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The dynamics of thermal radiation accompanying the condensation of tungsten nanoparticles in superfluid he-

lium and vacuum was studied experimentally in the visible range. It was shown that during the first 100 ps the

accompanying thermal energy of process in the case of superfluid helium is considerably higher than in vacuum

at comparable temperatures after that it levels up. From a standpoint of the process’ kinetics it is demonstrated

that the reasons for this are, on one hand, an increased condensation rate in superfluid helium (due to the concen-

tration of nanoparticles in quantized vortices), and on the other hand, higher efficiency of heating of the conden-

sation products in superfluid helium (due to the prevalence of processes involving particles of similar sizes).
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1. Introduction

The processes of low-temperature condensation of sub-
micron and nanoparticles represent a very interesting ob-
ject for research, both from fundamental and applied points
of view. In particular, they are important for studies of the
evolution of interstellar dust occurring in space, including
the processes of its destruction and recovery [1-5]. The
main source of information about these processes is the stud-
ies of the accompanying radiation [6]. However, in recent
years successful attempts have been made in laboratory
simulations of the conditions close to those actually existing
in interstellar dust clouds (low temperatures and densities)
[7]. As the examples of such methods developed recently
one can consider the study of coagulation processes in neon
matrices [8], in cold helium droplets [9, 10] and the con-
densation on cold surfaces [11].

Our low-temperature experiments on the condensation of
particles in the volume of superfluid helium (HeII) also
provide conditions that simulate those encountered in space.

Indeed, as we established earlier, long thin nanowires are
formed [12, 13] upon the condensation of products of laser
ablation of metals in the bulk of superfluid helium. Both,
their diameters and structure are well described in the
framework of the scenario proposed in [14]. The latter in-
cludes the concentration of metal nanoparticles in quantized
vortices and their melting during mutual fusion due to the
heat released at the expense of a decreasing surface energy.
The existence of strong local overheating was justified by
the possibility of destruction of superfluidity around the
condensation product with subsequent evaporation of helium
and formation of a shell filled with a rarefied gas, which
insulates the heat removal [15].

Pyrometric experiments on measuring a temporal be-
havior of the thermal radiation accompanying the condensa-
tion of various metals in He II have shown that the temper-
ature of the condensation products correlates with the melting
temperature of the metal, significantly exceeding it only dur-
ing the early stages of the condensation process [16]. There-
fore, it was concluded that each individual condensation act
proceeds practically adiabatically.
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Nevertheless, even assuming the process of metal con-
densation in He Il to be completely adiabatic, it may yet
differ from the one in vacuum. Naturally, the characteristics
of the elementary act of fusion itself, of subsequent melt-
ing, and a change in the shape of the product particle in a
vacuum and a bubble filled with rarefied helium cannot
diverge noticeably. However, there may be several funda-
mental and important differences.

First of all, in superfluid helium there is a fast fusion of
particles trapped in the vortices [17—19] along with the dif-
fusion-controlled process in the bulk. This is not the case in
vacuum, gas and ordinary liquid. Due to the one-dimen-
sionality of the vortex, trapped particles move strictly to-
wards each other, and therefore the probability of their
collision is much higher than in a volume where the direc-
tions of particle velocities are distributed randomly. Since at
low temperatures any collision of metal particles leads to
their condensation, the rate of the latter in He II is much
higher than in the volume of gas and can be higher than in
vacuum.

Secondly, the larger the condensation product in He II
becomes, the longer it lives in the core of the vortex
[20, 21]. Thus, in superfluid helium the process of collision
of particles gains its specifics: the probability of collision
of large and similar-sized particles begins to prevail almost
immediately. In other words, “coagulation” becomes pre-
dominant there, whereas in any medium where the probabil-
ity of collisions does not depend on particle volume, mainly
different-sized particles will collide, resulting in collecting
of small particles on a large centers, i.e. “accretion” will be
occurring.

Based on the foregoing logic, it can be assumed that in
vacuum the accretion will be taking place, and hence the
change in surface energy and, consequently, the heating will
be small. Therefore, during the condensation of particles in
the He II volume, both the intensity of thermal emission
and color temperature can be assumed to be noticeably
higher than that in vacuum. The aim of the investigation
was to test these differences experimentally.

