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ABSTRACT:An electron traveling through liquid helium withcgnt kinetic = °2
energy can create a low-lying triplet exciton via inelastic scattering. Accompanyin
repulsion between the exciton and nearby atoms results in bubble formation. That i
not all, however. Repulsion compress&aapient Hg* excitori, pushing it intoa ,,
region where an ke moiety commences evolution toward its potential energy
minimum. The above picture follows framinitiocalculations of the two lowest
adiabatic potential energy surfaces for collinear three-atom systems and dyna
studies launched on the lowest adiabat that calculate said surfaceyoiithe '
timescale for launching trajectories toward the Heiety is signcantly shorter

than the timescale for pushing helium away from the exciton in large systems, making
results with three atoms relevant to liquid helium. This explains fiowidgte be .

created in the aftermath of electron-impact excitatiorr ofriterplay between the > 2° % 3° le/A s

lowest adiabats is discussed, underscoring the importance of nonadiabatic processes in '

such systems. Results with eight-atom systems further illustrate the critical role of non-

adiabatic transitions.
1. INTRODUCTION Table 1. Excited States of Isolated Atomic and Diatomic

; a

An electron traveling through liquid helium withcgent Helium
kinetic energy (eKE) is capable of creating a low-lying ele species label energy/eV
tronic excitation via inelastic scattering. When this happens,  pe(1s24s) Het 10.82
the excitation is usually localized on an atom or incipient He(1s24S) He(2S) 20.62
diatom at the moment of its creation. The t&muipient He(1s2pP) He(ZP) 20.96
diatoni refers to two atoms that are capable of entering into He(1s2pP) He(2'P) 21.22
a stable chemical bond, but whose internuclear separation is Hey@ ) He,* 17.98
so large that the bond is tenuaug,as near the peak of an Hey(b® b 18.57
entrance barrier. An incipient diatom is easilyented He,(c® § g 19.32
through interactions with its environment. In most cases, stable  Hex(A" {) AL 18.15
and metastable electronic excitations in liquid helium have  He(B' 9 B! 4 18.58
well-understood gas-phase counterpaki llists gas-phase He,(C* o B!y 19.50
species whose energies lie in the range relevant to the pre$Emeergies are relative to separated ground state atomerhipin
papetl. 4 splitting is ignored. Atoms are from the National Institute of

The elastic scattering of an electron in liquid helium lower@tandards and Technologhhe He(a® () (He,*) energy is from
its momentum relative to the lab. If inelastic scattering dod calculated by Pavanekn al; with zero point including

. . . , anharmonicity from Focsa af® The B 4 and € ; energies,
not intervene, this leads to an electron bdbliléf. inelastic including zero point with anharmonicity, are from Rnes The

scattering does intervene, bubble formation simply takes 18Ssate energy is from Huber and Herzb@ie B and C-state

time. Likewise, radiatively metastable triplet atoms anghergies, including zero point with anharmonicity, are fronetraitsa
diatomic molecules also form bubbies.

Electronically excited diatoms are also produced and removityid-helium counterparts of the lowest excited state of a gas-
in the aftermath of inelastic scattering. These processes are ofgse He atom: 1s28, referred to hereafter as* Hehe
poorly understood. *® For example, one such case motivatediquid-helium counterparts are also referred to ‘asthte
the present paper and a previous'dife fates of the distinction being clear from context.
inelastically scattered electrons can be interesting. In larce
nanodroplets, HE® *° an electron with sicient eKE can create  Received: April 8, 2019
two or more excited atoms inside the same dfopfet>° Revised: June 2, 2019
We will leave such processes aside, and focus on the fateBubfished: July 1, 2019
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A He* exciton created by inelastic scattering in liquid The roles of Heand He* in the production of Hg has
helium undergoes dynamical processes following its abrunmit been established, except torwonhat the 40 eV threshold
birth. Being a Rydberg state, the outermost trbitalk- implicates two Heas the progenitors of radiatively metastable
tron density extends sigmintly farther from its nucleus He,"?’ Early studies yielded high-quality data. Intriguing
than does the electron density of the ground state atorphenomena were discovered, and proposed mechanisms were
Thus, adjacent He atoms experience repulsion concomitanpisesented, though not for feproduction. This work is
with He* creation, in which case electron-impact excitatiosummarized in ré®.
requires more energy than the 19.82 eV of gas-phaSaéle Referring td=igure 1 an attractive scenario has twg*He
additional energy,0.2 e\?* though modest compared to molecules autoionizing when approaching one ther.
19.82 eV, is important, as it causes sagrti repulsion near Namely, Hg(“Ay) can be thought of as containing separated
the excitation site. What ensues is He atoms being pushié,” ions whose axes are perpendicular to one another and to
away from the exciton. This leads eventually t& autéle the line between the Hecenters-of-mass. These ions share
whose radius is about 6“Note that the bubble does not the Rydberg electron. To create'Hd,), each Hgt must
have a smooth periphery, as the averagdeHdistance of have ample vibrational energy. This turns out to be the case,
the liquid (3.5 Ayide infraFigure ¥ is too large a percentage e€.g.He*(v= 10 12) has been observed spectroscopitally.

of the 6 A radius. The bubblateriorsurfacemust play a role As mentioned above, electron-impact excitation in liquid
in determining the short 15 lifetime of He in liquid helium not only creates an exciton*(lée incipient Hg")
helium:532 but introduces repulsion between the exciton and nearby He

That is not the whole story, however. In addition to theatoms. This repulsion dominates the early time dynamics near
creation of He subsequent dynamics yield the triplet diatomighe excitation site. However, it can achieve more than merely
moiety, Hg(@® }).*> As mentioned above, the lifetime of He pushing He atoms away from*Hé applies inward force
in liquid helium is 15s, so at long times K& }) is the ~ along the axis of a HeHe pair. When this pair has an
dominant metastable species. We will refer to both gas-phéd€rnuclear separation near where the entrance barrier peaks
and condensed-phase(de ) as He*, the distinction being  (vide infraFigure 6), it is nudged toward the attractivgHe
clear from context. potential. That is the crux of the early time dynaRi@ms ¢ .

