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Abstract

A series of experiments were performed at the Tagged Photon Facility at MAX-
lab in Lund, Sweden to study photon scattering from the deuteron and extract the
neutron polarizabilities. The deuteron Compton scattering cross section was measured
at laboratory angles of 60°, 120°, and 150° for photon energies from 70 - 112 MeV. The
photons were scattered from the Lund liquid deuterium target and detected in three
large (20” x 20”) Nal photon spectrometers. These detectors have sufficient energy
resolution (~2% at 100 MeV) to separate the elastically and inelastically scattered
photons.

The extracted scattering cross section for this experiment was found to have angular
distributions that matched prior experiments but needed a scaling factor to bring the
absolute cross section into agreement. This scaling factor was determined to have a
value of 1.47 4+ 0.10. Suggestions are made for future studies that could yield further

knowledge of the scaling factor and potentially allow for this data to be re-normalized.
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1 Introduction

1.1 Overview

The last twenty-five years have seen an increased interest in the structure of nucleons led
by both improved theoretical models and more sensitive experimental measurements. In
particular, photon scattering has been used to investigate the response of nucleons to external
electric and magnetic fields. These responses, the electric and magnetic polarizabilities
(denoted by « and 3, respectively), yield information about the internal structure of the
proton and neutron.

Recent studies of proton targets have led to improved knowledge of the polarizabilities.
At this time, the proton cross section and extracted polarizabilities are well-known. While
multiple efforts have been made to measure the neutron polarizabilities these lack the preci-
sion of the proton measurements at this time. This experiment seeks to use elastic Compton
scattering from the deuteron to measure the neutron polarizabilities. Its purpose was to
extend the range of the current world data of the deuteron Compton scattering cross section
and to extract neutron polarizabilities with improved precision.

This chapter will define the polarizabilities and briefly cover their connection to photon
scattering. The current status of the experimental nucleon polarizabilities will be discussed
and, lastly, there will be a brief review of the current theoretical work that is necessary to

extract polarizabilities from the scattering data.

1.2 Definition of Polarizability

A nucleon, or any other composite particle, consists of a number of sub-particles that can
react to any external field — in particular, electric and magnetic fields. The tendency of the
constituent particles to move under the influence of a static or slowly varying field creates

an induced electric or magnetic dipole moment. These dipole moments are given by

=

(1.1)

p=a«

I
®
oo

(1.2)
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where a and [ are the electric and magnetic polarizabilities, respectively, and relate the
induced moment to the applied field. One must be careful to remember that these moments
are not related to the intrinsic moments (af and ji). The electric and magnetic polarizabilities
can be thought of as defining the “stretchability” and “alignability” of the nucleon, respec-
tively. This is because the electric dipole moment results from the separation of opposite
charges and the magnetic moment arises from a net direction in the constituent moments.
The induced magnetic dipole moment has two parts: the first is a paramagnetic term result-
ing from the alignment of the internal moments to the magnetic field, while the second is
a diamagnetic term that arises from the magnetic field producing an induced current which
results in a magnetic field (and moment) that opposes the externally applied field (Lenz’s

Law). This can be seen in Fig. 1.1.

(a)
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Figure 1.1: Response of a particle to applied electric (E) and magnetic (B) fields. (a) The
induced electric dipole moment is caused by the separation of the constituent particles when
exposed to the external electric field. (b) The induced magnetic dipole moment is a result
of the internal moments aligning with the external magnetic field. Taken from [Hor99].
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A polarizability of zero indicates that the particle is “frozen” and unaffected by external
fields. Likewise, as the polarizability increases, the particle is more easily influenced. Clearly,
these structure constants are important to understanding the internal structure of the proton

and neutron.

1.3 Photon Scattering

One of the methods used to probe nucleon structure is photon scattering. A qualitative
understanding of this process can be understood by considering the nucleon and the deuteron
in a classical manner. An exact, quantum-mechanical, low-energy expression is also given in
this section. In order to extract the polarizabilities from higher energy scattering experiments
such as this one, more detailed theoretical calculations are necessary. These are presented

later in the chapter.

1.3.1 Classical Model of the Nucleon

The proton and neutron can be viewed classically as consisting of two charged masses con-
nected by an ideal spring with a spring constant k. The charges and masses can be obtained
by applying the knowledge of the quark structure of the nucleons. Models of the proton and
neutron are shown in Fig. 1.2.

An oscillating electromagnetic field causes the nucleon, as well as its constituent particles,
to oscillate and re-radiate electromagnetic fields. The photon scattering cross section in this

model can be written down for both the proton and neutron ([Luc94]) as

d 2 ([ 1+ cos(f

e [ I o cos™(6) (1.3)
dQp (W2 —w?) —iwl, 2

do 2w? > 1+ cos?(h) (1.4)
dQn 0 (W2 — w?) —iwl, 2 ’ '

where w, and I', represent the energy of the proton resonance and its damping width, w,
and I',, represent the neutron resonance, and rq is the classical proton radius. The neutron
cross section differs from the proton in that it lacks the center-of-mass term that gives rise to

the Thomson scattering cross section! (proportional to 74) — this is due to the lack of charge

2

!'Thomson scattering is the scattering from a point-like object where % =13 sin2(9) and ry = zme:%'
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Figure 1.2: Classical picture of the nucleons in a mass-spring model. The charges and masses
are inferred from a three quark model of the nucleon and the charge properties of the quarks.

of the neutron.

