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CASIMIR EXPERIMENTS
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THE CASIMIR EFFECT IN A NUTSHELL
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THE CASIMIR EFFECT IN A NUTSHELL
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The energy depends on separation...

...there exists a force



VAN DER WAALS VERSUS CASIMIR

LONDON THEORY OF VAN DER WAALS FORCES (between atoms)

IR

o Interactions between the two dipoles

O A feels the field of B, and B feels the field of A

INSTANTANEOUS INTERACTION



VAN DER WAALS VERSUS CASIMIR

LONDO RY OF VAN DER WAALS FORCES (between atoms)

A

o Interactions between the two dipoles

O A feels the field of B, and B feels the field of A

INSTANTANEQ ERACTION



VAN DER WAALS VERSUS CASIMIR

Analogous situation for two macroscopic slabs

SVAVAVAVY,

o Interactions due to collective motion of charges

INSTANTANEQ ERACTION

M—retarded van der Waals interaction

Lifshitz theory of dispersion forces



VAN DER WAALS VERSUS CASIMIR

Analogous situation for two macroscopic slabs

SVAVAVAVY

o Interactions due to collective motion of charges
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A QUESTION OF DEFINITION

Lifshitz 1956:
London theory of
van der Waals force
revisited

QUANTUM FLUCTUATIONS OF THE E.M. FIELD

{

FLUCTUATING DIPOLE MOMENTS ON THE SURFACES

PLENTY OF LITERATURE ON:

Objects in liquids Surfaces in contact

What do people refer to with “Casimir force experiments”?
What shall we really talk about today?



THE TOPIC OF THIS SERIES OF LECTURES

We will look at:

measurements

of forces between solid objects

not yet in contact

possibly across gas or vacuum

certainly at large separations (where retardation counts)
aimed at high precision...

...with some exceptions!

But first...



A TRIBUTE TO HISTORY: Sparnaay

Sparnaay, M. J. MEASUREMENTS OF ATTRACTIVE FORCES BETWEEN

1958 FLAT PLATES
Physica XXIV by M. J. SPARNAAY
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Calibration of the setup: adding a small known mass (gravitational calibration)

Change of distance: calibrated screw
Measurement of distance: capacitance
Measurement of parallelism: optical plus contact



A TRIBUTE TO HISTORY: Sparnaay

Sparnaay, M. J. MEASUREMENTS OF ATTRACTIVE FORCES BETWEEN §
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Take home messages from Sparnaay’s experiment:
-Measurement of separation must be improved The presence of dust/contaminants:
“Clean surfaces 11 > 1 — prevents to measure at close d
_—— 2 — gives rise to residual electrostatic !




A TRIBUTE TO HISTORY: Derjaguin

DIRECT MEASUREMENT OF MOLECULAR ATTRACTION
BETWEEN SOLIDS SEPARATED BY A NARROW GAP Q. Rev. 10 (1958) 295

By B. V. DrrsaguIn
(CorrEspPoONDING MEMBER OF THE U.S.S.R. ACADEMY oOF SCIENCES),

I. I. ABrikosova, and E. M. Lirsarrz

(LABORATORY FOR SURFACE PHENOMENA, INSTITUTE OF PHYSICAL CHEMISTRY,
U.S.5.R. AcapEMY or SCIENCES, Moscow)

dfdh s nigh and negative,  Theretore, i we bring the

surfaces close enough tomether they will adbere,  Obwvieasly, this problem

reqjuirss the uze of & balance of conspdecable restoring moment on the one

hand and of high sensitivity an the orher, these requirements being incem-
pralible e bhe cose of an cedinary balsove,

This difficull y was oversome by wsing the negative feed-baek incebhod, 12

’ -~

24004

- Area

T 3 h{f
360d3

F = —

we measured the force of attraction between a plate 4 mm. X 7 mm. and
spherical lenses with curvature radii p = 10 em. and p = 25 cm.

F(d) <= €(w)



A TRIBUTE TO HISTORY: Derjaguin

M : +150v

Magnetic torque feedback:

3x 64c7  Zero angle - zero current ce
.R Angle#0 - currentz0& restoring force

1 — solves the jump to contact problem

2 — measures the Casimir force

3 —also allows change of separation
(move P1->change zero point)

AN

\\ (while absolute separations is
: .
o, D&  Mmeasured via Newton’s ring)

Alignment such that current
output is proportional to angle



A TRIBUTE TO HISTORY: Derjaguin

Take home messages from Derjaguin’s experiment:
-Sphere-to-plate might be better
-Feedback tricks might help

(problems with surface contamination, though)
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A TRIBUTE TO HISTORY: Tabor et al.

P120 NATURE, VOL. 219, SEPFTEMBER 14. 1968

Surface Forces: Direct Measurement of Normal and
Retarded van der Waals Forces

by 1 _ 1 .

D. TABOR Direct measurement of surface forces between mica sheets shows, mica-m |Ca,

R. H. S. WINTERTON for the first time, that normal van der Waals forces operate for .
Surface Physics, Sub-Department of the separations less than 100 A, retarded van der Waals forces for authors assume there IS

Cavendish Laboratory,

arati A,
University of Cambridge separations greater than 200 A

no residual electrostatic force
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Surface Force Apparatus (SFA)



A TRIBUTE TO HISTORY: Tabor et al.

P120 NATURE, VOL. 219, SEPFTEMBER 14. 1968

Surface Forces: Direct Measurement of Normal and
Retarded van der Waals Forces

Ey TABOR Direct measurement of surface forces between mica sheets shows,
R. H. S. WINTERTON for the first time, that normal van der Waals forces operate for
Surface Physics, Sub-Department of the separations less than 100 A, retarded van der Waals forces for
Cavendish Laboratory, separations greater than 200 A,

University of Cambridge
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A TRIBUTE TO HISTORY: Tabor et al.

P120 NATURE, VOL. 219, SEPFTEMBER 14. 1968

Surface Forces: Direct Measurement of Normal and
Retarded van der Waals Forces

b 1 1 .

DT TABOR Direct measurement of surface forces between mica sheets shows, mica-m |Ca,

R. H. S. WINTERTON for the first time, that normal van der Waals forces operate for .
Surface Physics, Sub-Department of the separations less than 100 A, retarded van der Waals forces for authors assume there IS
Cavendish Laboratory, separations greater than 200 A, -

University of Cambridge

no residual electrostatic force

Dispersion Interaction of Crossed Mica Cylinders:

- the Israelachvili-Tabor Experiments

By LEe R. WHITE,T* JACOB N. ISRAELACHVILI} and BARRY W. NINHAM

Department of Applied Mathematics, Institute of Advanced Studies,
Research School of Physical Sciences, Australian National University,
Canberra, A.C.T. 2600, Australia

Received 17th November, 1975

The experiments of Israelachvili and Tabor are reanalysed to elucidate some of the quantitative
discrepancies between theory and experiment. It is shown that, although the u.v. data for mica are
incomplete, the postulation of extra u.v. absorption, or the use of interpolation techniques, in the
representation of (i¢) is unable to explain completely the experimental data at all distances. However,
a reconciliation of the theoretical and experimental results ensues if it is assumed that the radius of

curvature of tHe mica cx]maers was unaerestlmatea Ez about 35 % in these exgenments.




