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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 with 3 extra dimensions, deviations from Newtonian
gravity would occur at separations5 nm, a distance scale accessible to an atomic force microg£épé).

Here we present constraints on the Yukawa corrections derived from the latest AFM Casimir force measure-
ment by Mohideeret 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.

DOI: 10.1103/PhysRevD.64.075010 PACS nuniberl4.80—j, 04.65+e, 11.30.Pb, 12.20.Fv

[. INTRODUCTION scribing future possibilities for using AFM experiments to
set limits on new forces and extra dimensional physics.
Motivated in part by the hierarchy problem, a number of

theoretical models have been developed recently which raise Il. PHENOMENOLOGY
the possibility that the energy scale at which gravity is uni-
fied with the other fundamental forces could be as low as Since gravity is a theory of spacetime, it is inevitable that
~1 TeV [1-3]. In these models, large extra spatial dimen-the effects of extra dimensions will modify Newton’s law of
sions (which for compact dimensions could be as large agravity which is only valid in a 4-dimensional spacetime.
~1 mm) arise which m|ght be accessible experimenta"yAlthOUgh Newtonian gravity has been well-tested over |Ong
[4]. While the effects of these new dimensions are generalllistance scales, our understanding of gravity at sub-
model dependent, constraints on extra dimensional physid¥illimeter scales is quite limitedi6]. Phenomenologically,
which are relatively independent of theory can be obtainedhe deviations from Newton’s law arise naturally in two dif-
from experiments searching for deviations from Newton'sferent ways[7]. In models with large compact dimensions
law of gravity at submillimeter distances. At the same timesuch as originally proposed by Arkani-Hamed, Dimopoulos,
these experiments can also constrain hypothetical long-rang&d Dvali (ADD) [1], one finds that the potential energy
interactions which naturally arise in many extensions to thdetween two point particles with masseg and m, sepa-
standard model which are unrelated to extra dimensiondited by a distance>R, (the characteristic size of the com-
physics. Such experiments can be classified according to tHect dimensionsis given by the usual Newtonian gravita-
dominant background force acting between the test bodielional potential energy with a Yukawa correctiph8,9:
used. For separatior’s10~4m gravity produces the domi-
nant background, and a number of groups are conducting V(r)=— Gmym,
experiments testing Newtonian gravity &t0.1 mm scales. r
For smaller separations, Casimir forces provide the dominant
background force, and the experiments setting the best limitwhere the dimensionless constantlepends on the nature of
in this regime are those testing the Casimir force law. In thigshe extra dimensions, and whexe-R, . For example, for a
paper, we will briefly review the theoretical motivation and toroidal compactification with alh extra dimensions having
phenomenology used in sub-millimeter force experimentsequal sizea=2n [4,8,9. When the separation between the
We then present new limits extracted from a recent experimasses decreases to the point wheseR, , the usual in-

ment by the Riverside grous], which uses an atomic force verse square law of gravity changes to a new power-law:
microscope(AFM) to test the Casimir force. After compar-

ing these results with existing limits, we conclude by de-

(1+ae™™) (r>R,), )

Gapnmim
V(n=-—T5— (<R, @
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1 (Mp 2/n 17 TABLE I. Current constraints on power-law potentials of the
e YRR ) ~10%2h=17 ¢cm, (3)  form given by Eq.(5).
N Experiment anrdt Limit reference

where the Planck mass M p;=1/G?~ 10" GeV, and we ~

have assumet, ~1 TeV [1]. Forn=1, R, ~10cm is 1 Gundlachet al. [23] 1x10 [23]
obviously excluded by solar system tests of Newtonian gravé Gundlachet al.[23] ~ 7x107" m! [23]
ity [6]. If n=2, R, ~1mm, which is the scale currently 3 Speroet al. [24] 1x10°°% m? [26]
being probed by a number of sub-millimeter gravity experi-4 ~ Mitrofanovetal.[25] ~ 1x107%° m® [26]

