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Introduction

The investigation of the internal structure of matter is one of the focal points in particle
physics research. Over the past three decades, deep-inelastic lepton—nucleon scattering
has been proven as an important tool to gain experimental insight into the fundamental
constituents of matter and their interactions. These complex measurements require the
collaboration of international research teams and the design of technically sophisticated
particle accelerators and detectors.

The HHERMES experiment utilizes the HERA accelerator facility at the DESY research
center in Hamburg to probe the spin structure of the nucleon, i.e. the way in which the
total spin of the nucleon can be derived from the angular momenta of its constituents.
To achieve this goal, several novel technologies, like an internal storage cell target and a
longitudinally polarized electron beam in a high energy storage ring, had to be employed.
As a result, the HERMES experiment allows a unique access to a multitude of physics
processes, which also extend well beyond its initial program.

In this thesis, a new Silicon detector system is introduced, which is scheduled for in-
stallation in the vacuum of the HERMES target chamber in close proximity to the interac-
tion point. This so-called HERMES Recoil Detector substantially extends the acceptance of
the HERMES spectrometer and enables the tagging of exclusive reactions like deep virtual
Compton scattering and diffractive meson production, thereby giving experimental access
to the rapidly developing field of Off-Forward Parton Distributions. Furthermore, the
possibility of particle identification and momentun reconstruction in the low—energy do-
main allows to detect spectator nucleons, which constitutes an unprecedented approach
to the investigation of nuclear effects in deep-inelastic scattering.

The main focus of this thesis is on the detection of spectator nucleons at HERMES . To
prove the feasibility of this challenging project, a fully functional detector prototype has
been designed, installed and operated in the HERMES target chamber.

Structure of the Thesis

The content of this thesis is structured in the following way:

Chapter 1 introduces the physics program and the experimental setup of the HERMES
experiment. Subsequently, the advantages of an additional detector in the HERMES target
region are presented for the tagging of exclusive processes as well as for the investigation

of nuclear effects.




Introducton

In Chapter 2, the boundary conditions for the instailation of a detector in the specific
vacuum environment at HERMES are presented, and the choice of a Silicon strip telescope
is motivated. Using Monte Carlo simulations, the predicted detector response and the de-
tection yield for different detector designs are described. Based on these calculations, the
estimated statistical accuracy of the proposed measurements can be specified. Finally, a
possible design for the implementation of the Recoil Detector into the HERMES experiment
is shown.

To gain experience with the operation of a Silicon telescope in the environment of the
HERMES target chamber, a small test detector was installed and operated during several
months of regular HERMES data taking. Chapter 3 presents the design of this device and
the initial tests that were carried out at the tandem accelerator at the University of Er-
langen. Furthermore, the results of Monte Carlo simulations concerning the test detector
response at HERMES are summarized.

The operation parameters of the test detector and the structure of the analysis chain
developed to study the detector response are shown in Chapter 4. In the remaining part,
the results of measurements with different target types are presented, together with the
reconstruction of the relevant angular and momentum distributions and a summary of

the conclusions.




1 Physics Motivation

In this chapter, the physics motivation for the proposed addition of the HERMES Recoil
Detector to the IHIERMES spectrometer is described. Section 1.1 gives an overview of the
physics program of the HERMES experiment and depicts the setup of the target and the
spectrometer. The physics cases which would be newly or superiorly accessible with the
implementation of the planned detector are highlighted in section 1.2,

1.1 The HERMES Experiment

The HERMES experiment is situated at the Deutsches ElekironenSYnchrotron (DESY) re-
search center in Hamburg, Germany. It has been operational since 1995 and uses the
27.5 GeV electron/positron beam of the Hadron-Elektron-Ringanlage (HERA) collider for
polarized deep-inelastic scattering off a gaseous internal target to determine the nucleon

spin structure.

1.1.1 Deep Inelastic Scattering at HERMES

In the standard model of elementary particle physics, a nucleon can be treated as a system
of fundamental constituents denoted as quarks, which are bound by the strong interaction
via the exchange of gltons. The three quarks which determine the quantum numbers of
the nucleon are described as valence or constituent quarks and carry only a small fraction of
the nucleon mass. The remaining energy is assigned to the gluons, which split into virtual
pairs of quarks and anti-quarks forming a cloud of sea quarks.

Since more than three decades, deep-inelastic lepton-nucleon scattering has been used
as a powerful technique to analyse the substructure of the nucleon. Hereby, an incoming
charged lepton interacts with a nucleon of mass M via the exchange of a virtual photon
with four-momentum ¢. The squared four-momentum transfer is defined as

while the energy transfer in the laboratory system is the difference of the lepton energy

before and after the interaction,
vi=E—-FE.




1 Physics Motivation

In the case of elastic scattering, the unchanged invariant mass W of the target nucleon
leads to the relation

oMy —Q* =0,
whereas the inelastic scattering process results in an invariant mass W > M, and therefore
My —Q*>0.

The inelasticity of a scattering process is thus given by the dimensionless Bjorken scaling
varinble
@ = Q*/2Mv .
The internal composition of the nucleon can be described by two unpolarized struc-
ture functions F} (z, Q?) and Fy(z, Q?), which are related to the experimentally accessible

differential cross section by

d*c (dcr) [Fl 90 ng'
= [ —— —tan® -+ —1.
dQUdF’ d ) aore LM 2 v
Hereby, € is the polar angle of the scattered electron, and (do/dQ)ppor, describes the scat-
tering cross section of a charged lepton on a point-like target with spin 0.

An intuitive interpretation of the structure functions is made possible by the so-called
quark-parton model, which was introduced by Feynman [Fey:72] and Bjorken [Bje:69, BP:69].
Under the assumption of point-like constituents (quarks) in the nucleon target, and with
Q? > M2, the scaling variable 2 gives the fraction of the total target four-momentum P
the struck quark is carrying. F5 can then be interpreted as the charge-weighted sum of
the quark distribution functions g(x)

By =) 7} 4(a),
!

where f denotes the different types (flavours) of quarks in the nucleon and zy is the cor-
responding charge in units of the elementary charge e. In the case of spin—3 partons, F
and F, are connected by the Callan—-Gross relation

2Py () = Fy(x) .

While the quark—parton model predicts an independence of F, from Q? for point-like
quarks, the small deviation (scaling violation) observed in the experimental data [NMC:97]
can be understood by taking QCD effects like gluon radiation into account.

While £ (z)} and Fy(z) characterize the momentum distribution, the spin structure of
a nucleon is given by the spin structure functions g (z) and gz(z). In the quark-parton
model, g; () can be related to the polarized quark distributions dg;(z) by

1
gilz) =35 > 2fqy(w) .
f




1.1 The HERMES Experiment

Hereby, dg;(x) is defined as the difference of the probability functions q}‘"(ﬂ:) and ¢, (),
which are a measure of the probability of finding a quark with flavour f and momentum
fraction z with a spin orientation parallel (+) and antiparallel (-) to the nucleon spin:

3qs(z) = qf (2) — g5 (2) .

The spin contribution of a quark of flavour [ to the total nucleon spin is then given by

1
Aoy = [ 1Bay(o) + 3y (0)lde

In the early phase of the nucleon substructure analysis, it was assumed that the total
nucleon spin s = 1 originates from the spins Ag, of the three valence quarks. However,
experimental data [EMC:88] indicated a distinct deviation from this prediction. From the
measurements, the valence quark contribution was extracted to a value commensurate
with zero, and many efforts were made to solve the resulting spin crisis. It has been shown
that additional contributions from the sea quarks (Ags), the gluons (AG) and the orbital

angular momenta of quarks (£%) and gluons (ZJ) have to be considered to describe the

nucleon spin s):
1 1
st =5 =5 (Bgy+ Ag) + AG+ LT+ I,

The main goal of the HERMES experiment is the high-precision measurement of these spin
contributions.

To gain experimental access to the spin structure of the nucleon by means of deep-
inelastic scattering, it is necessary to carry out measurements with a longitudinally polar-
ized lepton beam and target. The spin dependent part Ao of the cross section can then
be expressed in terms of Aa“ and Ao, where Aoy is the difference in cross section for
parallel and anti-parallel spin orientation of lepton and target, and Ao likewise for per-
pendicular spin orientation of the target. The polarized structure functions ¢, (z, @?) and
g2(z, @?) can then be calculated from the measured cross section asymmetries Ajand A,

For the experimental determination of the structure functions, solely the kinematics of
the scattered lepton have to be measured. With these so—called inclisive measurements,
the HERMES experiment has extracted the proton spin structure function gf [HERMES:98d]
and the neutron spin structure function g} [HERMES:97a]. Furthermore, the inclusive
data were used to determine the difference in the virtual photon cross section for the pro-
ton and the neutron [HERMES:98a].

One of the outstanding features of the HERMES spectrometer (see next section) is the
ability to detect and identify part of the hadronic final state of the scattering process.
These semi—inclusive measurements allow the investigation of several physics quantities
which would otherwise be unaccessible. Some examples are the flavour asymmetry of
the light sea quarks [HERMES:98b)], the nuclear transparency measured in the exclusive
production of p-mesons [IHIERMES:99¢] and the polarized quark distribution functions
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[HERMES:99b]. Further measurements include the asymmetry in the production of p-
mesons [HERMES:00a} and the photoproduction of hadrons with high transverse mo-
menta [HERMES:00c], which for the first time enabled a determination of the polarized
gluon polarization AG.

Using the HERMES data from unpolarized nuclear targets, the cross section ratio oy /o p
at small & was found to be significantly smaller than expected [HERMES:00b]. This devi-
ation, which can be interpreted as a dependency of the ratio R = o /or on the nuclear
medium, is still theoretically unexplained and referred to as the HERMES effect.

A detailed description of the HERMES physics program can be found in [HER:90,

Due:95, HER:00].

1.1.2 Experiment Setup

The technical setup of the HERMES experiment can be divided into three major compo-
nents: the polarized lepton beam, the polarized internal gaseous target and the spectrom-
eter, which allows to detect the scattered lepton as well as part of the hadronic final state.
An overview of these components is presented in the following.

The Lepton Beam

The HERMES experiment is one of the four experiments installed at the HERA electron--
proton collider (see figure 1.1) at DESY, which stores electrons! of 27.5 GeV and protons of
920 GeV in a bunched structure, Two of the other experiments, H1 and ZEUS, investigate
collisions of the two beams, while the third, HERA-B, utilizes only the proton beam for
fixed—target scattering. HERMES , on the other hand, uses only the electron beam with
typical currents of 30-50 mA at injection.

As stated in section 1.1.1, the physics program of HERMES requires a longitudinally
polarized lepton beam. Due to a spin-flip asymmetry in the emission of synchrotron ra-
diation [ST:64], an electron beam in a storage ring can build up a transverse polarization.
To achieve the desired longitudinal polarization, two sets of magnets instatled in the front
and the back of the HERMES interaction region rotate the spin into the longitudinal direc-
tion and back to transverse. The feasibility of this technique has been proven for the first
time at HERA [B*:95), and polarizations of more than 50 % are routinely reached. Two
polarimeters serve the purpose of measuring the transverse and longitudinal polarization.

The Internal Target Cell

As the HERMES experiment uses the electron beam of a storage ring, it is necessary to
install a target which minimizes the distortion of the beam while still providing a sufficient

'HERA is capable of storing electrons as well as positrons. In the following text, the term electrons denotes
both possibilities.
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Figure 1.1: Schematic top view of the HERA accelerator.

target density. For this purpose, the novel technique of a storage cell has been employed,
which increases the achievable target densities by two orders of magnitude as compared to
those reachable with a gas jet target. Furthermore, in contrast to solid state targets, a high
polarizability of the target material can be realized. The available targets include polarized
atomic Hydrogen, Deuterium, 3He and, for the case of unpolarized measurements, also
heavier nuclei like Nitrogen and Krypton.

With the storage cell technique, the beam passes through a thin-walled, open-ended
tube into which the target atoms are injected. The advantage lies in an increased residence
probability of the target atoms in the interaction region, resulting in increased target densi-
ties as compared tojet targets. In the case of polarized targets, the polarization is sustained
by a special coating of the cell walls and a magnetic holding field [HERMES:99a]. Strong
vacuum pumps at both ends of the cell ensure that the storage ring vacuum is not dete-
riorated. As all scattering products have to pass the storage cell wall, it is kept as thin as
possible to minimize the impact.
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Figure 1.2: Schematic design of the HERMES storage cell. On the top, a side view of the cell is
shown, while the botiom graph depicts the density distribution.

In the top part of figure 1.2, a side view of the schematic design of the IIERMES storage
cell is shown. The cell consists of an elliptical aluminum tube (g, = 1.46 cm, o, = 0.50 cm)
with a wall thickness of 75 ym and a total iength of 40 em. As the target atoms are injected
at the center of the cell, the target density p peaks at z = 0 and drops linearly to both ends
(see bottom part of figure 1.2)%. For longitudinal polarized operation, a magnetic holding
field of 350 mT is applied along the z—direction.

Since 1996, an atomic beam source (ABS) has been used at HERMES to provide po-
larized Hydrogen and Deuterium targets at typical densities of pyy = 7 - 10! nucle-
ons/cm? and pp = 1 - 10! nucleons/cm?. However, the limit imposed by electron beam
life time considerations is more than an order of magnitude higher, which means that
dedicated unpolarized measurements can be carried out at a significantly increased lu-
minosity. Densities of up to 1017 nucleons/cm? have been used in this case. Typical
values for unpolarized operation are py = 1 - 10" nucleons/cm? for Hydrogen and

*All positions are given in a right-handed coordinate system with the z-axis along the electron beam direc-
tion and z = 0 at the center of the target cell.
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pp = 2+ 10" nucleons/cm? for Deuterium.

The Spectrometer

The HERMES spectrometer [HERMES:98¢], which is shown in a three-dimensional view
in figure 1.3, is designed to identify the scattered electron as well as the particles gener-
ated in the interaction, and to measure their corresponding momenta. It consists of two
symmetrical parts positioned above and below the HERA beam lines. The electron beam
line passes through the middle of the detector, while the proton beam line runs parallel
at a distance of Az = 71.4 em. The acceptance of the spectrometer is optimized for the
detection of particles scattered in the forward direction, with 40 mrad < || < 140 mrad
in the vertical and |0,] < 170 mrad in the horizontal direction.

Figure 1.3: Three—dimensional view of the HERMES spectrometer.

The individual components of the HERMES spectrometer are illustrated in figure 1.4.
The detector systems are divided into a front and a back region by the spectrometer mag-
net, which produces a dipole field with an integrated magnetic flux of 1.3 Tm. In both
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Figure 1.4: Schematic top view of the HERMES specirometer.
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1.2 Additional Acceptance in the Target Region

regions, several sets of tracking detectors determine the position of the traversing par-
ticle. Directly after the target region, a set of high-resolution micro-strip gas chambers
(VC 1/2) is installed, with two drift chamber systems (DVC and FC 1/2) completing the
tracking in the front region. Inside the magnet, three proportional chambers (MC 1-3)
provide the link to the back region track, which is measured using further drift chambers
(BC 1/2 and BC 3/4). A new set of silicon strip tracking devices (Lambda Wheels), which
is scheduled for installation inside the target chamber vacuum, will substantially increase
the acceptance for slowly decaying particles like the A® hyperon.

Along with the tracking chambers, a set of detectors in the back region provide for
the identification of the scattered particles. A newly installed ring imaging Cerenkov
counter (RICH) enables the identification of hadrons over almost the full energy range
encountered at HERMES , while a transition radiation detector (TRD) allows to distinguish
between electrons and hadrons. The lead glass calorimeter determines the energy deposi-
tion of a particle and, together with the pre-shower hodoscope (I12), further improves the
electron-hadron separation. In total, an electron identification efficiency of 98 % with a
hadron contamination of less than 1 % is reached. Two small calorimeters measure the co-
incidence rate of electron pairs produced by Meller scattering off the target atoms, thereby
determining the luminosity.

The HERMES trigger electronics ensure the suppression of background signals and ir-
relevant events. While several different signal combinations can represent a valid event,
the main HERMES trigger consists of correctly timed signals in the three hodoscopes (HO,
H1, H2) and an above-threshold signal (£ > 3.5 GeV) in the calorimeter. After the recep-
tion of a trigger signal, the HERMES data acquisition (DAQ) stores the event information
for subsequent reconstruction and analysis. Hereby, the collected data is divided into
so—called runs, which correspond to roughly 10° triggered events.

1.2 Additional Acceptance in the Target Region

As outlined in section 1.1, the acceptance of the HERMES experiment is optimized for
deep-inelastic scattering off a fixed target, i.e. for the detection of forward-going leptons
and hadrons. However, many semi-inclusive and exclusive measurements would greatly
benefit from the simultaneous detection of hadrons at larger angles. By installing an ad-
ditional detector in the HERMES target region close to the storage cell, the signature of
several physics processes would be improved, thereby allowing access to reactions which
are beyond the current capabilities of the HERMES spectrometer. As many of these mea-
surements involve the detection of a recoiling target nucleon, the proposed detector is
referred to as the HERMES Recoil Defector.

The measurements described in this section require the detection of particles over a
broad range in angle and momentum. Especially for low—energy scattering products, it is
of high importance to minimize the amount of material between the interaction region and

11



1 Physics Motivation

the detector to avoid energy straggling or absorption. While these low-energy particles re-
main undetectable with a solid state target, the HERMES technique of using a thin-walled
storage cell with a low—density gas target permits the installation of a detector inside the
vacuum chamber, thereby giving access to the detection of particles with energies of only
a few MeV. Furthermore, the solid angle is maximized by positioning the device as close
as possible to the interaction region.

In the following, the two major physics cases which would benefit from the installa-
tion of the HERMES Recoil Detector are presented. Section 1.2.1 describes the process of
diffractive vector meson production and its relation to the concept of off-forward par-
ton distributions (OFPDs). Subsequently, the impact of nuclear effects in deep-inelastic
scattering and its verification via the measurement of spectator nucleons is explained in

section 1.2.2.

1.2.1 Exclusive Vector Meson Production and OFPDs

Diffractive Vector Meson Production and Recoil Detection

In deep-inelastic charged lepton-nucleon scattering, the lepton interacts with the target
via the exchange of a virtual photon 4*, Instead of a direct coupling to the nucleon con-
stituents, the photon can fluctuate into a virtual hadronic ¢4 state with four-momentum
v and photon quantum numbers, i.e. into a vector meson with spin 1. In the Vector Me-
son Dominance Model (VDM) [Sak:60], the scattering process can then be described as a
hadron-hadron interaction of a superposition of the lightest vector mesons {p, w, ¢) with
the nucleon (see figure 1.5). During the interaction, the vector meson is shifted on its mass
shell and is found in the final state of the reaction. The process is therefore denoted as
diffractive’ vector meson production (see [For:96] for a summary).

The cross section of the diffractive vector meson production is mainly dependent on
the four-momentum transfer ¢ to the nucleon, which is given by

t:=(qg—v)?.
In the lab frame, the energy transfer AF to the target can then be expressed as

[2
AE =y — B+ —
vt oM
where F, is the energy of the vector meson.
By means of the energy transfer AF, the final states of diffractive vector meson pro-
duction can be divided into two groups, In the first case, the invariant mass of the target

*The term diffractive results from the similarities in the angle and energy dependence of the cross section for
hadron-hadron scattering and diffraction in classical optics.

12



1.2 Additional Acceptance in the Target Region

Figure 1.5: Schematic graph of diffractive vector meson production.

nucleon remains unchanged (AE =~ 0), i.e. the target final state consists of a nucleon re-
coiling without excitation. This process is denoted as exclusive or elastic diffractive vector
meson production,

e+p—oe vty

If the recoiling nucleon is excited or broken up (AE > 0), the process is called inelnstic
diffractive vector meson production,

et+p—se v+ X,

The hadron identification capabilities of the HERMES spectrometer allow, besides the
detection of scattered leptons, to also measure reactions with a hadronic final state. In the
case of diffractive scattering, the produced vector mesons can be observed in the HERMES
experiment by means of identifying their corresponding decay products. As it will be out-
lined later in this section, the comparison of the measured cross sections with theoretical
predictions requires a clear separation of elastic and inelastic processes. Since the recoiling
nucleon is unobserved at HERMES , this is achieved by applying a kinematical cuton AE.
However, there remains a background contribution from DIS fragmentation processes,
which has to be estimated and subtracted using Monte Carlo methods [HERMES:00a).
Figure 1.6 shows the measured spectra of the missing energy AE for p® production off 3!
in comparison to Monte Carlo simulations of the background. As the calculations do not
include inelastic nucleon excitations or internal radiative effects for the exclusive channel,
the region 0.5 GeV < AE < 2.5 GeV is not properly described.

