
PHYSICAL REVIEW RESEARCH 8, 043027 (2026)

Experimental limit on neutron orbital angular momentum detection using polarized 3He
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A recent proposal suggested that neutron orbital angular momentum (OAM) states could be detected via
spin-polarized absorption in polarized 3He, with predicted cross-section variations linked to the neutron’s OAM.
We experimentally tested this hypothesis using spin-polarized neutron beams with OAM = −2 to 2, generated
by fork-dislocation phase gratings and transmitted through a polarized 3He cell. Within statistical precision, no
OAM-dependent change in the absorption cross section was observed. This null result places stringent constraints
on polarized 3He-based OAM detection schemes. The absence of an effect in the given regime is traced to the
proposal’s disregard of the spatial character of neutron OAM: Unlike spin, OAM arises from the transverse phase
structure of the wavefunction and couples only through spatial gradients and overlap. The transverse extent of
neutron OAM modes expands rapidly, producing a doughnut-shaped intensity profile with negligible overlap
with on-axis 3He nuclei, while off-axis capture samples only a locally uniform phase and reduces the interaction
to the known spin dependence. These results establish the limits of absorptive nuclear methods for probing
neutron OAM and emphasize the necessity of spatially resolved interactions in any viable detection scheme.

DOI: 10.1103/1mv3-khf8

I. INTRODUCTION

Structured quantum wavefunctions have emerged as pow-
erful tools for probing symmetry, topology, and coherence
across diverse quantum systems, from optics and electron
microscopy to ultracold atoms and neutrons [1–3]. Typical
forms of structured wavefunctions include orbital angular mo-
mentum (OAM) modes [4,5], Bessel beams [6], and Airy
beams [7–9], each exhibiting distinct propagation features
such as helical phase fronts, nondiffracting profiles, and
self-accelerating trajectories, respectively. In neutron science,
a holographic approach using an array of fork-dislocation
phase-gratings has enabled the preparation of neutron beams
with helical wave fronts carrying quantized OAM [10,11].
These developments open new avenues for fundamental tests
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of quantum mechanics and for novel approaches to material
characterization [12–17].

Building on these advances, a recent proposal by Jach and
Vinson [18] hypothesized that neutron capture on polarized
3He could serve as a definitive probe of neutron OAM. Their
analysis suggests that the absorption cross section becomes
sensitive not only to spin polarization, as in conventional
applications, but also to the orbital structure of the neutron
wavefunction, enabling direct tests of angular momentum
transfer in nuclear interactions involving structured quantum
states.

The reaction of interest is

n + 3He → p + 3H + 764 keV,

which serves as a key process for thermal neutron detec-
tion. The probability of absorption is strongly influenced
by the total angular momentum of the neutron–helium-3
system, making the process highly sensitive to the spin
orientation of both particles. In 1957, Rose derived cross
sections for absorption into both singlet and triplet spin
configurations and predicted a strong sensitivity to the rel-
ative spin orientations [19]. Nearly a decade later, Passell
and Schermer provided experimental evidence that for po-
larized 3He neutron absorption proceeds entirely through
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FIG. 1. A schematic of the experimental setup. (i) The incident neutron beam is spin polarized perpendicular to the beam propagation
direction (±y) using a supermirror. Neutrons pass through the first collimating slit A1 and then through the Drabkin spin flipper. (ii) Next,
stray magnetic fields are used to rotate the spin parallel to the propagation direction (z). After passing through the second slit A2, the beam
illuminates a silicon-wafer phase grating (iii) with a fork-dislocation phase profile, inducing OAM in the nonzero diffraction orders. The direct
beam (blue) and diffracted orders (red/pink) then pass through the q = 0 silicon-wafer phase grating (iv), oriented perpendicular to the q �= 0
grating. The green/cyan beams indicate the ±1 orders from the q = 0 grating. The neutron beams then pass through a spin-polarized 3He cell
(v) polarized along the beam axis, which serves as the spin analyzer. Neutrons propagate z = 10 m to the position-sensitive neutron detector.
Shown in panel (vi) is the experimental intensity map (log scale) for the multiday measurement of q = 0, q = 2, integrated from 9.0 to 14.0
Å. The inset demonstrates the characteristic neutron OAM doughnut intensity profile for the m = +2 diffraction order from the q = 2 grating.
To resolve the OAM profile, we limit the wavelength range to 12.0–13.0 Å and decrease the slit sizes to reduce the beam divergence.

the singlet state [20]. Jach and Vinson extended this frame-
work by predicting that when the incident neutron also
carries OAM, the absorption process accesses compound
nuclear states with odd parity, opening additional angular
momentum channels beyond those available in spin-only
interactions.

