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[571 ABSTRACT 
A reversal electron, high-current ionizer capable of 
focusing a beam of electrons to a reversal region em- 
ploys an indirectly heated cathode having a concave 
emitting surface of width W<2r, where r is the radius 
of curvature and preferably a ratio of width to radius 
approximately equal to one for optimum high current 
for a given cathode width. 

3 Claims, 6 Drawing Sheets 
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ELECXRON REVERSAL IONIZER FOR 
DETECTION OF TRACE SPECIES USING A 

SPHERICAL CATHODE 

ORIGIN O F  INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 
202) in which the contractor has elected not to retain lo 
title. 

5 

TECHNICAL FIELD 
The invention relates to a high-sensitivity ionizer for 

trace species detection and more particularly to an im- 
provement of the in-line reversal electron, high-current 
ionizer for detection of trace species disclosed in U.S. 
Pat. No. 4,933,551. 

BACKGROUND ART 20 
In the search for high sensitivity and direct atmo- 

spheric sampling of trace species, techniques have been 
developed such as atmospheric sampling, glow-dis- 
charge ionization (ASGDI), atmospheric pressure ioni- 
zation (API), electron capture detection (ECD) and 25 
negative-ion chemical ionization (NICI) that are capa- 
ble of detecting parts-per-billion to parts-per-trillion 
concentrations of trace species, including explosive, in 
ambient air. These techniques are based on positive or 
negative ion formation via charge transfer to the target, 30 
or electron capture under multi-collision conditions in a 
Maxwellian distribution of electron energies [with a 
peak at about 40 millielectron volts (mev)] at the source 
temperature (300 K). Subsequent detection of the ion- 
molecule reaction products or the electron-attachment 35 
products is carried out by using time-of-flight, quadru- 
pole, magnetic-sector, ion-trap or analogcurrent mea- 
surement methods. 

One drawback of the high-pressure, corona- Oi glow- 
discharge devices is that they are susceptible to interfer- 40 
ences either through indistinguishable product masses, 
or through undesired ion-molecule reactions. The 
ASGDI technique is relatively immune from such inter- 
ferences, since at target concentrations of < 1 ppm the 
majority of negative ions arises via electron capture 45 
rather than through ion-molecule chemistry. A draw- 
back of the conventional ECD, and possibly of the 
ASGDI, is that they exhibit vanishingly small densities 
of electrons with energies in the range 0-10 meV, as can 
be Seen from a typical Maxwellian electron energy dis- 50 
tribution function at T=300 K. Higher electron cur- 
rents are needed at low (< 10 mev) energies. 

Slowing the electrons to these subthermal (< lo  
mev) energies is crucial because the cross section for 
attachment of several large classes of molecules (includ- 55 
ing the explosives, chlorohalocarbon compounds and 
perfluorinated carbon compounds) is known to increase 
to values larger than 1O--I2 cm2 at near-zero electron 
energies. In fact, in the limit of zero energy, these cross 
sections are predicted to diverge as E - & ,  where E is the 60 
electron energy. This is a direct consequence of the 
Wigner threshold law for electron attachment. 

To  provide a better “match” between the electron 
energy distribution function and the attachment cross 
section, a new concept of attachment in an electrostatic 65 
mirror was developed referred to hereinafter as the 
electron reversal technique. In that technique, electrons 
were brought to a momentary halt by reversing their 

2 
direction with electrostatic fields. At a reversal region 
R, the electrons have zero or near-zero energy. A beam 
of target molecules is introduced, and the zero or near- 
zero energy electrons are attached to the molecules of 
the beam. The resultant negative ions may then be easily 
extracted. This basic electron reversal technique has 
been improved by Mark T. Bernius and Ara Chutjian as 
described in US. Pat. No. 4,933,551 to allow for better 
reversal geometry, higher electron currents, lower 
backgrounds and increased negative-ion extraction effi- 
ciency. 

