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Measurement of the Neutron Magnetic Form Factor
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The ratio of neutron and proton yields at quasifree kinematics was measured for the reactions
H(e, e'n) and H(e, e'p) at momentum transfers Q = 0.125, 0.255, 0.417, and 0.605 (GeV/c),

detecting the neutron and the proton simultaneously in the same scintillator array. The neutron detection
efficiency was measured insitu with , the ' H(y, n. +)n reaction. From this the ratio R of 2H(e, e'n) and
H(e, e'p) cross sections was determined and used to extract the neutron magnetic form factor GM in a

model insensitive approach, resulting in an inaccuracy between 2.1% and 3.3% in GM.

PACS numbers: 25.30.I.j, 13.40.Gp, 14.20.Dh

The electromagnetic form factors of the proton and neu-
tron are directly related to the structure of the nucleon.
Thus, they provide a testing ground for theoretical mod-
els of the subnucleonic structure of hadrons. Whereas
the proton form factors are experimentally rather well es-
tablished, at least for momentum transfers up to about
1 (GeV/c), this is not the case for the neutron form fac-
tors: Gz is subject to large uncertainties, but also GM is
known not better than ~15% [1,2]. This is not only unsat-
isfactory in general, but specifically recent proposals for a
measurement of G~ are based on the spin transfer observ-
able p, [3,4] which yields the ratio of G~ and GM, so
that an improvement of the knowledge of GM will bene-
fit Gz as well. Recently, several studies have aimed at
a significant improvement of GM [1,5 —7]. This work, a
continuation of a previous study [1,5], aims at a set of GM
values with total uncertainties of well below 5%.

Deuterium is a suitable nuclear target for measurements
on the neutron, since here the proton and neutron have
identical wave functions and, due to the small binding en-
ergy, one may assume that these bound nucleons are only
slightly altered from their free states. The coincident de-
tection of the recoil neutron with the scattered electron sup-
presses to a large extent the dominant proton contribution.

In the experiment reported here, the ratio of the yields
of the reactions 2H(e, e'n) and H(e, e'p) is measured
for momentum transfers Q = 0.125, 0.255, 0.417, and

0.605 (GeV/c) (kinematics I, II, III, and IV), detecting
the neutron and proton simultaneously in the same scintil-
lator array, the nucleon detector. This method, first sug-
gested by Durand [8], was previously applied in only a
few experiments [9]. In this way the luminosity, the elec-
tron detection efficiency, and the electron solid angle can-
cel out, while the nucleon acceptances and the choice of
the deuteron wave function cancel out to first order. The
layout of the experiment minimized corrections due to
proton losses, and the restriction to quasifree kinematics
minimized nuclear effects and their corresponding uncer-
tainties. The hope is, hence, that systematic uncertain-
ties can be greatly reduced compared to measurements in
which only e-n coincidences or inclusive electron scatter-
ing have been applied.

The ratio R of the cross sections of the H(e, e'n)
and H(e, e'p) reactions was determined after taking into
account proton losses due to nuclear reactions, multiple
scattering and edge effects, and an in situ calibration of
the neutron detection efficiency. GM was extracted taking
into account nuclear effects, using the known e-p cross
sections and available information on GE. G@ contributes
less than 2% to the e-n cross section and is not a dominant
source of uncertainty.

The electron beam (between 900 and 1600 MeV, 20
to 60 nA, 20% to 50% duty cycle, depending on kine-
matics), delivered by the ELSA accelerator at the Physics
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Institute at Bonn, impinged axially on a cylindrical tar-

get (length 10 cm) made from 125 p, m thick kapton and
filled with liquid hydrogen or deuterium. Electrons [and
pions from the 'H(y, 7r+)n reaction] were detected in
the ELAN magnetic spectrometer with four scintillators
and multiwire proportional chambers and one Cerenkov
counter.

Protons and neutrons were detected in the nucleon
detector using the time-of-flight method. Since protons
are about a hundred times more abundant than neutrons, a
reliable particle identification is important. We used three
thin veto scintillators which allowed a misidentification
rate of far less than 10, and the verification of the losses
due to pileup [1].

For kinematics I, II, and III, the nucleon detector,
which was used previously, consisted of a total of five
scintillators (NE102a) of dimensions 25 X 25 cm with
a thickness of 2 mm for the AE detectors (1 mm for
kinematics I) and 50 mm for the E counters. The first
E counter (Ef o t) simultaneously detected protons and
neutrons, while shielding behind Ef„„tprevented protons
from the quasielastic H(e, e'p) reaction to reach Eb„k.
The neutrons detected in Eb„k were used to determine
the losses in the neutron yield in Ef„„t caused by the
software gates on the veto detectors. For kinematics IV,
the detectors of dimensions 100 X 18 cm and thickness
1 and 18 cm, respectively, had a two-sided readout.
At this large proton energy the use of lead to shield

Eb„k becomes impracticable. We therefore installed
independent veto detectors between Ef„„t and Eb„k in
order to determine the neutron losses. For a more detailed
description see Ref. [10]. At kinematics I the nucleon
detector was shielded from directly viewing the target by
a 3 mm thick aluminum absorber. At kinematics IV a
5 mm thick sheet of lead was used, while at the other
two momentum transfers 1 mm of lead sufficed. Each
measurement of R was bracketed by two calibration runs
for the neutron detection efficiency. To switch from the
calibration to the measurement of the ratio, only the target
and the spectrometer settings needed to be changed, which
reduced the risk of systematic errors.

