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GENERAL INTRODUCTION

The observation of ion-molecule reactions with mass spectrometers
goes back as early as 1916 when Dempster1 reported the observation of H§
from the reaction HE + Hy. But the event which really spurred the study of

ion-molecule reactions was the discovery of the reaction
+ +
CH4 + CH4 _ CHS + CH3

by Tal’roze and Lyubimova,2 Stevenson and Schissler,3 and Field et al.?
independently in the early 1950s. Since then the investigation of ion-
molecule reactions has been carried on quite actively, both experimentally
and theoretically. Especially in the last 20 years, based on much-improved
equipment, the emergence of new technologies and the rapid increase of
computing speed, the interest in ion-molecule collision has spread very
rapidly.

In the early stages cf the development of interest in icn-mclecule

1S, tudies were aimed at

Starting from the conventional mass spectrometer. in which the ionization
chamber served as the reaction gas cell, new instrumentation was desianed
or adapted specially for the study of collision reactions: pulsed source

5 6

reactor”, ftlowing afterglow technique

7,8

, lon cycictron resonance mass

. . ; - : . 1 .
spectrometcer, tanaem mass speccrometer9’-0 etc.

Since the 1960s, development of advanced technologies has made it

possible to probe a rate process directly at the microscopic, molecular



level either experimentally or theoretically. Among them the most important
are the molecular beam technique,ll the vacuum ultraviolet (VUV) light
source,-lz'15 the laser as light source and probing measurels, the

coincidence technique,17

and improved computer hardware and software.
Since the late 1970s studies of state-selected ion-molecule reaction
have expanded rapidly, especially with the application of the coincidence
technique. Even though the early studies were limited by the single cell
arrangement, many significant results have been published about symmetric

18-20

ion-molecuie reactions at low collision energies. An example is the

study of the symmetric charge transfer reaction
+ +
02 + 02 _ 02 + 02

for different vibrational energy levels done by Baer et a1.1?

To extend the state-selected study into unsymmetrical ion-molecule
collisions and to observe the effects of higher collision energies, a
double cell experimental arrangement coupled with threshold electron-

secendary icn ccincidence {TESICC) was develcped by Tanaka et al.<* They

Ar+(2P3/2’1/2) + Hy —> ArH" + H

Since low ion collection efficiency is inherent to their apparatus,; their

LITL L QUL AR

(o))

irect measurements were limited to relative cross sections.



In 1981, Anderson et al.22 achieved no less than 98% ion collection

efficiency by using the radio frequency (rf) octopole ion guide technique.

selected reactions in a gas cell separated from the photoionization region.
However, the lack of primary mass analysis in their apparatus, in contrast
with the single cell experiment, prevented them from studying symmetric

ion-molecule reactions., For example, the reaction

can not be studied because of the formation of H§ in the photoionization
region.

By combining a VUV light source, molecular beam, and rf octopole ion
guide techniques with tandem mass spectrometry, we have developed a
photoionization tandem mass spectrometer. The first quadrupole mass filter

(QMF) removes all the undesired ions produced in the photoionization

pears in Section II. and III. of Part I. herein} using

collision energies up to Ey,p, = 280 eVv:

+

H3(v) + Hyivi=0) —> H3 + H

w

E3/2,l/2) + Nz(V=0) > Ni + Ar




Ng(v) + Ar(lso) —> art + N,

1stru a triple uadrupole double-
octopole photoionization mass spectrometer. With a specially designed
experimental procedure, we were able to measure absolute cross sections for

state-to-state collision induced energy transfer, such as {(appears in Part

Ar*(%p3 o) + Ny(v=0) —> Art(®py ;) + N,

The advantage of this apparatus is the high ion collection efficiency
for primary ions and product ions formed in both reaction gas cells. The
internal state distributions of ions from the first reaction gas cell are
then probed by further reacting with a neutral gas in the second reaction
gas cell, Therefore, two sequential ion-molecule reactions can be conducted
at one time and the corresponding absolute total cross sections can be
measured. The first QMF is used to filter undesired ions produced in the
the ic

11 Tan~a
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thiz zpparatus can be used to study both symmetric and asymmstric ion-

molecule reactions.

The recent development of the capability to measure absolute total

~rrace carkimnne nf ctato_colerntad and ctate_tA_ctatra inanomalamile roarctinng
crese seCtlione ¢I state o) C state—-to—-giate ion-molecu e reactlions

is only the beginning of a new chapter in the study of ion-molecule

reactions. An accumulated data base of absolute total cross sections will




provide a good basis for the development of theoretical studies of state-
selected and state-to-state ion-molecule reaction, which in turn will

result in a better understanding of the reaction dvnamics of ion-molecule
interactions as a whole.

An expected further development is the coupling of the tandem mass
spectrometer—-rf octopole ion guide technique with the coincidence
technique,; and laser light source and laser probe in order to prepare the
primary ion in a specific state and to measure the final state distribution

directly.
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EXPLANATION OF THESIS FORMAT

This thesis is separated into two parts. Part I is divided into three

sections according to the ion—molecul
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only one section, and is also formated as in Part I. Each section is an
independent article prepared in a format ready for submission for
publication. The experimental apparatus is described in detail in section
I, and the specific operating conditions of the apparatus are presented in
a brief experimental description in each section. A detailed description of
the modified experimental apparatus is presented in Part II. The figures,
tables, references and appendixes cited in each section refer only to those
contained in that section. Some selected computer programs and the block
diagram of the computer system are compiled in AFPENDIX A and B at the end

of this thesis.



PART I.
STATE-SELECTED STUDY OF ION-MOLECULE REACTICNS USING THE

TANDEM MOLECULAR BEAM PHOTOIONIZATION MASS SPECTROMETRY



SECTION I.
A VIBRATIONAL STATE-SELECTED STUDY OF THE REACTION
HyT(vg') + Hy(vy"=0) —> H3+ +H
USING THE TANDEM PHOTOIONIZATION MASS SPECTROMETRY

AND RADIO FREQUENCY ION GUIDE METHODS

The simplicity of the reaction between H2+ and Hy makes it a system
of fundamental importance to molecular reaction dynamics. The HZ+ + Hy
reaction and its isotopic variations have been investigated by nearly all
accessible experimental techniqv.xes.:"‘43 In spite of its apparent
simplicity, the reaction is rich in chemistry. Combining the results of
previous experimental and theoretical44-45 studies, a qualitative picture

about the Hz* + By reaction has emerged. At low center—of-mass ccllisicn

rtac B \  +he madar nraduct channel ic the farmation of Bt o 1
Rl \-‘C.m.ll TV SESRIVS peTTU Y Semmest S S T SYsT—mesves e oty 5 -
which has the cross sections close to the predictions of the Langevin-

Gioumousis-Stevens (IGS) model. In principle. the H3+ formation can result
from the proton and the hydrogen atom transfer mechanisms. The isotopic

e . ..6.12.13 . Cr e e " - A
substitution experiments”’-</~- show that the cross sections for nominai
proton and hydrogen atom transfer reactions are similar. This observation
is interpreted to be the result of rapid charge equilibrium between the

reactants HZ* and Hy, prior to 53* formation. The H3+ + H channel is
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believed to proceed with a direct mechanism.912-14,47-49,56 54 Eq.p. is
increased, the cross section for H3"’ formation decreases rapidly with
concomitant increage in the cross section for charge transfer. indicating
that the H3+ + H and charge transfer channels are competing processes. At
Eq p.>5 eV, charge transfer, which is mainly governed by long range
interactions, becomes the dominant product channel. In addition to the H3+
+ B and charge transfer channels, the formation of BV + H + Hy ig alse 2
viable process where E,  is greater than the dissociation energy of H2+.
In general, the cross section for the collision induced dissociation
channel is much smaller’s34 than those for the H3+ + H and charge transfer
channels.

Recently, several reliable theoretical calculations on the Hz"’ + Hy
system have been teported.45‘47 Stine and Muckerman have applied a
variant4® of the trajectory surface hopping (TSH) method®’ on H4+ valence
bond diatomic-in-molecules (DIM) potential energy surfaces and have carried
out extensive calculations?’ on the H2+(v9'=0,3,6 iJ1=2) + Hy(vo"=0;J5=1)
system at Ec.m_-O.ZS, 0.5, 1.0, 3.0, and 5.0 eV. The TSH model has been
found to be successful in predicting absolute total cross secticas for the
reaction 8T + 32.58 Combining the guasiclassical trajectory appreoach and a
newly developed Fourier transform msthod, Esker and Sch -tz45 havye
calculated cross sections for the H3+ + H channel at E, , <1 eV with an
emphasis on the product 1-13"r rotational and vibrational distributions.

have been caliculated by Lee and DePristo?® for Eo.p. 28 eV using the

semiclassical energy conserving trajectory (SECT) formilation.
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As a model system, it is important to observe quantitative agreement
between experimental measurements and theoretical predictions on the H2+ +
¥, system. Detailed state-selected cross-secticnal datz for the HZ+ + H,

charge transfer reaction over a wide E, , range have been obtained
recently by Liao, Liao, and Ng.2'3 The vibrational state distributions for

the Hy product ions resulting from the charge transfer collisions between

'7+
a2

Liao and co-workers.3/>9 The results of these experiments have been found

r_n Y L~
=V i

or 1) and Hy (vo =0} at Ecm =2-1§ &V &1 ned o
.m.

Vo ve been determined by
to be in satisfactory agreement with the SECT theoretical predictions of

Lee and DePristo.46

The first state-selected experiment on the reaction
Hyt(vg’) + Hy(vp"=0) —> Hy™ + K (1)

was performed by Chupka, Russell, and Refaey.25 Vibrational state-selected
total cross sections, o(vgy’). for reaction (1) at E, . <1 eV also were
measured by Royano and Tanaka® and van Pijkeren et al.t using the photoion-

photoelectron coincidence technique. In ail these experiments, both

ill-defined. Cross sections thus obtained are phenomenological cross
sections and represent velocity averages over the microscopic cross

perimental results with theoretical

Q
n
3
b

Q
3
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microscopic cross sections is necessary. However, there are severe
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limitations on the accuracy to which microscopic cross sections can be
derived by these means . 50
Recently, Anderscn et 1.7 combined the photcionization and the gui

e

beam technique”* and measured the microscopic total cross sections for
several isotopic H2+ + Hy reactions for vy’=0-4 over the E, , range of
0.23-6.1 eV. However, because of the high intensity of H3+ background
produced at the photoionization source, they were not able to study
reaction (1).

In an effort to obtain accurate microscopic state-selected total
cross sections for reaction (1) over a wide E, , range, we have developed
a new tandem photoionization mass spectrometer. The experimental setup is
similar to that used by Anderson et al.,7 except that a quadrupole mass
filter is used to reject H3+ background formed at the photoionization

region. The experimental results at E. p, =0.04-15 eV are presented here and

compared with previous experimental and theoretical findings.
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EXPERIMENTAL

monochromator (McPherson 234), a discharge lamp, a tungsten photoelectric
VUV light detector, two quadrupole mass filters (QMF), a radio frequency

(rf) octopole ion guide, a reaction gas cell, a supersonic free jet

TR o e o - - wemend memde - T
pLauL LIV youLtilt, Quu @ vaiiade v 1

Fh
[r
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waly

m

The detailed cross-sectional view of the tandem photoionization mass
spectrometer, showing the differential pumping arrangement, is depicted in
Fig. 1. The vacuum system is partitioned into four chambers: the
photoionization chamber (1), the QMF chamber (6), the rf octopole chamber
{7), and the detector chamber (13). These chambers are connected only
through small apertures. Each of these chambers is evacuated by a separate
pumping system which is described below.

The reactant H2+ ions are prepared by photoionization of a H, free
jet produced by supersonic expansion through a quartz nozzle (2) at a
stagnation pressure of <200 Torr. The nozzie has a diameter of ~50ym and is
positioned ~1 cm from the photoionization region. A Quartz nozzle is used
in order to reduce the disturbance on the electric field in the
photoionization region. The ion exit aperture of the photoionization region
is covered by a high (90%) transmission gold grid to minimize the field
penetration into the photoionization region from the adjacent £oTusing ion
lenses. The ghotcicnizaticn chamber, mummed by a freon-trapped € in.

diffusion pump (DP), maintains a pressure of ~1.5%107> Terr during the



Figure 1. Cross-sectional view of the tandem photoionization mass spectrometer. (1)
Photoionization region, (2) quartz nozzle, (3) to freon-trapped 6 in. diffusion
pump (DP), (4) the first quadrupole mass filter (QMF), (5) to liquid-nitrogen
(INy)-trapped € in. DP, (6) the first QMF chamber, (7) the ratio frequency (rf)
octopole ion gquide chamber, (8) the reaction gas cell, (9) the rf octopole ion
guide, (10) auxiliary molecular beam port, (11) to LN,-trapped 4 in. DP, (1Z) the
second QMF, (1) detectorr chamber, (14) to LNz—trapped 2 in. DP, (15)
photomultiplier tube, (16) plastic scintillator window, (17) aluminum ion target
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experiment.
The reactant H2+ ions, together with H3+ background ions formed at
the photoionization region; are extracted perpendicular to the Hy beam. By
tuning the first QMF (4) to the mass of Hy* (m/2z=2), the H3" background is
completely rejected and a pure reactant H2+ beam is selected to enter the
rf octopole ion guide (9). The first QMF chamber is pumped by a liquid-
in, DP and has a pressure of ~2x10~6
The rf octopole ion gquide is constructed of eight molybdenum rods,
with a diameter of 1.59 mm and a length of 17 cm, symmetricaily spaced in a
circle of 1 cm diameter. Since the trapping efficiency of a given ion in
the octopole ion guide depends on the applied rf and rf peak voltage (Vj),
it is important to be able to maximize the collection efficiency of a
product ion by varying the rf and Vj. The rf power source used here
consists of a signal generator and an rf linear power amplifier. Using an
impedance matching network, the rf in the range of 5-24 MHz is applied to
the octopole ion guide. The maximum value of Vg, which can be delivered by
the rf power source, depends on the rf. For the iow mass 33* and Hz* ions,
ann £f of ~23 Mz is used, and th lue
we £ind that 180 v i
wt ond wot mha om1lactisn afficicncy

32 .;3 ¢ aiiT LlUadlLLalii Caacvalaivy

except at E, . =0.25 eV, where a collection efficiency of 98.5% is

is carefully cptimized at each E
obtained.
The 7 o= long reacticn gas cell {(8) is positicned at the center of

the ion guide. The reaction gas cell and the octopole are connected to the

same dc potential. We find experimentally that the collision energy can be
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altered due to field penetration from the gas cell into the octopole ion
guide when the gas cell and the octopole are at different dc potentials.
Since the sections of the octopole ion guide outside of the reaction
gas cell are fully exposed to the pumping system of the octopole ion guide
chamber, the density of reactant Hy in these regions is nearly two orders

of magnitude lower than that of the reaction gas cells. Thus, the intensity

- - acr wasy  wes v e -ae et

of Byt formed along the octopole ion guide
is expected to be negligibly small.

The electrostatic field between the ion lenses at both ends of the
octopole ion guide is usually set up such that the product ions formed in
the reaction gas cell are directed toward the second QMF (12) where the
intensities of Hz+ and H3+ are measured. In such an arrangement, we
estimate that the error on the collision energy due to field penetration to
the reaction gas cell from the focusing ion lenses is estimated to be less
than 0.1 ev. The lower collection efficiency observed at E, , =0.25 eV is
attributed to the fact that some of the backward scattered H3+ ions are
lost because an efifective retarding voltage cannot be appiied to ion iens
at the entra

The twe QMFs used in this apparatus have the same design, They are

constructed of four stainless steel rod

R e il L

2inl e2l rods, have 2 diameter of 1

length of 21 cm, and are symmetrically held in a circle of 3.55 cm

diameter. The resolution of the second QMF is set to give flat-top
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The rf octopole ion guide chamber is evacuated by a 4 in. LN,-trapped
DP, has a base pressure of ~1XJ.0'7 Torr, and is maintained at ~2X10'6 Torr
during the experiment. The pressure of H, in the reaction gas cell is
~1x10~4 Torr and is monitored with a Baratron manometer (MKS model 315 HS-
1.

Previous experimental studies show that o(vy’) for reaction (1) at
low collision energies are large. It is expected that low energy H2+ ions
produced by charge transfer may further react with H, in the reaction gas
cell to give background H3+. At B, p <5 eV, we find that the H3+ product
intensity is linearly proporticnal to the H, gas cell pressure in the range
of (0.1—2.5)}(10'4 Torr indicating that H2+ ion intensities produced by
secondary processes are not significant in comparison with those formed by
the primary reaction. The intensity of H3+ clearly deviated from linearity
only when the H, gas cell pressures are 53104 Torr. within experimental
uncertainties, the H3+ ion intensities observed at E, , 26 eV can also be

fitted by a straight line in the H, gas cell pressure range of (0.2—2)X10'4

Torr. Since the H3+ ion intensities observed at E_ , 26 eV and at Hy gas
cell pressures <5167 Torr are very low and have high uncertainties, the
linaar fite at © S8 o7 mav nat he iinimie

near fits at E, o >6 oV may not he unique.

replaced Hy by D, in the octopole gas cell and measured the formation of

D3+ as Hz+ ions enter the reaction gas cell at various E_ , .

—t -
ne U3' are
most likely formed by the secondary reaction D2+ + Do in the reaction gas
cell subseguent to the charge transfer reaction between H,* and D,. The

fact that D3* can be distinguished from H,D' and D,H™ allows realistic
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estimates for the extent of secondary reactions taking place in the

reaction gas cell at different E. . Based on these measurements, we

m

estimate that the ¢
intensity of Hy* is <10% at E_ ; <1 eV and up to ~40% at E, ; ~15 eV. The
values for o(vy') at E, p >2 eV measured here possibly represent upper
bounds. Values for o(vy’) at E. , =6, 8, 10 ,12, and 15 eV may be 25%-40%
too high.

The vibrational dependences for ¢(vy’) measured at high E,  (>1 eV)
are also expected to be affected by secondary gas cell reacticns. At the
E..p. range of 1-5 eV, we find that the vibrational dependence of o(vy'),
deduced from the photoionization efficiency (PIE) spectra of H3+, is
independent of H, gas cell pressure in the range of (0.2—2))&!].0‘4 Torr.
Figures 2(a), 2(b), and 2(c) show the PIE spectra for H3+ observed at
Eq.p.=4 eV and Hy gas cell pressures of 0.2, 1, and 2.3x1074 Torr,
respectively. With the exception of minor details, which are attributable
to poor counting statistics at low H, gas cell pressures. the spectra shown
in Fig. 2(a)-2(c) are essentially superimposable. Due to the very low
signals observed for H3+ at E, , 26 eV and low gas cell pressures it is not
feasible to examine the Hy gas cell pressure effect on the vibrational
energy dependence of o{vy’j at H, gas cell pressures beiow SK10™° Torr. The
relative values for ¢(vy') at the E, . range of 6-15 eV vary by ~10% when
the Hy gas cell pressure is changed from 0.5 to 2x10~4 Torr. These
observations suggest that secondary reactions have a lesser effect on the

& 1 ~ -~ { ry &
ticnal energy dependences of o{vp') than on the absclute valuves for
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PIE curve for the H product ions formed at E. p = 4 eV
es of {a) 2 x 107% Torz, (b)

10’4 Torr
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given E,  have similar vibrational dependences, the errors for the
relative cross sections of reaction (1) will be suppressed. We believe the
relative standard deviations for the relative values of o(vgy'). vg'=0-4. at
E. . ranges 1-5 and 6-15 eV contributed by secondary reactions in the gas
cell are <10% and <20%, respectively.

The H' ion intensities observed at the E. . range of interest here

(]
3
[]
[{9
13
[
+
¥
o
3

ar y within the noise level and are significantly lower than th

-———

*. This observation is consistent with the previous

intensities for H3
measurements’ that the cross section for the coilision induced dissociation
channel is <1.5 A2. The low H* intensities in comparison to those for H3+
also eliminate the possibility for the secondary collisional dissociation
of product H3+ in the reaction gas cell as a source of error for o(vy').
The ion detector chamber is pumped by a LN,-trapped 2 in. DP and has
a pressure of ~1X10~7 Torr. The ion detector is a variant of the Daly
scintillation ion detector®2-64 and consists of a photomultiplier tube

(15), a scintillator window (16), and a polished stainless steel box (17).