Assuming that w < w,,, and writing the electric polarizability arising from this model

as Q. = 52”’ allows the cross section to be approximated as

p,n

do 5 9 1 + cos?(0)
i, (rg — 2row-ay) <f

o, w
2

do 5 4 (1+cos’(6)
dQn " '

(1.5)

(1.6)

For low photon energies, the neutron scattering cross section is much smaller than that of

the proton.



1.3.2 Low Energy Expansion

Quantum-mechanically, the cross section for photon scattering from the nucleons has been
fully developed. At very low energies, the photon is insensitive to the internal structure
of the nucleon and the cross section is that for a spin-1/2 structureless particle with an
anomalous magnetic moment A. The cross section is given by [Pow49]

Pow 1 2 / /
do W22 4 cos?g) + (2

G Sy (1= cost) 4 f(eost)], (17

where f(cos 0) depends on A, the nucleon charge and mass are given by ¢y, my, and w, '
are incident and scattered photon energies.

At higher energies, but still below pion threshold, the cross section must be corrected for
terms arising from the internal structure. The lowest order corrections at O(w?) are sensitive
to the nucleon electromagnetic polarizabilities ay and Sxy. The cross section can be written

exactly for these low energies as

LEX Pow 2 ’
;% - 3_?2 N % mq]ivc2)(%)[(aN+ﬁN)(1+C089)2+(OzN—ﬁN)(l—COSQ)Q]. (1.8)

This equation is the Low Energy Expansion (LEX) of the cross section. Further corrections

can be examined by going to higher photon energies. As seen in [Bab98], the terms that
arise at O(w?*) are independent of the nucleon charge but depend non-linearly on ay and
By and also on the so-called spin polarizabilities (quadrupole excitations). Since the photon
energies in this experiment were chosen so that these effects are negligible, they will not be
discussed in detail here.

Equation 1.8 provides some insight into how the cross section depends on o and 5. At
forward scattering angles, the cross section is dominated by the sum of the polarizabilities.
It turns out that this quantity is constrained by the Baldin Sum Rule (discussed below). In
combination with the LEX, this leads to the conclusion that the theoretical cross section
must be model-independent in the low-energy, forward-angle regime. The input necessary to
extract o and 8 comes from backward angle scattering. In this scenario, the cross section is
dominated by the difference of the polarizabilities. Scattering from higher energies, but still
sufficiently low so as to ignore terms of O(w?), is needed to distinguish the effects predicted

by various quantum-mechanical theories.



Baldin Sum Rule The Baldin Sum Rule [Bal60] relates the sum of the polarizabilities to
the total photoabsorption cross section of the nucleon affv . It does so via the Optical The-
orem, which relates the photoabsorption cross section to the imaginary part of the forward
scattering amplitude. Dispersion relations are used to relate the real and imaginary parts

of the complex scattering amplitude. By combining these with the differential cross section,

the following relationship was found

hie [ ol (w)dw
OzN‘FBN: ﬁ A/T (19)

The Baldin Sum Rule has been re-evaluated in recent years for both the proton [Olm01] and
neutron [Lev00], yielding?

a,+ B, = (13.8 £ 0.4) - 10~ * fm? (1.10)

n + B = (15.2£0.5) - 10~ * fm?. (1.11)

1.3.3 Classical Model of the Deuteron

Since a free neutron target does not exist, it is useful to investigate photon scattering from
the deuteron. The deuteron can be modeled in a similar manner to the individual nucleons

(see Fig. 1.3).

Deuteron

Figure 1.3: Classical picture of the deuteron in the mass-spring model.

2The units of 10~* fm?® will be assumed for all values of & and 8 from now on.



The deuteron cross section can be expressed qualitatively in terms of the proton and

neutron scattering amplitudes (f, and f,, respectively) as:

do 1+ cosQ(G))

- \fa+ fo+ fo+ fuc|’ ( 5 (1.12)

where f; is the scattering amplitude of the photon from the deuteron and fygc is due
to photons scattering from the mesons exchanged between the proton and neutron. It is
impossible to calculate the effects of these meson exchange currents (MEC) on the photon
scattering cross section in this classical model. Such treatment requires the full quantum
calculations discussed at the end of this chapter. It is thus sufficient to realize that there are
interference effects that arise from fygc and proceed.

