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A new simple experimental technique has been elaborated to test applicability of impedance spectroscopy for
studying processes during destruction of impurity-helium condensates. Combination of methods of optical spec-
troscopy, impedance spectroscopy and current spectroscopy to study the destruction processes of impurity-
helium condensates has been applied for the first time. Experimental data have demonstrated a rather good sensi-
tivity of the technique and proved formation of charged clusters during a destruction stage of impurity-helium

condensates.
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1. Introduction

The results of recent studies on reactions N + NH, in
solid nitrogen films [1] have shown that upon a deposition
of nitrogen gas passed through microwave discharge onto a
cold surface at 3 K up to 8% of nitrogen atoms form other
species than Ny in solid films. Such species may be neutral
or charged, atomic or molecular. The most studied species
is atomic nitrogen observable in solid films in each of the
lowest states 48, 2D, and %P [2-4]. Neutral and ionic mo-
lecular species N3, N3, N3, N3, Nj, were detected and
studied in solid nitrogen films and nanoclusters [5-15]. A
cation Ng has been synthesized as a part of compound
[16,17]. There are some detailed reviews of experimental
and theoretical works on polynitrogen compounds in the
literature [18-21]. Recently the nitrogen anion N has been
observed in clusters of molecular nitrogen and rare gases
during destruction of impurity-helium condensates [22].
Impurity-helium condensates are highly porous aerogel-
like materials formed in the bulk superfluid helium (He I1)
due to aggregation of impurity nanoclusters [23-26].
Nanoclusters grow in a gas helium jet due to association of
impurity particles (atoms and molecules) upon fast cooling
(~ 10° K/s) of the gas jet impinging the He Il surface by
cold (T = 1.5 K) helium vapors [27,28]. Atoms of heavier
noble gases (Ne and Xe) as well as molecules of N, and

NO were used as impurities at the level of 0.1-1% to heli-
um gas. A gas mixture passage through a radio frequency
(RF) discharge area permits to produce radicals, ions, met-
astable atoms and molecules by excitation of atoms and
molecules and dissociation of impurity molecules. Trap-
ping of radicals on nanocluster surface allows to store high
concentrations of stabilized nitrogen and hydrogen atoms
[26,29-32]. Intense luminescence and current pulses ac-
company destructions of impurity-helium condensate
(IHC) samples containing high densities of stabilized ni-
trogen atoms [22,33-35]. Two possible mechanisms of
charging impurity nanoclusters were suggested to explain
observations of the current pulses [35].

In this paper we present new experimental results ob-
tained by dielectric spectroscopy methods during destruc-
tion stage of impurity-helium condensates. A simple exper-
imental technique has been elaborated and manufactured
for these purposes. The new results are in good accordance
with results obtained earlier by means of optical spectros-
copy and current spectroscopy. We have got clear proves
that the clusters were charged due to an intense recombina-
tion of nitrogen atoms during the IHC sample destruction
producing excited molecules NQ(A3E) which capture elec-
trons from a substrate and charge the sample fragments
[36-38]. Unfortunately, we were unable to get frequency
dependence of IHC samples impedance due to destruction
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transiency of samples. Therefore, we were not able to de-
tect ions trapped in nanoclusters. Experimental data
demonstrate a rather good sensitivity of the technique and
its applicability for studies of processes in either molecular
nitrogen or rare gas cryofilms stimulated either by energet-
ic particles or by VUV photons.

2. Experimental setup

The method of helium gas jet injection into the He Il
bulk [39] was used for IHC sample preparation. Our exper-
imental setup has been described elsewhere [31,32]. The
cryogenic part of the experimental setup consists of two
glass double-walled silvered Dewars. The outer Dewar was
filled with liquid nitrogen, and the inner Dewar was filled
with liquid helium. The gas mixture consisting of helium
and impurity particles (0.1-1%) enters (with the gas jet
flux about of 4-10" particles/s) the inner Dewar via a
quartz capillary cooled by liquid nitrogen. A radio fre-
quency discharge was used for dissociation of impurity
molecules and excitation of atoms and molecules. Electrodes
placed around the quartz capillary provided a 40 MHz, 40 W
RF discharge. A gas jet was directed onto the He Il surface
in a glass beaker placed below the source at the distance of
25 mm (Fig. 1(a)). The steady-state level of He Il in the
beaker (with an inner diameter of 22 mm) was maintained
by a fountain pump located in the liquid helium bath at the
bottom of the inner Dewar.

