
100 years of the electron 

The frontier of particle physics is not the exclusive territory of 
high-energy accelerator laboratories and low-energy experiments 

on the electron now promise to probe new physics beyond 
the Standard Model of elementary particles 

Electron dipole 
moments 
ED HINDS AND BEN SAUER 

IT 1s now one hundred years since J J Tbamson showed responding precisely tog, = 2. In fact, the equation yielded 
that cathode rays are composed of elecuons, the lighresr of an embarrassmem of riches, causing Dirac to predict the 
the known charged particles. Yet a century later, after existence of new particles with negative mass now known 
many spectacular advances in particle physics, it is curious as antimatter. This rather unsatisfactory f e a m  of the 
that the two most elementary properties of the elecuon, its theory later wned into a triumph when the posimn - the 
mass and charge, remain a deep mystery. In the modem antiparticle of the electron - was detected in 1932. 
theory of elementary particles, the Standard Model, the I 

mass and charge of the electron cannot be calculated The Standard Model md beyond 
from first principles. Rather, the values measured in 
experiments are inserted into the theory "by handn. Despite its remarkable success, the Dirac equarion was 
Presumably at some time in h e  future these values will be not the last word on the subject because it did not include 
understood From first principles, but at present no one the quantum nature of the electromagnetic field, The 
knows why the charge and mass uncertainry principle allows 
of the electron, or indeed any the electromagnetic field to 
other elementary particle, have , fluctuate, and these fluctuations 
those particular values. "jiggle" the electron, even in h c  
In 1925, almost 30 years after . absence of any applied field. In 

Thornson's discovery, George 4 , other words, the quantum "va- 
Uhlenbeck and Samuel Goud- : ' cuum" is not completely empty. 
smit proposed that, in addition * ,  These effects are accounted for 
to mass and charge, the electron 3 I in quantum electrodynamics 
had another intrinsic property (QED), the theory developed in 
known as "spinn. This intrinsic . the 1940s to explain dectro- 
angular momentum generated magnetic interactions in terms 
the magnetic moment that was of the exchange of photons 
needed to explain the behaviour betwecn particles. 
of alkali atom spectra in mag- In 1947 Julian Schwinger 
netic fields. me idea of intrinsic 1 r time is lgversed the spin, r ,  of the etectron changm used QED to show that the 
spin was a surprise, but it had to direction but the chwe distribution, which datermines the electron gfacror was not 2. 
be taken seriously because it moment. the same. This that Rather, Schwin er showed that p d u c l  dg-s Is dieterit in the normal and tlme-revernad 

the main featu*s of worlds. Therefore, the existence of a permanent electrlc dipole 
5 g, = 2 + OL(R + c2u + c3a3.. . , where 

the known SpcCm. T h e  only ,,,,m violate t l m e - r e v d  symmetry and provide U a dimensionless ratio known 
problem was that the gyro- evidence fw physics beyond the Standard Model. as the "fine structure constant" 
magnetic ratio - rhe ratio of the and CZ,~... are caasmts that are 
magnetic moment, p,, to the spin, s - had to be roughly very diilicult ro calculate. Like charge, the fine structure 
twice the value predicted by simple classical arguments to constant measures the strength of electromagnetic inter- 
explain the specma. This mysterious factor became known actions, but in units that are more natural for particle 
as the electron g-faaor or 8,. physics. T h e  constant is defined as a= e 2 / 4 ~ 3 i r :  - 111 37, 

' Two years later, Paul Dirac formulated hs famous ver- where e is the charge on the electron, % is the permittivity 
sion of quantum mechanics that incorporated special rel- of free space, A is Planck's consmt divided by 2n and c is 

I ativity. The Dimc equation gave the electron the required the speed of light. 
spin and, miraculously, predicted a magnetic moment cor- In the 50 years since Schwinger's discovery many 



groups have worked an evaluating g, and all the terms associated wirh the distribution of charge. The electric 
up to $ are now known. Measurements of g,-2 have dipole moment, d,, of the electron is a measure of the 
improved to an accuracy of 4 parts in 10' over the same average displacement of charge tkom the centre of mass. 
period. Both of these results are notable to la^ de force, but Only the displacement along the spin axis conuibutes to 
even more remarkable is thc fact that theory and experi- the dipole moment because the spin averages the other 
ment agree at the lwcl of 2 parts in 1 o', the accuracy with components to zero. Consequently, the spin and dipole 
which a is hown (from measure- moment are parallel (or mtiparal- 
mats  of the quantum Hall dect). lel) and we may consider the scalar 

