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The slowing of Pt nanoparticles in argon background gas was characterized by Rayleigh scattering

imaging using a plume of nanoparticles generated by femtosecond laser through thin film ablation

of 20 nm-thick Pt films. The ablation was performed at threshold laser energy fluences for complete

film removal to provide a well-defined plume consisting almost entirely of nanoparticles traveling

with a narrow velocity distribution, providing a unique system to unambiguously characterize the

slowing of nanoparticles during interaction with background gases. Nanoparticles of �200 nm

diameter were found to decelerate in background Ar gas with pressures less than 50 Torr in good

agreement with a linear drag model in the Epstein regime. Based on this model, the stopping dis-

tance of small nanoparticles in the plume was predicted and tested by particle collection in an off-

axis geometry, and size distribution analysis by transmission electron microscopy. These results

permit a basis to interpret nanoparticle propagation through background gases in laser ablation

plumes that contain mixed components. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902878]

Understanding how nanoparticles propagate through back-

ground gases is important for many thin film and nanomaterial

growth processes, especially in pulsed laser deposition, where

nanoparticles comprise a significant fraction of the material

ejected from a target.1–5 Femtosecond laser irradiation of solids

produces a high fraction of nanoparticles in the plume,1,6–14

and understanding how these nanoparticles penetrate back-

ground gases is important not only for synthesis of new materi-

als but also for laser sampling and machining.

Only a few experiments have studied the propagation of

fs-laser plumes through background gases.7,10 Collecting

nanoparticles on witness plates placed at different distances

from the target confirms that nanoparticles of different size

have different stopping distances in a background gas, and

that this can be used for size separation.15 In situ plume

emission studies7,9,10 typically reveal two plume components

emitted from solid targets irradiated by fs-lasers: a fast,

highly forward-directed component of plasma fluorescence

attributed to atoms and molecules that exhibits a plume

sharpening effect similar to that observed in MALDI,16 and

a slower component of material that emits blackbody radiation

which is attributed to nanoparticles. In a background gas, the

two components propagate differently. The fast (atomic/molec-

ular) component becomes rapidly slowed to nearly stop, and

the slow (nanoparticle) component overtakes it to propagate to

longer distances.16 Tracking nanoparticle propagation in these

studies is complicated by this overlap of plume components,

by the generation of new nanoparticles by condensation of the

atomic/molecular component, and by the lifetimes of the

plasma fluorescence and the blackbody radiation due to ther-

malization in the background gas.

Recently, we showed that near-threshold through thin

film ablation (TTFA) of nanometers-thin Pt films in a low

fluence regime produces a compact plume composed nearly

entirely of hot nanoparticles that we imaged using their nas-

cent blackbody emission.17 Unlike previous studies, the

compact plume displayed a well-defined velocity distribution

wherein the trailing edge velocity was comparable to that of

the leading edge, and the plume itself was observed to

rebound off of donor and receiver surfaces, indicating that

witness plates may not provide accurate nanoparticle size

distributions.

Here, we utilize this well-defined velocity distribution

of Pt nanoparticles to unambiguously understand how they

propagate and slow in background gases, and we employ

Rayleigh scattering imaging as a diagnostic to follow the

nanoparticles long after they have cooled.

As shown in Figure 1 and described in Ref. 17, 20 nm-

thick films of Pt were e-beam evaporated onto 1.5 mm-thick

fused silica substrates and ablated from the backside using

single fs-laser pulses (Coherent Legend HE, 800 nm, 40 fs,

40–60 mJ/cm2, 20 � 25 lm2). A sheet beam from a second

laser (Quanta Ray DCR-11, 355 nm, 8 ns) was brought to a

1 cm-long line focus and oriented to intersect the ejecta in

front of the target. Rayleigh scattering (RS) imaging was

recorded at different time-delays with respect to the ablation

beam by a gated, intensified CCD (ICCD) camera, mounted

FIG. 1. Schematic of experimental setup showing orientation of fs laser

beam, thin film target and fused silica host substrate, sheet laser beam for

Rayleigh scattering, and axis of nanoparticle propagation. ICCD camera

(not shown) was oriented normal to the page for side-on imaging. For nano-

particle sampling, lacey-carbon coated TEM grids were oriented and placed

in one of the two locations shown.
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orthogonal to both laser beams. A fresh Pt region was used

for every laser shot. Nanoparticle sizes collected on lacey

carbon TEM grids placed in one of two sampling locations

(shown in Fig. 1) were measured by a Libra 120 transmission

electron microscope.

