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The charge and magnetic form factors, Fc and Fur, of >He have been extracted in the kinematic
range 25 fm~? < Q? < 61 fm~? from elastic electron scattering by detecting *He recoil nuclei
and scattered electrons in coincidence with the two High Resolution Spectrometers of the Hall A
Facility at Jefferson Lab. The measurements have found evidence for the existence of a second
diffraction minimum for the magnetic form factor at Q2 = 49.3 fm™2 and for the charge form
factor at @2 = 62.0 fm~2. Both minima were predicted to exist in the Q? range accessible by this
Jefferson Lab experiment. The data are in qualitative agreement with theoretical calculations based
on realistic interactions and accurate methods to solve the three-body nuclear problem.

PACS numbers: 25.30.Bf, 13.40.Gp, 27.10.+h, 24.85.4+p

Elastic electron scattering from nuclei has been a ba-
sic tool in the study of their size and associated charge
and magnetization distributions [1]. It has provided pre-
cise measurements of the charge and magnetic radius of
nuclei, starting with the seminal experiments of Hofs-
tadter and collaborators at Stanford in the 1950s [2].
Elastic scattering measurements determine the nuclear
electromagnetic (EM) form factors, which in the case
of few-body nuclei can be compared with state-of-the-

art theoretical calculations. The latter are based on so-
phisticated models that solve for the few-body nuclear
wave functions using modern nucleon-nucleon potentials.
The framework used is that of the impulse approxima-
tion (TA), where the electron interacts through virtual
photon exchange with just one of the nucleons in the tar-
get nucleus, complemented with the inclusion of meson-
exchange among the nucleons.



The few-body EM form factors are considered the “ob-
servables of choice” [3] for testing the nucleon-meson
standard model of the nuclear interaction and the as-
sociated EM current operator [4]. In general, they pro-
vide fundamental information on the internal structure
and dynamics of light nuclei, as they are, at the sim-
plest level, convolutions of the nuclear ground state wave
function with the EM form factors of the constituent nu-
cleons.

The theoretical calculations for these few-body observ-
ables are very sensitive to the model used for the nuclear
EM current operator, especially its meson-exchange-
current (MEC) contributions. Relativistic corrections
and possible admixtures of multi-quark states in the nu-
clear wave function might also be relevant [4, 5]. Ad-
ditionally, at large momentum transfers, these EM form
factors may offer a unique opportunity to uncover a pos-
sible transition in the description of elastic electron scat-
tering by few-body nuclear systems, from meson-nucleon
to quark-gluon degrees of freedom, as predicted originally
by the dimensional-scaling quark model (DSQM) [6].
The field theory approach of the DSQM, later substanti-
ated within the perturbative QCD framework [7], is based
on dimensional scaling of high-energy amplitudes using
quark counting. This leads to a prediction for an asymp-
totic form factor falloff at large Q2. For example, in the
3He case, the A(Q?) elastic structure function (see below)
is predicted to fall as \/A(Q?) ~ (Q?)~8 [6]. The conclu-
sions of this work offer valuable input on the applicability
of the above theoretical frameworks.

Experimentally, the few-body form factors are deter-
mined from elastic electron-nucleus scattering using high
intensity beams, high density targets, and large solid an-
gle magnetic spectrometers. There have been extensive
experimental investigations of the few-body form factors
over the past 50 years at almost every electron accelera-
tor laboratory [8, 9], complemented by equally extensive
theoretical calculations and predictions [4, 9-11]. The
investigation of their behavior at large momentum trans-
fers has been an integral part of the nuclear structure
program of Jefferson Lab (JLab) since its inception [12].

This work focuses on a measurement of the 3He EM
form factors at JLab. The cross section for elastic scat-
tering of a relativistic electron from the spin-1/2 3He nu-
cleus is given, in the one-photon exchange approximation
and in natural units, by the formula [13]:
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is the cross section for the scattering of a relativistic elec-

tron by a structureless nucleus, and A and B are the
elastic structure functions of 3He:
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with Fo and F)s being the charge and magnetic form fac-
tors of the nucleus. Here, « is the fine-structure constant,
Z and p are the nuclear charge and magnetic moment, £
and E’ are the incident and scattered electron energies,
0 is the electron scattering angle, Q> = 4EE’sin?(6/2)
is minus the four-momentum transfer squared, and 7 =
Q?/4M? with M being the nuclear mass.