In the application of the electron reversal technique 
to detection of the molecules of explosives RDX, 
PETN, and TNT by negative-ion formation under sin- 
gle-collision conditions, the fact that these molecules 
are known to attach thermal-energy electrons is ex- 
ploited for detection of trace species, but for zero- 
energy electrons higher electron current is needed for 
the electron reversal technique. Improvements in this 
regard by the present invention permits a f2ctor of 
about 25 increase in detection sensitivity for these 
classes of zero electron-energy attaching molecules, 
including the explosives. 

The electron reversal technique is a new analytical 
tool which differs in several significant ways from other 
methods. Because this technique builds up electron 
density in the energy region of maximum attachment 
cross section, attachment (ionization) efficiencies are 
expected to be high. Indeed, the sensitivity of this tech- 
nique to the detection of C1- ions from CCl4 has been 
measured to be 10 pptr with a counting rate of 900 Hz. 
Neither attachment cross sections nor rate constants for 
the explosives are available. Assuming values compara- 
ble to CC4, this would give a sensitivity of the electron 
reversal technique in the design of the present invention 
of pptr (90 Hz) to explosives. 

Unlike the ASGDI, API, ECD or NICI techniques, 
negative-ion generation by electron reversal is also able 
to access resonance at E > O ,  beyond the range of ther- 
malized energies. This is accomplished by shifting the 
location of the electron turning point with respect to the 
target beam. Furthermore, because measurements are 
carried out under single-collision conditions, there is no 
secondary ion-molecule chemistry. Finally, by detect- 
ing product masses, this electron reversal technique is 
capable of identifying one or more “signature” ions in 
the attachment process. In applications where time is 
not critical, the use of several mass detectors to detect 
products concurrently would be feasible. This could 
mitigate strongly against interferences, reduce false 
alarms, and could even identify directly which type(s) 
of explosives are being detected. 

Notwithstanding developments in other prior art 
techniques, there exists a need in trace-species analysis 
detectors that are sensitive, specific, and resistant to 
interferences from nontargeted chemical components. 
The reversal electron technique utilizes the fact that 
there are many classes of molecules which have nega- 
tive-ion resonances at low energies (below about 5 ev) 
and hence can form one or more negative ions upon 
electron attachment. However, the sensitivity of such a 
device will depend upon, among other factors, the 
space-charge limited electron current at the resonance 
energy that can be delivered to the reversal region. 
Consequently, improvement in the electron current 
source is important. This is especially critical for explo- 
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sives detection where the explosives vapor pressures are 
extremely low (10-9 torr for RDX, for instance). 

STATEMENT OF THE INVENTION 
In accordance with the present invention, an indi- 

rectly heated spherical cathode capable of emitting 
higher electron currents is provided in apparatus for the 
electron reversal technique used in apparatus for nega- 
tive-ion formation in a detector for a plurality of impor- 
tant classes of molecules such as explosives RDX, 
PETN and TNT and several halogenated molecules. 
The term “spherical cathode” as used herein is defined 
as a cathode having a concave surface for emitting 
electrons that is part of a hemisphere. In the present 
application, the cathode has a spherical radius of 
8.2X 10-3 m, and total emitting area of 5.6x 10-5 m2. 
Free electrons from the spherical cathode are electro- 
statically focused into a beam along a predetermined 
axis to a reversal region where an electrode at a more 
negative potential than electrodes for electrostatically 
focusing the free electrons reverses their trajectories. In 
the reversal region, electrons have essentially zero en- 
ergy and attach to target molecules to form negative 
ions. The entire electrostatically-focusing system was 
designed using a fields-and-trajectories code with space 
charge included. Sensitivity of the apparatus is approxi- 
mately 25 times greater than for prior apparatus using 
the electron reversal technique. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic diagram of the present inven- 

tion with detail of the explosives sample tube shown in 
FIG. la 

FIG. 2 is a graph of Neumann and Dirichlet bound- 
aries, as well as electron trajectories calculated up to the 
reversal region R during the electron beam “ON” half 
cycle. 

FIG. 3 is a graph of sensitivity of the apparatus of 
FIG. 1 using the method of standard dilutions for vari- 
ous concentrations C of CC4 in N2, in which the solid 
line represents a least-square fit to the data, and FIG. 4 
is the Same for C-c& as the target sample. 