A spectrometer AvaSpec-ULS2048XL-USB2 allowed
us to detect emission within the spectral range from 200 to
1160 nm with resolution = 2.5 nm. Emission from IHC
sample under study was fed to the spectrometer by means
of optical fibers and vacuum feedthrough. The pressure of
helium vapor in the glass Dewar within the range 0—10 kPa

was measured with a Rosemount gauge 3051TA2. The
thermometer, a RuOz-chip attached to the sensor surface
(Fig. 2), was used for temperature measurements in the
beaker. lon currents accompanying the destruction of IHC
samples were detected by a ring-shape electrode (Fig. 2(b))
connected directly to a picoammeter Keithley 6485.

To measure an impedance of IHC samples under study
have a planar capacitive sensor had been chosen (Fig. 2).
Capacitive sensors are often used for dielectric spectrosco-
py because of their high measurement accuracy and non-
invasiveness. The way of IHC sample preparation excludes
a possibility to use the simplest versions of such sensors:
parallel-plate capacitor and a coaxial cylindrical capacitor.
Fringing electric field sensor adopted to the beaker cross-
section has been elaborated and hand-made. The main
drawback of such a construction is the small penetration
length of fringing electric field sensors. The penetration
length is comparable with the distance between coplanar
electrodes, 0.5 mm (Fig. 2(a)). An external USB sound
card ESI UGM96 (2 independent mono Hi-Z inputs and 2
analog output channels, 24-bit/96 kHz) was used as a si-
nusoidal signal source (the amplitude 5 V) and 2-channel
analog-to-digital convertor of an impedance bridge. Such a
bridge using the LMS (least mean square) algorithm is
suitable for real-time impedance measurements [40]. Free
software Visual Analyser [41] was used for data acquisi-
tion during experiment. Impedance consists of two parts: a
real (resistive) part and an imaginary (reactive) part. The
measurement results will be shown as the resistance, R,
and capacity, C, corresponding to real and imaginary parts,
respectively. The capacity of the empty sensor was equal
to 4.83 pF at room temperature. The capacitance of wires
to the sound card was about of 26.65 pF.

Fig. 1. IHC sample accumulation: gas jet impinging the He Il surface (1); glass beaker filled with superfluid helium (2); capacitive sen-
sor (3) (a); glowing fragments of IHC sample during its destruction (b); explosion of the sample fragments (c).
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Fig. 2. Size and geometry of the capacitive sensor (a); positions of the
ion collector (1) and the sensor (3) above/in the beaker (2) (b).

This acquisition system allowed us to work with the sat-
isfactory signal/noise ratio within the frequency range
500 Hz-20 kHz. The whole frequency sweep took about of
300 s. We measured the sample impedance every 0.4 s at
fixed frequency (equal 2.7 or 3 kHz) because of the time
restriction during sample destruction. These frequency
values were chosen because of the best signal/noise ratio
obtained and the shortest time needed for the bridge bal-
ance settling.

The efficient length (penetration length) of the sensor
has been estimated as 0.55 mm by slow moving (with a step-
per motor) a special glass plate away from its surface. The
work area of the sensor is about of 2.54 cmz, therefore, the
efficient volume of the sensor was equal to 0.14 cme.

We weren’t able to make measurements of the tempera-
ture, current and impedance during RF discharge applica-
tion because of strong electric field interference.

3. Experimental results

First of all, we have determined the capacity of the
empty sensor at helium temperatures. The sensor capacity,
C, is proportional to Cpe, where Cp is a geometric factor of
the sensor, and ¢ is the dielectric constant (also commonly
known as the relative permittivity) of material. We have
measured the capacity values, C, and Cq, at 1.5 K for the
sensor in He |1, gy = 1.0573 [42], and in helium gas, gg = 1.
Then we have determined the sensor capacity

CO = Cg = AC/Ae = (C| - Cg)/(€| - Sg) =
=0.247/0.0573 = 4.31 pF.

