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Ion Enhancement by Dual-Laser Ionization in an

Acetylene/Air Flame
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A technique of dual-laser ionization (DLI) is employed to detect Na trace
released in an acetylene/air flame. In comparison with laser-enhanced
ionization (LEI), a measurement of ion enhancement by the DLI method
is found to be as large as two orders of magnitude. The ratio of DLI/
LEI depends upon various factors, such as the second-step transition
probability, the laser intensity, the transition linewidth, and the colli-
sional ionization rate involved in the LEI mechanism. However, the
relative ion enhancement with respect to the various second-step exci-
tations is largely dominated by the ratio of the corresponding second-
step transition probability. On the basis of this factor, a comparison
between observation and estimation is found to be in satisfactory agree-
ment.

Index Headings: Dual-laser ionization; Laser-enhanced ionization; Ion
enhancement.

INTRODUCTION

The laser-enhanced ionization technique (LEI) as an
application of the optogalvanic effect to flames was first
developed in 1976 and has, since then, demonstrated its
potential in detecting traces.* In some elements, for
instance, LEI has been employed in order to achieve a
detection limit as low as 0.001 ppb (ng/mL).? It has also
been used to determine flame temperature, the amount
of produced ion yield, and radical structures.*” To achieve
optimal sensitivity and selectivity in trace detection,
meanwhile, researchers have been conducting studies of
the characteristics of the ion signal, electrical interfer-
ence, electrode design, and ion collection configuration,
as well as the influence of the space charge and the bias
voltage on collection efficiency.’'*

The basic setup of LEI involves using a dye laser to
promote the population of an analyte from the electronic
ground state to its excited state, and then monitoring
the ion yield obtained.® In this work, we adopt an ap-
paratus analogous to that used for LEI, but employ two
laser beams in counterpropagation to enhance the ioni-
zation rate. Herein we call the ionization processes in-
volving two lasers “dual-laser ionization” (DLI),*81517
and those involving a single laser “laser-enhanced ioni-
zation” (LEI).
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According to the Boltzmann theory, the collisional ion-
ization rate of a species increases exponentially with the
decrease of the energy defect between a populated elec-
tronic state and the ionization continuum. As a result,
excitation of the analyte with a dye laser tuned to a
selected absorption line may lead to a substantial en-
hancement of the ion yield. Since the ion product is
detected, the DLI (or LEI) may avoid suffering from
stray light, flame optical background, self-absorption,
quantum efficiency limitation of the optical detectors,
detecting angle restriction, or other severe disadvantages
inherent in conventional optical methods (e.g., fluores-
cence, absorption, emission, etc.).>18

In this paper, we compare variations of ion enhance-
ment by the DLI method upon second-step excitation,
and look into the influence of the transition probability
for the selected excitation upon relative ion enhance-
ment. We find that this enhancement is closely associ-
ated with the effective principal quantum number, when
a high-lying state is excited stepwise. Sodium analyte set
free from a C,H,/air flame is selected as the reagent.

EXPERIMENTAL SETUP

The basic setup of DLI consists of three parts: a sam-
pling system, a radiation source, and a detector. We adopt
an analytical flame to release the atomic species of in-
terest, dye lasers as radiation sources, and voltage-biased
metal electrodes as an ion collector. A detailed descrip-
tion of the apparatus may be found elsewhere.?4815

The C,H,/air flame system employed in the work con-
tains a burner, a nebulizer, and flow meters. The metallic
salt solution is sprayed through a pneumatic nebulizer,
and the metal analyte may be set free from a slot burner
head. The ratio of the fuel C,H, to the air is regulated
by a set of flow meters and then premixed prior to reach-
ing the burner head.

A frequency-doubled and -tripled 10-Hz Nd:YAG las-
er (Quanta Ray, Model DCR-2A) is used to simulta-
neously pump two dye lasers. Kiton Red 620 and Stilbene
420 dyes are used throughout the work. The pulsed du-
ration of the dye lasers is about 10 ns, and the output
energy ranges from 500 ud to 5 md. The released sodium
atoms can be resonantly excited to the 32P, state upon
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Fic. 1. Common ionization pathways that are followed by the DLI

(D and E) and LEI (A, B, and C) processes: (A) single photon excitation,
collisional ionization; (B) thermally-assisted single photon excitation,
collisional ionization; (C) two-photon excitation, collisional ionization;
(D) stepwise two-photon excitation, collisional ionization; (E) two-step
photoionization. 8 denotes quenching rates.

irradiation of one dye laser at 589 nm, then further ex-
cited to the n2S,, or n2D, states by the second laser
operating from 416 to 440 nm. In the 32P;-n2S,, second-
step excitation, the laser power is limited without optical
saturation. In contrast, the power is increased to about
5 md in the 32P,-n2D, absorption.

