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Abstract

The total and the differential cross sections for the D(7,p)n reaction have been
measured over the photon energy range 100 - 800 MeV at the 855 MeV MAMI
Microtron in Mainz. Using -the large acceptance tietector DAPHNE in conjunction
withr-4he iSlasgow tagging spectrometer, high precision, results-with omall system-
atic erroro wore obtained. The data are presented in the form of thirty-five angular
distributions at cm. proton angles between 30°-160° in 10° intervals and at pho-
ton energies in steps of 20 MeV. Previous experimental work is reassessed in the
light of the present results and the results compared with some recent theoretical
calculations.
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1 Introduction

The deuteron is the most basic nuclear system and understanding it repre-
sents a fundamental challenge in nuclear dynamics. The photodisintegration
of this simple two-body system offers the possibility of testing the main in-
gredients of theoretical calculations, for example N-N and N-A potentials,
coupling constants, form factors and meson exchange currents (see, for in-
stance, the comprehensive review [1]). However, despite extensive experi-
mental and theoretical investigations, the D(7,p)n reaction cross section is
still not sufficiently well determined and the adequacy of some parts of the
theoretical treatment is not established.

The history of D(7,p)n measurements has been characterized by large
discrepancies among experiments, so that conclusions reached following com-
parison with theory were not reliable. The majority of the older experiments
used untagged bremsstrahlung and were subject to uncertainties due to the
lack of a well denned photon flux and energy, the latter leading to difficulty
in rejecting other reactions.

The worst discrepancies amongst the existing total cross section data in
the region of the A resonance are as large as 40% although the cross section is
already rather well established below 100 MeV. However, if data from exper-
iments performed in recent years with either quasi-monoenergetic photons
or with improved untagged bremsstrahlung techniques [2]-[7], are selected,
the situation is much improved. There is fair agreement above 300 MeV but
still relatively poor agreement around the 150 - 300 MeV range. Even after
the recent advances in experimental techniques, the discrepancies are still
too large to allow discrimination between different theoretical calculations.

Recently Jenkins et al. [8] performed a phenomenological fit to all pre-
vious D(7,p)n differential cross section data in the photon energy range 20
to 440 MeV, and concluded from their poor consistency that reliable, new
measurements are needed. The principal aim of the present experiment is to
provide high precision data on the total and differential photodisintegration
cross sections, which are far more extensive in photon energy and proton
angle than any previous measurement. By covering the 100 - 800 MeV pho-
ton energy range in one experiment, the present work will help to resolve
the discrepancies. The photon tagging technique used, by providing pho-
tons of known energy with a reliable flux determination, avoids the greatest
problems inherent in most previous experiments and makes possible a high
precision measurement.

The present cross sections are compared with some recent models, the



"impulse approximation" calculation by Arenhovel [9], the "coupled chan-
nel" calculation by Wilhelm and Arenhovel [10], the "diagrammatic" ap-
proach by Laget[ll], and the "modified current conservation" model of Jaus,
Bofinger and Woolcock [12].

2 The Experimental System

2.1 The Photon Beam

The experiment was performed using the Glasgow tagged photon spectrom-
eter [13] installed at the 855 MeV MAMI Microtron in Mainz [14]. The
photons are produced by bremsstrahlung from the primary electron beam
passing through a thin nickel radiator (3 • 10~4 radiation lengths). The pho-
ton energy is determined by the tagging spectrometer which energy analy-
ses the residual electrons. The spectrometer comprises a quadrupole-dipole
magnetic focusing system and a 352 channel focal plane detector. It is able
to tag photons in the range from 42 to 792 MeV with a resolution of about
2 MeV at intensities up to 5 • 10° photons per MeV. The photon beam is
collimated to produce a ~20 mm diameter beamspot at the cryogenic target.
The resulting tagging efficiency (the probability to have a tagged photon on
the reaction target for each electron detected in the tagger detector) was
~ 45% and it was continuously monitored throughout the experiment using
an in-beam detector of electron-positron pairs. The calibration of this mon-
itor was periodically checked against a lead glass detector. In this way the
photon flux was determined with an accuracy of ± 2%.

2.2 The DAPHNE detector

Protons from the D(7,p)n reaction are detected in DAPHNE, the large ac-
ceptance detector (3.77T steradians) shown in Fig. 1, which has been devel-
oped by the INFN - sezione di Pavia and the CEA-SPhN of Saclay. Its main
characteristics are described in reference [15]. Good definition of charged
particle tracks is provided by the central vertex detector which consists of 3
coaxial cylindrical multiwire proportional chambers; the polar angular reso-
lution is < 1° FWHM and the azimuthal resolution ~ 2° FWHM. The vertex
detector is surrounded by a segmented AE-E plastic scintillator telescope
with successive layers of thicknesses 10 mm, 100 mm and 5 mm (A.B and
C in Fig. 1). This is surrounded by the outer scintillator layers (D,E and
F in Fig. 1) which form a lead-aluminium-scintillator sandwich designed



to enhance the n° detection efficiency and provide additional energy loss
measurements for use in particle identification [16].

