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The interference response function f;r(R.r) of the ’H(e, €' p)n reaction has been determined at squared
four-momentum transfer Q% = 0.33 (GeV/c)? and for missing momenta up to p,, = 0.29 GeV/c. The results
have been compared to calculations that reproduce f; 7 quite well but overestimate the cross sections by 10-20%

for missing momenta between 0.1 GeV/c and 0.2 GeV/c.
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I. INTRODUCTION

The deuteron is an ideal system to investigate fundamental
problems in nuclear physics such as the ground state and con-
tinuum wave functions and the structure of the electromagnetic
current operator. In addition, interaction effects such as meson
exchange currents (MEC), and isobar configurations (IC) can
be studied.

The deuteron structure can be calculated with very high
accuracy therefore providing a testing ground for various
models of the nucleon-nucleon force and subnuclear degrees
of freedom.

The exclusive deuteron electrodisintegration cross section
has been measured at several laboratories during the past
25 years (references to these experiments can be found in the
text below). However there are only a few experiments where
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the individual response functions have been separated. In this
paper we report a measurement of the f;r(Rpr) response
function, extending the kinematic area where experimental
data are available.

The H(e, ¢’ p)n reaction can be most easily interpreted
within the framework of the plane wave impulse approxima-
tion (PWIA). In this approximation the cross section is written
as follows:

o s I
dwdQedQ,, =K : O¢p (pi). (D
Here, o, describes the elementary electron proton (off-shell)
cross section for scattering an electron off a moving bound
proton [1]. The factor « is a kinematic factor, and S(p;) is the
spectral function which describes the probability of finding a
proton with an initial momentum p;. In this approximation,
the initial momentum of the proton is opposite and equal in
magnitude to the missing momentum p,,, the momentum of
the recoiling, non-observed neutron.

Several experiments explored the 2H(e, ¢’ p)n cross section
over a wide range of missing momenta at small to medium
momentum transfers [2—5]. The focus of these measurements
was the exploration of the momentum distribution within the
plane wave impulse approximation (for a theoretical analysis
of the Saclay experiment [2] see [6]). It has been found,
however, that with increasing missing momentum final state
interactions (FSI) and, related to the corresponding energy
transfer, MEC and IC contributions increase dramatically.
Figure 1 shows the ZH(e, ¢’ p)n cross section measured at
MAMI [4] together with a calculation that includes FSI, MEC,
and IC [7]. One can see that the cross section is well reproduced
up to p,, =350 MeV/c by a calculation that includes FSI.

©2008 The American Physical Society
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FIG. 1. (Color online) The experimental 2H(e, ¢’ p)n cross section
as a function of missing momentum measured at MAMI for Q% =
0.33(GeV/c)? [4] compared to calculations [7] with (solid curve) and
without (dashed curve) meson exchange currents (MEC) and isobar
currents (IC). Both calculations used the Paris potential and include
FSI (N) and leading order relativistic corrections (R). The low p,,
data have been re-analyzed and used in this work to determine f; 7.

At higher p,, there are significant discrepancies between
experiment and the FSI calculation. If additionally MEC
and IC are included the agreement improves considerably
but significant discrepancies remain. The largest deviations
occur at energy transfers where large virtual delta excitation
contributions are expected.

When these additional contributions are taken into account
the cross section cannot be factorized in this simple way
anymore and one has to use the full one photon exchange
approximation. Within this limit, the (e, ¢’ p) cross section can

be written as follows:
—ds = omon(VL Rr + vr R + R ¢
MotV X, — UV X7 +— VLT X7 COS

do'bdQlabdQlab

+ vrr Rr7 cos2¢). @)

The functions R, (x € {L, T, LT, TT}) are response func-
tions and the factors v, (x € {L, T, LT, TT}) are kinematic
factors depending on the electron kinematics only. For a
detailed discussion see Refs. [§—10]. The response functions
consist of combinations of transition matrix elements of
the components of the electromagnetic current operator and
contain the structure information; the incident and the scattered
electrons are described as plane waves. The angle ¢ is the
angle between the electron scattering plane and the reaction
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plane, defined by the momentum of the ejected nucleon and
the momentum transfer.

For the following discussion, 6, " represents the angle
between the proton momentum vector and the momentum
transfer vector in the center of mass of the np-system, and
0, is the electron scattering angle in the laboratory frame.

In view of the fact that the theoretical calculation [7] is based
on an evaluation of the responses in the final np-c.m. system
using the following form of the differential cross section (note

that ¢ = ¢5™)

ddo
dwlabdQIeabdQ;,;;l. = C(pL I (erfpm.) + or fr (erfpm)
+,0LTfLT( )COS by
+ prr frr (O5,") cos 2¢5),  (3)

we now switch to the response functions f, with x €
{L,T,LT, TT}. Using the relations

n
= 6772—05Q2 OMott 4

where a denotes the fine structure constant and = tan’(6, /2),
and

5 2 QZ
pL=pB"—vL, pr=—vr,
2 2n
)
~ 0? 0?
pLr = B—vir, prr=—vrr,
2n 2n

where f = q"‘“" expresses the boost from the laboratory to the
c.m. system, one obtains the relations between the response
functions R, and the f, as follows:

8> J N

ﬂ—sz =Ry, ﬂ—szT=RLT,

12m%a 1272%a ©)
J J

—5-Jr=Rr, ———frr=Rrr,

2 fr T Torig frr TT

with J = [9Q¢™/dQkP| as Jacobian.

A full separation of all four response functions requires
at least one cross section to be measured with the proton
detected out of the electron scattering plane. This has been
achieved at MIT-Bates using the Out-Of-Plane spectrometer
(OOPS) system [11] and at NIKHEF [12] using the HADRON
detectors. For an overview of results see [13].

