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Abstract

We present a neutron polarimetric experiment where two kinds of sp!

inor precessions are observed: one is induced by different total energy

of neutrons (zero-field precession) and the other is induced by a stationary guide field (Larmor precession). A characteristic of the former is the
dependence of the energy-difference, which is in practice tuned by the frequency of the interacting oscillating magnetic field wR. In contrast
the latter completely depends on the strength of the guide field, namely Larmor frequency wy . Our neutron-polarimetric experiment exhibits
individual tuning as well as specific properties of each spinor precession, which assures the use of both spin precessions for multi-entangled

spinor manipulation.
© 2008 Elsevier B.V. All rights reserved.
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In the last years great effort has been devoted to the de-
velopment of quantum information and communication tech-
nology [1]. Among them creation and manipulation of entan-
glement is a key issue and experimental realizations with the
use of photons, atoms, ions, nuclear-magnet, superconducting
qubits etc. have been reported [2]. There, the entanglement be-
tween spatially separated systems are mainly used to exploit
non-local property of quantum systems. In contrast, investiga-
tions of two-qubit entanglement with neutrons, one of the most
useful quantum system to be utilized for studies of quantum
mechanical phenomena [3], have been performed with the use
of their degrees of freedoms namely spin and path, in a single
particle: a violation of a Bell-like inequality [4], contextual na-
ture of quantum theory (5], and a full tomographic analysis of
Bell-states [6] were carried out.

For further development towards multi-entanglement, it is
inevitable to establish manipulation of other degrees of free-
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dom. It is know that the total energy of neutrons can be ma-
nipulated with the use of interactions between a neutron’s mag-
netic moment and a time-dependent oscillating magnetic field
[7-9]. Recently, we have accomplished an experiment to ex-
hibit a coherent energy manipulation of neutrons with the use of
radio-frequency (RF) oscillating magnetic field [10], enabling
neutrons to be applied for investigations of multi-entanglement.
Thus, we find it significant to demonsirate explicitly a phase
manipulation for different energy eigenstates which will be
utilized in forthcoming experiments such as a demonstration
of triple-entanglement with a GHZ-state [11]. In the neutron
scattering community, a spin precession, alternatively a phase
shift, due to energy difference is known as zero-field preces-
sion [12,13] and utilized for zero-field spin-echo spectroscopy
[14-17].

When a neutron is exposed to a stationary magnetic field, the
motion of its spin vector is thoroughly described by the Bloch-
equation exhibiting Larmor precession:
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Fig. 1. Experimental setup for demonstrations of zero-field and Larmor spin
precessions. From a polarized incident beam the first 7/2 spin-rotator gener-
ates a superposition of [-z). The first RF flipper induces the energy shift Awg
for each flipped spin eigenstate |z), which leads to the zero-field spin preces-
sion until the second RF flipper where the energy difference is compensated.
The guide field By, permeated along the beam path, leads to the Larmor spin
precession. The second /2 spin-rotator together with the analyzer enables to
exhibit the intensity modulation due to the spin precessions. The translation of
the DC and the RF flippers manipulate individually the two phases when the
RF flipper is turned on and off.

where y is the gyromagnetic ratio given by 1/|S|, 1 and §
are magnetic moment and the neutron’s spin, respectively. This
is the equation of motion of a classical magnetic dipole in a
magnetic field, which shows the precession of the spin vector S
about the magnetic field B with the Larmor frequency wp, =
|2,.B/h|. It is worth noting here that the Larmor precession
angle (rotation angle) is obtained with a frequency wi, and the
propagation time T as wp T, solely depends on the strength of
the applied magnetic field. In practical experiments, the Larmor
precession is utilized by a variety of DC spin rotators.

