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~ EXPERIMENTAL TEST OF LOCAL HIDDEN-VARIABLE THEORIES
-~ Stuart Jay Freedman
" Department of Physics
... and
Lawrence Berkeley Laboratory
University of California . .
Berkeley, California

- May 5, 1972
ABSTRACT

This thesis describes a measurement of the linear polarization
correlation of the photbns:émitted in the atomic cascade
’4p2v?So'+‘4s4p1P1 + 4s? 'Sy of calcium. It has been shown by Bell that
loc51 hiddeanariab1e thgories'Yield predictionsvfor an idealized
correlation of this type which are in conflict with the predictions of
quantum'mechahiﬁs. This result isvexpressed in terms of an inequality
that was subsequently generalized and made applicable to the present

experiment. The simplest form of this inequality is

. ;O ]yO )
6=_[R(22?-)—R(672)]'l50,
"\ R0 . Ro 4
where R(¢) is the coincidence rate with angle ¢ between the polarizers,
and RO is the rate with polérizers removed. The present experiment
yieids § = 0.050 t'0,008, violating this inequality. Furthermore, the

results for R(kj))/R.o show no evidence of any deviation from the predic-

tions of quantum mechanics. Thus this experiment verifies the quantum-
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mechanical predictions and provides strong evidence against the

validity of local hidden-variable theories.
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1. INTRODUCTION
- The usual interpretatioﬁ of quantum mechanics is self-consistent,
yét it has often been éuggésféd that a more deterministic formulation

(a hidden¥variabie‘theory) may be posSible. ReCéntly, J. S. Bell (B65)

has considered a class of hidden-variable theories constrained by a
‘natural condition of 10cality; He noted that these theories yield

_ predictions in conflict with some of the statistical predictions of

ordiﬁary'qﬁantum mechanics. .Bell's result takes the ﬁorm of an

inequality (Bell's inequalit?); valid for’any'lo¢a15hidden-variable

theory, bﬁt_violated by certaih”quantum—mechanicél predictions.
Béil's inequality wés generalized to realizable systems by

Clauser,:Horne;vShimony,'and Holt (QHSH69, H70) , who pointed out that

“ the generaliZed inéqualify éouid,bé'tested experiméntally; but that

éXisting’data were insufficient for this purpose.

vThe,pfesent experimenf is a test of the geheralized inequality.
This theéis describes a measuremeﬁt‘of.the polarization correlation of
the two photons emitted in the 4p?'180f4s4p1Pi+4sé 1Sy cascade of
calcium.» The method is similar to that of Kocher and Commins'(KC67).

The results-bf this experiment are compared with the predictions of

' quantum mechanics and the inequalities imposed by‘iocal hidden-variable

theories (FC72). The experimental results are consistent with quantum
mechanics and prOVide'strdng evidence against the validity of local

hidden-variable theories.



A Hidden—Variahle Theories hh f ” -
vQuantum4meChanicalvpredictions have a statisticai nature that
has led:seme-physicists to speculate that the theeryxis ineomplete. In
ianmore.cemplete'theory, physical states would be precisely specified,
andvmeaSurements would be free of dispersion. These theorles are called
'hidden—variable theOrieS after the add1t10na1 quantltles needed for
complete spec1f1cat10n of states.’ These quantities are hidden because'
quantum mechanlcs can be interpreted w1thout them; and there is yet
no cbservational evidence that demands their existence.*
dfdeourse,'any useful hidden—rariable‘theory must be‘capable of
describing'the quantum-mechanical properties'of nature;'including the
Observed dispersion of the results of identical measurements made on
1dent1ca11y prepared systems. To accompllsh thlS, a quantum state is.
assoc1ated w1th an ensemble of h1dden varlable states. The result of a
5 partlcular measurement is then An pr1nC1p1e determlned and the
apparent dlsper51on in repeated measurements is due to 1gnorance of what
partlcularvh;dden—varlable state had been chosen from the initial |
ensemble'. C | o |
For a 1ong t1me it appeared that the usefulness of such a scheme

had been - dec1ded in a famous proof by J. Von Neumann (V32) Contained

in the conc1u51ons of this proof is the assertlon that all hidden- “«¥

varlable theories are impossible, all belng 1ncpn51stent Wlth the well-'

verified properties of quantum mechanics.

For an excellent discussion of the motivation for a determin-
istic substructure for quantum mechanics, see Ref. B57.
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J. s. Béll (B66) has reexamined Von Neumann's proof and has
argued that its.eésential assumption'is unduly restfictive. In the
same paper; Bell_examined other proofs of the impbssibility of hidden-
Variébié thepriés,pCOncluaing that, while some festrict_the”form of
.possible!théories, none rule them out altogether.

'.It‘is not the purpose of this thesis to enter into the contro-

versy over the validity of the various proofs of the impossibility of

| hidden-vafiébl¢ theories. It should be pointed out, however, that

there are specific examples of hidden-variable theories whose predic-

tions are consistent with quantum mechanics. That mathematically valid

» impossibility proofs and specific examples of theories exist, is

evidence‘Ofidisagreementvabout what constitutes a hidden-variable

~theory. The essential question is: What properties of quantum

mechanics, in addition to its statistical predictions, should be

retained in a hidden-variable theory? -

B. Local Hidden-Variable Theories; Bell's Inequality

vThe»particular class of hidden-variable theories to be tested
here, local hidden-variable theoriés, is best described in the context
in which it was originally discussed by Bell. Bell (B65) considered
an idéalized_case_of measureﬁents.made oﬁ spatially separated but |

quantum-mechanically correlated systems, namely,:measurements of the

E . ' c :
For some specific examples of hidden-variable theories, see

Refs. B52a, B52b, BB66 -, B66. For proofs of the impossibility of hidden
variables, see JP63, G68, KS67,Mi67. For discussions of the validity of
the impossibility proofs and the examples,; see B72, G70, B66. For a

-more complete bibliography on hidden variables, see Gr70, B72, DG71.



components of spin of two sp1n- particles 1n1t1a11y in a state of

total angular momentum zero (the 51ng1et state)., This system had
been Shomn by Bohm (BS1, BA57)* to be an-example-of a peculiar aspéct of
quantum mechanics First pointed out bvainstein, Pédblsky, and Rosen

(EPRSS).+ The two-spin-% system is analogous to thé.two-photOn‘system

that‘isfinvestigatéd in this experiment.
Con51der two spin-% partlcles initially 1n the singlet state and
moving freely in opposite directions along the z axis. The spin part of

the quantum-mechanical state vector for this system is

=k () w (@ - u @ u @], (1.1)

where u, and u_ are'eigenstates of some components of the Spin operator
3, and 1 and vaefer to the particles. Only thempOrtidn of tﬁe state
' vector‘déscribing the Spin angular momentum need_be’cohsideréd.

o If;'when.thé pafficlesmare sepératéd, any cdmponenf of one
particléfs spin is measured, then;'becéusé the_fotal angular‘mbmentum is
zero, one may conclude that thgvsamg component of the othet particle's .

spin is in the opposite direction. Furthermore, this is independent of

* . , . N . -
This system is often included in discussions of hidden-
variable theories. The idealized experiment that is. dlscussed here is

called "Bohm's Gedankenexperiment.'

¥ In their 1935 paper, Einstein et al. discussed . .the quantum-
mechanical properties of momentum and position measurements made on
spatially separated but previously interacting particles. They con-
cluded that quantum mechanics must be incomplete. In fact, it was an
attempt to implement this completion that led Bell to formulate the
problem in terms of a local hidden-variable theory.
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the direcfion chosen for the initiél measureméhfL- AbParent1Y;'the state
ofpneparticle'can be pfepared by pérfoiming é measurement on the other .
particle, éVen.thougH the_pafticlés are separated ih-space; o

This peculiar éorré1ation led Bell tb'speéuiate on an alterna-
tive description. Ihvterhsjof a hidden-variable scheme, a correlation
bétween the particles merely results from informatiqn disclosed by the
first ﬁeésurement which allows the results of measurements on the
other pérticle to be anticipated.;'ThiS additidﬁal‘ihfofmation previ-
thly existed in théitwo-particle sys;em (a$ the value of some hidden
Variablé),”but was not included in ﬁhé ”incOmplété" quantum-methanical
- description. | “ | |

1v Bell considered the following'model. One: assumes that the

results of all possible'spin measufemeﬁts on partiéle 1 (2) are detef-
mined by the Value,of_soﬁe-hidden—variablé, Alj(AZI. The exact form of
'-the'hiddén‘Variables'need hot be specified; fof notationél convenience
we také them to be Coﬂtinﬁbus paraméters; A measurement of thé spin of
particle'l‘is aésociated with a’deterministic funétion A(a, Al), where
a réﬁresenfs parameters of the measuring device —!Say; the orientation of
é Stern-Gerlach magnet. .Another function B‘(B, AZ), is associated with
measurements on particle 2. These’functions take_on the values corre-
spondingvto the two‘posSible results of a measurement of a cohponent of
spin. We let A(a, A = il‘a_nd B(b, Ay = 1, |

The essential condition.of locélity has'alfeady:been assumed.
‘In particulér,vthe'fuhcfion A(a, Al) is independent-of the orientation

b of the other measuring device, and vice versa. This is a natural



assumption in a hidden—variable description, because it is unreasonable
for the result of a measurement invelving'one of'the particles to be
affected by the orientatien of a distant measﬁring &evice |

| To descrlbe repeated measurements on 1dent1ca11y prepared
systems one assumes that each hidden- varlable state is assoc1ated with

the palr_ X Xz whlch is chosen according to a probab111ty distribu-

-1’

tion p(Xl,*AZ) we assume p(}A) is normalized:

[ o0, - 1,

117

where Pl'(Fé)-is the space from which Al (AZ) 'is chosen. Fer nota-
tional coﬁvenience_and‘without loss Qf generality,_one can associate.a'
single hiddeﬁfvariabie A with the pair Al; Xy | |
The quantum~mechan1ca1 expectation value for the product of

| 1nd1v1dua1 spin measurements in the directions a and B is given by.the

follow;ng'expectatlon value:
E(a, B) = Cyla:3; b 5 |¢> b . (1.2)

The:analegoﬁs quéntity'in the local hidden-variable_theory is the
correlation function, defined by |
PG, B) = [o0) AG, ¥ R
The content of Bell's observatlon is that 10 function given by

this expre551on (Eq. I 3) for any p(A) A(a, A) or B(b, A) can equal

the quantum-mechan1ca1 expectation value, Eq. I.Z, for all a and b.

-

w
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‘Thereforé, no local hidden-variable theory is consistent with this
particulér'prediction of quantum mechanics.
The condition of locality is absolutely essential to Bell's

conclusion. In particular, the more'genefal expression
P(a, b) = Jp(x)A(a, b, A)B(4, b, A)dA (1.4)

" can be made to equal E(a, b) for all 3 and b (see Ref. B66).

In his original:deriVation,-Bell used the condition

A(a, A) = -B(4, ) ) (1.5)

for all A. This condition makes P(a, b) qonsiétent with E(a, b), at
least fqr measurements-in the same direction (§‘= B). The assumption of
perfect cbfrelatipn_is‘unrealistic for an actual experiment, but it can
_ beishown that.a discrepancy=bétweeﬁ'quéntum mechanics and local hidden-
Variable'theories can Be_obtained withbut it (seeHSec.'II.A).

. Using Eq. I.5, Eq}.IQS can}be'rewritten,as'
P(a,'G) = -Jp(A)A(ﬁ,.A)A(g, Adxa .

~

Considering the. three measurement directions a, b, and c, and recalling

that A(a, A) = #1 and B(b, A) = #1, we have

P(a, b) - P(a, ¢) = —Jp(x) [AGG, MAG, A) - AGG, VAR, V)]dx

. [p(X)A(é, MAG, ) [A(B,, MA(C, A) - 1]dr ;
hence, “ ' '

~

PG, B) - PG, 1 < [p0M1 - AG, DAG, W1



and finally, |
|P(a, b) - P(a, &) <1 +P(b, ) . - (1.6)
Note that the fact that p(}) is nermalized has been ueedL;

It willunow be seen that inequality 1.6 is inconsistent with the
quantum-mechan1ca1 expectatlon value. Let a, B,_E'beICOplanar, and let
o = Ccos (a-b), 75 cos~ (b c), and a+B = cos_l(a-E). Then, on substi-
tution of the quantum-mechanical expectation values into 1;6, we have

| -cosa + cos(d +B) s 1- cosB .

With o = B = 60°, we get the contradiction 1 < %.

C. Gleason's Theorem

- The discrepancy between quantum mechanics and local hidden-
variable theories can be understood in anothefeway_by'employing eﬂ
theorem due to Gleasen (G57) *. Gleasen's theoremjwas considered by
Bell (B66), who p01nted out that it limits the form of any h1dden-
_Varlable theory that is to agree with the stat15t1ca1 predlctlons of

quantum mechan1cs.+

Consider a system whose quantum-mechanical description is
associated with a Hilbert space on which-there are at least three non-

trivial observables (hermitian operetors) A, B,'and:C, having the

* . : .
Similar conclusions can be made from a different theorem
proved by Jauch and'Piron (JP63) See also Ref. B66,

T For discussions of Gleason 's theorem 1n the present context,
see Refs B72 H70, S70.
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following';ohmdtation prépertieSf [A, B] = 0; [A, C] = 0; and
[B, C] # 0. " According to Gleasonfs theorem, there exists no single

deterministic function which can be used to represent the measurement

~ corresponding to the operator A. In order to construct a theory which

describes méasuréments as deterministic functions of hidden variables,
one must specify the other observable (whether B or C) whichvcbuld have
been measured along with A. Thus, Gleason's theorém fequires that all

hidden-variable theories be contextual, i.e., the results of a given

‘measurement can be predicted dnly in the context of other measurements

‘that could be made at the same time.

For a spin measurement on a single_Spin}%iparticle, Gleaéon's
theorem does not apply.g The Hilbert space for'this.system is two-
dimensional, and there aren't three hermitian operators (excluding the
identity operator) satisfying the required commutationvrelations.
Furthermore, Bell (366) has constructed an example of a hidden-variable
theoryvdéSCribing spin measurements on a spin-} particle. This theory
iS‘notvcbntextual, yet it_agrées with.quantum mechanics. |

Fof systemsfconsisting of two spin-% particles, the appropriate
Hilbert space is four-dimenSiQﬁal, and Gleason's theorem.does‘apply.
However; the theofy discussed in the previous section was not context-
ual. In fact, in é contextual hidden—variable theofy for this system,
fhe'correlation function is given by Eq; I.4, 1In ofder to define a
measufement function for one pérticle, it is ﬁecéssary to specify the
Compénent of the other pérticle's spin thét could be measured at the

same time.
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' The condition of locality has been used to auoid'making:the
theory contextual. But, by Gleason's theoremn, theufesulting non- .. L,
) contextualvhidden—Varieble theory must be inconsistent with quantum
meehanicsf, This fact is confirmed by appiication'ef Beil'é inequality.