The three-body form factors have been theoretically in-
vestigated by several groups, using different techniques to
solve for the nuclear ground states and a variety of models
for the nuclear EM current [14-17]. The most recent cal-
culation of the H and He form factors in the Q?-range
of the experiment is that of Refs. [3, 18]. It uses the pair-
correlated hyperspherical harmonics (HH) method [19] to
construct high-precision nuclear wave functions and goes
beyond the TA by including MEC, whose main contribu-
tions are constructed to satisfy the current conservation
relation with the given Hamiltonian [18]. Part of the
present work is the extension of the above method to
evolve the *He F and F)s form factors (see Figures 1-3)
to large momentum transfers, using *He wave functions
obtained from the Argonne AV18 nucleon-nucleon and
Urbana UIX three-nucleon interactions [20]. The calcu-
lations include MEC contributions arising from 7-, p- and
w-meson exchanges, as well as the pry and wny charge
transition couplings. A recent review is given in Ref. [11].

The experiment (E04-018, which also measured the
4He charge form factor [21]) used the Continuous Elec-
tron Beam (100% duty factor) Accelerator and Hall A Fa-
cilities of JLab. Electrons scattered from a high-density
cryogenic *He target were detected in the Left High Res-
olution Spectrometer (e-HRS). To suppress backgrounds
and unambiguously separate elastic from inelastic pro-
cesses, recoil helium nuclei were detected in the Right
HRS (h-HRS) in coincidence with the scattered electrons.
The incident-beam energy ranged between 0.688 and
3.304 GeV. The beam current ranged between 19.0 and
99.3uA. The cryogenic target system contained gaseous
3He and liquid hydrogen cells of length T' = 20.0 cm. The
3He gas was pressurized to 13.7-14.2 atm at a tempera-
ture of 7.1-8.7 K, resulting in a density of 0.057-0.070
g/cm®. Two Al foils separated by 20.0 cm were used to
measure any possible contribution to the cross section
from the Al end-caps of the target cells.

Scattered electrons were detected in the e-HRS using
two planes of scintillators to form an “electron” trigger,
a pair of drift chambers for electron track reconstruc-
tion, and a gas threshold Cerenkov counter and a lead-
glass calorimeter for electron identification. Recoil he-
lium nuclei were detected in the h-HRS using two planes
of scintillators to form a “recoil” trigger and a pair of
drift chambers for recoil track reconstruction. The event
trigger consisted of a coincidence between the two HRS
triggers. Details on the Hall A Facility and all associated
instrumentation used are given in Ref. [22].

Particles in the e-HRS were identified as electrons on
the basis of a minimal pulse height in the Cerenkov



counter and the energy deposited in the calorimeter, con-
sistent with the momentum as determined from the drift
chamber track using the spectrometer’s optical proper-
ties. Particles in the h-HRS were identified as *He nuclei
on the basis of their energy deposition in the first scin-
tillator plane. Electron-3He (e-3He) coincidence events,
consistent with elastic kinematics, were identified using
the relative time-of-flight (TOF) between the electron
and recoil triggers after imposing the above particle iden-
tification “cuts”. To check the overall normalization,
elastic e-proton (e-p) scattering in coincidence was mea-
sured at several kinematics. The e-p data are in excellent
agreement with the world data, as described in Ref. [21].

The elastic e->He cross section values were calculated
using the formula:

o)

where N,, is the number of electron-recoil 3He elastic
events, INV;, is the number of incident beam electrons, Ny
is the number of target nuclei/cm?, (AQ)ysc is the ef-
fective coincidence solid angle (which includes most ra-
diative effects) from a Monte Carlo simulation, F' is the
portion of the radiative corrections that depends only on
Q? and T (1.07-1.10) [23], and Ceor = CetCedtCrniCaen-
Here, Cye; is the correction for the inefficiency of the
Cerenkov counter and the calorimeter (1.01) (the scin-
tillator counter hodoscopes were found to be essentially
100% efficient), C.q; is the computer dead-time correc-
tion (1.04-1.56), C..,; is a correction for losses of recoil
nuclei due to nuclear interactions in the target cell and
vacuum windows (1.02-1.08), and Cjey, is a correction to
the target density due to beam heating effects (ranging
between 1.02 at 29uA and 1.07 at 99uA). There were
no contributions to the elastic e-3He cross section from
events originating in the target cell end-caps, as deter-
mined from runs with the empty replica target. The e-p
elastic cross section values were determined similarly.
The effective coincidence solid angle was evaluated
with a Monte Carlo computer code that simulated elas-
tic electron-nucleus scattering under identical conditions
as our measurements [23]. The code tracked scattered
electrons and recoil nuclei from the target to the detec-
tors through the two HRS systems using optical models
based on magnetic field measurements and precision po-
sition surveys of their elements. The effects from ion-
ization energy losses and multiple scattering in the tar-
get and vacuum windows were taken into account for
both electrons and recoil nuclei. Bremsstrahlung radia-
tion losses for both incident and scattered electrons in
the target and vacuum windows, as well as internal ra-
diative effects, were also taken into account. It should
be noted that the two-photon exchange effect is not in-
cluded in the radiative corrections implementation. A
credible correction to the data for this effect should be
based on established complementary calculations, which
are not yet fully available for the entire kinematic range
of our measurements. Although a correction will have
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FIG. 1: ®He elastic structure function A(Q?) data from
this experiment, compared to selected previous data and the
present theoretical calculation using the hyperspherical har-
monics variational method (see text).

