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We report on a new optical technique that uses light forces and a time-of-flight spectrometer to
make absolute measurements of cluster polarizabilities. This is also the first accurate report of an ac
polarizability measurement of a condensable cluster in the gas phase. We have determined the
optical polarizability of G, at the fundamental wavelength of a Nd:YAG la$2r064 x.m) to be
a=79+4 A3, © 2000 American Institute of Physid$0021-96060)01038-7

For the first time we report on a technique for measuring  Since this is the first report of this system in the litera-
the ac polarizability of condensable clusters in the gas phaséure, we will describe important aspects of the apparatus.
As our first application, we have measured the polarizabilityThere are three main experimental elements: a source for
of Cgo and the resulting measurement is the most accurate toold clusters, a cluster beam collimation tube that includes a
date of a cluster larger than a dimer. Robust methods folight force interaction region, and a linear time-of-flight mass
accurately measuring electronic and optical properties arepectrometer—see Fig. 1. The cluster source is a dual-valve,
important to serve as benchmarks for theory since calcularont laser-vaporization source similar to that of Smalley and
tions of such properties for large, many-particle systems argo-workers:® Helium gas is rapidly injected into a mixing
challenging. In addition, our technique is important in four chamber to cool the hot cluster plasma produced by laser-
ways: (i) it provides anabsolute measuremenf the polar-  ablating a thin-film target of gz. This source produces sig-
izability of clusters in the gas-phas@,) it is universal—the  nificantly colder clusters than those produced by the single-
detection scheme is independent of the particular propertiegalve, side laser-vaporization source we originally
of the particle being measure(j ) it can be extended to find constructed. A unique feature of this source is that front ab-
tensor polarizabilities and (iv) it could be applied to mea- lation produces larger beam fluxes than side ablation sources.
sure thepolarizability of ionsor ionic clusters. In this last However, this geometry gives rise to the problem of bringing
way, our method is unique. laser light down the vacuum-beam tube through a pair of

Until now, all gas-phase measurements of cluster polareollimating slits used to narrow the phase-space distribution
izabilities have been in static fields. This includes metalof the cluster beam. Since the slits are narfslit gap=200
clusters™* semiconductor clusters] and insulating xm), light is severely diffracted when transmitted through
clusters® For the first time, we report a direct measurementthe slits. As a result, we constructed a glass slit and a glass-
of the ac polarizability for a free cluster. Actually, an ac metal slit to collimate our cluster beaamd pass laser light.
polarizability measurement of theggcluster in the gas To our knowledge, this is the first report of the successful
phase using Rayleigh scattering has been previouslyse of glass/glass-metal slits to collimate a particle beam.
published!® but the reported value differs by a factor of 12 The second element is the light force interaction region,
from our measured ac value, from the static v@laed from  consisting of a dielectric mirror mounted on the second slit
the mean of published theory values. Hence it is uncleagssembly, but behind the second slit—see Fig. 2. A pulsed
what physical condition or experimental artifact their re- Nd:YAG laser beamX=1.064 um) is retroreflected off the
ported measurement represents. All previous cluster meawirror to produce a standing wave in a direction orthogonal
surements have been relative measurements: for sodium at@ithe cluster beam axigz{axis). A cluster in anoscillating
potassium clusters the atom was the referénfe; alumi-  field that is detuned far from any resonances experiences a
num clusters, lithium atoms were the refereAder semi- time-averaged force that is conservative. The conservative
conductor clusters the aluminum cluster measurements of derce only affects the motion along one dimensitthe
Heef were the referenceand for the lithium clusteréand  propagation axis of the lasesaxis). The equation of motion
lithium—sodium compoundsither lithium or sodium atoms for a molecule experiencing such a force can be wriften
were the referenc&? For the static measurements af,@nd )

KCso: _Iithium aFoms were used. Note that 'Fhe _s_tf_itic-_field d—x=d—U=V(y,z)f(t)sin(2kx), 1)
deflection technique to measure cluster polarizabilities is not ¢tz  dt

relative by nature, but it is more accurate to measure the ) ) .