These considerations peint out an essential difference between
quantum-mechanicalhand 1Qca1‘hidden—vafiab1e descriptions.' In quantum
mechanics;ua_multiparticle stete is represented by a §inglg_vector in
a Hilbert épace' ‘the individuél states of the cemponent particles are
not specified in this framework. On the other hand in a local h1dden—
variable theory, the component partlcles are always in well- deflned .v»  V
states. Thus it is not surprising that a dlscrepancy appears when one
considers,systems 11ke‘the singlet state of two’spln-z particles,

'because,‘for this system, the two views are clearly inconsistent,

- D. The Ideal Two-Photon System

GThe'éfstem'thétfie inuestigate& in this'eXpetiment‘eeneists of

two dlstlngulshable photons, Yl and YZ’ emltted in ‘an atomic cascade.
To a good approx1mat10n, the atom cascades via electrlc d1pole tran-
sitions through angular-momentum states J = 0 > J = . 1+>J =0. The
following heurlstlc argument (H70) is suff1c1ent to determine the
'resultlng quantum mechanlcal two photon state in the 1dea1 case, in
which the photons travel in .opposite directions along the z axis.

The initial and final atomic angular mementumtis zefo; hence, by
conservation of anguler momentUm,‘the two photons are in a,comhined |

state of angular momentum zero. The most general state of this kind is




,—11.-‘

172 = alRY 1LY, + BIL IR, + cR DI, + dlL_) R ),

_+,e|R+>1|R;>2 + £]L 0|10, + g[R ) IR), +h|L D [L),

_where,IR._,_)1 is the eigenstate*df a right-hand circularly polarized -

photon traveling along the +z axis. The subscripts label the photons,
which are distinguishable by théiryénergies} |
Since the paritiesvof the'initia1 and final_atomic states are

the same, the parity of the two-photon state must be even. This implies

that a = d, b =c,e=h, and f %'g.

The initial state (atom alone, J = 0) is invariant under rota-

tions by 180° about the x axis. The portion of the final state which

‘refers to the atom is 'similarly invariant; hence the two-photon state

must also be invariant. This implies that a = b and e = f.
B ”Finaliy,.if we require that y; move along the +z axis and Y,

move along the -z axis, we have -
| lyy)=—1-(|R ) IR}, + .IL ) IL)) ;
1727 = VF URIR 7p + 1L 1l 7o)

where the remaining constant has been set equal to 1//Z for proper
normalization. o |

Transforming to a iinear-polarization basis, and picking a
separate right—hahded cbordinate system for each photon (the z axis of
each system poihté in the direction of the photon's motion and the x and

y axes are parallel), we have

L |
! = 77 Uyl = Iy
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This state is cleariy analogous to the singlet state of two
electrons. As with the singlet state, the eigenState of one particle
can be infefred from a measurement made on the other.particle

In a representat1on that explolts the b1nary character of photon

polarlzatlon we have : - : -

: T1Y (1Y (o) 0': :

k[0, (28, oo
1’z 228 R GLVIS P SV P U A I O O .

In this repfesentation,a measurement of a photon's linear polarization

in an arbitrery direction perpendicular to the z axis is associated with

a hermitian operator of the form

o v'cosz¢i si'n2¢i : R '
0,(¢) = | * S € )

sin2¢. fcoe2¢i
The expectation value for joint pQIarizetioh measurements is
E(d’) <Y1Y2|O (¢1) O (¢’2)|Y1Y2 C052¢ ’y (-1.9)

where ¢ is the angle between the polarlzers N »
The local hldden variable restrlctlon for the two- photon system

is obtained by replac1ng Eq. I.5 by the condition
A(a, A) B(a, 2) .
The resulting'inequelity is
[P(e) - P(a +B)] <1 - P(8) ,

where o and B are defined as before . (Sect. I.B).v The quantum-mechanical

e
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| expectation value, Eq. 1.9, violates this restriction (for example,

5 : v when‘a =VB = 30°).

E. . Other Experiments

N There are few examples of two-particle correlations which can
vprbvide a decisive tést between local hidden—Variéble theories and
quantum mechanics. A practical experimenf requires a suitable method
- - of preparétion of corfelated states and adequéte measuring devices.  Of

course, to be a test, the quantum-mechanical predictions must violate

the local hidden-variable restrictions..
| The bossibility of an expefimental test using spin-% particles
j | (Bohm's'Gedankenexperiment) is_slight.* Presumab1y5.Stern—Gérléch'
magnets could be used as measufing devices, but'the difficuity'of
directingvparficles into these devices would severely limit the count
; | ‘rate. Magnetic fields‘céuld nOt»bé-emploYed to direct thebpafticle,
- because fhey would also cause the'spins to precess. Scattering asym-
L metries providé_another method of inferriné spin, but this is too

| ‘insensitive for a decisive test. If the measuring devices are not
N : | | strdngly cofreléted with the individual pafticie'spins, the observed

spin-spin correlation between the'particies is weakened, and the

e ey Y et i

quantum-mechanical predictidns will no longer violate the inequality.

The state of the two 0.5-MeV y-rays resulting from positronium

: _ For discussidns of some relevant correlations and other ex-
perimental possibilities, see Refs. PS60, D61, 161, F71.
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: annihiletion is analogous to the state prepared in this experiment.
Experimentél verification of the quantmn-mechanicai predictions for this -
system was first proposed by Wheelei'_ (W46) The experiment has been
performed by many groups (H48, BB48, VD49, WSSO, HS1, BBLSS). The first
.precise measurement was madexby Wu and Shaknov m 1950. Although there
were some sligh1':\_'. d.iscrepahci.es in some of the early‘ experiments, the
results are generally in good agreement with qua:itum mechanics.
Effiéient polarizers are not available for the 0.5-MeV gamma
rays, so the polarizations are inferred from the azimuthal asymmetry of
-Compton scattering (the Klien-Nishina formula). Thus, this experiment
examines the polarization-dependent joint distrib’u_t}ion for Compton
scattering: It has'been shown by Horne that exact verification of the
quantum-mechanlcal predlctlons ca.nnot prov1de ev1dence agalnst local
hldden-varlable theories (H70) o | | B |
Langhoff (L60) and Kasday, Ullman, ‘and Wu (KUW?O) have repeated
the experlment W1th greater prec151on These experl-ments include meas-
urements of the polarlzatlon correlatlon at mtermedlate a.ngles between
° and 90°. The results of these experiments azfe in excellent agreement
with quantum mechanics. BY applying additional 'éSSumptions concerning
fhe nature of Compton scattering, Kasday et al. have shown that their
data can be scaled so that they violate the restrietions of local
hidden-variable theories (presumably, Langhoff's data can be similarly
scaled).. However, specific local hidden-variable theories have been
constructed that can explain this violation and the agreement with

quantum mechanics (see Ref. K70).




In the Kocher-Commins ekperiment, the polérization correlation
fdr'optiéél phbfons from the same cascade studied here was observed at
0° and 90° only. It will be seen (Sect. II ) that observations at
internwdiate angleé are required to test local hidden—variables. In
- addition, the polarizers (polaroid sheet) were nbt-éfficient enough
: for‘a»decisive test.* Their result for the ratio of the photon coin-
cidence féte with polarizérs perpendiculér to the rate with polarizers

parallel is consistent with the quantum-mechanical predic:’cion.Jr

'F. Outline of theiﬁgperimént

Thé'experimeﬁtal scheme is an extension of the one used by
Kbcher andiCommins (KC67) . The basic idea is simple: Photons emitted
bin anvétomic cascade are counted in coincidence, . the coincidence rate
being oBséfved as a fuﬁction of the individual pho£0n polarization |
states.

A schematlc diagram of the experlmental apparatus is shown in

1_Eig;.1. A beanm of calcium atoms intersects the filtered output of a

It has been' suggested that, with additional assumptions, the
requirement for highly efficient polarlzers can be relaxed (FR71).
Although these assumptions are somewhat weaker than those used by Kasday
et al. (K70), they are unnecessary, since adequate polarlzers can be
obtained.

T The p051tron annihilation experiment and the Kocher-Commins
experlment are sufficient to rule out another proposed solution to the
measurement problem pointed out by Einstein et al. (EPR35). This solu-
tion was suggested by Furry (F36) and discussed by Bohm and Aharonov
(BAS7), who pointed out that the data from the experiment of Wu and
Shaknov (WS50) rules out the Furry hypothesis. Using his own data,
Kocher (K67a) came to similar conclusions.
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déﬁteriﬂm‘érc lamp. The lamp filtef"passes photons with energies cor-
respondiné to the upper Tresonance states of caicium.: The dominant
ekcitaﬁibn.mgde proceeds by.reéonance excitation to the 3d4p!P, state
”(see'Fig.vZ)} Some of the excited atoms deéay to the 4p? 1, state

and then caséade to the ground'state with the emission of two photons:

'y, at 5513 A and yé'4227fA1

| Naturally-océﬁfring calcium atoms are virtually all isotopes

having nuclear spin zero (99.855% spin zero, LHP67). .Hence, for nearly

- all the atoms, the angular momentﬁm_of éach state of the cascade is

'4;givén by'the”totalxeléctronic angular momentum J.

The interaction region is viewed by two symmetrically placed
detector'systéms, éachvcpnsisting of two lenses, a wavelength filter, a
rotatable and reﬁovablellinear polarizer, and a photon detector.

th’eaCh'detector éysfem, photons of one type (either Y, or Yz)

. are selected by an interference filter and formed into a nearly parallel

beamfbyfthe”first'lens; 'Thé po1éfizafion states of the photons are
analyzéd"by'highly efficient pile-of-plates poiafizers. The photons
which pass through avpolarizer'aré[focused by the second lens onto the
face of a photomﬁltiplier, whichuié used és a single-photon detector.
Phdtons yl'and'y2 ére'counted_in coincidence in order to insure

that they céme from the same decaying calcium atom. The following
quantities are meaéured:

‘ R(¢): the coincidehcg rate for two-photoﬁ detection as a
functibn of the angle ¢ between the planes of linear polarization de-

fined by the orientation of the two inserted polarizers;
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- Fig. 2. Level scheme of calcium showmg the observed cascade
and the dominant excitation mode.,
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Ryt the coincidence rate with polarizer 2 removed;
-RZ:’ the coincidence rate with polarizer 1 removed;
Ro;‘ the coincidence rate with both polarizérs removed.

These rates are determined by correctingbthe observed coinci-
dence rates for‘the random coincidence background (accidental-
coincidehcevrate). The quantum-mechanical predictions for the measured
rates.willlbe seen to violate the restrictions imposed by local hidden-
variable theories.

'in addition to ordinary coincidence counting, a time delay-
coincidehce system provides a spectrum‘of the arrival time difference
betweeh,yi'and Yy This gives the lifetime of the 4s4p!P;, state and

provides a check on the consistency of the experiment.
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IT. "THEORY

A, Generalization of Bell's TInequality

In this section we will prove the:generalizétion of Bell's
ihgﬁééiity._ This discussion follows the notation and style of a Tecent
prééfésy Bell (B70). For other methods of proving the generalized
inequality, see Refs. H70, B72, W70, and CHSH6O. .

As before, we consider an ensemble of pérticle pairs and two
spatially séparated measuring devices. The partiéles from each pair
move so that one enters device 1 and the other device 2. Each device
performs a measurement that can have one of two possible outcomes. We
assumé‘thét the result of each measurement is determined by the value of

a hidden variable A, corresponding to the particular particle pair, and

carried aiqhg by each of the particles. The ensemble is associated with

distribution function p(A), which gives the probability that a partic-
ular pair has a given value of A; p(A) satisfies‘the normalization
condition . |

jp(k)dk -1, | L
_ T N | '
where T is the space of hidden variables. Let the functions A(a, A) and

B(B, ) take on the valué$’+1 and -1, corresponding to the two possible
results of a measurement on each particle; a and b are adjustable param-
eters of measuring devices 1 and 2; respectively. |

We define the correlation function:

P(a, b) = fp(x) A(a, ) B, ndx . v (11.2)
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Tt should be emphaéizédithatva strong but_piausible locality
condition is implicit.in this definition: fhe résult of each measure-
ment does ﬁot depend upon the parameters of the othermeasuring device.

Ohé could be more general by preéuming the existence of addi-
tional hidden variables, residing in the meaSuriﬁg devices_and affecting
the outcome bf measurements. In this case; the correlation function is

_ giveh by thé'more_general expression
B@, b) = fpcx) p; (A1) P, (1)) A(a, A, A) B(b, A , A)drdrdr,  (I1.3)

where pl(xlj and pz(xz) are additional ndrmalized distribution functions.
It,is‘easy.to see, hoWever,'thaf Eq. TI.3 can be recast in the form of
Eq..II.Z.withOUt-loss of generality.* Thus, the.fdllowing'discussion
includes'the possibility’of_hidden Variables in theimeasuring devices
éven though the Eq. II.2 is.used to define the correlation function.

 Considering the four sets of measurement parameters a, b, ¢, and

d, we have

* This is a formal transformation and does not mean that A need
be correlated with A1 and X2. One could just as well perform the Xi-
and A2-integrals first and define new.functions .-

A@, M) = fo ODAG, A, ADdy and B, 1) = [o,(1,)B(, X, A,

Then we have 'IK(Q,'A)l_s 1 and |B(b, A)| < 1 ; these conditions are
sufficient to derive the desired restriction (see Ref. B70).
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i

PG, B) - PG, B = | [oAG, NBE, DA - [00IAG, MBE, V|

[[pcx)A(a; MBG, ML = AQ, VBE, )]dA

] Ip(A)A(a, MBE, M1+ A@, VBB, V1d

W

[erd1aG, MBG, NI 101 = AG, NBE, V1]

+ [ 1AG, MBE, NI 1 =A@, NBE, V1 5

hence

A

PG, B) - PG, O < 2[oar ¢ [[o(x)A(ﬁ, WBE, X

| +’jpcxjA(8, VBB, VA
and finaily,’_ | |
o ,.VIP.(Q, 6) - P@, 9| <2+ [P, <) + 1>(8, 51 .
This ihéquality.cgh Be Qriffén as twéihéqualitie;i.
g AP(';',. B_)_ - p'(a, A + 1>(?1, Q) + p‘f(&i', B <2. ana

.TIﬁeqﬁalities I1.4 are very general} in parficular, the source of
the'partitle pairs andvfhe'exact nature of the measurements have not
been speCifiedQ 3

Tqitesf inequalities II1.4 one must inveStigéte a physical situ-
'ation in‘which the locaiity condition can be expécted to hold. Then a
violation of inequalities iI.4‘by the'experimentaily determined corre-
lation function rules out local hidden variables.{_One'must choose an

experiment in which the quantum-mechanical expectation value corre-
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sponding to the correlation function violates the inequalities. A
belief in local hidden variables would lead one te expect a breakdown of
quantum'meehanics for this’situation.