13
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Figure 1.6: Missing energy spectra for g° production off 1H at HERMES for two different 1 ranges
[HERMES:00a). The histograms show a Monte Carlo simulation of the background
without (solid) and with {dotted) the inclusion of exclusive p°® production.

In the exclusive diffractive process, the reaction can be treated as the elastic scattering
of the vector meson with the target nucleon, i.e. a clear correlation exists between the kine-
matics of the outgoing vector meson and the recoiling nucleon. The range in momentum
and angle of recoil nucleons corresponding to a detected vector meson in the HERMES
acceptance is shown in figure 1.7 for the cases of p- and J/¥—production. It can be ob-
served that the bulk of the recoil nucleons occur at large angles outside the acceptance of
the HERMES spectrometer, and therefore cannot be used for the identification of an elastic
process.

However, this situation can be improved with the installation a HERMES Recoil De-
tector, which due to its proximity to the target cell covers a large solid angle outside the
HERMES spectrometer acceptance. Since the vector meson and the recoil nucleon occur in

14
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Figure 1,7; Correlation of angle and momentum for recoil nucleons in elastic diffractive vector me-
son production.

one geometrical plane, even the additional detection of the recoil vertex alone results in
a clean signature for an exclusive diffractive event. Thus, the complete final state of elas-
tic diffractive vector meson production is accessible, and a truly exclusive cross section
can be obtained. Moreover, the yield of diffractive vector meson events will be increased
substantially, as they can be identified by detecting the recoil nucleon and only one of the
meson decay products.

In the following, the large physics potential of these measurements is motivated by
outlining an experimental access to the gluon spin contribution through J/¥ production
and to the so—called Off-Forward Parton Distributions through deep virtual Compton scat-

15



1 Physics Motivation

tering and p° production.

J/¥ Production

The experimental access to the gluon contribution AG of the nucleon spin is very difficult
to achieve in the HERMES energy domain. One of the processes with a clean signature
and a reasonable analysing power is inelastic diffractive J/¥ production [VM:98], which
is tagged using the electronic and muonic decay channels of the meson.

Basically, three production mechanisms contribute to the total cross section: elastic
diffractive, inelastic diffractive and non—diffractive scattering. Unpolarized inelastic J/¥
production has for many years been successfully modelled by the Color Singlet Mecha-
nism (CSM) [B]:81], and a relation of the double spin asymmetry to AG can be calculated
[Gui:88]. Howevet, to be able to use the full diffractive event sample for the determination
of the asymmetry, it is of crucial importance to establish the ratio of elastic to inelastic J A
production. As outlined in the previous section, the HERMES Recoil Detector allows to
detect the complete final state of the vector meson production process, which results in a
very clean distinction between the two contributions. Furthermore, the additional accep-
tance in the target region significantly increases the number of detectable J/¥ events.

The standard signature of a J/¥ event in the HERMES spectrometer is the detection
of both leptonic decay products J/¥ — [TI~. However, this condition is only fulfilled
for a small fraction of the total event sample. Using the additional information from a
recoil proton in the HERMES Recoil Detector acceptance, a tagging of elastic J /¥ events
with only one lepton track in HERMES acceptance can be realized. Detailed Monte Carlo
studies [HERMES:97b] indicate that with the use of a Phase  HERMES Recoil Detector (see
section 2.2.1), the total number of J/¥ events is thus increased by a factor of four.

Off-forward Parton Distributions and DVCS

As described in section 1.1.1, a nucleon travelling with a velocity near the speed of light
can be viewed as a beam of massless, noninteracting partons. The parton distributions
introduced by Feynman can then be interpreted as number densities depending on the
momentum fraction z the parton carries. In its rest frame, however, the nucleon can cer-
tainly no longer be regarded as consisting of free partons. Up to now, a calculation of the
distributions based on the fundamental theory of strong interaction, Quantum Chromo-
dynamics (QCD), has not been achieved, as QCD in the low-energy domain involves an
infinite number of degrees of freedom.

Recently, much attention has been put on a new theoretical concept of so—called skewed
or Off-Forward Parton Distributions (OPFDs), which were first introduced almost two de-
cades ago [BL:82, GLR:83] (see e.g. [d]:98] for an introduction). These distributions consti-
tute a generalization of those introduced by Feynman, since they reflect both the high- and
the low-energy structure of the nucleon and are suitable to give a unifying description of
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1.2 Additional Acceptance in the Target Region

such different quantities like nucleon form factors and parton densities. However, most
of the latest interest is based on the fact that OFPDs are also related to the spin structure
of the nucleon and allow to determine the total angular momentum of quarks and gluons,

J, and Jg [d]:97],

;\\ /,C‘l' = q-A
k

k!

P p’ = p+A

Figure 1.8: Schemalic graph of deep virtual Compton scattering.

The concept of off-forward parton distributions can be illustrated by means of fig-
ure 1.8, which shows the process of Deep Virtual Compton Scattering (DVCS)*. A nucleon
of momentum p absorbs a virtual photon of momentum ¢ and produces an outgoing
real photon of momentum ¢' = ¢ — A together with a recoiling nucleon of momentum
g = p+ A, where A := p' —p = ¢ — ¢’ and ¢ := A?. The usual parton distributions
correspond to the forward case of ¢ = 0, i.e. a parton is emitted from the nucleon with
momentum & and returned with the same momentum and spin. In the off-forward case
of t # 0, howevet, the parton lines on the left and right side of the nucleon carry different
momenta or spin, introducing an imbalance to the graph. This skewedness is expressed

by the variable
-A

f==P—+,

where P is the longitudinal light-cone component of the initial nucleon momentum?®.
Likewise, the longitudinal momentum fractions of the exchange partons are defined as

k : K
T = FI and z’ = Fi: .
Because of their dependence on the momentum transfer A, the OFPDs contain two
more scalar variables than the forward parton distribution; a common set is x, £, ¢ [d]:97].

*Pue to their characteristic shape, these diagrams are referred to as handbag diagrams
®For an introduction to the formalism of light-cone variables, see e.g. [Col:97).
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1 Physics Motivation

For each quark flavour, the nucleon structure is then parameterized by four off-forward
parton distributions: the spin-independent H, and E,, and the spin-dependent H, and
E,. The large information content of the OFPDs is reflected in the fact that both the for-
ward parton distributions and the nucleon form factors can be extracted. Att — 0 and

£ — 0, H;and ﬁq reduce to
Hy(z,& = 0,1 = 0) = g(z) and Hy(2,& - 0, = 0} = dg(z)

while the first moments of the OFPDs are related to the elastic Dirac, Pauli, axial-vector
and pseudo-scalar form factors

Fl(t))

/_ 11 dz H(z, £, 1)
/_ deE(m,g,t) )
[ wiwen = o,
/:dwﬁ'(x,f,t) = Gp(t).

Since there is little experimental data on OFPDs, the above relations are important con-

straints for theoretical models.

Currently, the analysis of experimental data on the nucleon spin structure allowed the
extraction of the spin content originating from quark and gluon spins, but nof from orbital
angular momenta. In the limit of ¢t — 0, the second moment of the sum of £, and H, is

related to the total angular momentum of quarks J; [d]:97]:

t—0

1
limf da 2 [Hy(x, &, 1) + By(2, &, 1)) = Jyg
-1

With the measurement of B, and Hy, it would therefore be possible to give a complete
experimental determination of the nucleon spin structure,

Experimental Access

The large physics potential of OFPDs has resulted in various theoretical studies investi-
gating processes that are sensitive o the new distributions. Currently, the most promising
types of experiments are DVCS, which depends on both the polarized and the unpolarized
OFPDs, and diffractive meson production, which is sensitive to the unpolarized OFPDs
in the vector meson channels and to the polarized OFPDs in the pseudo-scalar channels.
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1.2 Additional Acceptance in the Target Region

While model calculations exist for both processes [VGG:98, VGG:99], the DVCS reac-
tion is difficult to observe because of the low cross section and the interference with the
Bethe-Heitler amplitude. Meson production, on the other hand, has a clean experimen-
tal signature and a relatively high cross section. However, the QCD factorization of the
scattering process in a hard scattering and a nucleon structure part only applies for lon-
gitudinally polarized vector mesons and requires the selection of purely exclusive events
[CFs:97].

Again, the HERMES Recoil Detector can facilitate this task by detecting the recoiling
target nucleon in addition to the decay products of the meson. The predicted accuracy
can be illustrated by means of figure 1.9, which shows the predicted statistical error in the
longitudinal cross section oy, for exclusive p® production in comparison to calculations
based on the OFPD model [vdS:99]. The error bars are based on an integrated luminosity
of 270 pb~! and a Phase I HERMES Recoil Detector (see section 2.2.1).

illlilll T L LR Illlilll T LA

1Q°

Q? = 4.0 GeV?

Q%=2.3 GeV?

I[Illll

o, f’p — p%) [ub]

Illlllll i £ 11

10! 10!
W [GeV]

Figure 1.9; Longitudinal component of the exclusive diffractive cross section for p° production ver-
sus W for two average values of Q? as accessible with the HErRMES Recoil Detector.
The solid lines represent the results of calculations based on the OFPD model [VGG:98]
for the total cross section and the quark and 2-gluon contributions [vdS:99]. The error
bars are based on a predicted iniegrated luminosity of 270 pb—*.
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1.2.2 Nuclear Effects

Nuclear Corrections

Due to the lack of a free neutron target, the neutron structure function F2 is usually mea-
sured by subtracting the data taken with *H and 'H targets. To allow for the binding of
the neutron in 2H, the evaluation of the structure function from the scattering data re-
quires the application of nuclear corrections. While in general Fermi motion, binding and
off-shell effects have to be considered, a standard correction method is for example the
smearing algorithm by Bodek and Ritchie [BR:81a, BR:81b], which assumes a correspon-
dence between the off-shell and the free structure function and considers only the Fermi
motion of the neutron and proton.

These corrections are reasonably well under control for z < 0.5, but become ques-
tionable at higher = as they depend strongly on the employed nuclear dynamics model.
Consequently, the values of F} /F} extracted in this region have a substantial model un-
certainty [MT:96]. The experimental determination of this ratio in the limit of z — 1 is of
high theoretical interest, as several different predictions exist.

Under the simple assumption of SU(6) spin-flavour symmetry, the u and d quarks in
the nucleon are identical apart from charge and flavour quantum numbers, and the neu-
tron to proton structure function ratio amounts to Fj!/FJ = 2/3. Since the same assump-
tion also leads to e.g. identical masses for the nucleon and the A isobar, this prediction
can however be neglected. In a perturbative QCD framework, 8/ Fy should approach a
value of 3/7 [BBS:95], while models based on the dominance of a scalar valence di-quark
component (ud)s—o expect it to converge to 1/4 [Car:75). Because of the relatively large
nuclear corrections at high , the existing data cannot distinguish between these conflict-
ing ‘predictions. Furthermore, theoretical developments suggest that off-shell effects in
light nuclei cannot be neglected. This is demonstrated in figure 1.10, which shows the ex-
traction of '/ F} from the same recent SLAC data for the two different approaches, With
the current method of applying nuclear corrections based on theoretical calculations only,
it is not possible to distinguish between the different predictions for z — 1.

Hence, it is desirable to obtain reliable measurements of F at high =, which are less
sensitive to the ambiguities in nuclear corrections. Given the experimental conditions at
HERMES , this can be achieved by fagging the neutron structure function, i.e. by measuring
the deep-inelastic scattering off a deuteron target with the simultaneous detection of the
spectator proton, which constitutes the nuclear remnant:

e+2Hﬁe'+pspec+X.

In this so—called spectator mechanism [FS:81], the proton acts as a spectator in the scattering
off the bound neutron and, due to momentum conservation, is emitted with the Fermi
momentum of the 2H system. As it will be shown, this technique not only provides for a
clean signature of the neutron scattering process, but allows to correct for nuclear effects
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Figure 1.10: Extraction of FJ'/F¥ from SLAC 'H and *H data with (full circles) and without (open
circles) accounting for off-shell effects [MT:96].

on an event-by-event basis by using the spectator kinematics as an additional experimen-
tal input.

k Kk’

Figure 1.11: Feynman graph of the spectator mechanism in lepton-deuteron scattering.

The Feynman graph of the spectator mechanism in lepton-deuteron scattering is shown
in figure 1.11. In the impulse approximation, the detected spectator nucleon with the
four-momentum p, and the energy F; is on the mass shell and is totally unaffected by the
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1 Physics Motivation

interaction, i.e.

Ps = (pss ES)
p: = m}

1
3

To ensure energy and momentum conservation, the interacting nucleon with the four-
momentum p; must therefore be off the mass shell, its invariant mass being less than the

free nucleon mass:

pi = (—ps, ma— E)
i = (mg—FB)? —pi.

Compared to scattering off a free nucleon, the bound state of the struck nucleon does not
change the momentum transfer Q% but affects the final state invariant mass p7 and the
quantity py - ¢. This results in a shift of the Bjorken scaling variable = to

@
YT 02 2 2
Q +pf'“mp

or, in terms of experimentally accessible quantities,

. _ Q?
T Q@+ w+mg— E)? - (q—ps)t-mi’

&

In the Bjorken limit Q% — oo, the variable z* can be written in terms of the light—cone
momentum fraction®

Es —ps -
2y = 28 Ps-d
Mp
of the spectator nucleon as
gt ="
2 - .2’3

Hereby, p; - § denotes the projection of the spectator momentum p; on the dimensionless

unit vector § of the virtual photon.
Using this formalism, the cross section for tagging the neutron structure function using

a deuterium target can be written as
z
2 - Zs

C’tagging(ﬂ-’s Qz;ps) X an( )]'@[)(Ipsl)lQ :

®In publications, the variables a, or y are frequently used for describing the light-cone momentum fraction.
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1.2 Additional Acceptance in the Target Region

Hereby, 1{|ps|) essentially represents the nucleon wave function of the deuteron, with
l(1ps])1? - p2 being the resulting deuteron momentum density as shown in figure 1.12. In
a non-relativistic approach, p(jps|} = [¥(jps])]? can be expressed in terms of the S- and
D-state components of the deuteron wave function and has been mapped out with high
precision by low-energy electron scattering experiments (see e.g. [B1:81]).
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Figure 1.12: The deuteron momentum density |¥(|p,[)|? - p? as a function of the spectator nucleon
momentum [Kra:76].

The yield of a tagging experiment largely depends on the lower and upper limits in
the integral
Pmaz
L 1p D o i
i.e. on the experimentally accessible spectator momentum range. In the case of the detec-
tion of spectator protons, the lower limit is set by detector and target parameters like e.g.
the type and thickness of the used material. A detailed study on the achievable yield at
HERMES can be found in section 2.2,

The feasibility of a tagged structure function measurement is closely related to the
validity of the spectator mechanism. In [Sim:96a], this topic has been addressed in detail
for the kinematics at CEBAF, i.e. for values of Q* which are lower than those reached
at HERMES . While only minor violations of the spectator mechanism are expected, it is
possible to check its validity by introducing a spectator scaling function

FP (e, Q% ps) = myps|n P (0 FF (2%, Q%) /2

with n{P) being the nucleon spectral function in the deuteron.
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At a fixed value of p,, Flsp) only depends on z*, ie, different lepton and nucleon
kinematics correspond to the same invariant mass produced on the struck nucleon. The
scaling properties of F¢?) thereby allow an experimental observation of the dominance
of the spectator mechanism. The breakdown of the spectator scaling due to relativistic
effects determines the upper limit in the spectator momentum range, for which usually
the start of the D-state dominance at ppee = 300 MeV/c is taken.

In summary, the simultaneous detection of the scattered lepton and a spectator nu-
cleon allows a unique experimental insight into nuclear effects in deep-inelastic scattering
off the deuteron. As an aside, it is mentioned that the the detection of spectator neutrons as
a means of determining the proton structure function would, while experimentally com-
plicated, enable a direct comparison between a free proton target and the bound deuteron

system.

EMC Effect in the Deuteron

The neutron—tagging technique described in the previous section can be extended to in-
vestigate the possible origin of the EMC effect [M55:97], i.e. the observation of an A depen-
dence of the unpolarized structure function Fy(x) [EMC:83]. This effect is approximately
proportional to the nuclear density, and a wide range of models with very different under-
lying assumptions have been developed to describe the x and the A dependence. While
the EMC effect is usually stated as the deviation relative to the deuteron structure func-
tiony, an investigation of the theoretical models can also be achieved by tagged scattering
off the deuteron.

Due to the low nuclear density in ?H, one should expect much smaller nuclear effects
in deuterium compared to heavier nuclei. By using the tagging method, however, it is
possible to isolate configurations of the two nucleons which correspond to high momenta
and therefore to small distances. A further advantage of using a deuterium target is the
clean signature of the tagging process, while with heavier nuclei secondary interactions
and nucleon—nucleon correlations have to be taken into account [Sim:96a].

In [MSS:97], several theoretical approaches’ for the EMC effect are presented together
with the corresponding predictions for the tagged structure functions. The main differ-
ences between the models stem from different assumptions about the deformation of the
bound nucleon wave function and the contribution of mesonic degrees of freedom. While
binding niodels predict a dominance of the latter effect and an almost unchanged nucleon
structure function [MST:94)}, the rescaling model assumes a more efficient gluon radiation in
the bound nucleon due to quark delocalization [CRR:83, NP:84]; non-baryonic degrees of
freedom play no role in this theory. A different approach is taken in {F5:88], where it is as-
sumed that weakly interacting point-like 3-quark configurations (PL.C) are the dominant
contribution to the free nucleon structure function at large =. The suppression of point-like

’One major class of models not discussed in this summary are the six—quark cluster models [CL5:91, dAS:95}.
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Figure 1.13: The z~dependence of the ratio F5//(x)/Fy(z) at fixed z, for different models of the
EMC effect [M55:97).
dashed: PLC suppression
dotted: rescaling model
dot—dashed: off-shell modsl

configurations in the bound nucleon is then predicted to be the main source of the EMC
effect.
The basic principle of the experimental verification of these models is the compari-
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son of the neutron structure function F;f /(x) at large light cone momenta z, to the free
structure function Fp(z). Figure 1.13 shows the predicted z-dependence of the ratio
F; 1 (2)/ Fa(z) for two fixed values of z;. An alternative method of extracting the nuclear
effects can be realized by observing the ratio

F;f‘f(atl/(z - zs)aPSan) )
F;ff(mz/(Q - zs)sps’Qz)

Geff(zs,ps; T1,%2, Qg) =

In this representation, the nuclear effects parameterized in the deuteron momentum dis-
tribution cancel, i.e. the measurement is not biased by a theoretical normalization of the
deuteron wave function, The different theoretical predictions for G(z,) at fixed z; = 0.2
and z = 0.6 are displayed in figure 1.14.

In summary, the selection of specific kinematical conditions in the measurement of
tagged structure functions allows to distinguish between different theoretical models for
the EMC effect. As the theoretical predictions are noticeably different, this new experi-
mental insight will be valuable for understanding the origin of the EMC effect.

Scattering off Heavy Nuclei

The previous discussions concerning the benefits of a HERMES Recoil Detector have been
limited to the case of light target nuclei used for both polarized and unpolarized mea-
surements. However, the HERMES target can also be operated with a wide range of unpo-
larized heavier nuclei, whereby the corresponding densities are only limited by electron
beam life time considerations. Some of the applications of the recoil detector in scattering
off heavy targets are presented in the following.

As described in the previous section, the experimental investigation of the reaction
?H(e, e'p)X can be an effective tool to get information on the nuclear effects in the unpo-
larized structure function Fy. In [Sim:96b], an analogue approach to studying medium-—
dependent modifications in the process A(e, e'p}X for A > 2 is presented.

