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Abstract

The Bates Large Acceptance Spectrometer Toroid (BLAST) experiment was operated at the

MIT-Bates Linear Accelerator Center from 2003 until 2005. The experiment was designed to

exploit the power of a polarized electron beam incident on polarized targets of hydrogen and

deuterium to measure, in a systematic manner, the neutron, proton, and deuteron form factors

as well as other aspects of the electromagnetic interaction on few-nucleon systems. A brief

description of the experiment is provided, together with presentation and discussion of the

numerous results obtained.
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1 Introduction

Understanding the fundamental structure of matter in the universe, both visible

and dark, is a central thrust of physics. The mass of the visible matter is almost

entirely contained in the form of atomic nuclei. The structure and properties of

atomic nuclei are successfully explained by strong interactions among the con-

stituent protons and neutrons using quantum many-body theory. The Standard

Model theory of the strong interaction, Quantum Chromodynamics (QCD), pro-

vides a successful, fundamental description of the protons and neutrons in terms

of the interactions between light, point-like quarks via colored, massless glu-

ons. Unfortunately, at this time exact solutions of QCD in the non-perturbative

regime, i.e. at the relatively low energy scales of the universe around us, are not

available. Thus, progress in seeking a fundamental explanation of elementary

properties of the proton and neutron, e.g. mass, spin, distribution of charge and

magnetism, in terms of quarks and gluons relies on QCD-inspired models, lattice

gauge theory, and of course experiment.

Experimentally, the structure of the nucleon is best elucidated in terms of

its constituents by means of lepton scattering, which utilizes the electroweak

force, the most precisely tested interaction in physics. Elastic electron-nucleon

scattering, where the final-state electron and nucleon are the same as in the

initial state, is the most basic process to study hadron structure. Described by a

perturbative expansion in powers of ↵EM , in leading order the cross section is well

described by single-photon exchange and the definition of two functions, known

as elastic form factors, which describe the distribution of charge and magnetism.

The Sachs form factors, denoted as the electric GE(Q2) and magnetic GM (Q2),

are defined for both the proton and the neutron and are functions of the four-
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momentum transfer squared, Q2.

Since the 1960’s the proton elastic form factors have been well determined at

low and moderate Q2. However, the determination of the neutron form factors

was problematic. Nature does not provide a free neutron target, so experiments

were carried out to measure the cross section in quasi-elastic (e, e0n) scattering

from the deuteron. However, the determination of the neutron elastic form fac-

tors was plagued by systematic uncertainties. Experimentally, electron beams

were pulsed with a duty factor typically no higher than 1 %, so poor signal-to-

background was a strong limitation. Further, the neutron in the deuteron is not

at rest but has Fermi motion, which produces both momentum-dependent and

binding e↵ects. In addition, at high neutron momenta, the e↵ect of the D-state

of the deuteron is sizable. In particular, the determination of the intrinsically

small neutron electric form factor Gn
E(Q

2) was highly uncertain. For over fifty

years, a major goal of electromagnetic nuclear physics was the determination of

the neutron charge distribution with precision comparable to that of the proton.

Sophisticated theoretical frameworks have been developed to describe electron

scattering from few-body nuclei at low Q2. For example, at Q2  0.5 (GeV/c)2,

the theory of Arenhövel and colleagues [1–5] successfully describes cross section

data. E↵ective field theory [6, 7] has also been applied to tensor polarization

observables at low momentum. Precise and complete measurements of polariza-

tion observables in elastic and quasi-elastic scattering from deuterons can provide

new and stringent tests of more subtle aspects of theoretical models, e.g. D-state,

choice of nucleon-nucleon potential, relativistic corrections, etc.

The MIT-Bates South Hall Ring (SHR [8]) and the experiment described here

were designed and constructed with the express goal of overcoming previous lim-
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itations in the determination of the proton and neutron form factors by carry-

ing out a systematic and complete set of measurements on few-body systems.

The essential technique was the use of polarization observables to reduce sys-

tematic uncertainties in determining small components of the interaction cross

section. The SHR provided a 100 % duty-factor highly polarized, intense elec-

tron beam at an energy of 850 MeV. The Bates Large Acceptance Spectrometer

Toroid (BLAST [9]) was designed for optimally study of few-body systems like the

deuteron using polarized beams and targets by detecting the important channels

simultaneously over a large kinematic range. This allowed for an understanding

of the nucleon structure dependence which was essential to minimizing uncertain-

ties in the precise determination of the neutron electric form factor. In parallel,

important new measurements to constrain the structure of the deuteron were

carried out.

BLAST used an internal, highly polarized, gas target of hydrogen and deu-

terium which o↵ered great advantage in the control of systematic uncertainties.

This configuration approached the ideal of pure scattering of the lepton from

the polarized nucleus without dilution. Also, the spin direction could be easily

changed to optimize sensitivity to the interesting physics and it was possible to

cycle rapidly between vector and tensor polarization of the deuteron.

The BLAST experiment was constructed in the years 1998 through 2002, was

commissioned in 2003 and the data presented here were acquired in the period

November 2003 through June 2005. Integrated luminosities of 500 pb�1 and

94 pb�1 were recorded on vector and tensor polarized deuterium and polarized

hydrogen, respectively.

In total eleven PhD theses were produced from analysis of the BLAST exper-
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imental data. Results from some of those theses are included in the following

sections: Section 3.1 [10, 11], Section 3.2 [12, 13], Section 4 [14, 15], and Sec-

tion 5 [16, 17]. The remaining theses [18–20] addressed topics beyond the scope

of this review.

2 The BLAST Experiment

The BLAST experiment [21] was designed to exploit the power of a highly polar-

ized electron beam incident on highly polarized targets of hydrogen and deuterium

to measure the form factors of the proton, neutron, and deuteron in a precise and

systematic manner.

The experiment was situated on the South Hall Ring, SHR, of the MIT-Bates

Linear Accelerator Center (Figure 1). The accelerator consisted of a polarized

electron source followed by a 500 MeV linac with a recirculator which injected

longitudinally polarized electrons into the SHR.

Polarized electrons were produced by laser photoemission on a strained, highly

doped, GaAs
0.95P0.05 photocathode [22]. Typical polarizations were ⇠ 70 %.

Beam helicity was changed for each fill by reversing the laser polarization.

