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An accurate quantum-defect model for the triplet np Rydberg states of He,

Daniel Sprecher,! Jinjun Liu,»® Tobias Krahenmann,! Martin Schafer,! and Frédéric
Merkt! )
Laboratorium fiur Physikalische Chemie, ETH-Zirich, 8093 Zirich,

Switzerland
(Dated: 19 November 2019)

Photoionization spectra and Rydberg-state-resolved threshold-ionization spectra of
triplet np Rydberg states of YHey located in the vicinity of the X 2%F (v = 0)
ionization threshold were recorded from the 2s0 a 33 metastable state. An accuracy
of 0.01 cm~! was achieved for the experimental term values of the observed Rydberg
states. The data were combined with spectroscopic 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 Hey. 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 *He,
in the range of principal quantum number n between 87 and 110, the positions of
the (vT = 0,NT = 3) and (vF = 0, NT = 5) levels of the ground state of ‘Hey
were determined to lie 70.937(3) cm ™" and 198.369(6) cm™!, respectively, above the

(vt =0, N* = 1) ground rotational level.

PACS numbers: 33.80.Rv, 33.80.Eh, 33.60.4q, 33.20.Wr, 33.20.Tp, 33.20.5n, 33.15.Ry
Keywords: helium dimer, Rydberg-state-resolved threshold-ionization spectroscopy,
rotational and vibrational channel interactions, p-f interaction, field-induced au-
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I. INTRODUCTION

Atomic helium has the lowest polarizability! (0.205 Ag) and the largest ionization energy?
(198 310.6664(2) cm ™) of all neutral elements and is chemically very inert.> The potential-
energy well of He, in the X 12; ground state is so shallow that it only supports a single quan-
tum state (v =0, N = 0) for “He, with a dissociation energy Do(*Hey) = 0.00112(2) cm .46
The X+ 2% ground state of Hej corresponds to the electronic configuration (1sa,)*(1so,)".
He; therefore has a covalent bond of order 1/2 with a Born-Oppenheimer binding energy

D.(He}) = 19954.583 cm 1.7

The rovibrational energy levels of Hej serve as benchmark quantities for ab initio calcula-
tions of three-electron systems.” ¢ In contrast to the numerous theoretical studies reported
on Hey, only a few experimental studies have been carried out. For the main naturally
occurring isotopomer, “Hej, no electric-dipole-allowed rotational and vibrational spectra
exist. Yu and Wing!'” observed nine transitions in the fundamental vibrational band of the
heteronuclear *He*He™ isotopomer, which exhibits a small electric dipole moment. Carring-
ton et al.'’ measured the frequency of seven electronic transitions from vibrationally highly
excited levels of the X+ ?XF ground state of “Hej to the weakly bound A *X7 first excited
state. Raunhardt et al.'® determined rotational constants for the lowest three vibrational
levels of “Hej and observed the rotational structure of the ground state of 3Hej by pulsed-
field-ionization zero-kinetic-energy (ZEKE) photoelectron spectroscopy of metastable Hes.
Experimental results obtained by Hardy and coworkers'® on the rotational structure of *He;
have been questionned because their analysis is based on the observation of states which do
not fulfill the generalized Pauli principle (see also discussion in Refs. 18, 20, and 21).

22726 and also Raunhardt et al.'®, measured the term values of triplet

Ginter and coworkers
np Rydberg states of He, and obtained rovibrational energy spacings in Hej by extrapola-
tion to the series limits using MQDT. Their model included rotational channel interactions
and the dependence of the eigenquantum-defect parameters on the energy, the rotational
quantum number, and the vibrational quantum number. The accuracy of the extrapolated
energies presented in Refs. 23 and 18 was limited to about 0.1 cm™!. In the experiments pre-
sented in this article, an accuracy of 0.01 cm~! was achieved in the determination of the term

values of high-np Rydberg states of “He, 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 interaction, which is known to induce perturbations in the structure of the np and
nf Rydberg states of He,.?>?" Using this model, a global description of the triplet np Ryd-
berg states of He, was achieved in a fit of the relevant MQDT parameters to spectroscopic
data available in the literature.?? 2 With this improved model, the positions of all known
triplet np Rydberg states can be calculated within their experimental uncertainties, Born-
Oppenheimer potential-energy curves of the 2-5p Rydberg states were derived, and the

corresponding leading adiabatic corrections were estimated.

1II. EXPERIMENT
A. Production and photoionization spectroscopy of He,

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 containing “*He, in the 2s0 a®*%] metastable
state (referred to as He} 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.'® The phosphorescence-limited lifetime of He} is 13(2) 5,3 which is much longer
than the time (~ 150 us) 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 designed for the application of homogeneous electric
fields and by two concentric magnetic shields made of mu-metal to suppress stray magnetic
fields. Differential pumping resulted in background pressures of 10~% mbar and 5 x 10~" mbar

in the gas source chamber and the photoexcitation/detection chamber, respectively.

Triplet np Rydberg states of Hey were excited from He} using the third harmonic (wave-
length 292 nm, pulse length 30 ns, bandwidth < 0.001 cm™!, pulse energy ~ 150 uJ) of the
output of a Ti:Sa laser system described in Ref. 31. A pulsed homogeneous electric field
(amplitude 128 V/cm) was generated 200 ns after laser excitation by applying a pulsed volt-
age across the electrode stack. The electric field was used to ionize Rydberg states and
its polarity was chosen such that the positively charged ions were accelerated towards a

microchannel-plate (MCP) detector. The ion signal corresponding to the time of flight of
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FIG. 1. Schematic diagram of the vacuum chambers used in the experiments. The photoexcitation
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the Hej ions was integrated and monitored as a function of the laser wave number.

B. Rydberg-state-resolved threshold-ionization spectroscopy

He} molecules in many different rovibrational states are produced in the electric discharge
and the Rydberg series excited from these states and observed in the photoionization (PT)
spectra overlap, which makes unambiguous assignments very difficult. By changing to the
detection scheme of Rydberg-state-resolved threshold-ionization (RSR-TI) spectroscopy,*?
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 us 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
detector as a function of the laser wave number. Electrons originating from direct pho-
toionization or from autoionizing Rydberg states with lifetimes shorter than 2 us leave the
photoexcitation 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 Nj,32

NH;,3* and Kr3* and the corresponding cationic states at high resolution.
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TABLE 1. 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 lines® 0.009
Doppler shift 0.004
Frequency shift in the Ti:Sa amplifier < 0.001
Pressure shift < 0.001
Total absolute uncertainty?® 0.010
Calibration of relative wave numbers
Calibration of relative laser frequency 0.006"
Determination of the line centers 0.001
Stark shifts < 0.001°¢
Total relative uncertainty?® 0.006"

& Determined by summation of all contributions in quadrature.
b Assuming that the transitions are separated by ~12cm™'. Because the relative laser frequency is

determined by extrapolation, the uncertainty is proportional to the interval (see text).
¢ This value was estimated for np Rydberg states with n < 50. At higher values of n, the dc Stark shifts

can be larger.

