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Abstract. It was previously shown that the experimental meas-
urement of the lifetime of gas-phase negative ions formed in
autoionization states during resonant electron capture by mole-
cules is inherently fraught with inaccuracy due to adsorption of
ions on the walls of the ionization chamber, with some of them
surviving there and staying stabilized as ‘eternal’ till they even-
tually desorb back into the vacuum and merge with the total ion
flow; this leads to an upward distortion of lifetime measure-
ments. This paper describes a technique for removing desorbed
ions from the total flow using an ion filter that lets only gas-
phase ions pass into the detection system but detains the de-
sorbed ions due to the differences among their kinetic energies.

Keywords: resonant electron capture, lifetime of negative
ions, temperature dependence, ion adsorption, mass spectro-
metry

1. Introduction

Autodetachment states of negative ions (NIs) formed in a
high vacuum as a result of resonant electron capture (REC)
by molecules have for many decades been a focus of
extensive research carried out with the use of various
experimental and theoretical methods [1-15] the results of
which are important for understanding physical processes
underlying the electron-matter interaction, of which REC is
an elementary act free from the influence of circumstantial
factors. REC studies are of equal value for a variety of
applications due to the involvement of NIs in many natural
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and artificial physicochemical processes [16, 17]. For exam-
ple, it is well known that, the formation of oxygen negative
ions affects the ionosphere determining the free electron
concentration, aurora spectrum, and night airglow. In
Earth’s atmosphere, these ions contribute to the formation
of conductive plasma, which can trigger a lightning in the
case of electrical breakdown in the air. The absorption of
hydrogen NIs in the Sun’s atmosphere determines the solar
spectral irradiance distribution. The formation, destruction,
and recombination of negative ions promote radiochemical
reactions and affect the operation of Geiger—Miiller counters
and electron-beam tubes. Moreover, NIs take part in
electron transfer in photosystems and charge separation in
photoelectric cells [18-20] and reduce medium conductivity
in gases and plasma due to an additional channel of electron
loss as a result of joining to electronegative molecules present
there. A fall of conductivity is due to a lower thermal
velocity of ions than that of electrons as exemplified by
sulfur hexafluorde (SF¢), a compound best explored by REC
methods.

Due to high electronegativity manifesting itself in a large
cross section for the capture of free electrons and high
ionization energy, SF is widely used in high-voltage power
engineering and gas-discharge devices. In basic research, it is
used as a benchmark to calibrate electron energy scales and
control electron energy (E.) distribution in REC experi-
ments, bearing in mind that an SF¢ molecule produces NIs
as it traps electrons with a strictly zero energy [9].

Another equally well-known compound thoroughly
investigated by the REC technique is nitrobenzene
(CsHsNO»), widely used in chemical technologies to manu-
facture aniline, other aromatic nitrogen-containing com-
pounds, paint-and-lacquer materials, explosives, and rocket-
engine propellant, as well as in such ‘peaceful” industries as
perfumery and medicine (by virtue of the same electron-
accepting properties as in SFg). The high demand for
C¢HsNO,; and SFq for a variety of purposes accounts for
the choice of these compounds in numerous studies designed
to address the problem of measuring the lifetime of negative
ions, as described below in this article.
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The lifetime 7, of a negative molecular ion *M ~ formed
during REC, with respect to autodetachment of an extra
electron, is one of its most important characteristics. Values
of 7, fall into an extremely broad range (11 orders of
magnitude or greater) that extends from picoseconds to
microseconds due to a diversity of mechanisms underlying
the formation and decay of M ~ ions. Of primary importance
in this context is the relative position of the parent molecule
and negative ion potential surfaces, their electronic terms [11,
12]. The mechanism of extra electron capture by a molecule,
its residence time in the trap, and the autodetachment
mechanism are closely related to whether the ion energy
term is above or below the molecule term and to intersection
of terms in the molecule equilibrium geometry region. If the
ion term is above the molecule term, the ion is likely to form
by uptake of an electron with a higher than zero kinetic energy
(Eq > 0), equaling the energy distance between molecule and
ion terms in the vertical transition region. Under these
conditions, any of the three possible REC mechanisms can
be realized, viz. shape resonance (SR) [8, 14], electron-excited
Feshbach resonance (EER) [1, 10], and inter-shell resonance
(ISR)[21, 22]. In all these cases, ions have doublet multiplicity
(*M 7) and short lifetimes of 10~ —10~1% s. Such lifetimes
can not be measured and are estimated theoretically.

Nevertheless, in certain rare cases when the ion term is
above the molecule one, ions can form at E, > 0 but with
longer lifetimes (a few microseconds), the cause being
M~ — *M ~ doublet-quartet intersystem crossing, respon-
sible for the generation of ions with quartet multiplicity
(*M 7) having three unpaired electrons with identically
directed spins. One of them is additional, while the other
two are electrons of the parent molecule in a triplet
configuration. The autodetachment of the extra electron
from such an ion is delayed by the spin ban, consisting of
the fact that the molecule must remain in the ground
electronic state, as opposed to the triplet one, after the extra
electron is expelled from the ‘quartet’ ion, because the triplet
energy is higher than the ion energy. This condition implies
that at the instant of ejection of the extra electron, the
excited (triplet) electron must fill the vacancy at a lower
molecular level (‘fall down’), i.e., move to the level contain-
ing the third unpaired electron with the same spin.
Naturally, this must be accompanied by spin inversion of
the ‘falling’ electron. The necessity of such inversion delays
the entire process, including emission of the extra electron
from the ion and prolonging its lifetime up to a few
microseconds [23-25]. The microsecond range of t, avail-
able for measurements allows instrumental determination of
the lifetime of *M ~-like and other long-lived negative ions
for which 7, = 107% s (see below).