The ion entrance aperture of the stainiess steel box is covered by a 50%

Ao = ol i mem T D a2 Ponerl e dlea  mamen S 1 - & 4
Clai SS10nt gOLU Qrid. During Wi SXpErinenc, Wit dlUlinum ilh targec and
. ——s s ; t e F1mmbad . ..

the stainless steel box assembly is floated at =20 kV, while the

-l b aome ' - s < “
chotemaltiplier holder and the scintillator window are held at the groun

potential. In this arrangement, the observed dark noise of the ion detector

is ~1 count/s. Using a different voltage arrangement, the scintillating

MAadbkambae Aam Aadamé - ~
Ga2celelr Canl GQetelt < cns.

be
«
[{
b

The grating emploved in this studv is a Jobin Yvon 1200 lines/mm MgF
- - - - - - 2

coated holographic grating (J-20 VOV) blazed at 1600 A. Using ~100 um
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entrance and exit slits, the wavelength resolution achieved is 4.5 A
(FWHM), similar to that used by Anderson et al.” The tungsten photoelectric
detector is used in the electron loss mode to transfer the photon flux into
current which is then measured by a picoammeter (Keithley model 602). The
analogue output of the picoammeter is converted into digital signals by a
voltage~to~frequency converter and the digital signals are then counted.
The PIE curves presented in this experiment have been corrected for the
photoelectric yield of tungsten.66 The design of the discharge lamp and the
differential pumping arrangement of the windowless light scurce
monochromator assembly are the same as described in Refs. 68. The helium
Hopfield continuum is used as the light source. The observed intensity of
reactant H,* ion is ~10° counts/s.

The laboratory collision energy (Ej,p) is defined by the difference
in potential between the photoionization region and the reaction gas cell.
Due to the finite height (~4 mm) of the photon beam in the photoionization
region and the finite repeller field applied to the repeller, the reactant

Hz+ beam arriving at the reaction gas cell has a spread in kinetic energy.

) th nellers (AV) and can be determined by the retarded
£ield method. Figures 3(a) and 3(b) show the reactant H,* ion beam
intensities measured as a function of the retarding voltage applied to the
octopole ion guide at 4vV=2 and 1 V, respectively. The AE value for 4&v=zZ is

+0

.6 eV and that for AV=l is 0.3 eV. At E;..=10-30 eV. AV is set at 1.0V

in this experiment. Since the A&V values used are <0.4V at B, K10 eV, the

corresponding AE values are expected to be <+0.12 eV. The most serious
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factor, which affects 4E in an ion beam gas cell experiment such as this,
is due to the random thermal motion of the neutral H, reactant molecules in
the gas cell, This effect has been discussed in detail r:ecently.3'7'68 In
order to eliminate the random thermal motion or the Doppler broadening
effect, it is necessary to replace the reaction gas cell with a supersonic
molecular beam. A molecular beam can be introduced in the octopole ion
guide in the future by coupling a molecular beam source to the auxiliary
molecular beam port (10). However, due to the unknown beam density at the
reaction region, the molecular beam method is only suitabie for relative
cross section measurements.

The data acquisition and operation of the apparatus are controlled by
minicomputer (LSI11/23) and are fully automatic. The results presented here

are based on at least three independent measurements at each E, , .
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RESULTS AND DISCUSSION

. b + K]
Figure 4 compares the PIE curves for the rsactant and preduc

0

<

ions obtained at E,  =0.04-15 eV. The PIE curves for 32+ are obtained when
the reaction gas cell is empty. Since the relative standard deviations for
these PIE data are less than 2%, the PIE data for H2+ and H3+ are connected
by solid or dashed lines, respectively. The FIEs of the product H3+ and
reactant Hy” ions in the region of 790-805 R, which corresponds to the
formation of reactant H2+ in the ground vibrationalistate, are normalized
to have the same values. The PIE spectrum for H3+ at thermal energy
(Eq_p.=0.04 eV) is obtained by measuring the PIE for Hy* formed at the
photoionization region with the repeller voltage in the photoionization
region maintained at a negligibly small value (<£0.05 V). These comparisons
clearly show that as vy’ is increased o(vy') for reaction (1) at
E. pq.=0.04, 0.25, 0.46, 10, and 15 eV are inhibited by vibrational
excitations of the reactant H2+ while those at E, p =1, 2; 3, and 5 eV are
enhanced.

AQ_71

The work of Chupka and co-workers~- ‘= shows that because of the

dominance of autoionization with dv=-1, Hy ions produced Dy autoionization

the

§

detailed autoionization structure. Thus, vibrational distribution of H2+

formed in a given wavelength interval depends on the contributions by

H
'
B
3

spectrum for H,* obtained by Dehmer and Chupka, ! Anderson et a




Figure 4. The comparisons cof PIE curves for the H'§ product ions (—)
formed at the E, ; range of ~0.04-15 eV with that for the
BE(VC')) reactant ion (= -—)
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estimated the ratio of H2+ produced by direct photoionization to that
produced by autoionization. This ratio, together with the assumption that

P R S A As
k.,

rhe v tributions of H2+ formad _P-_vy direct nhotoionization are

____________ photoionization ar
governed by Franck-Condon factors fcr transitions from H2(X1£g+,v) —_>
H2+(x2£g+,v0'), allows Anderson et al. to deduce the vibrational
distributions of H2+ resulting from photoionization in the wavelength
region {745-805 A) corresponding to the first
Since the wavelength resolution used here is similar to that employed by
Anderson et al., the same procedures and vibrational distributions of
reactant HZ+ as reported by Anderson et al.” are used to deconvolute the
experimental data.’?

The previous studies of reaction (1) have been limited to E, p <1 eV.
Figures 5(a)-5(f) show the relative total cross sections, o(vy')/o(vy'=0),
where vqy'=0-4, at E,  =0.04, 0.25, 0.46, 0.5, 0.75, and 1.0 eV, deduced in
this study. The experimental results obtained by Koyano and Tanaka and van
Pijkeren et al.l are included in Figs. 5(a), 5(c), and 5(f). The relative
cross sections at thermal energy reported by van Pijkeren et al. are found
to be in good agreement with those determined here {Fig. 5{aj}}, imdicating
that the vibrational distribuctions of 32+ used in the deconvecluticn are
reiiabie. At B, , =0.45 eV, the results of both Koyanc and Tanaka, and this
study, show vibrational inhibition on o(vg’). Although the values for
o(vy’)/alvy'=0), where vq'=1-3, obtained by Koyano and Tanaka appear to be
lower tnan those deduced here (rig. 5{c)], the two results

a
. N - . .
xperimental uncertaintieg. In a single chamber experiment 8125 the

D e T - * we-

0]

uncertainty in collision energy AE becomes greater as E. ,, is increased.




Figure 5. Relative total cross sections a(v('))/o(v6=0) for reaction (1) at E, , = 0.04-1 ev
plotted as a function of vibrational quantum number V(')- (e) This work; (x) mean
values of proton and atom transfer (Ref. 7); (o) Ref. 1; (4) Ref. 47; (a) Ref. 45;
(+) Ref. O
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In Fig. 5(f), the experimental results at an average E. , of 0.93 ev
obtained by Koyano and Tanaka are compared to those at E, , = 1.0 eV found
in the present study. The difference in collision energy of the two sets of
results is within the uncertainties in E_ , of both experiments. The
results of Koyano and Tanarka show that the values for o(vy'), where vo'=2
and 3, are slightly lower than that for o(vy’=0), contrary to the
observation of this experiment. A recent state-selected study using the
crossed ion-neutral beam method® shows qualitatively that vibrational
excitations of the reactant H2+ ions have a negligible effect on o(vp’) at
E. p.=1 eV. Since the collection efficiency for H3+ is poor, their results
are less accurate than those reported here.

2bsclute cross sections for the reactions

H2+(V0') + Dz —_—> D2H+ + H (2)
DyF(vp') + Hy —> DHN + H (3)

have been measured by Anderson et al.’ The formation of DZH+ by reaction

2) and {(3) are referred

ot
(0]

as the ncminal proton and atom transfer

o~

reactions, respectively. If an electron hops repeatedl T and Hy

~1 &
g
%
=}
m
[ V]

in the reaction channel prior to the formation of Hy™,  r+7¢% the value
3

for c(vg’) of reaction (1) should be in accord with the mean value of the
total cross sections for reaction (2) and (3). We have obtained the mean
values of the total cross sections for the nominal proton and atom transfer
reactions by scaling the experimental results plotted in Fig. 3 of Ref. 7.
The mean values for G(vo )/c(v0'=0), ﬁuc¥e v0'=0—4, at E =0,22, 0.43

c.m. :
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0.77, and 1.1 eV of proton and atom transfers are in good agreement with
those determined in this experiment, as shown in Figs. 5(b), 5(c), 5(e),
and 5(f), respectively. This observation gives strong support for the rapid
charge hopping interpretation.

For Ec.m.gl eV, the results of two theoretical calculations are
available to compare with the experimental data. Trajectory calculations by
Stine and Muckerman®’s48 and by Eaker and Schatz®> provide only o(vp’),
where v0'=0 and 3, for reaction (1). Their results, including the standard
deviations, are shown in Figs. 5(b); 5(c), 5(d), and 5(f). The fact that
only a finite number of trajectories were sampled in their calculations
causes large uncertainties in the theoretical results. Taking into account
the uncertainties of the calculated and experimental values, the
theoretical predictions of Stine and Muckerman at sc_m.so.zs, 0.5, and 1.0
eV are in agreement with the experimental measurements. At E,  =0.46 eV,
the calculations of Eaker and Schatz predict vibration enhancement for
o(vp’), whereas the experimental values show the opposite trend. Their
value of 1.2° for o(vg'=3)/a(vg'=0) at E_ , =0.93 eV is higher than the
experimental value of 1.12.

The experimental values for c(vo’)/c(v0'=0), where v0’=0-4, measured
over the E, , range of 2-15 eV are plotted in Figs. 6(a)-6(1i). Similar to
the observation in Fig. 4, vibrational enhancement for o{vy’) reaches a

is further increaged in the range of 3-15

- - PR e
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obtained by the TSH calculations of Stine and Muckerman also agree with the
experimental findings [Figs. 6(b) and 6(d)].

included in Figs. 6(a)-6(e) to compare with the results observed at
Ec.m.=2'3'4'5' and 6 eV in this study. The relative values for a(vo’) of
reaction 1) and those for the mean cross sections of reactions (2) and (3)
exhibit similar functional dependences on vy’. Nevertheless, the two sets
of data show better agreement at E, p =0.25-1 eV [Figs. 5(b), 5(c), 5(e)_,
and 5(f)] than at E,  =2-6 eV. The collision time of a scattering event is
expected to be shorter when the collision takes place at a higher collision
energy. Since a finite length of time is needed for an electron to jump
from Hy to Hy" in the H2++H2 collision, the shorter collision time at high
Ec p. will limit the number of electron jumps between H, and Hy* at the
entrance channel. The fact that charge equilibrium cannot be maintained at
high E, ; at the entrance channel prior to the formation of H3+ is

probably the primary reason for the different vibrational dependences

observed for o{vp’)/o(va’=0) of reaction (1) and the relative mean cross

.. et - —_ o - ~f M3 mmmm o -1 P TR I N
section for reactions (2) and {(3). The fesSuits Of AndersSon €t &al. Shnow wiat
e - mmlr e T e e d Y Y Seme Y - Yoo CPE R W
tiie cross section for reaction {2) and (3; are similar and have similar

vibrational dependences at low E . whereas at high Ec.m.* the cross

c.m.’
sections for atom and proton transfers are quite different. The behaviors
of the cross sections for atom and proton transiers at various B, p, <an
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The relative vibrational state-~selected total cross sections for the
H2++H2 charge transfer reaction at Ec_m.=2,4,8,and 16 eV obtained by Liao,
Liao, and Ng3 are included in Figs. 6(a). 6(c). 6(f), and 6(i).
respectively. The vibrational enhancements for the cross sections of charge
transfer at Ec.m.=2,4,and 8 eV are greater than thcse observed for H3++H
channel. The vibrational dependence of the H2++H2 charge transfer reaction
at thece collision energies is in qualitative agreement with the Franck-
Condon factors for the ionization transitions H, (§1£g+, v=0) - Hz+(§22 *,
vo'=0-4), indicative of a predominantly long range electron jump mechanism.
The Franck-Condon factor patterns are not observed for the vibrational
dependence of o(vy’)for reaction (1). It is interesting to find that the
relative cross section at vy’>1 for both charge transfer and H3+ formation
decrease with respect to that at v(y’=0 as E_  is increased in the range of
4-15 ev.

The TSE calculation reveals that the critical impact parameter for
charge transfer is larger than that for H3+ formation, and is relatively
independent of colliision energy.47 The latter decreases with increasing
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energy range (Eg p <2 eV). They note that from their trajectory results
.

- -

the probability of nonreactive charge transfer increases as vy’ is
increased, but at the same time the maximm impact parameter leading to H3+

for o(vs?) ohserved

S\

v
(s

trj

c.m.$0.5 eV indicate that the first effect is more important. In the

intermediate E. p, range of 1-3 eV, the vibrational enhancements for c(vo’)

dede o a &= : - .
can be attributed to the docminance ¢of the second effect. 2n increase in
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Figure 6. Relative total cross sections a(vé)/a(vé=0) for reaction (1) at

c.m, = 2-15 eV plotted as a function of vibraticnal quantum
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reagent vibrational excitation is expected to favor H3+ formation by
providing more translational energy for the products to overcome the
product centrifugal barriers. For a direct proton transfer reaction, the
vibrational excitations of the reactant H,* ions should facilitate the H,*
bond breaking and enhance the formation of Hy*.

At E, p 22 eV, collision induced dissociation becomes energetically
allowed. These processes have the major contribution from low impact

parameter collisions. The most recent quasiclassical trajectory calculation

3

of the (Hy+D,)* system by Eaker and Muzyk 44 ghows that collisic

4
| 2
.
4
“
9]
[0}
[N

dissociations for impact parameter <1 bohr often are caused by
perpendicular collisions of the diatoms. Their calculation also reveals
that a significant amount of collision induced dissociations occurs for
larger impact parameter collisions which involve the further dissociation
of highly rotational excited triatom. They comment that the fall off of
vibrational enhancement for H3+ formation form 4 eV to higher E, , 1is due
to the increase in collision induced dissociation upon vibrational
excitation of Hy*.

The SECT theoretical calculations of Lee and DePristo,.46 which have
been shown to be in satisfactorv agreement with the experimental results, 3
predict a similar behavior for the charge transfer cross sections over the

E.. p. range of 4-16 eV, i.e., the values for c(v0'>0) decrease with respect

to o(v0~=0)as ) (i

c.m. iS increased [Figs. 6{cj-6{i}]. Since the SECT
calculations have not taken into account the collision induced dissociation
and H3++H channels, the cbserved decrease of the charge transfer cross

sections for vy'2l with respect to that for vy'=0 with increasing E. p

cannot be explained by the above argument.
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The absolute value for o(vy’=0) at a given E, , is determined by the

relation

olvy'=0)=-(1/n1)inl1-(i/Ig)] (4)
here, i is the intensity for product H3+, which has been corrected for
background H3+ formed outside the reaction gas cell using the same
procedures described in Ref. 61. I, is the measured intensity of reactant
Hy"(vy'=0) when the reaction gas cell is empty; n and 1 represent the
density of Hy in the reaction gas cell and the length of the gas cell,
respectively. The measured values for (vo'), v=0 and 3 over the E. p. range
of 0.25-15 eV are plotted in Fig. 7. The absolute values for (vy'=3) are
obtained by scaling the values for (vy’=0) using the corresponding relative
cross sections for vp'=0 and 3. Due to the poor relative kinetic energy
resolution (4E/E;,;) and the low reactant Hz+ ion intensity at very low
E. p.r it is difficult to measure o(vy') with accuracy at Eq p.<0.25 ev.
The most difficult problem encountered in measuring o(vy’) at very low
E. m iS that some of the backward scattered Hy* ions cannot be redirected
towards the detector because a sufficiently high retarding voltage cannot
be applied to the ion lens at the entrance of the octopole ion guide.

Table I summarizes values for o{vy’), where vg’=0 and 3, at the E, p
range of 0.25~5 eV, obtained by previous theoretical and experimental
studies and compares them with those determined here. The uncertainties for
c(vy') measured here have taken into account the estimated errors due to

secondary gas cell reactions. The experimental and theoretical values for

o{vg’} at E, p =0.5 and 1.0 eV are in good agreement. Wilh the excep
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Figure 7. Absolute vibraticnal-state-selected total cross sections o(va) '
vq = 0 and 3, for reaction {1} plotted as a function of E; ; -
Experiment {this work): (o) s(v6=0); {0} s(v6=3). Theory (Ref.
47): (&) olvg=0)




vable I. Total cross sections for the reaction H5 (va = 0or 3) + Hz(vs = Q) » Hg + H

alvg (R?)

Experimental Theoretical

Ee.m (eV)2 vy This work Ref. 8P Ref. 47 Ref. 45 ESC resd

0.25 0  34.0 + 4.0 e 47.8 + 1.4 46.4 + 2.0 30.5

3 32,3+ 4.0 e 36.8 + 2.2 e 37.4 + 2.0 30.5

0.5 0 26.6 + 2.0 24.3 + 1.5¢ 30.6 + 1.7 30.6 + 1.4° 30.6 + 1.4 21.5

3 26.3+2.0 19.5+ 2.0° 26.7 + 1.7 33.7 + 1.4% 26.4 + 2.0 21.5

1.0 0 17.4+ 15 16,9+ 1.5f 16.0 + 1.1 18.3 + 0.8f 16.6 + 1.1 15.2
2.5

3 193+ 13 16,2+ 1.5f 18.8 + 1.7 23.0 + 0.8f 18.5+ 1.4 15.2
2.5

3.0 0o 7.5+0.8 . 5.8 + 0.8 6.5+ 0.6 8.8
1.6

3 11.8+ 9.8 . 9.3 + 1.1 9.6 + 0.8 8.8
1.6

5.0 0 6.1 + 0.6 3.9 + 0.6 . 3.7+0.3 6.8
2.0

3 6.3+ 0.6 . 5.3 + 0.8 . 5.06 + 0.6 6.8
2.0




Acenter-of-mass collision energy.

brhese values are obtained by scaling the values plotted in Fig.7 of Ref. 8.
Cresults of the TSH calculation obtained by Eaker and Schatz (Ref. 74).
dyalues calculated using the Langevin-Gioumousis-Stevens Model.

®Values for E, = 0.46 eV.

Evalues for B, . = 0.93 ev.

