate typically50 ccm greater
than the flow rate at which the IMS is drawing air throughthe
preconcentrator.The heated air desorbesthe explosivesfrom the
preconcentratorand carries the vapors into the IMS. The method of
quantificationof the explosivesis outlined in Figure3.

The outputvoltage of the IMS is monitoredin a time window
(typically550 _s wide) centeredon the peak associatedwith the
explosive to be quantified.The voltage in this window is integrated
using a boxcar integrator(PCPmodel BC-IO) and then subtractedfrom
the integratedvoltage in a backgroundwindow. A new IMS scan is
acquired every 26 msec (gate rep rate of 39 Hz). The signal -
backgroundvoltage is next sent to an HP model 7673 series II
integrator.The 7673 integratesthe output voltagevs time. This final
step is also performedusing a softwarepackagecalled "Chrom-Perfect"
by Justice Innovations.The softwareallows storageand post analysis
inspectionand manipulationof the data.

Vapor GeneratorCalibration

The vapor generatorcalibrationprocedureinvolvesthree steps,first
the calibrationof the IMS [precalibration]then the vapor generator
and finally a second IMS calibration[post-calibration].This process
takes approximately12 to 15 hours. The IMS calibrationis repeated
to assure that no significantdrift in IMS responsehas occurred
during the vapor generatorcalibration.The points from both IMS
calibrationsare combined to calculatethe IMS responsevs explosive



mass equation.This equation is then used to estimatethe vapor
generatormass output.A typicalvapor generatorcalibrationis
performed at a set coil temperatureand pulse width (5 seconds in this
study) with the mass output varied by changing the carriergas flow
rate. The output could also be changedby varyingthe pulse width or
both the carrierflow rate and pulse width. Varyingthe coil
temperatureto adjust the vapor generatormass output is not feasible
in the IV&V tests due to the long equilibrationtime needed to reach
the steady state saturatedvapor concentrationfor the explosivein
the coil.

Explosivevapors from the generatorare collectedusing the
quartz preconcentrators.The preconcentratoris positionedat the exit
of the generator.A teflon washer is placed betweenthe preconcentra-
tor and the generatorto assure that all of the vapors enter the
preconcentrator.The typicalDACS samplingmethod included a 5 sec
presamplingtime followedby a 5 sec sample pulse and a 2 sec post
sampling time. After the 12 secondsthe preconcentratoris removed
from the vapor generatoroutlet and placed immediatelyinto the IMS
inlet where a heater is slid over the preconcentratorto desorbed the
explosives into the IMS. Quantificationof the sample is accomplished
by integrationof the IMS responseas describedin the IMS calibration
section.

RESULTSAND DISCUSSION

ION MOBILITY SPECTROMETERCALIBRATION

The IMS calibratiens(combinedpoints from the pre and post-
calibrations)for TNT, RDX, and PETN are shown in Figures4, 5 and 6
respectively.The sensitivityof the IMS for TNT and RDX is similar,
with both explosivecalibrationcurves having slopes of approximately
0.02 (IMS response XlO6 / pg explosive,0.023 for TNT and 0.020 for
RDX). The interceptfor the combinedTNT calibrationsis 119,000while
the interceptfor RDX averaged296,000. The IMS response for PETN was
significantlyless with a slope of 0.0065 and an average interceptof
5,000. Linear regressionanalysisof the IMS calibrationstypically
had R2 values of >0.99. Blankswere not includedin the calculationof
the calibrationcurves. The blanksdid yield a measurableresponse
however, thereforthey dictatethe baselineabove which the IMS lower
limit of detectionfor each explosiveis calculated.The average
response of the IMS for blanks is equivalentto 5 - 10 pg for TNT or
RDX and 10 - 20 pg for PETN. The above quantitieswere estimatedfrom
the IMS calibrationcurves. Since preconcentratorsare randomly
selected during the calibrationprocess,typicallyfrom a set of 5,
preconcentratorsused in the blank injectionswere used previouslyin
an explosiveinjection.A possiblescenariofor the origion of the
blank signal may be the following.Explosivesare taken dp in the
methanol then redepositedat sites that are more thermallylabile.
Explosivemoleculesmay also be released from the IMS inlet/source
region if residualmethanolexists on the preconcentratorquarts wool.



