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No successful experiment has ever been done on the gravitational properties 
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Energy Antiproton Ring) machine at CERN. The many technical problems involved 
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1 .  I NT R O D U CT I O N  

T h eories o f  g ra v itat ion , a n ci e n t  a n d  mode r n ,  a re a l l  based on some 
version of the E q u i va l e n ce P ri n c i p l e .  T h e  form i n co rporated i n to General  
Relativ ity ( o r  G R ) - t h e  best k nown a n d  most s u ccessf u l  t h eory to date- goes 
fa r beyo n d  the version fi rst demo n s t rated by G a l i leo a n d  co nfi rmed with 
ever- i nc rea s i n g  accu racy l )  m a n y  t i mes s i n c e .  There a re ,  however ,  few d i ­
rect ex perimenta l  confrontations between G R  a n d  e x p e r i m e n t .  Recent dec­
ades h ave been q u i te f ru itfu l i n  devi s i n g new tests , either of t h e  theo r y ' s  
a x iomatic bas i s  o r  o f  s pecific p red i ct i o n s  derived from its f i e l d  equ ation s .  
T h u s  t h e  mea s u rement by l u n a r  l a s e r  ra n g i n g  methods of t h e  fa l l  of t h e  
ea rth a n d  t h e  moon towa rds t h e  s u n  2 l exten ded the e q u i va lence dom a i n  to 
i n c l u d e  the fa l l  of bod i es bou n d  by g ra v i tational  fo rces , w h i l e  the a d d i tion a l  
p ropagation d e l a y  acc u m u lated b y  rada r s i g n a l s  i n  g ra z i n g  t h e  s u n  3 l  p ro ­
v i ded a n ew t e s t  o f  G R ' s  p red i ctive pow e r .  

I n  1 986 a n  e x pe ri ment t o  test t h e  Wea k ( G a l i lea n )  form o f  t h e  
E q u iva lence P r i n c i p l e  fo r a n t i p rotons was a p p roved a t  t h e  L E A R  ( Low E n e r­
gy A n t i p roton R i n g )  ma c h i n e at C E R N . I n  a s s e rt i n g  that what rea l l y  fa l l s  
u nd e r  g ra v i ty i s  en e rgy a n d  t h a t  a l l  forms of e n e rg y  fa l l  eq u i va l e n t l y ,  G R  
n a t u r a l l y  i m p l i es t h a t  a n t i matter s h o u l d  fa l l  l i ke matte r .  T h e  ex periment 
thus con st it u tes a test of t h e  extendab i l ity of t h e  Wea k Eq u i va l en ce P r i nci ­
p l e  to t h e  a n t i matter doma i n ,  w h e re no s u cces s f u l  eq u i v a l en ce mea s u rement 
has yet been do n e .  The a cc u racy a i med at in t h i s  e x pe riment is 
1 % - a p p ro x i mately the prec i s i on atta i n ed by G a l i l eo a l most fou r cen tu ries 
ago . 

2 .  G E N E R A L  D E S C R I PT I O N OF T H E  EX P E R I M E NT A L  M E T H O D  

M a n y  complex e x pe rimental  p roblem s  l i e  beh i n d  t h e  concept u a l  s i m ­
p l i c i ty of t h e  ' G a l i l ea n '  (t ime of fl i g ht aga i n st g ravity )  method desc r i bed i n  
t h e  o r i g i n a l  p roposal fo r t h i s  ex periment 4l .  Some i mporta nt changes of a p ­
p roa c h  h a v e  resu lted f rom t h ree yea rs o f  deta i l ed s t u d y  o f  t h ese a n d  I w i l l  
t h erefore take t h e  opport u n ity p resented b y  th i s  meet i n g  to review t h e  so­
l ut i o n s  now e n v i saged .  

