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INTERATOMIC PAIR POTENTIAL
AND n—e AMPLITUDE FROM SLOW NEUTRON
SCATTERING BY NOBLE GASES

Yu. N. Pokotilovski'

Joint Institute for Nuclear Research, Dubna

Recently proposed new precision experiments to increase accuracy of neutron—electron scattering
amplitude consist in the energy-dependence measurement of the asymmetry of slow neutron scattering
by noble gases. It is shown that additional diffraction effect, due to correlations in positions of atoms
in gas, has significant value and depends on particular form of realistic interatomic pair potential.

Hen BHO OBUTH NHpeIOXeHbl HOBBIE INPEII3UOHHBIE BSKCIIEPHMEHTHl 10 YTOUYHEHHIO MIUTUTYHIBI
HEUTPOH-3JIEKTPOHHOIO B3 UMOJEHCTBUS MOCPEICTBOM H3MEPEHUs 3HEPreTH4ecKOil 3 BUCUMOCTU CHUM-
METPUH P CCEeSHUS MeIJIeHHBIX HEHTPOHOB OJ1 TOPOXHBIMH I' 3 MH. 0K 3 HO, YTO AOMOTHUTENBHBIA IH-
¢p xumoHHBIN 3¢pheKT U3-3 KOppENALMU B MOJIOXKEHHUM TOMOB I' 3 HMeEET 3H YMTEJIbHYIO BEJIMYUHY U
3 BUCHUT OT KOHKPETHON (pOpMBI MEX TOMHOTO IMOTEHLH I .

As is well known, experimental situation in the value of neutron—electron scattering
amplitude looks rather controversial:

An—e = — 1.56 £ 0.05 [1],

An—e =—1.59+0.04 [2],

An_e =—1.31+£0.03 [3, 4], (1)
n_e = — 1.44+0.033 + 0.06 [5],

An—e = —1.334£0.027 £ 0.03 [5].

It is seen that the progress in the precision was not significant during the last 40 years,
and strong disagreement exists between different experiments. New experiments have been
proposed recently to measure n—e scattering amplitude by the method of Fermi—Marshall
[6, 3] — angular asymmetry in slow neutron scattering, and by the transmission method —
measuring the energy-dependence of total neutron cross-section by noble gases [7, 8]. It was
also reminded that small effect of neutron diffraction has to be taken into account to infer
n—e amplitude from asymmetry data [9]. The model of hard-sphere interatomic potential was
taken relying on the paper by Akhiezer and Pomeranchuk [10].

But rigorous calculations of the diffraction effect, based on the realistic interatomic po-
tentials, demonstrate that diffraction effect has significant value especially in the cold-neutron
energy range reaching dozens percent or even prevailing over the n—e interaction effect.
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Neutron—atom scattering amplitude
a(e) =an + an—er(e) (2)
in result of interference of the nuclear and electron scattering leads to scattering cross-section

do(0)
an

= a3 +2anan—.Zf(9), 3)

with the relative value of the anisotropic term

do(0) Gp—e
1 =2——7£(0). 4
(So) =2 250) 4)
Atomic formfactor may be calculated with sufficient precision according to [11]
2
q ~1/2
= [1+3 (= : &)
fa) [ ( qo) }
with
@ = B2 AT). ©)

In these expressions ap is the nuclear scattering amplitude; a,,_. is the amplitude of n—e
scattering; Z is the charge number. The value of (3 is taken from the tables [12].

Static-structure factor depends on interatomic interaction potential U(r) and atomic den-
sity n:

S(g) =1+ n/ (e*U“)/’“T - 1)eiqrd3r. %)
0

For spherically symmetric potential U(r) the structure factor is

4 (o)
S(q) =1+ n== / (e*U(r)/kT - 1) sin (gr)rdr. (8)
a Jo
The scattering asymmetry is introduced as the ratio of intensities of scattered neutrons to the

angles 61 and 6> (usually, 6; 4+ 05 = 7)

S(61)
S(62)

©)

The figures show the results of calculation of asymmetry for the forward and backward
angles, respectively, 45 and 135°. For every noble gas of interest (Ar, Kr, Xe) several best
approximations for the potential of interatomic interaction were taken from the literature.
For all used potentials r = r,,, 7, U(r) = U*(r)e.
Lenard-Jones (L-J) potential for Ar [13]:

U(r) = (72 =27 %), ¢/k =119.8 K, r,,, = 3.822 A, (10)
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Barker—Fisher—Watts (BFW) potential [14]:

U*(r) =expla(l = 7) ZA +ZCQJ+6/5+_2]+6)

7=0

Parameters of BFW potential for Ar:

e/k=142.1K, 71, =3.7T614A,  «a=12.5, § =0.01,

Cs = —1.10727, Cs = —0.16971, Cho = —0.01361,
Ag = 0.27783,  Ap = —4.50431, A, = —8.33122,
Az = —25.2606, A4 = —102.0195, As = —113.25.

Barker—Bobetic—Maitland—Smith (BBMS) potential [15]:
U*(r) = U*(BFW) + o/ exp [-50(7 — 1.33)?].
Parameters of BBMS potential for Ar:

€/k =1425K, 1y =3.76A, o =12.5, §=0.01,
Cs = —1.11976, Cs = 0.171551, Cy = —0.01361,

Ag =0.29214, Ay = —4.41458, A, = —7.70182,

As = —31.9293, A, = —136.026, As = —151.