For both idealized measurements considered in the Introduction,
the quantum-mechan1ca1 expectatlon values (Eqs. 1.2 and 1.7) violate

inequalities II.4 for suitably chosen measurement dlrectlons.

' B. AEpllcatlon of the Generallzed Inequallty
to the Present Experlment

In the present expefiment, the particle'pairs are pairs of
photons emitted ina0->1-+0 atomic cascade; the;measuring devices
each con51st of a linear polarizer and a photomultlpller tube, and the
adJustable parameter of each measuring device is the orientation of
the polarizer about the z axis..

'It would be natural to associate the results of a measurement on

each photon-With passage inleither the ordinary ray or the extraordinary

ray Of.the'ﬁolarizer, butjin any real polarizer some,phetons are not

transmitted in either ray because of scattering losses or absorption.

- Thus, there are three p0551b1e results for a measurement apparently

Vlolatlng the condltlon that measurements be two- valued However, we
are free to associate +1 w1th the transmission in the ordinary ray and
-1 with nentransmission in the ordinary ray (regardless of the reason).

This inteipretatiOn makes the measurements two-valued and has the prac-

-ticalﬂadvantage of making it unnecessary to detect photons in the extra-

ordinary ray.

In order to express inequalities II.4 in terms of quantities
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direcfly measured, it is convenient to introduce the following partition
of T,

. Ty;(a, by = {AJAGa, M) =i and BG, V) =i},

where i and j*éaﬁal +1 or -1. Using this partition, we define the

following quaﬁfities:

P++(;, G)'is the probability of joint passage of the photons through the
polarizers. o |
‘Using the definition of the correlation function (Eq. I1.2) and

the normalization condition on p(A) (Eq. II.1), we have

PG, 6) = P,, (3, 5) - P, (3,5) - P_ (3, b) +P_(a b

1=P,(a b) +P, (s b) +P_ (3, b +P_ (3 b) .
It is convenient to define the additional quantities
P,(8) =P, (3 6) +P (a b)
and ' ' -

P,(b) = P, (&, ) + PG, B) .

Pl(g) and PZ(B) are the probabilities of joint passage when one of the
polarizérsvis absent; '

Expressing the correlation function in“tezns'of the probabil-
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ities of joint passage, we have

P(a, b) = 4P, (a, b) - 2P (B) - Py 0) + 1. (11.5)
On substitution of Eq. IL.5 into inequalities II.4,‘we obtain
-1<P,,(a b) -P, (3 &) +P,,@d, 0 + pH(a,__s) - P,(6) - P;(@) <0,
| (11.6)

Inequalltles I1.6 are obtaLned entlrely w1th1n the framework of
local hldden variable theories.

If all transmitted photons were detected, we would have

P,,G, B) - R—(%—Bl o | (II.7a)
Ry |
o [0}
P,(b) = - ) o (I1.7¢)
R o
(o}

ﬁhere R(a ﬁ), Rl(;);_Rz(g),vand RO are the coihcidence count rates (see
Sect. 1. F) |

In the present experlment the detectors are not perfectly
eff1c1ent (the efficiencies of the detectors are less than 30%), so all
transmltted photons are not detected and using’ Eq II 7a-c to relate
the probab111t1es of joint passage to the experlmental count rates in-
volves an addltlonaI assumption. We therefore assume that the detection

probability for a photon is independent of whether or not the photon has
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%
‘passed through a polarlzer
Slnce for the present experiment Rl(a) and R (b) are 1ndependent

of a and b and R(a, b) depends only on a-b T we' have

_R(¢1) CR(6; * 4, * 65)  R(6,) R(s5) Ry R,

1g — - + o - = - 2 <0, (II.8)
,30 : R, o o Ro_ Ry Ro Ro
where ' - '

6, = cos I (ab) ,
..1 A A

¢2 = S (d'C) ’

. _ _1. ~ A ‘

_ ¢3 = cos ~(d+b) ’
and 0y byt byt 57 (a-0)

Inequalities I1.8 refer direetly to the measured coincidence rates.

C. . Quantum-Mechanical Predictions

In_Section I.Dhthe quantumamechanical expectation value is
calculated for the 1dea1 case,ln which the photons travel in opposite

‘d1rect10ns along the z axis and the polarlzers are perfect In this

- 4 _
This assumptlon has been stated somewhat more strongly than

' necessary. In particular, a very special dependence is required in

order that a violation of inequalities II 8 occur w1th1n the framework
of local hidden-variable theories.

T These conditions are not required in a hidden-variable theory,
but they are required by quantum mechanics. A slight systematic varia-
tion in Ry and R, with angle would be expected if there were asymmetries
in the interaction region (see Sect. III.B.5 and Appendix A). However,
- no deviation from angular jndependence is observed, and R(a, ) is
found to depend only on a<b.
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éection we consider a more realistic Situation,ein which the polarizers
arevimpeffect and the detectors have finite solid angles.

.First we consider the effect of imperfeet polarizers, but retain
the idealization of infinitesimal detector solid angles. In the

representation in which Eq. I.7 is written, the operator

i
=M 0
I .
1 i
0 €
m

represents the observation of transmission or nontransmission of a
photon through a polarizer with polarization axis in the x direction
( e& > e;_). Transforming ™ by a rotation by ¢i about the z axis, we

obtain the operator for arbitrary: polarizer orientation:

[atepy + eby + ey - ehcosze,  u(ey - ebsinze;
| ' ‘%(e& - e;psin2¢i %(e& + éip - %(eMi - e;)cosz¢i

(recall'thét @1 and ¢2 are defined in different’right—handed coordinate

frames). .

In quantum mechanics, the:matrixveiement that gives the proba-

biiity”that both photons are transmitted is

%—?— = Cyprplm (0p) my(0) [vyvy? (11.9)

In the present representation, Iylyz) is‘giVen by Eq. I.7, and

Eq. II.9 is easy to evaluate; we have
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R(4)
Ro-

1, 12, 2 11,2 2 o -
= %(eM + em)(;M + em) + %(eM - em)(aMfT em)cosz¢ , (I1.10)
where ¢ is the angle between the polarizer axes. -

: Similarly, we have -

X

Ry 1.1 -
Rz ' . . 1 2 ) 2 M ) N
£l eplnmy) =g e o 0 (11D

BéCéuse the detectors have finite solid angles, the coincident
photons arevnot, in generél,’colinear. For'thisvgénéral case the two- |
photbn'state‘véctor that repléces Eq.:I.7 is cqnét}u;ted-byicoupling
the eigénstates of total angular momentum of eaCh:?hoton. These eigen-
‘states are»themselves'consfruétéd by_couﬁlin§ eigéhstaté$ fdrfthe'
individualvphotOns' drbitaliahd'spin(ﬁolariZatiOﬁiahgulér momentum; For
colinear ﬁﬁot0ns there is'maximum'correlafionvbétwgénythe photoh spins,
But for:nongolinear photons,_the_angﬁlar_momehtﬁm.céntributes and the
spin-spin correlation decreésés.. R

The more genera1vquantum-mechanical calculation for the joint
passage probabilities is straightforward, but tedious. Thé calculation -
is done ih detail by Horne (H70). Shimony (870) haé outlined a somewhat.
simpler derivatioh. | |

. Clearly, even in the more general'case,';hé;predictions for
Rl/Ro and RZ/RO are given by_Eqs;'II.lla and II;llb.v | |

The expression for R(¢)/Ro (Eq. II1.10) is modified in the fol-
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lowing way:
| B§§1'= %(6&‘+5€;)(€§ + €i) + %teé - si)(eﬁ — §§9F1(®)cos2¢ , (I1.12)

where
2

- (7 = 3cos6 -v3cos 0 f.cosse)z'

F (0) = , (11.13)

12(8 - 16cosO + 9cosze - 2cos4@'+;c056®)

and © is the half angle of the cone defining the detector solid angles

(the detector solid angles are assumed equal). For infinitesimal solid
angles Fl(o)'='1.0; Fl(O) decreases monotonically with increasing 0O,
slole at first [F1(34°) = 0.98] and then somewhat faster [F1(68°)_

= 0.80}; see Ref. H70. For the detector solid aﬁglés in this experi-

~ment (0 = 30°), Fl(O) is 0.988. Thus, the effect»of_the finite detector

solid angles in the present experiment changes the polarization corre-

lation very little from the ideal case.

D. Requirements for a Decisivé Test .
Consider the function

R(G) Ry * 0y + 6)

R R
R R4y
, R (¢3v)v I , (11.14)
R . R R R

o o o o

whose value is restricted by inequalities I1.8. .
.Insérting the quantum-mechanical’predictidﬁs into Eq. II.14 and

differehtiating with respect to each of the three angles, we obtain a
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set of equétions which gives:the'angles>at which'A(¢1; ¢2, ¢3) has
maximum and minimm values. One finds that A(¢1;-¢2;'¢3) is maximum when
¢ = ¢2’= ¢z = 22%° and minimum when $1 = ¢2 = ¢35 # 67%°. Since the
maxlmum.and minimum values occur when the three angles are equal, it is

convenlent to con51der the functlon

3R(6) R(3¢)

A(¢) = - - 51_. - .R__z_.
R R R R
[o) . [o) o . »IO

(I1.15)

The‘angle between the polarizer axes is, by definition, less

than 90°, so we can combine the inequalities at maximum expected viola-

tion,
3R(22%°) R(67%°)
2 ) ,2. ) ﬁl_- EE,S
R R R R
o} o} o} o
and ' v
‘ 3R(67%°) R(22%°) R, =
_l S - = 'iRl'— _z" .,"
Ro Ro Ro Ro

into a simpler inequality that does not contain Rl/R and RZ/R
Thus we obta1n § <0, where '

R(22%°)  R(67%°)

o 1 - ' .
§ = ‘ - - - = 11.16
= - | T ( ) |

"R R

Insérting the quantum-mechanical predictibn'into Eq. I1.16, we

have
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'In order to insure that the quantum-mechanical predictions
violate thelocal hidden-variable inequalities, the:experiment must be

desigﬁed'307that
11 1,2 2 1
Y AST ‘?m)CS.M - eFp (@) - 7’ 0.

This requirement sets a ﬁaximum limit on the size of the detector solid
éngles aﬁa'a minimm limit on the efficiencies of the polarizérs. With
, perfect‘polarizers and infinitesimal solid anglés,-S_is predicted to
:be 0.104., For the present experiment, with the measured polarizer
efficiehéies,(Table I) and with ~30° solid angles, § is 0.051. There-
Afore, aécdfding_to quantum mechanics, the polarizatidn correlation
meaSured_in thé-present experiment is expected to violate the restric-

tions of local hidden-variable theories.
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I11. 'THE EXPERIMENTAL METHOD

" A. Introductory Remarks: Design Criteria

- Two-particle coincidence techniques are much more easily applied
in nuclear physics than in atomic physics. The;difficulty in the latter

field is the generally. low detection efficiencies for the low-energy

' particles-encounteré@;(E71): In ?articular, thevBest»photomultipliers
.availéble_for phdton ﬁbunting'in:the Visible region have quahtum
efficiencies of less than 305. Along with solid-angle losses, imperfect
fiiter transmissioﬁs, énd other losses, overali counter efficienéies.of
even a few tenths of a percent are difficult to obtain. This makes
¢Oincidence experiments especially difficult, as the count rate is pro-
portional: to the prbduct of two efficiencies. |

‘Anothér consideration in this experiment is:the need for a>high
cascade-excitation rate. To the extent thattthé:atomic beam is opti-
callyitﬁin'fof excitation light, the cascade,ekCitation rate N is
proportionaifto'the broduct of tﬁe atomic beém‘denéity n, the'excifation
lamp in;ensity Io, and the volume V of the interaétion region. Several
excitation lamps were investigated in an attempt to maximize IO.

Limitations on n are of a more fundamental nature. The second
photon of fhe cascade corresponds to a resonancé transition and is
readily scattered by ground;state calcium atoms. ‘This ""trapping'" of
Y, photons is expected to lengthen the apparent iifetime of the inter-
mediate state,'and, to some exfent, destrdy the polarization correlation
(B59a, B59b, B59c, DP6S). |

”Trapping” increases with beam density, and since lengthened
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XBB 7112-5794

Fig. 3. Overall view of the apparatus. The distance between
the detectors is about 5 meters.
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i atoms/cms, the

lifetimes are observed at densities greater than ~10
density is restricted to roughly this value for the final runs of the
experiment.” It is found, however, that the effects of 'trapping" on
the polarization are slight even when significant lifetime lengthening
is dbserved (see Sect. IV.A and Appendix C).

As an additional precaution against ''trapping,' the main chamber
is designed so that the atomic beam intersects the axis of each detector
optical system at 60° (see Fig. 5). The detector for Y, sees atoms
which move relative to one another owing to the distribution of atom
velocities in the beam. The Doppler-shifted photons emitted by these
atoms have a lower probability of being rescattered than do the
unshifted photons emitted perpendicular to the beam axis (for a discus-
sion of this point see K67a).

The volume of the interaction region and the size of the
detector optical systems are complementary considerations. The minimum
linear dimension of the interaction region is determined by the size of
the excitation light beam. Of course, this light could be collimated,
but only at the expense of a decreased excitation rate. To utilize most
of the excitation light, the interaction region must have a minimum
dimension equal to the diameter of the light beam (roughly 4 mm). On
the other hand, to minimize the divergence of light rays from the first

lens of each detector optical system, the focal lengths of the lenses

* The amount of "trapping' also depends on the thickness of the
interaction region, but it will be seen that this dimension is con-
strained by other considerations.
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must be large compared to the maximum dimension of the interaction
region. In addition, detector solid angles must be large or counter
efficiencies will suffer, so larger-diameter lenses must be used. The
upper limit on the detector solid angles discussed in Sect. II.D is not
a real constraint. The maximum solid angles are determined by more
practical considerations, such as the availability of large-diameter,
high f-number lenses that are corrected for spherical aberrations (see
Sect. 111.B.4).

