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ABSTRACT

The Lamb shift is studied in this paper. First,
the interaction between light and matter is discussed
and it 1s pointed out how this interaction should shift
the energy levels of an atom., The electromagnetic field
is then quantized and the mechanism of the interaction
of the electron with the zero-point radiation field is
described., A perturbation procedure is developed and
applied to the calculation of the Lamb shift in the same
approximation that Bethe used in his first calculation:
to the order ﬂ-g; non-relativistic, and in dipole approxi-
mation. The 1ldesa of renormalization is stressed as it
arises during the calculation. The work of Kramers in
building a structure-independent theory of the interaction
of an electron with radiation is then described. The paper
ends with a discussion of the idea of renormalization which
has enabled the Lamb shift to be described successfully in

the present theory.
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I. INTRODUCTION

For many years, the spectrum of hydrogen agreed,
within experimental accuracy, with the prediction of Dirac's
relativistic electron theory., In this theory the & S4 and
& P+ states of hydrogen are degenerate. In 1947 Lemb and
Retherford used an lngenious microwave technique for the
comparison of these lines, publishing thelr first results
in August of the same year. They found that the &S&
state 1ls higher than the ZLR% state by about 1000 megacycles
per second., Thils shift is about 9% of the dlfference between
the &P3 and QPL states. With Improved experimental
techniques, the shift 1n the energy levels has been found
to high precision, It is 1057.8 megacycles per second. The
same effect has since been observed in the spectra of

deuterium and singly-ionlzed helium.

Schwinger, Welsskopf, and Oppenheimer first suggested
that the shift might be due to the interactlion of the
electron with the zero-point fluctuations of the radiation
field. The possibility of such an effect must have been
consldered before this time; but, without experimental
evidence to suggest 1t, no one had bothered to publlsh a



calculation. If anyone had made a rough calculation, he
would have found the shift to be infinite. The calculation
was first made by Bethe and published two weeks after the
results of Lamb and Retherford, Bethe's calculation was
non-relativistic, correct to the first order of the fine
structure constant, and done in dipole approximation. A%
first the shift diverged linearly as the energy of inter-
acting radiation. By making a mass renormalization, he

was able to reduce this to a logarithmic divergence. Bethe
disregarded llght of energy greater than the rest energy of
the electron, thus obtealning a finite shift, He guessed
that a relativistic calculation would give a convergent
shift without the necessity of arbitrarily cutting off at
high energy, and later work has proved him right., According
to his calculation, the & St and QA states should be
1040 megacycles per second apart. The calculatlon has

since been done relativistically, to higher order, and with
other small corrections. The result of all this 1s a value
1057.2 megacycles per second, in close agreement with experi-

ment.



II. HAMILTONIAN

The energy (non-relativistic) of an electron moving
in the Coulomb field of the hydrogen atom 1s
2
Ho = £ + V)

where s 1s the reduced mass and
2

V= -= .

The eigenfunctions of this Hamiltonlian are the well-known
hydrogen atom wave functions,
4&L ="€m£,w.== ﬁ&nl(‘) w}nw (9;¢).Lri4%2j;
Ea= - 235 )

where the sth state 1s characterized by the integers n, 1,
and m and has an energy E o -

The energy 1in the electromagnetic fleld is

H, = 7{,—,.[{5“+ B*) 4T,

This 1s the result of classical electromagnetic theory and
is not a quantum mechanical operator., When the electro-
magnetic field has been quantized, /{l is an operator having
the eigenvalues Eg. and the eigenfunctions Fp which com-
pletely describe the state of the field.

If the hydrogen atom and the radiation field exist
together and interact, it is improper to consider them

separately, as 1s done above, If there were no interaction,



the Hamiltonian would be a sum,

H= HO"'H‘J
and would have the eigenfunctions,

and the elgenvalues,
E£¢F.== E +-E§¢.

