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We use classical molecular dynamics simulations to investigate temperature control of unsupported
clusters using a noble gas atmosphere. The simulations are performed using a many-body interaction
scheme for the intra-cluster potential, while a pairwise Lennard-Jones potential is used to model the
interaction between the noble gas and the clusters. In order to isolate different parameters
determining the energy exchange efficiency, we have studied the energy transfer with re§pect to
impact parameteni) cluster temperaturdjii) noble gas temperaturéiy) gas—metal interaction
strength,(v) metal potential, anévi) noble gas mass. With these results, we are able to estimate the
number of collisions needed to equilibrate a cluster at a given gas temperature. Our estimates are
confirmed by simulations of cluster cooling in a noble gas atmospherel9€7 American Institute

of Physics[S0021-960807)50332-1

I. INTRODUCTION source. However, a detailed knowledge about energy ex-

: . hange efficiency in the case of metal clusters, and, in par-
Temperature control of unsupported atomic clusters is 0t:icular the effect of the different parameters on the effi-
crucial importance, since several properties have been r%—iency’ I8 missing
ported to strongly depend on the internal cluster energy. Ob- n lthe present. paper we address these problems by mo-
servables showing a marked temperature dependence include . . ) . .
g P P Pecular dynamicgMD) simulations, calculating classical tra-

ionization potential$,magnetic momentsand reactivity® : . N
_jectories of collisions between noble gas atoms and metal

Clusters are commonly produced with the laser X ! X _ e
clusters. In the simulations we investigate the efficiency of

vaporization techniquéln this method a metal target is va- X
porized, and clusters form by condensing from the gas phastge energy transfer as a function of several key parameters,

in the presence of a thermalizing buffer gas, usually heliumincluding (i) impact parametexii) cluster temperaturiii )
A cluster beam forms during a subsequent supersonic expaR®ble gas temperaturév) gas—metal interaction strength,
sion through a nozzle, which cools the aggregating clusterd/) Metal potential, andvi) the mass of noble gas atoms. As
and the carrier gas. The heat of condensation is carried awdycluster model system we use an icosahedral 13-atom clus-
in collisions with the “cold” buffer gas. Consequently, the ter. In our simulations the intra-cluster potential is based on
temperature of the clusters is determined by the number ghe second moment approximation of a tight-binding total-
collisions with the buffer gas in the sour¢eontrolled by energy functional, the many-body alléiBA) potential®®
pressure and residence timand the supersonic expansion The noble gas—metal potential is, on the other hand, de-
(determined by pressure difference and nozzle configurascribed by a pairwise Lennard-Jones potential. By evaluating
tion). Important to notice, however, is that the two mecha-the mean energy exchange for the different situations we are
nisms used for controlling the cluster temperature mayable to put forth a simple relation for the energy exchange
couple differently to vibrational, translational, and rotational between the buffer gas and an atomic cluster. Our results are
modes of the clusters. While we can expect equal partitionalso discussed in the context of analytical model expressions
ing of energy over all the different degrees of freedom in thethat have appeared in the literatdfe’*We apply the results
source, supersonic expansion is known to cool only translafrom the simulations to estimate the number of collisions that
tions and rotations efficientf/while the clusters could retain are needed for a noble gas to thermalize a cluster to a low
a vibrational temperature close to the source temperature. source temperature. Moreover, using a low cooling rate, the
Experimentally it has not yet been possible to measuréfluid” to “rigid” transition in a Pd 43 cluster is studied,
the internal cluster temperatures, although “liquid” clusterstaking a cluster with high atomic diffusion below the “freez-
could be distinguished from *rigid” by adsorbing weakly ing” temperature. Our results are in agreement with reported
bound adsorbatés. Estimates of cluster temperature have simulation$® using a NoseHoover thermostat both for the
mainly followed arguments based on the number of colli-transition temperature and the width of the co-existence re-
sions experienced by the clusters with the buffer gas in thegion.
Energy transfer in molecular collisions is also of funda-
dpresent address: Complex Systems Theory Branch, Naval Research Latfﬂ—entaI importance within the field of thermal unimolecular
ratory, Washington, D.C. 20375-5000. reactions, and MD simulations have been used to address the
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3072 Westergren et al.: Noble gas temperature control of clusters

energy transfer in collisions between noble gas atoms anthe metal dimer. For Bdand the soft potential case using Pd
mostly small molecule¥*'®For metal clusters, however, the mass, the vibrational frequencies are 218 ¢érand 80 cm'%,
dynamics of collisions and energy transfer have only retespectively.

