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"FOR THE PHOTOELECTRIC EFFECT¥*
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' October 1973
i o . | ABSTRACT

~ We have measured various coincidence rates between four photo-
multiplier tubes viewing cascade photons on opposite sides of dielectric
beam splitters. This eXperimentaI cbnfigui'ation, we show, is sensitive
to differences between the classical and quantum field theoretic pre-

dictions for the photoelectric effect. The results, to a high degree of

statistical accuracy, contradict the predictions by any classical or

semiclassical theory in which the probability of photoemission is pro-

portional to the classical intensity.
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INTRODUCTION

It is commonly believed that experimental observations of the photo-
electric effect establish the existence of unique_ly quantum mechanical
properties of the electromagnetic field. Varvious: ;:lassic experiments,
coupled with the notion of microscopic energy consérvation, are usually
‘cited to establish this claim. 1 Unfortunately the.insistence upon micro-
scopic energy conservation amounts to an auxiliafy criterion, which
for a classicai field theory (CFT), is ihherently. ambiguous. The
quantum rﬁe chanical energy of a photon, hv,v is experiméntally relevant

to the photoelectric effect, determining the kinetic énergy of the. ejevcte'd

electrons. This insistence, on the other hand, demands that the c'lassic;al-'

- ""f.iv'eld enebrgy ) (E2 + Hz)dV/S'n be equal to this and be simultaneously

'éonserved‘.v The classical Maxwell's equations:cont-ain no constréint

- that these energies be equél, as a quantum field theory (QFT) vdoe‘s.v2
This demand is, in fact, unreasonable for a classical field theory. It
is therefore also uhreasonable to use this coﬁstfaiﬂt as a basis for an
experimental distinction between the theories. With equal 'justifiéation
one might say that these expefiments dispxjover m_i‘c.roscopic energy con-
servation d'urilng»'the phofoelectric process while upholding-CFT. The
above beliéf Wé,s finally shown to be totally unfounded when it was dem-
onstrated that the above observations can be quaﬁtitatively accounted
for by a semiclassical radiation theé_ry in which.'the electromagnetic
field is left unquantized. 3 The basic elements of this theofy have since
been.used as a skeleton for the more recent and Wid‘ely discussed neo-
cl.assic'al radiation theory of Jaynes, Crisp, aﬁd Stroud4' (NCT). In

both of these theories it is hypothesized that the classical Mé_xwell's
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equa.tioim‘d_escribe th.e free electromagnetic field, and that this field
never needs to be quantized to account fc;r experimental observations.
Previté)u‘s experimental ob_servafiohs of the photoéleétric effe,é_t, in and’
of themse.liirvés, are in agreement with 'th'is‘hypothe.svi'.s, and do not ap-
peér to neéessitaté quantum mechanical propertiés'fo.r_ the radiation
field. S BT

| In1955, fo.vllowing' Schréidinger_fs sﬁggest{on; 'HAdé.m, v‘J"anc_}s'.sy,v and
Vérg'as -(A_JV‘). seax;c_hed fqr anoma_loﬁs -coincideri.,ces in a paftially'_colli- |
mated bé‘az_h of li.:g_ht.' .'I'aucl':l,‘-v_6 in his discussions. ,of_y‘,the found_afions .of _
quantum mechanics, has recentlyi emphasized the importanée of this
experirhénf a"nd an associated one performed by Jinoséy'and 'Na,ré)'.}vr‘7

~in 'egtabl'ishir_ig_ the existence of a wave-particle duélity for photén"s.
Moreover the arguments of AJV and Jauch do not 'reblyb on eneréy. conser-
vation (although other assumiotions are needed for their ‘specific -Schemé)
and as such are not subject to fhe above cr'ii;ic_is'rh° ~ Attention is natu-

v o , _ _
rvally"calle'd to this experiment by the recent discﬁssions of semiclassical
vtheo'ri»esk, in hopes that it might provide an additional aépect (v)fbthe photb- _
electric .‘effect upon which the predictions éf CFT and QFT differ. |