How this species is created remained a puzzle for mahyie present paper presents additiamalinitio molecular
years. The gas-phase process,tHde  He,*, which is dynamics (AIMD) simulations. It expands on issues raised in
exoergic by 2 eV, has a barrier that peaks near 2.7 A wittief 19 and introduces new ones.
energy exceeding 500 énThis barrier is formidable at low

temperature, to say nothing of the protectiondad by the ~2.7A ~35A
bubble that hosts FeWe concluded that a j4emoiety must ‘(—)}(—)(
be formed on a short timescale f*Hermation is to precede ® ® ® (=0
the 15 s He lifetime. A preliminary report presented a ) > 3
qualitative model of how this might haggen.
Our interest in the conversion of*H® He* in liquid
helium arose in the context of electron-bombarded large helium ® @ @) later
nanodroplets whose diameters exceed about B0°Ph:° Figure 2.Electron impact promotes He atoms to the lowest triplet.

It had been shown that a second"Hdannel opens when The exciton resides mainly on the left diaRypshortens an&,;
eKE exceeds40 e\2***?’ The He" ions produced via this lengthens at early times.

channel are formed with high selectivity, and in an electroni-
cally excited, radiatively metastable “StateThe “A, state

was deemed likelfigure ).?>3*** Fineet al reported delay
times of 10 s for this channel and pointed out that bubbles |
harboring He or He* migrate to the surfaces of large
droplets, where they roam about and react with one afiother
In the gas phase, such species react vigorously. 05 |

Vite-He(R) ]

0.106 nm
Hes"(*A2) « > of

,,,,,,,,,,,,, 0.352 nm

25 3 35 4 45
R (A)

Figure 1. Structure of Hg(*A,) calculated by Knowles and Figure 3.Potential energy curve for two ground state He atoms.
Murrell®*** Each blue pair is kfe The Rydberg electron is shared Reprinted with permission from 8&f Copright 2016 Elsevier. The
between Hg ions. The bond is fairly strong (1.264 eV) despite thesolid line was calculated at a high level of tffe®he dots and
large separation between the"lgeoups. dashed line are not relevant here. The energy is in meV.
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Ri R distances are far too large to make §¥Hsehis artifact is
t—i‘ ’L due to the neglect of nonadiabatic transitions. It will be explained
below.
1 2 3 We begin withComputational Detajlsdescribing the
Figure 4.Three He atoms are constrained to a straight line. theoretical methods and computational protocols:dhets
and Discussiosection deals mainly with collinear three-atom
1.6 ——1——T——— systems, explaining the nature of the low-lying manifold

adiabatic surfaces and how they participate in the molecular
dynamics. A few results with collinear eight-atom systems illus-
trate energyow, fragmentation of the original cluster, and a
limitation of Born Oppenheimer dynamics. The central role

of nonadiabatic transitions is idextti TheConclusionsection

iS a concise summary.

2. COMPUTATIONAL DETAILS

Calculations were carried out using the Q-Chem electronic
structure packad@'’ Trajectories and orbitals were visualized

g(r)

0.5
i using 1Qmof; and natural transition orbitals (NTOs) were
| plotted using Jmot.Diatomic potential energy curves {a
I c o and B ¢ and collinear potential energy surfaces (PESs)
I were computed using the equation-of-motion for excitation
ol energies coupled-cluster apProach with single and double

N excitations (EOM-EE-CCS1}’ and the doubly augmented
r () Dunnings double- basis set, d-aug-cc-pvVDZ. PESs were
Figure 5.Continuous curve is the calculated radial distributionconstructed from excited state energies, with spacing between

function for helium at 1.21%KPoints indicate experimental d&ta.  adjacent atoms incremented by 0.02 A. Our calculations of
Reprinted from Figure 16 of £ with permission of the author, ~diatomic potential energy curves using d-aug-cc-pVDZ and
D. Ceperley, and APS. Copyright 1995. d-aug-cc-pVTZ have shown thatedinces between results

obtained using these bases are not essential. These validation
The van der Waals (vdW) minimum for two ground statecalculations have also aomed that EOM-EE-CCSD with the
He atoms lies at 2.98 A with a depth of 8 ¢figure 3, and d-aug-cc-pVDZ basis gives a good estimate of the excitation
the pair correlation functiog(r) (vide infra Figure % energy and barrier height, consistent with earlier &€uits.
describes interatomic spacing in 1.2 K auidewith the rst We analyzed the character of excited states by computing
(nearest neighbor) peak being at 3.5 A. Electron-impadMTOs of EOM-EE-CCSD wave functions at various geo-
excitation samples spacingg®@r Whereas weak interatomic metrie$? >* We also computed NTOs during trajectories to
forces are responsible for the startingyooations at the instant  study exciton dynamics. NTOs provide the most compact way
of exciton creation, the dynamics that ensue aeaded by the  to visualize electronic excitations in terms of hole-particle pairs.
repulsive forces that accompany the escéotry. Representing the electronic transitions in terms of NTOs removes
In simulations with small helium clusters, the cluster cathe arbitrariness associated with the choice of molecular orbitals
break apart. There will still be long-range interactions amoiagd provides the essential description of the transition. Electron
fragments, but these will be small. Inl%efve noted that  and hole orbitals(ry) and (r,), are obtained by singular value
excitons seem to hop over unusually large distances. Indegelcomposition (SVD) of the one-particle transition density
as explained by Li and T&hgnd by Agronovith such matrix. Each pair of hole and particle states is associated with a

