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TECHNIQUES APPLICABLE TO MASS SPECTROMETRY
OF GASEQUS TRACE CONTAMINANTS

By Peter Warneck, GCA Corporation, GCA Technology Division,
Bedford, Massachusetts

SUMMARY

This report describes the continuation of an investigation into the
application of charge transfer as the ionizing process in the ion source
of the mass spectrometer. The experimental setup was modified in order
to eliminate the interaction of sample gas with the primary ion source.
To this end a differentially pumped gap was incorporated between the charge
transfer chamber and the discharge source which serves as the primary
ion source. Thereby, the extent of interaction of the sample gas with the
primary ion source was reduced by about two orders of magnitude. A further
reduction can be achieved by a more efficient differential pumping arrange-
ment. ’

Charge transfer mass spectra are given for the sample gases CO,, N30,
NHg, NOp, SOp, CO, isobutyl alcohol and formic acid for singly charged
krypton as the main primary ion. For the latter two a comparison of ion
intensities is made with photoionization and electron impact mass spectra.
The feasibility of utilizing negative preliminary ions for charge transfer
was demonstrated for the process 07, 0," + NOy - NOo™ + O, Op. The fea~-
sibility of discriminating carbon monoxide in the presence of nitrogen by
means of the mass number 28 signal was explored for krypton primary ions.
A residual nitrogen ionization limits the detectable amount of CO in nitro-
gen to five parts per ten thousand. The origin of the residual nitrogen
ionization was investigated. It is due in part to a residual interaction
of sample gas with the discharge source boundary, and in part to a primary
ion with sufficient internal energy, probably excited metastable Kr™ ions.

The first source of nitrogen ionization can be reduced by an improved
differential pumping arrangement. The second source was found to vary
with discharge conditions. Low fields and high pressures minimize this
latter source of N2+. If krypton ions are to be retained as the primary
ions for the purpose of CO - N, discrimination, a more detailed investiga-~
tion of primary ion sources wi%l be required to determine techniques by
which the contribution of excited ions can be eliminated.

I. INTRODUCTION
This report describes results obtained in the second phase of Contract

NAS12-641, which is concerned with the detection of gaseous trace contam-
inants. The total study involved three areas which were pursued independent-

ly and are specified as follows: (1) the investigation of a cryogenic target

holder for the GCA solids analysis mass spectrometer for the purpose of gas
solidification and analysis, (2) a study of the feasibility of utilizing
charge transfer as the source of sample ionization in a gas analytical mass
spectrometer, and (3) an investigation of resonance scattering of xenon as
a wmeans for pressure gauge calibration in the ultra-high vacuum region. Of
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these, items 1 and 3 were brought to a reasonable degree of completion
during the first phase of the present program. For a detailed description
and discussion of the results reference is made to a previous technical
report (Ref. 1). TItem 2, however, required additional effort, so that the
second phase of the program was concerned predominantly with that aspect.
Accordingly, the present report will describe and discuss the progress
made in continuing the investigation of charge transfer mass spectrometry.

In the following Section (IT) the concept of charge transfer mass
spectrometry will be briefly reviewed, and the objectives of the present
investigation stated. Subsequently, in Section III, experimental details
are given for the modifications made in the apparatus. Section IV serves
to present and discuss the experimental results. Finally, in Section V the
present level of development is summarized.




II. BACKGROUND INFORMATION AND SCOPE OF INVESTIGATION

The principles underlying the concept of charge tramsfer mass spectro-
metry may be briefly described: An ion moving in a gas mixture interacts
with neutral particles in two ways: (a) by charge transfer and (b) by
chemical interactions. The first type of process can occur only if the
ionization potential of the neutral particle is less than the energy liber~-
ated by the neutralization of the ion. If this is the case, and ion veloc-
ities are nearly thermal, charge transfer occurs with high probability. The
second type of process, chemical interaction also requires energetically
favorable conditions. In this category fall the transfer of an atom, a
group of atoms, or a general rearrangement of the molecular components
with or without charge transfer. Frequently, they are as rapid as simple
charge transfer, unless the process is endothermic. Proton transfer and
hydrogen abstraction may be cited as examples for fast processes.

While both types of ion-neutral interactions can be utilized to form
ions characteristic of the (neutral) sample gas mixture, the present work
has emphasized simple charge transfer as a promising and generally applicable
technique for sample gas ionization. The selection of primary ions with
sufficiently low recombination energies makes it possible in principle, to
ionize a sample without excessive fragmentation of the secondary (sample)
ion. The resulting ion spectrum thus features predominantly parent ions, and
the occurrence of fragment ions is greatly reduced. 1In this manner, the
mass spectra of complex gas mixtures are simplified and their analysis is
facilitated. " Herein lies a principal advantage of the charge transfer ion
source and its application to analytical mass spectrometry.