In this paper we will show that the.actuaLl vaiue’s of the paré.meters
for the arrangement of AJV (and subséquent sim_ilar'ex,periménts) unfor-
_tunately were in_su.ffici.e‘nt to make that experiment c;)'nclusivé,. We then
“report new éxperimbental'rebsults‘ which are cdnclﬁsi‘;e.. ‘O'ﬁr measure -
ments involved a‘compa‘riso‘n of various' -t‘wofold C(.)'incidebnc‘e rates be -‘ v
tween four photorn_ulti‘plier tubes vieWing cas cade 6ptical photons; |

emitted by the-.same source through various beam Splitte'rs.' We further
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show that this cdn.figuraﬁoh is sensitive tAo diffe;r_en.ces i)etween the QFT
and CFT predictions for this effect without additiona_i assumptions, such
as those vreAquired by AJV. The results, to high statistiéal accuracy,

: contradict‘ _the predictions by any classical or semiéiassica} radiation
theory in which the‘ probability of photoemission i's".pro.portional to the !
classicai field int'enéity. This includes, for example, NCT. Our ex-
‘periment thus resurrects t'h.e photoélectrié- effect és 'a'pheno'menon re-
quiring qua,ntizatibn.of the electromagnetic ﬁel'd:.v -

- It is noteworthy that an analysis by Aharonov et _al.,8 presented a

scheme similar to that of ATV as a Gedankenexperiment, while noting
a paucity .ofuactual experiméntal distinctions between CFT énd‘QFT. '
The CFT prediction for our 'experiment follows reas‘oniﬂg similar to 
that by Tituiaer and Gléuber, 9 whovdiscu‘ss_ed. constraints_ applicable to
-CFT whicﬁ demarcate a boundary between CFT’and‘v_t_he more geheral
QFT descriptions of the electromagﬁetic field. 7 |
In what follows we firsf contrast the CFT and QFT .predictions for
a singie photon falling on a h_alf-silvered mirror. We next disé_u_ss pre"-
vious relevant experiments, contrast these witﬁ our own experimental
- scheme, and show that of these only ours provides the desired distinc-
»tic.)n. Fiﬁall& we describé the appératus -and present the r,evs'ults.

PREDICTIONS FOR A SINGLE PHOTON
~ FALLING ON A HALF -SILVERED MIRROR

In this section we review the arguments by AJV and Jauch. Con-
sider the light emitted by a singie atomic decay falling on a half-
silvered mirror. During the decay a wave tra’in. (pa‘c‘ketv) of electro-

" magnetic radiation is emitted. Suppose that it impinges upon a beam-

e
0 R




-5-

~ splittling ini,rror, ‘and that the two fesultant wave '_ti'._ains'a'ré directed

| tovt'wo ir;d._e”p(.aﬁd'ent photomultipliefs labeled Y _and yB. We desire the
QFT prediétion for the Yao-Yp coincidence ratgl',‘. A simpler problem tol
cbnside: first invo,lve.sv only the source atorﬁ and a sec;ond, atom 'Iin. one
photoca‘thodeb.,. We Vneed.the probability a’mplitvude’. th'étv, following de-ex-
éitation 6;f the source atom, the second atom will be»come excited (or
ionized). This has been obtained by Fermiio_‘ and'F;mo, 1 usin;g the
Wigx.lerv-We_is skopf approximatién. The inclusi‘o‘h‘_of a third atom in a
second‘ photocé,thode is then straighffvov‘r.ward. ;D_evncv)t‘e by S, A, and B,
'revspective.zvly,' the ground states of. the source atom and the two detéc;tor
atomé, énd by S*, A%, -and B” the cofrespondingfex_cited or ionized
states of these é.toms. Ini‘t‘ially the source at,om. is ,exc':i.téd, and the two .
detector ‘afoms az;e' in their ground states, hence |

I i)= I S%, A,B,0,, . ,.Oj, «+eo). The remainil.lg\v indices of fhe ket
designate the state of the radiation field modes. The final s_fai_:e then

has the form

* ) .
|£) = UAIS’A_’B’Oi’,”"’oji"“'>

¥ .
+Ug|S,A,B ,01,,..,01,,...‘,.).'

