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COLLISIONS OF LIGHT WITH ATOMS

P. A. Franken
) The University of Michigan

Ann Arbor, Michigan

INTRODUCTION

It is my purpose.in these notes to review some
well but apparently not widely known facts about the

f T

- B0t o0 pf “ordinary electromagnetic theory and - ...

simple quantum mechanics for the treatment of such
phenomena as resonance fluorescence and the photo-
electric effect. I pretend to no particular originality,

for many informative discussions over the years with

- -~ —Ed Jzymes, Willis Lamb, Gabriel Weinreich and others
too numerous to mention. Let me finally stress that
any resemblance between these notes and the lecture
that I actually did not present at the symposium is

3 Eordxiicus at-best. e

~fhe contention is that it is unnecessary to intro-

duce the photon concept into many familiar calculations

and descriptions of modern atomic physics. Even though

the.photon myth has considerable pedagogic utility, it

rarely introduces calculational simplification and

—-- oftea—cbscures the physics. I am not seeking to make a
philosophical point, or argue that one‘'set of axioms
for=physics is more epistemologically fragrant than

- anctirer. Rather, I shall restrict myself to demon-
strating that the phenomena of resonance fluorescence
and the photdelectric effect can be& accommodated with

" the Tamillar classical TOIMULation Of The electro=
‘magnetic field together with ordigary guantum mecharics

o7 a717

cegrdeesr] si-toracknowledge at the outset my gratitude...oca oo

1 e TEYIhe description of the relevant particles. I have - - -~
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FIGURE 1

L I -
Please note, first off, that the substitution Wo = Tuo
is simply an algebraic anticipation3~thevphotonmidea
has not evidenced itself at all. The wave function
describes the atom at all times, and We shall invoke
ordinary first order time depggggnt perturbation theory.
The perturbation term 3%’ is eE-r, as shown, and there-
by explicitly assumes the dipole approximation. We 4o
this to avgid fooling around with an expahsioén of
(P - eA/c)2. (The dipole approximation is excellent _

for optical freguencies and atoms, since the

electro-

magnetic wavelength is 1iterally thousands of times
larger than atomic dimensions.) The standard expansion
into complex form as shown is for ultimate simplicity
and the unit vector T is collinear with E, and is often

referred “to as the polarizationdmecior,%=TneJ

of figure (1) results from substitution into

.last line

Schroedinger's equation, the usual integration over
space on both sides, keeping all terms, and the
sdditiorf of that strange beastna;w;bgﬂﬁndﬁwpigp,L:shal;M
discuss in a moment. The matrix olement #Xa. vanishes

for atoms (because of spherical symmetry or,

if you

prefer, parity) and, even if the symmetry were destroyed
so that the matrix element would be significant, the
term could still be dropped because the coefficient a

is genuinely small compared to b (the spirit

of 1lst

order perturbation theory). WNow the damping term
-(4)ra is just the Wigner-Weisskopf term that provides
a phenomenological description of spontaneous em? ssion,
or damping if you will, that is consistent with per-
turbation theory to first order. There is no mechanism

P
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in this term; it simply asserts that if an excited
state existg it will,..in the. absence of perturbations

such as appear in the present
tially. Ed Jaynes has a vEry
derivation.of. this term which
ing the excited atom in a box
allowing the atom to interact

problem, decay exponen-
nice "classical™

is achieved by consider-
of arbitrary size and
with the resonance

radiation that begins to build up in the box (private
communication). Tn any event, I am not pulling a
swindle by inserting this term somewhat arbitrarily at
this polint.” Thrashing about within the full limits of
1st order perturbation theory, yes; but deceit, by no
means.

For convenience we set the energy of the ground
state equal to zero. This, together with the basic
premise of--let--order--perturbation theory, permits
setting b(t) = 1. Thus the last line in figure 1
readily submits to integration and yields the steady
state solution exhibited in figure 2:

STEADY. STATE:..

— e —

)= g el F T up )

PR e P -.:étwt - FEmE & e_Lwt

(Y2r+1 (%+m)+ (/27 (wee),

T Tl e S T

" seek =< [ef 7 |9

FIGURE 2

The notation .is conventiounal (perhaps old-fashioned,
even) and it is worth noting that the first of the two
time dependent terms is the so-called "anti-resonant”
one which is not dropped at this point because we will
want to explore the final expressions at frequencies
w quite disparate from wgo, in which regime the two
terms become comparable.
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- As -Indicated in figure (2) we seek the expectation
value of the dipole moment (which will clearly have an
o time dependence). This expectation value is given by

-the. gimple formuly shown..dn the last line of the.figure

if we assume the atom is spherically symmetric so that
The atomic polarization is indeed collinear with the
electromagnetic polarization vector 7. (If we were
dealing with a meolecule that was not spherically
symmetric, then we would not have such a simple ex-
pression and would have to mash through lots of unhappy
tensor-type_stuff . . The c¢conclusions would not be
shattered, however; "which is why I have taken the
liberty of sticking to the spherically symmetric case.)