The praesent program extends an exploration into the feasibility of a
charge transfer ion source. Basically, the source design incorporates two
components: a source of primary iom and a chamber which the primary ions
traverse and in which the charge transfer reactions take place. Both
primary ions and secondary ions leaving the charge transfer region are sub-
sequently processed with a mass analyzer. In the present study singly
charged krypton ions were employed as the principal primary ions. For con-
venience, the primary ions are produced in a discharge source. Previous-
ly, the discharge region was mounted directly adjacent to the charge trans-
fer chamber containing the sample gas. The results of a series of experi-
ments performed with this source arrangement had indicated that the functional
behavior of the secondary ions and the sensitivity of the technique were
generally in agreement with expectation, but that ionization processes other
than charge transfer occurred alse. One important source of ionization
appeared to be the interaction of the sample gas with the boundary of the
discharge penetrating into the charge transfer chamber due to the gas flow.
To eliminate this undesirable side effect, a more complete separation of
the discharge region from the charge transfer region was desirable. Accord-
ingly, the source design was modified to include a differentially pumped
gap between the discharge region and the charge transfer space. Test re-
gults obtained with this modified source arrangement are reported further




below. A second problem that may be briefly mentioned is due to impurities,
i

=
particularly water given off by the walls of the system and contained in
the carrier gas. This problem could not be eliminated in the course of the
present work because it required provisions for baking the entire source.
The source modifications necessary to allow baking were beyond the scope
of the present program and were not atitempted.




I1I. EXPERIMENTAL DETATLS

The design criteria for the charge transfer ion source were described
previously (Ref. 1). A feasibility model source had been built accordingly.
The incorporation of a differentially pumped gap between the discharge
and the sample ionization chamber resulted in the modified layout shown in
Figure 1. A major experimental requirement is that the ions leaving the
discharge source do not suffer collisions with neutral particles while
crossing the gap region. The maximum tolerable pressure was found to be
about 1 millitorr. Since both the discharge and the charge transfer chamber
emit a gas flux through the orifices required for the withdrawal and injec-
tion of ions, a rather efficient pumping unit is needed. The 4=inch
diffusion pump employed for the evacuation of the ion acceleration region
behind the exit orifice of the charge transfer chamber supplied a suffic-
ient pumping capacity, but the gap region could not be connected directly
to the main ion source housing evacuated by the pump because of space limit-
ations. Instead, a less efficient external pump connection had to be tol-
erated. This approach allowed the re-use of the existing components of the
ion source. The differentially pumped gap is contained in a l-inch thick
spacer flange provided with a l-inch diameter pump lead. The discharge
ion source is mounted onto an aluminum cover plate which in turn is insul-
ated from the body of the charge transfer ion source by a nylon spacer
flange. A variable potential of 0 - 150 volts between the discharge source
exit and the charge transfer chamber plates was provided, but was not found
critical in obtaining adequate primary ion intensities. Similarly, it was
initially attempted to focus the primary ions onto the entrance aperture of
the chamber by an additional ring electrode in the differentially pumped
gap. The gain was found to be less than a factor of two so that the elec~-
trode was later omitted. The exit orifice of the discharge source was made
0,06 cm in diameter to match it with the entrance aperture of the charge
transfer chamber. The axial position of the discharge end plate was var-
iable. However, no attempts were made to optimize it.

The other components of the apparatus were left unchanged. Briefly,
primary and secondary ions emerge from the charge transfer region through
a 0.14 cm diameter orifice due to the action of a weakly converging field
inside the chamber, and are accelerated and focused onto the entrance aper-
ture of a 180 degree mdgnetic analyzer by an assembly of stainless steel
plates forming an immersion lens system. After passage of the mass analyzer
the ions are either collected in a faraday cage and registered with an elec-
trometer, or processed with a secondary electron multiplier detector prior
to registration.

