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By us ing la ser-enhanced ion iza tion (LEI) tech nique, we have stud ied at om iza tion ef fi cien cies of the al -
kali halides in an acet y lene/air flame. As an aque ous so lu tion of the metal salt was nebulized into the burner
head, a flame with a high tem per a ture of about 2500 K may cause dis so ci a tion of the ionic bond to re lease the
free metal at oms. The ra tio of the num ber den sity of free metal at oms pres ent in the flame to the to tal num ber
den sity of the same metal el e ment nebulized de ter mines the at om iza tion ef fi ciency. In this work, bi nary salt
so lu tions in clud ing LiX, NaX, and KX (X=Cl, Br, and I) were used; each was pre pared at 5 ppm ( g/mL)
metal con cen tra tion. The at om iza tion ef fi ciency of the metal el e ment was mea sured, as the ac com pa nied halo -
gen spe cies was var ied. We found that the ra tios of at om iza tion ef fi cien cies of the al kali el e ment in dif fer ent
ha lide com pounds were al most equal to one. At om iza tion ef fi ciency de ter mi na tion is dom i nated by the metal
atom, but weakly in flu enced by the bind ing halo gen spe cies. The ob ser va tion may be in ter p reted sat is fac to -
rily by us ing the Sugden-Bulewicz model. Based on this model, the metal at om iza tion ef fi ciency for dif fer ent
ha lide com pounds de pends on the num ber den si ties of the halo gen at oms and the re lated dis so ci a tion con -
stants. For the bi nary salt with a small con cen tra tion and a large dis so ci a tion con stant, the at om iza tion ef fi -
ciency de ter mi na tion tends to be dom i nated by the metal atom alone.

IN TRO DUC TION

La ser-enhanced ion iza tion (LEI) spec tros copy has
been de vel oped as a pow er ful tool to de tect trace metal in
flame with very high sen si tiv ity and se lec tiv ity.1-9  By tak ing
ad van tage of the mer its of preconcentration and ma trix sep a -
ra tion of the flow in jec tion (FI), LEI com bined with the FI
sys tem be comes ca pa ble of de tect ing the trace metal in sea -
wa ter.10-12 In ad di tion, the ca pa bil ity of LEI tech nique may be 
ex tended to such tasks as to mon i tor ion life time,13  to de ter -
mine ion dif fu sion and mo bil ity co ef fi cients, 14,15 to re solve
the spec tral struc tures of at oms, mol e cules and rad i cals,3 to
de ter mine the ion iza tion yield of at oms,16 and to mea sure the
num ber den sity of free at oms re leased and in turn the at om -
iza tion ef fi ciency.17

The at om iza tion ef fi ciency of an el e ment in flames is
de fined as a ra tio of the num ber den sity of its free at oms pres -
ent in the flame to the to tal num ber den sity of the same el e -
ment ac tu ally nebulized. It plays one of the cru cial roles
which gov ern the limit of de tec tion. A large at om iza tion ef fi -
ciency tends to lead to a low limit of de tec tion. How ever, the

at om iza tion ef fi ciency can be changed when some or ganic
sol vent or ma trix is added to cause ex cess elec tron den sity re -
leased in the flame, which may sup press the ef fi ciency of the
el e ment ion iza tion.

Thus far, at om iza tion ef fi ciency has mainly been de ter -
mined by the tech niques such as atomic ab sorp tion spec tros -
copy18-24 and atomic emis sion spec tros copy. 25 In ad di tion to
these op ti cal spec tro scopic meth ods, the LEI tech nique has
been re cently dem on strated to be a suc cess ful al ter na tive.26

In this work, it is fur ther ap plied to de ter mine the at om iza tion 
ef fi cien cies of the al kali el e ments in dif fer ent ha lide com -
pounds. We fo cus on the in flu ence of the ionic bond en er gies
on the at om iza tion ef fi ciency of the same metal el e ment. The
to tal free atom num ber den sity re leased in a flame may be es -
ti mated from the mea sure ment of time-integrated LEI sig -
nal.26 The re sul tant metal at om iza tion ef fi cien cies are found
to be al most in de pend ent of the ac com pa nied halo gen spe -
cies. To in ter pret the ob ser va tions, we adopt the Sugden-
 Bulewicz model to yield the o ret i cal es ti mates,1,27 which agee
with our ob tained mea sure ments. This study pro vides in sight
into the key fac tors which gov ern the at om iza tion ef fi ciency.
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EX PER I MEN TAL

