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A proposal for an experimental realization of Bohm’s spin—% particle version of the Einstein-Podolsky-Rosen
experiment is described. Two *’Hg atoms, each with nuclear spin % are produced in an entangled state with
total nuclear spin zero. Such a state is obtained by dissociation of dimers of the '°°Hg, isotopomer using a
spectroscopically selective stimulated Raman process. The measurement of nuclear spin correlations between
the two atoms in this entangled state is achieved by detection of the atoms using a spin state selective
two-photon excitation-ionization scheme. The experiment will not only close the detector efficiency loophole,
but in addition will permit enforcement of the locality condition.

PACS number(s): 03.65.Bz; 32.80.Fb

I. INTRODUCTION

In the early years of the development of quantum me-
chanics (QM), there was great exhilaration because of its
capability of providing accurate statistical predictions. How-
ever, in those early days (and even today) there were many
who expressed a great deal of concern about the interpreta-
tion of quantum mechanics for single microscopic systems.
Foremost among them was Albert Einstein, who together
with Boris Podolsky and Nathan Rosen (generally referred to
as EPR) wrote a paper in 1935 in which they expressed their
concern that quantum mechanics was an incomplete theory
[1]. Presumably, additional parameters, for which the term
“hidden variables” (HV) was coined, would be required in
order to restore completeness to the theory. However, since
the results of experiments are statistical data, no experiments
were immediately obvious and the debate centered on philo-
sophical considerations until 1964.

In that year John Bell published the proof that any hidden-
variable theory satisfying a physically reasonable condition
of locality will yield statistical predictions that must satisfy
restrictions for certain correlated phenomena [2]. These re-
strictions have been derived for various situations and in
various forms over the years; all are generally referred to as
Bell inequalities. Furthermore Bell demonstrated that quan-
tum mechanics yields statistical predictions that can violate
these restrictions. Thus for the first time experimental tests
were conceivable.

In 1969 Clauser et al. introduced auxiliary assumptions to
make physically realizable experiments possible with exist-
ing technology [3]. Several, involving polarization correla-
tions between two photons in an atomic cascade, were then
initiated [4]. The first [5], third [6], and fourth [7,8] gave
results in agreement with QM and clearly violated Bell in-
equalities. Signals observed in the fourth were larger (=~1.0
coincidence/sec) than in previous experiments, and system-
atics could be more thoroughly examined.

In the ensuing years other experiments were performed.
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In 1982 Aspect, Grangier, and Roger used two channel po-
larizers and achieved extremely high statistical accuracy [9].
Shortly thereafter, they used time-varying analyzers to
change the polarizer settings in a quasiperiodic way [10].
This did not rigorously enforce the locality condition, but
was an important advance and has been the only successful
progress in this direction. Experiments in recent years have
involved correlations between the pair of photons produced
by down-conversion in a nonlinear crystal [11-13].

All of these experiments required an auxiliary assumption
since they involved photons in or near the visible spectrum
and employed detectors whose efficiencies were typically
<20%. An inequality that requires no auxiliary assumptions
and is therefore called a strong Bell inequality was obtained
by Clauser and Horne in 1974 [4,14]; it is especially impor-
tant because it is formulated in terms consistent with a physi-
cally realizable experiment. However, the quantum-
mechanical predictions will only violate this inequality for
very high detector efficiencies. Strong Bell inequalities have
not yet been tested experimentally.

The advent of solid-state avalanche photodiodes provides
a high detection efficiency that could be sufficient for tests of
strong Bell inequalities with photons in or near the visible.
Such an experiment has been recently described by Kwiat
et al. [15].

In this paper we will describe a different type of experi-
mental test of a strong Bell inequality. This experiment also
permits enforcement of the locality condition. We will first
give a short overview of the experimental concept, then we
will briefly discuss the theoretical background, and finally
we will present some of the requisite experimental details.

II. EXPERIMENTAL OVERVIEW

An overview of the experiment is shown in Fig. 1. Instead
of photon pairs, this experiment involves measurements of
the correlations between angular-momentum components of
two atoms (nuclei) of the isotope '®’Hg [16,17]. The corre-
lated '°’Hg atoms are produced by dissociation of °°Hg,
dimers via stimulated Raman excitation to a dissociating
state of their X 12; ground state. The total electron and the
total nuclear spin angular momenta are both zero in the ini-
tial rotational state of the mercury dimers, and are not
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FIG. 1. Schematic of the experiment showing the direction of
the mercury dimer beam together with a pair of the dissociated
atoms and their respective detection planes. The relative directions
of the various laser beams are also shown. Details are discussed
throughout the text.

changed in the dissociation process. The two resulting mer-
cury atoms are in 'S, ground states. Because of the nuclear
spin /=4 of '”’Hg, each ground-state atom has total angular
momentum F =1 Consequently we will be observing corre-
lations between components of the spin of two spatially
separated spin-3 particles; it is a direct experimental realiza-
tion of Bohm’s Gedankenexperiment. The component of an-
gular momentum (nuclear spin) in any given direction is
measured by orienting excitation laser beams in that direc-
tion and using polarization-selective excitation of one of the
Zeeman sublevels. Atoms with only one component of angu-
lar momentum, M = * 1, are excited. They are then detected
(=~100% efficiency) by photoionization via an autoionizing
state.

Rates for simultaneous detection (coincidence rates) of
the two atoms at their respective detectors are measured for
components of the angular momentum in the directions 6,
and 0, (i.e., the directions of the excitation laser beams). A
set of four angles can be chosen that give a maximum vio-
lation of the strong Bell inequality. This experiment also lays
the foundation for an experiment that enforces locality since
one can stochastically choose the directions of the excitation
laser beams on the nanosecond time scale.

III. THEORETICAL BACKGROUND

Consider a '"Hg, dimer in an even-J rotational state of
the X'3, ; ground state (total electron and total nuclear spin
angular momenta are zero; see Sec. IV A 4),

"I’T>=|X12;(U5J)’SM:S1+S2=071M:II+12:O>7(
1)

where S is the electron, and 7 is the nuclear, spin angular
momentum. Subscripts M, 1, and 2 refer to the molecule and
the two atoms, respectively. Dissociated atoms are in the
6'S, ground states, for which S;=5,=0, and the total an-
gular momentum F is the nuclear spin angular momentum /.

The angular momenta can be recoupled so that the spin
part of the molecular quantum state is expressed in terms of
separated atom basis states |F,M ),
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X\ Mg, Mg, 0 |F\.Mp)1|Fy . ME,)s. (2)

The 3-j symbol couples F; and F, and their z components to
give zero for each sum. For '’Hg we have F;=F,=1, and
Eq. (2) becomes »

1
|\I'>=ﬁ“%""%>1|%>_%>2_|%a_%>1|%9+:]T>2}- 3

In terms of two-component eigenspinors, this can be written

) e

As expected, this is identical to the state of the two spin-3
particles in Bohm’s classic version of the ERP Gedankenex-
periment [4]. Thus, the spatially separated two-atom system
is in an “entangled” state suitable for testing Bell inequali-
ties.

