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Chapter 2

Deep Inelastic Scattering

In this chapter several aspects of deep inelastic lepton scattering experiments are dis-
cussed. In the first part of this chapter the kinematics and formalism associated with
the unpolarized and polarized structure functions are introduced, followed by a presen-
tation of the rather new concept of Generalized Parton Distributions (gpd). In the
second section of this chapter the experimental environment which is needed to inves-
tigate these Generalized Parton Distributions is described. One of the difficulties of
such future experiments is the anticipated high background in the target region. This
subject will be discussed in some detail in order to obtain information on the working
environment of any future detector in the target area. The conclusions obtained in this
chapter are summarized in the last section.

2.1 Kinematics and formalism

Deep inelastic lepton scattering (dis) off protons (or neutrons) is the most common
method to study the quark-gluon structure of nucleons and more generally the nature
of the strong interaction, i.e. Quantum Chromo Dynamics (qcd). In the following the
focus is on electron (or positron) scattering off nucleons. Neutrino scattering is not
treated as the detector design discussed in the remainder of this thesis only applies to
measurements using electromagnetic probes. Moreover, a detailed treatment of dis is
beyond the scope of this thesis. A more comprehensive discussion of dis can be found
in [17, 18].

In dis, a lepton l with four-momentum kµ scatters off a nucleon N with four-
momentum pµ as depicted in Fig. 2.1. The final state of this reaction consists of the
scattered lepton l′ and the hadronic fragmentation products X. The exchanged virtual
vector boson1 γ∗ carries a four-momentum qµ = kµ − k′µ. The first component of qµ is
the energy transfer ν = E − E ′ with E being the energy of the incoming lepton l and
E ′ the energy of the scattered lepton. To describe the kinematics of the process in the
laboratory reference frame, the following variables are introduced.

• Q2 = −q2, the negative of the exchanged four-momentum squared.

1In dis the exchanged boson is either a γ or Z0 boson in neutral current interactions, or a W±

boson in charged current interactions.
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Figure 2.1: Schematic diagram of deep inelastic lepton scattering. A lepton (l) scatters
off a nucleon (N) by exchanging a virtual photon γ∗.

• x = Q2

2p·q = Q2

2Mν
, the Bjorken scaling variable, which describes the fraction of the

nucleon momentum carried by the struck quark.

• W 2 = (p + q)2, the invariant mass squared of the virtual-photon nucleon system.

• y = p.q
p.k

= ν
E

, the fraction of the initial lepton energy transferred to the boson.

Neglecting the mass of the electron, the expressions for Q2 and W 2 can be transformed
into

Q2 = 4EE ′ sin2(θ/2), (2.1)

and
W 2 = M2 + 2M(E − E ′) − Q2, (2.2)

where M is the mass of the nucleon and θ is the scattering angle in the laboratory
reference frame. Large Q2 values correspond to small distance scales, which means
that the constituents of the hadron (quarks) are probed rather than the hadron as a
whole. At small distance scales, the quarks act as almost free particles and because the
interactions are relatively weak at those scales, perturbative qcd techniques can be used.
A typical lower Q2 limit for which perturbative qcd is applicable, is 1 GeV2. Similarly,
to avoid contributions from the baryonic resonance region a minimum invariant mass
W of 2 GeV is usually imposed on the data.

In dis, three types of events are distinguished: (i) inclusive events, where only the
scattered lepton is detected; (ii) semi-inclusive events, where apart from the lepton also
a hadron is detected; and (iii) exclusive events, where all reaction products are identified.

2.1.1 Unpolarized dis cross section and structure functions

The unpolarized dis cross section can be expressed as

d2σ

dxdQ2
=

4πα2

Q4
·
[
F1(x,Q2) · y2 +

F2(x,Q2)

x
· (1 − y − Mxy

2E
)
]
, (2.3)

where α is the electromagnetic fine structure constant (≈ 1/137), and F1 and F2 are
two dimensionless structure functions.
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Because quarks have spin 1
2
, the two structure functions F1 and F2 are related by

the Callan-Gross relation,

2xF1(x,Q2) = F2(x,Q2). (2.4)

In the quark parton model (qpm), the structure functions are independent of Q2 for
point-like quarks, and are only functions of the scaling variable x. Experimental data [19]
show sizeable deviations from the assumed Q2-independence, which are known as scaling
violations. The deviations are due to gluon radiation and the creation of quark-antiquark
pairs. These deviations are only prominent at low values of x (< 10−2), and are well
described by pqcd calculations, in which the quark and gluon distributions are used as
free parameters.

In this framework, the structure function F1 can be interpreted as the parton density
distribution which is given by the incoherent sum of the parton momentum distributions
qf (x) for each quark flavor f ,

F1 =
1

2

∑
f

e2
fqf (x). (2.5)

Here ef is the (fractional) electric charge of each of the quark flavors. Similarly, F2 is
the sum weighted by x, which is the momentum fraction carried by the parton,

F2 =
∑

f

xe2
fqf (x). (2.6)

For unpolarized beams and targets, the parton momentum distribution is defined as

qf (x) = q
→→
f (x) + q

→←
f (x), (2.7)

where q
→→
f (x) and q

→←
f (x) represent the probability to find a parton of type f with its spin

aligned parallel or anti-parallel to the nucleon spin, respectively2. Most experimental
results on structure functions are obtained by inclusive measurements.