For BLAST a beam energy of 850 MeV was chosen. The stored current was typ-

ically > 200 mA with a lifetime > 25 minutes. The beam current was measured

using a parametric direct current transformer in the ring. Beam polarization in

the ring was ⇠ 66 %. A Siberian Snake on the SHR opposite BLAST maintained

the longitudinal polarization at the BLAST target. A Compton polarimeter [23]

upstream of the detector measured the beam polarization, Pe, for each run with

a precision of ⇠ 4 %. The polarizations for the di↵erent beam helicities were the

same to < 1 %.
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An atomic beam source (ABS [24]) produced highly polarized proton (vector)

or deuteron (vector and tensor) targets. The ABS (Figure 2) consisted of an

RF dissociator to produce atomic hydrogen or deuterium, followed by two sets

of permanent sextupole magnets which focused the atomic beam into the target

cell. Three RF transition units in combination with variable magnets were used

to populate the desired spin states. The target cell was a 60 cm long, 1.5 cm

diameter, open-ended, tube made of 50 µm aluminum, aligned with the beam and

centered at the interaction point. This provided an isotopically pure, polarized

target without entrance or exit windows, minimizing background. The target

cell was coated with Drifilm to reduce depolarization and cooled to ⇠ 100K to

increase the target density.

A holding field around the target cell defined the nominal spin direction as

31.3� ± 0.43� in 2004 and 47.4� ± 0.45� in 2005 in the horizontal plane of the left

sector. Thus, electrons scattered into the left sector had momentum transfers

roughly perpendicular to the spin direction, while electrons scattered into the

right sector had momentum transfers roughly parallel to the spin direction.

Target polarizations were determined from di↵erent experimental asymmetry

measurements and the beam polarization, Pe, was measured by the Compton

polarimeter. The polarizations achieved were typically Pz ⇡ 83 % for the proton

(see Section 3.1) and Pz ⇡ 89 % (79 %) (see Section 5) and Pzz ⇡ 69 % (55 %)

(see Section 4) in 2004 (2005) for the deuteron. The target areal density was

typically ⇠ 7⇥ 1013 atoms/cm2 for both hydrogen and deuterium.

The BLAST experiment utilized a left/right symmetric, large acceptance, gen-

eral purpose detector (Figure 3) to identify and measure the scattered particles.

The detector was based upon an eight sector, toroidal, magnetic field. The two
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horizontal sectors were instrumented with detector components, while the two

vertical sectors were used for the internal gas target and to pump the beamline.

The detector was left/right symmetric with the exception of the neutron detec-

tors, which were enhanced in the right sector to aid the measurement of Gn
E .

Each sector included drift chambers for tracking, aerogel Čerenkov detectors to

discriminate between electrons and pions, time-of-flight scintillators to determine

the relative timing of the reaction products and provide the trigger timing, and

thick walls of plastic scintillators to identify neutrons using time-of-flight.

The eight-sector toroidal magnet was chosen to minimize the e↵ect on the beam

transport, to have a small gradient at the polarized target, and to stop low energy

particles from reaching the detectors. The field was however not uniform in the

tracking region with a maximum field of ⇠ 3.8 kG. The field was measured on a

5 cm, three-dimensional grid which was used in track reconstruction.

The wire chambers measured the momenta, charges, scattering angles, and

production vertices of the emitted charged particles. The wire chambers nom-

inally subtended the polar angular range 20�–80� and ±15� in azimuth. Each

sector contained three drift chambers joined to form a single gas volume to min-

imize multiple scattering. The drift chambers achieved a momentum resolution

of ⇠ 3 % with a vertex resolution of ⇠ 1 cm, and an angular resolution of ⇠ 0.5�

in both polar and azimuthal angles. The drift chambers also served as a highly

e↵ective proton veto in identifying neutrons.

Behind the drift chambers were aerogel Čerenkov detectors [25]. used to dis-

criminate between pions and electrons. A 89 % e�ciency was achieved.

The time-of-flight, TOF, detector consisted of vertical scintillator bars with

photomultiplier tubes (PMTs) at both ends. These provided a fast, stable tim-
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ing signal correlated with the time of each event at the target, independent of

which scintillator bar was struck. This was used to trigger the readout and

data acquisition system for all other components. An intrinsic time resolution

of 320 ± 44 ps was measured for the 32 TOF detectors with an e�ciency better

than 99 %.

Thick scintillator bars with PMTs at both ends were used to detect neutrons.

The arrangement was asymmetric with larger and thicker (more e�cient) cover-

age in the right sector to improve the measurement of Gn
E .

A laser flasher system was connected to all PMT based detectors to monitor

the timing stability during the experiment.

A multi-level, general purpose trigger and bu↵ered data acquisition system

allowed data to be accumulated simultaneously for di↵erent physics reactions.

Event rates up to 1.4 kHz (0.2–0.8 kHz typical), with an event size of ⇠ 1.5 kB,

were possible with deadtime less than 10 %.

During normal operation the accelerator, target, detector, and data acquisition

operated almost automatically, requiring very little human intervention. When

the current in the SHR dropped below a preset limit, the data acquisition system

would stop taking data and ramp down the high voltage. Then the beam in

the SHR would be dumped and a new injection started. Once su�cient current

was stored, high voltage would be ramped up and data taking would resume.

Typically, the downtime was about 90 seconds with data-taking period of 10

minutes. The beam helicity was reversed for each fill. Every 5 minutes the target

spin states were randomly cycled. The ABS would inhibit data acquisition for

the ⇠ 2 seconds required for the transition.

Periodically runs were taken with an empty target or using an unpolarized
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gas system to determine contributions from background and false asymmetries.

Cosmic ray data were also collected and used to check relative timing between

detectors.

