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High-resolution state-selected ion-molecule reaction studies using pulsed
field ionization photoelectron-secondary ion coincidence method
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We have developed an octopole-quadrupole photoionization apparatus at the Advanced Light Source
for absolute integral cross-section measurements of rovibrational-state-selected ion-molecule
reactions. This apparatus consists of a high-resolution photoionization ion source, a wired ion gate
lens, a dual radio-frequenciyf) octopole ion guide reaction gas cell, and a quadrupole mass
spectrometer for reactant and product ion detection. The unique feature of this apparatus is the
implementation of the high-resolution pulsed field ionization-photoelectiil-PB-photoion
coincidencg PFI-PEPICQ technique, which has allowed the rotational-state selection of diatomic
ions for ion-molecule reaction studies. The novel application of the wired ion gate lens for the
rejection of false coincidence background ions is described. This application, along with the
differential-ion-gate scheme, has made possible the measurements of rovibrational-state-selected
absolute integral reaction cross sections for ion-molecule collisions using the PFI-PE-secondary ion
coincidence(PFI-PESICQ method. The successful measurement of absolute state-selected cross
sections for H"(X,v*,N")+Ar(Ne) with v* up to 17[the third to the last vibrational state of
H,*(X)] demonstrates the high sensitivity of this differential-ion-gate PFI-PESICO method. In
order to gain a detailed understanding and to obtain optimal performance of the wired ion gate lens
for PFI-PESICO measurements, we have carried out ion trajectory calculations of reactant ions
between the photoionization region and the rf-octopole ion guide. On the basis of these calculations,
possible future improvements for the application of this differential-ion-gate PFI-PESICO scheme
are discussed. @003 American Institute of Physics.

[DOI: 10.1063/1.1599071

I. INTRODUCTION The threshold photoelectrdiPE)-photoion coincidence
(TPEPICQ method>® which concerns the detection of cor-
Photoionization is the most versatile method for therelated TPE-photoion pairs using tunable VUV radiation,
preparation of state- or energy-selected reactant ‘iohs. represents a more advanced photoionization technique for
Single-photon ionization, which usually occurs in the the preparation of state- or energy-selected ions. In such ex-
vacuum ultraviolet(VUV), is among the most general and periments, the internal state or energy of photoions detected
cleanest photoionization schenteS.Because of the fine i, coincidence of TPEs is equal to the difference between the
control in photon energy, simple reactant ions in their groundphotoionization energy and the IE of the neutral precursor

;tates with 100% purity or in a well-defined dis_trib.ution of because the TPEs have near-zero kinetic energies. Due to the
internal states can be easily prepared by photoioniz&tidn. mediation of near-resonant autoionizing stdtehe TPE

By virtue of the photoionization mechanism, excited reactanbands for vibronic states of photoions with negligible

ng)s(clir;art?grt]asga;bIieors1'tsatei,a\r/]vhlglhsgant:leot lf)oe”[;)]reo ddu%?/d t\)/yUQ/h%'ranck—Condon factorg for o_lirect photoionizatiqn can be ob-

photoionizatiort ' served. Thus, reactant ions in a wide range of internal states
or energies can, in principle, be prepared using the TPEPICO

method. If the product ions formed by ion-neutral collisions

a) ; " ; . . . . .
, Electronic mail: cyng@chem.ucdavis.edu involving the state-selected reactant ions maintain the time
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by coincidence detection of the TPE-product ion pairs. This  As shown in a previous analysi$ the signal-to-noise
technique, which is known in the literature as the TPE-(S/N) for PFI-PEPICO(TPEPICQ studies of unimolecular
secondary ion coincidencélPESICQ method® has been reactions is calculated as

demonstrated to be a general scheme for state-selected ion-

molecule reaction studies. However, previous applicatidns E: [ Nifefit 2
of the TPESICO method for state-selected ion-molecule col- N 1+2NAt

lisions experiments have been constrained by the relativel
poor TPE resolutiofi=20 meV, full width at half maximum
(FWHM)] and experimental sensitivity, limiting reactivity
studies to reactant ions prepared in relatively low vibrationa
levels. The problem associated with the hot-electron tail in g N,fofinlot
TPE detectiofican also degrade the purity of vibronic states N~ \/m. 2
prepared in TPESICO experiments. The use of the penetrat-
ing field scheme, along with the time-of-flighTOF) dis-  Here,N,, N, f,, f;, andt represent the threshold ionization
crimination of hot electrons in TPE measurements has showrate, the total ionization rate, the electron transmission, the
to greatly reduce the hot-tail problett® The successful ap- jon transmission, and the data accumulation time, respec-
plication of the penetration field and TOF method in syn-tively. For PFI-PEPICO TOF measurements, the full width
chrotron based TPEPICO measurements of rare gas dimefat) for the TOF peak of a daughter ion is, typically, equal
has achieved TPE resolutions of 2—3 m@WHM)."* How-  to a few us. In reactions that involve the formation of slow
ever, this TOF discrimination method requires a single-bunclproduct ion, such as in charge transfer reactions, the full
or a two-bunch synchrotron operation, a mode that has @idth (At’) for slow product ions can span the TOF range of
significantly lower light intensity than that of a multibunch ~100-200us. Taking into account that typical total cross
synchrotron operation. sections ¢~10 1-10 ' cn?) for ion-neutral collisions
The pulsed field ionizatiofPFl)-photoelectrofPFI-PB  and the typical density n~=2x10 % Torr or 6
schemé& %€ is a variant of the TPE method and has beenx 10'2 molecules/c®) for neutral reactants* and the
shown to be free from the hot-tail problem. The high-length (~5 cm) for the reaction gas cell used, we expect
resolution PFI-PE vibrational bands for many diatomic andthat the S/N for PFI-PESICQTPESICQ TOF measure-
polyatomic hydride species have been recorded with rotaments of bimolecular reactions is generally more than two
tional resolution even for vibrational states close to the iororders of magnitude lower than that for PFI-PEPICO
dissociation limits*~1®We have recently developed a gen- (TPEPICQ TOF measurements of unimolecular dissociation
erally applicable synchrotron based PFI-PE-photoion coincireactions. Thus, the success of the PFI-PESICO scheme de-
dence(PFI-PEPICQ scheme, making it possible to select the pends critically on the efficient rejection of false coincidence
internal state or energy of reactant ions with a resolution obackground ions.
~5-10 cm?! (FWHM) for unimolecular dissociation In this article, we report the development of the PFI-PE-
studiest*1®1'Since laser-based PFI-PE studies are, typicallysecondary ion coincidend@®FI-PESICQ method for state-
conducted at a repetition rate @fL00 Hz, it is not suitable to  selected ion-neutral collision studies at the Chemical Dy-
employ the coincidence technique for the state selection afiamics Beamlin® of the Advanced Light Sourc@\LS). We
reactant ions. The state selection of reactant ions can beave achieved the optimal rejection of false coincidence ions
made by the PFI-photoio(PFI-Pl).1* We note that both the by the novel application of a wired ion gate lens, which is
PFI-PEPICO and laser based PFI-PI methods are concerneeferred to as an ion gate beldw?° This gate can be opened
with the selection of PFI-Pls in well-defined internal states.for a very short period>20 n9 to let the true ions pass
In the laser based PFI-PlI method, the PFI-PI detection isvhile rejecting the false ions during its closed period. This
timed with respect to the excitation laser pulse, whereas thecheme of using an ion gate to pass only the true coincidence
PFI-PI detection in the case of PFI-PEPICO measurements iens to the ion detector as signified by the threshold electron
timed with respect to the PFI-PE pulses. The PFI-Plsignals has been employed in previous TPEPICO stifdies.
schemé&® usually requires a relatively large dc field and/or aDue to the random nature of false coincidence ions, some
relatively long delay between the VUV excitation and PFlfalse coincidence ions are expected to pass to the ion detector
field in order to separate background prompt ions from PFltogether with the true coincidence ions when the ion gate is
Pls. The higher dc field used has the effect of inducing fieldon. In order to correct for this false coincidence background,
ionization of highn Rydberg species initially populated by a second ion gate with the same gate width is opened at an
VUV excitation, and thus lowers the sensitivity and resolu-arbitrary delay with respect to the first ion gate, which only
tion. The PFI-PEPICO method has the potential to be a moresamples the false coincidence ions. Since the false coinci-
sensitive and a higher resolution method than the PFI-Pélence ions are produced randomly and have a uniform inten-
scheme because the use of a high dc field is not requiredity in time, the true coincidence ion intensity can be ob-
However, a major limitation in the coincidence approach istained by taking the difference between the ion counts
the background noise resulting from false coincidences. Thiassociated with the first and second ion gates. This
is especially problematic in high-resolution studies where thalifferential-ion-gate coincidence scheme has been success-
true energy selected ions consist of a very small fraction ofully used previously for measuring the TPE spectra of van
all the ions that are produced. der Waals dimers formed by supersonic expansions and radi-

