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Experimental Test of Local Hidden-Variable Theories*
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We have measured the linear polarization correlation between the two photons from the
738~ 6°P;— 615, cascade of Hg?”’. The results were used to evaluate Freedman’s version
of the Bell inequality, 6 <0. Our result is §,,,=+0.046+0.014, in clear violation of the
inequality and in excellent agreement with the quantum mechanical prediction, Sopm =+0.044
+0.007. An important feature of the experiment was the explicit measurement of the ini-

tial density matrix for the cascading atoms.

We have measured the linear polarization cor-
relation of photon pairs from the 7%S,-6°P,-6'S,
cascade of Hg?°. Under appropriate experimen-
tal conditions, quantum mechanics (QM) predicts
there should be a very strong correlation. The
essence of Bell’s theorem® is that any local hid-
den variable (LHV) theory restricts the strength
of this correlation. This LHV restriction can be
put in a form derived by Freedman,?

6=|R(673°)/R, - R(22%°)/R,| - +< 0. (1)

Here the two photons are respectively detected on
the +Z axes, R(p) is the coincidence rate with an
angle ¢ between the transmission axes of the po-
larizers, and R, is the coincidence rate with po-
larizers removed. A decisive experimental test
of LHV theories can then be obtained by choosing
experimental conditions such that inequality (1)
is violated by the quantum mechanical predic-
tions.® Previously, results have been obtained
from three such experiments. The first by Freed-
man and Clauser® used the calcium cascade 6'S,-
4'p,-4'S,. Their results violated the inequality
and were in agreement with the QM predictions.
The second by Holt® used the mercury (Hg!®®) cas-
cade 9'P,-7°S,-6%P,. The results satisfied the in-
equality and were in apparent disagreement with
QM. The third, also by Clauser,® was recently
completed using the same cascade in mercury
(Hg®**?) and the same excitation technique as Holt.
The results violated the inequality and were in
agreement with QM.

The present experiment used a different cas-
cade, 7°5,-6%P,-6'S, in mercury (Hg®°) (see Fig.
1). The 7S, state was populated in a two-step
process, i.e., electron bombardment excitation
to the 6°P, state followed by absorption of reso-
nant 5461-A radiation from a laser. An atomic
beam was used and the two excitation steps oc-
curred at physically different locations. Conse-
quently, in the interaction region (where the 735,

state is populated) there are essentially no rapid-
ly decaying states other than the cascade states.
Therefore there is a one-to-one correspondence
between all 4358-A and 2537-A photons. As a re-
sult comparatively high data accumulation rates
were obtained.

The experimental arrangement is shown in Fig.
2. The mercury atomic beam passes through a
solenoid electron gun where atoms are excited to
the 6°P, state. Laser beams tuned to the reso-
nant frequency of the 5461-A transition in Hg?°°
intersect the atomic beam at two locations. The
4358-A fluorescence from the first location pro-
vides a reference to lock the laser cavity onto the
Hg resonance. The second location is the interac-
tion region. Its dimensions, defined by the inter-
section of the two beams, are 0.3 x0.8xX0.8 mm?3,
The first location is slightly off the atomic beam
axis so that atoms which can “see” laser radia-
tion in the first location cannot enter the interac-
tion volume.

The laser radiation incident on the interaction
region is polarized parallel to the Z axis. At the
interaction region the emitted 4358-A (2537-A)
photons are collected over a half-angle 6 =19.9°
+0.3°, pass through a pile-of-plates polarizer
and a filter, and are detected on the +(-) Z axis.
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FIG. 1. Relevant energy levels and transitions in
mercury.
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FIG. 2. Schematic of the apparatus. Polarizer plate
arrangement is also indicated. Actual polarizers have
14 plates. (a) Hg oven; (b) solenoid electron gun;

(c) RCA 8575; (d) 4358-A filter; (e) 5461-A laser beam;
(f) Amperex 56 DUVP/03; (g) 2537-A filter; (h) focus-
ing lens; (i) pile-of-plates polarizer; (j) laser beam
trap; (k) atomic beam defining slit; (1) light collecting
lens; (m) crystal polarizer; (n) RCA 8850.

