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Nuclear-spin-symmetry conservation makes the observation of transitions between quantum states

of ortho- and para-H2 extremely challenging. Consequently, the energy-level structure of H2 derived from

experiment consists of two disjoint sets of level energies, one for para-H2 and the other for ortho-H2. We

use a new measurement of the ionization energy of para-H2 [EIðH2Þ=ðhcÞ ¼ 124 417.491 098ð31Þ cm−1]

to determine the energy separation [118.486 770ð50Þ cm−1] between the ground states of para- and

ortho-H2 and thus link the energy-level structure of the two nuclear-spin isomers of this fundamental

molecule. Comparison with recent theoretical results [M. Puchalski et al., Phys. Rev. Lett. 122, 103003

(2019)] enables the derivation of an upper bound of 1.5 MHz for a hypothetical global shift of the energy-

level structure of ortho-H2 with respect to that of para-H2.

DOI: 10.1103/PhysRevLett.123.163002

The conservation of parity and nuclear-spin symmetry

represents the basis for selection rules in molecular physics,

with applications ranging from reaction dynamics to

astrophysics [1–6]. Hydrogen, in its different molecular

and charged forms, e.g., H2, H
þ
2
, H3, H

þ
3
, etc., has played a

crucial role in the derivation of the current understanding of

nuclear-spin symmetry conservation and violation. H2, for

instance, exists in two distinct nuclear-spin forms, called

nuclear-spin isomers, with parallel (I ¼ 1, ortho-H2) or

antiparallel (I ¼ 0, para-H2) proton spins. The para isomer

can be isolated and stored in large amounts [7].

The restrictions on the total molecular wave function

imposed by the Pauli principle allow only even (odd)

rotational levels for para (ortho) H2 and Hþ
2

in their

electronic ground state X 1
Σ
þ
g and Xþ 2

Σ
þ
g , respectively.

Consequently, the spectra of ortho- and para-H2 and H
þ
2
do

not have common lines and appear as spectra of completely

different molecules. Linking the energy-level structures

of both nuclear-spin isomers is thus extremely challenging.

A significant mixing of states of ortho and para (and gerade

and ungerade) character is predicted to only occur in the

highest vibrational states, because the hyperfine interaction

of the atomic fragments becomes dominant at large

internuclear separations and decouples the two nuclear

spins [8–11]. The Nþ ¼ 1 ← Nþ ¼ 0ðvþ ¼ 19Þ pure rota-
tional transition in Hþ

2
was measured with an accuracy of

1.1 MHz (2σ) by Critchley et al. and represents today the

only experimental connection between states of ortho- and

para-Hþ
2

[12]. The frequency of this transition was also

determined in first-principles calculations that included

quantum-electrodynamics corrections and hyperfine-

induced ortho-para mixing [9,11]. This connection enables

one to relate the energy-level structure of ortho- and para-

Hþ
2

through high-level first-principles calculations [13],

which have been validated by precision spectroscopy in

molecular hydrogen ions [14,15].

In this Letter, we extend this connection to the entire

spectrum of H2 by determining the ionization energy of

para-H2 following the scheme illustrated in Fig. 1. Using

our recent results for the ionization energy of ortho-H2

[16,17] and the calculated energy difference between the

ground states of ortho- and para-Hþ
2
, we determine a value

for the ortho-para separation in the electronic and vibra-

tional ground state of H2 and thus accurately link the

energy-level structure of both nuclear-spin isomers of this

fundamental molecule for the first time.

As in our previous work on ortho-H2 [16–18], we

determine the ionization energy of para-H2 through the

measurement of intervals between rovibrational levels of

the X 1
Σ
þ
g ground state, the EF and GK 1

Σ
þ
g excited states

and high-lying Rydberg states, with subsequent extrapo-

lation of the Rydberg series using multichannel quantum-

defect theory (MQDT).