Large optical systems require that large linear polarizers be
used, Furthermore, a decisive test of local hidden-variable theories
requires that the polarizers be highly efficient. Neither polaroid
sheet nor calcite prisms satisfies both these requirements, polaroid
being too inefficient and calcite prisms being too small. This problem
is solved by employing pile-of-plates-type polarizers which are specif-
ically constructed to satisfy the requirements of this experiment.

Despite efforts to maximize the rate of data collection, the
apparatus is designed with the expectation of long integration times.
To facilitate this, data collection is automatic, and the apparatus runs
without attendance.

Figure 3 shows an overall view of the apparatus.

B. Description of the Apparatus

1. Vacuum System

The vacuum system consists of an oven chamber and a main chamber

connected by a narrow tube, as shown in Figs. 4 and 5. The system is



LIGHT TIGHT
HOUSING ~

STAINLESS STEEL

|P-28 PM

. BULKHEAD~ e
"QUARTZ ]
ELaC : \FINAL LENS * CRYSTAL
OVEN EeAn a B N
N BAFFLE $ 8 b p
E i ! ) %7 TO OSCILLATOR
0 CIRCUIT ~—
[ LAMP =L m |l == J‘
4 BAFFLE LTER p &
——x, JQUARTZ ",
| OVEN O\ LENS |l s
CHAMBER' : T MAIN g
(1B cHAmeer/|| |L—-c)| ||LN TRaP
D, ARC LAMP TO PUMP
: - - : . — ?——-I-—————Ir--—-———l-—!u- hr} —
0 20 30 60 70 90

LENGTH SCALE (Cm)

XBL 723-532

Fig, 4. Cross-sectional view of the vacuum system along the path of the atomic beam.

..92...



=X 7

o

b

XBB 7112-5800
Fig. 5. The open main chamber, top view. The first lens of
each detector optical system is held in each of the symmetrically-placed
cone-shaped light baffles. The oven chamber is in the upper right-hand
corner.
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constructed of brass, and standard O-ring seals are used throughout.
Mechanical motion of the atomic-beam cutoff flag is provided through a
Wilson seal. An oil-diffusion pump and a liquid-nitrogen trap pump
each chamber, and VG-1A vacuum gauges monitor the pressure.

The pressure during runs, 510_5 Torr, corresponds to a residual-

o

gas density of <3x10 atoms/cm; and a calcium mean free path of 220 m.

The distance traveled by calcium atoms in the beam is less than 1m, so

this modestly low pressure is quite sufficient.

*
2. The Atomic Beam Oven and Beam Monitors

The atomic beam oven is large, facilitating long runs (see
Fig. 6). The oven is 7.0 cm long by 7.6 cm high by 3.8 cm wide, and
is constructed of tantalum. A full charge consists of about 15 gm of
calcium in the form of a rod 2.4 cm in diameter by 5 cm long. The
calcium is originally of high purity (99.999%), but tends to absorb
contaminants when stored. An initial premelting in vacuo eliminates
these contaminants which would otherwise cause an unstable beam. A
tapered plug seals the oven after the premelting precedure.

To reduce heat loss by conduction, the oven rests on a three-pin
mount. The front heater coils are powered separately from the rear
coils, allowing the front to be kept ~20°C warmer and thereby preventing

condensation in the oven channel. The coils are wound from 0.5-mm

” Although highly reactive, calcium vapor can be sucessfully
contained in cells constructed from single crystals of MgO (KOZ69).
This method is a possible alternative to the use of an atomic beam in
this experiment.
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Fig. 6. The atomic beam oven and the oven plug. The small
holes in the top of the oven are for thermocouples.
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tantalum wire and arranged in low-resistance parallel combinations. At
first they were wired in series, but this required high operating
voltages (~150 VAC). These high voltages led to the formation of
discharges in calcium vapor present in the oven chamber, resulting in
undesirable background light; Step-down transformers provide the higher
currents necessary with the lower operating voltages (~20 VAC).

The atomic beam effuses from a 3;5-cm long by 0.25-cm diameter
cylindrical channel; Unfortunately, this long channel is only slightly
effective in providing a directed beam; The mean free path in the oven
during operation is about 0.3 cm; this is much smaller than the length
of the channel, and is too small to satisfy the condition for well-
channeled flow (R56, L67).

An oven temperature of 725°C corresponds to a calcium vapor
pressure of 0.2 Torr (N63) and a beam density of 1010 atoms/cm3 at the
interaction region. At this temperature, the average speed of atoms in
the beam, Vﬁ, is 8.5x10% cm/sec.

The cross-sectional dimensions of the beam at the interaction
region are determined by the final beam baffle — a rectangular colli-
mator 3.3 mm wide by 5.0 mm high, located 3 cm from the interaction
region. At the interaction region, the beam has constant density over
a 3.4- by 5.3-mm rectangle surrounded by a 0.38-mm wide penumbra region
in which the density decreases to zero. Thus the nominal beam cross
section is 3.8 by 5.7 mm FWHM. The beam width corresponds, approxi-
mately, to the diameter of the exciting light beam. The height is small

enough for the interaction region to be within the detectors' field
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of view; it is slightly larger than the width, to take advantage of a
higher excitation rate due to increased interaction volume.

The beam density at the interaction region is inferred by three
methods:

(1) After each run, a measurement of the calcium deposited on a
stainless-steel bulkhead (shown in Fig. 4) gives an integrated measure
of the beam density.* Runs are normally made at aﬁproximately constant
beam density, so this method also gives an indication of the density
at any time.

With an interaction-region beam density n that is constant for

a run of length T, we have

22p

D
n = (I1l. 1)
T szBm

the distance from the oven to

where D = the deposit thickness in am, %

the distance from the oven to

the stainless-steel bulkhead = 8.1 cm, L

the interaction region = 23.2 amn, m = the mass of calcium atoms

the bulk density of calcium = 1.54 gm/cms.

= 6.62x10"%° gm, and p
Neglecting the slight variation of ﬁh with oven temperature and using
the value at 725°C, we obtain n = O.SSXI017 (D/T) atoms/CmS. A run
lasting 100 hr with n = 1010 atoms/cms gives an easily measurable

deposit of ~1 mm. The accuracy of this method is limited by the

difficulty in accounting for variations in beam density during a run

* This method was used by Kocher (K67a) who found that calcium
adheres uniformly to #304 stainless steel.
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and from errors in measuring the deposit thickness. The accuracy is
+20%.

(2) A deposition-thickness monitor provides a more continuous
measure of the beam density. A quartz-crystal wafer” forms part of a
resonance circuit oscillating at ~5 MHz; calcium depositing on the face
of the crystal decreases the resonance frequency. The frequency shift
is linearly proportional to the deposit thickness (WS63). A Hewlett
Packard 524 electronic frequency counter measures the shift by sampling
the frequency during alternate 10-sec periods. The system is calibrated
in an evaporator by relating an observed frequency change AF to a known
calcium thickness (the thickness being measured with an interferometer).
The resulting calibration is consistent with calculations’: AF = 0.9d,
where d is the deposit thickness in A .

The interaction region beam density in terms of the frequency
shift is given by an expression similar to Eq. ITI.1; we obtain

. AF' atoms/cms, where AF’' is the change in frequency between

n = 0.2x101
successive samples. At the typical beam density, AF’ is 5 Hz.
The sensitivities of this device to mechanical vibrations and

vacuum contaminants severely limit its dependability. Reproducibility

is also poor — perhaps owing to a dependence of the calcium sticking

* The quartz wafer is a standard 0.75x0.75x0.015" AT-cut Sloan
crystal held in a water-cooled brass mount which exposes a 1-cm disk of
the crystal.

t The Sloan manual (Technical Note T-1la) gives the approximate
calibration AF = (p/2)d, where p is the bulk density of calcium,
yielding AF = 0.8d.
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fraction on the mass already deposited.* Despite these problems,
this method is useful for making quick estimates (~50%) of the beam
density.

(3) The ratio of the Yz-singles rate NZ’ corrected for the counting
background BZ’ to the intensity of the excitation lamp, Io’ provides a
third measure of the beam density. The atomic beam is optically thin
for 2275-A radiation; hence n = Kﬂﬂz - BZJ/IO, where K is a constant
dependent upon the geometry and excitation probability. The lamp
intensity is monitored by a RCA-1P28 photomultiplier wired as a photo-
diode and mounted above the atomic beam as shown in Fig. 4. As a
relative measure this method has an accuracy better than 1%, but the
necessity of inferring K from other measurements (method 1) limits

the absolute accuracy to ~20%.

3. Excitation Lamp

Investigations of the possibility of electron-bombardment
excitation of the 4p? 'S, state lead to conclusions similar to
Kocher's (K67a). It is likely that the 4s4p'P, excitation rate would
be large compared to the 4p? 'S, rate, resulting in a large background
of Y, photons. However, electron excitation cross sections are diffi-
cult to estimate (MS68), and the possibility remains that the ratio of
excitations may be acceptable — certainly a higher total excitation rate

is to be expected. On the other hand, the use of electron-bombardment

&
This effect has been observed for Zn, Cd, and Hg (MNSSG64);
when the crystal is cooled to LN temperature, the sticking fraction
approaches unity, but cooling introduces many complications (APJ70).
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excitation presents many technical difficulties, so it was decided to
use the indirect optical excitation method of Kocher and Commins (KC67).

An early attempt to build a radio-discharge calcium-flow lamp of
the type described by Budick, Novick and Lurio (BNL65) was unsuccessful
in producing a suitable excitation source. The lamp's output at 2275 A
was not competitive with the Hz-flow lamp designed by Kocher (K67b).

The use of continuum lamps in conjunction with interference
filters as sources of atomic excitations is a standard technique (RCA67).
The ultraviolet continuum generated by dischargesin Hz is particularly
well suited to this experiment, the spectral output being 100 times
brighter at 2275 A than at 4227 A, The H2 uv continuum extends from
1675 A to 4500 A; it arises from transitions between the stable 32;
molecular state and the lower repulsive 32; state (C69). For reasons
not well understood, the intensity is greater for deuterium than for
hydrogen (LS61). Three types of discharge lamps were used in the course
of this work: a lamp similar to the one designed by Kocher, and two
commercial deuterium lamps.

The Kocher lamp is water cooled and constructed of brass. H, or
D, pumped through it prevents cathode material from depositing on the
exit window — a suprasil quartz lens, which also serves to focus the
lamp output. A pressure of 3 Torr maintains the discharge. The
intensity is increased by replacing Kocher's cylindrical cathode by a
cone-shaped cathode of the same material — porous tungsten impregnated

with Ca, Ba, and Al. The new cathode is 1.25 cm long with a maximum

diameter of 0.75 cm (Spectromat Inc. design SK #691210); it operates with
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a concentric tantalum anode having a minimum diameter of 1.2 cm. The
lamp's operation with the new cathode is similar to Kocher's description
(K67a, K67b). However, the intensity is greatest when the lamp current
is 30 A, corresponding to 20 V between the anode and the cathode (lamp
power is provided by a current- regulated supply — Perkins 0-36 V,

0-32 A). An additional increase in intensity (~30%) is obtained when D2
replaces HZ‘

This lamp's rather large discharge volume* prevents the output
from being focused to a region smaller than 1.5 cm in diameter. Full
utilization of the lamp output would require an interaction region of
comparable dimensions, resulting in unreasonably large detector optical
systems. Therefore, less powerful commercial lamps that have smaller
discharge volumes are more convenient for this experiment. Two types of
commercial deuterium lamps are used; each has a discharge region of
1 mm diameter and can easily be focused to a region ~4 mm in diameter.

The most often-used lamp is an Oriel C-42-72-12 deuterium-filled
lamp — a small, sealed-off, quartz lamp which is normally used in uv
spectrometers. The lamp cathode is a cylinder of nickel. To start, the
cathode is heated by an enclosed filament. As with most Dz—discharge

lamps, further heating is not required during operation, the cathode

being heated by positive ion bombardment. A current-regulated power

&
The desire to decrease the discharge volume of Kocher's lamp
led to the new cathode design.

t Spherical aberrations in the biconvex quartz condenser lens
(£f-1, 3.8 cn diameter) used with these lamps prevents the output from
being focused to the limit implied by geometric optics.
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supply (model 651, constructed by UCB Physics Department Electronics
Shop) provides ~0.7 amps at ~90 V during operation.

Light is emitted into a 30° (half angle) cone through a hole in
a half cylinder of nickel and molybdenum which forms the anode. A fan
provides cooling during operation (see Fig. 7). The lamp has a finite
lifetime; its intensity decreases by 50% after about 300 hours of
operation.

A more powerful, water-cooled deuterium lamp, the type WHS-200
manufactured by the Dr. Kern GMbH, is used in some runs.* It operates
with a current-regulated Varian 2200-A magnet power supply which pro-
vides ~1.3 A at ~120 V. The intensity of the Kern lamp decreases quite
rapidly,T and it is more difficult to operate than the Oriel lamp.

Any of the three lamps can be mounted below the main chamber.
An additional Oriel lamp, mounted above the main chamber, provides an
increased excitation rate during some runs. Lamps are fitted with
interference filteré having transmissions of ~20% at 2275 A and band-
passes of ~250 A FWHM. Various baffle and filter arrangements were
tried, utilizing either a 2.5 or a 1.5-cam diameter filter. The most
convenient arrangement is shown in Fig. 4.

An RCA 1P-28, calibrated against an Eppley thermopile, measures

* A comparison of the intensity of the Kern and Oriel lamps at
2275 A gives results consistent with a previous comparison (LE69).

T The short lifetime, ~50 hours to 50% intensity, may be due to
the non-recommended buring position used in this experiment. The lamp
manual recommends an orientation with light emitted horizontally;
however, vertical emission is more convenient here.
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Fig. 7. An excitation lamp (Oriel-type) mounted below the main
chamber. The Kern lamp fits on the same mounting.
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the intensities of the lamps. Measurements are made at the interaction
region with lamp, lens, and filter in place. The intensities are

12 2, and SXI012 photons/cm%%ec/ﬁ for the Kocher,

roughly 3x10°, 2><101
Oriel, and Kern lamps, respectively. These are typical values; the
intensity of the commercial lamps depends upon age. The intensity
during runs also depends upon the condition of the interference filter;
the high lamp intensities cause the filter to deteriorate quite
rapidly. Transmission decreases at about 0.5% per hour during runs, and
the filter 1is visibly discolored after ~100 hours of use. The
decrease is verified with a Beckman DK-1A spectrophotometer. Conse-

quently, the ultraviolet filter must be replaced periodically.

4. Detector Optics

The interference filter in each detector optical system is 10 cm
in diameter. Filter No. 1 has 50% transmission at 5513 A and a 10-A-
FWHM bandpass; No. 2 has 20% transmission at 4227 A and a 6-A-FWHM
bandpass. The filters are mounted just outside the main vacuum chamber.

