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Autoionization of Rydberg states of HfF, prepared using the optical-optical double resonance tech-
nique, holds promise to create HfF+ in a particular Zeeman level of a rovibronic state for an electron
electric dipole moment search. We characterize a vibronic band of Rydberg HfF at 54 cm−1 above
the lowest ionization threshold and directly probe the state of the ions formed from this vibronic band
by performing laser-induced fluorescence on the ions. The Rydberg HfF molecules show a propen-
sity to decay into only a few ion rotational states of a given parity and are found to preserve their
orientation qualitatively upon autoionization. We show empirically that we can create 30% of the
total ion yield in a particular |J+, M+〉 state and present a simplified model describing autoionization
from a given Rydberg state that assumes no angular dynamics. © 2011 American Institute of Physics.
[doi:10.1063/1.3652333]

I. INTRODUCTION

Trapped HfF+ has been identified as a promising candi-
date for testing fundamental symmetries and extensions to the
standard model through an electron electric dipole moment
(eEDM) search.1–4 A high-precision search for the eEDM de-
mands the preparation of as many HfF+ ions of a single iso-
tope as possible in a particular |J+, M+〉 rovibronic, Zeeman
sublevel. Unwanted ions created in other states are co-trapped
with and can collide with the relevant ions, contributing to the
dephasing of the latter species. The reduction in both the rel-
evant sample number and coherence time can doubly hurt the
sensitivity of an eEDM experiment. Hence, the state prepara-
tion of HfF+ in a single rovibronic, Zeeman level is an impor-
tant but nontrivial task.

The strategy we use to prepare HfF+ in a state-selective
manner is the autoionization of Rydberg HfF molecules ex-
cited from ground state HfF using the optical-optical double
resonance (OODR) technique.5 These autoionizing states lie
above the lowest ionization threshold. Their ion-core is ex-
cited and decays after a short time, releasing energy to kick
out the Rydberg electron. Will the resultant state of the ion has
some memory of the state of its parent Rydberg molecule?

In principle, the above question can be answered by
building a model of autoionization based on multichannel
quantum defect theory (MQDT),6–9 similar to that performed
for CaF.10 This model calculates the quantum defect matrix
elements μ(R, E) and their derivatives with respect to the in-
ternuclear distance R and energy E , which can then be used to
describe the Rydberg energy spectrum, dynamics of autoion-
ization and resultant ion states. However, constructing such a
quantum defect model demands extensive knowledge of Ry-
dberg levels to provide input parameters; such knowledge is
presently lacking for HfF.

a)Electronic mail: ecornell@jilau1.colorado.edu.

Alternatively, we tackle the question of Rydberg state–
ion state branching ratios by experimentally probing the
postautoionization states of HfF+ with laser-induced fluo-
rescence (LIF). Ion LIF has been reported before by other
groups as a tool to examine the states of ions created from
resonance-enhanced multiphoton ionization (REMPI),11–15

electron-impact ionization16 and ion-molecule collisions.17

A slightly different but related form of state detection is
the grating-dispersed fluorescence obtained from highly ex-
cited ions formed by photoionization using synchrotron light
sources.18–22 In our experiment, the ions are formed from a
Rydberg band at 54 cm−1 above the lowest ionization thresh-
old. The upper levels of this Rydberg band are energetically
allowed to decay only to the X1�+(ν+ = 0) vibronic ground
state of HfF+, although the ions could be spread out over as
many as ≈200 distinct |J+, M+〉 rotational-Zeeman sublevels.
The ion distribution over the various |J+, M+〉 states remain
to be unveiled through their LIF intensities.

To predict the ion population distributions, which are
connected to the observed fluorescence intensities, we present
a simplified model of autoionization that assumes: (1) the Ry-
dberg molecule has the same electronic ion-core as its au-
toionization product and (2) the Rydberg electron flies off
with the same angular momentum as it possessed when it was
bound to the molecule, i.e., the dynamics of autoionization are
radial only. The first assumption is based on the picture that
the Rydberg state undergoes vibrational autoionization as op-
posed to electronic autoionization; in vibrational autoioniza-
tion, propensity rules tend to favor a νRyd = 1 → ν+ = 0 decay
process.5 The second assumption means that unlike the quan-
tum defect model, the simplified model neglects the matrix
elements of ∂μ/∂R that are off-diagonal in the Rydberg elec-
tron’s orbital angular momentum l. We do not yet understand
the HfF Rydberg spectrum sufficiently well, in fact, to inde-
pendently test these two assumptions. Instead, the severe lack

0021-9606/2011/135(15)/154308/7/$30.00 © 2011 American Institute of Physics135, 154308-1
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of information obligates us to propose an initial model that
is as simple as possible. As will be seen, the model can be
adjusted to give a good account of the ion rotational distribu-
tions, and with no further adjustment it does well predicting
the orientation and M+ populations of a particular J+ level.
That said, on the basis of the present work alone, we cannot
rule out electronic autoionization or the presence of angular
dynamics in the autoionization process. The remaining sec-
tions of this paper detail the experimental methods, autoion-
ization theory, and results of our LIF studies on autoionized
HfF, with the primary goal toward maximizing ion creation in
a desired single |J+, M+〉 state.

