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Photoionization of the iodine atom following methyl iodide A-band photodissociation was studied over the
wavelength range of 245:261.6 nm by photoelectron imaging technique. Final state-specific speed and
angular distributions of the photoelectron were recorded. Two types of the photoelectron resulted from ionizing
the | atom from the photodissociation of GHvere identified: (a) (2+ 1) REMPI of the ground state |

atom, and (b) two-photon excitation of spinrbit excited IPy;) to autoionizing resonances converging to

the 3P, state of I. In addition, some weaker signals were attributed to one-photon ionization of | atoms
produced in some higher excited states from multiphoton ionization gf fotbwed by dissociation. Analysis

of relative branching ratios to different levels df (in case a) revealed that the final ion level distributions

are generally dominated by the preservation of the ion-core configuration of the intermediate resonant state.
A qualitative interpretation of the electron angular distribution from an autoionization process is also given.

I. Introduction 15y) and the angular distributions of outgoing photoelectrons
were obtained. It was found that the final ion level distributions

) . . L are dominated by the preservation of the ion-core configuration
typical system for studying molecular photodissociation dynam- : - .
. ! : of resonant excited-state defined by thé coupling scheme.
ics, and has attracted much attention both experimentally and ] )
theoretically over the past decade$.The well-known A-band Bondybey and co-workers proposed in a series of reffois
of CHgl, lying in the range of 216330 nm with the maximum a new probe to watch how a photoexcited molecule dissociates
near 260 nm and comprising three dissociative excited electronicUSing & nanosecond laser. The idea is analogous to the Raman
states (designated &§o, 3Qy, and1Q; by Mulliken®), corre- emission probe pioneered by Kinsey and co-workers over two
sponds to the excitation of a nonbondingzsipdine electron  decades agdand can be outlined as follows. When a molecule
to the o* antibonding G-I orbital® Photoexcitation to the 1S Photoexcited to a repulsive potential energy surface, the

The A-band photolysis of methyl iodide (GHl is a proto-

A-band results in rapid direct dissociation producingsCGid molecule undergoes a rapid bond rupture with a near unity
I(2P5, and 2Py) on a time scale 0f-150 fs from a real-time  dissociation yield. Nonetheless, a very tiny fraction of dissociat-
measuremert. ing molecule can emit photerthe resonance Raman emission,

With the availability of high power pulsed lasers, the which parrigs 'unique imprin.ts of short-time dynamics of the
competition between the multiphoton ionization (MPI) and photodlssomatlon process..Slnce the photoelectron spectroscopy
dissociation processes of GHn the wavelength region 266 in genera] has Ie_ss restricted selection rqles than a Raman
307 nm has also been investigated and clarified, using a two- Process, it potentially affords the opportunity to probe more
color, time-of-flight mass spectrometric technifuewas shown vibrational modes that are active while the photofragments are
that the predominant ion is"Ifrom the MPI of the neutral ~ flying part. Bondybey' group carried out exactly such a
l-atom. Recognizing that the fragmentation of £Lan be an experiment by acquiring the one-color, two-photon zero kinetic
excellent source of both iodine atom and methyl radical for €nergy (ZEKE) spectra of Givia the intermediate A-bankt1¢
spectroscopic studies, numerous Rydberg states of iodine havel e short-time dissociation dynamics is manifested as a series
been identified in this way by Pratt using photoelectron ©f vibrationally assignable peaks of the molecular ionsCH
spectroscopyor from MPI spectrum of atomic iodiné.From which was interpreted as the projection of the dissociating
the pulsed-field extracted two-photon threshold photoionization Wavepacket onto the ionization continutimather than back
spectrum of CHl in the region from 255 to 230 nm, two other ~ Onto the neutral ground state in the Raman emission approach
Rydberg series of atomic iodinéP)np and ¢Py)nf, have also by absorbing another photon from the repulsive surface.
been assigned to the autoionizing resonances by Zhu and Motivated by these reports, we recently engaged a project to

Grant!! In addition, Jung and co-workers have studied~(2) explore the idea further by using the photoelectron imaging
REMPI of atomic iodine in the wavelength region 27313 technique in a two-color, two-photon experiment. During the
nm using photoelectron imaging technigdeBoth relative course of that study, many photoelectron images of the I-atom
branching ratios to the final levels of (in 3P, %Py 1, 1D, and fragments were also taken, which served as a convenient
reference system for rigorous calibration of the photoelectron
TPart of the special issue “M. C. Lin Festschrift”. imaging apparatus (in both speed and angle) due to the well-
:&?\;@Spond'”g author. known energetics. In addition, this set of images revealed
§ Nanjing University of Information Science and Technology. interesting photoionization dynamics, which is the main subject
' National Taiwan University. of this report.
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Il. Experimental Section photoionization process, such a “calibration” image is neces-
sarily uniform and thus serves the purpose for angular calibration
of the detector sensitivity.

