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5. THE SILICON TEST COUNTER

5.1 Introduction

The HERMES Silicon Test Counter (STC) was developed in 1997 and 1998
and was part of the HERMES experimental setup during the fall of 1998. It
consisted of two layers of double-sided silicon and was positioned beneath the
centre of the internal target-cell inside the vacuum chamber. This prototype
detector was made to verify the feasibility of operating silicon detectors in
the harsh environment of the HERMES lepton-scattering interaction area. In
view of the plans (that were later realised) to install two large arrays of silicon
detectors surrounding the HERMES target, it was crucial to demonstrate
that neither the ultra high vacuum requirements nor the RF of the beam
or the high radiation levels prevented the operation of such systems. The
STC was positioned at such a position that it could be used to observe recoil
protons produced in Deep Inelastic Scattering (DIS). As a result the STC
might also provide a ‘proof of principle’ of recoil detection in DIS, a subject
long debated in literature [51, 52, 53].

More specifically with a recoil detector several new physics topics can be
studied:

• The measurement of the momentum distribution of nucleons in deu-
terium in DIS by detecting spectator protons of DIS events on the
neutron in deuterium and determining their momentum. A compari-
son can be made with similar data obtained in quasi-elastic electron
scattering (QES) at a considerably lower incident energy. In case it
can be shown that the momentum distribution derived from DIS and
QES are similar, it proves the feasibility of recoil detection in DIS,
thus enabling the use of recoil detection as a tool to observe tagged
structure functions in DIS. Furthermore, possible differences between
the momentum distributions from DIS and QES may shed light on
the relative importance of contaminating processes (such as final-state
interactions and exchange currents) in the reactions.

• The extraction of the tagged neutron structure function F n
2 � tag from

DIS and recoil detection data on deuterium. In practice the ratio
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F n
2 � tag /F p

2 is obtained, which can be compared to F n
2 /F p

2 data, derived
from inclusive DIS on deuteron and hydrogen targets (see Chapter 4).
As was discussed in section 4.9 the ratio F n

2 /F p
2 derived from inclusive

DIS data is difficult to interpret in the limit x → 1, where explicit
predictions exist (see section 2.7), because of uncertainties related to
nuclear (binding) effects in deuterium. However, the use of a recoil de-
tector allows the tagging of DIS events on the neutron in the deuteron,
by identifying the spectator proton, thus offering nucleon momentum
information, which can be used to reduce the uncertainties due to the
nuclear binding effects. Furthermore, the determination of a tagged
structure function makes it possible to study the nuclear momentum
dependence of F n

2 � tag by determining F n
2 � tag /F p

2 for different recoil
momentum bins. This is of interest as a momentum dependence of
F2 could be at the origin of the EMC-effect. In this chapter a first at-
tempt is made to extract F n

2 � tag /F p
2 and its momentum dependence.

Other physics issues that can be addressed with a recoil detector are the
study of target fragmentation products, deep virtual Compton scattering,
and other exclusive processes and colour transparency. All these topics are
described in more detail in [51, 54]

In this chapter the design considerations of the STC and their implemen-
tation are presented in sections 5.2, 5.3, 5.4, 5.5, and 5.6. Following this
technical overview of the system the signal extraction and energy calibration
of the silicon counters is explained in section 5.7. As the data showed that it
was possible to operate the STC at HERMES, in the concluding section an
attempt is presented to extract data on the nucleon momentum distribution
and the structure function ratio F n

2 � tag /F p
2 .

5.2 Design considerations

As mentioned in the previous section, the STC was positioned underneath
the target cell, through which the electron beam passes. The closeness of the
open-ended internal cryogenic target-cell and the electron beam and also the
ultra-high vacuum of the HERA beam-line posed several restrictions on the
design of the detector and the materials which could be used.

• The materials used had to satisfy the out-gassing requirements, set by
the HERA vacuum group. The allowed contribution to the pressure
at the location of the HERMES target corresponds to a background
pressure of 10−7 mbar. This is to ensure that the passing of the beam
through the HERMES area would not be hindered by an additional
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gas load, leading to a reduced beam life time. In particular the out-
gassing of gases, which can not be pumped away easily, or those which
might have detrimental effects on the pumping system used, should be
avoided. In addition, it is necessary to keep the amount of gas in the
target chamber as low as possible since this could negatively influence
the purity and the high polarisation of the HERMES target. Moreover,
the electronic components had to be able to withstand a high level of
radiation to avoid a breakdown of the front-end part of the readout
chain. For all these reasons normal printed circuit boards (PCBs) could
not be used. Instead, kapton was chosen as base material for the PCBs.
The kapton was glued to a copper plate for stability as well as cooling.
The glues and insulating materials used were carefully selected and
tested. Details are given in [55]. For the cabling, kapton-coated wire
was taken.

