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Compton spridning från deuteronen vid låga energier
(populärvetenskaplig sammanfattning på svenska)

Vid Compton spridning sprids fotonen elastiskt, dvs. utan att förlora
energi, mot en annan partikel eller kärna. Kärnorna som användes i detta
försök består av en proton och en neutron (sk. deuterium, eller tungt väte).
Kärnorna bestrålades med fotoner av kända energier och de spridda fo-
tonerna detekterades mha. stora Nal-detektorer som var placerade i olika
vinklar runt strålmålet. Försöket utfördes under 8 veckor och genom att
räkna antalet fotoner som kärnorna bestålades med och antalet spridda fo-
toner i de olika detektorerna, kan sannolikheten för att en foton skall spridas
bestämmas.

Denna sannolikhet jämfördes med en teoretisk modell som beskriver
sannolikheten för att en foton skall spridas elastiskt mot en deuterium-
kärna. Eftersom protonen och neutronen består av kvarkar, vilka har en
elektrisk laddning, kommer dessa att sträckas ut då de utsätts för ett elek-
triskt fält (fotonen), dvs. de polariseras. Värdet (sannolikheten) som den
teoretiska modellen ger, beror på polariserbarheten hos protonen och neu-
tronen i deuterium. Genom att beräkna sannolikheten för fotonspridning för
olika värden av polariserbarheterna, kan man se vilket värde som ger bäst
överensstämmelse mellan modellen och experimentella data. Det är speciellt
neutronens polariserbarhet som är av intresse, och denna kunde bestämmas
i detta arbete.
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Abstract

A series of three Compton scattering experiments on deuterium have
been performed at the high-resolution tagged-photon facility MAX-lab
located in Lund, Sweden. The 50 < Ey < 70 MeV tagged photons
were scattered from a liquid deuterium target and detected simultane-
ously in three (10" x 10") Nal detectors. The average laboratory angles
investigated were 45, 125 and 135 deg. The influence of the inelastic
contribution was minimized by implementing a narrow elastic fit-region
in the missing energy spectra. Absolute cross sections were extracted for
average photon energies of 55 and 66 MeV at each angle and for each
experiment. The extracted cross sections are in good agreement with
those measured at Illinois by Lucas et al.

The difference between the electric and magnetic isospin-averaged
polarizabilities of the nucleon inside the deuteron, was varied within the
calculations of Levchuk and L'vov to best reproduce the data, holding
the sum fixed at 14.6 (10~4 fm3). The result implies that the electric
polarizability of the neutron is the same as that of the proton within the
experimental uncertainties. The result also indicates that the magnetic
polarizability of the neutron is larger than that of the proton.
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Chapter 1

Introduction

The work presented in this thesis concerns the experimental determina-
tion of the differential cross section for Compton scattering from the
deuteron. The main motivation behind this experiment is that the
cross section may be interpreted, with the proper theoretical support,
in terms of the proton and neutron polarizabilities. The electric and
magnetic polarizabilities are fundamental structure constants of the nu-
cleon and, as such, have received and are receiving considerable atten-
tion. Although Compton scattering from the deuteron has a long history
[Hym59] [Ten65], only two recently performed experiments were precise
enough to reveal effects of the polarizabilities [Luc94] [HorOO]. Of these
two latter measurements, only one overlaps in energy with the present ex-
periment [Luc94]. Thus, another part of the motivation for undertaking
the present experiment is to validate that data-set.

This thesis is organized as follows: chapter 1 presents the various
experimental methods employed to gain information about the polariz-
abilities. Chapter 2 gives a theoretical description of low-energy Comp-
ton scattering from the proton and an overview of the model used to
interpret the present experiment. Chapters 3 and 4 present the MAX
laboratory, and give a detailed account of the experiment and analysis.
Chapter 5 compares the present data-set to the existing one, and gives an
estimation of the neutron polarizabilities as extracted from the present
data-set.

This chapter begins by reviewing the classical picture of the polar-
izabilities, followed by the different experimental approaches to measure
them. Finally, the current status of the experimental data available for
the proton and neutron polarizabilities are presented.



1.1 The classical view of polarizabilities

The electric polarizability a of a system relates the induced electric dipole
moment d to the applied electric field E

-* -*
d — 4neoaE (1-1)

Similarly, the magnetic polarizability 0 relates the induced magnetic
dipole moment m to the external magnetic field B. The magnetic po-
larizability has a paramagnetic and a diamagnetic contribution. The
paramagnetic contribution results from the magnetic moments aligning
to the external magnetic field, whereas the diamagnetic contribution is
due to an induced current opposing the external magnetic field. The
induced magnetic moment is the sum of the two contributions

m = 4TT—{(3para + pdia)B = 4TT—/3B (1.2)
Mo Mo

A visualization of the electric and magnetic polarizability is given in
figure 1.1.

1.2 Approaches to measure the polarizabilities

1.2.1 The proton

The available data on proton polarizabilities stems from Compton scat-
tering. The differential cross section for elastic photon scattering on the
proton

7 + p —> 7 + p

is measured as a function of the photon energy and scattering angle.
The effect of the polarizabilities is to modify the cross section, the mod-
ification becoming larger as the photon energy increases. If the photon
energy is below ~100 MeV, a model-independent Low Energy Expansion
(LEX) of the differential cross section can be applied [Pet81]. The cross
section is dependent on ap + 0P and ap — f3p at forward and backward
angles, respectively. For photon energies above 100 MeV (where LEX is
no longer valid), theoretical uncertainty is introduced when extracting
the polarizabilities from the cross sections (see for instance [Mac95]).

The polarizabilities, ap and 0p, extracted from the Compton scatter-
ing cross section, are different from the so-called static polarizabilities,
denoted here by ap and 0V. They are related according to



d = 0

E
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m = 4 T C - ( P + P ) B = 4 7 C - P B
U. para dia M

Figure 1.1: T/ie response of a polarizable system to external electric (top)
and magnetic (bottom) fields. The magnetic polarizability is the sum of
the paramagnetic and diamagnetic contributions.



ap = ap

BP=PP + A/3P

where Aa p and Afip describe effects of recoil, retardation and diamag-
netism [Pet81] [Lvo93].

The Baldin sum rule [Bal60] can be used to calculate the sum of
the electric and magnetic polarizabilities, ap + J3P = (14.2 ± 0.5) x 10~4

fm3 [Pet81] 1, and measured results are normally stated as ap — j3p. A
compilation of some of the experimentally determined values of 6>p — J3P

is shown in figure 1.2 (top). The errors shown represent the statistical
and systematic errors added in quadrature. The reference and the sum
ap + J3P are given below each datum. The sum was either fixed according
to the sum rule (marked by *) or allowed to vary. The experiments used
tagged and/or untagged photon beams with energies ranging from ~30 to
~300 MeV, detecting the scattered photons at a variety of angles [Bar74]
[Fed91] [Hal93] [Mac95] [OlmOl]. Zieger et al. [Zie92] detected the zero-
degree recoil protons instead of the scattered photons and determined
the differential cross section corresponding to a photon scattering angle
of 180° 2.

1.2.2 The neutron

Three different experimental approaches have been used to obtain infor-
mation about the neutron polarizabilities:

• Neutron scattering in the electric fields of heavy nuclei. The fields,
in the order of 1023 V/m, interact with the electric polarizabil-
ity of the neutron. This interaction has a characteristic energy
dependence and can be separated from the total cross section by
performing transmission measurements at different neutron ener-
gies. Note that no information about the magnetic polarizability
is gained by this method.

These experiments are carried out with low energy neutrons (eV-
keV) and long flight paths. Values of an that are extracted from
Neutron Scattering (NS) data are shown in figure 1.2 [Koe88] [Sch88]
[Sch91] [Koe95]. The accurate value obtained in [Sch91], an =

xThe nucleon polarizabilities will hereafter be given in units of 10 4 fm3.
2The differential cross section at 180° is not dependent on ap + J3P.



12.1 ± 2.0, has been questioned by T. L. Enik et al. [Eni97] who
argue that the systematic error is underestimated and the result
might be quoted as 7 < an < 19. This is indicated in figure 1.2 by
the dashed error bars.

The obtained values of the neutron electric polarizability (an) can-
not be directly compared to the values obtained by Compton scat-
tering (an). A small correction Aan = 0.62 must be added to an;
o-n = Oin + Aan [Lvo93].

• Quasi-free Compton scattering from the bound neutron. The reac-
tion

has been measured by [Ros90], [KolOO] and [Kos02]. The scattered
photon is detected in coincidence with the recoil neutron while
the proton behaves as a spectator. The method was successfully
tested in [Wis99] where the (known) difference of the proton po-
larizabilities was extracted from quasi-free Compton scattering by
the bound proton.

Reference [Ros90] used non-tagged photons produced by a 130 MeV
electron beam. Normalization was done by also measuring Comp-
ton scattering from the proton. The extracted value for the neu-
tron electric polarizability was an — 10.7l^3

7. Kolb et al. [KolOO]
used tagged photons in the energy range 236-260 MeV. A value
of an = 13.6_6.o was obtained without an upper constraint. The
most recent Mainz measurement [Kos02] used tagged photons in an
energy range from 200 to 400 MeV and were able to extract a value
of an = 12.5lfg. All three Quasi-Free (QF) results are shown in
figure 1.2.

Compton Scattering from the deuteron. The reaction

7 + d —> 7 + d

has been analyzed theoretically by various groups, for instance
[Bea99], [GriO2] and [LevOO]. What follows below applies to [LevOO]
which was the model used to interpret the present data-set.

The Compton scattering cross section is dependent on the isospin-
averaged polarizabilities, i.e. on a^ = ^(ap + an) and J3N = \($p +



/?„). As mentioned previously, the Baldin sum rule can be used
to determine ap + J3P and an + /3n- Compton scattering on the
proton provides otp — f3p making an — J3n the only free parameter of
the model. This parameter is varied to fit the experimental data
over the measured angular region. The above implies that it is not
possible to determine the neutron polarizabilities with a precision
better than that of the proton.

The difficulties with the reaction above are the low binding energy
and small cross section. The binding energy of the deuteron is only
2.2 MeV making a separation of the inelastic and elastic contribu-
tions difficult. Furthermore, the small cross section of ~10 nb/sr
for 60 MeV photons, makes the determination of the angular de-
pendence of the differential cross section an experimental challenge.

Compton scattering from the deuteron has been measured by Lucas
[Luc94] at Urbana, Illinois, USA in 1994, and by Hornidge [Hor99]
[HorOO] at SAL 3, Canada in 1999. Both measurements used tagged
photons, liquid deuterium targets and Nal spectrometers for the
detection of the scattered photons. The SAL measurement used a
large volume Nal detector, the so-called BUNI 4 detector, which
made a clean separation of the elastic contribution possible. The
Urbana Nal detectors were of similar size as the detectors used in
the present experiment (10"xl0").
The Urbana experiment was done at two photon energies; 49 and
69 MeV while the SAL experiment was done at 94 MeV. A value of
an — 5.5 ± 2.0 was extracted from the SAL data-set [HorOO] using
the model [LevOO]. The Urbana data-set was fit in [LevOO] without
keeping the sum of the polarizabilities fixed, i.e. a two-parameter
fit without using the Baldin sum-rule. The result, an ~ 17 ± 6
and Pn ~ 11 ± 6, is thus not included in figure 1.2.

Figure 1.2 summarizes the present status of the polarizabilities of the
proton and neutron. Note that the proton results are given as a — /3 while
the neutron as a. The statistical and systematic errors have been added
in quadrature. The key below each of the neutron references indicates the
type of experiment; (NS) Neutron Scattering, (QF) Quasi-Free Compton
scattering and (C) Compton scattering. Only the Compton scattering
result that used the sum rule is shown [HorOO].

3 Saskatchewan Accelerator Laboratory.
4Boston University Nal.
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Chapter 2

Photon scattering

The present chapter gives an overview of the theory and definitions used
in photon scattering. First a brief summary of photoabsorption will be
given, followed by a section which discusses the optical theorem and the
dispersion relations.

Scattering from a single particle (proton) is extended from the clas-
sical Thomson case to include effects of spin, magnetic moment and po-
larizability. A simplified classical model of deuteron Compton-scattering
is presented, followed by the key features of the model which was used
to evaluate the present data-set.

2.1 Photoabsorption

Before investigating the physics of photon scattering, it is appropriate to
discuss photoabsorption since photoabsorption is related to elastic pho-
ton scattering via the optical theorem, given by equation (2.2). Figure
2.1 shows the total photoabsorption cross section for the proton and a
few other nuclei. In order to compare different nuclei, the measured cross
sections, CT7T, are divided by the mass number (̂ 4) of the nucleus.

One feature of figure 2.1 is the relatively small difference between
values corresponding to different nuclei. The explanation for this is that
due to the weakness of the electro-magnetic interaction, the whole nu-
cleus gets illuminated. This is an advantage, as it enables the probing of
the bulk properties of the nucleus. The drawback is the long measure-
ment times needed to obtain good statistics.

Not shown in the figure is the energy region below 10 MeV. This cor-
responds approximately to the region below particle emission threshold,

9



GR QD isobar shadow
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103 104
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Figure 2.1: T/ie toia/ photoabsorption cross section divided by the mass
number as a function of energy. The figure is from [Ahr85j.

where the only reaction which contributes to the total cross section is
photon scattering.

The absorption cross sections in figure 2.1 show distinct features
which can be drawn into four different energy regions, labeled the GR,
QD, isobar and shadow regions.

The GR (Giant Resonance) region extends between approximately
10 and 40 MeV, where the reduced photon wavelength is of the order
of the size of the nucleus. It is a collective effect involving the whole
nucleus. Since the photon absorption is mainly El, the resonance is
sometimes called the Giant Dipole Resonance.

Between 40 and 140 MeV (pion photoproduction threshold), the cross
sections decrease gradually with energy. The reduced photon wavelength
is around 2 fm and the absorption takes place on correlated np-pairs, so-
called quasi deuterons. This region is known as the QD (Quasi Deuteron)
region.

Above pion photoproduction threshold, the cross sections increase
rapidly with energy until reaching a maximum at approximately 340
MeV. This is indicated in the figure as the isobar region and extends up
to ~2 GeV. The maximum corresponds to the first exited state of the

10



nucleon, and is also known as the A-resonance.
As the photon energy increases above ~2 GeV, the shadow region is

entered. At these high energies, the photon fluctuates between a photon
and a hadronic state. The higher the energy the longer the time spent in
the hadronic state. Interaction mainly takes place between the hadronic
state of the photon and the nucleus with the high probability that governs
the strong interaction. Because of the high reaction probability, the
photon reacts on the front face of the nucleus, shadowing the back face.

2.2 The optical theorem and dispersion relations

The differential cross section for elastic scattering can be specified in
terms of a complex scattering amplitude R

The optical theorem relates the total photoabsorption cross section
to the imaginary part of the forward scattering amplitude via

2hr
a,(E) = —Im[R(E,e = 0)) (2.2)

The dispersion relations connect the real and imaginary parts of a
complex function. For the case of scattering amplitudes, they can be
expressed as [Zie86]

^f ^W'^W (2.3)

g-qW (2.4)
where P denotes the principal value of the integral. It follows that if a1 is
known for all E, the forward scattering cross section can be determined
thus providing a possibility to check both theoretical models and the
experimental data.

Further, the sum of the electric and magnetic polarizabilities of the
proton is constrained by the Baldin sum rule [Bal60]

he [<*> o*(E)dE

11



where a? is the total photoabsorption cross section of the proton. An
analogous relation exists for the neutron, and both sums were evaluated
in [Pet81] (in units of 1(T4 fm3) as

Op + Pp = 14.2 ± 0.5 (2.6)

an + Pn = 15.8 ± 0.5 (2.7)

Recently, various re-evaluations of the above sums have been published.
The values that were used in the analysis of the present data-set differs
slightly from the values above, and are [LevOO]

ap + J3p = 14.0 ± 0.5 (2.8)

an + pn = 15.2 ± 0.5 (2.9)

2.3 Proton Compton scattering

Approximately 100 years ago, J. J. Thomson developed a (classical) the-
ory for the scattering of photons by a charged particle with charge e and
mass M. According to his theory, the oscillating electric field of the radi-
ation causes the charge to oscillate with the same frequency as that of the
incident electric field. The oscillating charge radiates electro-magnetic
waves with the same frequency as the incident radiation. The scattering
is elastic since there is no change in frequency. The Thomson theory of
scattering is valid only for low photon energies where the recoil of the
charged particle can be ignored. The differential cross section is given
by [Jac75]

where 9 is the scattering angle. It is convenient to introduce a new
quantity, Rp, defined by

e2

Rp = - - ^ (2.11)

As can be seen from (2.10) and (2.11), Rp determines the magnitude
of the differential cross section. Numerically, Rp equals 1.53 xlO~18 m
and .R2 equals 2.35 xKT 3 6 m2 which is 23.5 nb l.

. = lO"2 8 m 2 .

12



If the proton mass is interchanged with the electron mass in equation
(2.11), it will yield the so-called classical electron radius Re = 2.82x 10~15

m. The magnitude of the differential cross section for Compton scattering
from the electron (as given by 2.10) is determined by R2, which equals
79 mb.

