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ABSTRACT

Advancements in x-ray free-electron lasers on producing ultrashort, ultrabright, and coherent x-ray pulses enable single-shot imaging of
fragile nanostructures, such as superfluid helium droplets. This imaging technique gives unique access to the sizes and shapes of individual
droplets. In the past, such droplet characteristics have only been indirectly inferred by ensemble averaging techniques. Here, we report on
the size distributions of both pure and doped droplets collected from single-shot x-ray imaging and produced from the free-jet expansion of
helium through a 5 ym diameter nozzle at 20 bars and nozzle temperatures ranging from 4.2 to 9 K. This work extends the measurement of
large helium nanodroplets containing 10°~10"" atoms, which are shown to follow an exponential size distribution. Additionally, we demon-
strate that the size distributions of the doped droplets follow those of the pure droplets at the same stagnation condition but with smaller

average sizes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080342

I. INTRODUCTION

Superfluid helium droplets are versatile media for many exper-
iments in chemistry and physics.' * Helium does not have a triple
point and only turns solid at pressures greater than 25 bars.” In vac-
uum, the droplets remain in a liquid state and cool by evaporation
to a temperature of ~0.4 K,” which is below the superfluid transi-
tion temperature for liquid helium at 2.17 K.* As individual isolated
cryostats, helium droplets are used for high resolution spectroscopy
of embedded clusters of atoms and/or molecules and for the assem-
bly of far-from-equilibrium nanostructures."” They are also used as
a weakly interacting matrix for studying and controlling the orien-
tation and alignment of embedded molecules.”” In addition, large
nanodroplets offer an opportunity for the formation and assem-
bly of large dopant clusters and for investigating size-dependent
properties of clusters, such as their optical absorption and catalytic
properties."’"'* Recently, shape deformations and in situ configura-
tions of xenon-traced quantum vortices in rotating, self-contained,
and superfluid droplets with sizes ranging from 5 x 10’ to 10'" atoms
were observed using x-ray coherent diffractive imaging (XCDI)."

Helium droplets are produced in a cryogenic nozzle beam
expansion of helium into vacuum with sizes ranging from 10° up
to 10'2 helium atoms, corresponding to diameters between ~4.5 nm
and ~4.5 ym. Size distributions of droplets containing up to about
10® atoms have previously been obtained via beam deflection upon
pickup of heavy atoms'® or via electric field deflection of ion-
ized droplets.””*° More recently, the average sizes of droplets with
10°-10"* helium atoms were determined using the “titration” tech-
nique, which relies on the attenuation of the flux of helium atoms
carried by the droplet beam upon multiple collisions with rare gas
atoms.”’ For large nanodroplets containing ~107 helium atoms, the
droplet sizes follow an exponential size distribution.'””"** The size

distribution of the droplets is a critical experimental parameter and
is essential in determining size-dependent effects of droplet proper-
ties, such as its superfluidity.”® In addition, the droplet size defines
the largest dopant cluster size that can be assembled in the droplet,
which is limited by the evaporation of the entire droplet."”’ Finally,
in order to characterize size-dependent properties of dopant clus-
ters assembled inside helium droplets, the size distribution of doped
droplets must also be considered.

The recent emergence of coherent, intense, and ultrashort
extreme ultraviolet (XUV) and soft x-ray light sources, such as High
Harmonic Generation (HHG) and Free-Electron Lasers (FELs), has
enabled measurements of individual diffraction patterns of pure and
doped helium droplets."”>*"*" The majority of the droplets have
spheroidal shape. From the diffraction, the droplet’s semi-major,
Ringjor, and semi-minor, Ryinor, axes are attained rather than the
number size, Ny, as determined in other techniques; see Refs. 19-27
and 32. In this work, x-ray scattering is used to determine the sizes of
individual droplets with nanometer resolution, from which size dis-
tributions of both pure and doped helium droplets were obtained.
We found that the size distributions are exponential for both pure
and doped droplets. The decrement in the average size of doped
droplets is in quantitative agreement with the evaporation model
and corroborates the accuracy of average droplet sizes obtained
using the titration technique, which is grounded on the validity of
the exponential distribution but could not be independently verified
previously.

