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SUMMARY 

REAL-TIME MEASUREMENT OF PLUTONIUM IN AIR BY DIRECT-INLET 
SURFACE IONIZATION MASS SPECTROMETRY 

Status Report 

J. J. Stoffels 
Pacific Northwest Laboratory 
Richland, Washington 99352 

A new technique is being developed for monitoring low-level airborne 

plutonium on a real-time basis. The technique is based on surface ionization 
mass spectrometry of airborne particles. It will be capable of measuring 
plutonium concentrations below the maximum permissible concentration (MPC) 
level. 

A complete mass spectrometer has been designed and constructed for this 
purpose. Major components which have been developed and made operational 
for the instrument include an efficient inlet for directly sampling particles 
in air, a wide dynamic range ion detector and a minicomputer-based ion-burst 
measurement system. 

Calibration of the direct-inlet mass spectrometer (DIMS) was initiated to 
establish the instrument's response to plutonium dioxide as a function of con
centration and particle size. This work revealed an important problem-
bouncing of particles upon impact with the ionizing filament. Particle bounce 
results in a significant loss of measurement sensitivity. 

The feasibility of using an oven ionizer to overcome the particle bounce 
problem has been demonstrated. A rhenium oven ionizer has been designed and 
constructed for the purpose of trapping particles which enter via the direct 
inlet. High-speed particles have been trapped in the oven yielding a measure
ment sensitivity comparable to that for particles which are preloaded. 

Development of the Pu DIMS can now be completed by optimizing the oven 
design and calibrating the instrument's performance with U02 and Ce02 particles 

as analogs to Pu02 particles. 



OBJECTIVE 

The objective of this research is to develop an instrument which will 
measure airborne particulate plutonium at concentrations below the MPC level 
on a continuous, real-time basis. A secondary objective is that the instru
ment provide information on the quantity of plutonium in each individual 
micrometer and submicrometer size particle and, under appropriate conditions, 
on the size of each particle. 

BACKGROUND 

The use of surface ionization mass spectrometry to directly analyze 
particles in air was originally reported by Davis l ,2 in 1973. Although Davis's 
work was largely completed at that time, details were not published until 
1977. 3,4 Myers and Fite independently devised the same method, but their 
investigat;ons5,6 were not as extensive as those of Davis. 

In this method, which we call direct-inlet mass spectrometry (DIMS), 
particles entrained in air are admitted directly into the ion source of a 
surface ionization mass spectrometer. The particles strike a hot rhenium 
filament and are ionized. The ions are mass separated in the magnetic field 
of the spectrometer and an ion detector monitors the mass position of interest. 

The DIMS method is applicable to materials having an ionization potential 
less than about 8 electron volts. 3 This category takes in roughly two-thirds 
of the non-gaseous elements. Included are the alkali metals; the rare 
earths; copper, chromium and lead; uranium, thorium and plutonium; and 
a host of other natural and radioactive species. Organic particles in the 
air are also amenable to analysis by this method. 4,7 

The duration of the ion signal from an individual particle is dependent 
on the filament temperature. 3 This control on the rate of ion emission leads 
to two different techniques for measurement by DIMS. In one technique, the 
filament is operated at a relatively low temperature which results in pro
longed ion emission from individual particles. The output of the ion detector, 
then, is a dc signal which is related to the mass concentration of a substance 

in air. 
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Alternatively, the filament temperature is increased until each particle 
produces a short burst of ions. The ion burst, then, is a measure of the 
amount of material in the individual particle. For those cases in which the 
particles exist as pure compounds, the output signals may be related by ap
propriate calibrations to the particle sizes. In addition, the number of ion 
bursts per unit time is a measure of the particle concentration in air. 

Davis claimed the ability to measure single particles of U02 as small as 
0.006 micrometers and containing only 1300 uranium atoms. Sensitivity for 
plutonium should be comparable to that for uranium based on the ionization 

potential of the two elements. With such sensitivity, one ion would be de
tected for every 102 atoms of 239 pu present in a particle. In comparison, 

current monitoring techniques, which are limited by the radioactive decay 
of plutonium, can detect only 1 dpm for every lOla atoms of 239pu present. 