When the ion term is below the molecule term (positive
electron affinity of the molecule) and intersects it in the
molecule equilibrium geometry region, one more (much
broader) class of long-lived NI is likely to form. The
mechanism of their formation is known as vibrationally
excited Feshbach resonance (VEFR). Ions generated by the
VEFR mechanism are ‘ordinary’ >M ~ doublets with the extra
electron autodetachment delay attributable to causes other
than those behind the delay of “M ~-like ions. In this case, the
long lifetime of an ion is a result of transition of the electron
affinity energy and the kinetic energy of an incoming electron
into kinetic energy of nuclei as a consequence of violation of
the Born—Oppenheimer principle. The nuclear subsystem
undergoes strong vibrational excitation, its configuration

changes, and to expel the extra electron from the ion the
nuclei must return to the initial state in which electron capture
occurred [1, 10, 12]. However, the return takes time: the more
vibrational degrees of freedom the molecule has, the longer it
takes. This means that 7, in VEFR is critically dependent on
the number of vibrational degrees of freedom in the system, as
shown in [12] based on the statistical Rice-Ramsperger—
Kassel-Marcus theory. The same dependence ensues from
experimental data for molecular ions of various substances,
summarized in Table 3 of Ref. [12]. It demonstrates that the
value of 7, of a negative ion increases as the molecule becomes
increasingly complicated. For example, 7, = 7 pus for SF4 and
Ty = 790 us for C7F14.

It should be noted that the list of substances producing
long-lived negative molecular ions included in Table 3 [12] is
rather short in comparison with the total number of
compounds investigated by REC methods, because not all,
but just a few, molecules can give rise to long-lived ions,
meaning that the substances included in Table 3 [12] are in a
sense exotic, with SFg and C¢HsNO, among them represent-
ing the study subjects in the present paper. They hold a special
place, even in the above short list, being of great interest for
researchers, as is confirmed by the large number of published
REC studies.

Measurements of the lifetime of *®M ~ negative ions
regarded as long-lived in the context of REC processes, i.e.,
ions for which 1, > 107® s, were made throughout the entire
period of REC studies by many research groups using various
compounds. However, experimenters interested in determining
1, encountered difficulties related to the interpretation of the
wide scatter of 7, values; they were reported by both different
authors and the same authors using the same equipment at
different times. Sometimes, the scatter in the measured values
of 7, was so prominent that it generated the order-of-
magnitude difference between them (e.g., for SF¢). Such great
scatter was reported by Odom and co-workers, who used an
ion cyclotron resonance mass spectrometer and obtained
7,(SFy ) values spanning the range from 50 to 10* ps,
depending on the experimental conditions [26]. Similar results
were reported for SF, and C¢F¢ ions in a Rydberg electron
transfer study using a Penning trap [27] and for 7,(SF, ) in
experiments with the use of the ELectrostatic lon-Storage ring,
Aarhus (ELISA) [28]. The measured t,(SF,) values in
experiments with a cryogenic ion beam trap were found to lie
in the millisecond range [29]. Analogous observations were
made in experiments with other compounds.

Various hypotheses were forwarded to explain the differ-
ences among experimental 7, values, a subject of wide
speculation in the literature. It was argued that the scatter
may be due to irregular focusing of charged and neutral
particles [30], different conditions in ion sources, and their
characteristics, including electron energy [31], pressure [32],
temperature [33], and luminosity [34]. However, further studies
failed to confirm the relevance of the proposed explanations. In
the end, the scatter of 7, values was addressed in the light of the
so-called multiexponentiality hypothesis [35]. The validity of
this approach was later confirmed in Refs [36, 37]. Today, it is
the most widely accepted.

The concept of multiexponentiality postulates that mole-
cules present in an ionization chamber (IC) have a temperature
Tic and are distributed over vibrational levels. The higher the
vibrational excitation of the initial molecule, the shorter the
lifetime of the ions originating from it. Therefore, the total flux
of the beam ions that reach the detection system contains ions
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with various lifetimes. This phenomenon gave rise to the term
multiexponentiality, meaning that ions with different values of
1, decay (expel an electron) in accordance with different
exponential laws. Ions travel different paths from the IC to
the detection system in different scientific instruments. There-
fore, it takes them different amounts of time to cover the
distance. In other words, the instruments have different time
windows Atr. As a result, detection systems in different
instruments are reached by ions with different lifetimes,
which accounts for the scatter of measured 7, values.

