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A. EXECUTIVE SUMMARY

Sensitive and selective detection of dense non-agueous phase liquids (DNAPLS), volatile
organic compounds (V OCs), and other toxic compounds such as polychlorinated biphenyls (PCBSs),
furan and dioxin, isan area of continuing importance for the DOE. These classes of compounds are
commonly found as pollutants at waste sites, and their presence and concentrations in soil and
groundwater must be determined to direct remediation efforts and to provide post-remediation
monitoring.

Twowidely-accepted analytical methodsfor the detection of chlorinated organic compounds
are negative ion chemical ionization mass spectrometry (NI1CI-MS) and gas chromatography with
electron capture detection. Both of these techniques rely on the propensity of these compounds to
form negative ions due to their large cross sections for capture of low-energy electrons in their
ground electronic state. However, for compounds with smaller electron capture cross sections,
including the PCB's with few chlorine atoms and non-chlorinated VOC's, these analytical methods
are considerably less sensitive.

During the past three years, under a 1996 EMSP award, we have investigated a novel
approach for the efficient generation of negative ions in a wide variety of compounds. This research
program was based on recently-discovered physical phenomenon of enhanced electron capture by
excited electronic states, in particular high-Rydberg states. Within the past three years, we have made
significant progress in understanding the basic mechanisms involved and also illustrating the
feasibility of the technique. In particular, we have shown that, (i) high-Rydberg states of molecules
can be efficiently produced using fixed frequency lasers and also using glow discharges, (i1) these
Rydberg states have long enough lifetimes for electron attachment to occur, and (iii) efficient

negative ion formation can be achieved in compounds such as benzene and toluene that do not
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undergo significant electron capture in their ground states (i.e., they cannot be detected with any

significant sensitivity using the existing negative-ion-based analytical techniques).

B. RESEARCH OBJECTIVES

Present analytical methodologies for the detection of chlorinated compounds important to
DOE’s environmental restoration program, such as DNAPLs [dense non-aqueous phase liquids--such
as carbon tetrachloride, trichloroethylene (TCE), perchloroethylene (PCE)], polychlorinated
biphenyls (PCB), and others, involve detection by negative-ion-based analytical techniques. These
techniques exploit electron attachment to analyte molecules in their ground electronic states, and
are limited to particular compounds with appropriate electron capture cross sections (> about 10 "7
cm?). For example, PCB contamination is detected by analysis of mixtures of chlorinated
homologues of these biphenyls. Homologues with lower numbers of chlorines do not efficiently
attach thermal electrons and thus are not detected by either electron capture chromatographic
detectors or by negative ion chemical ionization mass spectrometry.

We proposed three novel analytical techniques based on enhanced negative-ion formation
via electron attachment to highly-excited electronic states of molecules.

In one of the proposed techniques, the excited states of the (analyte) molecules are populated
via laser excitation; the resulting negative ions are mass analyzed for identification. The other two
proposed techniques utilize a specialized gas discharge for the formation of excited species (and low-
energy electrons for attachment), and thus will provide a cost-effective method if successful; in one
version the negative ions will be mass analyzed --as in the laser-based technique-- and in the other
the decrease in electron density due to excited state attachment will be monitored (electron capture
detector mode). A plasma mixing scheme will be employed to excite the analyte molecules (they will
not be directly subjected to the discharge) so that the excited states of the analyte molecules will not

be destroyed by the discharge.



C. METHODS AND RESULTS

1. Methods (Approach)

Our approach is based on two novel concepts: (i) when amolecule is excited to an energy
above its lowest ionization threshold, long-lived, core-excited Rydberg states are populated (in
addition totheionization of themolecule), and (ii) electron attachment to such core-excited Rydberg
states (as well as “regular” Rydberg states) of molecules have many orders of magnitude
enhancement in electron attachment compared to the corresponding ground state molecules. We have
explored two methods for achieving molecular excitation and subsequent electron capture: one is
to use fixed frequency lasers, and the other is to use a glow discharge.