A major difficulty that arises when applying this scheme

in para-H2 is the fact that the only p Rydberg series

converging to the vþ ¼ 0, Nþ ¼ 0 ground state of Hþ
2
, the

np01ð0Þ series [using the notation nlNþ
Nðv

þÞ [19] ] of

mixed Σ
þ and Π

þ character, is heavily perturbed by

rotational channel interaction with the np21ð0Þ series

and is additionally affected by predissociation into the
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continuum of the 3pσ B0 1
Σ
þ
u state mediated by the

3pπD 1
Π

þ
u state [20,21]. In contrast, our previous determi-

nations in ortho-H2 [16–18,22] relied on the excitation of

Rydberg states of the np11ð0Þ series of Π
−
u character, which

is not predissociative. Moreover, there are no p Rydberg

series with N ¼ 1 converging on Nþ > 1 ionic levels in

ortho-H2, so that rotational channel interactions are strongly

suppressed. In this case, perturbations can only occur by

interactions with low-n Rydberg states having a vibrationally
excited ion core vþ ≥ 1 and from weak interactions between

p and f series [23]. Consequently, an MQDT extrapolation

of the np11ð0Þ series to the ionic ground state

[Xþðvþ ¼ 0; Nþ ¼ 1Þ] could be made at an accuracy of

better than 150 kHz [19,23]. These considerations are

illustrated in Fig. 2, which shows that the calculated effective

quantum defect, μ ¼ nþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−R=ðϵbind=hcÞ
p

, of the np11ð0Þ
series (open squares) is indeed nearly constant for the

n < 100 Rydberg states used in the extrapolation, and

is only significantly perturbed near the ionization

threshold by the 7p11ð1Þ state (R is the Rydberg

constant for H2 and ϵbind=hc the Rydberg electron

binding energy).

In contrast, the effective quantum defect of the np01ð0Þ
series (crosses in Fig. 2) reveals very large perturbations

with the typical divergences at the positions of the

successive members of the np21ð0Þ series [24,25]. The

extrapolation of the Rydberg series with kHz accuracy is

impossible in this case because of (i) difficulties arising

from the treatment of the energy dependence of the

quantum defects in the MQDT framework [26] (see also

Ref. [27] for a proposed solution to this problem),

and (ii) the predissociation of np01ð0Þ Rydberg states

which can shift the positions of the n ∼ 55–75 members

of the series by several MHz according to preliminary

studies [28].

To overcome this problem, we choose to determine the

ionization energy of para-H2 through extrapolation of the

nonpenetrating nf03ð0Þ Rydberg series, which is much less

perturbed than the np01ð0Þ series. The lðlþ 1Þ=r2 cen-

trifugal barrier in the effective electron-Hþ
2

interaction

potential leads to a strong reduction of all nonadiabatic

interactions between the electron and the ion core (i.e.,

predissociation and rovibrational channel interactions).

The hydrogen-atom-like nature of the nf03ð0Þ series is

illustrated in Fig. 2, which shows that the quantum defect

of this series (full diamonds) is nearly zero and constant

over the entire range of binding energies, allowing for a

very accurate extrapolation of the ionization energy.

Nonpenetrating Rydberg states have been used to derive

ionization energies in more complex molecules at lower

resolution (e.g., CaF [29] or benzene [30]) and to determine

rovibrational intervals of molecular ions [31].

The experiments relied on the same setups and proce-

dures as used in our recent determination of the ionization

energy of ortho-H2, and we refer to Ref. [16] for details.

The GKð1; 0Þ-Xð0; 0Þ transition, which is two-photon

allowed, turned out to be about 100 times weaker than

the GKð1; 1Þ-Xð0; 1Þ transition of ortho-H2, insufficient to

perform a precision study. This is attributed to the lack of

mixing of the N ¼ 0 level with the nearby I 1
Πg state [32].

The GKð1; 2Þ-Xð0; 0Þ transition, probing N ¼ 2, had

sufficient intensity and was subjected to a precision study

in Amsterdam. Frequency-comb-referenced Doppler-free
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FIG. 1. Schematic diagram illustrating the energy levels and

intervals of H2 and Hþ
2

(not to scale) used to determine the

energy difference ΔEortho-para between the ground state of ortho-

and para-H2.
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two-photon spectroscopy was performed using pulsed

narrow-band vacuum-ultraviolet (VUV) laser radiation

generated by nonlinear frequency up-conversion of light

from a chirp-compensated injection-seeded oscillator-

amplifier titanium-sapphire laser system in a BBO and a

KBBF crystal. The transitions were detected by photo-

ionizing the GKð1; 2Þ level with a separate pulsed dye laser
which was delayed in time. The measurements were carried

out in three campaigns distinct in time. In the first round,

the Ti:sapphire laser system was pumped by a seeded

Nd:YAG laser. An unseeded Nd:YAG laser was used in the

other two rounds, resulting in different settings for the

timing and chirp compensation.

