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Ab stract
A me dium po wer, low Ar con sump tion ca pa ci ti vely cou pled pla sma torch (275 W, 0.4 L min–1) with molyb de num tu bu -
lar elec tro de and sin gle or two ring elec tro des in non-lo cal ther mody na mic equi li brium (LTE) was cha rac te ri zed with
res pect to its abi lity to ac hie ve ele ment io ni za tion. Io ni za tion de grees of Ca, Mg, Mn and Cd we re de ter mi ned from io -
nic-to-ato mic emis sion ra tio and io ni za tion equi li brium ac cor ding to Sa ha’s equa tion. The io ni za tion de grees re sul ted
from the Sa ha equa tion we re hig her by 9 – 32% than tho se ob tai ned from spec tral li nes in ten sity in LTE re gi me and clo -
ser to rea lity. A li near de crea se of io ni za tion with in crea se of io ni za tion energy of ele ments was ob ser ved. Pla sma torch
with two ring elec tro des pro vi ded hig her io ni za tion de grees (85 ± 7% Ca, 79 ± 7% Mn, 80 ± 7% Mg and 73 ± 8% Cd)
than tho se in sin gle ring ar ran ge ment (70 ± 6% Ca, 57 ± 7% Mn, 57 ± 8% Mg and 42 ± 9% Cd). The Ca io ni za tion de -
crea sed li nearly by up to 79 ± 4% and 53 ± 6% in pla sma with two ring elec tro des and sin gle ring res pec ti vely in the
pre sen ce of up to 400 μg m L–1 Na as in ter fe rent. The stu died pla sma was ef fec ti ve in ele ment io ni za tion and could be a
po ten tial ion sour ce in mass spec tro me try.

Key words: Ca pa ci ti vely cou pled pla sma, lo cal ther mody na mic equi li brium, io ni za tion de gree, mass spec tro me try, ma -
trix ef fect 

1. In tro duction 
Pla smas of low/me dium po wer and low Ar or He

con sump tion (< 300 W, < 1 L min–1) such as radio fre -
quency ca pa ci ti vely cou pled pla sma (CCP) and mi cro wa -
ve pla sma are con si de red con ve nient sour ces for ato mic
spec tro me try due to their ad van ta ges in terms of analy ti -
cal ver sa ti lity, re du ced main te nan ce cost and mi nia tu ri za -
tion op por tu nity for on-si te pur po se.1–7 Paral lel-pla te, an -
nu lar and coa xial geo me tries of elec tro des are used for
cou pling the ra diofre quency po wer to the CCP torch.1 The
torch with two pa ral lel-pla te elec tro des (200 W, 1 L min–1

Ar) pro ved to be an ex cel lent tool in ato mic ab sorp tion or
ato mic emis sion spec tro me try8,9 and pos sib le ion sour ce
in ele men tal mass spec tro me try.10 

Fur na ce ato mi za tion pla sma ex ci ta tion spec tro me try
(FAPES) ope ra ted at 50–100 W and 0.2 L min–1 Ar or He

in the coa xial geo me try of elec tro des was ori gi nally de ve -
lo ped as sour ce for the mul tie le men tal analy sis by ato mic
emis sion11–14 and furt her in ve sti ga ted with res pect to its
ca pa city to ge ne ra te ions for mass spec tro me try.15–17 De -
ve lop ments in the field of spec tro me tric tech ni ques with
pla sma sour ces and their ap pli ca tions are pe rio di cally re -
vie wed.18–25

In our la bo ra tory it was de ve lo ped a me dium po wer
and low Ar con sump tion CCP torch (275 W, 0.4 L min–1