Simpler in-plane measurements allow one to separate,
fr, fr, and frr. The response function which is easiest to
determine is fr7 since in this case the electron momentum
can remain constant, and one only has to scan the proton
momentum such that the (e, e’ p) cross sections can be
measured at ¢ = 0° and at ¢ = 180°.

In-plane separations have been carried out at missing
momenta between 0 and 220 MeV/c and at lower Q2 values
at several laboratories and the published results can be found
in references [14—17]. The momentum transfer dependence
of fi, fr, and fyr has been measured at Saclay for missing
momenta between 0 and 150 MeV/c [18]. At SLAC, cross
sections and frr have been determined at large momentum
transfers for missing momenta up to 200 MeV/c [19].
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In this paper we report on the determination of f;r close
to the quasifree peak (for Bjorken variable 0.84 < x < 1), at
an average Q2 of 0.33 (GeV/c)? for missing momenta up to
290 MeV/c.

II. EXPERIMENTAL DETAILS

The experiment has been carried out at the three-
spectrometer facility [20] at the Mainz microtron MAMI
using spectrometer B to detect electrons and spectrometer A
to measure protons. The incident beam energy was Ej, =
855.11 MeV, and the electron scattering angle was kept
constant at 6, =45°. The momentum acceptance of the
electron spectrometer was Ap/p = +7.4% and the one of
the proton spectrometer Ap/p = —5,+15% with respect
to the corresponding reference momenta. The rectangular
entrance slit of the electron spectrometer defined an angular
acceptance of A, = 20 mr in the scattering (horizontal)
plane, and A¢, = £70 mr in the vertical plane. The proton
spectrometer had an acceptance of A6, = £75 mr (horizontal)
and A¢, = 70 mr (vertical). The momenta of the outgoing
protons varied between 531 MeV/c and 627 MeV/c.

For the determination of f;r, three spectrometer settings
were selected for each central value of ¢ = 0° and ¢ = 180°
and one setting where the proton spectrometer was centered
around the direction of g.

These proton spectrometer settings corresponded to the
center of mass angles Q,f'pm' = 0°, 20°, 40°, and 48°. For a
given, fixed electron kinematics, a variation of G,fé,m' also
corresponds to a change of the missing momentum. The
relation between 6, and p,, for this experiment is shown
in Fig. 2. The central settings of the spectrometers are listed
in Table I.

60

101 j

0 50 100 150 200 250 300
Pm (MeV/c)

FIG. 2. (Color online) The relation between missing momentum
and the angle between the ejected proton and the momentum transfer
in the center of mass for kinematics I-VIIL The red circles correspond
to the spectrometer settings centered around ¢ = 0° and the blue
diamonds correspond to ¢ = 180°. All points within the kinematic
acceptance of a single spectrometer setting are joined by a line.
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TABLE I. Central spectrometer settings.

Kinematics 6, (°) p. MeV/c) 0, (°) pp MeV/c)
1 45.00 657.1 49.85 608.4
II 45.00 657.2 39.84 599.1
111 45.00 657.6 29.68 569.5
v 45.00 656.0 25.17 554.0
\Y% 45.00 657.1 49.85 608.4
VI 45.00 657.2 59.98 599.1
VII 45.00 657.6 70.13 569.5
VIII 45.00 657.5 74.54 551.3

The energy and momentum transfer, w and g were kept
constant, centered at 200 MeV and at 600 MeV/c, respectively.
Both of these quantities varied slightly by a few MeV/c due
to the large acceptances of the spectrometers. The maximum
value of 6, was determined by the smallest angle with
respect to the beam, that the out-going protons could be
detected for the given electron kinematics. A detailed list of
kinematics can be found in the Appendix in Tables III-X.

We used a liquid-deuterium target consisting of a cylindrical
target cell with a diameter of 2 cm made of HAVAR and
a wall thickness of 6.5 um or 10 mg/cm”. The deuterium
target thickness was 310 mg/cm?. The liquid deuterium was
continuously circulated by means of an immersed fan, thus
preventing the liquid at the intersection with the electron
beam from boiling. Since the beam diameter was typically
of the order of 0.2 mm, the beam was rastered horizontally by
43.5 mm and vertically by £2.5 mm with a frequency of
3.5 kHz horizontally and 2.5 kHz vertically to further reduce
the risk of boiling. The current in the raster coil was measured
on an event by event basis which allowed us to reconstruct
the beam position for each event in order to correct for energy
losses in the target. After applying the necessary kinematic
corrections we obtained at low missing momenta a missing
energy resolution of 0.45 MeV (FWHM) which degraded to
2 MeV with increasing missing momentum, as one has to
include increasingly large kinetic energies of the recoiling
neutron in the calculation of the missing energy. With this
target system, beam currents between 2 uA and 40 ©A could
be used.

The effective target thickness has been determined using
elastic scattering via 2H(e, ¢*H) measurements where the
scattered electrons and the recoiling deuterons where detected
in coincidence. The 2H(e, ¢’*H) coincidence cross sections
were then compared to the single arm (*H(e, ¢/)*H) elastic
scattering cross sections of Platchkov et al. [21] and Auffret
et al. [22] to extract the cross section normalization factor
as a function of electron beam current. These normalization
measurements were performed in regular intervals during the
experiment. From fitting a line to the ratio of the measured
elastic cross section in this experiment to the Saclay data, we
found a current dependence of the target thickness of 0.1%/ A
(Fig. 3).

The normalization factor varied between 1.082 at 5 A and
1.12 at 40 pA. Contributions to this factor are the change of
the effective target thickness due to the horizontal rastering
of the beam position (4%), the 3% hydrogen admixture to the
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FIG. 3. (Color online) The ratio between the H(e, ¢’’H) elastic
(coincidence) cross section from this experiment and the interpolated
elastic (single arm) cross sections, measured at ALS in Saclay [21,22].
This ratio has been used to normalize all coincidence cross sections.

deuterium gas, and losses of recoil deuterons due to nuclear
reactions in the target material, estimated to be less than 3%.