Here, we report a direct experimental test of this pro-
posal using polarized neutrons prepared in OAM states � =
−2,−1, 0, 1, 2, transmitted through a polarized 3He cell.
Contrary to the theoretical expectations of Ref. [18], we
observe no measurable dependence of the absorption cross
section on the neutron’s OAM state. We identify the source of
this discrepancy as a conceptual misinterpretation in Ref. [18]:
The neutron’s OAM was effectively treated as a pointlike
quantum number analogous to spin, without the considera-
tion of its spatial extent. While the OAM of a helical wave
can indeed be considered an intrinsic property of the state
that is independent of the choice of coordinate origin [21],
it is still derived from the extended transverse phase pro-
file of the wavefunction. As such, OAM can only couple
to a target system through spatial gradients and overlap.
This distinction, emphasized in other neutron OAM pro-
posals [15,16] and confirmed in atomic experiments where
OAM transfer requires subwavelength localization [13,14],
undermines the assumptions of Ref. [18] and places

strong constraints on polarized 3He as a probe of neutron
OAM.

II. METHODS

The experiment was conducted on the ZOOM SANS
instrument at the ISIS Neutron and Muon Source using po-
larized cold neutrons. Standard data reduction was performed
using the Mantid framework [22]. The usable polarized wave-
length range is from 3.5 to 14.0 Å with a peak flux near 4.0
Å. A schematic of the setup is shown in Fig. 1, illustrating the
two-grating configuration and the simultaneous measurement
of OAM and reference diffraction orders. A supermirror po-
larizer, along with a Drabkin spin flipper [23], prepared the
neutron beam with spin aligned perpendicular to the propaga-
tion direction (±y). The first slit A1 sits roughly 4 m before the
sample, collimating the beam from 30 mm × 30 mm to 15 mm
× 15 mm. The second (sample) slit A2 was 6 mm × 6 mm,
approximately 30 cm from the first grating. The collimation
length and sample-to-detector distance (10 m) in this config-
uration were optimized to maximize the neutron flux while
maintaining sufficient detector resolution and separation of
the diffraction orders at the detector. Stray magnetic fields are
used to rotate the spin parallel to the propagation direction (z)
at the sample.
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To generate neutron OAM states, silicon phase-grating
samples containing arrays of fork-dislocation phase gratings
were employed, as described in Ref. [10]. The gratings were
fabricated by XRnanotech.1 Three grating arrays with topo-
logical charges q = 0, 1, and 2 were used in the experiment.
Neutrons diffracted into the ±m orders carry OAM � = ±mq.
We analyze the ±1 diffraction orders for each grating, giving
access to the � = −2,−1, 0,+1,+2 states. For an illustra-
tion of the ideal � = −2,−1, 0,+1,+2 intensity profiles and
corresponding transverse phase profiles, refer to Fig. 4 in the
Appendix.

Unlike previous single-grating setups, this experiment em-
ployed two sequential, orthogonally oriented gratings: an
extension of a method demonstrated for generating structured
neutron states composed of multiple OAM modes [25]. In
the first configuration, a q = 0 (linear) grating and a q = 1
fork-dislocation grating were used; in the second configu-
ration, a q = 0 grating and a q = 2 fork-dislocation grating
were used. This geometry ensured that the diffraction orders
from the linear grating provided an in situ reference signal,
while the fork-dislocation grating simultaneously generated
OAM-carrying diffraction orders. This arrangement allowed
direct comparison between the OAM and reference beams un-
der identical beam, detector, and analyzer conditions, thereby
reducing systematic uncertainties associated with temporal
drifts. The double grating system was mounted in an high-
temperature superconducting magnet providing a 240 G field
along the beam axis (+z) at the sample, to prevent neutron
depolarization during transport. The gratings are mounted on
a brass candle stick and loaded in from the top bore of the
magnet.

Downstream of the gratings, neutrons passed through a 3He
cell polarized along the beam axis (+z), which served as a
spin analyzer by preferentially absorbing neutrons with spin
antiparallel to the cell polarization [26]. The 50-mm-thick 3He
cell was placed in a solenoid to minimize B-field gradients
and maximize relaxation times. The transmitted neutrons were
detected by unpolarized 3He detectors, and wavelength infor-
mation was extracted from time-of-flight data.