As the photon energy increases, the Thomson theory fails. A more
advanced model was developed by Klein and Nishina. Using QED, they
calculated the cross section for photon scattering from a spin 1/2 point-
particle. The cross section is [Leo92]

da 2 / 1
l + 7(1 -cos6)

— = iT
dQ p

( ftlcosO? \ (l + cosH\
\ (1 + cos26)(1+7(1 -cosO))) \ 2 j

where 7 = E/Mc2 and E is the energy of the incident photon. Inspection
of (2.12) reveals that it yields the Thomson formula (2.10) in the limit
7->0.

Powell [Pow49] derived the Compton scattering cross section for a
spin 1/2 point-particle with an anomalous magnetic moment A. The
analytical expression of the cross section is given in Appendix A. The
Powell formula yields the Klein-Nishina formula in the limit A —> 0.

As the photon energy increases further, sensitivity to the proton in-
ternal structure is picked up. The first order response due to the internal
structure is described by ap and J3P, the electric and magnetic polariz-
abilities of the proton. A low energy expansion to order EE' of the
scattering cross section (see for instance [Pet81] [Mac95]) results in

*p±i( i + cose)2 + ̂ A ( i - cosef]

where the subscript Powell denotes the cross section according to ap-
pendix A. Inspection of (2.13) reveals that the cross section depends on
ap + J3P, ap, and ap — J3P at 0°, 90°, and 180°, respectively. Equation
(2.13) appears to have two free parameters, ap and J3P. However, the
Baldin sum-rule (2.5) determines ap + J3P which leaves ap — (3P as the
only free parameter in (2.13).

13



The differential cross sections as given by Thomson (2.10), Klein-
Nishina (2.12), Powell (appendix A) and the Low Energy Expansion
(2.13) are shown as a function of the scattering angle in figure 2.2. They
were calculated for an incident photon energy of 60 MeV scattering from
a proton with an anomalous magnetic moment of 1.79 /z/v. ap and J3P

were set at (in units of 10~4 fm3) 12.1 and 2.1, respectively [Mac95].

15
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Figure 2.2: The step-wise refinement of the theory for proton Compton
scattering for an incident photon energy of 60 Me V.
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2.4 A classical model of the deuteron

Some of the main features of deuteron Compton scattering may be more
easily understood by first investigating a simple classical model. The
model only involves the electric polarizability, and the proton is repre-
sented by two charged masses connected by a spring. One of the masses
corresponds to the d-quark and has a mass of (1/3)M and a charge of
(—l/3)e. The other mass corresponds to two u-quarks and thus has a
mass of (2/3)M and a charge of (+4/3)e. M and e are the mass and
charge of the proton. The system is shown in figure 2.3.

Figure 2.3: A model of the proton.

The incident electric field (the photon) accelerates the charges and
they will thus emit radiation in other directions. The photon is scattered.
If a velocity dependent damping (F) of each of the two masses is included
(relative to the center of mass), the cross section can be determined
[Jac75] [Luc94]

1 -
i + cos2e\

2 )
(2.14)

where Rp is given by equation (2.11) and w is the angular frequency of
the incident photon. The resonant frequency of the system is UJP = \Jkf \i
where /i is the reduced mass. For low energies, u -C wp, equation (2.14)
can be written as

da
dtt

1 -
bit

Rp (2.15)

The model above yields an electric polarizability of 2

2e2 1
(2.16)

Inserting hwp = 300 MeV in equation (2.16), gives ap ~ 13 x 10 fm .

15



for {UJ -C uip) which makes it possible to rewrite equation (2.15) as

cos29

At zero energy, the cross section above equals the Thomson cross
section, which is also given in equation (2.10). The polarizability term
appears at order w2 due to interference with the Thomson amplitude.

The neutron can be modeled similarly. One u-quark of mass (1/3)M
and charge (+2/3)e is connected to two d-quarks with a total mass and
charge of (2/3)M and ( — 2/3)e. The cross section is then

da
p

2co2

^ = m - , „ ~~ . „> c • r " " i (2.18)

where the Thomson term is absent since the total charge of the neutron
is zero. For low energies, UJ <C un, and in terms of the polarizability, this
can be written as

dn~ c* V 2 j ^ i y j

For a photon energy of hui = 60 MeV and a polarizability of ap =
an = 13 x 10~4 fm3, the proton cross section according to equation (2.17)
is larger by a factor of ~150 than the neutron cross section given by equa-
tion (2.19). Furthermore, the absolute contribution of the polarizability
is also larger by a factor of ~25 in the proton case.

In the spirit of this simple model, the cross section for the deuteron
is arrived at by coherently adding the proton and neutron amplitudes,
and reads (in the low-energy regime)

— ~ R2

dtt ~ p 1 - W2 i o / (2-20)

(2.21)

Due to interference between the neutron amplitude with the proton
Thomson amplitude, the polarizabilities of the proton and neutron con-
tribute equally in these equations. This illustrates the advantage of using
a deuteron target to gain information about the neutron polarizability.
Both polarizabilities appear at the same order UJ2.
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2.5 Deuteron Compton scattering

The main features of a model describing Compton scattering from the
deuteron will be described in this section. The model was created by M.
I. Levchuk and A. I. L'vov and is described in detail in [Lev94] [Lev95]
[LevOO] [LevOl]. They use the diagrammatic approach and the non-
relativistic Bonn OBE-potential 3 valid below the pion photoproduction
threshold. The Hamiltonian of the nucleon-nucleon interaction has the
following form

VSBE (2-22)
a=ir,ri,5,a,oj,p

where m is the nucleon mass and pi the nucleon momentum. The po-
tential, VQBE, depends on the momentum of the nucleons and takes into
account meson exchange with ?r, 77, £, a, u and p mesons. The differential
cross section for Compton scattering from the deuteron in the CM frame

|K(^) 2 E P (2.23)

where E^ is the deuteron energy in the CM frame, W is the total energy
in the CM frame and T is the scattering amplitude. The photon and
deuteron spin states are denoted by A and m^, respectively. Outgoing
quantities are primed. The factor ^ comes from averaging over the initial
spin states of the photon and deuteron (2x3). The amplitude T can be
divided into a resonance and a seagull part.

2.5.1 The resonance part

The resonance part generally has an imaginary component and corre-
sponds to an intermediate excitation of the deuteron between the ab-
sorption and the emission of the photon. The resonance diagrams are
shown in figure 2.4.

In the figure, (A) describes the free propagation of the intermediate
state and (B) describes the rescattering case. The diagram corresponding
to the off-shell photodisintegration vertex consists of two parts, referred
to as the one and two body currents. They are both shown in figure 2.4 as

3One Boson Exchange.
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Figure 2.4: The resonance diagrams. See text for details.
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(C) and (D), respectively. The two body current is often called the Meson
Exchange Current (MEC). The photon-meson-nucleon-nucleon vertices
are shown as (E), (F), (G), (H) and (I). In (E) and (F), AT is the anti-
nucleon propagator. Excitation of the A is included in (I).

2.5.2 The seagull part

The seagull amplitude corresponds to processes in which the absorption
and emission of the photon takes place at the same time and it can be
divided into one and two body parts. The one body part consists of the
Thomson amplitude (—e2Z2/m) e'e and a term reflecting the internal
structure of the nucleon

5y [ae'e + /?(k' x e')(k x e)] (2.24)

where e and k are the polarization and normalized momentum of the
photon. As before, outgoing quantities are primed. The seagull ampli-
tudes of the proton and neutron contribute coherently and the result
depends only on the iso-spin averaged polarizabilities a^ = \{otp + an)
and PN — \ifip + fin)- As mentioned previously, the Baldin sum-rule
(2.5) can by used to determine ap + fip and an + Pn. Compton scatter-
ing from the proton yields ap — J3P effectively rendering an - J3n as the
remaining free parameter.

A diagrammatic representation of the one and two body seagull op-
erator is shown in figure 2.5 where the photon-meson-nucleon-nucleon
vertices are the same as those for the resonance part in figure 2.4 (E),
(F), (G), (H) and (I).

2.5.3 Features and predictions

When investigating the predictions and features of the model, the effects
of the polarizabilities were excluded by setting a^ = PN — 0- Among
the findings are that

• the resonance, the one-body seagull, and the two-body seagull are
approximately of the same order.

• the total amplitude approaches the Thomson value in the limit
E~ -*•().
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Figure 2.5: The one (J) and two (K) (L) (M) (N) (0) body seagull
diagrams. See text for details.

• rescattering in the intermediate state (diagram (B) in figure 2.4)
decreases the forward cross section by ~10% in the energy range
50-100 MeV. The effect at backward angles is a small positive con-
tribution.

Further, using the optical theorem and the dispersion relations, the zero-
degree scattering amplitude was found to be correct to within 3% in the
energy range 20-100 MeV.

The effect of the polarizabilities on the differential cross section is
shown in figure 2.6 for an incident photon energy of 60 MeV. The solid
line represents the zero-polarizability cross section and the non-solid lines
corresponds to different values of an — J3n in steps of 4. ap + J3P was set
at 14.0 [LevOO], an + J3n at 15.2 [LevOO] and ap - J3P at 10.0 [Mac95].
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Figure 2.6: The (CM) differential cross section for Compton scattering
from the deuteron as a function of the (CM) scattering angle for an
incident photon energy (LAB) of 60 MeV.

The polarizabilities decrease the cross section over the whole angular
range, the decrease being proportional to (aAT + fix) at forward and to
(ajv ~PN) at backward angles. The decrease in the cross section at 130°,
where two Nal detectors were situated in the present experiment, is ~ 3 %
when an — J3n increases by 4. The cross section at 45°, where one Nal
detector was situated, is not sensitive to an — (3n, so this constitutes a
reference point.
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Chapter 3

Experimental facilities and
equipment

This chapter concerns the experimental hardware used to study Compton
scattering from the deuteron. First a brief presentation of MAX-lab will
be given, followed by a closer look at those sections that are of interest to
nuclear physics. The liquid deuterium target and the photon detectors
are presented. Finally, the data acquisition and electronics are discussed.
The nuclear physics facility is currently being upgraded to higher energy
and a third ring (MAX III) is under construction. The presentation that
follows applies to the lab as it was when the present experiment was
carried out.

3.1 The MAX laboratory

MAX-lab is a Swedish National Laboratory used for research within the
fields of synchrotron radiation physics, accelerator physics and nuclear
physics. The electron accelerator laboratory consists of 3 parts: the Race
Track Microtron (RTM), the MAX I ring and the MAX II ring.

Electrons are given an initial energy of 100 keV by an electron gun
injecting into the RTM [Eri82]. In the RTM, shown schematically in
figure 3.1, the electrons are given a 5 MeV energy increase by a small
linac (linear accelerator). Each of the two dipole magnets reverse the
direction of motion of the electrons making a second traverse of the linac
possible which increases the energy by another 5 MeV. Each additional
passage increases the energy by 5 MeV and since the bending radius

23



increases with the energy, the size of the magnets limits the maximum
number of loops to 19, corresponding to an energy of 95 MeV. Extraction
is possible from any orbit except for the first 3 by means of a movable
magnet.

dipole
magnet

extracted beam

linac

electron gun

Figure 3.1: A schematic figure of a Race Track Microtron.

The beam from the RTM is injected into the MAX I [Lin90] ring.
MAX I has a circumference of 32 m and contains 8 dipole magnets. It can
be operated in a pulse-stretcher mode in which the orbiting electrons are
extracted slowly for nuclear physics usage. It is also possible to increase
the electron energy using the accelerating cavity. Since the circumference
of the ring is constant, the field in the dipoles must be increased in phase
with the electron energy. When the maximum energy of ~500 MeV is
reached, two options exist. The ring can either be run in a stored-current
mode for the synchrotron users, or it can be used as an injector for MAX
II. MAX II is the newest ring, and is only used for synchrotron radiation
physics. It has a circumference of 90 m and can accelerate electrons to
1.5 GeV.

3.2 Nuclear physics at MAX-lab

The RTM is operated at 50 Hz, i.e. every 20 ms a ~0.5 /us long elec-
tron pulse is produced. The short pulse, corresponding to a duty-factor
of 2.5xlO~5, is stretched in the MAX I ring for a more efficient usage.
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Since the circumference of MAX I is ~30 m corresponding to a ~100 ns
flight time, the 0.5 [is long pulse from the RTM is injected over 5 turns
of the ring. Extraction should be smooth and span over 20 ms. The
electrons are extracted by letting synchrotron radiation losses drive the
electrons toward a resonance. Following the above extraction procedure,
a 100% duty-factor should be possible. However, the synchrotron losses
of a 95 MeV beam is 1.12 MeV during 20 ms which is more than the
ring can handle. This means the duty-factor is reduced. A duty-factor
of around 60% is routinely achieved at 95 MeV.

The extracted beam is directed down to the basement into the nu-
clear physics area with a beam current of <~30 nA. The electron beam
passes through a thin Al-foil (the radiator). A small fraction of the elec-
trons react in the foil through the bremsstrahlung process, thus losing
energy and creating photons. The foil has a typical thickness of 50 /xm
corresponding to 6x 10~4 radiation lengths 1. The energy balance for the
reaction is

E7 = E0-Er (3.1)

where E7 is the energy of the produced photon, EQ the energy of the
incident electron and Er the energy of the residual electron. The photon
beam enters the experimental area through a pair of collimators situated
in the concrete shielding as shown in figure 3.2.

The energy distribution of the bremsstrahlung photons is governed
by the Schiff distribution [Sch51] which is (approximately) proportional
to 1/Ey for Ey well removed from EQ. The electrons that do not interact
in the foil (~99.9%), are deflected by the tagging magnet [Adl97] away
from the experimental area to the beam dump. The beam dump con-
sists of a barrel of borated water and acts as a Faraday cup to measure
the charge of the beam. If an electron produces a photon in the foil, the
residual electron will have an energy Er < EQ. Thus, its trajectory in the
tagging magnet will have a smaller radius than electrons which did not
react. Depending on the energy of the residual electron, the electron will
cross the focal plane of the tagging magnet at different positions. Knowl-
edge about the focal plane coordinate of the residual electron makes it
possible to determine the electron energy and the corresponding photon
energy according to equation (3.1). In this manner, quasi-monoenergetic
photons are produced.

1 Radiation length is defined as the distance over which the electron energy is re-
duced by a factor 1/e due to radiation loss only.
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beam dump

shielding

^collimators

photon beam

experimental area

Figure 3.2: A schematic view of the tagger area.

Detection of residual electrons in the focal plane is done by two mov-
able detector arrays, each consisting of 32 non-overlapping plastic scin-
tillators. Each detector covers an energy range of ~300 keV and each
array covers an energy range of ~10 MeV. The arrays can be moved in-
dependently of each other, allowing the residual electrons to be detected
in the interval (0.1-0.8)xE0.

3.3 Experimental setup

The following section describes the experimental setup used in the deuteron
Compton scattering experiment. The outline will "follow the path of the
photons", that is, from the target to the detectors and through the elec-
tronics.

3.3.1 The liquid deuterium target

Compton scattering experiments involving the lightest nuclei, H, D and
He, demands usage of liquid cryo-targets. Since the design and construc-
tion of one of these targets is a major project, we were fortunate to have
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a working liquid deuterium target at our disposal. The target was con-
structed by T. Glebe and is described in detail in [Gle93].

The target consists of a target chamber made of 2 mm (1 mm in the
scattering plane) stainless steel with 80 mm entrance and 130 mm exit
window for the photon beam, as shown in figure 3.3. The window is a 100
fjbra Hostaphan foil. A turbo pump creates a vacuum of ~10~5 mbar 2

in the target chamber. A liquid nitrogen shield inside the chamber re-
duces the amount of heat radiated onto the interior parts of the target.
In thermal connection with the nitrogen shield is a copper plate which
shields the cell from the sides and from below.

cooling machine

liquid nitrogen

copper shield

target chamber

cooling head

heat exchanger

photon beam

hostaphan window

turbo pump

Figure 3.3: A schematic view of the liquid deuterium target.

The cooling machine is mounted on top of the chamber and can reach
temperatures as low as 11 K. Since the cooling machine only has two
modes, it is either on or off, adjustment of the temperature is done with
a small heat element attached to the cooling head of the cooling machine.

21 bar = 10s Pa.
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The heat exchanger is mounted on the cooling head. Deuterium gas
condensates on the heat exchanger and drips down into the cell. The
cell is 160 mm in length and 48 mm in diameter and is made of 125 /xm
Kapton foil. The diameter of the photon beam is 35 mm at target posi-
tion. A two-component adhesive, Epikote and Ancamide (see Appendix
B), was used during the assemblage of the cell. Two layers of 5 jum super
insulation foil is wrapped around the cell to minimize the absorption of
thermal radiation. The super insulation foil covering the endcaps has a
thin slit to allow a visual check of the liquid deuterium level in the cell.

When the target is run in a steady state, that is, when the amount of
liquid deuterium in the cell is constant, the amount of liquid deuterium
that boils off equals the amount of deuterium that condensates on the
heat-exchanger and drips down in the cell. The pressure in the system
equals the vapor pressure of deuterium for its temperature. Knowledge
about the pressure thus makes it possible to determine the temperature
of the deuterium liquid. The density of the liquid deuterium is then ob-
tained from the temperature.