And, since the DIMS technique uses an ion detector rather than a detector 
of radioactive decay, it is immune to the natural radioactive background which 
interferes with detection methods based on alpha activity. 

Initial experiments were performed to determine the applicability of the 
DIMS method for measurement of plutonium. Individual particles of Pu02 were 
preloaded on the ionizing rhenium filament of a mass spectrometer. To simu

late the conditions present in a direct-inlet mass spectrometer~ air was 
leaked into the ion source chamber to a pressure of 10-5 torr. The filament 
was heated until stable ion emission occurred and the ions were collected 
until the particle was completely consumed. These experiments demonstrated 

that, under direct-inlet conditons: 1) the ionic species of plutonium pro
duced is Pu02+ (Davis had obtained elemental ions from all metallic compounds 
investigated, except those of uranium); and 2) the ionization efficiency of 
plutonium is greater than that of uranium. 

The sensitivity claimed by Davis for measuring very small particles of 
uranium was offset by the small effective sampling capacity of his instrument. 
We define effective sampling capacity as the air flow rate through the inlet 
multiplied by the efficiency of particle transmission to the ionizing fila

ment of the mass spectrometer. The latter efficiency of Davis1s inlet was 
0.2% resulting in an effective sampling capacity of only 0.003 t/min. This 
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small sampling capacity would result in an excessive interval between indi
vidua1 plutonium particles detected at the MPC level. Extension of the DIMS 
method to plutonium monitoring, therefore, was seen to require significant 
improvement of the direct air inlet itself. Development of an ion detecting 
and measuring system which is appropriate to the ion burst characteristics 
of the method was also needed. 

The measurement of ion bursts due to individual particles requires an ion 
detecting and measuring system with wide dynamic range. Assuming a linear re
lationship between particle mass and resulting ion current, the measurement 
of particles over a three-decade range in diameter requires measurement of 
ion currents covering a range of nine decades. 

EXPERIMENTAL PROGRESS 

An efficient direct air inlet for a surface ionization mass spectrometer 
has been developed. The inlet (Figure 1) consists of four elements: 

1. A supersonic capillary nozzle through which the ambient air is 
drawn generating a particle beam with small divergence; 

2. A II skimmer" which skims off the bulk of the air expanding into 
a vacuum of 1 Torr while simultaneously transmitting the particle 
beam; 

3. A collimator through which the particle beam also passes and by 
which another stage of differential pumping is accomplished; and 

4. A rhenium filament to ionize the particles. 

The inlet air flow-rate is 0.36 timin. and approximately one-third of 
the particles in the air are transmitted to the ionizing filament. This is 
an effective sampling capacity about 40X greater than that of Davis's instru
ment. 

Further work has been conducted to define and control parameters which 
affect the performance of the direct inlet. The inlet capillary tube was 
found to be the greatest source of variable performance. Examination of the 
capillary bore revealed surface irregularities as large as 10-20% of the bore 
radius. A technique for electropolishing the 0.3 mm diameter x 110 mm long 
bore of the capillary tube was developed. Electropolishing eliminates the 
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FIGURE 1. Direct Air-Sampling Inlet for a Surface 
Ionizat10n Mass Spectrometer 

possibility of surface roughness inducing turbulence in the airflow through 
the capi 11 ary. 

A paper describing the electropolishing technique was written and has 
been published in the Review of Scientific Instruments. 8 

An ion detector having a dynamic range in current measurement capability 
of approximately ten decades has been developed. This dynamic range will 
permit measurement of particles over a three-decade range in size. The detec
tor (Figure 2) converts an ion to a burst of secondary electrons which in turn 
produce light in a plastic scintillator. The light is sensed by a photo
multiplier which delivers an output pulse for each ion. This normal pulse
counting mode of operation is usable for ion currents of lO-20A to lO-13A. 