C. Wave-number calibration

For the absolute wave-number calibration, iodine absorption spectra were recorded simul-
taneously with the PI and RSR-TT spectra of He} using part of the fundamental cw radiation
near 876 nm. The transition wave numbers of selected lines tabulated in the iodine atlas of
Gerstenkorn and coworkers® served as reference, resulting in an estimated uncertainty in the
absolute wave-number calibration of 0.003 cm™! in the fundamental near-infrared radiation
and 0.009 cm ™! in the upconverted ultraviolet (UV) radiation. Although the iodine cell was
heated up to 800°C, the signal was too weak to record saturated Doppler-free Iy 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 relative wave-number calibration is limited by the uncertainty of the FSR of

the etalon, the uncertainty in the relative positions of two transitions is proportional to
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FIG. 2. Energy-level diagram of the rotational levels of “He} and the triplet np Rydberg states
of “He,. 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 origin of the
2s0 a 3% state which corresponds to the position of the Pauli-forbidden (v” = 0, N"” = 0,J" = 1)
level.

their separation. For typical separations of less than 12cm™!, the relative uncertainty in
the determination of transition wave numbers is estimated to be less than 0.006 cm™!. All

I and

contributions to the estimated total absolute and relative uncertainties of 0.01 cm™
0.006 cm™!, 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.

IIT. RESULTS
A. Observed transitions and their assignment

A schematic energy level diagram of the initial metastable states and final triplet np
Rydberg states investigated in the present study is depicted in Fig. 2. When neglecting

channel interactions, the spectral positions 7 of Rydberg states are well described by the



Rydberg formula
E+(uvt N+
o LN Rue (1)
he (n— P

where h is Planck’s constant, ¢ is the speed of light in vacuum, E*(vt, NT) are the energies
of the rovibrational ionization thresholds, Ryge, = 109729.796 cm™! is the mass-corrected
Rydberg constant, and f 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 *He?" nuclei and therefore violate the generalized Pauli
principle. For the same reason, 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 amplitude of 12.8 V/cm, which lowers the ionization thresholds by ~20 cm™!
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,
05, O7, and M5 which designate the different ionization thresholds according to the change
in the rotational quantum number AN = NT — N” and the value of N”. Regions which
correspond to AN = 0, —2, and —4 transitions are labeled using the letters ‘Q’, ‘O’, and
‘M’, respectively. The present investigation was restricted to transitions with v” = vt =
For a given value of N*, three np Rydberg series can be observed with N = N*—1, Nt and
N7 +1. Throughout this article, the notation N” — n ¢ N} is used to label transitions from
the rotational levels of the 2so a*3 (v” = 0, N”) metastable states to triplet n ¢ Ny (v = 0)

Rydberg states.

As illustrations of the data obtained experimentally, representative sections of the PI
and RSR-TI spectra recorded in regions Q5 and O7 are depicted in panels (a) and (b) of
Fig. 3, respectively. The corresponding etalon transmission spectra and iodine absorption
spectra used for calibration are also displayed. The intensities of the etalon transmission
lines fluctuate because the step size of the laser was comparable to their linewidth. In the
PI spectrum (top trace in Fig. 3a), 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

autoionizing low-np Rydberg states. In the corresponding RSR-TI spectrum, only the np5g
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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 Hes 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 panel (a) the transitions are labeled with the
principal quantum number n of the 5 — npbg series.

Rydberg series is visible because the delayed detection of electrons (delay 2 us) prevents
Rydberg states with lifetimes < 2 us from being detected. The splitting observed for each
5 — npdg transition originates from the fine structure of the initial metastable state, as
discussed in Section III B. The npb,s and np5; Rydberg series are not observed in region Q5
of the RSR-TT spectrum, for reasons that are discussed in Section IIIF.

The PI and RSR-TI spectra in region O7 displayed in Fig. 3b are dominated by the
N = 7 and N = 8 orbital fine-structure components of the 7 — np7y series which were
assigned on the basis of the calculations presented in Ref. 18. The 24p7y5 Rydberg states
are located about 192cm™! below the N* = 7 ionization threshold (see Fig. 2) and it may
seem surprising, at first sight, that these states are at all field ionized 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:3%3% The 24p7x Rydberg states

are located about 9cm™! below the N* = 5 ionization threshold. The pulsed electric field



n =100 110 120 130 140 150 160cccccsevsssccscsscsccnccnns P
Q1 Iimit:
2 | —
\ laser intensity decreased ‘ :
| >
L | -
) |
0 ) ] ) ] WL
34290 34292 34294 34296 34298 34300
4
(b) n =100 110 120 130 140 150 160«cceccccscssccscsccansnssns 0
0 Q3 Iimit:
S 2 I'—
Iel |
S |
2 n
g) 0 ] I ] I I ] I ] 1
9 34284 34286 34288 34290 34292 34294 34296
[
= 4
g ©) =100 110 120 130 140 150 160+ cccsscscsssccsanssansasnns o0
2
"
c
=
°
Q
(0]

34276 34278 34280 34282 34284 34286 34288

(d)

n =100 110 120 130 140 150 160+cceseseseseasosasasasacncns

]
34274

34264 34266 34268 34270

laser wave number / cm*

34272

FIG. 4. RSR-TT spectra of *Hey recorded in regions (a) Q1, (b) Q3, (c) Q5, and (d) Q7 (see Fig. 2
for the definition of these regions).

leads to the ionization of the 24p7y Rydberg states because it makes the Nt = 5 ionization

continuum energetically accessible and also because it facilitates rotational autoionization.3®

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”4+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 Hy (see, e.g., Ref. 40) and Ny (see, e.g., Ref. 41) when excitation is

from an initial orbital of dominant s character.*?

