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Measurement of Elastic Electron-Neutron Cross Sections up to Q = 10 (GeV/c)2
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The elastic electron-neutron cross section has been measured at four-momentum trans-
fers squared (Q ') of 2.5, 4.0, 6.0, 8.0, and 10.0 (GeV/c) 2 with use of a deuterium target
and detection of the scattered electrons at 10 . The ratio of neutron to proton elastic
cross sections decreases with Q . At high Q this trend is inconsistent with the dipole

law, form-factor scaling, and many vector dominance models, although it is consistent
with some parton models.

PACS numbers: 25.30.Cq, 13.40.Fn, 27.10.+h

Determining the structure of the nucleons is
one of the fundamental problems of physics. A

wide variety of empirical and theoretical models
ranging from form-factor scaling' and vector
dominance' to quark-parton models' and perturba-
tive QCD' have been used to explain the elastic
cross sections (a~, a„). Most of the current mod-
els agree with existing data but diverge from
each other in the previously unexplored region of
high four-momentum transfer squared (Q'). While

cr~ has been measured' up to Q' = 33 (GeV/c)', a„
had been reliably measured' only to Q'=4 (GeV/
a)'. Here we report measurements of a„out to
Q' = 1O.O (Gev/a)'.

The cross section for elastic electron-nucleon
scattering can be written as

da/dA = aM[A(Q )+B(Q') tan'(29)j,

where aM is the Mott cross section, A = (G~'
+vG„')/(1+7), and B =2vG„'. The electric form
factor G~ and the magnetic form factor G„are
functions of Q' only, v =Q'/4m', and Q'& 0 in the
spacelike region. Since the contribution from t"„
dominates that of G~ by a factor of ~, and G~ is
thought to be small for the neutron, our measure-
ments at large Q' are mostly sensitive to G„.

The experiment was done in End Station A at
the Stanford Linear Accelerator Center (SLAC).
We detected electrons scattered from 30-cm-
long hydrogen or deuterium targets into the 20-
GeV/c spectrometer' set at 10 . The momentum
(E') and polar angle (8) of the electrons were
measured with five planes of multiwire propor-
tional chambers. Electrons were identified in a
total-absorption shower counter. We determined
the spectrometer acceptance with slits and by
collecting over a million events in the deep-in-
elastic region where the spectrum is flat.

For each incident energy we measured the elec-

tron-deuteron and electron-proton cross sec-
tions a(A, E') over the entire quasielastic region
and well into the inelastic region in eight over-
lapping steps in spectrometer momentum. The
cross sections measured in the overlapped re-
gions were in excellent agreement. High statis-
tics were necessary to determine the precise
shapes of the spectra so that we could separate
them into elastic and inelastic components. For
example, at Q' = 6 (GeV/c)' we collected approx-
imately 6& 10' e-d events. About 60%%uz of them
were in the quasielastic peak region, yielding
- 3% statistical accuracy in each of 40 bins in E'.
The experimental cross sections were radiative-
ly corrected using an iterative method based on
the work of Mo and Tsai' to get the true cross
sections. The cross section at Q'=6. 0 (GeV/c)'
is shown as the points in Fig. 1. Notice that the
quasielastic peak at E' =12.55 GeV is partly ob-
scured by the inelastic cross section.

As a calibration we compared the elastic e-P
cross sections extracted from our hydrogen-tar-
get data with previous data at all five values of

Our results agree with a fit to the world
data" to within the statistical errors of a few

percent.
In the impulse approximation the scattering

from deuterium is the sum of scattering from the
individual moving nucleons. At our elastic-scat-
tering kinematics this Fermi motion causes a
momentum smear of about + 1.5% full width at
half maximum which means that the quasielastic
and long tail of the smeared inelastic spectrum
overlap at high Q'. To extract the quasielastic
neutron cross section from the deuteron data,
the quasielastic proton and smeared inelastic pro-
ton and neutron cross sections must be subtract-
ed. The quasielastic neutron cross section is
proportional to the smeared elastic proton cross
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FIG. 1. The cross section for e-d scattering at inci-
dent energy E = 15.742 GeV vs scattered-electron ener-

gy F, ' at 10'. The dashed (dotted) curve is the smeared
elastic (inelastic) e-P cross section obtained with

method II and the Paris potential (Ref. 9). The solid
curve is the result of a linear least-squares fit of the
other two curves to the e-d cross section as described
in the text. All cross sections are radiatively correct-
ed.
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FIG. 2, The ratio cr„/0& as a function of Q . Pre-
vious data from Albrecht et

an't'.

