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Angular correlation of a pair of Lyman-α photons produced in the photodissociation of H2
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The angular correlation functions (ACFs) of a pair of Lyman-α photons emitted from H fragments in the
photodissociation of a hydrogen molecule are measured at a 33.66-eV incident photon energy and at hydrogen
gas pressures of approximately 0.1 and 1 Pa. The ACFs are measured for both opposite and nonopposite
arrangements of the two photon detectors. It turns out that the experimental ACFs involve neither the contribution
of the reactions H(n = 2) + H2 nor the contribution of the cascade from H(n � 3) to H(2p) fragments. Thus the
experimental ACFs are those for primary H(2p) pairs following the photodissociation of H2. The experimental
ACFs are compared with (i) the theoretical ACF for entangled pairs of H(2p) atoms, where the magnetic quantum
number of each hydrogen atom is indefinite, and (ii) the theoretical ACF for H(2p) pairs with definite magnetic
quantum number of each hydrogen atom relative to the internuclear axis [the former entangled state of H(2p)
pairs is a sum of the latter pair states with definite magnetic quantum number]. In the theoretical ACF in (ii),
the disentanglement in H(2p) pairs during the dissociation is considered. The experimental ACFs show a similar
tendency in angular dependence to the theoretical ACF for entangled H(2p) pairs. However, there still remains
a considerable difference in the variation magnitude between those experimental and theoretical ACFs. The
experimental ACFs show the reverse tendency in angular dependence to the theoretical ACF for H(2p) pairs with
definite magnetic quantum number of each hydrogen atom relative to the internuclear axis. We thus conclude
that the pair of H(2p) atoms in the photodissociation of H2 is unlikely to be in the definite states of magnetic
quantum number of each hydrogen atom relative to the internuclear axis, i.e., unlikely to be in the components
of the entangled state of H(2p) pairs.
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I. INTRODUCTION

Entanglement in massive quantum particles has been
intensively studied in atomic ions [1] and neutral atoms [2]
to realize quantum information technologies. In most studies,
the entangled particles are produced with active control
techniques. Odagiri et al. [3] found an atom-pair formation
process (1) through the coincidence detection of two Lyman-α
photons, which are potentially entangled, and measured the
cross sections of process (1) against the incident photon
energy,

H2(X 1�g
+)+γex → H2

∗∗ [
the dissociative Q2

1�u(1)state
]

→ H(2p0) + H(2p±1)

→ H(1s) + H(1s) + γLy−α + γLy−α, (1)

where γex is the incident photon and γLy−α the Lyman-α
photon. The subscripts of 0 and ±1 attached to 2p are the
magnetic quantum numbers m with respect to the internuclear
axis. Subsequently, Miyagi et al. [4] theoretically showed
that a pair of H(2p0) and H(2p±1) atoms in process (1)
is entangled and calculated the angular correlation function
(ACF) of the pair of Lyman-α photons emitted by the entangled
pair of H(2p) atoms by means of the two-photon correlation
function in quantum optics [5]. Their ACF shows strong
contrast, i.e., the visibility amounts to 100% [4]. The molecular
photodissociation offers an alternative passive approach to
the production of entangled atom pairs. Jänkälä et al. [6]
calculated the angle-differential cross section for the emission
of a pair of fluorescence photons from an entangled atom pair
produced in the photodissociation of a diatomic molecule.

Their method is based upon the calculation of the transition
dipole moments for the absorption of an incident photon and
cascading emissions of two photons from a diatomic molecule
at an infinite internuclear distance. The angle-differential cross
section gives the ACF of a pair of fluorescence photons. As
shown later, both ACFs, one by Miyagi et al. [4] and the
other by Jänkälä et al. [6], agree qualitatively. However, the
ACF by Jänkälä et al. [6] shows weaker contrast than that
by Miyagi et al. [4]. It follows from the two theories [4,6]
that measuring the ACF of the pair of Lyman-α photons
results in investigating the state of the H(2p) pair produced in
process (1).

Our group measured the ACFs of the pair of Lyman-α
photons in process (1) from the above-mentioned aspect
[7,8]. However, previous measurements were limited to the
opposite arrangement of two photon detectors [see Fig. 4(a)]
since the apparatus was equipped with just one rotation
axis. In the present investigation we aim at measuring
the ACFs for opposite and nonopposite [see Figs. 4(b)
and 4(c)] arrangements with the apparatus where the two
photon detectors can independently be rotated around the
axis of the incident photon beam and aim at comparing the
experimental ACFs with the theoretical predictions [4,6]. It
turns out during the present experiment that false coinci-
dence counts probably due to cosmic muons are mixed into
the two-photon coincidence counts. In the present experiment
the contribution of such false coincidences becomes negligible
by using sensitivity-enhanced microchannel plates with CsI
coating, while in early experiments [7,8] the contribution
was not negligible at the lowest pressure of the hydrogen
gas.
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II. EXPERIMENT

The experiments were performed at the undulator beamline
BL28B [9] and the bending beamline BL20A [10] of the
Photon Factory, Institute of Materials Structure Science, KEK.
Linearly polarized light was introduced into a gas cell filled
with molecular hydrogen. The polarization degree of the
incident light from the undulator line BL28B is 0.98 [11]
and that from the bending line BL20A is approximately 0.8
[12,13]. The spot size of the incident light beam at the BL28B is
much smaller than that at the BL20A, 2 × 2 mm2. The incident
photon energy was 33.66 eV as in the early experiments [7,8],
which gives the maximum value of the cross sections for the
emission of the pair of Lyman-α photons [3].