II. EXPERIMENT

Figure 1 shows a schematic of the OODR-LIF experi-
ment setup used to ionize a HfF molecular beam and probe the
resultant ionic states. The source and OODR-LIF chambers
are separately pumped. A gas comprising 1% SF6 and 99%
Ar is released into the source chamber through the opening of
a pulsed valve (800 μm orifice, 120 psi backing pressure) for
150 μs. In the presence of SF6, the ablation of a Hf rod by the
fundamental of a Nd:YAG pulsed laser (5–7 ns, 25 mJ/pulse,
focused beam diameter 230 μm) creates HfF. We can also
use the second harmonic of the Nd:YAG laser to perform the
ablation; both cases gave no difference to the number of HfF
molecules created. The HfF molecular beam is cooled through
supersonic expansion to a rotational temperature of ∼10 K.
The beam is collimated by two skimmers (3 mm orifice diam-
eter, separation distance 12.5 cm) before it enters the OODR-
LIF chamber. Three co-propagating lasers—two for OODR
and one for LIF of the ions—enter and exit the OODR-
LIF chamber through Brewster-angled windows mounted on
15-cm long tubes, in which baffles are placed to reduce scat-
tered light. The three lasers intersect the molecular beam axis
at 90◦ and the HfF+ ions produced are accelerated by an elec-
tric field of 0.3 V/cm through 5 cm to two microchannel plates
(MCPs) stacked in a chevron configuration. The ion signal, af-
ter amplification by a transimpedance amplifier, is monitored
on an oscilloscope. Fluorescence photons are collected above
and below the ion beam for 2 μs after the ions are excited.
The mirror on top collects most of the fluorescence photons
and directs them to a parabolic mirror below, which in turn
focuses them onto a photomultiplier tube (PMT). To further
reduce scattered light counts, the photomultiplier tube is not
gated on until 200 ns after the LIF laser fires. A bandpass filter
centered at 820 nm is also placed between the top collection
mirror and the parabolic mirror. The photon signals are ampli-
fied by a transimpedance amplifier, accumulated over at least
500 shots using a separate channel of the oscilloscope and
counted individually using a peak-finding algorithm.

All three lasers involved in addressing the energy lev-
els in the OODR-LIF scheme, as depicted in Fig. 2, are
dye lasers. The first OODR laser pulse (1.5 μJ/pulse, 10 ns,
150 MHz FWHM) is the output of a home-built two-stage
Rhodamine 101 dye cell amplifier, frequency doubled with a
β-BBO crystal. The dye cell amplifier is seeded by a
continuous-wave ring dye laser operating with Rhodamine
610 Chloride dye and pumped by the second harmonic of a

Ar (99%) +
SF (1%)6
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FIG. 1. Schematic of the OODR-LIF apparatus. The molecular beam axis,
the direction of propagation of the three co-propagating lasers and the axis
of fluorescence photon collection are mutually perpendicular. From the ions,
the fluorescence collection mirror on top subtends a polar angle of δθ = 75◦,
whereas the parabolic mirror below subtends θ = −11.8◦ to 8.4◦. A 820 nm-
bandpass filter, placed between the top collection mirror and the parabolic
mirror, is not shown.

Nd:YAG laser. The Nd:YAG second harmonic at 532 nm also
pumps a dye laser operating with Pyridine 2, the output of
which is frequency-doubled with a KDP crystal to produce
the second OODR laser pulse (100–200 μJ/pulse, 10 ns, 0.1
cm−1 FWHM). The second laser pulse is delayed by 14 ns
relative to the first laser. The LIF laser pulse (6–8 ns, 0.5
μJ/pulse, 100–200 MHz) is the output of a home-built two-
stage LDS 798 dye cell amplifier, which is pumped by the
second harmonic of a Nd:YAG laser and seeded by an exter-
nal cavity diode laser at 770 nm to address the [13.0]1(ν ′ = 0)
← X1�+(ν ′′ = 0) transition,23, 24 in 180Hf19F+. The LIF laser
is delayed by 2 μs relative to the OODR lasers. Dichroic mir-
rors are used to overlap the three laser beams spatially be-
fore they enter the vacuum chamber. The laser pulses are lin-
early polarized either by the orientation of their frequency-
doubling crystals or by passing through a polarizing beam
splitter. They can then be set to either left or right circu-
lar polarizations using quarter and half waveplates for the
appropriate wavelength ranges. Throughout the experiment,
the frequencies of the seed lasers for both the first OODR
and LIF lasers are locked to a single rotational line using a
high-precision wavemeter that is regularly calibrated against
the 87Rb D2 transition. The frequency of the second OODR
laser is monitored by both the high-precision wavemeter and a