VAPORGENERATORCALIBRATION

As was mentioned in the experimental section the explosive output from
the generator is monitored indirectly using the differential pressure
change vs time (dPt) across the generator during a pulse. At this time
the output volume is estimated using the product of nominal flow and
pulse width. We are currently deriving the relationship between dPt
and output volume. The curves resulting from the regression analysis
of dPt vs nominal flow For the TNT, RDX, and PETNvapo_ generators are
presented in Figure 7. A linear relation existed between dPt and flow
rate for all of the vapor generatorstested (typicalR2 >_0.996).
Significantdifferencesexist, however,betweenthe slopes of the
curves betweenvapor generators. The variationin the slopescould be
the result of differencesin resistancebetweenthe three coils,due
to physicalconstruction,changingresistanceof the air with
temperature(higherresistanceat higher temperatures)and variations
in the setup from day to day of the VG (i.e., flow rate resistanceof
the setup side of the vapor generator).

The IMS response vs dPt at a specific vapor generator coil
temperature for each explosive are plotted in Figures 8 through 12.
The mass output from the explosive vapor generators at the average dPt
values associated with each of the nominal flow rates used in the
calibrations (20, 40, 60, 80 and I00 ccm) are presented in Table I.

TABLE I

Calculated Vapor Generator Output in Picograms vs dPt, 5
Second Pulse, Preconcentrator In.iection.

TNT, 18°C Coil Temperature:
dPt Picograms StandardDeviation % Error (2_)

1.26 55.4 19.9 72
2.34 103 19.5 38
3.51 155 19.5 25
4.42 196 19.6 20
5.97 264 20.4 15

TNT, 22°C Coil Temperature:
dPt Picograms Standard Deviation % Error (2a)

1.25 83.7 22.7 54
2.49 171 22.3 26
3.74 258 22.3 17
5.00 346 22.7 13
6.53 453 23.7 I0
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TABLE I, cont.

RDX, 61.9°C Coil Temperature
dPt Picograms StandardDeviation % Error (2a)

1.93 112 20.7 37
3.79 222 21.8 20
5.68 333 24.1 14
7.60 446 27.5 12
9.61 564 31.8 11

RDX, 75.8°C Coil Temperature
Dpt Picograms StandardDeviation % Error (2a)

1.99 557 187 67
3.79 850 185 44
5.77 1170 187 32
8.01 1540 194 25
10.1 1870 203 22

PETN, 64.4°C Coil Temperature
dPt Picograms Standard Deviation % Error (2a)

2.55 340 164 96
4.76 571 161 56
7.01 807 159 39
9.44 1060 161 30

12.1 1340 165 25

The largest uncertainty in the vapor generator calibration is
associated with the sample collection method. This point is
illustrated by comparing the calibration for the PETNgenerator done
using preconcentrators (Figure 12 and Table I) with the calibration
done using direct transfer of the explosive vapors into the IMS
through a heated quartz lined transfer tube (Figure 13 and Table II).
The direct transfer calibration was done within two hours of the
preconcentrator calibration with the PETNvapor generator's coil at
the same temperature. A significant decrease in the standard deviation
is observed,from 160 to 26. The direct transfer methodwas tried for
the other 2 generatorswith similarimprovementin the precisionof
the calibrations.While it reducesthe variabilityin response the
direct transfermethod can not be used at this time becausethe
temporal profileof the injectionof the explosivesis significantly
shortenedand not representativeof a calibrationinjection.Figure 14
shows a comparisonof the temporal IMS response for the two types of
injectionmethods (preconcentratorand direct injection)along with an
injectionof 1,000 pg of PETN from a standard.The resultingincreased
concentrationof explosives in the IMS source with the direct transfer
method is out of the linear responseregion of the IMS and therefor
results in a decreasedsensitivity.This decreasedsensitivityis
indicatedby the lower mass quantitiesobserved in the direct transfer

|
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vapor generatorcalibrationvs the preconcentratormethod (ie 1,060 vs
1340 pg PETN output at 64.4 °C coil temperature,100 ccm flow rate and
a 5 second pulse width).This phenomenaof an apparentreductionin
the vapor generatoroutputwas also observed in the other 2 generators
when calibratedusing the direct transferline.