Ignoring the effects of the MEC for now, the cross section in general terms is ([Luc94])

2 (1 +C(2)52(9)) |
(1.13)

do w? 2w

d—Q:TO 1-—

2 2

2w

(W2 —w?) — iwl; (W2 —w?) —iwl, (w2 —w?) — iwl,

where the nuclear resonance is defined by w; and I'y. The energy of the nuclear resonance
(~4.5 MeV) is much smaller than the nucleon resonance energies (w, = w, =~ 300 MeV).
This allows for scattering of photons in the region where w; < w < wy,,. Using the proper

approximations and the polarizabilities defined above, the cross section can be re-written as

do 1+ cosQ(G))

= = 2o+ a)) (5 (114

In this energy regime, the deuteron photon scattering cross section is more sensitive to «,,
than the neutron scattering cross section (Eq. 1.6). However, in order to accurately extract
the neutron polarizability, a;, must be well-known.

Combining the results of all the above work leads to several key elements useful for
designing a deuteron Compton scattering experiment, which will be re-visited in the last

section of this chapter:

e deuteron Compton scattering is sensitive to the isoscalar polarizabilities (a; = %(aerozn)
and s = %(ﬁerﬁn)). Well-known proton polarizabilities are therefore essential to ex-

tracting the neutron values.

e the Baldin Sum Rule provides a constraint on a+f that is independent of any model

or theory.



e the scattering cross section is constrained at forward angles, and even more so if the

photon energies are well below pion threshold.

e the greatest sensitivity for extracting polarizabilities comes from back-scattered pho-

tons.

1.3.4 Estimate of o, a,

The classical picture of the nucleons (Fig. 1.2) can be used to obtain an estimate of the
electric polarizabilities. If an electric field is applied to the nucleon in this picture, the
charges will separate, resulting in an induced dipole moment. By solving the equations of
motion, the charge separation (and, therefore, the induced dipole moment) can be determined
as a function of the applied field strength. As seen in Eq. 1.1, the constant of proportionality
between the dipole moment and applied field is the polarizability, which in this case is given
by

Qery
=_ 7 1.15
“ 41 ey pw? (1.15)

where q.rp = (1 Ma — g M1) /M, = myma/(my + ma), M = M; + My, and w? = k/p is
the resonant energy. Using the quark masses and charges and inserting a resonant energy
of 300 MeV gives a ~ 13.4 which is quite reasonable when considering current experimental
values. The same polarizability is obtained for both the proton and neutron in this picture.

A full quantum theory is necessary to make accurate predictions about polarizabilities.
However, it is still possible to make some qualitative assumptions about the nucleon polar-
izabilities in the non full-quantum limit. One method is to treat the nucleons as baryons
surrounded by a pion cloud. In the simplest case, this models the proton as a combination
of a 7™ and a neutron. Similarly, the neutron is viewed as the combination of a 7~ and
a proton. Here, one would predict that the neutron (two oppositely charged constituents)
would have a larger electric polarizability than the proton (one uncharged constituent). This
result can be seen by considering the nucleons as shown in Fig. 1.4 and using Eq. 1.15 which
yields a value of a,, that is ~30% larger than c,.

While the pion cloud is the dominant component of the electric polarizabilities, the va-

lence quarks contribute the most to the magnetic polarizabilities. The major contribution, at



Figure 1.4: The proton and neutron as viewed in a classical mass-spring manner using the
nucleon-pion cloud approach.

least to the paramagnetic term, comes from the A(1232)-resonance excitation. Cancellation
of the para- and diamagnetic polarizabilities is expected to result in § < « for the nucleons.
The full theoretical framework, which is beyond the scope of this thesis, is needed to make

more accurate statements about the magnitudes of the polarizabilities.

1.4 Current Experimental Status
1.4.1 Proton Polarizabilities

Measurements of elastic Compton scattering from the proton were conducted as early
as the mid 1970’s [Bar74], but it was not until the development of high duty factor, tagged
photon beams that precise results became available in the early 1990’s ([Fed91], [Zie92],
[Mac95], and [Olm01]). As a result of improved photon beams, the cross section, and hence
the extracted polarizabilities, have become more precise. This can be seen in the error

contour plot (see Fig. 1.5) of a,—, for all of the recent proton experiments.
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Figure 1.5: Error contour plot of the proton polarizabilities. The Baldin Sum Rule constraint

is shown, along with results from the individual experiments. The solid ellipse is the global
fit to all the data [OlmO1].

The most recent global fit of all the data yields [Olm01]
ay = 11.9 £ 055000 F 0.5t (1.16)

By = 1.5 %+ 0650 & 0.2,s¢, (1.17)

which are in agreement with the Baldin Sum Rule stated above.

1.4.2 Neutron Polarizabilities

Attempts to measure the neutron polarizabilities started much later than the proton.
This is because free neutron targets do not exist. The lifetime of the free neutron (7, ~10
min) is simply too short to allow for statistically significant experiments to be performed
with current technology. Additionally, as seen above, the nucleon elastic cross section is
dominated by terms that are proportional to the nucleon charge. Since the neutron has
no charge, the cross section begins at O(w?) and is dependent on factors other than the

polarizabilities. In short, even if a free neutron target were available, the small cross section

10



and presence of additional dependencies would make it nearly impossible to extract reliable
values for «,, and f,.