The gas inlet serving the discharge tube was the same as that used
previously (Ref. 1). Before entering the discharge the gas passed a liquid
nitrogen cold trap to reduce the contamination by water vapor. The sample
gas inlet to the charge transfer chamber was supplemented with a second
inlet and control valve for the introduction of a buffer gas. 1In all
experiments the buffer gas was the same as that used in the discharge.
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IV. RESULTS
A. Primary Ion Intensities and Sensitivities

Previously, the primary discharge ion source had been operated either
as a dc cold cathode discharge, or by way of microwave excitation. In
the latter mode, an air-cooled Evenson cavity was used in con junction with
a 100 Watt Microtherm unit to supply the electric field. The microwave
excitation provided higher ion intensities, but led also to a considerable
penetration of the discharge plasma into the charge transfer region thereby
causing a direct ionization of the sample gas (Ref. 1). This effect was
completely eliminated by the differentially pumped gap. Since higher ion
intensities are derived from the microwave discharge, all the experiments
reported below were performed with microwave excitation,

Due to the spread of the ion beam emerging from the primary (discharge)
ion source only a portion of the total emitted ion current enters into the
charge transfer chamber. Accordingly, a smaller primary ion intensity is
anticipated in comparison with previously established wvalues. However,
these losses were not serious. Primary ion currents transmitted through
the charge transfer chamber (at low pressures in this region) and measured
at the entrance of the mass analyzer were, typically, 4 x 10-10 amps forx
krypton ions. With about 0.1 torr of krypton in the charge transfer cham-
ber, the transmitted primary iom intensity decreased to about 1.5 x 10-10
amps. The corresponding loss of ion intensity inside the charge transfer
chamber due to spreading of the entering ion beam is much less than that
observed previously when the discharge ion source was connected directly
to the charge transfer chamber.

From this observation and on the basis of comparable sample ionization
efficiencies one expects equivalent sensitives. Indeed, the measured sample
gas sensitivities are similar to those established with the previous source
configuration as is shown in Table 1, for approximately equal pressure and
field conditions in the charge transfer region. It has already been noted
previously, that the sensitivies achieved with the present device are
about three orders of magnitude lower than those obtained with electron
impact ionization. However, the usable sample pressures in the ion source
are about three orders of magnitude higher, so that the lower sensitivity
is compensated and ion currents comparable to electron impact ionization
are achieved.

B. Charge Transfer Mass Spectra

To illustrate the kind of mass spectra observed with the charge trans-
fer ion source, we present in Figures 2 through 5 the spectra observed
when small amounts of SO9, N0, CO or ammonia are admixed to krypton in the
charge transfer chamber. The primary ions were derived from a krypton
discharge and consisted mainly of singly charged krypton which appears at




TABLE 1

=1

SENSITIVITIES OF CHARGE TRANSFER ION SOURC

<4

FOR VARIOUS SAMPLE GASES USING Kr AS PRIMARY ION

swons o s 0T S (07 e
Carbon Dioxide 44 2.0 1.2
Nitrous Oxide f4¥43 2.0 1.8
Sulfur Dioxide 64 5.0 8.3
Oxygen 32 0.3 -
Ammonia 17 6.0 6.1
Carbon Monoxide 28 0.35 -
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mass number 84 with an isotopic distribution ranging from 80 to 86 atomic
mass units. However, some doubly ionized krypton and krypton hydride

ions were also present as indicated by the signals at mass number 42 and

85. In addition to the primary ions, the background spectrum contains 02+
at m/e = 32 and H20+'and H3O+ at mass numbers 18 and 19 respectively. These
ions originate from impurities. New peaks appear upon the introduction of
sample gases.

Sulfur dioxide and nitrous oxide give rise to the peaks at 64 and 44
atomic mass units, respectively. These are the parent peaks. No fragment
ions are observed, but the parent peaks show tails toward higher mass
numbers indicating the presence of protonated 509 and N50.

The intreduction of ammonia leads to the expected M17 parent ions. 1In
addition, an ion occurs also at mass number 16, g;obably representing the
NH2+ fragment. The appearance potential for NH," from ammonia has been
given as 15.8 eV. Hence, this ion is not expected to be produced by simple
charge transfer from singly charged krypton ions. The introduction of
carbon monoxide gives rise to two peaks at mass numbers 28 and 29. The
first of these is the CO parent peak, whereas the latter is COHT, the pro-
tonated species. It is interesting that in contrast to S09 and Ny0 the
mass 29 signal is much greater than the parent ion signal. Apparently,
direct charge transfer is not as effective as proton transfer by krypton
hydride.

(1) KeT + co - coT + xr

(2) ke’ + co - cou’ + xr

It should be noted that direct charge transfer is slightly endothermic (by
0.02 eV) for krypton ions in the ground state, so that it may be less
efficient than for exothermic processes. The sensitivity data in Table 1
show that CO behaves similar to Op for which charge transfer is exothermic.
However, the sensitivities for both 09 and CO are lower than that for other
molecules, notably CO) which has a similar ionization potential. Hence, it
seems that the low sensitivity of CO is due more to the lower efficiency of
charge transfer than to the small endothermicity of the process.