To evaluate the component of angular momentum of one
of the atoms in a direction at an angle @ to the Z axis, the
rotation matrix for angular momentum 3 that rotates the state
through angle 6 to the Z axis is required,

0 .0
cos5  sinz

d2(9)= 9 o1 5)
—sinz cos >

together with the projection operator for that component of
angular momentum onto the Z axis. The projection operator
for Mp=+1is

1 0

P.=y0 of- (6)

Thus, the probability that M=+ 3 will be observed in the
direction @ is given by the expectation value of the matrix
operator,

A (0)=d"*(— )P dV(6). 7

We define R;,(6;) to be the rate of detection of atoms
(singles rate) with M = + 3} in the direction 6; at detector i,
where i=1 or 2; similarly, R,_(#6;) is the singles rate for
M= —3. We define R, ,(6,,6,) to be the coincidence rate
for simultaneous detection of an atom at detector 1 with
Mp=+1 in the direction #; and of an atom at detector 2
with M =+ 1 in the direction 6,. Definitions are analogous
forR_,(6,,6,), Ry _(6,,0,), and R__(6,,6,). Assuming
that the total number of dimers dissociating per unit time is
N, then the rates for detection of Hg atoms with M =+ 1 at
the two detectors are
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R++(‘91,02)=7717/2ng<\1’|(%+(01)'%+(02)|\P>, (8)
R1+(91)=771fN<‘I’|-/%+(91)|\I'>’ )
R2+(02)=WJN<\P|/5+(62)|\P>’ (10)

where 7, and 7, are the efficiencies for detection of Hg
atoms arriving at the corresponding detectors. The two de-
tectors are symmetric; they have identical geometries and f
is the detector acceptance solid angle; g is the conditional
probability that if one of the atoms from a dissociated dimer
enters the aperture of one detector, then the other atom from
that dimer enters the aperture of the other detector.

From Egs. (8)—(10) and analogous equations for R_ , ,
R__, etc., together with |¥) from Eq. (4), we find the
quantum-mechanical predictions,

J

S(a,b,a',b')=

R, .(a,b)—R, (a,b')+R, (a',b)+R, (a',b") <1
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R 4(6,,0,)=R__(6,,0,)=n*fgNz[1—cos(8,— 6,)],

(11)
Ry _(61,0;)=R_.(6,,6,)=n"fgNi[1+cos(6;— 6,)],
(12)
N
R1+(91)=R2+(02):R17(01):R2_(01)= l};—,
(13)

where, for simplicity, we have taken 7;=7,= 7.

The strong Bell-Clauser-Horne (BCH) inequality requires
no auxiliary assumptions and is formulated in terms of the
ratio of coincidence rates to singles rates [4,14]. Since it
requires very efficient detectors, it has never been tested. In
the present context, the BCH inequality is

where a,a’ are two values of angle 6, and b,b’ are two
values of 6,. Similar BCH inequalities can be written for
other combinations of components of M. The QM predic-
tions, Egs. (11) and (13), give a maximum violation of this
BCH inequality for a, b, a’, and b' equal to 135°, 0°,
225°, and 90°, respectively,

Som(135°,0°,225°,90°)=1.207 ng. (15)

To observe a violation of the inequality equation (14), the
right-hand side of Eq. (15) must be greater than 1; hence the
product of the detector efficiencies 7 and the conditional
probability g must satisfy

78=0.829. (16)

Experimental tests of strong Bell inequalities have not pre-
viously been able to satisfy stringent requirements of this
type. However, we will find that it can easily be satisfied in
this experiment (%>0.95 and g~0.97).

It should be emphasized that Egs. (11) and (12) depend
only on the difference between the two angles; this only
occurs for parallel detection planes as depicted in Fig. 1. If
the two detection planes are not parallel, the quantum-
mechanical prediction depends on each angle separately, not
just their difference (see Appendix). In this latter case the
maximum violation of the Bell inequalities occurs for a dif-
ferent set of angles a, b, a’, and b’, and the maximum
value of the violation is not as large as that having parallel
planes.

IV. EXPERIMENTAL DETAILS
A. Mercury dimers

An essential part of the experiment lies in the preparation
of two '°°Hg atoms that are in an entangled state with total

Rii(a')+ Ry, (b) '

(14)

—

nuclear spin /=0. This can be achieved through spectro-
scopically selective dissociation of the appropriate mercury
dimers.

1. Hg, spectroscopic data

Mercury with natural isotopic abundance contains seven
isotopes; the resulting dimers then consist of 28 isotopomers
with 15 distinct total mass numbers. There are three isoto-
pomers with mass 398; their percentages of the mercury
dimers in a beam of natural Hg are '"Hg,, 2.84%; "*Hg
20Hg, 4.67%; and *Hg 2°’Hg, 0.09%. The '°°Hg, fraction
defines the parameter ar;=0.028, which is used to estimate
the expected coincidence rates (Sec. IV D).

Measured spectroscopic parameters for Hg, of natural
isotopic abundance are given in Table I [18,19]. The rota-

TABLE 1. Spectroscopic parameters of Hg, with natural isotopic
abundance.

X0.'s ) D1,%%;
r. (A) 3.63+£0.042 2.5+0.12
D, (cm™1) 350+20° 8260200 °
T, (cm™") 0.0 31500200 °
w, (em™ 1) 18.5+0.52 133=1°
w,x, (cm™1) 0.27% 0.52+0.02°
B, (cm™1) 0.0127+0.0003 * 0.027+.002 9
B_g (cm™1) 0.0177%0.003 ?
a, (cm™ 1) (1.5£0.3)x1074°¢

#Reference [18].

PReference [19].

°Calculated from the separated atom (*P,+'S,) limit and the val-
ues of D, .

dCalculated from r,(1,).

®Calculated from Bg=B,—60.5¢, .
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tional constant B, for the D33 *(1,) state was calculated
using van Zee’s value for r, in the relationship
B,=#/2mwcmr?, where m is the mass of '°’Hg. The con-
stant «, is determined from B, and the measured value for
the rotational constant Bgy using B,=B,—(v+0.5)a,. T,
was calculated by taking the energy separation in the sepa-
rated atom limit between a 3P+ 'S, and a 'S,+ 'S, con-
figuration, and then correcting for the binding energies D, in
the bound X'3. " and excited D’% ] states, respectively.

For excitation in the 266-nm region, the fluorescence ex-
citation spectrum of the D32 —X'3 " transition of Hg,
shows a Franck-Condon vibrational progression with a peak
in the vicinity of v’ =58 [18,19]. Each vibrational band con-
sists of a group of subbands separated by ~5 cm™ . Each of
these subbands corresponds to one of the 15 distinct dimer
mass numbers; only 11 have been observed because of the
small natural abundance of '°°Hg and 2°*Hg. Each subband
in turn consists of separate groups of rotational transitions
corresponding to each different isotopomer of the same total
mass. It should be noted that for the band heads and assign-
ments of the vibrational levels in the D33 : —X'3 ; transi-
tion of Hg,, the two sets of data in the literature do not agree
[18,19]. Resolution of this discrepancy would be an integral
part of this experiment.

2. Mercury dimer production

Mercury dimers will be produced in a pulsed supersonic
jet source. The dimer beam is on the X axis (cf. Fig. 1) and
is collimated to a 600-um diameter. Supersonic jet sources
have been run with pure Hg [20] and various carrier gases
[18,19,21,22]. Using Xe as a carrier gas minimizes the dimer
velocity, which in turn maximizes the parameter g of Eq.
(16) (cf. Sec. IV A 6). Dimer concentration, as well as other
beam characteristics, depend on the Hg vapor pressure, the
ratio of carrier gas to Hg pressure, the oven temperature, and
the nozzle shape [22]. Under the same conditions of tempera-
ture and pressure, dimer concentration increases significantly
when the higher mass Ar rather than He is the carrier gas
[19]. Xe will also be very effective in this regard [23,24].

Operating conditions ultimately have to be optimized ex-
perimentally, but good estimates of the operating parameters
for the pulsed Hg, supersonic beam source can be obtained
by following prescriptions given in the review article by
Miller [25]. Based on the analysis provided by Miller and the
data from Table I, we estimate that 5—10 % of the beam will
be dimers (a,=0.05), which is also in good agreement with
the work of Ng [23].