Ar) in an nu lar-coa xial geo me try with one Mo tu bu lar
elec tro de and sin gle or two ring elec tro des for mul tie le -
men tal analy sis by ato mic emis sion26–30 and ato mic fluo -
res cen ce spec tro me try.31–33 The sam ple was in tro du ced as
wet ae ro sol via pneu ma tic ne bu li za tion in to the cen tral
zo ne of the disc har ge whe re the ma xi mum dis sipation of
energy oc cur red en su ring op ti mal con di tions for the ato -
mi za tion-ex ci ta tion pro ces ses. Pla sma was to le rant to re -
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la ti vely high con cen tra tion of ea sily io ni zab le ele ments as
in ter fe rent. Anot her low po wer CCP mi cro torch (13.56
MHz, < 30 W and < 0.5 L min–1 Ar) equip ped with a CCD
mi cros pec tro me ter was in ve sti ga ted in our la bo ra tory for
the si mul ta ne ous mul tie le men tal analy sis of soil and ri ver
se di ments34 and mer cury de ter mi na tion in non- and bio de -
gra dab le ma te rials af ter cold va por ge ne ra tion.35 The
emis sion spec trum of ele ments in this pla sma was sim pler
in com pa ri son with that in in duc ti vely cou pled pla sma,
with in ten se re so nan ce lines, so that a non-ex pen si ve mi -
cros pec tro me ter with FWHM of 1.5 nm was sa tis fac tory
for mea su re ments. 

The pur po se of this study was the eva luation of the
io ni za tion de gree of ele ments in the me dium po wer ar gon
CCP torch with sin gle and two ring elec tro des in or der to
es ti ma te its use ful ness in the ato mic mass spec tro me try
tech ni que. Sin ce pro ces ses suf fe red by neu tral and io nic
spe cies in at mosp he ric pla smas are go ver ned by col li sion,
it was ne ces sary to check whet her the lo cal ther mody na -
mic equi li brium (LTE) re gi me exists in pla sma. The op ti -
cal emis sion spec tro me try was used for the cha rac te ri za -
tion of pla sma re gi me and io ni za tion de gree of Ca, Mg,
Mn and Cd ba sed on the ato mic and io nic emis sion li nes.
Io ni za tion de grees we re cor re la ted with io ni za tion energy
of ele ments, torch con fi gu ra tion and con cen tra tion of 
Na Cl as ma trix in ter fe rent. Re marks we re for mu la ted on
the de gree of io ni za tion de ter mi ned from the ion-atom li -
nes in ten sity ra tio and from the io ni za tion equi li brium in
agree ment with the Sa ha’s equa tion, res pec ti vely. The
study is re le vant for analy ti cal prac ti ce as it pro vi des sup -
ple men tal know led ge on me dium-po wer pla smas in res -
pect with its ca pa bi lity to ac hie ve ele ment io ni za tion and
its pos sib le use as ion sour ce in mass spec tro me try. 

2. Ex pe ri men tal

2. 1. Stock So lu tions and Rea gents 
Stock so lu tions of Ca, Cd, Mg, Mn and Na of 1000

μg m L–1 in 5% (v/v) HNO3 purc ha sed from Merck
(Darm stadt, Ger many) we re used in this study. Mo noe le -
men tal so lu tions of 10 μg m L–1 we re pre pa red in or der to
es ti ma te the io ni za tion de gree of ele ments. So lu tions of
10 μg m L–1 Ca in the pre sen ce of 10–400 μg m L–1 Na we -
re used to eva luate the inf luen ce of the ea sily io ni zab le
ele ment on the io ni za tion de gree of Ca. Ar gon (5.0 qua -
lity) from Lin de Gas SRL Cluj-Na po ca, Ro ma nia was
used as pla sma sup port gas. 

2. 2. In stru men ta tion

Mea su re ments we re con duc ted by in ter fa cing the
CCP torch with a high re so lu tion scan ning mo noc hro ma -
tor el sew he re des ci bed.26,27 The ex pe ri men tal set-up and
ope ra ting con di tions of the CCP-AES system are pre sen -
ted in Table 1, whi le the torch in Fi gu re 1. The CCP torch

is ba sed on a 27.12 MHz Ar pla sma su stai ned at 275 W in
a quartz tu be (16 mm i.d., 10 cm length, 160 nm cut-off,
H. Baum bach & Co Ltd., Ips wich Suf folk, UK) at the tip
of a cen tral wa ter-coo led Mo tu bu lar elec tro de (i.d. 3.5
mm) con nec ted to the free-run ning RF ge ne ra tor. The
quartz tu be is sur roun ded by sin gle or two groun ded Cu
ring elec tro des. In the geo me try with sin gle ring this elec -
tro de was moun ted 5 mm abo ve the tip of the tu bu lar one,

Fi gu re 1: Sche ma tic dia gram of the CCP torch

Tab le 1: In stru men ta tion and ope ra ting con di tions of CCP-AES
system (INCDO-INOE 2000, Re search In sti tu te for Analy ti cal In -
stru men ta tion, Cluj-Na po ca, Ro ma nia)

