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Horizontal motions o f  a well-balanced hollow copper s phere float ing and 
almost totally submerged in a wel l  insulated and shielded tank filled with 
wa ter at 4 °C were measured in the vic inity of a large cliff . A mo t ion was 
ob served in a d irection nearly perpendicular to , and directed away from, 
t he face of the cliff . Conventional explanat ions for this effect have not 
been found . The observation is consi stent with the exi stence of a weak, 
non-Newtonian , substance dependent , medium range force of a magnitude c om­
patible with resul ts deduced from gravity measurements as a function o f  
depth in mines and with conclusions reached in a recent reanalysis o f  the 
Etitvtis exper iment .  Further measur emen ts wi th d i f ferent element s  and in 
d i f ferent geometr ies will be required to e stablish defini tely the exi s t­
ence ,  sourc e ,  and desc ription of such a new forc e .  
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In recent years there have been several experimental l- 5 and theore­

tical6- 1 2 sugge stions of pos sible d evia t ions from Newtonian gravi ty. In 

par ticular , stud ie s  pe r formed over many years , 5 )  of the gravitational 

acceleration as a func tion of depth in mines have persi stently indicated 

the presence of a small , non-Newtonian medium range repulsive component of 

the fielrl . Thi s component has been wr itten 1 3)  as a Yukawa term and the 

potential energy of two masses m and m' separated by a distanc e r i s :  

V = -G oo  mm' 
(l+a e- r/ A) 

r 
(1 ) 

where G00 is the grav i ta tional constant for r> > 1.. The best values 5) of 

the constan ts are a•-8 • 10-3 and 1'•200 m with thi : s  last value being very 

unc er ta in .  

Recently i t  wa s  suggested 1 4 ) tha t the non-Newtonian term may b e  sub­

stanc e dependen t and due to a hi therto unknown med :lum range baryon- baryon 

interac tion .  Thi s  assumpt i o n  uncovers and explains 1 4) an apparently sig­

nificant correlation in the old Elitvlis torsion balance data 1 5) and also 

may provide a possible interpreta tion of recent anomalous resul t s  in the 

K0-K0 system . 1 6 ) I t  wa s  further shown 1 7) tha t ,  for medium range 

forces , local terrain inhomogeneities become the determining fac to r  for 

interpreting the Eli tvlis results and that repeat ing such experiments in t he 

vicinity of a large inhomogeneity such as a cliff •�uld afford the highest 

sens! tivity . 

A d ifferential accelerometer ha s been developed 1 8) which measures 

horizontal motions of a hollow copper sphere freely floating in wa ter and 

i s  sensit ive to small d i f f erences in acceleration between the solid and the 

liquid . 1 9 ) The principle of thi s d i f feren tial aiccelerometer is illus-

trated in fig .  la . For negligib l e  mul tipole interac tions , both the float­

ing obj ec t  and t he liquid are subject to t he same gravita t ional + 
+ 

centrifugal acceleration g .  
II � + 

If there are hypercharge contributions , y ,  

d i fferent for the two materia l s ,  they will produce a non-zero acc eleration 

component parallel to the l iquid s urfac e :  

a • / tcu - YH20 / s i n 6  ( 2 ) 

where e�4 5 °  when the device is plac ed close to the edge of a cli ff with 

d imensions much larger than the range 1. .  
+ 

In the present experiment the horizontal acceleration , a ,  is deter-
+ 

minerl by measuring the veloc ity,  v ,  of the sphere moving through the liquid 

a f ter s teady state cond i t ions are reached . Applying S tokes formula to a 

sphere of radius , r ,  which is neut rally buoyant in a liquid of density p 
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and viscosi ty n one ob ta ins the fol lowing applied horizontal acceleration 
+ + 

field , a ,  for a measured end vel oc i t y ,  v :  

+ 
a • 

..'.1. + lL 
2 v 

r2 
1 (1 + 
8 

I ii rp ) _ � x 12; x n) x �1 Tl ( 3 )  
where the first t e rm  in parenthesis is a correc tion for a non-negl ig ible 

value of the Reynolds number 2 0) , and the last term is the ho rizontal com­

ponent of the Corio l i s  acceleration where a is the un i t  local vertical 

vector and n is the angular velocity of the ear th' s rota tion. ( lloth the se 

correc t ions are small for the pre s ent experiment . )  Other correc t ions ari se 

from the finite si ze of the tank and from the fact tha t the top of the 

s phere is s ubmerged by only 2 cm below the wat er surface . ( A  small stab i l-

i zing stem breaks the surface . )  The magnitud e  o f  these corrections wa s  

e st ima ted t o  b e  10% which was incorpora t ed in the final error . 

