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Abstract of Physics :
We propose to measure the induced neutron polarisation from the photo-disintegration

of the deuteron at over a wide range of incident photon energies. Such a measurement will
provide further information regarding the NN-interaction and serve as further tests of ex-
isting theoretical models. These models, based on meson-baryon degrees of freedom, are
currently unable to describe a large peak that has previously been observed in the induced
proton asymmetry at for incident photon energies of roughly 400 - 800 MeV. Ascertaining
whether such a peak exists in the asymmetry would be of great value in trying to under-
stand the nature of the observed peak and provide more information for the development
of future models.

Abstract of Equipment :
The experiment will be performed at the tagged photon facility of MAMI (Glasgow-

Tagger). A second experimental area downstream of the crystal ball will be used with
wire chambers and a scintillator detector for detection of the proton plus two other sets of
scintillator detectors for analyser and polariser of the recoiling neutron.

MAMI Speci�cations :

beam energy 855 MeV
beam current < 20 nA
beam polarisation polarised

Photon Beam Speci�cations :

tagged energy range 200 - 500, 400 - 800 & 500 - 800 MeV
photon beam polarisation circularly polarized

Equipment Speci�cations :

detectors TOF, Basel scintillator detector, analyser scintillator detctor, wire chambers.
target 10 cm liquid deuterium

Beam Time Request :

set�up/tests with beam 150 hours (parallel with proposal A2/03-09)
data taking 400 hours (parallel with proposal A2/03-09)
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1 Introduction

At present QCD in the non-perturbative regime can currently only be described using ef-
fective degrees of freedom. Frameworks of nucleons, mesons and isobars, whose properties
are either described phenomenologically or by e�ective quark models, are used. The ac-
curacy of this e�ective description and where it can be applied before quark-gluon degrees
of freedom have to be considered is a question which is of great interest in modern nuclear
physics. The main points of interest therefore are the role of meson and isobar degrees
of freedom in medium energy reactions, many-body phenomena induced by the e�ective
description in terms of hadronic degrees of freedom and the properties of the neutron or
the use of light nuclei as an e�ective neutron target.

The use of electromagnetic reactions on few nucleon systems can help to shed light
on these questions. For the lightest stable nuclei, 2H, 3He, reliable theoretical descriptions
are available which do not depend on approximations that are necessary for more complex
many-body systems [1, 2, 3]. These nuclei therefore make good test laboratories for the in-
vestigation of these e�ective degrees of freedom and their interaction. Also reactions above
pion threshold are of particular interest to study meson degrees of freedom and internal
baryon structure with the use of these nuclei as e�ective neutron targets. Furthermore
the electromagnetic interaction is well known and su�ciently weak to allow conclusive
interpretations in terms of charge and current matrix elements to be drawn.

The NN -interaction is an important ingredient for calculations for heavier nuclei. Com-
parison of recent measurements of the 3He(e,e′pp) and 3He(e,e′pn) reactions to theoretical
calculations of the cross section which use the Faddeev technique [4] showed large discrep-
ancies between results for the two reactions [5, 6]. Figure 1 shows the missing momentum
cross sections for both the 3He(e,e′pp) and 3He(e,e′pn) reactions for a similar kinematic
setting compared to theoretical calculations of the cross sections. As can be seen for
the (e,e′pp) measurement the theoretical predictions under-predict the measured data but
there is reasonable agreement between the two cross sections in the low missing momentum
region though not at high missing momentum. For the (e,e′pn) measurement the theoret-
ical cross sections over-predict the measured ones by a factor 5 at low missing momentum
but show reasonable agreement within the large statistical error bars at high pm. This
discrepancy between the two comparisons is interpreted as being partly due to the in�u-
ence of exchange currents on the reaction and �nal state interactions (FSI), the e�ect of
which is believed to be substantial on both cross sections of both reactions in view of the
results seen in [7]. Due to the problems associated with the interpretation of data from
measurements using 3He (and heavier target nuclei) one should therefore use the deuteron
to improve understanding of the NN -interaction before trying to study it in more complex
nuclei.