The measurements were taken across 3 days. The 3He cell
was repolarized using metastability-exchange optical pump-
ing once each day [26]. The initial polarization of the cell
was P0 = 0.64, 0.65, 0.63 for the three respective cells. The
relaxation times were τ = 37, 38, and 40 h, and the cell
pressure was 0.77, 0.69, and 0.82 bar. The 3He spin direction
+z was kept constant during the experiment.

The neutron spin states are prepared by flipping the neutron
spin using an upstream Drabkin spin flipper. First, a 5-min
transmission measurement is taken for each spin state to mon-
itor the polarization of the 3He cell. This measurement is
taken in “transmission mode”, which inserts a transmission
monitor just inside the detector tank to monitor neutrons in

1Certain trade names and company products are mentioned in the
text or identified in an illustration in order to adequately specify the
experimental procedure and equipment used. In no case does such
identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
products are necessarily the best available for the purpose.

the direct beam. Then, a 30-min SANS measurement is taken
for q = 0 and 1 or q = 0 and 2 gratings simultaneously at
z = 10 m for the antialigned spin state (↑↓). Next, another
transmission measurement is taken for each spin state, and
then the final 30-min SANS measurement for the aligned
spin state (↑↑). Thus, the neutron spin pattern alternated be-
tween ↑ and ↓. Altogether, this single sequence takes roughly
1.5 h. This measurement sequence is repeated continuously
and only paused when repolarizing the 3He cell. In the q =
0 and 1 configuration, we obtained 12 complete sequences,
resulting in 6 h of SANS data per spin state. In the q = 0 and 2
configuration, we obtained 27 complete sequences, resulting
in 13.5 h of SANS data per spin state. Due to the depolar-
ization of the 3He cell, we apply corrections to every SANS
measurement based on the computed efficiency of the cell,
taking into account the supermirror and rf flipper efficiency as
well, before summing the loops together [22,27].

III. POLARIZATION ANALYSIS

To determine the polarization of the OAM beams, we sep-
arately integrate the intensity in each of the first diffraction
orders, which generate the ±� OAM states. The integra-
tion region is defined by a circle with radius 1.5 × 10−3

Å−1, centered on the first diffraction orders at (Qx, Qy) =
(±5.25 × 10−3 Å−1, 0 Å−1). Diffraction orders correspond-
ing to wavelengths <9.0 Å are not well separated from the
direct beam and excluded. This analysis is performed for
both the 3He/neutron spin-aligned configuration (↑↑) and the
3He/neutron spin-antialigned configuration (↑↓). The result-
ing polarization of the individual diffraction order beams is
then given by

P� = I�,↑↑ − I�,↑↓
I�,↑↑ + I�,↑↓

, (1)

where I�,↑↑ and I�,↑↓ denote the intensity from the spin-aligned
or spin-antialigned state, respectively, for OAM mode �. The
polarization of the neutron OAM beams is presented in Fig. 2.

For a given diffraction order with OAM number �, the
transmitted intensities through the polarized 3He cell are
I�,↑↑/↑↓ = I (0)

�,↑↑/↑↓ exp[−nσ�,↑↑/↑↓L], where σ�,↑↑/↑↓ are the
absorption cross sections for neutron spin parallel (↑↑) or
antiparallel (↑↓) to the 3He polarization, n is the 3He num-
ber density (at room temperature and specified pressure),
and L is the length of the 3He cell. The measured polariza-
tion [Eq. (1)] therefore depends only on the spin-differential
optical depth �τ� = nLδσ�, where δσ� = σ�,↑↓ − σ�,↑↑. The
normalized absorption cross-section difference between OAM
numbers �1 and �2 is then given by

�σ(�1,�2 ) = δσ�1 − δσ�2

δσ�1 + δσ�2

. (2)

Any OAM-dependent, spin-selective modification of the
absorption cross section of the type predicted in Ref. [18]
would manifest as a shift in P� and hence as a nonzero
�σ(�1,�2 ) [Eq. (2)] when comparing neutron OAM states.
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FIG. 2. The measured polarization, as defined by Eq. (1), across
the wavelength range 9.0–14.0 Å for both the � = 0 and 1 and � = 0
and 2 experimental configurations. As described in Sec. II, the data
are corrected for the depolarization of the 3He cell, accounting for
the efficiency of the supermirror and spin flipper (see Appendix).
Error bars are determined from neutron counting statistics, assuming
a Poisson distribution [24]. A potential source of systematic error
arises from treating the polarization of the 3He cell as constant during
an individual 30-min measurement.