A l t h o u g h  L E A R  i s  a ' low e n e rg y  mach i n e ,  t h e  ki netic energy ( T )  
o f  i t s  s lowest beam i s  2 MeV, co r respon d i n g  t o  a velocity ( v )  o f  about 
20000 km/ s .  T h i s  is to be compared with the m/s velocities n eeded to b r i n g  
one-second t i mes o f  f l i g h t  t o  t h e  l a bo ratory s ca l e .  A d i s t i n ct g ro u p  of 
p roblems is the refore a s sociated with decelerat i n g  L E A R  a nt i p rotons ( a bout 
1 08 of t h em in a b u n c h  of d u rat ion 500 n s  ) to t h e  e n e rg y  eq u i va l e n t  of a 
few mis ( - l 0 - 7 eV ,  1 m K )  without i n c u r ri n g  severe los ses d u e  to p h a s e -
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space blowu p .  A second class of problems is con nected with the upwa rd 

l a u nch of the sample i n  an e n v i ronment adequately screened from non -g ra ­

vitat ional  forces . 

We a re helped a long a l i ttle by n atu re wit l t  the f i rst g roup,  s i nce 

the Maxwel l - Boltzman n  velocity d i stribution e n s u res that a sufficiently l a rge 

ant iproton sample at l iqu id  he l ium temperature wi l l  conta i n  enough ant i­

p rotons with m/s velocities to do a 1%  mea su rement of  g over a 1 m f l ight 

path . It is not n ecessary therefore to go to the trouble of p roducing a 1 

mK samp l e .  I n  what fol lows I ma ke the a rbitrary d i sti nction between 'decel­

eration '  (above - 1 0  keV) a n d  'cool i n g '  ( below - lOkeV) . The atta i nment of 

t h i s  temperature fa l l s  natura l l y  i n to th ree phases : 

a) Deceleration to the neighbou rhood of the Boh r velocity (c/137,  T - 25 

keV) and col lection of the decelerated sample in a potentia l  wel l .  

b )  Cool i ng the trapped samp le  from v - c/137 to the neighbou rhood of the 

Rydberg ene rgy ( 1 3 . 6  eV) . 

c) Cool i n g  from the Rydberg energy to 4 . 2  K .  

Here aga i n ,  the h a n d  of n at u re i s  evident .  Not s u rpr is ing ly,  as  

the a nt iprotons pass  c lear  natura l  ' s i g n posts ' l i ke the Boh r velocity and the  

Rydberg energy , new th i ngs sta rt to  happen a n d  the cha racter of the 

problems cha nges . 

The second g roup of problems comes about beca use g ravity is so 

wea k compared with the other forces of n atu re. The 'screen i n g '  therefore 

has to be done to h i g h  orde r .  It is best to ass ume that no screen ing tube 

wi l l  be perfect at a level of 1 0- • Volts/m . Therefore we p lan  to do a com­

pa rison mea s u rement with H - ions to ca l i brate out res i d u a l  electromag netic 

forces . Screen i n g  from strong i n teraction forces reduces to a req u i rement 

on the res i d u a l  gas pres s u re in the screen i n g  tube, a n d  t h i s  is less stri n ­

gent than  it  i s  d u ri n g  cool i n g  (f ig 1 ) .  

2 . 1  DECELE RAT I O N  FROM T = 2 MeV TO v - c/137,  T R A P P I N G  I N  A 

POTEN T I A L  WE L L  

Two methods a re being i nvestigated for the deceleration phase.  

The f i rst i n volves a s imple degradation foi l  with th ickness adju sted to ma x ­

imise t h e  n umber of ex iti n g  ant iprotons i n  a given energy ra nge.  T h e  sec­
ond u ses a cyclotron mag net operated in i nverse mode.  Evidently ,  the de­

s ign  of the su bsequent potentia l  well wi l l  be determi ned by the characte ris­

tics of the sample prod uced by the deceleration process .  Whichever method 

is u sed , a potential  wel l of g iven width can not be adj u sted to col lect an ar­

b itra r i ly l a rge energy range s imply by ma k i ng it  deeper .  The reason for 

t h i s  is that the osci l lation period d i m i n ishes with i ncrea s i n g  wel l depth and 

losses wi l l  occu r if t h i s  fa l l s  below the du ration of  the LEAR bu nch . I n -
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Fig. I Time constant against annihilation vs energy at various residual gas 

pressures and temperatures. 

