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triplet np and nf Rydberg states of He2

D. Sprecher, J. Liu,a) T. Krähenmann, M. Schäfer, and F. Merktb)

Laboratorium für Physikalische Chemie, ETH-Zürich, 8093 Zürich, Switzerland

(Received 12 November 2013; accepted 21 January 2014; published online 11 February 2014)

Photoionization spectra and Rydberg-state-resolved threshold-ionization spectra of the gerade triplet
np Rydberg states of 4He2 located in the vicinity of the X+ 2�+

u (v+ = 0) ionization threshold were
recorded from the 2sσ a 3�+

u metastable state. An accuracy of 0.01 cm−1 was achieved for the
experimental term values of the observed Rydberg states. The data were combined with spectro-
scopic data on low-lying triplet np and nf Rydberg states from the literature to derive energy- and
internuclear-distance-dependent eigenquantum-defect parameters of multichannel quantum-defect
theory (MQDT). The MQDT calculations reproduce the experimental data within their experimental
uncertainties and enabled the derivation of potential-energy curves for the lowest triplet p Rydberg
states (n = 2–5) of He2. The eigenquantum-defect parameters describing the p -f interaction were
found to be larger than 0.002 at the energies corresponding to the high-n Rydberg states, so that the
p -f interaction plays an important role in the autoionization dynamics of np Rydberg states with
v+ = 0. By extrapolating the experimental term values of triplet np Rydberg states of 4He2 in the
range of principal quantum number n between 87 and 110, the positions of the (v+ = 0, N+ = 3)
and (v+ = 0, N+ = 5) levels of the ground state of 4He+

2 were determined to lie 70.937(3) cm−1

and 198.369(6) cm−1, respectively, above the (v+ = 0, N+ = 1) ground rotational level.
© 2014 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4864002]

I. INTRODUCTION

Atomic helium has the lowest polarizability1 (0.205 Å3)
and the largest ionization energy2 (198310.6664(2) cm−1)
of all neutral elements and is chemically very inert.3 The
potential-energy well of He2 in the X 1�+

g ground state is
so shallow that it only supports a single quantum state (v
= 0, N = 0) for 4He2 with a dissociation energy D0(4He2)
= 0.00112(2) cm−1.4–6 The X+ 2�+

u ground state of He+
2 cor-

responds to the electronic configuration (1sσ g)2(1sσ u)1. He+
2

therefore has a covalent bond of order 1/2 with a Born-
Oppenheimer binding energy De(He+

2 ) = 19954.583 cm−1.7

The rovibrational energy levels of He+
2 serve as bench-

mark quantities for ab initio calculations of three-electron
systems.7–16 In contrast to the numerous theoretical studies re-
ported on He+

2 , only a few experimental studies have been car-
ried out. For the main naturally occurring isotopomer, 4He+

2 ,
no electric-dipole-allowed rotational and vibrational spectra
exist. Yu and Wing17 observed nine transitions in the funda-
mental vibrational band of the heteronuclear 3He4He+ iso-
topomer, which exhibits a small electric dipole moment. Car-
rington et al.11 measured the frequencies of seven electronic
transitions from vibrationally highly excited levels of the
X+ 2�+

u ground state of 4He+
2 to the weakly bound A+ 2�+

g

first excited state. Raunhardt et al.18 determined rotational
constants for the lowest three vibrational levels of 4He+

2 and

a)Present address: Department of Chemistry and Conn Center for Renewable
Energy Research, University of Louisville, Louisville, Kentucky 40292,
USA.

b)Electronic mail: frederic.merkt@phys.chem.ethz.ch

observed the rotational structure of the ground state of 3He+
2

by pulsed-field-ionization zero-kinetic-energy (ZEKE) pho-
toelectron spectroscopy of metastable He2. Experimental re-
sults obtained by Hardy and co-workers19 on the rotational
structure of 4He+

2 have been questioned because their anal-
ysis is based on the observation of states which do not ful-
fill the generalized Pauli principle (see also discussion in
Refs. 18, 20, and 21).

Ginter and co-workers,22–26 and also Raunhardt et al.,18

measured the term values of triplet np Rydberg states of He2

and obtained rovibrational energy spacings in He+
2 by extrap-

olation to the series limits using multichannel quantum-defect
theory (MQDT). Their model included rotational channel in-
teractions and the dependence of the eigenquantum-defect pa-
rameters on the energy, the rotational quantum number, and
the vibrational quantum number. The accuracy of the extrap-
olated energies presented in Refs. 23 and 18 was limited to
about 0.1 cm−1. In the experiments presented in this article,
an accuracy of 0.01 cm−1 was achieved in the determination
of the term values of high-np Rydberg states of 4He2 and
in the extrapolation of the observed Rydberg series to their
limits using an extended MQDT model. This model includes
internuclear-distance- and energy-dependent eigenquantum-
defect functions and considers the effects of the p -f inter-
action, which is known to induce perturbations in the struc-
ture of the np and nf Rydberg states of He2.23, 27 Using this
model, a global description of the triplet np Rydberg states of
He2 was achieved in a fit of the relevant MQDT parameters
to spectroscopic data available in the literature.22–29 With this
improved model, the positions of all known triplet np Rydberg

0021-9606/2014/140(6)/064304/16 © Author(s) 2014140, 064304-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.55.184 On: Wed, 07 May 2014 16:26:09

http://dx.doi.org/10.1063/1.4864002
http://dx.doi.org/10.1063/1.4864002
http://dx.doi.org/10.1063/1.4864002
mailto: frederic.merkt@phys.chem.ethz.ch
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4864002&domain=pdf&date_stamp=2014-02-11


064304-2 Sprecher et al. J. Chem. Phys. 140, 064304 (2014)

turbomolecular
pump

tu
rb

om
ol

ec
ul

ar
pu

m
patomic

helium

skimmer

MCP detector

magnetic
shielding

electrode
stack

GND

+HV

FIG. 1. Schematic diagram of the vacuum chambers used in the experiments.
The photoexcitation region is marked with a circle.

states can be calculated within their experimental uncertain-
ties, Born-Oppenheimer potential-energy curves of the 2–5p
Rydberg states were derived, and the corresponding leading
adiabatic corrections were estimated.

II. EXPERIMENT

A. Production and photoionization
spectroscopy of He2

A schematic diagram of the experimental chamber is
shown in Fig. 1. It consists of a gas source chamber and a
photoexcitation/detection chamber separated by a skimmer
with an orifice diameter of 1 mm. A supersonic beam con-
taining 4He2 in the 2sσ a 3�+

u metastable state (referred to as
He∗

2 hereafter) was produced from atomic helium by striking
an electric discharge at the orifice of a pulsed nozzle. The
discharge design has been described in detail previously.18

The phosphorescence-limited lifetime of He∗
2 is 13(2) s,30

which is much longer than the time (∼150 μs) required for
the metastable molecules to reach the photoexcitation region.
The photoexcitation region was surrounded by a cylindrically
symmetric stack of resistively coupled metallic electrodes de-
signed for the application of homogeneous electric fields and
by two concentric magnetic shields made of mu-metal to sup-
press stray magnetic fields. Differential pumping resulted in
background pressures of 10−4 mbar and 5 × 10−7 mbar in the
gas source chamber and the photoexcitation/detection cham-
ber, respectively.

Triplet np Rydberg states of He2 were excited from He∗
2

using the third harmonic (wavelength 292 nm, pulse length
30 ns, bandwidth <0.001 cm−1, pulse energy ∼150 μJ) of the
output of a Ti:Sa laser system described in Ref. 31. A pulsed
homogeneous electric field (amplitude 128 V/cm) was gener-
ated 200 ns after laser excitation by applying a pulsed voltage
across the electrode stack. The electric field was used to ionize
Rydberg states and its polarity was chosen such that the posi-
tively charged ions were accelerated towards a microchannel-
plate (MCP) detector. The ion signal corresponding to the
time of flight of the He+

2 ions was integrated and monitored
as a function of the laser wave number.