• The passing of the electron beam in bursts of 26 ps produces a wide-
band radio-frequency (RF) spectrum. In principle, the target and the
wake-field suppressor are designed to keep the RF inside the beam
pipe. However, the pumping holes in the target-cell and the openings
in the wake-field suppressor allow certain frequencies to enter the target
chamber. To prevent the RF in the target chamber from influencing the
silicon detector and front-end electronics placed there, the detector and
front-end electronics should be surrounded by an enclosure (Faraday
cage), which is reduced to an open grid in the line of sight to the target
(see figure 5.1).

• Since there is very little heat dissipation in the vacuum the heat pro-
duced by the readout electronics will cause an increase in temperature
of the entire system. In order to prevent a breakdown at high tempera-
tures the electronic components have to be cooled by direct contact. In
this case the use of a cold bar was chosen. Also, a cooled environment
is preferable for the operation of silicon detectors as the effect of radia-
tion damage to silicon is less pronounced at low (< 0 ◦C) temperatures
.

• The limited space available in the target chamber complicated the de-
sign as the method of installation had to be considered as well as the
routing of the signal cables and the cold bar. In this respect, it has
to be realised that the HERMES internal target and the STC had to
be installed simultaneously, while they both have separate cooling and
electronic systems.
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5.3 Detector mechanics

The outcome of the design effort was a detector system as presented in fig-
ure 5.1. A small (421 × 142 × 63 mm3) box with the open top side covered
by a woven mesh of perpendicular wires with a spacing of 5 mm between
the wires. These wires are made of beryllium copper (CuBe) and have a
thickness of 125 µm. The cooling bar was part of the support structure of
the silicon detector. The actual cooling was done by conduction. A cold bar,

Fig. 5.1: Three-dimensional view of the HERMES Silicon Test Counter (STC). The
top part of the graph shows the cover plate including the open grid with a
spacing of 5× 5 mm2. In the bottom part the following parts can be iden-
tified: octagonal silicon detectors supported by rectangular carrier boards,
cabling (black) and the cold bar extending from below the counters. The
overall scale of the STC is 421 × 142 × 63 mm3.

situated outside the vacuum chamber in a secondary vacuum, was connected
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by a copper (OFHC) bar, via an electrically insulating piece of aluminium
nitride to the aforementioned copper support structure of the carrier boards.
The cold bar was cooled by a system using Peltier elements. The cooling
power available was ∼ 150W at 0 ◦C. The whole structure was positioned
on three pins, which were welded to the vacuum chamber. The obtained
positioning precision was of the order of 3 mm. The top silicon detector was
6 cm below the centre of the target-cell. The second layer of silicon detectors
was positioned 1.5 cm below the top one. The detectors used for tracking
and particle identification were double-sided silicon strip detectors. A recoil
proton passing through two detectors with double-sided readout provides the
four coordinates necessary to reconstruct the track of the particle. Energy in-
formation is obtained by using the two silicon detectors as ∆E−∆E counters
using the analog signal produced by both counters.

5.4 Silicon

The choice of silicon detectors, as we are considering a prototype, was limited
to silicon detectors readily available at one of the manufacturers. The main
consideration was to have two layers of double sided silicon, where the top
layer had to be relatively thin to allow for particles with low momentum to
pass this first layer and reach the second layer. Eventually one thin (135 µm)
detector was chosen for the top layer, while for the bottom layer two different
detectors were selected. In the backward region relative to the centre of
the target and the beam direction an equally thin detector was positioned,
while for the forward region we opted for a thick (306 µm) detector. The
specifications of the silicon detectors are given in table 5.1.

Silicon detector properties
shape octagonal

thickness 135, 136, 306 µm
silicon type double sided
strip pitch 1 mm

strip pattern orthogonal
size 64 x 64 mm2

strip coupling DC
depletion Voltage 28, 27, 54 V
Ileakage @ -15 ◦C 0.4, 0.4, 1.0 µA

Tab. 5.1: Properties of the silicon detectors used in the STC.
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5.5 Electronics

For the collection of the signals from the silicon detector the Analog Pipeline
Chip (APC) was chosen. The main advantage of this 64-channel chip is its
large dynamic range, which enables the observation of both the slow recoils
(with momenta down to 100 MeV/c) and fast particles ( 300 < p < 1400
MeV/c ). The APC was well known from its use in the vertex chambers,
which were part of the HERMES setup and also built at NIKHEF [28]. In
addition, the APC’s needed were readily available at NIKHEF.