Source temperatures of ~630 K should be especially fa-
vorable for the production of Hg, dimers in a supersonic
beam. In general, pulsed supersonic nozzle sources have
been limited to temperatures below 475 K because of the
elastomers used to make a vacuum-tight nozzle seal [26].
However, a source operating at temperatures to 740 K has
been constructed by using KAPTON to seal the nozzle [27].
It is, of course, not essential to have an absolutely vacuum-
tight seal. The pulse duration will be =~ 100 msec [28], and
the corresponding length of the pulse of atoms for V=412
m/sec is ~4 cm.
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3. Mercury dimer rotational populations

Rotational temperatures in a supersonic beam are difficult
to predict. However, van Zee, Blankespoor, and Zwier [18]
measured a rotational temperature of 3.5 K for Hg, dimers in
a Hg expansion with Ar as the carrier gas at a source tem-
perature of ~400 K. For present estimates we will also take
a rotational temperature of 3.5 K. Assuming a Boltzmann
distribution, the fractional population 7; of the rotational
level J is

3(2J+1) ( hcB,J(J+1)
= exp| —

77 7 T ) for odd J, (17)

_(27+1)

heB J(J+1)
M= eXp| T

kT

) foreven J, (18)

where the rotational constant B, is given in Table I and Z is
the partition function,

©

z= X

heB J(J+1 ))
J=0,2,4,...

+ —_
(27 1)exp( T

©

+3 E (2J+1)exp(—-

J=13,5, ..

heBJ(J+1)
T) (19)

The factor-of-3 difference in the population for odd and even
J originates from the triplet and singlet characters of the
corresponding state (cf. Sec. IV A 4). Calculations of the ro-
tational state populations show peaks at /=10 and 11, with
peak values of ~3% (a3=0.03) and ~9% for the even and
odd J values, respectively.

4. Spin singlet dimer state

The '"Hg atom is a fermion with nuclear spin 3. Hence

the '°Hg, ground-state dimers must have an antisymmetric
total wave function with respect to the exchange of the two
nuclei in order to conform to the Pauli principle. The overall
symmetry of the wave function is given by the symmetries of
the electronic, vibrational, rotational, and nuclear spin wave
functions, respectively. The two spin-2 nuclei of '*’Hg, form
either a nuclear spin singlet (antisymmetric, total nuclear
spin /=0) or spin triplet (symmetric, /=1). The vibrational
part is always symmetric since it only depends on the rela-
tive nuclear coordinates. If we designate the total angular

-momentum apart from spin by N, then rotational wave func-

tions with even N are symmetric and those with odd N are
antisymmetric.

The electronic ground state of '“’Hg, is the symmetric
s, ; state. Its total electron spin angular momentum is zero;
therefore, its total angular momentum J (including spin) is
J=N. Since the electronic wave function is symmetric, to
obtain an overall antisymmetric wave function, the combina-
tion of rotational and nuclear spin states must be antisym-
metric. Specifically, in the ground electronic state, nuclear
spin singlet states are associated with even-J, and triplet
states with odd-J, rotational levels [29].

The electronic excited state is the antisymmetric
337(1,) state. It is a triplet state, and therefore its total
angular momentum J is given by J=N, N=*1. Since the
electronic wave function is antisymmetric, the combination
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FIG. 2. Energy levels of a mercury dimer and the relevant Ra-
man transitions leading to dissociation. Note the shift in scale on the
ordinate. The “Mulliken difference potential” for determining the
classical transition points is also shown.

of rotational and nuclear spin states must be symmetric. Spe-
cifically, in this state, the nuclear spin singlet states are asso-
ciated with the odd-N levels, and the nuclear triplet states
with the even-N levels [29]. Since the selection rule for the
rotational quantum number is that NV in the ground state can
only differ from N in the excited state by =1, and since
transitions between antisymmetric and symmetric rotational
levels are strongly forbidden, it is the change in the symme-
try behavior between the rotational levels in the two elec-
tronic states that allows transitions between these electronic
states of the 'Hg, dimer.

5. Hg, dissociation

Dissociation is accomplished via a stimulated Raman
transition (see Fig. 2). First a laser system at 266 nm drives
the P(10) transition, in the wv» 58-0 band of the
D% J—X'3 " system of the isotopomer '’Hg,. A second
laser at 355 nm completes a stimulated Raman transition to a
continuum level of the ground state and leaves the dissoci-
ated atoms with a center-of-mass (c.m.) kinetic energy of
1.17 eV. Thus in the c.m. each atom has speed v =753 m/sec,
given by

v=\[hv,—hvy—D,+B J(J+1)]/m, (20)

where D,~ D, is the dissociation energy, J is the rotational
state of the ground state to be dissociated, B, is the rotational
constant, m is the mass of a °°Hg atom, and v, and v, are
the frequencies of the 266-nm and the 355-nm photons, re-
spectively.

The radiation at 266 nm can be produced by third har-
monic generation (THG) of the 798-nm output of a pulsed
(120-nsec) Alexandrite laser operating on a single longitudi-
nal mode. Nonlinear mixing is accomplished in two steps:
first, the second harmonic is generated in a lithium triborate
(LBO) crystal that is phase matched for type I at 31.9°;
second, this doubled frequency radiation is sum frequency
mixed with the fundamental radiation in a B-barium borate
(BBO) crystal that is phase matched for type I at 44.4°. The
dissociation radiation at ~350 nm can be produced by an
excimer-pumped dye laser operating with the dyes BMQ or
RDC360.

Since on-resonant transitions will be used in both steps of
the Raman process, dissociation rates can be estimated by
using resonant excitation and stimulated emission pumping
rates together with a rate equation approach (as will be used
in Sec. IV B 2). Unfortunately, reliable overall transition mo-
ments (equivalently electronic transition moments and
Franck-Condon factors) for the transition between the
ground state and v=>58 of the D33 excited state are not
available for such calculations. But these rates are not criti-
cal; it is only necessary to demonstrate, that there is suffi-
cient laser power to dissociate an appreciable fraction
(a4>0.5) of the dimers.

For calculating the excitation rate we require the sponta-
neous emission probabilities from D33} . These have been
reported as a function of internuclear separation; they vary
from A=7X%10° sec” ! at the bottom of the D*3 well to a
peak A=7.6X10° sec”!, which corresponds to the y=~22
vibrational state of D32 ¥ [30,31]. For present estimates we
will assume a value at the low end, A~ 10° sec™!. Based on
an analysis similar to that of Sec. IV B 2, the excitation rate
is then R,,~4Xx 10" 7, sec™!, where 7, is the 266 nm
spectral intensity (W cm ™2 Hz™!). If we assume a pulse
with an energy E (mJ), a laser beam diameter of 1.0 mm, and
a transform limited full width at half maximum (FWHM)
time-bandwidth product of 440 nsec MHz (for example, tem-
poral and spectral widths of 100 nsec and 4.4 MHz, respec-
tively), then R_,~1X10""E sec™!. thus a pulse energy of
only 0.1 mJ gives R,,~10'" sec™!; we will have orders of
magnitude more energy available. It should also be noted
that the fluorescence intensity from Hg, has a peak at exci-
tation wavelengths near 266 nm [18,19].

Similarly, for the stimulated emission at 355 nm, large
transition probabilities will be obtained for relatively small
pulse energies. Since the same two electronic states are in-
volved, the electronic transition moment is as large as before.
The critical issue is the Franck-Condon factors and their in-
terference structure for these bound-free transitions [32,33].
Although these have not yet been calculated, the results in
Fig. 2 indicate that they will have maximal values. In par-
ticular, the “Mulliken difference potential” intersects our fi-
nal state, i.e., the unbound energy level of X 12; at 9400
cm™!'. These intersection points are classical transition
points, where both the nuclear momenta and the nuclear po-
sitions are conserved during the transition. Thus, they are
points of stationary phase, and their contribution to the inte-
grals for the Franck-Condon factors will be appreciable.