1l

6t
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a(vg’) at Ec.m.=0.25 eV, the TSH cross sections obtained by Stine and
Muckermani’ are consistent with the experimental cross sections of this
study. The fact that the experimental values for o(vy’) are in good accord
with the predictions of the LGS model indicates that the dynamics of
reaction (1) are governed mainly by the charge induced-dipole interaction.
In the quasiclassical trajectory calculation of Eaker and Schatz4>
the surface hopping part of the dynamics is treated by using an
approximation to the usual TSH model. They assumed that the trajectories
follow the diabatic surfaces up to a2 particular intermolecular separation
and then the ground adiabatic surfaces thereafter. The DIM surface used by
Eaker and Schatz is similar to that of Stine and Muckerman but has a
different parameterization of the diatomic potentials. Very recently, Eaker
and Schatz’3 have reinvestigated reaction (1) using the same TSH model used
by Stine and Muckerman. The results of their recent TSH calculation, which
are also listed in Tabie I, are found to be in good agreement with those
obtained by Stine and Muckerman and with the experimental results of this
study. Although it has been shown that the previous quasiclassical
traijectory calculation can account for the general features of the
experimental cross-sectional data,44,45 the detailed features can be
predicted only by the TSH model which includes nonadiabatic surface hopping

throughout the reaction.
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CONCLUSIONS

We have developed a new tandem photoionization mass spectrometer for
state-selected studies of ion-molecule reactions. This apparatus, which
combines the merits of photoionization, rf octopole ion guide, and tandem
mass spectrometric techniques, is capable of performing absolute state-
selected total cross section measurements on simple as well as more
complicated ion-molecule reactions over a wide kinetic energy range. Using
this apparatus, we have measured the absclut ate-selected microscopic
total cross sections for reaction (1) over the E, , range of 0.25-15 ev.
With the exception at E, , =0.25eV, the absolute values for o(v,'=0) are in
good accord with the semiclassical trajectory calculations of Stine and
Muckerman, and Eaker and Schatz. However, the measured relative values for
o{vg’=0) and o(vy’=3) are found to be in better agreement with the results
of the TSH calculations of Stine and Muckerman, which include nonadiabatic
surface hopping throughout the reaction. The kinetic energy dependence of

o(vg') at the E, , range of §.25-5 eV is comsistent with the prediction of

the LGS model, confirming the previcus evperimental and theoretical
findings. This suggests that the dvnamics of reaction (1) at low E_ _. is

together with the state-selected charge transfer study of Liao, Liao, and

Ng provides detailed experimental cross-sectional data for a more thorougn

(é
|.4.
n
Q
3
¥

cmmarison with theoretical calculations of the reaction dvnamics of ri-s +Hy

in the future.
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SECTION II.
A VIBRATIONAL STATE-SELECTED STUDY OF THE REACTION

AI+(2P3/2,1/2) + Nz(i,WO) _—> Ar(lSO) + N2+(;(lv')

Introduction

Partly due to the early controversy in the rate constant measurements
for the electron transfer reaction Art + N2,1—9 the electron transfer
system [Ar + N2]+ has been the focus of many experimental studies?0-2l ipn
the last few years. The kinetic energy dependences of the rate coefficients
for this system obtained in the flow drift tube experiment of Lindinger et
al.ll and the selected ion flow tube study of Smith and adansl0 reveal that
the poor agreement observed in early rate constant measurements for the
electron transfer reaction of Art + N, can be attributed to the strong
kinetic energy dependence of the rate coefficient, the high reactivity of
the reverse reacticons Nf(v'gl) + 3r, and the buffer gag offect
tudy of Federer ot a1.22 chows that internal heating of reactant ions can
result from collisions of buffer gas with reactant ions at high drift
velocities in flow drift tube environments.

The energy level diagram for the [Ar + N2]+ system is shown in Fig.
1

he formation of -.2+(X,,v'=0) by the reaction
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is exothermic by 0.179 eV, while the production of NZ"'(;t,v'-l) is
endothermic by 0.090 eV. By adding Ar downstream of the flow tube and
monitoring the decline of N2+ product ions, the studies of Smith and
adans10 and Lindinger et a1.11 provide evidence that reaction (1) proceeds
predominantly (>70%) via the endothermic channel to produce N2+(i,v'-1)
when it is energetically allowed. The Ar® reactant ions in both studies
were prepared by electron ionization and the complete quenching of
Ar*(2p) ) in the flow tube was assumed.

The relative spin-orbit-state-selected total cross sections, o3 2 and

1 /20 for reaction (1) and the reaction
Art(%p) ;) + Np*(X,v=0) —> Ar(lsg) + NyF(X,v) (2)

respectively, have been measured over the center-of-mass collisional energy
(Eq g.) range of 0.2-8 eV using the threshold photoelectron secondary ion
coincidence method (T:'::SICO).lZ'20 The experimental values for o /2/"3 /2 are
found to be less than one. However, the oy /2/c3 2 ratios determined at

E, o =1.4 and 5.8 eV by Rato, Tanaka, and Koyanolz are higher than those
obtained by Guyon and Govers20 by approximately a factor of two. This
discrepancy is ascribed?3 to the possible occurrence of collisional-induced
fine structure mixings in the collision chamber prior to electron transfer.
The values for °1,2/%3/2 deduced by Liao, ¥u, and Nglg in a crossed ion-
neutral beam experiment are slightly lower than these obtained by Guyon and

Govers, and support this speculation. The kinetic energy dependence for
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Friedrich et al.l7 and Rockwood et al.l® have measured the angular
and kinetic energy distributions of N2+ ions formed by reaction (1) at
Bq.@.=1.1, 1.71 and 4.01 eV in a crossed-beam experiment. The Ar* reactant
ions were prepared by a high pressure electron impact ion source and were
assumed to be in the 2P3/2 state. At E. p =1.71 and 4.01 eV, N,* product
ions were found to be scattered essentially in the neutral N, beam
direction with little momentum transfer. This observation is consistent
with the findings of previous molecular beam expex:iment:s.zll'27 The kinetic
energy distributions of product N2+ indicate that Nz+ ions are produced
primarily in the v’=1l state with rotational excitation. At E. , =4.01 eV,
the kinetic energy distribution of N2+ can also be interpreted to contain a
lesser population of N2+ in v’=2. Hcwever, at Ec.m.=l°l eV, Rockwood et
a1.18 reported pronounced anisotropic scattering of N2+ with considerable
excitation into v’=2, 3, and 4 in addition to v’=l. Since their experiment
shows that this phenomenon does not occur at higher and lower energies,
they suggest that this cbservation resembles that reported for the reactive
scattering of F + Hy. The correlation of quantum-state specificity with
angular scattering observed for HF formed by the reaction of F + H, at a
particular collision energy was interpreted to be the result of a quantum
mechanical dynamic resonance. e-32

The vibraticnal and rotaticnal state distributions for Ny” resulting

"
from reaction (1) at E.  =0.24 eV have been measured by Huwel et a1.16
using the laser-induced fiuorescence method. The Ar" reactant ions were
produced in the fliow of neutral buffer gas by Penning ionization from

helium metastable atoms. Excited Ar*(ZPi/z) ions initially formed were
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assumed to be quickly relaxed by superelastic collisions with the electrons
in flow tube plasma.7'9'lo In that experiment, the Ar* ions together with
helium buffer gas were allowed to expand through an orifice at the end of
the flow tube before intersecting a N, beam effusing through a linear
array. By extrapolating the ratio of the measured densities for N2+(v'=0)
to that of Ny*(v’=l) at E, p =0.24 ev.

The weaith of experimental information for the [Ar + N2]+ electron
transfer system, especially the state specific cross-sectional
data,lz'ls'ls" 15 vhich have appeared in the literature in the last three
years, has stimulated considerable theoretical work on this
system.12'13'15'17'32°35 The semi-classical multiple state studies of
Spalburg, Los, and Gislason33 and Spalburg and Gislason32 have provided a
great deal of insight into this system. The vibrational-state-selected
cross sections calculated for the reverse of reaction (1) are found to be
consistent with experimental values.13/15:21 A broad minimm at Eq m.=4.1
eV for the kinetic energy dependence of %1 2/%3 2 predicted by the theory
is also in qualitative agreement with the results of the crossed ion-
neutral beam experiment.19 The calculation of Spalburg and Gislason®2 uses
straignt line trajectories and estimated potential energy surfaces {PES)
for the [Ar + N2]+ system, assumes that the eiectronic coupiing

notential 36 is indenaendent nf tha mnlecular arientation
potential 18 1ngdependent oI e mplaecular orientatios
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PES in a more accurate semi-classical mlti-state calculation and obtained
state-to-state total cross sections for the electron transfer reactions of
*(a,v") + ar(ls.). The latter calem

- - ——r —

N2+(§,v') + ar(ig o a
removed most of the approximations made in the previous study.32 As
expected, the measured state-selected cross sectionsls'21 for the electron
transfer reaction N2+(i,v') + Ar(lso) are in better agreement with those
obtained by Parlant and Gislason. State~to-state cross sections for
reactions (1) and (2) should be available from the consideration of
microscopic reversibility.

Although discrepancies still exist between various measurements and
calculations, the [Ar + N2]+ electron transfer system has rapidly become
cne of the most thoroughly investigated atem-diatom reactions. Detailed
state-to-state or final product state distribution measurements over a wide
collisional energy range are expected to be valuable for further
improvements in the theoretical calculation of this model system. We have
measured the absolute values for 93,2 and oy 2 at E. o =3.25-115.3 eV by

using the tandem photoionization mass spectrometer.37'38 Experimental

ul amnared to th culation of Spalburg and Gislason32 and
previous experimental studies,16-18 Combining the absolute values for 93,2
and o1 /20 the values for 61/2/63/2, and vibrational state distributions of
N2+(§,v’) determined using the crossed ion-neutral beam photoionization

apparatus,39'41 absolute state-to-state total cross sections for reactions

(1) and (2) have been determined at selected Eom.*
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EXPERIMENTAL

The tandem photoionization mass spectrometer used to measure the
absolute values for o3 2 and o /2 has the same design as that discussed in
Section I.

The reactant Art were prepared by photoionization of an Ar supersonic
beam at 783 or 770 A. The wavelength resolution emploved was ~4.5 A (FWHM) .
The reactant Art ions were selected by the first QMF before entering the rf
octopole ion quide reaction cell in which Art ions react with Ny according
to reactions (1) and (2). The N, gas cell pressure was ~7 x 10~ Torr. The
intensities of reactant Ar* and product N,* were selected by the second QMF
and then measured by a scintillation ion detector. The rf frequency and Vpp
applied to the octopole were ~4 MHz and ~280 V, respectively. The
collection efficiency for product N2+ was carefully optimized at each

Eg p. - Collection efficiencies of >99% were achieved for all E, p, . The

ratios of the intensities for product N,* and reactant Ar™ measured at 783

o
[l
5

+
~J
[o3]
w

71

]
)/i(Ar*,783 A), for Eq,p=0.6, 2.5, 10, 25, 100, and 280 eV

£ S £ 7 s ~ . = - 1
as a function cof n Fig. 2. The censtant values cbserved
h

increased beyond ~400-500. volts, the transmission for the reactant Art ion

beam through the rf octopole ion guide decreased significantly, concomitant

consistent with the expectation that at a given rf and a sufficiently high

Vppr the reactant ions can be deflected out of the octopole. In some cases,




Figure 2. The ratio of the intensities for product N§ and reactant Ar* at Eyyp = 0.6, 2.9,
10, 15, 100, and 280 eV measured at 783 A, I(N},783 A), plotted as a function of

the radio frequency (rf) peak-to-peak voltage (Vpp) applied to the rf octopole gas
cell. The measurements were made using the tandem photoionization mass spectrometer
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a decrease in the ratio at high Vpp was also observed, indicating that the
trapping efficiencies for different ions depend on rf, V.., and ion energy.
The decrease of the ratio for E;., =280 eV in the VPP range of ~350-500

volts is evident in Fig. 2. The value of 280 volts for V., is approximately

pp

at the center of the Vpp voltage region for which the values for I(N2+,783

1&) and I(art,783 ﬁ) were constant and at their highest values for a given
B. .
-‘J.aD.

Figure 3 compares the PIE spectra for the reactant Ar* and product
Ny" ion measured at E, p =i0.3 eV. The Ar' spectrum was obtained when the
gas cell was empty. The PIE data for the reactant and product ions were
normalized to have the same values at 783 A. The PIE curve for N2+ at
energies above the IE for Ar+(2P1 /2) is lower than the corresponding PIE
curve for Art, indicating that 012 is lower than o3, at E; 5 =10.3 ev.
This observation is in accord with results reported previously.:"2':"9'20 The
ratio for the intensity of product N2+ to that of reactant Ar* obtained as
a function of wavelength is also plotted in Fig. 3. The constant values

.~ = -fo- L 2o o\ Y L 2o 44 9 e »
observed for .L(N2+,<//:> A)/I{art,<775 A) support the conclusion of the

photon energies higher than the IE of

The absolute values. for oq /2 and o, at a given E. m_ are determined

by the relations

032 = -(1/nl)Inll - I(N,*,783 &)/1(ar*,783 X)) (3)

°1/2 = 30’m - 20’3/2 v (4)
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Figure 3. Photoionization efficiency spectra for reactant Ar* (--) and
preduct N3 (—) at E. p. = 10.3 eV measured using the tandem
photocionization mass spectrometer. i o ¢} the ratic for the
intensities of N3 and Ar” plotted as a fimction of wavelenath
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where op is the total cross section measured for the electron transfer

reaction Art + N, characteristic of reactant Art ions produced at 769 A.

+:2n V are formed ak 75% @ _iiv o anonsc PRI |
:1/—); arie 10rmed ac /09 A wiwi da Scacidcilad
/4

since ar¥{%ey ;) and Az
distribution of 2:1, Sm is equal to (2/3)03/2 + (1/3)0’1/2. Under thin

target conditions, op can be obtained by the relation
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RESULTS AND DISCUSSION
Absolute Values for 032 and 1,2

The values for 932+ O and o1 s OVer the E. p. range of 0.25-115.3
eV determined in this experiment are listed in Table I. The experimental
uncertainties for 932 and oy are estimated to be <5% caused mostliy by the
uncertainties in the N, gas cell pressure (P(N;)) measurements. At a given
Eo.p. . the experimental uncertainty for %2 is approximately three times
those for op. This results from the calculation of 1,2 using Eq. (4).

Total cross sections for the electron transfer reaction of Art + Ny
have peen measured previously43‘5l over a wide range of collision energies.
Since results of many of these studies have recently been tabulated and
compared to the theoretical results,32 they are not included in Table I.
Most of the previous measurements use electron impact ionization to prepare

+

the reactant Ar™ iong and the reactant state distributions are mmknown,

e =2 -~

Assuming the Ar* ions formed by electron impact ionization to be a two—
thirds 2P3/2 and one-third 2P1/2 mixture, the total cross sections of
previous studies can be compared to the vaiues for o, obtained here. The
measured vaiues for op in the E, , range of 0.25-115.3 eV vary from ~ 5~i3

°
22 and are in good agreement with the cross section (-~ 10-15

g
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B
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£
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are also listed in Table I. The

&
d

eorv correctly oredicts that 53,2 is




Table I. Values for 93,21 Oqr 912 and 61/2/a3/2 in the center-of-mass
collision energy (E. ) of 0.2-115.3 eV

Experimental
282)
o2 b  eon 91,21 °1/2/93/2
Ec.m. (8V) 03,2(2)° op(2%)
This work® Ref. 199 This work® Ref. 19©
0.2 cee cee ces - .. eee
0.25 i2.5 0.7 6.7%1.3 6.6%1i.1 0.52 0.51
0.6 13.4 11.6 8.1%1.6 5.3%1.1 0.60 0.39
1.2 14.5 12.5 8.5%1.7 4.5%0.9 0.58 0.31
1.4 eee e s cen . 0.29
2.1 15.3 12.9 8.1%1.6 4.6%0.9 0.52 0.30
4.1 14.9 12.3 7.2%1.4 3.3%0.7 0.48 0.22
5.8 eee - eee . cer 0.22
8.0 eee e e cen e 0.23
10.3 13.2 11.1 6.7%1.3 3.2%0.6 0.51 0.24
15.2 11.8 10.2 6.8%1.4 3.2%0.6 0.57 0.27
18.0 cee ... s ces ces ees
22.6 10.9 9.2 5.8%1,2 3.0%0.6 0.53 0.28
41.2 10.7 9.0 5.8%1.2 2.9%0.6 0.54 0.27
52.7 11.3 9.8 6.8%1.4 3.2%0.6 0.60 0.28
60.0 e cee s ... cee ces
82.4 13.9 11.9 7.9%1.6 4.4%0.9 0.57 0.32
115.3 15.3 13.0 8.4%1.7 5.0%1.0 0.56 0.33
120.0 eee e ces e cee .
@reference 32.
Drhic work. The eyperimental ncertainties for 3,2 and cp are

estimated to be <5%.

CThe value for o1, are calculated using the relation o3 5 = 3op -
40'3/2

dthe values fro o1, are obtained by multiplying the corresponding
values for dn/a/cq/z of Ref.19 and 3,2 determined here.

€The experimental uncertain

uncertainti
fvalues obtained from Fig. 3

SReference 62 of Ref. 32.
hln.. mde ot o al---.- ) SO e e - - f o P |

PV e o -~ - c -~
SIVUD . &C\—CILL Vv ucsS U&JLG-IIUU Ux UUYULL Alil DUVELD {8\ Ll. &2) .
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Theoretical?

ref. 12f

2)

>

0’3/2(

01 2(R)?

0.32%0.03
0.359...

0.51%0.04"

s e

0.52%0.0sh

e e e

0.41%0.040

0.74%0.10

8.3

12.1

12.3
8.9
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greater than 01,2 In the intermediate E, p range of interest here, the

32,34

theoretical studies reveal that the energy resonance effect is more

important than the Franck-Condon factor in governing the magnitude of the
electron transfer cross section. The higher values for °3,2 have been
partly attributed to the close energy rescnance of the Ar*(2P3/2) +
Nz(i,v-O) and Ar(lso) + N2+(i,v'-l) states. The strong coupling between
Ar+(2P3/2) + Nz(i,v=0) and the electron transfer state is also shown to be
responsible for the higher values for 93,2-

The experimental cross sections are higher than the theoretical cross
sections.32 The measured values for 93,2 at E. p = 4.1, 10.3, and 41.2 eV
and o102 8t Ec g = 41.2 eV are in reascnable accord with the theoretical
value, However, the evperimental values for 3,2 at 1.2 and <12 at 1.2,
4.1, and 10.3 eV are approximately twice the theoretical predictions.
Recent studies on the vibrational relaxation of diatomic ions show that the
relaxation rate constant depends strongly on binding energy to the

collision partner.52’53 Since the binding energy of the (Ar°N2)+ compiex is

~1 ev,54 the collision complex mechanism is likely to be important at low
Ec.p.- The discrepancy chserved between the experimental and theoreti
cross section at low E, , may be due to the fact that in the theoretical
calculationd4 the strong binding energy effect on the reaction dynamics of
the system has been ignored.

The variations of 212 and 012 @S 2 function of E;., can be seen in
Fig. 4. The curve for o3 , exhibits a maximum in the E;,, range studied, an
observation consistent with the theoretical prediction. However, the

Va9 S v - v + € &
experimental maximm is at ~ 5-10 oV instead cf

-
v aas -ii




Figure 4.

Tota). spin-orbit-state-selected cross sections, o3 20 9120 for the reaction
art(?Py 55 1 59) + Np(v=0)  Ar(1S) + Nj(v’) in the Ey,, range of 0.6-280 ev.
Experimental: (1) o3 /20 (x) o 72 measured using the tandem photoionization mass
spectrometer; (0) oy /2 obtained by multiplying o3 /2 of this experiment and
ay /2/03 /2 measured using the crossed ion-neutral beam arrangement (Ref. 19).

Theoretical (Ref. 32): (b)) 9327 (@) 9 /2
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eV. The kinetic energy dependence of the cross section for the electron
transfer reaction Art + N, observed by Mahadevan and Magnuson49 in the same
By, range also has a maximum, but at E;,, ~ 30 eV. The most interesting
observation is that the values for 3,2 and 1,2 reach a minimum at Ey,, ~
55-100 eV and then increase as Ej;, is increased from Ej,p, ~ 100 eV. The
increase of the cross section from Ey,4 ~ 60 to 1000 eV has been observed
previously by Amme and h‘ayden.47

Previous experimentalls'17 and theoretical3? studies show that
reaction (1) favors the formation of the Ar(iso) + N2+(§,v'=l) endothermic
channel at low E,,. The observed decrease of 93,2 from Ej,p ~ 5-10 ev
towards lower Ej,p is most likely due to the energetic effect.

The N2+(i,v'=0) + Ar(lsc) state is higher than the Ar+(2P3/2) +
Ny(X,v=0) and Ar*(%p; ;) + Ny(X,v=0) states by 0.98 and 0.77 eV,
respectively. These three states are directly coupled in the vibronic
Hamiltonian matrix.>34 Therefore, at sufficiently high E;,,, product Nz+
ions of reaction (1) and (2) can be formed efficiently in the 2 state of
N2+. Parlant and Gislason34 point out that the enerqgy spread (FWHM) of the
inelastic electron transfer products should be of the order of ~ 2 ahw_.1,
where « = 1.75 A+ for the {Ar + sz+ system and v,o; 1s the relative
velocity of the coiliding pair. The eIffective coupiing range and the
ime can be epproximated by 1/« and 1/av 4, respectively. At
Eiab = 280 ev, the highest collision energy used in this study, the energy

spread of the electron transfer products is estimated to be ~ 0.8l eV which

is similar to the potenmtial energy differences bels Vz &5,v'=0) +
1 +(2 1y ooef) Qs
Ar(~Ss) and Ar™( 93/2,‘/2) + Ny"(X,v=0). Since the energy spread of the
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products is expected to be broadened when impulsive vibrational energy
transfer is taken into account, we believe that the increases of 93,2 and
€12 at Ejap > 100 eV are likely the results of populating the a state of
N2+. The theoretical investigat:icm3‘i shows that for a strongly-coupled
system such as the {Ar + N2]+ system, increasing the number of accessible
product channels increases the total cross sections for all accessible
processes.

