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ABSTRACT: The report of an anomalously intense He4+ peak in electron impact mass spectra of
large helium droplets created a stir 3 decades ago that continues to this day. When the electron kinetic
energy exceeds 41 eV, an additional pathway opens that yields He4+ predominantly in an electronically
excited metastable state. A pair of He*(23S) atoms has been implicated based on the isolated He*
energy of 19.82 eV and the 41 eV threshold, and the creation of He4+ has been conjectured to proceed
via a pair of He2*(a3Σu+) precursors. The mechanism whereby He* converts to He2* in liquid helium
has remained a mystery, however. High level ab initio theory combined with classical molecular dynamics has been applied to
systems comprising small numbers of He atoms. The conversion of He* to He2* in such systems is shown to be due to a simple
many-body eﬀect that yields He2* rapidly and eﬃciently.

S

combines high level ab initio theory with molecular dynamics
(MD) simulations. It enables us to analyze in detail small
model systems consisting of a few He atoms, thereby obtaining
insights that are germane to larger systems, notably helium
droplets.
Earlier, Keto et al.16−18 and Hill et al.19 had shown that He2*
and He* are produced when superﬂuid helium is bombarded
with 160 keV electrons. The He2* was removed by He2* +
He2* → products, though the products were not identiﬁed.
Keto et al. showed that He* was removed by bulk helium with
a temperature-independent 15 μs exponential decay.16−18
They also assigned two low resolution spectral features to
high a3Σu+ vibrational levels (Figure 1) and suggested that such
high-ν levels might be due to He* combining with He. Each
160 keV electron resulted in about 500 He* atoms and about
the same number of He2* molecules, via cascades, which made
interpretation challenging. Brooks et al. conﬁrmed the
presence of high vibrational levels (ν = 10−12) following
bombardment of dense cryogenic gas with 6.5 MeV protons.20
Northby and co-workers found that, in addition to N = 1,
highly rotationally excited He2* (11 ≤ N ≤ 29) survives on
droplet surfaces for at least 4 ms.21−24 They concluded that the
precursor is He(23P), whose gas phase energy is 20.96 eV.
They showed that He* was not responsible for the He2* they
observed and noted that He(23P) correlates without a barrier
to the b3Πg state (which radiates to a3Σu+) as opposed to the
barrier on a3Σu+ (Figure 1). Their spectra did not include a
region where transitions originate from He2* high vibrational
levels.
Experiments by von Issendorﬀ et al.15 and an electronic
structure study by Knowles and Murrell25,26 concluded that
metastable He4+(4A2) is responsible for the anomalous He4+
intensity. Its energy relative to four He atoms is 38.93 eV,

uperﬂuid helium droplets serve as a unique platform upon
which a broad range of interesting and at times intriguing
phenomena have been discovered and examined.1−6 Indeed,
many of the experimental results that have accrued throughout
the past several decades have proven seminal. They have often
been rationalized using qualitative models, with the understanding that detailed mechanistic pictures are likely more
complicated or perhaps even deviate signiﬁcantly from the
original models.
The experimental studies that motivated the present work
used electron impact to create the lowest energy triplet,
He*(23S), within helium droplets.7 Hereafter, He* and
He2*(a3Σu+) within and on bulk helium and helium droplets
shall be referred to simply as He* and He2*. They are often
referred to as metastable because of their long radiative
lifetimes and the fact that they do not autoionize or dissociate.
Of course, they can interact rapidly with atoms and molecules.
The story began with a mass spectrometric study of large
superﬂuid helium droplets by Buchenau et al.8,9 Plots of Hen+
signal intensity versus n displayed an anomaly when electron
kinetic energy (eKE) exceeded roughly 40 eV. Rather than
decaying monotonically with n, as in small droplets,8,10−15 at
higher eKE the He4+ signal was an order of magnitude more
intense than expected. The authors concluded that pairs of
He* atoms created within large droplets are the progenitors of
enhanced He4+ production, as the energy of isolated He* is
19.82 eV. They proposed that an incident electron creates He*
and then goes on to create a second He* within the same
droplet, and that He* might convert to He2* on droplet
surfaces. Schöbel et al. established the threshold by showing
that the slope of the He4+ yield versus eKE increases sharply at
41 eV.13
The mechanism whereby He* converts to He2* in liquid
helium has remained elusive, in large part because of an
association barrier of about 500 cm−1 for its gas phase
counterpart. We shall explain the He* + He → He2*
mechanism by applying a computational approach that
© 2018 American Chemical Society

Received: August 9, 2018
Accepted: October 1, 2018
Published: October 1, 2018
6017

DOI: 10.1021/acs.jpclett.8b02454
J. Phys. Chem. Lett. 2018, 9, 6017−6023

Letter

The Journal of Physical Chemistry Letters

Figure 1. a3Σu+ and c3Σg+ potential energy curves correlate to He* +
He. The vertical scale for the a3Σu+ barrier region is expanded in the
inset.

