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We report new constraints on extra-dimensional models and other physics beyond the standard model based
on measurements of the Casimir force between two dissimilar metals for separations in the range©n2—-1.2
The Casimir force between a Au-coated sphere and a Cu-coated plate of a microelectromechanical torsional
oscillator was measured statically with an absolute error of 0.3 pN. In addition, the Casimir pressure between
two parallel plates was determined dynamically with an absolute erret @6 mPa. Within the limits of
experimental and theoretical errors, the results are in agreement with a theory that takes into account the finite
conductivity and roughness of the two metals. The level of agreement between experiment and theory was then
used to set limits on the predictions of extra-dimensional physics and thermal quantum field theory. It is shown
that two theoretical approaches to the thermal Casimir force which predict effects linear in temperature are
ruled out by these experiments. Finally, constraints on Yukawa corrections to Newton’s law of gravity are
strengthened by more than an order of magnitude in the range 56—330 nm.
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I. INTRODUCTION Constraints on these new lower energy scale compactifi-
cation models can be obtained by investigating their predic-
Many extensions of the standard model, including supertions in accelerator experimenit8—5]|, astrophysic§6-8],
gravity and string theory, exploit the Kaluza-Klein idea thatand cosmology[9—-11. More model-independent limits,
the true dimensionality of space-timeNs=4+n, where the however, can be obtained from tests of Newtonian gravity. In
additional n spatial dimensions are compactified at someeXtra-dimensional models with large compact extra dimen-
small length scale. For a long time it was generally believecions[1], the Newtonian gravitational potential acting be-

that the compactification scale was on the order of the PlanchV€€n two point masses acquires a Yukawa correction for
length Ip,=JG~10%3cm, where G is the Newtonian separations much larger than the compactification scale

gravitational constant, and units are chosen so that [12’13’ Wh.'le for models W'.th non-compact but warped ex-
) tra dimensions, the corrections are power ld@k For two
=1. The -corresponding energy scaleMp=1/G

0L . ; . - . interacting macroscopic bodies, either of these corrections
~10~ GeV, is so high that direct experimental observation,,q iq give rise to a newso called “fifth”) force coexisting

of the effects of extra dimensions would seem impossible &jith the usual Newtonian gravitational force and other con-
any time in the foreseeable future. ventional standard model interactions, such as Casimir and
The situation changed dramatically with the proposal ofyan der Waals forces. In addition, many extensions of the
models for which the compactification energy may be as lovstandard model that do not involve extra dimensions also
as the extra-dimensional Planck energy scaMy) predict the existence of new Yukawa or power-law forces.
=1/GY{®*™, which is assumed to be of the order of 1 TeV  While gravity experiments at ranges10 3 m have
[1,2]. (Here Gy is the fundamental gravitational constant in found no convincing evidence of new forces or extra dimen-
the extendedN-dimensional space-timeNote that this pro-  sions, tests of Newtonian gravity over shorter separations
posal eliminates the hierarchy problem since the characterisvere lacking until recently. During the past few years a num-
tic energy scales of gravitational and gauge interactions caser of sub-millimeter gravity experiments were performed
incide. In order to be consistent with observations, the usuadnd stronger constraints on Yukawa corrections to Newtonian
gauge fields of the standard model are presumed to exist agravity for ranges~10 # m have been obtainefd4-17.
4-dimensional branes whereas gravity alone propagates intor significantly smaller separations, however, gravity loses
the N-dimensional bulk. its role as the dominant force acting between non-magnetic,
electrically neutral interacting bodies. For these smaller sepa-
rations, limits on new forces and extra-dimensions from
*Corresponding author. force measurements must be extracted from the Casimir and
On leave from North-West Technical University, St. Petersburg,van der Waals forceld 8] which increase rapidly as the sepa-
Russia. ration decreases.
*On leave from Noncommercial Partnership “Scientific Instru-  Improvements in the precision of Casimir force measure-
ments,” Moscow, Russia. ments coincided with the development of modern extra-
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dimensional theories. To date a number of Casimir force exto constrain the predictions of extra-dimensional physics in
periments have been performed using different techniquethe nanometer separation range. The contributions from a
[19-27, and a precision of 1.8%at the 95% confidence Yukawa-type hypothetical force have been calculated for our
level) of the measured force at the shortest separation diggxperimental configuration, taking into account the effects of
tances has been achievéske Ref[28]). We note that the surface roughness. The agreement between theoretical and
1% precision quoted, e.g., in Ref&0,21,23 corresponds to Measured values of the Casimir force leads to the strength-
a 60% confidence level. To obtain good agreement betwee®ing of the known constraints on Yukawa forces by a factor
theory and experiment, it has been necessary to take inf®f UP 1o 11 within the 56330 nm interaction range. In con-
account corrections to the Casimir force due to finite conduclrast to some previous constraints derived from Casimir force
tivity of the boundary metals, surface roughness, and nonheasurements, it is possible here to quantify the confidence
zero temperaturf20,29—385. level of the obtained results.

Although these new precision measurements of the Ca- TNiS paper is organized as follows. In Sec. Il the experi-
simir force were not especially designed or optimized to ob/mental configurations used for both static and dynamic mea-
tain stronger constraints on the predictions of extra-Surements of the Casimir force are described. Section Il
dimensional physics, some of them were used for thiresents the experimental results with a discussion of their

purpose[35—39. This resulted in a strengthening of previ- Precision. In Sec. IV we calculf_;lte the Ca_13|m|r_f0rce taking
ously known constraints by a factor as large as 4500 in som&'t0 account all relevant corrections. Section V is devoted to
regions within the range 10 m—10"% m. This means that the determln_atlon of the theqreucal precision, the compari-
Casimir force measurements have become a powerful confon of exp_erlmental results Wlt_h thgory, and to the evaluation
petitor to both accelerator and gravitational experiments iff altérnative methods for taking into account thermal cor-
constraining theoretical models of high energy physics. |fections. In S_ec. VI we use our results to obtain constraints
contrast to astrophysical and cosmological constraints, th@n hypothetical forces predicted by models of extra-

results of Casimir force measurements are less model depeffimensional physics and extensions of the standard model.
dent, reproducible, and therefore more reliable. We conclude with Sec. VII which summarizes all of our

In this paper we present detailed results of new, increaseffSults:
precision, Casimir force measurements between a Cu-coated
plate and a Au-coated sphefeee Ref[40] for preliminary Il. EXPERIMENTAL ARRANGEMENT FOR STATIC
datg. The use of a mmroelectrom_echanlcal torsional oscilla- AND DYNAMIC MEASUREMENTS
tor (MTO) and of interferometric measurements of the
sphere-plate separations permitted much higher sensitivity to In our experiment, the Casimir force between two dis-
be achieved than in previous Casimir force experiments. Aimilar metalggold and coppgrwas measured using a MTO
careful error analysis has been performed, and the experéperating in both static and dynamic modes. In the static
mental precision was determined at the 95% confidenceegime the Casimir force between a Au-coated sphere and a
level. The complete theory of the Casimir force, taking intoCu-coated plate of the MTO was measured. In the dynamic
account finite conductivity and surface roughness correcregime the vertical separation between the sphere and the
tions, has been applied to the experimental configuratiorplate was changed harmonically with time. This leads to a
The finite conductivity corrections were computed by the usemeasurement of thederivative of the Casimir force, which
of the Lifshitz formula[41] and tabulated optical data for the is equivalent to measuring the Casimir force per unit area, or
complex index of refraction. The surface roughness washe Casimir pressure, for a configuration of two parallel
modelled using atomic force microscop@FM) images of  plates(see below Note that the dynamic measurement tech-
the interacting surfaces. A comparison of the complete theorpique is used here to measure the ugstdtio Casimir ef-
with experimental data shows that they are in agreement ovdect. Hence, this measurement is unrelated to the so-called
the whole measurement range. A minor disagreement at thdynamic Casimir effect which arises from the velocity de-
shortest separations noted in Rpf0] is explained by the pendent Casimir forces or the creation of photons by the
incomplete theory of roughness corrections used in the earapidly oscillating plate$35].
lier analysis. When using mechanical oscillators to measure forces, one
Our results were sufficiently precise to shed light on thehas to confront the coupling of the oscillator with environ-
temperature dependence of the Casimir force. Several themental vibrations. Compared with cantilever oscillators, tor-
ries predicting large thermal corrections to the Casimir forcesional oscillators are less sensitive to mechanical vibrations
at small separationgt2—44 were evaluated for our experi- that induce a motion of the center of mass. Furthermore, the
ment. It is well known that these corrections disagree withminiaturization of the oscillators yields an improvement in
the results obtained for ideal metals in the framework ofits quality factor and sensitivity25,45. It is consequently
guantum field theory at nonzero temperature in the Matsubadvantageous to use an electromechanical torsional oscillator
ara formulation. Our experimental data support the results ofo measure the Casimir force between two metals.
Refs.[32,33, which are consistent with the conclusions of The experimental arrangement is shown schematically in
thermal quantum field theory, while ruling out the existenceFig. 1. The MTO is made of a 3.am thick, 500
of large thermal corrections at small separations as proposed500 wm? heavily doped polysilicon plate suspended at two
in Refs.[42,43 and in Ref[44]. opposite points by serpentine springs, as shown in the inset
Finally, the experimental results presented here are useaf Fig. 2. The springs are anchored to a silicon nitride ($iN
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layer of gold. The coated sphere used in the experiment was
subsequently glued with conductive epoxy to the side of a
Optical Au-coated optical fiber, establishing an electrical connection
between them. The sphericity of the .85 balls, as mea-
sured on a scanning electron microscgf&M), was found