The resulting ions are collected with a pair of biased
electrodes, set about 1 cm apart and suspended in the
vicinity of the flame. The current obtained is amplified
with a current-to-voltage converter (Keithley, Model 427)
and then fed into a boxcar averager (PAR, Models 4402,
4420, and 4422) for signal processing. The result is dis-
played on an oscilloscope (Tektronix, Model 2445) and
recorded on a strip chart recorder or stored in an IBM
PC computer for further data treatment. Reagent-grade
NaCl purchased from Merck is the only reagent used in
the work without further purification.

RESULTS AND DISCUSSION

Figure 1 shows the possible ionization pathways that
the DLI or LEI mechanisms may follow. In the LEI
process, the excited state is populated by either single
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or multiphoton absorption (Fig. 1A, 1B, and 1C). How-
ever, in DLI the atomic analyte is first excited to a lower
state, and then further excited to a higher Rydberg state
(Fig. 1D) or directly to the ionization continuum (Fig.
1E) by a second laser. Consequently, the energy defect
is greatly reduced, and the resulting ion yield is thus
substantially enhanced in the DLI mechanism.®'¢

In this work we have monitored a Na trace under the
concentration of ppb using the DLI method. Figure 2
shows the intensity comparison of Na ion yields produced
by the DLI and LEI methods with 1 ppm Na concen-
tration. In the former, the Na ions are obtained upon
irradiation of one laser tuned across the 32S,,-32P, tran-
sition, while the other laser is fixed at 428 nm on the
32P,,-10%2D, transition. In contrast, the Na LEI is ob-
served by scanning the single laser across the 32S,,-32P,
transition. Note that the sensitivity scale of the Na LEI
is enlarged by a factor of 50, and the ion enhancement
of the Na DLI over the LEI is about two orders of mag-
nitude. In addition to being more sensitive to the traces
than is the LEI method, the DLI technique is capable
of appropriately selecting a unique state for an analyte
in the stepwise transition, to avoid any possible spectral
interference from the flame background. In this sense,
DLI is also more selective in trace analysis than is LEI,
which involves a single laser alone.

As shown in Fig. 3, DLI may be employed to identify
those Rydberg states which become difficult to monitor
with the use of the fluorescence method. It is well known
that the high-lying states may be effectively probed in
terms of ionization techniques, such as field ionization,
photon ionization, thermionic diode detection, and op-
togalvanic spectroscopy.'® This fact is made clear from
the estimation of transition probability, which is ex-
pressed as

P=|q J; r°R,(r)R,,(r) dr|? 1)

where R, and R, , are radial parts of the |nl) and |nl")
state wave functions; g indicates the elementary charge.
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Fic. 2. Ionization signal of sodium D lines using DLI and LEI methods, respectively. To obtain the LEI signal, one increases the sensitivity

scale by a factor of 50.
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Fic. 3. DLI Rydberg series for 1 ppm Na in an acetylene/air flame.
Na atoms are first pumped to the 32P,, state by one dye laser fixed at
589 nm (Kiton Red 620) and then further excited to various Rydberg
states by an additional dye laser operating from 416 to 440 nm (Stilbene
420).

Expanding the integral by the quantum defect method
under the condition of n > n’' ~ 1 yields22

1

n*3 )

P x (2)

Here n*, the effective principal quantum number, is de-
fined as n — p, where n is the principal quantum number,
and u the quantum defect. For high-lying states, u keeps

. 1 . .
constant. n* can be estimated by \—/_; ¢, in units of Ryd-
€

berg, indicates the energy required to reach the ioniza-
tion continuum.? Accordingly, the fluorescence method,
because it suffers from a weak transition probability and

TABLE 1. Ion enhancement of DLI/LEI.

alow detection efficiency, proves to be poor in identifying
the high-lying states.

We list in Table I a comparison of the Na ion en-
hancement of DLI/LEI in which the DLI ionization path-
way is via a variety of second-step absorptions but has
a common first-step 32S,,-3%P;, excitation. Note that the
energy space among the high-lying states under study,
as well as that between each state and ionization con-
tinuum, is within the value of kT ~ 1740 cm !, where
the temperature of the acetylene/air lame is about 2500
K. This fact reveals two points: (1) collisional ionization
rates may dominate over photoionization rates, because
the overshoot of the laser energy into the ionization con-
tinuum is so large that the photoionization rate may
decrease almost exponentially;’¢ (2) ionization rates,
which stem from the high-lying states, can be regarded
as being roughly the same, since thermal equilibrium may
be reached very rapidly among the highly excited states—
as well as, possibly, among these excited states and the
ionization continuum. Therefore, the ion yields N,(DLI)
may vary in proportion to the population density N, of
the high-lying state, i.e.,