Figure 1 illustrates the effects of the nonuniform sensitivity
on the measured angular distribution. The corresponding pho-
toelectron image is the peak number 21, whose peak position
is labeled in Figure 2 and the raw image shown in Figure 5
(vide infra). To perform quantitative analysis of the image
asymmetry, we took the four quadrants of the photoelectron
image and analyzed them independently. Thus, a raw image
was converted to four symmetrized images prior to the inversion
transformation. The resulted angular variations of the raw image
data are presented in Figure 1a,b in the Cartesian and the polar
representations, respectively. Noticeable angular asymmetry is
vividly displayed. The same raw image was then corrected for
the nonuniform sensitivity, using the “calibration” image, and
analyzed similarly. The “corrected” results are shown in Figure
1c,d for comparisons. A significant improvement, through not
perfect, can clearly be seen. The lines in Figure la,c are the
best-fitted distributions for the data in each individual quadrant

The experimental apparatus used in this study is similar in
spirit to the time-sliced velocity-map imaging setup described
elsewheré’*8However, several minor, yet crucial modifications
were made to our original slice-imaging setup in order to achieve
higher quality photoelectron image for the present experiment.
Briefly, a cold molecular beam was produced by expanding a
gas mixture, which was prepared by bubbling He through liquid
CHal at 274K (to suppress the tontamination) with typical
about 9.5% CHl in He at total pressure of 30 psi, into the source
chamber via an Even-Lavie valve (pulse duration gigGnd
with 0.5 mm nozzle diameter). The molecular beam, which was
skimmed and collimated te 1 mm diameter along the ion time-
of-flight axis, was intersected at right angles by a frequency-
doubled laser beam generated by a Nd:YAG pumped dye laser
The same laser was used for the A-band excitation o§lCH
and subsequent ionization of either the parent molecule or the
neutral photofragments (mainly I-atoms in this study) in a one-
color experiment. The laser was vertically polarized (i.e., parallel

:O ize detetctotr)f?\jzve) ant(?] focuselij byradSO (;m stpherllcatl Ie;ns of Figure 1c,; while the line in Figure 1b,d is the best fit after
0 the center between the repelier and extractor electrodes. symmetrizing the “corrected” image (though the actual data

Electrons or ions produced in the interaction region were hoints shown in panel d remained unsymmetrized). We found
velocity-imaged by a suitable electric field and impacted onto 4t after correcting the detector sensitivity variations, the best-
the Chevron-type microchannel plate (MCP) after passing fiiteq g-coefficients for a “corrected”, symmertrized image are
through a 45 cm field-free region. The fluorescence from a P46- \ye|| within the standard deviations of tifecoefficients obtained

phosphor was captured by a CCD camera and transferred t0 &y the unsymmetrized four quadrants of the same “corrected”
computer on every-shot basis for event counting and for further image. This is also clearly illustrated in panel d by comparing

data analysis. Two modifications of the apparatus were made e goodness of the line-fit to the actual data point. Hence, for
to reduce the spurious photoelectron background. First, a turbogne results to be presented below, the data points are from the
pump replaced the diffusion pump for the source chamber. symmetrized, angular-corrected images and the best-fitted

Second, in view of the difficulty in time-slicing the photoelectron . efficients are the averaged results from analyzing the four
cloud, a simplified ion-optics assembly with significantly tighter quadrants.

focus and more restricted field-of-view than the original _ _
setup”'®was adapted for the conventional “crushed” velocity Ill. Results and Discussion