B. Rydberg-state-resolved threshold-ionization
spectroscopy

He∗
2 molecules in many different rovibrational states

are produced in the electric discharge and the Rydberg se-
ries excited from these states and observed in the pho-
toionization (PI) spectra overlap, which makes unambigu-
ous assignments very difficult. By changing to the detec-
tion scheme of Rydberg-state-resolved threshold-ionization
(RSR-TI) spectroscopy,32 which restricts the detection to
electrons produced by field ionization of long-lived Rydberg
states, the spectral congestion could be considerably reduced.
In RSR-TI spectroscopy, a longer delay (2 μs in the present
case) and an electric field of smaller amplitude (12.8 V/cm)
and opposite polarity compared to PI spectroscopy are used
to field-ionize the Rydberg states. The spectra are recorded
by monitoring the electron signal detected on the MCP detec-
tor as a function of the laser wave number. Electrons originat-
ing from direct photoionization or from autoionizing Rydberg
states with lifetimes shorter than 2 μs leave the photoexcita-
tion region before the electric-field pulse is applied and are
not detected. RSR-TI spectroscopy was already applied in our
group to study high-n Rydberg states of N2,32 NH3,33 and Kr34

and the corresponding cationic states at high resolution.

C. Wave-number calibration

For the absolute wave-number calibration, iodine absorp-
tion spectra were recorded simultaneously with the PI and
RSR-TI spectra of He∗

2 using part of the fundamental cw radi-
ation near 876 nm. The transition wave numbers of selected
lines tabulated in the iodine atlas of Gerstenkorn and co-
workers35 served as reference, resulting in an estimated uncer-
tainty in the absolute wave-number calibration of 0.003 cm−1

in the fundamental near-infrared radiation and 0.009 cm−1 in
the upconverted ultraviolet (UV) radiation. Although the io-
dine cell was heated up to 800 ◦C, the signal was too weak
to record saturated Doppler-free I2 spectra, which would have
allowed for a more accurate wave-number calibration.

Relative laser wave numbers were determined using
the transmission signal through a frequency-stabilized high-
finesse Fabry-Pérot etalon. The free spectral range (FSR) of
this etalon was determined in Ref. 36 to be 149.969(1) MHz
using radiation at 792 nm. This value was found to also be
valid within 0.03 MHz at 876 nm using iodine absorption
spectroscopy as described above. A FSR of 149.969(30) MHz
was therefore used in the present study. Because the rela-
tive wave-number calibration is limited by the uncertainty
of the FSR of the etalon, the uncertainty in the relative po-
sitions of two transitions is proportional to their separation.
For typical separations of less than 12 cm−1, the relative un-
certainty in the determination of transition wave numbers
is estimated to be less than 0.006 cm−1. All contributions
to the estimated total absolute and relative uncertainties of
0.01 cm−1 and 0.006 cm−1, respectively, are listed in Table I.
The systematic uncertainties resulting from Doppler shifts,
pressure shifts, and Stark shifts were estimated as described in
Ref. 37.
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TABLE I. List of contributions to the absolute and relative uncertainties in
the determination of the transition wave numbers. All values are given in
units of cm−1.

Source of uncertainty Uncertainty in UV

Calibration of absolute wave numbers
Positions of iodine reference lines35 0.009
Doppler shift 0.004
Frequency shift in the Ti:Sa amplifier <0.001
Pressure shift <0.001

Total absolute uncertaintya 0.010

Calibration of relative wave numbers
Calibration of relative laser frequency 0.006b

Determination of the line centers 0.001
Stark shifts <0.001c

Total relative uncertaintya 0.006b

aBecause the different sources of uncertainties are independent, the total uncertainty is
obtained as the square root of the sum of the squares of the different uncertainties.
bAssuming that the transitions are separated by ∼12 cm−1. Because the relative laser
frequency is determined by extrapolation, the uncertainty is proportional to the interval
(see text).
cThis value was estimated for np Rydberg states with n < 50. At higher values of n, the
dc Stark shifts can be larger.

III. RESULTS

A. Observed transitions and their assignment

A schematic energy level diagram of the initial
metastable states and final triplet np Rydberg states investi-
gated in the present study is depicted in Fig. 2. When neglect-
ing channel interactions, the spectral positions ν̃ of Rydberg
states are well described by the Rydberg formula

ν̃ = E+(v+, N+)

hc
− RHe2

(n − μ̄)2
, (1)

where h is Planck’s constant, c is the speed of light in vacuum,
E+(v+, N+) are the energies of the rovibrational ionization
thresholds, RHe2 = 109729.796 cm−1 is the mass-corrected
Rydberg constant, and μ̄ is the effective quantum defect.
Rydberg states with even values of N+ do not exist because
their wave function would be antisymmetric with respect to
the permutation of the two bosonic 4He2 + nuclei and there-
fore violate the generalized Pauli principle. For the same rea-
son, rotational levels of the metastable state with even values
of N′′ do not exist.

The pulsed electric field used to ionize the Rydberg
states when recording the RSR-TI spectra had an ampli-
tude of 12.8 V/cm, which lowers the ionization thresholds
by ∼20 cm−1 and restricts the energetic detection windows
to the regions marked by areas shaded in gray in Fig. 2.
Eight spectral regions, marked by vertical arrows in Fig. 2,
were investigated at high spectral resolution. These regions
are identified using the labels Q1, Q3, Q5, Q7, O3, O5, O7,
and M5 which designate the different ionization thresholds
according to the change in the rotational quantum number
�N = N+ − N′′ and the value of N′′. Regions which corre-
spond to �N = 0, −2, and −4 transitions are labeled using
the letters “Q,” “O,” and “M”, respectively. The present inves-
tigation was restricted to transitions with v′′ = v+ = 0. For a
given value of N+, three np Rydberg series can be observed

v+ = 0, N+ = 7

v+ = 0, N+ = 5

v+ = 0, N+ = 3

v+ = 0, N+ = 1

te
rm
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 / 
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FIG. 2. Energy-level diagram of the rotational levels of 4He∗
2 and the triplet

np Rydberg states of 4He2. The regions shaded in gray are those probed by
RSR-TI spectroscopy using electric-field pulses of 12.8 V/cm. The vertical
arrows designate the eight spectral regions investigated in the present study.
The origin of the wave-number scale was placed at the position of the ori-
gin of the 2sσ a 3�+

u state which corresponds to the position of the Pauli-
forbidden (v′′ = 0, N ′′ = 0, J ′′ = 1) level, where J′′ is the total-angular-
momentum quantum number.

with N = N+ − 1, N+, and N+ + 1. Throughout this article,
the notation N ′′ → n �N+

N is used to label transitions from
the rotational levels of the 2sσ a 3�+

u (v′′ = 0, N ′′) metastable
states to triplet n �N+

N (v+ = 0) Rydberg states.
As illustrations of the data obtained experimentally, rep-

resentative sections of the PI and RSR-TI spectra recorded
in regions Q5 and O7 are depicted in Figs. 3(a) and 3(b), re-
spectively. The corresponding etalon transmission spectra and
iodine absorption spectra used for calibration are also dis-
played. The intensities of the etalon transmission lines fluc-
tuate because the step size of the laser was comparable to
their linewidth. In the PI spectrum (top trace in Fig. 3(a)),
the expected transitions from the (v′′ = 0, N ′′ = 5) level of
the metastable state to high-np Rydberg states with N+ = 5
(see assignment bars) are obscured by transitions from higher-
lying rovibrational levels of the metastable state to autoion-
izing low-np Rydberg states. In the corresponding RSR-TI
spectrum, only the np56 Rydberg series is visible because the
delayed detection of electrons (delay 2 μs) prevents Rydberg
states with lifetimes � 2 μs from being detected. The split-
ting observed for each 5 → np56 transition originates from
the fine structure of the initial metastable state, as discussed
in Sec. III B. The np54 and np55 Rydberg series are not ob-
served in region Q5 of the RSR-TI spectrum, for reasons that
are discussed in Sec. III F.