Thus, the multiexponentiality concept implies that the
measured ions’ lifetime is a function of two parameters, one
being the time window of the instrument A¢, the other IC
temperature 7jc. The latter parameter is of special impor-
tance, since it is well known from practical experience that 7,
values of a given compound measured by the same instrument
tend to be different, even if the time window A¢ remains
unaltered. In such a case, the scatter can be theoretically
related to the poor control of Tic during the experiment.
Moreover, the relevance of the multiexponentiality concept is
directly confirmed by the fairly well proven temperature
dependence of 7,: the higher Tic, the shorter 7,.

However, the latest studies [38—41] have provided data
challenging the validity of interpretation of the temperature
dependence of 7, in terms of the multiexponentiality concept.
Specifically, T, was found to equally decrease at constant T
if helium was puffed into the ionization chamber. This and
some other observations give evidence that the scatter of
measured 7, values may be due to partial adsorption of gas-
phase M ~ ions on the IC surface. It was shown that part of
the ®M ~ ions formed during REC in the gaseous phase are
adsorbed on the IC walls, with some of them undergoing
neutralization as expected. However, those ions that avoid
neutralization survive and become stabilized on the IC walls
up to an ‘ever-living’ state. After a certain lapse of time, these
ions desorb back into the vacuum, till they eventually merge
with the total ion flow directed toward the detection system.
However, they are unable to detach the extra electron,
because their lifetime is ‘infinitely long’ compared with the
electron detachment time (7, = 00). As a result, their arrival
at the detection system together with autodetachment gas-
phase ®M ~ ions that come directly from the IC bypassing its
surface causes an upward distortion of lifetime measurements
of the M ~ autodetachment ions. In the case of helium inflow
into the IC, the gas cleans its surface and thus promotes ion
neutralization, reducing the fraction of desorbed ‘eternal’
ions joining the total flow and thereby decreasing the
measured t, value.

It follows from the above that ions absorbed on the
surface and desorbed thereafter into the vacuum should be
prevented, if possible, from entering the total ion flow to
enable correct experimental measurements of 7,. To address
this issue, we introduced a special filter into the ion source of
our mass-spectrometer that separated two types of ions
(‘purely’ gas-phase and ‘eternal’ ones desorbed from the
surface), taking advantage of the difference between their
kinetic energies. A method developed for this purpose is
briefly described in Ref. [42] and presented in more detail in
Section 4.

One of the objectives of the present work was also to verify
the validity of the multiexponentiality concept with special
reference to its main argument, i.e., the form of temperature
dependence of t,. Clearly, for the concept to be true, this
dependence must hold after the removal of ions desorbed

from the surface. However, the dependence must disappear
after the removal of desorbed ions if ion adsorption-
desorption is the key factor responsible for the scatter of
measured 7, values. Therefore, we measured 7, values at
different temperatures using an ion filter (see above) for both
SF(, and C6H5N02.

Studies of surface adsorption and desorption and NIs of
complex molecules in this work may be of interest in a
broader perspective for the understanding of substance-
surface interactions, including charge transfer via the sur-
face, energy exchange between an incident particle and the
surface, and ion exchange [43-45], bearing in mind a wide
range of practical applications from gas storage and separa-
tion, manufacturing chemical detectors, catalysis, drug
delivery, and chemical protection to space exploration [46—
49]. Adsorption and desorption of neutral atoms, molecules,
and radicals are among the most important aspects of matter-
surface interaction. Results of this work can be used to
analyze such neutral desorbing particles, because ionization
makes them easier to detect, as was shown in laboratory
experiments designed to simulate gas desorption processes in
interstellar dust clouds [50].

2. Mass-spectrometer of negative ions operating
in the mode of resonance capture of electrons
by molecules

This work was carried out with the use of an MI-1201B static
sector mass-spectrometer modified to record NIs in the REC
mode. Its functional block diagram is presented in Fig. la. It
incorporates a Nira-type ion source (IS) characterized by
enhanced transmission efficiency and the possibility of
changing its technical characteristics [34] (Fig. 1b). The REC
spectrum in this and analogous instruments is formed by an
electromagnetically collimated electron beam with energy E;
varied in a range from 1-15 eV that enters the ionization
chamber (IC in Fig. la) containing vapors of the study
substance whose molecules capture electrons at certain FEy
values. Negative ions formed in an IC leave it under the action
of the repelling electrode electric field (RE in Fig. la and 7 in
Fig. 1b) to find themselves in the field of the extracting
electrode (EE) placed above the exit slit in the IC cap. The
ions pulled out from the source are accelerated and enter the
first field-free region (FF,), after which they pass through the
mass-analyzer (EM in Fig. la). Then, they are separated
according to their mass numbers m/z and pass through the
second field-free region (FF>) to be recorded by the secondary
electron multiplier (SEM). FF; and FF; are regions free from
electric and magnetic fields (Fig. 1a).

