
PHYSICAL REVIEW D, VOLUME 64, 075010
New constraints on ultrashort-ranged Yukawa interactions from atomic force microscopy
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Many extensions to the standard model lead to the possibility of new forces which would produce Yukawa
corrections to Newtonian gravity. Models in which the gravitational and gauge interactions are unified at
;1 TeV using large extra dimensions could produce Yukawa-type corrections to the Newtonian gravitational
law at submillimeter distances. In some models withn53 extra dimensions, deviations from Newtonian
gravity would occur at separations;5 nm, a distance scale accessible to an atomic force microscope~AFM!.
Here we present constraints on the Yukawa corrections derived from the latest AFM Casimir force measure-
ment by Mohideenet al.which are up to 19 times stronger than those obtained from their previous experiment.
We then discuss new designs for AFM experiments which have the potential to significantly improve upon
these constraints.
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I. INTRODUCTION

Motivated in part by the hierarchy problem, a number
theoretical models have been developed recently which r
the possibility that the energy scale at which gravity is u
fied with the other fundamental forces could be as low
;1 TeV @1–3#. In these models, large extra spatial dime
sions ~which for compact dimensions could be as large
;1 mm) arise which might be accessible experimenta
@4#. While the effects of these new dimensions are gener
model dependent, constraints on extra dimensional phy
which are relatively independent of theory can be obtain
from experiments searching for deviations from Newto
law of gravity at submillimeter distances. At the same tim
these experiments can also constrain hypothetical long-ra
interactions which naturally arise in many extensions to
standard model which are unrelated to extra dimensio
physics. Such experiments can be classified according to
dominant background force acting between the test bo
used. For separations*1024 m gravity produces the domi
nant background, and a number of groups are conduc
experiments testing Newtonian gravity at;0.1 mm scales.
For smaller separations, Casimir forces provide the domin
background force, and the experiments setting the best li
in this regime are those testing the Casimir force law. In t
paper, we will briefly review the theoretical motivation an
phenomenology used in sub-millimeter force experimen
We then present new limits extracted from a recent exp
ment by the Riverside group@5#, which uses an atomic forc
microscope~AFM! to test the Casimir force. After compa
ing these results with existing limits, we conclude by d
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scribing future possibilities for using AFM experiments
set limits on new forces and extra dimensional physics.

II. PHENOMENOLOGY

Since gravity is a theory of spacetime, it is inevitable th
the effects of extra dimensions will modify Newton’s law o
gravity which is only valid in a 4-dimensional spacetim
Although Newtonian gravity has been well-tested over lo
distance scales, our understanding of gravity at s
millimeter scales is quite limited@6#. Phenomenologically,
the deviations from Newton’s law arise naturally in two d
ferent ways@7#. In models with large compact dimension
such as originally proposed by Arkani-Hamed, Dimopoul
and Dvali ~ADD! @1#, one finds that the potential energ
between two point particles with massesm1 and m2 sepa-
rated by a distancer @R* ~the characteristic size of the com
pact dimensions! is given by the usual Newtonian gravita
tional potential energy with a Yukawa correction@4,8,9#:

V~r !52
Gm1m2

r
~11ae2r /l! ~r @R* !, ~1!

where the dimensionless constanta depends on the nature o
the extra dimensions, and wherel;R* . For example, for a
toroidal compactification with alln extra dimensions having
equal size,a52n @4,8,9#. When the separation between th
masses decreases to the point wherer !R* , the usual in-
verse square law of gravity changes to a new power-law

V~r !52
G41nm1m2

r n11
~r !R* !, ~2!

whereG41n;GR
*
n is the fundamental gravitational consta

in the full 41n dimensional spacetime. The sizeR* of the
extra dimensions, according to the ADD models, is then
lated to the energy scaleM* ;(1/G41n)1/(21n) at which the
unification occurs by

,
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R* ;
1

M*
S M Pl

M*
D 2/n

;1032/n217 cm, ~3!

where the Planck mass isM Pl51/G1/2;1019 GeV, and we
have assumedM* ;1 TeV @1#. For n51, R* ;1015cm is
obviously excluded by solar system tests of Newtonian gr
ity @6#. If n52, R* ;1 mm, which is the scale currentl
being probed by a number of sub-millimeter gravity expe
ments@10–13#. For n53, Eq. ~3! givesR* ;5 nm which is
roughly the range accessible to experiments using ato
force microscopy like those discussed below. It is import
to recognize, however, that whileM* ;1 TeV is a natural
scale, it is little more than a reasoned guess. Therefore
scales suggested by Eq.~3! should be taken simply as
heuristic guide for designing experiments. It should also
noted that the Yukawa correction given in Eq.~1! arises natu-
rally in ways unrelated to extra dimensional physics. F
example, Yukawa potentials arise from new forces genera
by the exchange of bosons of massm51/l ~e.g., scalar ax-
ion, graviphoton, dilaton! @6,14–16#.