Despite these limitations, efforts began in the 1980’s to measure the neutron polarizabil-
ities. Unlike the proton where photon scattering has been used exclusively in an attempt
to extract a and [, the neutron efforts have been more varied in technique with photon
scattering being the most recent. These different approaches all have advantages and disad-

vantages.

Neutron-Nuclei Scattering The first efforts to obtain neutron polarizabilities were car-
ried out by Schmiedmayer ([Sch88] and [Sch91]) and Koester ([Koe88] and [Koe95]). These
experiments scattered a neutron beam off heavy nuclei via an interaction between the neu-
tron electric polarizability and the electric field of the nuclei. This reaction is insensitive to
the magnetic polarizability.

The most precise experimental value of «,, was reported to be 12.1 £ 2.0 [Sch91], but its
quoted systematic uncertainties have been seriously questioned by [Eni97], and the results
re-reported to be 7 < a,, < 19. Even with the large errors, this is still the most reasonable

result from this set of experiments.

Quasi-Free Photon Scattering Starting in the early 1990’s, experiments ([Ros90], [Kol00],
and [Kos02]) were developed that could probe the neutron polarizabilities via photon scat-
tering. These experiments made use of a deuteron target and the fact that a bound neutron
is stable. The reaction

Yy+d—=~+n+p (1.18)

considers the neutron (or proton) to be a free particle sitting in a shallow potential well.
The recoil neutron (or proton) is detected in coincidence with the scattered photon. The
polarizabilities can then be extracted from the data.

This method was tested on the proton in an experiment at Mainz ([Wis99]). The ability
to reproduce the polarizabilities from the proton scattering measurements seems to confirm
the validity of extending the measurement to the neutron. To date, these experiments have

typically been run near or above pion threshold. Since this reaction treats the neutron
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as a “free” particle, it is necessarily subject to some of the issues discussed in detail in
sections 1.3.1 and 1.3.2, namely a small absolute cross section (hence, the high photon
energies) and dependence on factors besides o, and (3,,. These issues lead to both statistical
and systematic/model uncertainties that are hard to minimize. The result is extracted
polarizabilities with large error bars (see Fig. 1.7). Despite the initial interest, quasi-free
photon scattering has fallen out of favor in part because of the difficulty with extracting

polarizabilities.

Elastic Photon Scattering The last approach to measuring the neutron polarizabili-
ties made use of the elastic scattering of photons from the deuteron ([Luc94], [Hor00], and
[Lun02]). Like the quasi-free case, the stability of the neutron is critical to the feasibility of
using the

y+d—~+d (1.19)

reaction for the purpose of photon scattering experiments. As shown in section 1.3.3, scat-
tering from the deuteron is more sensitive to «, and [, than scattering from a free (or
quasi-free) neutron. The polarizabilities appear at O(w?) in deuteron Compton scattering
but only at O(w*) in the case of scattering from the neutron. In addition, the cross section
is much larger for deuteron Compton scattering than for neutron Compton scattering due
to the interference between the proton and neutron scattering amplitudes. The larger cross
section permits running the experiment at lower photon energies than those of the quasi-free
photon scattering experiments without any loss of statistical precision. The high precision
measurements of the proton polarizabilities permit accurate extraction of «, and [, from
the isoscalar polarizabilities.

Despite the above advantages, there are effects that hinder the effort of obtaining high
precision neutron polarizabilities from elastic photon scattering experiments. One disad-
vantage is separating elastically scattered photons from those that are scattered from the
break-up of the deuteron. Since the break-up of the deuteron requires only 2.2 MeV, these
inelastically scattered photons will have a very similar energy to the elastically scattered
photons. In order to accurately obtain the Compton scattering cross section, the inelastic

contribution must be either simulated ([Luc94]) or the photon detectors must have sufficient
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Figure 1.6: Two examples of a photon scattering from a deuteron via an interaction with a
MEC between the proton and neutron.

energy resolution to separate the elastic and inelastic scattering ([Hor99]).

Beyond this technical limitation, the elastic scattering is complicated by potential scat-
tering from MEC. In these instances, the incident photons scatter off the mesons exchanged
between the proton and neutron. Several Feynman diagrams representing MECs are shown
in Fig. 1.6. Theoretical models such as those described later in this chapter are used to
account for the effects of the MECs on the scattering cross section. Without the develop-
ment of these models, and the effective field theories in particular, it would not be possible
to extract accurate values of the polarizabilities.

