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Experimental Limitations to the Validity

. . - *
of ‘Semiclassical Radiation Theories

John F. Clauser "~
Department of Physics and Lawrence Radiation Laboratory
- University of California, Berkeley, ‘California 94720

- June 1971

ABSTRACT

The polarlzatlon correlatlon of photons.emltted in an’
atomic cascade is treated in the framework of a general sem1c1a551ca1
‘radlatlon‘theory. These_predlctlons are contrasted with those of
orthodox quantum radiation theory. Experimental evidence is discussed
which is in agreement with the latter,theory, but exclodes semiclassical

. ' theories in general.



Itris well known that calculations in a fully quantum-
mechanical trcatmeﬁt of electromagnetic radiation lead to divergent
expressions. Semic¢lassical theories which treat matter quantum
mechanically, and radiation Classically, are conspicuously free of these
diffiéultiesf Thls_faéf has reéently led several authors! ® to inves-
tigate thévaSSibility that Seﬁiclassical theories may warrant consid-
eration invthéir own right as é_geﬁerél‘formélism for the déscription of
radiation, matter; and their interaction. These authors with varying
degrees of emphasis have suggested that the predictions of such a theory
are compatible with all existing experimental data of ‘atomic physics.

Jaynes and his collaborators,!”?

in partiéular, claim that to first order
the theories are indistinguishablé. |

The successes of such a formalism are'impresslve, to be sure.
Many effects;, whose origins-have long been thought tb be intimately tied
to a quantiZation of the radiation'fiéld, have-been rederived tOr were

originally derived) in a semiclassical framework. These include:

(a) Spontaneous emission,'”?

(b)v'Absorptibn and stimulated emission,'”®

r(c) Resonance fluorescénte,l_?’6
(d) .Photqelectric'effect,6’7
(e) Compton effect,®
(£) Lanb shift,!”?s%

-l(g) Vacuum polar_izatioff,9

(h) Black body radiation spectrum,! *?®



It is the purpose of this paper to show that there is at least
'one flrst order effect that cannot be pred1cted by a sem1c1a551cal theory.
Further, 1t will be shown that currently existing experimental data from
two independent experiments-exclude.semiolassical theoriesiin.general.
Thus there is justification‘for'the usual caution with which such theo-
ries'are treated. More important they cannot be considered a solution
to the problem of d1vergences in quantum electrodynamlcs
In what follows we first discuss one of these experlments and
its predlctlons frmn orthodox quantum theory of radiation. Next we
| calculate the predlctlons of a general semiclassical theory for'the same
experlment..'Finally; wecompare both with the eXperimental results. A
Second relevant experiment; discussed earlier by Bohmfand Aharonov in
:a Similar_COntext,vis included_lnvan appendlx. |
fKOCHER;COMMINS'EXPERIMENT
d_'The pertinent experiment is'one thatvmeasures‘the polarizatiOn
correlationfOf photons:emitted suceessivelydin an atomic caseade. Such
'an,experiment has been performed by Kocher‘andeommins.1°’11‘ In their
_experiment, the emitted photons were. selected by interference-filters
and detected individually‘with photomultlplier.tubes, as shown’in‘Fig. 1..
This.experiment utillzed a three-level cascade in calcium, The cascade
vproceeded from a J = 0 level to a. degenerate J = l level, and terminqped
'1n ad=.0 level wh1ch is the atomic ground state
In this process radiatlon is emitted at frequeneieslvA-and
vB, passed by the two optlcal 1nterference f11ters A and B, respectlvely
The polar1zat10n of,the.optlcal photons was measured by 11near polar-
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’ iiefs of_the shéet.tYpé. For'éach_decayrthere-isva finite probability
'vfér bOth'bhotomultipliérs»to registéf a count'in delayéd coincidence.
Ko;her and Cdmmiﬁs»measured tﬁis ;ointidencé rate as a function of.
relative bolarizer orieﬁtation. | | |
QUANTUM-MECHANTCAL CALCULATION OF COINCIDENCE ‘RATE
Conéider'two,photons emitted‘into the polarizer—detéctqr
.systems of thé.KoChér-Commin; experiment. For simplicity of demonstra-
tion, agsume'the.detectors subtend infinitesimal solid angle. Take the
posifion of}the emitting atom as the oriéin,vﬁith”the detectors on the
;z and -z'aXes.(seé Fig. 2). Usé the ket Végtor |pi;10 to denote the
photon‘state. Here p = R; L, X, Y refers.to the phofon's polariéafion
vbeing right- Qirleft—circular, or linear in.the,x or y direction. The
termvu = + denotes the photon's propagatién direction aiong the +Z or
-z axes. Finally, i = A‘df_B refers to thé photon's having réspectively
lfreqﬁency vy Or QB' | | 0 | o |
>_ The most general polarization‘state for the two photons is
givéﬁ-by o | | |
|2 photons) = a[R,, +) |Lg, # + blL,, +)|Rg, »
o + c|Ry, |Lg, g d|L,; 2 |Ry, -
- e[Ry, # [Ry, 2 + £]L,, #|Lp,
+ g[R, D Rg, ® +h|Ly, DV lg, W @)

