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A comparative study of different torches in the Microwave Induced Plasma is reported. Three types of torches that 

have been used in this area are characterized and compared with each other. Especially, recently developed laminar 

flow torches have been optimized in design and analytical performances. The ratio of inner to outer tubes is found 

to be the most important parameter. As inner tube size increases, recirculating region also increases and consequently, 

sensitivity becomes better. An optimized laminar flow torch has been coupled to a gas chromatography and examined 

for halogen compounds. Detection limits are 25 pg s-1 for Cl and 12 pg s-1 for Br. These values are improved 

over the conventional laminar flow torch.

Introduction

Illium Microwave Induced Plasma (He MIP) has been 

developed as an element-selective emission detector for Gas 

Chromatography (GC) and the system has been widely 

아udied by various researchers.1~7 In his first paper of GC- 

MIP, Beenakker^ employed simple straight capillary quartz 

tubes of which diameter ranging from 0.5 to 3.0 mm. The 

sensitivities reported were in pg s-1 range. However, the 

plasma tube, capillary flow torch (CFT), frequently suffered 

from problems such as memory effect, etching of the inner 

surface of the plasma tube, and wandering of plasma inside 

the torch. To reduce these problems, Bollo-Kamara9 designed 

a Tangential Flow Torch (TFT) which forced plasma gas to 

flow through a specially designed glass centersert. Much like 

a torch of ICP, TFT could provide a self-centered plasma 

inside the torch. Plasma did not touch the wall and showed 

no eMhing problem. Several workers10'13 used TFT in the 

MIP study with some successes. However, due to a large 

amount of plasma gas employed (2-10 L/min) for TFT, the 

sample residence time and consequently, sensitivity is signif­

icantly sacrificed.

A recent development in the area of torch design was 

reported by Bruce et a/.14,15 who employed a laminar flow 

torch (LFT). A stable plasma was formed by laminar flow 

of gas, creating a recirculating region separated from the 

main gas stream. They showed much improvement of detec­

tion limits for Cl and Br compared to TFT. When compared 

to CFT, LFT showed better stability and longer life time. 

The torch required a water-cooled cavity and was operated
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D

Vapor Generator

Figure 1. A block diagram of the experimental system.

Table 1. Instruments and operating Conditoins

Microwave generater: 2쇼5 GHz Mod이 MPGA4 

(Opthos Company) 120W

Cavity: Modified TMoio (double tuned)

MC: PE Mod이 5000 Czemy-Tuner Type,

Focal length: 0.4 m, D-1 (1.3 mm/mm)

PMT: Hamamatsu E717-07

Lenz: Focal length 13 cm, Diameter 4 cm

Spectral Width: 0.04 nm

Vapor Generator System: Lab. built

Gas Chromatograph: Hewlett Packard 5890A

Oven Temp (t): 130-160

Column: Carbowax 20M

Carrier gas: Helium (30-60 mL/min) 

at less than 100 mL min-1 of helium gas. FiEden et al.ie 

also used a laminar flow torch and optimized it for GC. The 

parameters they investigated were sheathing gas flow rate, 

insertion depth, and forward power.

However, there is a great need to investigate on the LFT 

design. Especially, the most important parameter that should 

be studied in laminar flow torch design is the mtio of inner 

to outer tube diameter. The ratio of the outer diameter of 

an inner tube to the inner diameter of an outer tube (R) 

is critical because it affects Reynolds number, which indi­

cates whether the flow is laminar or turbulent. In addition 

to that, the sample residence time will be dependant upon 

the R values. Larger R values can create a larger recirculat­

ing region and increase the sensitivity due to the increased 

sample residence time. The purpose of this research is to 

study three different types of torches (CFT, TFT, LFT) and 

to examine their characteristics as well as their practicality. 

Since LFT has shown the best analytical performances 

among the three, LFT has been selected and studied in de­

tail. Different designs of LFT are examined and optimized. 

