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The decay dynamics by predissociation and rotational autoionization of high Rydberg states of HD
close to the first few rotational levels of the ground vibronic state of the HD� cation have been
studied by delayed pulsed field ionization following resonant �1�1�� two-photon absorption via the
B state. Although predissociation and autoionization both contribute to the rapid decay of Rydberg
states with principal quantum number n�100, the highest Rydberg states �n�100� are stable for
more than 20 �s. In contrast to H2, channels associated with an HD� �v��0, N��even� ion core
are coupled to channels associated with an HD� �v��0, N��odd� ion core. We demonstrate that
complex resonances that arise from rotational channel interactions between low �n�25� Rydberg
states characterized by a core with rotational angular momentum quantum number N��2 and the
pseudocontinuum of very high Rydberg states characterized by an N� core can be used with high
efficiency to produce long-lived high Rydberg states. An investigation of the pulsed field ionization
characteristics of these complex resonances enables us to measure the branching between diabatic
and adiabatic field ionization and to determine the optimal conditions required to extend the method
of H-photofragment Rydberg translational spectroscopy pioneered by Schnieder et al. �J. Chem.
Phys. 92, 7027 �1990�� to molecular species. © 1996 American Institute of Physics.
�S0021-9606�96�02103-1�

I. INTRODUCTION

The recent discovery of unexpectedly long-lived high
Rydberg states in atoms and molecules constitutes an impor-
tant development in physical chemistry.1–13 The existence of
these long-lived states has rendered possible the develop-
ment and general applicability of new research tools for the
study of molecules and ions in the gas phase such as zero
kinetic energy photoelectron spectroscopy �ZEKE-PES�,14,15

mass-analyzed threshold ionization �MATI� spectroscopy,16

and the preparation of state-selected ions.17,18 The objective
of this report is to demonstrate that high molecular Rydberg
states are sufficiently long lived that the method of H-atom
photofragment translational spectroscopy pioneered by Ash-
fold, Welge, and co-workers19–25 can be generalized to probe
the velocity distribution of other species in the gas phase
than the hydrogen atom.

The success of this method resides in its ability to probe
the H-atom product by exciting the product to a high Ryd-
berg state instead of ionizing it, and subsequently to let the
excited product travel, in a neutral Rydberg state, to the de-
tector where it field ionizes. Because the H atom moves to-
ward the detector as a neutral rather than an ion, its time of
flight is not subject to distortions caused by Coulombic re-
pulsions with other charged species created in the photodis-
sociation volume or by stray fields. This advantage has en-
abled the study of dissociation processes that yield H
atoms19–23 and reactions that produce H atoms,24,25 both with
unprecedented resolution and sensitivity. Because it is re-
stricted to the H atom, however, the method lacks the advan-

tage of general applicability. The first step, reported here,
toward a generalization of the technique to molecular prod-
ucts such as H2 or HD consists of verifying that high Ryd-
berg states of these molecules are sufficiently long lived. The
next step, to be reported separately,26 consists of taking ad-
vantage of these long lifetimes to measure the velocity dis-
tribution of a molecular reaction product. Our ultimate goal
is to use this approach to measure the degree of alignment
and orientation of the HD product in the state-resolved dif-
ferential cross section of the reaction H�D2(v ,J)
→HD(v�,J�)�D.27

We report here on the spectroscopic and dynamical prop-
erties, including lifetimes and pulsed field ionization charac-
teristics, of high Rydberg states of HD in an effort to deter-
mine which Rydberg states are long lived and under which
experimental conditions. In addition to providing important
new information on the gerade28 Rydberg states of HD,
which complements that of earlier investigations of the un-
gerade Rydberg states of HD29,30 and of recent investigations
of the gerade Rydberg states of H2 by similar methods,31,32

this study brings us to the conclusion that the long lifetimes
of high Rydberg states of HD open the way to a new gen-
eration of experiments in gas-phase physical chemistry.

II. EXPERIMENT

The main characteristics of the apparatus have been de-
scribed in detail previously.33 Only details pertinent to this
study are summarized here. The high Rydberg states of HD
are populated by the resonant �1�1�� two-photon excitation
sequence
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Throughout this report, doubly primed quantities refer to the
ground state in the excitation sequence �1�, primed quantities
to the intermediate state, and unprimed quantities to the high
Rydberg states. The VUV radiation required to induce the
first step in this sequence is generated by difference fre-
quency mixing in a cell of krypton that is separated from the
rest of the apparatus by a MgF2 cylindrical lens. Because the
laser beams cross it off center, this lens serves the joint pur-
pose of separating the generated VUV radiation from the
fundamental frequencies and of refocusing it into the ion-
extraction region. The UV frequency required to drive the
second step in the excitation sequence �1� is produced by
frequency doubling the output of a Nd:YAG-pumped dye
laser. The VUV and UV pulse energies are estimated to be
200 nJ and 12 mJ, respectively. The two copropagating lasers
are linearly polarized, and the polarization vectors are ar-
ranged perpendicular to each other. Vibrationally excited HD
�v��4, J�� is produced by flowing HD over the hot filament
of an ion gauge 30 cm from the ionization region. The pres-
sure in the ionization chamber is kept at 5�10�5 Torr when
HD is flowing. Although the translational and rotational tem-
peratures have thermalized to room temperature by the time
the molecules have reached the ionization region, a signifi-
cant degree of vibrational excitation persists, as evidenced
from the observation of the �0,4� and �5,6� bands in the HD
B – X �1�1�� resonantly enhanced multiphoton ionization
�REMPI� spectrum displayed in Fig. 1.

Predissociation in the high Rydberg states of HD excited
by the multiphoton sequence �1� is induced by a coupling
with the dissociative state of HD having the configuration
�1
u�2. This predissociation leads to the formation of a
ground-state H �n�1� or D �n�1� atom and an excited H

�n�2� or D �n�2� atom. This excited atom can easily be
ionized in a single-photon process by the frequencies used in
the excitation sequence �1�. Information on the predissocia-
tion of HD occurring on the time scale of the photoexcitation
�5 ns� can therefore be obtained by collecting the yield of
ionized atomic fragments. Moreover, information on the
competition between photodissociation and photoionization
can be obtained by monitoring the yield of HD� and H� or
D� ions produced. As a result, a complete picture of the
decay of the high Rydberg states of HD can be reconstructed.
This approach implies, however, that ions rather than elec-
trons are monitored, because of the need to distinguish H�

and HD� ions by their time of flight �TOF�. The choice of
detecting ions, however, imposes some restrictions on the
information that can be obtained by delayed pulsed field ion-
ization; indeed, in experiments that seek to distinguish ions
produced by direct ionization from those produced by de-
layed pulsed field ionization of long-lived high Rydberg
states, the application of a weak dc electric field is required.
This field must be sufficiently small not to cause field ion-
ization of the high Rydberg states being studied but large
enough to separate spatially the high neutral Rydberg states
from the promptly produced ions during the delay time that
separates photoexcitation from pulsed field ionization �PFI�.
In addition, this weak electric field has some effect on the
properties of the high Rydberg states under investigation.2,10

These considerations require experimental care but, as shown
below, do not cause serious limitations on the range of ex-
periments described here.