Flame Sys tem
The ap pa ra tus is de picted in Fig. 1. A com mer cial

burner as sem bly (Perkin-Elmer) with a 100 mm  0.5 mm
slot burner head was cou pled with an in ter locked gas con trol
sys tem. The fuel C2H2  and air with flow rates of 0.5 L/min
and 13 L/min, re spec tively, were pre mixed prior to reach ing
the burner head. The cor re spond ing flame tem per a ture was
de ter mined to be about 2500 K.28,29  The up take rate into the
burner head was held at 4.5 mL/min for all the aque ous so lu -
tions of the ha lide com pounds.

Re agents
The bi nary salts in clud ing LiX, NaX, and KX (X=Cl,

Br, and I) were used as pur chased with out fur ther pu ri fi ca -
tion. The aque ous so lu tion for each salt was pre pared at 5
ppm ( g/mL) of the metal con cen tra tion.

La ser Source
The light source used for the LEI de tec tion of Li and Na 

was a 10 Hz, 5-8 ns Nd:YAG la ser-pumped dye la ser (Quan ta
Ray, PDL-2), emit ting at 656.5 nm and 660.5 nm with a DCM 
dye. The ra di a tion was then fre quency-doubled through a
KDP crys tal which was housed in a wave length ex tender with 
a de vice of an auto-tracking con trol ler (Quan ta Ray, WEX).
The Li atom was ex cited at the wave length 323.3 nm in the

22S1/2   32PJ tran si tion, while the Na atom was ex cited at
330.2 nm in the 32S1/2  42P3/2 tran si tion. For the LEI de tec -
tion of K, the dye la ser op er ated with the LDS750 dye was
tuned to 766 nm for the K 32S1/2  42P3/2  ab sorp tion. The
unfocused ex ci ta tion beam was collimated with a pin hole of 5 
mm2 cross sec tion and then di rected lon gi tu di nally through
the flame at 12  0.1 mm above the burner head. The la ser en -
ergy, prior to reach ing the flame, was mon i tored con tin u -
ously by a sur face ab sorb ing disk cal o rim e ter (Scientech
36-0001).

LEI De tec tion
A wa ter-cooled cyl in der probe along the flame axis was 

bi ased at -1000 V and sus pended 2 cm above the burn head.30

The burner served as the other elec trode, from which the LEI
cur rent sig nal was col lected and am pli fied with a cur rent-to-
 voltage con verter (Keithley, Model 428), and then fed into a
tran sient dig i tizer (LeCory 9450A). The LEI wave form was
av er aged over 200 pulses and trans ferred to a PC through a
GPIB in ter face board. The mea sured LEI wave form due to
the Li 22S1/2  32PJ tran si tion is given as an ex am ple in Fig. 2.

De ter mi na tion of the At om iza tion Ef fi ciency
The at om iza tion ef fi ciency  is de fined as

(1)

where na is the free atom num ber den sity of an el e ment pres -
ent in the flame, and nt is the to tal num ber den sity of the same
el e ment ac tu ally nebulized. The lat ter can be ex plic itly ex -
pressed as25

(2)

where C is the con cen tra tion of the analyte so lu tion;  the up -
take (nebulization) rate (mL/min);  the sam ple in tro duc tion
ef fi ciency; f the flow rate (mL/s) of un burnt gases at room
tem per a ture (298 K) and at mo spheric pres sure; n298  the num -
ber of moles of spe cies at room tem per a ture; and nT the num -
ber of moles of com bus tion prod ucts at tem per a ture  T. The
value of nT/n298 was pre vi ously de ter mined to be 1.0 for our
case with an acet y lene/air ra tio of 1:25 and a flame tem per a -
ture of 2500 K.28,29 There fore, sub sti tut ing the ex per i men tal
con di tions and the mea sured  val ues into eq. 2 may give rise
to the es ti mate of nt for dif fer ent al kali salts. The re sults for
the Li, Na, and K salts are listed in Ta ble 1.