Photo- and electro-disintegration of the deuteron has been studied for many years
both experimentally and theoretically and is still much studied today. Many aspects of the
reaction, including studies of di�erent polarisation observables, covering a wide range of in-
cident (virtual) photon energies have been carried out to better understand the underlying
reaction processes involved and reviews of the available experimental data and theoret-
ical models can be found in [8, 9]. Generally there is now good agreement between the
experimental measurements and the theoretical calculations developed to describe these
experimental data for the energy ranges where the models are applicable.

At medium incident photon energies (from π-threshold to about 500 MeV) H. Aren-
hövel and M. Schwamb have developed a detailed theory [1, 10, 11] of deuteron photo-
disintegration. The calculations use a coupled-channel approach which includes the NN ,
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Figure 1: Cross sections from the 3He(e,e′pp) (left) and 3He(e,e′pn) (right) reactions shown
as a function of the missing momentum of the reaction. In the (e,e′pp) plot the solid curve
is a theoretical calculation of the cross section using only a one-body current hadronic
current operator with the Bonn-B NN -potential; the dashed curve further includes MECs
in the calculations. In the (e,e′pn) plot the solid curve is a theoretical calculation of the
cross section using only a one-body current hadronic current operator with the Argonne
V 18 NN -potential; the dashed curve further includes meson exchange currents in the
calculations. The dotted curve uses only a one-body current hadronic current operator
with the Bonn-B NN -potential.

N∆, and πD channels as well as contributions from meson retardation and meson exchange
currents. All of the parameters used in the model are �xed from nucleon-nucleon scattering
and photo-reaction data and are not varied to �t deuteron photo-disintegration observables.
The calculations show generally good agreement with experimental data for the applicable
energy range although signi�cant discrepancies with some polarisation observables remain.

There also exist unpublished calculations of the Bonn group [12, 13] for deuteron
photo-disintegration which extend to higher incident photon energies, ∼1.5 GeV. The cal-
culations include pole diagrams generated from π, ρ, η, and ω exchange plus seventeen
well-established N∗ and ∆ resonances with mass less than 2 GeV and J ≤ 5/2. The
calculations use resonance parameters taken from the Particle Data Group [9]. These cal-
culations do not in general show as good agreement with the measured data as those of
Schwamb and Arenhövel, particularly at lower photon energies. Qualitatively the calcula-
tions show the same shape as experimental data for some observables but tend to wrongly
predict the measured strength.

The Moscow-Tübingen theory group has developed a nucleon-nucleon potential which
apart from the NN-part also contains a Fock column describing a 6q+meson component,
where the 6q + σ play a signi�cant part [14, 15, 16]. This so-called dibaryon model gives
consistent explanation of the character of short-range NN correlations in the deuteron
[17, 18] and of NN scattering observables at energies up to 1 GeV [19, 20]. The model
explains quantitatively, without any free parameters, the magnetic form factor of deuteron,
B(q2), in the area of the di�raction minimum [17] and also the circular polarisation of
photons produced in the inverse ~np→ dγ process [18]. Presently, the group is developing
a wave packet description of reactions [21] of which deuteron photo-disintegration will be
one of the �rst applications.

Figure 2 shows data from a measurement of the total cross section for deuteron photo-
disintegration compared to calculations of Arenhövel and Schwamb [1]. The solid curve
should be compared with the data. The di�erent curves use di�erent static and retarded
coupled channel approaches for descriptions of meson exchange and more details of these



Figure 2: The total cross section for deuteron photo-disintegration as a function of the
incident photon energy, taken from [1]. The data are taken from [22] (�lled squares), [23]
(empty squares) and [24, 25] (empty circles) and should be compared to the solid curve.
See [1] for more details on the di�erent theoretical curves.

can be found in [1]. As can be seen in �gure 2 the experimental data is of good quality
and is very well described by the calculations except at photon energies just above π-
threshold where there is a slight under-prediction of the measured data points. Further
good agreement is seen in �gure 3 which shows data from measurements of the di�erential
cross section of deuteron photo-disintegration as a function of of the c.m. proton angle, θp,
for a range of incident photon energy bins. The notation of the data points and theoretical
curves are the same as in �gure 2. Again the experimental data are generally well described
by the calculations for all beam energies though at higher photon energies the quality of
the data is not good. Similarly to the comparison to the total cross section data there is a
slight under-prediction of the data at the lower photon energies centred around θp = 90◦.