The geometry of the present experiments can be seen in
Fig. 1. The space-fixed XYZ frame and body-fixed xyz frame
are shown. The Z axis is chosen to lie on the unit polarization
vector of the linearly polarized incident light ε̂ and the X

axis is chosen to lie along the wave-number vector k of the
incident light. The gas cell consists of three coaxial cylinders
[14], where the symmetry axis coincides with the k vector of
the incident light, i.e., the X axis. The two photon detectors
are put on the outermost and innermost cylinders in such a way
that the detectors are on the lines perpendicular to the X axis
at a distance of 14.5 mm and rotate independently around the
X axis. The apparatus is equipped with a double rotation axis.
The solid angle subtended by each detector from the origin of

FIG. 1. (Color online) Geometry of the present experiments. The
unit polarization vector of the linearly polarized incident light is
denoted by ε̂ and the wave number vector of the incident light by k.
The space-fixed XYZ frame is introduced in such a way that the Z

axis is parallel to ε̂ and the X axis is parallel to k. The body-fixed xyz
frame, where the z axis is the internuclear axis, is introduced against
the space-fixed XYZ frame with the Euler angles (ϕ, θ , 0).

the XYZ frame is 0.64 sr, the same as in previous experiments
[7,8].

Each photon detector for the vacuum ultraviolet radiation
is comprised of an MgF2 window and microchannel plate
(F4655-10, Hamamatsu photonics) coated with CsI, which
provides a filter range of approximately 115–200 nm. Only
Lyman-α radiation, with a 121.6-nm wavelength, is detected
at a 33.66-eV incident photon energy. The microchannel plate
without CsI coating used in the early experiments [7,8] was
replaced by that with CsI coating to increase the detection
efficiency for Lyman-α photons approximately ten times [15],
resulting in efficiency two orders of magnitude higher for the
coincidence detection of two Lyman-α photons. In fact, the
detection efficiency of the microchannel plate with CsI coating
was increased three to ten times in the present experiments as
compared to that without CsI coating.

The photon detectors are labeled c and d and their directions
are expressed by the Euler angles (�c,	c, 0) and (�d,	d, 0),
respectively, provided the detectors are originally on the +Z

axis. We note that �c = �d = 3
2π in the present and previous

experiments [7,8]. The detectors are hence on the YZ plane,
i.e., the plane perpendicular to the incident light beam. The
angles 	c and 	d express the rotation angles around the
X axis and their positive direction is the counterclockwise
direction when facing into the positive direction of the X axis.
The minimum value of |	d − 	c| is 120°. It was confirmed
by ray tracing of the Lyman-α photon that the integral of
the product of two solid angles subtended by the detectors c

and d over the interaction region, i.e., the geometric factor,
is constant irrespective of 	c and 	d when the alignment of
the detectors is good. It was verified experimentally that the
geometric factor was kept constant when detectors c and d

rotated as mentioned in Sec. III. The alignment of the photon
detectors was examined by measuring the angular distribution
of photoelectrons from He at an incident photon energy
of 33.66 eV since the asymmetry parameter in the angular
distribution has been well known to be 2 [16]. The direction of
the unit polarization vector of the linearly polarized incident
light was experimentally determined by such photoelectron
measurements. Two retardation-type electron-energy analyz-
ers are put on the outermost and innermost cylinders for these
purposes, which are shifted by 50 mm down the incident light
beam from the photon detectors. The ratio of the count rates
from detectors c and d was used as a probe of the drift of the
alignment.

The detection times of the Lyman-α photon by the detectors
c and d, tc and td , respectively, were recorded with a time-
to-digital converter (TDC8HP, RoentDek). The width of one
channel is 25.1 ps, which was obtained by using two clocks:
the time calibrator (Ortec 462) and the timing signal from
the storage ring synchronized with the pulsed synchrotron
radiation. The number of events that the time difference td − tc
is equal to T is counted for a given value of T and plotted
against T , which is the two-photon coincidence time spectrum.
It is in fact shifted along the T axis because of the instrumental
delay time. Figure 2 shows an example measured at a 33.66-eV
incident photon energy, 1.4-Pa hydrogen gas pressure, and
(	c, 	d ) = (−90◦, 90◦). In fact, the spectrum in Fig. 2 is
on top of the accidental coincidence that reflects the bunch
structure in the storage ring, i.e., the bunch-to-bunch interval of
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FIG. 2. (Color online) Example of the two-photon coincidence
time spectra, which was measured at a 33.66-eV incident photon
energy, 1.4-Pa hydrogen gas pressure, and (	c,	d ) = (−90◦,90◦).
The accidental coincidence has been subtracted. The four channels
of the time-to-digital converter are binned to be 0.1004 ns/channel.
The solid curve shows the best-fit curve of Eq. (2).