X , v =0, J2
3/2 ” ”

2
1/2, v =0, J’ ’

Rydberg
=3/2, J

HfF HfF+

OODR LIF

(III) v =1, J+ +’’

v =0, J+ +
} 1 0

+

=1, v =0, J+ +’ ’

(I)

(II)

(IV)
(V)

FIG. 2. Neutral HfF and HfF+ energy levels addressed in the OODR-LIF
scheme. The quantum numbers assigned to each rotational level follow those
given in Sec. IV. The transitions marked by roman numbers correspond to
the following: (I) first excitation photon in the OODR technique, (II) second
excitation photon in the OODR technique, (III) autoionization, (IV) laser-
driven transition in LIF, and (V) fluorescence photons detected by the PMT.
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second wavemeter that is internally calibrated against Ne
spectral lines.

To record OODR autoionization spectra, we fix the first
OODR laser pulse on a single rotational line of a given parity
of the [31.5]1/2 ← X2�3/2 transition25, 26 in the 180Hf19F iso-
tope while scanning the second laser pulse in frequency. We
use circular dichroism techniques (i.e., we compare the ion
signal obtained when both lasers are polarized with the same
helicity versus when polarized with opposite helicity) to iden-
tify transitions to various Rydberg rotational levels (denoted
as J) in the autoionization spectra.27, 28

Rovibronic state detection of the HfF+ ion yield is ac-
complished by counting fluorescence photons that are emitted
down to the X1�+(ν ′′ = 1) vibronic level4, 29 when the ions
are excited by the LIF laser pulse. The frequency of the LIF
laser is chopped every 100 shots between being on-resonance
and 500 MHz off-resonance of a rotational line. The number
of fluorescence photons detected when the horizontally polar-
ized LIF laser is tuned to a R(0), Q(1), Q(2), . . . , Q(5) transi-
tion is related to the rotational populations in the J+ = 0, 1, 2,
. . . , 5 levels, respectively. Both OODR laser pulses are set to
right circular polarizations. LIF detection is carried out when
the second OODR laser pulse is tuned to both on-resonance
and ±0.35 cm−1 off-resonance of an autoionizing line, so as
to subtract out the contribution to the measured LIF intensities
from nonresonantly produced ions.

To determine the orientation of the ions formed in the
J+ = 1 rotational state, the LIF laser is fixed on either the
Q(1) or the R(1) transition. With both OODR lasers right cir-
cularly polarized, we chop between having the LIF laser left
and right circularly polarized and measure the respective fluo-
rescence signals. Half waveplates and quarter waveplates are
mounted on motorized rotation stages to perform the polar-
ization switching.

III. AUTOIONIZING STATES OF HAFNIUM FLUORIDE

Transitions to different Rydberg rotational levels can be
made by tuning the first OODR laser pulse to access interme-
diate states of different J′ and parity, as shown by the stacked
plots in Fig. 3(a). The various rotational transitions driven by
the first OODR laser pulse are labeled on the top left corner
of each subplot. Since the 	-doublets of the X2�3/2 ground
state in HfF cannot be resolved by the first OODR laser, the
parity of the Rydberg states can only be determined up to an
overall sign and is assigned as either “a” or “b” instead of
as “e” or “f.” The Rydberg rotational levels are identified us-
ing the circular dichroism technique outlined in Sec. II; for
the autoionization spectrum shown in Fig. 3(a), both OODR
lasers are chosen to be right circularly polarized to enhance
the autoionization line intensity from higher J states. The
level spacings arise from half-integer pattern-forming quan-
tum numbers, which indicate that the Rydberg electron is
core-penetrating, i.e., the inner lobe of its wavefunction lies
inside the molecular ion-core.30 Since no transition to the J
= 1/2 level is observed, the Rydberg vibronic band is inferred
to have 	 = 3/2. The 	-doublets of the Rydberg vibronic
band have no observable energy splitting, even up to J = 11/2.
The Rydberg rotational energies are fit to the polynomial E(J)

49 51 53 55 57 59 61 63 65

3/2*P(3/2)
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FIG. 3. (a) Stacked plots of OODR autoionization spectra, measured by
scanning the frequency of the second photon while holding the first photon
fixed on different ground-intermediate transitions (denoted on the left of the
figure as “P(3/2),” etc.) to access different intermediate rotational states. The
identified Rydberg rotational energy levels are marked by solid black lines
with their corresponding assignments. The autoionization spectra shown as
blue dots (red triangles) belong to the same parity “a” (“b”). The ionization
energy given by the x-axis is referenced to the ground rovibronic level in neu-
tral HfF (Ref. 32) and is offset from the ionization potential, 59462(2) cm−1.
(b) A broader scan of OODR ionization spectra is conducted in an electric
field of ≈25 V/cm, which explains the appearance of peaks in ion creation
at ∼30 cm−1 below the ionization potential of HfF. The peak marked by an
asterisk is the same peak as that in (a).

