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Abstract

This dissertation reports the first measurement of Compton-scattering differential
cross sections from liquid ®He at a photon energy of 61.5 MeV. The work is part of
a broader HI S program aimed at reducing uncertainties in the neutron electric and
magnetic polarizabilities, g and [, through Compton-scattering measurements
on light nuclei where Chiral Effective Field Theory ( EFT) calculations exist. At
61.5 MeV, the modest sensitivity to g and |, makes the dataset particularly useful
as a benchmark for the Baldin sum rule.

The experiment was performed at the High Intensity Gamma-ray Source (HI S)
at the Triangle Universities Nuclear Laboratory (TUNL) using a 61.5-MeV circularly
polarized -ray beam incident on a 20 cm-long cryogenic liquid *He target maintained
at 1.7 K. The beam energy FWHM was 6.2 %, and the average flux on target was
1:38 107 rays{s. Thallium-doped sodium iodide [Nal(T1)] detectors were ar-
ranged in a circular geometry around the liquid target cell, covering a wide angular
range with sensitivity to both forward and backward scattering.

A total of 112 hours of full-target and 49 hours of empty-target data were col-
lected. Backgrounds were subtracted using flux-scaled empty-target measurements.
The target composition was 98.2% *He with a *He impurity of p1:8  0:25q%. The
“He elastic contribution was modeled using simulations weighted by EFT calcula-
tions, and the 3He quasi-elastic contribution was modeled in the impulse approxima-
tion. Both were accounted for in extracting 3He Compton-scattering yields.

The measured angular distribution is generally below the central theory predic-
tion at most angles, with the level of agreement varying across the detector set. The
measurement differs from the predicted shape in a way not explained by reasonable

variations of p g in the range suggested by theory guidance. This dissertation

v



presents differential cross-section data and the experimental methods used to ob-
tain them, including contributions to the experimental setup, data analysis, and
error assessment, for the purpose of directly benchmarking few-body EFT-based
calculations.

Keywords: Compton scattering, helium-3, differential cross section, few-body

physics, neutron polarizabilities
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1

Introduction

1.1 Motivation

For any object with charge, it is natural to ask, "how does this object deform in the
presence of external elds"? This question is comparable to asking "how rigid is a
wooden plank™ or "how much weight can an iron beam support". These questions
all probe at the essence of the structural properties of matter. In particular, they
ask how a system's internal structure gives rise to the macroscopic properties of
composite objects. When charge was recognized as a fundamental property of matter,
people measured the polarizability of materials, then molecules, and then in time,
atoms. With the discovery of the nucleus and quarks, the pursuit continued onward
to the nucleus and nucleons.

High energy experiments focus on quarks, gluons, and how the interactions be-
tween them form the macroscopic properties of the nucleon. Polarizability, like mass,
spin, and charge, is another of these emergent properties, and while lattice QCD cal-
culations have begun to study these quantities, we currently rely on e ective eld
theories, with nucleons and pions as degrees of freedom, and low energy experimental
data, to investigate the polarizabilities. Thus, this measurement of Compton scatter-
ing from 3He ts squarely into the broader scope of nucleon structure experiments.

Nucleon electric and magnetic polarizabilities are fundamental structure con-

stants describing the response of nucleons to external electromagnetic elds. The
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proton polarizabilities have been studied extensively using Compton scattering on
proton targets (see Schumacher [2005]). Neutron polarizabilities, on the other hand,
are constrained by a much smaller experimental dataset due to the added challenge
in nding suitable neutron targets. As a result, the uncertainties on neutron polariz-
abilities remain more than a factor of two larger than those of the proton. This work,
together with its 100-MeV companion study by Zhou [2026], aims to reduce these
uncertainties by providing new three-body Compton-scattering experimental con-
straints on the neutron polarizabilities, via Compton scattering from a light nucleus
for which ab-initio chiral E ective Field Theory ( EFT) calculations are available.

As no free-neutron targets existHe has been chosen as one of the steps in
the Compton@HI S Collaboration's ongoing campaign of elastic Compton-scattering
measurements on light nuclei?H, 3He, *He, ®Li). Additionally, this work, combined
with the companion experiment of Zhou [2026], marks the world's rst measurement
of elastic Compton scattering from®He. Owing to experimental challenges, these
measurements are made feasible using the HI S high photon ux and narrow beam-
energy spread, the large, high-resolution Nal detectors, and the high-areal-density
cryogenic liquid *He target at TUNL. These combined features of the experimental
setup are required to cleanly separate the elastic scattering peak from inelastic chan-
nels (two-body breakup threshold 5.4 MeV). Years of combined e ort have gone
into the development of the cryogenic liquid®He target cell, the ux monitoring
system, the calibration of the Nal detectors, and the accelerator facility as a whole.

Beyond the instrumentation itself, a major logistical challenge was securing and
safeguarding the®He inventory required for the cryogenic target. The gas supply
used in this work corresponds to 340 L (STP) of*He (about 46 g), representing an
e ective replacement value of roughly one million dollars market value at the time

of writing.



1.2 Polarizabilities

In the presence of external electric eldE, nucleons acquire an induced electric dipole
moment d. Similarly, in the presence of an external magnetic eldd they gain an
induced magnetic dipole m. The strength of the induced electric and magnetic

moments are related to the strength of the eld applied in the following way:

@ eE
(1.1)
m Vil

where, g is the electric dipole polarizability and \ is the magnetic dipole
polarizability. These linear relations connect the induced electric dipole moment to
the applied electric eld and the induced magnetic dipole moment to the applied
magnetic eld (often written in terms of B). Throughout this work, ¢ and \ are
collectively referred to as scalar polarizabilities.

