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Abstract

We propose a speci�cation for a nuclear-physics facility at the MAX IV accelera-
tor complex in Lund. The facility would use the backscattering of laser photons
from the electrons circulating in a storage ring to produce energetic and highly
polarised gamma rays. A speci�cation and costing of the laser back scattering
facility is given and the nuclear-physics apparatus necessary for an experimen-
tal program described brie�y. The physics motivation for this experimental
program is outlined.
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1. Introduction

The MAX IV Laboratory will house a complex of electron storage rings (Fig.
1) with the primary purpose of generating intense synchrotron radiation up to
around 30 keV. However the electrons stored in a ring may also be used to gener-
ate photons of hundreds of MeV by the Laser Back Scattering (LBS) technique.
These photons are ideal probes to study nucleon and nuclear structure.

The Lund University Photonuclear Group, together with the Association of
Nuclear Physics Users at MAX-lab (82 users from 20 institutions worldwide),
propose to set up a LBS facility at the MAX IV Laboratory. The facility could in
principle operate at either of the MAX IV rings, o�ering the potential to produce
highly polarised photons at energies suitable for a wide variety of photonuclear
experiments. In this paper, we report on the investigations which have been
made to date.

This document presents an outline of the physics which could be performed
(Sec. 2) and a speci�cation for a LBS facility, describing the calculations which
have been made for operation on both the 1.5 GeV and 3.0 GeV rings (Sec. 3).
This is followed by a preliminary consideration of a nuclear physics end station
including detector systems (Sec. 4) and target systems (Sec. 5).

Figure 1: A plan view of the accelerator layout at the MAX IV Laboratory, with an enlarged
section where a laser backscattering facility could be situated.

2. Physics Motivation

Photons have several desirable features as probes of nucleon and nuclear struc-
ture:

� The electromagnetic interaction may be calculated exactly, reducing un-
certainties in the theoretical interpretation of the measurements.

� The electromagnetic interaction is weak (compared to the strong interac-
tion) which allows perturbative methods to be used in theoretical treat-
ments.

� The weakness of the interaction allows the full volume of the target object
to be probed.
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However the weakness of the interaction results in low reaction cross sections so
that intense photon beams are necessary to achieve good counting statistics in
a reasonable time. An photon energy range of 100 - 200 MeV corresponds to a
distance scale of &1 fm, so that aspects of both nucleon and nuclear structure
may be studied. It also spans the pion threshold energy region which is crucial
to precision testing of Chiral E�ective Field Theory (χEFT ). This represents
a direct link to the underlying �eld theory of the strong interaction, Quantum
Chromodynamics (QCD) which is not solvable perturbatively at ∼fm scales
due to the strength of the interaction. At suitably low momentum transfer,
χEFT should provide high-accuracy predictions, thus bridging the gap between
experiment and the rapidly improving predictions of Lattice QCD (LQCD).

Traditionally in nuclear physics, the properties of a target object have been
inferred from di�erential cross section measurements. However σ ∝ A2

i , where
Ai is some reaction amplitude. Where there are several competing processes, the
cross section can illuminate the dominant ones, while the weak (and often most
interesting) processes are submerged. Polarization observables o�er a way to
tease apart complex reaction processes to pull out the weak components. One
of the most important properties of an LBS beam is that linear and circular
polarisations of close to 100% can be achieved. Beam and target polarisation
asymmetries are already making a huge impact on our understanding of hadronic
properties at facilities such as Mainz and Je�erson Lab. These facilities operate
at signi�cantly higher energies than a MAX-IV LBS facility and consequently
examine hadronic structure at signi�cantly shorter range. A MAX IV facility
would �t in very well below the Mainz energy range and extend our ability to
perform high precision polarisation measurements to a longer-range regime. A
summary of current nuclear-physics photon beam facilities is given in Table 1.
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Table 1: Current and future photonuclear facilities worldwide. TPF stands for the Tagged
Photon Facility at MAX-lab.

2.1. Few Body Physics

The atomic nucleus is a strongly-interacting, many-body, quantum-mechanical
system and as such is extremely di�cult to describe theoretically. Tradition-
ally, nuclear properties have been calculated in terms of models such as the
shell model or collective models. It has been di�cult to see how such models
connect to each other and to the underlying �eld theory of QCD, which ulti-
mately mediates any hadronic system. Phenomonology can be extremely useful
in providing clues about systematic behaviour, but in the end is no substitute
for a fundamental understanding of atomic nuclei.
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By analogy to the experimental situation, the uncertainty in theoretical predic-
tions may be envisaged in terms of systematic and statistical uncertainties. The
systematic error stems from the necessity to introduce approximations (e.g. the
independent-particle assumption made in the shell model), the e�ects of which
can be extremely di�cult to quantify. Statistical uncertainties arise from the
employed numerical procedures and depend on the e�ciency of algorithms and
the amount of computer power available. Ultimately the size of theoretical
uncertainties can only be gauged by comparison with experiment.

The availablity of massive computational farms naturally leads to improved
theoretical precision, but in order to improve the accuracy it is natural to start
with the simplest, few-body nuclear systems. Here the past decade has seen a
�owering of ab initio methods [1] which in principle can be �exact�. In practise
any approximations made must be well under control, so that any induced error
is at the few per-cent level. Many of these methods employ ab initio solutions
of the Schrödinger equation with protons, neutrons (and sometimes isobars) as
the explicit degrees-of-freedom.

Initially calculations have used �realistic�, phenomenological nucleon-nucleon
potentials which �t nucleon-nucleon scattering data, but now they increasingly
use interactions which are derived from χEFT . This provides the link to QCD.
These methods are now capable of describing the static properties of light nu-
clei to high accuracy and highlight the importance of including Three-Body
Forces (3BF), which are absolutely necessary to reproduce the binding energy
of three-body (and larger) nuclei. Two-body, three-body and higher-order force
terms arise naturally from potentials derived using χEFT [2], whereas with
phenomenological potentials the inclusion of 3BF is rather ad hoc. From the
computational point of view these methods, which include three- or more-body
operators in a consistent way, require massive computational capability and
great attention to the e�ciency of numerical algorithms.

Reaction observables provide a far richer source of information on the nuclear
system and here the electromagnetic probe (Sec. 2) comes into its own, in
terms of the ability to calculate the interaction of probe and nuclear constituents
accurately. Unfortunately, if the reaction involves a continuum state, as mostly
happens, one has to deal with the many-body scattering problem which may
not be solvable, even for a small number of constituents. The Lorentz Integral
transform (LIT) method [3] provides a solution to this challenging problem and
in e�ect it is equivalent to the reduction of the continuum problem to something
akin to a bound-state calculation.

The use of the LIT approach, coupled with bound-state methods based on Hy-
perspherical Harmonic functions, has allowed the calculation of photonuclear
cross sections in the continuum for systems up to A=6 and 7 [3]. In Fig. 2 cal-
culations on the total photoabsorption cross section of 6,7Li and 6He are shown.
The most striking di�erence in the A=6 systems is that two peaks are visible
in 6He and only a single giant dipole resonance peak in 6Li. The double peak
structure of 6He is possibly indicative of a halo nucleus, with the low-energy
resonance due to the halo-α core oscillation and the high-energy one due to the
core neutron-proton oscillation. Such a collective behavior stems naturally from
a microscopic six-body calculation, so that this ab initio method at low energy
is able to illuminate collective phenomena, which until recently were only char-
acterised phenomenologically. It is quite intriguing that an old measurement
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Figure 2: Total photoabsorption cross sections on 6Li, 6He (left) from [4] and 7Li (right) from
[5]. The calculations have employed a variety of phenomenological potential and include 3-
body force e�ects. The 7Li data are from [6].

on 7Li shows inconclusive evidence of a double-peaked structure, which is not
present in the LIT-based calculation. New data on 6,7Li taken recently at TPF,
are under analysis, but 6He is altogether more di�cult to access experimentally.
One possibility at the MAX IV laboratory would be to measure 6Li(γ, π+)6He,
although for now ab initio methods cannot handle this reaction channel.

