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Direct mass spectrometry has been successfully conducted even at a high argon gas pressure of the
order of 10 3 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 modeR0@ American Institute of
Physics. [DOI: 10.1063/1.1517729

I. INTRODUCTION ried out by Dawsoret al. where the flux density of~2 T

) ) “was produced by a superconducting solenoid tdit. the
~ The omegatron mass spectroscopic analyzer is a devicgyme time, the mass resolution was predicted theoretically
invented to measure the charge-to-mass ratio of ions in fgjng exact orbit calculations of a charged particle for a col-

high-vacuum  system through the use of cyClolONjisiqpiess casd=356The experimental and theoretical results
resonance.ln an omegatron, a high-frequency electric field

: t ub normal t niform de maanetic flux densit ndhave suggested that in order to increase the resolution, active
IS SEt Up hormay 1o a unriorm dc magnetic Tiux density, anCyie antig) pumping of the analyzer housing must be em-
ions are excited at their various cyclotron resonandgs,

= wql2m=eB/(27m;) (e is chargeB is magnetic flux den- Eloyt?dl bercaus? the ;ZSOlu“t?nr:S Connolsldi:?t;% r?nducnedtiat R:J%(h
sity, andm; is ion mas§, causing their orbital radii to in- eutral pressure, :anc a strong and unrio agnetic

crease; the current induced when they strike a collector igensny is needed in the region of analysis.
measured. Although the neutral gas pressure of the order of mTorr

The technique of ion cyclotron resonance has been ads ggnerally used in_the f_ield of plasma proce_ssing, little at-
plied to mass spectrometry and isotope separatibf with tention has been paid to ion resonance behavior and no mass
a small fractional mass difference over a long time, and som&Pectrometry has been demonstrated at the pressure of
specific attempts to improve mass resolution have beef@round 103 Torr. Furthermore, little work has focused on
performed”!®In most research studies, background pressurgalculations for describing collisional effects on omegatron
in an region of analysis was kept low enough to allow aperformance. Direct mass spectrometry in a plasma produc-
collisionless analysis to be perfornféd or differential  tion region without any pump-down system has the advan-
pumping was applied to maintain the pressure of aroundage of enabling us to efficiently analyze ion species and
10" ° Torr in the region of analysis, which is reduced by asimplify the apparatus.
factor of 1¢ in comparison with that in a discharge In the present study, mass spectrometry has been con-
region>>°In those studies, the magnetic flux densitt0-2  ducted using an omegatron and a Gifford—McMaliGiM)

T was applied to the region of analysis, except in work carcryocooled superconducting magnet directly in a plasma pro-
duction region. A high magnetic flux density of up to 2.0 T is

dAuthor to whom correspondence should be addressed; electronic maiﬁpp“ed to the CO”'S'On'dO'm'n.ated Weakly ionized argon
murakami@es.titech.ac.jp plasma, the pressure of which is of the order of mTorr. Fur-
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circuit for the ion cyclotron resonance mass spectrometer.
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FIG. 1. Schematic configuration of the experimental apparatus consisting of )
a Gifford—McMahon cryocooled superconducting magnet, an omegatropump through a downstream vessel. The pressure in the re-

mass spectroscopic analyzer, an argon gas supply and pumping systemggons of dlscharge and analysis is controlled in the range of

ceramic heater and cathode as the plasma source, a stainless steel vess - -
the discharge chamber, and an electrostatic Langmuir probe measureme tebc‘x 10"%~1.0x10"° Torr. Since the flow rate is quite low,

system. the flow velocity can be negligible and the argon gas pres-
sure is considered to be constant. Argon ions are produced in
the upstream region of the vacuum chamber by direct-current
thermore, a numerical model including collisional effects hagdc) discharge with a hot BaO cathode, which is heated by a
been proposed to describe the performance of the omegatropyrolytic graphite—pyrolytic boron nitride ceramic heater at
First, the mass resolution in the case where ion-neutral pagver 1100°C. The ions pass through magnetic field lines
ticle collisions effect the behavior of ions is examined payingwith a mirror ratio of about 4 toward the region of analysis.
attention to the shapes of ion current spectra. Second, th@ the discharge vessel, a Langmuir probe is installed for the
performance of the omegatron is investigated by varying twaneasurement of temperature, density, and potential of the
operation parameters: the magnetic flux density and argoplasma adjacent to the region of analysis.
gas pressure.