The process of proton transfer resulting in COH' is quite efficient as
evidenced by the strong signal on mass number 29. A portion of the signal
apparently is due to the process

+
(3) co + HZO - COH+ + OH
because the ratio of the peaks at mass numbers 28 and 29 varied with the
focusing conditions and with the electric field applied to the charge trans-
fer chamber. The former controls the location from which ions are sampled;
the latter varies the residence time of primary and secondary ions in the
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chamber. Table 2 shows that the CO+'signa1 increases with increasing drift
voltage whereas the cout and the 02+ signals decrease. Since the CO+‘signa1
decreases only by a factor of five, while the COHT signal (and the 0,7 signal)
increases by more than a factor of twenty, it is evident that reaction (3)
only supplements COHT formation by proton transfer.

In addition to the spectra observed for the inorganic compounds
discussed above, further spectra were obtained for iso-butyl alcohol and
for formic acid as examples for organic compounds with low ionization poten-
tial. Representative spectra are shown in Figures 6 through 9. Two types
of primary ions were employed: (a) krypton ions from a krypton discharge,
and (b) ions from a discharge through oxygen. 1In the second case, the major
primary ions are 02 , with an ionization potential of 12.02 eV and OT, having
an ionization potential of 13.5 eV. Charge transfer to iso-butyl alcohol
from both krypton and oxygen primary ions, produces extensive mass spectra
which are characterized by considerable fragmentation (Figures 6 and 7).
The ionization potential of iso-butyl alcohol is 9.93 eV, so that fragmenta-
tion by ions of greater recombination energy is not unexpected. In fact,
both photoionization (Ref. 2) and electron impact ionization (Ref. 3) also
result in considerable fragment ion formation. A comparison of such data
is given in Table 3. It is interesting to observe that charge transfer
using oxygen as primary ions gives a spectrum quite similar to photoion-
ization with radiation of 15.4 eV energy, whereas charge transfer from
krypton ions results in a spectrum which compares better with the spectrum
produced by electron impact. Noteworthy in the latter case is the low
intensity of the parent ion peak.

A similar situation occurs with formic acid. Spectra obtained with
krypton and oxygen primary ions are shown in Figures 8 and 9. The obser-
ved ion intensities are compared in Table 4 with those produced by photo=
ionization (Ref. 2) and electron impact (Ref. 4). Again, charge transfer
from oxygen ions resembles ionization by 15.4 eV photons, whereas charge
transfer from krypton iong producesa spectrum more like that observed with
electron impact. The spectra obtained by charge transfer using oxygen
primary ions are approximately in accord with expectation, but charge trans-
fer from krypton appears to produce more highly fragmented ion spectra
than anticipated. No explanation can be given for this behavior at the
present time. '

C. Negative Ions

While the majority of the experiments in this program were concerned
with charge transfer involving positive ions, it is obvious that a similar
phenomenon should occur also with negative ions. Negative ion mass spectra
are often simple and less extensive than the positive ion mass spectra of
the same compounds, so that it was of interest to explore charge transfer
using negative ions with the present experimental set-up. This involved

14



TABLE 2

VARTATION OF M28 AND M29 SIGNALS
WITH DRIFT POTENTIAL FOR CO SAMPLE GAS

Drift Peak Height Ratio Peak Height
Potential, v 1l/v M28 M29 28/29 M32
50 0.020 71 48 1.5 14
35 0.028 60 118 0.6 29
23 0.043 30 510 0.06 150
16 0.062 15.6 1050 0.015 360

15




| |
i
43
59 KRYPTON
+1S0- BUTYL
a ALCOHOL
f 3!
w ;
L\ 27 18
I |
. —
i
!
|
U/\Nl"“\ j | KRYPTON
|
A
—p=x |00 — x 10 §F
Figure 6 Charge transfer mass spectrum of iso-butyl alcohol, krypten

primary ions.

16




43

re

L OXYGEN +

ISO-BUTYL
ALCOHOL

T T T T T

1 {ji ~ OXYGEN
n N jh } «—_“Ju;ﬂ,_‘____,

X10 | E

Figure 7: Charge transfer mass spectrum of iso-butyl alcohol. Oxygen
primary ions.

17




84 32

KRYPTON
+ HCOOH

44

| KRYPTON
" g 1 ﬁ

—p= 3 |00

Figure 8: Charge transfer mass spectrum OH Formic Acid. Krypton Primary
Tons.

18



46
3
I
i
!
1
|
e |
29 ié%
n
t
5
OXYGEN |
+ HCOOH |
GAIN X 100 |
I
40
i
f\ f\ﬂ | M/\ |
| ﬁL/\J
!
i
OXYGEN \ ﬂ
- I
Figure 9: Charge transfer mass spectrum of formic acid. Oxygen

primary ioms.