Photonuclear processes for three-nucleon systems have been studied extensively
[7], with the aim of quantifying the e�ects of the 3BF. This is predicted to
lead to an almost 10% reduction of the electric dipole peak and up to 15%
enhancement at higher energy. With four-nucleon systems there are a factor 4
more nucleon-triplet permutations, so that one would expect 3BF e�ects to be
enhanced signi�cantly [8]. Investigations of 3,4He have been a major part of the
e�ort at TPF, both with conventional cryogenic He targets (Sec. 5) and also
high pressure gaseous active targets (Sec. 5.2). We anticipate that this work
will be extended at the MAX IV Laboratory, both on terms of precision and
extension to polarised beam and target observables.

Immense progress has been made in the theoretical description of few-body nu-
clei, and now experiment needs to match this progress so that the new methods
can be veri�ed and taken to the next level of sophistication. The natural energy
range to cover is below or around pion production threshold. This ensures that
the theoretical handling of the few-body systems does not become intractible
and indeed stays within a kinematic regime where use of the non-relativistic
Schrödinger equation remains valid. TPF is making important progress in pro-
ducing new high-accuracy data and we anticipate that the LBS facility at the
MAX IV Laboratory will expand this e�ort, especially in providing high quality
polarised beams.
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2.2. Compton Scattering

Compton scattering γX → γX, [9, 10, 11] is an extremely �clean� probe of
the response of low-energy nucleon degrees of freedom, since both initial- and
�nal-state interactions are electromagnetic and can be calculated perturbatively.
Its importance is recognised in the 2007 NSAC/DOE and 2010 NuPECC Long-
Range Plans [12, 13] which emphasise the need to improve the proton, deuteron
and 3He data-base. At the MAX IV Laboratory we propose to conduct Compton
scattering experiments with both polarised and unpolarised beams and targets
on a variety of light nuclei: 1H, 2H, 3He, 4He, and 6Li.

Polarisabilities arise because the electric and magnetic �elds of the photon dis-
place the charged constituents of a composite system and thus induce many
charge and current multipoles, which radiate with characteristic angular distri-
butions. The energy-dependent proportionality between each photon �eld and
the corresponding induced radiation multipole moment is called a polarisabil-
ity. Each parametrises the response of the internal degrees of freedom (with
particular quantum numbers) against deformations of a given electric or mag-
netic multipolarity at energy ω. Each interaction of the hadronic constituents
is characterised by a speci�c energy- and angle-dependence of the emitted ra-
diation, which can be disentangled in the di�erential Compton scattering cross
section σ(ω, θ). Polarisabilities are the microscopic response functions which
give rise to the dielectric function ε(ω) and magnetic permeability function µ(ω)
of a macroscopic system. Since these, in turn, characterise optical properties,
nucleonic polarisabilities are related to the index of refraction and absorption
coe�cient of bulk systems of nucleons. Thus they are highly relevant to the
structure of bodies such as neutron stars.

These structure e�ects have recently been subjected to a multipole-analysis
[16], yielding coe�cients which are exactly the energy-dependent nucleon po-
larisabilities. They measure the sti�ness of the low-energy degrees of freedom
in a nucleon of spin ~σ

2 against transitions Xl → Y l′ (where l′ = l ± {0; 1};
X,Y = E,M ; Tij = 1

2 (∂iTj + ∂jTi); T = E,B) of de�nite multipolarity in the
electromagnetic �eld of a real photon of frequency ω. The e�ective interaction
Hamiltonian up to third order may be written as:

Heff = 2π{αE1(ω) ~E2 + βM1(ω) ~B2 + γE1E1(ω)~σ · ( ~E × ~̇E) (1)

+γM1M1(ω)~σ · ( ~B × ~̇B)− 2γM1E2(ω)σiBjEij + 2γE1M2(ω)σiEjBij}.

The two-photon response of the nucleon in the dipole approximation (valid
for ω . 300 MeV) is characterised by six linearly independent polarisabilities.
Two spin-independent (scalar) polarisabilities αE1(ω) and βM1(ω) parametrise
electric and magnetic dipole transitions and for the proton they are relatively
well determined: αpE1(0) ≈ 10.9±1.4, βpM1(0) ≈ 3.6±1.4 (in units of 10−4 fm3).
The order-of-magnitude indicates that the proton is rather rigid with respect to
an electromagnetic �eld. For the neutron, αE1(0) and βM1(0) are known poorly.
The relatively unknown spin polarisabilities, which parametrise the response of
the nucleon spin, have received much theoretical attention recently. γE1E1(ω)
and γM1M1(ω) describe how the electromagnetic �eld associated with the spin
degrees-of-freedom produces a birefringence e�ect in the nucleon. An incoming
photon causes a dipole deformation in the nucleon spin, which in turn leads
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to dipole radiation, related to its axis. The two mixed spin polarisabilities,
γE1M2(ω) and γM1E2(ω), encode scattering where the angular momenta of the
incident and outgoing photons di�er by one unit. Experimentally only the linear
combinations γ0 = −(γE1E1 + γM1M1 + γE1M2 + γM1E2) and γπ = −γE1E1 +
γM1M1 − γE1M2+γM1M1, from scattering on the proton at 0◦ and 180◦, have
been measured. The quoted uncertainties are ∼20%, but there is some con�ict
results for the proton (MAMI, LEGS). Again the neutron values are highly
uncertain [9, 10].

Each interaction of the hadronic low-energy constituents with a photon leaves a
unique signal in dispersive e�ects. Since the polarisabilities are the parameters
of a multipole decomposition, the information is more readily accessible as the
underlying mechanisms are more readily identi�ed by characteristic signatures
in speci�c channels. The polarisabilities are dominated by the lowest nucleonic
states, namely by the πN and ∆(1232) dynamics, while sensitivity to higher
excitations is suppressed. This means that Compton scattering at low energies,
ω . 300 MeV, is dominated by long-distance properties of the nucleon. For
example, the strong ω-dependence of βM1(ω) and γM1M1(ω) comes from the
strong paramagnetic γN∆(1232) transition, which at ω & 100 MeV is clearly
seen for the proton [16] (Fig. 3). It is also crucial to resolve the long-standing
�SAL-puzzle� of vastly di�erent results between deuteron data and models at
94.2 MeV [17]. The ∆(1232) can also be explored. Since the measured value
of βM1 is about an order of magnitude smaller, a diamagnetic contribution of
similar magnitude but opposite sign exists whose precise nature is at present
not understood.

Figure 3: Energy-dependence of the experimental unpolarised di�erential proton Compton
cross section with Dispersion Theory (solid) and χEFT (with dynamical ∆(1232): long-
dashed; without: short-dashed). The pion-production cusp and strong rise due to the ∆(1232)
resonance is clearly visible [16].

χEFT predicts that small proton�neutron di�erences stem from chiral-symmetry
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breaking interactions of the pion cloud around the nucleon and therefore directly
probe the symmetries of QCD. However neutron information to date is extremely
fragmentary. Experimentally the target neutron must be bound in a light nu-
cleus, which complicates the polarisability analysis, but adds the opportunity
to couple to the charged meson-exchange currents which bind the nucleus to-
gether. Thus one can also assess the nuclear force. Around the pion-production
threshold, one can also study the transition to a dynamical ∆, to understand
better its role not only in the single-nucleon sector, but also for the few-nucleon
system.

New experiments on light nuclei with high-intensity, highly polarised photon
beams and targets are therefore needed to isolate speci�c polarisabilities of
interest and test our understanding of strong and photo-nuclear interactions on
the hadronic scale. A LBS facility at the MAX IV Laboratory provides that
opportunity.