Neutrons detected in the nucleon detector were defined

by a signal in E'fop„t or in Eb„k at the correct time with
respect to the spectrometer and in excess of a certain
software adjustable threshold, together with a neutron
condition on the veto counters. Different veto conditions
on the analog to digital convertor (ABC) and time to
digital convertor information were applied and used for
stringent cross checks. Thanks to the duty cycle of the
ELSA stretcher ring (20% to 50%), a signal to noise ratio
of 200:1 for neutrons was achieved (Fig. 1).

The stability of the neutron detection efficiency of Ef
was monitored by means of the ADC signal for

protons, and by the number of neutrons coming from the
H(e, e'n) reaction scaled with the number of electrons in

the spectrometer. At kinematics III and IV the 2H(y, p)n
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FIG. 1. Time spectra of protons (line) and neutrons (shaded
area) using a subset of the data from the measurement at

Q = 0.255 (GeV/c) .

reaction served as an additional monitor for the stability of
g . This reaction cannot be used to determine the absolute
value of g„since pion production cannot be excluded. In
addition to the coincidences between scattered electron and
recoil nucleon, electron singles were recorded, prescaled to
a rate of approximately 1 Hz, from which the proton yield
could be determined independently.

The reaction 'H(y, 7r+)n was used to obtain an in situ,
absolute determination of the detector efficiency for
neutrons. The kinematics of this reaction were arranged
in such a way as to unambiguously tag neutrons impinging
on the nucleon detector centered at the same energy as
those from the H(e, e'n) reaction. The bremsstrahlung
photons were produced in the target (and, for kinematics II,
in additional radiators 40 cm upstream). The contribution
of misidentified protons from the 'H(y, p)pro reaction,
which contaminate the pion yield, was negligible except
for kinematics II where it amounted to (3.1 ~ 0.6)%.
The resolution of the reaction vertex along the beam
axis allowed the exclusive selection of pions for which
the produced neutron was emitted in the direction of the
central 8 X 6 cm2 (6 X 50 cm~ for kinematics IV) of
Ef„o t (see also Ref. [11]). For neutrons with an average
energy of 61 MeV, the detection efficiency in the center
of the nucleon detector as a function of threshold agreed
with the one established earlier [1,5].

In order to obtain R, the measured yields must be cor-
rected for (i) the net proton losses due to nuclear reactions
and multiple scattering in the material between the reac-
tion vertex and the detector, and (ii) the dependence of
the neutron detection efficiency on the distribution of the
neutrons in space and energy over the detector surface.
Details about the small corrections for hydrogen contami-
nation of the deuterium, and for the contributions of the
target end caps to the different reactions, can be found
in Ref. [10]. In addition, for an extraction of GM one
must evaluate nuclear effects, such as final state interac-
tions (FSI), meson exchange currents (MEC), and isobar
currents (IC), which alter the proton and neutron yields
expected from free proton, respectively, neutron targets.

The ' H(e, e') p reaction was used for the determination
of the proton detection efficiency, including the above-
mentioned losses. The experimentally found losses were
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consistent with numerical checks done with the GEANT

package [12] which was extended to include total proton
cross sections at low energies [13]. Protons from the
'H(e, e')p and the H(e, e'p)n reaction were also used to
calibrate and monitor the light response of the scintillators
in view of the threshold dependence of the neutron
detection efficiency.

The reactions H(e, e'n) and 'H(7, 7r+)n lead to dif-
ferent energy and position distributions of neutrons in

Er„„, Whi. le the neutron distribution for the ' H(y, 7r+)n
reaction is known from experiment, the H(e, e'n) distri-
bution was obtained using the ENIGMA Monte Carlo code
[14]. The second order effect of the different distributions
(including edge effects) on the ratio R was simulated with
the program KSUVAX [15]. The response of the detector
used for kinematics I, II, and III had been calibrated care-
fully previously [16] using a tagged neutron beam at PSI.
The positional dependence of the response of the detector
used for kinematics IV was studied by means of its double
readout system.

Nuclear effects cause R to differ from the expected ra-
tio Rf„ge for free nucleons: Rr„, = R(1 —BR). The cor-
rections 6R were calculated in two different models, of
which the first [17] includes FSI, MEC, and IC, and shows
that FSI dominate the other corrections, whereas the sec-
ond one [18] includes only FSI but is fully relativistic. It
appears that the result for GM obtained from R is affected
to less than 0.4% by relativistic effects. Table I gives the
values of 6R according to the model calculations. The ba-
sic model assumptions introduce uncertainties which can-
not be estimated from calculations within the framework

of the model. In the absence of an exact theory such un-
certainties can only be estimated by comparing the results
of different models. We use the difference between the
two calculations, including FSI only, as an indication of
the inherent model uncertainties, and their average as the
most probable correct value. To this average, we then add
the effects of MEC and IC which are taken as the differ-
ence between the full calculation and the calculation in-
cluding FSI only, both within the same model [17]. Since
no other estimate is available, we conservatively estimate
the uncertainty due to these effects to be half their size.

