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BRI IFF

A new 9 mm ICP torch supports an analytical ly useful plasma on 500

wa!.t,; of r.f. power and less than 7 L rinii 1 of argon gas.
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ABSTRACT

A new 9-nLi (i.d.) inductively coupled plasina torch is described which

supports a stable, analytically useful plasma at less than 500 watts of

r.f. power" and 7 L in -i 1 total argon gas flow. Detection limits, working

curv cs and other analy'tical characteristics of the nev device are compared

"ith those of both a miniature (1 3--mm i.d.) and convcitionl 1 (19-nun i.d.)

ICP. Although temperatures of the riew plasma are soiiewhat lo.:c-r than those

in tl:e I: rger plama' , the i.ew system offers promise for fut|;,'e, miniaturizcd

ICP iustru(, nts.
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The current acceptance of the ICP has been stimulated by a number of

favorable performance characteristics (1-6). However, the high initial and

operating costs and large physical dimensions of such devices have limited

their use mostly to larger laboratory facilities with high sample through-

put. In order to expand the use of ICP systems a number of prominent workers

have focussed upon improving the plasma's efficiency by reducing both its

power and gas-flow requirements.

Several new torch designs have been introduced whtich operate on lower

power and argon gas consumption without sacrificing the analytical capabil-

ities of the ICP. A substantial reduction in argon consumption has been

realized by employing water rather than gas for cooling the o.,ter tube of

the torch (7). The water-cooled plasma could be sustained on as little as

2 L min-i Ar, but yielded low sensitivity. Allemand and Barnes (8) used

computer modelling to design torches which not only consumed less gas, but

also ignited more easily. Genna et al. (9), by modifying the tangential

coolant tube inlet of a torch, were able to produce higher swirl velocities

and thereby allow the plasma to be sustained at a 30 to 40% lower argon

flow rate. This latter modification also improved the discharge performance

of the plasma.

An alternative approach toward reducing the argon consumption and

power requirement of an ICP has been to decreasp the size of the torch.

Savage and II.ieftjc (1) hav.- described a reduced-size ICP which operates

at less than I kW of r.f. power and an argon flow of 8 L in-n. Sig-

.t .es th. ..... .. n
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nificantly, these economies have been realized without degrading analytical

performance. There appears to be no fundamental reason why a further re-

duction in the size of the IC' could not be achieved. Allemand et al. (10)

have reported the development and characterization of both 13-mm and 9-mm

ICP torches. The 13-mm ICP performed similarly to conventional ICP's, but

with 20'0 lower argon consumption and 23% less r.f. power. The 9-mm ICP

yielded poorer detection limits, particularly at lower r.f. power levels

.(700 watts). Other performance characteristics of the 9-mm ICP were not

discussed in the coilmunication.

In the present study, a new 9-mm torch is reported which supports a

plasma at approximately 1/3 the r.f. power and less than

half the Ar flow of a conve:tional torch. Although the resulting plasma

yields somewhat greater interelemiient interferences than its larger counter-

part, it offers excellent sensitivity and linearity. Moreover, with its

low operating requirement (500 W, 7 1, min - 1 Ar), it suggests the future

development of compact, inexpensive instrumlentation for ICP spectrometrN.

EXPER I MENTAL
rtVVVVVVkrkr

Selection oP o w ma Si:c and Opei~mting Poer. It is appropriate to

ask the degt ree to whi(h hli,, 1I.1 can be reduced in size and yet remain a

vi able anal)ytical tool . Alth,)oi,.h a jii .... of con.,;Jic rato ns necessary to

answer this question have be,,n effrd before (8,9), a fundamental limit

is posed by the 'skin eff.c c" exihited by all high-frequcncy discharges.

According to tl::. sl. in-effecl m',del, mo:,.t of the energy in such discharges

al .....
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is introduced near the outer boundary (or skin) of the plasma; the energy

introduction decreases in an approximately exponential fashion toward the

plasma center. As a result, the conditions (temperature, conductivity,

etc.) in the plasma center do not markedly influence the coupling of r.f.

energy into the discharge; this feature is responsible in part for the

relative immunity of the ICP to changes in sample aerosol composition.