* ,
+US|$IA’B"01.;"°'0j"°'x'> o .
+Z.U.|S,A,B,0,,00,1.,+::) . 1

, :JJl 1 i '>_ L (1)
The various U, can be evaluated from formulae f_ouhd in Refs. 10 and 11.

Thus QFT predicts that an observation will find at most one of the de- :

tector atoms ionized; i.e., coincident responses will occur only at

|
1

_the random accidental rate, induced by emissions from two different

. 12
excited source atoms. ~
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Next we consider the same system from the CFT viewpoint. Our

basic assumptions for this are twofold: (1) the electromagnetic field

is described by the classical (unquantized) Maxwell's equationé, and

(2) the probability of photoionization at a detector is proportional to

=y
'

the classical intensity of the incident radiation. ‘These two as sumptions

alone are sufficient for our purposes, and they are in evidént agree-
ment with.expefirh'ent. 13 Since ionizations at the Ya and Yg phototubes |
are independent, but are induced by nearly identical clas.sical pﬁlées v
of light, for a given split wave trz;in both tubes“will have roughly the
same probability for. re:gistering a count. Thié indépendénce implies
that the probability that both will respond to the split wave train is
simply thev product of thé probabilities that each wiill respond."-_ The
nonzero valué of this product implies the existence of an anomaléus ’
coincidence rate above the accidental background. The CFT predictiQn
is thus in.marked contrast with QFT predicti_on,' the latter requiring
no coi_ncidences above the backgféund level. 12

The ébove argument may be summarized very simply. Co_nsider a.
radiation field quantum mechanically with only one phofOn present. If
we bring this into intera;tién with two sepai‘ated atoms we will never

get more than one photoelectron. If on the other hand we represeht '

' this field classically, we find that there is a nonvanishing probability -

for finding two photoelectrons. The classical Maxwell field has within
it the possibility of providing with some probability any number of :
photons. Hence experimehts of the above variety can distinguish be-

tween the two theories.




Such then is the arvgument of AJV and Jauch.’ Here we have also the
basis for the usual particle interpretation of photons. A particle must
be eifher transmitted or reflected. Both may be dgne simultaneously
only by a wave. We then see how these. macroscop»i'c features of " part-
icle-like!! objects arise from the QFT formalism.

PREVIOUS EXPERIMENTAL RESﬁ'LTS
That‘ a photon is not split in two by a beam spiitter is ceftainly

o old hat' and it fnay seem sﬁrprizing that we have éone to the effo;;t
to_/test (;his prediction experifnentally. What is in fact much more sur-
prizing is that evidently no such experimental test has heretofore
been performed, and such tests are clearly of great‘importance. Here
we brieﬂy review previous relevant experime.ntal resuits and show
that none provides the desired distinction. |

Since the original work of AJV many two'-‘p'ho.ton coincidencé' experi-
ments have been done, some involving light beams 'split by a half-
silvered mirror. These all fall into two basic categories —atomic-
ca.sca,de observations and Browﬁ-Twiss effect observations. Excellent
re;fiews of these topics ha%/e been presented by. Camhy-Val and Dumont, 14
and by Mandel and Wolf15 respectively. Cascadééphoton observations
in .theizf usual configuration are not suitable for the above test, since in
vth.ese, iwo., d.ifferent unsplit photons are observed.

The.AJ.V_ experiment, although intended as a fest of the above

scheme, a.ctually served as a forerunner to the Brown-Twiss effect

E(experimenté. Figure 1 reproduces a diagfam of the eXperiment-of

AJV. In it they selected the light of a single spectral line with a mono-

ke

chromator, and focused it thr'ough a beam splitter onto two photo-
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niultipliers whose outputs drove a coincidenbé éircﬁit.'