The ihitial and final atomic states have zero angular momentum and the
same parity, and are unaffected by a 180° rotation about the y axis.

Similarly, the two-photon state must have zero angular momentum and



&

'-end f, ._I¢B§e

. even parlty, and be unaffected by a rotatlon of 180° about the y axis.

_ The only state Satlsfylng these requ1rements 1s

|2 photons) = af|R,, 9 |Lg, ¥+ |L‘, + |Ry, *
+ IR .’ = |LB’ A ILA, -) |R s ‘>]
o+ B[lR ’ + |R’ - +|LA’ +>rlLB’ ).

Ry, VIR, B+ Ly, Dl M1 . @)

The two photons afe distinguishable by their energies. The

‘optical interference filter in the'+2 direction transmits only photons

.of frequency‘vA. Likewise, in the -z direction only photons of fre-

quency Vg are transmitted. Outside of these filters, then, the wave

function is'?

| 2 photons)ve-77 EIRA?IRB) + ILA>ILB)] . ‘ v (3)
The redundant‘propOgatidn'direction speCificatioh has been dropped,

and the correct normallzatlon 1nserted A change'of'bésis to linear

polarlzatlon states allows the state vector to be written
 |2 pheton_‘_s) = 72-‘-[le)le)' + lyA)|yB)] . (4)
The'joint linear polarization measurement made by polarizers

oriented at angles P and ¢B.to the x axis prbjecté the state of Eq. (4)

onto the two linear polarization states

'II¢A>_

cos¢Ale?'+ sin¢A|x&

.cos¢leB) + Sin¢nyB);.ib . R (5)

‘Thus, theveoinCidence probability in the Kocher-Commins experiment is

",propoftional to



" Peoine * |<¢A|(¢B|2>photons)|2 = % +'% cos2(¢™ - ¢D) , (6)
with-the_idealizgtion that the detectors subfend infinitesimal solid-
angle._

3 which acknowlédges the finite

A.more‘complete calc;ulation,1

 solidfang1e of the’detectors and the non-ideal éfficienéies of the
polarizers, yields, for the probability of a coincidence,

A, A ,B_. B

Peoine © 6ley * ep) gy + &)

A A B B : A B '

* gy - ) (gy - gF(8)cos2(e - ¢,  (7)
where'sﬁ and eﬁ are the maximum transmissions of the polarizers, eﬁvand
‘ eﬁ ére.their minimum‘transmiésions; and Fi(d)'is a function of the half-
angle § subtended by the detectors, For the geometry of the Kocher-

Commins ékperiment, Fl = 0,99;



SEMICLASSICAL CALCULATION OF COINCIDENCE RATE

In.a sem1c1a551cal theory, polarization effects of radiation
are described classically,: 51nce Maxwell's equations are to provide a
complete description for the radiation field. A photon is described as
a short pulse of c13551ca1 electromagnetlc radiation emitted by an atom
during a transition from one state to another. Such a pulse has a
welijdefinedvspace-time'description of the electric and magnetic fields.