= T0 + BRydJ(J + 1), yielding a rotational constant of BRyd

= 0.2911(6) cm−1. The J = 7/2 and 11/2 levels are
found to be perturbed by as much as −0.16(2) cm−1 and
+0.27(3) cm−1 from the expected energy levels of a rigid
rotor.

The Rydberg vibronic band characterized at 54 cm−1

above the lowest ionization threshold (59462(2) cm−1) is part
of a broader scan of the autoionization spectrum, shown in
Fig. 3(b). In contrast to the anomalously clean series of ro-
tational lines in Fig. 3(a), the HfF autoionization spectrum
is generally cluttered. Although the pulse energy of the sec-
ond OODR laser is reduced to avoid saturating the transitions
to Rydberg states, the autoionization spectrum contains many
broad features, the narrowest of which, at 0.3 cm−1, is three
times broader than the linewidth of the second OODR laser.
This broadening cannot be attributed to either lifetime or hy-
perfine structure. The clutter of features makes it impossible
for us to identify a clean Rydberg series of lines leading to
ionization thresholds.31

The identification of various Rydberg series and their un-
derlying Rydberg electron character could potentially lead to
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predictions of ion rovibronic distributions. Alternatively, we
can measure the distributions of the ions formed and work
backwards to elucidate the character of the Rydberg electron.
Toward this end, we developed a simplified model of autoion-
ization, presented in Sec. IV.

IV. THEORY

In this simplified model of autoionization, the Rydberg
molecule is treated as a Rydberg electron attached to a 1�+

ion-core at relatively short distances. The good quantum num-
bers of the resonant Rydberg state include the total angular
momentum of the molecule J, its projection on the molecu-
lar z-axis 	 (approximately), its projection on the laboratory
z-axis MJ, and the parity of the molecule. The quantization
(ẑ) axis in the laboratory is provided by the direction of laser
propagation. The anisotropic interaction between the outer-
most electron and the ion-core couples the orbital angular
momentum l and total angular momentum j of the Rydberg
electron. Neglecting the vibrational part, we write the short-
range Rydberg states as a superposition of basis states having
definite values of l and j:


res =
∑
lj

Aljψ
|	|P
lj , (1)

where Alj is the probability amplitude of the corresponding
{l, j} partial wave, and where

ψ
|	|P
lj = 1√

2

[
R (J |	| MJ )

∑
	σ

C
j |	|
l	;sσ Yl	χsσ

− (−1)j+J−l+P R (J − |	| MJ )

×
∑
	σ

C
j−|	|
l	;sσ Yl	χsσ

]
. (2)

In Eq. (2), C, Yl	, and χ sσ denote a Clebsch–Gordan coeffi-
cient, spherical harmonic, and spinor wavefunction, respec-
tively. R (J	MJ ) is related to the Wigner rotation matrix
DJ

MJ 	, which is a function of the Euler angles {α, β, γ },

R (J	MJ ) =
√

2J + 1

8π2

[
DJ

MJ 	 (αβγ )
]∗

. (3)

The parity of the molecule is given by (−1)P.
After autoionization, the distance between the emitted

electron and the ion-core is large. This long-range (electron
+HfF+) system is described by the total ionic angular mo-
mentum J+, its projection M+ on the laboratory z-axis, and its
projection 	+ on the body-fixed z-axis. Here, 	+ = 0 since
the ion is in a 1�+ state. Because the short-range states have a
definite total angular momentum J and projection on the lab-
oratory z-axis MJ, we also want to construct the long-range
states with definite J and MJ. We assume that the Rydberg
electron flies off with the same {l, j} angular momenta it pos-
sessed when bound to the molecule, i.e., there are no angular
dynamics in autoionization. The {l, j} partial waves of the

system after autoionization can then be written as

φJ+
lj =

∑
M+mj

C
JMJ

J+M+;jmj
R(J+,	+ = 0,M+)

×
∑
λms

C
jmj

lλ;sms
Ylλχsms

. (4)

Equations (2) and (4) can be related by a rotational frame
transformation,

ψ
|	|P
lj = (−1)j+|	| ∑

J+
CJ+0

j−|	|,J |	|

√
1 + (−1)l+J++P φJ+

lj .

