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Direct mass spectrometry has been successfully conducted even at a high argon gas pressure of the
order of 1023 Torr, using a Gifford–McMahon cryocooled superconducting magnet with a magnetic
flux density as high as 2 T. A numerical model including collisional effects has been proposed to
describe the performance of an omegatron. The intensity of ion current and the mass resolution as
functions of pressure and magnetic flux density have been obtained experimentally in the case of
argon plasma and compared with those calculated numerically. Collisional effects on the omegatron
performance were clarified by this comparison. Although the mass resolution deteriorates under the
high-pressure condition, it is predominantly improved in proportion to the magnetic flux density.
The collisional effects and the magnetic flux density dependence of the mass resolution at high
pressure are clearly explained by the present numerical model. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1517729#
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I. INTRODUCTION

The omegatron mass spectroscopic analyzer is a de
invented to measure the charge-to-mass ratio of ions
high-vacuum system through the use of cyclotr
resonance.1 In an omegatron, a high-frequency electric fie
is set up normal to a uniform dc magnetic flux density, a
ions are excited at their various cyclotron resonances,f ci

5vci/2p5eB/(2pmi) (e is charge,B is magnetic flux den-
sity, andmi is ion mass!, causing their orbital radii to in-
crease; the current induced when they strike a collecto
measured.

The technique of ion cyclotron resonance has been
plied to mass spectrometry1–5 and isotope separation6–8 with
a small fractional mass difference over a long time, and so
specific attempts to improve mass resolution have b
performed.9,10 In most research studies, background press
in an region of analysis was kept low enough to allow
collisionless analysis to be performed2,4,6 or differential
pumping was applied to maintain the pressure of aro
1025 Torr in the region of analysis, which is reduced by
factor of 102 in comparison with that in a discharg
region.1,3,5 In those studies, the magnetic flux density<1022

T was applied to the region of analysis, except in work c

a!Author to whom correspondence should be addressed; electronic
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ried out by Dawsonet al. where the flux density of;2 T
was produced by a superconducting solenoid coil.6 At the
same time, the mass resolution was predicted theoretic
using exact orbit calculations of a charged particle for a c
lisionless case.1–3,5,6The experimental and theoretical resu
have suggested that in order to increase the resolution, a
differential pumping of the analyzer housing must be e
ployed because the resolution is considerably reduced at
neutral pressure, and a strong and uniform magnetic
density is needed in the region of analysis.

Although the neutral gas pressure of the order of mT
is generally used in the field of plasma processing, little
tention has been paid to ion resonance behavior and no m
spectrometry has been demonstrated at the pressur
around 1023 Torr. Furthermore, little work has focused o
calculations for describing collisional effects on omegatr
performance. Direct mass spectrometry in a plasma prod
tion region without any pump-down system has the adv
tage of enabling us to efficiently analyze ion species a
simplify the apparatus.

In the present study, mass spectrometry has been
ducted using an omegatron and a Gifford–McMahon~GM!
cryocooled superconducting magnet directly in a plasma p
duction region. A high magnetic flux density of up to 2.0 T
applied to the collision-dominated weakly ionized arg
plasma, the pressure of which is of the order of mTorr. F
il:
3 © 2002 American Institute of Physics
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thermore, a numerical model including collisional effects h
been proposed to describe the performance of the omega
First, the mass resolution in the case where ion-neutral
ticle collisions effect the behavior of ions is examined pay
attention to the shapes of ion current spectra. Second,
performance of the omegatron is investigated by varying
operation parameters: the magnetic flux density and ar
gas pressure.

II. EXPERIMENTAL PROCEDURE

A. Apparatus

Figure 1 shows a schematic configuration of the exp
mental apparatus which consists of a GM cryocooled su
conducting magnet, an omegatron mass spectroscopic
lyzer, an argon gas supply and pumping system, a cera
heater and barium oxide~BaO! cathode as the plasma sourc
a stainless steel vessel as the discharge chamber, and an
trostatic Langmuir probe measurement system. The
cryocooler belongs to a class of cooling systems utilizin
gas-compression refrigeration cycle. The refrigeration eff
results from a series of thermodynamic processes acting
the gas, including charging and compression, displacem
and heat exchange with a regenerator, and expansion
heat absorption~cooling effect!.11 The superconducting sole
noid coil ~NbTi! produces a constant magnetic flux density
the axial (z-! direction in the magnet bore of the length
505 mm and diameter of 400 mm. The magnetic flux-den
strength on the axis center of the boreBcenter is <2.0 T and
inhomogeneityDB/Bcenter is less than 1% in the omegatro
region.