E 0 Q?
GeV  deg. fm™2
3.304 17.52 24.7
0.7391 97.78 24.7
3.304 19.50 30.2

0.7391 118.99 30.2
0.6876 139.99 30.2
3.304 20.83 34.1

do /dQ
cm2/sr

(229 +£0.12) x 10 °°

(2.80 £ 0.20) x 10~%7

(5.16 £ 0.29) x 1073

(3.9540.38) x 107%

(1.51 £0.19) x 107%

(1.57 £ 0.10) x 1073
0.8157 113.01 34.1 (1.4340.13) x 107
0.7394 139.91 34.1 (6.4140.59) x 10~%
22.82 40.2 (3.0340.21)

(1.24 £0.16) x 107%
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3.304 x 10737
0.8177 139.53 40.2

3.304 24.28 45.0 (7.56 +£0.75) x 10738
0.9330 119.94 45.0 (6.84 +1.10) x 10~
0.8726 140.66 45.0 (3.24 4+ 0.51) x 10~
3.304 25.47 49.0 (2.13+0.35) x 10738
3.304 27.24 55.1 (2.77+£0.39) x 1073

3.274+0.13) x 10~4
2.144+0.72) x 1074
1.13 +0.80) x 10~*

0.9893 140.31 55.1
3.304 28.86 60.8
1.052 140.51 60.8

TABLE I: Values of beam energy, scattering angle, effective
Q?, and elastic e-3He cross section with total error (statistical
and systematic added in quadrature).

to wait for the completion and further understanding of
ongoing calculations [24], the latter indicate that at least
for the charge form factor the effect can be on the order
of a few percent.

The Rosenbluth cross section formula (1) is based
on the assumption that the wave functions of the in-
cident and scattered electrons are described by plane
waves. In reality, the charge of the nucleus distorts
these wave functions, necessitating a correction to the
formula [1]. This Coulomb effect shifts the Q? value of
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24.7 (2.65£0.06) x 10~ (6.03 £0.91) x 10~ *
30.2 (1.58 £0.05) x 1072 (4.21 £ 0.75) x 10™*
34.1 (9.73+£0.34) x 107* (3.07 £ 0.35) x 104
40.2 (5.3240.21) x 107* (1.24 £0.27) x 107*
45.0 (3.0240.16) x 107* (6.37 £1.83) x 107°
49.0 (1.8140.15) x 10™* -

55.1 (6.97 £0.72) x 107 (3.34 £ 1.00) x 107°
60.8 (1.00 & 2.10) x 107 (2.34 £ 0.90) x 107°

TABLE II: Effective Q?, and *He charge and magnetic form
factors (absolute values) with total errors (statistical and sys-
tematic added in quadrature).
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FIG. 2: Absolute values of the ®*He charge form factor Fc,
as determined from this experiment. Also shown are selected
previous data and the present theoretical calculation using
the hyperspherical harmonics variational method (see text).

the interaction to an “effective” value, given by Q?, fr=
(1 + 3Zahc/2R.,E)?Q?, where R., is the hard sphere
equivalent radius of the nucleus, # is the Planck constant
and c is the speed of light. This correction allows for a
form factor extraction using a Rosenbluth separation of
cross section values determined at the same ngf [25].
This approach was followed in this experiment, and the
results are given in terms of the effective @2 in Tables I
and II, and are plotted in Figs 1-3.

At each kinematic point, the “reduced” cross section,
(do/dY),, defined using equations (1-4) and the experi-
mentally determined cross section (do/d2)ezp

da) (da) (da>_1 Y
9V () () (TR
(dQ , d) ., \dQ ) N €

(6)
was plotted, at the same values of ngf, versus 27 /e
(Rosenbluth plot), and the *He FZ and F3; values

were extracted by a linear fit. Here, ¢ = [1 + 2(1 +
7)tan?(6/2)]71 is the degree of the longitudinal polar-
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FIG. 3: Absolute values of the >He magnetic form factor Fis,
as determined from this experiment. Also shown are selected
previous data and the present theoretical calculation using
the hyperspherical harmonics variational method (see text).

ization of the exchanged virtual photon. It should be
noted that at Q2 = 49.0 fm~2, data were taken only at
a forward angle (25.47°). In this case, the Fo value was
extracted under the safe assumption that the Fj; does
not contribute to the cross section, as it is essentially
zero (see Figure 4).