2.3 The Deuterium Target

The cryogenic target is a 275 mm long thin walled Mylar cylinder, 43 mm
in diameter with a wall thickness of 0.1 mm placed coaxially with the beam.
Liquid deuterium is produced by a Gifford MacMahon refrigerator. The
target was filled with liquid deuterium at 24 K and 1153 mbar. An automatic
control system monitored and regulated the target temperature and pressure
which were kept constant to 10 mK and < 1 mbar respectively [17]. As a
result, the target density was stable and known to ~ 0.5%.

3 Data Analysis

The kinematical domain in the D(7,p)n reaction which is accessible by this
experiment is defined by an upper photon energy limit (~790 MeV), which
corresponds to the maximum energy of the tagged photon beam, and a lower
limit (100 MeV) which is set by the DAPHNE proton detection threshold.
The polar angular acceptance of DAPHNE for charged particles (21° <
$iab < 159°) allows reliable measurements over a cm. angular range of
30°-160° for protons.

After selecting events in which only one charged particle is detected, the
basic task of the data analysis is the discrimination between protons and
other charged particles (•K±,e±) and then the separation of D(7,p)n protons
from protons produced in other reactions.

3.1 Proton Identification

Because of the wide range of proton energies produced in the D(7,p)n reac-
tion for E-,=100-800 MeV, no single charged particle identification method
is adequate for all events. Three identification methods have been devel-
oped to cope with this range. Fig. 2 shows the E7-i?(o<, regions in which the
different methods (labeled a, b, c) are are used.

(a) Identification using the Range Method
A detailed discussion of the Range Method analysis, which is used here
to identify and determine the energy of most of the measured protons
has already been published [16]. Its most important feature is the si-
multaneous use of all the experimentally measured energy losses in the



scintillator layers of DAPHNE to discriminate protons from charged
pions and to determine their energy. It has been demonstrated that
less than 1% of pions are misidentified as protons and the resolution
on the calculated proton momentum is ~ 3 % at 300 MeV/c rising to
~ 8%(FWHM) at 800 MeV/c [16]. Since at least two energy loss
samples along the track are needed, the domain of applicability of
this method is restricted to particles which penetrate beyond the first
scintillator layer (regions (a) and (c) in Fig. 2). However, for pro-
tons with momenta above 800 MeV/c (region (c)), the effectiveness of
particle identification is reduced and additional procedures have to be
employed. The approaches used for this case and for particles stopped
in the first scintillator layer (region (b) in Fig. 2) are discussed below.

(b) Particles that stop in the first scintillator (A layer)
At the lowest photon energy, 100 MeV, for which results are presented
here, most protons from the D(7,p)n reaction stop in the A layer
and protons detected at the most backward angles stop for E7 up to
260 MeV as shown by the boundary of region (b) in Fig. 2. These
protons can be identified by using a standard dE/dx - E technique,
in which the wire chambers provide the dE/dx signal and the A layer
scintillators provide the E signal. However, due to the low resolu-
tion of the MWPC pulse height, the cut applied in the dE/dx - E
plot does not completely reject electrons and pions. This is shown in
Fig. 3 where the experimental (solid line) and simulated (black dots)
values of the energy difference (Ecajc-Emeaj), are plotted for A-stop
events with E7 > 180 MeV. Ecaic is the particle's kinetic energy de-
termined from the measured values of E7 and i?ia{,, assuming that it
is a proton from the D(7,p)n reaction, and EmeaJ is the proton ki-
netic energy obtained from the measured energy deposition in the A
layer. Simulations were made using a version of the GEANT code [18]
modified so that proton hadronic interactions inside DAPHNE were
correctly taken into account [19]. It can be seen that there is a small
background not accounted for by the GEANT simulation, which ex-
tends under the peak due to D(7,p)n protons. This background was
subtracted assuming that its value is constant under the peak. The
correction is at most ~15% of the peak area. Using a hydrogen tar-
get to simulate the background, it was verified that the subtraction
technique can account for almost all the background; from this the
systematic error of the measured proton yield is estimated to be less



than ±1%.

(c) Protons with momenta above 800 - 900 MeV/c
Tests of the Range Method have shown [16] that, for particles whose
calculated momentum exceeds a value increasing from 800 MeV/c at
•dlab = 90" to 930 MeV/c at •diab = 21°, the effectiveness of the par-
ticle identification is reduced and an increasing fraction of pions are
misidentified as protons. At the conclusion of the Range Method anal-
ysis each DAPHNE event is therefore checked against this condition
and additional procedures are employed to identify those particles for
which the identification cannot be reliably done. Region (c) of Fig. 2
represents the E7-T?;ofc region of the D(7,p)n reaction in which these
events occur.