The RSR-TT spectra recorded in regions Q1-Q7 are presented in Fig. 4. Transitions to
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FIG. 5. RSR-TT spectra of “Hey recorded in regions (a) 03, (b) O5, and (c) O7 and M5 (see Fig. 2
for the definition of these regions). The line marked with an asterisk in panel (a) is affected by
p-f interaction (see Section IIIF for discussion).

nply Rydberg states are dominant in region Q1 and resolved in the range n = 95-145 (see
assignment bars in Fig. 4a). Region Q3 is located only 4.9cm™! below region Q1 because
the rotational constant of Hey is slightly smaller than that of Hej.'® The RSR-TI spectrum
recorded in region Q3 is depicted in Fig. 4b and overlaps with regions Q1 and Q5. No regular
series of lines converging to the Q3 ionization limit is visible in the spectrum, presumably
because the lifetime of the np3y Rydberg states around n = 100 is shorter than 2 us. The
decay mechanism is rapid rotational autoionization into the N* = 1 continuum for the N = 2
levels and rotational autoionization induced by the p-f interaction and by the stray electric
field for the N = 3,4 levels, as explained in Section IIIF. In region Q5, on the other hand, a
regular Rydberg series is observed (see Fig. 4c), which can be assigned to the np5s Rydberg

series on the basis of the calculations presented in Ref. 18. The spectrum recorded in region
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FIG. 6. Enlarged view of the observed RSR-TI spectrum in region O3 near the 3 — 37p3n
transitions.

Q7, presented in Fig. 4d, does not reveal any clearly resolved Rydberg series converging
to the N* = 7 ionization threshold. The np7y Rydberg states with n < 150 autoionize
before the electric-field pulse is applied and are therefore not detected. For n > 150, the
signal of the unresolved np7y Rydberg series gradually increases up 34274.3 cm™!, which
corresponds to the position where the n ~ 400 Rydberg states are expected. This increase
is attributed to the increase of the lifetime with growing n values and is consistent with the
fact that the autoionization lifetimes of Rydberg states scale as n*® in the presence of stray
electric fields.**** Rydberg states with n > 400 are not stable in the presence of the stray
electric field of ~0.01V /cm.

The RSR-TI spectra recorded in the regions O3-O7 and M) are presented in Fig. 5.
In these regions, the sharp structures correspond to transitions to Rydberg states that
are detected following field-induced rotational autoionization. In the spectrum recorded in
region O3 (see Fig. 5a), two Rydberg series, the 3 — np33 and 3 — np3, series, are visible, as
indicated by the assignment bars. Whereas the np33 Rydberg series is regular, the members
of the np3, series between n = 37 and n = 39 are strongly perturbed by a rotational
channel interaction with the 23p5, Rydberg state. The rotational channel interaction leads
to pronounced level shifts which are quantitatively analyzed in Section III C. Members of two
Rydberg series are also observed in the O5 and O7 regions, as illustrated in Fig. 5b and 5c¢,
respectively. The O7 and M5 regions overlap and the four lowest transitions observed in
Fig. 5c are assigned to M5 transitions on the basis of their fine structure (see Section 111 B).

The assignment of the line marked with an asterisk in Fig. 5a is discussed in Section IITF.

An additional spectral structure, displayed on an enlarged scale in Fig. 6, is observed near

11



TABLE II. Term values and fine-structure splittings of the (v” = 0, N” = 1-7) rovibrational levels

of the 2s0 a3X; metastable state of “Hey taken from Ref. 28. All values are given in units of cm™1.

N ﬁobsa Flb F2b ng
1 15.1760(1) 0.0049 —0.0243 0.0491
3 90.9889(3) 0.0079 —0.0243 0.0199
) 227.1697(8) 0.0089 —0.0242 0.0167
7 423.2366(16) 0.0094 —0.0241 0.0155

2 Term values relative to the hypothetical (v” = 0, N” = 0) level of the 2s0 a 3%} state and corresponding
to the center of gravity of the three fine-structure components.
b Splittings resulting from the spin fine structure. Fy, F,, and Fy denote the fine-structure components

with J” = N"+1,J” = N”, and J” = N” — 1, respectively.

34217cm™! 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 37p3, Rydberg state is expected. This state is not observed as a single
resonance because of the rotational channel interaction with members of the npl, Rydberg
series around n = 112 which gain intensity from the strong 37p3, transition. The splitting
observed for all transitions in Fig. 6 originates from the fine structure of the N” = 3 initial

state, as discussed in the next section.

B. Determination of term values

The term values of the levels reported in this article correspond to their wave numbers
relative to the hypothetical (v” = 0, N” = 0) level of the 2s0 a®3] metastable state of He,.
The term values of the rotational levels of the metastable state are known accurately from
high-resolution near-infrared emission spectroscopy® and are listed in the second column
of Table II. Each of these rotational levels is split into three components labeled Fj (for
J" = N"+1), F, (for J” = N”), and Fj; (for J” = N” —1) by the spin-spin and spin-rotation
interactions. The spin fine structure reported in Ref. 28 is included in Table II.

The term values of triplet np Rydberg states of He, were determined from the spectra
presented in the previous section by adding the observed transition wave numbers to the
term values of the initial metastable states given in Table II. The spin fine structure of the

metastable states, which was partially resolved in the measurements (see, e.g., Fig. 3), had

12



21 (@1 - 121p1 — (b) 3 — 39p3, (c)5 — 29p5, (d) 7 — 24p7,

18

15

1.2

0.9

electron signal intensity / arb. units

0.6

1

1 |-
34293.65 34293.7  34293.75 34224.5 34224.55 34157.35 34157.4 34082.85 34082.9
laser wave number / cm*

1

FIG. 7. 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).

to be taken into account in the lineshape model in order to extract reliable experimental
transition wave numbers. The spin fine structure of the final triplet np Rydberg states,

3. could not be resolved and was neglected in the analysis.

which is expected to scale as n™
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 (F7) spin fine-structure component. The
intensity ratio between the Fy, Fy, and F3 components was fixed to the ratio expected
from the degeneracy factor 2J” + 1. Representative fits of the lineshape model to observed
intensity distributions of transitions originating from metastable levels with N” < 7 are
presented in Fig. 7. For the 1 — nply transitions, which were observed only for n > 86, the
N =1 and N = 2 orbital fine-structure components partially overlap and were therefore
fitted simultaneously, as illustrated in Fig. 7a for the 1 — 121ply transitions. The dashed
and dotted lines in Fig. 7a 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 assignment of the N” quantum number. All assignments presented in the

previous section were confirmed in this way.