The APC’s were operated at the HERA bunch crossing frequency of 10.4
MHz. They have 64 channels, which integrate the charge from the silicon
strips. This integrated charge is sampled at the bunch crossing frequency and
stored in a circular buffer with a depth of 32 cells (pipeline), allowing a trigger
latency of several microseconds. Upon receipt of a trigger, two samples are
retrieved form the circular buffer: one from just before the passing of a
particle and the other from right after the passage. The difference of these two
samples is a measure of the charge deposited in the detector by the passing
particle. By choosing the two sampling points carefully a good signal can
be obtained. The APC’s and the electronic components needed to process
the signal were placed on the kapton printed circuit boards, supported by
copper plates as mentioned before. In total there were three carrier boards
with on each side an APC with 64 channels, adding up to 384 channels.
Each APC was read out by its own ADC. To ensure optimal performance
the electronics were grounded from outside the vacuum and no electrically
conducting connections were made with the immediate surroundings. The
electronics were housed inside the metal cage and the cables were shielded
by a fine mesh, thus forming a Faraday cage around the active electronics
up to the flange to protect the small (100 mV) signals from noise influences.
A balanced signal output was chosen to further enhance the noise immunity.
The ADCs used were the CAEN V676, a 10 bit ADC, working at 10 MHz,
which was positioned 30 metres away in the electronics trailer.

5.6 Operation of the STC

During the operation and the installation of the STC several accidents oc-
curred, which decreased the potential of the detector and in the end rendered
it inoperable. Three APC’s of the six initially in operation broke down due
to discharges of static electricity. This was caused by the extremely dry envi-
ronment in which the detector was installed and facilitated by (in hindsight)
insufficient electronic protection of the APC’s. The other three chips were
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operated successfully for several months, until the radiation resulting from
the loss of an erratic HERA electron beam in the vicinity of the HERMES
interaction point, caused significant damage. The chips became inoperable,
along with the APC’s used in the vertex chambers at HERMES and the sil-
icon vertex detector [56] at the H1 experiment. A glass dosimeter had been
installed near the detector and it was analysed afterwards. It had collected
about 65 kGy of radiation, while the APC’s are believed to be operable up
to only 0.8 kGy [57].

5.7 Results

The results obtained from the present analysis of the STC data is described
in this section. A first analysis of the data, which was limited to a proof of
principle and did not include the extraction of the physics quantities intro-
duced in section 5.1, was performed by K. Fiedler [58]. The present results
supersede those of Fiedler. First the event selection and the synchronisation
with the HERMES spectrometer data is covered. Thereafter, the signal pro-
cessing and the energy calibration is discussed. The extraction of the nucleon
momentum distribution in the deuteron is presented in section 5.8, while the
structure-function ratio F n

2 � tag /F p
2 is presented in the last section of this

chapter.

5.7.1 Event selection

To select events in the STC data that correspond with a DIS event, first an
inclusive analysis of the HERMES data was carried out, similar to the one
presented in chapter 4. The data quality requirements were less stringent as
compared to the inclusive analysis presented in chapter 4, since only little
STC data are available. The selected events were used as an input list for
possible interesting STC events. A total of 0.34 million events on hydro-
gen were selected, while on deuterium, polarised and unpolarised combined,
nearly 1.3 million events were available.

Before analysing the events, a baseline of the APC had to be established
for each strip, as the APC has a different baseline for each channel. This
had to be done for each run as the conditions vary form run to run, possibly
resulting in a different baseline. To obtain the baseline for each run and
for each strip 1000 events were selected, in which the strip was not hit. The
distribution formed by these 1000 events was fitted with a gaussian to get the
mean and the width. The obtained mean was taken to be the baseline for the
run analysed, while the width was used as a base measure of the threshold.
In practice, the threshold was set at five times the width (expressed in terms
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of the sigma of the Gaussian) above the mean for the present analysis. In this
way most noise and minimum-ionising events were removed from our sample.
The five-sigma threshold corresponds to 
 200 keV or 
 250 keV depending
on the detector hit, which is significantly more than the energy deposited by
a minimum-ionising particle of about 100 keV. The event selection of possible
spectator proton events was performed by requiring, for every event in the
DIS event list, at least one strip for one of the three detector planes to be
higher than the applied threshold.