First considef a single soch pulse put successively through a
narrow bandwidth filter and a paftiai.linear polarizer and into a'fast
photomultiplier tube.‘ The photoelectric effect has been treated semi-
classioally by7Franken§ and Lamb'and_Scully,7.whobshow that in this des-.
cription'the.probability of electron emission is proportional to the
intensity of thebincident_wave fot 1ow'intensities. ‘The pulse entering

the system has a probability of producing a photomultiplier count given



p = %q(eM - cm)c052(¢ -'8) + %(q + S)(EM + Em) . (8)

In the above expre551on ¢, EM’ and e are respectively the orientation,
max1mum transm1551on and minimum transm1551on of the polarizers and
9 is the orientation of-the linear polarization of the pulse. Here q,
6, and s are classical random Variables For p to be a sen51ble normal -
1zed probability, we requ1re that 0 < g,s < 1.
Now consider the two pulses of radiation emitted during a

=0 +1~ 0 atomic cascade;. In the semiclassical theory of Jaynes et
al. ,'?° an atom exactly in the highest level is'in'unstablevequilibriom.
A perturbation, perhaps associated with the excitation itself, gives it
an admixture of other states and'initiates a cascade.!* The perturba-
tion determines the degree and direction of the linear polarization of
the emitted pulses and will vary from one cascade to the next. Accord-
1ng to thls theory the radiation reaction field first accelerates and
then damps the radiation process. |

~ Alternatively, according to the discussion by Series,'® the

spontaneoas emission of radiation is induced by anvomnipresent radiation
reaction field. In any case, the.parameters desCribing'the polarization
of the pair of emitted pulses over an ensemble of‘such pairs are clas- .'

sical random variables‘with joint probability density denoted by
p(eA’ Aps Sps eB’ ag» SB)E p(w)

The probability of a delayed coincidence count in the two photomulti-

plier tubes of the Kocher-Commins experiment may be calculated by using



: the usual methods of classical probability theory:
A By A A A | A, A
v P(¢, ¢) =% [[a(ey - 59c0s2(¢” - 8,) * (qy + s) (g * €]

B

x [agley - e)cos2(6” - 8,) + (a5 *+ sp) (e *+ )]

x p(w)dw . | (9)

In the experiment of Kocher and Commins, data were taken keeping the
relative orientation of the polarizers fixed, and averaging over rota-
tions of the pair. When the above _' expreSsion is similarly averaged, we

have
peet - B = e - Nl - B
| X[C052(¢A - ¢B)qu§B cosZ(eA:- GB)é(m)dw
v sin2(h - 4B fayay cos2(, - 0p(0)ds] + Yi(eh + (el v B
<[ (aydp * a5y + sy * 5ySp) Pl S an
. Eq'u"ation_v (.1..0) ‘can be put in the form

p(6" - 4% = Yhley - (g - ) auagy, C cos28t - ¢ - ©)

| * 1/"(-E;I{/\I * aﬁ)(eﬁ +.811131) R quB)aV + D], . B (Hj

where . 0 < C, D, (qu ) 1.

<
Bav -~

It is clear from Eq. (11) that a semiclassical theory predicts'that the

ratio of minimum to maximum coincidence rate must always be greater than



-10- : : |

> : Lo (1 )
(e * e (o * o) * Yaley - e ey - ) ;

R
max/ .

| _(Rmin> Gyt ey v o) - Teley - gy - ey
SCT

On the'othef hand, conventional quantum mechanics predicts from Eq. (7)

(Rmin> N (eﬁ * eﬁp(eﬁ * Ei) - (%M B Eﬁ)(sﬁ B €ﬁ)F1 (13)

Sy G+ G )+ b -,

The drigin of the factorsof 1/2 rendering the two expressions diffefent16
arises from a neglect in the sem1c1a551cal results of 1nterference terms
of one photon with the other, It is one of the most curious predlctlons
by the quantum theory that this polarization iﬂtéfferehce persists, ‘even
when the photons are remote from each other, and have dlfferent fre-
quencies. A dlSCUSSlOH of thlS point may be found in Appendlx A along
with mentlon of a second relevant experlment performed-by Wuvand Shaknov.
" A detailed calculation of the dynamics of the J = 0 > 1 + 0

cascade is -performed in Appendix B in the specific semiclassical formal-
ism of Jaynes et al. It yields results consistent with Eq. (11) for any
set of initial conditions. B

| Inserting the measured efficiencies of the polarizers used in

- the Kocher-Commins experiment!’ into Eqs. (12) and (13), one.gets

R . R . ' o
| <}§"nll—’l> 2 0.55 ; <R’1‘iﬂ> =015 . | | |

The experimental result

N |
< mm) =0.14 £ 0.02
Rmax xpt _ '




&

~of Maxwell's equations.®

11 -

decisively contradicts the predictions of semiclassical theories.