The experimental term values of all triplet np Rydberg states observed in the RSR-
TT spectra recorded in regions Q1-Q7 are listed in Table III. The N = 1 and N = 2

Rydberg series converging to the N* = 1 threshold have approximately the same intensity

13



TABLE III. Experimental term values of triplet np Rydberg states of *He, observed in the RSR-

TT 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™!.

npl, series nplsy series np34 series npbe series

n Uobs o—c? Uobs o—c? Uobs o—c? Uobs o—¢c?
87 134301.8616 —0.0005|34301.8776  0.0004
88 134302.1901 —0.0004|34302.1952 —0.0002
89 134302.5074 —0.0004]34302.4985  0.0001
90 [34302.8145 —0.0003|34302.7814 —0.0005
91 134303.1109 —0.0007{34303.0385  0.0004
92 (34303.3980 —0.0007|34303.2689 —0.0010
93 134303.6763 —0.0004|34303.7537  0.0012
94 134303.9456 —0.0002]34304.0059  0.0011
95 134304.2064 —0.0000{34304.2539 —0.0011|34375.1054 —0.0012
96 [34304.4588 —0.0002 34375.3437 —0.0002
97 134304.7023 —0.0014|34304.7396  0.0001|34375.5699 —0.0011
98 134304.9412  0.0002{34304.9736  0.0013|34375.7892 —0.0004|34503.3314 —0.0010
99 134305.1709 —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|34306.7875>  0.0014|34306.7875> —0.0003|34377.7647  0.0009|34505.1656  0.0006
108/34306.9616> —0.0015|34306.9616>  0.0017|34377.9385  0.0007|34505.3411  0.0003
109134307.1361  0.0006|34307.1264  0.0002{34378.1087  0.0013|34505.5125  0.0007

110134307.3025 —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
113134307.7794  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
118134308.4925 —0.0005/34308.5212  0.0007 34506.8634  0.0037
119/34308.6246 —0.0005|34308.6505  0.0008 34506.9954  0.0046
120134308.7541  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
124134309.2394  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

& Difference between observed term values and term values calculated using the eigenquantum defects

from Table VI and the adjusted rovibrational energies of HeJ (see Table VIII).
P The N =1 and 2 orbital fine-structure components of the n = 107 and 108 states could not be resolved.
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TABLE IV. Experimental term values of triplet np Rydberg states of *Hey observed in regions

03-07 and M5 (see Fig. 5) and comparison with the results of MQDT calculations. All values are

given in units of cm™!,

Label Vobs o—¢c? Label Uobs o—c?
Negative electronic parity Positive electronic parity
37p33 34306.8625 —0.0039 37p3,4 34306.7999 0.0068
23pdy 34309.3555 —0.0030
38p33 34311.0502 —0.0027 38p3,4 34312.0515 —0.0037
39p33 34314.9179 —0.0031 39p3,4 34315.5038 —0.0024
23pds 34306.0302 0.0031 23pd¢ 34307.6006 0.0090
28pds 34374.0618 0.0009 28pd¢ 34375.7730 0.0020
29p55 34383.6051 —0.0007 29p5¢ 34384.5609 0.0019
24p7y; 34506.5783 0.0056 24pTs 34506.1368 0.0082
root-mean-square: 0.0033 root-mean-square: 0.0054

& Difference between observed term values and term values calculated using the eigenquantum defects

from Table VI. The rovibrational energy levels and potential-energy curve of 4He2+ in the X+ 231
7

ground state were taken from recent ab initio calculations.
(see Fig. 7a), except near the 96pl, and 114pls Rydberg states, where the intensity of the
N = 2 series is reduced because of rotational channel interactions with members of the np3,
series. No members of Rydberg series with N = N — 1 were observed in regions Q3-Q7,
presumably because they are subject to fast rotational autoionization. In regions Q3 and
Q5 of the RSR-TI spectrum, only transitions to the N = NT + 1 orbital fine-structure
components were observed and transitions to the np3, Rydberg states appear much weaker
than transitions to the npbg Rydberg states. These observations can be explained by the
autoionization lifetimes of the final Rydberg states (see Section IIIF below).

The term values of np Rydberg states observed in regions O3-O7 and M5 are listed in
Table IV. The 37p3, and 23p54 Rydberg states were observed from the N =3 and N”" =5
levels of the metastable state (see panels a and c of Fig. 5). The term values determined
from these transitions differ by less than 0.004 cm ™!, 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 coworkers. 4045754

47-49,54

MQDT using n eigenquantum defects was applied to quantitatively describe the ob-
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served term values of triplet np and nf Rydberg states of He, converging to the X+ 23"
ground state of Hej . MQDT describes these states in terms of eigenquantum-defect func-
tions nég})(R, ¢), where R is the internuclear distance and ¢ is the energy of the Rydberg
electron divided by the Rydberg constant:

E—E*

° hC,R,He2 ’

(2)
In Eq. (2), E is the total energy and E7 is the energy of the Hey ion core in the X 2%+
ground state taken from recent ab initio calculations.” The procedure and the program,
developed by Ch. Jungen and his coworkers?®454 to calculate 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 H,.%® In that study, the eigenquantum-defect parameters of Hy were

5679 and subsequently adjusted to

extracted from available ab initio potential-energy curves
fit experimental data. No highly accurate potential-energy curves are available for the lowest
Rydberg states of Hey 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 procedure was divided into two steps. In the first step (fit A), the 7]1(,2), 7];,(;]1}), n](cjl}),

7];?), and n}?) eigenquantum defects were determined and only Rydberg states of negative
electronic parity were considered, i.e., the np3H;, nf 3H;, nf 3A;, and nf 3<I>; states when
using Hund’s-case-(b) notation, or the npNy and nf N Rydberg states with even values of
Nt — N when using Hund’s-case-(d) notation. The reason for a separate fit of levels with
negative electronic parity is that the positions of these levels do not depend on eigenquantum-

defect parameters of ¥ symmetry. The 77%), 1(??), and 7];?)

eigenquantum 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 He, were determined by adjusting their values at
predefined values of R and ¢, i.e., R = 1.8 ag,2.1ag,2.4a9 and & = 0, =1/42, ~1/32 for the m(,g)
eigenquantum defects adjusted in fit A. The values € = 0, ~1/42, ~1/32 correspond to states
with n — oo, n = 4, and n = 3, respectively. The values of 77;()2)(]%, ¢) at arbitrary values
of (R, ) were obtained by extrapolation using polynomial functions which are quadratic in
R and €. The n(n), 77]((]1}), nj(e?), and 77](;)) eigenquantum defects were also adjusted in fit A,

Yy
but were assumed to be independent of R and linearly dependent on . In addition to
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TABLE V. Experimental term values of triplet np and nf Rydberg states of ‘Hey with n = 4 and 5
22,27,29

are given in units of cm™".

taken from the literature and comparison with the results of MQDT calculations. All values

