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Foreword 

Since the first measurements of the Lamb shift and the anomalous 

magnetic moment of the electron,tests of quantum electrodynamics have 

become a continuous challenge for many experimental physicists. Several 

times during these years discrepancies between the predictions of the 

theory and the experimental data have been published, stimulating 

intense discussions about the physical grounds and mathematical methods 

of QED. Further improvements of experimental accuracy combined with 

more careful analysis of the experiments and calculation of higher- 

order contributions have led again and again to an agreement between 

the experimental data and the predictions of QED. From the small 

discrepancies still present at this time, nobody would deduce a 

breakdown of QED theory. However, regarding the fundamental importance 

and the model character of QED, further tests with larger momentum 

transfers and higher precision that check on the validity of 

higher-order contributions seem highly desirable. Therefore we felt 

that the time has come for a discussion of the following topics: 

- physical ground and mathematical methods of QED, 

- mutual relations between theory and experiment, 

- analysis of experimental data as being presented today, 

- possible improvements of tests of QED regarding 

aspects and 

- contributions of other interactions. 

experimental 

We were very pleased that so many experts actively engaged in this 

field supported our suggestion to hold a Symposion on the Fresent 

Status and Aims of Quantum Electrodynamics at Mainz. 

As far as the theory is concerned, the contributions discuss 

fundamental problems of QED, aspects of unified field theories, 

relations between theory and experiment, and examples of numerical 

calculations of QED interactions at large momentum transfer and 

corrections of higher order in ~ and Za. However, the major part of the 

contributions assesses the QED tests at high energies and represents 

the current status of precision experiments on bound systems and free 

particles at low energies. Of course, within the time allotted the total 

spectrum of QED could not be covered. Several important topics, such as 

the interactions with real photons or macroscopic QED, had to be 

omitted. 



VI 

As a result, the symposion revealed some general trends and problems. 

At h~gh energies new experiments with an even larger momentum transfer 

may be realised in the future. In contrast, however, further 

improvement of accuracy in precision experiments is now often limited 

by the finite lifetime of the system under investigation {e.g., 

positronium); also the comparison between experimental data and theory 

is becoming more difficult due to the not precisely predictab].e 

contribution of other interactions (consider, e.g., the anomalous 

magnetic moment of the muon). Therefore the general trend is 

characterised by the measurement of the QED properties of stabile 

systems (electron, positron}, by investigations of (n'S - nS) 

transitions, or by the exploration of systems with high Z values, 

especially hydrogen-like ions and muonic atoms. The reader will find 

these trends in several articles. 

The editors thank all contributors for their engagement. We gratefully 

acknowledge the hospitality of the Akademie der Wissenschaften und der 

Literatur zu Mainz. We are indebted to the Johannes-Gutenberg- 

Universit~t Mainz, the Verband der Freunde der Universit~t Mainz and 

the Regionalverband Rheinhessen der Deutschen Physikalischen 

Gesellschaft for their financial support. 

Mainz, May 1981 G. GrUff 

E. Klempt 

G. Werth 



QUANTUM ELECTRODYNAMICS WITHIN THE FRAMEWORK 

OF UNIFIED FIELD THEORIES* 

Herbert Pietschmann 

Institut fQr Theoretische Physik 

Universit~t Wien 

I. Historical Background 

In 

equation of motion for an electron in an electromagnetic Field A 

( i  y~ 6 - e X~ A - m) ~ ( x )  = 0 

or 

(i~ - m) . -  - ~ ( x )  = e ~ ~ ( x )  . 

1930~ P.A.M. Dirac found the relativistically invariant 

( i )  

(z,) 

(Eqs. (i) and (i') should also serve to define the notation used sub- 

sequently.) 

Together with Maxwell's equations 

I~ A = e j~(x) (2) 

they Form the Fundamental set of equations for the theory of photons 

and electrons. From them, Dirac derived his Famous hole theory I) which 

he first interpreted as a theory for electrons and protons. After it 

was shown that this leads to an unacceptable instability of matter, the 

theory was re-interpreted as one for electrons and positrons. The 

notion of antiparticles was thus created and the discovery of a 

positive electron by Anderson 2) made independently of theoretical 

developments led our understanding of the elements of matter to one of 

its greatest triumphs. 

* Supported in part by "Fonds zur FSrderung der wissenschaftlichen For- 

schung in ~sterreich", Projeot Nr. 3800. 



In spite of these exciting discoveries in the old days, the birth- 

day of Quantum Electrodynamics is usually associated with the first 

successful calculation of a higher order correction. In 1948, 
3) J. Schwinger computed the anomalous magnetic moment of the electron 

to be 

AWe a 
Be " be 2x (3 )  

Today we understand Quantum Electrodynamics to be the theory of 

charged leptons and the photon. It is defined by the Lagrangian 

LQED = 1 Z { ~ l ( i ~  - m) ~1 + e A" j l }  _ 1 F vFpV (4) 

with the electromagnetic current of leptons 

.1 J~ = @l x~ ~I" (5) 

The sum goes ove r  the  3 known charged  l e p t o n s  e, p and T. 

Table i summarizes those static properties of these 3 leptons, 

which are not equal for all three, namely mass and lifetime. 

Table i :  Mass and l i f e t i m e  of the charged leptons 

1 m I (MeV) T1 (sec) 

e 0.511 003 4 (14) 

105.659 46 (24) 2,197 134 (77)'10 -6 

+ 3 < 2.3.10-13 T 1782 - 4 

(theor: 2.8"10 -13 ) 

It can be seen from eq. (4) that the mass is indeed the only basic 

quantity in which the 3 leptons differ. (Since there are no transitions 

between leptons in eq. (4), lepton number is a good quantum number and 

we could say that they also differ in this quantity.) There is a uni- 

versality principle, called "~-e-T universality", which is only broken 

by the difference in masses. The difference in lifetime is a direct 

consequence of this mass difference. Indeed, the theoretical prediction 

of the lifetime of the T in Table i is based on e-p-T universality. 



The point-like nature of lepton-photon interactions as predicted 

from eq. (4) is today tested to the breathtaking limit of about 

4"10 -16 cm for all leptons. A special section of this conference will 

give more information on this point. 

2. Limits of Applicability of Quantum Electrodynamics 

The different lifetime of leptons is not the only consequence of 

mass differences. There are more subtle effects also, all of which can 

be computed from eq. (4). Schwinger's correction to the magnetic moment 

as given in eq. (3) holds for all three types of leptons because it is 

the lowest order correction in which no mass ratios enter. But if we go 

to the next order, differences do show up. 

1 o{ 0 .328 48 (~.)2 + . . .  (6e)  
Be - 2 1T - 

1 a 
ap - 2 "IT + 0.765 78 (~)2 + . . .  (6p.) 

The difference is due to contributions from a class of Feynman-graphs, 

a typical one being shown in Fig. i. When the lepton of the close loop 

differs from the external lepton whose magnetic moment is measured, the 

mass ratio enters, causing differences in the contribution to a I for 

different 1. 

But this class of graphs also leads us to the first limit of 

Quantum Eleotrodynamics. For the closed loop does not have to be a 

lepton; it can also be a hadron (or a quark). In this case, the contri- 

bution can no longer be derived from eq. (4). Thus a natural limit is 

reached at a precision, in which these hadronic contributions become 

important. We can then either use measurements from hadron physics to 

compute the contributions or we can use precision measurement of QED to 

set limits on hadronic quantities. In either case, a comparison of 

theory and experiments bears no longer exclusively on QED. 

A similar type of graph gives rise to the second limit of QED 

which we shall discuss presently. The graph is shown in Fig. 2; it 

stems from weak interactions, in which leptons do participate also. Of 

course, its contribution is expected to be small, but a computation 

gives infinite result. As soon as we allow neutrinos into the picture, 

more difficulties arise. Within QED itself, all infinities can be 

buried into unobservable quantities such as bare masses or coupling 



constants. Radiative corrections to the weak coupling constants are 

- in general - infinite. True that in the purely leptonic case of 

p-decay or T-decay, radiative corrections are finite, but this is 

rather a coincidence than a deep phenomenon. It is due to the good 

fortune, that a Fierz transformation allows us to collect the charged 

particles into one current alone by 

yXCi + ys)v (7) 5p yl(l + y5)~ ~ yl(l + y5)Ve = ~ Yx(l + yS)~ Dp e 

(Thus the vertex correction of QED can be applied as the only radiative 

correction.) As soon as we take into account the finite mass of the 

intermediate boson or we turn to n-decay, infinities pop up. 

Thus we arrive at the second limit of pure QED: its connection to 

weak interactions, typically demonstrated by the contribution of Fig.2. 

5. Unification of QED with Weak Interactions 

The second limit of pure QED has been overcome by the beautiful 

theory of unified electro-weak interactions of Glashow, Salam, Weinberg 

(and others). It is a renormalizable theory, so that no infinities 

occur in measurable quantities (except for electromagnetic mass 

differences of hadrons). Nothing is changed in QED proper, the 

Lagrangian (4) remains identically the same. Also, ordinary charged 

current weak interactions are taken over from the good old V-A theory. 

LC c = ~ _9_ { i  YX ( i  + 7 5 ) ~  i wx 2 / ~  + h . e .  (8 )  

Due t o  t he  m a r r i a g e  w i t h  QED, h o w e v e r ,  g i s  now r e l a t e d  to  t he  e l e c t r i c  

c h a r g e  

e = g s i n  8 W . (9 )  

8 W is the weak mixing angle and in writing eq. (9) we have merely re- 

placed g by another parameter, 8 W. But 8 W is - for all practical pur- 

poses - the only new free parameter to be determined once and for all 

by experiment. It will occur over and over again; thus eq. (9) may be 

taken as its definition so that consequent relations actually reduce 

the number of free parameters. 



A characteristic feature of electro-weak interactions (or Quantum 

Leptodynamics to be extended to Quantum Flavourdynamics when hadrons 

are incorporated) is the presence of the weak neutral current. Its pre- 

diction and verification was one of the corner stones on which the 

whole framework rests. The neutral current Lagrangian is 

LN c = ~ 9 [~v i TX (i + Y5)~u i ~i ~x(Cv + Y5)~i ] zx iO) 
i 4 cos 8 W 

with 

C V = i - 4 sin28w (ii) 

Z is the neutral equivalent of the charged intermediate boson W. From 

neutral current interactions, the value of the weak mixing angle can be 

determined and the best world value at present is 4) 

sin28w = 0.230 ± 0.009 (iz) 

It is precisely the existence of this additional part of weak 

interactions, which allows finite predictions. In our example, the 

infinite contribution to the anomalous magnetic moment from the charged 

intermediate bosch (as shown in Fig. 2), another graph contributes due 

to eq. (i0). It is shown in Fig. 3. The most divergent 

contributions are equal with Opposite signs and thus cancel. To render 

all predictions of physical processes completely finite (thus to 

possess a renormalizable theory.) needs yet another piece added to the 

Lagrangian; we will deal with it shortly. But before, let us understand 

the other aspect of electro-weak theory: the unification of 

electromagnetic and weak interactions. To see this in physical terms, 

let us look at the second limit of applicability of pure QED, as we 

have defined it in section 2. Electro-weak theory extends beyond that 

limit, containing QED as a special case in much the same way that 

special relativity extends beyond Newtonian mechanics. The limit is 

reached, whenever v/c approaches unity. In our case, deviations from 

pure QED will typically show up, when the ratio of typical energies 

over the mass of the neutral intermediate boson reaches unity or when 

the prediction of the experiments reaches distances comparable to the 

Compton wave length of the Z °. In spite of the very successful high 

energy experiments with neutral current neutrino interactions (leading 

to the result of eq. (12)), I personally think that the most direct way 

of approaching the limit of QED given by eq. (lO) is to find its 

effects in the atomic shell. Though contributions of eq. (iO) at low 

energies are of course exceedingly small, hope to find them lies in the 



fact that it contains parity violating parts which can be separated 

from the main contribution of eq. (4). Indeed, in the static limit for 

an electron orbiting a nucleus of Z protons and N neutrons, the parity 

violating potential (neglecting nuclear spin effects) can be obtained 

from eq. (i0) to be 

2 
g2 {(~)~(3)(r) + ~(3)(r)(~)} QW (Z,N) (13) Vp.v. 

32 m~ m e 

with 

QW = ( i  - 4 sin2gw)Z - N . (14) 

Experiments to find effects of eq. (13) are obviously difficult. 

Many have been planned 5) and in the case of Thalluim, a positive con- 

clusion has been reached 6). In the case of Bismuth, the situation is 

more confusing, because 4 groups are working on the problem and their 

results are not unanimous. But there is some trend as time passes by 

and the situation is summarized in Fig. 4 (as laid out at the neutrino 

conference in Erice 1980 by Barkov). 

Let us now turn to the problem of finiteness of predictions (or 

renormalizability of the theory). Again, we should approach this aspect 

from a phenomenological point of view. If the Lagrangian of Quantum- 

Leptodynamios contains mass terms, infinite results will appear. Thus 

the masses have to be generated by some special procedure, which is 

called Higgs-mechanism (or spontaneous symmetry breaking). Equivalent- 

ly, we can say that in order to cancel ell infinities, charged leptons 

and the heavy intermediate bosons have to couple to s neutral scalar 

field H (the Higgs-field) in precisely such a way, that this cancella- 

tion is guaranteed. Of course, the way to obtain just this coupling is 

by going through all the steps of spontaneous symmetry breaking 7J." We 

shall not do this here, but just give the result: 

2 ~ 2 1 H 2 ml Ly = ~L_ (W W ~ + Z Z~)( + 2XH) + E - -  ~ i  ~ i  H (15) 
4 cosZBw ~ 1 X 

w h e r e  
2m N 

X - 
g 

(16) 

LH = _ m 2 (1 H 3 + i H 4) 
8X 2 

(17) 

Moreover, both the Higgs field as well as the intermediate bosons have 

to self-interact in the following way: 



and 

2 

LWZ : g (~P ~ )  [ ~  x @ ] + g { ( ~ p  ~p)2 _ (~p ~ ) (~p  ~ ) }  

+ 

where the f i e l d s  ~ are r e l a t e d  to the p h y s i c a l  bosons A, W-, Z by 

(IB) 

W~ = Z p cos B W - A p s in  8 W . 

(19) 

It remains to mention the electromagnetic interaction of the W ±, LWx , 

and the free Lagrangian, Lo, of the Higgs field and the intermediate 

bosons, including the usual mass terms. We then have the full 

Lagrangian of Quantum-Leptodynamics as the sum of the terms 

LQL D = L ° + LWy + LQE D + LWZ + LCC + LNC + Ly + L H . (zo) 

QED remains unchanged but appears as a well-integrated part of a larger 

scheme, unified electro-weak interactions. As we can infer from 

eq. (15), e-~-T universality is broken in this wider scheme not only by 

the mass terms, but also by the coupling to the Higgs-boson. It is 

therefore a challenging and rewarding task to search for and hopefully 

to find this exotic particle which is predicted by the wider scheme of 

electro-weak interactions. 

4. Larger Schemes 

So far, we have placed QED proper in the framework of the unified 

field theory. But QED would not be the successful theory it is if it 

could not describe electromagnetic interactions of hadrons also. 

Likewise, Quantum-Leptodynamics can be extended to QFD, Quantum 

Flavourdynamics, by incorporating quarks. Of course, predictions are no 

longer as precise and parameter-free as they are for leptons, just as 

in the case of QED. But we can learn a lot about the structure of 

hadrons by using electrons and neutrinos as probes. 

Here is not the place to dwell upon all details of electro-weak 

interactions of quarks. Let me just give as example the neutral current 

interaction of quarks in analogy to eq. (lO) 



where the sum over q goes over the quarks with charge 2/), i.e. u, c, t 

(up, charme, top) and the sum over q' goes over the charge - 1/3 quarks 

d, s, b (down, strange, bottom). Also, 

8 2 
C~ = 1 - ~ s i n  @W 

4 2 
C~ = 1 - ~ s i n  8 W . 

(221 

A comparison of eqs. (21) and (22) with eqs. (i0) and (ii) shows quite 

clearly, that the generalization to quarks is quite straightforward. 

The unsolved problem remains, how the quarks combine into hadrona. 

But the concept of gauge theories has also helped in this respect for 

we picture strong interactions of hadrons as resulting from Quantum 

Chromodynamics (QCD), the interaction of colored quarks with gauge 

gluons. Quarks should come in ) different colors, interacting in an 

SU()) symmetric way with 8 gluons. At low energies, this interaction 

should lead to a potential which confines quarks and gluone unless they 

form s singlet configuration, which is a hadron. 

To conclude, let me just mention that unification schemes for QFD 

and QCD are also proposed. They involve even larger groups, the minimal 

being SU(5). We now enter the realm of speculationp in particular since 

we started from such a firm ground as QED. But there is a crucial ex- 

periment to test these schemes: They unanimously predict the decay of 

the proton. Let us hope, that experiments can settle this question 

without evasion by theorists who push the predicted lifetime ahead of 

the empirical limit in a snow-plough like fashion. 

The phantastic accuracy which has been reached by QED was certain- 

ly one of the origins for the assurance, that renormalizabie gauge 

theories have still much more predictive power, which started the 

cumbersome way leading to the victory of unified fieid theories. It may 

be the time to use the skills and the endurance which was needed in QED 

work also in the wider scheme of eiectro-weak processes, so that even 

more powerful physics may emerge in the future. 
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UNIVERSALITY OF LEPTON INTERACTIONS 

F. Scheck 

Institut fur Physik 

Johannes Gutenberg Universit~t, Mainz 

i. Introduction 

To the best of our knowledge the electromagnetic and weak interactions 

of the electron, the muon, and the T-lepton are universal: 

e-,p-,T-carry exactly the same electric and weak charges through which 

they couple to the photon and the charged and neutral heavy 

vector bosons of weak interactions, respectively. Similarly the 

neutrinos re, vp,and v T that accompany these charged leptons, seem to 

have identical couplings to the weak vector bosons. Within each of 

these groups (e, p, T), (re, vp, v T) all qualitative differences in 

decay widths, cross sections, and any other static or dynamic 

properties of these particles are due exclusively to the differences in 

mass of e, p, and T and to the different kinematics following from the 

mass differences. 

The universality of electric and weak charged-changin9 inter- 

actions of electrons and muons has been known empirically for a long 

time and was tested in various experiments l) (see below). The 

properties and interactions of the T-lepton - even though they are 

known much less accurately than those of the electron and the muon - 

seem to fit well into this scheme of universal lepton interactions 2) 

As yet no conflicting counterevidence has been found. 

The principle of universality which also seems to hold for the 

interactions of hadrons (although in a generalized frame), is not real- 

ly understood theoretically. It is not (yet) a necessary and 

unavoidable building-principle of a theory of leptons (and hadrons). 

However, we do have at~ least a hint at universality from gauge 

theories: Non-abelian gauge theories, if supplemented by assumptions 

about the classification of the particles require universal "charges" 

whose equality is imposed by the local gauge invariance of the theory. 
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In this talk we first collect the most important static properties 

of the lepton families (sec.2). In section 3 we examine the 

universality of coupling constants in abelian and non-abelian gauge 

theories. We discuss, in particular, the freedom in the choice of 

coupling constants that remains in the non-abelian case. Thus, testing 

universality means testing gauge theories and the classification of 

particles. In section 4 we review the present state of experimental 

tests of lepton unversality and point out what remains to be done. In 

the last section 5, finally, we comment briefly on reactions and decay 

processes that violate the conventional lepton number schemes. 

2. The lepton generations and their main properties 

The leptons occur in (at least) three generations f=e, p, or T, 

(i) 

e ~-J 

e a c h  o f  w h i c h  s e e m s  t o  c a r r y  i t s  own ,  a d d i t i v e l y  c o n s e r v e d ,  l e p t o n  num-  

b e r  k f .  The l e p t o n  n u m b e r  a s s i g n m e n t  c o u l d  b e  a s  g i v e n  i n  t a b l e  1 .  I n  

any reaction involving leptons each of these lepton numbers seems to be 

conserved separately, 

S Lf(i) = const., f=e, p, • (2) 
i 

where i counts the leptons in the initial or the final state. The hint 

at these conserved lepton numbers comes from experimental evidence that 

v is not identical with v , that the muon does not decay into an 
e 

electron and a photon (the degree to which this is known is discussed 

below), and that v~ cannot be identical with either v , v--~ , or ~t). 

Thus, 
/ 

Vp ~ re; p-7~ e + y; v T ~ Vp, re, Up (3) 

Another piece of evidence that is relevant for the question of lepton 

number assignments comes from a recent experiment at LAMPF 3). This 

t v -- v cannot yet be excluded from experiment. Th'at is the reason 
T e 

why we a d d e d  a q u e s t i o n  m a r k  i n  ( 1 ) .  
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experiment tests for the decay process 

+ ? ( A )  tl ) e +  + ~ee + Vl~ 

which is forbidden in the additive, sequential lepton number scheme. 

Thus, p-decay should proceed in the following way, 

+ e + ~ ( B )  ) + v e + V 

and reaction (A) should not occur. The result of the LAMPF experiment 

for the decay rates is 

R ( A )  
= -0.001 ± 0.061 

and confirms the conventional lepton number scheme. 

In summary, up to date all experiments are compatible with this 

picture of sequentiai leptons , i.e. with the assumption that each 

lepton generation is characterized by its own, additiveiy conserved 

lepton number. 

The dynamical origin of these lepton numbers is not understood. 

Furthermore, it is not difficult to device gauge models in which these 

iepton numbers are not conserved individually (but their sum is) and 

yet which predict very smali rates for processes of the kind indicated 

in eq. (3). Thus, it is very important to push the experimental upper 

bounds on these processes as low as possibie and, at the same time, to 

reconsider lepton universality and to compiete and to improve its 

experimental tests. 

The fact that leptons come in three generations reveals a striking 

correspondence to the observation that the quarks also occur in three 

generations, viz. 

(ic) (ic)(it?? 
Here d C and s C denote the Cabibbo mixtures of down and strange quarks. 

(In fact, it seems that all three states, d, s, and b, are mixed). 
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This apparent quark-lepton symmetry and the fact that (at least) 

down and strange quarks appear as orthogonal mixtures in weak inter- 

actions has led to the speculation that the neutrino states that couple 

to weak interactions may be mixtures of v e and v (o r of re' v and vT). 

If these states are not degenerate in mass this would provide a 

mechanism for violation of muonic (or tau-) lepton number, at a level 

below present experimental limits for processes of the type indicated 

in eq. (3). (See below, see.5). 

Table 2 summarizes our present knowledge of the masses of the 

leptons 4). We note, in particular, the impressive accuracy to which the 

mass ratio m /m e is known. The situation regarding the neutrino 

masses is rather unsatisfactory: while we have a rather low upper limit 

on m(v e) from beta decay of the triton 5), the bounds on m(v ) and m(v_) 

m ( v ~ )  6 ' are not very good. 3s known to be smaller than about 650 keV/c 2 

from the decay K + ~pvp , or, less directly, to be smaller than about 

500 keV/c 2 from a combination of the measurement of the much momentum 

in pion decay at rest, ~ + pvp , and of the measured pion mass 7). For 

v T the present best upper limit comes from a measurement of the decay 

spectrum 8). This measurement gives m(v T) < 250 MeV/c 2 . Beyond these 

laboratory experiments there are limits on the neutrino masses from 

astrophysical observation and cosmological models 9) . These limits 

depend, however, on additional information such as the lifetime of 

possible massive neutrino states. To quote just one example out of a 

somewhat complicated discussion of various possibilities: If the 

neutrinos are stable, and on the basis of the assumed theory of the 

universe, their masses should be either lower than about 45 e~/c2or 

higher than about 1 GeV/c 2 t) 

The issue of whether or not the neutrinos are massive is presently 

receiving great attention. Indeed, Reines et al. have reported positive 

evidence for neutrino oscillations lO) thus providing evidence for 

interfering neutrino states with a non zero mass difference. Further- 

more a recent experiment has found evidence for a non-vanishing mass of 

the electron neutrino from triton beta decay ll). If these results are 

t) The astrophysical limits, coming from rather indirect information, 

should probably not be taken too seriouly. On the contrary, any direct 

information on the neutrino masses is most welcome as an important 

input and boundary condition for cosmology. 
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confirmed and if it can be proved that v is massive, it will be of 
e 

even greater importance to improve on the mass limits for v and v T or, 

more optimistically, to establish their masses. We note in passing that 

there are models in which the mass of neutrino f is proportional to the 

square of the mass of its charged partner, 

m(vf) = conat, m~ 

With a constant that may be only weakly dependent on (or even be com- 

pletely independent of) the lepton generation fl2). With a v mass of 
e 

the order of some ten eV/c 2 one easily comes close to the present upper 

bounds on m(v ) and m(v T) .... 

Regarding the interactions of leptons there is no indication for 

any direct coupling between ~epton pairs of different generations. All 

interactions of leptons seem to be mediated by the photon y and the 

weak vector bosons W ± Z ° , e t c .  

More specifically, 

(i) Quantum Electrodynamics of leptons is fully describable in terms 

of the universal interaction 

Sf e f  Je.m.(f)~(x) A (x )  (6) 

where A (x )  i s  the quan t i zed  Maxwel l  vec to r  p o t e n t i a l  and j ( f ) ~  (x )  i s  
' e . m .  

the e l e c t r o m a g n e t i c  c u r r e n t  ope ra to r  o f  l ep ton  f .  This  c u r r e n t  

o p e r a t o r ,  o f  course ,  has the same form, as a f u n c t i o n a l  o f  the f i e l d  

o p e r a t o r s ,  f o r  each l ep ton  g e n e r a t i o n .  The bas ic  v e r t e x  r e p r e s e n t i n g  

the i n t e r a c t i o n  (6) i s  drawn in  f i g .  l a .  

The charge e f  i s  the same fo r  a l l  l e p t e n s ,  

ef = e~f 

All quanflitafiive differences in measurable quantities are solely due tic 

the mass differences. 

(ii) Weak interactions via "charqed currents" between lepfions (or bet- 

ween leptons and hadrons) is described by the exchange of positively 

and negatively charged W-bosons, as sketched in fig. lb. These 
+ 

W-bosons W~ couple to purely lefthanded currents of lepton fields. For 
q2 smail momentum transfer, i.e. << m~ , this gives rise to the 

well-known effective four-fermion interaction 
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Fig. i: These figures illustrate the electromagnetic, weak eharged~ and 

weak neutral intermctions of leptons. 
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e f f  : 92 j+ (x )Ja (x )  + h.e.  
H(&Q=I) 8m~ 

(7) 

where 

J (x) = ~ Vf-~X) y~ (1-YS) l f ( x )  + hadronic pieces (8) 
f 

(iii) Weak interactions via "neutral currents" between lepton s (and 

hadrons) is described by the exchange of at least one neutral vector 

bosch Z ° . This is depicted in fig. lc. This vector boson couples to 

the purely lefthanded current of neutrinos, but couples to a more com- 

plicated combination of vector and axial vector currents of their 
2 

charged partners. Again, if q2 << mz° , an effective four-fermion 

interaction is obtained. For instance, in the unified theory of Wein- 

berg and Salam we have 

e f f  ~ g2 
H(AQ=O) 16m~ K~(x)K~(x) 

where 

Ks(x)  

(9)  

m2_m 2 

= Z if(x-----~ { ( 4 ~  - i )y~ + y~ys} i f ( x )  + 
f m Z 

+ ~ ~ f (x )  y~ ( l -Y5)  v f ( x )  + hadronic pieces 
f 

(zo) 

In addition~ the coupling constants e and g are universal and are re- 

lated by 

2 m~ - m 2 
e sin28w -~ = 2 : (ll) 

g m Z 

Here again, all quantitative differences in observables stem only from 

the difference in mass of the leptons involved. These lepton masses are 

neither predicted nor even related and must be put into the theory by 

hand. 

ii 

We note, in passing, that at present all experiments on neutral 

currents, including those where also hadrons are involved t are well 

described by the Weinberg-Salam theory. The sine square of the Weinberg 

angle which is an open parameter, is found to be 

sin28 W = 0.230 ± 0.015 (12) 
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This value leads to the prediction m W = 78 GeV/c 2 , mZo = 89 GeV/c 2 

After this brief sketch of lepton properties and interactions we 

discuss the principle of universal coupling in somewhat more detail. 

). Universal coupling in the framework of 9auge theories 

a theory of vector (gauge) fields A(n2(x) and some Consider 

fermion fields ~f(x) defined by a Lagrange density invariant under a 

group G of local gauge transformations: 

1 [FpV + Z (~f(x) (i~ - mf) ~f(x)) (13) L : - T , F )  f 

Here F pv are the generalized field strength tensors pertaining to the 
t % 

gauge fields Akn)(x) . Their explicit form can be found in many arti- 

cles on gauge theories 13j ~ but is of no relevance here. ~ is a shorthand 

notation for the group-covariant derivativep 

N 
~f(x) = (~- igf ~ Uf(T n) A(~)(x) y~) ~f(x) (14) 

n=l 

T n , for n=l,2,...,N , are the generators of infinitesimal transfor- 

mations of the gauge group G. Uf(Tn) is the matrix representation of T n 

in the space of the fields ~f(x) = {~i)(x); i=l,2,...,M} those fields 

spanning an M-dimensional (reducible or irreducible) representation of 

G. 

The somewhat symbolical parentheses around the term (F pv, F v) , 

and, similarly, around the fermionic term in L , indicate that the 

fields should be coupled in a group invariant way. 

For the sake of simplicity suppose that there are two different 

fermion generations f=l,2 in the theory. L shall be locally gauge 

invariant. The question that we ask is this: Can g2 be different from 

gl , or, is the coupling of the fermion fields to the gauge fields uni- 

versal or not? 

Let us choose some local gauge transformation A l(x) on field 

~l(X) , v i z .  

 i(x) = u I [^ l (X) )  
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The local gauge invariance of 

be transformed too, 

: u 2  2(x) 

and that the following two conditions on A 1 

gl(~pu2(Az(x)))u~l(A2(x)) 
uz(Ai lAI)Uz(Tn)U~I(A~IAI  ) : U2(T n ) 

L , eq. (13), requires then that ~2(x) 

and A 2 be fulfilled: 

: g2(~ u2 (A l (X ) ) )u~ l (A l (X ) )  (15) 

(16) 

It is not difficult to draw the relevant conclusions on gl and g2 from 

these equations: 

a) If the group G is abelian, then 

A21AI = AI-A2 and Uf(T n) = 

Thus A 2 must be r e l a t e d  to A 1 by 

g2 

O b v i o u s l y ,  g l  and g2 can be chosen a r b i t r a r i l y .  U n i v e r s a l i t y  i s  not  a 

consequence of  l o c a l  gauge i n v a r i a n c e .  

b) I f  G i s  a n o n - a b e l i a n  ( s imp le  or s e m i - s i m p l e )  group then A 2 ( x )  must 

be the same a s A l ( × ) ,  and the coup l i ng  cons tan ts  must be the same, 

Az(x) : A l ( x )  ; g l  = g2 ( 18 )  

Thus, local gauge invariance enforces a universal coupling gf : g~f 

for each irreducible component of the gauge group t). However, this is 

not yet the whole story since g is not the actual "charge" through 

which the fermions couple to the physical vector fields. First of all, 

the ~ vector bosons eventually are linear combinations of the 

fields A(n)(x). These combinations are determined by the specific 

mechanism of spontaneous symmetry breaking chosen (Higgs mechanism), 

i.e. by the Higgs sector to be added to L. Second, the actual coupling 

t) It is not essential that we considered fermion fields. The same 

reasoning applies to boson fields as well as to combinations of boson 

fieids and fermion fieids. 
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constant of almy given fermion f to one of the physical vector bosons is 

given by g times some generalized magnetic quantum number (eigenvalue 

of some diagonal matrix ~ anUf(Tn))- 
n 

Therefore, this charge depends on the representation spanned by 

the fields ~f . In summary, in the non-abelian case, there still is 

quite some freedom in the choice of coupling constants. In contrast to 

abelian gauge theory, where this freedom is continuous~ in the non- 

abelian theory the charges can differ only by discrete steps. Uni- 

versality 9 in the sense described in the last sectionp is only obtained 

if further assumptions about the classification Of the fermion genera- 

tions are made. In the Weinberg-Salam theory, in particular~ the lepton 

generations are assumed to be classified in the same multiplets of 

G m ~U(2)xU(1) . Each new generation is no more than a copy of the 

first. 

So farp experimental tests of unified gauge theories of weak and 

electromagnetic interactions have been somewhat indirect. In particu- 

lar, the data on weak interactions via neutral currents are in good 

agreement with the Weinberg-Salam theory but they do not exclude other 

unified gauge models. Direct tests such as the identification of the 

weak vector boson and - perhaps - the Higgs particles have to await the 

next generation of accelerators. In particular~ the Higgs sector of the 

theory raises many questions to both theory and experiment that ought 

to be clarified. 

In the meantime it seems to us of greatest importance to test 

lepton universality as precisely as possible. Testing universality 

means testing a fundamental building principle of unified gauge 

theories t). Furthermore 9 the nature of the lepton numbers needs to be 

clarified and experiments searching for violations of muon (or tau) 

lepton number must be pushed as far as possible. 

t) In fact, in the Higgs sector of gauge theories leptons of different 

moss hove different couplings to the Higgs particles. These couplings 

ore, however, well defined and are related among each other. In the 

Weinberg-Solom model the effects due to Higgs exchange, unfortunately, 

are very smoi1. 
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4. Experimental tests of lepton universality 

There are many experiments on electromagnetic and weak interaction 

properties of leptons which test universality in a more or less direct 

way. We cannot give here a complete review of all such tests as this 

would go well beyond the scope of this talk. Instead we choose some 

characteristic examples that illustrate the state of the art and refer 

to the literature for a more complete survey. 1~2'14) 

a) Quantum Electrodynamics of electrons,muons and T's provides many 

beautiful illustrations of the leptons' universal coupling to the quan- 

tized radiation field. In particular, muon-electron universality in QED 

results for the electromagnetic properties of free and bound muons are 

discussed in other talks at this symposion and we need not go into 

them. We choose only one example that seems to us particularly 

impressive: the g-factor anomaly of the muon. The anomaly which is 

defined as 

1 a ~ y (g#-Z) (i9) 

has been c a l c u l a t e d  f rom QED up to  and i n c l u d i n g  t h e  o r d e r  0 ( ~ 3 ) .  Some 

t e r m s  o f  o r d e r  0 (~  4) have been e s t i m a t e d  and Found to  be s m a l l ,  o f  t h e  

o r d e r  4x10 -9  . F i g .  2 shows t h e  e x p e r i m e n t a l  v a l u e  f o r  a , i n  c o m p a r i -  

son w i t h  i t s  v a l u e  a (QED) compu ted  on t h e  b a s i s  o f  QED and # -e  u n i -  

v e r s a l i t y .  A l s o  shown i s  a as compu ted  f r om QED and f r om h i g h e r  o r d e r  

d i a g r a m s  i n v o l v i n g  h a d r o n i c  (and weak)  v i r t u a l  i n t e r m e d i a t e  s t a t e s  such 

as t h e  ones s k e t c h e d  i n  f i g .  3. As can be seen t h e  f i n a l  t h e o r e t i c a l  

v a l u e  i s  i n  p e r f e c t  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  v a l u e .  

The hadronic contribution can be computed with good accuracy from 

an experimental input, namely the total cross section of e+e - into 

hadrons. The weak contribution is still small (about 2xlO -B ). Thus, 

this comparison is a direct test of QED. 

We find this result particularly beautiful and highly impressive 

for two reasons: (i) The prediction of universal QED of musns and 

electrons, using the physical masses of # and e as input, is in perfect 

agreement with experiment. (ii) For this particular quantity one has 

tested QED up to its natural limit, i.e. to a precision where effects 

of the other interactions must be taken into account and, eventually, 

become overwhelming. 
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O E O . h a d r o n i c . w e a k  

QEO (2.4.6th order) I 
EXR t o I 

I , 1 , I , I , I , I , I , I , I 
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ol.z x 10 9 

Fig. 2 Measured and predicted g-factor anomaly of the muon. The x and 

are theoretical values, the open circle is the experimental 

result. 

Fig. 3: Hadronic contributions to the g-factor anomaly of the muon via 

vacuum polarization through charged hadrons. 
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b) Weak interactions via charged currents. 

Here we quote three particularly illustrative examples: (i) If 

weak interactions of the "charged current" type are universal then the 

threeprocesses 

+ 
• - ,  e + , ~  

e 

+ 
If ÷ IJ.+~ 

T + If T 

(20) 

are all proportional to the hadronic matrix element 

< o l a ( h ) ( o ) l ~ ( q ) >  _ i (21)  
a (2~)3--~ f~q~ 

(or its complex conjugate) with proportionality constants which contain 

G, the Fermi constant, and known functions of the lepton masses and the 

(h) denotes the weak hadronic axial vector pion moss. In eq. (21) a 

, 2 m 2 is the pion decay current, q is the pion momentum kq = ~) , and f 

constant. Thus, in taking ratios of the decay rates (20), the empirical 

constants f and G drop out and these ratios depend only on the 

lepton masses (up to radiative corrections). 

In pion decay the experimental result is still the one published 

by Di Capua et. al. 15) sixteen years ago, (but corrected for the latest 

value of the pion lifetime as done in ref. 16), 

(~÷ev  e ) 
R ( e / ~ )  ~ ( ~ ÷ ~ v )  = ( 1 . 2 7 4  ± 0 . 0 2 4 ) x 1 0  -4  (22)  

M u o n - e l e c t r o n  u n i v e r s a l i t y ,  s u p p l e m e n t e d  by r a d i a t i v e  c o r r e c t i o n s ,  

p r e d i c t s  

R t h ( e / ~ )  = 1.233xi0 -4 (23) 

This is in fair agreement with the experimental result (22). Clearly, 

it is important to measure again ~÷ev e decay and to improve on the 

result (22). 

The prediction for the decay mode T+~v T is also in fair agree- 

ment with experiment, as can be seen from table 3 below (third line), 

but the experimental uncertainty is still large. 
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(ii) The purely leptonic decay processes 

m 

+ e+v  V ( 2 4 a )  
e 

+ + 
T + ~ V ~ ( 2 4 b )  

+ 
+ e+v  5-- ( 2 4 c )  

e T 

are completely predicted in the framework of the universal inter- 

action (7). The decay rates, spectra, correlations and polarizations 

are fully predictable in terms of G and of the lepton masses. For 

example, the spectrum parameter p (Michel parameter) in p-decay (24a) 

is found to be 

p(~) = 0 . 7 5 2  ± O.OOJ ( 2 5 )  

whilst in the T-decay modes (24b) and (24c) it is found to be 

O(T)  = 0 . 7 2  ± 0 . 1 5  ( 2 5 )  

The values (25) and (26) agree with each other, within the error bars, 

and compare well with the theortieal "V-A" value p=3/4. 

(iii) The T lepton was discovered at a time where charged weak inter- 

action was already well understood. Thus, assuming lepton universality, 

all decay modes of the T could be computed in advance 17). All that re- 

mained to be done after its discovery was to insert its mass into the 

calculated rates. Table 3 summarizes the present state of knowledge on 

the T-decays 2). Even though the error bars are still large, the overall 

agreement of the data with the predictions on the basis of lepton uni- 

versality is impressive. 

c) Weak interactions via neutral currents 

Here the following processes have been measured, testing lepton 

universality in the neutral weak interactions (as predicted by eqs. (9) 

and (lO): 

(i) elastic scattering of neutrinos on electrons, 

Vlj" + e + Vlj' + e ( 2 7 a )  

+ e + ~ '  + e ( 2 7 b )  
P- IJ- 

T + e + '~-- + e (27  e)  e e 
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(In the third process (27c) there is also a contribution from charged 

currents. This contribution is subtracted out in the comparison shown 

below, fig. 4.) 

(ii) Inclusive scattering of left-handed and right-handed electrons on 

deuterium, and parity violating effects in electronic atoms. 

We cannot enter into this second rather vast topic, for lack of 

time. However, as the basic arguments are simple here, we may sketch 

briefly the results for the reactions (27). We assume that neutrinos 

are fully left-handed (and, therefore, antineutrinos are fully right- 

handed), (assumption I). The neutral currents of electrons and 

neutrinos shall be, respectively, 

{CvY ~ + CAY~y 5} e(x) 

y~ (l+Xy 5) v(x) 

(28a) 

(28b) 

where 

It is not difficult to compute the total cross sections for v and 

Elab >> m (E~ ab is the energy of the scattering on the electron. For 
e 

neutrino in the laboratory system) we find 

2m G 2 
= e Eiabl i -Xl  2 1 I I I I  2[;]Re(CvCA)}* (29) v 4 " ~{'Cv'2+'CA' 

2m G 
e = 1.6 x 10 -41 cm2/Gev (30) 

We believe that X is equal to -1, see eq. (i0), but this is of no im- 

portance (as long as X ~ +l). Let us further assume that C V and C A are, 

relatively real (assumption II). Then the expression in curly brackets 

becomes 

2[;]CvC A} (31) {C 2 + C A 

This is an ellipse in the plane (Cv, C A ) whose symmetry axes are rotat- 

ed by +~ -4 with respect to the coordinate axes. Thus, if one plots the 

total cross sections divided by the neutrino energy, the three ellipses 

corresponding to the processes (27) should intersect in the sametwo 

points. These intersection points determine C V and CA, up to a twofold 

ambiguity. 
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Fig. 4 shows this comparison with the measured cross sections for 

processes (27) T) 

Needless to add that one of the intersection points agrees with 

the Weinberg-Salam theory. It must be stressed, however, that this com- 

parison can only be made if assumptions (1) and (If) are made. In par- 

ticular, assumption (I) is essential: In principle, total cross 

sections (very much like decay rates) are not correlation observables 

odd under parity and, therefore, cannot give information on relative 

sign and magnitude of axial vector and vector interactions. Only 

spin-momentum correlations can do that. In this specific case the 

spin-momentum correlation is introduced through the assumption of 

left-handed neutrinos, whilst phase ambiguities are eliminated through 

the assumption that C A and C V are relatively real. 

Our knowledge of neutral weak interaction, and, therefore, of 

lepton universality in this sector, is incomplete. Experiments that are 

being prepared or that seem feasible in an immediate future comprise 

(i) Scattering of left-handed and right-handed electrons on nuclei, 

both inclusive and elastic 19) . (Measurement of parity violating 

asymmetry). 

(ii) The analogue experiments with high-energy polarized muons, 

measuring a parity violating asymmetry in the scattering on nucleons 

and nuclei. 

(iii) Measurement of parity violating effects in muonic atoms 20) 

The last two groups of experiments are of special importance since 

nothing is known, as yet, about p-e or ~-#-e universality in neutral 

weak interactions. Obviously this is a crucial test of lepton uni- 

versality in general, and of the predictions of unified gauge theories 

in particular. 

5. Processes violatinq additive lepton number conservation 

We close this talk with a few comments on decay processes and 

reactions which test the additive conservation of muon (and tau) lepton 

numbers. Obviously, the nature of lepton numbers and their conservation 

laws is an essential problem both in connection with lepton 

T)  The d a t a  on t h e  p r o c e s s e s  ( 2 7 )  and  a c o m p l e t e  s e t  o f  r e f e n c e s  c a n  

be found in ref. 18. Fig. 4 was kindly provided to me by 

Heimut Faissner. 
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universality a s  postulated b y  unified g a u g e  theories, a s  well a s  in 

connection with the general observation that the leptons come in 

generations. 

Processes of interest, in this respect, are 

4- 
I1 + e + y  

I~- ÷ e -  

4- 
I~- "* e 

; neutrinoless conversion on a nucleus 

; neutrinoless conversion on a nucleus 

-* v y 
vp e 

T + -, IZ+y 

,t -+  . ,  e + . y  

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

etc. All of these processes are forbidden if the additive lepton number 

scheme applies, as we described it in see.2. However, if only the sum 

of L e , L# , L T is conserved but the individual lepton numbers are 

not, then reactions (32), (33), (35), (36), and (37) are allowed, p- to 
4- 

e conversion, eq. (34), however, is still forbidden. 

On the other hand, if some other, more complicated scheme applies 

which assigns the same lepton number to the particle of one generation 

and to the antiparticle of another, then reaction (34) could be allowed 

while all the others would be forbidden. Even if this happened we would 
-- 4- 

expect (~ e )-conversion on a nucleus to be very improbable because 

this process needs a double charge exchange in a weak reaction, as two 

protons have to be converted into two neutrons. This can only happen by 

means of two weak boson exchanges, or, by means of one weak boson and 

one pion exchange on a virtual ~+ , or A + &++ , or In any case, 

the capture rate is likely to come out very small. So any such more 

exotic scheme is difficult to test with muons, taua, electrons~ and 

nucleon targets. 

The processes (32) to (34), (as well as p+e~e which we do not 

discuss here), have been studied extensivelyp both experimentally and 

theoretically. None of them has been seen as yet; the recent generation 

of experiments have lowered theupper limits for the branching ratios 

to an impressive level of sophistication. The latest results are these: 
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~(P + ,ey) < 1.9 x i0 -I0 
Rpex := ~(p + al l ) '  

C ( p - + ( A , Z )  + ( A , Z ) * + e - )  < 
R : :  
b e ~ (~-+~p; capture) 

(This result was obtained on Sulfur, see ref. 22) 

( r e f .  21) 

7 x iO - I I  

R m 
p.e 

R m 
• p.e 

m m 
~te 

~ [ ~ - + ( A , Z )  + ( A , Z - 2 ) * + e  +) 

[~(p capture) 

< 9 x i0 -I0 (on S, ref. 22); 

< 3 x i0 -I0 (on 1271, ref. 23) 

Various groups at LAMPF, SIN and TRIUMF are planning further experi- 

ments on these processes and on the related process ~+ ÷ e+e-e + ~ and 

expect to reach the level of lO -12 in the next step. 

What are the theoretical possibilities of introducing breakdown of 

lepton number conservation, in the framework of gauge theories, and 

what are typical predictions of such extended models ? 

It is not difficult to break muon (and/or tau) lepton number in 

unified gauge theories 24'25)'. For example, assume that the mass eigen- 

states "v " and "v " have a nonvanishing difference in mass. Assume 
e 

further that the neutral partners of electron and muon in left-handed 

weak interactions are orthogonal mixtures of these states, viz. 

(I;JL 
v' = v cos5 + V sin~ 
e e 

with (58) 

V' = -~ sin5 + v cos6 

In this minimal model the rate for # ÷ ey is finite and non-zero. One 

finds 

m2(v ).m2(Ve) 2 
75e sin2(Z6)[ - ) (59) 

R#ey - 1287 2 
m W 

Unfortunately this rate is very small even if the mixing is optimal. 

Take for instance the following set of parameters: 

m(~#)=m e ; m(~e)=O ; mW=78GeV/e2 , and ~=~ 

Th is  g i v e s  R = 2 .5  x i 0  -24  
#ey 
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Thus, in this minimal extension of the Weinberg-Salam or any other 

unified gauge theory, there could well be strong muon number violation 

without this being measurable in the processes ()2) and (33). On the 

other hand, one can make the theoretical prediction much larger if new 

heavy neutral (and, with some care, also charged) leptons are intro- 

duced in the place of v and v which are too light for that pur- 
e 

pose. Of course, these particles must be endowed with reasonably strong 

W ± Z °" couplings to e , ~ , , and The calculated rate then depends on 

these unknown coupling constants and on unknown mass differences, and, 

therefore, is not a genuine prediction any more. The only result of 

these considerations which seems to be somewhat less model dependent, 

is the statement that the branching ratio for (#e) conversion is 

generally larger, by up to two orders of magnitude, than R 25). 
bey 

In summary, we may say this: Unified gauge theories, aithough they 

may break muon and/or tau lepton number, have very iittle predictive 

power as to the rates for all p÷e processes. The question of whether 

or not L#(L T) is an exactly conserved quantity is completeiy open: it 

could be that L# is broken but that #+ex and (~e)-conversion are 

not seen, at the level investigated so far, because they are dynamical- 

ly suppressed. With this unsatisfactory state of theory any experimen- 

tal progress on these ultrarare processes is of utmost importance and 

will be most welcome. 
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e 'J 
e 

e + U 
e 

~+ U~ 

T V 
'I" 

T+ ~T 

L L L e i ~ T 

1 0 0 

-i 0 0 

0 1 0 

0 -i 0 

0 0 1 

0 0 -i 

Table I: The three lepton generations and their lepton number assign- 

ment in the scheme of "sequential leptons". 

