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State-selected delayed pulsed-field threshold photoionization spectra of HCI and DCI are recorded 
in double-resonant transitions through the F lA, E lI+, and g 3I- states of the 4P7T Rydberg 
configuration. Comparison of observed rotational line strengths with calculated spectra, as well as 
with available time-of-flight photoelectron spectra, provides useful insight on the influence of 
spin-orbit and rotational autoionization on delayed pulsed-field threshold photoionization of HCI. 
Spin-orbit and rotational autoionization are seen to dramatically reduce the ion rotational intensity 
associated with the upper spin-orbit level of the ion. 

I. INTRODUCTION 

The electronic structure underlying the higher excited 
states of HCI has been a subject of significant experimental 
and theoretical attention. Early extensive characterization of 
rovibrational structure in Rydberg and valence states over the 
interval within 25 000 cm-1 of the ionization limitl has pro
vided an extensive map of potential curves perturbed by 
spin-orbit and Rydberg-valence coupling which has stimu
lated high-level calculations? More recently, laser multipho
ton spectroscopy has sharpened assignments3,4 and probed 
the dynamical consequences of relaxation via predissociation 
and ion-pair formation.5,6 

Above the first ionization threshold, structure in the 
spectrum of autoionizing resonances can be analyzed to es
tablish convergence limits of Rydberg series and provide in- . 
formation on the dynamics of coupling between electronic 
and core internal degrees of freedom, particularly spin-orbit 
coupling between bound Rydberg states and the ionization 
continuum. Experimental work at Purdue has applied meth
ods of double-resonance spectroscopy to resolve rotational 
structure in these spin-orbit autoionizing Rydberg series to 
within a few tens of wave numbers of the 2II1I2 ionization 
threshold.7,s In this way, ionization-detected absorption scans 
from intermediate two-photon selected levels of the 4P7T 
F 1 A Rydberg state have yielded spectra characterizing nu
merous autoionizing series with rotational structure spanning 
the range between Hund's case (c) and (e) limits of core
Rydberg orbital angular momentum coupling. In related 
work, we have applied the same excitation scheme to obtain 
rotationally resolved double-resonance threshold photoion
ization spectra.8 These spectra, recorded in transitions from 
an unperturbed intermediate Rydberg state, have motivated 
ab initio calculations of state-specific photoionization cross 
sections.9 

More recently, de Beer et al. 10 have systematically char
acterized final-state distributions in (2+ 1) photoionizing 
transitions of HCI via the same intermediate state, using con-

ventional time-of-flight photoelectron spectroscopy in which 
they were able to resolve spin-orbit and rotational structure. 
Comparing these distributions to the relative intensities of 
transitions to the same final states observed both by de Beer 
et al. lO and by us using delayed pulsed-field threshold ion
ization spectroscopy, they conclude that autoionization and 
rotational coupling 'significantly affect the observed intensi
ties in delayed pulsed-field threshold photoionizations by 
perturbing the lifetimes of near-threshold Rydberg states. 
The possible effect of autoionization on delayed threshold 
photoionization intensities in HCI was also noted by 
Lefebvre-Brion,11 and discussed in a review by Merkt and 
Softley.12 Similar effects have been proposed to explain line 
strengths in XUV threshold photoionization of CO2, 13 

In the present work, we explore this issue in further 
depth for HCI by investigating double-resonant threshold 
photoionization spectra using a set of intermediate states for 
which we have performed ab initio calculations of threshold 
photoionization intensities. We revisit the FILl state, record
ing threshold photoionization spectra for J' =2 and 3 in DCI. 
In addition, we examine new intermediate states, E lI+ and 
g 3l-, which are both nominally Rydberg but differ from the 
F 1 A state by having low electronic angular momentum and 
perturbative intera~tions with the valence V ll+ state. We 
compare intensities observed in each case with calculated 
cross sections obtained using ab initio transition moments 
for direct photoionization of selected intermediate states to 
the manifold of ion rotational states. Comparison of theory 
with experiment illustrates the importance of the electronic 
character of the intermediate state in concert with final state 
dynamics as factors determining rotationally resolved de
layed pulsed-field threshold photoionization intensities. 

