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Abstract The capillary turbulence on the surface of normal and superfluid liquid
4He has been studied experimentally. It is observed for the first time that the value of
the high-frequency boundary ωb of the inertial interval increases significantly when
liquid helium transits from normal to superfluid state, and that in superfluid He-II
the correlation function of the surface deviation from equilibrium state in frequency
representation can be described well by a power dependence with the index m close
to −4.3.
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1 Introduction

Developed capillary turbulence on the surface of a liquid (Kolmogorov-like cascade)
is formed in so-called “inertial interval” of frequency space. Inertial interval is re-
stricted at low frequencies by characteristic frequencies of the external pumping and
at high frequencies by a cut-off frequency ωb where the mechanism of nonlinear en-
ergy transfer is changing to the viscous damping of waves [1]. Inside inertial interval
the correlation function of the surface deviation (turbulent cascade) is described by
the power dependence Iω ∼ ωm. In accordance with the theory the value of index
m is defined by a spectral characteristic of the driving force: m = −21/6 for narrow
band drive and m = −17/6 for wide band noise pumping.

In the case of a narrow band driving force, the evolution of high-frequency bound-
ary ωb (with varying excitation amplitude, viscosity, or surface tension coefficient of
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the liquid) can be described by the relation

ωb ∼ A
4/3
p ν−2/3(σ/ρ)−4/9ω

23/9
p , (1)

where Ap is the wave amplitude at the frequency of pumping ωp , ν is the viscosity of
the liquid, σ is the surface tension coefficient, ρ is the liquid density. The amplitude
dependence of ωb in (1) was demonstrated by our experiments with capillary waves
on the surface of liquid hydrogen [2].

Here we report the results of our experiments on capillary waves on the surface of
liquid 4He where the coefficient of viscosity is changed significantly while helium is
undergoing the superfluid-to-normal phase transition.

2 Experimental Details

The measurements were made in an optical cell placed inside a helium cryostat. He-
lium was condensed into a copper cup, placed inside the cell. The inner diameter
of the cup was 30 mm and its height was 4 mm. Above the cup a copper plate was
arranged at a distance of 3 mm from the liquid surface. At the bottom of the cup
a β-radioactive plate was placed to generate positive and negative charges. A two-
dimensional layer of positive charges (snowballs) was created immediately below the
liquid surface under the action of dc voltage U ≈ 800 V applied between the cup
and the top capacitor plate. We performed measurements on the surface of liquid
He-I at the temperature T = 2.3 K, and on the surface of liquid He-II at T = 1.8 K
and 1.95 K.

The waves on the charged surface were excited by an ac driving voltage with
the amplitude 10–100 V, applied between the cup and the top plate in addition to
dc voltage. The surface oscillations determined the variation of the total power of
a laser beam reflected from the liquid P(t). The variation of P(t) was measured
with a photodetector and sampled with a 16-bit analog-to-digital converter. The cor-
relation function Iω was obtained by calculating a Fourier transform of the detected
signal P(t). In our experiments we worked with a broad laser beam (the diameter of
the light spot was more than the length of the surface waves excited). So, in accor-
dance with the results of our previous investigations of capillary waves on the surface
of liquid hydrogen, the correlation function Iω ∼ P 2

ω in a frequency range higher
than 10 Hz.

The frequency of the driving force in our experiments was more than 10 Hz. That
suggested that we were working with capillary waves, but not with gravity ones.
The amplitude of the wave at the frequency of excitation was estimated from the
maximum angle of deviation of the reflected laser beam from the surface of liquid
helium. The maximum value of the angle (0.05 rad) was limited by the diameters of
optical windows of the cryostat.

3 Results

The spectrum of surface oscillations P 2
ω of superfluid He-II at T = 1.8 K is shown

in Fig. 1. The surface was excited by the harmonic force at a frequency ωp/2π =
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Fig. 1 The spectrum of surface
oscillations P 2

ω on the surface of
superfluid He-II at T = 1.8 K.
Averaging over 32 files of 3 s
duration. Excitation frequency is
24.7 Hz. Straight line
corresponds to a power law
function P 2

ω ∼ ω−4.3. The
arrow marks the position of the
high-frequency boundary ωb

Fig. 2 The spectrum P 2
ω on the

surface of normal He-I at
T = 2.3 K. Averaging over
32 files of 3 s duration. The
arrow marks the position of the
high-frequency boundary ωb . At
T = 2.3 K ωb is smaller than
that at T = 1.8 K (Fig. 1). The
smooth background extending
from low frequencies to 1 kHz is
assumed to be a consequence of
boiling of the normal liquid

24.7 Hz. The amplitude of wave at the frequency of excitation was close to 0.05 mm,
about a half of the highest admissible one in geometry of our experiment. With this
amplitude of the driving force we could observe the high-frequency boundary. The
high-frequency boundary ωb/2π of the inertial interval arrowed in Fig. 1 is equal to
1000 ± 100 Hz.