~ CONCLUSION

. The polarizatidn correlation of photons'emitted‘in a

" J=0-+1->0 atomic cascade has been treated within the framework of

a genéral semiclassical_radiation theory. The predictions differ from

~ those of an orthodox quantun-mechanical description of the electro-

magnetic radiation field. Results of the Kocher-Commins experiment

}(and'the'Wu¥Shaknov experiment) are discussed; they appear to exclude-

semiclassical fheories in géneral;
| Nor does if‘abpear likely that a simﬁlé modification to these

theories.can bring them intoﬁagréement with expefiméntai data. Only fwo
fundaméntal'aSSUmbtions ha?e been required for this discussion: o

(ij‘ For a élassicalIeiéctromagnetic'wavevof aﬁy incident
polatizatioh, thé‘intensity that is.transmitted by a linéar polarizer
varies és a+bh cosz(e - ) |

(2) The probability of electron emission at a photomultiplier
cathode 1is proportional to the incident intehsity.

Both of‘these,assumptions are rather wellvtested expefiment—

ally for classical electromagnetic radiation, and evidently cannot be

modified within the framework of Maxwell's equations.. The experiment of
Kocher and Commins is, however, undergoing current refinement at this
and other laboratories in an attempt to test general neo-classical

‘theories of matter and radiation.which do not stay within the framéwork

® These results will be reported elsewhere.

P
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APPENDIX A. THE WU-SHAKNOV EXPERIMENT

AND AN HYPOTHESIS STUDIED'BY FURRY

In a famous paper'® Einstein, Podolsky, and Rosen (EPR) dié;
cussed correlations in spatiallylisolated systems. They pdihtedlout that
quantum theory predicts that such systems may interfere with each other
déspite their spatial separation, The nonlocal nature of this inter-
férence, they believed, ié an ﬁnreasonable Behavior for phy$icél systems;
it suggested that the correlations must arise through an iﬁcompleteness
of thé theory. Bohr in reply'® showed that such correlations give risé‘
to no observable effects that are contrary to physicaltexperience, and
that quantﬂm mechani¢s,'ih Sbite of the objectiohs of EPR, can be
considered a complete description.of physical phenomena.‘ |

At thé same fime, Fﬁrry pointed out?? that a.suitably modified
theory'iﬁvwhich this interference was eliminated necessarily led to
significéntly different predictions. He hypothesized that, in this modi-
fied theory, after the two'sysfemsvhad ceased to intefact;veath somehow
evdiVéd into a definite state. Following this evolution, the systems
are in a correlated "mixture' of states, rafher than a correlated 'pure"
staté.

Bbhm and Aharonov;21 much later, appealed. to experiment to
test this hYpothesis. They considered the Wu-Shaknov experiment,?? .

which-was a measurement of the polarization correlation of y rays

(¢3

emitted during the annihilation of singlet positronium. Their analysis,
similar to the one in this work, showed that the observed correlation
has the magnitude predicted by quantum theory, and not that of the

hypothesis discussed by Furry.
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A mement's reflection will convince the reader that a semi-
elaesical_treatment of the-joint polarization of cascade photons is
. simply an alternéfive-fdrm of this same hypothesis. The classical
eiectromagnetic waves emitted in a semiclaséicai description of a cascade
cannot interfere with each other. They have_different frequencies, and
will not pass each other's narrow bandwidth filter. Moreover, the
nonlocal character oquuantum—mechanical interference to which EPR
objected so vehemently is quite,foreign to claséical electfomagnetic
radiation;
Thus the Wu—Shaknov'experiment‘cah also serve to test semi-
classical‘theories; The>Kocher—Commins eXperiment is ﬁsed in this work,
since it'is.a'system:for which semiclassical theories are more easily

discussed, and for which exact solutions can be obtained.

APPENDIX'B. J =10 > 1 - 0 CASCADE

IN THE SEMICLASSICAL SCHEME OF JAYNES.et al.

In this appendiXVWe shall solve exactly the equations of -
motion proposed by Jaynes et al.!”® for a J =0 -~ 1 > 0 atomic cascade.
Consider a system that has three levels and five‘states,,labeled as -
shown in Fig. 3. The above system is assumed to start in a definite
" state, Qhose wave fuhction is represented by a superpoéition of the wave
functions of the five states, .

