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An intense and stable continuous beam of SO radicals has been produced with a microwave-discharge source
operating in the Torr range in mixtures of $With various gases. The free-radical beam emerging from the
plasma source is velocity analyzed by a mechanical velocity selector and detected by a quadrupole mass
filter. Stern—Gerlach magnetic analysis shows SO radicals mainly in the electronic groun&statith a
rotationally hot distribution and provides an upper limitA%) on the concentration of electronic metastable
states. Total integral cross-section measurements as a function of velocity in the ranget&@rs* for

the scattering of ground-state SO radicals by Ne, Ar, and Kr have also been performed. The analysis of
experimental data (cross sections and their velocity dependence, which exhibits glory interference patterns)
allows a characterization of the interaction potential features for the investigated systems. Use of a correlation
rule leads to an estimate of the average polarizability of the SO molecule and also of the potential features
for SO—He and SG-Xe.

1. Introduction the concentration of metastable state in the beam is low enough
. . to allow us to perform collision studies in order to characterize
The production of intense and stable beams of open-shell {,q interactions of ground-state SO radicals.

atoms and free .radicals. is crucial for the study.of many  The experimental apparatus and the magnetic analysis
elementary physicochemical phenomena. Scattering experi-achnique are illustrated in sections 2 and 3. Scattering

ments of open-shell species by closed-shell atoms and moleculeg,y e riments are described in section 4, and the analysis of the

are relevant for the experimental characterization of the weak oained total integral cross sections is described in section 5.

|nteract|ons. which typically drive gag-phase_colhsmns. The conclusions will follow in section 6.

understanding of the nature of these interactions, weaker than

chemical bonds but, in some cases, stronger than pure van de?. Experimental Setup

Waals intermolecular forces, is of interest for assessing the In recent years, several systems, concerning ground-state

selective role of long-range forces in determining the outcome open-shell atoms such as oxygérfluorine 15 and chlorinet®

of elastic and inelastic events, as well as of reactive processeshave been investigated by us through scattering studies carried
This paper presents some investigations on the production,out with magnetically analyzed atomic beath& The magnetic

characterization, and use for scattering measurements of a beamanalysis technique is used to obtain the atomic sublevel

of SO radicals, obtained by dissociating S@olecules in a populations in the beam and to change their values in a

microwave discharge. Recent investigations have focused oncontrolled way.

the study of SO production from vacuum UV photolysis of The present experimental apparatus, schematized in Figure

SO,!2 and other moleculels®—> 1, is essentially the same as used before. It consists of a set of
Physicochemical properties of SO radicals are of considerable several differentially pumped vacuum chambers where the beam,

interest for a variety of processes concerning many diverse areagroduced in a discharge source, to be described later, is

such as upper planetary atmosph&eesl interstellar molecular ~ Mechanically velocity selected (5% FWHM) by rotating slotted

clouds? combustiorf and air pollution reaction$. Moreover, ~ disks, is then magnetically analyzed by a Ste@erlach magnet
the SO radicals are important reaction intermedidtasd play ~ in Rabi configuration, and detected by electron bombardment
a role in the Earth’s sulfur cyclé. ionization and quadrupole mass spectrometry. Only those

Similarly to its isovalent species, Othe SO radical shows details specifically relevant for the production, characterization,
three electronic states that can be populated in microwave@Nd detection of the SO radical beam will be given in the
plasmas: the electronic ground®X intermediate between  following. , o
Hund's a and b coupling schemi&&is paramagnetic; the first The beam source consists Qf a quartz cell, confined inside a
low-lying (energy~0.79 eV above ground) metastable excited near-resonant microwave cavity operated at 2450 MHz _and a
state &A, belonging to Hund’s case a, presents a paramagnetismnominal power of approximatively 100 W. The SO radicals
which decreases at high rotational temperature; finally, the Were produced by discharge in §@oth pure and in mixtures
second excited staté®+ (energy 1.303 eV) is diamagnetic at  With various gases (Ar, N O, He). Optimal yield, beam
all rotational temperatures. These particular magnetic properties!Ntensity sufficiently high in a wide velocity range, and minimal

will be exploited in a SterrGerlach analysis to establish that ntérference in the mass spectrumnale = 48 were obtained
with a microwave plasma generated in a 1:1 He:g&seous

P : mixture at a total pressure of4 Torr.