The REC spectrum is recorded in two steps. First, the
mass-spectrum is recorded as a set of m/z values; then, the
effective yield curve (EYC) is recorded for ions of each m/z as
a function of intensity from E. In the present paper, the
width of the electron energy distribution at the half-height of
EYC for SF¢ ions was Eg ~ (0.3—0.4) eV, electron current
~ 1 pA, accelerating voltage 4 kV. E, scale linearity was
calibrated based on EYC maxima (£ = 0 eV) for SF; from
SF¢ and C¢Hs (Eq = 0.8 eV) from C¢Hg. Constant pressure
during puffing was maintained by continuous evacuation.
The pressure inside the main vacuum chamber was measured
by an ionization manometer; it did not exceed 107¢ Pa as was
necessary to meet the condition of single collisions in the IC.
To exclude undesirable events associated with dielectric film
formation [51] and secondary emission electrons reflected
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Figure 1. (a) Functional diagram of the mass spectrometer of negative ions based on MI-1201B: FF;, FF, —field-free regions, EM — electromagnet,
DP — deflection plates, SEM — secondary electron multiplier MS17/A, DCA —direct current amplifier, VFC/FVC — voltage-frequency converter/
frequency-voltage converter, 1108PP1—product code of the integrated circuit, AL115—photodiode, LED/PD OP—light emitting diode/photo-
detector optron pair for high-voltage galvanic isolation, DS — digital sweep unit of the mass-analyzer magnetic field, CAMAC — Computer-Automated
Measurement and Control system, PC— personal computer, DSIEE — discrete sweep of ionizing electron energy based on the 1108PA1 digital-to-
analog converter (DAC), IS — ion source, SI— substance inflow, CDE — correcting deflection electrode CB — cathode box (5 in Fig. b), SA — shielding
aperture (4 in Fig. b), IC—ionization chamber (5, 6 in Fig. b), RE —repelling electrode) (7 in Fig. b), ER —electron receiver (8 in Fig. b), FE— focusing
electrode, 1/2 of split electrode (/0 in Fig. b), EE—extracting electrode, 1/2 of split electrode (/0 in Fig. b). (b) Nira-type ion source: /— screen
(reflector), 2—directly heated tungsten cathode, 9—IC cap, 10— split electrode (1/2 FE, 1/2 EE), 11—second part of EE, 12— passageway for the

crossarm, /3 — four assembly screws.

from metallic surfaces, the inner surfaces of IS electronic
optics (12X 18H10T stainless steel: 18% Cr, 10% Ni, 1-1.5%
Ti) were coated with a thin layer of soot [52] that prevents gas
adsorption on metals [53] and thereby eliminates its influence
(stimulatory or suppressive) on their electrical conductivity,
depending on gas composition and amount.

3. Classical method for measuring
the negative ion lifetime
in autodetachment states

In REC processes, negative ions form quasistationary states
with a finite lifetime with respect to electron autodetachment.
Long-lived ions are recorded by time-of-flight mass-spectro-
meters if 7, > 107%s and by static mass-spectrometers if
7, = 107 s. The fundamental study by Edelson et al. [54]
was the first to describe the determination of 7, under
experimental conditions using a time-of-flight mass-spectro-
meter; the method was developed further by many authors
[55]. It was adapted to static mass-spectrometers by
V I Khvostenko et al. [56, 57] and presented in greater detail
in their later publication [58]. Briefly, N autodetachment ions
(the total ion flow) enter the second field-free region (FF; in
Fig. 1a) at time # = 0. This region free of electric and magnetic

fields is located between the mass-analyzer and the detection
system. During the time ¢ of flight through this region, some
ions experience autodetachment of an extra electron and turn
into neutral molecules. Here and hereinafter, the number of
molecules thus generated, N°, determines the total neutral
component flow. The method for 7, measurement is based on
the extraction of neutral component N° from the total flow
containing both undecayed ions and the neutral component.
The latter is isolated in the electrostatic field of a plane
capacitor placed in front of the SEM as a negative potential
of 1-1.5 kV is supplied to its plates (DP in Fig. 1). First, the
effective yield curve of the total ion flow is recorded as a
function of ionizing electron energy with an energy step of
< 16 meV; then (after potential supply), the neutral compo-
nent EYC is written and 1, is calculated in the online mode on
the assumption of exponential decay:

t)
)
Ta

N’(t):Nexp< (1)

where N=(¢t) = N — N? is the number of undecayed (surviv-
ing) ions after time ¢, and N~ (¢) is the negative ion flow.

The above procedure of 7, measurement in the usual
(classical) regime is exemplified in Fig. 2a for SF¢ and in
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Figure 2. (Color online). Effective yield curves for ions plus neutral
component (EYC) and for the neutral component N° (EYCN); the
autodetachment curve of lifetime t, versus ionizing electron energy for
SF¢ (a) and CgHsNO, (b) ions.

Fig. 2b for C¢HsNO,, presenting effective yield curves both
for the total flow N (ions plus neutral particles, EYC in
Figs 2a,b) and for the neutral component N° (EYCN in
Figs 2a,b). The same figure presents the ‘autodetachment
curve’ as the dependence of the lifetime of SF; and
CsHsNO, ions on Eg calculated using formula (1). It
follows from Fig. 2 that the autodetachment curve exhibits
sharp jumps at the ends of the EYC due to a large error of
N/N° estimation at these ends. Actually, the equality
7a(SFg ) = const holds in the maximum intensity region,
which reflects the fact that the EYC width is nothing but the
electron energy distribution, while the true resonance itself is
a o-function in the sense that SF¢ molecules are well known to
uptake only strictly zero-energy electrons.