2 ns, the time taken for a bunch to circle the ring, 624 ns, and the
fill pattern in the ring. The accidental coincidence including the
flat component as well is subtracted by using the fact that it has
a period of 624 ns. The peak in Fig. 2 has a decay time constant
of 1.6 ns, the lifetime of an H(2p) atom [17]. There exists a
slow component with a time constant of approximately 100 ns
underneath the peak. The slow component may be ascribed
to the l-changing reaction of H(2s) fragments produced in the
photodissociation [18] and to cascade from H(n � 3) to H(2p)
fragments: The lifetime of H(3s) is 160 ns and that of H(3d)
is 15.6 ns [17,19]. Hence we fitted the function with the fitting
parameters of C1,C2,T0, and τ ,

y(T ) = C1 e−|T −T0|/τ + C2, (2)

to the experimental two-photon coincidence time spectra in
the range of ±16 ns from T 0 to separate the slow component,
which is considered flat in Eq. (2). In fact, the values of C2

are much smaller than those of C1. The coincidence rate,
which does not include the slow component, is normalized
for the incident photon flux and the result is plotted against the
hydrogen gas pressure in the gas cell in Fig. 3. The proportional
relation is seen in the range up to approximately 1.2 Pa.
This is the reason why we normalize the coincidence rate
for the hydrogen gas pressure to obtain the ACFs of the pair
of the Lyman-α photons, as mentioned later. The proportional
relation in Fig. 3 indicates that the coincidence counts obtained
with the fitting of Eq. (2) are not affected by the reactions of an
H(n = 2) fragment with an H2 molecule and the ACFs hardly
depend on the hydrogen gas pressure.

The decay time constant τ is in good agreement with the
lifetime of an H(2p) atom, 1.6 ns [17], independent of the
hydrogen gas pressures and (	c,	d ) in the present range. This
result shows that the deexcitation and l-changing reactions of
H(2p) fragments hardly occur within the lifetime of an H(2p)
atom in the present pressure range, which is consistent with the
proportional relation in Fig. 3. In conclusion, the two-photon
coincidence counts obtained with the fitting of Eq. (2) are free
from the reactions H(n = 2) + H2 and cascade from H(n �
3) to H(2p) fragments in the present range of hydrogen gas
pressure.

FIG. 3. (Color online) Plot of the coincidence rate normalized for
the incident photon flux against the hydrogen gas pressure in the gas
cell. Here 	d = 	c + 180◦, i.e., the opposite arrangement of the
two photon detectors [see Fig. 4(a)]. The solid line is the best-fit curve
of the proportional relation.

The result of Fig. 3 was obtained with the single-axis
apparatus. The hydrogen gas pressure in the cell was almost
constant independent of the directions of the photon detectors
expressed by (	c,	d ). On the other hand, the pressure in
the cell depended on (	c,	d ) to a much larger extent in the
double-axis apparatus than in the single-axis one: The pressure

043405-3



YUKO NAKANISHI et al. PHYSICAL REVIEW A 90, 043405 (2014)

FIG. 4. (Color online) Experimental and theoretical ACFs of a pair of Lyman-α photons following the photodissociation of H2. The symbols
denote the experimental ACFs measured at the incident photon energy of 33.66 eV measured at BL20A (�, �, and �) and BL28B (©). The
pressure indicates that of hydrogen gas in the gas cell. Curves show the theoretical ACFs: blue solid curve, f M [Eq. (11)] [4]; red dashed curve,
f J [Eq. (18)] [6,23]; black dash-dotted curve, f M

γφ [Eq. (13)] [4]; and thin gray curve, f [Eq. (19)] with p1 = 0.34 and p2 = 0.69.

ranged from 0.64 to 1.2 Pa and 0.95 to 1.5 Pa with changing
values of 	c and 	d in the double-axis apparatus as shown
in Fig. 4 (squares and circles), while the pressure was kept
constant during the measurement at a given set of 	c and
	d in the double-axis apparatus. Such a large variation of the
pressure from angle to angle in the double-axis apparatus does
not matter in the ACF measurement because the coincidence
rate is normalized for the hydrogen gas pressure, almost
constant at a given angle, based upon the proportional relation
in Fig. 3. The large variation of the pressure in the double-axis
apparatus is due to the fact that the leak rate of hydrogen gas
through the interstices of cylinders in the gas cell is dependent
on (	c,	d ).

The coincidence rate at a given set of 	c and 	d,
Ṅcd (	c,	d ), is normalized for the flux of the incident photons
and the hydrogen gas pressure in the gas cell to obtain
Ṅcd (	c,	d )/(P iAu), where P is the hydrogen gas pressure
and iAu the photocurrent from the Au plate placed at the
back of the gas cell. The reference measurements were carried
out at a constant angle of (	c,	d ) = (−π

2 , π
2 ) or (π

2 , − π
2 )

to compensate a possible but small and slow change of the
geometric factor and the sensitivity of the detectors during
the measurement. The reference measurements were carried
out before and after the measurement of Ṅcd (	c,	d )/(P iAu)
to obtain Ṅ ′

cd (−π
2 , π

2 )/(P ′i ′Au) and Ṅ ′′
cd (−π

2 , π
2 )/(P ′′i ′′Au). The

value of

Ṅcd (	c,	d )/(P iAu)
1
2

[{
Ṅ ′

cd

(−π
2 , π

2

)
/(P ′i ′Au)

} + {
Ṅ ′′

cd

(−π
2 , π

2

)
/(P ′′i ′′Au)

}] (3)

is the relative cross section of process (1) against 	c and
	d (�c = �d = 3

2π ), differential with respect to each solid

angle for the emission of the pair of Lyman-α photons. The
plot of the value (3) against 	c and 	d hence gives the ACF
of the pair of Lyman-α photons.