Universita di Perugia. h . vsis h | hiah
*|stituto per le Tecnologie Chimiche. The mass spectrometric analysis has revea ed a high con-
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Figure 1. Experimental apparatus for magnetic analysis and total magnetic field B , kGauss

integral cross-section measurements (in the drawing, not all the distances
are to scale). In the panel, velocity distributions of the SO radicals and Figure 2. Beam transmittancé/|, for the SO radical measured as a

S atoms produced in the microwave-discharge source are reportedfunction of the magnetic fieldB at three different selected beam
giving also indicative numbers for the counting rates. The solid curves Vvelocities ». Solid lines are calculations assuming the exclusive
are the best-fit calculations assuming near Boltzmann distributions at population of the’>" state at a rotational temperatufe= 1500 K;
source temperaturég =~ 2000 K and final translational temperatures ~ dashed lines are the best-fit calculations performed adding a fraction
T =~ 1500 K for both species. of 0.07 of A state at the same rotational temperature.

S atoms and higher mass species, containing S and O atomshe shown in section 4 to lead to corrections negligible for-SO
produced in the plasma. Under the present typical operative Ne, small for SG-Ar, and large for SG-Kr.
conditions, the estimated dissociation percentage of thg SO o _ _
precursor is about 50% and the velocity distributions for the 3. Characterization of the Beam by Magnetic Analysis
SO and S species, formed approximatively in a 2:1 ratio (Sée  gjnce the SO radical beam is produced from a microwave
Figure 1 for indicative counting numbers), appear 0 be gischarge in a HeSO, mixture, it is worthwhile to assess the
sufficiently broad to enable magnetic analysis and scattering gl of possible metastable electronic states. In fact, as in the
experiments to be performed in a wide energy range. Since gimilar case of the @molecule?! not only the grounds- but
the higher mass species showed a large contribution from the, |5 the excited and long-lived metastahle and 1=+ states
parent ion fragmentation in the lower tail of the velocity ¢4, pe expected to be populated in a microwave plasma. Their
spectrum of both SO and S, all the scattering experiments WETrejifetimes, ~45(72 and ~6 ms23 respectively, are sufficiently
performed at collision energies high enough to exclude such aong for them to survive during the flight time in the apparatus
contamination and, in particular, above the peak veloaity ( (less than 1 ms)
1 i : o -

1.0 kms™) of the SO radical beam. As beforel”.1821the characterization of a beam containing

In the third chamber, after a path ©60 cm from the source,  haramagnetic species is performed in the transmission mode
the beam passes through a defining slit of 0.35 mm in radius jih the Sterr-Gerlach magnetic selector inserted along the
and then crosses the scattering chamber. This copper-madeam path and located, in the present experiments, 110 cm from
chamber can be cooled to 800 K in order to decrease the  tha source nozzle (see Figure 1). The beam transmittdhce
thermal motion of the target gas, typically kept at a pressure yefined as the ratio between the beam intensity with and without

range between 16 and 10° Torr. The detector rlgusing IS magnetic field, has been measured as a function of the applied
maintained under ultrahigh-vacuum conditionsL0™° Torr). magnetic field and at beam velocities of 1.0, 1.2, and 1.5k
Figure 1 shows arrangements and typical distances along the(see Figure 2).

beam path. The distance between the beam-defining slit before” 1ha action of an inhomogeneous magnetic field on a beam
the scattering chamber and the ionization zone in the detectorcomposed of paramagnetic species of the same mass and
(100 cm), together with the radius of the Si't' determines the \g|qcity is to induce different deflections depending on the
angular resolution of the apparatjsat 5x 10~ rad, estimated  y4yes of the effective magnetic moments of the various
according to ret? This angle is needed to evaluate the possible particles. For a species in a defined quantum statewhich
systematic errors in the measured integral cross section whichy potential energy; is associated as a function of an external

are expected to increase_when fast and heavy projectileg Comdemagnetic field strengtB, the effective magnetic moment is
with heavy targets. The inherent “errarin the cross section,

_ . given by
due to the finite angular resolutidf,can be calculated from
1 _ g
u= 504609’ 6y “=T0B )
where6* is the limiting angle given by Accordingly, the measured beam transmittance, which is
determined by the effective magnetic moments, is strongly
6* = (hluv)(27IQ)Y? 2) dependent on the features of the populated quantum states

The next question is the determination of the dependence of
Here,u is the reduced mass of the colliding partnerss the Ei onB. As mentioned above, the angular momentum coupling

relative velocity, and is the integral cross section at the same for SO in the electronic stat&~ is close to a pure Hund's
velocity (see section 4). The use of the above equations will case ). In this case, the rotation& and electron spis (S
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observed for the @casél). In the present experiment, a lower
limt for T (~1500 K) can be estimated from the final
translational temperatur®, determined through the velocity
analysis; see Figure 1.