4. Refined method for measuring
the lifetime of negative ions

A new method for measuring 7, removes from the total ion
flow desorbed ions, i.e., those ions that came into contact

with the IC surface after formation in the gaseous phase
during REC, stabilized there to ‘eternal’ ions, and eventually
returned to the gaseous phase. The method makes use of the
substantial difference between the kinetic energies of the
desorbed ions and purely gas-phase ions *M ™ in the
autoionization state that bypassed the surface. The kinetic
energy obtained by the ions from the repelling electrode (RE
in Fig. la)is®M ~ ~ 1.5—-2.5 eV and that of desorbed ions is
on the order of kg T, therefore, even at Ti¢c = 300 °C (which is
practically unattainable in an IC) it does not exceed 0.03 eV
[59, 60]. It is this difference between the kinetic energies that
allowed the separation of two types of ions in our experiments
with the use of an ion filter designed for a modified ion
source.

The ion filter was made by replacing the split electrode of
the IS ion-optical system (FE, EE in Fig. 1a; /0 in Fig. 1b)
with a new electrode of the same design and material as those
of the IC cap. The 2 x 8-mm slit in the new electrode was
covered with a fine-structured metallic mesh from a second-
ary electron multiplier (SEM-2A) lacking magnetic properties
and having fairly good transparency (~ 80%), as shown by
A M Tyutikov in Ref. [61]. The filter, having a negative
potential of ~ 1 V and placed in the path of ions escaping the
IC, constitutes an obstacle for the desorbed ions due to their
low kinetic energy (a few hundredths of an electron volt) and
transmits only high-energy gas-phase *M ~.

A similar method is used to measure mean effective cross
section Q, of the electron capture process (the electron filter
method proposed by Loeb, Lusk, and Cravath [62, 63]) in
Ref. [64]. The filter is a metallic grid of fine wires, between
which a high-frequency alternating electric field can be
applied. Given the adequate choice of the field strength, all
electrons of the beam reaching the filter can be deflected by
one wire or another, whereas relatively heavy negative ions
are practically unaffected by the field. For this reason, the
measurement of the electron component of beam current in
front of the filter reduces to determining the degree of beam
current decrease after its passage through the filter. VN Ageev
and E N Kutsenko removed an undesirable component from
the total particle flow using fine-structured copper grid to
separate charged and uncharged desorption products emitted
from the cathode surface of a pulsed time-of-flight mass-
spectrometer bombarded by slow electrons when ions were
detained by the potential difference between the adsorbent
and one of the IS grids [65]. It should be emphasized that the
replacement of the split electrode intended to focus the ion
beam leaving the IC with a new electrode in the present study
caused no appreciable decrease in intensity, because the ion
beam was focused in the modified construction by ions
themselves adsorbed on the IC cap (as most vulnerable to
adsorption among all other IC surfaces) and by the potential
supplied to the correcting deflection electrode [66]. There is
reason to think that the presence of the grid enhances focusing
by ions adsorbed on the IC cap, because the stopping
potential of the grid increases the number of negative ions
onit.

It was mentioned above that a potential negative with
respect to the IC cap, i.e., cutoff voltage U, was applied to
the ion filter for separating ions of two types. To determine
the exact U,y value, each experiment was started from the
tuning to the peak signal coming to an SEM, with the
subsequent voltage application to the deflection plates (DP
in Fig. 1) placed in front of the SEM. As a result, the
multiplier recorded only neutral particles N (i.e., the neutral
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Figure 3. (Color online.) Effective yield curve for SF ions. Real CVC and
the linear region of ascending CVC portion (dashed line) of the ion source.

component of the total flow of N ions), which is the usual
procedure in the 7, measurements described above. The
intensity of the neutral component I(N°) was fixed to be
used further as a reference to evaluate the contribution of
purely gas-phase *M~ to the total flow, taking into
consideration that the neutral component (FF, region)
arises only from these *M ™ ions. Then, voltage was
removed from the deflection plates, and the full signal (ions
plus neutral particles) arrived at the SEM again, after which
voltage U, was applied to the grid such that the total signal
was reduced to I(N?). This operation removed all desorbed
ions from the beam. Voltage U, was chosen separately for
each individual experiment, even though it has a character-
istic value Uy ~ —1 £ 0.25 V. After this preliminary proce-
dure, the instrument could be used to measure 7, by the new
method.

Modifying the ion source necessitated checking the
compliance of its adjustment with required standards.
Specifically, the EYC was recorded on the linear region of
the ascending portion of the current-voltage characteristic
(CVCQ) (dashed line in Fig. 3). Also, the direct current
amplifier (DCA in Fig. 1a) was replaced by a pulsed broad-
band amplifier with a linear counter characteristic up to
10° s—!. Therefore, the N and N° values needed to calculate
1, were measured by direct pulse counting in the framework
of the refined method.