A fraction of the light produced in the scintillator is piped to a second 
photomultiplier which is operated at low gain as a current amplifier. The dc 
current from this photomultiplier can be measured by an electrometer, thereby 
extending the range of current measurement capability to la-lOA. 
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FIGURE 2. Ion Detector with Simultaneous Pulse 
Counting and DC Current Modes of Operation for 
Wide Dynamic Range 

A minicomputer-based measurement system has also been developed for use 
with the wide-range ion detector. The measurement system will integrate the 
dc current and/or the pulse counts from a transient ion-burst event, measure 
the time duration of the event, and read out the resultant data. The mini
computer-based system is a much more versatile replacement for a hardwired 
device originally developed for this purpose. 
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A paper describing the wide-range ion detector and the ion-burst measure
ment system was written and has been published in the International Journal 
of Mass Spectrometry and Ion Physics. 9 

A complete direct-inlet mass spectrometer (DIMS) has been designed and 
constructed for real-time measurement of plutonium in air. The Pu DIMS 
(Figure 3) is a 15 cm radius, 600 deflection, magnetic mass spectrometer. It 

incorporates the high-efficiency direct inlet and the wide-range ion detector 
developed on this project. The instrument is desk-sized and mounted on casters 
so that it can be transported to different locations. Electric power is the 
only utility required for operation. 

Mass spectral interferences due to hydrocarbon contamination in the vacuum 
system were observed upon operation of the Pu DIMS. A series of modifications 
have been made to the instrument which reduced the hydrocarbon background level 

by approximately two orders of magnitude. These modifications included 
installation of a gate valve between a turbomolecular vacuum pump and the ion 
source chamber. In addition, the hydrocarbon lubricating oils which were used 
in the mechanical vacuum pumps were replaced by fluorocarbon fluids. Extensive 
engineering tests were required to determine the suitability of fluorocarbon 
fluid for use in the turbomolecular pump. The existing background spectrum in 
the mass spectrometer is attributed primarily to hydrocarbons in ambient air 
entering by the direct inlet. 

An aerosol generating station has been designed and constructed to produce 

particulate aerosols of various materials. The aerosol generator has been 
used in the development of the direct air-inlet and in calibration and testing 
of the Pu DIMS. 

With instrument development for this project completed, work focused 
on calibration of the Pu DIMS to provide measurement of plutonium concentra
tions in air and, secondarily, to provide measurement of particle sizes. In 
order to minimize the amount of plutonium aerosol which must be generated 
and the amount of plutonium to which the instrument is exposed, initial cali

bration work was done with particles of U02 and Ce02 as analogs to Pu0 2. 
This calibration work has recently revealed an important problem, viz., 

bouncing of particles when they strike the ionizing filament. 
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FIGURE 3. Direct-Inlet Mass Spectrometer 
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The lack of particle adhesion to the filament results in a significant 
loss of measurement sensitivity. For example, particle bouncing was found 
to reduce measurement sensitivity (ions detected/atoms in the particle) for 
nominal 10 ~m uranium dioxide particles entering via the capillary inlet by 

five to six orders of magnitude compared with the sensitivity for particles 
preloaded directly on the flat rhenium filament. To investigate the extent 
of the particle bounce problem, particularly for materials with melting 
points which are much lower than that of uranium dioxide, sensitivity 
measurements have been made for nominal 10 ~m particles of uranyl nitrate 
and cesium nitrate. 

Measurement sensitivity was first determined for particles preloaded on 
the ionizing filament of the mass spectrometer. Then particles were intro
duced into the mass spectrometer via the direct inlet and impinged on the 
filament at nearly sonic velocity. Uranyl nitrate and cesium nitrate both 
exhibited the loss of sensitivity attributed to particle bounce which was 

previously observed with uranium dioxide. 

Use of an oven ionizer instead of a flat filament to overcome the problem 

of particle bounce was investigated and successfully demonstrated. A rhenium 
oven ionizer was designed and constructed for trapping the high-speed parti
cles which enter via the direct inlet (see Figure 4). A particle entering 
the oven through a 1 mm diamter aperture may undergo many collisions with the 
interior surfaces before it comes to rest and is ionized. Ions emerge from 
the same aperture and are focused by the electrostatic lens of the mass 
spectrometer. 