In the interaction of a virtual photon with a nucleon of a correlated N N pair, a recoiling
spectator particle is emitted. The detection of this particle in the HERMES Recoil detector
in coincidence with the observation of the scattered electron in the ITERMES spectrometer
again allows an event-by-event correction of the nuclear effects in the bound system.
While the two—-nucleon spectral function is not yet available for heavier nuclei in an exact
form, realistic models taking into account the features relevant for the study of the semi-
inclusive DIS process have been developed [dAS:95]. It is noted that due to center—of-
mass motion of the correlated nucleon pair, the angular distribution is enhanced in the
backward region.

An important application of the measurement of the spectator kinematics in DIS off
heavy nuclei is the verification of several models describing the EMC effect. As an exam-
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ent models of the EMC effect [MSS:97]. G¢// is normalized to the corrected neutron
structure function ratio, i.e. to & calculated with the free neutron structure function.
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ple, figure 1.15 displays the ratio of the quantity
Ra(zo, 2, stps) = dlig(ﬂ;’ Qza ps) / d{lg(a:f)} Q‘Z: Ps)

for free and medium-modified structure functions based on the process 2C{e, e'p) X.
Again, the ratio of the free to the medium-modified structure function shows a depen-
dence on z and A which is distinct for each theoretical approach. Therefore, an unprece-
dented insight into nuclear effects in DIS can be achieved with the use of recoil detection
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at HERMES .
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2 The HERMES Recoil Detector

In order to access to physics processes outlined in section 1.2, a detector has to feature
certain capabilities, i.e.

s tracking: the reconstruction of the track of the registered particle
e particle identification: as far as possible, the determination of the particle type

¢ energy / momentum reconstruction: the determination of the particles energy /
momentum.

The required detection of minimum ionizing particles (MIP) as well as low-momentum
spectator nucleons requires a large dynamic range of the read-out system. As the latter
particles cannot penetrate the beam pipe, it is necessary to mount the detector inside the
vacuum of the HERMES scattering chamber. The special conditions inside the HERMES
target vacuum vessel impose certain restrictions to the detectors design, i.e.

e size: the detector has to be compact enough to fit in between the wall of the HERMES
target chamber and the storage cell. Furthermore, the acceptance of the HERMES
spectrometer must not be obstructed.

o UHV compatibility: the detector has to be operational in an ultra high vacuum
environment. In addition, the strict requirements of the HERA vacuum department

concerning outgassing have to be met.

 radiation hardness: the detector and its read-out system have to tolerate the radia-
tion and the RF field induced by the HERA electron beam.

¢ reliability: the HERMES spectrometer and especially the vacuum chamber cannot be
accessed on a frequent basis. Therefore, the detector technology should be of proven

reliability.

Taking these boundary conditions into account, it was decided to select a Silicon Tele-
scope, i.e. a stack of Silicon detector layers, which will be mounted parallel to the HER-
MES storage cell. In the following, section 2.1 gives an overview of the concept of Silicon
strip telescopes, while section 2.2 presents the results of Monte-Carlo simulations on the
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2 The HERMES Recoil Detector

expected detector performance and the background conditions. The corresponding statis-
tical errors are shown in section 2.3. Section 2.4 eventually describes a possible design for

the HERMES Recoil Detector,

2.1 Silicon Strip Telescopes

Since many years, Silicon detectors have found widespread applications in nuclear and
high energy physics experiments. The high energy and position resolution, combined
with the increasing availability of high—quality semiconductor material, make them an
attractive choice, especially in areas with tight geometrical limits.
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Figure 2.1: Schematic shape of the energy loss S = dE/{p dx) of a charged particle in matter.

A Silicon detector can be described as a Silicon layer in which a p—n transition is estab-
lished parallel to the surface. By applying a reverse-bias voltage, the space charge region
and therefore the active detector volume is maximized. For an impacting charged parti-
cle, two observables are experimentally accessible: the position and the energy deposition.
The former is measured by dividing the detector into isolated strips on either one or, at an
angle, both sides. The position resolution is then basically given by the strip pitch, which
can be as low as several pm. As the particle passes through the Silicon layer, electron—
hole pairs are created and separated in the space charge region. The current measured in
this process is proportional to the energy deposition, which is therefore directly accessible
once a detector calibration is established. However, for many physics applications if is
necessary to determine the initial energy and the type of the observed particle.
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The mean energy loss S = dE/(pdz) of a moderately relativistic charged particle is
mainly due to jonisation and can be described by the Bethe-Bloch equation [Par:96]. While
S depends on the properties of the particle as well as of the absorbing material, the basic
shape, shown in figure 2.1 as a function of v, is conserved. For low particle energies, the
energy loss drops steeply with the initial energy and reaches a broad minimum at about
B~ = 3. Particles with energies corresponding to this minimum are usually referred to as
minimum ionizing particles (MIP). As it will be explained in the following, the behaviour
of § at low energies can be utilized in measurements with Silicon telescopes to determine
the type and initial momentum of low-energy charged particles.

E

Iayerl H 7 } AEl
E- AE,

layer 2 I 7 | AE,

E- AE,- AE,

Figure 2.2: Energy deposition of a particle passing through a Siiicon telescope.

A Silicon or AE-E telescope consists of a stack of two or more Silicon detector lay-
ers with usually different thickness. As depicted in figure 2.2, an impacting particle with
the initial energy E and an angle « relative to the detector surface will deposit the en-
ergy AF;(F, «) in the first layer, an energy AE(E — AE;, ) in the second layer and so
forth, until it is either stopped or passes the last layer of the telescope. This results in a
dependence of AE; on AE; or, in general, AE;, on AF, 11, which is characteristic for each
particle type. Therefore a particle identification for energies below minimum ionization
can be performed. In the case of a MID, it is still possible to determine the particle track.

Figure 2.3 shows the typical triangular shape of the energy deposition A Ey(E) versus
AE,(E). For low initial energies, the particle is stopped in the first layer and deposits
its full energy (bottom horizontal line). With the increase of %, the punch-through point
is reached, i.e. the particle passes the first layer and gets stopped in the second layer
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Figure 2,3: Schematic shape of the energy deposition AE>(AE;) in a Silicon telescope.

(right curve). Again, the initial energy can be easily determined as the sum of AF)(F)
and AFE,(F). At even higher energies E, both layers are penetrated, and the total energy
deposition decreases with F (left curve). In this case, the initial energy can be calculated
by inverting the dependence of the energy loss S = dE/{pdz) on E using numerical
methods.

The effective value of the energy and mass resolution of a AE-FE telescope is deter-
mined by several factors. As the energy deposition of a particle in a Silicon layer is obvi-
ously depending on the incidence angle «, which is defined relative to the normal vector
of the detector surface, an exact knowledge of « is of critical importance. Further contribu-
tions, which include energy straggling, thickness non-uniformities and electronic noise,

32




2,2 Monte Carlo Simulations

are discussed in detail in {B*:97].

2.2 Monte Carlo Simulations

In order to reach a final design for a Silicon telescope to be installed in the HERMES target
region, several detector parameters like the active area, the position, the number of lay-
ers, the layer thickness and the strip orientation and pitch have to be determined. Due
{o the large number of input parameters and physics processes to be considered in the
detector response, an analytical approach to this problem is rather cumbersome. There-
fore, extensive Monte Carlo simulations have been carried out to estimate the detector
response for various combinations of the variables mentioned above. Furthermore, the
influence of possible background sources has been investigated. Section 2.2.1 presents
some general considerations concerning the detector geometry and position, while sec-
tion 2.2.2 describes the setup and the processes considered in the simulation. The results
in terms of detector yield and background conditions are summarized in section 2.2.3.

2.2.1 General Considerations

From the physics point of view, it would be desirable to have the HERMES Recoil Detector
cover as much as possible of the area around the storage cell, i.e. to obtain a solid angle
coverage of close to 4r. Nevertheless, manpower and financing suggest to divide the
project into two stages. In the so—called Phase I, a Silicon telescope will be installed below
the storage cell, while in Phase I, additional detectors of similar design will cover the side
and top region.

For the physics processes to be accessed by the HERMES Recoil Detector, it is suffi-
cient to select a telescope with two Silicon layers. Hereby, the vertex determination is
ensured by using a double-sided read—out on each layer, i.e. the strips on each side form
an orthogonal grid and give direct information about the impact point. As the telescope
will also be used to measure low—momentum spectator nucleons, the thickness of the first
layer should be minimized to lower the punch-through energy and enable the determina-
tion of a second space point. While counters with a thickness of 60 sm are commercially
available, a thinner detector also results in a lower signal-to-noise ratio in the output.
The second layer should in principle be as thick as possible to maximize the fraction of
stopped particles. However, restrictions in the realizable dynamic range of the read-out
system make it necessary to limit the thickness to about 300 pm.

The dimensions and the position of the detector are constrained by the limited space in
the HERMES target chamber and by the need not to obstruct the acceptance of the HERMES
spectrometer. Nevertheless, it is possible to install a device with a total active area of
(350x100) mm? centred along the z—axis at a distance of Ay = 60 mm from the first layer
to the electron beam, as it is shown in figure 2.4. To ensure a sufficient angular resolution,
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Figure 2.4: Schemalic side view of the Phase | HErMES Recoil Detector,

the second layer is positioned at Ay = 75 mm, i.e. at a distance of 15 mm from the first
layer.

The parameters described in this section are used as an input for the Monte Carlo sim-
ulations to gain insight into the detector yield and to investigate possible modifications.

2.2.2 Setup and Simulated Processes

The Monte Carlo simulations of the HERMES Recoil Detector are based on the GEANT li-
brary {B*:94], which is used to describe the geometrical setup and to perform the tracking
of the generated particles!. The input geometry consists of the aluminum storage cell and
the Silicon layers, which are positioned inside the vacuum of the target chamber. To allow
for the running conditions of the longitudinally polarized HERMES target, the magnetic
target holding field of 0.35 T parallel to the z-axis is taken into account?. The z-vertex

'While GEANT is mainly used in the field of high energy physics, the infrinsic energy deposition tables are
of suitable accuracy in the low energy range to provide reliable results for the tracking of slow spectator
particles,

2As the exact specifications of a transversally polarized HERMES target and the corresponding Recoil Detec-
tor design are not established, yet, the simulations are restricted to the longitudinal and the unpolarized
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of an event is generated according to the target density distribution shown in figure 1.2,
while the x— and y-vertex are fixed to zero.

The main physics process investigated in the simulations is the generation of a spec-
tator proton in deep-inelastic scattering off a deuterium target. Due to the high energy
deposition, a spectator event features a clear signature and is easily distinguishable from
potential MIP background sources. On the other hand, current and target fragmentation
in the deep-inelastic scattering process result in the generation of charged hadrons which
potentially overlap in angle and momentum with protons from the spectator process. As
both processes are of physics interest, it is essential to consider their interference in the
Monte Carlo studies,

To achieve this, the LEPTO event generator [IER:97] is used to generate the complete
final state of the e{?H, e’}X process with the standard kinematical and acceptance cuts

used in the HHERMES experiment:

Q%> 1.0GeV? |, y<085,
40mrad < |8,] < 140mrad , [6;] < 170mrad .

In the case of an neutron scattering event, a spectator proton is added to the final state,
and the generated particles are tracked through the geometrical setup.

As discussed in section 1.2.2, the spectator model allows a factorization of the deep-
inelastic scattering and the spectator process. Therefore, the spectator proton is generated
with an isotropic angular distribution and a momentum distribution [(|ps|)|? - p? calcu-
lated from the deuteron S and I wave functions; for the latter, a parameterization based
on existing data [Kra:76] is used. Figure 2.5 summarizes the distributions utilized for the
simulation of a spectator particle in scattering off deuterium, with  and ¢ being the polar
and azimuthal angle of the generated particle.

If not stated otherwise, the simulations are based on a sample of 10® generated events.
For all particles, a common energy threshold of Ey,, = 100 keV is applied.

Besides the generation of spectator protons, several other processes have been investi-
gated using Monte Carlo techniques. These include polarized elastic scattering and pos-
sible background sources like Moller scattering and synchrotron radiation, While a sum-
mary of the results and the consequences for the HERMES Recoil Detector is presented in
the following section, a detailed description can be found in [HERMES:97b].

2.2.3 Results
Spectator Yield

One of the fundamental parameters to be determined by the Monte Carlo simulations is
the yield of spectator proton detection, i.e. the fraction of generated spectator protons

case,
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Figure 2.5: Distributions utilized to generate the spectator proton kinematics in the Monte Carlo
simuiation,

which can be detected and reconstructed with the HERMES Recoil Detector. The main
contributing factors to the yield are the storage cell wall thickness and the geometrical
acceptance of the telescope. Due to the low momentum and therefore high energy de-
position of the spectator particles, it is worthwhile to attempt the reconstruction of events
which feature only one detector signal, i.e. in which the particle gets stuck in the first layer
and the incident angle is determined by using the HERMES z-vertex. In the following, the
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inclusion of this case will be identified as a single hit. For the additional requirement of the
particle traversing the top layer and depositing energy in the second layer (double hit), the
yield is further determined by the thickness of the first layer.

| Geometry | A|B]C|[D]
thickness first layer [pm] 100 | 100 } 60 | 60
thickness second layer [pzm] 300 | 300 | 300 { 300
thickness storage cell wall [um] { 75 | 50 | 75 | 50

Table 2.1: Geometrical setups used in the Monta Carlo simulations.

As the position and active area of the telescope are largely fixed by the spacial con-
straints in the target vessel (see section 2.2.1), the remaining free parameters are the thick-
ness of the first layer and the storage cell wall. The simulations focus on four realizable
geometrical setups for Phase 1, which are described in table 2.1.

Firstly, the Recoil Detector response to pure spectator protons shall be addressed. Fig-
ure 2.6 shows the initial spectator momentum for all generated events in comparison to
single hits and double hits in the Recoil Detector as simulated for geometry A, It can be
seen that the absorption in the storage cell wall with a thickness of 75 pm iniroduces a
momentum threshold of about® 75 MeV /c for particles reaching the first layer of the tele-
scope. The further energy loss in the first layer results in an increased threshold for double
hits of about 90 MeV /c.

By integrating the number of single hits over an initial momentum range which is
clearly above the single hit threshold, and by normalizing the result to the number of gen-
erated events in this range, the geometrical acceptance of the Phase I Recoil Detector can
be calculated to 19.5% of 4=, This allows to define the fotal yield as the yield resulting
from particle absorption and geometrical acceptance, while the momentum yield solely de-
scribes the accessible fraction of the momentum distribution. With the knowledge of the
momentum yield, the acquirable number of events can easily be scaled with an increase
in geometrical acceptance, e.g. for a Phase II Recoil Detector.

The yields determined for the different geometrical setups and normalized to the total
number of generated spectator protons® are summarized in table 2.2. It can be concluded
that the single hit yield shows a moderate increase with the use of a 50 pm storage cell,
while the double hit yield profits more from a 60 ym first layer than from a thinner cell
wall,

The z—vertex and the angular distribution for single hit spectator events with geometry

3As the threshold depends on the incidence angle of the particle, an exact value cannot be specified.
*While no detailed design for a Phase II Recoil Detector exists as yet, an increase by a factor of 3.4 in geo-

metrical acceptance can be estimated.
*In scattering off ’H, this corresponds to approximately half the number of DIS events,
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Figure 2.6: Initial momentum for detected pure spectator events {Geometry A).

Top: All generated events.
Middle: Single hits in the Recoll Detector,
Bottom: Double hits in the Recoil Detector,

A is shown in figure 2.7, The deviations from the input distributions (see figure 2.5) can
be explained by the limits in # and ¢ resulting from the detector geometry. If not stated
otherwise, all following calculations are based on the geometry A of the HERMES Recoil
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2.2 Monte Carlo Simulations

[ Geometry [A[B[C]| D]
Single hit total yield [%] 78 191 |78 |91
Double hit total yield [%] 46 | 5.0 | 53 | 58
Single hit momentum yield [%] | 40.1 | 46.8 | 40.1 | 46.8
Double hit momentum yield [%] | 23.6 | 25.7 | 27.2 | 29.8

Table 2.2: Spectator proton yield normalized to the number of generated spectator protons for the
investigated geomelry setups.

Detector.

Given the angular distribution shown in figure 2.7, the spectrum of the light cone
momentum fraction z, for the detected spectator protons, which is shown in figure 2.8, can
easily be derived. As expected, most events occur at z; = 1, while the distribution drops
steeply in the physically interesting regions of [2s — 1| > 0.2. The kinematical condition
corresponding to 7, = 1.2 is satisfied by 9.3 % of the events, whereas Z; = 1.4 is only met
by 0.9 % of the sample. These values indicate that a significant measurement requires a

high integrated luminosity.

Fragmentation Products

As mentioned in section 2,2.2, the angular and momentum range of the fragmentation
products from the deep-inelastic scattering process partly overlaps with that of the specta-
tor protons. Due to the lack of experimental data in the low—energy domain, the available
Monte Carlo generators may not deliver an exact prediction, but rather a coarse estimate
of the conditions to be expected. As an aside, it is remarked that by sampling data e.g.
in scattering off 'H, the HERMES Recoil Detector will deliver a new experimental insight
into the angular and momentum distribution of low-energy fragmentation products.

In the simulation of the e(*H,e')X process, the bulk of the fragmentation particles
depositing energy in the first layer of the geometry A Recoil Detector consist of either
charged pions (85 %) or protons (15 %). To determine in how far these may dilute the
detection of low-momentum spectator protons, a modest energy deposition threshold of
AEBy, 1 = 150 keV is introduced to remove minimum ionization particles(’, resulting in
in a ratio of about 50 % charged pions and 50 % protons, Accounting for the different
detector thickness, a threshold of A By, , = 450 keV is applied to the bottom layer when
considering double hits. The proportion of protons is in this case increased to about 70 Y.

The momentum distribution of the fragmentation particles detected in the Recoil De-
tector is displayed in figure 2.9 for the case of single and double hits. As the spectra of

6The minimum ionization energy deposition in 100 um of Silicon is AExp & 40 keV and scales with
1/ cos a of the incidence angle.
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Figure 2.7: z—vertex and angular distributions for single hit spectator events (Geometry A).

pions and protons are superimposed, a minimum is observed at &~ 200 MeV/c. With
the above-mentioned MIP cuts, a single hit event is observed for about 3.4 % of the DIS
events, while double hits occur in only 1.1 % of the cases.

The mean multiplicity of the fragmentation products in the full active area is 1.35 for
single hits and 1.29 for double hits. Given the fact that each telescope layer will be com-
posed of several small modules (see section 2.4), the particle track reconstruction is there-
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Figure 2.8; Light cone momentum fraction z, for single hits in the geometry A Recoil Detector. A
MIP cut is applied.

fore ensured. The dilution of a single hit spectator proton event, i.e. the case in which
a fragmentation particle deposits a higher energy in the telescope than the synchronous
spectator proton, occurs in only 0.4 % of the DIS events and is therefore negligible. On the
other hand, when considering the total number of e(*H, ¢'p) X events which pass the MIP
cuts, 46.8 % of the single hits and 32.2 % of the double hits originate from fragmentation
products and not from a spectator proton. While a doubling of the thresholds, which has
only a minor effect on the number of detected spectator protons, reduces these fractions
to 21.3 % and 12.2 %, it will be shown that several other methods exist to ensure a clean
spectator proton signature.

Unlike the isotropic distribution of the spectator protons, the angular spectrum of the
fragmentation products shows a clear boost to the forward direction, which is also no-
ticeable in the z—vertex distribution of the detected particles. As illustrated in figure 210,
almost all events recorded by the Recoil Detector originate from the z < 0 cm region, with
polar angles of § < 90°. In the kinematic range in which energy deposition and PID cuts
(see next section) are insufficient to distinguish spectator and fragmentation events, it is
therefore possible to apply a further cut on the scattering angle.

Energy Deposition and Angular Resolution

The path length of a particle traversing a Silicon layer depends on the inverted cosine of
the incident angle a, which is defined as the angle relative to the normal vector of the
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Figure 2.9: Momentum distribution for detected fragmentation events (Geometry A). An energy
deposition threshold of AEy, . = 150 keV for the first layer and AFBy;,,. » = 450 keV for
the second layer is applied.

detector surface and relates to the common scattering angles # and ¢ as
cosq = —sinf - sin ¢ .