N,(DLI) « N,. 3)
It follows that the second-step excitation rate of the so-
dium atoms gives rise to?
Al
— A2‘32A32I 23
2rAw
where I,; denotes the photon flux of the laser in photons/

cm?s; 0,5, the absorption cross section; A, the excitation
wavelength from the 32P, state to the high-lying state;

4)

Second-step

Ion enhancement

Energy of states® wavelength
Stepwise transition {(cm™) (nm) A,> (x108) nke g=n— n* Expe Cale
3P,,—10S 39983 434.47 .0032 8.65 1.35 110 110
3P,,~10S 39983 434.15 .0016 8.65 1.35 50 50
3P,,,~118 40271 429.10 0024 9.65 1.35 90 79
3pP,,—118 40271 428.78 0012 9.65 1.35 40 36
3P, ,—128 40482 425.25 0017 10.65 1.35 60 58
3P,,—128 40482 424.94 .0009 10.65 1.35 30 27
3P,,—13S 40641 422.32 .0014 11.65 1.35 50 45
3P,,—~13S 40641 422.02 .0007 11.65 1.35 30 21
3P,,—~148 40763 420.10 0012 12.65 1.36 30 35
3P,,~148 40763 419.80 0006 12.65 1.36 20 16
3P,,—8D 39728 439.33 0097 7.98 0.02 310 310
3P,,~8D 39728 439.00 .0081 7.98 0.02 270 270
3P,,,—~9D 40090 432.46 .0066 8.98 0.02 200 217
3P,,-9D 40090 432.14 .0055 8.98 0.02 140 189
3P,,~10D 40349 427.68 .0047 9.98 0.02 180 158
3P,,—~10D 40349 427.36 0036 9.98 0.02 150 138
3P,,—~11D 40540 424.21 0035 10.98 0.02 160 121
3pP,,-11D 40540 423.90 .0029 10.98 0.02 130 105
3P,,,—~12D 40685 421.59 .0026 11.98 0.02 180 93
3P,,—~12D 40685 421.29 .0022 11.98 0.02 130 81
3P,,—~13D 40798 419.59 .0020 12.98 0.02 180 71
3P,,—13D 40798 419.29 0017 12.98 0.02 110 62
2 See Ref. 22.

® A,; = the spontaneous emission coefficient from the k to the i state; see Ref. 22.

¢ Defined in text.
4 Relative error = 10%.

¢ By Eq. 2 and Eq. 8 in the text, then normalized to the experimental results for transitions at 3P—10S and 3P-8D, respectively.
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4A,,, the spontaneous emission coefficient; and Aw, the
linewidth of the transition. Accordingly, the population
density N, is approximated by
x )\232A32123 .
2rAw 2
In terms of Eq. 3 and Eq. 5, the ratio of N,(DLI) to
N;(LEI) follows approximately
— Nz(DLI) - A232‘432123
N,(LED 27Awk,;

N, ()

R

(6)

where k,, is the collisional ionization rate from the 32P,
state. Consequently, the ion enhancement may be at-
tributed to various factors such as second-step transition
probability, laser intensity, collisional ionization rate in
the DLI mechanism, and transition linewidth—which is
associated with the lifetime involved in the transition.

Comparison of the relative ion enhancement with re-
spect to various second-step excitations yields

E _ )\’232A'321'23/A°-’,
R Ags?Ase Lo/ Aw ’

under the condition of common first-step excitation, i.e.,
N;/(LEI) = N,(LEI). Note that the linewidth of each
ionization profile resulting from the n2S,, states as shown
in Fig. 3 is roughly the same. In addition, the excitation
wavelength for the n2S,, states is within a small range
from 420 to 435 nm. Since the factors of ion enhancement
given in Table I have been normalized to an equal laser
intensity, Eq. 7 may consequently simplify as

R Ay,
R A~ ®

The ratio of ion enhancement related to various stepwise
excitations is determined by that of the corresponding
second-step transition probability. Estimation based
upon Eq. 2 and Eq. 8 for the relative factor of ion en-
hancement is found to be in satisfactory agreement with
the observation via a transition of 32P, — n2S,,. The
results are listed in Table I. It follows that the variation
of the relative ion enhancement by the DLI method de-
pends predominantly on the second-step transition prob-
ability, when the high-lying states are excited stepwise.
As the states n = 7 are excited, the ionization rates very
much exceed the quenching rates based on the model
calculation of rate equations.? Accordingly, by selection
of a larger transition probability—and with the least
competition being offered from the quenching process-
es—an appropriate choice of a stepwise excitation may
lead to the optimal detection limit.