creas ing wel l depth must therefore be compensated by an i ncrease in the 

trap s ize.  This con stra i nt i s  impl icit i n  the relation between the range of 

a x ia l  (beam di rection)  ki netic energ ies t.T present i n  a bu rst of d u ration T 
and the a x i a l  dimens ion L of the trap neeJed to accept that bu rst 5) : 

L = k (2t.T /M) 1
12 T ( 1 )  z 

Here k is a constant depending on the s hape of the wel l ,  M i s  the 

anti p roton mas s .  For a square wel l  k=c/2, for a h a rmon ic well  k=c/rr . The 

wel l  depth must of cou rse be at least eq ual  to t.T . z 6) For the deg rader foi l  method , the TR I M program was used to 

s imu late the energy loss mech a n i sm . Not much d E/dx data ex ists for low 

energy antiproto n s ,  so calcu lations of the yield of low Z foi l s  of various 

th icknesses were i n itia l ly made for protons at several beam energ ies . The 

calcu lations were then converted to antiproton yields by mea s u ri n g  some 

'ca l i b ration' poi nts in the lowest energy LEAR test beam (5 MeV) avai lable 

i n  1 988 . The res u lts imply that a typical LEAR bu nch at 2 MeV wou ld yield 

a sample of about 0 . 4% of its particles at energies below 4 keV i n  a cone of 

ha lf-angle 1 5° . According to eq . 1 and section 2 . 2, a Pen n i n g  trap with 

L=l 3  cm, V0=4 kV and B=l T wou l d  match th is  emittance and thus col lect 

4 x l 05 particles from the bu nch . 

The statistical accu racy obtai ned by lau nch i n g  a sample of th is  

s ize agai n st g ravity is  a lmost adequate (fig 2 )  for a sample temperatu re of 

1 K .  However, some loss of particles d u ri n g  cool ing from keV to meV ener­

g ies must be antic ipated, so that a s imple Pen n i n g  trap i s  probably ru led 

out.  A new type of 'mu lti r ing trap' has  been p roposed i n  which the a x i a l  

d imension i s  i n c reased and several r ing electrodes a re placed along the 
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Fig. 2 Statistical error on the acceleration of gravity vs number of p launched 

a x i s .  Such devices have been studied theoretica l ly  7) .  A mult ir ing trap 

wh ich wou ld accept 5% of the foi l - deg raded 2 MeV b u nch wou ld have a 

l ength of 50 cm . Several such p rototypes have been con structed and the 

tech n ical p roblems posed by th is  'extended' design a re being in vestigated 

at Los Alamos . 

A prom i s i n g  a lternative to the foi l  deg rader method i s  the so­

cal led 'anticyclotron ' .  The method proposed 8) u ses low p res s u re gas i n  

t h e  s pace between t h e  poles of a typical a x i symmetric cyclotron magnet to 

decelerate a 2 MeV anti p roton b u n ch i nj ected nea r the correspond i n g  equ i ­

l ib r i u m  orbit . For sufficiently low gas p ress u re the deg radation i s  adiabatic 

a nd the well  known focuss ing  p roperties of cyclotron fields cou nteract the 

tendency of the phase space occupied by the b u n ch to blow U fJ .  Very few 

ant iprotons a n n i h i l ate i n  f l ight so that after a certa in  delay ( e . g .  50 µs for 

0 .  1 mbar H 2 )  the sampl e  forms a cyl i ndrical swa rm at the magnet centre . 

The swa rm can then be extracted by a p u l sed electrostatic field before its 

captu re by the gas mo lecu les , and tran sferred to a Pen n i n g  trap via a 2000 
A w i n dow placed i n  the a x i a l  borehole of the mag net .  