Spectra would not be affected by the field, for the energy
of every electron state 1s shifted by a constant amount,
regardless of the binding of the electron. 1In this case,
the energy in the field is not a physical observable and
1ts magnitude cannot be determined experimentally.

However, this 1s not the case, for there is an inter-
actlon between the electron and the field. The energy of
an electron moving non-relativistically in the electro-~
magnetic field is given by ‘

H=%(7-2K)% vy,

where Zr is the vector potential of the field. This is the
correct Hamiltonlan because 1t leads to the Lorentz force
law. The energy of the total system of field and particle
is then

Hegm (F-2E) v + 4 [le2e6%) o

z —_ z
H= & +V + 5,’_,'[(57-4.3")4(’1" - =hg +ah

Ame

H= uo +H| ""Hl)

2



where I{' is the energy due to the Interaction of electron

and field,

— 2z
H'= -2z BE + 50

It 1s this energy of interaction which gives rise to the
Lamb shift. Because the shift is known, from experiment,
to be very small, the use of perturbation theory to deter-
mine the effect of H' is justified.

Hoﬁever, the Lamb shift is not explainable 1in terms
of classical electromagnetic theory. It 1s not an effect
like the Zeeman or Stark effects which occurs when a mag-
netlc or electric field is turned on and disappears. when
the fleld 1s removed. In their experiments, Lamb and his
collaborators have gone to great lengths to determine the
effects of stray electric and magnetic flelds and to sub-
tract such effects from thelr results. They have been able
to conclude that the shift 1s not caused by stray electric
or magnetic fields. From the classical point of view, a
radiation-free region is physically possible, although
difficult to obtain. In such a reglon, the above Hamlltonlan
would reduce to Ho and no Lamb shift would be observed. In
order to understand the Lamb shift, one must use quantum
electrodynamics in place of the classical theory. Just as
in quantum mechanics the position and momentum of a particle
cannot be measured slmultaneously with exactness, it is a

result of quantum electrodynamics that the measurement of

one component of the fleld lntroduces an uncertainty into



another component. It 1s impossible to know that all com=-
ponents of --E-"~ and ? are simultaneously zero in a certailn
region. It 1s not proper to consider a region of space as
completely free of radiation, for the filelds continually
fluctuate about thelr zero value. It 1s these fluctuatlons
which interact with the electron and glve rise to the Tamb
shift, when the effects of all externally applied fields

have been accounted for.



IIT. QUANTIZATION OF THE ELECTROMAGNETIC FIELD

The success of quantum mechanics has suggested that
the quantum mechanical commutator relation might well be
applied to the electromagnetic field. The problem at hand
can not be solved when half of it 1s expressed quantum
mechanically and the other half classically. Therefore,
in thls section, the eléctromagnetic field will be quantized.
Only an outline of the procedure will be given, since the
details can be found in texts.
A convenient gauge for this problem 1s the Coulomb
gauge:
V-A =0 ¢=0 .

The vector potiftial thefiggtisfies the squation:
VA -5 L4 =0

and the electric and magnetic flelds arg‘given by:

B = VA E--L4 23

The solution for A can be expanded in & sum of plane waves:

A= 22 duy Bpy + s, ﬁa

k )
Aer = Ean %7 L
-iwt Vil =0.

OLkA = 'ck)\ 2



-E. points in the direction of motion of the plane wave

and has a magnitude
k = -—‘dl— .

<.

—-; d
€Enr and Exa are two unit vectors which form a right-
ey
handed system with R and serve to determine the polariza-
tlon of each plane wave in the sum. A takes on only
two values, but the k-sum is over all directions and magnl-
tudes of Z‘.
L] !
The Akx S are to obey periodic boundary conditions

on the opposite walls of a large box of side [. (rumning

waves are desired). This is satisfled by putting

b; = 2T £=44,3
‘ L Mi= 0,21,£2,---

and, as a result, the Agx ‘s are orthogonal:

f’?u* Ay AT = L d ey

The ampllitudes are now redefined so that

L
dry = a”’)ﬁ.ét:_%% :

