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We have developed a sensitive and generally applicable scheme for performing pulsed field
ionization (PFI) photoelectron(PFI-PB-photoion coincidencéPFI-PEPICQ spectroscopy using
two-bunch and multibunch synchrotron radiation at the Advanced Light Source. We show that this
technique provides an ion internal stater energy selection limited only by the PFI-PE
measurement. Employing a shaped pulse for PFI and ion extraction, a resolution of 0ButheV
width at half maximum(FWHM)] is observed in the PFI-PEPICO bands for &P, 1/). As
demonstrated in the PFI-PEPICO study of the process;l@—O,(b*S, , v =4,N")+e"
—0"(*9)+0(P) +e", the dissociation of (b *X, ,v*=4) in specific rotationaN* levels

can be examined. The simulation of the experimental breakdown diagram for this reaction supports
the conclusion that the threshold for the formation 6i(¢8) + O(3P) from O; (b 3, , v =4) lies
atN*=9. We have also recorded the PFI-PEPICO time-of-fl{i@F) spectra of G formed in the
dissociation of Q(b“E; ,v =4-7). The simulation of these OTOF spectra indicates that the
PFI-PEPICO method is applicable for the determination of kinetic energy releases. Previous PFI-PE
studies on @suggest that a high-O, Rydberg statO5 (n) ] with a dissociative ion core undergoes
prompt dissociation to yield a high* O-atom Rydberg stafeD* (n’)] [Evanset al., J. Chem. Phys.

110 315(1999]. The subsequent PFI of*@n’) accounts for the formation of a PFI-PE and.O
Since the PFI-PE intensities for'Oand G depend on the lifetimes of ‘@n’) and G(n),
respectively, the PFI-PE intensity enhancement observed for rotational transitions to
O;(b*%, , v =4,N"=9) can be attributed to the longer lifetimes fo* @') than those for
O3(n). The PFI-PEPICO study of the dissociation of ;:Iﬂom CH, also reveals the lifetime
effects and dc field effects on the observed intensities fof @Ad CH;. The high resolution for
PFI-PEPICO measurements, along with the ability to distinguish thg @€agments due to the
supersonically cooled CHbeam from those formed by the thermal £sample, has allowed the
determination of a highly accurate dissociation threshold fog @ém CH,. © 1999 American
Institute of Physicg.S0034-67489)02210-9

I. INTRODUCTION electron-photoion pairsBecause of the high collection effi-
ciency of near zero kinetic energy or threshold photoelec-
The study of single-photon ionization processes usingrons (TPE9,’ '° the TPE detection scheme has been the
mass spectrometric and photoelectron spectroscopic techreferred photoelectron spectroscopic method in the past
niques has played an important role in providing accuratgvhen a tunable vacuum ultraviol€¥UV) source, such as
thermochemical and spectroscopic data for atomic and masynchrotron radiation, is used as the ionization soltce.
lecular cations=® Through appropriate energetic cycles, ac-Hence, the coincidence scheme involving the measurement
curate thermochemical data for neutral species can also lif correlated TPE-photoion paifseferred to as the TPE-
obtained™? Photoelectron-photoion coincidend®EPICQ  photoion coincidencé TPEPICQ method has also been a
experiments concern the detection of correlated photopopular technique for the study of energy- or state-selected
cations'?~**The application of the latter method for unimo-
3Author to whom correspondence should be addressed; electronic mail€Cular dissociation studies has been highly successful, pro-
CYNG@AMESLAB.GOV viding valuable information about the dissociation threshold,
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dissociation rate, and kinetic energy releéd&&R) of frag- have also observed the first PFI-PE-photoion coincidence
ments from parent molecular cations prepared at a well{PFI-PEPICQ band for Ar"(>P,,,) despite the use of a rela-
defined internal energy or state.* Plots of the percentage tively poor optical resolution of 3—5 me\WFWHM).*’
abundances of reactant and product ions as a function of the Taking advantage of the high optical resolution made
parent ion internal energyi.e., breakdown diagramis a  possible by the 6.65 m monochromator at the Chemical Dy-
common method used to determine thresholds for ionic disnamics Beam line of the Advanced Light Sou(@d.S), we
sociation processes, from which heats of formation of fraghave recently developed a novel scheme for PFI-PE mea-
ment species can be deriv&dThe TPEPICO technique has surements using monchromatized multibunch synchrotron
also been successfully employed for the TPE spectroscopi@diation, achieving routinely resolutions of 2—-5 ¢t
measurement of a neutral cluster or a specific radical preFWHM).*3-%% Most recently, we have improved the multi-
pared in cluster or radical sources containing othebunch synchrotron based PFI-PE detection scheme using an
impurities?®~34The extension of the TPEPICO technique for electron TOF spectrometer, demonstrating a resolution down
the detection of correlated TPEs and secondary ions forme 1.0 cm' (FWHM) at 12.0 e\?® The synchrotron radia-
in a collisional process, now known by the acronym oftion source at the ALS has a frequency of 3.04 MHz for the
TPESICO, has been demonstrated as a powerful method féwo-bunch mode and in the range of 386—488 MHz for the
the study of state- or energy-selected ion-moleculemultibunch operation and is a pseudocontinuum light
reactions>—3° source’’ Hence, it is natural for us to further develop the

The resolution and performance for all these coincidenc®FI-PEPICO method, where parent and fragment ions are
schemes involving the TPE detection were partly limited bydetected in coincidence with PFI-PEs. Since the ALS and
the hot-tail problem associated with the TPE transmissiommost other synchrotron facilities dedicate only a small frac-
function. Recent synchrotron based studies have shown th&bn of their total beam time to a single or two-bunch opera-
the hot-electron problem associated with conventional TPEion, the development of a multibunch PFI-PEPICO tech-
measurements can be greatly lessened by employing time-afique is highly desirable. The multibunch PFI-PEPICO
flight (TOF) discrimination in a single-bunch or a two-bunch scheme is expected to be far more sensitive because of the
synchrotron operatioff'>>° Energy resolutions for TPE higher PFI-PE intensity. As discussed below, the difficulty
measurements have typically been as good as 3-5(fiedlV  encountered in perfecting such PFI-PEPICO experiments is
width at half maximum, FWHM when electron TOF is similar to that in conventional TPEPICO studies. That is, the
coupled with angular discrimination against energetic or hotondition for good electron resolutidinequires a low elec-
electrons. In these cases, the TPE resolution has been limitéxdc repeller field for electron extractidns contrary to that
primarily by the monochromator optical resolution and byfor good ion collection efficiencyrequires a high electric
the incomplete TOF separation of TPEs from hot electronsrepeller field for ion extraction

The use of the penetrating field schefifd~*3for TPE In this article, we discuss selected results of our recent
measurements has also been demonstrated to greatly redUREl-PEPICO experiments performed at the ALS. All these
the hot-tail problem. We note that using the penetrating fieldPFI-PEPICO experiments take advantage of the “dark gap”
method, along with the TOF discrimination of hot electrons,in the two-bunch and multibunch synchrotron radiation op-
Morioka and co-workers have achieved a resolution=df  eration. The dark gap is the part of the synchrotron ring
meV (FWHM) for the TPE band of X&(?Pg,), limited only  period where no electron bunches orbit and consequently no
by the obtainable optical resolution of the monochrométor. light is emitted. The utilization of the dark gap for PFI-PE
The successful application of the penetration field methodnd PFI-photoior(PFI-P)) productions and extractions is an
for TPEPICO measurements have made possible the meassential feature for successful PFI-PEPICO measure-
surement of high-resolution TPE spectra for heterogeneouments?’4*¢For the current ALS operation, this dark gap is
rare gas dimers, achieving resolutions of 2—3 nié¥s in-  typically 100—150 ns at the total period of 656 ns. The meth-
dicated above, this TOF discrimination method requires ads described here represent the culmination of much experi-
single-bunch or a two-bunch synchrotron operation. At thementation in finding the best possible way to perform PFI-
ALS, the two-bunch mode has a light intensity more thanPEPICO measurements. The most successful scheme was
twenty-fold lower than that provided in a multibunch syn- first performed whilst the synchrotron was operating in the
chrotron operation. We note that by nature of its design, théwo-bunch mode whereby two 50 ps bunches of electrons
penetration field technique is not appropriate for accuratseparated by 328 ns make up the synchrotron ring period.
KER measurements. The later success in multibunch PFI-PEPICO measurements