2. Experimental

Experimental technique and apparatus employed here
were described in detail in [16]. The simplified view of the
experimental setup is shown in Fig. 1. Its basis was a
pumped-out helium cryostat equipped with optical win-
dows (dy, =40 mm). Through the front window the abla-
tion of the target located inside the cryostat was carried out
by using a solid-state Nd: LSB laser with the following
characteristics: wavelength A= 1.062 um, pulse energy
E=0.1 mJ, pulse duration T= 0.4 ns and pulse repetition
rate /=50 Hz. Through the side window, the thermal ra-
diation from condensing ablation products fell into a pho-
tomultiplier (PMT) with a gate function. Details of the
used pyrometric technique can also be found in [16]. With
its help, the dependences of thermal radiation on time were
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Fig. 1. Simplified scheme of experimental setup.

measured, which enable to calculate color temperatures of
the ongoing.

As in [16], the emission spectrum was determined using a
set of narrow-band (~ 10 nm) interference filters (Thorlabs)
from 400 to 700 nm with a step of 50 nm and a reference
source (incandescent lamp SLS201L (Thorlabs)) with a giv-
en brightness temperature of 2796 K, which made it possible
to carry out quantitative estimates of the temperature of the
studied processes. Tungsten was chosen as an object of the
study because of its high melting point in order to maximize
the intensity of thermal emission during condensation.

The temperature was maintained constant by pumping
out helium vapor and amounted to 7~ 1.2 K (which corre-
sponds to a vapor pressure of less than 1 Torr) during
working in superfluid helium. Ablation in vacuum was
carried out at room temperature and pressure of 10 Torr.
The geometry of the entire system remained unchanged dur-
ing ablation in both media: superfluid helium and vacuum.

In both cases, the condensation products settled to the
bottom of the experimental cell, where copper or gold grids
3 mm in diameter, coated with a perforated carbon film,
commonly used in transmission electron microscopy (TEM)
were placed in special holder. After warming the cryostat
to room temperature, the samples were studied in a JEOL
JEM-2100 electron microscope.

3. Results and discussion

Micrographs of the condensation products of tungsten
in superfluid helium upon irradiation of its surface with a
laser pulse in vacuum and HelIl are shown in Fig. 2.
Spherical clusters with diameters of up to about 250 nm
are formed in vacuum, whereas in He II the result of con-
densation is represented by metal structures incorporated in
a network in which individual wires are interconnected at
points of contact and have diameters of about 2 nm.

The obtained time dependences 7(f) of temperature is
shown in Fig. 3. It can be seen that apart from the initial
stage when T is significantly higher, the color temperature
of the processes is close to the melting point of tungsten
(T, =3695 K), being slowly decreasing with time. It can
also be noticed that cooling in vacuum is slower than in
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Fig. 2. TEM of condensation products, grown during of ablation
of tungsten target in superfluid helium (a) and in vacuum (b) and
collected on TEM meshes.

He II, which can be explained if taking into account that
irradiation is the only possible energy-release channel in
vacuum.

Of greatest interest are the data in Fig. 4(a), which
shows the time dependences of the glow intensity /(¢) at
700 nm (the wavelength A =700 nm is close to the maxi-
mum spectral intensity for the blackbody at observed tem-
peratures). One can see that the radiation intensity of na-
noparticles strongly depends on time and decreases by
about three orders of magnitude during the observation
time of ~ 200 ps. During ablation in superfluid helium, the
condensation takes place within several millimeters from the
target surface [16, 22]. In vacuum, the expansion velocity for
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Fig. 3. The color temperature of thermal emission accompanying
the condensation of tungsten clusters in He II (7), vacuum (2)
obtained from the radiation spectra.

nanoparticle formed upon laser ablation (as in our case) is
around 100 m/s [23], so that, in # =200 s, the nanoparticles
cover distance L =20 mm and remain within the field of
view. It means that, in both cases, the radiation is collected
from the entire volume in which condensation occurs.
Therefore, we can assume that the obtained dependences
reflect the kinetics of the total energy that is being released
during condensation.

The most significant result appears to be the fact that
the thermal radiation /(¢) in He II substantially exceeds that
in vacuum for a considerable time, despite the fact that the
temperature in vacuum is higher, and therefore the radia-
tion power is higher there likewise. If we remain within the
framework of the reasonable assumption that the collision-
resulted fusion itself proceeds identically for identical par-
ticles in both media, then the increase in the signal /(¢) can
be explained by two reasons:

(1) Reaction rates may vary, since the observed irradia-
tion /(¢) is proportional to the frequency of condensation
events as causing the local heating. In other denotation,
I ~—dn/dt, where the derivative on the right side is the
rate of decrease in the concentration 7 of ablation products
with time.