The systematic error of the measured cross sections has
been determined to be about 6.2%. It contains contributions
from the uncertainty in the elastic deuteron cross section
(2%), estimated deuteron losses (2.5%) and the uncertainty
of the normalization factor due to the statistical error in the
2H(e, ¢"*H) cross section (1.7%).

The error due to the uncertainties in the kinematic variables
such as beam energy, beam direction, electron momentum and
direction and proton direction was estimated for each bin. Their
values lie between 0.3% and 4% depending on the kinematics.
The largest errors are found for the setting where the protons
are almost parallel (central setting where 6,.™ = 0°) to the
momentum transfer and the (e, ¢’ p) cross section is dominated
by f1 and fr. For this setting the experimental cross sections
were dominated by statistical errors and the extracted frr
provides just an upper limit. For the next setting (6, > 20°)
they are of the order of 1% and below for the rest of the data.
We have added these errors in quadrature to the statistical ones.

III. DETERMINATION OF fir

In order to extract the cross sections, the data have
been binned in two dimensions, missing energy and missing
momentum. The spectra have subsequently been radiatively
unfolded and corrected for the coincidence phase space
acceptance. For each bin in missing momentum, we obtained
the cross section by integrating over missing energy, where the
ZH(e, €’ p)n reaction produces a peak at 2.25 MeV.

The large acceptances of the spectrometers lead to large
regions in the kinematic variables that have been sampled
at each spectrometer setting. Cuts in ¢, w, 6, (the angle
between the ejected proton and the momentum transfer in
the laboratory frame), and ¢ have been applied (Fig. 4 and
Table II) in order to have well defined kinematic regions sam-
pled in each spectrometer setting. In addition to these global
kinematic cuts, the smaller kinematic regions contributing to
each missing momentum bin within a spectrometer setting
need to be analyzed. For this analysis we used the same Monte
Carlo program as has been employed to determine the phase
space acceptance (necessary to determine the coincidence
cross section) and included the full theoretical cross section to
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FIG. 4. (Color online) Cuts in gj,, and w applied to the different
kinematic settings [(a) I, (b) II, III, (c) IV see Table I]. The same cuts
have been applied to the corresponding ¢ = 180° settings.

estimate the yield. The distributions of the various kinematic
variables obtained from the Monte Carlo simulation agree well
with the experimental ones. As an example Fig. 5 shows the
relevant kinematic variables of the coincidence cross section
for kinematic setting VIII. The points with error bars are the
experimental values and the solid (red) line is the calculated
distribution, scaled to reproduce the experimental yield. In
addition experimental distributions of gj,, and w for ¢ ~ 0°
and ¢ ~ 180° are shown in Fig. 6. These distributions contain
all missing momenta accessible by each spectrometer setting.
While the distributions for the momentum transfer are quite
similar, considerably larger variations can be observed for w.
As a consequence one finds larger variations in the average w
for each missing momentum bin between the two ¢ settings
(Fig. 7).

We determined the average of the following kinematic vari-
ables for each missing momentum bin: the electron scattering
angle (6,), the momentum and energy transfers (wjap, g1ap) and

TABLE II. Angle cuts applied at the kinematic settings

Kinematics ¢min (O) ¢max (O) epqmin (O) epqma,( (O)
I —60 60 1 10
1T =35 35 5 15
111 —15 15 15 25
v —15 15 20 30
\'% 120 240 1 10
VI 145 215 5 15
VII 165 195 15 25
VI 165 195 20 30
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FIG. 5. (Color online) Comparison of the distribution of kine-
matic variables between the experiment and the Monte Carlo
calculation for kinematic setting VIII: (a) momentum transfer,
(b) energy transfer, (c) electron scattering angle, (d) missing momen-
tum, (e) angle between the proton momentum and the momentum
transfer, and (f) the angle between the reaction plane and the electron
scattering plane. Note: ¢, = ¢, = ¢.

the final proton momentum p ;. From these averaged quantities
and the missing momentum we subsequently calculated the
average angle between the outgoing proton and the momentum
transfer 6,,. This quantity could also have been obtained
directly from the Monte Carlo calculation; however, the
2H(e, €' p)n kinematics would then have been over-determined
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FIG. 6. (Color online) Comparison of the distribution of g, and
w for kinematic setting I and VI (a,b) for setting III and VII (c,d) and
for setting kinematic IV and VIII (e,f). The (red) circles correspond
to ¢ ~ 0° and the (blue) triangles correspond to ¢ ~ 180°.
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FIG. 7. (Color online) Averaged kinematic variables as a function
of missing momentum: three-momentum transfer in the lab frame
(a), energy transfer (b), electron scattering angle (c), proton angle
with respect to the momentum transfer in the lab (d) and in
the center of mass frame (e), total energy in the center of mass (f). The
red circles correspond to ¢ = 0° and the blue diamonds correspond
to ¢ = 180°. Points that are joined by a line are part of the same
spectrometer setting.

and the averaging process would have resulted in inconsistent
kinematic values. We therefore selected to calculate the
average value of 0, from the averaged values for p, gj,, and
Pm- The average kinematic variables as a function of missing
momentum are shown in Fig. 7.

From the same calculation we also obtained the averaged
values for the Mott cross section, the recoil factor (due
to the four-momentum conserving delta function [8,9]), the
kinematic factors for the response functions [i.e., the density
matrix for the virtual photon polarization p,, in Eq. (3)] and
averages of cos ¢ and cos2¢. p, can also be calculated from
the averaged kinematic values associated with each data bin.

