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Shape resonances in H2, produced as reaction intermediates in the photolysis of H2S precursor
molecules, are measured in a half-collision approach. Before disintegrating into two ground state H atoms,
the reaction is quenched by two-photon Doppler-free excitation to the F electronically excited state of H2.
For J ¼ 13, 15, 17, 19, and 21, resonances with lifetimes in the range of nano- to milliseconds were
observed with an accuracy of 30 MHz (1.4 mK). The experimental resonance positions are found to be in
excellent agreement with theoretical predictions when nonadiabatic and quantum electrodynamical
corrections are included. This is the first time such effects are observed in collisions between neutral
atoms. From the potential energy curve of the H2 molecule, now tested at high accuracy over a wide range
of internuclear separations, the s-wave scattering length for singlet Hð1sÞ þ Hð1sÞ scattering is determined
at a ¼ 0.27353931 a0.
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The understanding of resonance phenomena occurring in
the encounter of colliding particles is of eminent impor-
tance in physics. As was first discovered by Fermi and co-
workers [1], particles colliding in a partial wave with
nonzero rotational angular momentum can be trapped
behind a potential barrier—a phenomenon known as shape
resonances [2]. These quasibound states are rare and occur
incidentally through an interplay between the specific
shape of a molecular potential and the centrifugal barrier
JðJ þ 1Þ=2μR2, for a given partial wave J and colliding
particles with reduced mass μ. A second manifestation of
collision resonances, called Feshbach resonances, have
attracted great attention in the field of ultracold atoms in the
last decade [3–5]. Here the resonance occurs by coupling
the continuum of one scattering channel to a bound
molecular state from a different channel. This coupling
can be the result of an intrinsic property of the molecule,
like Coriolis interactions [6], or it can be caused by external
magnetic [7] or electric [8] fields.
Magnetic Feshbach resonances play an important role in

the study of cold interacting Bose and Fermi gases, but
experimental studies have been mainly limited to s-wave
resonances. Recently, resonances for higher partial waves
J ≠ 0 have been observed [9–11], which must be charac-
terized as of mixed Feshbach and shape resonance char-
acter. A detailed understanding of higher partial wave
magnetic Feshbach resonances requires therefore a good
understanding of shape resonances [12].
Most Feshbach resonances have been observed using

laser-coolable alkaline or earth-alkaline atoms, for which
potential energy curves can be calculated to high accuracy,
although in a phenomenological manner involving fitting
of parameters [13,14]. The Hþ H collision system stands

out representing the interaction between the simplest
atomic constituents, which allows the comparison of
experimental results with full-fledged ab initio calcula-
tions. The Hð1sÞ þ Hð1sÞ scattering is of fundamental
interest in physics, playing a role in the formation of
molecular hydrogen in the universe [15], frequency shifts
in the hydrogen maser [16], in the precision metrology of
atomic hydrogen and the determination of the Rydberg
constant [17], and for the formation of hydrogen Bose-
Einstein condensates [18]. The light mass of the hydrogen
atom compared to all other studied systems, makes this
collision uniquely sensitive to nonadiabatic effects, i.e.,
the effects of distant electronic states on a given collision
channel [19].
We present in this Letter the study of shape resonances in

the collision of two ground state hydrogen atoms at an
accuracy 10−5 relative to the collision energy. Five very
narrow shape resonances with J ¼ 13, 15, 17, 19, and 21,
with predicted lifetimes varying from ns to ms [20], have
been observed at a precision high enough to identify for the
first time nonadiabatic, as well as relativistic and QED
effects in neutral atom-atom collisions. Previously non-
adiabatic effects have been observed in the shape reso-
nances of the ion-neutral Hþ Hþ collision at a hundred
times lower precision [21,22].
Being inaccessible to laser cooling with standard tech-

niques, the study of controlled Hþ H collisions could take
place in atomic beam scattering experiments or using a
half-collision approach, i.e., by photodissociating molecu-
lar hydrogen. Given the narrow width of the resonances
(50 nK–5 mK), the former seems unrealistic, whereas for
the later only collisions between ground and excited
H atoms could be probed [23].
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Instead we choose to photolyse hydrogen sulfide mol-
ecules at 281.8 nm, providing sufficient energy for a
complete three particle dissociation [24,25], according to

