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We determine cluster mass fraction fc(r,t) at position r within, and time t after firing, a pulsed

supersonic gas jet by measuring femtosecond evolution of the jet’s refractive index by

single-shot frequency domain holography. A fs pump pulse singly ionizes monomers, while

quasi-statically ionizing and heating clusters to a level at which recombination remains

negligible as clusters expand. Under these conditions, index evolves in two simple steps

corresponding to monomer and cluster contributions, allowing recovery of fc without detailed

cluster dynamic modeling. Variations of fc with t are measured. VC 2012 American Institute of
Physics. [doi:10.1063/1.3683543]

Interaction of intense laser pulses with atomic clusters

has impacted several areas of laser-plasma science,1 includ-

ing controlled generation of hot plasma,2 energetic neu-

trons,3 pulsed x-rays,4 optical harmonics,5 and plasma

waveguides,6 as well as laser-driven acceleration of elec-

trons7 and ions.8 These experiments typically use clusters of

average radius �rc > 10 nm (containing N#> 105 atoms/clus-

ter) formed by condensation in pulsed supersonic noble gas

jets of total atomic density Ntot� 1019 cm�3. Accurate inter-

pretation of these experiments relies on accurate characteri-

zation of Ntot, �rc, and cluster mass fraction fc:N#Nc/

(NmþN#Nc), where Nm and Nc denote the number density of

monomers and clusters, respectively. Ntot is typically deter-

mined by interferometry of the neutral jet, and �rc by Ray-

leigh scatter9 and/or estimates based on Hagena’s empirical

parameter C*.10 By contrast, no generally accepted method

exists for estimating or measuring fc for jets typical of

intense laser experiments, although techniques restricted to

lower Ntot and �rc and/or to molecular gas jets have been

reported.11 While fc� 1.0 is often assumed,9 simulations of

cluster formation16 show fc< 0.5 is typical for room temper-

ature supersonic rare gas jets. Not only is direct knowledge

of fc lacking, but Rayleigh scatter measurements yield an

algebraic combination of Nc and �rc, and thus rely on an

unverified assumption about fc to extract �rc. Thus an in-situ
method for determining fc in dense noble gas jets is needed.

Here we determine fc(r,t) at position r within, and time t
after firing, a cluster jet by a single-shot, fs-time-resolved,

frequency domain holography (FDH) (Ref. 13) measurement

of the jet refractive index njet(r,t;s). Here s denotes time

delay after a 40 fs, 800 nm, �2 mJ pump pulse ionizes both

monomers and clusters. Ionization of monomers (and possi-

bly very small clusters) causes njet to drop immediately dur-

ing the pump by an amount proportional to Nm, before large

ionized clusters contribute significantly to njet. The latter

begin to contribute after several hundred fs, when their inter-

nal electron density drops to the critical density

ncrit ¼ e0mex2
pr=e2 of the probe pulse (frequency xpr) as a

result of hydrodynamic expansion. The details of this evolu-

tion, however, are not relevant here. The present method

relies only on the asymptotic value of njet, reached after clus-

ters expand into uniform monomer plasma, causing a second

delayed drop in njet that is proportional to N#Nc. Thus njet

evolves in two steps corresponding to monomer and cluster

contributions, allowing recovery of fc. Since s is measured in

fs and t in ms, the jet may be considered frozen in t through-

out the index measurement. In a recent conference proceed-

ings paper,14 we presented a preliminary measurement of 2-

step index evolution using multi-shot frequency-domain

interferometry, in which njet(s) for each delay s is measured

on a separate shot. However, shot-to-shot fluctuations of the

laser and jet significantly compromised the results. Here, by

measuring njet(s) in a single shot, sensitivity to shot-to-shot

fluctuations was eliminated. Moreover, the greatly increased

measurement speed enables convenient scans of the depend-

ence of fc on jet parameters (e.g., t, backing pressure,

temperature).