The values for op 2 can also be calculated by multiplying the
corresponding values for o; /2 determined here and oy /2/0‘3 /2 determined in
the crossed ion-neutral beam expex::'um—:-nt.19 These values for oy 20 which are

shown in Table I and Fig. 4, are found to be in reasonable agreement with

the theoretical predictions.
The Values of oy ﬂ/c3 2 and Its Kinetic Energy Dependence

The values for the ratio o /2/0’3 /2 over the E, o range of 0.41-164.7
eV measured using the crossed ion-neutral beam photoionization apparatus

have been reported recently by Liac, Xu, and Ng.19 The results of previous

12,19,20

studies and those of this experiment obtained using the tandem

photoionization mass spectrometer at E = 0.2-115.3 eV are summarized in

c.m
Table I. The previous findings reveal that the values for o ﬂ/c3 2

-~ -

e TESICO values obtained by Guyon and covers? are siigl
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higher than those obtained in the crossed ion-neutral study. The instrument
of Guyon and Govers employs a crossed ion beam-effusive neutral beam
arrangement and essentially maintains thin target conditions. The tandem
photoionization mass spectrometer used here has an ion beam-gas cell
arrangement. In order to maintain a homogeneous N, target gas density and
minimize the ion focusing effect on the absolute cross section measurement,
it is necessary to have a relatively long gas cell. Although the value for
P(NZ) used in the absolute cross section measurements is low, ~ 7 X 10'5
ratios I{N,")/I(ar*) (~ 0.03-0.05) are more than an
order of magnitude higher than those observed in the crossed ion-neutral
beam experiment.19 Guyon and Govers found that when the conversion ratio
for ar*(%p; ;) is increased from 0.008 to 0.012, the value for o) /03, at
E. . = 8 eV changes from ~ 0.35 to 0.5. 23 The values for °1/2/°3/2
determined here range from 0.48-0.61 and are substantially higher than the
corresponding values deduced from the crossed ion-neutral beam study. This

observation is consistent with the trend found in previous studies.

Figure 5 depicts ¢ "peL‘ueuta’lz'lg'ZG and theoretical results3?
for the kinetic energy dependence of o1 ,2/%52¢ Kato, Tanaka, and Kovano12

20

VY

nd Guyon and Govers®” measured the value for oy »/03 - in relatively
narrow energv ranges. Thev found that 51/2/53/2 is nearly independent of
Ejapr a0 observation contrary to the theoretical predicticn and the
experimental resulits of Liao, Xu, and Ng.lg Despite the fact that the
values for 61/2/63/2 determined using the tandem photoionization mass
spectrometer are higher than those found in the crossed ion-neutral beam

study, the two sets of data, when plotted as a function of Elabr nave a




Fiqure 5. The values for 01/2/03/2 in the Ej,, range of 0.2-400 eV. Experimental: (o) Ref.
19; (x) Ref. 20; (o), ({J) this work; (A\) Ref. 12; (+) Most recent values obtained
by Guyon and Govers (Ref. 23). Theoretical: ([-]) Ref. 32
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similar profile showing a broad minimm at Ey,,, ~ 10 eV. This observation
is a qualitative support for the theoretical prediction on the kinetic
energv dependence of 01/2/03/2. The values for 61/2/63/2 determined using a
rf of ~ 20 MHz applied to the octopole gas cell, are also plotted in Fig.
5. Taking into account the experimental uncertainties (~ +0.l), the values
for 61/2/63/2 obtained with rf = 4 and 20 MHz are in agreement. The values
for -1/2/c3/2 at E;.. = 10-15 eV obtained by the crossed ion-neutral beam
study are in good agreement with the theoretical3? results. The discrepancy
observed between the experimentall9 and the theoretical values for
61/2/63/2 at higher and lower E;_;, has been attributed to the estimated PES
used in the calculation. Recently, Parlant and Gislason have reported a
more accurate calculation on the electron transfer reaction of Art + N,
using the ab initio PES. The calculation of the state-tc-state cross
sections for reaction (1) and (2) should be straightforward. It will be
interesting to compare results of the new calculation and experimental

findings.
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One of the interesting findings of the semi-classical multi-state

study is that the cross section, Opr for the deexcitation reaction
ARy ) + Ny(X,v=0) —> Ar*(%Py ) + N, (6)

is found to be large even at low collision energies. The cross section, op»

€far tho oveitratinn nramace

e e meA e wim - wae aveo oo
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Art(%p; ) + Ny(X,v=0) —> Ar*(%R) ) + N, (7)

is predicted to be small at low E. , (< 10 eV); but it becomes significant
as E. n is increased. The calculated values32 for op and op are listed in
Table II. The predicted value (14.5 52) for op is higher than the
experimental value (10.7 A?) for o3 at B = 41.2 eV. Although the
Ar+(2P3/2) + Ny and Ar*(ZPl/z) + N, states are not directly coupled, the
theoretical study shows that the surprisingly large cross sections for
reacticns (6) and {7) arise from the mutual interacticns of the electron
transfer Ar + N,* states with the spin-orbit states of Ar™.

The spin-orbit transitions induced by the presence of the Ar + N2+
electron transfer state provide possible mechanisms for the mixing of the
reactant Ar* state during the transportation of reactant Art ions from the
photoionization region to the reaction gas cell if the N, background
pressure in the apparatus is high. When the spin-orbit-state mixing occurs
prior to the electron transfer reactions (1) and (2) in the gas cell, the

experimental value for “l/2/53/2 will higher than the true value.

3
+
¥

_____________ x 1076 morr) 21
between the photcionization region and the entrance of the rf octopole gas
cell in the tandem photoionization mass spectrometer. the mixing of the
reactant Ar* state outside of the gas cell should be small. Assuming a
value of 15 A2 for op Or op, we estimate the conversion between Ar+(2P3/2)
91/2) to be < Z%.

If the Ny gas cell preésure is high or the gas cell is leng, spin-

orbit-state mixing can also take place within the gas cell concomitant with




1able [I. Theoretical® cross sections aEb and aDC for collisional-induced spin-orbit transitions

g ]
Fe.m. (V) ag(A2) op(A?)
1.2 0.02 4.19
4.1 0.44 4.35
10.3 1.98 6.59
41.2 6.63 14.50

TL

Areference 32.
Drotal cross section for the process Ar+(2P3/2) + Ny(v=0) - Ar*(zpl/z) + Np(v').
Crotal cross section for the process Ar*(zPl/Q) + Ny(v=0) - Ar+(2P3/2) + Np(v').
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electron transfer. Because of the relatively long gas cell used in this
study, it is possible that secondary processes in the rf octopole gas cell
may have an effect on the measured values for 03,2+ Omr and 61/2/63/2. We
have performed a simple model analysis to examine the effect of reaction
(6) and (7) on the absolute cross section measurements (see Appendix). In
the model analysis, we consider a beam of reactant Art ions, all assumed to
have the same velocity, is incident on a target of N, in the rf octopole
gas cell. In addition to reaction (1) and (2), Ar+(293/2) and Ar+(2P1/2)

it transitions according to reactions (6) and (7). The
derivation in Appendix shows that the intensities of Ar+(2P3/2) and
Ar*(zpl/z) at a position x measured with respect to the entrance of the rf
octopole gas cell, 13/2(x) and Il/z(x), respectively, can be calculated by
Egs. (A9) and (Al0). The product Ar+(2P3/2,1/2) ions of reactions (6} and
(7) are assumed to move along the gas cell with the same velocity as that
of the reactant Art ion beam. If the main contribution to op and op arises
from long range interactions as predicted by the theory, the latter
assumption is a reascnable one. Assuming 100% collection efficiency for
product N,¥, the total intensity for N, formed in

-
el A wosem =y e ab

he reaction gag cell is

e
Ia)
ot

edicted by Eg. {All). Using the theoretical values for oz and o5 (Table

-4
-
[o]]
-+

) and the experimental values for ¢~ » 2nd . {colum 5 of Table I) as
) L 3/2 i/2 ¢ }

the true cross sections, the variations of the measured values for o3 /21
and (3). The experimental values for ) used as part of the inputs in the

calculation are obtained by mmltiplying the corresponding experimental




73

values for oj 2 and those for o /2/0'3 2 measured by the crossed ion-neutral
expex:iment.l9 The values predicted in the model analysis for o3 21 e and
o1,2/93,2 at P(Ny) = 1 x 107>, 1.1 x 1074, 4.6 x 1074, 1.0 x 1073, and 2.0
x 103 Torr are summarized in Table III.

As anticipated, the predicted value for o3 2 8t Ec = 1.2 ev
remains constant as P(Ny) is increased from 1 x 107 to 2 x 1073 Torr
because op is negligible. At a higher E. ., and a high P(N;). a finite
value of og causes the Art beam to be richer in Ar"’(ZPl ﬂ) as the reactant
Ar" beam moves along the gas cell and thus the measured value for 93,2 is
lower than that measured at a lower P(Ny). For example, at E, ,, = 41.2 eV,
the value of of is 6.6 3.2, and the predicted value for o3 /2 decreases by
1.5 A2 as P(Ny) increases from 1 x 1073 to 2 x 1073 Torr. Nevertheless, the
variation of o3 2 must be considered small for a change of more than two
orders of magnitude in P(Nz). Based on this analysis, we believe that the
measured values for o3 2 (Table I) are reliable.

The value for o, is measured by using a reactant art beam with a
composition of 66.7% in Ar*(2p; ) and 33.3% in art(%p; 12} Although the

- ETPN

Lo - 2 P P S 3 [ &= &
value Ior op is predicted Lo be greater than that for op, as a consequence
Af cnihetanitialliv hiaror ~. . +han ~. rha mnAal nalveie chrwe that tho
of substentially higher o3 5 than o 5, the model analysis shows that the
+ 3 +.2 .
reactant 2r" beam alsc becomes richer in Ar¥(<p

the rf octopole gas cell at a high P(N;). This effect is manifested by

lower o values at higher P(N,). Thus the value for o; 72/93 720 calculated

by Bg. {(2) is highly susceptible to the change in P(N,). The values for

-~
SSZre meew

"1/2/"3/2 at B, - = 1.2 and 4.1 eV are found to decrease with increasing

P(N,), while the opposite trends are observed at E. ; = 10.3 and 41.2 eV.




Table III. Predicted variations of the meassured vlues for 03/23, cma,
and °1,2/93,2 @S @ function of the N gas cell pressure (P(N,))

E .= 1.2eV E

c.m = 4.1lev

c.m.

P(Ny)(Torr) o3 5(82)  on(B2) ) /o3, 03,5(R2)  op(B2) o /03,

1x107> 14.5 11.2 0.31 14.9 11.0 0.22
1.1x1074 14.5 11.2 0.31 14.9 11.0 0.22
4.6x1074 14.5 11.1 0.31 14.8 10.8 0.19
1.0x1073 14.5 11.0 0.28 14.8 10.7 0.17
2.0x1073 14.5 10.9 0.26 14.6 10.3 0.12

03,7 and oy are egual to o(X=1) and o(X=0.667), respectively, which
values for o and oy (Table II) and the experimental values for o3
(column 2 of Table I) and 1,2 {column 5 of Table I) are used as the
inputs for the true cross sectioms.

Pcalculated using the relation 61/2/63/2 = 3cm/a3/2 - 2.
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c.m, = 10.3ev Ec.p, = 41.2eV

0’3/2(A2 [+ (.&2 61/2/0'3/2 63/2(32) Gm(iz) 0’1/2/0’3/2
13.2 5.5 0.24 10.7 8.1 0.27
13.2 9.9 0.24 10.6 8.1 0.29
13.0 5.8 0.26 10.2 8.0 0.36
12.8 8.7 0.26 9.8 7.8 0.43
12.4 9.4 0.28 9.2 7.8 0.55
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A change by nearly a factor of two for 61/2/63/2 at E. p = 4.1 and 41.2 eV
is expected when P(N,) varies from 1 x 1075 to 2 x 103 Torr. at P(N,) =
4.6 x 1074 Torr, the mean free path of N, is comparable to the length of
the rf octopole gas cell. The value of 61/2/63/2 at E, . = 41.2 eV with
P(Ny) = 4.6 x 10'4 Torr is predicted to be 22% higher than that at P(Nz) =
1 x 107 Torr. It is deceiving to use the mean free path arqument to
exclude the possible influence of secondary reactions in the measurement of
51/2/53/2. The analysis is based on probably an oversimplified model. The
accuracy of the vaiues for op and op used here remains in question,
especially values at higher E. , where contributions by short range
impulsive interactions may be important. The (Ar °* Nz)+ complex is strongly
bound.>4 at low E. pq.r the collision complex mechanism is expected to have
a significant effect on °D'52'53 Nonetheless, this simple model analysis
reveals that the values for 61/2/63/2 determined here might be less
accurate in comparison to those obtained in the crossed ion-neutral beam
experiment where the effects of reactions (6) and (7) are small. Similarly,
the values for 1,2 deduced by multiplying the corresponding experimental

- o~ v &=
or 93 reperted hers and those for

varnArdad swm Daf

- \71/2/’33/2 LTPOLILEL Al "B 19

cu

rate than thoge meagured using the tandem photoionizatior

mass spectrometer,
However, the model analysis does not explain the differences of the

values for 91 ,2/93/2 obtained using the tandem photoionization mass

spectrometer and the crossed ion-neutral beam photoionization apparatus.

The results of the analysis as listed in Table III indicate that for P(Nj)

, reactions (6) and

~ 7 x 1072 Torr used in the measurements of 3,2 and op
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(7) should have little effect on the values deduced for 01/2/03/2 (and
al/z). In view of these observations, we believe that it is not justified
to reject the values for °l/2/°3/2 (and 61/2) determined using the tandem
photoionization mass spectrometer.

As pointed out previously, the collection efficiency for electron
transfer product ions in a crossed ion-neutral beam experiment is expected
to be good. The fact that relative state-selected cross sections for the
electron transfer reactions Hy"(v’) + H239 and Ny*(v') + ar?l getermined
using the crossed icn—neutral beam photcicnization apparatus are in geod
accordance with results of TESICO experimentsls'52 and reliable theoretical
calculations33'35'53 seems to favor the values for °l/2/°3/2 of Ref. 19
over those measured with the ion beam-rf octopole gas cell arrangement.
Without doubt the collection efficiency of product N2+ in the latter
experiment is better than that in the crossed icn-neutral beam experiment.
The higher value for 3,2 than that for 1,2 is partly attributed to the
close energy resonance of Ax+(2P3/2) + N2(§,v=0) with the N2+(§,v'=1) +
Ar(lso) electron transfer state. It is possible the collection efficiency

attained in the crossed ion-neutral beam experiment for product N,* of

[ 3]

reaction (1) is slichtly higher than that of reaction (2). If this is the
case; the values for 61/2/53/2 should be considered as lower bounds. At the
present time, we do not have an explanation for the observed differences of
values for 51/2/53/2 obtained using the tandem phictoicnization mass
spectrometer and crossed ion-neutral beam photoiconization apparatus.

23

Most recently, Guyon and Covers®® have obtained values for 61/2/63/2

-

at Ecp. = i8, 60, and 120 eV {see Table I and Fig. 5). These values are

close to those measured using the tandem photoionization mass spectrometer.
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Absolute state-to-state total cross sections

for reactions (1) and (2)

The vibrational distributions of product N2+(§,v') formed by
reactions (1) and (2) in the E, , range of 0.25-41.2 eV have been
measured by Liao et a1.%6 as part of this experiment with a crossed icn-
neutral beam photoionization apparatus. The theoretical values for the

fractions of product N2+ formed in a vibrational state v’ by reactions (1)

and (2}, X3/2qv. and Xl/24v" are obtained by the relations
X320 = 932w1/93/2 (8)
xl/z_,vr = 61/2'”'/61/2 (9)

At E, o = 1.2, 4.1, 10.3, and 41.2 eV, it is energetically possible
to produce N2+ via reactions (1) and (2) in vibrational states v’>2.
According to the theoretical prediction, the values for X3/2qv, and
Xy owre v’23, are £ 0.01 in the E, p range of 1.2-41.2 eV. Therefore,
nalvzed their data with an agsumntion that cha an
nroduct N2+(§,v') ions are only formed in the v’/ = 0, 1, and 2 states.

The experimental uncertainties for X; ... deduced in the crossed
ion-neutral beam experiment are relatively large. Nevertheless, the
experimental resuits confirm the theoretical prediction that product
N2+(§,v') ions of reactions (1) over the E, . range of 1.2-41.2Z eV are

formed predominantly in the v’=1 state. The semi-classical multi-state

~e

studies of Spalburg and Gislason4

W
1M

and Parlant and Gislason~~ show that the
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high cross section for producing Ar(lso) + Nz""(;{,v'-l) is partly due to the
close energy resonance of Ar+(2?3ﬂ) + NZ(;(,WO) and Ar(lso) + N2+(;{,v'-1)
and partlv because of the strong direct coupling of the two states in the
vibronic Hamiltonian matrix. In the intermediate E, , range, they find
that energy resonance is more important than the Franck-Condon
consideration in determining the product state distributions. The
chservation that the formations of inelastic charge transfer channels
Ar(lso) + Nz*'(;{,v'aO) and Ar(lso) + N2+(;{,v'=2) become more significant as
E. p. increases is consistent with the conclusion found in the symmetric
electron transfer reaction of Hz*' + H2.39'41

Combining the experimental values for o 20 0120 X3 2wt and
X3 2wt absolute state-to-state total cross sections, 3 /2w? and 91 f2w? ¢
for reactions (1) and (2) are calculated using Egs. (8) and (9),
respectively. As shown in Table IV, the experimental and thecretical values
for o3 Y ok v' = 0-2, are in reasonable agreement except at E, , = 1.2 =V
where the experimental value for o /21 is ~ a factor of 1.5 higher than

that predicted by the thecry. Theoretical values for o; 2wt v = (-2, at

The values for o 5, 2t B, p = 1.2 and 4.1 eV are crude ectimates.
Bepending on the valves for of /2 used (colum 4 or § of Table I), the
estimated values for o, /292 at E. , = 1.2 and 4.1 eV differ by nearly a

factor of two.



Table IV. State-to-state cross sections, 932w and 9 2wt s for the reactions
At (%Py 4 1 1)+ Ny(X,v=0) > Ar(sg) + Ny(X,v")

Experimentalb Theoretical®

1 4
Eoom. Vv

o [] [+] []
(eV)a 03/2-N'(A2) ){3/2,“,' l!l/z_wy(Az)d xl/z_,vy 03/2-’V' (Az) X3/2_N, Gl/z_W,(Az)d Xl/z_,v,

0.25 0 0.00+1.3 0.00+0.10 ~0.0 0.0 ..o ves ees e
-0.0 -0.00
0.13%0.10¢
1 12.940.6 1.00+0.00 ~0.9(~0.9) 0.14+0.35 ... .. ees e
-1.5 -0.10 -0.14
0.87%0.10°
2 . cee ~5.7(~5.8) 0.86+0.14 ...
-0.35
1.2 0 0.0+1.5 0.00+0.10 ... ... 0.00 0.000 0.00 0.000
~0.0 -0.00
1 12.3%2.2 0.85%0.15 ... cen 8.28 0.998 0.90 0.019
2 2.252.2  0.15%0.15 ~4.5(8.5)9 ~1.09 0.02 0.002 4.68 0.977
3 e cee ves . 0.00 0.000 0.02 0.004
1.7 0 . .ol .. ... .ee cee cee eee
1. 1.0f ... ... ... ... ... ...