A recent review has emphasised the degree of scatter in the unpolarised proton
database and the poor quality of data between 190 MeV and 250 MeV which
also show contradictions [11]. For the deuteron, only 29 points are published,
with limited angular and energy coverage (49 to 95 MeV) as well as error bars
typically of the order of ±7 to 10%. No data exists for 3He or other nuclei.
Today's knowledge of the nucleon polarisabilities is limited by experimental,
rather than theoretical uncertainties and typically, accuracies of . 5% in cross
sections on the order or 1 to 10 nb/sr are required to further our understanding.

Although experimental data are sparse, the past twenty years have seen signif-
icant developments in theory using a variety of techniques: χEFT , dispersion
relations, quark models, lattice QCD,. . .. χEFT predictions exist for a variety
of observables with both unpolarised and circularly or linearly polarised beams
incident on both polarised or unpolarised protons, deuterons or 3He targets
[15, 16, 19, 20, 21]. Spin polarisabilities can be reliably extracted at photon
energies & 100 MeV [20] so that that a new LBS facility can have a substantial
impact. An energy-dependent multipole analysis of Compton scattering pro-
vides important information on the scales, symmetries and mechanisms which
govern the interactions amongst the low-energy constituents of the nucleon. The
chiral symmetry of the pion cloud, its isospin-breaking e�ects, the properties
of the ∆(1232) resonance, nuclear binding e�ects, and the question of which
degrees-of-freedom dominate the response of the nucleon spin to electromag-
netic �elds can be explored.

There is also immense potential in measuring Compton scattering on nuclei.
Cross sections grow quadratically with Z at lower energies where the nucle-
ons act coherently, and linearly with Z at higher energies, ω & 100 MeV. This
makes high-precision experiments easier. Quasi-free scattering may permit ac-
cess to neutron properties in particular, but proton structure e�ects may also
be enhanced thanks to the interference e�ects with more particles in the target.
Rather sparse data on d(γ, γp)n in quasi-free kinematics above 230 MeV [22]
have yielded scalar polarisabilities of the neutron with large error bars. Ex-
periments at lower energies are easier to interpret theoretically and new LBS
data have great potential to improve our knowledge of neutron polarisabilities.
Theoretical interpretation of Compton data in terms of the properties of the
individual nucleons poses no di�culty for the proton and deuteron around the
pion-production threshold, is within reach for 3He, and is being started for
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6Li [23]. 4He is both a scalar and isoscalar target o�ering the potential of com-
plementary information and, together with 6Li, it will also provide important
benchmarks on the accuracy with which χEFT describes nuclear binding and
meson-exchange currents.

Compton scattering with high-�ux, high-polarisation photon beams, polarised
nucleon targets and unpolarised nuclear targets will be one of the top priorities
at a new LBS facility. Ab initio computations based on the interactions, current
operators and photon-nucleon amplitudes of χEFT are under development for
nuclei up to at least A = 6. The twelve dipole polarisabilities of the proton and
neutron will provide important benchmarks for lattice QCD computations and
models of the nucleon. The picture that ultimately emerges of the way that
mechanisms driven by chiral symmetry (i.e. pion loops) compete with other
shorter-distance e�ects, like the properties of the ∆(1232) resonance, will pro-
vide fascinating and important insights into the similarities and di�erences of
the two-photon responses of proton and neutron, and of the nuclear force itself.

2.3. Pion Photoproduction Near Threshold

An LBS facility at the 1.5 GeV ring would cover an energy range 108 - 165 MeV
which spans the threshold region for pion photoproduction on the nucleon.

The theoretical relationship between near-threshold pion photoproduction and
Compton scattering is fused. For example, Dispersion-Relation (DR) predic-
tions are completely dependent upon input from pion-photoproduction measure-
ments. Thus, testing the discrepancies between Chiral Perturbation Theory4

(χPT ) and DR predictions for nucleon polarizabilities requires both precision
Compton-scattering and pion-photoproduction data. As a result, for the formu-
lation and testing of theories based on QCD, pion photoproduction is at least
as important a low-energy phenomenon as Compton scattering.

There are 4 near-threshold reaction channels:

γ + p → n + π+ γ + n → p + π− γ + p → p + π0 γ + n → n + π0.

At these energies, the relative angular momentum between the recoiling nucleon
and the pion is predominantly s-wave (l = 0), with a small p-wave (l = 1) compo-
nent.5 As this p-wave component is proportional to the pion momentum in the
CM frame, it vanishes at threshold while the s-wave component remains �nite.
This �nite threshold amplitude is a direct result of chiral-symmetry breaking.
A measurement of the total photopion production cross section at threshold
provides direct access to the threshold Electric Dipole Amplitude E+

0 . Pre-
cise measurements of the E+

0 amplitudes for all four photoproduction channels
will provide a �rst step towards understanding isopin-symmetry breaking in the
electromagnetic interaction [24].

4A particular implementation of χEFT
5 In the simplest limiting case, the lowest-order χPT solution contains the pion decay

constant and mass, and a derivative term predicts that the pions are emitted and absorbed
in p-waves and have no interaction as the momentum goes to zero. The mass term explicity
breaks chiral symmetry and causes a small interaction at zero momentum resulting in the
so-called threshold amplitudes.
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In the past, the magnitude of E+
0 has been predicted in a model-independent

manner using Low-Energy Theorems (LETs). More recently, χPT has been
applied [25]. Due to the inclusion of rescattering diagrams in the χPT calcu-
lation, these techniques have resulted in predictions that di�er from the older
LET predictions. The di�erence is most dramatic for the E+

0 (π
0p) and E+

0 (π
0n)

amplitudes. Most of the recent experimental e�ort has gone into the E+
0 (π

0p)
channel. In contrast, modern charged-pion photoproduction data near thresh-
old are scarce. The bulk of the existing data is in fact more than 25 years old.
Only two measurements have been performed recently � one each for the π+

[26] and π− [27].6 The E+
0 (π

0n) channel has never been investigated. This
is woefully lacking, as this energy region is theoretically very favorable since
both the multipole decomposition and the χPT predictions converge rapidly.7

Further, while the di�erences in the χPT -corrected LET vs. bare LET predic-
tions are not as dramatic for the charged photopion channels, χPT may still
be stringently tested, especially with respect to the ∆(1232) degrees-of-freedom
[28]. Further, without these complementary data, the comparatively substantial
π0 data (see Table 2) cannot be exploited to separate the isospin channels in
a model-independent manner, which is important now that predictions based
upon the isovectoral pieces of the χPT Lagrangian are being made, but are by
and large unchecked as theory is well ahead of experiment [29].

channel data points channel data points

E+
0 (π

0p) 915 E+
0 (π

−p) 1
E+

0 (π
+n) 51 E+

0 (π
0n) 0

Table 2: Published pion-photoproduction data below 200 MeV taken from the SAID [30]
database. The asymmetry in the data sets is striking.

It has recently been shown [28, 31, 32, 33, 34, 35, 36] that p-wave charged
pion photoproduction data can lead directly to the χPT low-energy coe�cients
c1 � c4. However, due to the scarcity of the presently available data (which
is almost nonexistent in the p-wave region), certain of these coe�cients have
uncertainties of approximately 50%, and con�icting values have resulted for
extractions from NN-scattering and πN-scattering data. These coe�cients are
important as they lead to the dominating uncertainties in the behavior of πN
scattering close to threshold. While it may be argued that p-wave data contain
strong contributions from the ∆(1232), it must also be noted they also contain
substantial and separable contributions arising from genuine QCD. And any DR
analysis of the processes involving pions and/or photons relies heavily on the
accuracy of these data.

Ultimately, new modern charged pion photoproduction data on the nucleon are
essential to improving the databases which lie at the very core of the well-known
SAID [37] and MAID [38] partial-wave analysis databases. All models, and cer-
tainly determinations of short-distance parameters in model-independent χPT ,
rely heavily on precision partial-wave analysis and parametrization � exactly

6 The π− measurement was performed at TRIUMF in Canada using the inverse capture
reaction. These data will never be published.