In general, polarizabilities are de ned dynamically as functions of photon energy
I. Static polarizabilities referto g, u (! 0). Polarizabilities for (! j 0) will be
directly referred to as dynamic polarizabilities.

The magnitudes of these polarizabilities represent how easily the nucleon's in-
ternal charge and current distributions are distorted by an applied electromagnetic
eld. Speci cally, the presence of an external electric eld slightly separates positive
and negative charge within the nucleon, which produces an electric dipole aligned
with the applied eld.

For magnetic elds, the induced response is more subtle. The nucleon exhibits
a paramagnetic contribution associated with the alignment of the nucleon's inter-
nal magnetic moments with the applied eld, and a diamagnetic contribution arising
from induced currents that oppose the applied eld (as in classical Lenz's law). These

two components largely cancel, which is why the value of is predicted to be smaller
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than g. Early polarizability measurements struggled to resolve whether the mag-
netic polarizability was positive or negative; however, modern analyses have resolved
this ambiguity Schumacher [2005]. Figure 1.1 shows this relationship graphically,

and speci cally focuses on the response of the pion cloud to external elds.

Figure 1.1. Figures illustrating nucleon response to electric and magnetic elds. The
strength of these responses corresponds to the dipole polarizabilities. Reproduced from
Ref. Martel [2013], Figs. 1.2{1.3.

It is typical in nuclear physics to express ¢ and \, as volumes (typically order
fm3). Conceptually, the polarizabilities describe the response of the nucleon to
external elds; mathematically, the volume convention is obtained by absorbing xed

electromagnetic constants into the de nition (e.qg., PSldp4 " 4g). With this
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convention, nucleon polarizabilities are numerically much smaller than typical atomic
polarizabilities, re ecting the much higher rigidity of the nucleon.

Compton-scattering X N 1 X 'has proven to be a successful tool for
probing the internal electromagnetic structure of a target and, consequently, for
extracting its polarizabilities Grie hammer et al. [2012]. As polarizabilities encode
the temporal response of a particle to external electric and magnetic elds, it stands
to reason that photons, which are electromagnetic oscillations, can serve as a probe of
these structure constants. The elds of the photon induce multipoles by displacing
the internal structure of the target nucleon. The Compton-scattering amplitude
therefore contains this induced response, which is re ected in the energy and angular
dependence of the scattered photons Grie hammer and McGovern [2018].

To extract and from Compton-scattering data, one must reliably extrapolate
down to zero photon energy p! 0qg. Chiral E ective Field Theory ( EFT) provides
a means to perform this extrapolation Grie hammer and McGovern [2018]. The
extraction of £ and [, lies beyond the scope of the present work and will require

comparison with the appropriate theoretical framework.
1.3 The Compton-scattering Process

Compton scattering is the process by which a photon exchanges energy and mo-
mentum with matter. In this process, a photon scatters from a target, transferring
energy and momentum and emerging with a di erent nal energy. The photon then
continues onward with a modi ed energy. In many scattering contexts, the photon
wavelength provides a useful guide to the length scales that can be resolved. As
the energy of the photon increases, its wavelength decreases, allowing researchers to
tune the wavelength of the probe to the size scale of interest, though the interaction
strength also depends on the target's internal energy structure.

Nuclear Compton scattering refers to the process in which photons Compton
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scatter from the nucleus. In this study, 61.5-MeV -rays (20 fm) are incident
upon the nucleus ofHe (d 4 fm), and then detected by an array of Nal detectors.

The energy of an outgoing Compton-scattered photon can be obtained through a
relatively straightforward kinematic argument (see Eq. (2.2)). However, the proba-
bility of a photon scattering to a particular angle depends on the various interactions
between -rays and the nuclei.

Distortions, excitations, and multi-body interactions, corresponding to di erent
interaction mechanisms (Feynman diagrams), a ect how strongly the target scatters
photons at a given energy and angle. This information is packaged into a single
guantity called the scattering amplitude. The measured di erential cross section
(i.e., the probability to scatter into a particular direction) is determined by this
amplitude, together with kinematic factors.

It is often helpful to think of the scattering amplitude as receiving contributions
from di erent interactions between the photon and the target: direct scattering from
a point-like charge, interactions with the pion cloud, and excitation of the p1232q.
These contributions sum to produce the full scattering amplitude. While many such
contributions are possible, the leading-order single-nucleon mechanisms that generate
nucleon polarizabilities in chiral e ective eld theory are shown in Figure 1.2.

At su ciently low photon energies, the scattering amplitude can be written as
a low-energy expansion in powers of the photon energy, where the leading terms
are determined by point-like static properties (such as charge and mass). The next
terms describe how the target departs from a point-like object, encoding dipole-like
distortions driven by the electromagnetic interaction. Becauseg and \ quantify
the induced electric and magnetic dipole response to an applied eld, these leading
structure-dependent contributions are naturally parameterized by the electric and

magnetic dipole polarizabilities, ¢ and .
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Figure 1.2: Leading-order contributions to ih)e single-nucleon mechanisms that generate
nucleon polarizabilities in chiral e ective eld theory. (a) Photon coupling to the pion cloud
(dashed circle) surrounding the nucleon. (b) p1232q excitation and photon coupling to the
pion cloud associated with the . Figure redrawn/adapted from Ref. Godagama [2022],
Grie hammer and McGovern [2018] (and references therein).