On the other hand, as the laser energy used for the
second-step 32P,-n2D; transition is increased to 5 mJd,
the resulting ion enhancement becomes less influenced
by the transition probability, as shown in Table 1. A
deviation found in the comparison between observation
and the above estimation for the series of 32P, — n2D,
absorptions might be due to partial optical saturation.
Presumably, when the employed laser energies become
large enough to completely saturate a four-level energy
system, then the population density in each state is de-
termined simply by its statistical weight, but indepen-
dent of the associated transition probability. That is,

)

N_&a., N_é&

; 9
N, g N, g, ®

where g; denotes the statistical weight of the j state (j
= 1,2,3), and N, ,, the population density for each state.
Under the condition of the collisional ionization rates
being much larger than the photoionization rates, the
ion density N, obtained in the four-level system gives
rise to®

83
N,=N|1 — exp| ——2—&,, AT])|. @10)
”{ p( &+ & t+8& )]

Here AT denotes laser duration. With a large kAT >
0, the complete ionization, i.e., N; = N, (IN,, total pop-
ulation density), is possibly achieved. On the basis of
this, accomplishment of a single-atom detection was first
made with the use of resonance ionization spectroscopy.?
The detection of such extremely low amounts of trace
elements is theoretically possible by the DLI method, in
which the lasers may simultaneously saturate the excited
states. However, improvement of the detection limit must
also rely on elimination of the space charge effect and
the electrical interference. These disadvantages are in-
herent in flame ionization detection by the biased metal
electrodes.

In summary, we have characterized the ion enhance-
ment of DLI/LEI for the sodium atoms and have looked
into the influence of transition probability upon the rel-
ative factors of ion enhancement via a variety of second-
step excitations. We have also suggested a way to opti-
mize the DLI method in detecting extremely low amounts
of trace elements.
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Detailed Investigation of Fluoromethyl
1,1,1,3,3,3-Hexafluoro-2-Propyl Ether (Sevoflurane)

and Its Degradation Products.

Part II: Two-Dimensional Fluorine-19 NMR

Characterization of Fluoromethyl

1,1,3,3,3-Pentafluoro-2-Propenyl Ether

A. L. CHOLLL* C. HUANG, V. VENTURELLA, D. J. PENNINO,T and

G. G. VERNICE

The BOC Group, Inc., Technical Center (A.L.C., D.J.P.), and Anaquest, a division of BOC Health Care (C.H., V.V, G.G.V.),

Murray Hill, New Jersey 07974

One- and two-dimensional ’F NMR spectroscopy has been used to elu-
cidate the molecular structure of a novel compound: fluoromethyl 1,1,3,3,3-
pentafluoro-2-propenyl ether. A detailed investigation has provided a
means of understanding the complex nature of the one-dimensional *F
NMR spectrum of this compound. In addition, J values are used to predict
the molecular conformation.

Index Headings: Molecular structure; NMR; ¥F, two-dimensional NMR;
Spectroscopic techniques.

INTRODUCTION

In the search for clinically useful inhalation anes-
thetics, a vast number of compounds, in particular, halo-
genated hydrocarbons and ethers, are being synthesized
and tested to determine their anesthetic properties. The
foremost step in identifying suitable compounds is to
find their structure-activity relationships and, ideally, to
develop a fundamental understanding of the molecular
basis of anesthesia. There are many diversified theories
to explain aspects of this complex phenomenon. Never-
theless, many investigators in various disciplines are still
searching for the molecular mechanism of general an-
esthesia. To gain some insight into this complex phe-
nomenon, one cah use modern spectroscopic techniques,
in particular nuclear magnetic resonance (NMR), which
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allows the study of various aspects of anesthetics at the
molecular level.'-?

To establish the structure-activity relationship, it is
important to know the molecular conformation, config-
uration, and dynamics of compounds. Here, we explore
the application of one- and two-dimensional *F NMR
techniques to gain more insight into the structure of the
fluorinated compound, fluoromethyl 1,1,3,3,3-pentafluo-
ro-2-propenyl ether.

EXPERIMENTAL

High-Resolution YF NMR. The compound, fluoro-
methyl 1,1,3,3,3-pentafluoro-2-propenyl ether was pre-
pared according to the procedure described in Ref. 4.
The 254.17-MHz *F NMR spectra were recorded on an
IBM AF-270 spectrometer, operating in the Fourier
transform mode. The chemical shifts in ppm were de-
termined relative to CFCl, (TFM) (0 ppm). Typical pa-
rameters used were a sweep width of 25,000 Hz and a
90° flip angle corresponding to 30 us; the acquisition time
was 0.65 s. Relaxation delay was 2 s.

For the two-dimensional F homonuclear correlated
experiment (COSY), the following parameters were used:
We accumulated 256 increments in ¢, and 1024 data points
in t,. Quadrature detection was used, FIDs were multi-
plied by an exponential function prior to the Fourier
transformations, and ¢, was once zero-filled to 512 w.
The sweep width was 25,000 Hz in ¢, and 12,500 Hz in
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