Sensitivity and analytical characteristics are studied for dif­

ferent values of R. Improved detection limits are found over 

the conventional laminar flow torch for Cl and Br containing 

compounds.

Experimental

Figure 2. Schematic diagram of three MIP discharge tubes, a) 

capillary flow torch, b) tangential flow torch, c) laminar flow 

torch; A) sample gas, B) plasma gas, C) threaded area, D) plasma 

discharge region.

Instrumentation. A block diagram of the experimental 

system is shown in Figure 1. The instruments and their 

operating conditions are summarized in Table 1. The plasma 

was supported in a modified Beenakker cavity. Microwave 

power was supplied by a 2450 MHz generator. Both forward 

and reflected power was measured by the meter installed 

in front of the generator. The image of plasma was focused 

onto the entrance slit of the monochromator. Sample intro­

duction into the torch was achieved by either a vapor gene­

rator or a GC. For the CFT, swagelok "T” connector and 

a valve were used to adopt the make-up gas which was ne­

cessary to sustain the plasma.

Capillary Flow Torch used in this experiment is a simple, 

open quartz tube with 6.0 mm o.d. and 2.0 mm i.d. Tangential 

flow torch has been constructed according to Bollo-Kamara^ 

design.9 However, in this experiment, the tangential insert 

part is made of PTFE. The detailed description of the design 

is given in elsewhere.17 A schematic diagram of three torches 

is shown in Figure 2. The Laminar Flow Torch is made 

of two concentric tubes as shown in Figure 3. Sample is 

introduced through the center tube and the plasma gas is 

introduced through the outer tube. The size of outer tube 

used is 2 mm or 3 mm i.d. with 6 mm o.d. The o.d. of 

inner tube has been varied from 1.0-2.0 mm. Since the outer 

tube is relatively small, it is rather difficult to make the 

torch concentric. To ease the centering of the inner tube, 

adjusting screws15 are used as shown in Figure 3.

GC and the vapor generating system. A Hewlett- 

Packard Gas Chromatography with a 1/8 in. o.d.X8-ft-long 

stainless steel packed column coated by 2% OV-1 stationary
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Figure 3. Flow design of LFT and centering apparatus.

Table 3. The Detection Limit of 나le Laminar Flow Torch in
GC unit: pg/s

Cl (479.5 nm) Br (470.5 nm)

Normal Condition (R = 0.5) 25 71
High Sensitivity (R = 0.8-0.95) 12 25
The Vapor Generator* 8 8
Bruce et 시.诃 40 62

Table 2. Comparison of Three Types of Torches used in MIP 
system

TFT LFT CFT

Plasma gas flow
rate 1.2-5.0 -0.2 >0.1

(L/min)

Torch o.d. 6.0
Torch i.d. 5.0 2.0-3.0 2.0

(mm)

Stability good good poor

Detection Limit*
Cl (pg/s)

41.5 8.0 0.5*

The vapor generation system is used. *Calculated values using
the equation proposed by reference 18

phase was used throughout the experiment. The injector 

temperature was maintained at 140-160 t with the oven 

temperature kept at 80-130 t. The He carrier gas flow rate 

was 30-60 mL min^1. To prevent condensation of the sample, 

connective tubing was heated using heating tapes with the 

temperature being controlled by a variac.

Sample also could be conveniently introduced by using 

a vapor generator instead of a GC. The vapor generator sys­

tem utilize the effusion phenomenon and it could provide 

a constant sample input. A small leaking vial (diffusion tube) 

which contains a sample to be analysed is put into a rather 

small flask so that the sample could leak out slowly. Helium 

is then passed unto the diffusion tube. Though the concen­

tration is difficult to be known exactly, the generator can 

provide a constant concentration under the constant tem­

perature, diffusion path length, and pressure. Practically, for 

a given apparatus, a constant flow rate over the liquid sample 

will result a constant concentration of sample.

