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Abstract 

 

Silver clusters were assembled in helium droplets of different sizes ranging from 104 to 1011 atoms. 

The clusters were heated upon laser irradiation at 355 nm and evaporation dynamics of He atoms 

were studied by quadrupole mass spectroscopy using signals from He+, He2
+ and He4

+ splitter ions. 

We found that for droplets containing less than 107 atoms the laser irradiation leads to evaporation 

of He atoms. On the other hand, the laser irradiation leads to the breakup of the large droplets into 

smaller ones. 

 

  

  



 

1. Introduction  

For about three decades, He droplets served as an ultracold matrix for spectroscopic 

interrogation of single molecules, radicals, and ionic species. 1,2,3,4,5,6,7,8,9,10  Low temperatures of 

~0.4 K in combination with the weak interaction of dopants with the homogeneous quantum liquid 

environment resulted in very narrow spectral lines. In addition, clusters can be readily prepared 

inside droplets upon sequential capture of single atoms and molecules. Availability of the large 

droplets containing up to 1011 He atoms, enabled the assembly of large molecular and metallic 

clusters containing up to millions of particles.4,11 Spectroscopic measurements typically rely on 

the evaporation of the sizable fraction of the droplet upon absorption of the laser radiation by the 

dopants. The decrease of the average droplet size is often detected via the reduction of  ionization 

efficiency of the droplets upon electron impact. So far, however, there are no reports on the 

evaporation dynamics following energy transfer from excited dopants to the surrounding liquid 

He. For the experimentally relevant droplet sizes, calculations yielded an evaporation cooling time 

less than about 1 μs.11 However, such calculations were based on the possibly unrealistic 

assumption, that during evaporative cooling a droplet can be characterized by some equilibrium 

temperature, which remains constant throughout the droplet. 

Metallic dopants, such as silver clusters, present a unique opportunity to study laser induced 

heating of the host droplets.12 They have a large absorption cross section due to plasmon resonance, 

which enables one to pump sufficient energy within a few nanosecond time interval to evaporate 

the entire droplet. On the other hand, metal clusters are characterized by very fast electron-phonon 

relaxation, 13,14 which ensures the pumped electronic energy turns into heat during the laser pulse. 

In the case of fast equilibration within the He droplet, its peak temperature could exceed the 



superfluid transition temperature of 2.17 K, which may be desirable for different experiments. On 

the other hand, the rate of energy transfer from the hot metal clusters to its He surrounding may 

present a bottleneck due to transient formation of a bubble around the cluster, as discussed 

previously.12 

In this work, an attempt is made to gain insight into the mechanism of the heat transfer from 

embedded silver clusters to helium droplets by studying evaporation dynamics of He atoms from   

droplets of different sizes following laser excitation. For this purpose, the kinetics of the splitter 

ions such as He+, He2
+ and He4

+ produced upon continuous electron beam ionization has been 

evaluated. The amount of ions produced is proportional to the number of electron impacts, which 

in turn scales with the geometric cross section of the large droplets. This is the foundation of 

numerous spectroscopic experiments 1,2,,4,5 where the evaporative depletion of the droplet size 

upon the absorption of laser radiation by dopants leads to decrease of the intensity of the Hen
+ ions 

after electron impact ionization. The experiments described in this paper aimed to study the 

dynamics of the evaporative cooling and depletion of the droplet size in large droplets a short time 

after the laser pulse.  Whereas the He+ ions can stem either from the ionization of the evaporated 

atoms or via direct ejection from the droplet, in the case of He2
+ and He4

+ ions only the latter 

mechanism is applicable.  We obtained that in smaller droplets containing less than about 107 

atoms, the laser excitation induces a transient increase in the He+ signal and simultaneous stepwise 

drop in the He2
+ and He4

+ signals. This behavior is expected for an evaporative cooling within less 

than 10 μs following the laser pulse. Surprisingly, laser excitation of the doped larger droplets of 

about 1010 atoms induces a transient increase of signals from all splitter ions. We concluded that 

this behavior is inconsistent with simple evaporative cooling and suggests a fission of the larger 

droplets into a large number of smaller droplets upon the laser excitation.   