ments[10-13. Forn=3, Eq.(3) givesR, ~5 nm which is
roughly the range accessible to experiments using atomi
force microscopy like those discussed below. It is importan
to recognize, however, that whilkl, ~1 TeV is a natural
scale, it is little more than a reasoned guess. Therefore, tH89: _ _ . . .
scales suggested by EB) should be taken simply as a  AS noted earlier, experiments testing Newtonian gravity
heuristic guide for designing experiments. It should also b&@Ver separations=10 "m have set sl%nlflcant limits on the
noted that the Yukawa correction given in Etj arises natu- Yukawa couplinga for rangesh=10""m [6,22]. In addi-

rally in ways unrelated to extra dimensional physics. ForiO: Precise gravity experiments have set the best limits on
example, Yukawa potentials arise from new forces generateBOWer-law interactions foN<5 (see Table)l Motivated in

by the exchange of bosons of mass: 1\ (e.g., scalar ax- part by the new extra dimensional models dlscgssed above,
ion, graviphoton, dilaton[6,14—18. sev_eral expenmental g_ro_uf@SO—lCﬂ are now probing New-

A second class of extra dimensional models, such as thdpnian gravity at sub-millimeter scales and have begun to set
originally proposed by Randall and Sundr(ig], allows the ~ Significant constraints on new physics at ranges1 mm. It
extra dimensions to be non-compact, but warped. In thes§ €xPected that within the next few years such experiments
models, the leading order correction to the Newtonian potenill €xtend our understanding of gravity down to separations
tial energy between two point masses takes on a power-la\Where Casimir forces form the significant background.
form [2,7,17:

imensional physics, the phenomenology supporting short
distance gravity experiments rests upon a much firmer foot-

Ill. NEW FORCES AND TESTS OF THE CASIMIR FORCE

Gmym, Coincidentally, the past few years have also witnessed the
Vi=-— (1+ 3k2r2> (r>1k), (4)  first precise tests of the Casimir forf27—29. Lamoreaux
[30] used a torsion balance to measure the Casimir force
between a disk and spherical lens, while Ed¢&h] mea-

Gmim
V(r)=——2

where 1k is the warping scale. The introduction of a new gyred the force between two crossed cylinders. The practical
length scale, such as X or R, into a theory allows one to  jmplications of the Casimir force have been considered re-
generalize Eq(4) to arbitrary powers\: cently with a MEMS (microelectromechanicgldevice by
Chanet al. at Bell Labs[32]. Finally, a series of force mea-
ro\N 1 surements specifically devised to test various aspects of the
+6¥N(7) ) 5 Casimir force has been conducted by the Riverside group
using an atomic force microscop®&,33—33. This entire ex-

] ] ) ~ perimental effort has motivated theorists to more carefully
whereay is a dimensionless constant. Power-law correctiongyamine the effects of surface roughness, temperature, and
to Newtonian gravity also arise from new interactions in-finjte conductivity which produce significant deviations from
volving the exchange of 2 massless quanta. For exarhble, the jdealized case of the Casimir force between two perfectly
=2 may arise from the simultaneous exchange of two phogonducting, smooth bodig86-4J. The inclusion of these
tons or two massless scaldis3], andN=3 characterizes the corrections has been shown to be crucial in obtaining agree-
exchange of two massless pseudoscdla820. Potentials  ment between theory and experim@b33—35,37,38,43,44

with N=5 arise from massless axion exchafge], and also While the goal of all these experiments is to improve our
from the exchange of a@massless neutrino-antineutrino  ynderstanding of the origin and behavior of Casimir forces,
(vv) pair[21]. they have also been used to set limits on new interactions