cm'/10*
3
a ]
25 @) (b) -
2 i
15
56 6
;
0.5 (©)
0 -40

L 255 26 265 27 275 28 28 29 295
0 0.5 1 1.5 2 2.5 3 3.5 4

Figure 6.Diatomic potential curves. Horizontal axes are in A. (af Thmiaimum is at 1.06 A. Th& § entrance barrier is barely seen on this
energy scale. (b) Expanded view of the barrier; energy is relative to*HEhe ldarve crossEs= 0 at 2.24 A. (c) Further expansion near the
peak illustrates the small gradients that facilitate compression of ingipidhiargy is relative to that of the peak at 2.72 A.
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Figure 7.(a) View of the lower and upper adiabats from a distant locati®,wifR; Red arrows indicate the near degeneracy. (b) View of the
lower adiabat, showing the ridge associated with the near degeneracy (red arrow), and the ridge as¥gcialed ®ebSupporting
Informationfor other views.

Figure 8.Contour map for the lower adiabat. The near degeneracy is shown as a solid black line between 4.00 and 6.00 A, where the gaps -
11 and 1.6 cm, respectively. Trajectories originate from within and on the rectangle. The dashed white lines at 3.5, 4.0, 4.5, 5.0, and 6.0 A ar
where slices were také&igure SandSupporting InformatidriThe dashed white line at 6.0 A isad slightly to the left for visualization. Contour

energies are in chrelative to the energy at the peak. Thee is symmetric with respect to the black dashed life at 45

singular valug, whose square gives the weight of each holeSimulations were run at constant energy starting frerardi
particle pair in the overall exciton wave function: con gurations, each with zero initial kinetic energy.

od T = e In 3. RESULTS AND DISCUSSION

1
k @) 3.1. General Considerations. Detailed studies of collinear

where summation runs by all NTO pairs. Usually, a smdiiree-atom systemsigure J enable insight into early time
number of NTO pairs dominate, so excitations can be repr@’jp|et exciton dynamics in liquid helium. They also reveal that
sented using just one or two electtwie pairs, facilitating nonadiabatic transitions among low-lying triplet PESs play a
interpretation of excited electronic states. NTO analysis alsentral role. A few results with collinear eight-atom systems
yields electronic character: valence vs Rydberg; charge-tranpkgiyide further insight, notably, into nonadiabaticity in such
nn*, n *, etc. systems.

We performed AIME in systems of collinear atoms, with ~ Classical molecular dynamicseadescribe liquid heliuth.
trajectories launched on the lowest triplet state. Excited stat@wever, the repulsion that accompanies exciton creation imparts
energies and gradients were computed at each time-step usinccient energy to justify enlistment of the classical domain.
EOM-EE-CCSD with the d-aug-cc-pVDZ basis set. TrajedNote that a He atom with 100 chof translational energy has a
tories were propagated for 500 steps (484 fs) with a time-stepdsf Broglie wavelength of 1.2 A classical description then
40 atomic units (0.968 fs) using the velocity Verlet algdtithm. becomes appropriate, albeit subject to careful interpretation.
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Figure 5shows that the helium radial distribution function
o(r) rises sharply near 2.3 A and peaks at 3.5 At gives
the distribution of interatomic distances accessible to electron-
impact excitatiotf. Our calculatecfa,” curve Figure ¥ has
a barrier whose peak is at 2.72 A with energy of 516 cm
relative to He + He, in accord with high-level thedry.
We will refer to the analogous exciton in the barrier region as
(He He)* or incipient Hg*, depending on contekigure 5
shows that separations smaller than 2.7 A, where the barrier in
Figure 6 peaks, account for a small percentage of the nearest
neighbors. Launching more trajectories than this towgrd He
requires that exciton creation is accompanied by forces that
increase the critical separatiBy, for which the system
commences evolution toward,HeFigure 5enables an
estimate of the probability that excitation takes place with at
least one nearest neighbor wilinThis probability is given
byl exp[ 4 ('?“'dr r’g(r)], where is the helium density.
Using itR, values of 2.5, 2.6, 2.7, 2.8, 2.9, and 3.0 A yield proba-
bilities of 0.09, 0.15, 0.24, 0.34, 0.45, and 0.57, respectively.

3.2. Collinear Three-Atom Adiabats. Collinear three-
atom systems enable the exciton to reside at either an atom or
diatom, or to delocalize (to varying degrees) over the three
atoms. This manifests in the two lowest energy adiabats, referred to
hereafter as the lower and upper adiabats. For ekajupied
shows that the H@® ) diatomic potential curve in its barrier
region is recovered in the ldRgefequivalently, larde,) limit
through a combination of the lower and upper adiabats. Red arrows
show where these two adiabats nearly touch. In this case, the
exciton resides on the diatom.

Referring td-igure @, the lower and upper adiabats nearly
touch along lines that run parallel to the &kgste 8shows
the near-degeneracy line that runs parallel & {texis at
R, = 2.27 A. An equivalent line runs parallel tdRthaxis
(albeit o -scale in thegure), as thegure is symmetric about
a line at 45to the axes. The small gaps-igure a (red
arrows) are due to the grid spacing used to display the surfaces.
They almost disappear with a grid whose spacing is not a
limiting factorj.e, dropping to 1.6 cmhat R,; = 6.00 A and
R, = 2.27 A (equivalently, Bf, = 6.00 A andR,3 = 2.27 A).