cluster polarizability relative to an atomic “calibration stan- Wheret is the time anck=2=/\ is the wave vector of the
dard” polarizability than to directly account for the electric- 19ht- The characteristic velocity is

field pole geometry. An overview of polarizability physics 1672

(including that for clustenscan be found in Ref. 11, while a V(y,z)= M)\C}'(y,z)azz, (2
treatment of metal cluster physics can be found in the nice

review by de Heet? whereM is the mass of the clusteg s the speed of light, and
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enced by the clusters interacting with the light are orthogonal
source to their motion and so they get deflected in both directions
chamber along the standing wave axis. The result is a redistribution of
the clusters in phase space—see Fig. 2. The clusters receive
velocity kicks whose magnitude depends on cluster position
within the standing-wave beam. The Nd:YAG pulse is so
light-force collimation short (it has a Gaussian temporal profile whose FWHM is
interaction region tube =7 n9 that each cluster stays nearly in the same position
during the laser pulse. This assumption that the particles do
standing-wave — —| slit #2 not move a §ignificant amount d.uring the If':lser pulse is called
the sudden impulse approximation. If, during the laser pulse,
a particle moved over a significant region of spésay\),
then the light force would average out and only a small net
velocity kick would result. Extensive calculatidfig® have
shown that if each cluster moves less thahO during the
laser pulsgarbitrarily chosep then the sudden impulse ap-
proximation is excellent. For our experiment we estimate the
motion during a pulse to b&/20. The velocity kicks will,
with the passage of time, manifest themselves as a spatial
redistribution of the clusters in the direction orthogonal to
f=2m <> the beam direction. This spatial redistribution occurs down-
stream of the light-force region. The theory of the light force,
including a description of the phase space redistribution in
some limiting cases, has been discussed edfli€his refer-
FIG. 1. A sketch of the experimental apparatus. ence and references ther®idiscuss in detail the applicabil-
ity of the light-force interaction to the measurement of par-
ticle polarizabilities. Specifically, these references discuss
the dependence of spatial and velocity distributions on light-
force fluence, their dependence on detuning from resonances,
how the laser pulse duration and laser polarization affect the
interaction and distributions, and how the directions of the

'If] tEe %‘;C;r('tc)'f'igk:h‘ée;tg\:v:en\/g;? i?]t pgrsn'}gg’(g gft tt;gelgser two intersecting light-force laser bearfts form a standing
q. y varying P wave affect the interaction.

Ise. Physically, the char ristic veloci rr n . : . .
puise ysically, the characteristic velocity corresponds 1o The third experimental element is the ion chamber and

the maximum kick that can be given to a cluster by the light . .
g y ¢ inear time-of-flight mass spectromet€éFOFMS) that we

force. Here, the light is assumed to be linearly polarizeoI ) .
along thez-axis. The polarizability in Eq(2), a,,, corre- built to separate and detect different cluster masses. The

sponds to a particular component of the polarizability tensofMe-0f-flight axis is perpendicular to the original cluster
(see Ref. 11 Since G, is isotropic, its polarizabilityx is a b_eam axis. Our TOFMS is a modified version of one de-
scalar. The clusters experience a light force proportional t§igned by de Heer and co-workéf$ie operate the TOFMS

their polarizability at the laser frequency. The forces experiin @ position-sensitive mode, where an ion’s time-of-flight
depends on its initial position at the time of ionization. The

time-of-arrival curve produced by ions at the detector then
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is the fluencgenergy/arepof the laser pulse. Here E(z,t)

second X corresponds to a spatial image of the clusters along the time-
slit standing-wave of-flight axis. This one-dimensional spatial distribution will
laser z change if the light force is applied, so the basic measurement

cluster consists of recording two different cluster ion versus time
beam :r>/'/® data sets. One set is the no light-force distribution and the
| other set is the light-force distribution. Clusters are ionized
> ®——
O

@ T ") in the middle of the TOFMS acceleration plates ArF laser
:\\O light at \=193 A. The light is focused with a fused quartz
| lens (f=21 cm at\ =193 A). However, the clusters intersect
' the laser beam at a distancefd8 from the focal point. The

estimated fluence of the ArF light in the ionization region is

¢=20 mJ/cnd. The ions were detected by an MCP array.