The total amount of D2 is 650 liters at 1150 torr 3 (room temperature)
which constitutes a serious safety hazard. Before each experiment, the
cell was exposed to a nitrogen pressure of 1500 torr at 80 K. A cell
passing this test is expected to withstand 1150 torr at 20 K which is the
maximum stress the cell is exposed to while running with deuterium.

The target filling process takes approximately 24 hours, while the
emptying process only takes 8 hours. These fairly long periods of time
means that no rapid changes between full and empty target measure-
ments can be done.

3.3.2 The photon detectors

Three Nal(Tl) detectors were used to detect the scattered photons. The
Nal crystals are cylindrical in shape with typical dimensions 25x25 cm2

(diameterxlength). A 60 MeV photon hitting the crystal will create an
electro-magnetic shower which propagates through the crystal. Ideally,
the shower stops within the boundaries of the crystal. However, this is
not always the case. Frequently, part of the shower escapes from the

3760 torr = 101.325 kPa = 1 atm.
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crystal resulting in a degradation of the energy resolution 4.
The Nal crystal is situated inside a 10 cm thick hollow cylinder of

plastic scintillator (NE102) as shown in figure 3.4. This annulus shield
serves a dual purpose. It enables the rejection of cosmic rays which
constitutes the main source of background and, if part of the electro-
magnetic shower mentioned above ends up in the annulus, rejection of
those events improves the energy resolution.

Nal(TI)

NE102

Pb

paraffin

Figure 3.4: A schematic view of the Uppsala Nal detector.

A 10 cm thick slab of lead with a 14 cm diameter aperture placed
in front of the crystal collimates the photons scattered from the target,
thus improving the resolution by absorption of photons that would have
hit the rim of the crystal. The aperture is filled with paraffin to reduce
the target-related neutron background.

Charged particles from the target are vetoed with a (typically) 5 mm
thick plastic scintillator (NE102) mounted in front of the detector aper-
ture. Finally, the detector is passively shielded on the outside by a layer
of lead.

Each Nal crystal is read out with 7 PM 5 tubes whose signals are
added passively. Since the gain of a PM tube depends on the applied
voltage raised to the power of the number of dynodes (normally around
10), a small variation in voltage leads to large gain shifts. Furthermore,
a variation in the detector count rate can also lead to gain shifts. To

4 The energy resolution is defined as the ratio AE/E where AE is the Pull Width
at Half Maximum (FWHM) and E is the energy of the photon.

5Photo Multiplier.
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monitor the gain of the PM tubes, the detectors are equipped with an
LED 6. The LED emits a burst of light into the crystal every two seconds
and, assuming the amount of emitted light to be constant, this should
always result in the same pulse height.

The Nal detectors are named after the universities where they were
assembled. The detectors are thus called Uppsala, Gottingen and Bochum.
The Bochum Nal detector is compact with a conically shaped collimator
and PM tubes capable of handling high count rates. Normally, the Up-
psala and Gottingen Nal detectors were placed at backward angles and
the Bochum Nal detector in the forward direction. Table 3.1 summarizes
the detector properties.

Detector
Nal diameter (cm)

length (cm)
resolution
@ 60 MeV (%)

Annulus shape
thickness (cm)

Front veto thickness (cm)
Aperture shape

diameter (cm)

Uppsala
25.4
35.5

~6
cylindrical

10.5
0.5

cylindrical
14

Gottingen
25.4
25.4

o
~O

quadratic
5

0.5
cylindrical

14

Bochum
25.4
25.4

~8
cylindrical

9.6
10.2

conical
front : 13.0
back : 9.7

Table 3.1: The geometries and properties of the Nal detectors.

3.3.3 Data acquisition system and electronics

The nuclear physics group at MAX-lab has two separate data acquisi-
tion systems, thus enabling two experiments to be run at the same time.
The Compton scattering program uses the data acquisition system "up-
stairs" . It consists of a VME computer which controls a CAMAC crate.
The operating system on the VME is OS9 (UNIX-related) and the data
acquisition program is KODAQ [Nil90]. The system is operated from a
SUN workstation connected to the VME.

6Light Emitting Diode.
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Before looking at the electronics setup, the principles of tagging ought
to be discussed in somewhat greater detail. Prom the brief discussion in
section 3.2, it only seems to be a question of determining which detector
in the tagger focal plane that fired. This works fine for very low inten-
sities, where the probability for more than one electron hitting the focal
plane detectors "simultaneously" is negligible. At higher intensities, this
is no longer valid.

A way of dealing with this is to let the Nal detector start a TDC 7

which is stopped by the focal plane detector. The time it takes for
a residual electron of energy Er to reach its corresponding focal plane
detector is constant as is the time it takes the corresponding photon
of energy E7 to reach the target and scatter off to the detector. This
constant relation results in a peak of so-called true coincidences in the
TDC spectrum as shown in figure 3.5.

counts
true coincidences

random coincidences

time

Figure 3.5: A schematic of the TDC tagging principle. The experimental
setup is shown to the left and the corresponding TDC spectrum to the
right.

At high rates, there is a substantial background of so-called random
coincidences present in the TDC spectrum. These are events for which
the TDC start signal comes from anything but the photon corresponding
to the focal plane detector in question. The TDC stops have no relation
to the starts, producing the ^constant background in the TDC spectrum.

7Time to Digital Converter.
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The photons produced by the bremsstrahlung process in the radia-
tor emerge with a small transverse momentum component. The resulting
cone of photons is collimated in order to get a more narrow photon beam.
The ratio of the number of photons surviving the collimator to the num-
ber of residual electrons in the focal plane is called the tagging efficiency.
It is defined for each of the 64 focal plane detectors and has a typical
value of 25%. It is only measured in the beginning of each run-period
as it has been experimentally confirmed that it stays constant during
two weeks of experiment. The number of photons with a given energy
impinging on the target is given by the total number of residual electrons
in the corresponding focal plane detector multiplied with the tagging ef-
ficiency of that detector.

In the off-line analysis, a cut is placed on the true peak, that is, events
with TDC values corresponding to the true coincidence peak interval are
selected. Thus, the random background is much reduced, but it is still
present. The narrower the peak, the narrower the cut and the smaller is
the contribution of the random background. It follows that a good time
resolution is desirable. This is achieved by using CFDs 8 (ORTEC model
934) for the 100 ns rise-time Nal signals. The fast signals from the focal
plane detectors are each put through a preamplifier and a discriminator
and the output logic ECL signals are split in two branches, one to each
data acquisition system. The resulting time resolution is typically 1.2 ns
(see section 4.2). The TDCs are LeCroy's model 2229.

The ADCs 9 used for integration of the pulses were LeCroy 2249W
for the long Nal signals and LeCroy 2249A for the short plastic (NE102)
signals. The small cross section for deuteron Compton scattering implies
usage of a high photon flux. Add to this the fairly long pulses from the
Nal crystal (~1 /J,S) and it is clear that pile-up is a potential issue. In
an attempt to deal with this problem, a 250 MHz Flash ADC (STRUCK
DL515) was used. It measures the Nal pulse height every 4 ns over the
entire pulse length, thus making an off-line rejection/correction for pile-
up possible.

Constant Fraction Discriminator.
9Analog to Digital Converter.
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The conditions for writing an event to tape are governed by the MAS-
TER trigger circuit. A MASTER trigger is generated if all the criteria
below are satisfied:

• The energy deposition in one of the Nal detectors is above thresh-
old, typically 10 MeV (individual thresholds are set on the CFDs).

• The system is not already processing an event.

• The event occurred between 1 and 20 ms into the machine-cycle 10.
During the first millisecond, a veto signal inhibits the MASTER
trigger circuit since during this time the extraction from the MAX
I ring is not smooth. A big current spike may be present.

The bit-pattern unit keeps track of which detector that caused the
MASTER trigger and, more importantly, if one of the LEDs, mentioned
in section 3.3.2, had fired. In the off-line analysis, it is important to be
able to sort out the LED-events.

There are two main types of events. Either an experimental event
in which all ADCs and TDCs are read out, or a sealer event where just
the focal plane sealer channels are read out. Sealer events occur with
a frequency of 0.2 Hz. The sealers are vetoed whenever the MASTER
trigger circuit is vetoed which means that the sealers are not counting
electrons if the system is not ready to accept a MASTER trigger.

The electronic setup is shown schematically in figure 3.6. For simplic-
ity, only one Nal detector is shown. Delays, amplifiers and attenuators
are not displayed. Even though it is not shown in the figure, each en-
ergy signal is split in two branches. The two branches have different
amplification which makes it possible to do more precise off-line cuts.

10The machine-cycle length is 20 ms (50 Hz) and starts when the short electron
bunch is injected into MAX 1.
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Figure 3.6: A schematic view of the electronics setup. For simplicity,
only one Nal detector is shown. The horizontal division represents the
experimental/data acquisition areas. The dashed box contains the mod-
ules which are read out by the VME. Refer to text for details.
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Chapter 4

Data analysis

The present experiment was allocated eight weeks of beam-time in which
to acquire data. The eight weeks were used at four different run-periods
which will be referred to as the April '96, June '96, April '97 and Septem-
ber '97 run-periods. All were dedicated to full target (production) runs
except the short June '96 run-period which was used for empty tar-
get/diagnostics. The data from the last week of the September '97
run-period was not used because of experimental problems. Table 4.1
presents an overview of the allocated beam-time.

Run-period
April '96
June '96
April '97
September '97

Duration
2 weeks
5 days
2 weeks
3 weeks

Comment
production
diagnostics
production
production

Table 4.1: The allocated beam-time.

During a run-period, the experiment was in one of four different con-
figurations (modes), which will be referred to as the tagging efficiency,
in-beam, scattering and beam-off configurations.

In the in-beam configuration, the Nal detector is put directly in the
photon beam. This configuration provides the energy calibration of the
Nal detector and establishes the positions of the timing peaks between
each focal plane detector and Nal detector. The scattering configuration
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refers to when the three Nal detectors were placed at different angles
around the full target. Most of the available time was spent in this
configuration. The beam-off configuration is the same as the scattering
configuration, but with the accelerator turned off. The data consists of
cosmic events. Measurements in this mode were mostly performed di-
rectly before and after the run-period.

The differential cross section for Compton scattering from the deuteron,
(da/dfl), is given by

(^) fTDC fstolenfatten ( 4-1}

where Y is the yield, O the effective solid angle, iV7 the number of pho-
tons and t the target thickness, fmc and fstolen are the corrections due
to the TDC cut and stolen trues, and fatten is the correction due to the
reduction of the photon flux in the target. The quantities in equation
(4.1) will be explained later in this chapter.

The outline of this chapter will essentially follow the flowchart of the
analysis which is shown in figure 4.1. However, the tagging efficiency will
be treated first.

4.1 Tagging efficiency

The tagging efficiency, em, is defined for each focal plane detector m
according to

where Nm is the number of residual electrons in detector m and iV7]Tn

the corresponding number of photons that reach the target.
Measurement of the tagging efficiency is carried out with a photon

detector put directly in the photon beam. The MASTER trigger logic is
changed so that the MASTER trigger is generated by the OR of the resid-
ual electrons in the focal plane. As usual, the MASTER trigger provides
the gate for the ADC and the TDC start. The TDC stops come from
the focal plane detectors and are delayed to establish a self-coincidence
used in the off-line analysis to determine which detector that caused the
MASTER trigger. A schematic of the electronics is shown in figure 4.2.
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Figure 4.1: Flowchart showing the main steps of the analysis.
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Figure 4.2: Schematic showing the electronics of the tagging efficiency
measurement.

The energy spectrum of the photon detector is shown in figure 4.3.
The spectrum contains the combined statistics from all 64 focal plane
detectors, i.e. the 1/1 spectra l. A clear separation can be seen between
events in which a photon was absorbed (partly) and the underflows, i.e.
events in which no photon was present. Photons are denned as events
above the threshold (the shaded area).

Spectra, like figure 4.3, are generated for each focal plane detector,
and the tagging efficiency is determined according to equation (4.2). The
resulting tagging efficiency for photons in the energy range 50-70 MeV
measured with a 50 and 150 yum radiator is shown in figure 4.4.

The main reason for the low (~25%) tagging efficiency is the photon
collimators situated in the wall between the tagger and the experimental
area (see figure 3.2). Photons produced with a too large opening angle
are absorbed in the collimator, thus reducing the tagging efficiency and
the diameter of the photon beam in the experimental area.

As expected, the tagging efficiency is reduced when a thicker radi-
ator is used. This is due to multiple scattering of the electrons (with
small energy transfer) in the radiator which will increase the angular
spread of the electron beam. Another unwanted effect is M0ller scat-

notation 1/1 refers to the whole focal plane and 1/2 (2/2) refers to the lower
(upper) energy half of the focal plane.
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Figure 4.3: Energy spectrum of the tagging-efficiency photon detector in
the energy range 50-70 MeV using a 150 fim radiator in April '96. Most
of the underflows are not shown.
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Figure 4.4: The tagging efficiency (April '96) for photons in the energy
range 50-70 MeV with a 50 and 150 fim radiator, respectively. Only the
statistical errors are shown. The photon energy increases from left to
right.
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tering (electron-electron scattering with large energy transfer). M0ller
scattering will increase the number of residual electrons without con-
tributing to the number of photons, thus reducing the tagging efficiency.

The photon detector should be fast, thus reducing the probability
of pile-up and allowing the measurement to be performed at a high in-
tensity. The above method also requires the photon detector to have
a 100% photon detection efficiency. The Pb/SCIFI [Her90] scintillator
meets both of the above demands. It consists of plastic scintillating fibers
embedded in lead and combines good timing properties with a high scin-
tillating efficiency. Even though the Pb/SCIFI detector possesses good
timing properties, the beam intensity has to be very much reduced dur-
ing the tagging efficiency measurement. Typical focal plane count rates
are of the order 50 Hz per focal plane detector compared to 0.5 MHz at
normal intensity.

The background in the focal plane detectors also has to be considered.
The background stems from cosmics and from activation of material in
the vicinity of the focal plane detectors. Amounting to approximately
0.1 Hz per detector, it seems to be a negligible correction. However, the
low duty-factor 2 of the beam in these measurements and the time it
takes for the data acquisition system to process one event (1.5 ms) have
to be taken into account. The approach to correct for the background
was the following. The live-time, tuve, i.e. the time the data acquisition
system was ready to accept an interrupt, was determined according to

tlive = ttotal — Unt ̂ int (4.3)

where ttotal is the total measurement time, tint the time it takes for the
data acquisition system to process one event and n ^ the number of
interrupts. The corrected tagging efficiency, e^, is given by (compare
with equation (4.2))

4 = N-T'm (4.4)

where N^ is the background count rate of detector m. Since we want to
know the tagging efficiency for each detector to within 3%, the number
of photons, iV75m, has to be at least 1000. A tagging efficiency of 0.20

2It has been observed that it is hard to maintain a high duty-factor when lowering
the beam intensity to the level needed for tagging efficiency measurements.
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means that the number of electrons, Nm, is 5000. The total number of
interrupts is then around 300000 (for 64 focal plane detectors). A typ-
ical measurement lasts for 25 minutes thus giving a live-time of tuve c±
18 minutes during which each focal plane detector will cause 100 inter-
rupts due to background only. Thus, the correction is typically around
ecjem = 1-02.

It would have been straightforward to measure the background in
the focal plane detectors before measuring the tagging efficiency and
then apply the correction according to equation (4.4). However, these
measurements were not performed, so this correction method was not
possible. Instead, the observation that the background rates were never
below 0.1 Hz and seldom above 0.2 Hz was used. A correction for a
rate of 0.1 Hz was carried out on all data and the systematic error was
increased corresponding to a rate of 0.1 Hz. Table 4.2 shows the tagging
efficiency data and the statistical error for all run-periods.

Run-period
April '96
June '96
April '97
September '97

Taggeff
0.217 ± 0.008
0.190 ± 0.007
0.209 ± 0.007
0.186 ± 0.007

Corrected taggeff
0.218 ± 0.008
0.193 ± 0.007
0.214 ± 0.007
0.195 ± 0.007

Table 4.2: The measured tagging efficiency using a 150 fj,m radiator.

One of the largest systematic errors is due to the intensity difference
between the tagging efficiency measurement and the normal production
mode. Ludwig [Lud91] measured the tagging efficiency for intensities up
to about 1% of normal by using lead absorbers to attenuate the photon
beam. The measurements were carried out using the old tagger and no
significant intensity dependence was found. The statistical uncertainty
in these measurements was below 4%. This value (4%) was used as the
systematic error in this experiment for all data due to the difference in
intensity.

In the Compton scattering experiment described in this thesis, the
150 jum radiator was used even though the tagging efficiency is lower
than for the 50 fim radiator. The photon flux, however, is almost three
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times as high for the same beam current and a high flux is required in
order to measure the small deuteron Compton-scattering cross section.
Also, a thicker radiator reduces the problem of accelerator generated
background. Assuming the background to be proportional to the beam
current, the ratio of the number of photons impinging on the target to
the beam current is higher for a thicker radiator.