Equip ment Cha rac te ri stics
Pla sma po wer RF ge ne ra tor, 275 W, free-run ning os cil-
supply  la tor, 27.12 MHz

Pla sma torch Ca pa ci ti vely cou pled with cen tral Mo tu -
bu lar elec tro de (i.d. 3.5 mm) con nec ted
to the RF ge ne ra tor and ope ra ted in two
con fi gu ra tions with: (i) sin gle ring elec -
tro de at 5 mm abo ve the tu bu lar elec tro -
de; (ii) two ring elec tro des spa ced at 60
mm. Ar flow ra te as pla sma sup port and
ae ro sol car rier (0.4 L min–1).

Sam ple Con cen tric pneu ma tic ne bu li zer, pe ri stal-
in tro duc tion system  tic pump and Scott spray cham ber. Ae ro -

sol in ta ke in to the pla sma co re through
the tu bu lar elec tro de (1 m L min–1, 5% ne -
bu li za tion ef fi ciency).

Op tics 190–800 nm high-re so lu tion scan ning
mo noc hro ma tor, 1 m Czerny-Tur ner mo -
un  ting, 2400 gro ves mm–1, gra ting bla zed
at 330 nm, 20 μm slits width, EMI 9781R
pho to mul ti plier tu be.
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whi le in the two rings ar ran ge ment the di stan ce bet ween
them was 60 mm. For both ar ran ge ments it was ob tai ned a
stab le pla sma with good ato mi za tion and ex ci ta tion ca pa -
bi lity of ele ments even in the pre sen ce of al ka li and earth-
al ka li ma tri ces.28,30 The li quid sam ple was pneu ma ti cally
in tro du ced in to pla sma through the cen tral tu bu lar elec tro -
de using 0.4 L min–1 Ar sup port gas via a Mein hardt ne bu -
li zer and a Scott spray cham ber.26

3. Re sults and Dis cus sions

3. 1. Pla sma Cha rac te ri za tion 
At mosp he ric pla sma sour ces are clas si fied in to LTE

pla smas and non-LTE types. In Ar non-LTE pla sma the
fol lo wing se quen ce of tem pe ra tu res exists: TAr ion > Te >
Tion > Tex > Tg ≈ Trot, whe re TAr ion – Ar io ni za tion tem pe ra -
tu re; Te – elec tron tem pe ra tu re; Tion – analy te io ni za tion
tem pe ra tu re; Tex – analy te ex ci ta tion tem pe ra tu re; Tg – gas
tem pe ra tu re; Trot – ro ta tio nal tem pe ra tu re.

De via tion from LTE in the pla sma un der study was
es ti ma ted using three cri te ria: (i) re la tions hip bet ween Te
and Tg; (ii) de via tion from the li nea rity of the Bolz mann
plot of ato mic li nes and (iii) elec tron num ber den sity (ne).
The Tg was con si de red as Trot of OH ra di cals re sul ted from
the ne ga ti ve slo pe of the Bolz mann plot using li nes from
the R branch of mo le cu lar band 308.90 nm (A2Σ+, ν = 0
→ X2Π, ν = 0).27 In ac cord with the ob ser va tion of Al der
et al.36 we ex pec ted that the tem pe ra tu re de ri ved from the
io nic li nes in ten sity could rea so nably es ti ma te Te. Thus,
Te was ob tai ned as the ave ra ge va lue of ex ci ta tion tem pe -
ra tu res of Ca, Mg and Mn io nic spe cies using in each ca se
the two-li ne met hod and spec tros co pic da ta in Tab le 2.37

Tab le 2: Spec tros co pic data for io nic li nes37 

Li ne λ (nm) Eex (e V) g A 108 (s–1)
Ca II 393.367 3.152 5.88
Ca II 501.997 9.980 1.4
Mg II 279.553 4.434 10.72
Mg II 384.821 12.084 0.118
Mn II 259.373 4.778 18
Mn II 407.924 5.225 1.5