4.1 0 0.0+1.5 0.004-0.10
-0.0 -0.00
1 12.7%2.2 0.85%0.15
~1.0f
2 2.2%2.2  0.15%0.15%
3 .. cee
10.3 0 0.0+¢1.3  0.0040.10
-0.0 --0.00
1 12.8+0.4 0.97+0.03
-2.0 -0.15
2 0.4+42.0 0.0340.15%
-0.4 --0.003
! 3 .
. 41.2 0 2.4%1.1  0.227%0.10
a 1 7.2%1.9  0.67%0.18
f 2 1.2+41.9 0.11+0.18
-1.2 --0.11
3 . .

~3.3(7.2)9

<0.01
12.06

<0.06
0.00

0.08
12.18
0.08
0.00
1.69
7.60
0.11

0.00

0.000
0.995

0.00%
0.000

0.006
0.987
0.007
0.000
0.133
0.855
0.012
0.000

.00
.56

.27
.03

.01

= O O o O

.87
.24
.02
.46

OO o =

.51
0.01

0.
0.

0.
0.

[} [N o (=] o

000
196

794
010

.045
570
.378
.006
.104
.799
.095
002

dcenter-of-mass collision energy.

bThis work.,
Creference 32.

dThe values for 9,/2 in column 5 of Table I are used to calculate O /2wt e

The values in parentheses are deduced using the values for o1 /2 determined in

this work (column 4 of Table I).
®Reference 16.
freference 17.
istimated values.

18
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CONCLUSIONS

Absolute spin-orbit-state-selected total cross sections for reactions
(1) and (2) over the E, . range of 0.25-115.3 eV have been measured using
the newly developed tandem photoionization mass spectrometer. The
theoretical values for o 2 and oy 12 in the E. ,, range of 1.2-41.2 eV are
approximately a factor of two smaller than those obtained in this
experiment. A simple model analysis, which takes into account possible
spin-orbit transitions in the rf octopole reaction gas cell, reveals that
the measured values for o3 /2 using the ion beam—gas cell arrangement are
reliable, whereas the values for o /2/03 /2 can be strongly affected by
reactions (6) and (7) if high P(N5)(2 5 x 10~4 Torr) is used in the
absolute cross section measurement. Values for o; /2 are also deduced by
using the measured values for o 2 and the corresponding values for
o1 /2/0'3 /2 obtained in the crossed icn-neutral beam experiment. The values
for o /2 thus deduced are in reascnable agreement with the theoretical

cross sections. The kinetic energy dependences for og 20 1,2 and o1 /2/0'3 2

S T RGP . 33

predicted by the multi-state calculaticn are in gqualitative accerd with

the evmerimental oheorvatione The valneg for a#. -~ and a. -~ are found to
74 /

ingcrease at hicher E {>41,2 eV), Thig obgervation ig rationalized ag

due to the formation of No, in the Azl'[,, state at high E. ., .

c.m,

Combining the measured values for o3 20 91,20 and the measured

vibrational distri X,y

S
-

X -

X3 2wt and X Xy 2wt formed by
reactions (1) and {2) in a crossed ion-neutral beam experiment, the
absolute state-to-state total cross sections, 3 f2w! and oy J2wt e for
reacticons (1) and {(2) have alsc

en determined,

-
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The discrepancies observed between the experimental and theoretical
results can be partly attributed to the estimated PES used in the semi-
classical multi-state calculation. The recent theoretical study shows that
the assumption of isotropic coupling used by Spalburg and Gislason is
incorrect. At higher E, , it is necessary to include the S?nu state of N2+
in the calculation. A new calculation which used realistic PES for the [Ar
+ ”2]+ system ig expected to improve the theoretical predictions. We hope
the experiment findings presented here will provide the impetus for a more

rigorous theoretical study in the future.
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APPENDIX

Possible N5 Gas Cell Pressure Effects on the

Measured Values for 93,2+ Oy and 01/2/53/2.

In the following analysis, a coordinate system is chosen such that
the x-axis coincides with the central axis of the rf octopole gas cell. The
entrance and the exit of the gas cell correspond to x=0 and x=1,
respectively. The changes in the Ar+(2P3 2) and Ar+(2?1 /2) beam
intensities, dI3/2 and dIl/z' are proportional to the change in target
thickness, dx,

dI3/2 = —n(63/2 + 03)13/2dx + HGDIl/de (Al)
dIl/2 = -n(61/2 + GD)Il/de + noEI3/2dx (A2)

The general solutions of the coupled differential equations are

ki+aq+a, ky+aq+ay
13/2(X) = { )Clexp(klx) + X )CzEXF(kzX)
xl+a2+a3 x2+a2+a3
= b.C;exp(k;x) + byCoexplkox) (a3)
Ilﬁ(x) = Ciexp(kix) + Coexp(kyx) (a4)

where a; = nop, a; = n(o3 5 + og), a3 = Nog, 3y = 0oy 5 + op), kisp =[—(2;

+a4) +V(ay — a4)2 + 4a,23)1/2, and C; and C, are arbitrary constants. At
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the entrance of the rf octopole gas cell, we assume that the fraction (X)

for Ar+(2P3 2) in the reactant Art ion beam is the same as that produced by

photoionizaticn. This requires that

I3,7(x=0) = b)C; + byCy = XTo (A5)
Il/z(x=0) =C; + Gy = (1X)I, (A6)
Cy = Toibg{l — X} ~Xj/{by = b;j = £110 (A7)
Cy = Io[X —by(1 = X)1/(by — by) = £5Io, (A8)

where Io is the total intensity of the unattenuated reactant Ar* beam.

Therefore, Eqgs. (A3) and (A4) become

I3/2(X) = [blflexp(klx) + bzsz@(kzX)]Io (AS)
Iy ptx) = (fjexplkyx) + £oexplkox)iIs (210}

be calculated as
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INi(l) Ii[n13/2(x)c3/2 + nIl/z(X)Gl/zldx

£ b,f
= ﬂIc{[bl l(exp(kll) - 1) + 2 Z(EXp(kzl) - 1)163/2
ky k2
£ £,
+ [——(exp(kll) -1) + ——(GXP(kzl) - 1)]61/2}
k1 k2

(All)

The measured cress secticn is

-1 N3
o(X) = — In(1 - ) (A12)
nl Io

The values for o3 /2 and oy are equal to o(X=1) and o(X=2/3),

respectively.
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SECTION III.

ABSOLUTE STATE~TO-STATE TOTAL CROSS SECTIONS

NE(X,v=0-2) + Ar{’Sp) —> NpiX,v) + Ar*i%Ry 5 1 )
Introduction

The state-selected cross section measur:sa-men't:sl'5 for the reaction
N3(X,v') + Ar(ls)) —> Ny(X,v) + art(%rs 5 1 ) (1)
and its reverse

Ar+(2P3/2 1/2) + Nz(;{,WO) —_— Ar(lso) + Ni'(i,V')

(2)

. e e s . L. . a:_.2.2.5-Q
have stimuiated many theoretical studies®?~:>~
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sections from weighted averages of calculations using the two geometries.

The procedure for obtaining the cross sections from weighted averages

should be accurate if the croge section cmoothl the linear to

rarieg gmoothly from
the perpendicular configurations. Furthermore, the ab initio PES used have
been calculated assuming a constant N-N distance equal to the equilibrium
bond distance. Therefore, impulsive interactions and the dynamical effects

4.\:3--—52’3 b oade --'kva&-:'\n 1 mabsAan hae,
LUGUCTU WY YiwedualilGe aldvawis iy

[¢]
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[

state calculation.8 In spite of these approximations, it is gratifying to
find8 that the predicted state-selected total cross sections, Oyrs V' = 0-
4, for reaction (1) at the center-of-mass collision energies (E, p ) of 8
and 20 eV are in agreement with the experimental results.3

Since the product state distributions are expected to be sensitive to
the geometry of the atom—diatom colliding pair, state-to-state cross
sections obtained at a wide E, , range will provide a test for the multi-
state calculation and the ab initio PES. Detailed absolute state-to-state

cross section data for reaction (2)10 and the spin-orbit-state

-
I
-

. . . . 1i X < cmn s
distributions of reaction (1)~ have been measured recently in our

laboratory. Here, we report absolute vaiues for o, v’ = (-2, and
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state calculations. The consistency of the measured absolute state-to-state

cross sections for reactions (1) and (2) is examined from the consideration
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EXPERTMENTAL
The triple-guadrupole Gouble-octopole photoicnization apparatus used
in this study has been developed £rom the tandem photoionization mass
spectrometer.lz'13 The detailed design of this apparatus will be described
in a separate publication.14 Figure 1 shows the cross sectional view of the
apparatus. It consists essentially of a (.2 m vacuum ultraviolet {(VUV)
monochromator (McPherson 234) a discharge lamp, a tungsten photoelectric
VUV light detector, three quadrupole mass filters (QMF), two radio

15

frequency (rf) octopole ion guide*” reaction gas cells, a supersonic free

jet production system and a variant of the Daly-type scintillation ion
detector.16

The experimental procedures for the measurement of oy are similar to
those described previously.lz'13 The photoionization efficiency (PIE)
spectrum for N§ in the wavelength region of 769 - 800 A obtained using a
wavelength resolution of 3.5 2 (mM) is shown in Fig. 2. The reactant
Nﬁ(ﬁ) ions in the v’ = 0 state are prepared by photoionization of a Ny
molecular beam at the wavelength (XA) of 791.5 3, which corresponds to the
position of the first strong autoionization peak in the PIE spectrum. The
Ny molecuiar beam is produced by supersonic expansion through a 50 um
diameter quartz nozzle, at a Ny stagnation pressure of 40 Torr. The

photoionization chamber is pumped by a freon-trapped 6 in. diffusion pump

Jal

(DP) which maintains a pressure of <ixi0™ - Torr during the experiment. As

s E LI md and] 1 . . .
& sufficiently low nczzle stagnaticn

<!
%
Q
[
n
r

(24
£
[{1]
[
n
1]
Q

pressure, to maintain a low background pressure in the photoionization




Figure 1. Cross-sectional view of the triple-quadrupole double-octopole photoionization
apparatus. (1) Photoionization region, (2) nozzle, (3) to freon-trapped 6 in.
diffusion punp (DP), (4) the first quadrupole mass filter (QMF), (5) to liquid-
nitrogen (LN;)-trapped 6 in. DP, (6) the first QMF chamber, (7) the first ratio
frequency (rf) octopole ion guide chamber, (8) the first reaction gas cell, (9) the
first rf octopole ion quide, (10) to INj-trapped 6 in. DP, (11) the second OMF,
(12) to INp-trapped 4 in. DP, (13) the second reaction gas cell, (14) the second rf
octopole ion gquide, (1%) the second rf octopole ion guide chamber, (16) the third
QMF, (17) detector chamber, (18) plastic scintillator window, (19) photomultiplier
tube, (20) aluminum ion target, (21) to LNj~trapped 2 in. DP
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chamber, is essential to avoid a change in the vibrational state
distribution of reactant NE ions due to collisions of reactant NE ions with
background Ny in the photoionization chamber. The reactant NE(i,v'-O) ions
formed at the photoionization region are extracted perpendicular to the N,
molecular beam and selected by the first QMF (4) before reacting with Ar

according to reaction (1) in the second rf octopole ion guide reaction gas
cell (13), The first rf octopole ion guide (9) and the second QMF (11) are
only used as ion lenses in this measurement. During this measurement, the
second QMF is tuned to the mass of NE {m/e = 28) and the first rf octopole
ion guide reaction gas cell (8) is empty.

The second rf octopole ion guide is constructed of eight molybdenum
rods, with a diameter of 3.16 mm and a length of 28.5 cm, symmetrically
spaced in a circle of 1.27 cm diameter. The second reaction gas cell is 13
cm long and is positioned at the center of the second rf octopole ion
guide. The frequency and peak-to-peak voltage used are ~10 MHz and 450 V,

respectively.B'14 The Ar gas cell pressure is monitored with a Baratron

manometer (MRS Fodel 350HA SP0S5) and a Ar gas cell pressure of 8x10~> Torr

A eememal cem Lll m Amccrma s e de
S USSU il WiidS SRpTrinElic.

The arT nraduct iane farmed in tha eorAnd rf Artanale iAn amid
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roartiAn aaec rall ara mace colortan 7 tho third OMER [(1R) anA AotortoA 4
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the scintillation detector (18-20). The laboratory collision energy (E;.p)
is determined by the difference in potential between the photoionization

The product
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The PIE spectra for the reactant N§ ions and the product Ar* ions
formed at Ej,, = 10 eV, and the ratio of their intensities, i(Ar"")/Io(N:',:),
are shown in Fig. 2. The composition of NE(}E) in the v’ = 0 and 1 states
produced at the autoionization peak, A = 781 R has been determined
previously at wavelength resolutions of 0.317, 118, and 1.4 Al0 (FweM) .
Because of the lower wavelength resolution used here, the minor
autoionization peak for M; at A =781 2 appears as a shoulder (see the
arrow in Fig. 2) of the strong autoionization peak at X = 784 A. The
autoionization peak at A = 781 A is evident in the BIE spectrum for product
Ar* ions. The value for i(Ar*)/Iy(N}) at X = 781 A is substantially higher
than that at 791.5 A. This is consistent with the previous experimental
finding that ¢;>>0g at Ej,; = 10 ev.

The absolute value for oy at a given E,  is determined by the

n.
relation

|
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Here In(N}) is sum of the intensities of Ar* and N5; and n and 1 represent
the number density of Ar and the length of the second reaction gas cell,
respectively. The value for i(Ar*) has been corrected for background Ar™*
formed outside of the reaction gas cell using the procedures described in

o{N%) is equal to



Figure 2. (-——) PIE curve for reactant N}; (——) PIE curve for product art at Eijap = 10 ev;
(~+-) the ratio, i(Ar*)/I(N}), of the intensity for product Ar* to that for
reactant Nj.
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~

reactant N§(X) in the v’ = 0 and 1 states to be X and X, respectively,

the values for op, oy, and o are related to Xg and X by the relation

Xodo + Xlol = Oﬁ (4)

Since the sum of X3 and X; is equal to one, Xy and X; can be calculated
when o5 and o, are known or oy can be determined by measuring One Op: Xq.
and X,.

In orcer to calculate the value for oy using Eg. (4), it is necessary
first to determine the values for X, and X;. The experiment of Liao et
al.10 has shown that the product N’i(i) ions of the electron transfer
reaction Ar+(2P3/2) + Nz(;{,v=0) at E. , = 1.2-4.1 eV are formed
predominantly (85%¥15%) in the v’ = 1 state. We have prepared NE(;() ions in
the first rf octopole ion guide reaction gas cell using the reaction
Ar*(%p3 ) + Ny(X,v=0) at E, p = 4.1 eV. The ar* ions are produced in the

pure 2P3 2 state by photoionization at A\ = 786 A. The NE(;() ions formed in
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the first reaction gasS Cé.id ar

gu E
gquide reaction gas cell and further react with Ar according to reaction (1)
at B, = 4.1 eV. The measurements of the intensity of product art formed

reaction gas cell using the third QMF allow the determination of the total

cross section at Ecom. = 4.1 eV characteristic of N‘i(x) ions produced by

th tion Art(Zp. .\ A (K. v= { = 4, J. ¥ i {
the reaction Ar*( P32 + N‘(_x,v-O) at B, » = 4.1 eV. Knowing the
vibrational distribution of N3(X) and the value for oy 2t E. ,, = 4.1 eV,

we have calculated the value for oy at E;, , = 4.1 eV using an equation
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similar to Eq. (4). In principle, o; at other E. , of interest can be
determined by the same method. Since the intensity for N}'(;() produced by
the reaction Ar+(293 /2) + NZ()E,V=0) is low, the determination of o, at each
E. p. requires considerable counting time. The value for o7 at E, , = 4.1
eV determined by this method, together with the measured values for oy and
op at Eq . = 4.1 eV, makes possible the calculation of X3 and X; at X =
781 A using Eg. (4) The values for X, and X, are found to be 0.65+0.06 and
0.35+0.06, respectively. The experiment has also been performed by
preparing N‘f(i) in the first rf octopole ion guide reaction gas cell at

Eq . = 4.1 eV and then colliding it with Ar in the second rf octopole ion
guide reaction gas cell at E, , = 5.88 eV. The values for Xj and X;
obtained in the two experiments are in agreement. These values for X; and
X; have been used to calculate o) from the values of oy and op measured at

other Ec.m. .
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RESULTS

Absolute state-selected cross sections,

Oyt v' = 0-2, for reaction (1)

The absolute values for o

determined in this experiment are ligted in Table I, The relative valueg
for Oyry VI = 0-2, at Ecm = 1.2-320 eV have been reported by Liao et
1 10 -~

al.”" The previous vaiues for op/o; at Eg
with those determined here, whereas the values for op/o) at E, , < 14 ev
obtained by Liao et al. are lower than those of this experiment. The
absolute values for o, listed in Table I have been calculated using the
known values for oy/0; and oy. Since the values for o3/0g at E, , < 20 eV
are large and the measured values for ogp have high uncertainties, the
values for oy at E, , < 20 eV calculated using the values for o5/0p and o
are not accurate. However, absolute values for o5 at E, , = 20-140 eV

determined by multiplying the vaiues of oy/0y with the corresponding vaiues

coincidence (TESICO) experiment of Govers et al.3 are also shown in Table

I. The absolute values for Oyry VI = 0-2, obtained by Govers et al. were

—ermeowwn e

the svmmetric electron transfer reaction art + ar 19 and the relative total

cross sections for the electron transfer reactions Art + Ar and NZ+ + Ar



Table I. Absolute vibrational--state--selected total cross sections,

v! = 0-2, at

Ecp = 1.2-1.4 ev for the reactions N%(i,v'=0-2) + Ar(lso) S N2 + Art
22
o, (A%)
Ec . (€V) Experimenta'b Theoryc'd
v =0 v’ =1 v' = 2% vi =0 vl =1 v’ = 2
1.2 .0.28 + 0.08 26.3 + 4.2 22.9 + 4.3 0.00 17.46 14.41
4.1  1.01 4+ 0.25 21.9 + 3.4  21.7 + 4.0 0.01 24.31 19.90
5.8  1.41 + 0.35 21.7 + 3.3 23.9 + 4.3 . .
8.0 1.59 + 0.40 18.8 + 2.8  22.7 + 4.1 0.19 26.09 30.89
(<0.97 (18.77+ 1.6) (23.17+ 1.9) (0.9) (22.9) (28.5)
14.0 1.93 + 0.40 16.6 + 2.4  23.1 + 4.1 .
(0.93 (15.6"+ 1.2) (24.27+ 2.8)
20,0 2.17 + 4.3  14.3 +2.1_  20.6 + 3.6 1.09 25.09 29.69
19.7 ¥ 4.45  28.4 % 6.3F (3.2) (20.4) (28.0)
(1.6 + 0.2) (14.3 7+ 2.4) (17.87+ 2.9)
40.0 4.3+ 0.4  11.6 + 1.8, 16.4 + 3.0 3.00 21.2h 30.80
1317 1.88 18.5% 2.6
80.0 8.8 + 0.67 11,5+ 1.5_ 15.5 + 2.5 . cee ..
13,6 * 1.7 18.3 % 2.3f
140.0  14.9 + 1.1 15.6 + 1.5 14.3 + 2.1 . ces .
17.0 ¥ 2.1F  16.3 ¥ 2.0f




2This work.

byhe values in parentheses are obtained from Ref.3.

Creference 7.

d7he values in parentheses are obtained from Ref.8.

®values determinect using the absolute values for o and values for oy/¢; obtained from
Ref.1ll.

fyalues determined using the absolute values fro oy and values fro oy/¢y obtained from
Ref.11.

9values quoted in Ref. 8.

Nyalues calculated at Eq. m. = 41.2 eVv.

€0T
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measured in the TESICO experiment. We find that the results of the TESICO
experiment and this work are in excellent agreement, except for oy at E,
= & and 14 eV, where our values are slightly higher than theirs.

The absolute value for oy increases monotonically from 0.28 A% at
=1.2 eV to 14.9 A% at E

E = 140 eV. The absolute value for o1

c.m. C.ll.

decreases gradually from 26.3 22 at Eq.p. = 1.2 eV to 11.5-13.6 A2 at Eq . m.
= 80 ev and then increases to 15.6-17.0 A% at E, , = 140 eV. The absolute
value for oy at E, o = 1.2-20 eV are nearly equal. A decreasing trend for
oy is observed as E, 5 1is increased from 20 eV to 140 ev. The values for
oyrr V! = 0-2, at E, , = 140 eV are equal within experimental

uncertainties.

