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Elastic and rotationally inelastic differential cross sections are calculated for slow neu-
trons incident on gaseous para-H,*. This target is chosen as the simplest open-shell
molecular system so that the contribution of electromagnetic forces to the scattering can
be studied. It is shown that electromagnetic forces are dominant over nuclear forces in
0—2 rotational excitation for small-momentum-transfer collisions (low angles at incident
energies about twice the 0—2 threshold value). For large-momentum-transfer collisions
(wide angles at the higher energies or all angles at energies close to threshold) nuclear
forces dominate the scattering. The calculations show that low-angle, small-energy-loss
experiments would isolate the weak but long-range electromagnetic forces and thus probe

target electronic structure.

I. INTRODUCTION

In this paper the electromagnetic contribution to
the angular distribution for slow neutrons incident
on molecular gaseous “radicals” (open-shell
molecules) is studied. Our purpose is to stimulate
interest in the measurement of energy-resolved par-
tial cross sections for a particular final rotational
state of the molecular target. As an example, the
J=0-J'=0, J=0—J'=1, and J =0-J'=2 dif-
ferential cross sections are calculated for neutrons
on H,*. The permanent magnetic dipole moments
of the target and projectile combine in a dipole-
dipole-type interaction. This interaction induces
0—2 rotational transitions which dominate this
partial cross section for small-momentum-transfer
scattering. This dominance occurs because the
0—J nuclear scattering amplitude (normally dom-
inant over the electromagnetic) is proportional to
g4, for small go; and J >0 (where Gy is the
momentum-transfer vector). Thus, inherently
small electromagnetic contributions are “un-
covered” in the low-angle 0—2 partial cross sec-
tion at incident energies well above the threshold
value. For an incident energy twice the 0—2
threshold at zero scattering angle, the electromag-
netic partial cross section is found (Fig. 1) to be
about 3 mb and the nuclear partial cross section
about one order of magnitude smaller. In contrast,
the 0—0 partial cross section is about 150 mb
under the same conditions and is dominated by the
nuclear contribution.

Since about 1967 the theory of molecular rota-
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tional excitation by electron impact"? has been
heavily studied. The simple first Born results of
Gerjuoy and Stein® for nonpolar targets were ex-
pressed in terms of a few parameters, including the
molecular quadrupole moment. Later studies'?
were to show, however, that the electron-target in-
teraction is sufficiently strong that the Born theory
fails for low-energy electrons except at threshold.
In other words, the molecule (M) plus an electron
pair is in reality an unbound negative ion M ~, and
the electronic structure of M, for which the Born
theory provides a partial elucidation, no longer has
a simple meaning in the interpretation of experi-
ments.

In contrast, the Born theory for low-energy,
nonabsorptive scattering of neutrons by atomic or
molecular targets can be expected to be accurate
over the entire range of neutron energies owing to
the zero (or very short) range of the nuclear forces
and the weakness of the electromagnetic forces.
For example, total cross-section measurements
have been made* for neutrons on para- and ortho-
H, over a range of neutron energies and agreement
with the Born theory®~’ is obtained. As another
example, differential cross-section measurements®
for n, CH4 and n, NH; show satisfactory agree-
ment with the Born theory within approximations
made in the evaluation of the Born amplitude. For
these targets electromagnetic forces make no con-
tribution to the first Born amplitude due to the or-
bital and spin symmetry of the electronic states.

In cases in which electromagnetic forces contri-
bute to the first Born amplitude (n,H or n, H,*
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are the simplest examples), however, nuclear forces
are dominant over electromagnetic forces under
most circumstances. For example, the magnitude
of the nuclear scattering amplitude>® for the n, H
pair is about six times larger than the electro-
magnetic-amplitude magnitude for triplet n, p
scattering and about 24 times larger for singlet n,p
scattering. On the other hand, it is well known*®
that n,H, scattering depends strongly on the total
antisymmetry of the p,p state which causes the
separation into para-H, (for even rotational or J
states and the singlet spin state) and ortho-H, (for
odd J states and the triplet spin state). The
n,para-H, amplitude depends on the combination
of n,p singlet, triplet scattering lengths (aq, a;,
respectively), 3a; +a,. This factor is strongly
dependent on the range of the n,p nuclear force
since 3a;~—a, (giving a vanishing n,para-H,
elastic cross section) at a range of about 5x10~13
cm. On the other hand, the n, ortho-H, amplitude
contains the factor a; —a, which is very large and
insensitive to the range of the small length a;.