The PI and RSR-TI spectra in region O7 displayed in
Fig. 3(b) are dominated by the N = 7 and N = 8 orbital
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FIG. 3. Comparison between the PI spectra (top trace) and the RSR-TI spectra (second trace from top) recorded in (a) region Q5 and (b) region O7 (see
Fig. 2 for the definition of these regions). Simultaneously with the He2 spectra, etalon traces (third trace from top) and iodine spectra (bottom trace) were
recorded for the relative and absolute frequency calibrations, respectively (shifted along the vertical axis for clarity). In (a) the transitions are labeled with the
principal quantum number n of the 5 → np56 series.

fine-structure components of the 7 → np7N series which were
assigned on the basis of the calculations presented in Ref. 18.
The 24p7N Rydberg states are located about 192 cm−1 below
the N+ = 7 ionization threshold (see Fig. 2) and it may seem
surprising, at first sight, that these states are at all field ion-
ized by the 12.8 V/cm pulsed electric field used to record
the RSR-TI spectrum. The observation can be explained by
the mechanism of field-induced rotational autoionization:38, 39

The 24p7N Rydberg states are located about 9 cm−1 below the
N+ = 5 ionization threshold. The pulsed electric field leads to
the ionization of the 24p7N Rydberg states because it makes
the N+ = 5 ionization continuum energetically accessible and
also because it facilitates rotational autoionization.38

No transitions to N+ = 5 Rydberg states are observed in
region O7 because the excitation efficiency from the initial N′′

= 7 state is too low. The dominant Rydberg series are those
with N+ = N′′ and transitions corresponding to N+ = N′′ ± 2,
N′′ ± 4, . . . make no significant contribution to the spectra
(see discussion in Ref. 18). This situation is also encountered
in np Rydberg series of H2 (see, e.g., Ref. 40) and N2 (see,
e.g., Ref. 41) when excitation is from an initial orbital of dom-
inant s character.42

The RSR-TI spectra recorded in regions Q1–Q7 are pre-
sented in Fig. 4. Transitions to np1N Rydberg states are dom-
inant in region Q1 and resolved in the range n = 95–145

(see assignment bars in Fig. 4(a)). Region Q3 is located only
4.9 cm−1 below region Q1 because the rotational constant
of He+

2 is slightly smaller than that of He∗
2.18 The RSR-TI

spectrum recorded in region Q3 is depicted in Fig. 4(b) and
overlaps with regions Q1 and Q5. No regular series of lines
converging to the Q3 ionization limit is visible in the spec-
trum, presumably because the lifetime of the np3N Rydberg
states around n = 100 is shorter than 2 μs. The decay mech-
anism is rapid rotational autoionization into the N+ = 1 con-
tinuum for the N = 2 levels and rotational autoionization in-
duced by the p -f interaction and by the stray electric field
for the N = 3, 4 levels, as explained in Sec. III F. In region
Q5, on the other hand, a regular Rydberg series is observed
(see Fig. 4(c)), which can be assigned to the np56 Rydberg
series on the basis of the calculations presented in Ref. 18.
The spectrum recorded in region Q7, presented in Fig. 4(d),
does not reveal any clearly resolved Rydberg series converg-
ing to the N+ = 7 ionization threshold. The np7N Rydberg
states with n < 150 autoionize before the electric-field pulse
is applied and are therefore not detected. For n > 150, the sig-
nal of the unresolved np7N Rydberg series gradually increases
up 34274.3 cm−1, which corresponds to the position where
the n ≈ 400 Rydberg states are expected. This increase is at-
tributed to the increase of the lifetime with growing n values
and is consistent with the fact that the autoionization lifetimes
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FIG. 4. RSR-TI spectra of 4He2 recorded in regions (a) Q1, (b) Q3, (c) Q5, and (d) Q7 (see Fig. 2 for the definition of these regions).

of Rydberg states scale as n4–5 in the presence of stray electric
fields.43, 44 Rydberg states with n > 400 are not stable in the
presence of the stray electric field of ∼0.01 V/cm.

The RSR-TI spectra recorded in the regions O3–O7 and
M5 are presented in Fig. 5. In these regions, the sharp struc-
tures correspond to transitions to Rydberg states that are de-
tected following field-induced rotational autoionization. In
the spectrum recorded in region O3 (see Fig. 5(a)), two Ryd-
berg series, the 3 → np33 and 3 → np34 series, are visible, as
indicated by the assignment bars. Whereas the np33 Rydberg
series is regular, the members of the np34 series between n
= 37 and n = 39 are strongly perturbed by a rotational chan-
nel interaction with the 23p54 Rydberg state. The rotational
channel interaction leads to pronounced level shifts which
are quantitatively analyzed in Sec. III C. Members of two

Rydberg series are also observed in the O5 and O7 regions,
as illustrated in Figs. 5(b) and 5(c), respectively. The O7 and
M5 regions overlap and the four lowest transitions observed
in Fig. 5(c) are assigned to M5 transitions on the basis of their
fine structure (see Sec. III B).

The assignment of the line marked with an asterisk in
Fig. 5(a) is discussed in Sec. III F. An additional spectral
structure, displayed on an enlarged scale in Fig. 6, is observed
near 34217 cm−1 in region O3 of the RSR-TI spectrum. The
four strong lines on the left-hand side of Fig. 6 correspond
to the N = 3 and N = 4 orbital fine-structure components of
the 37p3N Rydberg state. The weaker set of lines located in
the center of Fig. 6 appears at the position where the 37p32

Rydberg state is expected. This state is not observed as a sin-
gle resonance because of the rotational channel interaction
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FIG. 5. RSR-TI spectra of 4He2 recorded in regions (a) O3, (b) O5, and (c) O7 and M5 (see Fig. 2 for the definition of these regions). The line marked with an
asterisk in (a) is affected by p -f interaction (see Sec. III F for discussion).

with members of the np12 Rydberg series around n = 112
which gain intensity from the strong 37p32 transition. The
splitting observed for all transitions in Fig. 6 originates from
the fine structure of the N′′ = 3 initial state, as discussed in
Sec. III B.

B. Determination of term values

The term values of the levels reported in this article cor-
respond to their wave numbers relative to the hypothetical
(v′′ = 0, N ′′ = 0) level of the 2sσ a 3�+

u metastable state of
He2. The term values of the rotational levels of the metastable
state are known accurately from high-resolution near-infrared
emission spectroscopy28 and are listed in the second column
of Table II. Each of these rotational levels is split into three
components labeled F1 (for J′′ = N′′ + 1), F2 (for J′′ = N′′),
and F3 (for J′′ = N′′ − 1) by the spin-spin and spin-rotation
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FIG. 6. Enlarged view of the observed RSR-TI spectrum in region O3 near
the 3 → 37p3N transitions.
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TABLE II. Term values and fine-structure splittings of the (v′′ = 0,

N ′′ = 1–7) rovibrational levels of the 2sσ a 3�+
u metastable state of 4He2

taken from Ref. 28. All values are given in units of cm−1.

N′′ ν̃obs
a F1

b F2
b F3

b

1 15.1760(1) 0.0049 −0.0243 0.0491
3 90.9889(3) 0.0079 −0.0243 0.0199
5 227.1697(8) 0.0089 −0.0242 0.0167
7 423.2366(16) 0.0094 −0.0241 0.0155

aTerm values relative to the hypothetical (v′′ = 0, N ′′ = 0) level of the 2sσ a 3�+
u state

and corresponding to the center of gravity of the three fine-structure components.
bSplittings resulting from the spin fine structure. F1, F2, and F3 denote the fine-structure
components with J′′ = N′′ + 1, J′′ = N′′, and J′′ = N′′ − 1, respectively.

interactions. The spin fine structure reported in Ref. 28 is in-
cluded in Table II.

The term values of triplet np Rydberg states of He2 were
determined from the spectra presented in Sec. III A by adding
the observed transition wave numbers to the term values of the
initial metastable states given in Table II. The spin fine struc-
ture of the metastable states, which was partially resolved in
the measurements (see, e.g., Fig. 3), had to be taken into ac-
count in the lineshape model in order to extract reliable ex-
perimental transition wave numbers. The spin fine structure of
the final triplet np Rydberg states, which is expected to scale
as n−3, could not be resolved and was neglected in the analy-
sis. For each transition, four fit parameters were used to model
the observed lineshape: the wave number corresponding to the
center of gravity of the transition, the linewidth, a constant
background signal, and the intensity of the central (F1) spin
fine-structure component. The intensity ratio between the F1,
F2, and F3 components was fixed to the ratio expected from
the degeneracy factor 2J′′ + 1. Representative fits of the line-
shape model to observed intensity distributions of transitions
originating from metastable levels with N′′ ≤ 7 are presented
in Fig. 7. For the 1 → np1N transitions, which were observed
only for n > 86, the N = 1 and N = 2 orbital fine-structure
components partially overlap and were therefore fitted simul-

taneously, as illustrated in Fig. 7(a) for the 1 → 121p1N tran-
sitions. The dashed and dotted lines in Fig. 7(a) represent the
simulated contributions of the N = 1 and N = 2 orbital fine-
structure components, respectively. The N′′ dependence of the
fine structure observable in Fig. 7 turned out to be very useful
in the analysis because it enabled the unambiguous assign-
ment of the N′′ quantum number. All assignments presented
in Sec. III A were confirmed in this way.