B. Omegatron
Il. EXPERIMENTAL PROCEDURE

Figure 2 shows a schematic diagram of the omegatron
with electronic circuits. The omegatron consists of a plasma

Figure 1 shows a schematic configuration of the experiend plate(1) of 200 mm in diameter with an orifice of 1 mm
mental apparatus which consists of a GM cryocooled supeiin diameter, two 5650 mm parallel plategfront plate (2)
conducting magnet, an omegatron mass spectroscopic anaith the orifice and back plat&)], two 100< 50 mm parallel
lyzer, an argon gas supply and pumping system, a ceramjglates of a radio-frequencyf) electrode(3) and ground
heater and barium oxid®&aO) cathode as the plasma source, electrode(4), and two 10X 50 mm parallel side electrodes
a stainless steel vessel as the discharge chamber, and an elg9- All the plates are made of stainless steel of 1 mm thick-
trostatic Langmuir probe measurement system. The GMess. Insulating materials are inserted in spaces along the
cryocooler belongs to a class of cooling systems utilizing glates to isolate each plate electrically. The plasma end plate,
gas-compression refrigeration cycle. The refrigeration effectvhich is at a floating potential, divides the plasma produc-
results from a series of thermodynamic processes acting aion and analysis regions. Argon ions enter the region of
the gas, including charging and compression, displacememnalysis through a small floating aperture between the
and heat exchange with a regenerator, and expansion amptasma end plate and the front plate on which a bias potential
heat absorptioficooling effec.™ The superconducting sole- is applied. The control of the bias voltage has significant
noid coil (NbTi) produces a constant magnetic flux density ineffects on the omegatron performarfc& The dc bias volt-
the axial -) direction in the magnet bore of the length of age of the front plate is set to 6 V. The back plate is also
505 mm and diameter of 400 mm. The magnetic flux-densitypiased to~6 V. The bias voltages produce electric fields
strength on the axis center of the bd@g, ., is <2.0 T and  which retard the ions with kinetic energy in the axial direc-
inhomogeneityA B/B qnter iS l€ss than 1% in the omegatron tion so that the rf electric field can accelerate the ions from
region. rest. The employment of optimal biasing improves ion col-

The discharge chamber with a length of 900 mm andection efficiency. The side plates are at the floating potential.
inner diameter of 305 mm is immersed in the magnet bore. Five 18<5 mm ion collectorg6) placed on the ground
Argon gas is introduced into the discharge chamber made ddflectrode plate are used to measure ion currents. The clear-
stainless steel through a pipe, and exhausted to a diffusicsnce between the ion collectors themselves, and the front,

A. Apparatus

Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 Murakami et al. 6425

back, and ground electrode plates is 2 mm. An rf electriq;,y Ex(t), B, and the quantitym;v;v;, which represents the
field is set up normal to the fixed magnetic flux density in theforce experienced by the argon ion as a result of collisions
omegatron where the rf poweéglectric fieldE+<200 V/Imin  with other particles
amplitude, excitation frequenc§<<20 MHz) is supplied.
When the applied frequency becomes close to the ion cyclo- ™M dvi/dt=ev;XB+eEq(t)—mivv;, @)
tron frequency, the ions are expected to be accelerated andwherem;, v;, and»; are mass, velocity, and collision fre-
increase their orbital radii and eventually strike the collectorquency of the argon ions, respectively. On average, the effect
indicating resonance behavibThe ions flow into a collector  of m;w;v; is equivalent to drag on the argon ion, which may
and a time-averaged dc ion current is recorded with¥h¥  be approximated as the average rate at which momentum is
recorder via a resistor. Thus, we can obtain a spectrum of thiest in collisions. For the present collision-dominated weakly
ion current as a function of rf excitation frequency. ionized argon plasma, the collision frequency is described as
Vi= Vion—neutral- NarQarVi» Where the momentum-transfer
cross section between the argon ion and neutral species is
C. Operation assumed to be consta@t,, = 7(2r 5,)?(r or=0.113 nm).
Time-averaged ion velocity in the radial directiddy ,

The argon gas pressumg,, magnetic flux densityB, o . ! .
gon gas p B g B which is a macroscopic consequence of cyclotron motions, is

and rf voltageVy, vary in the ranges of 1010 4<py, )
<1.0x10 3 Torr, 0.5<B=<2.0 T, and & V,=10 V, respec- defined as
tively. The peak value of ion current in the frequency spec- 1 [dr;
trum I, is defined adintensity at ion cyclotron resonance Ur:; o dt t, 2
frequencyf] — [intensity at the base of resonance peak
The half width,Af, is defined as the full width of; at the wherer; is ion orbital radius and is characteristic time. The
half maximum of ion current in the frequency spectrum. Thecharacteristic timer is assumed to be the time required for
mass resolutiom/Am is defined ad/Af,. ions to reach the collector at resonance,2BR,/E,;, given

The electron temperature and the electron densitipq by the collisionless theoryTime-averaged ion current den-
density measured with the Langmuliar probe are 5.0 eV andbity is written as
of the order of 18 m™3, respectively, while the ion tem- . —
perature is determined to be about 0.5 eV, from comparison J=enU. )
with a measurement in another similar discharge experimenthis macroscopic current is considered to be a hypothetical
These parameters have no significant dependence on tlearrent equivalent to the current of ions striking the collector
variations in the argon gas pressure and magnetic flux denn the real omegatron.
sity in the region mentioned above.