H2S→
2hν

Sð1D2Þ þ H�
2ðX1Σþ

g Þ → Sð1D2Þ þ Hð1sÞ þ Hð1sÞ;

to produce quasibound H�
2 molecules, existing as an

intermediate reaction product before disintegrating into two
Hð1sÞ atoms. The reaction is interrupted—quenched—by
probing the long-lived shape resonances H�

2 via two-photon
Doppler-free excitation into the F1Σþ

g , v ¼ 0 electronically
excited outer well of the EF state (denoted as F0 in the
following). A third UV laser pulse probes the F0 population
by photoionization and the resulting Hþ

2 ions are detected
selectively using a multichannel plate detector after passing
a time-of-flight mass separator. The latter distinguishes the
weak Hþ

2 signals from rather strong H2Sþ, SHþ, Sþ, and
Hþ background signals. A more detailed description of the
experimental setup and the narrow-band pulsed dye ampli-
fier (PDA) laser is given in Ref. [26]. Calibrating the laser
light using a wave meter and accounting for frequency
chirp induced by the amplifier, allows us to reach an
absolute accuracy of a few tens of MHz, corresponding to
around 1 mK.
The H2S [27] and H2 [28] potential energy surfaces,

displayed in Fig. 1, illustrate the excitation of the shape
resonances. The mean distance between the protons in the
equilibrium geometry of H2S (indicated by a magenta
ellipse) is comparable to the outer turning point of the H2

potential, where the H�
2 radial wave functions have their

largest amplitude, allowing an efficient production of the
resonances in the spirit of the Franck-Condon principle.
The radial wave functions of the shape resonances are
depicted together with the respective centrifugal barriers,
necessary for their formation. Centrifugal barriers with a
height of a few hundred up to two thousand Kelvin are
found for J ¼ 15–21, resulting in a strongly reduced
tunneling probability and a tiny amplitude of the radial
wave function for large internuclear distance R (behind the
barrier). The contribution of the leading terms that go
beyond the Born-Oppenheimer approximation—adiabatic,
relativistic, radiative, and nonadiabatic corrections—are
depicted in the inset.
The product distribution of rovibrationally excited states

H�
2 was measured in a two-color overview scan in the

wavelength range 300–310 nm (plotted in Fig. 2) showing
a forest of spectral lines in (v0; v00) vibrational bands
of the F1Σþ

g -X1Σþ
g system, detected via 2þ 1 resonance-

enhanced multiphoton ionization. In this dense overview
spectrum, progressions of OðΔJ ¼ −2Þ, QðΔJ ¼ 0Þ, and
SðΔJ ¼ 2Þ rotational branches in the various bands are
detected. The assignment of the bound states in Fig. 2, and in
particular of the shape resonances, is based on a comparison
with calculated values of the transition frequencies.
For this purpose highly accurate calculations of Xðv; JÞ

levels were performed using the nonrelativistic quantum
electrodynamics (NRQED) approach, in which relativistic,
leading-order radiative and higher order QED corrections
are added to a nonrelativistic Hamiltonian:

EðαÞ ¼ meα
2Eð2Þ þmeα

4Eð4Þ þmeα
5Eð5Þ � � � : ð1Þ

The nonrelativistic energies Eð2Þ are evaluated using non-
adiabatic perturbation theory (NAPT) [29] accounting for