cently become the subject of investigatidfid! Schulte For the interaction between the gas and the cluster atoms
et al® studied the energy equilibration in a small Mdus-  we used the pairwise Lennard-Jones potential,

ter, where both the intercluster and the cluster—gas potential 12 6
were modeled by pairwise interactions. In this study the au-  y/(j)=S 4€|_J( (E) _ (E) ) %)
thors investigated the effect of mass of the collider and the j#i Fij Fij

strength of the cluster—noble gas interaction. Sainte Clair

et all’ studied the energy transfer in the high collision en-
ergy limit with the aim to interpret collision induced disso-
ciation experiments of small aluminum clusters. In the
present work we extend the previous studies by studying the
dynamics in the thermal regime, where gas—cluster collision8. Simulation set-up
are used for controlling the cluster temperature, using poten-
tials which incorporate many-body effects.

?l\/e here use helium parameters, ig;=0.88075 meV and
=2.6A.
LJ

The energy transfer in the gas—cluster collisions is

evaluated by performing classical trajectory simulations. The
trajectories are obtained by integrating Newton’s equations
Il. COMPUTATIONAL DETAILS of motion using a fourth order Runge—Kutta algorithm.

A. Interaction potentials Since some of the collisions are fast, we have used a small

L _ ) ) time step of 0.5 fs to ensure conservation of the total energy
Although the applicability ofab initio theories has in- £ \with this choice of time step\E/E is about 10'%°.

creased during the last decade, collision studies orafan The collisions are performed on an ensemble of cluster
initio level have appeared only for small systg’r’f‘uand the  configurations obtained from microcanonical simulations of
issue addressed in this work is sill computationally t00 dey,e clysters corresponding to two different cluster tempera-
manding for arab initio treatment. Instead, we use a re“abletures, namely 100 and 500 K. Here we use the term “corre-
model potential. For this purpose we have adopted the MBAyonging” since the cluster at a specific temperature has a
potential” This potential consists of a many-body binding istribution in total energy, although rather narrow. The total

term, based on the second-moment approximation for thgnergy set in the microcanonical simulation is the mean total
electronic density of states, and pairwise repulsive Born—energy afT, (see below
. .

Mayer interactions. The potential energy for metal atgm The initial cluster configurations picked from the micro-

situated at distances; from neighboring atoms, is given by c4nonical ensemble have the entire kinetic energy distributed
12 in the vibrational modes, i.e. the cluster has initially no ro-
V(i)=- ; goe 2o~ Z’ o Pl /o~ 1), tation nor center of mag€M) translation. By this choice we
7 7 (1) may easily investigate the amount of energy transferred into
i o rotational or translational modes. In Appendix A we show
The first part represents the many-body binding term, and thgq it is possible to correct for an initial translation after the

second the pairwise repulsion. The parame®yse€o, P, 4, simulations. The total cluster temperature is related to the
andr, have been determined by fitting &b initio local  inetic energy according to

density functional results for bulk Pdn this way the MBA

potential reproduces the bulk values for lattice constant and 3n " mivi2

cohesive energy at zero temperature. The validity of using 5 "blc IZ > (€)

this potential at finite temperatures is demonstrated by repro-

ducing the experimental melting temperature of bulk Pdm; is the mass of the metal atoris06.4 amu for Pdandn

within 150 K1° For finite systems, such as Bdthis poten- is the number of metal atom: €13 in our casg ky, is

tial compares favorably with SCF-CI calculatiéhof the  Boltzmann’s constant.