L e p t o n  

e 

~) 
e 

T 

~) 
T 

Mass 

0 . 5 1 1 0 0 3 4 ( 1 4 ) M e V / c  2 

< 60 e V / c  2 

14eV ~ m(~e )  $ 46eV 

105.65946(24) MeV/c  2 

Remarks 

from 3H + 3He + e- + v 
e 

See ref. ll 

m /m e = 2 0 6 . 7 6 8 5 9 ( 2 9 )  ( 1 . 4  ppm) 

< 650 k e V / c  2 

< 500 k e V / c  z 

1782+~ MeV/e 2 

< 250 MeV/e 2 

from K + ÷ ~°p+v 
P 

÷ I in pion decoy at rest from IPp 

from decay spectrum 

T a b l e  2.  L e p t o n  masses  and bounds  on n e u t r i n o  masses 
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Decay mode 

T ÷ e 9 ~) 
e T 

T ÷ W ~) 
T 

T ÷ p 
T 

T- ÷ A1 ~T 

T- ÷ v + 5 charged 
T 

p a r t i c l e s  

prediction 

16.8 % 

16.4 % 

9.5 % 

25.3 % 

8.1% 

"~ 26 % 

experiment 

17.1±i.0~ 

17.5±1.2~ 

9.8±1.4~ 

20.5±4.1% 

i0.4±2.4~ 

30.6±3.0% 

Table 3. Predicted and measured decay modes of the T lepton 



TEST OF QUANTUM ELECTRODYNAMICS AT HIGH MOMENTUM TRANSFERS 

V. Hepp m 

Universit~t Hamburg 

1. Introduction 

With the advent of the e+e - col l id ing beam f a c i l i t y  PETRA at DESY (Hamburg) 

tests of the va l id i ty  of Quantum Electrodynamics (QED) at very large momentum 

transfers lq21 have become possible. As is well known, no deviations from QED 

have been seen at lower energies ( I)  

Precise tests of QED at high lq21 are of great importance both for atomic and 

for high energy physics. A determination of a 'cut-of f  mass A of ~ 100 GeV may 

be translated into a distance ~ = ~c/A ~ 2 • 10 -16 cm which is a measure of the 

point- l ike structure of the electron. High precision atomic physics experiments 

(e.g. measurements of the anomalous magnetic moment of the leptons) depend 

strongly on the lower bound of A when compared to theory. High energy experi- 

ments with col l id ing beams rely heavily on the va l id i ty  of QED, since al l  cross 

sections for new phenomena are normalized to Bhabha scattering. Above a l l ,  

tests of QED are of fundamental importance, because QED is the f i r s t  successful 

gauge theory. 

In table 1 a summary of existing and planned e+e - storage rings is given. At 

the moment the PETRA machine has attained the highest CMS energy ( ~ =  2 Ebeam 

~ 35 GeV, corresponding to Jq21max ~ 1225 GeV2). The PEP ring at Stanford is 

just starting to work at similar energies. The planned European LEP project is 

designed to achieve beam energies of up to 130 GeV, corresponding to lq2]max ~ 

67600 GeV 2. For comparison, previous QED tests at SPEAR (2) covered momentum 

transfers up to ~ 50 GeV 2. 

In this talk QED tests at PETRA are presented. The following reactions have 

been studied: 

On leave of absence from University of Heidelberg 
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- Bhabha scattering: e+e ÷ e+e 

- Lepton-pair production: e+e - ÷ ~ ~ , T T 
+ - 

- Two-photon annihi lat ion: e e ÷ y y 

(1) 

(2) 
(3) 

Data were taken with the detectors JADE (3), MIARK j ( 4 )  PLUTO(5) and TASSO (6) at 

CMS energies up to ~ 35 GeV. For deta i ls  of the apparatus and of the experimen- 

tal  procedure we refer  to the references. A discussion of the two-photon ex- 

change process e+e - ÷ e+e - + lepton pair which occurs at predominantly low q2(7) 

wi l l  be omitted in this presentation. 

The talk is structured as follows: in section 2 possible modifications of QED 

are outlined and their effects on the cross sections for reactions ( I)  to (3) 

are discussed. Experimental results are given in section 3 and the already size- 

able effect of electro-weak interference is discussed in section 4. The last 

section 5 gives a summary. 

2. Modifications of QED 

The di f ferent ia l  cross sections for reactions (1) to (3) may be written in the 

form: 

da do o 
d~ = ~ (1 + ~rad + ~had + ~w + ~A ) 

daQE D 
= T (1 + ~w + aA ) (4) 

where T d e n o t e s  the lowest order QED cross section; incorporates ra- 

diative corrections (~rad) and hadronic vacuum polarisation (6had). ~ 

The expected correction 6 w due to electro-weak interference is small at present 

(see section 4). Any further deviation from the known theory may be incorporated 

into a correction 6 A which is in general a fu,nction of scattering angle e and 

CMS energy v~-. The actual parameterisation of aA w i l l  be discussed in the fo l -  

lowing. 

QED modifications are expected i f  heavy photon-like objects (y~, neutral Higgs 

bosons etc.) or massive leptons (E ~) exist with f i n i t e  coupling strengths. 
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Their presence w i l l  modify both the lepton-photon vert ices,  e.g. 

and the photon and lepton propagators, e.g. 
Y 

> < or / \ 

The d i f f e ren t ia l  cross sections w i l l  be affected in a d i f fe ren t  way for  dia- 

grams involving inner photon l ines (Bhabha scattering and lepton pair produc- 

t ion) than for  charged lepton exchange (two-photon annih i la t ion) .  

2.1. Real leptons, v i r tua l  photons: e+e - ÷ ~+~- 

I f  we take Bhabha scattering as an example, two types of diagrams contribute to 

the lowest order cross section: 

and 

qZ = s > 0 

( t ime- l ike)  (space-l ike) 

The matrix element Mif is b u i l t  up from the vertex functions ? = y~ F(q 2) + 

{small ~ q~ term ~} and the photon propagator D ~ = -D(q 2) gU~/q2. The form 

factor F(q 2) and D(q 2 )a reo f  course uni ty in standard QED. The d i f f e ren t i a l  

cross section measures the product IF 2 DI 2 

Deviations from QED can ar ise from a modif ication of the photon propagator D(q 2) 

for  q2 ~ O, e.g. by a heavy photon, which may lead to the replacement 

_ _  ÷ _ _  _ _  ~ _ _  q2 
i I + 1 1 (1 + - -  ) for  q2/ 2 << i (5) 

q2 q2 q2 2 q2 2 A p - Ap Ap 

This term is of the order of ~ 0.2 % in standard QED. 



38 

In the s t a t i c  l i m i t  th is  corresponds to a change of the r dependence of  the 
Coulomb po ten t ia l :  

1 1 (1 - e  Ap 
- r )  

(6) 

S im i l a r l y  such a heavy photon w i l l  modify the ver tex F(q 2) fo r  q2 # 0 for  which 

we again keep only the f i r s t  term in the expansion with respect to q2: 

? : y~ F(q 2) ~ y~( l  + q2/A~) (7) 

Both modi f icat ions are usual ly  parameterized with common form factors Fs, F t ,  

a l lowing fo r  a d i f fe rence in the space- l ike (subscr ip t  s) or t ime - l i ke  (sub- 

sc r i p t  t )  region of  four momentum t rans fe r  e i the r  by pole terms motivated by 

eq. (5) or j us t  by the l i nea r  expansion: 

t ime - l i ke :  F t = F 2 D = 1 ¥ s 1 + s 
2 - 2 

s - A± A± 

q2 q2 
space- l ike:  F s : F 2 D = i ¥ 2 2 ! ± 2 

q - A± A± 

(8) 

Note that  A± describes g loba l l y  the e f fec t  due to A v or Ap. The subscr ip t  ± re-  

fers  to the sign of  the cor rect ion.  

Hence we obtain for  the modi f iedBhabhacrosssect ion (q2 :  -ss in2~;  q ' 2 :  -scos2~):  

o r  

dG (~2 

d~ 2 s 

q ' "  + s 2 2 q,4 q,4 + q4 2} 
{ IFs]2 + Re(F s F;) + IFt l  • 

q, q2 s s 2 

• (1 + ~rad + ~had ) 

do d°QED (1 + 6A(S,O)) with 6A(S,O ) + 3 s 1 - cos20 
- -  = : _ 

da df~ A~ 3 + cos20 

(9) 

For A = 100 GeV, v~- = 31 GeV: 6A ~ i0 % at  90 o and zero at  0 °. 
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The ~ ~ and z z cross section which has only contr ibut ions from t ime- l ike pho- 

tons is modified as (m T << r~): 

d~ ~2 
d~ = 4s- (I + cos20) ]F t  12 (1 + 6rad + 6had) (I0) 

2s 
= d°QED (1 + 6A) with 6 A ~ ~ 2  

d~ A± 

In th is case ~A is independent of 0; for  A = 100 GeV, v~s= 31GeV: aA ~ 20 %. 

2.2. Vir tual  leptons, real photons: e+e" ÷ y y 

Here the QED Feynman diagrams are: 

e ' ~  and 3'(k) 

where p, q, k are the four momenta of real and v i r tua l  lepton and real photon, 

respect ively.  

For the two-photon annih i la t ion QED modifications w i l l  show up only in 0 (q"/A"). 

This is true both for  the "sea-gul l"  and the heavy electron (E ~) graph and needs 

some explanation. 

(a) "Sea-gull" graph 

We shall i l l u s t r a t e  the cancel lat ion of the 0 (q2/A2) terms by looking at a 

simple set of diagrams: 

×  symmetric term 

"sea-gul I "  vertex propagator 2-photon 
modif ication modif ication vertex 
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The dashed l ines symbolize the coupling of  a new neutral object to the fermions. 

In th is  case gauge invar iance gives an important const ra in t  to the q2 dependence 

of  the modi f ica t ion .  The Ward-Takahashi I den t i t y  (8) re la tes  the divergence of 

e.g. the upper ver tex funct ion to the fermion propagators SF: 

k p ? (q) : SFI(p) - SFi(q) (11) 

- I  
For one momentum on-shel l  (# = m; S F (p) = O) i t  may be wr i t ten  as: 

k p r (q) SF(q) : - i  

I f  we approximate £ (q) = y# F(q 2) we obtain:  

I k p yp F(q 2) SF(q ) = -1 or F(q 2) SF(q) = 

"dressed" "naked" 

i .  e. the modi f icat ion cancels completely fo r  one ver tex and the adjacent pro- 

pagator. 

For the second ver tex there are s t i l l  cancel la t ions against the "two-photon 

ver tex"  (see above f i gu re ) .  I t  can be shown (9"10) that  a l l  correct ions 0 (q2/A2) 

cancel and that  the modi f ica t ion  can be parameterized by form fac tors :  

q4 
F(q z) ~ I ± 4 

A± 
k ~ term which e f -  The Ward-Takahashi- ident i ty gives no r e s t r i c t i o n  on the opv 

fect~ve!y contr ibutes also only in 0 (q~/A") (see (b) ) .  

Hence: 

do ~2 q,Z q2 
= _ _  { ..... IF(q2)l 2 + 

d~ 2s q2 q,2 
[F(q'2)l 2} ( I  + ~rad ) 

d°QED (1 + ~A) 
d9 

wi th 6A+ ~ 

s 2 sin~O 
± - -  

2 A~ i + cos2e 

(12) 



(b) Heavy e lec t ron (E ~) exchange 

Consider the in te r fe rence  of :  
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e• and 

QED new 

Current conservation excludes a yp coupling between e, E m and y. The allowed 

magnetic moment coupling leads for dimensional reasons to a matrix element 

Mif(E ~) of the rough form 

Mif(E ~) 
e ~2 s 

A 2 qZ _ A2 

where we have wr i t t en  the magnetic t r a n s i t i o n  moment as e~/A. 

The QED-matrix element Mi f (e  ) is propor t iona l  to e2/(q 2 - m~). 

Hence we expect q u a l i t a t i v e l y  fo r  m 2 << q2 << A2: 
e 

Mif(E~) e ~2 s q2 ~A 

Mi f (e)  e 2 A ~ 2 
s 2 • sin% 

Here A s i g n i f i e s  the mass o f  the heavy e lec t ron E ~ i f  the coupl ing e ~ is equal 

to e. A q u a n t i t a t i v e  ca l cu la t i on  of  the cross sect ion ( I I )  y i e l ds :  

do e2 I + cos20 s 2 
. . . .  ( I  + - - - -T  s in20) ' (  I + ~rad ) 
d~ s i - cos20 2 A 

(13) 

s 2 s 2 sin40 
d~QED ( i  + 6A) wi th ~A = A" sin20 = A 4 2 

d~ 2 2 I - cos e 

In both cases (a) and (b) the modi f i ca t ions  at  0 = 90 o are of  equal s ize and 

maximum. They are numer ical ly  smal ler  than in the case of  Bhabha scat te r ing  or 

lepton pa i r  product ion (e.g. A = I00 GeV, v~s= 31 GeV: ~ ~ 0.4 % at  0 = 90°i) 

which is re f l ec ted  in correspondingly lower experimental l i m i t s  on A. 
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In summary we can say: Bhabha scat ter ing is sensi t ive to QED modif icat ions both 

in the t ime- l i ke  and space-l ike region of q2. Only products of vertex and pro- 

pagator modif icat ions are measured in 0 (q2/A2). The same statements are va l id  

for  lepton pai r  production, but only for  q2 = s > O. The two-photon ann ih i la -  

t ion  allows tests of QED due to couplings to neutral and charged objects. Here 

the modif icat ions show up in 0 (q"/A4). The electron propagator is not tested ( I0) 

3. Experimental resul ts  

Bhabha scat ter ing,  ~u and T~ pair  production and two-photon ann ih i l a t i on  have 

been studied by four experimental groups at PETRA ( i . e .  JADE, MARK J, PLUTO and 

TAS$O). Experimental resul ts  fo r  the s dependence of the d i f f e r e n t i a l  cross 

sections are avai lab le  up to v~s= 31.6 GeV (MARK J: v~s= 35 GeV) and are e i ther  

published or submitted for  publ icat ion (3 '4 ' 5 ' 6 ) .  The fo l lowing f igures repre- 

sent a selected sample and are intended to i l l u s t r a t e  the s t a t i s t i c a l  s i g n i f i -  

cance of the present d a t a .  

Fig. i shows s do/d~ for  Bhabha scat ter ing as measured by TASSO. The so l id  curve 

is the QED predict ion.  The dashed curves were calculated using A± = I00 GeV. In 

f i g .  2 the s dependence of the ~ pair  cross section is displayed (the entr ies 

are from a l l  experiments). The curves are s imi la r  to those shown in f i g .  I .  The 

d i f f e r e n t i a l  ~ pai r  cross section s do/d~ fo r  TASSO and JADE is shown in f i g .  3. 

The so l id  curve corresponds to the QED expectation. In f i g .  4 the s dependence 

of o(e+e - + T T) as measured by MARK J, PLUTO and TASSO is compared with QED 

(so l id  curve). Fig. 5 shows s do/d~ fo r  e+e - ÷ y y (JADE and PLUTO). The so l id  

curve is the QED predic t ion,  the dashed curves indicate the deviat ions for  a A 

value of 40 GeV. Notice the e f fec t  of the parameterisation: ~yy ~ (s2/2A4).sin2@ 

(E~-graph in sect ion 2). A much smaller value of A produces here the same ef-  

fec t  as e.g. A± = 100 GeV in the case of ~ pair  production ( 6  ~ 2 .s /A~  in 

f i g .  2). A l l  data points in f i g .  i to 5 are rad ia t i ve l y  corrected, 

The f i t t e d  values for  ~ are used to derive lower bounds on A in reactions (1) to 

(3) which are summarized in table 2. These bounds are defined as lower l im i t s  

for  A on the 95 % confidence level and can be asymmetric. Obviously, small de- 

v ia t ions  from the QED predic t ion (8 = AO/OQED; Ao = Omeas - ~QED ) correspond to 

large central values of A and also to large bounds, i f  the error  of ~o/~ is 

small. The cu t -o f f  parameters depend on the actual parameterisation used which 

is d i f f e ren t  in d i f f e ren t  experiments (column 2 of table 2). Hence care must be 
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taken in a comparison. Moreover, the quoted values for  the bounds have to be 

judged with caution, i f  they are both very big (e.g. A± > 200 GeV). This is be- 

cause of systematic uncer ta in t ies ,  polar±sat±on effects and/or electro-weak in -  

terference. 

To give an quant i ta t ive  example, l e t  us consider u pair  production. Here 
2 s  I /2  : 2 s/A2~ A ~ ( ~ )  independent of the scatter ing angle O. 

Lower bounds on A are obtained q u a l i t a t i v e l y  by Varying Ao/o w i th in  ~ 2 stan- 

dard deviat ions. They are large i f  vr~ is big and i f  &~/~ and i t s  error are 

small. Example given: Ao/~ = (5 ±5) %, s = i000 GeV 2 ,-~ A = 200 GeV (central 

value) and A+ = 115 GeV, A = 200 GeV (95 % c . l . ) .  Consequently both lower 

bounds A± can never simultaneously exceed 140 GeV at th is  energy i f  the syste- 

matic error of Ao/~ is of the order of 5 %. Such uncer ta in t ies ,  however, are 

hard to exclude due to the usual problems with normalization ( luminos i ty ) ,  

background and experimental acceptance. 

Another reason for  a systematic e f fec t  in the determination of A and i t s  bounds 

would be a longi tud ina l  beam polar±sat±on p,,. The ~ pair  cross section is pro- 

port ional to (I  - p~)(12), hence a 22 % polar±sat±on results in Ao/~ = 5 %. 

Again both bounds cannot exceed 140 GeV! 

F ina l l y ,  electro-weak effects introduce already sizeable deviations from the QED 

predict ions.  These ef fects are calculable in the framework of the Weinberg-Sa- 

lam model (see next section) and are of the order of 2 to 5 % at v~-= 31GeV, 

depending on the Weinberg-angle 0 w. I f  they are not properly accounted for ,  the 

quoted bounds on A w i l l  be affected. 

Another example is Bhabha scatter ing in which the deviat ions from QED are angle 

dependent. Figs. 6a) and b) show the d i f f e ren t i a l  cross section (PLUTO) at 30 

GeV and 31.6 GeV. In f igs .  7a) to d) the ra t io  I+6 = (do/dQ)/(do/dQ)QEDisplott-  

ed versus cosO, together with the expectations for  d i f f e ren t  values of A±, p,, 

and sin20 w. Clear ly,  cu t -o f f  parameters can only be extracted i f  assumptions~on 

p,, and sin2@ w are made. 

Taking the average of the A+ values for  Bhabha scatter ing and p pair  production, 

as l i s ted  in table 2, and assuming that most of the unknown systematic uncer- 

t a in t i es  have been taken into account, we can estimate A conservat ively to be 

I00 GeV. This means that QED has been tested successful ly to distances 

< 2 • I0 -I~ cm. 
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4. E l e c t r o - w e a k  i n t e r f e r e n c e  

At  the  h i g h e s t  PETRA ene rg ies  o f  ~ ~  35 GeV the  weak i n t e r a c t i o n  i s  expec ted  

to  g i v e  s i z e a b l e  e f f e c t s  due to  e l e c t r o - w e a k  i n t e r f e r e n c e  i n  the  d iagrams:  

and I ¥ ,Zo 

In u n i f i e d  f i e l d  t h e o r i e s  t he  e f f e c t i v e  Langrang ian  f o r  any f i n a l  s t a t e  ~ i s  

c o n v e n i e n t l y  w r i t t e n  a s :  

 v-a £ =  

where t he  f i e l d s  A ~, z ;  d e s c r i b e  t he  photon and t he  v e c t o r  boson Z o. M z i s  the  

Z o mass and v,  a a r e  the  v e c t o r - ,  a x i a l - v e c t o r  c o u p l i n g  c o n s t a n t s .  

In t h e  Weinberg-Salam model (13) M z,  v and a a r e  e x p r e s s e d  v i a  a s i n g l e  parame- 

t e r ,  0 w ( t h e  Weinberg a n g l e ) ,  a s :  

M z = 7 4 . 6 / s i n ( 2 0 w ) ;  v = 4 s in20  w - 1; a = -1 

E x p e r i m e n t a l l y  e . g .  in  ~ p h y s i c s :  sinZO w = 0 .23 ,  hence v << 1. The above ka-  

g range  d e n s i t y  l eads  to  the  f o l l o w i n g  d i f f e r e n t i a l  c r o s s  . s ec t ion  f o r  Bhabha: 

s c a t t e r i n g  and ~ p a i r  p r o d u c t i o n  (14)"  

a) e e  -~ e e  : 

[{ _--zT} 2 
4s d~ _ 3 + x 2 + 2 3 + x 2 

2 d~ (1 - x )  2 
{ (3 + x)  Q - x ( I  - x)  R } v  2 

2 { (7 + 4x + x 2) Q + (1 + 3x 2) R } a 2 
1 - x 

+ I { 16 Q2 + ( i -  x )  2 R z } ( v  z - a2) 2 
2 ( i  - x )  2 

__1 o 
+ (1 + x) 2 { ( ' ~ - ~  x Q " R)}2 (v4 + 6v2 a2 + a4) | "  

2 

• (1 + 6ra d + ~had) 

15) 
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b) e e  ÷ p ~  : 

4s do [ --£ -- = ( I  + x 2) { I  + 2v 2 R + (v 2 + a2) 2 R 2} 
dQ 

] + 4x {a 2 R + 2v 2 a 2 R 2} ( I  + 6rad + 6had) 

(16) 

wi th Q = p M z- z 

2 
R = p M  z 

G 

q2 ÷ q2 (M 2 >> q2 
2 2 -P Z. 

q - M z 
s ÷ -p s (M~ >> s) 

s - M 2 
Z 

- 4.49 • I0 -s (GeV-2); x = cosO; G = universal  Fermi coupl ing 
constant 

The width o f  the Z o boson is  neglected in the propagators Q and R. In eqs. (15) 

and (16) the f i r s t  term corresponds to the pure QED con t r i bu t i on  and the terms 

l i n e a r  in Q and R describe the electro-weak in te r fe rence .  For p rac t ica l  a p p l i -  

cat ions r a d i a t i v e  correct ions in the in te r fe rence terms are neglected. 

By inspect ion o f  eqs. (15) and (16) we can s tate:  

i )  The d i f f e r e n t i a l  cross sect ions depend on M z, v 2, a ~, but not on the 

sign o f  the coupl ing constants which show up only in p a r i t y  v i o l a t i n g  

p o l a r i z a t i o n  terms. 

i i )  The con t r i bu t i on  of  the d i r e c t  Z 0 term is propor t iona l  to s (M~ >> s, q2) 

as expected fo r  a p o i n t - l i k e  weak coupl ing.  

i i i )  Bhabha scattering is more sensitive to v 2 than u pair production. 

i v )  The in ter ferenCe term in ee ÷ ~ produces a forward-backward asymmetry A 

which is sens i t i ve  to a2: 

A - F - B ~ 3 2a 2 R < 0 ( i n  O(R) )  

F + B 4 I ÷ 2v ~ R 

V) The to ta l  ~ pa i r  cross sect ion can be re la ted  in a simple way to c u t - o f f  

parameters A±, In teg ra t ion  of  eq. (16) y i e l ds  (M~ >> s): 
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~ : OQE D ( i  - 2v 2 p s + (v 2 + a 2) 
2 p2 S 2 ) 

= OQE D (1 ¥ s )2 2s 2 ~ OQE D (1 ±--T ) 
s - A± A± 

±(_~12) = -P v 2 + l p 2  s (v 2 + a2) 2 (17) 
A± 2 

Note that the correct ion changes sign with increasing s. 

So far  these statements are model independent. I f  we assume the v a l i d i t y  of the 

Weinberg-Sa!am model, we can estimate how big the electro-weak effects are at 

present PETRA energies (s ~ 1000 GeV2). With sin20 = 0.23 we have: 

M z = 88.6 GeV 

v 2 =  0.0064 

a 2 = I 

Insert ing these numbers into the cross sections (eqs. (15) and (16)) we obtain: 

- The corrections to Bhabha scatter ing due to electro-weak interference are 

~ 2 % (see f i g .  i and f i g .  7d), thus at the l i m i t  of  de tec tab i l i t y .  

- The ~ pair  asymmetry is ~ -8 %. Radiative corrections ~ ~3 and the l imi ted 

angular acceptance reduce this value to ~ -4 % which is hard to measure with 

present s ta t i s t i cs .  

- The cu t -o f f  parameter A+ (eq. (17)) corresponding to sin20 w = 0.23 is: 

A+ = 1170 GeV, far  above the quoted bounds in table 2. 

So, i f  we bel ieve in un i f ied  models with sin2o w = 0.23, we can presently 

neglect the weak in teract ion for  the tota l  cross sections even at highest PETRA 

energies, except for  a small correct ion in Bhabha scattering at large angles. 

Nevertheless, i t  is leg i t imate to question the accepted value for  sin20 w, or to 

question the weinberg-Salam model al together.  In order to study which experi-  

mental l im i ts  can be placed on these quant i t ies ,  we change our view point some- 

what and assume the v a l i d i t y  of QED to avoid addi t ional  unknown parameters. 

Spec i f i ca l l y ,  the simultaneous analysis of Bhabha scattering and ~ pair  produc- 

t ion at highest PETRA energies is directed to the fo l lowing problems: 
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- determinat ion of  upper bounds on sin2@ w 

- f i t  o f  v 2 and a z (M# >> s, q2) in a model independent way 

- search fo r  new Z o poles at  low masses (15) 

Through the use o f  eq. (17) fo r  l ep ton -pa i r  product ion a l l  PETRA groups quote 

upper l i m i t s  on sin2e w ranging from 0.49 (JADE) to 0.70 (PLUTO) (95 % c . l . ) .  

Pre l iminary resu l ts  on the coupl ing constants v 2 and a 2 have been reported by 

JADE (16). The f i t t e d  values are: 

a 2 = 0.9 ±1.4 (90 % c . l . )  

v 2 = 0 . I  ±0.6 (90 % c . l . )  

Data taking continues a t  PETRA up to energies o f  ~-s= 37 GeV and more s i g n i f i -  

cant resu l ts  are expected in the near fu ture .  

5. Summary 

The present PETRA experiments on Bhabha sca t te r ing ,  l ep ton -pa i r  product ion and 

two-photon a n n i h i l a t i o n  are consis tent  with exact QED up to lq21 ~ i000 GeV 2. 

Lower bounds on the c u t - o f f  parameters A exceed 100 GeV which is  equ iva lent  to 

tests o f  QED down to distances < 2 I0 -I~ • cm. 

Electro-weak in te r fe rence e f fec ts  become s izeable at  the highest PETRA energies. 

Further tests of  QED up to LEP energies are des i rab le  and not impossible, pro- 

v id ing  weak e f fec ts  are proper ly  i so l a ted .  The two-photon a n n i h i l a t i o n  process 

is p a r t i c u l a r l y  wel l  sui ted fo r  such studies,  since Zo¥ in te r fe rence is absent 

here in f i r s t  order per tu rba t ion  theoryJ 
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Table I Ex is t ing  and planned ee storage r ings 

Ring S ta r t  o f  operat ion Beam energy (GeV) 

Ada Frascat i  1960 e e 

Pr inceton-Stanford Stanford 1962 e-e"  
÷ - 

ACO Orsay 1966 e e 
÷ - 

VEPP-2 Novosib i rsk 1966 e e 
÷ - 

ADONE Frascat i  1969 e e 
÷ - 

BYPASS Cambridge (USA) 1971 e e 
÷ - 

SPEAR Stanford 1972 e e 
÷ - 

D O R I S  Hamburg 1974 e e 
÷ - 

VEPP-2M Novosib i rsk 1975 e e 
+ - 

DCI Orsay 1976 e e 
÷ - 

VEPP-4 Novosib i rsk 1978 ~ e 
÷ - 

PETRA Hamburg 1978 e e 
÷ - 

CESR Cornel l  1979 e e 
÷ - 

PEP Stanford 1980 e e 
+ - 

LEP Geneva 1986? e e 

0 .25  

0 .55  

0 .2  - 0 .55  

0 .2  - 0 .55  

0 .7  - 1 .55  

" 1 . 5  - 3 .5  

1 .2  - 4 .2  

~ 1 . 5 -  5.1 

0.2 - 0.67 

0.5 - 1.7 

s im i l a r  to CESR 

5 - 19 

3 - 8 

5 - 18 

22 - 130 
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Table  2 PETRA r e s u l t s  on QED c u t - o f f  parameters 

r e a c t i o n  d e f i n i t i o n  o f  A± 

+ - : 1 ±q2/(q2 _ A~) e e ÷ e+e - JADE F s 

F t = 1 ±s/(s - A~) 

MARK J F s = I yq2/(q2 _ A~) 

F t = I Ys/(s - A~) 

PLUTO F s = I ±q2/A~ 

F t = 1 ±s/A~ 

TASSO F s = 1 yq2/(q2 _ A~) 

F t = I Ys/(s - A~) 

e e ÷ u+u- MARK J! 

PLUTO 

TASSO 

+ - + - 

e e ÷ T T MARK J 

PLUTO 

TASSO 

+ - 
e e + y y PLUTO 

JADE 

PLUTO 

TASSO 

F t = 1 Y s l ( s  - A~) 

F t = I ±slA~ 

F t = 1 V s l ( s  - A~) 

F t : i V s l ( s  - A~) 

F t = I ±s/A~ 

F t = i ; s / ( s  - A~) 

A+ (GeV) 

) 
) > 104 
) 

) 
) > 74 
) 

) 
) > 80 
) 

) 
) > 112 
) 

> 129 

> 87 

> 80 

> 82 

> 74 

> 73 

" s e a - g u l l "  

F(q 2) = 1 ±q4/A~ 

heavy e l e c t r o n :  

a A = ±s 2 s i n 2 e / ( 2  A~) 

6 A = +s 2 s i n 2 e / ( 2  A~) 

a A = Ys 2 s i n 2 e / ( 2  A~) 

> 46 

> 45 

> 46 

> 34 

A_ (GeV) 

> 87 

> 95 

> 234 

> 139 

> 137 

> 99 

> 118 

> 120 

> 65 

> 82 

> 36 

> 38 

> 42 
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SOME BASIC PROBEEMS OF QUANTUM ELECTRODYNAMICS 

O. Steinmann 

Fakult~t for Physik 

Universit~t Bielefeld 

4800 Bielefeld 

QED (=quantum eleetrodynamics) is often said to be one of the most 

successful theories, if not "the" moat successful one, that we possess 

in physics. That it is highly successful cannot be denied. That it is a 

theory is, however, not yet established beyond possible doubt. In this 

talk I will report, very cursorily, on the present state of this 

problem. The question is whether the computational rules of QED, which 

stand up so wei1 to all practical tests, can be founded logically in a 

consistent, exactly formulizable, theory. In other words: does QED at 

ail have the right to work as well as it does? 

I wish to touch three problems which are of interest in this 

fundamental context and which at present are being investigated more or 

less intensively. They are: first and most important, the existence 

problem of QED, second the infrared problem, and third, a class of 

problems connected with the gauge structure of QED. 

1. Existence problem. 

The well-known calculations of QED are based on approximations like 

perturbation theory and others. The evident question arises, what gets 

approximated by these procedures, i.e. whether there exists an exact 

solution of QED, quite independently of its explicit calculability. It 

turns out that this is not the first question to be asked. The first 

question is: what do we mean when we talk about an exact solution, i.e. 

how are the basic equations of the theory, which this solution is 

supposed to solve, to be formulated correctly? This is an entirely non- 

trivial question, to which we have as yet no answer. 
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A first attempt at such a formulation will roughly look like this: 

QED is a field theory, whose fundamental fields are the A-potential A 

and the Dirac spinors 4, ~ = {.yO. The field strenghts F v are related 

to A by the familiar formulae 

F v ( x )  = 6 Av(x)  - 6vA (x)  (i) 

The fields must solve the equations of motion 

56 FaB(x) = _ Aa(x)  + 6~66AB(x) = j e ( x )  (2) 

( i# -m)  ~ (x )  = -e ~ ( x ) ~ ( x )  , (3) 

where ja is the current density 

.o~ 
a (x) = e $(x) y~ dI(x) (4) 

x is the A-vector (x°=ct, x ). Note that we shall use throughout the 

Heisenberg picture as the most appropriate picture in a relativistic 

situation. 

A solution of the theory is a solution of th~se equations of 

motion, possibly satisfying some physically motivated subsidiary 

conditions. This formulation is satisfactory as long as we are dealing 

with c-number valued fields, i.e. in a first-quantized theory, in which 

the electromagnetic field is treated classically and the electron 

wave-mechanically. But in QED the fields are operator valued, and this 

creates no end of problems. This is most easily seen as follows. In a 

quantum field theory we demand besides the field equations also the 

validity of canonical commutation relations. To each field f~ (f deno- 

tes henceforth an arbitrary component of A , 4, or ~ ) we associate, 

according to certain fixed rules, a conjugate field ~o ' and we demand 

relations which are typically of the form 

[ f o ( x  ,0) , ~T(y , 0 ) ] ±  = i ~ 6o% 63 (x - y )  (7) 

Actually the correct commutators of QED look somewhat more complicated, 

depending on the gauge chosen. But this is irrelevant for our present 

purpose. What matters is that the right-hand side of (5) is at ieast as 

singular as a 6-"function". But 6 isn't a function, it is a distri- 

bution. The same is then true for the left-hand side of (5): our fields 

cannot be functions of x , they are distributions. This means that the 
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value of fo at a point x is not defined. Mathematically meaningful are 

only the averages fd3x fo(X,X °) ~(x) , or even fd4x fo(x) ~(x) , over 

sufficiently well-behaved "test-functions" ~ Typically the 

admissible ~ are differentiable a certain number of times and decrease 

sufficiently fast for x÷m Now, distributions have the unpleasant 

property that they can in general not be multiplied one with the other. 

E.g., the product [~(x)] 2 of a 6-function with itself is not defined. 

But exactly such products appear in the right-hand sides of the field 

equations (2) and (3), and these right-hand sides are therefore at 

first undefined. If we calculate nevertheless with these meaningless 

equations, we are punished by the appearance of the well-known ultra- 

violet divergences. 

In order to  arrive at an exact formulation of QED it is thus im- 

perative to find a better definition of the right-hand sides of the 

field equations. Let us discuss this briefly for the example of the 

current ja(x) Let us first try to set down the properties that an 

operator valued distribution j~(x) must necessarily possess in order 

to be acceptable as a candidate for the current operator. 

a)The current j~ and the field F pv are observables, hence ja 

must be what is called a local field, i.e. we must have 

[ j e ( x )  , j 6 ( y ) ]  = [ j ~ ( x )  , F P V ( y ) ]  = 0 (6) 

for space-like separations x-y This is so because measurements 

carried out in relatively space-like regions cannot disturb one another, 

so that j~(x) on the one hand and jB(y) or FPV(y) on the other 

hand are measurable simultaneously. 

b) j~ must transform as 4-vector under Lorentz transformations. 

c) The continuity equation 

~a j (x) = o 

must be satisfied. 

.0 d) The component j must represent the charge density, i.e. the 

charge operator Q is given by 

Q = fd3x jO(x,t ) , (8) 



61 

which expression is time independent by virtue of (7) (charge conserva- 

tion!). Q being the charge operator is expressed through the require- 

ment 

[Q,  A ( x ) ]  = 0 , 

[Q,  ~ ( x ) ]  : o ~ ( x )  , [Q , $ ( x ) ]  : - e  $ ( x )  

( 9 )  

where e is the charge of the electron. 

Two questions arise. First, do there at all exist current operators 

with all these properties, as operators in the same state space in 

which the fields A , 4, ~ act? Second, if such j~ exist , are they 

determined uniquely by our requirements? If not, which additional 

conditions are needed to remove the ambiguity? 

In p e.rturbati.on theory we know the answers to these questions. The 

current j~ is defined through replacing the naive product ansatz (4) by 

what is called a "normal product" : 

j~ (x)  = e N ( ~ ( x ) y ~ ( x ) ) .  (lO) 

There are various equivalent definitions of this normal product. 

All of them are too complicated to be explained here in the short time 

available. Roughly, they are just suitable versions of the well-known 

renormalization prescriptions. These prescriptions can be formulated in 

a mathematically completely rigorous way (within the context of 

perturbation theory!), 8o that at no place divergent expressions enter, 

not even in intermediary steps, and so that no preliminary regulariza- 

tion is necessary. Uniqueness of the definition is guaranteed by 

certain regularity conditions, either for the local behaviour in 

x-space (j~(x) shall show only the weakest possible local singularities 

compatible with the other requirements), or for the asymptotic 

behaviour in p-space (minimal increase at high energies). In the 

literature these requirements are often used tacitly, without being 

mentioned explicitly by the authors. It turns out that they are 

equivalent with the requirement of renormalizability. This is, however, 

no compelling reason for their adoption. We know of no physical 

principle which would prevent nature from using so-called 

non-renormalizable theories. Demanding renormalizability is merely a 

question of expediency, unless one wants to appeal to the metaphysical 

principle of the "economy of nature". It makes sense to investigate at 
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first the simplest among a bunch of possible theories, and if it works 

as well as QED does one will gladly dispense with the study of 

complicated alternatives. 

The various definitions of a normal product are all more or less 

specifically based on the special structures met with in perturbation 

theory. It is not known whether any of these definitions can be genera- 

lized in such a way that it engenders field equations possessing exact 

solutions. I.e. the existence problem of QED is not yet Solved, and the 

unicity problem is therefore not yet acute. 

Presumably, the existence problem could be solved if the perturba- 

tion expansion converged. Remember that the perturbative procedure 

consists in expanding all the relevant quantities of the theory (fields, 

cross section, or whatever) in power series in the coupling constant e, 

e.g. 

f o , ( X )  = ~ e n f o , n ( X )  , 
n = o  

(ii) 

and then prescribing methods for the determination of the expansion 

coefficients fo,n ' etc. As mentioned above, we by now possess com- 

pletely rigorous methods for the calculation of these coefficients. 

However, these methods give us no information whatever on the conver- 

gence of the series as a whole. If it converged and if the sum could be 

shown to possess all the right properties, then this would constitute a 

solution of the existence problem. But it is not known whether the 

series converges. There exist arguments of various degrees of plausi- 

biiity pointing to divergence, and divergence seems to be the prevalent 

expectation among the experts. This has, by the way, consequences for 

the comparison between theory and experiment. If perturbation theory 

diverges, then the computation of graphs of higher and higher order 

will not necessarily lead to more and more accurate results. It could 

be that at some point a limit of accuracy is reached beyond which 

perturbation theory ceases to be a valid approximation. 
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2. Infrared problems. 

From the purely field theoretical point of view there are no in- 

frared problems in QED: as long as we are satisfied with studying the 

fields and their properties, we find no infrared divergences. They 

enter only if we introduce particles into the theory. But this we are 

obviously forced to do in order to establish contact with reality, for 

in the experiment we see electrons, not electron fields. The origin of 

the difficulties and the means for their removal are quite well 

understood. Since we have no rigorous QED, this understanding is of 

course based on approximations, in particular on a partially summed 

version of perturbation theory and on semielassical methods. The experts 

are confident, however, that the insights gained in this way are also 

roughly valid for the exact theory. 

The point is that electrons (more generally: all charged particles) 

are "particles" in a somewhat more complicated sense than the sense 

underlying the usual considerations. Naively, we (i.e. we oversophis- 

ticated field theoreticians) mean by a particle an object with a 

sharply defined mass: a one-particle state is a normalizable eigenstate 

of the mass operator 

M 2 = p p~ : p 2 _ p2 ( 1 2 )  
o 

Here Pc is the energy operator, P are the momentum operators. (We 

put c = i .) Now, the electrons aren't particles in this sense. This 

is seen most easily in the structure of the 2-point-function 

< Ol~(x) ~(Y)IO > , or its Fourier transform 

w C p , q )  : < oJ :cp) cq)lo > . 

Here 10 > s t a n d s  f o r  t h e  vacuum s t a t e ,  and 

n~ 

~(q) = Id4y e-iqy ~/(y) . 

Spinor indices are suppressed, since spin is of no relevance to the in- 

frared problem. Summation over a complete system Iz> of intermediary 
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s t a t e s  yields 

W(p,q) = 
Z 

% 

< ol ~ ( p ) I z  > < z l ~ ( q ) l O  > 

= ~4(p+q) l l ( q )  

The s p l i t t i n g - o f f  of the factor  

energy-momentum conservat ion. 

64(p+q) 

(i3) 

is simply an expression of 

I f  the e lect ron were a p a r t i c l e  in the sense mentioned above, then 

II  would be of the form ( fo r  qo > D , for qo < 0 we have II = O) 

I I (q )  = const'6(q2-m 2) + o(q) . (14) 

The first term on the right-hand side is the contribution of the 

one-electron states to the z-sum, o is the contribution of the several- 

p a r t i c l e  states and ought to behave smoothly for q2 ÷ m 2 ( m is  the 
"2 

electron mass.) However, if we compute II in order e of per- 

turbation theory we find instead of the expected singularity 

- ! Im(q2_m2+i~) - I  ~(q2-m2) = 

at q2 = m 2 the stronger singularity 

Im l°9(q2-m2+i~l 
q2-m2+i~ 

(15) 

A more thoroughgoing investigation shows that this result of finite- 

order perturbation theory is misIeading. It is possible to determine 

the most singular contribution to II in all orders of perturbation 

theory and to sum up these contributions. The result is a singularity 

of the form (q2-m2)-l+8 , with 8 = const.e 2 : a weaker singularity 

than shown in (14). This result is confirmed by other approximations, 

and we have good reason to believe that it is fairly close to reality. 

The same situation concerning the strength of one-particle 

singularities is present also for the electron propagator, which is 

closely related to the function W discussed above. (We are talking 

here about the full, clothed, electron propagator, not the free one.) 

In particular, this is true for the propagators connected with the 
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external lines of Feynman graphs. If we now compute a S-matrix element 

by the familiar prescriptions, multiplying external lines with (p2-m2) 
2 2 

and going onto the mass shell p = m , then we obtain divergent 

expressions in perturbation theory of finite order, vanishing 

expressions in partially summed up perturbation theory. Both results 

are equally undesirable. 

The solution of the problem is as follows. Electrons aren't 

particles in the naive sense introduced above. An electron has quite a 

loose internal structure, usually visualized as a "cloud of soft 

photons" accompanying the charge. The sPlitting of a physical electron 

into a naked electron and a photon cloud is, however, meaningless in a 

strict sense. Uhat makes sense is only the whole object. The form of 

the cloud (if we permit ourseives to use this convenient picture 

nevertheless) depends on the history of the electron, and even on the 

experimental arrangement used for its observation. Namely it is this 

arrangement which determines which photons must be considered part of 

the cloud, which ones are separate particles in their own right. Hence 

an electron state is by no means uniquely characterized by specifying 

its momentum and polarization. A full characterization requires 

detailed information on the internal structure, much more detailed 

information than any measurement can ever furnish. Thus the final state 

of a scattering experiment is not uniquely determined by the 

experimental setup, and we should not wonder that such experiments 

cannot be satisfactorily described with the help of scattering 

amplitudes, i.e. S-matrix elements. Such an amplitude can only give 

transition probabilities between well defined states. As is well known 

we obtain reasonable, finite, values for the scattering cross sections, 

if we add the cross sections for all the transitions which are 

compatible with the given experimental arrangement, hence the infrared 

problem disappears if only we look at the right kind of quantities. 

It must be said that several methods have been proposed in the 

literature, which purport to save the S-matrix by defining it in a more 

general way than usual. But all these definitions are so compiicated 

that they are, in my opinion, of little use either for our general 

understanding or for computational purposes. 
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3. Gauge problems 

Here we want to talk about some problems, partially of a more 

aesthetical nature, which QED shares with the other gauge theories 

which are so popular at present. 

As everybody knows, the field equations (2-3) are invariant under 

the gauge transformations 

~(X) + e x p { i e  ( x ) }  ~ (x )  , 

~ (x )  + ~ ( x )  e x p { - i e  ( x ) }  , 

A (x )  + A (x )  + a (x )  , 

(z6) 

where is a real, possibly operator valued, function. Only operators 

which are invariant under these transformations, e.g. Fpv or j~, can 

represent observables, so that the physical content of the theory is 

not changed by gauge transformations. Now, the fields 4, ~, A, have 

very different properties in different gauges, and these properties are 

not very agreeable in any gauge. E.g. in the radiation gauge the fields 

are neither local nor Lorentz covariant, in Gupta-Bieuler gauges they 

operate in a too large state space with indefinite metric, etc. It is 

evident that these fields have no very direct physical significance. 

The desire to eliminate them from the theory as far as possible is 

therefore naturai. Attempts in this direction can roughly be divided 

into two categories. 

Firstiy, one can try to get rid of ~ and A compIeteiy and to 

formulate the theory exclusiveIy in terms of the observabies like F pv 
and j . Such observables formuiations exist as generai background 

theories and have yieided important insights, e.g. on the structure of 

superseleotion rules. It is~ however, stii1 compietely unciear how to 

describe the dynamics of a specific model in this framework. Without 

we cannot write down a Lagrangian or sufficiently stringent fieid 

equations, and we do not know, by what other means this dynamical 

information can be injected into the theory. 

Secondly,and iess radically, we can try to keep the bothersome 

fields around, but to formuiate the theory in Such a way that it 

becomes obvious at once that the important things are not the ~ and 

A themselves, but oniy their equivalence classes with respect to gauge 

transformations. Here there exist two promising starting points. 



67 

a) For the ease of classical electrodynamics (more exactly: the 

firstquantized version introduced at the beginning of this talk) a 

suitable language for the formulation of these structures is furnished 

by modern differential geometry, in particular by the theory of fibre 

bundles. Unfortunately, this way of looking at things needs, in its 

current formulation, that the value of a field at a point is defined. 

It can therefore not be taken over easily into the quantized version of 

the theory. This problem remains unsolved. 

b) Another very elegant formulation is possible for the so-called 

lattice gauge theories. Here the space-time continuum is approximated 

by a discrete lattice of points. This destroys Lorentz invariance, but 

brings many advantages in other respects. However, in order to describe 

the world as it is, we must be able to go over in the end to the 

continuum limit by letting the lattice constant (i.e. the distance 

between the lattice points) tend towards zero. This problem is also 

unsolved. It is not known whether this limit exists, and if yes, 

whether it can be attained in such a way that the elegance of the 

formulation is preserved. This is a problem on which research is very 

active at present, so that we can hope for essential new results at any 

time. 
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The anomalous magnetic moment of a lepton is interesting because 

it would be zero in the absence of interaction with the quantized 

radiation field (emission and absorption of virtual photons). As a re- 

sult of this interaction the leptons acquire effective form factors. 

This can be seen by considering the most general lepton-photon cou- 

pling, which is given by (q = p'-p) 

r g  , (q2)yp i qV F2(q2)] u(p) (P ,P) : ~(p ' )  [F 1 + ~-~ ° p v  

For a point Dirac p a r t i c l e  Fl(q2) = 1 and F2(q2) = 0. The anomalous 

magnet i c  moment i s  g i ven  by F2(O).  one o f  the e a r l i e s t  t r i umphs  o f  QED 

was S c h w i n g e r ' s  c a l c u l a t i o n  o f  the magnet i c  anomaly to l o w e s t  o r d e r  

in ~: 

a e = a 2~ 

f o r  which he r e c e i v e d  the Nobel p r i z e .  

U n t i l  r e c e n t l y ,  us ing  the accepted va l ue  o f  the f i n e  s t r u c t u r e  con- 

stant I ) ,  one had 

2-~ : ( I  161 409.835 ± 0.244) x i0 -9 

A recent redetermination of the proton gyromagnetic ratio, which is 

needed for the conversion of e/h from the AC Josephson effect to 

s - I  , g i v e s  2 )  

2~ = ( i  161 410.039 ± 0.128) x 10 -9 . 
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This obviously has consequences for the use of the lepton anomalous 

magnetic moments as tests of QED. The uncertainty is to be compared 

with the experimental 3) uncertainty in ae: 

ae(eX p) = (1 159 652.200 ± 0 .040)  x lO -9 .  

The theoretical value of a e is dominated by QED: 

= (1159 6 5 2 . 5 6 6  ± 0.149)  x 10 -9 

where the error in the ~3 term is an estimate of the uncertainty in 

numerical integrations for the 21 diagrams which have not yet been eva- 

luated analytically. 

One should remark that the calculation of this contribution would 

not have been possible without the use of computers. Muonic and 

hadronic vacuum polarization c o n t r i b u t e  4) ( i n  u n i t s  10 - 9  ) 

Muon loop: 0.0028 

hadrons : 0,0016 ± 0.0002, 

so t h a t  a t  p resen t  t he re  i s  a s l i g h t  d i s c r e p a n c y  between t h e o r y  and 

expe r imen t  

ae(theory) - ae(experiment) = (0.370 ± 0.154) x i0 -9. 

a) 

b) 

c) 

Possible improvements involve the following: 

A better determination of the fine structure constant (not really 

theory) should be undertaken. 

It should be possible to reduce the uncertainty in the coefficient 

(~)3 by a factor of twenty. This~ needs new and better methods of 

for doing numerical integrations 5j. Examples of graphs presenting 

special problems are shown in Fig. 1. 

A calculation of the contribution of order (~)4 is in progress 4). 
H 

The 891 graphs involved group themselves into five classes 

i) (25) second order vertex graphs with vacuum polarization 

(VP) loops. Examples are shown in Fig. 2a. 

ii) (54) fourth order vertex graphs with VP ioops, as indicated 

in Fig. 2b. 

iii) (150) sixth order vertex graphs with a VP loop (Fig. 2c) 
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Fig. 1: Sixth-order contributions to g-2 which have not 

been evaluated analytically 

(a) (b) 

Fig. 2: 

(c) (a) 

Examples of graphs containing VP loops which 

contribute to g-2 in eighth order. See text for 

discussion. 
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iv) (144) light-by-light graphs 

( F i g .  2d) 

v) (518) graphs with no VP loops. 

with radiative corrections 

Kinoshita's calculation groups together the integrals for several re- 

iated diagrams using the Ward identity. In this way the total number of 

integrals, having up to i0 dimensions, is slightly over lO0. The 

integrands are generated by the program SCHOONSCHIP 6) and contain typi- 

cally several thousand terms. The integrations are done on the CDC-7600 

computer at Brookhaven National Laboratory. Kinoshita 7) reports that 

the diagrams of classes (i) + (ii) give a contribution 

- o.6oo (~)~ 
He hopes t h a t  i f  a l l  goes w e l l ,  the  r e s t  w i l l  be computed to  an a c c u -  

r a c y  o f  ± 10 % by A u g u s t .  The a c c u r a c y  i s  l i m i t e d  by the  compu te r  

b u d g e t .  