FIG. 1. Potential energy surfaces for the electronic ground
states of H2S [27] and H2 [28]. The H2S equilibrium geometry is
indicated with a magenta ellipse in the contour plot. For H2 the
radial wave functions (not to scale) of the observed shape
resonances and the respective rotational barriers are shown.
The inset displays the J-independent contribution of beyond-
Born-Oppenheimer contributions to the potential.
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FIG. 2. Overview spectra recorded in a two-laser scheme with
two-photon UV photolysis of H2S, followed by 2þ 1 REMPI on
F0-Xðv00Þ bands with a UV-tunable frequency-doubled dye laser.
Transitions are labeled with quantum numbers of the ground
level. Excitations from quasibound resonances are indicated with
an asterisk (*).
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terms up to meα
2ðme=mpÞ2, while maintaining the com-

putational efficiency of the Born-Oppenheimer (BO)
approach through separating the electronic and nuclear
Schrödinger equation. This is achieved by including
R-dependent corrections to the potential energy curve
and by employing R-dependent reduced masses in the
nuclear Schrödinger equation μkðRÞ and μ⊥ðRÞ defined in
[28]. The radial nuclear Schrödinger equation (in atomic
units) within NAPT is given by [28]

�
−

1

R2

∂
∂R

R2

2μkðRÞ
∂
∂Rþ JðJþ1Þ

2μ⊥ðRÞR2
þVðRÞ

�
ϕiðRÞ¼EiϕiðRÞ:

ð2Þ

Applying the ansatz χiðRÞ ¼ RϕiðRÞ exp½−ZðRÞ� to
remove the first-order radial derivative [30,31], the
Schrödinger equation can be numerically solved using
VðRÞ ¼ EBO þ Ead þ δEna, being the BO [32], adiabatic
[33], and nonadiabatic [34] potential energy curve, respec-
tively. Relativistic (meα

4) and QED (meα
5, mα6) correc-

tions are included in the computation as described in
Ref. [28]. The inset in Fig. 1 displays these corrections
and illustrates their size compared to the BO energies.
We add an extension to the NAPT framework to

calculate the positions and widths of the shape resonances
using the time-delay matrix technique [35], with the
phase shift ηJ obtained for a given J by propagating the
wave function to large internuclear distance, where
limR→∞ ZðRÞ ¼ 0, so that standard scattering boundary
conditions can be applied.
The present numerical calculation reaches an accuracy on

the order of 0.003 cm−1 for bound states and resonances,
with the uncertainty originating mainly from terms propor-
tional to meα

2ðme=mpÞ3 that were neglected in the current
NAPT approach. Exact agreement with the results of the
H2SPECTRE program suite [36] was obtained for the bound
levels and the resonance positions were found in agreement
with previously calculated collision energies [20], although
the present values are more accurate by a factor of 30. The
resonance lifetimes are computed resulting invalues ranging
from 0.2 ms for Xð7; 21Þ� to 2 ns for Xð11; 13Þ�.
Figure 3 illustrates the nonadiabatic and leading order

relativistic and radiative contributions to the H2ðv; JÞ
dissociation energies for bound states and for the observed
shape resonances with J ¼ 0–21. It is evident, that non-
adiabatic interactions affect mainly states with v ¼ 7–11,
as these states possess the largest vibrational kinetic
energy [19], with the maximum reached for v ¼ 9. The
corrections of up to more than 100 GHz on the dissoci-
ation energies are positive, i.e., leading to larger disso-
ciation energies, as it would be expected from interactions
with distant states at higher energy. The calculations of the
relativistic correction (meα

4) on the order of several GHz
reveal an increased sensitivity for levels with low v and

high J, as was tested in Ref. [37]. Computations for the
leading-order QED-corrections mα5 (also depicted in
Fig. 3) show a larger sensitivity for levels with low v
and low J and contribute on the order of 100 MHz to the
resonance energies.
This suggests that narrow shape resonances are observed

for a vibrational excitation that constitutes a precisely
tailored test case for nonadiabatic effects in atomic
collisions. As an example, the position of the Xð7; 21Þ�
resonance is shifted by ∼10 K, ∼6 K, ∼0.7 K, and
∼11 mK by the adiabatic, nonadiabatic, relativistic, and
radiative correction, respectively (see also the inset of
Fig. 1; it should be noted that the nonadiabatic correction
results mainly from the R-dependent reduced mass).
F0-level energies were obtained by solving the