An important part of our work was the elucidation of the
temperature dependence of 7, with the use of an ion filter.
This dependence was derived for 7, (SF, ) and 7,(C¢HsNO; )
ions in a range from Tic = 60 to Tic = 200°C at E; ~ 0 eV,
where ions were generated via the vibrationally excited
Feshbach resonance mechanism [67]. To this effect, the EYC
of the total flow (ions plus neutral particles) and the curve of
the effective yield of the neutral component N° (EYCN) were
recorded. The EYC were recorded in the said range with a
(20.0 £ 0.5) °C temperature step and 4-meV quantization of,
ionizing electron energy. Each next record was made 5 min
after setting the temperature of the preceding sample.
Temperature dependences of 7,(SF, ) and 7,(C¢HsNO;)
were interpreted with reference to the 7, value corresponding
to the EYC maximum. The conditions of single collisions in

06 L « m/z 146 (60°C)

m/z 146 (200 °C)
0.5

0.4

0.3

Electron current, pA

0.2

0.1

0 02 04 06 08 10 12 14 106
Electron energy, eV

Figure 4. (Color online.) Current-voltage characteristic of ionizing
electron energy in the record of SF¢ ion EYC at Tyc = 60 (green curve)
and Ti¢c = 200°C (red curve).

the IC were evaluated from the ratio of IC linear dimensions
(I ~ 1 cm) to the mean free path of gas molecules 4 calculated
using the formula [68]

() (2)

where ¢ is Celsius temperature and p is pressure in mm Hg
(Torr).

When the pressure in the IC at Tic =200°C was
p <107 mm Hg, 2 ~ 0.6 x 10° cm. Thus, it follows from
the ratio of linear dimensions that the probability of ion
collision with the residual gas in the IC was <0.2% of the
probability of collisions of all ions. The value of 0.2%
qualitatively agrees with the result of V L Tal’roze and
E L Frankevich [59], who experimentally confirmed that at
pressures ~ 10~* mm Hg only a minor part of primary ions
reacts with molecules of the residual gas, so that neglecting
this value does not introduce essential error.

To recall, redesigning the IC (replacement of the split
electrode) had no appreciable effect on its CVC. Variants of
the CVC written at different temperatures are presented in
Fig. 4. A minor increase in CVC current associated with a rise
in IC temperature did not cause distortion of 7,(*M ™)
measurements in the linear region of the ascending CVC
portion.

The materials under study were introduced into the IC
through the metering valve of the inlet ‘comb’ of the
commercial instrument.

5. Measurement of the lifetime of sulfur
hexafluoride and nitrobenzene negative ions
by the refined method.

Temperature dependence

New data on the lifetimes of negative molecular ions 7, (SF; )
and 7,(C¢HsNO, ) obtained by the refined method with the
use of the ion filter are presented in Figs 5 and 6.
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Figure 5. (Color online.) Effective yield curves for the total flow N (SFg ions plus neutral component, EYC) and SF{ neutral component (EYCN); the
autodetachment curve of lifetime 7, recorded at various temperatures of the ionization chamber with the use of an ion filter.

It follows from SF¢ and C¢HsNO, studies that newly
measured 7, are smaller than routinely obtained values. Further-
more, they remain within statistical straggling in the temperature
range from Tic = 60 to Tic = 160°C. For example, 7,(SF, )
indicates that the scatter of lifetime measurements comes from ion
adsorption on the IC surface rather than from multiexponentiality.

At the same time, some peculiarities of experimental findings
were observed largely at Tjc > 160°, e.g., a change in the EYC
shape and a slight decrease in 7, (SF ) (from 77.5 to 58.7 pis) and
7,(CeHsNO; ) (from 54 to 43 ps). These peculiarities arise from
the ability of negative ions (SF, , CeHsNO, ) to adsorb on the IC
walls and the influence of their number on the number of gas-
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Figure 6. (Color online.) Effective yield curves for CcHsNO; ions (EYC) and C6H5NO§J neutral component (EYCN); the autodetachment curves of mean
lifetime 7, dependence recorded at various temperatures of the ionization chamber with the use of an ion filter.

phase ions reaching the detection system and directly measured @, Influence of adsorption on the dynamics

by the refined method proposed in this article. Massive of purely gas-phase ions detected

adsorption suppresses intensity of the purely gas-phase ion by the refined method
current and reduces the registered intensities, which increases

measurement errors. Some characteristic features of such ~ When temperature 7jc amounts to 160°C, for SF¢ ions the
adsorption are discussed in Section 6. well apparent shift of ionizing electron energy maxima on the
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EYC is observed. Hickam and Berg showed in a study dating
back to 1959 [69] that a change in temperature of an ion
source can cause serious changes on a negative ion EYC for
certain gases. However, the authors of [69] emphasized that
the observed reduction in the SFg EYC amplitude is much
greater than that attributable to altered gas density. They
observed practically no changes in the curve shape, except a
marked shift along the electron energy axis. Similar results
were obtained in all our studies (Fig. Sa—e) with the exception
of the shift of the maximum along the ionizing electron energy
axis in the present work. This suggests the absence of an
appreciable distortion of the ionizing electron energy dis-
tribution with a change in temperature (see Fig. 4). However,
any change in adsorbent temperature alters the pressure and
therefore the ratio of free to adsorbed negative ions, meaning
that a shift may result either in a reduced shielding thickness
or in an enlarged area free from adsorbed molecules.
F F Vol’kenshtein showed in [70] that the former result has
a direct bearing on the shell thickness (the layer of adsorbed
molecules) that can be varied to control the adsorption
capacity, catalytic activity, and selectivity of the sample.
Importantly, the shell thickness L must be smaller than the
shielding length (L < 107*—107> ¢cm), but not too thin to be
considered a separate phase (L » 107% cm). For example,
“only two ethylene (CH, = CH,) monolayers are needed to
shield argon molecules from the field of the graphitized
carbon black surface; isosteric heat of argon adsorption
remains practically unaltered as preliminary adsorption of
CH, = CH, continues to grow” [71]. The second reason is
consistent with Becker’s measurements for atoms [72]
suggesting that the “‘evaporation heat of atoms decreases
with increasing 0 whereas evaporation heat of ions grows with
0 (0 is a part of the surface covered by adatoms)” [73]. Any of
the conjectured options is promoted by fast ion neutralization
on the IC surface; therefore, the thermodynamic adsorption-
neutralization-desorption equilibrium is reached at a larger
number of adsorbed ions on the surface, which affects ion
EYC intensity, especially at T1¢c = 160°C.

