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A standard method to detect thermal neutrons is the nuclear interaction *He(n,p)*H. The spin dependence of
this interaction is also the basis of a neutron spin-polarization filter using nuclear polarized *He. We consider the
corresponding interaction for neutrons placed in an intrinsic orbital angular momentum (OAM) state. We derive
the relative polarization-dependent absorption cross sections for neutrons in an L = 1 OAM state. The absorption
of those neutrons results in compound states J* = 07, 17, and 2. Varying the three available polarizations tests
that an OAM neutron has been absorbed and probes which decay states are physically possible. We describe
the energetically likely excited states of “He after absorption, taking account of the odd parity of the compound
state. This provides a definitive method for detecting neutron OAM states and suggests that intrinsic OAM
states offer the possibility to observe new physics, including anomalous cross sections and new channels of

radioactive decay.
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Intrinsic orbital angular momentum (OAM) states are
quantum states in which the wave packet of a particle is given
a helicity by retarding its phase progressively around its axis
of travel. The creation of observable intrinsic OAM states in
photons and electrons has been convincingly observed and
demonstrated [1-4]. It has generated a great deal of interest in
the possible creation and observation of OAM states of ther-
mal neutrons. Several theoretical schemes and experimental
methods have been reported [5-9]. While some experiments
show effects compatible with neutron OAM states, they are
unable to rule out non-OAM explanations of the observed
data [10,11]. This ambiguity hinders the development of
methods for creating neutron OAM states and limits their
application.

The genuine creation of a neutron in an intrinsic quan-
tum OAM state can only be demonstrated convincingly by a
single-particle interaction that produces measurable quantum
states. Theoretical treatments of Schwinger elastic scattering
by nuclei have proposed that neutrons in OAM states can be
distinguished by scattering in a very narrow regime [12,13]. It
has been proposed that interactions of neutrons in OAM states
with protons can be distinguished when the targets are limited
in size to the transverse coherence width of the neutrons [14].
Here we propose a straightforward and unambiguous detec-
tion scheme.

One of the principal channels of detecting thermal neutrons
is the reaction

n+3He = p+*H + 764 keV, (1)

where the kinetic energies of the decay products are E, =
573 keV and Esy = 191 keV. The absorption cross section is
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highly dependent on the angular momentum of the oriented
nuclei. While the actual nuclear matrix elements (dependent
only on J) are not easily determined, their dependence on
angular momentum alignment, and therefore polarization, is
readily separated out due to the Wigner-Eckart theorem.

Cross sections were derived for absorption into the singlet
and triplet states by Rose [15], predicting strong dependence
of the capture of neutrons by *He on their respective polar-
izations. The spin dependence of oriented thermal neutrons in
reaction with oriented *He was first measured by Passell and
Schermer [16], who determined that the nuclear interaction
was consistent with absorption occurring exclusively in the
singlet state, J* = 07,

In this paper we propose that the thermal capture of a
spin-polarized neutron in an OAM state, absorbed by a spin-
polarized *He nucleus, will provide definitive proof of the
neutron OAM state. We derive the dependence of the absorp-
tion on the aligned angular momentum of a neutron OAM
state (with L = 1) and that of the 3He. We show that the
resulting angular momentum dependent cross sections, with
J* =07, 17, and 27, vary with the available polarizations
in a manner that cannot be obtained in the case of ordinary
neutrons. The odd parity and the energetics of the neutron
absorption suggest which J states are likely to occur and what
decay schemes will result.

We will discuss only the case for thermal neutrons. Thus
the interaction of the neutron with the *He nucleus is purely s
wave in the scattering plane, although orbital angular momen-
tum may be added perpendicular to that plane. An important
characteristic of the derivations is to express the results in
terms only of the spin polarization p of the neutrons, the po-
larization P;, of the OAM states, and the spin polarization Py
of the *He nuclei, assuming that these are the only parameters
at our disposal in an experiment.
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We note that in each case, the quantum state is determined
at every step along the way. In other words, a neutron is placed
in a specific spin state by a process, a specific amount of
orbital angular momentum is added with a specific direction
relative to the same axis by a device, and it interacts with 3He
that has been placed into a specific oriented spin state relative
to the same axis. The polarizations specify relative numbers
of neutrons in specific (i.e., parallel and antiparallel) states.
While it may be possible to create OAM states that are not
parallel to the wavevector of the neutron [9], all polarizations
here are regarded as helicities along the wavevector of the
neutron.

