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How to break up a cluster ? (1)
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Low energyLow energy collisions

How to break up a cluster ? (2)
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Low energyLow energy collisions

Low Energy Fragmentation
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Motivations

Metal Clusters are the ideal tool to bridge the gap between 
molecules and surfaces

Experimental measurements are available 

C. Bréchignac et al. Eur. Phys. J. D 12, 185 (2000); 16, 91 (2001)

Theoretical challenge: study of a complex collision  process

involving a lot of electronic and  nuclear degrees of  freedom

From                           to −∞=t +∞=t
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Mass selector

Oven

Ionization laser

Collision cell

Cs Detector

Time-of-flight spectrometer

T ττττe

Na9
+

Na9

vcoll

Experimental Setup (LAC-Orsay)
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Time Scales

Experiment: vcoll ~ 0.01 - 0.07 a.u.  ���� ττττcoll ~ 10-14 s

Collision and fragmentation can be treated separately

Ionic background of the cluster is frozen during the collision

Electron-phonon coupling: ττττrel ~ 10-13 - 10-12 s

Dissociation processes resulting from electronic relaxation 

can be ignored during the collision

ττττrel >> ττττcoll

ττττv >> ττττcoll

Cluster vibrational period: ττττv ~ 10-12 s
internal motion of the cluster nuclei
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First Step (Fast)

���� Low velocity:  vcoll << vF

Na9
+

Li31
++ Medium size charged simple metal clusters

vcoll

Cs

T

���� Fast process: 10-14 s (10 fs)

���� Quantum Many-Electron dynamics 

Charge Charge Transfer Transfer (CT) (CT) �������� Inclusive CrossInclusive Cross--sectionsection
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Second Step (Slow)

Na9
* (neutrals)

Li31
+* (charged)

���� Slow process: 10-10 s < ττττfr < + ∞∞∞∞

���� Classical Many-Ion dynamics 

time

���� Sequential evaporation of monomer or dimer

ττττe (TOF)

Measurements at ..

Li31
+

Li30
+

Li29
+

….

ChargeCharge--transfer induced evaporation (CTE)transfer induced evaporation (CTE) ��������
Exclusive crossExclusive cross--sectionssections

Fragmentation cross sectionsFragmentation cross sections
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Electron Dynamics

• Many-electron Dynamics
���� Inclusive Probabilities Formalism 

(Independent Electron Model)

e-

b

r - R

r

Na9
++

Cs
+

v

R

- v t

• Collision
���� Time-Dependent Molecular Close-Coupling 
���� Impact parameter method

• Cluster Electronic Ground-State
���� Spherical Jellium Model + DFT-LDAXC-SIC

• v
coll

<< v
F

~ 0.53 a.u. (Cs) ���� Molecular Method

• Nuclei ���� classical description

• Valence electrons ���� fully quantum mechanical description

M. F. Politis et al., Phys. Rev. A  58, 367 (1998); F. Martín et al., Phys. Rev. B  58, 6752 (1998)



IPN-14/03/05 13
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Energy Deposit

TT is the vibrational temperatureis the vibrational temperature

*
TEOne must add the thermal energy of the cluster before the collision: 

∫ ==−≅
T

Tp NEdTTChThT
0

*
0 /)()()(ε

Obtained from the specific heat at constant pressure of the bulk

*** )()( Tcoll EbEbE +=Total vibrational excitation energy

�������� FragmentationFragmentationCollisionCollision �������� )(* bEcoll
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Fragmentation Dynamics
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Entropy of the bulk and binding energies from the experiment

Time integration stops at t = τe

Sequential Evaporation Model P. -A. Hervieux et al., 

J. Phys. B 34, 3331 (2001)
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Rates of Evaporation

Theory of Weisskopf (RRKM)

�������� Microscopic and Microcanonical Statistical model

with

�������� From experimental Cp of the bulk

For one monomer

Coll. Spiegelman and Calvo-Lab. Physique Quantique-Toulouse
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Correlation Diagram

• Capture far away from the cluster surface (RC = 8.3 a.u.)

