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Deuteron breakup has been studied in a 2H�e, e0p� coincidence experiment at low momentum transfer
and for energies close to threshold. The longitudinal-plus-transverse (L 1 T ) and longitudinal-transverse
(LT) interference cross sections are deduced. Nonrelativistic calculations based on the Bonn potential
and including leading order relativistic contributions, meson exchange currents, and isobar configurations
describe the (L 1 T ) data well. Surprisingly, large deviations of 30% to 45% are observed for the LT
contribution.
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The electromagnetic deuteron breakup —photo- and
electrodisintegration —is a subject of continuing interest
because the two-body system provides the simplest nuclear
system for which many aspects of the strong interaction
can be studied in great detail in the framework of effective
degrees of freedom, e.g., realistic meson exchange poten-
tials, the role of meson exchange (MEC) and isobar (IC)
currents, and the question of relativistic effects (RC). Over
the years a wealth of experimental information has been
accumulated for deuteron photodisintegration through
measurements of total and differential cross sections and
polarization observables as well [1].

Electrodisintegration provides even further-reaching in-
formation because it allows independent variations of en-
ergy and momentum transfer. With the availability of
continuous wave electron beams a new quality of data is
emerging from 2H�e, e0p� coincidence experiments. How-
ever, even in the low energy domain between breakup and
pion production threshold we have very little experimen-
tal information on the longitudinal and transverse structure
functions and the interference ones which govern the co-
incidence cross sections. While the longitudinal structure
function fL is determined by the realistic NN interaction
model alone and almost independent of MEC, the latter
play an important role in the transverse structure function
fT and, e.g., have been extensively investigated in thresh-
old experiments covering a wide range of momentum trans-
fers (for a review, see Ref. [2]). Similarly, the interference
structure functions fLT and fTT— although much more dif-
ficult to measure—contain interesting information. For
example, fLT shows a pronounced sensitivity to relativis-
tic effects while the role of IC can be tested in fTT .

Most coincidence experiments of deuteron electrodis-
integration so far have been performed in the quasielas-
tic regime and for high energy transfers [3–10] except for
one measurement [11] at relatively low momentum transfer
q � 0.33 fm21 and an excitation energy Ex � 18 MeV.
The present study aims at a kinematical regime of even
lower q and energies closer to the breakup threshold which
is hitherto experimentally unexplored.
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The present measurements were performed at the
superconducting Darmstadt electron linear accelerator
S-DALINAC [12] at an incident electron energy E0 �
85 MeV. Some additional data were taken at E0 �
50 MeV. Scattered electrons were observed at an angle
Qe � 40± with a QCLAM magnetic spectrometer provid-
ing a large solid angle of about 35 msr [13]. Coincident
protons resulting from the breakup of 2H were simulta-
neously detected with 7 DE 2 E Si telescopes capable
to identify protons with energies up to 16 MeV. Further
details of the �e, e0p� detection setup can be found in
Refs. [14,15]. The kinematic variables are described in
the inset of Fig. 1. Because a strong variation of the
cross sections with the proton emission angle Qp (defined
relative to the momentum transfer in the center-of-mass
frame) was expected, the solid angles varied between
about 2 msr at forward angles and 15 msr at Qp � 90±,
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FIG. 1. Spectrum of the 2H�e, e0p� reaction at E0 � 85 MeV,
Qe � 40±, Qp � 0±, and Fp � 45± as a function of the trans-
ferred energy E0. The solid line represents calculations described
in the text normalized to the data. For better visibility the result
is divided by a factor of 5 for E0 , 3.3 MeV. The energy re-
gion accessible in a previous experiment at Sendai for a similar
momentum transfer [11] is indicated. The kinematic variables
of the experiment are defined in the inset.
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such that approximately constant counting rates were ob-
served at all angles. The telescopes were mounted on a
three-axis goniometer to permit in addition a variation of
the azimuthal angle Fp . For a decomposition of the
structure functions data were taken for values Fp � 0±,
45±, 135±, and 180±. For each azimuthal angle two dif-
ferent goniometer settings were measured resulting in a
total of 14 data points for the polar angular correlations.

Targets were made of deuterated polyethylene [�C2H4�n]
with a thickness of 1 1.5 mg�cm2. Absolute cross sec-
tions were determined by normalizing to elastic scattering
on deuterium and carbon, and independently by a mea-
surement of the total collected charge in a Faraday cup.
Because of the sensitivity to the heat induced by the large
electron energy loss, the target was periodically moved by
a wobbling device [16] and beam currents were limited to
about 1 mA. Calibration runs were repeated after a few
hours of coincidence data taking.