The three different naturally occurring isotopomers
of dimer mass 398 (i.e., the possible combinations
198Hg200Hg, 19Hg??Hg, and '°°Hg,) are also spectroscopi-
cally differentiated in the corresponding subband of the 58-0
band. In the excitation step at 266 nm the calculation of the
shifts in the transition frequencies between these isotopomers
is straightforward [34]. For v= 758, the shifts are dominated
by the changes in w, and w,x, in the excited state. Since the
change in B, is negligible, the relative frequencies for each
isotopomer are the same as for the '°Hg, dimer. Thus, with
respect to the transitions of '’Hg,, the transitions of the
isotopomers °*Hg?Hg and '°Hg?*?Hg are identical, but
are all shifted to higher frequency by 1.6 and 14 GHz, re-
spectively. Hence the closest of the other isotopomer transi-
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FIG. 3. Simulated rovibrational spectrum for the 58-0 band of
the D 33 X 'S transition for the '"*Hg?*Hg (top) and the
9Hg, (middle) isotopomers using natural abundance. Because of
the large frequency shift of the 196H¢202Hg transitions, no transi-
tions of this isotopomer are visible in the range of the simulation.
As shown in the total spectrum (bottom) the P(10) transition (*) is
well resolved. The numbers correspond to the J quantum numbers
of the ground state. The simulations show the 3:1 transition inten-
sity alternation due to the spin statistics of the corresponding rota-
tional levels for the ®Hg, dimer (cf. Sec. IV A 4). A rotational
temperature of 3.5 K and a laser linewidth of 60 MHz were as-
sumed.

tions to P(10) of '°’Hg, is P(9) of '*®Hg?*®Hg, which is
separated by ~600 MHz. This is much greater than both the
laser linewidth and the natural linewidth. The latter depends
on the vibrational state and is given by the spontaneous tran-
sition probabilities. Even for the largest of these,
A=7.6X10° sec™! [30,31], the natural linewidth is only 1.2
MHz; i.e., it is much less than the frequency separation of
adjacent transitions. In any event, Hg atoms from these other
isotopomers would be ignored by the detection system due to
both frequency mismatch (Sec. IV B 1) and time of flight
(Sec. IV A 6).

Figure 3 shows a simulated rovibrational spectrum for the
58-0 band of the D33, «X'S [ transition for the two mass

398 isotopomers, '*’Hg, and '°®Hg?°°Hg: natural abundance
is assumed. Because of the large frequency shift for the
196Hg202Hg isotopomer, none of its transitions is within the
range of the plot; in addition, on the scale of this plot, their
intensity would be vanishingly small because of the low
abundance of this isotopomer. Only R and P branches are
shown since the splitting constants for the three J values
corresponding to each N cannot be determined from existing
data [18,19]. For the simulations a rotational temperature of
3.5 K and a laser linewidth of 60 MHz were assumed. The
simulations show the 3:1 transition intensity alternation due
to the spin statistics of the corresponding rotational levels for
the '”Hg, dimer (cf. Sec. IV A 4).

In summary, for a test of the Bell inequality, Eq. (14), the
dissociating dimers must have total nuclear spin /=0, a
nuclear spin singlet state. Based on the discussion in Sec.
IV A 4, only transitions starting with even J can be used. In
particular, because of the angular-momentum selection rules
for the excitation (266 nm) and stimulated emission (355
nm) transitions, the final dissociating level of the X 12;
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ground state must also have even J and hence zero total
nuclear spin. Specifically, the final state J differs from the
initial state J by 0, ®£2. The fact that these transitions are
electronic singlet-triplet intercombination lines does not alter
this conclusion since N must still change by =1 in each
transition [29]. The P(10) transition is particularly favorable,
both because the rotational state population has a peak at
J=10 (as discussed in Sec. IV A 3) and because it is well
resolved.

6. Conditional detection probability g

The conditional detection probability g of Eq. (8) must be
as large as possible [see Eq. (16)]. It is determined by the
size of the dissociation volume, and the angular distribution
of the dissociating dimer fragments, the size and position of
the detectors, and the spread in the velocities of the dissoci-
ating fragments.

For the dissociation process the 355-nm laser beam has a
diameter of 1.5 mm and is incident along the Z axis (Fig. 1);
the 266-nm laser beam has a diameter of 1.0 mm and lies in
the X-Z plane at an angle {~10° to the dimer beam. The
source volume for the atom pairs is the common intersection
of these two laser beams and the supersonic dimer beam.
Thus it is a cylinder coaxial with the X axis, with a diameter
of 600 um and a length of 1.5 mm. Both lasers have linear
polarizations in the Y direction so as to produce a maximum
number of dissociated atom pairs in the directions to the two
detectors. Specifically, in the c.m. the atom distribution peaks
in the direction of the linear polarization of the lasers. For
J =10 the fraction of dissociated atoms in a small solid angle
in this direction is a factor k=3.8 greater than if they were
isotropically distributed [35].

Momentum conservation requires that, in the c.m. each
pair of Hg atoms must have equal and opposite velocities.
Furthermore, in the c.m. all Hg atoms produced by the dis-
sociation process have essentially the same speed. The
spread in their c.m. speeds is determined by the very narrow
frequency spread of the dissociating lasers. Their directions
are spread over 47 Sr in the c.m. with peaks in the distribu-
tion in the direction of the linear polarization of the dissoci-
ating lasers [35].

However, for a given direction ® in the c.m. the direc-
tions ¥,;, ¥, and the velocities V|, V, in the laboratory
frame are determined by vector addition of the dimer veloc-
ity Vo with the c.m. velocity of the corresponding Hg atoms
(cf. Fig. 4). The detectors and apertures are positioned at
these laboratory angles.

With the detector geometry fixed at these angles, it is
clear that the smaller the spread in the velocities of the
Hg, dimers the higher the conditional probability. Based on
the mean speed V=412 m/sec and the estimated speed ratio
S§=36 in the supersonic expansion, the spread in dimer ve-
locities is AV~19 m/sec, FWHM. For this velocity spread,
optimum detector positions, and a usable source size, the
conditional probability in Eq. (16) is g<<0.9.

To obtain larger values of g, the Doppler effect in the
transition step at 266 nm will be used to spectroscopically
dissociate only dimers within a velocity spread AV=3
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FIG. 4. Velocity transformation diagram. The c.m. velocities of
the two mercury atoms are v Land v »; their laboratory velocities are
\71 and V,. The velocity of the mercury dimer is V.

m/sec. Specifically, if the resonant frequency of a transition
is wq, the laser frequency is w, and the dimer velocity is

V, then the Doppler effect gives w= wy+ k-V. Here k is the
wave vector for 266-nm laser radiation and is at an angle
{~10° to the dimer beam. If the laser frequency spread is
Aw=2m7Av (FWHM), then the corresponding spread in
dimer velocities that are resonant with it is AV~AAv. To
obtain AV=<3 m/sec at 266 nm, the laser must have a band-
width Av=<11.0 MHz. Only a fraction as~0.15 of the
dimers can be dissociated because of such a velocity selec-
tion. The required narrow linewidth is directly obtained in
our proposed laser scheme. The 120-nsec pulses produced by
the Alexandrite laser have a transform limited bandwidth of
3.7 MHz, resulting in a linewidth of 11 MHz for the third
harmonic radiation.

Monte-Carlo simulations were used to evaluate g as a
function of the size of the dissociation volume. A brief dis-
cussion of the parameters that were used follows:

(i) The dissociation region is cylindrical with a length of
1.5 mm and radius r.

(ii) The density of dissociating dimers is uniform through-
out the source volume.

(iii) For simplicity, the velocity distribution of dissociat-
ing dimers is assumed to be Gaussian with FWHM=3 m/sec
and mean V=412 m/sec.

(iv) For J =10, the angular distribution of the dissociating
fragments in the c.m. is given by a 12 cos*®+ 10 cos’®
distribution [35]. It should be noted, however, that for the
small solid angles relevant to a practical experiment, the dif-
ferences in the value of the conditional probability g for pure
cos*®, cos?’®, or uniform distributions are negligible; they
only affect the magnitude of the overall count rate. There-
fore, uniform fragment distributions were assumed in the
Monte Carlo simulations.

(v) The atom speed in the c.m. is 753 m/sec (see Sec.
IV A 5). It should be noted that both fragments always have
identical components of velocity V, toward their respective
detectors; of course, the magnitude of V, depends on the
c.m. angle 0O.