7 This is because the inelasticities are far away, and the leading Born terms ensure that
the contribution of the pion-loop diagrams is small.
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what SAID and MAID provide. Further, this is one of a very few cases where
a multipole analysis can both be performed well and is useful. The scarcity of
the p-wave data leads to solutions that show large di�erences just below the
∆(1232) resonance. These di�erences lead to large uncertainties in the back-
ground amplitudes. Precision data in this critical energy region will result in
improved interpolations for partial-wave analyses as well as improved extrapo-
lations towards the threshold parameters. This includes the determinations of
short-distance parameters in χPT .

3. The Backscattering Facility

The MAX IV Laboratory will house the most brilliant synchrotron radiation fa-
cility worldwide at energies up to ~30 keV. The main features will be two storage
rings (1.5 GeV and 3.0 GeV) with unrivaled beam-emittance characteristics. A
summary of pertinent ring parameters is presented in Table 3.

Parameter 1.5 GeV Ring 3.0 GeV Ring

Circumference 96 m 528 m
Straight Sections 12×3.5 m 20×4.7 m
Stored Current 500 mA 500 mA

Horizontal beam size σx 185 µm 54 µm
Vertical beam size σy 13 µm 4 µm

Horizontal beam divergence σX 32.4 µr 6.0 µr
Vertical beam divergence σY 4.6 µr 2.0 µr
Momentum acceptance δp 4% 6%

Electron-laser interaction length σz 60 mm 90 mm

Table 3: A summary of parameters of the 1.5 and 3.0 GeV rings at the MAX IV Laboratory.
δp is the maximum fractional momentum loss for electrons to continue recirculating in the
ring.

3.1. Compton Scattering

The backscattering process is just Compton scattering of a laser photon from a
relativistic electron in the stored beam, as displayed in Fig. 4. A laser photon of
energy EL strikes a stored-beam electron of energy Ee. The electron recoils at
an angle θe with energy E′e, while the energetic backscattered photon emerges
at an angle θγ with an energy Eγ . Because of the energies involved θγ and θe
are very small. Thus the electrons are scattered almost on axis (they remain on
the central orbit of the storage ring) and the vast majority of the backscattered
photons fall within a sub-mr cone centred about the stored electron-beam axis.

The energy of a backscattered photon is given for relativistic electrons and
�perfect� back-to-back laser-electron alignment by:

Eγ '
Eez

1 + z + x
(2)

where me is the electron mass, Γ = Ee/me, z = 4ELΓ/me and x = (Γθγ)2. The
maximum photon energy Emaxγ = Eez/(1 + z) . One vital aspect of Compton

13



Figure 4: The reaction kinematics for the laser-backscattering process.

scattering is that the polarisation of the incident laser photon may be e�ectively
preserved in the backscattering process if one chooses energies close to Emaxγ .
The photon linear polarisation is given by:

PL = P laserL

(1− α)2

2 (χ+ 1 + α2)
(3)

and the circular polarisation by:

PC = P laserC

∣∣∣∣ (2 + χ)α
(χ+ 1 + α2)

∣∣∣∣ (4)

where χ = ρ2(1−a)2
1−ρ(1−a) , α = 1−ρ(1+a)

1−ρ(1−a) , a = z
1+z and ρ = Eγ

Emaxγ
.

Distributions for Compton back scattering have been calculated for θγ ≤ 2/Γ,
where 1/Γ = me/Ee can be considered as the characteristic angle for the process,
within which most of the cross section resides. These are displayed in Fig. 5 for
a 229 nm laser line and 1.5 GeV electrons (1/Γ = 0.34 mr) and in Fig. 6 for a
229 nm laser line and 3.0 GeV electrons (1/Γ = 0.17 mr).

Linear polarisation of ∼100% is a standard feature of available lasers and with
suitable technology the incident laser light may also be converted optically to
circular polarisation. Polarised beams (and targets) o�er the potential to tease
apart complex photoreaction mechanisms, which is completely impossible in
unpolarised measurements. This is discussed in Sec. 2.

Note that from Eq. 2 the backscattered photon energy Eγ is in principle known if
the angle θγ is known. However in practise it is almost impossible to determine
the interaction point and hence θγ with su�cient accuracy to give any useful
photon-energy information. All working backscattering facilities require that Eγ
be tagged by measuring the recoiling electron energy E

′

e. Given that the recoiling
electron has to be removed from recirculation, this has important implications
for the range of photon energy which can be achieved in practise (Sec. 3.3).

3.2. The Backscattered Photon Yield

Considering �pencil� stored-electron and laser beams of approximately the same
lateral dimensions, the backscattered photon yield Yγ in Hz is given by [42]:
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Figure 5: Compton back scattering distributions for a 229 nm laser wavelength and 1.5 GeV
electrons. The dashed vertical lines at 108 MeV show the lower limit in Eγ achievable by
recoil-electron tagging (Sec. 3.3.1).

Yγ = 2.601
IePLσTσz
ELA

(5)

where Ie is the stored electron-beam current in Amperes, PL is the peak laser
light-pulse power in Watts, σT is the Thomson cross section (665 mb), σz is the
laser-electron interaction length in cm, EL is the energy of the laser photon in
eV, and A is the overlap area of the laser and electron beams in cm2 given by:

A = 2π
√
σ2
L + σ2

x

√
σ2
L + σ2

y (6)

where σL is the radius of the laser beam, and σx and σy are the horizontal and
vertical radii of the stored electron beam, at the photon-electron interaction
point. Clearly, by focusing the laser to the dimensions of the electron beam, one
can minimize A, but this can also incur a reduction of the e�ective interaction
length σz. Two parameters to consider are:

� Beam "waist", which results from the aggressive focusing of the laser beam
at the centre of the extended interaction region. Obviously the laser beam
will diverge either side of this point.
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Figure 6: Compton back scattering distributions for a 229 nm laser wavelength and 3.0 GeV
electrons. The Dashed vertical lines at 510 MeV show the lower limit in Eγ achievable by
recoil-electron tagging (Sec.3.3.2).

� Beam "waste", which results from the lateral dimensions laser or electron
beams being quite di�erent, so that a large portion of the incident �ux
(either photon or electron) has no chance to interact.

In practise, a mildly convergent laser beam of dimensions of the same order as
the electron beam is desirable to maximise backscattered photon yield [41].

3.3. Ring Optics Calculations for Recoiling Electrons

In principle there are many alternative solutions to achieving back-to-back scat-
tering of photons from the electrons stored in a ring. However many of these
solutions are impractical. Here we present single solutions for both the 1.5 GeV
and 3.0 GeV rings, which we believe are quite close to optimum in terms of min-
imal disturbance to the ring lattice design and maximal opportunity to extract
recoiling electrons from the ring for tagging purposes. These solutions have been
obtained from ray-tracing calculations of the recoiling electrons, using the most
recent speci�cations of the ring lattices.

3.3.1. The 1.5 GeV Ring Solution

Our LBS solution for the 1.5 GeV ring employs a 4.5◦ port for the incoming
laser beam as well as the outgoing laser-backscattered photons, and has the
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photon-electron interaction taking place inside a dipole. The recoiling electrons
corresponding to the highest-energy photons will be su�ciently degraded in
energy so that they will then be bent out of the ring towards its centre in the
straight section immediately downstream.

Figure 7: A LBS solution for the 1.5 GeV ring. The top plot is to scale, while the bottom
expands the lateral dimension to show the recoiling electron trajectories more clearly. The
red arrow indicates the incident laser beam, the yellow star the photon-electron interaction
point and the cyan arrow the laser-backscattered photons. Top plot: the green arrow indicates
where the recoiling �tagged� electrons will be extracted from the ring lattice. Bottom plot: The
horizontal purple line indicates the vacuum chamber wall, 20 mm from the central trajectory of
the stored beam, while the vertical purple lines denote the limits of the region where electrons
may be extracted and detected.