2.1.2 Polarized structure functions

In analogy to the unpolarized structure functions F1 and F2, the polarized structure
functions g1 and g2 contain information on the helicity dependent contribution to the
dis cross section. To access these structure functions, a polarized target and a polarized
beam are needed. Results are obtained by measuring the difference in cross section for
a parallel (

→⇒) or anti-parallel (
→⇐) orientation of the spins of the struck nucleon and

the lepton. A measure for the helicity dependent contributions to the cross section is

obtained by evaluating the asymmetry (σ
→⇒ − σ

→⇐) / (σ
→⇒ + σ

→⇐). This is called a
double spin asymmetry3.

2It is noted that the discussion here is limited to the longitudinal spin, i.e. parallel to the direction
of motion of the proton. Therefore, the spins mentioned in the text actually correspond to helicities.

3Similarly, in case of a single spin asymmetry either the target or the beam is polarized, while the
other is unpolarized.
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The nucleon is a spin 1
2

particle and has a total spin that is given by the sum of the
angular momentum components of its constituents. The total longitudinal spin of the
nucleon is given by

1

2
=

1

2
∆Σq + ∆G + Lz, (2.8)

where ∆Σq is the contribution of the quark spins, ∆G represents the gluon polarization,
and Lz is the (possible) contribution coming from the orbital angular momentum of the
quarks and gluons. The longitudinal quark spin contribution ∆Σq is given by the sum
over all flavors of the quark helicity distributions ∆qf ,

∆Σq =
∑

f

∫ 1

0

∆qf (x)dx, (2.9)

with
∆qf (x) = q

→→
f (x) − q

→←
f (x). (2.10)

The distribution ∆qf (x) can be interpreted as the probability to find a quark with flavor
f in the same helicity state as the nucleon. For already some time it is known that the
sum of the quark spins only accounts partially for the nucleon spin [20].

The inclusive scattering cross section gives access to g1, which is the sum of helicity
distributions for different quark flavors weighted by the electric charge ef squared,

g1 =
1

2

∑
f

e2
f∆qf . (2.11)

The helicity distributions for different quark flavors can be determined via semi-inclusive
measurements where the observed (leading) hadron gives a tag of the flavor of the struck
quark.

By determining the double spin asymmetry in semi-inclusive dis for hadrons with
a different quark composition, the helicity distributions of the individual quark flavors
can be determined. The most recent results on this flavor decomposition of the nucleon
spin are given in [15]. The integrated values of ∆u and ∆d obtained from these data
over the measured x-range are 0.60 and -0.23, respectively, and the contribution of the
sea quarks (∆u, ∆d and ∆s) is found to be about zero. As the sea quarks do not seem
to contribute to the total longitudinal spin of the nucleon, other carriers of angular
momentum are needed to explain the nucleon spin.

The contribution of the gluon spin ∆G to the nucleon spin can be determined from
events created in the photon-gluon fusion process. In this process, the virtual photon
interacts with a gluon from the nucleon by splitting into a qq pair. The first measure-
ments of this type are summarized in [21] showing that ∆G ≈ 0.5, with uncertainties of
similar size.

The remaining contribution to the nucleon spin, if any, comes from the orbital an-
gular momentum of the quarks and gluons (Lz). As the sum of the present best values
for 1

2
∆Σq and ∆G cannot make up for the spin of the nucleon, it is likely that quarks

and gluons also carry a non-zero amount of orbital angular momentum. Although a
direct measurement of Lz is not possible, is has been shown by Ji [22] that exclusive
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Deeply Virtual Compton Scattering (dvcs) can be used to measure the total angular
momentum J carried by the quarks and gluons. Because J = S + L with S = 1

2
∆Σq,

the value of L can be derived from such data. In the next subsection it will be explained
how dvcs measurements can be used to obtain information on Lz.

Analogously to the polarized structure functions defined for the longitudinal quark
spin distribution, also a transverse structure function, h1, can be defined, which describes
the distribution of quarks in a proton that is polarized in a direction perpendicular to the
direction of motion. First measurements of the corresponding leading order structure
function h1(x), known as the transversity distribution, start to emerge [23]. The interest
in h1(x) stems from the fact that it probes the spin structure of the nucleon while
‘switching off’ the gluon contribution.

2.1.3 Generalized parton distributions

A new set of distributions known under the name of Generalized Parton Distributions
(gpd) was recently reintroduced [24, 25]. These gpds are an extension of the previously
mentioned (forward) distribution functions in the sense that they also describe the cor-
relations between the partons within the nucleons. The previously described structure
functions appear as moments of the gpds.

For each quark flavor a set of four distributions is defined; two unpolarized distribu-
tions H(x′, ξ, t) and E(x′, ξ, t), and two polarized distributions H̃(x′, ξ, t) and Ẽ(x′, ξ, t).
The H and H̃ distributions conserve helicity and the E and Ẽ distributions are asso-
ciated with an helicity flip of the nucleon. The kinematic variables x′ and ξ represent
the longitudinal momentum fraction and t, one of the Mandelstam variables, is related
to the transverse momentum transfer, t = (p′ − p)2. Note that x′ = x (Bjorken scaling
variable) for quarks, and x′ = −x for antiquarks. The relation of the variables ξ and x′

is given by ξ = 1
2
(x′

initial − x′
final) and hence x′

initial = x′ + ξ and x′
final = x′ − ξ.