%hereas that for PFI-PE-secondary ion coincidefeel-
PESICQ or TPESICO studié$ of bimolecular ion-molecule
f:ollisions is predicted to be
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cals produced in gaseous discharge despite the fact that th
ion-gate width used was significantly greater than those em-
ployed in the present study??As shown below, the narrow
ion-gate width achieved using the wired ion gate lens, to-
gether with the application of the differential-ion-gate coin-
cidence scheme, is critical for the success of the present PFlea,
PESICO experiment. The procedures for fabrication of the
wired ion gate lens are described here. In order to gain &
detailed understanding concerning the performance of the
ion gate, we have also performed trajectory calculations of
photoions between the photoionization region and the rf-
octopole ion guide. These calculations have not only pro-
vided guidance in setting the parameters for the optimal opFIG. 1. Schematic diagram for the octopole-quadrupole photoionization ap-
eration of the ion gate, but have also yielded useful insighparatus(l) To 2000 L/s turbomolecular pumf®) to 300 L/s turbomolecu-
. . lar pump,(3) molecular beam source chambg}) dual MCP photoelectron

on pOSSIbIe Improvements of the PFI-PESICO scheme. detector(5) u-metal shield(6) electron TOF spectrometéi) photoioniza-

Experimental cross sections on the state-selected i0Ron chamber(8) skimmer,(9) photoionization cente10) wired ion gate
molecule reactions AFr(ZPSIZYm) +D, and |—b+(v + lens or ion gate(11) nozzle and nozzle holdel2) ion injection lenses(13)

=0-— 17,N+ _ 1) +Ar(Ne) have been obtained using this short rf octopolg8.6 cm), (14) reaction chambef;15) reaction gas cell;16)

to 800 L/s turbomolecular pumgl7) long rf octopole(19.6 cm), (18)
PFI-PESICO schenté.Selected results are presented here Qntrance ion lenses for QMS19) QMS chamber,(20) liquid nitrogen

illustrate the application of the differential-pulse-ion-gate cooled wall,(21) liquid nitrogen inlet,(22) to 800 L/s turbomolecular pump,
scheme for PFI-PEPICO and PFI-PESICO measurement&3 QMS, (24) exit ion lenses for QMS, (25) (26) Daly ion detector27)
With further improvement in the kinetic energy resolution detector chamber, ari@8) to 600 L/s turbomolecular pump.

for reactant ions, we believe that this new PFI-PESICO

scheme will play an important role in providing accurate newjon guide reaction gas cgl{13)+ (15)+ (17)] for efficient
state-selected cross-section data for simulation of ionggjiection of product ions, a quadrupole mass spectrometer
molecule reaction cycles in plasma and planetary atmocQms) (23) for reactant and product mass identifications,
spheres, in addition to providing new challenges for theoristgng g Daly scintillation detect&t[(25)+ (26)] for ion de-

in the field of chemical reaction dynamics. tection. The QMS chamber walR0) can be cooled by liquid
nitrogen, which increases the pumping speed for condens-
Il EXPERIMENTAL CONSIDERATIONS able gases. The rf-octopole-quadrupole arrangement is simi-

The experiments were carried out using the high_|ar to that described previous%y.‘l’G Because the purity of
resolution monochromatized VUV undulator synchrotronreéactant ions formed by photoionization is high, reactant ions
source of the Chemical Dynamics Beamfihat the ALS.  can be sent into the rf octopole ion guide reaction gas cell
This VUV synchrotron source consists of a 10-cm-periodl(15), nominal lengtk5 cm] without mass filtering. The
undulator, a gas harmonic filter, and a high-resolution 6.65 nflual rf-octopole ion guide consists of a shfit3), length
off-plane Eagle mounted scanning monochromator. All de=8.64 cm] and a lond(17), length=19.55cm] octopole
tails concerning these elements have been described prewnits. Both octopoles, constructed of eight electropolished
ously. The ALS ring was operated in the multibunch mode316 stainless steel rods (diametd.2 cm), are symmetri-
with a dark gap of 104 n¥ Neon was used in the harmonic cally spaced on an inscribed circle with a diameter of 0.6 cm.
gas filter to suppress the higher undulator harmonics witifhese octopole units are powered by a single rf-power sup-
photon energies greater than 21.565 eV. A 2400 lines/mrRly, but with separate dc potentials for the two octopole
grating (dispersiom 0.64 A/mm) was used to disperse the Units. The reaction gas cell5 encompasses the last part of
first harmonic of the undulator VUV beam with entrance/exitthe short rf octopole. Because different dc potentials can be
slits sizes in the range of 30—1Qfm. The dispersed VUV applied to the long and short octopoles, slow primary prod-
radiation emerging from the monochromator was focusediCt ions, such as charge transfer product ions, can be ex-

into the photoionization center of the octopole-quadrupoldracted from the reaction cell to minimize secondary reac-
photoionization apparatus. tions between slow product ions and neutral reactant

molecules in the gas cell. This arrangement also enables TOF
analysis of the axial and radial velocity distributions of prod-
uct ions?*