Fig. 7 shows a standard cell in the 1.5 GeV ring. The incident laser and
backscattered photon beams are collinear with the trajectory of the stored elec-
tron beam at the interaction point. In the bottom plot trajectories are plotted
in terms of δ = (E

′

e − Ee)/Ee (Fig. 4) for values ranging from −7% to −11%.
The corresponding backscattered photon energy Eγ = −δEe would range from
108 to 165 MeV for a 229 nm laser line (Sec. 3.5). If a 244 nm line was em-
ployed, a maximum δ = −10.4% (the brown trajectory) results, corresponding
to Emaxγ = 156 MeV.

The recoiling electrons incident on the vacuum pipe have energies in the range
1.335 to 1.392 GeV. 1 mm of Al represents ∼0.01 radiation lengths which is
about the maximum tolerable amount of material in their path. It must be
remembered that Fig. 7 is highly exaggerated in the lateral dimension and that
electrons impinge on the beam line at very shallow angles of the order 2 mr,
so that an escape window would have to be specially engineered. The energy
dispersion of the recoil electrons parallel to the beam line is 58.8 mm/MeV. A
detector placed parallel to the beam line could not determine a track adequately
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due to the extremely shallow angles of incidence. Perpendicular to the beam
line the dispersion shrinks to roughly 0.2 mm/MeV. Possible detector solutions
are discussed in Sec. 4.1.

3.3.2. The 3.0 GeV Ring Solution

Our LBS solution for the 3.0 GeV ring (Fig. 8) employs a 0◦ port for the
incoming laser beam, as well as the outgoing photons. The photon-electron
interaction takes place in a long-straight section with the recoiling electrons,
corresponding to the highest-energy photons, bent by a subsequent dipole and
exiting the ring towards its centre in the short straight section immediately
downstream of the dipole.

s

Figure 8: A LBS solution for the 3.0 GeV ring. The red and cyan arrows and the yellow star
have the same meaning as in Fig. 7. Middle plot: The green arrow indicates the short-straight
section located immediately downstream of the interaction point where the recoiling electrons
will exit the ring. Bottom plot: the horizontal tan line indicates the vacuum chamber wall,
11 mm from the central trajectory of the stored beam, while the vertical tan lines denote the
limits of the region where electrons may be extracted and detected.

The top panel of Fig. 8 shows a standard cell in the 3.0 GeV ring, which
is enlarged in the middle panel of Fig. 8 to show the �rst few elements of
this cell. Both the incident laser and backscattered photons are collinear with
the trajectory of the stored electron beam at the interaction point. Recoiling
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electron trajectories from ray-tracing calculations are displayed in the bottom
panel of Fig. 8 and, as in Fig. 7, the lateral dimension has been expanded
to show the di�erent trajectories for di�erent values of δ. Here the calculation
has been made for a 244 nm laser line and the path δ = −19% corresponds
to Emaxγ = 570 MeV. The high-momentum cut-o� point for recoil electrons,
δ = −17%, is determined by a downstream element of the cell and corresponds to
Eγ = 510 MeV. If a 229 nm laser line is employed, then Emaxγ = 598 MeV and the
low-energy limit of Eγ would remain at 510 MeV. From Fig. 8 one can see that
higher values of Emaxγ could be obtained, given a su�ciently short wavelength
laser line. However this currently does not seem to be a feasible option in terms
of available laser technology. As in the case of the 1.5 GeV ring (Sec. 3.3.1),
the emerging recoil electrons are highly relativistic (>2 GeV), but their angle of
incidence on the beam line would also be extremely small, requiring a specially
engineered window to avoid undue radiative losses. The present calculations
predict that the dispersion of the recoil electrons emerging from the beam line
would be 4.17 mm/MeV parallel to the beam line. Again the shallow incidence
angle (∼5 mr) makes a parallel tracking detector orientation unfeasible. A
perpendicular tracking detector would see a dispersion of ∼ 2.1×10−2 mm/MeV.
This would be extremely challenging to instrument!

3.4. LBS Event Rates and the E�ect on Stored Beams

The intensity of a stored electron beam decays due to elastic and inelastic in-
teractions of the electrons with residual gas molecules in the beam line and
also electron-electron scattering within a beam bunch. The removal of electrons
due to these e�ects leads to a 1/e lifetime of approximately 10 hr for both the
1.5 GeV [44] and 3.0 GeV [45] rings. This decay of intensity will be compen-
sated through periodic top-up from the injector LINACs. Installation of a LBS
facility will cause further removal of stored electrons. Presently we are working
on the assumption of an �administrative� upper limit that LBS removes no more
than 10% of the natural decay rate. This of course represents a tiny pertur-
bation on the stored-beam intensity when operating in periodic top-up mode
and possibly the 10% limit can be relaxed if the available laser power and beam
characteristics would allow a higher rate of removal (Sec. 3.2).

3.4.1. The 1.5 GeV ring

Compensation for the ∼10 hr lifetime will require a single 300 pC top-up shot
from the LINAC to the stored beam every 72 s, which corresponds to a �natural�
loss rate of 26 MHz and hence an administrative limit on LBS losses of 2.6 MHz.
Since the rings operate at 100 MHz, this corresponds to maximum LBS loss rate
of 0.026 Hz per electron bunch.

Considering the dσ/dEγ plot in Fig. 5 and the ray-tracing calculations of
Sec. 3.3.1, a LBS interaction has ∼35% probability (∼0.014 Hz/bunch) of knock-
ing out an electron that can be detected (the desired case), a ∼30% probability
(∼0.012 Hz/bunch) of knocking out an electron that cannot be detected, and a
∼35% probability (∼0.014 Hz/bunch) of producing an electron which is recap-
tured in the lattice. Given that there are 3.12 × 1012 electrons in a bunch, we
conclude that LBS e�ects are negligible.

Since 35% of LBS events are recaptured, the permissible total LBS rate is
4.0 MHz which corresponds to a di�erential rate of 32.4 kHz/MeV at Emaxγ .
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Turning to the LBS yield which could be obtained for a given beam charac-
teristics (Table 3) and laser power (Table 4), the 229 nm (5.42 eV) line would
produce (Eq. 5) a total LBS yield of 0.9 MHz, assuming a 200 µm laser radius.
If the 244 nm (5.08 eV) line was used, the total yield would increase a factor 12
to 10.8 MHz. This is a factor ~3 greater than the 10% administrative limit.

3.4.2. The 3.0 GeV ring

Compensation for the ∼10 hr lifetime will require a single 300 pC top-up shot
from the LINAC to the stored beam every 12 s. Although the recirculating
current is the same as for the 1.5 GeV ring, the circumference and stored charge
are around a factor 6 greater. Thus the natural loss rate is 156 MHz and the
LBS administrative loss rate is 15.6 MHz. Since the rings operate at 100 MHz,
this corresponds to a maximum LBS loss rate of 0.156 electrons/bunch.

Considering the dσ/dEγ plot in Fig. 6 and the ray-tracing calculations of
Sec. 3.3.2, a LBS interaction has ∼15% probability (∼0.036 Hz/bunch) of knock-
ing out an electron that can be detected (the desired case), a ∼50% probability
(∼0.120 Hz/bunch) of knocking out an electron that cannot be detected, and
a ∼35% probability (∼0.084 Hz/bunch) of producing an electron which is re-
captured in the lattice. Again, given that there are 3.12 × 1012 electrons in a
bunch, we conclude that LBS e�ects are negligible.

Since 35% of LBS events are recaptured, the permissible total LBS rate is 24.0
MHz which corresponds to a di�erential rate of 48 kHz/MeV at Emaxγ .