The pulsed field ionizatiofPFI)-photoelectrorPFI-PE using a narrower dark gap has made this technique both
techniqué*—*®has been shown to overcome the hot-tail prob-highly sensitive and readily applicable to the study of any
lem associated with TPE detection and achieve a signifimolecular systems.
cantly higher resolution than that of previous TPE measure- Results obtained on He, Ne, Ar,HHCI, O,, and CH,
ments. This scheme, originally developed for using loware discussed here to illustrate the performance of different
repetition rate laser sources, has been recently demonstratB&I-PEPICO schemes. The ©xperiment shows that break-
by Weitzel and Gthe in a PFI-PE study of Ar'(?P31/) down diagrams can be recorded with resolutions as good as
using single-bunch synchrotron radiation, which has a repeti1.0 meV. The PFI-PEPICO TOF spectra foi” &rom O,
tion rate five to six orders of magnitude greater than commottaken at energies corresponding to the formation of
laser source’ In the same single-bunch experiment, they02+(b42§ , v =4-7) illustrate that information on KER is
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preserved in the TOF spectra. By employing a shaped PFI/ 11 111 Ion MCP
ion-extraction pulse, we have demonstrated in the measure-
ment of the PFI-PEPICO bands for *P(F-P3,2,1,2) that reso-
lutions as good as 0.6 melFWHM) can be achieved with
excellent collection efficiencies for PFI-PE and PFI photoion

(PFI-P).

110 (-111) Drift Region (46.63 cm)

Il. EXPERIMENTAL CONSIDERATIONS

The experiments were carried out at the Chemical Dy-

namics Beamline of the ALS associated with the Lawrence — — = . .
. . S . 19 (-111) [CFeerereseesess | Acceleration Region 11
Berkeley National Laboratory/. Briefly, this high-resolution 18(:344)  [Jrreeereven 'n ;I (0.54 cm)
VUV photoionization facility consists of a 10-cm period un- 7 (_30:1)
dulator, a gas harmonic filter, a 6.65 m off-plane Eagle 16 (-25.7) Tons
mounted monochromator, and a multipurpose photoelectron- 15 (-21.4) Acceleration Region I

photoion spectrometéf.All details concerning most of these

elements of the Chemical Dynamics Beamline have been  B3(128)
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described in detail previously and will therefore not be - T (-0.12)
elaborated upon here. _ (-4.12)
p PI/PEX ——» i2)
In the experiments performed here, one of two gratings, o= |e— -— 1 157 ©.12)
a 2400 lines/mm grating (dispersis.64 A/mm) or a 4800 E2(65) [ O
lines/mm (dispersiorn0.32 A/mm), was used to disperse the B30  [] ]
[

chromatic VUV beam was then focused into the

photoionization/photoexcitation(PI/PEX) center of the E5(1000) —

photoelectron-photoion apparatus. The photon energy cali-
. : ; +(2

bration was achieved using the Nép?’/Z)’ A (“Pap), FIG. 1. Schematic diagram for the PFI-PEPICO spectrometer. The electron

Kr(?Py;,), and X€ (°P3/,) PFI-PE recorded under the Same jenses and ion lenses are labeled as E1-E5 and 11-111, respectively. The
experimental conditions before and after each scan. ThiBI/PEX center is defined by the centered between I1 and E1. Electrons and
calibration procedure assumes that the Stark shift for ionizaons are det_ected qsing MCP deteptors. '_I'he ion TOF spectrometer_consists
ton thresholds of the molecule of nterest and the rare gasdL £Ce4n 12000 | sceleraton fegon I, and a it ion wih e
are identical. On the basis of previous experiments, the aGsiied to individual lenses using the PFI-PEPICO detection scheme described
curacy of the energy calibration is believed to withif.5  in Sec. Il C are given in parentheses.
meV.48‘55

Figure 1 depicts the schematic diagram of the
photoelectron-photoion coincidence spectrométshowing The differential pumping arrangements for the photo-
the lens arrangement for the electron and ion TOF detectiorelectron-photoion apparatus have been described in details
Here, the electrostatic lens E1-E5 and 11—111 are associatgateviously’®4®°1%8 |n the present experiment, the gas
with the electron and ion TOF spectrometers, respectivelysample was introduced into the PI/PEX center either as an
The distance between 11 and E1 is 1.15 cm. The midpoinéffusive beam or a skimmed supersonic beam. An effusive
between 11 and E1 defines the PI/PEX center. The aperturdseeam was formed by a metal orifice with a diameter of 0.5
of E1 and E4 are 6.35 and 2 mm in diameter, respectivelymm at 298 K and a distance of 0.5 cm from the PI/PEX
The electron-flight distance is 6.8 cm, which is determinedcenter. A continuous molecular beam was produced by su-
by the distance between the PI/PEX center and E5. Thpersonic expansion from a stainless steel nozzle
PFI-PE detection using the electron TOF spectrometer ha@iameter0.127 mm) at a stagnation pressure of 400—600
been described in detail in a recent publicatibThe aper- Torr and a nozzle temperature of 298 K. For most of the
ture for 11 was 10.16 cm in diameter. The ion TOF spectrom-beam measurements, a supersonic beam was formed by a
eter consists of two uniform field acceleration regions andwo-stage differential pumping arrangement and was
one drift region. The first uniform field region skimmed by one circular skimmer before intersecting the
(distance=4.83 cm) is the region from the PI/PEX center to monochromatized VUV beam 7 cm downstream in the PI/
18, while the second uniform field regidf.54 cn) is de- PEX center. A supersonic beam can also be produced in a
fined by the region from 18 to 19. The field free drift region three-stage differential pumping arrangement, in which it
comprises of the region between 19 and 111 and has a disvas shaped by two skimmers. In the latter arrangement, the
tance of 46.63 cm. Typical voltagesVh(associated with the distance between the nozzle and PI/PEX centerasiE cm.
coincidence schemes described in Sec. || C bgkpplied to  Unless specified, the beam production system used here in-
the electron and ion lenses and the drift region are alswolves mostly the doubly differentially pumped arrangement,
shown in parentheses Fig. 1. Two sets of dual microchannethich provides a higher beam density at the PI/PEX center.
plates(MCP) were used for electron and ion detection. We describe below in chronicle order our experimenta-

first harmonic of the undulator VUV beam with entrance/exit B4 65) i TOF Spectrometer
slits sizes in the range of 30—4Q0n. The resulting mono- ‘

e MCP
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hv=18.7220 eV 2

L 1 FIG. 2. PFI-PEPICO TOF spectra f@a) Ar*(2Py,) at
L Jk‘%—_ 15.7596 eV and @ (b*E;, v'=4, N"=1) at
. 1 18.7220 eV obtained using an effusive sample beam
b 1 and the differential-pulsed ion extraction scheme de-
r ] scribed in Sec. Il A. The second ion extraction pulse
[ ] was delayed by 1(s with respect to the first ion ex-
F n traction pulse. The upper and middle TOF spectra are
due to the first and second ion extraction pulses, respec-
i JL 1 tively. The true PFI-PEPICO TOF specti@ottom

F] spectra are the difference of the respective upper and
middle spectra.