The values for the isoscalar electric polarizabilities ([Gri08]) extracted from the elastic
scattering measurements are shown in Fig. 1.7 along with the values obtained from the
quasi-free photon scattering and the result from [Sch91] with the re-analysis by [Eni97].
Furthermore, the data from [Hor99] were re-evaluated by [Bea03] using a next-to-leading
order effective field theory. The current global value of the proton is also shown to highlight
the discrepancy in the error bars. The extracted cross section from the deuteron Compton

scattering experiments are shown in Fig. 1.8.
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Figure 1.7: Current values of the electric polarizability from the proton, [Olm01], and the
isoscalar polarizabilities from the measurements of neutron reactions. The results of the
re-analysis of the data from [Sch91] and [Hor99] (by [Eni97] and [Bea03] respectively) are
shown with the dotted lines.

1.5 Models and Theory

This section presents some current models and theories used for extracting the nucleon
polarizabilities from the scattering cross section. The references are recommended for further

details.

1.5.1 Dispersion Relations

A prediction for the scattering cross section and the neutron polarizabilities can be obtained
by dispersion relations for the invariant amplitudes from a low energy expansion of the

scattering amplitudes [Bab98]. The typical equation is

™ — UV

2 [ Vdy
B / as
ReA;(v,t) = A7 (v, t) + —/ ImA;(v ,75)71/2 5 + AP, (1.20)

Vthr
where AP and A% are the Born and asymptotic contributions to the scattering amplitude.
The analysis of these integrals was carried out with the partial wave analysis code SAID

developed by the VPI group [Arn96]. The values for the proton and neutron polarizabilities
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Figure 1.8: Cross section of deuteron Compton scattering as measured by [Luc94] (e), [Hor99]
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Figure 1.9: Comparison of the YPT theory with (solid) and without (dashed) the contribution
from the A(1232)-resonance. The data from [Luc94], [Hor99], and [Lun02] are shown as well.
Taken from [Gri08].

are [Lvo97]
a, =119, B, = 1.9 (1.21)

a, =133, 8, = 1.8, (1.22)

which agree very well with the current, precise experimental proton results.

1.5.2 Chiral Perturbation Theory

Chiral perturbation theory (yPT) is an effective field theory that utilizes an expansion in
the parameter P = % ([Phi04]) of the QCD Green functions and exploit symmetries to
ease the calculations. The leading order predictions depend on the pion mass, the nucleon
axial coupling constant, and the pion decay constant. Other factors, such as the nucleon
mass, do not appear until next-to-leading order terms. The predictions from [Ber94] are: a,
= 10.5£2.0 and «a,, = 12.34+1.3. Again there is good agreement, but current uncertainties
are too large to make a definite claim about these predictions.

xPT can also be used for extracting the neutron polarizabilities from the scattering cross
section. The most developed model has been obtained by the inclusion of the A(1232)-
resonance ([Hil05]). Figure 1.9 ([Gri08]) shows the effect of the A(1232)-resonance on the
calculated cross section. Also shown are the appropriate data points for these energies. The

development of the A(1232) contribution is essential to the theory replicating the backward-

angle peaking in the cross section seen at higher photon energies. The current values for the
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extracted neutron polarizabilities, with errors due to the deuteron wavefunction employed,
are

= 14.6 £ 2.0(stat) + 1.1(wf), B = 1.4 + 2.2(stat) £ 0.1(wf). (1.23)

1.6 Motivation For This Experiment

Generally speaking, deuteron Compton scattering experiments have been motivated by a de-
sire to probe the internal structure of the neutron and quantify the values of the fundamental
structure constants «, and (,. This experiment ([Fel04]) was proposed with the same goals
in mind. However, given the previous measurements, the aim was to extract the neutron
polarizabilities with even better precision. Current results show «,, and (3, with errors 5-10
times larger than those of o, and f3,.

Another goal was to measure the photon scattering cross section over a larger phase-space
than the current data sets cover (see Fig 1.10). As seen in the phase-space plot, the data
in this measurement will span angles and energies from the previous low energy results of
[Luc94]| and [Lun02] to the results of [Hor99] and continue to even higher energies. The
reasons for this are two-fold: (1) the wide range of angles and energies will test the current
theories and models in new ways and, (2) a full coverage of the phase-space, in addition to
nearly doubling the number of data points, should result in extracted isoscalar polarizabilities
with precision comparable to the proton values above.

Specific areas of focus/improvement for this particular series of experiments were:

e utilizing photon energies as high as 115 MeV to obtain maximum sensitivity to the
polarizabilities and as low as 70 MeV in order to facilitate comparison with all the
previously published data, to test the current effective field theories, and provide a
substantial increase in data points to improve the precision of the extracted polariz-

abilities.

e using the SAL tagger and hodoscope and three large, high-resolution Nal photon spec-
trometers in order to separate the elastic and inelastic scattering peaks without resort-

ing to Monte Carlo simulations.
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Figure 1.10: Phase-space plot showing the energies and angles of the deuteron cross section
for [Luc94] (e), [Hor99] (o), [Lun02] (A), and this experiment (7).

e placing the Nal spectrometers at positions where the maximum solid angle could be
obtained. The necessity for high statistics was considered more important than the ef-
fects of the scattering geometry (the extended target and the spectrometer acceptance)

which can be calculated using Monte Carlo simulations.

e reporting of the cross section for energy bins that had a width of +5 MeV instead of £10
MeV as reported in [Hor99]. Narrower bins make the extraction of the polarizabilities

more accurate.

e placing two of the Nal spectrometers at backward angle positions to take advantage of

the enhanced sensitivity to the difference in the polarizabilities.