The chirp effect on the laser pulses was counteracted by

an electro-optic modulator placed inside the Ti:sapphire

oscillator cavity, and the chirp of the amplified pulses was

measured on-line for each pulse and used to correct the

frequency. Each campaign had a different setting for the

BBO- and KBBF-crystal angles and a different wavelength

for the ionization laser. Therefore, ac-Stark shifts caused by

the VUV and ionization lasers were measured and com-

pensated independently in each round. Comparing the

analyses of the ac-Stark effect from the 3 campaigns, the

maximal error (470 kHz) was taken as the final uncertainty

contribution for both VUV and ionization pulses, thus

yielding a conservative estimate of this contribution to the

systematic uncertainty. Possible Doppler shifts induced

by nonperfectly counterpropagating VUV beams crossing

the H2 molecular beam were analyzed as in Ref. [16], by

varying the velocity of the molecular beam. But instead of

constraining the extrapolation to a global fit, all line

positions, compensated for the ac-Stark shifts and the

second-order Doppler shifts and grouped by velocity, were

averaged and a residual Doppler-free value was obtained

for every day. These values were averaged (see Fig. 3),

yielding the Doppler-free transition frequency with an

accuracy of 410 kHz. Combining this error (including

statistics, residual Doppler effects, and chirp phenomena)

and the major systematic uncertainties from the ac-Stark

and second-order Doppler effects, the final uncertainty of

the GKð1; 2Þ-Xð0; 0Þ interval, dominated by systematic

effects, was determined to be 630 kHz, as listed in Table I.

The natural linewidth of the transitions to long-lived

high-n Rydberg states is determined by the lifetime of the

rovibrational level of the GK 1
Σ
þ
g state used as initial

state. We therefore chose the GKð0; 2Þ level rather than
the GKð1; 2Þ level to record the positions of the nf03ð0Þ
series because its wave function is localized in the K
outer well, leading to a threefold increase in lifetime.

To combine the results of the GKð1; 2Þ-Xð0; 0Þ measure-

ments carried out in Amsterdam and the nf03ð0Þ-
GKð0; 2Þ measurements carried out in Zurich, we use

the relative position of the GKð0; 2Þ and GKð1; 2Þ
rovibrational levels determined very accurately in

Ref. [33] (see Table I).

The intervals between the GKð0; 2Þ state and 14 mem-

bers of the nf03ð0Þ Rydberg series with n values between

40 and 80 were recorded using single-mode continuous-

wave near-infrared radiation from a Ti:sapphire laser,

referenced to a frequency comb, intersecting a pulsed

skimmed supersonic beam of pure H2 emanating from

a cryogenic pulsed valve. Compensating stray electric

fields in three dimensions, shielding magnetic fields, and

canceling the first-order Doppler shift enabled the deter-

mination of transition frequencies with uncertainties

ranging from 33 kHz at n ¼ 50 to 490 kHz at n ¼ 80.

We included a scaled systematic uncertainty of σn;dc ¼

18 × ðn=50Þ7 kHz, based on the value for n ¼ 50, to

account for possible dc-Stark shifts resulting from

stray electric fields. We refer to Ref. [40] for further

details concerning the determination of experimental

uncertainties.

The binding energy of theGKð0; 2Þ state was determined

by MQDT-assisted extrapolation of the nf03ð0Þ series in a

fit where we adjusted the Hund’s case (d) effective quantum

defect [26]. We found that the adjustment was on the order

of 10−5, i.e., within the error limits given in Ref. [23].

Because the Nþ ¼ 0 ion core is structureless, most of the

observed nf03ð0Þ Rydberg states have pure singlet (S ¼ 0)

character [31]. The nf03ð0Þ levels located in the immediate
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FIG. 3. Upper panel: Example of a chirp-compensated scan of

the GKð1; 2Þ-Xð0; 0Þ line, before corrections of Stark and

Doppler effects. The best fit is a Gaussian with FWHM of

27 MHz, resulting from the Fourier-transform limited bandwidth

of the 25 ns laser pulse and the 30 ns lifetime of the GK state.

