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•Helium-helium interaction is of weak van der Waalstype, 
closed shell atoms of very low polarisability,De≈7.6 cm-1

•Helium atoms have a relatively small mass.
•Large zero point energy effects (D0 for He2 ≈  0.001 cm-1).
•Helium clusters are a quantum liquid. 
•Quantum statistical effects: bosonic 4He, fermionic 3He.
•Superfluidity in bulk liquid 4He below 2.17 K, in 3He at mK level
•A very special solvent: Is there a new chemistry?

•Implantation of dopants through (multiple) inelastic collisions.
•Weak interactions with dopant.
•Binding energy and position of dopants depend on quantum effects.

Delicate balance between potential and quantum kinetic energy

What makes helium clusters interesting?

Plenty of interesting experiments and not that much theory!
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A typical helium droplet experiment
(ask the local experts for details)

Hen D@Hen

(partial) destruction of cluster
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•Matrix spectroscopy with minimal perturbations:
OCS, (HF)n, biomolecules at 0.4 K, radicals
•Reaction dynamics at very low temperatures: Ba + N2O → BaO + N2
•Preparation of reactive intermediates: HF ··· CH3, HCN ··· CH3 etc.
•Preparation of high spin metal polymers: Na3, K3, Rb3 etc. 
•Assembly of cold clusters: Agn, Mgn
•Thermodynamically unstable isomers: linear (HCN)n
•Nanomodels for molecule-surface interactions: HCN···Mg3 etc.

•Container for soft ionisation for analytical mass spectrometry?
•Energy dissipation by coupling to the bath?
•Confinement medium for cluster ignition and Coulomb explosion.
•Spacer for interatomic Coulombic decay (ICD).

Recent applications of helium clusters

Where does a dopant D go after hitting the helium cluster?
Which factors control association of several dopants?
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•We need an accurate potential model:
High level electronic structure including relativistic effects,
inject results into additive or non additive many body models.

•Stationary state properties (energies, structures):
We need a reliable quantum many body method with
uniform accuracy over a large range of n:
Quantum Monte Carlo: random walks in imaginary time

•What about real time dynamics?
How do dopants recombine inside helium clusters?
What is the effect of the helium bath on dissociating molecules or 
clusters?
Dynamics of a many-body quantum system is a hard problem:
We have to invent some smart approximations → ZPAD

Modelling doped helium clusters (D@Hen)
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Diffusion quantum Monte Carlo (DMC)

•Isomorphism between time dependent
Schrödinger equationand a multi dimensional
diffusion equation(Fermi, Ulam)
•Exact solution except for statistical errors

Solution by propagation of an ensemble of random walkers in imaginary time
Cartesian coordinates, precision σE/E = 10-6 – 10-3

?
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Pair potentials involving helium and metals

He-He

He-Ag
He-Mg

He-Na

Shallower well than He-He and larger equilibrium distance for He-M
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Alkali-helium dimers

Predicted to be extremely
weakly bound and diffuse

Relevance for BEC?

All alkali-helium dimers appear
to possess a single bound state

but are yet unobserved

Variational calculations with large basis sets of Laguerre functions, PRL 1999

Note the log scale!
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Comparison between silver and magnesium

He-He

He-Mg
De = 5.05 cm-1

D0 = 0.908 cm-1

He-Ag
De = 4.61 cm-1

D0 = 0.924 cm-1

Silver is known to penetrate into helium clusters and to form Agn clusters

Where does Mg go?

Conflicting experimental 
and theoretical evidence
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Incomplete aggregation of Mg atoms
inside helium clusters?

Przystawik et al. 
Phys. Rev. A 78, 021202(R) (2008)
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Mg-He
Comparison of ab initio methods

Mg-He 1Σ+ electronic ground state calculations

Potential entering
our pair potential model

for DMC calculations

Best explicitly calculated CCSDT potential essentially confirms Hinde’s 2003 extrapolation

Reproduces best known
dispersion coefficients

He: aug-cc-pV5Z
Mg: aug-cc-pCVQZ
Bond functions: 33211
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DMC results: total and binding energies
CCSDT(MgHe)+HFDB(HeHe) potential
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Mg@He20

Mg@He50

Mg@He75

Mg@He100

DMC: He density contours in cylinder coordinates
(descendent weighting)

ρHe

Hole in He density: Mg
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Hernando et al. J. Phys. Chem. A 2007, 111, 7303-7308

N=300, 500, 1000, 2000, 3000, 5000

Mg@He310
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Radial helium density profiles for Mg@Hen
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AgHe50

MgHe50

CaHe50

NaHe50

Surface boundVolume bound

Indifferent
(spherical soft box)

Surface embedded

DMC calculation with radial constraint

r/a0
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Quantum gel of neon atoms in liquid helium
DFT, J. Eloranta, Phys. Rev. B 77, 134301 (2008)

Check this for Mg with DMC
(distance constraint Mg-Mg)

and the ZPAD method (diffusion rate etc.)
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Mgq+Hen mass spectra after fs pulse ionisation
Döppner et al. 2007

Is this a kink or not?



Marius Lewerenz U. Leicester, 10 July 2009 19

DMC calculations for Mg+Hen

Isotropic interaction, moderate non-additivity:

2Σ+ ground state potential for Mg+ (3s1) - He interaction
(RCCSD(T)/core correlation/infinite basis extrapolation)
from T. G. Wright, A. Gardner (unpublished).