From the general >H(e, ¢’ p)n cross section in Eq. (3) one
sees that the interference response functions can be extracted
from the ¢ dependence of the cross section. Most of the
data taken in this experiment are in or close to the electron
scattering plane, with ¢ angles distributed around ¢ = 0° and
¢ = 180°. We have decided to extract fyr from the cross
section difference:

1
CoSs ¢y — coS P

oL = Ciot * OMon * PLT * fLT- 3

orr = (00 — 0180), @)

Here cos(¢p) and cos(¢;) are averages for the settings centered
around ¢ = 0° and ¢ = 180° respectively, Cy, contains all
normalization factors, and oy 1S the averaged Mott cross
section for the bin considered. This separation required that all
kinematic variables except ¢ are identical. This is in general
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not the case as can be seen from Fig. 7. Only the central bin
approximately satisfies this condition.

In addition to the small overlap between the two ¢ settings,
the cross section determined for each missing momentum bin
differs slightly from the cross section corresponding to the
averaged kinematics associated with this bin. This difference
will also introduce a systematic error in the extracted response
function and needs to be corrected.

To correct for these effects we have calculated the averaged
cross section for each missing momentum bin. For one set
of calculations we used PWIA and the momentum distribution
calculated with the Paris potential, for the other set of
calculations we interpolated the theoretical response functions
that include FSI, MEC, and IC. These two calculations allow
one also to estimate the model dependence for correction
factors derived for the effects above.

The ratio between the cross section calculated for the

averaged kinematics (alfﬁll;) and the averaged cross section

(ocale) for each bin can be used to correct the experimental
cross section for bin centering (obezp)

calc

0 ingy
foo = oty ©)

acalc

exp __ ex
Ope = be'U p’

Bin centering corrections (9) are typically of the order of a few
percent and are larger at the edge of the acceptance compared
to its center (Fig. 8). The largest shifts occur for the ;™ = 0°
data set. The ratios calculated using PWIA are considerably
smaller and are also shown in Fig. 8.

The bin-centered, ‘experimental’ cross sections O’bez P (9)
together with the corresponding averaged kinematics can be
used for comparison with theory without the need to perform
a Monte Carlo averaging of the theoretical cross sections over
the full spectrometer acceptance. The drawback of bin center
corrections is that one introduces a certain amount of model
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FIG. 8. (Color online) Ratio between the averaged 2H(e, ¢’ p)n
cross section for each missing momentum bin and the cross section
calculated using the corresponding averaged kinematics. (a) Ratios
for ¢ = 0°. (b) Ratios for ¢ = 180°. The full lines joining the solid
symbols are calculated using the full theory while the dashed lines
are calculated using PWIA. The ratios fi. calculated with the full
calculation are used to correct the experimental cross sections as
described in the text.
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FIG. 9. (Color online) Ratio between the experimental values of
the response function f;r determined using the full calculation for
all corrections and using PWIA for the corrections. For comparison
the error bars indicate the relative error in f; 7.

dependence. Comparing the bin-centering corrections between
the full calculation and PWIA gives an estimate of the model
dependence of this approach (Figs. 8 and 9).

When we used the theoretical cross sections for the extrac-
tion of frr to test the extraction method we found deviations
of up to 15% between the obtained value for fyr and the
theoretical one. This was due to the mismatch in the kinematic
variables between the ¢ = 0° and the ¢ = 180° kinematic
settings for each corresponding missing momentum bin. These
differences affect especially the photon density matrix p;; and
the Mott cross section which should be independent of ¢.

The same model used to determine the bin centering
correction has therefore been applied in a second step to correct
for these kinematic differences for each p,, bin as follows: we
calculated the cross sections for exactly the same kinematics
as the ¢ = 0° data with ¢ changed to the appropriate values
of the ¢ = 180° data leading to 0. The experimental cross
sections for the ¢ = 180° data sets have then been corrected
for the kinematic mismatch by multiplying them bin-wise by

calc / calc .
Om / O'kin‘,,lv .

O.calc

Ulfz,}:n,(p:wo = 0;;,%:180 : % (10)
kin,,

The matched cross sections have then been used to
determine f;7 and the asymmetry Ay r defined as

Ay = (0p=0> — 0'4):180“). (11
(0p=0° + Op—180°)
The experimental results for f; 7 using the procedure described
above are shown in Fig. 11 and the one for Ay 7 are shown in
Fig. 12.

To estimate the effect of the model dependence of the entire
procedure on the extraction of f;r we have performed the
same analysis using PWIA in order to calculate the theoretical
cross sections. The ratio between f; obtained using the full
calculation which includes FSI, MEC, IC, and R and f;r
obtained using PWIA is shown in Fig. 9. In general the
observed deviations are considerably smaller than the error
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FIG. 10. (Color online) (a) Experimental cross sections as a
function of missing momentum; red circles correspond to the ¢ = 0°
settings and blue triangles correspond to the ¢ = 180° kinematics.
The lines represent theoretical calculations [7]; coupled channel
calculation (CC, solid), PWBA (dotted), FSI and relativistic correc-
tions (N+R, dash-dot) and FSI, MEC, IC and relativistic corrections
(N+MECHIC+R, dashed). (b) Ratio between experimental cross
sections and calculation for ¢ = 0°. (c) Ratio between experimental
cross sections and calculation for ¢ = 180°. The labeling of the
calculations is the same as for the top panel.

of frr and except for the edges of the acceptance smaller than
10%. For the comparisons with the calculations we always
used those experimental values that have been extracted using
the full calculation for the correction factors.