In the limit of ξ → 0 and t → 0, the (ordinary) quarks distributions q(x) and ∆q(x)
are obtained,

H(x′, 0, 0) = q(x), H̃(x′, 0, 0) = ∆q(x). (2.12)

As was mentioned before, the structure functions F1 and F2 are given by the first
moments in x of the gpds,

∫ 1

−1

dxH(x′, ξ, t) = F1(t),

∫ 1

−1

dxE(x′, ξ, t) = F2(t). (2.13)

According to Ji’s sum rule, the total angular momentum of the quarks (Jq) is related to
the second moment of generalized parton distributions H() and E() in the limit t → 0:

lim
t→0

1

2

∫ 1

−1

dx x[H(x′, ξ, t) + E(x′, ξ, t)] = Jq. (2.14)

Using the information of the gpds one can isolate the contribution of the quark orbital
momentum to the total spin via 1

2
= Jq + Jg = (∆Σq + Lq) + (∆G + Lg).
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2.2 Measuring generalized parton distributions

Deeply Virtual Compton Scattering (dvcs) is one of the processes that give access to
the gpds4. Figure 2.2a shows a schematic diagram, known as the handbag diagram,
of the dvcs process. In the Bjorken limit (Q2 → ∞ at fixed x), a virtual photon γ∗

is absorbed by one of the quarks in the nucleon which almost immediately returns to
the original state, thereby emitting a real photon. The nucleon is left intact. There is,

γ∗(q)

N(p)

γ∗(q) γ∗(q)

N(p) N(p)

l’(k’)l’(k’)l(k) l(k)γ

γ

N(p’) N(p’)

γ

N(p’)

(q’)

l’(k’)

l(k)

(a)
(b)

(x +   )pξ (x −   )pξ

Figure 2.2: (a) Deeply Virtual Compton Scattering, where a virtual photon interacts
with one of the quarks in the nucleon. (b) Bethe-Heitler process, where the incoming
or scattered lepton emits a photon in the electromagnetic field of the nucleon.

however, another process which has the same particles in the final state as the dvcs
process: the Bethe-Heitler process which is shown in Fig. 2.2b. Here, the incoming or
scattered lepton emits a photon in the electromagnetic field of the nucleus. Hence, these
photons carry no information on the structure of the nucleon. The Bethe-Heitler process
is dominant with respect to the dvcs process for small values of t. Unfortunately this
is exactly the domain where Eq. 2.14 needs to be evaluated. However, by virtue of
the interference between the two processes, the weak amplitude of dvcs can still be
accessed.

Another possible way to obtain information on gpds is through hard exclusive me-
son production. This is, however, a theoretically less clean method to study gpds as
compared to dvcs, because the (in general not exactly known) wave function of the
meson contributes as well.

The schematic diagram of the meson production process is shown in Fig. 2.3. The
final state meson can either be an uncharged particle like a π0, η0 or ρ0

L meson, or a
charged particle like a π+ or ρ+ meson. For charged mesons the struck proton from the
target converts into a neutron.

In most of the analyses aimed at studying gpds, the asymmetry of the yield with
respect to the azimuthal angle for different target or beam polarizations is determined.
Figure 2.4 illustrates the azimuthal angle for the hard exclusive meson production pro-
cess. The scattering plane is defined by the incoming and scattered lepton. The recoiling
nucleon (N) and the newly produced meson (M) define the production plane. The an-
gle between the production plane and the scattering plane defines the azimuthal angle.

4The process is deeply virtual in the kinematic regime where the virtuality Q2 of the exchanged
photon γ∗ is large.
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γ∗(q)

l’(k’)

l(k)

N(p) N(p’)

M

1−z

z

Figure 2.3: Hard exclusive meson production. A vector meson is produced by scattering
a virtual photon off one of the quarks in the target nucleon.

From the yield measurements for different target polarizations, the yield asymmetry
with respect to the azimuthal angle can be determined. The most common method

γ∗

l

l’
M

production plane

scattering plane

φ

N

Figure 2.4: The azimuthal angle φ is defined as the angle between the scattering plane,
given by the incoming and scattered lepton, and the production plane defined by the
meson M and the recoiling nucleon N (or γ∗).

(and presently the only one used) to measure the single-spin asymmetries is via semi-
inclusive measurements. In this case, the nucleon (N) goes undetected and identification
of the exclusivity of the reaction is based on the determination of the missing mass of
the reaction. This can be done by measuring the momentum and identifying the type
of all particles reconstructed by the forward spectrometer typically used in such exper-
iments. However, future experiments will use lepton beams with energies of the order
of hundreds of GeV or more. As the missing mass resolution of the main spectrometer
in these experiments is typically 1%, it will not be possible to guarantee exclusivity.
By placing a so-called recoil detector in the target region, the relatively slowly recoil-
ing target protons can be observed as well and the exclusivity of the reaction can be
guaranteed. Exclusivity is a key factor in measuring gpds via Deeply Virtual Comp-
ton Scattering or hard exclusive meson production, as a contamination of the signal
by some non-exclusive processes will -at best- dilute the signal or -at worst- make the
measurement impossible.
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2.2.1 Kinematics of recoiling particles

A recoil detector, designed for the observation of exclusive processes such as the dvcs
process discussed in the previous section, must detect and identify the relatively low
energy protons which are emitted at large angles. Figure 2.5 shows the angle versus mo-
mentum correlation of the recoiling proton at an incident lepton energy of 27 GeV [13].
The top side of the plot shows the correlation for the dvcs events and for the events
associated with the dvcs/Bethe-Heitler interference. The bottom left plot is for ex-
clusive ρ0 vector meson production and the bottom right plot shows the correlation
for background processes where an intermediate ∆ resonance is produced. From the