, (Ref. 6) have been ex-
trapolated to 10'. The dashed and solid curves are the
vector-dominance models of Hohler et at. and Blatnik
and Zovko (Ref. 2), respectively. The dotted curve is
form-factor scaling: G~„/p„= G~&/p& = Gz& and Gz„
= 0. The dash-dotted curve is the dipole law for Qz„
with 0&„=0 and 0& from our experimental results.

TABLE I. The ratios of elastic electron-neutron to
elastic electron-proton cross sections, the values of
the neutron cross section, and Q~„extracted from our
data using Eq. (1) assuming GE„= 0. The errors in-
clude statistical and systematic effects.

Q
2

(GeV/c) '
CT„ /ap (nb)

2.5
0

6.0
8.0

10.0

0.37+ 0.03
0.37+ 0.03
0.38 + 0.04
0.25+ 0.08
0.21+ 0.10

2.9+ 0.2
0.42+ 0.03

0.070+ 0.007
0.012 + 0.004

0.0031+ 0.0015

0.092 + 0.004
0.041+ 0.002

0.0195*0.0010
0.0090+: 0.0015
0.0053 ~ 0.0013

section, (a~ „), . The smea. red inelastic neutron
cross section was assumed to be proportional to
the smeared inelastic proton cross section,
(a~;„), , over our limited range of E'. The
smeared proton cross sections were obtained
from our hydrogen data, supplemented at high in-
elasticity by the extensive data taken by other
groups at SLAC." The Fermi-momentum (p„)
distribution mas obtained from models' of the
deuteron wave function.

Two independent methods were used to obtain
these smeared proton cross sections. In the first
method a Monte Carlo program generated kine-
matic quantities for elastic and inela, stic elec-
trons scattered from moving nucleons. The
events were radiated and they were weighted by
the deuterium wave function and the cross sec-

tion. The events mere reduced to cross sections
by the same procedure as for the real data and
then compared with the experimental deuterium
cross sections. In the second method we used
analytical expressions derived from the work of
McGee" to calculate the quasielastic and smeared
inelastic cross sections, The latter were treated
as the sum of narrow elasticlike peaks. These
smea, red cross sections were compared with the
radiatively corrected deuterium cross sections.

In both methods the measured deuterium spec-
trum was represented by the expression

a(&,E') =R„(a, ,t), +R;„(a, ;„),
The proportionality constants R = a„/a~ = (a„+a~)/
0~ are determined by a least-squares fit. In Fig.
1 the radiatively corrected deuterium spectrum,
the quasielastic and smeared inelastic proton
spectra, and the fit are shown for Q'=6. 0 (GeV/
c)'.

The good fits at each value of Q' support the
validity of the assumptions going into the analysis.
We studied extensively the sensitivity of the re-
sults to various inputs to the analysis and found
the largest variations to come from the use of a
variety of deuteron wave functions with different
high-momentum components for p~ &0.25 GeV/c,
and from the two different methods of analysis.
The systematic errors are larger than the statis-
tical ones. The errors we present enc'.'ose the
results for both methods with three different re-
alistic deuteron wave-function models": the
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Paris potential, the Bonn potential, and the Reid
soft core modified by recent data of Bernheim et
al."