4pm 311, (v = 0)?2 4f (vt =0)%7 5prm 311, (v = 0)*2 5f (vt = 0)%
N f/obs o—? Aﬁpfb N+ Dobs o—c? Aﬁpfb f/obs o—c? Aﬁpfb N+ Dobs o—c? Aﬁpfb

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
3127278.36 —0.02 —0.16 27462.42  0.07 0.04/29870.63 —0.01 —0.11| 1 29931.15 0.08 0.03
27529.58 —0.01 0.04 29995.96 0.10 0.04
27632.97 0.01 0.05
27526.41 0.05 0.08/29999.56 —0.00 1.12
27659.77 —0.01  0.05
27820.57 —0.04 0.04
27651.25 0.02 0.16/30182.21 —0.08 —0.01

w

5 (27406.29 —0.03 —0.18 29996.03°—-0.02 —1.19
30125.96 0.16 0.04
30297.68 —0.14 0.02
30122.91 0.05 —0.05
30309.60 —0.30 0.04

30305.39 —0.03 —0.03

gl g Ot W ot w

7127590.42 —0.06 —0.26

N N Ot ot w

9 |27828.41 0.00 —2.21| 7 27835.08 —0.14 2.11|30421.57 —0.07 —0.03
Used in fit B (levels with positive electronic parity)
27424.21 0.12 0.07/29826.56 0.05 —0.12
27508.53 0.14 —0.02
27617.03 —0.07 —0.01
27431.53 0.08 0.17|29923.38 0.02 0.68
27536.04 0.00 0.00
27648.75 0.05 —0.02
27802.71 —0.23 —0.01
27501.15 —0.15  1.18|30073.53 0.05 0.04
27661.49 0.02 0.01

2127234.64 —0.04 —0.17 29909.44 —0.12 0.08
29986.43 —0.24 —0.01
30104.17 —0.32 —0.01
29913.30 —0.05 —0.72
30000.85 0.04 0.01

30120.83 0.72 —0.01

4127332.03 0.03 —0.25

[ B G R

6 27484.00 0.29 —1.25 29983.01 —0.17 —0.09
30127.76  0.15 0.03
30305.85 0.49 —0.01
30109.67 —0.22 —0.05

30310.89 0.26 0.04

Ol W N Ot W = ot Ww o

8127692.74 0.02 0.25| 5 27626.23 0.01 —0.32|30278.68 0.08 0.00

N Ot g ot Ww

& Difference between observed term values and term values calculated using the eigenquantum defects

from Table VI including the p-f interaction.
b Calculated shifts induced by the p-f interaction.
¢ The term value of the 5f35 (v = 0) Rydberg state was taken from Ref. 22.

these 9 + 4 x 2 = 17 fit parameters for the eigenquantum-defect functions, the position of
the N* = 1 ionization threshold relative to the hypothetical (v = 0, N” = 0) level of the
250 a3 state of Hey 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 adjustments and only the eigenquantum defects of > symmetry

)

were adjusted. The 12 fit parameters used for the 77% eigenquantum defect are the values
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at R =1.8a0,2.1a9,2.4a9,2.7a¢ and ¢ = 0, ~1/42, =1/32. The values of 77;,(;?(1%, g) at arbitrary
values of (R, ) were obtained by extrapolation using polynomial functions which are cubic

)

in R and quadratic in €. The n;? eigenquantum defect was assumed to be independent

) eigenquantum defect was assumed to be

of R and linearly dependent on ¢, and the 77}(7?
independent of R and . The total number of fit parameters adjusted in fit B was therefore
12+2+4+1=15.

The experimental data set used in fit A consisted of 261 triplet np and nf Rydberg states
with negative electronic parity, v* < 2, N* < 19, and n in the range 2-39. In fit B, 230
triplet np and nf Rydberg states with positive electronic parity, vt < 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 coworkers,?226 19 triplet 4f levels were taken from Herzberg and Jungen,?”
and 20 triplet 5f levels were taken from Kawaguchi et al.?® All term values of triplet np
Rydberg states taken from the literature are provided in the supplementary material® and
the term values of the 4f and 5f Rydberg states?”?? are listed in Table V together with data
on 4pr I, and 5pr I, Rydberg states.? The data extracted 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 defects. These states, however, are
sensitive to adjustments of the ionization energies and were used to extract rotational energy
spacings in ‘Hej (see Section IIIE below). All experimental data were weighted according
to their uncertainty, which was assumed to be 0.006 cm™! for the term values taken from

Table IV and 0.1cm™! for all term values taken from the literature. The basis used in the

+

max

= 7 and nf channels up to v} = 3.

max

MQDT calculations included np channels up to v
An increase of the basis size did not lead to a change of the calculated 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 2s0a®%] state was determined to be
34316.391 cm™! (standard deviation 0.002cm ™!, absolute uncertainty 0.010 cm™!). 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.® The MQDT calcula-

tions reproduce the 15 triplet np Rydberg states given in Table IV with a root-mean-square
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TABLE VI. Final values of the eigenquantum-defect parameters n%)(R, ¢) of Hey. The standard

deviation in units of the last digit is given in parentheses.

o A R/ayg e=0 g =1/ g = —1/3
From fit A (to levels with negative electronic parity)
p 11 1.8 0.086 98(18) 0.092 36(7) 0.097 19(5)
op 11 2.1 0.069 62(3) 0.07385(1) 0.07776(1)
op I 2.4 0.054 63(10) 0.05794(4) 0.06125(3)
of I 2.12 0.002 72(21) 0.001 76(4)
ff I 2.12 0.01232(16) 0.01075(3)
bii A 2.12 0.004 09(20) 0.00339(3)
f o 2.12 ~0.007 62(20) —0.00858(4)
From fit B (to levels with positive electronic parity)
oy 5 1.8 —0.2405(14) —0.2341(5) —0.2294(8)
op 5 2.1 —0.2240(2) —0.2182(1) —0.2128(1)
p 5 2.4 —0.1973(7) —0.1943(25) —0.1894(4)
p 5 2.7 —0.1332(19 —0.1472(52) —0.1499(8)
of Py 2.12 0.0022(3)" 0.0022(3)"
ff by 2.1% 0.0140(4) 0.01324(4)

a All pf and ff eigenquantum defects were assumed to be R independent.

> The nl()?) eigenquantum defects were assumed to be energy independent.