It will not be necessary to say much about the muon anomaly since 

the subject will be reviewed by Dr. FarIey 8). Quantum electrodynamics 

predicts 9) 

aIz(QED) = ~ + 0.765782 (~)2 

+ ( 2 4 . 4 5  + 0 . 0 6 )  ( ~ )3  + 135 (64 )  (~ )4  

1 ~ 2 + 4-~ (~)  ( ) 2 
T 

= [1 165 852 .4  ± 2 . 4 ]  X 10 -9  . 

A contribution due to the weak interaction is estimated to be 9) 

a (W.I.) = 2 x 10 -9 

using the Weinberg-Salam model. Requiring that the weak contribution be 

less than the experimental uncertainty of ± lO -8 imposes some restric- 

tions on models for the weak interaction. 

The muon g-factor is also affected by hadronic vacuum polarization 

(Fig.),4). The main contribution (corresponding to Fig. 3) is given by 

a ( h a d r o n )  = i ..... 7 d t  K ( t )  O e + e - + h a d r o n s ( t  ) 
4~ 3 4m 2 

w 
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Fig. 3: Lowest order hadronic VP 

Fig. 4: A higher order hadronic VP contribution which 

needs further study. 
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where 

1 x 2 ( l - x )  dx 
K l ( t )  : S 

0 x2+(1-x) t /m '~  ' 

Inclusion of higher orders gives the result 9) 

a (hadron) = (66.7 ± 9.4) x lO -9. 

It should be possible to reduce the theory uncertainty by a factor of 

about 5. Already more data on the process e+e - ÷ hadrons near the p-re- 

sonance and above 2.5 GeV exist so that a reevaluation of the lowest 

order contribution could considerably reduce the uncertainties 

associated with the lower order term (Fig. 3). The value of the con- 

tribution is unlikely to change much, however. 

It will be more difficult to reduce the uncertainty in the con- 

tribution of higher order hadronic VP contributions (see Ref. 9). For 

one thing their evaluation is model dependent and the uncertainty due 

to this source can probably not be reduced much below the level 

Aa (hadron) = ± lO -9 

This problem is particularly serious for the graph shown in Fig. 4. In 

fact, Kinoshita has even questioned the sign of this contribution. 

Further investigation is needed. 

The total theoretical value (with the new value of a) 

a ( t h )  = ( i  165 921.3 ± 9 .8)  x 10 -9 

agrees n i c e l y  w i t h  e x p e r i m e n t ,  

As previousIy mentioned the calculation of the magnetic anomaly of 

leptons has been made possible by the availability of powerful com- 

puters. Two different kinds of computing techniques are used in this 

field. 

The first one allows the transformation of a given graph into a 

finite integral over several Feynman parameters. These methods belong 

to the area of symbolic and algebraic manipulations. Among the systems 

of programs which are used, because they can handle Dirac matrices, 

REDUCE and SCHOONSCHIP are probably the better known presently (see 

Ref. lO for detailed references). This algebraic part of the compu- 

tation of a graph usually takes only a few minutes of computing times, 

even at high orders of the perturbative expansion. 
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The techniques of the second kind which are required to evaluate 

the muitidimensional integrals over the Feynman parameters are much 

more expensive. Although beionging to the area of numericai anaiysis, 

the best methods available have been set up by physicists I0)." The 

numericai integration of an n-tupie integrai (n up to iO at eighth 

order) may Lake severai hours of CPU Lime on a powerfui computer to geL 

resuits with a good accuracy. Aithough the programs are based upon 

methods which have often yet to be proved mathematicaiiy correct, they 

have up to now given very precise resuits. Computer algebra is 

presentiy unable to caIcuiate analyticaily such integrais. It seems 

that this situation will hoid in the near future. The availabiiity of 

symboiic integrators would be a step toward an improvement of the 

theoretical determination of the lepton anomalies. 
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A new technique for observing the spectra of an individual elec- 

tron trapped in a magnetic field and a parabolic axial electric poten- 

tial (the geonium "atom") was demonstrated l) by Van Dyck, Ekstrom and 

Dehmelt in 1976. This technique is based on the axial Stern-Gerlaoh 

Effect due to an auxiliary shallow magnetic bottle. The parabolic 

bottle field causes a alight dependence ~z =[m+n+l/2+ (v~vc)q]. l~ of 

the axial oscillation frequency in the electric well, Vz, on spin, 

cyclotron, and magnetron quantum numbers m, n, q. For example, a 

spin-flip from m = -1/2 to m = +i/2 changes the axial oscillation 

frequency Vz = 60 MHz by 5Vz = 1 Hz. By monitoring Vz spin, cyclo- 

tron and magnetron resonances may be detected by virtue of the changes 

in v z caused by them. In our experiment the axial frequency v z is 

known at all times as it is locked to a very stable rf source by means 

of a feedback circuit. This circuit also provides a do signal propor- 

tional to shifts in the natural v z frequency which are nulled out by 

feeding the do signal to the trap electrodes. The uc signal also is the 

principal observable in subsequent measurements. We induce spin flips 

not by applying a magnetic rf field at v e , the spin precession fre- 

quency, but by shaking the electron axially at v s - v c through the in- 

homogeneous field of the magnetic bottle. This, in combination with the 

cyclotron motion at v c causes the electron to see an effective rf 

+ (v - v ) with the v + (v a - V s) component causing field at Vc - s e e 

the spin flips. The spin-cyclotron beat freqency v - v is measured 
s c 

in this way. Cyclotron and magnetron resonances are detected by virtue 

of the large v shifts ocouring on resonance. From the measured v 
z c 

and v s - v c values v a and finally Vs/V c ~ g/2 are obtained. Actu- 

ally, the observed cyclotron frequency value, now denoted v~ must 
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=9'+~ be corrected for the electric field shift 5 e _--~ 2~ c to yield ~c c e" 

The axial symmetry of the trap is checked by comparing 6 e with v m , 

the magnetron frequency. In an ideal trap 5e = Vm should hold. In 

about 50 runs our measured frequency ratio 

9s/Vc = 1.001 159 652 200 (40) 

has been shown to be invariant under fieid variation from 18 to 51 kG. 

Uncertainties in ~ contributed but a tiny fraction to our quoted 
e 1012 error of 40 parts in which was predominantly due to an obsolete 

drifting magnet. Our Vs/Vc ratio which defines g/2 also equals the 

electron magnetic moment Us in Bohr magnetrons and is currently the 

most accurately known parameter of an elementary particle. 

In analogous experiments on an individual positron, 2) Schwinberg, 

Van Dyck, and Dehmeit have measured the cyclotron frequency and 

compared it to that of an electron in the same field. This preliminary 

measurement of the ratio 

Vc(e-)/Vc(e+) = 1.000 000 O0 (13) 

which should equal the mass ratio m(e+)/m(e -) constitutes a signifi- 

cant test of the CPT theorem for a charged elementary particle and its 

antiparticle. Experiments on the positron magnetic moment with expected 

error limits no larger than those realized for the electron are under 

way. A more detailed survey 3) of our work is available. 

I. R. Van Dyck, Jr., P~ Schwinberg and H. Dehmelt, Phys. Rev. Letters 

38, 310 (1977) 

2. P. Schwinberg, R. Van Dyck, Jr., and H. Dehmeltj Physics Letters, 

in press. 

5. H. Dehmelt, in ATOMIC PHYSICS 7, D. Kleppner and F. Pipkin, 

Editors, Plenum, 1981. 
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i. Introduction 

Muon mass and muon magnetic moment are not calculabIe 

within the theory of Quantum Eiectrodynamics; they rather define the 

reference acaie in which masses and energies should be determined when 

muons are used to test QED or to search for anomalous muon coupiings 

which couid provide the "raison d'@tre" for the muon. Oniy the 

anomaious part of the muon magnetic moment experimentaily determined 

with remarkable precision I), can be oaIculated 2~" Theory and experiment 

agree preciseiy once corrections being appiied for hadronic and weak 

processes which poiiute the immaculated fieid of QED at high momentum 

transfers. Muon mass and muon magnetic moment are, in particular, 

needed for the interpretation of experiments which determine 

- the muon spin precession frequency reiative to its momentum 

- the hyperfine splitting of muonium 

- T-transition energies in muonic atoms 

In the following we will discuss the suitability of different ex- 

perimental methods to determine the muon mass. Measurements of the 

total muon magnetic moment in units of the proton magnetic moment, 

##/pp , will be considered as determinations of the muon mass because 

the two quantities are related by 

m -i _~  = _ ~ .  __"B . ( " . )  
m e 2 ~p 

~B 
where the constant g# • ~P is known 1'3) with a precision of 

about 10 -8 . We will assume that CPT holds exactly, so 

that m + = m _ and p#+ = p#_ .Because of their short life time muons 

cannot be stopped and trapped in vacuum as it has been done with 

electrons and positrons extremely successfully 4) . In - flight 
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experiments necessarily require large relativistic corrections; 

therefore muons have to be stopped in matter, when mass or total 

magnetic moment of muons is to be determined. Only the anomalous part 

of the magnetic moment is velocity independent and allows precision 

experiments using muons in flight. 

Negative muons stopped in matter are captured by the Coulomb field 

of nuclei, they form muonic atoms. The y radiation emitted in the de- 

excitation process can be used to determine the muon mass, but QED 

corrections (or other effects like nuclear finite size or electron 

screening) have to be taken into account in order to relate muon mass 

and the observed transition energies. Therefore, it is more appropiate 

to test QED corrections by measuring the T radiation from muonic 

atoms 5), and to determine the much mass in other experiments. 

The hyperfine splitting in muonic atoms due to the interaction 

between muon magnetic moment and its orbital magnetic moment 6) or the 

magnetic moment of the electron cloud 7) depends on the muon magnetic 

moment, too. But also in these experiments pp/pp should be regarded as 

input quantity. 

Experiments determining pp are generally easier and more precise 

than those determining m , because muons are born polarized and the 

asymmetry of the decay positron distribution identifies the direction 

of the muon spin at the time of it's decay. Therefore~ we restrict 

ourseives to a discussion of possible experiments aiming at a determi- 

nation of the magnetic moment of positive muons pp/pp . We will clas- 

sify experiments according to following criteria: 

- the magnetic field interacting with the muon magnetic moment can 

be applied externally, it can be the hyperfine field of a muon 

bound in muonium, or the superposition of hyperfine and external 

field, 

- muons can reside in interstitial sites of a solid state lattice, 

they can be bound in muonium atoms, or in diamagnetic molecular 

bonds, 

- the muon spin precession can be observed as free precession, by 

inducing radio frequency transitions between two energy levels 

with different expectation values of the muon magnetic moment, 

or by the Ramsey - Telegdi method. 
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2. Experimental Methods 

2 .1 .  The maqnetic field 

The muon magnetic moment can be determined by measurements of its 

interaction with magnetic fields. The magnetic field can be chosen as 

- external maqnetic fieid. 

Then, muons acquire an additionai energy of H i = -p B which corres- 
1 

ponds to an energy E = + ~ ~ B in energy eigenstates. A measurement 

of the energy difference ~ B determines, of course, ~/~p if the 

magnetic field is known from NMR measurements. The principal advantage 

of this method is the fact that the ~p defining relation is used to 

determine pp 

- The hyperfine field of muonium at the position of the much 

leads to an energy splitting between the two states in which the total 

spin is one or zero, resp., which is proportional to the muon magnetic 

moment. But yet uncalculated higher-order QED corrections to the hyper- 

fine splitting contribute an uncertainty of ~ 1 ppm, and direct deter- 

minations of pp/pp are therefore preferable. However, when 

- hyperfine field and external magnetic field 

are superimposed, a direct measurement of ~/~p and a simultaneous 

determination of the hyperfine spiitting become possible. 

Fig. i shows the muonium hyperfine energy levels as a function of 

the externai magnetic field. When two transitions, e.g. v12 and v34 , 

are measured in the same magnetic field, both, hyperfine splitting VHF S 

and magnetic moment 

Fig. i: 

Hyperfine energy 

levels of muonium 

I11~/t~ P can be determined. ~ ~  2 

t f l  

2 - < . . .  1,-1 

B 



80 

From Fig. 1 we see t h a t  

~v12 6v34 
6B = '~'B = 0 for B = ii.3 kG 

Hence, the error in the determination of the average magnetic 

field in which muons process proPagates only weakly in to the final 

of / 8) e r r o r  ~ ~p . 

The use of the hyperfine field and an external magnetic field has 

the advantage that the transition or precession frequencies are well 

separated from those of free muons. Muons not stopping in the target 

vessel or its surroundings therefore do not contribute to the signal. 

Finally, we notice that for B ~ 160 kG v12 = O. 

2 . 2 .  The a t o m i c  s t a t u s  o f  muons 

The a t o m i c  s t a t u s  o f  muons depends on t he  t a r g e t  i n  wh i ch  t h e y  a re  

s t o p p e d ;  i t  has d e c i s i v e  i m p a c t  on t he  e x p e r i m e n t a l  t e c h n i q u e s  wh ich  

can be used to  d e t e r m i n e  pp /pp  . 

- " F r e e "  much s p i n  p r e c e s s i o n :  s o l i d  s t a t e  t a r � e t s  

The d i f f u s i o n  o f  hyd rogen  i n  m e t a l s  i s  o f  g r e a t  i n t e r e s t  i n  s o l i d  

s t a t e  p h y s i c s ,  and d e t a i l e d  i n v e s t i g a t i o n s  have been c a r r i e d  o u t  9 ) .  I t  

i s  found  t h a t  h y d r o g e n  atoms d i s i n t e g r a t e  and t h a t  t he  p r o t o n  d i f f u s e  

w i t h  h i g h  r a t e s  w i t h i n  t he  m e t a l  l a t t i c e .  Hence l o c a l  m a g n e t i c  f i e l d  

i n h o m o g e n i t i e s  a v e r a g e  o u t ,  and h i g h - r e s o l u t i o n  NMR t e c h n i q u e s  can be 

a p p l i e d .  In  n o n m a g n e t i c  m e t a l s  an e x t e r n a l  m a g n e t i c  f i e l d  w i l l  be 

s l i g h t l y  reduced  o r  e n h a n c e d ,  an e f f e c t  wh ich  i s  known as K n i g h t  s h i f t .  

Muons s t o p p e d  i n  m e t a l s  w i l l  a v e r a g e  o v e r  f i e l d  i n h o m o g e n i t i e s  i n  

a v e r y  s i m i l a r  way,  and t h e i r  K n i g h t  s h i f t  can be d e t e r m i n e d ,  t o o  10) 

As i s o t o p e  e f f e c t s  can be e x p e c t e d  to  be v e r y  s m a l l ,  a c o m p a r i s o n  o f  

much and p r o t o n  s p i n  p r e c e s s i o n  f r e q u e n c i e s  i n  d i f f e r e n t  m e t a l s  s h o u l d  

p r o v i d e  p p / ~ p  . But  because o f  t h e  s k i n  e f f e c t ,  measurements  o f  p r o t o n  

K n i g h t  s h i f t s  i n  m e t a l s  a re  d i f f i c u l t ,  and t he  a p p r o p i a t e n e s s  o f  S o l i d s  

f o r  p r e c i s e  measurements  o f  pp /pp  has s t i l l  to  be i n v e s t i g a t e d .  

- Muons i n  muonium: 9as t a r g e t s  

When p o s i t i v e  muons a re  s t o p p e d  i n  m a t t e r  t h e y  can c a p t u r e  

e l e c t r o n s  to  fo rm muonium a toms .  The e f f e c t  o f  t he  muon m a g n e t i c  moment 

on i t s  e n e r g y  l e v e l s  makes i t  p o s s i b l e  t o  d e t e r m i n e  pp /pp  . In  o r d e r  

to minimize the muonium lattice interaction, muonium is formed in 
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noble gases at low density. The residual effect of target gas on 

hyperfine structure interval and gj factor are controled by varying 

the target gas pressure and allowing a linear and quadratic term in the 

pressure dependence. 

- Muons in diamagnetic molecules: liquid targets 

Muonium reacts with matter in a very similar way as hydrogen 

atoms. It can form stable diamagnetic compounds in which the muon 

magnetic moment experiences the external magnetic field which is only 

slightly reduced by the diamagnetic shieiding; hence, the muon spin 

precession can be observed. A suitable liquid has to meet the foilowing 

requirements: 

it has to undergo fast chemicai reactions with hydrogen, so that 

the muon is bound in a diamagnetic compound in a time shorter than the 

hyperfine structure period, 

there should be one and oniy one chemical compound which is 

finaliy formed, 

NMR measurements on the analogous hydrogen compounds must 

be possible, 

the isotope effect of the diamagnetic shielding (i.e. the 

difference of diamagnetic shielding of a muon or a proton in analogous 

chemical compounds) must be calculable. 

2.3. Techniques for muon spin precession detection 

The technique for detection of the muon spin precession depends 

strongly on the direction of the initial muon polarization relative to 

the magnetic field. For 

-muon spin polarization perpendicular to the magnetic field 

the muon ensemble is represented by a coherent superposition of 

two energy eigenstates, and quantum beat oscillations can be observed. 

This technique assures the optimum statistical accuracy for a given 

number of muons. But in general it is limited in the rate of incoming 

muons: each decay positron must be attributed to its parent muon, and 

no second muon is allowed to enter the target between muon stop and 

decay. This limits the muon beam intensity to a few times IO 4 ~+/sec 

while muon fluxes of severai i0 6 #+/sec are available in muon fac- 

tories. This rate limitation can be avoided only at particuiar accei- 

erators and by use of appropiate methods. No such rate limitations 

exist if the 
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-muon spin polarization is parallel to the maqnetic field 

and radiofrequency transitions between two quantum states are induced 

in which the expectation values of -p B differ. Because of the skin 

effect muons stopping in the microwave cavity or outside of it do not 

contribute to the signal, and possible sources of background are elim- 

inated. Part of the statistical power is lost, however, due to the 

unavoidable power broadening of the line, since the power has to be 

high enough to lead to a depolarization within the muon life time. 

The maximum possible change in polarization depends on the choice 

of the magnetic field: for a beam polarization of 1 it is 

for external field 

E 

,~00% 

B 

for hyperfine field for hyperfine and 

external field 
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In the latter case, a double resonance technique 8) has to be employed 

to reach the full statistical accuracy. These "figures of merit" for 

the statistical power are, of course, effective also for other polari- 

zation detection techniques. 

11) - The Ramsey - Telegdi technique 

of inducing a radiofrequency transition in two separated cavities or by 

two separated rf pulses leads to narrower lines, in particular if the 

separation in time of the two rf pulses is Slightly larger than the 

muon life time. An increase in statistical accuracy can t h u s  

be achieved. 

3. Present Status 

There are three determinations of pp/pp with experimental errors 

of less than 3 ppm. In two experiments the precession of the muon 

polarization in an external magnetic field was observed 12'13) The 

experiment of ref. 12 was performed at a conventional muon channel with 
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a limited flux of muons. Hence decay positrons can unambiguously be re- 

lated to the last much stop. Therefore the time interval between much 

stop and decay can be measured. Fig. 2 shows the number of detected 

decay positrons as a function of this time interval. The oscillation 

frequency can be determined from a fit to the data. 

240 
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Fig. Z: 

Differential time spectrum 

of positrons from muon decay 

(from ref. iZ). 
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In the experiment of the ref. 15 the periodic time structure of 

the SIN proton accelerator (50 MHz) was exploited by applying a 

stroboscopic technique 14) , where the muon precession frequency 

coincided with the second harmonic of the beam burst repetition 

frequency. There, maximum polarization builds up. Polarization is small 

when the magnetic field is detuned (Fig. 3). 

F i g .  3:  

S t r o b o s c o p i c  s i g n a I s  as a f u n c t i o n  

o f  t h e  m a g n e t i c  f i e I d .  Maximum p o l a r i -  

z a t i o n  b u i l d s  up when muon s p i n  p r e -  

c e s s i o n  coincides with the frequency 

of the stroboscope or its harmonics 

(from ref. i3). 
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In both experiments muons were stopped in liquids: in H20 

and CH2(CN)2, or in pure Br 2 and in Br 2 contaminated with H20. As a 

result, the chemistry of muonium reactions in the epithermal and 

thermal domain can be considered as sufficiently understood, and the 

final chemical state of the muon is known. 

In the experiment of ref. 13 muons neutralize to muonium atoms 

which form - within a time of less than lO "12 sec - muonium bromine, 

MuBr. If the Br 2 target is contaminated with H20 the reaction chain 

MuBr + H20 + (RuH20)+ + Br- 

(HUH20)+ + H20 ÷ MuHO + (H20)- 

leads to formation of MuHO molecules with a reaction rate of about 

i0 lO 1 M -I sec -I. In both molecules, HuBr and MuHO, the external 

magnetic field is reduced by the diamagnetic shielding. The shielding 

also depends on the neighbouring molecules, therefore it is different 

for MuHO in Br 2 and for HuHO in H20. This effect is known as liquid as- 

sociation shift. 

Diamagnetic shielding and liquid association shift of protons in 

analoguous moiecules (i.e. in HBr in Br2; in H20 in Br2; and in H20) 

can be measured precisely in a conventional NMR spectrometer. The spin 

precession frequencies of muons stopped in Br2, Br 2 contaminated with 

H20 , and in H20 folIow the pattern of diamagnetie shieldings observed 

for protons in NMR measurements. This provides direct experimental 

evidence that muons indeed reside in those molecuies which were deduced 

from chemical reaction arguments. 

But muons are lighter than protons, and hence the zero point 

vibrations of muonium are larger than those of hydrogen. Therefore, the 

diamagnetic shielding of muons in molecules is smaller than that of 

protons, and also the Iiquid association shift may exhibit an isotope 

effect. In the case of H20 and CH2(CN)2, only order of magnitude 

estimates for isotope effects exist, and the finai error in pp/pp was 

dominated by this uncertainty. On the other hand, quantum chemical 

ab - initio calculations for these isotope effects are availabie I5 for 

MuBr/HBr dissolved in Br 2 and MuHO/H20 dissolved in Br 2. Their size is 

0.5 - i.O ppm , and an error of less than 0.2 ppm was assigned to it. 

This error estimate is derived from the constraints on the quantum 
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chemical calculations by experimentally known values, like equilibrium 

distance, vibrational energy and binding energy which have to be re- 

produced by the calculation. 

The third measurement 163 was performed at Yale. Muons were stopped 

in a Krypton gas target at B pressure of a few atmospheres, and rf 

transitions between different eigenstates were induced. The presence of 

a strong magnetic fieid aIlowed the simultaneous determination of VHF S 

and ~p/pp . A magnetic field of 13.5 kG was chosen as at this field 

strength the two transitions v12 and v34 indicated in Fig. 1 have a 

ratio of 4/3 and can hence be driven by different excitation modes of 

one cavity. Fig. 4 shows a typical resonance Iine obtained by this 

method. Note that the line width is five times the natural line width 

because of power broadening. 

Fig. 4: 

Change of polarization 

caused by resonant radio- 

frequency transitions. 
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The three determinations of ~p/pp yield values of 

~/~p = 3.1833467 (82) ref. 12 

= 3.1833441 (17) ref. 13 

= 3.18334478 (96) ref. 16 

Because of ~heir excellent consistency, the average can be evaluated 

yieiding 

~/~p = 3.18334464 (83) 0.26 ppm 



86 

In the CERN Muon Storage Ring experiment I )  the anomalous part of the 

muon magnetic moment was determined to 

With 

by 

~a 
= 0.003707213 (27) 

Pp 

BB/pp as given above the magnetic moment anomaly is calculated 

Pa/Pp 
a (exp) = B~/~p _ ~a ~/~p = 0.001165923 (8.5) 

which is practically unchanged compared to the value given in ref. i. 

It agrees excellently with the current theoretical result 2) 

a ( t h e o r y )  
a 2 ~3 4 

= ~-~ + 0.765782 ~ * (24.45 ± 0.06) 7 + 135 ~ +  

2 
~-.--~-I a 2 m E + (66.7 + 9 .4 ) . I0  "9 + (2 + 2 ) . i 0  -9 
4 > Z m  2 ~  - _ = 

T 

= 0.001165921 ( i0)  

The latter two contributions reflect the hadronic and weak contribution 

to the muon anomaly, resp. Here and from now onwards we use the 

following values for the fundamental constants3): 

a - I  = 137.035 963 (15) 

PP/~B : 0.001 521 032 209 (16) 

c = 2.997 924 58 (1.2)'1019 cm/sec 

R = 109 737.314 76 (32) cm -1 

Muon mass and muon magnetic moment are related by 

m /m e = ~ . (Bp/Bp)-I  . pB/p P = 

= 206.76 8315 (60) 

The theore t i ca l  value for the hyperfine structure i n t e r v a l  of muonium 

is  

VHFs(theory ) 16 2 = T c R pp/~p (pp/pB)-1 ( l+me/m)-3 

{ i  + ~ 2 + ae - + higher or- + ¢i + ¢2 + e3 ~ 
der terms} 
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a 
e 

~ 2  : 

~:3 : 

_ 

2 3 
: - 0.32847897 + 1.1835 (61) ~3 

W 

= - a 2 ( ~  - l n 2 )  

8a 3 i (ln~ 281/480) - ~ i n ~  + i n 4  - 

a 3 
- -  ( 1 8 . 4  ± 5) 
W 

2 
me [ w3_.~. ~ m in 
m" 2 2 m~/me 
~t m - m 

e 

The result ing value 

- 2a 2 in i /a  (l+me/m)-2 

2 2] 
+ 2 ~ (in m /m e) 

VHFs(theory) = 4 463 30).62 (2.00) KHz 

compares favourably with the most recent experimental value of 

VHFs(exp) = 4 463 502.91 ( 0 . i i )  kHz 

The theoretical expression for the muonium hyperfine structure interval 

contains the following errors: 

From theory: 

arizing from 

the error in c 3 : 

unealculated parts in ~ : 

D me/m ~ 2 /  2 in  m /m e 

E me/mg a 2 

higher order corrections 

1.24 kHz 

0.62 kHz 

(D 6 3) D • 0.14 kHz 

(E ~ 3) E • 0.26 kHz 

0.2 kHz 

From experiments: 

arizing from 

the error in B~/Bp 

the error in 

the errors in other constants 

1.56 kHz 

1.16 kHz 

0.98 kHz 

0.)4 kHz 

Total error:  2.0 kHz 
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4. Is progress possible ? 

Muonium is the only atomic system consisting of leptons only in 

which the effect of parity violating neutral currents might be 

accessible to experiments (experiments on positronium are less precise 

and the effect of P.V.N.C. on the hyperfine structure is smaller). 

P.V.N.C. will change the muonium hyperfine structure interval by 

about 10-8; hence the theory of VHF S has to be completed to this 

level of precision. In addition, an equivalent precision would be 

required for ~/#p 
I think it will be difficult to calculate the isotope effect of 

the diamagnetic shielding with a fractional accuracy of 10 -2 , and that 

only low density noble gas targets make it possible to control lattice 

effects sufficiently precisely. But high flux muon surface beams of 

Arizona type can compensate the low stopping power of a gas target. 

Technically one would like to combine 

- a high magnetic field s t r e n g t h  leading to  a large number of pre- 

cession cycles and 

- a small precession frequency (i00 MHz) so that the muon spin pre- 

cession can be observed without excessive timing problems. 

The two appearently contradictory requirements can be reconciled if an 

external magnetic field strength of 160 kG is chosen. At this field 

strength - which is just accessible by the present technoiogy of super- 

conducting magnets or Bitter magnets - at this fieid strength the 

internal muonium hyperfine field and the muon spin remains fixed in 

space. Of course, it is impossible to inject low energy muons into a 

160 kG magnetic field in a direction not parallel to the magnetic field 

lines. But muons can be stopped and a ~/2 magnetic resonance puise 

can be applied. Then, the muon spin precession in the plane 

perpendicular to the magnetic field can be observed. Rate limitations 

can be avoided at the muon channel of the booster synehroton of KEK, 

Tokyo, which is under construction I?) 

In comparison to the previously discussed experiments this scheme 

provides two main advantages: 

- the magnetic field is increased by a factor of 15 

- the statistical power of the precession method is fully exploited. 

Hence considerable improvements seem to be possibIe in the future. 
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THE MEASUREMENT OF G-2 FOR THE MUON 

F.J.M. Farley, The Royal Military College of Science, 

Shrivenham, Swindon, UK. 

The first part of the talk summarized the CERN experiments using a 

3.1 GeV muon storage ring 1), also described in several review 

articles 2-4). The essential elements of the experiment included 

i. The equation for the spin precession relative to the momentum 

vector 

f = (1/2~) a (eB/mo) a 

= afs/(l+a) 

where a=(g-2)/2, and the spin precession frequency at rest in the 

same fieid is 

f = (i/2~)(eB/mc)(l+a) 
S 

2. The determination of f from the mean proton precession 
s 

f r e q u e n c y  fp u s i n g  the  known v a l u e  o f  the  r a t i o  X = f s / f p  

3. Lengthening of the muon lifetime by Einstein time dilation 

from 2.2 to 64 #s. 

4. A continuous ring magnet, i4m in diameter with uniform field 

surveyed by proton nuclear magnetic resonance. 

5. Electric quadruples inside the magnet to give vertical 

focusing. 

6. Choice of the "magic" muon energy, st which the electric field 

does not affect the spin motion, given by y = (l+i/a) I/2. 

7. Injection into the ring of a short (IOns) bunch of 3.1 GeV 

pions which decayed in flight leaving some forward polarized muons 

on stored orbits. 
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8. Decay of the muons in flight with the decay electrons emerging 

on the inside of the ring giving a counting rate modulated by the 

spin motion. 

9. Observation of the rotation frequency of the muon bunches at 

early storage times to establish the radial distribution of the 

particles in the magnet aperture. 

The result was R 5 fa/fp = 3.707213(27) (7.2ppm). 

Using the mean of the best three available measurements 5-7) of X~ 

X = 3.1833437(33)(0.7ppm) 

this gives a = R/(X-R) = 1165924(8,5) x 10 -9 

in excellent agreement with the theoretical value 

th 
a = 1165921(8.3) x lO -9. 

It is remarkable that the experiment is thus sensitive to the 

interaction energy between the anomalous magnetic moment and the 

magnetic field, a(eB/mc)~ at a level of 7 ppm, i.e. to lO -ll eV, while 

the muon energy in the laboratory is 3 GeV, a ratio of over lO 20. 

The following conciusions may be drawn: 

1. The QED calculations of the muon anomaly are confirmed to 4.7% 

in the sixth-order term. 

2. For conventional modifications of the photon propagator the 

cut-off parameter Y~. must be a ieast 21 GeV. 
Y 

3. The muon behaves as a point charge. If there is a form factor 

l-q2/A~ 2, > 36 GeV. F(q) = t h e n ~  

4. The hadronic vacuum polar izat ion contributes (67±10)'10 -9 com- 

pared with the theoret ical  (66±10)'10 -9, and is thus established 

at a level of 5 standard deviations. 

5. No new couplings of the muon are apparent. 

6. No undiscovered lepton of mass less than 2 x (much mass) can 

exist~ as this would give a detectable further contribution to the 

vacuum polarization. 
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7. The electric dipole d moment of the muon was checked in a 

special variation of the experiment with the result 

d = (3.7±3.4)'10 -19 e'cm. 

8. The dilated lifetime was measured in a special run with careful 

control of the muon losses and confirmed the theory of relativity to 

0.i% at y = 30. It is emphasized that this is in a circular orbit 

corresponding to the conditions of the controversial "twin paradox" 

P ossibl e new experiment 

Is there any way of improving the accuracy of the experiment by a 

further factor of 157 This would enable the contribution of the weak 

interactions to be detected. The Weinberg-Salam theory predicts about 

2ppm in a, due to virtual W ± and Z °, but the number is very sensitive 

to the cancellations in the model, and variants of the theory give 

widely different results. In spite of the success of the gauge theories 

there is at present no evidence for the existence of these particles. A 

measurement of the much anomaly to 0.5 ppm would not only confirm their 

existence but give important guidance as to the correct version of weak 

interaction theory. 

lhe programme would require 

a. a better calculation of the QED terms: present error 1.7 ppm~ 

b. better data on o e+e - ÷ hadrons leading to a better estimate 

of hadronic vacuum polarization, 

c. a better value of X = fs/fp: present error 0.7 ppm. 

All these steps would seem to be achievable. 

To improve the accuracy of the (g-2) measurement a strong 

focussing ring could be used with increased By giving more (g-2) cycles 

per muon lifetime, and a larger number of stored particles. The CERN 

ISR has been considered as an example. 

A fundamental difficulty in a strong focussing machine concerns 

the calibration of the magnetic field. This can be solved in principle 

by sending transversely polarized deuterons round the same orbits. It 

is assumed that their polarization as a function of time can be 

followed using a nuclear interaction with a gas jet target. In effect 

the (g-2) precession of the deuteron is used to calibrate the magnet. 



94 

One has 

f~a = Y~ Bp B~ fo (1)  

fd d d Bd 
a = Y a fo (2) 

where fP and fd are the muon and deuteron (g-2) frequencies, yP, yd a a are 

the relativistic energy factors, a ~, a d the anomalous magnetic moments, 

8 p, 8 d their velocities and f = c/2~R defines the orbit radius R 
o 

assumed to be identical. As the momenta are the same 

Bdydm d = BPyPm p, (3)  

s o  

a p : a d ( f ~ / f~ )  (mP/m d) (4) 

In t h i s  equation m p is  known to 0.7 ppm from the value of X, m d to 

D.05 ppm and a d to 2.3 ppm, but t h i s  l a t t e r  could read i l y  be improved. 

fP and fd would be measured. 
a a 

The orbits of muon and deuteron could be defined by timing the 

rotation frequencies. But the momentum compaction factor ~ means that 

AR/R = ~(Ap/p) = a(Ay/X) (5) 

so the o r b i t  frequency ( radius)  must be measured more accurately than 

the desired accuracy in y. 

In the ISR ~ : 0.011, so to fix y to 0.2 ppm would mean defining 

time to 10 -3 ns over a base of 500 ps; may be just possible in averaoe 

over many particles. A machine with ~ % O.1 would be better. 

If a short bunch of particles is injected and followed for say N 

turns it spreads out in time because of the spread in momentum 

(radius). This takes longer than in a weak focussing machine, again 

because of momentum compaction, so it will be a long time before the 

bunches overlap in time. In the ISR at 30 GeV, bunches initially 105 ns 

apart would overlap after 500 ~s for Ap/p = 1.8%, compared with a muon 

life time of 640 ~s. 

Inside a particular bunch the time of arrival of a particle 

correlates with y; the spin anglo also correlates with y so one would 

see the (g-2) precession inside the bunch at an apparent frequency 

which can be deduced from eqns (1) and (5) 

f '  = e y ( B c / 2 = R ) / ( a - y  -2 )  (6) 
8 
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This result applies to both # and d using the corresponding parameters. 

Note that the effect of the momentum compaction is to make the (g-2) 

modulation inside each bunch (e - l/y2) -1 times faster than normal. 

For the ISR we find that the real (g-2) period followed by 

individual muons and deuterons T, and the apparent period T' seen 

inside the bunches, are as follows: 

p 

d 

. 0 0 1 1 6  

- 0 . 1 4 3  

Y 

286 

16.1 

T T' 
~s ns 

9 . 4 6  104 

1 . 5 6  9 . 7  

The stored muon intensity has been estimated for the ISR, assuming 

injection of 50 GeV pions from the SPS. With the horizontal aperture 

stopped down to 5 cm, Dp/p is 1.8%, and the stored muon intensity about 

7)k per SPS cycle, with typically a decay electron counting rate of 5k 

per cycle, 25 times greater than the previous experiment. With the 

average magnetic field B down to 0.5 but y up by lO, this suggests 

statistical accuracy 25 times greater for the same number of machine 

cycles. 

The possibility of using the ISR in this way seems remote. Perhaps 

it would be better to design a new high-field strong focussing ring 

with parameters such as: 

field 6 T 

stored energy 5 GeV 

orbit diameter 5 m 

0.I 

muon lifetime 128 ~s 

decay electron rate (say) 400 per PS cycle. 

With By up by a factor lO the statistical accuracy would be more than 

sufficient, and the timing to about O.O1 ns on aversge is feasible. ~f 

calibration with polarized deuterons can be achieved this would make an 

attractive experiment for the CERN proton synchrotron. 
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QUANTUM ELECTRODYNAMICS IN BOUND SYSTEMS 

E. BORIE 

Institut for Theoretische Kernphysik der 

Universit~t Karlsruhe, W. Germany 

Experimental aspects of QED in bound systems will be treated in 

detail in other talks at this conference. I shall therefore attempt 

more to give a general theoretical introduction to the subject, without 

going into a detailed comparison between theory and experiment, rather 

than to give a comprehensive review of the subject, l) I shai1 thus 

attempt to explain which QED effects can be investigated best with 

bound systems, some of the theoretical probIems which one encounters in 

calculating QED effects in bound systems (although the list of problems 

will surely be incomplete) and to give some (subjective) suggestions as 

to where further improvements are des~able and/or possible. 

The Bethe-Salpeter equation is usually taken as the starting point 

for the relativistically covariant description of a bound system. In 

practice, it is necessary to approximate the Bethe-Salpeter equation by 

a potential equation which one can solve. The procedure for doing this 

is not unique; the separation of the problem into lowest order approxi- 

mation and corrections can be done in several different ways. A number 

of alternatives exist in the literature 2-6) and there is no way to 

tell which of them is the "correct" (or at least the most useful) 

one. The question of what is the best relativistic two body equation 

for the calculation of bound states is obviously of great interest, 

not only for QED, but also for other bound systems like baryonium or 

charmonium. It is also interesting to inquire whether the different 

approaches which have been proposed are equivalent to all orders of 

perturbation theory, or whether at some point the entire procedure 

breaks down in the sense that different approaches give different 

results, even in the absence of calculational errors. Investigations in 

muonium and positronium can provide sensitive tests of these questions. 

For the case of normal or muonic atoms, the most suitable approach 

is to treat the heavy nucleus as nonrelativistic and on the mass sheil. 

One then obtains as a first approximation for the description of the 
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lepton's motion the Dirac equation with reduced mass. One thus regards 

the lepton as a point particle having spin i/2 which interacts with a 

given external field. There are two types of corrections to this pic- 

ture. In atomic physics, one class is known as the relativistic recoil 

corrections. A part of these can be very simply obtained from a 

relativistic generaiization of the reduced mass and a more careful 

definition of the Sommerfeld parameter. 6~7) The remainder are a 

consequence of the fact that the Dirac equation with reduced mass is 

only an approximation to the fully covariant description of a two body 

system. The leading corrections, known as the Breit and non-Breit cor- 

rections, are typically of order (~Z) n m_/m+ (n = 1,2,..) relative to 

the uncorrected binding energies. 

The reiativistic recoil corrections would be present even in the 

absence of the quantized radiation field. The corrections which arise 

primarily from the interaction between the lepton and the ~uantized 

electromagnetic field can be described as "pure QED" effects, lhe ra- 

diative corrections are due to the emission and/or absorption of real 

or virtuaI photons. As a result of this, the iepton acquires form fac- 

tors and no longer behaves precisely as a point Dirac particle. Vacuum 

polarization results in a modification of the photon propagator due to 

virtual pair production and re-annihilation; this leads to a modi- 

fication of Coulomb's law at short distances (less than the Compton 

waveiength of the particle produced). The experimental consequences of 

radiative corrections or vacuum polarization inciude, among others, the 

lepton anomalous magnetic moment, shifts in atomic binding energies and 

annoying backgrounds for electron scattering experiments. 

Before going into a more detailed discussion of experimental tests 

of QED and recoil effects in bound systems, it may be usefui to de- 

scribe the pure QED effects in a iittle more detail and indicate some 

of the non-QED effects which one must take into account in order to 

make a precise comparison between theory and experiment. 

i. Self energy and vertex graphs 

In normal atoms the most important QED effect is the self energy 

or, more precisely the fact that the self energy of a bound electron is 

not the same as the self energy of a free one. The difference is finite 

and observable (Lamb shift). 
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The calculation of the self energy correction provides an ex- 

cellent example of how simple perturbation expansions may not always be 

appropriate. The expansion parameter ~Z occurs in the lepton wave 

functions, and thus also in the lepton propagators; it also appears in 

the Coulomb and transverse photon propagators. Fig. i shows the 

reduction of the self energy graph in the bound interaction picture to 

a set of vertex graphs (here double lines represent lepton wave 

functions or propagators in the presence of the external field, single 

lines in the absence of the external field as, for example in ref. 8). 

If one continues the expansion in powers of V%~Zp one discovers that 

the extra factors eZ can be compensated by factors p-1 where p~m~Z in 

the momentum integrals. Terms of the same order in ~Z also come from 

relativistic effects in lower order parts of the expansion and from the 

momentum dependence of the lepton form factors. Also terms involving 

ln(~Z) "I appear, indicating that an expansion about the point ~Z = 0 

does not have nice analytic properties. 

Thus an expansion in terms of ~Z is anything but straightforward. 

In fact it does not seem possible to specify a set of rules which is 

guaranteed to generate all terms of a given order and the methods which 

one uses are not unique when one tries to extend them to higher orders. 

This problem is well illustrated in the Case of the contribution 

to the Lamb shift in order (~Z) 6 m Two calculations 9,10) of these 
e 

higher order binding corrections exist; the results differ by more than 

the experimental uncertainty and the question of which is correct is 

still open. Another case in which these difficulties have only recently 

been resolved is the case of corrections of order (m_/m+) 4 in ~-l R 

in the hyperfine structure of muonium and positronium. 

2. Vacuum polarization 

The virtual creation and annihilation of e+e - (or other particle- 

antiparticle) pairs gives rise to a modification of Coulomb's law at 

distances small compared with the electron's Compton wavelength 

X e = 386 fm. The virtual pair modifies the electric field produced by a 

given charge distribution; this is. analogous to classical electro- 

statics in a medium. The observed field is the sum of the fields pro- 

duced by the "true" and "polarization" charges, The separation is 

similar on a qualitative level for vacuum polarization, although the 

mathematical details differ. The result of a more detailed calculation 
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I. Decomposition of the self-energy diagram, 

2. Graph giving rise to the Uhling potential. 
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is that at distances large compared with X the "true" nuclear charge 
e 

is screened by the virtual electron. This screened charge is by defi- 

nition the observed nuclear charge Ze since this is the charge which 

produces the nuclear Coulomb field at macroscopic distances. As a test 

charge is brought nearer it effectively "sees" a larger charge and the 

electric field is increased in comparison with a pure Coulomb field. 

This will result in an increase in atomic binding energies. For eal- 

culational purposes, one usually describes the effect of vacuum po- 

larization by the Ohling-Serber potential ll,12) (see fig. 2) and 

treats Coulomb corrections to the electron propagator (fig. 3) 13) and 

higher order terms (fig. 4) 14) as additional perturbations. 

The effect of vacuum polarization is rather small compared with 

that of self energy for normal atoms, since the Bohr radii are of the 

order of 137 Z -I % . However, the effect of vacuum polarization is the 
e 

dominant QED effect in muonic atoms, since the Bohr radii are of the 

order of 0.66 Z -I Z e. In fact for this case, the higher order 

corrections are also numerically quite important. 15) 

In tests of QED with atoms, there are further effects which can 

disturb the measurement as a QED test. Among the most important of 

these are those due to nuclear size and structure. 

For the description of atoms, the nucleus is approximated as the 

source of a static external potential arising from an extended charge 

distribution. The nuclear charge distribution is measured by electron 

scattering, although not always accurately enough. This effect by it- 

self shifts the energy levels from their point Coulomb Values. Natu- 

rally, s-states are most strongly affected. 

In addition, the nuclear extension also has an effect on the wave 

function of the bound lepton and on the operators (effective poten- 

tials) whose expectation values give the radiative corrections. The 

latter effect is illustrated in fig. 5. This will mix the QED and 

nuclear effects. 

In reality, the nucleus is not simply the source of an electro- 

static potential; it has its own internal degrees of freedom and ex- 

citation spectrum. The correction due to the virtual excitation of 

these degrees of freedom is known as nuclear polarization. For most 

atomic orbits of interest for QED tests, this correction can probably 

be estimated accurately enough from second order perturbation theory 
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3. Coulomb c o r r e c t i o n s  to the e l e c t r o n  propagator  in  the vacuum p o l a r i z a t i o n  

+ 

2×~~ 

4.  Fourth order vacuum p o l a r i z a t l o n  d iagrams.  
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6. Nuclear polarizability. The intermediate nucleus is excited. 
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(fig. 6). The calculation involves a nuclear model which must be ad- 

justed to fit measured photosbsorption cross sections. If this is done 

carefully, it should be possible to calculate the nuclear polari- 

zability correction to an accuracy of about 10% for the cases of in- 

terest here (this does not apply to low-lying levels of heavy muonic 

atoms). It is probably not worthwhile to measure a transition energy 

more accurately than about 10% of the nuclear polarization correction 

in most cases. 

The polarizability correction is the limiting factor in using the 

hydrogen ground state hyperfine structure as a test of QED. The 

measurement is accurate to 2xiO -6 ppm while the estimated value of the 

poIarizabiiity correction is about I ppm. It might be possible to 

caiculate the correction to an accuracy of 20% using multipole analysis 

of pion photo- and electroproduction in the resonance region as well as 

data on deep ineIastic scattering of transversely polarized electrons 

by protons. Experiment would still be five orders of magnitude ahead of 

theory! 

In the case of muonio atoms, interaction between the muon and the 

remaining atomic electrons also has an influence on the energy levels 

which cannot be neglected. 

Other factors which are important when discussing testa of QED 

with bound systems are the accuracy with which the parameters of the 

theory are known. This was clearly illustrated in the case of the a- 

nomalous magnetic moment of the electron; the main source of "theo- 

retical" uncertainty is the numerical value of a/2~. 

I shall now try to give an overview of some of the more recent 

theoretical work and examples of where improvements are most badly 

needed. Unfortunateiy (for theorists) experiment is way ahead of theory 

in most cases and improvements in the calculations will be difficult. I 

shall take the standpoint that a meaningful test of QED must be 

sensitive to radiative or relativistic recoil effects at a nontrivial 

level. Thus for example the fine structure of the 2p level in hydrogen 

does not really provide us with a test of QED since it is dominated by 

the prediction of the Dirac theory with radiative effects (other than 

the electron's anomalous magnetic moment) entering only at the level of 

about 1 ppm. 

Muonium and positronium are "pure" QED systems in that there is 

almost no contamination from other interactions. They also provide the 
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most sensitive test of relativistic quantum two-body equations. 

Observables are the ground state hyperfine structure, fine and 

hyperfine structure of excited states (mainly the n = 2 level) and 

positronium lifetime. 

The ground state HFS is dominated by the Fermi formula: 

P+ 16 Z 4 2 Ro ° (1  + a ) 
VF = Pe 3 e " 

We then have 

v = v F (i + SQED + ~rec ) 

3 
~npn is known up to terms in a /~ with an uncertainty of 

± 5 ~32~= 0.62 ppm. 17) For positronium, there is an additional contri- 

bution from virtual annihilation (fig. 7). 

In the case of muonium, the experimental 18) hyperfine interval 

v = 4 4 6 3 3 0 2 . 3 5  ± 0 . 5 2  kHz 
e x p  

is known a factor ten more precisely than the theoretical predictions. 

The theory uncertainty is largely due to the uncertainty in the para- 

meters e(1 kHz) and pp/pp, although progress has been and is continuing 

to be made. 

For muonium, 

~QED = - ( 2 . 3 4 0  ± 0 , 0 6 2 )  10 - 5  

me [_ ~ in(mp/me), 2~2 in~-i 2(~)2 1 + • - ln2(mp/me) 
~ree = ~ 3 T l-me2/mp 2 (l+me/mp)2 + "" 

Improvements in theory since 1977 include the correct coefficient of 
2 in -1 (refs. 2-4) and the terms 19) in (~/~)2 in2(mp/me ) in ~rec 

The latter contribute -6.6 kHz, while the uncalculated terms are ex- 

pected to contribute 3-4 kHz. Other theory uncertainties include 

± 2 kHz from the uncertainty in SQED and the uncertainty in the value 

of the muon'a magnetic moment. Using the recent, as yet unpublished 

values quoted by Dr. Klempt at this conference, as well as the most 

recent value for the fine structure constant 20), one finds 
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= 4463303.2 ± 4.4 kHz i f  pp/pp = 3.1833441 (17) (0.5 ppm) Vth 

= 4663308.4 ± 5.5 kHz = 3.1833478 (26) (0.8 ppm) 

A previously mentioned discrepancy between theory and experiment has 

been eliminated, mainly by the improved calculation of ~ree Improve- 

ments in theory will require a more accurate evaluation of the 

coefficient of 3/~ in ~QED ' calculation of the terms in 
(~/~)2 2 

ln(m /m e) and e in ~rec and more accurate measurement of 

the parameters of the theory. 

The hyperfine structure of neutral muonic helium has been meas- 

ured 21). The theory needs a better three-body treatment of the main 

term. The radiative corrections have been calculated to sufficient 

a c c u r a c y  2 2 )  . 

The calculation of the energy levels of positronium differs from 

that for muonium in several respects. Since the masses are equal, one 

should not use the Dirac equation even as a first approximation, but 

is rather forced to use a relativistic two body equation. Also the fine 

structure and hyperfine structure are comparable in magnitude. 