Result and Discussion

Comparison of three types of torches. Experimen­

tal conditions and the performances of three types of torches 

are compared in Table 2. In addition to sample carrier gas, 

plasma gas flow rate is also an important parameter since 

it keeps the plasma at the center of the torch. The plasma 

gas flow rate should be increased when a higher power is 

employed. Usually, CFT gives the best detection limit be­

cause it gives good interaction of the sample with the plasma 

and consumes the least amount of plasma gas. But in terms

Detection Limit is determined based on 3o. *The vapor genera­
ting system is used.

Figure 4. Optimization of plasma gas flow rate for 2 mm LFT.
Inner tubes are 1.0 mm (•) and 1.9 mm (O).

of stability, CFT is not a good choice. The analytical perform­

ance deteriorates fast with time. TFT shows good stability 

and produces a stable plasma. But the torch is fairly difficult 

to construct and more importantly, analytical sensitivity is 

poor. Considering performance and stability, LFT shows the 

best performance and has been used throughout the experi­

ment. The detection limit is obtained when the signal is 

three times larger than that of background while sample 

is fed from the vapor generator or GC. The area of the peak 

obtained is determined by multiplying the peak height by 

the width of the peak at one-half the peak height. The area 

of noise is determined measuring the height of the back­

ground noise and multiplying this by the peak width. The 

ratio of signal-to-noise areas is related to the amount of sam­

ple injected. The diffusion rate of analyte vapor is deter­

mined according to the equation proposed by Altshuller and 

Cohen.18 Thus, the detection limit could be different when 

GC is used. Nonetheless, the trend should be the same rega­

rdless of the sample introduction system.

Optimization of LFT. The plasma gas flow can affect 

both plasma itself and its analytical performances most sig­

nificantly. S/N changes with the plasma gas flow for different 

torch sizes are shown in Figure 4 and Figure 5. Power (120 

W) and sample gas flow rate are fixed and only plasma gas 

flow rate is varied. Figure 4 shows about 2 mm i.d. outer 

tube. Two sizes of inner tubes are used (1.0 mm and 1.9 

mm o.d). Figure 5 shows about 3 mm i.d. outer tube. Also, 

two sizes of inner tubes (1.0 mm and 2.0 mm o.d.) are used.
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—o—2.0 mm 
-----------------------

Figure 5. Optimization of plasma gas flow rate for 3 mm LFT.
Inner tubes are 0.8 mm (•) and 2.0 mm (O).

R (Inner tube/Outer tube)

Figure 6. Changes of S/N of Cl with different sizes of the inner 
tube to outer tube in LFT.

Regardless of the sizes, all of them shows the maximum 

S/N at a certain flow rate.

At low flow rates, deposition of pyrolysis product occurs 

on the inner wall of outer torch. These products can cause 

plasma to wander around inside the torch and consequently, 

decrease sensitivity. The product can not be easily removed 

by acids or heating. At higher flow rates, the rate of deposi­

tion decreased and the stability of plasma improved. How­

ever, after a certain range, S/N decreases because that the 

plasma is cooled and the sample residence time is reduced. 

When the R value (the ratio of inner tube to outer tube) 

is increased (1.9 mm in Figure 4 and 2.0 mm in Figure 

5), the optimum flow rate range is narrowed. As the inner 

tube gets larger for a fixed size of outer tube, apparently, 

the gas flow becomes more critical. The gas flow could be­

come turbulent easily for a larger inner tube because the 

gap between the two concentric tubes is narrowed. Thus, 

the optimum flow range is narrowed. Generally, higher gas 

flow rates create more of eddy flow at the tip of the inner 

tube and consequently, increase the residence time of sam­

ple. S/N is increased with the flow rate accordingly. At 

higher flow rates, plasma can be cooled and the sample resi­

dence time decreases due to high plasma gas velocity. Even­

tually, the flow becomes turbulent and S/N decreases also. 

