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» These quantum properties make helium a good candidate for the
observation of supersolidity
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» In 1969, Andreeyv, Lifshitz and Chester (ALC) consider a solid with
superfluid properties.

How to combine cristalline and superfluid properties?

Cristalline properties

» Organized structure of a
crystal

[5] A. F Andreev et al., Sov. Phys. JETP, 29(6) :1107-1113, 1969
[6] G. V. Chester, Phys. Rev. A, 2(1) :256-258, 1970
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» In 1969, Andreeyv, Lifshitz and Chester (ALC) consider a solid with
superfluid properties.
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Experimental search of supersolidity in solid helium-4

First experiments

-objects immersed in solid
helium-4

-mass flow experiments

-torsionnal oscillators

» No sighature of
supersolidity [13]

[13] M. W. Meisel, Physica B, 178 (1-4) :121-128, 1992
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Experimental search of supersolidity in solid helium-4

Recent experiments

In 2004 :
Kim and Chan rotation anomaly [14]

In 2007 :
Day and Beamish anomalous stiffening

» Interplay still debated but
mechanisms are far from ALC scenario

[14] E. Kim et al., Science, 305 (5692) :1941-4, 2004
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First experiments Recent experiments
-objects immersed in solid In 2004 .
helium-4 Kim and Chan rotation anomaly [14]
-mass flow experiments In 2007 :
-torsionnal oscillators Day and Beamish anomalous stiffening
supersolidity [13] mechanisms are far from ALC scenario

» The ALC scenario for supersolidity is still undiscovered

Why ? —» Vacancy activation energy [, is too large
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Could E, ~ 0 be achieved by stretching the solid upto V,,, = 22 cm? ?

A way to realize ALC scenario?

[23] R.O. Simmons, J. Phys. Chem. Sol., 55(10) :895-906, 1994
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Stability limits of metastable solid helium-4

Nucleation model of the liquid phase [59]:
» Unstable when nucleation rate too important :

-Happens close to the spinodal point ., =~ —10 bar

Destabilization by vacancies criterion [40] :
» Unstable when insulating gap between vacancies/interstitials is closed

-Obtained by linear extrapolations c;,s =~ 0 bar

[59] H. J. Maris, JLTP, 155(5-6) :290-302, 2009
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amplification factor g = 6Py /d P

» More complicated in solid because of sound anisotropy !
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Beyond sound anisotropy
» \Wavesurface to focus sound wave in solid:
-Calculated from elastic constant [82]

-3 propagation modes : longitudinal mode produce the largest Py

1 T T T T T T T T T . .
0 ; » Radially polarized

. » Thickness mode excited :
__ 6} 1f=1MHz
=
E
N 4
ot ]

» The emitter was machined at the mechanical workshop with diamond
tools by A. Leclerc

[82] R. Crepeau et al., Phys. Rev. A, 6(1) :516-519, 1972
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Numerical simulation program

» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.20 us
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» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.30 us
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» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.40 us
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» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.50 us
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» One emitter simulation :
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-Amplification factor
g = 86

Champ sonore simulé, t= 14.60 us
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» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.70 us
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Numerical simulation program

» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.80 us




£

Introduction-

Focused ultrasound
wave in solid helium-4

Overcoming sound
anisotropy

Numerical simulation
of sound propagation

Cryogenic techniques
Interferometric
measurement of density

variations

Metastable solid helium-
4 and stability limits

Conclusion and
prospects

Numerical simulation program

» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 14.90 us




£

Introduction-

Focused ultrasound
wave in solid helium-4

Overcoming sound
anisotropy

Numerical simulation
of sound propagation

Cryogenic techniques
Interferometric
measurement of density

variations

Metastable solid helium-
4 and stability limits

Conclusion and
prospects

Numerical simulation program

» One emitter simulation :
-Good focusing

-Amplification factor
g = 86

Champ sonore simulé, t= 15.00 us
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Numerical simulation program

» Two emitter simulation :

5

-Stationnary waves are
formed

-Amplification factor =R
g=178 E 0
N

-5 0 5
Conclusion : X (mm)

Taylor-made sound emitter should be able to focus ultrasound waves in
helium 4 crystals
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emitter

pressure g
|2 s
-h“ .
piezoelectric _ M nucleation
7[,/ / device

Cell

» Experimental cell:
-OFHC copper

-30 cm?® internal volume
-4 optical access

-Polished growth surface

» Cell equipment:

-Straty-Adams pressure gauge
with mbar resolution

-2 piezoelectric emitters guided by
two axes

-Nucleation device
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Nucleation of helium-4 crystals

» Helium 4 crystal seeds :
-Cell filled with liquid helium 4

-Pressure is slowly increased until a
seed appears on the nucleator

-Seed falls down on the floor

camera 2

\ » Control of crystal orientation :
)

ﬂ - T <Trougn—> C-facet visible

camera 1 <<

5 , -Orientation controlled with two
y ¢ orthogonal directions

cell
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Preparation of helium-4 crystals

Superfluide

» Avoid surface melting during sound
emission:

-Cristal is warmed along the
melting curve

-Cell is filled at (1, P.)