4.2 In-beam calibration

The detector in-beam measurements have a dual purpose. They are
needed in order to establish the timing between each of the focal plane
detectors and the Nal detectors as discussed in section 3.3.3. The tim-
ing, i.e. the position of the true peak, could in principle be obtained from
the TDC spectra when the detectors are in the scattering configuration,
but the ratio of the true peak to the random background is too small as
will be seen later. The in-beam measurements also provide the energy
calibration of the Nal detectors. To decrease the time needed for the
in-beam measurements, a coincidence between the Nal and one of the fo-
cal plane detectors was required for the generation of a MASTER trigger.

During the measurements the beam intensity is reduced to ~5 Hz per
focal plane detector and the Nal detector is put directly in the photon
beam. Figure 4.5 shows an example of the TDC spectrum obtained for
one of the focal plane detectors. The TDC start is generated by the
Nal and the TDC stop by the focal plane detector. As can be seen, the
random background is absent. The x-axis scale is 50 ps per channel. A
Gaussian function is fitted to the peak and its FWHM is typically around
1.2 ns.

The Nal energy spectrum (the response function) resulting from a co-
incidence with the TDC in figure 4.5, yields the spectrum shown in figure
4.6. The focal plane detector whose TDC spectrum is shown in figure
4.5 corresponds to a photon energy of 70.80±0.14 MeV, the uncertainty
being due to the physical width of the focal plane detector.

Response functions were produced for all 64 focal plane detectors,
each corresponding to a given photon energy. The mid point of the right
flank in each histogram (indicated by the vertical arrow in figure 4.6)
was used as the reference channel. The choice of this point as a reference
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300 320 340 360 380 400
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Figure 4.5: In-beam TDC spectrum for a single focal plane detector. The
TDC was started by the Nal detector and stopped by the focal plane de-
tector (Uppsala Nal detector in April '96). The FWHM is approximately
1.2 ns.

c 160

1200 1300 1400 1500
ADC channel

Figure 4.6: A Nal response function corresponding to a single focal plane
detector (Uppsala Nal detector in April '96). The vertical arrow shows
the energy reference channel.
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is not obvious but it is technically convenient. The choice of reference
point does not matter as long as it is kept constant throughout the whole
analysis. Figure 4.7 shows the energy calibration histogram. A straight
line was fitted to the calibration data. The gap results from the fact that
the two arrays of focal plane detectors cannot be put arbitrarily close
together.
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a 0.057604 b -15.3297

1200 1300 1400 1500
ADC channel

Figure 4.7: Energy calibration histogram for the Uppsala Nal detector in
April '96.

Having the energy calibration of the Nal at hand, the missing energy,
Emiss, can be defined in terms of the photon energy, £?7, and the energy
absorbed in the detector, Elector-, according to

detector (4.5)

A histogram containing the overall missing energy response for pho-
tons in the energy range 50-70 MeV (i.e. the 1/1 spectrum) is shown in
figure 4.8. The FWHM amounts to approximately 3.5 MeV correspond-
ing to an average resolution of 3.5/60 = 5.8% which is in accordance with
the value found in previous measurements [Gle96].
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Figure 4.8: The 1/1 in-beam missing energy spectrum for the Uppsala
Nal detector in April '96.

4.3 Scattering configuration

The measurement of the differential cross section for deuteron Compton
scattering was carried out in the scattering configuration. The deuterium
target was situated approximately 1.5 m downstream of the wall collima-
tor. Due to the low cross section of deuteron Compton scattering, a lot of
work was spent on detector shielding. Previous experiments indicated the
presence of accelerator generated background in the experimental area.
The situation was more severe for those detectors placed on the right
side of the photon beam looking upstream (the Uppsala and Bochum
detectors, see figure 4.9). In an attempt to reduce the background, the
whole wall separating the tagger and experimental areas was reinforced
with particular emphasis on the right side. An additional collimator of
length ~0.5 m was placed between the target and the wall collimator.
The additional collimator does not reduce the size of the photon beam
(i.e. reduce the tagging efficiency), as its aperture is ~10 cm (the diam-
eter of the photon beam is <~-2 cm at this location). These efforts were
justified, since this experiment was not affected by background to the
extent that previous experiment were.
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The detector setup was the following (see table 3.1 for detector char-
acteristics). The Uppsala detector was placed at 125° on the right side
of the beam. The Gottingen detector was at 135° on the left side and the
Bochum detector at 45° on the right side. Figure 4.9 shows an outline of
the scattering configuration.

shielding

additional collimator

target

Uppsala

Bochum

photon beam

Figure 4.9: Schematic outline of the scattering configuration.

Using a 150 /jm radiator, photons were tagged in the energy range
50-70 MeV with a tagging efficiency of ~20%. The beam current was
typically 30 nA and the rate in a single focal plane detector around 0.5
MHz. The distance between the target center and the front face of the
Nal crystal was typically 40 cm, which, together with the 14 cm diam-
eter of the detector aperture, results in a solid angle of ~100 msr per
detector. The MASTER trigger was generated by an event above the
CFD threshold (~10 MeV) in any of the three Nal detectors (see figure
3.6).

When taking data in the scattering configuration, not only events
corresponding to tagged photons are recorded. Contributions from non-
tagged photons, i.e. photons in the energy ranges 0-50 and 70-95 MeV,
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are also present as is accelerator generated background. Finally, cosmic
radiation is always present. These contributions to the background can
all be reduced by applying cuts as will be discussed later on.

4.3.1 The front detector

The main reason for equipping the Nal detector with a front plastic
detector is to be able to veto charged particles emanating from the target
(see section 3.3.2 for a description of the Nal detectors). At backward
angles, the amount of target related charged background is negligible
and consequently, the front detector is not needed. However, if the front
detector is placed close to the Nal crystal, it can be used to veto cosmic
radiation. The in-beam, beam-off 3 and scattering configuration spectra
of the front detector are displayed in figure 4.10. The spectra are subject
to the condition that the energy deposition in the Nal is above the CFD
threshold (-10 MeV).

200 400 600 200 400 600 200 400 600

in-beam beam-off scattering

Figure 4.10: The in-beam, beam-off and scattering configuration energy
spectra of the Uppsala front detector in April '96. The x-axis unit is
ADC channels and the y-axis is counts per channel.

The in-beam spectrum in figure 4.10 features two peaks, the second
situated at twice the energy of the first. The situation requires some
explanation as it is unlikely that photons deposit energy in the thin (0.5
cm) front detector. The front detector of the Uppsala Nal in April '96
was placed between the 10 cm plug of paraffin (the detector apertures
are filled with paraffin to reduce the target related neutron background)

3Beam-off runs measure the cosmic and room backgrounds.
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and the Nal crystal. Photons can react in the paraffin either through
atomic Compton scattering or pair production, thus producing one or
two charged particles which causes the two peak structure. The shape of
the beam-off and scattering configuration spectra do not differ, indicating
that the number of photons compared to the number of cosmic events is
very small in the scattering configuration.

4.3.2 The annulus detector

The background of cosmic events can be significantly reduced by using
the annulus detector. Cosmic radiation (mainly consisting of muons)
traversing the Nal crystal loose a substantial amount of energy in the
annulus. Depending on the trajectory of the muon, it can either travel
through the annulus once or twice, thus producing two characteristic
bumps in the energy spectrum of the annulus (see section 3.3.2 for a
description of the Nal detectors). The situation is displayed in figure
4.11 where the in-beam, beam-off and scattering configuration energy
spectra of the annulus detector are shown. As before, the spectra are
subject to the condition that the energy deposition in the Nal detector
is above the CFD threshold (~10 MeV).

200 400 600 800 200 400 600 800 200 400 600 800

in-beam beam-off scattering

Figure 4.11: The in-beam, beam-off and scattering configuration energy
spectra of the Uppsala annulus detector in April '96. The x-axis unit is
ADC channels and the y-axis is counts per channel. Note the logarithmic
scale.

Rejecting events above channel 200 would not have a large impact
on the detected photons (the in-beam spectrum) while at the same time
rejecting most of the cosmic events (the beam-off spectrum). The impact
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of the cut on the energy spectra of the Nal detector is displayed in
figure 4.12. A beam-off spectrum is shown to the left in the figure and a
spectrum obtained in scattering configuration to the right. The shaded
spectra are the energy spectra after the annulus cut has been applied.
The tagged interval is marked by the two vertical lines. The beam-off
spectrum to the left shows that the cut removes <~100% of the cosmic
events in the tagged energy region.

20

beam-off

100 120
energy / MeV

I tagged

i b l i lno cut M|L

annulus cut

20 40 60 80

scattering

100 120
energy / MeV

Figure 4.12: Beam-off and scattering configuration energy spectra of the
Nal detector and the effect of the annulus cut. The y-axis scale is counts
per channel (Uppsala Nal detector at 130° in April !96).

As mentioned in section 3.3.2, it is possible to improve the energy
resolution of the Nal detector by implementing a low energy cut in the
annulus. The drawback is that the efficiency is reduced. The annulus
cuts used in the analysis were mainly set to reject cosmic events and not
to enhance the resolution.

4.3.3 The LED

As discussed in section 3.3.2, the gain stability of the Nal detectors is
monitored by means of an LED-system. Variations of the PM high-
voltage and the detector count-rate affect the gain. The LED emits
the same amount of light into the Nal crystal every two seconds which
results in a narrow peak in the ADC spectrum as is shown in figure
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4.13. Spectra, like figure 4.13, are generated for each Nal detector and
each run. A Gaussian function is fitted to the LED spectrum and its
centroid is defined as the LED position for that run and detector. For
each detector, one run is denned as the reference run and the Nal ADC
values obtained in the other runs are corrected in order to place their
LED centroids at the same energy as that of the reference run.

ou
300

1160 1170 1180 1190 1200 1210
ADC channel

Figure 4.13: LED spectrum for the Uppsala Nal detector obtained during
one run (~2 h).

An opportunity to check the performance of the LED gain monitor
system is given by the position of the "cosmic peak" shown in figure 4.12.
The position of the peak at ~110 MeV, even though it is very wide, is
used as an additional check of the gain. Figure 4.14 displays the posi-
tions of the LED and cosmic peaks for the three Nal detectors over the
whole April '97 run-period (two weeks). As can be seen, gain variations
can be as high as 5% or ~3 MeV and thus have to be corrected for. The
Bochum Nal detector shows the largest variation, probably due to the
higher target related background present at 45°. Further, the LED and
the cosmic positions are correlated indicating that the LED system is
working properly. The situation is equally satisfying in the April '96 and
September '97 run-periods.
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Figure 4.14: The LED and cosmic peak positions for the three Nal de-
tectors as a function of the run number in April '97. 100 ADC channels
equals approximately 5 MeV. The positions of the Uppsala Nal cosmic
peaks were multiplied by 0.95 in order to display the data more clearly.
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4.3.4 The TDC spectra

The principal features of the TDC spectrum were discussed in section
3.3.3. Since the positions of the true peaks are not identical in the
64 TDC spectra, they have to be aligned when analyzed off-line. One
spectrum is defined as the reference and the other spectra are aligned to
the reference spectrum.

Two aligned spectra, each containing the full two weeks of statistics
obtained in September '97, are shown for the Uppsala and Bochum Nal
detectors in figure 4.15. The Uppsala detector was situated at 124° and
the Bochum detector at 44°. An energy cut was applied in the annulus
detector and the spectra have been rebinned. The vertical lines show
the positions of the true photons. This position is obtained using the
in-beam measurements corrected for the difference in photon flight path
between the in-beam and scattering configuration. In each of the two
sub-figures, the upper solid distribution shows the "raw" TDC spectrum
while the lower dashed distribution is subject to the condition that the
missing energy is between -5 and 10 MeV.

The most prominent feature of the "raw" spectrum of the Uppsala
Nal detector is the bump located to the left of the vertical line (around
35 ns). Since it appears to the left of the true peak, it corresponds to a
later start than the start provided by photons, suggesting target related
neutrons. The true peak is barely visible. However, by implementing
the missing energy cut, the "neutron bump" vanishes and the photons
become visible.

The "raw" spectrum of the Bochum Nal detector shows a very pro-
nounced true peak. This is to be expected since the detector was placed
at 44° where it sees a lot of target related background. The background
is uncharged (the Bochum front detector was used) suggesting neutrons
and secondary Bremsstrahlung. The missing energy cut removes the
background.

4.3.5 The missing energy spectra

It is convenient to modify the definition of the missing energy in equation
(4.5). Instead of using E^, the energy of the photon incident on the
target, E, the energy of the Compton scattered photon is used. E^ and
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Figure 4.15: The 1/1 (i.e. all 64 focal plane detectors) TDC spectra of the
Uppsala (top) and Bochum (bottom) Nal detectors obtained in September
'97. The vertical lines indicate the position of the true coincidences.
The dashed distributions were multiplied by 40 and 60, respectively, for
displaying purposes.
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are related according to

,-.' E'y

"7 1 + 7(1-COS0)

where 9 is the scattering angle and 7 = E^/mc2 and m is the mass of
the deuteron. With this modification the missing energy Compton peak
will appear at zero missing energy.

The missing energy distribution is obtained by using the TDC infor-
mation. For each TDC channel two cuts are defined as shown in figure
4.16. The figure shows the rebinned and aligned spectrum of the lower
half of the focal plane (the 1/2 spectrum) for the Uppsala Nal detec-
tor (backward angle) and contains two weeks of statistics. The true cut
contains the Compton scattered photons (stolen trues will be discussed
in section 4.3.7). Due to the high focal-plane count rate, the true cut
also contains a background of random coincidences which needs to be
subtracted. Thus, a second cut containing only random coincidences is
defined.

The missing energy distributions of the true and random cuts are
shown as (A) and (B) in figure 4.17. To make the region around 0 MeV
visible, the spectra are multiplied by a factor of 50 and superimposed.
The Compton peak at zero missing energy is clearly visible in (A). The
energy distribution of the Compton scattered photons results from a
subtraction between the true and random spectra. Each bin i in the
subtracted spectrum, Yi

swb, is given by

y~sub __ Yprue _ AT Y.rand (A 7)

where Y^rue and Y(and are the bin contents of the true and random spec-
tra, respectively, and N is the normalization factor and equals the ratio
between the number of randoms present in the true and random cuts.
There are two ways in which N can be determined.

One method is to use the TDC spectrum. A fit is made to the random
background on each side of the true cut and the two fitted functions are
then joined by a third function in the true region. An integration of the
third function between the limits defining the true cut yields the number
of randoms present within the true cut. The number of randoms in the
random region is given by a simple integration. The drawbacks of this
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Figure 4.16: The true and random TDC (1/2) cuts for the Uppsala Nal
detector in September '97. The histogram is shown for the case of a
missing energy between -5 and 10 MeV.

method is that is requires good statistics in the TDC spectrum and a
determination of the type of functions to be fitted. It was implemented
using polynomials of degree one on each side of the true region. These
polynomials were then joined by a polynomial of degree 1 (see figure
4.16).

The other method uses the true and random missing energy spectra
to obtain the normalization factor. The region to the left of the elastic
(Compton) peak can not be reached by the tagged photon. The only
possibility for this region to be reached is by either a photon with higher
energy or by a cosmic. Thus, events in this region can only cause random
stops and it should integrate to zero in the subtracted spectrum. The
normalization factor can then be obtained by the requirement that this
region must integrate to zero after the subtraction. It was implemented
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Figure 4.17: The Uppsala (1/2) missing energy distributions during two
weeks of measurement in September '97. The x-axis shows the missing
energy in MeV and y-axis number of counts. Spectra have been rebinned.
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by integration of the true and random missing energy spectra between
—5 MeV (to be clear of the elastic peak) and —25 MeV. The normaliza-
tion factor is given by the ratio between the integrations corresponding
to the true and random regions.

Both methods for determining the normalization were implemented,
and yielded similar results. Figure 4.18 shows the relative difference
between the two normalization factors. Since the normalization factors
obtained by the two methods are independent, one uses the TDC spec-
trum and the other the missing energy spectra, a mean normalization
factor TV was determined according to

N = N™ + N^ ± I [ | Nme - Ntdc | +AiVme + ANtdc] (4.8)

where Nme ± ANme is the normalization factor and its error obtained
using the missing energy method, and Ntdc ± A^tdc is the normalization
factor and its error obtained using the TDC method.

For the particular case discussed here (figure 4.16), the TDC nor-
malization factor is 0.331±0.004 which can be compared to 0.343±0.006
when using the missing energy spectra to obtain the normalization factor.
The mean normalization factor is iV = 0.337±0.011.

(C) in figure 4.17 shows the true and normalized (using the mean
normalization factor) random spectra (shaded). In (D), the subtraction
has been performed according to equation (4.7). All 18 subtracted miss-
ing energy spectra (and other data relevant for the determination of the
differential cross sections) are shown in appendix E.