A second class of extra dimensional models, such as
originally proposed by Randall and Sundrum@2#, allows the
extra dimensions to be non-compact, but warped. In th
models, the leading order correction to the Newtonian pot
tial energy between two point masses takes on a power
form @2,7,17#:

V~r !52
Gm1m2

r S 11
2

3k2r 2D ~r @1/k!, ~4!

where 1/k is the warping scale. The introduction of a ne
length scaler 0 such as 1/k or R* into a theory allows one to
generalize Eq.~4! to arbitrary powersN:

V~r !52
Gm1m2

r F11aNS r 0

r D N21G , ~5!

whereaN is a dimensionless constant. Power-law correctio
to Newtonian gravity also arise from new interactions
volving the exchange of 2 massless quanta. For examplN
52 may arise from the simultaneous exchange of two p
tons or two massless scalars@18#, andN53 characterizes the
exchange of two massless pseudoscalars@19,20#. Potentials
with N55 arise from massless axion exchange@20#, and also
from the exchange of a~massless! neutrino-antineutrino
(nn̄) pair @21#.

All of the extra dimensional models discussed above
speculative at this stage, and much work remains to be d
to test their consistency and viability. However, they are i
portant in demonstrating that if extra spatial dimensions
ist, new fundamental energy scales must also exist, and
these scales will modify Newtonian gravity at some lev
Furthermore, from the models that have been developed
see that these modifications generally take the form
Yukawa or power-law potentials. Therefore, while there
main many unanswered questions regarding models of e
07501
-

-

ic
t

he

e

r
ed

at

se
n-
w

s
-

-

e
ne
-
-
at
.
e
f
-
a-

dimensional physics, the phenomenology supporting sh
distance gravity experiments rests upon a much firmer fo
ing.

As noted earlier, experiments testing Newtonian grav
over separations*1023 m have set significant limits on th
Yukawa couplinga for rangesl*1023 m @6,22#. In addi-
tion, precise gravity experiments have set the best limits
power-law interactions forN,5 ~see Table I!. Motivated in
part by the new extra dimensional models discussed ab
several experimental groups@10–13# are now probing New-
tonian gravity at sub-millimeter scales and have begun to
significant constraints on new physics at ranges;0.1 mm. It
is expected that within the next few years such experime
will extend our understanding of gravity down to separatio
where Casimir forces form the significant background.

III. NEW FORCES AND TESTS OF THE CASIMIR FORCE

Coincidentally, the past few years have also witnessed
first precise tests of the Casimir force@27–29#. Lamoreaux
@30# used a torsion balance to measure the Casimir fo
between a disk and spherical lens, while Ederth@31# mea-
sured the force between two crossed cylinders. The prac
implications of the Casimir force have been considered
cently with a MEMS ~microelectromechanical! device by
Chanet al. at Bell Labs@32#. Finally, a series of force mea
surements specifically devised to test various aspects of
Casimir force has been conducted by the Riverside gr
using an atomic force microscope@5,33–35#. This entire ex-
perimental effort has motivated theorists to more carefu
examine the effects of surface roughness, temperature,
finite conductivity which produce significant deviations fro
the idealized case of the Casimir force between two perfe
conducting, smooth bodies@36–42#. The inclusion of these
corrections has been shown to be crucial in obtaining ag
ment between theory and experiment@5,33–35,37,38,43,44#.

While the goal of all these experiments is to improve o
understanding of the origin and behavior of Casimir forc
they have also been used to set limits on new interacti
@45–48#. These limits are in addition to those obtained
Refs. @49–51# from earlier, much less precise Casimir an
van der Waals force measurements@52,53#. It can be shown
that Casimir force measurements are relatively ineffect
compared to longer ranged gravity experiments in sett
limits on power-law interactions of the form given by E
~5!. The reason is that forN,5, such power-law forces be
tween macroscopic bodies are relatively insensitive to
separation of the bodies when these are placed in close p
imity @46#. Thus, there is no advantage to performing ve

TABLE I. Current constraints on power-law potentials of th
form given by Eq.~5!.