The discharge chamber with a length of 900 mm a
inner diameter of 305 mm is immersed in the magnet bo
Argon gas is introduced into the discharge chamber mad
stainless steel through a pipe, and exhausted to a diffu

FIG. 1. Schematic configuration of the experimental apparatus consistin
a Gifford–McMahon cryocooled superconducting magnet, an omega
mass spectroscopic analyzer, an argon gas supply and pumping syst
ceramic heater and cathode as the plasma source, a stainless steel ve
the discharge chamber, and an electrostatic Langmuir probe measure
system.
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pump through a downstream vessel. The pressure in the
gions of discharge and analysis is controlled in the range
1.031024;1.031023 Torr. Since the flow rate is quite low
the flow velocity can be negligible and the argon gas pr
sure is considered to be constant. Argon ions are produce
the upstream region of the vacuum chamber by direct-cur
~dc! discharge with a hot BaO cathode, which is heated b
pyrolytic graphite–pyrolytic boron nitride ceramic heater
over 1100 °C. The ions pass through magnetic field lin
with a mirror ratio of about 4 toward the region of analys
In the discharge vessel, a Langmuir probe is installed for
measurement of temperature, density, and potential of
plasma adjacent to the region of analysis.

B. Omegatron

Figure 2 shows a schematic diagram of the omegat
with electronic circuits. The omegatron consists of a plas
end plate:~1! of 200 mm in diameter with an orifice of 1 mm
in diameter, two 50350 mm parallel plates@front plate~2!
with the orifice and back plate~5!#, two 100350 mm parallel
plates of a radio-frequency~rf! electrode~3! and ground
electrode~4!, and two 100350 mm parallel side electrode
~7!. All the plates are made of stainless steel of 1 mm thi
ness. Insulating materials are inserted in spaces along
plates to isolate each plate electrically. The plasma end p
which is at a floating potential, divides the plasma produ
tion and analysis regions. Argon ions enter the region
analysis through a small floating aperture between
plasma end plate and the front plate on which a bias poten
is applied. The control of the bias voltage has significa
effects on the omegatron performance.2–4 The dc bias volt-
age of the front plate is set to;6 V. The back plate is also
biased to;6 V. The bias voltages produce electric field
which retard the ions with kinetic energy in the axial dire
tion so that the rf electric field can accelerate the ions fr
rest. The employment of optimal biasing improves ion c
lection efficiency. The side plates are at the floating poten

Five 1835 mm ion collectors~6! placed on the ground
electrode plate are used to measure ion currents. The c
ance between the ion collectors themselves, and the fr

of
n
, a

el as
ent

FIG. 2. Schematic side and top views of the omegatron with an electr
circuit for the ion cyclotron resonance mass spectrometer.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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back, and ground electrode plates is 2 mm. An rf elec
field is set up normal to the fixed magnetic flux density in t
omegatron where the rf power~electric fieldErf<200 V/m in
amplitude, excitation frequencyf rf,20 MHz! is supplied.
When the applied frequency becomes close to the ion cy
tron frequency, the ions are expected to be accelerated a
increase their orbital radii and eventually strike the collec
indicating resonance behavior.1 The ions flow into a collector
and a time-averaged dc ion current is recorded with theX–Y
recorder via a resistor. Thus, we can obtain a spectrum o
ion current as a function of rf excitation frequency.

C. Operation

The argon gas pressurepAr , magnetic flux densityB,
and rf voltageVrf , vary in the ranges of 1.031024<pAr

<1.031023 Torr, 0.5<B<2.0 T, and 1<Vrf<10 V, respec-
tively. The peak value of ion current in the frequency sp
trum I p is defined as@intensity at ion cyclotron resonanc
frequency f ci] 2 @intensity at the base of resonance pea#.
The half width,D f p is defined as the full width off rf at the
half maximum of ion current in the frequency spectrum. T
mass resolutionm/Dm is defined asf ci /D f p .