to be within the specifications of the manufacturer. As an
example, a 60Qtm-diameter ball was found to have an el-
lipsoidal shape with major and minor semi-axes of (298
+2) um and (294.6:0.5) um, respectively. For the sake
of clarity we will refer to the ball as a sphere in the remain-
der of the paper. Deposition induced asymmetries were
found to be smaller than 10 nm, the resolution of the SEM.
The entire setup(MTO and fiber sphede was rigidly
mounted into a can, where a presser&0 4 torr was main-
tained. The can has built-in magnetic damping vibration iso-
lation and was, in turn, mounted onto an air table. This com-
FIG. 1. Schematic of the experimental setup showing its maimjnation of vibration isolation systems yielded base

components, see text. Inset: Resonance curve for the MTO. A|S9ibrations with Az"™S<0.05 nm for frequencies above 100
shown is a Lorentzian fit witlQ ~8000. See text for further details. Hz
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The fiber-sphere assembly was moved vertically by the
covered Si platform. When no torques are applied the plate isombination of a micrometer-driven and a piezo-driven
separated from the platform by a gef? um. Two indepen-  stage. The MTO was mounted on a piezoelectric drixgn
dently contacted polysilicon electrodes located under thetage which, in turn, is mounted on a micrometer controlled
plate are used to measure the capacitance between the elg§ stage. This combination allows positioning the Au-coated
trodes and the plate. For the MTO employed in this experisphere over the Cu-coated plate. The separatidretween
ment, we calculated the torsion coefficientc  the sphere and the Si platform was controlled byzhsis of
= (Wt Eg/6Lser) =9.5x 107 ' Nm/rad [46], where W  thexyzstage. A two color fiber interferometer-based closed-
=2 pm is the width of the serpentine=2 um is its thick-  |oop system was used to keepconstant. The error in the
ness, Lserp=500um its length, andEsi=180 GPa is interferometric measurements was found to he™s
Young's modulus for Si. This Va'HfO is in good agreement_q 32 nm, dominated by the overall stability of the closed-
with the measured value=8.6x10" " N m/rad. The edges |oop feedback system. Since this error is much greater than
of the plate are coated with 1 nm of Cr followed by 200 nMhe actual mechanical vibrations of the system, the closed
of Cu. This layer of Cu constl_tut_es one of the metals used iNoop was turned off while data acquisition was in progress.
the measurement of the Casimir force. o The separatiorz,, e, between the two metallic surfaces

The remainder of the assembly, as shown in Fig. 1, CON{see Fig. 1is given byZmera=Zi—Zo—Zg— b6, whereb is
. . g ’

sists of a Au-coated AD; sphere that can be brought in {he Jever arm between the sphere and the axis of the MTO,

close proximity to the Cu-coated plate.,8); spheres with  5n4 ¢ s the angle between the platform and the plate (

nominal diameters ranging from 100m to 600um were <1 nhas been usedz, is the distance the bottom of the

coated with a~1 nm layer of Cr followed by &203 nm  gphere protrudes from the end of the cleaved fiber, and
includes the gap between the platform and the plate, the
thickness of the plate, and the thickness of the Cu layer. An
initial characterization ok, by alternately gently touching
the platform with the sphere and the bare fiber yieldgd
=(55.07£0.07) um. Also, z4=(5.73+0.08) um was de-
termined using an AFM. Since errors 2y andz, propagate
to Znetal, it iS Necessary to provide a better characterization,
which is described below.

To lockein A force F(z) acting between the sphere and the plate

amplifier produces a torque=bF(z) =« on the plate(In all cases
reported in this papef<10 ° rad, sof<1.) Under these
circumstance®)xAC=Ciign;— Cierr, Where Cyigne (Ciery)
is the capacitance between the rigdleft) electrode and the

FIG. 2. Schematic of the bridge circuit used to measure thé?!ate (Fig. 1). Consequently the force between the two me-

capacitance. The dc voltages andV, are used to correct for small fallic surfaces separated by a distarcas F(z)=kAC,

deviations when no interactions are present. They also linearize th&herek is the proportionality constant. The capacitance was

response of the circuit. Details of the charge amplifier and the parfneasured using the circuit schematically shown in Fig. 2

of the circuit used to balance the bridge are omitted for clarity.[47]. The 10 nV/H2”? electronic noise of the amplifier stage

Inset: Scanning electron microscopy image of the MTO. is equivalent to an angular deviatio®¥~10"° rad/HZ2.
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FIG. 3. Dependence of the angular deviatdas a function of FIG. 4. Electrostatic forc&, as a function of separatianfor
the applied voltage to the sphere. Data obtained at two differenAV=V,,—V,=0.27 V andAV=0.35 V. The fits of the data using
separationg between the metallic layers are shown. Eq. (2) are also shown by the solid lines. See text for further dis-

cussion.

This noise level is much smaller than the thermodynamic
noise at the measuring frequency=10 kHz >f, observed to be constant farin the 0.2—5um range and it

=687.23 HZz[48], did not vary when measured over different locations in the
e TQ | o) 2] 12 Cu layer.
12_ | 2XB To ~3%10 Trad/HA2 ) Once the valu&/, was found, Eq(2) was used to deter-
0 mfox | f ' mine three different parameter§) the proportionality con-

stantk between the sphere-plate force and the measured dif-

wherekg is Boltzmann’s constanfl =300 K, and the qual- ference in capacitancei) the radiusk of the coated sphere;
ity factor Q=8000. (See the inset of Fig. L.Using these and (iii) the increase in the separatiod2between the two
values a force sensitivitgF = KS},’zlbzlA pN/HZ? is ob-  metallic layers. Two of the curves obtained in the 38
tained. range are shown in Fig. 4. A simultaneous fit to more than

To provide a calibration of the proportionality consté&nt 100 such curves yieldk=(50280t6) N/F, R=(294.3
betweerF andAC, we applied a known potential difference *+0.1) um, anddy=(39.4=0.3) nm.
between the Au-coated sphere and the Cu film. This was The above force sensitivity can be improved by perform-
done atz;,q157>3 um, in configurations where the contribu- ing a dynamic measurement which directly uses the high
tion from the Casimir force is smaller than 0.1% of the totalquality factor of the MTQ[25]. In this approach, the separa-
force. Thus, the net force can be approximated by retainingion between the sphere and the oscillator was varied as
only the electrostatic force, between a sphere and an infi- Aze15= ACOS(wt), Where w, is the resonant angular fre-

nite plane[49], guency of the MTO, and\ was adjusted between 3 and 35
nm for values 0fz,.5 between 0.2 and 1.2m, respec-
“ [coth(u)—n coth(nu)] tively. The solution for the oscillatory motion yield&5],
Fe=2meo(Var—Vo)* 2 .
n=1 sinh(nu)
. b? oFc
Here ¢, is the permittivity of free space/,, is the voltage Wy =wo| L— (02 9z | (©)
0

applied to the spherd/, is the residual potential difference
between the metallic layers when they are both grounded,
and coshu=[1+2Z/R], with z=Zyerart 25, (R is the radius of  wherewo=«/I for Q>1, |=4.6x 10 " kg n¥ is the mo-

the spherg 2§, is the average separation between the metament of inertia of the oscillator, arf; is the Casimir force
layers when the test bodies come in conttt thatz,, ..y  between the sphere and the plate. SiAgezqta), terms of
=0), and is primarily determined by the roughness of thehigher order indF/dz introduce a~0.1% error at separa-
films. Although the profile of the roughness does not affectionsz=250 nm. As before, Eq2) was used to calibrate all
the value of the electric force at large separations, its preszonstants. We found wy=2mx687.23 Hz, and b?/I
ence should be taken into account in the determination of the=1.2978< 10° kg~ *. With an integration time of 10 s using
separation between the smoothed out surfaces. IN&dt  a phase-lock-loop circuit50], changes in the resonant fre-
was found that only the first two terms of tEfR expansion quency of 10 mHz were detectable.

gave a significant contribution. Figure 3 shows the depen- The main source of error for the frequency measurement,
dence off (and hence the electrostatic foyamn the applied &6f=10 mHz, is the error in the trigger of the frequency
voltageV,,. The minimum in the force was found to occur meter. This erroit originated in the jitter of the signal due
whenVy=(632.5+0.3) mV, which reflects the difference in to the relatively large thermodynamic noise-inducit ob-

the work functions of the Au and Cu layers. This value wasserved at resonan¢d8]. This dominant noise is
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Displacement (um) FIG. 6. 1x1 um? atomic force microscopy image of the Cu
layer. The topography of the Au layer on the sphere is similar. The
FIG. 5. Angular displacement of the MTO as a function of linear gray scale to the right of the image gives the height of peaks above
displacement when the sphere is moved parallel to the MTO's axighe bottom of roughness, with lighter tones corresponding to larger
(top axis,A) and when it is moved perpendicular to the MTO's axis nheights. The set of such images was used to analyze the effect of the

(bottom axis,V). The data were acquired at=3 um with AV syrface roughness on the Casimir force as described in the text.
=0.27 V. For comparison, the expected values for an infinite Cu

layer using Eq(2) are shown as solid lines.