N Experiment aNr 0
N21 Limit reference

1 Gundlachet al. @23# 131029 @23#

2 Gundlachet al. @23# 731027 m1 @23#

3 Speroet al. @24# 131028 m2 @26#

4 Mitrofanov et al. @25# 1310210 m3 @26#
0-2
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short distance experiments, which are in any case gene
less precise than larger scale gravity experiments, to se
for power-law corrections to Newtonian gravity.

On the other hand, experiments searching for Yukawa
teractions of the form given by Eq.~1! are only sensitive
when the separationr of the test bodies is of orderl @6#.
Hence, to constrain the Yukawa couplinga for a given value
of l, one must devise experiments such thatr is of orderl.
Therefore, if one wishes to constrain extra dimensions of s
R* &1025 m using force measurements, one must inevita
confront large Casimir forces which grow rapidly forr
&1025 m @54#. This is why Casimir force experiments yiel
the best constraints ona for these separations.

IV. LIMITS FROM RECENT MOHIDEEN AFM
EXPERIMENT

We turn next to the focus of this paper, which is the rec
measurement of the Casimir force performed by the Riv
side group@5# who used an atomic force microscope.~We
will henceforth refer to the work of the Riverside group
‘‘Mohideen et al.’’ ! Like the previous AFM measuremen
carried out by this group@33–35#, this experiment measure
the force between a metallized polystyrene sphere mou
on an AFM tip and a substrate composed of a flat sapp
disk. However, this experiment differed from the previo
efforts in several important respects:~i! The sphere and disk
were each coated with a layer of gold of thicknessD
586.6 nm. Previously, aluminum coatings had been used
stead, but this also required an additional surface laye
Au/Pd on top of the Al to prevent oxidation. The use of on
a single gold layer in the new experiment significantly si
plifies the calculations of the forces involved, since one c
treat the gold layer as infinitely thick as far as the Casim
force is concerned. Also, because Au is much more de
than the previously used layers, stronger limits on new for
can be obtained.~ii ! The gold layers were significantl
smoother than previous coatings. The root-mean-square
plitude of the gold surfaces was measured to be only
60.1 nm which means that corrections arising from the s
face roughness could be neglected in all force calculatio
~iii ! Electrostatic forces which plague nearly all short d
tance force measurements were reduced to!1% of the Ca-
simir force at the shortest separation. This meant that
subtractions were required to separate Casimir forces f
spurious electrostatic background forces. The electros
force was used to arrive at an independent measureme
the surface separation including separation on contact of
two surfaces.~iv! The measurements were performed ov
smaller separationsa, 62 nm<a<350 nm which means tha
this experiment can search for Yukawa forces with sma
rangesl. However, the absolute error of the force measu
ments was somewhat larger than in the previous exp
ments,DF53.5310212N. This is due to the thinner gold
coating used in@5# which led to poor thermal conductivity o
the cantilever. At the smallest measured separations, thi
ror was still less than 1% of the measured Casimir for
Thus, this experiment can be used to significantly tigh
constraints on new Yukawa interactions as we will no
show.
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We begin by calculating the force arising between t
AFM tip and the substrate using Eq.~1!. First, it is easy to
show that the Newtonian contribution is negligible. Since t
diameter of the sphere~including the gold layer! was 2R
5191.3mm, while the disk diameter wasL51 cm, it fol-
lows thatR!L which allows us to consider each atom of th
sphere as if it were placed directly above the center of
disk. In this case, the vertical component of the Newton
gravitational force acting between the disk and a sphere a
of massm1 located at a distancel !L above the disk is

f N,z~ l !5
]

] l FGm1rdisk2pE
0

L

r dr E
l

l 1D dz

Ar 21z2G
'22pGm1rdiskDF12

D12l

2L G , ~6!

whererdisk is the disk density,D51 mm is the thickness o
the disk, and only the first order terms inD/L and l /L have
been retained. The Newtonian gravitational force acting
tween the disk and the sphere is obtained from Eq.~6! by
integration over the sphere

FN,z'2
8

3
p2GrdiskrsphereDR3S 12

D

2L
2

R

L D , ~7!

wherersphereis the density of the sphere. Even if the sphe
and disk were composed of solid vacuo-distilled gold w
rdisk5rsphere518.883103 kg/m3, one finds from Eq.~7! that
FN,z'6310216N!DF, so the usual Newtonian gravita
tional force can be neglected.