PFI-PEPICO Counts (arb. anits)
PFI-PEPICO Counts (arb. anits)

23 24 25 26 27 12 15 18 21 24 27 30
TOF (us) TOF {us)

tion to find a generally applicable PFI-PEPICO scheme. ThéF| are also extracted toward the ion detector. These ions
different modes of PFI-PEPICO schemes differ mostly in thewhich are timed with the ion extraction are expected to give
method of ion extraction, i.e., the dc and pulsed electric fielcconsiderable false coincidences. A remedy is to use a double
applied to 11 and E1. The earlier experiments reveal factorgpulse scheme, whereby a second ion extraction pulse with
which are important to the success of later methods. Ashe same height and duration as the first pulse was applied at
shown by the performance of these PFI-PEPICO schemeso us after the first ion extraction. This second ion extraction
the ion extraction method described in Sec. Il C is the mospulse allows the generation of a background PFI-PEPICO
successful. TOF spectrum for false coincidence correction, which can
also be recorded in the same MCS scan by setting an appro-
] ) priate MCS interval. By taking the difference of the spectra

In this mode of operation, the repeller plates E1 and I1g,¢ tg the first and second ion extraction pulses, a true PFI-
were nominally held at ground potential. An electric field pepico TOF can thus be obtained. This differential pulsing
pulse (~1.5 Viem for PFl was applied to E1 for 40 ns .qncigence detection scheme has been employed in previous
duration every sync_hroFron ring penod. (frequencyTPEPlCO studies with good resufs2®
e o513 Ve SO 1 Figs @) ana 2 e P PEPICO TOF
dark gap. This is the same arrangement used for PFI-P +ectra obtained for A(°Py;) at 157596 eV and

: ,(b%Y, ,vF=4,N"=1) at 18.7220 eV respectively.

measurements as described by Jaetisl”™ Stray electric These spectra were recorded using an effusive beam for in-

fields from neighboring lenses push the prompt electrons cre- . : X
ated by direct photoionization and autoionization towards thetrOOIUCIrlg the gas sample into the PI/PEX region. The upper

electron detector leaving a window for collection of PFI-PEsand middle spectra of these figures are the PFI-PEPICO TOF

generated by the PFI. Using this scheme, the PFI-PE detesPectra resulted from the first and second ion extraction

tion was made with essentially no interference by promptpmses’ respectiyely. The bottom pIgﬁtbe true cqincidence
background electrons. The TOF for PFI-PEs from the Pl}spectraare obtained by the subtraction of the middle spectra

PEX center to the electron detector<$0 ns. from the corresponding top spectra. )
The PFI-PE signal pulse was used to trigger the applica- AS €xpected, the false coincidences for Az_rp3/2) were
tion of an ion extraction field pulse (height-15V, found to be relatively small because prompt ions cannot be
width=4 1) to I1. We estimate that the delay between thformed at the PFI threshold for A(*Py,). However, false
PFl-ion formation and ion extraction 300 ns. The use of ~coincidences for @ at 18.722 eV, which is well above the
a long ion extraction pulse is designed for efficient ion col-IE of O, prove problematic. The false coincidences due to
lection. The PFI-PE signal pulse was also used to trigger #1¢ overlap of the ion-extraction pulse and VUV bunch are
multichannel scaler(MCS, Stanford Research System, clearly discernible in Fig. @). The O, peak at 21.8us of
Model SR430 for recording the PFI-PEPICO TOF spectrum the middle spectrum of Fig.(8) results mostly from uncor-
at a preset temporal interval. We note that in all MCS mearelated PFI-Pls due to the application of the second pulse. As
surements described here, the MCS ignores other incominghown in the top and middle spectra of FigbR the uncor-
PFI-PEs during this preset MCS interval. related prompt ions extracted by the ion-extraction pulses
The main drawback of this technique is that since the iorgive rise to a 4us (the duration of the ion-extraction pu)se
extraction pulse has a significant overlap with the VUV light constant background lying in the range~£2.2-26.2us.
bunches, uncorrelated ions formed by photoionization and ~ Although a true PFI-PEPICO signal for,Gb “X ', v™*

A. Differential-pulsed ion extraction scheme
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F ] FIG. 3. PFI-PEPICO TOF spectra fta) Ar*(?Pg),) at
15.7596 eV andb) Ar*(?P,,,) at 15.9372 eV obtained
using a doubly skimmed supersonic beam and the co-
incidence scheme described in Sec. Il B. The intensities
in the ordinates of these spectra are normalized to re-
flect the relative PFI-PEPICO signals for AFfPs,)
and Arf(?Py,).
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=4) is observed in the bottom spectrum of Figb)2 the  space focusing conditioffsfor the dc fields, the observed
signal-to-noise(S/N) ratio is poor. The S/N ratios in the re- coincidence Af(Pz,) and Ar'(°P,;,) peaks are~60 ns
gion of ~22.2—26.2us of this bottom spectrum are also poor (FWHM). The periodic spike-like structures observed in
as a result of the subtraction. The first dissociation limitFigs. 3a) and 3b) are due to the false coincidences, which
0" (*S)+O(®P) from O, is known to lie at Q(b“z v™  have a period656 ng identical to that of the synchrotron
=4,N"=9).59-53The energy of 18.7220 eV Corresponds toradiation. These false coincidence spikes result from the ex-
the predominant production of ;@b 42 ,vi=4 N*<5b) traction of uncorrelated ions by the 1.3 V/cm electric pulse
and is expected to produce mostly @Jns A small popula- field intended for PFI.
tion of 02(b42 4,N=9) associated with the By gating the A" peak intensity observed in the PFI-
Sbranch is expected to yleld a finite*@oincidence signal. PEPICO TOF spectrum as a function of photon energy, we
Indeed, it is possible to see the presence ofidthe raw have generated the PFI-PEPICO bands fof (AP,) and
spectra. However, background subtraction negates the OAr*(?P,;,) (not shown here As expected, these PFI-
signal. This observation is consistent with the conclusion thaPEPICO bands are identical to the respective PFI-PE bands
the O" coincidence signal is too weak to be observed due thebserved for Af(?P5;,) and Arf(2P,,). Using monochro-
poorer S/N ratios associated with this subtraction scheme. mator entrance/exit slits at 100/100m, we observed a
PFI-PE and PFI-PEPICO resolution sfL. meV (FWHM).
B. Use of a high dc field for ion extraction and a low If a sufficiently high dc electric field can be used to
pulse field for PFI effectively extract ions from the PI/PEX region toward the
In this mode, a relatively high dc field is maintained ation detector, the use of a small pulsed electric field for PFI

the PI/PEX region for efficient ion extraction to the ion de- may not change the ion collection efficiency. This expecta-
tector. The PEI-PE TOE selection scheme was the same 4€n is consistent with the observation that the spike-like
described abovéSec. 11 A) except now that with the dc field false coincidence structures become blurred into a constant
maintained at the PI/PEX region, prompt background photobackground as the dc field is increased relative to the electric
electrons are also extracted continuously toward the electropulse field for PFI. Figure 4 depicts the PFI-PEPICO TOF
detector. The signal pulse corresponding to the detection of $pectrum for H observed at 15.522 eV corresponding to the
PFI-PE was used to trigger the MCS for recording the ion(N*=1, J"=1) transition associated with the; ki =0)
TOF spectrum. state. This spectrum was obtained using a dc field of 15
Figures 3a) and 3b) show the PFI-PEPICO TOF spec- V/cm and a pulse electric field of 1.5 V/cm. The periodic
tra for the Ar"(?P3,) and Arf(?P,,), respectively, obtained spike-like structures observed in FiggaBand 3b) are in-
using a dc field of 8.7 V/cm at the PI/PEX region, togetherdiscernible in Fig. 4.
with an electric field pulse of 1.3 V/icm (wid#40 ns) for We note that since PFI-PEs and PFI-Pls are only formed
PFI. The intensities in the ordinates of these spectra are noguring the application of the pulsed field, the PFI-Pls arriv-
malized to reflect the relative PFI-PEPICO signals foring at the ion detector should correlate with the pulsed elec-
Ar*(°P5,) and Ar"(Py,). The Ar gas sample was intro- tric field. When the conditions for obtaining a PFI-PEPICO
duced into the PI/PEX region in the form of a doubly TOF spectrum such as that of Fig. 4 is fulfilled, uncorrelated
skimmed supersonic beam produced using a triply differenprompt ions should arrive at the ion detector at a nearly
tial pumping arrangement. The accumulation times for theuniform rate as in a dc PEPICO experiment. Thus, the ion
PFI-PEPICO TOF spectra of Figs(a@ and 3b) were 1 and TOF spectrum triggered by the pulsed electric field should be
20 min, respectively. Operating the ion TOF spectrometer irequivalent to a PFI-PEPICO TOF spectrum. However, by
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oo states can autoionize, unlike those beneath th&(#R,)
peak, and are therefore far more susceptible to a field in-
— duced decay mechanisthThis is a major drawback of this

T mode of operation as excited states of other ions are expected
to suffer in the same way as the AFP,,,) state.