The free atom num ber den sity, na, for a three-level sys -
tem was pre vi ously de rived in re la tion to the time-resolved
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Fig. 1. Sche matic di a gram for the la ser-enhanced ion -
iza tion ap pa ra tus.
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LEI sig nal, as ex pressed by,26

(3)

where G is the gain of the cur rent am pli fier; e the elec tron
charge;  the cross sec tion be tween the la ser beam and the
flame; l the prob ing length;  the col lec tion ef fi ciency; V(t)
the am pli fied volt age pulse of the time-resolved LEI sig nal; 
the in te gra tion time in ter val; and k is as so ci ated with the tran -
si tion rate co ef fi cients be tween two lev els in the sys tem. Ac -
cord ing to eqs. 1-3, the at om iza tion ef fi cien cies for the Li and 
Na el e ments were suc cess fully de ter mined pre vi ously in
terms of the LEI tech nique. 26  In this work, the fac tor of
k/Ge l  turns out to be iden ti cal be tween the bi nary salts, MX
and MX , with the same al kali el e ment. Ac cord ingly, the ra tio
of at om iza tion ef fi cien cies for these two salts can be sim pli -
fied as

(4)

RE SULTS AND DIS CUS SION

Given the time-resolved LEI sig nals, VMX(t) and VMX (t), 
and the to tal num ber den si ties of the al kali el e ment, M, in dif -
fer ent bi nary salts of MX and MX , sub sti tu tion into eq. 4 may
yield the ra tio of metal at om iza tion ef fi cien cies for these
salts. The re sults for lith ium, so dium, and po tas sium halides
are listed in Ta ble 2. The at om iza tion ef fi cien cies of the al kali 
met als in the bi nary salts seem to be in sig nif i cantly af fected
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Fig. 2. The time-resolved LEI sig nals of Li in the
22S1/2  32PJ ex ci ta tion ob tained from (a) LiCl
and (b) LiBr.

Table 1. The Bond Energies, EMX, and Dissociation Constants, KMX, of Various Alkali Halides, the
Number Densities of the Halogen Atoms, [X], and the Ratios of [X] to KMX

a

nt (cm-3)b EMX (eV)c KMX (cm-3)d [X] (cm-3)b [X]/KMX

LiCl 1.57 1012 4.856 5.23 1013 1.57 1012 0.03
LiI 1.57 1012 3.643 7.49 1015 1.57 1012 2.0 10-4

NaCl 4.74 1011 4.249 8.57 1014 4.74 1011 5.6 10-4

NaBr 4.74 1011 3.838 5.43 1015 4.74 1011 8.7 10-5

NaI 4.74 1011 3.122 2.53 1018 e 4.74 1011 1.9 10-7

KCl 5.83 1010 4.423 2.88 1014 5.83 1010 2.0 10-4

KBr 5.83 1010 3.968 1.62 1015 5.83 1010 3.6 10-5

KI 5.83 1010 3.426 2.12 1016 5.83 1010 2.8 10-6

a The aqueous solution of each salt was prepared at 5 ppm of the metal concentration.
b The number densities of the halogen atoms is considered to be equivalent to the total number

density, na, as calculated by eq. 2.
c Bond energies of alkali halides.
d The values were calculated in terms of the JANAF thermochemical tables from Ref. 31.
e NaI is in the liquid state.
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by the ac com pa nied an ions, al though the ionic bond dis so ci a -
tion en er gies dif fer be tween these bi nary salts. To in ter pret
our ob ser va tions, a the o ret i cal es ti mate is given for com par i -
son.

Ac cord ing to the Sugden-Bulewicz model, the metal at -
om iza tion ef fi ciency for the ha lide com pounds in flame can
be ex pressed as1,27

(5)

where [M], [M+], [MO], and [MX] de note the num ber den si -
ties of metal at oms, metal ions, metal ox ides, and metal
halides, re spec tively. This model con sid ers the to tal num ber
den sity of the metal el e ment nebulized as the sum of the num -
ber den si ties of the metal el e ment pres ent in var i ous forms.
As suming that the num ber den sity of monohalide, [MX],
dom i nates over the other polyhalides in the flame, eq. 5 be -
comes

                       = (6)

where ki is the ion iza tion con stant of M; KMO and KMX are the
dis so ci a tion con stants of MO and MX , re spec tively. The

value, 1
ki
e

O
K

K
MO[ ]

[ ]
... '', re mains in vari ant for the same

metal el e ment. Thus the (M) val ues for dif fer ent halides de -
pend mainly on the term of [X]/KMX.