There have also been many measurements of the photon asymmetry, Σ. Figure 4 shows
the results of some of these measurements as a function of of the c.m. proton angle, θp, for a
range of incident photon energy bins. For photon energies where the data is of good quality
there is reasonable agreement between the measured data points and the theoretical curves.
At lower photon energies there is a slight under-prediction of the measured asymmetries
around θp = 90◦, similar to what was seen for the di�erential cross sections in �gure 3.

The induced polarisation of the proton is another observable that has exhibited some
intriguing behaviour when compared to theoretical models. Initial measurements at SLAC
[28] and Bonn [29] were followed up by measurements at Tokyo [30, 31] and many meas-
urements at Kharkov [32, 33, 34, 35, 36, 37, 38, 39, 40] and more recently by measurements
at JLab [41, 42] which greatly extended the incident photon energy range covered. Many
of these data points can be seen in �gure 5 which shows P py for a range of incident photon
energies for c.m. proton angle θp = 90◦ compared to two calculations of the asymmetry,
see the �gure caption for details of the data points and theoretical curves.

In �gure 5 the experimental data show an increase in the asymmetry from about
200 MeV to about 500 MeV before it starts to decrease with increasing photon energy.
There is some discrepancy between the di�erent measurements regarding the magnitude
of the asymmetry at the peak and also at energies above ∼600 MeV where the Kharkov
data show a dip in the asymmetry before it once more increases while the Tokyo and JLab
data show the asymmetry tending to zero at higher photon energies. The authors of the
review from which this �gure was taken [9] conclude that due to the experimental set-up
used in the Kharkov measurements the highest energy data set is unreliable and that the



Figure 3: Di�erential cross sections of deuteron photo-disintegration as a function of the
c.m. proton angle, θp, for a range of incident photon energies taken from [1]. Notation is
the same as in �g. 2. The solid curve represents the full calculation.



Figure 4: The Σ asymmetry for photo-disintegration of the deuteron shown as a function
of the c.m. proton angle, θp, for a range of incident photon energies taken from [1]. The
data are from [24, 25] (empty circles), [26] (�lled circles) and [27] (empty squares). The
theoretical curves are taken from [1] though the notation is di�erent to �gures 2 and 3,
please see [1] for more details. The data should be compared to the solid curve.



Figure 5: The induced neutron polarisation P py for photo-disintegration of the deuteron
shown as a function of the incident photon energy for c.m. proton angle θp = 90◦ taken
from [9]. The data are from [28] (stars), [31] (circles) and [41] (triangles) in the top panel
and [34] (diamonds), [37] (squares) and [36] (stars) in the bottom panel. Theoretical curves
are from Schwamb [1] (solid) and Kang [12] (dashed).

JLab data should be believed for photon energies above ∼600 MeV.
The theoretical curve from the calculations of Schwamb and Arenhövel do not show

good agreement with the measured data for this observable for the region they are ap-
plicable. Their calculations show a decrease in the asymmetry for photon energies above
∼200 MeV while all the data shows a clear increase. The calculations of Kang et al. [12, 13]
show reasonable agreement up to about 400 MeV but fail to reproduce the large asym-
metry at 500 MeV and also the shape of the JLab data at higher energies. Although these
calculations do reproduce the qualitative features of the Kharkov data as stated above it
is believed that these data are unreliable when compared with the more recent JLab data.

This peak in induced asymmetry at about 500 MeV incident photon energy is quite
interesting in that it is not reproduced by either of the calculations available. In the eighties
when many of the measurements shown in �gure 5 were carried out there was much interest
in the possibility of the existence of dibaryon resonances and it was believed that this peak
in P py was evidence for this. In [43] a partial wave analysis of the data was made which
predicted the existence of at least two dibaryon resonances which could be excited in the
photon energy region 350 - 700 MeV. Whether such states exist or not the inability of
models to describe P py is intriguing and warrants more investigation.