imaging®? The new setup consists of five thin electrodes A, Spectral Assignment of MPI of Atomic lodine. Pre-
(repeller, extractor, and three lenses) with the openings, in ordersented in Figure 2 are the three (one-color) spectra over the
of 10 mm, 10 mm, 20, 60, and 60 mm respectively. The spacing two-photon energy range of 76 5681 200 cnt?: the photo-
between the successive electrodes was kept at 19 mm. Theslectron spectrum (a), the photoionization yield spectrum of the
voltage ratio for this arrangement was maintained, although the parent molecular CH (b), and the T cation-detected photo-
voltage employed for the repellevf) was changed over the  jonization following the photodissociation of GH(c). Over
range of 906-5000V, depending on the kinetic energy release most of the wavelength region of this study, two-photon energy
of photoelectrons. A double-layergdmetal shield (0.5 mm s sufficient to ionize the parent molecule @Hionization
thickness each) was added to the whole ion optics assembly topotential, IP= 76 932+ 5 cn1%);1¢ indeed, the onset of the
minimize the effects from the earth’s magnetic field. photoionization of CH can be observed as a clear step in Figure
As mentioned in the Introduction, the present study also 2a,b But the spectral features in Figure 2b cannot be assigned
serves as a calibration, both in speed and angle, of photoelectroras the CHI(XA;) — CHsl*(X* 2E3,) resonant transitions,
imaging detector. From the well-documented energy levels of which has been observed in threshold photoionization spectros-
[-atom and t-ion, the speed calibration factor (i.e., km/sec per copyl¢ Instead, they are ascribed to the transitions from the
pixel) is readily obtained from the consistent assignments of ground state to the superexcited (or autoionizing) states @f,CH
the image features. The angular calibration is, on the other hand,as will be shown in the future. Interestingly, thé tation-
more problematic and often neglected in literatures by simply detected photoionziation spectrum, shown in Figure 2 c, appears
symmetrizing the raw image prior to data analysis. Even with nearly identical to the ZEKE spectrum of Zhu and Gtaand
event-counting technique, we found that the residual nonuni- can be assigned to the resonant photoionization of the frag-
formity of the detection sensitivity still manifests itself as slight mented iodine atoms. Since the photoelectron detection here
asymmetry in angular distributions, which could lead to some did not differentiate the photoelectron produced from the
errors in the reported values. Hence, considerable efforts were jonization of either the parent molecule gldr the fragmented
devoted to finding a way to remedy the angular asymmetry jodine atom, the features in the photoelectron spectrum, Figure
problem. 2a, comprise spectral features from both sources. Their relative
An ideal source for calibrating the angular variations in intensities depend on the laser intensity used because of different
detection sensitivity will be an isotropic and uniform distribution. numbers of photon involved: a two-photon process forsiCH
We generated such a source by first choosing a nearly isotropic— CHsl™ + e, whereas at least three photons are required for
single-ring image at = 244.106 nm and then rotating the laser CHsl — CHz + 1 — It + €.
polarization 90 (i.e., along the TOF axis) to acquire the In this study, we focused on the photoionization dynamics
“calibration” image. Owing to the symmetry properties of the of the iodine atom by photoelectron imaging technique. A total
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Figure 1. An illustration of the effects and the correction of the angular asymmetry of the photoelectron image. The laser polarization is vertical.
Shown in panels a and b are the results from a raw image and panels ¢ and d the results from the “corrected” image, using a “calibration” image.
A significant improvement is clearly seen in panels c and d. The residual, slight asymmetry probably arises from the statistical variations of the
“calibration” image. See text for details.
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of twenty-one spectral features, which are labeled in Figure 2a,cf-series due to the optical selection rdle= 0 and 2. Both the

in sequence, were imaged. The spectral positions and assignintermediate excited states in eq 1 and the superexcited states
ments, as well as the peak widths, are summarized in Table 1.in eq 2 of neutral iodine are describedXqscoupling in Table

Two different types of spectral features are classified in Table 1, as originally suggested by Minnhag€nin this coupling

1. One class shows narrow peaks with a typical width<df scheme, the total angular momentugof the I ion core is
cm™1; and its formation is ascribed to (2 1) REMPI process coupled to the orbital angular momentunof the Rydberg

of predominantly the ground statéf,,). The observed widths  electron to give the resultatt. The spin,s, of the Rydberg

are mainly due to the dye laser scan rate and the Dopplerelectron is then coupled tto give the total angular momentum
broadening of the #Ps;) fragments from photodissociation. J. The states are then labeled &8;{nl[K];, where ¢P;)

Thus, the overall processes can be expressed as describes the ion core.
In general, the transition energies reported in Table 1 for the
CH,l + hu— CH, + 1(°P3),) (2 + 1) REMPI process 1 are about 1 cthlarger than the
5 Minnhagen’s value&® Previously, two series of autoionzing
I(*Pyp) + 2 ho — I states, P)np and EP)nf, have been identified by Zhu and
N _ Grant, using one-color two-photon ZEKE spectroscopic tech-
* +hy—1"+e (1) nique, with quantum defects 0£0.45 and~0.045 respec-

tively.11 Although the reported transition enerdieappear to
be systematically smaller than this work for process 2 by about
4—6 cml, the spectral assignments are entirely consistent in
view of the expected offset by the delayed field technique. A
few points are, however, worth noting here.

First, it is knowr that effective principal quantum number
n* can be calculated directly from the expression

The other type exhibits a broader wider peak with typical
fwhm in the order of 2-15 cnm. As will be shown later, those
peaks are assigned to two-photon transitions originating from
the spin-orbit excited state #Py;) and terminating in super-
excited Rydberg states converging to the&3P;) ionization
threshold! In other words, the processes involved are

CH3| + hy— CH3 + |(2P112) n* = [R|/(E(3P1) —E I)]112 (3)

where R is the Rydberg constant for iodine (109736.85
where [I**] denotes a superexcited state that decays through cm™1), E(3P,) is the3P; ionization energy, ané, the observed
autoionization process with a lifetime inversely proportional to energy of the Rydberg state with respect to the ground state
its peak width. Two-photon excitation of @orbital electron [(2P3/2). From eq 3n* is about 2.5 for 5%p*6p configuration,
dictates the superexcited Rydberg states being ofpthend 3.5 for 585p*7p, and 4.526 for the Rydberg states previously

I(*Py) + 2ho—[I**] —17(%P,) + e 2)
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Figure 2. Comparison of the photoelectron spectrum (a), with the two-photon ionization spectrum of parent molet (g, @Hd the photoionziation
spectrum of the prompt fragment I-atom following the photodissociation off @l The arrows in spectra a and b mark the ionization potential
of the parent molecule GH The negative-going signals in spectrum b is the experimental artifact, arising from the electronics ringing of the huge

proceeding mass'] as seen in spectrum c, of the TOF mass spectrometer. Photoelectron images are acquired for those peaks labeled by numbers,
for which the spectral assignments are given in Table 1.