] One may overcome this lifetime problem by using a
o lower dc field. However, the ion collection efficiency would
suffer accordingly, especially in the cases where fragment
ions are formed with large kinetic energy releases. The ion-
extraction scheme described in Sec. Il C is aimed to solve
this dilemma.

- H," (v'=0,N'=1<J'=1)
1500

1000

500

PFI-PEPICO Counts (arb. units)

0 ] for PFIl and ion extraction

T R R The use of a low dc field is necessary for the preserva-
tion of highn Rydberg states converging to excited ionic
TOF (us) states, i.e., the PFI-PE signal intensity. Considering that the
momentum gained by an ion is proportional to the width and
FIG. 4. PFI-PEPICO TOF spectrum forHv " =0, N*=1—J"=1) ob- 5 mqjityde of the electric field pulse used, the solution to the
served at 15.522 eV using the coincidence scheme described in Sec. Il B, . .
ion-collection problem can be overcome by using a longer
ion extraction pulse. This represents a compromise of the
recording the ion TOF spectrum only after the PFI-PE detecexperimental scheme discussed above. We first tried this ion-
tion is expected to reduce false coincidences and thus, irextraction scheme in the two-bunch mode as the temporal
crease the S/N ratio of the TOF spectrum. interval (328 n3g between adjacent bunches is far wider than
Another advantage of performing PFI-PEPICO using athe dark gap in the multibunch mode, thus allowing the use
high dc field is that it should be possible to extract kineticof a wider ion-extraction pulse with no overlap of the fol-
energy releaséKER) information from the TOF peak shape lowing VUV light bunch.
of fragment iong?2* As long as the condition for space fo- In all the two-bunch experiments performed here, a dc
cusing is fulfilled® the analysis of the TOF peak shape field of 0—2 V/cm was maintained at the PI/PEX region. A
should resemble that of KER measurements using a conve-95 V/cm field pulse (duration160 ns) was applied to the
tional TPEPICO method. PI/PEX region with a delay o&100 ns with respect to each
However, a high dc field generally has the effect of sig-VUV light bunch. In addition to field ionizing higin- Ryd-
nificantly reducing the PFI-Ptor PFI-PEPICQ signal of an  berg states created by VUV excitation, the pulsed field also
excited ionic state. The low intensity for A¢?P,,,) as com- has the function of extracting the PFI ion toward the ion
pared to that for Af(?Ps,) is clearly shown in the PFI- detector. As a result of this relatively high and wide PFl/ion-
PEPICO spectra depicted in FiggaBand 3b). The ratio for  extraction pulse, we find the ion extraction to be very effi-
the PFI-PEPICO intensities for A(’P,,) to that for cient. By comparing the coincidence rate with the PFI-PE
Ar*(?P,,) is ~0.0025, which is nearly 200 fold lower than and ion detection rates, we estimate collection efficiencies
the expected value. The most likely reason for this is that théor PFI-PE and PFI-PI to be 7.3% and 19.3%, respectively,
high dc field reduces the lifetime of the highRydberg at the PFI-PE AF(?Pg,) peak when a zero V dc field was
states converging to the excited AfP,,,) states. These maintained at the PI/PEX region.

T
WJ wv—«wwwwm C. Use of a low dc field along with a long pulse field
[

|
0 2

TABLE I. Effect of dc electric field on the PFI-PE intensities for the'f&P,,,) and Ar"(2P,,,) bands observed
using two-bunch and multibunch synchrotron radiation at the ALS.

Two-bunch Multibunch

PFI-PE intensity PFI-PE intensity
dc field
(V/cm) Art(?Pyp) Art(?Py) Ratio Art(?Pyp) Art(3Pyy) Ratio
0.000 0.806 0.124 0.154 1.050 0.714 0.680
0.210 1.010 0.596 0.590
0.870 1.000 0.294 0.294 1.000 0.230 0.230
1.304 0.950 0.209 0.220
1.739 0.896 0.411 0.459 0.870 0.130 0.149
2.609 0.788 0.028 0.035
3.478 0.736 0.010 0.014
5.217 0.637 0.004 0.007
6.261 0.527 0.003 0.007
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It was discovered that a small dc field enhances the T T 7
PFI-PE signal level of the spin-orbit excited XFP,,) o
states. Table | shows the relative PFI-PE intensities for | @ 1
Art(?P,,) and Ar'(?P,,) observed at different dc fields, wer
while keeping the same ion extraction pulse field
(height=6.95V/cm, width=160ns). The PFI-PE intensity
for Art(?Pg,) changes very little, whereas the AFP;,)
PFI-PE intensity varies dramatically. The optimum voltage
for these two-bunch experiments was found to be at 1.74
V/cm. This enhancement is most likely caused by lifetime
lengthening of highh Rydberg states converging to the
Art(2P,,) ionization limit due to the Stark field and ion
inducedl andm, mixing, wherel is the angular momentum
guantum number andm, is the magnetic quantum

©)

SSCl+

ounts (arb. units)

&}

PFI-PEPICO

Raw data
number®®~%7 At larger| orbitals, the electron no longer pen- @
etrates the ion core and these states become very long lived
A low electric field is known to promote the decay of very . ‘
high-n Rydberg states by field ionization, but at the same 2 2 ' 23
time has a lifetime lengthening effect for relatively low- TOF (us)

Rydberg states bl mixing.8>¢’
y Wh? t'y 'thg ltib h h diati FIG. 5. () Raw PFI-PEPICO TOF spectrum for Cfrom HCI at 17.4000
ile operating with multibunch synchrotron radiation, eV [HCI*(v*=7)]. (b) Background subtracted PFI-PEPICO spectrum for

a different situation arises whereby dc field®.2 V/cm are ¢+ from HCI at 17.4000 eM[HCI*(v* =7)]. (c) Background subtracted
found to give the highest PFI-PE signal level for+A?P1,2) PFI-PEPICO TOF spectrum for Cland HCI" from HCI at 17.1249 eV
(see Table)l The difference may be caused by the fact thatg(')"r%:f"a;z ‘;)(]:- . (fcrlzmlz{ﬁ(k:??tufg9S7ulbztr:\c[t|i(g:|'f':|_+PE5PI]COThTeSg ssiecct:;“m
in the two-bunch mo_de{ a Slgnlflcant!y higher ion density 'Swere recorded in the two-buncrII mode using (a\llHCI )Stjpersonic pmolecular
formed. EaCh bUnCh IS f|”ed to a maximum current of 25 mAbeam and the coincidence scheme described in Sec. Il C.
in the two-bunch mode, as compared to that of 1.5 mA in the
multibunch operation. Thus, the ion density produced in the
two-bunch mode is=17-fold higher than that resulted in the existence of this transverse or noncylindrical electric
multibunch operation. An inhomogeneous electric fieldfield.®>”
arisen from photoions thus produced adjacent to midRy- In the multibunch experiments described under this sec-
dberg species has been ascribed to indacenixing, creat-  tion, a dark gap of 144 ns was available in an ALS synchro-
ing longer lived higha Rydberg state® Without this higher  tron period. A dc field of 0.20 V/cm was applied across the
ion number density in the multibunch mod®, mixing is  PI/PEX region. The application of a PFl-extraction electric
expected to be more subdued. However, this scenario seerfisld pulse (height6.96 V/cm, width=200 ns) was delayed
unlikely as ion count rates indicate no more than one ion peby ~10 ns with respect to the beginning of the 144 ns dark
electron bunch was present in the interaction region at angap. The employment of a lower dc field makes it necessary
one time. to use a pulse with a longer durati¢200 ng than the dark

