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ABSTRACT: An air-cooling torch was developed for argon-based inductively coupled plasma mass spectrometry (ICP-MS). 

The plasma gas aperture-width was decreased to 0.5 mm to permit the ignition of 

argon plasma at an RF power of 800 W with a plasma gas of 8.0 L/min. A stable 

argon plasma was achieved at an RF power up to 1,600 W by introducing 20 L/min 

of air as cooling-gas. The signal intensity of 89Y+ obtained with the present air-cooling 

torch at an RF power of 1,550 W and a plasma gas of 8.0 L/min argon was around 

20 % higher than that obtained with a normal torch operated at normal condition. The 

ratio of oxide ion (<2.0 %) for Ce with the present torch was comparable to those 

obtained with a normal torch. Long-term stability (over 12 h) and the service life 

(over one year) of the present torch were also comparable to a normal torch.  
 

INTRODUCTION 

Argon-based inductively coupled plasma (ICP) is the dominant 

powerful ionization source for atomic analysis, both for optical 

emission spectrometry (OES) and mass spectrometry (MS). 

Commercial ICP-OES and ICP-MS instruments are operated with 

quite a large argon consumption (approximately 20 L/min), which 

accounts for a big portion of the running cost of the instruments.  

It is notable that over 50 % of argon consumption for commercial 

ICP instrument was used for cooling the ICP torch to prevent it 

from melt by the extremely high temperature. As a candidate 

technique for suppressing the running cost of ICP, low argon 

consumption torches had been developed by many research 

groups.1  

Water cooling 2-9 and radiative cooling10,11 had been respectively 

studied as alternative cooling approaches instead of argon gas 

cooling, while more works on air-cooling torches had been 

reported in this century.12-16 Most of these approaches achieved 

stable argon plasma with much lower argon consumption 

(reducing 50 % or even 90 % of consumption) than the normal 

torch provided for commercial instruments. It is notable that 

broken of the torch due to heat tension was observed when water 

cooling was applied,3 which limited the application of these 

torches for daily analysis. The torch with radiative cooling was 

operated at lower power, resulting in apparently deteriorated 

analytical performance in comparison to a normal torch.10,11 By 

contrast, air-cooling approaches provided a more robust argon 

plasma with significantly reduced argon consumption. Air-cooling 

can be achieved by an additional outer jacket to a Fassel torch,12,13 

by enhanced vortex flow ICP torch,14 or by Static High sensitivity 

IcP (SHIP) torch with a ball-shaped excitation zone.15,16 These 

works showed that air-cooling can be a potential approach for 

practical ICP with low argon consumption. However, stability at 

high radio-frequency (RF) power is challenging for air-cooling 

torches with an outer jacket.12,13 The enhanced vortex flow ICP 

torch can be used for Ar-ICP and He-ICP.14 The SHIP torch 

showed strong and potential use for ICP-OES measurements.15,16 

All these torches were claimed capable to provide analytical 

performance with reduced Ar consumption but still comparable to 

that obtained with a normal torch. There are multiple manufactures 

released instruments with low-argon-consumption torches, e.g. 

HITACHI PS3500DD II ICP-OES and Shimadzu 2040/2050 ICP-

MS. Nevertheless, there is not commercially available air-cooling 

torch for daily analysis by ICP-MS, partly attributable to the lack 
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of robustness and the vulnerability to high RF power. To overcome 

these problems, a new air-cooling torch was developed and 

evaluated in the present work, with special attention paid to swirl 

flow enhanced stability of the plasma. 

EXPERIMENTAL 

Design of the air-cooling torch. The design of the present air-

cooling torch was basically based on the Fassel ICP torch. The 

structure of the torch is schematically shown in Fig. 1. As can be 

seen from Fig. 1, the present torch has 3 types of gas inlets in 

additional to the central tube for connection with the spray 

chamber through a ball joint.  These gas inlets are one auxiliary 

gas inlet, a pair of plasma gas inlets, and a pair of cooling gas inlets. 

Both of plasma gas and cooling gas have a pair of inlets to enhance 

the vortex flow of gases in the plasma, which help to form a more 

stable plasma.15 

Instruments. An ICP-MS of Agilent-7500c was used for 

evaluating the present torch, where a customized adaptor was 

made to mount the present torch.  Deionized water used 

throughout the present experiment was prepared using a Millipore 

purification system (Nihon Millipore Kogyo). A mass-flow 

controller (SEC-E50MK3-30LM, HORIBA) and an air-

compressor (HX7007, AS ONE) were used for providing cooling-

air to the torch. 