III. RESULTS

The ACFs measured in the present experiment are shown
in Fig. 4, where the incident photon energy is 33.66 eV
and the hydrogen gas pressures are approximately 0.1 and
1 Pa. The ACFs denoted by up and down triangles have been
measured with the single-axis apparatus and those denoted by
squares and circles have been measured with the double-axis
apparatus. During the present experiment it has turned out that
the false coincidence counts coming from outside the vacuum
chamber are mixed into the two-photon coincidence counts as
mentioned below.

The two-photon coincidence time spectra were measured
without introducing the incident light beam and hydrogen gas
and some examples of these measurements are shown in Fig. 5.
The detectors c and d were opposite to each other on the
vertical plane. The angle of c from the vertical line is written
as 	p (see Fig. 5). When the detector c is at the top and d is at
the bottom, 	p is 0°. The detectors are on the horizontal line
for 	p = 90◦. The time difference T is equal to td − tc, as
mentioned in Sec. II. The time spectrum is in fact shifted along
the T axis because of the instrumental delay time. The point
of T = 0 in Fig. 5 is taken at the midpoint of the two peaks for
	p = 180° and 0°. The peak in Fig. 5 is a false coincidence peak
and appears to overlap with the real coincidence peak. The
decay is much faster than the lifetime of an H(2p) atom, 1.6 ns
[17]. The peak position for 	p = 180◦, with the detector d
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FIG. 5. (Color online) Coincidence time spectra without intro-
ducing the incident light and hydrogen gas for 	p = 0◦ (gray
circles), 	p = 90◦ (white circles), and 	p = 180◦ (black circles).

is at the top, is earlier than that for 	p = 0◦, where c is at
the top, by approximately 200 ps. This peak shift leads to the
conclusion that some particle passes through the top detector
first and then the bottom detector with the velocity close to the
light velocity, considering the distance between two photon
detectors of 14.5 mm × 2.

Figure 6 shows the variation of the count rate of the false
coincidence against 	p. The sensitivity of the detector for
the particle is independent of whether the microchannel plate
is coated with CsI or not. The angular distribution in Fig. 6
is consistent with the above-mentioned conclusion that the
particle comes from above and is expressed as

A cos2	p + B. (4)

The solid line in Fig. 6 is the best-fit curve of Eq. (4). It
is known as the polar angle distribution of cosmic muons,
where the first term Acos2	p is attributed to the primary
muons and the second term B to the secondary muons
produced through the air shower of the primary cosmic rays
[20]. Hence the false coincidences seem to originate from
cosmic muons. A 200 × 200 mm2 square plastic scintillator

FIG. 6. (Color online) Angular distribution of the false coinci-
dence rate measured through the microchannel plates with (black
closed circles) and without (open gray circles) CsI coating. The solid
line is the best-fit curve of Eq. (4).

was placed outside the experimental vacuum chamber to
verify the origin of the false coincidences. When the plastic
scintillator was on top of the chamber and 	p = 0◦, i.e.,
the scintillator, detector c, and detector d aligned vertically
from the top, triple coincidences among the scintillator signal,
detector c signal, and detector d signal were recorded. The
ratio of the triple coincidences to the double coincidences
between detectors c and d was approximately 40%, which
was explained by the straight-line trajectories that simulate
the trajectories of muons. In conclusion, the false coincidence
counts are probably attributed to cosmic muons. In the present
experiments, as the microchannel plates coated with CsI are
used, the ratio of the false coincidence counts to the total
coincidence counts (false coincidence counts plus real ones)
was less than 1% even at the lowest pressure of 0.14 Pa. The
ACFs in Fig. 4 are therefore free from false coincidence counts.

The anisotropy of the experimental ACFs is so weak that
those ACFs are approximately put on the absolute scale of
the vertical axis in Fig. 4 in such a way that the value of
the ACF at the angle of reference measurements mentioned
in Sec. II is set equal to 1

(4π)2 in units of sr−2. We note that
the integral of the ACF over the entire range of (�c,	c) and
(�d,	d ) gives unity [see Eq. (12)] and thus the value of the
ACF is 1

(4π)2 sr−2 independent of the angles for the isotropic
ACF. The arrangements of the two detectors in Fig. 4 are such
that (a) 	d = 	c + 180◦, (b) 	d = −	c, and (c) 	d =
−	c + 180◦, which are schematically shown in the inset of
Fig. 4. The arrangement of detectors in Fig. 4(a) is referred
to as the opposite arrangement and those in Figs. 4(b) and
4(c) are nonopposite arrangements. The statistical uncertainty
indicated by the error bar is approximately 1

3 of that in our
previous experiments [7,8]. The period of 180° can be clearly
seen in Fig. 4(a) as expected, which shows that good alignment
was obtained. The ACFs measured at the bending line BL20A
are in good agreement with the ACF at the undulator line
BL28B. This shows that (i) the anisotropy of the ACF is so
weak that the effect of the polarization degree of the incident
light, �0.8 at BL20A and 0.98 at BL28B, as mentioned in
Sec. II, is not noticeable and (ii) the geometric factor at BL20A
was kept as constant as the geometric factor at BL28B with
rotating detectors c and d, although the spot size of the incident
light beam at BL20A is much larger than that at BL28B, as
mentioned in Sec. II.