Furthermore, virtual annihilation diagrams (fig. 7) are quite im- 

portant. The spectrum of positronium is shown in fig. 8. The spectro- 

scopy of the n-2 levels is discussed by Weber. 23) Here I shall discuss 

only the ground state hyperfine splitting. There are two experimental 

values quoted in the literature 24'25). 

v = 203384.9 ± 1.2 MHz exp 

= 203387.0 ± 1.6 MHz , 

to be compared with a theoretical value of 203400 ± I0 MHz. The slight 

discrepancy between theory and experiment should not be taken seriously 

since not all terms of order ~4R have been calculated. Following 

Fulton 26) one has 

V = VQ + VR + ~A 

w h e r e  

)2 + 
VQ : ~ 2 R [ ( i  + a e ~QED ] 

v R = a 2 R=o [ -a / I f  + C R 2 in a -1 + B R 2 + . . . ]  

v A = a 2 R:: [ i / 2  + 2.1376 ~/~ ÷ C A 2 In ~ - i  + BA e2 + . . . ]  
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Here SQED) isz6 calculated as for the hyperfine structure of hydrogen and 

muonium In order to see that the coefficients B R and B A must be 

fully calculated before a meaningful comparison with theory is 

possible, I remark that the hyperfine interval v has been measured with 

a precision of about 1.5 MHz while ~4 R = 9.3 MHz. 

Only recently have all contributions of order 4 R= in -1 been 

determined. As the table indicates, the contribution has been strongly 

time dependent. The difficulty has been the proper treatment of Coulomb 

photons in the radiative corrections (see fig. 9). Since these photons 

are also responsible for binding, there is a danger of double counting, 

or of leaving something out if the contribution of the Coulomb photons 

is subtracted. By now, two groups 3'4 agree that all contributions of 

this order have been found and the result may be assumed to be correct. 

9. Some diagrams containing Coulomb photons (dashed lines) as binding 

corrections, which contribute to the positronium HFS in order a4R® In 
-| 

Some of the contributions of order 4 R= ° have been calculated. 

These include, among others: 

the contribution to UQ -18.1 MHz 

contributions from two and three photon annihilation 27) +12.2 MHz. 

Several independent groups are working on the remaining contributions 

to this order and estimate that final results should be forthcoming in 

about one year. 
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Table i: Time dependence of the a 4 in a -I R contribution to the ground 

state hyperfine splitting in positronium. 

Year  C R + C A 

1971 3 / 4  34 

1973 1 /2  23 

1976 7 /12  27 

1978 5 /12  19 

Contribution in MHz 

It is well known that positronium in the singlet s-state decays to 

two photons with a lifetime which corresponds to a width of 5 peV, 

making it the narrowest e+e - resonance known. The theoretical value of 

the lifetime, including contributions of relative order 2 in e-1 is28) 

r I = 7.9867 (ns) -1 

S o 

In this case, the experimental 29) lifetime of (7.99 ± 0.11) ns is not 

known precisely enough even to test the corrections of relative order 
3O) 

~/~ although possible improvements are being considered. 

Positronium in the triplet s-state decays to three photons and 

precision measurements have been made for this case. These are reviewed 

in ref. 30. Here I simply indicate in fig. lO how both the theoretical 

predictions and the experimental values have depended on time. The 

calculation of the radiative corrections again provides a lesson in how 

careful one has to be when dealing with radiative corrections in bound 

states; in this case, the relativistic corrections to the lowest order 

graph (fig. lla) contribute to the same order as the radiative 

corrections, one of which is shown in fig. 1lb. That is, the fact that 

the electron and positron are in motion relative to each other is just 

as important as the radiative corrections to the free annihilation 

cross section in the limit of zero kinetic energy. In this particular 

case, the motion correction compensates the contribution of the Coulomb 

photons in fig. llb, which should be subtracted since it is already 

included in the bound state wave function. The correct procedure for 

doing this was given in ref. 31. Further contributions of relative 

order 2 in -1 were given in ref. 28. 

A final remark on positronium deals with the fact that it provides 

a useful test of one of the fundamental assumptions underlying QED, 

namely charge conjugation invariance. The decays 
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t r ea t ed  with regard to con t r ibu t ions  due to Coulomb photons and 

binding c o r r e c t i o n s .  



111 

(e+e - )  ÷ 3y and (e+e - )  ÷ 4X 
IS 0 3S 1 

are forbidden by C-invariance. The present upper limits on their 

branching ratios (relative to the respective allowed process) is 10 -5 

in both eases.32'33) It would be worth trying to improve on these 

limits, at least if this can be done as a by-product of other experi- 

ments on the positronium lifetimes. 

Turning now to atoms having a normal nucleus, one almost always 

starts with the hydrogen spectrum, which is shown in fig. 12. From the 

standpoint of tests of radiative corrections, the most interesting 

feature is the splitting between the 2Sl/2 and 2Pi/2 levels, which 

would be zero in the absence of all corrections due to radiative ef- 

fects, relativistic recoil or nuclear extension. The latter two con- 

tribute only about 0.5 MHz to the known splitting of 1057.9 MHz; the 

pure OED contributions dominate the Lamb shift completely. 

THE HYDROGEN ATOM 

2P3 /2  t 
I~@= I0~@°1MHI~(Io)II:I y 

2s,,~ J Is  " 

I S~/2 . . . . . .  

I 
177.@6 MHZ 

! 

t : 59.19 MHz 

• . ' , , . ,4~. , ,os~5,7~S m,)  
• i 

Fine 
Structure 

Hyperf;ne 
Structure 

12. Hydrogen spectrum. 
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At the moment the two most recent published experimental values of 
the Lamb sh i f t  are 

S exp : 1057.893 ± 0 .020  MHz 34) 

1057.862 ± 0 . 0 2 0  MHz 35) 

Although these results are consistent within the errors, they are not 

really in agreement either: it would be nice if one could understand 

the difference. (Note added in proof: The authors of ref. 34 have re- 

cently reported a new value S = 1057.845 ± 0.009 MHz.) 
exp 

The theoretical uncertainties are probably comparable to the ex- 

perimental ones. In order to see this, it will be necessary to write 

down the full expression for the Lamb shift*: 

~3Z4R= I [  19 me(Z~) - 2 m r  3 <p> 
Sth - 3~ TO + in l#2s(°)l 2 

1 m r 2 r + ~ ~-- + 0.32206 a~ mm 3 
e B 

+ (aZ) 2 [ -  ¼ in2(Z~) -2 + 3.9184 in(Z~) -2 + Gvp(Z~) + GsE(Z~) 
J 

+ 2 .2962  ~(zZ 

+ Ssize + Sre c + Spo I 

Here 

S 
rec = 0.359 ± 0.011 MHz 

S = 0 .1954  <r2> = 0 .144  ± 0 .004  MHz 37 
s i z e  

S = 0.001 MHz 
pol 

are the only non-QED contributions. A model-independent calculation of 

<p>/l~2s(O)l 2 has been given by Borie 36). The result is 

< p > / J ~ 2 s ( O ) J  2 = 1 - 2 m r a Z  < r > ( 2  ) 

where <r>(2 ) = fd3r fd3u r p(l~-~ I) p(u) = 1.05 ± 0.05 fm 

* The notation of Mohr IO) is adopted. However the dependence on mass 

and on nuclear size is explicitly included. 
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The correction term (proportional to mr~Z <r>(2 ) ) gives a previously 

uncalculated contribution of - 0.041 ± 0.005 MHz. 

The value of GsE(Z~) has not yet been unambiguously determined. 

Two calculations exist, but disagree by more than the experimental 

uncertainties, also for Z ~ i. Mohr I0) extrapolates numerical values 

calculated for Z = 10-50 using methods developed in ref. 58 while 

Erickson's expansion 9) was designed for small values of Z. The methods 

given by Mohr 58) and others 59) have the advantage (in principle) of a- 

voiding perturbation expansions in eZ with all the previously mentioned 

pitfalls, but they involve difficult numerical problems which have not 

yet really been solved for low Z systems. Until the question of the 

value of GsE(Ze) has been clarified, it is only possible to quote 

theoretical values for both possibilities: 

CSE (~) contribution to 5 Sth (MHz) 

Erickson -17.1 ± 1.2 -0.124 ± 0.009 

Mohr -25.4 ± 1.2 -0.169 ± 0.009 

1057.888 ± 0.017 

1057.845 ± 0.017 

Neither possibility is exciuded by experiment. Aside from the problem 

of understanding the higher order binding corrections to the self- 

energy, also for Z ~ 1 , theory improvements which should be under- 

taken will involve higher order recoil corrections (to the non-Breit 

terms) and corrections to the Bethe sums due to finite nuclear 

size. The uncertainties in the nuclear parameters will limit the Lamb 

shift as a test of QED to a few ppm. In contrast to some other tests, 

however, the Lamb shift is almost entirely a QED effect and thus a 

more sensitive probe than, for example, the ground state hyperfine 

splitting of any system. 

Muonic atoms provide a complementary test of QED in atoms because 

the energy levels are sensitive mainly to vacuum polarization, as was 

discussed previously. In fact the fourth order contribution is nu- 

merically more important than the muon self energy; thus muonic atoms 

can provide a test of vacuum polarization which is not significantly 

disturbed by other QED effects. Of course, in order to minimize per- 

turbations from other sources, such as nuclear size and structure, or 

electron screening, it is necessary to choose transitions among orbits 

such that 

<< (p)  << ( e l e c t r o n s )  RNucleus RBohr RBohr • 
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Since the subject of QED tests in muonic atoms has been nicely reviewed 

elsewhere 15'40) I shall confine my remarks to a few highlights. 

The measurements of the Lamb shift and fine structure in muonic 

helium 41) provide a beau£iful example of a precision measurement using 

laser spectroscopy. Unfortunately, the comparison with theory 42) is 

limited by the accuracy with which the charge radius of helium has been 

measured from electron scattering 45) (<r2> I/2 = 1.674 ± 0.012 fm) ,so 

that the experiment can almost be regarded as a precision measurement 

of the charge radius of 4He, giving <r2> 1/2 = 1.673 ± O.OO1 fm .Never- 

theless, the accuracy is sufficient to set limits on possible anomalous 

muon-nucleus interactions, such as might arise from the exchange of a 

light Higgs boson 40'44). 

Table 2: 

Experiment 

Theory 

Comparison between experiment 41) and theory 42) for the 2s-2p 

transition energies (in meV) far muonic 4He 

i 

2Sl/2 - 2Pl/2 2Sl/2 - 2P3/2 

1.5813 ± 0.0005 

1.5809 ± 0.0042 

1.5275 ± 0.0003 

1.5272 ± 0.0042 

R e c e n t l y  a p r o p o s a l  has been made to  avo id  t h i s  d i f f i c u l t y  by 

making p r e c i s i o n  measurements o f  the 3d3/2 - 3p3/2 and 3d5/2 - 5p3/2  
t r a n s i t i o n  e n e r g i e s  i n  muonic h e l i u m .  By making measurements on s t a t e s  

h a v i n g  h i gh  o r b i t a l  a n g u l a r  momentum, f o r  wh ich  n u c l e a r  e f f e c t s  are 

much s m a l l e r  than  f o r  s - s t a t e s ,  i t  i s  hoped t h a t  the vacuum p o l a r i -  

z a t i o n  c a l c u l a t i o n  can be t e s t e d  to  s u b s t a n t i a l l y  h i g h e r  a c c u r a c y .  

T h e o r e t i c a l  p r e d i c t i o n s  have been g i v e n  by Bo r i e  and R i n k e r 4 6 ) ;  

for example, vacuum polarization contributes 111.48 meV to the 

5d3/2 - 3P3/2 transition energy of 111.42 meV. 

Tests of QED in heavy muonic atoms can test the higher order 

vacuum polarization contributions, particularly those arising from 

Coulomb corrections to the electron propagator. Since the subject is 

reviewed here 15) and elsewhere 40) I shall merely remark that earlier 

indications of a discrepancy between theory and experiment (see for 

example ref. 47) have been eliminated by more recent experiments and 

more accurate measurements of calibration lines. Summarizing, one can 

say that vacuum polarization has been tested at the level of about 

0.2 ~ (2000 ppm) while the higher order corrections have been tested to 

about 15-20 ~ over a wide range of atomic numbers from Z = 2 to Z = 82. 
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In conclusion, there appear to be no major discrepancies between 

theory and experiment in atomic physics tests of QED, aithough of 

course this comes as no surprise. The theoretical calculations need 

improvement, not only for the case of positronium and muonium, where 

the need has been recognized for some time, but aiso for hydrogenlike 

atoms, where it would be heipfui to have a better understanding of 

higher order binding, relativistic recoil, and finite size corrections. 

Experimental input is also needed, mainly with regard to more accurate 

measurements of the parameters of the theory. 

The author wishes to thank Dr. H. Pilkuhn for several helpful 

suggestions and discussions during the preparation of this talk. 
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A. INTRODUCTION 

Positronium, the bound state of an electron and its 

antiparticle, the positron, is an attractive testing ground 

for quantum electrodynamics because its constituent particles 

interact to high order only through the electromagnetic inter- 

action. The existence of positr~nium (Ps) was suggested by 

Mohorovicic in 1934 and many of its properties were calculated 

by Pirenne in 1943' I 

The gross (Bohr) energy levels are hydrogenic, but with 

half the energy because the reduced mass is half the electron 

mass. The ground state, as in hydrogen, is composed of three 

triplet and one singlet spin states. The spin-spin hyperfine 

splitting is much larger than in hydrogen (about 200 GHz 

rather than 1.4 GHz), partly because of the large positron 

magnetic moment, but also because of a QED effect, virtual Ps 

creation and annihilation. The triplet state decays only (by 

charge conjugation invariance) into an odd number (greater 

than one) gammas, three primarily, with an average lifetime of 

142 nsec. The singlet decays into an even number, principally 

two, in about 0.1 nsec. In 1952 Deutsch reported the production 

of positronium and the first crude measurements of its hyperfine 

separation and triplet lifetime. 

The effect of an external magnetic field on the ground 

state is an interesting quantum mechanical effect, crucial to 

most experimental techniques. The m = ±I components of the 

triplet (represented by ~÷ and #+ where ~ is the positron 

spin direction and ÷ the electron) have a net magnetic 
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moment of zero, and thus are unaffected by an external field. 

I 
However, the m = 0 levels, -7 (44+#÷) for the triplet and 

I 
(+4-#÷) for the singlet at zero magnetic field, are 

V2 
no longer eigenstates in an external field. This may be seen 

by considering an extremely strong external field, in which 

+4 and #÷ are eigenstates. Each of these is a 50%-50% super- 

position of the zero-field singlet and triplet states. Thus 

in intermediate fields the perturbed triplet contains a field. 

dependent singlet component. Likewise, the perturbed singlet 

contains some triplet admixture. Correspondingly, the decay 

modes are partially via three and partially via two gammas, 

and the lifetimes are intermediate. For example, in a 5kG 

field the perturbed triplet decays via 99.5% 3-7, 0.5% 2y 

events with a mean lifetime of 22.5 nsec. 

B. HYPERFINE SEPARATION 

i) Theoretical 

The theoretical calculation of the hyperfine separation 

in Ps is made difficult by the lack of a heavy nucleus, which 

prevents reduction to a one-body problem. Traditionally use 

has been made of the Bethe-Salpeter equation, the two-body 

formulation of relativistic quantum mechanics, which has no 

unique way to reach an approximate solution. Recently, 

2 
Lepage, e tal., have developed an equivalent Schroedinger 

equation with reduced mass, an entirely different approach. 
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The results of the calculations, listed in Table I, are 

conveniently organized by order in e. The zeroth order term 

was calculated by Pirenne, the first order by Karplus and 

Klein in 1952. The second order terms include those with 

~2£n~-I as well as 2 The former have proved particularly 

troublesome because from time to time new contributions 

are found, and the size of the terms is large because 

-I 
~n ~ = 4.9. The latter are only partially calculated. 

So far the static, recoil, vacuum polarization, and two and 

three photon virtual annihilation terms have been completed. 

The present experimental results, discussed below, are 

at the 6ppm level. Thus completion of the second order 

calculations will allow testing the coefficients of ~2~n~-I 

to 5% and those of 2 to 25%, since the next order terms 

should contribute only about I ppm. 

ii) Experimental 

All experiments involving Ps are hampered by the difficulty 

in forming reasonably large samples. Positrons come from 

radioactive sources with energies in the 200 keY range and 

must be slowed to about 10 eV in order to capture an electron 

from an atom and form Ps. The source of atoms is traditionally 

the material in which the positron energies are moderated, 

usually a gas. Collisions with these atoms can then perturb 

the properties of the Ps. 
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TABLE I 

Positronium Hyperfine Separation 

Theory 

Order Source Contribution 

in units ~ Ry in GHz 

4 

~5 

~6£na-I 

6 

Magnetic 
plus 7 

Virtual 
Annihilation 

Bethe-Salpeter ~ (~ 
Radiative - ~ + £n 2) 
Corrections 

Radiative +T2 ~2£n -I 
Corrections 

Virtual 
Annihilation 
Three Loop 
Radiative 
Corrections 

2 -0.32e 

204.3867 

- 1.OO55 

+ 0.O191 

- 0.0045 

Total 203.3958 GHz 
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The hyperfine transition is at high frequency (.203 GHz) 

and requires so much power that, even today, direct excitation 

is unfeasible. Rather, the Ps is formed in a magnetic field 

(i x 8 kG) and the Zeeman (triplet m = ±i to m = 0) transition 

is driven. 3 The perturbation of the m = 0 state by the field, 

as previously explained, means that a fraction of the decays 

from that state are via two gammas rather than three. Thus 

a measurement of the 2.7/37 ratio will show a small (= 6%) 

increase at resonance. Because high power is needed to drive 

the transition a microwave cavity is required and used as the 

gas container (see Fig. I), and the magnetic field, H, rather 

than the frequency, is swept. The hyperfine frequency, A~, 

is found by measuring the Zeeman frequency, fol' and solving 

fol = ½ A~ [~l+X2)½-1], where X = 2g'~BH/hA~ , 

and g' is the g-factor of the bound lepton, shifted by ii.i ppm 

from the free-space value. A large number of data points, 

typically i0 I0, must be collected to obtain the needed statis- 

tical precision in view of the small signal. 

The natural linewidth, determined by the short lifetime 

of the singlet decay, is large, = 0.6% of the transition 

frequency. To obtain the 6 ppm accuracy of the present 

experiments, the line must be split to a part in a thousand. 

Thus, careful consideration must be given, from both the 

theoretical and experimental side, to the resonance line 

shape. A further systematic effect must be considered; 
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Fig. I 

Positronium hyperfine separation apparatus at Yale. (Ref.3) 
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the shift of the hfs by collisions of Ps with the buffer gas. 

The shift is corrected by measuring the frequency as a function 

of gas density and extrapolating to zero. N 2 and SF 6 were 

used in the two experiments, but shifts of all the noble 

gases have been measured. 

The two most recent results are A~ = (203.3849±O.0012) GHz 

from the Yale group, 3 and A9 = (203.3870±O.0016) GHz from the 

4 
Brandeis group. They are respectively 10 and 6 standard 

deviations from the theoretical value of 203.3958 GHz. 

Whether or not this is a real disagreement awaits the completion 

of the order (2) contributions. Further improvements in the 

experimental system are possible. By increasing the radio- 

active source strength and the number of detectors, as well 

as improving the accuracy in determining the magnetic fie~d, 

a level of 2-3 ppm could be reached. 

C. LIFETIMES 

i) Theory 

The lowest order calculation of the decay of singlet 

(para) positronium (p-Ps) into two gammas was made by Pirenne 

in his classic paper. In 1949 Ore and Powell calculated the 

corresponding contribution to the decay rate of triplet 

(ortho) positronium (o-Ps) into three gammas. In 1952-3 

Wolfenstein and Ravenhall showed that charge conjugation 

invariance demands that o-Ps decay into an odd number of 
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gammas (greater than one) while p-Ps decay into an even number 

In 1957 Harris and Brown succeeded in calculating the 

radiative corrections to the decay rate of p-Ps. These were, 

in fact, the first calculations of radiative corrections to 

any decay rate. As can be seen in Table II, these can also 

be expressed in terms of orders of ~. The order ~ term is 

small, about 0.5%, and has been confirmed recently by Cung 5 

6 7 8 
and by Freeling. Caswell and Lepage as well as Tomozawa 

have confirmed the result and extended it by calculating the 

2 £n-I term. 

The radiative correction to the o-Ps decay rate was 

first calculated 17 years later. Stroscio and Holt reported 

a result in 1974 which was revised a year later by Stroscio 

9 to (1.86±0.45) ~10, where the error comes primarily from 

the uncertainty in calculating the numerical integrals. 

The resulting decay rate, I = (7.242±0.008) usec -I was in 

good agreement with the two experimental results then 

existing, I = (7.262±O.O15) ~sec -I from the London group IO 

and I = (7.275±O.O15) usec -I from the Yale group. 11 As will 

be discussed shortly, however, it was soon in strong disagree- 

ment with the results obtained in Michigan in 1975-77. This 

disagreement prompted the SLAC group to use their techniques 

developed for the hyperfine separation to calculate the o-Ps 

decay rate. They found an error in the sign of one term and 

improved the numerical calculation of others, yielding a 

final result of I = (7.0386±0.0002) usec-1. 2 This is a 
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TABLE II 

Positronium Decay Rates - Theory 

P a r a p o s i t r o n i u m  ( p - P s )  1 lS 
o 

Order Rate 

F ° = ~5mc2 

2h 

2 

Ar! : 

-I 
8.03265 nsec 

- 5.88.10 -3 F ° 

Total Fp = 7.9854 nsec -I 

Orthopositronium 

Fo 2 e6mc2 (~-9) 
= ~ --5-- - -  

AF I = F ° (-10.266±O.O11) 

AF 2' = F ° (-~) e2£ne -I 

O(AF 2) = 0(~) 2 F ° 

(o - Ps) I 3S, 

7.2112 ~sec -I 

- O.1720±O.OOO2 ~sec -I 

- 0.0006 ~sec -I 

±0.0004 ~sec -I 

-I 
Total F ° = (7.0386±0.0002) ~sec 
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change in the value on the order of 3% ! 

not yet calculated, and could contribute 

The/e--h 2 terms are 

-I 
(0.0004) ~sec 

if the coefficient has a magnitude of 10, the size of the 

coefficient of (~/~). 

ii) Experiment 

The only experimental measurement of the decay rate of 

p-Ps is an indirect measurement which used the linewidth in 

12 
the hyperfine separation experiment. While the result, 

I = (7.99±O.11) nsec -I, is in agreement with theory, the 

uncertainty is much larger than the entire radiative correction 

As technical limitations dictated by the extremely short decay 

time prohibit a direct measurement, a second, completely 

different, indirect measurement is now underway at Michigan. 

It is based on a measurement of the decay rate of the magnetic- 

field perturbed triplet state. This decay rate I is given 

by a linear combination of the unperturbed triplet and singlet 

rates, that is 

I = 1 2 [i t + y2 Is ] 
1 +y 

where y x/(1 + x 2) and x = 0.0276 B, where B is in kilogauss. 

A simultaneous measurement of the unperturbed and perturbed 

triplet rates can be used to give the singlet decay rate. 

Systematic effects of collisions with the buffer gas in a 

magnetic field will have to be eliminated in order to obtain 

the 0.2% precision in I which appears feasible. This should 
s 
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be sufficient to verify the first order radiative correction 

term. A similar experiment, but using a low energy positron 

beam and no buffer gas is underway at Mainz. 

In contradistinction to the p-Ps measurements, all 

precision measurements of the o-Ps decay rate have used a 

direct method. Before reviewing the results, it is worthwhile 

outlining the methods used. Two timing signals are obtained, 

one from the birth of positronium, one from the annihilation 

(see Fig. 2). The pulse from the annihilation is obtained 

by the use of a photomultiplier on a gamma-ray sensitive 

scintillator. The pulse from the formation is obtained 

indirectly from either the gamma-ray which is emitted in 

coincidence with the emission of the positron from 22Na or 

from the passage of the positron through a thin plastic scin- 

tillator. The time required for positron energy loss and Ps 

formation is very short (= i0 -II s) and can be found from the 

signal from direct annihilation of the positrons together with 

decays from p-Ps (the "prompt" signal). The pulses are shaped 

with fast discriminators. In some experiments a rejection 

system is used to eliminate events for which the start and stop 

signals are within 25 nsec of each other, and thus reduce the 

background. The time interval between the two pulses is converted 

into a pulse whose amplitude is proportional to the time interval 

and the spectrum of these pulse amplitudes is recorded on a multi- 

channel analyzer. Alternatively, for some experiments the 

time interval can be analyzed and converted into a digital 

Signal which is transferred directly into the memory of the MCA. 
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Fig.  2 

General schematic diagram of the method of directly 

measuring the o-Ps decay rate. 
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As in the hyperfine measurements, the high energy positrons 

must be moderated to about 10 eV in order to bind an electron 

from an atom and from Ps. In the first two measurements, the 

results of which are quoted above, gases were used. However, 

in 1968 it was shown in Paris 12 that certain metal oxide powders 

with extremely small particle size copiously form positronium 

with a lifetime near the free-space value. Since the lifetime 

of Ps within matter is under 2 nsec, it was proposed that the 

Ps was ejected ~rom the particle and existed in the intergrain 

region. The first precision decay rate measurements in this 

new medium were performed at Michigan in 1975 (see Fig. 3) 

with the surprising result that some measurements in powder 

(as shown in Fig. 4) gave a lifetime lon~er than the previous 

extrapolation to free spacel3~ It was also shown that the 

decay rate depended linearly on the free volume density between 

the powder grains (see Fig. 4), where the positronium is likely 

to exist. After careful examination of the experiment, as 

well as consideration of possible effects of the powder sur- 

faces which would not extrapolate to zero, Ford, Sander, and 

Witten 14 concluded that the extrapolated value I = (7.104±0.006) 

-i 
~sec probably did represent the free-space value. 

In order to provide a completely independent check of 

this result, a second measurement was begun at Michigan which 

used another technological innovation. It had been found in 

1958 that when high energy positrons are incident on solids 

a small fraction (from 10 -7 to 10 -3 ) are re-emitted with 

energies below 1 eV 15. These could be formed into a well 
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focussed, essentially monoenergetic beam with adjustable 

energy (see Fig.5). It was shown at Brandeis 16 that when 

such a beam of energy ~ 400 eV was incident on metal surfaces 

positronium was formed and ejected into vacuum. The 

surface for positronium formation used at 

Michigan was the secondary-electron emitting surface of a 

channel-electron multiplier (CEM). This also provided a 

signal for the formation of the positronium. By enclosing 

the region in front of the CEM (see Fig.6) with a metal 

can suitably coated so that the positronium atoms would 

bounce with very low probability of annihilation, it was 

possible to make a direct measurement of the vacuum decay 

rate. To support this claim it was shown that the Ps actually 

left the CEM surface. This was done by placing a gamma 

detector behind a slot in lead to form a gamma-ray telescope. 

The telescope accepted only those gammas from positronium 

annihilating 5 cm from the CEM. It was found, as shown in 

Fig. 7, that the first of these Ps atoms arrived 60 nsec 

after the CEM pulse. An analysis of the shape gave 

an average Ps energy of 2.7 eV. A coating of MgO, formed 

by exposing the confinement can surface to the smoke from 

burning magnesium, was found to be a surface on which the Ps 

did not annihilate. Rough measurements showed that at least 

80% of the Ps bounced off this surface. Ps atoms could leave 

the confinement can through the entrance hole for the 

positrons. The effect of this hole is to give an added 
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channel for the disappearance of the Ps, and thus an 

increased decay rate. The effect was estimated and the published 

-I 17 
result was I = (7.09±O.O2)gsee The uncertainty was 

primarily systematic, caused by an apparent oscillation in the 

decay rate found by computer fitting the observed spectrum to 

the form Ae-lt+B as events at early times are stripped away. 

It was the publication of this result, in agreement with the 

powder value, but >2% lower than previous experiments and 

theory, which prompted the SLAC group to recalculate the 

radiative corrections. 

As a check a remeasurement of the decay rate using gas 

as moderator was made. Since it appeared that problems in 

the earlier gas measurements were due to Ps annihilations on 

the walls of the confinement vessel at low pressure, the 

vessel in this experiment was designed to have a variable 

surface/volume ratio. Moreover, by inserting an aluminum 

"honey comb" into the chamber, the surface to volume ratio 

could be increased by a factor of 20. However, no decrease 

in the decay rate was noted at the 0.007 ~sec -I level and thus 

there exists no known reason for the high decay rate of the 

early experiments. In the course of these measurements it was 

found that the long light decay curve of NaI(TI) scintillators 

gave rise to low level (10 -4 ) after pulsing in the gamma 

detection channel that led to systematic shifts in the fitted 

decay rate. Replacing them with Pilot B plastic scintillators 

made the fitted decay rate constant at a lower value. A 
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total of six sets of experiments were made, each set consisting 

of measurements at pressures from 200 to 1600 Torr in Freon 12, 

isobutane, or a mixture. A number of conditions were varied 

to set limits on systematic shifts. The final published result 

was I = {7.056±0.007) ~sec -1 18 Uncertainties are primarily 

statistical with some systematic uncertainty from possible 

surface annihilation, gas pressure error, and pressure -to- 

density conversion. 

Discovery of the systematic shift due to the NaI(TI) 

scintillators led to a remeasurement of the decay rate in 

powder. A second systematic error was found here, involving 

measurement of the powder density, and the new result was 

-I 
A = (7.067±0.021) ~sec 

Finally, a second experiment using the "vacuum" 

production was run. Again, Pilot B scintillators were used, 

the positron beam strength was increased, and a study of 

the effect of the positron entrance hole on the decay rate 

was carefully made. Gas kinetic considerations show that 

collisions with the can surface and entrance hole should lead 

to a measured decay rate A m given by 

=l +P ~s A Am o a ~ + cv 

where S is the area of the can, A the area of the hole, V the 

volume of the can, Pa probability of annihilation per 

collision, and v the positronium velocity. The results for 

one can with fixed S/V is shown in Fig.8. Results from 
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different S/V ratio cans show no difference, allowing a 

upper limit to be placed on Pa = 10-4" The final result was 

-I 
X = (7.O50±0.013) psec 

An independent measurement using the gas method has 

been made by the University College-London group, who obtained 

X = (7.045±0.006) ~sec -I. A weighted average of the four 

-I 
experimental results gives X = (7.050±0.004) ~sec , where 

the uncertainty is the inverse root of the sum of the weights. 

-I 
The uncertainty probably should be increased to 0.006 ~sec 

because the uncertainty in the London result is primarily 

systematic, while that of the Michigan gas experiment is 

mostly statistical, and these two contribute most strongly 

to the average value. 

The difference between theory and experiment is then 

-I (0.11±O.OO6) psec We consider this to be, most likely, 

a real discrepancy, probably due to an experimental systematic 

effect. Our conclusion is based on the fact that most of 
i 

the systematic effects tend to raise rather than lower the 

measured decay rate. 

K~at improvements can be made in the experiments? 

Despite the high rate Ps formation, and thus the greater 

statistical precision in the powder experiments, the 

determination of powder density and its homogeneity, as well 

as possible effects which are non-linear in powder density, 

make improved experiments in this medium the most difficult. 
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If the problem of assuring that the CEM cone does not have 

a higher annihilation rate can be solved, and we believe 

it can, then there is no fundamental limitation on the 

ability of the vacuum method to yield improved precision. 

The present effort at Michigan is in the gas method. About 

half the present uncertainty is in statistical and half in 

systematic effects. The systematic effects are primarily in the 

area of pressure measurement and pressure-density conversion 

(gas virial coefficients must be known at the I% level). 

While improvements here will be difficult, they are not 

impossible. The statistical proplems are related to the 

low formation rate of Ps. An experiment is now underway 

which confines the positrons to a small region at the center 

of the gas chamber by means of a magnetic field. (The short 

diffusion distance of Ps thus insures the it is also close 

to the center of the chamber, reducing possible wall effects.) 

The longer path length of the positrons leads to a high data 

rate with no loss in signal-to-noise. It is hoped that the 

resulting reduction in statistical uncertainty to a part in 

10 4 can be matched with a corresponding improvement on the 

systematic side as just discussed. The completion of these 

two experiments, with totally different systematic effects 

and with a reduction in uncertainty by a factor of almost ten, 

should conclusively show whether or not the discrepancy exists. 
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D. CONCLUSION 

On the theoretical side, effort on the hyperfine structure 

is most important because of the large size of the coefficients 

of the higher order terms. On the experimental side, while 

straightforward improvements in the present techniques are 

possible, most progress in the past five years has come from 

the introduction of new techniques, for example, powders and 

slow positron beams. Especially in view of the overwhelming 

importance of systematic effects in precision experiments, 

it is most likely that great improvements will come from 

presently unknown directions. Finally, looking at the work 

of the last ten years shows how difficult it is to keep earlier 

experimental or theoretical results from influencing the result 

obtained in new work. 
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PoSITRONIUM IN EXCITED STATES 

E.W. Weber 
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Philosophenweg 12, D-6900 Heidelberg, W. Germany 

i. Introduction 

Positronium is a bound pure leptonic particle-antiparticle system. 

It can be described to high accuracy by the electromagnetic interaction 

of the electron and positron and the interaction of both particles with 

the photon fields. Effects due to the strong or weak interactions are 

minimal. Therefore in principle positronium is ideal for a test of the 

quantum electrodynamic theory of bound systems. Furthermore it allows 

one to study real self-annihilation processes which have not yet been 

investigated in any other system. Comprehensive review articles have 

been published both on theory of and experiments with positronium by 

Deutsch (i), De Bennedetti and Corben (2), and a mainly theoretical 

paper by Stroscio (3). Articles covering more recent positronium 

research are those by Mills, Berko, and Canter (4), Berko, Canter, and 

Mills (5), Griffith and Heyland (6), and by Rich (7). 

In practice, positronium (Ps) has several disadvantages both 

theoretically and experimentally. On the theoretical side, the Ps atom 

consists of two light equal mass particles which generally have to be 

treated as a relativistic two body problem. Unlike atomic hydrogen it 

cannot be reduced in a simple way to a one body problem with calculable 

exact solutions by using the reduced mass concept. For Pa the 

relativistic Bethe-Salpeter equation applies which, even in zero order, 

has no exact solutions (3)° A new approach circumventing this problem 

was introduced by Lepage and Caswell (8), and Remiddi and Barbieri (9), 

see Sec. 4. Furthermore, annihilation and two-photon terms contribute 

in the same order of R ~ 3 as the Lamb shift; higher order corrections 

become exceedingly numerous and tedious to calculate. 
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Experimentally, more difficulties are encountered with Ps than 

with the stable hydrogen atom. Ps can be produced only in low 

abundance, even in its ground state, and decays with high annihila- 

tion rates. In addition, the annihilation gives rise to a background 

of gamma radiation. Because of its small mass and generally non-ther- 

mal energy, a huge linear Doppler effect and also a quadratic Doppler 

effect has to be expected in the case of optical transi#ions. 

At the present time, the most accurate quantities measured for 

Ps are the llSo-13S1 ground state hyperfine structure (hfs) 

splitting (lO,11) and the ortho-Ps ground state decay rate (12,13). 

In excited state positronium only one measurement, the fine structure 

23SI-23p 2 , has been performed to date (14). The (fs) s e p a r a t i o n  

p r e s e n t  paper w i l l  dea l  m a i n l y  w i t h  e x p e r i m e n t s  i n v o l v i n g  e x c i t e d  

s t a t e s  o f  Pa w i t h  p a r t i c u l a r  emphasis on the l a s e r  t w o - p h o t o n  t r a n s i -  

13S1-23S 1 wh ich  seems f e a s i b l e  w i t h  r e c e n t  deve lopments  i n  Ps tion 

production techniques (15,16) and in laser technology. 

2. Why experiments with excited states of positronium 

The limiting factor in the determination of the ground state hfs 

splitting is the short llSo lifetime of 1.25.10-i0s . To obtain an 

accuracy of 3 ppm the linewidth of the microwave resonance has to be 

split to 5 parts in i04. In comparison, resonances involving excited 

states of Ps (Table l) have equal or smaller natural width to 

frequency ratios and thus may allow in principle considerably more 

accurate measurements. The fs transitions between n=2 Ps states also 

lie in the easily accessible microwave range. The qualities of 

excited Ps states for testing QED theory will be discussed in Sec. 4. 

The most attractive and rewarding experiment would seem to be 

two-photon transition 1351-23S 1 which has by the measurement of the 

far the smallest natural linewidth due to the annihilation lifetime 

13S I (T(3y)=l.4"lO-7s) for all transitions listed in Table i. of 

With the n>2 S states not being metastable*, transitions from 13S 1 

higher n3S I states will not result in a smaller natural to 

linewidth, although they have somewhat higher theoretical width to 

frequency ratios. The Ps Balmer series starting from the metastable 

* The radiative lifetimes of Ps* states are about two times those of 

equivalent H* states; ~(Ps,n S)/IO -7 s = 3.2(n=3),4.6(n=4),7.2(n=5). 
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Table I. Theoretical width to frequency ratios of some 

transitions between n=1 and n=2 states in positronium. 

Transition Transition Dominant Decay Width 
Frequency Decay Time 
Vo (~z) ~(s) F (~z) 

Width/ 

F / ~  o 

11So-13S1 203 11So(2Y) 1.3"10 -10 1200 

23S1-23p 2 8.6 
23p(Ly-¢) 3.2-10 -9 50 

21So-23Po 18.5 

13S1-23p o 1.2-106 23p(Ly-~) 3.2-10 -9 50 

13S1-23S 1 1.2-106 13S1(3Y) 1.4"10 -7 1.3 

6.10 -3 

6.10 -3 

3 "10 -3 

4" 10 -8 

10 -9 
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n=2 3S 1 s t a te  ( T ( 3 ~ ) = l . l . l O - 6 s )  has the h ighes t  r e s o l u t i o n  because 

of the long 2]S I annihilation time. This seems to be of academic 

interest to date, when considering the production rate ratio of order 

10 -3 for n=2 Ps* to ground state Ps from surfaces (17). 

With the introduction of new Ps production methods and with 

present-day pulsed, tunable megawatt dye lasers the induction and 

detection of the 13Sl-n3S I two-photon transitions seem~feasible. The 

nonlinear two-photon laser spectroscopic technique (19) eliminates the 

first order-but not the second order- Doppler effect. The transverse 

Doppler effect prevents one from reaching the resolution theoretically 

expected from the natural width to frequency ratio for the Ps atom. 

This again arises from its small mass and consequently high velocity 

even st thermal energy. (Sac. ].4). Nevertheless a determination of 

1]S1-2]S I splitting with an absolute accuracy of the order of lO the 

MHz, i.e., a 2.10 -8 relative error, seems possible in the near future. 

3. Experiments with excited states of the positronium atom 

3.1. Discovery of excited state positronium 

Following the first observed generation of Ps in gases by Deutsch 

(20) in 1951 it took almost a quarter of a century before Ps n=2 state 

production was discovered. The search for Ps* had been pursued with 

different methods in many experiments. The only two approaches in which 

success has been reported will be described here. 

In the first a group at Yale (21) used opticai excitation of Ps 

atoms formed and stopped in 1 bar of Ar buffer gas from positrons 

emitted by a radioactive 22Na source. Of the Ps formed, 75% existed in 

longer lived 13S l= state. A tin arc maintained in Ar carrier gas the 

IJS I atoms to the 2]P states making use of a excited the Ps 

fortuitous coincidence of a Sn line with Ps Ly-a at X = 243 nm. A mag- 

netic field of 70 mT was also applied to mix 23P with 21P states 

decay to the IIs ° ground state. The signal believed to have which 

shown the excitation was an increase of the iISo 2y annihilation 

decay rate by S(Zy)=0.149(24)%. The .buffer gas stopping technique* has 

not been pursued any further for the Ps* research, because of the 

* For a review of very fruitful e + and Ps ground state research in gas 

atmospheres see, e.g., refs. (22) and (6). 
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many disadvantages to be anticipated: high UV background from buffer 

gas atoms or molecules excited by slowing down positrons; high 

collisional quenching for the metastable n=2 Ps states; and strong 

buffer gas density shift and broadening of the microwave and, 

especially, the optical transitions. 

Slow positron beams and Ps formation on surfaces. The second 

approach to detect Ps* made use of the development of two new techni- 

ques: (I) the generation of slow positron beams of lO 4 to lO 7 e+/s 

intensities; (2) the conversion of slow positrons (several lOeV to keV 

energies) to slow Ps atoms (with thermal to <4eV energies) at surfaces 

of various materials. 

Slow positrons (<SeV) are emitted into vacuum from various 

surfaces with fractional intensities ranging from i0 -7 to lO -3 compared 

to those of the positrons incident from radioactive 22Na or 58Co 

sources for which the mean kinetic e + energy is of the order of 

0.5 MeV. The standard slow e + emitter has for a long time been MgO 

fumed on gold foils lined up as "venetian blinds"; such an arrangement 

has an efficiency up to 3.10 -5. More recent studies have shown that 

clean single-crystals (A1, Cu, Si, Ge) and other surfaces in ultra-high 

vacuum can reemit slow positrons with fractions up to lO -3 (17). The 

slow e + are subsequently accelerated to some lOeV to keV energies and 

then magnetically or electrostatically guided to the target area. The 

construction and application of these slow e + beams is discussed in the 

review articles (5-7). 

Up to almost lO0~ of the positrons from a slow beam impinging on 

various surface materials, e.g. MgO, SiO, Ti, Cu, Au, and W, can form 

Ps atoms leaving the surface. A very efficient converter is a Cu (lll) 

single crystal surface covered with a 1/3 monolayer of S placed in an 

ultra-high vacuum (15). This Cu crystal converts about 50~ of the 

incident e + into Ps with a thermal energy distribution having a mean 

energy of E = 3.4(3)eV. Most of the remaining e + form Ps atoms which 

are desorbed from the surface with E = O.14(1)eV Corresponding to the 

T = 1060 K crystal temperature and with a non-Maxwellian velocity 

distribution. 

The Brandeis group used these two methods not only for the first 

ob~servation of Ps Lyman-~ radiation (i7) but also for a measurement of 

the Ps(23S -23P2) fs interval (14). Slow e + emitted from a MgO covered 
1 

gold foil converter are magnetically guided by a curved solenoid (7mT; 
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150 cm long) to s n-type Ge target where Ps atoms in the ground and 

excited states are formed (Fig.l). The fraction of n=2 state Ps atoms 

per incident positron emitted into the vacuum from the converter is on 

the order of lO -4. The n=2 Ps atoms are detected via Ly-a photons in 

delayed coincidence with annihilation y's from the 13S I decay. 

Measurement of the positronium 23SI-3P 2 fine structure interval 3.2. 

A level diagram of the Ps n=l and n=2 states, with dominant decay 

Iifetimes, is shown in Fig.2. Three of the 15 possibie fs transitions 

electric dipoIe trsnsitions involving the long lived 23S 1 state. are 

From those the fs interval 23SI-23p 2 st lowest (X-band) microwave 

frequency is chosen for the experiment (14). The measurement is based 

the observation of an enhanced Lymsn-a (23P2-I3SI, X = 243 nm) emis- on 

sion rate in delayed coincidence with subsequent 13S I annihilation y' s 

when the Ps* fs transition is induced by a microwave electric field at 

the appropriate frequency. A slow positron beam (~30eV) similar to that 

indicated in Fig.I is magnetically guided into a cylindrical microwave 

cavity (Fig.3). The slow positrons collide with the Cu end face of the 

cavity and form n=2 Ps atoms leaving the surface st s fraction of 

i0 -3 to i0 -4 of the incident e + intensity. The subsequently emitted 

(2P-IS) Ly-~ photons can ieave the cavity through parallel wires 

replacing one of its sides and a quartz window; they are detected by a 

UV sensitive soiar-blind photomultiplier. Two NaI(Te) detectors placed 

above and below the target chamber count the annihilation y's. The time 

delay spectrum of the annihilation y's is recorded following s Ly-~ 

start signaI. The increase of the long lifetime component of this 

spectrum with rf on is used for the detection of the desired transition 

sequence: 

23SI(T=I~s) ~ 23P2(T=3ns) " 13Sl(T=140ns)+3y (i) 
-hVLy_ a 

The long  component w i t h  T=120 ns o f  the de layed  c o i n c i d e n c e  spect rum i s  

13S 1 vacuum l i f e t i m e ,  wh ich  i s  a t t r i b u t e d  to w a l l  s h o r t e r  than  the 

collisions. Fuming MgO on the walls of the cavity indeed increases the 

long lifetime component significantly. This indicates that n=2 Ps atoms 

do not stick, nor are they strongly quenched on MgO surfaces, nor is the 

Ps* annihilation rate increased. 
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Fig.i. Slow positron beam apparatus for the detection of Ps Lyman-~ 

radiation. S, 58Co source; T, target; F, optical filter wheel; M, alu- 

minized mirror; PMI, UV photon counter (from ref.(17)). 
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Fig.2. Level diagram of the positronium n=l and n=2 states with 

approximate annihilation and radiative lifetimes (3,18). 
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M, aluminized quartz mirror; W, quartz window; K, CsTe photocathode; 

P, suppor t posts; AI, input antenna; A2, output antenna; NaI(T1), 

annihiiation detector (from ref.(14)). 
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The fs transition signal (Fig.4) is defined as 

S(Vrf) = (Non(Vrf)-Noff)/Noff, (2) 

where Non (Nof f) are the counting rates in the long time delayed 

component of the (Ly-e - annihilation R) coincidence spectrum with the 

rf on (off) at frequency Vrf. Also shown is the logarithmic 

first-difference signal 

S'(Vrf) = [N(Vrf+A)-N(VrF-A)]/[N(Vrf+A)+N(Vrf-A)] = 

= [S(Vrf+A)-S(VrF-A)]/[2+S(Vrf+A)+S(~rF-A)] , 

(3) 

which is obtained in separate runs using a frequency modulation of the 

rf with amplitude A = ±30MHz. An assumed Lorentzian line shape 

i/4.A~2[(~rf-Vo)2+l/4.$2] -1 is fitted (solid lines) to both S(Vrf) 
curves S and S' yielding (14) A = 11.4(.6)~, $ = 102(12) MHz with 

X2/v = 12.1/10 and Vexpt(23S1-23P2)=8628.4(2.8)MHz. The width ~ is 

about twice the 50MHz natural width (Table l )  determined by the 
radiative decay of the 23P2 state. This is in reasonable order of 

magnitude agreement with estimates of the detection geometry and 

efficiency, the rf power dependence and wall collision effects. The 

quoted uncertainty is the pure statistical error. 

For a comparison with theory the experimental value has to be 

corrected for two effects*. The motional Stark shift (23) due to a 

residual guiding magnetic field of about 5 mT results in an estimated 

+3(2)MHz correction for Ps atom energies ranging between 0 and i eV. A 

possible variation of the microwave electric field strength with 

frequency may add a few MHz to the error. A reasonable value for the 

corrected result seems to be 

vc°rr(23Si-23P 2) = 8631(5) MHz expt - 

This must be compared with the theoretical value (calculated by 

Fulton and Martin (24) in 1954) which includes all radiative 

corrections to order R e3(corresponding to order mo2~5), 

Vtheor.(23S1-23P 2) = 8625.14 MHz. 

* This deviates from the procedure chosen in ref.(14) where the correc- 

tions are applied on the theoretical value. 
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S(open circles) observed as a delayed (Lyman-~ - annihilation y) coin- 

cidence signal as a function of microwave frequency. Also shown is a 

logarithmic first-difference signal S'(solid circles) obtained by 

frequency modulation of the rf (from ref.(14)). 
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The experimental and theoretical values can be considered to be in fair 

agreement when taking into account contributions of the order of MHz to 

the theoretical value from higher order terms and the uncertainty in 

the estimates of the systematic corrections of the experimental value. 

The measurement already confirms the R ~ 3 radiative correction terms 

(Lamb shift, virtual annihilation, and two photon interaction, see 

Fig.7) of 231 MHz to a few percent accuracy. A new experiment at 

Brandeis can be expected to achieve a i MHz accuracy. Comparison with 

theory will then require the evaluation of the higher order, R~41n~ -1 

and R~ 4 terms. 

In order to approach the few ppm precision achieved for the 

positronium or muonium ground state hfs measurements, both the 

systematic and statistical uncertainties had to be reduced by two 

orders of magnitude. With half the present experimental error originat- 

ing from counting statistics for running times of a day, the e + beam 

intensity and the fraction of 23S 1 Ps atoms produced directly (or 

1351 state, see Sec.3.4) has to be significantly excited from the 

improved. The natural width of 50 MHz can practically be approached by 

replacing the magnetic guiding field by an electrostatic system and by 

using the recently developed thermal Pa production techniques (15,16) 

to reduce motional Stark shift and Doppler broadening. A factor of two 

in the linewidth to frequency ratio (Table 1) can readily be gained by 

switching to the 2351-23p ° fs interval at a frequency of 18,496 MHz. 

possible scheme for efficient 13S1-23S 1 excitation and detection of A 

n=2 fs microwave transitions is described at the end of Sec.3.4. 

3.3. Feasibility of positronium Lyman-~ spectroscopy 

The classical optical spectroscopy is limited in resolution by the 

Doppler linewidth. For the light positronium atom the Doppler width 

given by AVD=7"IO-7Vo.~7"M is of the order of 700 GHz for Ly-~ and 

T=800 K. The linewidth to frequency ratio is 6.! 0-4 , and neither the 

n=2 fs nor the n=1 hfs intervals can be resolved. For resolution of the 

optical transitions in the Ps atom one has to resort to Doppler-free, 

nonlinear laser spectroscopic techniques, therefore. 