Chemicals and samples. A tuning solution for ICP-MS (1 ng/mL 

of Li, Co, Y, Ce, and Tl, each in 0.3 mol/L nitric acid) was 

purchased from Agilent Technologies Japan. Ultrapure® grade 

HNO3 (60 %) used throughout the present experiment was also 

purchased from Kanto Chemical Co. Inc. 

RESULTS AND DISCUSSION 

Optimization of the torch design for maintaining argon 

plasma with low argon-consumption. Considering the 

additional outer jacket for air-cooling, the outer diameter of the 

tube for plasma gas was decreased by 4 mm (from 20 mm to 16 

mm) to fit the load coil in commercial ICP-OES and ICP-MS 

instruments. 

In order to suppress the consumption of argon gas, plasma gas 

for ignition was set to 8.0 L/min in the present work.  

Considering that the plasma gas aperture-width in normal ICP 

torch is approximately 0.9 mm, a preliminary test was carried out 

with a modified torch as given in Fig. 1, where the plasma gas 

aperture-width was 0.9 mm. It was found that this torch was not 

able to ignite argon plasma. The RF power was set to 800 W for 

ignition and to avoid the overheat of the torch. 

 

 

 

 

Fig. 1 Structure of the air-cooling torch. (Note, the structure is not strictly 

drawn to scale.) 

It had been reported that decrease of the plasma gas aperture-

width (i.e. entrance area) permitted ignition of argon plasma at 

lower plasma gas.17 Therefore, an air-cooling torch was made with 

a plasma gas aperture-width of 0.5 mm. As a result, stable argon 

plasma was ignited by using this torch, with a plasma gas of 8.0 

L/min and RF power of 800 W. 

The torches tested in the present work were worked with a 

plasma gas flow rate of 8 L/min; the linear velocity of argon gas 

was approximately 14 m/s and 24 m/s, respectively, when the 

plasma gas aperture-wide was 0.9 mm and 0.5 mm. The linear 

velocity of argon gas was calculated as the ratio of AFR/CSA, 

where AFR and CSA are the argon flow rate and the cross-

sectional area of the aperture, respectively. By contrast, when a 

normal ICP torch with plasma gas aperture-width of 0.9 mm was 

operated with a plasma gas flow rate of 15 L/min, the linear 

velocity of argon gas was approximately 20 m/s. These parameters 

indicate that the modified air-cooling torch with a plasma gas 

aperture-width of 0.5 mm provided sufficiently high argon gas 

linear velocity for igniting argon plasma with a plasma gas flow 

rate of 8.0 L/min. Therefore, this torch was used for the following 

experiments. 

Investigation of argon plasma with air-cooling. In the above 

section, generation of argon plasma was confirmed with the 

present torch at a plasma gas flow rate of 8.0 L/min and an RF 

power of 800 W, where cooling gas was not used.  In order to 

keep stable argon plasma at higher RF power without increasing 

the argon plasma gas, air was used as cooling-gas in the following 

experiments. 

The argon plasma was ignited with a plasma gas of 8.0 L/min 

and an RF power of 800 W, with an auxiliary gas of 0.9 L/min 

argon. After that the RF power was gradually elevated to the 

maximum value of 1,600 W along with gradually increasing the 

flow rate of air as cooling-gas. It was found that the flow rate of 

air at 20 L/min was sufficient for keeping a stable argon plasma 

even operated at an RF power of 1,600 W. A picture of the plasma 

is representatively shown in Fig. 2. 
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Fig. 2 Argon plasma generated with air-cooling torch. (Plasma gas, 8.0 

L/min argon; Auxiliary gas, 0.9 L/min argon; Cooling-gas, 20 L/min air; 

RF power, 1,550 W.) 

 

 

 

 

 

Fig. 3 RF power and plasma gas flow rate conditions for stable argon 

plasma with the present air-cooling torch. 

 

 

 

 

 

Fig. 4 A comparison of signal intensities for 89Y+ measured by ICP-MS. (Y 

concentration, 1.0 ng/mL; Carrier gas, 1.05 L/min argon; Auxiliary gas, 0.9 

L/min argon; RF power 1,550 W; Plasma gas, 15 L/min argon for normal 

torch, 8.0 L/min argon for air-cooling torch; Cooling gas, 20 L/min air for 

air-cooling torch.) 