IV. RESULTS AND DISCUSSION

A comparison of the calculated cross sections to the exper-
imental ones as a function of missing momentum is presented
in Fig. 10. The red circles correspond to kinematic settings
centered around ¢ = 0° and the blue triangles correspond to
kinematic settings centered around ¢ = 180°. In order to better
compare the experimental cross sections to the calculated ones
the ratio between experiment and calculation is shown in the
lower two graphs in Fig. 10. While the general behavior of
the cross sections as a function of missing momentum is well
reproduced by the calculation, one finds that the experimental
cross sections are generally of the order of 10 to 20% below the
calculation especially for the ¢ = 0° kinematics. This behavior

PHYSICAL REVIEW C 78, 054001 (2008)
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FIG. 11. (Color online) (a) Extracted interference response func-
tion frr as a function of missing momentum. The smaller error
bar represents the statistical error and the larger one includes the
systematic uncertainty. As in Fig. 10 the lines represent the theoretical
calculations. (b) Ratio between experimental values of f;r and
calculations. The labeling of the calculations is the same as for (a).

is similar to what has been observed in other experiments as
well and needs further study [2,4,5].

The coupled channel calculation [7], including explicit pi-
onic degrees of freedom and using the Bonn-OBEPR potential
seems to agree best with the experimental data (solid lines).
This is the same calculation that was compared to experimental
results in a determination of the interference response function

0.0

_Ul L

0. ‘ ‘ : : : :
60 50 100 150 200 250 300 350
Pm(MeV/c)

FIG. 12. (Color online) The asymmetry A,y compared to the
calculation. The labeling of the curves is the same as in Figs. 10 and
11. Both the statistical and the total errors are indicated.
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frr in the delta region by Pellegrino et al. [12]. Among the
impulse approximation based calculations the best agreement
is obtained by the calculation including FSI and R (N+R),
while the one including all contributions (N+MEC+IC+R),
systematically over-predicts the cross sections for ¢ = 0° as
well as for ¢ = 180°. In Fig. 12 the extracted asymmetry
Apr (11) is compared to the one determined from the
coupled channel model (CC, solid curve). The calculation
systematically deviates from the experiment in the same region
where the cross sections deviate. This indicates that this
discrepancy is not due to an overall normalization factor in
the cross sections since an overall factor would cancel in A .
The observed deviation could be due to a discrepancy in the
interference response function or the longitudinal ( f;) and/or
the transverse (fr) responses. We compared the extracted
response function f7r to the one calculated from the coupled
channel calculation (Fig. 11) and found that the calculation
agrees well with the experiment within the experimental error
bars. This suggests that the observed differences in the cross
section is not due to a difference in f; 7 but due to a discrepancy
in the longitudinal/transverse responses.

This is in agreement with the experiments mentioned in
the introduction that extracted f; and fr and found that the
experimental value of f; is systematically smaller than the
calculated f; [16,18].

V. SUMMARY AND CONCLUSION

In summary, we have measured the *H(e, ¢'p)n cross
section for missing momenta up to 290 MeV/c at ¢ = 0°
and ¢ = 180° and extracted the interference response function
frr. This response is well reproduced by the coupled channel

PHYSICAL REVIEW C 78, 054001 (2008)

calculation using the Bonn potential. The measured cross
sections are systematically below the calculations by 10-20%
for missing momenta between 100 MeV/c and 200 MeV/c.
This same behavior can also be observed in other experiments
[2,4,5]. The fact that the extracted experimental values for
frr agree well with the calculation leads to the conclusion
that the cross section deviations at lower missing momenta are
due to differences in the longitudinal and/or the transverse
responses. To further investigate this issue would require
an L/T separation which has not been carried out for this
kinematics to date.
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APPENDIX: KINEMATICS TABLES
AND NUMERICAL RESULTS

Tables III-X contain the average kinematic setting for each
bin in missing momentum together with the experimental
cross section, the bin corrected cross section and the statistical
and systematic errors. Tables XI-XIV contain the extracted
response function f;r including statistical and systematic
errors, the asymmetry Apr including all its errors and the
corrected experimental cross section for the ¢ = 180° setting
matched to the kinematics at ¢ = 0° as described in the text
above.

TABLE III. Averaged kinematics and cross sections for setting: I.

Pm ee w qiab 91172;; ¢pq Pr Oexp O.ebxi;corn A Ostat =AY Osys

2 ) 2
MeV/e) () (MeV)  (MeV/e) () ) MeV/e) (G, () (s ()
35.0 45.17 190.0 609.5 3.07 3291 621.3 349 x107¢  3.44 x10°° 3.5 x 1077 2.4 x 1077
45.0 45.15 193.3 609.0 3.85 32.46 626.4 1.90 x 107 1.83 x 1076 1.6 x 1077 1.3x 1077
55.0 45.07 196.3 607.9 4.62 33.55 630.9 1.22x 107 1.15x 107° 1.2 x 1077 7.9 x 1078
65.0 44.99 200.0 606.7 5.34 38.75 636.3 6.89 x 1077 6.19 x 1077 8.4 x 1078 4.4 %1078
75.0 44.88 201.7 605.3 6.23 45.38 637.9 5.88x 1077 5.18 x 1077 1.6 x 1077 3.7 x 1078

TABLE IV. Averaged kinematics and cross sections for setting: II.

Pm 99 w qiab 9:;:; (b Pq Pr Oexp Uel;i; o A Ostat A Ojsys

2 2 2 2
MeV/e) () (MeV)  (MeV/e) () ) MeVie)  (5) () (s ()
85.0 44.92 199.4 605.8 7.48 8.35 632.3 3.67 x 1077 3.55 x 1077 4.6 x 107 2.3 x 1078
95.0 4491 202.6 605.5 8.30 8.39 636.3 1.73 x 1077 1.65 x 1077 3.3 x107° 1.1 x 1078
105.0 44.90 204.8 605.3 9.20 8.27 638.3 1.17 x 1077 1.11 x 1077 2.7 x 107 7.3 x 107°
115.0 44.89 204.7 605.2 10.25 8.27 636.0 7.51 x 1078 7.11 x 1078 1.4 x 107 4.7 x 107°
125.0 44.89 204.5 605.2 11.29 8.19 633.4 491 x 1078 4.66 x 1078 1.1 x107° 3.1 x107°
135.0 44.89 204.2 605.3 12.33 8.15 630.3 346 x 1078 3.27 x 1078 8.9x1071"  22x107°
145.0 44.86 200.4 605.2 13.50 8.27 621.1 236 x 1078 221 x 1078 6.6 x 1071 1.5x107°
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TABLE V. Averaged kinematics and cross sections for setting: III.