optimized geometry. The MBA value of 2.50 A for the mean When setting up the collisions, the starting position of

radius of the Pg; icosahedron is close to the SCF-CI value the gas atoms is randomly chosen under the constraint that

of 2.60 A, and the energy difference between the icosahedrahe distance between the gas and the nearest metal atom is

and the octahedral isomers is 0.12 eV in both techniques. equal to a cut-off distance for the interaction, i.e., the dis-
In order to study the effect of the intra-cluster potentialtance where the interaction between the gas atom and a metal

on the collision efficiency, we have modified the parametersatom can be ignored. The velocity towards the cluster is

of Eq. (1) to obtain a softer potential with a shallower poten-randomly chosen, but generated so that the impact parameter

tial well. This new set of parameters resembles those descrili> follows a specific distribution with mak=b,,,,, and the

ing bulk sodiun?! However, since the performance of this speed follows the velocity weighted Maxwell-Boltzmann

type of potential for small free electron clusters is question-distribution (see below.

able, we refer to this choice of parameters as the “soft po-  After the collision event, when the gas atom has left the

tential” case. The difference between the potentials could bénteraction zone, the system is evolved to collect statistics of

measured in the different harmonic vibration frequency forthe cluster. During this time the energies in the different
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modes of motion in the cluster are sampled. The energies m2 ,
transferred into the different modes are calculated as fo(v,Tg) = Wﬁe‘mv 12KpTg,
b'g

€ib={©€vib) ~ Evib »
fo, unknown.

€cm={(€cm) .
o= { € Here,m is the mass of the gas atom.
€rot={Eror)> For Iar.gev, fU(v,Tg) _is sma!l, gljd therefore we change
B the upper integration limit from infinity tog9. At least 99%
€= EyipT €cm Eror- of the gas atoms have a speed lower thgs The value of

(eyip) is the time average during the sampling amg, the  Uoo iS determined by the upper bound of the temperature

initial vibrational energye,;, consists of a potential and a interval which we are simulating100 K, 900 K.

kinetic part. The total energy transfeis, of course, equal to Since largeb contribute in a minor fashion te, it is

the change in the kinetic energy of the gas at@yey 1), desirable to generate fewer trajectories for laogdan sug-

whereey andey ; are the initial and final kinetic energies. gested by thef,, distribution. Also, it is inconvenient to
For each set of input parameters we have performedpecify T before the simulations, &, requires. Thus, in-

30 000 collisions, which gives us good statistics. By takingstead of usingf, and f, for the generation of the starting

averages OVet, €, , €101, aNdec, We are able to estimate the configurations, we introduce new distributiorfg,(b) and

energy transfer per collision in a realistic gas. T, (). To(b) is given by
In our simulations only one atom is colliding with the
cluster at a time. It is important to know above what pressure To(b)= 1 )
b - ’

the number of collisions with more than one gas atom col- bmax

liding at the same time i ceptably high. In Appendix B~
ing same Ime 1s Unacceptaily ngh. T Appentx and f ,(v) is a stepwise linear function af; and indepen-

we conclude that for a gas of temperattiig=300 K and dent of T,, being a compromise between the functions
below the pressurp,= 150 mbar, more than 98% are single gr
W INe Pressuirby oo T §(0iTg) for Ty e [100 K, 900 K.

collisions, which we consider acceptable. The experimenta E the traiect imulati th f th
pressure in a laser vaporization source is usually about 100 rom the trajectory simulations the average of the en-
ergy transfers is now calculated according to

mbar.
fp(b)f,(v,Tg)
e(Tg) J’ dbf J de b(b f )

XTo(0)T,(v)f(e,b,v)- €

C. Statistics

As described above, a collision is defined as a gas atom
passing through a sphere with radiys,,, having its center N
in the center-of-mass point of the clustby,,, is set so that —E g(bi v, Tg) €, (6)
the energy transfer between the gas atom and the metal at- -
oms is negligible when the gas atom passes outside th&here
sphere.