In Fig. 4(a) only a small pressure effect can be seen in the
range of hydrogen gas pressures of the present experiments
(see also Fig. 3). As mentioned in Sec. II, the decay time
constant τ in Eq. (2) in the two-photon coincidence time
spectrum is in good agreement with the lifetime of an H(2p)
atom, 1.6 ns [17], independent of the hydrogen gas pressures
and (	c,	d ) in the present range, which is consistent with
the prediction by Miyagi et al. [4]. On the other hand,
Tanabe et al. [7,8] reported that with decreasing hydrogen
gas pressure from 0.40 to 0.02 Pa, the experimental ACFs for
the opposite detector arrangement approached the theoretical
ACF by Miyagi et al. [4] (blue solid curve in Fig. 4). They
also reported that the decay time constant in the two-photon
coincidence time spectrum was shortened from the lifetime of
an H(2p) atom, 1.6 ns [17], to half that lifetime with decreasing
hydrogen gas pressure from 0.40 to 0.02 Pa. Their ACF and
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decay time constant at 0.40 Pa [7,8] are in good agreement with
the present results. We measured the ratio of false coincidence
counts due to cosmic muons to total coincidence counts (false
coincidence counts plus real ones) for the microchannel plates
without CsI coating. The ratios were 30%–60% at a 0.02-Pa
hydrogen gas pressure and less than 10% at 0.40 Pa. These
values would be applicable to the early experiments by Tanabe
et al. [7,8] since they used the microchannel plate without
CsI coating. The pressure effects on the ACF and decay
time constant observed in our early experiments [7,8] seem
to have been ascribed to the false coincidence counts due to
cosmic muons, taking into account (i) the considerable ratio
of the false coincidence counts at 0.02 Pa mentioned just
above, (ii) the angular distribution of the false coincidence
counts (Fig. 6), and (iii) the much faster decay than the
lifetime of an H(2p) atom in the false coincidence time spectra
(Fig. 5).

IV. DISCUSSION

As mentioned in Sec. II, the experimental ACFs in Fig. 4 are
free from reactions of H(n = 2) fragments with H2 molecules
and cascade from H(n � 3) to H(2p) fragments because of
(i) the fitting of Eq. (2) to eliminate the slow component in
the coincidence time spectrum, (ii) the proportional relation
in Fig. 3, and (iii) the agreement of the decay time constant
τ in Eq. (2) with the lifetime of an H(2p) atom irrespective
of hydrogen gas pressures. Thus the experimental ACFs in
Fig. 4 are those of the pair of Lyman-α photons emitted by the
primary pair of H(2p) atoms following the photodissociation
of H2. Before comparing the experimental ACFs with the
theoretical ones, let us show that the experimental ACFs in
Fig. 4 are free from the reactions of H(n = 2) fragments
also in terms of the cross sections of those reactions since the
number of the data points in Fig. 3 is not sufficient. Because the
contribution of the l-changing reaction of the H(2s) fragment
is eliminated through the fitting of Eq. (2) and the ACFs are
not affected by the deexcitation and l-changing reactions of
the H(2p) fragment, we consider the m-changing reaction

H(2pm) + H2 → H(2pm′) + H2. (5)

In reaction (5) m is the magnetic quantum number with
respect to the internuclear axis [see process (1)] and the
partner H(2p) atom is not shown. Reaction (5) includes all
the transformations of states within the 2p state.

The mean free time τ r of the reaction with the cross section
of σ r is given by

τr = 1/σrvn, (6)

where v is the relative velocity between a projectile and target
and n is the number density of the target. In reaction (5) the
H(2pm) atom is a projectile and the H2 molecule is a target.
The mean free time of reaction (5) is calculated and compared
with the lifetime of H(2p) atom, 1.6 ns [17], as follows.

The value of v is approximately calculated to be 2.9 ×
106 cm s−1 from the incident photon energy of 33.66 eV and
the dissociation limit of H(2p) + H(2p) with respect to the
zero-point energy of the H2 (X 1�g

+) molecule, i.e., 24.875 eV
[21], since the velocity of an H(2p) atom against the center
of mass of the two protons is much faster than the thermal

velocity of an H2 molecule against the laboratory frame at
room temperature. Fleming et al. [22] estimated the cross
section of reaction (5), σpp, to be (1.0 ± 0.2) × 10−14 cm2

from the pressure dependence of the polarization degree of the
Lyman-α fluorescence following the photodissociation of H2

in the range of the incident photon energy from the dissociation
limit of H(1s) + H(2p) to 0.496 eV above it and found that
σpp is independent of the relative velocity in the range (2 ×
105) − (7 × 105) cm s−1 at 137 K gas temperature. Thus we
use their value of σpp as it is, i.e., σpp = 1.0 × 10−14 cm2

at the relative velocity of 2.9 × 106 cm s−1, to calculate the
mean free time of reaction (5), τpp, in the present experiments,
which is compared with the lifetime of H(2p) atom, 1.6 ns
[17]. We obtain

τpp = 93 ns (7)

at a 1.5-Pa hydrogen gas pressure, the highest pressure in
the present experiment. The mean free time of reaction (5) is
approximately 58 times the lifetime of H(2p) atom even at the
highest pressure in the present experiments. The experimental
ACFs in Fig. 4 are not influenced by the m-changing
reaction (5).