Here we take the original calculation of Rose as a start-
ing point to obtain the form of cross sections that would be
observed from spin-polarized neutrons [15]. Assume that we
have a neutron with a spin wave function y with angular
momentum § = 1/2 and mg = u = +1/2. The *He nucleus
has a nuclear spin wave function ¥ with a spin jy where
my = £1/2. The compound nucleus in state E formed by
the absorption of the neutron will have an angular momentum
j, = szl:S with mjy = my + M.

The cross section depends on the distribution of spins,

o =K(j) Y pom)pUONE w1 Wjm X1 P ()

my, [

where K (j) is the squared nuclear part of the wave function
that we will regard as a constant dependent only on j’. The
quantities p(my) and p(u) are the probabilities that the spin
alignments are my and [.

The probability p(w) is generally defined by

P+
p++p-’
the probability that the neutron will be parallel (4) or antipar-
allel (—) to its direction of travel.

The neutron spin polarization will then be defined in the
conventional manner by

plu==*1/2) = 3

P+ — P-
== @
P+t p-
The nuclear spin polarization is defined by [15]
1
Pu= > " myplmy). )

my

Thus for *He, the nuclear spin probability p(my) and spin
polarization Py are given by

P; Py, — Py_
pimy) = ——= py=—F_""V ()
Pyy + Py— Pyy + pn-

The cross section then becomes

o =K(j") Y pim)pICG' s m' i, my; 1/2, w7, (1)

my, [

where (Ej/,mfhﬁj,m)(%,u):C(j/, m'|j, m;1/2, 1), the Clebsch-
Gordan coefficient for u = £1/2.

The cross section [Eq. (7)] can be evaluated for the triplet
case j' = jn + % and the singlet case j' = jy — % After some

TABLE I. Possible OAM neutron states resulting from the con-
trol of the polarizations

m my n State
+3 +1 +1 13 43)
+3 +1 -3 \@|©%+%)+\/§®§+%>
1 1 1
-4 -1 +3 NELIY v ﬁ@f )
_3 —1 -1 D3 _3)
2 2 272

algebra, the cross section for the triplet case in terms of the
polarizations becomes

K('=1
= =3+ Pl )
and the cross section for the singlet case becomes
K(j'=0)

If the neutrons and the *He nuclei are both polarized and
parallel such that pPy = 1, then oy = 0. Measurements sub-
sequent to that of Passell and Schermer [16] have confirmed
that the interaction of the neutron with the *He nucleus is
only through the singlet channel [17,18]. This is the basis for
using optically pumped *He gas as a neutron spin polarizing
filter [19].

We now extend this to the case of an orbital angular mo-
mentum state of the neutron. We limit ourselves to the case
where a device will transform the neutrons into an OAM state
of j; = 1. Based on the definition of polarization [Eq. (5)] and
my = *£1, the OAM polarization is given by

P = M (10)
P+ P
We define a total neutron angular momentum state & made up
of the neutron OAM state ¢; and the neutron spin state y.

We expect that the neutron spin and orbital angular mo-

mentum will combine to form two possible states. For j =

]'L+js=%,
=2 1P

mp,, j

®y | X1 ) (1n

where m' =myp +pu and <q)%,m’|§jL:’”LX%,;L> =C((3/2,m|
jr,mp;1/2, 1), the Clebsch-Gordan coefficient. For j =
jL - jS =2

|©) =) @y, ) (D

mr, [

m’|é-jL7mLX%,/L>’ (12)

where m' =m; + p and (CD%, =C(1/2,m|
ij my, 1/2, /,L)

