
PHYSICAL REVIEW C VOLUME 49, NUMBER 5 MAY 1994

Intrinsic charge radius of the neutron:
Discrepancy between the Garching and Dubna results
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This Rapid Communication discusses possible reasons for the discrepancy between the results of
the Garching and Dubna determinations of the mean square intrinsic charge radius of the neutron
related to the inner structure of the neutron. It is shown that the most probable reason for the
discrepancy between the values for bismuth is the di8erences in accounting for the inBuence of
negative energy resonances on the (ne)-scattering length value measured in the experiments. The
Dubna result seems to be more reliable for the present.

PACS number(s): 14.20.Dh, 13.4G.Em, 25.40.Dn

Widely discussed recently [1—7] is the question of what
the mean square intrinsic radius of the neutron, related
to the electric charge distribution p(r) inside the neutron
[8],

Sh,
(r; )g f p(r)r d r = 6(de/dq )z —0 = (a„,—ap)Me2

is actually equal to. In Eq. (1) a„, is the measurable
scattering length of a slow neutron on an electron (ne-

interaction), a~ = p„2M, ———1.468 x 10 s fm is the
Foldy scattering length related to a &ee neutron satis-
fying the Dirac equation and exhibiting an anomalous
moment pn, and Fq is the Dirac form factor.

From the table of experimental data given in [1] it fol-
lows that the most accurate experiments can be divided
into two groups: the measurements of [9,10] resulting
in (a„,) = (—1.309 + 0.024) x 10 fm, which leads to
(r; )N ) 0, in contradiction with modern theoretical rep-
resentations of the neutron, and the measurements of
[11—13] giving (a„,) = (—1.577 6 0.034) x 10 s fm lead-
ing to (r;„)tv ( 0, in confirmation of modern ideas of the

neutron.
Earlier in [5,6] the possibility of the errors now present

in [9] was noted.
A more promising direction in (ne)-interaction stud-

ies is the method applied in Dubna of thermal neutron
difFraction on tungsten-186 crystals [12]. In this case the
sought-for efFect reaches a value of 20%%up (in [9,10] the
efFect is no higher than 0.5—1.2%%up), and as a result one
obtains a„, = (—1.60 6 0.05) x 10 s fm. Note that this
value is in agreement with the result reported in an ear-
lier work [11]and has not been an object of criticism as
yet.

The main discussion centers around the results of the
Garching experiment [10] and the Dubna one [13]. The
data obtained in each for the energy dependence (&om
1 to 100 eV) of the total cross section, o't, t, of bismuth
almost coincide. However, difFerent data treatments gave
a difference in values for a„, = (—1.32 + 0.04) x 10 fm
[10] and a„, = (—1.55+0.11) x 10 s fm [13].

First note that some of the discrepancy between the
results of [10] and [13] comes &om the different methods
of data treatment. With Eqs. (1), (2), and (5) in [10)
one can obtain, for the s-wave nuclear interaction [at
e())p) = 1, b,E » I'/2 and R = (sin bo)/Ic),

~ 2 co tot &coh + &i + &np ~n 0p

4~ 4~ k2

sin be g+r„AE g r„I)).E
k -AE +r /4 -EE +r /4

+

- 2
1 g+F„AE — g F„AE o.; o.„~

4h2 ) ~ +E2 + r2/4 ~ ~ +E2 + r2/4 4~ 4~ ' (2)

where o; is the nuclear incoherent cross section, g+ ——
2&221++~i (in [10] they do not write g+ in their formulas),

J = I+ 1/2, I = 9/2 (for Bi), and b,E = E —Eos.
From [13] it follows that

otot
4m

sin bp sinbp . g+I'„AE . g 1„4E 1 g+12 g I'2 one
h -aE +r /4 -aE +r /4 4h -aEs+r /4 -aE +r /4 4'+ + + +