II. EXPERIMENT 

Threshold photoionization resonances of HCI and DCI 
are observed by two-color double-resonant excitation accom
panied by delayed pulsed-field threshold photoelectron 
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detectionl4 under molecular beam conditions. The beam 
originates from a pulsed jet of HCI seeded 10% in He or neat 
DCI, which is skimmed and expanded into the extraction 
region of a delayed pulsed-field threshold photoionization 
spectrometer by passing through a grid on the first element 
(repeller) of a three-element ion-optics assembly. The second 
(extractor) and third (entrance) elements also hold grids. 

Between the repeller and extractor the molecular beam is 
crossed by counterpropagating outputs of a pair of pulsed 
dye lasers (Lambda Physik FL2002), overlapped in time and 
space and each focused by a 50 cm f.l. lens. The dye lasers 
are pumped by the output of a single Lambda Physik 
EMG201 MSC XeCI excimer laser. The first dye laser pro
vides pulse energies from 5 to 15 mJ at selected frequencies 
in the visible, which are doubled in BBO to yield filtered UV 
output on the order of 1 mJ. This output initiates double 
resonance via two-photon transitions to selected levels of the 
Fill, E I!,+, and g 31- electronic states, all of which arise 
from the 4p'IT Rydberg configuration. The second laser, 
pumped to produce visible pulses of around I mJ, is then 
scanned to probe subsequent transitions to rotational levels 
of the 2fI3/2 and 2fIl/2 ionization thresholds. 

A weak electrostatic pulse field-ionizes high Rydberg 
states and accelerates the resulting electrons through the en
trance grid which caps ~ 25 cm long grounded flight tube. 
The extractor is held at fixed potential off ground, while the 
repeller is pulsed from a nominal reverse bias of 500 
meV/cm to a forward bias of 1 V/cm in 50 ns with a delay of 
4 jJ13. Electrons are collected by a pair of microchannel 
plates, and the amplified signal is sent to an averaging digital 
oscilloscope. 

Transitions to successive ionization thresholds are 
marked by the appearance of long-lived Rydberg states of 
very high principal quantum number (n>100) lying just 
below each ionization threshold. The delayed extraction 
pulse field ionizes such long-lived states whenever the fre
quency of the second laser approaches resonance with the . 
threshold. Electrons released by the pulsed field are distin
guished from electrons formed directly by their arrival times 
at the detector. 

111. RESULTS 

We prepare individual levels of the 4 P 'IT Fill, E 11+, 
and g 31- states for subsequent threshold photoionization by 
rotationally resolved two-photon absorption. Figure I shows 
rotational structure in ionization-detected two-photon ab
sorption. transitions which populate these 4p'IT Rydberg 
states with angular momentum quantum numbers J' =0, 1, 
and 2 for E 11+ and g 31- states or J'=3 and +/- parity 
components of J'=2 for Fill. 

Second-laser scans from these two-photon prepared in
termediate states probe threshold transitions in the visible to 
accessible rotational states of HCI+. Figure 2 shows spectra 
associated with the ZfI3/2 and zfIl/z states of HCI+ obtained 
by delayed pulsed-field threshold photoionization of the 
J' =2, 1, and 0 levels of the intermediate E 11+ state. For the 
ZfI3/2 spin-orbit component, we find that the J+ = ~ peak is 
the strongest in the photoelectron spectra of the J' =2 level. 
The J+ = ~ and ~ peaks are much weaker. Weak J+ = ~ and~ 
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FIG. 1. Ionization-detected two-photon absorption spectra of HCI and DCI 
showing rotational structure used to select 4p'lT intermediate states for 
double-resonant threshould photoionization. (Upper) F III state in DCI; 
(center) E l:t+ state in HCI; (lower) g 3:t- state in HCI. 

peaks are also seen from J' = 1 and J' =0, but in both cases 
J+ = ~ dominates. The lowest rotational levels are also the 
strongest for threshold photoionization to the 2fIl/2 manifold, 
but transitions terminating on higher rotational states are 
much more evident. Comparing vertical scales in the two 
parts of Fig. 2, it can be seen that, measured from the E 11+ 
intermediate state, threshold field ionization transitions to the 
lowest rotational levels display about the same intensity for 
the zfI3/2 and zfIl/z limits. 