0

1.4
b    BH/DVCS

0

1.4

0 0.5 1
θ  [rad]

d ∆0

0.2

0.4

0.6

0.8

1

1.2

1.4

p
 [

G
eV

/c
] 

a    DVCS

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1

c ρ

Figure 2.5: Kinematics of recoil protons in exclusive processes. The momentum of
recoil particles versus (scattering) angle is shown for (a) dvcs, (b) dvcs-Bethe-Heitler
interference, (c) ρ0 production and (d) the ∆ resonance [13].

figure it is clear that the momentum of the recoiling proton in the dvcs process never
exceeds 1.3 GeV·c−1 and most of the events even stay in the range below 0.8 GeV·c−1.
For ρ0 production the momentum limit of the recoil protons amounts to 1.1 GeV·c−1.
It is concluded that a proton recoil detector for future dis experiments aimed at the
study of gpds (and hence the value of Lz) should be able to determine the proton recoil
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momentum up to 1.3 GeV·c−1. In case of the hermes experiment [13] this is realized
by combining the information from silicon detectors and scintillating fibers, making the
experiment bulky. The silicon detectors in the hermes recoil project are used for the
identification of protons up to 0.65 GeV·c−1. In future dis facilities (to be discussed
in the next section), the same momentum restriction applies, but the amount of space
available in between the poles of the magnet is much less since the required field strength
is much higher. This consideration has inspired the goal of the present thesis, i.e. to
find a configuration of silicon detectors that makes it possible to identify protons up to
1.3 GeV·c−1. It is noted that the basic features of Fig. 2.5 remain unchanged when the
incident lepton energy is increased to several 100 GeV.

Another design requirement of a recoil detector that can be extracted from Fig. 2.5
is the angular acceptance. It is clear from Fig. 2.5 that an angular acceptance from
about 0.2 to 1.3 rad is sufficient for observing all relevant processes.

2.2.2 Future dis facilities

Many proposals for new experiments or extensions of existing experiments aimed at
studying gpds have been presented in recent years [26, 27, 28, 29, 30]. Of the newly
proposed experiments, tesla-n [27], which is a fixed target experiment at the proposed
500 GeV electron-positron collider tesla [31], has been developed in most detail. It
is clear that, given the high cost of such a machine, only one such a linear electron-
positron collider will be built worldwide. Therefore, the research efforts for an e+-e−

collider, are now combined in a global project known as the International Linear Collider
(ilc) [32]. A common feature of all the proposals is the need for a high-energy polarized
lepton beam which, together with a dense target, gives a luminosity in the order of
1035cm−2·s−1. Very recently, a new initiative was taken to also explore the possibility
for a fixed target experiment at the ilc [32, 33].

An overview of the kinematic domains accessible at the various experiments is given
in Fig. 2.6. The label ‘elfe’ maps out the kinematic domain for several possible future
high luminosity experiments [29, 30]. Another possible future dis experiment is the
tesla-n experiment. This experiment enables measurements down to very low values
of the Bjorken scaling variable. Two of the kinematic constraints shown in Fig. 2.6 are
the 1 GeV restriction on Q2 and the minimum requirement on the invariant mass (W )
of the hadronic final state in order to avoid contributions from the baryonic resonance
region. These constraints apply to all experiments. On the low x side, the kinematic
domain of the various experiments is limited by the energy of the lepton beam and the
maximum value of y (the maximum energy transferred to the boson). The curves which
limit the kinematic domains of the hermes and compass experiments are due to the
limited integrated luminosity of these experiments and hence these boundaries are only
indicative.

In the present and following subsections an overview of a possible future fixed target
experiment is given. Examples and calculations are based on, but not limited to, the
tesla-n experiment. The idea is to sketch the operational environment of a recoil
detector at such an experiment. tesla-n is used as a starting point of the discussions
since the features of any future fixed-target experiment will be close to that of the
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Figure 2.6: Overview of the kinematic domain as covered by existing and possible future
dis experiments.

tesla-n project. The calculations presented in the section 2.2.4 give an estimate of the
background count rates in the detectors and should be interpreted accordingly.

The tesla beam

The proposed tesla-n experiment is a relatively small fixed target experiment using
only one arm of the proposed tesla collider [31]. The electron beam for tesla-n is
accelerated in parallel with the main positron beam which eases the separation of the
electron beam for tesla-n and the main beam for the colliding experiment. Although
the full beam energy is 250 GeV, it is envisaged to have extra ejection points along the
accelerator giving access to beams with energies from 25 to 100 GeV.

The tesla beam is composed of five bursts every second, and each burst consists of
2830 bunches with an inter-bunch timing of 337 ns as depicted in Fig. 2.7. The inter-
bunch time of 337 ns corresponds to 440 buckets and only one of the buckets is filled
for the main tesla beam. To reduce the number of piled-up events in the tesla-n
experiment the beam current for tesla-n should be spread over the largest possible
number of beam buckets. Spreading the charge over all 440 buckets will give an almost
continuous beam for tesla-n with a lower intensity. The total number of filled buckets
for the tesla-n experiment is 6.2 · 106 per second. The lower intensity is compensated
for by using a relatively large polarized fixed target, which is the subject of the next
subsection. The average electron beam current is 20 nA which is only 0.04% of the
(positron) current of the main beam; each bucket contains 2 · 104 electrons. The center
of mass energy for a 250 GeV electron beam on a fixed target is

√
s ≈ √2Eemp =

21.7 GeV.
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Figure 2.7: Time structure of the beam as proposed for the tesla-n experiment.