The anticyclotron sol ution h a s  been exten s ively modelled b y  com­

p uter .  A s u itab le  mag net is ava i lable for test ing the method experimenta l l y  

at L E A R  i n  October 1 989 . T h i s  magnet has a l ready been used i n  t h e  mode 

descri bed above to decelerate antiprotons to captu re ( nea r the Rydberg en­

ergy) ,  and the va l id ity of the methods used for computer s imu lation of the 

i njection and deceleration process has therefore been wel l  estab l i shed .  For 

a hydrogen gas fi l l i ng at 0 . 1  mbar, an injection-extraction delay of 50 µs 

and an extraction field of 500 V/cm, the sample p roduced has the fol lowing 
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(estimated) cha racteristics : 

T = 1 60 n s ,  

Note that the bu nch 

l1Tz = 2 * 1 . 8 keV, Tz=12 keV. 

d u ration obta i ned is actua l l y  less than  that of 

LEAR by a factor of th ree.  Th is  occu rs because  the extraction is a long the 

z-d i rection w h i l e  the injection a nd deceleration a re in the x-y p l a n e .  Eq . 1 

i n d i cates that a s imple 8 cm Pen n i ng tra p  wou l d  be wel l  matched to such a 

sample . Tlie sample s ize wou l d  be about 20-30% of the i nj ected bu nch . The 

60-70% losses nearly al l  come from the ' passive'  i njection system, in which 

axia l  and radia l  betatron osci l lations a re excited to ma x imise the n umber of 

a nt iprotons which miss the entra nce wi ndow after the ir  fi rst cyclotron or­

bit. An active i nj ection system is  under study which wou ld bring the over­

a l l  efficiency closer to 1 00% . 

2 . 2  COO L I N G  FROM v - c/137 to T - 1 3 . 6  eV 

At the energy corresponding to v = c/137,  stochastic cool ing  

methods a re feas ib le  i n  Pen n i ng traps 9) a n d  have been demon strated ex­

perimental ly l O) .  For extended (mu lti r ing)  traps the theory of stochastic 

cool i ng has been worked out in deta i l  theoretica l l y  7)  a lthough it  has yet to 

be demonstrated in practice . T h i s  topic wi l l  therefore be d i scus sed i n  a 

futu re publ ication . Stochastic cool ing  is ou r preferred method for reaching 

the Rydberg energy, at which poi nt the captu re cross- section on res idua l  

gas molecules i s  expected to  become l a rge a n d  faster methods as  d iscussed 

below w i l l  probably be necessa ry . 

F i g u re 3 s hows the geometry of a typical  Pen n i n g trap, .vhich 

con s i sts of a ' r i n g '  e lectrode a n d  two 'cap' electrodes . A l l  e lectrodes a re 

hyperboloids of revol ution about the z-ax i s .  A u n iform mag netic field ( B J  i s  

superimposed a long the z-ax is . The La place eq uation solution for i nf in itely 

extended e lectrodes i s  a n  e l ectrostatic quadrupole f ie ld : 
V = V

0 (z2 - r2/2 ) /  2 d 2 ,  with d2 = ( r
0

2 + 2 z
0

2 ) /4 (2) 
The motion of cha rged particles in a su ch a device i s  a combi nation of the 

fol lowing components : 

a )  Cyclotron motion a round the a x i a l  (z-d i rection ) mag netic field l i n es .  

b )  Magnetron - l i ke precession of the cyclotron orbits i n  the ( x -y) p lane .  

c) H a rmon ic osci l lation paral le l  to z i n  the q u a d rupole fiel d .  

Energy cou l d  automatica l l y  b e  cou pled out of t h e  particles' z-mo­

tion to a n y  d iss ipative ci rcuit con nected between the cap e lectrodes via the 

i n d uced currents to these electrodes . Li kewi se,  tran sverse energy cou l d  be 

di ss ipated i n  externa l  ci rcu its if the r ing e lectrodes a re spl it  into quad­

rants . However,  the f i n ite l ifetime of the a nt iprotons aga inst a n n i h i lation on 

res idua l  gas molecu l es places a n  upper l imit on the  time ava i l ab le  for coo l-
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i n g  these motion s .  F ig u re 1 shows the calcu lated l ifetimes at various res i ­

d u a l  g a s  press u res , u s i n g  rea l i stic pa rametrisations of t h e  captu re cross­

section . The t ime con sta nt for  these ' pass ive' cool i n g  methods is  much too 

long for a l l  reasonable gas pres s u res . Natu re, having provided the Second 