Eex – ex ci ta tion energy

Se ve ral aut hors ha ve shown that the re is no uni que
ex ci ta tion tem pe ra tu re for a ther mo me tric spe cies in pla -
sma whe re LTE does not pre vail.36,38 Thus, any de via tion
from the li nea rity of the Bolz mann plot can be in ter pre ted
as an in di ca tor of de par tu re from LTE sta te and shows an
over po pu la tion of va ri ous energy le vels of ele ments. Ac -
cor ding to this ob ser va tion, the devia tion from the li nea -
rity was chec ked for Ar I and Fe I li nes. In the spec trum
of our pla sma only Ar I li nes cor res pon ding to 4p → 4s
tran si tion (690–950 nm) with ex ci ta tion ener gies up to

13.5 e V we re ob ser ved, whi le li nes re la ted to 5p → 4s
tran si tion (415–430 nm) with ex ci ta tion ener gies abo ve 14
e V we re not iden ti fied. It was al so ob ser ved a no ti ceab le
bra ke in slo pe of the Bolz mann plot for Fe I li nes with ex -
ci ta tion energy below and hig her than 5 e V, res pec ti vely.

Elec tron num ber den sity in pla sma es ti ma ted pre vi -
ously from Ca io nic-to-ato mic in ten si ties ra tio27 and Bou -
mans and de Boer equa tion39 was com pa red to the va lue
cor res pon ding to LTE cri te rion pro po sed by Griem.40 Un -
der this cri te rion, in a LTE pla sma ne must ful fils the con -
di tion: 

(1)

whe re: kB – Boltz mann con stant; Te – elec tron tem pe ra tu -
re (K); E2–E1 – energy dif fe ren ce bet ween the ground sta -
te and the first ex ci ted le vel for Ar (11.548 e V); EH+ – io -
ni za tion energy of the hydro gen atom (13.597 e V).

Table 3 pre sents the cha rac te ri stics of Ar pla sma de -
ve lo ped in the torch with sin gle and two ring elec tro des
geo me try. Un cer tain ties of Trot and Tex re sul ted from the
stan dard de via tion of the Bolz mann slo pe, whi le that of Te
from the stan dard de via tion of suc ces si ve mea su re ments of
in ten sity in the two-li ne met hod. Ac cor ding to da ta in Tab -
le 3 pla sma ge ne ra ted in both torch con fi gu ra tions clearly
pre sents de via tion from the LTE re gi me sin ce Te > Tex >
Trot, the re is no uni que ex ci ta tion tem pe ra tu re for a ther mo -
me tric spe cies and the elec tron num ber den sity is lo wer
than that re qui red by the Griem cri te rion. The fea tu res of
our pla sma are in rea so nab le agree ment to tho se re por ted
by Stur geon et al.38 for the ca pa ci ti vely cou pled pla sma in
FAPES sour ce, which al so shows de via tion from the LTE
re gi me. For this sour ce it was re por ted a de via tion from the
Bolz mann li nea rity of Fe I and a hig her Tex for li nes with
ex ci ta tion energy in the ran ge of 5.5–7 e V than for tho se
with ex ci ta tion energy be low 5 e V, res pec ti vely.

3. 2. Io ni za tion De gree of Ele ments 
vs. Io ni za tion Energy
Io ni za tion de grees we re de ter mi ned for Ca, Mg, Mn

and Cd with first io ni za tion ener gies bet ween 6–9 e V.
Mea su re ments we re re cor ded at vie wing heights of 20–24
mm and 16–20 mm cor res pon ding to ma xi mum io nic
emis sion in pla sma torch with sin gle or two ring elec tro -
des, res pec ti vely. Ele ments we re se lec ted ba sed on the
fol lo wing rea sons: in ten se io nic and ato mic emis sion li nes
in spec trum; clo se dis so cia tion ener gies of oxi des for si -
mi lar ato mi za tion de gree; ato mic and io nic li nes with
com pa rab le ex ci ta tion ener gies for si mi lar be ha vior to
tem pe ra tu re va ria tion in pla sma; spec tral li nes of the ele -
ment clo se enough to each ot her to avoid cor rec tion of
emis sion sig nal with res pect to de tec tor res pon se cur ve
and gra ting ef fi ciency; free dom from self-ab sorp tion. Pre -
vi ous re ports on CCP with sin gle and doub le ring elec tro -
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des re vea led the pre sen ce of emis sion li nes of atoms and
sin gle char ged spe cies of Ca, Mg, Mn and Zn.26

Tab le 3: Cha rac te ri stics of Ar pla sma torch with sin gle and two
ring elec tro des