The A(Q?) values from this experiment are shown
in Fig. 1 along with previous data from a SLAC ex-
periment [26], which performed elastic scattering at a
fixed angle 8 = 8°, and selected data from other lab-
oratories [25, 27, 28]. It is evident that the JLab and
SLAC data sets are in excellent agreement. Also shown
is the present IA+MEC theoretical calculation (see be-
low). The absolute values of the 3He F¢ and Fy; from
this work are shown in Figs. 2 and 3, along with pre-
vious Stanford [25], Orsay [27], SLAC [26], Saclay [28]
and MIT /Bates [29] data. Not shown, for clarity, are the
low Q2 MIT/Bates data [31]. In all three Figures, the er-
ror bars represent statistical and systematic uncertainties
added in quadrature. The new F¢ data are in excellent
agreement with data extracted from a Rosenbluth separa-
tion between SLAC forward angle (6 = 8°) cross sections
and interpolations of backward angle (160°) MIT /Bates
cross sections [29], labeled as “SLAC/Bates” data in
Fig. 2. The new F); data are in excellent agreement
with the MIT/Bates data taken at § = 160°, but in
very strong disagreement with the Saclay data taken at
6 = 155°. The Fj; datum at Q2 = 24.7 fm 2 has been
extracted from a Rosenbluth separation of a forward-
and a medium-6 JLab-measured cross section and an in-
terpolated cross section from the high-quality § = 160°
MIT /Bates data set [29, 30].

The new JLab data of Figures 3 and 2 indicate the
presence of an apparent second diffraction minimum for
the Fj; in the vicinity of Q2 = 50 fm~2, and the onset
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FIG. 4: Algebraic values of the 3He charge and magnetic
form factors over a selected Q? range. Also shown are alge-
braic values of the “He charge form factor over the same Q2
range [21]. The dashed lines have been drawn to just guide
the eye through the data.

of a second diffraction minimum for the Fo located at a
Q? value just beyond 60 fm~2. To further substantiate
the existence of the two minima, the algebraic values of
the 3He Fg and Fjs form factors have been plotted on
a linear scale and over a selected Q2 range, as shown in
Figure 4. Here it is implicitly assumed that the 3He Fg
and F)j; become negative after crossing their first diffrac-
tion minimum at Q2 = 11 and 17 fm~2, respectively. For
comparison, also shown in Fig. 4 are the algebraic values
of the charge form factor of “He [21]. An interpolation
of the new JLab data in Fig. 4 shows that the 3He Fs
crosses zero for a second time at Q2 = 49.3 fm~2 and then
becomes positive. An extrapolation of the new JLab data
in Fig. 4 shows that the 3He F crosses zero for a second
time at a Q2 value of 62.0 fm~2 and then presumably
becomes positive.

An updated extension of the latest theoretical calcula-
tion based on the TA with the inclusion of MEC, which
used the HH variational method to calculate the 3He
wave function, as described above and outlined in Ref.
[18], was performed for this work and is shown in Figs. 2
and 3. The calculation is, in general, in qualitative agree-
ment with the data even at large momentum transfers,
where theoretical uncertainties may become sizable (es-
timated to be, for example, at Q> = 60 fm~2, on the

order of £30% for both form factors). Of note is the
long-standing disagreement between the calculation and
the data in the Q2 range around the first diffraction min-
imum of the 3He F);. It is not presently clear if this is
due to a missing piece of important physics in the non-
relativistic theory or to the need for a fully relativistic
calculation. The presently available relativistic calcula-
tion based on the Gross equation [32] will be able to be
compared to the new data when the not-yet-calculated
pry interaction current is included in this so-called “rel-
ativistic impulse approximation” approach [11].

It should be noted that all seminal, older calculations
of the 3He form factors (not shown in Figs. 2 and 3) based
on the Faddeev formalism [14, 15] or the Monte Carlo
variational method [16, 17], are in qualitative agreement
with the data in predicting a diffractive structure for
both form factors, and also indicative, in general, of large
MEC contributions. Also, it is evident that the diffrac-
tive pattern of the JLab data is incompatible with the
asymptotic-falloff DSQM prediction [6], and that it sup-
ports the conclusion of Ref. [33] that the onset of asymp-
totic scaling must be at a Q2 value much greater than
100 fm~2, not presently accessible at JLab for *He.

In summary, we have measured the 3He charge and
magnetic form factors in the range 25 fm=2 < Q? < 61
fm—2. The results are in qualitative agreement with the-
oretical calculations based on the TA with inclusion of
MEC. These new data support the existence of a sec-
ond diffraction minimum for both form factors, located
at Q% = 62.0 fm~2 for the Fo case, and at Q% = 49.3
fm~2 for the F; case. The new large Q% 3He form fac-
tor results will constrain inherent uncertainties in the
theoretical calculations and lead, together with previous
large Q? data on the deuteron [34, 35], tritium [28], and
“He [21] EM form factors, to the development of a consis-
tent hadronic model describing the internal EM structure
and dynamics of few-body nuclear systems.
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