Il. EXPERIMENTAL SETUP

X-ray diffraction experiments on helium droplets were per-
formed with the CFEL-ASG Multi-Purpose (CAMP) instrument'®
at the atomic, molecular, and optical (AMO) sciences beamline of
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the Linac Coherent Light Source (LCLS) at SLAC National Accel-
erator Laboratory.”” Single-shot diffraction images from helium
droplets are collected at small scattering angles (<4°) with a cooled
pn-junction charge-coupled device (pnCCD) detector. The pnCCD
detector assembly consists of two plates each having 512 x 1024 pix-
els and separated by a ~2 mm gap. One square pixel has a side length
of 75 ym."® Both plates have a semi-circular cut to allow for the
passage of the primary x-ray beam. LCLS was operated with a pho-
ton energy of 1.5 keV, a pulse energy of ~2 mJ, a pulse duration of
~100 fs, a repetition rate of 120 Hz, and a focal spot cross-sectional
area of ~25 yum®*.** A more detailed description of the experimental
setup was given in Ref. 13.

Helium droplets are produced from the free-jet expansion of
high purity (99.9999%) helium into vacuum through a pinhole with
a nominal diameter of 5 ym. The stagnation pressure is maintained
at 20 bars, while the nozzle temperature, Ty, is varied from 4.2 to
9.0 K. The central part of the helium beam expansion passes through
a 0.5 mm diameter skimmer. Downstream, the droplets traverse a
10 cm long pick-up cell filled with xenon. Due to the heavier mass
of the droplets, the scattering of the beam is negligible.”” When a
droplet captures xenon, about 250 helium atoms are evaporated as
estlmated from the thermal energy and enthalpy of sublimation of
xenon.””’ As a result, the droplet size decreases upon capture of
multiple xenon atoms, and concomitantly, the flux of helium atoms
carried by the droplets also decreases.”” This flux is measured by
the partial pressure rise of helium in a mass spectrometer cham-
ber, which is the terminal chamber of the droplet beam setup. The
amount of flux attenuation, AT, due to doping is estimated from the
helium pressure rise due to the doped droplet beam, Py, and the
pressure rise due to the pure droplet beam, P, and is given byl'l"

Pre ) (1)

Pueo

ar=(1-

If the initial mean size of the droplets is known, the average number
of evaporated helium atoms can be determined, as well as the aver-
age number of captured particles per droplet.””” While attenuation
levels up to AT = 0.98 were explored, droplet size determination via
diffraction was only feasible for AT < 0.7. At higher levels of doping,
the diffraction signal from the residual helium droplets becomes too
small for the size determination. Additionally, many of the diffrac-
tion images obtained at high levels of xenon doping resemble those
obtained for pure xenon clusters measured in Ref. 34.

During the experiments, two nozzles with the same nominal
diameter of 5 ym were used. At the same stagnation conditions, noz-
zle A gave sizes comparable to previous titration measurements,”’
while nozzle B gave smaller sizes. This effect is likely due to partial
clogging of nozzle B. The average sizes of the droplets produced at
Ty = 5.0 K, as estimated in this work, using the titration technique
are 3 x 10" for nozzle A and 5 x 10® for nozzle B. We report the
sizes determined using the XCDI technique for both nozzles.

lll. RESULTS
A. Determination of the droplet size

Diffraction images collected from (a) a pure and (b) a doped
droplet are shown in Fig. 1. The diffraction pattern from pure
droplets contains concentric circular or elliptical contours, which

COMMUNICATION scitation.org/journalljcp
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FIG. 1. Examples of diffraction patterns from a pure (a) and a xenon-doped (b)
droplet. Colors indicate intensities (in detector units) at each pixel on a logarithmic
scale. The images represent the central 512 x 512 detector pixels. The horizontal
stripe in both images results from the gap between the upper and lower detec-
tor panels. The hole at the center is to allow for the primary x-ray beam to pass
through.