+ +

0556-2813/94/49(5)/2297(4)/$06. 00 49 R2297 1994 The American Physical Society



R2298 YU. A. AI.EXANDROV 49

The first two and the last terms in Eqs. (2) and (3) co-
incide, while the others are diH'erent. The Grst reason.
for this difFerence is the fact that Eq. (3) was derived
on the basis of a generally accepted S matrix of neutron
scattering

I' . . r„S„„=
~

1 —i ) "
exp(2ihp. ,) (4)

which does not take into account small interresonance
interference. However, as it will be shown below, taking
this phenomenon into account cannot in6uence the re-
sult of the a„, determination in [13]. An attempt to take
the interresonance interference into account was under-
taken in [2]. As shown in [3] it cannot be considered cor-

I

rect. Meanwhile, there are well known 8 matrices that do
account for this phenomenon of interresonance interfer-
ence (e.g., see Refs. [14—16]). Calculations of 4" based
on them were performed in [5]. The calculations have
shown that with the known resonances 0 ( Eo,. ( 265
keV [17] being taken into account, the additional inter-
resonance interference term in Eq. (3) for bismuth at
an energy of about 10 eV makes 4

' ——0.0086 x 10
cm2/sr (the total cross section of bismuth at this energy
is 4" ——0 74.x 10 24 cm2/sr, i.e., nearly 90 times larger).
At energies below 50 eV the value of 4

' does not depend
on energy, and neither, for example, does the interreso-
nance interference term calculated with S matrix [15] (see
also [5])

p,.~,. r, /aE,) „;itE; s t
'

I + (a similar term for the other spin). (5)

Far from the resonance energy, because r = I'„+r~, the term containing r„;r„i in Eq. (5) does not change with
energy, and the second term containing r„;r~i is much less than the first one (for bismuth, by 40 times at an energy
of 10 eV).

In the Dubna work [13] to find the value of a„, for the case of bismuth we analyzed the value of

EI) A2

4z ' (A+ l)2

0 E'
2a„,b.—~i, (Z —F') —pi b,~i, —a„,(Z —F') + p2 +"' " 4+1 "A+1 4z'

(the electric polarizability of the neutron is accepted to
be equal to zero). Here b, i, is the coherent neutron scat-
tering length, F =

2 Jo" f("z ) sin8d8, f("& ) is the
atomic form factor describing the electron charge dis-
tribution of an atom, pi ——Pi —P't p2

—4(gi)
2 Ei E'+4 E2

g;r.;DE
k(b, E2+ I'2/4) '

g;r„',-aE,') & ) t tti i

over, it can be shown [18] that
- 2

F„, . r„
4k2 . bE; . . b.E~

+(a similar term for the other spin).

P+ '-/4 ="' )-kE-)-kE

(7)

~I2
I g' n'/ ~

k/2 (b E/2 + rl 2/4)
'

cr i„(E') is the absorption cross section, b, E; = E —E;,
F; = I'„; + F~;, E;, I';, F~; are the energy, the neu-
tron, and p widths of the ith resonance, and E and E'
are the neutron energies at which b, h and ot q were
measured. In the region far &om the resonance en-
ergies (for bismuth E ( 30 eV) the equation for Y
[Y (0.015 —0.020) x 10 24 cm2/sr] has an energy-
independent term, p2, that can be varied to achieve the
best experimental description. Since p2 does not depend
on energy, by introducing a constant term 4

' [Eq. (5)]
one cannot acct the result of the a determination in
[13]. However, this will change the analytical expression
somewhat, for p2 will be p2+0;„q/4z instead, and, more-

The second and third terms in Eq. (7) may be nega-
tive. Their signs depend on the inBuence on them of the
neighboring levels with E, ( 0. Thus there exists no
direct argument in favor of excluding the possibility of
the negative sign for p2 + 4"'. For an even-even nucleus
(u+ =1 u =o)-

1 F„; . F~~
4k2 ). b.E; ) b,E~i ' jgi

For 2osPb 17,19] with the energy of 1 eV, p2+ tr;~t;/4z'
(6.4 x 10 ~) x 10 24 cm2/sr and pib, i, (1.3 x 10 ~) x
10 24 cm2/sr, the neutron resonance scattering can be
neglected.