The temporal dependences of the temperature, pressure,
luminescence intensity, current, capacity, and resistance dur-
ing a destruction of sample prepared from [N2]/[He]=1/200
gas mixture are shown in Fig. 3. One can see from the
pressure dynamics (Fig. 3(a)) that liquid helium evaporated
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Fig. 3. (Color online) Destruction of sample prepared from
[N2]/[He] = 1/200 gas mixture: temporal dependences of the tem-
perature (red squares, 1) and pressure (green line, 2) (a); temporal
dependences of the luminescence intensity (red stars, 3) and cur-
rent (blue diamonds, 4) (b); temporal dependences of the capacity
(blue circles, 5) and resistance (green triangles, 6) (c).

from the beaker (there was no liquid helium in the helium
Dewar) at t = 40 s. After this moment sharp changes of the
pressure reflected collapse of the sample and were accom-
panied with changes of the other parameters measured.

Luminescence spectrum integrated during destruction
of this sample is shown in Fig. 4. The Vegard—Kaplan
(VK) bands relate to transitions A% —xlzg of mole-
cules Na. The o- and 8-groups of N atoms correspond to
the transitions “D—*S and 2P-D. The B-group of O atoms
matches to the transition *S-'D. Some additional features
have been observed in the spectrum of the most intense
flash during the sample destruction. The band at 360 nm
has been recently attributed to polynitrogen molecule N4
[15]. The bands at 291, 307, and 323 nm correspond to the
well known transitions of the p-system of NO molecules.
We observe the spectra of atomic oxygen and molecules
containing O atoms because a helium gas used for experi-
ments contains molecular oxygen as impurity at the level
of a few ppm.

The temporal dependences of the temperature, pressure,
luminescence intensity, current, capacity, and resistance dur-
ing a destruction of sample prepared from [NO]/[Ne]/[He] =
= 1/100/50000 gas mixture are shown in Fig. 5. One can
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Fig. 4. (Color online) Luminescence spectrum integrated during
destruction of sample prepared from [N>]/[He] = 1/200 gas mix-
ture. The spectrum of the most intense flash is shown in the inset.

see from the pressure dynamics (Fig. 4(a)) that liquid
helium evaporated from the beaker at t ~ 35 s. After this
moment the pressure value is determined by evaporation of
helium atoms from weakly-bound shells of helium around
impurity clusters [31,43] and deviate from the saturated
vapor pressure values at corresponding temperatures.
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Fig. 5. (Color online) Destruction of sample prepared from
[NOJ/[Ne]/[He] = 1/100/50000 gas mixture: temporal dependences
of the temperature (red squares, 1) and pressure (green line, 2) (a);
temporal dependences of the luminescence intensity (red stars, 3)
and current (blue diamonds, 4) (b); temporal dependences of the
capacity (blue circles, 5) and resistance (green triangles, 6) (c).
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Fig. 6. (Color online) Destruction of sample prepared from
[N2]/[Xel/[He] = 1/1/400 gas mixture: temporal dependences of
the temperature (red line, 1) and luminescence intensity (blue
stars, 2) (a); temporal dependences of the capacity (blue circles, 3)
and resistance (green line, 4) (b).

The temporal dependences of the temperature, lumines-
cence intensity, capacity, and resistance during a destruc-
tion of sample prepared from [N2]/[Xe]/[He] = 1/1/400 gas
mixture are shown in Fig. 6. It is worth noting very strong
responses of both parts of the impedance during explosions
of the samples. For instance, the changes of the sensor ca-
pacity was about two order of magnitude larger than in the
previous cases (Figs. 3 and 5). Samples formed from xen-
on-nitrogen—helium gas mixtures are very energetic and
begin to destroy even in the bulk He Il [30,33]. The first
and second explosions (at t = 22 and 46 s in Fig. 6(a), re-
spectively) occurred when the sample fragments were on
the sensor surface. The third and forth flashes correspond
to explosions of the sample fragments located below the
sensor. That is a reason why these explosions made much
weaker responses of the sensor.

The luminescence spectrum of the second explosion is
shown in Fig. 7. The “green bands” correspond to the
2'5,0-1'%,v" transitions of XeO®, whereas the band at
595 nm can be associated with the transitions
Xe*0™(3'12*)-Xe0(2'x) or XeO*(2'z-1'A) [44]. The
very broad band peaked at 720 nm is a combination of two
bands [44]. The first, at 690 nm, was associated with the
transition (11H—X3H) of the XeO™ molecule [44]. The
second band matches well to the spectrum produced by an
O(ls) atom at the xenon crystal surface [45].