Here we focus on the total energy transfer from the gas g(b; i, To) = fligbi)fvivi Tg) @
atom to the clustere. (The vibrational, CM, and rotational ¢ fo(b) T, (v))
energy transfers follow the same reasonifdhe outcome of . -
a collision event is three stochastic quantities: the initialand’\l_IS thc.a number 9f C$)||.ISIOI’IS.. L — )
speed of the gas atom, the impact parameteb, ande. v With th|§ expression it is possible to estimatefor dllf-
andb are independent of each other andephaving known  f€réntTg using the same seb;,v;, €}, only recalculating
distribution functions, while the distribution efdepends on the analytically known weight coefficien{g(b; ,v;, T)}.
bothv andb. The distribution ofy depends on the consid- 70 Eq.(6) we can see that an increasef, will just
ered temperature of the gaB,, according to the velocity add extra trajectories having=0, reducinge. Hence, e is
weighted Maxwell-Boltzmann distribution for the colliding dependent on the choice df,,,. However, e-b3_, is a

ZI—‘

gas. bmacindependent quantity which we use when presenting
The mean energy transfer is given by our results,
— Prmax *® *® —_ — (b 2
E(Tg):f dbj dvf de €norm— 6'( bmaX> ) 8
0 0 —®© 0
X (D), (0, T eb,v) €, (4)  Where we have chosem,=6.5 A.

where the distribution functions are
D. Error estimation

2 _ Lo
fp(b)=——b, The standard deviation estimation ©sampled fromN
max collisions is
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FIG. 1. Total energy transfer versus the initial kinetic energy of the he- FIG. 2. Histograms for the data points for the collisions in Fig. 1, taken at
lium atom, e;. The collisions were performed on cluster configurations two energy intervals.
taken from a microcanonical simulation with the cluster at 500 K.

1N points for collisions with collision energies within two en-
53(1—9): NE (gi(Tg).Ef)_ €2 (9)  ergy mter_vals_,[O,lS me\| and[150,165 meV are shown.
=1 Both distributions are peaked close to a zero energy transfer.
For the low collision energyupper paneglthe distribution is
expanding towards negative energy transfers. This has
Se(Tg) [ bmax 2 changed in the high energy ca8ewer panel. Not only the
Snorm:W< by ) : (100 expectation value has increased but the distribution is dis-
tinctly broader, with a modified shape. Even though the col-
lision energy is higher in the lower panel, several trajectories
lll. RESULTS AND DISCUSSION result in a negative energy exchange with the cluster.
A. Influence of interaction strengths, mass, and Knowing that trajectories with large impact parameters
temperature give zero energy exchange, it is desirable to know the influ-

The outcome of a single collision is determined by the€nce of the impact parameter on the energy transfer, both the

cluster temperature, collision energy, as well as the impactnaPe of this function, and its radial extension. The energy
parameter. Of experimental significance is, of course, th&fansfer as a function of impact parameter,is shown in
averageproperties, i.e., the mean energy transfer for certair] 19- 3 for the two cases of a hard and a soft intra-cluster
temperatures of the cluster and the noble gas. However, t|Botent|al. The noble gas atoms were in both cases helium.
understand the average quantities it is illuminating to study
the energy exchange of single trajectories, which we do in
Figs. 1 and 2.

The first system we investigate is Rdh collisions with aol = e
helium. In Fig. 1 the total energy transfet,as a function of b
initial kinetic energy of the helium atomgollision energy
is displayed. As a reference we indicate the maximal energy
transfer as a straight line, corresponding to a collision where
the gas atom transfers all its kinetic energy to the cluster. A
large fraction of the collision events result in an energy trans-
fer close to zero. This is to the largest extent due to trajec-
tories with large impact parameters, giving a weak interac-
tion with the cluster. It is important to notice the asymmetry
in the energy transfer cloud: Negative energy trandfeat-
ing of the gas atomdoes not appear to have a limiting value
as the positive energy transfer has. It is not surprising that
the maximum energy transfer overestimates the simulated Impact Parameter, b (A)

maximum exchange for all collision energies, except in the
" FIG. 3. The energy transfer as a function of impact parameter. The lower
limit of small g;. . ;
9 . . panel shows the results for the cluster with a hd@d) intra-cluster poten-
The asymmetry in the energy exchange is more clearlyy while the upper panel is with the sdfia) potential. In both cases a Pd

seen if the data is exposed in histograms, Fig. 2. Here, dataass was used. The temperature of the cluster is in both cases 100 K.