M. Schwamb believes the failure of his model to correctly predict the P py asymmetry
could be due to the fact that some partial waves which usually have a small e�ect in the
NN -FSI which are not described well in his approach might be very important for this
variable [44]. If so the model will also fail to reproduce the Pny asymmetry if there is a
similar large peak observed. Therefore it would also be interesting to see whether such
behaviour is also observed in the Pny asymmetry. Investigation into the presence of this
peak in some of the possible double polarisation channels would also be highly desirable
as further tests of existing models.

There have been no explicit measurements of Pny carried out for the energy range of



Figure 6: The induced neutron polarisation Pny for photo-disintegration of the deuteron
shown as a function of the c.m. proton angle, θp, for a range of incident photon energies.
The data are from [45] and the theoretical curves from [1]. The data should be compared
to the solid curve.

Figure 7: The polarisation transfer observable Cpx′ as a function of incident photon energy
for θp = 90◦. Data are from [41], the theoretical curve is from Schwamb and Arenhövel.

interest. Some data were taken on the inverse radiative capture reaction ~np → Dγ at
TRIUMF [45] the results of which can be seen in �gure 6 compared to the calculations
of Schwamb and Arenhövel [1]. The energy of the reaction is equivalent to an incident
photon energy of 240 MeV. The data are reasonably well described by the calculations both
qualitatively and quantitatively with a slight possible under-prediction of the asymmetry
at larger θp though the statistical errors on the data there are poorer. At higher incident
photon energies the calculations predict similar behaviour for the Pny and P py asymmetries
at θ = 90◦ see �gure 5.

For polarisation transfer measurements some data have been taken to study Cpx′ and
Cpz′ at JLab in two separate measurements to cover a range of angles and energies [41, 42].
Figure 7 shows data from the measurement of Cpx′ at θp = 90◦ compared to the calculations
of Schwamb and Arenhövel [1]. Most of the data points are for higher incident photon
energies than where the calculations are applicable but where they are of low enough
energy there is reasonable agreement between the calculations and data. At the limit of
the calculated asymmetry, ∼700 MeV the theory predicts an increasing asymmetry which
is seen in the data for the points around 1 GeV.



We propose to measure Pny and Cnx′ over an incident photon energy range of 200 to
800 MeV at θn = 90◦. Such information will help the development of an improved the-
oretical description of the deuteron which will also help with analysis of data where it is
used as a quasi-free neutron target. Links with various theoretical groups have been estab-
lished for interpretation of the data. M. Schwamb has made improvements to his model
that are as yet unpublished which extend his approach to include seven reactions simul-
taneously and are more rigorous with respect to the number of free parameters [46]. The
Moscow-Tübingen theory group are also interested in using deuteron photo-disintegration
as a testing ground for development of their model. The Jülich theory group are interested
in developing and testing calculations based χPT.

2 Experimental issues

The proposed measurement would be carried out in the experimental area downstream of
the Crystal Ball (CB) and would be completely independent of this and and the other
detectors and electronics associated with it. The Glasgow tagger will be read out using
spare logic outputs coupled to new multi-hit VMEbus TDCs purchased by Glasgow. On
one side of the beam a set of analyser and polariser detectors measure the polarisation of
the neutron whilst on the opposite side a proton detection system will be used to guarantee
that only two-body reactions are observed. A sketch of the proposed set-up can be seen in
�gure 8. Both the ejected neutron and proton from the reaction would be detected in the
measurement. The proton would be detected with good position and reasonable energy
resolution to e�ectively 'tag' the ejected neutrons and compensate for the relatively poor
neutron energy resolution due to the short �ight distance to the analyser bars. Monte
Carlo simulations of the proposed experimental set-up are currently being developed.

2.1 Kinematics

We wish to measure Pny and Cnx′ at θ = 90◦ for a wide range of incident photon energies
and to do this detector coverage of an in-plane angular range of 60◦ ≤ θp/n ≤ 85◦ in the
lab is necessary, see �gure 9. The red curve in �gure 9 is for θ = 90◦, the contours are
from the expected incident photon �ux assuming a 1/Eγ dependence on the �ux in the
tagger. As can be seen in the �gure using such a set-up the two-body break-up at θ = 90◦

is completely covered in both frames for the whole incident photon energy range.