A TRIBUTE TO HISTORY: Blokland & Overbeek

van der Waals Forces between Objects Covered with a
Chromium Layer

By Perer H. G. M. vAN BLOKLAND AND J. THEODOOR G. OVERBEEK*
Van’t Hoff Laboratory, Transitorium 3, Padualaan 8, Utrecht, The Netherlands

Received 27th January, 1978

Distance is measured capacitively

Force is measured from distance measurements

Calibration: with electrostatic forces (applying a voltage) =
Counterbias applied
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A TRIBUTE TO HISTORY: Blokland & Overbeek

van der Waals Forces between Objects Covered with a
Chromium Layer

By Perer H. G. M. vAN BLOKLAND AND J. THEODOOR G. OVERBEEK*
Van’t Hoff Laboratory, Transitorium 3, Padualaan 8, Utrecht, The Netherlands

Received 27th January, 1978
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Take home messages from B&Q’s experiment:
-Calibration with electrostatic force
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-Counter-bias the residual electrostatic -0
-Oxide layers are not good 5
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LESSONS FROM THE PAST

1. Parallel plates geometry makes life difficult
- sphere-to-plate is more convenient

2. Surface contaminants / oxides make life difficult
- use metals (noble metals?)
- keep surfaces clean

3. Calibration is a must
- use electrostatic force to calibrate the force sensor

4. Measurement of separation is a must
- use electrostatic force to calibrate the distance



THE IMPACT OF MICROTECHNOLOGY

‘80s: significant development of microtechnology

MICROTECHNOLOGY
MORE SENSITIVE MINIATURIZED FORCE SENSORS

CASIMIR FORCES CAN BE MEASURED ON SMALLER OBIJECTS

(less problems with vibrations and surface quality)

MINIATURIZED CASIMIR FORCE SETUPS mSiag]ell=]s

BETTER MACROSCOPIC CASIMIR SETUPS EelaalEiul s IR o118,



THE IMPACT OF MICROTECHNOLOGY: the AFM




THE IMPACT OF MICROTECHNOLOGY: the AFM




AFM CASIMIR EXPERIMENTS: EARLY SIGNS

Many measurements without the sphere
(the tip is a sphere itself), limited to non-retarded forces.

Direct measurement of colioidal
forces using an atomic
force microscope

William A. Ducker®, Tim J. Senden
& Richard M. Pashleyf

NATURE - VOL 353 - 19 SEPTEMBER 1991

3.5 microns, silica

Y ——— Substrate = silica
Medium=water+NacCl
E 1 ™ E ] o; ]
€ :
xc -4
T : . 10M 7 van der Waals
g 3
0.1+ _ _ oM -
(\mh 2 V|
i s 1 s 1 ! | ! ‘
0 10 20 30 40

Distance (nm)

After this series of “early signs”...



AFM CASIMIR EXPERIMENTS: Riverside

GOAL 1: first precise (~¥1%) measurements of the Casimir force

VOLUME 81. NUMBER 21 PHYSICAL REVIEW LETTERS 23 NOVEMBER 1998

Precision Measurement of the Casimir Force from 0.1 to 0.9 pum

U. Mohideen* and Anushree Roy

Department of Physics, University of California, Riverside, California 92521
(Received § May 1998: revised manuscript received 5 October 1998)

PHYSICAL REVIEW D, VOLUME 60, 111101

Improved precision measurement of the Casimir force
Anushree Roy, Chiung-Yuan Lin, and U. Mohideen*

Department of Physics, University of California, Riverside, California 92521
(Received 18 May 1999; published 8 November 1999)

PHYSICAL REVIEW A, VOLUME 62, 052109

Precision measurement of the Casimir force using gold surfaces

B. W. Harris, F. Chen, and U. Mohideen
Department of Physics, University of California, Riverside, California 92521
(Recerved 19 May 2000; published 17 October 2000)



AFM CASIMIR EXPERIMENTS: Riverside

Vacuum, oil free-pumps, antivibration stages...
Sphere: ®=191.3£0.5 um (SEM), coated with Au
Plate: sapphire, coated with Au

Roughness of plate: 1.0+0.1 nm (AFM) (Y

Expected sensitivity ~ 1-10 pN K.t e % cn
Expected force ~ 200 pN @ 100 nm 200 Mgpget St 344 1

Strategy in the determination of separation:
Plate mounted on a calibrated piezo,
moves over known distances

Separation = separation at contact z + piezo movement backward z-

Determination of zy will be explained later



AFM CASIMIR EXPERIMENTS: Riverside

Procedure
P \\\
T4 cantiever /" Electrostatic | .
\"4
5 17 , N / \
@ F=2meq(V{—V5)" E cschna(coth a—n cothna).
J -7 n=1

s BR S = cosh™ {1 +G+2)/R

Measure F as a function of z for different V¢

@ — calculateV’; that zeroes F

NOTE: no need to know z accurately at this stage

NOTE: this measurement is performed only at large separations!
It is assumed that there is no dependence of zeroing ¥ > on separation and time!
Recently, the group has demonstrated that the assumptions were correct

Interestingly... J/,=3*3 mV



AFM CASIMIR EXPERIMENTS: Riverside

Procedure

ove piezo and measure deflection

/ Region2 Casimir

: Furthermore:
bending of the cantilever

e = Zy) +Z

]

v'o

Photodiode difference signal (signal units)
S
1
Photodiode difference signal (signal units)
du L

get M from this slope

Region1 CONtact

piezo~ L' pa ™M
AV 0.256V, 0.202V, 0.154V

150
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AFM CASIMIR EXPERIMENTS: Riverside

Procedure

o

z
af
W |

Correct the electrostatic data and
fit with electrostatic formula

— 0.0
g .
5
gl /A Region2 Casimir
@ 4410
c | Al
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g 5 - bending of the cantilever E
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E o N wsfi
. @ — z‘,‘:‘lwl — Z:+m I Zn'b.ﬂm ) .Zn-lnm 0.0 . 015 ’ 1:0 . 1t5 . Zlo . Zlﬁ ] 30

Distance moved by the plate (run) Plate-sphere surface separation (pm)



AFM CASIMIR EXPERIMENTS: Riverside

Procedure

Given that the experimental standard deviation around 62 nm
is 19 pN, the experimental uncertainty 1s =19/\/30=3.5pN

leading to a precision that is better than 1%

FIRST HIGH PRECISION,
CAREFUL MEASUREMENT OF
CASIMIR FORCE WITH MEMS

g . 00|
=1
% Ag / Region2 Casimir wl
T |LS g -
%JP 9 i Furthermore: > g2} standard deviation
& bending of the cantilever 3 -
L z=Zut Z a0 m ETT
£ 1r = L] piezo pd g '
3 L4 F
AARN |
E MEEEE RPN NI RS SN W E— el 0,5 Lo 1 A 1 1 1
@ ZH00 Z,+200 zn..,m Z,4400 50 100 150 200 B.:l 300
Distance moved by the plate (run) Plate-sphere surface separation (nm)



AFM CASIMIR EXPERIMENTS: Riverside

Set limits to extra-gravitational f \
et limits to extra-gravitational forces PRECISE AN l@ EASUREMENTS
i (PRECISE AND HEORY

Dielectric properties of the
interacting materials

Effect of surface roughness

log log|

2
L]

]

Casimir force (10°N)

T E T

Vo= Vivewson ]il | -.r.u-*»?’j .

