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Ion Enhancement by Dual-Laser Ionization in an 
Acetylene/Air Flame \ 

K I N G - C H U E N  L I N *  a n d  Y I H - S H I N G  D U H  
Department of Chemistry, National Taiwan University, and Institute of Atomic and Molecular Sciences, 
Academia Sinica, Taipei 10764, Taiwan, R.O.C. 

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 coUi- 
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 (LED as an 
application of the optogalvanic effect to flames was first 
developed in 1976 and has, since then, demonstrated its 
potential in detecting traces. 1-3 In some elements, for 
instance, LEI has been employed in order to achieve a 
detection limit as low as 0.001 ppb (ng/mL)2 It has also 
been used to determine flame temperature, the amount 
of produced ion yield, and radical structures. 4-7 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, s-14 

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 obtained2 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), 4,8,15-17 
and those involving a single laser "laser-enhanced ioni- 
zation" (LED. 
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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 C2HJair 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 elsewhere2 ,4,8,15 

The C2HJair 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 C2H2 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 #J to 5 mJ. The released sodium 
atoms can be resonantly excited to the 32Pj state upon 
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Fro. 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, f~ denotes quenching rates. 

irradiation of one dye laser at 589 nm, then further ex- 
cited to the n~S,/~ or n~Dj states by the second laser 
operating from 416 to 440 nm. In the 32pj-n2S,z, second- 
step excitation, the laser power is limited without optical 
saturation. In contrast, the power is increased to about 
5 mJ in the 32pj-n2Dj 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 
NaC1 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 

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, s,16 

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,/2-32Pj tran- 
sition, while the other laser is fixed at 428 nm on the 
32Pv2-102Dj transition. In contrast, the Na LEI is ob- 
served by scanning the single laser across the 32S,~2-32pj 
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. 19 This fact is made clear from 
the estimation of transition probability, which is ex- 
pressed as 

P = Iq r3Rn, z(r)R.,z,(r) drl 2 (1) 

where Rn.~ and R.  u, are radial parts of the I nl) and I n'l') 
state wave functions; q indicates the elementary charge. 
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FIG. 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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FIG. 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). 

E x p a n d i n g  the  in tegra l  by  the  q u a n t u m  defec t  m e t h o d  
u n d e r  the  c o n d i t i o n  of n >> n '  ~ 1 yie lds  2°,2~ 

1 
P ~ - -  (2) 

n*3 

Here  n*, the  effective p r i nc ipa l  q u a n t u m  n u m b e r ,  is de- 
f ined  as n - #, where  n is the  p r i nc ipa l  q u a n t u m  n u m b e r ,  
a n d  u the  q u a n t u m  defect.  For  h igh - ly ing  s ta tes ,  ~ keeps  

1 
cons t an t ,  n* can  be e s t i m a t e d  by  ~ ;  e, in  u n i t s  of Ryd-  

berg, i nd ica te s  the  ene rgy  r equ i r ed  to reach the  ioniza-  
t i on  c o n t i n u u m .  2° Accordingly ,  the  f luorescence me t hod ,  
because  i t  suffers f rom a weak t r a n s i t i o n  p r o b a b i l i t y  a n d  

T A B L E  I.  I o n  e n h a n c e m e n t  o f  D L I / L E I .  

a low de t e c t i on  efficiency, proves  to be  poor  in  i den t i f y ing  
the  h igh- ly ing  states .  