(5)

Hence, after autoionization, the probability for a Rydberg
state with quantum numbers J and MJ to produce an ion in
the |J+, M+〉 state is

P
J,MJ

J+,M+ =
∑
lj

|Alj |2
[
CJ+0

j−|	|,J |	|
]2[

C
JMJ

J+M+,jmj

]2

×[1 + (−1)l+J++P ]. (6)

In the experiment determining the ions’ rotational distri-
bution, the resonant Rydberg state is prepared by two right
circularly polarized laser pulses. The OODR excitation steps
are denoted as (X2�3/2)J′′ → (�1/2)J′ → (Rydberg 	 = 3/2)
J. The molecules are assumed to reside initially in a random
distribution of M ′′

J sublevels. The relative probability for a res-
onant Rydberg molecule to be prepared in a |J, MJ〉 level is
then given by

P J
MJ

= ∣∣CJ ′MJ −1
J ′′MJ −2;11C

JMJ

J ′MJ −1;11

∣∣2
, (7)

where saturation effects are assumed negligible. The final (un-
normalized) rotational distribution of the ions is obtained by
combining Eq. (6) with Eq. (7):

P J
J+M+ =

∑
MJ

P J
MJ

P
MJ

J+M+ . (8)

The rotational distribution given by Eq. (8), however,
cannot be compared against the experiment directly. In the
experiment, LIF signals for the different J+ states are mea-
sured. The ions are excited by an x-polarized laser tuned to the
rotational transition J+ → J+′

and subsequently emit pho-
tons as they decay radiatively to some lower state J+′′

. The
x-polarized laser can be described by a linear combination of
two spherical harmonics 1/

√
2 (Y1−1 − Y11). Since the pho-

tomultiplier tube collects photons of both Y1 − 1 and Y11 po-
larizations emitted in almost all directions, we can add the
probabilities corresponding to each spherical harmonic inco-
herently. For a given spherical harmonic Y1q, the relative sig-
nal strength has been adapted as a generalization of Eq. (23)
in Ref. 33:

I
(q)
J+M+,J+′

= (2J+ + 1) (2J+′ + 1)

×
(

J+ 1 J+′

−	+ 	+′ − 	+ 	+′

)2 (
J+ 1 J+′

−M+ −q M+′

)2
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×
J+′ +1∑

J+′′ =|J+′ −1|

J+′′∑
M+′′ =−J+′′

(2J+′ + 1) (2J+′′ + 1)

×
(

J+′
1 J+′′

−	+′
	+′ − 	+′′

	+′′

)2 (
J+′

1 J+′′

−M+′ −q ′ M+′′

)2

.

(9)

The first two lines describe the laser excitation step and the
last two lines describe the spontaneous emission step of the
LIF process. The summation in the last two lines gives unity.
Hence, for a given |J+, M+〉 state, the relative LIF signal
strength for an x-polarized LIF excitation is given by

IJ+M+,J+′ = 1

2

(
I

(+1)
J+M+,J+′ + I

(−1)
J+M+,J+′

)

= 1

2
(2J+ + 1)(2J+′ + 1)

×
(

J+ 1 J+′

−	+ 	+ − 	+′
	+′

)2

×
[(

J+ 1 J+′

−M+ −1 M+′

)2

+
(

J+ 1 J+′

−M+ 1 M+′

)2
]

. (10)

Finally, the relative LIF signal strength, to be compared
against the measured LIF intensities that trace over the M+

levels, is given by

IJ+,J+′ = 1

N
∑
M+

P J
J+M+IJ+M+,J+′ , (11)

where N is a normalization factor chosen such that∑
{J+,J+′ } IJ+,J+′ = 1. We use Eq. (11) to fit IJ+,J+′ to the

measured LIF signal and determine the values of |Alj|2. The
effects of excited state (J+′

) alignment and orientation on the
photon collection efficiency were evaluated and found to be
very small.

When probing the orientation of the ions, the LIF excita-
tion laser is either right or left circularly polarized. The LIF
signals for these cases are then given by

γR =
∑
M+

P J
J+M+I

(1)
J+M+,J+′ , (12a)

γL =
∑
M+

P J
J+M+I

(−1)
J+M+,J+′ . (12b)