(vi) The detector apertures are centered on the X-Y plane
at an angle corresponding to ® =*90° in the c.m.; their
planes are parallel to the X-Z plane (cf. Fig. 1). The corre-
sponding laboratory angles are ¥ = = 61.3°, and the distance
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FIG. 5. The solid line is the conditional probability g that if one
atom from a dimer enters a detector, the second atom from that
dimer will enter the other detector. The dashed line is the fraction of
atom pairs that enter both detectors and are within the depth of the
detection volume. Both are plotted as a function of the radius of the
cylindrical dissociation region, whose length is 1.5 mm, and for two
different depths of the detection region: (a) 0.15 cm and (b) 0.05
cm. In (b), g is enhanced considerably because only atoms within a
well-defined arrival time are ionized. In (a), the dip near r;=0.3
mm in the conditional probability g originates from competing
mechanisms: the increase in the dissociation volume reduces g, and
the decrease in the fraction of detected atoms increases g.

from the dissociation region to the detection and analyzing
regions is ;=50 cm. The detector apertures in the labora-
tory frame are circular, with a diameter of 4 cm.

(vii) The detection volume has a depth of 0.15 cm. This is

realized by collimating the detection lasers to a cross-

sectional area 4.0X 0.15 cm? (see Sec. IV B 3). This depth is
sufficient to ensure that all ®Hg atom fragments entering
the detectors are exposed to the detection lasers; it is also
small enough to ensure that a Hg isotope from any other
dissociating isotopomer is not in the detection volume be-
cause of its time of flight.

The simulations yield a value of g=0.976 for a dissocia-
tion (source) region that is 0.6 mm in diameter and 1.5 mm
long [cf. Fig. 5(a)]. By reducing the fraction of atoms actu-
ally detected to about 79%, g can be increased to 0.997. This
is achieved by simply reducing the detection volume depth to
0.05 cm so that only atoms in a well-defined time of arrival
at the detectors can be detected. This approach is effective in
increasing g because it restricts the possible combinations of
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Ionization Limit
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FIG. 6. (a) Relevant energy levels of the Hg atom and the cor-
responding transitions for detection. This example shows an
angular-momentum analysis using right circularly polarized light.
Since M must increase by 1, only ground-state atoms with
M p=—3% can be excited to the 6°PS (F= 3) state. Cases I and II
correspond to different laser alignment and polarization schemes for
the transition to the autoionizing state, as shown schematically in

(b).

dissociation angles and points of origin of the fragments
within the source volume.

B. Mercury atom detection

As discussed in Sec. III, the highest possible efficiency
for detecting both of the Hg atoms from each dimer is re-
quired to test the strong Bell inequalities [cf. Eq. (16)]. High
detection efficiency # is achieved by using a two-step
excitation-ionization process. Immediately following the en-
trance aperture to each detector (see Fig. 1), the Hg atoms
pass through two laser beams with wavelengths of 253.7 and
197.3 nm. As shown in Fig. 6(a), the first laser is circularly
polarized and drives the transition from the (652)6'S, (F=
3) ground state (level 1) to the (6s6p)63P] (F=3) state
(level 2). The second laser drives the transition from level 2
to the (6p2)3 P, autoionizing state (Ievel 3); two cases for its
polarization and orientation will be considered [cf. Fig. 6(b)].
At the point of ionization the Hg* energy is 0.76 eV (for
symmetric dissociation velocities in the laboratory frame)
and the photoelectron energy is 0.74 eV. Atom detection is
via both the resulting ion and the photoelectron.
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FIG. 7. 6'§,— 63 P transition frequencies for Hg isotopes rela-
tive to the desired !°’Hg transition (labeled A). Lowercase letters
indicate three of the transitions in 2°'Hg. The isotope 2°*Hg is sup-
pressed in the dissociation step (cf. Sec. IV A 5).

1. Atomic excitation rates

From the measured value of the spontaneous emission
probability A, for the (656p)6°P9 state (equivalently its
lifetime), the induced absorption probability per unit time
R, for the 253.7 nm excitation transition can be evaluated
[36],

_82 A?
_gl 8mhc

Z1(V)A,. 21

12

Here Z,(v) is the spectral intensity (power per unit area per
unit frequency interval dv), and g, is the statistical weight of
state i. Using A,=8X10° sec™!, [37] we get

R,=7.85X10" 2, sec™!, (22)

where 7, is the 253.7 nm intensity in units of
Wcem 2 Hz !, The 6'S,—63P¢ transition frequencies for
Hg isotopes, with respect to the relevant transition of '“’Hg
(labeled A), are shown in Fig. 7 [38].

2. Atomic ionization rates

Two cases for polarization and orientation of the ionizing
laser are considered. Cases I and II in Figs. 6(a) and (b). For
case I the ionizing laser beam propagates on the X axis and is
linearly polarized along the Y axis. For these conditions, the
ionization transition probability is independent of the angle
6 of the excitation laser beam, and all of the Zeeman sub-
levels of the F=73 and F =3 states of 6>P¢ can be driven to
the autoionizing (6p2)3P, state. For case II the ionizing la-
ser beam propagates in the X-Z plane at right angles to the
excitation laser beam; it is linearly polarized in the X-Z plane
(i.e., parallel to the propagation direction of the excitation
laser). In this case the selection rule is Amz=0; conse-
quently, atoms in the Zeeman sublevels mz==*2 of 63P¢
cannot be excited to the autoionizing level. In practice, case
II is more difficult to implement since the ionizing and exci-
tation laser beams must be kept perpendicular as @ is varied.

Determination of the average transition probability to the
autoionizing state (6p2)3P, is made by using the measured
width, I'3=9 cm™", [39] of this state together with a calcu-
lated value, f,3=0.362, [40] for the oscillator strength of the



52 PROPOSAL FOR A LOOPHOLE-FREE TEST OF THE BELL ...

transition (6s6p)6°P{—(6p*)3P,. Specifically, the cross
section is related to the oscillator strength by [41-43],

ah
Uij(v)dvz mfij, (23)
where « is the fine-structure constant. A Fano profile is as-
sumed for the autoionizing transition [44],

(g+e)?
0F(8)=0amz—+0b,

(24)
where ¢ is the line parameter and the cross sections o, and
o, are due to the continuum interacting with the discrete
state and the noninteracting part of the continuum, respec-
tively. The dimensionless parameter ¢ is

vV—V

&= CF3/2,

(25)

where v is the frequency (Hz) and ¢ is the speed of light
(cm/sec). The integral on the left-hand side of Eq. (23) can
be evaluated by integrating over only the contribution of the
line itself, 0y3= 0o p(v)—(o,+ 0}) [45]:

| j os(v)dv= f_:[UF(V)_(Ua+ o,)]dv

Cr3 +o
T2 %,

-CF3 5 1 f"'w dE
=7 ol =] 72

(g+e)®

1+&? !

de

o aw
=EF3ca'a(q2—~l)=—2—F3c0,es, (26)

where o, =0,(qg>—1) is the value of o,; at resonance,
o3(vg). The  maximum  value of o0y is
Omax=023(1/q) =0 ,q%. Since the observed line shape is
Lorentzian [39,46], ¢ is large and we can assume
O max™ Ores - With this result, Eq. (23) yields

ah
I3 _ s 636x 10~ 312 2035 107 14 cm?,
mmc '3 |
27)

O max™

where I'5 is in cm™!. This is a very large cross section, but
it is consistent with measured cross sections for analogous
transitions in Cd [47]. If we assume that the laser linewidth
<T';, the cross section will be nearly constant (o ,,,) over
the linewidth, and the transition probability per unit time
R, is then [48]

1 A
R23=%a'maxf H(©)do= 7Oyl =2.25X10°; sec™!,
(28)

where I, is in W cm ™2,

One can now write rate equations for the populations of
the three levels in terms of A,, Ry,, and R,3. Atoms excited
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FIG. 8. (a) The fraction of 'Hg atoms ionized as a function of
time, assuming the laser intensity is a square pulse turned on at
t=0. Laser intensities are Z;=1X107° Wecem >Hz !,
I,=1%X10%> W cm™2. (b) The fraction of '°°Hg atoms ionized as a
function of the delay time between the two laser pulses using the
numerijcal solution of the master equations. Positive delay times
indicate that the laser pulse connecting levels 1 and 2 is fired first.
The dashed curve shows the fraction of '"’Hg atoms ionized for
case I, assuming a detuning of the first laser by 22 GHz from
resonance. This corresponds to the unwanted process that would
lead to the loss of spin-state resolution. For clarity, these data were
multiplied to 100. For case II the dashed curve would be zero be-
cause of the selection rules. Laser intensities are as in (a).

to level 3 are assumed to ionize (and leave the system).
These equations are solved, assuming for simplicity that the
time dependence of the intensities of the exciting and ioniz-
ing radiation are rectangular and turned on at =0 [49]. Fig-
ure 8(a) shows the fraction of atoms ionized as a function of
time for Z;=1x10"° Wem ™ ?Hz™! and I,=1%10%°
W cm™ 2. Essentially all the atoms are ionized within 3 nsec.