The collection optics are lens pairs whose radii
have been adjusted to minimize the Seidel spheri-
cal aberration coefficient. Each polarizer con-
sists of two sets of seven plates symmetrically
arranged so as to cancel out transverse ray dis-
placements. The magnetic field in the interaction
region is zeroed to less than 5 mG in all direc-
tions.

A valid test can only be made with zero-spin
isotopes. Our beam uses mercury of natural iso-
topic abundance; but we selectively excite only
atoms of the zero-spin isotope, Hg?°, to the ini-
tial state of the cascade by using 5461-A radia-
tion from a narrow-linewidth (15 MHz) tunable
dye laser. By sweeping the laser frequency and
observing the 4358-A fluorescence we can ob-
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FIG. 3. Fluorescence intensity of 4858-A radiation
versus laser frequency for three intensities of the inci-
dent 5461-A radiation. The lines for the various Hg
isotopes are labeled with their mass numbers. The
vertical scale is the same for all three scans; the ze-
roes have been offset for clarity. I,~2.5 mW/cm?,

serve the structure of the 5461-A absorption line.?
Figure 3 shows the results for the central portion
of the line for three incident laser intensities.

The transition is power broadened, but at our op-
erating intensity, I,~2.5 mW/cm?, the isotope
separation is very clean.

The initial state of our cascade has J=1. Its
density matrix is 3x 3 and has elements p;; where
¢ and j are magnetic quantum numbers. With de-
tectors on the + Z axes, the QM prediction for the
coincidence rate S(¢) shows no dependence on p,,
Or py.;. (The coordinate system is indicated in
Fig. 2.) When p,., is zero, the normalized coin-
cidence rate is

R(@)/Ry=1(€,t +€,1)(€,2 +€,2) = i(e,' = €,1)(€,2 — €,2)F(0) cos2p. @)

Here €, (€,}) is the transmission efficiency of the ith polarizer for light polarized parallel (perpendic-
ular) to the transmission axis, and F(9) is given by

F(8) =p"J*(0) (1+p")G*(6) = (1 = 20")G(0)H (8) — (2 — p")H*(0)]™". (3)

The functions® G(0), H(9), and J(9) depend on the I
half-angle 6 subtended by the light collection op-
tics, and p’ is given by

p’ =p00/(p11+p-1-1)~ (4)

It is essential to measure p’; to check that p,., is
zero; and to verify that the QM prediction, Eq.

(2), violates inequality (1).

The density matrix for atoms in the 73S, state
is determined experimentally by measuring the
polarization of the 4358-A fluorescence at appro-
priate angles. It is found that at the high inten-
sities at which the transition is saturated, the off-
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FIG. 4. Linear polarization dependences of the inten-
sities of the cascade photons. & is the angle of the po- .
larizer transmission axis with respect to the X axis.
The data are least-squares fitted by a function of the
form A+Bcos2® +C sin2® and the fitted parameters
are given with each curve. (a) 4358-A intensity on the
+Z axis. (b) 4358-A intensity on the — Y axis. (¢) 25637
A on the - Z axis.

diagonal elements are nonzero and all elements
are intensity dependent. With the intensity re-
duced to I,~ 2.5 mW/cm?, our data (Fig. 4) show
that the density matrix has the desired form.
Figure 4(a) shows the results for the 4358-A flu-
orescence on the +Z axis. The absence of a line-
ar polarization dependence here implies p,.,=0.
Figure 4(b) shows the polarization measurements
of 4358-A radiation detected on the — Y axis;
from the fitted parameters we find Re(p,, —pg-,)
=0, and p’ =0.633 + 0.005. For completeness,
Fig. 4(c) shows the polarization measurements of
2537-A fluorescence on the —Z axis.

The polarizer efficiency parameters are €,
=0.98+0.01, ¢,2=0.97+0.01, €,'=¢,%=0.02+ 0.005.
Hence the QM prediction, Eq. (2), for the normal-
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FIG. 5. Polarization coincidence spectrum. The to-
tal accumulation time is 80 min.