16325t
5 V161t

to the axis of the oscillator over 2@m no change irf was
observed. When the motion was instead perpendicular to the
axis of the oscillator the dependence expected from(Bq.

Y @ was obtained within the experimental error. We thus con-
clude that there are no significant deviations from the as-
whereY is the integration time. sumption that the Cu plane is of infinite extent.
Unlike the static regime where forces are measured, in the
dynamic regime the force gradieaFc/dz is measured Us- | ExPERIMENTAL RESULTS AND THEIR PRECISION
ing Eq. (3) by observing the change in the resonant fre-
quency as the sphere-plate separation changes. According to A. Surface roughness of samples
the proximity force theorem51,52, The electric force measurements used to calibrate the ap-
Fo(z)=27RE(2), () paratus were performed at large separations so that the Ca-

simir force could be neglected, and the plate-sphere separa-
tion was calibrated between the middle levels of the surface

where E-(z) is the Casimir energy per unit area for two _
infinitely large parallel plates composed of the same materif0ughness. By contrast, the Casimir force at small separa-

als as the sphere and plagee Sec. IV for detais Differ- tions depends sensitively on the profile of the surface rough-

entiating Eq.(5) with respect ta one obtains ness, and hence the SL_Jrface roughness should be carefqlly
analyzed and characterized. The topography of the metallic
IF(2) films was investigated using an AFM probe with a radius of
——,  ~2mRP(2), (6)  curvaturer.=5 nm in tapping mode. Regions of the metal

plate and the sphere varying in size fromunXxX1 um to

wherePc(2) is the force per unit area between two infinite 10 umXx10 um were scanned. A typical surface scan of a
plates. Thus, in the dynamic regime the Casimir force gradil umXx1 um region is shown in Fig. 6, where the lighter
ent between the sphere and plate can be directly related tone corresponds to higher regions. As seen in Fig. 6, the
the Casimir pressure between two infinite parallel plategnajor distortions are the large mounds situated irregularly on
composed of the same materials. Since the formula for théhe surface. Also noticeable in Fig. 6 are streaks which arise
Casimir pressure for the parallel plate configuration isfrom high frequency noise with amplitud€™s~1 nm. This
readily obtained, it proves more convenient to use (Bpjto  noise is caused by the oscillation of the free-standing MTO
express the results for the dynamic measurements in terms wfhile acquiring AFM images.
the parallel plate pressufe: instead of the force derivative In order to include the effects of surface roughness in the
dFc/dz. From Eq.(4), the error in the measurement of the Casimir force calculations, the fraction of the surface area
frequency translates into an equivalent pressure sensitivitywith heighth; is needed. Data resulting from the most rep-
given by sPc=4x10"* Pa/HZ". resentative scan of a 1@mx 10 um region are shown in

Finally, one additional test was performed, in this case td=ig. 7. The heights$); are plotted along the vertical axis as a
analyze the influence of the finite extent of the Cu layer orfunction of the fractionw; of the total surface area having
the measured forces. The analysis was done using, ondeight less thar; . ;. The width of each horizontal step is
again, the electrostatic force given by E@). Figure 5 equal to the fraction of the total area with heightsh;<h
shows the relevant data. When the sphere was moved parallelh; . ;. For example, regions with heights<h,=8.2 nm
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FIG. 8. Absolute value of the measured Casimir force as a func-

: : : : : tion of separation obtained using the static mode. The value of the
0.2 0.4 0.6 0.8 1 separation between the two metals is determined as discussed in the
w; text.

FIG. 7. Relief heightd; vs the fraction of the total area with

heightsh<h . . MTO was put back in place and the voltagés and V,

adjusted to give a null signal. This last adjustment is required
to take into account residual asymmetries in the MTO. It was
found that the difference betwe&h andV, corresponded to
a variation inz, 5z<6 nm. Once the MTO was mounted and
the can was evacuated, the sphere was brought into proxim-
ity with the MTO and the electrostatic measurements were
_ performed. Without breaking the vacuum in the system the
area. Evidentlyw;=v,+v,+ - - - +v;, andwse=1. Casimir force measurements were then carried out. Figure 8
The data of Fig. 7 will be used in Sec. IV for the compu- gho\ys one such data set out of 19 runs. Each data point was
tation of the Casimir force taking into account roughnessypiained with an integration time of 10 s, a time interval
correctiongin Ref.[40] a simplified model of roughness was | hich represents a good compromise for the&00 data
used. These data are also required for the precise determ'boints taken per run. It is worth mentioning, however, that

nation of the so-called zero roughness leiy relative 10 e force sensitivity can be improved by using longer inte-
which the mean value of the function, describing the tOtaIgration times.

roughness, is zero. For convenience, in comparison With the following analysis of the experimental precision is
theory, all separation distances in the Casimir force measurgjased on alh= 19 series of measurements. For this purpose

ments presented below are measured between the zefg, caiculate the mean values of the measured Casimir force
roughness levels.

are referred to the firdbottom) distortion levelh;=0 with
v,=0.0095, and regions with heights<h<h;=9.87 nm
are referred to the second distortion levie} with v,
=0.0121. Regions with heighte=hz;,=98.5 nm are re-
ferred tohgg, and occupy a fractiongg=0.085 of the total

The zero roughness level, is found using the equality . 10
FEfzm =5 2 FEMzn) ®
59 =
;1 (hi—Hg)v;=0. (7)  at different separations,, within the measurement separa-

tion range from 190 nm te=1.15um. The mean square

—exp;
By combining the data of Fig. 7 with Eq7), one findsH, error of Fc™ is equal to

~35.46 nm. It is seen that the zero roughness level is 1 n 12
s_hghtly different frqm the quantltﬁ0%39.4 nm, the correc- Sn(Zo) = 0 2 [FEP(zy) — Fgfip(zm)]z . (9
tion to the separation on contact determined by the results of n(n—-1) =1

the electric force measuremeritee Sec. )l The separation ) )
distances between zero roughness lewetsdd—2H, used Qur calculations show that,(z,) does not depend sensi-
below (d is the separation between the bottom roughnes§Vvely onm. The largest valus,=0.143 pN can be taken as
levels are larger by 26,—Hg)=7.88 nm than the separa- the value of the mean square errorR§® within the whole
tions d—246, defined by the electric force measurements.measurement range. Taking into account thairat95%
(The difference betweehl, and 8, can be explained by a confidence level the Student's coefficienttjs,=2.1, one
minor modification of the highest roughness peaks before thebtains for the random absolute error of the Casimir force
beginning of the Casimir force measurements. measurements in the static regime

. - APBNIEEXP=g t ~0.3 pN. 10
B. Static measurements of the Casimir force st 7 C n-e.n P (10

To measure the Casimir force in the static regime, then fact this effectively gives the total absolute ertdf'F&XP
bridge (schematically shown in Fig.)2was first balanced since the systematic errors are far below 0.1 pN for an inte-
using two identical capacitors replacing the MTO. Then thegration time of 10 s. As a result, at the shortest separation of

116003-6



IMPROVED TESTS OF EXTRA-DIMENSIONAL PHYSIS . .. PHYSICAL REVIEW D 68, 116003 (2003

s IV. THEORETICAL DETERMINATION OF THE CASIMIR
200} - FORCE
- [ A. Casimir force and pressure including finite conductivity
© 150} & : . . . .
% As described in Sec. Il, the static and dynamic measure-
=100} ments were carried out using a Au-coated sphere over a Cu-
‘., coated plate. The thicknesses of both metal coatings were
& s0f much larger than the plasma wavelenyghof both metals so
that we can calculate the Casimir force as if the sphere and
goo 200 600 BOO 1000 1200 plate were composed of solid Au and Cu, respectively. As a

z (nm) first approximation, we consider the plate to have an infinite
area.(Corrections due to the finite size of the plate will be
FIG. 9. Absolute value of the parallel plate Casimir pressure agstimated below. Th_e Casimir force b_etween an mf"j"te
a function of separation obtained from the dynamic measuremenplate and a sphergvhich was measured in the static regime,
The value of the separation between the two metals is determined &€ Sec. )ican then be found using the Lifshitz formula for
discussed in the text. two plane parallel plates and the proximity force theorem
[41,53,
about 188 nm the relative error of the Casimir force mea-