Absolute partial state-to-state cross sections,

Oyragr V! = 0-2, for reaction (1)

. +,2
The fracticns, X, .1, v/ = 0-2, of product Art{<P,) formed by
g ~

v

reaction (1) at E = 4-320 eV have been measured by Liao et a1.10 Using

c.m.
the values of X;.,; and absolute values for o, measured in this

experiment, absolute partial state-to-state cross sections, o,r,5, V' = 0-
2, have been determined and are listed in Table IXI. The values for o,s,3 /2

are substantially greater than those for o,ry) /-



Table II. Absolute partial state-to-state tctal cross sections,
v’ = 0-2, at E,_p = 1.2-140 eV for the reactions N}(X,
v'=0-2) Ar(lsy) — Ny(X,v) + Ar*(%ey)

UV;'*J.

0
Uvr.,J(A)
Experiment2sP
Ec.m.V
90-3,2 901,72 %13,2 9151,/2 9212
1.2 0.28%0.08 0.0 26.3%4.2  ~0.0 cen
4.1 1.01%0.25 0.0 21.4%3.4 0.5%0.6 ces
5.8 1.41%0.35 0.0 20.2%3.1 1.5%0.5 cee
8.0 1.53%0.39 0.06%0.04 16.8%*2.5 2.0%C.6 3.9%1.3
10.3  1.61%*0.38% 0.09%0.04® 15.8%2.4% 2.3%0.6° 18.6¥3.6° 4.0%1.3
14.0  1.84%0.38 0.09%0.04 14.6%2.2 2.0%0.5 3.8%1.4
20.0 2.00%0.40 0.17%0.06 2.2%1.8 2.1%0.4 3.7%1.2
(16.8%3.8)(2.9%0.8) (23.3%5.2) (5.1%1
40.0 4.0%0.4 0.4%0.1 9.8%1.6 1.8%0.4 2.8%0.9
(11.2*1.6) (2.0%0.4) (15.3%¥2.3) (3.1%*1.0)
80.0 8.0%0.6 0.8%0.2 9.7%1.3 1.8%0.4 2.9%0.0
(11.4%1.6) (2.2%0.4) (3.4%1.0)
140.0 13.2%1.0 1.7%0.4 13.0%1.4 2.6%0.6 (11.4%1.8) 2.9%0.8
(14.2%1.9) (2.8%0.7) (13.0%1.8) (3.3%0.9)
AThis work.

Dthe values in parentheses are obtained from values of o, and ¢

p;

determined using the values for oy of this work and oy/0y and 09/90

obtained form Ref.l.
Creference 7.
Athe vlues in parentheses are obtained from Ref. 8.
€values

Zc.m. T 1C.3

and 14 ev.

£
“Values

estimated using the estimated values for

eV wnich are interpolated using the

Cey? V’=0i2 at

o.,» values at

c.m.
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Theory©+d
°0-3,2 °0-1,/2 91-3,2 °151/2 92-:3,/2 92512
0.00 0.00 17.37 0.09 9.06 5.35
0.00 0.00 24.31 0.56 16.56 3.34
0.00 0.00 5.00 5.00 0.00 0.00
(0.08) (0.1) (19.3) (3.6) (23.5) (5.0)
0.15 0.01 24.86 1.89 25.2 3.94
0.00 0.00 0.00 0.00 0.00 0.00
(2.6) (0.6) (16.1) (4.3) (21.5) (6.5)
2.40f 0.57f 16.52f 4.63% 24.43f 6.40f
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
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DISCUSSION

Ahsnlute sgtate—cgelected cross sections,

ST

Oyry V' = 0-2, for reaction (1)

The theoretical values for o,,,v' = 0-2, at E, , = 8 and 20 ev

and Gislason® and the theorstical cross sections at
c.m. = 1.2, 4.1, 8, 20 and 41.2 eV calculated by Spalburg and Gislason’
are compared to the experimental results in Table I. Due to the fact that
the former multi-state calculation uses more accurate PES for the [N, +
ar]t system, its predictions are expected to be more reliable than those of
the latter study. We find that the predictions of Parlant and Gislason are '
in satisfactory agreement with the experimental values. The values
calculated by Spalburg and Gislasen for oy and o, at E, , = 8 and 20 eV,
as quoted in Ref. 8, appear to be too high, an observation consistent with
a previous conclusion.® It has been pointed out that the higher cross

sections are the results of the stronger estimated coupling potential used

. -~ - — - - -~ - - - o ) v de nam - ad Al T
in Ref. 7. The small values for oy at iow E, p are consistent with Ui
..
Lot At Ll Lo bl men Al Ll VTammd mmmmmmadd o alaaaa? ’\-—+l213 Yo
Lact QL wa LVL (SRR T W T 4TADL TUTLMYOLLL LiCUuiCL o4 |\ :3/2, o
~ ~

Ne (X, v=03 wt v cor_ny L _\,.!lﬂ V\ 2o pmAdebklacmis e A 1TQ AT Mo blames
52\n,v—v1 iTChi L\z\n,v =V T Sy 00; 4D TiiLUliiTiiiias &Y Vewios TVe 2T WiTULY

correctlv predicts the increasinag trend for ¢n as E. .. 1is increased.
- - - v weltle

However, the theoretical valuves for op at E, ,, = 1.2-41.2 eV cbtained by

=1 and oy at Ec.m. = 1.2

eV are substantially lower than the ekéerimental values. The observed
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trends for op and oy as a function of E. . also are different from those

predicted in Ref. 7. The predicted value for o; exhibits a maximm at E,
= 8 2V, whilz the thagret ad

. ..
gV, while the th 2 for o, increaces as is inecreag

E
c.m.

at E = 1.2-8 eV and it remains approximately constant for E = 8~

c.m. c.m.

41.2 eV. At E, 2 8 eV, the calculated values for o7 and oy of Ref. 7 are
greater than the experimental cross sections.

The multi-state calculation of Spalburg and Gislason/ used estimated
isotropic PES. They argue that since the most important transitions take
place at large atom-diatom distances, the anisotropy of the potential is
relatively unimportant. This argument has been found to be incorrect in the
recent calculation of Ref. 8, which shows that the cross sections for
reactions (1) and (2) depend strongly on the orientation of the atom-diatom
pair.

The binding energy of the (Ar'N?_)+ complex is ~1 ev.20 Recent studies
on the vibrational relaxation of diatomic ions reveal that the relaxation
rate constant scales with the binding energv of the collision pair.21'22 At

low E the strong binding energy between NE and Ar should have a

c.m.’
significant effect on the cross section of reaction {1). The ab initio PES
- —— A -« m—de o
CLlL. O addu a COULIDLAlIL 1¥™iY uldecl

used in the calculation of

= S L NP L T Yoo —~ T - bl e o o e R Y Y e -
acomGiatom Gistances. At nigher E, p, , if eiectron transier is mostly gue

“r

o transition at large atom—diatom distance, the perturbation introduced by

varying the N-N distance may not be important. However, the dynamical

effects induced Ly the vibratiomn

at Ty
-t - 1]

oW Eq p. - In order
m.

ot

¢ account for the binding energy effect and

- R SRR SRS S

dvnamic effects induced by the vibrational motion, and to improve the
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theoretical predictions at low E, , , it is necessary to use accurate PES
which have been calculated by varying the N-N bond distance as well as the

digtance between Ar and N, at many atom-diatom geometries.

Absolute partial state-to-state cross sections,

Oyrage V' = 0-2, for reaction (1)

The theoretical values for Oyr>3/2 and Oyrs1 /20 v =0-2, at E_ p =
8 and 20 eV reported in Ref. 8 and those at E, , = 1.2, 4.1, 10.3, and
41.2 eV predicted in Ref. 7 are included in Table II. We find satisfactory
agreement between our experimental observations and the theoretical
predictions of Ref. 8 at E, ; = 8 and 20 eV. The theoretical values for
90-3,2 of Ref. 7 are lower than the experimental values. Similar to the
comparison between the experimental and theoretical values for o; and oy,
the theoretical values for 01,3 5 and op,3 5 at E¢ p =10.3 and 41.2 eV are
higher than the experimental results, while the theoretical value for
©153,2 at E = 1.2 eV is substantially lower than the experimental

Consistency of measured absclute state-to-state
cross sections for reactions (1) and (2) from

the consideration of microscopic reversibility

From the consideration of microscopic reversibility,23 we have

o
~—
o~
un
~—
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Here E; is the asymptotic reactant relative kinetic energy, E, is the

asymptotic product relative kinetic energy, g; is the degeneracy for the

reactant state, gy is the degeneracy for the product state, and o 5, (E;)
and o3, (Ep) are the state-to-state cross sections for reaction (1) and
its reverse at E; and E5, respectively. If the degeneracies due to the

rotational states of NE(;{) and NZ(;I) are ignored, the values of g; and g,

of N} and that of spin-orbit state (ZPJ) of Art, respectively.

Absolute values for o3 5 51 at selected Eq have been determined
by Liao et al.10 with accuracy. According to theoretical studies, the
values for oq,3 5 and 01,3 o are overwhelmingly dominated by ¢g,3, o and

61*3/2 " respectively. Assuming 0’0_)3/2 0= d’o_)3/2 and 0’1_)3/2 0= 6193/2,
Eg. (5) becomes

93,2 0w (B2) = (E}/2E)) 943 5(Ep) (6)

Using the values for og,3 , listed in Table II, we have calculated values

- . -~ “ - - e a4 A ee  pe - - —m o Aalnm

for o vi =0 and i, at E = 1-41.2 eV. Tables III ¢ res th

3/2 0w’ v ’ c.m, = t74L ompa

N a3 1 P DL, [P Sy TR /

- v L, LCQLLULALTWU UDLilY LAge
-~ demmemde Y e V.. ! - S Ly F< an e m emermdd mbadd A Awvma e -

experimental values cbtaineG in Ref. 10. The predicted and expesrimental

values are in good agreement except at E_, _ = 10.3 eV where the predicted

value for o3 /2 01 is slightly higher than the experimental value.

The theoretical calculation of Ref. 7 also reveals that at E; p = 8-
. .
+ > . . . - I -
41.2 eV, Ar (223/2) + No{(¥,v=1) is the predominant (3>95%) product channel

in the reaction of N5(X,v'=2) + Ar(%Sy). Assuming 03,35 = 9333/3 1+




Table [II. Compariscn of experimental values and predicted values® for 93 21t v! = 0-1,
at E, = 1.2-41.% eV from the consideration of microsicopic reversibility

09 22
3,2 0-0 (A7) 93,2 01 (A7)
e p. (eV) Predicted Experimentall Predicted ExperimentalP
1.2 0.16 + 0.05C 0.0 + 1.5 12.2 + 2.0d 12.3 + 2.2
- 0.0
4.1 0.53 + 0.13® 0.0 + 1.5 10.5 + 1.7f 12.7 + 2.2
- 0.0 -
10.3 0.82 + 0.19 0.0 + 1.3 7.9 + 1.2 12.6 + 0.4
- 0.0 - 2.0
41.2 2.0 + 0.2 2.4+ 1.1 4.9 + 0.8 7.2 + 1.9
5.6 % 0.8

dyalues calculated using Eq. (6) (see text).
bpeference 10.

CThe predicted value at E, , = 1.04 eV.
dphe precdicted value at E, = 1.29 ev.
®The predicted valus at E; = 3.94 eV.
4.19 ev.

£he predicted value at E, [

T1T
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the values for o35 1,5 at Ex p = 8, 20, and 40 eV have been calculated
using Eq. (5) and compared to the theoretical predictions of Ref. 7 in

-— | S

Table IV. The theoretical predictions are found to be higher than

r

o
e

£

calculated values.
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Table IV. Comparison of theoretical and predicted values? for 93,2 142
at Eq . = 8, 20, 40 eV from the consideration of
microscopic reversibility

93,2 12 (A2)

Bz m. (V)

Predicted Theoreticalb
8 9.3 +1.8 12.2
20 8.4 + 1.5

11.6 + 2.7
40 6.8 +1.3 11.6

7.7 +1.2

@values calculated using Eg. {(6) (see fext).
bw -

- D s o e gy
nererence s
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CONCLUSIONS

Absolute values for o, and o,r,3, V' = 0-2, have been determined
over the E, . range of 1.2-140 eV. The state selected cross sections at

Eop. = 8, 14, and 20 are in agreement with the results of the previous

TESICO experiment.3

The absolute partial state-to-state cross sections
obtained in this experiment are found to be consistent with the absolute
state-to-state cross sections for reaction (2) at E, , = 1.2-41.2 eV
reported recently by Liao et al.10 The experimental results at E, , =8
and 20 eV are in better agreement with the results of the calculation of

Parlant and Gislason8

than with the predictions of the earlier calculation’
which used estimated isctropic PES for the [Ny + Ar)t system.

This study, together with the recent measurements by Liao et a1.10,11
has provided detailed experimental data over a wide E. , range for the [N,

+ Ar]% electron transfer system. We hope these experimental studies will

improvement of the future theoretical calculation can be attained by using

+
more accurate PES for the [N2 + ArlT system at many atcm-diatem

interaction geometries.
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PART II.
ABSOLUTE SPIN-ORBIT-STATE EXCITATION CROSS SECTIONS

FOR THE REACTIONS
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INTRODUCTION

Energv transfer plavs an important role in nearly all aspects of
fundamental and applied research. Due to the advancements of molecular beam
and laser technology, microscopic state-to-state cross sections for many
inelastic scattering processes involving neutral atoms and molecules have

heen measured.l-3 Although important

n

- 4 -

trides?® have aleo been made in this
area in ion chemistry, the progress of state-to-state energy transfer
studies in ion-molecuie collisions is still behind that in neutral
experiments. Recent flow tube experiments4 using the monitor ion method
have provided extensive rate data on the vibrational relaxation collisions
of many diatomic molecular ions with various quenching gases as a function
of collision energy. Nevertheless, detailed microscopic state-to-state
inelastic cross section data for ion-molecule collisions remain scarce.

One of the difficulties in state-to-state studies of ion-molecule
interactions is the preparation of state-selected reactant ions. The

intensity of state-selected ions produced by single-photon ionization using

o Aotortinn
e qetection

Liac et a1.7‘10 have develcred an

experiment very @ red an

¥perimen
internal state sensitive charge exchange detector. By measuring the

reactivities of simple product atomic or molecular ions with different
probing gases, they have been able to perform state-to-gtate st

electron transfer reactions of Hg(v'=0—l) + HZ(V-O),7’8 Ax+(2P3/2,1/2) +
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art(%3 5 1 5) + Hy(v=0),13 and Hj(v'=0-4) + Ar(}s).1% e charge exchange
detector is highly sensitive, which allows the vibrational state
distribution of electron transfer product ions to be measured with as low
as 2-10 product ions formed per sec.10,11

In order to extend this method for state-to-state excitation and
relaxation cross section measurements in ion-molecule collisions, we have
developed a new triple—quadrupole double—octopole photoionization
apparatus. In this commuication, we present preliminary results on the

absolute state-to-state total cross section measurements of the reactions

ar*(%e; ) + ar(*sy) —> Ar*(%py ;) + ar(lsg) (1)

Ar* (%P3 ) + Ny(X,v=0) —> Ar*(2p; ;) + N(X.v) (2)

Absolute cross sections, 93 /21 /2 for reaction (1) have been reported
previously.15 The comparison of experimental results of this study and Ref.
15 allows the performance of the apparatus to be evaluated. The recent
milti-state calculationl® finds the cross sections, 032412+ for reaction
(2) to be surprising large. The high value for ©3/2+1/2 of reaction (2) has
been attributed to the mutual interactions of electron transfer Ar + N§

states with the spin-orbit states of Ar", The cross sections obtained for

e N & A P - - n o de - e - & & Y + s S
reaction (2) in this experiment provide a test cof the thecoretical findings.
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EXPERIMENTAL

The tripie-quadrupolie double-octopoie photoionization apparatus used
in this study has been developed from the tandem photoionization mass
spectr:ometc—:‘r.l-/'18 The detailed design of this apparatus will be described
in a separate publication. Figure 1 shows the cross sectional view of the
apparatus. It consists essentially of a 0.2 m VUV monochromator (McPherson
234), a VUV discharge lamp, a tungsten photoelectric VUV light detector,
three quadrupole mass filter (QMF), two ratio frequency (rf) octopole ion
19

guide®” reaction gas cells, a supersonic jet production system, and a

variant of the Daly-type scintillation ion detector.20

The reactant Ar+(2P3/2) ions are prepared by photoionization of an Ar
atomic beam at the wavelength (X)) of 785 A. The wavelength resolution used
is 3.5 & (FwHM). The neutral Ar beam is produced by superscnic expansion
through a 50 ym diameter quartz nozzle at a stagnation pressure of ~68
Torr. The Ar+(293/2) ions formed at the photoicnizaticon region are
extracted perpendicular to the neutral Ar beam and selected by the first
QMF (4) before colliding with Ar or N, in the first rf octopole ion guide
reaction gas cell (8). The laboratory colilision energy (E;.)) is defined to

pe the difference in potential between the photoionization region and the

Hh

th
Q
[¢]
r

3 3 - ~ 2admn 42
irst ¢ cpcle reacticn gas cell. After the collisicns of Ar ?3/2)

with Ar or N; in the first reaction gas cell, a small fraction of

.2 . . : c s .2 . .
Ax+(“P3/2) ions nave been excited to the “P1/2 state according to reactions

{1) and {2). Bers we denote the fractions of ar’ in the 2P3/2 and 2

El/z
states to be X3/2 and x1/2’ respectivelyv. The Ar* ions in a mixture of




Fiqure 1. Cross-sectional view of the triple-quadrupole double-octopole photoionization
apparatus. (1) Photoionization region, (2) nozzle, (3) to freon-trapped 6 in.
diffusion pump (DP), (4) the first quadrupole mass filter (QMF), (5) to liquid-
nitrogen (IN,)-trapped 6 in. bP, (6) the first QMF chamber, (7) the first ratio
frecquency (rf) octopole ion guide chamber, (8) the first reaction gas cell, (9) the
first rf octopole ion guide, (10) to LN,-trapped 6 in. DP, (11) the second QMF,
(12) to IN,-trapped 4 in. DP, (13) the second reaction gas cell, (14) the second rf
octopole ion guicde, (15) the second rf octopole ion guide chamber, (16) the third
QOMF, (17) detector chamber, (18) plastic scintillator window, (19) photomultiplier
tube, (20) aluminum ion target, (21) to LNZ—trapped 2 in. DP
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2P3/2 and 2P1/2 states are then selected by the second QMF (11) and further

react with the H, probing gas according to the reaction
Art(%p;) + Hy —> Ar + H} (3)

at Ej,p = 10 eV in the second reaction gas cell (13); and the total cross
secticn, o, of reaction (3), characteristic of ar+(2p.) passing
the first reaction gas cell, is measured using the procedures described
previously.w'lz'l?'18 The value for the Ey,;, of the probing reaction (3)
is determined by the potential difference between the photoionization
region and the second reaction gas cell. The spin-orbit-state-selected
cross sections, 93,2 and 127 for reaction (3), have been shcwnl3'21'22 to
be substantially different at Ej,, = 10 eV.

For the direct excitation processes, such as reactions (1) and (2),
at sufficiently high Ej,, the laboratory velocities for product Ar*(ZPL/z)
ions are expected to be only slightly different from those of Ar+(2P3/2),

where product Ar*(zPJ) of Nﬁ(x,v’) ions resuiting from the electron

.5.I+(2P'-/2> + A’.’(lSG) —> .:’-‘-.’.'(130) + ;’-‘-..'.+(2?J} (4}
Ar+(2P3/2) + NZ(X,WO) —_> Ar(lso) + NE(XIV’) (5)

eV for reactions (i) or (2), slcw electron transfer product ions formed in

the first reaction gas cell cannot enter the second reaction gas cell
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because the second reaction gas cell is biased at a positive potential with
respect to the first reaction gas cell.