1.3.1 Low-energy Expansion

At low photon energies (below the pion-production threshold, ! A 150 MeV), the
scattering from a point-like target is dominated by the leading (Thomson/Born)
contribution. For a target of charge Ze and mass M, the Thomson amplitude, with
incident and scattered polarization vectors + and % is given by

pZed , ; ..

v : (1.2)

fn

where e is in Gaussian units (i.e. % 1{137).

The Thomson amplitude is a good approximation for the di erential cross sec-
tion at low photon energies, but as the incident photon energy increases, the mea-
sured di erential cross section begins to deviate from the Thomson amplitude, and
higher-order nucleon-structure terms are required. These additional terms are often
expanded in powers of incident photon energy !.

Following the derivation outlined by Wissmann [2004], based on the low-energy

treatment of Petrun'kin [1961], the Compton-scattering amplitude can be written to
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Here ! and ! L are the incident and scattered photon energie& and k* are the
corresponding unit momentum vectors, is the anomalous magnetic moment, and
g1 and y; are the electric and magnetic dipole polarizabilities.

The scattering amplitude is related to the di erential cross section by

d
g~ et al 2 (1.4)

Retaining only the leading-order scalar-polarizability contribution, Eq. (1.4) yields

the low-energy expansion of the Compton-scattering di erential cross section rst

calculated by Petrun'kin [1961]:
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The Born term 4- ., which describes scattering from a point-like source is
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(1.6)
n1
Mz pl cos g?> a, a 1c0s a ,cos
9 3
2 ¥ 2 3 3 - 4;
% Z 4
aa 4 5 22 3 (1.7)
1 1
a, 2 -2 3 -4
2 2 4

where ! and ! *are the incident and scattered photon energies respectively, M is
the mass of the target, and Ze is the nuclear target charge. It should be noted that
the spin polarizabilities enter this equation at order Op#q.

For a neutral target such as the neutron, the leading Oply term vanishes, so the
polarizabilities and do not appear until Op! “q. This is why, even if a free neutron
target were feasible, coherent scattering on light nuclei would still be advantageous
because it provides substantially larger count rates Grie hammer and McGovern
[2018].

For forward scattering (0 ) the 1 cosp g term becomes zero and drops
out, indicating that forward scattering is sensitive t0 pg; m1Q. Similarly, for
backscattering (180 ), the cross section is sensitivetog;  wm1Q. Measurements
at both forward and backward angles are needed to constrain the polarizabilities. In
practice, however, experimentalists focus on the backward angle measurements, as

the forward angles have an additional sum-rule imposed constraint.



1.3.2 Sum-Rules

For forward scattering, the Baldin sum rule provides an additional constraint be-
yond the Compton amplitude itself. This sum-rule can be derived from the optical
theorem, which states that the total photoabsorption cross section is related to the

imaginary component of the scattering amplitude by the following.
4
ot I—Imrfp 0gs (1.8)

By applying the optical theorem to the forward scattering Compton amplitude,
along with the low energy theorem, one can arrive at the Baldin sum rule Baldin

[1960], Pascalutsa [2018], Babusci et al. [1998], Grie hammer et al. [2012].

»
1 8 totp! lq
> A (1.9)

- thr

The Baldin sum rule Eqg. (1.9) is an additional constraint on ¢ and ;. It relates
the sum of the polarizabilities to an integral over the total photo-absorption cross
section. The Baldin sum rule xes the sum pg m 0. No such relation exists for
P e wmQand, consequently, most polarizability studies focus on the backscattering
term, which is less constrained.

The threshold !y, is set to the rst photon energy where the forward Comp-
ton amplitude develops an imaginary component. It is the lowest photoabsorption
threshold of the target. To illustrate this concept, note that a free nucleon cannot
absorb a photon and remain a nucleon. N N N is not kinetically allowed due
to conservation of energy and momentum. For a free nucleon, the rst kinetically
allowed photoabsorption occurs at the pion threshold when N NN . Thus,
for nucleons, !, is set to the pion threshold [ 150-MeV]. For nuclei however,
the rst photoabsorption threshold is breakup, which typically occurs at low energy
( 10 MeV) Babusci et al. [1998], Grie hammer et al. [2012].
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1.4 Experimental Review

1.4.1 Proton Polarizability

The rst generation of real-photon Compton scattering on the proton began in the
1950s Bernardini et al. [1960], Oxley [1958], Hyman et al. [1959]. These Initial
measurements, performed in an era before photon-tagging techniques, were fraught
with experimental challenges, and the uncertainties were large.

As experimental techniques improved|notably through photon tagging and high-
resolution, large-volume photon detectors (beginning in the 1990s)|the experimental
precision improved dramatically, allowing increasingly clean separation of polarizabil-
ity e ects from the low-energy Thomson/Born contributions Schumacher [2005].

The rst tagged photon experiment, performed at the University of lllinois Feder-
spiel et al. [1991], helped establish the current di erential-cross-section based frame-
work of the modern era of Compton-scattering analysis. Using tagged photons span-
ning roughly 32{72-MeV and large Nal detectors at 60and 135, the low-energy
expansion together with the Baldin constraint was used to extract proton polariz-
abilities.

This approach was then extended and re ned in subsequent measurements at the
Saskatchewan Accelerator Laboratory (SAL) and the Mainz Microtron (MAMI), in-
cluding work in and above the pion-threshold region where the low-energy expansion
no longer applies Hallin et al. [1993], MacGibbon et al. [1995], Olmos de Leon et al.
[2001].