Due to the novelty of the concepts involved, we will first describe these ideas in this section.
Then the current status of research (progress achieved during the past three years) will be described

in Section C.2.

a. Rydberg States of Molecules

Rydberg states of atoms and molecules are electronically-excited states where the excited
electron is weakly bound to the ion core (i.e., located close to the ionization threshold) and thus its
binding energy (E) can be approximately given by the Rydberg formula,

R
£ ) _ (n-8)* @)

where, n is the principal quantum number, 0 is the quantum defect, and R is the Rydberg constant;
for small d values the formula resembles that for a hydrogen atom. Most properties of Rydberg states
vary rapidly with n, typically as an integer power on n [1,2]. Some typical properties are summarized
in Table L.

Therefore, high-Rydberg states (those with high n values; normally n>20) have properties
that are radically different from the low-lying states. They have large geometric cross sections, long
lifetimes, and small binding energies; due to the latter factor, they can be ionized by small electric
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fields. Due to their large polarizabilities, which vary as n’ [3], they also have extremely large cross
sections for interactions with charged particles [1]. However, interactions with neutral, non-polar
species is very weak, as was first pointed out by Fermi [4]. His work followed the experimental work
by Amaldi and Segre [5] who measured the shifts of Rydberg energy levels of alkali atoms at
densities such that about ten thousand rare gas atoms were contained within the Rydberg orbit. This
implied that the collisional ionization of the Rydberg states was small.

An electron in a Rydberg orbital is located far away from the core, and therefore the “core
effects” are minimal for high Rydberg states: Except for minor differences, High-Rydberg states of
atoms and molecules in general have similar properties [ 1,6]. Recently, hydrogen-like Rydberg states
with n> 100 have been observed in large molecular clusters [7]. Thus, we can expect the large cross
sections for electron attachment to Rydberg states to be of common occurrence; this has been
confirmed by our studies up to now; see Section C.2..

Table I. Selected properties of Rydberg states with n=1 and n=100.

Property n-Dependence n=1 n=100
Mean radius (cm) ~53x10°n? 5.3 %107 53x10°
Binding energy (eV) | = 13.6n” 13.6 10
Lifetime (s) ~n* x 10" (0 = n) 3 x 107 (n=2) 107
Threshold lonization | = 10°/n* 10° 10

Field (V/cm)

If the excited electron is in a Rydberg state and the ion core is vibrationally/rotationally
excited, then one has a core-excited Rydberg state; see Fig. 1. Since the total energy of such a state
is higher than the ionization potential of the molecule, it is energetically possible for the molecule
to ionize by transferring core energy to the Rydberg electron. Such an autoionization process had
been assumed to be fast (ps time scale); however, recent studies [8-10] have shown that such core-
excited states can be long lived as “regular” Rydberg states as long as the ion core is stable [11]. We
have shown that such states can be easily produced using fixed frequency lasers or glow discharges;
see the progress report in Section C.2.

b. Enhanced Electron Attachment to Rydberg States of Molecules

Electron attachment to molecules in their ground electronic states has been studied for
almost a century [12]. We reported the first observation of electron attachment to electronically-
excited molecules in 1987 with the measurement of electron attachment to the first excited triplet
state of thiophenol [13,14]; the rate constant for electron attachment was shown to about 5 orders
of magnitude higher compared to the ground state of thiophenol [14]. Since then we [15,16] and



others [17-23] have reported enhanced rate constants for electron attachment to low-lying
electronically-excited states of a variety of molecules. As we point out below, dissociative electron
attachment is enhanced with the increasing internal energy of a molecule. Subsequently, we observed
extremely large rate constants in the range of 107 - 10° cm’s” for electron attachment to a wide
variety of molecules excited to energies above their ionization thresholds [24-31]. During the past
three years we have conducted studies to show that the enhanced electron attachment in these cases
is due to core-excited high-Rydberg states; see Section C.1.a.

Dissociative electron attachment to a molecule AB (polyatomic in general) of internal energy
E can be represented as a two-step process,

o
AB(E) +e(e) * AB™ - A +B, @

where, o, is the cross section for the capture of an electron of energy e to form the transient parent
anion AB™ which subsequently dissociates with probability p to form the fragment anion A" and one
or more neutral fragments.

The dissociative attachment cross section, 6, is thus given by,

Gda = Gc x p (3)

The capture cross section, o, is enhanced greatly for highly-excited states due to the enhanced
polarization interaction. For electron-molecule interactions, the polarization potential, V

by,

pols 1S glven

ae?