T
Plate-sphere surface separation (nm) /

-9 -8
log (& /1m)



AFM CASIMIR EXPERIMENTS: Riverside

Demonstration of optically modulated
dispersion forces

F. Chen,! G. L. Klimchitskaya,” V. M. Mostepanenko,’ and
U. Mohideen'

________________________________________

640 nm laser Optical filter

16 Apr 2007 / Vol. 15. No. 8 / OPTICS EXPRESS 4823  chamber  beam !g oo | |

AF; (pN)

E&.

=
%3

150 200 250 300 350 400 450 500
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AFM CASIMIR EXPERIMENTS: Riverside

VOLUME 88, NUMBER 10

PHYSICAL REVIEW LETTERS

11 MARcH 2002

Demonstration of the Lateral Casimir Force

F. Chen and U. Mohideen*

Department of Physics, University of California, Riverside, California 92521

G. L. Klimchitskaya and V.M. Mostepanenko

Departamento de Fisica, Universidade Federal da Paraiba, C.P. 5008, CEP 58059-970, Jodo Pessoa, Pb-Brazil
(Received 26 November 2001: published 25 February 2002)
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AFM CASIMIR EXPERIMENTS

Other groups that have followed: Harvard, Amsterdam



AFM CASIMIR EXPERIMENTS: Harvard

namre Vol 457 |8 January 2009|doi:10.1038/nature07610

Measured long-range repulsive Casimir-Lifshitz
forces

J. N. Munday', Federico Capasso” & V. Adrian Parsegian’

0.4 b
s
\E 0.2_ @
o
a b g 0.0
ﬂ Net B_0.0 Bromobenzene
,, force Gold
—-0.44
10 Bromobenzene 1 1 1 1 1 1 1
0 50 100 150 200 250 300
_| Silica 0.20
T c
10% 101
i€ (rad s7) <01 5'\
Figure 1| Repulsive quantum electrodynamical forces can exist for two E 0.104
materials separated by a fluid. a, The interaction between material 1 and O
: ; : ; ; : : @ Bromobenzene
material 2 immersed in a fluid (material 3) is repulsive when % 0.05— 1 A h
£1(i8) = &3(i&) = &,(i), where the £(i¢) terms are the dielectric functions at o) \\ pproac Silica
imaginary frequency (see Supplementary Information for details about the 0.00 'f:_'f:"*‘““"‘“‘”“w”‘w‘”ﬂmﬁ*‘“‘m
definition of £(i<)). b, The optical properties of gold, bromobenzene and
silica are such that ‘(:gn]d(ii) > ‘(:brnmubem.ene(1‘5) > ‘(:silicu(ig) and lead to a -0.055

repulsive force between the gold and silica surfaces.

1 T 1 ] ]
0 50 100 150 200 250 300
Piezo displacement (nm)

Calibration with hydrodynamic force



AFM CASIMIR EXPERIMENTS: Harvard

namre

Vol 457 |8 January 2009|doi:10.1038/nature07610

Measured long-range repulsive Casimir-Lifshitz

forces

J. N. Munday', Federico Capasso” & V. Adrian Parsegian’

ﬂ Net

repulsive 1004
,, force

10— Bromobenzene

e S

107 10
i (rad s71)

Figure 1| Repulsive quantum electrodynamical forces can exist for two
materials separated by a fluid. a, The interaction between material 1 and
material 2 immersed in a fluid (material 3) is repulsive when

£1(i8) = &3(i&) = &,(i), where the £(i¢) terms are the dielectric functions at
imaginary frequency (see Supplementary Information for details about the
definition of £(i<)). b, The optical properties of gold, bromobenzene and
silica are such that £,,14(i€) > promobenzene(1€) = Esilica(iS) and lead to a
repulsive force between the gold and silica surfaces.
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AFM CASIMIR EXPERIMENTS: Harvard

namre Vol 457 |8 January 2009|doi:10.1038/nature07610

Measured long-range repulsive Casimir-Lifshitz
forces

J. N. Munday', Federico Capasso” & V. Adrian Parsegian’ 150

We have presented detailed measurements, which unambiguously &
show that long-range quantum electrodynamic forces between solid  § 0
. . . . ~ o

bodies can become repulsive when the optical properties of the mate- W

—50—
ials are properly chosen.
rials are properly chosen 100
-150—1
[ [ [ [ [ [ [
20 40 60 80 100 120 140
h —
see also 1003
Journal of Colloid and Interface Science 243, 365-369 (2001) ]
doi:10.1006/jcis.2001.7901, available online at http://www.idealibrary.com on —_ -
= -
(=8
Repulsive van der Waals Forces for Silica and Alumina g 1o
a -
i =
Seung-woo Lee and Wolfgang M. Sigmund! 3
'1 —

&0 100 150



AFM CASIMIR EXPERIMENTS: Amsterdam

Review of the difficult points in an AFM-Casimir force experiments
.h Fundamental parameters to be determined

/ R
dy

force

separation

AND CONSTANT WITHIN ONE RUN!!!



AFM CASIMIR EXPERIMENTS: Amsterdam

Fundamental parameters to be determined

¢

A

e — force

Vv

v

separation

AND CONSTANT FOR THE WHOLE
DURATION OF THE EXPERIMENT



AFM CASIMIR EXPERIMENTS: Amsterdam

Fundamental parameters to be determined

‘\F V,

MEASURED AT ALL SEPARATIONS

dy €



AFM CASIMIR EXPERIMENTS: Amsterdam

TYPICAL THINGS THAT WE DO NOT WANT TO DO

d 1 Bring surfaces in

0 contact

5 p Calibrate once in a
while

V 5 Measure V, far away,
0 assume it is constant




AFM CASIMIR EXPERIMENTS: Amsterdam

TYPICAL THINGS THAT WE DO

Bring surfaceyin 1 |+ [2 Continuously calibrate
contact

Continuously measure
3 and compensate for V, at
all separations

CASIMIR FORCE,
simultaneously

Let’s see how...



AFM CASIMIR EXPERIMENTS: Amsterdam

Designed and built at the VU




AFM CASIMIR EXPERIMENTS: Amsterdam

:i Fixed d. Suppose there is no VO

Vac -sin(wit) with  wi < wyes

— 12
€T RY applied

F., =
el y

If-’f(ff - sin?(wqt) ~ cos(2wit)

»
»

oscillation amplitude

7/ — >
2wW1 Wres frequency




AFM CASIMIR EXPERIMENTS: Amsterdam

.. ’ Fixed d. Suppose VO?iO
‘.\ .... . .
‘xx::( VAC ) Sln(wlt) with W1 <K Wres
2
€0 mht I'fn-J lied
F,lr = — ppitea
‘ d
7 7 . ;} r‘) r} .9
thﬁ X "U + 1‘-1(]* - S111 L.u‘lf — Vi + L V4. .sin” U«'lf
AC

»
»