TABLE 3

RELATIVE TON VIELDS FOR ISO-BUTANOL
BY VARIOUS MODES OF IONIZATION

ELECTRON IMPACT

wes | monoronamor PG o e
74 30 19 9 0.4 18
59 5 4 5 , 6 27
57 9 8 4 6 10
43 100 100 100 100 100
42 79 63 . 57 19 47
41 8 47 56 100 8
33 84 60 53 6 -

31 15 34 63 43 -
27 1 10 43 13 -
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TABLE &

RELATIVE ICN YIELDS FOR FORMIC ACID
BY VARIOUS MODES OF IONIZATION

MASS PHOTOIONIZATION ELECTRON IMPACT CHARGE TRANSFER
NO 15.4 ev 70 ev v Kr+ 0,*/ot
46 100 61 10 100
45 62 48 8 61
Lb - 10 30 -
30 6 - 23 10
29 22 100 100 55
28 - 17 2 -




reversing all potentials as well as the magnetic field. Oxygen was used

in the gas discharge ion source. The primary ion spectrum under these con-
ditions consisted mainly of 0 , with 0," being present at a lower intensity.
The total primary ion intensity obtained in this manner was about a hund-
red times lower than for positive ions. The reasons for the lower effic-
iency of the ion source for negative ions lies in the problems associated
with the extraction of negative ions through the plasma sheath surrounding
the discharge region. Usually, an additional electrode is positioned in
front of the anode disc to increase the efficiency of negative ion extrac-
tion (Refs. 5, 6). The present ion source was not provided with this fea-
ture, so that the comparatively low primary ion current had to be tolerated.

To demonstrate the effect of charge transfer, nitrogen dioxide was
employed as the sample gas. Figure 10 shows typical results obtained in the
presence and absence of NOy in the charge transfer chamber. The signal at
mass number 46 indicates that charge transfer occurs with a reasonable
efficiency, as expected from the known rate coefficient (Ref. 7) for the
reaction

(&) 0 + NO, - NOE + 0

The NO,” ion is the only secondary ion produced. The positive ion spectrum,
by comparison, produces not only NOsT, but also NOT at m/e = 30 with oxygen
primary ions. A representative positive ion mass spectrum is shown in
Figure 11. The comparison shows that even for this simple case of NOZ’ the
negative ion charge transfer possesses advantages. However, its applica-
tion requires a more efficient negative ion source.

D. Sources of Ionization Other than Charge Transfer

From the results discussed above, it appears that the ion source in
its present configuration which includes the differentially pumped gap
between the primary ilon source and the charge transfer region is superior to
the previous source arrvangement without the gap, as fragment ion formation
due to interaction of the sample gas with the discharge boundary has been
essentially eliminated. While this is true for the gases N20, S0y, CO and
NH3 which were also studied previously, specific reference is made to S0
for which mass spectra were published so that a direct visual comparison
can be made. The qualitative appearance of mass spectra, however, does
not provide a quantitative measure of the improvement attained. To deter-
mine the degree to which the formation of undesirable ions is suppressed,
a variety of further experiments were carried out employing nitrogen as
the sample gas and primary ions derived from a krypton discharge. The
choice of nitrogen as sample gas was made for two reasons: (a) it was
used as test gas in previous experiments without the differentially pumped
gap. Hence, the new data would provide a quantitative assessment of the

22
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source improvement; and (b) the N2+'signal coincides with that of COT so
that the possibility of detecting CO in air by charge transfer mass spec=
trometry may be evaluated. The ionization potential of nitrogen is such
that singly charged ground state ions of krypton of low kinetic energy
cannot ionize nitrogen due to an energy deficiency of about 1.5 eV. Nev-
ertheless, both Ny and Nt had been observed previously. The sources of
nitrogen ionization had been discussed and it was concluded that it occurred
by interaction with the boundary of the discharge. Another potential source
are doubly charged krypton ions which are generated in the primary source
discharge as a minor ionic component.

The incorporation of the differentially pumped gap into the ion source
arrangement was found to reduce the direct ionization of nitrogen considerably.
Figure 12 shows a spectrum produced when 3 x 10-3 torr of nitrogen is added
to 0.155 torr of krypton in the charge transfer region. There is a sizable
signal on mass number 29, demonstrating the formation of N2H+} but no sig-
nals are evident on mass numbers 28 and 14. Comparison with the previous
data indicates that the amount of No* formation has been reduced at least
twenty~-fold, whereas the contribution of N2H+ formation remains similar.

The latter presumably is due to proton transfer from krypton hydride ions
present in the primary ion distribution.