4 '
L a5 (t) v; - (B.1)

WY(X, t) o

J
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which satisfy Schriidinger's equation

% tom ‘Pj B Ej _wj ) - ' (8.2)

- The time-dependent density-matrix elements are defined in the usual way
as

- and a slowly varying part,

Pem = %m © 7 : . (B.4)
where Wom = V(ESL - Em)/h ST . | (B.5)
and
* |
Wy = 2, and W = 2mg for m=1, 2, 3.

A mo
The equations of motlon for ‘this five- state system coupled to

the radiation field in the absence of the external fields are given

by2,3’23
. - YVoa .o o _
O = —JZ[/z(AQj Ay - iy - Tles o, (B.6)
where . | . o
| - 4“2 o U | |
A = A - m -m m : . B (B.7)
m mg, 3hc3 : :
' ezh ike x
Tom = T —2“Zf f kx[kx( ale’ va>
_ 21r m_C .

e R

and () - fug(Dexy (1) dx . B (B.9)

A A 3 lrey? . ‘
x (ke EE vl Janak ,  (B.8)

G
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These equations can be solved exactly if the Einstein A

~coefficient for transitions from the highest state to the intermediate

state is the same as. that for transitions from them to the ground

state.2* Thus we set

=TT form=1, 2, 3,

‘ lero

A4m = Am? = A and F4m

Zeo

and the solutions for the diagonal elements of the slowly varying part

‘ofvthe density matrix pjj(t) in terms of the initial conditions

pjj(to) afe

Y - By tanh[éoA(t’- t, - ty)l

P33(t) = p33(t) p'(V)

P22 (1) = ppy(ty) 0'(1)

p11(B) = p11(t) p'(t) | |

Poo(t) = 72 + tanh[eoA(t Sty - too)] . - (B.10)

“lp44(t)

In the abbverwe havé defined

p'(t) = B, tanh[BA(t - t_ - t,,)] - B8 tanh[BA(t ;_§0 -t 01,

. 1
B, =% - 0y (t)pg,(t)] 7,

1 -1

t 5

P44(to) B BQT :
o 47

1 .
1' _1 pQO(tO) - /2‘]
R = =t

l

0

For consistency with a probability interpretatidn, the initial condi-

tions must satisfy the requirements
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.. (t >0 d .. (t =1 ., ) -
DJJ( o) 2 ‘ van %ojj( o) v N |

The solutions for the off-diagonal elements are

o4j(t) = O4j(to)COSh(BOA1h4)sech[BOA(t -ty - to)]xoscillating
o . : erms ,
'pjo(t) = pjo(to)COS}?(BoAtéo)SeC}I[BQA(t - t,, - t,)]xoscillating

terms .,
o (B}ilj
The oscilléting terms are i&entified as effectively generating a Lamb
shift in radiating states.‘25 | | | |
| The effective electric dipole moment of the atom is given
by2,26 - | | |

M(t) = J Re(pp b eltmty | (B.12)
- 2<m o -

In this expression, the electric dipole momenf is to .be intefpteted as
ddé;to an objéctively existéﬁt.charge distribution, whosevbsciliatioh
‘generates the classical radiation field. This notion will be recognized
‘as the.old Scﬁrﬁdinger interpretation of quantum mechanics.

Following Franken® and Lamb and Scully,’ we assume that the
probability of a photomultiplier Count is proportional to the time
avérége of the intensity of the cléssical electromagnetic waQe‘trans-
mifted by thé intérférénce filter and the linear polarizer. Thus the
system accepting light with frequency Va will register a count with
'probability propoftional to the time average of the square of the com-

ponent of the electric dipole moment parallel to the linear polarizer

g)
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direction ¢A. From (B.11) and(B.12) this is given by?’

o, | | L
Pp * Tgq * Tyg+ 2rgTcos(83y - 81y - 207D, (B.13)

.Where rim > 0 and eij are both real and are defined by

e = 18gm
"pzm(to) " Tam © )

Similarly, for frequency Vgs We have

a2 2 B -
Pp * Tpz + Tp1 * 2r01r03cos(603 - 601 +207) .. o (B.14)
Finally, the probability of a delayed coincidence is propor-
tional to |
‘pcoincvg Poo(t )pll(to)CSS(to)p44(to) -

000
p33(ty)  P1y(Ep)) -
p11(ty)  p33(ty) ) '(3'15)

x é[l',+ cos2(¢® - ¢t - )] +

C e

where

£ = (B, + By + By 54)t01f1’+ grg[ao(to)al(to)aS(té)a4(t0)]