The most recent high-precision proton polarizability measurement using unpo-
larized real-photons was carried out at MAMI by the A2 Collaboration Mornacchi

et al. [2022].
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1.4.2 Neutron Polarizability

Neutron polarizability extractions are considered particularly challenging experimen-
tally. Free neutrons, being unstable particles with a lifetime 15 min, are unfeasible
as a target. In addition, as the neutron carries no charge, the second order Gg!
term of the di erential cross section vanishes (see Eqg. (1.5)), thus, and , rst ap-
pear at Op!“q for a hypothetical free neutron target. These features make isolating
the neutron polarizability signal signi cantly more di cult Schumacher [2005].

Early attempts to access neutron polarizabilities therefore focused on indirect
methods. The rst neutron polarizability experiments focused on scattering neutrons
in the Coulomb eld of heavy nuclei; however these experiments could only measure

» and carried uncertainties nearing 100%, leaving the neutron electric polarizability
poorly determined Schumacher [2005].

As proton polarizability extractions improved, it became feasible to measure
Compton scattering on light nuclei and use the proton as an input to extract neu-
tron polarizabilities. This strategy was rst demonstrated using elastic Compton
scattering from deuterium, where the deuteron data were combined with proton po-
larizability input (and the Baldin sum-rule constraint) to obtain , and , Hornidge
et al. [2000], Lundin et al. [2003].

More recently, new Compton-scattering measurements on the deuteron using the
tagged-photon beam at MAX IV e ectively doubled the world deuteron dataset.
These data were analyzed within chiral EFT including an explicit p1232q degree
of freedom to improve the neutron polarizability extraction Myers et al. [2014a]. A
complementary deuterium measurement campaign at HI S is described in detail in
the doctoral dissertation of Godagama Godagama [2022]. In addition to deuterium,
the same Compton@HI S Collaboration has also produced precision datasets’bi

“He, and the proton Myers et al. [2012, 2014b], Sikora et al. [2017], Li et al. [2020,
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2022].
1.5 Current Values for Polarizabilities

The Particle Data Group (PDG) compiles and critically evaluates measurements

of particle properties from the literature and provides recommended world-average
values Group et al. [2024]. The PDG values are reported in this section; however,
other reviews and extraction frameworks in the Compton-scattering literature exist

and can lead to slightly di erent recommended values and uncertainties (see, e.g.,
Schumacher [2005], Grie hammer et al. [2012], Wissmann [2004]). Numerical val-
ues for the current PDG nucleon polarizability world averages and Baldin-sum-rule

constraints are listed in Table 1.1.

In what follows, the standard convention of quoting the static scalar dipole po-
larizabilities in units of 10* fm® is used. These quantities are not measured directly
at ! O; rather, real-photon Compton-scattering data at nite energies are inter-
preted within a theoretical framework (typically dispersion relations and/or EFT)

and extrapolated to the static limit.

Table 1.1: Scalar nucleon polarizabilities (static) and Baldin-sum-rule constraints taken
from the 2024 PDG review Group et al. [2024]. Statistical, systematic, and theoretical
uncertainties are summed in quadrature. See Figure 1.3 for a visual representation. All
values are in units of 10* fm>.

Quantity (104 fm®) Proton  Neutron

E1 11:2 0:4 118 1:1
M1 25 04 3.7 1.2

E1 v1 (Baldin) 14:2 0:5 15:2 05

PDG curated average values for g1 and 1 are quoted with the Baldin constraint ; as
such, the uncertainties on and are anti-correlated. Levchuk and L'vov [2000]. The Baldin
uncertainty mainly re ects uncertainties in the total photoabsorption cross section.

The modern convention is to impose the Baldin sum-rule constraint one; w1,

as it is known more precisely than either polarizability individually. The result of
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this is that the quoted uncertainties on g; and \; are strongly anti correlated,

meaning that increasing g; results in a reduction of ;, and vice versa.

Figure 1.3: e Vs m from 2024 Particle Data Group (PDG) recommended values.
Polarizabilities for the proton (blue) and the neutron (red) are shown. Colored diagonal
bands represent constraints from the Baldin sum rule. The size and shape of the ovals
corresponds to the uncertainty on and . The uncertainty on the magnetic polarizability

is 16 (32) % for the proton (neutron) Group et al. [2024].

While the proton polarizabilities are now known at the tens-of-percent level,
determination of neutron polarizabilities remain substantially less precise, as they
must be interpreted from data using the proton polarizabilities as input. The result
of this is that the uncertainty on , currently lies at 32%, a surprisingly large value
at glance. This is because the extraction of the neutron polarizabilities ultimately
depends on both experimental statistics and nuclear-theory originating corrections.
A summary of the current constraints on pg1; wm1q for the proton and neutron is
shown in Figure 1.3.

The goal of the present®He measurement (together with the companion 100-

MeV study) is to provide new three-body Compton-scattering constraints that are
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complementary to the existing deuteron-dominated dataset, thereby reducing the
overall uncertainty on neutron polarizabilities in future global analyses.

For the specic theory curves shown in this dissertation, the calculations pro-
vided by Harald W. Grie hammer (private communication) were evaluated using

the central polarizability values reported by Myers et al. Myers et al. [2015].
1.6 Sensitivity

As shown in subsection 1.3.1, Compton-scattering is sensitive to the electromagnetic
polarizabilities. Because the forward-angle combination p; m1Q is additionally
constrained by the Baldin sum rule, experimental e orts often emphasize backward
angles, where the cross section is more sensitive tap  v1g. This study follows
that approach by placing our largest Nal detectors at backward angles: BUNI at
a 115 (FWHM 2:21% at 100 MeV) and DIANA at |, 150 (FWHM

1:60% at 100 MeV).