4. Discussion

Due to inhomogeneous increase of the temperature
within the beaker, different parts (fragments) of the sample
explode at different time moments. We can see that the ion
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Fig. 7. (Color online) Luminescence spectrum detected during
destruction of sample prepared from [N»]/[Xe]/[He] = 1/1/400
gas mixture.

collector detects some signals for every explosion (Figs. 3
and 4) while the planar sensor does either fragment explosions
or evaporation of He Il, sublimation/deposition of impurity
matter occurring exclusively within its efficient volume.

We have observed some bright flashes during destruc-
tion the sample prepared from [N2]/[Xe]/[He] = 1/1/400
gas mixture (Fig. 1(c)). The sensor capacity peak changes
equal to 1.36 pF has been detected during the explosion
of small fragments of the sample with a total volume
about of 0.02 cm?® shown in Fig. 1(c) (the corresponding
impedance changes are shown in Fig. 6(b) at t = 49 s).
The dielectric constant changes have been estimated as
ACICy = 1.36/4.31 = 0.317, and Ae = 0.317. The atomic
polarizabilities of xenon, nltrogen and helium are equal to
4122, 1.13, and 0.205 A correspondingly [461,. The
polarizability of molecular nitrogen is equal to 1.74 A° [46].

Let’s estimate the density of xenon equivalent to the
capacity peak changes 1.36 pF following to the Clausius—
Mossotti relation:

_(e-)3 M
(e+2)4na-Np'

where o — the atomic polarizability of xenon, N, — Avo-
gadro’s number, M — molar mass of xenon, 131.3 g/mol.

Keeping in the mind the efficient volume of the sensor,
0.14 cm3, we determine the number of xenon atoms in this
volume as N = 7.75.10%%. The value obtained is much larg-
er than a total quantity of Xe atoms (and N2 molecules)
released during the sample preparation ~ 1.7-10" and the
sample volume was many times larger than its fragment
volume. Therefore, we can explain the changes of the die-
lectric permittivity by appearance of either excited or ion-
ized particles within the efficient volume of the sensor.

In the optical spectrum of the explosion, the
Vegard—Kaplan bands of No™ molecules, the bands at 595
and 720 nm, as well as the “green bands” of XeO”™ mole-
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cules, and the a- and 3-groups of N atoms, and the B-group
of O atoms had been observed (Fig. 7). We have no direct
spectroscopic observations of ionic species during the
sample destruction (Fig. 7) in contrary to some sharp de-
creases of a real part of the impedance (Fig. 6(b)). Mean-
while the current pulses detected during destructions of
IHC samples correspond to charged fragments of the sam-
ples under study. As it has been discussed before, there are
two possible ways of charging impurity clusters: electrons
and positive ions are trapped by the nanoclusters growing
in cold helium gas jet passed through a radiofrequency
discharge; intense recombination of nitrogen atoms during
the IHC sample destruction produces excited molecules
Nz(A >) which capture electrons from a substrate [36—38]
and charge the sample fragments up to 10* elementary
charges [35]. The molecules Nz(A ¥) are always detected
through their emission (the Vegard—Kaplan bands) during
destruction of impurity-helium condensates containing
nitrogen, for example, Figs. 5 and 7. These metastable
molecules are responsible for excitation of nitrogen and
oxygen atoms stabilized in nitrogen matrix [47] and
nanoclusters [48], as well as of NO molecules [49] in a
nitrogen matrix. Excited NO molecules can be formed also
in result of recombination of O and N atoms.

We can summarize that application of impedance spec-
troscopy for studying impurity-helium condensates have
some restrictions: the high porosity, > 90%, of IHC sam-
ples [25,26,28,43], and their collapse into non-flat frag-
ments upon liquid helium evaporation [43] strongly affect
the sensitivity of the methods. Nevertheless, the results
obtained by this way are in good accordance with the data
of optical and current spectroscopy. Moreover, the imped-
ance is very responsive to processes accompanied with
material sublimation/deposition and appearance of ions in
the efficient volume of the planar sensor. Frequency weep-
ing can give more information on ions trapped in conden-
sates. Thus we suggest that impedance spectroscopy is very
promising tool to study processes initiated in cryofilms of
inert gases either by energetic particles [6,8-11,13,14] or by
VUV photons [7,12].

5. Conclusions

Impedance spectroscopy method has been successfully
applied for study of processes during destruction of impu-
rity-helium condensates.