Table II

CalculatedVapor GeneratorOutput in Picogramsvs dPt, 5
second Pulse,Direct In,iection,PETN

dPt Picograms StandardDeviation % Error (2_)

2.47 309 26.4 17
4.77 490 26.0 11
7.06 670 26.1 8
9.52 864 26.8 6
12.0 1060 28.1 5

A comparisonof the measuredmass output from all 3 of the
generatorswith the estimatedmass output is reported in Table III.
The mass output from the generators is calculatedusing the following
equilibriumvapor pressureequationsreported by Dionne et al11with
the resultingvapor pressure incorporatedin Equation4.

-5481
+ 19 .37

(I) TNT, Log P(ppm = "T(IO

-6473 . 22.50
(2) RDX, LOg P(pp_ - T(IO

-7243 + 25.56
(3) PETN, Log P(pp_ - T(A9

(4) Pg(ou=pu=) = 2.03xlO -4 /Cmin ml -l mole -I sec -I (flow, ml m
T(amb)(pulse, sec)(P(pp_) (mw, g mole -l) ( -I

flow = flow rate of the carriergas
pulse = width of explosivevapor pulse

_PlP_onequilibriumvapor pressureof explosive,parts per
mw - molecularweight of explosive

T(am_)=ambienttemperature



TABLE III

Comparisonof Predictedvs ObservedVapor GeneratorMass
Output in Picograms. Vapor Generatorcondition,5 second
Pulse, 20 and 100 ccm Flow Rates.

Explosive VG Temp., "C Predicted Observed

TNT 18 54-270 52-257

TNT 22 97-486 80-445

RDX 61.9 23-114 109-561

RDX 75.8 135-673 531-1865

PETN 64.4 271-1356 326-1323

Referringto Table III, the observedoutput of the TNT and PETN
generatorswere within ± 20% of the expectedvalue. The RDX generator
output, however, was up to 393% greater than expected.The reasonfor
this discrepancymay be due to the RDX coil design (see experimental).
The last foot of tubing was maintained at 5°C above the coil
temperatureto reduce the loss of explosivesto the tubing walls. One
scenariofor the elevatedmass output is the presenceof solid
explosivein this last foot. This would result in the generator
output being a sum of two sourcesof RDX vapors.A temperaturerise of
5°C above the coil temperatureof 61.9°C would increasethe mass
output at 100 ccm with a 5 sec pulse width from 114 pg to 193 pg.
Clearly some other mechanismis causing this anomaly.

A graphical comparisonof the vapor pressureof TNT, RDX and
PETN as reported by a numberof investigatorsis shown in Figures15
through 17. These graphswere copied from an articleby Dionne et
alI°.The vapor pressureof the explosivesin this study estimated
from the mass output from the generatorare includedin the above
graphs.The graphs show that even the RDX data from this study is
consistentwith that previouslyreported.

Conclusions

Preliminarycalibrationshave been performedfor all three vapor
generators (TNT, RDX, and PETN) using the IMS. Linear regression
analysis for the vapor generatorstypicallyresultedin R2>0.85.The
generatorsare calibratedin the followingranges:TNT, 52 to 445 pg;
RDX, 109 to 1,000 pg; and PETN, 326 to !000 pg. The calibrationshave
shown that the vapor generatorsare capableof delivering a mass of
explosives very close to that predictedfrom vapor pressure
calculations.What remainsto be done is to repeat the calibrations



with the aim of lowering the calibration to i pg and to verify that
the generator can reprodu,cibly emit a known quantity of explosives by
control of flow, pulse width, and VG temperature.

Calibration of the vapor generator in the i pg limit will be
possible only with an increase in the sensitivity of the calibration
standard, the IMS. The lower limit of detection of the IMS in the case
of preconcentrator injection is dictated by the chemical noise
associated with the preconcentrator. Therefor the preconcentrator
introduction method should be replaced in both the IMS and the vapor
generator calibrations with an introduction method of higher precision
and one that results in a higher sensativity. A possible alternative
would be a GC introduction system. GC-IMS systems have been reported
to have sensitivities in the sub-picogram (900 femtograms) range for
TNT.
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