The experimental cross sections contain statistical and
systematical uncertainties. The latter were estimated from
Monte Carlo simulations of the data allowing for varia-
tions of the normalization between different runs (#10%)
and geometrical effects such as beam position on target,
solid angle of the proton telescopes, etc. (#5%). The large
body of results precludes full publication in the present pa-
per. However, cross sections for some of the examples dis-
cussed below are given in Table I as examples. Complete
tables are available; see Ref. [17].

The experiment has been kinematically complete and
the 2H excitation could be reconstructed from the data for
each set of proton emission angles (Qp, Fp ). Figure 1
displays as an example the experimental spectrum as a
function of the transferred energy E0 observed at Qp � 0±

and Fp � 45±. Because of high singles count rates it was
necessary to set a hardware threshold in the proton counters
which affects the data for energies E0 , 6 MeV. Radiative
corrections to the spectra were performed following the
approach of Ref. [18]. However, because the data do not
extend down to the breakup threshold, theoretical spectra
computed within the model outlined below had to be used
to determine the necessary corrections as a function of
excitation energy.

The experimental results are compared to a nonrelativis-
tic calculation [19,20], using for the NN interaction the
TABLE I. Double-differential cross sections d2s�dVedVp (nb�sr2) of the reaction 2H�e, e0p� at E0 � 85 MeV and Qe � 40± as
a function of the polar proton emission angle Qp for an excitation energy bin Ex � 8 10 MeV.

Qp s�Fp � 45±� �sL 1 sT � sLT Qp s�Fp � 45±� �sL 1 sT � sLT

1.2± 142(5) 140(5) 21.48�15� 79.9± 1.7(17) 5.3(10) 21.93�9�
14.7± 110(5) 125(4) 216.7�16� 154.1± 31.5(92) 20.8(25) 10.5(14)
28.3± 70(3) 89(3) 225.0�19� 161.4± 23.1(45) 22.5(16) 8.0(11)
41.8± 23.7(33) 50(2) 225.0�14� 167.8± 22.0(56) 24.0(25) 5.37(73)
54.9± 8.9(21) 20.5(11) 219.2�12� 174.2± 29.1(80) 25.0(33) 2.61(36)
67.7± 0.28(28) 6.7(9) 210.5�12� 179.5± 24.2(80) 25.0(36) 0.28(4)
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Bonn one-boson exchange potential model in r space [21].
Effects of the final state interaction (FSI), MEC, and IC are
included. Furthermore, the most important leading order
relativistic contributions from the spin-orbit current and
the kinematic boost are also added [22,23], providing a
reasonable description of elastic electron scattering [24].
At the low momentum transfer studied here, the choice of
a specific realistic potential leads to small variations of less
than 0.5% only.

The result of such a calculation is shown in Fig. 1 as a
solid line. Good agreement is obtained between the mea-
sured and the calculated spectra for transferred energies
above about 6 MeV. A similar description is achieved at
other polar angles not shown here. The hardware thresh-
old discussed above necessitated a restriction of the fur-
ther analysis to excitation energies (after transformation to
the center-of-mass system) Ex � 8 16 MeV. Neverthe-
less, compared to the previous experiment in [11], ener-
gies considerably closer to the breakup threshold could be
investigated.

The polar angle dependence of the double differential
coincidence cross section is displayed in Fig. 2 for the ex-
citation energy bin Ex � 8 10 MeV as an example. Addi-
tionally, an angle set measured at E0 � 50 MeV is shown.
For both electron energies the angular correlations are very
well described by the theoretical model, with respect to the
shape as well as on an absolute scale.

An in-depth comparison between experiment and theory
requires a decomposition into the different structure func-
tions fL, fT , fLT , and fTT . Unlike, e.g., in Ref. [3], the
analysis is performed here in terms of the measured triple-
differential cross sections which can be written schemati-
cally as

d3s

dExdVedVp
�

d3

dExdVedVp
�sL 1 sT 1 sLT cosFp

1 sTT cos2Fp� . (1)

The partial cross sections in Eq. (1) are the products of
purely kinematical factors and the structure functions f
discussed above (for details see, e.g., Ref. [19]). By varia-
tion of Fp it is possible to separate the interference terms
sLT and sTT from the longitudinal-plus-transverse cross
sections �sL 1 sT �
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FIG. 2. Double-differential cross sections of the 2H�e, e0p�
reaction at E0 � 50 and 85 MeV for an excitation energy bin
Ex � 8 10 MeV of the breakup spectra (see Fig. 1) as a func-
tion of the polar proton emission angle Qp . The solid lines
represent theoretical predictions described in the text.
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The decomposition of these various pieces was the main
goal of the present experiment. A decomposition of sL

and sT by a Rosenbluth separation would require addi-
tional data. In order to perform the summations/subtrac-
tions of Eqs. (2)–(4), the experimental angular correlation
data (see Fig. 2 and [25] for examples) were fitted with
Legendre polynomials up to order four.