V - _
rel 8me, )

where a is the molecular polarizability, e is the electron charge, and r is the distance between the
electron and the molecule. Vogt and Wannier [32] showed that the quantum mechanical capture
cross section is given by,

o o)
o, = 4na, (2—) (5)
€

where a, and ¢ are the Bohr radius and the energy of the attaching electron respectively; all are in
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atomic units.

Even though polarizabilities of highly-excited molecular states have not been reported to our
knowledge, those for High-Rydberg states of several atoms have been reported [33-37]. From these
measurements, o. = n’ where o, is in atomic units, and n is the principal quantum number. The above
relationships can be combined to yield (also, see [38]),

n?
Gy = 13px1071¢ | — (6)
€

where ¢ is in eV and o, is in cm®. This leads to an energy-independent electron attachment rate
constant, k,,, of = 8p x 10*n”? cm’s™". However, as the energy of the attaching electron is increased,
the ability of the Rydberg electron to respond to the field of the incoming electron is decreased, and
thus the above formula for the rate constant should be valid only for low electron energies.

Due to the large internal energy of the transient parent negative ion in Eq. (2) in the case of
attachment to a Rydberg molecule, it can be expected to dissociate rapidly [29,38]. For the following
discussion, we assume a value of 0.1 for p. This yields a k,, of = 10® n”? cm’s™, which can be
expected to be correct within an order of magnitude. (For ground state atoms and molecules, the
effective range of electron-molecule interaction is small compared with the electron de Broglie
wavelength for slow electrons, and thus the s-wave scattering cross section has been taken to be an
upper limit for electron scattering cross sections. However, this limit does not apply for highly-
excited states due to their large polarizabilities which increase the electron-molecule interaction
range, also see [29,38].) For example, the k, value for a high-Rydberg state with n=50 would be .
107 cm’s™'; in comparison, the k, values for ground state molecules are, on the average, = 10" cm’s™
with the maximum values being around10 cm’s™ for strong attachers like SF,. Rydberg states of
atoms and molecules have been shown to possess extremely large cross sections for various collision
processes; see for example, [1,2]. However, our studies are the first on electron attachment to
Rydberg states of molecules.

The dissociative electron attachment process, depicted in Eq. 2, is energetically possible
when,

E + ¢ > D(AB) - EA(A) , )

where D(AB) is the dissociation energy of AB, and EA(A) is the electron affinity of A. Dissociation
energiesof moleculesareusualy = 5eV; EA ispositive for atoms or molecular fragmentsthat form
stable negativeions; ionization threshol ds of moleculesare almost alwayshigher than 7 eV, and thus
for Rydberg states, E > 7 €V (seeFig. 1. Core-excited Rydberg states of mol ecules have even higher
energy; see Fig. 2). Therefore, theleft hand side of Eq. 7 isat least 2 eV greater than the right hand
side. Hence electron attachment to Rydber g states of moleculeslying closeto their ionization
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thresholdsisenergetically possible at any electron ener gy, including thermal energy electrons
for which the capture cross sections are quite large. So far, we have observed enhanced electron
attachment to all the molecules that we have investigated [24-26,27-31], except for N,; the electron
affinity of the N atom is negative [39].

Just by having a large internal energy does not guarantee electron attachment. The excited
state must live long enough for the electron to be captured. Fortunately, the high-Rydberg states do
have characteristically-long lifetimes [1,6]; also see Table I. Recently, it has been shown [8-10] that
even the core-excited High-Rydberg states (produced via excitations to energies above the ionization
thresholds) have lifetimes in the microsecond range; see the progress report below.

The high efficiency associated with the newly discovered electron attachment process was
recently illustrated when it was shown to be responsible for laser action in aluminum [40]. As in the
case of many new research areas, this highly-efficient electron attachment process appears to have
applications in a variety of basic and applied areas. So far, in addition to laser emission in aluminum
mentioned above, applications in the following areas have been pointed out:

(1) negative-ion and neutral beam technologies [38,41],
(i1) plasma remediation of toxic compounds [42,43],
(ii1) plasma processing of materials [29,44],

(iv) continuous UV laser [45], and

(v) corona stabilization in gaseous dielectrics [46].