While not a part of the experimental program, recent developments of effective field theo-
ries since the most recent measurement of [Lun02], are necessary to the improved extraction
of a,, and 3, from the cross section measurement. The precise proton measurement is also

necessary to meet this condition.

18



2 Experimental Setup

2.1 Overview

This experiment was conducted at the MAX-lab National Electron Accelerator Laboratory
in Lund, Sweden (see Fig. 2.1). It is one of the first experiments conducted after the
recent upgrades to the injector and the nuclear physics tagged photon facility. The upgrade
increased the available photon energies (now tagged up to and beyond 100 MeV) and, as a
result, provided one of the main incentives to running this experiment at MAX-lab. This
experiment was designed to measure the low absolute cross section (on the order of 10
nb/sr) with better precision and accuracy than the previous deuteron Compton scattering
experiments. Such a plan requires obtaining a well-known incident photon flux and energy,
a high electron rate, a high-density target, and sufficient energy resolution of the scattered
photons in the photon spectrometers.

These goals were accomplished through the use of the SAL focal plane hodoscope [Vog93],
a liquid deuterium target, and Nal photon spectrometers. Specific details of these elements
are discussed in more detail below. The configuration of the electron and photon energies
and the scattering angles for both the 2007 and 2008 run periods are shown in Table 2.1.

In addition to the topics above, a facility overview and a review of the data acquisition

will also be covered in this chapter. First, though, is a brief synopsis of photon tagging.

Year Eg, E, Orav
2007 | 144MeV | 66-97MeV | 60°(CATS), 120°(BUNI), 150°(DIANA)

2008 | 165MeV | 82-116MeV | 60°(CATS), 120°(BUNI), 150°(DIANA)

Table 2.1: Electron energies, tagged photon energies, and scattering angles from each run
period.

2.2 Photon Tagging

The process of photon tagging ([Car83]) is critical to extracting the Compton scattering

cross section. In general, the cross section at a given photon energy (£,) is given by:
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Figure 2.1: The MAX-lab facility showing the locations of the injector, MAX-I ring, and the
nuclear physics area. Taken from [Sch08].

d_O' _ L ny,scatt(Efy)
Qe KQ Ny e(E,)

where x and €2 are the target thickness and detector solid angle. The incident and scattered

(2.1)

photon yields are given as a function of photon energy. The number and energy of the
scattered photons are measured with dedicated photon spectrometers. In addition, photon
tagging is used to determine the number and energy of the incident photons. The photon

tagging is studied in two forms: calibration running and scattering running (Fig. 2.2).

2.2.1 Calibration Running

The incident photons are generated by electrons interacting with a metal radiator pro-
ducing photons via bremstrahlung radiation. The post-bremstrahlung electrons and photons
then pass through a magnetic field which deflects the recoil electrons while the photons con-
tinue on to the target. The magnet (“tagger”) and a hodoscope of plastic scintillators are
used to analyze the momentum of the electron via the field strength and the position along
the focal plane that the electron strikes. Energy conservation is then used to determine the

photon energy (£,) from the incident and recoil electron energies (Ey and E,/, respectively):

E,=FEy— Eq (2.2)
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This process provides a direct measurement of ., and also the number of photons by counting
the corresponding electrons in each partition of the focal plane hodoscope.

The photons emerge in a cone which, projected forward to the target location, would
subtend an area much larger than the target size. In order to restrict the beam size so that
all photons entering the target room are incident on the target cell a collimator had to be
inserted at the far side of the tagging spectrometer. This restriction imposes a geometrical
constraint on the photons that necessarily leads to the condition where not all bremstrahlung
photons are incident photons. The ratio of incident photons to bremstrahlung photons is
called the “tagging efficiency” and is given by:

Nyine — Nyjne

6Tag ny’brem Ne/ ( 3)

It must be mentioned that there are two other effects that could lead to electrons ap-
pearing in the hodoscope. These are multiple scattering of the recoil electrons within the
metal radiator and Moeller (atomic electron) scattering. However, these are considered to
be infrequent reactions (the radiator thickness is <1% of the mean free path of the electron
and the Moeller scattering cross section is proportional to Z while the bremstrahlung cross
section is proportional to Z2). Also, these other electrons should be a constant fraction of the
recoil electrons at a given energy and independent of the beam rate. Hence, any discrepancy
will cancel out in the final cross section extraction.