Parson—Siska—Lee (Morse—Spline-Van der Waals, MSV III) potential [17]:

U*(r) = exp [=28(F — 1) = 2exp[-B (F = 1), 0<7 <y,
U*(r) = r+0—$ﬂ®+ﬂr—xﬁwr+( —a1)lbs, x1 ST <o,
( ): *— —6 C«*——S_’_C«ikof—l()7 < S
Parameters of MSV III potential for Ar:

e/k =140.7K, r, =3.76 A,

C¢ =—1.180, Cg= —0.6118, Cip =0,

z1 = 1.12636, x5 = 1.400, B=03 =6.279,

by =—-0.7, be = 1.8337, bs = —4.5740, by = 4.3667.

Aziz—Chen (Hartree—Fock, HFD-C) potential [16]:
U*(r) = Aexp (—aF) + (Ce7 ™ + Cg7 8 + Cro7 ) F(7),

where

Parameters of HFD-C potential for Ar:

e/k = 143.224K, Fm = 3.759 A, o = 16.345655,
Cs = —1.0914254,  Cs = —0.6002595, C1o = —0.3700113,
A =0.9502720-107, D =14, v = 2.0.

(1)

12)

(13)

(14)

15)

(16)

A7)

(18)
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BWLSL potential for krypton [19] has the form of BFW potential with additional term:

AU(7) = [P(f — 1) Q-1 Fx,

(19)
AU(T) =0, <1
Parameters of BWLSL potential for Kr:
e/k =201.9K, 7, =4.0067A, a=12.5, § =10.01,
Ce¢ = —1.0632, Cs=—0.1701, Cy9 = —0.0143, 20)
Ag =0.23526, A; = —4.78686, A; =—-9.2, Az = —8.0,
Aq = —30.0, As = —205.8, P =-9.0, Q = 68.67.
BDVKS potential for krypton [20]:
U(r) = efm( B), 0<r<r,
U(r) = Zk Oakzk, ri<r<ry z=(r—r1)/(ro—r1), @1
U(r) = —067“ Csr , o < T < 00,

Parameters of BDVKS potential for krypton have two slightly different variants (I and II):

for variant I ¢/k = 200.0K, r,, = 4.03A, r; = 4.5, ro = 5.0,
Cs = —908000, Cs/Cs = 10.9, 8 = 6.2, a9 = —147.01,
ayp = 76.856, as = —18.172, a3z = 4.8747 (22)
and for variant I 3 = 6.3, ag = —145.84, a; = 78.034,
as = —24.022, az = 8.3822

BWLSL potential for xenon [19] has the form of BFW potential. Parameters of BWLSL
potential for xenon:

e/k =2938K, 7, =43554, =155, §=0.01,
Cs = —1.0052, Cs = —0.1590, Cjo= —0.03105,

Ag = 0.18345, A; = —4.2620, A, = —27.0,

A3 = —58.0, A, =10.0, A5 = 10.0.

(23)

A more compromised form of the potential for xenon is specified by BWLSL potential with
parameters

e/k =281.0K, r, =43623A, o=125, §=0.01,

Cs = —1.0544, Cg = —0.1660, Cyo = —0.0323,

Ag =0.2402, A; = —4.8169, A, = —10.9, A = —25.0,
Ay =—-50.7, A5 = 200.0, P = 59.0, Q=TL1.

(24)

It is seen from Figs. 1-3 that additional diffraction effect, due to correlations in positions
of atoms in gas, has significant value and depends on particular form of realistic interatomic
pair potential. In the energy range below ~ 10 meV, diffraction contribution to the asymmetry
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Fig. 1. The neutron energy-dependence of the
scattering asymmetry (61 = /6, 02 = 57/6)
from 1 atm pressure Ar gas target in result
of n—e interaction and diffraction for differ-
ent approximations of the interatomic Ar—Ar in-
teraction: L-J — Lenard-Jones potential [13],
BFW potential [14], BBMS approximation [15],
HFD-C potential [16], MSV II potential [17]
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Fig. 2. The neutron energy-dependence of the
scattering asymmetry (61 = /4, 02 = 37/4)
from 1 atm pressure Kr gas target in result of
n—e interaction and diffraction for different ap-
proximations of the interatomic Kr—Kr interac-
tion: L-J — Lenard-Jones potential for Kr [18],
BWLSL potential [19], BDVKS I and BD-
VKS II — two variants of approximation [20]
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Fig. 3. The neutron energy-dependence of the
scattering asymmetry (61 = 7 /4, 02 = 37/4)
1.000 from 1 atm pressure Xe gas target in result
of n—e interaction and diffraction for different

approximations of the interatomic Xe—Xe in-
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0.994
0.992
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teraction: L-J I and L-J II — two approxima-
tions of Lenard-Jones potential for Xe [21,22],
BWLSL [19], CoBWLSL-corrected approxi-
mation potential [19]

of slow neutron scattering by noble gases achieves dozens percent of the asymmetry due to
n—e interaction, and in the meV energy range even exceeds the n—e asymmetry effect. To
infer the value of n—e scattering amplitude with percent precision from the neutron scattering
asymmetry data, it is necessary to perform precise asymmetry measurements at the pressures
significantly lower than 1 atm with subsequent extrapolation to zero pressure, or to take into
account the diffraction effect using the particular approximation of the interatomic interaction
potential as true one. In view of disagreement (significant in some cases) between different
approximations of interatomic potential inferred from the large amount of experimental data
on various physical quantities, the latter procedure does not seem reliable. It would be of
value to perform the special high-precision measurements of neutron scattering asymmetry
(or static structure factor) for noble gases, similar to the neutron-diffraction experiments on
Ar [23-25] and to the experiments on Kr [26,27]. But in this case effect of n—e interaction
must be taken into account, which was not done in the cited experimental works. So the
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problem consists in the indeterminancy of both effects contributing to the asymmetry of slow
neutron scattering by noble gases: n—e interaction and diffraction. This complicates seriously
the task of the measurement of the n—e scattering amplitude with percent precision by this
method.
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