 

2. Experimental  

The molecular beam apparatus used for the experiment is described in Refs. 11, 15. Helium 

nanodroplets are produced via free jet expansion of high purity He gas at a pressure of 20 bar into 

a vacuum through 5 m diameter nozzle. Droplets of initial average size <NHe>0 = 5  104, 1  107 

and 1.3  1011 are produced at nozzle temperatures T0 = 10 K, 7 K, and 5 K respectively. 4, 11, 16 

The droplets then pick up atomic Ag in heated alumina oven containing metallic silver.17 Further 

downstream the droplets are detected by an Extrel MAX300 quadrupole mass spectrometer (QMS) 

in a separate UHV chamber. The QMS has an upper mass range of 300 amu. The entrance aperture 

of the QMS, which defined the detectable solid angle of the beam, was 5 mm in diameter. The 

output signal from the QMS is amplified using a current preamplifier from Stanford Research 

Systems (SR570) usually operating at a gain of 106 V/A with a 5 s nominal time constant and 

recorded using a National Instrument fast digitizer (PCI- MIO-16E-4) set to the minimum dwell 

time of 2 s/channel. 

The average number of captured Ag atoms <NAg> was estimated using attenuation of 

helium droplet beam as described in Ref 15. Upon capture of each Ag, about 4000 He atoms 

evaporate leading to a decrease in the average droplet size which is reflected as a decline in the 

pressure rise PHe in the detection chamber .16 <NAg> can be obtained as 

                                         < NAg> =  
∆𝑃𝐻𝑒

𝑃𝐻𝑒
·< NHe >· 

𝐸𝐻𝑒

𝐸𝐴𝑔
 



where EHe = 0.76 meV is the evaporation enthalpy of He atoms at T = 0.65 K 18, EAg is the binding 

energy of Ag atom to an existing Ag cluster. EAg  2eV for NAg up to several tens of atoms19 and 

the bulk cohesive energy EAg  3eV for particles with NAg  102. 20 In this work, a constant 

attenuation of PHe/ PHe  0.7 was used to ensure maximum flux of the embedded atoms. 

The absorption spectra of Ag clusters measured previously20 shows a maximum at 355 nm 

which is close to the surface plasmon resonance of silver spherical clusters. Moreover, the 

absorption cross section per atom at 355 nm remains constant with respect to the number of atoms 

within a factor of two.12,20  Henceforth, in the present work the measurements were done at 355 

nm using a third harmonic of the Nd:YAG pumped by a diode laser (EKSPLA NT242). The laser 

produces 7 ns pulses having energy of about 0.5 mJ as measured on the He droplet beam path. The 

laser pulse repetition rate was set at 50 Hz. The laser beam was collimated to have a size of about 

2-3 mm over the path length inside the vacuum apparatus. However, no attempts were made to 

make a more quantitative laser beam characterization. The laser beam was directed anti collinear 

to the doped droplet beam: the beams overlap over the length of about 1 m. During the 7 ns laser 

pulse, AgN cluster absorbs multiple photons.20 Fast relaxation of the absorbed energy results in 

evaporation of a sizable fraction of the host He droplet. In the present work, the time evolution of 

the QMS signal from He+, He2
+ and He4

+ ions at masses of M = 4, 8 and 16 were monitored, further 

designated as I4, I8, and I16, respectively.  

3. Results 

Figure 1a exemplifies signals collected for droplets with average size of <NHe> ≈ 4  106 

doped with Ag atoms at <NAg> ≈ 2500. The time profile of the depletion signal as measured at 

mass M=8 (I8) following laser excitation has been discussed previously.11 The laser arrives at t = 



0. The signal at shortest delay times of up to about 0.1 ms corresponds to the excitation of the 

droplets inside or very close to the ionizer and appears at the far left of the figure. At longer delay 

times, the signal corresponds to droplets excited at different distances from the ionizer, with the 

delay time giving the corresponding time of flight of the droplets from the excitation point to the 

ionizer. The depletion increases at longer times because the helium droplet beam is much narrower 

(~1 mm) at the pickup cell than at the ionizer (~6 mm). Since the laser beam is typically narrower 