RHENru~~ 

OVEN 

ION BEAM 

Figure 4. Schematic cross section of an oven for trapping and ionizing 

high-speed particles in a direct-inlet mass spectrometer. 
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High-speed particles of U02 have been trapped in the oven and ionized 
yielding a measurement sensitivity comparable to that for particles which are 
preloaded in the oven or on a flat filament. 

Our total experience to-date in measurement sensitivity for uranium 
dioxide particles under different conditions in the direct-inlet mass spectro
meter is summarized in Table 1. 

TABLE 1. Order-of-Magnitude Sensitivity for 
Measurement of U02 Particles by Direct
Inlet Mass Spectrometry 

DIRECT TYPE OF RE SPECIES PARTICLE LOADING MEASUREMENT SENSITIVITY 
INLET IONIZER OF ION SIZE METHOD {IONS OETECTEOiATOMSI 

Closed Flat ribbon, U+ ~m Preload 1/102 

Open 

" 

" 

" 

II 

carburized 

Flat ribbon, UO + II II 1/103 
uncarburized 2 

" II 10 ~m " 1/104 

II .. II Direct inlet 1/108 

Oven, .. " Preload 1/104 
uncarburized 

" II " Direct inlet II 

Our standard for comparison is the sensitivity obtained for a nominal 
~m particle preloaded on a carburized rhenium filament and run with the 

inlet closed. Under these conditions emission of the uranium metal ion occurs, 
and one ion is detected for everyone hundred atoms in the particle. This 1% 

sensitivity matches many years experience with our analytical mass spectro
meters. 
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When the same size particle is preloaded on an uncarburized rhenium fila
ment and run with the inlet open, the high partial pressure of oxygen causes 
emission of the urnaium dioxide ion. Under these conditions, the measure
ment sensitivity is reduced by an order of magnitude. 

When the nominal particle size is increased to 10 ~m, another order of 
magnitude reduction in measurement sensitivity is experienced. This parti
cle size effect is also in general agreement with our experience with our 
analytical mass spectrometers. 

Introducing the 10 ~m particle via the direct inlet onto the flat fila
ment results in a sensitivity loss of at least four more orders of magnitude 
because the high-speed particle bounces from the filament leaving only a 
small residue to be ionized. 

Use of the rhenium oven ionizer obtains the same measurement sensitivity 
as the flat filament for particles that are preloaded. The oven ionizer 
also obtains the same sensitivity for high speed particles entering via the 

direct inlet as for particles which are preloaded. For 10 ~m particles, 
this sensitivity is 0.01%. By extrapolation of the data, the sensitivity for 
1 ~m uranium particles which are trapped in the oven should be 0.1%. Based on 

our preliminary work with Pu0 2 the sensitivity for plutonium particles should 
be even greater. 

FUTURE INVESTIGATIONS 

Further work is needed to optimize the geometry of the oven ionizer for 
greater acceptance of the particle beam while maintaining particle trapping. 
The original oven was designed to accept only one-sixth of the particle beam 
in order to maximize the trapping of those particles which entered. 

Calibration of the Pu DIMS with U02 and Ce02 particles as analogs to Pu0 2 
needs to be completed. Calibration will establish the instrument's response 
to these materials as a function of particle concentration and size. This 
will demonstrate the operation of the instrument as a totally functioning 
system. 
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Calibration of the Pu DIMS with Pu02 should follow. The generation of 
plutonium aerosols will necessitate moving the Pu DIMS to another laboratory 
building. Some modification of existing laboratory space will also be re
quired. Finally, field testing and demonstration of the Pu DIMS should be per
formed. Field demonstration measurements will establish operational character
istics of the instrument under different operating conditions and at different 
types of facilities. 

SIGNIFICANCE 

Successful completion of this project will provide an entirely new 
technique for monitoring low-level airborne plutonium on a real-time basis. 
The direct-inlet mass spectrometric technique is expected to be a million 
times more sensitive than existing real-time methods for monitoring plutonium 
concentration in air. It also promises to provide information on the size 
distribution of plutonium-bearing particles, a capability which no existing 
method of real-time monitoring provides. 
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