For events inside region (c), the solid line in Fig. 4 shows the distri-
bution of the difference (EcaJc-Emeoj), where Emeaj is now the proton
energy determined with the Range Method. The single charged parti-
cle events in this photon energy range are predominantly pions and for
this reason most of the events in Fig. 4 are pions misidentified as high
energy protons which have negative values of (Eoajc-Emeaj). An initial
rejection of pions is accomplished using the two x2 values produced by
the Range Method analysis for the two hypotheses that the incident
particle is a proton (x2,) or a pion (xl) [16]. The corresponding x\
versus x\ scatterplot is shown in Fig. 5 for events in Fig. 4 having
(Eca(c~Emea,) >-400 MeV. The particle separation is poorer than that
obtained in zone (a) (see [16]), but the plot is still useful since two
clusters of events can still be seen. Most of the protons show up in
the left part of the spectrum (low x\ value and a relatively high x\
value) while there is a greater spread for pions. The cut shown by the
solid line in Fig. 5 is used to reject the cluster of events with lower
xl, in which most of the pions lie. The events remaining after this
final cut are shown as the dashed line in Fig. 4. The "good" D(7,p)n
peak around zero remains relatively unchanged but most of the pions
are removed and the tail of the background extending underneath the
peak is rather small.

The procedure for subtracting this remaining background is based on
the assumption that it is mostly due to charged pions coming from
quasi-free photoproduction on the individual nucleons in the deuteron.
A good estimate of the background can therefore be obtained by re-



peating the whole analysis using data taken on a hydrogen target, be-
cause the Fermi momentum of the nucleons inside the deuteron does
not significantly affect either the momentum or the angular distribu-
tion of the emitted pions.

The (Eca(c-Emeaj) distribution obtained for hydrogen is shown as the
dotted line in Fig. 6 while the solid line is the distribution previously
obtained in the deuterium. The hydrogen curve was normalized in
such a way as to have the same particle count as deuterium for (Eca(c-
Emeaj) <-300 MeV. In Fig. 7, the same comparison is shown for events
remaining after the x2 c u t to reject the pion background shown in
Fig. 5. In both Figs. 6 and 7, there is a good agreement between
the shapes of the two distributions outside the region where D(7,p)n
events lie, and this confirms the validity of the adopted procedure.

The background simulated using the hydrogen data was empirically
parameterized as a function of diab and E-, and directly subtracted
from the deuterium data. The subtraction increases linearly from 5%
at E7 = 500 MeV to a maximum of 50% at E7 = 780 MeV, dUb < 40°.
The estimated systematic error on the subtracted values is ±10% and
this leads to a systematic error on the differential cross section values
in region (c) that ranges from ± 1 % at E7 = 600 MeV to a maximum
of ±5% at E7 = 780 MeV.

3.2 Separation of D(7, p)n events

Once protons have been identified, the reaction kinematics are used to dis-
tinguish between the D(j,p)n reaction and other proton producing channels.
The major competing background is the D(7,p)n7r° reaction and the energy
of protons from this reaction is always lower than that from the D(7,p)n
reaction. In the present experiment the difference in proton kinetic en-
ergy from these two reactions is at least 40 MeV and this minimum limit is
reached for backward #/ab values. For this reason, for a fixed E^ and #ia6 bin,
the expected stopping layer for D(7,p)n protons is always greater than the
one for D(7,p)n7r° protons so that the separation between the two reactions
is in most cases straightforward.

Exceptions occur when protons from both reactions either stop in the
B layer or go through all the scintillator layers. As an example, the solid
lines in Figs. 8 and 9 respectively show the (Ecaic-Emea,) plot for B stop
particles and for particles which go through all layers in the kinematical



situations in which the difference in proton kinetic energy from D(7,p)n and
D(7,p)n7r° reaches its minimum value. The solid points show the result of
GEANT simulations including D(7,p)n (triangles) and D(7,p)n7r° (circles)
events and assuming, for both processes, a uniform phase space distribution.
Especially for particles which go through all the scintillator layers, there
is a non-negligible overlap between the two distributions. Guided by the
simulation, cuts were made on the experimental (Ecaic-Emeas) spectra (as
shown in Figs. 8 and 9) in order to reject all protons coming from D(7,p)n7r°.
The loss of good events due to this cut was evaluated using the GEANT
simulation.

3.3 Corrections to the data

A series of corrections applied to the data are now discussed:

• Since the position of origin is not exactly known for single charged
particle event, it is taken as the point along the proton trajectory that
falls nearest to the beam axis. As the beam spot size at the target
is ~20 mm in diameter, the maximum error introduced is ±26 mm
along the beam direction and ±10 mm perpendicular to it. In order
to ensure that neither exit nor entrance windows contribute to the
charged particle spectra, only events originating in a smaller central
target volume are accepted. For this reason, there was no need to
correct the data for empty target contributions. The finite target
length was taken into account in a calculation of the solid angle which
evaluates the detector angular acceptance as a function of the charged
particle polar angle.

• The correction for the events lost as a result of secondary nuclear
interactions and of the various cuts applied during the data analysis
is about 5% of the total proton count at E7 =100 MeV and rises
smoothly to a maximum of 50% at E7 =780 MeV and dlab < 40°. As
is shown in refs. [16] and [20] and as can be seen from Figs. 3, 8 and 9,
the proton detector response is well reproduced by simulation. From
the comparison between the simulated and the experimental response,
the systematic error on this correction is estimated to be ±10%. This
gives a maximum error of ±5% to the total cross section evaluation.