The first lens of each optical system is 8.0 cm in diameter,
with a 6.6-cm focal length. Each is held in a cone-shaped light baffle
(see Fig. 5) and positioned one focal distance from the interaction
region. The first lens is a critical element, since it determines the
detector solid angle and affects the performance of the pile-of-plates
polarizers.

Spherical aberrations in ordinary lenses lead to serious reduc-

tions in counter efficiencies, resulting from nonparallel focusing of
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light rays.* Therefore, the first lenses are aspheric condensers which
are largely corrected for spherical aberrations. These lenses are manu-
factured by a molding procedure which produces strains. Strained glass
is optically active, so the lenses are annealed to prevent distortion
of the palarization correlation.”

Because of the finite dimensions of the interaction region, the
light rays emerging from the first lens diverge slightly (~2%°), and
subsequent optical components must be of increasing size. The second
lens is located 180 cm from the first; it is a 20.0-cm diameter plano-
convex condenser having a 25.4-can focal length. An adjustmert insuring that
the presence of the polarizer does not affect the aperture of the
optical system resulted in each second lens being stopped to 18.0-cm
diameter. The photomultiplier faces are large enough so that spherical
aberrations in the second lenses do not cause losses. In addition,
annealing is not necessary because polarization analysis takes place
before light reaches the second lens.

A He-Ne laser initially aligns the two optical systems, insuring
colinearity. A point source positioned at the center of the interaction
region provides for final alignment of each optical component. With

detectors in place, the field of view of each optical system is deter-

&

Nonparallel focusing causes light to be lost for two reasons:
the bandpass of the filters is shifted to shorter wavelengths for
obliquely incident light, and rays at angles more extreme than 2%° can
not strike the second lens of the optical system.

T A run made before the optical activity was discovered yielded
a greatly distorted polarization correlation.
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mined by measuring the count rate for various positions of the point
light source. In this way, one insures that the interaction region is
entirely in view of both detectors.*

Some of the glass surfaces intersecting the optical path are
coated with Mng, reducing reflection losses. The vacuum windows, the
second lenses, and the exterior of the evacuated cells affixed to the
detectors (see Sect. III.B.6 and Fig. 10) are coated, while the first

lenses and the interiors of the evacuated cells are not.

5. Pile-of-Plates Polarizers

Ordinary glass can be used in the construction of the polarizers
because the photons are in the visible region. Each polarizer contains
ten sheets of 0.3-mm glass (Corning Microsheet 0211) inclined at nearly
Brewster's angle. The sheets are spaced to prevent multiple reflections
and graduated in size to accommodate the 2%° divergence of light from
the first lens.

Each sheet is attached to a hinged aluminum frame which can be
folded completely out of the optical path. In the "out" position, all
sheets are hidden from view of the detectors by the adjacent aluminum
frame, preventing spurious counts due to scattered light. In the "in"
position, the angle of each sheet is determined by an adjustable stop,

and set to an optimum angle slightly larger than Brewster's angle. The

*
A serious reduction in the signal-to-background for coinci-

dence counting results when the interaction volume exceeds the field of
view of the detectors (DC68).
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Fig. 8. A view of polarizer No. 1 with light shielding removed.

The rear support disc (at left) is a large Geneva gear. Power to the
glass sheet-lifting mechanism is connected through commutator rings
(not shown) on the fromt support disc, at right. An adjustment to the
lifting mechanism is being made by Machinist D. Rehder.
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optimum angle is determined according to the theory of pile-of-plates
palarizers (see Appendix A), The polarizers have slightly different
efficiencies because of differences in the index of refraction andthe
absorption coefficient of the glass at 5513 A and 4227 A (see TableIII).
A motor-driven system of wires, winches, and pulleys moves the
glass sheets in and out of the optical path (see Fig. 8). Four large
bearings support each polarizer. A motor-driven Geneva mechanism
rotates each polarizer in 22%° increments about the optical axis. Elec-
trical power for the lifting mechanism is connected through four brass
commutator rings. Rotatable light seals are constructed of 2-cm-thick
black felt compressed between flat metal plates. An entire polarizer

unit is about 180 cm long, and weighs about 75 kg.

A constant-intensity polarized light source shaped like the
interaction region is used in conjunction with the photodetectors for
measurements of the polarizer efficiencies. The transmission of each
polarizer — the ratio of the background corrected count rates: polar-
izer "in" to polarizer '"out'" — is measured for various polarizer
orientation angles. The results are fitted with the function
eMcosz(¢ - A + emsinz(é - A), where ¢ is the angle of orientation of
the polarizer and A is the initial angle offset of the polarization axis
of the light source. Figure 9 shows the results of measurements of
polarizer 2 with an extended and a point light source. The poorer
efficiencies measured with the extended source result from the geometry
of the pile-of-plates polarizers. The transmission of these polarizers

depends upon the angle of the incident light, and thus the efficiencies
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differ for light rays originating from different parts of the inter-
action region. This point is discussed in Appendix A.
The measured polarizer efficiencies for a source geometry

similar to the interaction region are given in Table I.

6. Photon Detectors

Efficient single-photon counting is essential to this experi-
ment.* Fortunately, two newly developed photomultipliers with rela-
tively good quantum efficiencies at the appropriate wavelengths became
available shortly before work began.

Photomultiplier 1, an R.CA—C31000E,+ has a multialkali photo-
cathode and a quantum efficiency (QE) of 12.8% at 5513 A ; this QE was
measured at the factory . No. 2, an RCA-8850, has a bialkali photo-
cathode and a QE of 28% at 4227 A (QE was measured at 4200 A by
comparison with an RCA-8575 of known QE). These tubes have a 12-stage
focused dynode structure. The first dynode is coated with gallium-
phosphide, providing an electron secondary-emission ratio that is about

10 times higher than ordinary dynode material.* This feature serves to

%
Many conflicting approaches to single-photon counting are
described in the literature (FJOP69, Y69, M68, R71, RM70). The tech-
niques employed here — type of equipment, use of amplifiers, discrimi-
nator levels, etc. — were chosen after much experimentation.

¥ The C31000E is a developmental tube which eventually became
the RCA-8852.

. It is well known that end-on phototubes are somewhat sensitive
to the polarization of the incident light because a fraction of the out-
put pulses arise from photons striking the first dynode at oblique
angles. For the tubes used here, this effect is greatly reduced because
normal pulses (due to photocathode electrons) are ~50 times larger.
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increase the anode-pulse-height resolution (MSK69, LL72), making it
easier to discriminate between single-photon pulses and dynode-noise
pulses.

The tube bases are standard low-current grounded-anode resistor
chains; the cathode grid potentials are adjusted for maximum collector
efficiency. Careful high-frequency wiring techniques (PT61) preserve
the fast rise times (~2.5 nsec) and narrow pulse widths (~6 nsec) of the
tubes. In particular, the base resistors and capacitors are attached
directly to the tube sockets. The bases are potted in RTV-3110 encap-
sulent, insuring proper operation during coolings.

Cooling the detectors is necessary for the reduction of dark
pulse rates. The phototube coolers are constructed of brass and insu-
lated with 5-cm-thick styrofoam; a brass tube surrounded by coolant
holds the phototube assembly. A cone-shaped evacuated Pyrex cell
attached to the phototube extends out of each cooler, preventing con-
densation on the tube face. A cooler and a phototube assembly are shown
in Fig. 10.

The C31000E is cooled to -78°C by a slurry of dry ice and
ethanol, and the 8850 is cooled to 0°C with ice water (temperatures
below 0°C do not further reduce the 8850 dark rate, and may cause a
loss of sensitivity (MM60)). Extra precautions are taken against radio-
frequency pickup by the detectors; this is an especially serious
possible cause of systematic error in a low count-rate coincidence
experiment. Mu-metal shields maintained at cathode potential provide

both magnetic and rf shielding. In addition, the phototubes are
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XBB 7112-5798
Fig. 10. Photomultiplier assembly No. 1 and associated cooler.
The photomultiplier, the base, and the cone-shaped evacuated cell form
a sealed unit. (The end of the cell is covered to prevent damage from
room light.)
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enclosed in additional metal shields which are constructed and grounded
according to standard rf-shielding procedures (M67). As a precaution
against leakage currents from high-voltage areas, the tubes are encased
in high-dielectric-strength Teflon tape.

It has been pointed out that photomultipliers are themselves
excellent low-noise pulse amplifiers (FJOP69), and thus should be
operated at high voltages, making a minimum amount of external amplifi-
cation necessary. An additional advantage of this procedure is better
time resolution , resulting from decreased electron transit-time spread
(LL72). However, too high a voltage results in a high dark rate. The
arrangement found to be best is to use the 8850 without external ampli-
fication and the C31000E with a single x10 amplifier. The amplifier
(a Chronetics 156B) is very stable, and, having a rise time of 2 nsec,
does not appreciably distort the photomultiplier pulses.

The negative photomultiplier pulses, after amplification in the
case of the C31000E, feed-level discriminators (identical sections of
EG&G 204 A/N dual discriminator module) which are triggered by pulses
exceeding a -0.100-V threshold. The dynode-string high voltage neces-
sary to insure that nearly every single-photon induced anode pulse leads
to a discriminator output is determined by a method suggested by
Camhy-Val et al. (CDDM68). Each phototube is illuminated with a
constant-intensity light source, and the discriminator output pulse rate
is measured for various tube voltages. The observed count rate levels
off at a characteristic voltage; this voltage provides enough gain so

that nearly all single-photon pulses register as counts. For each tube,
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the operating voltage is chosen to be larger than the characteristic
voltage, as shown in Fig. 1la and 11b.

Tube voltages are provided by separate supplies (power design
HV-1556). The tube dark rates vary somewhat, the dark rate vs voltage

curves shown in Fig. 1la,b being typical.

7. Counting Electronics

The primary data are obtained from a standard coincidence
counting arrangement, having a coincidence and an accidental-coincidence
channel. The single-photon count rates (singles rates) are monitored
at the same time; they provide performance information and an alternate
way of inferring the accidental rate. A detailed block diagram of the
counting electronics is shown in Fig. 12.

Each discriminator converts a photomultiplier pulse of suffi-
cient amplitude into a standard fast-logic pulse; this pulse is simul-
taneously presented at four output connectors. The output pulses are
~5.5 nsec wide and -0.900 V high. The coincidence circuits (EG&G 102
B/N dual coincidence module) are overlap type — an output is generated
if the two input pulses overlap in time. The minimum overlap is
2.5 nsec, and the output pulse width is equal to the overlap.* Dis-

criminator and coincidence outputs are monitored by Ortec 430 scalers,

®
The effective width of the coincidence and accidental windows
is determined by random pulse counting, by using the relation N=wNjNj,
where Ny and N; are the singles rates and N. is the coincidence rate.
The effective width is 8.14 + 0.02; to this accuracy it is the same for
both windows.
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Fig. 12. Detailed block diagram of the counting electronics.
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whose maximum count rate, 16 MHz, is much higher than any count rate
encountered in this experiment. However, the scalers do not respond
dependably to narrow pulses, hence scaler drivers interface the scalers
to the other electronics. The scaler drivers convert logic pulses
having widths greater than ~3 nsec into positive-going 5-V-high,
25-nsec-wide pulses that are reliably detected by the scalers.

Cgble delays in the coincidence channel are adjusted so that an
output pulse corresponds to two detected photons, Y1 and Yoo which
could have been emitted by the same atom. The accidental channel has
the Yy pulse delayed by an additional 45 nsec, insuring that an output
does not correspond to photons emitted from a single atom.

Time analysis is performed by a time-to-amplitude converter
(TAC) pulse-height analyzer (PHA) combination. The TAC (Ortec 437) is
a start-stop type: a Y1 (start) pulse activates the unit; if a Y,
(stop) pulse is detected within 50 nsec, the TAC generates an output
pulse having an amplitude proportional to the start-stop time differ-
ence. The output of the TAC feeds the PHA (RIDL 34-12B); each input
pulse results in a count in a PHA channel with memory location propor-
tional to pulse amplitude. Two hundred channels of the PHA are normally
used, and the time base is adjusted so that 5 channels roughly corres-
pond to 1 nsec.

The best estimate of the time resolution of the counting system
(including the detector) comes from the slope of the front edge of the
intermediate-state lifetime curve (see Fig. 20). Assuming a gaussian

response function, this gives a time resolution of 1.5 to 2.0 nsec FWHM.
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This timeverror comes from‘tWOlsoureesf (1) transit-time spread in the
photOtubes:and (Z)Vdiscriminator Walk (walk is a_yariance in'the dis-
crlmlnator tr1gger times caused by the varying amplltudes of the
photomu1t1p11er pulses) N
The time resolution of the electronics 1s qulte suff1c1ent for

the prlmary measurement, but it could be 1mproved by employ1ng higher
tube voltages (reducing transit- time spread) and by ut11121ng constant-
’fract1on d1scr1m1nators (newly developed d1scr1m;;ators which greatly
reduce walk) ' |

| A ‘pulsed-light source is used to make cable adJustments in the
bcoinc1dence channel. Thls system, built by LBL for timing applications,
cons1sts of a 3 kv pulse generator whlch 51mu1taneously powers up to
four bar1um-t1t1nate lamps. The lamps, which normally produce 20,000
phdtohs iﬁ'each 2-nsec—wide pulse, are attenuated, giving 1 photon per
pulse. With twoblamps as light sources, the COiaeidence count rate is
measured as a functlon of cable delay of the yzlpulse. The delay is
set to the minimm value at which the maximum coineidence rate is ob-
tained as shown in Fig 14 The slope of the edges of the coincidence-
rate-vs- delay curve glves an upper limit of the t1me resolution of the
system Wthh is cons1stent'w1th the previously dlscussed inference.
(Thls g1ves only an upper 11m1t because of the 2 nsec time spread coming
from the light pulser ) A further calibration is obtalned with simul-
taneous electronlc pulses instead of photomultlpller pulses. The
resulting,coincidence-ratefvs—delay curve (not Showﬁ) jumps from zero

to the maximum rate in a time less than 0.5 nsec. This gives confir-
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F1g 14. Pulsed c01nc1dence channel t1m1ng ‘curve obtained with
‘simultaneous light sources. The slight distortion in the curve is due
to time variation of the intensity of the 11ght sources. The arrow
indicates the delay chosen. '
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" mation that the major time spfead-comes from thezphdtotubes;

8. Autométic"Séquehciqg and Data Collection SYétem '

" The data cdhtaihed in thé>sca1efs is read out on a Teletype by
an Ortec_séalerlprintout éyStém. ‘The heart of this}System is a 432
pfiﬁtout coﬁtrol and a 431 tiﬁerfécaler. Nornblly.the printout control
causes the s}Stem'tb be read out after a préset'coﬁht period. The
system tﬁeﬁ”resefs and another count period beginé;_ This system is
mpdified slightlyvfor the preéeﬁt experiment, allowing the experimental
parametéfs tb be changed before a new:count period begins. A block
diagram éf.the'modified.systémviS'shown in‘Fig, iS.;

A;déta module, similar to one of'the Ortec 430 scalers; reads
out the po1arizér drientatidns. Four microéwitchéé'riding against the
froanSUppbff disc of each pblarizer are éctivafed 5y screwheads ar-
ranged in:alsequence afbund thé diéé. Each polariier orientation cor-
réspdndsﬁto a permutation of closed and open 5wit§hes which is inter-

preted by'fhe data module. Additional microswitcheé indicate if the

glass sheets are "in'" or "out" of the optical system.