Since high ionization efficiency is so important, it is nec-
essary to check the ionization probability in the (6p2)3P,
state. Specifically, the (6p?)3P, state can either radiate or
autoionize [50]. This could have been included in the rate
equations, but we shall see that radiative effects are negli-
gible. Radiative decay is to (656p)3 P and (656p)' P{. De-
cays to all other states are negligible; they are either forbid-
den (J=0-AJ=0,2) or have configurations that would
require at least two electron jumps. The ratio of the oscillator
strengths for decay to 3P9 versus decay to 'P9 is 63 [40].
Hence, most radiative decays are to 3P. Neglecting decay
to 'P9, the radiative lifetime (in terms of the oscillator
strength f,3) is [51,52]
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g3 m 21 10
= — — —_—=). ><
T3(rad) 2 47T/’la)\ = 5.4X10 sec, (29)

whereas the actual lifetime of the (6p2)° P, state (level 3) is

1
T3=F3‘=3.7>< 10712 sec. (30)

The fraction of atoms in level 3 that ionize is therefore

i,
(1— & ):0.993599.3%. (31)
T3(rad)

Thus, less than 0.7% take the radiative route. But for case I
[Figs. 6(a) and (b)] most of these atoms will be kicked right
back up to level 3, regardless of the hyperfine level to which
they decay, since the linewidth of the transition to
(6p>)3P, is much greater than the hyperfine splitting in
3P{. For case II some of the atoms taking the radiative route
will be effectively trapped in the my= = 3 sublevels.

The adiabatic passage pumping scheme for a three-level
system should also be examined since it has been shown to
yield a 100% population transfer from the initial to the final
level while avoiding any population of the intermediate level
[53,54]. This pumping scheme is often referred to as “‘coun-
terintuitive” since the pulse from the intermediate level 2 to
the final level 3 is fired before the pulse connecting the initial
level 1 with the intermediate level. The important advantage
is that there are no losses due to spontaneous emission from
the intermediate level. The first laser pulse builds up a co-
herence between the intermediate and final levels, thereby
forming a coherent superposition of states in a dressed-atom
picture that enables the efficient pumping scheme.

The requirement of such a pumping scheme is that the
Rabi frequencies of the transitions are of the same order as
the corresponding widths of the levels. Since the width of the
final level is very broad because of the fast autoionization,
the coherence between the intermediate and the final levels
immediately decays, so that the adiabatic pumping scheme is
not effective. Very large Rabi frequencies, i.e., on the order
of the width of the autoionizing level, would be required to
overcome this decay of coherence. On the other hand, large
Rabi frequencies would also involve a mixing between the
F=3 and } levels of the (656p)> P{ state since the final level
is much broader than the 22-GHz separation of these two
hyperfine levels. Hence, ground-state atoms with either com-
ponent of spin would be excited.

In case I, they would all be ionized and the resolution of
the spin state would be completely lost; this is, of course, a
crucial point of the experiment. In case II, however, as a
result of the selection rule Amp=0 on the
(656p)63PS—(6p?)3 P, transition, only one spin state is
ionized; the other spin state is excited to an mp= *3 sub-
level that is not accessed. Thus in case II the resolution of the
spin state would still be maintained.

Nevertheless, the counterintuitive pumping scheme can-
not be applied in this experiment, since the anticipated laser
intensities are insufficient to achieve the required Rabi fre-
quencies. Even if such intensities were available, practical
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considerations such as multiphoton ionization of residual
gas, photoelectric effects, etc., would make such an approach
undesirable.

The degree of ionization was calculated for the previ-
ously stated intensities (Z;=1X10"° Wem 2 Hz !,
I,=1X10%> Wcm™2) as a function of the delay time be-
tween the first ( Z7) and second pulse (/,). The calculations
involved the numerical solution of the corresponding master
equations assuming Fourier-transform-limited Gaussian
pulses of 8 nsec FWHM duration using a Runge-Kutta algo-
rithm with adaptive step size. As shown in Fig. 8(b), a maxi-
mum of 99.5% of the population is transferred to the au-
toionizing level when the first pulse (253.7 nm) precedes the
second pulse (197.3 nm) by 2 nsec. This pulse sequence is
opposite the counterintuitive pumping scheme [i.e., negative
delay times in Fig. 8(b)]. The reason for the 0.5% loss in the
population transfer is the possible decay from the intermedi-
ate level to the other m sublevel of the ground state; be-
cause of the circular polarization of the first pulse the latter
cannot be excited to the intermediate level. Even for case I,
transitions through the mp= * 2 hyperfine states are highly
suppressed [ <0.075%, Fig. 8(b)], and measurement of the
nuclear spin state can be achieved. Of course, in case II, all
transitions through the mp= %2 hyperfine state are com-
pletely suppressed.

It should be noted that several investigators have used
photoionization for Hg detection [55], isotope selection [56],
and isomer selection [57]. Two of these tried to take advan-
tage of a broad autoionizing state [55,57], but the oscillator
strengths for their transitions to it were so small as to negate
any benefits. The proposed scheme (and several variants that
increase selectivity) is orders of magnitude more sensitive
and will be valuable in these and similar applications.

3. Detection lasers

The detection volume is defined by its 0.15-cm depth and
the area of the 4-cm-diam aperture. Lasers at wavelengths
253.7 and 197.3 nm must simultaneously illuminate the en-
tire detection volume. This is achieved by collimating the
lasers to a rectangular beam of cross-sectional area 0.15
cmX 4.0 cm=0.6 cm?.

For the excitation laser at 253.7 nm, there are several
possibilities; as an example, it can be the frequency-tripled
output of a Ti:sapphire laser operating at 761.1 nm. Output
energies of ~100 mJ at the fundamental can easily be
achieved. Employing the same crystals and tripling scheme
as described in Sec. IV A 5, we can obtain greater than 1 mJ
at 253.7 nm in ~8 nsec pulses with a bandwidth of ~0.01
cm~ !'=0.3 GHz. This bandwidth completely resolves the hy-
perfine splitting (22 GHz) of 6°P¢. The resulting spectral
intensity is >6 X 107* Wem™2 Hz™ !, which is a factor of
60 larger than the intensity 7; that is required.

The radiation at 197.3 nm can be obtained by using BBO
to frequency sum the fourth harmonic (266 nm) of a
Nd:YAG (neodymium-doped yttrium aluminum garnet) laser
with the fundamental of a flash-lamp—pumped Ti:sapphire
laser tuned to 764 nm. In fact this Ti:sapphire can be the

" same as that used for generating the 253.7-nm radiation, as

the Ti:sapphire laser can be injection seeded simultaneously
with two lasers diodes. Not only does this provide the two
wavelengths as single longitudinal mode outputs, but also the
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diode seed lasers make it easy to tune the outputs and lock
them to the Hg transitions.