• The proton count was corrected for the wire chamber efficiency. This
quantity was determined experimentally using photoreaction data. A



certain part of the events arising from jp —> pn0, ~{d —> pn and
"/p —> pw+n~ can be discriminated only using scintillator signals. The
trajectory reconstruction efficiency is then determined by measuring
the fraction of such events that have both unambiguous signals in the
scintillators and a reconstructed trajectory from the wire chambers.
The efficiency was found to be uniform at 98.5±1%.

• The accidental coincidences in the focal plane detector of the tagging
spectrometer were taken into account. The random subtracted events
were always less than 1% of the total.

4 Results and Comments

The measured differential cm. cross sections and their statistical errors are
listed in table 1 and a selection of these shown in Fig. 10.



Table 1: Differential cross sections in the cm. system for the D(/y,p)n
reaction, determined for 35 photon energy bins centered on the specified
values of £ 7 . The errors quoted are due to statistics only.

tfc.m.
30
40
50
60
70
80
90
100
110
120
130
140
150
160

t?c.m.
30
40
50
60
70
80
90
100
110
120
130
140
150
160

E7=100 MeV
5.70 ±0.14
6.25 ±0.12
6.84±0.11
7.08±0.11
7.23±0.11
6.80 ±0.10
6.53±0.10
6.09 ±0.10
5.27 ±0.10

E7=200 MeV
4.81 ±0.22
4.98 ±0.17
5.33±0.16
5.45 ±0.15
5.06 ±0.14
5.23 ±0.14
4.90 ±0.13
4.95 ±0.14
4.42 ±0.13
4.44 ±0.14
3.77 ±0.14
3.48±0.15
2.78±0.15
2.72 ±0.16

E7=120 MeV
5.21 ±0.16
5.41 ±0.14
5.87±0.13
6.21±0.12
6.25 ±0.12
6.14±0.11
5.35±0.11
5.06 ±0.11
4.56±0.11
4.13±0.11
3.53±0.11

E7=220 MeV
4.63 ±0.23
5.33 ±0.19
5.32 ±0.17
5.25 ±0.16
5.55 ±0.15
5.17±0.15
5.52 ±0.15
5.15±0.15
5.16±0.16
4.53 ±0.15
3.93 ±0.15
3.90 ±0.17
3.33 ±0.18
2.85 ±0.18

E7=140 MeV
4.70 ±0.16
5.05±0.13
5.14±0.12
5.50±0.11
5.30 ±0.11
5.28±0.11
4.70 ±0.10
4.55 ±0.10
4.26 ±0.10
3.77±0.10
3.15±0.10
3.02±0.11

E7=240 MeV
5.35 ±0.25
5.29 ±0.19
5.55 ±0.17
5.51±0.16
5.50±0.15
5.80±0.15
5.55 ±0.15
5.48 ±0.15
5.05 ±0.15
4.85±0.16
4.49 ±0.16
4.34 ±0.18
3.61 ±0.20
3.09 ±0.24

E7=160 MeV
4.40 ±0.17
4.72 ±0.15
4.94 ±0.13
5.31 ±0.13
5.02 ±0.12
5.03±0.12
4.44 ±0.11
4.31±0.11
4.14±0.12
3.80 ±0.12
3.49 ±0.12
3.19±0.13
2.96±0.15
1.15±0.14

E7=260 MeV
5.15±0.30
5.60 ±0.24
5.88 ±0.21
5.89 ±0.19
6.07 ±0.19
6.23 ±0.18
5.93 ±0.18
5.50 ±0.17
5.37 ±0.18
4.92 ±0.18
4.62 ±0.19
4.07 ±0.20
4.15±0.24
3.82 ±0.33

E7=180 MeV
4.48 ±0.19
4.84 ±0.16
4.94 ±0.14
5.02 ±0.13
5.02 ±0.12
5.01±0.12
4.81±0.12
4.62 ±0.12
4.19±0.12
3.96±0.12
3.39±0.12
2.97±0.13
2.97 ±0.15
2.42 ±0.19

E7=280 MeV
5.23 ±0.31
5.41 ±0.24
5.38 ±0.21
5.67 ±0.20
6.33 ±0.20
5.92±0.19
6.02±0.19
5.56 ±0.18
5.24±0.18
5.21±0.19
4.61±0.20
4.17±0.21
4.13 ±0.25
3.69 ±0.33



30
40
50
60
70
80
90
100
110
120
130
140
150
160

tfc.m.
30
40
50
60
70
80
90
100
110
120
130
140
150
160

E7=300 MeV
5.01 ±0.33
5.23 ±0.24
5.33 ±0.21
5.58 ±0.20
5.64 ±0.19
5.29±0.17
5.40 ±0.18
5.07±0.17
5.05±0.18
4.42 ±0.18
4.33 ±0.19
4.12±0.21
3.95 ±0.24
3.74 ±0.33

E7=400 MeV
1.72 ±0.14
1.71 ±0.09
1.80 ±0.08
1.83 ±0.07
1.93 ±0.07
2.06 ±0.07
2.04 ±0.07
1.90 ±0.07
1.79 ±0.07
1.63 ±0.07
1.45 ±0.07
1.20 ±0.07
1.11 ±0.08
1.09±0.11