In our experiments, a solenoid-controlled valve (General

Valve Series 9, opening time 800 ls, backing pressure

500 psi at RT) controlled a supersonic argon jet emerging

from a conical nozzle (750 lm orifice, 9� half angle,

C*� 1.3� 105) into a 10�3 Torr vacuum. Fig. 1 shows the

FDH schematic. A 10 Hz train of 800 nm, 40 fs Ti:S laser

pulses with 106:1 peak-to-background ratio at 1 ps from the

peak (higher at longer times) was split into pump and probe

beams. Probe pulses were frequency doubled in a 500 lm

KDP crystal, split by a Michelson interferometer into probe

and reference pulses separated by 3 ps, each chirped to �2 ps

FIG. 1. (Color online) Schematic set-up for single-shot, fs-time-resolved

measurement of cluster gas jet refractive index njet(s). Frequency-domain

hologram (lower right) records pump-induced phase alterations imprinted on

probe.a)Electronic mail: downer@physics.utexas.edu.
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duration in 2 cm SF10 glass, and irised down to ensure a large

focused spot with uniform wavefront. These 400 nm pulses

recombined with the 800 nm pump at a dichroic beam splitter,

with reference pulse leading and probe spanning delays

�0.75< s< 1.3 ps. An off-axis parabola focused the 3 co-

propagating pulses (f#¼ 60 for pump) through an off-center

chord of the gas jet about 1 mm from the nozzle where the

interaction length was �2 mm (compared to Rayleigh length

zR¼ 10 mm), and probe absorption not too severe. Reference

and probe pulses were frequency filtered and relay-imaged

from the gas jet exit to the entrance slit of an imaging spec-

trometer, with the pumped region (monitored by a CCD cam-

era) centered on the slit. They interfered at the spectrometer’s

detection plane, where a second CCD camera recorded each

frequency-domain hologram (see example in Fig. 1). A Fou-

rier transform procedure15,16 then reconstructed the pump-

induced temporal phase shift D/pr(s) of the probe along the

pump propagation axis.

The squares in Fig. 2 show D/pr(s) from pump-probing

the jet at t¼ 0.3 ms, before large clusters formed, in part

because total atomic density was still low. D/pr(s) drops im-

mediately by �2 rad as monomers (and possibly very small

clusters) ionize, then remains nearly constant. The circles

show D/pr(s) from pump-probing the jet at t¼ 0.8 ms, after

clusters had formed. Two components can be identified. The

fast component, which coincidentally has the same D/pr(s)

as the squares, is caused by ionization of monomers. The

slow component comes from large expanding clusters, and

reaches a steady state at s � 1 ps as clusters approach a uni-

form underdense plasma.

The probe phase shift is related to refractive index by,

D/pr ¼
2p
k

ð
½njetðzÞ � ngasðzÞ�dz: (1)

where z denotes distance from the gas jet entrance,

ngas(z)¼ 1þNtot(z)a/2e0 is the jet’s refractive index (includ-

ing both monomers and clusters) before ionization, and a is

the atomic polarizability of a free Ar atom, which we assume

to be the same for an atom in a cluster (a in solid Ar is only

6% smaller than for free atoms17). The monomer plasma

contribution to njet(z) is

nmðzÞ ¼ 1� 1

2

Zmð1� fcðzÞÞNtotðzÞ
ncrit

; (2)

where Zm is the charge state of the monomers, and we have

assumed a tenuous plasma ðNtot � ncritÞ. The asymptotic

cluster contribution to njet(z) is an additional term

�Zcfc(z)Ntot(z)/2ncrit, where Zc is the charge state of the ion-

ized clusters at s> 1 ps. Here, for simplicity, we assume fc(z)

is constant along the short interaction length. However, it

should be straightforward to resolve z-variations by focusing

the pump to a Rayleigh length shorter than the jet thickness.

With this assumption, the monomer-induced phase shift is

D/m ¼ �
p
k

Zmð1� fcÞ
ncrit

þ a
e0

� � ð
NtotðzÞdz (3)

for Zm	 1. The asymptotic cluster contribution is

D/c ¼ �
p
k

Zcfc
ncrit

ð
NtotðzÞdz: (4)

The cluster fraction fc is related to the observables D/m, D/c

by

fc ¼
ðZm þ ancrit=e0ÞD/c

ZcD/m þ ZmD/c

: (5)

This result is independent of the integrated density profile,

which therefore need not be characterized. In this sense, the

method is self-referencing.

Evaluation of Eq. (5) requires knowledge of Zm and Zc.

