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Abstract 

 

 We report a systematic study of pulsed cryogenic expansion at temperatures ranging from 

20 K down to 4.5 K, which enables us to span a large range of helium droplet sizes from ~105 to 

~1011 He atoms, as obtained via titrations of the droplet beam with helium gas at room 

temperature. The measured peak flux is a factor of one thousand larger than in a continuous 

beam. Comparison with continuous nozzle results show similar droplet sizes at low T < 6 K, 

indicating in both cases the droplets are created via the fragmentation of the fluid.  
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I. Introduction 

Over the past two decades, helium (He) droplets have been widely used for laser 

spectroscopic studies of molecules, molecular and atomic clusters.[1-5] Molecular species 

isolated in cold (~0.4 K) and weakly interacting droplets often demonstrate well resolved 

vibrational spectra from which the structural information could be inferred. On the other hand, 

resolved rotational spectra have been used to study interaction of molecules with the superfluid 

environment.[1,5-7] Experiments with simple molecules and small (N < 10) clusters [8-10] 

employ smaller He droplets that are a few nanometer in diameter and contain up to about 104 

atoms. More recently, helium droplets were used to form large atomic and molecular clusters 

containing thousands to millions of particles, which were studied via spectroscopy in situ as well 

as by electron microscopy upon surface deposition. [11-14]  Due to low evaporation enthalpy of 

liquid helium of ~7 K per atom, to sustain evaporative losses, the number of helium atoms in the 

droplets must be a factor of ~1000 larger that the number of the embedded particles. Capture of 

protein ions also requires a sufficiently large droplet.[15] Recent diffraction experiments with 

100 nm sized doped droplets with an X-ray free electron laser (XFEL) demonstrated the 

emergence of quantized vortices in superfluid helium droplets [16] and enabled study of atomic 

aggregation mediated by quantum vortices.[17-19] Such studies demand the production of a 

large droplet with average number of atoms, <NHe> > 107.  

Helium droplets are produced from cryogenic expansion of pressurized helium in 

vacuum; larger droplets are formed at lower nozzle temperature. Most of the experiments up to 

date involve continuous nozzle beam expansion technique, which is well-characterized [20-23] 

and covers droplet sizes from ~100 to ~1012 atoms.  Pulsed droplet sources [24-27] are 

advantageous for studies involving pulsed techniques, such as laser-induced fluorescence, photo 

ionization or X-ray coherent diffraction imaging. Pulsed nozzles, which usually contain an 

electromagnetic valve, however, are difficult to run at the low temperatures of T < 6 K required 

for production of large droplets due to heat evolved during their operation. Nevertheless, 

experiments with helium droplets involving pulsed cryogenic nozzles are emerging. [15,20,26-

32] Most of the groups employing pulsed valve use so called Even-Lavie valve[24,27,32-34], 
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equipped with a fast ion gauge, which is used for the droplet flux measurements as described in 

the following Section.  

The average droplet sizes were determined via attenuation of helium droplet beam by 

collisional He gas, as developed previously in Ref.[20] for continuous beams. During the 

attenuation experiments, the pickup chamber is flooded with He gas, which enters through a leak 

valve. The droplets encounter multiple collisions with the helium atoms as they pass through the 

pickup chamber leading to decrease of the average droplet size and concomitant decrease of the 

droplet beam intensity, as dictated by the collisional cross-section. The change of the He droplet 

beam intensity upon increasing of the pressure of the He collision gas in the pickup chamber is 

monitored by QMS which was tuned to detect mass m = 8 due to He2
+ splitter ions.  

 

Figure 1. Schematic of the He droplet setup. The source chamber on the left hosts pulsed valve nozzle 

(NZ) attached to a cold head (C). It is backed by a 3000 L/s diffusion pump. The droplets pass through a 2 

mm skimmer into the pickup chamber where the collisional He gas is introduced through a leak valve. This 

chamber is backed by a 1500 L/s turbomolecular pump. The pickup chamber also hosts a fast ion gauge 

(not shown) and a shutter for beam block. The droplets enter the UHV detection chamber through a 5 mm 

orifice and a gate valve where the helium ions are produced and detected by an axial quadrupole mass 

spectrometer (QMS). W1 and W2 are optical windows. 
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similar progression as seen with the 1 mm diameter nozzle. Comparison within Figure 6 (b) 

shows that similar droplet sizes could be obtained with different diameter nozzles.  