E7=320 MeV
4.30 ±0.36
4.19 ±0.24
4.76 ±0.22
4.71 ±0.20
4.76 ±0.19
5.02 ±0.19
4.56±0.18
4.35 ±0.18
4.07±0.18
3.87 ±0.18
3.60 ±0.19
3.61 ±0.22
3.27 ±0.25
2.89 ±0.32

E7=420 MeV
1.33±0.16
1.42±0.11
1.55 ±0.09
1.54 ±0.08
1.69 ±0.08
1.55 ±0.07
1.61 ±0.08
1.36 ±0.07
1.46 ±0.08
1.24 ±0.08
1.04 ±0.07
0.89 ±0.08
0.74 ±0.08
0.82 ±0.12

E7=340 MeV
3.65 ±0.33
3.71 ±0.24
3.72 ±0.20
3.72±0.18
4.04 ±0.17
3.94±0.17
3.81±0.16
3.80±0.17
3.80±0.18
3.15±0.16
2.95±0.17
2.68 ±0.18
2.25 ±0.20
2.38 ±0.28

E-,=440 MeV
1.20±0.14
1.15 ±0.09
1.28 ±0.07
1.45 ±0.07
1.38 ±0.06
1.30 ±0.06
1.40 ±0.06
1.31 ±0.06
1.18 ±0.06
0.92 ±0.06
0.86 ±0.06
0.80 ±0.07
0.82 ±0.08
0.67 ±0.09

E7=360 MeV
3.08 ±0.25
2.90±0.16
3.10±0.14
3.22±0.13
3.12±0.12
3.32 ±0.12
3.11±0.12
3.08 ±0.12
2.83±0.12
2.34±0.11
2.34±0.12
2.10 ±0.13
2.10±0.16
1.86 ±0.20

E7=460 MeV
1.01±0.12
1.02 ±0.07
1.04 ±0.06
1.10±0.06
1.22 ±0.06
1.21 ±0.06
1.14±0.06
1.07 ±0.06
0.99 ±0.05
0.78 ±0.05
0.80 ±0.06
0.68 ±0.06
0.59 ±0.07
0.59 ±0.09

E7=380 MeV
2.19±0.14
2.39±0.11
2.50 ±0.10
2.48 ±0.09
2.57 ±0.08
2.65 ±0.08
2.64 ±0.08
2.55 ±0.08
2.36 ±0.08
1.95 ±0.07
1.78 ±0.08
1.50 ±0.08
1.57±0.10
1.35±0.13

E7=480 MeV

0.93 ±0.07
0.83 ±0.06
0.96 ±0.06
1.06 ±0.06
1.08 ±0.06
0.91 ±0.05
0.85 ±0.05
0.77 ±0.05
0.80 ±0.06
0.60 ±0.05
0.56 ±0.06
0.53 ±0.06
0.46 ±0.08
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40
50
60
70
80
90
100
110
120
130
140
150
160

tic.m.
40
50
60
70
80
90
100

no
120
130
140
150
160

E7=500 MeV
0.75 ±0.06
0.72 ±0.05
0.73 ±0.05
0.87 ±0.06
0.93 ±0.05
0.96 ±0.05
0.78 ±0.05
0.80 ±0.05
0.71 ±0.05
0.56 ±0.05
0.53 ±0.06
0.30 ±0.05
0.27 ±0.06

E7=600 MeV
0.55 ±0.06
0.54 ±0.05
0.48 ±0.04
0.46 ±0.04
0.56 ±0.04
0.51 ±0.04
0.45 ±0.04
0.50 ±0.04
0.41 ±0.04
0.30 ±0.04
0.22 ±0.03
0.16 ±0.03
0.15 ±0.04

E7=520 MeV
0.65 ±0.06
0.73 ±0.05
0.73 ±0.05
0.70 ±0.05
0.79 ±0.05
0.80 ±0.05
0.84 ±0.05
0.70 ±0.05
0.50 ±0.04
0.50 ±0.05
0.42 ±0.05
0.40 ±0.05
0.25 ±0.05

E7=620 MeV
0.52 ±0.05
0.45 ±0.04
0.48 ±0.04
0.51 ±0.04
0.48 ±0.04
0.42 ±0.04
0.44 ±0.04
0.44 ±0.04
0.39 ±0.04
0.27 ±0.04
0.17±0.03
0.21 ±0.04
0.12 ±0.03

E7=540 MeV
0.61 ±0.06
0.66 ±0.05
0.55 ±0.04
0.69 ±0.05
0.67 ±0.05
0.75 ±0.05
0.71 ±0.05
0.73 ±0.05
0.59 ±0.05
0.51 ±0.05
0.33 ±0.04
0.34 ±0.05
0.24 ±0.05

E7=640 MeV
0.43 ±0.05
0.46 ±0.05
0.40 ±0.04
0.40 ±0.04
0.47 ±0.04
0.41 ±0.04
0.38 ±0.04
0.41 ±0.04
0.37 ±0.04
0.28 ±0.04
0.20 ±0.04
0.20 ±0.04
0.17 ±0.04

E7=560 MeV
0.62 ±0.07
0.68 ±0.06
0.66 ±0.05
0.64 ±0.05
0.62 ±0.05
0.65 ±0.05
0.67 ±0.05
0.56 ±0.05
0.43 ±0.04
0.41 ±0.04
0.33 ±0.04
0.27 ±0.05
0.20 ±0.05