The distance in the plasma to which the energy-coupling field penetrates

is characterized by the "skin depth" which, by definition, is the depth where

the r.f. energy has been reduced to 36.8% (l/e) of its surface (skin) value.

For a plasma operating at 27.12 flz, the skin depth is approximately 2 mm.

Therefore, at a distance of 4 mm from the discharge surface, the r.f. energy

addition should be only (0.37)2 = 0.13 of its surface value. Stated dif-

fe-.cently, sample sent into the plasma a distance of 4 mm from its surface

should have less than a 13% effect on energy coupling. Taking this degree

of perturbation to be the maximum permissible, the plasma must have a diameter

of at least 8 mm greater than that of the aerosol stream sent into it. As-

suming nearly laminar aerosol flow, and given the 0.75-1.0 mm sample tube

found in most torches, one then calculates a minimum plasma diameter of

9 mm, the size of torch chosen for the present work.

Because it is desirable that the 9-mm plasma operate as well as a con-

ventional one, the smaller torch was sustained at comparable power density.

Using the toruidal model for plasma volume described earlier (1) and inner

and oiitcr toroid radii of 1.5 and 3.5 mnn, respectively, a plasma volume of

m " was calcul,!tvd. To pr, hice in this discharge the same power density

of 11.7 W pini - 3 computed for larlcr (miniature and conventional) plasma, an

r.f. input of ippi oiitely 570 W is ijct'dcd.

-- "
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An empirical means of establishing the optimal ICP input power was

offered by Greenfield and Burns (11) who suggested that sources be compared

on the basis of the signal-to-background (S/B) ratios they provide. Figure

1 reveals the relationship between S/B and r.f. power input for the torch

used in the present study. From a third-order spline fit to these data,

an applied r.f. power of 570 W seems optimal.

Tle foregoing considerations argue that a 9-mm torch operated at an

applied r.f. power near 570 W should provide the most efficient ICP design.

However, practical considerations urge that even lower powers be utilized,

if they are practicable. In particular, extremely inexpensive r.f. power

supplies of 500 11 capabilities have been developed for use in amateur radio

transmissions. Moreover, at power levels of 500 IV and below, compact solid-

state supplies can be employed. For these reasons, we elected to test the

new 9-mm torch at an applied power of 500 1, anticipating that a slight

worsening in analytical characteristics might result.

Instrumentation. Most of the experimental system used in this study

is identical to that described previously (1). Details concerning slight

alterations are discussed below.

Load Coi ls. In order to increase both the electric field strength

and the ri,.aetic J'lux density needed to sustain a smaller plasma (3,8,12,13),

a new water-cool ed load coil was constructed. The new coil consisled of

four turns of 1.6-inln copper tubing, which covered a length of 1 cm in Ihw

p lisa. :and had a diictej o 2 cm, to accomtnoda te the sinaller plasma torch.

A s.l,ai front a Tesla coil served as the plasma igniter.



Plasma Torch. The basic configuration of the torch used in this study,

shown in Figure 2, is the same as that in both the miniature and conventional

ICP (1) except for a reduction in size. In all phases of the development

and construction of this device, hydrodynamic techniques were utilized to

insure proper function (14).

Several design features of the new torch are critical to its proper

operation. The quartz tangential inlet tubes for both the plasma and coolant

gases were constricted to 1.5 mm to increase the swirl velocity. Also, the

outer diameter of the flared-out portion of the plasma tube was increased

to force the coolant gas against the coolant tube and thereby shield the

tube from the plasma and further increase the swirl velocity. The length

(3 nm), shape, and smooth taper of the flared-out portion also proved to

be critical to maintain a stable vortex.

The 0.75-mm center capillary injection tube extended from the base

of the torch to the top of the plasma tube to produce a laminar jet of

sample aerosol. Injection tube diameters from 0.60 to 0.75 mm were examined

successfuilly with the larger diameter being ultimately selected. This

larger diameter permits longer sample residence times in the plasma, but

seems not to markedly affect r,f. energy coupling into the discharge. As

mentioned earlier, the size of the sample channel is especially critical

in this smaller ICP because of the likelihood of the sample aerosol inter-

cepting the energy-coupling "skin" region. The coolant tube extended at

least 12 mm ,bove the plasma tuLe to minimize optical background caused

by entrained air components.