TABLE 1: Assignments of the lonizing Resonances of Atomic lodine and Their Peak Widths

transition wavelength transition energy (crmt) peak width
mechanism peak # (Avag M) this work ref assignment (cm™)
(2+ 1) REMPI 3 258.704 77308.4 7730724 2Py, (3P, 41[4] 712 0.85+ 0.04
4 258.683 77314.9 7731346 2Py, —(3P,)41[3] 712 0.73+0.01
5 258.530 77360.6 7735958 2P, —(3P)4M[2] 52 0.66+ 0.04
8 255.049 78416.3 7841525 2Py 7—(*'D2)6p[1]312 0.79+ 0.04
78411’ 2P1/ 2—’(3P1)5Hl] 1/2
10 254.474 78593.6 7859255 2Py, —(1D,)6p[3] 52 1.01+ 0.00
78588’ 2P1/ 2—>(3P1)5p[0] 1/2
12 253.150 79004.7 79003%1 2Py, —(1D,)6p(3] 712 1.84+0.07
15 249.872 80041.0 8003982 2Py, —(1D,)6p[2] 312 0.90+ 0.03
autoionization 1 260.450 76790.3 76784 2Py, (3P 4[2] 31 2572 10.09+ 0.11
2 260.166 76874.1 76868 2Py 7~ (3P1)H[3] 512 4.07+ 0.08
6 255.747 78202.3 2Py, —(3P1)8p[2]s12 12.87+0.29
7 255.392 78311.1 2Py, —~(3P1)8p[1] 12 15.41+ 0.53
9 255.009 78428.8 78492 2Py, —~(3P1)8p[1] 32 6.024+ 0.07
11 254.152 78693.2 2Py, —~(3P1)8p[2] 312 4.36+0.11
13 252.157 79315.8 79341 2Py, —(3P)5M2] 3/ 252 5.38+ 0.10
14 252.021 79358.5 79352 2Py, —(3P1)5M3]s12 2.28+0.05
16 249.824 80056.5 80052 2Py, —(3P1)9p[2] 312 2.74+0.09
17 249.619 80122.1 80147 2Py, —~(3P1)9p[1] 112 3.62+0.10
18 249.436 80180.9 80176 2Py, —~(3P1)9p[0] 112 5.02+ 0.10
19 247.874 80686.2 80677 2Py, —(3P)6[2] 31 2572 3.60+ 0.08
20 247.798 80710.9 80677 2Py 7~ (3P1)613]512 3.60+ 0.08
21 246.693 81072.4 81063 2Py, —(3P1)10d2] 5 2 10.02+ 0.20
a2Ref 19. " Ref 11.
labeled assp[1]1/ in ref 11. Following Minnhagen’s work® shown later, the images acquired at these two peaks are
585p6p and 5%p*7p are the only twap configurations where  energetically consistent with two-photon resonant, third photon
all levels based on'l(3P;) are below the’P; ionization limit. ionization from 1@Ps;). Therefore, the two transitions are
As such, we prefer to assign the= 1 series as®P;)8pto 14p reassigned here as (2 1) REMPI of I1@Ps;) with the
in Table 1, rather than asR;)5p to 11preported in ref 11. intermediate resonant state being B®Rydberg series con-
Second, the transitions corresponding to peaks 8 and 10 wereverging toD; level of I*.
previously assigned ds= 1 series converging to"(3Py), i.e., Finally, three new transitionspeaks 6, 7, and Tiwere

(®P1)5p[1]12 and €P1)5p[0]1/2, respectively, on the basis of observed. They have quantum defedisgiven by the nonin-
guantum defects and spirbit splitting patternd! As will be tegral part of (--n*), of 0.564, 0.520, and 0.354, respectively,
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Figure 3. Photoelectron images of the spectral features from thé (@ REMPI processes of the?Rs;) fragment. The number marked at the
upper-left corner of each panel indicates the peak number, shown in Figure 2, at which the image was acquired. For each panel the left half displays
the raw image and the right half shows the inverted one. Exemplified in the bottom are the two representativetfit{utions of the photoelectrons

for image numbers 4 and 8, respectively. The assignments of the final ion levels are indicated. The final product branching fractions from all seven
images are given in Table 2.