Faster ion neutralization on the IC surface in a tempera-
ture range from Tjc = 160 to Tic = 200°C is also suggested
by the altered shape of ion and neutral component EYCs, an
effect previously unencountered in our practice. In terms of
the classification by S Brunauer, L S Deming, W S Deming,
and E Teller [74], the curves in Figs 5f~h can be regarded as
type III adsorption isotherms [75]. Isotherms of this type with
a characteristic shape concave with respect to the abscissa axis
describe processes on a surface with a relatively weak
adsorptive capacity; they manifest themselves in adsorption
on nonporous and macroporous solid objects (in our case,
stainless steel coated with soot, i.e., practically spherical
particles—combustion products of plexiglass (organic
glass)). Only soot specially nonoxidized by heating in the air
or oxygen or by treatment with liquid oxidizers is nonporous,
although if it has a rough surface [76]. Soot particles arrayed
in chains form a loose spatial structure [77] that appears to
adsorb air components in the course of NI open fuming.
Consequently, the exclusion of injection of desorbed ‘eternal’
ions from the ion beam being registered confirms the weak
adsorbability of SFg molecules in the said temperature range,
which accounts for the increased probability of ion neutrali-
zation on the IC surface.

Comparing SF, and CsHsNO, EYCs (see Figs 5,6)
allows us to relate the observed experimental fact of the
absence of changes in their shape at Tic = 160°C to a higher

accommodation coefficient of C4HsNO, molecules charac-
terizing the fraction of gas particles hitting the surface which
are adsorbed on it. It was demonstrated in [76] that the degree
of removal of physically adsorbed molecules from the surface
at a given vacuum level depends on the nature of these
molecules, chemical properties of the surface, temperature,
evacuation time, pore structure, amount of adsorbent, and
characteristics of the equipment. The influence of the nature
of molecules and surface migration [78, 79] was confirmed by
N V Cherepnin [80], who undertook a comparative analysis of
adsorption process energies based on the literature data. The
analysis showed that the binding energy of physically
adsorbed particles depends on their size: as a rule, the bigger
the particle, the higher the binding energy. This suggests a
similarity between the processes of physical adsorption and
liquid vapor condensation, i.e., the higher the molecular
weight of a liquid, the higher its boiling temperature. As a
consequence, the process of adsorption becomes increasingly
irreversible with temperature that grows parallel to the
strengthening of the adhesion of specifically adsorbed anions
to the IC surface. It enhances the probability of ion
neutralization on the surface and means that the energy
liberated during physical adsorption may characterize the
strength of the adhesion between the particles and the
adsorbent.

A weak inverse correlation between t, and temperature
(Figs 7,8) within the decreasing range from 74 pus to
7o = 58.7 us for 7,(SF¢) and from 59 ps to 43 ps for
7,(C¢HsNO;, ) is due to the dynamic process on the IC
surface that manifests itself especially in the registration of
neutral particles (ions that lose the extra electron through
autodetachment) on the SEM anode resistor at IC tempera-
ture Tic = 180°C, because negative ions extract more
electrons than analogous positive ones [81, 82] (neutral
atoms pull out approximately as many secondary electrons
as singly charged positive ions having the same energy [83,
84]) [85].

Enhancement of the voltage drop on the anode resistor of
the SEM during the detection of short pulses is inefficient,
because the signal intensity amplitude at the exit from the
multiplier Uyy = klin R, 1s limited by the maximum allowable
size of the anode resistor R, =1,/ Ca, where k is the amplifier
coefficient, [;, is the input current of the SEM anode, T, is
pulse duration, and C, is the capacity of SEM anode and
amplifier input circuit. The inclusion of the pulsed broad-
band amplifier with low input resistance and a transforma-
tion coefficient of 40 mV pA~! [86] in accordance with the
direct input current/output voltage conversion scheme would
allow improving the sensitivity of the measuring system in a
broad range of received frequencies. However, such a
conversion requires rearrangement of the SEM connection
circuit [87] (negative voltage applied to the SEM cathode and
anode grounding), which is likely to result in recording
charged and neutral particles with different efficiency
(unequal sensitivity of the SEM to charged (k) and neutral
(ky) particles, where k| # k, are SEM secondary emission
coefficients). On the other hand, the IC temperature appears
to influence the ion EYC and EYCN that are written in two
steps and serve as a basis for calculating t,. It follows from
Figs 5, 6 that EYC noise in the ionizing electron energy range
from —0.4 to 0.4 eV is higher than the zero (out-of-range) line
noise. At the same time, the counting rate of SEM noise pulses
is 3-5 s~! if the amplifier cathode is grounded (Fig. 1a) and
positive voltage is applied to the anode [87], which suggests
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that EYC noise in the above range is a function of the primary
current and input circuit discrimination threshold of the
pulsed amplifier which accounts for spikes ~ 10% in the t,
scatter diagram for SF, ions presented as an example in
Fig. 9. Scatter of 1, is due to statistical noises resembling shot
noise! inherent in low currents, such as those in vacuum
tubes. This noise originates from probability processes related
to IC adsorbing surface inhomogeneity. According to
N V Cherepnin [80], “the adsorbent surface contains
adsorption centres differing in attractive forces and the