Occupied cluster orbitals
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• Capture into excited cluster orbitals 1d, 2s, 1f
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Charge  Transfer Cross Section

Na9
+ + Cs ���� Na

9
* + Cs+

• Three regimes: �� plateauplateaurapid increaserapid increase

2s

�� rapid increaserapid increase

2s + 1f  +.
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B. Zarour et al., 

J. Phys. B 33, L707 (2000)
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Na9
+ + Cs ���� Na

9
* + Cs+

• Excitation (Ex) is much smaller than charge transfer (CT)

• CT is a probe of the cluster excited states
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Charge  Transfer Evaporation Cross Sections
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Na9
+ + Cs ���� Na9-l1-l2-…

+ Nal1
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T = 800 K

Fixed velocity

vcoll = 0.025 a.u.

P. -A. Hervieux et al., 

J. Phys. B 34, 3331 (2001)

• The fragmentation cross sections depend critically on T and ττττe

• Unfortunately no absolute experimental measurements are available 
detection of the neutrals !

Produced at T

Detected at ττττe
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Li31
++ + Cs

Correlation Diagram

Occupied cluster orbitals

Unoccupied cluster orbitals

Cs (6s)

• Capture far away from the cluster surface (RC = 10.2 a.u.)
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Charge  Transfer Evaporation Cross Sections

• Experiment: 420 < T < 660 K ; ττττe
= 3 µµµµs

• Theory: T = 450 K ; ττττe
= 3 µµµµs

C. Bréchignac et al., Phys. Rev. Lett. 89, 183402 (2002).

C. Bréchignac et al., Phys. Rev. A 68, 063202 (2003).

Li31
++ + Cs ���� Li31-l1-l2-

++ Lil1
+ Lil2

+ …+ Cs+



IPN-14/03/05 23

Charge  Transfer Evaporation Cross Sections

Li31
++ + Cs ���� Li31-l1-l2-

++ Lil1
+ Lil2

+ …+ Cs+

• Good agreement Th/Ex ���� only posible with T

and ττττe 
consistent with the experimental conditions 

• Small deviations from this choice leads to
enourmous differences in the results

Fixed velocity

Ecoll = 3 keV
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Conclusions (Metal Clusters)

• For CT good agreement with experimental measurements

validation ofvalidation of our Manyour Many--electronelectron dynamicaldynamical modelmodel

DFT-LDAXC-SIC+Molecular Time-dependent close-coupling

+Inclusive probabilities

• For CTE good agreement with experimental measurements
validation ofvalidation of ourour Fragmentation modelFragmentation model

Sequential evaporation ofmonomer or dimer +Microscopic Microcanonical 

Statisticalmodel of Weisskopf with bulk thermodynamical quantities +

experimental binding energies of the fragments

validation ofvalidation of our assumptionour assumption of of differentdifferent time time scalesscales
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Fullerenes

Charge  Transfer Cross Section

• Same Theoretical Methods

• Single CT cross sections are comparable to double CT cross sections

L. F. Ruiz et al., International Journal of Quantum Chemistry 86, 106 (2002).

He++
vcoll

C60

Experimental measurements are available���� P. Moretto-Capelle (Toulouse) 

J. Phys. B 36, 1585 (2003); NIMB 205, 656 (2003).
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Charge  Transfer Evaporation and Multifragmentation 

Cross Sections

Fast ProcessFast ProcessHe++ + C60���� C60
q+ (q=0,1,2)

���� C58
++ + C2 ���� C56

++ + C2 + C2 ����…

���� C58
+ + C2

+���� …

���� C58+ C2
++����…

���� …

Slow Slow ProcessProcess
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Charge  Transfer Evaporation and Multifragmentation 

Cross Sections

• Real chemical bonds ����With respect to metal clusters much more complicated

• Many isomers with very different dissociation energies 

Sequential Evaporation of dimers����Weisskopf 

Multifragmention����MMMC 

• DFT calculations of dissociation energies, ionization potential, entropy, geometries …

Cn, Cn
+, Cn

++       n = 50..60

S. Diaz-Tendero et al., J. Chem. Phys. (2003).

Work in progress
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High Energy Fragmentation

Cn
+Mev

He High energyHigh energy deposit by charge transfer

High energyHigh energy collisions
Multifragmentation

Part II

CTMF
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Microcanonical Metropolis Monte-Carlo (MMMC)

Problème:

Comment l’énergie d’excitation va t-elle être distribuée parmi les différents degrés de liberté 
Internes (vibrations), de translation de rotation ? 