As an error estimation foE ., in the graphs we use

=190 meV Soft potential |

20 e

N
PNEY

=100 meV"”

(meV)

norm

Hard potential

20 gy =190 meV

Energy Transfer,e
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Note that the metal—gas potential was kept the same in the
two sets of data presented.

The collision energiegy were selected so thateg/3ky,
e [T—50,T+50], whereT=800 and 1500 K, respectively.
Comparing the high and low collision energy cases, it is seen
how a highe, is probing the structure of the cluster, while
the low collision energy only results in a smooth energy
transfer profile. This holds for both the soft and the hard
intra-cluster potential. Effects of the metal potential are in-
stead observed in the absolute energy transfer to the cluster.

-
-
-
-
-

In the soft potential case, the energy exchange is about twice *,_
) A : . 04} =l lamnn o)
that of the hard potential. This is in agreement with previous Lo
simulations performed at high collision energtéJhese au- 0
. . 00 500 900
thors related this effect to the analytical model by Maflan
for translational to vibrational energy exchange of a diatomic Temperature, T, (K)

oscillator. The model gives a relation of how the energy
transf_er is reduced with increasing vibration frequencytotal and vibrational energy. The lower panel corresponds to rotational and
(keeping the other parameters constant translational energy transfer.

In cluster scattering experiments, clusters are commonly
modeled as hard spher&sThe radius of the cluster is in
such approaches estimated from the Wigner—Seitz radius gfere varied, keeping the Lennard-Jones interaction param-
the metal and the number of atoms in the cluster. Our calcueters fixed. In Fig. 5, the results for collisions with,Pdre
lations offer a possibility to compare the hard sphere modeshown. In addition to helium(4.003 amy the gas mass
with the more realistic effective radius, given by the interac-equals neor{20.18 amy and argon(39.95 ami. The upper
tion potentials used in the simulations. In Fig. 3 the resultpanel shows the cluster at an initial temperature of 100 K,
from the simulations are compared with the energy expresand the lower panel the cluster at 500 K. The cross over from
sion from a hard sphere modéWith e,=190 meV, dotted negative to positive energy transfer is shifted for the three
lines. The absolute value of the energy transfer is in the hardifferent cases. This is, however, an effect of displaying the
sphere model a function of the “effective” mass of the clus- total energy transfer. For the vibrational degrees of freedom,
ter experienced by the gas atdfnHere we have used the the cross over occurs at the temperature of vibrations,
mass of a single palladium atom. The hard sphere energyamely 600 K in all cases. We find that the larger the mass,
exchange profile resembles the smooth low collision energyhe larger amount of energy is transferred to the clusters. The
profile. The largest impact parameter contributing to thecurves show two regions: At low temperatures the energy
mean energy transfer, is 6.5 and 5.5 A for the soft and theransfer is non-linear with respect to the gas temperatures,
hard potential, respectively. This could be compared with thexnd at high gas temperatures the transfer appears to reach a
hard sphere radii, being 5.3 and 4.2 A, respectively. linear behavior. It is obvious that the non-linear region is

The amount of energy transferred in a collision mayreflecting the differences in the absolute velocity distribu-
couple differently with the different degrees of freedom: vi- tions for the different gases at a given temperature. For the
brations, rigid rotations, and center of mass translations. In
Fig. 4, the energy transfer,, is resolved into these differ-
ent degrees of freedom in the case of;fdolliding with

FIG. 4. Helium atom collisions with Rgat 500 K. The upper panel shows

-

helium atoms. The energy transfer is given as a function of 12} T, =100K m@g\;ﬁ-“"‘.
gas temperature, and the cluster temperature is 500 K. A zero _‘,.—\‘“;‘@g)_.——‘

energy exchange is found in the total energy for a gas tem-
perature of 500 K. In the vibrations, this cross over occurs at
600 K, which is a result of that all kinetic energy of the
cluster, initially is in the vibrational degrees of freedom of
the cluster. This results also in an overall positive energy
transfer to rotations and translations. The slope of the energy
transfer into translations are larger than that for the rotations.
The slope for the rotations and the vibrations are, on the
other hand close, taking into account the large difference in
degrees of freedom, 3 versus 33.