Thus,.forveach'deCay'the rafio of minimum to maximum coincidence rate
is\given by , _
P33ty ety
Rnin - P11(%) ’ P33(to) 1

Rmax 4+ pSS(to).+ pll(td) 3’
Plty)  pss(ty)

(B.16)

033 . .

equality holds when P11 =
Relétion (12), with the assumption of ideal polarizers
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- (%w = 1, €n = 0) yields the_same_lower limit for this ratio. Thus, as

expected, the theory of Jaynes et al. is consistent with the more general.

results derived above. -

Finaily, it.should be remarked that, sin;e (B.15) holds for
any initial'pure state, this lower limit must be valid for an average
over any statistical mixture of pure-states; Hence, the assumed form for

the density matrix is not critical.
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Eagle-eyed readers W111 notice that the order of polarizers and

‘interference filters in this discussion is the opposite of that

shown in Fig. 1 for the Kocher-Commins experiment. The predictions

for the experiment are identical for either order; however, the

discussion is clearer for the order used in the text.

J; F. Ciauser, M. A. Horne, A. Shimony, and R. A. Holt,vPhys. Rev.
Letters 23, 880 (1969); M. A. Horne (Ph.D. thesis), Boston o
University, 1970 tunpublished). |

When exactly in the highest level, the atom-has no electric dipole

moment, but a small perturbation W111 create an asymmetry, and

~allow the resultlng dipole moment to grow in time.

The discussion by Series leaves unspecified the origin of the

| asymmetry ‘defining the polarization in.a J=0 + 1 transition. For

radiation to be treated ClaSsically, aJ =0 atom must somehow be
given a»preferred direction to determine the polarization of the
emitted radiation. |

" Indeed, the light from such a'transition appears unpolarized
when an ensemble of photons is observed. However,~that eaeh photon
is polarized can be seen from the Kocher-Commins experiment. If

additional optical path length is introduced so that the second

L%
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‘ phéton bf_the.caséade is obéerved'firSt, the first photon must now‘
be.polariied parallel to the second. | | |

 Moreover, existence of the second ha1f of the cascade is not
necesséfy for this to be true. One could perform an experiment in
which the atom itself, following the emission of a photon in a |
J=0~ 1 transition is staté—selectéd, and deteéted in coincidence

with the emitted photon.. In this case the photon is still predicted

o
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to have a measurable polarization.

Irrelevantly of the mechanism giving the atom its preferred -

direction,'hOWever, the'afguments still apply; For an alternative

~ possible originvdf this asymmetry, see Ref. 13,

In the limit of infinitesimal detector solid angle, the limit

Fy

inatdrs then differ by exactly a factor of 1/2. This comparisoh

= 1.0 applies. The second terms in the numerators and denom-

is valid, since the lower limit for semiclassical theories holds

fdf'arbitrary solid angle. i

A A B . B
$ = 0.06, ey = 0,75,vem.5_0.06 (see Ref, 11).
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-Equation;(B,6) can be shown to apply despite the degeneracy of the

vintermediate level,
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This specialiiation is approximately true for the cascade of the
Kocher-Commins expériment; and will not éffect the resulting polar-
ization in any case. Hence, comparison of .these predictions with
the results‘of Kocher and Commins is Valid.' |

In this formalism, it is the radiating states that are Lamb-

‘shifted with respect to nonradiating ones. See Refs. 2 and 3.

See Ref. 3, Eqs. (63) and (64). "

Ideal polarizers and detectors with infinitesimal solid angle are

assumed. Realizable'polarizers and a finite solid ahgle will

yield a weaker (lower amplitude) correlation.
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Figuré Captions

1. (a) Schematic diégram of.apparatus‘of Kocher and Commins.

(b) Partial level scheme for calcium (after Kocher and Commins).

2. Coordinate system for,desCription of cascade-photon polariza-
tions.
3. States participating in cascade with appropriate labels,

energy,‘andvtotal angular momentum indicated. Transitions

indicated by dashed lines are not observed in .coordinate system

chosen, as they give rise to longitudinal polarizations.
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LEGAL NOTICE

This report was prepared as an-account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any

‘information, apparatus, product or process disclosed, or represents

that its use would not infringe privately owned rights.
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