Lower panel: Day-by-day residual Doppler extrapolated values of

323 Stark- and second-order-Doppler-compensated line position

determinations. The dashed line is the weighted mean of all

16 days. The pink lines indicate the standard deviation (940 kHz)

and the blue area the standard error of the mean (410 kHz). This is

thus the combined uncertainty of the residual first-order Doppler

shift and the statistical error.
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vicinity of n0f23ð0Þ perturbing states represent an excep-

tion because they have mixed singlet and triplet character

induced by the spin-rotation interaction in the ðvþ ¼ 0;
Nþ ¼ 2Þ ion core. These states were not included in the

MQDT fit. The residuals of this fit are depicted in Fig. 4.

We estimate the uncertainty δμ of the nf quantum defects

to be 1.6 × 10−5, corresponding to an uncertainty of

500 kHz at n ¼ 60, and to an n-dependent uncertainty
δϵbind in the binding energy given by

δϵbind=ðhcÞ ≈
2R

n3
δμ; ð1Þ

illustrated by the blue area in Fig. 4. The extrapolated series

limit corresponds to the absolute value of the binding

energy of the GKð0; 2Þ state and its uncertainty of 700 kHz
ð1σÞ is given by the dashed horizontal lines in Fig. 4. A list

of the measured nf03ð0Þ-GKð0; 2Þ intervals with corre-

sponding experimental uncertainties and fit residuals is

provided in the Supplemental Material [41].

Table I summarizes the main experimental results and

all intervals needed to determine the ionization energy

of para-H2 [E
para
I ðH2Þ ¼ 124 417.491 098ð31Þ cm−1],

the dissociation energy of para-H2 [DN¼0

0
ðH2Þ ¼

36 118.069 605 ð31Þ cm−1], and the interval between

the ground states of ortho- and para-H2 [ΔEortho-para ¼

118.486 770ð50Þ cm−1]. The uncertainty (1σ) of

ΔEortho-para includes contributions from the measure-

ment of the Nþ¼1←Nþ¼0 ðvþ ¼ 19Þ transition from

Ref. [12] (1σ ¼ 550 kHz) and a conservative estimate

of the uncertainty of the relevant calculated Hþ
2

term

values [9,11,13].

The present results were obtained in what may be

referred to as a blind analysis; i.e., the intervals obtained

in Amsterdam and Zurich were first determined independ-

ently with their respective uncertainties and then added for

comparison with theoretical results. In this context, it is

worth mentioning that the dissociation energy of ortho-H2

reported in Ref. [38] was determined from the value of the

dissociation energy of para-H2 obtained from full four-

particle nonrelativistic calculations by adding the value of

ΔEortho-para calculated in the realm of nonadiabatic pertur-

bation theory. The present values of the ionization and

dissociation energies of para-H2 thus represent a more

stringent test of the theory than the ΔEortho-para value and

TABLE I. Overview of energy intervals used in the determination of the ionization and dissociation energies and the ortho-para

separation of H2. The values in parentheses in the second column represent the uncertainties (1 standard deviation) in the last digit. These

uncertainties are given in kHz in the third column.

Energy level interval Value (cm−1) Uncertainty (kHz) Reference

(1) GKðv ¼ 1; N ¼ 2Þ − Xðv ¼ 0; N ¼ 0Þ 111 827.741 986(21) 630 This work

(2) GKðv ¼ 1; N ¼ 2Þ − GKðv ¼ 0; N ¼ 2Þ 134.008 348 5(22) 66 [33]

(3) Xþðvþ ¼ 0; Nþ ¼ 0Þ − GKðv ¼ 0; N ¼ 2Þ 12 723.757 461(23) 700 This work

(4) E
para
I ðH2Þ ¼ ð1Þ − ð2Þ þ ð3Þ 124 417.491 098(31) 940 This work

(5) Eortho
I ðH2Þ 124 357.238 003(11) 340 [17]

(6) Xþðvþ ¼ 0; Nþ ¼ 1; centerÞ − Xþðvþ ¼ 0; Nþ ¼ 0Þ 58.233 675 1(1)
1

30 [34–36]