To measure the tagging efficiency requires that a photon spectrometer be placed in the
photon beam line and that the beam intensity be reduced to protect the detector. Figure
2.2(a) shows a schematic of the setup. The spectrometer is used to identify photons that pass
through the collimator and would be incident on the target. The focal plane hodoscope counts
electrons and “tags” them to determine energy. The tagging efficiency for each hodoscope
partition (tagger channel) is then given by the ratio of photons in the spectrometer to
electrons in the channel. With the accelerator setup used in this experiment the tagging
efficiencies were typically 40-50%. For more details on the analysis see Section 3.4.

Since this was the first large-scale experiment conducted at MAX-lab after an accelerator
upgrade there were concerns about the tagging efficiency being beam intensity dependent. A

one-week run was conducted by the facility in the fall of 2007 and the tagging efficiency was
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measured as a function of beam intensity from 10 Hz to ~40 kHz electrons per hodoscope
channel. The results of this test indicate that the tagging efficiency is indeed independent of
the beam intensity [For10]. However, these rates are still only about 4% of the beam intensity
in the scattering running. Further tests at higher beam rates were prohibited due to the
space limitations between the exit window of the tagging spectrometer and the entrance face

of the collimator.

2.2.2 Scattering Running

A schematic of the setup for running the scattering portion of the experiment is shown in
Fig. 2.2(b). The photon spectrometer is moved out of the beam line and is looking toward the
installed target. The beam intensity is increased to a nominal value of 1 MHz electrons per
focal plane hodoscope channel. The spectrometer is used for detecting (scattered) photons
and the hodoscope detects the number of recoil electrons. The tagging efficiency measured
above relates the number of recoil electrons to incident photons without the need to physically
detect the photons before they interact with the target. This allows for the cross section to

be rewritten as:

do 1 Nysearr(By) _ 1 Noscan(E5)
dQe,  KQ Nyin(E,) K €19 Ne (Ey)

The need for high statistics measurements of the cross section, coupled with the low

(2.4)

absolute cross section of Compton deuteron scattering, necessitate high electron rates in
the focal plane hodoscope. The issues associated with these high rates will be discussed in

chapter 3.

22



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Tagging
Counters

L e Tagger
Ng

Photon |
e_‘» e N Spectrometer
Y
,,,,,,,,,,, ADC
Ny
o !
Tagging |
| Counters |
I
: |
i I
i I
[ e Tagger !
Ne !
I
I
I
I
I
I
I
I
|
Target |
e_‘» |
|
I
v :
I
I
I
I
I
I
I
|
I
I
I
I
I
i
,,,,,,,,,,, TDC
%)
=]
23
z =3
< o %
35 L. ADC
g

Figure 2.2: (a)Schematic diagram of the calibration running setup. The incident photons
are counted by the photon spectrometer. The photon signal is passed on to the ADC to
determine the photon lineshape and the TDC to measure the time difference between the
photon and recoil electron in the hodoscope. (b) Schematic diagram of the scattering running
setup. The incident photons interact with the target before scattering into the spectrometer.
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2.3 The MAX-lab Facility

For photon physics, MAX-lab utilizes the MAX injector, MAX-I ring and the nuclear physics
area. The nuclear physics area includes the tagger (the SAL magnet and hodoscope) and

the target room which houses the target and detector systems.

2.3.1 Accelerator System

Electrons are created via thermionic emission in an RF electron gun which operates at
10 Hz and produces a beam pulse that is on the order of 100 ns wide. [Kum09] At this
point the beam has a duty factor of 107%. These electrons are pre-accelerated by an
RF gun to 2 MeV. The electrons then enter the first of two 5.2m long linear accelerators
(LINACs). Each LINAC has a maximum energy boost of 125 MeV; however, for nuclear
physics applications, the maximum electron energy available is currently 205 MeV. For this
experiment, the electron beam energy was 144 MeV for the November 2007 run period and
165 MeV for November 2008. During MAX-I usage, the beam is sent to the ring immediately
after exiting the LINACs.

The MAX-I ring can be operated in one of two modes.

1) Storage mode: Used for synchrotron light experiments with a maximum operating
electron energy of 550 MeV.

2) Pulse-stretching mode: Used for nuclear physics experiments providing a nearly con-
tinuous electron beam. After stretching, the electron beam duty factor has improved by
more than five orders of magnitude to approximately 40-50%.

This experiment was conducted with the MAX-I ring in pulse-stretching mode. The
electron beam is injected from the LINACs into the ring. The ring has a circumference of
32.4 m which the electrons navigate in approximately 108 ns. The beam typically winds
around the ring twice and is then extracted over 100 ms at which time the next beam pulse
is injected into the ring.

During operation, it has been observed that a small portion of the beam injected into the
ring is immediately extracted without circulating. This “bad beam” pulse is rejected by 1) an

abort kicker magnet which deflects the electrons out of the beam and 2) an inhibit signal sent
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to the data acquisition electronics and synchronized to the extraction. This signal inhibits
the acquisition for 1 ms after the extraction to prevent any data from the “bad beam” from
being recorded in the acquisition file. The machine inhibit had the advantage that if the
abort kicker failed the experiment could continue.