Law to force the hot ant iprotons to s h a re thei r en ergy with the rest of the 

u n iverse then cheats us by wo rki ng too s lowly !  The stochastic tech n i q u e  

replaces the d i s s i pative c i rcuit by a tu ned c i rcuit  i n  resonance with the 

motion being cooled . The mean centre of mass velocity of the anti p roton 

sample can be derived from the tu ned c i rc u it s i g na l ,  a n d  the centre of 

mass can then be stopped by a n  appropriate p u lse aJ:>pl ied to the opposite 

electrod e .  After a su itable  time to a l low centre of mass motion to b u i l d  u p  

aga i n ,  t h e  process i s  repeated . Conti nued cycl i n g  i n  th is  way pumps ener­

gy out of the p a rticle motion with a time con sta nt p roportional to the period 

of the motion bei ng cooled and the n umber of ant iproton s .  Fig u re 4 s hows a 

ci rcuit for stochastic cool i n g  of the a x i a l  motion . (The para l lel  amplif ier 

compensates s i g n a l s  fed back th rough the trap via strays ) .  Table 1 l i sts 

the cha racteristics of Pen n i ng traps with depth 3 . 5  keV , r0=2 , 5  cm a n d  

B=l  T vers u s  the b u nch du  ration accepted . T h e  anticyclotron sample corre­

sponds to the second l i n e .  

A Pen n i ng trap t o  cool t h e  a nticyclotron sample t o  some tens of eV is  bei ng 

developed i n  G enoa and tests a re p lan ned this yea r .  The cool ing time con ­

sta nt i s  expected to b e  a few h u n d red seconds . T h e  a n n i h i lation l ifetime at 

a p ress u re ( a s  achieved in Genoa) of 1 0- 1 3  Torr is many hou rs (fig . 1 ) .  

A l im itation i n  the performa nce of th is  tech n ique occ u rs if the re-
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TABLE 1 PEN N I NG TRAP S I ZES ETC .  VS B U N C H  DU RAT I O N  

T ( n s )  z0 (cm) fz (Mhz)  f c (Mhz)  f m (Mhz)  

1 00 2 . 7 5 . 0  1 5 . 1 0. 83 
1 50 4 . 05 3 . 33 1 5 . 56 0 . 305 
200 5 . 4  2 . 5  1 5 .  72 0 . 2  

sonance envelope of t h e  trapped sample broadens on account of trap imper­

fections (due to f in ite electrode s ize) or  space c h a rge effects . Effectively 

the resonant ci rcu i t  becomes much less efficient if the Q-factor of the pa r­

ticles i s  not matched to its own Q-facto r .  Calcu l ations s how t h a t  th is  l imit  

wi l l  not be reached for samples conta i n i ng less t h a n  1 08 antiprotons .  

2 . 3  COO L I NG FROM T - 1 3 . 6  eV TO C RYOG EN I C  TEMPERATURES 

At a few times the Rydberg energy , we can ex pect that the cap ­

tu re cross section w i l l  become the dom i na nt effect a n d  that therefore t h e  

sample w i l l  h ave t o  b e  tran sferred t o  a second trap desig ned for very rapid 

cool i n g .  Fortu n ately, cool i ng by m i x i n g  the ant iprotons with a stored elec­

tron cloud is l i kely to be extremely effective at these energies . The method 

has been d i scussed severa l times (eg 1 1 ) ) . The p r i n cip le  i s  s imi l a r  to the 

mixing of hot and cold l iq u id s . I f  the rate of coo l ing  of the electron ' l iq u i d '  

b y  synch rotron radiation i s  faster t h a n  t h e  rate of tra n sfer of energy from 

the anti  proton ' l i q u i d ' ,  the cool i n g  process is s u sta i ned , a n d  in fact acce l­

erates as  the temperatu re decreases . For  effective coo l i n g ,  there must be 

a bout 1 0• electrons per ant iproton . T h i s  is compatible with a strategy i n  

which samples of 103 - 10• ant iprotons a t  a time a re ' s p i l led' into the sec-

ond trap conta i n i ng about 10' electrons per cm3 (a practica l l y  atta i n able 

level ) ,  a n d  a re cooled with a time con stant of the order of i s a n d  then 

l a u nched i nto the d rift tube in g roups of about ten at a time . 