B. Calculation conditions

Initial conditions are as follows. In the experimental
situation, the velocity distributions for ions, electrons, and

In a number of previous studies, the mass resolution hageutral particles can be assumed to be Maxwellian with elec-
been theoretically predicted without considering collisionaltron, ion, and neutral particle temperaturesTef=5.0 eV,
effects in high-vacuum systems where ions strike the collecTi=0.5 €V, andT ,,=0.025 eV, respectively. Since the equa-
tor in the angu|ar frequency range of tion of Single-partide motion is applled in our mOd:dee
Aw=2E4/(RyB).Here, E is the amplitude of rf electric Ed. (1)], the initial ion velocity is determined to be,
field and Ry is the length from the axis center to the =(vr,vT,v7), Wherevr=«T;/m; and« is the Boltzmann
collector'3® In order to describe the ion behavior and theconstant. The initial ion positionX(,;,Yini,Zin) =(0,0,0) is
omegatron performance in a collision-dominated weakly ionthe center of the orifice on the front plate. The equation of
ized plasma under a high magnetic field, we adopt a simplétate for perfect gapa.=na«Ty, is used. The argon ion
numerical model employing the equation of single-particledensity is constanh;=3.0x 10"> m™2 corresponding to the
motion, which takes into account the effects of ion collisionséxperimental condition of argon gas pressysg = 3.0

with neutral argon atoms. X 10~ Torr.
The differential equationil) is solved via a fourth-order

Runge—Kutta method. The finest time step of less than 0.1
The following assumptions are mad@ The uniform  us is used. The calculation time of about 1.0 ms is adequate

magnetic flux density is temporally constaBt=(0,0B8,) in  for describing the resonance behavior. The calculated fre-

an (x,y,z) coordinate.(b) A uniform rf electric fieldE(t)  quency resolution is less than 0.1 kHz.

=(Ecosw,t,0,0) is applied between the rf and ground

electrode plates, where ;=27 f; is the excitation angular |v. RESULTS AND DISCUSSION

frequency.(c) The plasma consists of singly ionized argon :

atoms and electrons. The effects of collisions with argonA' Shape of ion current spectrum

neutral atoms are taken into account. In order to clarify the ion resonance behavior and the
The following is a differential equation of the motion for omegatron performance under the high-pressure condition,

the force exerted on an argon ion of chaggend velocityv; the frequency spectrum of ion current as a function of rf

IIl. NUMERICAL MODEL

A. Basic equation
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FIG. 3. (a) Measured ion currerlt,, spectrum (b) Calculated ion current [ OS h ]
I .ac SPECtrum. Conditions: argon gas presspgg=3.0x 10~* Torr, mag- 0
netic flux densityB=1.0 T, and rf voltage/=10 V. B }T] 2 0 B }T]

voltage is experimentally examined and compared to the nuf'C: 5 (8 Measured magnetic flux densiydependence of peak ion cur-
rentl et fOr typical pressures. Operation conditiopg,=1.0x10 * and

merical Calcmatlons' Figureg@ and 3b) show the shapes 1.0x 102 Torr, 0.45<B<1.80 T, andV;=10 V. (b) Calculated magnetic
of the measured ion curreit,,;, spectrum, and calculated flux densityB dependence of peak ion curreltc, for typical pressures.
ion currentl ¢4 Spectrum, respectively. Operation and calcu-Calculation conditionsp,=1.0<10"* and 1.0< 10”3 Torr, B<2.0 T, and

lation conditions arep,,=3.0x10 % Torr, magnetic flux Vs=10V.

densityB=1.0 T, and rf voltage/,;=10 V. The ion-current

spectral shape shown in Fig.a® confirms that the analyzer’s

peak frequency is consistent with the ion cyclotron fre-that there is room for further development of this calculation
quency of the argon iofi;=eB/27m;=384.5 kHz. The cal- model for the estimation of net ion flux detected by the col-
culated spectral shape shown in Figb)3agrees well with lector.