Considering the LBS yield which could be obtained for given beam character-
istics (Table 3) and laser power (Table 4), the 229 nm (5.42 eV) line would
produce (Eq. 5) a total LBS yield of 8 MHz, assuming a 100µm laser radius. If
the 244 nm (5.08 eV) line was used the total yield would increase a factor 12 to
96 MHz. This is a factor ∼4 greater than the 10% administrative limit.

3.5. Laser Technology

There are several candidate continuous-wave (CW) and pulsed lasers on the
market, but for this proposal we have considered the technology [41] which was
used successfully at the former LEGS LBS facility [42] at Brookhaven National
Laboratory in the USA. This is a frequency-doubling CW laser produced by
Laser Innovations [46] known as the �Innovo Sabre motoFRED�.

Figure 9: The Innovo Sabre motoFRED Laser.

20



The device itself is approximately 250× 25× 25 cm3, with an associated power
supply heat exchanger roughly 60×50×50 cm3. In total it weighs approximately
300 kg. It requires 3-phase 480 VAC 50 Hz with ground, and draws a maximum
of 70 A per phase. Cooling water with a pressure of 150 kPa and high purity N2

with a maximum �ux of 1.0 SCFH are also required. In short, the infrastructure
footprint is very small. Table 4 summarizes the light-output speci�cations of
the Sabre MotoFred laser in frequency-doubling mode.

Wavelength (nm) Power (W)

264.3 0.10
257.2 1.00
248.2 0.30
244.0 0.50
238.2 0.10
229.0 0.04

Table 4: A summary of the output speci�cations of the Sabre MotoFred laser in frequency-
doubling mode.

3.5.1. The Laser Hutch

A diagram of the optical-bench apparatus employed at the GRAAL facility is
given in Fig. 10 (top panel). The system to be employed at The MAX IV LBS
facility will be very similar in principle. The optical bench would be located in
a laser hutch, shown in the preliminary sketch of a layout in Fig. 10 (bottom
panel).

Figure 10: Top panel: Diagram of the optical bench employed at the GRAAL LBS facility.
Bottom panel: preliminary plan view of the MAX-IV LBS facility.
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4. Detectors

The detectors necessary to make a nuclear physics experiment at a LBS facility
fall into several categories:

� The position-sensitive recoil-electron detector. Together with a dipole ele-
ment of the ring lattice this forms a spectrometer to analyse the momenta
of the recoiling electrons. With this information and a knowledge of the
ring energy, the back scattered photon energy can be determined.

� Large acceptance gamma-ray spectrometers. These can also possess useful
charged-particle and neutron detection capabilities.

� Particle identi�cation and tracking systems.

� Specialist, neutron-detection systems.

� High-resolution charged particle detectors.

4.1. The Position-sensitive Recoil-electron Detector

As pointed out in Sec. 3.1, recoil-electron tagging is mandatory if one wishes to
achieve good photon-beam energy resolution at a LBS facility. This is obviously
necessary to perform spectroscopy or studies of excitation functions close to
a reaction threshold. Our collaboration has a wealth of experience in recoil-
electron tagging techniques and various authors of this report have designed and
implemented devices which currently operate at MAX-lab [47], Mainz [48, 49]
and Je�erson Lab [50] (see Table 1 for laboratory characteristics). In one
respect the implementation of a LBS tagger seems relatively straightforward, as
one uses an existing dipole from the ring lattice to analyse the momenta of the
recoiling electrons. However the �xed geometry of the lattice elements and the
extremely shallow angles at which electrons emerge from the beam line place
severe constraints on the dimensions of a detector system.

The current nuclear physics facility at MAX-lab uses the electron beam ex-
tracted from the MAX-I storage ring and quasi-monochromatic photon beams
are produced by bremsstrahlung tagging. A new focal-plane hodoscope [51] is
currently under construction to instrument the tagging spectrometers (see the
left half of 11). This employs plastic scintillator counters which give good timing
resolution and can tolerate high counting rates. The hodoscope covers a mo-
mentum range from 0.6 to 1.4P0, where P0 ∼ 100 MeV/c typically, and employs
160 overlapping counters covering around 1200 mm. Typically the momentum
resolution of this device is δP ∼ 0.5 MeV/c, which compared to other existing
facilities is excellent and may be considered a design goal for the LBS tagger at
the MAX IV Laboratory.

However bremsstrahlung taggers di�er from a prospective LBS device in that
the electrons emerge from the vacuum system of the spectrometer at a relatively
steep angle with reasonable dispersion. Thus the focal-plane detector can be
relative large and very high resolution tracking is not necessary. In contrast the
electrons at an LBS facility emerge from the ring vacuum at very shallow angles
and the dispersion in the perpendicular direction is small. This will in general
require a high-resolution tracker. The geometry of the recoil-energy tagging
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detector employed at the GRAAL LBS facility is displayed on the right half of
Fig. 11. The primary tracking device was a Si micro-strip detector of 300 µm
pitch, which gave a momentum resolution δP ∼ 7 MeV/c over a range of almost
1 GeV/c.

Figure 11: Left panel: The MAX-lab bremsstrahlung tagger hodoscope. Right panel: GRAAL
LBS facility hodoscope-microstrip detector system.

4.1.1. 1.5 GeV Ring Tagger

The dispersion of electrons emerging from the vacuum beam line is calculated
(Sec. 3.3.1) to be 58.8 mm/MeV in the direction parallel to the beam line, which
translates to ∼200 µm/MeV in the perpendicular direction. Instrumentation
over a range of 100 MeV would thus require a detector with a perpendicular
dimension of ∼2 cm, roughly half the length of the GRAAL tracker. If one
maintained a 10% administrative limit on LBS intensity (Sec. 3.4.1) the total
incident rate on the detector would be ∼1.4 MHz, which would rise to ∼3.8 MHz
if the available laser power and beam dimensions are considered the limiting
factor.

Suitable, presently available tracking-detector technology includes:

� Si micro-strip detectors. This is tried and tested technology. Si wafers
may be etched precisely to give arbitrarily �ne strip pitch and in recent
years large improvements to radiation hardness have been made. With
suitable readout electronics, these detectors can be made to count at high
rates and give good timing.

� Diamond Micro-strip detectors. Diamond wafers may also be etched to
precise strip dimensions, although wafer size is much more limited than for
Si. Diamond-detector instrumentation would be considerably more expen-
sive than Si. Diamond detectors are radiation hard, have extremely good
signal to noise characteristics and extremely good timing characteristics.
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� Gas Electron Multipliers (GEM). These detectors will withstand extremely
high incident rates and can produce position resolutions of order 50 µm.
They would be more cost e�ective in a larger tracker than presently re-
quired.

Our preliminary idea (Fig. 12) is to use a combination of Si microstrip detectors
and an array of plastic �bres to detect the recoil electrons. A strip pitch of
300 µm would give position resolutions of the order 50 µm, although �ner pitch
would be possible with additional readout channels. A full evaluation of multiple
scattering e�ects is obviously required to quantify the momentum resolution
that could be obtained. We would use 2 planes of strips to determine the track
of the electron followed by an array of square-section plastic scintillator �bres
which would determine the time of the incident electron precisely. Similar �bres
have been used in a high-resolution focal-plane detector on the bremsstrahlung
tagger at Mainz [49].

A rough costing is given in Table 5. It might be possible to reuse existing stocks
of PMTs, ADCs and TDCs which would reduce the total new expenditure to
50 k¿.

Item Units Total Cost (k¿)

Microstrip detectors 2 20
Pre-ampli�ers and discriminators 128 20

Plastic �bres 30 5
Photomultipliers 30 10

PMT ampli�ers and discriminators 30 5
Analogue to digital convertors 10 50

Total 110

Table 5: Costing of a recoil-electron detector for the LBS facility at the MAX-IV Laboratory.