(rms) deviation of 0.0045cm™!. For the low-np and nf Rydberg states, the rms deviation
amounts to 0.103 cm™! for the levels with negative electronic parity and 0.197 cm™! for the
levels with positive electronic parity. Several levels of the 4pr®II, and 5pr 311, states are
strongly perturbed by close-lying 4f and 5f Rydberg states via the p-f interaction, as was
pointed out previously.??272? Our MQDT calculations accurately reproduce these perturba-
tions as can be seen in Table V. The calculated shifts induced by the p-f interaction are

also included in Table V and can be as large as 2.2cm™*.

Because the quantum defect of the npo 32; 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 significant shifts in low-n Rydberg states of > symmetry.
The 771()?) eigenquantum-defect parameter is therefore poorly defined by the data set and
we expect the uncertainty of its value listed in Table VI to be larger than the standard

deviation.

The final triplet 77;?(1%, e) and 771(311;[) (R, €) eigenquantum-defect functions of He, are dis-

played in Fig. 8. Their values at R = 2.1a¢ and ¢ = 0 are —0.2240(2) and 0.06962(3),

(IT)

respectively. Whereas the value of the 7,," eigenquantum defect lies between the values

19



T I T I T I T I T I T
0.12f —
- @ A o1
S -0.141 o
S T #
© -0.16}- -
° | 4 4
4 0.08
5 -0.18— . _
: I ]
S -02F R —
(o Ry
5 B .-"":’/ T
D 022 e SOLIS —| 0.6
o - ,..0;'""/ 1
R
-0.24" -7 —
- i
1 I 1 I 1 I 1 I 1 I 1
16 1.8 2 2.2 2.4 2.6 1.6 1.8 2 2.2 2.4 2.6

internuclear distance R / a,

FIG. 8. (a) 7]%)(}2, e) and (b) 771()2) (R, ¢) eigenquantum-defect functions of Heg after adjustment to
experimental data at e = 0 (solid lines), e = —1/42 (dashed lines) and ¢ = —1/32 (dotted lines). The
dots represent the fit parameters adjusted in fits A and B (see Table VI). The intervals given in
panel (b) depict the classically allowed range of R values for Hej in the states (v = 0, N* = 1)
and (vt =2, NT =1).

determined in Ref. 18 for the v* = 0 and v = 1 Rydberg series, our 77%) eigenquantum
defect is lower by 1 than in Ref. 18. A shift by 1 does not change the resulting level en-
ergies, but changes the calculated rotational (NT) character in the vicinity of rotational
channel interactions. Such an interaction is encountered, e.g., in the np3, Rydberg series
around n = 38, as already discussed in Section III A in the context of Fig. 5 (see lower
assignment bar in panel a). Using our pp eigenquantum defects, the second line assigned
to the N” — N = 4 series and observed at 34218.4cm™" in Fig. 5a is calculated to have
the largest Nt = 5 character (73 %), which explains its weak intensity. When shifting the
771(;,2)) eigenquantum defect by 1, the same member is calculated to have only 28% Nt =5
character and 72% N = 3 character, whereas the first member of the series observed at
34215.8cm™ in Fig. 5a (labeled 37p3,) 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 He,

Potential-energy curves and eigenquantum-defect functions are closely related and can
be transformed into each other.45:47:48:5053-55 The adjusted nia (R, e) eigenquantum-defect
functions derived in the previous section were used to determine the potential-energy curves

of the npo 32; and npm *I1, Rydberg states of He, with n < 5 in the range of R = 1.7-2.7 ay.
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TABLE VII. Born-Oppenheimer potential-energy curves FEpg of the lowest four npa32;r and
npmw 3Hg Rydberg states of Hey (in units of the Hartree energy FE}). The adiabatic corrections

E,q/hc are given in units of cm™".

1

R/Clo

Epo/En

Ead/hC

Epo/En

Ead/hc

Epo/En

Ead/hC

Epo/En

Ead/hc

1.7
1.8
1.9
2.0
2.1
2.2
2.3
24
2.5
2.6
2.7

2po ¢35

—5.07995477
—5.09099084
—5.09743767
—5.10048191
—5.10105101
—5.09986975
—5.09750424
—5.09439661
—5.09089272
—5.08726460
—5.08372937

155.89
154.28
153.06
152.13
151.43
150.93
150.59
150.37
150.25
150.22
150.25

3po Py
—5.02408949
—5.03464699
—5.04060425
—5.04313911
—5.04316926
—5.04140876
—5.03841179
—5.03460687
—5.03032369
—5.02581421
—5.02126928

155.05
153.44
152.20
151.26
150.56
150.05
149.70
149.47
149.34
149.29
149.31

dpo *¥F
—5.00379787
—5.01426889
—5.02013898
—5.02258203
—5.02251186
—5.02063873
—5.01751317
—5.01356018
—5.00910621
—5.00440038
—4.99963117

154.74
153.13
151.89
150.95
150.25
149.74
149.38
149.15
149.02
148.97
148.98

5podu}
—4.99410549
—5.00454093
—5.01037865
—5.01278966
—5.01268491
—5.01077181
—5.00759800
—5.00358565
—4.99905845
—4.99426279
—4.98938459

154.60
152.98
151.75
150.81
150.10
149.59
149.24
149.00
148.87
148.82
148.83

1.7
1.8
1.9
2.0
2.1
2.2
2.3
24
2.5
2.6
2.7

2pm b311,

—5.11332824
—5.12281618
—5.12777641
—5.12937152
—5.12850453
—5.12587528
—5.12202417
—5.11736640
—5.11221888
—5.10682138
—5.10135333

156.39
154.76
153.51
152.56
151.85
151.32
150.96
150.71
150.57
150.51
150.51

3pm 311,
—5.03505783
—5.04518555
—5.05073780
—5.05288012
—5.05251802
—5.05035346
—5.04692868
—5.04266040
—5.03786685
—5.03278891
—5.02760692

155.21
153.59
152.35
151.41
150.70
150.19
149.83
149.59
149.46
149.40
149.40

4pm 3Hg
—5.00863856
—5.01892001
—5.02461724
—5.02689610
—5.02666237
—5.02461828
—5.02130626
—5.01714323
—5.01244761
—5.00746041
—5.00236213

154.81
153.20
151.96
151.02
150.31
149.80
149.44
149.21
149.07
149.02
149.02

5pm 311,
—4.99664602
—5.00698068
—5.01272841
—5.01505511
—5.01486662
—5.01286521
—5.00959338
—5.00546810
—5.00080779
—4.99585355
—4.99078589

154.63
153.02
151.78
150.84
150.14
149.62
149.27
149.03
148.90
148.84
148.85

The p-f interaction was neglected and the one-channel quantization condition*

tanmv/—1/e

Agzl (8)

+ tan WT]I();,I)<R, e)=0

7

(3)

was solved for € at fixed values of R. In Eq. (3), Ay=;(¢) = 1 —€? is Ham’s scaling factor.*®

From the solutions £(R) of Eq. (3), the Born-Oppenheimer energies Epo were obtained using

EBo(R> = €<R) X hCRoo + EIJBFO(R)J
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where R, is the Rydberg constant for infinite mass and Efjo(R) is the Born-Oppenheimer
potential-energy curve of the X ™ 2XF ground state of Hey . In Table VII, the resulting values
of Epo(R) are listed for the lowest four npcr?’Z]g+ and npr *I1, Rydberg states of Hey using
the values of Efq(R) from Ref. 7.