-Cristal is cooled down to 1§, it

8 1 1.2 1.4
Temperature (K)

16 follows a path whith constant V/,,,
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Superfluide

» Avoid surface melting during sound
emission:

-Cristal is warmed along the
melting curve

-Cell is filled at (T, P.)

-Cristal is cooled down to 1§, it

8 1 1.2 1.4
Temperature (K)

» Helium-4 crystal growth :

-Grown from superfluid at (7, F;)

-Cell filled in ~1h

16 follows a path whith constant V/,,,
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8.

Preparation of helium-4 crystals

Superfluide

» Avoid surface melting during sound
emission:

-Cristal is warmed along the
melting curve

-Cell is filled at (T, P.)

-Cristal is cooled down to 1§, it

8 1 1.2 1.4
Temperature (K)

» Helium-4 crystal growth :

-Grown from superfluid at (7, F;)

-Cell filled in ~1h, and capillary blocked
—» Volume of the cell is isolated

16 follows a path whith constant V/,,,




Outline

Introduction

1. Cryogenic techniques

2. Focused ultrasound wave in solid helium-4

3. Interferometric measurement of density variations
Experimental setup
Calculation of density maps

4. Metastable solid helium-4 and stability limits

Conclusion and prospects




Interferometric imaging setup

% ~ -Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz
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Interferometric imaging setup

% | -Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz
— -Jamin interferometer : one arm through acoustic field
Focused ultrasound . .
wave in solid helium-4 other arm in unperturbed region
Cryogenic techniques
Interferometric
measurement of density
variations
Experimental setup
Calculation of density
maps
Metastable solid helium-
4 and stability limits CCD
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A
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Jamin 4 - -
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window[ T T~11K T[

pulsed laser A=532 nm




Interferometric imaging setup

% | -Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz
R -Jamin interferometer : one arm through acoustic field
wave in solid helium-4 other arm in unperturbed region

Cryogenic techniques

L -Region of interest is imaged onto a CCD camera —® maps of phase
measurement of density ENERTIS 5¢(CU Z)
)

variations
Experimental setup

Calculation of density
maps

Metastable solid helium-
4 and stability limits

CCD camera

Conclusion and 7 Cryostat
prospects , ]
/4 cell 2
X y
PZT 1
S i
Jamin 4
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window[ T T~11K T[

pulsed laser A=532 nm
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Interferometric imaging setup
-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz

-Jamin interferometer : one arm through acoustic field
other arm in unperturbed region

-Region of interest is imaged onto a CCD camera —® maps of phase
shifts d¢(x, z)

-8 ns pulsed laser (<« 1 us) takes "snapshots” of the sound field,
time sampling is made by varying the delay between laser pulse and
sound emission

Sound wave JV

Laser pulse
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Interferometric imaging setup
-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz
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-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz
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-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz

-Jamin interferometer : one arm through acoustic field
other arm in unperturbed region

-Region of interest is imaged onto a CCD camera —® maps of phase
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Interferometric imaging setup
-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz

-Jamin interferometer : one arm through acoustic field
other arm in unperturbed region

-Region of interest is imaged onto a CCD camera —® maps of phase
shifts d¢(x, z)

-8 ns pulsed laser (<« 1 us) takes "snapshots” of the sound field,
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Interferometric imaging setup
-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz

-Jamin interferometer : one arm through acoustic field
other arm in unperturbed region

-Region of interest is imaged onto a CCD camera —® maps of phase
shifts d¢(x, z)

-8 ns pulsed laser (<« 1 us) takes "snapshots” of the sound field,
time sampling is made by varying the delay between laser pulse and
sound emission
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Interferometric imaging setup
-Piezoelectric emitter (PZT) excited by a four cycle excitation at 1 MHz

-Jamin interferometer : one arm through acoustic field
other arm in unperturbed region