The spectrum in Figure 12 was taken on the most sensitive scale of
the available electrometer and is accompanied by an appreciable background
noise. Further investigation of nitrogen ionization thus required an
increase of ion detection sensitivity and/or noise reduction. The noise
level apparent in Figure 12 is due to the electrometer entrance circuit
and cannot be reduced. Hence, to increase the signal-to-noise ratio, the
simple Faraday cage ion collector was replaced by an electron multiplier
detector which was adjusted to a gain of 107, With this modification
sufficient sensitivity reserve was made available to detect the mass num-
ber 28 signal and to establish that its size was reduced by a factor of
about 35 compared with previous data obtained under similar experimental
conditions. The improvement attained clearly indicates that the bulk of
the interaction between gas discharge and sampling gas has been removed
by the differentially pumped gap. '

Next it was desirable to lower the rather strong ion intensities due
to water contamination. For this purpose, a second liquid nitrogen trap
was installed in the inlet line feeding the buffer gas (krypton) to the
charge transfer chamber. This modification led to a considerable reduction
not only of the signals on mass numbers 18 and 19, which are directly
related to the water vapor concentration in the charge transfer chamber, but
algo to a reduction of the m/e = 29 signal indicating that N,H formation
is partially connected with the water impurity problem. The m/e = 28 sig-
nal was not affected by this measure. Typical spectra obtained for these
experimental conditions are shown in Figure 13. It is noteworthy that with
the increased gain a considerable number of impurity peaks become apparent.

25
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These belong mainly to ions created by contamination in the discharge
primary source, e.g., the peaks on mass numbers 27, 26, 25 and 15 are due
to hydrocarbon ions, the peaks on mass numbers 16 and 17 are caused by
water vapor. The increase in the signal at m/e = 15 when nitrogen is
introduced to the charge transfer chamber indicates that a small amount of
hydrocarbon is introduced through the nitrogen inlet. The increase in he
signal at m/e = 44 can be attributed to the same source, i.e., a hydro-
carbon rather than carbon dioxide, but the rise in the peaks at mass
numbers 28 and 29 is much larger and must be due to nitrogen. If these
signals were caused by a hydrocarbon, the peaks at mass number 27 and 26
should increase also by a proportionate amount whereas they remain con-
stant. Accordingly, the signals observed on mass numbers 28 and 29 when
nitrogen is admitted to the charge transfer chamber are attributed to the
ions N2+ and NZH+, respectively. :

To determine the origin of the residual N2+ formation a variety of
further experiments were performed. Figure 14 shows that the intensity
of ions appearing at mass numbers 32, 29 and 28 increase with the partial
pressure of nitrogen. The increase is essentially linear although for
both M28 and M29 some saturation occurs at N, pressures greater than 40
microns. This behavior is probably caused by tertiary reactions of both
No" and N2H+'with water vapor, rather than a partial depletion of the pri-
mary ions responsible for their formation.

Figures 15 and 16 show the variation of ion intensities observed
when the krypton pressure in the charge transfer chamber is varied in the
absence or presence of a constant nitrogen pressure. In both cases, the
M32 and M29 ion intensities show an essentially linear increase with pre-
ssure, whereas the M28 ion intensity stays approximately constant. The
linear increase with buffer gas pressure is due to the increase in the resi-
dence time of the primary ions and is in accord with the functional rela-
tionship derived previously. This type of intensity dependence is now
shown more clearly than by the previous source arrangement because in the
present setup the primary source and the charge transfer chamber parameters
can be varied independently.

Figure 15 thus shows that the M32 and M29 ions are true secondary
ions formed by the processes

(5) Kr+'+ o, — O+.+-Kr
2 2
(6) KrH+ + Nz-» N2H+ + Kr

whereas the M28 ion assigned to N+ behaves abnormally as a secondary ion.
The proportionality of the M28 ion intensity with the nitrogen partial
pressure demonstrates it to be formed directly from nitrogen, but does not
indicate the process responsible for it. If it is formed in the charge
transfer region it must be produced by a sufficiently energetic ionic
process., such as charge transfer involving either Xr* or metastable
excited Kxrt ions. However, one must also consider the possibility that N2+
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Figure 15. Variation of ion signals with the presence
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Filled symbols: nitrogen present.
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is formed in the gap region
nitrogen escaping through the ion entrance orifice, and that a portion
of these N2' ions re-enter the charge transfer chamber.