Figure 1 shows the schematic diagram of the octopole- To facilitate the description below, we show in Fig. 2 a
quadrupole photoionization apparatus implemented at theagnified view around the photoionization region, showing
Chemical Dynamics Beamline of the ALS. This apparatusthe detailed design of the PFI-PE detector, the ion lens sys-
combines guided-ion beam mass spectromiétand PFI- tem, and the dual rf-octopole ion guide reaction gas cell, the
PESICO methods for state- or energy-selected ion-moleculeffusive beam inlet, and the supersonic beam production sys-
reaction studies. This apparatus consists of, in sequential orem. The PFI-PE detector, which consists of a set of electron
der, a PFI-PEPICO ion source for the internal state selectiotenses(6), a dual microchannel platéMCP) (4), and a
of reactant ions! an interleaved-comb wire ion gate 1éA&°  u-metal shield(5), has the same design as that used in pre-
(10) for rejection of false coincidence ions, a dual-rf octopolevious PFI-PEPICO measuremenhfsThe photoionization

A. The octopole-quadrupole photoionization
apparatus
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Effusive | evacuated by the sant600 L/9 turbomolecular pump. For
| Intet \ the electron microchannel plaf®ICP) to operate properly, it
| @) 951 j@ is necessary to maintain a sufficiently good vacuum
? Q @ (<10 ® Torr) in the vicinity of the electron MCP. For this
[T ==y § reason, the end of the PFI-PE spectrometer is connected to
P-W—D f the inlet of a 300 L/s turbomolecular pump by a flexible
R2 L H&HWH bellow. The neutral reactant gas pressure (1.5-2.5
L X 10 * Torr) used in the reaction gas c€ll5) is monitored

by an MKS Baratron. During the experiment, the pressures
in the photoionization chamber and reaction chamber were
maintained at<2x10 ® Torr and the QMS and detector
FIG. 2. Magnified view of the PFI-PE TOF spectrometer £45)+(6), ~ chamber was< 10~ 7 Torr. When the neutral precursor gas
photoionization regior(9) defined by repeller plate 11 and E1, wired ion was introduced into the photoionization region by using the

gate lens or ion gaté€l0), ion injection lense$12), short rf octopolg(13), supersonic beam source, the beam source chamber was
ti 1{15), | f octopole(1 th lecul - L _
reaction gas cel(15), long rf octopole(17), and the molecular beam pro maintained at~ 104 Torr.

duction system, which includes the skimn{8f and the nozzle and nozzle L .
holder (11) assembly. Note that the neutral gas sample for photoionization ~ 1he data acquisition for absolute cross-section measure-

can also be introduced as an effusive beam through a channel drilled througiments is fully automated and controlled by a combination of

the repeller plate 11. R1 and R2 situated at the entrance and exit of th%tandard data acquisition electronics computer interfaces

reaction gas cell are ring electrodes. . ' & '
LabView modules and a software sifte developed
previously.

center(9) is located at the center of two repeller plates, 11
and E1, which are spaced 1.0 cm apart. The wired ion gate ,
lens (10) is situated next to the ion repeller plate 11. The B. Absolute total cross-section measurements
fabrication and detailed performance of the wired ion gate  The cross-sections measurement for &P, 1/) + D
lens for the rejection of false coincidence ions is describechind Q* (v*=3)+ Ar described below are test experiments
below. The six aperture ion lenses following the wired ionto illustrate the basic performance of the octopole—
gate lens are used for transporting the reactant ions formed uadrupole photoionization apparatus. In these experiments,
the PI/PEX region toward the short rf octopdle8). The two  an appropriate dc voltage differencA\) was applied be-
ion injection lenseg12) before the entrance of the rf octo- tween the repeller plates E1 and I1 to extract reactant ions
pole (13) focus the reactant ions into the short rf octopole.(formed by photoionization in the PI/PEX regicioward the
The ring electrodé$ R1 and R2 situated at the entrance andreaction gas cell, where the ion-molecule reactions take
exit of the reaction gas cell are also shown in Fig. 2. Aplace:
positive dc potential with respect to the octopole applied to  Accurate absolute total cross sections for reacti®n
R1 can be used to generate a small positive potential barrigtave been reportétipreviously over a wide collision energy
within the octopole. This “penetration potential barrier” can range with a mixture of Ar spin-orbit states prepared by
reflect backscattered charge transfer product ions toward thelectron impact:
QMS. The second electrode R2 can be used to offset a pos-
sible electrostatic barrier at the junction of the two octopoles Ar" (*Pyp1) + D;—ArD " +D. &)
by applying a negative potential. These cross-sections for the formation of Arle) in the
Reactant ions are prepared by photoionization of a neulaboratory kinetic energyH,,,) range of 0.2—-10 eV are com-
tral precursor gas introduced into the photoionization regiorpared in Fig. 3 to thosé€+) measured using the present
as an effusive beam. The effusive gas beam is formed bgctopole-quadrupole ion-molecule reaction apparatus of Fig.
flowing the neutral precursor gas through a channel. In both the electron impact and in our Pl experiments, the
(diameter=0.020 in.) drilled through the repeller plate I1. reactant Af ions are expected to be formed in a
The exit of the channel points at and is locate®.5 cm  Ar*(?Py,):Ar"(?Py,) ratio of 2:1. The generally good
from the photoionization centg®). The neutral precursor agreement between the two experiments indicates that the
gas can be introduced in the form of a supersonic beam bgffective length of the reaction gas cell can be taken to be its
expansion through the stainless steel nozzi. This beam actual length of 5.0 cm. The reactant’4fP;, 1,) ions are
is skimmed by a conical skimméB) prior to intersecting the prepared by electron-impact ionization in the previous ex-
monochromatic VUV beam at 90° in the photoionization periment, whereas the reactant%?Pg,z,l,?) ions in the
region. present experiment are formed by photoionization at a pho-
The octopole-quadrupole photoionization apparatus ison energy above the IE for the formation of AfP,,). In
partitioned into four differentially pumped chambers, both experiments, the reactantAions were expected to be
namely, the molecular beam source cham3rthe photo-  formed in Ar"(?Ps,):Ar" (2P, ratio of 2:1. This test ex-
ionization chambe(7), the reaction chambdil4), and the periment also shows that the kinetic energy resolution
quadrupole chambed9), which are evacuated by turbomo- achieved using the present octopole-quadrupole photoioniza-
lecular pumps with pumping speeds of 2600, 1400, 1000tion apparatus is capable of measuring reaction cross sections
and 600 L/s, respectively. Note that the detector chambedown to thermal collision energies. Because the photon spot
(27) and the quadrupole chamb@9) are connected and are size at the photoionization region iAl=0.3 mm, the
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FIG. 3. Absolute total cross sections for realctionJ’ﬂ?tP3,2Y1,9+D2
—ArD* +D in the E,,, range of 0.03—-10 e\(---): reported in Ref. 27 and
(+): obtained using the octopole-quadrupole photoionization apparatus
shown in Fig. 1. FIG. 4. The 4inxX5in. rectangular circuit board with a 3 4 in. open
area. The outer gray region is the grounding area, the black upper and lower
T-shaped regions are conducting areas for connection to the even and odd