Obviously QED is an astonish- product, 8-4, to be a new intrinsic 
ingly accurate way to describe the 

Cs 
property of the electron. 

e f f m  of eiectromagnetic qumtum This quantity is closely related to 
noise on the value of g,. If we did le- time-mersal or T symmetry, To see 
nor know better, we might be how this wmb, imagine that we are 
tempted to think that QED is the 2 cs * 1 

able to make a movie of the spinning 
mrren theory of ever- and 7~ - xe' Hs electron. It would be obvious 
that the magnetic moment of the 

L 
whether the movie was running for- 

electron has nothing more to reveal. ! cs wards or backwards because ged, 
However, the existence of nuclear would be positive in one case and 
matter tells us that mnue is more tl negative in the other (figure 1). Such 
complicated. h addition to electro- ' m a difference is a violation of T sym- 
magnetic interactions, which result f !,L'rk , meuy, which can therefore only be 
fmmtheexchangeofphotonsover l f l -  m e  if the dipole moment of the 
large distances, and graviv, thert r m ~  spinning decuon is exacdy m. 
are dso weak and snang interac- ww cp-aJn In the Standard Model, T is not an 
tions associated with bigher energies lp exact symmetry but is nearly exact in 
and shorter length scales. ' Ism 'QQO - normal m a w  (-ns, protons 

It is possible to generalize rhe g b p d d  on hs abms am aacty 1 9 6 0 ~  and neutxons). E v a  when we allow 
ideas of QED ro make a quantum h w  fwnd the eleetrie dlpok mrneni of the electrwr for the vacuum fluctuations associ- 
field theory of all the fundamental VJ to be cmslstent wlth zero and the upper limit on ated with dl the particles of the 
farces except gravity. And in ~e dm Hdlb downwards as experimental Standard Model, d, remains fa- 
quantum vacuum of this theory PdMn has'mpmved.h curves show lhe astically small; the displacement of 

ran* of predictions for d according to the maln charge in the electron is calculated to there are fluctuations of aU the ,D~physics beyond the 
fields, not jua t those b t  are dec- standard w. Supewmmetq (SU~Y) thaofies be less than I C ~ J  which is far 
tromagnetic. This picture has been i nc lw  an angle, +, whose vatue 18 unknown: SUSY too smdl to be measured. This 
systematically tested by many th-riss with q- 1 mled out by experlrnmt, but means that merlsuring d, is a very 
experiments in atomic, nuClem md theom with Q- d n  are not, atthouah there powerful way of s e a d i n g  fot mew 
Mghenergy physics over the last m k ~ l "  m n  @ to small. y tmlum 

fluodder expwirnm at Sussex wlll be the flrst physics beyond the Standard Model. 
20 years and now as the experiment ta use a heavy paramagnetic molecule and Once again, as in tht case 0fg,-2~ a 
Standard Model because of its ,111 be able to d e t ~ t  dipole moments ol the &e static property of the elecmn is 
great success. It predicts that the predkted by tk multl-Hhs and lew-right theories. probing quantum fluctuations of the 
existence of heavier particles, in vacuum, but this probe resp~rnds 
particular muons and the light quarks, st arts to alfecr onIp to interamions that violate T symmetry aad therefore 
g,-2 at the lml of a few parts in I 09, the current level it automatically pidm out the new physics. 
of experimental accuracy. There are many propods for physi~s beyond the 

Indeed, one could think of the electron as a small boat Standard Model that involve new phenomena at high 
being tossed about by quantum noise in a rough sea of energies and short length scales. Far example, most 
virtual partides and frclds. The magnetic moment is a theories require H&p particles to be in the energy mnge 
delicate sensor &at records the whole rich spectrum of 100 GeV-10 TeV and the search for these particles is a 
these fluctuations, with each successive digit probhg central activiry in high-energy physics today. Moreover, 
higher masses and shorter len@ scales in the spectrum of almost all of these theories violate T symmetry substan- 
fundamental interactions. tidy, which leads one to expect that it might be possible 