are ascribed to spherical or oblate pseudo-spheroidal droplet shapes,
respectively. ™" The details of the droplet size and shape deter-
mination from the diffraction scattering patterns are described
elsewhere.'”' " Briefly, the radial intensity profiles in a diffraction
image at fixed azimuthal angles are fitted by the square of the Bessel
function of order 3/2. Each fit of the Bessel function determines an
effective radius. The collection of radii at different azimuthal angles
are, then, fitted to an equation of an ellipse, providing the major and
minor radii (Rmajor» Rminor) and the aspect ratio AR = Ringjor/Rminor
of a droplet. Droplets with radii smaller than ~50 nm could not
be analyzed in this work due to the diminishing scattering signal.
The upper radius limit of ~1500 nm is determined by the detector
resolution. To fully resolve adjacent diffraction rings, they should
be separated by at least three detector pixels. The number size of a
pseudo-spheroidal droplet is estimated as

47 - ny
°. Rinajor : Rminar; (2)

where npe = 21.8 nm™ is the helium number density at low temper-
atures.”® Because the droplets are imaged at an arbitrary angle with
respect to its (minor) figure axis, Rmgjor gives the major half-axis of
the droplet, while Ryuinor gives an upper boundary of the droplet’s
minor half-axis."*"* Consequently, Eq. (2) typically overestimates
a droplet’s actual size. However, 90% of the events correspond to
AR < 1.1 and using Eq. (2) will only give an overestimation of Nye
by less than 10% for the average sizes presented in this work. We also
ignore prolate-shaped droplets in this work, since they are formed
with a probability of <1.5%."

At low to moderate doping levels (AT = 0.10-0.70), the diffrac-
tion patterns contain well-defined concentric rings close to the
center of the image, such as in Fig. 1(b). From these rings, which
remain discernible up to five rings from the center of a diffrac-
tion image, the size and shape of a doped droplet can be accurately
determined. The speckles observed away from the center originate
from the interference of radiation scattered from the droplet and the
embedded dopant clusters and do not affect the measurement of the
size of the doped droplet.”*””

B. Average droplet size and size distribution

A total of roughly 12000 images of pure and doped droplets
were obtained in this work. From this number, about 40% were
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FIG. 2. Size distributions for [(a) and (c)] pure and [(b) and (d)] doped droplets. (a) Droplets were obtained with nozzle A at T = 5.04 K. (b) Same nozzle conditions as in
(a) but for xenon-doped droplets at AT = 18%. (c) Droplets were obtained with nozzle B at T = 5.00 K. (d) Same as in (c) but for xenon-doped droplets at AT = 10%. The
solid line in each panel shows a fit in Eq. (3). Bin size is 10" in (a) and (b), 10% in (c), and 5 x 108 in (d).

rejected based on a low photon count of <5000 photons per image.
Some images are also excluded if the fitted ellipse to the measured
radii at different azimuthal angles gave a root mean square devia-
tion larger than 1%.°® Figure 2 shows size distributions for pure [(a)
and (c)] and doped [(b) and (d)] droplets at a nozzle temperature of
~5 K, which falls within the liquid fragmentation regime of helium
droplet production. The droplet sizes in this regime were previously
described by an exponential distribution, ”**

S NHe
f(NHe) = m CXP(— (NHC> ), (3)

where (Npe) is the average droplet size and S is the total number of
detected droplets. Fitting Eq. (3) to the experimental results shown
in Fig. 2 gives the average droplet sizes, (Nue). Table I enumer-
ates (Npe) obtained from nozzle A at Ty = 5.04 K and nozzle B at
To = 5.00 K. Additionally, Table I lists the doping levels, given in
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TABLE I. Ensemble average sizes, Ny, and root mean square deviation, o, of pure
and xenon-doped droplets and average droplet sizes, ( Ny ), obtained from the expo-
nential fits; see Eq. (3). The droplets were obtained at the given temperature T and
at constant stagnation pressure Py = 20 bars. The doping level is given in percent
attenuation, % AT, and the number of droplets detected at each nozzle stagnation
condition is expressed with symbol S.