(~2–3 mm) than the helium beam in the ionizer, the signal at shorter times results from the 

excitation of only the central part of the helium beam, whereas near the pickup cell the helium 

droplet and laser beams completely overlap, resulting in a more efficient excitation.  The signal 

dips to its minimum value at around t = 5.5 ms, which approximately corresponds to the droplets 

time of flight from the pickup cell to the ionizer and returns abruptly to the baseline level at about 

t = 6 ms. We attribute the dip to the transient decrease of the average He droplet size due to laser 

induced evaporation of He atoms. An additional dip occurs around t = 7 ms due to the transient 

heating of the nozzle by the laser beam.16 The time of flight between the laser pulse and the dip 

enables calculation of the velocity of the droplets to be 295 m/s, 200 m/s and 170 m/s at T0 = 10 

K, 7 K, and 5 K respectively.  I8 signal due to He2
+ ions originates exclusively upon ionization of 

the droplets. On the other hand, I4 contains some sizable constant contribution from the effusive 

atomic He beam and from atomic He partial pressure in the QMS chamber. Likewise, I16 signal 

may have a contribution from impurity ions such as O+. Each signal is characterized by the 

magnitude of the dip and baseline signal i.e., signal in absence of laser irradiation which differ 

between I4, I8 and I16. Therefore, for the sake of comparison, each signal was modified by 

subtracting the baseline and scaling the maximum depletion to -100%. The time profiles of scaled 

signals for I4, I8 and I16 from Fig. 1a are shown in Figure 1b. As discussed above, the waveform of 



the signals in Figure 1b reflects the geometry of the He droplet and laser beams at different 

distances between the pickup cell and the QMS ionizer, the effect of which is difficult to 

disentangle. On the other hand, the signal at short delay times corresponds to excitation of the 

droplets in close proximity to the ionizer, where the overlap of the laser and droplet beams is 

approximately independent of the distance, thus facilitating a straightforward analysis.  Studying 

this region is the primary focus of this work, as it enables us to gain insight into the kinetics of the 

heat transfer between silver cluster and helium droplets. Thus, from here, only the first millisecond 

of time profile of the scaled I4, I8 and I16 will be shown. The complete time profile of the signals 

are presented in the Supplementary Materials.   

Figure 1c shows the first millisecond of the time profile of the scaled signals for I4, I8 and 

I16 in Fig 1b. Starting at t ≈ 20 μs, I4 spikes at about 50 s followed by a gradual decrease with a 

shoulder at around 100 s after which the decay continues with a smaller time constant. The spike 

in I4 originates from the evaporation of He atoms from the droplet following laser excitation of the 

embedded Ag clusters, while the droplet is inside the QMS ionizer. The 20 s delay in the onset 

of the fast signal results mainly from the ion flight time through the QMS. In contrast, starting at   

t = 45 μs, I16 drops abruptly, and upon some oscillation at around 100 μs decreases monotonously 

at larger delay times. Finally, I8 signal shows similar but less pronounced drop at t = 36 μs followed 

by smooth dependence at longer delay times. The delay in the onset of the I8 and I16 signals with 

respect to the leading edge of the I4 spike corresponds to the longer extraction and flight time of 

the He2
+
 and He4

+ ions in the QMS. We attribute the drop in I8 and I16 to the decrease in the droplet 

size due to evaporation of He atoms, and concomitant decrease of the ionization cross section. In 

addition, the results in Fig. 1c indicate that the laser induced heating of Ag clusters leads to 

evaporation of He atoms and not of the small HeN clusters.  



 

Figure 1. Time profiles of I4, I8 and I16 signals for the He droplets generated at T0 = 7 K. The droplets have 

average size of <NHe> ≈ 4  106 doped with Ag atoms at <NAg> ≈ 2500. a) Raw signal, b) signals scaled to 100% 

depletion for minimum dip and c) first millisecond of the scaled signal.  