Pm 0. @ G1ab 91;;; ¢pq Py Uexp O.et;i;corn :tAO’Sm :EAUSYS
o o o fm: fm

(MeV/c) “) (MeV) (MeV/c) (@) ®) (MeV/c) (MeV Sr2) (m) (MeV SrZ) (m)
180.0 44.89 204.9 605.1 16.88 7.52 618.2 6.48 x 10™°  6.30 x 10~° 54 x 1071 4.0x 1071
190.0 44.89 201.1 605.5 18.02 7.52 607.7 540 x 1070 5.12x 107° 42 %1071 34 x 10710
200.0 44.90 200.4 605.6 19.05 7.52 602.6 411 x107° 3.85x 107~ 3.6 x 10710 2.6x 10710
210.0 44.90 201.2 605.6 20.05 7.39 600.1 3.29 x 10°  3.08 x 10~ 33x 10719 2.0x 10710
220.0 44.90 201.1 605.6 21.08 7.25 595.9 268 x 1070 252 x107° 28 x 1071 1.7 x 10710
230.0 44.90 200.8 605.6 22.12 7.11 590.8 231 x107°  2.19 x 107° 28x 1071 1.4 x10710
240.0 44.90 197.9 605.8 23.21 7.16 581.1 2.60 x 107 2.52x 107° 3.0x 10719 1.6 x 10710
250.0 44.92 192.5 606.4 24.31 7.16 566.3 3.69 x 1070 3.69 x 107° 54x 1071 23 x 10710

TABLE VI. Averaged kinematics and cross sections for setting: I'V.
Pm ee 2] qlab 9;:23 ¢pq pPr Uexp o et;igcorr A Ostat A Usys
MeV/e) () (MeV)  (MeV/e) () ¢y MeVio) s TR Vs Vw57
230.0 45.00 202.3 606.5 22.06 6.83 593.8 256 x 107° 248 x 107° 25%x 1071 1.6 x 1071
240.0 45.02 200.5 607.0 23.13 6.88 585.8 222 %1070 216 x107° 24x 10710 14 x 10710
250.0 45.03 200.4 607.1 24.17 6.69 580.8 225x107°  2.20x 107° 2.1x 10710 1.4 %1071
260.0 45.03 200.3 607.1 25.22 6.43 575.6 224 x107° 221 x107° 23x 1071 1.4 x 1071
270.0 45.03 200.6 607.1 26.27 6.17 571.1 1.93 x 107° 1.92 x 107° 22x 10710 1.2 x 10710
280.0 45.05 200.5 607.2 27.33 5.96 565.7 1.94 x 10~° 1.94 x 10~° 26x 10710 1.2x 1071
290.0 45.10 196.1 608.1 28.43 5.96 551.8 282 x 1070 286 x107° 3.6 x 10719 1.8 x 10710

TABLE VII. Averaged kinematics and cross sections for setting: V.
Pm ge @ G1ab 91;;; ¢pq p f Uexp Ug;w"‘ A Uslal A Usys
(MeV/e) () (MeV)  (MeV/e) () ) MeVie)  (5) (s) () (o)
35.0 45.20 191.7 609.7 2.95 145.04 624.5 338 x 107  3.33x 10°° 2.5 x 1077 2.2 x 1077
45.0 45.15 197.7 608.5 3.39 144.54 634.4 1.75 x 107 1.66 x 107 1.6 x 1077 1.1 x 1077
55.0 45.13 203.7 607.7 3.77 144.67 644.2 1.34 x 107 1.25 x 1076 1.3 x 1077 8.7 x 1078
65.0 45.09 209.6 606.9 4.12 145.17 653.5 8.89 x 1077 8.25 x 1077 9.5 x 1078 5.8 x 1078
75.0 44.99 214.0 605.5 4.69 145.29 659.8 588 x 1077 5.38 x 107”7 8.0 x 1078 3.8 x 1078
85.0 44.94 216.4 604.8 5.64 144.87 662.6 386 x 1077 3.55 x 1077 8.5x 1078 2.5 x 1078

TABLE VIII. Averaged kinematics and cross sections for setting: VI.
Pm 91' w Giab 911;2) d’pq pPr Uexp aebxi;corn A Ostat A Ojsys