All of the extra dimensional models discussed above ar¢45—-48. These limits are in addition to those obtained in
speculative at this stage, and much work remains to be dorieefs.[49-5]] from earlier, much less precise Casimir and
to test their consistency and viability. However, they are im-van der Waals force measuremefig,53. It can be shown
portant in demonstrating that if extra spatial dimensions exthat Casimir force measurements are relatively ineffective
ist, new fundamental energy scales must also exist, and thabmpared to longer ranged gravity experiments in setting
these scales will modify Newtonian gravity at some level.limits on power-law interactions of the form given by Eq.
Furthermore, from the models that have been developed w&). The reason is that fdl<5, such power-law forces be-
see that these modifications generally take the form ofween macroscopic bodies are relatively insensitive to the
Yukawa or power-law potentials. Therefore, while there re-separation of the bodies when these are placed in close prox-
main many unanswered questions regarding models of extramity [46]. Thus, there is no advantage to performing very
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short distance experiments, which are in any case generally We begin by calculating the force arising between the
less precise than larger scale gravity experiments, to seardkFM tip and the substrate using E@L). First, it is easy to
for power-law corrections to Newtonian gravity. show that the Newtonian contribution is negligible. Since the
On the other hand, experiments searching for Yukawa indiameter of the spheréincluding the gold layerwas R
teractions of the form given by Eq1) are only sensitive =191.3um, while the disk diameter was=1 cm, it fol-
when the separation of the test bodies is of ordex [6].  |ows thatR<L which allows us to consider each atom of the
Hence, to constrain the Yukawa couplingor a given value  sphere as if it were placed directly above the center of the
of \, one must devise experiments such thit of order.  gisk. In this case, the vertical component of the Newtonian
Therefore, if one wishes to constrain extra dimensions of Siz@ravitational force acting between the disk and a sphere atom

R, =10 °m using force measurements, one must inevitablypg massm, located at a distande<L above the disk is
confront large Casimir forces which grow rapidly for

=10 °m [54]. This is why Casimir force experiments yield

J L |+D dz
the best constraints om for these separations. f =—| Gmypy; 27rf r drf —_—
p N,Z( ) (9' 10 diske 0 | m
IV. LIMITS FROM RECENT MOHIDEEN AFM |
EXPERIMENT D+2
~—27G mlpdiskD[ 1- CTRL (6)

We turn next to the focus of this paper, which is the recent

measurement of the Casimir force performed by the RiverYNherepdisk is the disk densityD =1 mm is the thickness of
side group[5] who used an atomic force microscof#e e gisk, and only the first order terms YL andl/L have
will henceforth refer to the work of the Riverside group aspeen retained. The Newtonian gravitational force acting be-

“Mohideen et al.”) Like the previous AFM measurements tween the disk and the sphere is obtained from @i.by
carried out by this group33-35, this experiment measured integration over the sphere

the force between a metallized polystyrene sphere mounted

on an AFM tip and a substrate composed of a flat sapphire 38 R

disk. However, this experiment differed from the previous Fn~— 3 TGpiskPspherD R 1= 5-— =], (7)
. . ) : 3 2L L

efforts in several important respects: The sphere and disk

were each coated with a layer of gold of thickness wherepgpnereis the density of the sphere. Even if the sphere
=86.6nm. Previously, aluminum coatings had been used inynqg gisk were composed of solid vacuo-distilled gold with
stead, but this also required an additional surface layer otgdisk: Peoner= 18.88% 10° kg/n?, one finds from Eq(7) that
Au/Pd on top of the Al to prevent oxidation. The use of only Fu 2%6;2 10 ®N<AF, so the usual Newtonian gravita-

a single gold layer in the new experiment significantly sim-4onal force can be neglected.

plifies the calculations of the forces involved, since one can The force arising from the Yukawa correction to Newton-
treat the gold layer as infinitely thick as far as the Casimirjyp, gravity given by the second term of E@) should be
force is concerned. Also, because Au is much more densgy|cylated taking into account the actual compositions of the
than the previously used layers, stronger limits on new forceg,st  podies. For a polystyrene  Spherepqyner

can be obtained(ii) The gold layers were significantly _3 o518 Kkg/m?, for a sapphire disk pdiskzsp4_oe

smoother than previous coatings. The root-mean-square amr 1 3 yo/n3, and for the vacuo-distilled gold covering layers
plitude of the gold surfaces was measured to be only 1'%Au:18-88>< 10*kg/m?. The Yukawa forceFy arising from

+0.1 nm which means that corrections arising from the surEq. (1) can be easily obtained using the same procedure used

face roughness could be neglected in all force calculationg, caicylate the Newtonian gravitational force. The result is
(iii) Electrostatic forces which plague nearly all short dis-

tance force measurements were rec_iuceé 1% of the Ca- Fy(a)=—4m2Gar3e " RX[pau— (pau—Pdais€ 2™
simir force at the shortest separation. This meant that no Can
subtractions were required to separate Casimir forces from X[pau—(Pau—Pspherd® =1, (8)

spurious electrostatic background forces. The electrostatic ] ] ) ]
force was used to arrive at an independent measurement $fhere a is the sphere-disk separation distance, ahd
the surface separation including separation on contact of thg 86.6 nm is the thickness of the gold coatings.