Then
Z' awc ‘-T" % -(.E
,_.. em Gpr o+ Ol 2 _
Since, in a plane wave, =0* ), the energy in the
field 1is

M = 3 'nZZA: é' Zx:'f 4;73 TF|Vx B (a0 Fhaut "‘%fn'x Onka 452':' ""ﬂ‘f

Because of the orthogonality of the ﬂg,\ '.g this reduces to

Z'_ Z_ tw X Lap, apt = ZZ aman+an an)



The symmetrized form is used because, after quantization,

apy apa® and agy*ar) are not the same.,

Now real combinatlons of the A\ 'S are lntroduced:

Qe =ﬁfg (‘%H—Qu*) Pn = —;wF (GM GAA
Then

Hl:;?”‘&) '—-'-"-;-?é(pk) +w£QU)

2 Hiy ; L/
Tag =~ o FT - Qus .

Thus the electrcmagnetic field can be represented by an
infinite number of palrs of canonical coordinates, Pg) and
" Qar , each set having a Hamiltonian which is the same

as that of a simple harmonic oscillator., The fleld 1s
quantlzed by quantizing each of these "oscillators." For-
mally, the quantigzation is perfor'med by setting

[Pu, Q] = &
The method ls the same as that used In the guantization of

the simple harmonic oscillator, as is the result:

H‘kk E&k = {mk.\ +/ﬁ) kw EL)‘ My =0,1,2, - ]
Because the total Hamiltonien of the field is a sum, the

total wave function is a produect; the following results are

= T R,

R\
H B = Z_Z;_ (map+4)kw Fp = Ep Fe

H[,J f'; = (mn“-—.i)thp .

obvious:
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/A 1s celled the mmber of photons of a certain 73
and A in the field. The numbers of photons in each
state are contained in the wave function of the field fii .
The operation of fﬁha on f; reveals the number of photons
of that particular 7?' and A that is present in the

field. By algebraic manipulations, it can be shown that:

agp F-mup )= Tz F o meamr-)
4:& F( /"N"") = i”’u-&-l Flomeast--) .

These relations will be useful laters Ap) 1is called
the annihilation operator because, when it operates on the
field, the number of photons of type R A 1is reduced by
one, as that one 1s absorbed by matter for example. ¢1£:
1s called the creation operator because 1t adds a photon
of type i?k to the fleld, in the process of emisslon.

It will be observed that there is a zero-point energy
in the fleld.

Hifs = E, Fo ==':;;;2;;- (!%fL) FZ',

The fact that this zero-point energy 1s infinite is not
pleasing., It isn't a serious difficulty in ltself, for
this energy is not a physical observable, F% is the
zero-point wave function. It contalns the information that

Mp) =0 for all states. Since
a2y Fo = 0

*
an} Fo= Floolia--),
i1t is not possible for a photon to be absorbed from the

zero-point fleld; a photon may be emitted. It is this

emission of a photon by the electron (and its immediate
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reabsorption) that 1ls regarded as the mechanism by which
the electron lnteracts with the zero=-polnt field.

It must be emphasized that this mechanism of photon
emission and absorption is a very convenlent way of handling
radiation problems. It is the exact analogue of the classi-~
cal methods which employ energy conservation in problem
solving. Just as, in classlcal physics, these same problems
can be solved in principle by using a force law, it is
possible in quantum electrodynamics to work directly with
the field fluctuations. It 1s a result of this theory that
the components of the flelds obey commutation rules, not
all of which are zero. This very fact that all field com-
ponents are not simultaneously measurable, gives rise to
the fluetuations in the field strengths., Welton has done
a non~relativistic calculation of the Lamb shift on this
basls. Considering the field fluctuations, he determined
the mean-square displacement of the electron from its un=-
perturbed orbit and showed how this "Brownian motion" of
the electron reduced the effective potentlal of the nucleus,
As would be expected, he arrived at the same Lamb shift

expression that is obtalned by the more common proéedure.
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IV. PERTURBATION PROCEDURE

Now that the electromagnetic fileld has heen quantized,

recall

H= + : = —2 — 2
Hs /{l ﬂgf{ jj%: 4-\’-#}41 onc.l\'fL *‘2%:4:; .
H' will ve regarded as a small perturbation and the
eilgenfunction iP of }{ will be expanded in the
elgenfunctions of the Hamiltonlan H, +H,

9? = ;g:,%;;.<1aap, 4ﬁ»fiL .