V. ROTATIONAL DISTRIBUTIONS AND PARITY
PROPENSITIES IN AUTOIONIZATION DECAY

The fluorescence intensities, measured by exciting
ions formed in various rotational states of the X1�+,
ν+ = 0 vibronic ground state after autoionization, are given
in Fig. 4(a). We focus on the ions produced from both parities
of the J = 3/2 and 5/2 rotational Rydberg levels. Although
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FIG. 4. (a) The Rydberg molecules, labeled by J and parity on the top right
corner, are observed to autoionize into only a few ion rotational levels. These
rotational distributions are probed by measuring the number of LIF photons,
as shown in blue/red with error bars. In one case (J+ = 0 ← J = 5/2 (b)), the
measured LIF intensity appears negative, which is a statistical artifact of the
multiple signal subtractions performed to account for scattered light photons
and the rotational distribution of background ions. The narrower bar plots
are theory fits to the data. (b) The calculated rotational distribution of ions is
obtained based on the fits to the rotational line intensities above. The creation
of ∼60% of the ions in a single rotational level, as highlighted by the solid
black bars, can be a significant advantage for future experiments. The ions
formed in the J+ = 1 state, marked by crosses above the bar plots, have their
M+ distributions further examined (see Fig. 5).

the Rydberg molecules at 54 cm−1 above ionization thresh-
old are energetically allowed to decay into many rotational
levels of HfF+, they are observed to autoionize into only a
few rotational levels. The Rydberg molecules of a given par-
ity are further observed to decay into ion rotational levels of
the same parity, i.e., molecules from the “a” (“b”) Rydberg
state primarily form ions in the odd (even) rotational states,
as shown on the left (right) side of Fig. 4(a). Both the ro-
tational propensity and parity propensity observations have
also been reported for near-homonuclear molecular ions like
N+

2 and NO+ created from REMPI,12, 14, 34 and are accounted
for in a theory paper by Xie and Zare.35 For a polar molecule
such as CaF+; however, the parity propensity rule tends not
to hold due to extensive l-mixing for the Rydberg electron.
For the HfF vibronic band reported here, the parity propen-
sity observation indicates the release of a Rydberg electron
with l of predominantly one parity. On the other hand, the
non-negligible formation of ions in rotational states of both
parities implies that the Rydberg electron was ejected with a
superposition of orbital angular momenta.

We use Eq. (11) from the simplified autoionization model
to generate fluorescence intensities for each allowed {l, j}
and fit them against the LIF data to obtain the angular
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momentum composition of the Rydberg electron. We note
that since the overall parity of the Rydberg states cannot
be determined a priori, there are two possible sets of Alj to
which the data could have fit. However, the fits only con-
verged for one of the two cases, strongly suggesting that
the Rydberg states denoted by “a” (“b”) should be assigned
the parity P = +1 (− 1) in Eq. (1). In this case, the fit
results gave 67.5(3.7)% p3/2, 9.8(4.5)% d3/2 and 22.7(5.3)%
d5/2 character to the Rydberg electron, where the numbers
in parenthesis indicate the 1σ -error. In accordance with the
half-integer quantum number progression of the Rydberg ro-
tational states, the Rydberg electron is found to be in primar-
ily a core-penetrating state. The mixed {l, j} character of the
HfF Rydberg state has also been reported for CaF Rydberg
molecules.10 We acknowledge that in contrast to the presented
model, other groups have reported significant angular dynam-
ics in autoionization, which may be accounted for within the
framework of MQDT: for example, the Rydberg electron may
have only a single set of {l, j} when bound to the molecule,
but flies off with multiple {l, j},34 leading to the formation of
ions in rotational states of both parities. Since the {l, j} com-
position of the HfF Rydberg state is not known a priori, we
cannot claim the validity of our model over others.

From the fits to the LIF intensities, the population dis-
tribution of HfF+ ions in the various rotational states can be
obtained (see Fig. 4(b)). There can be as many as 60% of the
ions created in a single rovibronic state (highlighted as black
solid bar plots), which is significant for the state selective cre-
ation of HfF+ for future experiments.

VI. PRESERVATION OF ORIENTATION IN
AUTOIONIZATION DECAY

Certain experiments demand not only the creation of
molecular ions in a particular rovibronic state, but in a sin-
gle Zeeman level of that state. To this end, we experimen-
tally determine the orientation of HfF+ formed in the J+ = 1,
ν+ = 0, X1�+ state from the Rydberg levels J = 3/2(a) and
J = 5/2(a) prepared using two right circularly polarized
OODR photons. The “a” parity states are chosen to maxi-
mize the ion signal, given the parity propensity rule observed
in Sec. V. Unlike when measuring the ion rotational pop-
ulations, the orientation was only determined for when the
OODR lasers are tuned to the resonance of an autoionizing
line, as the nonresonant ions were found to contribute to only
≈20% of the population in J+ = 1. The orientation is related
to the contrast ratio C for the fluorescence signal (γ R, γ L)
measured when chopping between right and left circular po-
larizations for the LIF laser, where C is defined as

C ≡ γR − γL

γR + γL

. (13)

The contrast ratio is a convenient quantity immune to drifts
in ion production. As a systematic check of our polarizations,
we measured the contrast ratio when both OODR laser pulses
are left circularly polarized and found C to be of the same
magnitude but opposite sign as when both lasers were right
circularly polarized, as expected.
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FIG. 5. The Rydberg molecules in (top) J = 5/2(a) and (bottom) J = 3/2(a),
prepared using two right circularly polarized photons in OODR, are observed
to decay into the ion rotational level J+ = 1 with a certain orientation. The
ions’ orientation, related to the M+ population distribution (right), is inferred
from measurements of contrast ratios (left) for the Q(1) and R(1) LIF tran-
sition. The narrower bar plots are the theory predictions for the M+ popula-
tions.

