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The f inal results of our lead-source runs are presented . Our 
data rule out at 2u the possibil ity of account ing f or all the 
composition-dependent results in terms o f  a coup ling to 
" i sospin " . By exp loiting the f act that our h i l l s ide layout i s  
f a i r ly complex ,  we have a l so s e t  l imits o n  mu ltip le-Yukawa 
scenarios . 
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J . Introduction 

Our Eot-Wash team
* 

has recently addres sed two scenar ios that 

were advanced in attempts to reconci le the positive 

observations of a composition-dependent intermediate range 

interaction with the ( by now more numerous ) null result s . I 

will f ir st bri e f ly review the recent progres s  we have made in 

improving the perf ormance o f  our rotating tors ion balance . 

The paper next describes the 'results we obtained using a lead 

source in stead of a terrestrial one ,  in order to invest igate 

the possibility of a coup ling to q5oc B-2 1 ,  or " i sospin " . The 

f inal section of the paper deals with constraints we have 

placed on the possible existence o f  mu lt iple Yuk awa 

interaction s ,  in particular investigating the model of Hughe s ,  

Go ldman and Nieto in the light o f  the tower and mineshaft 

geophysical data . 

2 .  Exper imental Progress . 

Our experiment has evolved cons iderably since Fred Raab 

pre sented our first Be-Cu results at the 1 9 8 7  Moriond 

Workshop , f rom an experiment we call Eot-Wash I .  The 

principle of operat ion of our apparatus has been described 

elsewhere 1 ) 2 ) 3 ) , and I will concentrate on the upgrades that 

have brought us to Eot-Wash ver sion I I I . Briefly ,  our 

tor sion pendulum is placed inside e lectrostat ic and magnet ic 

shielding within an evacuated can on a precision turntable . 

The apparat us rotat es cont inuous ly about the f iber once per 

� 1 0  tors ional per iods , so that any d i f f erent ial interaction 

o f  the two test materials with their surroundings wou ld 

produce a 1 -w def lection of the equil ibrium angle of the 

pendu lum ,  as  viewed from the rotating frame . We mon itor this 

angle o f  the pendulum, 0 ,  with a rotat ing autoco llimator and 

extract its J -w component by Fourier analysis . We also 

monitor cont inuou sly a number of physical parameter s (  t i lt , 

temperature ,  etc . ) in order to quantitatively assess 

potential sources o f  systematic error . We compensate f or 
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local magnetic f ields with a three-axis He lmholtz coil system , 

and can compensate for curvature in the loc a l  gravitat ional 

equipotentials with an appropr iate distr ibution o f  lead . 

We have increased the sen sit ivity of the system to app lied 

torques , compared to Eot-Wash I ,  whi l e  great ly reducing 

potent i a l  sources of systematic error s . Improvements in the 

e l ectron ics and optics o f  the autocollimator have given 

somewhat better signal-to-noise per f ormance . We have a l s o  

increased t h e  angu lar def lection for a given torque more than 

two f o ld by using a f iner torsion f iber ( 2 0µm in stead of 

2 5µm ) . The angular Hooke ' s  Law coe f f icient � o f  our f iber is 

3 . 0x 1 0 - 2  ergs / rad , wh ich gives a tor s ional per iod of 7 2 0  sec 

for our pre sent pendu lum. 

Improvement s in the tors ion pendu lum are perhaps the biggest 

distinguish ing characteristic between vers ion I and later 

incarnat ions of the apparatus . We have retained the 9 0° 
mirrors and four-obj ect geometry but the new pendulum and test 

obj ects have much tighter mechanical tolerances . Also , the 

new unit i s  des igned to minimi z e  h igher order gravitational 

moment s ,  thereby reducing systematic error s from gravitat ional 

coup l i ngs . 

Better thermal per f ormance was obtained by surrounding the 

entire device , both the rotating and stationary component s ,  

with a n  a z imuthally symmetrical i sothermal shield . The 

t emperature o f  the copper shield is stabilized by f lowing 

regu lated water through it from a commercial temperature­

regu lated bath . The torsion pendulum is now isolated f rom 

external thermal perturbations by f our ,layers of concentr ic 

a z imutha l ly symmetr ical therma l baf f les : 1 ) the stationary 

i sotherma l cyl indr ical copper shie ld , 2 )  the 1 / 4 "  a luminium 

rotating vacuum can , that conta ins 3 ) the µmeta l magnetic 

shield and 4 )  the inner gold-coated copper e lectrostatic 

shi e ld . The latter two are connected to the vacuum can at 

only a single point , thereby minimiz ing thermal gradients . 