Nozzle Ty (K) AT (%) S Nre o (Nhe)
0 535 11x10" 08x10" 1.7x10"
A 5.04 18 506 1.0x10" 0.8x10" 1.4x10"
36 532 7.7x10° 6.7x10"° 8.1 x10"
0 323 14x10° 20x10° 14x10°
10 655 13x10° 16x10° 12x10°
B 5.00 27 108 94x10° 97x10® 11.5x 10
50 190 4.6x10° 89x10° 6.4 x10°
62 61 45x10° 79x10® 4.1x10°
67 175 35x10° 62x10%® 32x10®

%AT; the number of detected droplets, S; and the ensemble average
droplet sizes, Np., measured from the diffraction images of indi-
vidual droplets and their corresponding standard deviation, o. An
expanded version for all other nozzle stagnation conditions explored
in this work is given in Table SI of the supplementary material.
As can be noted in Table I, there is good agreement between Ny
and Ny for the smaller droplets obtained with nozzle B. For pure
droplets produced using nozzle A at Ty = 5.04 K, (N ) = 1.7 x 10,
while Nire = 1.1 x 10", Larger values of (Ny) than Ny were found
because droplet sizes of Npe > 3.2 x 10" could not be determined,
so the distributions in Figs. 2(a) and 2(b) only extend to this value.
For pure droplets with nozzle B at Ty = 5.00 K [see Fig. 2(c)], (Nue)
= 1.4 x 10° and Nge = 1.4 x 10° were obtained, which are identical
and are expected for an exponential distribution.

The sizes of xenon-doped droplets, as in Figs. 2(b) and 2(d),
also follow exponential distribution but with a steeper slope than
those of the pure droplets. While the evaporation of helium atoms
upon successive capture of dopants reduces the average droplet sizes,
the size distribution of doped droplets remains exponential within
the accuracy of the measurements. Exponential distribution is char-
acterized by the standard deviation of 0 = (Nge ), and the rather close
agreement between (Npe) and ¢ in Table I corroborates that the
distributions for pure and doped droplets are exponential in nature.

The values of (Nye) for different droplet beam attenuations
using nozzle B are plotted in Fig. 3. They follow a linear depen-
dence of the form (Ng)=1.4x 10°(1 - 1.1AT) as indicated by
the dashed line, which is very close to the expected (NHe) f,-,,al)

=1.4x 10°(1 — AT). This agreement provides an independent val-
idation of the titration technique used in the determination of the
average helium droplet size and the average number of the cap-
tured dopants, which is based on measuring the attenuation of the
droplet beam intensity by a collision gas.”” It also supports a previ-
ous assumption in Ref. 27 that the effect of droplet beam broadening
due to momentum transfer upon collisions with the dopant particles
can be neglected for the large nanodroplets produced in the liquid
fragmentation regime.
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FIG. 3. Average droplets sizes of doped droplets at different attenuation levels with
To = 5.0 K using nozzle B. The sizes for xenon-doped droplets are shown as open
squares, while the filled square indicates the average size of the pure droplets.
The dashed line is a linear fit of the droplet sizes at different attenuation levels.

IV. DISCUSSION

The regime of helium droplet production changes based on the
state of helium inside the nozzle."”"" At constant Py = 20 bars,
the regimes are as follows: (i) condensation of cold helium gas at
To > 10 K, where the expansion isentropes cross the saturated vapor
pressure curve below the critical point (T, = 5.2 K, P. = 2.3 bars);
(ii) fragmentation of supercritical fluid at Ty = 4-10 K; and (iii)
breakup of the liquid helium jet at Ty < 4 K."” Each regime has
its own size distribution and average droplet sizes. Small droplets
of about 10°~10° atoms, obtained at Ty > 10 K, follow a log-normal
distribution.””"” At Ty < 4 K, liquid helium exits the nozzle as a jet
that breaks into droplets of almost similar sizes (10'*~10"* atoms for
a 5 um diameter nozzle) via capillary instability.” "> The nozzle con-
ditions in this work produce the droplets from the fragmentation
of liquid helium. In previous studies, droplets with Ny, = 10°-10°
were found to follow exponential size distributions.”"**"’ One of the
salient results of this work extends the validity of the exponential
distribution up to Nye = 10",