D~seussion of the feasibility of positronium Lyman-~ saturation 

experiments. Saturated absorption resonances are limited in resolution 

only by the natural lifetimes of the states involved. Here again the 

ortho-Ps system has an advantage over para-Ps because of the longer an- 
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nihilation lifetime of the 13S 1 ground state (Fig.2). The natural line- 

width of the 13S1-23p transitions of 50 MHz is determined by the 

radiative lifetime of the 3p excited states resulting in a width to 

frequency ratio of 4.10 -8 (Table I). Because of the Ly-~ photon absorp- 

tion recoil the Ps saturation resonances will be split into two lines 

separated by about 6 GHz which is much greater than the natural width. 

Only those Ps atoms will contribute to the narrow saturation 

resonance which have nearly zero velocity components in the direction 

of the counterpropagating laser beams. A Doppler shift 

Av=v (v/c)sin(~/2-$) of the order of the natural halfwidth of 25 MHz is o 
seen by a Ps atom of mean velocity v(T=8OOK)=lO7cm/s moving at an angle 

(~/2-$)=6.10 -5 rad off from perpendicular to the laser beams (Fig.Sa). 

A fraction of only 3.10-9(3.10 -5) of the Ps atoms will contribute to a 

50 MHz (5 GHz) wide Lamb-dip signal when Knudsen's law, dn = cos8 d8 , 

(25) is assumed to approximately describe the angle dependence of the 

Ps atom desorption from a (e+-Ps) converter surface. There is, 

furthermore, no obviously suitable, highly sensitive method available 

to detect the Ps Ly-~ saturated absorption resonances. The Lamb-dip 

detection method (26) via reduction of the 3P state 2y annihilation 

suffers from large background and solid angle problems. In conclusion, 

the observation of narrow Ps Ly-a Lamb-dip signals seems problematic* 

with present-day Ps fluxes of S107/s having little or no angular 

resolution, and with the difficulties associated with the generation of 

long-lasting, intense, pulsed, tunable UV laser sources at X=243 rim. 

3.4. Possible two-photon laser spectroscopy of the positronium 

13S1-23S 1 t r a n s i t i o n  

In the case of positronium the nonlinear two-photon spectroscopy 

has three important advantages compared to saturated absorption 

spectroscopy**: (i) The required laser radiation lies in the blue wave- 

* For a more optimistic estimation, see ref. (26). 

** A similar experiment with respect to the laser spectroscopy method 

has been successfully performed for the 1S-2S two-photon transition in 

atomic hydrogen by H~nsch and coworkers (2?). The transition is 

detected by Ly-a (X=121.5 nm) radiation following a (2S-2P) quenching 

collision in the hydrogen gas. In the latest version of this pioneering 

experiment the 1S-2S interval is measured with an accuracy of 1.2.10 -8 

relative to the H B (4S1/2-4P1/2, S1/2 crossover transition induced by 

saturated polarization spectroscopy (28). 
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length region at X:486 nm which can be readily generated with a tunable 

pulsed Coumsrin 102 dye laser at megawatt powers when pumped with a N 2 

or Nd-YAG laser. (ii) All Ps atoms will contribute to a single 

two-photon transition independent of their velocity components in the 

direction of the laser beams. (iii) The narrow 13S1-23S i _ two-photon 

resonance can be detected very efficiently by photoionization of the 

Ps 23S 1 state with the same X=~86 nm laser photons (Fig.5). The 

resulting free e + and e- are then recorded in coincidence with two 

channeltron multipliers (Fig.6). Thus the annihilation y detection 

techniques which are subject to a large background can be avoided. 

Two-photon spectroscopy is Doppler-free only in first order (19). 

Because of the relativistic Doppler effect the Ps atom travelling with 

a velocity v and at an angle $ relative to the laser beams will see two 

frequencies v+ and v_ from the counterpropagating beams of frequency v L 

(Fig.5), 

l±~Icos$1 I v 2+ 
~± = ~ L ( 1 _ ( ~ ) 2 ) I / 2  ~ ~L(l±~lcos~l+~(T) . . . .  ) .  (4 )  

When the  Ps atom a b s o r b s  one p h o t o n  f rom each o f  t he  l a s e r  beams the  

sum f r e q u e n c y  i s  g i v e n  i n  second o r d e r  by 

i+i v 2 u ° = v+ + v = 2VL( ~ ( ~ )  ) (5 )  

The quadratic Doppler effect thus causes a red shift 5Vq = VL(~)2=7OMH~"_ 

and an asymmetric broadening = 250 MHz (26) for Ps atoms with a 

(Maxwellian) velocity distribution and a (mean) velocity of i07 cm/s. 

With a linewidth to frequency (VL) ratio of 4.10 -7 and an assumed 5% 

accuracy for the determination of the (asymmetric) line center, a 

relative error of 2.10 -8 seems to be attainable, even without a 

complete knowledge of the exact Ps velocity distribution (15). The 

necessary frequency stability and narrow bandwidth can be obtained by 

using a single-frequency cw dye laser as input of a pulsed dye laser 

amplifier system as described in ref. (28). At the lO -8 level of 

accuracy, the wavelength can either be measured with a digital 

wavemeter (29), a calibrated interferometer (30), or relative to the 

wavelength of a Balmer-8 fs saturation transition in atom hydrogen 

(compare (27, 28)). 
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The transition rate for two-photon excitation is given by (31) 

RIS'2S : 2 ~  h(~L-Vn,lS) F2 (2VL-VlS,2 s) (6) 

where Vn,iS and V2s,n are the electr ic dipole matrix elements from 
intermediate states n to the IS and 2S states, Vn,lS are the frequen- 

cies of the v i r tua l  intermediate transi t ions; vlS,2S ' r ,  and ~2 are 
the frequency, tota l  width, and homogeneous width of the two-photon 

transi t ion,  respectively; F2S is the width of the upper 2S level. The 

l ine shape function obtained through the Ps velocity d is t r ibut ion is 

denoted by L. The transi t ion rate RIS,2 S can be calculated to good 
approximation by analogy to hydrogen (32), taking into account the 

facts that for PB the energies are half t and the radial extensions and 

Iifetimes are twice those for hydrogen. 

With the assumption of a Maxwellian velocity distribution for the 

Ps atoms and with __r2/6Vq<<l (which is the case) the line shape function 

becomes (26), 

F2 exp(  2VL~,vlS'2S ) x (7) 
L(2~L-VlS'2S) = 4 2¢r2~a~q 26~q 

2 r2/2 2 ]1/2 2VL-VlS,2 S }1/2 x { [ (  2VL-VlS,2S ) + ( ..... ) . . . .  

26v 26v 26v q q q 

with the maximum value of L : __F2/4 2¢r~e.6Vq ~ 10 -3 obtained for 

2VL-~lS,2 S : -6vg,  
• ÷ 

By uszng o or o polarized laser l ight  only those photons absorbed 
simultaneously one from each of the counter-propagating beams can 

contribute to the 1S-2S transi t ion.  This is assumed for the derivation 

of Eq.(7). For s laser pulse of duration ATL, the two-photon transi-  

tion probabi l i ty is obtained as 

wlS,2 S = 4"10 -3 I2,ATL • L(2~L-2~lS,2 S) (8) 

with I being the mean laser intensity during a pulse in W/cm 2. For a 

single laser pulse of AT L = lOns duration, a power of i MW, and a beam 

diameter of 10 mm (expanded from an original i mm), the intensity of 

1.3 MW/cm 2 is sufficient to obtain wlS,2 S = i. 

The ionization probability Wio n of the Ps 23S l state in a standing 

wave laser field (factor 2 in the intensityl) is given by 
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I 
Wio n = 2"hv'~ " ATL " o25 (9) 

The absorption cross section ~2S for photoionization from the 2S state 

can be calculated from (35), 

8~3e2v V 2 
O2S - ~ W,2S ' ( i 0 )  

where VW,2S = ;U~ ZxiU2s d3x i s  the i n t e g r a l  over  the w a v e f u n c t i o n s  o f  

the cont inuum s t a t e ,  Uw, and the 2S s t a t e ,  u2s , d e s c r i b i n g  the d i p o l e  

m a t r i x  e l e m e n t s ;  x are the d i r e c t i o n s  o f  the photon p o l a r i z a t i o n s .  The z 
k i n e t i c  energy  W o f  the f r e e  e l e c t r o n  p l us  p o s i t r o n  i s  r e l a t e d  to  the 

energy hv L o f  the i o n i z i n g  photon by W = (hVL-hR /8 )  w i t h  hR /8  be ing  

the Ps 2S i o n i z a t i o n  ene rgy ,  VL=3R /16 , and R the Rydberg c o n s t a n t  i n  

f r equency  u n i t s  ( 3 4 ) .  

The dipole matrix elements can be solved in closed form analogous 

to those for hydrogen (35) 

3 
VW 2S 2 217expl-14/r)arctan" " " " 2r) • " " l l + r  2) a o 

, = 1 - exp(-2~/r) (i+4r2)6 • e2 (ii) 

The probability of ionization from the Ps 25 state for laser pulses of 

wavelength X = 486 nm is then obtaineQ as 

Wio n = 90 1 • AT L (12) 

which results in w. 
ion 

given properties. 

= i for a single laser pulse having the above 

A possible scheme for o positronium two-photon experiment is shown 

in Fig.6. A pulsed dye loser system is used to induce the transitions 

(Fig.5) 

Ps 13S I ~ Ps 23S 1 ~ e + +hVL + e + W (13) 

with the free electron and positron counted in coincidence by the two 

channeltrons. For the triggering of the pump and/or dye lasers two 

schemes seem to be suitable. When positrons from a slow beam (See.3.1.) 

hit the cone of a channeltron, a fraction of i5% pick up an e- to form 

Ps and simuitaneousiy produce secondary electrons, which are also 

ejected from the surface (36). These can be used to give a channeitron 

trigger signal, (a) in Fig.6, for the Laser pulse, with a technically 

feasible i00 ns deiay ±30 ns jitter. The second possibiiity is to use 

the method deveioped by Mills (37) to extract bunches of positrons out 

of a slow e- beam apparatus. The delay time between the prestart pulse 
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Fig.6. Possible positronium two-photon experiment with a pulsed, 

tunable megawatt dye laser. For triggering the laser either the 

channeltron I pulse (a) following Ps atom formation or the delayed slow 

positron bunch pulse (b) can be used. 
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of the laser, (b) in Fig.6, and the e + bunching pulse could be 

optimized for laser start jitter and for Ps time of fiight from the 

converter surface into the iaser beam. Together with the bunch method, 

the Cu(lll) crystal converter (15) for slow e + to 50% thermai Ps (Fig.6 

and Sec.3.I) can be favourabiy appiied. The bunched production of 

thermaI Ps atoms is very attractive because it aIiows one to trigger 

the iaeer before the Ps burst and thus to compensate for trigger to 

iaser puise deiays. 

An estimate for the (e+,e -) coincidence rate Re+ e - detectable with 

the scheme shown in Fig.6 can be obtained from 

I ~ e-nAt.w • w (12) 
Re+e- ~ T 2w 15,2S zon 

where T -I : 20 Hz is the laser pulse repetition rate, ~/2n -- 0.i, the 

solid angle seen by the laser beam of the (one) Ps atom emitted from 

the converter surface, q = T-i(13Si÷3Y) , and At = (lO0-+30)ns is a Iaser 

puise delay and/or jitter time. For WlS,2 S ~ Wio n ~ i one could expect 

a coincidence rate R + - of about one per second. This estimate hoids 
e e 

for one Ps atom trigger from channeitron I or one Ps atom formed on the 

Cu(lli) surface after an e + burst (Fig.6). The reason for using only a 

few e + in a bunch is discussed beiow. 

Background coincidences can originate from several channels. A 

fraction of iO -3 to i0 -4 (5ec.3.2) of the Ps atoms are formed in aIi 6 

excited n=2 ieveIs. The assumption that aii i6 partiy degenerated 

states are equaiiy popuiated leaves oniy ) states or a fraction of 

2.I0 -4 to 2.10 -5 Ps 23S I atoms which iive long enough to reach the 

iaser beam and to become ionized independentiy off the iaser frequency. 

This smalI fraction can be totaliy ignored. The annihiiation y's wiii 

not generate a substantiai coincidence count rate because the channei- 

trons see onIy s tiny soiid angie and are, moreover, practicaiiy trans- 

parent to y's because of their smali mass. A more severe probiem arises 

from the siow positrons which are refIected from the converter surface 

and simuitaneousiy produce secondary eiectrons. For the Cu(III) 

converter this fraction seems to be smaii. Its infiuence can be 

minimized by setting a deiayed time window for the coincidence equai to 

the time of fiight of thermai Ps to and through the Iaser beam. 

Furthermore the channeltrons wiii produce a coincidence count indepen- 

dent of the number of e + and e- stemming from one or severai Ps atoms 

simuitaneousiy ionized. Therefore the minimum number of e + per bunch 

can and should be used which will ensure one or oniy a few Ps atoms 
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formed per burst. With an assumed 50% coincidence background count 

rate it should be possible to record an asymmetric two-photon resonance 

curve of 250 MHz width with a statistical signal to noise ratio of 

8 to 1 within an hour. This is sufficient for a determination of the 

resonance maximum with an accuracy of 12 MHz or 5%. In conclusion~ the 

described two-photon Ps experiment seems feasible with present-day 

lasers and Ps production techniques. 

There are several possible improvements which have not been 

accounted for in making the estimates given above. The laser intensity 

and pulse length seen by the Ps atoms can be increased by using an ex- 

ternal cavity (Fig.6) for storing the light. The Ps ground state atoms 

formed can be stored by reflecting them from MgO covered walls of a box 

surrounding the laser beams. Furthermore, a new idea for trapping 

excited neutral atoms, including Ps*, having positive Stark energies 

has been proposed by Wing (38). However, the applicability and useful- 

ness of such an electrostatic trap (requiring high electric fields (up 

to lO0 KV/cm) and low energies of the particles to be trapped (<lO#eV)) 

for Ps* research remains to be seen. 

The same excitation and detection scheme can be applied to observe 

microwave induced 23SI-2P fs transitions. With wlS,2 S and Wio n close 

to i for each laser pulse, the transitions will show up as s reduetion 

of the(e+,e-)coincidences counting rate. With this techniques a 

determination of the Ps n=2 fe intervals seem possible with an accuracy 

higher by st least one order of magnitude compared with the experiment 

d e s c r i b e d  in S e c . 3 . 2 .  

4. Status of the theory for positronium energy levels 

Positronium is particularly suited for a test of the relativistic, 

bound, two-body problem in QED theory. The pure leptonic particle-anti- 

particle system will exhibit minimal effects due to strong or weak 

interactions. On the other hand, self-annihilation processes play an 

important role. 

In general, the relativistic Bethe-Salpeter equation has been used 

in the calculations of the positronium energy levels. This equation has 

the disadvantage that it has no exact solutions, even in zero order, 

and that the zero'th order wave functions are infinite at the origin. 

They can be made finite only after a complicated renormalization 
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procedure including all orders of the fine structure constant a. There- 

fore higher order radiative corrections to the Bethe-Sslpeter equation 

are difficult to calculate with perturbation theory and to analyse and 

compute numerically. A comprehensive review article covering the 

theoretical developments until 1975 has been written by Stroscio (3). 

4.1. Recent advances 

A new two-body formalism for positronium and muonium has more 

recently been introduced by Lepage and Caswell (8) , and Remiddi and 

Barbieri (9). The Bethe-Salpeter equation is reduced to an equivalent 

one-body Dirac equation or, in the non-relativistic case, to an 

equivalent SchrOdinger equation with reduced mass, by placing one of 

the particles effectively on the mass shell. For these equations exact 

analytical solutions exist in zero order, which considerably simplifies 

the analysis and evaluation of higher order terms through perturbation 

theory. In particular, the zero order wave functions remain finite at 

the origin and reduce to the atomic hydrogen functions in the non-rela- 

tivistic case. For a more in depth discussion of this new formalism, 

the reader may refer to the review of Lepage (39) and to the article by 

E. Borie (40) in this volume. In the case of the corrections to the 

ground state fs interval all terms of order* R a 2 and R ~ 3 have been 

calculated. By means of the new approach most of the R ~41na -I and R ~ 4 

terms have been evaluated, as well. The corrections to the excited 

states intervals were calculated to order R ~ 2 by Ferrell (41) and to 

order R~ 3 by Fulton and Martin (24). For the absolute shifts of ground 

and n=2 excited states, which are important for the optical laser 

experiments, not all contributions of order R~ 3 have been evaluated. 

4 . 2 .  Compar ison between a tomic  hydrogen and p o s i t r o n i u m  
/ 

To g i v e  an i m p r e s s i o n  o f  the d i f f e r e n c e s  between p o s i t r o n i u m  and 

the hydrogen atom, the Feynman graphs c o n t r i b u t i n g  i n  o r d e r s  R , R ~ 2, 

and R ~  3 to  the c a l c u l a t i o n  o f  energy l e v e l s  are  shown i n  F i g . 7 ,  w i t h  

the c o r r e s p o n d i n g  n u m e r i c a l  v a l u e s  l i s t e d  i n  Tab le  2. The most 

i m p o r t a n t  f e a t u r e s  are the f o l l o w i n g :  The J degeneracy i s  l i f t e d  i n  

* The terms R=~ n co r respond  to mc2a n+2 i n  a n o t h e r  n o m e n c l a t u r e ,  w i t h  

the Rydberg c o n s t a n t  R = ~2/2~ e and the Compton wave leng th  o f  the 

e l e c t r o n  X = h/me . 
C 
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Order: Hydrogen Positronium 

R,,o o( 2 *P " - ~ - " ~ ' *  -" + 
Coulomb interaction virtual photon annih. 

R .  c~ 3 

Lamb 
shift 

t' ~ L % 

I i 
I I I 

, I I 
"%,,~ 4,, r 

self energy of electron of positron 

J 

vacuum polarization 

I I s \ 

2 photon interaction 

I . . . . . .  I 
I I 

virtual annih.+ photon exchange 

virtual annih.+vacuum pal. 

2 photon virtual annih. 

Fig.7. Comparison of Feynman graphs contributing to the hydrogen and 

p s s i t r o n i u m  atom e n e r g i e s  in the  o r d e r  of  R=~, R ~ 2, and R=~ 3. 
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hydrogen only due to the famous Lamb shift R a 3 radiative corrections. 
2 For Ps,on the other hand, it has already been removed in the order R a 

due to virtual one-photon annihilation a~d due to fs (spin-orbit) and 

hfs (spin-spin) interactions. The latter two are of same magnitude for 

Ps, in contrast to hydrogen, for which the magnetic moment of the 

proton is much smaller than that of the electron. 

In the order R ~ 3 ten graphs contribute for Ps compared to only 

two for H. lhe Ps R ~ 3 terms originate primarily from contact inter- 

actions. Therefore the largest shifts from 15 to 294 MHz are observed 

for the 2S states. In the case of the 2P states the contributions from 

recoil (pair production in the Coulomb field) retardation effects 

(transverse photon exchange), and the classical Lamb shift (the same 

for all P states) are of comparable magnitude. In this order, virtual 

annihilation induces no P state shift. 

Higher order correction terms become exceedingly numerous and 

complex for the Ps atom and therefore tedious and difficult to 

enumerate and to calculate. On the other hand, new and more information 

concerning annihilation, recoil and retardation effects can be obtained 

from Ps as compared with H since these effects show up in lower order 

and give rise to larger contributions. 

4.3. Discussion - theory vs. experiment 

The envisioned accuracies of 2.10-8(12MHz) for the (13S1-23S I) 

two-photon laser experiment and of 3.10-5(0.5 MHz) for the (23S1-23P o) 

fs transition would pose a substantial challenge for theory. For the 

optical transition it will be necessary to calculate all absolute shift 

contributions from order R~m 3 terms and most likely also from order 

R m41na -1 terms both for the ground and excited states of the Ps atom. 

The ground state Lamb shift, recoil, retardation, and two-photon anni- 

hilation corrections will be tested at the lO -2 level of accuracy. For 

the latter three radiative corrections this is considerably better than 

is presently tested for atomic hydrogen. Furthermore the mass ratio of 

the electron and positron can be obtained with 2.10 -8 accuracy yielding 

a high precision test of the CPT conservation law for the electromag- 

netic interaction. The rest mass of the positron will then be absolute- 

ly known with the same error Am/m = 5.10 -6 (42) as for the electron. 
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In the case of the different (2S - 2P) fs transitions all R=~41n~ -I 

and also R ~ 4 terms have to be evaluated. This will pose a stringent 

test of the large 2S state radiative corrections, and the identical 

Lamb shift but different recoil and retardation terms for the 2 P3 

states. With the excitation of the classical Lamb shift, the radiative 

corrections will be tested to higher accuracy than in any other bound 

system or scattering experiment to date. In principle, high-precision 

experiments with low energy transitions in the Ps atom will test the 

QED theory of radiative corrections for small distances between the 

particies involved and/or for short times of interaction. They are, 

therefore, partly equivalent to difficult and often low precision 

experiments at high energies where many other interaction channels are 

open, as well. The measurement of optical transitions in Ps will 

certainly motivate higher order calculations not only of the small 

energy differences between states of same principal quantum number, but 

aiso the evaluation of absolute shift corrections. The mastery of the 

theoretical treatment of this simple system for which the interaction 

is understood will supply some of the implements for studying and 

learning more about the properties of and forces operating in heavier 

particle-antiparticle systems. 
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MUONIUM AND NEUTRAL MUONIC HELIUM 

H. O r th  

Physikalisches Institut der 

Universit~t Heidelberg, W. Germany 

1. Introduction 

Muonium (p+e-) is the atom consisting of an electron and a 

positive muon, and neutral muonic helium (cql-e-) is the atom consisting 

of a negative muon bound to a 4He nucleus and a electron. These atoms 

are isotopes of hydrogen s~ce each contains one electron and a 

pos ~ively charged muonic core. To study these simple atoms gives 

~formation of the electromagnetic interactions of two different 

leptons, testing the viewpoint that the muon behaves like a heavy 

electron. Measurements of the atomic structure can be compared to 

calculations very precisely and a value of the fine structure constant 

can be determined. In addition the properties of both the positive 

and the negative muon such as the magnetic moment and the mass can be 

accurately measured by independent experiments. 

Up to the present time the only energy intervals that have been 

measured are the hyperfine structure and Zeeman effect in the 

electronic 12S1/2 ground state 1'2). The method used for studying these 

unstable atoms rely on the parity violation in the pion-muon-electron 

decay sequence. The formation of the atom 3'4) with polarized muons from 

pion decay results ~ unequal populations of ground state Zeeman 

levels. This res~ual atomic polarization can be destroyed by induced 

microwave magnetic resonance transitions which, in turn, can be 

observed via the asymmetry in the angular distribution of the much 

decay electrons. 

In this brief article the current status on muonium spectroscopy 

with emphasis o n  recent developments will be summarized. The 

experimental and theoretical progress of the muonic helium atom will be 

reviewed. Future directions in this field of research will be 

discussed. 
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2. Muonium 

Muonium is the simplest bound state of the positive muon and the 

eIectron. This purely ieptonic atom is an extremeiy attractive testing 

ground for QED. Important advances in both theory and experiment of the 

hyperfine structure intervai of muonium have been achieved recentIy. 

Further improvements are to be expected in the next few years. 

2.1. Theoret ical 

The theory of the ground state splitting, Av, 5) begins with the 

Fermi formula, which is the nonrelativistic expectation value of the 

contact interaction between the electron and the muon. 

m -3 16 
AVF = ~ ~2cR= ~p/PB (i + 7) (i) 

P 

The full theoretical expression is computed from the Bethe-Salpeter 

equation and gives modifications to the Fermi formula as an expansion 

in the fine structure constant ~ and the ratio p = me/m p of the elec- 

tron to the muon mass 

AVth : Av F ( i  + f (e ,p ) )  (2) 

While Av F contains only quantities to be determined experimentaily the 

task of the theorist is to compute the term summarized by f(~,p). Using 

the conventional notat ion: 

- 5' 
3 ~2 + el + ~2 + ~3 + (3 )  f ( a , p )  = ~ + a e 

+ h i g h e r  o r d e r  t e r m s  

The term 3/2~ 2 is the lowest order relativistic correction which arises 

from Dirac wavefunctions for the electron in a Coulomb field. Self 

energy corrections to the electron and vacuum polarization lead to: 

Cl = 2 (in2 - ~) 

8e 3 
e2 = - ~ lna ( ine - ln4 + ~ )  

3 
(18 4 + 5.0) ~3 = ~'- ' - 

2 
ae - 2~ 0 . 3 2 8  1. 1 8 4 ( 7 )  (~) 

(4) 
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Note that c 3 has been  evaluated only approximately, a e is the electron 

anomaly. These radiative correction terms are also found in the hydro- 

gen hyperfine structure. QED corrections to the muon are incorporated 

in the muon moment pp. Most relevant to muonium is the relativistic 

recoil, denoted 6'. In the case of the hydrogen the corresponding term 
P 

contains proton structure functions. Whereas it is rigorously 

calculable for the muonium atom. Up to the order o(a2,p) there is the 

following expression: 

-1 -2 
1 . 6 '  = - 5 ~  ( l _ p 2 )  l n p  + A e 2 1 n a ( l + p )  - Ba21np 
p p 'rf 

2 2 
+ C[~) (lnp) 2 - D[~) inp + Ec~ 2 

(5) 

Recently performed calculation 5'6'7) give: A=2, B:O and C=+2; D and E 

still await to become evaluated. 

The numerical evaluation of this lengthy expression for f(a,p) may 

be inserted in Equ. 2: 

AVth = Av F [ i  + (957.64(0.60) + O.14D + 0.26E)xlO -6] (6) 

If the missing terms of the recoil effect, D and E, are neglected, 

theory contributes an error to AVth of 0.6 ppm, which comes from the 

approximate value of c 3. Despite the tedious work still to be done, all 

the terms of this order will eventually be calculated. The remaining 

error from higher oder terms such as pa3(ina) 2 = 5 x lO -8 then will be 

very small. 

2.2. Ground State Enerqy Levels 

The Zeeman split energy levels in an external magnetic field H are 

shown in Fig.i. They are eigenvalues of the spin dependent part of the 

Hamiltonian for muonium: 

H = a + ge"8 %e + %+ ( 7 )  

The solution is given by the famous Breit-Rabi-equation. 

Av ~ MF.H/h VF=I/2±i/2,MF = - ~ + gp+ 

+ A--2v ( i  + 2MFX + X 2] I /2  
- 2 

(8) 
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with AV = a/h and X = (ge - Pgp+) ~B "H/hAy 

ge and gp+ are the bound state g-factors which can be expressed in 

terms of the free g-factors 

2 
ge = 2(1 - T ) ( I  + a e) 

2 (9)  
g~+ = - Z ( l  - 7 - ) ( i  + a ) 

The Zeeman eigenstates, labelled by their (F,M F) quantum numbers (or 

just by i to 4) may be written in terms of the muon and eiectron spin- 

eigenfunetions: 

i" (l,i) = e e 

2: ( i , 0 )  = C~e6 ~ + SBe~ ~ 

3: (i,-i) = BeB ~ 

4: (0,0) = CBe~ ~ - S~e8 ~ 

(10)  

i (1+y) i /2 1 I /2  x/4 '+x 2 
c = 7 [  ; s : 7 ~ ( 1 - y )  ; y : 

\ 

From these equations the occupance of Zeeman substates is  determined, 

i f  the much has been prepared in a d e f i n i t e  spin state p r io r  to muonium 

formation. 

2.3. Experimenta.l 

Precision muonium experiments fo l low the main l i nes  set fo r th  by 

Hughes 3) . Polarized muons arB stopped in a target  medium which allows 

the muons to come to rest while forming muonium and spend the i r  l i f e -  

time without depolar iz ing.  The target  chamber also serves as microwave 

cav i ty  whose transverse magnetic f i e l d  induces a resonant s p i n - f l i p  

t r a n s i t i o n .  A resonance signal through the change in angular d is-  

t r i b u t i o n  of the decay positrons which accompanies th is  s p i n - f l i p  is  

monitored. The s i g n a l  may be traced as a funct ion of the microwave 

frequency or of the external  magnetic f ie ld~ so that a resonance l i n e  

is obtained. Depending on the applied experimental technique, the l i n e -  

width of the resonance curve is larger  or smaller than the natura l  

width given by the mush l i f e t i m e  

6v = 1 = 147 kHz. 
WT 
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Transitions have been observed at several magnetic fields includ- 

ing very low fields of a few mGauss and strong fields up to 

13.6 kGauaa. Since the s ~nal strength is proportional to the initial 

state population inequality which, in turn, depends on the external 

field (Equ.lO), the different trans~iona exhibit their merits as well 

as their difficulties. In addition, by using refined experimental 

techniques, the precia~n of the experimental results can be greatly 

improved. With the advent of meson factories and newly developed high 

flux muon beams, accuracy of results is no longer limited by statistics 

only. Tab.l is demonstrative of experimental improvements of the hfs 

interval Av during the last decade. 

The earlier experimentsB'9)were all done by the conventional reso- 

nance technique, which involves taking the difference in counting rates 

between data with microwaves on and off. The muonium resonance line has 

the shape of a Lorentzian and the line width exceeds the natural width 

due to power broadening. A major advance in precision was made by using 

the Ramsey resonance technique lO) in zero magnetic field. It consists 

in applying two success ~e Coherent microwave pulses separated by a 

time interval T and observing the change in the muon polarization, at 

times later than the end of the second pulse, caused by a relative 

phase shift of ±~/2 . By this method a resonance line narrower than 

the natural linewidth and a value of Av accurate to 0.4 ppm was ob- 

tained llpl2) However, the split field technique has systematic depen- 

dences of the line shape caused by off-resonance cavity ringing and 

on-resonance phase shifts due to microwave pulsing. These problems are 

even more severe if the method is applied to transitions in an external 

magnetic fieldl3)where the resonance condition is fulfilled for only 

two levels. 

At the LAMPF proton linac a zero field muonium resonance experi- 

ment has been performed us~g also the "old muonium" line narrowing 

technique 14) There , magnetic transitions are induced in a relatively 

weak s~gle oscillating field and decay positrons are selected from 

long lived muonium atoms. This technique is much less susceptible to 

systematica, yet the statistical power is comparable to the separated 

oscillating field technique. 

Measurements of the Zeeman transitions in a strong magnetic field 

supply precise information on the muon magnetic moment ~p in addition 

to the hyperfine interval Av. The general technique is to observe the 

two Zeeman transitions: 
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(Me,M p) = ( 1 / 2 ,  1 /2)  +-~ ( 1 / 2 ,  - 1 / 2 )  and ( - 1 / 2 ,  - 1 / 2 )  *-* ( - 1 / 2 ,  1 /2)  

at the same magnetic field. From the resonance frequencies v12 = Vl-V 2 

and v34 = v 3 - v  4 we o b t a i n  

v12 + v34 = AV (ii) 

v34 - v12 =: Ap = - 2 gp+ p~.Hlh + Av[(l+x2) I/2 - x] 

Ap is the spinflip frequency of the muon in a magnetic field plus a 

term which vanishes in the Paachen Back approximation (x>>l). The mag- 

netic moment is deduced from Ap and comes out in units of the proton 

magnetic moment, because the magnetic field is measured by NMR. The 

precision in p~/pp, generally increases linearly with the applied magne- 

tic field strength provided the accuracy of the field within the muon 

stopping distribution is sufficient. 

At 11.3 kGauss Ap is independent of the external field to first 

order "(~--~$H = 0 , "magic field"). Thus a measurement there significantly 

alleviates the homogeneity requirements which otherwise may seriously 

contribute to the experimental error in pp. The price paid is the fact, 

that a high power tunable microwave system is required to scan the 

resonance lines via frequency. Recent muonium microwave magnetic reso- 

nance experiments have therefore been done at a slightly higher field 

of 13.6 kGauss I). 

F i g . 2  shows the appara tus  o f  the most r ecen t  exper imen t  15) at  the 

LAMPF " s u r f a c e "  muon beam. This  i n t e n s e  p o s i t i v e  muon beaml6)(momentum 

28 MeV/c, p o l a r i z a t i o n  100 %) can be stopped in  a 0.3 arm k ryp ton  gas 

t a r g e t  20 cm in  l eng th  and p rov i des  a p r o d u c t i o n  r a t e  o f  about 106/s 

p o l a r i z e d  muonium atoms. The t h i n  s c i n t i l l a t i o n  coun te r  51 mon i to rs  the 

incoming muons. E n e r g e t i c  decay p o s i t r o n s  t r a v e r s e  the moderator  and 

are detected by the counters 52, $3. A central element in this 

experiment is the large solenoid which provides the magnetic field. It 

is homogeneous to a few ppm over the region of the cylindrical micra 

wave cavity (r=lO cm, i=20 cm) and is stabilized to better than i ppm 

by NMR. Fig.3 shows a typical resonance curve obtained in a period of 

about three hours by varying the magnetic field. At each field point 

the microwave frequency is switched between the "upper" resonance 

transition v12 and the "lower" resonance transition v)4 , so that the 

two signal points correspond to exactly the same magnetic field value. 

The data taking technique is of the conventional type in which the 
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microwave power is modulated on-off with a few cycles per second repe- 

tition rate. Therefore the line shape is Lorentzian (apart from small 

field dependent corrections) with the natural slightly power broadened 

line width. 

Inherently connected to precision spectroscopy of muonium in a 

buffer gas is the fact, that the experimental Av (and the electronic 

g-factor) is affected by collisions with gas atoms leading to the so- 

called density shift. This effect must be corrected for by an extra- 

polation to zero density (vacuum), using both linear and quadratic 

terms. Therefore resonance curves have to be measured at different gas 

densities at the same gas temperature. 

1) In  1976  d a t a  were c o l l e c t e d  i n  1 .7  and 5 .2  atm k r y p t o n  In  1978,  

the low momentum surface muon beam was available, and lower pressure 

data in 0.5 and i arm krypton couid be taken (about i50 resonance 

curves of the type shown in Fig.315). The preliminary result of the 

combined analysis of these data for the hfs intervaI Av and the ratio 

pp/pp of the muon to proton magnetic moments is: 

Av = 4 463 3 0 2 . 9 1  ( I I )  kHz 

pp /~p  = 3 . 1 8 3  344 78 (96)  kHz 

(0.025 ppm) 

(0.3 ppm) 

One standard deviation errors are given. Counting statistics con- 

tribute about 60 % to this error. Statistical fluctuation of the ex- 

perimental parameters and the precision to which the magnetic field is 

known add up to the quoted uncertainty. 

Tab.l shows that this value of Av agrees well with the results 

from all the earlier experiments. The precision attained now is 5 parts 

in lO -4 from the natural line width, which constitutes a natural bound- 

ary for the experimental resolution. Thus it will become extremely 

difficult to surpass this precision of Av by another order of magni- 

tude. 

Experimental results for the muon magnetic moment are compared in 

Tab.2. There exist older values from p+ spin precession in water 17'18) 

The recent values from ~+ spin precission in liquid brominelg'20)have 

about the same accuracy as the new value from muonium. Agreement is 

excellent and confirms that systematic effects causing difficulties for 

either of these different experimentsp are well understood. 
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The averaged magnetic moment ratio p#/pp from muonium and ~+e-Br 

spin precession, which has an error of only 0.26 parts in lO -6, can be 

combined with the ratios ~e/Pp = 658.210 6880 (66) and 

gp/ge = 1.00000626 (I) 29) to obtain the muon to electron mass ratio 

m 
-~ = (pp/pp)-l(pe/Pp)(gp/g e) = 206.768 317 (60) (12) 
m e 

If modern theoretical physics may eventually comprehend the nature of 

the muon and what causes the existence of this "heavy electron", the 

very precisely measured mass ratio has to be explained. 

2.4. Conclusions and Outlook 

The comparison of the theoretical prediction of Av with experi- 

ments is shown in Tab.3. A theoretical A~th is calculated using Equ.2. 

The difference between AVth and A~exp is well within the errors, in 

which the contribution from theoretical uncertainties dominates. This 

agreement provides one of the most sensitive tests of quantum 

eiectrodynamics. It may be exploited to determine the fine structure 

constant from muonium, which to compare with the values from the helium 

fine structure 22), the anomalous magnetic moment of the electron 23) and 

with the ac-Josephson effect 24) exhibits the marvelous consistency 

within distinct branches of physics: the elaborate atomic physics cal- 

culations performed for the helium atom, the theory of super- 

conductivity and quantum electrodynamics. 
I 

Further improvement of ~ from the hfs of muonium is definitely 

very promising. After completion of the calculation of all the 

radiative and recoil terms the remaining theoretical error in ~v will 

be about 200 Hz, which is of the order of the experimental uncertainty 

of this quantity. It is an order of magnitude smaller than the error in 

p~/pp presently contributing an uncertainty of O.1 ppm to ~. Thus the 

present accuracy may become the limiting number for the comparison of 

the muonium hfs with the theory. 

For future experimental improvements of the muon magnetic moment, 

muonium seems to be most appropriate. An experiment ultimately may be 

performed at a magnetic field of about 160 kG, where a crossing of the 

"upper" Zeeman levels occures. Using muons polarized transverse to the 

momentum (spinrotator), the states (Me,M p) = (i/2,+i/2) and (1/2,-1/2) 

can be populated coherently. The level crossing may be observed via a 

redistribution of the spatial asymmetry of decay positrons as a 

function of the external field near the crossing point. 
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Compar i son  o f  t h e  muonium h f s  i n t e r v a l  w i t h  t he  t h e o r e t i c a l  

p r e d i c t i o n ,  and d e t e r m i n a t i o n  o f  t he  f i n e  s t r u c t u r e  c o n s t a n t .  

AV : a 2 ~p/~p Q(I + f(~,p)) 

16 
Q = -~ oR= Pp/~B (I+P)-3 

Q = 2.630 426 58(5) x I013 s -I 

-1 
: 137.055 963(15) 

~ / ~ p  = 5.183 344 61(85) 

-1  
p = 206.768 317(60) 

f(a,p) = 95~.64(60) x I0 -6 

a.) comparison experiment-theory 

A~th = 4 463 303.6(3.1) kHz 

A~ = 4 463 302.91(11) kHz 
exp 

A~th - /Wex p = 0.7(3.1) kHz 

Tab.4: 

b.) determination of 

= e2 8.381 573 12(59) x I0 lO kHz 
A~ex p 

-2 = 137.035 975(48) 

The fine structure constant; today's most p r e c i s e  determina- 

tions from different experiments. 

Experiment e -I 

helium fine structure 

ac-Josephson 

(g-2)-electron 

muonium 

ppm Ref 

137.056 15(11) 0.8 22 

137.055 963(15) 0.ii 24 

157.056 006(11) 0.08 23 

137.035 975(48) 0.3 21 
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A more realistic experiment would not really differ from the one 

described in chapter 2.2j but it would involve considerably higher 

magnetic field strength than 13.6 kG. It requires a pulsed muon beam 

and a superconducting solenoid of say 70 kGauss, with excellent 

stability and homogeneity of the magnetic field. At SIN a low momentum 

muon beam with a beam structure of 1 ps on and lO ps off ideal to that 

sort of experiment is being planned. Building a solenoid adequate to 

this experiment is feasable with present day's technology. Hence an 

improvement of the experimental precision in p#/#p by a factor of lO is 

possible and may be achieved in the next few years. 

Spectroscopy of muonium is presently restricted to experiments in 

the ground state. For precision QED tests a measurement of the 

Lambahift in the n=2 state would be particulary interesting. For this 

purpose muonium formation in the metastable 2S state is required which 

is impossible within a buffer gas, because muonium excited states are 

rapidly quenched due to collisions. Therefore the task of forming 

muonium in a vacuum-like environment has attracted a great deal of 

experimental effort 25'26'27'). Work has been concentrated on forming 

thermal muonium evaporating from metal foil targets in which muons have 

been stopped. But recent experiments at SIN 26) and LAMpF27)must be 

interpreted, that thermal muonium production is very unlikely by such a 

mechanism. It seems much more promising to form energetic muonium from 

foils through which a low energy muon beam has passed. If muonium 

eventually can be isolated in a vacuum, a whole class of new exciting 

muonium spectroscopy will get within reach of the experimentalist. 

3. Neutral Muo~ic Helium 

Neutral muonic helium ~p-e-, is a helium atom in which one of the 

electrons is replaced by a negative muon. The heavier muon orbits the 

helium nucleus in a hydrogen-like 1S state with energy and dimensions 

scaled by the muon reduced mass, so that from an atomic viewpoint the 

muon is tighly confined to the nucleus. The (c~-) + system then appears 

as a pseudonucleus with one unit of charge and mass M=m +m , and with 

spin and magnetic moment equal to that of the muon. The remainung 

electron occupies a normal hydrogenic orbital about the ~p- pseudonuc- 

leus and the total atom has a gross structure of a hydrogen isotope of 

mass 4.11 amu. 
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The a~-e- is the simplest system for observing the electromagnetic 

interactions of the bound electron, including QED effects, in a muonic 

atom. In term of quantum mechanics it is an electromagnetic three-body 

bound state without exchange interactions. 

The most accessible quantity for precision measurement in muonic 

helium is the hfs interval, Av , in the ground state. It is expected to 

be similar in magnitude to that of muonium but inverted because of the 

negative moment of p- (compare Fig.1 with Fig.4). A precision 

determination of Av provides a very sensitive measurement of the 

specific w--e- interaction in this atom. In particular, this is the 

first case where the Fermi contact interaction is precisely tested for 

two particles of like charges. 

3.1 Theoretical 

The theoretical value of Av for e~-e- can be written analogous to 

Equ.2 

in which g(a,p) contains the relativistic and radiative corrections to 

the nonrelativistic expectation value of the Fermi contact interaction 

between the two leptons. 

32n )~(~ ,~e)d3~ d3~ Arc = ~ Pp-PB ;#*(~#'~e )65(r#-re" " p e (14) 

~(~ ,~e) is the wavefunction of the atom in the ground state. The 

pseudonueleus picture suggest dividing up this intergral in two parts, 

a leading term AVF, given by the Fermi formula for a point nucleus of 

mass Mmm +m 

Arc = aVF (1+6) (15) 
m -3  

and a correction term 6, which contains static as well as dynamic 

contributions associated with the finite size of the pseudonucleus. 

Although this pseudonucleus is quite small by atomic standards, it is 

nonetheless large compared to nuclear dimensions. In addition, the hfs 

interaction can be thought of being a selective filter for correlation 

effects between the electron and muon due to the delta function in 

Equ.14. Therefore the dynamic corrections exceed the static corrections 
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in magnitude and the problem of precision calculation of Av is much 
0 

more difficult than has been anticipated 28'293. Evaluation of Av has 

recently been done by a second-order perturbation approach 30) by a 

variational calculation 313 and by a Born-Oppenheimer approximation 323 

Values are given in Tab.4. The estimated error bars arise from the 

atomic physics calculation of Av. 

The formulas for the Zeeman energy levels in an external magnetic 

field for muonic helium are very similar to Equs. 7 and lO for muonium. 

H = aSeSl~ + ge~ B ~e ~ + g~_~ ~ ~ (17) 

Av ( i  2MFX + x23 I /2  v F 1+1 . AV gl~.lIB ~ M F H/h ~ --~ =~-~' l~IF - 4 + - (18) 

(ge-Pg~-)PBH 
a = - hay ; x = hay 

The approximate relation with the free-particle g-factors is given by 

2 
ge : 2 C i  - s T ) C1 + a e) 

g , -  : 2C1 - 5~--~2~ C 1 3  . + s,) 
(19) 

and Zeeman eigenfunotions of the atom in terms of spin eigenfunctions 

are 

i "  (0,0) = C~e81~ - SBe~ll 

2: (i,i) = ~ c~ e I~ 

3: ( i , 0 )  = CBeCLp. + SC~e81~ 

4: (i,-i) = 8e81~ , 

(20) 

c and s have the same meaning as from Equ.l). 

3.2, Experimental 

Determination of Av by a microwave magnetic resonance experiment 

requires, that ~-e- can be formed with some residual polarization. 

Negative muons brought to rest in pure helium gas do not form the atom~ 

but rather the muonic helium ion, (~-)+ j in the ground state which 

is energetically incapable of acquiring an electron from pure helium. 

If a xenon impurity is added to helium, the xenon acts as an electron 
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donor allowing the (~p-)+ to be neutralized. The formation and po- 

larization of ~p-e- has been reported some years ago 33) using the pSR 

technique. There, the characteristic precess ~n frequencies of (~p-)+ 

(VL=13.6 kHz/G) in pure helium and of ~p-e- (VL=l.41 MHz/G) in helium 

with a 2 ~ admixture of xenon was observed in the time distribution of 

the decay electrons at the SREL polarized p- beam. Only about 2 to 3% 

of the initial muon polarization is transferred into the atom which is 

considerably smaller than the 9~ expected from quite general arguements 

of the w-cascade and charge transfer process. 

With regard to a microwave resonance experiment this residual 

polarization is about 20 times smaller than it is in the analogous 

muonium atom. Hence, the relatively small signal height renders the 

experiment more difficult, if not an efficient repolarization method 

for the atom were discovered. 

It is very unlikely that the cascade depolarization can be 

suppressed. However the mechanisme for the additional loss of muon 

polarization is presently not understood, so there may be a chance to 

circumvent it by an ingenious experimental technique. At present 

repolarization using spin exchange with optically pumped alkaline atoms 

is not feasable, because the target vessel is rather voluminous and a 

helium pressure of a few atmospheres is necessary for copious muonic 

helium formation. 

Hfa transitions in the ground state of a~-e- have first been 

observed in a microwave magnetic resonance experiment at zero magnetic 

field 2). The experiment was performed at SIN using the polarized p- 

beam (polarization 70~, momentum 55 MeV/c) at the pE4 channel. A 

schematic diagram of the experimental set-up is shown in Fig.5. Muons 

stopped in the gas within the microwave cavity are signalled by plastic 

scintillation counters (Ps=S'M.~). Decay electrons (eF,eB) are 

identified by two scintillator telescopes (F,B) located forward and 

backward with respect to the beam direction. Cavity and pressure vessel 

are fabricated from high Z materials in which nuclear capture is more 

likely than muon decay. Therefore background from muons stopped outside 

the gas is efficiently reduced. Rates at 70 pA primary proton beam 

typically are: 

~s(gas) = 2xlO 4 s -I e F 1.5xlO 3 s -I e B 1.2xlO 3 s -I = j = . 
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Fig.6 shows the resonance signais as a function of the microwave 

frequency. It is obtained using the conventional data taking technique 

similar to the one of muonium. 

The experimental result for the center of the resonance line is 

4465.216 (56) MHz. In order to determine the vacuum vaiue of the a~-e- 

hfs, a pressure shift extrapoiation has to be applied to the resonance 

frequency. In that case this correction, of -0.264(17) MHz, could be 

measured with sufficient accuracy from muonium hfs transitions, which 

have been observed using exactly the same target gas. With the first 

experimentai vaIue for the ~p-e- ground state hfs, Av = 4464.95(6) MHz 

it became apparent that the predictions of earlier calcuiation of this 

atomic structure had insufficient accuracy. There is good agreement 

with the most recent caicuIations within the large theoreticai 

uncertainties (see Tab.5). 

Observation of Zeeman hfs transitions v12 and v34 in this atom 

at strong magnetic field has been reported from LAMPF34). The experi- 

mental method is similar to that used in a strong fieId muonium 

experiment. The two spin-fiip transitions can be combined (Equ.I8) to 

determine the hfs interval and the magnetic moment of the negative 

muon. 

F i g . 7  shows a t y p i c a l  resonance  l i n e  o b t a i n e d  by v a r y i n g  the  

magne t i c  f i e l d .  Data are taken  w i t h  gas p r e s s u r e s  o f  5 and 15 arm He 

and 1.5% Xe. Assuming s l i n e a r  dependence o f  the  h f s  on d e n s i t y  t he  

e x t r a p o l a t e d  v a l u e  f o r  the f r e e  atom i s :  Av = 4465 .001 (40 )  MHz. I f  i n -  

s t ead  t h i s  e x t r a p o l a t i o n  i s  d e t e r m i n e d  f rom o t h e r  h f s  measurements on 

hydrogen 3 5 ' 3 6 )  i s o t o p e s  i n  he l i um  and xenon:  AV = 4464 .974 (17 )  MHz. 

These r e s u l t s  are based on a p r e l i m i n a r y  a n a l y s i s  o f  the  da ta  3 4 ) .  

The v a l u e  o f  Av f rom the s t r o n g  f i e l d  e x p e r i m e n t  ag rees  w e l l  w i t h  t h a t  

f rom the ze ro  f i e l d  measurement and has a h i g h e r  p r e c i s i o n .  From a 

combined a n a l y s i s  o f  b o t h ,  the  low and h igh  f i e l d  e x p e r i m e n t s ,  a 

d e t e r m i n a t i o n  o f  the  magne t i c  moment o f  the  n e g a t i v e  muon w i t h  a 

p r e c i s i o n  o f  about  50 ppm can be e x p e c t e d .  
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3.3. Conclusions 

Measurements ~f the a~-e- hfs interval primarily test basic 

atomic structure calculations in which the major theoretical difficulty 

is the treatment of the three-body wavefunction in the nonrelativistic 

approximation. Apart from the g-factor anomalies of the electron, QED 

corrections in Equ.13 produce a -lO0 ppm shift on A~ 31'37) Presently 

this contribution is masked by the error in the lowest order term &~ . 
o 

Better calculations are very desirable since it is interesting to 

consider, what can be learned about the negative muon-electron 

interaction by studying this atom. 