The experimental term values of all triplet np Rydberg
states observed in the RSR-TI spectra recorded in regions Q1–
Q7 are listed in Table III. The N = 1 and N = 2 Rydberg se-
ries converging to the N+ = 1 threshold have approximately
the same intensity (see Fig. 7(a)), except near the 96p12 and
114p12 Rydberg states, where the intensity of the N = 2 se-
ries is reduced because of rotational channel interactions with
members of the np32 series. No members of Rydberg series
with N = N+ − 1 were observed in regions Q3–Q7, presum-
ably because they are subject to fast rotational autoionization.
In regions Q3 and Q5 of the RSR-TI spectrum, only transi-
tions to the N = N+ + 1 orbital fine-structure components
were observed and transitions to the np34 Rydberg states ap-
pear much weaker than transitions to the np56 Rydberg states.
These observations can be explained by the autoionization
lifetimes of the final Rydberg states (see Sec. III F).

The term values of np Rydberg states observed in regions
O3–O7 and M5 are listed in Table IV. The 37p34 and 23p54

Rydberg states were observed from the N′′ = 3 and N′′ = 5
levels of the metastable state (see Figs. 5(a) and 5(c)). The
term values determined from these transitions differ by less
than 0.004 cm−1, which is within the estimated accuracy of
the wave-number calibration (see Table I).

C. Adjustment of eigenquantum-defect parameters

To analyze the spectra, we used MQDT as developed by
Ch. Jungen and his co-workers.40, 45–54 MQDT using η eigen-
quantum defects47–49, 54 was applied to quantitatively describe
the observed term values of triplet np and nf Rydberg states of
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FIG. 7. ((a)–(d)) Enlarged view of the observed RSR-TI spectra around selected transitions (solid lines). The dashed and dotted lines represent the simulated
lineshapes (see text for details).
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TABLE III. Experimental term values of triplet np Rydberg states of 4He2 observed in the RSR-TI spectra recorded in the regions Q1–Q7 (see Fig. 4) and
comparison with the results of MQDT calculations. All values are given in units of cm−1.

np11 series np12 series np34 series np56 series

n ν̃obs o–ca ν̃obs o–ca ν̃obs o–ca ν̃obs o–ca

87 34301.8616 − 0.0005 34301.8776 0.0004
88 34302.1901 − 0.0004 34302.1952 − 0.0002
89 34302.5074 − 0.0004 34302.4985 0.0001
90 34302.8145 − 0.0003 34302.7814 − 0.0005
91 34303.1109 − 0.0007 34303.0385 0.0004
92 34303.3980 − 0.0007 34303.2689 − 0.0010
93 34303.6763 − 0.0004 34303.7537 0.0012
94 34303.9456 − 0.0002 34304.0059 0.0011
95 34304.2064 − 0.0000 34304.2539 − 0.0011 34375.1054 − 0.0012
96 34304.4588 − 0.0002 34375.3437 − 0.0002
97 34304.7023 − 0.0014 34304.7396 0.0001 34375.5699 − 0.0011
98 34304.9412 0.0002 34304.9736 0.0013 34375.7892 − 0.0004 34503.3314 − 0.0010
99 34305.1709 − 0.0003 34305.1993 0.0007 34376.0032 0.0005 34503.5596 − 0.0014
100 34305.3933 − 0.0012 34305.4193 0.0008 34376.2117 − 0.0008 34503.7828 0.0001
101 34305.6109 − 0.0002 34305.6328 0.0007 34503.9974 − 0.0005
102 34305.8213 − 0.0002 34305.8383 − 0.0012 34504.2073 0.0005
103 34306.0248 − 0.0009 34306.0406 − 0.0003 34504.4101 0.0004
104 34306.2229 − 0.0011 34306.2370 0.0004 34377.2143 0.0002 34504.6066 0.0001
105 34306.4166 − 0.0002 34306.4265 0.0007 34377.4017 − 0.0002 34504.7988 − 0.0007
106 34306.6037 − 0.0003 34306.6115 0.0018 34377.5853 0.0001 34504.9846 0.0005
107 34306.7875b 0.0014 34306.7875b − 0.0003 34377.7647 0.0009 34505.1656 0.0006
108 34306.9616b − 0.0015 34306.9616b 0.0017 34377.9385 0.0007 34505.3411 0.0003
109 34307.1361 0.0006 34307.1264 0.0002 34378.1087 0.0013 34505.5125 0.0007
110 34307.3025 − 0.0003 34307.2846 − 0.0005 34505.6788 0.0006
111 34307.4656 − 0.0002 34307.4345 − 0.0013 34505.8412 0.0011
112 34307.6241 − 0.0003 34307.5770 − 0.0007 34505.9999 0.0023
113 34307.7794 0.0006 34307.7131 0.0001 34506.1532 0.0023
114 34307.9283 − 0.0009 34506.3029 0.0026
115 34308.0759 0.0002 34308.1183 − 0.0005 34506.4485 0.0028
116 34308.2183 − 0.0001 34308.2562 0.0017 34506.5899 0.0026
117 34308.3576 0.0002 34308.3889 0.0002 34506.7291 0.0038
118 34308.4925 − 0.0005 34308.5212 0.0007 34506.8634 0.0037
119 34308.6246 − 0.0005 34308.6505 0.0008 34506.9954 0.0046
120 34308.7541 0.0002 34308.7775 0.0013 34507.1238 0.0053
121 34308.8790 − 0.0006 34308.9012 0.0014 34507.2484 0.0053
122 34309.0021 − 0.0001 34309.0228 0.0021 34507.3698 0.0053
123 34309.1232 0.0015 34309.1405 0.0016 34507.4890 0.0062
124 34309.2394 0.0009 34309.2564 0.0021 34507.6073 0.0047
125 34309.3524 0.0000 34309.3692 0.0022 34507.7217 0.0105
126 34309.4647 0.0011 34309.4794 0.0023

aDifference between observed term values and term values calculated using the eigenquantum defects from Table VI and the adjusted rovibrational energies of 4He+
2 (see Table VIII).

bThe N = 1 and 2 orbital fine-structure components of the n = 107 and 108 states could not be resolved.

He2 converging to the X+ 2�+
u ground state of He+

2 . MQDT
describes these states in terms of eigenquantum-defect func-
tions η

(�)
��′ (R, ε), where R is the internuclear distance and ε is

the energy of the Rydberg electron divided by the Rydberg
constant:

ε = E − E+

hcRHe2

. (2)

In Eq. (2), E is the total energy and E+ is the energy of the
4He+

2 ion core in the X+ 2�+
u ground state taken from recent

ab initio calculations.7 The procedure and the program, de-
veloped by Ch. Jungen and his co-workers,40, 45–54 to calcu-
late Rydberg spectra from the eigenquantum-defect functions

were the same as used in a recent study of the triplet ns and
nd Rydberg states of H2.55 In that study, the eigenquantum-
defect parameters of H2 were extracted from available
ab initio potential-energy curves56–59 and subsequently ad-
justed to fit experimental data. No sufficiently accurate
potential-energy curves are available for the lowest Rydberg
states of He2 and eigenquantum-defect parameters had to be
obtained directly in a fit to experimental term values of triplet
np and nf Rydberg states. As in Ref. 55, the fitting proce-
dure was divided into two steps. In the first step (fit A), the
η(
)

pp , η
(
)
pf , η

(
)
ff , η

(�)
ff , and η

(�)
ff eigenquantum defects were de-

termined and only Rydberg states of negative electronic par-
ity were considered, i.e., the np 3
−

g , nf 3
−
g , nf 3�−

g , and
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TABLE IV. Experimental term values of triplet np Rydberg states of 4He2

observed in regions O3–O7 and M5 (see Fig. 5) and comparison with the
results of MQDT calculations. All values are given in units of cm−1.

Label ν̃obs o–ca Label ν̃obs o–ca

Negative electronic parity Positive electronic parity
37p33 34306.8625 − 0.0039 37p34 34306.7999 0.0068

23p54 34309.3555 − 0.0030
38p33 34311.0502 − 0.0027 38p34 34312.0515 − 0.0037
39p33 34314.9179 − 0.0031 39p34 34315.5038 − 0.0024
23p55 34306.0302 0.0031 23p56 34307.6006 0.0090
28p55 34374.0618 0.0009 28p56 34375.7730 0.0020
29p55 34383.6051 − 0.0007 29p56 34384.5609 0.0019
24p77 34506.5783 0.0056 24p78 34506.1368 0.0082

Root-mean-square 0.0033 Root-mean-square 0.0054

aDifference between observed term values and term values calculated using the
eigenquantum defects from Table VI. The rovibrational energy levels and potential-
energy curve of 4He+

2 in the X+ 2�+
u ground state were taken from recent ab initio

calculations.7

nf 3�−
g states when using Hund’s-case-(b) notation, or the

npN+
N and nf N+

N Rydberg states with even values of N+ −
N when using Hund’s-case-(d) notation. The reason for a sep-
arate fit of levels with negative electronic parity is that the po-
sitions of these levels do not depend on eigenquantum-defect
parameters of � symmetry. The η(�)

pp , η
(�)
pf , and η

(�)
ff eigen-

quantum defects were then adjusted in the second step (fit B)
to reproduce the observed positions of the energy levels with
positive electronic parity.