Schrödinger equation using Born-Oppenheimer [38], adia-
batic [39], and relativistic [40] potential energy curves,
while including leading-order radiative corrections taken
from Ref. [41] for the hydrogen molecular ion and
estimating the effects of nonadiabaticity based on
Ref. [42]. The computations for the F0ðJÞ level energies
yield values accurate to ∼1 cm−1, which is sufficient to
identify the lines in Fig. 2 and to prove the quasibound
nature of the resonances. The assignments are verified by
the calculation of Franck-Condon factors (FCFs) in the F-X
system. The shifting of the wave function of the H�

2 shape
resonances towards larger internuclear separation causes
the favorable condition of enhanced FCFs, giving increased
intensities for those lines probing H�

2, as is experimentally
observed (see Fig. 2).
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FIG. 3. Color map displaying the magnitude of contributions to
the energies of (v, J) levels in H2, for both bound and quasibound
levels, resulting from nonadiabatic, relativistic, and radiative
corrections to the BO energies.
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Subsequently the shape resonances Xðv; JÞ: (7,21),
(8,19), (9,17), (10,15), and (11,13) are probed in a precision
measurement, with the narrow band PDA laser detecting
the Doppler-free F1Σþ

g -X1Σþ
g two-photon transition. In

Fig. 4 an example of a line probing Xð10; 15Þ via a Q
line is presented. These precision measurements are per-
formed for varying intensities allowing for assessment of
the ac Stark effect in extrapolation to zero field as shown.
All five quasibound states have been excited via a Q
transition (ΔJ ¼ 0), while some are also probed via an O
and/or S transition. The extrapolated zero-intensity values
of the highly accurate transition frequencies are compiled
in Table I. Also some transitions from bound states are
subjected to a precision measurement. Averaging over
multiple measurement sequences yields an optimum uncer-
tainty of 0.001 cm−1, while it is 0.002 cm−1 for somewhat

weaker transitions (30 and 60 MHz, respectively); for a
detailed error budget see the Supplemental Material [43].
The uncertainty is larger for the short-lived H�

2ð11; 13Þ
resonance.
Although the transition frequencies probing the quasi-

bound resonances were measured at high accuracy, this
does not provide a direct means to determine collision
energies. In order to make a comparison with theory
possible, combination differences between resonances
and bound states have been computed with the results
presented in Table II. The Xð10; 15Þ� level was chosen as
an anchor level and the collision energy was set to coincide
with its theoretical value. Intervals can be calculated at
higher accuracy than dissociation energies of single levels,
because the neglected terms in the NAPT approach lead to
an approximately equal shift of the X levels caused
by the far distant states. Table II demonstrates that the
deviations between experimental and computed combina-
tion differences are well within 0.001 cm−1 (30 MHz). This
high level of agreement constitutes a test of the calculations
of the potential energy curve, including all adiabatic,
nonadiabatic, relativistic, and QED contributions. It tests
the H2 potential specifically at large internuclear distances
and for the nonadiabatic corrections. This importantly
complements previous precision tests that probe the bottom
and deeper part of the H2ðXÞ potential well in experiments
on vibrational splittings in H2 and on the dissociation
energy D0ðH2Þ [47,48].
As was noticed in Ref. [49], a precise measurement of

shape resonances can also be used to determine the scattering
length. We used the H2 potential energy curve, now tested
experimentally over a wide range of energies (including the
continuum) and internuclear distances, to determine the
singlet scattering length for the Hð1 sÞ þ Hð1sÞ collision.
Because of the importance of nonadiabatic effects in this
collision, different approaches for their treatment were
vividly discussed in the literature [50]. Whereas previously
reported scattering lengths obtained by different authors
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FIG. 4. High-resolution excitation spectrum of a two-photon
transition in the F-X system probing the shape resonance (10,15)
via a Q line. The lower panel shows the ac Stark extrapolation to
deduce the field-free transition frequency.

TABLE I. Measured frequencies for the two-photon F0-X
transitions probing the quasibound levels H�

2ðXÞ, with uncertain-
ties indicated in parentheses. Also some transitions from bound
H2ðXÞ levels are included.