Our rotating air-temperature transducer now measures typical 
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1 w  �T ' s  of o . am0 c ,  and there is no evidence f or any 

corre lation between pendu lum def lection and temperature 

( within our operating range ) or temperature gradient s .  The 

current limitation to system per f ormance appears to come f r om 

spontaneous "gl itche s "  in the torsion f iber that cause sudden 

shifts in the pendulum ' s  equ i l ibr ium posit ion . We are 

exploring ways of reducing this problem . 

We have achieved a substantiil suppres sion of the " t i lt 

f e edthrough " in the apparatu s ,  i . e .  the degree to which 

rotation about an axis other than vertical drives a 1 -w 
def lection of the pendu lum . This has been reduced f rom � 1 0 % 

to a negligible level ( < 1 % )  by using a hybrid f iber made from 

two segments of tungsten wire of two diameter s .  Our abil ity 

to ad j u st the l evelling of the apparatus is now facil itated by 

using LVDT ' s  to sense the attitude o f  the rotation plat f orm, 

which i s  then adj usted with f ine leve l ling screws . Using this 

scheme in tandem with the rotating ti ltmeters allows us to 

maintain the rotation axis within a f ew µrad of vertica l .  

For the lead-source data presented here we used the same 

turntable as in Eot-Wash I :  a 1 0 0 -t ooth worm gear driven by a 

stepper motor , with bra s s  and aluminium thrust plates as 

bearing sur faces . We reground these bearing sur faces bef ore 

beginning the lead- source runs , and this cons iderably improved 

the turntable ' s  t i lt perf ormance . We have very recently 

replaced this last remaining component o f  the version I 

apparatus with a preci sion commercial turntable , be f ore 

conduct ing the prel iminary sequence of hill side measurements 

discu s sed by Eric Adelberger ( this volume ) .  This turntable 

upgrade has brought us to Eot-Wash I I I ,  with a d i f f erential 

acceleration sensit i vity rough ly a factor of 2 5  better than 

Eot -Wash I .  Improvements envisioned f or the near future 

include improved magnetic shie lding , and a better rotat ional 

drive f or the new turntable . 

We have a l so simp l i f ied our method of taking dat a .  While for 

Eot -Wash I we operated the system from each o f  the f our 
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mirrors on the pendu lum ( in order to suppress the e f f ect s o f  

drive irregularit ie s ,  etc . ) ,  f or t h e  lead source experiment we 

were able to simp l i fy the procedure and u s e  a s ing le mirror , 

since the source pos ition was being modulated . For the Eot­

Wash I I I  h i l l s ide data we determined that the dominant sources 

of systematic error arose f rom non-idea lities in the a l uminium 

p endu lum tray , so we took data with two conf igurations of the 

test objects on the tray , leaving the tray posit ion 

invar iant . 

3 .  Using a Laboratory Source to Search for a Composition­

Dependent Intermediate-Range I nteraction .  

The apparent contradiction between our initial Be-Cu null  

result 1 )  and the observation by P . Thieberger4 )  o f  an e f f ect 

con si stent with the " f ifth f orce " hypothesis led us to 

cons ider the circumstances under which both results could be 

correct . S ince a l l  composition-dependence experiments are 

sensitive to S = ( � 5 det ) ( q5 source l , the product of the source 

charge and the di f f erent i a l  charge of the test materia l s ,  we 

recognized that there was in principle a way f or our results 

to be rendered con si stent with Thieberger ' s : a coupl ing to a 

part icular q5 ( other than Baryon number ) could result in a 

very sma l l  value o f  S for our Be-Cu exper iment whi l e  retaining 

a re latively large value in Thieberger ' s  Cu-water apparatu s .  

For experiments per f ormed with ordinary neutral matter , and 

for a q5  l inear in the quantum numbers of the f undamenta l 

const ituent s ,  each mater ial can be character i z ed by two 

parameter s . Since B and L are both ( a s far as we know ) 

con served quant ities we f ind it natur al to use the 

par ameteri z at ion q5 =Bcos8 5 +Lsin8 5 •  Our subsequent Be-Al 

compar i son demon strated5 )  that only for 8 5 � - 6 3° cou ld our 

results be consi stent with Thieberger ' s ,  corresponding to 

q5 ex: B-2 L .  Thi s  was soon f o l lowed by the paper from the Index 

group6 )  that not on ly presented a second non-Newton ian result 

but also emphasized that a l l  the composition-dependence data 

on hand at the t ime were cons i stent with a coup l ing to 

B-2L=N-Z ( or " isospin " l ,  where the q5 o f  terrestr ial ( NRZ )  