The force arising from the Yukawa correction to Newto
ian gravity given by the second term of Eq.~1! should be
calculated taking into account the actual compositions of
test bodies. For a polystyrene spherersphere
51.063103 kg/m3, for a sapphire disk rdisk54.0
3103 kg/m3, and for the vacuo-distilled gold covering laye
rAu518.883103 kg/m3. The Yukawa forceFY arising from
Eq. ~1! can be easily obtained using the same procedure u
to calculate the Newtonian gravitational force. The result

FY~a!524p2Gal3e2a/lR3@rAu2~rAu2rdisk!e
2D/l#

3@rAu2~rAu2rsphere!e
2D/l#, ~8!

where a is the sphere-disk separation distance, andD
586.6 nm is the thickness of the gold coatings.

The most stringent limits on new forces are obtained
the smallest possible separation. According to Ref.@5#, the
rms deviation of the measured force (Fexperiment) from the
theoretical value (F theory) of the sum of all the known forces
~Casimir and electrostatic! is given by

sF5A( ~Fexperiment2F theory!
2

Ntrials
53.8 pN, ~9!

where Ntrials52583 is the total number of force measur
ments. This is slightly larger than 3.5 pN, the experimen
0-3
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uncertainty of the force measurement ata562 nm. There-
fore, to set constraints on the Yukawa coupling constana,
we will assumeuFY(a)u<sF53.8 pN. The resulting limit is
represented by the bold curve labeled ‘‘Mohideen 2000’’
Fig. 1. Note that forl@D andl@a, the exponential terms
in Eq. ~8! become unity, and as a result this curve is given
a5C/l3, where C5sF /(4p2GRrdiskrsphere). However,
the best constraints for a given experiment occur whenl
;a, so the constraints forl@a are usually much weake
than those obtained by other experiments probing these s
rations.

Before comparing the constraint obtained here with lim
obtained from other experiments, let us first discuss vari
sources of error which could affect our result. First, the u
certainty in the separationa arising from the surface rough
ness is approximatelyda.1 nm which givesda/a.2%
for the closest separation. This will produce a significa
effect whenl.da.1 nm, but as we will see below, othe
experiments produce better limits in this range. Forl.a,
where the most stringent limits are obtained, the result
errors are only;2% which can be neglected. Second, it
important that all known forces be included inF theory in us-
ing Eq. ~9!. In short distance force experiments, electrosta
effects can be significant. However, in the Mohideen exp
ment, the measured residual potential difference of 3
between the gold sphere and disk leads to a force only 0
of the Casimir force ata562 nm. Although this effect is
small, it was included inF theory.

The most significant difficulties arising in extracting lim
its from Casimir force experiments involve calculating t
Casimir force between the interacting bodies. Because

FIG. 1. Constraints on the Yukawa interactions of the fo
given by Eq.~1! from Casimir/van der Waals force measuremen
‘‘Mohideen 2000’’ refers to the limit obtained in this paper from th
latest AFM experiment by the Riverside group@5#, while ‘‘Mo-
hideen 1999’’ refers to the limit@47# obtained from their previous
AFM experiment which used aluminum surfaces@34#. ‘‘vdW’’ is
the limit @51# obtained from older van der Waals force experime
@52#, ‘‘Ederth’’ is the limit @48# from the recent experiment by Ed
erth @31# using two crossed cylinders, ‘‘Casimir’’ is the limit@49#
from older Casimir force experiments@53#, and ‘‘Lamoreaux’’ is the
limit @45# from the Casimir force experiment by Lamoreaux@30#.
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practical difficulties, none of the most recent tests of t
Casimir force use parallel plates for the interacting bodi
for which accurate calculations can be made.~The experi-
ment by Carugno@13# uses parallel plates, but has not y
reached sufficient sensitivity to detect the Casimir forc!
Rather, curved surfaces are used which requires the us
the proximity force theorem~PFT! to calculate the Casimir
force @55#. Although the PFT produces reasonable resu
when applied to Casimir forces, it has not been rigorou
proved in this context@42#. In spite of this, the errors which
result when applying the PFT can be reliably estimated.
the configuration of a sphere above a disk used in@5#, the
error is of ordera/R, i.e., much less than 1%~see Ref.@56#
for the semi-classical proof of this result!. Because of this we
will assume that the use of the PFT in the analysis of
Mohideen experiment is valid.