Figure 9shows slices through the PESs f&a®orting
Informationfor 4.50 and 5.00 AFigure @ (R = 6.00 A)
shows that the diatomic fecurve follows the lower PES for
R, < 2.27 A (black) and the upper PESRgr> 2.27 A
(blue), with NTOs indicating exciton nature. Each NTO entry
shows (top to bottom) the Rydberg orbital, the hole orbital,
and the 2 value. When;?  0.90, just this NTO provides an
adequate picture of the exciton. Otherwise, the two legding
values are given.

Orbital composition changes along thg Herve. AR, =
2.20 A (black), bonding and antibonding contributions
localized on th&,, diatom contribute;?> = 0.76 and ,> =
0.20, respectively, whereasRgt= 2.50 A (blue), their
contributions are 0.71 and 0.25. With the exciton on atom 3 _ _
there is little change in orbital composition. This curve is thEigure 9.Entries ac are for progressively smafgrvalues (6.00,
upper PES fdR;, < 2.27 A and the lower PESRgs>2.27 A, %:00, 3.50 A). Note the red arrows pointingRat R = (2.27,
with ;2 values remaining at 0.96 throughout the range show ._OO) inFigure @ The NTOs show the Rydberg orbital at the top,

; then the hole, and then thg? value. The energy at the near
Thlﬁ E?gztrred%]?ggicz (l)so(’j_\e)nt:;e?figr#ggpei\;'cemered at degeneracy increaseBgslecreases: 0.136 eV at 6.00 A; 0.149 eV at

_ X X ; 4.00 A. There is no noticeable change in the vaRygatfthe near
E=0.149 eV. The NTOs support a picture in which the analogegenert,jICy (2.27 A) 1By, 4.00 A. For the slice B, = 3.50, the

of the He* curve is obtained by increagitigon the lower ap is at 48 cr, the center of the gap is at 0.168 eVRyw at the
adiabat, transitioning from lower to upper adiabat at 2.27 Renter of the gap is 2.30 eV. Energies are in electronvolts relative to an
and transitioning from upper to lower adiabat at 4.00 Aarbitrary reference energy that is the same in each entry; distances
Imagine standing to the leftFifjure B and examining the are in A.
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Figure 10Representative early time trajectories. NTO entrigé eletron orbital and? value above angf electron orbital ang? value below.
Hole orbitals are not shown. Black dots are separated by two time steps (0.1.986dis3. @@econtour energies and text for further details.

lower adiabat along the liRg = 4.00 A. The initial ridge is 3.3. Trajectories. Trajectories were launched on the lowest
followed by aat region that drops down after encountering atriplet PES. The stationary-atoms ansatz is in reasonable accord
ridge atR;, = 4.00 A. This latter ridge runs along a line°at 45 with the kinetic energy of liquid helium and the relatively large
with respect to the axes. This view afogg 4.0 A describes  amount of kinetic energy that follows exciton creation. At 2 K,
the black curve iRigure 8. Figure 8 is forR,;= 3.50 A. The  each He atom has, on average, about 1b afrrkinetic

energy at the center of the gap is 0.168 eV, the gap is'48 cnenergy? in which case each nuclear degree of freedom has
andRy, at the center of the gap is 2.30 A. about 3 cmt. The kinetic energy is due mainly to zero-point
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and 3.0 Ry 3.9A in steps of 0.10 A. The above values lie
within or on the rectangle iigure 8 The sampling of these
trajectories presentedHigure 1@ells the story except at and near
a symmetry point. Namely, the starting pBiff, R.2) = (3.0,
3.0) cannot break its symme#iyom 2 remains motionless as
atoms 1 and 3 leave symmetrically. Nearby starting pihts: (
R3) = (3.0, 3.0), (3.0, 3.1), (3.0.23 (2.9, 3.0), and (2.9, 3.1),
behave similarly. However, the remaining 35 trajectories all have
R, decreasing ari®); increasing at short times.
The NTOs inFigure 1Gare placed above and below panels
a c. Each NTO entry consists of thg value and its
corresponding electron orbital above and,thelue and its
corresponding electron orbital below. Hole orbitals are not
shown. They are more compact, as illustratédure 9and
are localized on the same atoms as the patrticle orbitals along
the trajectories. Times (rounded to the nearest femtosecond)
Figure 11.Squ§red overlap of wave functions versus sepdrationgre given in white boxes, with dashed lines connecting NTOs
D o S b e e e S L Dlack dots clong ihe trlectoris. The black dots are
exponential decay. For a triplet excitoln to hop requires concert §parated by tWC.) tlr.ne stepe,(qne dot every 1.936 fs) and
electron transfer (box in lower left). _cqr_mected by th_ln _Ilnes to _gwde the eye. The NTOs show
initial delocalizatiori.¢, amplitude on all three atoms, except
uctuations, so the 10 chvalue changes litlle with tem- for the largeRy3’ values). In each of the 35 trajectories, early
perature. time evolution hag;, decreasing anB,; increasing. The
The trajectory calculations do not include nonadiabati®TOs evolve over 10s of femtoseconds toward a diatom
transitions. It is easy to see what is going on at large distan6&giton for the smallBs; values. They change rather little for
insofar as @cts due to nonadiabatic transitions. Referring tdh€ largeRes values. As mentioned above, the only way to deal
Figure @, a trajectory propagating from sRalthrough the with trajectories at Iong_er times is through dynar_mcs s_tud|es
near-degeneracy point will pass from the lower to the uppg}at mcludg nonadiabatic transitions among_low—lylng adiabats.
adiabat with essentially 100%iency. Indeed, staying on The excitons under consideration consist of a Rydberg
either adiabat @&, goes frome.g.2.20 to 2.50 A is not an electron and a hole, and concerted electron transfer must take
option. This would require an exciton to hop a distance that [#acé for the exciton to hop. In the three-atom cases, the
too large to be feasible, as discussed below. This behavior fy4dberg electron must hop fromHeo atom 3 in concert
con rmed by calculating nonadiabatic couplings among th¥Ith an electron on atom 3 moving to the*Hele (or a
three lowest PESsRyg traverses this region wihy = 6.00 A, Rydberg electron on atom 3 must hop to a ground state He
The role of nonadiabatic transitions is clear in extreme cadel in concert with an electron on the piEr moving to the
such as the lar@e; case discussed above. However, their roldd€” hole). To get an idea of how this varies with distance
are not obvioua priorifor many of the¥ 2 andR,? values  between sited, the squared overlgp;, (% (% + ) |*vsd
inside the box iffigure 8 Dynamics are expected to be com-is given ifFigure 11ltis for H& + He  He + He', but He* +
plicated when kinetic energies are comparable to or larger thaa He, + He* behaves similarhgection 3.4and the
energy dierences between PESs, which arises along maByipporting Informatiogive examples of how failure to include
trajectories. In these cases, it is possible that more than twonadiabatic transitions results in unphysical hops.
PESs participate. For the time being, we put such complexitieReferring td-igure @, consider staying on the lower adiabat
aside until a thorough study of nonadiabatic processes hagsus making a nonadiabatic transition to the upper adiabat
been carried out. This will be the focus of the next generatiavhen a trajectory going from left to right reaches the near
of our calculations. degeneracy. It makes a nonadiabatic transition, because to stay
Figure 1&hows representative trajectories, including NTO%n an adiabat would require the exciton to hop over too large a
for su ciently early times that nonadiabatic transitions do nodlistance. Perusal of trajectories in this way leads to an important
enter the picture. A total of 40 trajectories commenced propaganclusion: Restricting dynamics to one adiabat results in
tion on the lower adiabat for starting distances:Ry 3.0 A unphysical hops, whereas including nonadiabatic transitions