Following the recipe'given in the last 1line of
we achieve the result shown at the top of

figure §2

figure

3

1

e e

|P| = (mess of stuff) cos (wt +¢)
—

1] i

R

—— o}

e C e . —_ —_—

P R

o ORI

BT . w* .
E ct 'h%t%ﬂﬁu?afu%rPﬁuz

FIGURE 3

FooremmE T mess of FHULT" (18 literally that, a fierce
garbage of atomic constants, w, wg, matrix elements
and the like. However, the important point is that
we now have a classical expression for the dipole
moment P of the form P = Pycos(wt + @) which enables

us to assert that the atom radiates a power given by:
24
P w
52 = ~93— erg sec™! (2)

e

(If the derivation of equation (2) is not in your
reference work on classical electromagnetic theory,
throw the book away.) Since the cross section is just
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P o~ -

C?VS, as noted earlier, the result shown at the bottom
of figure (3) is readily obtained. (Mo physics has
s aes e Beatt-sk3pped in getting to thi

tedium of algebra.)

\
F

.
Al

s point, just a milq -~ T TR

smmamn - =~Before discussing this cross section let me call ™7

your attention to the phase @ occurring in the expres-

sion for the dipole moment in figure 3, because there

is an interesting dividend involved. The phase facior,
e i - B5..00€5- Py, exhibits a somewhat unfriendly algebraic:
— ow...COmplexity. However, it approaches 0 as w<<wg, it
Yoo —e . -—Bquals zero for o = wg, and approaches T as w>> ws-

In classical terms, this means the induced moment is in

phase with the driving field for low driving freguencies,
96° -out of-phase at "resonance", and 180° out of phase’
at very high frequencies. It is' this behavior that

accounts for anomolous dispersion, as sketched in the
Tiguré.

P

R

P e T

Returning to the cross section given in figure (3),
it might seem surprising that the denominator does not
appear to be Lorentzian. Actually it is, near resonance;
this is readily shown 1n a few steps when cognizance ig -
taken of the fact that T is many orders of magnitude
less--tnan fesdéher o or wo. The reason that there igs ™ -
more complexity in the actual expression is that we
have kept the anti-resonant as well as the resonant
term shown in figure (2). And that is a good thing to

-de—-when you want to explore the extreme frequency iimits
as shown in figure (4):

For w <<,

4
e*fll}
few,?

a

8T w*

o 3 4

For w>>ay, ,take Him=1¢2

e (e

3 mc‘)2 ("’

!

)

a -

FIGURE U4
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The expression above the line in this figure is
‘just the Rayleigh scattering cross section with-it8 — -
characteristic frequeﬂcy&dependence. Furthermore, the
factor that follows @' /c” is Jjust the quantum mechanical

——meexpression for the square of the polarizability Of 8. ... e e ol

two level system so that the expression we are dealing
with is, in fact, quantitatively exact.
In order to evaluate the cross sectlon in the '
high frequency limit it is necessary to consider a
particular system. I have taken Hydrogen with the 18
__and 2P states as the two levels and ground through the

‘“algebra to obtain the expression given below the Iitie™
The result is a cross section approxi= —" "=~

Tin figure 4.
mately 1/30 that of the classical Thomson scattering =
of electromagnetic radiation from a free electron.
(I don't know whether to be surprised that just taking
two of the infinite number of levels into account
yields as much as 1/30 of the Thomson limit or as
little as 1730.)

Now that we have verified that the cross section
behaves as expected in the classical limits of very
high and very low frequencies it is time to turn to
the question of whether or not the derived cross section
‘really describes the phenomena associated with.resonance .
) In order to have particular expgriments .
to explore I shall assume ge have an atom with a decay
rate ' equal to approx %O sec™L. This corresponds to
a mean "lifetime" of 10-© seconds and a "halfwidth" AV
in_the absorption cross section of approximaﬁa}y_lQ?_Hz.
(For convenience I have clearly set both w as well as
27 equal to unity, but that is not nearly as egregious
as the high energy physicist's assault on the velocity
of light.)} These parameters, together with a sketch
of some experiments we shall now discuss, are presented
. JAn.figure 5 on the following page. The opgn. bell S
" durve at the top of this figure represents the Cross
section vs. frequency. First off, the theory we have
developed is distinctly steady state. This suggests
what might appear to be a liability in describing
"events", as opposed to infinite atomic somnolence.
Not so. For example, consider an atom irradiated with
a spectrum significantly narrower than the cross section
halfwidth as indicated by the shaded curve in the figure.
The present theory predicts the same fregquencies in the
scattered spectrum, as does guantum electrodynamics.
(Indeed, those of you enamored of second quantization
will recognize my sketch as being virtually a copy