This is not the case for threshold photoionizing transi
tions from the g 31- state. Figure 3 shows threshold photo
ionization spectra from the J' =0, 1, and 2 levels of the 
g 31- state to both spin-orbit ionization limits. Trends in 
rotational intensities parallel those for the Estate; J+ = ~ 
dominates in the spectrum of the lower spin-orbit compo
nent of the ion, while rotational intensities are more broadly 
distributed for the zfIlIz component. The major difference is 
in the relative integrated strength of delayed photoionization 
intensity. Contrary to the pattern established for the Estate, 
photoionization from the g state strongly favors the lower 
ZfI3/Z spin-orbit component of the cation, with only rela
tively weak intensity seen for transitions to the upper spin
orbit state. 

The strongest signals observed thus far in the threshold 
photoionization of HCI have been obtained via intermediate 
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FIG. 2. Delayed pulsed-field threshold photoionization spectra of Hel obtained via intennediate resonance with rotational levels Jf =0, 1, and 2 of the E 12;+ 

(v =0) state. Stick spectra show ab initio calculated relative intensities, nonnalized in each case to the first excited J+ leveL 

resonance with the F I!::.. state. Scans taken with DCI show 
the effect of isotopic substitution. We select rotational levels 
in DCI using R(I), R(2), and S(O) lines in the spectrum of 
two-photon transitions from the ground state (see Fig. 1). 
Figure 4 shows threshold photoionization scans over the 
2IT312 and 2IT1/2 thresholds for each of these intermediate lev
els. Observed rotational intensities, for the most part, parallel 
those found for threshold photoionization of HCI via the 
F I!::.. state. Overall intensities for transitions to the lower 
spin-orbit state of the cation are somewhat greater than 
those to the upper component, and in most cases the lowest 
accessible rotational state for each component displays the 
largest delayed pulsed-field ionization signal. However, the 
higher rotational thresholds (1+ = ~ and ~) of the 2IT3/2 com
ponent are noticeably enhanced for DCI compared to HCI, 
and, in the scan from J' =3 over the 2rr1l2 threshold, the 
envelope of rotational transitions peaks at J+ =~. 

IV. DISCUSSION 

A. Energy positions of the lines 

Threshold photoionization spectra yield ionization po
tentials for specific rotational levels of HCI + and DCI +. Cor
recting for field effects, the results obtained here agree well 
with thresholds recently observed in XUV transitions from 
the ground state of HCI by Tonkyn et al. 15 and established 
earlier by Rydberg extrapolations.7,8 The lowest ionization 
potential of DCI is 40 cm-1 higher than that for HCI due to 
zero-point differences, in agreement with the results of Na-

talis et al. 16 The energy intervals between rotational levels 
agree with those derived from the constants obtained by Lu
bic et al. 17 

B. Rotational line intensities 

To examine trends theoretically for the broader set of 
intermediate states studied here, we have carried out two 
different calculations, following very similar techniques. The 
first calculation uses the same approach as described in Ref. 
18. The 4P1T Rydberg orbital is approximated by the first 
virtual orbital of the self-consistent-field (SCF) solution for 
the X 2rr ion core.19 The basis set consists of five diffuse 
Slater orbitals on the center of mass (4p1T ~=0.59, 4P1T 
G'=0.26, 3d1T G'=0.357, 4d1T G'=0.257, and 4f1T G'=0.333). 
The energy of the F I!::.. state in this approximation is 
-459.763 a.u. at R=2.409ao. Continuum orbitals with up 
to 1=3 are obtained in the static exchange frozen-core 
approximation2o for a photoelectron energy of 0.005 a.u. 

The other calculation uses multiplet-specific final state 
wave functions in a Hartree-Fock frozen-core approxima
tion and an intermediate coupling scheme between Hund's 
cases (a) and (b) for the 2IT ion. The photoelectron orbitals 
were obtained by numerical solution of the associated 
Lippmann-Schwinger equations using an iterative proce
dure, based on the Schwinger variational principle;21 details 
are given elsewhere.9 The main difference between this 
method and that just described is that the basis set in the 
second case uses Gaussian orbitals in place of Slater orbitals, 
but the energy for the F \~~ state is very similar: -459.755 
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FIG. 4. Delayed pulsed-field threshold photoionization spectra of DCI obtained via intermediate resonance with rotational levels J' =0, 1, and 2 of the F Id 
(v =0) state. Stick spectra show ab initio calculated relative intensities, normalized in each case to the first excited J+ level. 
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a.u. at R = 2.484ao. Note that the rotationally resolved pho
toelectron spectra should be the same for both methods if the 
basis set used to describe the continuum orbitals is complete. 
The 4p7T Rydberg orbital is taken as different for singlet and 
triplet states (though we can assume, and calculations appear 
to confirm, that transition moments for triplet-discrete to 
triplet-continuum transitions are very close to those obtained 
from corresponding singlet-discrete to singlet-continuum 
states). Single-center expansion of these 4p 7T orbitals around 
its center-of-mass shows that it has 95.25% p, 4.70% d, and 
0.04% f character for the F IA state at the Re of 2.484ao, 
96.28% p, 3.71 % d, and 0.02% f character for the E I~+ 
state at the R e=2.51ao, and 95.50% p, 4.44% d, and 0.05% 
f character for the g 3~- state at the Re=2.436ao. This 
calculation also introduces the effect of alignment in photo
preparation of the F and E intermediate states. 