Restricting the problem to the zero-point field and a

particular state m#m of the atom:
HY = EY = (Em+E, + AE) P
(Ho+Hi) Y = (Eow +Es)Um F, |

and [E are expanded in terms of increasingly higher
order, with a constant A\ » Whose degree labels the order

of a term, as follows:

J=F" 2P o™, .
E=E A EY 4\ E® 4.

and the various orders of QP are defined by
Q) )

QE = 2;: 2;;'0441 q%t F?z
@) (2)

Y =3 }:_a‘,, A

etce.
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In the Hamiltonian itself, the terms Ho + H, are of
the zeroth order; and the perturbation 1s, of course, of

the first order in itself,

H=Hs+H, +)H',

The expansions are then inserted lnto the equation

H? = EVY

and terms of the same degree in A (thus of the seame

order) are equated, glving a series of relations:

(Hottl,)) ' = Tla)
{H,,,_H‘) Q ")+ Hag(o) = Elo) T“) + E(l) 51.7 (o)
(Hot 1) TP+ H'GU= O g 0G| @ g(of

The first term says, as expected, that to the zeroth order

there is no perturbation:

¢ = b F EY~ Ep+E, .

When the expanslion for T (W and the now lkmown values
of T ana E are substitubed into the second rela-

tion and certain manipulations are made, it 1s found that

EW=Kmoly'lmo)
Thus to first order (the parameter A\ is put equal to 1)
E= E“)'*'EU) = Em +Eqs + {molt'|mop
AE = <molH'[mae)

' The third relation gives, upon substitution and manipulation,

g W@ _ Sy daplilmedlmold] a@d
= ‘L (EmtEi-Eu-Ep)
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vhere @, e £ m, 0.
Thus, to second order

E = EIO)-"E“)-.‘-EIZ)

E= ' Lagl'lomoY<{moalt'lap>
Em +E, + {mo [H'lmas) +§§ (Eom ¢ B - Ex-Za)

= Loma | W]omoS + Caplitlmaoplomali'| ap
Ae= & o) ;};_ (Em +E.-EacEa)
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V. CALCULATION OF ENERGY SHIFT

The interaction of the electron with the zero-point
field was first described as the action of the zero-point
fluctuati_bns of —E and B_‘ For the purpose of
mathematical simplicity, this has been replaced by the
mechanism of emission and reabsorption of a photon by the
electron. Thus, in the sum over states of the fleld, the
only states which occur are the ground state F; and the
states F; which contain one photon. It will be clear
that this is required mathematically in thils calculation
to the order ,e.a'. This will not be true for calculations
to higher orders; and, there, a more elaborate interactlon
mechanism must be used.

Since the second term of the perturbation is already

of the order _o.a s 1ts contribution to the Lamb shift
will be caleculated in first order only. This term 1s

S A -~ —
T N 1 XD N NeY Y

In the first order, the orthogonallty of the F '3 requires

that L' and N be equal to 8 and N . The above

A
product contains terms In aQyy aga and ap a:i . These
represent double emission and absorption and make no contri-

bution because they cannot connect F; to itself. The term
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AM*QAA also contributesnothing because the action of
the annihilation operator qapr on [ gilves O. The

energy shift reduces to

AE = -‘3"-;. (/m OIZ a"t“ ANEE s 2y | a>

NE = nn¢;l. ;g:;§:

When the sum on AR 1is replaced by an integral (as is
done in a similar case laber) this shift 1s seen to be
infinite, diverging quadraticelly with AR . A divergent
shift like this is not very pleasing and points to the
necessity for an improved theory. However, it does not
stand in the way of the calculation. This shift, it will
be notlced, is the same for all electrons, regardless of
how they are bound and of how they are moving. Since it
is always present in every situation and at every timé,
it 1s not a physical observable. For these reascns 1t
need not be thought of in terms of the interaction but
may be thought of as a self-energy which every electron
possesses. Thils process by which an infinite quantity 1is
"subtracted" from a physically significant situation and
ascribed to the (unknown) structure of the electron is
called renormallzatlon. It plays a very important part
not only in the understanding of the Lamb shift but of
the whole of quantum electrodynamics.

The flrst term of the perturbation is of the order .,

and so 1ts effect should be calculated to second order.
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It is clear that this glves no contribution to first order

because
AE < <01au-¢'r'*+am*.¢" "l o>

is zero by the orthogonality of the F ',s . The energy

shift to second order is _
AE =5 5 Semol-d 17 ap>lop -2 R meo)
E—;(z Emv--f-Eo—EA.-—Eﬂ.

Once again, by orthogonality, the only state Fp that is

possiﬁle is E which is characterized by one photon of
type RA. As before, the ./T'.s should be expanded over
two sets of summation indices, &AM and kA" ;5 vut
AE =0 unless
k'=k A=A
The energy difference in the denominator is then
EP"’EG':El"Eo =é§;£§_‘5’+*k‘ —;;L:t%" -"-‘-ﬁkc.

Then the energy shift is

b=t SR e Dl Ty

Em —Eq-fke

’
First @& S are allowed to operate and

{olaeal 1(><1 aw*l 0} = o [T D T ) = |

Then the dipole approximation is made:
iRT _iT-T
L = g /
and the shift reduces to l [ >1
2
= 2 aunke _L Loml&py .5 |a
AE mEe® L3 ;:; R <

Em-EA. -tk‘-
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'ﬁ' is replaced by mT and the sum over .E is

replaced by an integral:

zZ—= [euo Kok d2p = [L£5 k*dk IDs
-8
AE" ‘l-vr f‘“‘k I 3 T e ol

The integration is carried out over all directions of &,

using 7  as a polar axis and adjusting the €'s in
each case so that one of them lies in the plane of 'ir and

T and the other is perpendicular to it. The result is

z ol
aE = 22F [ 5 pmlelan—

3Twe
For large k s this expression diverges linearly. How-

ever, Bethe pointed out that this 1s not the true expression
for the Lamb shift. The energy of the electron ls shifted
by this amount for two reasons: one, that it is bound to the
hydrogen atom and two,that it has a certain average kinetic
energy. A free electron with the same average kinetic
energy wlll also undergo an energy shift because of its
interaction with the zero-point field. This shift should
properly be regarded as an electromagnetlc mass effect,
because 1t is an energy whlch the particle possesses because
of its motion, regardless of how 1t may be Bound. Thus 1t
is not physically observable and does not contribute to the
Lamb shift. The Lamb shift as 1t is observed in spectra

1s the difference between the shift for the bound electron
and the shift for a free electron which has the same average

kinetic energy. For a free electron, the shift is given by



19

the same formula; and, since the free electron wave
functlions are eigenfunctions of the momentum, only the
diagonal element of & remains:
Lomlrla™> =0 , atom Eon =Ea ja=m

and, as a resul‘c,

A= 2% L (a4 5 I<miviax]®

This is to be subtracted from the similar expression for
the bound electron to give the correct expression for the
Lemb shift, AEL.
AE, = %._;3 2 I<«-/.rln.>l°'fdk {m - %l;_}
AE, = 2% [k 5 [<mivla>|* fazboy
This expression diverges only logerithmically with
increasing £ . When this calculation is done relativisti-
cally, the shift converges. From relativisiic considerations,
Bethe decided to cut off the energy of the interacting

photons at 2
e = me™,

This cut=-off can be appreciated if the electron is regarded

as having an extent of the order of 1lts Compton wavelength,

ne ¢+ The cut-off then means that all light of wave-
length smaller than the size of the partlcle should be
disregarded. In this picture, such short wavelengths do
not act upon the electron as a whole but affect only its
internal structure, of which nothing is lknown. Thus the
cut-off is justified.