Helium is commonly used as buffer gas in cluster
source$. Helium is light, and a larger energy exchange per
collision would actually be assumed if the gas atoms Wer%—IG. 5. The total energy transfer, as a function of gas temperature, for three

heavier, choosing argon or neon. To investigate this, we pelgiterent masses of the noble gas atoms. The cluster is initially at 100 and
formed a set of simulations where the mass of the gas atonsso K.

Temperature, T, (K)
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T. =100K ] Hard potential
Soft potential - - - - -]

QN A O

(meV)

norm

~4f . T =300K,500K
- -5f
100 500 900 100 500 900
Temperature, T, (K) Temperature, T, (K)

FIG. 6. The influence of the interaction strength in the Lennard-Jones interg|G. 7. The influence of the intra-cluster potential. The gas mass was 4.003

molecular potentialo and e correspond to the values for helium given in amu and the gas—cluster potential was the Lennard-Jones of He.
the text.

cluster potential. Here we investigate this problem by com-

heavier atoms, the velocities at low temperatures are of thparing the results of helium collisions with Rdvith helium
same magnitude as the metal atoms in their vibrations. Thisollisions with the soft potential. The energy exchange is
gives a resonance in the collision events, reducing the clustahown in Fig. 7 for two different temperatures, 100 and 500
cooling. K. We notice that the two potentials have very different

We notice that the hard sphere estimation for the differmelting temperatures, the Pdcluster shows a rigid-fluid
ence in energy exchange is out of order if the total mass ofransition at about 1000 K while the soft potential cluster
the cluster is taken into accouftFor example, a factor ten (sodium parameters with palladium mpakss this transition
in difference between helium and argon is predicted by theat about 320 K2 This gives that the cluster with this soft
hard sphere model, while the simulations indicate a factopotential is in a liquid state at 500 K, while both clusters are
four in the linear region. If instead we use the cluster mass asgid at 100 K.
an adjustable parameter, fitting the difference in energy ex- The effect of a softer cluster potential is a clear enhance-
change having different noble gas masses, we find a perfeatent of the collision efficiency. For the hard potential case,
agreement using the mass of a single Pd atom scaled withe effect of having the cluster at different temperatures is
1.75. In fact, this is in close agreement with the work bymore or less a rigid shift of the energy transfer curve. For the
Grimmelmanret al!? These authors were able to fit experi- soft potential, however, we demonstrate that a more efficient
mental argon scattering data on tungsten surfaces usingemergy transfer is obtained having the cluster in a liquid
hard cube model where the effective surface mass was 1diate. The overall larger energy transfer for the soft potential
times that of a tungsten atom. is in qualitative agreement with the simple model by

To examine the influence of the interaction between theMahan'® emphasizing the crucial importance of characteris-
gas atom and the cluster atoms we performed a series 6t vibration frequencies for the energy transfer.
simulations with the gas mass kept to helium mass and the
hard cluster potential fixed, while the Lennard-Jones poten-
tial between the gas and the cluster atom was varied, Fig. §
In the heating regions the effect of different potentials was In addition to the studies of how potentials, masses, and
found to be minor. However, having a largg;, and a small temperature influence the energy transfer efficiency, we stud-
oy, i.e., a potential well which is deep and narrow is ad-ied the cooling of clusters using noble gas collisions. This is
vantageous for an efficient cooling of the cluster. For thean essential issue in the understanding of the performance of
energy exchange into rotations we find that the potential wittcluster sources. It is also interesting from a computational
large o ; reduces the excitations of the rotations comparegoint of view, since most simulations at constant temperature
with o 5 e, While a narrowing of the potential increases theare done with thermostats such as the Ndseover
coupling to rotations. For translations, all changes to the pothermostaf® In a previous publicatioh> we compared a
tential resulted in an increased energy transfer, reflecting anoble-gas collisional thermostat with the Nes$t#oover
increased collision velocity. method, and found that the Nosdoover approach surely

The last issue we consider in the dependence of the emmimics the more physical collisional heating.
ergy exchange as a function of temperature, is the effect of An observation from the results presented abig. 7),
the cluster potentiafwe showed thé dependence aboye is that the energy exchange actually is linear with the gas
Previously, the energy exchange in the limit of large colli-temperature for the simulation of helium collisions with the
sion energie¥ has been shown to be influenced by the intra-model cluster. Furthermore, the slopes of the curves are al-