3 Nucleon Form Factors

Spin degrees of freedom have opened new opportunities in the study of the struc-

ture of the nucleon, a subject of fundamental importance to the ultimate under-

standing of how quantum chromodynamics (QCD) works in the non-perturbative

region. Among quantities describing the structure of the nucleon, the electro-

magnetic form factors are the most basic and fundamental quantities - they

are sensitive to the distribution of charge and magnetization within the nu-

cleon. At low four-momentum transfer squared Q2, they are sensitive to the

pion cloud [26–31], and provide tests of e↵ective field theories of QCD based on

chiral symmetry [32, 33]. Lattice QCD calculations continue to make advances in

techniques [34–36] and computing power, and tests against precise nucleon form

factor data will be possible in the future. Accurate measurements of nucleon

electromagnetic form factors at low Q2 are also important for the interpreta-

tion of parity-violating electron scattering experiments [37, 38], which probe the

strange quark contribution to the nucleon electromagnetic structure. In the limit

of Q2 ! 0, the charge and magnetic radii of the nucleon can be determined from

the slope of the corresponding electric or magnetic form factor. Precise infor-

mation about the proton charge radius is particularly important because it is a

crucial input to high-precision tests of QED based on hydrogen Lamb shift mea-

surements. The subject of the charge radius of the proton has received a lot of

attention recently because a new experiment [39] reported a much smaller value
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of the proton charge radius, from a measurement of the Lamb shift in muonic

hydrogen atoms, than the CODATA value [40] extracted from Lamb shift mea-

surements of hydrogen atoms. The new experiment of muonic hydrogen Lamb

shift has an unprecedented precision of 0.1 %. The experimental situation be-

comes more interesting as the latest value of the charge radius of the proton

determined from an electron scattering experiment [41] is in agreement with the

CODATA value [40].

The proton electric (Gp
E) and magnetic (Gp

M ) form factors have been studied

extensively in the past [42–44] over a wide range of Q2 from unpolarized electron-

proton elastic scattering using the Rosenbluth separation technique [45]. It is also

interesting to study the ratio µpG
p
E/G

p
M as a function of Q2, where µp ⇠ 2.79 is

the proton magnetic moment in units of nuclear magnetons. The observation of a

Q2 dependence in the form factor ratio would suggest di↵erent charge and current

spatial distributions inside the proton. The unpolarized data are consistent with

µpG
p
E/G

p
M ⇠ 1 up to Q2 ⇡ 6 (GeV/c)2 [46, 47].

Recent advances in polarized beams, targets, and polarimetry have made possi-

ble a new class of experiments extracting µpG
p
E/G

p
M utilizing double polarization

observables. The spin-dependent cross section has an interference term between

Gp
E and Gp

M , allowing for a direct determination of µpG
p
E/G

p
M from either the

spin-dependent asymmetry [48] or the recoil polarization measurement [49] at

a single beam energy and scattering angle. The measurement of polarization

observables avoids uncertainties due to detector acceptance, e�ciency and lumi-

nosity, which are major sources of systematic errors in unpolarized experiments.

Data from polarization transfer experiments [50, 51] show an intriguing be-

havior at higher Q2: starting at Q2 ⇡ 1 (GeV/c)2, µpG
p
E/G

p
M drops linearly
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from approximately unity down to 0.28 at the highest measured Q2 value (⇠

5.64 (GeV/c)2). This trend continues as shown by the latest measurement [52] of

this ratio, using the same experimental technique to a Q2 value of 8.5 (GeV/c)2.

This is inconsistent with previous results [46, 47] using unpolarized beams, veri-

fied by recent unpolarized-beam experiments [53, 54]. While the high Q2 data on

µpG
p
E/G

p
M from recoil polarization experiments [50, 51] have been described in

terms of nonzero parton orbital angular momentum or hadron helicity flip [29, 30,

55–59], it is important to understand the discrepancy between results obtained

from recoil proton polarization measurements and those from the Rosenbluth

method. Calculations of the two-photon exchange (TPE) contribution are able

to explain part of the observed discrepancy [60–63]. The predicted TPE contri-

bution has a large e↵ect on Rosenbluth extractions, but only a minor e↵ect on

polarized experiments. The BLAST Collaboration carried out a first measure-

ment [64] of this form factor ratio employing a pure polarized hydrogen internal

gas target, the results of which are presented in Section 3.1. Future high-precision

measurements of the proton form factor ratio, in combination with precise dif-

ferential cross section data in the Q2 ! 0 region, will allow for separate determi-

nations of the proton form factors and, therefore, a better determination of the

proton charge radius.

In the absence of a free neutron target, measurements of neutron electromag-

netic form factors are more di�cult than their proton counterparts. Determina-

tions of the neutron electric (Gn
E), and magnetic (Gn

M ) form factors at finite Q2

are typically carried out using quasi-elastic electron scattering from deuterium or

3He targets. While inclusive polarized 3 ~He(~e, e0) [65–67] and 2 ~H(~e, e0) at quasi-

elastic kinematics have provided precision data on Gn
M at low values of Q2, the
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unpolarized coincidence ratio technique of
2H(e,e0n)
2H(e,e0p) has been extended recently up

to a Q2 value of 4.8 (GeV/c)2 [68] in the determination of Gn
M . While the slope

of Gn
E(Q

2) at Q2 = 0, which defines the square of the neutron charge radius, has

been determined precisely by the scattering of thermal neutrons from atomic elec-

trons [69], compared to Gn
M , the determination of neutron electric form factor is

more challenging due to the much smaller value of Gn
E . Despite this fact, it can be

obtained with high precision from double-polarization observables based on the

interference of Gn
E with Gn

M . With the availability of high-duty-factor polarized

electron beams over the last decade, experiments [70–76] have employed recoil

polarimeters, and targets of polarized 2H and 3He to carry out precision mea-

surements of Gn
E using polarization techniques with inherently small systematic

uncertainties. Recently, the measurement of Gn
E using the reaction of 3 ~He(~e, e0n)

in quasi-elastic kinematics has been extended to a Q2 value of 3.4 (GeV/c)2. In

Section 3.2 the BLAST results on Gn
E from quasi-elastic 2 ~H(~e, e0n) reactions will

be presented.

3.1 Proton Form Factors

In the one-photon-exchange approximation, the elastic scattering asymmetry of

longitudinally polarized electrons from polarized protons with respect to the elec-

tron beam helicity has the form [48]

Aphys =
vz cos ✓⇤G

p
M

2 + vx sin ✓⇤ cos�⇤Gp
MGp

E

(⌧Gp
M

2 + ✏Gp
E
2) / [✏(1 + ⌧)]

(1)

where ✓⇤ and �⇤ are the polar and azimuthal angles of the target polarization

defined relative to the three-momentum transfer vector of the virtual photon,

and ⌧ = Q2/(4M2

p ) with the proton mass Mp. The longitudinal polarization of

the virtual photon is denoted as ✏ = [1 + 2(1 + ⌧) tan2(✓e/2)]�1, where ✓e is the
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electron scattering angle, and vz = �2⌧ tan(✓e/2)
p
1/(1 + ⌧) + tan2(✓e/2) and

vx = �2 tan(✓e/2)
p
⌧/(1 + ⌧) are kinematic factors. The experimental asymme-

try

Aexp = PePz Aphys (2)

is reduced by the beam (Pe) and target (Pz) polarizations.