But what about physics kyond the Standard Model? Is to observe electric dipole moments in ordinary matter. 
it possible that this model contains the whole mth and T h e  experimental upper limit on d, has moved steadily 
that there i s  noxhing more ra know about fundamental lower since the firsr measurement in 1964. The most 
interactions? Few physicists believe this. W e  need to accurate measurement ta date - by Eugene Commins and 
explain why the known interactions have the strengths collaborators at the Universiry of California, Berkeley in 
they do, why the f u n d a m d  particles have difkent 1994 - set an upper limit of 5 x 1 o-~' e cm. 
masses, and how gravity fits into the whole picture. The The most papldar of these theories, known as super 
evidence for the new physics is waiting to be seen in tht symmetry (SUSYi predicts an elemic dipole moment in 
value of 8.-2, but hidden in digits well beyond those the region of 10- L10~~' r a n  This prediction has now 
we are currently able to measure and interpret. There is, been more or less ruled out by the experimental upper 
however, another way to unlock these secrets - to measure limit on d,, It is possible, though a bit less natwd, to 
the electric dipole moment of the electron, force tht SUSY theory to give a smaller d,. Other the- 

ories, such as those involving several Higgs particles or 
Dipole moments and t h e  theories with I&-right symmetry, also produce a value 

of d, in the vicinity of the present experimental limit 
Whereas magnetic moments are caused by the augular (figure 2). This situation provides a strong incenuQe to 
momentum of charges, electric dipole moments are improve the accuracy of dipole measurements and many 



groups around the world, including our group at the 
Sussex Centre for Optical and Atomic Physics in the UK, 
are rising to this challenge. 

Electrons in atoms and molecules 
If an electron is placed in an electric field, E, its electric 
dipole moment has an interaction energy -dc*E. The 
basic idea of any experiment to measure the dipole 
moment is to compare the energies when de is parallel 
and antiparallel to the field. The obvious ~ c u l t y  with 
this strategy is that a free electron, being a charged par- 
ticle, is accelerated by the field and quickly crashes into 
the field plates. At first sight it stems that we might cir- 
cumvent this problem by using an electron in a neutxal 
atom, which is not accelerated by the field. However, after 
a moment's thought we realize that if the electron has no 
acceleration, it must be experiencing no average force; it 
seems that the applied field is completely screened by the 
other charges in the atom. 

Bur we are forgetting that the magnetic forces associated 
with relativity can be important when the elecwn is close 
to a heavy nucleus. In 1965 Patrick Sandars of Oxford 
University showed that these forces make the net electric 
field on the electron much larger than the eleeuic field 
applied to the atom. Sandars calculated that this relativ- 
istic effect enhanced the field on an electron in a caesiurn 
atom by a factor of approximately 120. 

This discovery triggered a series of experiments an 
caesium, some of which provided the experimental limits 
on d, shown in figure 2. In the most recent experiment, 
Larry Hunter and co-workers at Amherst College in 
Massachuscm used a ckdarly polarized laser beam to 
orientate the elecmn spins along a direction perpendic- 
ular to an electric field in a cell of caesium vapour. If dc 
is non-zero, the interaction 
with the applied field must 
make the spin precess at a 
rate that is proportional to 
the applied field strength and 
to d,. (This is similar to the 
way gravity causes a gpro- 
scope to precess around the 
vertical.) Absorption from a 
second laser beam, at right 

group 6re a beam of thermal thallium atoms through a 
vacuum chamber - makes the opposite compromise. The 
acorns are moving at several hundred metres per second, 
which leads to a large motional magnetic field that must 
be controlled very carefully. T h e  advantage is that they are 
able to apply a much larger electric field (about 
100 kVcmL') i~ h e  vacuum, which makes the precession 
mgfe more sensitive to the eleccric dipole moment. 
Moreover, thallium has the largest known relativistic 
enhancement factor of any atom - about 600 compared 
with 1 20 in caesium - so the net field on the electron spin 
is 60 M V  cm-'. This helps to make the Berkeley experi- 
ment the most accurate to date. 