(2) Not every condensation act contributes to the meas-
ured signal / due to the limited sensitivity range of the
PMT. To describe this effect, it is convenient to introduce
a proportionality coefficient &, which has the meaning of
the probability of light emission in the visible (recorded)
range during particle collisions. The fact is that due to the
high temperature of tungsten nanoclusters and the large
ratio of their surface to volume, the time of radiation cool-
ing of the nanowires to temperatures lower than those rec-
orded by our method (less than 1500 K) is short compared
to other characteristic times. Therefore, radiation has the
nature of individual light pulses, the energy of which and,
consequently, the quantity &, depends only on the mass
ratio of the colliding particles. The case of coagulation is
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Fig. 4. (a) time dependences of the radiation intensity accompa-
nying the condensation of tungsten in He II (/), and in vacuum
(2). (b) anamorphoses in semilogarithmic coordinates (decimal
logarithm) of the experimental dependences of the intensity of
thermal radiation on time for the condensation of the products of
tungsten ablation occurring in He Il (/), and vacuum (2). The
dashed line shows linear approximations by which the relation-
ships between the rates of coagulation reactions and their initial
intensities were determined.

the most favorable for our registration method: when na-
noparticles of a similar size collide the temperature raises
significantly due to a major change in the surface energy,
so the probability of emission € — 1, and the correspond-
ing thermal radiation, in accordance with Wien's law, falls
in registered visible range. In the opposite case of accre-
tion, the temperature barely increases due to the small re-
distribution of surface energy, € — 0. Thereby the act of
accretion does not lead to irradiance in the observed range.
Initially, both reasons for the increase in the signal in
He II relative to vacuum take place since on the one hand,
the reaction of condensation is accelerated by vortices,
which leads to an increased consumption of ablation prod-
ucts —dn/dt, and on the other hand, the coagulation pro-
cess can be expected to prevail in He Il over accretion,
which means an increase of the probability of emission &.
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Thus [ ~—€ *dn/dt, and it was necessary to find out
which of the two effects was more likely the reason of an
increase in the radiation intensity in He II.

As can be seen from Fig. 4(b), both in He II and in vac-
uum at times exceeding 30 ps the dependence of the inten-
sity on time is well approximated by the exponent, which
is evidence of first-order kinetics, i.e., the following rela-
tions take place:

d’;(t’) = —kn(t), (1)
n(t)=noexp(—kt). )

With their help, it is possible to estimate the values of
the signal /() recorded by PMT:

I(1) ~ —adnT(tt) = ekn (1) = ekngexp(—kt) ~ 1° exp(—kt),

3

where 1° ~ ekny is the amplitude of the signal at the first
moment of registration, proportional to three quantities: € —
the probability of the emission of thermal energy in visible
light; initial concentration n(, of ablation products; and rate
constant & [secﬁl], which, on the one hand, has the mean-
ing of the probability of condensation, and on the other
hand, k& = 1/t, where the characteristic time 7 is the time of
e-folded decreasing of the signal.

More conclusions can be drawn if considering a behavior
of the initial irradiance amplitudes /" in more detail. As our
experiments show, in vacuum and superfluid helium the
ablation efficiency is almost the same.

Can one then assume that the magnitude of the probabil-
ity of emission ¢ is also the same in both media? If that was
the case, then, as can be seen from (3), the initial amplitudes
10~ gkn(y should be in the same proportion as the rate con-
stants k. From the slope of the curves in Fig. 4(b) rate con-
stants k, defined as the slopes of the logarithmic anamor-
phoses of kinetic curves, are related to as kye 11:kvac = 3.5:1.
Therefore, the same relation should be fulfilled for the ini-
tial amplitudes. However, it follows from Fig. 4(a) that
Ilqle 1l :Ieac =10:1# ke hyqc-

This means that the assumption that € is independent of
the medium is false, which can be explained by the fact that
in He II the probability of emission & for one condensation
event is almost three times higher than in vacuum, which, as
it was discussed above, is in a good agreement with influ-
ence on the condensation process of quantized vortices.