IV. RESULTS AND DISCUSSION

The absorption cross-section differences �σ(�1,�2 ) are vi-
sualized in Fig. 3 and summarized in Table I. Both the ±1
diffraction orders show no statistically significant deviation
from zero when integrated over all wavelengths (see Table II);
higher diffraction orders have insufficient counting statistics.

Despite theoretical predictions of OAM-dependent cross
sections in the polarized 3He(n, p) 3H reaction [18], our
measurements with � = −2,−1, 0, 1, 2 states revealed no
observable variation beyond statistical uncertainty. This null
result places quantitative limits on the sensitivity of polarized
3He absorption to neutron OAM (see Table II).

The absence of an effect can be understood by considering
the spatial character of OAM. While the OAM of a helical

FIG. 3. The normalized absorption cross-section differences, as
defined by Eq. (2), across the wavelength range 9.0–14.0 Å for both
the � = 0 and 1 and � = 0 and 2 experimental configurations shown
in Fig. 2. The results indicate no statistically significant dependence
of the neutron absorption cross section on the OAM state of the
neutron, for both individual 1 Å wavelength bins and the entire
wavelength range. Error bars are determined from neutron counting
statistics, assuming a Poisson distribution.

neutron wave is a well-defined intrinsic property, conserved
and independent of the coordinate origin [21], it originates
from the extended transverse phase profile of the wavefunc-
tion rather than from a localized internal degree of freedom
like spin. Under free propagation, the transverse structure of
an OAM mode expands linearly with distance. In particu-
lar, the radius of maximum intensity of the doughnut-shaped

TABLE I. Summary of the normalized absorption cross-section differences [Eq. (2)] presented in Fig. 3. All results are in statistical
agreement with the null hypothesis �σ(�1,�2 ) = 0. Statistical significance is summarized in Table II.

Wavelength ranges

�σ(�1,�2 ) 9.0–10.0 Å 10.0–11.0 Å 11.0–12.0 Å 12.0–13.0 Å 13.0–14.0 Å Full range

�σ(−1,−0) 0.05 ± 0.13 0.10 ± 0.19 0.06 ± 0.20 0.19 ± 0.22 0.20 ± 0.31 0.04 ± 0.13
�σ(+1,+0) 0.07 ± 0.17 0.11 ± 0.15 0.13 ± 0.24 0.11 ± 0.39 −0.02 ± 0.52 0.06 ± 0.15
�σ(−2,−0) 0.11 ± 0.09 0.19 ± 0.14 0.10 ± 0.16 0.17 ± 0.38 0.17 ± 0.24 0.11 ± 0.11
�σ(+2,+0) −0.03 ± 0.16 0.11 ± 0.12 0.08 ± 0.14 0.14 ± 0.27 0.20 ± 0.61 0.04 ± 0.15
�σ(−1,+1) 0.02 ± 0.09 0.04 ± 0.13 −0.10 ± 0.18 −0.08 ± 0.27 0.02 ± 0.26 −0.04 ± 0.09
�σ(−2,+2) 0.04 ± 0.08 0.02 ± 0.13 0.01 ± 0.13 0.03 ± 0.35 −0.17 ± 0.58 −0.02 ± 0.11

043027-4



EXPERIMENTAL LIMIT ON NEUTRON ORBITAL … PHYSICAL REVIEW RESEARCH 8, 043027 (2026)

TABLE II. Statistical significance of the normalized absorption
cross-section differences [Eq. (2)]. The reduced χ 2 value is com-
puted in column 2 for the null hypothesis �σ(�1,�2 ) = 0. The reduced
χ 2 are <1, indicating that the measurements statistically agree with
the hypothesis, albeit with overestimated/conservative error bars.
We fit the results to �σ(�1,�2 ) = C, where C is a constant, to place
an upper bound on the measured effect with (95%) confidence.
Experimental results differ from the theoretical predictions [18] of
approximately 0.6 by >5σ .