The eigenquantum-defect functions of He2 were deter-
mined by adjusting their values at predefined values of R
and ε, i.e., R = 1.8 a0, 2.1 a0, 2.4 a0 and ε = 0, −1

42 , −1
32 for

the η(
)
pp eigenquantum defects adjusted in fit A. The values

ε = 0, −1
42 , −1

32 correspond to states with n → ∞, n = 4, and
n = 3, respectively. The values of η(
)

pp (R, ε) at arbitrary val-
ues of (R, ε) were obtained by extrapolation using polyno-
mial functions which are quadratic in R and ε. The η

(
)
pf , η

(
)
ff ,

η
(�)
ff , and η

(�)
ff eigenquantum defects were also adjusted in fit

A, but were assumed to be independent of R and linearly de-
pendent on ε. In addition to these 9 + 4 × 2 = 17 fit pa-
rameters for the eigenquantum-defect functions, the position
of the N+ = 1 ionization threshold relative to the hypotheti-
cal (v′′ = 0, N ′′ = 0) level of the 2sσ a 3�+

u state of He2 was
also adjusted during fit A, resulting in a total of 18 adjustable
parameters.

In the subsequent fit (fit B), the final values of all 18 fit
parameters determined in fit A were used without further ad-
justments and only the eigenquantum defects of � symmetry
were adjusted. The 12 fit parameters used for the η(�)

pp eigen-
quantum defect are the values at R = 1.8 a0, 2.1 a0, 2.4 a0,
2.7 a0 and ε = 0, −1

42 , −1
32 . The values of η(�)

pp (R, ε) at arbitrary
values of (R, ε) were obtained by extrapolation using polyno-
mial functions which are cubic in R and quadratic in ε. The
η

(�)
ff eigenquantum defect was assumed to be independent of

R and linearly dependent on ε, and the η
(�)
pf eigenquantum

defect was assumed to be independent of R and ε. The to-
tal number of fit parameters adjusted in fit B was therefore
12 + 2 + 1 = 15.

The experimental data set used in fit A consisted of
261 triplet np and nf Rydberg states with negative elec-
tronic parity, v+ ≤ 2, N+ ≤ 19, and n in the range 2–39.
In fit B, 230 triplet np and nf Rydberg states with posi-
tive electronic parity, v+ ≤ 2, N+ ≤ 9, N ≤ 8, and n in the
range 2–39 were used. From the total of 491 energy levels,
15 triplet np levels were taken from Table IV above, 437
triplet np levels were taken from measurements carried out
by Ginter and co-workers,22–26 19 triplet 4f levels were taken
from Herzberg and Jungen,27 and 20 triplet 5f levels were
taken from Kawaguchi et al.29 All term values of triplet np
Rydberg states taken from the literature are provided in the
supplementary material60 and the term values of the 4f and
5f Rydberg states27, 29 are listed in Table V together with
data on 4pπ 3
g and 5pπ 3
g Rydberg states.22 The data ex-
tracted from the RSR-TI spectra recorded in regions Q1–Q7
(Table III) were not used, because high-n Rydberg states with
n > 86 are not sensitive to adjustments of eigenquantum de-
fects. These states, however, are sensitive to adjustments of
the ionization energies and were used to extract rotational
energy spacings in 4He+

2 (see Sec. III E). All experimental
data were weighted according to their uncertainty, which was
assumed to be 0.006 cm−1 for the term values taken from
Table IV and 0.1 cm−1 for all term values taken from the liter-
ature. The basis used in the MQDT calculations included np
channels up to v+

max = 7 and nf channels up to v+
max = 3. An

increase of the basis size did not lead to a change of the calcu-
lated term values, as was tested using the final eigenquantum-
defect parameters.

The final values of all eigenquantum-defect parameters
adjusted in fits A and B are given in Table VI and the final
term value of the N+ = 1 ionization threshold with respect to
the Pauli-forbidden (v′′ = 0, N ′′ = 0) level of the 2sσ a 3�+

u

state was determined to be 34316.391 cm−1 (standard devia-
tion 0.002 cm−1, absolute uncertainty 0.010 cm−1). The dif-
ferences between the observed and calculated term values
are listed next to the experimental term values in Table IV,
Table V, and in the supplementary material.60 The MQDT
calculations reproduce the 15 triplet np Rydberg states given
in Table IV with a root-mean-square (rms) deviation of
0.0045 cm−1. For the low-np and nf Rydberg states, the rms
deviation amounts to 0.103 cm−1 for the levels with neg-
ative electronic parity and 0.197 cm−1 for the levels with
positive electronic parity. Several levels of the 4pπ 3
g and
5pπ 3
g states are strongly perturbed by close-lying 4f and
5f Rydberg states via the p -f interaction, as was pointed out
previously.22, 27, 29 Our MQDT calculations accurately repro-
duce these perturbations as can be seen in Table V. The calcu-
lated shifts induced by the p -f interaction are also included
in Table V and can be as large as 2.2 cm−1.

Because the quantum defect of the npσ 3�+
g states

(∼− 0.2) is very different from the quantum defect of
the nf states (∼0.0), the corresponding series are well
separated. The p -f interaction does not induce signifi-
cant shifts in low-n Rydberg states of � symmetry. The
η

(�)
pf eigenquantum-defect parameter is therefore poorly de-

fined by the data set and we expect the uncertainty of
its value listed in Table VI to be larger than the standard
deviation.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.55.184 On: Wed, 07 May 2014 16:26:09



064304-10 Sprecher et al. J. Chem. Phys. 140, 064304 (2014)

TABLE V. Experimental term values of triplet np and nf Rydberg states of 4He2 with n = 4 and 5 taken from the literature22, 27, 29 and comparison with the
results of MQDT calculations. All values are given in units of cm−1.

4pπ 3
g (v = 0)22 4f (v+ = 0)27 5pπ 3
g (v = 0)22 5f (v+ = 0)29

N ν̃obs o–ca �ν̃pf
b N+ ν̃obs o–ca �ν̃pf

b ν̃obs o–ca �ν̃pf
b N+ ν̃obs o–ca �ν̃pf

b

Used in fit A (levels with negative electronic parity)
1 27207.12 − 0.04 − 0.14 3 27492.24 0.01 0.12 29799.60 0.02 − 0.08 3 29978.33 0.07 0.07
3 27278.36 − 0.02 − 0.16 1 27462.42 0.07 0.04 29870.63 − 0.01 − 0.11 1 29931.15 0.08 0.03

3 27529.58 − 0.01 0.04 3 29995.96 0.10 0.04
5 27632.97 0.01 0.05

5 27406.29 − 0.03 − 0.18 3 27526.41 0.05 0.08 29999.56 − 0.00 1.12 3 29996.03c − 0.02 − 1.19
5 27659.77 − 0.01 0.05 5 30125.96 0.16 0.04
7 27820.57 − 0.04 0.04 7 30297.68 − 0.14 0.02

7 27590.42 − 0.06 − 0.26 5 27651.25 0.02 0.16 30182.21 − 0.08 − 0.01 5 30122.91 0.05 − 0.05
7 30309.60 − 0.30 0.04

9 27828.41 0.00 − 2.21 7 27835.08 − 0.14 2.11 30421.57 − 0.07 − 0.03 7 30305.39 − 0.03 − 0.03

Used in fit B (levels with positive electronic parity)
2 27234.64 − 0.04 − 0.17 1 27424.21 0.12 0.07 29826.56 0.05 − 0.12 1 29909.44 − 0.12 0.08

3 27508.53 0.14 − 0.02 3 29986.43 − 0.24 − 0.01
5 27617.03 − 0.07 − 0.01 5 30104.17 − 0.32 − 0.01

4 27332.03 0.03 − 0.25 1 27431.53 0.08 0.17 29923.38 0.02 0.68 1 29913.30 − 0.05 − 0.72
3 27536.04 0.00 0.00 3 30000.85 0.04 0.01
5 27648.75 0.05 − 0.02 5 30120.83 0.72 − 0.01
7 27802.71 − 0.23 − 0.01

6 27484.00 0.29 − 1.25 3 27501.15 − 0.15 1.18 30073.53 0.05 0.04 3 29983.01 − 0.17 − 0.09
5 27661.49 0.02 0.01 5 30127.76 0.15 0.03

7 30305.85 0.49 − 0.01
8 27692.74 0.02 0.25 5 27626.23 0.01 − 0.32 30278.68 0.08 0.00 5 30109.67 − 0.22 − 0.05

7 30310.89 0.26 0.04

aDifference between observed term values and term values calculated using the eigenquantum defects from Table VI including the p -f interaction.
bCalculated shifts induced by the p -f interaction.
cThe term value of the 5f 35 (v+ = 0) Rydberg state was taken from Ref. 22.