R o o0
surement is 0.27%. We note that the true value of the Casimir F(z) = —f kidkif défIn[1—r{V(&k)r{P(&k,)
force at a separationlies in the confidence interval 2mJo 0

xe 2+ In[1-r{D(g K ri gk, e 2

[FER(z) — ALFEP FEXR(Z) + ALIFEXP] (12)

st

. 3 . Hereg?=k? + ¢2, k, is the modulus of the wave vector in
with a probability of 95%. the plane of the plates, andf} (1=1,2 for Cu, Au, respec-
tively) are the reflection coefficients for two independent po-
C. Dynamic measurements of the Casimir pressure larization states computed along the imaginary frequency

axis w=i&. We note that the errors introduced by the prox-
The results for the parallel plate Casimir pressure in thgmity force theorem used to derive E(.2) are smaller than
dynamic regime are shown in Fig. 9, which presents ong/R [54,55. This is a correction of less than 0.06% at the
dataset of 5 runs. Although the measurement was extendeghortest separation distance, where the force measurements
down to a separation of 180 nm, only data for separations are most preciseRecall that the experimental precision at
above 260 nm are plotted. Data points below 260 nm show = 188 nm was found to be 0.27%&quation(12) takes into
effects of nonlinear behavior of the oscillaf@5]. account the finite conductivity corrections to the Casimir
The error analysis is performed in the same way as for theyrce due to real metal boundaries, but does not consider the
static regime. Fol=5 runs, with~300 points per run, the effect of surface roughness and thermal corrections which
largest mean square error is found tode 0.11 mPa. The il be treated later.
Student's coefficient atx=95% confidence level ig, The reflection coefficients used in Ed.2) can be repre-
=28 leading to a random absolute errdxfi"PE®  sented in terms of either the dielectric permittivity or the
=0.31 mPa. In the case of dynamic measurements, howevegurface impedance. In terms of the dielectric permittivity, as
it is not possible to neglect systematic errors compared tin the original Lifshitz formuladenoted by the subscrip,
random errors. As noted in Sec. Il, there is an erfor  the reflection coefficients are given by
~2mX 1072 Hz which from Eq.(3) leads to the absolute
error in 9Fc/dz~4.2x10 7" N/m. The latter, when com-

KO —s0(i£)qg q—k®
bined with the error associated with the sphere’s radius  r{")(¢k,)= ——————, 1 (£k)=—7,
(equal to 0.1um), leads via Eq(6) to a systematic error on ’ kO +=0(ig)q ’ +kM
the pressur\3/s P&, which varies from 0.31 mPa at the (13

shortest separation=260 nm to 0.23 mPa at all separations 212 1 ()i 2 22 )
z=450 nm. As a result, the total absolute error of pressuravherek’<=k{ +&"(i§)£%. In terms of the surface imped-

measurements in the dynamic regime is equal to ance, the reflection coefficients are given[By
AGPEICAGRPETIARPET D ko Z0Ea ) Vi
r 1] = _—1 r L] :_—1
R 20Ggerq” T Z0Ggge
This error is zzdependent and varies from 0.62 mPazat (14

=260 nm to 0.54 mPa a=450 nm. Hence, the relative

error of the Casimir pressure measurement at the shortesthere Z()(i¢) is the impedance for Cu or Au computed
separation of about 260 nm is 0.26%. along the imaginary frequency axis.
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It has been shown recent(84] that for real metals at =30 meV, y(?’=35 meV, for Cu and Au, respectively. At
nonzero temperature and interacting at relatively large sepdarge separationg>\, our results almost coincide with
rations, the representation described in @4 is preferable.  those obtained in the framework of the plasma model given
It is free of contradictions with thermodynamics, which arisepy Eq. (15). Note that at smaller separatioms:\ , our re-
when reflection coefficients expressed by Bj) are used in o ,t5 are practically independent of the chosen extrapolation

combination with the Drude dielectric function containing a ;4 are completely determined by the available tabulated
nonzero relaxation parametgs6]. Within the experimental ata

separation ranges of Sec. Il (0.2—J#n) the characteristic It is useful to compare the calculated results for the real

angular frequency of the Casimir effeai.=1/(2z) lies . :

Wit%in the rggion ())/f infrared opticejsingc=cl) \Svhe)re the metals used with the ideal case Whgn t.)Ot.h 'sphere anq plate

dielectric permitivity of the plasma model aﬁd the surfaceVere composed of a perfect metal with infinite conductivity.
For example, the ratios of the calculated Casimir force to the

impedance along the imaginary frequency axis are given b¥0rce between an ideal sphere and plate are 0.467, 0.544, and

w2 £ 0.842 at separatiors=70 nm, 100 nm, and 500 nm, respec-
e(if)=1+ _5 2(ié)= 5. (15  tively. Similarly, the ratios of the calculated Casimir pressure
& Vopt+& between real plates to the pressure between ideal plates are

) ) _ 0.393, 0.468, and 0.799 for the same separations. These re-
As demonstrated if57] both formulations of the reflection g ts are very close to those computed for Au-Au and Cu-Cu

qoeﬁicients, Egs(13) and_(lfl), lead to the same computa- [29,30, which can be explained by the similarities of the
tional results for the Casimir force, E¢L2), when Eq.(15) optical data for Cu and Au

is taken into account.

In the dynamic regime of Sec. Il, the Casimir force gra-
dient betv_veen the sph_ere and plate was meaSL_”ed- AS showr]s_ Casimir pressure and force including surface roughness
above, this force gradient can be reexpressed in terms of the

Casimir pressure acting between two parallel plates com- Aq mentioned previously, the theoretical results obtained
posed of the same materials. This CaS|m|r pressure betweqzlrbm Egs.(12) and (16) take into account the finite conduc-
parallel pl_a_tes can also be represented in terms of the reﬂeffﬁ/ity of the boundary metals but neglect the effect of surface
tion coefficients . . )
roughness. This effect, however, may constitute a correction
of several tens of percent at the shortest separations depend-

Pc(z)=— LZJ'kadkL ing on the character of the roughness. Hence, a precise com-
2m=Jo putation of the Casimir force requires a careful characteriza-
5 1 tion of the roughness as was performed in Sec. Il A.
o g2az . o L
Xf qdé -1 The roughness correction to the Casimir interaction is
0 riNEkOr{2ék,) computed using the AFM images of the surfaces, such as the

. one shown in Fig. 6. As seen from Fig. 6, the characteristic
Lk longitudinal scale of the surface roughness is larger than the
+{fﬁl)(§,k¢)rf)(§,kﬁ - l ] (16) surface'separatio(especially in the region of' the shor‘Fest'
separations where the effect of roughness is most signifi-
dcam). In this case the additive meth$85,59 can be used to
calculate the Casimir force taking account of roughness. As a
result, the Casimir pressure between two plates with rough-
ness corrections taken into account is given by

For separationg>\ , the Casimir pressure can be compute
using either set of reflection coefficients, Ed.3) or Eq.
(14), with e(i &) or Z(i ¢) given by Eq.(15). At the shortest
separationg<\, the impedance at characteristic frequen-
cies is not small, and Eq13) should be used to calculate
both the Casimir pressure and force. The most accurate re- "

sults at these separations are obtained by using tabulated data Pc(2)= : 21 vivjPc(z+2Ho—hi—hy), (18)
for the imaginary part of the dielectric permittivitys8]. !

These data are substituted into the dispersion relation

wherev; is defined in Sec. lll AP(z) is given by Eq(16),
s(ie)=1+ Efw wlms(w) do (179  and the inde relates to one plate arjdo the other. A plot
mJo @+ & of the relief heights; (i=1,2, ... n=59) on the plate ver-
sus the fraction of the plate areg with heighth<<h;,  is
to obtain the dielectric permittivity along the imaginary fre- shown in Fig. 7. It should be remembered thkl,
qguency axis. The Casimir force, E(L2), and pressure, Eq. =35.46 nm is the zero roughness level from which all sepa-
(16), can then be calculated as in Ref29,30. This proce- rationsz are measuredsee Sec. lll A. Note also that the
dure was used here to calculdtg(z) andPc(z). The avail-  separation distances+2Hy—h;—h; in Eq. (18 may be
able tabulated dat§58] were extended using the Drude much smaller tham , for large relief heights; , h;. Hence,
model with the following plasma frequencies and relaxationone should use the optical tabulated data when calculating
parameters [29: {)=9.05eV, w(?=9.0eV, »®  the finite conductivity corrections.
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FIG. 10. Difference of the theoretical and experimental Casimir FIG. 11. Difference of the theoretical and experimental parallel
forces between the sphere and plate versus separation obtained frgate Casimir pressures versus separation obtained from the dy-
the static measurement. namic measurement.