2.2 Detectors

2.2.1 Glasgow Photon Tagger

To tag the Bremsstrahlung photons the tagger in the A2 hall would be used [47, 48, 49].
For the measurement incident electron energies of 855 MeV are required. At such energies
the main focal-plane detector of the tagger has a photon energy resolution of ~2MeV. A
polarised electron beam will be required to produce circularly polarised photons to allow
simultaneous measurement of both Pny and Cnx′ . For optimal conditions several energy
settings are required. However when running in the parasitic mode coordination with the
second experiment might dictate di�erent energies at the bene�t of longer measuring times.
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Figure 8: Plan view of the proposed experimental set-up. On the right-hand side a set
of analyser detectors would be used to scatter the ejected neutrons which would then
be detected again in some TOF bars. On the left MWPCs would be used to accurately
determine the proton trajectory with scintillator detectors behind these for discrimination
of protons and pions.
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Figure 9: The θn,Lab and θn,CM dependence on Eγ for an in-plane angular acceptance of
60◦ ≤ θLab ≤ 85◦, the red curve is θCM = 90◦.



2.2.2 Analyser Detectors

A set of scintillator detectors previously used for a measurement of Gne with the 2H(~e, e′~n)
reaction [50] will be used as the analyser for this measurement. The bars are 50 × 75 ×
800 mm in dimension and will be arranged on one side of the beam line in a frame of two
layers as shown in �gure 8. A layer of veto detectors would be placed in a frame in front
of the two analysing layers to distinguish charged particles from neutral. The analyser
detectors would be positioned at an angle of 72.5◦ in the lab at a distance of 1m from the
target which would give an angular resolution of δθ = δφ ≈ 3◦ in both the horizontal and
vertical directions.

2.2.3 TOF Detectors

The Glasgow-Tübingen TOF detector system [51] would be used to measure neutron scat-
tering asymmetries. The TOF detector system consists of bars of plastic scintillator of
5× 20× 300 cm3 and 1× 22× 300 cm3 bars for charged particle identi�cation. The bars
are mounted vertically on frames in sets of eight and these frames are mounted on stands
of up to four layers. Two stands of TOF detectors would be used side-by-side as the po-
lariser with a front frame of veto detectors mounted in front of three frames of TOF bars.
Directly behind these would be positioned further stands with more frames of TOF bars
to improve the detection e�ciency for the recoiling neutron. The front TOF stands would
be positioned at a distance of roughly 3.5 m from the target giving an angular resolution
of δθ ≈ 3.3◦ and δφ ≈ 1.7◦ in the horizontal and vertical directions respectively. The two
TOF stands would be centred at 60◦ and 85◦ with respect to the incident photon direction.

2.2.4 Basel Detector

The Basel detector is a scintillator detector which consists of six layers of 10×10×50 cm3

scintillator bars mounted vertically in frames of �ve with a front frame of two overlapping
veto layers, one of which consists of �ve 1 × 10 × 50 cm3 bars and the other of four
1× 12.5× 50 cm3 bars [52]. The frames are mounted in a purpose built stand. The thick
bars have a position resolution of ≈ 3 cm in the vertical direction and with the detector
positioned at a distance of 70 cm from the target this would give horizontal and vertical
resolutions of δθ ≈ 8◦ and δφ ≈ 2.5◦ respectively. This detector will be used for triggering
purposes on the proton side and for discrimination between protons and charged pions.

2.2.5 Multi-Wire Proportional Chambers

For determination of the trajectory of the proton and partial vertex reconstruction two
layers of multi-wire proportional chambers (MWPC) [53] would be positioned in front of
the Basel detector. Each MWPC consists of two perpendicular planes of 128 wires and
has a sensitive area of 29.2 × 29.2 cm2. They would be positioned at a distance of 50 cm
from the target which would give an angular resolution of < 1◦ in both the horizontal and
vertical directions.