H�
2ðXÞ Line Exp. (cm−1) Line Exp. (cm−1)

(7,21)* Qð21Þ 65 441.3575 (9) Oð21Þ 64 979.430 (10)
(8,19)* Qð19Þ 65 157.9413 (21) Oð19Þ 64 734.8098 (9)
(8,19)* Sð19Þ 65 619.8599 (8)
(9,17)* Qð17Þ 64 837.2974 (19) Oð17Þ 64 454.775 (10)
(10,15)* Qð15Þ 64 493.2404 (9) Oð15Þ 64 152.970 (20)
(11,13)* Qð13Þ 64 146.930 (20)
H2ðXÞ
(8,17) Qð17Þ 66 044.7046 (9)
(9,15) Qð15Þ 65 571.9063 (19) Sð15Þ 65 954.4505 (10)

TABLE II. Comparison of experimental and calculated colli-
sion energies ECol of observed shape resonances, and some bound
states. Energy splittings with respect to Xð10; 15Þ� are deter-
mined from combination difference and shifted by the calculated
dissociation energy of 186.4542ð36Þ cm−1 to give ECol. Paren-
theses present the relative uncertainty to the Xð10; 15Þ� reso-
nance. All values in cm−1.

ðv; JÞ Eexp
Col Ecalc

Col ΔECol

ð7; 21Þ� 505.9314 (28) 505.9310 (9) 0.0004 (29)
ð8; 19Þ� 327.4290 (25) 327.4291 (7) −0.0001 (26)
ð9; 17Þ� 224.9414 (30) 224.9410(4) 0.0004 (30)
ð10; 15Þ� 186.4542 186.4542 0
ð11; 13Þ� 192.495 (28) 192.4945(6) 0.001 (28)
(9,15) −892.2117 (21) −892.2130ð11Þ 0.0013 (24)
(8,17) −982.4658 (25) −982.4659 (12) 0.0001 (28)
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within the BO and adiabatic approximations were found to
agree, thevalues for the nonadiabatic scattering length varied
between 0.3006 a0 and 0.564 a0 (see Table 3 in Ref. [50] and
references therein), depending on the used reduced masses
and effective correction potentials employed to account for
the nonadiabatic interactions. Using the novel techniques
presented here, which allow us to include BO, adiabatic,
nonadiabatic, relativistic, andQEDcontributions up tomeα

6,
we obtain a scattering length of a ¼ 0.27353931 a0.
Nonadiabatic effects might also play a role in collisions

of heavier atoms or in collisions of light atoms and
molecules [51]. In case no ab initio data is available,
effects of this kind can be taken into account by using the
atomic reduced mass when solving the radial Schrödinger
equation. We found that such an approach leads to an error
of 0.8% and 0.001% on the Xð10; 15Þ� and Xð7; 21Þ�
resonance position, respectively. The scattering length
found in this way deviates by 3%. Although the scaling
with the reduced mass results in nonadiabatic effects being
reduced, for example by a factor of 6 in Liþ Li collisions,
the crude treatment of nonadiabatic effects using atomic
reduced masses might lead to a very large disagreement
given the experimental accuracy of typical cold atom
experiments. As was pointed out in Ref. [52], accurate
R-dependent reduced masses accounting for the bulk of
nonadiabatic effects can be even obtained from relatively
crude molecular wave functions. This should allow testing
the approach presented here for collisions involving heavier
atoms with the currently reachable precision of ab initio
calculations. Such precision studies uniquely straddle the
interface between ultracold collisions in atomic physics and
bond forming phenomena in chemistry.
Because of the long lifetime of the observed shape

resonances, a measurement of their energy-level structure
with kHz precision appears possible, which is interesting,
given their low sensitivity to QED effects (see Fig. 3). This
allows us to specifically test the accuracy of relativistic
four-body calculations, while avoiding the evaluation of
QED effects, representing today the major source of
theoretical uncertainty.
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