— A

I 4

A g // PN .
// e

W1 2Wq Wyes frequency

oscillation amplitude




AFM CASIMIR EXPERIMENTS: Amsterdam

@ Vac -sin(wit) with  wi < wyes

Feed-back loop drives V- so
that signal at w, is zero

V,, is measured continuously and
always counterbiased by V-

»
»

oscillation amplitude

W1 2Wq Wyes frequency



AFM CASIMIR EXPERIMENTS: Amsterdam

i Close the door
'i\ T g fixed!
| Au-vs-Au

ol

1 1 1 1 |
0 500 1000 1500 2000
run number






AFM CASIMIR EXPERIMENTS: Amsterdam

Run number 107
4+ _
TN
fii
1 |
I
6} IR | { )
_ I
>
£ &
o o[ o _
Q - N
= { } \\\ |
10+ Vpe=alogd+b 1 -
| a=-44+02mV, b=43+0.6 mV,d in nm T
1L reduced X'Z:U.ﬁ

100 d (nm) 1000




AFM CASIMIR EXPERIMENTS: Amsterdam

»
»

oscillation amplitude

VO: feedback on!
eomRV 2,
£, = 20 TAC o5 (2wrt)
d
eomRV%,
bf}“f — COS (2»&!11‘)
d
known

2| /
S [y // N R
7/ >
W1 2Wq Wyes frequency



AFM CASIMIR EXPERIMENTS: Amsterdam

»
»

oscillation amplitude
_.__-.:'_':-_

W1 2Wq Wyes frequency



AFM CASIMIR EXPERIMENTS: Amsterdam

»
»

oscillation amplitude
_.__-.:'_':-_

W1 2Wq Wyes frequency



AFM CASIMIR EXPERIMENTS: Amsterdam

» V,feedback —

» Measure S(2w,)

»
»

oscillation amplitude

W1 2Wq Wyes frequency



AFM CASIMIR EXPERIMENTS: Amsterdam

| v 1 v 1 ' 1

i E  Runnumber 107 -

reduced y’=1.21

a(VhH

7000 7500 8000 8500 9000

d,_w_ (nm)
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d, (nm)
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» V,feedback —

» Measure S(2w,)

»
»

oscillation amplitude

Add oscillation at w,

\

i
"

// RN >

7/ >
frequenc
Wres 9 y
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Fo(t) = Fo(d™ + 6 cos(wat)) ~

» V,feedback — ~ Fo(d™) + OFc .Scod (:-.;)\
| ad | \ “ )
» Measure S(2w,)
V f‘ _____________________
'g A
= | . OF ¢
S . =
| | -3
S /\ l }
= |
O by J \ | .ill'.
S PR AN // PR s

Wi Wy 2w Whres frequency
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» V,feedback

v

v

Measure S(2w,)

Measure S(w,)

v

(izjz
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OF¢
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» V,feedback

v

v

Measure S(2w,)

Measure S(w,)

v
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At one particular value of d

200

- //\
150 - i

| c=4.7%
100 - %

A

'_ / %\

0 ! | V'/y/tl ! | | | ! IV%@ﬁ

-20 -15 -10 -5 0 5 10 15 20
relative error in 1/R dF/dd (%)

Counts

Statistical error on mean (precision) of 0.2%
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Casimir

IN PHASE

Hydrodynamic

PHASE SHIFT = 902

oscillation amplitude

| ><
o
_:_'_'_‘:-—

s frequency
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Casimir

IN PHASE

Hydrodynamic

PHASE SHIFT = 902

100

HYDRO

10
——— == ——> CASIMIR

1/ROFc/dd [N/m?]

From the in-phase signal

0.1

100 150 200 250 300 400 500

Distance d [nm]
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week ending

PRL 103, 040402 (2009) PHYSICAL REVIEW LETTERS 24 JULY 2009

Halving the Casimir force with Conductive Oxides

S. de Man, K. Heeck, R.J. Wijngaarden, and D. lannuzzi*
Department of Physics and Astronomy, VU University Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
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week endin,

PRL 103, 040402 (2009) PHYSICAL REVIEW LETTERS 24 JULY 2009

Halving the Casimir force with Conductive Oxides

S. de Man, K. Heeck, R.J. Wijngaarden, and D. lannuzzi*
Department of Physics and Astronomy, VU University Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
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not in
use
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5 =

Patent W02007/061286
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0 | 1000 | 2000

Patent W02007/061286
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ff IR (readout)

-

—

VIS
(evanescent field)




FIBER-TOP CASIMIR EXPERIMENTS: Amsterdam

SENSITIVE: based on optical interference

FLEXIBLE: working principle is not affected by the surroundings
COMPACT: just on the tip of a fiber

EASY-TO-USE: “plug-and-play” design
Casimir effect PORTABLE: readout in small volumes and light weight

HV WD mags= det mode HFW 50 g HVY | WD mag = | det mode| HFW

1.00kV/42 mm 750x ETD SE 171 pm elios 100 £Via.2 M2 500 XITLD) SE JS1.2 i



FIBER-TOP CASIMIR EXPERIMENTS: Amsterdam

HV WD |mag EH | det |mode| HFW — 50 pm ———
3.00kV|[41mm| 800x |[ETD| SE |160 um Helios




FIBER-TOP CASIMIR EXPERIMENTS: Amsterdam

Casimir curve (oscillation on): non-reproducible results
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stande}rd fiber ferrule

4 /




FIBER-TOP CASIMIR EXPERIMENTS: Amsterdam

New Journal of Physics 13 (2011) 023027
Measurement of the Casimir force with

a ferrule-top sensor

P Zuurbier, S de Man, G Gruca, K Heeck and D lannuzzi'
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20pum x 20pum
thickness of metal = 10nm

Photodiode Output Topography

...and many more applications...



MEMS CASIMIR EXPERIMENTS: Bell Labs

Quantum Mechanical Actuation
of Microelectromechanical
Systems by the Casimir Force

H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. }. Bishop,
Federico Capasso™

SCIENCE VOL 291 9 MARCH 2001
(after Mohideen series of papers)




MEMS CASIMIR EXPERIMENTS: Bell Labs

Quantum Mechanical Actuation

of Microelectromechanical From this calibration curve:
Systems by the Casimir Force -Measurement of counterbias V
-Absolute separation

H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. }. Bishop, ] )
-Calibration of the force sensor

Federico Capasso™
) : L g
SCIENCE VOL 291 © MARCH 2001 Correction for tilting (touching?)

(after Mohideen series of papers)

30

20

Force (nN)

6 (x 106 rad)




MEMS CASIMIR EXPERIMENTS: Bell Labs

Quantum Mechanical Actuation
of Microelectromechanical
Systems by the Casimir Force

H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. }. Bishop,

Federico Capasso™

SCIENCE VOL 291 9 MARCH 2001
(after Mohideen series of papers)

Deviation ( prad)
=]

6.0

0 (prad)

2.0F

0r

0.1F

e
—

We demonstrated that when the separation
between surfaces 1s small, quantum effects
must be considered to correctly describe the
operation of our micromachined device. This
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MEMS CASIMIR EXPERIMENTS: Bell Labs

VOLUME 87, NUMBER 21 PHYSICAL REVIEW LETTERS 19 NOVEMBER 2001

Nonlinear Micromechanical Casimir Oscillator

H.B. Chan.* V. A. Aksyuk, R.N. Kleiman, D.J. Bishop, and Federico Capasso’

Potential Enerey (al)

Displacement x (nm)

2745 2750
Frequency (Hz)




MEMS CASIMIR EXPERIMENTS: Harvard

Effect of hydrogen-switchable mirrors on the
Casimir force

Davide lannuzzi, Mariangela Lisanti, and Federico Capasso*

PNAS | March 23,2004 | vol. 101 | no. 12 | 4u1—.=1—4013l

Observation of the skin-depth effect on the
Casimir force between metallic surfaces

Mariangela Lisanti*, Davide lannuzzi**, and Federico Capassos
PNAS | August23,2005 | vol. 102 | no.34 | 11989-11992




MEMS CASIMIR EXPERIMENTS: Harvard

The experimental technique

~ ~ - - D
s IR e IR )
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MEMS CASIMIR EXPERIMENTS: Harvard

When is a metallic layer really a mirror?