Let us evaluate the magnitude of the e#p_ected ranomalous coincidence
rate. The CFT predi.ctions for one and two photbdetectors sharing the
same field hé.ve béen discussed earlier by Ma.ndbel16 from the above
fundameni:-al assumptions. Denote by I(t) _the instantaneous classical _
inte_nsity-_i’nc'ident sifnultarieousiy upon the YA a.nd"'yB detectofs due to
‘their illumination by the whole source volume. vThe_ .singles rates for

" the A and B detectors, averaged over theii response time T, is given‘
by: ‘T/2 o
SAquT_i J (I(t+t'))dt',
-T/2 .
@)
T/2

| Sg = VBT—i J (I(t+t')) dt',
J-T/2 : :

.Whe‘re @, and ap are measures of the detector efficiencies, and the
brackets denote an ensemble average over the emitted intensities.
Similarly, the average coincidence rate as a function of event separation

T is given by: o

o | T/2 T/2 . .

CAB(-r) = aAaBTfi . j (1(t+t')1(t+t""+'fr) ydt' de . (3)
' -T/2 J-T/2 :

To obtain a model-independent predicfion for the coincidence rate
only from dé,ta on the singles rates does not appear possible,> since
(2) and (3) involve different.averages of I(t}. AJV thus ha.d to make
various assumptions (assumptions which were uhnécessary in the case

of our own experiment). They tacitly assumed that '




Y
e
e
st
-
o
o
¥
oreye

T/2 | T/2 T/

j (1(t+t')>dt' : zJ _ j (L{t+t")I(t+t!" +7)) dt' At (4)
T/2 ; -1/2 J-1/2 T

| holds for each decay, when 7 is the order of the decaylng state 11fet1me
If then E pulses per second are em1tted per unit time by a source, and
N if n is the average probability that a photomu1t1p11er will yleld
a count, given an atom1c decay, the count rate at that detector is

S:En. . o o (5)

-vThe expected anomalous coincidence rate predlcted by the AJV assump— o

tions is then glven approx1mate1y by

canE.. (8
. Assuming negligible detector dark rates, the accidental coincidence
background rate from which C must be distinguished is
: AznZEZZ'rC, _ (7)
Where T. s the resolving time of the coincidence system. One can now
calculate the integration time required to measure to a precision of N
standard deviatiohs the difference between the excess coincidence rate
given bjr Eq. (6) and the zero excess rate predlcted by QFT. Domg
this we obtam S
- 2_-2 -1 3
T1nt ~(1+4E'TC)N 'q.v E i o (8)

which in the vlimit_of high source rates takes the form
g 2 - R '

Tint~4N ‘TC/TI : o : (9)

Thus the validity of their experiment rests .di'_re ctly upon the assumed

_o,r measured value of n: if it is too small, T'int will be too long and the
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experimé‘nf will see only the random accidental. backgr'ound. AJV mea-
sured théii- detector efficiencies by as sumipg. that\_'if was given by_ the’
formula _ |

'm = Rhv/W, | (10)
where R. vi.s the count rate obtained for a givenib'e_a.rh of 'pho‘tons,r and
W is the pbwef in_the same beam _measﬁréd bolometrically. | They thus
found 7 '='_1/300.' With a resolving time T, = ‘2.3__|;|;s.éc _ohevcélculatesv
Tt ™ 20.7 sec for N =5 From this reasoning ‘AJV felt confident th_af
they should'havé: obsevrvved the anomalous coincidence 'rate; if present..’