Since we are only able to control m;, and px in our experi-
ment, we end up with spin-polarized OAM neutrons in linear
combinations of states as shown in Table I. When absorbed,
we expect that the states |®) will combine with the *He
nucleus and its angular momentum wave function ¥ = iy to

form a compound nucleus in a state &

m' |§]LmLX%,M>
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The possible final compound states will have angular mo-
mentum j” =0, 1, and 2. The final cross section takes the
form

o=KG") Y plmn)p(m)p(i)
my,mg,
2
XD By | @y Wt NPy [ X105 (13)
I
where m”" = m’ + my.
For j” =0, only j' = % states of @ are involved and for
j’=2,only j = % states, so Eq. (13) reduces simply to

o =K(") D pomy)p(mi)p(p)

my,mp, jb

< |CG " |j s 1/2,my)C( |y mes 172, ).
(14)

A final state of j” = 1 will result in interference from the
linear combination of both neutron OAM states as indicated
in Table I.

Evaluating all the coefficients and substituting polariza-
tions for the probabilities, we get the final expressions for the
relative cross sections in terms of the polarizations.

For j/ =2,

_K(j"=2)
- 24
—5(1 = PLPy)], (15)

lop) [24 —5(1 — pP) — 4(1 — pPy)

noting that the polarizations only appear in the expressions for
the cross sections two at a time. The cross-section contribution
for j” = 2 never goes to zero. It is a minimum for pP, =

pPy = P Py = 1 and a maximum for pP;, = P Py = —1.
For j” =1,
K( /! — 1)
o) = ’T[sa — pPL) + (6 — 4v/2)(1 — pPy)
+ G +4v2)(1 — PPy, (16)

where the irrational coefficients are the result of interference
between the two possible total angular momentum states of
the OAM neutron. If we assume perfect polarization of the
neutron spin, OAM states, and 3He nuclei, o7 = 0 for pPL =

pPy = P Py = 1 and a maximum for pP;, = PPy = —1.
Finally, for j” = 0, we get
K(j"=0)
oo = —————I[1 — pPL + pPy — PLPy]. (I7)

12

For j” =0, the cross section is zero when pP, =1 or
PPy = 1. The maximum cross section is given when pPy =
1 and pP;, = —1. This is in contrast to the case for the con-
ventional neutron singlet compound state which automatically
goes to zero when pPy = 1 [Eq. (9)]. It is further seen that
the presence of OAM neutrons changes the character of the
singlet cross section, so that even if P, = 0, the polarization
behavior is not the same. Through careful manipulation of the
relative polarizations of both spins and the OAM state, the
relative values of the K(j”) can be determined.

The excited-state energy levels of the “He nucleus may give
us an indication of the likelihood that the matrix elements
K are nonzero [20]. For conventional thermal neutrons, the
interaction n + *He occurs at 20.578 MeV above the “He
ground state, forming a compound state with isospin 7T = 0.
It is conveniently 368 keV above a broad (J* = 0%, T = 0)
resonance at 20.21 MeV, but 7.7 MeV below the nearest
(J* =17, T = 0) energy level at 28.31 MeV. The experi-
mental observation of neutron absorption through only the
J™ = 0% channel is credited to the exclusive proximity of this
‘He compound state [18].

Owing to the 0" ground state of the compound “He nucleus
and the addition of one unit of orbital angular momentum
from the OAM neutron, we expect the final states of the
compound nucleus to be odd parity, J* =07, 17, and 2.
An OAM neutron absorbed by *He would form a compound
nucleus in the immediate vicinity of broad excited states of
“He J"=0", T =0) lying at 21.01 MeV and (J* =27,
T =0) at 21.84 MeV, respectively, while the nearest level
(J* =17, T = 0) lies considerably higher at 24.25 MeV. The
decay products of these levels may differ from Eq. (1) al-
though available data are based on different interactions [20].
In particular, while the 0" excited state decays by emitting a
proton, both the aforementioned 0~ and 2~ states can decay
by reemitting a neutron.