-< &
Thick (bulk-like) metallic film: reflective
> >

\\J/\//

Thin metallic film: transparent
(but still metallic!)

Q Transparent sphere coated with
<\

messssssss | hin metallic layer Thick metallic layer

%
&




MEMS CASIMIR EXPERIMENTS: Harvard

Main problems:
- surface roughness
- radius of the sphere

3
T 7Z'hCR

360d°
15t evaporation Meas. of surface 1st Casimir force \ -Data with thick film are
(thin film) roughness meas. (thin film) taken only if the surface
roughness is the same
yy O
‘ > > . _
. g -Same radius because it

is the same sphere

/ > (note: thickness is

2nd evaporation Meas. of surface ond Casimir force measured with RBS)
(on top of thin film) roughness meas. (thick film)

@ T O
> —>

| O —

_—=
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350

300

100

250 F

200

F (pN)

150

F (pN)

10

100

0.1 0.15 02 025 03
50 + i i
First evidence of the

® s o o skin-depth effect
‘ 04 on the Casimir force

d (um)



MEMS CASIMIR EXPERIMENTS: Harvard

Casimir paper: two PERFECT CONDUCTORS

Real materials g(a)) <+<—» Boundary conditions

g(a)) - F = The Casimir force depends on
which materials the interacting

surfaces are made of (Lifshitz
W M theory)
AN

Ay Hydrogen SW|tchabIe errors

We need metalllc surfe

R. Gnesscc?\([gmslgl3 r%e]cc:pr and J.

Huiberts
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The idea: measurement of the Casimir force in air and in hydrogen

e N

Highly reflective Transparent

The goal: tuning the Casimir force in situ, from strong to weak
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The mirror

Mirror in air

Same mirror
in H atmosphere

Pd (50 A) N

= glass Ni\+Mg



MEMS CASIMIR EXPERIMENTS: Harvard

The idea: measurement of the Casimir force in air and in hydrogen

Highly reflective Transparent

- H-Switchable Mirror

®.

The goal: tuning the Casimir force in situ, from strong to weak
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Results: Why is the change below experimental sensitivity?

F (pN)

400

350

300

250

200

150

100

50

Red = in air (as deposited)
Green = in hydrogen (transparent)

50 100 150 200 250 300 350 400
d (nm)



MEMS CASIMIR EXPERIMENTS: Harvard

Dielectric functions of H-Switchable Mirrors are
known to switch in visible and near-IR

0 .
- l No measurement has been performed at longer
08 L wavelengths
Intuitive arguments:
> o6l As deposited Long wavelengths should not
2 count!
(@)
ko)
©
X o4} -
Loaded with H
0.2 | _
0.0 S SR el
0.1 1 10 100

wavelength (um)
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X
Long wavelength
should not count y Z

1 72.2 1/2
E= Eha)m; W, =C(kx2 +k,’ +Fm2j

1 2 2
E :Ethkj k> Hheyk Kk, + 7 hcy kK, A e

S

m=0 m

Does not depend
ond

The largest wavelength In our case, d=100 nm Only UV properties should matter!
is A=2d

1 m



MEMS CASIMIR EXPERIMENTS: Harvard

Dielectric functions of H-Switchable Mirrors are From magnetoresistance
known to switch in visible and near-IR and Hall effect
| measurements we can
1.0 —r —— — —— ) :
extract information on
Mg,Ni — long wavelengths
0.8 | Mg,NiH; . (1) — =
2 06k As deposited _
>
5 N\ These three models
O .
= NiH, . (2) should give the same
X o4}t ' - result
Loaded with H
0.2 |-
*
Mg,NiH; . not reflective at long wavelengths
0o , ~ (WRONG ASSUMPTION !)

0.1 1 10 100
wavelength (um)
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Expected change in the force upon hydrogenation

Mg,NiH; ¢

not reflective at long
wavelengths

(wrong assumption)

T

50

40

30 /
The effect is smaller because

MIRRORS DO NOT SWITCH WELL AT LONG WAVELENGTHS
and LONG WAVELENGTHS COUNT!

50 100 150 200 250 300 350 400
d (nm)

NiH, . Reflective at
long wavelengths

5N

AF (%)
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Nodes on the plates

A

A>d

These are the modes considered so far

This is a constraint due to the hypothesis of
PERFECT CONDUCTORS

For “real” materials:

8((0) determines the boundary conditions

Longer wavelength modes are allowed and will
thus contribute to the force



MEMS CASIMIR EXPERIMENTS: Harvard

Expected change in the force upon hydrogenation

Long wavelengths count!

GG v | v | ] |
The Pd layer counts!

50 L -

ac h/,{”,”// -

- i S
s L RO
Adding the Pd layer
10 |- -
@ § § | i | i | | | 3 | y
56} 1063 150 200 250 A0 A50) i

d (i
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F (pN)

400

350

300

250

200

150

100

50

Results of the calculations

50

100

150

200
d (nm)

250



MEMS CASIMIR EXPERIMENTS: Purdue

Mission: the most precise and accurate measurements of the Casimir force

week endin
VOLUME 91, NUMBER 5 PHYSICAL REVIEW LETTERS IAUGUSTE%OS

Measurement of the Casimir Force between Dissimilar Metals

R.S. Df:cca,l D. Lér:-f:z.ll E. Fischbach.'q and D. E. Krause™

PHYSICAL REVIEW D 68. 116003 (2003)

Improved tests of extra-dimensional physics and thermal quantum field theory
from new Casimir force measurements

R. S. Decca.! E. Fischbach.>* G. L. Klimchitskaya.>” D. E. Krause,*? D. Lopez.” and V. M. Mostepanenko’*

PHYSICAL REVIEW D 75, 077101 (2007)

Tests of new physics from precise measurements of the Casimir pressure
between two gold-coated plates

R.S. Decca,' D. Ll:’)pez.2 E. Fischbach,” G.L. Kli11’1chitsl<;z=1ya,4 D.E. Krause,”” and V. M. Mc::us.tf:panv.erllm6
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electrode

electrode

Optical
fiber

Two major technical improvements:

-Measurement separations via optical fiber
interferometry (eliminates problems with drifts)

-Softer springs (increases force sensitivity)
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About the separation

YA

metal — £~ %0~ Zg_ b6

capitance bridge

with microscope
electrostatic calibration
7

Au coated
sphere

Optical
fiber

interferometric

Z; —— interferometric
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As in previous experiments
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...different from previous experiment, though...