If the integration over R 1is now performed,

MEL = = B2 T o tole>]® (Eabu) o fpEazte)



20

and since /yrt..c-a' >> Ea- Epe

2 a &
ME, = 225 3 [mivla>[* (Eenm) o (2257 )
which 1s Bethe's result.

This 1s, of course, the shlft for only one state, If
it were the same for all states, there would be no notice=
able effecﬁ. However, the part which the state #s2 plays
in the formula makes it clear that different states are
shifted in different ways. Calculatlons have shown this
to be the case. S states are affected far more than
others. It is with S states in mind (particularly the

&S}i state of hydrogen) that the preceding work has
been done, To make the theory applicable to other states,
the perturbation theory must be developed more carefully,

keeping in mind the degeneracy of the unperturbed state.
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VI. STRUCTURE-~INDEPENDENT THEORY

Many  of the problems which have arisen in the calcula-
tion of the Lamb shift and other radiative corrections were
studied by Kramers and discussed by him at the Solvay Con-
ference in 1948, Kramers was one of the first to suspect
that the divergences which plagued quantum electrodynamlcs
were due, in good part, to the point model of the electron,
Thlis model has, from the flrst, introduced an infinlte self-
energy. The self-energy ls that energy in the fleld of a

single electron:

ac .
= a _ & i
U 7%[5 J"‘-:—t['ra

and is clearly infinite if the radius 1ls put equal to zero.
Since quantum electrodynamics has been formulated with the
correspondence principle always in mind, difficultles in
the classical theory have been carrled over into the
quentized description. Kramers went to the root of the
problem and attempted, in non-relativistic approximation,
to make a better classical description of the interaction
of matter and radiation,

Kramers was guided in his work by Lorentz! classical
electron theory. Lorentz assumed the electron to be a

rigid sphere of finite radius but was able to describe many



physical effects, using only two constants, the experi-
mental mass and charge of the electron. The radius of
the electron entered only into the electromagnetic mass,
8 constant 1ln a non-relativistic approximation. It is
the total mass, the sum of the inertial and electromagnetic
masses, which 1s a physical observable, By introducing
the total mass, Lorentz constructed a theory which depended
only upon physically measurable constants and was inde~-
pendent of a.knowledgé of the structure of the electron.

Kramers! objective was to separate that part of
classical electromagnetic theory which is (approximately)
Independent of the structure of the electron from that
part which depends upon the unlmown details of electronic
structure, Although this is not, technlcally, a renormali-
zatlon, it is effectively the same thing - and in a much
more appropriate place. The need for renormallization in
an advanced theory is often a result of a fault in the
basic theory. If a structure-lndependent theory is used
as a classical basis for quantum electrodynamics, those
divergences which arise from a polint model or some other
structural assumption will not appear; and the corres-
ponding renormalizetions will not be necessary.

In hls address, Kramers considered the motion of a
single electron in the electromagnetic field., The electron

was consldered to be a rigid sphere of finite extent; thus

22
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the treatment was, of necessity, non~relativistic. He
divided the vector potential 7T. into two parts: 75; ’
the vector potential of the "proper" field, and Ar
the potentlal of the external field. —A: ls approximately
the potential of a uniformly moving electron in radiation-
free space. It 1s structure-dependent in the near vicinity
of the electron. 7@7 may be regarded as the external
field which interacts with the electron in a physical
process, Although :Z: Egggnds upon 7&: :