L . ) ) _The resulting signal was recorded by a fast digital oscillo-
FIG. 2. Velocity kicks given to the clusters in the standing wave beam will

change their downstream spatial distribution. The kicks are orthogonal to th§90pe and S_tored_ in files for l"_it_er anaIyS|s. The experiment
original cluster beam direction. will be described in more detail in a longer paper.
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FIG. 3. Spatial distribution of g clusters when no light force is applied.
The smooth curve is a theoretical fit to the experimental data.
To understand the data analysis needed to extract thi o
polarizability, consider Fig. 3 which shows the number of ) —————

cluster ions vs. time in the case of no light force. The cluster 200 400 600 800 1000 1200
distribution consists of a group ofggisotopes with the fol- Time (ns)
lowing probabilities: 720 amu—52.5%, 721 amu—34.1%,
722 amu—10.8%, 723 amu—2.20%, 724 amu—0.31%. |rfIG. 4. Spatial dist'ributi.on of & clustgrs when the light force is applied.
. " . The smooth curve is a fit to the experimental data.
the position- sensitive mode, the TOFMS has its mass reso-
lution significantly degraded from its peak, but it still retains
the basic feature that different masses arrive at the detector at
different times. However, the variousgCisotopes are not ter off slit walls, perhaps a small amount of delayed ioniza-
individually resolved in this mode, but are smeared out dudion, and inhomogeneities in the fields in the TOFMS. To
to the inherent loss of time resolution in the position sensidllustrate the size of the broadening paramdigy,,qto the
tive mode. This results in a g signal that is broadened overall width, we note that the data in Fig. 3 exhibit a
compared to the case of only a single isotope. Hence thEWHM of I'ryyv= 160 ns. The best fit givelSy;oa4= 70 ns,
fitted curve in Fig. 3 represents the sum of five basic curvesnd so the actual width in the absence of khg,,4broaden-
(one for each isotopewith weights that correspond to the ing is VT 2= I 2oa 144 NS. Hence, thE .4 broaden-
probabilities of the different isotopes. The time that separatesg amounts to about a 10% effect.
the curve for each isotope is determined from an ion optics To analyze the light-force data, consider Fig. 4. This is
program. We input our TOFMS plate geometry and the pro-one of three curves that are simultaneously fit to determine
gram calculates the mass dispersiat/Am). The time-of-  the polarizability. When the light force is applied it is impor-
flight calculated with this program agrees to within 1.5% oftant to know which “slice” of the cluster beam is affected.
our experimental observations. The resulting mass dispersiobhen, ideally, you would just ionize that slice of clusters. To
for our plate geometry and voltages is 42 ns/amu. This padnderstand these statements more clearly, note that the light-
rameter is fixed in the fit to the experimental data. Also fixedforce laser beanimoving along thex-axis) is at right angles
in the fit is a broadening parameteg.,, which accounts for to the cluster beanimoving along thez-axis—see Fig. 2.
the finite pulse lengtiFWHM=14 n9 of the excimer laser. The length of the cluster beam along thaxis is 14 cm
Since ionization is a two-photon process here, we convolvéFWHM) while the intersecting YAG light-force laser beam
the square of the temporally varying intensity of the excimerhas a width(along z) of 7 mm. Hence the YAG will only
pulse with the basic cluster spatial distribution. In fact, theaffed a 7 mm*“slice” of the cluster beam. We can decide
only parameters that are varied in generating the fit in Fig. 3vhich fraction of this 7 mm slice of the cluster beam to
are the zero of time, i.e., the time shift of the fit relative to observe by adjusting the timing between the light-force laser
the experimental data and an additional broadening paranand the ionization laser. Due to the structure on the light-
eter which we label,,,,g. We believe that the dominant force laser beam profile, different sections of the selected
contributor tol',,,qiS @ broadening of the spatial distribu- cluster beam “slice” are exposed to different laser fluences.