Accurate determination of the proton trajectory and knowledge of the incident photon
energy will mean that the complete reaction kinematics of a given event can be recon-
structed. This will allow the ejected neutrons four-vector to be determined and kinematic
cuts be applied to the neutrons which should reduce the accidental background during the
analysis of the data.



2.3 Target

The target would be a 10 cm long liquid deuterium target. A new target cell with a large
surface area in the beam line will be produced to accommodate the size of the photon
beam spot at the second target area. This will allow all of the collimated photons to pass
through the target and give a tagging e�ciency of ∼0.5.

2.4 Data Acquisition System

The experimental set-up will have its own data acquisition system independent of that
currently in use for the CB-TAPS set-up including a separate set of tagger electronics.
Enquiries have been made regarding this and all the modules necessary are available. This
independent acquisition system will allow the proposed measurement to be made without
a�ecting any of the current set-up in place for use with CB-TAPS. It also allows the
possibility of running the measurement parasitically while other measurements are being
made using the CB.

2.5 Analysing Power of Scintillator Detectors/Analyser

The beam time estimate below has been determined using the expected analysing power
for elastic ~n− p scattering for the expected range of neutron kinetic energies and angular
acceptance of the analyser and polariser detectors using data from the SAID data base
[54]. In addition to elastic ~n − p scattering there will also be various quasi-elastic ~n + C
reactions which make a contribution to the observed (~n, n′) yield and thus change the
e�ective analysing power of the scintillator, Ae�. In a measurement of Ae� for plastic
scintillator [55] it was found that the e�ective analysing power of the material was 70 %
of that of the elastic ~n− p taken from the SAID data base. In the beam time estimate the
analysing power taken from SAID has been reduced by a factor 0.7 to re�ect this expected
reduction in Ae�.

Some time has been allocated to measure Ae� of the analyser detector during the
beam time. For this measurement the detector roles will be reversed with the proton being
detected in the analyser-polariser side of the set-up and the neutron in the Basel detector,
the drift chambers shall be moved in front of the analyser detectors. Data will then be
taken using the ejected protons to measure Ae� for the scintillator. The detection of the
neutron in the Basel detector is not strictly necessary as the kinematics of a given reaction
will be able to be completely reconstructed using the proton trajectory and tagged photon
energy.

3 Event Rates and Beamtime Estimate

For the measurement we are aiming for a statistical precision of ≤ 0.1 in the absolute value
of the measured asymmetry for Pny for 20 MeV bins in incident photon energy for the range
200 ≤ Eγ ≤ 800 MeV. The statistical precision in Cnx will be lower because of the degrees
of electron and photon polarisation but is expected to range between 0.1 and 0.2 for the
same bin size over the incident photon energy range. The assumptions used to determine
the beam time necessary are as follows:

• Electron beam energy: Ee = 855 MeV.

• Electron beam polarisation of 80 %.



• Measurements at photon energy ranges: Eγ =200 - 500, 400 - 800 and 500 - 800
MeV.

• Tagging e�ciency: εtag = 0.5 for an incident electron energy of Ee = 855 MeV.

• Photon �ux: Ne = 0.25 MHz/MeV at lowest photon energy with 1/Eγ dependence
on �ux of higher energy photon bins.

• Energy dependent circular polarisation of photon beam.

• Neutron detection e�ciency: εn = 0.6 %/cm in plastic scintillator.

• Proton detection e�ciency: εp = 90 %.

• Trigger condition: proton + neutron (analyser) + neutron (polariser).

• Analysing power: Energy dependent Ae� used based on elastic ~n−p scattering which
is the mean of possible angular acceptance of set-up taking into account a reduction
due to quasi-elastic~n+ C events

• Live time of 80 % in the electronics.

With the above numbers we estimate beamtime requirement of 450 hours including time
for testing and determination of Ae� with a further 100 hours for the set-up. Details are
given in table 1 below.

Setting Time [hr]

200 ≤ Eγ ≤ 500 100

400 ≤ Eγ ≤ 800 100

500 ≤ Eγ ≤ 800 100

Ae� 50

Empty Target 50

Tests 50

Set-up 100

Total 550

Table 1: Beam time request.
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