478 

sources was sma l l . This prompted a number of experimental 

tests 2 ) ? ) B l 9 l using laboratory sources ( a  technique that has 

long been advocated by Ri ley Newman ) of materi a l s  with a 

neutron exce s s . We used 1 . 3  metric tons of Pb as a source and 

a Be-Al torsion balance as a detector . Prel iminary results 

f rom this e f f ort were described by my col league Eric 

Adelberger at last year ' s  Mor iond Work shop2 ) . We have 

obtained ( and publi shed9 ) ) the f inal results from this 

now 

experiment . These data wer e ' obt ained in a sequence of runs 

entirely distinct f rom those reported last year . We again 

obta ined a null  result , in agreement with our previous lead­

source data , but at a s omewhat more stringent leve l . The new 

lead-source data exc l ude at 2u the possibility o f  a 

reconcil iation at 0 5� - 6 3° , f or a l l  A • s  over wh ich the 

posit ive observat ion s h ave been interpreted . 

The Pb source was placed alternately on two sides of the 

rotating apparatu s ,  and the data analysis sought the 

d i f ferential acceleration of the test materials towards the Pb 

by extracting the component of the 1w pendu lum de f l ection that 

was correlated with the Pb posit ion . The con f i guration of the 

Pb source was caref u l ly arranged to minimi z e  any gravitat ional 

coup ling to the pendu lum that could ma sk or mimic a signal . 

Th i s  ef fe ct is a l so sign i f icant ly reduced by the design of our 

torsion pendulum, which by symmetry el iminates m= 1 moments f or 

Q < S ,  except f or machining imper fection s .  

W e  observed no discernable di f f erence between the 

accel erations o f  Be and Al towards the Pb, 

� = 0 . 1 5± 1  . 3 1 x 1 0 - 1 0 cm s-2 . Only those sources of systemat ic 

error that produce e f f ects corre lated with the source position 

are t roublesome . We te sted for therma l ,  mechanica l ,  magnet ic 

and gravitational sources o f  systemat ic error and , as  

d i scussed in Ref erence 9,  f ound these to be sign i f icantly less 

than the stati stical uncertainty . 
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Figure 1 shows a ( 0 5 , A = 1 0 0m ) , incorporating our results as we l l  

a s  data f rom var ious other experiments that have r ecently 

addre s sed the i s sue o f  a coupl ing to " i sospin " . This 

experiment also established the most str ingent l imits to date 

on any interaction coup led to B with 0 . 3m<A < 1 0m ,  as shown in 

the a ( A ) p lot in Eric Adelberger ' s  paper ( th i s  volume ) .  

uinn 

""'"'---�ot-We.sh l, hill source 

- 63 -62 85 (degrees) 

Figure 1 . 

2u Limits on a Coup l ing to 0 5 F:l- 6 3° . 
Unt i l  very recent ly the shaded tr iangu lar region was 

con s i stent with all compo sition-dependence data . The 

Eot-Wash Pb-source result and the prel iminary Irvine data 

( see R . Newman , this volume ) e f f ective ly r u le out the 

" i sospin " picture f or a l l  A ' s over wh ich the positive 

results have been interpreted . The lines labe l led Speake 

and Quinn , Cowsik et a l . ,  and Bennett are f rom References 

7 , 8 ,  and 1 0  respectively . The recent prel iminary 

Eot-Wash III h i l l side data are not shown . 
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A word of caution when comparing experimental result s : the 

composition-dependence experiments are all essent i a l ly 

d i f f erential accelerometer s ,  and establish experimental bounds 

on the quantity a5 ( 6q 5det ) ( q 5 source ) .  D i f f erent 

parameter iz ations of q5 yield di f ferent numerical va lues f or 

the dimensionless coup l ing strength . For example Boynton et 

a l . choose q5 =P C N+Z ) + ( 1 -P ) ( N-Z ) which gives numer ical values 

o f  their coup ling strength e that are equal to our a5  at q5 = B  

but that d i f fer by a factor o f  5 a t  " i sospin " .  The variation 

in notation between the di f f erent groups has caused some 

con f u s ion when comparing the results of di f f erent 

experiment s .  

4 .  Experimental Limits on Multiple Yukawa Interactions .  

A s  a result o f  discus sions that took place at the 1 9 8 8  Mori ond 

Work shop we recogn i z ed that our Eot -Wa sh I h i l l side data 

cou ld be used to set stringent limits 1 1 )  on the possible 

existence of mu ltiple interaction s .  It had previous ly been 

assumed that one could trade o f f  strengths and ranges in 

mu lti-component models within a constraint o f  the f orm 

Thi s  i s  only true if the f orces are para l lel , however . In the 

event they are not parallel the relevant equat ion f or a 

composition-dependence experiment becomes 

where Si is the product of source and detector charges def ined 

earlier , sin6 ( A i ) i s  the angle of incl ination of the 

equivalent ha l f - space appropriate f or A i ' and /VE \ \ i i s  a unit 

vector denoting the hori zontal direction o f  the ith f orce 

vector . 