For bismuth the situation is much more complicated:
p2 + tr; i, /4m can be smaller than zero (as it follows from
[13]).However, one has to be very careful when speaking
about p2 + 0; i/4z being independent of energy, because
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the second and the third terms in Eq. (7) depend on
energy as 1/E ~

So, Rom [11—13] it follows that (r; )tv & 0. What kind
of error comes into [10]?

I

Let us compare the formulas (2) and (3) for bismuth
for the energy 10 eV taking into account resonances with
the energy Ep~ ) 0 and the additional interresonance
interference term Eq. (5):

- 2

4k b,E +r /4 b,E +r /4 47r+

g+r„2 g r„2 0'int

4k EE +r /4 b,E +r /4 47r
+ " +

+
= (0.0029+ 0.0086) x 10 cm /sr = 0.0115 x 10 cm /sr.

(9)

Thus, if the contribution of the 4„' term is taken into
account [Eq. (5)], expressions (2) and (3) give practically
the same results (at Eps ) 0).

However, there is some difference between works [10]
and [13] in their approach to calculating the contribution
of negative energy resonances (Eps & 0) and of unknown
resonances to the total cross section. In [10] this contri-
bution of one bound and of the unknown levels has been
calculated using the average parameters of s-wave scat-
tering: the strength function, Sp ——0.65 6 0.15, and the
mean level distance (Dp) = 4.5 + 0.6 keV [17]. In this
situation I think an error may easily creep in, since a
resonance at Epy & 0, for example, may be at a distance

~
Epq

~

& (Dp) from the point E = 0 and it will hardly be
possible to estimate its influence on the term btt with any
accuracy, because the uncertainty in the determination of
Sp is large (on the order of +23'%).

In [13] we have used a more realistic method consist-
ing of the variation of the parameter pz. This is the main
reason for the discrepancy between the results of Garch-
ing and Dubna obtained for bismuth. A treatment of the
experimental data of [10], taking into account the param-
eter p2

———0.0023 x 10 4 cm2/sr found in [13] by the
least square method, will lead to a 1.2 times increase in
the absolute value of a„„i.e., to a„, = —1.58 x 10 3 fm.

Thus, to my thinking, the values of a„, obtained in
[9,10] are not grounded enough and, consequently, the
actual (r2 ) & 0 [if Eq. (1) is correct]. This conclusion

I

is in agreement with the measurements in [ll—13] and
with modern ideas of the inner structure of the neutron
[6,20—23], but it disagrees with the result of the analysis
of the available data made in [7] that favors a value of a„,
which is less negative than the Foldy scattering length.

Sometimes the question arises as to with what quan-
tities the theoretically calculated charge radius (for in-
stance, obtained in the Cloudy Bag Model [21]) should

be compared: with (r; )N or with (r; )N+ M",, ap'? Since
all calculations of the nucleon radius are performed in the
approximation of a motionless (recoilless) heavy nucleon
(M ~ oo), it only seems correct to compare the results
of the calculations with (rz )N, i.e. , subtracting the Foldy
scattering length [in accordance with Eq. (1)] from the
measured value of a„,.

Though the value of (rz„)tv ) 0 does not agree with
modern representations of the neutron, it is the view-
point of an experimentalist that the question of the sign
of (r~z„)~ is nevertheless to be solved by an experiment.
A rather easy and reliable way to investigate this prob-
lem consists in a comparison of ot, t measured at different
energies with b, h measured at very small energies [13].
It is important that the measurements are carried out
with one and the same sample to exclude the influence of
different admixtures. This kind of measurement is now
being carried out by the Dubna-Germany-Czech Repub-
lic collaboration.
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