The form factor ratio µpG
p
E/G

p
M and the polarization product PePz can be

determined separately from two experimental asymmetries, Al and Ar, measured

simultaneously at the same Q2 value, but with di↵erent spin orientations (✓⇤l ,

�⇤
l ) and (✓⇤r , �⇤

r), respectively, by using a detector with left and right sectors

symmetric about the incident electron beam. For a target polarization angle

oriented ⇠ 45� to the left of the beam, Al (Ar) is predominantly transverse

(longitudinal) to the direction of momentum transfer.

During the BLAST experiment, ~H(~e, e0p) data were acquired for a total inte-

grated charge of 298 kC on the target. The elastic events were selected with a cut

on the invariant mass of the virtual photon and the target proton system, fidu-

cial cuts on the polar and azimuthal acceptance, and cuts on the position of the

electron and proton vertex in the target cell. Separate yields �ij were analyzed

for each combination of electron helicity i and target spin state j, normalized to

the integrated beam current. The event-weighted hQ2i was formed from the av-

erage of hQ2

ei (determined from the electron scattering angle) and hQ2

pi (from the

proton recoil angle) in each bin. The yield distributions were in good agreement

with results from a Monte Carlo simulation that included all detector e�ciencies.

The experimental double asymmetry was formed from

�++ � �+� � ��+ + ���

�++ + �+� + ��+ + ���
(3)

The beam and target single-spin asymmetries were also analyzed and served as a
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monitor of false asymmetries, which were found to be negligible. The experimen-

tal asymmetry was corrected for dilution by unpolarized background. Radiative

corrections were also applied using the code MASCARAD [77], but were less than

0.43 % for Ar and 0.16 % for Al.

To extract the form factor ratio, the experimental asymmetries Al and Ar

were interpolated in each Q2 bin to the average value of hQ2i in the left and right

sectors (a correction of less than 0.25 %). As discussed previously, the polarization

product PePz and the form factor ratio µpG
p
E/G

p
M could be determined from the

measured asymmetries Al and Ar using Eqs. (1), (2). In this way the so-called

super ratio Al/Ar yielded µpG
p
E/G

p
M and PePz independently for each Q2 bin.

The eight values of PePz extracted in this manner were self-consistent. The

final analysis was done with a 9-parameter fit (8 values of µpG
p
E/G

p
M and a

single value of PePz) to the 16 asymmetries for optimal extraction of the form

factor ratio [10] (consistent with the super-ratio analysis), resulting in PePz =

0.537 ± 0.003 (stat) ± 0.007 (sys).

The dominant source of systematic uncertainty was the determination of hQ2i.

This was estimated from the di↵erence between hQ2

ei and hQ2

pi to be less than

0.002 (GeV/c)2. The correlation is unknown since di↵erent regions of the spec-

trometer were used for each Q2 bin. The event-weighted average spin angle of

the target with respect to the beam was 48.0� ± 0.4�(stat)± 0.3�(sys), extracted

from the analysis of the T
20

tensor analyzing power in elastic scattering from

deuterium in combination with a careful mapping of the magnetic field in the

target region [14]. The resulting systematic uncertainty in µpG
p
E/G

p
M was less

than 0.35 % because of reduced sensitivity to the target spin angle uncertainty

due to a compensation in the simultaneous extraction of PePz. All other system-
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atic uncertainties including Coulomb distortion were negligible, and more details

can be found in Refs. [10, 64].

The results are displayed in Figure 4 with the inner error bars due to statistical

uncertainties and the outer error bars being the total (statistical and systematic

contributions added in quadrature). Also shown in Figure 4 are published recoil

polarization data [50, 51, 78–81], together with a few selected models discussed

in [42]: a soliton model [82]; a relativistic constituent quark model (CQM) with

SU(6) symmetry breaking and a constituent quark form factor [83], an extended

vector meson dominance model [84], an updated dispersion model [85], and a

Lorentz covariant chiral quark model [26]. We also show the parameterizations

by Friedrich and Walcher [27] and Kelly [31].

The impact of the BLAST results on the separated proton charge and mag-

netic form factors normalized to the dipole form factor GD = (1 +Q2/0.71)�2 is

illustrated in Figure 5. In this figure, Rosenbluth extractions of Gp
E and Gp

M from

single experiments [46, 53, 86–91] are presented as open triangles with statistical

and total error bars, the systematic errors added in quadrature. The combined

cross section data [53, 86–88, 90–94], obtained from [90, 95], were binned to ob-

tain a single longitudinal-transverse (L-T) separation of Gp
E and Gp

M at each

of the BLAST kinematics (blue circles). In comparison, the red squares show

the form factors extracted by combining the unpolarized cross section data and

the measured form factor ratio from BLAST. By including the BLAST data not

only are the uncertainties reduced by a factor of 1.3–2.5, but also the negative

correlation between Gp
E and Gp

M typical of L-T separations is greatly reduced.

The extracted form factor ratio (µpG
p
E/G

p
M ) in our experiment is consistent

with unity. The most recent unpublished data [96] from a proton recoil polariza-
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tion measurement in a similar Q2 range show a di↵erent Q2 dependence in the

form factor ratio from that of our BLAST results. Further experimental investi-

gations are necessary to understand this di↵erence. The separated form factors

from BLAST may suggest a deviation from the dipole form below 1 (GeV/c)2,

particularly around Q2 ⇡ 0.3 to 0.4 (GeV/c)2, similar to what has been observed

in the neutron magnetic form factor data [65–67]. Interestingly, the neutron elec-

tric form factor values [70–72] peak in a similar Q2 region. A possible explanation

for this observation could be a manifestation of the pion cloud at low momentum

transfer [26, 27]. However, more precise data and a more detailed theoretical

understanding of the pion cloud e↵ect are necessary before one can confirm and

quantify such an e↵ect.

3.2 Neutron Electric Form Factor Gn
E

High precision determinations of Gn
E at finite Q2 are typically obtained from

double-polarization observables using quasi-elastic electron scattering from deuteron

or 3He targets.