2 2

MeVie) () (MeV)  (MeVie) () () MeVie)  (5m) () o) )
85.0 44.88 191.9 606.0 7.86 171.53 619.0 460 x 1077 4.63 x 1077 1.3x1078 2.9 x 1078
95.0 44.89 194.9 605.8 8.73 171.61 622.5 296 x 1077 2.96 x 1077 7.7 x 10~ 1.9 x 1078
105.0 44.90 197.9 605.7 9.60 171.65 626.0 2.02x 1077 2.00 x 1077 53 x 107° 1.3 x 1078
115.0 44.90 200.5 605.6 10.48 171.69 628.6 1.38 x 1077 1.37 x 1077 4.5 % 107 8.7 x 107°
125.0 44.90 203.2 605.4 11.36  171.69 631.0 9.09 x 1078 8.96 x 1078 2.7 x 107 5.7 x 10~°
125.0 44.90 203.2 605.4 11.36  171.69 631.0 9.09 x 10°% 9.22 x 1078 2.7 x 107° 5.7 x 107°
125.0 44.90 203.2 605.4 11.36  171.69 631.0 9.35 x 1078 8.96 x 1078 3.7 x107° 59 x 107°
125.0 44.90 203.2 605.4 11.36  171.69 631.0 9.35x 10°%  9.22 x 1078 3.7 x 107° 59 x 10~°
135.0 4491 206.4 605.3 12.21  171.65 634.4 7.16 x 107®  7.05 x 1078 2.4 x107° 45 %107
145.0 44.92 211.1 605.0 12.97 171.65 640.3 475 x 1078 472 x 1078 2.0 x 107 3.0x 107°
145.0 44.92 211.1 605.0 12.97 171.65 640.3 475%x 1078  4.81 x 1078 2.0 x 10~ 3.0 x 10~°
145.0 44.92 211.1 605.0 12.97 171.65 640.3 484 %1078 472 %1078 23 x107° 3.0 x 107°
145.0 44.92 211.1 605.0 12.97 171.65 640.3 484 x107% 481 x 1078 23 x 107 3.0x 107°
155.0 44.92 215.2 604.7 13.77 171.69 644.9 371 x 1078 3.72 x 1078 2.0 x 10~ 23 x 107°
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TABLE IX. Averaged kinematics and cross sections for setting: VIII.

D 6, 1) GQrap o By Pr Oexp ofneor: + Ao +A0ys
MeV/e) () (MeV)  (MeV/e) () ) MeVe) (G, () (e ()
180.0 44.87 191.0 606.0 17.22  172.10 592.9 1.75x 1078 1.77 x 1078 1.1 x 107° 1.1 x 107°
190.0 44.89 194.5 605.9 18.17 172.14 595.6 134 x 1078 1.34x 1078 8.4 x 10719 83 x 10710
200.0 44.89 197.7 605.7 19.12 172.10 597.8 1.02 x 1073 1.01 x 1073 6.4x 10710 6.4 x 10710
200.0 44.89 197.7 605.7 19.12  172.10 597.8 1.02x 107% 923 x 10~ 6.4x 10710 6.4 x 1071
200.0 44.89 197.7 605.7 19.12  172.10 597.8 933 x 10 1.01 x 1078 6.1 x 1071 58 x 10710
200.0 44.89 197.7 605.7 19.12  172.10 597.8 933 x 100 923 x107° 6.1 x 1071 58 x 10710
210.0 44.90 200.9 605.5 20.06 172.14 599.6 8.43x107° 8.25x 107? 5.6 x 10710 52 x 10710
220.0 44.90 202.8 605.4 21.04 172.14 599.1 6.10x 10™° 593 x 107° 45x%x 1071 38x 10710
230.0 44 91 203.6 605.5 22.05 172.14 596.2 4.44 x 107° 4.29 x 107 3.6 x 10710 2.8 x 1071
240.0 44.93 206.8 605.5 23.00 172.14 597.7 4.15%x 107  4.06 x 10~° 3.7x 10719 2.6 x 10710
250.0 44.94 212.1 605.2 23.88 172.14 603.2 370 x 107°  3.71 x 107° 42 %1071 23 x 10710
260.0 44.97 219.4 605.1 24.65 172.31 612.3 3.59 x 107° 3.63 x 107° 6.3x 10710 22x 10710
TABLE X. Averaged kinematics and cross sections for setting: VIII.
Pm 96 w qiab 911,2:; (b Pq Pr Oexp ael;i;com A Ostat A Osys
MeV/e) () (MeV)  (MeVie) () ) MeVie)  (5i) () () ()
230.0 45.00 194.3 607.2 2220 172.39 578.8 513 x 1070 5.10x 107° 3.8x 10719 32x 10710
240.0 45.00 198.1 606.9 23.18 172.39 581.4 428 x 107°  4.21 x 10~° 3.1x 10719 27 x 10710
250.0 45.01 201.1 606.7 24.16  172.39 582.2 346 x 1070 3.37x107° 25x 10710 22 x 10710
260.0 45.02 202.1 606.8 25.19 172.39 579.2 3.33 x 107° 3.23 x 107° 23x 10710 2.1 x 10710
270.0 45.03 202.5 606.9 2624  172.44 574.6 231 x107° 223 x107° 20x 10710 1.4 x 1071
280.0 45.06 204.5 607.0 27.25 17248 573.3 1.87 x 107 1.82x 107 1.8 x 1071  12x 10710
290.0 45.09 208.8 607.0 28.22  172.48 576.2 2.01 x 107° 1.99 x 107 2.3 x 10710 1.3 x 10710
300.0 45.10 214.1 606.8 20.16 172.44 580.8 1.95x 107°  1.96 x 10~° 2.1x 10710 12x 1071
TABLE XI. f;r and A, 7 from settings: I and V.
pm (MeV/c) Sfrr (fm) Afrrg, fm)  Afrrg, (fm) Arr AALT s AALT sy Oexpom (ﬁ;g)
35.0 1.20 x 1078 5.4 x 1078 44 %1078 1.40 x 1072 6.2 x 1072 5.1 x 1072 3.34 x 107
45.1 1.92 x 1073 2.8 x 1078 2.2 x 1078 4.23 x 1072 6.2 x 1072 4.8 x 1072 1.68 x 107
55.0 —1.69 x 1078 2.1x 1078 1.5 x 1078 —5.27 x 1072 6.6 x 1072 4.7 x 1072 1.27 x 107
65.0 —3.14 x 1078 1.6 x 1078 9.6 x 10~ —1.54 x 107! 7.9 x 1072 45 %1072 8.43 x 1077
TABLE XII. f;r and A7 from settings: I and VI.
Pm (MGV/C) fLT (fm) AfLT,w.[ (fm) AfLTsys (fm) ALT AALT,stat AALT,sys Uexp,m (ﬁ)
85.0 —1.12 x 1078 1.6 x 107° 4.1 x 107° —1.22 x 107! 1.5 x 1072 4.4 x 1072 4.54 x 1077
95.1 —1.47 x 1078 9.5 x 10710 2.4 x 107° —2.79 x 107! 1.5 x 1072 4.1 x 1072 2.92 x 1077
105.1 —1.03 x 1078 6.8 x 10710 1.7 x 107 —2.85 x 107! 1.6 x 1072 4.1 x 1072 1.99 x 1077
115.1 —7.68 x 107 5.4 x 10710 1.1 x107° —3.15 x 107! 1.7 x 1072 4.0 x 1072 1.36 x 1077
125.1 —5.09 x 10~ 33 x 10710 7.5 x 10710 —3.16 x 107! 1.6 x 1072 4.0 % 1072 8.97 x 1078
125.1 —5.09 x 10~ 33 x 10710 7.5 x 10710 —3.16 x 107! 1.6 x 1072 4.0 x 1072 9.22 x 1078
125.1 —5.39 x 107 4.5 x 10710 7.7 x 10710 —3.29 x 107! 2.0 x 1072 4.0 x 1072 8.97 x 1078
125.1 —5.39 x 10~ 4.5 % 10710 7.7 x 10710 —3.29 x 107! 2.0 x 1072 4.0 % 1072 9.22 x 1078
135.1 —4.49 x 107 3.0x 10710 5.8 x 10710 —3.67 x 107! 1.8 x 1072 3.8 x 1072 7.06 x 1078
145.1 —2.96 x 107 2.5 x 10710 3.8 x 10710 —3.66 x 107! 2.2 x 1072 3.8 x 1072 4.76 x 1078
145.1 —2.96 x 10~ 2.5 x 10710 3.8 x 10710 —3.66 x 107! 22 x 1072 3.8 x 1072 4.85 % 1078
145.1 —3.07 x 107 2.7 x 10710 3.9 x 10710 —3.74 x 107! 2.4 x 1072 3.8 x 1072 476 x 1078
145.1 —3.07 x 107 2.7 x 10710 3.9 x 10710 —3.74 x 107! 2.4 x 1072 3.8 x 1072 4.85 x 1078
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TABLE XIII. f;7 and A, 7 from settings: III and VIIL.