O# =4,
1t was shown -to be approximately structure-independent.
The equatlon of motion of the electron was then brought
into the form ( 7? 1s the coordinate of the center of
mass of the electron):

m R =—.,c—7'7 + 2R x (VxA) "‘%%

where 74-: and V are evaluated at the center of mass.
If the field 7&7 is properly prescribed, this equation
represents the motion of an electron in an external field
in 2 manner which is approximately independent of the
electron's structure., Kramers constructed the Hamiltonian
which corresponds to this equation of motion,. ‘It is some=~
what more complicated than the usual non-relativistic
Hamiltonian which 1is used in preceding sectlons. Kramers
showed that, when the Lamb shift is calculated in the same
elementary manner used in the ﬁreceding section, but with

his Hamiltonlan, Bethe's final expression is obtained
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without the necessity of renormalization at this point.
This is a great triumph for the structure-independent
theory.

In a very interesting digression, Kramers gave a semi-
classical derivation of a Lamb shift for a harmonically
bound electron. The external field 7ﬁh, of a given fre-
quency, was expressed as a spherical standing wave which
was phase-shifted by an angle - which depended upon the
frequency of the light and the binding of the electron.
By enclosing the entlire system in a large reflecting
sphere, the k's were limited to a discrete, but infinite
set. The set of R's 1is clearly dependent upon the phase
shift J and therefore upon the binding of the electron.
Kremers departed from a classical description only to con-
sider the zero-point energy in the fleld. Although it is
infinite for a harmonically bound electron or a free
electron, Kramers showed that the difference in the zero-
point energies in these two cases 1s finite and bears-:a
close resemblance to Bethe's formula., The harmonic oscillator
was a simple example., It appears that it 1s not mathematically
feasible to make a semi-classical description of the hydrogen
Lamb shift in the same way.,

Van Kampen has continued the work of Kramers. He has
derived Kramers' structure-independent Hamiltonlan by a
gseries of canonical transformations and has applied it to

various radiation problems,
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VII. DISCUSSION

Although Kramers! work has led to a better understanding
of some of the problems of quantum electrodynamics, his
method does not seem capable of providing a complete solution.
For one thing, his theory is not quantum mechanical; yet
all radiative calculations are. For this reason, all of
the work done since 1948 has been directed toward perfecting
the process of renormalization rather than toward making a
structure~independent relativistic classical theory.

The difficulties which arise when the interaction of
radiation and matter 1s considered have been traced to the
use of a point electron. The divergent quantities have
been reduced to two: an infinite self-mass and an Infinite
self-charge of the electron. The infinite self-mass 1is
just that self-energy, calculated in a previous section,
which is caused by the electron's interaction with the
zero-point field. The infinite self-charge is a more
sophlsticated matter, which arises from Dirac's "hole'"
theory and has no non=-relativistic analogue. However, its
divergent nature is also due to the point model of the
electron. In the process of renormalization, this mass and

charge are consldered as part of the experimental mass and
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charge, Once the necessary renormalizations have been
made, finlite calculations of physically observable effects
are possible. Resolution of the problem of the self-mass
and self-charge will require some knowledge about the
electron's structure. If it is really possible to separate
the problemlof the behavior of the electron from that of
its structure, the theory is in good shape. It would seem
that such a separation would not be possible in an exact
treatment of the problem. However, as in much of physies,
the interaction problem has proved far too difficult to

be solved in any but an approximate way.

The situation is not quite as good as this, for
quantum electrodynamlcs contains other divergent quantities
which cannot be traced to a lack of understanding of elec-
tronic structure. A simple example is the infinite energy
of the zero-polnt field, which is obviously independent of
the presence of matter., Any idea that this might be due
to the large size of the universe is seen to be false when
it is recalled that quantizatlon in a box or sphere gives
rise to an infinlte zero-point energy, regardless of the
volume enclosed. One may say that there is no difficulty
because the zero-point energy is not physically observable.
However, a theory is not closed simply because it can pre-
dlct all observable effects accurately. A theory cannot
be wholly satisfactory if it contains implausible, though

unobservable, elements,
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