2 . 4  LAU N C H I NG AGA I N ST G RAVI TY ,  M EAS U R I NG THE T I M E  O F  F L I G HT 

The vertical l au nch tube is of s imi l a r  design to that used i n  the heroic at­

tempt to test the WEP on electrons a n d  pos itrons some 25 yea rs ago 1 2) 
(Th is  experiment may soon be repeated with the better methods now avai l ­

able for prod ucing cold positrons 1 3) . As s uggested above, screen ing of 

electromagnetic effects is the pr i ncipal  fu nction of the lau nch tube.  The 

tube wi l l  be located i n  a mag netic g u ide field . The cond ition on the homo­

geneity of th is  to reduce magnetic moment interactions to less than the 

g ravitational  level i s  one pa rt in 1 0 • .  The ma i n  res i d u a l  electrostatic effects 



53 

a re a) the Patch effect (the statistical average of contact potentia ls  between 

c rystal s u rface ' patches'  on the i n s ide s u rface of the tube is not zero) b )  

t h e  lattice compression effect ( t h e  lattice i s  compressed more b y  g ravita ­

tional stresses a t  the bottom t h a n  a t  t h e  top) . The ex pected fields from 

both these effects a re much l a rger than g ravity . Kelvin p robe studies of 

amorphous coati n g s  to reduce the fi rst effect to the requ i red l evel a re wel l  

advanced a t  Los Alamos . For reasons which a re sti l l  not perfectly u nder­

stood , the res idua l  fields in the positron - electron experiment 1 2) were re­

duced at cryogenic  temperatures to 1 0 - 1 1  V/m . New studies of natu re' s  bo­

n u s  i n  th is  matter a re u nder way a n d  w i l l  be d iscu ssed elsewhere .  

A lthough a s imple sci nt i l lator wou ld detect ant iprotons b y  thei r 

a n n i h i lation , the detection of H - ions at 1 m/s velocity requ i res reaccelera­

tion th rough at least several h u n d red volts to secondary emi s s ion energ ies . 

A mu lticha n n el plate detector wi l l  therefore meas u re the particle a rrival time 

at the top of the tube. Penetration of its field i nto the dr ift tube is ca l ­

cu lated to give a fu rther res idua l  effect a t  t h e  few percent level . T h i s  a n d  

many other sma l l  effects w i l l  b e  ca l i b rated away b y  t h e  compa rison of the 

H - ion and ant iproton t ime of f l ight spectra . 

3 .  CONCLUS I O N S  

I have tried to present a description of t h e  present status of th is  

exciti n g  but d ifficu lt experiment i n  a form i ntel l ig ib le  to the aud ience of 

non - special i sts which I bel ieve is assembled here. T h i s  is qu ite appropri­

ate : this i s  a somewhat u n u sua l  ex periment for pa rticle physicists,  bor­

dering i n  its tec h n iq ues as well  as its import on a n umber of d ispa rate d i s ­

c i p l i n e s ,  so that i n  a sense most of t h e  people i n volved i n  it a re themselves 

non-specia l ists . 

The title of th is  morn i n g ' s  session is ' Fu n damenta l Pr i nciples ' .  I t  

i s  our  job as experimenta l i sts to  examine  and test ou r bas ic pri nciples in  

w ider  and wider  doma i n s .  As you have no doubt noticed , some of  (he  ex­

perimental p roblems a re close to a sol ution and some a re less  close.  We be­

l ieve that i n  spite of the immense difficu lties i nvolved , we s h a l l  be able to 

do th is  job with the WE P ,  which cou ld h a rdly be more fundamental to a l l  

our  endeavou rs . 
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