E7=660 MeV
0.46 ±0.05
0.32 ±0.03
0.34 ±0.03
0.30 ±0.03
0.38 ±0.03
0.35 ±0.04
0.34 ±0.04
0.36 ±0.04
0.35 ±0.04
0.24 ±0.04
0.19±0.03
0.12 ±0.03
0.14 ±0.04

E7=580 MeV
0.62 ±0.07
0.55 ±0.05
0.46 ±0.04
0.56 ±0.04
0.57 ±0.04
0.58 ±0.04
0.53 ±0.04
0.56 ±0.05
0.46 ±0.04
0.38 ±0.04
0.33 ±0.04
0.27 ±0.04
0.14±0.03

E7=680 MeV
0.32 ±0.03
0.29 ±0.03
0.36 ±0.03
0.33 ±0.03
0.34 ±0.03
0.33 ±0.03
0.35 ±0.03
0.28 ±0.03
0.29 ±0.04
0.21±0.03
0.19 ±0.03
0.18 ±0.03
0.17±0.04
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Table 2:

Source

7 flux normalization
Target density
Wire chamber efficiency
Particle identification method:
TT* background subtraction
-) regions (a) (b) of fig. 2
(depending on photon energy)
correction for lost events:
(depending on photon energy)

Systematic errors

Systematic error

±2%
±0.5%
±1%

±1-5%

< ± 0.5-5 %

•&c.m.

40
50
60
70
80
90
100
110
120
130
140
150
160

E-,=7
0.32
0.38
0.36
0.27
0.26
0.24
0.32
0.29
0.24
0.27
0.17
0.11
0.06

00

±
±
±
±
±
±
±
±
±
±
±
±
±

MeV
0.04
0.04
0.04
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.03
0.03
0.02

E7=720
0.29 ±
0.24 ±
0.28 ±
0.24 ±
0.25 ±
0.24 ±
0.28 ±
0.25 ±
0.22 ±
0.18±
0.17±
0.10±
0.11±

MeV
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

E^=740 MeV
0.25 ±0.05
0.21 ±0.04
0.23 ±0.04
0.23 ±0.03
0.29 ±0.03
0.23 ±0.03
0.23 ±0.03
0.25 ±0.03
0.20 ±0.03
0.22 ±0.04
0.13±0.03
0.15 ±0.03
0.09 ±0.03

E7=760 MeV
0.24 ±0.06
0.28 ±0.06
0.21 ±0.04
0.26 ±0.04
0.19 ±0.03
0.22 ±0.03
0.18 ±0.02
0.20 ±0.03
0.17 ±0.03
0.15 ±0.03
0.17 ±0.03
0.09 ±0.03
0.07 ±0.03

E-,=7
0.21
0.15
0.21
0.17
0.20
0.21
0.17
0.16
0.15
0.09
0.12
0.07
0.08

80

±
±
±
±
±
±
±
±
±
±
±
±
±

MeV
0.04
0.03
0.04
0.03
0.03
0.03
0.02
0.02
0.03
0.02
0.03
0.02
0.02

All systematic errors accounted for in the cross section evaluation are
summarized in table 2. Over most of the measured range, the overall sys-
tematic error is dominated by the photon flux uncertainty and it is estimated
to be (adding in quadrature all contributions) ±3.5%. It exceeds this value
only in region (c) of Fig. 2, rising linearly to ±7.5% at E7 =780 MeV and
tilab < 40°.

The differential cross sections are fitted by a fourth order Legendre poly-
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nomial expansion, given by.

" n.) (1)
1 = 0

where i?c.m. is the cm. angle between the incoming photon and outgoing
proton. Only statistical errors are used in the fitting procedure.

The total cross sections values (equal to 4TTA0) obtained in this experi-
ment are shown in Fig. 11 and the other polynomial coefficients are shown
in Fig. 12.

4.1 Comparison with Recent Data

In Figs. 10, 11 and 12 our results are compared with the more recent data
subset comprising the Bonn [3], Frascati [4], MIT [5], and LEGS [7] experi-
ments. All these data sets cover roughly the same r?cm. range as DAPHNE,
from ~25° to ~160°. However, each of these sets of measurements com-
prises at most 7 or 8 data points at about 20° intervals, whereas the present
DAPHNE measurement covers the whole range simultaneously, with statis-
tics permitting a 10° binning. Above 400 MeV, Figs. 10 also show the few
data points available from [2], [21], [22], [23]. In Fig. 13 the excitation func-
tion for Ey >500 MeV at T?c.m.=90° is also compared to the data of ref. [21].

Below 440 MeV, it is observed that the present experiment is in rather
better agreement with the results of Bonn and LEGS than with other pre-
vious experiments. These two experiment, like the present one, were carried
out using the photon tagging technique, which suggests that most of the
discrepancies between previous experiments are due to the difficulties of
measuring the flux of an untagged photon beam. This conclusion in empha-
sized by the Legendre coefficients Ai~A4, plotted in fig. 12. The consistency
between the angular distribution shapes obtained from different experiments
is clearly better than that of the absolute cross section scales.