Pa ra me ter CCP with sin gle CCP with  
ring elec tro de two ring 

elec tro des
Trot OH (K)a 2450 ± 50 2670 ± 50
Tex Ar I 4p→4s (K)b 4200 ± 230 4980 ± 540
Tex Fe I (<5 e V) (K)b 3200 ± 250 3325 ± 280
Tex Fe I (>5 e V) (K)b 4850 ± 210 7535 ± 300
Te (K)c 6920 ± 500 8200 ± 700
ne in our pla sma (cm–3)d 1013 4.5 1014

ne Griem cri te rion (cm–3)e >1.2 1017 > 1.3 1017

a from Bolz mann plot of the OH mo le cu lar band 308.90 nm (A 2Σ+, ν
= 0 → X 2 Π,  ν’ = 0),27     b from Bolz mann plot of Ar I and Fe I li nes
using spec tros co pic da ta from,34 c from the two-li ne met hod (Tab le
2),    d from the Bou mans and de Boer equa tion39 for the in ten sity ra -
tio Ca II 393.367 nm/Ca I 422.673 nm,   e from the Griem equa tion40

On ce es tab lis hed the pla sma de via tion from LTE re -
gi me, the io ni za tion de gree of each ele ment was cal cu la -
ted ba sed on: (i) ra tio of num ber den sity of io nic and ato -
mic spe cies de ter mi ned from the re la ti ve in ten si ties of io -
nic and ato mic li nes and (ii) num ber den sity of io nic and
ato mic spe cies in ac cord with the io ni za tion equi li brium
des cribed by the Sa ha’s equa tion. Only sin gle char ged
ions of ele ments we re con si de red in this study. The re sults
we re used to find the ave ra ge io ni za tion de gree (α) and
the cor res pon ding un cer tainty. 

The io ni za tion de gree ob tai ned from the ra tio of io -
nic-to-ato mic emis sion in ten sity ac cor ding to ref.10,17 was
com pu ted using both Tg and Tex of ato mic spe cies.

(2)

whe re: I – in ten sity of the spec tral li ne at λ; B(T) – elec -
tro nic par ti tion func tion of neu tral and sin gle io nized spe -
cies de pen dent on tem pe ra tu re; g A – tran si tion strength
(s–1); (Eex)atom and (Eex)ion – ex ci ta tion ener gies of ato mic
and io nic li nes used in mea su re ment; kB – Boltz mann con -
stant; T – tem pe ra tu re as Tg and Tex.

The io ni za tion de gree cal cu la ted using the Sa ha’s
equa tion is:

(3)

whe re: ne – elec tron num ber den sity in pla sma (cm–3); Tion
– io ni za tion tem pe ra tu re (K) of the ele ment; Eion – io ni za -
tion energy.

The elec tro nic par ti tion func tions of atoms and ions
of ele ments for both pla sma con fi gu ra tions we re cal cu la -

ted using the equa tion of de Ga lan et al.41 for Tg (Tab le 3),
Tex and Tion of ato mic spe cies (Tab le 7). The ex ci ta tion
tem pe ra tu res of ato mic spe cies we re es ti ma ted from the
Bolz mann plots:

(4)

whe re: I – cor rec ted net peak in ten sity con si de ring the
con vo lu tion of the gra ting and de tec tor ef fi ciency in co -
njunc tion with the wa ve length; g A – tran si tion strength;
Eex – ex ci ta tion energy of the up per le vel of the tran si tion. 

Spec tros co pic da ta used to com pu te Tex of ato mic
spe cies of Ca, Mg, Mn and Cd are pre sen ted in Tab le 4.
The io ni za tion tem pe ra tu res re sul ted from the ra tio of io -
nic-to-ato mic emis sion li nes using Bou mans and de Boer
equa tion39 ba sed on da ta in Tab les 5 and 6. Va lues of Tex
and Tion of ele ments are pre sen ted in Tab le 7. 