Figures 2�a� and 2�b� illustrate the electric-field pulse
sequences used to investigate the properties of the high Ry-
dberg states of HD. Two pulsed electric fields are used; the
first is optional. Depending on the timing of the experiment,
photoexcitation can be carried out under field-free conditions
�i.e., the first pulsed field is applied after the laser pulse, as in
Fig. 2�a�� or in the presence of a weak dc field �i.e., the first
pulsed field is applied before photoexcitation, as in Fig.
2�b��. After a suitable delay time, a second, larger pulsed
electric field is applied to field ionize the Rydberg states that
have survived and to extract all generated ions along the
TOF tube toward the detector. This sequence of electric
fields is very versatile and renders possible the following
three experiments, the outcomes of which are described in
Sec. III.

�1� Photodissociation and photoionization study of HD in
the vicinity of the ionization limit. In this experiment,
photoexcitation is carried out under field-free conditions
�Fig. 2�a�� to minimize blurring of the Rydberg structure
by the Stark effect. Only one pulsed electric field �70
V/cm� is applied, typically 100 ns after photoexcitation.
This electric field extracts all ions �HD�, H�, and D��
produced by photoionization of HD or photoionization
of the dissociation products H�n�2� and D�n�2�, as ex-
plained above. Because of the different TOF of particles
with mass 1, 2, and 3, photoionization and photodisso-
ciation spectra can be recorded separately.

�2� Determination of the pulsed field ionization characteris-

FIG. 1. �1�1�� REMPI spectrum of the B – X transition between 76 400 and
77 000 cm�1, revealing the �0,4� and �5,6� bands.
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tics of high Rydberg states of HD. Two electric fields are
required for this measurement. The experiment is carried
out by gradually increasing the magnitude of the first
pulsed electric field �see Fig. 2� and monitoring the frac-
tion of initially populated high Rydberg states that is not
ionized by the first field and therefore survives until the
application of the second, larger electric field. By apply-
ing the first pulsed field either before �as in Fig. 2�b�� or
after �as in Fig. 2�a�� photoexcitation, we can study the
ionization behavior by dc and pulsed electric fields.

�3� Lifetime measurement of high Rydberg states. This ex-
periment also requires the use of two pulsed electric
fields. The first field serves to displace spatially the ions
produced by direct ionization or fast autoionization from
the long-lived high Rydberg states. The decay of the ini-
tial population of these states is monitored by PFI as a
function of the delay separating photoexcitation from the
second pulsed field shown in Fig. 2.

III. RESULTS AND DISCUSSION

A. Photoionization and photodissociation of HD in
the vicinity of the ionization threshold

Figures 3�a�–3�d� and 4�a�–4�d� show photoionization
and photodissociation spectra of HD recorded via even and
odd rotational states of the HD B state, respectively. The
photodissociation spectra shown here are from the H� ion

signal. The D� ion signal exhibits similar features and is
therefore omitted. The reason for having separate displays of
spectra recorded via even and odd rotational levels of the B
state is that the parity selection rule dictates that absorption
to s and d Rydberg states should be restricted to series that
converge on even �odd� rotational levels of the ion when
excitation occurs through an odd �even� rotational level of
the B state. To make a direct comparison of the spectra re-
corded via different intermediate states, we referenced the
energy scale on the horizontal axis to the ground neutral state
�v��0, J��0� of HD, using the available spectroscopic data
on the X and B states of HD,34,35 the well-characterized val-

FIG. 2. Sequences of pulsed electric fields used to extract dynamical and
spectroscopic information on the Rydberg states of HD. �a� Pulse sequence
adapted for photoexcitation under field-free conditions. �b� Pulse sequence
adapted for photoexcitation in the presence of a dc electric field.

FIG. 3. Photoionization and photodissociation spectra of HD, detecting
HD� and H�, respectively, after two-photon excitation via the B�v��0,
J��0� intermediate state �panels a and b� and via the B�v��0, J��2� inter-
mediate state �panels c and d�.

FIG. 4. Photoionization and photodissociation spectra of HD, detecting
HD� and H�, respectively, after two-photon excitation via the B�v��0,
J��1� intermediate state �panels a and b� and via the B�v��0, J��3� inter-
mediate state �panels c and d�.
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ues for the ionization potential of HD,36 and the calculated
energy levels of the HD� ion,37 when required.

Table I lists the Rydberg series converging on the ground
electronic state of HD� that are optically accessible via given
intermediate rotational levels of the B state. According to
common practice, the series are labeled nlN�, where n
stands for the principal quantum number, l for the Rydberg
electron orbital angular momentum quantum number, and
N� for the rotational quantum number of the ionic state to
which the series converge. In the presence of an electric
field, the orbital angular momentum quantum number l is no
longer well defined in sufficiently high Rydberg states. In
this case, Rydberg states are labeled simply n(N�). The
bracketed series in Table I indicate those that are not observ-
able when the excitation is carried out from the v��4, J��0
�MJ��0� ground state. In this case, the perpendicular polar-
ization arrangement of our lasers leads to excitation to
MJ�1 states, which is incompatible with the observation of
J�0 final states. In the energy region close to the first ion-
ization limit, the spectra are dominated by transitions to high
Rydberg states converging on the lowest rotational levels of
the ground vibronic state of the HD� cation with N��0–6.
However, transitions to lower Rydberg states converging on
higher vibrational states of HD� �referred to below as inter-
lopers� are also expected, in particular the n�7 and 8 s/d
Rydberg complexes of the series converging on v��1, the
n�4 Rydberg complex of the series converging on v��4,
and possibly the n�3 complex of the series converging on

v��8. These interloper states generally lead to strong per-
turbations of the Rydberg series converging on the v��0
levels. Unlike in H2, where an unambiguous identification of
most interlopers appears possible with a simple l-uncoupling
calculation,32 such an identification could not be made in the
present study, possibly because of the higher density of
interlopers that results from the smaller rovibrational spac-
ings in the HD� ion. Only tentative assignments of the inter-
loper states are indicated in Figs. 3 and 4. In some cases, the
total angular momentum quantum number J of the interlop-
ers could be determined from a comparison of photo-
dissociation/photoionization spectra recorded via different
intermediate states. For instance, the J�2 character of the
resonance observed at 124 735 cm�1 in Fig. 4�c� can be in-
ferred from its presence in the photoionization spectrum re-
corded via J�3 but its absence from the spectra recorded via
J�1 �Figs. 5�a� and 5�b�� and J�5 �not shown�.