FIG. 5 shows graphs of negative-ion C1- signal vs I, 
for three concentrations, (a) C=IxlO-4, (b) 
C= 1 X and (c) C= 1.0 (pure CC4), where solid 
lines are calculated lines to data using Equation (6). 

FIG. 6 illustrates the geometry for the spherical ball 
of negative ions formed at the reversal region R as the 
cloud of ions formed by dissociative attachment ex- 
pands. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A schematic diagram of the present invention is 
shown in FIG. 1. It consists of an indirectly-heated 
cathode 10 from which electrons are extracted, focused 
and accelerated by a five-element lens system compris- 
ing elements 11 through 15, into an electrostatic rever- 
sal means comprising lens elements 15, 16 and 17 that 
decelerates the electron beam to zero longitudinal and 
radial velocity at the reversal plane R between lens 
elements 15 and 16. Free electrons extracted from the 
spherical cathode 10 are focused into a narrow beam 
with a shim element 11’ and accelerated by a system 
comprising lens elements 11 through 15. They are then 
focused into an electrostatic reversal region R by ele- 
ments 15 through 17 which decelerates the electrons to 
zero longitudinal velocity and near-zero radial velocity 

4 
at virtually a common plane in the region R which is 
commonly referred to as a- “mirror.” At the reversal 
plane, the zero or near-zero velocity electrons are 
crossed by a beam of molecules from a sample. 

The electron beam is square-wave modulated by fast 
switches with a nearly 50% duty cycle. These 
switches are power MOSFET-based to ensure fast (50 
ns) rise times between full-floating lens voltage. Elec- 
tron attachment to the sample molecules takes place at 

10 the reversal plane R during one half of the duty cycle 
when the electrons are “ON’. The resulting negative 
ions are extracted during the second half of the duty 
cycle (electron beam is “OFF”) and focused by lens 
elements 16, 17 and 18 onto the entrance plane W1 of a 
90” electrostatic analyzer (ESA) 20. The extracted ions 
are then deflected by the ESA to insure the sign of 
charge, and further focused onto the entrance plane Wz 
of a quadrupole mass analyzer (QMS) 21. 

Electrons are thus generated at the electrode 10 and 
2o accelerated into the reversal region R where attach- 

ment or dissociative attachment @A) to sample mole- 
cules takes place. Fast switches S1-S3 pulse electrons on 
during one-half cycle, then pulse negative ions out 
towards the electrostatic analyzer 20 during the second 

25 half. Ions selected by the ESA are focused into the 
QMS and individual masses detected at the channel 
electron multiplier (CEM) 22. The ion signal produced 
by the CEM is amplified by an amplifier 23. The inten- 

3o sity of each mass peak is displayed on an oscilloscope 24 
and counted after a 10 second integration period by a 
counter 25. A clock synchronizer 26 controls the pulse 
width and frequency of the switches SI, Sz and S3, i.e., 
the pulsing of the electron beam, and extraction of the 

35 product negative ions. The oscilloscope 24 and counter 
25 are synchronized by scan drive means (not shown) 
for the QMS. 

Referring to FIG. la as an example of the detection 
of explosives in a sample of solid material and without 

40 limitation of the invention to this example, the solid 
target is placed in a Pyrex bulb P inside a vacuum cham- 
ber (not shown). The vapor pressures of 300 K of RDX, 
PETN and TNT are quite low: 8.5 x 10-7, 2.7 X 10-6 
and 1.3X 10-3 Pa, respectively. Consequently, the bulb 

45 P has to be heated with nichrome wire W wound 
around an inside body B supported by Teflon spacers 
TF in an outside body SS of stainless steel. The result- 
ing vapor is conducted to the reversal region R through 
a conduit C comprising a heated stainless-steel tube. 