A further investigation on the RF power and the plasma gas flow 

rate was carried out to confirm the flexibility of operating 

conditions for the present torch. The investigation was performed 

by setting the cooling-gas flow rate at 20 L/min after ignition of 

the plasma. The ranges for the RF power and the plasma gas flow 

rate were 0 W to 1,600 W and 0 L/min to 15 L/min, respectively. 

The signal intensities of elements in the tuning solution were 

monitored to check the stability of the plasma. The results about 

the stability of the plasma are illustrated in Fig. 3. It can be seen 

from Fig. 3 that stable argon plasma (green zone) can be achieved 

at a large range covering an RF power from 150 W to 1600 W and 

a plasma gas flow from 2.5 L/min to 15 L/min. Stable argon 

plasma cannot be achieved when the RF power was under 150 W 

or when the plasma gas flow rate was under 2.5 L/min. When the 

RF power was over 400 W, destroy of the torch by overheat was 

observed at lower plasma gas flow rates. Increase of plasma gas 

flow rate from 2.5 L/min up to 8.0 L/min was required with the 

increase of the RF power from 400 W to 1,600 W so as to keep a 

stable argon plasma without destroy of the torch by overheat. 

A comparison of the present air-cooling torch with reported 

ones are summarized in Table 1. As can be seen from Table 1 that 

the present work provides an air-cooling torch capable for 

achieving argon plasma at quite flexible operating conditions for 

plasma gas flow rate and RF power, especially for an RF power 

up to 1,600 W. It is notable that the SHIP type air-cooling torch 

can be operated without using argon plasma gas,15, 16 but the RF 

power was 1,100 W. The robustness of the present torch can be 

attributed to the enhanced linear velocity of the argon plasma gas, 

which had not fully investigated in air-cooling torches reported up 

to now. In addition, a strong swirl flow of this argon plasma gas 

was ensured by reducing the inner diameter of the inlet(s) of the 

plasma gas from 4.0 mm (normal torch, one inlet) to 0.9 mm 

(present torch, two inlets). This structure resulted a linear velocity 

of argon gas comparable to that of a normal torch working with 15 

L/min argon plasma gas. 

A comparison of signal intensities for 89Y+ measured by ICP-

MS. To check the performance of the present air-cooling torch, 

signal intensities of 89Y+ was obtained with the ICP-MS, in 

comparison to that obtained by a normal torch. The measurement 

was carried out with a solution containing 1.0 ng/mL of Y in 0.3 

mol/L nitric acid. The operating conditions are as follows: carrier 

gas, 1.05 L/min argon for both torch; Auxiliary gas, 0.9 L/min 

argon for both torch; RF power 1,550 W for both torch; Plasma 

gas, 15 L/min argon for normal torch, 8.0 L/min argon for air-

cooling torch; Cooling gas, 20 L/min air for air-cooling torch. 

The results were obtained at sampling depth of 4 mm, 6 mm, 

and 8 mm away from the load coil, respectively. These results are 

plotted in Fig. 4. As can be seen from Fig. 4, signal intensities 

obtained with the present air-cooling torch at sampling depth of 4 

mm, 6 mm, and 8 mm were higher than those obtained with a 

normal torch by 34 %, 22 %, and 24 %, respectively. 
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Table 1. A comparison of the present air-cooling torch and reported air-cooling torches 

Reference Type of torch Plasma gas (L/min) Cooling gas (L/min) RF power (W) Instrument 

Praphairaksit et al.12 Fassel Ar, 4.50 to 4.75 Air, 70 850 ICP-MS 

Hasan et al.13 Fassel Ar, 7 Air, 20 1,000 ICP-OES 

Klostermeier et al.15 SHIP Ar, 0 Air, 40 1,100 ICP-OES 

Engelhard et al.16 SHIP Ar, 0 Air, 40 1,100 ICP-OES 

Miyahara et al.14 Okino Ar, 4.0 to 15 Air, 20 250 to 1,500 ICP-OES 

Present work Fassel Ar, 2.5 to 15 Air, 20 150 to 1,600 ICP-MS 

 

 

 

 

 

 

Fig. 5 A comparison of electro density obtained with a normal torch and the 

present air-cooling torch. (RF power of 1,550 W and auxiliary gas of 0.9 

L/min argon for both torches. Normal torch: plasma gas, 15 L/min argon; 

Air-cooling torch: plasma gas, 8.0 L/min argon; cooling gas, 15 L/min air.) 