4.3.6 The photon flux

The photon flux N7tm is determined from the number of electrons Nm

and the tagging efficiency em (see equation(4.2)) for each focal plane
detector m

N7,m = emNm (4.9)

However, due to the high rate of electrons, not all are counted by the
sealers. When an electron hits the focal plane detector, it triggers the
discriminator which generates a TP = 50 ns long logic pulse. During these
50 ns, and for an additional rr = 15 ns, the discriminator is dead, i.e. any
new electrons arriving will fail to be registered. The discriminator is non-
updating and will simply ignore them. The average number of electrons
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Figure 4.18: The relative difference between the normalization factors
obtained using the missing energy method and the TDC method. The
difference was determined for each of the 18 data and is shown here di-
vided in two groups (1/2 and 2/2). The x-axis refers to the Nal detectors
in chronological order, i.e. the first of the three b's is value obtained for
the Bochum detector in April '96, the second b is the April '97 value and
the third the September '97 value.
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lost (per output pulse), is rmr, where rm is the rate 4 and r = TP + r r is
the time during which the discriminator is dead. The sealer which was
used to count the number of electrons is capable of handling rates up
125 MHz, which corresponds to a dead time of 8 ns. Since the pulses are
always at least r r = 15 ns apart, no correction has to be made for the
sealer dead time. The corrective factor by which the number of electrons
should be multiplied is thus

/ = 1 + r m r (4.10)

which puts equation (4.9) on the form

N7,m = emNmf (4.11)

The focal plane count rate, rm, is determined by investigating coinci-
dences between focal plane detectors. Details are given in appendix C.I.

Equation (4.11) was used to correct the September '97 data. The
number of electrons, Nm, and the correction, / , was determined for each
sealer channel and run. However, during the run-periods in April '96
and April '97, every two focal plane detectors were OR'd into one sealer
channel (every focal plane detector had its own TDC). This situation is
more complicated and an expression for the correction JOR is derived in
appendix C.2. The number of photons is given by

^y.m.m+l = ^m,m+l^m,m+lfoR (4-12)

Since two neighboring focal plane detectors might have slightly dif-
ferent gain and discriminator thresholds (see figure 4.4) and thus differ-
ent count rates and tagging efficiencies, the combined tagging efficiency,
eTO)TO+i, was calculated as a weighted mean

%,m+l = ; I 4 - • • • < * ]

wm + u>+i

where wm and wTO+i are the number of self-coincidences during the tag-
ging efficiency measurement for channels m and m + 1, respectively. Un-
der the assumption that the ratio wm /u)m + i equals the corresponding
(unknown) ratio between the total number of counts in detectors m and

4 The rate r is defined as the mean rate present when the focal plane detector was
hit by an electron. See appendix C for details.
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m + 1, equation (4.13) lets the detector that counts more have a larger
influence on the combined tagging efficiency.

Table 4.3 shows the mean focal-plane detector count-rate, f, and the
corresponding correction / . The corrections for September '97 was de-
termined using equation (4.10) while the rest is according to equation
(CIO).

Run-period

April '96 1/2
April '96 2/2
April '97 1/2
April '97 2/2
September '97 1/2
September '97 2/2

f (kHz)

1586 ± 76
1557 ± 77
948 ± 80
864 ± 71
1103 ± 91
847 ± 67

L /

1.203 ± 0.012
1.200 ± 0.012
1.120 ± 0.009
1.109 ± 0.008
1.072 ± 0.008
1.055 ± 0.006

Table 4.3: The mean focal-plane detector count-rates and the correspond-
ing corrections. 1/2 refers to the lower half of the focal plane and 2/2 to
the upper half.

4.3.7 Stolen trues

Not all true electrons, i.e. electrons that corresponds to a Compton scat-
tered photon which hit the Nal and started the TDC, will be present
within the true TDC cut. There are three ways for this to fail.

• A random electron precedes the true electron by less than the dead
time of the discriminator of the focal plane detector T = TP + rr =
50+15 = 65 ns (see previous section for details). If the true electron
arrives within that time, it will not be registered.

• A random electron precedes the true by more than r but less than
the low limit of the true TDC cut {tiow). The true electron will not
be contained within the true cut since the random electron already
has stopped the TDC. For example, if tiow — 80 ns, a random
electron preceding the true electron by a time in the range between
r and t\ow will stop the TDC in the range 0-15 ns.
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• A random electron preceding the true by more than tiow but less
than tiow + Tp. A random pulse in this time range will be present
at the TDC stop input at the arrival of the TDC start signal and
will prevent the TDC from starting.

In summary, a random electron preceding the true electron by less
than tiow + TP will steal the coincidence. The probability of observing no
electrons in focal plane detector m during time tm when the electrons
are present with a rate of rm is given by (see equation (C.3))

P(0) = e" (4.14)

The correction factor due to stolen trues, / ^ e n , was determined for
each TDC channel, run and Nal detector, and is given by 1/P(O) or
ermtm_ ^ weighted mean (weighted by the sealer sum of each run) cor-
rection factor, J™oien, was determined for each TDC channel and Nal
detector. Finally, the overall correction factors for the lower and upper
parts of the focal plane were calculated as a weighted mean (weighted by
the tagged photon flux for each focal plane detector). Table 4.4 summa-
rizes the applied stolen trues corrections.

Nal detector
Bochum 1/2
Uppsala 1/2
Gottingen 1/2
Bochum 2/2
Uppsala 2/2
Gottingen 2/2

April '96
1.153±0.007
1.139±0.006
1.200±0.009
1.134±0.006
1.122±0.006
1.175±0.008

April '97
1.097±0.007
1.099±0.007
1.103±0.008
1.086±0.006
1.088±0.007
1.091±0.007

September '97
1.120±0.009
1.128±0.009
1.130±0.009
1.092±0.006
1.098±0.007
1.099±0.007

Table 4.4: The stolen trues corrections (fstolen i-n equation (4-1))• 1/2
refers to the lower half of the focal plane and 2/2 to the upper.

4.3.8 The target density

The target density, p, is determined from the pressure of the deuterium
gas which was in equilibrium with the deuterium liquid in the cell (see
section 3.3.1). Since the pressure varied slightly during a run-period,
the pressure was logged for every run (every two hours). The pressure
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gauge was associated with an error of ±0.5 torr. For each run-period, the
weighted mean pressure, pmean, was determined from the logged pressure
Pi and the sum of all focal plane sealers Nlti during that run, for each of
the n runs according to

Pmean

The target thickness t is given by

'-cell Pmean ^ A
t =

m

(4.15)

(4.16)

where lceu is the effective length of the target cell, NA is Avogadro's
number (6.022 x 1023/mol) and m the molar mass (2.0141 g/mol). The
cell length is 0.160 m and the effective cell length is 0.164±0.002 and is
due to the convex endcaps of the target cell. Table 4.5 shows the target
densities and thicknesses for the different run-periods.

p (g/cm3) | t (1023 nuclei /cm2")"Run-period Pmean(torr)

April '96 843 ± 0.5 0.1622 ± 0.0005 7.95 ± 0.14
April '97 772 ± 0.5 0.1630 ± 0.0005 7.99 ± 0.14
September '97 747 ± 0.5 0.1633 ± 0.0005 8.01 ± 0.14

Table 4.5: The target densities and thicknesses (t in equation (4-1))-

4.3.9 TDC cut

The FWHM of the true TDC peak was determined by fitting a polyno-
mial of degree zero and a Gaussian function to the aligned and rebinned
TDC spectrum. The FWHMs (~3 ns) were larger than the in-beam
FWHMs (~ 1.2 ns). One explanation for this is the variation in photon
flight times that occur because of the extended target (16 cm). The vari-
ation depends on the scattering angle and is less than 1 ns. The fitted
Gaussian was used to determine the fraction of events lost due to the
TDC cut. However, since the FWHMs were not completely understood,
wide (~12 ns) TDC cuts were applied to make sure all events were in-
cluded, i.e. fmc was equal to 1 in equation (4.1). Figure 4.19 shows the
1/2 Uppsala Nal TDC spectrum and the fitted functions. The TDC cut
extends between the two vertical lines.
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time / ns

Figure 4.19: The 1/2 Uppsala Nal TDC spectrum in September '97 for
the case of a missing energy between -5 and 10 MeV. The TDC cut
extends between the two vertical lines.

4.4 Solid angles and response functions

In order to determine the differential cross section, the solid angle sub-
tended by the detector at the target position and the detector efficiency
have to be known. The present experimental setup has an extended tar-
get which was hit by an extended photon beam. The Nal detectors have
large apertures and were placed close to the target. Further, parts of the
target apparatus were between the target cell and the detector apertures.
The task of determining the solid angle and efficiency is best addressed
by a Monte-Carlo simulation. The program used is Geant [Gea93], a
Monte-Carlo program that describes the passage of particles through the
experimental setup.

The scheme followed is simple. Photons were generated in the irradi-
ated volume of the target cell and were given random flight paths. The
energy deposition in the various setup volumes is determined by Geant
for each event. A Nal missing energy spectrum is created and integrated
between two limits (typically —2 MeV and 3 MeV) to yield the number of
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detected photons, N. If the total number of generated photons is Ntotai,
the so-called effective solid angle fi is given by

Q = 1r^-47r (4.17)

The smoothed missing energy spectrum is the response function. It
will be used to fit the experimental missing energy spectrum and has a
larger FWHM than the in-beam response function because of the diver-
gence of the scattered photons.

To determine the error of the simulated effective solid angle, the fol-
lowing approach was used. Disregarding the extended beam and target,
it was assumed that the effective solid angle could be written as

n = e£lp (4.18)

where Clp is the solid angle subtended by a detector with an aperture
radius r at the distance d from a point target (£P = 7rr2/<22). e is the
probability that the photon is not absorbed between the target and the
detector and that it deposits enough energy in the Nal detector to fall
within the missing energy limits mentioned above (-2 MeV to 3 MeV).
The relative error of Cl in equation (4.18) is given by

(4.19)

The relative error in e was estimated to be 2% 5, and the errors in
r and d were 0.1 cm and 0.5 cm, respectively. For a typical case where
r is 7 cm and d is 45 cm (the distance to the back side of the detector
aperture), the relative error in Q, is 4%.

To summarize, the effective solid angle was determined according to
equation (4.17) and its relative error was calculated using equation (4.19).
The relative error due to the limited number of simulated (Ntotai) and
detected (N) events is an order of magnitude smaller than the relative
error given by equation (4.19).

sThe attenuation of photons in the energy range 1-80 MeV in Nal was simulated
using Geant, and the results were compared to tabulated values. The difference was
less than 2%.
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Before it was possible to perform the simulation, two problems needed
to be solved. Firstly, Geant only models the energy lost by ionizing par-
ticles in the experimental setup. Excitation and de-excitation of scintil-
lator photons, their collection at the photo-cathode, the PM-tubes and
the electronics are not considered. Secondly, an energy calibration of
the annulus detector is needed in order to know at which energy to put
the threshold in the simulation. Both these problems can be solved by a
simulation of the detector in-beam configuration.

4.4.1 In-beam

The energy distribution from which photons were sampled was deter-
mined from the measured tagging efficiencies and sealer sums. The di-
ameter of the photon beam as a function of the distance from the col-
limator (see figure 4.9) was determined by inserting film in the photon
beam. Thus, it was possible to calculate both the size of the beam spot
at the front face of the detector aperture and the location of the beam
vertex (which corresponds to the radiator location). Photons created at
the vertex were made to hit the beam spot at the detector with equal
probability within that area. Figure 4.20 shows the simulation of the
Uppsala Nal detector in-beam configuration in September '97. The Nal
crystal is surrounded by the annulus detector and a lead shielding (see
section 3.3.2 for details). The figure shows the interactions of 50 pho-
tons with the setup. A normal simulation run typically involved 500000
photons.

As mentioned above, Geant only models the energy lost in the vari-
ous setup volumes. Thus, the simulated missing energy spectrum is too
narrow and has to be convoluted with a Gaussian function whose width
is determined as follows. A simulated missing energy spectrum and an
experimental missing energy spectrum are generated without cuts in the
annulus and front veto detectors. The simulated missing energy spec-
trum is convoluted with the Gaussian for a given value of its width and
is then fitted to the experimental spectrum. The proper Gaussian width
is chosen by comparing the FWHMs of the two spectra, and by mini-
mizing the chi-square of the fit. A visual inspection is also done. Figure
4.21 shows the Uppsala Nal detector 1/2 experimental missing energy
spectrum from September '97 and the corresponding smoothed simu-
lated response.
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photon beam mtmrrmm

Figure 4.20: Simulation of the Uppsala Nal detector in-beam configura-
tion in September '97. The photons are created at the vertex (not shown
here) and tracking begins some 40 cm before they hit the Nal detector.
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Figure 4.21: The Uppsala Nal detector 1/2 in-beam experimental
(shaded) and simulated (solid line) missing energy spectrum in September
'97.
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The annulus was energy calibrated by finding the annulus cuts that
rejected the same fractions of events in the simulation and in the exper-
imental data. That is, for a given cut (in channels) in the experimental
annulus spectrum which rejects x% of the events in the Nal detector, the
cut (in MeV) in the simulated annulus spectrum was found which also
rejected x% of the events. In this manner, a set of calibration points
(channel,MeV) was obtained. A polynomial of second degree was used
to describe the annulus energy in MeV as a function of the annulus ADC
channel.

Another possibility to obtain the energy calibration of the annulus
is to examine the (experimental) in-beam Nal missing energy versus the
annulus ADC channel. Parts of the electro-magnetic shower that are
created when a photon hits the Nal crystal, frequently escape the crys-
tal and end up in the annulus. Thus, for a given missing energy, there
should be a maximum annulus ADC channel that can be reached. Refer-
ring to figure 4.22, this seems to be true. The second-degree calibration
polynomial obtained using the previous method is also shown. The two
methods agree, at least for low annulus energies (~4 MeV), which is were
the cuts were set.

4.4.2 Scattering

The photons were created throughout the irradiated volume of the deu-
terium cell with equal probability. The attenuation of the photon flux
through the cell is 2% [One96], which has a negligible impact on the solid
angles but the measured cross sections should be increased by 1% due
to the reduction of the photon flux which means that fatten in equation
(4.1) is 1.01. As mentioned before, the photons were given random flight
paths but the event was aborted if the projected photon flight path did
not intersect with front face of the Nal crystal. This procedure is justi-
fied, since the diameter of the Nal crystal is 25.4 cm and the diameter
of the detector aperture is no more than 14 cm. Further, we are only
interested in events which have a low missing energy (< 10 MeV).

The distribution from which the photon energies were sampled is the
same as the one discussed in the previous section but now the energy
has to be corrected because of the energy lost in the Compton scattering
process. Once the photon vertex in the cell is known, and the flight path
established, the scattering angle can be calculated. The energy was then
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Figure 4.22: The scatter plot shows the in-beam Uppsala Nal detector
1/1 experimental missing energy versus the annulus ADC channel in
September '97. Shown is also the annulus energy calibration polynominal
which was obtained by comparing rejection ratios.
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lowered according to equation (4.6). Figure 4.23 shows the simulation of
the Uppsala Nal detector in scattering configuration. The deuterium cell
is surrounded by the thermal copper shield and the stainless steel target
container (see section 3.3.1).

target, chamber

copper sfii

Figure 4.23: Simulation of the Uppsala Nal detector scattering con-
figuration in September '97. The mean scattering angle is 124° and 50
(non-aborted) photon events are shown.

As mentioned before, for a point target, the solid angle, £lp, can be
approximated by OP = nr2/o9, where r is the radius of the detector
aperture and d the distance between the detector and the target. For
the Uppsala Nal detector, in September '97, the distance between target
center and the front face of the detector aperture was 35.4 cm. The di-
ameter of the aperture was 14 cm, which makes it possible to calculate
the solid angles subtended by the front and back faces of the detector
aperture. The attenuation of photons was ignored and the results were
QFf = 123 ± 5 msr and Q% = 76 ± 3 msr, respectively. The quoted errors
are systematic, and are due to uncertainties in the detector distance (0.5
cm) and aperture radius (0.1 cm) (equations (4.18) and (4.19) with e = 1
and Ae — 0).
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The effective solid angle, f2, is obtained by integration of the simu-
lated missing energy spectrum which is shown in figure 4.24. The solid
line is the (deuterium) response function which is obtained by smoothing
the spectrum. The integration limits were -2 and 3 MeV and no cuts were
applied in the front or annulus detectors. The result of the integration
is 58164 events which corresponds to a solid angle of Q — 21.1 ±1.1 msr.
The error was determined using equation (4.19).
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Figure 4.24: Simulated Uppsala Nal detector 1/1 deuterium missing-
energy spectrum and response function in September '97. The two ver-
tical lines define the missing energy region used in the determination of
the effective solid angle.