The molecular beam transmittances so calculated for the three
selected beam velocities show a substantial agreement with
experimental data (see Figure 2), and this suggests that the
produced SO beam is mainly formed by molecules in the
electronic ground state. Nevertheless, an estimate for the upper
limit of the metastable states concentration in the beam can be
given. To this purpose, we can neglect any contribution from
the diamagnetié=" state and take into account only possible

magnetic field 5 . kGauss effects from théA state. For the latter, the first-order effective
Figure 3. Zeeman energy levels as a function of the magnetic field Magnetic moment;,, can be obtained from available Zeeman
B: in the left panel, the lowed, J spin rotation levels are reported;  level formulas!?

in the right panel, the case of a higthlevel is exemplified byK = 15,
J = 14;J = 16 spin rotational levels. _ 49, uom,

fom ™30+ 1)

energy , meV
AdW * ABisus

4

= 1) angular momenta are coupled to produce the total angular

momentumJ = K + S. Therefore, the resulting can only whereg. = 1 anduyg is the Bohr magneton. Since this state is
have three values for eaéhlevel, K + 1, K, andK — 1, which a pure Hund'’s casa, the values of the total angular momentum
correspond to different spirrotational levels. The high value areJ=2, 3, 4, ..., and paramagnetism is seen to decrease rapidly
of the spin-rotation coupling constant of SG~, generates a  asJincreases. Assuming the presence in the beam of a fraction
peculiar fine structure which shows two features relevant for c of SO radicals in théA state, the beam transmittance is given
the present analysis: by

(1) For lowK values K < 5, involved energies lower than
3.4 meV), the spirrrotational levels appear to be more separated r_ (1- c)(L) + c(l) (5)
than the rotational states (see Figure 3 for low-lying states). lo lofss- lo/1a

(2) In the magnetic field range of our experiments, as the
external fieldB increases up to a maximum of about 10 kG,
there is only a progressive partial decoupling betwkeand
S, since a full PascherBack effect K and S independently
coupled toB) occurs atB values of the order of magnitude of
1% kG. As a consequence, each fine structure compodent
has J + 1 sublevels resulting from the possible different
orientations ofl around the magnetic field direction, which are
defined by the quantum numban.

In the past, the analysis of the observed electron paramagnetic It is well-established from thermal energy elastic-scattering
spectrum of sulfur monoxidé2°>was made using a Hamiltonian,  studies of atomratom collisiong® that integral cross sections
appropriate for the’=~ molecule and originally derived by may exhibit, as a function of the collision velocity, an
Tinkham and Strandberg in their study of molecular oxy¢fen, oscillatory behavior (glory effect) superimposed over a mono-
which contains fine structure and magnetic-field-dependent tonic trend. Typically, the latter, which probes the long-range
terms. The basis sets for which the Hamiltonian matrix can be part of the interaction, decreases as?®> and is mainly
written in simple forms are those in which the angular responsible for the size of the cross section. The glory
momentum coupling is exactly either Hund's caser Hund’s undulations arise from the interference between two types of
case b. The complete description of the matrix elements for trajectories, both leading to no net deflection: the first type
SO in a casé basis set is reported in réf. These elements  corresponds to trajectories at small impact parameters, for which
depend on the magnetic field strength and are functions of the the attractive and repulsive actions balance; the second type is
coupling constants and quantum numb&endm;. Here, we due to collisions at impact parameters so large that the effect
use the same values of the coupling constants for SO moleculef the potential is negligible. Amplitudes and frequencies of
as those given in ref§. Numerical diagonalization of the these undulations are connected to features of the potential, such
secular equation leads to the Zeeman lef&lsn, as a function as the depth of the wedl and its locatiorRm.
of the magnetic fieldB. Some results are shown in Figure 3 The absolute total cross sectiQ(v) for the scattering of the
for two different cases: the first is with regard to rotational SO radicals on Ne, Ar, and Kr, measured as a function of the
levelsK = 0, 1, 2 for which the spirrotational interaction beam velocityv, are reported in Figure 4 and are plotted as
overcomes separation of rotational levels; the second refers toQ(v)»%° to emphasize the observed glory interference pattern.
a highK value, specificallyk = 15 (J = 14 and 16). Because of the high SO rotational temperature, a substantially

The derivatives of the Zeeman energy levels, as a function isotropic interaction can be expected in the-S@ble gases
of B, give the magnetic moments values, useful for the presentcollisions. Therefore, a single spherical potential model can
analysis. Beam transmittancéé,, for SO molecules in the  be used for the analysis of the experimental data for all three
electronic ground staté&s~, are computed as discussed else- investigated systems. As usual, we employ a MSV (Merse
wheré’2tand assuming a Boltzmann distribution of the spin  spline-van der Waals) parameterization for the interaction
rotational levels corresponding to various temperatlire$he potential (see below) and standard computation techrig|fars
I/lp behavior as a function of magnetic field strendh at cross-section calculations. The total cross sections calculated
sufficiently highT values typical of hot and near-effusive beams, in the center-of-mass frame are convoluted in the laboratory
is almost independent from assum@&dvalues (as already  system?? considering the thermal motion of the target gas, the

An upper limit for c corresponding to 0.07 can be obtained
by using aJ distribution associated to a sptnotational
temperaturd = 1500 K. The beam transmittances so calculated
are compared with those computed in the case of SO in a pure
33~ state and with the experimental results in Figure 2.