50 Typical required temperatures, as read with a copper- 
constantan thermocouple T are 343 K for TNT and 378 
K for RDX and PETN. Operating pressures in the 
vacuum chamber (not shown) are (5.3-13)X lO-3Pa. In 
applications requiring the detection of molecules of 

55 explosives, for example, already in a vapor form, the 
apparatus of FIG. la would be replaced by a system for 
taking a vapor sample and introducing it through the 
conduit C into the reversal region R. 

Careful consideration must be given to both electron 
60 and ion space-charge effects in the apparatus. Intense 

space charge is encountered many times: (a) at the cath- 
ode, where electron currents are high and velocities 
low; (b) at an intermediate cross-over in element 13 of 
the focusing and acceleration lens system (see FIG. 2); 

65 (c) at the electron reversal region R where currents are 
again high, and the electrons are slowed to zero and 
near-zero longitudinal and radial velocities; and (d) 
again at the region R where the slow-moving negative 

5 
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ions are formed in the presence of the negative (elec- 
tron) space charge. 

Critical to the system design and sensitivity is the 
cathode region which was designed using a cylindrical- 
ly-symmetric, planar electron emitter. Thus, the elec- 
tron gun elements 10 through 15 as redesigned consisted 
of a spherical cathode 10, a “shim” electrode ll’, an 
anode 12 with a 5.2 mm diameter aperture, and an elec- 
trode 13 held at near-ground potential. A three-element 
lens (lenses 13-15) transports the electron beam to an 
electrostatic mirror (lenses 15-17) where it is reflected 
back towards the cathode. The Neumann and Dirichlet 
boundaries, as well as electron trajectories are shown in 
FIG. 2. The trajectories of the negative ions formed at 
the region R have been calculated previously as shown 
in the aforesaid patent and remain unchanged in the 
present invention. 

The starting condition for the design of the electron 
gun included Child’s Law on a spherical cathode with a 
width W =8.46x 10-3~1. The concave face of the elec- 
trode was designed with a radius of curvature r such 
that 2r is greater than that width. The precise radius was 
determined to be r = 8 . 2 ~  m by space-charge lim- 
ited simulations for the present instrument geometry to 
yield 1 mA current at the reversal region R resulting in 
an emission area of 5.6x m2. While decreasing the 
radius of curvature to half the cathode width will result 
in a true hemispherical surface for maximum electron 
emission, electrons emitted near the edge of the hemi- 
sphere will have an initial direction of motion perpen- 
dicular to the axis of the focusing and accelerating lens 
elements, which will tend to interfere with the desired 
shape of the beam being formed. Consequently, the 
optimum for a given width is a ratio of twice the radius 
of curvature to cathode width 2r/W> 1, or stated dif- 
ferently the width W should be less than 2r. For the 
present instrument having W = 8 . 4 6 ~  10-3 m, the opti- 
mum ratio was found to be very nearly unity, namely 
r/W=0.98. The design requirements of an electron 
current I, of 1 ma at a 650 V acceleration voltage V2 
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(potential on the anode element V2, with the cathode 
taken as zero of potential) resulted in a gun perveance 
Ie/V23/2=6.Ox A/V3/*. In order to have good 
spatial resolution within the limits of the mesh-point 
capacity of the program, the problem of boundaries 45 
describing the electron gun portion (11-17) was split 
into two parts: part 1 included the electrodes 11, ll’, 12, 
13,14; and part 2 the electrodes 12-17. Three electrodes 
13-15 were made common to both parts to insure that 
fringing fields from part 1 were included in part 2. The 50 
mesh size in part 1 (0.43 mm/mesh unit) was one third 
that of part 2 to be able to resolve small details in the 
gun stmcture. After running part 1, the output trajecto- 
ries were injected (as initial conditions) into part 2 at a 
position on the lens axis where the potential was identi- 55 
cal in both parts. Typical values of the voltages used to 
compute the trajectories in FIG. 2 are V1=0 V, 
V1’=150 V, V2=650 V, V3=2 V, V4=1340 V, 
V5=112V, V6-30 V and V7=-30 V. The total elec- 
tron current calculated in the program was 1 ma, and 60 
the beam diameter at R was 3.5 mm. 
Sensitivity Tests 