Cluster cooling
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most independent of the cluster temperature, as long as they
are rigid. Thus, theneanenergy transfer seems to be cap-
tured by an expressiore =k-(T4—T), wherek is the av-
erage slope in Fig. Kk, which we call the energy exchange
constant, is a function of atomic mass, cluster mass, and
interaction strengths. When estimating the effect on the clus-
ter temperature on a collision, one should recognize that ap-
proximately half of the energy transferred to the cluster re-
sults in changes of the internal potential enefgnd only

half of the transferred energy gives a change of the cluster
temperature. The temperature changdy in one collision

can therefore be estimated by

Temperature (K)

n 0 2500 5000 7500
7kbAT= 5 (Tg—To), (11 Number of Collisions

wheren is the number of atoms in the cluster. We notice that FIG. 8. Cooling of Pgs with collisions by helium.
this expression in the limit df/3k,=1 reduces to the energy -

transfer predicted by the strong collision assumption,
known from theories of unimolecular reactions. Using thein this case close to the solutions of Efj2), giving a some-
expression in11l) we arrive at a difference equation for the y

. what slower convergence due to the “liquid” to “rigid”
cluster temperature. The cluster temperature afiecolli- - ¥ o o .
. L transition. The “freezing” transition is clearly seen in our
sions is given by

data, signaling a temperature region in which the cluster tem-
m perature follows two different cooling curves. The region of
+Tg. (12 about 250 K, agrees well with the co-existence region, pre-
viously attributed to Pg,.*® The cooling rate in the simula-
This is a simple expression, which suggests that, for extion is about 20 K/ns, which is slow enough to get a physical
ample, about 2500 collisions are needed to cool g Blds-  description of the thermal transition. The co-existence
ter from 600 to 100 K. Experimentally, it is often the pres- regiorf® is an effect of barriers separating different regions
sure that is the known quantity. In Appendix C we show howof the phase space. The clusters can be trapped in some
Eq. (12) can be converted into an expression depending omegion at a given temperature, and cannot come into contact
noble gas pressure and temperature. with other regions corresponding to a different thermal phase
To verify the simple difference equation, we performedof the cluster. The freezing transition is also clearly seen in
another set of simulations where temperature of g Blds-  the total energy versus temperature characteristics not pre-
ter was investigated as a function of gas collisions. To simusented here. Clearly, this phenomenon can only be found
late this cooling process, the cluster was translated to thehen the cluster is simulated in a microcanonical ensemble.
origin after every collision event, keeping the atomic veloci-
ties un.changed. so as to allow both vibrations and]V_ CONCLUSIONS
translations/rotations of the clustdr.andv were generated
according to physical distributionf,(b) and f,(v) corre- We have used MD simulations to investigate the energy
sponding toTy=100 K. Figure 8 shows the result of single transfer in metal cluster—noble gas atom collisions. By vary-
helium atoms colliding with a Bd cluster. In the lower ing the parameters determining the energy exchange we are
panel the cluster is initially at a temperature of 600 K. In thisable to draw some general conclusioti$:The mass is im-
case, all degrees of freedom have the same temperature, i.pgrtant for the energy transfer, a larger mass of the noble gas
a rigid rotation and translation are initially added to the clus-atom results in a larger energy transfer. However, the scaling
ter. For the total cluster temperature, the results from thé not as fast as a hard sphere assumpti{oh.The intra-
simulation follow the simple expression in E(L2), using cluster potential is very important for the energy transfer. A
the energy exchange const&nderived from the simulations soft potential gives more efficient transfer than a hard poten-
above. A relevant question is whether the sameould be tial does.(iii) In our simulations we obtain a strong depen-
used in simulations of different cluster sizes. We checkedlence on the interaction between cluster and noble gas atoms
this by cooling an icosahedral Rdcluster from 800 K with  only in the low temperature limit.
a 100 K buffer gas, and found that the cluster temperature Our results offer a way to estimate the number of colli-
was fairly well described by Eq12) with k derived from the  sions needed to control the temperature of clusters by a noble
Pd, 5 simulations. gas atmosphere. Knowing the energy exchange constant, we
In the upper panel of Fig. 8, the cluster temperature idind that a simple difference equation holds for the estima-
initially at 1500 K, with zero temperature in rotations and tion of the cluster temperature. We find, for example, that a
vibrations. This is a temperature that is about 500 K abovd’d,; cluster is cooled from a liquid state to 100 K, by about
the melting transition in Pd. The temperature evolves also 3000 collisions.