The beam intensity in the ring was typically 10-20 mA for this experiment. This resulted

in a measured current of 10-20 nA in the Faraday cup in the nuclear physics area.

2.3.2 Tagger Magnet

The layout of the tagger, hodoscope, and target rooms is shown in Fig. 2.3. The paths of
the electron and photon beams are indicated, as well as the positions of the SAL hodoscope
and photon spectrometers.

The extracted, mono-energetic electron beam was transported down a beam pipe and
then directed toward the tagging spectrometer by a 50 degree bending magnet where it is
incident upon a radiator, typically a thin metal foil. The geometry of the beam pipe and the
magnitude of the field in the bending magnet provide an independent measurement of the
electron beam energy; this independent calculation always agreed with the energy quoted by
the accelerator operators.

The technique of bremstrahlung-tagging discussed above is employed to obtain a quasi-
mono-energetic photon beam. For this experiment, a 300 pum Al foil was placed inside
the radiator chamber. This foil radiator produces bremstrahlung radiation by interaction
between the electrons and the Al nuclei.

The tagging magnet used in this experiment was originally used at the Saskatchewan
Accelerator Laboratory (SAL) [Vog93]. The schematic of the diagram is shown in Fig. 2.4.
Its purpose was two-fold. First, the primary (non-interacting) beam of electrons were bent,
with the aid of a second dump magnet, into a Faraday cup which, by integrating this beam
current, provided a measure of beam stability. Secondly, the tagger uses a magnetic field (of
a dipole character) to focus the recoil (interacting) electrons of the same momentum to the
same channel in the the focal plane hodoscope.

As discussed in Section 2.2, a collimator was placed in the photon beam line to reduce the

beam size at the target location. This collimator is located ~10 cm downstream of the exit
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Figure 2.3: Diagram of the setup for this experiment at the MAX-lab facility. The location
of the Nal spectrometers and the scattering target are indicated. The bremstrahlung photon
beam that emerges from the collimator is shown also. The shielding walls are represented
by the dashed lines.
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Figure 2.4: Schematic of the SAL tagger magnet. The photon beam continues to the right,
while the recoil electron beam is bent toward the hodoscope. The non-interacting (primary)
electron beam is deflected toward the beam dump. Figure taken from [Vog93].
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window in the tagging magnet assembly. The photon beam collimator assembly is composed
of a heavy metal (an alloy of tungsten, copper and nickel) main collimator with an 18.92
mm entrance diameter, 19.94 mm exit diameter, and a length of 108.5 mm. A scrubber
magnet sits immediately downstream of the main collimator and is used to deflect any stray
charged particles away from the photon beam. This magnet is 200 mm long with a 25.48
mm diameter aperture (see Fig. 2.5). A plastic collimator, 100 mm thick and with a 40.0

cm diameter, sits just downstream of the magnet.

108.5 mm 200 mm

I-:::‘: -z 19.94 mm (25.48 mm

1810.5 mm

Figure 2.5: The collimator assembly: Photons emerge in a cone from the radiator and either
strike the collimator (dotted) or enter the target room (dashed). The beam collimator (black)
and scrubber magnet (gray) are shown.

2.3.3 SAL Hodoscope

Like the tagging magnet, the hodoscope used for this experiment was also developed and
used at SAL. The SAL hodoscope [Vog93] used for tagging the recoil electrons consists of
63 plastic scintillators (3 mm x 25 mm x 50 mm) arranged in two rows. The back row
was offset from the front by ~50% of the scintillator width. This overlap, which defines a
tagger channel, provides ~300-500 keV of energy resolution in both the recoil electron and
the tagged photon. The average electron rate in any tagger channel was on the order of 1

MHz for this experiment. A schematic of the hodoscope is shown in Fig. 2.6.
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Figure 2.6: Schematic of the SAL focal plane hodoscope showing the dimensions of the
plastic scintillators. The electron channels are defined by the overlap between successive
counters. Electron paths are indicated by the arrows.

2.3.4 Target Room

The target room is heavily shielded from the tagger and SAL hodoscope, in effect separating
the electron and photon beams. The liquid deuterium target and its cooling system, the
other targets, and the photon spectrometers are housed in this area. Details of the targets
are explained in the next section. Four photon spectrometers were employed throughout
the experiment. Of these, three were the large Nal detectors mentioned previously. The
fourth was a lead glass (PbGl) detector used solely in calibration mode for beam monitoring.

Specifics of each spectrometer are discussed individually later in this chapter.

2.4 Targets

The data collected for this experiment were taken primarily from a liquid deuterium target
housed in a Kapton cell. A pure Kapton target was used for determining any contributions
from the cell material. Additionally, carbon and lead targets were used for setting up the
electronics, but only the carbon was analyzed for the purpose of extracting a scattering cross

section.

2.4.1 Liquid Deuterium Target

The liquid deuterium cryogenic target used for this experiment is a modified version of the
s