Above 440 MeV, due to the fewer data available, it is more difficult to
make comparisons. When the existing cross sections are compared, there are
sometimes significant differences in the data. However, once again, it must
be emphasized that the present data are not subject to the errors in cross
section normalization inherent in the older measurements. In Figs. 11 and 13
it can clearly be seen that our data show, for the first time, a change in the
slope of the cross section at high photon energies. The effect seems to start
around 500 MeV. An examination of the Legendre polynomial coefficients
shown in fig. 12 also shows that above 500 MeV the A± and A3 coefficients
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exhibit a small but significant deviation away from the trend from lower
energies. This could be due to the intermediate excitation of baryon reso-
nances in the so-called second resonance region, which comprises Pn(1440),
£>13(1520), and 5U(1535).

4.2 Comparison with Recent Theoretical Calculations

Included in Figs. 9, 10 and 12, are the results of four recent calculations, the
impulse approximation by Arenhovel [9] (dashed line), the coupled chan-
nel approach (up to 400 MeV) by Wilhelm and Arenhovel [10] (continuous
line), the diagrammatical approach by Laget [11] (dot-dashed line) and the
modified current conservation model by Jaus, Bofinger and Woolcock [12]
(dotted line).

In the first two models, the nucleon internal degrees of freedom are ex-
plicitly included in the hamiltonian. The deuteron wave function is then
a superposition of different intrinsic configurations (A'Ar, AA) containing
also excited nucleons, with the different configurations mutually coupled by
non-diagonal transition potentials. However, the two models handle the re-
sulting set of coupled equations differently. The impulse approximation is a
perturbative solution in which only the NN ground configuration is consid-
ered and the isobar degrees of freedom are only implicitly taken into account
via the dispersive part of the N-N potential while, in the coupled channel
approach, the full solution for the NN-NA coupled channel is given, us-
ing specific models for the different potentials involved as well as for the
A width. At present, both these theoretical approaches rely on some degree
of phenomenological input. For example, in the coupled channel calculation
the 7rNA vertex is adjusted to fit the P3 3 phase shifts of TTN scattering, and
the N-N potential is based on the OBEPR potential, but requires renor-
malization to give a good description of the N-N scattering phase shifts at
low energies.

From Figs. 10 and 12 it can be seen that the impulse approximation
approach reproduces fairly well the shapes of the angular distributions up
to about 360 MeV but there is an overestimation of the magnitude of the
total cross section which increases systematically with photon energy. On
the other hand, the modified 7NA-coupling that is used in the coupled
channel approach gives a good description of the total cross section, but
problems with the shape of the angular distribution still remain, since a
dip is found at 90° which is not apparent in the data. It seems likely this
dip structure is produced by the NA configurations in high order final state
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partial waves which, although important for the differential cross section,
are less important for the total cross section.

In the Laget diagrammatical approach, the deuteron photodisintegration
is expanded in a series of few relevant mechanisms that are schematically
depicted by diagrams I and II of Fig. 14. Each elementary transition am-
plitude is then determined starting from effective Lagrangians for the basic
Nir and 77Vcouplings. This model, similar to the impulse approximation
approach outlined above, predicts too high an energy for the peak due to
the A excitation. This discrepancy is due to the dynamical effect on the
A mass given by the coupling between N-N and iV-A channels that is not
taken into account in the model. This effect, included in diagram III of
Fig. 14 corresponding to the N-A rescattering, is expected to shift the peak
due to the A excitation towards lower energies.

In the approach of Jaus, Bofinger and Woolcock, the calculation of the
multipole amplitude is derived from an effective current density which takes
into account convection and spin currents and the meson-exchange con-
tribution. This procedure, by using an effective one-pion exchange current
density, does not violate the current conservation law and has two adjustable
parameters, the nNN coupling constant and the pion cut-off mass, which
were adjusted to fit the existing experimental data below 200 MeV. This up-
per limit was chosen because, until now, only a limited number of multipole
amplitudes have been considered and the finite A width has not been taken
into account. This calculation predicts a total cross section which is very
similar to the coupled channel result. Both models agree with the present
total cross section values up to about 120 MeV, but then between 120 MeV
and 180 MeV they overestimate our experimental results.

5 Summary and Conclusions

The total and the differential cross section of the D(7,p)n breakup channel
have been measured over the photon energy range 100 - 800 MeV. By using
DAPHNE with its large acceptance, in conjunction with the excellent quality
of the tagged photon beam available at MAMI, high precision results with
small systematic errors are achieved. Three of the most recent measurements
ie DAPHNE, Bonn and LEGS are in reasonable agreement. Although the
calculations referred to in the discussion are some of the most comprehensive
available, it is recognised they are still incomplete. For example, a complete
treatment of retardation effects and relativistic corrections must still be
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applied and the effects of higher baryon resonances, that experimentally
seem to appear above 500 MeV, have not yet been taken into account. The
present new set of very precise data should encourage a further development
of the deuteron photodisintegration theory.

Acknowledgements

The authors would like to thank H. Arenhb'vel, J.M. Laget and VV.S. Wool-
cock for having provided them with the latest version of their calculations.
We are also grateful to all the MAMI machine crew for their hard work and
the excellent beam quality that was maintained throughout the experiment.
Participants from Glasgow acknowledge the financial support given by the
Science and Engineering Research Council.