To reach a straightforward dependency between the measured impact coordinates and
the incident angle, it proves convenient (see section 4.3.3) to use the projected polar angle
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Figure 2.10: z—vertex and angular distribution for detected single hit fragmentation events (Geom-

eiry A). An energy deposition threshold of AE, ¢ = 150 keV for the first layer is
applied.

O¢yz) 1= arctan{Ay/Az), resulting in the relation

tana = \/ta11_2 Oyzy + tan2 ¢ . (2.1)

Asit has been pointed out in section 2.1, a reliable initial energy determination and particle
identification highly depends on an exact knowledge of the incident angle c.
This can be illustrated by means of figure 2.11, which shows the correlation between

43



2 The HERMES Recoil Detector

AE, , [MeV]
@

6
4
2
0 o W o ———— e
C ] T T R I TR SRR MR R S N | TSR SN WA DU NN SUNEE T
0 2 4 6 8 10
spectator energy deposition AE g, [MeV]

Figure 2,11: Correlation of the energy depositions in the top and the bottom layer of the geometry
A Recoil Detector for pure spectator proton events. The z—axis features a logarithmic

scale.
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Figure 2.12: Incident angle « in the geomelry A Recoil Detector for pure spectator proton evenis

with a single hit cut,

the energy depositions in the top and the bottom layer of the geometry A Recoil Detector
for pure spectator proton events. While the basic triangular shape can be recognized, the
deposition values are smeared due to the wide range of incident angles, as seen from the

44



2.2 Monte Carlo Simulations

_i;ii:ﬁ

o
Il]llll[lillllllllill

PR (N T R T AN SN S SN DU T SHN SN NN TN TN SN R SR R

0 2 4 6 8 10
corrected spectator energy deposition AE,q, [MeV]

top

Figure 2,13: Correlation of the energy depositions corrected with the factor cos{0.79 - &) in the top
and the bottom layer of the geometry A Recoil Detector for pure spectator proton
evenis. The z—axis features a logarithmic scale, and a double hit cut is applied.

distribution in figure 2.12. To distinguish between the deposition triangles of different par-
ticle types, it is essential to correct the energy deposition to a value which is independent
of a.

However, the energy loss of slow protons does not scale with the path length and an
analytical energy reconstruction can only be applied with the knowledge of the particle
type. Nevertheless, the desired unsmearing can be achieved by multiplying the energy
deposition with an empiric factor [Ste:98a} of cos{0.79 - ), which results in the corrected
correlation plot shown in figure 2.13. This technique therefore allows a separation of par-
ticle types and a direct comparison of the energy deposition with theoretical predictions
irrespective of the underlying angular spectrum.

Asnone of the forseen physics applications of the HERMES Recoil Detector impose any
severe restrictions on the angular resolution, the required accuracy and the resulting strip
pitch is determined by the particle identification needs. Due to the geometrically limited
range in the azimuthal angle ¢ (see figure 2.7), the angular resolution is predominantly
given by the vertical distance d between the layers and the polar angle resolution d,
which is related to the z-resolution dz by

dz = (1 + tan"? 9) -dg.

To be able to distinguish protons and deuterons in the telescope, the factor cos(0.79 - )
has to be known to better than 2 %. This results in a required strip pitch of 0.25 mm for
the z—direction, while for the z—direction 1.00 mm is sufficient.
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Figure 2.14: Correlation of the energy depositions in the top and the bottom layer of the geometry
A Recoil Detector for fragmentation particles. The 2—axis features a logarithmic scale.

The energy deposition distributions derived from the simulations can further be used
to investigate possible ways of separating fragmentation products and spectator protons.
As shown in figure 2.14, due to the higher initial momenta the energy loss induced by
fragmentation particles is considerably lower in comparison to that resulting from specta-
tor protons.

In order to determine in how far energy deposition cuts can effect a clear signature
of spectator events, two cases have to be considered. For a double hit complying with
the MIP cuts, the energy depositions in each layer resulting from spectator protons and
fragmentation products are shown in figure 2.15. It can be seen that the overlap of the two
contributions is rather small and that an increase in the energy deposition threshold leads
to a satisfactory separation without markedly affecting the detection yield of the spectator
process.

In the case of pure single hits, i.e. of particles stopped in the first layer, the energy
deposition is depicted in figure 2.16. Here, the separation is even easier to achieve, as the
considered spectator particles correspond to the lower part of the momentum spectrum.
The energy deposition basically only starts” at a value of AE = 800 keV, while the bulk of
the fragmentation energy deposition is clearly below this threshold. It is therefore reason-
able to assume that also pure single hits can be included in the Recoil Detector analysis.

For the analysis of the HERMES Recoil Detector data, naturally a combination of the

"The energy deposition values of less than AF = 800 keV correspond to particles traversing the first but not
hitting the second layer for acceptance reasons. This effect can easily be averted by a ¢ cut.
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Figure 2.15: Energy depositions in top and bottom layer for double hits resulting from fragmentation
products (solid curve) and spectator protons (dashed curve). A MiP cutis applied.

above-mentioned energy deposition, angular and PID cuts will be applied. The simula-
tion of fragmentation products in the relevant energy range may only give an indication
of the expected conditions, and the determination of exact values for different combina-
tions of cuts is therefore inappropriate. As measurements with the Recoil Detector will be
carried out both with 'H and heavier targets, a comparison of the resulting momentum
and angular distributions will give direct experimental evidence of both the spectator and
the fragmentation process.
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Figure 2,16: Energy depositions in top layer for single hits resulting from fragmentation products
(solid curve) and spectator protons (dashed curve), A MIP cut is applied.

Background

Given the close proximity of the Recoil Detector to the TIERA electron beam, the influ-
ence of potential background sources on the operation of the detector has been studied
[HERMES:97b]. Hereby, Meller scattering off the atomic electrons in the target gas is ex-
pected to be the dominant contribution. The results presented in the following are based
on a beam current of 40 mA and a target density of 1 10'® em~2,

The total rate of Maller electrons in the acceptance of the geometry A Recoil Detector
amounts to ~ 23 MHz and reduces to &~ 9 MHz after the application of a 20 keV threshold.
When considering the maximum rate per detector strip, a strong dependence on the em-
ployed threshold is observed. While a 20 keV threshold corresponds to a value of = 5 kHz
per strip, this rate drops to less than 100 Hz once a 100 keV threshold is applied. From
this, an average occupancy of ~ 0.1 % for each Silicon plane can be estimated, which is
not critical for the Recoil Detector operation. It is noted that the presence of a longitudi-
nal holding field in the target deviates the slow Meeller electrons, thereby reducing the
incident rate by more than a factor of 100.

As the Recoil Detector is protected from direct synchrotron radiation by two movable
collimators upstream of the HERMES storage cell, only double scattered photons can reach
the detector acceptance. The resulting total rate is estimated to &~ 1 MHz and will for the
most part be removed by a 100 keV threshold in the first Silicon layer. It is therefore
concluded that the expected background causes no operational problems for the HERMES
Recoil Detector.
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2.3 Expected Statistical Uncertainties

As mentioned in section 1.1.2, the typical target density used in the HERMES experiment
is about an order of magnitude higher for the case of unpolarized operation as compared
to polarized running. While the spectator tagging measurements can of course also be
carried out with a polarized target, it is sensible to use the unpolarized target density
as a basis for predictions of the achievable statistical uncertainty. To account for factors
like detector efficiencies and acceptance effects at HHERMES , the calculations are based
on previous HERMES data [Vin:96] and scaled to the desired integrated luminosity. Ina
conservative approach, the single hit spectator yield of 7.8 % for the current target setup
with a storage cell wall thickness of 75 pm is used as an input.

[ 2—bin [ 6FF [%] (400 pb 1) |

0.125 0.37
0.175 0.45
0.235 0.47
0.310 0.59
0.400 0.81
0.525 1.29
0.645 3.74

Table 2.3: Estimated statistical errors on FF for an unpolarized 2H target assuming a tagging effi-
ciency of 7.8 %.

Table 2.3 shows the estimated statistical errors on the measurement of the tagged neu-
tron structure function F§ for different z-bins. The values have been scaled to an inte-
grated luminosity of 400 pb~!, which corresponds to approximately four weeks of con-
tinuous data taking under the assumption of a 2H target density of 1 10'* cm™ and an
average beam current of 20 mA®. A similar estimate is presented in table 2.4, which gives
the predicted statistical errors in FJ* for the kinematical condition of Z; = 1.2, as needed
for the separation of the different theoretical models of the EMC effect in 2H.

For both cases, it can be observed that the statistical uncertainties in the high—w re-
gion for an integrated luminosity of 400 pb~! are barely sufficient to significantly distin-
guish between the different theorefical predictions discussed in section 1.2.2. This problem
could either be overcome by a dedicated data taking time with a high-density unpolarized
target, by an increase in the tagging efficiency resulting from a thinner storage cell wall or,
naturally, by the installation of a Phase I Recoil Detector. As an aside, it is mentioned that
the fraction of detected high-z; events could be increased by putting the detectors active

A comparable integrated luminosity has been reached in the 2000 running period by increasing the target
density towards the end of a HERA electron fill.
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[2bin [ 6F %] (400 pb 1) |

0.310 1.93
0.400 2.67
0.525 424
0.645 12.27

Table 2.4: Estimated statistical errors on #J under the kinematical condition of 2, = 1.2 for an
unpolarized ?H target, assuming a tagging efficiency of 7.8 %.

area closer to the storage cell in the # < 0 cm region.

2.4 Conceptual Design of the HERMES Recoil Detector

The following sections present an overview of the design specifications for a Phase I HER-
MES Recoil Detector. A full write-up on this subject can be found in [HERMES:97b), while

a summary has been published in [vB¥:98].

2.4.1 Geometry

The overall dimensions of the active area of the Phase I HERMES Recoil Detector have been
discussed in detail in section 2.2; the relevant parameters are summarized in table 2.5.
Each layer consists of 14 individual detector modules with an active area of (50 % 50) mm?

Total length 350 mm
Total width 100 mm
Position in -z plane centred rel. to (0,0)
Position in y (top layer) -60 mm
Position in i (bottom layer) -75 mm
Thickness (top layer) 100 ppm
Thickness (bottom layer) 300 pm

Strip pitch in z 250 pm

Strip pitchinz 1 mm

Table 2.5: Geometry parameters of the Phase | HErMES Recoil Detector in the HERMES coordinate
system.

each, Figure 2.17 shows the Silicon telescope mounted underneath the HERMES storage
cell. The perspective faces the target vacuum chamber flange, i.e. the view is against the
beam direction.
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Figure 2.17: Conceptual design of the HERMES Recoil Detector. The two layers of Silicon are
shown underneath the HERMES storage cell.

2.4.2 Readout

The subdivision of the Recoil Detector into 28 modules and the strip pitch of 250 pum in
the z— and 1 mm in the z—direction result in a total of 7000 analogue signals that have
to be read out and digitized. In order to reduce noise contributions and to minimize the
amount of signal wires to be routed out of the target chamber, it is essential to mount part
of the readout electronics close to the strips themselves. Therefore, the readout system
will consist of a basic front—end chip and output driver inside the target chamber, while
control and signal digitization take place outside of the vacuum environment.

As the Recoil Detector will be used for the detection of both minimum ionizing and
slow spectator particles, a wide range of energy depositions is encountered. Thus, the
dynamic range required of the readout system must be considerably higher than a factor
of 100 to be able to process all kinds of possible signal heights. As readout of an event is
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2 The HERMES Recoil Detector

initiated by an external HHERMES trigger, the system further has to be capable of handling
the typical HERMES trigger rates of ~ 250 Hz.

A detailed design of a readout system satisfying these requirements is described in
[HERMES:97b], However, some alterations may be necessary, as the concept is based on
the use of the APC-64 front-end chip, of which recent tests (see section 4.1) indicate that
it does not provide the necessary radiation hardness.

2.4.3 Mechanics

As the HERMES Recoil Detector and part of the readout electronics will be positioned in-
side the vacuum of the target chamber and in close proximity to the HERA electron beam,
the mechanical design has to account for outgassing, beam-induced RF fields, radiation
and cooling. In the following, a summary of design options considering these constraints
is presented.

The high vacuum environment in the HERMES target area is usually at a level of
10~7 mbar for polarized gases and 105 mbar for the unpolarized case. As outgassing
of the various components of the HERMES Recoil Detector must not degrade these lev-
els, two possible options can be considered: the construction of a separate vacuum hous-
ing for the detector, or a direct placement inside the vacuum environment. While the
former option would also ensure an effective RF shielding, it has the major drawback
of increasing the momentum threshold for the detection of spectator particles. By using
low-outgassing materials like ceramic carrier boards and Kapton—coated signal wires, an
unshielded mounting can be realized, while a thin wire mesh provides protection against
RF effects.

Concerning radiation damage, the integrated total dose for the 1996 running period at
a comparable position has been measured to = 5 krad, while the neutron flux is estimated
to the order of 7 - 101 em=2, Both values are well below the critical levels for Silicon
counters, and no major degradation is expected.

The readout electronics inside the vacuum will produce a considerable amount of heat,
which, depending on the employed readout chip, is in the order of 50 W. As it is also ad-
vantageous to operate the Silicon counters at low temperatures for reasons of radiation
damage, the installation of a cooling system is essential. Again, a detailed design based
on the use of Peltier elements is presented in [HERMES:97b]. The principal feasibility of
operating a Silicon telescope under the above-mentioned boundary conditions has been
proven by the installation of a small test device, which is described in the following chap-

ters.
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3 The HERMES Silicon Test Counter

As outlined in the previous chapter, the successful operation of a Silicon telescope in the
HERMES target region is, while rewarding from the physics point of view, a challenging
task. The feasibility of meeting the design stipulations imposed by the vacuum environ-
ment and the proximity to the HERA electron beam has to be demonstrated and the pro-
posed measurements require a proof of principle. Therefore, a Silicon Test Counter (STC)
featuring the full functionality of the HERMES Recoil Detector was installed in early 1998
and has been operated during several months of HERMES data taking. The concept and
design of this detector is presented in section 3.1, while section 3.2 summarizes the results
of a series of tests carried out using the tandem accelerator at the University of Erlangen.
The expected performance of the STC in the HERMES environment, as estimated by means
of Monte Carlo simulations, is discussed in section 3.3.

3.1 Concept and Design

3.1.1 Geometry

The aim of installing the Silicon Test Counter is to prove the feasibility of operating a
HERMES Recoil Detector as described in chapter 2. Therefore, a comparable range of in-
cident momenta and angles have to be covered by the STC acceptance, and the telescope
parameters have to ensure a similar detector response.

Due to the HERMES target density distribution, the STC will be centred to the 2 and
2—axis. In accordance with the Recoil Detector design, the active area of the STC is posi-
tioned underneath the HERMES storage cell and arranged in two levels at y = —60 mm
and y = —75 mm, which allows particle identification as well as momentum and vertex
reconstruction, While for the upper layer only one Silicon module is used, the lower layer
consists of two adjacent wafers with different thicknesses, which are aligned along the z
axis symmetrical to z = 0 mm. This allows to study the correlation of the energy deposi-
tions for two different module combinations and, by arranging the thicker layer at higher
z, results in a higher energy deposition for the minimum ionizing particles occurring at
smaller scattering angles 6.

Partly determined by commercial availability, the three Silicon wafers used for the STC
each have an octagonal shape with a kerb distance of 64 mm. Two equal modules with a
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3 The HERMES Silicon Test Counter

storage
cell N
..................................................................... P. ebealn
layer 1 —
g AN
layer 2 (backward) layer 2 (forward)
1 I ] »
-20 0 20 z[cm]

Figure 3.1: Schemalic side view of the Silicon Test Counter.

thickness of 135 zm are used as the top layer and the backward—facing half of the bottom
layer, while the forward—facing bottom layer has a thickness of 306 pm. All modules
feature double-sided readout with orthogonal strips and a strip pitch of 1 mm. Hereby,
the ohmic side determines the z— and the junction side the z—coordinate of a traversing
particle, Table 3.1 summarizes the geometry parameters of the Silicon Test Counter, while
figure 3.1 shows a side view of the active area relative to the HERMES storage cell.

3.1.2 Readout

Given by the dimensions and strip pitch of the Silicon Test Counter, a total of 384 analogue
signals have to be processed and incorporated into the HERMES data acquisition. To en-
sure a short construction phase, the readout system is based on the use of the APC-64
front-end chip [FIP:93], which is already utilized in the HERMES vertex chambers. While
these chips are mounted close to the Silicon layers inside the vacuum environment, it is
possible to place the control logic and the digitizing electronics outside of the HERMES tar-
get vessel. One STC module features 128 strips, whereby one APC corresponding to each
the ohmic and the junction side is needed for the readout of a Silicon layer. Therefore, a
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3.1 Concept and Design

Total width 64 mm
Total length (top layer) 64 mm
Total length (bottom layer) 128 mm
Position in ¢—z plane centred rel. to (0, 0)
Position in y (top layer) -60 mm
Position in y {bottom layer) -75 mm
Thickness (top layer) 135 pm
Thickness {bottom layer backward) 135 pm
Thickness (bottom layer forward) 306 pm
Strip pitch in z 1 mm
Strip pitch in z 1 mm

Table 3.1: Geomelry parameters of the Silicon Test Counter in the HERMES coordinate system.

total of six AP chips are utilized in the STC.

The APC stores 64 analogue signals in a circular pipeline, which can be read out via a
serial connection upon reception of an external trigger. The gain of the chip is adjustable
over a range of & 4.5 by two internal capacitors, which are, among other parameters, set
by an external APC controller. Even though the dynamic range of =~ 100 is lower than
required, at the lowest gain setting only a small fraction of the slow spectator protons will
deposit an energy in the thick counter that corresponds to an overflow, and the recon-
structibility of these events is still ensured.

As the readout system features no direct analogue output, the STC has to be triggered
by an independent signal indicating a physics event. Depending on the physics process
considered, this signal will be provided by one of the available HERMES triggers. In order
to test the analogue response of the chip and to ensure a correct timing, the APC features
a test pulse input, which is used to synchronize the STC events with the events in the
HERMES spectrometer and to adjust the signal shaping parameters.

Once an event is triggered, the analogue pulses in the pipeline are shaped and then
sent as a balanced signal from the APC to the HERMES data acquisition, Here, two CAEN
V676 analogue-digital converters provide the signal digitization, whereby three 10-bit
signals are stored in one 32-bit word. Given the sensitivity of 4 mV /channel for the ADCs,
the APC parameters and the capacity of the Silicon wafers, the total theoretical sensitivity
of the read-out system, i.e. the energy deposition per ADC channel, can be calculated
[Ste:98b]. The results for the minimum and maximum gain settings of the APC are shown
in table 3.2!. As the minimum ionization energy deposition of ~ 50 keV in the thin counter
corresponds to an ADC signal of only two channels for the minimum gain, a measurement

'Due to the different capacitance of the thin and the thick counters, the corresponding sensitivities differ as
well.
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3 The HERMES Silicon Test Counter

of MIPs and spectator protons with the same gain setting will hardly be feasible.

[ gain setting [ thin counter | thick counter |

minimum 29.3 keV/ch. | 24.5 keV /ch.
maximum 6.3 keV/ch. | 52keV/ch.

Table 3.2: Calculated sensitivity of the STC readout system for for the minimum and maximum gain
settings of the APC,

3.1.3 Mechanics

As discussed in section 3.1.1, the Silicon Test Counter consists of three separate detector
modules. Hereby, each module incorporates the octagonal Silicon wafer, which is glued
to a carrier board housing the front-end electronics for both sides of the detector. To
minimize outgassing, a Kapton-coated copper plane is used for the carrier board. The
layout of a complete module is displayed in figure 3.2.