Table I lists the ratio o„/g, =R„—1, the values
of the neutron cross section obtained by using
our elastic e-p results for 0~, and G„„extracted
from Eq. (1) with the assumption G~„=O. The
ratio cr„/cr~ is shown in Fig. 2 as a function of Q'
along with some results from a previous experi-
ment of Albrecht et al. ' Notice that our results
are consistent with the other results, but are a
little lower. We show the predictions from two
commonly used empirical relationships: the di-
pole law G„„=p, „/(I+Q'/0. 71)' with 0 from our
data (dash-dotted curve), and form-factor scal-
ing G„„=p. „G»/p. ~ (dotted curve), both with G~„
=0. The dashed curve is the model of Hohler et
a/. ' which is typical of other vector-dominance
model calculations. The new high-Q' data fall
well below these curves. The solid curve is the
vector-dominance model prediction of Blatnik
and Zovko' which incorporates the asymptotic
limits discussed below.

The quark dimensional scaling laws" predict
that at large Q' the spin-averaged hadronic elas-
tic form factor [A(Q')]"' has a power-law depen-
dence (1/Q')" ', where n is the number of ele-
mentary quark constituents, In Fig. 3 we plot
the experimental values (Q')" '[0/cr~]"' (= (Q')" '
x [A(Q')]"' at small angles) versus Q' for the
pion, the nucleons, and several light nuclei, "
Within the errors our new neutron form-factor
data scale.

Explicit calculations" for the nucleon using a
model with three spin- —,

' quarks show that at large
Q, F,(Q') =C,/(Q )' and F,(Q') =C,/(Q')', where

F, = (G~ +~G ~) /(1 —7 ) and F, = (G~ —G „)/k (~ —1)
are the Dirac and Pauli form factors, and k is
the anomalous magnetic moment. The C, and C,
depend on the quark wave function of the nucleons
and in particular on the average charge of the
leading quark near x = 1. If the nucleon wave func-
tion is spatially symmetric such that E,„-O then

v„/v~- 1/Q' at large Q'. Alternatively, if the
leading quark has the same isospin" (helicity")
as the nucleon, it follows that o„/v~- 4 (z ). Our
results show cr„/o~ falling with increasing Q'
above Q'= 6 (GeV/c)' in a way which is consistent
with all three predictions.

There are asymptotic perturbative QCD calcu-
lations' in which the power-law Q' dependence of
the form factors given by the dimensional scaling
laws (modulo logarithmic corrections) arises
from the hard scattering subprocesses involving
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FIG. 3. Quark dimensional scaling of the elastic
form factors of the pion, nucleons, a,nd three light
nuclei. The power n is the number of elementary quark
constituents.
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all the valence quarks. The form factors also de-
pend on the quark wave functions. The calcula-
tion of Brodsky and Lepage shows G~„/G» to be
particularly sensitive to the wave functions, and
for a wide range of possible wave functions they
predict o„/o~= (G~„/G»)'& 1. This is inconsis-
tent with our results and the trend with increas-
ing Q is in the opposite direction. This could in-
dicate that these asymptotic predictions are not
applicable at our Q', or that there are some fun-
damental problems with perturbative QCD. In

any case these results will severely restrict
models for the nucleon wave functions.
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new computer and the Spectrometer Facilities
Group for their support. This work was support-
ed by the Department of Energy under Contract
No, DE-AC03-76SF00515, and the National Sci-
ence Foundation under Grants No. PHY78-09378
and No. PHY81-08484.
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The structure of single-particle states in spherical nuclei is analyzed within the shell
model by use of a representation which consists of a correlated basis.

PACS numbers: 21.10.Pc, 21.60.Cs

We recently proposed to solve the many-body
shell-model equations by means of a representa, -
tion consisting of many-particle correlated
states. ' In general, a system with a number of
particles p can be evaluated in terms of systems
with q and ~ particles, respectively, such that
p =

q + a. One pr oceeds in several steps. Fir st
the one-particle states that span the shell-model
space are chosen. In the second step one calcu-
lates the two-particle states which define the in-
ter action matrix elements. Then one pr oceeds

by adding particles in successive steps. To
evaluate the p-particle system mentioned above,
one assumes that the q- and v-particle systems
have been solved so that the basis set of elements
is given by

(~'(~, )~'(~„) I 0&j, (&)

where P (o.„) creates the n-particle state n„(but,
as an exception, the one-particle states are la-
beled with Latin letters and the corresponding
creation operator is c,. t, as usual) and I 0) is
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