Several considerations need to be taken into account to
correctly interpret the features observed in the spectra dis-
played in Figs. 3 and 4.

�1� The H� signal in Figs. 3�b�, 3�d�, 4�b�, and 4�d� origi-
nates exclusively from one-photon ionization of excited
atomic H �n�2� dissociation products with the laser fre-
quencies used in the excitation sequence �1�. This con-
clusion has two consequences. First, the experiment is
insensitive to predissociation processes that yield two
ground-state H �D� atoms. Second, the experiment reg-

TABLE I. Rydberg series converging on the ground electronic state of HD� that are optically accessible via
given intermediate rotational levels of the B state. The series are ordered according to which ionic rotational
level they converge. The series indicated in brackets correspond to series not observable when the excitation is
carried out from the v��4, J��0 �MJ��0� ground state �see the text for details�.

Ionization
channel B�v��0, J��0� B�v��0, J��1� B�v��0, J��2� B�v��0, J��3�

v��0, N��0 �ns0 J�0� nd0 �J�2�
nd0 �J�2�

v��0, N��1 ns1 �J�1� ns1 �J�1�
nd1 �J�1� nd1 �J�1�

nd1 �J�2�
nd1 �J�3�

v��0, N��2 ns2 �J�2� ns2 �J�2�
�nd2 �J�0�� nd2 �J�2�
nd2 �J�1� nd2 �J�3�
nd2 �J�2� nd2 �J�4�

v��0, N��3 nd3 �J�1� ns3 �J�3�
nd3 �J�1�
nd3 �J�2�
nd3 �J�3�

v��0, N��4 nd4 �J�2� ns4 �J�4�
nd4 �J�2�
nd4 �J�3�
nd4 �J�4�

v��0, N��5 nd5 �J�3�

v��0, N��6 nd6 �J�4�
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isters only photodissociation processes that occur on a
time scale of 5 ns, which corresponds to the temporal
width of our laser pulses.

�2� The photoionization spectra represent the yield of HD�

ions extracted by a pulsed electric field of 70 V/cm de-
layed approximately 100 ns with respect to photoexcita-
tion. The HD� ions that contribute to the photoionization
spectra can be formed by four distinct processes: direct
ionization, autoionization, pulsed field ionization, and
forced autoionization. The direct ionization yield is gen-
erally weak and contributes only a small, smooth back-
ground to the spectra. Most of the structure observed in
the spectra above the N��0 threshold in Figs. 3�a� and
3�c� and 4�a� and 4�c� stems from rotational autoioniza-
tion of Rydberg states that are coupled to the underlying
continua; typical examples are the long nd2 and nd3
progressions observed in Figs. 4�a� and 4�c� and 3�a� and
3�c�, respectively. Pulsed field ionization contributes to
the HD� ion yield in the region below the v��0, N��0
ionization threshold, where Rydberg states are energeti-
cally unable to ionize in the absence of an electric field.
Pulsed field ionization also occurs in narrow bands of
�10 cm�1 just below each successive ionization thresh-
old, an observation that can be attributed to the long
lifetimes ���100 ns� of high Rydberg states with n�100
belonging to series that converge on these thresholds.
Assuming that the field ionization occurs adiabatically,
the onset of the pulsed field ionization signal is expected
to occur some 50 cm�1 below the ionization threshold,
i.e., for Rydberg states with principal quantum number
n�50. In forced autoionization, Rydberg states with
much lower n values than 50 ionize when the pulsed
electric field is applied. Some examples are the 28d2 and
22d3 Rydberg states just below the N��0 and N��1
ionization limits, respectively. These states, which are
coupled to the pseudocontinuum of high Rydberg states
just below the N��0 �N��1� limit, autoionize only
once the pseudocontinuum has been turned into an ion-
ization continuum by the electric field. The electric field
can help in this process by inducing or strengthening the
coupling between the Rydberg state and the continuum
that is just opening.38 These resonances offer unique ad-
vantages because they have large oscillator strengths de-
termined by their relatively low n character �the absorp-
tion cross section to Rydberg states scales as n�3� and, at
the same time, display the field ionization characteristics
and the long lifetimes typical for the pseudocontinuum
of high Rydberg states to which they are coupled �see
Secs. III B and III C�. Consequently, they provide an ef-
ficient means to produce large populations of stable neu-
tral states that can be ionized easily by a small electric
field. This property is precisely that required to extend
the method of H-atom photofragment translational spec-
troscopy to probe molecular species. Because of the im-
portance of this property, the nature of these resonances,
referred to thereafter as complex resonances,39 is charac-
terized more extensively in Secs. III B and III C below.

The most complete and regular Rydberg series observed
in the spectra displayed in Figs. 3 and 4 are the nd series
converging on ionic rotational states with rotational quantum
numbers N��J��1, where J� represents the total angular
momentum of the rotational state selected in the B state.
These series typically appear as long progressions of au-
toionizing resonances in the photoionization spectra. Ex-
amples are the nd2 series in Fig. 4�a� and the nd2 and nd4
series in Fig. 4�c� as well as the nd1 series in Fig. 3�a� and
the nd1 and nd3 series in Fig. 3�c�. The resolution of the
lasers in the present study does not enable us to resolve nd
Rydberg series of different total angular momentum J �see
Table I�.

The nd series converging on ionic rotational states with
rotational quantum number N��J��3 are generally weak
and of irregular intensity. When observed, these series appear
to borrow their intensity from low n interlopers that belong
to series converging on higher vibrational levels of HD�;
examples are the nd4 series in Fig. 4�a� and the nd3 series
in Fig. 3�a�.

The ns series converging on ionic rotational states with
rotational quantum number N��J��1 and N��J��3 are
present in most spectra, although they are much weaker than
the nd , N��J��1 series and are of irregular intensity. No
transition to an ns Rydberg state could be unambiguously
identified beyond n�35.