Tab le 4: Spec tros co pic da ta for ato mic li nes used to cal cu la te ex ci -
ta tion tem pe ra tu res of ato mic spe cies of Ca, Mg, Mn and Cd37

Ele ment λ (nm) Eex (e V) g A 108 (s–1)
Ca 445.589 4.680 1

504.162 5.167 0.99
518.885 5.321 2
526.556 4.876 1.3

Mg 285.213 4.346 14.7
383.829 5.946 2.02
517.268 5.108 1.01
518.360 5.108 1.68

Mn 279.827 4.429 22
403.307 3.073 0.99
403.875 6.832 0.38
405.554 5.198 3.45

Cd 228.812 5.417 16
361.051 7.379 9.1
479.911 6.383 1.2
508.582 6.383 1.7

Tab le 5: Spec tros co pic da ta for li nes used to cal cu la te io ni za tion
tem pe ra tu re and io ni za tion de gree of ele ments37

Li ne λ (nm) Eex Eion g A 108 Eox, di soc
(e V) (e V) (s–1) (e V)

Ca I 422.673 2.932 6.11 6.54 5.0
Ca II 393.367 3.152 – 5.88 –
Mn I 279.482 4.435 7.42 30 4.0
Mn II 259.373 4.778 – 18 –
Mg I 285.213 4.346 7.64 14.7 4.4
Mg II 279.553 4.434 – 10.72 –
Cd I 228.812 5.417 8.99 16 3.8
Cd II 214.441 5.780 – 11 –

Eex – ex ci ta tion energy; Eion – io ni za tion energy; Eox, di soc – dis so cia -
tion energy of oxi des
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Tab le 6: Ra tio of io nic-to-ato mic emis sion used to cal cu la te the io -
ni za tion tem pe ra tu re and io ni za tion de gree of Ca, Mg, Mn and Cd 

Ele- Io nic/ato mic CCP with sin gle CCP with two 
 ment li ne (nm) ring elec tro de ring elec tro des

In ten sity Ob ser va - In ten sity Ob ser va- 
ra tio tion height ra tio  tion height 

(mm) (mm)

Ca 393.367/422.673 0.40 24 1.0 16
Mg 279.553/285.213 0.30 22 1.0 16
Mn 259.373/279.482 0.16 20 0.50 16
Cd 214.441/228.812 0.06 24 0.40 18

Tab le 7: Ex ci ta tion tem pe ra tu re (Tex) and io ni za tion tem pe ra tu re
(Tion) of ato mic spe cies of Ca, Mg, Mn and Cd 

Ele - CCP with sin gle ring CCP with two ring 
ment elec tro de elec tro des

Tex (K)a Tion (K)b Tex (K) a Tion (K) b

Ca 3290 ± 230 3900 ± 150 4210 ± 250 5300 ± 90 
Mg 3670 ± 120 4690 ± 80 4550 ± 210 6200 ± 160
Mn 3550 ± 185 4690 ± 100 4250 ± 300 6380 ± 180
Cd 3460 ± 120 5290 ± 120 4190 ± 200 6950 ± 180

a from the ne ga ti ve slo pe of Bolz mann plot, whi le un cer tainty from
the stan dard de via tion of slo pe; cor re la tion coef fi cient bet ween
0.963–0.995,    b from Bou mans and de Boer equa tion; un cer tainty
re sul ted from 5 suc ces si ve mea su re ments of emis sion in ten sity 

The re la tions hip bet ween the ave ra ge io ni za tion de -
gree of ele ments and their first io ni za tion energy is pre -
sen ted in Fig. 2. Er ror bars cor res pond to re la ti ve stan dard
de via tion (%) of io ni za tion de gree found from the ra tio of
io nic-to-ato mic emis sion and Sa ha’s equa tion. 

Fi gu re 2: Ave ra ge ioni za tion de gree of ele ments vs. io ni za tion en-
ergy in CCP with sin gle ring elec tro de (A), α = 124.51 – 9.506x Eion
(r = 0.991) and two ring elec tro des (B), α = 110.51–4.180x Eion (r =
0.950). Eion – io ni za tion energy. Er ror bars cor res pond to re la ti ve
stan dard de via tion (%).