resolution forElab (A Elab) is predicted to be\ Ejap= (Al/l) tungsten wires, respe;:tively. IT_he light-gray ?_tripﬁ just gpove afnc:] belg\év th(ca‘
- open area are areas for applying epoxy to fix the positions of the odd an
X(AV)=(0.03)AV. Using theA_V vaIL_Je of 1V, @AEwpy  aven sets of wires.
value of~0.03 eV can be readily attained.
We have also examined the collision-induced dissocia-

tion and charge transfer cross sections for the reaction nystem was used to hang a fixed mass on the wire feed to
O, + Ar (not shown herewith reactant @* preparedinthe  provide a constant tension while being wound. A piece of
v =<3 state by photoionization. These cross-section curvegouble sided tape was applied to each vertex of the octagon
are similar to those reported in Ref. 28. Despite the low cros§, order to prevent the wires from slipping on the circuit
sections at the thresholds, the appearance energies obserygshrd. Once the wire was completely wound, two beads of
for O and Ar" were found to be consistent with their ther- epoxy were appliedto the strip regions located at the upper
mochemical thresholds, demonstrating that reaction crosgnd lower edges of the open central area as shown in Fig. 4
sections down to the range of 18¥-10"*° cn’ can be mea- (g fix the wires on each of the frames. The frames could then
sured using the octopole-quadrupole photoionizatiome removed from the wheel. The next step involves cutting
apparatus. every other wire between the epoxy and the conductive strip.
To simplify this procedure, the wired circuit board was
placed on a micrometer-adjust translation stage, and a
splined jewelers drill was used, with a small bit sharpened to
As pointed out above, the success of the PFI-PESIC@ chisel poin{the drill was not rotating The construction of
TOF measurements for state-selected ion-molecule reactionise wired ion gate lens is completed by soldering the remain-
depends critically on the novel application of the fast ioning wires on each side to the conductive strip.
gaté®?° (10). The ion gate consists of an array of parallel By applying a positive and negative potential of across
wires separated by 0.0125 in. The wires are electrically conthe two sets of wires, a strong and highly local electric field
nected in an interleaved manner such that neighboring wiresan be generated between adjacent wires. lons can be effec-
are electrically insulated from each other. The parallel wiretively deflected away from the beam path as they pass
assembly was fabricated by winding of a 0.0008 in. goldthrough the grid. Due to the small distance between adjacent
plated tungsten wire on a 4 5in. rectangular circuit wires, a small potential difference is sufficient for deflecting
board with a 3 inX4 in. open central area, as shown in Fig. the false coincidence ions. Because low kinetic energy ions
4, where the outer gray regions are the common és@re are more easily deflected than fast ions, and because it is
a floating voltage can be appliedthe upper and lower desirable to reject the false ions when they are spatially com-
T-shaped regions are conducting areas for connection to thgact, we have placed the ion gate early in the ion trajectory,
even and odd sets of tungsten wires, respectively. The uppaamely next to the ion repeller plate 11. Due to the short
and lower light-gray strips between the T-shaped region andange nature of the wire deflection fields, the ion gate can be
the open central region are areas for applying epoxy to fixused as a fast “ion gate” to pass the coincidence PFI-PI at a
the positions of the odd and even sets of wires, respectivelfixed delay with respect to the detection of a PFI-PE by
The fabrication was made on an assembly of eight idenswitching off the wire deflection field.
tical circuit boardgFig. 4), which were mounted to the faces In the present experiment, there are two sources of false
of an aluminum octagon. The axle of the octagon was placedoincidence ions. One contribution arises from direct VUV
in the chuck of a lathe. The wire spacing of 0.0125 in. wasphotoionization. The time distribution of this coincidence
determined by the 80 threads/in. pitch on the lathe. A pullybackground as seen by the ion detector is determined by the

C. Fabrication and performance of the fast ion gate
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pattern of VUV micropulses emitted by the ALS synchrotronD. PFI-PEPICO measurements
ring. One ALS synchrotron period of 656 ns consists of a
light-on interval of 552 n$276 micropulses (widtk 50 ps)

with uniform separations of 2 fsand a dark gap of 104

The experimental conditions and dark-gap PFI scheme
used for PFI-PE detection and PFI-PI extraction are similar

1718 ke to those described in previous PFI-PEPICO measureniénts.
ns."" The coincidence TOF measurements show that the ey 4 nominal dc field of zero Vicm was set across the

lon T_OF Wif’ths observe_d are in the range _Of 1 Thus, photoionization region. The application of a PFI and ion ex-
the ion arrivals at the ion detector are dispersed into the ., tion field puls&8 V/cm, width=200 ns) was delayed by
temporal regions associated with the dark gaps, making the 1 s with respect to the beginning of the 104 ns dark gap.
time distribution of false coincidence ions more uniform. 114 field was achieved by applying an electric pulse-@f0
The PFI-Pls are formed by PFl in the dark gap using & 20Q; 4¢3 and+4.0 V at E1. As pointed out in previous studies,
ns electric field pulse. False coincidence events can also 0gxe employment of a PFI pulse with the duration of 200 ns is
cur if either the PFI-PE or PFI-Pl is lost on the way t0 the hocessary for efficient extraction of the PFI-PI.