Another viewpoint is to compare the muonic helium hfs with the 

muonium hfs and look at the ratio R = A~(ap-e-)/6v(p+e -) There are 

no fundamental limitations to improve the measurement of Av (ap-e-) by 

more than an order of magnitude. Thus R may be determined very 

accurately by the experiment since Av(~+e -) is already measured. As- 

suming the magnetic moments of the negative and positive muons to be 

the same, R contains only the atomic structure, the reduced mass 

factors and QED calculations 

i + me/m)3 
R = ( ( i + ~ ) ( i + q ( ~  p)) 

1 + me/M l+ f (a ,p l  (21) 

At least in principle the atomic structure can be known'to very high 

precis~n. Then the measured value of R can be used as a test of QED 

calculations which, to first order, is in dependent of the fine 

structure constant. 
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1. INTRODUCTION 

In the course of this meeting it became obvious that the muonic atom is not 

the only tool for testing vacuum polarization. Although the classical experiments 

on QED, such as the g-2 experiments, test essentially graphs of type (a) in Fig. i, 

their very great accuracy also provides very valuable tests for the much smaller 

vacuum polarization [type (b) in Fig. i~. The same is true for the Lamb shift 

measurement in hydrogen. Table i su~narizes the accuracy reached in these dif- 

ferent measurements I-3) . Of course this way of looking at these experiments only 

makes sense if it is assumed that all other contributions are known theoretically. 

The muonic atom is, however, a tool for studying and testing vacuum polari- 

zation at stronger fields and higher momentum transfers. Furthermore, the vacuum 

polarization is the dominant QED correction to the lowest-order Bohr (or Dirac) 

energies. Moreover, the difficulties of the ~He Lamb shift ~) measurement, intro- 

duced by the finite size of the s-particle, may be overcome by choosing transi- 

tions that are much less dependent on the finite size contribution. 

It is obvious that in order to test the vacuum polarization, X-ray transi- 

tions have to be selected where uncertainties from contributions other than the 

vacuum poiarization are minimized with respect to it. Such transitions are the 

3-2 transitions in light elements (Z ~ 13), the 4-3 transitions in medium heavy 

elements (Z ~ 56) and the 5-4 transitions in heavy elements (Z = 82). 

In Table 2 the various corrections s-8) contributing to a muonic X-ray tran- 

sition energy are listed for He, Mg, Ba, and Pb. 

It is apparent that the calculations have uncertainties which are comparable 

to or larger than the experimental errors. The error due to the finite size in 

the case of ~He amounts to 0.25% of the vacuum polarization. In the case of Mg 

this error contribution is less than 0.02%, and in Pb it is of the same order of 

magnitude. The "theoretical" uncertainties in Mg and Pb arise mostly from the 

electron screening. This uncertainty is not so much due to the calculation of 

the electron screening potential but stems rather from the badly known number of 
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a) b) c) 

Fig. 1 : Basic QED corrections. 

Table I 

Comparison of classical QED tests 

Experiment Exp. value Vac. pol. Test of vac. pol. 

(z) 

(g-2) electron 1) 

(g-2) muon 2) 

Lamb shift (H) 3) 

115 965.241 (4) x i0 -8 

116 592.2 (9) x 10 -8 

1057.893 (20) MHz 

9.4 x 10 -8 

585.6 x 10 -8 

27.323 MHz 

0.02 

0.15 

0.07 
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Table 2 

Calculated contributions to various muonic X-ray transitions 

Point nuel. 

Finite size 

El. screening 

Lamb shift 

Recoil 

Nucl. pol. 

Vac. pol.: 

~(~z) 

a(~Z)3, s . . . .  

Exp. accuracy 

He 

2S I/2-2P 3/2 

(meV) 

145.6 

-288.9 (4.1) 

Mg 
3d%-2p% 

(eV) 

Ba 

4f ?/2-3d s/2 

(eV) 

-Ii.i 

0.3 

3.1 

1666.1 

11.6 

0.3 

56 038.9 431 652 

-0.89 (3) 

-0 .37 (30)i 

-0 .15  a) 

0.18 

O.07 (7) 

177.5 

1.24 

-0.15 

0.53 

-55 (1) 

-17 (i) 

-1.5 

3.6 

7.9 (8) 

2327.5 

16.2 

-19 

8 

Pb 
5g%-4f 5/2 

(eV) 

429 343 

-4 (I) 

-82 (3) 

-0.9 

2.2 

4.5 (5) 

2105.0 

14.5 

-42 (2) 

3.4 

a) Contains the anomalous magnetic moment contribution. 
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Table 3 

Crystal spectrometer results (in eV) 

Transition Exp. energy Calc. energy Vac. pol. 

Mg 3d 5/2-2p 3/2 

3d ~/2-2P i/2 

Si 3d s/2-2P 3/z 

3d 3/2-2P 1/2 

P 3d 5/2-2p 3/2 

3d 3/2-2P I/2 

56 216.3 ± 0.53 

56 392.7 ± 0.85 

76 617.6 ± 1.14 

76 941.4 ± 2.10 

88 016.2 ± 2.37 

88 423.8 ± 8.2 

56 216.4 ± 0.30 

56 391.8 ± 0.30 

76 617.6 ± 0.43 

76 942.3 ± 0.43 

88 015.9 ± 0.50 

88 443.2 ± 0.50 

177.5 

179.3 

273.2 

276.8 

330.4 

335.4 

Table 4 

Spectrometer characteristics 

Type 

Volume (cm!) 

Resolution (keY) 

CERN e ) 

2 x Ge(Li) 
planar 

4.9/1.0 

1.49/1.31 
at 412 keY 

SIN 7) 

Ge(Li) 
COAX. 

5O 

1.60 
at 412 keY 

SREL 11) 

Ge 
planar 

3.1 

0.87 
at 316 keV 
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,Theory -Exper im ent 

ooO:   voc 
o.6L 
0 . 5 -  

0 4 -  

0 3 -  

0.2 . . . . . . . .  

0.1 

-0 .1  - 

- 0 . 2  . . . . .  

- 0 . 3  - 

- 0 4  - 

-0 .5  - 

P 

< I.- 

Mg Si P 

Fig. 2 Deviation of the measured energies from the calculated ones according 

to Ref. 6. Error bars are experimental errors, broken lines indicate 

uncertainties from calculations. 
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2. 

s-electrons present when the muonic X-ray transition occurs. Table 2 also shows 

that the experimental accuracy for Pb is sufficient for it to become sensitive to 

those contributions which are due to the high fields [such as the ones in which 

the virtual e+e - cloud is polarized, terms of order (~Z) 3]. These contributions 

are not important in the lighter atoms. 

It should be noted that the energy of a muonic X-ray transition from one main 

quantum number to the next lower one is mainly due to the difference of Bohr bind- 

ing energies, and the QED corrections amount to 0.5% or less of this transition 

energy. Thus a test of the vacuum polarization to 0.2% accuracy requires a pre- 

cision of i0 ppm in the determination of the transition energy. This is an accu- 

racy comparable to the one reached in the Lamb shift measurement on hydrogen or 

the g-2 measurement for the muon. 

EXPERIMENTS 

Two types of experiments were performed so far, using entirely different 

types of spectrometer [the laser technique of Zavattini ~) is not a subject of this 

talk]. 

At SIN, three elements were measured with the Fribourg bent crystal spectro- 

meter. The target is placed in the muon channel, and stop rates of ~ 0.5 × 106 s -I 

may be obtained in a 25 mg/cm 2 thick target. The resolution of this spectrometer 

is of the order of 35 eV at 56 keV. Details may be found elsewhereg). Table 3 shows 

the measured transitions and their energies as well as the vacuum polarization 

contribution 6) . The calibration was done relative to y-ray standards between 

50 keV and 90 keV 10). 

The accuracy obtained for the Mg 3ds/2-2p3/2 transition is 9 ppm. The errors 

are mostly statistical (~ 5 ppm from line shape, 1-2 ppm from geometry, 7 ppm and 

more from statistics). 

In Fig. 2 the deviation of the measured energies from the calculated ones 

(Eexp-Ecalc) is displayed in units of percent of the vacuum polarization correc- 

tion. The error bars are for the experimental errors only. The errors from the 

calculations are indicated by the broken lines~ 
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The final result is that the crystal spectrometer measurements test the 

vacuum polarization to 0.2% (from the experimental errors alone). 

The usual way of calculating the testing power of several measurements is to 

add the experimental and the "theoretical" uncertainties (linearly or quadrati- 

cally) for each experiment and then deduce the weighted average of the deviation 

and its error. This is wrong since the "theoretical" errors are correlated and 

systematic. The correct way to determine the "theoretical" uncertainty for several 

transitions is to calculate the average of the individual "theoretical" uncer- 

tainties weighted with the corresponding experimental errors. 

Combining the final experimental accuracy of 0.2% with the uncertainty thus 

obtained for the calculations of 0.17%, the vacuum polarization is tested to 0.26% 

at Io confidence. 

Since 1976, three groups ?'8'11) have published precision experiments on heavy 

muonic atoms for testing the QED contributions. The measurements were done with 

Ge diode8. The spectrometer characteristics are shown in Table 4 (the CERN group 

used two diodes). 

The results of the measurements are listed in Table 5. The energy calibra- 

tion is with respect to an Au standard of 411,805.2 eV, whereas the final pub- 

lished value is 411,804.41 ± 0.15 eV 12). Thus all experimental values might be 

too high by about 0.8 eV. (A re-adjustment seems, however, difficult in view of 

the unknown non-linearities in the different experiments.) 

The experimental accuracy has to be considered carefully, since it is only 

in the CERN measurement that the statistical errors dominate (7-9 eV statistics, 

6 eV background and calibration). The SIN group has a statistical error of 

3-4 eV and, in linear addition, a 5 eV systematic error. The SREL group claims 

a statistical error, including background lines and calibration, of 0.7-3 eV, and 

a constant systematic error of 1.7 eV. Besides pure statistics, uncertainties in 

these measurements arise from unresolved background lines (X-rays of parallel 

transitions, nuclear y-lines, etc.), from geometrical and count rate influences, 
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Table 5 

Ge spectrometer results (in eV) 

TI 5g 9/2- 4 f 7/2 

5g 7/2-4 f s/2 

Pb 5g s/2-4f 7/2 

5g 7/2-4 f s/2 

Ba 4fT/2-3ds/2 

4fs/2-3d3/2 

Ce 4fT/2-3ds/2 

4fs/2-3d3/2 

SIN ~) 

420 763 ± 8 

426 865 ± 8 

431 331 ± 8 

437 749 ± 8 

433 897 ± 8 

441 358 ± 8 

465 754 ± 8 

474 330 ± 8 

SREL I 1) 

420 757.3 i 3.7 

431 327.6 i 3.4 

437 749.4 i 13.7 

433 904.8 ± 9.6 

441 361.7 ± 5.1 

CERN s) 

431 360 ± ii 

437 748 ± 12 

433 926 ± 8 

441 374 ± 9 

Calculation 

420 768 ± 6 

426 868 ± 6 

431 337 ± 7 

437 750 ± 7 

433 910 ± 3 

441 361 ± 4 

465 748 ± 6 

474 329 ± 6 

Vac. pol. 

2012 ± 2.2 

2091 ± 2.2 

2079 ± 2.2 

2163 ± 2.2 

2326 ± 1.4 

2434 ± 1.4 

2547 ± 1.4 

2671 ± 1.4 

Table 6 

Summary of QED test 
(% of vacuum polarization) 

Exp. accuracy 

Calc. uncertainty 

Crystal 

0.20 

0.17 

Ge diodes 

0.07 

0.25 

Test 0.26 0.26 
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etc. All this is discussed carefully in the CERN and SIN experiments, whereas a 

detailed error discussion is not yet available for the SREL experiment. 

The complexity of the experimental spectra is demonstrated in Fig. 3, where 

the relevant part of the CERN data is displayed. 

In Fig. 4 the deviations of the measured energies from the calculated ones 

are displayed, again in units of percent of the QED contributions. The error bars 

correspond to the experimental errors, and the broken lines reflect the uncertain- 

ties in the calibration. 

The measurements reach, in their average, an experimental accuracy of 0.07% 

for the test of the vacuum polarization. This accuracy is essentially due to the 

SREL points in T1 and Pb, for which no detailed error discussion is available yet. 

The weighted average of the uncertainties from the calculation is 0.25%. Thus 

the total test quality of these experiments is entirely governed by the "theoreti- 

cal" uncertainties, and amounts to 0.26% at Io confidence. 

3. SUMMARY AND OUTLOOK 

It is obvious that the quality of the test of QED in muonic atoms depends 

not only on the experimental precision but also on the correctness of the calcu- 

lated quantities. Unfortunately the latter is dominating in the case of muonic 

atoms, as is shown in Table 6. 

The uncertainties in the calculation stem from various effects, such as 

electron screening, nuclear polarization, etc. As long as these effects cannot 

be fixed by separate experimental checks, any improvement in the experimental 

accuracy is meaningless. 

There exist proposals to study the electron screening by carefully measuring 

the screening effect in higher orbits (where QED contributions are small), as 

proposed by the SIN crystal spectrometer group. Similar efforts have to be made 

for the heavy muonic atoms in order to study and to understand quantitatively the 

cascade processes. Efforts have also to be made, both experimentally and theo- 

retically, to understand the nuclear polarization. 
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Fig. 3 : X-ray spectrum as obtained in Ref. 8. Background lines are indicated 

at the bottom with their relative intensities. 
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Experimentally several improvements can be envisaged. 

Crystal spectrometer: 

- better statistics [factor of ~ 3(?)]; 

- better analysis by eliminating the llne shape problem [factor of 2(?)]; 

- higher orders (??). 

This could lead to a total experimental accuracy of 3-4 ppm or a test quality of 

0.05-0.1% of the vacuum polarization. 

Ge-diode spectrometers: 

- elimination of background problems by better resolution; 

- improvement of peak-to-background ratio by an anti-Compton device as used by 

Beetz et al. 13)" 
P 

- reduction of background lines by coineldence measurements of different 

cascade transitions; 

- reduction of calibration systematics by improving the calibration methods used 

by the CERN group. 

A total experimental accuracy of 2-3 ppm seems, however, to be the limit of this 

technique, corresponding to a test of QED to 0.04-0.06%. In order to reach a 

similar precision from the "theoretical" side, significant improvements on the 

electron screening, nuclear polarization, and also from the QED computations are 

needed. 

In su~m~ary I think that the crystal spectrometer technique has a good chance 

to reach a test quality of 0.05-0.1% for the vacuum polarization; whereas for 

the heavy muonic atoms, even minor improvements will require enormous efforts. 
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THE DETERMINATION OF LAMB SHIFT FROM THE ANISOTROPY 

QUENCHING RADIATION FROM METASTABLE 

HYDROGENIC ATOMS 

P.S. Farago 

Department of Physics 

University of Edinburgh 

Edinburgh, Scotland 

Abstract 

The measurement of the anisotropy in the quenching radiation emitted by 

metastable hydrogenic systems in an electric field can be used to 

determine the Lamb shift. This approach was conceived as a method for 

the measurement of Lamb shift in high-Z ions but was tested on H, D and 

He + where high precision Lamb shift values are available both from 

theory and from eariier experiments. 

After a brief outline of the principle of the method, the main 

experimental problems are surveyed and the results are summarized. 

Introduction 

Hydrogenie systems in the metastable 2s state can be induced to radiate 

by the application of a static electric field. Fite and co-workers 

(1968) and Casalese and Gerjuoy (1969) first pointed out that this 

"quenching radiation" is polarized but it went unnoticed at that time 

that the radiation intensity summed over two orthogonai polarization 

states is anisotropic. This feature of the radiation pattern emerged 

from the investigations of Drake and Grimley (1973). They considered 

the static electric field as a beam of very low frequency polarized in 

the direction of the field and showed that the transition rate for the 

emission of quenching radiation of linear polarization e in the 
m 

presence of a static electric field of direction E is 

* Currently on leave of absence at the FOM-Institute for Atomic and 

Moiecular Physics, Amsterdam, The Netherlands. 
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Io i  z ~ I ~ ' ~ I 2 1 A I  2 + I~  x ~ I 2 1 A , I  2 (Z )  

where A and A' are t ime  dependen t  q u a n t i t i e s  d e t e r m i n e d  by the  f i n e  and 

h y p e r f i n e  s t r u c t u r e  o f  the  a t o m i c  system under c o n s i d e r a t i o n  and are  

f u n c t i o n s  o f  the  s t r e n g t h  o f  the  quench ing  f i e l d .  I t  shou ld  be s t r e s s e d  

that A ~ A' only if the Lamb shift is different from zero. 

Cons~ering observable phenomena, Eq. (i) has two interesting impli- 

cations. 

(I) If the quenching radiation is observed at right angles to the 

electric fieid, the intensity of the radiation poiarized lineariy at an 

angie@ reIative to the direction of the electric field will be: 

I (@)  = JAJZcosZ¢ + JA'JZsinZ@ 

Hence a compar i son  o f  the  i n t e n s i t i e s  p o l a r i z e d  p a r a l l e l  and a t  r i g h t  

ang les  to  the  d i r e c t i o n  o f  the  quench ing  f i e l d  g i v e s  a " p o l a r i z a t i o n " :  

I .  - I .  IAI  z - I A ' I  z ( z )  
P E I, + I~ = 

IAI  2 + I A , I  2 

where the  s u b s c r i p t s  jJ and ~ c o r r e s p o n d  t o  @ = 0 and @ = ~ /2  r e s -  

p e c t i v e l y .  

(2 )  The t o t a l  quench ing  r a d i a t i o n  e m i t t e d  a t  an ang le  e r e l a t i v e  

t o  the  d i r e c t i o n  o f  the  quench ing  f i e l d ,  i . e .  summed ove r  two o r t h o -  

g o n a l  s t a t e s  o f  p o l a r i z a t i o n ,  w i l l  have an i n t e n s i t y :  

I ( e )  = ( I A I  z + J A ' J Z ) s i n Z e  + z l A ' J Z c o s Z e  (3 )  

In o t h e r  wo rds ,  the  r a d i a t i o n  i s  a n i s o t r o p i c  and a compar i son  o f  the  

i n t e n s i t i e s  e m i t t e d  p a r a l l e l  and a t  r i g h t  ang les  to  the quench ing  f i e l d  

gives an "asymmetry": 

I(O) - ~ t ~ / Z )  : I A ' I  2 - J A I l _  
R ~ I ( 0 )  + n/Z)  3 l A , i Z  ÷ IAI2 (4) 

The po lar iza t ion  P ~BS measured by Ott et a l ,  (197D) for hydrogen. 

In the present review we shal l  be concerned with problems re la t ing  to 

the measurement of the asymmetry R. 

It should be stressed that both phenomena, the polarization and 

the anisotropy of the quenching radiation, hinge on the very existence 

of a finite Lamb shift because A = A' if the Lamb shift vanishes. 

Both quantities, P and R , are approximately proportional to the 

Lamb shift and, in principle, they yield identical information since 
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P = 2R/(R-I). Yet aniaotropy measurements are preferable in practice 

because this quantity can be determined more accurately than polari- 

zation at the vacuum ultraviolet wavelength of the quenching radiation. 

From the outset i t  had been expected that i t  would be possible to 

measure R and hence to determine the Lamb s h i f t  to an accuracy of at 

least  D.1%. Such an accuracy f a l l s  short of  that obtained by microwave 

resonance techniques applied to H 9 D or He+;  but i t  makes the 

anisotropy method a serious candidate for measurements on heavy (Z > 3) 

ions because 9 i f  real ized~ such an accuracy would be qui te adequate to 

d is t ingu ish  between competing theo re t i ca l  pred ic t ions.  Compared to the 

a l t e r n a t i v e  approach of quenching rate measurements the anisotropy 

method has some inherent advantages. For example the i n t ens i t y  of the 

quenching f i e l d  need not be known as accurately because the e f fec t  is  

independent of f i e l d  strength in the l i m i t  of  weak f i e l d s ;  there is  no 

need for tracking the i n tens i t y  of the rad ia t i on  over several decay 

lengths with the consequent loss of i n tens i t y  and uncer ta in t ies  

introduced by beam de f l ec t i on .  Even where tunable lasers are ava i l ab le  

for resonance experiments the large width of the resonance makes the 

super io r i t y  of that approach arguable. 

For the derivation of an empirical value of the Lamb shift from 

the measured asymmetry Drake and Grimley (1975) developed a non-per- 

tubative theory of the quenching process. This theory allows the cal- 

culation of a "theoretical" asymmetry R ° using the theoretical value of 

the Lamb shift and accepted spectroscopic data as input parameters. A 

comparison between the calculated asymmetry~ R ° , and the measured 

asymmetry R~ yields the experimentally determined Lamb shift (Drake and 

Lin, 1976). In order to explore the potentials of the anisotropy method 

and to test the validity of the theory underlying the interpretation of 

the results, a seriea of experiments were performed on light species~ 

namely Hp D and He + . In each of these cases the Lamb shift is known to 

high accuracy and the choice of these different species permitted the 

investigation of different aspects of the phenomena involved. 

THE EXPERIMENTAL SCHEME 

The experimental apparatus employed throughout the experiments was 

bas ica l l y  the same ( f i g .  i ) .  In the hydrogen (deuterium) experiments a 

mono-energetic ( t y p i c a l l y  ID KeV) beam of protons (deuterons) traverses 

a cesium vapor c e l l ;  the emerging beam contains metastable hydrogen 

(deuterium) atoms in the 2s state produced in a near-resonant charge 

exchange react ion.  The remaining ions are def lected out of the beam by 
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tne weak ( m lO V/om) electric field between the prequenohing plates. 

A collimated beam of neutrals then enters the observation region, where 

the metastable atoms are quenched in an essentially uniform electro- 

static field. In the He + experiments the metastablea are produced by 

passing 90 keV ground state ions through a gas cell. Prequenching, when 

required, is induced by a longitudinal field. After collimation the ion 

beam enters the quenching field. 

The quenching field is maintained by four cylindrical rods, as in 

a qua drupole lens, arranged symmetrically with respect to the beam 

axis. In this case, however, adjacent rods form a pair kept at the same 

potential. To enhance the symmetry of the system it is surrounded by a 

cylindrical mantle (not shown in the sketch) centered on the symmetry 

axis and held at the same potential as the end plates. 

A short section of the beam in the central region of the quenching 

field is viewed by two channeltrons detecting Ly-~ radiation emitted in 

mutually perpendicular directions; for a given choice of electrode 

potentials one is parallel and the other is perpendicular to the 

direction of the quenching field. Equation (3) shows that the total 

intensity I(8) is very insensitive to small errors at angular settings 

in the neighbourhood of 8=0 and ~/2 , making it relatively easy to 

correct for the effect of a finite solid angle of observation. 

There are two main sources of instrumental asymmetry: (i) the two 

detectors have somewhat different acceptance angles and detection 

efficiencies and (ii) the presence of stray magnetic fields, ~ , gives 

rise to a motional electric field ~ = ~ x ~ (~: particle velocity). 

Both these effects can be eliminated to a high degree of accuracy 

by rotating the quenching field in steps of ~/2 relative to the di- 

rections defined by the line-of-sight of the fixed detectors. This is 

achieved by a cyclic change of the polarity of the quadrupole rods and 

by recording the counting rates measured simultaneously by the two 

detectors at each of the four consecutive field orientations: Nl(W) and 

N2(~+~/2) with W=O, ~/2 , ~ , 3~/2 . 

The effect of the motional field could be detected by reversing 

the direction of the quenching field, ~ielding a small discrepancy: 

Nl(O)/N2(~/2) ~ NI(~(N2(3~/2) 

In order to eliminate this effect the measured quenching radiation 

intensity is defined as the mean of two values obtained at field 
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directions reversed. Thus: 

N~ = i/2(Nl(O) + Nl(~)) = alN(O ) 

N~ = 1/2(N2(~/2) + N2(3~/2)) = a2N(~/2 ) 

and~ similarly: 

N~ = I12(N(~12) + NI(3~12)) = alN [ 12) 

N~ : I /2(N2(~) + N2(O)) : a2N(O ) 

where-N(O) and N2(~/2) are the apparent rates of  emission p a r a l l e l  and 

at r i g h t  angles to the quenching f i e l d  and a I and a 2 are constants 

determined by the angle of acceptance and e f f i c i e n c y  of the two de- 

tectors respec t i ve l y .  From the above equations the asymmetry analogous 

to that  defined by Eq. (4) i s  obtained in the form: 

R' = ( r - l ) / ( r + l )  (5) 

where 

r 2 = NIN ~ / N~N~ 

The effect of intensity fluctuations on the results which involve 

pairs of counting rates measured at different times were minimized by 

monitoring the neutral beam current with the aid of a current-to-fre- 

quency converter to define the counting period for each measurement. 

The measured counting rates N (@) contain a contribution from 
J 

background noise. In order to take this into account a high (1500 V/cm) 

prequenching field was applied and the isotropie component of the still 

observable radiation was determined. The noise thus defined amounted to 

about l~ of the signal obtained in the absence of the prequenching 

field and gave a small correction to the directly measured 

asymmetry R'. 

It should be mentioned that in the H and D experiments the noise 

could readily be kept at this low level but in the He+experiments 

special precautions were required. 

The main source of experimental error arises from the random 

fluctuations in counting statistics. If the ratio of the sensitivities 

of the two detector systems is denoted by ~, and ~ denotes the total 

number of oounts~ the standard deviation in the observed asymmetry is: 

o R = ½ (a I /2  + a - I / 2 )  { ( l _R ,2 ) / n }  1/z 
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The uncertainty in the noise measurements makes a small additional 

contribution to the statistical error. If the signal and noise 

measurements alternate and the signal-to-noise ratio is ~, the total 

standard deviation becomes: 

o = o R {I + s-l(l+R'2)(1-R'2)-l} 1/2 (6) 

The directly observed asymmetry R' requires some small corrections 

due to systematic effects and the uncertainty in these corrections must 

also be assessed. 

(1) The field strength in the neighbourhood of the beam must be 

calculated. In principle this is a simple task, but the required 

accuracy (better than O.l~) leads to non-trivial computational problems 

as discussed in detail by van Wijngaarden and Drake (1978). The pre- 

cision to which the field is known depends, in the end, on the 

tolerances to which the apparatus is fabricated, and some uncertainty 

introduced by fringing field effects. 

(2) The finite acceptance angle of the detectors is taken into 

account by integrating the radiation intensity as a function of 

direction over the source and over the solid angle determined by slits 

between the radiating beam of metastables and the detectors. 

(3) A loss of counts arises from electronic dead-time in the 

detection. 

(4) In experiments with ion beams their deflection in the 

quenching field is accompanied by s small change in the apparent 

anisotropy. This arises partly from the change of position of the 

effective radiation source relative to the detectors and partly from a 

change in the direction of observation. These two factors work in 

opposition but do not cancel one another. 

EXPERIMENTAL RESULTS 

(a) Hydrogen (Drake, Farago and van Wijngaarden, 1975). 

The quenching of the metastable 2el/2 state of hydrogen is a rather 

complicated phenomenon because of the rather strong hyperfine coupling. 

If a H-atom in one of its four possible 2el/2 hyperfine states enters 

an electric field it induces a mixing with twelve possible intermediate 

2Pl/2 and 3P3/2 hyperfine states. From any of these states the atom can 

return to its ground state by emitting a photon. The atoms entering the 

quenching field "sees" the perturbation turned on in a finite period of 
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time. If this period is short relative to the response time of the atom 

the intensity of the radiation emitted into a small solid angle shows 

"quantum beats" Measured as a function of the elapsed time after 

entering the field the asymmetry R' too shows large oscillations near 

the Lamb shift frequency modulated at the hyperfine frequency of the 

2sl/2 state, and each peak is further structured by rapid oscillations 

near the fine structure frequency. The oscillations decay in 20 ns or 

so, and beyond this period the anisotropy shows only weak time 

dependence arising from the different rates at which the different 

hyperfine components of the perturbed metastable states decay. 

In the experiments the field was "switched on" over a period of a 

few nanoseconds which is fast compared to the life time of the 2sl/2 

state but short compared to the life time of the 2p states. Measure- 

ments were performed in the regime of slowly varying anisotropy. In 

order to avoid the need of precise field calibration the anisotropy R 

(corrected for finite soiid angle and noise) was determined at a 

sequence of different quenching fieid strengths E, and a curve: 

n 
R = ~ a k E 2k 

k=O 

was fitted to the experimentai resuits. In performing the least-squares 

fitting to single runs the approximation to n=2 was always found 

significant. While curves obtained for individual runs were slightly 

different in detaiIs, they always led to extrapolated values R(E=O) 

which agreed with one another within their margins of error. 

In the limit of zero field strength the fractional error in the 

asymmetry was 8.6 x lO -4 ; a summary of the numerical results is con- 

tained in Table i. 

The effect of finite transit time is demonstrated in fig. 2. The 

two experimentai points were obtained at the same quenching field with 

H-beams of different kinetic energies; the curve represents the theo- 

retical prediction. A more rigorous test of the theory used in the 

interpretation of the experimental resuits was carried out by a careful 

study of the quantum beats mentioned earIier (van Wijngaarden et ai., 

1976). 

For these experiments a speciai technique was developed by means 

of which the perturbation can be switched on "suddeniy". It is an 

essential feature of this technique that the use of a beam-foii is 

avoided and this makes it safe to assume that the initiaI state of the 
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atom is an incoherent mixture of all four 2Sl/2 hyperfine states with 

equal statistical weights. In contrast, the initial state amplitudes in 

a beam emerging from a beam foil are not adequately known. 

The experimental results agreed well with calculations assuming 

sudden excitation. Various frequency components of the time dependent 

radiation intensity were identified with specific hyperfine transitions 

or groups of transitions. 

(b) Deuterium (van Wijngaarden and Drake, 1978). 

In an endevour to improve the accuracy of the anisotropy measurement 

the choice of deuterium was preferable to that of hydrogen because in 

the former the hyperfine coupling is much weaker and hence the time 

dependent effects are smaller. 

Since the dominant contributions to the experimental error arises 

from counting statistics, the most efficient use of the measuring time 

is of utmost importance. For this reason asymmetry measurements were 

performed at a single quenching field strength. The experimentai para- 

meters were chosen in such a manner that in the observation region, 

about half way down the axis of the quenching field, the time depend- 

ence of the asymmetry was very small (as a function of the position x 

of the effective source of radiation the asymmetry varies at a rate 

~R/~x ~ 2xlO -5 cm -I) and the intensity of the radiation was approxi- 

mately a maximum at the chosen field strength. Thus errors due to small 

field intensity variations and to small spread in the kinetic energy of 

the particles were minimized. 

In order to obtain high absolute precision in the empiricai Lamb 

shift value derived from measurements st finite quenching field 

strength, the accuracy of instrumental parameters must be consistent 

with the assumptions made in the calculations. 

In this experiment the critical dimensions of the quadrupoie 

system which maintains the quenching field, and of the slit system 

which selects the observed radiation were maintained to a toierance 

of 5 ~m. 

Contributions from different sources of experimental error are 

listed in Table 2. The vsIidity of the estimate of the dominant random 

error was tested by s statistical analysis of the 2'038 individual 

asymmetry measurements, each containing, on the average, 1.355 x I06 

counts. The fractional error in the empirical Lamb shift value (see 

Table i) is 2.7-times larger than that of the best results obtained by 
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Table 2: Sources of error in the anisotropy measurement due 

to uncertaintie in various parameters 

~R/R (ppm) 

Parameter D 2s) He+(2s 

-Counting statistics 138 

-Electronic dead-time 26 

correction 

-Solid angle correction 5 

-Electric field strength 24 

-Fringing field effects 8 

-Beam deflection correction 

204 

10 

(E~R2) I/2 
i i 

IR 143 204 
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microwave resonance techniques. 

(c) HeIium ions (Drake, Goldman and van Wijngaarden, 1979). 

Since the anisotropy measurements were conceived as an approach to 

determine the Lamb shift in high-Z hydrogenic ions, it was important to 

expiore those problems which arise in working with charged as opposed 

to neutral beams. For this purpose the choice of He + is ideai, not only 

because the Lamb shift is known to a high accuracy but also because the 

theoreticai caIculation of the anisotropy is made relatively simple by 

the absence of hyperfine structure in 4He. In the absence of a magnetic 

field there is no Zeeman splitting either, so the anisotropy is 

independent of time apart from the rapidly decaying transient effects 

associated with the onset of the perturbation at entry to the quenching 

field. 

This experiment quickly revealed s major difficulty inherent in 

experiments with fast ion beams, namely the problem of keeping the 

noise at an acceptable level. The fast ion beam as it passes through 

the residual gas in the quenching celi produces an abundance of charged 

particies, including metastabls ions, which are accelerated by the 

quenching field. If they were allowed to enter the detectors (in this 

experiment channeltrons with open cones) not oniy excessive noise would 

be produced but its magnitude would depend on the direction of the 

quenching field yieiding a false asymmetry. Therefore a filter system 

was inserted in the line of sight of detectors which rejects the 

charged particles at the cost of a moderate loss in photon counts. The 

filter consists of a pair of electrostatic defiector plates bracketed 

by two coilimating slits and foIiowed by two more apertures, the first 

of which is covered by a thin Formvar film. With the aid of this 

arrangement a signal-to-noise ratio of about iO0:l could be achieved. 

The fractionsi error in the asymmetry measurement is 204 x i0 -6 , 

made up of contributions as listed in Tabie 2. The empirical Lamb shift 

value derived from the measured asymmetry is accurate to about the same 

margin of error. A comparison of theoretical and experimental values is 

given in Table i. It should be noted that the error margin of this 

measurement is comparabIe with those obtained in the most precise 

measurements performed to-date. The aetuai value derived from the 

asymmetry measurement agrees with the resuits of Lipworth and Novick 

(i957), and the calculations of Mohr (1975), but there is a distinct 

discrepancy in comparison with the experimental result of Narasimham 

and Strombotne (i971) and the calculations of Eriokson (1971). 
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CONCLUDING REMARKS 

Experimental tests on H-, D- and He+-beams in the metastable 2s 

state show that the measurement of the anisotropy of the quenching 

radiation as a means of determining Lamb shift stands up to 

expectations. It was stressed that this method was first conveived as a 

suitabie approach to Lamb shift measurements in high-Z hydrogenic ions. 

Although there are at ieast two Iaboratories where such an appiication 

of this method is currentIy in progress, there are as yet no resuits 

avaiIabie for criticai assesment. Judging by the exampie of the 

He+-experiments it is ciear that the noise probIem is more difficuit 

when high energy high-Z hydrogenic ions are invoived. It is more 

difficuit to produce "ciean" beams of the required species and the 

required quenching fieid is much higher than those appiied in the 

experiments described. Both these factors aggravate the task of 

reducing the noise IeveI at residuai gas pressures of conventional high 

vacua. Difficuities arising from the high intensity of the quenching 

fieid may be circumvented by appiying a magnetic fieid ~ such that the 

"motional field" ~x~ causes the required perturbation of the 

metastabie state. No doubt this approach is not free of difficuities 

either. Yet it seems reasonabie to expect that, where anisotropy 

measurements are feasibie, the margin of error wiil stay iow enough to 

make the resuits significant. 
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THE LAMB SHIFT OF THE HYDROGEN ATOM AND HYDROGENIC IONS 
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Universit~t Bielefeld 

48 Bielefeld, West Germany 

I Introduction 

For the development of quantum mechanics and quantum 

electrodynamics (QED), studies of atomic hydrogen have played an 

important role. Since only a single electron and proton coupled by the 

radiation field have to be considered the dynamics of this simple 

atomic system can be calculated with high precision and may be compared 

directly with experimental measurements. The difficulties in 

reconciling the theoretical predictions with experimental results have 

been an effective stimulus to the development and improvement of both 

the theoretical models and the experimental investigations. 

A good example for such interaction between theory and experiment 

are the investigations of the fine structure intervals in atomic 

hydrogen and deuterium. The quantum mechanical Dirac theory which 

includes spin and relativistic corrections predicts a degeneracy for 

states with same quantum numbers n and j. In their famous experiment 

Lamb and Retherford l) proved, however, that the 2 S1/2 and 2 P1/2 state 

are in fact not degenerate. Subsequently the splitting between these 

states, the so-called "Lambshift" played a major part in the 

development of a new theory, called quantum electrodynamics. 

The principles and the results of the QED and the theory of the 

Lamb shift 2'3) are discussed in several contributions in this volume. 

For the discussion of experimental results it will, therefore, suffice 

to mention only a few general points. 
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lhe Lamb shift is made up of several contributions which are the 

result of (a) zero point oscillations of the quantized electromagnetic 

field (self energy); (b) vacuum Polarization; (c) the anomalous 

magnetic moment of the electron (which acts through the LS-coupling) 

and (d) nuclear size and nuclear structure effects. For contributions 

of the kind (a) and (b) the electron wavefunction has to be nonzero at 

the origin (nucleus). Essentially this is the case only for S states 

which therefore experience by far the largest shift. To this shift the 

dominant contribution comes from (a). The displacements of states with 

L > 0 are considerably smaller and mainly caused by (c) with some 

addition from (a) and (b). Contributions from (d) are always small 

although not negligible. 

The calculation of the Lamb shift is performed by evaluating the 

various contributions in orders of ~, (Z~), and m/M. 4'5) " The largest 

contribution to the Lamb shift of S states comes from the one-photon 

self-energy term which has been calculated explicitely in orders of 

(Z~) up to terms of (Z~)6. For large values of Z(~lO) the series 

expansion in (Z~) does not converge very well. Recently Erickson 6) and 

Mohr 7) independently calculated the expansion for higher Z without 

truncation. In turn this allowed the estimation of the uncalculated 

high-order terms for low Z. Although the results of the two 

calculations (6'7) are somewhat different, the discrepancy is not 

sufficiently large so that the best present experimental results could 

decide between them outside of their experimental uncertainties. 

The Z dependence of the SI/2 - PI/2 Lamb shift interval is 

somewhat slower than the Z 4 dependence of the fine structure intervals 

calculated by the Dirac theory. This is caused mainly by the leading 

term which is proportional to ~(Z~)4{ln[1/(Z~)2]-C} with C = 1/4 of the 

in term for Z = 1. The dependence given by this term is slightly 

modified by contributions of higher order in (Z~), which become rapidly 

more important with increasing Z. 

For example, the term with ~(Z~) 5 contributes 0.7 % of the total 

Lamb shift 2 SI/2 - 2 P1/2 in H(Z = l) compared with 7.1% in 

hydrogenic carbon 12Ct+(Z = 6). The corresponding contributions from 

~(Z~) 6 are 0.04 % for H and 1% for 12C5+. Therefore measurements for 

the ion 12C5+ with an accuracy of approxomately 1% are already very 

useful for a test of the theory. Therefore it appears to be very 

important to extend the measurements to as high values of Z as 

possible. 
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For S states the n dependence of the Lamb shift follows very 

closely the i/n ) dependence of the Dirae fine structure. The small Lamb 

shifts with j > i/2 also follow closely both the Z 4 and i/n 3 dependence 

of the Dirac splittings. For such states however there are only a few, 

not particularly accurate experimental results available. 

The ultimate experimental accuracy which can be obtained strongly 

depends on the width of the observed signals. This is because even a 

well-known signal shape allows the signal position to be determined 

only to a certain fraction of the width. For highest possible precision 

Z- and n-values should be selected which provide the smallest signal 

width in comparison with the interval to be investigated. The smallest 

experimental signal width which can be obtained for a particular state 

is limited of course by the natural widths of the states involved. 

Unfortunately the Z and n dependences of the natural width are almost 

exactly counterbalanced by the Z and n dependences of the corresponding 

Lamb shift intervals so that not much can be gained in this way for 

states with different n. 

Over the last 30 years numerous experimental investigations of the 

Lamb shift have been carried out with a variety of different methods. A 

rather complete list and detailed descriptions of various experimental 

investigations can be found in the excellent review of ref. 8. Many of 

these measurements were triggered by the somewhat unsatisfactory basis 

of the theory and by discrepances between theory and experiments or 

between various experiments. Today a very high level of accuracy has 

been reached and with a few exceptions, there is satisfactory agreement 

among the experiments and with theory. 

II of the Lamb sh i f t  2 2P1/2 - 2 2SI/2 in H Precision measurements 

and D. 

Since the signal to noise ratio is best for low Z and n and 

because low n states are less sensitive to externaI perturbations the 

most accurate measurements have been performed for the 2 P1/2 - 2 SI/2 

shift in H and D. The most precise results were obtained in resonance 

experiments using radio frequency, anticrossing and level crossing 

methods in slow beam investigations. 

The basic experimental set up for such measurements - as it was 

first used by Lamb and coworkers 9-I4) - is shown in fig. i. A beam of H 
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and D atoms is created by thermal dissociation of H 2 or D 2 in a hot 

tungsten nozzle. A crossed electron beam excites some of the atoms. 

Except the S states all other states decay before the beam enters the 

rf region inside of an electromagnet. In the static magnetic field 

transitions are induced by the rf-field from the 2 S1/2 to the rapidly 

decaying 2 PI/2 when the energy separation between suitable Zeeman 

sublevels of S and P is tuned by the external magnetic field to match 

the fixed frequency of the rf-field. The surviving 2 S atoms of the 

beam are selectively detected by a detector sensitive to metastable 2 S 

atoms. 

In the experiments of Lamb et al. the transitions ~e and of 

(fig. 2) were studied at a field of about 700 Gauss. Since the natural 

lifetime of the 2 P state of 1.6"10 -9 sec corresponds to a level width 

of lO0 MHz a width of the resonance curves of about 120 MHz would be 

expected for a partly saturated signal. Unfortunately in hydrogen the 

hyperfine structure (hfs) of the 2 S state is of the same order so that 

the two hfs components ~+f+ and ~-f- of the signal can not be fully 

resolved and formed a double peak signal. 13) D has a smaller hfs than H 

so that the composite signal comes close to a single component 

situation. 13) D atoms also travel more slowly because of their larger 

mass so that velocity dependent effects on the signal are reduced. Thus 

the necessary corrections to the final results were considerably 

smaller for D than for H and a precision measurement of the Lamb shift 

was carried out only for D. 

The most important corrections to the experimental value were due 

to the overlap of the hfa-reaonances, to rf power shifts, to magnetic 

field inhomogenities, the Zeeman curvature of the substates, the 

variation of electric dipole matrix element with the magnetic field, to 

stark shifts of the resonance center due to stray and motional electric 

fields and due to the velocity distribution and changes of this 

distribution of the beam in the magnetic field. 

In the experiments performed by Lamb and coworkers the accuracy of 

the final results was ± 0.1 MHz which corresponds to lO -3 of the 

natural linewidth of 100 MHz. The total corrections applied were 

between - 0.3 MHz (D) and - 3.2 MHz (H).13) 

In s second series of experiments the amount of corrections 

required for the results was reduced considerably. This was achieved by 

hyperfine selection of the metastable beam before it enters the 
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B were investigated by Robiscoe and Cosens (Ref. 16, 19). 
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principal interaction region. In this way the signals were no longer 

superpositions of several hfs components. In addition the magnetic 

field was applied parallel to the beam axis, thus reducing the motional 

electric field experienced by the atoms. 

Instead of inducing rf-transitions between Zeeman sublevels the 

anticrossing method 15) was employed. In this method which was 

introduced by Robiscoe 16) for the measurement of the Lamb shift in H, 

the rf field is replaced by a static electric field (IH). This electric 

field mixes the states near degeneracy and causes the levels to repel 

each other so that the actual crossing is removed. Due to the state 

mixing the lifetime of the S component is effectively reduced. Thus a 

resonance signal can be obtained near 575 G where the substates 0 and e 

cross (fig. 2). 

Due to the hfs the anticrossing 8e consist of the two allowed 

components A at 538 G and B at 605 G. One of these components can be 

suppressed however, if a state selected beam of 8 + and 8- is produced. 

This is achieved by first applying in the region of electron-excitation 

a magnetic field of 575 G (near the crossings A and B) perpendicular to 

the atomic beam axis so that all 8 states are quickly quenched by the 

motional electric field. The a branches remain unquenched. These 2 S 

atoms fly into a region of the apparatus called flopper where the 

magnetic field is reduced to zero in such a way that the popul~.ation of 
+ 

the states is redistributed. In zero magnetic field the branches a , a- 

and 8- degenerate to the F = 1 state. In this way G- is created. 

Therefore the 2 S beam entering the magnetic field in the interaction 
+ 

region consists only of ~ . a- and 0- so that the snticrossing 

component B (8-e-) is observed without interference from A (fig. 3). 

The anticrossing signals are very sensitive however to small 

static fields, such as motions1 fields caused by a misalignment of the 

main magnetic field with respect to the atomic beam axis. This and a 

measurement of the velocity distribution of the metastables resulted in 

two revisions 17'18) of the original results. 16'19) But even including 

these revisions the total corrections applied to the result were only 

of the order of - 0.3 NHz much less than in the rf measurements. 13) In 

spite of this improvement the accuracy of the final result (± 0.i MHz) 

did not exceed the value quoted for the rf-investigation. 13) 

It should be mentioned that similar measurements were carried out 
20,21) on deuterium with comparable accuracy. 
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In contrast to the time of the early rf-measurements the progress 

in microwave techniques made it soon possible to maintain a constant 

power level in the interaction region even when sweeping the frequency 

over quite a wide range. This new possibility has led to very precise 

Lamb shift measurements in which the microwave frequency was varied and 

no magnetic field was applied. 

Using this direct rf-method Andrews and Newton 22) carried out one 

of the most accurate measurements of the 2 S1/2 - 2 P1/2 Lamb shift 

of H. In their experiment an H beam with an energy of 21 KeV was used. 

This energy is low enough for the creation of metastables by charge 

exchange in H 2 gas and to experience an adiabatic switch-on and 

switch-off of the rf-field, when passing through the microwave region. 

State selection was achieved by inducing in a strong rf-field (SI/2, 

F = 1)++(P1/2, F = 1,O) transitions, which completely quenched the 

F = 1 state of the 2 S1/2. Subsequently the transition (SI/2, F = O) *-~ 

(PI/2' F = !) was induced in a second rf-field. The number of 

metastables surviving in this second rf-region are recorded by Stark 

quenching and detection of the emitted Lyman,~ radiation. 

To eliminate Doppler shifts the measurements were taken for both 

directions of the rf-field and individually corrected for Bloch-Siegert 

shift 23'24) by about 90 ppm (90 KHz). Additional corrections amounted 

to + 27 ppm (29 KHz). The overall uncertainty is made up to the larger 

part by systematic uncertainties and is given as ± 19 ppm (20 KHz), 

corresponding to 1/5000 of the natural width of the P state. 

All resonance experiments described so far were limited in their 

resolution by the natural widths of the S and P states. Further 

improvements are extremely difficult since this requires the 

determination of the signal position to lO -4 or even less of the signal 

width. 

In order to obtain a narrowing of the observed magnetic resonance 

signals Lundeen and Pipkin 25) used the well-known Ramsay-arrangement of 

two separated rf-fields. For the Ramsay method the main rf-field is 

split into two sections rf l and rf 2 oscillating coherently and 

separated by a variable gap. The atoms may spend the time T in each 

section and the time T in the gap. The reauiting resonance signal is 

dominated by S ÷ P transitions which are induced in the single rf field 

sections. Superimposed on this signal is an interference pattern. The 

amplitude and the width of this oscillatory part is determined by the 
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time T spent between the rf-field seetiJns. The oscillating part of the 

signal can be interpreted as an interference term in the intensity of S 

states detected behind the two rf-field sections which is based on 

two-amlitudes of S states which spent the time T between the 

rf-sections as S states or spent this time as P states. With increasing 

T the number of oscillations increases and their width is reduced. 

Because the P states rapidly decay the interference term, however, 

decreases rapidly with increasing T. 

In their experiment Lundeen and Pipkin 25) used 2 S atoms of 

50 - lO0 KeV energy. The number of surviving 2 S atoms was measured as 

a function of the rf-frequency. The interference could be separated by 

the total signal S by recording the difference signal between the 

signal S(O) with the two rf-seetiens in phase and the signal S(180) 

with the two rf-aections operating at opposite phase. 

Both the single rf-field signal [S(O) + S(180)] and the inter- 

ference signal IS(O) - S(180)] of reduced width are shown in fig. 4. 

Total corrections of the data range from + 64 ppm (58 KHz) to + 149 ppm 

(136 KHz) depending on beam energy and the rf field spacing with an 

estimated uncertainty of ± 20 ppm (18 KHz). With the statistical un- 

certainty of ± lO ppm the overall accuracy with respect to the Lamb 

shift interval is ± 19 ppm (20 KHz) corresponding to 1/5000 of the 

natural width of the 2 R state or about 1/1800 of the (reduced) signal 

width. 

These values clearly indicate that for the 2 SI/2 - 2 P1/2 Lamb 

shift in H a further increase in experimental precision seems to be 

impossible. 