Figure 2a shows the results obtained upon exciting silver doped small droplets containing 

<NHe> = 2.5  104 and <NAg> = 5. I4 spikes with an onset time of 20 μs followed by a fall with 

ever-decreasing slope. I8 shows a drop in the same way without a spike. The signal profiles 

resemble those in Figure 1c, except I8 does not show a pronounced initial drop.  The time profile 

for the weak I16 signal could not be reliably collected in small droplets because of a high noise 

level. Figure 2b is identical to Fig. 1c and is shown for comparison. Figure 2c shows the time 

profiles of I4, I8, and I16 following laser excitation of silver doped large droplets containing <NHe> 

= 1.5  1011 and <NAg> = 3.4  107. Large droplets show distinctly different behavior at short delay 

times in that the signal at each mass has an early spike at delays of 50 - 100 μs. In addition, I8 and 

I16 signals show some sharp dips at short times of 30 s and 45 μs, respectively. 

In the experiments described in Figs 2a, 2b and 2c, the signal contains a large contribution 

from the undepleted He droplet beam as the He droplet beam is wider than the laser beam at the 

ionizer.  In a set of additional experiments, the central part of the He droplet beam was selected by 

a 400 μm diameter orifice placed along the beam axis in the differential pumping chamber ≈450 

mm upstream from the ionizer. The orifice reduces the droplet flux by a factor of ≈20. Therefore, 

a larger preamplifier gain of 107 V/A had to be used, which implies a larger time constant of the 

amplifier of ≈50 μs. Measurements with the orifice were performed at 7 K and 5 K. The resulting 

time profiles are shown in Fig. 3a and 3b for the droplets with the average sizes of <NHe> ≈ 4  

106 (<NAg> ≈ 2500) and <NHe> = 1.5  1011 (<NAg> = 3.4  107), respectively. In Fig. 3a, the time 

profiles at short times are similar to those in Figure 2b but the signals show larger initial rise with 

the orifice in place due to more effective excitation of the droplet beam which has smaller diameter 

and better overlap with the laser beam. Comparison of Fig. S1 C and S2 B shows that the ratio of 

the peak I8 intensity to the baseline is about a factor of 7 larger in the measurements with the 



orifice. Upon arrival at the QMS ionizer, the He beam expands to about 600 μm. For comparison, 

a factor of 6 enhancement is found in case of a Gaussian beam with 2 mm halfwidth. The signals 

are also smoother due to a larger time constant of the preamplifier. Likewise, the time profiles in 

Fig. 3b are similar to that in Figure 2c except they show a higher rise and are comparatively 

broader. Despite growing much larger and changing shape slightly, the different mass spikes retain 

the same relative magnitude with respect to each other in Fig. 2c and Fig. 3b.  The fact that all 

signals (I4, I8, I16) show similar short time rise indicates the change of the droplet disintegration 

mechanism from atom by atom evaporation to some more violent scenario.  



 

Figure 2. Time profiles of I4, I8 and I16 signals for droplets generated at nozzle temperature, T0 =  10 K, 7 K and 

5 K in panels a), b) and c), respectively. The average droplet (Ag cluster sizes) are <NHe> = 2.5  104 (<NAg> = 5),  

<NHe> ≈ 4  106 (<NAg> ≈ 2500) and <NHe> = 1.5  1011 (<NAg> = 3.4  107), respectively. 



 

 

Figure 3. Time profiles of I4, I8 and I16 signals for droplets generated at nozzle temperature T0 = 7 K and 5 K in 

panels a) and b), respectively. The average droplet (Ag cluster sizes) are <NHe> ≈ 4  106 (<NAg> ≈ 2500) and <NHe> 

= 1.5  1011 (<NAg> = 3.4  107), respectively. The experiments were done with 400 m orifice placed along the beam 

axis. 

 

 



4. Discussion  

 Measurements described in this work span a large range of droplet sizes (after doping) of 

<NHe> = 2.5  104, 4 106 and 1.5  1011 obtained at T0 =10 K, 7 K and 5 K, respectively. 