We are therefore primarily interested in the sensitivity of the measured di erential

cross section to pg; m1Q. A common way to illustrate this sensitivity is to vary

P E1 vm1Q about a central reference value and examine the resulting change in
the predicted angular dependence of d {d. In this work, variations of p g;

m1d 2 in units of 10 4 fm® are typically considered. Becauseg; and y; are
anticorrelated through the Baldin-sum-rule constraint, large variations of pr1~ m19
from the central reference values are not expected. In practice, variations much
larger than about 5 (in units of 10 4 fm®) are generally regarded as nonphysical.
Figures 1.4 and 1.5 illustrate the expected sensitivity of théHe di erential cross

section to p g1 m1Q, with the largest e ect occurring at backward angles.
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Figure 1.4: Predicted di erential cross section for elastic Compton scattering on SHe,
illustrating sensitivity to the polarizability combination E1l m1-. The curves show rep-
resentative EFT calculations at incident photon energies of 61.5 MeV (blue) and 100 MeV
(red), following the 3He Compton-scattering framework of Refs. Margaryan et al. [2018a],
Grie hammer and McGovern [2018] (see also Ref. Grie hammer et al. [2012]). The specic
calculations shown were provided by Harald W. Grie hammer (private communication)
and use the central polarizability values reported by Myers et al. Myers et al. [2015]. The
percent dierence in d p180 g{d for p g1 M1 4 10 4 fm?is indicated on the
plot for each energy.
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Figure 1.5: Same as Figure 1.4, but illustrating the change in the predicted angular
dependence of d {d under representative variations of g1 m1 (e.g., 2 and 5 in
units of 104 fm?), highlighting the enhanced backward-angle sensitivity. The calculations
shown were provided by Harald W. Grie hammer (private communication) and use the
central polarizability values reported by Myers et al. Myers et al. [2015].
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1.7 Dierential Cross Section (Generic)

The primary objective of this experiment is to measure the di erential cross section
for Compton scattering from 3He. The 61.5-MeV data is particularly useful for
benchmarking of the Baldin sum rule. This measurement, and by extension the
100-MeV measurement analyzed by Jingyi Zhou [2026], support the broader goals of
the Compton@HI S Collaboration by reducing the uncertainties in the electric and
magnetic polarizabilities ( , and |, respectively) of the neutron.

A common expression for the di erential cross section is given by

d, YpnQ
d " AN t

(1.10)

where denotes the cross section of a particular interaction, n is the detector
index, and is the scattering angle. The quantity Y p q represents the measured
yields (counts) at angle , while ", is the detection e ciency after consideration
of detector properties and all cuts in the analysis. The term , is the purely
geometric solid angle of detector n (in sr), Nis the number of incident photons on
target, and t is the target thickness in nuclei per crh

Eg. (1.10) is a useful way to organize the measurement, but it lacks su cient
details to obtain a precise extraction. The full expression used in this analysis is

presented in section 1.9.
1.8 Background classes in the measurement

The extracted He elastic yield is obtained from spectra that contain several distinct
sources of non-signal counts. For clarity, non-signal contributions are grouped into

three categories:

" Beam-uncorrelated background, also referred to as random-in-time back-
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ground or random events, is dominated by cosmic-ray events, which arrive

continuously and are uncorrelated with the -ray beam.

" Beam-correlated environmental background, arising from beam interac-
tions with surrounding geometry and target-cell materials that subsequently

scatter into the detectors.

" Beam-target correlated background, arising from interaction channels within
the target liquid itself, including elastic scattering from“*He contamination,

quasi-elastic scattering from?He, and an additional low-energy continuum.

These categories map directly onto the analysis strategy developed in chapter 3
and chapter 4. In particular, beam{target correlated contributions originate in the
target itself and therefore cannot be removed by empty-target subtraction or se-
lection cuts alone; instead, they must be modeled and constrained in the yield ex-
traction. Geant4 simulations provide the spectral forms used to describe these
components, while data-driven methods constrain the beam-uncorrelated (cosmic)

and beam-correlated environmental backgrounds.
1.9 Di erential Cross Section fHe)

The measured spectra include signals from the background classes de ned in sec-
tion 1.8. To extract the 3He elastic yield, these contributions must be removed or
constrained, while correcting for the loss of true elastic events introduced by the
analysis selections.

There is therefore a natural tradeo in the analysis: tighter selections reduce
contamination but lower the detection e ciency, while looser selections retain more
signal but accept more background. The goal is to choose cuts that suppress back-
ground while keeping the detection e ciency well understood, so that the extracted

yield can be corrected into the best estimate of the truéHe elastic-scattering yield.
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The expression for the di erential cross section used in this analysis, and the

central quantity extracted in this work, is expressed as follows:

d_ t3Hercc (1.11)
d Ae e N t f in
"e ! ToF "Cosmic : (1-12)