We l is t  in  T a b l e  I a c o m p a r i s o n  of the  N a  ion en-  
h a n c e m e n t  of D L I / L E I  in  which  the  D L I  ion i za t ion  p a t h -  
way is via  a va r i e ty  of s econd- s t ep  a b s o r p t i o n s  b u t  has  
a c o m m o n  f i rs t -s tep  3 2 S ~ / ~ - 3 2 P j  exc i ta t ion .  No te  t h a t  the  
energy  space a m o n g  the  h igh- ly ing  s ta tes  u n d e r  s tudy ,  
as well  as t h a t  b e t w e e n  each s t a te  a n d  ion iza t ion  con-  
t i n u u m ,  is w i t h i n  the  va lue  of k T  ~ 1740 cm 1, where  
the  t e m p e r a t u r e  of the  ace ty l ene / a i r  f lame is a b o u t  2500 
K. T h i s  fac t  reveals  two poin ts :  (1) col l i s ional  i on i za t ion  
ra tes  m a y  d o m i n a t e  over p h o t o i o n i z a t i o n  rates ,  because  
the  overshoot  of the  laser  ene rgy  in to  the  i on i za t i on  con-  
t i n u u m  is so large t h a t  the  p h o t o i o n i z a t i o n  ra te  m a y  
decrease  a lmos t  exponen t i a l l y ;  '6 (2) i on i za t i on  rates ,  
which  s t em f rom the  h igh - ly ing  s ta tes ,  can  be r ega rded  
as be ing  rough ly  the  same,  s ince t h e r m a l  e q u i l i b r i u m  m a y  
be reached very  r ap id ly  a m o n g  the  highly  exci ted s t a t e s - -  
as well as, poss ibly ,  a m o n g  these  exci ted  s ta tes  a n d  the  
i on i za t ion  c o n t i n u u m .  There fo re ,  t he  ion yie lds  N i (DLI )  
m a y  va ry  in  p r o p o r t i o n  to the  p o p u l a t i o n  d e n s i t y  N3 of 
the  h igh- ly ing  s ta te ,  i.e., 

N i ( D LI )  ~ N3. (3) 

I t  follows t h a t  the  s econd- s t ep  exc i t a t ion  ra te  of the  so- 
d i u m  a t oms  gives rise to 23 

k23 = I23a23 
__ X232A32123 

(4) 
2~A~ 

where  I23 de no t e s  the  p h o t o n  flux of the  laser  in  p h o t o n s /  
cm 2 s; ~23, the  a b s o r p t i o n  cross sect ion;  h2~, the  exc i t a t i on  
w a v e l e n g t h  f rom the  32Pj s ta te  to the  h igh- ly ing  s ta te ;  

Second-step 
Energy of states a wavelength 

Stepwise transition (cm ') (nm) 

Ion enhancement 

Aki b (x 10 8) n *¢ # = n -- n* Exp d Cal ~ 

3Pj/2 ~ 10S 39983 434.47 .0032 8.65 1.35 110 110 
3P3/2 ~ 10S 39983 434.15 .0016 8.65 1.35 50 50 
3P,/2 ~ 11S 40271 429.10 .0024 9.65 1.35 90 79 
3P3/2 ~ 11S 40271 428.78 .0012 9.65 1.35 40 36 
3P~/2 ~ 12S 40482 425.25 .0017 10.65 1.35 60 58 
3P3/2 ~ 12S 40482 424.94 .0009 10.65 1.35 30 27 
3P1/2 ~ 13S 40641 422.32 .0014 11.65 1.35 50 45 
3P3/2 ~ 13S 40641 422.02 .0007 11.65 1.35 30 21 
3P1/2 ~ 14S 40763 420.10 .0012 12.65 1.36 30 35 
3P3/2 ~ 14S 40763 419.80 .0006 12.65 1.36 20 16 

3P1/2 ~ 8 D  39728 439.33 .0097 7.98 0.02 310 310 
3 P 3 / 2 ~ 8 D  39728 439.00 .0081 7.98 0.02 270 270 
3 P , / 2 ~ 9 D  40090 432.46 .0066 8.98 0.02 200 217 
3P3/2 ~ 9D 40090 432.14 .0055 8.98 0.02 140 189 
3P,/2 ~ 10D 40349 427.68 .0047 9.98 0.02 180 158 
3P3/2 ~ 10D 40349 427.36 .0036 9.98 0.02 150 138 
3P1/2 ~ l lD 40540 424.21 .0035 10.98 0.02 160 121 
3P3/2 ~ l lD 40540 423.90 .0029 10.98 0.02 130 105 
3P,/2 ~ 12D 40685 421.59 .0026 11.98 0.02 180 93 
3P3/2 ~ 12D 40685 421.29 .0022 11.98 0.02 130 81 
3P~/2 ~ 13D 40798 419.59 .0020 12.98 0.02 180 71 
3P3/2 ~ 13D 40798 419.29 .0017 12.98 0.02 110 62 

. See Ref. 22. 
b A~i = the spontaneous emission coefficient from the k to the i state; see Ref. 22. 
c Defined in text. 
d Relative error = 10%. 
o 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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A32, the spontaneous  emission coefficient; and Aw, the  
l inewidth of the transi t ion.  Accordingly, the popula t ion  
densi ty  N3 is app rox ima ted  by  24 

k232A32123 N 
N3 ~ 27rA¢o 2. (5) 