Figure 2. (a) Three atoms in a linear conﬁguration. (b) Four atoms in
a linear conﬁguration. (c) Three-atom bent conﬁgurations including
θ0 = 30, 60, and 90° and T-shaped starting geometries. Initial
interatomic distances satisfy R20 ≤ R10 and R20 ≤ R30.

which is consistent with the energy of two He* atoms (39.64
eV) and the 41 eV threshold. Fine et al. found that the time
required for metastables on surfaces of large droplets to
undergo associative ionization to He4+ was roughly 10 μs
under their experimental conditions.27 They argued that
excited species (He*, He2*) travel to droplet surfaces with
minimal encounter with one another along the way.
• One thing is certain: He* created at t = 0 exists in an
environment rife with complexity, meaning questions
abound. For example, does He* create a bubble, or,
alternatively, does it convert to He2*, which then creates
a bubble?28−30 Conversion of He* to He2* is central. In
fact, it is relevant to all studies that involve electron
impact creation of metastables in superﬂuid helium.
Figure 1 illustrates the essence of the puzzle. He2* has a
bond strength of 14 833 cm−1 relative to He* + He31,32
and an entrance barrier that can be understood as
repulsion between Rydberg electron density and a He
atom, countered by attraction between the partially
shielded He+ core and the He atom. We ﬁnd that this
barrier peaks at 2.72 Å, with energy of 516 cm−1 relative
to He* + He, in accord with previous studies.28,33 The
potential is rather ﬂat in this region, down from its peak
by only 0.5 cm−1 at 2.70 and 2.74 Å. This barrier seems
insurmountable at T = 0.4 K in helium droplets.34 Yet,
we shall explain how He2* can be formed eﬃciently.

Figure 3. 1D, three-atom lowest adiabat slices: NTOs for 2.5 and 5.0
Å (dashed lines, top panel) show holes (electrons) on the left (right).
Atom labels (1,2,3) are as per Figure 2a. As with MOs, red and blue
orbital colors have meaning within an NTO (phases of ±1). The
orbital cutoﬀ is for viewing convenience.

We interrogated this issue by using the equation-of-motion
coupled-cluster method with single and double substitutions
for excitation energies (EOM-EE-CCSD),35,36 and for diﬀuse
wave functions of Rydberg states, we used the d-aug-cc-pVDZ
basis (see the SI and Computational Details). Natural
transition orbitals (NTOs)37−40 provide insight into correlated
excited states. By performing singular value decomposition of
one-particle transition density, NTOs provide the most
compact description of electronic transitions.
We began with a model in which three He atoms were
constrained to a straight line (Figure 2a). The ﬁrst item of
interest was the energy landscape of the lowest triplet adiabat
and its electronic character, e.g., as revealed by NTOs. We then
carried out MD simulations using potentials computed “on the
ﬂy”. Trajectories were launched from initial interatomic
distances R10 and R20 with zero kinetic energy. The trajectories
were propagated for 484 fs (see the SI). Values of R10 and R20
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Figure 4. (a) Energy versus R1 and R2 for three atoms. (b) Top view. The rectangle contains the (R10, R20) combinations used in the trajectories.
Gradients enable one to see how trajectories are launched from diﬀerent (R10, R20). The arrows originate at the points where the gradients are
evaluated. (c) Snapshots of a trajectory starting at (R10, R20) = (3.00, 2.70) show the system’s time evolution.