The contrast ratios for the Q(1) and R(1) transitions are
related to the orientation O0 and alignment A0 of the ions
through the following:36

CQ(1) = 3(1 + G1)O0

A0 − 2(1 + G2)
, (14a)

CR(1) = 15(1 + G3)O0

A0 + 10(1 + G4)
, (14b)

where {Gi} � 0.05 are correction factors that account for
the anisotropy of the fluorescence collection setup (depicted
in Fig. 1). The orientation and alignment parameters are in
turn related to the M+ populations, which are displayed as
plots with error bars in Fig. 5. The narrower bar plots show
the contrast ratios and M+-level distributions predicted from
Eq. (12) of Sec. IV, using the same Rydberg electron compo-
sition of {l, j} inferred from the rotational distributions. The
agreement between theory and experiment is good for the M+

= 1 population but only fair for the M+ = 0, −1 populations,
part of which may be attributed to the oversimplification of
the model’s assumptions. We note that of the decay into a sin-
gle rovibronic state, the population in a single Zeeman level
may be as high as 54(7)% (from J = 3/2(a)) or even 73(6)%
(from J = 5/2(a)). In particular, the former number, com-
bined with the formation of 60% of the ions in that same rovi-
bronic state, means that as many as 30% of the HfF+ ions cre-
ated from a certain autoionizing resonance can be in a single
|J+, M+〉 level.

Different rotational levels can have different max-
imal (minimal) values for their orientation, given by
Omax

0 (= −Omin
0 ) = 1/(J + 1). Therefore, instead of com-

paring the orientation parameter of the Rydberg molecule to
that of the autoionized product, we compare the fractional ori-
entation O′

0:

O′
0 = O0 − Omin

0

Omax
0 − Omin

0

. (15)
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TABLE I. Fractional orientation O′
0 of Rydberg HfF molecules in a given

rotational level J and of the ions formed in J+ = 1 after autoionization. The
HfF orientation is calculated from the polarizations of the OODR lasers; the
HfF+ orientation is predicted from the simplified model of autoionization
described in the text; the HfF+ (measured) column refers to values inferred
from LIF polarization contrast ratios in Fig. 5.

Fractional orientation

Rydberg HfF HfF+ HfF+

J (calculated) (predicted) (measured)

3/2 (a) 0.835 0.633 0.645(62)
5/2 (a) 0.865 0.867 0.730(86)

O′
0 is 1 (0) when only the |M+ = +J+〉 (|M+ = −J+〉) states

are populated and 0.5 when there is no orientation. From the
values reported in Table I, we find that the autoionization of
HfF Rydberg molecules to the J+ = 1, ν+ = 0, X1�+ rovi-
bronic state preserves orientation qualitatively, which bodes
well for the creation of HfF+ predominantly in a single
Zeeman, rovibronic level for other experiments.

VII. CONCLUSIONS

We have spectroscopically characterized a vibronic band
of the autoionization spectrum in HfF at 54 cm−1 above the
lowest ionization threshold. We directly probe the decay of
its Rydberg states (J = 3/2, 5/2) into various rotational states
of the X1�+, ν+ = 0 vibronic ground state of HfF+ by per-
forming laser-induced fluorescence on the ions. The measured
fluorescence intensities are fit using a simplified model of au-
toionization that assumes no angular dynamics and that the
Rydberg state has the same electronic ion-core as its autoion-
ized state. The fit parameters imply that the Rydberg electron
has dominant p3/2 character with some mixing from the d or-
bitals. Using the same Rydberg electron character, the model
predicts qualitative preservation of orientation when the Ry-
dberg molecule autoionizes to the J+ = 1, ν+ = 0, X1�+

state, which was corroborated by fluorescence intensity mea-
surements carried out after excitation by a circularly polarized
laser. Thanks to a combination of rotational propensity, parity
propensity and preservation of orientation during autoioniza-
tion, we find that we can create as many as 30% of the HfF+

ions in a single Zeeman level of a rovibronic state. Having
an initial population of 30% of the ions in a single |J+, M+〉
level could prove to be very advantageous for future experi-
ments such as the eEDM search.