2. Techniques and Results

During the past three years, we have, (i) conducted basic studies to clarify the electron attachment
mechanisms involved in molecules laser excited to energies above their IPs [9,11,30,38,47], (i1)
illustrated that intense negative ion mass spectra can be generated in benzene and toluene [48,49]
which generate negative ions weakly using conventional methods, and (iii) designed and conducted
experiments to show that glow discharges can be used to used excite molecules and to achieve
subsequent efficient negative ion generation [31,38,44,50]. As a result of these studies, we now

better understand the basic electron attachment mechanisms involved and thus how best to utilize
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this knowledge in several possible analytical instruments.

a Laser Studies

We first conducted a series of

experiments to understand the basic Lecadid |p (v j=v )
Core-excited

electron mechanisms involved when a Excess Rydberg states
molecule is laser excited to an energy | p, (v=0, j=0)gLdLes enerey
above its IP. Our previous
experiments [24,25] had provided
) o Laser
evidence to show that the negative ion two -photon §
i ) . energy
formation was not due to ion-pair
) ) Ro-vibrational
formation, and that it was due to an energy

electron attachment process. Since all

of the molecules where we hadFig. 1. A schematic diagram showing the continuum-
discrete interactions which lead to the
formationof core-excited Rydberg states; v and
formation did not attach electrons j denote vibrational and rotational states.

observed efficient negative ion

their ground states, we concluded that some type of a long-lived excited state must have been formed
when the molecules were excited to an energy above their IPs. The logical candidates were high-
Rydberg states which normally have long lifetimes and large cross sections for various collision
processes [1,2]. (However, studies on electron attachment by Rydberg states of molecules had not
been conducted, even though electron capture by electronegative molecules from atomic Rydberg
states has been well known; see [51] and references therein).

We had proposed the following sequence of events to explain the efficient negative ion
formation in molecules laser excited to energies above their IPs [29]: when a laser pulse induced

transitions of a molecule to an energy above the ionization threshold, a significant fraction of these



transitions led to the indirect formation of high-Rydberg states; these long-lived states in turn

attached electrons that were concomitantly produced via molecular ionization; see Fig. 1.

It had been generally believed that molecules excited to energies above their IPs should either

ionize or undergo fast (sub-nanosecond) dissociation. However, our experiments showed that, (i)

significant fraction of excitations end up in neutral excitations where the excited electron is in a

bound Rydberg state with the ion core carrying the “excess energy” (see Fig. 1), and (ii) these
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Fig. 2. The grid arrangement for the TOF
experiments of [9,11].

experimental arrangement [9] is shown
schematically in Fig. 2 (the complete
apparatus is shown in Fig. 3); this is a
variation of the previous Mass
Analyzed Threshold lonization (MATI)
technique [52] that had been developed
for the Zero Electron Kinetic Energy
(ZEKE) studies [6]. The pulsed
molecular beam was intercepted by a

laser beam in the laser interaction

“superexcited” neutral states can live long enough to
attach electrons and in some cases have lifetimes of
several microseconds, see below.

We employed a pulsed molecular beam/time-
of-flight mass spectrometer (TOF) arrangement to
study the dynamics of the highly-excited states
produced via laser excitation of molecules to energies

above their lowest IPs [9,11]. The heart of the
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The gas jet carried the positive ions and neutral excited species produced by the laser pulse to the
extraction region between the grids #2 and #3. A voltage pulse with amplitude ranging from 70 to
120 V was applied to grid #2 after a given time delay from the laser pulse. This voltage pulse
served two purposes: (1) it ionized the high-Rydberg states present in the extraction region at that
time, and (ii) it pushed out both the direct ions --those produced via direct ionization in the
interaction region--and the ions produced in the extraction region via field ionization of the
high-Rydbergs, into a time-of -flight (TOF) mass spectrometer for mass analysis. By keeping the
positive bias voltage on grid #2 above a certain threshold value, the direct ions could be prevented
from entering the extraction region. Thus, the ion signal observed with a bias voltage above this cut-
off value was due to the field ionization of neutral high-Rydberg states in the extraction region by
the voltage pulse.