The adiabatic corrections to the Born-Oppenheimer potential-energy curves were esti-

mated from the solutions £(R) of Eq. (3) using
E.i(R) = &(R) X h¢(Rpe, — Roo) + Ef4(R). (5)

The first term in Eq. (5) is the adiabatic correction originating from the Rydberg electron
and E (R) represent the adiabatic correction to the Born-Oppenheimer potential-energy
curve of the X 2% F ground state of He; taken from the supplementary material presented
in Ref. 7. The values of F,q(R) are given in Table VII. The contributions to the adiabatic

160

correction from the Rydberg electron are listed in the supplementary material® 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

1

by the p-f interaction was found to be less than 0.1cm™, i.e., smaller than the expected

accuracy of the potential-energy curves presented in Table VII.

E. Determination of rotational term values in the X ?%F (v = 0) ground

state of ‘He;

The eigenquantum defects determined in Section II1 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 0.0005cm™!. MQDT can
therefore be used to extrapolate the energies of the Rydberg states observed in regions Q1—
Q5 of the RSR-TT spectra to their limits with high precision. The extrapolation was carried
out simultaneously for all observed Rydberg series in a global fitting procedure (referred
to as fit C hereafter). The three fit parameters adjusted in fit C were the term value of
the (v™ = 0, N* = 1) ionization threshold and the positions of the N* = 3 and N* =5
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FIG. 9. Experimental (dots) and calculated (lines) quantum-defect plots of triplet np Rydberg
states converging to the (a) NT =1, (b) N* = 3, and (¢) N = 5 ionization thresholds of *He; in
the X T 2%} (vt = 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.

levels of “Hej in the X 2XF (v = 0) ground state relative to the N* = 1 level. Further
rovibrational energies of *Hej used in the calculations were held fixed at their ab initio
values 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. Rydberg states with n > 110 were not included because their
positions 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 rotational levels of “He; in the X221 (v = 0)
ground state relative to the N* = 1 level resulting from fit C are 70.9372cm™! (stan-
dard deviation 0.0003cm™!, absolute uncertainty 0.003cm™') and 198.3691cm™! (stan-
dard deviation 0.0003 cm™!, absolute uncertainty 0.006 cm™'), respectively. The term value
of the (vt = 0, Nt = 1) ionization threshold was 34316.3831cm™! (standard deviation
0.0001 cm™!, absolute uncertainty 0.010 cm™'). The difference between observed and calcu-
lated term values for all Rydberg states observed in regions Q1-Q5 of the RSR-TT spectra
are included in Table III. The rms deviation of all n < 110 Rydberg states used in fit C is
0.0008 cm .

The observed and calculated positions of the high-n Rydberg states listed in Table III

were transformed into effective quantum defects i using the Rydberg formula [Eq. (1)] and
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are depicted in Fig. 9 as dots and lines, respectively. Rydberg series with N = N are not
affected by rotational channel interactions 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 Nt + 2 ionization
thresholds (indicated by vertical arrows). MQDT reproduces these perturbations within the
experimental accuracy. Significant deviations are only present at large n values (n > 120 in
Fig. 9a and n > 110 in Fig. 9¢), 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 ignored, the angular-momentum
quantum number N of the Rydberg states of He, investigated here is conserved. For the
npN;V“: ~v+_1 Rydberg states that are located energetically above the ionization thresholds
associated with the Nt — 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-TT spectra either, because autoionization
is complete long before the application of the delayed pulsed electric field used for field
ionization and electron extraction. Members of the npN;\;:N+71 Rydberg series located
immediately below the Nt — 2 ionization thresholds, however, are readily observed through
their interactions with the long-lived high npN ™ —2x_x+_; Rydberg states (see, for example,
Fig. 6).

The npN;_ .+ and the npNy; Rydberg states cannot autoionize to p continua asso-

“N+41
ciated 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 corre-
sponding decay processes are slower than for the npN]J\?: ~v+_1 Rydberg states, but still, in
general, too fast for the corresponding series to be observed by delayed (2 us) pulsed field
ionization. Fig. 4d, for instance, indicates that the lifetimes of the np7;s Rydberg states
are less than 1 s up to n = 100. The Doppler-limited linewidth of the 24p7; g resonances

in Fig. 5 suggests, however, that their lifetimes is at least about 1ns at n = 25 and thus at

least about 100ns at n = 100 because of the n?® scaling of the lifetimes.
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FIG. 10. RSR-TI spectra of “Hey recorded in the presence of different dc electric fields (shifted
along vertical axis for clarity). The value of the applied dc electric field is given for each spectrum
in units of mV/cm.

The line marked by an asterisk in Fig. ba, and which is assigned to the 5 — 41p55 tran-
sition represents an exception. The 41p5; Rydberg state is located above the Ob ionization
threshold at 34 160.15cm™! 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 41p5s
Rydberg state is on the order of 1 us or longer. No other members of the np5; Rydberg series
with n < 90 and lying above the N* = 3 ionization threshold were observed in the RSR-TI
spectra, indicating that their autoionization lifetimes are all much shorter than 1 us, as a
result of p-f-interaction-mediated autoionization. The explanation for the abnormally long
lifetime of the 41p5; Rydberg state is that it is almost degenerate with the 2375 Rydberg
state (calculated to lie only 0.0508 cm™! below the 41p55 Rydberg state). As a result of this
near-degeneracy, the p-f interaction induces a strong admixture of f7; character, which
stabilizes the 41pbs Rydberg state. The nf7; Rydberg states in this region are long lived
because rotational autoionization would necessitate a change of core rotational quantum

number of -4 and is hindered.38

The electric-field dependence of the RSR-TT spectrum recorded near the 5 — 41p5; and
3 — 38p3n transitions is depicted in Fig. 10. Whereas the intensities of the 3 — 38p334

transitions do not vary as a function of the dc electric field, the line corresponding to the
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5 — 41p55 transition disappears when dc electric fields larger than 52mV /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 A¢ = +1 and
AN = 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 — 41p5; 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+ and the npN;\; Rydberg series and that electric fields can also play an