A few years after Sandars discovered the atomic 
enhancement, he pointed out that polar molecules (mol- 
ecula with strong ionic bonds) have a great advantage 
over atoms. For examplt, suppose we apply a modest 
field, E, to some heavy fluoride, X*F-, which then 
becomes polarized. The electric field experienced by the 
X* ion is the sum of E and the huge field of the auorine 
ion, which is only a few tenths of a nmomem away. As a 
result of rhis, the field experienced by the electron spin in 
the X+ ion can be as much as a thousand rimes larger 
than is possible in a neutral atom. 

The ytterbium fluoride experiment 
The most suitable molecules for measuring d, are heavy, 
polar and have an unpaired electron (i,e. are paramag- 
netic). Howwer, these requirements limit the candidates to 
a relatively small number of molecules. In the 1980s the 
physical chemistry community began to overcome the 
practical f iculties of workmg with these molecules, 
developing techniques to produce paramagnetic molecular 
beams and high-resolution spectroscopic methods to study 

them. Although the tech- 

,f Ib) 

........ ...- 

Pump SPIN m b l n e  

niques were dkloped using 
lighter molecules, we have 
been able to extend them to 
the molecules of interest for 
measuring d,. ?&us it has 
now bec~me possible to 
make the unusual marriage 
of physical chemisuy with 
ultrahigh-resolution atomic 

to was wed The heart of Vie YbF experiment at Sussax la an Inkrtemmetsr for 
physics- and elementary par- 

t' pmbe fie perpendicular electran spin. F h t ,  the molacule is pumped by laser light into state la). ticle P ~ Y ~ ~ ~ ~  ht Was d* 
COmponent of the electron Thla ls then splrt Into a coherent superposltlon of Jb} and k) that have aged by Sandan 25 F a n  ago, 
spin produced by the prcces- opposlle electron spin. In the psence of m c  and magnetic fields The molecule we havt chosen 
sion and hence to determine these states acquire a phasa diiorencs that depends on the electnc is yeterbium fluoride (YbF) . 
d,. un&ty in he d@oIa Intaractlon energy, -d,.E,. A further lnteractlon with laser beams Detailed cdddons hve 

mrresponds recornblnes the two parts of the wavefunctlon and muses them to 
Interfere; the w l t i n g  amplitude in m e  b) depends on the phase shown that the effective field 

a precession difference along the two paths. Finally. a probe laser measures tha ~ ~ - 9  On the 'lccpon 
appmxhately 2 p f l ~ .  population In state la), from which we can determine tha electrlc dlpole spin in m F  is 30 G V m ' .  

Careful magnetic shielding moment dw Although this is a very 
is required because magnetic strong field, if dt is less than 
fields can couple to the elewn's  magnetic moment, 5 x 1 0-27 e cm, as the lawst Berkeley experiment tells us it is, 
which also causes the spin to precess. Even with perfect then the interaction energy that we must measure is less 
hiel ding, the motion of the atoms through the applied rhan 2 x 1 0-l6 eV. In frequency units this energy corresponds 
electric field still generates a magnetic field on the elcc- to a b u t  40 mHz, which is much too small tu be detected 
non . One great virtue of the Amherst experiment is that by the standard techniques of molecular spectmscopy. 
this effect averages to zero because the atoms are all Our approach at Sussex is to make a molecular inter- 
moving in different directions. The down side is that the ferometer. First, the internal motion of the molecule 
cell can only support a relatively small electric field (vibration, rotation, hyperfine interaction, etc) is prepared 
(abour 4 kVcm") before insulation breaks down, which by a laser, called the pump beam, into a single quantum 
limits the size of the precession angle for a given d,. Life mechanical state (labelled la) in Qure 3). Next, a second 
is full of compromises. laser is used to split the wavefunction in a coherent super- 