the measured result. The collisionless theofypredicts that the half widthm
Figure 4a) shows the measured peak ion currgng is proportional to rf voltage. Thus, the mass resolution de-
and calculated peak ion currehf ., as a function ofv;. rived from the collisionless theory deteriorates from 3.0

Since a large fraction of the ion current is measured by thex 10* to 1.5x 10? asVy is increased from 0.05 to 10 V, as
middle collector(Fig. 2), the effective ion-collecting cross indicated in Fig. 4b). In contrast, the measured mass reso-
section is considered to be 0.9 &nThe ion current, caic is - lution m/Ame,is around 12 which is almost constant, being
estimated by multiplying the peak ion current densityindependent of/,;. The calculated mass resolutio A mgy.

[Eq. (3)] by 0.9 cnf. Figure 4b) shows theV; dependence decreases slightly from 58 to 19 with increasidig. The

of measured and calculated mass resolutidAm. The the-  spectral shape becomes broad under the present pressure
oretical mass resolution for the collisionless condition givencondition due to collisional effects and the mass resolution is
by Sommer etal® is also presented, wherewW/Am  clearly degraded compared with the collisionless case. Since
=eR,B%/2m,E. Calculation conditions are the same as thethe increase in rf voltage enhances the ion current peak with-
experimental ones. It is seen in Figa#that the peak ion out any significant decrease in the mass resolution, as shown
current increases with increasiig . TheV,; dependence of in the experimental results, the performance of mass spec-
the calculated ion currert, .5 cis consistent with the experi- troscopy is improved and the device functions well under
mental result. On the other hand, the calculated ion current isuch a high-gas-pressure condition.

higher than the measured ion currépl,,, which implies

B. Magnetic flux density and pressure dependence of

50 (a)l T T T 1000 105 (b)l T T T mass resolution
40 800 104'; colisionlese The peak ion-current intensity and mass resolution as
< 30'_ .'600 < E10° _ / theory | functions of magnetic flux density and argon gas pressure are
-% I ] % | et discussed experimentally and numerically. Figui@ Shows
& 20 400 3 E 102 the dependence of peak ion currépt,, on the measured
= 1. & leos ‘./.":'c. - magnetic flux densityB for typical pressurespy=1.0
100 0 1y ] 200 10700 '\expt %104 and 1.0<102 Torr, whereV,; andB are 10 V and
'] 0.45-1.80 T, respectively. Aty =1.0x10"3 Torr, |5 eyt iS

0 —0 o
02 4 6 8 10 0 2 4 6 8 10  not obtained under the condition &<1.30 T because a
Vi [V] Vs [V] . L .
stable plasma is not maintained when the magnetic flux den-
FIG. 4. (a) rf voltage Vs dependence of measured peak ion curfgr, sity is insufficient in such a high-pressure region. Figui® 5
and calculated peak ion currehf ... (b) rf voltage Vs dependence of shows the calculated dependence of peak ion CU“@J&I@

measured and calculated mass resolutioiAm. Calculation conditions: . . B
argon gas pressum, = 3.0x 10~ Torr and magnetic flux densi§=1.0 T. on the magnetic flux densit for typical pressures. The

Theoretical mass resolution given by the collisionless theory is plottedC@lculation conditions are/;=10 V, B<2.0 T, andpx,
in (b). =1.0<10 % and 1.0<10 2 Torr.
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10| collisionless .- the present numerical model. The result under the condition

theory .7 ] of pa,=1.0x10"* Torr shows that the measured mass reso-
“"1'"1047 lution deviates from the calculated one at magnetic flux den-
’éxpt Sl sity less than 1.0 T. This is because nonresonant ions more

5 strongly influence the mass resolution in the experiment than
- N AR estimated by the calculation. In other words, the diffusion
€ 101 é?‘f process of the nonresonant ions is not included in the calcu-
j @g \1,(10-370" lation, while it becomes apparent, compared with the process
T~ exnt of the exactly resonant ions in the experiment, when the
1 |

magnetic flux density is insufficient.
Figures 5 and 6 indicate that reasonable mass spectra can
B [T] be obtained with the mass resolution of more than 10 by

FIG. 6. Measured and calculated mass resolut@Am as a function of applylng a magnetic field of around 1.5 T even under the

. . 73
magnetic flux densityB for typical pressures. Mass resolution of the colli- Nigh-pressure condition on the order of X.00"~ Torr.

sionless theory is also illustrated. Operation and calculation conditions are
the same as those in the previous figures. V. SUMMARY