pm (MeV/c) Srr (fm) Afrrg, (fm)  Afrrg, (fm) Arr AALT stat AALT sy Oexpm (ﬁ;z)
180.0 —1.29 x 107 1.4 x 10710 1.4 x 10710 —4.57 x 107! 4.1 x 1072 3.5 x 1072 1.69 x 1078
190.0 —9.57 x 10710 1.1 x 10710 1.1 x 10710 —4.37 x 107! 4.0 x 1072 3.6 x 1072 1.31 x 1078
200.0 —7.47 x 10710 8.7 x 1071 8.1 x 1071 —4.45 x 107! 43 x 1072 3.5 x 1072 1.00 x 1078
200.0 —7.47 x 10710 8.7 x 10711 8.1 x 1071 —4.45 x 107! 43 x 1072 3.5 x 1072 9.15 x 107~
200.0 —6.39 x 10710 8.3 x 1071 7.5 x 107! —4.07 x 107! 4.6 x 1072 3.7 x 1072 1.00 x 1073
200.0 —6.39 x 10710 8.3 x 1071 7.5 x 1071 —4.07 x 107! 4.6 x 1072 3.7 x 1072 9.15 x 10~°
210.1 —6.31 x 10710 7.7 x 1071 6.7 x 10711 —4.56 x 107! 4.8 x 1072 3.5x 1072 8.25 x 107°
220.1 —4.22 x 10710 6.3 x 1071 5.0 x 107! —4.04 x 107! 5.3 x 1072 3.7 x 1072 5.95 x 107°
230.1 —2.65 x 10710 5.5 x 1071 3.7 x 1071 —3.28 x 107! 6.5 x 1072 3.9 x 1072 433 x 107°
240.1 —2.05 x 10710 5.9 x 1071 3.7 x 1071 —2.48 x 107! 6.9 x 1072 4.1 x 1072 4.19 x 107°
TABLE XIV. fr7 and A7 from settings: IV and VIIL.
Pm MeV/c) Sfrr (fm) Afrry, (fm) AfLTsys (fm) Arr AALT stat AALT s Oexp,m (ﬁ;rz)
230.0 —3.02 x 10710 5.5 x 1071 43 x 10711 —3.26 x 107! 5.5 x 1072 3.9 x 1072 4.88 x 107
240.0 —2.51 x 10710 4.8 x 10711 3.7 x 1071 —3.16 x 107! 5.9 x 1072 4.0 x 1072 4.15 x 107°
250.0 —1.50 x 10~1° 4.1 x 1071 3.2 x 107! —2.12 x 107! 5.7 x 1072 42 %1072 3.38 x 10~°
260.0 —1.34 x 10710 4.1 x 10711 3.1 x 1071 —1.91 x 107! 6.0 x 1072 4.2 x 1072 3.25 x 107°
270.1 —4.37 x 10711 3.8 x 1071 2.4 x 1071 —8.03 x 1072 7.0 x 1072 4.4 %1072 2.26 x 107°
280.0 9.76 x 10~'2 4.2 x 107" 2.2 x 107! 1.95 x 1072 8.3 x 1072 44 %1072 1.87 x 10~°
290.0 9.07 x 1071 5.7 x 1071 2.9 x 1071 1.39 x 107! 8.3 x 1072 4.3 x 1072 2.17 x 107°
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