A second possibility is that the electric field may pro- gap. The overlap of 134 ns between the pulsed field and the
mote | mixing and its prolonged use may also reduce thedark gap should not produce any prompt electron and ion
lifetime of Rydberg species formed from photoexcitation. Inbackgrounds. Of course, by overlapping the pulsed field with
other words,| mixing may occur in the picosecond time the light bunches, the pulsed field will field ionize the first
frame, which is then followed by a decay mechanism thaset of light bunches of 66 ns measured with respect to the
takes place on a nanosecond time frame. In the two-buncénd of the dark gap. Any Rydberg states formed in this over-
case, PFI takes place at most 100 ns after excitation. In thap region of 66 ns should be depleted by PFI. However,
multibunch case, those excited Rydberg states formed in theackground prompt ions and PFI-PEs produced within this
first part of the multibunch cycle are not field ionized until period may not be efficiently extracted because the momen-
400 ns later. If these states are then detrimentally affected biym gained by an ion in such a pulsed field fa66 ns is
the dc field, even after mixing, then the overall effect in totalinadequate for its transmission to the ion detector. An over-
signal in the multibunch case may be a decrease. We founldp of <66 ns was found to have little effect on the multi-
that the dc electric fields employed in the two-bunch andounch PFI-PE measurement. The field that all ions see is
multibunch modes have similar effects on PFI-PE intensitiepseudo-continuous with the consequence that false coinci-
of other atoms and molecules compared to that for thelences arrive at the ion detector with a time structure that
Ar*(2P,,) PFI-PI peak. depends on the ring period, or rather the electric pulse field

A further point of note is that a small transverse dc fieldfrequency. True coincidences measured relative to the ob-
(=0.5 V/cm) was also found to be advantageous to the signaserved PFI-PEs arrive at a fixed time on top of this structured
levels as observed in the PFI-PE intensity for'&P,,,), background.
which increases by about 10% with the transverse field on.  Figure 5a) depicts the PFI-PEPICO TOF spectrum for
This again is most likely induced by, mixing due to the CI* formed from HCI at 17.400 eV, corresponding to the

Downloaded 30 Aug 2005 to 129.100.91.98. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 Photoelectron-photoion coincidence spectroscopy 3899

LI L L He™(°Sy,), Ne'(?P3,), and Arf(?Py,) obtained at the
pge* ] multibunch operation using the molecular be@mper spec-

1 tra) and effusive beanflower spectraarrangements, respec-

Af tively. We note that TOF peaks due to both tiee’ (2P5,)

and ??Ne*(?P5,) isotopes are observed in Fig. 6. The nar-

J rower TOF peaks for HE?S;,), Ne"(?P3,), and

Ar* (%P, are due to the low translational temperat(#20

K) in the direction the ion TOF axi@r perpendicular to the

- 7 molecular beamachieved in the molecular beam production

i arrangement. The significantly greater TOF peak widths ob-

R ] served in the effusive beam experiment is consistent with the

| ] higher translational temperatu(298 K). In addition to giv-

A ___,‘Lh__ »JL»«—* ing rise a periodic background structure, the pulsed ion-

" i extraction field also affects the TOF peak shape of the coin-

1 cident ions. This is particularly apparent for the broad

] ] Ar* (2P, ion peak observed using the thermal samées

L i Fig. 6). The simulation of the molecular beam PFI-PEPICO

- A . TOF peaks for the rare gas ions shown in Fig. 6 reveals the

¥ B N contribution of ~15% thermal background, resulting from

i 1 photoionization of random background gases in the PI/PEX

] region. This background depends on the photoionization

5 10 15 20 25 chamber pressure, which was in the low ¥Torr range

TOF (us) during the experiment. Considering that the estimated num-

ber density of the supersonic beam at the PI/PEX center is in

FIG. 6. PFI-PEPICO TOF spectra for HES,;), Ne'(*Py), and  the 1074 range, the finding of a 15% thermal background is
Ar*(?Py,) obtained at the multibunch operation using the molecular bearnthus reasonable

(upper spectra, sharp pealemnd effusive bearflower spectra, broad pegks . . .
arrangements. The spectra were recorded by employing the coincidence AS €Xpected, the pulsed ion extraction has little effect on

scheme described in Sec. Il C and were background subtracted. The simthe relative TOF of ions arriving at the detector. A plobt
Ia_tion_ of the sharp molecular beam PFI-PEPICO TOF peaks reveals a corshown her&a of the TOF of rare gas ions versus the square
tribution of =15% thermal background. root of the mass for He Ne', Kr*, Ar*, and X&' reveals
a linear relationship as is normally observed for a static field

initial formation of HCI"(X, v =7), which is just above the extraction. We also found that the ion collection efficiency
dissociation threshold for CI°® This spectrum was recorded decreases as the ion mass is increased. This can be easily
while operating in the two-bunch mode with wide mono- understood by the fact that for the same momentum gained
chromator entrance/exit slits of 400/4@@n. Due to the high by ions in a pulsed extraction arrangement, the heavier ion
signal level, the false coincidences are high and have a timgains a lower velocity component toward the ion detector
structure with a period identical to that of the synchrotronand thus has a lower ion transmission factor. The relative
ring. Minimizing the signal level by narrowing the slits or by MCP detection efficiencies for ions with different masses
reducing the molecular beam pressure greatly reduces thgay also play a role. The ion collection efficiencies are also
periodic false coincidence background. However, even withfound to be poorer for the effusive than for the molecular
out doing this, the oscillatory background can be easily subbeam samples. In an effusive beam experiment, the interac-
tracted. By averaging over the first and latter part of thetion volume for the VUV beam and gas beam is significantly
scans to form a background for each 656 ns block of the scakrger than that in the molecular beam arrangement, resulting
and by duplicating the averaged sections together, a fulln a higher signal for PFI-PE and ion detection. However, the
background spectrum was obtained. The subtraction of thin transmission factor is expected to be very poor for ions
background spectrum from the spectrum of Fi(p)ields  formed at a large distance from the ion TOF axis.
the true PFI-PEPICO spectrum shown in Fi¢o)5which is
relative free from the oscillatory false coincidence back-
ground and reveals th&CI* and®'CI* fragment ion peaks.
The background subtracted PFI-PEPICO spectra for*HCI Since the PFI and ion-extraction scheme described in
from HCI at energie$17.1249 and 16.9712 g\¢orrespond-  Sec. Il C is the most successful, the experimental results pre-
ing to the formation of HCI(X, v* =5 and 6) are also plot- sented below are obtained using such a scheme. As indicated
ted in Figs. %c) and 3d), respectively. In these spectra, the above, we first learned about the important experimental
parent H°CI™ and H¥'CI* ion peaks are discernible. Re- conditions of PFI-PEPICO measurements in the two-bunch
cently, the state selective predissociation spectra oéxperiments. The multibunch measurements provide a higher
HCI"(X?3*,v'=6,7,8) have been reported by Pennosignal level, but the experimental conditions are more restric-
et al® The current date confirm that the"=6 state lies tive. Using Q and CH, as the molecular samples, the results
below the thermochemical limit for Clformation. presented below illustrate the performance of this PFI-

Figure 6 compares the PFI-PEPICO TOF spectra foPEPICO method in the internal state or energy selection of

He'

PFI-PEPICO counts (arb. units)

Ill. RESULTS
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L I L R I R signal than they should do at energies approaching threshold.
Well below threshold, only a small portion of the ¢Hbeak
(=15%) is seen to originate from the thermal Cfsee Fig.