- Let us re-examine from the CFT .viewpoint the as sﬁmption tacitly'
cor_lta.ined in Eq. (10). A’Ithougﬁ the ihtrodﬁctofy’ afgdments did not
contain a're.qvuire'm'ént for energy conservavti'on," AJV ha_ve unne'.ces_s_arily.
reintroduced it with this assumption, 'mofe_o\fler injdiirect conflict with
our funda:n"iental’:assumptions for a CFT. In our .c_i"_e._a.rivat'ion above, n- |
- is the p.:obaBility’ for a detector re spénée, g.iveri".a.;éource atom decay.
Clearly a wave -like pulse émitted‘by a source atom will exband, in
the worst case spherically, or at best with a radiat;'ion pattern having
a pr.eferx;ed directiori. 17 Much bf this pulse wil_lllnot; én’tei- 'thé narrow
acceptahce‘soiid éngle subtended by t_he .m'onochr'o.rhatqr. Propagétion
will cau‘se‘_ it to sﬁ.ffer an enbrrh.bus decreaéé in'»iwnte.n:sit.y, commensurafe
with its éxPans.ibn.. Assuming macroscppic- ene rvgy,‘c’on_ser'Va.tion on the
average, the power W should then rep'resent‘the"tétall a.v>erage power
radiated by__"the source at the é,ppfopriate_ wavelel'r_l'gi:h, not that Which
happens to be measured within the beam its..élf. The number calculated
from Eq. (10.) must apﬁropfiately be decreased by thé ffactib_h of fhe

~ solid angle éffectively subtended by the (_'lhetecv:_tors;'_'-v Other optical losses.
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will decrease this number even further.

If we conservatively estimate from their diagram the solid-angle

loss to be' 1/40 0, their actual detector -efficigncy for _spherically enﬁtted
I Wave-liké pulses was undoubtedly less than 8X10-6; in which case the.
. reQuifgd integration time fof even N = 1 become‘skﬂTintz 1.3X' ‘105"'sec.
This is an,érder of magnitude longer than the duration of their exvpe’ri-
fnent. Thus the.experﬂiment of Ad’alm? Tanossy, and :V;:arga appears to -
“be inconclusive when re-examined in thisv light. | |
Fina’.liy iet us cdn;ﬁider experiments of t_heb Bfo‘wn-Twiss variety.

‘These ekperiments have a configuration basié’al’ly the same as that of

AJV. 'Beca@s,e of the nature of this effect, howeverv, all existing data |
‘ _ have been accumulated with detectors subtending extremely small solid

' angleé, much smaller even than those of AJV. ,‘Frvorn Egq. -(9) we see

that the required integration time scales with the inverse square of the

detector solid_' angles, hence it would be hopeless to try to search for

the above anomalous coincidence rate with such arrangements. Fur-
thermore, in these experiments, the Brown-Twiss effect itself would

tend to mask the effect we seek. In summary, then, none of the above

éxperimenfs can provide the desired distinction.

EXPERIMENTAL SCHEME REQUIRING
"NO ADDITIONAL ASSUMPTIONS

The above discussion _indicatéé tlﬁat an observation of the anomalous
; comcidéhce's predicted by ,é CFT .re_cju'ires highly efficient photbdetectofs.
How‘ever, evén if AJV had had the required effi-civ.ency and integration
~time, their experimental arrangement neces_éita_,téd a.ssuniptions con-

cerning the various field avérages, and hence assumed a basic model
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for the emiesion mechénism, Since no univers'aliy acceptable model
is at hand, we have chosen to employ a scheme Which renders our re-
sults model-independent. We did this by " splittiing" simultaneously
‘both the firvst and second photons _ef an atomic caéeéde. We viewed the
1ight‘em.itte_d on 'opnoeite sides of an‘es‘sembly of eXCited atoms and fo-
cused it eeparately into two beams. The wa,'ve.leng.th Xi on one side was
»selected to cdrrespond to that of the first _tra,nSiti.on of the c'ascade, and
on the Other,_ )‘2’ to the second. The.two vlig‘h't bearns impinged on beam
_ splitters, thus creating a total .'of four beams -.Four. aesocieted photo- |
multipliers labeled YiA; Y4B’ YZA’ and YZB detected -them. We mon -
itored the coincidence rates between the four comb1nat1ons Y1A-Y1B’
YZA-YZB’Y‘lA"YZB’ and YZA-YiB' A diagram of the arrangement is
shown in Fig. 2. | | |
Define I (t) and I (t) as the instantaneous intensity at the Yia V1B
beam sphtter with wavelength >\ , and at the YZA YZB beam splitter with