The angular acceptance of the detectors were also investigated. Since
the Nal detectors were placed close to the target, they measure a range
of scattering angles. Figure 4.25 shows the angular acceptance of the
3 Nal detectors in September '97. The distributions are subject to a
missing energy cut (—2.0 to 3.0 MeV) but no annulus or front veto cuts.
Typically, the FWHM of the distributions are in the range 10°-15°.
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Figure 4.25: Simulated angular acceptance of the 3 Nal detectors in
September '97.
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4.4.3 Empty target

Not only Compton scattering from the deuteron contributes to the peak
(D) in figure 4.17. Compton scattering from the material of the target
cell and target chamber windows also occur. The target cell (see section
3.3.1) is made of Kapton and the target chamber windows are made of
Hostaphan, both of which are primarily made of carbon. According to
equation (4.6), the energies of the Compton scattered photons on carbon
and deuterium differ by

K & ~ (E')feuterium = 0A7MeV (4.20)

< 7 = 2.48MeV (4.21)

for an incident photon energy of 60 MeV. An energy difference of 0.47
MeV is too small to be observed whereas it should be possible to detect
a difference of 2.48 MeV. Since the Compton scattering cross sections for
the elements in Kapton {C22H1SO5N2) and Hostaphan (C10H2O4) are
relatively well known, the empty target contribution can be simulated
with a relatively low uncertainty 6. Based on the chemical composition,
the density, the thickness and the Compton scattering cross section of the
Kapton and Hostaphan foils, the ratio between the number of Compton
scattered photons from the cell endcaps to the target chamber windows
was determined. This ratio equals 110/100 and thus, in the empty target
simulation, photons were "created" more frequently at the cell endcaps
than at the target chamber windows. The Compton scattering energy
shift was calculated for each event assuming the photon having scattered
off a carbon nucleus. Figure 4.26 shows the simulation of the Uppsala
empty target configuration in September '97.

It was noted that ice {H2O) was building up on the cell endcaps
during the course of a two week run-period. It was hard to determine
the thickness of the layer, but it was estimated to be less than 1 mm thick.
However, due its relatively high density and large Compton scattering
cross section, it could still have a major impact on the results. How this
was dealt with is described in the next section.

6 Both foils were approximated by C3O and the Compton scattering cross sections
from C and O were taken from [Lud91], [Fuh92], [Mel93] and [Pro98].
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Figure 4.26: Simulation of the Uppsala empty target configuration in
September '97. 50 photons are created in the cell endcaps and target
chamber windows. The target chamber windows are mounted on two
flanges attached to the target chamber (see figure 3.3).

4.5 Determination of the yield

The first step in the extraction of the yield is to determine how much of
the yield that is due to the empty target contribution. From the known
Compton scattering cross section (do~/dCl)empty, the number of photons
on the target JV7, the effective solid angle £lempty and the empty target
thickness tempty, the yield Yempty is given by (see equation (4.1))

i eempty
= (da\

A L nP *. •'"7 *Lempty ^empty r <• n

empty v ^ y frDC f stolen L
(4..Z2)

atten

where JTDC and fstolen are due to the corrections for the TDC cut and
stolen trues, respectively. The factor fatten is due to the attenuation of
incident photons in the target. The yield and the effective solid angle
were calculated for the missing energy interval from —5 MeV to 5 MeV.
The height of the missing-energy empty response-function can be calcu-
lated from the yield above.

The next step is to determine the ice contribution to the yield. The
ice response function was generated by selecting photons created on the
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cell endcaps (the vertex of each simulated event is also stored). In or-
der to resolve the ice contribution from the deuterium contribution, the
Uppsala Nal detector is used. The Uppsala Nal detector has the best
energy resolution since its crystal is the largest out of all three detectors.
Further, the Uppsala Nal detector was situated at a backward angle
where the Compton scattering energy shift is large. Statistics from the
whole focal plane is used (i.e. the 1/1 spectrum) and cuts were applied in
the annulus and front detectors. The missing energy interval where the
empty, ice and deuterium functions were fitted, extended from —3 MeV
to 2.2 MeV which corresponds to the binding energy of the deuteron.
The low limit was chosen to include the ice and the empty contributions
which, according to equation (4.21), are about 2.5 MeV from the deu-
terium (at 0 MeV). The high limit was chosen to exclude any inelastic
contributions. A higher limit may contain photons scattered inelastically
which could compromise the ice yield, in that case inelastics above 2.2
MeV could influence the height of the ice response function.

Figure 4.27 shows the fitted deuterium (dashed), calculated empty
(dotted) and fitted ice (dash-dotted) response functions and the Uppsala
1/1 missing energy spectrum in September '97. The relative position
between the deuterium and the empty and ice functions is fixed (by
kinematics), whereas the absolute position was allowed to vary. In this
particular case, the heights of the empty and ice functions are almost
equal. The solid line is the sum of the 3 response functions. The chi
square of the fit is 0.60 and the deduced ice thickness on each of the
two cell endcaps is 200±120 fim 7. The two vertical lines show the ac-
tual missing energy interval where the fit was implemented. They are
at approximately —2 MeV and 3.2 MeV since the energy reference point
(half-way down the deuterium response function on the low missing en-
ergy side) is at approximately 1 MeV 8. A preliminary fit is carried out
between the specified limits which are then shifted to take the actual
position of the energy reference point into account.

Now that the ice thickness is known, the other 6 missing energy spec-
tra of that run-period can be analyzed (3 Nal detectors and two focal
plane bins). The height of the empty function is determined using equa-

7This number is an average value over the two weeks of experiment. The thickness
is zero at the start of the experiment.

8This shift is normally less than 1 MeV.
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Figure 4.27: Determination of the ice thickness in September '97 us-
ing the Uppsala 1/1 spectrum. The missing energy interval where the
3 response functions were fitted is indicated by the two vertical lines.
The fitted parameters are the heights of the deuterium and ice response
functions and the overall position in energy.
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tion (4.22). The height of the ice function can be determined from the
known ice thickness. The procedure to fit these 6 spectra is similar to
the procedure above, but the only free parameters are the height of the
deuterium response function and the absolute position of the 3 functions.
The fit limits are from -2.0 MeV to 3.0 MeV. The high limit is a com-
promise between possible inelastic contributions and the success of the
fit. Figure 4.28 shows the fitted functions for the Uppsala 1/2 spectrum
in September '97. The chi-square of the fit is 0.65.
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Figure 4.28: The Uppsala 1/2 spectrum in September '97. The fit
interval is indicated by the two vertical lines, and the fitted parameters
are the height of the deuterium response function and the overall position
in energy.

The yield results from a numerical integration of the deuterium func-
tion between the (shifted) fit limits. The yield for Uppsala 1/2 in Septem-
ber '97 was found to be 660 ± 62 (9.4%).
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4.6 Extraction of cross sections

The differential cross section for Compton scattering from the deuteron
was calculated according to equation (4.1) for all 18 data. All data and
histograms relevant for the calculation of the cross sections are given in
appendix E.

The largest statistical error was from the yield determination, which
contributed typically 10% - 15%. Other statistical errors like the number
of photons (0.5%) and the stolen trues correction (0.5%) are negligible
in comparison. All statistical errors were added in quadrature.

The difference in rate between the tagging efficiency measurement
and the production runs produced a systematic error of 4%. The back-
ground correction during the tagging efficiency measurements typically
gives a systematic error of 3% (see section 4.1). Further systematic errors
were the solid angle (4%) and the target thickness (2%). As mentioned
in the previous section, the yield was integrated up to 3.0 MeV which in-
troduces a systematic error since photons scattered inelastically might be
present above 2.2 MeV. This systematic error is estimated in appendix
D to be less than 0.40 nb/sr (~2.6%) for all data. These errors, and
other minor ones, were added in quadrature to a total systematic error
of about 7%.

Table 4.6 contains the measured cross sections and their errors. Focal
plane groups 1/2 and 2/2 are each approximately 10 MeV wide and have
a mean energy of about 55 MeV and 66 MeV, respectively. All quantities
refer to the laboratory (LAB) system unless stated otherwise.

Figure 4.29 shows the measured cross sections for focal plane groups
1/2 and 2/2 as a function of the scattering angle. The error bars are the
quadratic sum of the statistical and systematic errors.
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run-
period

Apr'96
Apr'97
Sep'97
Apr'96
Apr'97
Sep'97
Apr'96
Apr'97
Sep'97

Apr'96
Apr'97
Sep'97
Apr'96
Apr'97
Sep'97
Apr'96
Apr'97
Sep'97

Nal
det.

Boch.
Boch.
Boch.
Upps.
Upps.
Upps.
Gott.
Gott.
Gott.

Boch.
Boch.
Boch.
Upps.
Upps.
Upps.
Gott.
Gott.
Gott.

fp
gr.

1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2

2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2

angle

(deg.)

48.9
43.2
43.8
130.4
126.3
123.7
136.2
135.2
135.7

48.8
43.1
43.6
130.3
126.3
123.7
136.1
135.2
135.5

E'y

(MeV)

55.9
54.9
54.6
55.9
54.9
54.6
55.9
54.9
54.6

67.0
65.6
65.3
67.0
65.6
65.3
67.0
65.6
65.3

da/dQ

(nb/sr)

13.8
17.4
18.3
15.1
14.7
15.0
19.0
17.4
16.8

16.3
19.7
17.3
13.5
14.9
14.6
14.3
14.6
12.5

stat.
error
(nb/sr)

±2.8
±3.5
±4.2
±1.9
±1.2
±1.4
±2.9
±1.7
±1.8
±1.9
±2.5
±2.9
±1.4
±1.1
±1.2
±2.4
±1.6
±1.7

sys.
error
(nb/sr)

±1.0
±1.2
±1.4
±1.1
±1.0
±1.1
±1.3
±1.1
±1.2
±1.1
±1.4
±1.5
±1.0
±1.0
±1.2
±1.0
±1.0
±1.0

Table 4.6: The measured differential cross sections (LAB).
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Figure 4.29: The measured differential cross sections (LAB). The shown
errors are the quadratic sum of the statistical and systematic errors.
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Chapter 5

Results

In this final chapter, the measured cross sections are compared to the
only other existing data-set that overlaps in energy. The neutron polar-
izabilities are extracted from the cross sections using a theoretical model
and the obtained values are compared to previous data.

5.1 Comparison with existing data

As mentioned in chapter 1, the only data-set that overlaps in energy was
measured in (Urbana) Illinois, USA, in 1994 by [Luc94]. It consists of
6 data, 4 at 49 MeV and 2 at 69 MeV. The 1999 data-set from (SAL)
Saskatoon, Canada, has a mean photon energy of 94 MeV, making a
direct comparison of limited value [Hor99] [HorOO]. However, the energy
dependence of the backward-angle cross section is investigated in section
5.3 in which data from all 3 data-sets is used.

Table 5.1 displays the Urbana data-set. The tagged energy ranges
for the 49 and 69 MeV data are approximately 46-53 and 66-73 MeV,
respectively.

Figure 5.1 shows the present and the Urbana data-sets. Note the
slightly different photon energies. The present data-set has a mean pho-
ton energy of 55 and 66 MeV whereas the Urbana data-set has 49 and
69 MeV. The error bars shown are the quadratic sum of the statistical
and systematic errors. The conclusion is that there is good agreement
between the two data-sets. The last of the Urbana data in table 5.1, at
69 MeV and 135°, is barely visible in figure 5.1.
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Figure 5.1: The measured differential cross sections of the present experi-
ment (solid squares) and those of [Luc94] (empty squares). Note that the
[Luc94] data were measured at a slightly different photon energy. The er-
rors shown are the quadratic sum of the statistical and systematic errors.
All quantities refer to the LAB system.
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(MeV)

49
49
49
49
69
69

angle

(deg.)

50
75
110
140
60
135

do/dO,

(nb/sr)

15.56
11.25
10.76
17.87
13.40
15.05

stat.
error
(nb/sr)

1.42
0.84
1.36
1.20
0.65
0.63

sys.
error
(nb/sr)

0.58
0.40
0.39
0.65
0.52
0.54

Table 5.1: The Urbana data-set (LAB) [Luc94j.

5.2 Extraction of the neutron polarizabilities

The theoretical model which will be used to extract information about
the neutron polarizabilities was described in section 2.5. Frequently,
when comparing experimental data to a theoretical model, a conversion
of the experimental cross sections from the LAB-frame to the CM-frame
needs to be performed. A derivation of the expressions below is carried
out in [Hor99]. The expression by which the LAB cross section should
be multiplied in order to get the corresponding CM cross section will be
denoted by J(8) where 9 is the LAB scattering angle, i.e.

da_\ _ fda_\

The expression for J{9) is

J(0) =
[MDc2 - cos6)Y

MDc2(2E1 + MDc2)

(5.1)

(5.2)

where Mo is the mass of the deuteron and Ey the energy of the incident
photon in the LAB-frame. The relation between the scattering angle in
the LAB (6) and the CM (0cm) frames is given by

cos 6 an =
MDc2 cos $ - £ 7 (1 - cos 6)

(5.3)

The difference between the LAB and CM quantities is rather small for
the present kinematics. The forward CM cross sections are ~4% smaller
than the LAB cross sections, while the backward CM cross sections are
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~4% larger. The CM scattering angles are larger than the LAB scatter-
ing angles, the difference being largest at 90° where it is ~2°.

As stated in section 2.5, the only free parameters of the theoretical
model of Levchuk and L'vov are the isospin-averaged polarizabilities O>N
and /SAT. However, the Baldin sum rule can be used to determine a^+fiN,
which makes a^ — fix the only remaining free parameter. As mentioned
previously, the Baldin sum rule was re-evaluated in [LevOO], yielding

ap + fip = 14.0 ± 0.5 (5.4)

an + fin = 15.2 ± 0.5 (5.5)

which is slightly different from the previously accepted values given in
[Pet81]. In the fit procedure that follows, the only free parameter will be
denoted by A and defined by

A = ap - fip + an - fin = 2{aN - fiN) (5.6)

Figure 5.2 shows measured CM cross sections as a function of the CM
scattering angle for the present data-set. The error bars are the quadratic
sum of the statistical and systematic errors. The curves correspond to
theoretical predictions for different values of the A parameter in the
range 2 to 34 in steps of 4. The sums of the neutron and proton polariz-
abilities were kept fixed according to (5.4) and (5.5). The A parameter
does not influence the forward angle cross-sections, which thus consti-
tute reference points. As can be seen, agreement between the theoretical
predictions and the data is satisfactory in this region.

The value of the A parameter that best describes the experimental
data was determined by a chi-square minimization. The function whose
minimum is sought is defined by [Leo92]

X=22\ - " - J ' " " " ' (5.7)

where yi is the experimental data with errors a^ and /(i?7 ,(?j , A) is
the theoretical prediction for a given value of the photon energy J57,
scattering angle Q\ and A. Note that the sum in equation (5.7) is over
all 18 data, i.e. 9 at each energy of 55 and 66 MeV. The function x2 was
determined for different values of A in the range 2 to 34 in steps of 4 and
the result is shown in figure 5.3.
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Figure 5.2: The measured CM cross sections as a function of the CM
scattering angle for the present data-sets with mean LAB energies of 55
and 66 Me V, respectively. The shown errors are the quadratic sum of the
statistical and systematic errors. The dotted curves were calculated using
the model of Levchuk and L'vov (see section 2.5) for different values of
the A parameter, defined by equation (5.6).
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In order to determine the value of A that minimizes x2> & Taylor
expansion of x2 around the (unknown) minimum Amin is carried out:

1 r ) v
X

2(A) ~ xMmin) + 2 ^ " ( A - ^rninf (5.8)

Since the variance of A is related to the second derivate of %2 according
to

dA2

equation (5.8) can be put in the following form:

1 , .

(5.9)

(5.10)

A function of the form above (equation (5.10)) with 3 free parame-
ters, x2(Amin), cr and Amin, was fit to data in figure 5.3. The fit was
implemented around the minimum and the result is shown as the solid
curve. The fit yields the following result:

= 7.5 (5.11)

= 4.6 (5.12)

= 14.6 (5.13)

The reduced chi-square between the theoretical prediction and the data
is thus X2/Nd.o.f. — 7/(18 — 1) which is satisfactory. The found values
of ATOjn and a, together with the global average ap - f3p = 10.5 ± 1.1
[OlmOl] makes it possible to determine the difference between the electric
and magnetic polarizability of the neutron

Amin = ap - PP + an - $n = 14.6 ±4.6 (5.14)

ap-/3p = 10.5 ±1.1 (5.15)
=>an-(3n = 4.1 ±4.7 (5.16)

Finally, using equation (5.5), the electric and magnetic polarizabilities of
the neutron were determined to be as follows

an = 9.7 ±2.4 (5.17)

(3n = 5.6 =F 2.4 (5.18)
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A two-parameter fit to the present experimental data gives O>N +
(3N = 16.4 ± 3.2 and aN - (}N = 6.8 ± 2.2 with X2/Nd.o.f. - 7/(18 - 2)
[LunO2]. The difference, a^ — /3#, corresponds to A = 13.6 ± 4.4 (see
equation (5.6)) which is in agreement with the value resulting from the
one-parameter fit, A m j n = 14.6±4.6. The sum, O>N+/3N, is in agreement
with the Baldin sum rule results, equations (5.4) and (5.5), which is
aN + 0N = 14.6 ± 0.4

5.3 Energy-dependence of the backward-angle
cross section

Having implemented the Baldin sum-rule to fix the sum of the polar-
izabilities, figure 5.2 makes it clear that it is the backward-angle cross
sections which yield information about the difference. Thus, it is in-
teresting to investigate these cross sections as a function of the photon
energy. The investigation below includes all 3 data-sets, i.e. the present
one and those from Urbana [Luc94] and SAL [Hor99] [HorOO].