The predicted photoelectron spectra are very similar for 
both methods. We tabulate the results of our calculations in 
Tables I-ill for rotational branching ratios corresponding to 
schemes used in the measured spectra for the F lA, E Ir+, 
and g 3r - Rydberg states, respectively. Since the photoelec
tron continuum is not expected to be influenced by isotopic 
substitution, the calculations for the F 1 A state of DCI use 
the same photoelectron matrix elements as for photoioniza
tion of the F 1 A state of HCI. We therefore expect the photo
ionization dynamics for the DCI to be similar to that of HCl. 
The rotational branching ratios for the S(O) branch of the 
F IA state of DCI (Fig. 4) are indeed very close to those of 
HCI (Refs. 8 and 9). 

Comparison of the calculated intensities with measured 
values shows that in every case the experimental peak for the 
lowest rotational level in each spin-orbit component is dis
proportionally intense. This is particularly evident for transi
tions to the lower 2rr3/2 state of HCI+. While clearly anoma
lous, such behavior is not unexpected based on comparison 
with other threshold spectra measured by delayed pulsed
field ionization. In spectra of N02 , N20, and NO, as well as 
for specific cases in the spectrum of H2 and N2,22 and in HCI 
itself observed in XUV transitions from the neutral ground 
state, discrete-discrete rotational interactions enhance transi
tions to final states of lowest accessible rotational quantum 
number. 15.23.24 

The J+=~ level of HCI+ err3/2), in particular, is special 
in that underlying Rydberg states of lower principal quantum 
number converging to higher rotational thresholds that can 
lend intensity through such discrete-discrete interactions can 
only decay through predissociation and radiation; before ap
plication of the pulsed field they cannot autoionize. Discrete 
states underlying higher rotational thresholds can rotationally 
autoionize in the case of the 2rr3/2 subs tate and spin orbit as 
well as rotationally autoionize in the case of the 2rr1l2 sub
state. As discussed later, the availability of such decay chan
nels appears to moderate discrete-discrete intensity transfer
ring interactions. For this reason, we do not include initial 
rotational levels J+=~ for the 2rr1l2 ion and J+=~ for 2rr3/2 
in comparing our calculated spectra with experimental inten
sities in Figs. 2-4. The results of such comparison seem to 
support this idea. Figures 2-4 include stick spectra indicat
ing calculated relative intensities derived for threshold pho-

TABLE I. Relative intensities computed for rotationally detailed threshold 
photoionizing transitions to HCI+ 2II312 and 2II1/2 from rotational states J' of 
the 4pTr F IA Rydberg state (for an aligned intermediate state).' 

2II312 2II1/2 

J' =2,8(0) line 
r=~ 1.00 

J+=~ 1.00 3 
0.81 2 

5 0.35 5 
0.46 2: 2 

7 0.21 7 0.20 2 2 
9 0.03 9 

0.03 2 2 

J'=2.R(1) line 
J+=~ 1.00 

J+=~ 1.00 3 
0.98 2 

5 0.48 
5 

0.59 2 2 
7 0.22 7 

0.23 2 2 
9 

0.03 
9 

0.04 2 2 

J'=3.R(2) line 
J+=~ 0.22 

J+=~ 0.47 
3 

0.77 2 
5 

1.00 
5 

1.00 2 2: 
7 

0.82 7 
0.78 2 2 

9 
0.44 9 0.35 2 2: 

11 
0.09 11 0.07 "2 "2 

toionizing transitions to the excited rotational levels. Com
parison of the calculated rotational intensities of Tables I-III, 
obtained on the basis of direct ionization only,with the mea
sured spectra shown in Figs. 2-4 illustrates well the effects 
of autoionization on these threshold photoionization spectra. 
For transitions originating in the E l~ + state and terminating 
in the upper spin-orbit component (Fig. 2), the agreement 
appears especially good. Spectra for the lower spin-orbit 
component are relatively weak for this intermediate state, 
and quantitative comparison is difficult. 