! Shot noise is defined as the random fluctuation of currents and voltages
around the mean value in the circuits of electric and electronic devices
owing to the discrete nature of electric charge carriers, such as electrons
and ions.

Electron energy, eV

Figure 9. (Color online). (a) Effective yield curves for SF ions together
with neutral particles (EYC) and for the neutral component N° (EYCN);
the autodetachment curve of the lifetime 7, versus ionizing electron
energy. (b) Scatter diagram and linear correlation between ion lifetime
and ionizing electron energy.

respective binding energies. Therefore, by referring the
binding energy to a mole of the adsorbed gas we express the
mean adsorption energy for 6 x 10> gas molecules including
those with the binding energy either higher or lower than its
mean value; in other words, molecules are adsorbed irregu-
larly over the adsorbent surface.” All this is known to greatly
affect the character of charged particle emission, making
particle desorption equally irregular.

The strong negative correlation of SF; and CgHsNO,
signal intensities with temperature (Figs 10, 11) also arises
from the variation of adsorbability of the IC surface. The
adsorption capacity of a surface usually manifests itself as a
change in pressure in the adsorption volume. Experiments by
N A Balashova and N S Merkulova [88], as well as basic
research based on the general provisions of the electron
theory of chemisorption and catalysis developed by
F F Vol'’kenshtein and Sh M Kogan [89], give evidence that
physically adsorbed gas particles are readily ‘evaporated’
from a surface under UV, visible, and infrared irradiation.
This means that a change in adsorbent temperature as a form
of irradiation alters both pressure and the free-to-adsorbed
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Figure 10. Scatter diagram and correlation relationship of the dependence
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Figure 11. Scatter diagram and correlation relationship of the dependence
of CsHsNO; intensity on ionization chamber temperature. /., — signal
intensity at the peak of the effective yield curve (see Figs 5, 6).

gas ratio. It cleans the IC surface and facilitates neutralization
of SF¢ and CgHsNO, ions which manifest themselves as a
drop in signal intensity. The observed linear dependence of
SF¢ and C¢HsNO, signal intensities on IC temperature
confirms the absence of secondary processes (e.g., surface
ionization on the thermocathode).

7. Conclusion

The present work was designed to investigate resonant
electron capture (REC) by sulfur hexafluoride and nitroben-
zene molecules using an MI-1201B static mass-spectrometer
with a 90 sector magnetic field modified for the detection of
negative ions in the pulse counting mode. The study was

carried out by the refined method based on the use of a
specially constructed ion filter placed in the ion source. The
filter excluded those ions from the total ion flow directed to
the detection system that came into contact with the IC
surface after formation in the gaseous phase during REC,
stabilized there, and partly desorbed thereafter to join purely
gas-phase autodetachment ions, the main subjects of our
interest. Lifetimes 7, of negative molecular ions of both
compounds were measured in the conventional regime
(without IC heating) and in a wide temperature range from
60 to 200°C. The measured 1, values were
~ (69.20 £ 0.05) ps for SF; ions and ~ (50.70 £ 0.05) ps
for C¢HsNO, , i.e., half the typical values for instruments of
this class at the IC nominal temperature 7ic = 60°C.
Deviation of 7, from the arithmetic mean at the autodetach-
ment curve inside resonance amounted to £10 ps. The value
7, £ 10 ps originates from the probability process of SF,~ and
CsHsNO, adsorption on the IC surface, because such
adsorption influences gas-phase ion intensity, and from the
separate recording of the total flow and neutral component
flow EYCs. Taken together, these factors affect measurement
accuracy. At the same time, the rather weak negative
correlation between 1, and temperature allows the conclu-
sion that 7, does not depend on temperature.

To conclude, the present study showed that in the case of
removal of desorbed ions from the total flow the measured 7,
values are virtually independent of IC temperature and
therefore of the temperature of initial molecules giving rise
to negative ions during REC. This finding brings into
question the generally accepted ‘multiexponentiality’ con-
cept usually employed to account for the scatter of experi-
mental 7, values, because this concept implies such a
dependence (the higher the temperature, the shorter 7,).

In summary, the refined method proposed in the present
work to improve the experimental assessment of the lifetime
of long-lived negative ions allows minimizing experimental
errors caused by effects of ion interaction with the IC surface
and thereby obtaining lifetime measurements closest to the
true value. This approach yields precise theoretical estimates
for a better understanding of the mechanisms behind ion
formation and decay and for the practical application of
materials with the properties of strong electron acceptors
widely used in many modern technologies.
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