The final triplet η(�)
pp (R, ε) and η(
)

pp (R, ε) eigenquantum-
defect functions of He2 are displayed in Fig. 8. Their
values at R = 2.1 a0 and ε = 0 are −0.2240(2) and 0.06962(3),
respectively. Whereas the value of the η(
)

pp eigenquantum de-
fect lies between the values determined in Ref. 18 for the

TABLE VI. Final values of the eigenquantum-defect parameters η
(�)
��′ (R, ε)

of He2. The standard deviation in units of the last digit is given in parentheses.

��′ � R/a0 ε = 0 ε = −1
42 ε = −1

32

From fit A (to levels with negative electronic parity)
pp 
 1.8 0.08698(18) 0.09236(7) 0.09719(5)
pp 
 2.1 0.06962(3) 0.07385(1) 0.07776(1)
pp 
 2.4 0.05463(10) 0.05794(4) 0.06125(3)
pf 
 2.1a 0.00272(21) 0.00176(4)
ff 
 2.1a 0.01232(16) 0.01075(3)
ff � 2.1a 0.00409(20) 0.00339(3)
ff � 2.1a − 0.00762(20) − 0.00858(4)

From fit B (to levels with positive electronic parity)
pp � 1.8 − 0.2405(14) − 0.2341(5) − 0.2294(8)
pp � 2.1 − 0.2240(2) − 0.2182(1) − 0.2128(1)
pp � 2.4 − 0.1973(7) − 0.1943(25) − 0.1894(4)
pp � 2.7 − 0.1332(19) − 0.1472(52) − 0.1499(8)
pf � 2.1a 0.0022(3)b 0.0022(3)b

ff � 2.1a 0.0140(4) 0.01324(4)

aAll pf and ff eigenquantum defects were assumed to be R independent.
bThe η

(�)
pf eigenquantum defects were assumed to be energy independent.

v+ = 0 and v+ = 1 Rydberg series, our η(�)
pp eigenquantum

defect is lower by 1 than in Ref. 18. A shift by 1 does not
change the resulting level energies, but changes the calculated
rotational (N+) character in the vicinity of rotational chan-
nel interactions. Such an interaction is encountered, e.g., in
the np34 Rydberg series around n = 38, as already discussed
in Sec. III A in the context of Fig. 5 (see lower assignment
bar in Fig. 5(a)). Using our pp eigenquantum defects, the sec-
ond line assigned to the N′′ → N = 4 series and observed at
34218.4 cm−1 in Fig. 5(a) is calculated to have the largest N+

= 5 character (73%), which explains its weak intensity. When
shifting the η(�)

pp eigenquantum defect by 1, the same member
is calculated to have only 28% N+ = 5 character and 72% N+

= 3 character, whereas the first member of the series observed
at 34215.8 cm−1 in Fig. 5(a) (labeled 37p34) is calculated to
have 75% N+ = 5 character, which agrees less well with the
observed intensity distribution.

D. Determination of potential-energy curves
of low-np Rydberg states of He2

Potential-energy curves and eigenquantum-defect func-
tions are closely related and can be transformed into each
other.45, 47, 48, 50, 53–55 The adjusted η(�)

pp (R, ε) eigenquantum-
defect functions derived in Sec. III C were used to determine
the potential-energy curves of the npσ 3�+

g and npπ 3
g

Rydberg states of He2 with n ≤ 5 in the range of R

= 1.7–2.7 a0. The p -f interaction was neglected and the
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(
)
pp (R, ε) eigenquantum-defect functions of He2 after adjustment to experimental data at ε = 0 (solid lines), ε = −1

42 (dashed

lines), and ε = −1
32 (dotted lines). The dots represent the fit parameters adjusted in fits A and B (see Table VI). The intervals given in (b) depict the classically

allowed range of R values for He+
2 in the states (v+ = 0, N+ = 1) and (v+ = 2, N+ = 1).

one-channel quantization condition47

tan π

√
−1
ε

A�=1(ε)
+ tan πη(�)

pp (R, ε) = 0 (3)

was solved for ε at fixed values of R. In Eq. (3), A� = 1(ε)
= 1 − ε2 is Ham’s scaling factor.48 From the solutions ε(R) of
Eq. (3), the Born-Oppenheimer energies EBO were obtained
using

EBO(R) = ε(R) × hcR∞ + E+
BO(R), (4)

where R∞ is the Rydberg constant for infinite mass and
E+

BO(R) is the Born-Oppenheimer potential-energy curve of
the X+ 2�+

u ground state of He+
2 . In Table VII, the resulting

values of EBO(R) are listed for the lowest four npσ 3�+
g and

npπ 3
g Rydberg states of He2 using the values of E+
BO(R)

from Ref. 7.
The adiabatic corrections to the Born-Oppenheimer

potential-energy curves were estimated from the solutions
ε(R) of Eq. (3) using

Ead(R) = ε(R) × hc
(
RHe2 − R∞

) + E+
ad(R). (5)

The first term in Eq. (5) is the adiabatic correction originat-
ing from the Rydberg electron and E+

ad(R) represents the adi-
abatic correction to the Born-Oppenheimer potential-energy
curve of the X+ 2�+

u ground state of 4He+
2 taken from the

supplementary material presented in Ref. 7. The values of
Ead(R) are given in Table VII. The contributions to the adi-
abatic correction from the Rydberg electron are listed in the
supplementary material60 and only represent a small fraction
of the overall adiabatic correction.

The effect of the p -f interaction on the Born-
Oppenheimer potential-energy curves was investigated by
solving the corresponding two-channel eigenvalue equation.
The potential-energy curves of np and nf states do not cross
and the shift of the electronic energies induced by the p -f
interaction was found to be less than 0.1 cm−1, i.e., smaller

than the expected accuracy of the potential-energy curves pre-
sented in Table VII.

E. Determination of rotational term values
in the X+ 2�+

u (v+ = 0) ground state of 4He+
2

The eigenquantum defects determined in Sec. III C are
accurate to better than 0.002 (see Table VI), which allows
the prediction of electron binding energies of high-n Rydberg
states around n = 100 with an estimated accuracy of better
than 0.0005 cm−1. MQDT can therefore be used to extrap-
olate the energies of the Rydberg states observed in regions
Q1–Q5 of the RSR-TI spectra to their limits with high pre-
cision. The extrapolation was carried out simultaneously for
all observed Rydberg series in a global fitting procedure (re-
ferred to as fit C hereafter). The three fit parameters adjusted
in fit C were the term value of the (v+ = 0, N+ = 1) ioniza-
tion threshold and the positions of the N+ = 3 and N+ = 5
levels of 4He+

2 in the X+ 2�+
u (v+ = 0) ground state relative

to the N+ = 1 level. Further rovibrational energies of 4He+
2

used in the calculations were held fixed at their ab initio val-
ues from Ref. 7.

The experimental data set used in fit C consisted of 72
triplet np Rydberg states with n ≤ 110 listed in Table III. Ry-
dberg states with n > 110 were not included because their po-
sitions are more susceptible to stray electric fields. The same
weight was given to all levels used in fit C.

The positions of the N+ = 3 and N+ = 5 rota-
tional levels of 4He+

2 in the X+ 2�+
u (v+ = 0) ground state

relative to the N+ = 1 level resulting from fit C are
70.9372 cm−1 (standard deviation 0.0003 cm−1, absolute un-
certainty 0.003 cm−1) and 198.3691 cm−1 (standard deviation
0.0003 cm−1, absolute uncertainty 0.006 cm−1), respectively.
The term value of the (v+ = 0, N+ = 1) ionization thresh-
old was 34316.3831 cm−1 (standard deviation 0.0001 cm−1,
absolute uncertainty 0.010 cm−1). The difference between
observed and calculated term values for all Rydberg states

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.55.184 On: Wed, 07 May 2014 16:26:09



064304-12 Sprecher et al. J. Chem. Phys. 140, 064304 (2014)

TABLE VII. Born-Oppenheimer potential-energy curves EBO of the lowest four npσ 3�+
g and npπ 3
g Rydberg states of He2 (in units of the Hartree energy

Eh). The adiabatic corrections Ead/hc are given in units of cm−1.