Due to our assumption of the equivalence of triplet
triplet and singlet-singlet transition moments, the calculated 
rotational intensities are the same for threshold photoionizing 
transitions originating in the g 3r- state. The pattern of in
tensities for transitions terminating above the lowest rota
tional state indeed resemble those observed from E lr+, to 
the extent that signal levels make such comparisons mean
ingful. This reflects the fact that the angular momentum com
ponents of the photoelectron are similar for photoionization 
of the 4P7T orbitals of the E and g states since both have 
almost pure p (-96%) character. 

In previous experimental studies of HCI, the resonant 
intermediate J ,= 2 level of the F 1 A state was accessed via 
the S(O) branch.8 Theoretical methods have also been applied 
to this system.9 For transitions to the 2rr1l2 limit, the most 
intense peak in the calculated spectra was for AN=O,25 with 
inclusion of alignment in the resonant state, and AN =-1 
(J+=~) upon introduction of alignment.9 For the 2rr3/2 com
ponent, calculations with and without alignment both give 
AN = -1 as the most intense peale The same behavior occurs 
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TABLE II. Relative intensities computed for rotationally detailed threshold 
photoionizing transitions to HCI+ 2II312 and 2II1I2 from rotational states l' of 
the 4p71" E l~+ Rydberg state (for an aligned intermediate state). 

2II312 2II1I2 

J' =O,Q(O) line 
J+=~ 0.95 

J+=~ 1.00 
3 

1.00 '2 
5 0.51 

5 
0.46 :2 '2 

7 0.10 
7 

0.08 :2 :2 

J' = 1, Q(l) line 
J+=~ 0.84 

J+=f 1.00 
3 1.00 2 

5 
0.67 

5 
0.71 :2 :2 

7 
0.33 

7 
0.29 :2 :2 

9 
0.06 2 0.04 :2 2 

1'=2, Q(2) line 
J+=~ 0.37 

J+=~ 0.61 
3 

0.95 :2 
2 1.00 

5 
1.00 2 :2 

7 0.67 7 0.69 :2 :2 
9 0.36 

9 0.28 :2 :2 
II 0.06 

II 
0.04 '2 '2 

for photoionization of the F III state of DCI (see Fig. 4). 
Furthermore, the measured and calculated spectra for the 
J' =3 level of the FIll [R (2) branch] state of DCI in Fig. 4 
show that the most intense peaks in the spectra of the 2n1l2 

TABLE III. Relative intensities computed for rotationally detailed threshold 
photoionizing transitions to HCl+ 2II312 and 2IIl12 from rotational states J' of 
the 4p71" g 3~- Rydberg state (for an aligned intermediate state). 

2II312 2II1I2 

J' =O,Q(O) line 
J+=~ 1.00 

J+=f 1.00 
3 0.66 :2 

5 0.47 
5 0.37 '2 :2 

7 
0.12 

7 
0.04 '2 :2 

J'=I,Q(l) line 
J+=~ 0.97 

J+=~ 1.00 
3 

1.00 :2 
5 

0.46 
5 

0.45 "2 '2 
7 0.11 

7 
0.11 :2 :2 

9 
0.01 

9 0.01 "2 "2 

J' =2,Q(2) line 
J+=~ 0.39 

J+=~ 0.66 
3 

0.97 :2 
5 

1.00 
5 

1.00 "2 :2 
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cation is J+ =~, corresponding to N+ = 3 or LlN =0. Similar 
behavior is also predicted for photoionization of the FIll 
(5p7T) Rydberg state of HBr?6 

For transitions from the FIll state in DCI where signal 
levels are highest, calculated intensities can be compared 
with experimental ones for many more transitions. Note that 
the FIll state is also perturbed by the b 3n and C In states27 

but these small effects have been neglected in the calcula
tions. Agreement between these calculated and measured 
spectra is quite reasonable with the exception of higher rota
tional levels of the 2n3/2 substate, where the measured rela
tive intensities are noticeably enhanced compared to theoreti
cal predictions and to corresponding intensities observed in 
the threshold photoionization spectrum of HCL8 We suggest 
that these intensity anomalies for DCI arise from discrete
discrete intensity sharing interactions with underlying Ryd
berg states converging to the upper spin-orbit component. 
When isoenergetic with Rydberg levels near threshold, such 
states can form long-lived complex resonances with absorp
tion cross sections that are enhanced by the low principal 
quantum number of the interloper (serving in this case to 
counteract the broader intensity decreasing effect of the 
discrete-continuum rotational autoionizing interaction). 