Here % is the extractedHe elastic yield in the chosen ROI per detector (after
applying the analysis cuts and background subtraction described later in this work).
The factor A, is the detector's e ective acceptance, evaluated with the same ROI
selection in simulation. The e ective e ciency, ". , containing weakly-ROI depen-
dent quantities, is de ned as the product of the time-of- ight (ToF) and cosmic-ray
rejection e ciencies (Eq. (1.12)). Gy is a bin-centering correction which accounts
for the extended angular width of the detectors, and allows us to report the cross
section at the nominal angle, and i, accounts for the survival probability of beam
photons passing through the liquid target region (e.qg., self-attenuation of the target).
As in Eq. (1.10), N is the number of incident photons on target and t is the target

thickness in nuclei per cr.
1.9.1 Acceptance - Overview

In the simplest picture, a detector subtends a geometric solid angle and the

yield scales as Y9 g— In the full analysis, however, the combination of detec-
tor response, material e ects, and ROI selection means that the fraction of events
contributing to the ROI is not purely de ned by geometry. For clarity, we therefore

replace with an e ective acceptance de ned operationally from simulation:

N
Ae PEroiq 4 NRO' : (1.13)
4 ;tot
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The quantity A. represents the fraction of photons generated uniformly in 4 that
produce an event in a given detector which passes the same ROI selection used in
the data. Because A is evaluated using a full Geant4-based detector simulation
(including the relevant interaction and detector-response physics), it should be inter-
preted as a physics-weighted acceptance rather than a purely geometric solid angle

(additional details provided in section 3.10).
1.9.2 Normalized Yields - Overview

Although Eg. (1.11) is written with all terms expanded, it is useful to group the
terms that carry the strongest ROI (energy-cut) dependence from those that do not.
In practice, the dominant ROI sensitivity enters through the extracted ROI yield

and the simulated ROI acceptance, so we de ne the normalized yield

Yape .
Ae |

(1.14)

Ynorm

By construction, Y,om contains all of the strong dependence on the ROI choice
(and therefore on detector energy response and resolution modeling).

In later sections, cut-optimization and systematic studies are naturally discussed
in terms of Y,orm, While the nal cross section is reported using the fully expanded

form given in Eq. (1.11).
E ciencies - Overview

Even after background subtraction, analysis cuts can reject real elastic events. We
therefore de ne a cut e ciency as the fraction of true signal events that survive a

given selection. In its most basic form, an e ciency can be written as

N
||Cut pass ’ (115)
Ntrue
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where Nyass IS the number of events that remain after applying the cut, and N,
is the total number of true signal events that would be present if that cut were not
applied.

In this analysis, the dominant ROI-weak selections are the time-of- ight (ToF)
cut and the cosmic-ray-rejection cut. Their combined e ect is summarized by the
e ective eciency " ¢ (Eq. (1.12)), with each factor determined directly from data.

Operationally, the \true" count N 4, for a given cut is estimated by progressively
loosening that cut until it is e ectively turned o . For the ToF selection, this is done
by widening the accepted ToF window; for the cosmic-rejection selection, this is
done by raising the rejection threshold so that fewer events are vetoed. As the cut
is loosened, the loss of real events becomes negligible, and the extracted (empty-
target-subtracted) yield approaches a plateau. We take the subtracted yield in this
fully-loosened plateau as W, for the purpose of de ning the cut e ciencies in

Eq. (1.15).
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2

Experimental Setup

2.1 Beamline and Photon Source

2.1.1 The HI Facility

The HI S facility at Duke University produces a pulsed, quasi-mono-energetic -ray
beam via Compton backscattering of free-electron-laser (FEL) photons from electrons
circulating in a storage ring. HI S is operated by the Triangle Universities Nuclear
Laboratory (TUNL). HI S is capable of producing quasi-mono-energetic -rays over
a wide range of energies, with the current o cial maximum being 110 MeV. HI S
currently claims the record for the highest ux Compton -ray source in the world
with a maximum ux around 3 10 !° {s for beam energies around 10 MeV Wu

et al. [2021].
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Figure 2.1. Schematic layout of HI S booster ring and lasing cavity. The -ray beam is
produced by Compton backscattering at the FEL{electron collision point and transported
downstream to the experimental target area.

The pulsed -ray beam is produced by inverse Compton-scattering of FEL pho-
tons o relativistic electrons circulating in the HI S storage ring (0.24{1.2 GeV).
Typically, two circulating electron bunches separated by one half circumference of
the storage ring are used to produce these -rays. These electron bunches radiate
ultraviolet (UV) FEL light as they pass through periodic magnetic devices called
"undulators”, also known as wigglers, located within the FEL lasing cavity. The
FEL lasing cavity is formed between two dielectric mirrors. The UV FEL light
produced by this process is then ampli ed within the lasing cavity Wu et al. [2021],
Weller et al. [2009]. As illustrated in Figure 2.1, electrons are injected by the LINAC,
accelerated in the booster ring, and then stored in the HI S storage ring where they
pass through the FEL cavity.

The cavity length (53.73 m) is set such that the re ected FEL light pulse arrives
at the collision point at the same time as the next electron bunch. The cavity length
divided by the speed of light yields the beam pulse interval of 179.22 ns, which is a

characteristic of the HI S accelerator. This pulse structure is utilized in time-of- ight
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(ToF) analysis.

The UV photons in the lasing cavity Compton scatter from the relativistic elec-
tron bunches, boosting the photons into the -ray energy range. These -rays are
then transmitted through the cavity mirror to the experimental target area.

The HI S facility is capable of producing both linearly and circularly polarized
-ray beams depending on the con guration of the wigglers. The FEL undulator
(wiggler) mechanism used at HI S is illustrated in Figure 2.2. For the Compton-
scattering from 3He measurement described here, a circularly polarized beam was

used.