R/a0 EBO/Eh Ead/hc EBO/Eh Ead/hc EBO/Eh Ead/hc EBO/Eh Ead/hc

2pσ c 3�+
g 3pσ 3�+

g 4pσ 3�+
g 5pσ 3�+

g

1.7 −5.07995477 155.89 −5.02408949 155.05 −5.00379787 154.74 −4.99410549 154.60
1.8 −5.09099084 154.28 −5.03464699 153.44 −5.01426889 153.13 −5.00454093 152.98
1.9 −5.09743767 153.06 −5.04060425 152.20 −5.02013898 151.89 −5.01037865 151.75
2.0 −5.10048191 152.13 −5.04313911 151.26 −5.02258203 150.95 −5.01278966 150.81
2.1 −5.10105101 151.43 −5.04316926 150.56 −5.02251186 150.25 −5.01268491 150.10
2.2 −5.09986975 150.93 −5.04140876 150.05 −5.02063873 149.74 −5.01077181 149.59
2.3 −5.09750424 150.59 −5.03841179 149.70 −5.01751317 149.38 −5.00759800 149.24
2.4 −5.09439661 150.37 −5.03460687 149.47 −5.01356018 149.15 −5.00358565 149.00
2.5 −5.09089272 150.25 −5.03032369 149.34 −5.00910621 149.02 −4.99905845 148.87
2.6 −5.08726460 150.22 −5.02581421 149.29 −5.00440038 148.97 −4.99426279 148.82
2.7 −5.08372937 150.25 −5.02126928 149.31 −4.99963117 148.98 −4.98938459 148.83

2pπ b 3
g 3pπ 3
g 4pπ 3
g 5pπ 3
g

1.7 −5.11332824 156.39 −5.03505783 155.21 −5.00863856 154.81 −4.99664602 154.63
1.8 −5.12281618 154.76 −5.04518555 153.59 −5.01892001 153.20 −5.00698068 153.02
1.9 −5.12777641 153.51 −5.05073780 152.35 −5.02461724 151.96 −5.01272841 151.78
2.0 −5.12937152 152.56 −5.05288012 151.41 −5.02689610 151.02 −5.01505511 150.84
2.1 −5.12850453 151.85 −5.05251802 150.70 −5.02666237 150.31 −5.01486662 150.14
2.2 −5.12587528 151.32 −5.05035346 150.19 −5.02461828 149.80 −5.01286521 149.62
2.3 −5.12202417 150.96 −5.04692868 149.83 −5.02130626 149.44 −5.00959338 149.27
2.4 −5.11736640 150.71 −5.04266040 149.59 −5.01714323 149.21 −5.00546810 149.03
2.5 −5.11221888 150.57 −5.03786685 149.46 −5.01244761 149.07 −5.00080779 148.90
2.6 −5.10682138 150.51 −5.03278891 149.40 −5.00746041 149.02 −4.99585355 148.84
2.7 −5.10135333 150.51 −5.02760692 149.40 −5.00236213 149.02 −4.99078589 148.85

observed in regions Q1–Q5 of the RSR-TI spectra are in-
cluded in Table III. The rms deviation of all n ≤ 110 Rydberg
states used in fit C is 0.0008 cm−1.

The observed and calculated positions of the high-n Ry-
dberg states listed in Table III were transformed into effective
quantum defects μ̄ using the Rydberg formula [Eq. (1)] and
are depicted in Fig. 9 as dots and lines, respectively. Rydberg
series with N = N+ are not affected by rotational channel in-
teractions and their effective quantum defect is constant (see
dashed lines in Fig. 9). Strong perturbations are visible for
Rydberg series with N = N+ + 1 at the positions of Rydberg
states belonging to series converging to the N+ + 2 ionization
thresholds (indicated by vertical arrows). MQDT reproduces
these perturbations within the experimental accuracy. Signifi-
cant deviations are only present at large n values (n > 120 in
Fig. 9(a) and n > 110 in Fig. 9(c)), presumably because of dc
Stark shifts induced by the stray electric field.

F. Autoionization dynamics

In the absence of electric fields and when spins are ig-
nored, the angular-momentum quantum number N of the
Rydberg states of He2 investigated here is conserved. For
the npN+

N=N+−1 Rydberg states that are located energetically
above the ionization thresholds associated with the N+ − 2
ionic levels, rotational autoionization takes place on the sub-
ns time scale up to n values beyond 100. These states are
difficult to observe in the PI spectra because their natural
linewidths are much larger than the laser linewidth, even at
n = 100. They are typically not observed in the RSR-TI

spectra either, because autoionization is complete long be-
fore the application of the delayed pulsed electric field used
for field ionization and electron extraction. Members of the
npN+

N=N+−1 Rydberg series located immediately below the
N+ − 2 ionization thresholds, however, are readily observed
through their interactions with the long-lived high npN+ −
2N=N+−1 Rydberg states (see, for example, Fig. 6).

The npN+
N=N+ and the npN+

N=N++1 Rydberg states can-
not autoionize to p continua associated with the N+ − 2 ionic
levels, but can autoionize to � = 3 continua above the N+

− 2 ionization threshold, the autoionization being mediated
by the p -f interaction. The corresponding decay processes
are slower than for the npN+

N=N+−1 Rydberg states, but still,
in general, too fast for the corresponding series to be ob-
served by delayed (2 μs) pulsed field ionization. Fig. 4(d), for
instance, indicates that the lifetimes of the np77, 8 Rydberg
states are less than 1 μs up to n = 100. The Doppler-limited
linewidth of the 24p77, 8 resonances in Fig. 5 suggests, how-
ever, that their lifetimes is at least about 1 ns at n = 25 and
thus at least about 100 ns at n = 100 because of the n3 scaling
of the lifetimes.

The line marked by an asterisk in Fig. 5(a), and which
is assigned to the 5 → 41p55 transition represents an excep-
tion. The 41p55 Rydberg state is located above the O5 ion-
ization threshold at 34160.15 cm−1 and is thus embedded in
the N+ = 3 ionization continua. The observation of this line
in the RSR-TI spectrum is only possible if the lifetime of the
41p55 Rydberg state is of the order of 1 μs or longer. No other
members of the np55 Rydberg series with n ≤ 90 and lying
above the N+ = 3 ionization threshold were observed in the
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FIG. 9. Experimental (dots) and calculated (lines) quantum-defect plots of triplet np Rydberg states converging to the (a) N+ = 1, (b) N+ = 3, and (c) N+
= 5 ionization thresholds of 4He+

2 in the X+ 2�+
u (v+ = 0) ground state. Solid and dashed lines depict the calculated effective quantum defects for the Rydberg

series with N = N+ + 1 and N = N+, respectively.

RSR-TI spectra, indicating that their autoionization lifetimes
are all much shorter than 1 μs, as a result of p -f -interaction-
mediated autoionization. The explanation for the abnormally
long lifetime of the 41p55 Rydberg state is that it is almost de-
generate with the 23f75 Rydberg state (calculated to lie only
0.0508 cm−1 below the 41p55 Rydberg state). As a result of
this near-degeneracy, the p -f interaction induces a strong ad-
mixture of f75 character, which stabilizes the 41p55 Rydberg
state. The nf75 Rydberg states in this region are long lived be-
cause rotational autoionization would necessitate a change of
core rotational quantum number of −4 and is hindered.38

The electric-field dependence of the RSR-TI spectrum
recorded near the 5 → 41p55 and 3 → 38p3N transitions is de-
picted in Fig. 10. Whereas the intensities of the 3 → 38p33, 4

transitions do not vary as a function of the dc electric field,
the line corresponding to the 5 → 41p55 transition disappears
when dc electric fields larger than 52 mV/cm are applied. This
observation can be explained by � and N mixing induced by
the field. The largest field-induced interactions affecting the
41p55 Rydberg state are those with �� = ±1 and �N = 0 and
autoionization is therefore expected to take place into the d35

continuum. The interaction, and thus the autoionization rate,
increases gradually with the magnitude of the electric field,
which eventually leads to the disappearance of the 5 → 41p55

transition in the spectra recorded when fields of ±78 mV/cm
are applied. These results indicate that the p -f interaction
is not the sole mechanism responsible for the autoionization
lifetimes of the npN+

N=N+ and the npN+
N=N++1 Rydberg se-

ries and that electric fields can also play an important role.
The measurement presented in Fig. 10 also allowed us to

estimate the stray electric field in the excitation region: The
intensity of the 5 → 41p55 transition measured when apply-
ing an electric field of −26 mV/cm is smaller than when an
electric field of +26 mV/cm is applied, but corresponds ap-
proximately to the intensity measured when an electric field of

+52 mV/cm is applied. We therefore conclude that a dc elec-
tric field of ∼13 mV/cm is required to compensate the stray
electric field (−13 mV/cm) present during laser excitation.