It is worth considering the elastic collision of an H(2p)
atom with an H2 molecule since the elastic collision changes
the direction of motion of H(2p) atoms [23]. Krstić and Schultz
[24] reported the cross section of the elastic collision between
an H(1s) atom and H2 molecule in the range of relative
velocity from 5.4 × 105 to 1.7 × 107 cm s−1. Hishinuma [25]
also reported the cross section of the elastic collision of an
H(1s) atom in the range of relative velocity (1 × 105) − (1 ×
106) cm s−1. The former cross section is approximately four
times the latter cross section at 5.4 × 105 cm s−1. We use
the cross section of 1 × 10−13 cm2 for the elastic collision
between an H(2p) atom and H2 molecule at the relative veloc-
ity of 2.9 × 106 cm s−1, which is obtained from the elastic
collision cross section of H(1s) atom at 2.9 × 106 cm s−1

[24] multiplied by 11, i.e., the squared ratio of the radius of
the H(2p) atom to that of the H(1s) atom. The mean free time
at 1.5 Pa is 9 ns, approximately 6 times the lifetime of the
H(2p) atom. The experimental ACFs in Fig. 4 seem not to be
influenced by the elastic collision of an H(2p) atom with an H2

molecule quite so much. In fact, the ACF at 0.14 Pa is in good
agreement with that at 1.2 Pa, as can be seen in Fig. 4(a). The
above-mentioned discussion supports the conclusion that the
experimental ACFs in Fig. 4 are those of the pair of Lyman–α

photons emitted by the primary pair of H(2p) atoms following
the photodissociation of H2.

A. Comparison with the theoretical angular correlation
functions of a pair of Lyman-α photons

We compare the experimental ACFs with the theoretical
ACFs for primary H(2p) pairs in Fig. 4 and thus the latter are
summarized here. According to Miyagi et al. [4], the precursor
doubly excited state in process (1), where the incident light is
linearly polarized, has 1�+

u symmetry. The plus superscript
means that

σxz

∣∣1�u
+〉 = ∣∣1�u

+〉
, (8)
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where the operator σ xz is a reflection operator at the xz
plane. As shown in Fig. 1, the xz plane is determined by the
internuclear axis (the z axis) and the unit polarization vector of
the linearly polarized incident light (the Z axis). The |1�u

+〉
state is expressed as∣∣1�u

+; r → +∞〉

= 1

2
√

2

[∣∣2pa
1 (1)

〉 ⊗ ∣∣2pb
0(2)

〉 + ∣∣2pa
1 (2)

〉 ⊗ ∣∣2pb
0(1)

〉

−∣∣2pa
0 (1)

〉 ⊗ ∣∣2pb
1(2)

〉 − ∣∣2pa
0 (2)

〉 ⊗ ∣∣2pb
1(1)

〉
−∣∣2pa

−1(1)
〉 ⊗ ∣∣2pb

0(2)
〉 − ∣∣2pa

−1(2)
〉 ⊗ ∣∣2pb

0(1)
〉

+ ∣∣2pa
0 (1)

〉 ⊗ ∣∣2pb
−1(2)

〉 + ∣∣2pa
0 (2)

〉 ⊗ ∣∣2pb
−1(1)

〉]
(9)

at infinite internuclear distance, i.e., r → +�, where two
protons are labeled a and b and two electrons are labeled 1
and 2. The subscripts 0 and ±1 attached to 2p are the magnetic
quantum numbers m with respect to the internuclear axis.
The pair of hydrogen atoms in Eq. (9) is entangled since the
magnetic quantum number of each hydrogen atom is indefinite.
The entangled H(2p) pair in Eq. (9) emits an entangled pair of
Lyman-α photons expressed as

|�〉 = 1
2 {(|γaφb〉 − |φaγb〉) − (|ρaφb〉 − |φaρb〉)}, (10)

where the ket vectors |γ 〉, |φ〉, and |ρ〉 are single-photon states
of the Lyman-α fluorescence generated through the 2p → 1s

transition in an H atom with �m = −1, 0, and 1, respectively.
Equation (10) is the photon-pair state emitted by the entangled
H(2p) pair in Eq. (9) with its internuclear axis facing in the
direction specified by θ and ϕ (see Fig. 1). The two-photon
correlation function in quantum optics [5] was calculated for
the photon-pair state |�〉 in Eq. (10) against (ϕ, θ ), and then the
result was averaged with the weight of the � → � excitation
probability density of the fixed-in-space molecule, i.e., the
weight of 3

8π
sin2θ . This means that Miyagi et al. [4] calculated

the ACF of the pair of Lyman-α photons for randomly
oriented H2 molecules under the axial recoil approximation.
The obtained ACF for �c = �d = 3

2π is expressed as [4]

f M

(
	c, �c = 3

2
π, 	d, �d = 3

2
π

)

= 9

512π2
{3 − cos 2	c − cos 2	d

− cos 2(	c − 	d )}. (11)

The detectors c and d are on the plane perpendicular to
the incident light beam for �c = �d = 3

2π , as mentioned in
Sec. II. Such a plane is referred to as the dipole plane [6]. In
the present experiments we measure the ACFs at the dipole
plane, as mentioned in Sec. II. The ACF f M (	c,�c,	d, �d )
is normalized to unity such that∫

f M (	c,�c,	d,�d )d�cd�d = 1. (12)

Equation (11) is the result of the normalization. The entangled
H(2p) pairs in Eq. (9) give the normalized ACF (11).