(7) DNþ¼0

0
ðHþ

2
Þ 21 379.350 249 6(6) 18 [13]

(8) EIðHÞ 109 678.771 743 07(10) 3 [37]

(9) DN¼0

0
ðH2Þ ¼ ð4Þ þ ð7Þ − ð8Þ 36 118.069 605(31) 940 This work

(10) DN¼0

0
ðH2Þ 36 118.069 632(26) 780 [38]

(11) ΔEortho-para ¼ ð4Þ þ ð6Þ − ð5Þ 118.486 770(50)
b

1500 This work

(12) ΔEortho−para 118.486 812 7(11) 33 [38]

a
A recent calculation by V. I. Korobov gave the value of 58.233 675 097 4ð8Þ cm−1 [39].
b
The uncertainty includes contributions of 550 kHz and 1 MHz for the experimental frequency connecting the ortho and para states
of Hþ

2
[12] and the theoretical uncertainty of the term values of the highest bound states of Hþ

2
, respectively, in addition to the

uncertainties of the para- and ortho-H2 ionization energies (assuming no anomalous effect on the para-ortho splitting).

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

−80 −60 −40 −20 0

37 40 45 50 60 80 100 200

Binding energy / hc  (cm−1)

M
Q

D
T

 F
it

 R
es

id
u
al

s 
(M

H
z)

Principal quantum number

FIG. 4. MQDT fit residuals for the measured nf03 Rydberg

states. The uncertainty of the binding energies of the GKð0; 2Þ
state and of the high-n Rydberg states are indicated by the

magenta dashed lines and the blue area, respectively.

PHYSICAL REVIEW LETTERS 123, 163002 (2019)

163002-4



the dissociation and ionization energies of ortho-H2

reported in Ref. [17].

Our value of ΔEortho-para is compatible with, but more

precise than, the value of 118.486 84ð10Þ cm−1 determined

from the molecular constants derived from a combination

of laboratory and astrophysical data on electric-quadrupole

transitions of H2 [42] (which is based on the assumption

that the level structure of ortho- and para-H2 can be

described by the same constants).

DN¼0

0
(para-H2) and ΔEortho-para both agree within the

combined error bars with the theoretical values of

36118.069632(26) and 118.486 812 7ð11Þ cm−1, respec-

tively, reported by Puchalski et al. [38]. Given that the

first-principles calculations reported in Ref. [38] did not

consider an anomalous effect on the ortho-para energy

separation [43], the agreement between the experimental

and theoretical values of ΔEortho-para implies an upper

bound of 5 × 10−5 cm−1, given by the combined uncer-

tainty of the experimental and theoretical values, for a

hypothetical global shift of the energy-level structure of

ortho-H2 with respect to that of para-H2. This upper bound

is almost 3 orders of magnitude smaller than the upper

bound (780 MHz) one can derive from measurements of

the dissociation energies of the EFð0; 0Þ and EFð0; 1Þ
states [44].

Measurements of the dissociation energy of H2 in para-

H2, as presented in the present work, eliminate the

uncertainty related to the unresolved hyperfine structure

in the X and GK (or EF) states in ortho-H2 and thus hold

the promise of a further increase in accuracy. The optimal

scheme for para-H2 would make use of a measurement of

the Xð0; 0Þ-EFð0; 0Þ interval by Ramsey-type spectros-

copy, as reported by Altmann et al. for the Xð0; 1Þ-EFð0; 1Þ
interval [45]. The long lifetime of the EF (v ¼ 0) levels

would enable the measurement of extremely narrow tran-

sitions to high Rydberg states. Unfortunately, transitions

from the EF state to nf Rydberg states have negligible

intensity because the EF state has predominant 2s char-

acter. To nevertheless benefit from a highly accurate X-EF
Ramsey-type measurement in para-H2, we plan to use

transitions to long-lived np01 Rydberg states to relate the

EF and GK energies, and to use nf03-GKð0; 2Þ transitions
to extrapolate to the Xþð0; 0Þ ionization limit. A similar

procedure resulted in a 40 kHz relative determination of

the rovibrational levels of the GK and H states [33],

indicating significant potential for an even more accurate

DN¼0

0
(para-H2) value.
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