A (CM) scattering angle of 130° was chosen as the reference angle for
which the cross section will be shown as a function of the photon energy.
Since none of the 3 experiments measured at that angle, the cross section
was determined by linear interpolation. The measured cross sections for
a given photon energy were transformed to the CM system. The value
at 130° was found by fitting a polynomial of degree one between the first
cross section to the left and right of the reference angle. Details are as
follows: The Urbana value at 49 MeV was arrived at using the 110° and
140° data. The present values at 55 and 66 MeV resulted from a fit of
all 6 data between 120° and 140°, respectively. Since the Urbana data
at 69 MeV are at 60° and 135°, the value at 135° was used directly, no
fit was done. Finally, the SAL value at 94 MeV was found by using the
120° and 150° data.

Figure 5.4 shows the interpolated differential cross-section at a (CM)
scattering angle of 130° as a function of the incident (LAB) photon en-
ergy. Shown is also the theoretical predictions of the model of Levchuk
and L'vov, for different values of the A parameter, defined by equation
(5.6). The sum of the electric and magnetic polarizabilities were fixed
according to equations (5.4) and (5.5). The dashed curve corresponds to
the value of the A parameter found in the present experiment, i.e. A =
14.6.
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The agreement with the Urbana cross sections is good, which is not
surprising, since agreement was found previously (see figure 5.1). The
SAL data, however, lie above the theoretical prediction for the value of
A found in the present experiment (the dashed curve). Again, this is
expected since fitting the SAL data-set results in A = 5.2 ± 3.6 [HorOO]
where the tendency towards a lower value of A is driven by the backward-
angle cross sections.

5.4 Conclusion

Figure 5.5 shows the updated experimental status of the electric polar-
izability of the neutron l. The value obtained in the present experiment
is shown to the right, but the figure is otherwise identical to figure 1.2.

The present value is in satisfactory agreement with most of the pre-
viously obtained values. The electric and magnetic polarizabilities of the
proton can be obtained through equations (5.4) and (5.15). A compari-
son with the values obtained for the neutron in the present experiment
yields

ap = 12.2 ±0.6 an = 9.7±2.4 (5.19)
)8p = 1.8 T 0.6 0n = 5.6 qp 2.4 (5.20)

The above compilation implies that the electric polarizability of the
neutron is the same as that of the proton within the experimental uncer-
tainties. The compilation also indicates that the magnetic polarizability
of the neutron is larger than that of the proton.

Finally, the obtained values of the neutron polarizabilities can be
compared to a few of the available theoretical predictions. Chiral pertur-
bation theory (ChPT) at 0(Q4) gives an = 13.4 ± 1.5 and J3n = 7.8 ±3.6
[Ber95] which is in reasonable agreement with the electric and magnetic
polarizabilities as extracted from the present experiment. The so-called
"covariant dressed K-matrix model" yields an = 12.7 and J3n = 1.8
[KonOl]. Here, the electric polarizabilities are in agreement while the
magnetic polarizabilities are not.

1 Refer to section 1.2.2 for details.
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Appendix A

The Powell cross section

According to [Pow49] the differential cross section for Compton scattering
from a point particle with spin 1/2, charge e, mass M and a magnetic
moment (1 + \)/J,N where (IN — eh/2M is

+ X{{2EEI/M2c4){l-Ci
+ \2{(EE'/M2c4)(4(l-
+ \3{{EE'/M2c4){2(l - cos0) + sin29)}
+ A4{(£#'/2M2c4)(l + \ sin2 9)})

where 9 is the scattering angle, E and E' are the initial and final photon
energies, respectively, which are related according to

E> = 1+7(1 -cos 5) { A - 2 )

where 7 = E/Mc2. The magnetic moment of the proton is 2.79 /J.N,
which means that the anomalous part, A, is 1.79 jû r.
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Appendix B

The two-component
adhesive Epikote and
Ancamide

The two component adhesive used to assemble the target cell was
EPIKOTE 828 x and ANCAMIDE 260A 2. EPIKOTE 828 is a synthetic
epoxy resin and ANCAMIDE 260A is the curing agent. The surfaces,
Kapton foil or stainless steel, which were to be glued, were polished with
steel wool and cleaned with acetone. EPIKOTE and ANCAMIDE were
mixed thoroughly for 5 minutes in a weight ratio of 1:1. The adhesive
was allowed to set for 2.0 hours at 70°C.

1 EPIKOTE is a trademark of Shell.
2ANCAMIDE is a trademark of Air Products and Chemicals Inc.
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Appendix C

Rates and dead times

C.I Determination of the focal plane count rate

The focal plane count rate is vital for the determination of the sealer
dead time and the stolen-trues correction. The approach followed here
is based on [Mel93] and [Hag95B].

A simple measure of the focal plane count rate may be obtained by
dividing the total number of counts in a focal plane detector with the
measurement time. This quantity is what we had access to during the
measurement and is normally, due to the non 100% duty factor of the
beam, significantly different from the so-called effective rate. The effec-
tive rate for focal plane detector i, r{, is denned as the mean rate present
when the focal plane detector was hit by an electron. An expression for
ri may be derived in the following way.

Let Pi be the probability per event that the TDC attached to detector
i \s stopped within time t. If Pj is the corresponding probability for
detector j , and if detectors i and j are well separated (i.e. the probability
of one electron hitting both detectors is zero) it follows that

Pij = PiPj (Cl)

where Pij is the probability of a stop in both detector i and j . This can
be expressed as

P N- •p. - t i l - iyv (n 9\

where Nj is the total number of events for which detector j was stopped
within time t. N{j is the corresponding number of events were both de-
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tectors were stopped.

Poisson statistics may be used to relate Pi to the rate r±. The proba-
bility, P(n), of observing n electrons during the time t, when the average
rate of electrons is r^, is given by

(r.+\np-Tit

P(n) = ( * J J (C.3)

It follows that the probability of observing no electrons during the
time t is P(0) = e~nt. Applied to detector i one has P(0) + Pi = 1 which
gives

Pi = ^ = l - P(0) = 1 - e~rit (C.4)

which can be solved for rj

r, - >(1 - f) (C.5)

Equation (C.5) was used to determine the focal plane count rates.

C.2 OR'd focal plane detectors

In April '96 and April '97, every two focal plane detectors were OR'd to-
gether to one sealer channel. The detectors and electronics are schemat-
ically shown in figure C.I. Referring to the figure, we want to relate the
rate of electrons present at the focal plane detectors (r\ and T2) to the
rate ryi seen after the OR gate. Each detector has a non-extendable
dead time of r = rp + rr where rp = 50 ns is the output pulse width and
TT = 15 ns is the additional dead time during which the discriminator
can not be re-triggered. The average number of pulses lost is r^r (per
output pulse). It follows that

ri = r |(l + riT) (C.6)

where r\ is the rate present after the discriminator. The OR gate in-
troduces a negligible amount of additional dead time, since it just OR's
the two branches together and its output width is the same as the input
width. Pulses lost at the OR gate are due to coincidences between the
branches. The rate of coincidences is given by

r[r'22Tp (C.7)
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Figure C.I: Schematic showing the electronics of the OR'd focal plane
detectors.

However, the sealer which counts the pulses after the OR gate has a
dead time of 8 ns, i.e. the pulses need to separated by at least 8 ns in
order to be registered as two pulses. This was accounted for by adding
8 ns to TP in (C.7). The expression for 7*12 is thus

r'2 - r[r'22(rp + Sns) (C.8)

The correction factor, JOR, by which the OR'd focal plane sealer sum
should be multiplied is

foR = r\ +r2
2 r[ +r'2- r^r^2

which, using equation (C.6), can be written as

r\ +V2 r\+ r
foR =

ri2 + (ife)

8 ns)
(C.9)

2(rP + 8 ns)
(CIO)
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Appendix D

Inelastic contributions

In this section, an estimate of the error due to the non-zero inelastic
cross section present in the missing energy interval up to 3.0 MeV is
given. The estimation is based on an impulse approximation calculation
by M. I. Levchuk et al. implemented in [Luc94].

Four kinematic points are considered in [Luc94]; a photon scattering
angle of 45° and 135° at incident photon energies of 49 and 69 MeV.
Line-shapes showing the doubly differential cross section d2a/dQ7idEy
as a function of the energy of the inelastically scattered photon , Ey,
are given. In the present work these functions were integrated between
the energies that correspond to a missing energy of 2.2 and 3.0 MeV. A
missing energy of 0.0 MeV means that the photon scattered elastically.
Table D.I shows the four kinematical points and the result of the inte-
gration. Ey is the energy of the incident photon and 9 is the scattering
angle. £y is the energy of the elastically scattered photon and da/dfl is
the integrated cross section.

The present kinematics, which can be approximated by two incident
photon energies, 55 MeV and 66 MeV, and two scattering angles, 45° and
130°, are sufficiently close to the kinematics in [Luc94] for a comparison
to be meaningful. As a result of the calculation above, a systematic error
of 0.40 nb/sr was assigned to each of the 18 data in the present analysis.
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E7

(MeV)
49.0
49.0
69.0
69.0

e
(deg.)
45°
135°
45°
135°

E*1,
(MeV)
48.6
46.9
68.3
64.9

E$ - 3.0
(MeV)
45.6
43.9
65.3
61.9

da/dn
(nb/sr)

0.11
0.20
0.14
0.18

Table D.I: An estimate of the inelastic cross section present
missing energy of 3.0 Me V.

to a
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Appendix E

Data summary

This section contains the data and spectra that are needed in order to
determine the differential cross section for each of the 18 data. Each
datum is presented on a separate page. The 1/2 data are presented first,
followed by the 2/2 data. Each of the two groups are essentially sorted
according to scattering angle. The ordering is identical to the one used
in table 4.6. First, a description of the histograms and text that appear
on the summary pages is given.

E.I The histograms

Histogram No. 1, labeled "1. TDC" shows the aligned and rebinned focal
plane TDC spectra subject to a missing energy cut between -5 and 10
MeV. The first of the four vertical lines indicates the low limit of the
true cut, the second line the position of the true photons, the third line
the high limit of the true cut and the fourth line the start of the random
region.

Histogram No. 2, labeled "2. missing energy" shows the true missing
energy distribution and the normalized random distribution (shaded).

Histogram No. 3, labeled "3. missing energy" shows the missing en-
ergy spectrum that results from the subtraction of the normalized ran-
dom missing-energy spectrum from the true. The two vertical lines show
the range in which the fit was carried out. The elastic (dashed), empty
(dotted) and ice (dash-dotted) response functions and their sum (solid)
are also drawn.
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Histogram No. 4, labeled "4. missing energy" shows the same as his-
togram No. 3, but for a wider missing energy range.

Histogram No. 5, labeled "5. diff. betw. fit and data" shows the dif-
ference between the sum of the three response functions and the exper-
imental data. The first vertical line is the position of the low fit limit
minus 5.0 MeV, the second line is the low fit limit, the third line the high
fit limit and the fourth line is the position of the high fit limit plus 5.0
MeV. The difference between the fit and the data is summed, bin by bin,
in each of the three regions defined by the four vertical lines. The result
and its error is shown above the histogram.

E.2 The text

The headline describes the characteristics of each datum, i.e. which run-
period, Nal detector and focal plane bin that are presented. The rest of
the text is explained in table E.I.

104



key

scatt. angle (FWHM)

photon energy (range)

side cut
front cut
normalization factors
missing energy

TDC
average
X*/Nn.d.f.

ice thickn. (jum/endcap)

Y

Q. (msr)
iV7 (1012)
* (1023/cm2)

Jstolen

IT DC

Jatten
inel (nb/sr)

da/(Kl (nb/sr)

description

Scattering angle and the FWHM of the
simulated detector angular acceptance.
Mean incident photon energy and the
tagged range.
Annulus cut in channels and MeV.
Front cut in channels and MeV.
Missing-energy normalization factors (n.f.)
n.f. obtained using the missing energy
spectra.
n.f. obtained using the TDC spectrum.
The average n.f.
Chi-square divided by the degrees of free-
-dom of the fit.
Ice thickness on each of the two cell
endcaps.
Integrated yield and its error, values in
parenthesis contain the relative error in
percent.
Effective solid angle in msr.
Number of tagged photons on target.
Target thickness.
Stolen trues correction factor.
Correction factor due to the TDC cut.
Correction factor due to photon absorption.
Systematic error due to the possible
inclusion of inelastics.
Differential cross section.

Table E.I: Description of the text on the data summary pages.
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1. TDC

2000
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2. missing energy M e V

100 F

50 -

-50

April 96 Bochum 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

48.9 (14) deg.
55.9 (51.8 - 60.1) MeV
285 ch = 3.9 MeV
500 ch = 16.6 MeV

normalization factors
missing energy 0.3032 +- 0.0050
TDC 0.3007 +- 0.0029
average 0.302 +- 0.0052

ice thickn. (|im / endcap) 54 +-125

quantity

Y
Q (msr)
N (1012)
t (lO^/cm2)

stolen

TDC

atten

value

373
12.7
3.13
7.95
1.153
1.00
1.01

stat. err.

76 (20.4%)
0.0
0.02 (0.7%)
0.0
0.007 (0.6%)
0.0
0.0

sys. err.

0.0
0.6 (4.8%)
0.13 (4.1%)
0.14 (1.8%)
0.0
0.0
0.0

-5 -2.5 0 2.5
3. missing energy

5
MeV

inel (nb/sr) 0.4

da/d£2(nb/sr) 13.78 2.82(20.5%) 0.99(7.2%)

-20+-55 -36-H-84 234+-120

-10 0 10

4. missing energy

-10 0 10

5. diff. betw. fit and data M e V
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400 -7

200 -

100 -

SO -

500 1000 1500 2000

1. TDC

0 10
2. missing energy MeV

-2.S 0 2.5
3. missing energy

5
MeV

-10 0 10
4. missing energy M e V

April 97 Bochum 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

43.2 (11) deg.
54.9 (S0.6 - 59.0) MeV
150 ch = 3.7 MeV
150 ch = 0.4 MeV

normalization factors
missing energy 0.2898 +- 0.0060
TDC 0.2799 +- 0.0035
average 0.2848 +- 0.0097

X2/NalLt. 1.9
ice thickn. ((im / endcap) 102 +- 98

quantity

Y
Q (msr)
N (1O1Z)
t (lO^/cm2)
stolen

fTDC

value

278
8.8
2.52
7.99
1.097
1.00
1.01

staterr.

56(20.3%)
0.0
0.02 (0.6%)
0.0
0.007 (0.7%)
0.0
0 0

sys. err.

0.0
0.4 (4.8%)
0.11 (4.5%)
0.14(1.8%)
0.0
0.0

0 0

inel (nb/sr) 0.4

da/dQ (nb/sr) 17.42 3.54(20.4%) 1.25(7.2%)

30+-40 -9+-61 77+-83

25 r

-25 -

-10 0 10
5.diff.betw.fitanddata M e V
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400

200 -

1

1 II
\
1

. I . ' ,

500 1000 1500 2000
1. TDC time/ch.

0 10
2. missing energy M e V

-2.5 0 2.5 5
3. missing energy

September 91 Bochum 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

43.8 (12) deg.
54.6 (50.0 - 58.9) MeV
150 ch = 4.0 MeV
100 ch = 0.3 MeV

0.2958 +- 0.0064
0.2996+- 0.0036
0.2977 +- 0.0070

ice thickn. (\im I endcap) 195 +-119

quantity

Y
£2 (msr)
N (1012)
t (lO^/cm2)
'stolen

atten

inel (nb/sr)

value

265
10.4
1.96
8.01
1.120
1.00
1.01

stat. err.

61 (23.1%)
0.0
0.01 (0.7%)
0.0
0.009 (0.8%)
0.0
0.0

sys. err.

0.0
0.5 (4.8%)
0.1 (5.2%)
0.14(1.8%)
0.0
0.0
0.0

0.4

do/dn (nb/sr) 1832 4.23(23.1%) 1.4(7.6%)

20+-42 25+-66 -9+-91

-10 0 10
4. missing energy

-10 0 10
5.diff.betw.fitanddata M e V
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1. TDC " m e ' 'k

0 10

2. missing energy

100

50 -

-2.5 0 2.5 5
3. missing energy M e V

-50 -

-10 0 10
4. missing energy

April 96 Uppsala 1/2

scan, angle (FWHM)
photon energy (range)
side cut
front cut

130.4 (13) deg.
S5.9 (51.8 - 60.1) MeV
888 ch = 3.0 MeV
150 ch = 3.6 MeV

normalization factors
missing energy 0.2629 +- 0.0040
TDC 0.2S76 +- 0.0029
average 0.2602 +- 0.0061

Z2/Nn.d.f. 0.7
ice thickn. (|xm / endcap) 54 +-125

quantity

Y
Q (msr)
N7 ( 1" I 2 ) 2t (10 /cm )
stolen

f
TDC

atteo

value

534
15.8
3.26
7.95
1.139
1.00
1.01

stat err.

67 (12.6%)
0.0
0.02 (0.7%)
0.0
0.006 (0.5%)
0.0
0.0

sys. err.