In a similar manner, the Casimir energy for two parallel 1 N 12
plates with roughness is given by E{8) after substltutlmg UE: N Z [th(zi)—FEXp(Zi)]Z ’ (21)
Ec for P¢. It then follows that by the use of the proximity i=1
force theorem, the Casimir force for a sphere above a plate,
accounting for both roughness and finite conductivity correcwhereN is the number of points under consideration.
tions, is given by For example, if the first 250 points from all 19 sets of
static measurements are conside(eeparations larger than

- 1 wm are not considered due to the large experimental rela-

FC(Z):i,jZl vivjFc(z+2Ho—hi—hy), (19 tive erron, one obtaind\=4750, andoh;55~0.6 pN, which
is less than the theoretical errsee below but two times
whereF(z) is given by Eq.(12). larger than the absolute error of the force measurements

We note that Eqs(18) and (19) describe not only the given by Eq.(10). The rms deviation depends slightly on the
separate effects of finite conductivity and surface roughnesseparation region under consideration. Thus, if separations
on the Casimir pressure and force, but also their combined=400 nm are considered, the first 185 points of all sets of
effect. This is especially important at the shortest separationmeasurements lead k= 3515, 02515~ 0.45 pN. For one set
where the corrections are not small and cannot be represf measurements shown in Fig. 10=250 and 0550
sented as a product of two separate factors, one each fer(.66 pN (close to the above value when all sets of mea-

roughness and finite conductivity. surements are considebedt can also be seen from Fig. 10
that there is a slight shift of the mean difference force value
V. COMPARISON OF THEORY below the zero level equal te 0.045 pN, whose magnitude
WITH EXPERIMENT AND TESTS is much smaller than the absolute error of the force measure-
OF ALTERNATIVE THERMAL CORRECTIONS ment.

A similar analysis was performed for the parallel plate
Casimir pressure obtained from the dynamic measurement.
) ) The difference between the theoretical and experimental
rations where it was measur(a’bp sets of measurements con- pressuresA P.(z;) is defined as in Eq(20), and the rms
taining ~300 experimental points egchin Fig. 1.0 the dif- deviationo}, is defined as in E¢21) with the substitution of
ference between the theoretical and experimental forc%C for P.. Considering the first 235 points of all 5 sets of
values . ) P

dynamic measurements one obtaiNs=1175, ando;75
AFc(z)=F¥(z)-F&R(z) (200 ~0.5mPa. Once again, the rms deviation depends slightly
on the separation interval. Thus, for 310 #m<420 nm
as a function of surface separatignis presented for one set (35 pointg, N=175 ando,s~0.44 mPa if all five sets of
of measurements. As can be seen from the figure, the valuegseasurements are considered. For310 nm (22x5
of AF<(z) are clustered arourdiF -(z) =0, demonstrating =1100 point$, 05100%0.34 mPa.
good agreement between theory and experiment. In Fig. 11, the quantityAP(z) is presented for one set

To quantify the level of agreement between theory antf measurementsN=235). Here the shift of the mean dif-
experiment we consider the root mean square deviatﬁ;)n ference pressure value below zero is equak0.26 mPa
defined as (whose magnitude is less than the absolute error of pressure

The theoretical Casimir forcé&(z) acting between a
sphere and a plate was computed using (E6). for all sepa-
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measuremenis The rms deviation between theory and ex-real) conductors is small at small separations, as is the case
periment in Fig. 11 isvh,~0.43 mPa, i.e., even less than for ideal metals, or does it differ qualitatively from that for
for all five sets of dynamic measurements. Both Figs. 10 anéfleal metals. The approach of Ref82,33, which we call
11 demonstrate good agreement between theory and expetiraditional” since it yields results consistent with earlier
ment. studies of thermal effects, leads to a qualitatively identical
To estimate the theoretical precision, we consider othethermal correction for real and ideal metals, as given by
effects, in addition to finite conductivity and surface rough-TQFT. For example, in the configuration of two parallel
ness, which were not taken into account in Ed$), (19) for ~ plates made of Cu and Au, the Casimir pressures at
the Casimir pressure and force. Most prominent among these 300 nm andz=500 nm at zero temperature are equal to
are finite-temperature corrections, which will be dealt with in—136 mPa and—17.0 mPa, respectively. The traditional
detail later in this section. Another correction which shouldthermal correction$32,33 at room temperatur@d =300 K
be considered arises from the fact that the plate used in thier these cases are equal te-0.00863 mPa and
experiment is not infinite in extent. For the plate used, whose-0.00441 mPa, respectivelfzor comparison, in the case of
dimensions are 500500 wm?, this correction is evidently ideal metals, the corresponding Casimir pressuresT at
negligible if the sphere’s center is located above the mid=0 K are equal to—160.43 mPa and-20.79 mPa, respec-
point of the plate. However, in the configuration shown intively, and the thermal correction aff=300K is
Fig. 1, the sphere’s center is above a point displaced from the-0.00204 mPa and is independent of separatidn.is
right plate boundary by a distantée=50 um. In this case, clearly seen that the traditional thermal corrections at room
the Casimir force should be multiplied by a correction factortemperature are very small, and even the improved sensitiv-

B that was found in Refl60], ity of our experiment is not sufficient to measure them. Their
contribution to the Casimir pressure is0.006% atz
28 1 -3 =300 nm and~0.03% atz=500 nm, and can therefore be
B(z2)=1- | 1- ——=| , (220  neglected.
R V1+L%R? The situation with the alternative thermal corrections, pro-

posed in Refs[42—44], is quite different. These corrections

whereR is the radius of the sphere. In our case, at the largesat separationg>\, are much greater than those predicted
separatiorz=1 um, this leads tg8=0.9865. However, tak- by the traditional approach. According to Refd42,43, in
ing into account the fact that only one of the four sides of thethe case of two parallel plates made of real metals there is an
plate is close to the sphere center projection reduces the caadditional thermal correction linear in temperature given by
rection factor tg3=0.997. Thus, the correction is in fact less .
than 0.3%, and at a separatias500 nm it is less than 1) kT [~ , eY
0.04%. The same considerations apply to the pressure be-AtPc(2)= 16 3J y“dy W_l ’

. wz%Jo rdoy)r@oy)
tween two parallel plates. Consequently, the correction to the

theoretical force and pressure due to the finiteness of the 23
plate is much smaller than the uncertainty introduced by thgyhere

sample-to-sample variation of the optical data. These

sample-dependent variations in the index of refraction may y—y2+ 422002

lead to an error of~1% [29,30. An even smaller uncer- riDoy)= — Z)z' (24)
tainty is introduced into the computation by the effect of y+\/y +a4Zwp

roughness when the topography of the surface is carefull

characterized. A recently discussed correction due to the sur: ¢

face plasmor[61] is also not significant. The surface plas- tional approach. For example, (611} separatiprRs300 nm ?ln)d

mon propagates when the frequency of the electromagnetr00 NM Eq.(23) leads toArP¢’=4.89 mPa andA{P¢

wave is greater tham,. Recall that in our case the shortest =1.23 mPa, respectively, at=300K, i.e., to 3.6% and

separations are 190 nm and 260 nm in the static and dynamfc24%, respectively, of the total Casimir pressure. Since

regimes, respectively. This leads to the highest characteristifese values far exceed the errors of the present experiment,

frequenciess,= 0.8x 10" rad/s and 0.8 10 rad/s, respec- the new result_s can be_ u_sed as a d_eC|S|ve experimental test

tively, which are 17 and 23 times, respectively, less than th&or the theoretical predictions made in Reff42,43.

plasma frequency for Au and Cu. As a result, the correction N Fig. 12 the difference bert1ween the theoretical and ex-

due to the surface plasmon in our case is much less than 1@grimental Casimir pressurd®’*'~P&*? is presented as a

even at shortest separations used. function of separation for the same set of measurements as
As mentioned earlier, an important correction which mayused in Fig. 11. Here, however, the theoretical presByhé

influence the magnitude of the Casimir interaction is due tds computed using the alternative thermal correction given by

the effect of nonzero temperature. This has been the subjeEqg. (23). Itis obvious that at separatioss700 nm the quan-

of considerable controversy during the past few ydaee, tity PI1—P&P deviates significantly from zero. At the

e.g.,[32-35,42-44,56,82 For an ideal metal the thermal shortest separatioz=260 nm this deviation reaches 5.5

correction can be determined using the Matsubara formulamPa. Thus, the linear thermal correction to the Casimir pres-

tion of thermal quantum field theoryTQFT) [35,63—67.  sure proposed in Ref$42,43 is ruled out by the present

The question is whether the thermal correction for gmdt  experimental results(Note that in a recent preprirfi68]

"he effect of this correction is not as small as for the tradi-
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FIG. 12. Difference of the theoretical parallel plate Casimir FIG. 13. Difference of the theoretical parallel plate Casimir
pressure as predicted by Reffl42,43 (which incorporates an alter- pressures, as predicted by Rg#4] (which incorporates another
native thermal correctiorand experiment vs separation. alternative thermal correctiorand experiment vs separation.