more interesting for R1 = 2.5 Å. The adiabat has the Rydberg
electron on atom 3 for R2 = 2.8, 2.9, and 3.0 Å rather than pay
the energy price of the entrance barrier at 2.5 Å (the Rydberg
electron on the R1 diatom). The case of R1 = 2.5 Å and R2 =
2.7 Å is a compromise. The system has least repulsion with the
electron mainly on atom 1.
Figure 4a shows the most important part of the lowest
adiabat insofar as creating He2*, i.e., the entrance barrier
region viewed from large R1 with R2 < 2 Å. Panel (b) shows a
top view of the peak region. The blue sheet dropping sharply
toward small R1 and R2 is headed toward the region of strong
binding. The grid (spacing of 0.1 Å) puts initial arrangements
(R10, R20) in perspective insofar as where they lie on the
adiabat. The linear cases we examined lie on or within the
black rectangle. The gradients of the surface explain the short
time dynamics. For example, the forces within the rectangle are
directed mainly along R1. The resulting lengthening of R1
causes R2 to shorten (Figure 4c). Figure 5 is the radial
distribution function g(r) for liquid He.41−43 It dictated the R1
and R2 values used throughout.
To gain insight into exciton localization leading to He2*
formation, we propagated trajectories on the lowest triplet
adiabat for many combinations of R10 and R20. Figure 6a shows
several representative cases. Note the R2(t) oscillation as He2*
and He move away from one another, i.e., R1(t). The long
oscillation periods relative to the ∼20 fs period for energies
near the bottom of the a3Σu+ well reﬂect the highly anharmonic
oscillation due to He2* being created high in the a3Σu+
potential. Values of R20 smaller than 2.6 Å always yield He2*.
For (R10, R20) = (3.2, 2.7) in Figure 6a, the system
encounters a deep well before returning to the barrier peak
region. The He2* moiety gained internal energy due to R1
repulsion early in the trajectory. Thus, dissociation takes place
when R2(t) returns to the region of the barrier peak. The same

were in accord with the superﬂuid helium radial distribution
function (vide infra, Figure 5).41−43 We then extended the
model to four atoms constrained to a straight line and threeatom nonlinear geometries (Figure 2b,c, respectively). A few
results are given for 10-atom systems conﬁned to a plane.
Such systems can prove subtle. Creation of the lowest triplet
adiabat at t = 0 endows it with initial interatomic distances
characteristic of superﬂuid helium. This results in weak
attractive and repulsive interactions that launch, and participate
in, the ensuing dynamics. How these dynamical processes play
out is not obvious a priori, motivating detailed analyses. A
complete theoretical description includes nonadiabatic transitions among multiple adiabats, e.g., using the surface-hopping
approach. In our simulations, the nulcei follow the lowest
triplet adiabat and the electrons instantaneously adjust to the
nuclear positions. This overestimates the rate of exciton
hopping between sites, especially in the 10-atom cases.
Nonadiabatic eﬀects will be included in our future work.
Figure 3 shows slices of the linear three-atom lowest adiabat
and a few dominant NTOs. There is initial repulsion between
atoms 1 and 2 for R10 values in the range 3−4 Å. Thus, atom 1
moves away, and the force on atom 2 results in translational
motion of the R2 diatom and increased vibrational kinetic
energy. The latter promotes motion toward the He2* potential
minimum. It also can endow the He2* moiety with enough
internal energy to result in its dissociation upon its return to
the barrier peak region. The initial push toward the He2*
minimum and the return to the outer turning point region is a
robust and important result of the linear three-atom
simulations.
The NTOs at R1 = 5 Å indicate that the Rydberg electron
prefers atom 1 over the R2 diatom, whose distances in the
ﬁgure are 2.7−3.0 Å. This makes sense as these R2 values lie
high on the He2* entrance barrier (Figure 1). The situation is
6019
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The above examples capture the gist of He2* creation for the
chosen three-atom (R10, R20) combinations. The R2 pair always
entered the region of strong binding, as evidenced by its rapid
inward and outward passages through the region of the
potential minimum. There were no exceptions. The R2 pair did
not always remain intact, however. Such results invite ponder.
Might a fourth atom stabilize He2* by removing some of its
internal energy? After all, with three atoms there was limited
opportunity to remove enough energy from He2* to prevent
dissociation upon its return to the barrier region.
The four-atom conﬁgurations were examined for symmetric
(R10 = R30) and nonsymmetric (R10 ≠ R30) arrangements
(Figure 2b). For the symmetric arrangements (not shown), the
middle two atoms pass through the region of the potential
minimum. For R20 = 2.7 Å, all R10 values yielded He2*; for R20
= 2.8 Å, R10 = 3.1−3.3 Å yielded He2*; and for R20 = 2.9 Å, R10
= 3.1 and 3.2 Å yielded He2*. Nonsymmetric arrangements are
interesting (Figure 6b). Exciton transfer took place in 10 of the
24 initial conﬁgurations, and stabilization was evident. A
compilation of all linear three- and four-atom trajectories is
given in the SI; videos are available.
Trajectories for nonlinear three-atom cases used θ0 = 30, 60,
90 (Figure 2c) and T-shaped initial conﬁgurations. The results
for 30° were close to those for the corresponding 1D three-

Figure 5. The smooth curve is the calculated radial distribution
function g(r) for helium at 1.21 K.41 Points show experimental
data.42,43 With permission of author, D. Ceperley.41

is true for R10 = 3.3−3.5 Å with R20 at 2.7 Å and for R10 = 3.0−
3.5 Å with R20 = 2.8 Å. The traces in these dissociative cases
are indistinguishable from the one for (R10, R20) = (3.2, 2.7).