0.0
0.7 (4.7%)
0.13 (4.1%)
0.14 (1.8%)
0.0
0.0
0.0

inel (nb/sr) 0.4

da/dQ (nb/sr) 15.08 1.9(12.6%) 1.06(7.0%)

50

36+-59 9+-79 44+-93

-50

-10 0 10
5.diff.betw.fitanddata M e V

110



600

400

200

0

\

500 1000 1500 2000
1. TDC Ume/ch.

100 -

50 -

0 I -

0 10
2. missing energy M e V

-2.5 0 2.5
3. missing energy MeV

-10 0 10
4. missing energy

April 97 Uppsala 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

126.3 (16) deg.
54.9 (50.6 - 59.0) MeV
220 ch = 4.6 MeV
400 ch = 1.6 MeV

0.2938 +- 0.0046
0.2914+-0.0035
0.2926 +- 0.0052

ice thickn. (|im / endcap) 102+- 98

quantity

Y
n (msr)
N (1012)
t (10 /cm2)

'stolen

TDC
r e -

value

801
30.0
2.52
7.99
1.099
1.00
1.01

stat.err.

67 (8.4%)
0.0
0.02 (0.6%)
0.0
0.007 (0.7%)
0.0
0.0

sys. err.

0.0
1.1 (3.8%)
0.11 (4.5%)
0.14 (1.8%)
0.0
0.0
0.0

inel (nb/sr) 0.4

do/dQ (nb/sr) 14.71 1.25(8.5%) 0.99(6.7%)

14+-57 19+-79 112+-88

-10 0 10
5.diff.betw.fitanddata M e V
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400 H

200 V-

i i

MM
i , '<i

500 1000 1500 2000
1. TDC

0 10
2. missing energy

100

75

50

25

0
" l l i l lrfft

i
ILMIII il

m PA
1 , , , , i , , 1 , i . , 1

-2.5 0 2.5 5
3. missing energy

100 F

50 h

-10 0 10
4. missing energy

September 97 Uppsala 1/2

scatt angle (FWHM)
photon energy (range)
side cut
front cut

123.7 (IS) deg.
54.6 (50.0-58.9) MeV
225ch = 4.6MeV
400 ch = 2.4 MeV

normalization factors
missing energy 0.3428 +- 0.0058
TDC 0.3308 +- 0.0044
average 0.3368 +- 0.0111

X2/N,,d., 0.7
ice thickn. (|xm / endcap) 195 +- 119

quantity

Y
Cl (msr)
Nrd012) .
t (lO^/cm2)
stolen

TDC
f._._

value

660
30.8
2.04
8.01
1.128
1.00
1.01

stat. err.

62 (9.5%)
0.0
0.01 (0.7%)
0.0
0.009 (0.8%)
0.0
0.0

sys. err.

0.0
1.2(3.8%)
0.11 (5.2%)
0.14 (1.8%)
0.0
0.0
0.0

incl (nb/sr) 0.4

da/dQ(nb/sr) 14.97 1.43(9^%) 1.08 (73%)

-63+-55 8+-75 7+-79

40

-20 h

-10 0 10
S.diff.betw.fitanddata M e V
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-10 0 10
2. missing energy MeV

50 -

-10 0
4. missing energy

April 96 Gottingen 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

\.d.f.

136.2 (11) deg.
55.9 (S1.8 - 60.1) MeV
225 ch= 2.2 MeV
180 ch = 1.5 MeV

0.4885 +- 0.0069
0.4936 +- 0.0062
0.491 +- 0.0091

1.3
ice thickn. (jun / endcap) 54 +-125

quantity

Y
Q (msr)
Nr(1012)
t (10 /cm2)

stolen

*TDC

'atten

inel (nb/sr)

do/dQ (nb/sr)

value

408
10.7
3.08
7.95
1.200
1.00
1.01

18.97

stat. err.

62 (15.4%)
0.0
0.02 (0.7%)
0.0
0.009 (0.8%)
0.0
0.0

2.93 (15.4%)

sys. err.

0.0
0.5 (4.7%)
0.13 (4.1%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

1.29(6.8%)

33+-59 -11+-72 -41+-75

MeV
-10 0 10

5.diff.betw.fitanddata M e V
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400

200 W^\tmk4i

500 1000 1500 2000

1. TDC

200 h

100 h

50 h

0 10
2. missing energy

-2.5 0 2.5
3. missing energy M e V

-10 0 10
4. missing energy

April 97 Gottingen 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

135.2 (12) deg.
54.9 (50.6-59.0) MeV
100 ch = 2.6 MeV
300 ch = 1.5 MeV

normalization factors
missing energy 0.3177 +- 0.0048
TDC 0.3292 +- 0.0045
average 03235 +- 0.0103

Z2/N_d.f. 1.2
ice thickn. (um / endcap) 102 +- 98

quantity

Y
Q (msr)
N (1012)
t (10 /cm2)

stolen

TDC

atten

inel (nb/sr)

value

596
19.0
2.52
7.99
1.103
1.00
1.01

stat. err.

56 (9.5%)
0.0
0.02(0.6%)
0.0
0.008 (0.7%)
0.0
0.0

sys. err.

0.0
0.7 (3.7%)
0.11 (4.5%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

do/dfJ (nb/sr) 17.41 1.66(9.5%) 1.14(6.5%)

64+-S4 5+-67 142+-68

-10 0 10
5.diff.betw.fitanddata M e V
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500 1000 1500 2000
1.TDC time/ch.

0 10
2. missing energy

-2.5 0 2.5
3. missing energy MeV

-10 0 10
4. missing energy

September 97 Gottingen 1/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

135.7 (13) deg.
54.6 (50.0 - 58.9) MeV
350 ch = 2.6 MeV
250 ch = 1.2 MeV

0.3S62 +- 0.0061
0.3509 +- 0.0049
03535 +- 0.0082

0.7
ice thickn. (yum I endcap) 195 +-119

quantity

Y
£2(msr)
N (1012)
t (lO^/cm2)
'stolen
f

TDC

•atten

inel (nb/sr)

value

509
21.2
2.04
8.01
1.130
1.00
1.01

stat. err.

54 (10.7%)
0.0
0.01 (0.7%)
0.0
0.009 (0.8%)
0.0
0.0

sys. err.

0.0
0.8 (3.8%)
0.11 (5.2%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

do/da (nb/sr) 16.80 1.81(10.8%) 1.19(7.1%)

27+-49 49+-64 114+-65

-10 0 10
5. diff. betw. fit and data M e V
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0 10
2. missing energy M e V

-10 0 10
4. missing energy M e V

April 96 Bochum 2/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

48.8 (14) deg.
67 (62.6 - 71.8) MeV
285 ch = 3.9 MeV
500 ch = 16.6 MeV

normalization factors
missing energy 0.3 +- 0.0064
TDC 0.3093+-0.0044
average 0.3047 +- 0.0101

X2/Ntt<lx 0.5
ice thickn. ((im / endcap) 54 +- 125

quantity

Y
Q (msr)
N (lO1^
t (lO^/cm2)
stolen

fTDC

atten

inel (nb/sr)

value

435
10.3
3.72
7.95
1.134
1.00
1.01

staterr.

50 (11.6%)
0.0
0.02 (0.6%)
0.0
0.006 (0.6%)
0.0
0.0

sys. err.

0.0
0.5 (4.8%)
0.15 (4.1%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

da/dn (nb/sr) 16.29 1.89(11.6%) 1.14(7.0%)

36+-42 -4+-55 39+-61

-10 0 10
5.diff.betw.fitanddata M e V
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500 1000 1500 2000
1. TDC time/ch.

0 10
2. missing energy

2.5
3. missing energy MeV

50 -

25 -

-25 h . I ,

April 91 Bochum 2/2

scatt angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

ice thickn. (jam / endcap)

43.1 (11) deg.
65.6 (61.4 - 70.3) MeV
150 ch = 3.7 MeV
150 ch = 0.4 MeV

0.2724 +- 0.0069
0.2782 +- 0.0052
0.2753 +- 0.0089

0.8
102+- 98

quantity

Y
i2 (msr)
N (1012)
t ^

inel (nb/sr)

value stat err.

286
7.2
2.76
7.99
1.086
1.00
1.01

36 (12.6%)
0.0
0.02 (0.6%)
0.0
0.006 (0.6%)
0.0
0.0

sys. err.

0.0
0.3(4.8%)
0.13 (4.6%)
0.14(1.8%)
0.0
0.0
0.0

0.4

do/dQ (nb/sr) 19.68 2.49(12.7%) 1.41(7.2%)

16+-29 9+-39 -44+-42

-20 -

4. missing energy MeV
-10 0 10

5.diff.betw.fitanddata M e V
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0 10
2. missing energy

40 h

-2.5 0 2.5
3. missing energy

September 97 Bochum 2/2

scatt angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

X2/Nn.d.r.
ice thickn. (|jm / endcap)

43.6 (12) deg.
6S.3 (61.0 - 70.2) MeV
150ch = 4.0MeV
100 ch = 0.3 MeV

0.2875 +- 0.0078
0.2858+-0.0058
0.2866+-0.0076

1.2
195 +-119

quantity

Y
O. (msr)
N (1012)
t ( ^

stolen

inel(nb/sr)

value stat err.

225
8.5
2.11
8.01
1.092
1.00
1.01

37 (16.5%)
0.0
0.01 (0.6%)
0.0
0.006(0.6%)
0.0
0.0

sys. err.

0.0
0.4(4.8%)
0.13 (6.2%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

da/d£2(nb/sr) 1734 2.87(165%) 1.45(8.4%)

20

20

55+-30

\

30+-38

\

1J 1 I fti

-9+-42

/

1

I
-10 0 10

4. missing energy
-10 0 10

5.diff.betw.fitadddata M e V
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500 1000 1500 2000
1.TDC time/ch.

0 10
2. missing energy M e V

60

40

20

0

- |

1Wo;

j j i i i
1 IW

oJJP1
trf4

if
1

i l l 1 1ffll " I
, 'It.

-2.5 0 2.5 5
3. missing energy M e V

-10 0 10
4. missing energy M e V

April 96 Uppsala 2/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

Z2/Nn.df

130.3 (14) deg.
67 (62.6 - 71.8) MeV
888 ch = 3.0 MeV
150 ch = 3.6 MeV

0.2594 +- 0.0052
0.2583 +- 0.0036
0.2589+-0.0050

0.4
ice thickn. (pm / endcap) 54 +-125

quantity value

Y 485
Q (msr) 13.2
N (1012) 3.88
tflO^/cm2) 7.95

fjBC 1.00
t-_ 1.01

stat err. sys. err.

50 (10.4%) 0.0
0.0 0.6 (4.7%)
0.02 (0.6%) 0.16 (4.1%)
0.0 0.14 (1.8%)
0.006 (0.5%) 0.0
0.0 0.0
0.0 0.0

inel (nb/sr) 0.4

da/d£2 (nb/sr) 13.48 1.41(10.5%) 0.96(7.1%)

71+-47 -13+-60 -19+-62

-10 0 10
5.duT.betw.fitanddata M e V
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400 \-

200

200 h

100 h

-10

500 1000 1500

1. TDC
2000

0 10
2. missing energy

100

75

50

25

0

ulUtJii
l/fn

mRTfi .-•.•,-, r :
II

rrrrvR
-2.5 0 2.5 5

3. missing energy

-10 0 10
4. missing energy

April 97 Uppsala 2/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

126.3 (14) deg.
65.6 (61.4-70.3) MeV
220ch = 4.6MeV
400 ch = 1.6 MeV

normalization factors
missing energy 0.3099 +- 0.0066
TDC 0.3038 +- 0.0044
average 0.3069 +- 0.0086

*'"*.*.,.
0.8

ice thickn. (fxm I endcap) 102 +- 98

quantity

Y
£2 (msr)
N 7 ( 1 , ° , I 2 ) ,t (lO^/cm2)

stolen

TDC
f _

value

746
25.0
2.76
7.99
1.088
1.00
1.01

stat err.

54 (7.3%)
0.0
0.02 (0.6%)
0.0
0.007 (0.6%)
0.0
0.0

sys. err.

0.0
1 (3.8%)
0.13 (4.6%)
0.14 (1.8%)
0.0
0.0
0.0

inel (nb/sr) 0.4

da/d£2(nb/sr) 14.88 1.1(7.4%) 1.01(6.8%)

60+-47 -5+-63 107+-64

-10 0 10
5.diff.betw.fitanddata M e V
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500 1000 1500 2000
l.TDC

0 10
2. missing energy

-2.5 0 2.5 5
3. missing energy MeV

-10 0 10
4. missing energy '

September 97 Uppsala 2/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

123.7 (15) deg.
65.3 (61.0 - 70.2) MeV
225 ch = 4.6 MeV
400 ch = 2.4 MeV

normalization factors
missing energy 03304 +- 0.0074
TDC 0.3409+-0.0058
average 0.3356 +- 0.0118

n.d.f. 0.8
ice thickn. (|jm / endcap) 195 +-119

quantity

Y
fi (msr)
N (1012)
t (lO^/cm2)

stolen

Cl
inel (nb/sr)

value

601
26.0
2.19
8.01
1.098
1.00
1.01

stat. err.

49 (8.3%)
0.0
0.01 (0.6%)
0.0
0.007 (0.6%)
0.0
0.0

sys. err.

0.0
1 (3.8%)
0.14 (6.2%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

dcj/dfi (nb/sr) 14.63 1.22(8.3%) 1.17(8.0%)

-37+-44 8+-59 117+-60

20

-20
-10 0 10

5.diff.betw.fitanddata M e V
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300
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100

500 1000 1500 2000
1. TDC tlme/ch.

0 10
2. missing energy M e V

75
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25
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Hi I'jfWlWffltL

-jtm t
- i l l 1i i i 1 I+ I i i 1 i i • i 1 i i

-5 -2.5 0 2.5
3. missing energy

April 96 Gottingen 2/2

scatt. angle (FWHM)
photon energy (range)
side cut
front cut

136.1 (10) deg.
67 (62.6 - 71.8) MeV
225 ch = 2.2 MeV
180 ch = 1.5 MeV

normalization factors
missing energy 0.4889 +- 0.0074
TDC 0.4934 +- 0.0069
average 0.4912 +- 0.0094

3C2/N,,d.,. 1.6
ice thickn. (|un / endcap) 54 +-125

quantity

Y
£2 (msr)
N <1012)
t (lO^/cm2)

stolen

'TDC
atten

inel (nb/sr)

value

317
9.0
3.67
7.95
1.175
1.00
1.01

stat. err.

54 (17.1%)
0.0
0.02 (0.6%)
0.0
0.008 (0.7%)
0.0
0.0

sys. err.

0.0
0.4 (4.7%)
0.15 (4.1%)
0.14 (1.8%)
0.0
0.0
0.0

0.4

do/d£2 (nb/sr) 14.28 2.44(17.1%) 1(7.0%)

-36+-S5 64+-63 89+-63

-10 0 10
4. missing energy

-10 0 10
5.diff.betw.fitanddata M e V
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500 1000 1500 2000
1. TDC time/ch.

0 10
2. missing energy M e V
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40
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—
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i

t i n
ilitiii

-5 -2.5 0 2.5

3. missing energy
5
MeV

-10 0 10

4. missing energy

April 97 Gottingen 2/2

scatt angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

ice thickn. (|im / endcap)

135.2 (12) deg.
65.6 (61.4 - 70.3) MeV
100 ch = 2.6 MeV
300 ch = 1.5 MeV

0.3183 +- 0.0054
0.3325 +- 0.0050
0.3254 +- 0.0123

0.8
102+- 98

quantity

Y
Q (msr)
N (1012)
t (10M/cm2)

value stat. err.

455
15.6
2.76
7.99
1.091
1.00
1.01

50 (11.1%)
0.0
0.02 (0.6%)
0.0

sys. err.

0.0
0.6 (3.7%)
0.13(4.6%)
0.14 (1.8%)

0.007 (0.6%) 0.0
0.0
0.0

0.0
0.0

inel (nb/sr) 0.4

da/dQ (nb/sr) 14.62 1.63(11.2%) 0.99(6.8%)

16+-47 -13+-58 262+-59

-10 0 10

5.diff.betw.fitanddata M e V
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in I

TT'T,
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3. missing energy
5
MeV

-10 0 10
4. missing energy

September 97 Gottingen 2/2

scatt angle (FWHM)
photon energy (range)
side cut
front cut

normalization factors
missing energy
TDC
average

13S.5 (12) deg.
65.3 (61.0-70.2) MeV
350 ch = 2.6 MeV
250 ch = 1.2 MeV

03291 +- 0.0070
0.3568 +- 0.0057
0.343 +- 0.0202

n.dr.
ice thickn. ((am / endcap) 195 +-119

quantity

Y
n (msr)
Nv(1012)

inel (nb/sr) 0.4

da/dfi (nb/sr) 12.54 1.73(13.8%) 1.02(8.1%)

value

331
16.7
2.19
8.01
1.099
1.00
1.01

stat. err.

45 (13.7%)
0.0
0.01 (0.6%)
0.0
0.007 (0.6%)
0.0
0.0

sys. err.

0.0
0.6 (3.8%)
0.14 (6.2%)
0.14 (1.8%)
0.0
0.0
0.0

-39+-42 26+-53 181+-56

40

20

-20 I-L
-10 0 10

S.diff.betw.fitanddata M e V
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