Statistical significance

�σ(�1,�2 ) χ 2 Null hypothesis Fit: y = C Upper bound (95%)

�σ(−1,−0) 0.33 0.09 ± 0.08 �0.26
�σ(+1,+0) 0.21 0.09 ± 0.10 �0.28
�σ(−2,−0) 0.88 0.13 ± 0.07 �0.27
�σ(+2,+0) 0.32 0.07 ± 0.08 �0.23
�σ(−1,+1) 0.11 0.00 ± 0.06 �0.13
�σ(−2,+2) 0.08 0.03 ± 0.06 �0.15

profile scales as rmax ∝ �zθ , where z is the propagation dis-
tance from the grating and θ is the beam divergence. As a
result, the characteristic transverse scale of the OAM mode
grows continuously from micrometer scales near the grating
to millimeter-scale dimensions at the position of the 3He cell,
depending on the sample location. For OAM to influence a
nuclear reaction, the target must resolve this transverse phase
structure, which a polarized 3He gas cannot do.

At room temperature and 1 atm pressure, the mean free
path of 3He atoms is approximately 0.14 µm. Owing to the
doughnut-shaped intensity profile of OAM modes, capture by
on-axis 3He nuclei is strongly suppressed by the vanishing
neutron intensity near the beam center. Absorption therefore
occurs predominantly at off-axis locations, where each 3He
nucleus samples only the local value of the neutron wave-
function. A typical neutron traverses a 3He cell of length
L = 5 cm, interacting incoherently with on the order of 106

different atoms. Each 3He nucleus therefore samples a differ-
ent transverse region of the neutron wavefunction. This local
sampling renders the interaction insensitive to the azimuthal
phase structure of the OAM state, leaving only the established
spin-dependent absorption cross section.

This interpretation aligns with insights from atomic
physics. Afanasev et al. [14] showed that the transfer of
optical OAM to a trapped ion [13] requires subwavelength
localization and sensitivity to transverse field gradients.
In the case of neutron absorption by polarized 3He with
nonzero neutron OAM, neither condition is satisfied. Neutron
absorption occurs predominately at off-axis locations and the
interaction is insensitive to the azimuthal phase structure of
the neutron OAM state.

V. CONCLUSION

Jach and Vinson predict an order-unity normalized differ-
ence in the absorption cross section between opposite OAM
helicities, arising from a spin-selective modification of the
neutron-3He interaction. In our experiment, no such effect is
observed across a range of OAM states; the corresponding
normalized cross-section differences are consistent with zero
at the percent level, excluding the predicted effect by more
than an order of magnitude. Therefore, our measurements rule
out spin-polarized 3He absorption as a viable probe of neutron
OAM.

These results represent the first direct experimental test
of a method for detecting neutron OAM through a nuclear
interaction and clarify a key physical distinction between
spin and OAM in neutron-matter interactions. The as-
sumption that OAM acts as a spinlike intrinsic quantum
number in absorptive nuclear interactions is not supported
by experiment. Instead, any measurable coupling to neutron
OAM must involve spatially resolved or strongly localized
interactions capable of resolving the transverse wavefunc-
tion profile. These findings place stringent constraints on

FIG. 4. Intensity (top) and phase (bottom) profiles for LG beams [Eq. (A1)] with varying OAM indices (�). The Gaussian beam (� = 0)
exhibits a solid central intensity and uniform phase. In contrast, diffracted beams carrying OAM (� �= 0) are characterized by a doughnut-shaped
intensity profile with a central dark core, alongside a spiral phase structure that winds from 0 to 2π exactly � times around the beam axis.
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absorptive nuclear methods for probing neutron OAM and
provide important data for the development of future neutron
OAM detection schemes.
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APPENDIX

To illustrate the characteristic intensity and phase profiles
of orbital angular momentum modes, Fig. 4 shows the trans-
verse distributions of Laguerre-Gaussian (LG) beams with

FIG. 5. Efficiency of the supermirror and Drabkin spin flipper at
ZOOM for polarizing the neutron beam and selecting the ↑, ↓ spin
states.

radial index p = 0 at the beam waist (z = 0) for azimuthal
indices � = −2,−1, 0,+1,+2. The corresponding field is
given by

E0,�(r, φ, 0) = E0

(√
2 r

w0

)|�|
exp

(
− r2

w2
0

)
ei�φ, (A1)

where E0 is the field amplitude, w0 is the beam waist ra-
dius, (r, φ) are the transverse polar coordinates, and � is the
azimuthal mode index. The intensity and phase distributions
are obtained from I (r, φ) = |E0,�(r, φ, 0)|2 and arg(E0,�), re-
spectively. For � �= 0, the modes exhibit a doughnut-shaped
intensity profile and an azimuthally varying helical phase pro-
file, while the � = 0 mode corresponds to a Gaussian beam.

The efficiencies of the supermirror and spin flipper used for
polarization correction of the raw data are shown in Fig. 5.
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