The positions of the members of the s series are well
described by the quantum defects ��0.1� derived for H2 by
Rottke and Welge.31 The various components of the d series
have quantum defects in the range between �0.03 and 0.05.
The spectra represented in Figs. 3 and 4 contain no evidence
of series with l�2.

Inspection of Figs. 3 and 4 reveals that the importance of
predissociation diminishes above the ionization potential,
where the photodissociation lines become less densely
spaced, appear at irregular intervals, have irregular widths,
and are broad in general. Moreover, the extended Rydberg
series converging on rotational levels of the ground vibronic
state of HD� appear almost exclusively in the photoioniza-
tion spectra. These observations imply that the Rydberg se-
ries characterized by a v��0 ion core are not strongly pre-
dissociative but decay preferentially by �forced� auto-
ionization or by pulsed field ionization when an electric field
is applied. The scarce and irregular nature of the broad iso-
lated resonances observed in the photodissociation spectra
above the ionization threshold suggests strongly that these
resonances stem from transitions to low-n interloper Rydberg
states with vibrationally excited ion cores. The widths of
these resonances lie in the range of 1–20 cm�1 and indicate
that these interloper states are strongly coupled to the disso-
ciation continua, an observation that can be attributed to the
increasing overlap of the vibrational wave function of core
states with v��0 with the repulsive potential of the �1
u�2

configuration.
The strong predissociative nature of the low-n interlop-

ers is often accompanied by a profound modification of the
photoionization and photodissociation behavior of the series
converging on the ground vibrational states of HD�. The

954 Merkt, Xu, and Zare: Long-lived molecular Rydberg states

J. Chem. Phys., Vol. 104, No. 3, 15 January 1996

Downloaded 23 Feb 2012 to 171.64.124.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



presence of a neighboring dissociative interloper often
causes these Rydberg states, which would normally appear
only in the photoionization spectra, to decay by dissociation.
When such a situation occurs, the interloper can safely be
assumed to be coupled to the Rydberg series in question, an
assumption that can assist, via perturbation rules, in the as-
signment of the interloper state.

A prominent example of an interaction between a low-n
interloper state and high Rydberg states converging on the
v��0 vibrational level is displayed in Figs. 5�a�–5�d�,
which show a detail of the photoionization and photodisso-
ciation spectra recorded via B�J��0 and 2�. At the position
of the broad dissociation resonance centered at 124 682
cm�1 in Fig. 5�b�, a complete change occurs in the photoion-
ization spectrum �Fig. 5�a��. The interloper resonance ap-
pears symmetric in the dissociation spectrum but is blue de-
graded in the photoionization spectrum. Members of the nd3
Rydberg series can be identified superimposed on the reso-
nance. On the red side of the interloper, the nd3 Rydberg
series �with n�22–25� appears as blue-degraded resonances
in the photoionization spectrum. As the dissociative reso-
nance is approached from below, the nd3 Rydberg series
first becomes red degraded �n�27� and then goes over into
window resonances �n�28–30�. In the photodissociation
spectrum, on the other hand, the nd3 resonances appear as
dips below 124 682 cm�1 but as blue-degraded peaks on the
high frequency side of the resonance. The next large reso-
nance in the photodissociation spectrum, at 124 790 cm�1 in
Figs. 3�b� and 5�b�, displays a symmetric line shape in the
dissociation spectrum but is red degraded in the photoioniza-
tion spectrum. Because excitation is through the B�v�0,
J��0� state, only final states with J�1 are optically acces-
sible �see Table I� in the spectra represented in Figs. 3�a� and
3�b� and 5�a� and 5�b�. When excitation occurs through B�v
�0, J��2�, final states with J�2–3 also become accessible.

In this case, shown in Figs. 5�c� and 5�d�, the J�1 structure
described above is still recognizable, but the J�2,3 compo-
nents of the nd3 Rydberg series appear with greater regular-
ity both in the photodissociation and the photoionization
spectra. Moreover, additional interloper states appear in dis-
sociation at 124 804 cm�1 and in ionization at 124 810 cm�1.
A simple l-uncoupling calculation using case �b� quantum
defects derived from the positions of the n�3 d Rydberg
states of hydrogen listed in Ref. 35 suggests that the upper
dissociative resonance in Fig. 5�b� be assigned to the �v��1�
8d1 �J�1� Rydberg state.

The assignment of the lower dissociative resonance is
less straightforward. Rydberg states converging on higher vi-
brational limits �e.g., v��4� as well as the s – d series inter-
action might need to be taken into consideration to account
for all the resonances found in this energy region. Modeling,
by multichannel quantum defect theory �MQDT�, the deli-
cate balance between photoionization and photodissociation
apparent in Figs. 3–5, as well as the complex changes in
character observed in the various accessible channels, might
provide a definitive assignment of the interloper states and
lead to the determination of detailed couplings between open
and closed channels. Conversely, the complex channel inter-
actions apparent in these spectra may offer a useful testing
ground for important developments in MQDT, which is pres-
ently able to treat autoionization and predissociation in a
unified fashion.40–42

The overall features of the photodissociation and photo-
ionization spectra of HD appear very similar to those ob-
tained in the corresponding spectra of H2 reported recently
by Glab et al.32 The same Rydberg series are observed, with
similar quantum defects. Moreover, the H� �D�� and H2

�

�HD�� ions are produced by similar mechanisms. Although
the isotopic substitution first appears not to lead to significant
modifications in the spectra other than those caused by the
different rovibrational spacings in the two molecules, two
important differences exist. The first is in the observation of
D atomic fragments in addition to H atomic fragments in
HD. In the energy range under investigation, however, no
difference in the relative yield of excited H and D atoms
could be detected within the limits of our resolution, sensi-
tivity, and time scale. The second, more important, deviation
concerns the onset of the HD� and H2

� ionization signals.
When H2 is excited through an even rotational level of the B
state, the onset of the ionization signal occurs 80 cm�1 below
the v��0, N��1 threshold �see Figs. 3 and 4 of Ref. 32� for
the electric field used in Ref. 32. When, on the other hand,
H2 is excited through an odd rotational level of the B state,
the onset of ionization is observed 80 cm�1 below the v��0,
N��0 threshold �see Figs. 1 and 2 of Ref. 32�. In HD, under
our experimental conditions, the onset of the HD ion signal
always takes place 50 cm�1 below the v��0, N��0 thresh-
old �see Figs. 3 and 4�, even when excitation occurs through
even rotational levels of the B state. Such an observation can
be explained only if the channels associated with an
HD��v��0, N��odd� core are coupled to the channels as-
sociated with an HD��v��0, N��even� core. In other
words, Rydberg states of HD converging on the N��1 and