electron or ion detector. The distribution of this second e PFI-PEPICO TOF peak for Arobserved using the
source of false coincidence ions should center in the ttmporg v/icm (-5.0 V at 11 and+5.0 V at EJ, 200 ns long
ral regions associated with the dark gaps. Both the contribuyjseq extraction field and a linear TOF mass spectrometer
tions by direct ionization and by PFI events are expected tQith an Ar supersonic beam sample has a FWHM~&00
give rise to a wave-like pattern of the false coincidence backyg17 Figyre Fa) shows the experimental PFI-PEPICO TOF
ground with the period equal to that of the ALS rifg56 spectrum for A¥ (2P,;,) formed by photoionization of an
ns. This expectation was confirmed by previous PFl-effysive Ar beam at 298 K without using the ion gate. The
PEPICO measurement§However, the large ion dispersion gpserved FWHM for the A¥(2Py,;) TOF peak of Fig. B) is
of 1-5 us as observed by coincidence ion TOF measurexy4 ;s (FWHM). Thus, the false coincidence background for
ments in this experiment has greatly smoothened the wavgne PEI-PEPICO measurement of AfP;,) (measured un-
like pattern, yielding a near time-independent false coinci-er the coincidence TOF peris expected to be=13 times
dence counting rate when average over a temporal range ofiigher than that observed in the previous molecular beam
few us. The near uniform time distribution of false coinci- TOF measurement. The intensity of false coincidences in the
dence ions is confirmed by PFI-PEPICO ion TOF spectraspectrum of Fig. &) is a factor of 4 higher than the coinci-
presented below. Since the PFI pulse is applied at a repetitiofience peak. Figures( and Sc) show the PFI-PEPICO
rate of 1.53 MHz and the PFI-PE intenSity is genera"yTOF spectra for Af(2P3/2) and Ar+(2Pl/2)1 respecti\/(:ﬂy7 ob-
<3000 counts/s, the probability of forming a PFI-PI by onetained using the ion gate. Here, the ion gate (duration
PFI pulse is<2x10 3. Considering the fact that the total =200 ns) was opened twice for each PFI-PE trigger pulse.
ionization rate is<10® ions/s, the average false coincidence The first ion gate was opened at the correct delay ofi&7
ion produced in the time window of 200 ns isi2  wijth respect to the PFI-PE trigger pulse to pass the true PFI-
X 10" ions. This analysis shows that the probability of pro- pis, whereas the second ion gate was opened after an arbi-
ducing a PFI-PI and a false coincidence ion together in therary delay of 25us with respect to the first ion gate. Thus,
same time window of 200 ns is negligibly small. The statis-the first TOF peak measures mostly the intensity of true co-
tical or random nature of the formation of PFI-Pls and falseincidence ions, whereas the second TOF pgakrked by
coincidence ions has made possible the PFI-PEPICO angfrow in Figs. §a) and 5b)] gives only the false coincidence
PFI-PESICO measuremerits. ions. The true coincidence counts can be obtained by taking
In the experiments described below, the ion gate ighe difference in counts of the first and second TOF peaks.
floated at a dc voltagéapplied to all wireg in the range of  For the spectra shown in Figs(th and 5c), the center bias
—2.5to—8 V. This dc potential can be determined by maxi- voltage and thépositive, negativevoltages(with respect to
mizing the ion transmission. The deflecting field resultingthe center bias voltageapplied to the(even, oddl sets of
from the positive and negative potential does not affect thevires of the ion gate are-2.5 V and(+2.5 V, —2.5 V),
trajectories of ions at a distance of a few times of the wirerespectively. Note that the background level observed in
spacing from the ion gate because the alternate positive arglgs. 5b) and 5c) is not zero. As expected, the background
negative potentials seen by these ions are exactly canceleidvel for the Ar"(?Py,) band is higher than that for the
The detection of a PFI-PE by the electron detector signifieg\r*(?P,,) band. This constant background also depends on
the production of an energy-selected ion, i.e., PFI-PI, at thehe (positive, negativevoltages(or the deflection fieldap-
photoionization region. In order to select this one ion andplied to the wired ion gate for shutting off the false back-
reject all the nonenergy selected ions, the strategy is to opeground ions.
the fast ion gate for the minimum time necessary to let this  Figures 6a), 6(b), and &c) compare the PFI-PEPICO
ion pass, while rejecting all other ions. As described below,TOF spectra obtained using a constant bias voltage 26
typical open times for the ion gate are 200—300 ns. For &, but setting the relative voltages on the wires t@.5,
PFI-PE trigger rate 01000 counts/s, the opening time per +3.0, and*=3.5 V applied to the odd and even sets of wires,
second for the ion gate iss2—-3x10 ' s. Assuming that respectively. As shown in these figures, the constant back-
background false coincidence ions are generated uniformlground of the PFI-PEPICO spectrum decreases as the mag-
in time, the false coincidence signal should be reduced by aitude of the(positive, negativevoltage increases, i.e., the
factor of ~2-3x 10" by using the wired ion gate scheme. deflection field between adjacent wires is increased, resulting
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(c) Double gates: Ar* (*P FIG. 6. PFI-PEPICO spectra for A(?P;;,) obtained using the ion gate.
Delay of the ion gate4.70us. The second ion gate was opened after an
arbitrary delay of 25us with respect to the first ion gate. Floating dc or
center bias voltage—2.5V. lon gate duration 200 ns. The(positive,
negative voltages arefa) (+2.5V, —2.5V); (b) (+3.0 V, —3.0 V); and(c)
(+3.5V, —3.5 V). The second TOF peaks that measure the false coinci-
dence ion counts are marked by arrows.
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tion gas cell is situated. The efficiency of ion injection into
the reaction gas celbr short rf octopolgis mostly governed
by the injection lense&l2) shown in Figs. 1 and 2.
Figure 7 compares the PFI-PE band fof A#P;/,) (open
TOF (us) circles with the PFI-PEPICO band for Ai(?P;,) (solid
squarey obtained using the differential-pulse-ion-gate PFI-
FIG. 5. (@ PFI-PEPICO bands for Ai(?P;,) obtained without using the PEPICO scheme. The good agreement between the PFI-PE

wired gate.(b) PFI-PEPICO band for Ar(?P,;,) obtained using the ion _ : ;
gate.(c) PFI-PEPICO band for Ar(?P,,;) obtained using the ion gate. The and PFI-PEPICO bands can be taken as confirmation of the

ion gate (duratios: 200 ns) was opened twice for each PFI-PE trigger pulse.d'fferent'al‘pmse"on'gate PFI-PEPICO scheme. However,

The first ion gate was opened at the correct défayO us) to pass the true  the counting rate for the PFI-PEPICO measurement is nearly
PFI-Pls and the second ion gate was opened after an arbitrary delayusf 25

with respect to the first ion gate. The first TOF peaks measure mostly the

intensities for true coincidence ions, whereas the second TOF freakked 50 ——T—T——F 71—+
by arrows give only the false coincidence ions. That is, the true coincidence & L
counts equal to the difference in counts of the first and second TOF peakstE
The dc bias and deflection voltages of the ion gate-a2¢5 V and+2.5V,
respectively.

LA B B A e B B S Ry B B B B B B

3 I S S S S S SR SO R S BTG . |

o
[

o

400 F

300 [

in more effective deflection of the false coincidence ions. As £
expected, the appropriate deflection voltage for shutting offQ
the false coincidence ions also depends on the ion energy &
(or the center bias dc voltage applied tbe ion gate. Once & [
the conditions for selecting state-selected reactant ions ar«S 100 F
determined by maximizing the intensity of coincidence PFI- & I
Pls from the photoionization region to the ion detector, the & ol

voltage ;ettllngs of.aII the ion I(lense.s' snyated between the . ——— o ;5:335 — 15'938 — ;5.'94(‘)
photoionization region and the ion injection lenses can be hv (eV)

fixed throughout the PFI-PESICO measurement to be de-

scribed below. Because the photoionization center is alwayS!G. 7. Comparison of the PFI-PE band for4%Py,) (open circles with

S otai ; ; [P the PFI-PEPICO band for A(?P,,,) (solid squares measured using the
malntalned(nomlnallw at ground pOtemlalE'ab of the ion differential-pulse-ion-gate scheme. Note that the PFI-PEPICO band was

mOIGCL”? reaCtion_ under investigation is thus controlled meeasured only at four distinct energies and was scaled to match the PFI-PE
the dc bias potential of the short rf octopole, where the reacsand.

O Intensity (arb.