Figure 12(a) The cue ball strikes thest of seven stationary balls. Each ball strikes the one to its right until the end. (b) The rightmost ball has
the momentum. (c) This depicts eight He atoms before promotion to the lowest triplet adiabat.
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Figure 13.Collinear eight-atom systems: In (a) and Ry values of 1.10 and 2.10 A ensure exciton oscilldtimtinitum Repulsion
experienced by the other atoms is similar. This is a consequence of the adiabatic separation of timescales. In (c), the 7.06 A hop is an artifact du
the use of BornrOppenheimer molecular dynamics. Such hops will not be present when nonadiabatic coupling is included.

eliminates them. The next section demonstrates this in collindar repulsion from the exciton. Energy propagates outward,

eight-atom clusters. liberating atoms 1 and 8. Note the high degree ofidgift
To conclude this section, note that the exciton must be osymmetry.
an atom wheR;, andR,; are large. Alternatively, wiggis One gets a rough idea of the timescale for outward

large andR,, is not, we have the possibility of*Hend atom propagation of energy. ReferringFtgure 1&, at 200 fs,
3, as well as the possibility of the exciton on atom 3 apd a Hatom 3 has moved 1.07 A, the distance from tfieckleter-
dimer. At larg®,; the lower and upper adiabats act togetherf-mass (CM) to atom 3 has increased from 4.01 to 5.08 A,
to yield Hg* perturbed by a distant He atom. and Ry; has shortened from 3.23 to 2.37F#ure 2shows

3.4. Eight Atoms. The game of pool is a playground for He He repulsion rising steeply there, calgintp expand.
classical physics on at surfac&} Consider a collinear The collinear arrangement exaggerates #uwtiveness of
arrangement in which a cue ball strikes oneFémar€ 13) energy transfer in the same way as does the pool-ball example.
initiating a series of collisions. Leaving aside friction, after tiieajectories end at 484 fs with fragmentation of the original
collisions have ceased, the ball on the far right has the sachaster yielding Hg, two dimers, and atoms 1 and 8. The
velocity as did the incident cue baiy(re 1B). The others  system ceased behaving as an eight-atom adiab@® ds,
are stationary. The analogous arrangement of He atomshacause of minimal interaction between the exciton and atoms
Figure 12 will be used to illustrate a feve@s, most impor- 3 and 6.
tantly, the role of nonadiabatic transitions. Arrangements of sixFigure 1B is forR,2 = 2.10 A. Note that the potential
seven, and nine atoms yield similar conclusions. energy of isolated kfeat 2.10 A is 14 368 cf which is

Parts a and b ¢figure 13how stable excitons whose initial 0.92D,, and the oscillation period has increased from 19.4 fs for
separations aRyL = 1.10 and 2.10 A, respectively, with otherR,2° = 1.10 A, to 51.5 fs, and oscillation is quite anharmonic.
pair distances in the range 3231 A. The exciton oscilla- Nonetheless, time averaged repulsion, judged by motions of the
tions are rapid compared to the motions they engender in ttwher six atoms, is like thafigure 18. This is because of the
other atoms. This adiabatic separation of timescales persistgid exciton oscillation relative to the motions of the other
over a wide range of flevibrational energy. Starting at0, atoms. In liquid helium there will be an outward push from an
atoms 3 and 6 are repelled, causing them to move towagaciton on a timescale that is much longer than that over which
atoms 2 and 7, respectively. Atoms other than 3 and 6 are aisoipient Hg* starts toward its potential energy minimum.
repelled by the exciton, but much less. Roughly speaking, alFor R, = 2.30 Figure 18), an exciton hop appears when
atoms other than 4 and 5 interact with one another througthe distance between tRg and R,; CMs is 7.06 A. Even
potentials like the one igure until they are overwhelmed more egregious is that this happens in <1 fs. As discussed above,
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such exciton hops arise due to using Boppenheimer  Notes
molecular dynamics. A more extreme example is in thehe authors declare no competingncial interest.
Supporting Information