FIG. 5. Details of the photoionization and photodissociation spectra of HD,
detecting HD� and H�, respectively, after two-photon excitation via the
B�v��0, J��1� intermediate state �panels a and b� and via the B�v��0,
J��3� intermediate state �panels c and d�.
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three levels of HD� can rotationally autoionize to the N��0
and 2 continua, provided that these continua are energetically
accessible. The autoionization process involves an odd
change �N� in the core rotational angular momentum N�.
Such an autoionization process cannot be observed in H2 or
D2 as a consequence of the forbidden nature of ortho-to-para
interconversion processes. Further evidence for this autoion-
ization process in HD involving an odd �N� change are
presented in Sec. III C.

B. Pulsed field ionization characteristics of the
22d3↔n
106 (N��1) complex resonance

To determine the pulsed field ionization characteristics
of the 22d3↔n
106 �N��1� complex resonance, we use
two pulsed electric fields �Fig. 2�, as outlined in Sec. II. The
magnitude of the first field �duration 800 ns� is varied be-
tween 0 and 10 V/cm, whereas the magnitude of the second
field is kept at 70 V/cm. At a fixed set of frequencies, corre-
sponding to the excitation sequence

HD X 1�g
��v��4, J��1 � ——→

	VUV

HD B 1�u
��v��0,

J��2)→
	2

HD, 22d3↔n
106�N��1 �,

the TOF distribution of the HD� ions is monitored as the
magnitude of the first electric field is gradually increased.
The principle of the measurement relies on our ability to
distinguish between the following two situations by analyz-
ing the TOF profile of the HD� ions.

�1� The value of the first pulsed electric field is not high
enough to field ionize the prepared Rydberg states that
survive until they are ionized, and the generated ions
extracted, by the second pulsed electric field in Fig. 2.

�2� The magnitude of the first pulsed electric field is suffi-
cient to ionize the prepared Rydberg states. The ions
produced by the first field are displaced toward the exit
plate of the extraction region before the second pulsed
electric field is applied. Their acceleration by the second
field is therefore greatly reduced, and consequently their
TOF to the detector becomes longer, compared with situ-
ation �1� above. The sequence of two electric fields
shown in Figs. 1�a� and 1�b� offers, therefore, a means to
determine the fraction of the initially prepared states that
has not been ionized at a given value of the first electric
field.

Two sets of experiments are carried out. In the first set,
photoexcitation occurs under field-free conditions �see Fig.
2�a��. The first pulsed field �800 ns duration� is applied typi-
cally 100 ns after photoexcitation and is immediately fol-
lowed by the second pulsed field. In this case, the pulsed
electric field ionization characteristics of the prepared Ryd-
berg states are investigated. In the second set of experiments,
photoexcitation occurs in the presence of the first electric
field �see Fig. 2�b��. Therefore, this set of experiments pro-
vides some information on the stability of high Rydberg
states in dc electric fields.

To illustrate the principle of the method, Fig. 6 shows
TOF profiles obtained in the former series of experiments
�photoexcitation carried out under field-free conditions� as
the magnitude of the first electric field is increased from 2.9
to 7.5 V/cm. Similar profiles, not shown here, were obtained
in the second set of experiments. All profiles consist of a
sharp peak centered at 1.35 �s, which corresponds to Ryd-
berg states that are field ionized by the second pulsed field
�situation �1� above�. This peak is followed by a second,
broader peak that corresponds to Rydberg states that have
been field ionized by the first field �situation �2� above�. The
maximum of this second peak is shifted to progressively
longer TOF as the magnitude of the first pulsed field is in-
creased. This behavior is expected because the ions produced
by the first electric field are pushed further toward the exit
plate of the extraction region, and therefore the ions are ac-
celerated less by the second field, as the magnitude of the
first field increases. The relative intensity of these two peaks
provides a direct measure of the fraction of the initially
populated states that have not been field ionized by the first
field. This fraction is plotted as a function of the electric field
strength in Fig. 7 �dotted line�. The full line in Fig. 7 shows
how this fraction varies when photoexcitation is carried out
in the presence of a dc field. The difference between the two
curves is striking: 90% ionization is achieved at an electric
field strength of 8 V/cm when excitation occurs under field-
free conditions, but it is achieved at a field strength of only 4
V/cm when the experiment is performed in the presence of a
dc electric field.

Several observations are necessary to rationalize the
field ionization behavior summarized in Fig. 7. Two distinct

FIG. 6. Pulsed electric field ionization of the n�22d3↔n
106(N��1)
complex resonance in HD. The HD� TOF profiles are obtained with the
pulsed field sequence illustrated in Fig. 2�a�. The early TOF peak corre-
sponds to Rydberg states that are field ionized by the second pulsed field �70
V/cm�, whereas the late TOF peak corresponds to Rydberg states that are
ionized by the first pulsed field, the magnitude of which is indicated above
the TOF profiles.
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mechanisms for the pulsed field ionization of Rydberg states
can be observed2,43,44 depending on the path followed by the
Rydberg state on its way to ionization as the electric field
increases. These mechanisms are known as adiabatic and di-
abatic field ionization. In adiabatic field ionization, the Stark
state traverses adiabatically a long series of avoided cross-
ings with other Stark states that belong to the same or other
manifolds until the classical ionization limit is reached, at
which point the Rydberg state ionizes. In this situation, ion-
ization is expected to occur, for a Rydberg state of principal
quantum number n , in a narrow range of electric fields F
centered on the value given by

R/n2�6.12�F�V/cm�, �2�

where R is the Rydberg constant for HD in reciprocal centi-
meters. Equation �2� is also widely assumed to adequately
describe the lowering of an ionization threshold by a dc elec-
tric field.