which are about the same magnitude as thosepoRydberg while the reconstructed image, inverted by the basis-set expan-

series converging to"(®Py). So, they are tentatively assigned sion method (BASEXS}! is displayed on the right. Also

as fP))np series, as indicated in Table 1. exemplified are two photoelectron speed distributions for peaks
It is instructive to take a closer look at the peak widths of 4 and 8, respectively.

the autoionizing states, which span from about 2 to 15%m The speed of photoelectron can be derived from the conser-

thus, the corresponding rates of autoionization lie over the rangevations of energy and momentum
of 0.3-3 psL In addition, the data reveal a systematic trend.
For a given autoionizing Rydberg series, i.e., those with the > —
; . ) . . (nhv + E; — E)

same designatiolfK];, the width decreases monotonically with po= |—— 2 4)
the increase im, the principal quantum number of the Rydberg € my(m, + m)/m
electron. For example, the peak widths for tifR2]s/, 52 series
decrease from 10 cm for n = 4 to 5.4 cm! for n =5 and where n stands for the numbers of photon involved in the
further down to 3.6 cm! for n = 6, and these variations follow ionization processhv is the photon energyk, the internal
the relationship of (fwhm)c n=3. Similar behaviors are also  energy of photofragment iodine atom with respect to the ground
found for thenf[3]s12, Np[2]3/2, andnp[1]12 series. This quantita-  state 18Psy), E; the internal energy of ionic iodine at thth
tive trend is anticipated and is in accord with the autoionization level, andm. (m) the mass of the electron (ion). The lowest
propensity rules documented by Berkowitz nearly 20 years energy configuration of atomic iodine is [Krf¥&sp 2 which splits
ago?° into the ?P3;; ground state and théPy, spin-orbital excited-

B. (2 + 1) REMPI of I(?P3p). 1. Photoelectron Images and ~ state at 7603.15 cn.’® The removal of an outer electron
Final lon State DistributionsFigure 3 presents seven photo- produces the [Kr]56p* configuration of i, which yields five
electron images, arising from the @ 1) REMPI process of levels,3P,, 3Py, 3Py, 1D, andS, at 84295.1, 90743.0, 91382.1,
the I2Psp) atom. An extraction voltager = 4750 V was used 98022.3, and 113796.4 cr respectively, above the neutral
for all images. The peak numbers labeled at the upper-left cornerground state?P;,.1%22 Given those energetics, the dominant
correspond to those shown in Figure 2(c), as well listed in Table peaks in the Rg) distributions can be assigned to the final iodine
1. The raw image is presented on the left side of each panel,ion levels as indicated. On the other hand, the slow-speed
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T,S\BLE 2: Product Branching Fractions among Final lon Levels Resulting from the (2+ 1) REMPI Processes of the Fragment
|( P3/2) Atom?

2] 0, 2 0,
2hv energy intermediate ICPua) (%) 1CPs2) (%)
peak # (cm™) state F((Py) 1*(1S) I*(*D) 17(3Po.1) 17(3Py) total
3 77308.4 P2)4f4]72 50+1.3 0 57.3+1.9 3.0+£15 347+ 2.4 95.0
4 77314.9 P.)4f3] 712 2.3+0.4 0 35.9+2.1 20.7+1.8 412+ 15 97.8
5 77360.6 P2)412]s2 514+1.0 0 26.6+ 1.6 25.8+1.8 424+2.1 94.8
(25) (19) (56)
8 78416.3 1D2)6p[1]32 0.6+0.1 23+0.1 849+ 4.6 1.3+0.2 11.0+ 1.5 99.5
(3) (86) (0) (11)
10 78593.6 1D2)6p[3]512 1.1+ 03 0 96.3+ 54 1.2+0.3 1.3+ 0.5 98.8
(0) (100) (0) (0)
12 79004.7 1D2)6p[3]712 0 0.4+0.1 98.0+ 4.3 0.7£0.1 1.0+ 0.1 100
15 80041.0 1D2)6p[2]312 0 1.24+0.2 93.2+ 2.7 4.2+0.3 1.4+ 04 100
@ The numbers in parentheses for peaks 5, 8, and 10 are from ref 12.
features, i.e., those 300 km/s, originate from the two-photon It is worth pointing out that the photoionization dynamics of

ionizations of the parent molecule @Hand the spirrorbit ~ three Rydberg stateSR)4f(2]sy, (‘D2)6p[1]a and ¢D2)6p[3]sr
excited 1@Py,), labeled as I*. The interpretations of those have also been studied previouslyn that study the initial state
molecular features are beyond the scope of this report, thus will iS 1(*P1), rather than the ground-state’Rg), yet nearly

be given in detail elsewhere. Several intriguing and weak series identical branching fractions to the present work are reported.
of transitions have also been observed at the peaks 3, 4 and 5B0th one-color (2+ 1) REMPI experiments invoke the same
As illustrated in Figure 3 for peak 4, kinetic energy releases intermediate resonant state but from different initial states, so
suggest that these transitions correspond to one-photon ionizathe total ionization energies are different. Identical branching
tion of some high-lying Rydberg states of iodine atom w#P){ fractions among final ion states from the two studies, therefore,
nd configuration? presumably arising from multiphoton exci- provide a strong support for the negI|g|b_Ie autoionization effects
tation and dissociation of parent molecular £FThe branching ~ ©n the observed core-changing behaviors.