-Region of interest is imaged onto a CCD camera —® maps of phase
shifts d¢(x, z)

-8 ns pulsed laser (<« 1 us) takes "snapshots” of the sound field,
time sampling is made by varying the delay between laser pulse and
sound emission

Sound wave /\/\I J\f

Laser pulse r
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Phase map calculation

» Intensity measured
by camera :

I =1 1_|_Ceffcos(5¢-|—¢0)




Phase map calculation

Qﬁ ;
» Intensity measured
/ I(p) = Leps |14 Ceyy cos (8¢ + ¢o + ¢(p))

by camera : -

Introduction

Focused ultrasound
wave in solid helium-4

Crvostat CCD
Interferometric lz oSt v _

Cryogenic techniques

N

measurement of density /’/ cell j
variations

F X
Experimental setup y PZT

Calculation of density
maps ]
Jamin

Metastable solid helium-

4 and stability limits mirror m /
Conclusion and “' I T~11K T “'
pI‘OSpeCtS \

pulsed laser A =532 nm




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

|

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

A |

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

A |

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = lesy [1 + Ceyycos (66 + ¢o + ¢(p))

I(p)L

Jamin

|

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

|

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

A |

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

|

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

|

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = legg [1 + Ceyycos (8¢ + ¢o + ©(p))

I(p)L

Jamin

|

Plates are tilted to vary the phase




@

Introduction

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured

by camera : I(p) = Iefy |14 Ceggcos (06 + ¢o + @(p))

I(p)

A
» Linear fit with I(p) gives : < 4

- 0¢ + 9o
ey
-Cleyy




@

Introduction -

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured
by camera : I(p)

» Linear fit with I(p) gives :

- 0¢ + 9o
ey
-Cleyy

\ 2 mm —
100 200 300 400 500
X (pix)

eff |1+ Ceyycos (5¢ + ¢o + SO(P))

I(p)

‘_
_4 1




@

Introduction -

Focused ultrasound
wave in solid helium-4

Cryogenic techniques

Interferometric
measurement of density
variations

Experimental setup

Calculation of density
maps

Metastable solid helium-

4 and stability limits

Conclusion and
prospects

Phase map calculation

» Intensity measured
by camera : I(p) = Iegs |1+ Cepycos (3¢ + ¢o + ©(p))

I(p)

A
» Linear fit with I(p) gives : <

- 0¢ + 9o
ey
-Cleyy

Temporal

\ 2 - unwrapping

100 200 300 400 500 > 100 200 300 400 500
X (pix) X (pix)




Refractive index map
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Instability threshold

B » Observations :

-Same results for the two configurations used

Introduction -
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Mean threshold pressure is 21.4 bar » The stability limit encountered
here is clearly different from the one discussed before
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Conclusion

» The development of two experimental tools made this work possible :

-A taylor-made piezoelectric transducer, shaped to a wavesurface
to focus ultrasound wave in helium 4 crystals

-A time resolved multiphase interferometric imaging method to
determine the pressure of the metastable state

» Results on metastable solid helium-4 :
-Metastable phase explored down to 21.4 bar

-Limiting non-linear effects were suppressed by using a two
emitters confocal configuration

-Below 21.4 bar solid helium undergoes an unexpected
Instability

-This instability could correspond to the nucleation of the liquid
phase, but is incompatible with actual model
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Prospects

» Short and middle term prospects :

-Confirm that instability takes place during negative swings of the
wave

-Build a nucleation model to take into account crystal defects

» Long term prospects :
-Extend the temperature range of measurements

-Assess the compressibility in the metastable state by using
Brillouin scattering




Thank you for your attention
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Numerical simulation results
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Description of the instability
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Numerical simulation program

. . Simllllation |

=40 ——- Analytique
» Accuracy checked by creating a sl
wavesurface

: . N 300}

Very good agreement with analytical  x
wavesurface 200!

100}

0

0 100 200 300 400 500
axe y




Sound focusing in helium-4 crystals

x 107

T t T T

Bnexrz anim 10 I

|

; i

. |

I ¢ :

1 2 |
; 1 : ; : ‘ ] .

1 05 0 05 1 15 95 1 05 o 05 1 15

rayon (mm)




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128
	Slide 129
	Slide 130
	Slide 131
	Slide 132
	Slide 133
	Slide 134
	Slide 135
	Slide 136
	Slide 137
	Slide 138
	Slide 139
	Slide 140
	Slide 141
	Slide 142
	Slide 143
	Slide 144