- ,14 I ... ,
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Neljlizer and Spr-ay Chamber. Sample was introduced into the plaisnma

by meians of a cross-flow nebul izer (Model TN-i, P'lasma-Therm Inc. , Kresson,

New Jersey) .The nebulizer was mounted in a teflon cap which fits over

one end of a dual tube spray chamber similar to type 2C described by Schutyser

and Janssons (15). Sample solution was del ivered at a rate of 0.85 mL

min- by a peristaltic pimp. No desolvation apparatus was employed.

Procedu~re for PCtLectionl Limit Determinations and SRM Analyses. The

9-mm ICP was utilized to establish detection limits of various elements and

their concentrations inl NIBS standard reference materials (SIM) . Operating

paraimeters for these (!cterinations are given inl Table 1. For detection

limit invest igacions, the view-,ing region in the plasma was optimized for

each element by rotating the l50-imn (diameter) collction mirror. During

the determination of eight elements in NIIS standard 1571, a compromise

viewing region was selected for the elements of interest. All standard

solit i ns and blank~s WereC lj)projriatoly' matrix-matched for SRH analyses.

Nebulize- flow rate was limited in all cases to 0.86 L min, above

which the plasma had a tendency to extinguish; moreover, below 0.60 L min-1

the pnieumiatic ]i !,1li ::er w:as found not to function efficient] y. Five inca-

stir cniCnt s rnf both ! he samiple anld blanlk we"re uised to Calcul ate thle detection

limit of each element accordimll to the procedure out lined by Winefordner (16)

Plasma FN-ci taltii ' telmpea tire Measiuremenclts. Excitation temperatures

ill the 9-n1:1 p)1 a!_a we (1 detc-i I i us i nt the slope or At om~ic Bo]ltzmann Plot

met hod (17) . Backpround -cori-ccted intensi ties weic obtained for three Fe

emissijon lilWie Th Ovleits xci tt il eeorgies, statistical weigihls,
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and relative transition probabilities are documented elsewhere (19). A

1000 jig mL- 1 solution of Fe was employed. Conditions used during temperature

measurements are identical to those in Table 1 except for a narrowing of

the monochromator slits to 40 pm for better resolution. The observation

zone was centered at 15.5 mm above the load coils and encompassed a 4.1 mm

vertical segment of the plasma.

Plasma Spectral Background Scans. The optical arrangement used for

spectral background scans has been described elsewhere (19). With this

design the viewing region was a rectangle 8 mm high by 80 um wide centered

11 mm above the load coils. Operating conditions for these scans are listed V
in Table 1. Spectral background scans were obtained while a solution con-

taining 100 pg mL- 1 Mn and 10 jig mL- 1 Ca was being sprayed into the plasma.

Plasma Interference Experiments. Classical interferences were examined

with the modified optical design and silicon intensifier tube (SIT) detection

system described in a previous communication (20). A minor alteration was

the placement of a neutral-density filter in front of the entrance

slit of the monochromator to prevent saturation of the detector.

Reag;ents. Stock solutions were prepared according to Dean and Rains

(21). All salts and acids were reagent-grade and water used in dilution

was distilled-deionized. Where necessary, solutions and blanks were matrix-

matched by addition of the appropriate salt and acid.

il~



RESULT'S ANDM) IS CIJSS TON
'\flIVfVVJIJVuAJVJIuA

Plasma Ignition and Ope rating Claracterist ics. Plaisma ignition was

rol at ivc ly simple under the conditions listed in Table 1. The best met hod

for ig~ni t onl was to form ini tia liv a fil1amnitary plasma (9, 12) at low r .f.

power (300D watts). Once the filamentary pla sma was formed, tlic r. f power

i ncrea sed to 'I 1 kw and a conventional toroidal plasma stabili zcd.