200 L

| T S D U N 1




Rev. Sci. Instrum., Vol. 74, No. 9, September 2003 lon-molecule reaction studies 4103

hv(cm") 100IIII|IIII|IIII|IIII|III

127500 128000 128500 129000
60 T — 3y T T T T T T T

80 (a) Hot(vt=2, N*=1)
[ N'=2 4 [}
50 |- f 1 3 ' 5

60

o a2 Nwh S

B
(=]

ML
N

(a) v*= ] 20

[#]
(=1
T

TTTTTT T I T[T I 7T [T I T T [TT17

NN NN NN EN NN

I(e’)/I(hv) (arb. units})

20

(b) Art/arH*

15

ol L " ‘ JUuwuw

I N ) | |
T T T T T
15.800 15.850 15.900 15.950 16.000

10

hv (cm™)
134500 135000 135500 136000
T T T v T T T T d T T v v v T T

do b byl

\
SARARRLARARERAARARAM |

30

PFI-PESICO Counts

N'=2 4 6
T T

20

N
G
T
-
(o
n

o =N whC
1

() Art/arH*

N
o
T
EpERE—
=]
N
—a

15

-
a

L (b) vt=6 b
10

-
(=]
T
L

I{e’)/I(hv) (arb. units)

tSLIN LI A I L M

] | | 0 T

N |||1l|||||||||||||||||1|
* 0 100 200 300

; . ! 400 500
16.700 16.750 16.800 16.850 16.900 TOF (us)

hv (eV)

o

FIG. 9. (@ PFI-PEPICO TOF spectrum for reactany™v*=2N*=1)
FIG. 8. (a) Rotationally resolved PFI-PE vibrational band fop'fv™  (accumulation time 2 min). (b) PFI-PESICO TOF spectrum for product
=2). Note that the intensities foN(",J") = (1,1) and(2,0) transitions are  Ar*/ArH* at Ej,,= 2.5 eV obtained by setting the dc potential of the long
reduced by a factor of 0.4b) Rotationally resolved PFI-PE vibrational band ociopole 0.4 V lower than that of the short octopéecumulation time

for Hy* (v =6). =50 min). (c) PFI-PESICO spectrum for AVArH™ at Ej,,=2.5 eV ob-
tained by setting the dc potential of the long octopel2 V lower than that

40-fold lower than that of the PFI-PE measurement, indicat®’ ¢ short octopoléaccumuilation time-60 min).

ing the low transmission for Ar.
and para-hydrogen at 298 K and selection rules for photoion-
ization, theN*=0, 1, 2, and 3 rotational states for many
H,"(v™) states, as shown in Figs(e and 8b) for v " =2
We have obtained absolute integral cross sections for thand 6, can be prepared with good intensities by photoioniza-
state-selected ion-molecule reaction, v " =0—-17N* tion of normal K at 298 K.
=1)+Ar at specific E;,, values using the PFI-PESICO Figure 9a) shows the PFI-PEPICO TOF spectrum for
method?® Selected results of this reaction are described hereeactant H* (v =2N"=1) recorded aE,,,=2.5 eV using
to illustrate the performance of the differential-pulse-ion-gatethe differential-pulse-ion-gate scheme described above. The
PFI-PESICO scheme. Previous experiments have only prdirst ion gate (duratioa 300 ns) is delayed by 1.5@s with
vided absolute integral cross sections for the vibrationatespect to the PFI-PE pulse and the second ion gate
state-selected reaction of ,H(v*<4)+Ar.>> To our (duration=300 ns) is set at 15@s with respect to the first
knowledge, the cross-section measurements for the rotationadn gate. The TOF peak observed in Figa)represents the
and vibrational state-selected reaction of b ",N*)+Ar  true coincidence ki" ions[or H," (v =2N*=1) PFI-PIg
have not been made. and false coincidence H ions transmitted through the ion
The rotationally resolved vibrational PFI-PE bands forgate. The second TOF peak, which samples only the false
H," (v =0-18) have been obtained previouSly®?°*°As  coincidences, is not discernible. This observation indicates
an example, we show in Figs(&88 and 8b) the PFI-PE bands that the false coincidence ion intensity under ¢fiest) TOF
for Hy"(v"=2N"%) and H"'(v*'=6N"), respectively, peak of Fig. 9a) is negligible. The PFI-PESICO TOF spec-
which reveal well-resolved rotational transitions as markedrum shown in Fig. @) is for the sum of product Ar and
in the figures. We note that Figs(eB and 8b) have the same ArH" (Ar*/ArH™) and is obtained for an accumulation time
intensity scale. Due to the rotational distributions of ortho-of 50 min by using an Ar gas cell pressure of 2.15

E. PFI-PESICO measurements
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X 10™* Torr and by setting the dc potential of the long oc-

topole 0.4 V lower than that of the short octopole. Here, the
resolution of the QMS is lowered to maximize the transmis-

sion of Ar" and ArH" product ions, and thus both Arand
ArH™ are transmitted. As shown in the PFI-PESICO TOF
spectrum of Fig. &), product Ar'/ArH™ ions are slow ions
and are spread in a temporal region=0200 us. A velocity

inversion of the TOF spectrum demonstrates that the produc
ions are all produced with near-thermal velocities. Figure
9(c) shows the PFI-PESICO TOF spectrum for product

Ar*/ArH™ obtained by setting the dc potential of the long
octopole at-2 V below that of the short octopole, in order to
extract slow product At/ArH* ions from the gas cell. As a
result, the TOF distribution for product AfArH* observed

in Fig. 9c) is peaked at shorter flight times with a narrower
temporal range of=100 us. The intensities for reactant
H,"(v*=2N*"=1) and product Af/ArH* are measured
by their coincidence counts after normalizing with the re-

spective number of PFI-PE triggers. The absolute total cross

sections for Af/ArH™ can then be calculated by the ratio of
the product and reactant ion intensities, the neutral reactal
gas density, and the length of the gas cell.

In order to determine the branching ratios for*Aand

ArH™", the resolution for the QMS was increased to resolve

these ions and PFI-PESICO TOF spectra for these ions we
recorded. As an example, we show in Figs(al010(b), and
10(c) the PFI-PESICO TOF spectra recorded B&f,,
=2.5eV for reactant K" (v*=2N"=0), product ArH
and product Af, respectively. This measurement gives a
Art:ArH™ ratio of 1.3, which is consistent with results of
previous experiments, indicating that B{,,=2.5eV the
cross section for charge transfer *Ais ~40% higher than
that for ArH™.® As expected, Figs. 1B) and 1@c) reveal
that the arrival times for product ArHions are in the range
of ~100—-200us, which is shorter than that 6¥100—250us
for charge transfer Af.

Although the intensities for PFI-PE vibrational bands of
H,*(v*>4) are significantly lower than those for" <4,

Qian et al.
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FIG. 10. PFI-PESICO TOF spectra féa) H, (v =2N*=0), (b) Ar"
and (c) ArH* formed by the reaction of }f(v*=2N"=0)+Ar at Ey,
=2.5eV. The accumulation time used for each of thé And ArH" spec-
tra was 90 min. The dc potential of the long octopole was-s2tV lower
than that of the short octopole.

the entire ion lens system. The trajectories of charged par-

we have still been able to record the PFI-PESICO spectra fojicjes are calculated based on the modeled potential arrays of

Arf/ArH" from H,"(v*>4N")+Ar. As an illustration,
we show in Figs. 1a) and 11b), the PFI-PESICO TOF
spectra at E,=1.26eV for H (v =6N"=1) and
Arf/ArH". Absolute total cross sections for AArH™"

formed by the reaction 5t (v*,N*=1)+Ar with v =17

have been reported recentf.