Investigation of the mass spectrum12 shows that the relative intensities in the range of small splitter 

ions, which are relevant for this work, remain rather similar. He4
+ ions present a notable exception 

because their intensity increases in large droplets due to different formation mechanism to be 

discussed later. As discussed earlier,11,20 compact single clusters are formed in the smallest droplets 

upon one by one addition of Ag atoms. In the intermediate sized droplets produced at T0 = 7 K, 

the aggregation is dominated by a multi-center cluster formation mechanism, where smaller 

clusters are formed in different locations inside the droplet, which later coagulate into a cluster-

cluster aggregate. The microscopic structure of such an aggregate remains unknown, but it is useful 

to consider it as being composed of a collection of spherical clusters of various sizes that form a 

disordered aggregate. Such clusters may still possess an individual surface plasmon resonance, 

each of which interacts with the others, leading to the broadening and extension of the spectrum 

in the infrared region. Finally, multiple quantum vortices are present in the largest droplets.21, 22  

In large droplets, atoms recombine at the vortex cores faster than in the bulk of the droplet, leading 

to growth of filament shaped clusters.11 The individual filaments are then aligned along the 

direction of the total droplet’s angular momentum and are separated from each other by about 100 

nm. The onset of the vortex formation in He droplets was recently studied by x-ray scattering,23 

where it was found that droplets of about 108 atoms contain a small number of vortices between 2 

and 6. Unfortunately, smaller droplets produce insufficient x-ray scattering signal for the same 

measurements. However, it is reasonable to assume that the droplets of about 107 atoms will 

contain at most 1 or 2 vortices, whereas in droplets of about 1010 atoms, arrays containing hundreds 



of vortices were observed.21   The spectra of the Ag clusters in the droplets of different size have 

been discussed previously. 12 It was also argued,  that the clusters may reconstruct upon pulsed 

laser irradiation. Absorption of laser radiation by cluster-cluster aggregates and filament shaped 

clusters may melt the clusters, resulting in the formation of compact, spherical clusters. 

Reconstruction of deposited Ag clusters at room temperature is well documented.24  

 The pulsed excitation proceeds during the 7 ns laser pulse. The plasmon excitations in Ag 

clusters dephase within ≈10 fs,25 while the electron-electron and electron-phonon relaxation times 

are on the order of 1 ps,13,14 both much shorter than the duration of the laser pulse. Therefore, 

during the laser pulse Ag cluster experiences a series of absorption – relaxation cycles. This work 

employed laser fluence of about 10-15 mJ/cm2. Our earlier work12 indicated that at these conditions 

the depletion signal experiences some pronounced saturation effects, which manifest in a rather 

similar way for different droplet/cluster sizes. The saturation effects will not influence the 

conclusions of this work, which are based on the observed dynamics, rather than the magnitude of 

the signals.    The absorbed energy releases as heat within Ag clusters during the laser pulse, 

leading to the concomitant increase of the temperature to higher than about 1000 K12 as estimated 

for the clusters excited in the center of the laser beam.   

Although superfluid He is characterized by an exceptionally large heat conductivity, heat 

transfer from a solid to superfluid He is known to be inefficient due to a large mismatch in the 

velocity of sound, an effect known as Kapitza resistance.26Above certain critical values of the heat 

flux on the order of ≈1 W/cm2,27 a bubble of He gas will be formed which effectively insulates the 

hot body from the liquid He environment. This effect was dramatically manifested in early 

experiments in which a tungsten filament was heated while inside a vessel filled with superfluid 

He.28 Recent experiments have shown the formation of bubbles in liquid He upon production of 



silver alloy clusters by laser ablation.29 Estimates12 show that the excited silver clusters are not 

able to dissipate the heat during the laser pulse as the required heat transfer rate must then 

substantially exceed the critical value for the bubble formation. Therefore, a bubble will likely be 

formed around the hot Ag cluster, resulting in a slower heat release into the droplet, whose rate 

could not be estimated at present time. In addition, a prolonged residence of the clusters at high 

temperature will likely result in the melting of the odd- shaped clusters into spherical entities.   

The duration of the initial fast drop of the I8 signal immediately after the laser pulse in Fig. 

1c of about 15 s corresponds to the time during which the evaporation of He atoms from the 

droplet mostly proceeds. This time is comparable with the nominal 5 s time constant of the 

preamplifier and presents an upper boundary for the cooling time of the Ag clusters.  

 The results obtained at T0 = 10 and 7 K in Fig. 2a and Fig. 2b show rather similar behavior.  