 

 

 

 

 

Fig. 6 A comparison of excitation temperature with a normal torch and the 

present air-cooling torch. (RF power of 1,550 W and auxiliary gas of 0.9 

L/min argon for both torches. Normal torch: plasma gas, 15 L/min argon; 

Air-cooling torch: plasma gas, 8.0 L/min argon; cooling gas, 15 L/min air.) 

These results showed that the present air-cooling torch can be 

applied to achieve a stable argon plasm with much lower argon 

consumption in comparison to a normal torch, along with good 

analytical performance for elemental analysis by ICP-MS. 

With the present air-cooling torch, the signal intensities for 7Li+ 

and 205Tl+ (with 1.0 ng/mL each) measured at a sampling depth of 

4 mm were 24000 CPS and 38000 CPS, respectively. These results 

are comparable to the signal intensity of 89Y+ (43000 CPS) 

obtained at the same condition. 

The oxide ion ratio observed as 140Ce16O+/140Ce+ at the sample 

depth of 4 mm, 6 mm, and 8 mm were approximately 1.7 %, 1.7 %, 

and 1.5 %, respectively. These results were almost identical those 

obtained with a normal torch.  The use of air as a cooling gas did 

not increase the production of oxide ions in the present torch, 

which can be attributed to the suppression of entrapment of air 

from the atmosphere. Replacement of air with nitrogen as the 

cooling gas help reducing the oxide ion ratio by approximately 

10 %, indicating the dominating source of oxygen for oxide ions 

was the sample solution. Apparent entrapment of air to the plasma 

was not observed for the present torch, which can be attributed to 

the screening of the plasma away from the atmosphere by the 

cooling air. 

Electron densities and excitation temperature obtained with 

the present air-cooling torch in comparison to those obtained 

with a normal torch. Electron density in the plasma obtained with 

the present air-cooling torch was compared to that obtained with a 

normal torch. For this purpose, electron density was calculated 

based on the stark-broadening of a β-emission line of hydrogen (λ, 

486.133 nm).18 The results are plotted in Fig. 5, covering the 

sampling depth from 0 mm to 20 mm. It can be seen that the 

electron intensities obtained with the present air-cooling torch 

were comparable or higher than those obtained with the normal 

torch, except for that obtained at a sampling depth of 20 mm. 

Excitation temperature obtained with the present air-cooling 

torch was compared to that obtained with a normal torch, where 

the excitation temperature was evaluated following the method by 

Furuta and Horlick.19 The results are plotted in Fig. 6 against the 

sampling depth form 0 mm to 20 mm. As can be seen that the 

excitation temperature obtained with the present air-cooling torch 

was comparable to or higher than that obtained with the normal 

torch in the sampling depth investigated. It is notable that the 

excitation temperature at the sampling depth of 5 mm to 15 mm 

was approximately stable at 6000 K, providing a stable ionization 

source for the analysis by ICP-MS. 

Based on these comparisons of electron density and excitation 
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temperature, it can be expected that the present air-cooling torch 

will work comparable to a normal torch regarding the analysis 

performance, such as signal intensity and oxide ion ratio. 

Long-term stability (over 12 h) and the service life (over one 

year) of the present torch were also comparable to a normal torch. 

CONCLUSION 

An air-cooling torch was developed and evaluated for elemental 

analysis by ICP-MS with decreased consumption of argon gas. 

The design of the torch was basically based on a Fassel ICP torch. 

Decreased plasma gas aperture-width permitted the ignition of 

argon plasma at an RF power of 800 W with a plasma gas of 8.0 

L/min, roughly half of the argon consumption with a normal ICP 

torch. Introduction of air at 20 L/min as cooling-gas helped to 

achieve a stable argon plasma at an RF power up to 1,600 W, along 

with the possibility of further decrease of plasma gas down to 2.5 

L/min argon. The signal intensity of 89Y+ obtained with the present 

air-cooling torch at an RF power of 1,550 W and a plasma gas of 

8.0 L/min argon was higher than that obtained with a normal torch 

at an RF power of 1,550 W and a plasma gas of 15.0 L/min argon. 
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