The experimental arrangement is shown in fig . lb.  The 4925 g ,  

2 1 . 11-cm d i ame t er ,  evacuat ed copper s phere i s  carefully balanced by adjust­

ing internally placed copper coun ter we ight s ( to tal we ight -200 gr) until 

the center of mass coincides wi t h  the center of mass of the d isplaced wa te r  

t o  wit hin O.  002 cm .  The po s sibility o f  achieving this accuracy and t he 

close approximation to spherical symmetry sre important advantages of thi s 

method which ensure insensi tivity to grav i ta t ional f ield gradients.  The 

wa ter temperatur e  was adj us ted to 4 .  0 ± .  2 °C ; the temperature of maximum 

density to e f fect ively e l iminate mo tions due to convec t ion currents .  Wa ter 

temperature d ifference s  ac ross the tank were (5xlo- 3 °C . To reduce any 

chemical reac t ions d i s t illed wat er was used and the d i s solved oxygen con­

tent was reduced by exchange wi th nitrogen . 

The positioning coils were used be fore the µ-me tal shield was in­

stalled , to produc e a known non-uniform DC magnetic field . The field gra­

d i ent interac t ing with the d i f ferent d imagnetic constants of H 20 and Cu 

produc e s  a known force useful for testing the motion of the sphere .  In one 

of these tests a velocity change of 1 . 4 ± . 0. 1  cm/ hr was measured when the 

field was turned on, whi l e  a value of 1. 5±0. 1 cm/hr was expected from 

eq . (3 )  and the calcula ted field , thus proving the absence of s igni ficant 

ferromagnetic contaminant s .  Magnetic field grad ien t s  of the order of 10 

Gauss/meter were required to produce mo tions similar to the ones observed 

in the experiment and it was thus shown tha t one can neg lec t effec t s  due to 

residual magne tic fields which were meas ured to be (0. 1 Gauss inside the 

µ-metal shield . 
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FIG la 

Fir. llb 

I I ,  Ill 

a b 

Principle of the d i fferential accelerometer devel oped for thi s 
experiment . (See text . )  In ord er to be able to see t he vec tors 
and ang les the deviation o f  g due to the c l i f f  has been exagger­
ated by ·4 orders of magnitud e ,  the v.alues of "hypercharge" 
accelerations by ·6 orders of magnitud e ,  and the relative d i f­
ference �y/y by ·3 orders of magnitud e .  

Schematic diag ram o f  the differential acc:elerometer used in the 
experiments .  A precisely balanced hollow copper s phere ( a) 
floats in a copper lined tank (b) fil le<I with d i s t i l led wa ter 
{ c) . The s phere can be viewed through windows ( d) and ( e) by 
mean s o f  a telev i sion camera ( f) . The mul tiple pane window ( e) 
is provided with a trans parent x-y coordinate grid for po s i t ion 
d e termination on top and wi th a fine copper mesh ( g) at the hot­
tom. The s phere is illuminated for short periods by four lamps 
( h) provided wi th infrared fi l te r s  ( i ) . Constant tempe r a ture is 
mainta ined by means of a thermo s ta t ically controlled copper 
shield ( .1 )  surrounded by a wooden box lined with styro foam insu­
l a t ion ( m) . The �-me tal shield ( k) reduces po s s ible e f fects d ue 
to magnetic field grad ien t s  and four c ircular coil s ( 1) are used 
for po s i t ioning the s phere through forc e s  due to AC produced eddy 
curren t s  and for OC te s t s  ( se e  text) . 
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Po si tion of the center of the sphere as a function of time , mea­
sured with respect to an x-y grid placed on the tank window. The 
y-ax i s  po in t s  approximately east ; away from the cl i f f . On a cir­
cle with north at 0° and E at 90° t he y axis is at 88 ° ,  the x 
axi s  at 178° , and the edge of the c l i ff averaged over ±200 m in­
tersects this c ircle a t  about 1 88 ° .  Coordinates for which the 
sphere touches a tank wall are x-0 , 40 . 1  and y-0 , 24. 8 cm. The 
position o f  the s phere was reset at points A and B by energiz ing 
one of the coils shown in Fig . lb . 