Upon laser pulse, the I4 signal rises to its maximum within about 15 μs, whereas I8 signal drops 

sharply during about the same time. The width of the I4 peak seems somewhat longer in larger 

droplets, being about 40 μs as compared with about 60 μs for droplets produced at T0 = 10 K and 

7 K, respectively. Both peaks show some shoulder about 20 μs past the maximum, which is more 

pronounced in the case of the larger clusters. We also note that the initial drop of the I16 signal is 

about twice that of I8, which indicates different formation kinetics of the He2
+ and He4

+ species. 

The He2
+ ions are produced upon direct ionization of the He droplets. On the other hand it was 

proposed that He4
+ is formed upon collision of two metastable He2(a 3Σu

+) molecules on the droplet 

surfaces resulting in Penning ionization followed by ejection of He4
+.30,31,32 Because the kinetics of 

the He4
+ formation remains to be understood, in the following discussion we will use the I8 signal 

as the indicator of the droplet size depletion. Here, we focus on the discussion of the results 

obtained in larger droplets at T0 = 7 K, as they have better signal to noise ratio as compared to 



smaller droplets.  Moreover, the heat capacity of a large droplet is dominated by phonons and 

rotons, and its cooling kinetics has been modeled in Ref11. 

 The initial decrease of the droplet size upon the laser pulse for the droplets in the beam 

center, could be estimated from the initial depletion of ΔI8/I8 = 0.2 in Fig. SI -2a. Because the 

ionization efficiency of the large droplets is proportional to the geometric cross section of the 

droplet, the fractional decrease of the droplet size can be found as: ΔN/N=1.5×ΔI8/I8 = 0.3. 16 The 

obtained ΔN/N can be used to estimate the temperature and enthalpy of the droplets upon 

absorption. Assuming an instant heating of the droplet upon the laser pulse,  the initial temperature 

can be estimated from Fig. 8.2 in Ref.11 to be about 4 K. The actual temperature rise will be smaller 

taking into account that the heat release from Ag clusters into the liquid helium environment is 

slower than the cooling rate due to the evaporation. From the latent heat of vaporization of liquid 

He which ranges from 68 to 93 J/mol at 0.4 and 2 K, respectively, 18 the heat released from the Ag 

clusters into the 4×106 He atoms droplet could be estimated to be about 103 eV or 0.4 eV per Ag 

atom in the clusters, in agreement with previous estimates of the energy absorbed by Ag clusters 

based on the absorption cross section.12 These estimate show that the absorbed energy is sufficient 

to increase the temperature of the droplet to the level, significantly higher than the superfluid 

transition temperature of 2.17 K. However, the observed fall time of the I8 signal of about 15 μs, 

which could be associated with the evaporation time, is likely defined by the time response of the 

detection system and possibly extraction time, and thus only gives an upper estimate of the 

evaporation time. Accordingly, the fall does not contain any features, which may be related to the 

bubble formation as discussed above or slower cooling in the vicinity of the superfluid transition 

temperature. Passing through the superfluid transition temperature is manifested as a change in the 

calculated evaporation rate vs time, see  Fig. 8.2 in Ref11. Ideally, in the case of evaporation at 



thermal equilibrium, the falling edge of I8 should resemble that in the afore mentioned figure. In 

addition, the thermal equilibrium evaporation is expected to be much faster and proceeds on the 

time scale of about 100 ns in the droplets of 107 He atoms. In Ref11 it was argued, that evaporative 

cooling is likely slower as predicted by the thermal equilibrium model, however, the present results 

show that it can be as slow as 15 μs. These results call for even faster measurements, which could 

only be achieved with a time of flight mass spectroscopy.    

 It is remarkable that the initial rise of the I4 signal proceeds within the time comparable to 

that for the I8 signal fall. However, the falling edge of the I4 signal is five times slower and contains 

some shoulder. Some broadening of the I4 signal with respect to the I8 one is likely related to the 

fact that He2
+ ions are produced on the axis of the ionizer, whereas the He+ ions originate in the 

entire ion range, thus causing slower extraction of the latter. In addition, the shoulder in the I4 

signal may be related to the ionization of the He atoms reflected from the construction parts of the 

ionization cage of the QMS. All these effects result in additional broadening and shape distortion 

of the I4 signal, which makes it a poor messenger for the evaporation kinetics.  