The di↵erential cross section for the 2 ~H(~e, e0n) reaction with polarized beam

and target can be written [48, 97]

d3�/(d⌦ed⌦pqd!) = �
0

(1 + ⌃+ Pe�) (4)

with

⌃ =

r
3

2
PzA

V
d +

r
1

2
PzzA

T
d

� = Ae +

r
3

2
PzA

V
ed +

r
1

2
PzzA

T
ed,

(5)

where �
0

is the unpolarized di↵erential cross section, Pz = n
+

� n� and Pzz =

n
+

+ n� � 2n
0

are the vector and tensor polarizations of the deuteron target

defined by the relative populations nm of the three deuteron magnetic sub-states
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with respect to the deuteron orientation axis, m = +1, 0,�1, respectively, and

Pe is the longitudinal polarization of the electron beam.

With BLAST all of the polarization observables Ai in Eq. (5) have been mea-

sured in a single experiment. The beam-target vector polarization observable

AV
ed is particularly sensitive to the neutron form factor ratio Gn

E/G
n
M [98]. In

the Plane Wave Born Approximation (PWBA), and with the deuteron in a pure

S-state, the asymmetry AV
ed can be written analogously to elastic scattering from

the free neutron as

AV
ed =

aGn
M

2 cos ✓⇤ + bGn
EG

n
M sin ✓⇤ cos�⇤

cGn
E
2 +Gn

M
2

⇡ a cos ✓⇤ + b
Gn

E

Gn
M

sin ✓⇤ cos�⇤,

(6)

where ✓⇤ and �⇤ are the target spin orientation angles with respect to the momen-

tum transfer vector and a, b, and c are known kinematic factors. This asymmetry

has the largest sensitivity to Gn
E when the momentum transfer vector is perpen-

dicular to the target polarization, i.e. ✓⇤ = 90�.

The experimental value of the beam-vector polarization observable AV
ed can be

written as:

AV
ed =

r
3

2

1

PePz

Y
++

+ Y�� � Y
+� � Y�+

Ytot
, (7)

where Ytot is the total yield obtained by summing up all six combinations hm.

The experimental asymmetries were compared to Monte Carlo simulations

based on the deuteron electro-disintegration model [97], for which events were

generated according to the unpolarized cross section and weighted event-by-event

with the spin-dependent terms in Eq. (5). The model includes the corrections

to the asymmetry in Eq. (6) due to final state interactions (FSI), the relative

contributions of meson exchange currents (MEC), isobar configurations (IC) and

relativistic corrections (RC). The acceptance-averaged asymmetry AV
ed was sim-
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ulated for di↵erent values of Gn
E/G

n
M and compared to the experimental values.

In order to extract the best value of the form factor ratio for each Q2 bin, a �2

minimization was performed independently with respect to the missing momen-

tum of the reaction and the angle of the neutron in the hadronic center-of-mass

system. Both extractions produced consistent results.

Figure 6 displays the measured values of AV
ed and AT

d with Monte Carlo sim-

ulations based on the deuteron electro-disintegration model of Arenhövel [97]

(dotted magenta = PWBA, short-dashed green = PWBA+FSI, solid red =

PWBA+FSI+MEC+IC+RC) using standard parameterizations for the nucleon

form factors. In addition, the corresponding curves for Gn
E ⌘ 0 (dash-dotted red)

and for elastic scattering from the free neutron (dashed black line) are shown.

The asymmetries Ae, AV
d , and AT

ed all vanish in the Born approximation due to

parity and time reversal conservation and remain very small (below 1 %) even

in the presence of FSI. The calculations use the standard dipole form factor

GD = (1 + Q2/0.71)�2 for Gp
E , G

p
M/µp, and Gn

M/µn, and 1.91⌧/(1 + 5.6⌧)GD

for Gn
E [99], where µp = 2.79, µn = �1.91, and ⌧ = Q2/(4m2

n). The good agree-

ment of the measured tensor asymmetry AT
d with the full model supports the

calculations of FSI for a reliable extraction of Gn
E from the beam-target vector

asymmetry AV
ed at the percent level.

The data were divided into four Q2 bins to determine Gn
E/G

n
M with a com-

parable statistical significance. The data were acquired in two separate runs

corresponding to a target polarization angle of 31.64�± 0.43� and 46.32�± 0.45�,

respectively. The average product of beam and target polarization determined

from the 2~H(~e, e0p) reaction was PePz = 0.5796±0.0034(stat)±0.0034(sys) in the

first and 0.5149± 0.0043(stat)± 0.0054(sys) in the second data set. The system-
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atic error of Gn
E/G

n
M is dominated by the uncertainty of the target spin angle ✓d.

Other systematic uncertainties include that of the beam-target polarization prod-

uct PePz, the accuracy of kinematic reconstruction, as well as the dependency on

software cuts. The systematic uncertainties were evaluated individually for each

Q2 bin and data set by combining the uncertaintiess from each source, taking co-

variances into account; the correlated and uncorrelated uncertainty categories of

the two measurements were then combined for a resulting systematic uncertainty

of each bin. False asymmetries were studied with the observables AV
d and AT

ed

and found to be consistent with zero. Radiative corrections to the asymmetries

calculated in a PWBA formalism using the code MASCARAD [77] are < 1 %

and therefore also neglected. The uncertainties of the reaction mechanism and

FSI corrections, which are small compared to the experimental uncertainties, are

not included in the systematic uncertainty.

Data on Gn
E from double-polarization experiments [70–72, 76, 100, 101] are dis-

played in Figure 7 along with the results of this work [102]. All of the polarization

data were experimentally determined as electric to magnetic form factor ratios.

We used a parameterization [27] for Gn
M to determine Gn

E from BLAST and to

adjust the previously published values. The data from a variety of experiments

are consistent and remove the large model uncertainty of previous Gn
E extractions

from elastic electron-deuteron scattering [103]. The new distribution is also in

agreement with Gn
E extracted from the deuteron quadrupole form factor [104].