This type of behavior is more apparent for a large inner 

tube. On the other hand, a small inner tube is less sensitive 

to gas flow rates and responds slowly.

Positional effect of LFT with respect to the cavity is con­

sidered. By moving the LFT inside the cavity, the plasma 

formation is changed. Fielden et a/.16 reported that S/N was 

the best when the inner tube protruded halfway into the 

cavity. Plasma was formed in the open region of the torch 

as well as in the inner tube. However, in our study, S/N 

became worse when the centersert contacted with the plas­

ma. When the distance between the tip of the inner tube 

and plasma is too close, plasma becomes unstable. On the 

other hand, when the distance is too far, sample is easily 

mixed with the plasma gas before it contacts with the plasma 

and consequently, S/N decreases. It is found to be the best 

when the distance between the tip of the inner tube and 

plasma is about 2 mm.

600

500 -

400 -

300 -

200 -

100 --------- 1-------1--------- 1---------- 1------------*------- 1--------- 1----------- 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R (Inner tube/Outer tube)

Rgure 7. Changes of S/N of Br with different sizes of the inner 
tube to outer tube in LFT.

The ratio of inner-to-outer tube size (R) is very critical 

in forming the eddy flow for the LFT. R is varied from 1/2 

to 1 meaning that outer diameter of centersert is about one- 

half the diameter of outer tube to nearly equal to it. Figure 

6 and Figure 7 are showing S/N changes for different sizes 

of inner tube for Cl and Br compounds, respectively. As ex­

pected, S/N increases with R values. Interestingly, sign기 is 

increasing but noise is increasing even more rapidly. This 

can be explained by following reasons. First, the deposition 

of carbon ("carbonizing”)on the wall of the outer tube be­

come signiticant. Furthermore, it becomes more difficult to 

align the torches concentric. Even a little asymmetry can 

cause a large turbulence of gas flow. It is almost impractical 

to make a LFT of which R is close to 1. Though S/N is 

expected to be better, it is not a trivial thing to make several 

torches having large R values yet behaving in the same way. 

Another point that should be considered about R is resolu­

tion. LFT with a large R gives good sensitivity by creating 

a recirculating region at the tip of the inner tube, and in­

creases the sample residence time. However, if samples stay
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CHaCU
MeOH

a)

ELOH

시 V V
Figure 8. GC chromatograms of Cl and Br containg compounds; 
a) contains CH2C12 and CCL* in EtOH b) contains C2H4Br2 and 
CaHBh in MeOH.

in the region too long, resolution is worsened. Thus, too 

large R values are avoided. In the real experiments, R of 

0.5-0.8 is found to be good compromising value. However, 

if sensitivity is considered over resolution, higher R values 

can be used.

Gas Chromatography Studies. An optimized LFT of 

which R value is 0.8 has been interfaced to a packed column 

gas chromatography and the preliminary study has been per­

formed to evaluate the performance of the MIP system as 

an element specific detector. Figure 8 shows that all chlorine 

and bromine compounds could be detected well. The solvent 

also shows some peak intensity due to the change of spectral 

background. Usually, the s이activity i돊 large enough to dis­

tinguish a peak from solvent or noise. In order to correct 

a spectral background, an oscillating quartz plate19 behind 

the entrance slit can be employed. Another approach to elim­

inate background is using a photo-diode array.

The detection limits were determined for the optimized 

LFT for Cl and Br. 0.02 pL of sample was injected to the 

GC system. They are compared to the one reported earlier 

by Bruce et a/.14 and the values are comparable for Br or 

better in case of Cl. However, in this study, straight inner 

tubes are used instead of a bell shaped one employed by 

them. The advantage of using a straight inner tube is easy 

of production, and increased resolution in GC peaks. In 

Bruce's work, the recirculating region is larger and resolu­

tion can be deteriorated significantly. The optimized torch 

in this study shows similar or better detection limit, yet not 

sacrificing resolution severely.
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