Other difficulties in Casimir force calculations arise fro
the use of tabulated values of the complex dielectric cons
as functions of frequency for the materials comprising
test bodies. It has been pointed out that if different interp
lation schemes are applied to these discrete data, the re
ing calculated Casimir force can differ by as much as 4
@42,57#. In addition, the tabulated dielectric properties we
obtained using bulk samples and not the coatings which
actually used in the experiment. Even thick coatings~greater
than 30 nm! can be sufficiently porous that their dielectr
properties will deviate from the bulk values. It would then
best to directly measure the dielectric properties of the ac
test bodies to accurately determineFCasimir @58#. Since this
cannot be done in the present context, and since there i
obvious discrepancy or inconsistency arising in the M
hideen experiment, we will not consider this problem he
and leave it to future experiments to address this issue.

Finally, one must properly consider temperature corr
tions to the Casimir force. Recently this point was discus
by several authors with differing results@36,40,41,59,60#.
According to the approach of Ref.@59#, the dependence o
the Casimir force on temperature is fundamentally differ
in the cases of ideal and real metals. For real metals
negative temperature corrections found in Ref.@59# are in
contradiction with thermodynamical arguments, while t
high temperature limit of the force is exactly half the val
for an ideal metal. This difference does not disappear in
limit when the relaxation of a real metal goes to zero and
conductivity goes to infinity. As was noted in Ref.@61#, the
results of Ref.@59# are in contradiction with the experimen
of Ref. @30#. In the approach of Ref.@60#, all real metals,
irrespective of their quality, are subjected to the same
simir force as ideal metals for separations larger than sev
microns. A detailed analysis of the different approaches
calculating thermal corrections to the Casimir force is giv
in @36#. According to@36# the results of@59,60# are in error,
while the correct results are found to be in agreement w
Refs.@40,41# and with experiment. However, the separatio
used in the AFM experiments by Mohideenet al. are suffi-
ciently small that temperature corrections to the Casi
force are negligible.
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V. COMPARISON WITH OTHER LIMITS

As can be seen from Fig. 1, the Casimir force measu
ment between the gold surfaces carried out by Mohid
et al. strengthens the previously known constraints obtai
from their earlier experiment@34# using aluminum surface
~labeled by ‘‘Mohideen 1999’’! by as much as a factor of 1
within the range 4.331029 m<l<1.531027 m, with the
most significant improvement occurring atl5(5 –10) nm.
These constraints are up to 4500 times more stringent
those obtained from older Casimir and van der Waals fo
measurements between dielectrics~curves labeled by ‘‘Ca-
simir’’ and ‘‘vdW’’ respectively!. In the same figure, the
curve labeled by ‘‘Lamoreaux’’ exhibits the constraint o
tained in Ref. @45# from the Casimir force measureme
which used a torsion pendulum@30#. The curve denoted by
‘‘Ederth’’ gives the new constraints obtained in Ref.@48#
from the recent experiment which measured the Cas
force between two crossed cylinders@31#. We see that curve
‘‘Mohideen 2000,’’ which exhibits the limits obtained in thi
paper, represents the most stringent bound in the interac
range 1.131028 m<l<1.531027 m.

Note that we have not included constraints from the
cent experiment by Chanet al. @32#. The reason is that the
amplitude of surface roughness for this experiment is
large ~30 nm compared with 1 nm in@5#! that significant
roughness corrections on both Casimir and hypothet
forces arise at separations&100 nm @37,46#. To calculate
these corrections, one needs quantitative measuremen
the roughness of the test bodies@37,46#, but this information
is not contained in Ref.@32#. However, the aim of this ex
periment was to demonstrate the first practical implication
the Casimir force rather than the precision comparison
theory and experiment.