The experimentalvsequenCer_(basiCally a iO-poSition stepping

relay) is advanced by the same.pu15e that instigates readout. Once

advanced; the Sequenéervinhibits the'timer-scalef'ftomArestarting until

all parameter changes are éomplete. Each step'éf the program is

ésSociated with foﬁr rotary switches which are prgset to the desired
parameter change sequence.. For each step of the program, the glass

sheets of the polarizers can be put "in'" or "out" of the optical system,
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Fig. 15. . The automatic readout and sequencing system. The
lower part of the diagram shows the Ortec scaler readout system.
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and the pplarizers can be rotated by one, two, or three 22%° steps.

The inhibit to the timer-scaler releases ~0.5 seconds after completion

- of parametef”changes; and another count period bégins.

The PHA is gated off during the time the orientations of the
polarizers are being changed, so as to preveht spurious counts from

electrical noise from motors and relays.

C. Experimental Considerations

1. The Excitation and Decay Process

'Figuie 16 shows the portion §f_the calcium term scheme that is
relevahtito this'experiment. The lamp emits light over a wide spectrum,
causing excitations to seVeral'of the upper 1ijeso’nanté states. Using
the traﬁsitibn pfobabilities tabulated by WieseAéﬁ al. (WSM69) and the
transmission spectrum of the lamp filter, it isbéstimated that the pro-
portionsof étoms excited to the 4s8p, 4s7p; 3d4p, and 4s6p !'P; states
are 2%, 18%,_52%,'and 28%, respéctively.' Excitations to states other
thén thé 456p.’Pistate (which lies below the 4b2AISo state) can_leadb
to tﬁe de§ired castade,with'excitations to the 3d4p1.1P1 state probably
predOminatiﬁg.v | |

| A caicuiatidn of thé effeéfiveness>of this eXCitation method
requi;es-a knOWledge.Qf thé transition propabilities be;ween marny
1eVels.,'Uhforfunate1y, as pointed out by Wiese et al. (WSMBQ), very
few A-coefficients have béen measured accurately, and there is presently
no cbnsistent theoretical méthod for calculating them in calcium.

Estimates were made by Kocher (K67a) using the Bates-Damgaard (BD49)
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approximation.ahd the electron configuration aséignmentS»of Moore (M49).
Moore assighs singie-electron excitations to all the relevant levels;
however, a Bates- Damgaard approxnnation is not approprlate for the
presently accepted a551gnments (WSM69), in Wthh many of the important
levels are two- -electron exc1tations | '

It w111 be useful in sUbsequent discuSsiohs to note that the

4s4p1P1—453d1D2 transition probab111ty is Very small compared to the

‘4s4p1P1—4sz 1S, probability. The Bates- Damgaard approx1mat10n (appro-

priate for thlS s1ng1e—e1ectron tran51t10n) and more sophisticated

'calculations (FT69) predict that 4s4p1P1—453d1D2_trensitions are ~10°

times_less_likely than direct transitions to the ground state. Thus,

- to a good approximation, atoms which emit Y1 also emit Yy

During runs, the Y1 signal is unpolarized,ioot the'y2 signal

is perfially polerized in the directioh'perpendieu1er to the excitation-
light beam. About 10% of the Y2 signal is poiafized, Scattered light
from wali fluorescenée caused by.the lémp cannot account for this,
because:the Background duevto the 1emp'is less than 10% of the signal.
Resonance;ecattefed 1ight'originating from 4227<A>1ight leaking through
the lamp filfer is‘expected to have the observed oolarization. To test
this possibility, a oiece of Pyrex glass was putlid'front of the exci-
tation iamp. V(Pyrex blocks uv light, but passesv4227-A light.) With
the glass in place, both the Y1 and the Y, singles rates were reduced
to dérk,rate levels. _Therefore, the observed polarization must arise
from initial polarizatioh in the upper 1p, states, caused by the exci-

tation 1ightjénd transferred to the 4sdp!P; state through indirect
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transitions., Transitiohs through 'S, states camnot transfer polariza-
tion, but transitions through 1D2 states can easily account for the

observédvpblarization of_the.yz'signal (see Fig. 16).

2. C01nC1dence Counting .

Much effort is dlrected at maximizing the rate of data collec-
tibn; ThlS rate 1s determlned by the detalls of the atomic cascade,
'fhe detector eff1c1encles, the,exc1tat10n rate,*and‘the counting back-
ground, Iﬁ thiélsectiOn, a'figure'of merit related to the rate of data-
collectlon w111 be defined and the relative 1mportance of the quantl-.
‘tles determlnlng it will be dlscussed |
» Let N be the cascade excitation rate.  The yl'singles rate Nl’

with polarizer absent, is

N+ B (I11.2)

1° ™M 1°

where'n1 is'the overall counter efficiency of detector system 1, and

Bl is the counting background. The Yy singles rate'is

N, = nyeN + B (I11.3)

2 20
where £ is a factor (>1) dépénding on the details of the excitation and
. decay process. . £ accounts for all the decays invaddition to the desired
cascade in which a vy, photon is emitted.

The eoincidence rate NC is given by

N_ = nynP(QEGN .
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P(0) 1is a'factor accounfing for the angular distributidn of the emission
directions of Yl and Yz ‘Let n be the emission dlrectlon of Yi» then
the angular distribution probablllty is proport10na1 to 1+ (nl-nz)
Integratlng n1 and n2 over the solld angle of each detector, we obtain
P(30 ) ~ 1 3 [the;roper normalization has been 1nc1uded so that

P(180°) = 1]

E(w) accounts for the finite width w of the coincidence window.

For optimum timing we have

CEw) =1- /T

where T is the lifetime of the intermediate state. For w ~ 8 nsec and
=~ 5 nsec, E(w) is approximately 0.8. Since P(30°)E(8 nsec) = 1,
we will usé_the approximate eduation
No = nqnoN . S (I11.4)
The expression for the accidental coincidence rate is
Np = WNNy = wOnN + By J (nptN = By)

The'magnitude of the signal-to-noise ratio (with polarizers

’, removed) 1nd1cates the stat1st1ca1 significance of the data collected

during a t1me T, 1t is given by the follow1ng expre551on

NT
o

_ k>
(NCT + ZNAT)

Iﬁ'analogy to this we define Q (the quality factor) by
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N | o o S
Q= — < = - . lnzN — Y (II1.5)
(NC.+ Z.NA) [nlnzN + 2w(n1N + Bl) (nZSN + B))] £ B

The time requ1red to complete the experlment (assumlng the
results must have a certa1n degree of stat1st1cal s1gn1f1cance) is
proport10nal to l/Q |

Q increases-with‘N and asymptotically approaches'a maximum
value: | |
| Q———ﬂ%w ”122 . ame)
- An ideal Cascade has €'= l;- A Short'intermediate-state lifetime

alloWs w‘to be small.f The 1mportance of high counter eff1c1enc1es in
determining Q and QM is clear from Eqs. ITI.5 and ITI.6. It can be seen
from Eq. III 5 that, as long as B1 and B2 are not the dominant contri-
but1ons to Nl and N respect1ve1y, further background reduct1on does
not 51gn1f1cantly reduce the tlme necessary to complete thevexperlment.

If B1 and B2 are small, Q 1ncreases rap1d1y in the reglon around
N =% ZWE . For exc1tat10n rates much larger than l/2w£, the acc1dental
rate beg1ns to dominate, and Q 1ncreases slowly- If e1ther B1 or B2
‘large, the rap1d increase in Q occurs at hlgher N In any case, Q

always levels off at h1gh N, and it is generally not worth the effort to

increase N beyond the reg1on of rapld increase of Q

* ' '
In a coincidence experiment of th1s kind, w would ord1nar1ly

be chosen larger than 1. Note that, if the factor P(@)E(w) is
different from 1, it must be included in the definition of Q and Qy.
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3, Counter Efficiencies, Count Rates, and Rate of Data Accumulation

Reductions in counter efficiencies becaQséEQf finite solid
angles, imperfect filter transmissions, and limited quantum efficiencies
are unavoidable, With only these losses, the counter efficiencies are

given by the expression

_ Q. o
= lfm
ng - [Z;]Tiei . (I11.7)
where Q = the soiid angle of the detector optical'system
‘ . . . . |
L2 0.065 |,
4ﬂ_ 4w
Ti_= the transmission of the interference filter
(T; = 0.50, T, =~0.20) , '
and e; = the quantum efficiency of the detectof' |
(él-f Q.l;g, €, a"(}).28)_. :
: o N - o -3  ' ’ -3
We obtain - Ny~ 4.2x10 and n, » 3.6x10 T .

The actual counter efficiencies are expected to be lower than

- these estimates for several reasons. Reflection losses and losses due

to uncorrected spherical aberrations have been neglected.  In addition,

- the collecfor'effiCiency of each‘phototube mayvbe'signifiCantly less

. - *
than 1. “Therefore we have

%
The -determination of phototube collector efficiencies — the
probability that an electron ejected from the photocathode will strike
the first dynode — is a controversial issue. Foord et al. (FJOP69,
FJOP71) have reported collector efficiencies smaller than 50% for some
phototubes, but these findings have been disputed by Young (Y71, YS71).
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!

n, T,

=1.14 ,

and

ng = (1.7 % 0.1)x107 |

With tﬁe saﬁe-assumption: é can be estimafed froﬁfthe data for Nes NZ’
| and B2 by u51ng ‘Eq. III.3. We'obfain g = .SQ'FWith these values for
Ny nz, and £ and the known width of the c01nc1dence window, the ,
maximum possible quallty factor QM is ~3, 5 | |

" The countlng backgrounds B and BZ’ are due to the photomulti-
p11er dark pulses and to stray 11ght or1g1nat1ng from wall fluorescence
caused by excitation light. The former contrlbutlon is reduced by
cooling the detectors (see Sect. III.B.6), the latter by a system of
baffles and bY’CoVefing reflecting surfaces with highly absorbant flat
black enamel (Nextel-101). The use of nafrow-band interference filters
in the deteCth'opticaldsystems‘also reduces tﬁe'scatteredalight con-
tributions * 'Figures-17a and 17b show the Varibae-contributioné to the
singles rate as a functlon of lamp 1nten51ty These graphs are con- -
structed by averaging data from several runs. In each Tun a single
" Oriel 1amp is used, and the beam- den51ty is ~1010‘at0ms/cm3.
Because of the narrow c01nc1dence window, low countlng back-

grounds, and moderately low excitation rates, the_c01nc1dence-to—

-accideﬁtal—coincidehce ratio is normally high (as large as 50 to 1

*

These measures are sufficient to e11m1nate the background
or1g1nat1ng from scattered oven llght
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durlng some runs) Runs are made with Q ranging from 0.3 to 0 9. The
experlmental Q is hlgh enough to that statlstlcally 51gn1f1cant results

&
can be obtained in less than a day of counting.

D. Preparation and Procedure for Runs

Each run corresponds to one charge of calcium and lasts from
two to fOUr days, depending upon the beam den51ty and the amount of
ca1c1um.1ost during the premelt;ng procedure. Data are collected for
only a portion of this time; some time is lost during oven warmup (3 to
5 hr) and during data readout'(lo.to>20 sec for every 100-sec counting
period). In addition, malfunctions account for lost counting time.+

Preparation for a run begins with cleaning of the oven chamber
and the 1amp-ass0ciated optics The polarizers are'checked for proper
operation of the glass -sheet 11ft1ng mechanlsm and proper adjustment of
stops. After the oven is loaded and the ca1c1um premelted the vacuum
system 15 sealed and pumped out. | | |

Before the oven is warmed the phototubes are cooled and left to
vstab111ze for a day w1th hlgh voltages on. The system is then checked

for 11ght leaks — as an add1t10nal precaution, runs are ‘made with room

11ghts turned out

. The values of Q for other atomic two- photon coincidence exper-
iments are given in Table IV.

f Occasionally, one or the other photomultiplier developed a
greatly increased dark pulse rate — 2000 to.3000 counts/sec. The phe-
nomenon — more often occurring in the C31000E — was remedied by shutting
down the experiment and storing the phototube at room temperature for
several days; when recooled, the dark rate returns.to normal.
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The oven is warmed slole to évoidvovershéoting the desired beam
denéity, .The crystal oscillator monitors the denéity for the first part
of‘this pfo¢edure. As’the density'nears the’desired value, the Y,
singlesfto-lamp-intensity ratio is used.

At the desired density, a check of the count rates, with atomic-

v_beam—cufoff flag open and closed and with lamp on:and off, indicates

proper operation of the system. The experimental sequencer is set to
the desiréd_program, the automatic readout system turned on, and the
run commenced. During runs, the oven temperature‘is occasionally

readjusted to compensate for a slight decrease in the beam density with

. %
time.

% . ' ' .
- The front of the oven being warmer than the redr results in a
decrease in beam density as the level of calcium decreases in the oven
reservoir, '
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Iv. "RESULTS

................