The tesla-n experiment

The tesla-n detector [27], of which a schematic diagram is shown in Fig. 2.8, consists
of three spectrometer stages similar to the two stage spectrometer of compass [34].
Each stage covers a different region of x and uses a big C-type dipole magnet. The
integrated field for the first magnet (SM1) is 1 Tm while the second and third stage
(SM2/SM3) have fields of 5 Tm each. Because of the high particle rates and the quasi

Figure 2.8: Schematic side and top view of the proposed tesla-n experiment [27].
The magnetic spectrometer consists of three sections covering complementary (x,Q2)
domains.

continuous beam, the precise tracking detectors, consisting of drift chambers (DC) are
complemented by fast, less accurate, tracking detectors (labeled KP) which could, for
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instance, consist of planes of scintillating fibers. The first stage of the spectrometer will
identify particles up to a momentum of 10 GeV·c−1. It consists of a transition radiation
detector (TRD1), an electromagnetic calorimeter (ECAL1) for electron identification,
and a ring imaging Cherenkov (RICH1) for hadronic particle identification. The second
stage uses the same detector types as the first stage, but will cover a higher momentum
range and will have a smaller angular coverage. The third stage only consists of an
electromagnetic calorimeter. As can be seen from Fig. 2.9, the three stages of the
spectrometer together have a large coverage in the (Q2, x)-plane which is essential for
studying gpds.

Figure 2.9: Acceptance of the scattered lepton for the three spectrometer stages of the
proposed tesla-n detector [27], expressed as a (Q2, x) correlation.

2.2.3 Polarized target

Given the low intensity of the beam, a relatively thick polarized target is needed to
obtain enough luminosity. The set-up of the E143 experiment [35] is chosen as a baseline
for the target. This target consists of a cylinder of frozen ammonia (NH3) or lithium-
deuteride (6LiD). These materials are selected because they have the lowest dilution by
unpolarized nucleons in combination with a high radiation tolerance.

The thin-walled target cylinder has a length of 3 cm and a diameter of 2.5 cm. The
target material is a suspension of small particles in a bath of liquid helium needed
for cooling. An areal density in the order of 1.25 g·cm−2 can be obtained in this
way [36]. The corresponding areal electron density for the 6LiD target amounts to
3.77 · 1023 e−·cm−2. Although the target length and composition yield an areal density
of 1.25 g·cm−2, the density used in the following calculations is only 1 g·cm−2, because
it matches with the value used in the proposal [27].

Polarization of the target is obtained via Dynamic Nuclear Polarization (dnp). At
thermal equilibrium, the proton polarization is only 0.5%, but by irradiating the target
with microwaves of the appropriate frequency, the polarization of the free electrons,
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which is about 99%, can be transferred to the protons. The orientation of the pola-
rization depends on the microwave frequency being higher or lower than the Larmor
frequency. In order to preserve the polarization, the target needs to be operated at a
temperature of about 1 K which is achieved with a 4He evaporator cryostat.

A high magnetic field of about 5 T, which can be generated by a superconducting
Helmholtz type magnet, is needed to maintain the target polarization in a given direc-
tion. The Larmor frequency needed for this field strength is about 140 GHz. The target
is designed for maintaining longitudinal polarization, i.e. orienting the spin direction
of the target protons parallel to the beam direction, but it must be compatible with
transverse polarization, i.e. orthogonal to the beam direction, as well. It was calculated
that the heat load on the target due to energy deposition and photon absorption from
bremsstrahlung and synchrotron radiation is well below the available cooling power of
1 Watt at 1 K [36].

Luminosity

With a charge of 2 · 104 electrons in each bunch (bucket), 6.2 · 106 bunches per second,
and an areal density of the target of 1 g·cm−2 a luminosity L = 7.5 · 1034 cm−2·s−1 is
obtained. If a conservative total uptime of machine and experiment of 0.25 is assumed,
an integrated luminosity of 600 fb−1 per year can be achieved, which is sufficient for the
proposed physics program [27].

2.2.4 Background

In this subsection, the background processes in the target region are evaluated, which is
important because the recoil detector, being close to the dense target, will see a sizeable
fraction of the large number of background events. When discussing the detection and
identification of the recoiling protons, it must be verified that these protons can be
detected and identified amongst the high number of background events.

The most important processes contributing to the background events are Møller
scattering and bremsstrahlung. Another source of background events is synchrotron
radiation due to the passing of the beam through the magnetic field of the target. In
this section the background rates for a detector in the target area will be calculated. In
addition, estimates for count rates and radiation levels will be given. Note that the count
rate numbers are indicative only because the background consists of a significant number
of low-energy particles. Hence, the number of particles seen by the recoil detector
depends on the exact design of the target. Part of the low-energy background can be
removed by introducing a thin layer of aluminium in between the target and the recoil
detector at the cost of an increase of the lower detection threshold for recoiling particles.
Some electrically conductive material (like beryllium or aluminium) should anyhow be
present around the target in order to shield against the rf wakefields created by the
passing of the beam.