4.1.2. 3.0 GeV Ring Tagger

The dispersion of recoiling electrons in the direction perpendicular to the beam
line is estimated to be ∼20 µm. It would be �extremely challenging� (possibly
technically unfeasible) to engineer a detector with such �ne position resolution.
In any case, multiple scattering e�ects might render ultra-�ne position resolution
worthless. For now we do not consider this option.

4.2. Large Acceptance Gamma Ray Spectrometers

A variety of large gamma-ray spectrometers are already operational at the
Tagged Photon Facility at the existing MAX-lab (TPF). These have been pro-
vided on long-term loan by external collaborators and we anticipate that they
would continue to be available to the MAX IV facility. They include:

� The three large NaI(Tl) spectrometers CATS, BUNI and DIANA, which
are fully instrumented with anti-cosmic shields, veto counters and readout
electronics. They o�er energy resolution of ∼1.5% for A(γ, γ′) experiments
and would cost in excess of ∼1000 k¿ each to purchase new.
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Figure 12: Schematic diagram of the recoil-electron tagger for the 1.5 GeV ring at the MAX
IV Laboratory.

� An array of 256 Pb-glass Cherenkov blocks, including PMTs. They would
give very useful coverage for π0 detection and would also be useful for γ′

detection in situations where recoiling charged particles are detected in
coincidence. This array is on long-term loan from Mainz and would cost
around 250 k¿ to purchase new.

� Two 10� NaI(Tl) spectrometers, including PMTs, which would cost around
60 k¿ each to purchase new.

It would be highly desirable to have also a large-acceptance, high-resolution
gamma-ray detector. We have identi�ed a candidate system, the Crystal Box
(Fig. 13) which was used at the LEGS facility. More recently it was moved
to Je�erson Lab, where it was completely refurbished and used in experiment
E05-110 to measure the Coulomb sum rule. It is now in storage in the USA. In
its current form it consists of 396 NaI crystals, each 2.5 × 2.5 × 12 in3, all of
which were identi�ed as being in good condition at Je�erson Lab. The energy
resolution is ∼1.5% at 100 MeV. Since the individual crystals have a cuboid
shape, they can be �tted together in close-packed arrays and obviously the
overall geometry may be tailored to a particular experiment.

4.3. Particle Identi�cation and Tracking

TPF has a variety of scintillation counters and Si microstrip detectors which
are used for charged-particle identi�cation and tracking. Several range tele-
scopes, which are essentially stacked sheets of plastic scintillator, identify dif-
ferent charged-particle species on the basis of di�erent ionisation density and
hence di�erent dE/dx (energy loss per unit path length). These telescopes have
been used in A(γ, π+) measurements. The facility also has several Si microstrip
detectors. These possess good energy and position resolution and can be placed
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Figure 13: The Crystal Box Array con�gured for experiment E05-110 in Je�erson Lab.

close to a production target to subtend solid angles of ∼102 msr. They are well
matched in size to detectors such as Ge6 (Sec. 4.5).

However any large acceptance spectrometer which covers a signi�cant fraction
of 4π sr will require alternative systems. Options include:

� Segmented plastic scintillator systems are relatively inexpensive and o�er
�exibility in terms of geometry and degree of segmentation. They can
operate as δE counters giving some particle identi�cation capability.

� Scintillating �bres are a variant of plastic scintillator which allow more
precise hit-position information to be obtained. They will give some δE
information limited by the relatively small numbers of scintillation photons
exiting from the �bres.

� Multi wire proportional counters (MWPC) can be built in planer or cylin-
drical geometry. They o�er relatively precise hit-position resolution and
can be made thin to allow charged particle passage.

� Gas Electron Multiplier (GEM) detectors are superior to MWPC in terms
of rate capability and position resolution. They can be built in cylindrical
geometry, but in terms of cost and personnel they represent a large under-
taking. GEM trackers have also been used with time projection chambers
(TPC). Again this would be a very large undertaking and for optimum
TPC information a magnetic �eld is required.

As a starting, large-acceptance system we would probably rely mostly on plastic
scintillator systems. For smaller solid angle systems we would use Si microstrip
detectors.

4.4. Neutron Detectors

Detectors such as the Crystal Box have some neutron-detection capability for
energies over ∼25 MeV and could give relatively crude position information.
However most applications will require energy information, which at kinetic
energies up to a few hundred MeV is performed by Time of Flight (TOF). The
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obtainable energy resolution depends on the neutron velocity, the �ight path and
the timing precision of the neutron counter. Typically a fast organic scintillator
is used. Several neutron detector arrays have been used at TPF. The �Nordball�
array has been used [52] to measure relatively low-energy neutrons and a new
design [53], which could provide the basis for a new large array, has been tested
with photon beam produced neutrons [54].

4.5. Charged-Particle Detectors

Figure 14: Ge6 Detectors from Edinburgh. Left: schematic diagram, right: response to
energetic π+.

The TPF has an array of 5 Hyper-Pure Ge (HP-Ge) detectors provided by the
University of Edinburgh, each of which is made from 6 planer HP-Ge crystals
(Fig. 14). These represent state of the art π+ and proton detectors in terms of
energy resolution and, in conjunction with Si microstrips, they form telescopes
with good angular resolution and particle identi�cation capablity.

We also note that an NaI array (Sec. 4.2) can give useful charged-particle
information, as has been demonstrated with the Crystal Ball detector at the
Mainz tagged-photon facility.

5. Targets

Both nucleon and nuclear targets will be necessary and in the case of 1H, 2H
and 3He it is possible to polarise the target, adding extremely valuable new
experimental observables.

Unpolarised, room-temperature solid or liquid nuclear targets do not represent
any signi�cant engineering challenge and existing 12C, CD2, H2O, D2O, 6Li,
7Li, 40Ca targets can be carried over from TPF. Where other separated isotope
targets are desired, funding on an ad hoc basis would be required. Unpolarised,
cryogenic 1H, 2H and 4He target apparatus from TPF can also be reused.
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Polarisation of hydrogen isotopes represents a signi�cant technical challenge.
The frozen-spin technique on butanol (C4H9OH) is used at Je�erson Lab and
Mainz. It requires cooling to . 50 mK and several-tesla magnetic �elds (super-
conducting solenoids) to polarise the sample. Furthermore the background from
C and O nuclei limit the capability to obtain a clean hydrogen signal. Similar
comments apply to polarised NH3 targets, although the background problem
is less pronounced. At the moment the best technique is HDice, which was
employed at the LEGS facility at BNL and has now been exported to Je�erson
Lab. There the operation continues to experience di�culties, despite a con-
centrated e�ort by a dedicated target team. Polarized-hydrogen technology is
clearly non-trivial to implement and would require an investment outside the
scope of a starting proposal for a new LBS facility. However, when operational,
the many advantages of HDice technology over other target systems makes it
worth consideration in the longer term.

The polarisation of 3He is also non-trivial, but it does not require sophisticated
cryogenic apparatus or large magnetic �elds. The optical-pumping technique
(Sec. 5.1) has been employed successfully at Je�erson Lab and Mainz and
would appear to be feasible at the MAX IV Laboratory, as discussed below.

5.1. Polarized 3He Targets

In its ground state, 86% of the spin of the 3He nucleus comes from the spin of
the neutron so that it constitutes a highly e�ective polarised-neutron target in
addition to the obvious interest from a few-body physics perspective.
3He is polarised using the (hybrid) Spin Exchange Optical Pumping (SEOP)
technique [39] as employed at Je�erson Lab and HIGS [40] (see Table 1 for
accelerator-facility characteristics). A two-chambered aluminosilicate glass cell
contains solid Rb and K (room temperature) and gaseous 3He (Fig. 15). A
trace of N2 is added to aid SEOP e�ciency. The alkali is kept in an upper
spherical chamber that is heated to produce an alkali vapour, while the lower
chamber, which is illuminated by the beam, contains only the 3He and N2.