two surfaces(iv) The measurements were performed over ~The most stringent limits on new forces are obtained for
smaller separationa, 62 nm<a< 350 nm which means that the smarleet possible separation. According to Ref. the
this experiment can search for Yukawa forces with smallefMs deviation of the measured force e{perimenl from the
rangesk. However, the absolute error of the force measuretheoretical valueRneqry) of the sum of all the known forces
ments was somewhat larger than in the previous experiCasimir and electrostaids given by

ments,AF=3.5x 10" '2N. This is due to the thinner gold

coating used if5] which led to poor thermal conductivity of 2 (F iron Finoor) 2
the cantilever. At the smallest measured separations, this er- o Speriment ~ ey 38 pN.  (9)
ror was still less than 1% of the measured Casimir force. F Nirials < P

Thus, this experiment can be used to significantly tighten
constraints on new Yukawa interactions as we will nowwhere Ng;qs=2583 is the total number of force measure-
show. ments. This is slightly larger than 3.5 pN, the experimental
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practical difficulties, none of the most recent tests of the
Casimir force use parallel plates for the interacting bodies,
for which accurate calculations can be madEhe experi-
ment by Carugnd13] uses parallel plates, but has not yet
reached sufficient sensitivity to detect the Casimir force.
Rather, curved surfaces are used which requires the use of
the proximity force theorentPFT) to calculate the Casimir
force [55]. Although the PFT produces reasonable results
when applied to Casimir forces, it has not been rigorously
proved in this contexf42]. In spite of this, the errors which
result when applying the PFT can be reliably estimated. For
the configuration of a sphere above a disk usef5i the
error is of ordera/R, i.e., much less than 1¥see Ref[56]

for the semi-classical proof of this resulBecause of this we
will assume that the use of the PFT in the analysis of the

Mohideen experiment is valid.

Other difficulties in Casimir force calculations arise from
the use of tabulated values of the complex dielectric constant
as functions of frequency for the materials comprising the
hideen 1999" refers to the limit47] obtained from their previous tes_t bodies. It has been_pomted out that if different interpo-
AFM experiment which used aluminum surfad@]. “vdw” is lation schemes are applied to these discrete data, the result-
the limit [51] obtained from older van der Waals force experimentsing calculated Casimir force can differ by as much as 4%
[52], “Ederth” is the limit [48] from the recent experiment by Ed- [42,57. In addition, the tabulated dielectric properties were
erth [31] using two crossed cylinders, “Casimir” is the limig9] obtained using bulk samples and not the coatings which are
from older Casimir force experimeritS3], and “Lamoreaux”is the  actually used in the experiment. Even thick coatifmygater
limit [45] from the Casimir force experiment by Lamore&®0]. than 30 nm can be sufficiently porous that their dielectric

properties will deviate from the bulk values. It would then be
uncertainty of the force measurementast 62 nm. There- best to directly measure the dielectric properties of the actual
fore, to set constraints on the Yukawa coupling constant test bodies to accurately determiR@  qmir [58]. Since this
we will assumgFy(a)|<or=3.8pN. The resulting limitis  cannot be done in the present context, and since there is no
represented by the bold curve labeled “Mohideen 2000” inpbvious discrepancy or inconsistency arising in the Mo-
Fig. 1. Note that fon>A andA>a, the exponential terms hideen experiment, we will not consider this problem here
in Eq. (8) become unity, and as a result this curve is given byang |eave it to future experiments to address this issue.
a=C/\%, Whefe'C=UF/(47T_2G RpaiskPspherd - However, Finally, one must properly consider temperature correc-
the best constraints for a given experiment occur WRen +ions to the Casimir force. Recently this point was discussed
~a, so the constraints fok>a are usually much weaker | several authors with differing resulf86,40,41,59,6D
than those obtained by other experiments probing these Sepﬁbcording to the approach of Reff59), the dependence of

ratlé)nfs. ing th traint obtained h ith limit the Casimir force on temperature is fundamentally different
eloreé comparing the constraint obtained here With IMitS;, e cases of ideal and real metals. For real metals the
obtained from other experiments, let us first discuss various : . . :