Double-resonant spin-orbit autoionizing studies show 
that the spectrum of candidate states is dense for Del.28 For 
example, multichannel quantum defect theory (MQDT) cal
culations suggest that the position of the 2n3/2 J+ = ~ rota
tional level coincides with a long-lived l =4 autoionizing 
resonance with principal quantum number n = 12 in the series 
converging to J+ = ¥ of the 2n 112 substate?9 The correspond
ing resonance has been observed in the delayed autoioniza
tion spectrum of HCI,8 but it does not coincide with any 
rotational threshold of the 2n3/2 substate. In general, MQDT 
calculations find more coincidences between rotational 
thresholds and interloping Rydberg states for DCI than Hei. 
This probably reflects the smaller rotational constant for Del 
which gives rise to more rotational perturbations and conse
quently a more uniform distribution of discrete Rydberg 
states. 

We thus have a pattern of intensities in which first rota
tional levels appear enhanced, particularly for the lower 
spin-orbit substate, while higher thresholds appear to be in 
at least qualtitative agreement with simple theoretical 
linestrength expectations (apart from specific perturbations). 
This fits well with a general picture of the effect of rapid 
decay channels on intensities in delayed pulsed-field thresh
old photoionization spectroscopy which can best be seen by 
looking at the relative intensities of spin-orbit components. 

C. Intensities of transitions to the spin-orbit 
substates of HCI+ 

The intensities of the ion rotational distributions associ
ated with the two cation substates convey information on the 
electronic character of the intermediate state. Theoretically, if 
the intermediate state has pure singlet (or triplet) character 
and the ion core is treated in pure Hund's case (a), the total 
intensities for the 2n1l2 and 2n3/2 thresholds will be equal. 
However, it is worth noting that conventional photoelectron 
spectra out of the X I:s+ ground state of HCI (Refs. 16 and 
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30) and HF (Ref. 31) show a slightly stronger intensity for 
the 2II3/2 component. Recent theoretical investigations, as
suming an intermediate coupling scheme between Hund's 
cases (a) and (b) for the 2II ion,32 reproduce well the mea
sured intensity ratio of 1.20 for the spin-orbit components of 
the ion observed in photoionization of HF.3I The calculated 
intensity rati033 of 1.06 is also in excellent agreement with 
the measured value of 1.06±0.05 for HCI.3o For resonant 
Rydberg states, it is well known that singlet and triplet states 
with the same Rydberg orbital can be strongly mixed by the 
spin-orbit interaction (see, for example, Ref. 34). If this 
mixing is complete, only one substate is accessible by photo
ionization. This is the case for experiments on HBr,35 where 
the intermediate state, F 1.6.2, can be described purely in 
terms of Hund's case (c) as a complete mixture of the ILl2 
and 3 Ll2 states from the 5 P 'TT Rydberg configuration. In this 
case, the core of the F I Ll2 state has the spin-orbit configu
ration 2II1I2. Photoionization from this state populates only 
the 2II1I2 component of the cation. In HCI, the spin-orbit 
singlet-triplet mixing of the 4p'TT configuration is not com
plete. Starting from F 1.6.2, the conventional photoelectron 
spectra of de Beer et al. lO,36 show a 2II1/2.PII3/2 ratio of about 
6.5, which corresponds to a singlet-triplet mixing of 22%, as 
estimated recently.37 Further studies by de Beer et al. lo also 
confirm that this ratio is insensitive to the photoelectron en
ergy. 

This value of the spin-orbit branching ratio is not seen 
in rotationally resolved threshold photoionization spectra of 
HCI recorded in transitions from the F 1.6. state by delayed 
pulsed-field threshold photoionization. For example, in the 
case of the F 1.6. (J'=3) state in DCI, which is typical, the 
experimental ratio summed over all rotational lines is 
IeII 1I2)IIeII3d=0.56. This is opposite to the trend ob
served in conventional photoelectron spectrum. This discrep
ancy, together with anomalous rotational intensities, can be 
seen to be due to rotational coupling and spin-orbit autoion
ization. 