The electron temperature and the electron density (> ion
density! measured with the Langmuliar probe are 5.0 eV a
of the order of 1015 m23, respectively, while the ion tem
perature is determined to be about 0.5 eV, from compari
with a measurement in another similar discharge experim
These parameters have no significant dependence on
variations in the argon gas pressure and magnetic flux d
sity in the region mentioned above.

III. NUMERICAL MODEL

In a number of previous studies, the mass resolution
been theoretically predicted without considering collision
effects in high-vacuum systems where ions strike the col
tor in the angular frequency range o
Dv52Erf /(R0B).Here, Erf is the amplitude of rf electric
field and R0 is the length from the axis center to th
collector.1–3,5 In order to describe the ion behavior and t
omegatron performance in a collision-dominated weakly i
ized plasma under a high magnetic field, we adopt a sim
numerical model employing the equation of single-parti
motion, which takes into account the effects of ion collisio
with neutral argon atoms.

A. Basic equation

The following assumptions are made.~a! The uniform
magnetic flux density is temporally constant:B5(0,0,Bz) in
an (x,y,z) coordinate.~b! A uniform rf electric fieldErf(t)
5(Erf cosv rft,0,0) is applied between the rf and groun
electrode plates, wherev rf52p f rf is the excitation angula
frequency.~c! The plasma consists of singly ionized arg
atoms and electrons. The effects of collisions with arg
neutral atoms are taken into account.

The following is a differential equation of the motion fo
the force exerted on an argon ion of chargee and velocityvi
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by Erf(t), B, and the quantity,min ivi , which represents the
force experienced by the argon ion as a result of collisio
with other particles

mi dvi /dt 5evi3B1eErf~ t !2min ivi , ~1!

wheremi , vi , andn i are mass, velocity, and collision fre
quency of the argon ions, respectively. On average, the e
of min ivi is equivalent to drag on the argon ion, which m
be approximated as the average rate at which momentu
lost in collisions. For the present collision-dominated wea
ionized argon plasma, the collision frequency is described
n i5n ion–neutral5nArQArv i , where the momentum-transfe
cross section between the argon ion and neutral specie
assumed to be constantQAr5p(2r Ar)

2(r Ar50.113 nm!.
Time-averaged ion velocity in the radial directionŪr ,

which is a macroscopic consequence of cyclotron motions
defined as

Ūr5
1

tE0

tdri

dt
dt, ~2!

wherer i is ion orbital radius andt is characteristic time. The
characteristic timet is assumed to be the time required f
ions to reach the collector at resonance,t52BR0 /Erf , given
by the collisionless theory.1 Time-averaged ion current den
sity is written as

j 5eniŪr . ~3!

This macroscopic current is considered to be a hypothet
current equivalent to the current of ions striking the collec
in the real omegatron.

B. Calculation conditions

Initial conditions are as follows. In the experiment
situation, the velocity distributions for ions, electrons, a
neutral particles can be assumed to be Maxwellian with e
tron, ion, and neutral particle temperatures ofTe55.0 eV,
Ti50.5 eV, andTAr50.025 eV, respectively. Since the equ
tion of single-particle motion is applied in our model@see
Eq. ~1!#, the initial ion velocity is determined to bevini

5(vT ,vT ,vT), wherevT5AkTi /mi andk is the Boltzmann
constant. The initial ion position (xini ,yini ,zini)5(0,0,0) is
the center of the orifice on the front plate. The equation
state for perfect gaspAr5nArkTAr is used. The argon ion
density is constantni53.031015 m23 corresponding to the
experimental condition of argon gas pressurepAr53.0
31024 Torr.

The differential equation~1! is solved via a fourth-order
Runge–Kutta method. The finest time step of less than
ms is used. The calculation time of about 1.0 ms is adequ
for describing the resonance behavior. The calculated
quency resolution is less than 0.1 kHz.