Data for benzene at the KrF laser line
are shown in Fig. 3 [9]. These figures show

TOF spectra at different time delays of the

ionization/extraction pulse with respect to the 3.0¢ Direct lons + HR
25 ;SC ons S
laser pulse. For time delays up to several ps 200 @n,‘ Lao 2
0 15 ; 7
. . T 30
there was no signal because the direct £ 10} i OS’
o5 | 205
. . . | T
ions/High-Rydbergs took that much time to 0.0l ‘#L‘ ‘ : 10
22 23 24 25 w
move from the interaction region to the o0
. . HRs
extraction region. The data taken for a zero 0.75} /
2 L L 7 18\5,\
. . . . t N
bias voltage on grid #2 are shown in Fig. go%er /- i @
= h 14
. . . 025 J ! 12 QQ
3(a). The direct ions as well as the high- | o &
0.00 ‘ : : ‘ , ‘ ‘ 8
. . 21.5 22.0 225 23.0 23.5 24.0 24.5 25.0 ,X
Rydbergs moved with the same velocity lon Flight Time (us) «

distribution of the gas jet, and hence the two
Fig. 4. Time-of-flight spectra for benzene. (a)
data for zero bias voltage on grid #2. (b)

profile was primarily determined by the data for bias voltage of +1V on
grid #2 [20].

signals were merged in this case. The signal

velocity distribution of the gas jet.
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From the data of Fig. 4(a), we estimate that the direct ions can be stopped by applying a bias
voltage of +0.4V to grid #2 [9]. Figure 4(b) shows data for +1 V bias voltage applied to grid #2.
Note that this bias field would have field-ionized High-Rydbergs with the principal quantum
number, n < 150; also, the pulsed voltage of 90 V used correspond to a field ionized High-Rydberg
signal for states with n >50. Therefore, the states detected in this experiment had 50<n<150. It is
clear from Fig.3(b) that these neutral superexcited high-Rydberg states have lifetimes exceeding 10
us; it is unlikely that any collisional stabilization could occur at pressures of the order of 10 Torr
estimated in the laser interaction region [9]. It is surprising to see that significant fraction (10%-20%)
of the excitations lead to the formation of these long-lived superexcited high-Rydberg states.

Therefore, the two-photon excitation of benzene at the KrF laser line leads to the formation

of long-lived high-Rydberg states in addition to direct ionization.

CH y CH; + e (direct ionization) (8a)
+ v —
C6H6H (HR formation) (8b)

The core-excited High-Rydberg state that is produced via (8b) is essentially a “ZEKE state”
where the excited electron is in a high-Rydberg state and the excess energy of = 0.75 eV is in the
vibrational energy of the ion core, see Fig. 1 (two-photon energy of the KrF line = 10 eV, ionization
threshold of benzene = 9.25 eV [53]). Such transitions seems to be of common occurrence even if
the Franck-Condon factors for such transitions in general are expected to be small. Evidence for
neutral long-lived states lying well above the IP of benzene [8] and NO, [10] had been reported in
ZEKE experiments. We had observed indirect evidence for such states in a number of molecules in
our previous electron attachment studies on laser excited molecules; see [29,54] and references
therein. Therefore, the population of these long-lived superexcited states (or, core-excited Rydberg
states) seems to be of common occurrence. These can be viewed as transitions to the ionization

continuum followed by the capture of the outgoing electron into a high-Rydberg state; in this
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capture process the excess kinetic energy of the electron is converted to excitation of the core.
It is the inverse process to vibrational autoionization of high-Rydberg states, see Ref. 10 of [55].

It turns out that the stability of the core-excited High-Rydberg state produced via the above
described process depends on the stability of the rovibrationally-excited core: If the core of the
superexcited high-Rydberg state can retain this “excess energy” without dissociating, then it behaves
like a regular ZEKE state with characteristically-long lifetimes [9]. On the other hand, if the core is
unstable, it can dissociate rapidly; in some cases, the Rydberg electron -- which is merely a spectator
to the core dissociation process -- can hold on to one of the fragments thus forming a fragment (or
daughter) Rydberg state [11].