It is evident from Fig. 1 that for separations&1025 m
much work is needed to improve the sensitivity of for
experiments to Yukawa interactions of the strength predic
by extra dimensional models (a;1 –10). As was shown in
Ref. @45#, the constraints following from the experiment
Ref. @30# can be improved by up to four orders of magnitu
in the rangel;1024 m which is what is required to con
strain physically interesting values ofa. Still, experiments
using atomic force microscopy@5,33–35# remain almost fif-
teen orders of magnitude below the sensitivity needed
reach the valuea;1 –10 in the interaction rangel
<1027 m. Furthermore, significant~and sometimes eve
more stringent! constraints on the extra dimensional ma
scaleM* have been obtained from accelerator experime
@62–64#, astrophysics@65–69#, and cosmology@70–72#.
However, one must remember that gravity and Casimir fo
experiments are also sensitive to other non-extra dimensi
effects such as dilaton and moduli exchange which can
to Yukawa forces witha@10 @6,14–16#. Therefore, all ex-
periments which can reduce the allowed region in thea-l
plane are meaningful.

VI. FUTURE AFM EXPERIMENTS

We believe that in the future the best ultrashort ran
limits will come from a new class of experiments design
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specifically to search for new forces rather than to test
Casimir force. In such experiments the Casimir effect is
unwanted background that needs to be suppressed. One
pression technique proposed recently@54# relies on the ob-
servation that the Casimir force depends on theelectronic
properties of interacting samples, whereas any gravitatio
interactions~either conventional or new!, and virtually all
other proposed interactions, involve couplings to nuclei~as
well as to electrons!. Hence by comparing the interactions
two test masses which have very similar electronic prop
ties, but different nuclei, with a common attracting sour
mass, we may be able to subtract out the common Cas
background. This would leave a residual nuclear-nuclear
teraction between each of the samples and the source,
these should be different for the two samples. We refer to
technique as theiso-electronic effect, and it can be imple-
mented in two ways. One is to choose as the test ma
elements such as Cu and Au whose nuclei are quite differ
but which are known to have very similar Casimir propert
@42#. Alternatively, the test samples could be chosen to
isotopes of the same element whose nuclei would con
different numbers of neutrons, but whose electronic prop
ties would be extremely similar. In either case, any resid
differences in the electronic properties of the test mas
would still have to be calculated, but this should in princip
present no significant problems@73#.

A possible design for an AFM experiment@74,75# which
utilizes the iso-electronic effect, is shown schematically
Fig. 2. In this experiment, a gold-coated sphere would
attached to an AFM tip and oscillated with frequencyv tip .
The substrate would be composed of alternating strips
different isotopes of the same element, and would be os
lated horizontally with frequencyvsub. The signal for a new
force would then be a force on the tip that depends onvsub
which should not be present if surface roughness and e
trostatic effects are the same for the strips. Since the Yuk
force of the AFM tip on the substrate couples only to t
mass within a rangel of the surfaces, the net spher
substrate force will be proportional to the difference in t
densities of the strips,

FYukawa}~rsub2rsub8 !, ~10!

FIG. 2. Proposed experiment utilizing the iso-electronic eff
@74,75#. A gold-coated sphere is attached to an oscillating AFM t
while a substrate composed of alternating strips of different isoto
of the same element is oscillated horizontally beneath.
0-5
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if the new force couples to mass as in the case of mo
with extra dimensions. For more general compositio
dependent forces, the force difference will be even larg
Therefore, it is important to select elements having isoto
with the largest possible mass density differences. Poss
candidates include ruthenium, osmium, nickel, and pa
dium, all of which can have isotope mass density differen
exceeding 900 kg/m3. If such a design is to be successfu
care must be taken to eliminate effects which could mim
the signal produced by a new force, such as insufficient
bration isolation, differences in surface roughness, and e
trostatic effects arising from work function difference
Other possible designs for ultrashort distance experim
have been discussed in Refs.@12,54,74#. Our intent here is
not so much to propose ultimate designs, but to suggest
sibilities that would stimulate new experiments designed s
cifically to search for the effects of new forces and ex
dimensions at ultrashort distances rather than to test the
simir force law.

VII. CONCLUSIONS

It is clear that experiments which search for new forces
the Casimir regime will be faced with significant challenge
However, there is strong theoretical motivation to cond
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such searches, and new techniques~including, possibly, those
suggested here! will certainly be developed to overcom
these obstacles. The AFM is a natural tool to be used in
effort as demonstrated by the experiments of Mohideenet al.
@5,33–35#. Furthermore, this instrument can be eas
adapted to experiments whose intent is to specifically sea
for new forces of both gravitational and nongravitational n
ture. Such laboratory force experiments have provided,
will continue to provide, important, and relatively mode
independent constraints on new physics which complem
those obtained from high-energy experiments and astroph
cal observations.
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