ACKNOWLEDGMENTS

4. CONCLUSIONS This work was supported by National Science Foundation
We have examined adiabatic PESs, nuclear dynamics, grahts CHE-1900510 (P.N. and O.V.P.), Army Research
timescales relevant to JHeformation. The timescale for O ce grant W911NF-16-1-0232 (A.l.K.), a 2019 Simons
ensuring creation of ptemoieties is smaller than that of Fellowship in Theoretical Physics (A.l.LK.), CHE-1362535
pushing He atoms away from an exciton. The crucial role ¢A.F.V.), CHE-1664990 (A.F.V.), and AST-1800591 (C.W.).

nonadiabatic transitions in such systems has been established.

Specic points are listed below. REFERENCES

+ The presence of Kefollowing the creation of a triplet (1) Sansonetti, J. E.; Martin, W. C.; Young, iSahdbook of Basic
exciton in liquid helium had been puzzling, as gas—pha‘_%lé)?:'cl Spe(c’\tl:gsTgo%:ostatlonal Institute of Science and
He* + He  He* has a barrier whose peak energy ' €¢Nnology )y 20U .
exceeds 500 cfn This seemed insurmountable at a few (2) Pavanello, M.; Cafiero, M.; Bubin, S.; Adamowicz, L. Accurate

. ; .~ Born-Oppenheimer Calculations of the Low-lgjiing anda® *
Kelyln. Howe_ver, I_-zl’ecan be produced in concert with Excited States of Helium Dimiait. J. Quantum Che2008 1OUS
exciton creation via a few-bodgat. 2291 2298.

* The radial distribution function of liquid helium peaks at (3) Focsa, C.; Bernath, P. F.; Colin, R. The Low-Lying States of He
3.5 A and is down to half its peak value at 2.7 A. Thd. Mol. Spectras89§ 191, 209 214.
gas-phase Me He He,* barrier peaks at 2.7 A. We  (4) Huber, K. P.; Herzberg, ®lolecular Spectra and Molecular
estimate tha&,, values of 2.5, 2.6, 2.7, 2.8, 2.9, and 3.0 Structure IV. Constants of Diatomic MoMaul®é®ostrand Reinhold:
have probabilities of 0.09, 0.15, 0.24, 0.34, 0.45, ;;r;ng York, 1979.

- : : Rosenblit, M.; Jortner, J. Excess Electron Surface States on
0.57, respectively. Thus, a nearest neighbor is subsu &fium Clustersl. Chem. Phy94 101 9982 9996.

e ciently into |nC|p|ent He. . . (6) Rosenblit, M.; Jortner, J. Dynamics of the Formation of an
* The two lowest triplets were calculated for interatomigjectron Bubble in Liquid Heliumhys. Rev. Let@95 75 4079
distances relevant to electron-impact excitation. Thgog2.
lower and upper adiabats act together to recover thg€7) Rosenblit, M.; Jortner, J. Dynamics of Excess Electron
diatomic & ,* curve, underscoring the importance of Localization in Liquid Helium and Nedn.Phys. Chem.1897,
nonadiabatic dynamics in such systems. 103, 751 757. . .
« Early time dynamics in collinear three-atom systems h%%) Rosenblit, M.; Jortner, J. Electron Bubbles in Helium Cldsters.

: - p . . . Phy2006 124 194505.
been examined using classical trajectories launched G¢™: " O .
the lower PES Whigh is calculatjed on theThe 77 )1'\1/|fgg'éH' J. Electrons in Liquid HeliumPhys. Soc. 008

; ; 0
traleCtor'OeS were launched from 2R;;" 3.0 A and (10) Huang, Y.; Maris, H. Effective Mass of an Electron Bubble in
3.0 Ry 39A, insteps of 0.1 A Timing is critical: superfluid Helium-4. Low Temp. Phge17, 186 208 216.
repelling nearby helium vs incipient,*Hevolving (11) Kafanov, S. G.; Parshin, A. Ya.; Todoshchenko, I. A. Structure
toward the Hg¢ potential energy minimum. and Dynamics of the b¢a® ) Molecular Complex in Condensed

+ Systems comprising eight collinear atoms illustrate fragbases of Heliurd. Exp. Theor. Pi380Q 91, 991 999.

mentation of the initial cluster and unphysical exciton(12) Eloranta, J.; Apkarian, V. A. The Triplet HRydberg States
nd Their Interaction Potentials with Ground State He Atbms.

ggip;sb;?iittfrl;rrfzﬁirorligderscore the essential role of no%hem_ Phy2001 115 752 760,
) (13) Eloranta, J.; Schwentner, N.; Apkarian, V. A. Structure and
Energetics of He Bubble-States in Superflfiite. J. Chem. Phys.
ASSOCIATED CONTENT 2002 116 4039 4053.
Supporting Information (14) Fiedler, S. L.; Eloranta, J. Interaction of Helium Rydberg State

The Supporting Information is available free of charge on t %ms with Superfluid Heliugh. Low Temp. Phg614 174 269

ACS Publications webs#eDOI: 10.1021/acs.jpca.9b03241 (15) Hill, J. C.; Heybey, O.; Walters, G. K. Evidence of Metastable
Figures showing additional views of the two loweshtomic and Molecular Bubbleas in Electron-Bombarded
energy triplet adiabats of collinear three-atom He systefuperfluid Liquid Heliunhys. Rev. Let@71 26, 1213 1216.

slices through the adiabats as well as NTOs, and thél6) Keto, J. W.; Stockton, M.; Fitzsimmons, W. A. Dynamics of
trajectory of a collinear eight-atom sysfedFy Atomic and Molecular Metastable States Produced in Electron-

Bombarded Superfluid-Heliupys. Rev. Letf72 28 792 795.
(17) Keto, J. W.; Soley, F. J.; Stockton, M.; Fitzsimmons, W. A.