152.4 mm

Y

1
I
! 64.0 mm
|

1
\

Silicon

APC

/

102.0 mm

Figure 3.2: Layout of a single STC module, consisting of the carrier board with the front-end elec-
tronics and the Silicon wafer,
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3.2 Detector 'lests

The readout electronics required for the STC data processing inside the vacuum area
produce a total heat power of about 2.5 W. While this amount of heat could easily be
dissipated using the storage cell cooling system, it is preferable for safety reasons to have
an independent way of controlling the STC temperature. This is achieved by a set of
Peltier elements, which are positioned outside of the target area vacuum and are thermally
connected to the STC via a copper bar. The temperature at several positions on the carrier
boards is monitored using UHV-compatible sensors.

The three modules are mounted inside a metal housing and aligned according to the
specifications given in table 3.1. The part of the casing lid corresponding to the geomet-
rical acceptance of the detector features an opening window covered by a thin copper
mesh, thereby providing for an effective RF shielding. To avoid an obstruction of the
HERMES spectrometer acceptance, the forward—facing part of the lid is slightly tilted. Us-
ing Kapton—coated twisted—pair wires, the counters analogue and control signals are lead
to a vacuum feed—through. The design of the STC housing and the alignment of the mod-
ules inside is illustrated in figure 3.3. The fully assembled system is attached to the bottom
of the HERMES target chamber underneath the storage cell.

3.2 Detector Tests

In order to demonstrate the functionality of the STC modules and the cooling system, a
series of tests was carried out using a proton beam provided by the tandem accelerator at
the University of Erlangen. The performed measurements included the calibration of the
single modules, the study of incident angle effects and of energy deposition correlations
between two modules. In this section, a short summary of the setup and the results is
presented, while a detailed description can be found in {Wie:98].

3.2.1 Setup

The tandem accelerator at the University of Erlangen provides a proton beam with a high
energy resolution in the energy range of about 4 MeV to 11 MeV. Using a series of apertures
and quadrupole lenses, the beam current can be reduced to values of a few fA, while the
beam diameter is in the order of 0.5 mm. For the STC tests, it was therefore possible to
guide the beam directly onto the Silicon layers without the risk of radiation damage. A
set of two dipole magnets allowed to vary the beam position in the horizontal and vertical
direction, thereby scanning different detector strip combinations without changing the
module positions, Figure 3.4 shows a schematic diagram illustrating the test experiment
setup.

The Silicon modules were attached to the rotatable lid of a scattering chamber at the
end of the proton beam line, which was evacuated to a pressure of about 107% mbar. To
the side of the chamber, a Peltier cooling system identical to the one used at HERMES was
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3 The HERMES Silicon Test Counter

Figure 3.3: Design of the STC housing. The top part of the picture shows the lid with the opening
window, while the bottom part displays the position of the modules. The bunched signal
wires and the copper bar used for the heat transfer are also depicted.

attached, while the heat transport was realized using copper lace. Furthermore, the signal
cables and the vacuum feed-throughs were of the final STC design.

Concerning the readout electronics, a different type of ADC as compared to the in-
tended HERMES design had to be used. Also, as the STC modules have no self-triggering
capability, a separate trigger detector had to be installed in the downstream area of the
scattering chamber, thereby restricting the measurements to the case of particles travers-
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3.2 Detector Tests

Quadrupole Apertures Steering  Scattering
Magnets  Chamber

STC Trigger
Module Detéclor

Figure 3.4; Schematic diagram of the test experiment setup (side view).

ing the Silicon layer. For reasons of vacuum compatibility and energy resolution, a further
Silicon counter was chosen for this purpose.

The operation parameters of the STC modules were comparable to those encountered
in the HERMES environment. The bias voltages corresponded to a full depletion of the
detector, and the temperatures were in the range of 5-10 °C. Due to the high energy de-
positions expected in the available proton energy range, the measurements were carried
out at the minimum gain setting of the APC. As the front-end chips of one of the thin
modules malfunctioned, the measurements were carried out with one 135 gm-module

and one 306 pm module.

3.2.2 Results
Calibration and Energy Deposition

With the knowledge of the incident proton energy and angle, the theoretical energy de-
position in a Silicon counter can be derived from parametrizations [BT:67], and an energy
deposition calibration can be performed. Figure 3.5 shows the correlation between the
calculated energy deposition and the detector response in ADC channels as measured for
a detector of 135 pm thickness®, The observed linear dependence allows a determination
of the average calibration factor to better than 2.5 % for the thin and 1.9 % for the thick
module. As a result, it is found that the sensitivity of the ohmic side of a detector layer
is only 90 % with respect to that of the junction side. This effect can be explained by the
different recombination probabilities of holes and electrons in the Silicon wafer.

The measurement of the energy deposition correlation between a thin and a thick de-
tector module is displayed in figure 3.6 in comparison to the theoretical prediction. As the
experimental setup requires an external trigger, only the energy range corresponding to a
particle traversing both layers can be investigated. While the data in the left plot are based
on the assumption of fully activated detector layers, the right plot is corrected for passiva-
tion on the detector surfaces. By incorporating a passivated layer thickness of about 4 ym,
a good agreement between measurement and theory can be achieved.

2Due to the use of different readout electronics, the calibration constants differ from those given in table 3.2
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Figure 3.5: Energy deposition calibration as measured for a fixed impact position in a detector of
135 pm thickness [Wie:88]. The two different strip numbers correspond to the position

on the ohmic and the junction side.
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Figure 3.6: Correlation of the energy depositions in a thin and a thick module {Wie:98]. Whiie the
left piot assumes a fully activated layer, the right plot is corrected for passivation on the
detector surfaces.

Noise and Resolution

In {Ste:98b], a detailed analysis of the noise conditions encountered at the test experiment
in Erlangen is presented. Using the calibration constants derived in [Wie:98], the contribu-
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3.3 Monte Carlo Simulations

tions to the total noise in keV are shown in table 3.3. In general, the total measured noise
is in the order of 20 keV and predominantly uncorrelated.

[ thickness [jzm] ” side ] oot [keV] | Cuncorr 1keV] ] Ocorr [ KEV] f

306 junction 20.9 19.3 7.8
306 ohmic 19.6 17.7 8.4
135 junction 26.2 21.0 15.5
135 ohmic 24.2 22.5 8.8

Table 3.3: Summary of the noise measurements at the test experiment. oy, denotes the toial
width of the baseline, wWhile guncorr 8Nd oeorr Specify the uncorrelated and correlated

contributions.

Besides the noise contribution, the uncertainty in the relation between the energy
deposition and the resulting ADC signal depends on a multitude of factors, which in-
clude energy straggling, detector resolution, angular uncertainty and thickness variations.
While a detailed study of these contributions is presented in section 4,3.3, it can be stated
that the signal width introduced by energy straggling alone dominates at roughly 80 keV
for the thick and 35 keV for the thin counter against the noise levels given in table 3.3.

3.3 Monte Carlo Simulations

In analogy to the studies presented in section 2.2, the expected detector response of the
Silicon Test Counter in the HERMES environment has been investigated using Monte Carlo
techniques. The incorporated input consists of the storage cell with a wall thickness of
75 ppm and the detector geometry discussed in section 3.1.1.

3.3.1 Spectator Yield

In the case of the STC, the events observed in the detector can be divided into three cat-
egories. Concerning hits in both horizontal layers of the counter (double hits), a signal
in the top module can either be combined with a signal in the forward-facing thick mod-
ule, or with a signal in the backward—facing thin module. While the yield for isotropic
spectator particles should for symmetry reasons be the same in both cases, the number of
detected fragmentation products and the energy deposition correlations are expected to
differ. The third case of single hits is more difficult to approach, as the acceptance in the
bottom layer is rather small, i.e. a straightforward distinction between a particle getting
stuck in the top layer and a particle passing the top, but missing the bottom layer is not
possible. Nevertheless, by using the IIERMES z-vertex as an additional input information,
a reconstruction of single hit events can be attempted.

61



3 The HERMES Silicon Test Counter

Entries 1000000

| I - [ 1 1 11 l | | I | I I | i 1.1 1 19 I § 1 3.1 I 11 11 I 1111 I L1t I | [ 2 |
0 50 100 150 200 250 300 350 400 450 50
p [MeV/c]

initial spectator momentum (all events)

z
102 |
10

1 Il!IIliII’II||!llll!l!l|||||f'|il!illi MLIA[.
0 50 100 150 200 250 300 350 400 450 500
initial spectator momentum (single hits) p [MeV/c]
102
10

P “M“ |J||f':

0 50 100 150 200 250 300 350 400 450 500
p [MeV/c]

initial spectator momentum (double hits)

Figure 3.7: Initial momentum for detected pure spectator events in the STC.
Top: All generated events,
Middle: Single hits.
Bottom: Double hits.

For the case of pure spectator protons, the initial momentum spectra of the events
reconstructible with the STC is shown in figure 3.7. The momentum threshold for single
hits is & 75 MeV /¢ and increases to ~ 100 MeV/c for double hits. In comparison to the
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values obtained for the full Recoil Detector (see table 2.2), the single hit threshold, which
only depends on the storage cell wall thickness, is obviously unchanged, while the double
hit threshold is increased by = 10 MeV /¢ due to the different thickness of the top layer.

The geometrical acceptance of the STC is determined to 3.1 % of 4 for the single hit
case and 2.3 % of 4x for double hits. However, as mentioned above a reconstruction of
the single hit events can only be achieved if the regarded event is also in the double hit
acceptance. This has to be taken into account when calculating the spectator yields of the
STC, which are summarized in table 3.4.

Single hit total yield [%] 1.1
Double hit total yield [%)] 0.6
Single hit momentum yield [%] | 40.1
Double hit momentum yield [%] | 28.6

Table 3.4: Spectator proton yield normalized on the number of generated spectator protons for of
STC.

The z-vertex and the angular distributions for detected spectator double hits in the
STC are displayed in figure 3.8. The wide range of incidence angles covered allows to
prove the reconstructibility of events under conditions which are similar to those encoun-
tered with the full HERMES Recoil Detector.

3.3.2 Fragmentation Products

Due to the forward—facing angular distribution of the fragmentation products in the DIS
process, the corresponding double hit events in the STC are expected to be largely re-
stricted to the combination of a signal in the top module and the thick bottom module.
The resulting angular spectrum for the two possible combinations after the introduction
of a MIP cut of AEy,, = 200 keV for the thin counters and AFyy,, = 450 keV for the thick
counter is shown in figure 3.9.

In the forward—facing module combination, 40 % of the events passing the MIP thresh-
old in deep-inelastic scattering off ?H originate from fragmentation particles, while in
the backward—facing combination, this fraction is reduced to less than 18 %. The STC is
therefore a suitable device to study the separation of the spectator and the fragmentation

process.

3.3.3 Energy Deposition

The two possible double hit combinations further allow the investigation of different en-
ergy deposition correlations and their effect on the achievable energy resolution. Fig-
ure 3,10 shows the two correlation plots as simulated for pure spectator events, whereby
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Figure 3.8: z—vertex and angular distributions for double hit spectator events in the STC.

the incident angle correction factor of cos{0.79 - @) is already applied. For the thin—thin
combination, the energy deposition in the bottom counter is obviously reduced, and a
higher fraction of the spectator events traverses both layers. On the other hand, the suc-
cessful reconstruction of events in this setup would allow to reduce the required dynamic

range of the employed front-end chip.
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Figure 3.9: Angular distribution of detected double hit fragmentation events in the STC. The upper
graph shows the forward-facing combination with a signal in the thick bottom detector,
while the lower graph depicts the backward—facing combination with a signal in the
thin bottom detector. An energy deposition threshold of AEy,, = 200 keV for the thin
counters and AE,,, = 450 keV for the thick counter is applied.
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4 First Results obtained with the STC

The Silicon Test Counter was installed in the HERMES target chamber in May 1998 and,
after extensive tests, has been operated from August 1998 to December 1998. Section 4.1
summarizes the detector preparation and the operation parameters of the STC, while sec-
tion 4.2 describes the event selection and the STC data production chain. The analysis
algorithms and the first results obtained with the STC in scaitering off 'H and %H are

presented in section 4.3.

4.1 Preparation and Operation

4.1.1 Vacuum Tests

Prior to the installation of the STC in the HERMES target chamber, extensive tests have
been carried out to determine the out—gassing properties of the detector. For this reason,
the complete counter was placed in the available HERMES transverse scattering chamber,
which was connected to a mobile pump stand and evacuated to = 10~7 mbar. Using an
attached quadrupole mass spectrometer, the partial pressures of the residual gas could be
monitored.

During the first pump-down, the total pressure in the chamber was dominated for a
period of 2 100 h by the partial pressure of HyO, which can be explained by the large
amount of Kapton used for the coating of the carrier boards and the signal wires. How-
ever, subsequent measurements revealed no noticeable difference in the total pressure
and the mass spectra as compared to the data obtained with an empty vacuum vessel.
Also, within the accuracy of the mass spectrometer (dp =~ 10~1% mbar), no hydrocarbon
out-gassing from e.g. the glue used in the detector production could be observed. The
vacuum compatibility of the STC was further confirmed by independent measurements
performed after its installation in the HERMES vacuum environment.

4.1.2 Electronics Adjustment

To obtain analysable results from the measurements with the STC, it is of utmost impor-
tance to have the readout timing correctly synchronized with the other components of
the HERMES data acquisition. As the STC is not a self-triggering device and features no
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direct analogue output, this can be achieved by determining the appropriate timing from
the signal delay in the cables and in the various electronics modules used to generate a
HERMES trigger pulse. However, given the short electron bunch distance of 96 ns in the
HERA ring, it is desirable to have an additional real time observable to confirm the correct
timing,

Using the coincidence of a pair of scintillators installed in close proximity to the FIER-
MES target vessel, a signal with a well-known (§t ~ 10 ns) delay and a precise synchro-
nization with the HERA electron bunches was obtained. By triggering the test pulse input
of the APC synchronously with this signal, the correct STC timing setup can be deter-
mined in dependence on the trigger delay. A straightforward measurement of the differ-
ence in time between the scintillator signal and the HERMES physics trigger then pinpoints
the correct timing for the implementation of the STC in the HERMES readout.

4.1.3 Detector Operation

After the installation of the STC and the first electronics tests, only three of a total of six
APC units proved operational. Furthermore, the output of one chip provided only half of
the balanced analogue signal, which resulted in a significant increase in electronics noise
for the corresponding detector side. The most likely cause of these faults is the direct
connection of the signal cables to the APC output, which makes the system susceptible to
static charge building up in the dry air of the HERMES environment. In the design of the
HERMES Recoil Detector, a safety measure like a decoupling output driver therefore has
to be implemented.

The two fully operational APCs belong to the ohmic and the junction side of the top
module, which is therefore completely functional and provides information about the -
and the z—coordinate of a detected particle. Furthermore, the ohmic side of the thick bot-
tom module gives an analysable signal, i.e. a second z—coordinate is available. As the
determination of the incident angle of a particle track largely depends on the polar angle
given by the z—coordinates, the analysis of the STC data is clearly limited. Furthermore,
the angular acceptance of the operational module combination is biased in the forward
direction, which results in a more difficult separation of spectator protons and fragmenta-
tion products (see section 3.3.2). However, by using the additional input of the FHIERMES
z—vertex, it is nevertheless possible to extract significant results from the collected data.

During the operation of the counter, the cooling system was set to a nominal temper-
ature of T,y = —10 °C, which due to the influence of the target cooling resulted in an
average actual temperature of Ty, & —15 °C under normal running conditions. Both
modules were operated at double depletion voltages of 28 V for the top and 54 V for the
bottom detector!, which corresponds to bias currents of Iygy & 0.4 pA and Iy = 1.0 1A,

' As only the signals of two STC modules are analysable, the unequivocal terms of top and bottom module
will be used in the following text.
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The currents did not significantly increase over the data taking period, i.e. no deteriora-
tion of the Silicon resistance due to radiation damage could be observed.

4.1.4 Slow Control

In order to allow a direct monitoring of the STC operation parameters, a basic slow control
system was implemented into the existing HERMES control setup. The observed quantities
included the bias voltage and the detector temperature, which were charted on two real-
time displays. Furthermore, an online representation of the ADC output for the different

Silicon strips was made available.
If one of the observed parameters showed a significant deviation from the nominal

value, an alarm was triggered to ensure a swift intervention. The following conditions
were considered as critical:

s low bias voltage during HERMES operation,
o Tiop > 1 pA or Iygy > 2 pA,
o Toug > 30°Cor Ty < —30°C,

HERMES target vacuum pressure > 1+ 1074 mbar.

While a deviation from the nominal bias voltages and currents resulted in a notification
of the shift crew and an automatic repetition of the turn—on sequence, the temperature
and vacuum alarms led to an immediate shutdown of the STC operation. Apart from
occasional current spikes induced by an accidental loss of the HERA electron beam, all
above-mentioned parameters remained within the scheduled range during the STC oper-

ation period.

4.1.5 Collected Data

During the operation period of the STC, the HERMES experiment took data with both
polarized and unpolarized targets. While in the polarized mode only Deuterium was used
as a target gas, the unpolarized measurements were carried out with both Hydrogen and
Deuterium. As the detection of spectator protons does not require a polarized target, the
bulk of the data used in the following analysis is based on the scattering off unpolarized
'H and *H.

The front-end chip used in the STC can be set to different amplification levels (see sec-
tion 3.1.2), which are suitable for either resolving the low energy depositions induced by
minimum ionizing particles or for providing the large energy deposition range required
to detect slow particles. As the detection of spectator nucleons gives the opportunity to
test the momentum reconstruction as well as the tracking capabilities of the STC, most of
the data taking time was used for measurements in the minimum amplification setting.
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target min. amplification || max. amplification
type #of runs | #of DIS || # of runs | # of DIS
unpol. 1H 281 241729 188 228605
unpol. *H 430 556520 220 344484
pol. °’H 1611 179427 0 0

Table 4.1: Number of runs and reconstructed DiS events collected with the STC for different target
types and APC amplification settings.

A summary of the number of HERMES runs and reconstructed DIS events collected
during the STC operation for the different target types is shown in table 4.1. It is noted
that the data taking with the maximum APC amplification took place at the beginning
of the 1998 HERMES running period and therefore coincided with tuning efforts on the
HERMES spectrometer as well as the STC. The minimum amplification data used in the
following analysis however were collected under stable detector conditions.

4,2 STC Data Production Chain

The STC is designed to prove the feasibility of operating a Silicon telescope in the HERMES
vacuum environment. Therefore, the main focus is not on a stable data production under
fixed conditions, but on the testing of the detector functionality. As the STC is further-
more positioned outside of the HERMES spectrometer acceptance, it is sensible to develop
algorithms for the data production which are for the most part independent of the existing
HERMES software.

In order to illustrate the individual parts of the STC production chain, section 4.2.1
firstly describes the software packages used for the processing of the HERMES spectrome-
ter data. The decoding of the STC events is presented in section 4.2.2, while section 4.2.3
illustrates the event selection and the merging of the STC and HERMES data. Finally,
section 4.2.4 focuses on the calibration of the energy depositions in the STC and the recon-
struction of the particle tracks.

4.2.1 THerMEs Data Production

Upon reception of a trigger signal, the output of the different components of the HERMES
spectrometer is present in the form of channel numbers and digitized signals. This raw
data is processed by the HERMES DAQ and stored in EPIO (Experimental Physics Input
Output package) format on a hard disk, from where it is transferred to a tape robot system.
Even though most HERMES detectors operate in zero-suppression mode, i.e. only signals
which comply to a threshold condition are read out, the huge amount of resulting data (~
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10 TB/a) has to be processed by a chain of analysis programs to reach a suitable format for
the extraction of physics information. The following description is only intended to give
a simplified overview of this process; for a more detailed presentation, see e.g. [Gut:99].

In a first step, the Hermes Decoder (HDC) converts the raw bit-stream signals into con-
crete information like positions and energy depositions. The resulting output is stored in
ADAMO [PTG:94] format and passed via the client-server program Distributed ADAMO
(DAD) to the Hermes Reconstruction program (HRC), which reconstructs the particle
tracks using a tree search algorithm and determines momenta, scattering angles, parti-
cle types and other variables relevant for the physics analysis. The results are in turn
passed to the Alignment-Calibration-Efficiency program (ACE), which computes the ef-
ficiencies of the individual detectors and stores the event information in Data Summary
Tables (DSTs) on a hard disk.

