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A wavelength independent neutron interferometry technique has been applied to measure the
scattering length densiti@éb of liquid mixtures ofH,0-D,0 near room temperature. The experimental
data have been compared to the conventional theory based on two separate liquids, with no deviations
greater than 0.4% observed. These results are not consistent with the predicted deviations due to
quantum entanglement between protons and deuterons, which are at least an order of magnitude larger
than our measured values. [S0031-9007(99)08672-X]

PACS numbers: 67.20.+k, 61.12.Yp, 61.25.Em

Recently, a surprising observation of the anomaloudasis of the widely used technique of contrast variation in
deep inelastic neutron scattering from liquithO-D,O  neutron scattering, by which the neutron scattering length
mixtures was reported [1]. The authors describe thiglensity Nb of a solvent is matched to that of regions
observation as “the first time, direct evidence for short-of the dissolved particles. Therefore, the confirmation
lived entanglement of adjacent protons (deuterons) imf the validity of this averaging over isotopes also is of
condensed matter at room temperature.” fundamental importance for a vast field of crucial and

The problem of quantum correlation effects (quantumestablished experimental research.
entanglement—QE) between two particles has been Two neutron optical techniques, neutron reflectometry
the subject of intensive studies during the past decadg®R) and neutron interferometry (NI), allow a test of the
(cf. Refs. [6-8] in [1]). It is generally accepted that the prediction of QE given in Refs. [3,4]. The use of Nl is
time of the existence (decoherence time), if any, of sucimore preferable in the present case, because it is insensi-
a correlation (cf. Ref. [7]in [1]) is far beyond the presenttive to the surface effects that can seriously influence the
day instrumental resolution. However, recently it hasdata of NR experiments. In contrast, the NI technique is
been suggested [2] that scattering from entangled particlesensitive only to the bulk properties of the media. Also, NI
at room temperature may cause a large anomalous scas-generally a more precise technique for measusibg In
tered field component. This has raised the possibility oRef. [1] the authors suggest NI and NR experiments to test
experimentally observing QE near room temperature. Ithe predictions of QE. Corresponding experiments were
has also been suggested that such anomalous scattericgyried out at Hahn-Meitner-Institut (HMI), Berlin, Ger-
can manifest itself as a deviation of the neutron scatteringnany [3—4]. However, the results of these experiments
length density [3,4Vb (N is the atomic densityh is the  do not provide conclusive evidence for QE.
average neutron scattering length) from the conventional In this Letter we present the results of a precision NI ex-
theory. This theory is based upon the assumption thgteriment carried out at the National Institute of Standard
the molecular volumes of the constituents are additive irand Technology (NIST) in search of evidence of quantum
the mixture. For HO-D,O mixtures deviations as much entanglement in liquidd,0-D,O mixtures. Unlike the
as 5%-10% [3,4] are predicted from the conventionallyearlier attempt at the HMI [3], the NIST experiment im-
expected valuéNb). that given by plemented the (neutron wavelength) independent nondis-
persive method [6] in order to avoid potential systematic
errors due to the uncertainty in  This method has been

b + (1 = xp)b used to measure the_n_eutron scattering legtih Si with
X |: DZD:0 D/7H;0 } extremely high precisiofAb/b = 0.005%) [7]. Such
xpmp,0pH,0 + (1 = xp)mu,00p,0 small relative uncertainty is achievable with this method,
(1) because it allows for the perfect alignment of the sample
Here p are the mass densities of the pure liquigs,is  surfaces with respect to the crystal planes for the interfero-
the mole fraction of deuterium relative to hydrogah,is  meter. When the sample is aligned in this way the phase
the Avogadro number, and are the molar masses of the shift acquired for all the neutron wavelengths is
molecules. Equation (1) neglects effects due to the excess bna = 2dNbt, (2)
volumes inH,0-D,0 mixtures [5], which are negligible whered is the interferometer lattice plane spacing, and
on the scale of the present study. Equation (1) is thés the thickness of samphke as shown in Fig. 1.

(ND): = pu,0Pp,0NA
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The experimental layout is shown in Fig. 1. Samples .16 -12 -08 -04 00 04 08 1.2 1f6
A and B are quartz cuvettes with rectangular cavities 5 (d
that are nominally 0.2 and 3 mm thick, respectively, and °g)

contain the same mixture of,O-D,O for any given FIG. 2. Examples of neutron interferograms for one of the

xp. Initially, sampleA was aligned at an angle to be  H,0-D,0 mixtures. Herg(+) and(—) represent the position

within a few degrees of the exact, nondispersive positior®f SampleA shown in Fig. 1. The period of the interferogram

g0, With Ae = & — so. The experimental data were then is inversely proportional to the total phase shift due to
. . sampleB, ¢,.

collected by rotating the phase shifter (samB)eto an

angled, and driving samplé\ between positions+) and

(—). At each position of samplA the neutron intensities

in the O and H beams were recorded. An exampl

data set is shown in Fig. 2. This data collection metho

e . . P dispersively aligned.
minimizes the influence of drift of the initial phase of IS hon i . .
the interferometer itself. The data were then fitted to, Wwith the sample optimally aligned the phase shifts

functions of the standard form in positions (+) and (—) are measured repeatedly for
’ mixtures with differenttp. Since replacing the mixtures

interferometer crystal lattice planes [6]. The experimental
éiata along with a quadratic fit are plotted in Fig. 3, where
At anglesy = 1.48(2)° (minimum of parabola) the sample

1(8,Ae) = Ip{l + CcodAd.(5,A¢)]}, (3)  requires the removal and reinstallation of the cuvettes in
where the holders, the angular position of samglés controlled
sin(@z) sin() optically with an uncertainty inAe = +0.16°. This