The measured distribution of Gn
E can be parameterized as a function of Q2

based on the sum of two dipoles,
P

i ai/(1 + Q2/bi)2 (i=1, 2), shown as the

BLAST fit in Figure 7 (blue line) with a one-sigma error band. With Gn
E(0) = 0

and the slope at Q2 = 0 constrained by
⌦
r2n
↵
= (�0.1148 ± 0.0035) fm2 [105].
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Details can be found in Reference [102]. The parameterization [72] (magenta

dash-dotted line) is based on the form introduced in [27] with the ansatz of an

additional bump structure around 0.2� 0.4 (GeV/c)2. Also shown are the recent

results based on vector meson dominance (VMD) and dispersion relations (red

short-dashed [84, 106] and green long-dashed lines [107]), and the prediction of a

light-front cloudy bag model with relativistic constituent quarks [28] (cyan dotted

line).

The new data from BLAST do not show a bump structure at low Q2 as pre-

viously suggested [27, 72]. The BLAST data are in excellent agreement with

dispersion analysis [84, 106, 107] and also agree well with the meson-cloud cal-

culation [28]. The improved precision of the data at low Q2 provides strong

constraints on the theoretical understanding of the nucleon’s meson cloud.

3.3 Fourier Transforms of Nucleon Form Factors

Understanding how the electromagnetic form factors for the nucleons arise from

the fundamental QCD interaction of quarks and gluons is an important goal for

nuclear physics. In addition to the data measured by the BLAST experiment

there is now a wealth of data available over a range of Q2 for all the nucleon form

factors which can provide constraints and guidance for theory.

Also, surprisingly, a striking discrepancy has been observed in the ratio of the

proton electric to magnetic form factors between measurements using traditional

Rosenbluth separation and measurements using polarization transfer [51, 52, 81].

This discrepancy has several consequences. First, it means that the simple dipole

model for the proton electric form factor is no longer valid at high Q2. Second, the

explanation for the discrepancy is likely that two photon exchange contributions,
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previously considered negligible, are in fact significant. The latter issue is being

investigated by several groups [108–110]. In any event the discrepancy adds

impetus to understanding the nucleon form factors.

One such theoretical approach has been to fit the available low Q2 form factor

data together with the available data from polarization measurements within the

framework of the GKex vector dominance model [111, 112]. While phenomeno-

logical, the agreement with the data is striking and possibly provides some insight

into the role of the vector mesons and the asymptotic Q2 behavior of QCD in

explaining the nucleon form factors. Discussion of the GKex model is beyond the

scope of this review but some of the results are shown.

Rather than present the results in momentum space we take the Breit frame

Fourier transform of the GKex model fits to the electric form factors and show

the relative contributions of the various vector mesons and pQCD. Note that

the resulting coordinate space distributions should not be interpreted as “charge

distributions” but perhaps some intuitive understanding can be gained. Figure 8

shows the Fourier transform of a fit to the proton electric form factor with mainly

contributions from pQCD, !, ⇢, and !0 mesons, which add together to form the

total distribution. Figure 9 shows the Fourier transform of the fit to the neutron

electric form factor where contributions from pQCD and ⇢ mesons interfere with

those from the ! and !0 mesons to form the total.

4 The Structure of the Deuteron from Elastic Electron Scatter-

ing

The deuteron, as the only two-nucleon bound state, plays an important role in the

understanding of nucleon-nucleon interactions including short-range properties
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and non-nucleonic degrees of freedom [113–115].

Precise measurements of elastic deuteron form factors constrain nuclear mod-

els, e.g. Hamiltonian dynamics [1–3] or explicitly covariant models [], and pro-

vide benchmarks for recent developments in E↵ective Field Theory for low-Q2

physics [6, 7].

The electromagnetic structure of the deuteron, as observed through elastic

electron scattering, can be described by three form factors, GC , GQ, and GM ,

which are the electric monopole, the electric quadrupole, and the magnetic dipole

distributions of the deuteron, respectively, in 4-momentum Q2 space. In single-

photon exchange approximation, the three form factors determine the elastic

unpolarized cross section and all of the vector and tensor polarization observables.

The latter are fully determined by specifying two of the three possible form factor

ratios, e.g. GC/GQ and GC/GM .

Assuming parity and time-reversal invariance and in the one-photon exchange

approximation, the unpolarized elastic electron-deuteron cross section is given by

�
0

= �
Mott

f�1

rec

S, where S = A+B tan2(✓e/2). Here,

�
Mott

= (↵/2E)2(cos(✓e/2)/ sin
2(✓e/2))

2 (8)

is the Mott cross section with the nuclear recoil factor f
rec

= 1+2(E/Md) sin
2(✓e/2),

where E and ✓e denote the electron beam energy and scattering angle, respec-

tively, and Md the deuteron mass.

From measurements of �
0

at di↵erent scattering angles, two combinations of

the deuteron form factors

A(Q2) = G2

C + (8/9)⌘2G2

Q + (2/3)⌘G2

M (9)

B(Q2) = (4/3)⌘(1 + ⌘)G2

M (10)
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with ⌘ = Q2/(4M2

d ), can be derived (Rosenbluth separation). At low Q2, the

cross section is dominated by A(Q2), and A itself is dominated by GC . Two

issues are apparent: It requires at least one more independent measurement of a

polarization observable in order to separate the monopole and quadrupole form

factors, GC and GQ, for which the tensor analyzing power T
20

is best suited.

Secondly, the smallness of the magnetic contribution to the cross section at low

Q2 limits the precision of the Rosenbluth method to determine GM . Here, mea-

surements of polarization observables involving the interference of GM with GC

or with GQ are of particular interest. The latter interference is probed by the

tensor analyzing power T
21

and the former by the vector analyzing power T e
11

,

which are both discussed below.