 The observed dynamics are remarkably different in the largest droplets (<NHe> = 1.5  1011 

and <NAg> = 3.4  107) obtained at T0 = 5 K. This difference is possibly not the result of a laser 

saturation, as the saturation effect was found to be very similar for the droplets produced at 7K 

and 5K.12  The I4 signal shows similar shape as in the smaller droplets, with sharp rise within about 

20 μs, and a shoulder.  The I4 peak is about a factor of 2 broader in larger droplets, which can be 

related to overall a factor of nearly 100 times stronger droplet beam16 and concomitant slower 

pumping of the He atoms from the ionization region. However, both I8 and I16 signals after some 

initial sharp drop, show strong positive peaks, with even larger width than that for the I4 peak. The 

I8 and I16 is incompatible with just an evaporation from a single large droplet. The five-fold 



increase of the I8 signal indicates correspondingly larger overall cross section for creation of the 

He2
+ ions, which can for example result from the fission of the large droplets into a number of 

smaller droplets. The cross section for ionization and creation of He2+ scales as the droplet’s 

geometric cross section or as NHe
2/3. Thus, upon fission of the large droplet into n smaller droplet 

of same size, the overall ionization cross section will increase by a factor of n1/3. Therefore, the 

five-fold increase of the I8 signal is consistent with the fission of the droplet into 125 droplets of 

similar size within about 20 μs upon laser excitation of the containing clusters. The fission of the 

droplet may be facilitated by the existence of multiple quantum vortices in large droplets, which 

serve as nucleation centers for multiple (up to hundreds) of well separated Ag clusters. Excitation 

of the clusters followed by bubble formation and expansion may tear the droplet apart, supporting 

the above scenario.  The formation of the bubble and following fission of the droplet involve 

motion of large masses and may require substantial induction time. During this time the droplet 

will lose some of its atoms due to evaporation, similar to the case in smaller droplets. The initial 

drop in the both I8 and I16 signals in Fig. 2 C may be caused by such initial evaporation. If correct, 

the time required for fission of the large droplets may be estimated to be about 20 μs.  

 Finally, we note that using the short (≈ 0.1 ms) positive I4 signal as a messenger may 

facilitate better signal to noise ratios in spectroscopic measurements with pulsed lasers. In 

comparison the traditional depletion measurements11 entail integration of the ≈6 ms long signals 

and often contain a noise contribution from some low frequency, which ultimately limits the 

sensitivity of the technique. 

 

 

 



5. Conclusions 

In this work, helium droplets containing about 104, 107 and 1010 He atoms were doped with 

a large number of silver atoms. Silver atoms coagulate inside the droplets into clusters. The doped 

droplets were irradiated by pulsed laser radiation at 355 nm. Absorption by silver clusters leads to 

an increase of the droplet temperature and concomitant evaporation of He atoms.  The dynamics 

of evaporation were studied by quadrupole mass spectroscopy to detect the time evolution of the 

He+, He2
+ and He4

+ ions. Upon close investigation of the short time profile of He+, He2
+ and He4

+ 

signals it was concluded that for droplets of sizes less than about 107, evaporative cooling takes 

place within 15 s which is slower than the thermal equilibration evaporation. The slower 

evaporative cooling was attributed to the slower heat release from clusters to the helium droplet 

due to helium bubble formation around clusters.  For larger droplets of sizes of the order of 1010 a 

rise in the signals from He+, He2
+ and He4

+ was observed. This behavior was attributed to the 

fission of large droplets into smaller droplets of similar sizes. The different behavior of evaporation 

dynamics between large droplets and smaller droplets is conjectured to be due to the existence of 

multiple quantum vortices in large droplets. Finally, we note that the time resolution in this work 

is limited by the time constant of the preamplifier as well as the extraction time from the QMS 

ionizer. Therefore, in order to unambiguously resolve the evaporation dynamics, future 

experiments may employ time of flight mass spectroscopy.   

6. Supporting Information 

Full time profile (10ms) and normalized signals of mass = 4,8,16 for droplets generated at 10 K, 

7K and 5 K and for droplets generated at 7 K, 5 K with 400 m orifice placed along the beam axis. 
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