B - 7(a)], but at 14.318 eV, the broad GHpart accounts for

close to 50% of the total signal.

In the present PFI-PEPICO study of ¢Hrom CH,, the
formation of CH and CH; near the dissociation threshold
can proceed by two mechanisms.

CH,+hv—CH;(n)—»CH "+e —CH;+H+e~ (1)

G

»

®) and

PFI-PEPICO counts (arb. units)

CH;+hv—CHj;(n)—CH;(n")+H—CH: +e™ +H,
i)

where the CHE(n)[CH3(n’)] is the neutral excited
N S o - CH,[CHs] in a highn [highn’] Rydberg state. According to
mechanisn(1), CH;(n) prepared in VUV photoexcitation is
first field ionized to produce internally excited ¢H prior to
dissociation forming CEl+H. Here, CH " represents the
FIG. 7. Background subtracted PFI-PEPICO TOF spectra fof @t CH  ionization limit or the ion core of CE(n). In mechanism
from CH, at (a) 14.118 eV,(b) 14.304 eV, andc) 14.318 eV, respectively, (2), CHj(n) first undergoes prompt dissociation to form
obtained using a _supersonically cooled Cbkeam and the coincidence CH§(n’)+ H. The subsequent PFI of Cglfh') results in the
scheme described in Sec. Il C. formation of CI—§+e‘.

The recent lifetime measurements fof (@) converging
ions, breakdown diagram determination, and KER measurdo dissociative @ states">*>>**provide strong support for
ment. Some important considerations concerning Rydbergiechanism2) as the major process for GHormed in the
state lifetime effects on PFI-PEPICO measurements oPFI of CH;(n). The higher than expected PFI-PEPICO in-
breakdown diagram for state- or energy-selected unimolecuensity for CH from thermal CH observed below the dis-
lar dissociation processes are also discussed. sociation threshold can be accounted for by a longer lifetime
for CH3(n’) than that for CEJ(n). As the CH(n’) channel
becomes available, a greater PFI-PE efficiency is thus ex-

We have obtained detailed PFI-PEPICO TOF spectra fopected. The latter expectation was confirmed in the PFI-PE
CH; from CH, near the dissociation threshold. The bulk of measurement of CHP® Since the(15%) thermal sample has
the data for CH including important thermochemistry will a large distribution of energies, as the dissociation threshold
be presented in a later publication. However, some of thés approached, the formation of GHrom CH;(n’) will be
data are presented here to illustrate factors that need to iavored for the thermal CiHsample over CHl from the su-
considered when performing PFI-PEPICO experiments, egaersonically cooled Clisample.
pecially in the measurement of accurate ion dissociation Due to the magnification of the GHntensity from ther-
thresholds. mal CH,, the breakdown diagram will reveal a lower cross

A most serious difficulty in the determination of ion dis- over point if CH; ions from both thermal and cold GHare
sociation thresholds involving a polyatomic parent species isncluded in the data analysis. One important conclusion from
the hot band effect.Thermal populations of the parent mol- this analysis is that we can significantly reduce this effect by
ecules can lead to ion dissociation at energies well below theonstructing the breakdown diagram using only the intensity
0 K thermochemical onset. Even when a cold supersoniof CH; from the cooled molecular beam Gldample. Al-
beam is used, the thermal contribution due to backgrounthough any molecular beam will have a thermal contribution
molecules in the photoionization chamber can give rise tdrom background molecules in the photoionization chamber,
ambiguity in the determination of the true ion dissociationthe CH; TOF peaks resulting from the thermal and molecu-
threshold. We show in Figs(&-7(c) the PFI-PEPICO TOF lar beam parts of the sample have different widthse Fig.
spectra for CH and CH, from CH, at 14.118, 14.304, and 7(c)] and can be easily distinguished. By analyzing the nar-
14.318 eV, respectively, obtained using a MCS channefow part of the spectrum to obtain the “cold” breakdown
width of 5 ns. The dissociation threshold is known to occurcurve, we have obtained a highly accurate value for thg CH
at 14.323 eV at 0 K.Figure 7b) reveals a narrow TOF peak dissociation thresholtf Although the lifetime effect may
for CH, and a broad TOF peak for GH The narrow CH still play a role in the cold molecular beam sample, the effect
peak indicates that the C{Hions are formed predominantly should only occur over a narrower energy range.
from photoionization of the supersonically cooled £H It was also found that the magnitude of the dc field ap-
sample, whereas the broad CHpeak is produced exclu- plied in the PFI-PEPICO experiment has an effect on the
sively by the dissociative PFI of therm@98 K) CH, in the  breakdown diagram determination. Figure&8and 8b)
photoionization chamber. Interestingly, the broad peaks seeshow the PFI-PEPICO TOF recorded at dc fields of 1.32 and
in the TOF spectra seem to account for far more of the totaD VV/cm, respectively, for Cilat 14.309 eV. All experimental

12.0 12,5 13.0 135 14.0 145 150 155 16.0
TOF (us)

A. PFI-PEPICO study of CH 4,

Downloaded 30 Aug 2005 to 129.100.91.98. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 Photoelectron-photoion coincidence spectroscopy 3901
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FIG. 8. Background corrected PFI-PEPICO TOF spectra recordeé) at
1.32 and(b) 0 V/cm for CH, at 14.309 eV obtained using a supersonically
cooled CH beam and the coincidence scheme described in Sec. Il C.

FIG. 9. Background subtracted PFI-PEPICO TOF spectra fora@d G
from O, at 18.7193-18.7227 eV obtained using an effusiyd€am and the
coincidence scheme described in Sec. Il C.

conditions except the dc field were kept constant. These

spectra were recorded with an optical resolution of roughly 4ation for N"=9. Since the thermal Osample promotes the
meV (FWHM). The small change in energy due to the starkpopulations ofN"=9, which are responsible for the ob-
shift should have little consequence on the spectrum reserved O fragment ions in the PFI-PEPICO measurements,
corded. However, as can be seen, the relative intensities ®fe have examined in detail the branching ratios fdr &hd

the CH} and CH; peaks change dramatically. It seems that O, from O, in a multibunch PFI-PEPICO TOF experiment
mixing caused by the dc electric field plays a role in length-using an effusive @sample. We have obtained PFI-PEPICO
ening the lifetime of CE(n) compared to CE(n’). This  TOF spectra in the energy region of 18.7129-18.7253 eV at
dramatic dc Stark field effect observed on the PFI-PE intenan energy increment of 0.5 meV. Selected TOF spectra mea-
sities of Cl—g and c:|—!1+ indicates that the patterns of low- sured at photon energies of 18.7193-18.7227 eV are de-
Rydberg states for Ci-and CH, near the dissociation thresh- picted in Fig. 9. The resulting breakdown diagram can be
old are different, resulting in different dc field dependenciesseen in Fig. 1), where the solid circles represent the
for the PFI-PE intensities for CHand CH;. This effect branching ratios of O and the solid squares are those for
should be general for most molecules and may give rise t6; . At a given photon energy in the breakdown diagram, the
irregular structure of the experimental breakdown diagransum of the branching ratios for Oand G is normalized
based on PFI-PEPICO TOF measurements. to 100.

These findings indicate that for a PFI-PEPICO study of a  In order to simulate of the breakdown diagram, it is nec-
polyatomic molecule, where individual vibrational and rota-essary to find the rotational population og(b“E; vt
tional states are not identifiable, the use of a sample contair=4). For this reason, we have recorded the PFI-PE band for
ing a large thermal fraction may lead to a breakdown dia-O; (b*S, , v =4) [open circles shown in Fig. 16)] em-
gram with finite irregularities in the branching ratio profiles. ploying monochromator entrance/exit slits of 30/30, to-

The analysis and interpretation of such branching ratio datgether with the simulation based on the Buckingham—Orr—
for the determination fo0 K ion dissociation thresholds in- Sichel (BOS) model. The marking of theAN=N"—-N"
volving polyatomic molecules will be discussed in fore com-=—2, 0, and+2 (or O, Q, and S, respectively rotational

ing publication$® "0 branches are also shown in Fig.(t0 HereN™ andN" are

the rotational quantum numbers fop @nd Q, respectively.