Measurement of Casimir force with resonance frequency shift

b* IF,
w, = w,| 1 — — |
2lw? 9z

AZpeta = A COS (mrl‘) Phase lock loop - ,

Calibration of pre-factors: electrostatic force
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250&
s e R=300um
200+
E 15[]-—
E |
2100}
5[]-—
D- 1 N
400 600 300 1000
Z (nm)
AP (mPa) 10| 2
2t 76 -T74 -T2 -7 -68 -66 -64 -62
s | logjo[A (m)]
Tt error balance
!
0.5 [, systematic (use of PFA, error on R, errorin  @,.)

- random

200 300 400 500 600 700
Z (nm)
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THE MOST DEBATED TOPIC IN THIS MOMENT: DRUDE OR PLASMA?

-10}
121 prude(@) = 1 — 0% Jo(w + iy)

Eplasma(m) =1- {UFE/{UE

14l

'1E;}H‘. e
200 220 240 960 280 600
z (nm)




AFM/MEMS CASIMIR EXPERIMENTS: what did we learn?

-Lifshitz theory works, but there is a question on Drude-vs-plasma
-There is no extra-g force within sensitivity of the experiments

-The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?
-Solve the problem on Drude-vs-plasma

-Improve limits on extra-g

-Applications to nanotechnology




MEMS CASIMIR EXPERIMENTS: Latest experiments

PRL 105, 250402 (2010) PHYSICAL REVIEW LETTERS

week ending
17 DECEMBER 2010

Casimir Force on a Surface with Shallow Nanoscale Corrugations: Geometry and Finite
Conductivity Effects

Y. Bao,' R. Guérout,” J. Lussange,” A. Lambrecht,” R. A. Cirelli,” F. Klemens,” W. M. Mansfield,’?
C.S. Pai,” and H.B. Chan**

Deviation from PFA

Solid line: PFA

F
cgrat
o
o

02 03 04 05
Z (um)

02 03 04 05
z (um)



MEMS CASIMIR EXPERIMENTS: Latest experiments

Engineering Casimir force reduction through metallic surface

nanostructuring .
Gratings can also decrease

Francesco Intravaia.! Stephan Koev.™* Il Woong Jung* A. Alec Talin® Paul S. Davids.’ the force with respect to PFA

Ricardo S. Decca.® Vladimir A. Aksyuk’ Diego A. R. Dalvit,! Daniel Lépez’

A

P /P
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WHY THIS TREND ?

“The Casimir effect plays an important role in nanotechnology”

CASIMIR EFFECT IN MEMS AND NEMS

annoying:
orce that induces jumps-to-contact

COMPARED TO WHAT ?

HOW MUCH ?




WHY THIS TREND ?

No counterbias - negligible Casimir force

[a—
—
o

T

FclFs
S

V, =100 mV
Vs
1073 Casimir gold-gold

10 100 1000

Separation d [nm]

COMPARED TO WHAT ?




WHY THIS TREND ?

100 - = | ifshitz Au-Au
N measured, ~ | ° error, Au-Au Hyd rodynamlcs !
- ] measured, correct phase, Au-Au
Z 103
3G i
= .
SEINY a
B ] 5 o8 g |
] A B
i o a . & ™ ¢
-] ¢ i
0.1 - .
100 150 200 250 300 350400 500 600
Distance d [nm]
COMPARED TO WHAT ?

(...not to mention capillary forces...)
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A factor of 2, and that’s about it!
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HOW MUCH ?




WHY THIS TREND ?

ﬂ Net

repulsive 1004
,, force

10— Bromobenzene

14 Silica
S o 1gme
i€ (rad s71)
Figure 1| Repulsive quantum electrodynamical forces can exist for two HOW a bOUt I|q Uids a nd repu ISive?

materials separated by a fluid. a, The interaction between material 1 and

material 2 immersed in a fluid (material 3) is repulsive when

£1(i&) = &3(i&) = &,(i), where the £(i&) terms are the dielectric functions at

imaginary frequency (see Supplementary Information for details about the Israe I a ChV| I i ”J ust a d d some sa It . .”
definition of £(i¢)). b, The optical properties of gold, bromobenzene and

silica are such that £,014(i€) = €hromobenzene(1E) = Eilica(iE) and lead to a

repulsive force between the gold and silica surfaces.

HOW MUCH ?




AFM/MEMS CASIMIR EXPERIMENTS: what did we learn?

-Lifshitz theory works, but there is a question on Drude-vs-plasma
-There is no extra-g force within sensitivity of the experiments

-The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?

-Solve the problem on Drude-vs-plasma

-Improve limits on extra-g

Increase accuracy/precision of MEMS setups
-Applications to nanotechnology OR

Go to larger setups:

Larger separations - more thermal effects
Larger separations - different a-A regions
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-Lifshitz theory works, but there is a question on Drude-vs-plasma
-There is no extra-g force within sensitivity of the experiments

-The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?

-Solve the problem on Drude-vs-plasma

-Improve limits on extra-g

Increase accuracy/precision of MEMS setups
-Applications to nanotechnology OR

Go to larger setups:

Larger separations - more thermal effects
Larger separations - different a-A regions




AFM/MEMS CASIMIR EXPERIMENTS: what did we learn?

More difficult because:

-Larger surfaces - larger problems with dust
-Larger surfaces - larger problems with electrostatic
-Larger setup - more problems with vibrations

Go to larger setups:
Larger separations - more thermal effects
Larger separations - different a-A regions




MODERN MACROSCOPIC SETUP: LANL

PHYSICAL REVIEW LETTERS 6 JANUARY 1997

VOLUME 78, NUMBER 1

Demonstration of the Casimir Force in the 0.6 to 6 um Range

S. K. Lamoreaux*

(Historical note: this is the first paper after Overbeek — van Blokland)

T Plate versus spherical lens (R=11.3 cm), Au coated
b

- Experiment in vacuum.
000/ |
1i1
_\_ Keep the balance straight The Casimir force was measured by simply stepping
B = - | v, the voltage applied to the PZTs up and down through 16
discrete and constant steps, and at each step, measuring

to keep the pendulum angle fixed.

| =
i "j_v;g]jm the restoring force, implied by a change mn 6V, required

Change of separation via calibrated piezo

.-".-"J
i

oy Paee 1360

Reduces vibrations



MODERN MACROSCOPIC SETUP: LANL

How about calibration, V,, and d,?

|

s

With electrostatic force  Measured and (almost) couterbiased

the absolute separation

was determined by measuring the residual electrical
attraction between the plates as a function of separation
(the contact potential was intentionally not perfectly

canceled).

Each up/down sweep cycle was fitted to a function of
fi :
orm . electrostatic
TCaS|m|r 3 setup
F"(i) = F.(a; + ay) + ——— + b, (7)
a; + dy

where F™(i) is the measured force at the ith step, aq is
a fit parameter which gives the absolute plate separation,
and b 1s a constant;



MODERN MACROSCOPIC SETUP: LANL

the electrical force 1s
subtracted, giving

Fl'(a;) = F(a;) — b _ b, (8)
a;
where F”(a;) is the measured residual force (hopefully

the Casmmir force).