We note that although this work has concentrated on one
vibronic band of a core-penetrating Rydberg state, there is a
body of core-nonpenetrating states in HfF that has yet to be
uncovered with experiment. Core-nonpenetrating states have
almost pure l character. With l ≥ 2 for HfF, the Rydberg elec-
tron hardly exerts a torque on the ion core rotational states
when ejected, which means that the resultant ion rotational
states are likely to follow that of the Rydberg molecules more
closely.37 This lends core-nonpenetrating Rydberg states even
more promise for populating ions of a desired |J+, M+〉 level
with high efficiency.

ACKNOWLEDGMENTS

We thank R. P. Stutz for early contributions and help-
ful discussions. This work is funded by the National Science
Foundation (NSF) and the Marsico Research Chair. H. Loh
acknowledges support from A*STAR (Singapore).

1A. E. Leanhardt, J. L. Bohn, H. Loh, P. Maletinsky, E. R. Meyer, L. C.
Sinclair, R. P. Stutz, and E. A. Cornell, "High-resolution spectroscopy on
trapped molecular ions in rotating electric fields: A new approach for mea-
suring the electron electric dipole moment," J. Mol. Spectrosc. (in press).
Available online: doi:10.1016/j.jms.2011.06.007.

2E. R. Meyer, J. L. Bohn, and M. P. Deskevich, Phys. Rev. A 73, 062108
(2006).

3A. N. Petrov, N. S. Mosyagin, T. A. Isaev, and A. V. Titov, Phys. Rev. A
76, 030501 (2007).

4A. N. Petrov, N. S. Mosyagin, and A. V. Titov, Phys. Rev. A 79, 012505
(2009).

5H. Lefebvre-Brion and R. W. Field, The Spectra and Dynamics of Diatomic
Molecules (Elsevier Academic, San Diego, CA, 2004).

6U. Fano, Phys. Rev. A 2, 353 (1970).
7C. Jungen and O. Atabek, J. Chem. Phys. 66, 5584 (1977).
8M. J. Seaton, Rep. Prog. Phys. 46, 167 (1983).
9C. H. Greene and C. Jungen, Adv. At. Mol. Phys. 21, 51 (1985).

10J. J. Kay, S. L. Coy, B. M. Wong, C. Jungen, and R. W. Field, J. Chem.
Phys. 134, 114313 (2011).

11L. F. Dimauro and T. A. Miller, Chem. Phys. Lett. 138, 175 (1987).
12A. Fujii, T. Ebata, and M. Ito, J. Chem. Phys. 88, 5307 (1988).
13A. Fujii, T. Ebata, and M. Ito, Chem. Phys. Lett. 161, 93 (1989).
14J. Xie and R. N. Zare, Chem. Phys. Lett. 159, 399 (1989).
15E. D. Poliakoff, J. L. Dehmer, D. Dill, A. C. Parr, K. H. Jackson, and

R. N. Zare, Phys. Rev. Lett. 46, 907 (1981).
16T. Nagata, A. Nakajima, T. Kondow, and K. Kuchitsu, Chem. Lett. 16, 1911

(1987).
17D. R. Guyer, L. Hüwel, and S. R. Leone, J. Chem. Phys. 79, 1259 (1983).
18J. W. Keller, W. T. Hill III, D. L. Ederer, T. J. Gil, and P. W. Langhoff,

J. Chem. Phys. 87, 3299 (1987).
19E. D. Poliakoff, J. L. Dehmer, A. C. Parr, and G. E. Leroi, J. Chem. Phys.

86, 2557 (1987).
20S. Kakar, H. C. Choi, and E. D. Poliakoff, J. Chem. Phys. 97, 6998 (1992).
21R. Das, C. Y. Wu, A. G. Mihill, E. D. Poliakoff, K. S. Wang, and V. McKoy,

J. Chem. Phys. 101, 5402 (1994).
22E. D. Poliakoff, H. C. Choi, R. M. Rao, A. G. Mihill, S. Kakar, K. Wang,

and V. McKoy, J. Chem. Phys. 103, 1773 (1995).
23“[13.0]1(ν′ = 0)” refers to an excited state of vibrational quantum number

ν′ = 0, total angular momentum projected on the body-fixed axis 	 = 1,
and at 13,0xx cm−1 from the vibronic ground state of HfF+.

24K. C. Cossel, L. C. Sinclair, T. Coffey, R. W. Field, A. Titov, A. Petrov,
E. A. Cornell, and J. Ye, (unpublished).

25Similarly, “[31.5]1/2” refers to an excited state of 	 = 1/2, and at 31,5xx
cm−1 from the vibronic ground state of HfF.

26H. Loh, H. Looser, R. P. Stutz, T. S. Yahn, R. W. Field, and E. A. Cornell
(unpublished).

27R. Zhao, I. M. Konen, and R. N. Zare, J. Chem. Phys. 121, 9938
(2004).
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