As shown in Fig. 2 the io ni za tion de gree de crea sed
li nearly with the io ni za tion energy of ele ments. Pla sma in
two ring elec tro des con fi gu ra tion ac hie ved an io ni za tion
de gree up to two ti mes hig her than pla sma with sin gle
ring elec tro de as in di ca ted by the slo pes of the cur ves.
Thus io ni za tion de grees we re 85 ± 7% Ca (6.11 e V), 79 ±
7% Mn (7.42 e V), 80 ± 7% Mg (7.64 e V) and 73 ± 8% Cd
(8.99 e V) in two ring elec tro des pla sma and de crea sed to
70 ± 6% Ca, 57 ± 7% Mn, 57 ± 8% Mg and 42 ± 9% Cd in
pla sma with sin gle ring elec tro de. Re sults are con si stent
with a hig her in crea se of io nic emis sion for pla sma ope -
rated in two ring elec tro des con fi gu ra tion. The in crea se of
io nic emis sion was in ver sely pro por tio nal with io ni za tion
energy of ele ments, na mely 2.5 ti mes for Ca, 3.1 for Mn,
3.3 for Mg and 6.7 for Cd, res pec ti vely. 

Io ni za tion de grees in sin gle ring elec tro de pla sma
com pu ted using the Sa ha’s equa tion and Tion of ele ments
we re hig her by 13% for Ca, 9% for Mg, 13% for Mn and
14% for Cd that tho se re sul ted from the ion-atom emis -
sion in ten sity ra tio at Tg and Tex. As for the two ring elec -
tro des pla sma, the io ni za tion de grees we re hig her by 12%
for Ca, 24% for Mg, 18% for Mn and 32% for Cd. Dif fe -
ren ces are grea ter as the io ni za tion energy of ele ment and
Tion in crea se, or pla sma de par tu re from LTE is mo re pro -
noun ced. One can say that io ni za tion de grees gi ven by Sa -
ha’s equa tion are clo ser to rea lity sin ce in cal cu la ting the
ion-atom ra tio all spe cies are ta ken in to con si de ra tion re -
gard less the ex ci ta tion sta te. Mo reo ver, the io ni za tion pro -
cess is go ver ned by the elec tro nic den sity in pla sma and
oc curs by col li sion at a tem pe ra tu re hig her than Tg. In ot -
her words, io ni za tion de grees re sul ted from the ra tio of io -
nic-to-ato mic emis sion li nes as su ming LTE in pla sma are
only in di ca ti ve. 

Io ni za tion de grees of Mg and Cd in our pla sma we -
re com pa rab le with tho se re por ted in ot her pla sma sour ces
with si mi lar ope ra ting con di tions and sho wing de par tu re
from LTE. Thus, Rah man and Bal des10 re por ted io ni za -
tion de gree of 83% for Mg and 48 % for Cd in CCP with
two pa ral lel-pla te elec tro des ope ra ted at 200 W and 1 L
min–1 Ar flow ra te. Lu et al.17 found io ni za tion de grees of
40–90% for Cd, Cr, Fe and Zn in the FAPES sour ce at po -
wer le vels up to 100 W. In the sa me ti me the io ni za tion de -
gree of Cd in the sin gle ring elec tro de pla sma was clo se to
49%, va lue re por ted in mi cro wa ve in du ced pla sma,42 whi -
le in the two rings con fi gu ra tion it was hig her. 

3. 3. Ef fect of Na Cl Ma trix Con cen tra tion 
on Io ni za tion De gree of Cal cium
The inf luen ce of Na Cl ma trix up to the con cen tra -

tion of 400 μg m L–1 Na on Ca io ni za tion de gree is de pic -
ted in Fi gu re 3. The sa me met ho do logy as abo ve was used
to eva lua te the io ni za tion de gree of Ca at op ti mum ob ser -
va tion height (Tab le 6). As shown in Fi gu re 3, the Na Cl
ma trix di mi nis hed the io ni za tion ca pa bi lity of pla sma in
both con fi gu ra tions, alt hough in dif fe rent ex tent. The de -
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pres si ve ef fect of Na Cl on the io ni za tion de gree of Ca in
pla sma ge ne ra ted in two ring elec tro des torch was two ti -
mes lo wer than in that with sin gle ring elec tro de as de -
mon stra ted by the slo pes of the cur ves in Fig. 3. This
means that pla sma in two ring elec tro des con fi gu ra tion is
less al te red by high con cen tra tion of ea sily io ni za tion ma -
trix. The io ni za tion de gree of Ca de crea sed al most li -
nearly with Na con cen tra tion up to 400 μg m L–1 from 70 ±
6% to 53 ± 6% (r=0.995) and 85 ± 7% to 79 ± 4% (r =
0.969) in pla sma with sin gle ring and doub le ring elec tro -
des, respectively. The li near de crea se of Ca io ni za tion as
the Na con cen tra tion in crea sed was cau sed by the shift in
io ni za tion equi li brium to ward neu tral spe cies and par tial
con sump tion of pla sma energy for va po ri za tion, ato mi za -
tion and ex ci ta tion of ma trix com po nents. Re sults agreed
with pre vi ous ob ser va tions on the de pres si ve ef fect of 
Na Cl ma trix on Ca ato mic and io nic emis sion and the in -
crea sing one on mo le cu lar emis sion of Ca OH 554 and 622
nm in both elec tro de geo me tries of CCP torch.27 The de -
crea se of Ca io ni za tion de gree was si mi lar to that ob ser -
ved by Rah man and Bla des10 for Mg in the pre sen ce of Na
in CCP with two pa ral lel-pla te elec tro des. 