bell shaped

DRI &
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The description of distinctly transient phenomena
requires some discussion, but not much. TConsider the
situation displayed in the lower part of figure 5 in
which the atom 1s exposed to a very brief pulge sf " =
radiation, gso that we can really define-a- time-{to
within 107 seconds) when the atom “suddenly béddme
excited. We also know, from experiment, that the :
photodetector will respond, on the average, a micro- '
second later. Dilemma? Of coubrsé not. The atom can
only scatter those Fourier compdnents in the beam
that are accommgodated by the scattering cross section.

To wit, some 10° Hz "bandwidth" and, therefore. the

train of radiation is "stretched" to some 10~° seconds.

The photodetector is a quantum mechanical system and

can go “click" with a distribution (assuming the

experiment to be repeated often) that ie cxponential in

time. This is because the probabiliiy..per-unit Hime of .
a photodetector going click is proportional to the in- : éi

tensity of the radiation it is exposed to, and the =~
Fourier transform of the Lorentzian is an exXponential.
The process 1s entirely analogous to a narrow band

audio system exposed to a pistol shot. It rings, _And
it's classical.

Let me conclude this section by asserting that all
of the spectroscopic phenemena I know of can be treated
with the techniques illustrated in this section. R
Specifically, the photonless marrr3g® of a€lassi®di™ ~ © -
electromagnetic field to a quantized atomic system.
Optical pumping, level-crossing spectroscopy, double
resonance, efc., all yield with grace to this massage.

THE PHOTOELECTRIC EFFECT

I have saved this discussion for the end partly
because it 1s usually the principal bastion of the
photon devotee, and partly because it is the most
trivial to handle. The three features of the photo-
electric effect that, together, created such agony that
photons just had to be invoked are summarized in figure
6
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The first point is famous. The second point is that
the intensity of the light influences only the rate,

and notrthe;energy?dia;;ibuxi@nhpf the emitted electrops.

The third observation is simply that if we have a beam
of light stimulating the emission of, say, 100 photons
per second that .the first electron can be ejected
right after the light is turned on, rather than having
to "wait® for 1072 seconds. (This last point really
provided the supreme agony in fully classical days; it
is interesting.to.note. in passing, by the way, that the
stated motivation for the Forrester et al experiments

on the photoelactric "mixing" of light beams was 1g

explore the possibility of time delays in the 10
second regime.)

Well, we can end all this distress quite easily.
T will consider only the photoelectric effect _for a
single atom and leave the problem of some 1023 atoms
as an exercise for the non-believer. The situation is
shown in figure 7T:

FIGURE 7

The ionization potential of the atom is @,and the
continuum is indicated by the shaded region. If this
atom is exposed to electromagnetic radiation of fre-
guency w then the ordinary perturbation theory used in
the previous section will yield the fact that only the
level shown in the continuum will be excited, and that
this level lies fw ergs above the ground state. (The
pPlanck constant came in from the use of Schroedinger's
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equation for the atom, not from any photonic backfield-
in-motion play). This continuum level corresponds to
a free electron with a kinetic energy as written in
the "FiguFe 5" tESt " WE oW Have the Einstein equdtion.
As simple as that. The.second point of the rate being
proportional to the intensity is guaranteed by the
Fermi "g6Tldén rule", written in the figure, because the
square of the perturbation matrix element is proportion-
al to , and thus to the intensity. As for time delays,
quantum mechanics teaches us that the rate is established
when ~the~perturbation is -turned on,
How-different-physics might have been if atoms
had suffered quantum mechanics before fields did!
However, there is tertainly no question that the
student of elementary physics should be exposed to the
photon contept, because that is certainly the easy way
of doing the photgelectric effect. And 1t also provides
him with a useful precursor to the shock of wave-
particle duality. I should mention, in closing, that
black body radiation presents no problem because the
radiation in an enclosure 1s produced by electrons in
the wall that obey guantum mechanics. Thus there are,
in faqt,wave packets of total energy hw. But these
were made, and not invoked. And therein lies whatever

-phys8itd is éoitein®d THthi< aper.
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