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Abstract

The combination of time-of-flight (TOF) with two-dimensional position-sensitk {on detection techniques is employed
to increase detection sensitivity of gas mass spectrometers. For this, the length of ion sources is significantly increased with
deteriorating the mass resolution; this is achieved by usini ¥ieformation to correct the TOFs of the ions produced in the
collisions. The ion dynamics expressions for s¥dHTOF method are deduced. The gas pressure may be kept at a uniform value
all over the cell to facilitate accurate absolute measurements. Experimental results of 150 keV neutjabéhhicolliding
with a He—Ne—Ar mixture are shown before and afterXieTOF compensation. (Int J Mass Spectrom 219 (2002) 343-350)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ing the combination of TOF and two-dimensional
position-sensitive XY-TOF) detection techniques
Gas spectrometry based on time-of-flight (TOF) [12]. In this method, two sets oKY detectors are
analysis has been developed long time de5]. placed in each side of the beam, respectively. After
Wiley and McLaren[3] introduced in 1955 the ionization of the residual gas by the projectiles, the
time-focusing principle in a two-acceleration-region recoiling positive ions and the emitted electrons are
linear spectrometer. Essentially, they designed the in- accelerated towards the detectors by an electric field
strument in such a way that the ion time of flight does perpendicular to the beam direction. The beam profile
not depend, in first order approximation, on the finite in the plane parallel to the detectors is given directly
size of the ionized region. To further improve mass by the XY impact coordinates of the ions, while the
resolution, sensitivity or dynamical range of gas spec- profile in Z direction is given by TOF differences
trometers, new techniques have been added: pulsed exbetween ion detection and electron detection.
traction fieldg[6], ion lenses, electrostatic mirrofg] In this article, suchXY-TOF combination is ana-
or guides[8], position-sensitive detectof8—11], etc. lyzed for a different geometry (the beam is oblique to
Beam-profile monitoring associated with residual the detectors) and the goal is to keep constant the spec-
gas analysis has been already achieved by employ-trometer resolution power while its gas cell volume is
increased. Now, thXY information is not employed
* Corresponding author. E-mail: enio@fis.puc-rio.br to inform about the beam profile, but to compensate
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the TOF values of the ions having the same mass andspectrometer symmetry axis. The ionization occurs at
produced at different distances of their detector. This the projectile (p) coordinates, yp = 0, zp = xp cotg
compensation may be interpreted as an algorithm to 6 and at timerp, = xp/(vp Sinép) before the projectile
transform exactly (and not only in first order approxi- crossing the electrode 1, whetg is the projectile
mation) the obtained experimental data into new ones, velocity. The ion detection timeT, is defined as the
corresponding to a virtual set-up in which the ioniz- time interval between the = y = z = 0 crossing and
ing beam is perpendicular to the spectrometer axis. the detection of the gas ion events; therefdrey- 7,
The combination oKY-TOF ion detection techniques is the TOF for a given ion.
is employed to increase overall detection sensitivity =~ Two uniform acceleration regions are defined by
of gas mass spectrometers. Moreover, the method fa-the electrode 1 (a metal plate biased at potettig|
cilitates accurate absolute measurements because th¢éhe electrode 2 (a high transmission grid at potential
gas pressure may be kept at a uniform value all over U;), and theXYion detector with a grounded entrance
the cell. This represents an advantage over instrumentssurface. The gas molecule ion is emitted with velocity
using highly space focusing optics into gas jet targets. vg in the direction given by the angfewith the Z-axis,
After describing the basic equations and the exper- in a plane forming an angke with the XZ plane, and
imental set-up, the method is applied for analyzing a reaches the grounded detector surface at the detector
gas mixture in a 4.1-cm long ionization region. (D) coordinates:

xp = xp + vo(T + #p)Sind cosy
2. Theoretical background yp = vo(T + tp)sing sing

_ zp=d1 + do. 1)
2.1. TOF equations

Considering respectivelfy andt, as the TOFs in
As shown inFig. 1, the XZ plane is defined by the firstand second acceleration regions, the ion detec-
the beam trajectory (incidence anglg) and by the tion time T, with respect to the moment the projectile
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Fig. 1. Two-acceleration-field cylindrical spectrometer. The projectile arrives irKihplane and crosses the origin=y = z = 0 at the
time 7 = 0. The gas ion is produced at the poim,(yp = 0, ) at the time—t, and is emitted with velocityg in a direction given
by the angled with respect toZ-axis. A grid separates the first acceleration region from the second onexykhés the detector radius
andxp is the coordinate of the ion impact point on the detector surface. The electric field compepemtd ¢, are kept at zerog, is
constant inside each sub-region.
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arrives at the end of the gas cell, is:

T=n+t—1t
_ dl_Zp
(vo; + v17)/2

dz . ip
(v1; +v2,)/2  vpCOSHp

)

2d1
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the ion source is totally compressed over the electrode

1, and (ii) the ionizing beam enters in the ion source

perpendicularly to the spectrometer axis and through

the gas compressed layer. The new TOFhas its

zero at the instant of the beam—gas molecule collision.
Under these conditiond,’ writes:

2d>

T =.Jm + 6
|;/_3kTGcos<9+\/3kTG co2 0+2q(U1—Uz) +/3kTg coL 0+2g (U1—Uz)++/3kTg coP 9+2qU1] ©)

wherevg,, v1;, andvy, are the axial velocities of the
ionized gas molecule at the collision, grid crossing,
and detector arrival times, respectively. These veloci-
ties are given by:

vo; = Vo COSH 3)
2 z

Ulz=\/vgz+;q(U1—U2)( —d—Ii) 4)
2

vz = /0 + v, (5)

These expressions hold for # > xmaxdi, a
condition which guarantees that ionization should
occur only in the first acceleration region. If no
post-acceleration or no drift-region is needdgand
U, may be set to zero and electrode 2 becomes the
ion detector itself.

Considering the momentum transfer from the pro-
jectile to gas molecule to be negligiblg3], the
thermal velocity component dominates and the pro-
duced ion of massn has an average velocity given
by (vo)rms = +/3KTg/m; whereTg is the gas tempe-
rature.

2.2. Transformation for narrowing TOF peaks of
the gas ions

The TOF peaks are broad mainly because ions are
produced along the track at different distances from
the detector. A numerical transformation with the
event-by-eventXY-TOF data (i.e., the experimental
data setxg®, yo", and 75 ") can eliminate this de-

pendence by simulating that: (i) the target gas inside

The orthogonal beam configuration reduces
strongly theT’ peak broadening: the residual TOF
dispersion is due to convolution over the beam thick-
ness and over the different emission anglé\ good
approximation for describing the average valuer 6f
is obtained substituting/3kTs cosf by its average
value (zero) and neglectingkB;cogowith respect
to the electrostatic energiesgs. (2) and (6are then
employed to create a numerical algorithm for narrow-
ing the gas peaks, in whicl, the theoretical TOF of
ions formed ate, = 0, is divided byT (x5 "), the the-
oretical TOF (corrected by the timg) of ions formed
atxp = x5 So, the transformatio (xp) — T’
consists in multiplying, for each ion detected at the
position x5*, the experimental valugs® by the
function F (xg") defined by:

T/
T(xg") + xp /vpSindp

Fxp® = @)

Fig. 2illustrates thexp(T) andxp(T’) plots calcu-
lated for a mixture of three noble gases (He, Ne, and
Ar) ionized by a 150keV neutral H (3-beam. The
projection of each of these plots over the TOF abscissa
generates the usual TOF spectrum.

Finally, two points should be emphasized:

(a) Eq. (6)shows that itis possible to defineeduced
TOF as T'req = T'/+/m. Therefore, the differ-
entxp(7T’reg) curves for each gas molecule mass
are reduced towards a universal one in which the
non-homogeneities of the acceleration field acting
over all ion species show up in the same manner
[14]. Eventual discrepancies with respect to this
universal curve should reveal specificities of the
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Fig. 2. The plotstp(T) andxp(T’) calculated for a mixture of three noble gases (He, Ne, and Ar) under ionization by a 15(kk¥ahh.
The detection time is the gas ion TO# § 1) subtracted the time necessary for the projectile to reach the electrode after the gas molecule
collision (tp). The calculation fow = 0° and6 = 180> simulates the line broadening due to thermal movement of the gas.