In t e rms  of Eq. 3 and Eq. 5, the ratio of Ni(DLI)  to 
Ni (LEI)  follows approx imate ly  

R N~(DLI) _ ~k232A32123 (6) 
Ni (LEI)  27rAwk2i 

where k2~ is the  collisional ionization rate  f rom the 32pa 
state.  Consequent ly,  the ion enhancemen t  may  be at-  
t r ibu ted  to various factors such as second-step t ransi t ion 
probabi l i ty ,  laser intensity,  collisional ionization rate  in 
the D L I  mechanism,  and t ransi t ion l inewid th - -which  is 
associated with the l ifetime involved in the  transi t ion.  

Compar i son  of the  relative ion enhancemen t  with re- 
spect  to various second-step excitat ions yields 

R' h'232A'32I'zJAw ' 
-~  = X232A3212jA¢ ° , (7) 

under  the  condit ion of common first-step excitation, i.e., 
N / ( L E I )  = N~(LEI). Note  t ha t  the  l inewidth of each 
ionization profile result ing f rom the n2Sv2 s ta tes  as shown 
in Fig. 3 is roughly the  same. In addit ion,  the  excitat ion 
wavelength for the  n2Sv2 states  is within a small  range 
f rom 420 to 435 nm. Since the factors  of ion enhancemen t  
given in Tab le  I have been normal ized to an equal  laser 
intensity,  Eq. 7 m a y  consequent ly  s implify as 

R '  A'32 
(s) 

R A32 

The  rat io of ion enhancemen t  related to various stepwise 
exci tat ions is de te rmined  by t ha t  of the corresponding 
second-s tep  t ransi t ion probabil i ty.  Es t ima t ion  based 
upon  Eq. 2 and  Eq. 8 for the  relative factor  of ion en- 
h a n c e m e n t  is found to be in sat isfactory agreement  with 
the observat ion via a t ransi t ion of 32Pa --* n 2 S , / 2 .  The  
results  are listed in Tab le  I. I t  follows tha t  the  var ia t ion 
of the relative ion enhancemen t  by  the  D L I  me thod  de- 
pends  p redominan t ly  on the  second-s tep t ransi t ion prob-  
ability, when the high-lying s tates  are excited stepwise. 
As the  s ta tes  n > 7 are excited, the ionization rates  very 
much  exceed the quenching rates  based on the model  
calculat ion of rate  equations.  25 Accordingly, by  selection 
of a larger t ransi t ion p r o b a b i l i t y - - a n d  with the  least  
compet i t ion  being offered f rom the quenching process- 
e s - - a n  appropr ia te  choice of  a stepwise excitat ion may  
lead to the op t imal  detect ion limit. 

On the other  hand,  as the  laser energy used for the 
second-s tep 32Pa-n2Da t rans i t ion is increased to 5 mJ ,  
the result ing ion enhancemen t  becomes less influenced 
by  the  t ransi t ion probabi l i ty ,  as shown in Tab le  I. A 
deviat ion found in the compar ison between observat ion 
and  the above es t imat ion  for the series of 32pa -~ n2Dj 
absorpt ions  migh t  be due to par t ia l  optical  saturat ion.  
Presumably ,  when the employed  laser energies become 
large enough to comple te ly  sa tura te  a four-level energy 
system, then  the  popula t ion  densi ty  in each s ta te  is de- 
t e rmined  s imply  by  its stat ist ical  weight, bu t  indepen-  
den t  of the  associated t ransi t ion probabil i ty .  T h a t  is, 