The in strument was located near the top edge of the Palisades cliff in 

New Jersey at a locat ion denominated State Line Lookout at 73 ° 54 ' 2 3 "  longi­

tu<!e and 4 0 °5 9 ' 2 4 "  latitude at an elevation of 161 m above the Hudson 

River . The center of the tank was a t  about 5 m from the edge o f  the cli f f  

and the height o f  the floating spher e  ab ove the c l i f f  wa s  0. 7 m. The in­

s trument was protec ted by an aluminum shed and connected to remote readout 

instrumenta tion located in an ad jacent camper . 

Figure 2 shows the result of a 5-day measurement which star ted about 

e ighteen hour s after the in strument box was closed ( thi s delay time is the 

minimum required for suf fic ient thermal equil ibrium to be reached) . Figure 

3 shows the same data pl otted as x-y trajec torie s .  The d o t ted line indi­

ca tes the o r i e n ta tion of the cliff averaged over - 1 50 m. There is a con-
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FIG 3 
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The same data as in Fig . 2 but shown as x-y traj ectorie s .  The 
dot ted l ine represents a cliff or ienta t ion averaged over 
-±1 50 m and the arrows are perpend icula1r to thi s orien ta tio n .  
When averaging instead over ± 5 0  m, t h e  effec tive cli ff-normal 
points almost exac tly ea st . This is in bEo t t er agreement with t he 
expected -8 . 4 °  southward deviation of the trajec tory due to the 
Coriolis  forc e .  

sistent 4. 7±0. 2 mm/hr motion in the y-direc tion po in ting away from the 

cliff am! a 0. 6±0.2  mm/hr mo t ion is observed in t he x d irec t ion. The d i-

rec tion defined by these component s  is 5° ± 3 °  south of east consi stent 

with t he normal to the l ocal orientation o f  the cliff which , when averaged 

over ± 1 50 m po in t s  in a direction -6 ° south of east . Due to the Coriolis  

term the traj ectory i s  expected to  po in t  -8 . 4 °  south of the normal to  the 

c l i f f  ancl better agreemen t with thi s expec ta tion is obta ined by adopting an 

average over ± 50 m instead of ± 1 50 m .  The proper d i s tance for averag ing 

depends on the range of the force which is unknown . For periods of about 6 

hours a ft er repo s i t ioning the sphere transient mo tions are observed and 

these po ints were omitted when de termining the slope s .  I t  i s  seen tha t 

signl ficant velocity reduction only occurs when the s phere gets within 2 or 

3 cm of touching the east wa l l , ind icating tha t at larger cl i stanc es the 
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Posi tion of the center of the sphere as a func tion of tim e ,  mea­
sured with res pect to an x-y coordinate grid placed on the tank 
window. The device ha s  been rotated clockwi se by 90 ° with re­
s pect to the previous or ientation. Therefore the x axis now 
po in t s  approximately west , into the cliff . The illumination wa s  
changed f r om  one hour to two hours between po ints A and B and to 
1 /2 hour after po in t  B to check for po ssible heating effec t s .  

corrections due to finite tank size ar e smal l .  Using eq . ( 3 ) ,  we find tha t 

t he measured velocity corresponds to an accelerat ion of ( 8. 5 ±1 . 3 ) xl0- 8 

cm/ sec 2 or a total force of ( 4 . 2 ±0. 6 ) zlo- 4 dyn . The quo ted errors result 

from the l inear sum o f  an e st imated 5% error in the velocity measurement 

and a 10% unc ertainty in the appl icability of eq . ( 3 ) .  

During a 1 4  hour per iod marked by points C and D on fig s .  2 and 3 ,  t he 

temperature of the external we st wa l l  of the box wa s  elevated by an average 

of 6 °C above the east wall temperature to test for po s sible sen s i t ivity to 

external temperature gradien t s .  Thi s  d i f ference is over twi c e  as high as 

the maximum d i f ference ever observed bet ween these two walls and over ten 

times higher than the average d i fferenc e .  No appreciable effect on the 

slope is ob served . To e stimate po s s ible e f fects of level ing errors the 
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FIG 5 Cliff pro file model used for the computer calculations ( se e  
text) . 

east side of the in strument was dropped by 4. 6 um at the po in t  labeled E on 

figs ,, 2 and 3. Thi s variat ion is over ten times larger than the max imum 

Po ssible error estimated for the rest of the exper imen t .  Again no effect 

can be seen on the y-mo tion but a small unexplained e f fect on the x-mo tion 

seems to have occur red . 