The distribution P 2
ω of capillary waves on the surface of He-I at T = 2.3 K with

almost the same frequency and amplitude of the driving force is shown in Fig. 2.
One can distinguish about 15 peaks only in the distribution. The position of the high-
frequency boundary ωb/2π = 300 ± 100 Hz is marked by the vertical arrow. During
the experiment the temperature of the cell was lowered slowly to decrease the in-
tensity of boiling of the normal liquid. It is assumed that the consequence of that
non-intensive boiling is seen in Fig. 2 as a smooth background extending from low
frequencies to 1 kHz.

The spectrum of well developed turbulence on the surface of superfluid He-II at
T = 1.95 K is shown in Fig. 3. The surface oscillations were excited by a harmonic
force at frequency ωp/2π = 13.6 Hz. The wave amplitude at the frequency of ex-
citation was close to the highest admissible one, i.e. about 0.1 mm. The frequency
dependence of the correlation function Iω ∼ P 2

ω can be fitted by a power function of
frequency ωm with the index m = −4.3. The averaged value of the index obtained
over several different experiments at the same temperature is close to −4.0 ± 0.3.
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Fig. 3 Well developed turbulent
cascade on the surface of He-II
at T = 1.95. Averaging over
16 files of 3 s duration. Straight
line corresponds to a power law
function P 2

ω ∼ ω−4.3

Table 1 Properties of liquid
helium Temperature, K 1.8 1.95 2.3

Density ρ, g/cm3 0.1453 0.1455 0.1458

Surface tension σ , dyn/cm 0.316 0.306 0.277

Kinematic viscosity ν, cm2/s 0.000089 0.000096 0.0002

The observed value of index m differs from theoretical predictions and previous ex-
periments with hydrogen. The reasons for this discrepancy necessitate further inves-
tigations.

The coefficients of kinematic viscosity and surface tension of liquid helium are
changed significantly with lowering the temperature from 2.3 K to 1.8 K. The prop-
erties of liquid helium at three temperatures are given in Table 1 [4].

Estimation of ratio of the high-frequency boundary ω1.8K at T = 1.8 K to the
high-frequency boundary ω2.3K at T = 2.3 K in the frames of Zakharov model (1)
gives the value ω1.8K/ω2.3K = 2.1. The experimental value of the ratio is equal to
2.2 ± 0.4. Thus, formula (1) is in agreement with experimental observations of high-
frequency boundary variation with changing both the amplitude of exciting force and
the viscosity of liquid.

4 Conclusions

The use of liquid helium allowed us to observe for the first time a strong shift of
the high-frequency boundary of inertial interval when the viscosity of the liquid was
changed by the increasing of the temperature. This shift can be described in the frame
of Zakharov theory [1] for capillary turbulence excited by a harmonic force. How-
ever the observed index of power law function describing the dependence of corre-
lation function Iω on frequency differs from the theoretical prediction m = −21/6.
It should be mentioned that in our experiments with liquid hydrogen [3] the power in-
dex m = −3.7 ± 0.3 was close to the value predicted by theoretical consideration [1].
We hope to determine the reasons for the discrepancy in future investigations.

Acknowledgements We are grateful to E.A. Kuznetsov and G.V. Kolmakov for many valuable discus-
sions and to V.N. Khlopinski for assistance in preparing the experiments. The investigations were sup-
ported by the Russian Foundation for Basic Research, projects No. 07-02-00728 and No. 06-02-17253, by



430 J Low Temp Phys (2008) 150: 426–430

the Presidium of the Russian Academy of Sciences in frames of the programs “Quantum Macrophysics”
and “Mathematical Methods in Nonlinear Dynamics”.

References

1. V.E. Zakharov, G. Falkovich, V.S. L’vov, Kolmogorov Spectra of Turbulence I (Springer, Berlin, 1992)
2. M.Y. Brazhnikov, A.A. Levchenko, G.V. Kolmakov, L.P. Mezhov-Deglin, JETP Lett. 74, 583 (2001)
3. M.Y. Brazhnikov, A.A. Levchenko, G.V. Kolmakov, L.P. Mezhov-Deglin, JETP Lett. 73, 398 (2001)
4. R.J. Donnelly, C.F. Barenghi, J. Phys. Chem. Ref. Data 27, 6 (1998)


	Developed Capillary Turbulence on the Surface of Normal and Superfluid 4He
	Abstract
	Introduction
	Experimental Details
	Results
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