Delayed pulsed-field threshold photoionization spectros
copy relies on the long lifetimes of high Rydberg states lying 
just below the ionization threshold for each state of the ion. 
Any factors shortening the lifetimes of such states affect the 
spectrum by reducing the population of neutral states avail
able for field ionization after a given delay and thereby di
minishing intensities. All high Rydberg states converging to 
the 2II1I2 limit of HCI+ can autoionize via spin-orbit cou
pling to the 2II3/2 continuum. Series of different 1 can be 
expected to have different rates of autoionization and, in
deed, we have found evidence for very long-lived series with 
near-zero quantum defect.8 Nevertheless, the accessibility of 
channels for decay by autoionization can do nothing but 
shorten the lifetimes of these near-threshold states, and ap
parently do so by enough to account for a systematic de
crease in intensity for threshold photoionization from the 
Fill state to the upper spin-orbit component. 

Rydberg states converging to rotational levels of the 
lower spin-orbit component can rotationally autoionize, ex
cept for those built on the lowest such state J+ =~. Indeed, as 
noted earlier, in every case this lowest ionization limit gives 
rise to the most intense threshold transition in the 2II3/2 sub-

state, often in contrast to theoretical predictions of rotational 
propensities favoring higher rotational levels of the cation. 
Interestingly, for the upper spin-orbit component where all 
levels can autoionize by spin-orbit coupling, the lowest ro
tationallevel is not so favored in delayed pulsed-field'thresh
old photoionization, and experimental intensities approach 
theoretically predicted values. This suggests a zeroth-order 
model which recognizes the special character of the lowest 
rotational state of the cation, and then groups levels with 
open autoionization channels as having decreased intensity 
in proportion to their absorption cross sections. Refinements 
to this picture will distinguish between rotational and spin
orbit autoionization, recognize possible J+ dependencies38 

and include neutral continua (predissociation). 
The spectrum of threshold photoionizing transitions 

from the 4 p 'TT g 3~ - intermediate state provides a further 
opportunity to examine the combined effects of intermediate 
photoselection and final-state dynamics on spin-orbit and 
rotational intensities. Summing over ion rotational levels for 
ionization of the J =Q level, the ratio of spin-orbit intensi
ties, 2II1I2PII3/2, is 0.18, which is considerably smaller than 
observed for singlet intermediate states. This ratio, which 
also holds for higher total angular momentum resonant lev
els, is in line with expectations based on the computed extent 
of singlet-triplet mixing in the 4p'TT configuration. Thus, if 
threshold photoionization intensities measured by delayed 
pulsed-field ionization can be equated with cross sections for 
direct ionization, then the spin-orbit ratios observed can be 
associated with the following electronic wave function for 
the 4 p 'TT g 3~ - Rydberg state: 

0.925 3~-+0.38 I~+. 

However, we know that the intensity of the 2II 1/2 threshold 
structure observable experimentally is reduced by spin-orbit 
autoionization. Furthermore, the strong variation with vibra
tional quantum number in the coupling between E I~+ and 
g 3~- (Ref. 1), and the anomalous rotational constant of this 
state suggest a strong mixing of E I~+ with the V I~+ va
lence state. The combination of these factors suggest that the 
direct interpretation of the observed threshold photoioniza
tion spectrum in terms of a simple two-state description of 
spin-orbit coupling in the 4p'TT Rydberg manifold cannot be 
correct. More quantitative analysis of the significance of the 
intensity ratios for this case must await a fuller characteriza
tion of the state together with a more quantitative under
standing of the effect of spin-orbit autoionization on delayed 
threshold photoionization intensities. 

In conclusion, comparison of state-selected threshold 
photoionization intensities with ab initio calculations as well 
as with available photoelectron spectra confirm suggestions 
made by Lefebvre-Brionll and de Beer et al. IO that spin
orbit autoionization reduces intensities in delayed pulsed
field threshold photoionization of HCI. Discrete-continuum 
interactions also appear to have the further effect of moder
ating discrete-discrete intensity (lifetime) sharing rotational 
interactions. It would thus appear important in the analysis of 
intensities in pulsed-field threshold photo ionization to in
clude effects of discrete-continuum interactions on dynamics 
associated with the detection process. It would also be useful 
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for experiment to obtain absolute cross sections for delayed 
threshold electron production to compare with theoretical es
timates based on direct ionization. 
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