Each up/down sweep cycle was fitted to a function of
form

p

a; + dy

F™(i) = Fl(a; + ap) + + b, (7)
where F™(i) is the measured force at the ith step, aq is
a fit parameter which gives the absolute plate separation,
and b 1s a constant;
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; loglogl  The agreement with theory, with no
25

adjustable parameters, 1s excellent.

e
heH

............................

=]
=]

residual

l—
e
=2
e
HeH
a=al
3=
HeH
e

rasidual force [p dynes]
o

L L 1 L 1
-02 0 0.2 0.4 0.6 0.8 1
absolute separation [Iog1 ok m]

absolute separation [pm]

Erratum: Demonstration of the Casimir Force in the 0.6 to 6 zm Range
[Phys. Rev. Lett. 78,5 (1997)]

Plasma frequency was wrong
Radius was wrong

S. K. Lamoreaux



MODERN MACROSCOPIC SETUP: LANL++

Drude-vs-plasma at large separations (d>>1 um):

DrLIdE(m) L {UPE/{U((U + IV) PF{ J(Dl'lee) - E:(g ) {f’i
Eplasma(m) l —{UPE/{UE Fﬂ“ j(plﬂS[l‘]‘]) - ( ) E;]

Observation of the thermal Casimir force

A. O. Sushkov'*, W. J. Kim?, D. A. R. Dalvit® and S. K. Lamoreaux’

NATURE PHYSICS | VOL 7 | MARCH 2011 | 230



MODERN MACROSCOPIC SETUP: LANL++

Piezoelectric transducer

c > 1 with strain gauge (v _ IVIH)E
omputer _
co-)_ntrol XYZ v Pivot/suspension point P(d“ v ) - FC(d) + T EDR _t’
positioner | (pendulum grounded (
through torsion wire)
d.c. bias voltage
(from computer DAC) ’ 77 Model for patch effects
1 %
, , d is found with the parabola method
Capacitance bridge Force (voltage) . . .
and Pl?e[t)»(m:r(:fkedbﬁk _'to computer ADC (le Sepa ration, sweep Vm' find curvatu rE)
Minimum of parabola gives i
;g H"Jlrlrn‘:
F(d,V)=F.d)+meR !
|
But:

if the separation is fluctuating with time

F(d +5(t) = F(d) + E48T0) +

. . L This term does not appear and
If fluctuations are faster than integration time

must be taken into account



MODERN MACROSCOPIC SETUP: LANL++

Piezoelectric transducer

2
=Pc(d)+HEDR %

/i

counterbias

2 1 with strain gauge
Computer
-
cm XYZ I Pivot/suspension point P (d“ v )
positioner 1 (pendulum grounded
through torsion wire)
]
d.c. bias voltage ,7L,
(from computer DAC) %
.r “
Capacitance bridge 8007
and PID DC feedback [— Force (voltage) 1\
network to computer ADC 700 4 |

600

500

400

300

Force x separation (pN > pum)

200

100

shown are the four theoretical models for the Casimir force: (1) the Drude
model including the T =300 K finite-temperature force (red), (2) the
plasma model including the T =300 K finite-temperature force (green), (3)
the Drude model without the finite-temperature force, that is with T=0
(blue), and (4) the plasma model at T =0 (magenta). The data are plotted

Plate separation (um)



MODERN MACROSCOPIC SETUP: LANL++

Piezoelectric transducer

c 3 , 1 with strain gauge — X )2
omputer _ .\
Cm XYZ 7 Pivot/suspension point P(d“ v ) - PC(d) + T ED‘R i —I_ d
positioner | (pendulum grounded (
through torsion wire) .
, A counterbias
d.c. bias voltage ==
(from computer DAC) %
[
| v
Capacitance bridge 800 | c
Force (voltage) 4 = -
and PID DC feedback [=> = -
network to computer ADC 200 ; fzw‘-'-z—-—-—*—L!—l—}—]—‘—:_. : F g
~— - & g ¥ L * ¥
£ 600 S '
X =
500 ] = e %
1 S 500 o)
4 = w1l
J h= . x
~ 400 7 % 400 g
£ ] 3 S ——
oy 1 @ 2 345 6 7 8
2 _ X 300
& 300+ o ] Plate separation (um)
5 1 £ 2004
200 100+
* B
© | h —
S . 0 T T ' ' ' —
100 -- 0.7 1 2 3 4 5 6 7 8
] Plate separation (um)
0+—0 T ; ; - ———— .
07 1 2 3 a2 s s 73 Real (thermal) photons: force scale with 1/d?

Plate separation (um)



MODERN MACROSCOPIC SETUP: LANL / Yale

week endin

PRL 107, 171101 (2011) PHYSICAL REVIEW LETTERS 21 OCTOBER 3011

£

New Experimental Limits on Non-Newtonian Forces in the Micrometer Range

A. O. Sushkov™"

PRL 102, 171101 (2009) PHYSICAL REVIEW LETTERS
Department of Physics, Yale University, F.O. Box 208120, New Haven, Connecticut 06520-8120, USA
W. . Kim* Limits on Nonstandard Forces in the Submicrometer Range
Department of Physics, Seattle Universiry, 901 12th Avenue, Seattle, Washington 98122, USA M. Masuda™ and M. Sasaki®
D.A.R. Dalvit® i i
SR K Dalvi . Who is this

Theoretical Division MS B213, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

S.K. Lamoreaux' one:

Department of Physics, Yale University, P.O. Box 208120, New Haven, Connecticut 06520-8120, USA
(Received 2 August 2011; published 17 October 2011)

Lamoreaoux
1100 . . . — vii
1 :
1000 | = 2]
900 - S 0
800 4 T } . - C
] "g 0 ﬂﬂllﬂiizlgll_..- 108 Em
700 g 111 1 10°4 3 5
z ] ¢ -10] 1074 £E D
s 600_— C‘a) 3 10 g“«‘é
o 500+ = 20 1
8 ] . | _ 10°4 . messengers) A
S 4004 \ 0.7 1 2 3 45678 A 104 _dilaton __ T~. _f________3
P 1 plate separation (pm) 1 3 o~
300 . 10 . B ~on.
200 I{JD =8 B
1004 13 —, , N
ol R e e S 0.1 1 10

plate separation (um)



MODERN MACROSCOPIC SETUP: Padua

Did everyone abandon
the parallel plate geometry?

VOLUME 88, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JANUARY 2002

Measurement of the Casimir Force between Parallel Metallic Surfaces

G. Bressi,! G. Carugno,? R. Onofrio,>* and G. Ruoso®3#

S5EM Vacuum Enclosure

i |

! | e Apparatus inside Scanning Electron Microscope (SEM)
|

|

_'\L Capacitance (pressure ~ 10~ mbar)
Detection , Meter e System of actuators for parallelization

Irerterometer ==l Sl | * Fiber-optic interferometer transducer
i | Switch e SEM for final cleaning and parallelism monitoring
! ! Cantllever ! T e Source approach to the cantilever using a linear PZT
| ! |
. ) [
i | Calibrator
|




MODERN MACROSCOPIC SETUP: Padua

Interaction areaS=1.2 x 1.2 mm?