 

Figure 7. Droplet size from a continuous [20,36,37] and a pulsed sources. Vertical shaded lines show the 

temperatures of the critical isentropes at 10 and 20 bar.[38,39]  

 

IV. Discussion 

Figure 7 presents the comparison of the average droplet sizes obtained in this work with 1 

mm nozzle at 10 bar and from 5 µm continuous nozzle at 20 bar.[20] It is seen that at T0 > 9 K, 

the pulsed nozzle produces larger droplets of about 106 – 107. At lower T0 = 5-9 K however, 

droplets of comparable sizes could be obtained from the pulsed and continuous sources. Pulsed 

measurements at P0 = 20 bar could not be carried out at high repetition rates due to 

overwhelming of the pumping system. At 10 bar, the continuous nozzle results are expected to 

be shifted by about 1-2 K towards lower temperatures. The largest droplets were obtained at the 

lowest T0 ~ 4 K, are comparable in size to previous observations in other groups.[15,32]  

The behavior of the continuous nozzle expansion in Figure 7 has been discussed in 

Refs.[20,22] With decreasing of T0 from 15 to ~10 K, the average droplet size increases 
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signifies change of the expansion mode from subcritical to supercritical, where the expansion 

isentropes cut the liquid-vapor separation line from the gas- and liquid-side, respectively.[20,22] 

In supercritical expansion, the droplets are formed upon fragmentation of a fluid, giving rise to 

larger sizes. At 10 bar, the critical isentrope corresponds to a temperature of ~ 7.5 K.[38,39] 

However, the pulsed results in Figure 7 show no indication of any peculiarity in this region. The 

absence of the singularity in the region of the critical isentrope in the pulsed expansion is 

puzzling. The sharp rise of the droplet size upon temperature drop below the critical isentrope 

temperature is well documented at different expansion pressures in case of the continuous nozzle 

expansion.[1,22] The most obvious difference between the continuous and pulsed expansion is in 

the time helium stays in the high pressure expansion region, which scales with the nozzle 

diameter. Due to much larger diameter of the pulsed nozzle of 0.5 or 1 mm as compared with 5 

µm for the continuous one, the time helium spends in the high pressure expansion region is ~100 

times longer in the case of pulsed expansion. Longer “ripening” time may lead to longer growth 

and formation of larger droplets than in the continuous expansion. On the other hand, droplets of 

similar size are produced in the supercritical expansion regime at T0 < 9 K in both the continuous 

and pulsed expansion. This likely indicates that, at low temperatures, the droplet formation in 

both cases includes the breakup of the fluid when the expansion crosses liquid-vapor separation 

line, whereas the secondary processes such as droplet growth or evaporation due to collisions 

with the He gas in the expansion region are of minor importance. The detailed kinetics of the 

droplet formation in the pulsed expansion remains to be studied.    

The large increase of the droplet flux at T0 < 6 K (see Figure 4) is consistent with the 

formation of the collimated jet of very large droplets. At temperatures lower than critical (5.2 K), 

the valve is filled with liquid helium. A pulse extrudes some amount of liquid in vacuum, which 

could be estimated to be about 0.7 bar×cm3/pulse (at P0 = 10 bar, T0 = 4.3 K, 1 mm nozzle, 180 

µs pulse) as measured from the discharge rate of the fore vacuum pump.  For comparison, the 

discharge rate through the continuous nozzle at T0 < 5 K is ~3 bar×cm3/s.  The discharge per 

pulse corresponds to a liquid volume of 1.1×10-3 cm3 at 4.5 K,[38] which is much smaller than 

the volume of the valve of ~1 cm3.  At a higher repetition rate and at T0 < 5 K, we have observed 

instabilities in the time of arrival of the pulses (Figure 3 (a)). This instability likely signifies that 

helium inside the valve separates into liquid and gas phases which may fluctuate from pulse to 
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