qualitative arguments are presented on the role of the finit§¢hen the Drude dielectric function with a nonzero relax-
size of the plate and finite thickness of the gold layer. Ac-ation parameter is substituted into E@3), the approach of
cording to[68] these effects could lead to a 25% discrepancyRefs. [42,43 follows and the thermal correction given by
between the experiment of R¢fL9], and the proposed alter- Eg. (23) is found. If one then modifies the reflection coeffi-
native thermal correctiof42,43 at a separation Lum.) cientr, (0k,) by setting it equal to unityas for real pho-

A second alternative thermal correction to the Casimirtons, the thermal correctiof25) is obtained 44]. However,
pressure between real metals was proposed in[R4f. For  to avoid contradictions with fundamental physical principles
our case of two metal plates it is expressed as and experiment, it is necessary to start from the physical

behavior of the surface impedance in the appropriate range

of characteristic frequenciése., infrared optics in our cage
{(3)+APY(2), (25  and to extrapolate to zero frequeni@4]. Under these con-

ditions, the traditional thermal correction between real met-
) ) _ (Do als is recovered, and this thermal correction is in agreement
where{(x) is the Riemann zeta-function, addrP’(2) is  wjth both thermodynamics and the present experiments. Fur-
defined in Eq.(23). This correction atT=300 K is also  thermore, it transforms smoothly into the limiting case of
much larger than the traditional one for the separations usegeal metals as described by the Matsubara formulation of
in our experiment. At the separatia=300 nm Eq.(25  TQFT.
leads toAP&)=—2.44 mPa, i.e., to a 1.8% correction to  To conclude this section, the theoretical uncertainty,
the total Casimir pressuréhe experimental precision at this which is ~1% of the Casimir force or pressure, exceeds the
separation is 0.43%Thus, the present experiment also pro-experimental uncertainty at the shortest separations used in
vides a test for the theoretical predictions of Re#]. this experiment0.27% for the force at 188 nm and 0.26%

In Fig. 13 the difference between the theoretical and exfor the pressure at 260 nmHowever, at separations
perimental Casimir pressurer%“z— PZ*Pis presented as a >370 nm the experimental uncertainties exceed the theoret-
function of separation for the same set of measurements as ical uncertainties. Within the achieved levels of precision
Fig. 11. Unlike Fig. 11, the theoretical pressﬂP{@*2 is com-  there is good agreement between theory and experiment over
puted using the second alternative thermal correction givethe entire measurement range.
by Eg. (25). As seen from Fig. 13, at separations less than

kgT
APE@ =

w3

600 nm the quantit)Pg"Z— PP deviates significantly from VI. CONSTRAINTS ON NEW YUKAWA EORCES

zero, and reaches 5 mPa at a separatior260 nm. It fol- AND EXTRA-DIMENSIONAL PHYSICS

lows that the thermal correction of Re¢#4] is also in con- ) _ o _
tradiction with the results of the present experiment. As mentioned in the Introduction, in many extensions to

The conclusion that the alternative approaches to thermdhe standard model, including theories with large compact
corrections to the Casimir force do not agree with our ex-xtra dimension§l], the potential energy between two point
perimental results is not surprising upon recognizing that thénassesn; andm, separated by a distances given by the
approaches of Ref§42—44 violate the Nernst heat theorem Usual Newtonian potential with a Yukawa correction
[56]. To correctly describe the influence of thermal effects orl1,12,13,
the Casimir force between reéle., non-ideal metals re-
quires a proper understanding of the zero-frequency contri- V(r)=— Gmm,
bution in the Lifshitz formulas given by Eq§l2) and (16).

(1+ae™"™), (26)
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where « is a dimensionless constant characterizing the 8
strength of the Yukawa force, andis its range. For theories Fn~— §7TZGPdisszpher<D RS( 1-5- L_) , (30
with n=1 extra dimensiongg~1 and\~R,, whereR,, is 0 0
the size of the compact dimensions, £26) holds under the whereD=3.5 um is the thickness of the plate. To obtain an
condition[1] upper limit, let us neglect the layered structure of both test
bodies and set ,—%, pgisk=pcy=38.93x 10° kg/m®, and
17 Psphere= Pau=19.28< 10° kg/m®. It then follows from Eq.
~10° cm. (27 (30) that Fy~—3.2x10 Y N. This value is four orders of
magnitude smaller than the absolute error of the force mea-
L s . surement in the static regime. Hence, the contribution of the
Forn=1 it follows from Eq.(27) thatR, ~ 10" cm which is  Newronian gravitational force can be neglected at this stage.
excluded by solar system tests of Newtonian graj6g]. If, For a Yukawa force between a sphere and a plate, the
however,n=2 or n=3, the sizes of extra dimensions areé .,nsiraints should be calculated considering the detailed
Ro~1 mm orRs~5 nm, respectively. While recent gravity gircture of the sphere and plate. The sphere of depsity
experiments have investigated millimeter distance scales 4 1y 13 kg/m? was coated with a layer of Cr of thickness

without finding evidenceiof new physics, gravity .remainsACr:1 nm with pe,=7.19% 1G° kg/m?, and a layer of Au of
poorly tested at scales 10 * m (see Ref[70] for a re\{leV\). thickness A ,,=203 nm. The plate of densitys=2.33
_For models of non-compadbut warped extra dimen- . 13 /% was coated first with the same thickness of Cr
_S|0ns[2] th_e po_tent|al energy takes th? form of the Newton-, 4 then with a layer of Cu of thickneds,,=200 nm. Con-
lan potential with a power-law correction sidering that the conditions, A <R,D are satisfied, the hy-
pothetical force is given b§35,36

Gmym, 2
V== ——| 13272/ (28) F'YP(z)=—47°Gar®e P Rl pay—(pau—pcle al

2/n
1

r>Rn’VM—g\I‘)

N
MEY

—(pci— Ps)ei(AAUJrAcr)/}\][PCu_ (pcu—pPcy)

wherer>1/k and 1k is the warping scale. The correction in Al (At Ag)/n
Eq. (28) can be generalized to arbitrary inverse powers, xe fet=(pe—psi)e v R, (31)
-1 In our experiment, the strongest constraints on the
r_O) , (29) Yukawa hypothetical interactions are obtained from the dy-
r namic measurement of the parallel plate pressies, Ca-
simir force gradientrather than the static measurement of
whereq, is a dimensionless constatis a positive integer, the Casimir force. For this case, the Yukawa pressure can be
andry=10 ®m. found from Eq.(31) by using Eq.(6), which follows from
We note that Yukawa and power-law corrections given inthe proximity force theorem, Ed5),
Egs. (26) and (29) also arise in ways unrelated to extra-
dimensional physics. For example, the Yukawa potential de- P"™P(2)=—27Ga\’e” M pa,— (pau—pc)e” A
scribes new forces generated by the exchange of light bosons _ _ — (At Ac)/N B _
of massu=1/\, such as scalar axions, graviphotons, hyper- (per—ps)e a2 pey—(pey=pe)
photons, dilatons, and moduli among othé&sse, e.9.[69— X e dcu— (pe,—psie PeutiedM, (32)
73]). For such forces the interaction constantcould be
much larger than unity. Power-law corrections, as in Eg.Note that the Newtonian gravitational pressure is also below
(29), arise from the simultaneous exchange of two photonghe sensitivity of the present experiment and can be ne-
or two massless scalars<2 [74]), two massless pseudos- glected.
calars (=3 [75,76)), and from the exchange of a massless As shown in Ref[36], surface roughness can significantly
axion or a massless neutrino-antineutrino pki % [76,77)). influence the magnitude of a hypothetical force in the na-
The agreement between theory and experiment for ouRometer range. To compute the hypothetical pressure taking
Casimir force measurements can be used to set new coaccount of roughness, one can use exactly the same method
straints on the Yukawa strengthas a function ok from Eq.  that was applied in Sec. IV in the case of the Casimir pres-
(26). The total force acting between a sphere and a plate dugure. The result is
to the potential described by E(6) is obtained by integra-
tion over the volumes of the sphere and the plate, and sub-
sequent differentiation with respect toln fact, the contri-
bution of the Newtonian gravitational force is very small and
can be neglected. To prove this, let us consider a spherghere our notation is that of Sec. IV, aff¥P is given by
above the center of an enlarged plate modelled by a disk witkq. (32).
a radiusLy>R=294.3um. (In the present experiment the  With these results, we can now obtain constraints on the
projection of the sphere center is displaced by 480 from  hypothetical Yukawa pressure from the agreement of our
one edge of the plate, and by »n from the othel.In this  measurements of the Casimir pressure with theory. Accord-
case the Newtonian gravitational force is given[Bg] ing to the results of Sec. V, the optimal separation region for

mymy

G
Vi(r)=—

+a|

n
PRP(z)= X viwPYP(z+2H,—h—h)), (33
ij=1
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log |a| trics which are not as precise or reliable as those obtained
here from the Casimir pressure measurements between met-
als using a MTO.