Fig. 2(a) shows selected RS-ICCD images collected dur-

ing the first 100 ls following TTFA of 20 nm-thick Pt films

in vacuum, and in 12.8, 25.5, and 51.7 Torr Ar. Most notable

is the formation of a highly forward-directed, compact

plume, which, contrary to plumes observed from bulk tar-

gets, had a trailing edge velocity that was comparable to that

of the leading edge. More interesting, however, was the

progressive slowing that occurred as the Ar pressure in the

processing chamber was increased, until finally at 51.7 Torr

the ejecta was observed to “stop” approximately 5 mm from

the surface of the target after �100 ls. After stopping, the

plume remained stationary and could be observed for nearly

2 s until the nanoparticles diffused away.

Plots of the nanoparticle slowing dynamics were made

by analyzing the RS-ICCD images as shown in Fig. 2(b),

with the resultant centroid of each image along the target

surface normal plotted for the different background pressures

as shown in Fig. 2(c). The propagation dynamics for the

nanoparticle plumes were fit, for the reasons described

below, with a model involving a drag force that had a linear
dependence on particle velocity.

A spherical particle of radius, r, moving within a station-

ary gaseous medium with mean free path, k, can be expected

to slow from the collective effects of collisions with individual

gas molecules when r � k, in the particle regime, by the

Epstein drag force. Alternatively, when r� k, particle slowing

results from a frictional force exerted by a viscous fluid, in the

fluid regime, by the Stokes drag force.18,19 Stokes and Epstein

drag forces can be shown to be equal when r¼ 9/4 k, formally

defining a transition point.19 In all of the experiments here,

r< 9/4 k since the largest r measured was 0.15 lm and the

smallest k (at PAr¼ 51.7 Torr) was �1.2 lm (kinematic diame-

ter of Ar taken as in Ref. 20). Slowing is predicted to result

from collisions between individual nanoparticles and mole-

cules by the Epstein drag force.

The Epstein drag force is linear with the relative veloc-

ity between the particle and the gas, and is expressed as

shown in Eqs. (1) and (2) for the equations of motion

expected for a spherical particle in our experiments.

mp
d2x

dt2
¼ � 4

3
pdnmgĉr2trx; (1)

mp
d2y

dt2
¼ � 4

3
pdnmgĉr2try þ mpg: (2)

Here, x and y are the positions of the particle along the

surface normal of the target and in the direction of gravity,

respectively, mp and mg are the respective masses of the parti-

cle and the gas molecules, n is the number density of the gas, ĉ

is the mean thermal velocity of the gas, vr is the relative veloc-

ity between the particle and gas, r is the particle radius, g is the

acceleration of gravity, and d describes the interaction between

the particle and a gas molecule, which was assumed to be close

to 1þp/8 for metallic particles.19 Assuming the gas is essen-

tially stationary, vrx,� dx/dt and vry,� dy/dt, and the solutions

to Eqs. (1) and (2) can be written as shown in Eqs. (3) and (4),

where x1 is the position at which the particle comes to a stop

and the slowing parameter, a, is as shown. Note that the initial

velocity of the particle, vo¼ a�x1,

xðtÞ ¼ x1ð1� e�atÞ ; (3)

y tð Þ ¼ g

a
t� 1

a

� �
1� e�atð Þ; (4)

where a ¼ 4

3
pdn

mg

mp
ĉr2:

FIG. 2. (a) Side-on ICCD images (50 ns-gate) of Rayleigh-scattered light

from a packet of nanoparticles at the indicated times after fs-laser ablation

of 20 nm-thick Pt films in background Ar at the indicated pressures. (b)

Example of image intensity binning to determine a line profile, which is

curve-fit to determine the plume centroid. (c) R-t plot of the plume centroids

along the target surface normal in vacuum, and Ar pressures of 12.8, 25.5,

and 51.7 Torr. The blue lines represent fits of Eq. (3) to the experimental

data. (d) Slowing parameters, a, derived from the curve fits in (c).
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To make fitting of the experimental data more convenient, a
was recast as shown in Eq. (5), where P is the gas pressure,

D is the particle diameter, q is the density of the particle, M

is the molar mass of the gas, R is the gas constant, T is the

gas temperature, and all other values are as before,

a ¼ 4dP

Dq

ffiffiffiffiffiffiffiffiffi
2M

pRT

r
: (5)

Note that q in Eq. (5) requires some consideration as it is de-

pendent on the temperature of the particle. A reasonable esti-

mate here is based on our recent finding that Pt particles are

nearly molten during fs ablation of thin Pt films, with

temperatures as high as 1700 K being measured 50 ls after

ablation of a 20 nm Pt film.17 At this temperature, the expan-

sion of Pt is slightly more than 1.5%,21 making the density

only �1 mg/cm3 lower than the room temperature value of

�21.5 mg/cm3, so particle density was regarded as a constant

in our fits.

Recognizing that the plume showed no collective dis-

placement in the y direction for the gate delays used here,

Eq. (4) was ignored temporarily, and only Eq. (3) was

applied to fit the experimental data in Fig. 2(c). As shown in

Fig. 2(d), a was linear with pressure with a slope of

0.707 6 0.0333 ms�1/Torr, indicating that nanoparticle size,

D, did not vary systematically with pressure as would be the

case if aggregation and/or condensation were occurring.