Zm was calculated from the Ammosov-Delone-Krainov

(ADK) formula.18 The dependence of Zm on Ipu is plotted in

Fig. 3 (squares). By choosing Ipu¼ 4.0� 1014 W/cm2 in the

Zm¼ 1 plateau between the 1st and 2nd ionization thresh-

olds, we minimize sensitivity of the result to small uncer-

tainty in Ipu. This intensity was confirmed in-situ by varying

pump energy and observing the appearance of monomer ion-

ization. For hydrogen cluster, Zc can be determined without

uncertainty by choosing Ipu at which the cluster is fully ion-

ized. For Ar cluster irradiated at moderate intensity, calcula-

tion of Zc (s� 1 ps) would in general require an intensive

FIG. 2. (Color online) Two fs-time-resolved probe phase shifts D/pr(s),

each measured in a single shot, at time t¼ 0.3 ms (squares) or 0.8 ms

(circles) after opening of gas jet valve.

FIG. 3. (Color online) Charge state of Ar cluster (circles) and monomer

(squares) vs. pump intensity, calculated from static nanoplasma model of

Ref. 2 with modifications (1)–(4) as described in text.
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computer simulation of cluster ionization, heating and hydro-

dynamic expansion.19 However, at our Ipu, recombination

during �1 ps of cluster expansion is <10% estimated by a

modified expansion model14,20 including recombination, and

can be safely neglected. A much simpler modified nano-

plasma model2 with no expansion then suffices for calculat-

ing Zc. In addition to the elements in Ref. 2, our calculation

of cluster heating and ionization included (1) three-body

recombination,21 (2) the temperature decrease due to the

increase in the total number of electrons, (3) the energy loss/

gain due to ionization/recombination, and (4) lowering of

ionization energy.22 To indicate the sensitivity of the result

to assumptions of the model, Table I lists Zc calculated using

the nanoplasma model of Ref. 2 with and without expansion,

and with our modifications (1)-(4) without expansion. At our

Ipu, modification (1) is most important, since electron tem-

perature is <130 eV.23 The calculation is independent of

cluster radius. Nanoplasma model assumptions for given ex-

perimental parameters can be validated by comparing meas-

ured and calculated fs-time-resolved cluster absorption.14,19

The dependence of Zc on Ipu using all modifications is plot-

ted in Fig. 3. For the conditions of the circles in Fig. 2, we

find fc¼ 0.42. Our model assumes that the electron popula-

tion inside each cluster is a single-temperature Maxwellian.

Any hot electrons that can be generated in the cluster, as

those discussed in Refs. 24 and 25, are therefore neglected.

This approach is justified if the relative fraction of hot elec-

trons is below 10�4, which is the case for the experiments of

Refs. 24 and 25. This condition guarantees that the hot elec-

trons are unable to change Z of all the ions from 3 to 4 on a

time scale of our measurements (1 ps).

As an example of jet parameter scan, Fig. 4 (main panel)

shows fc(t) vs. time t after the valve opens. Each data point is

the average of 20 single-shot measurements of fc. fc rises

between 0.3 and 0.7 ms, then levels off until 1.0 ms (0.2 ms

after the valve closes) before dropping sharply. For compari-

son, the inset of Fig. 4 shows phase shift through the un-

ionized jet measured by transverse interferometry, which is

proportional to Ntot(t). While the two curves resemble each

other qualitatively, they differ in details. For example, Ntot

begins dropping after t¼ 0.8 ms, whereas fc drops only after

1.0 ms. Scans of additional jet parameters will be presented

elsewhere. It is worth pointing out that our measurements

and the simulations of Ref. 12 show that the majority of

atoms are unclustered. A direct quantitative comparison with

the results of the model of Ref. 12 would be useful, but it

requires a dedicated simulation that uses our nozzle

geometry.

In conclusion, we demonstrate an in-situ method for

determining cluster fraction fc in atmospheric density gas

jets by measuring the jet’s fs-time-resolved refractive index

in a single shot. Monomers and clusters contribute to the

index drop in two sequential steps, which are easily distin-

guished. The accuracy of fc depends on the accuracy with

which monomer and cluster ionization states can be calcu-

lated. The high measurement speed enables convenient scans

of fc dependence on jet parameters.
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