Ab initio points fitted to HFD-style analytical form with
fixed C4 coefficient computed from αHe = 1.41 a03.

Standard van der Waals He-He potential.
Additional interaction between induced dipoleson He atoms.

Optimised trial wave functions with correct permutational 
symmetry.
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DMC ground state energies for Mg+Hen

Mg+Hen
Extrapolation to ∆τ=0 and nwalk=∞

RCCSD(T)/HFD-B
+ induced dipoles
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DMC radial density and energy for Mg+Hen
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Pbq+Hen mass spectra after fs pulse ionisation
Döppner et al. 2007

Even-odd oscillation
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DMC calculations for Pbq+Hen

Pb2+Hen:
Isotropic Pb2+ - He interaction (Pb2+ s2 valence shell, Pb2+-He X1Σ+).
Induced dipoles on He, He-dipoles induce a noticeable dipole on Pb2+:
Non additive many body potential model checked against ab initio.

Pb+Hen:
Anisotropy due to Pb+ s2p valence shell → X2Π and A2Σ+ states for Pb+He.
Strong spin-orbit interaction in Pb+ (∆ =  14081 cm-1):
Non additive many body potential model including induced dipoles on He
with additional spin-orbit mixing included using atomic ∆Pb+ 
(complex 6 x 6 matrixto diagonalise in each DMC step)..

CCSD(T) calculations with Stuttgart pseudopotentials for both systems
in collaboration with Petr Slavíček.

> 109 DMC samples, large ensemble sizes to suppress ensemble size bias
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Dotted lines: r-4 asymptotes

Pb2+-He 1Σ+Pb+-He 2Π

Pb+-He 2Σ+

Pb+-He X state

Pair interaction potentials for Pbq+Hen
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Minimum energy structures for Pbq+Hen

Red triangles: Model potential
Black crosses: DFT minimisation

without SO

with SO
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Without induction

Full model

Shell closure
at n=12:
Magic number

DMC ground state energies for Pb2+Hen
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n=6, 11, 12, 13, 15

Bulk LHe

Bulk LHe

n=125

n=16
n=15

n=17

Radial densities for Pb2+Hen
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Full model

No Spin-orbit

Complete belt

Ground state energies for Pb+Hen

Massive spin-orbit
effect (∆SO>> εvdW)

wipes out anisotropy:
V ≈ ⅓ (VΣ + 2VΠ)
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n=6

n=12

n=15,16,17,18

n=17-25

Bulk LHe

Bulk LHe

Saturation at n=17

No distinct shells

Radial densities for Pb+Hen
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Drift tube experiment, Kojima et al. 1992

Fragmentation after ionisation of Ar@HeN,
Brindle et al. 2005

Ar +Hen: Experimental evidence for shells
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DMC calculations for Ar +Hen

Potential model:
Anisotropy due to Ar+ s2p5 valence shell → X2Σ+ and A2Π states for Ar+He.

IP(Ar)=15.76 eV  → He++Ar channel is unimportant, single configuration.
CCSD(T) calculations with (aug)-cc-pVXZ basis sets.

Ab initio points fitted to HFD-style analytical form
with fixed C4 coefficient computed from αHe = 1.41 a03.

Strong spin-orbit interaction in Ar + (∆ =  1432 cm-1):
Non additive many body potential model including induced dipoles on He
with additional spin-orbit mixing included using atomic ∆Ar+ 
(complex 6 x 6 matrixto diagonalise in each DMC step)..
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Ar +He: convergence of interaction energy
CCSD(T) calculation
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Ar +He: BSSE counter poise correction
CCSD(T) calculation

Unsatisfactory convergence for 2Π state, 2Σ+ looks ok but ….
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Ar +He: basis set extrapolation 
(aug)-cc-pVXZ series, SCF: exponential, CCSD(T) correlation X -3

Augmented series is much more stable, remaining mismatch for 2Π state
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Ar +He: spectroscopic observables 
extrapolated potentials (aQ56), atomic spin-orbit splitting,

variational rovibrational calculation in Laguerre b asis, 4He40Ar +

Expectation values for rotational constants

Vibrational transition frequencies

Our Ar +He potential is excellent !
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Ar +He: DMC ground state energies 
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Ar +He: ground state radial density 
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Conclusion

� DMC code with new features for constraints and 
treatment of spin-orbit coupled electronic states.

� Mg@Hen is special, structural debate largely closed, 
association dynamics still requires further studies.

� Mg+Hen: no snowball, soft build up of density.
� Coordination number 15 for Pb2+ not robust with respect

to quantum effects; softening of 1st solvation shell.
� Spin-orbit coupling has profound effect on stability

pattern for Pb+@Hen, no clear shell separation.
� Ar +Hen: distinct shell closure in agreement with

experiments, somewhat affected by spin-orbit coupling
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•Analyse inhibited/incomplete formation of Mgn
(constrained DMC and ZPAD).

•Dopant spectroscopy (Mg*, Ag*, Ag+ etc.).
•Transport properties (Mg+, Na+).
•DMC and ZPAD calculations on XenHem.
•Photodissociation of CH3I and CF3I (ZPAD, DMC etc.)
•DMC with constraints ((H2)n, Hen(H2)m possible).

ANR project DYNHELIUM (Toulouse, Rennes, Paris)

Outlook