0 90 180 270 360

@ (DEGREES)

FIG. 6. Normalized polarization coincidence data
from 0° to 360°. The datum point at 0° is duplicated at
360°. The smooth curve is a least-squares fit to R (¢)/
Ry=A+Bcos2¢ +C sin2¢. The fitted parameters are
A=0.242+0.003; B=—0.212+0.004; C=—0.003+0.004.

ized coincidence rate is

R((P)/Ro

=(0.248+0.004) — (0.208+ 0.004) cos2¢ (5)
and we also find
8om =0.044+ 0.007. (6)

All errors are + 1 standard deviation.

Coincidence data were obtained using a time-to-
amplitude converter and a pulse-height analyzer.
Figure 5 shows the total coincidence spectrum
with 673° between the polarizer axes. The total
accumulation time for this spectrum was 80 min.
To obtain the true coincidences, one must sub-
tract out the accidental coincidence background.
Consequently, the error depends on the width of
the coincidence window. For our data, minimum
error is obtained for a window width of 12 to 14
channels (1.37). The quality factor, defined by
Freedman,” was @ = 1.03 with the polarizers re-
moved.

Figure 6 shows the polarization data for the full
360° together with a least-squares fit. The fitted
parameters are in good agreement with the QM
prediction, Eq. (5).

From the R,, R(223°), and R(67%°) data, we find

Beyp=0.046+ 0.014 )

in excellent agreement with the QM prediction,
Eq. (6), and in clear violation of the LHV restric-
tion, inequality (1).

The authors wish to thank the many people who
have contributed to this work, especially Jim
McGuire, Jim Ellis, Norman Alexander, and
our instrument shop personnel.
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Stability of the Forward Multiplicity Ratios for p-p and p-Aluminum
Interactions at 28.5 GeV/c*
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and
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We observe in the laboratory system that within a § =20° cone around the incident pro-
ton direction, the ratio of the average charged multiplicity for proton-aluminum interac-
tions to that for proton-proton interactions is approximately 1 and is independent of miss-
ing mass and the transverse momentum of the trigger proton.

The conspicuous experimental results® for had-
ron collisions at very high energies prompted
Gottfried to construct®? the energy flux model
(EFM). At 100- and 170-GeV/c incident pion mo-
menta Busza et al.* have tested predictions of this
model. In this Letter we study the apparent range
of validity of the fundamental assumption on which
EFM is based as a function of missing masses,
momentum transfers, and incident energy.

To summarize the relevant experimental results
and prediction of EFM, let 7%, 7,4 and R* de-
note the average charged-particle multiplicities
and their ratios (R4=7,4/7,%), respectively. The
superscripts H and A denote that the average mul-
tiplicity in question was measured in p-p or p-nu-
cleus (nucleon number A) interactions. The rath-
er unexpected observation was that R# at high en-
ergies is independent of incident beam momentum,
and most important that R4 is small for all nuclei
(1 <R“4<2). To explain this, one of EFM’s as-
sumptions (referred to later as “a”) is that the in-
teraction, between the incident proton and the ar-
ray of nucleons in its path inside a nucleus, is
completed in such a rapid succession that there
is no time for the energy flux (EF), associated
with the proton, to evolve from the proton state
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into the predominant asymptotic states. Further
the EF-nucleon interaction is dominated by elas-
tic scattering. Assumption (a) leads to the con-
clusion (referred to later as “c”) that if the inci-
dent energy is high enough to satisfy assumption
(a), then the dependence of #, on the kinematic
variables of p-p and p-nucleus interactions are
similar, Thus R# in the hemisphere of the lead-
ing proton p, is approximately one.

By carring out our experiment at lower ener-
gies than Refs. 1 and 4, we show the following:
(1) The interaction time of the p-p interaction To
is at least three times longer than estimated by
Gottfried, and two times longer than what was
measured by Busza ef al., thus extending the va-
lidity of assumption (a) to lower incident beam
momenta. (2) By studying R4 as a function of the
missing mass (M,) recoiling against p,, we find
that assumptions (a) holds for inelasticities as
large as 5. (3) We show that assumption (a) holds
when the fast forward proton emerges at large
transverse momentum. (4) Energy deposition in
the nucleus is dominated by meson production.

The experiment was carried out with the multi-
particle ARGO spectrometer system (MASS). Us-
ing two spectrometers, namely the high-momen-