A. Results of a Measurement of the Polarlzatlon ‘Correlation

‘In this section the data from the final series of runs will be
dlscussed and compared to the predlctlons of quantum mechanlcs In
the next sectlon these data w111 be analyzed in terms of the restric-
tions 1mposed by local h1dden varlable theories. Some additional data
representative of other runs made under different conditions are pre?
sented in Abpendix C. B

~The final Tuns were made over a period of.2'months and repre-
sent about 280 h actual‘(timer—scaler on) countingvtime. The experi-
mental setup is similar for each Tun. A single_Oriel lamp‘mOunted
below the main chamber provides excitation’light,-and the atomic beam |

10 atoms/cms. " As previously mentioned, the.

density is (1 1 ¢ 0.3)x10
coincidence rate depends upon the lamp intensity; which decreaées during
runs. For these Tuns, the typ1ca1 c01nc1dence rate w1th polarlzers
removed is about 0.18 counts/sec, the typical Q is about 0.4, and the
v c01nc1dence to-accidental ratio 1is about 35 to 1
Of the five Tuns that made up the series, two are devoted to
measurements of R(¢)/R , w1th ¢ varying from 0 to 360° in 22%° steps;
one to R, /R and R / 0? averaged over the angle of’ the 1nserted polar-d
izer; one to R(¢)/Rj, with ¢ varylng from 11%° to 3483& in 22%° steps;
and one to R(cb)/R.0 at the critical angles corresponding to 22%° and(i&f.
In all runs, measurements of R(¢), Ry, or RZ are alternated with
measuremente of Ro’ the count period$ beingllOO éecllong. For example,

to measure,R(q))/RO for 22%° increments between 0° and 360°, the experi-
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mental sequencér is set to thé'following program: A-1 (A-2) indicates
a command fo advance polarizer No. 1 (2) by one 22%°}increment, I-1
(I-2) a command to inserf polarizer Nn. 1 (2)s R-1 (R-2) a command to
remove polarlzer No. 1 (2); and a dash 1nd1cates no change:

Step 1: A-1, R-1, A2 R-2 ;

Step 2: ‘4-, -1, —, I-2;

Step 3:  —, R-1, A-2, R-2 ;

~ Step 4: —-{‘I—l; -, 1-2;
Step 5: —, R-1, A-2, R-2 ;
Step 6: —, I-1, —, 1-2;
Step 7:  —, R-1, A-2, R-2 ;
Ste'p’_l'ha: —, 11, -, I-2;

| "Stép’Ql':j —,R-1, A2, R-2 ;
Step10: —, I-1, —, I-2 .

If the pdlariZef axes are initially parallel’or,perpendicular,

repetition of'this sequence causes data to be taken at all relative

angles, with data at 0°, 90°, 180°, and 270° being taken (approximately)
twice as often. When the data are summed accordlng ‘to physically
dlfferent relatlve angles (o° to 90°), there are an (approx1mate1y)
equal number of count perlods for each angle .

A ten-step sequence is not sufficient to ‘take data at all 256
possible comblnatlons of individual polarlzer orientations, so the

sequence is restarted at Step 1 once every 24 h,»after both polarizers

‘have been'manually advanced by one step. Taking data at all possible

‘orientations of the individual polarizers in approximately equal
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amounts helps to average'out possible systematic*errore due to ekperi-
mental asymmetrles | |
‘The data are analyzed by an IBM 1620- IT computer For a run
.measuring R(¢)/Ro, the analysis program sums - the counts in all 100-sec
periods correéponding to relative angle ¢, and diyides by half the sum
of the counts in adjacent periods of the sequence’in which both poiar—
izers are removed, after correctlng for the acc1denta1 background Data
for R1/R and R2/R are analyzed in a 51m11ar fashlon
'Background corrections are made by two procedureé. In the
first, the'number of counts collected by the accidentalecoincidence
- channel is used; in the second, the accidental counts are inferred from

A 1°2°

the singles rates by the prescription N, = wN,N, :These procedures give
results that are consistent to a small fraction of:a standard deviation.
The former'procedure is used for the data presentedfhere,,' |

| Statistical erTrors arebestimated accordingfto the standard pre-
scription-for COunting experiments (Bv69), invwhich_the total counts
accumulated.are assumed to follow a Poisson parentfdistribution, and
estimates.of the standard deviations are given.bydthe square root of the
total counts | | o |

Another analy51s procedure is to use all counts collected w1th
polarlzers removed to determlne R * This procedure gives results con-
sistent with the previous procedure and, in addition, gives smaller
error eétimates. It was decided, however, to uSe-data for>R6 taken only

~ during count periods adjacent to those for which the other rates are

measured, in calculating the ratios. The procedure chosen is more
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_ effective in eliminating possible errors from long-tem drifts in the

excitation rate.

'Even in the present procedure, smaller error estimates would

'result if the sums of counts instead of averages were used to calculate

Ro‘ The approach adopted is therefore expected to yield conservative
error estimates.
Thé'predictions of quantum mechanics are repeated here for

convenience:

%gg_)_z% (51\%[ + :8;1) (5]\2/] + 81%1) + Z]I- (E:P];I - erln) (81\2,[ “Si)Fl(O)coszd) :
Rl 1,1 1
R TzET
and :
Bl 2+ B
R.(-)_"_-2— EM E:m

Usihg_the measured polarizer efficiencies (Table I) and the

value Qf:Fl(O) [F1(30°) = 0,988], we have

R(O) - (0.251 ¢ 0.004) + (0.213 * 0.004)cos20 , (Iv.1)
‘o - | o -
R, - o :
o = 0.504 % 0.005 , o av.2)
: [6) : . )
and _
» R i o
= = 0.499 £ 0.005 S O (Iv.3)
o - :

where the uncertainties reflect the uncertainties in the measurements of

the polarizer efficiencies and the detector solid angles.
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in Fig. 18 the polarization correlation'is plotted for angles
between 0° and 360°, Flgure 19 shows these results plotted for phy51-

cally dlfferent relative angles The " solld ‘curve in each figure is not

a f1t to the data; thls is the curve given by Eg» V. 1, and therefore is

ia def1n1te predlctlon of quantum mechanics based on parameters measured

by other methods. ObV1ously, the data are in excellent agreement with

these predictions;

| The measured values of R1/R§ are also in'eXeellent agreement,
and are given in Table II along with the numerical values for results
displayed in Fig. 19.

| It is expected that there is some error in the initial alignment

~of the axes'of the polarizers (~1°). When the'data are plotted from 0°
to 360°; this shift can cause systematic deviations'at angles that are
equivalent-modulo 180°, * The data for relative angles which are mul-
tlples of 225° . appear to show thls trend (see F1g 18) the only excep-
tion be1ng the p01nt at 225° ' The data for relatlve angles which are
odd multiples of 11% represent a setup in whlchvthe initial relative
polarizerdangle was readjusted These data aredtherefore not expected
‘to show the same angular shift. When the data are plotted for physi-
cally dlfferentvangles the effect of an angular sh1ft is elminated to
first order‘in the shift angle. To second order, thls effect of the

angular shift is much smaller than the statistical uncertainties.

* .

The precession of the 4s4p!P, state inducted by stray magnetic
fields can also result in an angular shift (for example, the earth's
field). This precession would also tend to decrease the amplltude of
the resulting polarization correlatlon
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Fig. 18, The experimentally determined polarization correlation R(¢)/R, XBL 723-530

for ¢ between 0° and 360° (the point at 0° is repeated at 360°). The solid curve is
the quantum-mechanical predictions (Eq. IV.1).
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1

1 l

for phy51ca11y dlfferent angles.

I 1
22¢° . 45°

ANGLE ¢

1
674° - 90°

XBL 723-528

The experlmentally determined polarlzatlon correlation

Table II. Polarization correlation (values plotted in Fig.19).
Measured value M prediction

R(0°) /Ry 0.457 + 0.009 0.464
R(11Y, °)/R0 0.451 + 0.013 0.448
R(22%°) /Ry 0.400 * 0,007 - 0.401.
R(333A.°)/Ro 0.340 + 0.010° - 0.333
“R(45° )/Ro -0.249 + 0.007 1 0.251
- R(56%°)/Ry, . - 0.164 % 0.007 0.170°
"R(67'%4°)/Rg ~ 0.100 * 0.003 +0.100
R(783%4°) /R, 0.052 + 0.004 0.055
R(90°) /Ro 0.041 + 0.003 - 0,039
R1/Ry 0.497 + 0.009 -0.504
R2/Rg 0.499 + 0.009 0.499
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Figure 20 shows the time-delay—coincidence spectrum for the
final sefiee of runs. The lifetime obtained ffqm this'curVe'is
T =5.5+ 0.5 nsec. The accepted lifetime for the 4s4p'P; state of
calcium is 4.6 * 0.5 nsec (WSM69) . Although the ﬁresent determination

is roughly'eonsistent with the accepted value, it is expected that the

lifetime is slightly lengthened because of trapping.

‘The polarlzatlon correlatlon for these runs is apparently unaf-
fected by ”trapplng" — at 1east in terms of the agreement with quantum

mechanlcs;‘_A run made at a hlgher den51ty, ~1011

atoms/cms, gives a
much-longer apparent lifetime, T = 9 nsec. Even‘at"this'density, how-

ever, the polarization correlation is'not'significantly different from

the one a§sociated with the lower density (see Appendix Q).

" B. Direct Comparisdh With the Local Hidden-Variable Inequalities

It is hardly heeessary‘to‘point out thatethe results presented
ih_the previous_sectidn-must.violate the;reStrictions of iecal hidden-
Variable'theories.v Thetresults are consistent withbquantum-mechanical
predlctlons which themselves violated these restrlctlons. On the other
hand a dlrect comparlson of the results w1th the local hidden variable

1nequa11t1es w111,1nd1cate the‘statlst1ca1 validity of the violation.

" ‘ g .
Wiese et al. get T = 4.6 + 0.5 nsec from a compllatlon of

three roughly consistent determlnatlons each of which is reported with
an error that is much smaller than 10% (see Refs. LDG64, HPP64, SG66)
Kluge et al. (KOZ69) have accurately measured the 11fet1me at various
densities and find the lifetime levels off to ~4.6 nsec at low densi- 3
ties. They observe "trapping" at densities greater than ~1010 atoms/cm,
which is consistent with the present observations, despite significant
differences in the experimental arrangements.
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Fig. 20. Time delay coincidence spectrum accumulated during the
final series of runs. Counts are collected whenever the timer-scaler is
on, including those 100-sec count periods in which one or both polarlzers
are inserted. Some distortion of the curve is expected because of varia-
tions 1n the beam density and from nonlinearities in the TAC-PHA system.
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A convenient way' to display the discrépancy between the theories
is to consider the angular dependence of A(¢):
3R(H)  R(34) R,
A.(¢,),=_,_________LR1-_2:.

Ro RO RO R0

The solid-;f;urve in Fig. 21 _diSpIays the quantum-mechanical dependence .
The 16ca1 hidden-variable inequalities require that A(¢) lie between
the broken linés_in the figure. The experimentally determined points
are cansistent with the solid curve, andvshowvsigﬁificant deviations
from the.local hiddeﬁ-variable restrictisns at 22%° and 67%°.

The inequality

-%—s 0

§ = [R(22%°) _RETED))
provides a more sensitive test, because the expression for § contains
the fewest experimental values and is therefore determined with the
smallest uncertainty.

Usihg the data from the final series of_ruhs; we obtain

§ = 0.050 + 0.008 .

.This quantityvéxceeds.the,maximum vélue allowed by a local
hiddeﬁ—variablé theory by more than six standard déviations, implying
a probabiiity of 1 in 10° (conservatively) that:this violation occurs
by random fluctuation.

Due to the high coincidence-to-accidental ratio for.coincidence '

‘counting, the background corrections necessary in-the analysis of the
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Fig. 21. Experlmentally determined deperidence of A(¢) on the
angle ¢. The solid curve is the dependence predicted by quantum
mechanics.. The local hidden-variable inequalities constrain all p01nts
to lie between the broken lines.
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data are slight. In fact, if no correction for accidental coincidences
is made, the results are still roughly consistent with the ‘quantum-

mechanicalfpredictions, and we obtain & = 0.043 + 0.007.

C. Discqesion‘of‘Rgeulté

If the poiarization correlation had beeﬁ'found-to be of the

form A + Bcos2¢, but with B small enough to satiSfy the inequalities,

it would be necessary to exhaustively eliminate many possible systematic

errofS;beere this result could be considered as. evidence favoring local
hidden-veriabie theories.'.A'eorrelation of ﬁhis.soft’could be consist-
ent with quantum mechanics, the low amp11tude belng due to ''trapping"

or other depolarlzlng effects.

Since the results v1olate the 1nequallt1es the discussion of
systematiceerrors is greatly simplified. The ;nequalltles are derlved
withoutifeference to the:sﬁecific expefimental'erfangemeht; so most
systematic errors are irrelevant. In generai, enefneed consider only
those effects which could cause one of the basic-as$umptioné to be
violated..

The neceeéity of relating the ratio R(¢)/R to the probability

of 301nt passage 1eads to a possible systematlc error. Suppose that the
'c01nc1dence rate with polarlzers removed were systematlcally low; then,

a low-amplitude correlation of the form A + Bcos2¢, which satisfies the

inequalities, would éppear to have greater amplitude and might violate

the'inequaiities.v This effect could arise from the slight displacement
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ef 1ighthrays caused hy the pfesence of the polarizefs* or from
enhancement of signal.owing to scattering. Howevef, one would also
expect a discrepancy in the effective values of‘(sé”% s;)/z and

(;é + eﬁp/z auring the experiment. These_quantitieS'are‘directly
related to the ratios of the background¥¢orrected single-photon count
rates with pelarizers '"in'"' and "out." - The singles.rates'measured during
runs give velues for these ratios that are consistent with the measured
polarizer efficienCies.+ vh»

| One is left with the possibility that the detector efficien-
cies'depend.upon-whether or not the photon has passed through a polar-
izer, 'It]has already been noted thatvphotomultipliers are somewhat
polarizatien dependent.# However, a polarization'dependence could not
account for a Vlolatlon, the detector efficiencies ‘must .depend on some
(as yet_unknown) hldden.varlable. The best argument against this pos-

sibility is the excellent agreement with quantum‘mechanlcs that has been

' . Because of refractlon by the glass sheets, light rays pass-
ing through the polarizers are. displaced by ~1.5 mm. For this to yield
an enhancement of Ry, the intensity distribution from the interaction
reglon must have a peculiar shape, e.g., a ring of high intensity that
is ordinarily not detected unless dlsplaced by the polarlzers.

T At least a 10% discrepancy is requlred for the V101at10n to
occur by this mechanism. The agreement is compatlble with the errors in
the measured polarizer efficiencies.

_ ¥ No polarization dependence of the detectors is found in this
experiment. It has already been noted that the photomultipliers used
are relatively insensitive to photon polarization.  Also, the second
lenses in the optical systems, being optically active, effectively de-
polarize the light before it is detected. In any case, any residual
polarization dependence is eliminated by averaglng the data over indi-
vidual polarizer orientations.