In contrast, when a neutron interacts with a time-dependent,
rather oscillating, magnetic field, photon exchange occurs and
the total energy of neutrons is shifted. In particular when a so-
called resonant spin-flipper is activated, the neutron emits (or
absorbs) a photon of energy Awg, thus the total energy of the
neutron decreases (or increases) by Awg during the interac-
tion [9]. As a consequence, an additional phase, a zero-field
phase, wrT is accumulated during the propagation afterwards.
This phase shift, alternatively a spin precession, due to energy
shift emerges even without a guide field, thus it is referred to
a zero-field precession in literature [12,13]. It should be em-
phasized that this zero-field phase is independent of the applied
guide field, namely the Larmor phase w; T, and purely depends
on the frequency of the spin-flipper. In the following neutron
polarimeter experiments, we demonstrate how one can tune a
zero-field phase wr T and a Larmor phase wy T independently.

The experiments were carried out at the neutron polarime-
try facility at the 250 kW TRIGA research reactor of the
Atomic Institute of the Austrian Universities in Vienna [18-
21]. A schematic view of the experimentat setup is shown in
Fig. 1. The incident neutron beam is monochromatized (with a
mean wave length of A = 1.99 A which corresponds to a veloc-
ity of 1990 m/s) by the use of a pyrolitic graphite crystal and
polarized (average degree of polarization over 98%) by reflec-
tion from a bent Co--Ti supermirror array. The diameter of the
beam is confined to about 4 mm in diameter by a Cd diaphragm.

The initial polarization vector B; is perpendicular to the beam
trajectory and defines the 4-2-direction. Another suppermirror
array is used to analyze the final polarization Pr. Depolariza-
tion of the neutron beam is minimized by applying a guide field
along the beam trajectory wherever necessary: this guide field
By determines the Larmor frequency oy .

In a neutron polarimeter setup described above, after going
through a 7/2 spin-rotator, an incident polarization is inter-
preted as superposition of two orthogonal spin states |+z) and
different phase shifts of these two states under further spinor
manipulations result in a polarization change of the emerging
neutron beam, i.e., we take a neutron polarization-interference
scheme. Between the two /2 spin-rotators, three spin-flippers
are placed in the beam: the first two are RF spin-flippers fol-
lowed by a DC spin-flipper. In addition, one of the RF and the
DC flippers are mounted together on a single translator, allow-
ing to tune the propagation time of neutrons between the REF
spin-flippers. The polarization vector after passing through all
spin-flippers is expected to lie in the xy-plane, resulting from
the interference between the states |+z). A spin analyzer to-
gether with the second /2 spin-rotator is used to resolve the
different phase shifts accumulated through spin-flips.

The first experiment shows a pure Larmor precession: both
RF flippers are turned off and only the DC flipper is in oper-
ation. In this case, the superposed states |+z) (and the flipped
states |z) later) simply propagate within the guide field By.
These states |+z) and |—z) are the eigenstates of the guide field:
no additional spinor rotation occurs. Then, each state merely
obtains a Larmor phase « due to the guide field, which is given
by

a=w (T; —Ty)
= o (19 + AT) - (19— AT))
=g + 2w AT, (2)

with ap = o (T) = T9 + T9). Ty, T, T(]) and AT are the prop-
agation time before and after the DC flipper, the propagation
time at the initial position, and the time shift for T}, T, by shift-
ing the position of the DC flipper. After the beam passes the 7r/2
spin-rotator and the analyzer, clear sinusoidal intensity oscilla-
tions of high contrast were obtained. Typical experimental data
with least square fits are shown in Fig. 2(a): the strength of the
guide field was varied at By = 10.90, 10.79, 10.69, 10.58 G.
The shift of the oscillations is due to w; T (see, ag in Eq. (2)).
In addition, the dependence of the period of the oscillations on
the strength of the guide field is plotted in Fig. 2(b). A linear
dependence, of which inclination is in good agreement with the
theoretically predicted value, is seen, which confirms the pre-
cession angle given by Eq. (2).