MODERN MACROSCOPIC SETUP: Padua




MODERN MACROSCOPIC SETUP: Padua

1 — Plates are put parallel (first looking at SEM pictures, then maximizing the capacitance)

2 — First rough V, measurement at different separations (but keeping surfaces well far
away) by looking at the static bending of the cantilever as a function of applied voltage

3 — Resonance frequency shift measurements (homodyne) with rough compensation of V,;:

9 9 9 VE CC"
Ave(d) =v- — vy = —Cq — — -
vo(d) = v v |3 s

C. = €
cl [ CCHH — K

Kc =mhe /480

4 — Repeat measurement for other 3 voltages - get d,, get this, which is then used here,
and get residual electrostatic force for the first curve (done at voltage close to counterbias)



MODERN MACROSCOPIC SETUP: Padua

f"“l: 0 — _ _.—F_Tj:';_iIﬁ-_-Fl_l'-'l_i—'—i =
=
Z  -1000
::.i -
o
4 o
Z 2000 |-
v ]
= |‘
g- | |II
oL . |
— -3000 ps
= |
=™
-EL [ [ [
0.5 1.5 2 25




AND NOW, WHAT?

-Lifshitz theory works, but there is a question on Drude-vs-plasma (still going on)
-No extra-g force detected within sensitivity of the experiments

-The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?
-Solve the problem on Drude-vs-plasma: MEMS or macroscopic?

-Improve limits on extra-g: MEMS or macroscopic?

oslicati ool



FROM 100 nm TO THE EDGE OF THE UNIVERSE

7 3%p DARK ENERGY M 23% DARK MATTER

‘ 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Cosmic tug of war

The force of dark energy surpasses
that of dark matter as time progresses.

Counterbalance glasses

N

¥ - .
VAl Compensating glass
Compensated plates :D
\k\; P Pendulum —
N
\ ‘ PZT
(Aummllmmmrer -- --@ ------ - = [ = == [nterferometer
Dark Matter 1 111
constrains -
Tungsten fiber
— <— 1 .
v /'"j; Supporting glasses
Dark Energy ]
o O ; Vi- AV | Z

BIG BANG




J. Khoury and A.Weltman,
Phys. Rev. Lett. 93 (2004) 171104
[

_33 ;s
Mg¢ <= Pmatter eV

|
| sewimcn o KILLS THE 5t FORCE

0.4% STARS, ETC.

Cosmic tug of war 1T V, DISCONTINUITY

The force of dark energy surpasses

that of dark matter as time progresses. Electrostatic screen \ LARGER AREAS

VptAV Compensating glass
Compensated plates :D

Pendulum —

PZT
[Aummllimatm'@r = —--@- - 8oL o = == [plerferometer
Dark Matter / [ | I 11

i constrains -
Tungsten fiber
: v N /'"j; Supporting glasses

| VACUUM ! i ' "‘Wﬁﬂ[ . J_Z
, X

A4

Counterbalance glasses

BIG BANG




HUNTING FOR THE CHAMELEON

Area =1 cm? 1000 | A Let’s suppose to

I \ introduce a gas in the gap

e N € increases
Lm”’] frmatter INCreases
N\
" | vacuum d (um) (T~ {714 Increases

LARGE SEPARATION (>10um)

‘ &
N

Measure and compare? ! : \

V, DISCONTINUITY —

KEY PUBLICATION: Brax, van de Bruck, Davis, Shaw, lannuzzi, Phys. Rev. Lett. 104 (2010) 241101



HUNTING FOR THE CHAMELEON

Area = 1 cm? 1000l electrostatic A\ Let’s suppose to
= f introduce a gas in the gap
é 100}
o % - S € increases
| w10
] 1 .
| mme [hmatter increases
d T~ It increases
LARGE SEPARATION (>10pm) ——
LARGE AREAS Al
Measure and compare? =i
= ~.d=10 uym,
.6 .,
V, DISCONTINUITY in Xenon ™" ssseepn
T U
P {atm)

KEY PUBLICATION: Brax, van de Bruck, Davis, Shaw, lannuzzi, Phys. Rev. Lett. 104 (2010) 241101



HUNTING FOR THE CHAMELEON

d=10 um, A=1cm?

n=4 ...oooooooooooooooo.oﬂ 10000 n=4 0000000000000000]
0.0 ° ..0:::::::::::::::0.....0....0.00.0...0.....'.' 0.0 ..:::::::::::.........
—_ o. 0.’0... ......' /\-0 ) ° 00'..
Z 0 2 '. 00¢0000000¢ooooooooooooo.. Z ¢ ‘e %, %
o, ., (1 (@ o o,..‘
N—" ., S—r 0 4 ° L TYS . Q
LL4 ... LT-4 - o. o oooooo...‘.‘.
<] %o, % < % Tosseeee
0 4 ..°o.. .\. ) .0.
.... ey \ 0 6 o .
L He "00...“00..“.." Xe % oooooo........................

00 04 08 12 16 20 000 005 010 015 020
P (atm) P (atm)

force sensitivity needed: order of 0.1 pN

KEY PUBLICATION: Brax, van de Bruck, Davis, Shaw, lannuzzi, Phys. Rev. Lett. 104 (2010) 241101



HUNTING FOR THE CHAMELEON

Force sensitivity: 0.1 pN )
Interaction area: 1 cm?2 (2
Separation between surfaces: 10 um

\ , . CUSTOM MADE
f detection sensitivity = 0.01 ppm/VHz
if k<1 N/m, then >
force sensitivity < 0.1 pN/VHz 1cmx 1 cm x 50 nm
500
@ L a0t 0.25cm x 0.25 cm x 50 nm
ey k=1.7N/m
© 300+
capacitance bridge T k=0.3N/m._
= 0.5 cm x 0.5 cm x,50 nm
§1m- ’ e
0 * 1 |. 1 b 1 1 1
0 1 2 3 4 = B 7

Deflection [nm]




HUNTING FOR THE CHAMELEON: OPEN ISSUES

Force sensitivity: 0.1 pN )
Interaction area: 1 cm?2 (2
Separation between surfaces: 10 um

EFFECT OF THE BENDING OF THE MEMBRANE ?

H SURFACE QUALITY: (a) clean environment; (b) Kelvin probe microscopy

VIBRATIONS: use solutions implemented by VIRGO
n PARALLELISM @ 10 um



HUNTING FOR THE CHAMELEON: OPEN ISSUES

=22 (14+29
d ( T3 )

—_— ”.I
0 = 6y + 66 - cos(wt) 0 = 06 - cos(wt)
AN
oo yo
A [ 65 687 G-
lc ; (1+3+6 +m CT-(1+?)+
+ 20050y -costeer) + NO CROSS TERM NO SIGNAL AT &
- ¥ 567 - cos(2wt) + 6d - 00 - cos(2wt)



HUNTING FOR THE CHAMELEON: STATUS

Force sensitivity: 0.1 pN )
Interaction area: 1 cm? (2
Separation between surfaces: 10 um




CASIMIR FORCE EXPERIMENTS: TAKE HOME MESSAGE

CASIMIR/NANQOTECH: DON’T GO THERE!
TEMPERATURE EFFECT: DO YOU WANT TO GO THERE?

LIMITS ON EXTRA-Gs STILL INTERESTING
BUT NEW IDEAS ARE NEEDED

THINK OUT OF THE BOX!

thank you tor your kina attention
d.lannuzzi@vu.ln