Fi gu re 3: Ef fect of Na con cen tra tion on Ca io ni za tion de gree in
sin gle ring elec tro de pla sma (A), and doub le ring elec tro de pla sma
(B). Er ror bars cor res pond to re la ti ve stan dard de via tion (%).

4. Conc lu sions

It was de mon stra ted that a ca pa ci ti vely cou pled Ar
pla sma torch with sin gle or two ring elec tro des ope ra ted
at 275 W was ca pab le to ac hie ve ele ment io ni za tion. Our
pla sma sho wed de via tion from the LTE re gi me and the io -
ni za tion de gree re sul ted from the Sa ha’s equa tion at Tion
was clo ser to rea lity and hig her by 9–32% than that cal cu -
la ted using io nic-to-ato mic in ten sity ra tio at LTE. For
both geo me tries of the torch the io ni za tion de gree de crea -

sed li nearly with the in crea se of the io ni za tion energy of
ele ments. Pla sma torch with two ring elec tro des ac com -
plis hed an io ni za tion de gree up to two ti mes hig her than
that ope ra ted with sin gle ring. The pre sen ce of ea sily io ni -
zab le ele ments such as Na cau sed a li near de crea se of Ca
io ni za tion de gree as a re sult of shift in io ni za tion equi li -
brium to wards neu tral spe cies. The sup pres sion of io ni za -
tion in du ced by the Na Cl ma trix was mo re evi dent in pla -
sma torch with sin gle ring elec tro de. The in ve sti ga ted
CCP torch is at trac ti ve be cau se of low Ar con sump tion
and could be a va luab le ion sour ce for mass spec tro me try.
Ho we ver the io ni za tion de gree is only one pa ra me ter for
as ses sing the ca pa bi lity of pla sma for mass spec tro me try
as the study of di- and pol ya to mic in ter fe ren ces is equally
im por tant.
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Povzetek
Okarakterizirali smo kapacitivno sklopljeno Ar plazmo srednje jakosti z majhno porabo Ar (275 W, 0,4 L min–1), z
molibdenovo cevno elektrodo ter enojnimi ali dvojnimi obro~nimi elektrodami pri odstopanju od lokalnega termodi-
namskega ravnote`ja (LTE). Opazovana karakteristika je bila zmo`nost ionizacije elementov. Stopnjo ionizacije Ca,
Mg, Mn in Cd smo dolo~ili iz emisijskega razmerja ioni-atomi in ionizacijskega ravnote`ja po Sahovi ena~bi. Stopnje
ionizacije po Sahovi ena~bi so bile za 9–32 % vi{je od stopenj, dolo~enih iz intenzitet spektralnih ~rt v LTE re`imu, ter
bli`e realnemu stanju. Opazili smo linearno zni`evanje ionizacije glede na zvi{evanje ionizacijske energije elementov.
V plazmi z dvema obro~nima elektrodama so bile stopnje ionizacije vi{je (85 ± 7 % Ca, 79 ± 7 % Mn, 80 ± 7 % Mg in
73 ± 8 % Cd) kot pri plazmi z enojnim obro~em (70 ± 6 % Ca, 57 ± 7 % Mn, 57 ± 8 % Mg in 42 ± 9 % Cd). Ionizacija
Ca se je linearno zni`evala do 79 ± 4 % pri dvojni in do 53 ± 6 % pri enojni obro~ni elektrodi v prisotnosti do 400 μg
mL–1 Na kot interference. Prou~evana plazma je u~inkovito ionizirala elemente in bi lahko bila potencialni ionski izvor
za masno spektrometrijo.