The production of electrons and long-lived high-Rydberg states concomitantly by molecular
excitation, together with the extremely large electron attachment cross sections associated with high-
Rydberg states, lends to a simple method for negative ion formation: the laser wavelength does not
matter much, as long as transitions to energies above the IP can be attained. We observed enhanced
negative ion formation via electron attachment to core-excited high-Rydberg states of benzene
using the same TOF apparatus of Fig. 3 [48]. In order to observe negative ions, grid #2 was grounded
and a negative voltage pulse was applied to grid #1 to extract the negative ions produced by the laser
pulse. In addition to attaching space-charge trapped electrons, the high-Rydberg states attached
electrons from other nearby high-Rydberg states [47]; this is quite similar to what happens in the
technique developed by Dunning and co-
workers to measure the capture of weakly-
bound Rydberg electrons from high-Rydberg
states of atoms by molecular ground states,
see for example, [51]. In our case [47],
however, a Rydberg electron is attached

by another Rydberg molecular state 021 [
(benzene does not capture electrons M N
significantly in its ground electronic state Z M ﬁ $
[45,56]). e —

In recent experiments, we have B %0 fw
uncovered a phenomenon that enhances the Ve
usefulness of this technique for possible 7
analytical applications as well as confirms en-l c o
the basic mechanism of negative ion B H- C:\\ ‘Cﬁ
formation: The negative ion formation was 2 %‘3‘ i | N
observed to be further enhanced in the £° R —— 3
presence of a small electric or magnetic field S h & et s
[49]; this enhanced signal was shown to be <, I L §°

0 &

due to filed-induced lifetime lengthening of o 2 4 & 8 10
the high-Rydberg states [49]. Lengthening
of the lifetimes of the high-Rydberg states
due to small external fields has beenFig. 5. Negative ion signal from ArF laser
reported in ZEKE studies [57,58]. The effect irradiated benzene in the presence of

of'a 20 Gauss magnetic field on the negative (a) 0, and (b) 20 Gauss magnetic field [58].
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ion signal is shown in Fig. 5 [49]. The ArF laser flunce for these spectra was 15 mJem™. In order to
observe negative ions without the magnetic field, higher laser fluences were needed.

The laser induced negative ion formation may be further enhanced by providing extra
electrons for attachment. We have built a high-current (>1 pA above 0.5 eV) simple electron gun
(with =1 eV resolution) to provide external electrons for electron attachment. We are testing this new
electron gun at the time of this writing.

b. Gas Discharge Studies

As proposed in the 1996 EMSP proposal, we have devised a novel method for the excitation
ofhighly-excited states of molecules for electron attachment studies using a gas discharge. The basic
idea is to achieve molecular excitation via excitation transfer from the metastable states of rare gases
that are efficiently produced in glow discharges. The following distinct characteristics of inert gases
make this possible:
@ In a typical inert gas plasma, the relative density of metastable to ground-state atoms
is =10*, while the degree of ionization with respect to ground-state population is
only =107 [69].

@The rare-gas metastables have relatively high energies lying close to the ionization
thresholds of molecular gases (see Table II).

Table II. Energies and lifetimes of the metastable states of inert gases [60].

INERT STATE ENERGY(eV) LIFETIME(s)
GAS
He 2'S, 20.6 0.02
2’8, 19.8 8000
Ne 3P, 16.7 430
3°p, 16.6 24
b ___________________________|
Ar 4P, 11.7 45
4P, 11.5 56
Kr 5P, 10.6 0.49
5°p, 9.9 85
Xe 6°P, 9.5 0.1
6P, 8.3 149
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® The metastable states of inert gases have long lifetimes, see Table II. Even at an ambient
pressure of 10 Torr, their lifetimes are long enough for them to carry the excitation
distances of tens of cm [61]. Therefore, they can act as energy reservoirs and transfer
excitation energies over long distances.

® Even though the “inert” gases are chemically inert in their ground states, they are
highly reactive in their excited metastable states. The cross sections for excitation transfer
from rare gas metastable states to a wide variety of molecules lie in the range of ~107° to
~10" cm® [61-63].