In H, the n,e amplitude is zero by cancellation
of the contributions for two antiparallel spin elec-
trons. In n,para-H,™, however, the same n, para-p
amplitude obtains, and the n,e amplitude exists.
For a physically realistic n,p nuclear-force range®
of

ro=e?/mc?~2.82x10""* cm

[for electron charge e, mass m, and velocity of
light c], for which (Ref. 6) a; =5.85x10""% cm
and ag=23.45X10~" cm, the constant factors in
the n,para-p and n,e amplitudes have a ratio of
about four to one. For unpolarized targets there is
no interference contribution to the cross section
such that n,e scattering is only about % of the to-
tal. On the other hand, the dependence on Ggy, the
momentum-transfer vector for AJ even transitions,

is quite different for the nuclear and electromagnet-
J
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ic amplitudes such that for small gy, collisions, for
example, the n,para-p cross section, is reduced to
small values relative to the n,e cross section. The
n,para-p cross section grows rapidly with increas-
ing scattering angle (increasing gg,;) and overtakes
the n,e cross section by about 25° center-of-mass
(c.m.) scattering angle at a c.m. incident energy
twice the AJ =2 threshold energy (Fig. 1). These
calculations suggest the design of low-angle,
small-energy-loss experiments on gaseous molecular
radicals in order to isolate the weak n,e contribu-
tions to the scattering. The n,e cross section for a
given AJ transition contains a simple dependence
on the electron molecular orbital; thus, such exper-
iments would complement x-ray photon-scattering
experiments on gaseous targets® as a probe of tar-
get electronic structure.

For a molecular ion the n spin-orbit interaction
with the nuclei'® never completely vanishes, owing
to the residual charge at large-n distances. Howev-
er, its amplitude contains the factor
(m /M)cot(6/2) (for neutron mass M and scatter-
ing angle 60) such that it is unimportant except for
0 less than about 0.5°. For slow neutrons on neu-
tral molecular radicals this interaction is unimpor-
tant since it is effectively screened!® over the entire
range of 6.

II. THEORY

In the nonrelativistic limit the n,e interaction!!
is given by the sum of two terms, a spin (n)-
orbit(e) and a spin (n)-spin(e) term. In the first
Born approximation integration over the c.m.-
frame neutron coordinate T, [position of the neu-
tron relative to the midpoint of an assumed
constant-magnitude internuclear vector R (see Fig.
1)] leads to two scattering amplitudes. The spin-
orbit amplitude is given in general form. The
spin-spin amplitude is given for an unpaired elec-
tron occupying a o, orbital. For 0—J rotational
transitions these are

SN, e T (G, XGo) (i) |9 (F WX} | YoolBY) (1)
j s
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where p,, =1.91 is the magnitude of the neutron
magnetic moment, ro=e2/(mc?) is the classical
electron radius, u. /M is the collisional reduced to
the neutron mass ratio kg, =k?— Aey; for a transi-
tion energy A€y, Ry and c.m.-frame incident ener-
gy k? Ry, doy =k — Koy is the momentum-transfer
vector in the direction Q, (Fig. 2), and &, & are
the neutron electron Pauli spin vectors (Fig. 2).
The rotational eigenfunctions YJMj( B,y) are defined
for an internuclear vector whose orientation rela-
tive to qqy is specified by Q, [dQ,=sinBdBdy].
Xm, 1s a spin eigenfunction of the neutron, and for
neutron-electron total angular momentum

g
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FIG. 1. All energetically allowed partial cross sec-
tions for a c.m. incident energy equal to twice the
AJ =2 threshold value. Between about 5 and 25°. c.m.
scattering angles, the cross sections from top to bottom
are the following: 0—1 total; for 0—0, total, nuclear,
and electromagnetic; for 0— 2, total, electromagnetic,
and nuclear.

[
f=3,+% (3;= %6’,- )s Xfmf is an eigenfunction of
f* (and of 52, s%, and §,3).

The spin-orbit amplitude is zero for the H,* tar-
get. It deserves further comment, however. In Eq.
(1a) performance of the summation over j (occu-
pied orbitals), integration of each term by parts,
and use of the result (&', X qgs) s =0 show that
the spin-orbit amplitude vanishes by cancellation of

|m;| and — |m; | contributions provided the tar-
get symmetry is high enough that m; orbital com-

ponents give equal matrix-element contributions for
+m, values. Individual m;=0 contributions are
zero. It is usually assumed that the spin-orbit am-
plitude is zero for all closed-shell targets. This as-
sumption fails for chiral targets,'>~!* for example.
Electromagnetic amplitudes such as those given by
Egs. (1) are presented in the context of other appli-
cations in the literature'’; however, a detailed
theory for specific gaseous targets appears not to be
available.

For an unpolarized target gas, the electromag-
netic cross section is given by the squared moduli
of Eq. (1b), summed over f =0 (singlet scattering),
over mgmy for f =1 (triplet scattering), and over
M;. This result is divided by four, the total spin
degeneracy in the incident channel. The operator
in square brackets in Eq. (1b) is diagonal in f =0
and 1. The second term is diagonal in mymy for
f =1, the first term, however, is not. The 3 matrix
formed by the msmy elements for f =1 is present-
ed in the Appendix.

As in the case of electron impact,’ the Born
theory is expressed in terms of the orientation of a
rotating molecule-fixed frame (Fig. 2) relative to
the momentum-transfer vector §,; whose direction
is fixed in a laboratory frame for a given scattering
angle. In Eq. (1b) the scalar products in the first
square-bracket term are evaluated using the Pauli
spin matrices'® to represent the spin vectors. For
the neutron, the result is

cosfB sinBe ~*¥

sinBe’”  —cosp

P~ '—b_
w'on=

) (2)

n
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where the subscript on the matrix indicates that its
basis vectors are the neutron spin eigenfunctions

!