. ; Negative temperature corrections found in H&B| are in
sources of error which could affect our result. First, the un-

certainty in the separatioa arising from the surface rough- cgntradiction with _th_e rmodynamica_ll arguments, while the
ness is approximatelya=1 nm which givesda/a=2% high temperature I|m|t_ of _the force is exactly half the yalue
for the closest separation. This will produce a significant©" @n ideal metal. This difference does not disappear in the
effect when\=da=1 nm, but as we will see below, other limit when the relaxation of a real metal goes to zero and its
experiments produce better limits in this range. kera, conductivity goes to infinity. As was noted in R¢61], the
where the most stringent limits are obtained, the resulting®Sults of Ref[59] are in contradiction with the experiment
errors are only~2% which can be neglected. Second, it is Of Ref. [30]. In the approach of Re{60], all real metals,
important that all known forces be included Fiyeor in us-  irespective of their quality, are subjected to the same Ca-
ing Eq.(9). In short distance force experiments, electrostaticsimir force as ideal metals for separations larger than several
effects can be significant. However, in the Mohideen experimicrons. A detailed analysis of the different approaches to
ment, the measured residual potential difference of 3 m\calculating thermal corrections to the Casimir force is given
between the gold sphere and disk leads to a force only 0.1% [36]. According to[36] the results 0f59,60 are in error,
of the Casimir force ae=62nm. Although this effect is while the correct results are found to be in agreement with
small, it was included irFyeqpy- Refs.[40,41 and with experiment. However, the separations
The most significant difficulties arising in extracting lim- used in the AFM experiments by Mohideenal. are suffi-
its from Casimir force experiments involve calculating theciently small that temperature corrections to the Casimir
Casimir force between the interacting bodies. Because dbrce are negligible.

FIG. 1. Constraints on the Yukawa interactions of the form
given by Eq.(1) from Casimir/van der Waals force measurements.
“Mohideen 2000" refers to the limit obtained in this paper from the
latest AFM experiment by the Riverside gro{ip], while “Mo-
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V. COMPARISON WITH OTHER LIMITS

As can be seen from Fig. 1, the Casimir force measure- (Dtip

ment between the gold surfaces carried out by Mohideer
et al. strengthens the previously known constraints obtained
from their earlier experimerit34] using aluminum surfaces
(labeled by “Mohideen 1999y by as much as a factor of 19

within the range 4.810 °m=<\<1.5x10""m, with the

most significant improvement occurring &t (5-10) nm. c S
These constraints are up to 4500 times more stringent thal
those obtained from older Casimir and van der Waals force o,

measurements between dielectricsirves labeled by “Ca-
simir” and “vdW” respectively). In the same figure, the
curve labeled by “Lamoreaux” exhibits the constraint ob-
tained in Ref.[45] from the Casimir force measurement
which used a torsion pendulufB0]. The curve denoted by
“Ederth” gives the new constraints obtained in R¢A8] -
from the recent experiment which measured the CasimigPecifically to search for new forces rather than to test the
force between two crossed cylindgBd]. We see that curve Casimir force. In such experiments the Casimir effect is an
“Mohideen 2000,” which exhibits the limits obtained in this Unwanted background that needs to be suppressed. One sup-
paper, represents the most stringent bound in the interactidifession technique proposed recerig] relies on the ob-
range 1.K 10 8 m=<A<1.5x10"'m. servation that the Casimir force depends on éhectronic

Note that we have not included constraints from the reProperties of interacting samples, whereas any gravitational
cent experiment by Chaet al. [32]. The reason is that the interactions(either conventional or newand virtually all
amplitude of surface roughness for this experiment is s@ther proposed interactions, involve couplings to nuGs
large (30 nm compared with 1 nm if5]) that significant Well as to electrons Hence by comparing the interactions of
roughness corrections on both Casimir and hypotheticdV0 test masses which have very similar electronic proper-
forces arise at separations100 nm [37,46. To calculate ties, but different nuclei, with a common attracting source
these corrections, one needs quantitative measurements "9SS, we may be able to subtract out the common Casimir
the roughness of the test bod[@7,46, but this information Packground. This would leave a residual nuclear-nuclear in-
is not contained in Ref32]. However, the aim of this ex- teraction between each of the samples and the source, and
periment was to demonstrate the first practical implication ofn€se should be different for the two samples. We refer to this

the Casimir force rather than the precision comparison oféchnique as théso-electronic effectand it can be imple-
theory and experiment. mented in two ways. One is to choose as the test masses