Next, characteristics of the zero-field precession are consid-
ered: both RF flippers are turned on. In this case, the superposed
states |+z) is once flipped to |Fz), and finally again flipped
back to {4z). Then, the spin precession angle o’ is expected to
be given by the propagation time, T, Tz, and T; after each spin
flipper by
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Fig. 2. (a) Typical intensity oscillations with least square fits for the Larmor spin
precession. Curves are shown with the guide field By = 10.90, 10.79, 10.69,
10.58 G. (b) Dependence of the period on the strength of the guide field depicted
for seven values of the guide field. A clear linear dependence agrees well with
the theoretical predictions (see, Eq. (2)).

o = (T -~ Ty + T3) + wrT)
= wL {(T) + AT) — T9 + (T — AT)} + wr (T + AT)
=ag + wr AT, 3

with a(/) = wL(T? - Tg + Tg) + wRT?. In this configuration, no
Larmor precession is expected to be induced by the change of
AT, since a positive and a negative change of T; and T3 com-
pletely compensate each other by shifting the position of the
DC flipper and the second RF flipper. In order to prove the
frequency dependence of the precession, the frequency of the
RF flippers were varied with keeping the strength of the guide
field by By = 10.59 G. Typical intensity modulations are shown
in Fig. 3(a) at the RF flipper frequencies of wgr = 30.9, 30.6,
30.3, and 30.0 kHz. Clear sinusoidal oscillations of high con-
trast were again obtained. A slight reduction of the amplitude
of the obtained oscillations is solely due to the detuning of the
frequency wg in the vicinity of the resonance for the flip-mode.
And the shift of the oscillations arises from wrT (see, oz6 in
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Fig. 3. (a) Typical intensity oscillations with least square fits for the zero-field
spin precession. Curves are shown at the RF flipper frequencies wp = 30.9,
30.6, 30.3, 30.0 kHz. (b) Dependence of the period on the frequency depicted
for seven values of the frequency. A clear linear dependence agrees well with
the theoretical predictions (see, Eq. (3)).

Eq. (3)). In addition, a dependence of the period on the fre-
quency is plotted in Fig. 3(b). A linear dependence is seen and
its inclination is in good agreement with the theory, which con-
firms the precession angle given by Eq. (3).

Note that the setup is constructed in a way that no spin rota-
tion due to the Larmor precession will occur, since the Larmor
precessions before and after the second RF flipper, ie., AT
and ATs, are compensated each other with all flippers turned
on (see Eq. (3)). This independence of the Larmor precession
can also be accessed in our experimental setup. In particular,
the frequency of the RF flippers were tuned at the resonance
wo = 31.8 kHz and the strength of the guide field was varied at
Bg = 10.90, 10.79, 10.69, 10.58 G. Typical experimental data
with least square fits are shown Fig. 4(a): identical sinusoidal
oscillations are obtained, confirming no spin rotation due to
Larmor precessions. In addition, the period is plotted versus the
strength of the guide field in Fig. 4(b). Independent behavior of
the period from the field strength is seen as expected by Eg. (3).
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Fig. 4. (a) Typical intensity oscillations with least square fits for the zero-field
precession. Curves are shown with the guide field By = 10.90, 10.79, 10.69,
10.58 G. All curves are identical as expected. (b) The period is plotted versus

the strength of the guide field for seven values. It is constant and independent
of the strength of the guide field.

The results are in good agreement with theoretically pre-
dicted behavior: the frequency of the oscillating fields affects
only on the zero-field precession while the strength of the field
does on the Larmor precession. The tactics, that the RF and the
DC flippers are displaced by the same amount, allows individ-
ual control of both precessions. This is a great advantage for the
separate (phase) manipulation of the two-spaces, i.e., spin and
energy spaces, in future neutron optical experiments. We are
now proceeding further neutron interferometric and polarimet-
ric experiments, where multi-entanglement in a single neutron
system will be investigated, in particular, with the use of entan-
glement between degrees of freedoms such as path, spin, and
energy.

In summary, we have presented experiments with a neu-
tron polarimeter where two spin-precessions are manipulated
to show their characteristics. The zero-field precession is inde-
pendent of the strength of the guide field and purely depends
on the frequency of the RF spin-flippers, where an energy shift
occurs. In contrast, the Larmor precession solely depends on
the strength of the applied magnetic field. In addition, we have
exhibited a method to manipulate individually the two phases,
resulting from each spin precession. The method used here will
be utilized in further neutron optical experiments dealing with
multi-entanglement in a single particle system.
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