In diabatic field ionization, the Rydberg state traverses
the curve crossings diabatically, and the Rydberg system ion-
izes at a field strength characteristic of its parabolic quantum
numbers n , n1 , n2 , and m . A blueshifted (n1�n2) state ion-
izes at higher fields than a redshifted one (n2�n1). More-
over, states with increasing m values ionize at higher electric
fields.45 Diabatic field ionization of a Rydberg population
prepared in a state of principal quantum number n under
field-free conditions is expected to occur over a relatively
wide range of electric field strengths given approximately
by2,43,44

3.2�F�V/cm�	R/n2	4.6�F�V/cm� �3�

which reflects the different ionization thresholds of different
Stark states. Field ionization of the hydrogen atom occurs
diabatically. In other atomic systems, both adiabatic and di-
abatic ionization can be encountered; the former is more
likely for states with low n and m quantum numbers and
slowly rising electric fields, and the latter becomes increas-
ingly important as n and m increase and at large electric field
slew rates. Little is known about the field ionization behavior
of molecular systems, although Rydberg states of molecules
are generally assumed to behave as atomic Rydberg states
and high Rydberg states with n�100 to ionize diabatically at
electric-field slew rates in the range of 109–1011

V cm�1 s� 1.2

To facilitate interpretation of the field ionization charac-
teristics of the 22d3↔n
106 �N��1� complex resonance,
the vertical bars in Fig. 7 have been placed to indicate the
field at which ionization would be expected for an n�106
Rydberg state, if it occurred at a sharp threshold given by
R/n2�3.2�F , 3.5�F , 4�F , 5�F , and 6�F , respectively. The
following conclusions can be derived from a close inspection
of Fig. 7.

�1� The complex resonance composed of the interacting
22d3 and n
106 �N��1� Rydberg states appears to dis-
play field ionization characteristics expected of an
n�106 Rydberg state. Indeed, had the complex reso-
nance retained a dominant n�22 character, no field ion-
ization signal would have been observed, even with the
second pulsed electric field.

�2� The pulsed field ionization �the dotted line in Fig. 7�
appears to occur predominantly in the range predicted
for diabatic field ionization �see Eq. �3� above�, although
20% occur at lower electric fields, presumably adiabati-
cally. Because the branching ratio of adiabatic/diabatic
ionization decreases with increasing n , this observation
suggests that more than 20% of the Rydberg states with
n	100 ionize adiabatically under our experimental con-
ditions �slew rate�2–5�108 V cm�1 s�1�, which ac-
counts for the observation made above that the onset of
the pulsed field ionization signal in our spectra is consis-
tent with the behavior predicted for adiabatic field ion-
ization �see Eq. �2� above�. Xu, Helm, and Kachru46 also
observed adiabatic field ionization in Rydberg states of
H2 with 18	n	30 at electric field slew rates of
1.33�1011 V cm�1 s�1.

�3� A much higher dc electric field than given by Eq. �2� is
required to ionize completely the excited Rydberg popu-
lation �the solid line in Fig. 7� when photoexcitation is
performed in the presence of a dc electric field. This
observation indicates that stable Rydberg states ���1 �s�
exist above the classical field ionization limit given by
Eq. �2�. It also suggests that use of Eq. �2� to describe the
lowering of an ionization threshold by a dc field must be
made with caution. Indeed, Eq. �2� appears to describe
adequately the low-frequency onset of an ionization sig-
nal, provided that part of the population ionizes adiabati-
cally, but it fails to account for the shift of the blue edge
of a peak in a pulsed field ionization spectrum recorded

FIG. 7. Electric field ionization characteristics of the
n�22d3↔n
106(N��1) complex resonance in HD. The figure shows
which fraction of the initial Rydberg population has not been field ionized as
a function of the magnitude of the ionizing electric field. The dotted line
describes ionization by a pulsed electric field, whereas the full line describes
ionization by a continuous field. The vertical bars indicate the field at which
ionization would be expected, for an n�106 Rydberg state, if it occurred at
a sharp threshold given by R/n2�3.2�F , 3.5�F , 4�F , 5�F , and 6�F , respec-
tively.
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in the presence of a dc field. This observation may be
important for the technique of MATI spectroscopy, in
which a dc electric field is commonly used to reject
prompt ions.

C. Rydberg-state lifetime measurements

The observation made above �see Figs. 3 and 4�, that
Rydberg states converging on excited rotational levels of the
HD� ion contribute to the photoionization spectrum even if
they are located well below the field ionization range of the
limit to which the series converges, indicates that relatively
low Rydberg states, with principal quantum number in the
range 20	n	100, undergo rapid rotational autoionization
and have lifetimes of less �probably much less� than 5 ns.
Similarly, the predissociation spectra indicate that many Ry-
dberg states with n	100 decay by predissociation on the
nanosecond time scale or faster. The behavior of the high
Rydberg states with n�100 stands in striking contrast to that
of these lower Rydberg states. Indeed, the almost complete
population of initially prepared states can be pulsed field
ionized several microseconds after photoexcitation. This ab-
sence of continuity in the lifetimes between low and high
Rydberg states has already been noted in several different
systems including NO,1,3,12 Ar,7 and larger polyatomic
molecules.4–6,8,9,11 One interpretation is to invoke l and ml
mixing induced by external perturbations,2,10,13 in particular,
by stray inhomogeneous electric fields.10 Another interpreta-
tion for molecular Rydberg states is to invoke interactions
between the multipole moments of the core and the Rydberg
electron.47,48 These two interpretations need not be exclusive,
although we suspect that the former often dominates in prac-
tical situations. The very high Rydberg states of HD probed
in this study constitute another example of extreme stability.

Because of our interest in exploiting the long lifetimes of
high Rydberg states to generalize the method of Rydberg
TOF spectroscopy to the HD molecule, we desire to answer
the following questions:

�1� What percentage of the initially prepared high Rydberg
state population is long lived? If this percentage is small,
serious limitations will be imposed on the sensitivity of
this method.

�2� How long lived are high Rydberg states of HD, and what
are the characteristics of their decay? Whether the life-
times are 100 ns, 1, 10, or 100 �s will have some bear-
ing on the design of experiments aimed at exploiting
these lifetimes.

Additionally, we would like to be able to produce long-
lived Rydberg states as efficiently as possible for experimen-
tal convenience. Therefore, we pay particular attention here
to the behavior of complex resonances. As noted earlier, a
complex resonance enables us to benefit simultaneously from
the high oscillator strength to the low n interloper state and
from some characteristics, including the pulsed field ioniza-
tion behavior and the lifetimes, exhibited by the high Ryd-
berg states to which this state is coupled. The sensitivity to

the product to be probed by Rydberg TOF spectroscopy is
therefore optimal at the positions of complex resonances.