- wavelength )\2, reSpect1ve1y. It follows d1rect1y from the Cauchy -

Schwarz 1nequa11ty that the following 1nequa11ty holds:

_T/Z-,T/Z -

/ / (Ly (b4t +7 )1, (647 +7 ) ) dt* de”

lT/2 J-T/2 S e
T/2 T/2 . | T/2  T/2

(L, (t+t! 7o), (4t +7,) ) dt' de'} = / I (I, (t+t" +7,)
-T/2 -T/2 -T/2 J-T/2

22

12(t+t"+72)> de'dt" | . (11)
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Using (‘3‘), we can write this as

fo (0) C (r) C (12)

1A-1B (O) -

2A-2B Ci1a-28B 1B- ZA(")‘
 Here we have vignored a possible po].ariaation depen‘dence,of the detectors,
y the‘finite photocathode areas, as well as the'nonvanishing phototube dark
> ‘rates. It can be shown that Ineq. (12) may be summed over these con-
. -trlbutlons w1thout change of form. Thus it is fully general and holds
+ for these cases as well.’ The commdence r?tes'ciA-_ZB and CZA 1B
TR -~ here are the nonvanishing cascade rates. The pfodnct of these sets a
'lower bound to the product of the anomalous rates. CiA 1B and CZA 2B
Thus, CFT predlcts a large anomalous c01n01dence rate satisfying
Inéq._ (12). The prediction by QFT significantly violates this inequalit'y,'_
“requiring no coincidence‘s except those due to two-atom excitationvs.
APPARATUS AND RESULTS -
"Figure '2.’is a diagram of the- apparatns. Th'e source contained
| 202Hg atoms wh1ch were excited by electron bombardment Light
produced at M, = 5676 A and N, = 4358 A by the cascade 9% P, s ~63 P
was used. It was made parallel by lenses (aspherlc, f= 1) and fell
on TiOZ;ooated glass_beam splitters (transmission = 63% and 35% .for
opposite linear polarizations, inclined at 45° to the incident beams).

i n . : .
Each resulting beam was directed through an interference filter (trans-

mission ® 50% at 5676 A, FWHM = 50 A for Y1A'and Y g trans-

mission ® 30% at 4358-A, FWHM = 100 A for yzAand YZB) onto an
appropriate photomultipiier tube (RCA 8852, QE = 15% at'5676 A,
dark current ~ 50 - 300 Hz, operated at -80°C for Yia @ and Y4B’ RCA

8850, QE = 30% at 4358 A, dark current ® 100 Hz, operated at 20°C

for YZA and YZB).
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The s‘ource‘itself was patterned after a desigri by Holt, Nussbaum,
and Pipkilix__, 18 and was made by using standard f’echniques. The electron
gun was a standard 10 W cathode-ray tube gun 6bfained through the
courtesy of the Raytheonv Corporation. It was mounted with suitable
deflecting electrodes and light masks in a quartz aﬁd pyrex envelope,

| evacuated, cléaﬁed by baking and discharging, tl’lle. metal parts out-
gassed by induction heating, andvthe oxide cathode activatgd. A few
Vmilligra.msA of 93% pure 2OzHg were then distilled into the tube and the
envelope sealed. ' The Hg_vapbr pressure was contrqlled by keeping a
side arm irﬁﬁlersed in ice water. A beam current of approxinia;tely
0.7 pA traversed the. cylindrical excitation region (lenéth ~ 2 mm,
diam ® 1 mm). The light output was ét_ablé. Phéfomultipliers operating
in coincidence were seioarated from each other by more than 1.5 mete‘rs
to eliminate anomalous coiﬁcidences caused by cosmic rays. Light
pipes minimized the light lo_és during transit. The interference filters.
were placed at the outer ends of the light pipes to minimize anomalo.us
coincidences due to scintillations in the beam Vsplit’ter and collimator
lenses. These could be excited by cosmic rays an_d/or residuval._radio—
abcti.vity therein. This configuration also effectively.e'iiminated photo-
tube ‘cross talk induced by light emitted at the 1;—;51: dynodes. High- .
speed .e.lect'ronic_s with ® 1-nsec resolving time Wé_re used. The dis-
criminatbors dréve a time-to-amplitude convevrte.r whose output was fed °
to a puls.e-.height ana.lyier. . External slow coincidwnce circuits gated
the signalsﬂ into oné of the four analyzer memory qua;drants, correspond- '
‘ing to the particular coincidence mode. The anaifzer thus simulf.aheo’usly
accumulated .the_fiour different delayed coincidence s_pectra,_ 1 e., the