ratios among the final ion levels appear quite irregular for these 2. Angular DIStrlbl{tIOh Of. Ejected Photoelgctroﬁ'st]e pho-
transitions. More work is warranted. toelectron angular distribution@j, as a function of the angle

The branching fractions among final ion levels from process € bet_ween the laser polarization direction_and the o_Iire_ctio_n of
1 are summarized in Table 2. Intuitively, a two-photon reso- the ejegted electrokvector, reflects the detailed photoionization
nant, third-photon ionization process can be regarded as thedynamics. It can be expressed by
conventional single-photon ionization of an electron from the
intermediate excited level. In the limitation of one-electron Kmax
direct ionization, the electronic configuration of the ion core of 1(6) U Zoﬁzkpzk(cose) (5)
the resonant intermediate state is preserved (i.e., the core- k=
conserving propensity) during the ionization proc&ds.other
words, the formation of ionic levels from a (2 1) REMPI whereknax = n + 1 for a (1 + 1) REMPI process, 4(cos )
process will depend on the electronic configuration of the are the Legendre polynomials of degrée @ndpjx’s are the
resonant intermediate state. Among the seven observed transiiﬂ’l”'SOUOPY_Coefflc"?mg‘-F26 o
tions of (2+ 1) REMPI of I@Ps) of this study, the intermediate Table 3 lists the fittegs coefficients, up to thedfcoso) terms,
levels for peaks 8, 10, 12, and 15 converge to théd,) level for the present (2+ 1) REMPI process. Two typical angular
(see Table 1). For those ionization processes, the branchingd[strlbutlons and fltted'results are displayed as polar plots in
fractions for the 1(!D,) state are indeed very large, 85% Figure 4. The others display similar patterns and the analyses
and even up to 98% for peak 12. Obviously, the core-level aré straightforward; thus, they are omitted here (but fhe
conserving propensity accounts for the final ion distribution in Coe€fficients are listed in Table 3). As can be seen from Table
those cases, which also confirms that the intermediate levels3. in all cases thgs coefficients are negligibly small. In other
can be well represented by tdg coupling scheme proposed wo_rds, the photoelectron angular distributions are well charac-
by Minnhagen® _tenzed by B(cos®) and R(cos ) terms only orkmax = 2 that _
As to the other three levels converging tq¥;), however, 1S sSmaller than 3 for a three-photon process, suggesting
a rather different behavior (see Table 2) was observed. Althoughadditional angular momentum constraints. If only one interme-
high 3P, branching fractions (around 40%) are observed, they diateJ-levelis invoked in the (2~ 1) REMPI process, thkimax
also show relatively higiD, branching fraction and some ~ Will be constrained by the maximum allowed integers of-2
populations in3Py,1, indicating significant deviation from the 1, J +1, 0 lmax whichever is the smallest, whelgax is the
simple core-conserving picture. In general, the violation of core- Maximum orbital angular momentum of ejected photoelec-
conserving ionization can arise from several factors, including trons?®# Since theJ values for all seven intermediate levels
the configuration interaction of the intermediate resonant state 'ange from 3/2 to 7/2 (Table 3), the resultadif 1)-restriction
with other excited states of different ion cores and the autoion- cannot account for the observégd.x = 2. Hence, the angular
izaing resonances in the continudfrom Table 2, the core- ~ Momentum constraint is likely limited by, Treating process
changing ionization occurs at th#P§)4f[4]7/, (3P)4f[3]7/2, and 1 as a direct one-electron ionization from an intermediate excited
(3P,)4f[2]s/> resonant states, lying around 77300 émThe state, the character of outgoing electrqns fréprstates (pgak
(3P,)4f configuration has been reported to be perturbed by the Numbers 8, 10, 12, and 15) will be a mixturesxdindd partial
(*D,)6p configurationt® which might account for the high yield ~ Waves due to the selection ruld = +1, which yieldslmax =
of I*(ID) state. Likewise, the formations &, suggest possible 2. And the observed photoelectron angular distribution reflects

configurations having théPo,; core. hand, the ejected electrons will be characterized bydtaedg
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TABLE 3: Legendre Weighting Coefficients 2 of Photoelectron Angular Distributions for the (2 + 1) REMPI Processes of the
Ground State 1(2P3)?