It is also important to emphasize that at a time of 100 ps
the intensities in superfluid helium and gas equalize, which
can be seen from the intersection of the curves (highlighted
separately in Fig. 4). This suggests a gradual slowdown in
the process of heat release in helium and the transition of
the ensemble of particles to the stage of pure cooling,
which is no longer supported by additional sources of heat,
and moreover, which is cooling rapidly. An increase in the
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cooling rate in helium relative to vacuum at longer times is
directly indicated by the growing difference in tempera-
tures for the two media (see Fig. 3). Apparently, this is due
to the gradual depletion of nanomaterial for the formation
of networks of nanowires, which reduces the number of
collisions leading to heat release.

Furthermore, in light of this reduction, at certain mo-
ments, which may differ for each individual hot spot, a
strong cooling channel of helium heat transfer may be ap-
pearing, in addition to irradiative cooling. This results in
the intensity curve corresponding to He II to pass below
the one corresponding to vacuum.

Indeed, if there was no additional cooling channel in
helium, then, given the higher temperature of the clusters
in vacuum, the curves should not intersect since the more
the body is heated, the higher is the power of thermal radi-
ation. If that was the case, we would have to see faster ir-
radiative cooling for hotter particles, that is, for particles in
a vacuum. However, the curves still intersect, which can
only be explained by more efficient cooling in helium.

4. Conclusions

The processes of condensation of products of pulsed laser
ablation were experimentally studied in two media: in vacu-
um and superfluid helium. In both cases, the intensity of
thermal radiation accompanying the condensation of tung-
sten nanoparticles decreases exponentially with time, how-
ever, there is a significant difference in its initial values
and the dynamics of decline. For the equal ablation effi-
ciency and comparable temperatures, the initial radiation
intensity in superfluid helium significantly (more than an
order of magnitude) exceeds that in vacuum, while its de-
cline rate is also significantly higher. Analyzing the kinet-
ics of thermal radiation, it is shown that this difference can
be explained by the catalysis of the coalescence of atoms
and small metal clusters by quantized vortices in He II. In
this case, quantized vortices have a double role: 1) increase
the rate of condensation due to the concentration of the
initial particles in the vortex; 2) increase the efficiency of
heating the condensation products in He II due to the preva-
lence of processes involving particles of close size. Ulti-
mately, the condensation of products of laser ablation of a
tungsten target in a vacuum results in spheres with a diame-
ter of 50-250 nm, and in He II in webs, consisting of nano-
wires with a diameter of 2 nm.
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ExkcnepumeHTanbHe OOCNIAKEHHS NPoLeciB
KOHAeHcaLii, SKi BigbyBaloTbCs Npu nasepHin abnauii
Yy HagnNAMHHOMY renii Ta Bakyymi

€. b. NopaoH, M. I. Kyniw, M. €. CtenaHos,
B. . MaTioweHko, A. B. KapabyniH

JluHamiKy TEIUIOBOTO BHIIPOMIHIOBAHHS, IO CYIPOBOKYE
KOHJICHCAL[I}0 HAHOYAaCTHHOK BOJIb(GPaMy y HAIIUIHHHOMY reil Ta
BAaKyyMi, eKCIIEpUMEHTAIIBHO JOCIIIDKEHO y BUANMOMY Aiara3oHi.
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Iokazano, mo npotsiroM nepmux 100 MKC TerIoBa eHepris, sika
CYIIPOBOJKY€E TPOIEC y HAAIUIMHHOMY redii, HabaraTto mepeBH-
IIy€ BiANOBIHY SHEPTil0 Y BaKyyMi IpH HOPIBHSIHHUX TEMIIEPATy-
pax, HiClsi 4Oro BOHA BHUPIBHIOETHCS. [IpHYMHAMH LBOTO €, HO-
nepiire, 301IbIIeHHs IBUAKOCTI KOHCHCALlIT Y HaAIUIMHHOMY TeJlii
(4epe3 KOHICHTPALl0 HAHOYACTHHOK Y KBAaHTOBAHHUX BHXOpax) Ta,

nmo-zipyre, OUTBII BHCOKAa €(EKTHBHICTh HarpiBaHHS IPOIYKTiB
KOHJIeHCaIil y HaJIUIMHHOMY Telii (4epe3 IepeBary IpoleciB i3
3ay4eHHSIM YaCTHHOK OJIM3BbKUX PO3MIpIB).

Kuiro4oBi crioBa: KOHJEHCAIlisi HAHOYACTHHOK BOJIb(ppamy, TEruio-
Ba eMicCisl, HAAMJIMHHAN TeJIii.
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