Eq. 2 is adopted to es ti mate the num ber den sity of the
halo gen atom, [ X], yield ing the nt value as its up per limit. The 
dis so ci a tion con stants of metal halides, KMX, may be eval u -
ated by us ing the JANAF thermochemical ta bles.31 The val -
ues of [X]/KMX are ac cord ingly cal cu lated and listed in Ta ble
1. Given the case of 5 ppm LiCl so lu tion as an ex am ple, the
dis so ci a tion con stant is 5.23  1013 cm-3 and the num ber den -
sity of Cl is es ti mated to be 1.5  1012 cm-3 as the up per limit.
Thus [X]/KMX yields a value of 0.03. This value is much
smaller than K  (K  > 1) and may be neg li gi ble in the es ti mate 

of (M) (eq. 6) within 5% ex per i men tal er ror. Sim i larly, the
[X]/KMX val ues for other metal halides can be es ti mated.
Their re sults (Ta ble 1) ap pear to be smaller than 0.03. Since
the up per limit of [X] is used, the [X]/KMX val ues are ac tu ally
smaller than the re sults in Ta ble 1. There fore, the cal cu lated
at om iza tion ef fi cien cies of the metal el e ment in bi nary salts
are in de pend ent of the ac com pa nied halo gen spe cies. This
fact ex plains why our mea sure ments of MX/ MX  ra tios are
close to 1. Un less the metal ha lide so lu tion is un der a con cen -
trated con di tion which gives rise to a large num ber den sity of
X, the at om iza tion ef fi ciency de ter mi na tion may de pend on
the metal el e ment alone.

The dis so ci a tion con stant of metal ha lide is as so ci ated
with the dis so ci a tion en ergy. Based on the sta tis ti cal model,
the dis so ci a tion con stant of MX can be ex pressed as22,32

(7)

where K MX
0  is a tem per a ture-dependent pre-exponential fac -

tor; EMX the dis so ci a tion en ergy of MX in units of eV; and T
the flame tem per a ture in K. If the dis so ci a tion en ergy is fixed, 
then the dis so ci a tion con stant in creases with tem per a ture.
The acet y lene/air flame with tem per a ture as high as 2500 K
may en hance the dis so ci a tion of MX and thus lead to a small
value of [X]/KMX.. As a re sult, de ter mi na tion of the metal at -
om iza tion ef fi cien cies in flames may not be sig nif i cantly af -
fected by vari a tion of the com plex spe cies, if the cor re spond -
ing dis so ci a tion en er gies do not dif fer mark edly from each
other.

CON CLU SION

The LEI tech nique has been ap plied to de ter mine the at -
om iza tion ef fi cien cies of the metal el e ments in flames. We
have stud ied the de pend ence of at om iza tion ef fi cien cies of
the al kali el e ments on the ac com pa nied halo gen spe cies in an
acet y lene/air flame. The at om iza tion ef fi cien cies ap pear to
be in sig nif i cantly af fected by the bind ing halo gen at oms.
These ob ser va tions may be in ter preted in terms of the
Sugden- Bulewicz model. Based on this model, de ter mi na tion 
of the metal at om iza tion ef fi cien cies for dif fer ent ha lide com -
pounds de pends on the num ber den sity of halo gen at oms and
the re lated dis so ci a tion con stants. Un der the con di tions of a
small metal salt con cen tra tion and a large dis so ci a tion con -
stant, the at om iza tion ef fi ciency de ter mi na tion may be solely
gov erned by the metal el e ment.
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Table 2. The Ratios of the Atomization Efficiencies for Various
Alkali Halides

Li Na K

MCl/ MI 1.01 0.04 1.01 0.03 0.98 0.03
MCl/ MBr —— 0.97 0.04 1.03 0.05
MBr/ MI —— 1.00 0.04 0.97 0.03
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