Turning to the power-law-type hypothetical interactions
given by Eq.(29), the present experiment does not lead to
improved constraints. This is explained by the fact that the
metallic coatings used were too thiand hence, too lighto
give a significant contribution to hypothetical interactions
with a longer interaction range. In fact, the thickgulk)
matter contributes more significantly in this case, even
though its density is much lower than for the metal coatings.
To obtain stronger constraints on the constants characterizing
new power-law interactions, thicker metal coatings and
larger interacting bodies are preferable. We anticipate that
-7.2 =7 -6.8 -6.6 6.4 future measurements of the Casimir force will employ such

log[A (m)] samples.

16

15+

14 ¢

137+

12 ¢

11

FIG. 14. Constraints on the Yukawa interaction constants
interaction rangexn. Curve 1 is obtained in this paper, curve 2 VII. CONCLUSIONS AND DISCUSSION

follows from old measurements of the Casimir force between di- o . biective in th t has b t t
electrics[35]. Curves 3 and 4 are obtained from the Casimir force ur primary objective in the present paper has been 10 se

measurements between metals by use of the torsion penduluﬂlew limits on eXtra'd'menS'onal_ mOdeIS, a_nd other physics
[19,36 and by means of an atomic force microscof2s,39 re- ~ oeyond the standard model using Casimir force measure-
spectively. The region in thea(\) plane above each curve is ex- MeNts between a spherfa and a plate sepgrated by
cluded, and below each curve is allowed. ~0.2-1.2um. These experimental results along with a de-
tailed theoretical analysis lead to new constraints on Yukawa
- o - modifications of Newtonian gravity at short distances, and
obtaining constraints ig>310 nm. Here the rms deviation these are presented in Fig. 14.

between theory and experimenty;o5=0.34 mPa, is some- Although the constraints on the Yukawa parametewre
what smaller than would be the case if the complete Me3zptain are~ 10 this does not imply that our experiment
surement range were used, which includes the shortest sepass 1o pe improved by 13 orders of magnitude to detect
rations 260 nnez<310 nm.(At the shortest separations the Newtonian gravity. Rather, the exponential facesr”® in
experimental relative error is less than the theoretical eITOlEq (26) strongly suppress,es contributions from those parts
but it increases with separation so it eventually exceeds thgs e sphere and plate separatedzby. This “finite size
theoretical relative errgrWithin the intervalz>310 nm the effect” [69], which is not relevant for gravity, has a conse-

strongest constraints are obtained from the shortest Sepalgiience that a Yukawa force between the sphere and plate
tions. We choose, =320 nm and obtain constraints from the i, — 1 is much weaker than gravity. The actual gravita-

inequality tional force in our experiment is only5 orders of magni-
tude from being detectedusing the actual materials em-
|PIYP(zg)|<0105=0.34 mPa. (34 ployed, a gap that may be closed within the forseeable
future based on the rapid progress various groups have made
in the past few years.

In Fig. 14 constraints o following from Eq. (34) are To carry out our objective, a MTO was used to obtain the
plotted for different values of the interaction rangdcurve  first precise measurements of the Casimir force between dis-
1). In the same figure constraints from previous experimentsimilar metals Cu and Au. In the static regime, the Casimir
are also shown. They were obtained from old measurementsrce between a sphere and a plate was measured with an
of the Casimir force between dielectri35] (curve 2, from  absolute error 0.3 pN at a 95% confidence level. This trans-
Casimir force measurements by means of a torsion pendulutates into an experimental relative error of the Casimir force
[19,36 (curve 3, and by the use of an AFM23,36,39 measurements at the separation 188 nmr@f.27%, i.e.,
(curve 4. In all cases the region in thex(\) plane above several times smaller than the most precise previous experi-
the curve is excluded, and below the curve is allowed by thenents carried out by means of an AFM0-23. To take
experimental results. As can be seen from Fig. 14, thedvantage of the high quality factor of the MTO, the Casimir
present experiment leads to the strongest constraints in farce derivative between the sphere and plate was then mea-
wide interaction range, 56 i\ <330 nm. The largest im- sured dynamically. This derivative was shown to be effec-
provement, by a factor of 11, is achieved\at 150 nm. We  tively equivalent to the pressure between two parallel plates
note that the constraints obtained here almost completely fitomposed of the same materials. This pressure was deter-
in the gap between the modern constraints obtained by AFNhined with a mean absolute error of 0.6 mPa at the same
measurements, and those obtained using a torsion pendulugonfidence level, which leads to an experimental relative er-
Within this gap the best previous constraints were obtainedor of ~0.26% at the separation 260 nifThis compares
from old measurements of the Casimir force between dielecwith a relative error of 15% quoted by the authors of Ref.
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[26] who directly measured the Casimir pressure between The good agreement between theory and experiment was
parallel plates. then used to set stronger constraints on hypothetical Yukawa
As noted above, the precise calculation of the Casimiinteractions predicted by extra-dimensional physics and ex-
force and pressure between real metals that is needed to etensions to the standard model. Existing limits were strength-
tract the effects of new physics calls for the careful accountened by a factor of up to 11 within a wide interaction range,
ing of different correctionge.g., due to surface roughness, from 56 nm to 330 nm. This interaction range covers the gap
finite conductivity of the boundary metals, nonzero temperabetween the modern results obtained from Casimir force
ture, and finite extent of the plateThe corrections due to measurements using a torsion pendulum and an AFM. The
roughness were computed on the basis of the AFM images gifreviously known constraints within this gap were based on
the surfaces of the test bodies. Finite conductivity correctionsld, and less reliable, Casimir force measurements between
were calculated using tabulated data for the complex indexielectrics.
of refraction. Other corrections were also estimaiedlud- Our experimental arrangement suggests the need for ad-
ing traditional thermal correctionsand found to be negli- ditional work to further improve the agreement between
gible. The estimated theoretical uncertainty is at the level otheory and experiment. We plan to use smoother and thicker
1% of the calculated force, i.e., greater than the experimentahetal coatings on the surfaces of the test bodies, yielding a
uncertainty at the shortest separations used. Within the limitbetter characterization of the roughness. This will permit us
of all errors, theory is in good agreement with experiment. to carry out measurements at shorter separations, and to sig-
The level of agreement between theory and experimentificantly strengthen the constraints on the predictions of
was used to draw important conclusions concerning the inextra-dimensional physics in a wider interaction range. The
fluence of thermal effects on the Casimir force predicted byltimate goal of this program is to use the iso-electronic
quantum field theory at nonzero temperature. Our experieffect[18,39,78—-80to suppress the Casimir force so as to
mental results lead to a resolution of the controversy ovemmprove our sensitivity to new forces beyond the standard
whether the thermal effects on the Casimir force betweemodel.
real metals are close to those predicted by the Matsubara
formulation of quantum field theory for ideal metals, or are
significantly different as claimed in Refs12—44. We have
shown that the experimental results contradict the large, lin- R.S.D. acknowledges financial support from the Petro-
ear in temperature, thermal corrections predicted in Refdeum Research Foundation through ACS-PRF Grant No.
[42—-44. Although the sensitivity of the current experiment 37542-G. The work of E.F. is supported in part by the U.S.
is not yet sufficient to detect the small thermal corrections tdepartment of Energy under Contract No. DE-ACO02-
the Casimir force and pressure predicted for real metals iT6ER071428. G.L.K. and V.M.M. are grateful to the Depart-
Refs.[32,33, these corrections are compatible with our ex-ment of Physics, Purdue University for kind hospitality. They
periment. were partially supported by CNPq and Fin@razil).

ACKNOWLEDGMENTS

[1] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B Heckel, and H.E. Swanson, Phys. Rev6l) 022001(2000.
429 263(1998; Phys. Rev. D69, 086004(1999; I. Antonia- [15] C.D. Hoyle, U. Schmidt, B.R. Heckel, E.G. Adelberger, J.H.
dis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Gundlach, D.J. Kapner, and H.E. Swanson, Phys. Rev. Lett.