Our results are relevant to existing neutron OAM ex-
periments. We consider as an example the experiment in
Ref. [5]. The reported count rate was 1.9 neutrons/s, but most
of this low rate is attributable to their use of an interfer-
ometer as the detection instrument. By using spin-polarized
SHe as the detector—placing the OAM device in a beam
of spin-polarized neutrons and observing the results with a
spin-polarized *He cell—the count rates would be enormously
higher. Using numbers from the same source for cold neu-
trons in the NBSR reactor at the NIST Center for Neutron
Research (NCNR) [21] and given that the source neutrons can
be spin polarized to p = 1 by reflectivity [19], we find that
the 1-cm-diam device described in Ref. [5] should intercept a
low-divergence beam of neutrons at a flux rate of 7.8 x 10%/s.
From its thickness and composition, we may assume that the
device would scatter or absorb approximately 50% of the neu-
trons, still transmitting a flux (assuming P, = %1, according
to Ref. [5]) of OAM neutrons of 3.9 x 10*/s. For the detector,
a spin-polarized *He cell in use at NCNR can maintain a fixed
polarization of Py = 0.85 [19] for at least 200 h [22].

We consider the case where the incident neutron spin
polarization remains fixed at p = +1, the 3He cell fixed at
Py = 0.85, and OAM polarization P, = £1 can be realized
by reversing the axis of the OAM device or alternating two
devices of opposite chirality. From Egs. (9), (15), and (17) we
can determine the normalized difference in cross sections be-
tween P, = +1and P, = —1. We assume that K(j” = 1) =0
(due to lack of an energetically appropriate resonance as noted
above), and we approximate that K(j” =2) = K(j” =0) =
K(j’ = 0) = 21332 b based on compatible energetic positions
in broad resonant states of “He. The value of K(j' = 0) is
obtained from Eq. (9), using a cross section oy = 10666 b
for p = —1 [23]. Lastly, we assume that the OAM device is
capable of converting some fraction 0 < F' < 1 of the incident
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FIG. 1. Difference Cross section Aoy =2[o (P, =
+1)—o(P.=—-1]/loc(PL=4+1)+0(P, = —1)] as a function
of the fraction, F, of neutrons in the beam in the orbital angular
momentum state.

neutrons into an OAM state L = 1, leaving the remaining
1 — F without OAM character.

Figure 1 shows a plot of the difference cross section be-
tween P, = +1 normalized to the total neutron cross section.
The distinction between the normalized cross sections for
P, = +1 and P, = —1 should be clearly evident in the event
that F > 0. Using the length of 6.2 cm and *He pressure of
1.16 bar in the cell as described, we find that for 0.1 < F < 1
the difference of transmission of neutrons between the P, = 1

and P, = —1 orientations is never less than 4000 neutrons/s.
Thus the values for K(j” = 2) and K(j” = 0) could be 100
times smaller than K (j' = 0), and the presence of OAM neu-
tron states would still be apparent.

In conclusion, we propose a detection method for indi-
vidual neutrons put into intrinsic orbital angular momentum
states that depends on an unambiguous quantum effect, the
nuclear interaction with *He. We have shown that when a
thermal, spin-polarized neutron, put into a helical L = 1 OAM
state with specific m; along its wavevector, is absorbed by
spin-polarized *He, the compound nuclear state should be
readily distinguished from the case of an ordinary neutron.
Three possible final states may result, with a total angular
momentum J” =07, 17, and 27. The dependence of the
possible absorption cross sections on the polarizations of the
initial states will differ considerably from the dependence for
ordinary neutrons.

As in the case for ordinary neutrons, there are energetic
grounds for assumption that the compound nucleus may not
form in all three total angular momentum channels. Further-
more, because the parity of the final state is negative, we have
reason to believe that the nuclear interaction part of the matrix
element will be distinct from the positive parity case of the
singlet or triplet in the compound state formed with ordinary
neutrons. The creation in quantity of thermal OAM neutrons
offers potential for new physics, including alternative chan-
nels for radioactive decay, modified cross sections for nuclear
interactions, and previously unobserved nuclear processes.

The authors acknowledge useful discussions with R. Cap-
pelletti, C. Majkrzak, and T. R. Gentile.
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