In principle resonances on higher n states would have the 

advantage of narrower obtainable linewidth because of the relatively 

longer lifetime of n Pl/2 states for n > 2. The experiments reported 

for n = 3 and n = 4 states26'27)in hydrogen and the n = 3, 4, 5 and 6 

states in the helium ion 28-3I) are less precise than the results 

obtained for n = 2 of H and D. This is mainly because the Lamb shift 

scales with quantum number n as i/n 3. In addition the lower populations 

achievable for n SI/2 states (n > 2) and othe~ technical difficulties 

somewhat limit the final precision quoted. 
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Table i Results for the 2 SI/2 -2 PI/2 Lamb shift in Hyd.rogen 

Lamb shift Reference 

1057.77 (06) Triebwasser et al. (13) 

i057.90 (06) Robiscoe and Cosens (19) 

1057.862 (020) Andrews and Newton (24) 

1057.893 (020) Lundeen and Pipkin (25) 

i057.910 (010) 

i057.864 (014) 

Erickson (3,6) 
Mohr (7,32) 

A comparison of the most precise experimental and theoretical 

values of the 2 P1/2 - 2 S1/2 Lamb shift of hydrogen is given in 

table 1 and is graphically displayed in fig. 5. The theoretical values 

obtained by Mohr (a,A) 7'32) and by Erickson (b,B) 3'6) differ by the rms 

proton radius r used for the calculation (a, b: r = 0.80 ± 0.02 f; 

A, B: r = 0.87 ± 0.02 f).57) " This 10 ~ variation in the proton radius 

causes a variation of the Lamb shift of the order of the accuracy of 

the best currently measured values. This strongly indicates that the 

Lamb shift measurements in H although extremely precise can no longer 

be considered as a very useful test for the QED unless more accurate 

values for the proton radius become available. This, however, can not 

be expected in the near future. 

If the QED contributions are taken to be correct precision Lamb 

shift measurements could be used to extract information of the nuclear 

structure. In this way Andrews et al. derived an independent value of 

the proton radius of 0.845 ± 0.050 f.33) " 

III The Lamb shift of hydroqenic ions 

In recent years, advances in techniques and instrumentation 

together with the use of nuclear heavy-ion accelerators have made 

possible an extension of Lamb shift experiments to hydrogenic ions of 

increasingly higher nuclear charge Z. In theory, new calculation 

techniques have been applied to high Z-systems. The obtained 

theoretical and experimental results have stimulated wide interest 
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because the large enhancement that occurs in the Lamb shift due to an 

approximate Z 4 dependence allows sensitive studies of QED interactions 

in the high field regime. In addition the theoretical uncertainty due 

to the nuclear size uncertainty (which is about 50 % of the total 

calculated uncertainty for Z = i) is considerably reduced for higher Z 

(it amounts to 20 % at Z = G and 13 % at Z = 17) and is no longer the 
32) limiting factor for a comparison between theory and experiment. 

It is impossible, however, to extrapolate the techniques used in 

the Lamb shift experiments for Z = i or 2 to higher Z hydrogenic 

systems. In order to remove Z - I electrons and populate relevant 

states, hot plasmas or high velocity beams must be used. In addition, 

in the region Z > 3 conventional rf-resonance absorption techniques 

would require very high magnetic fields and unreasonably high microwave 

power and frequency. 

At present two approaches have been used to circumvent these 

difficulties: (a) stark quenching of the 2 S1/2 metastable state with 

an applied field and (b) laser resonance absorption. Both methods 

require the use of beams of high-velocity highly ionized atoms. 

The beam energy needed for hydrogenic ion production ranges from 

6 MeV for Z = 5 to 25 MeV for Z = lO, but 170 MeV are necessary at 

Z = i5 and 28 GeV at Z = 80. For Lamb shift measurements it is 

desirable to maximize the hydrogenic charge-state fraction of the beam 

while minimizing the helium-like fraction, since the latte~ contributes 

to the radiative background in experiments which depend on detecting 

Lyman-~ photons. This optimization may be accomplished in certain cases 

by directing a beam of fulIy stripped ions to the experimental area and 

then inducing one-electron pick-up to excited states via a beam-foil or 

beam-gas interaction. There is also evidence that eiectron-pickup 

processes enhance 2 SI/2 state formation whereas higher angular 

momentum states are formed preferentially in stripping. 

The method of stark quenching is based on the fact that stark 

coupiing of the 2 Si/2 and 2 PI/2 via the electric dipoie interaction 

in the presence of a DC electric field quenches the metastable state 

via an aiiowed El transition to the ground state. The transition rate 

34) This is the basis is a function of the 2 S - 2 P energy difference. 

for an indirect measurement of the Lamb shift. 
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Including the mixing of the 2 P3/2 and 2 PI/2 states the decay 

rate y of the 2 SI/2 is given by 

where 

IV/hl 2 IM/hl 2 

2 + Y = Y2p + ~ Y2p ~ Y2p ~L 2 ~F 2 + 1 2 

V = < 2 S1/2 I f  ~I 2 PII2 > = /3"e E aolZ 

M = < 2 $1/2 If ~I 2 P3/2 > = ~ . e  E aol Z 

E is the applied electric field, a ° is the Bohr radius, ~L is the Lamb 

shift, w F is the 2 P3/2 - 2 $1/2 energy difference and Y2p the decay 

rate of the 2 P state which can be calculated 48) in the dipole approxi- 

mation to Y2p = 6.265 x I08Z 4 sec -I 

In most cases the ]M/hl 2 term is relatively small For 12C5+ for 

example, it contributes by about 0.5 ,o °'. Higher order terms are still 

smaller by at least lO -2. 

For a measurement of the Lamb shift of 12C5+ with the stark 

quenching method 35) a metastable beam was produced by first 

post-stripping the dominant C 4+ component of 25 or 35 MeV beams to C 6+. 

The C 6+ fraction was selected with an analyzing magnet. Then the bare 

carbon nuclei passed through a 0.i Torr argon target for electron 

pickup. The target pressure had to be adjusted tc maximize the 2 S1/2 

production rate while maintaining a low enough helium-like metastable 

production. Some of these helium-like species contribute to background 

effects because their lifetimes and energy is comparable to the 

hydrogenic 2 S1/2 state. 

Leaving the target area the beam which now contains a C 5+, 2 Si/2 
component traversed a 2 m long d r i f t  region and entered the quenching 

area. As electric quenching field, the motional electric field 

experienced by the fast moving ions in a magnetic field transverse to 

the beam direction was used. A transverse magnetic field of 3 KG, for 

example, generated an effective electric field of about 60 KeV cm -I 

which is sufficient to reduce the 12C5+, 2 S1/2 metastable decay length 

to about 2.8 cm at 25 MeV. 

The 33.8 ~ (367 eV) Lyman-a quenching radiation was monitored with 

a detector which is positioned perpendicular to the beam and can be 
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moved parallel to the beam direction. 

The detected counting rates as a function of the detector position 

are shown in figure G. In this figure the change in slope proportional 
2 to B is apparent whereas the square root dependence on energy is less 

obvious. 

In order to extract a Lamb shift value from these Stark quenching 

data the particle velocity must be precisely known. Also the magnetic 

field strength must be measured very accurately. Without any 

corrections decay lengths from curves like those shown in fig. 5 are 

sufficient to determine the Lamb shift to about 2 %. In order to 

extract a value for S(n = 2)accurate to 1% or better, all effects 

which might influence the result at the 0.i ~ or greater level have to 

be considered. These effects include Zeeman level splitting due to the 

applied magnetic field, pre-quenching in the fringing field of the 

electromagnet, the proximity of the 2 P)/2 level, relativistic time 

dilation and beam deflection in the applied field. 

For the C 5+ ion the final result 36) was for the Lamb shift 

L (n = 2) = 780.1 ± 8.0 GHz. The resulting uncertainty contains the 

following contributions: 4 GHz statistics, 5 GHz due to background 

effects, 4 GHz geometrical effects because of changes in solid angle 

and segment width viewed by the detector because of the bending of the 

beam in the magnetic field, 2 GHz for a possible beam density non-uni- 

formity and i GHz for field and energy determination. 

A summary of experimental and theoretical results 6'32) as 

presently obtained for hydrogenic ions is given in table 2. A detailed 

review on these experiments has been given in ref. 37. 

The helium data are in acceptable agreement wi th ca l cu la t i ons  and 

with each o ther ,  though a higher p rec is ion  measurement would be 

des i rab le .  S imi la r  cons iderat ions are t rue for  the Lithium values. The 

1 ~ precision for the 12C5~ Stark effect determination cannot 

distinguish the 0.2 ~ difference between the various calculations. The 

1607+ Stark effect experiments are internally consistent and within 

quoted uncertainties, overlap the Lamb shift calculations. The 

measurements on 19F8+ and 40Arl7+ are the highest Z hydronio ions 

studied to date. 
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Table 2 Summary of experimental results for the Lamb shift in 

hydroqenic ions 

System Lamb shift Reference Theory 

(GHz) (Ref. 32 and 6) 

4He + 14.0462 (12) 58 14.04205 (55) 

14.0402 (18) 39 14.04478 (610) 

6Li 2+ 62.765 (21) 40 62.7575 (66) 

62.79 (07) 41 62.7620 (94) 

65.031 (527) 34 

12C5+ 780.1 (8.0) 36 781.99 (21) 

785.68 (25) 

1607+ 2215.6 (7.5) 42 2196.21 (92) 

2202.7 (ii.0) 43 2205.2 (1.5) 

19F8+ 3339 (35) 44 3343.1 (1.6) 
3359.1 (3.0) 

40Ar17+ 5 8 0 0 0  (600) 45 58250 (25) 

39039 (184) 

Presently the 1607+ results are the most accurate Lamb shift 

measurements for a Z > 3 hydrogenic system with an experimental 

uncertainty of ± 0.5 %. More typical are uncertainties of about ± 1% 

obtained in other experiments given in table 2. These results are at 

least two orders of magnitude less accurate than the latest Lamb shift 

results for n = 2 in H and D. Thus, for the future two trends are dis- 

oernable: (1) using presently available techniques to study higher Z 

systems in order to amplify the Lamb shift and to render observable 

previously unmeasured higher order terms, and (2) improving experiment- 

al techniques in order to achieve sensitivities of the order of 0.1 

to 0.01%. 

In experiments with ions of particularly high Z problems arise 

from the beam energy and intensity necessary to produce hydrogenic 

species in the required amounts. In addition the decrease in the 2 S1/2 

state lifetime 46'47) with increasing Z places limitations on the Lamb 

shift measurements which require the metastability of this state. At 
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higher Z two photon electric dipole decay as well as single-photon 

magnetic dipole transitions to the ground state effectively reduce the 

2 S lifetime which becomes less than I0 -9 sec for Z ~ 20, for 

example.46, 47) 

Another main experimental difficulty in applying Stark quenching 

to increasingly higher Z is the bending of the beam due to the applied 

transverse field. This produces a position-dependent change in detector 

counting efficiency as the detector is moved along the beam axis. At 

higher Z the field strengths needed to produce a convenient detector 

count rate cause a position-dependent detector efficiency correction 

which becomes comparable to the total experimental uncertainty. These 

systematic effects may be avoided, however, with the anisotropy method 

which 49'50'51) thus may become an important and precise tool. The 

principles of this method are described in detail in another 

contribution in this volume. 

The improvements in experimental techniques to achieve sensitivi- 

ties of the order of O.1 to O.O1% will have useful applications in the 

study of hydrogenic systems currently available. Improved experimental 

sensitivities to below the O.1 level will permit the observation of 

much higher order contributions and thus provide more stringent testa 

of present QED calculations. 

A method which appears to offer presently good potential for 

achieving sensitivities of this order are laser resonance absorption in 

fast heavy ion beams. For Z > 5 the 2 P3/2 - 2 S1/2 and 2 S1/2 - 2 P1/2 

transition energies occur in a spectral region that can be reached in 

many cases with current lasers. In principle the application of laser 

resonance absorption to the measurement of the Lamb shift in ions re- 

presents a return to the precision resonance techniques used for the 

Lamb shift measurements in H and D. However, a number of difficulties 

particular to fast, high Z ion experiments have arisen and have limited 

the experimental sensitivities of this technique, thus far, to about 

the same level as presently achievable with the Stark quenching method. 

Although these difficulties do not appear to be insurmountable the de- 

creasing 2 S1/2 metaetability with increasing Z and the available laser 

power places limits on the general applicability of the laser resonance 

absorption technique. 

Nevertheless, there exist several candidates for laser resonance 

absorption spectroscopy on hydrogenic ions.37'52) So far, the laser 
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resonance method has been employed to measure the n = 2 Lamb shift in 

19F8+ using a doppler-tuned H Br laser. 44) With a tunable dye laser the 

energy difference in p-He + was determined. 53) In particular the very 

precise investigation in p-He + can be considered as an encouraging 

start for the application of laser absorption methods. 

It should be mentioned that several Lamb shift experiments have 

been reported for the highly ionized helium-like ions 35Cl15+ (ref.54), 

1606+ (ref.55) and 40Arl6+ (ref.56). In the helium-like systems, how- 

ever, it will be extremely difficult to calculate atomic wavefunotions 

with sufficient accuracy to separate purely QED effects. 

IV Lamb s h i f t  o f  t he  1 S. i /2 s t a t e  

The Lamb shift experiments discussed so far did concentrate on the 

measurement of the 2 S1/2 - 2 P1/2 separation. Of similar interest is 

of course the shift of the (n = l) S1/2 ground state. Due to the i/n 3 

dependence the Lamb shift of this level is 8 times larger than the 

shift of the n = 2 state. 

In principle the Lamb shift of the 1 Sl/2 can be determined from 

the separation ~E12 = 1 $1/2 - 2 P1/2 which corresponds to the energy 

of the L -radiation. For sufficiently high Z (in the range of Z%60-92) 

the self energy contribution to AEI2 is on the order of i0 -3 to lO -4 of 

the total L energy. Thus, using high resolution solid-state x-ray de- 

tectors or x-ray crystal spectrometers this QED contribution to the 

detected energy should be observable Using current techniques. 

For H and D, however, the Lamb shift of the 1 S1/2 is only about 

3"10 -6 of the AE12-value. A precise measurement of this small deviation 

from the Dirac value of L a is impossible for two reasons. First, the 

large Doppler shift of 30 GHz is almost 4-times larger than the Lamb 

shift contribution. Second, the Rydberg constant is known to i0 -B. 

Thus, the Dirac energy of the separation AE12 is known only to this 

accuracy. 

These difficulties may be circumvented by comparing the separation 

AE12 with the energy difference .AE24 = E(n = 4) - E(n = 2). AE12 is 

given by AEI2 = R • 3/4 + C12. C12 are corrections which include the 

Lamb shift contributions. AE24 equals R • 3/16 + CZ4. The comparison of 

1/4 AEI2 with AE24 provides the difference D = 1/4 • C12 - C24 of the 

corrections. Since the Dirac contributions to the value of D can be 
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calculated a measurement of D can provide a value of the Lamb shift of 

the 1 S level. 59) Because of the comparison of AE12 and AE24 the preci- 

sion of the value of the Rydberg is of no importance. 

The energy separations AEI2 and AE24 can be measured very precise- 

ly with modern dopplerfree nonlinear spectroscopy of two-photon excita- 

tion and saturated absorption spectroscopy. Such measurements, which 

have been described in detail in ref. 58,59 and 60 provide an easy 

method for a comparison of i/4 • &El2 and AE24. In these investiga- 

tions 60) the 1 S Lamb shift of Deuterium was determined to 8177±30 MHz. 

The theoretical value is 8172.23 ± 0.12 MHz. 3) 

lhe relatively large experimental error is mainly caused by cor- 

rections which are due to pressure and stark effects in the gas-dis- 

charge which is used for populating the 2 S state for the observation 

of the AE24 saturated absorption spectrum. In addition, experimental 

uncertainties arise in the &El2 two-photon spectrum due to Ac Stark 

effects and insufficient frequency control on the exciting pulsed, 

ultraviolet laser radiation. 

These uncertainties should be reduceabla by measuring the AE24 

separation in a metastable atomic beam and exciting the 1 S - 2 S two- 

photon transition with continuous ultraviolet laser radiation of narrow 

bandwidth. 

The ultimate resolution obtainable with these laser spectroscopic 

methods is limited only by the long lifetimes of the 2 S and 4 S 
6O) 

states, by the laser bandwidth, by the small second order doppler 

shift in the 1 S - 2 S spectrum (which amounts to about 30 KHz) and by 

a contribution of the ac Stark effect(about 50 to 80 KHz). Experimental 

linewidths aa narrow as lO 5 Hz may be achievable with further advanced 

laser technology. The experimental accuracy which may be obtained in 

this way could well surpass the present theoretical precision. But as 

long as this value is limited by hadronic structure effects even such 

extremely precise experimental investigation will be of very limited 

value for a test of the QED. 
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HELIUM AND HELIUM-LIKE SYSTEMS 

R. Neumann 

Physikalisches Institut der Universit~t Heidelberg 

Germany 

The two-electron system helium and the members of its isoelec- 

tronic sequence belong to the fundamental problems in atomic physics. 

Their spectra are most important with respect to very accurate 

calculations of quantum-electrodynsmic, relativistic and nuclear 

structure corrections. These caiculations became feasible with the 

advent of the large electronic computers. The subject of two-electron 

atoms has many ramifications, even under the limiting aspect of 

quantum electrodynamics. This report will concentrate on experimental 

fine and hyperfine structure investigations of the lowest S and P 

states in He and Li +. Clearly this choice does by no means intend to 

impair the importance of the manifold activities concerning He-like 

systems which are not treated or cited here. 

Many calculations and experiments dealt specially with He and 

aspired to highest accuracy. In the first part of this lecture two 

high-precision measurements in He will be outlined: a recent investi- 

gation of the Is2p 3p fine structure (fs) splitting of 4He (i) and a 

measurement of the Is2s 5S 1 hyperfine structure (hfs) in )He (2). 

Secondly laser saturation spectroscopy in the 2 5p state of 6'7Li+ 

(3), and a combined laser microwave measurement of the 2 3S 1 hfs of 

7Li + will be described (4). Finally the question of future precision 

measurements in the next He-like ions from Be 2+ to F 7+ is to be 

briefly discussed. 

The quantum-electrodynamic theory of the two-electron atoms 

(5,6,7) can be tested most sensitively with the fs splitting of the 

ls2p 3p state of 4He. Measurements of each of the two splittings have 

been performed some years ago (8,9,10) and a refined calculation was 
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presented (Ii). A recent experiment which is incidentally the most 

accurate fs measurement yet made, measured the sum of the two splitt- 

ings with a one-photon microwave transition (1)*. 

of He atoms excited to the metastable is2s 5S 1 A beam state by 

electron impact~ passes a microwave cavity. The atoms are excited with 

a lamp to the 2 }Po multiplet where a one-photon magnetic dipole 
~i,2 

transition from J=2,Mj=O to J=OgMj=O takes place in the microwave field 

of fixed frequency. This transition which is forbidden in zero magnetic 

field 9 is induced in a field of 2 kG where 3 is no longer a good 

quantum number. The respective part of the 4He level diagram is shown 

in Fig.l and the main features of the interaction region are sketched 

in Fig.2. 

I 25 

20 

15 

(J,Mj) 
(0,0) 

(2,2) 

"15I I I I I ~ ~ 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

B(kG) 

Fig.l L Zeeman level scheme 

of the is2p 5p state of 4He 

(taken from Ref.l) 

* After this manuscript was completed the author received two further 

preprints of extensive papers concerning 4He~ submitted to Phys.Rev.A 

Aug I, 1980. They are cited as Ref.39 and 40. 
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Fi9.2: Schematic 

diagram of the main 

features of the inter- 

action region (taken 

from Ref.1) 

The 2 ]P term has a lifetime of i0 -7 sec and decays back to the 

2 3S 1 state. Caused by the RF resonance a partial 2 ]S 1 Hj sublevel 

transfer happens and is monitored by magnetic deflection. A signal 

curve plotted as a function of the magnetic field (calibrated with NMR) 

is given in Fig.]. 
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fNMR (MHz)  

Fig.3._ L" Resonance signal as 

a function of magnetic field 

measured in units of proton 

NNR. Error bars are 1 stan- 

dard deviation. Solid curve 

is a least-squares fit. 

(taken from Ref.1) 

The experimental result is 

V(Po-P 2) = 31o908040 (20) GHz (0.6 ppm). 

Subtracting an earlier measurement (9) 

V(Pl-P 2) = 2.291196 (5) GHz (2.2 ppm) 
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gives an improved value 

V(Po-P l) = 29.616844 (21) GHz (0.7 ppm), 

in comparison to an older less precise direct measurement 

V(Po-P I) = 29.616864 (36) GHz (1.2 ppm). (I0) 

This procedure is done in order to compare with the best theoretical 

value (ll) which is available for the (Pc-P1) transition. This value 

together with the theoretical contributions calculated so far is given 

in Table 1. The calculation was performed with 

-1 = 137.035963 (15) ( 0 . i i  ppm) 

and with 

Ry = 109737.31476 (32) em -I (0.0029 ppm) 

taken from (12) and (13) respectively. Additionally the theory was used 

to extract a value of the fine structure constant from the experimental 

result. The authors give 

-i 
a = 137.03613 (ll) (0.8 ppm). 

A third recent value of 

-i = 137.036006 (11) (0.08 ppm) 

is given by (14). Many other investigations concerned the term struc- 

ture of higher states in He (15-20). 

The second experiment described here (2) concerns the 2 3S I hfs 

splitting of 3He (nuclear spin I = 1/2) measured by the optical pumping 

magnetic resonance method. Fig.4 shows the respective terms of 3He 

while the experimental layout is drawn schematically in Fig.5. The hfs 

of a hydrogenic atomic level with quantum numbers nl goes as 
-3 ) - i .  n (21+i Therefore the 2s electron is neglected in the lowest order 

approximation Av° of the 2 3S l hfs s p l i t t i n g .  Table 2 summarizes the 

numerous necessary correct ions to Av and is  taken from (2).  I t  should 
0 

be emphasized that  the QED correct ions amount to nearly 1000 ppm. On 

the other hand the re  are large nuclear s t ruc ture  correct ions an e s t i -  

mate of which is  much more d i f f i c u l t .  

The experimental r esu l t  is  

Av(3He,2 3S I )  = 6 739 701 177 ± 16 Hz 

I t  is  believed that  the r a t i o  

p = AV(3He,2 3S1)/AV(3He+,2 2Sl/2) 

(2.4.10 -3 ppm). 



Table i: Theoretical contributions 

(taken from Ref.l) 

eZRy mlMeZRy ~SRy 
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to the fine 

~4Ry 

structure of 2 5p in MHz 

total theory 

29564.587 -10.707 

±0.009 ±0.00044 

54.708 8.326 

±0.042 

29616.914 

±0.043 (1.5 ppm) 

IONIZATION 

4xlO4cm -I 

2tSo,--,<, 

- - : 2 3 %  - - ~  

. i cm '-I 

23PI,2 @ 
9232 cm -I 

Fig.4: Respective part of 
the 3He energy diagram 

(taken from Ref.2) 

1.6 x I0 5 cm "I " ~  +I12 
I _i12 
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| / - - - - - -+3 /2  

F= 3 / 2 \  ~ -I/2 
-3/2 

i'$o--1-~ 

SAMPLE BULB,COOLED 
WITH LIQUID HELIUM j~ELECTRODES FOR 

. / / K GLOW DISCHARGE / /WEA 

MICROWAVE FEED 

FiQ.5: 3He experiment 
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Table 2: A summary of the corrections to the hyperfine structure of 

3He the 2 3S 1 state in 

Origin Magnitude (ppm) 

Presence of second electron 37000 

Reduced mass -550 

Second-order contribution -8.89 

Use of relativistic wave functions 315 

QED corrections 948.2 

Relativistic reduced mass -29 

Spin hfs in adiabatic approximation -146 + -183 

Nuclear D state 3.3 

Correction to adiabatic approximation 11.7 

Nuclear orbital motion 0.8 

Proton and neutron structure -13 

Diamagnetic shielding 4.3 

is independent of nuclear structure effects and tests the QED correc- 

tions to hfs. With 

AVexp(3He+ 2Si/2) ,2 = 1083.3549807 (88) MHz 

taken from (21) follows 

Pexp = 6.2211381 (5.2.10 -8) (8.45.10 -3 ppm). 

Comparison with 

Ptheor = 6.2211157 (187) 

(8.1.10 -3 ppm) 

shows good agreement. For an earlier precise measurement of Av 
exp 

(22). 
8 8 8  

The following section is dedicated to measurements in Li +, con- 

cerning again the 2 3S I and 2 3p states. The two states are 0,1,2 
connected via a resonant transition with X = 5485 ~ which is ideal for 

dye laser spectroscopy. The energy level scheme is shown in Fig.6 for 

the two stable isotopes 6Li+ and 7Li+ with nuclear spins I=l and 3/2. 
3 Both isotopes show large hfs splittings in the 2 P1,2 fs terms, and 

hfs sublevels with equal quantum number F in different 3 levels perturb 

each other significantly. Therefore 3 is not a good quantum number. In 

order to extract the unperturbed fs splittings and hfs constants, all 

the 2 3p aplittings of the respective isotope must be measured and the 

energy matrix has to be diagonalized. This illustrates that the situa- 
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Fi9.6: Energy diagram 

of the 2 3S I and 2 3p 

terms of 6Li+and 7Li +, 

the isotope shift is 

omitted 

(taken from Ref.3) 

tion is more awkward than it is for 2 3p fs investigations in 4He 

besides the fact that one deals with ions rather than atoms and with 

much larger fs splittings, not easily accessible to microwave spectros- 

copy. 

The fine and hyperfine components of the (2 3S I - 2 3p) resonance 

line of 6'7Li + are spread over a frequency scale of about 200 GHz. With 

dye laser saturation spectroscopy all these splittings had been 

measured (3) and were calibrated with a stabilized confocal Fabry-Perot 

interferometer. Fig.7 shows a single laser scan over more than 50 GHz 

crossing the largest gap in the mixed spectrum of the two isotopes. 

! [or&SiJTn~ "ts] F~3/2~F~rj/2 

F~2~F=I  

A 
Fiq.7: Signals of the 2 3SI(F=2) - 2 3P (F=I) transition in 6Li+ and 

2 3S I - 2 3P 2 transitions in 7Li +umeasured with a single laser 

scan over more than 50 GHz. 

(taken from Ref.3) 
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Table 3 comprises the set of experimental fs splittings and hfs 

constants of the 2 3p state of 6'7Li + together with theoreticai values 

(7,23). Bes ~es the many experimentai and theoretical publications 

dealing with Li + and cited in (3), a recent measurement in the same 

transition with Doppler-tuned dye laser spectroscopy has to be 

mentioned (24). 

In order to get independent of the imponderables of a calibration 

interferometer, measurements with laser optical pumping and microwave 

transitions were started. The first result is a presicion measurement 

of the 2 3S 1 hfs of 7Li + (4). 

Table 5: Hfs constants and fs splittings of 6Li + and 7Li+, all values 

in MHz. (taken from Ref.3) 

6Li + 

Ref.3 Ref.23wRef.7(*) 

A i 390(6) i 392,8 
c 

A 20.8(4.0) 18.4 
o 

A d - 4 . 2 ( 1 . 0 )  - 3 , 7  

VOl -155 698(20) -155 725.1" 

~02 -95 025(9) -93 072.1" 

7Li+ 

A 3 669(6) 3 678.4 
e 

A 57(5 )  48.6  
o 

A d - i i . 5 ( i . 0 )  - 9 . 86  

~01 -155 694(24) -155 725.1" 

~02 -93 019(7) -93 072.1" 

The method was used before for molecules (25), atoms (26) and ions (27). 

The experimentai set-up is shown in Fig.ea and b. 7Li+ ions are 

produced and excited to the 2 )S I term (lifetime T : 50 sec (28)) by 

eiectron bombardment right at the aperture of an oven, and formed to a 

well collimated beam with a kinetic energy of typically 200 eV 

(v = 7.4"106 cm.sec-1). A single-frequency dye laser iight beam 

crosses the ion beam and depletes the population of one of the three 

2 )S 1 hfs sublevels by optical pumping via one of the 2 3p hyperfine 
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F - ~  . ~ 7 2 . V l  TWT [WAVE W I I 
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L_  ~,~) _ . . . . . . . . . . . . . .  ~ R I -  ~ @ . - - - - ~  
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UL~TI-CHANNEL ~ !  ~"ONITOR I ~/U*- BEAM 

COMPUTER ~/ 

F i g . B a  a n d , b :  L a s e r - m i c r o w a v e  a p e o t r o m e t e r  and L i  + i o n  beam a p p a r a t u s  

(a),  and microwave sys tem in more d e t a i l  (b). 

states. The 2 3p l i f e t i m e  is 43 nsec (29). The ion beam then peases a 

of about 9 em length where RF t rans i t i ons  wi th in the ]S 1 w a v e g u i d e  term 

are  i n d u c e d .  The m ic rowave  r a d i a t i o n  e q u a l i z e s  the  p o p u l a t i o n  be tween  

two n e i g h b o u r i n g  l e v e l s ~  and t h i s  i s  m o n i t o r e d  v i a  t he  change o f  

f l u o r e s e c e n o e  l i g h t  i n t e n s i t y  w i t h  a second l a s e r  b e a m  c r o s s i n g  the  i o n  

beam, The m ic rowave  r e g i o n  i s  m a g n e t i c a l l y  s h i e l d e d ~  and the  e a r t h  

magnetic field is reduced to about i0 mG. Fig.8b gives the microwave 

system in more detail with the alternative X-band and K-band versions 

for the F=1/2 - F=)/2 (~12 GHz) and F=3/2 - F=5/2 (~20 GHz) transitions 

respectively. A microcomputer varies the synthesizer frequency in 
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20 kHz steps and switches the channel number of the mullichannel 

analyser. Since the microwave is reflected at the end of the waveguide, 

so that one wave travels with the ion motion and the other wave in 

opposite direction, two Doppler signals arise shifted by ±Vo.V/Vp where 

v is the unshifted centre frequency and v is the RF phase velocity in 
o p 

the waveguide. Two typical signal curves are shown in Fig.9a and b. 

A ?U" lS2S 3S! 

~ ~.~ (FI312 - FI5/2) TRANSITION I ~L FWHM s 570 kH'z 

lg814.06 MHz FREI~ JUMP 19821.37 Ml'Iz ~ 
I I I 

3 
F, i q . g a  and b: 2 Sl, 

F=3/2-F=5/2 (a) and 

F=l/2-F=3/2 (b) microwave 

transitions. Both Doppler- 

shifted signals are given 

in (a). A theoretical fit 

curve is shown additional- 

ly in b. 

Is2s ISoT P=3/2 

F 

15339.6 cm -I 5/2 

~ l e m  -1 l s 2 s  3S 1 

1/a 

F iq.lO:Scheme of the 

2 3S. hyperfine multiplet 

of ~Li + with the F:312 

d e p r e s s i o n .  
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Table 4: Experimental values of the 2 3S I hfs splitting* 

F:I/2-F:3/2 splittinga 

F=3/2-F=5/2 splittings 

Magnetic hfs constant A 

F=3/2 depression 

1 1 8 9 0 . 0 4 8  MHz ± 15 kHz 

1 9 8 1 7 . 7 0 3  MHz ± 15 kHz 

7 9 2 6 . 9 3 8  MHz ± 5 kHz 

359 kHz ± i i  kHz 

* The given values should be regarded as preIiminary. A detailed ana- 

lysis of the results and a comprehensive description of the whole ex- 

periment will be given in (41). 

The 2 3S hfs splitting can be expressed with the magnetic hfs constant 
1 

(see Fig.lO). Mixing of the 2 3S I term with the 2 1S 0 , with the A 

latter represented by the nueIear spin quantum number I=3/2 causes a 

selective depression of the F=3/2 sublevei (3). Tabie 4 summarizes the 

experimental results. 

Calculation e.g. of the (F=I/2-F=3/2) spiitting with corrections 

only for the second electron (31), the anomalous magnetic moment in 

lowest order and for reduced mass (5) gives 11887.7(3) MHz. The error 

is dominated by the uncertainty of the second-electron correction. The 

difference to the experimental value is due to higher order radiative 

and relativistic corrections and probably to a significant nuclear 

structure influence. Similar measurements of the 2 3S 1 hfs s p l i t t i n g s  

i n  6 L i  + a r e  i n  p r o g r e s s .  The a im i s  t o  c h e c k  w h e t h e r  t h e r e  i s  a 

h y p e r f i n e  a n o m a l y  ( 3 2 ) . *  

Finally a brief outlook will be given on the next members of the 

iso-electronic sequence following Li +, namely Be 2+, B 3+, C4+~ N 5.+, 06+ 

and F 7+. Tables 5 and 6 summarize some characteristics of these 

elements such as the stable isotopes and there abundance in the natural 

isotopic mixture~ the nuclear spin and some basic features of the ionic 

key terms 2 3S I and 2 3p. 

energy distance of the 2 3S I state from the ion ground While the 

state is exceedingiy large, there is a difference of only a few eV 

between 2 3S and 2 3p 1 and the transition wavelength decreases slowly 

from the near ultraviolet in Be 2+ to little less than 1500 ~ in F 7+, 

For Be 2+ and B 3+ the transition wavelengths can be supplied with a 

power of several mW by cw dye laser frequency doubling, and in 

* For the hyperfine anomaly in the Li atom see (42). 
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Table 5: Some properties of Be 2+, B 3+, and C 4+ 

Be 2+ B 3+ C4+ 

stable isotopes 9Be 100% 10B 19.78% 120 98.89% 

l I B  80.22% 13C 1.11% 

nuclear spin I 3/2 3 (lOB) 0 (lZc) 
3/2 (IIB) 1/2 (13C) 

2 3S excitation 
1 

voltage from atom 146 V 270 V 447 V ** 

ground state 

wavelength 3722 ~ 2823 ~ 2274 ~ ** 
2 3S I - 2 3p 

fs splittings 

J=O - J = l  347 486 375 GHz GHz GHz # 
J=l - J=2 446 1578 4069 

3p lifetime 29 nsec 22 nsec 18 nsec ## 

3p n a t u r a l  
5 .5  MHz 7 .3  MHz 9 MHz ## 

te rm w i d t h  

* Handbook of Chemistry and Physics, 55 th edition, 1974/75 

** C.E. Moore: Atomic Energy Levels, vol. I, Nat.Stand.Ref. Data Ser., 

Nat.Bur.Stand.(U.S.), 1971 

# B. Schiff, Y. Akkad, C.L. Pekeris: Phys.Rev.A8, 2272 (1973) 

## W.L. Wiese, M.W. Smith, B.M. Glennon: Atomic Transition Probabili- 

ties, vol. I, Nat.Stand.Ref. Data Series, Nat. Bur.Stand.(U.S.), 1966 

principle also the C 4+ transition wavelength of 2274 ~ should soon be 

feasible by frequency summing or doubling. Thus laser spectroseopy ef 

the 2 3S 1 and 2 3p states of Be 2+, B 3+ and C 4+ can be realized in the 

near future and would allow precision measurements of the fs, hfs, 

isotope shift (except for Be 2+) and Lamb shift. 

E.g. the J=i - J=2 fs splitting grows from about 60 GHz in Li + to 

~4070 GHz in C 4+ whereas the 2 3p lifetime decreases slowly from 43 to 

17.7 nsec, corresponding to linewidths of 3.6 to 9 MHz. In the present 

there is no way to attack the large fs splittings with microwave 

technique. Instead of that a low velocity ion beam prepared in the 

3S 1 metastable state could be crossed at right angle with a frequen- 2 

oy-doubled cw dye laser beam in single mode operation. Absolute wave- 
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Table 6: Some p r o p e r t i e s  of  N 5+ 0. 6+ F7+ , , snd 

N 5+ 0 6+ F7+ 

stable isotopes 14N 99.65% 160 99.76% 

15N 0.37% 170 0.04% 

180 0.2 % 

nuclear spin I i (14N) 0 (160) 1/2 

1/2 (15N) 5/2 (170) 
0 (18o) 

19F 100% 

2 3S1 excitation 

voltage from atom 687 V 994 V 1382 V ** 

ground state 

wavelength 1902 ~ 1650 ~ 1425 ~ ** 
2 5S I - 2 3p 

fs splittings 

J=O - J=l 260 1765 4531 GHz GHz GHz # 
J=l - J=2 8716 16512 28658 

3p lifetime 14.8 nsec 12.6 nsec 10.9 nsec ## 

3p natural 
10.8 MHz 12.6 MHz 14.6 MHz ## 

term width 

* etc. see Table 5 

length measurements of the transition from the 2 )S 1 state to the 

different 2 3p fs terms can be performed e.g. with a travelling Michel- 

son interferometer (35 and references cited therein) to 10 -8 or better, 

if the laser is stabilized to the saturation dip of the respective 

transition. Thus the fs splitting of C 4+ could be achieved with an 

accuracy of about 5.10 -6. 

Especially C 4+ is an interesting case since 12C4+ is the first 

He-like system after 4He without nuclear spin so that a 2 3p fs mea- 

surement would be free of hfs perturbation. Additionally 13C4+ is the 

next iso-electronic ion with nuclear spin 1/2 after 3He with an esti- 

mated 2 3S 1 hfs splitting of about 60 GHz. 

The (2 351 2 3p) t r a n s i t i o n  wavelengths of  N 5+, 06+ , and F 7+ are 

less  than 2000 ~, p reven t i ng  f requency doubled cw dye i a s e r  s p e c t r o s -  
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copy in the near future. In the case of F 7+ the J:l-J=2 fs splitting 

fits with a CO 2 laser line at lO.6p (34). 

Among the subjects not discussed in this report is the storage of 

ions in a trap which is an alternative way to study the spectra of 

He-like ions (21,28). This naturally opens the possibility of ultimate 

precision. Secondly the high Z two-electron systems should be mentioned 

since they are especially suitable for QED tests via Lamb-shift and 

fine structure investigations (35 - 38). 

The author is greatly indebted to Professor G. zu Putlitz and Dr. 

J. Kowalski for helpful discussions and advice. 

The Li + experiment is sponsored by the Deutsche Forschungsgemein- 

schaft. 
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Comparison Between Experiment and Theory in Heavy Electronic 

Systems 

B. Fricke 

Fachbereich Physik, Gesamthochschule Kassel, D-3500 Kassel, 

W. Germany 

Introduction 

Most talks in this symposium dealt with electronic and muonic 

systems with small or medium Z and one or two electrons or one 

muon, respectively. The quantum-electrodynamical effects in 

these systems are relatively small, but due to the very accurate 

measurements one is able to study them up to very high orders. 

On the other hand, the talk of Dr. Rafelski dealt with extreme 

electronic systems with Z around 170, where the QED effects are 

expected to be relatively big, but also relatively inaccurate 

from a computational point of view. Although these are systems 

with very many electrons, they have been treated there as one- 

electron systems, first, because most electrons are outer 

electrons, and thus do not play any important role and second, 

because the influence of the few other inner electrons does not 

change the predictions qualitatively, which are mainly connected 

with the question of the diving of the Is level into the negative 

continuum. I would like to discuss here the area between these 

two extremes. These are systems 

a) with large and very large Z, where 

b) the many-body effects become important, and 

c) the observable effects are neither small nor big. 

This area is the region of the binding energies of the innermost 

electrons of very heavy atoms (Z > 80). 

The e2perimental data in this region result either from photo- 

electron spectroscopy I) with an accuracy of the order of eV at 

binding energies of about 100 keV or from the observation of 
2) normal X-rays with an accuracy which is already below I eV 
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The main assumptionin every theoretical discussion of a many- 

electron system is an extremely good knowledge of the self- 

consistent field solution of the many-body Dirac equation. These 

calculations, which have to be accurate relativistic Dirac- 

Fock calculations with no Slater approximation, have been per- 

formed by a number of groups 3) . This Dirac-Fock value results to 

about 99 % of the binding energy of the innermost electrons in 

heavy systems. The remaining 1% of the observable effect 

arises from the QED corrections vacuum polarization and vacuum 

fluctuation as well as the part of the electron-electron inter- 

action, which is not taken into account in the Dirac-Fock 

calculation, which is the magnetic interaction between the electrons 

and retardation. In addition to these four effects one has to take 

into account the influence of the extended nucleus with a 

realistic nuclear charge distribution directly in the Dirac-Fock 

calculations. 

Magnetic interaction and retardation 

According to the proposal of Gaunt 4' % the unretarded interaction 

between two Dirac currents given by the Dirac matrices ~ can be 

written like 

2 
HG = e 

r12 ~I " ~2 (I) 

Breit 5) proposed the quantum mechanical analogon to Darwin's 

retarded Hamilton function, which now usually is called the 

Breit operator 

2 
= - e____ (~I " 52 + (~I " ~) (~2 ~)) with n - 212 (2) 

HBr 2r12 I~121 

An even more accurate expression has been derived by Bethe and 

Salpeter 6) , which is due to the exchange of a transverse photon 

(R = r12) 

I cos ~ R 22 cos ~ R-I 
H' = - ! 2 ~ ~2j Br 2 e eli + -- -- ' 

where ~ is the energy transferred by the virtual photon. 

(3) 
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In direct two-electron matrix elements of H' the photon energy 
Br 

= o; in this case H' reduces exactly to HBr. The same result is 
Br order 2 v 4) obtained when all contributions of the ~ or higher (0((~) are 

neglected. Therefore the normal Breit operator HBr is a good 

approximation for small Z, because of v << c in this region. 

An alternative expression for the Breit operator is 

2 
H" = e (~I " ~2 cos ~ r12 + (I - cos ~ r12)) (4) 
Br 2r12 

Both expressions H' and H" 
Br Br 

are good for the region of large Z. 

<H~r> <HBr > 

Ne(Z = 10) 0.033 0.033 

Xe(Z = 54) 11.420 11.549 

Pb(Z = 82) 48.393 49.521 

No(Z = 102) 107.203 110.516 

Tab. I 

Contribution of the magnetic and retardation contribution to the 
total energy of an atom in a.u. for the operators HBr and H' 

Br" 

Table I, which is taken from the paper of Mann 7) contains the 

expectation values of the two operators H'Br and HBr for different 

Z in a.u. Only for very large Z appreciable discrepancies occur. 

One has to have in mind that one s electron contributes to these 

values already by more than 40 %. In addition, one gets somewhat 

different numbers, when different wave functions are taken into 

the calculation. 

Vacuum polarization 

Within the last few years calculations of the vacuum polarization 

effect by Gyulassy 8) and Rinker 9) have been performed, which 

explicitely took into account Coulomb wavefnnctions to describe 

the intermediate states of the virtual electron and positron cloud. 
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This method of calculation leads to values which are correct 

even for the region of high Z elements. If one compares these 

calculations with the usual Ze and a expansion, usually applied 

for low Z calculations, one has to state that the lowest order 

Uehling term plus higher orders in (Z~) n with n = 2,3,... plus 

all higher order terms in a n are included. 

Vacuum fluctuation (self-energy) 

If Coulomb wavefunctions are taken explicitely as intermediate 

states in the calculation of the lowest order vertex correction, 

the results for the vacuum fluctuation correction are expected 

to be quite accurate, even in the region of Ze ~ 1. 

Mohr IO) used this method to calculate the self-energy with analytical 

Coulomb wavefunctions for very high Z systems. Desiderio and 

Johnson 11) as well as Cheng and Johnson 12) even went beyond that 

approximation. They took into account numerical Dirac-Fock-Slater 

wavefunctions with an extended nucleus as intermediate states. This 

is the only way to continue the calculations into the region 

Z > 137. Usually the result is expressed as 

4 
(Z~) 

3 
n 

mc 2 F(Z~) 

5.0 

4.5 

4.0 

3,5 

3.0 
S 

2.5 

2.O 

1.5 

1.0 
O. 

,~ Cheng Qnd Johnson (Fini te nuc{ear size) 

[] " " " {Point  rluc[eus) 

• Mohr {Point  nucleus) 
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z 

Fig. I 

Values for the 
function F(Z~) 
in the expression 
of the self-energy 
for large and 
very large Z (see 
ref. 12 and 10). 
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A comparison of the function F(Zm) for the various calculations 

for the Is electronic state can be seen in figure I, where for 

low Z elements the results of Cheng et al. 12) and Mohr I0) agree 

well, whereas for high Z Mohr's values of F(Ze) increase much 

stronger than Cheng's results. The reason for this difference is 

the effect of the extended nucleus which is taken into account in 

the numerical wavefunctions of Cheng et al. 12) . Due to numerical 

uncertainties, the calculations of Cheng et al. 12) were not 

continued with the present version of the program above Z = 160. 

Therefore the very important question, if the self-energy of the 

innermost level may become so big for Z ~ 173 that a diving of 

this level into the negative continuum can be prevented, cannot be 

answered up to now. There are experimental indications in the heavy 

ion collision of Cm on Pb which could be interpreted in this way. 

But actual calculations have not been performed so far. 

Order of magnitude of the effects 

In table 2 we list the contributions to the binding energies of the 

four effects discussed above for the innermost electrons of the 

elements Z = 90 and Z = 100. 

Z = 90 Z = 1OO 

Magnetic contribution: 

Retardation: 

according to ref. 7,13,14 

Is +492 eV +715 eV 
2Pi/2+IO0 eV +153 eV 

Is - 36 eV - 41 eV 
2Pi, 2-/ 10 eV - 13 eV 

Vacuum polarization: 

I. order Uehling term 
with extended nucleus 

higher orders (ref.8 and 
ref. 9) 

Is - 80 eV -148 eV 
2Pl/2- 2 eV - 4 eV 

Is + 4 eV + 8 eV 

Vacuum fluctuation: Is +306 eV +457 eV 

according to r~f. 10 to 2Pi/2+ 7 eV + 15 eV 
ref. 12 

Table 2: Contributions of the four corrections to the 
Is and 2Pi/2 level of Z = 90 and 1OO. 
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These values have to be compared with the binding energy of about 

141 keY for the Is state of Z = 1OO, which is the result of the 

solution of the SCF Dirac-Fock equation 13) . The agreement between 

the experimental results and theory is good within a few eV. 

Where do we stand now? 

Recently, Deslattes et al. 15) compared all available results of 

experimental inner shell X-ray energies with theoretical 

calculations. They showed (see fig. 2) that there seems to be a 

linear trend proportional to Z for the difference between experi- 

mental and theoretical values for the K line. 

I0. 
(Eex p - Eth .) in eV 

/ 

• 4. 6. 8. 

AI Cr Cu MoRu AgSb Tm W ThU Pu 
10. [E(k eV)] I /2~7 

Fig. 2: Difference between experimental and theoretical 
values for the K line. 

Up to now there is no answer for this discrepancy. 

To avoid any calibration problem between different experiments 

which may be the reason for this systematic discrepancy, Borchert 

et al. 16) measured X-ray energies for low Z and high Z elements 

simultaneously in different orders of the Bragg reflection. Their 

results show an agreement for the measured X-ray energy difference 

and theory which is always better than 2 eV. 
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According to latest comparisons, the discrepancy shown in fig. 2 

decreases again for the high Z elements. If this is true it is 

easy to be understood 17) why Borchert et al. 16) did not measure any 

big difference. They always compared one element on the increasing 

low z part of the curve with a high Z element on the decreasing 

upper part of the curve, so that the relative difference between 

both discrepancies remained smaller than 2 eV. 

Finally one should mention the large discrepancy which shows up 

between experimental K h hypersatellite lines and theoretical 

values 18'19). For Hg it is still of the order of 30 eV. 

To close the gap between experiment and theory in the future, to 

my mind one main effort must be undertaken from the theoretical 

side. Because we are dealing with complicated systems of many 

electrons, which are connected in a self-consistent way, one has 

to look into the self-consistency effects on the whole atom and its 

total energy which will arise from all three effects, the magnetic 

interaction, the vacuum polarization, and vacuum fluctuation. The 

second is easier, because the main part of it can be inserted as 

an additional local potential in the SCF calculations. Also the 

first can be (and already has been) included in the SCF 

calculation 20) . The most complicated will be the third. Up to now 

there is no direct way to include the vacuum fluctuation in the 

calculation itself. Although these indirect QED effects are small, 

one has to study them in the light of these discrepancies with 

great care. 

How large are the contributions for Z ~ 170? 

The magnetic contribution and retardation never has been 

calculated for the region of superheavy elements, but from an 

extrapolation of ref. 7 one may expect that the contribution to 

the Is binding energy for Z = 170 is in the order of +20 to +40 keV 

The vacuum polarization contribution as calculated by ref. 8 and 9 

is expected to be ~ -10 keV. The vacuum fluctuation, as calculated 

by Cheng and Johnson 12) , can only be extrapolated for these very 



274 

high Z systems (see the discussion about this question in the 

part on vacuum fluctuation). If we assume F(Ze) Z 4.5 for Z = 170, 

we get a contribution of ~ +18 keV. 

Thus, the total QED contribution to the Is level of Z = 170 is 

expected to be in the order of s +40 keY. This number has to be 

compared with the influence of the extended nucleus. For Z = 170 

an uncertainty in the nuclear radius of AR = 0.1 fm 21) leads to 

a change in the Is binding energy of 3 keV. Thus, an uncertainty 

of about I fm in the nuclear radius already amounts to the same 

order of magnitude as the sum of the QED contributions. 

Consequences 

We have seen that QED effects in many-electron atoms in the region 

between Z = 80 to1OO are in the order of 10 -3 to 10 -2 of the binding 

energy for the innermost electrons. Of course, it would be most 

interesting to measure one-electron systems, even at these high Z. 

Because this will be very complicated to achieve experimentally, 

one might spend further effort to get better results from one- 

hole systems instead. Of course, theoretically this is much more 

complicated. 