Although we have measured lifetimes of high Rydberg
states converging on several limits and at different values of
the principal quantum number n , we illustrate here in detail
the measurement of the lifetime of the Rydberg state popu-
lation produced following excitation to the 28d2↔n
110
�N��0� complex resonance. The decay of the initially pre-
pared Rydberg states is monitored by measuring the magni-
tude of the pulsed field ionization signal as a function of the
delay time between photoexcitation and the application of
the pulsed electric field. A weak dc electric field �0.7 V/cm�
is maintained in the extraction region to avoid the undesir-
able overlap of the HD� ion signal produced by pulsed field
ionization with HD� ions formed before the electric field is
applied. As demonstrated earlier, the latter ions have a longer
TOF and can be distinguished from the former. In the
28d2↔n
110 �N��0� complex resonance, rotational auto-
ionization is energetically impossible and no prompt ions are
observed experimentally. Only predissociation needs to be
considered as a source of decay of the initial population
�fluorescence is assumed to take place on a slower times-
cale�.

Figure 8 displays representative HD� TOF profiles ob-
tained at different delay times separating PFI from photoex-
citation. The horizontal TOF axis has been referenced to the
time at which the second pulsed electric field is applied �see
Fig. 2� and not to the time of photoexcitation so that all
profiles can be compared directly. The vertical scale has been
adjusted so as to reveal the TOF profiles with maximum
detail. These profiles undergo two essential modifications as
the delay time increases from 100 ns to 20 �s. First, the
magnitude of the signal decreases monotonically, reaching

FIG. 8. Measurement of the decay of the 28d2↔n
110(N��0) complex
resonance by delayed pulsed field ionization. HD� TOF profiles obtained at
delay times separating PFI from photoexcitation of �a� 100 ns, �b� 2.1 �s, �c�
4.1 �s, �d� 6.1 �s, �e� 12.1 �s, and �f� 20.1 �s. The horizontal TOF axis has
been referenced to the time at which the second pulsed electric field is
applied �see Fig. 2� and not to the time of photoexcitation so that all profiles
can be compared directly. Note that the vertical scale has been adjusted to
enhance features of the TOF profiles.
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2% of the initial value at 20 �s. Second, the shape of the
peaks undergoes a rapid change, becoming broader at first,
then asymmetric, and finally sharp again. Some care is re-
quired to extract a decay from these profiles. Indeed, the
decay of the Rydberg states is not the only cause of the
gradual loss of signal observed in Fig. 8. An important
source of signal loss originates from the decreasing transmis-
sion function of the TOF spectrometer with increasing delay
time. The HD molecules probed have a translational tem-
perature of 298 K, and their velocity distribution is such that
only a fraction can reach the detector at longer delay times.
This unwanted contribution to the apparent decay must be
deconvoluted to derive actual lifetimes.49 Such a deconvolu-
tion was achieved by means of a Monte Carlo simulation of
the TOF profiles.

The simulation, which took the geometry of the extrac-
tion and TOF tubes into account, was refined until all fea-
tures of all profiles obtained in Fig. 8 could be simulated
quantitatively. The quantitative agreement obtained between
calculated and experimental profiles enabled us to evaluate
the transmission function of the spectrometer accurately and
to reconstruct the actual decay of the Rydberg state popula-

tion. The procedure, illustrated in Fig. 9, consists of evaluat-
ing, by simulation, the fraction of the total population that
can reach the detector assuming infinite lifetime for the Ry-
dberg states �the dotted line in Fig. 9�, and then dividing the
integrated raw experimental signal intensities �the dashed
line in Fig. 9� by this fraction to obtain the curve reflecting
the actual decay �the full line in Fig. 9�. The growing error
bars with increasing delay time, which stem primarily from
the decreasing signal strength, rule out a quantitative deter-
mination of the decay beyond 10 �s. Approximately 35% of
the population decays within 8 �s, after which time no decay
is observed within the limits of our sensitivity and time scale.
The lifetime �1/e time� is therefore too long to be measured
in our setup and meets the condition ��20 �s. We attribute
the decay measured experimentally to slow predissociation
of the complex resonance, and its multiexponential nature to
a varying degree of state mixing in the Rydberg population,
in good accord with the theoretical predictions of Ref. 10.
The importance of predissociation in the decay measured ex-
perimentally is further indicated by the observation of weak
H� and D� peaks in the TOF spectra measured at the short-
est delay times.

Because ions, and not electrons, are monitored in these
experiments, we are confident that we measure the decay of
the total population that was optically prepared and not just a
fraction of it. We can therefore rule out the importance, in
this system, of the significant submicrosecond component in
the decay predicted theoretically in Ref. 47. Moreover, the
lifetime measured experimentally is amply sufficient to apply
the method of Rydberg TOF spectroscopy to this system.

The lifetime measurement of Rydberg states can, in
some cases, provide information on the decay mechanism.
To illustrate this point, we summarize in Table II the results
of a series of lifetime measurements at six different energetic
positions near the v��0, N��1 ionization threshold. In all
cases, excitation is carried out via the B�v��0, J��2� inter-
mediate state, and the photoionization and photodissociation
spectra �Figs. 3�c� and 3�d�� are dominated by s and d Ryd-
berg series converging on the N��1 and N��3 ionization
thresholds. Table II also lists Rydberg states accessed at these
energies, the energy relative to the N��0 and N��1 thresh-
olds, and the measured stability of the Rydberg population.
Figures 10�a�–10�d� show representative HD� TOF spectra,

FIG. 9. Determination of the decay of the 28d2↔n
110(N��0) complex
resonance. The curve reflecting the actual decay �full line� is obtained by
dividing the integrated raw experimental signal intensities �dashed line� by
the fraction of the population that can reach the detector assuming infinite
lifetime, derived from the Monte Carlo simulation �dotted line�.

TABLE II. Experimental determination of Rydberg state stabilities at various energetic positions, listed in the
first column, near the v��0, N��1 ionization threshold. The Rydberg states that are accessed at these energies
are listed in the second column. The third and fourth columns indicate the energy relative to the N��0 and
N��1, respectively. The last column contains the measured lifetime of the Rydberg population.