18 Deep Inelastic Scattering

Møller electrons

Elastic e−e− → e−e− scattering, known under the name of Møller scattering, is charac-
terized by the symmetric scattering angle of the two electrons in the laboratory system.
For a 250 GeV beam, this scattering angle is θ0 = arctan

√
2me/(E + me) = 2.02 mrad

in the laboratory system, which corresponds to a π/2 scattering angle in the Center-
of-Mass (cm) system. In this expression me and E are the mass of the electron and
the energy of the beam, respectively. The Møller cross section in the cm system can be
expressed as [37] ( dσ

dΩ

)
CM

=
r2
em

2
e

s

[3 + cos2θCM

sin4 θCM

]
, (2.15)

where s = 2me(E +me) is the square of the center of mass energy and re is the classical
electron radius. The scattering angles in the laboratory system (θLAB,1, θLAB,2) and the
angle in the cm system (θCM) are related by

tan θLAB,1 = γCM tan
θCM

2
and tan θLAB,2 =

γCM

tan θCM

2

, (2.16)

where γCM = (E + me)/
√

s is the Lorentz factor of the cm system. Transforming the
Møller cross section to the laboratory system and integrating over the azimuthal angle
yields (dσ

dθ

)
LAB

= 2π sin θCM · 2γCM(1 + tan2 θLAB)

1 + γCM tan2 θLAB

·
( dσ

dΩ

)
CM

. (2.17)

Here, the cm scattering angle θCM is obtained from Eq. 2.16 as

θCM = 2 arctan(
tan θLAB

γCM

). (2.18)

The first factor in the laboratory cross section of Eq. 2.17 comes from the conversion of
the solid angle to scattering angle θ and the second factor is the derivative of the cm
scattering angle with respect to the laboratory scattering angle (dθCM/dθLAB).

A plot of the Møller cross section as a function of the laboratory scattering angle
is shown in Fig. 2.10. Virtually all Møller type interactions will produce an electron in
the very forward direction with an energy close to that of the initial beam, in addition
to the recoiling electron emitted at a large angle. These forward scattered electrons are
‘beam-like’ and can therefore participate in a second interaction. The number of recoil
electrons is thus larger than in case of only a single interaction per primary (beam)
electron. Hence, to calculate the number of Møller electrons, the thin target approach
is appropriate even though the target is thick with respect to the mean free path for
Møller interactions.

The total cross section for the production of Møller electrons for the angular range
from 0.2 to 1.3 rad is about 3.2 barn. This large cross section in combination with the
high electron density of the target (about 3 · 1023 e−·cm−2) results in a large number of
electrons emitted in the direction of the recoil detector.

Fortunately, most of the recoiling electrons have a low kinetic energy, and many are
stopped when traversing the target. A plot of the kinetic energy of the recoil electrons
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Figure 2.10: Møller cross section versus scattering angle for a 250 GeV beam on a log-
arithmic (left) and linear scale (right). The angular coverage required for the proposed
recoil detector is indicated by vertical lines.
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Figure 2.11: Kinetic energy of recoiling electrons from the Møller process as a function
of scattering angle for a 250 GeV beam. The angular coverage of the recoil detector
is indicated by vertical lines. The horizontal lines indicate the stopping energies of
electrons corresponding to a path length of 1.3 and 2.7 cm, respectively.

as a function of scattering angle is shown in Fig. 2.11. Given the proposed radius of the
target cell of 1.25 cm, the path length of the recoiling electrons through the target ranges
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from 1.3 to 2.7 cm for electrons emitted at the beginning of the target. The horizontal
lines indicate the stopping energies corresponding to these path lengths. Møller electrons
which are produced close to the end of the target will travel only over a short distance
in the target. Hence, even electrons with a very low-energy will not be stopped in the
target. Since the number of low energy electrons is very large, a substantial fraction of
the background is due to these Møller electrons originating from the end of the target.

Using a Monte Carlo simulation it has been determined that without a magnetic
field about 1600 electrons per bunch can reach the recoil detector. As the tesla-n
experiment will be operated with a polarized target, the strong (5 T) holding field
will change the trajectory of the recoiling electrons and these electrons will travel a
longer distance through the target. This will stop an additional fraction of the recoiling
electrons. The number of electrons that can still reach the recoil detector depends on
the orientation of the magnetic field. As the low-energy electrons will coil around the
magnetic field lines with a small radius, these electrons will travel in the direction of
the field.

In case of a longitudinal field, the low-energy electrons will therefore travel in the
beam direction and most of them will go undetected because of the minimum opening
angle of a recoil detector (0.2 rad). By means of a Monte Carlo simulation it has been
determined that for the longitudinal field configuration less than 3.5% of the Møller
electrons (compared to the field-less configuration) will give a signal in the detector. The
longitudinal magnetic field very effectively sweeps away the low-energy Møller electrons
and only 58 electrons per bunch will end up in the recoil detector.

For the transverse field, however, the electrons will not be swept away, and will travel
in the direction of the recoil detector. The reduction of Møller electrons is only a factor
of 2.3 compared to the field-less case; about 700 electrons per bunch will penetrate the
recoil detector5.

The Møller electrons will be the dominant source of background for the recoil detector
except in case of a longitudinal magnetic field. Other sources are reviewed briefly in the
following paragraphs.

Other sources of background

Apart from Møller scattering, the beam electrons will also elastically scatter off the tar-
get nucleons. However, the cross section for elastic e−p → e−p scattering is insignificant
as compared to that of Møller scattering and hence elastic e−p scattering will hardly
contribute to the background.

Several other processes, such as bremsstrahlung and synchrotron radiation, will cre-
ate energetic photons which can either reach the recoil detector directly or generate
particles via subsequent interactions like electron-positron pair production, Compton-
and Rayleigh scattering.