1 3 3|
intermediate D, Py P
peak # state P Ba Bs P2 Pa Ps B2 Ba Bs
3 CP)44] 2 121 045 001 0.48 043  -0.04
4 @P,)413] 138 054 0.10 0.99 0.45 0.08 1.09 0.64 0.10
5 (CP)412]s512 0.80 0.38 0.03 0.82 0.24 0.07 0.88 0.57 0.17
(1.00)  (-0.20) (115)  (0.20) (120)  (0.05)
8 (*D2)6p[1]312 1.34 0.11 —0.01 0.52 0.32 0.02 1.23 0.30 —-0.14
(1.05) (0.10)
10 (D2)6p(3]s2 172 0.19 0.00
(1.65) (0.20)
12 (D2)6p(3] 2 175 0.21 0.02 0.39 054 —0.03
15 (D2)6p[2]3r2 1.50 —0.03 0.07 —-0.11 0.19 0.01

@ The numbers in parentheses for peaks 5, 8, and 10 are from ref 12.

0 0 symmetry, a finite value ofy4 coefficients may reflect the
8 (D) 8Py alignment induced by two-photon absorption or from autoion-
ization processes. Despite the observed perplexing distributions,
a closer inspection of their general patterns reveals an interesting
systematic. There are two types of general patterns: one type
features distinct four-lobes along the diagonal directions, such
as peaks 1, 2, 7, 13, 14, 19, 20, and 21, and the other is
characterized by a near zepgcoefficient, thus showing either
a pair of lobes (e.g., peaks 11, 16, and 17) or an oval shape
(peaks 6, 9, and 18). Examining the assignments listed in Table
4 indicates that all-type autoionizing states belong to the first
type (with four-lobes), while all second types come from the
180 180 p-type states. The only two exceptions are peaks 7 and 21, which
Figure 4. Two respresentative photoelectron angular distributions are assigned to th@series yet exhibit four-lobes features. It is
?2‘;"‘(’}2?3 igrteh;g%';‘réﬁﬂgﬁf&‘ltﬁég}ms@?tﬁ‘;‘;;g;)i'g;izs?g%%i]sa‘a%”ica'- particularly interesting to note that the four-lobe pattern of the
I*(3P,), both for pearl)< 8, and the solid lines are the corresponding fits peak 21 is of the most distinct a_mo_ng_all of this quk'. .
using eq 5. The analyzed results are listed in Table 3. ‘To comprehend the observed intriguing angular distributions
will undoubtedly required high-level theoretical studies in the
future. Nonetheless, it is instructive to use a simple model to
gain some qualitative insights into the main observations. As
aforementioned, the autoionization processes reported here must
invoke the spir-orbit couplings of the¥P;-core) Rydberg states
to the 3P, ion-continuum. Physically, it can arise from either
the spin-flip in the core to release the Rydberg electron or the
exchange interactions between the Rydberg and the core
electrong228 Assuming that the interaction matrix for autoion-
ization is of the Coulomb repulsive fofth

partial waves for photoionization fromf states (peaks 3, 4,
and 5). The observation dinax = 2 for those peaks then
suggests that the outgoing electrons via4hiatermediate state
could be dominated by thé-wave character.

C. Autoionization Following Two-Photon Excitation of |
(®P12). 1. Photoelectron Image#s seen from Table 1, two-
photon excitation of the spirorbit excited state ¥y, ) leads
to autoionizing Rydberg series converging to @ state of
I*. In contrast to the above (2 1) REMPI of 1@Pzp), the
photoelectron images here, shown in Figure 5, are all character- _
ized by a predominant single-ring feature. Those autoionizing V= mj”ez/r“"lpnm ©6)

states lie from 84 393 cni to 88 676 cm* above the neutral  \\herew, is the total wave function of the superexcited Rydberg
ground state fPsp;). The IP of the I-atom is 84 312 crfy thus,  gtate andP; the corresponding total wave function of the final
I P is the only energetically accessible final state, which jon state and the continuum electron. Treating it as a two-elec-
accounts for the single-ring feature. Since the ion-core changesyyon problem, for simplicity, only one term 4) is involved,

from P, to P, the observed autoionization processes must \yhjch can be expanded as a sum over the spherical harmonics
invoke the spir-orbit couplings of the 3)np and @P)nf

autoionizing states with th&, continuum. 1 = Il
2. Autoionizing DynamicsSince only the ion ground state —= ZiY,m(rl)Y,_m(rz) (7
I*(3P,) is energetically accessible, much of information on rp, fort

autoionization dynamics can only be retrieved from the pho-

toelectron angular distribution. Listed in Table 4 are the andr. (r'™) is for the core (Rydberg) electrdf.

Legendre coefficientg, obtained by the least-squares fits to The total wave functions can be expressed as products of
observed distributions, and the corresponding angular distribu- core functions and outer electron functions

tions and the fits are shown as the polar representations in Figure

6. In contrast to the (2- 1) REMPI process (Figure 4), a rich Yo = YeordPr (8)
variety of angular distributions are noted. In general, for
excitation of I€Py/;) to an autoionizing statémaxis equal to 2
due to the total number of photons involved in the process. From W, =y, 9)
Table 4,3, ranges from—0.45 to 0.72, an@, is either close to

zero or negative. Since the’Ry) initial state is of spherical ~ with y; denoting the’P, ion-continuum and = 2.

with ycore denoting the?P-core; thusj = 1 and
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Figure 5. As Figure 3, but for the 14 autoionizing states originating from tRe,4) atom.