It is evident from Fig. 1 that for separations10 5m elements such as Cu and Au whose nuclei are quite different,
much work is needed to improve the sensitivity of force but which are known to have very similar Casimir properties
experiments to Yukawa interactions of the strength predicted?*2]- Alternatively, the test samples could be chosen to be
by extra dimensional modelsy~1-10). As was shown in SOtOPes of the same element whose nuclei would contain
Ref. [45], the constraints following from the experiment in different numbers of neutrons, but whose electronic proper-

Ref.[30] can be improved by up to four orders of magnitudeti?S would b_e extremely similar. In eit'her case, any residual
in the rangex ~10~*m which is what is required to con- differences in the electronic properties of the test masses
strain physically interesting values of. Still, experiments would still have to be calculated, but this should in principle

using atomic force microscofs,33—39 remain almost fit-  Present no significant problenigs]. _ .
teen orders of magnitude below the sensitivity needed to A Possible design for an AFM experimefit4,75 which
reach the valuea~1-10 in the interaction rangex utilizes the iso-electronic effect, is shown schematically in

<10~ "m. Furthermore, significantand sometimes even Fig. 2. In this experiment, a gold-coated sphere would be

more stringent constraints on the extra dimensional masstfached to an AFM tip and oscillated with frequenay, .
scaleM, have been obtained from accelerator experiment .he subgtrate would be composed of alternating strips 9f
[62—64, astrophysics[65-69, and cosmology[70—72. different _|sotopes o_f the same element, ar_1d would be oscil-
However, one must remember that gravity and Casimir forcéated horizontally with frequencys,y. The signal for a new
experiments are also sensitive to other non-extra dimensionifc€ would then be a force on the tip that dependsoan,

effects such as dilaton and moduli exchange which can leayich should not be present if surface roughness and elec-
to Yukawa forces witha>10 [6,14—18. Therefore, all ex- trostatic effects are the same for the strips. Since the Yukawa

periments which can reduce the allowed region in dhi force of .th.e AFM tip on the substrate couples only to the
plane are meaningful. mass within a rangex of the_ surfaces, th_e net sphere-

substrate force will be proportional to the difference in the
densities of the strips,

FIG. 2. Proposed experiment utilizing the iso-electronic effect
[74,79. A gold-coated sphere is attached to an oscillating AFM tip,
while a substrate composed of alternating strips of different isotopes
of the same element is oscillated horizontally beneath.

VI. FUTURE AFM EXPERIMENTS

We believe that in the future the best ultrashort range ,
limits will come from a new class of experiments designed Fvukawe™ (Psub™ Psun)» (10)
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if the new force couples to mass as in the case of modelsuch searches, and new technig(iesluding, possibly, those
with extra dimensions. For more general composition-suggested heyewill certainly be developed to overcome
dependent forces, the force difference will be even largerthese obstacles. The AFM is a natural tool to be used in this
Therefore, it is important to select elements having isotopesffort as demonstrated by the experiments of Mohidetes.

with the largest possible mass density differences. Possibl&,33-35. Furthermore, this instrument can be easily
candidates include ruthenium, osmium, nickel, and pallaadapted to experiments whose intent is to specifically search
dium, all of which can have isotope mass density difference$or new forces of both gravitational and nongravitational na-
exceeding 900 kg/fa If such a design is to be successful, ture. Such laboratory force experiments have provided, and
care must be taken to eliminate effects which could mimicwill continue to provide, important, and relatively model-
the signal produced by a new force, such as insufficient vitndependent constraints on new physics which complement
bration isolation, differences in surface roughness, and eletchose obtained from high-energy experiments and astrophysi-
trostatic effects arising from work function differences. cal observations.

Other possible designs for ultrashort distance experiments
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