Using the method of standard dilutions, the sensitiv- 
ity of the new version of the apparatus shown in FIG. 1 
was measured. Test mixtures of CC4 or in N2 were 65 
prepared. At zero electron energy Cl31 is the only 
fragment ion produced in dissociative attachment to 
c c 4 ;  while the C-CgFg- molecular ion is the o d y  prod- 

6 
uct in attachment to c k g F 6 .  With their large attach- 
ment cross sections peaking at zero energy, these mole- 
cules served as good simulants of the nitrogen-contain- 
ing explosives currently in use. Naturally, the ultimate 
sensitivity with the explosives themselves will depend 
on their attachment cross sections. To date, these have 
not been measured in any explosives molecule by any 
technique. 

Sample mixtures were prepared in an all-stainless 
steel vacuum system. All lines were kept warm at 370 K 
to prevent “sticking” of the sample to the walls during 
preparation and transfer to the collision region. Targets 
were used in their reagent grade and subjected to ten 
freeze-thaw cycles to remove dissolved gases. They 
were mixed with Nz (99.99% purity) in a concentration 
ratio C (particle density)= 1 (pure target) to 1 x 10-11. 
The quadrupole mass spectrometer was tuned to either 
m/e=35 or 186, and the negative-ion signals measured 
as a function of the fractional concentration C. In addi- 
tion, in order to understand the signal linearity proper- 
ties of the apparatus, a series of measurements of count 
vs electron current was made at three values of 
C= 1 x 10-4, 1 x 10-2 and 1. The total pressure in the 
main vacuum chamber (not shown) was fixed at 
2.7x Pa(2.0X 10-7 torr) throughout. 

Between all measurements where C was changed, the 
lens system was baked to 415 K using a quartz-iodine 
lamp placed near the collision region. This served to 
remove residual target molecules from the immediate 
inlet lines and surfaces and prevented “memory” effects 
in the measurements. A 10 minute baking time was 
sufficient to remove residual c-CgFg, but a 2 hour bake 
was required to remove the “stickier” CC4. Blank runs 
were performed and the background measured to be 
only electronic-noise background in the mass ranges 
30-40, or 180-190 amu before introduction of the next 
mixture. At each concentration, the signal was moni- 
tored over a period of 0.5 hours to insure stability of the 
mixture at the 3% level. Results of sensitivity curves 
obtained for CC4 and c-ctjF6 are shown in FIGS. 3 and 
4, respectively. The errors represent the quadrature sum 
of the statistical counting error and the error in reading 
the two pressure gauges used to make up each fraction 
C, and are expressed at the 1.7 (90%) confidence level. 
In the case of CC4 at a common concentration of 10 
pptr, the signal rate is approximately 25 times greater in 
the present invention than in the earlier planar appara- 
tus shown in the aforesaid patent with a cathode. Count 
rates with c-CgFg are lower than with c c 4 ,  consistent 
with the smaller attachment cross section and rate con- 
stant for the former. Also, from FIG. 3, one may extrap- 
olate to a count rate of 13 kHz at a mixture 
C= 1 x 10-*2and 7.5 liHz at C= 1 x 10-15. As a caveat, 
however, such extrapolations must be viewed with 
caution, since in both cases the sensitivity curves devi- 
ate from a slope of unity. The principal nonlinear effect 
in the system is that of ion space charge. 
Space-Charge Effects 

In many applications of a trace-analysis instrument, 
for example in air or water pollution monitoring, one 
would like to relate a measured signal intensity to a 
sample concentration in a linear fashion. However, in 
some applications, such as in detection of explosives, 
one is more interested in the presence of a sample, re- 
gardless of concentration. 

To  explore the dependence of the output signal on 
target density and electron current, a series of measure- 
ments with CC4 was carried out at three values of 
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C= 10-4, 10-2 and 1.0, and over the range of electron 
currents IC= 1.OX 10-5 to 3 . 0 ~  10-4 A. This approach 
was preferred to the method of FIGS. 3 and 4 since the 
electron current is the only variable and the optical 
properties are left unchanged for each value of concen- 
tration C. 