Average droplet sizes determined from the x-ray diffraction
images of pure droplets at different T are plotted in Fig. 4. The
results for nozzles A and B are shown as red circles and green dia-
monds, respectively. The asterisks are the droplet sizes reported in
Ref. 27 at the same Py = 20 bars using the titration technique in a
different experimental apparatus. The average sizes obtained with
nozzle A at Ty = 5-6 K are in reasonable agreement with the mea-
surements in Ref. 27. However, the average droplet sizes for nozzle
B at Ty < 6 K are a factor of ~10 smaller. Droplet production at
Ty = 5 K is in the liquid fragmentation regime and proceeds though
the rapid boiling and cavitation of liquid helium inside or immedi-
ately outside the nozzle.””"’ The difference in the average sizes at
same Ty and Py for nozzles A and B is likely caused by the perturba-
tion of fluid flow through an obstructed nozzle B. Although working
with an obstructed nozzle was not intended, the fact that both noz-
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FIG. 4. Average droplet sizes, (Nue), Vs nozzle temperature, Ty, at a constant
stagnation pressure of 20 bars. The solid shapes represent the average droplet
sizes determined in this work using diffraction images from pure droplets. The red
circles represent the results obtained using nozzle A, whereas the green diamonds
are for nozzle B. The asterisks are the results from Ref. 27 obtained via the titration
technique using helium as the collisional gas.

zles A and B produce droplets with exponential distribution is an
interesting finding. It shows that the state of the nozzle, which is
difficult to control, does not influence obtaining averages, such as
(NHe), from the titration technique, which implicitly relies on the
assumption of the exponential distribution.

At To > 6 K, the average droplet sizes observed in this work are
approximately ten times larger than previously obtained by titration.
This discrepancy may be accounted for by the different nozzle pin-
hole plates used and the different beam alignment. In addition, the
titration technique underestimates the sizes of small droplets due to
droplet beam broadening and deflection as a consequence of colli-
sions with the dopant particles. Likewise, the average droplet size
may be overestimated because small droplets may not be reliably
detected due to the lower intensity of the x-ray scattering signal.

Previous measurements of the size distribution relied on ion-
ization upon electron impact or electron attachment. Here, the
mass-to-charge ratio is typically evaluated by mass spectrometry,
where multiple charging of large droplets complicates the interpre-
tation of results.””””"* Measurements with x-ray scattering can be
applied to a range of droplet sizes of about 10’-10"" atoms. The
lower droplet size boundary for the x-ray parameters used in this
experiment is due to the weak scattering signal, whereas the upper
boundary is limited by the detector resolution, leading to merging of
the diffraction rings. Aside from the weak scattering signal for small
droplets, there is also a gradual decrease in their detection probabil-
ity due to the smaller detection volume for smaller droplets, which
is limited to a small portion of the x-ray beam having the largest
intensity (see the supplementary material of Ref. 37). For studying
the sizes and shapes of much larger droplets, especially those pro-
duced in jet breakup, one can use x rays or XUV photons with longer
wavelengths or even optical microscopy.

V. CONCLUSIONS

The size distribution of helium droplets is an important exper-
imental parameter that reflects the processes involved in droplet
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production. In this paper, we have used a novel technique, single-
pulse x-ray coherent diffractive imaging, for the determination of
individual droplet sizes. From these, we were able to extract the
size distributions of pure and doped droplets. In particular, the
distributions of doped droplets were not previously evaluated. Fur-
thermore, the presented measurements extend to the size range of
N = 10°-10"! where the validity of exponential size distribution
was confirmed. The measurements in this work support the valid-
ity of average size determination by the “titration” technique, now
widely used in different laboratories for determining average droplet
size. In addition, we show that the occurrence of the exponential dis-
tribution is insensitive to the state of the nozzle and holds to both the
intact and partially obstructed nozzles alike.

SUPPLEMENTARY MATERIAL

See the supplementary material for the complete tabulation of
the measured average droplet sizes at different nozzle stagnation
conditions and at a varying xenon doping levels considered in this
work and, additionally, the size distribution plots for the conditions
reported in Table I.
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