Lett. B 436, 257(1998. 86, 1418(2001).
[2] L. Randall and R. Sundrum, Phys. Rev. L&®, 3370(1999; [16] J.C. Long, H.W. Chan, A.B. Churnside, E.A. Gulbis, M.C.M.
83, 4690(1999. Varney, and J.C. Price, Natuteondon 421, 922 (2003.
[3] B. Abbott et al,, Phys. Rev. Lett86, 1156(2001). [17] 3. Chiaverini, S.J. Smullin, A.A. Geraci, D.M. Weld, and A.
[4] P. Abreuet al, Phys. Lett. B485 45 (2000. Kapitulnik, Phys. Rev. Lett90, 151101(2003.
[5] C. Adloff et al, Phys. Lett. B479, 358 (2000. [18] D. E. Krause and E. Fischbach, ®yroscopes, Clocks, and
[6] C. Hanhart, D.R. Phillips, S. Reddy, and M.J. Savage, Nucl. Interferometers: Testing General Relativity in Spaedited by
Phys.B595 335 (2001). C. Lammerzahl, C. W. F. Everitt, and F. W. Helpringer-
[7] S. Hannestad and G.G. Raffelt, Phys. Rev. L8%#. 051301 Verlag, Berlin, 2001
(2001. [19] S.K. Lamoreaux, Phys. Rev. Left8, 5 (1997; 81, 5475E)
[8] S. Cassisi, V. Castellani, S. Degl'lnnocenti, G. Fiorentini, and (1998.
R. Ricci, Phys. Lett. B481, 323(2000. [20] U. Mohideen and A. Roy, Phys. Rev. Le8&1, 4549 (1998;
[9] L.J. Hall and D. Smith, Phys. Rev. B0, 085008(1999. G.L. Klimchitskaya, A. Roy, U. Mohideen, and V.M.
[10] M. Fairbairn, Phys. Lett. B508 335 (2001). Mostepanenko, Phys. Rev.@0, 3487(1999.
[11] S. Hannestad, Phys. Rev. @, 023515(2001). [21] A. Ray, C.-Y. Lin, and U. Mohideen, Phys. Rev.GD, 111101
[12] A. Kehagias and K. Sfetsos, Phys. Lett4B2, 39 (2000. (1999.
[13] E.G. Floratos and G.K. Leontaris, Phys. Lett. 465 95 [22] A. Roy and U. Mohideen, Phys. Rev. Le#?2, 4380(1999.
(1999. [23] B.W. Harris, F. Chen, and U. Mohideen, Phys. Rev63

[14] G.L. Smith, C.D. Hoyle, J.H. Gundlach, E.G. Adelberger, B.R. 052109(2000.

116003-14



IMPROVED TESTS OF EXTRA-DIMENSIONAL PHYSIS . .. PHYSICAL REVIEW D 68, 116003 (2003

[24] T. Ederth, Phys. Rev. A2, 062104(2000. [51] J. Blocki et al,, Ann. Phys.(N.Y.) 105 427 (1977.
[25] H.B. Chan, V.A. Aksyuk, R.N. Kleiman, D.J. Bishop, and F. [52] B.V. Derjaguin, I.I. Abrikosova, and E.M. Lifshitz, Q. Rev.,
Capasso, Scienc€91, 1941 (2001); Phys. Rev. Lett.87, Chem. Soc10, 295(1956.
211801(2001). [53] B. Geyer, G.L. Klimchitskaya, and V.M. Mostepanenko, Phys.
[26] G. Bressi, G. Carugno, R. Onofrio, and G. Ruoso, Phys. Rev. ~ Rev. A65, 062109(2002.
Lett. 88, 041804(2002. [54] M. Schaden and L. Spruch, Phys. Rev58, 935(1998.

[27] F. Chen, U. Mohideen, G.L. Klimchitskaya, and V.M. [55] P. Johansson and P. Apell, Phys. Re\6@ 4159(1997.

Mostepanenko, Phys. Rev. Le88, 101801(2002; Phys. Rev. [56] V.B. Bezerra, G.L. Klimchitskaya, and V.M. Mostepanenko,
A 66, 032113(2002. Phys. Rev. A66, 062109(2002.

[28] F. Chen, G. L. Klimchitskaya, U. Mohideen, and V. M. [57] V.B. Bezerra, G.L. Klimchitskaya, and C. Romero, Phys. Rev.

Mostepanenkdunpublishegl A 65 012111(2092' - .
[29] A. Lambrecht and S. Reynaud, Eur. Phys. J8,(309 (2000. [58] Handbook of Optical Constants of Solj@slited by E. D. Palik

. . . (Academic, New York, 1998
[30] Shlg/s ng\?h;tgfagg‘zl%?ggggeen’ and V.M. Mostepanenko, [59] T. Emig, A. Hanke, R. Golestanian, and M. Kardar, Phys. Rev.

. . Lett. 87, 260402(2001).
[31] V.B. Bezerra, G.L. Klimchitskaya, and V.M. Mostepanenko, 14q) v g Bezerra, G.L. Klimchitskaya, and C. Romero, Mod. Phys.

[32] C. Genet, A. Lambrecht, and S. Reynaud, Phys. Re82A [61] R. Esquivel, C. Villareal, and W. L. MochaPhys. Rev. /68,
012110(2000. 052103(2003.
[33] M. Bordag, B. Geyer, G.L. Klimchitskaya, and V.M. [62] F. Chen, G.L. Klimchitskaya, U. Mohideen, and V.M.
Mostepanenko, Phys. Rev. Le&5, 503 (2000; 87, 259102 Mostepanenko, Phys. Rev. Le®0, 160404(2003.
(2002. [63] J. Mehra, PhysicéAmsterdam 37, 145(1967).
[34] B. Geyer, G.L. Klimchitskaya, and V.M. Mostepanenko, Phys.[64] L.S. Brown and G.J. Maclay, Phys. Re\84, 127 (1969.
Rev. A67, 062102(2003. [65] P. W. Milonni, The Quantum VacuurgAcademic, San Diego,
[35] M. Bordag, U. Mohideen, and V.M. Mostepanenko, Phys. Rep. 1994).
353 1 (200). [66] V. M. Mostepanenko and N. N. Truno\he Casimir Effect
[36] M. Bordag, B. Geyer, G.L. Klimchitskaya, and V.M. and its ApplicationgClarendon, Oxford, 1997
Mostepanenko, Phys. Rev. B8, 075003(1998; 60, 055004  [67] K. A. Milton, The Casimir EffecfWorld Scientific, Singapore,
(1999; 62, 011701R) (2000. 20019.
[37] J.C. Long, H.W. Chan, and J.C. Price, Nucl. Ph$5§39, 23 [68] J.R. Torgerson and S.K. Lamoreaux, quant-ph/0309153.
(1999. [69] E. Fischbach and C. L. Talmadgd&he Search for Non-
[38] V.M. Mostepanenko and M. Novello, Phys. Rev6B, 115003 Newtonian Gravity(Springer-Verlag, New York, 1999
(2002). [70] E.G. Adelberger, B.R. Heckel, and A.E. Nelson,
[39] E. Fischbach, D.E. Krause, V.M. Mostepanenko, and M. Nov- hep-ph/0307284.
ello, Phys. Rev. 064, 075010(2001). [71] Y. Fuijii, Int. 3. Mod. Phys. A6, 3505(1991).
[40] R.S. Decca, D. [pez, E. Fischbach, and D.E. Krause, Phys.[72] E.G. Adelberger, B.R. Heckel, C.W. Stubbs, and W.F. Rogers,
Rev. Lett.91, 050402(2003. Annu. Rev. Nucl. Part. Sci41, 269(1991).
[41] E.M. Lifshitz, Zh. Exsp. Teor. Fiz.29, 94 (1956 [Sov. Phys. [73] S. Dimopoulos and G.F. Giudice, Phys. Lett. 9 105
JETP2, 73 (1956)]. (1996.
[42] M. Bostram and B.E. Sernelius, Phys. Rev. Le®4, 4757  [74] J. Sucher and G. Feinberg, lmong-Range Casimir Forces
(2000. edited by F. S. Levin and D. A. Miché&lenum, New York,
[43] J.S. Hye, I. Brevik, J.B. Aarseth, and K.A. Milton, Phys. Rev. 1993.
E 67, 056116(2003. [75] S.D. Drell and K. Huang, Phys. Re®1, 1527(1953.
[44] V.B. Svetovoy and M.V. Lokhanin, Phys. Lett. 280, 177 [76] F. Ferrer and J.A. Grifols, Phys. Rev. 38, 096006(1998.
(2002. [77] G. Feinberg and J. Sucher, Phys. R&66, 1638 (1968; E.
[45] C.A. Bolle et al, Nature(London 399 43 (1999. Fischbach, Ann. Phy$N.Y.) 247, 213(1996); S.D.H. Hsu and
[46] S. D. SenturiaMicrosystem Desigi(Kluwer, Boston, 2001L P. Sikivie, Phys. Rev. 19, 4951(1994.
[47] F. Ayelaet al, Rev. Sci. Instrum71, 2211(2000. [78] E. Fischbach, S.W. Howell, S. Karunatillake, D.E. Krause, R.
[48] M. L. Roukes, Solid-State Sensor and Actuator Workshop, Hil- Reifenberger, and M. West, Class. Quantum Gi8y. 2427
ton Head Island, South Carolina, 2000. (2002).
[49] W. R. Smythe Static and Dynamic ElectricityMcGraw-Hill, [79] D.E. Krause and E. Fischbach, Phys. Rev. L88&. 190406
New York, 1939. (2002.
[50] R.S. Decca, H.D. Drew, and K.L. Empson, Rev. Sci. Instrum.[80] E. Fischbach, D. E. Krause, R. S. Decca, and pdzx Phys.
68, 1291(1997. Lett. A 318 165 (2003.

116003-15