IV. RESULTS AND DISCUSSION

A. Shape of ion current spectrum

In order to clarify the ion resonance behavior and t
omegatron performance under the high-pressure condit
the frequency spectrum of ion current as a function of
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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voltage is experimentally examined and compared to the
merical calculations. Figures 3~a! and 3~b! show the shapes
of the measured ion currentI expt, spectrum, and calculate
ion currentI calc spectrum, respectively. Operation and calc
lation conditions arepAr53.031024 Torr, magnetic flux
densityB51.0 T, and rf voltageVrf510 V. The ion-current
spectral shape shown in Fig. 3~a! confirms that the analyzer’
peak frequency is consistent with the ion cyclotron f
quency of the argon ionf ci5eB/2pmi5384.5 kHz. The cal-
culated spectral shape shown in Fig. 3~b! agrees well with
the measured result.

Figure 4~a! shows the measured peak ion currentI p,expt

and calculated peak ion currentI p,calc as a function ofVrf .
Since a large fraction of the ion current is measured by
middle collector~Fig. 2!, the effective ion-collecting cros
section is considered to be 0.9 cm2. The ion currentI p,calc is
estimated by multiplying the peak ion current dens
@Eq. ~3!# by 0.9 cm2. Figure 4~b! shows theVrf dependence
of measured and calculated mass resolutionm/Dm. The the-
oretical mass resolution for the collisionless condition giv
by Sommer et al.1 is also presented, wherem/Dm
5eR0B2/2miErf . Calculation conditions are the same as t
experimental ones. It is seen in Fig. 4~a! that the peak ion
current increases with increasingVrf . TheVrf dependence o
the calculated ion currentI p,calc is consistent with the experi
mental result. On the other hand, the calculated ion curre
higher than the measured ion currentI p,expt, which implies

FIG. 3. ~a! Measured ion currentI expt spectrum.~b! Calculated ion current
I calc spectrum. Conditions: argon gas pressurepAr53.031024 Torr, mag-
netic flux densityB51.0 T, and rf voltageVrf510 V.

FIG. 4. ~a! rf voltageVrf dependence of measured peak ion currentI p,expt

and calculated peak ion currentI p,calc. ~b! rf voltage Vrf dependence of
measured and calculated mass resolutionm/Dm. Calculation conditions:
argon gas pressurepAr53.031024 Torr and magnetic flux densityB51.0 T.
Theoretical mass resolution given by the collisionless theory is plo
in ~b!.
Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject to AS
u-

-

-

e

n

e

is

that there is room for further development of this calculati
model for the estimation of net ion flux detected by the c
lector.

The collisionless theory1 predicts that the half widthDm
is proportional to rf voltage. Thus, the mass resolution
rived from the collisionless theory deteriorates from 3
3104 to 1.53102 as Vrf is increased from 0.05 to 10 V, a
indicated in Fig. 4~b!. In contrast, the measured mass res
lution m/Dmexpt is around 12 which is almost constant, bein
independent ofVrf . The calculated mass resolutionm/Dmcalc

decreases slightly from 58 to 19 with increasingVrf . The
spectral shape becomes broad under the present pre
condition due to collisional effects and the mass resolutio
clearly degraded compared with the collisionless case. S
the increase in rf voltage enhances the ion current peak w
out any significant decrease in the mass resolution, as sh
in the experimental results, the performance of mass sp
troscopy is improved and the device functions well und
such a high-gas-pressure condition.

B. Magnetic flux density and pressure dependence of
mass resolution

The peak ion-current intensity and mass resolution
functions of magnetic flux density and argon gas pressure
discussed experimentally and numerically. Figure 5~a! shows
the dependence of peak ion currentI p,expt on the measured
magnetic flux densityB for typical pressurespAr51.0
31024 and 1.031023 Torr, whereVrf and B are 10 V and
0.45–1.80 T, respectively. AtpAr51.031023 Torr, I p,expt is
not obtained under the condition ofB,1.30 T because a
stable plasma is not maintained when the magnetic flux d
sity is insufficient in such a high-pressure region. Figure 5~b!
shows the calculated dependence of peak ion currentI p,calc,
on the magnetic flux densityB for typical pressures. The
calculation conditions areVrf510 V, B<2.0 T, and pAr