Results obta ined from a 28 hr measur ement performed a f ter rotat ing the 

entire instrument by 90° are shown in fig .  4. The velocity is 4 .  5±0. 5 
mm/hr and the angle with respect to the normal to the cliff is 7 ° ±4 ° .  To 

test for possible heating perturbations the illumination frequency was var­

ied 1by a factor of four dur ing thi s measurement wtthout appreciable e f­

fec t s .  In the absence of a c l i f f  but und er otherwi se similar cond itions x 

and y velocity components of -0. 9±0.  2 and - 1 . 2  ±0. 2  mm/ hr , res pec t ivel y ,  

wer e  observed . 

'Possible conventional rea sons for mot ions were consid ered , including 

e ffec t s  due to a residual dipo l e  moment and higher mul tipole momen t s ,  el ec­

trosta t ic and magne tic forces , sur face tens ion and l. ts temperature de pend­

enc e ,  convection curren t s ,  vibrations , temperature i1rad ient s ,  and Rrown ian 

motion . All of these e f fects could be l a rgely ruled out as described e l s e-
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Shown between the sol id lines is the range of po ssible values 
obta ined in the present experiment for the parame ters a and A 
which charac terize the strength and range of an hypothe tical 
hypercharge forc e .  For A much smaller t han the cli ff height , the 
produce a • ). becomes 1 . 2 ±0 . 4  m.  If i t  i s  further assumed that 
this i s  the only non-Newtonian inter ac tion, then these resul t s  
can b e  compared with similar l imits ( do t ted l ines) obtained f rom 
the mine gravity measuremen t s . 5 ) 

where2 1 ) by e i ther consider ing the charac teristics of the observed motion 

or the resul ts of the above mentioned te s t s  and other te s t s  conduc ted wi th 

unbalanced s pheres ,  and with s pheres without pins . 

To evaluate the data in terms of the constants a and A of equa tion ( 1 )  
a simple fini te-element computer program was wri tten to integrate t he 

non-Newtonian po tential with di fferent se t s  of parame ter s . The cliff wa s  

modeled as a pri sm o f  d ensity 2 . CJ  gr/cm3 ( d iabase rock) and with an approx­

imately correct cl i f f  face profile shown in fig . S. The resulting allow­

able a-). combina tions compa tible with the measured velocity are shown in 

fig . 6.  The prev iously mentioned 1 5% unc erta inty in the value of the ac-

celera t ion has been add - to an addi t ional e s t imated 20% uncer ta inty re-

sul ting from the simp' ied mod el ing of the cl Hf . 
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The pr esent resul ts are compa tible wi th the existence of a med ium 

range , sub s tance dependent force which is more repul sive ( or less a ttrac-

tive) for Cu than for H2 0. The parameters allowed by thi s experiment ar e 

consistent with t hose obta ined from gravity dependence measurements if one 

adopt s t he baryon number dependence used in the reanalys i s  14) of the E6"t­

vlls experimen t . Muc h  ..ark remains befo re the ex istence of such a force is 

conclusively d emonstra ted and its properties fully charac teri zed .  At pre­

sen t ,  the evalua tion of po ssible systematic errors continues and prepara­

tions are being made to per form similar meas urement s  at a d i f f er ent loca­

tion and wi t h  spheres of d ifferen t  materials . Such measurement s  wi l l  hope­

fully resolve t he apparent contrad ic tion between t he pre s ent results and 

the resul t s  of a recent torsion balance experiment2 2) performed at the 

Universi t y  of Wa shington where no effect was found for a copper-beryllium 

c ompari son . 
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well as his many technical contributions were essent ial for the success o f  

t hi s  experimen t .  I am espec ial ly indebted to C .  Chasman for constant en­

couragement and many valuable sugge s t ions and to M. Manni for the d e s ign 

and procurement of the instrumen t .  I would like to acknowledg e  discus sions 

and '7aluable advice received from S .  H. Aronson, P. Rond, S. Feldberg, S .  

Pissanetzky , A. Schwarzschild , W .  Smith , F. D. Stacey , and J .  Weneser . I am 

grateful for impor tant help received from C. Carlson, T. Halpern, R. Lind­

gren , H. Wegner , and S. Wegner . I thank Mr .  Charles F. Quadri , Jr . ,  Park 

Super· intendent , and t he Pali sades Inter s ta te Park Commi ssion for grant ing 

permission to perform thi s experiment at the Sta te Line Lookout . 

This work was performed under the a uspices of t he U . S .  Department of 

Energy , Div ision of Ra sic Energy Sciences , under Contract #DE-AC 02-76CH000-

1 6 .  