collision between the beam and a particular gas fur Kernphysik of the J.W. Goethe University. Start
species. signals for the TOF system were given by a secondary
(b) The mass resolution may be further improved electron detector placed behind a thin foil covering
by cooling down the gas (reducing the aver- the central hole of electrode 1. However, because
age velocity of gas molecules) and/or using a secondary ions are emitted towards K¢ detector,
strongly collimated beam. An elegant solution best alternatives are to detect behind the small hole:
for systems using thick beams would be to in- (i) directly the beam (se€&ig. 1) or (ii) secondary
stall anotherXY anode for the start detector for electrons emitted by a thin foil off-center; care must
determining the parameters of each projectile tra- be taken to avoid sensible field distortion near the
jectory and including them in th& (xp) — T’ hole [14].
transformation. The spectrometer parameters for these measure-
ments were:U; = 2.970kV; U, = 0.040kV;
dy = 835cm;d> = 0.70cm, andfp = 42°.
3. Experimental The beam diameter was about 2@m. Gas tem-
perature Tz was about 300K, so thatvg)ims =~
A gas XY-TOF spectrometer, described elsewhere 2.7/./m pm/ns, wherem is the molecular mass in
[11], was filled with 70% He, 15% Ne (i.e., 13.6% units.
20Ne and 1.3%#?Ne), and 15% Ar gas at 1@ mbar Fig. 3a and krepresent respectively the measured
total pressure. The monoatomic gases were chosen taxp(T) plot and its projection, the usual TOF spec-
avoid Coulomb explosion after their ionization. The trum. One sees clearly the curves corresponding to
mixture was bombarded with a 150 ke\?48eam pro-  the “He™, ONet 2°Ne*, “9ArT, as well as some
duced by the Van de Graaff accelerator of the Institute of their higher charge states. The line thickness is
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Fig. 3. (a) Experimentak(T) spectrum of He, Ne, and Ar gases bombarded by 150 ké\béam. Incidence angle & = 42°. Events
from the beam—gas collision generate oblique linesxfor 0. The points close to th&-axis (x = O line) and forming vertical lines are
due to secondary ions emitted by electrode 1. (b) TOF spectrum, i.e., projection x{fTjhaéata on theT-axis. The thin peaks are due to
the ions desorbed from the electrode, while the gas ions generate the broad peaks.

attributed to the thermal motion of the gas molecules, ions produced in the gas or emitted by the electrode
each point corresponding to the detection of an ion surface give rise, respectively, to broad and narrow
produced by the beam—gas collision. Oblique lines are peaks.

formed by ions from the gas, while vertical lines are Fig. 4 exhibits the same data shown kig. 3 but
generated by ions emitted from the electrode 1 with modified by theT (xp) — T’ transformation. The
relatively large radial velocity. As shown iRig. 3h oblique and vertical lines ifrig. 3abecame the ver-
the projection ovefT-axis of data corresponding to tical and oblique ones irig. 43 respectively. The
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Fig. 4. The same aBig. 3, but Ty "for each event has been replacedmby= F(x5") T5". Note that, for collision in gas, th€(xp) — T’
transformation makes possible to display the distribution of points in vertical lines, whose projection results now in narrow TOF peaks.

projection, inFig. 4b shows a broader and smaller lowering the background. Because the partial pressure
H* peak, while the gas peaks are quite narrow and of each gas species is constant, the use of geometri-
higher. Small peaks, such as those relativé’tde™ cal restrictions do not alter the relative yield of the
and?°Ne?*, or very small ones like He" and??Ne?, gas ions.Fig. 5 illustrates ayp(T) plot, from which

are now visible. Sensitivity can be enhanced further are extracted the upper and lower vaIues@i‘P to be

in XY-TOF spectra by imposing restrictions on coor- used in the selection of the events close toTkeis.

dinatesxg Pand y5 " : as all events of interest must In the spectrum shown iRig. 4h the limiting values
occur very close to th¥Zplane and for positivey ", for both coordinates are-0.05 < y5* < 0.15 and

the others can be eliminated in the transformation for 0.05 < xSXp < 2.5cm, respectively.
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Fig. 5. Theyp(T) plot. It represents, for all events, thecoordinates of the ion impact on the detector as a function of the ion TOF.
lonized gas molecules have small radial velocities and must reach the detector cjoseOtoon the other hand, secondary ions from the
electrode often have larger radial velocity. The dashed lines show-tioerdinate limits Ymin andymax) used by the software to reduce
the contribution from the solid and enhance the gas TOF peaksgind.

4. Conclusion References

A method is proposed and demonstrated to avoid [ R.J. Cotter (Ed.), Time-of-Flight Mass Spectrometry,

peak spread-out by compensating the TOF of ions ACS Professional Reference Books, Washington, D.C.,
produced along the beam track in gases inside large
ion sources. Experimental results show a dramatic im-
provement of the mass resolution power of the spec-
trometer when th&XY-TOF correction is applied. The
high sensitivity of the method is demonstrated by iden-
tifying He?+ and?2Ne?* peaks from a mixture of three
noble gases.
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