Since. under the thin target conditions, we have the relation,

X3/20’3/2 + Xl/zo‘l/z = Op (7)

Ar+(2P1/2). X3, can be calculated by the equation
X3 = (oq - 01/2) /o3 = 61/2) (8)
The values for 93,2 and 51,2 have been determined using the second

reaction gas cell when the first reaction cell is empty.

Furthermore, we have the relation

I- i1/2 = Igexp(-nl{oep + c3/291/2)1
= Iexp{-nloz 5,3 ) {9}
or 1- (il/Q/I) = x3/2
= exp(-nlc3/2ﬁ1/2) (10)

Here I, is the intensity of Ar' observed when the first and second gas cell
are empty. I is the intensity of Ar* after Ar or N, is introduced into the
firet reaction gas cell (I includes the intensity, i1/2f of product

Ax+(2?3/2) resulting from reactions (1) or (2) but not that of electron

transfer product A:+(‘PJ)); oor represents the electron transfer cross
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section of reactions (3) or (4); n is the number density of Ar (or Ny) in
the first reaction gas cell; and 1 is the length of the first reaction gas
cell. By measuring X35, we have calculated 3 /2412 using Eg. (1la)

= %) ;5/nl (11b)

Equation (11b) is valid for thin target conditionms.

The Ar or N, pressure used in the first reaction gas cell ranges from
~2 to 5x10~4 Torr. The H, probing gas pressure used in the second reaction
gas cell is ~2x10~4 Torr.

The most important condition for the success of this experiment is
the use of the rf octopole ion guides which make possible the collection of
nearly all product Ar+(2P3/2) ions of reaction (1) or (2). We find that the
attenuation of reactant Ar(2P3/2) ions, when Ny is introduced into the
first reaction gas cell, is consistent with the estimate calculated using

the electron transfer cross section measured previously in our laboratory.
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RESULTS AND DISCUSSION

The absolute values for 03,/2-1/2 of reaction (1) measured in this
study at Ej,, = 60, 130, and 200 eV are compared to the experimental
results obtained by Itoh et al.15 in Table I. Both experiments show that

93,212 Of reaction (1) increases as Ej,p, is increased, an observation

i -2 = - - el W2l UL,

consistent with the theoretical pradirti09523 In the experiment of Itoh et
al. the value for 03 /21 /2 is measured by observing the energy loss of Art
along the reactant Art beam direction with an acceptance angle of 0.45°. At
low Ey,p, where the angular spread of inelastic scattered Ar+(2PL/2) ions
is >0.45°, the values for 3/21/2 obtained previously are likely to be
lower limits. As Ey,), is increased and the angular spread of product
Ar*(zpl/z) ions becomes narrower, the value measured in the energy loss
experiment is expected to be closer to the true value for 93,21 /2° This
expectation is in accord with the values for 93,212 determined here are
higher than those of Ref. 15 and that the difference between the two

measurements decreases as Ej.; is increased. Aithough our values for

S <11 X 3 = E=S N + 1 ~ &
S are higher, they are still lower than the thecretical predicticns.
)
Ac pointed out “re!i-:sly,g the theoreotical predictiong will he immroved if

calculation.

Table II listed the values for X3p and o3 541 o @t Ejap = 25 ev for

(V3]

reaction (2) obtained in the N. gag cell nressure (P) range of 2, 38-
reaction (2 N; g pressure (P) r of 2.38

s = 25 eV is 2.18+-

1
e 3

.65‘>xl0"4 Torr. The average value for 03 /251 /2 at E
2

4
0.25 &2 which is found to be substantially greater than the excitation
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Table I. Absolute spin-orbit-state excitation cross sections,
3 /21 /2 for the reaction Ar+(2P3/2) + Ar(lso) —_
ar*(%py ) + Ar(lsg) Epgy, = 60, 130, and 200 eV

Elab(eV)
60 130 200
63 /21 /2(B2)3:P 0.61 + 0.06  1.58 + 0.28  2.14 + 0.30
(0.31) (1.1) (2.0)

4This work.
Brhe values in the parentheses are obtained from Ref. 15.
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Table II. Absolute spin-orbit-state excitation cross sections,
93,21 /2" for the reaction Ar+(2P3/2) + Np(X,v=0) —
Art(%p) ) + Ny(X,v) at By = 25 eV

P(10-4 Torr)a X3/2b G3ﬂ_’1/2(iz)
2.38 0.9894 2.42
2.79 0.9865 2.53
3.31 0.9845 2.09
4.06 0.9877 1.34
4.65 0.5738 2.53
<d3/2_)1/2> = 2,18 + 0.25
(1.98¢; 39
2The N, pressure used in the first reaction gas cell.

5 Pr 134 T
brne fraction of Art in the 2P3/2 state.
CThe th

=
ke =
The theoretical value obtaine
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cross section for reaction (1) at E;,p = 60 eV. The experimental value is

in agreement with the calculated values (see Table II) obtained by Spalburg

A ~f Darld :ant anA
Ve atasmmtail Caava

nd Gislason~ and Parlan
Gislason used ab initio potential energy surfaces for the [Ar + N2]+ system
and is expected to be more accurate.

The value for o3 5, - at Ejp = 25 eV of reaction (2) has also been

. -]
obtained from the slope of a in{X3 21 VS P plot. The value of 2.31 22 thus

~r

determined is in good accord with the average value.
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CONCLUSIONS

We have demonstrated a new experimental method which allows th

= LiT

determination of absolute state-to-state excitation cross sections of
reactions (1) and (2). The detailed fine structure excitation and

relaxation cross section measurements for the reactions Ar+(2P3 2,1 /2) +

N,{(CC,05,NO,Kr, 2nd Ne) are i

ith the similar experimenta
arrangement and procedures, it is possible to determine absolute state-to-
state vibrational relaxation cross sections for many simple molecular ions

in collisions with various quenching gases.
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APPENDIX
The Design for Quantum State Excitation or
Deexcitation Experiments with the Double-Gas-Ceil

Arrangement of the Tandem Mass Spectrometer

The following procedures are designed for experiments and the

corresponding data analysis for the measurement of absoiute collision

induced excitation or deexcitation total cross sections using the triple-

quadrupole double-octopole photoionization tandem mass spectrometer. This

appendix is divided into four parts, based on the four possible reactions

of interest. The first part involves all four possible reactions, and the

equations used in general form throughout this paper are derived therein.

The remaining three parts are special cases where one or more of the

possible reactions is not involved. All variables which are assumed given

can be measured by the method mentioned when they first appear in the text.

Consider the following reactions

[+

*

at* s sty
cr

At +8B > EY+ F
@,

Ay —Rs5 At s B
[of

At +B—E5 at* 4B

where (R1) and (R2) are the reaction channels for the primary ions

excited state and the ground state respectively, and which include

the guantum state excitation channel.

The probing reactions are

(R1)
(R2)
(R3)
(R4)

in the

the

~~
23
2
.-l
1]
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[+
A++M—L>M++A (RS)

* *
A e n 2SS wt s a (R6)

Values for the cross sections for reactions (R1), (R2), (R5) and (R6)

must be available for the following experiments.

Case 1 : Measurement of op with all of the reactions involved

when the upper gas cell is filled with the probing gas and the lower
gas cell is empty the measurements result in a mixed cross section for

reactions (R5) and (R6) multiplied by an arbitrary constant

Yn,w/o = %m,u/0

= C(Xg

pr + Xe°pr*) (la)

when the test gas is sent into the lower gas cell and measurements
made under the same conditicns as before, the result is also a mixed cross

section for both reactions (R5) and (R6) multiplied by the same constant as

S - P 111\
i cJ. (&)

Yn,w = Con,w
[4 r
= ClXgopy + XeSprs) (2a)

The distribution coefficients Xg and X, are for the reactant ions at ground
state and excited state respectively before the collision in the lower cas

.« ¢ -’ - ’ - = o - e )
cell, wnhile kg and X. are for after the colilision. Values for ¥

.. angd X_
- <
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must be available for carrying out this experiment. They have the

relationship
Xg +X, =1 (3a)
g + Xg = 1 (4a)
Dividing {2a) by {(la) yields
Imw CXgopr + Xooprx) (52)
Ym,W/O - C(chpr + Xedpr*)

14

where xg, considering Eg. (4a), is the only unknown, and which can be

calculated by
Y,
m,w
Rg=— — (6a)
O'pr Upr*

®

flux of the reactant in the ground state after the collision in

»
S
»

the lower gas cell, i(A%), can be expressed as

i(AT) = io(AM)expl-(o. + og)nll

+ 10(&*)(1 - exp(-ognl) (7a)

. s s s s sadk, o == o o N . oo S i
where io(A%) and io(A*") are the fiuxes of the reactant at the ground state
and the excited state entering the lower gas cell, and the excitation cross

section, ogs Can be measured by the method discussed in Case 4.
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After dividing (7a) by the total primary ion flux after the collision
in the lower gas cell, I, the new distribution coefficient can also be

em S dde o e
LiLLTll ao

Xg = Xg(Io/I)expl-(o, + og)nl]

+ Xo(Io/I)[1 - exp(-ognl)] (8a)

where Io is the total flux of reactant before the collision with the

neutral gas B in the lower gas cell. Hence I, and I can be expressed as

Io = io(a*) + io(at™) (9a)
1 = i(at) + i(a*™)

= XgIoexp(—crnl) + X Ioexp(-op4nl) (10a)

Substituting Eq. (10a) into Eg. (8a), we obtain

, Xgexp[-(ar + og)nl] + X [1 - exp(-ognl)]
X. =

a ¥ aynfea nl) « ¥ aynlas_.nl)
- °'g" $~ulh "r‘ ’ e"‘r\ "r* —

Rearranging Eq. (1la) yields Eg. (12a) from which the quantum state

relaxation cross secticn can be calculated.

- - - 1 - L4 3 » -
= —% inii - —é—ix_(x-exo(—o_nx)
ni - X 79 gTF L

-~
0

+ X_exp(-c,.nl)) - Xeexp[—(c,+c;)nl]]}
- - - -7 (12a)
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Case 2 : Measurement of op with only (R2) and (R4) involved

In this case the primary ion is prepared in the pure grcund state.

v
r
¥
)

Wnen the upper gas cell is filled with the probing gas and the lower gas
cell is empty, the measurements result in the cross section of reaction
(R5) multiplied by an arbitrary constant
!m'w/o = Cd'pr ti3ay
The measurements with the gas B in the lower gas cell give the same
result as expressed by Eg. (2a).

Since Xg equals unity in this case, Egs. (Sa) and (6a) can be

rewritten as

Ym,w ) C(ch'pr + Xe“pr*) (142)
¥m,w/0 C°pr
r (Y )U - @ *

X = m,w/fm,wZo' pr pr (15a)
’ ¥pr - Spr*

Since the reacticns (R2) and (R4) are the only channels which affect

the flux of the primary ion

iah)

io(A*)expl-(o, + op)nl]

Ioexpl—-(o. + og)nl] (16a)

Dividing (16a) by the total primary ion flux after the collision in
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Xg = (Io/T)expl-(oy + oginl]

where

I= Ioexp(-crnl)

Simplifying Eqg. (172) gives

14

g = exp(—aEnl)

From Eg. (19a) we obtain

In(Xg) = -ognl

(17a)

(18a)

(20a)

Therefore, the gquantum state excitation cross section can be calculated

from either of the following equations

r
-n.x .
. in{ g)

O'E’

-1 dln(X:;)

(22a)
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Case 3 : Measurement of op with only (Rl) and (R3) involved

Following the same arquments as were used in Case 2, the quantum

state relaxation cross section can be calculated from either of the
following equations.

-1

nl

r
-1 dln(Xg)
oR = (24a)
1 dn

Case 4 : Measurement of op with (R1l), (R3) and (R4) involved

Since reaction (R2) does not exist, Eg. (12a) can be modified with or
= 0 to get the following equation to calculate the quantum state relaxation

cross section.

—> Infl - e[x (Xg + Xexp(-o,,nl))
- Xgexp(—chl }} (25a)

UR-_—
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CONCLUSIONS

eacticn apparatus, which consists of 2
photoionization source, a tandem mass spectrometer, and a radio frequency
{rf) octopole reaction cell, has recently been developed. Absolute total

cross sections for the reaction Hy'(vy’) + Hy(vg"=0) —> H3* + H, have been

r
.
m

o

measured as a functicn of
vqo'=0-4, over the center-of-mass collision energy range of 0.04-15eV. The
experimental results are compared with phenomenological cross sections
obtained in previous single gas cell studies, the quasiclassical trajectory
calculations of Stine and Muckerman, and the recent similar calculations of
Eaker and Schatz. The absolute total cross sections measured for v(’'=0 and
3 at Ec.m.=0°5' 1, 3, and 5 eV are found to be in agreement with
"trajectory surface hopping" calculations which include nonadiabatic
surface hopping throughcout the reaction.

Absolute spin-orbit-state-selected total cross sections for charge

transfer reactions Ar+(2P3/2) + Nz(i,v=0) and Ar+(2P1/2) + Nz(i,v=0), 93,2

- . - » nJ — Ll - - L T -V PR
and oy , respectively, at the E; p range of 0.25-11i5.3 eV have aiso been
1 0.

. T Y iU S W Mlam v mmme—a A ecemNesmm Fme o - i

WCaAdULTU UDlily WU dDaiuc PQRLALUD . 108 EASULCU VaLuSd LUz 3/2 QA uc m -
0.

A N oD - 1 - - - At - - S em e mamlaTl A v ..o

4.1, 1C.3, nd 41.2 eV and 61/2 at 41.2 &V are in reascnable agr cement with

the theoretical cross sections. However, the experimental values for 93,2
at 1.2 ev and 91,2 at 1.2, 4.1, and 10.3 eV are approximately a factor of
dercm Yl mlame koo e klan il et cmea Al LD A A wmmdal awal
wo IILSLLC‘L Clicll L uuiiturcuLlioeal LJLC\J.J.\-\_J.UII o LI MDSAUT L Qi

into account nossible collision induced spin-orbit mixings of the reactant

aArt states in the rf octopole gas cell, shows that the values for 01/2/63/2
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and 91,2 determined using the ion beam-rf octopole gas cell arrangement can

be strongly susceptible to gas cell pressure effects whereas the

-------

experimental values for o3 rp BIS reliable. The values for 1,2 deduced by
multiplying the values for 93,2 and the ratios 01/2/63/2 determined in the
crossed ion-neutral beam experiment are in agreement with the theoretical
cross sections. Both 3,2 and o1, are found to increase as E. , 1is
increased from 41.2 eV. This observation is interpreted as due to the
formation of Nj in the £2nu state at high E,_p .

With the triple-quadrupole double-octopole photoionization tandem
mass spectrometer, absolute state-selected total cross sections, L
0 and 1, for reaction N§(i,v'=0,l) + Ar(lso) —> Nz(i,v) + Ar+(2P3/2,l/2)

v =

(reaction (1)) over E, , range of 1.2-140 eV have been measured. These
measurement, together with the relative values for o¢,,, v’ = 0-2, and spin-
orbit-state distributions of product Art ions determined using the crossed

ion-neutral beam photoionization apparatus, allow the determination of the

absolute values for o, and partial state-to-state cross sections, o;r ;5. V'
=0-2, for reaction (1). Absolute valves for o,,, v/ = 0-2, at E, , = 8 and
20 eV are in good agreement with those determined previously by the

or O'V"‘)J' A"

-— ~

Eop =8 and 20 eV are also found to be in

th

= -2, at
satisfactory accord with the predictions of the semi-classical multi-state
calculation which uses the ab initio potential energy surfaces of the [Ny +
ar]t system. Experimental state-to-state cross section

study are congigtent with

-~ y S=v Mveasa ——aaw ¥ LU S-S 84 LS 139 =

> Ar(ng) + Ng(i/v'), from the consideration of microscopic reversibility.
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Using the triple-quadrupole double-octopole apparatus, absolute fine-

structure transition cross sections for the reactions Ar+(2P3/2) + Ar and

} + No(X,v=0) at laboratory collision energies of 25-200 eV have

3/2 =2 b ===
been measured. The results are in satisfactory agreement with theoretical

art(%o

prediction and a previous experimental study.

The experimental approach discussed in this dissertation can be
upling with laser and ccincidence techniques. The

detailed experimental cross~sectional data obtained by using the tandem

photoionization mass spectrometer provide more information to complement

theoretical consideration.
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APPENDIX A.

SELECTED COMPUTER PROGRAMS
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I. The programs for the operation of the photoionization mass

1.

spectrometer.

Take single data point.

C TDATA.FOR takes data points n(I) times at given wavelengthes WL(I) and

C
c
C
C
C
C
c
c
c
Cc

mass MASS(J). The dimensions of array WL and N are the same and no
lavgav- O-k,n =0. The Ff\m:* fr\w 1nnnt r\; i-k.o nivmker AF elemn‘-s a‘n‘d the
values of WL and N is defined in f:.le NONAME.FOT. The input data should
exist in file NONAME.DAT. The output data will be found in file
NONAME . LOG.

At every stop for continue or exit, the content of file NONAME.DAT can
be C changed to obtain different data composition.

Program :

150

2
[ R )

DO

1y

]

INTEGER RINCOD, N(50), MASS(50)

REAL WL(50)

INTEGER CLIN, CLOUT, FLAG

BYTE BUFFER(60), BUFER1(60), STRING(60), DA
OPEN(UNIT=33, NAME='DAT:TDATA.LOG', TYPE='NEW',
CARRIAGECONTROL='FORTRAN' )

CALL IMRINI(CLIN,CLOUT,BUFFER,BUFER],60,RTNCOD)
OPEN(UNIT=22, NAME='TDATA.DAT', TYPE='OLD’)
READ(22,3) DA

READ(22,*) NMASS

READ{Z2Z,*) (MASS{1), I=1,NMASS)

READ(22,*) NUM

READ(22,*) (N(I), I=1,NUM)

READ(22,*) (WL(I), I=1,NUM)

TYPE 2

ArroTom D CTDTAYY
I b de b ~y o e 2N b WD

WRITE( 33, 4) STRING
..-E ) v-m o\
WRITE(33,%) '
TYPE*, © '
DO 300 K = 1,NUM
CALL IMRWL(CLIN, CLOUT, BUFFER, BUFER1, 60, WL(K)}

™ 1NN T
WA VUV a = ..,uunSS

W FT AT 74T AT T TR TTLRD g
C’-\LL I Vle{ IL" D e 4 BLLL“L\ Bv;u\l, Sbb\I&‘\j'

60,03 MASS("), 33)
DO 200 J = 1,N(R)
CALI. IMRSDP(CLIN, CLOUT, BUFFER,BUFERI,
60, 33)
CONTINUE
CCNTINUE

STRING,
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300 CONTINUE
CLOSE(UNIT=22)
CALL BELL
FORMAT(//X, 'Enter the conditions (< 60 characters) : 7)
FORMAT(60A1)
FORMAT(X,60A1)
30 TYPE 1
FORMAT(' ','Choose one by number :',//7x,’1. Continue.’,
F /7x,'2. Exit.'//x,'Number : ',$)
ACCEPT*, FLAG
IF(FLAG .EQ. 2) GOTO 120
GOTO 150
120 CLOSE(UNIT=33)
END

HEasWw
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2. Scan mass spectrum.

C MASCAN.FOR sans the mass spectrum.
INTEGER CLIN, CLOUT, FLAG, STARTM. RTNCOD
BYTE BUFFER(60), BUFER1(60), STRING(60), DA
OPEN(UNIT=33, NAME='MASCAN.LOG’, TYPE='NEW’)
CALL IMRINI(CLIN,CLCUT,BUFFER,BUFER1,60,RTNCOD)
14 OPEN(UNIT=22, NAME='MASCAN.DAT’, TYPE='OLD’)
READ(22,206) DA
301 READ(22,*,END=302) STARTM, LASTM, INT
DO 300 MASS = STARTM, LASTM, INT

CALI, IMPMAS(CLIN, CLOUT, RUFFER RUFER],

N Aadid s amte e | wadda®s e

F STRING, 60,DA,MASS, 33)
CALL IMRSDP(CLIN, CLOUT, BUFFER,BUFER1,
F STRING, 60,33)
300 CONTINUE
GOTO 301
302 CLOSE(UNIT=22)
CALL BELL
130 TYPE 201
ACCEPT*, FLAG
IF(FLAG .EQ. 2) GOTO 120
GOTO 14
201 FORMAT( /X, 'Choose one by number :’,//7x,’l. Continue.’,
F ' point.’/7x,'2. Exit.’
F //%,'Number : ’,$)
203 FORMAT(/X.’Starting number for the mass scan : ’,$)
204 FORMAT( /X, 'Ending number : ’,$)
205 FORMAT(/X,’Interval of the numbers : ’,$)
206 FORMAT(1A1)
120 CLOSE({UNIT=33)
END
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3. Subroutines.