Nvxt, the nebulizer pas flow was initiated (cef. Table 1); occasionally

t)of the tii c) initi at ion of nebuii zer gias flow would ext inguish tile

plasma, requirijng the ignition procedure to be repeated. Operating con-

di tionm; wcere then set for tho particular experiment.

Ilur ing operation, the 9-mmn plasma would readily accept sample solutions

up to 1 0,000 1-g m1IL 1 withonut di ffi cul ty. However, it was, fou.,d that salt

bui d1(1 u ill the tip of the capil11ary tube occasionally required ultra sonlic

Sicailing inl a dilUtC acid bath.

I: I ;-til 1011 fl)Cra'tLlre . An cxci Lation tewperature of '1000 K was nlea sured

inl tic 9-111:1 plasma at a hei ght of 15.5 mm above tile load coilis. This tempera -

ture is considerably less thani tile 5000 K assigned to thle conventional (19-mm)

I Cl' (1), bu1t not1 'i aif i c.all1' lower than tile 4300 K of tile minli ature (13 -mOi)

dis ha1~O(1). 1 ~I% r'esponslo th101 is lowe~(r t Ch1i Ora tur( i s tile reduced

powe nsefl tk- (500 I, lathel' than1 Y 5 0 at which thle 9-uuplasma Operates.

NO)e COV'] , U1no opt aillty asc.'te tI this meiuthod of doterminill eg xc i t at ioil

td v:1 ra t IIre S (f 10':) l eFsenss i ii i fi ait I i tie Ji f f er enice be twee0n tie 9-o
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Background Spectrum. As with the miniature and conventional ICP's,

the background of the 9-mm discharge (cf. Figure 3) was found to be complex

and consisted of three types of spectral features: 1) continuum, 2) line

spectra, and 3) band spectra. A detailed discussion of these features as

the) relate to the miniature ICP can be found in a previous communication;

that discussion should apply to the 9-mn ICP as well (23).

Detection Limits. Table 2 lists detection limits for a number of

elements determined in the 9-mm plasma, the 13-nm ICP, a conventional

(19-mm) ICP and literature values. For every element but Fe, detection

limits obtained with the 9-mm torch are not significantly different from

those obtained with the larger plasmas. No explanation can be given for

th-i slightly poorer performance of the smaller discharge for Fe determination.

Analytical Calibration Curves. For the conventional ICP the linearity

of the calibration curves is over 4 to 5 orders of magnitude; similar results

have been obtained with the miniature ICP (1). Calibration curves for the

9-mm ICP, shown in Figure 4, indicate the same wide dynamic range expected

from other ICP systems.

Interferences. To examine the susceptability of the 9-nm ICP to

classical solute vaporization interferences, the influence of phosphate

on the spatial cm1.;sion profiles of both Ca I and Ca 1I. was inves-

tigated. These effects wI-e 0s: ;id at two different r.f. power levels.

Figure 5 illustrates the influence of phosphate on the Ca 1 (422.7 nm) line;

curve A was obta inied from a solution contain-ing 50 Jig mL- I of Ca while
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curve B is from tile same solution but with phosphate added at a molar ratio

of 50 to 1 (P0 4 : Ca). Profile X was obtained at 500 W r.f. poxer and profile

Y at 750 W. The addition of P04 as a matrix interferent clearly causes a

shift in the Ca I emission to regions higher in the plasma. Also, at higher

r.f. power the profile shifts toward lower regions of the plasma. From

these profiles, it is evident that, at an), applied power, phosphate has an

effect on Ca I emission, but that a viewing region can be selected where

the influence would be minial or nonexistent.

The profiles in Figure 6 indicate that P04 causes a significant depression

of the Ca 11 signal rather than just a spatial shift in intensity. Moreover,

changes in applied r.f. power have little effect upon the degree of the

depression. Because of this reduction in intensity, the interference of

P0 4 on Ca II emission caniino be nullified by spatial selection in the plasma,

as was possible for the (a I linc. Although no mechanism can be offered

here for these findinn ;, the Ca I emission line would clearly offer the

better conditions for miim-izing the interference of P04 in a practical

analysis.