TABLE 4: Legendre Weighting Coefficients S of
Photoelectron Angular Distributions for Two-Photon
Autoionizing Resonant Transitions from the Spin—Orbit
Excited State |@Py)?

total energy autoionization

Legendre coefficients

peak# (cm™) state B2 Ba
1 8439345 PY4f2zz5. 0.28+£0.10 —0.52+0.05
2 8447725 P)A3]sn 0.62-+0.06 —0.31+ 0.06
6  85805.45 IP)8P2)s. —0.21+£0.03  0.08+ 0.06
7 8591425 P)8p[lly. —0.28+£0.03 —0.32+0.05
9  86031.95 P18P[1]sz 0.17£0.03  0.07+ 0.03
11 86296.35 ¥P1)8P2sn 0.674+0.03 —0.16+ 0.05
13 86918.95 523252 0.21+0.04 —0.47+0.03
14 86961.65 3Py)5M3]sr 0.564 0.04 —0.39+ 0.03
16 87659.65 P)IP[2]2 0.59+ 0.06 —0.23+0.05
17 8772525 P)9p[lly. —0.45+0.03  0.06% 0.05
18 87784.05 ¥P1)9p[0]12 0.15+0.04 0.124+ 0.03
19  88289.35 P)6f2lsps2  0.18+£0.05 —0.39+ 0.04
20  80710.90 P.)6f3] 5 0.60-0.04 —0.31+ 0.04
21 8867555 ¥)10d2]s.  0.3740.03 —0.75+ 0.06

aThe final ion state isfi(3P;) for all peaks.? The uncertainty given
here is+ one standard deviation from independent fittings of the four
guadrants (see text for details).

In the expansion of i{,, only three terms can coupje= 1
and 2, and they involve= 1, 2, or 328 Since the parity of the
initial and final total wave functionsP, andW¥;, should be the
same (conservation of parity), the matrix elements invioke

Figure 6. As Figure 4, but for the fourteen autoionizing states of this
study. The autoionizing states originate from two-photon excitations
of 1(?3P1), and end with the same final ion statg®P,). Remarkably
rich variations in photoelectron angular distributions are observed.

1 and 3 (odd parity) must vanish. Hence, only the 2 term
is at work, or

1 r

2
—= r—<3Y2m(r1)Y2,m(r2)

W (20)

>

And, eq 6 becomes
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A-Band Photolysis of CHl
Two types of photoionization processes were identified and
V= Qmpe qan(pRD dynamics elucidated. For a (2 1) REMPI process, the
ionization dynamics can be viewed, to a good approximation,
The ejection of an autoionization electron is mediated by the as one-electron ejection process from the intermediate excited
Coulombic interaction between the Rydberg electron and core state, provided that the ion-core configuration is properly
electrons. Within the two-electron approximation, it can be accounted for. On the other hand, the photoelectron angular
shown that the angular part of this electron interaction involves distributions from autoionizing states exhibit rich and remarkable

Y2m(rl)Y2 m(2) (11)

a sum of Gaunt integral$as
|

Y D YinlYin, 12)
m=—|

where the indexn’s stands for the magnetic quantum number
of the corresponding electron orbital angular momentisn
The Gaunt integral can be expressed in terms p§@mbols°

Nl Yiml Yim 2
J@g+ D@+ 1)@+ 1) 1/2(

lo | )(IR lo l)
4 Mg Me m/\O 0 O
(13)
Thus, the Gaunt integral will be nonzero only under the
following three conditions:

g+l =1=]lg—1
g+ 1.+

Mp+Me=m (14)

As shown abovel = 2; hence, eq 14 leads to the propensity
rule of Al = 0, £2 for autoionizing electrons. In the other words,
for thep-like Rydberg statedg = 1; the allowed outgoing waves
will be of the p- andf-types. As to thd-like Rydberg statedgr

= 3, the dominant autoionizing electrons, are likely fh@and
f-waves again, though the contribution from thevave may
not be neglected.

| =even

Examining the photoelectron angular distributions, as listed

in Table 4 and shown in Figure 6, all sixike autoionizing
states display a “butterfly” shape, or a positigewith a sizable
negativef, value. The remaining eight-series autoionizing

states, except peaks 7 and 21, are characterized by negi#,zero
values. For both cases, the dominance of the usual autoionizatiormg42.

propensity® of Al = 0 prevails, namelyl-unchanging Rydberg-
continuum transitions are distinctly more probable tHan

variations. A simple model is proposed to lay the foundation
for a qualitative, physical insight into the main observations.
Much more theoretical studies will be needed for deeper
understandings of autoionizing electron angular distribu-
tions.
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