During the operation of the HERMES spectrometer, the slow control data containing
the parameters of the individual detectors is recorded by several DAD servers. To syn-
chronize this information with the generated DSTs, a separate slow control production is
performed. As a final step, it is now possible to merge the crucial data of both productions
in so-called xDSTs, which contain only the essential information and therefore allow an

efficient physics analysis,

4.2.2 Decoding and Storage Format

As discussed in section 3.1.2, the raw data output of the STC with the three working front—
end chips consists of 192 ADC channels, which have to be converted to positions and
energy depositions. The HERMES decoder HDC is designed for exactly this task, and it
is therefore used as far as possible. However, the test detector characteristics of the STC
make it necessary to deviate from the standard HERMES implementation.

The HDC output for an energy deposition detector usually consists of an ADAMO
table containing the raw ADC channels and signals as well as the calculated positions and
energy depositions. This output format is not suitable for the STC, as many parameters
like the baseline offset and the calibration factors can only be determined once the detector
response is tested and well understood. Furthermore, it is not advisable to apply a fixed
threshold at this stage, as detailed studies of the baseline width are of high importance for
the STC analysis. However, without zero-suppression the standard data format would
result in a data volume of =2 400 MB per run and therefore s 4 TB per year. Obviously, it
is impossible to keep this amount of data for a single detector stored on hard disks, and
an alternative solution has to be developed.

Especially with the lack of an independent z-vertex reconstruction, the physics anal-
ysis of an STC event is only possible using the additional information obtained from the
HERMES spectrometer data. Given the fact that only a fraction of the triggered HERMES
events corresponds to a reconstructible DIS event, it is sufficient to consider the STC data
for this subsample. Furthermore, the determination of positions and energy depositions
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4 First Results obtained with the STC

can be performed at a later stage of the production, and the output has to contain only
the raw ADC signals. An additional reduction in event size can be realized by a real-time
compression of the decoded STC data.

EPIO dataDfI
—» | HDC | HRC

Fiii Sd[)ﬁ

MServer

CServer tion (sdsync)

LServer i

STC output
file

Figure 4.1: Decoding and synchronization of the raw STC data.

[ Synchroniza- ]

GServer

The chart in figure 4.1 illustrates the structure of the decoding stage of the STC pro-
duction chain. The raw HERMES EPIO data is fed into HDC, while several DAD servers
provide the relevant information concerning the electronics mapping (MServer), the cal-
ibration (CServer), the log file (LServer) and the geometry (GServer). For the case of the
STC, the calibration and geometry information is ignored, and only the decoding and out-
put formatting is performed. After the EPIO data is processed, the HDC output is sepa-
rated into the STC data flow (sdDfl) and the HERMES spectrometer information (dataDfl).
The latter is then piped directly into the reconstruction program HRC, which in a first
pass determines the analysable events. This event sample is then synchronized with the
STC data flow using the program sdsync and written to hard disk as a per-run file in
compressed DAD format. Using this technique, the STC data volume is reduced by about
a factor of 100 to =~ 4 MB per run. As the complete raw EPIO data is stored on a tape
robot system, it is ensured that no irreversible loss of physics information can occur in the
synchronization process.

4.2.3 Event Selection and Merging

Except for a preselection of potential HERMES DIS events, the STC data files produced in
the decoding stage still contain the complete raw ADC output, which is inconvenient for a
physics analysis. Therefore, in the next production step a baseline subtraction, a threshold
application and an event-by-event merging with the HErRMES pDSTs is performed. For
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4,2 STC Data Production Chain

this purpose, the Silicon Data Extraction program (sdx) was developed, which in tumn
uses the output of several small software routines suited for the individual tasks.

Baseline and Threshold

In order to enable the measurement of positive as well as negative analogue signals, the
baseline of the employed ADCs is shifted to roughly the middle of the total range of 1024
channels. To correct for this offset, the baseline position is determined individually for
each STC strip by applying a Gaussian fit to the ADC spectrum taken with a non—physics
pulser trigger?. Allowing for potential shifts in the baseline, this procedure is performed
for each HERMES run, and the output is stored for subsequent use by the sdx program.
The corrected ADC signals obtained by subtracting the baseline values from the raw ADC
signals are directly proportional to the energy deposition in the detector module.

The threshold applied to the corrected ADC values is derived from the 1o standard
deviation of the Gaussian baseline fit. In the case of the analysis of slow spectator and
fragmentation products, the total noise corresponding to the baseline width is small in
comparison to the expected energy depositions, Therefore, the individual threshold as-
signed to each detector strip is set to 5o,

HErMES ;:DST Analysis

For the physics analysis of the STC data, only those events are of interest which corre-
spond to a reconstructed HERMES event. Furthermore, the STC track reconstruction has
to rely on the z—vertex determined by the HERMES spectrometer. Thus, an analysis of the
HERMES pDSTs is performed, which selects a physics process and stores the event iden-
tification parameters as well as the event information relevant for the STC analysis. Ata
later stage, sdx synchronizes the STC events with the output of the uDST analysis and
merges the information of both sources.

For the analysis of spectator nucleon events presented in the following, the xDSTs are
used to exiract DIS events by applying the standard HERMES DIS cuts!

Q? > 1.0GeV?, W2 > 4.0GeV?, y < 0.85, [2yertez] < 18.0cm, [tyertes| < 0.75cm,

Hereby, tyeries describes the transverse distance of the vertex from the axis of the storage
cell. Besides the event identification parameters, only the electron vertex information is
implemented in the production output. However, is it easily possible to merge the anal-
ysed STC data with the complete HERMES pDSTs, thereby getting access to the complete
physics parameters of the DIS process.

2Due to the small ratio of particle hits to baseline events in an individual strip, the difference between the
baseline values based on a pulser krigger and a physics trigger is negligible.
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sdx Processing and Output

The general purpose of sdx is to process the decoded STC data in a way that allows a
direct detector response analysis of the resulting output. To achieve this, the following

features are provided:
¢ Selection of various input formats,
o Selection of the HERMES trigger,
» Application of thresholds,

Subtraction of baselines,

Synchronization and merging with HERMES data,
» Selection of various output formats.

sdx is written in the C programming language and, by the use of command line options,
can easily be implemented in UNIX shell scripts. This allows to process the complete STC
production chain without the need of further intervention. The sdx processing sequence
depends on the selected options. In the following, the standard running of the STC pro-
duction is described.

After the basic initializations and 1/O calls, sdx reads the decoded STC data as well
as the pDST analysis file of a single HERMES run. As the pDST event numbers are a
subsample of the STC event numbers, a loop over the STC event numbers is initialized.
Once a corresponding uDST event number is found, the baseline values are subtracted
from the raw ADC signals and the result is compared with the threshold for each detector
strip. In the case of an above-threshold signal, the corrected ADC values for all 64 strips
of the corresponding detector side are written to the output. As a detector side is read
out by one APC, the relaying of the complete information allows to correct for correlated
noise at a later stage of the production chain.

Once the complete run is processed, all events complying with the synchronization
and threshold conditions are stored together with the HERMES vertex information in an
output file. Unless otherwise specified, instead of ADAMO the HBOOK Ntuple format
is used for this purpose, which allows to use the widespread PAW analysis tool in the
following stages. At this point, the STC data volume has been reduced to an easily han-
dleable = 500 kB per run. For the further analysis, the per—run files are sorted according
to the HERMES target gas and the APC settings used in the measurement.

4.2.4 Tracking and Calibration

After the sdx stage of the STC production chain, the STC data are present in a compact
form, which allows the extraction of the interesting event parameters like hit positions,
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energy depositions and incident angles. Using this information, it is finally possible to
perform an energy calibration and to reconstruct particle tracks, types and initial mo-
menta, Due to the small data volume involved, these calculations can be carried out using

the FORTRAN interpreter provided by PAW.

Hit Positions and Tracking

The next step in the STC data production involves the selection of particle hits and the
conversion of the uncalibrated ADC values into positions and energy depositions. Fur-
thermore, the signals are corrected for correlated noise, and the incident angle « is deter-
mined from the particle track. This process is executed by the PAW macro mksum and
uses the per-run sdx files as an input. The output is then summarized in one Ntuple
corresponding to the complete data production for the considered target gas and APC
settings.

As described in section 4.2.3, in the case of a potential hit in the STC the complete raw
ADC data for the corresponding detector side is present in the sdx output file. By loop-
ing over the 64 ADC channels in a detector side, mksum selects the detector strip with the
highest energy deposition and marks it as the hit position. A comparison of this so—called
maximum algorithm with other hit selection procedures shows that the average multiplic-
ity in a single STC module is = 1. Furthermore, the Monte Carlo studies discussed in
section 3.3 evidence that a spectator proton induces a higher energy deposition than other
sources, which justifies this simple approach. As an aside, it is mentioned that the avail-
ability of a z—vertex reconstruction in the STC would naturally allow a more sophisticated
hit selection using the correlation with the HERMES z-vertex.

In figure 4.2, the ADC signals for a typical hit are displayed versus the ADC channel
number for one detector side. As the charge induced by a particle traversing the Silicon
layer is not fully collected in a single strip, the hit signal is determined by integrating the
ADC signals over a range of &2 strips from the hit position, Furthermore, the correlated
baseline noise is calculated as the average signal of the remaining strips not used for the
hit signal integration. With s; being the baseline—orrected ADC signal of strip ¢ and h
the strip number of the hit as determined by the maximum algorithm, the actual signal s,
used in the analysis is thus calculated by>

11,-}-2 Z 1 83+Z’|‘. h+3 S;
Z 81’_“5 .

$h = 64— 5

i=h—2

In the case of a hit occurring closer than two strips from the edge of a detector side, the
signal integration range and the correlated noise correction are adjusted accordingly.

3As only half of the balanced analogue signal is present for the bottom ohmic side (see section 4.1), the
baseline—corrected ADC value is in this case multiplied by two.
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Figure 4.2; Determination of the ADC signal for a hit in a STC detector side.

After the determination of the strip numbers corresponding to a hit in the three detec-
tor sides, the geometric hit positions @jop, Zep and @pe; can be derived straightforwardly
from the known position and orientation of the detector modules. In the case of a double
hit, i.e. signals found in both the bottom and the top module, it is possible to reconstruct
the z—vertex z, of the particle to

Ay
Ty = Tpot — 5 * (ﬂ’bot - $tap) )
Ayyq

with Ay, = 6 cm being the vertical distance between the top detector module and the
centre of the storage cell, and Ay, = 1.5 em the distance between the bottom and the top
detector module,

Due to the missing z—position in the bottom STC module, the more crucial determi-
nation of the z—vertex z, is alas impossible. However, by using the z-vertex information
from the analysis of the HERMES uDSTs, a complete particle tracking can be achieved.
This allows to reconstruct the impact angle o to

o = cos™ ! Ayr = . 4.1)
\/(ﬂ;io,n - fﬂv)g + Ayt + (ztop - zu)z

In the case of single hits, only the information of the top detector is present and the
angle reconstruction has to rely completely on the HERMES vertex information. Under the
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assumption of x, = y, = 0 cm, the impact angle « is then given by

1 Ay . 4.2)

o = Cos

\/;%op + Aytz + (ztﬂp - ZU)2
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Figure 4.3: Correlation of the corrected ADC signals in the ohmic and the junction side of the top
STC module in a logarithmic z-scale. The dashed lines indicate the correlation cut.

With the hitherto reconstructed STC detector information, it is possible to impose data
cuts to remove event classes which are of background origin or otherwise unanalysable.
As the ohmic and the junction side of the top STC module correspond to one Silicon wafer,
the energy depositions and therefore the corrected ADC values of both sides have to show
a linear correlation as displayed in figure 4.3. In the case of strong deviations from the
expected dependence (see section 3.2), it therefore be assumed that the event cannot be
analysed. This results in an empiric condition of

| s, (ohimic) /0.9 — s}, (junction}| < (s},(chmic}/0.9) - 0.3 +5,
as indicated by the dashed lines in the correlation plot. Furthermore, an event in the

mksum production stage is only processed if a signal is present in either the top module or
in the top and bottom module, i.e. single hits in the bottom modiile are removed.
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Energy Calibration

To determine the calibration factor linking the energy deposition with the corrected ADC
values, it is necessary to analyse the detector response to particles of known energy. While
these measurements were carried out during the detector tests at the Erlangen tandem
accelerator (see section 3.2), the different readout electronics used at HERMES may lead to
deviations from the values quoted in table 3.2. Therefore, a new calibration is performed
by means of the correlation between the proton-induced energy deposition in the top and
the bottom module.

For a charged hadron of energy F passing a Silicon layer of thickness ¢, the residual
energy £’ can be parameterized [BT:67] to an accuracy of better than 0.1 % by

e pai\ M0
E’:(Eb——pﬁi) ,

a

whereby pg; is the density of Silicon and ¢, b are constants for describing different particle
types and energy ranges. The energy loss A is then given by

. . 1/b
AE=FE - (Eb - -t_%) . (4.3)

However, in order to compare the energy deposition correlation in the STC with the the-
oretical prediction, the relation AEyq(AF;,p) is needed. As equation 4.3 is a closed func-
tion, the inversion E(AE) is performed using an iteration process. From this, E'(AE,p)
and therefore A Ep, (A Fy,p) can be derived,

[ detector side [ calibration factor |
top ohmic 22.4 keV /ch.
top junction 249 keV /ch.
bottom ohmic | 22.0keV/ch.

Table 4,2; Calibration factors for the STC energy deposition with a minimum APC gain selting as
derived from a fit to the correlation of the measured proton energy deposition.

Prior to fitting the theoretical curve, the energy deposition correlation has to be ex-
tracted from the experimental data and corrected for the impact angle. A detailed descrip-
tion of this process can be found in section 4.3.2, while table 4.2 summarizes the resulting
calibration factors. Using these values, the energy deposition in the top counter is given
by the arithmetic mean of the ohmic and junction side signals.
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Figure 4.4: Schematic sequence of the STC data production chain.

After the hit positions and the energy depositions are determined, mksum stores these
values together with the incident angle « in a compact summary Ntuple, from which the
physics results can be extracted, Furthermore, part of the HERMES data quality (DAQL)
information concerning e.g. the HERA beam position is added to allow subsequent sys-
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tematic studies. A summarizing schematic chart of the complete STC data production
chain is shown in figure 4.4.

4.3 Results from 'H and *H scattering

In the following, an analysis of the 1998 STC data taken during the HERMES measurements
with 'H and ?H targets is presented. To prove the tracking as well as the momentum
reconstruction capabilities of the STC, the data sample corresponding to the minimum
APC gain and therefore the maximum energy deposition range is chosen. This allows to
verify the observation of spectator protons in scattering off *H, while the 'H data give
an insight into the low-energy domain of the fragmentation products in deep-inelastic
scattering,.

The general detector response and the resulting data cuts used in the analysis are de-
scribed in section 4.3.1, while section 4.3.2 focuses on the energy deposition correlation
between the top and the bottom module and section 4.3.3 gives an analysis of the noise
and the energy resolution. Section 4.3.4 compares the measured distributions with the cor-
responding Monte Carlo predictions. In conclusion, section 4.3.5 illustrates the employed
momentum reconstruction algorithm and shows the observed spectator proton momen-

tum spectra.

4.3.1 Detector Response and Data Cuts

While the data files created by the STC production chain contain a calibrated summary
of the STC events, only a few general requirements have been employed for the event se-
lection at this stage. Therefore, it is necessary to develop a set of data cuts to ensure the
separation of physics events and unanalysable background hits. As the spectator protons
observed in deep-inelastic scattering off 2H are expected to induce a clean energy depo-
sition signal in the STC, the resulls presented in this section are based on the unpolarized

?H STC data sample.

Thresholds

The events registered in the STC can be classified into single hits in only the top module
and double hits in both detector layers. For the former case, the available information is
limited to the coordinates of the hit, the corresponding energy deposition and the HERMES
vertex position. A first indication of the detector response can be obtained from the corre-
lation of the 2- and z—coordinates in the top module, which is displayed in figure 4.5. The
lefthand plot is based on the uncut production data and clearly shows the octagonal shape
of the Silicon wafer*, However, a fraction of the events corresponding to the corners of the

*The empty channels at 740, = 1.8 cm are caused by a dead Silicon strip.
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Figure 4,5: Correlation of the z— and z—coordinates for a hit in the top detector module. The left-
hand piot is based on the uncut production data, while in the righthand plot an energy

deposition threshold of AE,;,, = 300 keV is introduced.

correlation graph represents geometrically impossible hit positions. To suppress this part
of the single hit data sample induced by noise or a faulty reconstruction, an energy depo-
sition threshold of A By, = 300 keV is introduced for the top module. This results in the
hit position pattern depicted in the righthand plot of figure 4.5. Together with the double
hit cuts explained later in the text, a sufficient removal of the non-physical hits is achieved
to allow an event reconstruction. However, as expected from the studies in section 2.2.3,
in the case of pure single hits a more severe energy deposition cut of AEy,, = 800 keV has
to be applied.

Due to the missing z—coordinate, an equivalent correlation plot cannot be produced
for the bottom STC module. However, it will be shown in the following that detector
information accessible for the double hit condition provides for several other methods of
cleaning up the data sample. Therefore, the energy deposition threshold for the bottom
module is empirically set to ABy,, = 500 keV. Unless stated otherwise, all subsequent
results are based on this threshold condition T,

Vertices

In the case of a double hit, i.e. if the dowuble hit condition D of

ABp > 300 keV and AEy, > 500 keV .
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Figure 4.6: Reconstructed z—vertex a, for a double hit in the STC. The plot is based on the double
hit condition D, while the dashed lines indicate the additional vertex condition V.,

is fulfilled, the z—coordinates of the two STC modules aillow the reconstruction of the 2~
vertex z, for the detected event. The resulting distribution is shown in figure 4.6. The plot,
which is based solely on the double hit condition, shows a distinct peak at #, = 0.4 cm
corresponding to the position of the HERMES storage cell® and a small, equally distributed
baseline. To suppress the events in the latter part of the spectrum, a verfex condition V of

Vdem <z, <1l2com

can be applied, which is indicated by the dashed lines in figure 4.6.

Acceptance

In the case of two working z-layers in the STC, the correlation of the reconstructed -
vertex with the HERMES z—vertex would represent a powerful tool for selecting correctly
reconstructed particle tracks. However, under the given conditions the STC analysis has

>The deviation from &, = § cm can be explained by the imprecise alignment of the STC.
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to rely on the HERMES z-vertex information to allow a determination of the impact angle.
As the possible vertex resolution from an STC reconstruction is significantly better than
the HERMES vertex resolution, this results in a clear deterioration of the STC angular and
momentum resolution,
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Figure 4.7: Correlation of the top module z—coordinate and the HERMES z—vertex for a double hit
in the STC. The dashed lines in the plot, which is based on the D and V cuts, indicate
the limits imposed by the geometrical acceptance.

In spite of this limitation, the geometrical acceptance of the STC for double hits allows
to determine a theoretical range for the dependence of the top module z—coordinate on the
HERMES z-vertex. The corresponding correlation, which also constitutes a verification of
the crucial STC event synchronization with the HERMES data, is displayed in figure 4.7.
While the basic shape of the plot is in accordance with the geometrical limits, a distinct
shift along the z—axis can be observed. In section 4.3.2, a determination of this z—shift by
means of the energy deposition correlation will be presented.

As indicated by the dashed lines in figure 4.7, an acceptance condition A can be applied
to remove those events corresponding to a track outside of the STC geometrical accep-
tance. While this A cut has only a limited effect in the case of double hit events, it is
proves as an important tool for selecting analysable single hits. In general, an exclusive
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signal in the top module can correspond either to a particle traversing the first and missing
the second layer, or to the desired case of a particle geiting stuck in the first while being in
the second layer acceptance. With the top detector hit coordinates and the HERMES vertex
as an input, the latter sample can be selected by means of the acceptance cut,

Standard Cuts

With the above considerations, a combination of four different data cuts can be employed
to select the analysable STC events:

e Threshold CutT
e Double Hit Cut D
o VertexCutVv

o Acceptance Cut A

Table 4.3 summarizes the standard data cuts for the single and the double hit STC
events as applied in the STC analysis.

| Hit Condition | Applied Cut |

Single Hits Tand A
DoubleHits | TandDand V

Table 4.3: Standard data cuts for the single and the double hit events as applied in the STC analy-
sis.