IIl. ION TRAJECTORY CALCULATIONS

the entire ion lens system. We have also integrated the tra-
jectory calculations to include rf fields applied to the octo-
poles and QMS. However, only the calculations involving
the dc fields applied to the aperture lenses in the region be-
tween the photoionization regio®) and the short rf octo-
pole that are relevant to understanding the performance of
the wired ion gate lens are shown here.

In the simulation, ions were randomly generated inside a
cubic volume of 0.%0.3x0.3 mn? centered at the photo-

In order to understand and to optimize the application ofionization center. This cubic volume is an estimate of the
the ion gate, we have performed ion trajectory calculationsnteraction volume of the VUV beam and the neutral gas
between the PI/PEX region and the short rf octopole usinggample. We note that this volume ignores ion and electrons

the SIMION progrant! The ion lens system of interest is
divided into finite sections. Based on the two-dimensiona
(or three-dimensionalgeometries used, the SIMION pro-
gram calculates the electrostatic potentials for the ion len

generated along the VUV beam, particularly when the neu-
kral precursor sample is introduced as an effusive beam. For
ions produced with non-zero initial kinetic energies, velocity

gectors are generated isotropically with a chosen vector ori-

sections. Since individual sections can be modeled indepemgin situated inside the cubic interaction volume. The isotro-
dently, higher resolution arrays can be used in more criticapic vector generation is ensured by the uniform vector den-
areas such as the wired ion gate lens. SIMION has the funcsity on the surface of a given vector sphere. The vector

tion to assemble individual potential arrays for modeling of

origins in the cubic photoionization volume are chosen ran-
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FIG. 11. PFI-PESICO TOF spectrum f@a H," (v*=6N*=1) and(b) proportional todS

Ar*/ArH* formed by the reaction of Jf (v =6N*"=1)+Ar at Ey,
=1.26 eV. The spectrum shown {b) was obtained by setting the dc po-
tential of the long octopole-2 V lower than that of the short octopole. 47KEp
. . . _ _ 2 . _
Accumulation time= 60 min. dl=pdS=2mv°psinfdo=

sinfdé. (7)

Here, p is the surface density of velocity vectors and is a

domly, reflecting on a uniform density for the neutral 98S . nstant for an isotropic distribution. From E¢f), we

sample in the interaction volume.

obtain
A. lon TOF distribution observed at ion repeller plate d(cos6) 1 {mD + ! E|dt (8
. CcoSl)= —|—+ = .
J2keEm| 29

When a dc field E (V/cm)] is maintained at the photo-
ionization region, the ion TOF distribution observed at theCombining Egs(7) and(8), we obtain the TOF distribution
grid of the ion repeller plate I1see Fig. 2 can be derived as
analytically. LetD be the distance between the photoioniza-
tion center and the grid of the ion repeller platedlequal to dil 2mp [2KE[mD 1
the initial ion velocity, # equal to the angle betweenand P [t2+ EqE
the TOF axism equal to the mass of the iog,equal to the
electric charge of the ion, KE(1/2) nv? equal to the initial  Equation(5) gives the minimum and maximum valuestof
ion kinetic energy, and equal to the time for an ion to exit
the grid of the ion repeller 11, we can show that

: C)

dt. m m

tmm=@wKE+qED— VKE) (10

2KE
D= ——Cos6
m

aE ,
t+ o —t°. 4
2m V2m
tmax:qiE(‘/KE—i_qED—i_ VKE). (10b)

Figure 12 depicts the TOF distribution for Ar(solid
line) formed by photoionization of a sample with a single
V2m

_ TSP R kinetic energy of 26 meV as predicted by E¢8) and(10)
— - .
t gqE (VKEcos' 6+gED~ VKE coso) © for D=0.50 cm andE=8 V/cm (—4.0 at repeller 11 and

Based on Eq(4), we have
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FIG. 14. TOF spectrum for PFI H ions (dotg formed by PFI of a VUV
excited effusive H sample (KE=26 meV) as observed at the wired ion gate
lens. Time zero corresponds to the beginning of the ALS dark gap. The
PFI-PIs were formed at 10 ns when the PFI field was switched).OF
spectrum for PFI ' formed by the PFI of a VUV excited supersonic beam
sample (KE of 3 meV). Three thousand trajectories were calculated for

PFI-Pls.
FIG. 13. lon trajectories deflected by the wired ion gate lens and equipo-

tential lines in the vicinity of the wired ion gate lens. The wired ion gate lens

was floated at a dc potential ef4.4 V. On top of this dc field, potentials of nature of the ion extraction field. However, the ion TOF

+4.4 and—4.4 V were applied to the even and odd sets of wires, respec-spectrum resulting from the PFI ion extraction can be esti-
tively. That is, net potentials for even wires were zero, while that for odd . . . .

wires were—8.8 V. The dc potentials applied to |1 and the adjacent lens onmated by lon trajectory calculations. The calculated ion TOF
the right are—4.0 and—5.0 V, respectively. spectrum would yield estimates for the delay and gate width

for turning on the wired ion gate to pass the PFI-PI. Figure

+4.0V at repeller EX This single kinetic energy calculation 14@ shows the TOF spectrum for PFLH ions formed by

is a model for a thermal gas source in which the averag€F! of highn (n=100) Rydberg H observed at the wired
kinetic energy is 26 meV. The value can be viewed as a 10N gate lens. Since the ;Hsample was introduced as an
scaling parameter. We have also obtained the TOF spectrufiffusive beam, we have assumed that the average kinetic
for Ar* (solid dot$ based on ion trajectory calculations. €nergy for B™ was 26 meV. In this calculation, time zero is
Since only 3000 trajectories are sampled, the fluctuation obi@Ken to be the beginning of the dark gap. We assume that the
served in the latter spectrum is statistical in nature. As showf FI-PIs were formed immediately as the PFl field was turned
in Fig. 12, the TOF spectra for Arobtained by trajectory ©n (10 ns with respect to the beginning of the dark gap
sampling and by Eqs9) and (10) are in excellent agree- _As shown in Fig. 14g), PFI H," ions are predicted to
ment. This observation can be taken as a test of the iofi"ive at the ion gate between 1.10 and 121 Thus, in the

trajectory calculations, validating the calculation procedure$tate selection of bi using the PFI-PEPICO scheme, the
based on the SIMION program. delay and the gate width for opening the ion gate should be