2.1.2 FEL Photon Energy

Figure 2.2: Electrons passing through magnetic undulators "wiggle" back and forth,
emitting UV wavelength light. The energy of the emitted FEL photons is described by
Eq. (2.1)

The resonance condition that determines the wavelength of the FEL photons for

which coherent emission occurs in the undulator [Huang and Kim, 2007] is as follows:

1 Ko 2 (2.1a)
r 22 0 .
0

(2.1b)

2
hc
EFEL -
r
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Where , is the resonant radiation wavelength, , is the undulator period, K is
the dimensionless undulator strength parameter,q is the electron energy in units of
rest energy mc?, and is the observation angle in radians.

Eq. (2.1) is provided to show the functional dependence of:E_ . The operation
parameters of the HI S facility for delivering the 61.5-MeV -ray beam to the3He

Compton-scattering experiment are given in Table 2.1.

Table 2.1: Accelerator parameters provided by the HI S accelerator group for 61.5 MeV
photon production. These represent the parameters for the delivered beam settings.

HIGS Parameter Value

E. (electron energy) 940 MeV

Beam current 110 mA
FEL wavelength 254.5 nm
Polarization Circular
Collimator diameter 16 mm
E FWHM 297 keV

2.1.3 Beam Energy Resolution and Collimation

The standard equation for Compton-scattering from non-relativistic particles (solved

for E1) as taught in undergrad physics classes is as follows:

E

E?! TE
—zp1 cos q

(2.2)

This states that the energy of an outgoing Compton scattered photon'Hs a function

of E - the energy of the incoming photon, m - the rest mass of the particle, ¢ - the
speed of light, and - the angle between the incoming and outgoing scattered photon.
This equation assumes that the kinetic energy of the particle is negligible compared

to the energy of the photon.
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When HI S produces -rays via Compton backscattering, the electrons in the lab
frame are highly relativistic, and the relevant kinematics di er from Eq. (2.2).

As shown in early HI S work [Litvinenko et al., 1997], the maximum (on-axis)
scattered -ray energy for head-on laser{electron collisions can be written as

4 gEFEL
14 =y

e meC2

; (2.3)

E ymax

where . is the electron Lorentz factor and Eg_ is the incoming FEL photon energy.
For collimation, however, it is useful to express the scattered photon energy as a
function of the emission angle relative to the electron-beam axis:

4 ZEp .
1pcq? 4 Eon,

emecz

Epqg (2.4)

Note that in Eg. 2.4 is the downstream lab emission angle. The highest-energy
gammas correspondto 0. Egs. (2.2) and (2.4) re ect the strong dependence of the
scattered-photon energy on emission angle. Restricting the emission angles accepted
downstream using lead collimators therefore introduces a natural trade-o between
-ray ux and beam-energy spread: smaller collimators reduce the energy spread
(narrowing the incident energy peak) at the cost of ux, while larger collimators
increase ux but admit a broader energy distribution.

In practice, collimation enables the production of nearly mono-energetic rays
with an approximate fractional energy spread E {E p Qg Here isthe maxi-
mum accepted lab emission angle de ned by the collimator radius and its distance L
from the collision point, R .o{L. Ultimately, the -ray energy spread depends on
both the angular acceptance of the collimator and the energy distribution of electrons
in the HI S storage ring.

Figure 2.3 shows the simulated -ray energy distribution for di erent collimator
diameters. The -ray energy distribution downstream of the Pb collimator was
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Figure 2.3: Simulated -ray energy distribution downstream of the Pb collimator for
several collimator diameters. For the 61.5-MeV3He measurement, the 16-mm collima-
tor was selected as a compromise between maximizing -ray ux on target and limiting
the incident-energy spread. The chosen 16-mm aperture prioritizes -ray ux on target,
increasing the rate substantially while only modestly broadening the incident-energy dis-
tribution.

calculated using the HI S accelerator-group Monte Carlo beam-spectrum simulation
framework Sun et al. [2009], with the speci ¢ implementation provided by Y. K. Wu
et al. (personal communication).

In-beam measurements record the incident -ray energy distribution convolved
with the detector response, which is set by the detector energy resolution and the
crystal geometry. If the detector response is well characterized, the measured spec-

trum can be used to infer the underlying beam energy pro le.

SingeamPEQ S pEQ b RpE(q (2.5)

where SpEq is the incident -ray energy pro le and RpE(q is the detector energy-
response (resolution) function. Here b denotes convolution. See section 3.2 for

details regarding the extraction of the beam energy pro le from measured in-beam
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spectra.
To place the delivered beam and downstream instrumentation in context, Fig-
ure 2.4 summarizes the beamline geometry from the collimator hut through the

upstream target room and into the vault.

2.2 Gamma Vault

The gamma vault (GV) sits at the end of the HI S beamline and houses the Compton-
scattering experimental area. From the perspective of the photon beam, the GV is
downstream of the collimator hut, the 4-Paddle ux monitor, and the upstream

target room (UTR). The beamline layout in this region is summarized in Figure 2.4.

Figure 2.4. Beamline geometry from the collimator hut through the upstream target
room (UTR) and into the gamma vault (GV), shown with key distances along the beam
axis (not to scale). The photon beam energy-pro le is de ned by the 16 mm diameter Pb
collimator in the collimator hut and passes downstream through the 4-Paddle ux monitor
and the UTR before entering the GV. An evacuated vacuum tube is inserted through
the upstream concrete GV wall and protrudes 38.5 cm into the UTR to reduce beam{air
interactions. Inside the GV, a lead shielding wall is located approximately 2 m downstream
of the upstream concrete wall between the UTR and the GV. The cryotarget and detector
array are positioned downstream of this wall in the main experimental area.