Taux de désintégration quantique (règle d’or de Fermi)

Hypothèse:

Les transitions complexes sont contrôlées par l’espace des phases accessible au système
avec les contraintes de conservation de: 

Approche Statistique

Ensemble microcanonique� essentielessentiel pour décrire correctement la thermodynamique des systèmes finis

"Statistical Fragmentation of Hot Atomic Metal Clusters." D. H. E. Gross and P. -A. Hervieux, Z Phys. D 35, 27 (1995)
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Microcanonical Metropolis Monte-Carlo

RT

Rsys

Chaotic Mixing

(Thermo. Equilibrium)

τf ~ 2.10-11st = 0 t

Free fragments 
or on 

Coulomb trajectories
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L’ensemble Microcanonique (définition)

Important car thermodynamique des systèmes finis ! ! !

Spin électronique

Géométrie

Moment orbital électronique
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L’ensemble Microcanonique (conservations)

Coll. P. Parneix and F. Calvo-Lab. PPM et Lab. Physique Quantique-Toulouse

EnergieEnergie ImpulsionImpulsion

Moment cinétiqueMoment cinétique

Masse et ChargeMasse et Charge
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L’ensemble Microcanonique (les poids statistiques)
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L’ensemble Microcanonique (les poids)

Chaque configuration (xn) est associée à un poids (entropie)poids (entropie)

Les plus importants !

harmoniqueharmonique
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Méthode de Metropolis (1)

Zone de l’EDP ayant un poids 
maximal

Importance Sampling, Méthode de Metropolis

Comment génère t-on les points xn ?

L’entropie d’un système fermé en équilibre statistique complet aL’entropie d’un système fermé en équilibre statistique complet a la plus grande valeur possiblela plus grande valeur possible
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Méthode de Metropolis (2-MC)

MonteMonte--CarloCarlo
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CCSD(T)/6-311+G(3df)�Le coeur duMMMC ! 
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Most stable isomers B3LYP 6-311+G(3df)

Nearly degenerateNearly degenerate
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MMMC C5

7 fragmentation channels: C5, C4/C, C3/C2, C3/C/C, C2/C2/C, C2/C/C/C; C/C/C/C/C
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C5 (isomer analysis)

Isomer analysis of the C3/C2, C3/C/C and C2/C2/C channels

LT: Linear Triplet
LS: Linear Singlet

• Cyclic isomeric forms of C3 or C2 are never observednever observed

• Low energy: LS 

• High energy: LT

All isomeric forms must be included
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C5

Time dependent Weisskopf calculations

Including monomermonomer, dimer and trimertrimer evaporation

MMMC is compatible with the 

experimental conditions
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C5

Weisskopf

Equivalence between
MMMC and Weisskopf
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C5

Rotational effectsRotational effects

Rotational effects play a very important role in the fragmentation process !

MMMC with rotational effects
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C7

15 fragmentation channels

C7, C6/C, C5/C2, C4/ C3, C3/C3/C, …

CS: Cyclic Singlet
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C7

MMMC is compatible with the 

experimental conditions

Time dependent Weisskopf calculations
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C9

30 fragmentation channels

C9,C8/C, C7/C2, C6/C3,…

The formation of C3(linear) play a dominant role !
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Theory/Experiment

Cn
+Mev He

Neutral fragments

G. Martinet et al., Phys. Rev. Lett. 93, 063401 (2004)

IPN, Orsay

(K. Wohrer et M. Chabot)
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Theory/Experiment

Same energy Same energy distributions !distributions !
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Phase transition

Boiling temperature of bulk carbon: 0.44 0.44 eVeV

: number of rotational degrees of freedom

S. Diaz-Tendero et al., Phys. Rev. A 71, 033202 (2005).



IPN-14/03/05 51

Conclusions

Inclusion of several isomeric forms as well as rotational effects 

is essential to reproduce the experimental observations 

• For CTMF good agreement with experimental measurements

validation ofvalidation of ourour MMMC Fragmentation model MMMC Fragmentation model 

(for (for the first the first time in time in the field the field of of atomic atomic clusters!)clusters!)

Combination of experimental measurements with accurate statistical 

Fragmentation simulations can provide a reasonable estimation 

of the cluster energy distribution just after the collision

Existence of a Existence of a phase transitionphase transition

((could be observed could be observed by by increasing the increasing the impact impact velocityvelocity))

• The formation of C3 (linear) play a dominant role