*

AUTHOR INFORMATION Dynamic Properties of Neutral Excitations Produced in Electron-
Corresponding Author Bombarded Superfluid-Helium. 2. Afterglow Fluorescence of Excited
*E-mail:wittig@usc.edPhone: (213) 740-7368. I8—|§(I3|um Molecule®hys. Rev. A: At., Mol., Opt. Rayd. 10, 887
ORCID (18) Keto, J. W.; Soley, F. J.; Stockton, M.; Fitzsimmons, W. A.
Anna |. Krylow000-0001-6788-5016 Dynamic Properties of Neutral Excitations Produced in Electron-
Oleg V. Prezhdoo00-0002-5140-7500 Bombarded Superfluid-Helium. 1. F8)2nd He(a® ) Atomic and
Andrey F. Vilesoyi00-0002-8412-817X g/léJlgggI%rslg/letastable Stafisys. Rev. A: At., Mol., Opt. RByd.

Curt Wittig:0000-0002-8426-8869 (19) Nijjar, P Krylov, A. I.; Prezhdo, O. V.; Vilesov, A. F.; Wittig, C.
Present Address Conversion of Hef® to Hey(a® ") in Liquid Helium.J. Phys.

*ZestFinance, 1377 N. Serrano Ave., Los Angeles, CA 9002Fem. Let201§ 9, 6017 6023.

6121 DOI:10.1021/acs.jpca.9b03241
J. Phys. Chem. 2019, 123, 61136122


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b03241/suppl_file/jp9b03241_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpca.9b03241
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b03241/suppl_file/jp9b03241_si_001.pdf
mailto:wittig@usc.edu
http://orcid.org/0000-0001-6788-5016
http://orcid.org/0000-0002-5140-7500
http://orcid.org/0000-0002-8412-817X
http://orcid.org/0000-0002-8426-8869
http://dx.doi.org/10.1021/acs.jpca.9b03241

The Journal of Physical Chemistry A

(20) Gspann, J.; Vollmar, H. Metastable Excitations of Large(42) Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A. T.; Wormit, M.;

Clusters ofHe, *He or Ne Atoms). Chem. Phy€8Q 73 1657 Kussmann, J.; Lange, A. W.; Behn, A.; Deng, J.; Feng, X.; et al.
1664. Advances in Molecular Quantum Chemistry Contained in the Q-
(21) Gspann, J. Electron-Impact on Helium Clustdigtastable =~ Chem 4 Program Packalgiel. Phys2015 113 184 215.

Excitation, lonization, and Charged Mini-Cluster EjeStioh.Sci. (43) Krylov, A. I; Gill, P. M. W. Q-Chem: An Engine for
1981, 106 219 224. InnovationWIREs Comput. Mol. 26i13 3, 317 326.

(22) Gspann, J.; Vollmar, H. Ejection of Positive Cluster lons from(44) Gilbert, A. T. B. IQmol molecular vievietp://igmol.org
Large Electron-Bombardite or*He Clusters). Low Temp. Phys.  (45) Jmol: an open-source Java viewer for chemical structures in 3D.
1981, 45, 343 355. http://www.jmol.org!/ _ _

(23) Buchenau, H.; Knuth, E. L.; Northby, J.; Toennies, J. P.;(46) Bartlett, R. J. Coupled-Cluster Theory and its Equation-of-
Winkler, C. Mass-Spectra and Time-of-Flight Distributions of HeliuYlotion ExtensionsViley Interdiscip. Rev. Comput. MAR0$Zi2,

Cluster Beamd. Chem. Phy€9Q 92, 6875 6889. 126 138. _ _

(24) Buchenau, H.; Toennies, J. P.; Northby, J. A. Excitation and47) Krylov, A. 1. Equation-of-Motion Coupled Cluster Methods for
lonization of*He Clusters by Electronk. Chem. Phyk991 95, Open-Shell and Electronically Excited Species: The Hitshhiker
8134 8148. Guide to Fock Spacknnu. Rev. Phys. CH008 59, 433 462.

(25) von Issendorff, B.; Haberland, H.; Frochtenicht, R.; Toennies, £48) Yarkony, D. R. On the Quenching of Helidg 2Potential-
P. Spectroscopic Observation of a Metastable Electronically Exci%[(l)erg.y Curves for, and +No?a(E|abat|c, Relativistic, and Radiative
He,". Chem. Phys. Ld995 233 23 27. ouplings Between, taé [/, At /.’ 4 B' 4 C ¢, and C g

(26) Toennies, J. P.; Vilesov, A. F. Superfluid Helium Droplets: Etgeiof HeJ. ghsm-splt:ﬁgf‘?( 90, A7124 6175- i V. E. Aoplicati
Uniquely Cold Nanomatrix for Molecules and Molecular Complexes( ) Luzanov, A. V.; Sukhorukov, A. A.; Umanskii, V. E. Application
Angew. Chem., Int. EaD4 43 2622 2648 of Transition Density Matrix for Analysis of the Excited States.

(27) Schivel, H.; Bartl, P.; Leidimair, C.; Denifl, S.; Echt, Ok,Ma =X, Chen976 10, 354 361.