N_A = gA. N2 _ g2 (9) 
N2 g2 ' N3 g3 

where gi denotes  the  stat is t ical  weight of  the j s ta te  ( j  
= 1,2,3), and N1.2,3 the  popula t ion  densi ty  for each state. 
Under  the condit ion of the collisional ionization rates  
being much  larger than  the  photoionizat ion rates, the 
ion densi ty  Ni ob ta ined  in the four-level sys tem gives 
rise to ~ 

g i = N t 1 - exp gl + g2 + ga 

Here  AT denotes  laser durat ion.  Wi th  a large k3iAT >> 
0, the complete  ionization, i.e., N~ = N~ (Nt, to ta l  pop-  
ulat ion density),  is possibly achieved. On the basis of 
this, accompl i shment  of a s ingle-atom detect ion was first 
made  with the use of resonance ionization spectroscopy.  26 
The  detect ion of such ex t remely  low amounts  of t race 
e lements  is theoret ical ly  possible by the DLI  method,  in 
which the lasers m a y  s imul taneously  sa tura te  the excited 
states. However,  improvement  of the detection limit mus t  
also rely on el iminat ion of the space charge effect and 
the electrical interference.  These  d isadvantages  are in- 
heren t  in flame ionization detect ion by  the biased meta l  
electrodes. 

In  summary ,  we have character ized the ion enhance-  
m e n t  of D L I / L E I  for the  sodium a toms and have looked 
into the  influence of t ransi t ion probabi l i ty  upon the rel- 
ative factors of ion enhancemen t  via a var ie ty  of second- 
s tep excitations. We have also suggested a way to opti- 
mize the DLI  method  in detecting extremely low amounts  
of t race elements.  
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One- and two-dimensional 19F 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 ~9F 
NMR spectrum of this compound. In addition, Jvalues are used to predict 
the molecular conformation. 
Index Headings: Molecular structure; NMR; '9F, two-dimensional NMR; 
Spectroscopic techniques. 

I N T R O D U C T I O N  

In the search for clinically useful inhalat ion anes- 
thetics,  a vas t  n u m b e r  of  compounds ,  in part icular ,  halo- 
genated  hydrocarbons  and  ethers,  are being synthesized 
and  tes ted  to de te rmine  their  anes thet ic  propert ies .  The  
fo remos t  s tep in identifying sui table compounds  is to 
find their  s t ruc ture-ac t iv i ty  relat ionships  and,  ideally, to 
develop a fundamen ta l  unders tand ing  of the molecular  
basis of  anesthesia.  The re  are m a n y  diversified theories  
to explain aspects  of this complex phenomenon .  Never-  
theless, m a n y  invest igators in various disciplines are still 
searching for the molecular  mechan i sm of general  an- 
esthesia. To  gain some insight  into this complex phe-  
nomenon,  one can use modern  spectroscopic  techniques,  
in par t icular  nuclear  magnet ic  resonance (NMR),  which 
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allows the  s tudy  of various aspects  of  anesthet ics  a t  the 
molecular  level. 1-3 

To  establ ish the  s t ruc ture-ac t iv i ty  relat ionship,  i t  is 
i m p o r t a n t  to know the molecular  conformat ion,  config- 
urat ion,  and  dynamics  of  compounds .  Here ,  we explore 
the appl ica t ion of one- and  two-dimens ional  ~9F N M R  
techniques  to gain more  insight  into the  s t ruc ture  of  the  
f luorinated compound ,  f luoromethyl  1,1,3,3,3-pentafluo- 
ro-2-propenyl  ether.  

E X P E R I M E N T A L  

H i g h - R e s o l u t i o n  ~9F N M R .  T h e  compound ,  fluoro- 
me thy l  1,1,3,3,3-pentafluoro-2-propenyl  e ther  was pre-  
pa red  according to the procedure  described in Ref. 4. 
The  254.17-MHz ~9F N M R  spect ra  were recorded on an 
I B M  AF-270 spec t rometer ,  opera t ing in the Four ier  
t r ans fo rm mode.  T h e  chemical  shifts  in p p m  were de- 
t e rmined  relat ive to CFC13 (TFM)  (0 ppm) .  Typ ica l  pa-  
r amete r s  used were a sweep width  of 25,000 Hz and a 
90 ° flip angle corresponding to 30 #s; the acquisi t ion t ime  
was 0.65 s. Relaxa t ion  delay was 2 s. 

For  the two-dimensional  19F homonuc lea r  corre la ted 
expe r imen t  (COSY), the  following pa rame te r s  were used: 
We accumulated 256 increments  in t~ and  1024 da ta  points 
in t2. Quadra tu re  detect ion was used, F IDs  were mul t i -  
plied by  an exponent ia l  funct ion prior  to the  Fourier  
t ransformat ions ,  and  t~ was once zero-filled to 512 w. 
T h e  sweep width  was 25,000 Hz in t2 and  12,500 Hz in 
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