With the availability of both a tensor and vector polarized deuterium target,

the polarized cross section can be written as

� = �
0

"
1 +

r
1

2
PzzA

T
d +

r
3

2
PePzA

V
ed

#
, (11)

giving rise to target tensor, AT
d , and beam-target vector asymmetries, AV

ed. The

other possible asymmetries, helicity (Ae), beam-target tensor (AT
ed), and target

vector asymmetry (AV
d ), all vanish for symmetry arguments. The longitudinal

polarization of the electron is denoted by Pe, the deuteron vector polarization is

given by Pz = n
+

� n�, and the tensor polarization by Pzz = n
+

+ n� � 2n
0

,

where n
+

, n
0

and n� are the relative populations of the nuclear spin projections

m = +1, 0,�1 along the direction of polarization, respectively. The non-vanishing

asymmetries AT
d and AV

ed are related to the tensor and vector analyzing powers,

AT
d =

3 cos2 ✓⇤ � 1

2
T
20

(Q2, ✓e) �
r

3

2
sin 2✓⇤ cos�⇤ T

21

(Q2, ✓e)

+

r
3

2
sin2 ✓⇤ cos 2�⇤ T

22

(Q2, ✓e) (12)
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AV
ed =

p
3


1p
2
cos ✓⇤e T e

10

(Q2, ✓e)� sin ✓⇤ cos�⇤ T e
11

(Q2, ✓e)

�
. (13)

Here, the angles ✓⇤ and �⇤ define the polarization direction in a frame where the

z axis is along the direction of the virtual photon and the y axis is defined by

the vector product of the incoming and outgoing electron momenta. The tensor

analyzing powers T
20

, T
21

, T
22

and vector analyzing powers T e
10

, T e
11

are in turn

related to the three form factors GC , GQ, and GM through

T
20

(Q2, ✓e) = � 1p
2S


8

3
⌘GCGQ +

8

9
⌘2G2

Q (14)

+
1

3
⌘

✓
1 + 2(1 + ⌘) tan2

✓e
2

◆
G2

M

�
(15)

T
21

(Q2, ✓e) = � 2p
3S

⌘

s

⌘


1 + (1 + ⌘) tan2

✓e
2

�
GMGQ (16)

T
22

(Q2, ✓e) = � 1

2
p
3S

⌘ G2

M (17)

T e
10

(Q2, ✓e) = �
r

2

3

1

S
⌘(1 + ⌘) tan

✓e
2

s
1

1 + ⌘
+ tan2

✓e
2

G2

M (18)

T e
11

(Q2, ✓e) =
2p
3S

p
⌘(1 + ⌘) tan

✓e
2

GM

h
GC +

⌘

3
GQ

i
. (19)

Of the tensor analyzing powers, T
20

is dominant, T
21

is still significant, while

T
22

is small and treated as a correction in Eq. (12). In particular, the contri-

bution from T
20

is sizable and quite sensitive to the interference of GC and GQ.

Knowledge of A, B, and T
20

can be obtained experimentally with the highest

precision and allows for a separation of all three elastic form factors. The tensor

analyzing powers T
20

and T
21

have been measured with BLAST in the low-Q2

region covering the minimum of T
20

and the first node of GC .

The superscript “e” on T e
10

and T e
11

indicates that a polarized electron beam

as well as a vector polarized target is required to measure these observables.

Relative to T e
11

, the vector analyzing power T e
10

is suppressed at low Q2 due to

the leading dependence on ⌘. This was confirmed by the data indicating that T e
10
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is zero within statistical uncertainties (see below). At low Q2, the factor ⌘ also

suppresses the contribution from GQ so that T e
11

is dominated by the interference

of GC and GM . With A(Q2) dominated by GC and known at low Q2 with

small uncertainty, T e
11

provides a strong lever arm in testing predictions for the

magnetic form factor GM in this region.

In BLAST we have made the first known measurement of the vector analyzing

power T e
11

in doubly polarized electron deuteron elastic scattering. Prior mea-

surements of T e
11

have not been possible due to the absence of experiments which

provide both an intense polarized electron beam and a vector polarized deuterium

target.

The average target spin angle was calibrated simultaneously with the tensor

polarization of the target by comparing the elastic tensor asymmetries at low

momentum transfer 1.75 < Q < 2.15 fm�1 to Monte Carlo simulations based on

parameterization III of Reference [116] fit to previous experimental data, resulting

in Pzz = 0.683± 0.015± 0.013± 0.034 and 0.563± 0.013± 0.023± 0.028 for the

2004 and 2005 data sets, respectively, where the three uncertainties are statistical,

systematic and due to the parameterization.

Experimentally, one forms AT
d and AV

ed by particular combinations of charge-

normalized yields dependent on beam and target spin state, and after normalizing

each raw asymmetry to Pzz and PePz, respectively. The target tensor asymmetry

is derived experimentally as

AT
d =

p
2

Pzz

Y + � Y �

2Y + + Y � , (20)

where Y + and Y � are the charge-normalized yields with the target in the T+

(m = ±1) and the T� (m = 0) state, respectively, averaged over both helicities.

With the target polarization vector, ✓T , directed to beam-left, events where the
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electron wass scattered into the right and left sectors of BLAST corresponded

to kinematics where the three-momentum transfer, ~q, was approximately parallel

and perpendicular to ✓T , respectively. Two asymmetries were measured simul-

taneously in both sectors, corresponding to ✓⇤ close to 90� and 0�, respectively.

A small correction for the contribution of T
22

was applied based on parameteri-

zation III [116], and the analyzing powers T
20

and T
21

were extracted from two

asymmetries for each Q2 bin, with event-averaged coe�cients in Eq. (12). The

results are shown in Figure 10. The values for T
20

measured in this work are

in agreement with previous data, but they are much more precise. The results

for T
21

are somewhat larger in magnitude yet still compatible with previous data

within total uncertainties.

The beam-target vector asymmetry was obtained by forming

AV
ed =

r
3

2

1

PePz

y
++

� y�+

� y
+� + y��

y
++

+ y�+

+ y
+� + y�� + y

+0

+ y�0

, (21)

where yhm are charge-normalized spin-dependent yields for combinations of he-

licity h = ±1 and magnetic target quantum number m = ±1 and 0. Again, two

asymmetries with ✓⇤ ⇡ 90� and 0� were measured simultaneously with electrons

scattered into the left and right sectors of BLAST, allowing the extraction of the

vector analyzing power T e
11

. With regard to T e
10

, the large relative uncertainty on

this observable precluded a statistically significant measurement in the current

experiment. The extracted values for T e
11

as measured by BLAST are shown in

Figure 11.

From Figure 11 one can see that the BLAST data for T e
11

provide a constraint

on theoretical descriptions below Q2 < 0.4 (GeV/c)2. In both Figures 10 and 11,

the good agreement of BLAST data for the tensor and vector analyzing powers

with the non-relativistic model with meson exchange and relativistic corrections
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by Arenhövel et al. [1] is evident. This is also true of Phillips’ E↵ective Field

Theory calculation [7] in this low Q2 region. In addition, the good agreement of

the BLAST results with parameterization III of the deuteron form factors and

structure functions by Abbott [116] is displayed.