=N+41
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 applying
an electric field of —26mV/cm is smaller than when an electric field of +26 mV/cm is
applied, but corresponds approximately to the intensity measured when an electric field of
+52mV /cm is applied. We therefore conclude that a dc electric field of ~ 13mV/cm is
required to compensate the stray electric field (—13mV/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 regions Q3 and Q5 (see Fig. 2). The
np3s and npb, series are not observed in these spectra because of rapid autoionization, as
explained above. The calculated positions of the np3; and np5s, the autoionization of which
must be to an f continuum in the absence of fields, are indicated as vertical dotted lines
in Figs. 11a and b, respectively. Transitions to these states are strong in the PI spectra,
but absent from the RSR-TI spectra, confirming the observation made for the np7; series
(see Fig. 4d) that the npN;\;: v+ series have lifetimes significantly shorter than 2 us around

n = 100. The calculated positions of the npN; Rydberg series are indicated by

=N+41
vertical dashed lines in Fig. 11. Whereas the transitions to the np3s and np5s Rydberg
states have approximately the same intensities in the PI spectra, the lines corresponding
to the transitions to the np3,; Rydberg states are four times weaker in the RSR-TI spectra

than those corresponding to the npbg Rydberg states.

These observations suggest that the npN; Rydberg states are longer lived than

=N++1

the npN_ .+ Rydberg states of the same principal quantum number. This difference may
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FIG. 11. Comparison between the PI spectra (top trace, shifted along the vertical axis for clarity)
and the RSR-TI spectra (bottom trace) recorded (a) near the 3 — 97-99p3y transitions (region
Q3) and (b) near the 5 — 98-100p5y transitions (region Q5). The calculated positions of the
N = NT and N = NT + 1 Rydberg states are indicated as vertical dotted and dashed lines,
respectively.

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 = NT Rydberg states is to facilitate autoionization by inducing a A¢ =1, AN =0
interaction between the np3; (npbs) 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 induce such an interaction is smaller for Rydberg states around n = 100, because the
polarizability of Rydberg states scales as n’. The lifetimes of the np3,; Rydberg states
are expected to be less affected by the stray field than the np33 Rydberg state. Indeed,
the np3, Rydberg states cannot decay via a A¢ = 1, AN = 0 interaction because the
NT =1, ¢ = 2 ionization continuum does not possess any N = 4 character. The field-
induced decay must therefore proceed via a A¢ = 1, AN = 1 rather than a (stronger)
Al =1, AN = 0 interaction. The surprisingly long lifetime of the npbs Rydberg states
around n = 100 is a consequence of the fact that their effective quantum defects are almost
zero (see Fig. 9¢) 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 np5¢ Rydberg states around n = 100, which prolongs their lifetimes beyond 2 pus.
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TABLE VIII. Rotational energies of *Hey in the X231 (v = 0) ground state relative to the

N+t =1 level as determined in various studies. All values are given in units of cm™?.

Ref. 18 Ref. 18 Ref. 7 Present work
N+ (ZEKE) (MQDT fit) (ab initio) (MQDT fit)
1 0 0 0 0
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) 381.822 381.822P

2 The term value of the (v = 0, N* = 1) ionization threshold relative to the hypothetical
(v" = 0,N" = 0) level of the 2s0 a®%;} state of *Hey was determined to be 34 316.387(10) cm ™, which

represents the average of the results of fit A (34316.391 cm ™) and fit C (34316.383 cm™1).
P Fixed to the ab initio value of Ref. 7.

IV. CONCLUSIONS

The term values of triplet np Rydberg states with n > 20 converging to the (vt =
0, NT =1,3,5,7) levels of the X+ 2%} ground state of “Hej have been obtained by Rydberg-
state-resolved threshold-ionization (RSR-TI) spectroscopy. By combining the data with
spectroscopic data on low-lying triplet np and nf Rydberg states from the literature®? 2
a new set of energy- and R-dependent eigenquantum-defect parameters of multichannel
quantum-defect theory was derived using a methodology established by Ch. Jungen and his
coworkers??454  The MQDT model includes the effects of p-f and rovibrational channel
interactions and provides an accurate description of all triplet np and nf Rydberg states of
He, with o7 < 2 and N* < 9 (Nt < 19 for states with negative electronic parity). The
root-mean-square deviation between observed and calculated term values was 0.005cm™!
for the Rydberg states measured in this investigation (n > 20) and 0.2cm™! for the low-n
Rydberg states taken from the literature (n = 2-20). These deviations correspond to the
experimental uncertainties of the respective measurements.

The adjusted eigenquantum-defect functions were combined with the potential energy
function of the ground electronic state of Hej from Ref.” to derive the Born-Oppenheimer
potential-energy functions and the leading adiabatic corrections of the triplet np Rydberg
states of Hey with n < 5 in the range of internuclear distances R = 1.7-2.7aq. It will be
interesting in future to compare these results with potential-energy curves obtained by ab

initio quantum chemistry.

Rotational spectroscopy on Hej at an accuracy of up to 0.003cm™! was performed
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by extrapolating the experimental term values of triplet np Rydberg states in the range
n = 87-110 to their ionization limit using MQDT. The resulting positions of the lowest
rotational levels of “HeJ are compared to previous results from the literature in Table VIII.
The energy of the (vt = 0, N* = 3) rotational level is in excellent agreement with the
latest ab initio calculations” and the value obtained by ZEKE spectroscopy.!® A deviation
on the order of six standard deviations is found with the latest value extrapolated from the
energies of Rydberg states.'® 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 (vt = 0, N* = 5) rotational level of *Hej we find a small deviation with the ab
initio calculations from Ref. 7. The deviation might result from systematic 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 calculations of the rotational energies. Such corrections were
found to be significant in H,.5%%2 Our result is in good agreement with, but more accurate
than, the result obtained by ZEKE spectroscopy'® but deviates significantly from the latest
value extrapolated from the energies of Rydberg states,'® 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 (vt = 0) Rydberg states with N = N* and N = Nt 4 1 was found to be governed by
the p-f interaction, which reduces the lifetimes to values below 2 us for levels with n < 90.
The 41p5;5 Rydberg states has an exceptionally long lifetime of > 2 us because of the p-f
interaction with the long-lived 23f75 Rydberg state. At higher n values, the stray electric
field of ~13mV /cm induces N- and ¢-mixing and governs the autoionization dynamics. The
field-induced interactions 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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