4.3.2 Energy Deposition Correlation

Incident Angle Correction

Using the data cuts described in the previous section, the energy deposition correlation
between the top and the bottom STC module can be extracted. The result for the unpolar-
ized 2H data sample is illustrated in figure 4.8, which compares the correlation based on
only a threshold cut (lefthand side} to the correlation after applying a further D and V cut
(righthand side). While the basic triangular shape can already be anticipated, the energy
depositions are smeared due to the lack of an incident angle correction.

However, in the correlation graph after multiplication with the empiric factor cos(0.79-
a), as displayed in figure 4.9, only a minor improvement in the smearing can be observed
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Figure 4.8: Correlation of the measured energy depositions in the STC top and bottomn module
for the unpolarized 2H data sample. The lefthand plot is based on a T cut, while the
righthand plot results from applying the standard (T and D and V) culs.

for both the lefthand plot based on the (T and D and V) cuts and the righthand plots, for
which an additional A cut is applied. This can be explained by the low angular resolution
resulting from the missing z—vertex reconstruction and the consequential dependence on
the HERMES z—vertex. Nevertheless, as the main part of the STC events consists of de-
tected protons, the accuracy is sufficient to allow a particle identification.

Particle identification

The identification of the type of a particle traversing a Silicon telescope can be achieved by
comparing the correlation of the energy depositions in the different layers to the theoret-
ical predictions derived from parametrizations as in equation 4.3. This procedure can be
illustrated by means of figure 4.10, which displays the angle—corrected correlation plot as
measured with the STC to the theoretical curves for protons {dashed line) and deuterons
(dotted line). Obviously, the clearest distinction can be achieved for the events corre-
sponding to a particle traversing the top layer while being absorbed in the bottom layer.
Even with the limited statistics gathered with the STC in this range, a consistence of the
major fraction of the data sample with the proton curve can be observed, while a few
isolated events are in accordance with the energy deposition of deuterons resulting from
elastic scattering off 2H.
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Figure 4.9: Incident angle—corrected correlation of the measured energy depositions in the STC
top and bottom module for the unpolarized ?H data sample. The lefthand plot is based
on the standard (T and D and V) cut, while for the righthand plot an additional A cut is

applied.

After the removal of the deuteron events by means of a graphical cut®, the event sam-
ple shown in figure 4.10 was used to determine the energy calibration given in table 4.2
by applying an unweighted two-dimensional fit of the proton parameterization to the

correlation data.
In [B*:97], an analytical approach for the determination of the energy and mass resolu-

tion and therefore the particle identification properties of a Silicon telescope is presented.
Based on the energy deposition parameterization given in equation 4.3, for the case of
heavy ions a charge resolution parameter

A b—1 .
(f) 4

is introduced, which relates to the residual energy E', the energy loss AE and the total
layer thickness #;,; as

1/(b+1)
|

(7 + amyp - g

Lot

b X 4.4)

While the limited number of different nuclei detected in the STC does not necessitate

®In a graphical cut, a defined area of a two-dimensional histogram is selected or excluded.
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Figure 4,10: Comparison of the incident angle—corrected correlation of the measured energy depo-
sitions in the STC top and beottom module with theoretical predictions, The measured
data shown in the plot is based on the (T and D and V and A) cuts, while the lines
indicate the proton (dashed) and deuteron {dotied) energy deposition relations.

an analytical particle identification approach, the charge resolution g can be utilized to
determine the possible shift of the HERMES z—verlex relative to the STC [Ste:98a].

As the parameter p only depends on the particle type traversing the Silicon Telescope,
the standard deviation o, reaches a minimum for the best possible angular correction of
the energy deposition, which in turn depends on the correct HERMES z—vertex. By select-
ing those STC events corresponding to a proton stuck in the bottom layer and by using
equation 4.4, the width of the resulting p—peak can now be determined in dependence
on a theoretical shift Azye; in the HERMES 2z—vertex. The results displayed in figure 4.11
clearly indicate that the best resolution of the STC data is achieved for Azyer; = +1.27 cm
and, as an aside, also prove the correct synchronization of the STC events with the HER-
MIES data, Due to the lack of a fixed reference point, however, it cannot be concluded if this
shift is due to a misalignment of the STC or a misreconstruction of the HERMES z—vertex.
An accordant correction to the employed vertex information is used for the complete STC
analysis and has already been implemented in the production of the energy deposition
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Figure 4,11: Dependence of the width of the u~peak for the STC proton data on the HERMES z—
vertex shift Azyer¢. The widlh o, reaches a minimum at Az, = 1.27 cm [Ste:98a].

plots in this section.

4.3.3 Noise and Energy Resolution

The energy resolution of a Silicon detector is determined by a multitude of contributions,
with the main broadening factors being the energy loss straggling, detector thickness vari-
ations and uncertainties in the incidence angle a. Furthermore, the noise resulting from
the electronics, signal pick-up and the Silicon has to be taken into account, whereas other
effects like channelling or charge collection fluctuations are of minor importance. In the
following, the influence of these contributions to the STC resolution will be quantified for
the case of the minimum gain setting in the readout chip.

Noise

As explained in section 4.2.3, the baseline width and therefore the total noise o is de-
termined during the STC data production on a per—run base. This allows to correct for
time—dependent fluctuations of o4, and furthermore gives access to an important data
quality selection criterion. While the baseline width is analysed separately for each de-
tector strip, the variation between the individual channels belonging to one readout chip
is small. Therefore, the average gy corresponding to one detector side is used in the

following calculations.
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Figure 4,12; Average STC baseline width versus the HERMES run number for the three STC detec-
tor sides. The run number ranges of ~{1850-2300) and =(3200-4500) correspond to
the polarized operation of the HERMES larget.

Figure 4.12 shows the average standard deviation of the baseline versus the HERMES
run number for the three operational STC detector sides. While the general fluctuation of
the baseline width is small, it is interesting to note that the variations are less pronounced
in the run number ranges of ~(1850-2300) and =:(3200-4500), which correspond to the
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polarized operation of the HERMES target. As the STC baseline width for the unpolarized
target mode is furthermore correlated to the HERA electron beam current, this effect could
be explained by the increased rate of Meller electrons in the STC resulting from the lack
of a magnetic target holding field.

By projecting the noise values depicted in figure 4.12 to the y-axis, the average base-
line width for each of the three detector sides can be determined in units of ADC chan-
nels. However, this quantity is not decisive for the energy resolution, as it consists of the
quadratic sum of a correlated and an uncorrelated contribution:

2 _ 2 2
Oiot = Ocorr T Cyncorr

To determine the relevant uncorrelated part, the standard deviation of the correlated
noise correction as calculated in the mksum step of the STC data production chain has
to be extracted. This can be illustrated by means of figure 4.13, which is based on the
polarized HERMES runs and depicts the correlated noise correction values extracted for
each STC event versus the HERMES run number for the three STC detector sides. Again,
a Gaussian fit to the y—axis projection allows the determination of the average correlated
noise contribution in units of ADC channels’.

[ detector side || a0t [keV] | ouncorr [keV] | 0ory [keV] |

top ohmic 29.7 28.6 7.9
top junction 37.8 35.8 12.2
bottom ohmic 62.5 61.5 11.1

Table 4.4: Summary of the STC noise analysis. The uncorrelated noise gy yeorr IS calcuiated from
the measured total noise g4, and the correlated contribution o,,;;.

Using the calibration factors given in table 4.2, the total noise and the contributing
factors can be converted to energy units, as scunmarized in table 4.4, A comparison with
the noise measurements from the detector tests at Erlangen shows a general increase in
the uncorrelated noise for the operation in the HERMES environment, while the readout
of the bottom ohmic side is distorted by the lack of an operational balanced output for the
analogue APC signal. Nevertheless, the present noise levels do not restrict the analysis of

the STC data.

Energy Straggling
As the energy loss of a charged hadron in matter is a statistical process, the corresponding
energy deposition is subject to smearing. Therefore, a monoenergetic particle induces a

The correlated noise is extracted at a different stage of the STC data production chain and therefore already
includes the necessary multiplication of the ADC values for the bottom module by a factor of two.
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Figure 4,13: Correlated noise correction extracted for each STC event versus the HERMES run
number for the three STC detector sides. The plots are based on HERMES runs corre-
sponding to the polarized operation of the HERMES target,

distributed energy deposition with a straggling width of og.
A theoretical approach to the determination of o is given by the Bohr variance [Boh:15]
0% = 0% = dne's®nZt, (4.5)

where z denotes the ion charge, n the medium atomic density, Z the atomic number and
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¢ the traversed thickness. However, one of the conditions restricting the validity of equa-
tion 4.5 demands a constant particle velocity during the energy loss process. For common
applications of Silicon telescopes, this condition is not fulfilled, which necessitates the
solution of a more complicated integral equation by means of numerical methods.

A more convenient approach to the calculation of o5 is presented in [B+:97], where the
deviation of o from the Bohr variance o is parameterized in the simple form of

BN
03—0’3'&(@‘) y

with the fitting parameters k and » depending on the ion charge z and the initial energy
E.
;-200
_g 180
2160
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Figure 4.14: Energy straggling for protons in the STC for the thin (feft) and the thick (right) detector
modute calculated from the parameterization given in [B+:97].

The resulting straggling width as calculated for protons in Silicon is shown in fig-
ure 4.14 for both the thin and the thick STC module. Typical spectator protons with an
initial energy of B, = 9 MeV deposit an average energy of AE = 1.3 MeV in 135 pm of
Gilicon with a straggling width of o5 = 55 keV, while for 306 um of Silicon, the energy
loss is AE = 3.2 MeV with ag = 83 keV. These values indicate that energy straggling
constitutes a major contribution to the total energy resolution of the STC.

Angle Uncertainties

The dependence of the incidence angle o on the detector observables is given in equa-
tions 4.1 and 4.2 for the case of double and single hits in the STC. The total uncertainty de
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4.3 Results from ' H and 2H scattering

consists of the contributions (der)y and (§a) 4 arising from the scattering angle uncertain-
ties 30 and 8¢. However, while 6¢ depends only on the uncertainty éz in the measured
z—coordinates, 8¢ is dependent on dz as well as dz. It is therefore convenient to use the
projected polar angle 8,y and the corresponding contributions {da)g,,,, and (Sa)g, which
are derived from equation 2.1 to

1+ tan? @
(8., - ol (D +60(y2)
tan? 8, \/tian—2 Oyz) +tan=2 ¢ (1 + tan—2 6,y + tan—> b)
2
(ba)p = 1+ tan® ¢ 5

tan® ¢\/;a11“2 Oy +tan"2¢ (1 + tan 26y, + tan—2 ¢)

With the given uncertainties §ziop ot 0%i0p and 82,e,4, the contributions 88,y and d¢ can
be determined to®
1
Ay (1+ tan28y)
i

0p = Ayq(1+tan 2¢) (810 + 8pot)

69(3;2:} : (6ztop + ‘Szvert)

where Ay; = 6 cm is the vertical distance between the top STC module and the target, and
Ayq = 1.5 cm is the vertical distance between the two modules. The total incidence angle

uncertainty is then given by

S = \/(Fa)g(w) + (da) .

The above calculations are based on the detector observables available for a double hit
in the STC, while for single hits the HERMES a-vertex ©yert has to be used to determine ¢.
As the influence of d¢ on d is small, the uncertainty 6zyer 1S neglected in this case.

The uncertainties dzop ot and ziop are given by the strip pitch in the STC modules
to 0.5 mm, while §zyer; can be determined to =~ 2 cm [Sto:99] for the 1998 HERMES run-
ning?®. Based on these values, the angular resolutions 66,y and d¢ for the angular range
accessible with the STC are shown in figure 4.15. While the resolution in ¢, which is based
on the two operational z-layers, is below 70 mrad, the resolution §6,,) reaches values of
almost 350 mrad. As the angular uncertainty directly influences the energy resolution, it
becomes obvious that the lack of an independent z—vertex reconstruction severely restricts
the accuracy of the STC analysis.

SWhile mathematically straightforward, the conversion of tan §,.) and tan ¢ to the detector observables

Ttop,bots Ztop AN Zyery restricts the legibility of the equation.
9The reconstruction of the 1998 HERMES data lacks the input of the HERMES Vertex Chamber information.
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Figure 4.15: Angular resolutions 46, (left} and d¢ (right) of the STC based on the detector ob-
servables for a double hit.

By using the effective thickness ¢ = ¢/ cosa, the propagation of the incident angle
uncertainty do to the energy loss uncertainty §AE can be derived from equation 4.3 to

1-5
£ po: tepe: N\ b i
oo (o o )V e,
a b a-cosc cos? ¢y

(fSAE)angle =

The significance of this contribution can be illustrated by regarding a 9 MeV spectator
proton traversing the thin STC module with an incidence angle of o = 45°, depositing
an energy of AF = 1.86 MeV. The angular uncertainty in this case leads to an energy
loss uncertainty of (A FE)gnge &~ 380 keV, making this contribution clearly dominant in

comparison to noise and energy straggling.

Systematic Errors

The systematic errors having to be taken into account in the STC analysis include uncer-
tainties in the energy calibration, the detector thickness and the total alignment.

As described in section 3.2, the accuracy of the energy calibration for the STC mod-
ules has been determined from the results of the dedicated measurements carried out at
the Erlangen tandem accelerator. However, the different readout electronics employed at
HERMES necessitate an adjustment of the calibration factors by means of the energy depo-
sition correlation in the two detector layers. The error introduced by this process cannot
be directly extracted from the fitting routine, as the inhomogeneous distribution of the
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STC events on the deposition triangle distorts the result. Therefore, a conservative ap-
proximation of o & 3 % is used, which is added in quadrature to the measured factors
given in table 4.4.

Another relevant systematic contribution to the energy resolution is the variation 82
in the detector thickness, which for the wafers used in the STC is specified [MIC:97] to
8t < 5 um. Using equation 4.3, the propagation to the energy loss uncertainty A E can be

calculated to -

(6AB), = 25 (E”~ Lepsi )T 8t
a-b G COSCx
For the perpendicular impact of a 9 MeV spectator proton in the thin module (AE =
1.86 MeV), the contribution to the energy deposition width resulting from thickness vari-
ations is (JAE); = 50 keV.

The absolute alignment of the STC plays a subordinate role in the STC analysis, as
only relative positions enter the particle reconstruction algorithms. The major impact on
the systematic error results from the uncertainty in the average shift between the STC 2-
position and the reconstructed HERMES z-vertex, which can be determined by means of
detector observables (see section 4.3.2). The remaining contributions from e.g. a shift in
the z—position or a possible detector tilt are small in comparison to the experimental errors
discussed above and are therefore omitted.

Finally, the parameterization given in equation 4.3 reflects the energy deposition only
to a certain accuracy, While the subdivision of the initial energy into several small ranges
allows to reduce the maximum deviation to less than 0.1 % [BT:67], the domination of
other sources of uncertainty in the STC justifies to select a parameterization corresponding

fo (5AE)J€1;/AE <1 %.

Total Energy Resolution

The total energy resolution in a STC module is given by the quadratic sum of the indi-
vidual contributions discussed above, and the systematic error o4 introduced by the
energy calibration. However, a differentiation is necessary to allow for the different signal
combinations found in the STC.

In the case of a single hit, i.e. of a particle being absorbed in the top STC module,
the contributions from energy straggling, thickness variations and angular uncertainties
do not add to the width of the energy deposition signal. Therefore, the total energy loss
uncertainty 6{AE);q is simply determined by

— 2 2
6(AE)tat = \/Ouncorr,top + Ucalib,top )

A similar approach is valid for the part of the double hit sample which corresponds toa
particle traversing the top layer and being stopped in the bottom layer. As no correlation is
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present between the top and the bottom module signal width, the energy loss uncertainty
for the sum of the two depositions can be expressed as

S(AE)/E [9%]

Figure 4.16: Total STC energy loss resolution §(AE)./F in dependence on E and f,.).
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reasons of graphical representation, the azimuthal angle is fixed to ¢ = 270°.

For the third possibility of a particle traversing both the top and the bottom layer, ail

factors mentioned above have to be taken into account, and the total width of the energy
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deposition sum is given by

_ 2 2 2 2 2
6(AE)tot - (Juncori‘,iop + Cealibyop + Funcorr,bot + T ealibyot + §(AE)fit

E
+ Jg‘,top-l—bot + (5AE)?,top+bot + (5AE)12mgle,top+bot) 2.

Hereby, the index top,bot indicates that the two layers are treated as one Silicon layer with
an effective thickness of £.1f = tiop + tper- This compound approach is justified by the ne-
glectable influence of angular straggling and energy loss of a particle in the area between
the two STC modules.

The total STC energy resolution §{AE)ip/F derived from the above equations is dis-
played in figure 4.16 in dependence on the initial energy £ and the polar angle 6. It can
be concluded that the combination of the angular resolution and the energy straggling
results in a total resolution which is best for the case of double hits with an absorption in
the bottom layer. Also, the effect of the increased energy loss and straggling close to the
punch-through points is clearly visible.

It is noted that the above uncertainties refer to the energy resolution of the STC for a
particle of given initial energy and angle. To achieve the uncertainty on the reconstructed
energy (see section 4.3.5), the smearing induced by the HERMES storage cell has to be
taken into account for all signal combinations. Furthermore, the uncertainty in the angle
reconstruction for particles being stopped in the bottom module clearly complicates the
particle identification. For the HERMES Recoil Detector with a fully operational vertex
reconstruction, the achievable resolution will of course be decisively better.

4.3.4 Comparison to Monte Carlo Simulations

The STC Monte Carlo simulations presented in section 3.3 are based on a fully operational
detector and furthermore do not include all relevant experimental uncertainties. There-
fore, the following extensions are added to the Monte Carlo data:

e The detector output is restricted to the operational APCs, i.e. only the information
corresponding to Zop sot and 2,y is used,

e A Gaussian smearing corresponding to the noise and the calibration uncertainty is
applied to the energy deposition,

o The employed HERMES z-vertex is smeared with the reconstruction uncertainty.

To allow for possible errors introduced by the STC analysis algorithms, the Monte Carlo
data are processed by the same routines used for the STC detector observables. A com-
parison of the results obtained for deep-inelastic scattering off 'H and 2H is presented in
this section.
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Efficiency

Due to the lack of additional experimental observables in the acceptance of the STC, a
direct determination of the detector efficiency is not possible. However, using a compari-
son of the number of reconstructed events for the Monte Carlo and the experimental data,
some basic conclusions regarding the detector performance can be drawn.

target “H (unpol.} | IH (unpol.) | H (pol.)
DIS events 556520 241729 179427
double hits (data) 1219 265 319
double hits (MC) 922 137 292
single hits (data) 315 32 136
single hits (MC) 459 14 134

Table 4.5: Comparison of the STC event statistics to the Monte Carlo predictions. The single hit
statistics are given for the standard top module threshold of AEy,, = 0.8 MeV, The
uncertainty of the quoted absolute numbers is given by 4+/N.

The measurements with the STC were performed using 'H and ?H targets. However,
the noise analysis in section 4.3.3 indicates a difference in the baseline width for polar-
ized and unpolarized ?H running and therefore suggests a separate treatment of the two
corresponding data samples,

The event statistics shown in table 4.5 give the number of single and doubie hits for
each of the target types as extracted from the experimental and the Monte Carlo data. The
latter sample is normalized to the number of DIS events given in table 4.1 and includes
the DIS fragmentation process for 1H as well as the spectator process for 2H. Unless stated
otherwise, all results are based on the standard energy deposition thresholds and addi-
tional (D and V) cuts for the double hits and an A cut for the single hits.

Regarding the double hit event statistics corresponding to the 1H target, it can be ob-
served that the Monte Carlo generator clearly underestimates the number of fragmen-
tation particles detected in the STC, as the experimental result is about a factor of two
higher than the Monte Carlo prediction. This deviation is not surprising, as the fragmen-
tation functions employed in the Monte Carlo generator show a high uncertainty for the
low energy range corresponding to above-threshold energy depositions in the STC.