The resulting �sL 1 sT � cross sections are presented
in Fig. 3 as a function of Qp for Ex � 8 10 MeV. The
values are given relative to the one at Qp � 0± to make
the comparison with model calculations independent of the
absolute normalization of the data. Reasonable agreement
with the theoretical predictions is observed. The sL and
sT contributions to the latter are shown as dashed and
dash-dotted lines in Fig. 3. Transverse cross sections are
relevant only near Qp � 90±. The underprediction of the
experimental data point closest to Qp � 90±, where sT

dominates, seems to be a systematic feature observed at
all excitation energies although partly less pronounced.
The excitation energy dependence of the �sL 1 sT � cross
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FIG. 3. Sum of the double-differential longitudinal and trans-
verse cross sections (sL 1 sT ) of the 2H�e, e0p� reaction at
E0 � 85 MeV for an excitation energy bin Ex � 8 10 MeV as
a function of the polar proton emission angle Qp . The dashed
and dash-dotted lines are theoretical predictions for sL and sT
(see text), and the solid line is the sum of both.

sections after integration over the proton emission angle is
also well accounted for by the theoretical results [25].

Angular correlations of the sLT term are presented in
Fig. 4 for different excitation energy bins. The cross sec-
tions are again normalized to �sL 1 sT � at Qp � 0±. The
experimental results show a pronounced minimum around
30± and indicate a zero crossing near 90±. The theoretical

FIG. 4. Double-differential longitudinal-transverse interference
cross sections sLT of the 2H�e, e0p� reaction at E0 � 85 MeV
for various excitation energy bins as a function of the polar
proton emission angle Qp . The solid lines represent theoretical
predictions described in the text.
202304-3



VOLUME 88, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 20 MAY 2002
predictions can reproduce the experimental angular cor-
relations qualitatively. However, the absolute values are
significantly underpredicted over the whole experimentally
covered excitation region. The ratio between experiment
and theory at the minimum of the angular correlation varies
between 1.3 and 1.45.

At present, the standard nuclear theory in the frame-
work of effective degrees of freedom does not offer any
simple explanation for such a large discrepancy. It should
be noted that theoretical difficulties in the description of the
LT structure function already appeared for data measured
at higher q. Although fully relativistic calculations gen-
erally improve the comparison [3,5–8], significant differ-
ences remain (for a comprehensive review see Ref. [26]).
At the low q of the present experiment already the con-
ventional nonrelativistic approach without MEC, IC, and
RC accounts for 99% of the final result for sLT , leaving
no room for further improvement. On the other hand, the
experimental uncertainties estimated above are too small
to explain the large difference between data and calcula-
tion. The most critical error source lies in the absolute
normalization of the cross sections measured at different
azimuthal angles Fp . However, the very good cancella-
tion obtained in Fig. 4 for the data points near Qp � 0±

and 180±, where helicity conservation requires that sLT

vanishes, makes such an explanation unlikely.
The contributions of the sTT term are predicted to be

more than an order of magnitude smaller than the sLT

term. Since it must be extracted from the subtraction of
large numbers measured at different azimuthal angles
[cf. Eq. (4)] the uncertainties of the present data are too
large for a meaningful comparison to theory.

To summarize, a study of deuteron breakup in the
2H�e, e0p� reaction at low momentum transfer and for
excitation energies approaching the threshold has been
presented. The �sL 1 sT � data are in good agreement
with calculations based on the Bonn potential and includ-
ing FSI, MEC, IC, and RC effects. However, there are
hints that the transverse part may be systematically under-
estimated. Furthermore, large deviations are observed
near the minimum of the sLT angular correlations around
Qp � 30± over the whole excitation energy range inves-
tigated, providing another example for the importance of
out-of-plane measurements of interference terms [27] as
a sensitive test of the NN interaction. At present, there
exists no explanation of this surprising result in the
framework of the conventional nuclear theory.

It is an open question whether an alternative interpre-
tation can be offered by effective field theory (for cal-
culations of electromagnetic processes on deuterium see
[28–31]). However, the results related to the reaction stud-
ied here [29,31] do not differ substantially from those of
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the conventional approach. Experimentally, a separation of
sL and sT and a further approach towards the threshold
[e.g., with a recently developed setup for �e, e0n� experi-
ments [32] ] would be of particular interest.
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