The experimental data indicate that the formation of N2+ by doubly
charged krypton ions is not significant. This aspect will be discussed
next. Figure 16 shows that by increasing the krypton pressure in the charge
transfer chamber both the intensities of Kr® and Kr'' decrease in the same
manner. The decrease of primary ion intensity with pressure has already
been explained and is due to the combined effects of charge repulsion and
lateral diffusion of ions traversing the charge transfer chamber. The co-
variance of Kr'Tand Kr™ ion intensities indicates that the reaction

(7) Kr++'+-Kr - Kr+'+»Kr+

is not significant and this conclusion agrees with previous data (Ref.l).
Consequently, if N2+‘were produced mainly by charge transfer from Kr+t to
nitrogen, the M28 ion intensity should increase with pressure similar to
that of M32 due to charge transfer from Kr™ to oxygen. Since the M28 ion
intensity does not increase with pressure, it is concluded that doubly
charged krypton ions cannot be the major precursor. Additional evidence
for this conclusion is provided by the data in Table 5. It was found that
by lowering the dc potential on 22@ pusher electrode of the discharge (see
Figure 1) the contribution of Kr ions to the total ion intensity could

be diminished also. Table 5 shows relative ion intensities for pusher poten-
tials of zero and 125 volts, and the signal ratios observed for the two
experimental conditions. On a relative scale the Kr*+ ion intensity at

mass number 42 decreased by a factor of 16 when the pusher voltage is re-
duced to zero while the N2+ ion intensity decreases only by a factor of 1.6.
On this basis not more than 33 percent of the M28 ion intensity can be due
to NoT formed by charge transfer involving doubly charged krypton ions.

Further experiments established that, quite generally, the primary
ion source operating conditions were significant in determining the extent
of N2+ formation. Relevant parameters are the discharge pressure and the
involved electric fields. Ton intensities observed for various primary
source operating conditions (while keeping other parameters constant) are
compiled in Table 6. COCne set of data shows that increasing the pressure
in the discharge decreases the amount of N2+ production relative to 02+
formation which may here serve as a standard. The other set of results
shows again that a dec field in the discharge tube enhances Nz’lL production
when an ion preaccelerating field is applied to the differentially pumped
gap region, but it shows also that in the absence of a preaccelerating field
the application of a pusher potential decreases the relative NZT'contribu-
tion. These observations indicate that two effects are important: one
occurs in the absence of any dc¢ fields. Then the ions are extracted from
the discharge solely by the flow of plasma (i.e., ions plus electrons)
through the exit orifice and the discharge region must penetrate partially
into the differentially pumped gap region. Under these conditions N2+



TABLE

VARIATION OF PRIMARY AND SECONDARY ION

INTENSITIES (ARBITRARY UNITS) WITH DISCHARGE SOURCE

PUSHER VOLTAGE (PV).

PREACCELERATING VOLTAGE

150, CHARGE TRANSFER CHAMBER PRESSURE 104 MICRONS.

ol e wens Emn | mde
85 36 49 0.73 1.00
84 13500 17800 0.76 1.04
42 10 195 0.05 0.07
29 152 208 0.73 1.00
28 35 71 0.49 0.67
32 56 70 0.80 1.10
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TABLE 6

SECONDARY ION INTENSITIES FOR VARIOUS PRIMARY SOURCE CONDITIONS

Discharge Pressure Low Medium High High vHigh High High Low
Charge transfer 170 170 170 120 120 120 120 120
Chamber Pressure (microns)
Preaccelerating Voltage 0 0 0 150 150 0 0 0
Discharge Pusher Voltage 0 0. 0 0 125 125 0 0
M28 17 2 0.5 3.5 15 12 2.5 32
ion intensities M29 4 8 8 41 52 43 7 4
(arbitrary units) 130 7 45 33 2 2.5 2.0 34 12
M32 32 18 9 89 110 107 9 20
Signal Ratio M28/M32 0.53 0.11 0.05 0.04 0.13 0.11 0.29 1.6




formation can be due only to an interaction of nitrogen with the discharge.
In the presence of dc fields, ions are extmacted efficiently while elec-
trons are held back so that the plasma penetration is curtailed. The source
of nitrogen ionization due to the plasma penetration is then removed. On
the other hand, the imposition of a dc electric field on the microwave
discharge as well as the lowering of discharge pressure increase the aver-
age energy acquired by the electrons in the discharge, so that the forma-
tion of excited ions and doubly charged ions is enhanced. Thus, it appears
that at least some of the observed nitrogen ionization is caused by meta-
stable excited krypton lons. Their contribution to the total ion popula-
tion would depend critically on the discharge operating parameters. A low
population of excited ions would be achieved with high discharge pressures
and low electric fields.

It is also significant to note from the data in Table 6 that the app-
lication of an electric field in the gap region in addition to the fields
existing in the discharge does not increase the N2+ generation. Instead
a decrease is observed relative to 02+ formation. Accordingly, the accler-
ation of ions to kinetic energies exceeding that required for nitrogen
ionization is not the major factor responsible for NZ+ formation. Evi-
dently, the fast ions are quickly thermalized by collisions in the charge
transfer chamber.