The t opography of the Eot-Wash site is su f f iciently complex 

that 1 is a strong f unct ion of A ,  so that f orces of unequal 

range wou ld not act in the same direction . 3 )  Using the above 

vector equati on of constraint then a l lows us to p lace 
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str ingent bounds on the possible character of mu ltiple Yukawa 

interactions , as  long as they are composition-dependent . This 

key point i s  shown in Figure 2 , which i l lustrates that our 

null  result requires that the hor izontal component o f  the 

� sum o f  the f orces acting on the pendulum must lie 

within the experimenta l ly a l lowed region . 

Figure 2 .  

Vector Constraint on Multiple Yukawa I nteract ion s .  

The exper imentally a l lowed x and y components o f  

the d i f f erential acceleration are indicated by the 

e l lipse . The hor i z onta l  proj ection of the vector sum 

o f  all inf luences on the pendu lum must lie 

within the allowed region , in order to be consi stent with 

the experiment . 

The t ower result of Eckhardt et a l .  1 2 ) seemed to indicate a 

dominantly attractive coupling as opposed to the repu l s ive 

f orce seen in Stacey et a l . ' s mineshaft measurement s .  This 

led t o  speculation that two opposed forces could be 

responsible . The notion of two competing interactions of 

s light ly di f f erent range ( one attractive and one repu l s ive ) 

had previously been pursued by Richard Hughes ,  Michael Nieto 

and Terry Goldman 1 3 l l 4 l
. They considered sca lar and vector 

partners of the graviton that arise f rom quantum gravity 

consideration s .  Although the appropr iate " charge s "  and 

coupling strengths of these two postu lated interact ions are 
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not predicted by the theory , GHN have argued in f avor o f  
scalar and vector coup l ings to B of roughly gravitational 
strength ( as� av� 1 )  and o f  comparable range ( A s� A v ) .  

Moore et a l . have perf ormed 1 5 ) a two-Yukawa f it to the 
publi shed tower and mineshaft data . These j oint f it s  strongly 
f avor short range s , less than 1 0 0 0m .  Ana lyz ing our early Be­
Cu results in terms of the GHN two-Yukawa model gives very 
tight constraints that are inconsi stent with the j oint f it s  o f  
Moore e t  a l . ,  a s  shown i n  Figure 3 .  
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Figure 3 .  
Constraints on two-Yukawa model of Goldman , 

Nieto and Hughe s . Assuming a scalar coup ling o f  
gravitat ional strength , t h e  shaded region shows 

values of the f ractional range d i f f erence , ( A v-A s ) /A s ' 
con s i stent with our data , as a f unction of A s . The 

best f it to the mine and tower data is a l s o  indicated , which 
lies we l l  out side our a l l owed band . Deta i l s  are given in 

Reference 1 1 .  
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Compos it ion-dependence experiments can estab l i sh very 
stringent constraints on multiple-Yukawa scenar ios , if the 
topography of the source is s u f f iciently comp lex to generate a 
signif icant dependence of 1 on A .  ( I f the multiple 
interact ions coupl e  to dif ferent charges qi then the a l l owed 
regions of parameter space are very sma l l  indeed . )  

We analy z ed a spec i f i c  two-Yukawa mode l ,  and f ound that 
( i )  the GHN picture of two interactions coup l ed to B ,  
( i i )  our Eot-Wash I Be-Cu data , and 
( i i i ) the j oint f it s  to the geophy s i c a l  data 

cannot a l l  be correct . Recent deve lopments ( some of them 
reported at this conference ) do not a lter this conc l u s ion . 

Eckhardt has emphasi z ed that the revis ion of their results 
reported at this conf erence does not a f f e ct the curvature 
evident in their data , which is rea l ly what drives the two­
Yukawa f it s  to short range s . Per forming a j o int f it to the 
revised tower data and the mineshaft results probably would 
not drastica l ly a lter the character of the outcome , within a 
f actor of two or so . Our latest prel iminary h i l l s ide data 
( see Eric Adelberger ' s  paper , this vo lume ) could be sub j ected 
to this same mu lti-component analys i s ,  f urther r e stricting thE 
a l lowed regions of parameter space , as long a s  one of the 
interactions exhibits composition dependence . 

I would like to thank the organ i z e r s  and participants of the 
Moriond Workshop s  I have attended f or mak ing them among the 
most st imul ating and productive meetings I have attended . 

* The Eot-Wash col laboration current ly comprises Eric 
Ade l berger , B layne Heckel ,  Erik Swanson , Jens Gundlach , Su Yu , 
Greg Smith , Phil Wi l l iams , Jack Pre strud , and myse l f . 
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