Tc(m):(Tc(O)_Tg)'(l_Fkb
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APPENDIX A: INITIAL CLUSTER TRANSLATION

Maxwell-Boltzmann Distribution, f,,

The simulations have been performed with zero initial
kinetic energy in the rotational and vibrational degrees of 0 2000 4000
freedom. Here we show how it is possible to compensate for Relative Speed, v, (m/s)
the translations, using the present set of data.

If the cluster has an initial translatiow, the distribution FIG. 9. The dependence df,, on the different cluster center of mass
of the collisional speed is changed frofy(v,T,) into ~ ‘SmPeraures.
fow(vy W, Tg), wherev, is the relative speed between the
gas atoms and the cluster. The new distribution function with
the cluster speed is APPENDIX B: DOUBLE COLLISIONS

6000

o . Only single atom collisions occur in our simulations. It
fuw(vr,W,Tg)CKj d¢J de® v,e” m(v+ w22k Tg ging, is therefore important to investigate the probability for
0 0 double or higher atom collisions as a function of gas pressure
(A1) and temperaturgyg and T .
The gas atoms have a collision time(v), which we

m being the gas atom mass. regard as the time from the start at the cut-off limit until the
When this new functiorf, (v, ,w,Tg) has been evalu-  sampling period is over. The collision time increases when
ated, we can recalculatg(Tg) in Eq. (7) according to decreases. It is reasonable to assume that simultaneous col-

lisions do not affectr(v). The probability for single colli-
fu(b)f (v, W, T sions,P(s), is then
gi(Tg): b( |) vw( r g)’ (AZ)

fp(bi) fy(vi) p(s):efzfﬁdva(vﬁg)rw).fwdv f (v, Toe #); (B1)
0

e e B oo 15 e number o olsons per secondppendic O
as with différent speedw, corresponding to the tempera- The probability is dependent dspa, sincez increases if
9 P ' P g P bmax becomes larger. From our simulations we obtained

e e concentaton of e cster i o elae {0, We fin that the i for = en iy be
! gas, u deled with an exponential function. Using this fit will

considered as being a beam and the results above are vajj derestimate the pressure limit for multi atom collision.

for each cluster, With the fitted7(v) we find that afT, = 500 K, more than
. ) 98% of the collisions are single collisionsH is less than
foul(vr Tg e cm)“f dw wPe™ MW2/2kacvchA Wd(ﬁ 150 mbar. The pressure in a cluster source is usually about
' 0 0 100 mbar.

,f”dg vle mv+ w2 Ty i g
0 APPENDIX C: PRESSURE DEPENDENCE

A3
(A3) The energy transfer from the noble gas to the cluster

may also be expressed as a function of time and pressure.
Considering the center of mass speed of the clusters to be
zero, the number of collisions per second between a specific
cluster and noble gas atong,is

M is the mass of the cluster, afd ., is the center of mass
temperature of the cluster.

The graphs foff (v, T, Tc cm) With Ty equal to 500
K, and T; ., equal 0, 500, and 1500 K, respectively, are

shown in Fig. 9 for the case of Rd There is no difference 87
betweenf, andf,,, in the 0 and 500 K cases, while a slight ~ Z=Ppqg mkTmax (CY

influence of the center of mass temperature is observed with o
1500 K. Thus, we may conclude that an initial zero cluster ~ The total energy transfer per second to a clustgy, is
speed has a minor effect on our results. obtained as

J. Chem. Phys., Vol. 107, No. 8, 22 August 1997

Downloaded 03 Nov 2003 to 35.10.222.171. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Westergren et al.: Noble gas temperature control of clusters

€p \/ = pg \l bo € norm:

(C2
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