5About 30% of these remaining Møller electrons will end up in a small surface area, because of the
‘focussing’ due to the transverse field.
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Bremsstrahlung

The main source of photons created by the interaction of the electron beam with the
target material is bremsstrahlung, i.e. the emission of EM radiation in the electric
field of the nucleus. The cross section for bremsstrahlung depends on the screening
parameter [38]

ζ =
100mec

2hν

EE ′Z1/3
, (2.19)

where E and E ′ are the total energy of the incident and scattered electron, respectively,
and hν is the energy of the emitted photon. The screening parameter accounts for the
screening of the EM field of the nucleus by the atomic electrons. For almost the complete
photon spectrum, the value of ζ is close to zero except for the highest photon energies,
i.e. ζ ≈ 0 corresponds to complete screening. Hence, it is assumed that the nucleus
is completely screened by the atomic electrons. The bremsstrahlung cross section for
complete screening of the nucleus by the atomic electrons, is given by

dσ

dhν
=

4Z2r2
eα

hν

[(
1 + ε2 − 2ε

3

)(
ln(183Z−1/3) − f(Z)

)
+

ε

9

]
. (2.20)

Here, ε is the ratio E ′/E and f(Z) is a correction factor which reads [38]

f(Z) ≈ a2[(1 + a2)−1 + 0.20206 − 0.00369a3 + 0.0083a4 − 0.002a6], (2.21)

where a = Z/137. For the bremsstrahlung calculations in the next section, Eq. 2.20 is
used.

Synchrotron radiation

When the electron beam passes through the magnetic field of the target, the electrons
will be bent from the straight line path. The radius of curvature of the electron path
(in meters) in a field of strength B (in Tesla) is given by

R =
p

0.3B
≈ E

0.3B
, (2.22)

with p in GeV·c−1 and E in GeV. Here, p is the momentum of the electron which
is almost equal in magnitude to the energy E for the tesla-n beam. Due to the
acceleration of an electron in the magnetic field, synchrotron radiation will emerge. The
mean number of photons emitted by a particle traveling along a circular path of length
l is given by [39]

dN

dhν
=

√
3

2π
α

lγ

R

1

ωc

∫ ∞

ω/ωc

K5/3(η)dη, (2.23)

where K5/3 is a fractional order modified Bessel function, and ωc is the critical energy

ωc =
3�cγ3

2R
. (2.24)

Half of the radiated power is carried by photons with an energy larger than ωc. For a
250 GeV beam, synchrotron radiation will only be emitted at very small angles with
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respect to the beam axis and the synchrotron photons can thus not reach the recoil
detector directly.

Figure 2.12 shows the photon yield of the bremsstrahlung and the synchrotron pro-
cesses per second of the tesla-n beam. Most of the low-energy photons are due to
synchrotron radiation, while the very high-energy photons are almost solely due to
bremsstrahlung. As was explained before, the photons, both from the bremsstrahlung
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Figure 2.12: Number of photons per second from bremsstrahlung produced in a 1 g·cm−2

target (solid line), and synchrotron radiation in the 5 T target field (dashed line). The
beam energy is 250 GeV and the beam current is 20 nA.

and the synchrotron radiation process, are emitted in the very forward direction and
are therefore not seen directly by the recoil detector. However, due to interactions of
the photons in the target, reaction products might still reach the recoil detector and
contribute to the background. The three most important interactions of photons are
the photo-electric effect, Compton scattering and pair production. The cross sections of
these processes multiplied by the target density yield the interaction probability of the
photons, which is shown in Fig. 2.13. The cross sections are obtained from the epdl97
library [40]. At low photon energies, the photo-electric effect is dominant, and below an
energy of about 10 keV all photons will be stopped in the target. In the intermediate
energy range, the Compton process dominates and in the high energy range the most
likely interaction is electron-positron pair production. Note that for high energies, the
probability to create an electron-positron pair is independent of the photon energy.
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Figure 2.13: Interaction probability of photons in the target. At low energies, the
photo-electric effect dominates (dashed line) and at high-energy pair production is most
likely (dotted line). The solid line represents the interaction probability of the Compton
process.

Background events due to bremsstrahlung and synchrotron radiation

By means of a Monte Carlo program the effect has been determined of the photonic
interactions in the target on the number of background events in the recoil detector.
For the field-less target configuration and the configuration with the longitudinal mag-
netic field, about 135 bremsstrahlung photons per bunch crossing will reach the recoil
detector6. About 25% of these photons have an energy larger than 100 keV and only
a small fraction of these high-energy photons will interact with the detector material7.
The bremsstrahlung photons with an energy less than 100 keV will almost all be stopped
in the recoil detector. However, half of these low-energy photons carry an energy less
than 12 keV and will therefore only induce a small signal in the detector compared to
a minimum ionizing particle.

Effectively only about 50 photons per bunch crossing will show up as background
hits in the detector. Some of the bremsstrahlung photons will interact already within
the target and produce low-energy charged particles, but the energy of these particles
is so low that virtually all of them will be stopped in the target. Hence, the number of
background events from tertiary (charged) particles is negligible.

6The number of synchrotron photons is negligible in case of a longitudinal field because the magnetic
field lines are parallel to the beam.

7For a 300 µm silicon sensor for example, only one in a thousand photons with an energy larger
than 1 MeV will interact with the detector.
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The configuration with the transverse field is different because of the production of
a large number of photons as synchrotron radiation. This field configuration effectively
yields 100 photons per bunch crossing with an energy in the range from 12 to 100 keV.
In addition, about 65 electrons from Compton scattering will give rise to hits in the
detector.

Note that the list of background sources is only limited to sources which originate
in the target region of the experiment. In addition to this experiment-related back-
ground, also backgrounds originating from beam handling may appear. This could be
for instance synchrotron radiation from beam bending and focusing and also scattering
products from collimators upstream of the experiment. Estimating the backgrounds
from the accelerator is impossible, given the amount of information available. The ma-
chine background should, however, be small compared to the background from Møller
scattering in the target.