Shown in FIG. 5 are results for the three concentra- 
tions. In general, two regions of slope can be distin- 
guished: (a) the C1- signal rate is near linear at low Ie, 
followed by (b) a marked flattening of the signal at 
higher electron currents I@ Results at the higher cur- 
rents correspond, as will be shown below, to ions being 
lost by a rapid expansion due to space charge and leav- 
ing the field of view of the ion extraction lens system 

The physical picture adopted in understanding the 
shape of the sensitivity curves is that of a spherical ball 
of ions created at R by the dissociative attachment pro- 
cess during the electron ON cycle. There is a time delay 
At introduced between the electron OFF cycle and the 
ion ON cycle. This delay is set experimentally at 
At=2.1 ps and is a “settling time” for the electrons 
prior to pulsing out the ions. During this time, the nega- 
tive-ion cloud expands under the action of the space- 
charge force of the negative ions (electrons are OFF), 
the initial velocity of ion formation, and small fringing 
electric fields from lens element 18, deflectors in lens 
element 15, etc. The ion density within this cloud in- 
creases with increasing concentration C and electron 
current I,. The resulting increase in ion-ion repulsion 
will lead to a larger expansion velocity for the sphere 
and hence a large final radius rfafter the delay At. The 
ion extraction system comprising lens elements 15-18 is 
only capable of focusing an ion ball of less than a certain 
radius r j  This is calculated from the space-charge tra- 
jectory code to be rf=3.35 mm for the present system. 

Referring to FIG. 6, one has a sphere of initial radius 
ro as set by the radius of the initial electron beam. Dur- 
ing the period At in which the electrons are turned off, 
some portion of the sphere (radius ri) expands to a ra- 
dius rfby the combined velocities of space-charge repul- 
sion and initial velocity of ion formation in the dissocia- 
tive attachment process. The ions within that sphere are 
focused by the ion lens system, mass-analyzed, and 
detected. (The outer ro edge can expand beyond rft but 
those-ions will be lost.) 

At any concentration C and electron current I, the 
extracted ion signal S will be given simply by 

15-18. 

where K is an instrument transmission and detection 
efficiency, p is the ion charge density contained within 
the sphere of radius ro, and 

the volume of detected ions. The product 
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8 
tric field E, at any radius r due to a charge density p 
contained within a radius ro: This is given from Gauss’s 
Law as (MKS units) 

where 1/~0=36~109. From the relation e dV=e E, 
dr=mv dv, one obtains 

vdv = (e/3~yn) (-$)pdr 
(3) 

where m is the Cl31 mass and e the electron charge. 
Upon integrating one obtains the radial velocity (letting 

and A = vo2 + K/ro), 

v=dr/dr=(A-K/r)l (4) 

In time At the sphere surface at rI will have moved to 
the distance Ifdetermined by the integral of Equation 
(41, 

This can be evaluated in closed form to give 

1 
[lettingn=(1-+) ] 

40 

45 For a given interval At, the value of rl was deter- 
mined from Equation (6) at each p, C and I,. The charge 
density p the only adjusted parameter and may be calcu- 
lated from the standard expression for the attenuation of 
an electron beam of length 1 and radius ro through a thin 

50 target beam of density n, 

rend 
vo p = -  

55 where a=n-r$, and u is the attachment cross section, 
taken as 5 x lO-17m2. Values of the parameters used are 
listed in Table I together with the final calculated value 
of p. 

60 TABLE I 
Values of Parameters Used in the 

Space-Charge Calculation 
C 1 10-2 10-4 

65 n(m-3) 2 x 1017 2 x 1015 2 x 1013 
i017dm2) 5 5 5 

l@IAA) I(varied) l(varied) l(varied) 

i@i(lr;) ‘ 1.0 4.6 9.0 
is the number of ions cont+ined within the sphere of 10-2uo(m/s) 8.8 8.8 8.8 
radius rl. To determine rI, one calculates the radial elec- a@) 6.3 x 10-5 7.5 x 10-6 1.0 x 10-6 
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10-2:lO-1: 1.0. And hence the detection response at 
small I, and fixed tuning conditions is linear with p. 