Miyagi et al. [4] also calculated the ACFs for each term in
Eq. (10), i.e., the |γaφb〉, |φaγb〉, |ρaφb〉, and |φaρb〉 photon-pair
states. Those nonentangled states of the photon pair give the

same ACF expressed as [4]

f M
γφ

(
	c,�c = 3

2
π,	d,�d = 3

2
π

)

= 9

8960π2
{62 + 3 cos 2	c + 3 cos 2	d

−4 cos 2(	c − 	d )}. (13)

Equation (13) is the result of averaging with the weight of
3

8π
sin2θ and normalization according to Eq. (12). The photon

pairs in the |γaφb〉, |φaγb〉, |ρaφb〉, and |φaρb〉 states, the origin
of Eq. (13), are emitted by H(2p) pairs in the first two terms,
the third and fourth terms, the fifth and sixth terms, and the
seventh and eighth terms in the entangled H(2p) pair state of
Eq. (9), respectively:∣∣2pa

1 (1)
〉 ⊗ ∣∣2pb

0(2)
〉 + ∣∣2pa

1 (2)
〉 ⊗ ∣∣2pb

0(1)
〉
, (14)

− [∣∣2pa
0 (1)

〉 ⊗ ∣∣2pb
1(2)

〉 + ∣∣2pa
0 (2)

〉 ⊗ ∣∣2pb
1(1)

〉]
, (15)

− [∣∣2pa
−1(1)

〉 ⊗ ∣∣2pb
0(2)

〉 + ∣∣2pa
−1(2)

〉 ⊗ ∣∣2pb
0(1)

〉]
, (16)

∣∣2pa
0 (1)

〉 ⊗ ∣∣2pb
−1(2)

〉 + ∣∣2pa
0 (2)

〉 ⊗ ∣∣2pb
−1(1)

〉
. (17)

Those four states of H(2p) pairs [Eqs. (14)–(17)] are states
with definite magnetic quantum number of each hydrogen
atom relative to the internuclear axis in contrast to the
entangled state of H(2p) pairs in Eq. (9). The magnetic
quantum number of each hydrogen atom is indefinite in Eq. (9).
The H(2p) pairs in Eqs. (14)–(17) give the same normalized
ACF (13).

Jänkälä et al. [6,23] calculated the angle-differential cross
section for the emission of a pair of fluorescence photons
from an entangled atom pair produced in the photodissociation
of a diatomic molecule, which gives the ACF of a pair of
fluorescence photons. They calculated the three transition
dipole moments for the absorption of a linearly polarized
incident photon, the emission of the first fluorescence photon
by a pair of fragment atoms, and the emission of the second
fluorescence photon. The products of the three dipole moments
were summed over the possible excitation and emission
pathways. The absolute square of the summation gives the
angle-differential cross section. The coherent summation
comes from the entangled atom pair. The wave function of the
pair of H(2p) atoms in process (1) is not explicitly shown in
Ref. [6]. The ACF at the dipole plane calculated for randomly
oriented H2 molecules is expressed as [6,23]

f J

(
	c,�c = 3

2
π,	d,�d = 3

2
π

)

= 9

17 920π2
{111 − 25 cos 2	c − 25 cos 2	d

+ 3 cos 2(	c − 	d )}, (18)

which was normalized to unity according to Eq. (12). In what
follows �c = �d = 3

2π is omitted in the expression of ACFs
in such a way that we have f M (	c,	d ), f M

γφ(	c,	d ), and
f J (	c,	d ) for simplicity.

The theoretical ACF for the entangled H(2p) pairs in Eq. (9)
by Miyagi et al. [4] [Eq. (11)] was convoluted with the angular
resolution in the present experiments and the result is shown
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by the blue solid curve in Fig. 4. The theoretical ACF for
entangled H(2p) pairs by Jänkälä et al. [6,23] [Eq. (18)] was
also convoluted with the present angular resolution and the
result is shown by the red dashed curve in Fig. 4. Both ACFs
agree qualitatively, while the ACF by Jänkälä et al. [6,23] (red
dashed curve) shows weaker contrast than that by Miyagi et al.
[4] (blue solid curve). Miyagi et al. [4] treated the detection
of a photon pair in a quantal manner, while Jänkälä et al. [6]
treated it in a classical manner. There is a possibility that the
entanglement in the pair of H(2p) atoms in Eq. (9) is broken
during the dissociation and the nonentangled photon pair, i.e.,
each term in Eq. (10), is emitted. As mentioned previously,
the |γaφb〉, |φaγb〉, |ρaφb〉, and |φaρb〉 photon pairs, i.e., each
term in Eq. (10), are emitted by the H(2p) pairs in the first
two terms [Eq. (14)], the third and fourth terms [Eq. (15)], the
fifth and sixth terms [Eq. (16)], and the seventh and eighth
terms [Eq. (17)] in the entangled H(2p) pair state of Eq. (9),
respectively. Those four states of H(2p) pairs, Eqs. (14)–(17),
are states with definite magnetic quantum number of each
hydrogen atom relative to the internuclear axis in contrast to
the entangled state of the H(2p) pairs in Eq. (9). The magnetic
quantum number of each hydrogen atom is indefinite in Eq. (9).
All such H(2p) pairs of definite magnetic quantum number for
each hydrogen atom, i.e., all H(2p) pairs in the first two terms,
the third and fourth terms, the fifth and sixth terms, and the
seventh and eighth terms in the entangled H(2p) pair state of
Eq. (9), give the same ACF (13). Equation (13) was convoluted
with the present angular resolution and the result is shown by
the black dash-dotted curve in Fig. 4.