tion due to scatter of the clusters off of background gas in thdo account for this, we measured the laser profile with a
vacuum. The vacuum in the region between the slits is Svindowless CCD camera. We took three consecutive sets of
X107 Torr with source off and aboutX@10™ 7 Torr with  data with different time intervals between the light-force la-
source on. The vacuum in the TOFMS is<30 7 Torr.  ser pulse and ionization laser pulse. The precise difference in
However, the total cluster path is about 3 m, which is quitetime between adjacent data sets was50®1 ns. Since we
long. Additional contributing effects to broadening are scat-know the speed of our clusters to better than 0.5%, we know
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the spatial gap between the adjacent cluster slices. The threed our value is quite good, although according to the rela-
data curves that result are then fit to the theoretical curvetve values in their curve, our ac value should be slightly
using the fluence information from the camera. The fit pajower than the measured dc value. However, the measured
rameters are the origin in timgime shift of theory curves static value for free g, our measured ac value for fregC
relative to data curvesand the polarizability. The overall and the values they extract from the dielectric function agree
energy hitting the camera was measured using an energyithin error. We would expectr(w)>a(dc) for the free
meter. Since the size of a camera pixel is accurately knowrCgq cluster, since the main resonances for freg li2gin in
the fluence on each pixel could then be calculated. the blue at about 420 nm and the resonances grow stronger
Our fits result in a G, polarizability value ofa=79 asfw increases. The closest IR active vibronic resonances
+4 A3, Several factors contribute to the error estimate.occur at about 0.15 eV, and they seem too far away and too
First, the calibration accuracy of the energy meter is 4%weak to significantly affect the polarizability at 1.2 eV. Per-
Second, two fit parameters introduce error: the willth,,4  haps a theoretical calculation of freg;gCwould show a
from the no light-force data has an uncertaintyZ02.7%;  slightly higher polarizability value ax =1.06 uwm than the
the polarizability from the light-force data has an uncertaintydc value.
of 2.1%. Finally, the uncertainty in the TOFMS for the iso- To summarize, we have developed a new technique for
tope spacing is 1.5%. Combined in quadrature these uncemaking absolute measurements of cluster polarizabilities. It
tainties produce an overall error of 5%. is the first measurement of the ac polarizability of a condens-
There has been a keen interest in the polarizabilitygf C able cluster in the gas phase and it is the most accurate mea-
due to the fact that this specie is at the crossroads betweenurement to date of the polarizability of a cluster larger than
molecular and nanostructure science. As a result, a substaa-dimer. We hope to apply it to other interesting clusters in
tial variety of theoretical techniques, including condensedthe near future.
matter methods, molecular structure calculations, and
nuclear physics techniques, have been used to find values for

the static G polarizability. Although theoretical values for

the static polarizability range from 36 to 154 Athey aver-  University and from the National Science Foundati@on-
age and cluster in the 80—85%kange—see Ref. 11 for a tract No. 94204411 We thank Walt de Heer of Georgia Tech

summary. The static measurement in the gas phiszsis for many helpful discussions and Robert Haufler of Com-
+8 A3 and the thin-film results are in the 83—93 Aange— stock, Inc. for his advice and suggestions about the cluster
again see Ref. 11. Although no theoretical calculations foPPurce. We are also grateful for drawings of the ablation
the dynamical polarizability of free gghave been published, Source block from L-S. Wang of the University of Washing-
it is relevant to discuss what frequency dependence we e)ggn_ and_for helpful discussions with Robert Compton of the
pect the polarizability to have. Perhaps the best guide folPNiversity of Tennessee.
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