References

[1] H. Arenhovel and M. Sanzone, Few-Body Sys. Suppl.3. (1991), 1.

[2] K. Baba et al., Phys.Rev. C 48 (1983) 286.

[3] H.J. Arends et al., Nucl.Phys. A412(1984) 509.

[4] E. De Sanctis et al., Phys.Rev. C34 (1986) 413; P. Levi Sandri et al.,
Phys.Rev. C39 (1989) 701.

[5] J. Matthews et al., private communication

[6] P.A. Wallace et al., Nucl.Phys. A532(1991) 617.

[7] LEGS Data Release Ll-3.0 (March 1994), A.Sandorfi, private commu-
nication.

[8] D.A. Jenkins et al., Phys.Rev. C50 (1994) 74.

[9] H. Arenhovel, M. Danos and H.T Williams, Nucl.Phys. A162 (1971)
12; H. Arenhovel and M. Schwamb, private communication.

[10] P.Wilhelm and H.Arenhovel, Phys.Lett. B318 (1993) 410.

[11] J.M. Laget, Phys. Rep. 69 (1981) 1;493; Can.J.Phys. 62(1984)1046;
Nucl.Phys. A579 (1994) 333; Phys.Lett. B199 (1987).

16



[12] W.Jaus, D. Bofinger and W.S. Woolcock, Nucl.Phys. A562 (1993) 477;
ibidem 500.

[13] I. Anthony et al., Nucl. Instr. and Meth. A301 (1991) 230.

[14] H. Herminghaus et al., Proc. 1990 Linear Accelerator Conf., Albu-
querque 1990, preprint LA-12004-C ; Nucl. Instr. Meth. A138 (1976) 1.

[15] G. Audit et al., Nucl. Instr. and Meth. A301 (1991) 473.

[16] A. Braghieri et al., Nucl. Instr. and Meth. A343 (1994) 623.

[17] B. Hervieu et al., Comptes Rendus des quatriemes journees d'Aussois,
Aussois 1993, ed. CNRS Grenoble.

[18] R. Brun et al., GEANT3 User Guide, CERN report DD/EE/84-1
(1987).

[19] P. Pedroni, INFN Report BE-88/3 (1988).

[20] V. Isbert et al., Nucl. Phys. A 578(1994) 525.

[21] R. Ching and C. Schaerf, Phys. Rev. 141(1966) 141.

[22] P. Dougan et al., Z. Phys. A276(1976) 55.

[23] S.J. Freedman et al., Phys. Rev. C 48(1993) 1864.

17



Figure Captions
1. Longitudinal (top) and transverse (bottom) views of the DAPHNE

detector.

2. Regions of E7,??prot in which the different proton identification methods
discussed in the text and labelled as (a),(b) and (c), are used.

3. Eca;c-Emea}) distribution for events which stop in the A layer for E7 >180 MeV

4- (Eca/C-Emeaj) distribution for "protons" whose particle identification is
suspect since they fall inside zone (c) of fig. 2. The solid line represents
the distribution of all "proton" events while the dashed one is the
distribution obtained after the n* rejection procedure shown in fig. 5.

5- xl-X2
v P^t for events in fig. 4 having (Ecalc - Emeas)>- 400 MeV. The

cut applied to reject TT± is shown by the solid line.

6. The (Eca;c-Emea,) distribution for the hydrogen data (dashed line) and
the deuterium data (solid line) for the conditions of fig. 4 with no x2

cut applied.

7. The (Ecoic-Emeaj) distribution of fig. 6 after the \2 cut to reject pions.

8. The experimental (Ecaic-Emeaj) distribution (solid line) for protons
stopped in the B layer compared to the results of the GEANT simula-
tion including D(7,p)n (triangles) and D(7,p)n7r° events (circles). The
vertical line shows the cut made to reject protons from D(7,p)n7r°.

9. As in the previous figure, but for particles going through all layers.

10. The cm. differential cross sections obtained in this experiment (solid
circles) are compared to the results of refs.[2](asterisks), [3](open squares),
[4](open crosses), [5](open triangles), [7](open dots), [21](open stars),
[22](open diamonds) and [23](solid stars). The different lines repre-
sent the predictions of the impulse approximation [9](dashed), cou-
pled channels [10](solid), diagrammatic [11](dot-dashed) and modified
current conservation [12] (dotted) theoretical approaches.

11. The total cross section obtained in this experiment is compared to the
previous results and to theoretical predictions. The meaning of the
different symbols and lines is the same of the previous figure. In the
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insert, the total cross section is shown on a double logaritmic scale to
exhibit its energy dependence for E7 > 500 MeV.

12. The Legendre Polynomial coefficients A\, An, A3, A4 obtained in this
experiment are compared to the previous results and to theoretical
predictions. The meaning of the different symbols and lines is the
same of the previous figure.

13. The excitation function at i?c m =90° obtained in this experiment com-
pared to the data of ref.[21].

14. The relevant diagrams contributing to the deuteron photodisintegra-
tion.
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Figure 10 (continued)
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Figure 12
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