We note that the numbers given in Fig.(iDareN” values.
The BOS simulation of this spectrum was made using the
We have performed PFI-PEPICO TOF measurement&nown rotational constants for 20(329_ ,v’=0) and

using both two-bunch and multibunch synchrotron radlatlonpz(b“E =4), the IE value for the formation of
obtalnlng the breakdown diagram for'@s)+O(®P) from O, (b“E ,vT=4), and BOS coefficients3,,C,) were set
O;(b*Xy, v =4,N"). The dissociation threshold is at(0.3, 0. ‘J as determined previously by Hs al>® Similar
known to occur just below Qb“E vi=4,N"=9).548"  to the previous study, the initial BOS fit was relatively poor
The two-bunch mode measurements were made usingthe @ the region of 18.717-18.722 eV. An excellent[fblid
molecular beam sample, achieving a rotational temperaturkne shown in Fig. 108)] to the experimental PFI-PE spec-
of =10 K, which is too low to promote a significant popu- trum was only observed after scaling the BOS line strengths

B. PFI-PEPICO study of O ,
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] =4,N") prepared by the PFI of high-O, Rydberg states
] [O5(n)] as indicated in proced8), we may not expect in-
] tensity enhancements for rotational leveN*&=9) disre-
E garding any local perturbations due to lowRydberg states.
] O,+hr—05(n)—0;(b*S, ,vi=4,N"=9)+e”

—~0"(*9)+0(3P) +e . )

Branching Ratio (%)

7 Our previous lifetime measurements fok @) converging
to dissociative®®"**%0] (b S, , B?3 , andc *X,) states
provide strong evidence indicating that prompt dissociation

100 F

[ (b) IS 1 of O3(n) occurs to form O (n’)+O prior to PFI, where
sob | I R R B Q1 9 ] O*(n') represents an excited O atom in a highRydberg
r T 1 3| T T s ] level. That is, the formation PFI-PEs are most likely resulted

from PFI of O°(n’). In this case, the §Qn’) state con-
verges to the O(*S) limit and the sequential steps for the
PFI-PE formation is shown in proce&s).

[223
o
T

0,+hv—0%(n)—0*(n")+O(°P)

[
(=
T

/
N

PFI-PE counts (arb, units)
IS
=)
T

—0%(*S)+e” +0(3P). (4)

X 8¢ /'\\ N\
o~/ N/

T A' ] If the lifetimes for O (n’) species formed above the disso-
18.71 18.72 ciation threshold " =9) are longer than those for5Qn)
ho (V) below the dissociation thresholdN&7), an increase in the

PFI-PE intensity aN"=9 should be observed. A relative
FIG. 13-("") Breakdown dfiagram for the forma“"l:‘ Oﬁ?dds)*?(gp) from increase in rotational line strength fott =9 levels lying
O, in the energy range of 18.705-18.730 eV. The solid circles represent t . - . .
branching ratios of O and the solid squares are those fof.G\t a given g‘b,ou,t the dlSSF)CI&ttIOﬂ limit C.an therefore be explamed by
photon energy, the sum of the branching ratios fdradd q is normalized  this lifetime switching mechanism. We note that for the best
to 100.(b) PFI-PE spectruntopen circlesfor O; (b*S;, v*=4) inthe fit, the levels resulting iNN* =7 had to be decreased. This
energy range of 18.705-18.730 eV. The S|mulat|0n based on the BO$nay indicate that the lifetimes ofﬂ)n) species converging
model is shown in solid linésee the tejt The marking of theAN=—2, 0, to NT=7 are shortened due to perturbatlon of IovRyd-

and+2 (or O, Q, andS respectively rotational branches are also shown in . . [ .
(b). The numbers given itb) areN” values. The dashed line @) shows berg states. We believe that the dissociation mechanism

the population of @ (b*S, , v =4,N"<9) estimated based on the BOS shown in processe®) and(4) are valid for higha Rydberg
simulation. states converging to a dissociative ion core with a lifetime

much shorter than the experimental time scale-6f02—-0.6
resulting inN*=7, 9, 11, 13, and 15 by 0.34, 1.50, 1.36, us. The dissociative lifetimes for Jgb 425,v*>4) have
1.21, and 1.41, respectively. The necessity to scale up theeen measured to be4 ns.
transitions forN*=9 by a factor of 1.2—1.5 is consistent Once a good fit to the experimental PFI-PE is obtained,
with the conclusion that the rotational line strengths for thewe were able to estimate the population fd <9. This
formation ofN*=9 in the Q(b“zg ,v =4) PFI-PE band population is shown in Fig. 18) by the dashed curve, re-
are enhanced. No such enhancements are found in theealing that the PFI-PE peak at 18.7220 eV corresponds pre-
Oz(b“E ,vT<4 and>5) PFI-PE bands. In the previous dominantly to the formation of gb“E =4, N+
PFI-PE study of Hstet al,>® the rotational intensity distri- <9). If we assume that the population of;cm“z
bution observed in the ﬂb“E ,v'=5) PFI-PE band is =4,N"=9) led to prompt dissociation, the populatlon for
also different from other PFI- PE bands. For this reason, Hs@z(b42 ,vT=4,N"<09) represents the intensity of ,O
et al. have mterpreted the line strength enhancements foobserved in the PFI-PEPICO TOF spectrum. The calculated
Oz(b“E =4,N"=9) as due to the crossing by the branching ratios for ® and G are shown as the solid and
“Eg potentlal curve in between the ;@b 429 vt dashed curves, respectively, in Fig.(B0 We have also cal-
=4 and5) level§*®" The latter repulsive state is believed culated the breakdown diagrams assuming that the dissocia-
to be responsible for the predissociation oj(c‘*zg v tion thresholds for O are atN*=7 and 11. The comparison
=4). between the calculated and experimental breakdown curves
Two crossover points were observed in this breakdowrfor the assumed thresholds it =7 and 11 are shown in
diagram because the population@{N*>7) occurs on the Figs. 11a) and 11b), respectively. The respective popula-
low energy side and that cS(N*>7) lies on the high en- tions for Q;(b*S, , v =4,N"<7) and Q(b*3
ergy side of the (Q(b“E =4) band. The crossover =4, N+<11) along with  the PFI-PE band for
point at 18.7207 eV Iocates betvve@r(N+ 7and9). The Oz(b"'E ,v'=4) are depicted in Figs. 149 and 1Ibb)
other crossover point at 18.7234 eV results from the populaAs pomted out above, the population 0f2@)42
tion of N*(>7) level via theS-branch. =4,N"<7) [0;(b*Yy, v =4,N"<11)] represents the
If O*(*S) is formed by excited Q(b*S,,v" intensity of G for the assumed threshold of* — 7(N*
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3 FIG. 11. Comparison between experimental breakdown
] diagram for the formation of &(*S)+ O(P) from O,
] and that based on the assumed thresholt&"at 7 and
11 are shown in(@ and (b), respectively. The solid
circles represent the branching ratios of @nd the
solid squares are those arg QAt a given photon en-
100 £ ] ergy, the sum of the branching ratios fof @nd G is

N ] normalized to 100. The estimated populatigdashed
curves for O; (b*E,, v'=4, N*<7) and
0; (b*Sy, vF=4, N*<11) obtained based on the
BOS simulation, along with the PFI-PE baridpen
circles for 05 (b 42; , vi=4), are depicted ir(aa
and(bb), respectively. The marking of theN=—2, 0,
and +2 (or O, Q and S respectively rotational
branches are also shown (aa and(bb). The numbers
given in(ag and(bb) areN” values.