; - . - 50) Mewes, S. A.; Plasser, F.; Krylov, A.; Dreuw, A. Benchmarking
T. D.; Scheier, P. High-Resolution Mass Spectrometric Study of P d ; ; .
Helium Droplets, and Droplets Doped with Kryam. Phys. J. D Xcited-State Calculations Using Exciton Propért@sem. Theory

2011 63 209 214. Comput2018 14, 710 725.

) . o o . 51) Plasser, F.; Wormit, M.; Dreuw, A. New Tools for the
(28) Gomez, L. F.; Loginov, E.; Sliter, R.; Vilesov, A. F. Sizes @{ stomatic Analysis and Visualization of Electronic Excitations. I.

Large He Droplets. Chem. Phg€11 135 154201. FormalismJ. Chem. Ph€114 141 024106
(29) Tanyag, R. M.; Jones, C. F.; Bernando,Con@ell, S. M. O ; (52) Tuckerman, M. E. Ab Initio Molecular Dynamics: Basic

Verma, D.; Vilesov, A. F. Experiments with Large Gidpeelium  cqncepts, Current Trends, and Novel ApplicatioRéys.: Condens.
Nanodroplets. ICold Chemistry: Molecular Scattering and Reactijytter2002 14, R1297.

Near Absolute Ze@sterwalder, A., Dulieu, O., Eds.; Royal Society of (53) Hockney, R. W.: Eastwood, J.Gbmputer Simulations Using
Chemistry: Cambridge, 2017; pp 3843. o , ParticlesMcGraw-Hill: New York, 1981.

(30) Fine, J.; Verma, D.; Jones, C. F.; Wittig, C.; Vilesov, A. F(54) vinen, W. F. CAS-CERN Accelerator School on Super-
Formation of H¢ via Electron Impact of Helium DroplétsChem.  conductivity and Cryogenics for Accelerators and Detectors 2002; pp

Phys2018 148 No. 044302. _ _ 363 373, DOI: DOI: 10.5170/CERN-2004-008.363

(31) Surko, C. M.; Dick, G. J.; Reif, F. Spectroscopic Study of Liquiq55) Ceperley, D. M. Path-Integrals in the Theory of Condensed
Helium in the Vacuum Ultraviol®hys. Rev. LetB69 23 842 Helium.Rev. Mod. Phyi€95 67, 279 355.

845. (56) Svensson, E. C.; Sears, V. F.; Woods, A. D. B.; Martel, P.

(32) Tokaryk, D. W.; Brooks, R. L.; Hunt, J. L. Reaction Dynamicgleutron-Diffraction Study of the Static Structure Factor and Pair
of Metastable Helium Molecules and Atoms near BIyK.Rev. A:  Correlations in LiquitHe. Phys. Rev. B: Condens. Matter Mater. Phys.
At., Mol., Opt. Phy€93 48 364 381. 198Q 21, 3638 3651.

(33) Knowles, P. J.; Murrell, J. N. The Metastable Quartet State 0o{57) Robkoff, H. N.; Hallock, R. B. Structure-Factor Measurements
He, . J. Chem. Phyi995 102 9442 9443. in “He at Saturated Vapor-Pressure for 1.38 < T < 4BHy&. Rev.

(34) Knowles, P. J.; Murrell, J. N. The Structures and Stabilities &: Condens. Matter Mater. PI9&l 24, 159 182.

Helium Cluster londviol. Physl996 87, 827 833. (58) McQuarrie, D. AStatistical Mechanitiiversity Science

(35) Muller, M. W.; Bussert, W.; Ruf, M. W.; Hotop, H.; Meyer, W.Books: Sausalito, CA, 2000; Chapter 13.

New Oscillatory Structure in Electron-Energy Spectra from Auto{59) Boninsegni, M. Kinetic Energy and Momentum Distribution of
ionizing Quasi-MoleculesSubthermal Collisions of H&2 Atoms Isotopic Liquid Helium Mixtured. Chem. Php€18§ 148 102308.
with He(2S, 3S) AtomsPhys. Rev. Letf87, 59 2279 2282. (60) Shepard, Rmateur Physics for the Amateur Pool Pe&yer

(36) Muller, M. W.; Merz, A.; Ruf, M. W.; Hotop, H.; Meyer, W.; https://www.tchilliards.com/articles/physics.shtml
Movre, M. Experimental and Theoretical Studies of the Bi-Excited
Collision Systems HEé® + He(®S, 2S) at Thermal and
Subthermal Kinetic EnergiésPhys. D: At., Mol. Clusi€81 21,

89 112.

(37) Brooks, R. L.; Hunt, J. L.; Tokaryk, D. W. Absorption Spectra
from High Vibrational Levels of H& Chem. Phy989 91, 7408
7414.

(38) Costa, E. D.; Lemes, N. H. T.; Braga, J. P. Accurate Potential
Energy Curve for Helium Dimer Retrieved from Viscosity Coefficient
Data at Very Low Temperaturebys. 2017, 487, 32 39.

(39) Varandas, A. J. C. Extrapolation to the Complete Basis Set
Limit Without Counterpoisé. Phys. Chem2@1LQ 114 8505 8516.

(40) Li, X.; Tang, M. L. Triplet Transport in Thin Films:

Fundamentals and Applications (Feature ArtiCl®m. Commun.
2017 53 4429 4440.

(41) Agranovich, V. MExcitations in Organic Splidernational
Series of Monographs on Physics; Oxford University Press: Oxford,

U.K., 2009; Voll42

6122 DOI:10.1021/acs.jpca.9b03241
J. Phys. Chem. 2019, 123, 61136122


http://iqmol.org
http://www.jmol.org/
http://dx.doi.org/10.5170/CERN-2004-008.363
https://www.tcbilliards.com/articles/physics.shtml
http://dx.doi.org/10.1021/acs.jpca.9b03241