The effects of Na and Cs on Ca emission were also examined in the

9-inm ICP. Prof; los were c i ,,d Cor both the Ca I and Ca I1 lines at

r.f. powers of 51)o IV and 750 W. .il3gore 7 shows the influence Cs on Ca I

emission. Jn the 1wo pirofiles of lFi,re 7 curve A represents a 5 mlg nl - 1

Ca Solution and curve B tile Sallie b.lo hut with Cs added at a molar

ratio of 140:1 (Cs:Ca) . '1 00 IV and 750 W there is a sigiiifican:.

enhaicenent of the Ca I Cmi ssion when Cs is present although the enhance-

ment at 750 W ia, somiwhit lower. The influence of Cs on Ca II emission



is shown in Figure 8. At 500 W thre is a significant depression of the

Ca II emission while at 750 W there is relatively little effect (a downward

shift of emission occurs as power is increased). The influence of Na on

Ca emission follows the same pattern as discussed for Cs. j;

Based on those results, viewing regions can be selected to minimize

the effect of an easily ionized species upon Ca. The influence on the Ca II

emission is considerably less than on Ca I, particularly at higher r.f.

power levels and would provide the best analytical conditions. The pattern

displayed by these profiles strongly suggests that the smaller ICP suffers

a greater degree of "ionization" interference than a larger ICP.

It is interesting in Figures 8 and 9 that Ca II profiles peak higher

in the plasma than Ca I profiles under any given set of operating conditions.

Also, although the profiles of both lines are shifted downward by increases

in r.f. power, the shift for the ion line is greater. These trends are the

same as those expected from experience in an analytical flame, where ion-

ization often lags atom formation and is strongly influenced by source

temperature. In the ICP, however, it is doubtful that these straightforward

mechanisms prevail, and further evidence will be needed to completely explain

the observed behavior.

Determination of Various Elements in NBS Standard 1571 Orchard Leaves.

To fairly assess the performance of the 9-nm ICP system, determination of

several elements in a "real" sample was undertaken. Table 3 lists the

,etermined values for eJig ole nrts along with the corresponding certified

values for NBS standard 1571. For all clcmcnts but Mn the values obtained

were. within thc ncc'r la inty range of the certified values. The Mn determination
.1

'I
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wfs only slightly higher thanI the acceptable certified value. The results

indicate that tile 9--n1 1CP Cperforms with good sensitivity and accuracy inl

the routine analysis of' biological material.

CONCLIUS I ONS

Furtit r rcdii ctions in the coiisulpt ion of argon gas and r.f. power

have bteen 1Clicved thl-otigh scaling down the 1CP torch with little loss

of nnalyvtick-A porforu:nice. Th 9--in1111 1o'01 call support a stable plasma

un,lcir more cconomical operain, conditions while accepting sample solution

Sread i l. The ailitv to operil e the sinlaller ICP stably at 500 IV offers

the-' prospect of soliu-state ICP 1-.f. generators, which would reduce both

cost and physical size of 1CPI-AI'S systems.

Ioj CX' r, i 'tC fe Inccs in the cm'ront system are somewhat worse than

ii. ,olivenliol)11a sias lli'c a use i intorrferences from such disparate concomlli-

tauts as Al, P0 4 , Cs , ond Na we rc foul to persist in the mini -]CP even at

~ckat,\ld r. 1. powl Ilevels (75(1 W), they are believed to arise in part from

the effect of, sampl , coumnopnent:s oil tile efficiency of energy coupling into

the dis ha rvie. If t hi; assumption is correct, operating the 9-mm ICl' at

h .,e r |''cj :,'it~ic , .  c-.. . .S MI:') ', iul iupl'ove perorfn ance; at this

hi. ht'r I'rI 'Leicy, I hi. :. n i p ' h w¢on I , rdiccd ;ind in rt ru,; i on of sample

wuiuL -ri:il u, the e -m '-i, iu reii on would be lesse ned.
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Table 1

Gencral Operating Conditions for 9-mm ICV

Plasma Plasma
Ignition Operation

r.f,. power 1.0 kW So0 W

Ar flows (1, ,in-)

coolant 9.8 6,4

plasma 0.42 ---

nebulizcr --- 0.75

,SawpIc ulptae rate --- 1.2 mL min-!

i, )iuochroiat or slits width 50 in (pm .2 A spectral slit width)

height 5 nu

Ti:e Constant 1 sec

iI

.4.