AP-(8,A8) = —244 cog(05) — Sir(d) uncertainty inAe introduces an error of less than 0.008%

in the determination of¢,,;, which is much less than

_ + Aduax(Ae) + Ao, 4)  that required in this experiment. Similar uncertainty is

with also present in the reinstallation of sample However,
¢a = ANDL,. (5)

Here ¢, is the phase shift due to sam@g phase shifter),
A ¢y is the initial phase shift of the interferomet# is
the Bragg angley, is the thickness of sampk (the phase
shifter), I, is the incident beam intensity; is the contrast 6
or fringe visibility, and

sin(6p)

Adpy~(Ae) = g SN0y + A, (6)

is the phase shift due to sample This sequence was 2
repeated for various sample angkes It has been shown
[6] that the difference of the phase shifts when the sample
is in (+) and(—) positions depends quadratically drz,

O(As) = Ad, — AD_

0
~ ¢nal2 + (Ae)[1 + 2c0f(05)]}. (7) e/ deg

The minimum of this parabola corresponds to the perfect|G. 3. The difference phase shift as a function of the mis-
nondispersive alignment of the sample surface relative talignment angles.
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the experiment is even less sensitive to such small initiashift of sampleB and the phase shiftp,,) of sampleA
angular misalignment of samp (phase shifter). from the same interference data shown in Fig. 2.

Since the valuesp,; are found by fitting the data The phase shift differences obtained for the pug®H
shown in Fig. 2 to Eq. (3), the phase shifts obtained fromand the pure BO samples with respect to the phase
the fit can be determined only on the interf@l27). The  shift of the empty cuvette af@,)n,0 = —7.27(2) X 27
following equation then relates the total nondispersiveand (¢,)p,0 = 81.54(44) X 27r. These values are in

phase shift to the fitted value: good agreement with the expected valu€s22(4) X 2
bpa = Py = 270 (8) and81.99(41) X 2, respectively, which are calculated
. from Egs. (1) and (5) using the known scattering length
The values forn are determined from the total phase densities of (Nb)y.0 = —5.560 X 10° and (Nb)p.o =

shift ¢4 [Eq. (6)] due to sampl& which areobtained ¢ 360 x 1010 at 19.0 °C (99.9% isotopic enrichment).

from fitting the mterference data (Fig. 2) to Eq. (3). Then, gjnce [2—4] predict deviations dfb from the calcu-

the total phase shift due to samplecan be calculated |14 values using Eq. (1), these discrepancies should be
by scaling the sampl8 phase shift¢, by the ratio of  yresent in both phase shift date and ¢,q. The differ-
th_elr corresponqllng cuvette cavity thlckngss (!.e., MIXtUr&nces between the experimental valdesand those cal-
thickness). Using the valueg, shown in Fig. 4 the ¢yjated from Egs. (1) and (5) are plotted for the various
values ofn were determined by the procedure given by . in Fig. 5. The dashed lines in Fig. 5 represent 1 stan-

2d t; ¢q4 dard deviation o = 0.34) determined from the scatter of
n = Integer par(T n ﬁ) () these data. Itis seen that this valuecoforresponds to
the error bars calculated from the Poisson statistical er-
where d = 0.313557265 nm, A = 0.270(1) nm, #1 = (4 of the neutron counts which implies that at this level

0'2.03(1) mm, and 7, = 0.300(1). Although the phase of precision there is no other source of errors. Refer-
shift ¢, is wavelength dependent, the wavelength un g [2—4] predict a maximum effect #-10% due to
certainty is small enough to allow to be determined QE in the rangerp = [0.5,0.8]. However, in this range
unlquely._ The arrangement of using sampleas the - 4ata show an absence of deviation from that predicted
phase shifter allowed the determination of the total phasBy Eq. (1) no greater than 0.7% at a 68% confidence level.

The values for the nondispersive phase shiftg;, are

100 e plotted for variousxp in Fig. 6. The difference of these
- Dispersive Data ] data points from the values calculated from Egs. (1) and
s E (2) is plotted for eachvp in Fig. 7. The dashed lines
: ] in Fig. 7 correspond to the standard deviatior= 0.031
or E evaluated from the scatter of the experimental data. This
e 1 deviation corresponds to a maximum 0.4% uncertainty
T O ] with a 68% level of confidence for values ofy, =
: ] [0.5,0.8]. The error bars show again the uncertainty
0 B contribution from neutron counting statistics alone. Thus
: 1 the scatter of the data is a measure of the experimental
°:' ] precision determined by the systematics associated with
E . . | I L] the determination of the phase, such as the variation of
" Residual difference from lilnearity ' ' ] temperature and mechanical inaccuracy.
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1 [ | —#— Calculated from theory 1 15 T T J | | T 3
SO 10 i2
+ oF ] : 1.9
€ ¢ & O8F % ................. 11 ¢
3 ) o 1 8
Ak . 2 00F O 40 =
: D % ........................ 1 8
) P R E I AU BN P S 9‘0-5:‘ % _:_13
00 02 04 06 0.8 1.0 0L 12
*p _1_5E-|I‘...I...1I....I....I....I:.E_3

FIG. 4. The top panel is the experimental values for the
reduced dispersive phase shifts plotted for various mole x,

fractionsxp. These values have been corrected for the phase

shift due to the cuvette which i85.35 X 2. The bottom FIG. 5. The residual difference between experiment and the-
panel shows the experimental data and the calculated valuesy for ¢,/27. The dashed lines represent the standard devia-
with the strong linear part subtracted out. tion o = 0.34.
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