C SUBROUTINE CLEAR clears the character string STRING. The dimension of

C the string should be given by the calling program.

o
C Program :
SUBROUTINE CLEAR{STRING,N)
BYTE STRING(N)
DO 100 1 =1,N
STRING(I) = 0
100 CONTINUE
RETURN
END
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C SUBROUTINE IMRMAS sets the mass for the lower, middle, upper

C quadrupoles by sending integer numbers to the corresponding D/A’s. The
C range of the numbers is 0 to 4095.

C The following characters are used to indicate the quadrupoles :

C D3 = 'L’ - lower gquadruncle,
C DA = 'M’ -~ middle quadrupole.
c DA = 'U’ - upper quadrupcle.
c
C Program :
SUBROUTINE IMRMAS(CLIN, CLOUT, BUFFER, BUFERl, STRING, N, DA,
F MASS, UNIT)

BYTE BUFERL(N), BUFFER(N), STRING(N), TERM(2), DA, MSCHAR(5)
INTEGER CLIN, CLOUT, TRIGER, UNIT
DATA TERM,MSCHAR(S5) ,1,13,13/
CALL CLEAR(STRING, N)
IF(DA .EQ. 'L’) TRIGER = 'L’
IF(DA .EQ. 'M’) TRIGER = 'M’
IF(DA .EQ. 'U’) TRIGER = 'U’
ENCODE(4,1,MSCHAR) MASS
DO 100 I=1,4
IF(MSCHAR(I) .EQ. ’ ') MSCHAR(I) = '0’
100 CONTINUE
CALL LPUTLN(CLOUT,TRIGER,1)
CALL LRECEV{CLIN,,,RTNCOD,RESET)
CALL LPUTLN(CLOUT,¥SCHAR, 5)
CALL LGETLN(CLIN, STRING,60,RTNCOD,1,TERM)
WRITE(7,2) STRING
IF(UNIT .GT. 0) WRITE(UNIT,2) STRING

1 FORMAT(I4)
2 FORMAT('+',60A1/)
RETURN

END
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C SUBROUTINE IMRINI is used to initialize the working conditions. It

C enables the 1/0 for the console terminal and the M6809 microprocessor,
C which are assigned to unit 0 and 1, and 2 and 3 respectively. If there
C is anything wrong, the error message will be displayed on the screen C

m~emad Llea oo ovs 11 Ihaldad
anG wie program wWiss naatel.

c
C Program :
SUBROUTINE IMRINI(CLIN,CLCUT,BUFFER,BUFERL,N)
INTEGER RINCOD, CLIN, CLOUT
BYTE BUFFER(N), BUFER1(N)
CLIN = 2
CLOUT = 3
IF{LENABL{0,,,RINCCD) ) GOTC 10

IF(LENABL(1,,,RINCOD)) GOTO 10

GOoTO 11

10 CALL LERROR(RTNCOD,10,’'Conscle failed to enable.’,25)
STOP

11 IF(LENABL(CLIN,BUFFER,N,RINCOD) .EQ. 0) GOTO 12
CALL LERROR(RINCOD,11,’M6809 failed to enable.’,23)
STOP

12 IF( LENABL ( CLOUT,BUFER]L ,N,RINCOD) .EQ. 0) GOTO 13
CALL LERROR(RTNCOD,12,'M6809 failed to enable.’,23)
STOP

13 RETURN
END
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C SUBROUTINE IMRSDP triggers the M6809 to take a single data point. The
C output from M6809 has to be manipulated in the calling program.
c
C Program :

SUBRCUTINE IMRSDP(CLIN, CLOUT, BUFFER,BUFER1, STRING,

F N, UMIT)
BYTE BUFER1(N), BUFFER(N), STRING(N), TERM(Z2)
INTEGER CLIN, CLOUT, RTNCOD, RESET, UNIT

RESET = "1000
TRIGER = "I’
TERM(1) = 1

TERM(2) = 10

CALL CLEAR{STRING, N)

CALL LRECEV(CLIN, , ,RTNCOD,RESET)

CALL LPUTLN(CLOUT,TRIGER,1)

TYPE 2

CALL LGETLN(CLIN,STRING,N,RTNCOD, 1, TERM)
WRITE(7,1) STRING

IF(UNIT .GT. 0) WRITE(UNIT,1) STRING

1 FORMAT( '+’ ,60A1)
2 FORMAT( '+’ ,'TRIGGER OK')
RETURN

END
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C SUBROUTINE IMRWL changes the wavelength WL from REAL to BYTE, and
C then transmits them to M6809 microprocessor to set the grating at the
C wavelength.

00

DrAacram »
Drogram :
SUBRCUTINE IMRWL(CLIN, CLCUT, BUFFER, BUFER1, N, WL)
BYTE WLCHAR(6), BUFFER(N), BUFER1(N), STRING(60), TRIGER
BYTE TERM(2)
INTEGER CLIN, CLOUT, RINCOD, WLX100(2)
DATA TERM,TRIGER/1,10,’S'/
IF(WL .GE. 0 .OR. WL .LE. 6000) GOTO 10
WRITE(7,*) 'The wavelength is out of the range. No action is’,
F '’ undertaken.’
GOTO 11
10 CALL CLEAR(STRING, 60)
WI¥100{1) = INT(WL / 10)
WLX100(2) = INT(AMOD(WL,10.) * 100)
ENCCDE(6,1,WLCHAR) WLX100
DO 100 I = 1,6
IF(WLCHAR(I) .EQ. ' ') WLCHAR(I) = 'O’
100 CONTINUE
CALL LPUTLN(CLOUT,TRIGER,1)
CALY, LRECEV(CLIN,,,RTNCOD,RESET)
CALL LPUTLN(CLOUT,WLCHAR,6)
CALL LGETLN(CLIN,STRING,60,RINCOD,1,TERM)
1 FORMAT(21I3)
11 RETURN
END
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II. Programs for data treatment.
1. Average the output file obtained by using TDATA.FOR.

C AVESD.FCR reads in data from SPECTR.DAT according to the format defined
C in AVESD.DAT, and calculates the average values and the standard
C deviations. Then it writes the results into AVESD.LOG.
c
C Program :
REAL PIE(15,6,6)
INTEGER N(6,6), NOREP(6)
OPEN(22, FILE='SPECTR.DAT’, STATUS='OLD’)
OPEN(23, FILE='AVESD.DAT’, STATUS='OLD’)
OPEN(33; FILE='AVESD.LOG', STATUS='NEW’,
F CARRIAGECONTROL='FORTRAN' )
READ(23,*) NOCYCL
READ(23,*) NOMASS
READ(23,*) NOWL
READ({23,*) (NOREP(I), I=1,NOWL)
READ(23,*) PHOTBG
DO 100 X = 1,NOCYCL
DO 200 J = 1,NOWL
DO 300 L = 1,NOMASS
DO 350 M = 1,NOREP(J)
N(J,L) = N(J,L) + 1
CALL READSD(WORD, WL, X, A, PHOTON)
PIE(N(J,L),J,L) = X / (PHOTON — PHOTBG)

350 CONTINUE
Y CONTINUE
200 CONTINUE

100 CONTINUE
DO 400 J = 1,NOWL
DO 500 T. = 1,NOMASS
AVE = AVERAG(PIE(1,J,L), N(J,L))
S = STAND(PIE(1,J,L), N{(J,L), AVE)
IF(AVE .NE. 0) P =S * 100 / AVE
WRITE(33,2) AVE, S, P

500 CONTINUE

400 CONTINUE

2 TopMaT(r v G114, X, Gl1.4, 7x, F7.2,'%")
CLOSE(33)

END
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2. Calculation of absolute cross section.

ABSCS.FOR calculates the absolute cross section for reaction
A+ + B—>C++D
with the following equation

ABSCS = Ln{I(A+) / [I(A+) ~ I(C+)]} / (n * 1)

collision path, and

I(C+) = PIE(C+) — PIE(BG of C+)
I(A+) = PIE(A+) + PIE(C+)

o
c
Cc
C
o
C
c
c
C where n is number density of the target gas B, 1 is the length of the
Cc
Cc
C
o
c
C where BG - background.
Cc
C Program :

REAL ABSCS(20,7), PIEC(6), PIECBG(6), LENGTH, X(20)

PARAMETER (LENGTH=0.13)

OPEN(UNIT=22 .NAME='SPECTR.DAT' , TYPE='OLD’ )

OPEN(UNIT=33,NAME='TEMP.DAT' , TYPE='NEW' )

READ(22,*) NUM

N=NUM+1

WRITE(33,*) NUM,’ product(s)’

READ(22,%) M

READ(22,*) P

DENSIT = 6.022E23 * P * 133.3 / 8.3143 / 298.

READ(22,*) (X(K), R=1,M}

READ(22,*%) (PIECBG(K), K=1,N)

DO 300 K = 1,M

CALL PRECS(PIEC, PIECBG, PIEA, N, 22)
DO 200 J = 1,NUM
A = PIEA - PIEC(J)
ABSCS(K,J) = 1E20*ALOG(PIEA/A)/DENSIT/LENGTH

200 CONTINUE
300 CONTINUE

DO 500 I = 1,NUM
WRITE(33,3) I
DO 400 J = 1M
WRITE(33,4) X(J), ABSCS(J,I)
400 CONTINUE
500 CONTINUE
3 FORMAT(//X,'E(eV)’,2X,'Product ’,I1)
4 FORMAT(X,r>.1,2%,G11.4)

piagulphniysin Ay
CLOSE{(UNIT=33}

END
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3. Draw PIE spectra.

C THIS PROGRAM PLOTS PIE SPECTRA OF REACTANT A+ BEFORE AND AFTER

C COLLISION, AND FRODUCT C+. 1T ALSU PLOTS ATTENUATION CURVE AND RATIO

C CURVE OF REACTANT AND PRODUCT. ALL SPECTRA AND CURVES MUST BE UNIFORMLYV
C DISTRIBUTED POINTS.

c * * *

C NOTE: 1. This program is used for amalyzing the PIE data without

C any correction. If photoelectric yield should be used to

C correct the PIE data detected with tungston detector, the

c program AUTOPC.FOR should be used.

C

c 2. MARK is used to indicate the differente species in the reaction
c

C A+ + B—> C+ + D

Cc

Cc MARK = 1 I0 : A+ BEFORE COLLISION

C MARK = 2 I : A+ AFTER COLLISICN

Cc MARK = 3 Ic : PRODUCT

Cc MARK = 4 (I0-1)/I0 : ATTENUATION

c MARK = 5 Ic/I0 : CONSTANT * PRODUCT CROSS SECTION
c

c 3. The maximum dimentions in the arrays of wavelength and the

c corresponding data is 100.

c

C Program :

REAL XAXIS(1i00), Y{100,5), NOISE
INTEGER KEY(5), KEYY{(5)
CHARACTER*11l DATE, FILENM, XTIT, YTIT, TIT(5)
DATA XSIZE,VSIZE,KEY,YMIN,YMAY,NOISE/10,25,7.25,5%0,2%0 /
TiT(4) = "Attenuation’
TIT(5) = 'Ic/I0 '
OPEN(UNIT=22, NAME='SPECTR.DAT’, TYPE='OLD')
OPEN(UNIT=9, NAME='PT:0UTPUT.DAT’. TYPE='NEW’)
READ(22,1) DATE
1 FORMAT(All)
READ(22,1) FILENM
READ(22,1) XTIT
READ(22,1) YTIT
5 READ{(22,4,ERR=5,END=7) SIGN, MARK
IF(SIE .EQ. 'AA’) READ(22,*) PHOTRG
IF(SIGN .EQ. 'BB’) READ(22,*) PIEBG
IF(SIGN NE, 'MM/) OO S

Cvaw o

IF(MARK .EQ. 1 .OR. MARK .EQ. 2 .OR. MARK .ED. 3) GOTO 10
TYPE*, 'The MM# is wrong in the data file.’
GOTO 1l

—— NN - v
READ 24,1} TIT

[
iob]

(s

CALL GETDAT(XMAX,XMIN,XTIC,N,V(1,MARK),100,VYMAX, PIERG, PHOTRG)

-:':,-‘i -------

PR
LV XIMAA Ul IF

KEY{MARK)
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GOTO 5
4 FORMAT(A2,11)
7 YMAX = YMAX * 1.2
YTIC = YMAX / 4.
3 FORMAT(AT)
CALL WL(XAXIS, N, XMIN, XMAX, XTIC)
o

C CHOCSE TERMINAL OR HIPLOTTER
C
123 CALL PROMP(Y, N, 5, KEY, REYY)
12 TYPE 6
6 FORMAT( /X, 'Choose one of the followings by number :’,//7X,'1l. ',
F 'Change scale or frame size.’,/7X,’2. Change values.’,/7X,'3. ',
F 'Normalization.’,/7X,’4. Plot.’,/7X,'5. Calculate cross section.’,
F /7X,’6. Choose other curves.’,/7X,'7. Exit.',//X,'Nunber = ’,$)
ACCEPT*, NUM
IF(NUM .EQ. 1) CALL SCALE]l(XMIN,XMAX,XTIC, YMIN,YMAX,YTIC,
F XSIZE,YSIZE)
IF(NUM .EQ. 2) CALL ALGEB(Y, N, 5, KEYY)
IF(NUM .EQ. 3 .AND. KEYY(1l) .EQ. 1 .AND. REYY(3) .EQ. 1)
F CALL NORMLZ(XAXIS, Y(i,3), ¥Y(1,1), N)
IF(NUM .EQ. 3 .AND. KEYY(l) .NE. 1 .OR. NUM .EQ. 3 .AND.
F REVV(2) .NE, 1) TVPE%, 'Cannot find data.’
IF(NUM .EQ. 5) CALL CROSSN(XaXis,v(l1l,1),¥(1,3),N)
IF(NUM .EQ. 6) GOTO 123
IF(NUM .EQ. 7) GOTO 11
IF(NUM .NE. 4) GOTO 12
CALL CHOICE(IUNIT)
CALL INIPLT(IUNIT, XSIZE, YSIZE)
CALL SCALE{XMIN, XMAX, YMIN, YMAX)
CALL AXIS{XTIC.YTIC, XTIT, 11,2.1, YTIT. 11.2,3)
I=1
13 IF(I .GT. 5) GOTO 14
IF(KEYY(I) .EQ. 1) CALL LINE(XaXiS, ¥(1l,I), N, I1,0,0,0)

I=1I+1
GOTO 13
o
C CONSTRUCT LEGEND
C
14 I=1
CALL INIL&N{5.5, 7.5, 4., 5.5)
CALY, WRITLCN(DATE, 8, 0,0,0,0)
CALL WRILGN(FILENM, 11, 0,0,0,0)
15 IF{I .GT. 5) GCTC 16
IF(KEYY(I) .BEQ. 1) CALL wWRILGN(TIT(I), 11, I1,0,0,0)
I=I+1
GOTO 15

(¢

CONTINUE

—— e o

[

T d

CALL ENDPLT

GOTO 12




11

CONTINUE
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4. Subroutines.

C Subroutine READSD(WORD, WL, ION, BACKGD, PHOTON) reads data from
C SPECIR.DAT with the format of 6800 cutput as following repeatly:
o
C 21 (WL)**xkk %% (ION)*%*%xkx* (BACKGD)***kkkkx ( PHOTON)**x*%kk*
C
C PROGRAM :

SUBROUTINE READSD(WORD, WL, ION, BACKGD, PHOTON)

REAL ION
10 READ(22,1,ERR=10) WORD, WL, ION, A, PHOTON

IF{WORD .NE. ":I7) GOTO 10
1 FORMAT(A2,X,F7.2,5X, 3(F8.0,2X))

RETURN

END
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SUBROUTINE MULTSC reads in the ion counts of n products for reaction

I0(A+) + B —> I(A+) + I1 + I2 + ... + In

: . .
r preduct Ii, the cress section is celculate

equation in the calling program :

ABSCS(i) = Ii / [I(i) * n * 1]
ABSCS(i) = Ln{I(i) / [I(i) - Ii]} / (n * 1)

where n is number density of the target gas B, 1 is the length of the
collision path, and

I(i) = I(A+) + Il + ... + Ii-1’ + Ii+l’ + ... + In’
where Ij’ = Ij - Ij(Background).

This subroutine calculates the I(i) and return Ij’ and I(i) to the
calling program. ION(i)=Ii’, SUM(i)=I(i).

o000 nn

Program :
SUBROUTINE PRECS(ION, BG, SUM, NN, UNIT)
INTEGER UNIT
REAL ION(NN), BG(NN), SUM
J=20
DO 100 I = 1,NN
J=J+1
READ(UNIT,1) ION(J), SIGNAL
TYDPE*, ION(J)
IF(SIGAL .NE. 'PP’) GOTO 10
PION = ICN(J)} - BG(I)

J=J-1
GCTO 100
10 ION(J) = ION(J) - BG(I)
100 CONTINUE
SuM = PION
N=NN-1

DO 3600 =1,N
SUM = SUM + ION(J)
300 CONTINUE
FORMAT(G11l.4, 2X, A2)
RETURN
END
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SUBROUTINE PROMP(Y, N, NC, KEY, KEYY)
REAL Y(100,5)

INTEGER KEYY(NC), KEY(NC)

DO 300 I = 1,NC

KEVY(I) = 0
300 CONTINUE
10 TYPE 1
1 FORMAT(X,'FOR REACTION’,//,8X,'A+ + B —> C+ + D’,//,

F X,'CHOOSE THOSE YOU WANT TO PLOT BY NUMBER',//)
IF(KEY(l) .EQ. 1) TYPE*,’ 1. PIE of A+ before collision.’
IF(REY(2) .EQ. 1) TYPE*,' 2. PIE of A+ after collision.’
IF(KEY(3) .EQ. 1) TYPE*,' 3. PIE of C+.’
IF(KEY(1l) .EQ. 1 .AND. KEY(2) .EQ. 1) TYPE*,’ 4. Attenuation.’
IF(KEY(1l) .EQ. 1 .AND. KEY(3) .EQ. 1) TYPE*,’ 5, Ic/I0.'
TYPE*,’ 6. NONE.'

11 TYPE 2
2 FORMAT( /X, 'NUMBER = ’,$)
ACCEPT*, NUMBER
IF(NUMBER .LT. 1 .OR. NUMBER .GT. 6) GOTO 10
IF(NUMBER .EQ. 6) GOTO 12
KEYY{NUMBER) = 1
GOTO 11
12 IP(XEVY(4) .NE., 1) GOTO 13

DO 100 I = 1,N
¥(1,4) = (¥(1,1) - ¥(1,2)) / ¥(I,1)
100  CONTINUE
13 IF(KREYY(5) .NE. 1) GOTO 14
DO 200 I = 1,N
¥(1,5) = ¥(I1,3) / ¥(I,1)
200  CONTINUE
1 RETURN

END
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APPENDIX B.

BLOCK DIAGRAM OF THE COMPUTER SYSTEM




Figure B.l Block diagram of the computer system : 2030 bus is the main
communication path in the M6809 microprocessor governed computer
(6809 computer). The resident programs in 6809 computer control
signal input and output between the 6809 computer and the
electronic parts of the apparatus directly. The output signals
go to the quadrupcle mass filters (OMF) and motor sequencer
(MOTOR SEQNCR) of the monochromator through the peripheral
interface adapters (PIA), and digital-to-analog converters
(D/A). The input signals are photon signal, ion signal, and DC
voltages of the lens systems, QMFs, and octopole gas cells. The
LSI-11 computer is the master in the whole system. The LSI-11
and 6809 computers ccmmunicate through an asynchronous
communication interface adapter (ACIA). Through a modem, the

ISI-11 can commmnicate with any other computer system (WORLD)
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