Previously, Glab and Hessler mixed the fundamental out-
put of a dye laser with its second harmonic in BBO [58].
With pulse energies of 5 mJ and power densities of 50
MW cm ™2, they observed an efficiency of ~20% for wave-
lengths down to 199 nm. The efficiency then dropped
sharply, and the shortest wavelength they generated was
197.4 nm. The drop was due to the decrease in the nonlinear
optical constants when the phase-matching angle approached
90°. Others obtained wavelengths as short as 195.3 nm by
cooling the BBO crystal [59]. The phase-matching angle of
90° occurs at a shorter wavelength if the wavelengths for the
frequency summing process are more widely separated. By
using two different dye lasers, wavelengths down to 188.9
nm have been obtained [60]. Although efficiencies of only
~3% were observed, the bandwidths were larger and the
power densities were an order of magnitude smaller than in
the work by Glab and Hessler.

An appropriate approach is to use a Nd:YAG laser. The
latter easily produces ~25 mlJ in an 8-nsec pulse at the
fourth harmonic, 266 nm. The Ti:sapphire laser produces
~ 100 mJ in a 20-nsec pulse at 764 nm; we assume that only
~40 mJ of this temporally overlaps the Nd:YAG pulse and
will be useful. Now, because of the large difference in wave-
lengths being summed, the phase-matching conditions are
easily satisfied. With indices of refraction based on Kato’s
results for the coefficients in Sellmeier’s equation [61], the
phase-matching angle in BBO for these wavelengths is
68°. It is known that Kato’s coefficients give indices in the
200-nm region that are slightly in error and that actual phase-
matching angles are a little larger [58]. With this phase-
matching angle, conversion efficiencies of ~20% (compa-
rable to that of Glab and Hessler) will be observed, and the
output power at 197.3 nm will be >6 mJ in an 8-nsec pulse.
As before, this will be focused into an area 0.15 cmXx4.0
cm=0.6 cm?. Thus the available intensity is >1.2Xx 10°
W cm™2, a factor of 12 larger than the intensity /, that is
required [see Figs. 8(a) and (b)].

Sufficient laser power can clearly be generated to saturate
the resonant two-step ionization process. Intensities will, in
fact, be reduced to the extent possible while maintaining
greater than 99% ionization. The relatively low power re-
quirement for the second transition is a consequence of the
extremely large cross section for excitation of the autoioniz-
ing state, and is important since it virtually eliminates mul-
tiphoton ionization of residual gas that could produce back-
grounds.

4. Detection efficiency and background

For 300-eV electrons, the efficiency of cone-input Chan-
neltrons is >90% [62] and may reach 98% [63]. For high-
mass ions accelerated to ~3 keV, the efficiency of cone-iput
Channeltrons is >50% [64] and may reach 90% [65]. An ion
can also be detected by accelerating it into a metal electrode
to produce a burst of electrons. These, in turn, are acceler-
ated into a scintillator to produce a burst of photons that are
observed with a photomultiplier tube [66,67]. For ion ener-
gies =15 keV, the ion detection probability is >90% [66].

Both the Hg* ion and its photoelectron will be observed,
and we will assume that a Hg atom has been observed if

either the electron or the ion detector gives an output pulse.
As a result of this or decision, and assuming worst-case val-
ues of 50% and 90% for the ion and electron detection effi-
ciencies, respectively, the overall efficiency for detection of a
Hg atom is at least 95% (e.g., at the lower limit, 90% of the
Hg atoms are detected via the electron, and 50% of the re-
maining 10% are detected via the ion). Actually, overall Hg
atom detection efficiencies >99% should be achievable. An
important consequence of the or decision is that background
or noise counts must be made negligible.

Channeltron dark count rates are <0.5 counts/sec. How-
ever, detector pulses are only observed in a coincidence time
window of ~20 nsec when the detection lasers are fired (10
times/sec). Thus the dark count rate within the coincidence
window is <1X 1077 counts/sec. This is negligible.

To avoid counts due to residual gas Hg atoms, the average
number in the detection volume (0.15X4 X 7r cm®) must be
<1; i.e., the Hg partial pressure must be <10~ !7 Torr. Thus,
the detection region walls will be cooled to 77 K (liquid
N,), where the vapor pressure of Hg is estimated to be
~10732 Torr [68].

Of course, it is essential to eliminate background signals
due to stray electrons and ions. Thus, all high-voltage elec-
trodes must be appropriately treated to suppress field emis-
sion, and a cryopumped vacuum of better than 10~ ° Torr
must be maintained. The relatively low power densities of
the uv detection lasers are also critical to the elimination of
background charge-particle sources. Construction materials
must be selected and cleaned to eliminate emission of pho-
toelectrons by the uv lasers.

Since there is a one-to-one correspondence between a
Hg™" ion and its photoelectron, we can compare singles rates
and coincidence rates between ion and electron detectors to
obtain the absolute overall detection efficiency of both the
ion detector and the electron detector [69]. The relations be-
tween the count rates and the detector efficiencies are

Ne:’)?eNa’ Ni:UiNa9 Nc:niUeNzn (32)

where N, is the overall number of atoms entering a detector,
and N,, N;, and N, are the count rates for electrons, ions,
and electron-ion coincidences, respectively. The electron and
ion detector efficiencies are 7; and 7,, respectively. Equa-
tions (32) can easily be solved for these efficiencies, yielding

Ne Ne 33
mMEN TN (33)

Thus, the ion and electron detector efficiencies #; and 7, can
be directly measured and continuously monitored throughout
all data acquisition. The inherent determination of the detec-
tor efficiencies is one of the important and outstanding fea-
tures of this experiment.

The efficiency measurements for ion and electron detec-
tors (including Channeltrons) will also be of considerable
technical interest in their own right. They will provide abso-
lute efficiency measurements that are not encumbered by the
usual errors associated with determining the absolute source
intensity and geometry.
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FIG. 9. Schematic of the system for rapid switching of the di-
rection of observation of the nuclear spin components. EOM,
electro-optical modulator (switches laser beam between orthogonal
linear polarization states on the nanosecond time scale); M, mirror;
CP, circular polarizer (transmits one linear polarization state and
reflects the orthogonal one).

With the aforementioned or detection scheme the overall
detector efficiency 7 in Egs. (11)—(13) is related to the de-
tection efficiencies #; and 7, by

n=1=(1=n)1=n)=n.+ 7~ 7n.7. (34)
Thus the absolute detection efficiency for both atoms can be
determined in this way. The two detectors do not have to
have exactly the same detection efficiency in order to test the
strong Bell inequality; Egs. (11)—(13) can easily be formu-
lated for two detectors with different efficiencies and solid
angles. The conditional probability g is measured by observ-
ing that the ratio of Egs. (11) and (13) for a pair of angles
6, and 6, yields

R++(91’02)
Ry +(0))
If 6,—60,=m, then R, ., /R =gmn. Since 7 has been mea-

sured [Eq. (34)], the data for R, . and R, give an experi-
mental value for g. It should be noted that g can also be

=3gm[1—cos(,—6,)]. 35)
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determined in a completely independent measurement by us-
ing linear rather than circular polarized 253.7-nm radiation;
in this case g# is the ratio of the coincidence rate to the
singles rate, both of which are independent of 8, and 6, .

C. Angular-momentum analysis

As shown in Fig. 1, the analyzing beams at 253.7 nm lie
in planes parallel to the X-A plane and are at angles 6, 6, to
the +Z axis. The angles 6;, 6, of these laser beams define
the directions in which each atom’s angular-momentum com-
ponents is observed.

For a ground-state %Hg (F=1) atom, the quantum num-
bers for the two components of angular momentum in a
given direction are M= * 3; these correspond to the com-
ponents of nuclear spin in that direction. If the 253.7-nm
laser beam has right circular polarization (o), My must
increase by 1 in the transition. Thus, only ground-state atoms
for which the projection of the angular momentum (nuclear
spin) in the direction of laser beam propagation is M z= 1 can
be excited to the 6°P¢ (F=3) state and subsequently ion-
ized; see Fig. 6(a). Similarly, for left circular polarization,
only atoms with M =+ 3 are excited and ionized. In sum-
mary, by choosing the direction and circular polarization of
the excitation laser, a Hg atom with either component of
nuclear spin in any direction is selectively detected.