Assumptions in the model are (1) neglect of space 
C 1 10-2 10-4 charge neutralization due to positive ions 
I d r i m )  1.25 1.39 1.51 N2+,N+,N2+2, Cc13 +, etc.), (2) use of a spherical ball 
p(C/m3) 1.8 x io-6 7.0 x 1.0 x 10-7 due to the use of spherical cathode rather than a cylin- 

der of charge generated by a near-cylindrical beam of 

mately one-tfid of a mesh unit, or 4.3 10-4 m. The 1o calculated geometry in FIG. 2 with that in FIG. 3 of the 
sixth row uses 0.14 eV for the c1- energy at onset, and aforesaid patent), (3) a uniform electron density distri- 
is measured to be o.~@-J eV. In the seventh row the bution Within the radius Of formation ro, (4) a Uniform 
electron area is calculated to be gas target density distribution at R, and ( 5 )  neglect of 
77ro2=9.62~ 10-6 m2. Since only the ratio l/a is deter- fringing-field gradients at R which would produce a 
mined from Quation (3, their individual values are not 15 distribution of starting velocities Vo. These effects can, 
unique but were kept reasonably close to trajectory-cal- in principle, be included in a more detailed calculation, 
culated results. The value for VO, corresponding to a but would very likely involve further parameters and 
35Cl- energy of 0.14 eV, is comparable to the formation detract from the simplicity of the present model. This 
energy (0.100 ev) measured for the DA process. (The one-parameter calculation gives good agreement with 
slightly larger value here can arise from accelerations 20 experiment, and captures the main feature of the space- 
through fringing fields at R.) The value of n is an esti- charge effects. 
mate from the pressure in the main chamber during 
operation, and that for cr an estimate based on the 
known attachment cross section for CC4. 

in FIG. 5. The agreement, especially in the pure CC4 

simple model. The calculation reveals both a linear and 
a nonlinear region. The linear region extends to higher 
Ie as the concentration of target is reduced to C= 10-2 30 
and 10-4 (lower charge density p) in agreement with 
the experimental results. 

It is interesting to note that the charge density p does 
not scale with the target density between C= 10-4and 
C= 1.0. T h i s  results from the fact that the electron- and 35 
ion-beam tuning conditions are changed between mea- 
surements at each concentration. T~ &ow this, a sepa- 
rate series of measurements was made at concentrations 
C= 10-2, 10-1, and 1.0. n e  electron current was kept 
]OW Qe=0.051 x 10-4 A) to *e ion space-chage 
effects; and the optics were not retuned between con- 
centration changes. In this case, the C1- signal and 
concentration scaled linearly (at the 20- or 98% c o n 5  

TABLE I-continued 

Space-Charge Calculation 
Values of Parameters Used in the 

The fifth row of Table 1 is calculated to be approxi- "owing into the mirror region (compare the 

We 
1. In a reversal electron ionizer for trace species de- 

a spherical for emitting a high current of 
tection, a high electron current source comprising 

Results of the calculation are given as the solid lines 25 

thermal energy electrons, 

ergy electrons into a beam along a predetermined 
axes to a reversal plane, 

and means for electrostatically reversing trajectories 
of said thermal energy electrons, 

whereby said thermal energy are converted 
to high current zero-energy electrons at said rever- 

plane for attachment by trace species Of a 
ple introduced into a region of said reversal plane. 

2. A high electron current source for a reversal elec- 
tron ionizer as defined in Claim 1 wherein said cathode 
has a width less than twice the radius of curvature. 

3. A high electron current source for a reversal elec- 
tron ionizer as defined in claim 2 wherein said cathode 
has a ratio of width to radius of curvature approxi- 
mately equal to one. 

(greatest linearity) is suqrisinglY good for this meas  for electrostatically focusing said thermal en- 

dence level) as 1.00:10.8:118 for the concentrations * * * * *  
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