The joint effects of the p -f interaction and � mixing by
electric fields on the autoionization dynamics of the triplet
np Rydberg states around n = 100 are illustrated by Fig. 11,
which compares the PI and RSR-TI spectra recorded in re-
gions Q3 and Q5 (see Fig. 2). The np32 and np54 series are
not observed in these spectra because of rapid autoionization,
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dc electric field is given for each spectrum in units of mV/cm.
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transitions (region Q5). The calculated positions of the N = N+ and N = N+
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respectively.

as explained above. The calculated positions of the np33 and
np55, the autoionization of which must be to an f continuum
in the absence of fields, are indicated as vertical dotted lines in
Figs. 11(a) and 11(b), respectively. Transitions to these states
are strong in the PI spectra, but absent from the RSR-TI spec-
tra, confirming the observation made for the np77 series (see
Fig. 4(d)) that the npN+

N=N+ series have lifetimes significantly
shorter than 2 μs around n = 100. The calculated positions
of the npN+

N=N++1 Rydberg series are indicated by vertical
dashed lines in Fig. 11. Whereas the transitions to the np34

and np56 Rydberg states have approximately the same inten-
sities in the PI spectra, the lines corresponding to the transi-
tions to the np34 Rydberg states are four times weaker in the
RSR-TI spectra than those corresponding to the np56 Rydberg
states.

These observations suggest that the npN+
N=N++1

Rydberg states are longer lived than the npN+
N=N+ Rydberg

states of the same principal quantum number. This difference
may originate from the p -f interaction but may also be
explained by the influence of the stray electric fields of
13 mV/cm present in the photoexcitation region. The effect
of the stray field on the N = N+ Rydberg states is to facilitate
autoionization by inducing a �� = 1, �N = 0 interaction
between the np33 (np55) Rydberg states and the d13 (d35)
ionization continuum, as discussed in the context of Fig. 10
for the 41p55 Rydberg state. The electric field necessary to in-
duce such an interaction is smaller for Rydberg states around
n = 100, because the polarizability of Rydberg states scales
as n7. The lifetimes of the np34 Rydberg states are expected to
be less affected by the stray field than the np33 Rydberg state.
Indeed, the np34 Rydberg states cannot decay via a �� = 1,
�N = 0 interaction because the N+ = 1, � = 2 ionization
continuum does not possess any N = 4 character. The
field-induced decay must therefore proceed via a �� = 1, �N
= 1 rather than a (stronger) �� = 1, �N = 0 interaction. The
surprisingly long lifetime of the np56 Rydberg states around

n = 100 is a consequence of the fact that their effective
quantum defects are almost zero (see Fig. 9(c)) and that,
consequently, their positions coincide with the positions
of the manifold of nonpenetrating (� ≥ 3) Stark states, to
which they are coupled by the p -f interaction. The stray
field, though weak, therefore efficiently induces high-�
character to the np56 Rydberg states around n = 100, which
prolongs their lifetimes beyond 2 μs.

IV. CONCLUSIONS

The term values of triplet np Rydberg states with n
> 20 converging to the (v+ = 0, N+ = 1, 3, 5, 7) levels of
the X+ 2�+

u ground state of 4He+
2 have been obtained by

Rydberg-state-resolved threshold-ionization spectroscopy. By
combining the data with spectroscopic data on low-lying
triplet np and nf Rydberg states from the literature22–29 a new
set of energy- and R-dependent eigenquantum-defect param-
eters of multichannel quantum-defect theory was derived us-
ing a methodology established by Ch. Jungen and his co-
workers.40, 45–54 The MQDT model includes the effects of
p -f and rovibrational channel interactions and provides an
accurate description of all gerade triplet np and nf Rydberg
states of He2 with v+ ≤ 2 and N+ ≤ 9 (N+ ≤ 19 for states with
negative electronic parity). The root-mean-square deviation
between observed and calculated term values was 0.005 cm−1

for the Rydberg states measured in this investigation (n > 20)
and 0.2 cm−1 for the low-n Rydberg states taken from the lit-
erature (n = 2–20). These deviations correspond to the exper-
imental uncertainties of the respective measurements.

The adjusted eigenquantum-defect functions were com-
bined with the potential energy function of the ground
electronic state of He+

2 from Ref. 7 to derive the Born-
Oppenheimer potential-energy functions and the leading adi-
abatic corrections of the triplet np Rydberg states of He2 with
n ≤ 5 in the range of internuclear distances R = 1.7–2.7 a0.
It will be interesting in future to compare these results
with potential-energy curves obtained by ab initio quantum
chemistry.

Rotational spectroscopy on 4He+
2 at an accuracy of up

to 0.003 cm−1 was performed by extrapolating the experi-
mental term values of triplet np Rydberg states in the range
n = 87–110 to their ionization limit using MQDT. The re-
sulting positions of the lowest rotational levels of 4He+

2 are
compared to previous results from the literature in Table VIII.
The energy of the (v+ = 0, N+ = 3) rotational level is in ex-
cellent agreement with the latest ab initio calculations7 and
the value obtained by ZEKE spectroscopy.18 A deviation of
the order of six standard deviations is found with the latest
value extrapolated from the energies of Rydberg states.18 The
reason for this deviation lies presumably in the neglect of p -f
and vibrational channel interactions in the MQDT model used
in Ref. 18. For the energy of the (v+ = 0, N+ = 5) rotational
level of 4He+

2 we find a small deviation with the ab initio cal-
culations from Ref. 7. The deviation might result from sys-
tematic dc Stark shifts of the high-n Rydberg states around
n = 100 used to extrapolate the rotational energies in
the present study. Alternatively, it may reflect the neglect
of quantum-electrodynamics corrections in the ab initio
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TABLE VIII. Rotational energies of 4He+
2 in the X+ 2�+

u (v+ = 0) ground
state relative to the N+ = 1 level as determined in various studies. All values
are given in units of cm−1.

Ref. 18 Ref. 18 Ref. 7 Present work
N+ (ZEKE) (MQDT fit) (ab initio) (MQDT fit)

1 0 0 0 0a

3 70.943(6) 70.918(3) 70.936 70.937(3)
5 198.379(16) 198.317(8) 198.359 198.369(6)
7 381.858(31) 381.761(16) 381.822 381.822b

aThe term value of the (v+ = 0, N+ = 1) ionization threshold relative to the hy-
pothetical (v′′ = 0, N ′′ = 0) level of the 2sσ a 3�+

u state of 4He2 was determined
to be 34316.387(10) cm−1, which represents the average of the results of fit A
(34316.391 cm−1) and fit C (34316.383 cm−1).
bFixed to the ab initio value of Ref. 7.

calculations of the rotational energies. Such corrections were
found to be significant in H2.61, 62 Our result is in good agree-
ment with, but more accurate than, the result obtained by
ZEKE spectroscopy18 but deviates significantly from the lat-
est value extrapolated from the energies of Rydberg states,18

a deviation we also attribute to the incomplete nature of the
MQDT model used in Ref. 18.

The delayed pulsed-field ionization of Rydberg states
in RSR-TI spectroscopy restricts the detection to long-lived
Rydberg states only. The autoionization dynamics of the
triplet np (v+ = 0) Rydberg states with N = N+ and N = N+

+ 1 was found to be governed by the p -f interaction, which
reduces the lifetimes to values below 2 μs for levels with
n � 90. The 41p55 Rydberg state has an exceptionally long
lifetime of >2 μs because of the p -f interaction with the
long-lived 23f75 Rydberg state. At higher n values, the stray
electric field of ∼13 mV/cm induces N- and �-mixing and
governs the autoionization dynamics. The field-induced in-
teractions can lead to shorter or longer lifetimes, depending
on whether the interaction is with an ionization continuum or
with long-lived Rydberg states.
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