The apparatus that we built to test the idea of producing high-Rydberg states via excitation
transfer from the metastable states of inert gases is shown in Fig. 6 (the mass spectrometer shown
in the figure is for the proposed studies). In this “plasma mixing” method, metastable states produced
in a DC glow discharge in the “source region” were transferred to an adjoining “target region” in a
flow apparatus; in the “target region”, the extracted plasma was mixed with a target molecular gas.
Excited states of the target gas, produced via excitation transfer, efficiently attached electrons that
were also carried to the target region by the gas flow. An axial magnetic field of = 150 Gauss was
used to collimate the electrons. The molecular gas was fed into the target region, and thus was not
directly subjected to the discharge.

Depending on the molecular gas used in the target region, an appropriate inert gas can be
chosen to be used in the discharge region so that highly-excited states of the molecules just below
or above the ionization potential can be populated. If we denote the metastable state energy of the
rare gas, (R. G.), by E, and the ionization threshold of the reactive molecule (AB) by I, then for E
>1,

RG'(E) + M = M" + e + RG. (9a)

— M (HR) + R.G. (9b)

where M (HR) is a core-excited high-Rydberg state of M. The process (9a) above is referred to as
Penning ionization. Depending on the relative magnitudes of the ionization threshold of M and the
metastable energy of the rare gas, ionization or excitation of M will dominate. For large values of
(E-1) ionization of M will dominate.

Now, in the case of E <1, the excitation transfer will directly yield High-Rydberg states of
M,

R.G.(E) + M - M “(HR) (10)
In the case of E < efficient excitation transfer will occur only if the density of excited states of M

is high at the energy of the metastable state since the excitation transfer is a resonant process [61,63];
for polyatomic molecules this condition is usually satisfied if |(I - E)| is a few eV.
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Therefore, a high-Rydberg, HR (M"), states of a given molecule can be produced by choosing
an appropriate inert gas (ionization potentials of molecules normally lie in the range of 7 to 15 eV
[64] and those of interest to this program have ionization potentials below ~ 13 eV; see Table II for
energies of the metastable states of inert gases). In fact, Ar with a metastable state energy of ~ 11.5
eV could be used almost exclusively for the molecules of interest to this program since Ar is fairly
inexpensive.

It must be noted that we came up with this idea in 1996 based on a report of efficient H" and
CHj; radical formation in CH, by a Japanese research team [65-67] in a plasma mixing apparatus on
which we based our apparatus shown in Fig. 6. They had explained their observations as follows:
(1) the H" formation was attributed [65] to enhanced electron attachment to vibrationally-excited H,
produced via the reaction, CH, + ¢ — CH, + H, + €', and (ii) the CH, formation was attributed [67]
to the reaction CH, + ¢ — CH, + H + ¢". However, it is unlikely that substantial dissociation of CH,
occurred in the “target region” (see Fig. 6) where the electron temperature was shown to be <0.5 eV
[66]; the threshold electron energy for dissociation of CH, is = 10 eV [64]. Furthermore, H
production was shown [65] to be enhanced when the pin-hollow cathode [66] was operated to yield
low-energy electrons.
Atthat time, we pointed
out [69] that highly-
excited states of CH,

Molecules can be populated in the

Flowing After target region by

Laser Beam Glow Plasma excitation transfer from

Ar metastable states

(Reaction (10)) above,

Rare and these states can

Optical Gas a.ttac.h . electrqns

Window Probe Anode Hollow dissociatively to yield

Probe Cathode both H™ and CH,, i.e.,

CH,” +e — CH, + H.

| \ We have

validity of our proposed

mechanism by studying

anumber of rare gas/molecular gas combinations, including the Ar/CH, combination used by lizuka

et al. [75]. In the initial experiments [44,50], a Langmuir probe was used to monitor the electron

density in the target region. We showed that the electron density in the target region increased for

the cases where E > I; see Eq. (9a). But when E <1, the electron density decreased due to the capture
of the electrons by the excited states of molecules produced via excitation transfer.