Einstein locality can also be rigorously enforced in this
analysis scheme. Specifically, as indicated in Fig. 9, an
electro-optic modulator (EOM) together with a beam-
splitting polarizer can change the propagation direction of
the excitation laser beam and hence the component of angu-
lar momentum being observed. The EOM can switch the
laser beam polarization between orthogonal linear polariza-
tion states on the nanosecond time scale. This, as well as the
time to digitize the detector output, can be short compared to
the time for light to travel between the detector systems. The
EOM can be triggered stochastically in a variety of ways.

D. Signal estimates

Based on Eq. (11), the maximum coincidence rate R can
be written in terms of parameters specified throughout this
paper (and summarized in Table II),

TABLE II. Summary of parameters for the signal estimate.

Z2=pulse repetition rate

n=detector efficiencies

g=conditional detection probability

no=Hg density in dissociation region

a;=fraction of dimers that are '*°Hg,

ay=fraction of beam that is dimers

az=fraction of dimers that are in /=10

a4 =fraction of dimers that are dissociated
as=fraction of dimers in velocity selection window

xk=increase due to anisotropy of molecular dissociation

ry=radius of dissociation region (source)
L=length of dissociation region

rq=distance from dissociation region to detectors
A =cross-sectional area of detector

10 sec™!

0.95
0.97
2.4x 10" atoms cm™?
0.028
0.05
0.03
0.5
0.15
3.8
0.03 cm
0.15 cm
50 cm
12.6 cm?
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R=1RBn gnoaa,ayasaskmril (36)

47r?
We find R~2 coincidences/sec. This conservative estimate is
already too high; specifically, since .%2=10 sec™!, such a
large coincidence rate will give an appreciable number of
coincidences between atoms from different dimers. An opti-
mal rate with .%2=10 sec™! would be <1 coincidence/sec;
of course, it is always easy to reduce a signal.

E. Other effects
1. Magnetic effects

The nuclear magnetic moment for %Hg is
w=2.56x10731 JG~! [70]. It is easy to reduce residual
magnetic fields to B<0.01 G. In such a field and for a flight
time to the detector of 1=6X 10~* sec, the magnetic moment
precesses through an angle #<<0.8°. This is a negligible ef-
fect.

2. Hg atom collisions

As a least favorable condition, we will consider the mean
free path N\, of a Hg atom in Hg vapor. Using the long-range
Lennard-Jones attractive potential, the mean free path is [25],

s 96107
N, =[5.3n(C¢/kT) "] =—, cm (37)
where 7 is the atom density (atomsX cm‘3), T=300 K, and
Ce/k is the attractive force parameter for Hg. The latter is
given by [25]

CG —2hCDE
Tk

r$=23%x10"% Kem™!, (38)

where D, and r, are given in Table I. The background pres-
sure is =~ 10~ 2 Torr. Thus, we have - 10° cm>50 cm, and
collisions on the flight path will be negligible. After disso-
ciation, Hg atoms must also exit the atomic beam environ-
ment, a distance of <0.06 cm. The density of Hg atoms in
the beam is n=2.4X 10'! atoms cm™?; thus, within the beam
\,,~400 cm>0.06 cm.

V. SUMMARY

We have described a definitive test of the previously un-
tested strong Bell inequalities. It closes the detector effi-
ciency loophole and provides for rigorous enforcement of
Einstein locality. The experiment is clearly feasible. Further-
more, this proposed generation of an atomic entangled state
has a feature that is quite different from previous experi-
ments. Specifically, the lifetime of this entangled state is in
the millisecond time regime as compared to lifetimes of a
few nsec for existing experiments based on entangled states
of photons.
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APPENDIX

The quantum-mechanical predictions for tests of Bell in-
equalities are examined for arbitrary orientations of the de-
tection planes. Consider a pair of spatially separated atoms
each with spin 3 in an entangled state with total spin zero; its
state is given by Eq. (4). The spin state of each atom of the
pair is measured in directions specified by the spherical co-
ordinates (6,,®;) and (6,,P,), respectively, which
are defined with respect to a fixed, arbitrarily oriented
coordinate system. The quantum-mechanical prediction
R,,(6,,P,,0,,P,) is defined as the coincidence rate for
observing both atoms in the spin-up state with respect to the
directions defined by these spherical coordinates.

The operator for measuring the spin S of a spin-3 particle
in an arbitrary direction, defined by spherical coordinates
(6,®), is given by

§,=S, sinf cos®+S, sinf sin®+S, cosd (Al)

and can be written in matrix form with the help of the Pauli-

spin matrices o, o,, and o,
[ cos®  sinfe” e
Snzf sine'®  —cos® |- (A2)

The eigenvectors |x1), |x;) for this matrix and the corre-
sponding eigenvalues v, v can be readily found to yield

[71]

0

cos =
2

0 o
sin —¢*
2

i
Ix1)= v=+5, (A3)

R
sin >

(A4)

|X1>: V)=~

0 . > 5
—cos 56@ 2

The result for the quantum-mechanical expectation value
of finding particle 1 in the state spin up with respect to an
arbitrary direction, and finding atom 2 in the state spin up
with respect to some other direction, is given by

R++(91 7®1702v®2)

= 771ﬂzng<‘I’|XT1>|XT2><XT2|<X71|‘I'>’
(AS)

where the parameters are the same as in Eq. (8). Substituting
Egs. (4), (A3), and (A4) into Eq. (A5), we get
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i 01 . 02 i
R++(015(D1’027¢)2)=7771772fg1v COS_z‘Sln Te 2
6 0, .. |?
—sin%cos —2-2—e_'¢1 , (A6)
which can be rewritten
1 201 02
R, (0,,9,,0,,D,)=737,7,fgN|cos 7 sin® 5
0, 0> 0, 0,
. 271 272 1oL
+ sin ) cos ) 2 cos2 sin 2
0, . 6,
Xcos-é— sxn7005(®1—®2) .
(A7)

Thus in the general case for fixed detector planes, i.e., fixed
values of ®; and ®,, the quantum-mechanical prediction
depends on €; and 6, separately, not just their difference. Of
course, for two directions (6,,9P ) and (6,,D,), it is always
possible to express R, , entirely in terms of the angle 6,
between these two directions; but this would be inconvenient
in a test of Bell inequalities because the plane containing
6;; would, in general, be different for every pair of directions
i,j. Therefore we restrict consideration to a single coordinate
system with fixed detection planes by ®; and ®,.
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For the case of parallel detection planes, as shown in Fig.

1, @, equals ®,, and it is easy to show that Eq. (A6) re-
duces to our previous result, Eq. (11). In the coordinate sys-
tem of Fig. 1, if the orientation of the detection planes is
changed so that ® ;= —®,=61.3°, then the detection planes
would be perpendicular to the flight paths of the Hg frag-
ments. In this case, evaluating the Bell inequality, Eq. (14),
using Eq. (A7) with the same set of angles 6, and 6, as for
parallel planes, Eq. (15), gives the quantum-mechanical pre-
diction

Som(135°,0°,225°,90°)=0.667¢ . (A8)
This quantum-mechanical prediction cannot exceed 1.0 even
when =g = 1.0. Hence, no violation of the Bell inequalities
can be observed. It is possible, however, to find another set
of angles for which the quantum-mechanical predictions do
violate the Bell inequalities when ®,=—®,=61.3°, e.g.,

Sqm(208°,0°,151.7°,90°) = 1.07 5g. (A9)
This result requires higher values of 7 and g than that for
parallel detection planes, Eq. (15); in fact, the optimum ar-
rangement is with parallel detection planes, as shown in Fig.
1. It should also be noted that for perpendicular detection
planes, i.e., ®; —®,=90°, no set of angles can be found, so
that the quantum-mechanical predictions violate the Bell in-
equality, Eq. (14).
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