Energy/cm�1 Rydberg state �E(N��0)/cm�1 �E(N��1)/cm�1 �1/e� time/�s

124 560.3 n�46 �N��1� �8.2 �52.0 �10
124 564.5 n�48 �N��1� �4.0 �47.8 	1
124 602.7 22d3

n�106 �N��1�
Continuum �9.6 �10

124 605.5 22s3
n�126 �N��1�

Continuum �6.8 �10

124 606.3 n�134 Continuum �6.0 �10
124 617.3 ••• Continuum Continuum •••
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obtained at successive delay times, that correspond to exci-
tation to the n�46 �N��1� Rydberg states, the n�48
�N��1� Rydberg states, the n�22d3↔n
106(N��1)
complex resonance, and the continuum above the N��1
threshold, respectively. When excitation occurs directly to
the continuum �Fig. 10�d��, the peak in the TOF profile
moves toward longer times as the delay time �indicated
above each TOF profile� increases, as expected for prompt
ions �see Sec. III B�. At 4 �s delay, all ions have been swept
out of the extraction region and no signal can be detected. At
the position of the n�22d3↔n
106(N��1) complex
resonance �Fig. 10�c�� and of the n�46 �N��1� Rydberg
states �Fig. 10�a��, on the other hand, the HD� peak follows
the pattern typical of long-lived Rydberg states described
above �see Fig. 8�; no prompt ions are produced and the
decay is extremely slow.

Surprisingly, at the position of the n�48 �N��1� Ryd-
berg state �Fig. 10�b��, the TOF profiles are identical to those
obtained in the continuum above the N��1 threshold and
radically different from those obtained at the position of the
n�46 �N��1� Rydberg state. From the measurement in Fig.
10�b�, we can conclude that these states decay by ionization
in less than 1 �s. As can be seen in Table II, the position of
the n�48 Rydberg state lies 49 cm�1 below the field-free
N��1 ionization threshold but only 4.8 cm�1 below the
N��0 ionization threshold. Ionization of this state is there-
fore energetically impossible in the absence of an electric
field. The 0.7 V/cm field used in the experiment is strong
enough to make the N��0 continuum accessible at the po-
sition of the n�48 �N��1� state but much too weak to make
the N��1 continuum accessible. We must therefore con-
clude that this Rydberg state rotationally autoionizes to the
N��0 continuum in a process involving an odd �N� change

in core rotational angular momentum, an observation that
supports the conclusion drawn at the end of Sec. III A from
the onset of the ionization signal. Given that it is forbidden
in H2, the occurrence of this autoionization coupling in HD
can only be attributed to the distinguishability of the two
nuclei, as well as the breakdown of the parity and g/u sym-
metries induced in high Rydberg states by electric fields.

IV. CONCLUSIONS

Spectroscopic and dynamical properties of gerade Ryd-
berg states of HD located close to the first ionization limit
have been investigated following resonant two-photon ab-
sorption via selected rotational levels of the B state. The two
frequencies used to excite the HD molecule to high Rydberg
states also serve the purpose of ionizing the excited H �n�2�
and D�n�2� atoms that result from the predissociation of the
Rydberg states. Photodissociation and photoionization spec-
tra of HD are recorded separately by measuring the relative
yield of H� and HD� ions as a function of the excitation
frequencies. The overall features of the decay of the gerade
Rydberg states of HD can be extracted from the analysis of
these spectra. Finer details are obtained by measuring the
lifetimes and the pulsed field ionization characteristics of
Rydberg states located at several positions above and below
the first ionization limits.

The main conclusions of this study can be summarized
as follows:

�1� High Rydberg states of HD belonging to series converg-
ing on the ground vibronic state of HD are not strongly
predissociative but decay preferentially by autoioniza-
tion. Predissociation signals are commonly observed be-
low the lowest ionization limit �v��0, N��0�. Above
the lowest ionization limit, predissociation is observed
only when these series are perturbed by lower interloper
Rydberg states that belong to series converging on ex-
cited vibrational levels of the ion. At the position of
these interloper states, the competition between autoion-
ization and predissociation gives rise to very complex
spectral features �See Fig. 5�.

�2� The behavior of the gerade Rydberg states of HD fol-
lows closely that observed in H2 by Glab et al.,32 with
one exception: rotational autoionization processes in-
volving an odd change in core rotational angular mo-
mentum are observed in HD but not in H2, as a conse-
quence of the forbidden nature of ortho-to-para
interconversion processes in the latter molecule.

�3� The complex resonance composed of the interacting
22d3 and n
106 �N��1� Rydberg states displays the
field ionization characteristics expected of an n�106
Rydberg state. The pulsed field ionization occurs pre-
dominantly in the electric field range predicted for diaba-
tic field ionization although 20% occur at lower electric
fields, presumably adiabatically. Because the branching
ratio of adiabatic/diabatic ionization decreases with in-
creasing n , we conclude that more than 20% of the Ry-
dberg states of HD with n	100 ionize adiabatically un-
der our experimental conditions �slew rate�2–5�108

FIG. 10. Measurement of Rydberg state decay in the vicinity of the v��0,
N��1 ionization threshold. HD� TOF spectra are shown �panel a�, obtained
at successive delay times, corresponding to excitation to the n�46 �N��1�
Rydberg states, �panel b� the n�48 �N��1� Rydberg states, the
n�22d3↔n
106(N��1) complex resonance �panel c�, and the con-
tinuum above the N��1 threshold �panel d�.
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V cm�1 s�1�. We also observe the existence of stable Ry-
dberg states ���1 �s� above the classical field ionization
limit. Although the classical model for field ionization
describes adequately the low-frequency onset of a pulsed
field ionization signal, provided that part of the popula-
tion ionizes adiabatically, it fails to account for the shift
of the blue edge of a peak in a delayed pulsed field
ionization spectrum recorded in the presence of a dc
field. This observation of stable Rydberg states above the
classical field ionization limit may be important for the
technique of mass-analyzed threshold ionization �MATI�
spectroscopy in which a dc electric field is commonly
used to reject prompt ions.

�4� In sharp contrast to Rydberg states with principal quan-
tum numbers n�100, which decay very rapidly either by
autoionization or predissociation, Rydberg states located
just below each ionization threshold �n�100� have life-
times that are too long to be measured with our appara-
tus ���10 �s�.

�5� The very long lifetimes observed for the highest Rydberg
states imply that the method of H-atom Rydberg photo-
fragment translational spectroscopy can be generalized
to probe molecular species. Complex resonances that re-
sult from the interaction between the pseudocontinuum
of high Rydberg states located just below an ionic rota-
tional level and relatively low Rydberg states �n	30�
belonging to series converging on higher-lying ionic ro-
tational levels appear particularly attractive to achieve
this goal. Indeed, at the position of these complex reso-
nances, simultaneous benefit results from the large oscil-
lator strength to the low-n interloper state �implying op-
timal sensitivity to the HD molecule� and from the long
lifetimes and the field ionization characteristics of the
high Rydberg states to which this interloper state is
coupled.
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