set at 1.1us and 210 ns, respectively. These values are con-
sistent with the delay~1.2 us) and gate width{250 ng used
in the experimental studies of the state-selected reactions
Figure 13 depicts the ion trajectories calculated using théd,™ (v ™,N™) + Ar. We find that the shape of the TOF spec-
SIMION program as they pass through the ion gate with thérum depends sensitively on the initial ion KE and the posi-
ion gate off, i.e., deflection fields on. As shown by the elec-tion where the PFI-Pls are born in the photoionization re-
trostatic equipotential lines shown in Fig. 13, strong localgion. The strong peak observed at 1.10—1.54in the TOF
deflection fields exist between adjacent wires of the wiredspectrum of Fig. 1) results from the pulse nature of the
ion gate lens. With the exception of these short-range locaPFI field used for ion extraction.
fields around the wires, the equi-potential lines of Fig. 13 are  Figures 1%a) and 15b) depict the trajectories for PFI
essentially identical to those observed when the deflectiokl,” ions and prompt background,H ions, respectively,
fields between adjacent wires were turned off. The simulabetween the photoionization center and the entrance of the
tion shows that the deflecting fields between adjacent wireshort rf-octopole ion guide. Employing the delay of Ju&
resulting from the positive and negative potentials applied t@nd gate width of 250 ns for turning on the wired ion gate,
the even and odd sets of wires do not affect the ion trajectothe simulation of Fig. 1&) indicates that 96% of the PFI
ries at a distance o1 mm (~3 times the wire spacing H," ions pass the ion gate and are focused by the ion injec-
away from the ion gate. tion lenses into the short rf-octopole ion guide. For prompt
The analytical solution for the ion TOF spectrum ob- background H* ions, which arrive at the ion gate when the
served in the PFl experiment is complicated by the pulsedon gate is “off,” the trajectory calculation of Fig. 1B)

B. Calculations of ion trajectories and TOF spectra
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FIG. 16. Calculated TOF spectra for Aformed by PFI of a VUV excited
(a) effusive Ar sample with a KE of 26 me\b) Supersonic Ar beam with
a KE of 3 meV.

transmission in the PFI-PEPICO measurement. The calcu-
lated TOF spectrum for Ar shown in Fig. 16a) suggests
that the ion gate of 200 ns in the PFI-PEPICO measurements
(Figs. 5 and pwas most likely centered at the strong TOF
peak for Ar* at 5.35us. In the PFI-PEPICO measurements
of Ar*(ZPg,z,l,Q), the actual delaywith respect to the PFI-PE
trigger pulse used for turning off the deflection field of the
FIG. 15. (a) Trajectories for PFI K" ions between the PI/PEX region and wired _Ion gate is 4.%us. The dlﬁer_ence in the calculated and
the short rf octopole. The wired ion gafgate width=250 ns) was tumed on ~ €XPerimental delays can be attributed to the electron flight
at a delay of 1.1us with respect to the formation of the PFLH The  time and a finite delay due to the electronics. In any case, the
traj_ectory_ calculations show that 96% gf the PFI-Pls were transmi@h}._d. calculated TOF distribution shown in Fig. (BB serves to
Trajectories for prompt background,H ions between the PI/PEX region grovide a rationalization for the use of a 200 ns ion gate

and the short octopole. The prompt ions arrived at the wired ion gate lens . . . .
when the wired ion gate is turned “off.” The trajectory calculations show width in the PFI-PEPICO measurements shown in Figs. 5

that 96% of the ions were rejected. and 6.

0 g IV. POSSIBLE IMPROVEMENTS OF PFI-PEPICO
shows that 96% of the prompt background ™Hions are AND PFLPESICO MEASUREMENTS

rejected by the ion gate. The calculation also shows that the

ion injection lense$see(12) of Figs. 1 and 2are important The preparation of state-selected reactant ions using the
elements for efficient injection of reactant ions into the shortPFI-PEPICO method along with the wired ion gate scheme,
rf octopole at differenk,,, values. can be significantly improved if the neutral gas sample is

Figure 16a) shows the calculated TOF spectrum for'Ar introduced to the PI/PEX region in the form of a supersonic
PFI ions from the photoionization region to the ion gate. Themolecular beam traveling in a direction perpendicular to the
calculations assume that the PFI*Aions are formed from ion TOF axis or the axis of the octopole-quadrupole assem-
an Ar sample with a KE of 26 meV. The ArTOF distribu-  bly. We note that the rotational cooling achieved by the su-
tion of Fig. 16a) exhibits two prominent peaks at 5.35 and personic beam method is essential in some experiments for
6.05 us. Similar to the TOF spectrum for PFLH, the tra-  obtaining a better-resolved PFI-PE spectrum for the reactant
jectory calculations show that these peaks result from thén of interest. As shown in the analysis below, due to the
pulse nature of the PFI ion extraction field. The full width of low translational temperature achieved in the supersonic
the Art spectrum indicates that the use of an ion gate widttbeam arrangement, the FWHM of the coincidence ion TOF
of ~1.1 us is required to transmit all PFI Arthrough the peak is significantly reduced as compared to that observed in
wired ion gate lens. using an effusive beam sample. Furthermore, the supersonic

The ion gate width of 200 ns used in recording the PFI-beam method also can reduce the kinetic energy spread for
PEPICO spectra of Figs.(), 5(c), and §a)—6(c) was ob- the reactant ions in PFI-PESICO measurements.
tained by maximizing the coincidence ion counts, i.e., the  Figure 14b) depicts the calculated TOF spectrum for
difference in ion counts between the first ion gate and thé®Fl H,* ions formed by PFI of a VUV excited H sample
second ion gate. These measurements were made prior to thith a translational temperature of 20—30(&r an average
ion trajectory calculations. Obviously, the 200 ns ion gateKE of 3 meV) along the ion TOF axis. As expected, the full
width used is significantly narrower than the predicted fullwidth (95 n9 of the TOF distribution observed in Fig. 3
width of 1.1 us, and is thus expected to reduce theé Aon s considerably narrower than th@10 n$ of Fig. 14a). If a
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T (;, KE = 26 mev T '(b) e 3y ~1.75eV andAE;,,=0.493 eV. The lowelE,,, observed
i 10T 1 for the PFI ion extraction mode results from the shorter ac-
celeration time for the reactant ions. These predidiég,,

values are consistent with the measure,,;, values using

T
oo
R
=
1

I ., the retarding potential method. Assuming that the” Hons
S 1 ot 1 are formed by photoionization of a supersonically cooled H
I / gl ] sample at 20—30 K or a KE of 3 meV, we have calculated the
.’,f E..p distributions for H* using the PFI ion extraction
L
[ 4

scheme and the dc ion extraction arrangemese Fig.
) 17(b)]. As shown in Figs. 1(&) and 17b), the AE,,, values
(0.232 eV for H,* formed by dc ion extraction of effusive
and supersonic beam samples are predicted to be essentially
i \ 17 1 identical. However, thé E,,,=0.245 eV for B* formed by
493 meV ’ ab

H. .me . 23,2 me.v ,H?“s '?ev, 23,2 mfv PFI of a supersonically cooled,Hsample is found to be a

10 15 20 25 30 35 40 45 5 . k : . § k X . i
Eqap (V) ot te e g Mevy 0400 factor of 2 less than the value &fE,,=0.493 eV for H*

produced by PFI of an effusive tsample.

—

lon Counts at lon Repeller Grid
lon Counts at lon Repeller Grid

*
L

FIG. 17. Comparison of the calculatég,, distribution for H,* (observed

at the grid of the ion repeller )lextracted using the PFI ion extraction
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