However, even in the case of E > I, negative ion formation still occurred due to electron
capture by the core-excited Rydberg states, even though the loss of electrons was masked by the
generation of electrons due to Penning ionization. We illustrated the formation of O™ ions for the
Ar/NO combination by photodetaching the O ions using a laser [38]. In this case, core-excited NO”

Magnetic Field

| To Pump

Fig. 6. Plasmamixing apparatus.
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states of NO lying above the ionization threshold (~9.3 eV) were produced by excitation transfer
from Ar™; see Eq. 9(b). The cross sections for excitation transfer from Ar™ to NO are of the order
of 107° cm? [63]. The low-energy electrons present in the target region (carried by the gas flow from
the discharge region) attached dissociatively to NO®, leading to the formation of O ions. The
production of O ions in the target region was verified in a photodetachment experiment [38].

It must be noted that dissociative electron attachment to NO molecules in their ground
electronic state occurs for electron energies between =7 and =11 eV with a maximum cross section
of 10" cm? [70]; in our experiments, the electron temperature in the target region was only ~ 1 eV.
Therefore, the O formation could not have been due to electron attachment to ground state NO [38].
On the other hand, we have also observed [27] efficient O formation in laser-excited high-Rydberg
states of NO.

Note: We selected NO for the above study because it produces the O™ ion by attachment
which then can be monitored using a photodetachment experiment; i.e., this was a “proof-of-
principle” experiment. In this proposal we request funds for a quadrupole spectrometer, so that we
can observe negative ions due to the polyatomic molecules of interest to the EMSP program.

In addition to the plasma mixing scheme, we also investigated a pulsed glow discharge
method for producing negative ions. It had been known that efficient H formation can be achieved
in a pulsed discharge of H, [71,72]. In the 1996 EMSP proposal, we had proposed to test the
possibility that this was due to the production of high-Rydberg states during the pulsed “on” time,
which live well into the afterglow to capture the low energy electrons in the afterglow [73]. In order
to test this idea we conducted a pulsed discharge study on O, (It was difficult to obtain a H,
discharge in our apparatus). We confirmed efficient production of O in the pulsed discharge by
conducting a Langmuir probe-assisted laser photodetachment experiment [31]. By studying the
dependence of the O yield on various experimental parameters such as pressure and pulse width, we
presented evidence to show that the O formation was due to enhanced electron attachment to
Rydberg states [31].

Therefore, we may be also able to produce negative ions of polyatomic molecules of interest
to the EMSP program using this pulsed glow discharge technique. We can use the same quadrupole
mass spectrometer that we requested for the plasma mixing experiments to observe the negative ion
mass spectra from such polyatomic molecules.

D. RELEVANCE, IMPACT, AND TECHNOLOGY TRANSFER

Sensitive and selective detection of dense non-aqueous phase liquids (DNAPLYS), volatile
organic compounds (VOC) and other organics, such as polychlorinated biphenyls (PCB), isan area
of continuing importance for the DOE EM program. These classes of compounds are commonly
found as pollutants at waste sites, and their presence and concentrations in soil and groundwater
must be determined to direct remediation efforts and to provide post-remediation monitoring.

Analytical techniquesthat employ negativeion based-detection are presently being used for
the detection of chlorinated DNAPLs and PCBs. The existing techniques are suitable only for
highly-chlorinated compounds with appropriate el ectron capture cross sections (> about 10 cm?).
Also, for PCBswith low numbers of chlorine atoms and V OCs, such as benzene and toluene, the
detection by either € ectron capture chromatographic detectorsor by negativeion chemical ionization
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mass spectrometry is not sensitive. In order to expand the applicability of the negative ion based
techniques, a new generation of analytical instruments need to be developed.

Our techniques are based on an entirely new concept of enhanced electron attachment to
highly-excited states of molecules, which has been shown to occur in awide variety of molecules
with orders of magnitude larger cross sections compared to the corresponding ground states.

The potential benefits of the proposed research are improved sensitivity for the detection of
DNAPLSs, VOCs, PCBs, and other harmful compounds in soil and groundwater at contaminated
DOE sites using a technology that could be field usable and more user friendly than the existing
methods. Because this negative ion formation process is far more efficient than the most efficient
negative ion formation processes that are currently being used, an overall gain in sensitivity is
possible. Furthermore, this enhanced electron attachment process occurs in a wide variety of
mol ecular species, and hencethe proposed techniqueswill havewider applicability aswell. Wehave
illustrated the potential of this new approach during the past three years.
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