REFERENCES 

1 .  F . D .  Stacey, G. J.  Tuck , s. c .  Holding , A. R. Mahler , and D. Mo rri s ,  
Phys . Rev . D2 3,  1 6 83 ( 1 9 81 ) ;  F . D. Stacey and G . J. Tuck, Nature 2 9 2 ,  
2 3 0  (1 981 ) . -

2.  F .D.  S tacey , in S c ience Underground , (Los Alamos 1 982 ) ed i t ed by M . M .  
Nie to , e t  al . ,  AIP Conference Proc eedings 1196 (Amer ican Insti tute o f  
Physics , New York, 1 9 83 ) , p .  2 8 5 ;  F . D. S tacey, Sci . Prog. Oxf . 6 9 ,  1 
( 1 984 ) .  

-

3 .  S . C. Holding and G . J .  Tuck, Nature 307,  7 1 4  ( 1 9 84 ) .  
4 . S . C .  Hold ing , F . D .  Stacey, and G. J . Tuck,  Phys . Rev .  C3 3 ,  3487 (1986 ) .  



589 

5. l' . D .  Stac e y ,  G. J .  Tuck ,  G. I .  Moo re , S . C .  Hold ing , R. D .  Goodwin , and 
R.  Zhou, Rev. Mod . Phys . ( t o be publ i shed ) .  

6 .  Y. Fu j ii , Na ture Phys . Sc i .  234 , 5 (197 1 ) .  
7 .  C . K. Zachos , Phys . Le t t .  R 7�329 ( 1 978 ) . 
8 .  S .  l'er rara and P .  van Nie uwe nhui zen , Phys . Rev . Le t t .  37 , 1669 (1976 ) ;  

J .  O ' Hanlon , Phys . Rev. Lett . 29 ,  1 17 (1 972 ) ;  A. Zee, Phys . Rev. 
Lett . 42 , 41 7 (197 9 ) ;  P .  Faye t ,  Phys . Le t t . R 95 , 285 (1980 ) .  

9. J. Scherk, Phys . Le t t .  R 8 8, 265 ( 1979 ) .  -
10.  J .  Sche r k ,  in Uni f i c a t i on of the F undamental P a r t icle I nt e ra c t i ons , 

ed . by S. l'errara, J. F:ll is , and P. van Nieuwenhuui z en ,  (Pl enum, New 
York, 1981 ) ,  p .  381 . 

1 1 .  T. Goldman and M . M. Nie t o ,  Phys . Le t t .  R 1 1 2 ,  437 ( 1982 ) . 
1 2 .  T. Goldman , R. J .  Hughe s ,  and M . M .  Nie� Phys . Le t t .  11 .!Zl:_, 217 

( 1986 ) .  
1 3. G . W .  Gibbons and R. F. Whi ting , Na tur e 291 , 636 (1981 ) .  
14 .  E .  Fischbach , D. Sudarsky, A. Sza f er , �  Talmadge , and S . H. Aronson , 

Phys . Rev . Le t t . 56 , 3 (1 986 ) ;  56 , 142 7 (E )  (1 986 ) .  
1 5. R . v .  F:otvos , D. Pekar , and E . Feke te , Ann. Phys . (Le i p z i g )  68 ,  1 1  

(1 922 ) .  
1 6 .  S . H. Aronson, G . J .  llock, H . Y .  Cheng , and E .  Fi schbach, Phys . Rev . 

Lett . 48 , 1306 (1982 ) .  
1 7 .  P .  Thieberger, Phys . Rev. Lett . 56 ,  2 347 ( 1986 ) . 
l R .  A shorter account of thi s work h a s  recently been publ i shed : 

P. Thieberger, Phys . Rev. Lett . 58 ,  Number 1 1 ,  1066 ( 1987 ) .  
19 .  Whi l e  thi s device wa s  being te sted it wa s  brought to my a ttention by 

G . E. llozoki that the b a s ic idea for s uch an al ternative to t he torsion 
balance had already been mentioned by M. Ro zsa and P. Selenyi , Ze i t­
schr i ft f iir Physik 7 1, 814 ( 1 931 ) .  

20. A .  Sommer feld , Lec tures o n  Theoretical Phys i c s , Vol .  II , 253 , Academic 
Press ( 1 950 ) .  

2 1 .  P .  Thieberger ( to b e  pub l i she d ) . 
22 .  C .W. St ubbs , E . G .  Ad elberger , F . J .  Raab, J . H. Gund l ach , B . R. Hecke l ,  

K . n .  McMu r r y ,  H . F. .  Swan so n ,  and R .  Wantab e .  Th e s e  Proc eed ings and 
Phys. Rev. Lett . 58 ,  Number 1 1 ,  1070 (1987 ) .  