From the sum of these data it is concluded that the residual ioniza-
tion of nitrogen has two causes: (a) residual interaction with the boundary
of the primary ion source, and (b) ions with internal energy, probably pro-
duced in the discharge by energetic electrons. The first source of nitro-
gen ionization occurs in the differentially pumped gap and may be reduced
further by a more efficient differential pumping system than has been avail-
able in the present experiments. Since the No ' ions from this source enter
the charge transfer chamber together with the other primary ions, the
corresponding M28 signal should decrease as the buffer gas pressure in the
chamber is increased.

The second source of nitrogen ionization occurs in the charge transfer
chamber and is proportional to the contribution of the excited Kr¥ ioms to
the total primary ion intensity. Unless the excited ions are rapidly de-
activated by collision, the M28 signal corresponding to this source should
increase with increasing buffer gas pressure. From the observation that
the M28 ion intensity remains approximately constant as the pressure in the
charge transfer chamber is varied it appears that both sources of N,* con=
tribute almost equally to the nitrogen ionization under the employed exper-
imental conditions.

E. Application to the Detection of Carbon Monoxide

On the basis of the results presented in the preceding section the
feasibility of measuring carbon monoxide in the presence of nitrogen can
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now be evaluated. From the data presented in Figure 14 the sensitivity
for pitrogen for the ion intensity on mass number 28 is found to be 3.3
10311 amps/torr or about 1 percent of that of carbon monoxide. This ratio
of sensitivies can be improved if more favorable operating conditions are
chosen. Raising the pressure in the charge transfer chamber from 9C torr
to 180 torr improves the CO sensitivity by a factor of two while leaving
that of N, approximately unchanged. Reducing the dc field in the discharge
to zexro will further reduce the signal strength for nitrogen ions by a
factor of three while reducing the total intensity only by 20 percent.
Combining these factors provides a total improvement in the CO/N2 sengitiv-

ity ratio by a factor of five, so that the signal ratio is given by

1(C0) 3 P{CO)
= 0.5 x 10 .
T(Ny) X‘ P(N,)

The ratio of pressures which just doubles the signal observed on mass
number 28 thus is P(CO)/P(NZ) = 2% 1073 or 2 parts per thousand of carbon
monoxide in nitrogen. By a comparison with pure nitrogen a concentration
of 0.5 parts per thousand carbon monoxide can probably be observed. These
figures show that the discrimination between carbon monoxide and nitrogen
achieved at the present stage of development of the charge transfer mass
spectrometer technique is not yet sufficient to be useful for the measure-
ment of trace amounts of CO in the human environment. At least a ten~fold
better discrimination is necessary to reach the CO toxicity limit, and for
a detection limit of 1 ppm an improvement by a factor of five hundred is
required. To achieve this degree of improvement it is necessary to improve
not only the differential pumping efficiency in the gap region, but also
the ion source characteristics if krypton ions are to remain the principal
primary ions.
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V. CONCLUSTIONS

The principal aim of the present investigation of charge transfer
mass spectromelry was to separate the charge transfer chamber and the
primary ion source by the interposition of a differentially pumped gap so
that the interaction of the sample gas with the primary ion source is el-
iminated. The results obtained with this modified ion source arrangement
indicate that the ionization of sample gas by a direct interaction with
the primary ion source is greatly reduced, in accordance with expectation.
Because the gap installation was made by modifying existing apparatus, the
pumping efficiency available was not optimized and some residual inter-
action of sample gas with the fringes of the discharge in the gap region
had to be tolerated. This unwanted type of ionization no longer had any
effect upon the type of charge transfer mass spectra observed, but it
resulted in a residual ionization of nitrogen, which covers the mass number
28 peak and interferes with the detection of CO. In addition, it was found
that an ionic species generated in the discharge, probably metastable ex-
cited krypton ions contributes to the ionization of nitrogen. The mass
spectrometric sensitivity of the charge transfer method for carbon monoxide
was found to be about an order of magnitude less than expected. These fac~-
tors preclude the descrimination of less than 5 x 10-4 parts of CO in ni-
trogen as the present stage of development. If krypton ions are retained
as the major primary type of ions for the measurement of CO, a mode of
operation of the discharge primary source or another type of ion source
will have to be found which minimizes the generation of electronically
excited, metastable krypton ions. For the study of hydrocarbons it appears
from the few examples investigated that primary ions having an average
recombination energy lower than that of krypton ions would be preferable
on account of the reduced fragmentation expected to occur in the charge
transfer mass spectra of such compounds.
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