4. Total Integral Cross-Section Measurements: Data
Analysis and Interaction Potentials
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. ) The best-fit potential curves are shown in Figure 5. The
Figure 4. Absolute total cross sectiofd(v) for the SO-Ne, Ar, and

Kr systems, as a function of the beam veloaignd plotted a6(;).25 functional form of the potential according to the MSV param-

to emphasize the glory interference pattern. Dashed lines are calculationsaenzaﬂom which can b? expressed as scaling for locdtion
for the true quantum cross sectio@s in the laboratory system; solid ~ and depthe of the potential well,
lines are calculations corrected to take into account the finite angular

resolution of the experimental apparatus, as explained in the text. = R fx) = Vo(R)

R, €

)
transmission function of the mechanical velocity selector, and
the finite angular resolution of the apparatus. They are plotted g the following:
as solid lines in Figure 4, for a comparison with those
experimentally measured. Morse
The effect of the finite angular resolution of the experiment
produces a lowering in the absolute value of the cross sections f(X) = exp[-28(R/R,, — 1)] — 2 exp[-3(R'R,, — 1)]
which influences also the amplitude of the observed interference for x=<x (8)
glory structure. This effect, as discussed in section 2, depends
critically on the reduced mass of the systems and increases withspline
the collision energy. As a result, the measured integral cross
sectionQ is given by° f(x) = by + (X — X)b, + (X — X)[b; + (X — X)b,]

Q=Q,~uQ, ®) for X =x=% ()

whereQy represents the true cross section arid the “error”

due to the finite angular resolution of the apparatus defined in Cs\ 6

eq 1. f(x) = —|—|x for x=x, (20)
In Figure 4, dashed lines represent the true quantum cross R

section calculated in the laboratory frame using the best-fit

parameters listed below, while solid lines take into account the

proper correction due to the finite angular resolution of the

apparatus. This effect is negligible in S@le; it is detectable

in SO—Ar and appears to be more evident in the-SCO case.

Since the effect would have been more severe for the $©

system, we did not extend the present investigation to include Lo :
the Xe case. In the case of S®le, the angular resolution same derivative ak, and xo. The analysis of the smooth

_ @ ) Ve at eyt
correction would also be negligible. However, we did not Component (i.e.=v"2%) of the cross-section dependence on
perform scattering measurements for the helium system becaus¥€!0City gives direct information on the long-range effective

the glory structure is outside the experimentally accessible Interaction constan.'(s‘s, while, from the glory patterns, the well
collision velocity range. depth ¢ and locationRy, are obtained by a trial-and-error

Figure 4 also illustrates that the calculated glory extrema with Procedure. .
the proper correction are still well observable in all systems _ 1h€ values of the relevant parameters are reported in Table

and their amplitude is in agreement with the experimental 1 for all the investigated systems together with the estimated

findings. This is a confirmatich that in the case of a molecular  €XPerimental uncertainties.
beam effusing from a source at high temperature, the rotational
interaction anisotropy, although present in all cases, affects only
slightly the glory oscillations. In addition, the amplitude of the A microwave-discharge source has been used to produce a
oscillations suggests that the metastable states, present in lovbeam of SO radicals from an $®le mixture. The free-radical
concentration in the beam, do not affect sensibly the presentbeam has been characterized by means of velocity and magnetic
measurements. selection techniques. The analysis of the electronic and

van der Waals

The  parameter, which defines the well shape of the
potential, is fixed at 6.5, a value which is characteristic of van
der Waals forced? x; andx, are chosen, as for other previous
cased? in the neighborhood of 1.1 and 1.5, white, by, bs,
and bs—the spline parametersare automatically fixed by
imposing that the functions must have the same value and the

5. Final Remarks and Conclusions
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TABLE 1: Potential Parameters, As Determined dell'Universita e della Ricerca Scientifica e Tecnologica
Experimentally, for SO (X°E") Interacting with Ne, Ar, and (MURST), and by the European Union within the Human
Kr Capital and Mobility Network “Structure and Reactivity of
R A €, meV Ce, meV A° Molecular lons” (Contract No. CHRX-CT93-0150), the Training
SO—He 3.84 2.7 1.2« 104 and Mobility of Researchers Network “Potential Energy Sur-
SO-Ne 3.95 5.7 2.5¢ 10¢ faces for Molecular Spectroscopy and Dynamics” (Contract No.
SO-Ar 4.04 16.2 8.9« 10* ERB-FMRX-CT96-0088), and the COST D-3 action.
SO—Kr 4.10 20.1 1.3x 10°
SO—Xe 4.27 22.8 1.% 10
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