Direct mass spectrometry in the production region of the
) o _collision-dominated weakly ionized argon plasma has been
It is seen in Fig. &) thatl, e decreases as magnetic yemonstrated for the omegatron by employing the GM cryo-
flux density increases. The calculated resultin Fi$p) 8IS0 cqojed superconducting magnet. A numerical model includ-
shows that the ion current becomes lower at higher magnetig,y cojjisional effects has been proposed to describe the per-
flux density. This tendency is independent of the pressurgq,rmance of the omegatron.
The decrease in the ion current with increasing magnetic flux  The mass spectrometry has been successfully conducted
density is ascribed to an ion confinement effect by the aPysing a high magnetic flux density of up to 2 T, even at a
plied.ma_gnetic flux density. Although the calculated ion C“,r'high pressure on the order of 1dTorr. The intensity of the
rent is higher than the measured one, the present numericgl, o\ rrent peak, and mass resolution in the spectrum have
model well describes the magnetic flux density dependencgeen obtained experimentally and numerically as functions
of the ion current. Figure (6) shows thatl; cq\c decreases o pressure and magnetic flux density. Collisional effects on
with increasing pressure. This is not caused by the decreasgge omegatron performance were elucidated through a com-
in the ion density, which can be confirmed from the fact thatparison of the experimental and calculated results. An in-
the c_a_lculation is performed L_Jnder the constant io”'dens_itlﬁrease of the rf voltage applied to the omegatron enhanced
condition. The phenomenon is due to the decrease of i0fhe jon spectrum intensity while the mass resolution re-
velocity in the radial direction, which results from collision- 1\ 2:164 almost constant, which resulted in the improvement
frequency enhancement. The exegnmental resultin K. 5 of the omegatron performance. Although the mass resolution
implies thatl, expt 8t par=1.0x10"° Torr could be higher eteriorated under the high-pressure condition, it was pre-
than that at 1.8:10 “ Torr under high magnetic flux density yominantly improved in proportion to the magnetic flux-
(B>1T). A plausible explanation for this result is ascribed gensity intensity. The collisional effects and magnetic flux
to the change in the experimental discharge situation, .8density dependence of the mass resolution at the high pres-

increase in the ion density @, =1.0<10"" Torr. sure were clearly explained by the present numerical model.
Figure 6 shows measured and calculated mass resolu-
tionsm/Am as a function of magnetic flux densiB; where W s oA Th 4 3. A Hipple, Phys. Faf 667 (1953
. e . . .oommer, A, A, omas, an . A. RIpple, yS. A .
the mass _resolutmn of the coII|S|onIe§s th_eory is illustrated;z¢ "y Wang, L. Schmitz, Y. Ra, B. LaBombard, and R. W. Conn, Rev. Sci.
the conditions are the same as those in Fig. 5. The measureghstrum.61, 2155(1990.
and calculated mass resolutions are lower than that of théJ. Friedmann, J. L. Shohet, and A. E. Wendt, IEEE Trans. Plasma $ci.
collisionless theory. However, as the magnetic flux density‘,47 (1999). _ . :
. f 0.05 to 1.05 and from 1.30 to 1.80 T. the T. Hirata, R. Hatakeyama, Y. Yagi, T. Mieno, S. lizuka, and N. Sato, J.
Increases irom ©. o : : ’ Plasma Fusion Re31, 615(1995.
measured mass resolution increases from 3.6 to 22.5 anelr. Mieno, H. Kobayashi, and T. Shoji, Meas. Sci. Techdpl193 (1993.
from 11.4 to 23.1 ap,,=1.0x10"% and 1.0<10 2 Torr °J. M. Dawsoret al, Phys. Rev. Lett37, 1547(1976.
tpAr 1 7

; iAo _"A. |. Karchevskii, V. S. Laz’ko, Yu. A. Muromkin, A. |I. Myachkov, V. G.
respectlvely. The calculated mass resolution is improved fol Pashkovski, A. L. Ustinov, and A. V. Chepkasov, Plasma Phys. Bap.
lowing a trend comparable to the observed result when mag-514 (1993.
netic flux density is increased. Although the ion—neutral par-8A. Compant La Fontaine and V. G. Pashkovsky, Phys. Plasina41
ticle collisions deteriorate the mass resolution, the massg(1995-
resolution is predominantly improved in proportion to the gésaé%e‘;alr?fé% Y. Sato, and N. Sato, Nucl. Instrum. Methods Phys.
magnetic flux density. The collisional effect on the ion cy-104 '\, Timofeev, Plasma Phys. Re@5, 207 (1999.

clotron resonance at the high pressure is clearly explained byB. J. Huang and S. C. Chang, Cryogen®% 117 (1995.
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