In the kinematic range determined by the employed cuts (see section 4.2.3), a spec-
tator proton occurs in about 44 % of the events in scattering off H. The assumption of
comparable fragmentation functions for scattering off protons and neutrons allows to ex-
tract the number of detected spectator protons by a normalized subtraction of the 'H and
the *H data. The result shows an excellent agreement on the 1o level of VN between the
experimentally observed number and the Monte Carlo prediction, as illustrated by the
unpolarized *H double hit ratio of Negp = 609 to Njsc = 607 spectator protons.
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When regarding the single hit event statistics, it is observed that the experimental val-
ues are significantly lower than expected from the Monte Carlo calculations. Since the
deviation is much more pronounced for the data taken with unpolarized targets, the ef-
fect could be associated with an increase in Meller electron background, which causes
additional signals in the bottom STC module and therefore leads to the misinterpretation
of a single hit as a double hit. While these evenis are removed by the correlation cuts
applied to double hits, they no longer contribute to the single hit event sample.

Another source of uncertainty to be taken into account for single hits is the low reso-
lution of the reconstructed HERMES z-vertex, which complicates the selection of particles
in the double hit acceptance being stopped in the top layer. Thus, unless stated otherwise,
the following results will be based on the STC double hit event sample. As an aside, it is
remarked that both the low vertex resolution and the restricted bottom fayer acceptance
are specific to the STC and will not be present in the full HERMES Recoil Detector,

Energy Deposition Correlation

As outlined in section 4.3.2, the energy deposition correlation between the top and the
bottom STC module allows to identify the detected particle type, which for the considered
physics processes corresponds to mainly protons, Due to the absence of spectator protons
in scattering off 'H, a comparison of the STC response for the 1H and ?H data samples is
therefore expected to reveal a considerable decrease in the number of detected protons for
the former target type.

In figure 4.17, the energy deposition correlation plots are shown for scattering off both
'H and ?H. The two top graphs are based on meastred STC response with unpolarized
targets, while the two bottom graphs result from a Monte Carlo simulation normalized
to the number of detected DIS events. Firstly, it can be observed that the proton~induced
triangular shape of the correlation is only present in the plots based on 2H, while for
'H, only part of the punch-through branch corresponding to higher proton energies is
visible. Furthermore, a good agreement of the experimental data with the Monte Carlo
simulations is present. These results clearly indicate the existence and the dominance
of the spectator process in scattering off 2H, while the particles observed in the 'H data
sample are based on fragmentation. To allow a further confirmation, the angular and
momentum spectra of the two processes will be investigated in the following'®,

Angular Distribution

As outlined in section 4.3.2, the knowledge of the incidence angle « is crucial for the
particle identification as well as the momentum reconstruction. Using equation 2.1, it
can be derived that, due to the limited STC ¢-acceptance, the incidence angle is mainly

'%As the major part of the STC data corresponds to measurements with unpolarized targets, the following
results can be restricted to this subset without compromising the significance.
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Figure 4.17: Comparison of the measured STC energy deposition correlation (data) for the unpo-
larized 'H and 2H data samples with the resuits of Monte Carlo simulations (MC). The
number of generated Monte Carlo events Is equal to the number of DIS events in the

STC data samples.

determined by the polar angle 8. With all relevant experimental uncertainties included in
the Monte Carlo simulations, it is possible to compare the angular spectra measured with
the STC to the theoretical predictions based on the generation of spectator protons and
fragmentation products,
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Figure 4.18: Comparison of the measured STC §-distribution for a 2H target (full circles) with the
result of a Monte Carlo simulation (empty circles). The vertical error bars show the
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Figure 4.19; Comparison of the measured STC ¢-distribution for a 2H target (full circles) with the
result of a Monte Carlo simulation (empty circles). The vertical error bars show the

statistical uncertainty.

The 0-distribution measured with the STC for a 2H target is shown in figure 4.18,
together with the equivalent spectrum extracted from a Monte Carlo simulation. Both
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spectra are in reasonable agreement over the full STC acceptance range, even though the
above discussion on the event statistics indicates that the impact of the fragmentation
products on the STC response is underestimated in the employed Monte Carlo generator.
The shift to small polar angles in the measured distribution as compared to the generated
f-spectrum (see figure 2.5) is a result of the forward—facing acceptance of the operational
STC modules.

As neither the spectator protons nor the fragmentation products show a dependence
on the azimuthal angle ¢, the corresponding distribution in the STC is expected only to
mirror the detector acceptance. This behaviour is confirmed by the spectra given in fig-
wre 4.19, which show no significant difference between the measured angular distributions

and the Monte Carlo prediction.
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Figure 4.20; Comparison of the measured STC «—distribution for a 2H target (full circles) with the
result of a Monte Carlo simulation {emply circles). The vertical error bars show the

statistical uncertainty.

With the knowledge of 8 and ¢ for an event in the STC, the incidence angle o needed
for the energy deposition correction can be determined. Figure 4.20 again displays the
comparison of the measured spectrum with the distribution derived from Monte Carlo
results. Again, a satisfactory agreement can be observed in the angular range of the STC
acceptance. It is noted that the folding of the §- and ¢-spectra does not lead to a maximum
in the range of & = 0°, as it could be naively expected.

The distributions presented so far include a mixture of events resulting from specta-
tor protons as well as fragmentation products. As the forward-facing acceptance of the
operational STC modules does not allow to impose a cut in & without severely restricting
the statistical accuracy, an alternative method of separating the two contributions has to
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be applied.
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Figure 4,21; Comparison of the unnormalized measured STC #—distributions for a *H and a 'H
target. The vertical error bars show the statistical uncertainty.

Under the assumption of comparable DIS fragmentation products for a proton and
a neutron, the events detected in the STC for scattering off 1 correspond to the pure
fragmentation contribution to the H measurements. After a normalization to the number
of DIS events in the ?H sample, a subtraction of the 'H data from the 2H data should
therefore give access to the pure spectator proton distributions. An exact normalization,
however, further has to take into account the different quark content and the resulting
fragmentation products in the proton and the neutron. Based on Monte Carlo data, this
fragmentation correction factor was determined to f = 1.17.

This method is illustrated by means of figure 4.21, which compares the 8-distributions
measured in the STC for scattering off *H and ?H. In spite of the low number of events
in the 'H sample, it can be observed that the fragmentation particles mainly occur un-
der small polar angles. Using the correct normalization factor of n = 2.69 derived from
the event statistics given in table 4.5 and the fragmentation correction factor, n times the
'H spectrum can now be subtracted from the ?H spectrum. The resulting distribution
is shown in figure 4.22 in comparison to the simulated STC response to pure spectator

protons.
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Figure 4.22: Comparison of the extracted STC g—distribution for pure spectator protons (full cir-
cles) with the Monte Carlo prediction (emply circles}. The verlical error bars show the

statistical uncertainty.

Given the low number of events in the measured spectrum, no significant deviation
from the theoretical prediction is observed within the achievable accuracy. However, the
backward-scattering f-range of # > 90° seems to be more pronounced in the experimen-
tal data than expected from the Monte Carlo simulations, which could be explained by a
difference in the proton and neutron fragmentation products in the low—energy domain.
The lack of an operational backward-facing module combination in the STC, together
with the low angular resolution imposed by the dependence on the HERMES z-vertex,
does not allow a further separation of the underlying physics processes. The distinct im-
provement in acceptance and resolution given with the HERMES Recoil Detector would

naturally facilitate this task.

4.3.5 Momentum Reconstruction

Reconstruction Algorithm

The physics objective of the STC data analysis is the determination of the particle types
and initial momenta from the experimental observables AFE;qp, ABpor and the incident
angle o. In accordance with the correlation plot shown in figure 2.3, three separate hit
conditions have to be considered.

The sequence of the momentum reconstruction algorithm can be illustrated by means
of the chart shown in figure 4.23. As only events with a signal in the top counter are
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considered, the first discrimination is between single hits (AFp,; = 0) and double hits

partlcle stopped i ln track in bettom

bottom module module acceptance
E(AE AR E =AE  + AR E=AE, discard
bot bot - event

thickness and o

Figure 4,23; Schematic sequence of the momentum reconstruction algorithm.,

[correct for cell wall
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4 First Results obtained with the 5TC

(AEj,; > 0). In the former case, the particle can either pass the top and miss the bottom
layer, or it can be stuck in the top layer. Using the tracking information, all events which
are not in the geometric acceptance of the bottom layer are discarded. For the remaining
sample, the particle energy E before hitting the counter is given by I = AEop.

In the case of double hits, the event sample is divided into particles stuck in and
particles passing the bottom layer by means of the energy deposition correlation. In
the former case, the particle energy F is again given by the total energy deposition, i.e.
B = AEy,, + AFye, while for the remaining sample E has to be determined using the iter-
ative inversion of equation 4.3, With the knowledge of the incident angle e, the employed
detector thickness ;4 is given by

ttop + Lot

tot =
cosa

Finally, the resulting particle energies B have to be corrected for the energy loss in the
HERMES storage cell wall to obtain the initial energies Eiy; at the interaction point. This is
achieved analytically using the equation

b, twall  PAL 1o

Binitial = (E + ———) )
cosa -G

with t,,qy being the storage cell wall thickness, p; the density of Aluminum and a, b the
parameterization constants for the energy loss in Aluminum!!. As the observed particle
type is known from the energy deposition correlation, a conversion of Fjpjsiq to the initial

momentum Pipisiar 1 straightforward.

Acceptance Corrections

In order to verify the reliability of the employed reconstruction algorithm, the Monte Carlo
simulation of the STC response to pure spectator protons can be used as a test input.
The result is shown in figure 4.24 in comparison to the theoretical momentum density
distribution utilized in the Monte Carlo generator. While a good agreement is achieved
over a wide range of momenta, the reconstruction clearly deviates for the high- and the
low-momentum end of the spectrum. The reason for this behaviour is easily understood
when the energy deposition thresholds applied in the STC data analysis and the influence
of the HERMES storage cell are taken into account.

As figure 4.20 shows, the incidence angles observed in the STC are distributed over a
wide range. A low-momentum spectator proton reaching the HERMES storage cell wall
has to traverse an effective wall thickness scaling with 1/ cos « to be detected in the STC.
Therefore, a particle of fixed initial energy hitting the cell wall under o = 0° may pass

" As the difference in the densily-weighted mass stopping power dE/p - du for Si and Al is less than 3 % in
the relevant energy range, the same constants a, b can be used.
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Figure 4.24: Momentum reconstruction of Monte Carlo generated spectator protons for double hits
in the STC (data points) in comparison {0 the theoretical momentum density distribu-
tion (solid line). The error bars on the data points indicate the statistical uncertainty.

the wall as well as the top STC module, while under a higher incidence angle, it may be
stopped in the cell wall or the top Silicon layer. This results in an underestimation of the
momentum density for low spectator proton momenta.

In the high-momentum end of the spectrum, the opposite effect is observed, Given
the energy deposition thresholds applied to the STC modules, a particle of fixed initial
energy traversing the Silicon layers under a high incidence angle may deposit an above-
threshold energy, while under o = 0°, the corresponding event is removed by the thresh-
old cut. Therefore, the reconstructed momentum density is too low for high spectator
proton momenta.

To illustrate the influence of the incidence angle on the number of reconstructed events
in a certain momentum range, figure 4.25 displays the corresponding correlation as ex-
tracted from the unpolarized ?H data sample of the STC. The low-momentum bin is
clearly dominated by low incidence angles, while momenta higher than =~ 350 MeV /¢
correspond to higher values of a.

Under the assumption of a momentum-independent angular distribution, a correction
factor for a given particle momentum can be determined, While this procedure finds only
restricted application in the analysis of the STC data, the basic steps are outlined in the
following,

Given the geometric setup of a Silicon telescope and the corresponding stopping power
parameterizations, an value a4, can be derived which denotes the maximum incidence
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Figure 4.25: Correlation of the reconstructed incidence angles o and the reconstructed momenta
p for double hits in the unpolarized STC ?H data sample.

angle under which a punch-through can occur for a given particle. With f(a) being the
angular distribution in the detector acceptance, the normalization factor n(E) for a given

energy F is
foamuz f(Of) da
JP fleyda

i.e. the accessible fraction of the total angular spectrum. For the case of a threshold cut,
@min can be defined accordingly, with a resulting normalization factor

Jal?, f(a)da

n(E) =

foﬂﬂ f(a) da '

Due to the statistical limitations in the STC data sample, the analysis of the momentum
distribution is restricted to the kinematical region of 100 MeV/c < p < 350 MeV/c, in
which only minor corrections to the low— and high-momentum bin are necessary. The
determination of the correction factors is performed by means of Monte Carlo simulations.

n(F) =

Single Hits

As discussed in section 4.3.1, the accessible momentum distribution can be extended in the
low-momentum region by the inclusion of single hits in the analysis. The signature for
this class of events is an above-threshold energy deposition in only the top STC module
and a reconstructed particle vertex inside the double hit acceptance.
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4.3 Results from ' H and ?H scattering

However, the analysability of the STC single hit data is restricted by several factors.
Firstly, an additional systematic error is introduced by the large uncertainty in the HER-
MES z-vertex needed for the application of the acceptance cut. Here, a certain fraction of
the events will be wrongly considered as inside resp. outside the double hit acceptance.
Using Monte Carlo techniques, the uncertainty on the total number of reconstructed single
hits can be estimated to IN/N = 17 %.

When further taking into account the deviation from the Monte Carlo prediction in the
single hit event sample (see section 4.3.4), an inclusion of the single hit events in the deter-
mination of the spectator momentum distribution seems inadvisable. It is noted that this
omission is based on the small active area of the STC modules together with the missing
z-vertex reconstruction, which will both not be present in the HERMES Recoil detector.

Resolution of the Reconstructed Energy

In section 4.3.3, the energy deposition resolution 6 (A E);,; in the STC has been presented in
detail. However, to obtain the uncertainty in the reconstricted energy d Ejp; at the interac-
tion point, the deposition error has to be propagated through the inversion of equation 4.3
using numerical methods. Furthermore, the uncertainty introduced by the energy loss
and smearing introduced by the HERMES storage cell wall has to be taken into account.
This can be achieved using the same approach as described in section 4.3.3, whereby the
parameters corresponding to 75 pm of Aluminum are employed. In summary, the follow-
ing steps are performed on an event-by—event basis:

1. The total energy deposition resolution §(AE),; is determined.

2. The corresponding uncertainty in the particle energy is calculated for the case of
double hit punch-through events.

3. Theerror on the initial energy 8(F;n;)4ep at the interaction point induced by §{A E);,
is specified.

4. The contributions from energy straggling and the angular resolution are determined
and added in quadrature to §{(Eii)dep.

Spectator Momentum Distribution

Taking into account the above considerations, the momentum density distribution of the
observed spectator protons in scattering off 2H can be extracted. As described in sec-
tion 4.3.4, the normalized spectrum obtained from the 'H data sample is subtracted from
the deuteron data to allow for the dilution by fragmentation products. The result based
on double hits in the STC is shown in figure 4.26 in comparison to a parameterization of
the deuteron momentum density |[¥(jps]}f? - p? [Kra:76]. The displayed uncertainty in the
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Figure 4.26: Distribution of the reconstructed spectator momenta p for double hits in the unpolar-
ized STC 2H data sample. The solid line represents a parameterization of the deuteron

momentum density [45(|ps})}? - p2 [Kra:76].

number of counts is derived from the shift in a momentum bin after an error of +o is
applied to the reconstructed energy.

Despite the various uncertainties complicating the analysis of the STC data, a satisfac-
tory agreement of the measurement with the theoretical prediction can be observed. Given
the fact that the restricting factors in resolution and acceptance are exclusively based on
the limited performance of the STC, it can be concluded that the feasibility of operating a
Silicon telescope in the HERMES vacuum environment has clearly been proven.
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Summary

The HERMES experiment at the DESY research centre uses a 27.5 GeV electron beam to
investigate the spin structure of the nucleon by means of polarized deep-inelastic scat-
tering off an internal gas target. While the acceptance of the employed spectrometer is
optimized for the detection of forward-scattered particles in the final state, the physics
potential can be significantly expanded by the observation of particles at higher angles.
This thesis presents a project to implement an additional detector at HERMES to serve this
purpose.

In the first part, the benefit of extending the acceptance in the target region is motivated
for several physics cases like diffractive scattering, off-forward parton distributions and
nuclear corrections. Based on the resulting detector requirements and the restrictions im-
posed by the HERMES environment, a design for a suitable Silicon telescope is presented.
Given the unique conditions at HERMES , this HERMES Recoil Detector can be positioned
inside the target vacuum vessel and in close proximity to the electron beam. The expected
detector response and the background conditions are determined by means of detailed
Monte Carlo simulations.

To prove the feasibility of operating a recoil detector in the specified environment, a
test device with reduced acceptance has been designed and installed for the 1998 HERMES
data taking period. The second part of this thesis describes the design and the expected
performance of this Silicon Test Counter. Afterwards, the integration of the device into
the HERMES data production and the analysis routines developed to extract the physics
observables are presented.

The experience with operating the Silicon Test Counter and the first results obtained
with scattering off 'H and ?H are summarized in the final chapter. In spite of a clear
restriction in the counters functionality, the occurrence of spectator protons is verified,
and the observed momentum distribution is in agreement with theoretical predictions. In
conclusion, the operability of a full-scale recoil detector at HERMES has been proven.
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Zusammenfassung

Das HERMES — Experiment am Forschungszentrum DESY benutzt einen Elektronenstrahl
von 27,5 GeV zur Untersuchung der Spinstruktur des Nukleons durch tiefinelastische
Streuung an einem internen Gastarget. Wihrend die Akzeptanz des eingesetzten Spektro-
meters auf den Nachweis von vorwiirtsgerichteten Streuprodukten optimiert ist, kann das
physikalische Potential durch die Beobachtung von Teilchen unter héheren Winkeln deut-
lich erweitert werden. Die vorliegende Arbeit prasentiert ein Projekt zur Implementierung
eines zusdtzlichen, diesem Zweck dienenden Detektors in das HERMES — Experiment.

Im ersten Teil der Arbeit werden die Vorteile einer Erweiterung der Akzeptanz im Be-
reich des Targets anhand einiger physikalischer Fragestellungen wie diffraktive Streiung,
verallgemeinerte Partonverteilungen und nukleare Korrekturen erlautert. Unter Beriick-
sichtigung der sich ergebenden Anforderungen und der Einschrinkungen aufgrund der
experimentellen Rahmenbedingungen wird der Entwurf eines geeigneten Siliziumtele-
skops prasentiert. Aufgrund der einzigartigen Bedingungen bei HERMES kann dieser HER-
MES Recoil Detector innerhalb des Targetvakuums in direkter Nidhe zum Elektronenstrahl
installiert werden. Das erwartete Verhalten des Detektors und die Untergrundverhiltnisse
werden durch eingehende Monte-Carlo-Simulationen bestimmt.

Zur Uberpriifung der Durchfiihrbarkeit eines Detektorbetriebs unter den gegebenen
Rahmenbedingungen wurde ein Testdetektor mit reduzierter Akzeptanz entworfen und
1998 zu Beginn der HERMES ~ Datennahme installiert. Der zweite Teil der vorliegenden
Arbeit beschreibt den Aufbau und das erwartete Verhalten dieses Silicon Test Counters.
Anschliefend werden die Integration des Detekiors in die HERMES — Datenproduktion
und die zur Extraktion der physikalischen Observablen entwickelten Analyseroutinen
erlautert.

Die Erfahrungen mit dem Betrieb des Silicon Test Counters und die ersten gewon-
nenen Ergebnisse aus der Streuung an 'H und 2H werden im Abschlufkapitel zusam-
mengefafst. Trotz der deutlich eingeschrinkten Funktionalitdt des Detektors konnte das
Auftreten von Zuschauernukleonen bestitigt werden, wobei die gemessene Impulsvertei-
lung im Einklang mit der theoretischen Vorhersage ist. Die Mdglichkeit des Betriebs eines
Riickstofidetektors mit voller Akzeptanz im HERMES — Experiment ist dadurch bewiesen

worden.
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