number of events pairs as a function of event separation time.
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B .‘The r'e.sults, shown in Figs. 3(a)-(d), represent rﬁore than 26 hours
of integration. We find no evidence for an anomaléus coincidence rate in
either f:hé YiA_YiB or Y, YR mode, but the hormall_casc#de mode is
quii:e appafent. ‘For a timing and sens_itivity’check,b both tube pairs were |
'«;)' ' "'éxcitéd th_rpugh the beam splitters b? short—d'uration.‘ " classical" .ligi;t
’pulses from _'a;‘bari'um-tit‘ana..te source, 19 with rappfdgimately one photon
‘p'er pul‘se. The resultant coincidence spectra are shown iﬂ Figs. 3(e)
and 3(f). .Finally,i .Fig'.' 3(g) shows that our data sve-v'e'_r.ely violate Ineq. (12),
for a wide rva;x'lg.e <')f delays 7. o
DISCUSSION
' : | | - ‘The impartaﬁce of‘ exb'perirrientally‘ demonstrating phenomena which re-
quire a quanfization cﬁ thél electromavgnetic field has been ern'ph'as:ized
recently by a number of suggestions that such a quaﬁtization is unnecessary.

Many vsta.ndavrd effects have thus been challenged a_s"n'ot providing definitive .

b

_ proof for t;he hecéssity of this quantization. Several recent experi-
ments testing the specific_: predictions by NCT and the -Schr8dinger interp-
retation have Been perforrned21 in this difection. The present.experi.— »
ment and chers20 have tested the quantum mechanical éspects' of Maxwell's
equationsv. So far, none has uncovered any’d‘epar'tufé _fronl' the quantum
elhe'ctrodynarnic predictions, but severe. departures from CFT predictions '
have. been found. The cla’ssical (unquantized) .Ma,xwell_»equations thus ap-

_ peaf ‘to have only limited validity. | | ‘ |

) ' The author thanks J. A. Crawford and M. H. Prior for helpful aid

_ stimhlating discussions during the performance of this expe riment.
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~ Figure Captions
Fig. 1. Experih‘qehtal é:rangement of Adam, J’éﬁnosus.y,-‘ a.ndv‘Vvarga.
I._,ightﬁ.'o‘fn.svou_rce‘ F is fo_cﬁsed thfough a mvo‘no'éhvro'm‘a‘tor onto |
v.ph.otomultipliers' M, and M, via beam splitter T. (Fi_guré after
f\d_’am; Tanossy; and Varga). | v -
;Fig'. 2. Sc_:hemafic di;.gram of our bapparatus.
Fig. i3' V(a)-(.d) Time delay cbincidence spectra of thg four monitéred
| cilaqne:is: Cia2n> Ciaap Canzp @04 Cip o (€)-(0 Ga s
a.ndAC‘ZAv_éBj coincidence spectra in response.'i;o’sh'ort p'ulses of light
incide‘x‘lt upoh beam splitters produced by a ba'.ri‘.urln' titanafe ‘source.k :
(g) 'Pi'o;cldct ‘of CiA-;ZB. aﬁd ciB—ZIA versus time delay. For small

times this'cle.arly exceeds the indicated value of thé product

: 'CZA-Z.B a,nd CiA_iB;e.v‘alu‘ated at zero delay.
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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
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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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