The significant sources of systematic errors in the measurements of the tensor

and vector analyzing powers were the uncertainties in the reconstructed electron

scattering angle ✓e, in the orientation of the target polarization vector, and in

the tensor polarization and beam-target vector polarization product.

In conclusion, BLAST has provided a high-precision measurement of the tensor

analyzing powers T
20

and T
21

over a wide Q2 range, as well as the first measure-

ment of the vector analyzing power T e
11

.

5 Electro-disintegration of the Deuteron with Detection of an

Emitted Proton

During data taking on the polarized deuteron target, large numbers of events were

accumulated in which both a scattered electron and an emitted proton were de-

tected. The cross section for such events was sensitive to a number of interesting

aspects of the photo-nucleon interaction and to the dynamics of deuteron struc-

ture: the quasi-elastic electron-proton interaction; final state interactions; meson

exchange currents; relativistic e↵ects; isobar configurations; and the amount of

D-state in the deuteron wave function. By using the large acceptance of the

BLAST spectrometer and asymmetries related to the polarization of the beam

and target, it was possible to use the 2~H(~e, e0p) data to emphasize one or more

of these aspects and to test models of nucleon-nucleon interactions.

As has been indicated in other sections, the polarization direction of the target
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was chosen so that the virtual photon from the scattered electron was roughly

along (parallel kinematics) or normal to (perpendicular kinematics) the polariza-

tion of the struck deuteron.

Because both the beam and target were polarized, it was possible to measure

experimental asymmetries depending on polarization directions and detection

directions. The two asymmetries of relevance to this discussion are the tensor

asymmetry AT
d and the beam-vector asymmetry AV

ed. Both follow from the cross

section formula:

� = �
0

[1 +

r
3

2
PzA

V
ed +

r
1

2
PzzA

T
d +

Pe(Ae +

r
3

2
PzA

V
ed +

r
1

2
PzzA

T
d )] (22)

AT
d =

p
2

12Pzz�0
[�(Pe, Pz, Pzz) + �(�Pe, Pz, Pzz) + �(Pe,�Pz, Pzz) +

�(�Pe,�Pz, Pzz)� 2[�(Pe, 0,�2Pzz) + �(�Pe, 0,�2Pzz)]] (23)

AV
ed =

p
2

4
p
3Pz�0

[�(Pe, Pz, Pzz)� �(�Pe, Pz, Pzz)�

�(Pe,�Pz, Pzz)� �(�Pe,�Pz, Pzz)] (24)

where �
0

is the unpolarized cross section, Pe is the beam helicity, and Pz and Pzz

are the vector and tensor polarizations of the deuteron target.

The vector polarization of the deuteron target was determined by measuring

the vector asymmetry and fitting this to the theoretical prodiction at low missing

momentum. The tensor asymmetry and the beam-vector asymmetry have dif-

ferent sensitivities to the various aspects of the electron-nucleon interaction and

deuteron structure. Data for both the tensor asymmetry and the beam-vector

asymmetry are shown in Figures 12 and 13.

The asymmetries are plotted as functions of missing momentum for both per-

pendicular kinematics and parallel kinematics and contain data for Q2 between
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0.1 and 0.2 GeV/c2. In fact asymmetries corresponding to Q2 up to 0.5 GeV/c2

were measured with BLAST, but with increasingly poorer statistics.

The theoretical model predictions shown in Figs. 12 and 13 come from the

formalism of Arenhövel et al [97, 98], who used the Bonn [117, 118], V18 [2, 3],

and Paris [119] potentials. It was found that there were no significant di↵erences

between predications using the three di↵erent potentials, and the Bonn poten-

tial was used for comparison with the data shown in the Figures. Theoretical

curves were calculated, in addition to the simple Plane Wave Born Approxi-

mation (PWBA), with inclusion consecutively of final state interactions, meson

exchange currents, isobar configurations, and relativistic corrections.

One can make the following observations concerning the measured asymmetries

and the comparison to theoretical calculations:

1. The tensor asymmetry is consistent with zero at very low missing momenta,

as expected, and generally rises with increasing missing momentum.

2. The beam-vector asymmetry is constant at very low missing momenta, and

generally rises with increasing missing momentum.

3. The agreement between the data and the Bonn potential predictions is good,

and it is clear that including corrections for final state interactions, meson

exchange currents, relativistic e↵ects, and isobar currents is important to

achieve this agreement.

4. It should be noted that, although not shown in these figures, at higher

Q2 the data, especially for the beam-vector asymmetry, are higher than

predicted by the model. One possibility for this discrepancy is the fact that

in the comparison free nucleon form factors were used; the form factors for

bound nucleons may of course be somewhat di↵erent.
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From these coincidence data, using especially the polarization flexibilities of

the beam and targets, one can have confidence that the overall interaction of

electrons with bound nucleons in the deuteron is well-understood.

6 Summary and Conclusions

The measurements described here have provided important new information on

the nucleon elastic form factors at low momentum transfers. They provide es-

sential data to constrain the distribution of the charge and magnetism at long

distance scales. In particular the BLAST data on the neutron charge distribu-

tion, together with other recent measurements using spin observables, provide a

long-awaited determination of the neutron charge form factor with precision com-

parable to that of the proton form factor. The data from BLAST on the deuteron

provide new, precise constraints for theoretical models of few-body structure.

Finally, the success of the BLAST experimental program validates the unique-

ness and utility of the technique of windowless gas target and large acceptance

detector with an intense electron beam to study elastic electron-nucleon scatter-

ing. This technique is being pursued by the OLYMPUS experiment at DESY [120]

to determine the contributions beyond single-photon exchange and is under con-

sideration at Je↵erson Lab [121] for a search for the A0 boson.
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Figure 1: Schematic layout of the MIT-Bates Linear Accelerator Center.

Figure 2: Schematic of the BLAST atomic beam source, the internal target, and

Breit-Rabi polarimeter.
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Figure 3: Schematic of the BLAST detector showing the main detector elements.
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Figure 8: 4⇡r2⇢pBreit(r) showing the relative contributions of the various vector

mesons from the GKex model together with the pQCD contribution.
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Figure 9: 4⇡r2⇢nBreit(r) showing the relative contributions of the various vector

mesons from the GKex model together with the pQCD contribution.
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Figure 12: Tensor asymmetry versus missing momentum.
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Figure 13: Vector asymmetry versus missing momentum.