The experimental ACFs show a shift of 90° as compared
to the theoretical ACF for H(2p) pairs with the definite
magnetic quantum number of each hydrogen atom relative
to the internuclear axis (the black dash-dotted curve in Fig. 4).
We thus conclude that the pair of H(2p) atoms in process (1)
is unlikely to be in the definite states of magnetic quantum
number of each hydrogen atom relative to the internuclear
axis, i.e., unlikely to be in the first two terms, the third and
fourth terms, the fifth and sixth terms, and the seventh and
eighth terms in the entangled H(2p) pair state of Eq. (9). The
experimental ACFs do not show this 90° shift as compared to
the theoretical ACFs for entangled H(2p) pairs [the blue solid
and red dashed curves; the blue solid curve originates from the
entangled H(2p) pairs in Eq. (9)]. However, there still remains
a considerable difference in the variation magnitude between
those experimental and theoretical ACFs.

The smaller variation of the experimental ACFs with angles
as compared to the theoretical ACFs for entangled H(2p) pairs
[the blue solid curve for the entangled H(2p) pairs in Eq. (9)
and red dashed curve] shown in Fig. 4(a) may be explained
by a mixture of the entangled H(2p) pairs [Eq. (9)] and the
H(2p) pairs in the first two terms, the third and fourth terms,
the fifth and sixth terms, and the seventh and eighth terms
in the entangled H(2p) pair state of Eq. (9). We consider the
partial disentanglement in H(2p) pairs in Eq. (9) during the
dissociation. Thus we first tried to fit

f (	c,	d ; p1,p2) = p1f
M (	c,	d ) + p2f

M
γφ(	c,	d ) (19)

to the experimental ACFs in Fig. 4(a). The entangled H(2p)
pairs [Eq. (9)] give the ACF of f M (	c,	d ) in Eq. (11) and
all H(2p) pairs in the first two terms, the third and fourth

terms, the fifth and sixth terms, and the seventh and eighth
terms in Eq. (9) give the same ACF f M

γφ(	c,	d ) in Eq. (13),
as mentioned before. A good fit was obtained with p1 = 0.34
and p2 = 0.69, as shown by the thin gray curve in Fig. 4(a),
where p1 + p2 is almost unity, as expected. However, this set
of p1 and p2 did not give a good fit in Figs. 4(b) and 4(c)
in terms of the shape and magnitude as shown by the thin
gray curve. The ACF in an extensive angular range gives a
strict examination for theories. We then tried to fit Eq. (19)
to all the experimental ACFs in Figs. 4(a)–4(c) to find that
there are no sets of p1 and p2 reproducing the experimental
ACFs simultaneously. The idea mentioned above is not the
case.

V. CONCLUSION

We have measured the angular correlation functions of a
pair of Lyman-α photons following the photodissociation of
H2 with linearly polarized incident light at a photon energy
of 33.66 eV and at hydrogen gas pressures of approximately
0.1 and 1 Pa. The ACFs have been measured not only for the
opposite arrangement of the two photon detectors, but also for
the nonopposite arrangements.

The present ACFs are free from the false coincidence counts
probably due to cosmic muons, which were found in the
present experiments. The present ACFs involve neither the
contribution of the reactions of H(2p) and H(2s) fragments
with H2 molecules nor the contribution of the cascade from H(n
� 3) to H(2p) fragments and hence the present ACFs originate
from primary H(2p) pairs following the photodissociation of
H2. The pressure effects on the ACF and decay time constant
in the coincidence time spectrum are not seen. The pressure
effects on the ACF and decay time constant observed in
the early experiments [7,8] in the range of a hydrogen gas
pressure 0.02–0.40 Pa seem to have been ascribed to the false
coincidences due to cosmic muons.

The experimental ACFs have been compared with (i) the
theoretical ACF [4] for the entangled pairs of H(2p) atoms
in Eq. (9), where the magnetic quantum number of each
hydrogen atom is indefinite, and (ii) the theoretical ACF
[4] for the H(2p) pairs with the definite magnetic quantum
number of each hydrogen atom relative to the internuclear
axis, i.e., the theoretical ACF for the H(2p) pairs in the first
two terms, the third and fourth terms, the fifth and sixth
terms, and the seventh and eighth terms in the entangled
H(2p) pair state of Eq. (9). In the theoretical ACF in (ii),
we considered the disentanglement in H(2p) pairs in Eq. (9)
during the dissociation. The experimental ACFs have also been
compared with the theoretical ACF for entangled H(2p) pairs
[6,23], which was calculated with a different method from
Ref. [4]. The experimental ACFs show a similar tendency
in angular dependence to the theoretical ACFs for entangled
H(2p) pairs [4,6,23], one of which is the ACF for the
entangled H(2p) pairs in Eq. (9). However, there still remains
a considerable difference in the variation magnitude between
those experimental and theoretical ACFs. The experimental
ACFs show the reverse tendency in angular dependence to
the theoretical ACF for the H(2p) pairs with the definite
magnetic quantum number of each hydrogen atom relative
to the internuclear axis [4]. In conclusion, the pair of H(2p)
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atoms in process (1) is unlikely to be in the definite states of
magnetic quantum number of each hydrogen atom relative to
the internuclear axis, i.e., unlikely to be in the components in
the entangled H(2p) pair state of Eq. (9).
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