For the extraction of GM, the e-p cross sections are
needed. The measured cross section data [19]have been
averaged in small intervals around the central Q values,
taking into account the Q dependence obtained from
the dipole form factors for the proton [Gz = G~ = (1 +
Q /a ), GM = 2.793Gs, and a = 0.710 (GeV/c) ].
The statistical errors of the data points used determine the
statistical error in the average. In order to obtain the
systematical error, the average has been recalculated after
each e-p data set had been changed individually by
its systematical errors, and adding the resulting changes
quadratically. Gg was chosen to be 0.037 ~ 0.017 [20].

The results for GM, after correction for nuclear effects
(Table I, Fig. 2), confirm our previous measurement at

Q = 0.125 (GeV/c) and are significantly higher than
that at Q = 0.093 (GeV/c) . Reference [5] gives an av-
erage of GM at Q = 0.093 and 0.125 (GeV/c), assum-
ing that the ratio GM/GD is constant over this range of
momentum transfer. This appears not to be the case, and
the data points should not be combined into one point.

TABLE I. Statistical errors in the ratio of the neutron to proton yield Y„/Y„, corrections to the proton yield BY„, and to the
neutron detection efficiency 6g, . The cross section ratio R includes these corrections. Also given are the corrections due to
nuclear effects, BR, according to two models, the average e-p cross section o~, and the results for GM. Go = (1 + Q /a )
with a = 0.710 (GeV/c) . oo is the Rosenbluth cross section using dipole proton form factors.

Kinematics

g' [(G V/c)']
Stat. error Y„/Y„
Stat. error q„6'
6g„
R
~stat ~ syst
6R:

Ref. [17] (FSI)
Ref. [18] (FSI)
Ref. [17] (FSI + MEC + IC)

CT
J' a-D

~stat ~ syst
GE

4-stat ~ syst
GM /( —1.913Go)
~stat ~ syst

0.125
2.7%
2.1%

(15.3 ~ 0.8)%
(6.5 ~ 1.0)%

0.1333
~0.0046 ~ 0.0043

6.9%
7.1%
8.5%
0.944

~0.003 ~ 0.012
0.037 ~ 0.017

—1.411
~0.025 ~ 0.021

1.020
~0.018 ~ 0.015

0.255
2.0%
2.8%

(3.1 ~ 0.1)%
(5.0 ~ 1.0)%

0.2311
~0.0080 ~ 0.0067

4.3%
3.8%
6.1%
0.946

~0.003 ~ 0.019
0.037 ~ 0.017

—1.114
~0.020 ~ 0.014

1.076
~0.019 ~ 0.013

0.417
3.2%
4.3%

(4.2 ~ 0.4)%
(7.0 ~ 1.0)%

0.335
~0.018 ~ 0.008

2.7%
2.2%
3.6%
0.957

~0.004 ~ 0.016
0.037 ~ 0.017

—0.862
~0.025 ~ 0.013

1.135
~0.033 ~ 0.017

IV

0.605
1.8%
1.3%

(6.5 ~ 0.8)%
(14 ~ 4)%

0.406
~0.009 4- 0.019

5.2%
8.2%
5.8%
0.975

~0.005 ~ 0.027
0.037 ~ 0.017

—0.616
0.008 0.018

1.104
~0.014 ~ 0.032
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FIG. 2. Data from recent GM measurements up to Q
0.8 (GeV/c)2, scaled to the dipole fit: black circles [5], open
squares [6], and open circle [7]. The black squares are from
this work. Several model predictions are shown. VMD: The
minimal (dotted line) and complete (long dashed) model of
[21]. Constituent quark model: nonrelativistic calculation of
[22] (dot-long dashed), relativistic calculation of [23] (dot-short
dashed).

Recently Markowitz et al. [6] determined GM from an ab-
solute measurement of the H(e, e'n) cross section. At
0.109 (GeV/c), their result lies 13.6% above the dipole
fit, whereas our result at 0.125 (GeV/c) is only 2.5%
above. Relativistic effects, which have not been applied
in [6], do not appear to remove this discrepancy. Our re-
sults agree with the other results of [6], and with the result
obtained by Gao et al. [7] using polarization techniques.
Figure 2 shows that most of the recent theoretical predic-
tions of GM are not in agreement with our data (fits to
GM data have not been included). The only model which
reproduces the trend indicated by the data is the minimal
model of Meissner [21].

In conclusion, we have combined the ratio method
proposed long ago with the possibilities offered only
recently by the large duty cycle electron beams to
measure GM with substantially decreased uncertainties.
The coincident detection of the electron and the knocked
out nucleon significantly reduces uncertainties due to
nuclear effects, whereas the large duty cycle allows us
to detect simultaneously protons and neutrons. It would
be of interest to extend the range of high precision
determinations of GM to higher momentum transfers,
where only inclusive electron scattering data exist, but
where the selectivity to models increases.
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