New experimental results obtained by the method are in
good correlations with the results of optical spectroscopy
and current detection studies of impurity-helium conden-
sates. The results have proved the impurity clusters charg-
ing mechanism through capturmg electrons from a sub-
strate by excited molecules N2(A %) which are products of
intense recombination of nitrogen atoms during destruction
of impurity-helium condensates.
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A.A. Pelmenev, I.B. Bykhalo, I.N. Krushinskaya, and R.E. Boltnev

[ocnimkeHHA MexaHiaMiB 3apsgku AOMILLKOBO-
renieBMx KOHAEHcaTiB MeToaMu CnekTpocKonii
iMnegaHcy Ta CTPYMOBOI CriekTpocKonii

A.A. lNenbmeHbOB, |.B. Buxano, |.H. KpywuHceka,
P.€. bonTHeB

TIpocTy eKcrepuMEHTAIIbHY METOHMKY PO3POOJICHO Ta YCIILIHO
BUIPOOYBaHO [UIi BHKOPUCTAHHS MOJMIIMBOCTEH CIEKTPOCKOMI|
IMIeNaHCy TpW IOCIIDKEHHI IpOLeciB Ha CTafail pyHHyBaHHS
3pasKiB JIOMIIIKOBO-TEJIEBHX KOHJCHCATIB. Brepiie BHKOpUCTaHO
CTPYMOBO1L
CIIEKTPOCKOIMIT Ta ONTHYHOI CIEKTPOCKOIIi sl HOCIIDKEHHS pyid-

KOMOIHAIIF0O METOMAIB  CIIEKTPOCKOMii  IMITEIaHCy,
HYBaHHSI JJOMIIIIKOBO-TEJi€BUX KOHAeHcariB. OTpuMaHi pe3ynbTaTi
THOKa3aJI1 BUCOKY YyTJIMBICTh HOBOT METOAMKH Ta ITiITBEPMIH TIOSI-
By 3apsfiB (3apsUDKEHHMX HAHOKJIACTEPIiB) Ha CTafii pyiHyBaHHS

JIOMILIIKOBO-TEJIIEBUX KOHJIEHCATIB.

Kitro4oBi crioBa: HaHOKITACTEPH, TOMIIIKOBO-TETi€BI KOHICHCATH,
CIIEKTPOCKOMIsl iMIleNancy, HaAUIMHHUI renmiif, crabimizamis
10HIB 1 paJIMKaiB.
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MccnegoBaHua MexaHM3MoB 3apaaKku npumMechb-
renneBbiX KOHOEHCAaTOB MeTOA4aMK CNEeKTPOCKONMnn
mMneaaHca n TOKOBOW CneKkTpockonumn

A.A. Nenbmenés, N.B. Beixano, U.H. KpyLuunHckas,
P.E. BonTHeB

IIpocras skcnepuMeHTaNbHAas METOJWKA pa3padoTaHa M yc-
MENIHO OMpoOOBaHa AJA HCIOJIB30BAaHUS BO3MOMKHOCTEH CIEK-
TPOCKOIIUM MMIIEJAHCa IIPU HCCIEJOBaHUU IPOLIECCOB HAa CTaJUU
paspymeHust 06pa3loB NPUMECh-TENUEBBIX KOHAEHCATOB. Brep-
BBIE HCIIOJHb30BaHa KOMOMHAIHMS METOJOB CIEKTPOCKOIINH UMIIe-
JIAHCA, TOKOBOM CMEKTPOCKONMHU M ONTHYECKOH CHEKTPOCKONUH
JUI HUCCIICNOBAHUS Pa3pyLICHUs IPUMECH-TEIUECBBIX KOHIEHCA-
ToB. IlosydeHHbIe pe3ynbTaThl MOKA3aId BEICOKYIO TyBCTBUTEIb-
HOCTb HOBOM METOJUKH W NOJTBEP/MIN MOSBICHUE 3apsIoB (3a-
PSDKEHHBIX HAHOKJIACTEPOB) Ha CTaJUM pa3pyHICHHUs NPHUMECH-
TeIIMEBBIX KOHIECHCATOB.

KiroueBsble crioBa: HaHOKJIACTEPHI, IPUMECh-T€IIHEBbIe KOHIEHCa-
ThI, CIIEKTPOCKOMHS UMIICIAaHCa, CBEPXTEKYUYHid Telrid, cTaOuim-
3a1sl HIOHOB U PAIUKAJIOB.
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