51.031024 and 1.031023 Torr.
d

FIG. 5. ~a! Measured magnetic flux densityB dependence of peak ion cur
rent I p,expt for typical pressures. Operation conditions:pAr51.031024 and
1.031023 Torr, 0.45<B<1.80 T, andVrf510 V. ~b! Calculated magnetic
flux densityB dependence of peak ion currentI p,calc for typical pressures.
Calculation conditions:pAr51.031024 and 1.031023 Torr, B<2.0 T, and
Vrf510 V.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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It is seen in Fig. 5~a! that I p,expt decreases as magnet
flux density increases. The calculated result in Fig. 5~b! also
shows that the ion current becomes lower at higher magn
flux density. This tendency is independent of the press
The decrease in the ion current with increasing magnetic
density is ascribed to an ion confinement effect by the
plied magnetic flux density. Although the calculated ion c
rent is higher than the measured one, the present nume
model well describes the magnetic flux density depende
of the ion current. Figure 5~b! shows thatI p,calc decreases
with increasing pressure. This is not caused by the decr
in the ion density, which can be confirmed from the fact th
the calculation is performed under the constant ion-den
condition. The phenomenon is due to the decrease of
velocity in the radial direction, which results from collision
frequency enhancement. The experimental result in Fig.~a!
implies thatI p,expt at pAr51.031023 Torr could be higher
than that at 1.031024 Torr under high magnetic flux densit
(B.1 T!. A plausible explanation for this result is ascribe
to the change in the experimental discharge situation,
increase in the ion density atpAr51.031023 Torr.

Figure 6 shows measured and calculated mass res
tions m/Dm as a function of magnetic flux densityB, where
the mass resolution of the collisionless theory is illustrat
the conditions are the same as those in Fig. 5. The meas
and calculated mass resolutions are lower than that of
collisionless theory. However, as the magnetic flux den
increases from 0.05 to 1.05 and from 1.30 to 1.80 T,
measured mass resolution increases from 3.6 to 22.5
from 11.4 to 23.1 atpAr51.031024 and 1.031023 Torr,
respectively. The calculated mass resolution is improved
lowing a trend comparable to the observed result when m
netic flux density is increased. Although the ion–neutral p
ticle collisions deteriorate the mass resolution, the m
resolution is predominantly improved in proportion to t
magnetic flux density. The collisional effect on the ion c
clotron resonance at the high pressure is clearly explaine

FIG. 6. Measured and calculated mass resolutionm/Dm as a function of
magnetic flux densityB for typical pressures. Mass resolution of the col
sionless theory is also illustrated. Operation and calculation conditions
the same as those in the previous figures.
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the present numerical model. The result under the condi
of pAr51.031024 Torr shows that the measured mass re
lution deviates from the calculated one at magnetic flux d
sity less than 1.0 T. This is because nonresonant ions m
strongly influence the mass resolution in the experiment t
estimated by the calculation. In other words, the diffusi
process of the nonresonant ions is not included in the ca
lation, while it becomes apparent, compared with the proc
of the exactly resonant ions in the experiment, when
magnetic flux density is insufficient.

Figures 5 and 6 indicate that reasonable mass spectra
be obtained with the mass resolution of more than 10
applying a magnetic field of around 1.5 T even under
high-pressure condition on the order of 1.031023 Torr.

V. SUMMARY

Direct mass spectrometry in the production region of
collision-dominated weakly ionized argon plasma has b
demonstrated for the omegatron by employing the GM cr
cooled superconducting magnet. A numerical model incl
ing collisional effects has been proposed to describe the
formance of the omegatron.

The mass spectrometry has been successfully condu
using a high magnetic flux density of up to 2 T, even a
high pressure on the order of 1023 Torr. The intensity of the
ion-current peak, and mass resolution in the spectrum h
been obtained experimentally and numerically as functi
of pressure and magnetic flux density. Collisional effects
the omegatron performance were elucidated through a c
parison of the experimental and calculated results. An
crease of the rf voltage applied to the omegatron enhan
the ion spectrum intensity while the mass resolution
mained almost constant, which resulted in the improvem
of the omegatron performance. Although the mass resolu
deteriorated under the high-pressure condition, it was p
dominantly improved in proportion to the magnetic flu
density intensity. The collisional effects and magnetic fl
density dependence of the mass resolution at the high p
sure were clearly explained by the present numerical mo
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