Figure 6. Trajectories for (a) linear three-atom cases (Figure 2a), and (b) linear four-atom cases (Figure 2b). Note that R2(t) oscillation transfers
to R3(t) in the ﬁrst two panels. (c) Snapshots of a trajectory for three atoms with R10 = 3.1 Å, R20 = 2.5 Å, and θ0 = 90° (Figure 2c). Smaller initial
distances (R20) are characteristic of the rising part of g(r). Larger initial distances (R10) are characteristic of the peak region of g(r).
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is a compromise. Larger basis sets give slightly more accurate
results but incur prohibitively long trajectory run times without
altering any of the conclusions. See the SI for veriﬁcation of
this point. Vibrational probability densities for a3Σu+ were
computed using the “eig” function in MATLAB.

atom cases. For 90°, even when the diatom initially localizes
the exciton, it is discouraged from bonding because of the
angular momentum it receives by being pushed from outside of
its center-of-mass. For R20 = 2.5 Å, θ0 = 90°, and R10 values of
3.0−3.5 Å, He2* survived in all cases except R10 = 3.2 Å. Figure
6c shows snapshots of the trajectory for R20 = 2.5 Å, θ0 = 90°,
and R10 = 3.1 Å. For R20 = 2.6 Å and θ0 = 90°, only R10 = 3.5 Å
yielded He2*, and for R20 = 2.7−2.9 Å and θ0 = 90°, He2* did
not survive in any of the trajectories. For T-shaped starting
geometries, exciton localization at the diatom was retained and
the third atom and He2* simply moved apart. See the SI for
trajectories of nonlinear arrangements; videos are available.
Nine 10-atom trajectories on the lowest energy adiabat were
calculated; videos are available. In each case, highly vibrationally excited He2* was formed in <100 fs (see videos of the
trajectories). This system features a dense manifold of excited
states with multiple crossings and seams. On occasion, a pair of
ground state He atoms happens to have a separation smaller
than the He2* outer turning point. This arises amidst the
turmoil created by electronic excitation. The exciton then
moves to the new pair: He2* + He′−He′ → 2He + He′2*. In
other words, the exciton hops whenever a pair with smaller
internuclear separation appears on the scene, even though the
hopping probability is known to decay exponentially with
distance between sites.45 This artifact will be eliminated in
future work by including nonadiabatic transitions. Note that
the He2* yield is not aﬀected by exciton hopping. Namely,
He2* is forthcoming regardless of whether the original He2*
transfers its exciton to a nearby He−He pair.
The computational results are summarized as follows. In the
linear and θ0 = 30° three-atom cases, propagation on the
lowest triplet adiabat using R10 and R20 values in accord with
g(r) results in a diatom being pushed toward the He2*
potential minimum. Stabilization of the He2* moiety formed
with the assistance of the push is achieved with an atom on the
opposite side. Sideways arrangements (θ0 = 90° and T-shaped)
are repulsive. Preliminary results with 10-atom cases indicate
facile He2* production.
Statistics is central to the conversion of He* to He2*.
Suppose the probability of creating He2* is equal to the
probability that excitation takes place at a He atom that has at
least one nearest neighbor closer than 2.9 Å. We estimate,
using g(r), that roughly 16% of the nearest neighbors along a
radial direction meet this requirement. For nine nearest
neighbors,44 this yields a probability of 1 − (1 − 0.16)9 = 0.8.
The real probability tends larger because of initial compression
brought about by repulsive forces between Rydberg electron
density and surrounding helium. It tends smaller if 2.9 Å is
reduced.
We conclude that the creation of He* in large helium
droplets is followed by rapid, eﬃcient production of highly
vibrationally excited He2*, despite a large barrier in the
corresponding gas phase association reaction. Future goals
include larger systems, inclusion of nonadiabatic transitions,
and more sophisticated sampling of initial conditions.
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Video for nonsymmetric arrangements of four atoms
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Video for nonsymmetric arrangements of four atoms
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■

COMPUTATIONAL DETAILS
Calculations were carried out using the Q-Chem electronic
structure package.45−47 The a3Σu+ and c3Σg+ curves and the
adiabats were computed using the equation-of-motion for the
excitation energies coupled-cluster approach with single and
double excitations (EOM-EE-CCSD).35,36 We used the doubly
augmented Dunning double-ζ basis set (d-aug-cc-pVDZ). This
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