The most recent measurement - in which the Berkeley position of two states, Ib) and tc), that are exact rime- 
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reverses of each other. These have dipole moment of the electron, we 
opposite electron spin and hence expect that the phase angle cp, will be 
opposite dipoles, f d,. In the absence less than 1 mtad. Although this is 
of external fields the states have not a large angle, the signal-to-noise 
exady the same energy. When an ratio of our fringes will be good 
elemic field is applied, however, the enough to see such an effect in less 
two parts of the wadunction 4- than an hour of integration time. 
ence opposite clcctric dipole interac- Poised on the edge of the first mole- 
uons, +& and after a time, t, cular determination of dd, we are full 
a phase difference, cpd=2d&&fi, of hope that we will soon have our 
accumulates b e m n  them. Another k s t  glimpse of the new physics 
set of laser beams recombines rhe beyond the Srandard Model. 
mo parts of the wavefunction and If the experiment proves more dif6- 

tl-mn to la}- The wplitude - . . . - - . . . , -. --.- -- cult than anticipated, as experiments 
of this state depends on ( P ~  because of at four -&, cp = +%f rpd, as indicated often do, we will nevertheless persist, 
interference between the two paths. by the A md green circles. The qplled magnetk realling Stevenweinberg's remark in 
Finally, a probe laser aflows us to field 1s chQSen to Set cp -*N w h m  the slope of his summary talk for the 26th 
measure the population in state 1.1, the ""se ~ m % ~  Qaamt- me small International Conference on High 

angle %, W h M  Is p m p w t l ~ a l  to 4, is Energy mics at in 1992: whim is pmportionrl to - ' ~ d  as in by m i n p  the d l m i m  of the spprd m c  
any interferometer. f ~e~d  and measudng the difference In the s~gmds. ".. , i t  may be that the next exciting 

ThiS t e h l i q ~ e  as haw d e b d  mi, d j f f m  is ~ s l t l v e  m e  of tha thhg to C O W  dong will be the dis- 
it would not work very well because and negatlve on bother .  covery of a neutrw or atornic or elcc- 
the phase angle, %, is liable to be very tron elecaic dipole mament. These 
ma11 and the cosine of a small angle is not very sensitie to electric dipole moments.. .seem to me to offer one of the 
the angle itself. The experiment &coma more sensitive most exciting possibilities for progress in partide physics." 
when we add a magrretic field, B, to the interferorncter, 
which interacts with the magnetic moment of the elecrron Furthe reading 
to produce an exaa ,  controllabIe phase shift, cp =2p.BSnr. 
The imedcraneter h g e s  are now proportiond 10 ms2g, S M Bur 1993 A review of CP violation in atoms hr. 9. Mad 
where cp = gd f cp,, is the total phase angle (figure 4). PAyn A8 209 

The most sensitive places to look for small changes in P C W Davjes 1995 Ahur Time (Viking, London) 
a d e  are those with large slopes, so we set (4, eqd to lc/4. E A Hinds 1997 Tegting time reversal symmeay using molecules 
mi g k  ( p = d 4 + k  when the dectric fidd ~b~~~ c13:990 

BIBErrodYnBmiu (WorM points in one direction, and cp=xl4 - cpd when it points in 
the opposite direction. The change in the absorption of the 5Cie"fific, '*-) 

laser these two directions of he A Pais 1986 1 4  Bomd (Clarend~o Press, Oxford) 
N F Rarnsey 1995 Atomk &sics I4 eds D J Wineland, C E field is directly pmpomoual to  d.. As a check, we can ah30 Wi,, Smilh (- *., NcwYorkt) p3 the mametic and make the phase R Sachs 1987 The Phy$ic$ of Time R m d  (Univtnity of 

v=-.rd4* qd. h short, the signal we look for is propor- 
tional to the sign of E.B. If time could be reversed the p G H sand,, 1965 a ele-e dipole moment of an atom 
magnetic Bcld would reverse but the electric field would msI L B ~ ~ .  14 194 
not, so this signature is clear evidence of the violation of B E Saucr, J~~ wang and E A ~ i ~ d ~  1995 homalous ~ ~ i ~ -  
T symmetry. resonance coupling in the X2F state of YbF Phyr. Reu Lea. 

We have now built a beam apparatus designed to carry 74 1554 
our this experiment. Our interferometer is a molecular B E Sauer, Jun Wang and E A Hinds 1996 Laser-rf double res* 
beam approximately 1 m long in which the molecules nance of '"YbF in the X2P state: spin-rotation, h y p e  inter- 
accumulate their phase for about 3 ms, determined by actioris, and the electric dipole moment 3 C h .  &$. 105 7412 
their time of flight between splitter and recombiner. We 
have also developed the laser techniques needed to con- 
trol the molecular states and are working towards conaol 
of the electric and magnetic fields at the required level of 
precision. Given the present upper Iimit on the electric 
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