The collimator de nes the beam pro le and sets the beam spot size and incident
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energy spread at the experiment, while the 4-Paddle provides a continuous monitor
of the delivered ux. Upstream of the GV, the UTR is a relatively open volume,
so limiting beam{air interactions is important for controlling backgrounds. For this
reason, an evacuated tube is extended through the upstream GV wall and into the
UTR, guiding the beam through vacuum for as long as practical before it enters the
vault. This vacuum tube extends from within the UTR into the GV, stopping 7 cm
upstream of the target vacuum can.

Once inside the vault, a lead shielding wall separates the upstream environment
from the main experimental area. This helps ensure that detectors "see" primarily
the target region rather than low energy scattering from upstream interactions. In
addition to the target and the main experimental detectors, the vault also houses
two downstream beam-monitoring detectors that are part of the ux-monitoring sys-
tem: a lead-glass detector (PbG) and a Nal(Tl) detector referred to as Molly. These
detectors are positioned at the end of the beamline for dedicated ux-calibration

measurements.
2.3 Flux Monitoring

Scattering experiments, in which a beam of particles is directed at a target, generally
require the following key pieces of information. The rst is the number of events
that scatter from the target into the detectors, which is often the most visible and
frequently discussed quantity. Equally important, however, is the number of photons
incident on target. One must know the total incident -rays for the normalization
of the di erential cross section (see Eq. (1.11)).

This illustrates the need for a -ray beam monitoring system. However, the
act of detecting a -ray inherently removes it from the experiment. This initially
seems to create a contradiction as counting every photon directly would prevent

them from arriving at the target; however, the solution is simple. Design a ux
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monitoring system that interacts with as few rays as practical, and rely on the fact
that the beam intensity is stable (or varies slowly) across short time scales. This
allows us to monitor a fraction of the total beam and extrapolate, using measured
calibration factors, to obtain the beam ux passing through the collimator. The ux
monitor must be calibrated directly against the true number of photons to determine
the absolute -ray detection e ciency of the monitor. Details of the HI S photon-
ux monitoring system|including the 4-Paddle, Molly, and the lead glass (PbG)

detector|are expanded on in Friesen et al. [2026].

2.4 4-Paddle Flux Monitor

Figure 2.5: Photo of the 4-Paddle photon- ux monitor installed on the beamline. The
system consists of four 2-mm-thick plastic scintillator paddles with a 2-mm aluminum
radiator between paddles 1 and 2 (P1{A{P2{P3{P4). This system rejects counts from
stray charged particles, and ensures that only events originating from true -rays are
accepted. The statistical and systematic uncertainties of this system are discussed in
section 5.8. See Friesen et al. [2026] for more information.

The 4-Paddle photon ux monitor, shown in Figure 2.5, consists of four 2-mm-
thick plastic scintillator paddles. An aluminum radiator is positioned between the
rst and second paddles, making the ordering (P1, Al, P2, P3, P4). The trigger

logic is con gured to strongly suppress backgrounds (e.g., stray charged particles
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and cosmic rays) by requiring a three-fold coincidence among paddles 2{4 within a
50 ns timing window, while simultaneously vetoing non- -ray events via paddle 1.
Equivalently, the accepted trigger requires P2 AND P3 AND P4, AND requires
NOT P 1, see Figures 2.6 and 2.7 for details on the 4-Paddle logic.

The 4-Paddle monitor was adapted from the HI S 5-paddle photon ux monitor
design and calibration approach described in Pywell et al. [2009] and Mavrichi [2010].

Plastic scintillating paddles have a high detection e ciency for charged particles
and a low detection e ciency for -rays. As a result, the vast majority of -rays
incident on the 4-Paddle system will pass straight through the thin paddles without
interaction. Charged particles, on the other hand, will produce a signal in each

paddle they traverse.

Figure 2.6: Trigger logic for the 4-Paddle photon- ux monitor. An incident -ray may
convert in the aluminum radiator via Compton-scattering or e e pair production; the
resulting charged particles are required to register a three-fold coincidence in the down-
stream paddles. O -axis charged backgrounds (e.g., stray electrons and cosmic rays) are
suppressed by the veto and by failing the coincidence requirement.

-rays, in contrast, generally pass through the rst paddle without interaction.
However, a fraction of them will interact with the aluminum radiator placed between
paddles one and two. When a -ray passes through the aluminum radiator with
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su cient energy, it undergoes pair production ( Al N e e Al), which

produces showers of secondary particles. This interaction results in the nal three
paddles ring in coincidence, allowing for the rejection of counts from stray charged
particles while accepting counts that originate from the beamline. See Figure 2.6.
Only around 1-2% of incident -rays produce signals that are measured by the 4-

Paddle.

Figure 2.7: Diagram showing the electronic components and logic gates that enforce the
4-Paddle's 3-fold coincidence and veto logic. Diagram created by FQF Friesen.

The 4-Paddle ux monitor system must be calibrated against absolute photon
counts with Cu attenuators placed in the beamline. This is necessary to protect the
PbG detector and Molly, neither of which can handle the full beam ux. Additionally,
the calibration must be done at low enough rates that one can ignore pileup e ects.
The overall placement of the 4-Paddle monitor relative to the downstream absolute
detectors (PbG and Molly) used during Cu-attenuated calibration runs is shown in
Figure 2.8.

With the beamline layout and ux monitoring components established, the fol-
lowing section describes the cryogenic target system used to provide the ligdide

scattering volume.
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