0
1

X12=

and

X_1p=

~ Similarly, Eq. (2) without the » subscript is the

matrix representation of the scalar product §y;-o
whose basis vectors are the electron-spin eigenfunc-
tions

1

a.= |
and

0

Be= 1
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Equations (3) depend on the use of a single-center
expansion'’ for the orbital

(r)
‘/’(?)=E Yrolr

1 r

YIO( 0n¢r) 4)

about the midpoint of R (Fig. 1). This expansion
is known to be reasonably accurate in the descrip-
tion of e,H,* elastic scattering.!”'®

For AJ even transitions the total cross section is

All basis vectors depend on spin quantization along
the rotating molecular axis (Fig. 2). The geometric
interpretation of Eq. (2) for the Cartesian com-
ponents of either spin in the rotating frame is given
by Fig. 2. The matrix elements for the f=1 state
(see the Appendix) are linear combinations of
Yoo(B,y) and Y,y (B,7y) formed from the product of
two spin dipoles. The latter spherical harmonic is
the source of the small-momentum-transfer elec-
tromagnetic dominance stated above since it causes
0 —2 rotational transitions to occur for the lead-
ing, spherically symmetric contribution to the orbi-
tal form factor ($(T) e ¥ " |(F)) of Eq. (Ib).
All other transition amplitudes inclusive of the nu-
clear (Ref. 5 and below) depend on g2, for small
qos- Thus, the spin dipole-dipole contributions to
the inherently small electromagnetic amplitudes are
“uncovered” when the large nuclear amplitudes be-
come small as g3, (see Fig. 1). [Alternatively, the
electromagnetic cross section evidently can be
derived starting with Eq. (5.9) in Ref. 15.]

The final result for the electromagnetic differen-
tial cross section is

(3a)
rril gl
000| |0 o o|RwaRur,
(3b)
2 n
000
(3c)
(3d)

[
the sum of nuclear and electromagnetic cross sec-
tions

(0J) k
do % %(2‘]+1)(3al+ao)2j12(‘10JR /2)
da_e(OJ)

70 (5

For AJ odd transitions only nuclear scattering
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FIG. 2. Orientation of the rotating molecule-fixed
frame relative to the momentum-transfer vector g,
(whose direction is fixed in the laboratory frame). The
axes of the rotating frame are labeled by the Cartesian
components of the bound-electron spin vector &

occurs,
do'® 4 ky
=X 1
a0, =3k (2 +1)
X(a;—ao)jHqoyR /2) . (6)

R =2a, is the interproton distance. Scattering into
 is determined by the momentum transfer

=(k?*+ k¢ —2kkoycos60)7? . @)
III. RESULTS AND CONCLUSIONS

All energetically allowed partial cross sections
for a c.m. incident energy equal to twice
A€y =0.021591 eV (Ref. 19) are plotted in Fig. 1.
For c.m. scattering angles between about 5 and 25
deg the curves from top to bottom are the 0—1
(top), 0—0 (next three), and 0—2 (bottom three)
partial cross sections. The electromagnetic and nu-

— %[ 1—Py(cosB)] ?Pé(cosﬁ)e‘”’

0= QPi(cosB)e""

3
. vH .
%P%(cosﬂ)ez"' ——?’—ZP;(cosB)e'Y

The 1 matrix for £ =0 has the value 2. Each ele-
ment of the 1 and 3 matrices is multiplied by

Y, BT [ 9T | 4(E)) Yool B, )

%P%(cosﬁ)e —2y
- %[ 14+2P5(cosB)] — QP%(cosB)e“"

—%[I—Pz(cosﬁ)]

clear contributions to each partial cross section are
plotted separately for the 0—0 and 0—2 channels.
It is clear that electromagnetic contributions are
not significant except at low angles in the 0—2
channel, as stated previously. For 0—2 transitions
the electromagnetic contribution is seen to be dom-
inant for c.m. angles as wide as 15°. At about 25°.
(at the crossing point) the electromagnetic and nu-
clear contributions are equal. Beyond about 40 deg
the nuclear contribution is dominant.

These calculations suggest the design of low-
angle, energy-resolved neutron beam experiments
on target gases such as O, and NO. The simple
dependence of the electromagnetic amplitude on
the orbital form factor of the unpaired electron
[Eq. (1b)] provides an experimental test of
molecular-orbital theory for such open-shell tar-

~gets. For NO the spin-orbit amplitude will also

contribute to electromagnetic scattering.
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APPENDIX

Use of n,e states of total angular momentum
S =1 leads to the following 3 matrix when the
operator (O) in square brackets of Eq. (1b) is
evaluated for the elements (mf, O m )5

3

[
and the result is integrated over Q,. The sum of
the squared moduli of these results, divided by 4
and multiplied by (p,,rouc /M )? ko;/k, leads to
Egs. (3).
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