Using this slope, and a density of 21 mg/cm3, a particle size

range of 161 6 7.6 nm was calculated.

To understand the nascent nanoparticle size distribution

produced by TTFA in vacuum, nanoparticles were collected

on a TEM grid placed 9 mm along the target surface normal as

shown in Fig. 1. Figures 3(a) and 3(b) show representative

TEM images of the particle morphologies and the resulting

diameter range, which exhibits two components. The

161 6 7.6 nm particle diameter resulting from the analysis of

the slowing data in Fig. 2 agree within 1 standard deviation of

the mean (191 6 40.1 nm) of the broad second component in

the particle size distribution shown in Fig. 3(b). This strongly

indicates that, as expected, the RS images in Fig. 2(a) primarily

follow the propagation of nanoparticles found in the second

mode of the particle size distribution, the behavior of which in

a background gas is well-described by a mean particle diame-

ter because of the compact nature of the plume. Indeed,

placing witness plates at locations both within and beyond the

measured stopping distances x1 resulted in measurable or

undetectable nanoparticle deposits, respectively.

The pressure-dependent data of Fig. 2 and the theoretical

framework of Eqs. (1)–(5) suggest methods to selectively col-

lect and size-separate as-synthesized nanoparticles generated

under these unique conditions. Since a in Eq. (5) is a function

of P/D, the stopping distance x1¼ vo/a for particles of diame-

ters different than the nominal 161 nm measured in Fig. 2

should be predictable by reducing the pressure proportionately.

For example, assuming the �10 nm particles from the distribu-

tion shown in Fig. 3(b) were launched with the same initial

velocity, for them to just stop at a distance of 4.9 mm as in Fig.

2(d), the Ar pressure should be reduced by a factor of 10/161

from 51.7 Torr to 3.2 Torr. However, at 3.2 Torr the stopping

distance for large particles is far greater than 4.9 mm (see

Fig. 2), so the off-axis grid location shown in Fig. 1 was cho-

sen to allow the highly forward directed large particles to

bypass the collection grid, while the smaller stopped particles

were allowed to freefall onto the grid via gravity between laser

shots.

Using Eq. (4), and the dimensions shown in Fig. 1, the

time required for a 10-nm particle to fall 2.6 mm is predicted

FIG. 3. TEM images and particle size distributions of Pt nanoparticles

collected on lacey carbon TEM grids following 40 fs-laser ablation of

20 nm-thick Pt films on fused silica (after 4000 single shots at unique film

locations). (a) and (b) Nanoparticles collected in vacuum on a vertical TEM

grid positioned on-axis and 9 mm from target, exhibit a bimodal particle size

distribution. The size range predicted from the drag model analysis is shaded

in blue. (c) and (d) Nanoparticles collected in 3.2 Torr Ar by a horizontal

TEM grid positioned 2.6 mm off-axis and 5 mm from target (see Fig. 1)

exhibit a unimodal particle size distribution.
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to be 11 s. Therefore, a dwell time of 15 s was used between

the �4000 laser shots. Representative nanoparticles col-

lected are shown in Fig. 3(c) and a size distribution is shown

in Fig. 3(d). The measurements indicate that the very small

mode of nanoparticle diameters measured in Fig. 3(b) are

separable with the appropriate choice of background pres-

sure, and appear to follow predicted trajectories resulting

from a similar initial velocity as the much larger nanopar-

ticles imaged by RS in Fig. 2.

In summary, near-threshold fs-TTFA of nm-thick metal

films provided a unique ablation plume of nanoparticles, free

of plasma emission, and condensation effects, to understand

how laser-generated nanoparticles slow in background

gases—providing key knowledge to understand and predict

nanoparticle propagation relevant to pulsed laser deposition,

laser sampling of surfaces, and nanomaterial synthesis.

ICCD-imaging of Rayleigh scattered light, using a time-

delayed sheet of laser light, provided selectivity compared to

typical blackbody emission studies, imaging primarily larger

nanoparticles of Pt penetrating Ar backgrounds. A compari-

son of R-t plots of the propagation dynamics and TEM anal-

ysis of the collected nanoparticles show that the nanoparticle

slowing is in good agreement with a linear drag model in the

Epstein regime, with �160 nm-diameter nanoparticles pene-

trating Ar pressures of �10 Torr to distances of �20 mm,

and 10 nm-diameter nanoparticles penetrating Ar pressures

of �3 Torr to distances of �5 mm. Based on this model, the

stopping distances of arbitrary diameter nanoparticles in the

plume can be predicted and used for size separation, as dem-

onstrated. These results permit a basis to interpret nanopar-

ticle propagation through background gases in laser ablation

plumes that contain both nanoparticle and plasma

components.
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