2.2.5 Count rate

From the previous sections it has become clear that the number of background hits in
a recoil detector can be high. The expected number of hits from a single bunch, in
the angular range from 0.2 to 1.3 rad, is 1650 for the field-less configuration, and 108
and 865 for a longitudinal and transverse field, respectively. If the effect of the time
resolution of the detector and the readout electronics is taken into account, the number
of particles that traverse the detector within a certain amount of time is an order of
magnitude larger than the number of hits per bunch. For silicon detectors, for example,
the response time of sensor plus readout electronics is in the order of 20 ns. Within this
20 ns, a total of 4.3 · 104 particles enter the recoil detector, which is more than an order
of magnitude larger than the maximum of 1.7·103 hits per bunch. When using very fast
readout electronics one might gain a factor of two in shaping time at the cost of a lower
signal to noise ratio, but much larger factors cannot be achieved due to the finite charge
collection time of planar silicon strip detectors. Details on signal development in silicon
strip detectors can be found in section 3.4.4.

In order to be able to distinguish the very large number of events quoted above, the
detector has to be subdivided in small detector elements. If an occupancy of 1% per
detector segment is assumed8, the minimum required number of detector segments per
layer must then be close to four million for non-polarized running. Note that even in
case of non-polarized running, one should consider using a longitudinal magnetic field to
sweep out the low-energy Møller electrons. This will reduce the count rate by a factor
15, and therefore also reduce the total required number of detector elements with the
same factor. Given the small surface area of the recoil detector one can only use pixel
type detectors if a large number of detector elements is needed.

The high (angle integrated) count rate is only a peak count rate during the 1 ms of
beam. The average count rates are a factor of 200 lower because of the low duty cycle of

8This number assumes perpendicular tracks, while almost all tracks will be inclined with respect to
the detector surface. The real strip occupancy will thus be higher by a factor of 2 to 4. An occupancy
of 1% is commonly used for microstrip detectors; for pixel type detectors with a sequential readout of
the pixels, the occupancy should be less than 1�.
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the tesla accelerator. This alleviates the requirements on the data acquisition system
somewhat. The design and operation of a recoil detector would clearly be much simpler
when operated at a continuous beam. For application at a (quasi) continuous beam,
the recoil detector can be built from microstrip detectors instead of pixel detectors. A
more detailed presentation on the required readout architecture for a recoil detector is
given in section 6.2.

2.2.6 Radiation damage

The high background count rates do not only give a high occupancy of the detectors
and front-end electronics, but could potentially also induce radiation damage in the
sensor and in the readout electronics. For a silicon sensor, the most important radiation
damage is the displacement damage caused by Non Ionizing Energy Loss (niel) [41].
This type of damage is mainly due to hadronic particles and not so much due to leptons
and photons. The larger fraction (by far) of the background for the recoil detector
consists of (Møller) electrons and photons. Damage to the sensor will therefore not be
a primary concern.

For the readout electronics on the other hand, the most important type of damage is
caused by ionizing energy loss. The ionization will introduce a positive charge build-up in
the oxide of the field effect transistors in the front-end electronics. As a consequence, the
thresholds and thereby the characteristics of the transistor change. Ionization induced
damage is proportional to the total ionizing dose. Electrons, photons and charged
hadrons will all contribute to the damage in the oxide.

The worst case configuration for radiation damage is the one where the magnetic
field is absent because in this case the number of background tracks is largest. Although
the magnetic field is needed for momentum determination of the particles entering the
recoil detector, it is useful to consider the radiation effects without the presence of a
magnetic field. At small polar angles, the Møller electrons will be minimum ionizing,
but particles emerging at angles larger than about 0.5 rad have, on average, an energy
below 1 MeV. These particles will deposit more energy in the readout electronics and
consequently contribute more to the radiation damage.

To estimate the order of magnitude of the radiation level, it is assumed that all
particles lose an amount of energy equal to twice that of a minimum ionizing particle.
Given the 6.2 million bunches per second, the 1650 particles per bunch traversing the
recoil detector, and assuming beam for 25% of the time, a total of about 3 ·1015 particles
will hit the recoil detector every year. The estimated surface area of the first detector
layer is about 400 cm2. The annual radiation dose in the silicon oxide will thus be in
the order of 3 kGy. These radiation levels require the use of radiation hard integrated
circuits for the electronics close to the detector.

2.3 Conclusions

In order to determine the contribution of the orbital angular momentum of the quarks to
the total longitudinal spin of the nucleon, accurate measurements of generalized parton
distributions are needed, which can be achieved at new high-luminosity deep inelastic
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scattering facilities. Experimental information on generalized parton distributions can
be obtained from exclusive deeply virtual Compton scattering. The exclusivity of the
reaction, i.e. singling out the transition to the proton final state only, is crucial for
a clean interpretation of the data. Given the limited energy resolution of the forward
angle spectrometers in future fixed-target deep inelastic scattering experiments, exclu-
sivity can only be guaranteed by employing a recoil detector in the target region of
the experiment. This recoil detector will have to detect the low-momentum large-angle
particles emitted in dvcs. It also has to provide hadronic particle identification as a
stand-alone detector. The angular range which must be covered by the recoil detector
is 0.2 to 1.3 rad, and the maximum momentum for proton identification is 1.3 GeV·c−1.
Moreover, the detector surface must be subdivided in many (∼ 4 · 106) small detector
elements to be able to handle the background rates, and radiation hard readout elec-
tronics must be used to withstand the high radiation levels anticipated. In the following
chapters it is investigated whether it is possible to realize a recoil detector given these
and other environmental constraints in the target region.