#
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found. To account for the results, one requires a ___\?e'ry' pathological
dependence which somehow changes a local hidden-variable correlation
emerging from the polarizers into one that is c@ﬁs'istent with quantum

mechanics,
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APPENDIX A |
PILE-OF-PLATES POLARIZERS
Piié-of-plates éype poiarizers; being fragile and bﬁlky, are
'nonﬁally employed only when'mofe convenient polafiZiﬁg métérials are
not applicaﬁle.. They have been uSed’éuccesSfUliy_af both infrared (S62)
and uitfaVioiét (Wa70) wavelengths. Recently;lWith;the development of
thin‘plastics of unifbrm thickness; fhéy have becomé_more competitive
with other types of polarizers even at visible wé&élengths(8c70). In
this appendix the théory_of pile-of-plates polarizeré‘will'be discussed
as it applies to the tén-element polarizers constructed for the present
experiment. | |
v’Consider a light ray striking the surfacéxof a glass sheet with
anglévof>inCideﬁte ei.* ThevtransmissiOn through fhe first glass
'sufface]for 1ight polarized parallel_(t") and pérbénditular‘(tt) to the

incident p1ane is

fp=1-— (A1)
tan (6i + Gr)‘ -
sin'-(ei - er) .

. 2
sin (ei + er)v.

where'er is' the éngle of refraction. Taking the index of refraction of

air as unity, then 6, is related to 6; and the indéx of refraction of

* : ‘ : .
‘Angles of incidence and refraction are taken between the
light ray and the normal to the surface.
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the glass by

1 .sinei . ,
er = sin . ' (A3)
n S _

-Equetions Al, A2, and AS are ebtained by imposing the electro-
magnetic boﬁndary conditions on the incident, reflected,'and refracted
rays at the glass surface (S48). |

‘With the inclusion of multiple reflections within the glass the

transmlsslons Ty amd'-T_L through the sheet are glven by

t
Ty = —
2 = t"
and
:tl
T, =
2 -t

1

Flnally, the transmissions through ten glass sheets that are widely

spaced to eliminate multiple reflections between adjacent sheets, are

tan®(0. + 6 ) - tan2(0. - 6.)|10

_ 10 _ i T i T

=T = |—= T (A4)
htan (ei + er) + tan (ei - er)‘

and

r~ . . ~

o sin%(6. + 6.) - sin’(e, - 6.) |10

_ 10 _ i T : i T

en =Ty = |3 —— , (AS)

_sln (eivt er) + sin (ei - 61)‘

where, by definition, the transmissions for parallel and perpendicular

~ polarizations are the polarizer efficiencies eM'and €, Tespectively.

Figure Al displays the results of a computer calculation of &M
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L | A | L

O° 10° 20° 30° 40° 50° 60° 70° 80° 90°
- ANGLE OF INCIDENCE,8i =

XBL 723-521

Fig. Al. The dependences of the efficiencies of a ten-element

pile-of-plates polarizer on the angle of an incidence light ray. The
index of refraction of the glass is 1.525.
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and €n asla function 6f ei (n=1.525). At Brewster's angle, defined
by 65 = tan—ln, the efficiencies are ey = 1.0 and:em-= 0.036. In the
present experiment, the maximm discrepancy between quantum mechanics
and'lqcél hidden-variable theories dccurs when ’sM'- ém is maximized.
For each pdiafizer, this'oécurs to an inéident'angle 0, slightly larger
than eB (QO'- 8, = 1°).

Table IiI:gives the prediéted effitienciesvfor polarizers

" Nos. 1 and 2 with the inclusion of losses owing toxabsorption in the

~glass. The efficiencies measured with an on-axis polarized point source

are also given.
. For light rays that are not parallel to the axis of rotation, a

rotation of the polarizer will change the angle of incidence on the

glass sheets. In terms of the geometry of Fig. A2, a unit vector &

taken in the y-z plane and making an angle a with the axis of rotation

is
A

a = k cosa f-ﬁ sina ;-
the unit vector normal to the glass sheet by
n =k coseo + j sinb cos¢ - 1 51n90 sind ,

vhere ¢ is the angle of orientation of the polariZer; and a unit vector
in the direction of the electric component of the incident light ray,
also taken in the y-z plane, by

6 = -k sina + jxcosa .

Then, for arbitrary &, the angle 8 appropriate for calculating the
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Tab_le III. Properties of the polarizers ,'_ihcluding calculated
and measured efficiencies, I S :

Polarizer No. 1 ~ Polarizer No. 2

_'(5513A)._ (27 Ay

Index'. of Refraction, n | - LS5 3 1.537
Absofbance' | . - 0.16% per mm 0.41% pér mn
g - T | 56.745 | ,56.951

0, - ~57.8 ~58.0
ey(calculated) 0,992 » | 0.983
eMmeés'u‘r'ed)*_ | 0.98 ;'0.01 o 0.97 + 0,01
. sm(caiCulated) i o - 0.0342 0.0313
"ém.(niéias'ur'ed)* ,,' - - fov.‘oss + 07004 - 0035 + 0,004

Measured with an on-axis polarized point source.



Fig. A2.
light ray.

Geometry convention for a nonaxial incident

XBL 723-519
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polarizer efficiencies is
. “1a AL -1 ' PRI
6; = cos. (n*a) = cos [coseo coso. + 51n6o sina cosé] .

- : The transmiséion for linearly polariied 1ight for any polarizer

having efficiencies g, and € is

T(®') = eMcosz o + émsin%véjv,

where ¢’ is the angle between the polarization direction of the light
and the pdlarizer axis. For a pile-of-plates pblarizer, the polarizer
axis lies in the incident plane and is perpendicular to the incident

light ray. Hence, for nonaxial light, thevangle,Qf is

- - [e- (nxa) e ' sind - sin® S ]
' = sin 1[———~—iJ = sin 1 o

A A . S e . L
|nxd| [1 - (cose cosa + sing  sina cos@)z]fj

Figures A3a and A3b display the & depéndéhcé'of the difference
‘in transhiSsion between axial and nonaxial light;vféi various values of
a, in the cases df polarized and unpolarized'incidenf light. Measure-
ments with an off-axis point sourcevverify the pfgdictedvbehavior.

The major implication bf the abbve diséuséion is slightly poorer
efficiencies for the (extended)-experimental éouféé_geometry. Any
possiblé_systematic error resulting from rotatidnéivvariance of the

efficiencies cannot change the basic conclusion of this thesis.
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F1g A3. The difference in transm1551on between nonaxial
and axial . light as a function of the angle of orientation of the
polarizer (the index of refraction is 1.525): (a) for unpolarized
incident light and (b) for polarized incident light (see Fig. A2 for
conventions). Curves are plotted for three values of the angle of the
incident llght Tay.
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APPENDIX B

. TWO-PHOTON COINCIDENCE TECHNIQUE IN ATOMIC PHYSICS

Tﬁe first Successfﬁi atomic two-photon ¢oincidence_experiment
was reported by Branmen et al. (Table IV) in 1955;--Their experiment
and the subSequént appiications of.the technique wefé made possible by
the deveiopﬁent of the photomulfiplief tube, whichjdccurred during the
1940's and 1950's. o a

vThe'techniqué hés been applied primarily'to the measurement of
atomic lifetimes and to the’observatidn of Brown-Twiss correlations
(BT56). Angular distributions Wefe observed by Lipeles et al. (LNT65)
from a tWo-photbn deéay in sinély ionized helium (2§'+'1s), and by Popp
et al. (Table V) from a two- photon cascade of mercury (7 S1+6° P1+6 So).
. Kocher and Commins were the f1rst to observe a polarlzatlon correlatlon
Dumont et al (Table IV) observed the perturbatlon of a polarization
correlatlon ‘due to an external magnetlc field.

To Qbserve a polarization correlation,_qne‘must éhoose a cascade
from whiéhiboth emitted photons have wavelengths:thét allow the use of
availablevpolarizers and photomultipliers. Thié”limits possible experi-
ments to'a small class of well-chosen cascades..

| - A search of the literature resulted in the list of experiments
given in Table IV, involving observations ‘of two phdtons from atomic

cascades. For some experiments, the highest Q obtained is estimated.




«i 4 f‘ L 4/ S P Lim 3 u

-101-

. o k.
from published data and also given in the table.-

Q, the quallty factor is defined in Sect 1I1.C.2. A hlgh Q

means a result with a given statlstlcal accuracy can be obtained

quickl
to 1/Q

%

The time required to complete the experiment is proportional
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Table IV. Atomic two-photon coinCide'nce"ekpérixnents.

v*kpq&

. Element and Photon Phototube - What was
Date Cascade Wavelengths Type Q observed
1955%  (Hg) A ~ 4900 A RCA 1P21 1(73S,) =
Tonization L 11.2+.2 nsec
limit> A, =439 A RCAIP21
7351+6°P, | L
1963° @) A] = 6562 A RCA 7265 @ of
' - n=3>n=2-n=1 Ay = 1216 A Bendix 306 Bendix 306
1966 (Hg) A, = 3130 A 059 c(epy) -
6D-6°P16'S, X, = 2537 A 118 nsec
1967°  (Hg) Ap = 6072 A Amperex 56TvP  .08¢  1(7%s,) =
6'Py and 6p!D, and 6123 A 9.7+.2 nsec
+735176°P; or A, = 4358 A RCA 1P21
63P, or 63P, or 5401 A or
, or 4047 A Amperex S6AVP
1967 (ca) A; = 5513A  RCA 7265 .18  Polarization
4p? 1S0>4'P, A, = 4227 A RCA 8575 correlation
+4IS°
1967h (Hg) A = 4358 A Amperex 56DVP f.ld 1(63P;) as a
735> A, = 2537 A Amperex 56UVP. - function of
6°P,+ . pressure of
61.80 v Hg ~
19681 (ar 1D) A = 3869 A Amperex S6UVP 0050 t(4p "Sy) =
“Pep-+dp "S;/z A, = 3851 A Amperex 56UVP - 5.2+2.3 ' nsec
. +.._g; v _
19697 (ar 11) A » 4449 A Amperex 56DVP  .02%  T(4p *Dgy) =
“Dsp>4p Dy A = 4482 A Amperex S6DVP  6.27+.06 nsec
+2 2 . : '
1970  (Hg) Ap = 6073 A 1(7%8)) =
6Py and 6D, and 6123 A 8.4+.4 nsec
- 7%8176°%P, Ay = 4358 A
1970 (Ar 1D) aq = 4104 A t(p *Dyp) =
2Pyp>dp “Dsp A7 = 4348 A 5.06+.1Z nsec

(continued on next page)
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Table 1V (continued)

- Element and Photon Phototube What was

Date - Cascade Wavelengths = Type - Q observed
1970% (Hg) AL = 4358 A RCA 310000 .- .1*  1(6%P,) =
- 738> Ay = 2537 A Amperex 56TUVP 120+2 nsec
6°%p,> S AT Angular cor-
613, ,v - o relation with
E ‘ o : : and without
a perturbing
field '
g(6°p,) =
| 1.35:0.10
1970™  (Ar II) A = 4104 A e Polarization
- 2P 36 Ay = 4348 A correlation
4p “Dip~ : o in a per-
“*péQ ' : - turbing mag-

netic field

g(4p l’D7/2)
l 2+0.3 -

3 E. Brannen, F. R. Hunt, R H. Adlmgton and R. W. Nichols, Nature 175,
810 (1955).

b F, Cristofori, P. Fenici, G. E. Figerio, N. Molho and P. G. Sona,

Phys. Letters 6, 171 (1963).

R. D. Kaul, J. Opt Soc. Am. 56, 1262 (1966).

. Camhy- Val and A, M. Dumont, Astron and Astrophys 6, 27 (1970).

. Pardies, These de Doctorat, Bordeaux, 1967.

A. Kocher and E. D. Comm1ns, Phys. Rev Letters 18, 575. (1967).

. A. Kocher, Ph.D. Thesis (University of California, Berkeley, 1967),

56.  Lawrence Radiation Laboratory Report UCRL-17587.

. H. Nussbaum and F. M. Pipkin, Phys. Rev. Letters 19, 1089 (1967).

Camhy-Val and A. M. Dumont, Compt. Rend. 267 (Series B), 689 (1968)

M. Dumont, Thése de Doctorat, Paris, 1970.

Camhy-Val, A. M. Dumont M. Dreux, and R. Vltry, Phys. Letters 3ZA,
233 (1970).

% M. Popp, G. Schifer, and E. Bodenstedt, Z. Physik 240, 71 (1970).

R =St 0 Hh O A0
n?pm*p npcqn

M A> M. Dumont, C. Camhy-Val, M., Dreux, and R. vltry‘"Cbmpt Rend. 271

(Serles B), 1021 (1970).
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- APPENDIX C

ADDITIONAL DATA

This appendix contains the results of some runs that were not

included in Sect. IV. Table V gives the resultsféf'three separate
v.deferminatiOns of the'polérizatibn'cofrélation S

"‘ For Run 1 the polarizer eff1c1enC1es are slightly poorer “than-

during’ the other runs. The efficiencies for Run 1 are: sﬁ =94 + 0,01,

1 = 0. 04 *0.01, EM = 0.92 + 0.01, and Em = 0.04 __0.01. Subsequent to

Run 1 the efficiencies were improved by cleaning and readjusting the
glass sheets in each polarizer.b The efficiencies_férIallvother TUuns
discussed in tﬁis thesis correspond to the Valueé'given in Table I.

. In Run 3 the beam density is much higﬁerithan during the final
series .o'f runs, yet the polarization correlatior'l.i's not significantly

different from the onesassociated with the lower densities.
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‘Table V. Additional data. :

19 2 3
| Excitafioh‘ . .
Source Two Oriel Lamps One Kern.Lampb One Kern Lamp
Average Atomic 1al0 3 el 3113
“Beam Density ~3x10"" atoms/cm 3x10 atom;/cm 107" atoms/cm
‘Tofal' : :
Counting Time 53h 16 h 6.5h
Average . : - | -
Coincidence 0.52 counts/sec 0.65 counts/sec 0.52 counts/sec
Rateb - :
Average _ v
Coincidence-to- . o
Accidental 2.5 5.2 - 12.4
Ratic '
Averaée' ity 1 |  ’jﬂ,
Factor 0.53 0.69 0.67
‘LApparent | 7.8 £ 0.7 nsec 7.5 + 0.7 nsec 9 + 1 nsec
1fet1me, T . : _ T T
R(O°)/Ro ~0.442 £ 0.013 0.473 + 0.015' 0.452 + 0.024
R(225°) /R, 0.382 + 0.009 .  0.407 + 0.014 0.395 * 0.022
R(45°) /R 0.237 + 0.008 0.258 + 0.011  0.255 * 0.018
R(67%°) /R 10.096 * 0.006 0.116 + 0.008 0.123 * 0.012
R(90°) /R, 0.048 * 0.007 0.050 * 0.007 0.055 + 0.009
R /R, 0.492 * 0.016 |
Ry/Ry 0.471 £ 0.015
5 0.035 + 0.012  0.040 * 0,022 + 0.025

0.016

" The polarizer efficiencies were poorer than usual for this run.

Polarizers removed.
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