The target cells are placed in a set of large-diameter (∼1.5 m) Helmholtz coils
that provide a highly uniform holding �eld of ∼25 Gauss to de�ne the direction
of polarisation. The upper chamber of the cell is heated to 235◦C, producing
an alkali vapour with number density ratio [K]:[Rb]=5. Approximately 100 W
of CW laser light, tuned to the Rb D1 line at 795 nm, is circularly polarised
and incident on the alkali vapour, parallel to the direction of the holding �eld.
This technique, known as Optical Pumping, produces a highly (atomic) po-
larised collection of Rb atoms in a few milliseconds and the K vapour, in a
spin-temperature equilibrium with the Rb, quickly reaches the same level of
polarisation. The K and Rb then undergo spin-exchange collisions with the 3He
through a hyper�ne-like interaction. This process is continuous and signi�cant
3He polarisation is achieved if the nuclear spin relaxation rate is su�ciently
smaller than the characteristic spin-exchange rate. 3He polarisations up to 70%
are achieved at Je�erson Lab., using a target-chamber diameter of 2 cm and
beam-window thickness of 150 μm. Operating at a pressure of ∼8 bar, a target
density of ∼3× 1020 nuclei/cm3 is possible.

At HIGS the diameter of the target chamber is larger (3 cm diameter, 300 µm
window) to accommodate the photon beam, requiring a larger pumping chamber

28



and more laser power. The HIGS cell is made of Pyrex rather than aluminosil-
icate to reduce neutron background, but the relaxation rate of 3He in Pyrex is
signi�cantly faster than aluminosilicate and this target is limited to about 45%
polarisation.

A relative measurement of the target polarisation uses Adiabatic Fast Passage
NMR, where all of the nuclear spins are �ipped and the induced EMF in a
set of nearby coils is measured. Electron Paramagnetic Resonance, where the
shift of the alkali-atom hyper�ne lines in the presence of magnetized 3He gas is
observed, provides absolute calibration. The overall uncertainty in polarisation
is about 4%.

The most critical aspect of these targets is production of the cell itself, due to the
di�culty of working with aluminosilicate glass to produce accurate dimensions
and thin end windows. The cell is pumped and baked for a week to remove
impurities before inserting the alkali metals and �lling with high-purity gases.
Once the cell is �lled, it must be characterized. A narrow-linewidth tunable
Ti:Saph laser is used to measure the pressure-broadened line widths of the D1
and D2 lines in K and Rb. This broadening is proportional to the density of
the surrounding gas, yielding the density of 3He in the sealed cell. This same
laser is also used to measure the thickness of the glass beam windows using
simple thin-�lm interference. Finally, the cell is polarised in a test stand where
maximum polarisation, hot and cold relaxation rates, alkali polarisation and
alkali number density ratio are measured.

Table 6 gives the approximate costs needed to put a polarised target system
together. Production and characterization of cells requires expertise (and fund-
ing), which is probably beyond the capability of a local Photonuclear Group. In
common with Je�erson Lab and HIGS experiments, we would rely on close col-
laboration with the College of William and Mary and The University of Virginia.
Operating the target would require one local expert and a group of reasonably
knowledgeable people to monitor it continuously while running.

Figure 15: Schematic diagram of a Polarized 3He Target. The direction of polarisation is
de�ned by the Helmholtz coils.
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Item Cost (k¿)

Single Axis Target System 59.0
EPR & NMR Polarimetry 47.0
4 Line Narrowed Lasers 95.0

Optics and �bers 16.0
Reference Cell System 12.0

Engineering 32.0
Basic Target Total 261.0

Glass Target x 5 32.0
Spare lasers 21.0

Reference Cell gas 8.0
Total Consumables 61.0

Remote-laser �bre extension 16.0
Cell �lling station 79.0

Alkalai mixing glove box system 12.0
Cell Characterisation: Ti:Saph 110.0
Cell Characterisation Optics 47.0
Total Optional Other 264.0

Table 6: Polarised 3He target costs. A basic system and consumables would cost ¿322k.
Other equipment necessary to manufacture targets would cost an extra ¿264k. Costs are
based on the College of William and Mary target system.

5.2. Active Targets

Active targets, where the target material is also an active detector of reaction
product, o�er ∼4π coverage and the ability to detector charged reaction prod-
ucts which have insu�cient energy to exit a target and pass to an external
detector. A high-pressure (20 bar) He gas scintillator has been used at the TPF
to measure the total photodisintegration cross section of 4He and is also envis-
aged for use in exclusive reaction measurements such as 3,4He(γ, γ′3,4He). Here
the active target, in coincidence with external photon detectors, would detect
the low-energy recoiling ion (3He, or 4He) to produce a much cleaner signal for
the coherent Compton scattering process (Sec. 2.2). The existing active He tar-
get (Fig. 16) at TPF is also suitable for experiments at the MAX IV Laboratory
and could be modi�ed to increase the target thickness. The cost of this device
is estimated at around ¿75k.
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Figure 16: The Glasgow He active target before installation at TPF.

6. Preliminary Costing

Phase Time Item New Cost Existing External

(k¿) (k¿) (k¿)

Design 2012-14 100% Senior Scientist 300

2012-14 100% Postdoctoral Researcher 150

2012-14 4×10% Research Scientist TBD
2012-14 Design support 75

2012-14 Travel support 30

Procure 2013-15 Laser equipment and related 750

2013-15 Vacuum chamber modi�cation 50

2013-15 Recoil Electron Detector 50 60

2013-15 Shielding and collimation 25 25

2013-15 Cryogenic Targets 20 150

2013-15 Detectors 100 2000 1000

2013-15 Electronics & DAQ 50 250 250

Running 2016-18 Beamline operation 1500

2016-18 100% Senior Scientist 300

2016-18 100% Research Engineer 150

Phase 2 2018- Polarized Target 325

2018- Circular Polarized Laser 250

2018- Beamline operation 500 p/a

2018- 100% Senior Scientist 100 p/a

2018- 2 ×100% Research Engineer 100 p/a

Table 7: Summary of Preliminary Costing. TBD = �To Be Decided�; p/a = �per annum�.
Beamline operation costs include 100% salary of 1 Research Engineer. For initial running one
Senior Scientist will be in charge of the LBS facility and one Research Engineer (additional
to Beamline operation) will have responsibility for laser operation etc. These positions will
carry over to Phase-2, where there will be an additional Research Engineer responsible for
polarised target operation.
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A preliminary estimate of equipment, personnel and running costs for a LBS
facility at the MAX IV Laboratory of given in Table 7. It covers the following:

1. The design phase of the project. This will involve:

� the �nal optimisation of the magnetic optics of the LBS facility. This
will include a quantitative estimate of �nite beam size e�ects, which
will be necessary to obtain quantitative estimates of resolution and
intensity.

� the design of the photon entrance/exit port, the backscattered photon
beam line and collimation systems.

� the design of the electron exit port

� the design of the optical bench and laser hutch, including a speci�-
cation of lensing and mirror systems.

� the design of the recoil electron detector

� a detailed GEANT4 simulation of the facility. This will provide a
hard estimate the momentum resolution for the �nalized electron
detector solution and also identify sources of background radiation,
necessary to specify any necessary shielding.

� the speci�cation of the target and detector hall, including necessary
power supplies, cooling systems, gas supplies and cryogenic systems.

2. Procurement of the base apparatus of the facility. We anticipate that
a signi�cant part of the apparatus currently used at TPF will also be
valuable at the MAX IV Laboratory.

3. Commissioning and initial running of the facility

4. Longer term (Phase-2) procurement and running costs.

In the event that this project is approved by the Science Advisory Committee at
MAX IV, then we anticipate that MAX IV funds would pay 5-10% of the annual
operating costs of the beamline over its lifetime. This is standard operational
practice for the currently funded beamlines at MAX IV.
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