Branching Ratio (%)

PFI-PE counts (arb. units)

=11). The simulation based on the assurhgd=11 thresh-  highest intensity peak positions of the"=5-7 PFI-PE

old produces a poor fit in the region 18.718-18.721 eVbands. These spectra were measured using a supersonically
while that for theN™ =7 threshold yields a poor fit in the cooled Q sample and the two-bunch synchrotron radiation at
region 18.712—-18.716 eV. The assumed thresholdN6f the ALS.

=9 results in the best overall fiFig. 10b)]. Since the op- Although the S/N ratios of these spectra are relatively
tical resolution used in the branching ratio determination ofpoor, they reveal a nearly symmetric doublet structure. As-
Fig. 10@) is different from that used in the PFI-PE measure-

ment of Fig. 1Qb), finite discrepancies between the simu- ‘ ‘ 1 : ‘ .
lated and measured branching ratios as shown in Fig) 10 I
are to be expected. The discrepancies can be attributed to the
uncertainty of the determination of rotational population of
O, using the BOS model. In addition to correctly predict the
crossover points, th™ =9 simulation also predicts the ex-
perimental observation that complete dissociation §fa-

curs at energies-18.7253 and<18.7129 eV. Thus, the re-
sults of the present PFI-PEPICO study of 8upport the
previous conclusidf~®’ that the dissociation threshold for
O'(*S)+0(°P) lies at G (b*E,,v"=4,N"=9). This
finding, together with the observation of the rotational inten-
sity enhancement at*=9 can be taken as strong support
for the G5 (n)/O* (n’) lifetime switching effect at the disso-
ciation threshold.

An important aspect of a PEPICO experiment is the abil-
ity to determine the fragment KER of a prompt dissociation
reaction'?2* Assuming that the mechanism for the" Gor-
mation proceeds by proce&$, some information about the
KER for the actual ion dissociation process may be lost be-
cause the formation of Ois mediated by the initial produc- FIG. 12. Background subtracted PFI-PEPICO TOF spectra fook@ained
tion of O*(n’). If the delay of PFI with respect to the for- at energies 18.7171, 18.8?01:, 18;9717, and 19.0900 eV, .corresponding to
mation of O (1) ffom OS(n)is short, the KER information "¢ PFEFE banas or (0 % v .55 s % respectuel Tese
may still be obtained with accuracy. In order to demonstrateng the two-bunch synchrotron radiation. The simulated TOF spésitia
this capability, we have measured the PFI-PEPICO TOHine) were obtained using an effective electric field of 4.5 Vicm. Ap O
spectra for O at energies 18.7171, 18.8501, 18.9717, andemperature of=10 K was assumed in the simulation of the spectra

- . . measured at 18.8501, 18.9717, and 19.0900 eV. The simulated (sotice
19.0900 eV as shown in Figs. #-12d), corresponding to line) at 18.7171 eV is obtained assuming ap t®mperature of~100 K,

4y - -
the P_Fl'PE bands for b 2g ,.V+ =4,5,6,and7), re- _indicating a higher contribution Ofrom thermal Q in the photoionization
spectively. The latter three energies are set at the respecti¢gamber.

PFI-PEPICO Counts (arb. units)

TOF (us)
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suming a single kinetic energy relead€ER) and an isotro- S L
pic distribution, we expect to observe a rectangular TOF dis-
tribution in a static field experiment, whose full widtt is
predicted by the equaticdt;’*

[BMEc m.

Here, E. , is the center-of-mass kinetic energy of the ion
with a masgm), F is the electric field at the PI/PEX region,
andq is the elementary charge. Thg value of these TOF !
peaks simply corresponds to the turn around time of the most 100
energetic O ion moving away from the TOF ion detector. In [
the dissociation reaction of{dinto O™ +0, the entire excess
energy must be released into the kinetic energy of the frag- C
ments, suggesting a single KER value disregarding the spin- 0 100
orbit splitting of OP). The concave peak profile observed
is indicative of the discrimination in the collection efficiency
of energetic ions produced with velocity components perpenFIG. 13. Known KER for the dissociation of b *3, v*'=4-7) plot-
dicular to the ion TOF axis. That value is found to in- ted vs the simulated KER. Due to the difficulty in assessing the thermal
P . . . background contribution, an uncertainty of 39 métie average transla-
crease ay " is varied from 5 to 7, consistent with the ex- tional energy for thermal ©molecule$ is assigned for the simulated KER
pected increase in KER. The KER of the dissociation procesgalues.
can be obtained from the measur&t value provided that

Since the ion-extraction field pulse is only on fer160 NS ey (the average translational energy for thermal rol-
and the O ions remain in the PI/PEX region at the end of ecules for the simulated KER values.

the field pulse, it is difficult to estimate the effective field at
th_e PI/EI_EX region. Thls is especially _the_ case when Con.S'de. FURTHER ADVANCES
ering finite imperfections, such as ringing, of the applied
electric field pulse for ion extraction. A major disadvantage of the PFI-PEPICO scheme de-
We have satisfactorily simulated the TOF distributionsscribed in Sec. Il C is that the use of a relatively high pulsed
observed in Figs. 13)—12(d) using an effective electric field electric field limits the achievable PFI-PE or PFI-PEPICO
of 4.5 V/cm. The simulated specti@olid lineg of Figs.  resolution to~1.0 meV. One way of improving this is to use
12(b)—12(d) are obtained by assuming an @mperature of a shaped pulse, which consists of a low figid1l V/cm,
~10 K. The simulated curvésolid line) of Fig. 12a) is  duration ~20-40 n$ for PFl immediately followed by a
obtained assuming an,@emperature of=100 K, indicating higher field pulsg>7 V/cm, duration~150 n$ for ion ex-
a higher contribution of O from thermal Q in the photo- traction. We note that since the ion-extraction pulse has a
ionization chamber. As pointed out above, the thermal Ofinite overlap with VUV light bunches, PFI-PEs will also be
background is estimated to bel5%. The higher thermal O generated. However, PFI-PEs produced by the low and high
contribution associated with the Qb 42§ ,v'=4) spec- pulses should arrive in two time windows. By collecting only
trum can be accounted for by the fact that at 18.7171 eV th®FI-PEs from the low field pulse, the resolution is expected
thermal PFI-PE spectrum dominates. The higher thermal be higher than that obtained in the scheme of Sec. IIC,
contribution is also due partly to the lifetime switching ef- wher a 7 V/icm height pulsed field is used for PFI. In this
fect, i.e., the enhancement of line strengths for rotationathaped pulse scheme, an important experimental consider-
levels N*=9 as manifested in the PFI-PE band for ation is that the PFI-PEs formed by PFI due to the low field
Oz+(b429’ ,vT=4). The dissociation arising from thermal pulse must exit the PI/PEX region prior to the employment
O, molecules will lead to a distribution of kinetic energies of the high field pulse. As the PFI-PEs exit the PI/PEX re-
for O". In this case, the TOF distribution can be obtained agjion and enter the electron TOF spectrometer, they are
the sum of many rectangular basis functions with appropriatshielded from the high field pulse by the grid located at the
weighting determined by the transformation from the energyaperture of lens Elsee Fig. 1 As a result, the TOF of the
to the TOF domain. The simulated TOF spectra fof O PFI-PEs formed by the low field pulse is not disturbed by the
from O{(b“Eg_ , v =4-7) shown in Figs. 12)-12(d) are  high field pulse for ion extraction.
in reasonably good agreement with the PFI-PEPICO TOF We have just fabricated the necessary pulser and elec-
spectra. tronics for this shaped pulse scheme. The advantage of this
The known KERs for the dissociation of scheme in yielding higher PFI-PEPICO resolution is shown
O;(b*%, v =4-7) are plotted versus the simulated Fig. 14, where the PFI-PEopen circley and PFI-PEPICO
KERs in Fig. 13. The simulated and experimental KERs argsolid circleg bands for A?(2P3,2,1,?) are compared. These
in good accord. Due to the difficulty in assessing the thermaspectra were obtained using a 0.5 V/cm low field pulse
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