Although for superheavy systems theoretical values are still very 

inaccurate and experiments are not available, it is still of great 

principal interest. Great effort should be undertaken to get also 

some results from this region. Maybe, experiments at the heavy ion 

accelerators one day will give some answers to this important 

question, 
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POSITRONENERZEUGUNG BEI SCHWERIONENST~SSEN +) 

H. Backe 

Institut fur Kernphysik 

Technisehe Hoehschule Darmstadt 

Abstract: 

The positron production yields in close ion-atom collisions have been 

investigated for the U+Cm, U+U and U+Pb scattering systems at U beam 

energies between 4.7 and 5.9 MeV/u. Furtheron positron spectra were 

measured for the overcritical U+U and the undercritical U+Pb system at 

8 I°n = 45°±i0 ° 5,9 MeV/u and a scattering angle Lab . All positron yields, 

including earlier measurements, follow a simple scaling law. No 

characteristic deviations from this or other signatures indicating 

level diving for the overcritical U+Cm and U+U systems have been ob- 

served within the experimental errors of about 30 %. 

+) Auszug aus D a r m s t ~ d t e r  H a b i l i t a t i o n  D 17 
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i. Einleitunq 

KSrzlich durchgefOhrte Experimente zur Positronenerzeugung (Bac H 

78, Koz K 79) und die Messung der is o - Anregungswahrseheinliehkeiten 

(Lie A 80) bei nahen Schwerionenst50en mit vereinigten Kernladungen 

Z u = Z 1 + Z 2 > 137 unterstStzen im wesentliehen die Idee von 

adiabatisch gebildeten Quasi-Atomen. In idealen Quasiatomen haben die 

Elektronen genOgend Zeit, sich w~hrend des StoBvorganges in jedem 

Moment auf das Zweizentrenpotential der StoBpartner einzustellen. Nach 

theoretischen Rechnungen (Sof R 78, Wie M 79) erwartet man im Moment 

der n~chsten Ann~herung der Atomkerns ein starkes Schrumpfen der 

Elektronenwsllenfunktionen und Bindungsenergien der lso-E1ektronen , die 

c 2 = 1 022 MeV 5berschreiten in den schwersten StoBsystemen den Wert 2m ° 

kSnnen. 

E 

2moc 2 

moc 2 

0 

-moc 2 

-2mo c 2 
I 

-,500 

238U+ 38 U K' x-rays 
5,9 MeV/u O-Electrons lJ ..~~ 

-eCM =90 ° ~' 

'-100 -1; () 1'0 160' 5 ~ )  
t110-22 S 

Fiq. i.i 

Bindungsenergien der is -j 2p .... und 2s -Zust~nde als Funktion der 

Zeit fur sin 238U+238~ Qua~aZ~om. Info~ge starker St~rungen werden 

Elektronen innerer Schalen ins positive Kontinuum angeregt (6-Elektro- 

nen). Die verbleibenden L~eher f~hren entweder zur Emission charakte- 

ristischer R~ntgenstrahlen in den separierten Atomen oder werden mit 

Elektronen des negativen Energiekontinuums aufgef~llt, wobei Positronen 

entstehen: (a) induziert, (b) direkt, (c) spontan (aus Bac 78). 
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In Fig.l.1 sind die in einer adiabatischen Zweizentrenbasis 

berechneten Bindungsenergien der lso- , 2s o- und 2Pl/2o-Zust~nde als 

Funktion der StoBzeit aufgetragen. F~r das gew~hlte Beispiel 5bersteigt 

die Bindungsenergie for eine sehr kurze Zeit von 2"lO-21s den Wert 

-2m c 2. Eine derartige Situation wird Qberkritisch genannt. 
o 

W~hrend in frSheren Experimenten zur Positronenerzeugung (Bac H 78, 

Koz K 79) im wesentlichen unterkritische StoBsysteme (kein Eintauchen 

des iso-Niveaus) studiert wurden, zielen die hier zu beschreibenden 

neueren Experimente auf eine Untersuchung Qberkritischer Systeme. Ein 

durch einen IonisationsprozeB erzeugtes Loch in der lso-Schale kann man 

in einem Oberkritischen System wie ein gebundenes Positron auffassen, 

das, falls es freigesetzt wird, zu Abweichungen der energieintegrierten 

Positrinenerzeugungswahrscheinlichkeit Pe+ von derjenigen unterkri- 

tischer Systeme fOhren sollte. 

FUr die unterkritischen StoBsysteme wurde experimentell ein expo- 

nentieller Verlauf der Positronenerzeugungswahrscheinlichkeit als 

Funktion yon relevanten kinematischen Variablen wie der StoBzeit 2£ 

(Kan 78, Bac 78, Kan 79), dem Abstand minimaler Ann~herung R m (Bok 79) 

oder dem StoBparameter b (Arm K 79) gefunden. AuBerdem kSnnte man 

erwarten, dab in den Positronenspektren Oberkritischer Systeme bei 

niedrigen Positronenenergien charakteristische Abweichungen im 

Vergleich zu denen unterkritischer Systeme auftreten und das Eintauchen 

somit signalisiert wird. Ein derartiges Signal w~rde eine direkte 

Aussage Ober die Bindungsenergie der ls -Elektronen in der N~he des 

Abstandes minimaler Ann~herung beim StoB der Ionen enthalten. Eine 

solche experimentelle Information w~re aus dem Grunde von Bedeutung, 
2 

weil Bindungsenergien > 2moC mit anderen experimentellen Methoden 

bisher nicht nachgewiesen werden konnten (Lie A 80). AuBerdem ist das 

Verst~ndnis des Prozesses der Positronenerzeugung in ~berkritischen 

Systemen nat~rlich selbst von groBem Interesse (Rei G 77, Raf F 78). 

Aus diesen Gr~nden wurde Pe + fQr die Oberkritischen Systeme U+Cm 

(Zu=188) , U+U (Zu=184) und das unterkritische System U+Pb (Zu=174) 

unter verschiedenen dynamischen Bedingungen untersucht. Weiterhin wurde 

ein Positronenspektrum for das Oberkritische U+U StoBsystem gemessen 

und mit demjenigen des unterkritisch'en U+Pb StoBsystems verglichen 

(Bac B 80). 
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In Absehnitt 2 dieser Arbeit werden die physikalisohen MeBgrBOen 

definiert, in Abschnitt 3 wird die experimentelle Anordnung beschrieben 

und in Abschnitt 4 auf die anzubringenden Korrekturen eingegangen. Die 

entscheidende Schwierigkeit bei diesen Experimenten liegt darin) dab 

Ober Coulombanregungsprozesse Kernniveaus der StoBpartner angeregt 

werden k~nnen, die mit Obergangsenergie gr~Ber 2moC2 zerfallen. Dabei 

ist innerer Paarzerfall m~glich, wobei die entstehenden Positronen ein 

ernsthaftes Untergrundproblem darstellen. Auf die diesbez~glichen 

Korrekturen wird ausfOhrlich eingegangen. In Abschnitt 5 folgt die 

Zusammenstellung und Diskussion der Ergebnisse, und in Absehnitt 6 wer- 

den die Perspektiven der Positronenspektroskopie abgehandelt. 

2. Einiqes zu ,den MeOqrBBen 

Bei der Positronenspektroskopie geht es darum, die energie- 

differentielle Positronenerzeugungswahrscheinlichkeit ("Positronen- 

spektren") 

APe+/AEe+(Ee+) = (AZe+/Ee+) /Zpar t  (2.i) 

und die energieintegrierte Positronenerzeugungswahrseheinlichkeit 

pe + = Ze+/Zpar t  (2 .2 )  

beim SchwerionenstoG zu messen. Hierbei ist AZ + die Anzahl der Posi- e 
tronen im E n e r g i e i n t e r v a l l  AEe+ bei  der  Energ ie  Ee+ , Ze+ die  aber  das 

Positronenspektrum integrierte Anzahl atomarer Positronen und Zpart die 
8Ion in einem Winkelbereich 8 I°n ± g e s t r e u t e n  T e i l c h e n ,  zu denen d ie  Lab Lab 

Positronen in Koinzidenz gemessen werden. Diese Gr~Ben werden z.B. als 

Funktion des minimalen Abstandes R bei Rutherfordstreuung untersucht 
m 

mit: 

R = a (i+~) , (2.3) 
m 

wobei 

2a : [(MI+M2)/(MIM2)] • [ZIZ2e2/(E1/M1)] (2 .4 )  

der minimale Abstand bei einem zentralen StoB und 

c = I / s i n ( B C M / 2 )  (2 .5 )  
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die Exzentrizit~t beim Streuwinkel BCM im Schwerpunktsystem sind. Wei- 

terhin bedeuten M1, Z 1 sowie M2, Z 2 Massen- und Ordnungszahl yon Pro- 

jektil- bzw. Targetkern und E 1 die Projektilenergie. FUr symmetrische 

8 I°n = 45 o eindeutig Systeme ist R m nur bei einem Streuwinkel von Lab 

definiert. Aus diesem Grunde wurden fast alle hier beschriebenen 

Messungen unter diesem Streuwinkel mit 8 I°n = ± Lab lO ° ausgefehrt. 

FUr das Verst~ndnis des Positronenerzeugungsprozesses spielt die 

aus den beobaehteten kinematischen Variablen abgeleitete StoGzeit 
i/2 

(v = (2E1/M l) ist die Projektilgeschwindigkeit im Unendlichen) 

2 t  = ( 2 a / v )  (~ + 1 . 6  + 0 . 4 5 / e )  (2.6) 

eine wesentliehe Rolle (Kan 79). Diese Gr6Be ist ~ber die Extrema der 

Funktion R(t)/R(t) definiert, wobei R(t) der Abstand yon Projektil- und 

Targetkern und R(t) die radiale relative Geschwindigkeit zum Zeitpunkt 

t sind. Die Positronenerzeugung wird auch als Funktion des StoB- 

parameters 

b = a o t g  (BCM/2) ( 2 . 7 )  

diskutiert (Arm K 79). 

Um eine Vorstellung von der Gr~Benordnung der oben definierten 

physikalisehen Gr~Ben zu vermitteln, seien fur ein typisches U+U 

Experiment bei einer Laborenergie des U-Prajektiles yon 5.9 MeV/u und 
8Ion einem Streuwinkel yon Lab = 45° ihre Zahlenwerte angegeben: 

2a = 17.36 fm, c = 1.41, R m = 20.95 fm, 2t = 1.71 • lO-21s, 

b = 8.68 fm. Der Rutherfordwirkungsquersehnitt fur das Projektil im 

Laborsystem ist d~/d~ = 2.13 b/or. Die Positronenerzeugungswahrschein- 

lichkeit P + = 2-10 -4 . 
e 

3. Die experimentelle Anordnunq 

3.1 Das Solenoid - Spektrometer 

Das am Strahl des Darmst~dter Schwerionenbesohleunigers UNILAC 

aufgebaute Solenoid-Positronen (Elektronen)-Tranaportsyetem ist in 

Fig.3.1 dargestellt. Das Magnetfeld wird mit mehreren normalleitenden 

Spulen erzeugt. Im Target bei ~ = 13 cm entstandene Positronen oder 

Elektronen werden in ihm zun~chst auf Spiralbahnen in einen 

untergrundfreien Raum transportiert, we sich die Detektoranordnung zu 
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ihrem Nachweis befindet. Die Spulen werden van zwei 1500 A Strom- 

versorgungen gespeist. Die erste versorgt die drei Spulen zwischen 

0 em ~ ~ ~ 62 cm~ wobei die beiden langen Spulen paralell oder in Serie 

geschaltet werden k6nnen. Die zweite Stromversorgung speist unabh@ngig 

davon die restlichen Spulen. Das in Fig. 3.1 eingezeichnete Magnetfeld 

wurde f~r Parallelschaltung der beiden langen Spulen und I = 1500 A 

berechnet. Die Magnetfeld~berh6hung bei Y ~ 12 cm bewirkt die Spiege- 

lung der im Target gebildeten und in falsche Richtung emittierten Posi- 

tronen bzw. Elektronen, wenn ihr Emissionswinkel gegen die Magnetfeld- 

achse der Bedingung 

B > esp = a rc  s i n  (BT/Bma x)  ( 3 . 1 )  

genOgt, wobei B T das Magnetfeld am Target und Bma x das maximale 

Feld sind In dem in Fig 3.1 dargestellten Magnetfeld ist B 58.7 ° 
sp 

so dab 74% aller im Target gebildeten Positronen (Elektronen) letztlich 

in Richtung Detektoranordnung laufen. 

o 0 .6  

0 .4  

Par t ic le  _ .. NoI R i n g V l ~  
o2 counter cot,,, Crysto, 

Target  B e a m  Si (L i ) - "  
Detectors W??T??~M 

Icm 

Fi~. 3.1 

Das Sol enoid-Spektrometer zum Nachweis van Positronen und Elektronen. 

Mit eingezeichnet ist der Magnetfeldverlauf auf der Achse des Solenoi- 

den. Oer Strahl tritt senkrecht zur Solenoidachse bei ~ = 13 cm in die 

Vakuumkammer sin (aus Bac B 80). 
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3.2. Der Positronendetektor 

Beim Durchgang geladener Projektile durch die Targetmaterie werden 

~-Elektronen ausgelSst, die im Magnetfeld ebenfalls auf den Detektor 

transportiert werden. Dieser ~-Elektronenuntergrund ist ca. einen Fak- 

tor 104 intensiver als die zu messenden Positronen. Die Selektion der 

Positronen erfolgt deshalb Qber den Nachweis der 511 keV Vernichtungs- 

strahlung, die nach dem Abbremsen yon Positronen in Metallen mit sehr 

hoher Wahrscheinlichkeit emittiert wird. 

0 50ram 

Fig. 3.2 

Die NaJ-Si(Li)-Detektoranordnung zur Spektroskopie von Positronen naeh 

Schwerionenst~Ben im Querschnitt senkrecht zur Solenoidachse bei 

= i02 cm (vgl. Fig. 3.1). Die kreisrunden Si(Li)-Detektoren haben 

einen Durchmesser von 20 mm und eine Dicke von 3 mmo Der vierfach 

segmentierte NaJ-Ringkristall hat folgende Dimensionen: innerer Durch- 

messer 90 mm, ~uBerer Durchmeseer 204 mm, L~nge 150 mm (aus Bac B 80). 

Die Detektoranordnung zur Messung von Positronenspektren ist in 

Fig. 3.2 dargestellt. Sie besteht aus zwei Si(Li)-Dioden und einem 

vierfach segmentierten NaJ-Ringkristall, der die Detektoren umgibt~ zum 

Nachweis der 511 keV Vernichtungsstrahlung. Die kreisrunden 

Si(Li)-Dioden sind mit ihren Fl~chennormalen senkrecht zur Magnetfeld- 

achse angebracht. Beide Detektoren sind von der Achse weg verschoben, 

der eine nach oben und der andere nach unten. Die empfindliche FiQche 

des oberen Z~hlers sieht nach links~ diejenige des unteren Z~hlers nach 
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rechts. Es ist nun leicht einzusehen, dab Positronen mit einer Rechls- 

spirale eine gute Chance haben, die empfindliche Fl~che des Z~hlers zu 

treffen, w~hrend Elektronen, die mit einer Linksspirale sich dem De- 

tektor n~hern, auf seine 3 mm dicke Aluminium-ROckseite auftreffen. Nur 

ein kleiner Bruchteil der 6-Elektronen mit einer Energie grSBer als ca. 

1.4 MeV kann das Aluminium durchdringen und ein Signal im Z~hler erzeu- 

gen. Ein grSBeres Problem bereiten im Target gestreute Elektronen, die 

nieht mehr vom Magnetfeld der ersten Spule zurOckgespiegelt werden. Sie 

kSnnen direkt auf die empfindliche Fl~che des Detektors auftreffen. Die 

Wahrscheinlichkeit eines solchen Prozesses kann mit den 365 keV Konver- 

sionelektronen einer ll3Sn-Quelle gemessen werden. Die ll3sn-Pr~parate- 

15sung wurde dazu auf eine 1 mg/cm 2 dicke Ni-Folie nahezu punktfSrmig 

aufgebracht, und die Folie auf einen Targetrahmen montiert, um ~hnlichs 

Verh~itnisse wie bei Strahlbetrieb zu simulieren. Die gemessenen Spek- 

tren mit den beiden Polungsn des Magnetfeldes sind in Fig. 3.3 darge- 

stellt. Die Nachweiswahrscheinlichkeit for gestreute Elektronen betrug 

ca. 0.7 %. Es ist damit klar, dab ein Positron zus~tzlich durch seine 

511 keV Vernichtungsstrahlung identifiziert werden muG. Der Unter- 

drOckungsfaktor for Elektronen war aber grab genug, um Elektron-Posi- 

iron Summenkoinzidenzen bei der Auswsrbung der Experimente vernachl~s- 

sigen zu kSnnen. In einem U+U Experiment bei einer EinschuBenergie van 

BI°n = 45°+10 ° trugen Summenkoinzi- 5.9 MeV/u und einem Streuwinkel Lab 

denzen zu weniger als 2 % bei. 
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riq. 3, .,,3. 

E i n f l u 8  d e r  F e l d u m p o l u n g  a u f  d i e  N a c h w e i s w a h r s c h e i n l i c h k e i t  d e r  S i ( L i ) -  
Detektoren in Fig. 3.2 for 365 keV Elektronen. Die untere Kurve 
entsprichl der Polung bei der Positronenspektroskopie. 
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Die Positronennachweiswahrscheinlichkeit wurde mit intensit~tsge- 

eichten 22Na- und 68Ge/Ga-Queilen gemessen. Sie ist in Fig. 3.4 als 

Funktion der Positronenenergie dargestelit. 

Bei der Messung wurde in einem Segment des NaJ-Ringz~hlers ein 

Signal in der 511 KeV Linie verlangt, w~hrend im gegenOberliegenden 

KristaI1 ein Signal im gesamten Einergiebereich zugeiassen war. Dadurch 

vergrSBert sich gegenOber der (scharfen) 511 keV Bedingung in beiden 

Kristalien die Nachweiswahrscheiniichkeit um fast einen Faktor 2. Eine 

Verf~lschung des Positronenspektrums infolge yon Summenkoinzidenzen mit 

oomptongestreuten Vernichtungsquanten im Si(Li)-Detektor wurde nioht 

beobachtet. 

Zur Messung der energieintegrierten Positronenerzeugungswahr- 

scheinlichkeit P + kann natOrlich Ober das gemessene Energiespektrum 
AP + e 

e 
AE + integriert werden. Wesentlich effizienter ist es jedoch, die ge- 

e 
samte Si(Li)-Detektoranordnung nur als einen Stopper for Positronen zu 

verwenden. Man erh~lt dann nach einem yon HeGberger (He8 77) be- 

sohriebenen Verfahren die in Fig. 3 .4 (obere Kurve) dargesteilte Nach- 

weiswahrsoheinlichkeit for Positronen, die ungef~hr einen Faktor 30ber 

der energiedifferentielIen unteren Kurve liegt. 

Ee+ I l a l . 

Ollr_. , l _  

Fiq. 3.4 

Nachweiswahrscheinlichkeit der Detektoranordnung Fig. 3.2 for Positro- 

hen. Die untere gestrichelte Kurve gilt for energieanalysierte 

Positronen mit dem Si(Li)-Dektor. Die obere durchgezogene Kurve zeigt 

die totale Naohweiswahrscheinlichkeit for Positronen, bei der die 

gesamte Si(Li)-Detektoranordnung nur als passiver F~nger for Positronen 

fungiert (aus Bac B 80). 
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3.3. Die Teilchenz~hler 

Die Positronen werden in Koinzidenz zu gestreuten Teilchen nachge- 

wiesen. Dazu wird der in Fig. 3.5 dargestellte Plastik-Szintillations- 

z~hler for in Vorw~rtsrichtung gestreute Teilchen verwendet. Nach Kern- 

kontakt oder Coulombspaltung bei fast zentralem StoG in ROckw~rtsrich- 

tung emittierte Spaltfrsgmente k6nnen mit zwei groGfl~chigen Silizium- 

Oberfl~chensperrschichtz~hlern nachgewiesen werden. 

Auf die umfangreiche Elektronik, die Datenaufnahme und die 

Datenanalyse wird hier nicht eingegangen. Im folgenden seien aber die 

wesentlichen Korrekturen zur Bestimmung des Anteiles atomarer 

Positronen diskutiert. Die Hauptkorrektur rOhrt dabei von den nuklearen 

Positronen her. 

Rlastic ~ SB-counter 

!! 

NoI 

Fiq.3.5 

Die Teilchenz~hler in einem Schnitt senkrecht zur Solenoidachse durch 

die Targetregion bei Y = 13 cm von Fig. 3.1. Elastisch gestreute 

Teilchen erzeugen in einer 50 p dicken Plastik-Szintillatorfolie 

einen Lichtblitz, der mit einem Photomultiplier nachgewiesen wird. In 

ROckw~rtsrichtung fliegende Spaltfragmente werden mit zwei Halbleiter- 

z~hlern gemessen, die mit ca. 2 mg/cm 2 dicken Alu-Folien zur Absorp- 

tion der Targetr~ntgenstrahlung abgedeckt sind. Mit dem 7.5 x 7.5 cm 

NaJ-Detektor wird die Target-y-Strahlung in Koinzidenz zu Ereignissen 

in diesen Z~hlern gemessen. 
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4. Korrekturen 

Die zur Berechnung von APe+/AEe+ bzw. APe+ 
(2.1) und (2.2) notwendigen Positronenzahlen AZ und 
den atomaren Positronenzahlen A za~ am und Z ~  °m 

e e 
folgt bestimmt: 

naeh Gleiehungen 

Z + werden aus 
e 

(siehe 4.3) wie 

und 

Z ~  °m : AZ~°m/ (ee+(Ee+)  f t o t )  (4 .1 )  

~atom., 
Ze+ : Le+ /~Ce+ f t o t  ) (4.2) 

Dabei sind ~e+(Ee +) die Nachweiswahrseheinliehkeit fSr Positronen bei 

der Energie Ee+ (siehe Fig. 3.4 untere gestrichelte Kurve) und ee+ die 

mit dem Positronenspektrum aus der oberen Kurve von Fig. 3.4 gemittelte 

Nachweiswahrscheinlichkeit, fSr die Ce+ = 0.167±0.021 verwendet wur- 

de. Der Faktor ftot ist ein Totzeitkorrekturfaktor vonder GrOBenord- 

nung 0.8 < ftot < l, der durch die Datenaufnahmeanlage bedingt ist. Es 

sei noch bemerkt, dab alle mit den Positronenspektren in Zusammenhang 

stehenden GrSBen (also z.B. Aza~ °m ) als bereits yon der Apparatefunk- 
e 

tion des Si(Li)-Detektors entfaltet zu betrachten sind. 

za~ °m Aza$ °m Zur Berechnung der atomaren Positronenzahlen und 
e e 

aus den primer gemessenen Zahlen ze~ p und Aze~ P mOssen eine Reihe von 
e e 

Korrekturen angebracht warden (im folgenden ist die Gleiehung nur fur 

Ze+ hingeschrieben; sine analogs Beziehung gilt f~r AZe+): 

za~ Om = Ze~P 
e e ~ i n t , ~  M1 ) _ z i ~ t ( z  2 M2 ) 

- Le+ kLl~ e 

- zeSt (T)  _ zeSt (s )  
e e 

(4.3) 

Die Messung muB also auf vier Anteile korrigiert warden: Auf die Antei- 

le zi~t(Zl'Ml)e _ und zi~ tl~e .z2,M2) infolge innerem Paarzerfall von ange- 

regten Kernniveaus im Projektil- und Targetkern, auf den Anteil von 

Positronen zeSt(T) dureh ~uBere Paarkonversion der Target-y-Strahlung e 
im Target und einem entspreehenden Anteil im Solenoiden zeSt(s). Wie 

e 
sieh durch Testmessungen und Rechnungen herausstellte, ist letzterer 

Anteil vernachl~ssigbar (HeB 77, Bae B 75) 

e~t(s) = o. (4.4) Z e 

Die ~uBere Paarkonversion im Target liefert demgegen~ber bei Verwendung 

von 1 mg/cm 2 dicken Targets Korrekturen von bis zu 10 ~, die ber~ek- 
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sichtigt wurden. Im folgenden wird der einfaeheren Sehreibweise halber 

ze~ p = ze~ p - zeSt(T) (4.5) 
e e e 

gesetzt. 

Zur Bestimmung der Korrekturen infolge innerem Paarzerfall werden 

die Target-x-Spektren mit einem 7.5 x 7.5 cm NaJ-Z~hler (siehe 

Fig. 3.5) unter exakt denselben Koinzidenzbedingungen bezOglieh ge- 

streuter Teilchen wie die Positronen gemessen. Ein typisehes Spektrum 

ist in Fig. 4.1 dargestellto 

(MX = Multipolarit~t) 

werden kann: 

Nach der Entfaltung vonder Nachweisfunktion und Korrektur auf die 

Nachweiswahrseheinlichkeit des NaJ-Detektors erh~it man die energie- 

differentielle T-Verteilung dZy/dE (Ey) , aus der mit Hilfe von theo- 

retischen Paarzerfallskoeffizienten (Seh S 78) d6Mx/dEe+(Ey,Ee+,Z) 

das zugeh~rige Positronenspektrum berechnet 

dZe+ i dZ, d6Mx 
dEe+ (Ee+,MX) = dE ~ (Ey) ~ (ET,Ee+,Z) 

Ey=2moC T T e 
(4 .6)  

und 

dPe+/dEe+ = (dZe+/dEe+(Ee+,MX))/Zpart (4.7) 

FOr das in Fig.4.1 dargestellte y-Spektrum wurden zwei Poeitronenspek- 

tren unter Annahme yon E1 und E2 Multipolarit~t berechnet und sind im 

unteren Teil des Bildes gezeigt. Sie unterscheiden sich fast um einen 

Faktor 2. Hieraus ist bereits deutlich die Problematik der Korrektur 

auf nukleare Poeitronen ereichtlich, da die Multipolarit~t des y-Spek- 

trums nieht bekannt ist. 

Zur Bestimmung von Pe + mu6 Ober die Positronenenergie unter Be- 

rOcksichtigung der energieabh~ngigen Nachweiswahrscheinlichkeit ce+(E +) 

integriert werden und wir erhalten die erwartete gesamtzahl an 

nuklearen Positronen 

dZ + 
zc~IC(MX) = dE + ~e+(Ee +) e 
e T E +=0 e d-~e + (Ee+,MX) (4.8) 

e 

Die GreBe wird mit der wirklich gemessenen Anzahl von Positronen 

ze~ p Ober das Verh~itnis z:~P/z:~c(Mx) verglichen. Es ist unter der 
e T 

Annahme von E1-Multipolarit~t fBr StoBsysteme, bei denen rein nukle- 
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Fiq. 4.1 

Target y-Spektrum, das mit dem 7.5 x 7.5 cm NaJ-Detektor aus Fig.3.5 

beim BeschluB yon 108pd mit 5.9 MeV/u 238U aufgenommen wurde. Die 

Messung wurde in Koinzidenz zu den unter 45 ° ± i0 ° gestreuten 108pd 

ROckstoBkernen durchgefOhrt. Das mit "unfolded" bezeichnete Spektrum 

entsteht aus dem "original" Spektrum nach Entfaltung yon der Detektor- 

Apparatefunktion und Korrektur auf Detektoransprechwahrscheinlichkeit 

(Wei 80). Der untere Teil des Bildes zeigt die aus der y-Verteilung mit 

Hilfe theoretischer Paarzerfallkoeffizienten berechneten Positronen- 

spektren unter der Annahme von E1 und E2 Multipolarit~t. 

are Positronenerzeugung erwartet wird, nahezu 1. Diese Annahme ist 

damit abet keineswegs als gesichert anzusehen, denn eine Multipolari- 

t~tsmischung von EO, MI, E2, E3 mit einem mittleren Verhalten wie 

E1-Multipolarit~t kann nicht ausgeschlossen werden. In Fig. 4.2 wurde 
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dureh EinfOhrung eines Faktors f das Verh~itnis Ze~p/ze~IC(EI) im Be- 
e e y 

reich nuklearer Poaitronenemmission unterhalb Z =160 auf 1 normiert. u 
Das dargestellte Verh~ltnis Obersteigt f~r die U+Pb, U+U und U+Cm 

StoBsysteme deutlich den Wert 1. Dieser OberschuB-Anteil wird als 

atomare Positronenerzeugung interpretiert: 

zatom.,~cale, z~p .~calc e + /kLe+ Y kE1) ' f )  = / ~Le+ Y ( E l ) ' f ) - i  , (4.9) 

woraus unmittelbar folgt: 

z a t ~  m = ze~ p - z o ~ I O ( E I ) ' F .  ( 4 . 1 0 )  
e e e y  

Durch Vergleich mit GI. (4.3) unter BerUeksiehtigung yon (4.4) und 

(4.5) erh~lt man, dab 

zc~lC(El ) . f  : z i~ t (z  ,M 1) + zi~t(Z2,M2 ) 
ex e 1 e (4.11) 

ist. Es sei noeh hinzugefOgt, dab dieses Verfahren nur unter der An- 

nahme richtig ist, daG sich die Multipolarit~t beim Obergang yon Zu<160 

nach Z u>160 nicht ~ndert, was keinesfalls sicher ist. Zur Diskussion 

der Fehler sei noch einmal die vollst~ndige Formel for Pe + 

hingeschrieben: 

Pe + = (Ze~Pe - ze~t(T)e - Ze~IO(E1)'F)/(Zpe y a r t ' f t o t 'Ce+ ) "  (a.lZ) 

FOr ze~ p wird ein rein statistischer Fehler angenommen. Die Korrektur 
e 

auf Positronen infolge externer Paarbildung zest (T)- im Target ist nur 
e 

auf 40 % genau, was aieh wegen ihrer Kleinheit (< 10%) aber nieht stark 

auf den Gesamtfehler auswirkt. FOr die Korrektur auf nuklearen Unter- 
~ealc, 

grund wurde k~Le+ x''~cale(El).f)/(Le+Y kEl)'f) : 0.15 angesetzt. Weiterhin 

gilt for den Fehler der Teilchenz~hlrate AZpart/Zpart = 0.07 und der 

Nachweiswahrseheinlichkeit &-~e+/Te + = 0.13 % Die Fehlerreehnung er- 

folgt nach dem GauBschen Fehlerfortpflanzungsgesetz. Bei der Berechnung 

der Fehler der Positronenspektren wird analog verfahren. Im Gegensatz 

zu Pe + ist aber bei APe+/AEe+ der statistische Fehler Oberwiegend. 

Die hier besehriebene Fehlerreehnung gilt nur for den relativen 

Vergleich der Messungen. Der Absolutwert ist mit einer zus~tzlichen 

systematisohen Unsieherheit von mindestens 20 ~ behaftet, die 

insbesondere dureh die Korrektur auf nukleare Positronen bedingt ist. 
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Verh~itnis gemessener zu aus y-Spektren berechneter Positronenzahien 

z ; ~ P / (  ~ c a l c "  = 92+Z 2 Le+ x kEl)'f) als Funktion der vereinigten Kernladung Z u 

Bei Annahme von El-Hultipolarit~t ist f=l. FSr Zu~174 wird eine groGe 

Zahl yon Positronen beobachtet, die nicht mit Kernanregungsprozessen 

erkl~rt werden kBnnen. (aus Bac B 80). 

5. Erqebnisse und Diskussion 

Alle bisher gemessenen energieintegrierten Positronenerzeugungs- 

wahrscheinlichkeiten sind in Fig. 5.1 als Funktion der StoBzeit 2t 

(vgl. Gleichung 2.6) dargestellt. Die erstmals gemessenen Positronen- 

spektren eines Oberkritischen U+U, eines unterkritischen U+Pb und eines 

nuklearen U+Pd-Systems sind in Fig. 5.2 dargestellt. 

Es sollen zun~chst die energieintegrierten Positronenerzeugungs- 

wahrscheiniichkeiten Pe + diskutiert werden. Entsprechend theoretischen 

Berechnungen taucht das Isa-Niveau for die U+Cm ReGpunkte und for den 

U+U MeGpbnkt bei niedrigster StoBzeit in das negative Energiekontinuum 

ein. Aile anderen Punkte geh6ren zu unterkritischen Systemen. Zur 

Extrapoiabion yon Pe + yon unterkritisohe in Bberkritische Systeme soll- 

te die anaiytische Darsteliung yon Pe + bekannt sein, was natOrlich zu 

kompiizierten Rechnungen fOhrt. Von Migdai (Mig 77) wurde aber gezeigt 
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Energieintegrierte Positronenerzeugungswahrscheinlichkeit Re+ for ver- 

sohiedene StoBsysteme als Funktion der StoBzeit 2t. Es ist ~ U+Cm, 

8 I°n = 45°±10 °, U+Uj 0 U+Pb, ~ Pb+Pb . Offene Punkte repr~sentieren Lab 

schwarze Punkte 25.5°±4.5 ° . Die ausgezognen Kurven sind theoretische 

Berechnungen (Rei B 80). Das Zusatzbild zeigt die Zu-Abh~ngigkeit von 

P + for  2~ = 1,75"10-21s (aus Bac B 80). 
e 

(siehe auch Bac 78), dab das Obergangsmatrixelement in adiabatischer 

S t ~ r u n g s r e c h n u n g  1. Ordnung 

+ ~  

af( t :m)  : - I d t '  <fl~Ttli> exp[i(Ef-Ei)t'/~) (5.1) 

in der Anregungswahrscheinlichkeit laf(t=~)12 einen Faktor 

e x p [ - ( E f - E i ) T / t ]  (5,2)  

enth~ i t~  f a l l s  

(E f -E i )T / (2~)  >> 1 (5.3) 

gilt und das Obergangsmatrixelement <fI~t li> keine Singularit~ten 
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Pos i t ronenspek t ren  &Pe+/&Ee+ f~r  (a) das nuk leare U+Pd~ (b) das u n t e r -  

k r i t i s c h e  U+Pb und (c) das O b e r k r i t i s c h e  U+U StoBsystem bei e ine r  Uran- 
• 8 l°n strahlenergie von 5 9 MeV/u und Lab = 450±i0° " Die sLrichpunkLierLe 

Kurven N zeigen den Anteil nuklearer Positronen, der aus den y-Spek- 

tren unter Annahme yon El-Multipolarit~t berechnet wurde. Tell (d) des 

Bildes zeigt in einer halblogarithmischen Darstellung den Anteii aEoma- 

rer Positronen zusammen mit theoretischen Berechnungen (Th) (Rei B 80). 

(Aus Bac B 80). 
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auf der reellen Achse aufweist. Es sind Ei, Ef die Energie der Anfangs- 

bzw. Endzust~nde und T eine f~r den ProzeB charakteristisohe Zeit. 

Aus dli~ser einfachen Oberlegung kann schon gesehen werden, dab nahezu 

exponentielle Verl~ufe in den Spektren &Pe+/AEe + und Pe + mehr oder 

weniger triviale Aspekte der Positronenerzeugung beschreiben. Erst die 

Abaolutwerte der Positronenerzeugungswahrsoheinlichkeiten und Abwei- 

chungen vom exponentiellen Verlauf beihalten detailliertere physikali- 

ache Aussagen. Dabei muB man noch sicherstellen, dab derartige Abwei- 

chungen nioht eine Folge h~herer Ordnungsprozesse in der St6rungarech- 

nung sind, wenn der Vorgang nicht mehr rein adiabatisch verl~uft. FUr 

das folgende sehen wir also, dab aus diesem Modell abgeleitete Aussagen 

sicher nicht Oberinterpretiert werden dOrfen. 

Es kann nun gezeigt warden (Kan 78, Kan 79), dab in der Monopol- 

n~herung der Vorfaktor von (5.2) fur Positronenerzeugung proportional 

f(Ei)/(EF-E i) (5.4) 

ist, wobei I/(Ef-E i) dutch Anwendung der Hellmann-Feynman Relation 

bei der Umformung des MatrixeIementes in (5.1) auftritt und f(E i) eine 

Art Fermifunktion ist, die eine Absenkung der Positronenintensit~t bei 

kleinen Energien bedingt. Nach Intergration ~ber E i und Ef gilt dann 

gen~hert 

Pe + ~ e x p ( - 1 . 4  • 2 t  AE/~)  ( 5 . 5 )  

mit 2t entsprechend (2.6) und AE der mittleren Energielecke for Paar- 

bildung. Jedem StoGsystem in Fig. 5.1 kann nun aus der Steigung ein AE 
2 

zugeordnet warden. Ea gilt gen~hert AE = 2.6 moC Dieser Wert ist 

Obrigens auch mit der mittleren Energie des Positronenspktrums konsi- 

stent. Innerhalb der relativ groBen Fehler stimmt die Skalierung (5.5) 

gut mit dam Experiment ~berein. Das ist bemerkenswert, denn nach theo- 

retisehen Reehnungen (Rei 0 78) spielen sich dem EinstufenprozeB koh~- 

rent ~berlagernde Zweistufenprozesse eine Rolle, die allerdings im 

wesentlichen um 90 ° in der Phase gedreht sind (vgl. auch Kan 78). Wei- 

terhin ist keinesfalls als gesichert anzusehen, dab AE for ein StoB- 

system als Funktion von 2t konstant bleibt. 

Eines der wichtigsten Ergebnisse dieser Untersuchung ist, dab die 

Oberkritischen Systeme von dieser Skalierung innerhalb der experimen- 

tellen Fehler nicht abweichen. Zur gleichen SchluBfolgerung gelangt man 

beim Vergleich des Positronenspektrums vom ~berkritischen U+U mit dem 
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unterkritischen U+Pb System (siehe Fig. 5.2), die sich statistisch 

signifikant voneinander nicht unterscheiden. FOr diesen experimentellen 

Befund gibt es verschiedene Erkl~rungsm6glichkeiten. Es k6nnte sein, 

dab das ls -Niveau nicht oder nicht tief genug in das negative Energie- 

kontinuum eintsucht, um einen meBbaren Effekt zu machen. Weiterhin w~re 

denkbar, dab trotz Eintauchens des iso-Niveaus keine signifikante Ab- 

weichung vom exponentiellen Verlauf von Pe + als Funktion der StoBzeit 

2£ bzw. in den Positronenspektren auftritt in Obereinstimmung mit kOrz- 

lich durchgef0hrten Rechnungen (Rei M 80). 

Die theoretisehen Rechnungen for Pe + sind in Fig. 5.1 einge- 

zeichnet. Sie beschreiben bei kleinen StoBzeiter, 2£ = 1.7"lO -21 s das 
~0 -21 Experiment gut, bei gr~Beren Zeiten 2£ = 2.7" s scheint es ge- 

ringfOgige Abweichungen in den U+Pb und U4d Systemen zu geben. Die 

spektrale Verteilung der Positronen stimmt fur das U+Pb StoBsystem gut 

mit den theoretischen Rechnungen 0berein (vgl. Fig. 5.2), w~hrend fur 

das U+U System zwischen 0.5 MeV und 1.5 MeV Abweichungen auftreten, die 

aber noch einer weiteren experimentellen Best~tigung bed~rfen. In einem 

kOrzlieh wiederholten Experiment wurde gefunden, dab die Rechnung im 

gesamten Energiebereich um ca. einen Faktor 1.6 ~ber der Messung liegtp 

die spektrale Form aber gut wiedergibt. 

FOr 2£ : 1.75'10 -21 s ist in Fig. 5.1 im Zusatzbild die Zu-Ab- 

h~ngigkeit yon P + dargestellt. Sie kann dureh 
e 

P + ,= Z"~20"3 (5 .6)  
0 U 

beschrieben werden. Wiederum ist aus einer derartigen Darstellung keine 

Signatur f~r ein Eintauchen des iso-Niveaua in das negative Energie- 

kontinuum beim U+U und U+Cm Sto8system zu erkennen. 

Zusammenfassend kann gesagt werden, dab es schwierig ist, aus den 

energieintegrierten Positronenerzeugungswahrscheinlichkeiten P + rein 
e 

experimentell unter Verwendung von Extrapolationen von unterkritischen 

Systemen her Aussagen Ober das Eintauchen oder Nichteintauchen des 

lso-Niveaua zu erhalten. Aussichtareicher scheint ea zu sein, die spek- 

trale Verteilung eines unterkritisehen Systems mit derjenigen eines 

Oberkritisohen Systems zu vergleichen. Dazu mu8 die MeBgenauigkeit aber 

erheblich verbessert werden. 
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6. Perspektiven der Positronenspektroskopie 

Die Experimente zur Positronenspektroskopie sind aus zweierlei 

GrOnden mit ca. 30 % noch relativ ungenau. Einmal sind die Erzeugungs- 

wahrscheinlichkeiten pro gestreutem Teilchen sehr klein (< lO -)) , so 

da8 es bereits problematisch ist, in der zugeteilten Strahlzeit genO- 

gend Statistik zu sammeln. Andererseits macht die genaue BerOoksichti- 

gung des nuklearen Positronenanteiles wegen der Unkenntnis der Multi- 

polarit~t Schwierigkeiten. Das Problem der Statistik kann durch ver- 

besserte Apparaturen mit 9r58erer Nachweiswahrscheiniichkeit 9el6st 

werden. FOr die in Kapitel 3.2 beschriebene Halbleiterz~hlersnordnung 

zur Messun9 von Positronenspektren mOBte sich die Nachweiswahrschein- 

lichkeit bei Verwendung rechteckiger Z~hler mit den Abmessungen 

)5 x 23 mm , die sternf6rmig angeordnet werden kSnnten, um einen Faktor 

2 bis auf l) % verbessern lassen. Es wird gegenw~rtig versucht, der- 

artige Z~hler zu bauen. Ein weiteres Solenoid-Transpo~tsystem bei der 

GSI (sogenanntes variables Solenoid (Bal B 80)) hat bei Verwendung 

einer Spiralblende zur ElektronenunterdrOckun9 (Bac B 75) bereits eine 

Nachweiswahrscheinlichkeit von 12 %. In diesem Zusammenhang sind such 

Verbesserungen am Positronenz~hler des Orangenspektrometers (Ber B 80) 

zu erw~hnen. Mit einem neuen Z~hler ist die Koinzidenz mit der 511 keV 

Vernichtungsstrahlun9 nicht mehr erforderlich, wodurch bei einer rela- 

tiven Impulsakzeptanz Ap/p = 15 % , der volle relative Raumwinkel 

A~/~ = 0.2 erreicht wird. SchlieBlich kann mit einem im Bau befind- 

lichen sogenannten Torispektrometer bei vollst~ndiger Abtrennun9 des 

Elektronenuntergrundes for die Positronen eine Nachweiswahrscheinlich- 

keit von 20 % erwartet werden. Hierbei handelt es sich um einen 

S-f6rmi9 gekrOmmten Solenoiden, in dessen toroidalem i/r-Magnetfeld 

Elektronen und Positronen in entgegengesetzte Riohtungen driften. Am 

Ende einen 1/4-Torus k6nnen die Elektronen dsnn ausgeblendet werden und 

die Positronen driften im anschlieBenden 1/4-Torus auf die ursprOng- 

lithe Position zurOck, so dab sich dieses Ger~t bezOglich seiner Abbil- 

dungseigenschaften for Positronen wieder ann~hernd wie ein Solenoid 

verh~It. 

Die drei zuletzt genannten Experimente verwenden ortsaufl6sende 

Parallelplattenz~hler zum Nachweis der gestreuten Teilchen in kinema- 

tischer Koinzidenz. Bei unsymmetrischen StoBsystemen (z. B. U+Pb) kann 

dann der StoBpsrameter eindeutig bestimmt werden. 
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Mit der Erh~hung der Nachweiswahrscheinlichkeit for Positronen 

scheint eine Verbesserung der Statistik in den Positronenspektren um 

einen Faktor 5-10 m~glich, so dab bei der Messung von Positronen- 

spektren eine Genauigkeit von besser als lO ~ in einem i00 keV breiten 

Energieintervall erreicht werden sollte. Die Genauigkeit der Messung 

wird dann wahrscheinlich durch die Korrektur auf nukleare Untergrund- 

positronen begrenzt. Betr~gt der Anteil an nuklearen Positronen 40 % 

und fordert man, dab auf Grund dieser Korrektur das atomare 

Positronenspektrum auf 5 % genau sein sell, so muB er auf 7.5 % genau 

bestimmt werden, was sicher nicht einfach ist. Ob diese Genauigkeit auf 

dem eingeschlagenen Weg erreicht werden kann sder ob ein channeling 

Experiment (Kau K 78) den Ausweg liefert, mug die Zukunft zeigen. 

Alle bisher beschriebenen Experimente wurden bei Energien unter- 

halb der Coulombbarriere durchgefOhrt, d. h. die stoBenden Kerne soil- 

ten nahezu reine Rutherford Trajektorien durchlaufen (was allerdings 

bei 5.9 MeV/u nicht mehr sicher ist). Derartige Experimente haben den 

Nachtsil, dab die Aufenthaltsdauer des lso-Niveaus im negativen Ener- 

giekontinuum sehr kurz ist (ca. i0 -21 s). 

Wie yon Rafelski et al. (Raf M 78) vorgsschlagen wurde, sollte bei 

Zeitverz~gerung nach einem tiefinelastischen StoB von einigen lO -21 s 

die spontane Positronenerzeugung zu einer scharfen Struktur bei der 

Energie des eintauchenden Niveaus fOhren. Neuere Reehnungen zeigen 

ausgepr~gte Oszillationen in den Positronenspektren ~hnlich wie sie for 

$-Elektronenspektren bei Zeitverz~gerung vorhergesagt wurden (Sof R 79). 

Erste experimentelle Schritte in diese Riehtung wurden in diesen 

Experimenten unternommen. Es wurde die Positronenerzeugung in 

Koinzidenz zu Spaltfragmenten gemessen, die in ROckw~rtsrichtung yon 

Halbleiterz~hlern registriert werden (siehe Fig. 3.5). Dureh diese 

Nachweistechnik werden sehr kleine StoGparameter selektiert und es wird 

auf Grund der Kinematik ausgeschlossen, dab es sich um Spaltung infolge 

Reaktion mit leichten Targetverunreinigungen (0 oder C) handelt. Die 

t o t a l e  Positronenerzeugungswahrsoheinlichkeit (nicht korrigiert auf 

atomaren Untergrund) ist in Fig. 6.1 dargestellt. Die e+-Erzeugungsrate 

for U+Pb und U+U bei 5.9 MeV/u ist konsistent mit reiner nuklarer 

Positronenerzeugung wie ein Vergleieh mit der 248Cm Spaltquelle zeigt. 

Daraus kann die SchluBfolgerung gezogen werden, dab bei dieser Energie 

nur das Projektil bzw. ein Kern spaltet. Bei 7.5 MeV/u nimmt die 

Positronenerzeugung for das U+U und U+Cm System um elnen Faktor 3 zu. 

Daraus kann aber nioht gefolgert werden, dab ein atomarer (vielleicht 
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spontaner) Anteil an Positronen beobachtet wurde, weil die zugehSrigen 

y-Spektren ebenfalls um denselben Faktor ansteigen (vgl. Fig. 6.2). Der 

mit Null vertr~gliche Effekt an atomarer Positronenerzeugung kann mit 

deatruktiven Interferenzen der Positron-Amplituden im ein- und auslau- 

fenden Kanal (Rei S 79, Kan 79, Rei G 80) zusammanh~ngen, wenn die 

Zeitverz6gerung infolge Kernkontakts nur in der Gr~Benordnung yon 

l'lO "21 s liegt (Wol 77, Sch T 78). 

ptOt I ' ' 

I ~U+U 
1023 U+Pb ~ U . C m  

[u.u/I 48cm 
| (spontaneous 

1 0 : [  i , fission) 

5 6 7 8 
E I (MeV/u)  

9 

Fig. 6.1 
Gesamtzahl der Positronen pro in ROokw~rtsrichtung nachgewiesenem 

Spaltfragment pt~t (vgi. die experimentell Anordnung in Fig. 3.5) beim 
8 e 

Besohu8 von 20 Pb und 238U mit 238U Projektilen einer Energie yon 

5.9 MeV/u und 7.5 MeV/u . FOr den 248Cm Punkt wurden die Spaltfrag- 

mente in Vorw~rtsrichtung mit dem Plastik-Z~hler (siehe Fig. 3.5) naoh- 

gewiesen, wobei der Nachweia yon quasielastiseh gestreuten Teilehen 

durch den Energieverlust in einer 4 mg/em dicken Berylliumfolie unter- 

drUckt wurde. Die GreBe pt~t wurde nicht auf nuklearen Untergrund 
e t~ t  for  k o r r i g i e r t .  Der s c h r a f f i e r t e  Bereioh s t e l l t  eine Messung van Pe 

eine 248Cm Spa l tque l le  dar (Bae B 81). 

Die hier beachriebenen neueren Experimente wurden in Zusammen- 

arbeit mit W. Bonin, W. Engelhardt, E. Kankeleit, M. Mutterer, 

P. Senger, F. Weik, R. Willwater aowie V. Metag und J.B. Wilhelmy 

durchgefOhrt, denen ich zu groBem Dank verpflichtet bin. Inabesondere 

m6chte ioh auch J. Foh danken, der wesentliche Teile der Impulselektro- 

nik entwiokelte, ohne die diese Experimente undenkbar gewesen w~ren. 

Diese Arbeit wurde mit Mitteln des Bundesministeriums fGr 

Forachung und Technologie und der GSI Darmstadt unterstOtzt. 
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Die zu Fig. 6.1 geh~rigen y-Spektren, die mit einem 7.5 x 7.5 cm NaJ. 

Detektor aufgenommen wurden (vgl. Fig. 3.5). 
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