Table 2

Detect ion Limils (lig 1, " 1) in Various ICr Sources

Sjwctr;il 9 -mi 13-mmn Colvent i ona1 19-mm Literature
Line (urn) CT ICP (1) (l.9)-11m) ICP (1) torch

A] 396. IS 4. 3 2 (2)

Ba 11 4!.), 0.6 **0.1 (3)

Ca I1 39 .Y7 0.08 0.07 0.04 0.07 (3)

Cd ?28.80 10 42 13 30 (2)

Cu 32,1.75 1 8 2 1 (3)

Fe 371.9.; 1 10 12 5 (2)

g 25.40 2 2 0.7 (3)

N, SS8.4M) 0.5 0.7 0.2 0.2 (3)

Ni 3,52..45 8 4 156 (2)

I1 405.78 25 33 40 8 (2)

Zn 213.96 10 71 23 10 (12)

SNu),,ci i;, v j ]Mrcr I hcs i- s r t' Iiio)-; r li t" refcrc'n .ces

* ' Not dctc 1icit'd
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Table 3

Results of Analysis of NBS Standard 1571 Orchard Leaves

Using 9-mm ICP Torch

Elemlent Present Study Ccrtified Value

*g *

Ca 2.11 2.09 ± 0.03

K 1.48 1.47 ± 0.03

Nig 0.64 0.62 ± 0.02 -

Fe 313 300± 20

tin 96 91± 4

Pb 47 45± 3

Zn 25 25+ 3

Cu 11 12± 1

'Awt percent

'I

. .4 .. . ,il .' a '



FIGURE LEGENDS

Figure 1. Effect of applied rf power on the signal-to-background ratio

of the new torch at the 422.7 nm Ca line. A 10 jig/m. aqueos

solution of Ca was aspiratcd into the plasma during all signal

measurements; background readings were taken at the same wave-

length with a blank being aspirated.

Yigure 2. Left: 9 mm ICP torch construction. Except for capillary

injector, all tubing is of 1-nim wall thickness.

Right: Photograph of 9 mm 1CP torch.

Figure 3. Typical backgroundspectrum of 9 mm ICP with 100 jig mL- Mn

and 10 pg mL- 1 Ca aspirated into it.

Figure 4. Analytical calibration curves obtained with the 9 mm JCP.

Q Ba II (455.4 nm)
El Na I (588.9 m)

A Ba I (553.6 nm)

K Fe 1 (371.9 nin)

lig,ure 5. Effect of PO,, on Ca T (422.7 nm) emission profiles with changing

rf power levels klramne X, 500 W; Y, 750 W). Curve A represcnts

amalytc (50 jig mL"1 Ca) signal and curve B awi ]ytc plus inter-

fereni (S.,0:l ol; raio Pal :Ca). Rcati\,e :;talcs X, 10";

V. I0('

V -



,. '::ire tO. lffect of P0,, on Ca 11 (393.4 tin) emission profiles with

changing rf poi,'t'r levels (Frame X, 500'; Y, 750 W). Curve A

relpre:ent: analyte (50 jig mul-I Ca) signal and curve B analyte

p U:; tint'i-ferent (50: 1 molar ratio P04 :Ca) . Relative scales
X It& ; Y, It). i

vtr,:j, 7. Effcct of C's on Cai 1 (122.7 nri) emission profiles with chanping

rf power levels (Frame X, 500 W; Y, 750 IV). Curve A represenis

analyte (S jig n ,-' Ca) signal and curve B analyte plus interferent

(110:1 molar ratio Cs:Ca). Relative scales X, 1; Y, 104

Figure 8. Lffcct of Cs oi Ca IT (393.4 in) emission profiles with changin,

rf power levels (Frame X, 500 W; Y 750 W). Curve A represents

analyte (5 jig niL- 1 Ca) signal and curve B analyte plus interferent

(140:1 molar ratio Cs:Ca). Relative scalcs X, 104; Y, i01 .
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