5.7.2 Signal processing

After the selection of events the hit strips were ‘clustered’, where possible,
to obtain the most accurate position of the passing particle and to take all
the deposited energy into account. In this procedure no gaps were allowed
in a cluster. The total deposited charge is given by:

qtot =
i=n+1∑
i=n−1

qi (5.1)

The centre of gravity of the cluster was determined and stored as the hit
position, while the integrated cluster charge was stored as the deposited
energy. For the bottom detector the signals were doubled as only half the
balanced signal was read out. The clusters were in more than 90% of the
clusters determined by just one strip.

5.7.3 Data quality and acceptance cuts

Several plots are shown in order to check the data quality and the acceptance
of the STC. Furthermore, the synchronisation between the HERMES and
STC data stream was verified. First, the hit position determined by the strips
of the top and bottom sides of the top detector should give the orthogonal
detector shape as illustrated in the right-hand panel of figure 5.2. The charge
collected by the top side should be nearly the same as that obtained by the
bottom side of the top detector, giving a linear relation between the two
quantities, which is made clear in the lower right hand panel of figure 5.2.

When involving the HERMES spectrometer data in the analysis the
proper synchronisation of the STC and HERMES data can be verified. In the
top left panel of figure 5.2 the z-vertex position, as determined by the scat-
tered electron in the HERMES spectrometer, is plotted versus the z-position
of the hit in the top detector of the STC, requiring also that charge has been
deposited in the second layer. The area in which possible hits can occur is
enclosed by the drawn lines. The fact that there are only a limited number



5.7. Results 71

-4

-3

-2

-1

0

1

2

3

4

-20 -10 0 10 20
-4

-3

-2

-1

0

1

2

3

4

-4 -2 0 2 4

-4

-3

-2

-1

0

1

2

3

4

-4 -2 0 2 4

z(HERMES)[cm]

z(
st

c)
[c

m
]

x [cm]

z 
[c

m
]

x(bottom) [cm]

x(
to

p)
 [c

m
]

ADC1 [chan]

A
D

C
2 

[c
ha

n]

0
25
50
75

100
125
150
175
200
225

0 50 100 150 200

Fig. 5.2: Correlation plots between the z and x strips of the two detector planes,
labelled as ‘top’ and ‘bottom’. In the top left plot the z-vertex as provided
by scattered electron observed by the HERMES detector is used in the
absence of z-information from the bottom detector. In the bottom right
plot the charge correlation of the top plane is shown.
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of hits (noise) outside this area proves that the synchronisation of the two
data-streams is correct.

5.7.4 The reconstruction of the x-vertex

From the x-hit position in both the top and the bottom layers of the STC
the x-vertex position can be reconstructed.

xvertex = xtop − (xbottom − xtop)
∆Y1

∆Y2
(5.2)

with ∆Y1 = 6.0 cm, the distance from the centre of the target to the first
plane and ∆Y2 = 1.5 cm, the distance between the two silicon planes. In
figure 5.3 the resulting distribution is seen. This distribution presents a
proper vertex reconstruction, which indicates that the STC worked well.
Unfortunately a similar result could not be obtained for the z-vertex, due
to the broken APC’s. If operational a z-vertex distribution obtained with a
nearby silicon detector could be a significant improvement with respect to
the current accuracy of z-vertex position, as determined by the HERMES
spectrometer, of about 2 cm.
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Fig. 5.3: Reconstructed x-vertex from the STC data.
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5.7.5 Angular distributions

To perform the energy calibration we need to know the incidence angle of the
incoming particle. To obtain this, the polar angle θ and the azimuthal angle
φ of the recoil particle are calculated in the HERMES coordinate system
using the following expressions:

θ =
π

2
− atan([ztop − zvertex]/∆Y1) (5.3)

φ =
3π

2
+ atan([xbottom − xtop]/∆Y2) (5.4)

The incidence angle α with respect to the perpendicular on the plane of the
STC is given by:

α = π − acos(sin θ · sin φ) (5.5)

In figure 5.4 the three angular distributions are presented. The distributions
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Fig. 5.4: Angular distributions as a function of θ, φ, and α.

presented show the expected shape, at least qualitatively. The φ distribution
is symmetrical, as expected from the symmetric φ-acceptance of the STC,
while for the θ distribution the acceptance in the backward region is clearly
smaller, which can be understood from the geometry of the two detector
planes. The α-distribution gives the angle with respect to the vertical. The
distributions can be reproduced in Monte Carlo studies as shown in refer-
ence [58].

5.7.6 Energy calibration

To extract the energy deposited in the silicon detectors from the signal ob-
tained in the ADC channels we use the correlation between the deposited
energy in the two detectors. The deposited charge in the two planes was
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plotted, as shown in figure 5.5, and compared to the theoretical curve. The
deposited charge was changed for the angle of incidence with the following
factor:

Ceff = Cexp · cos(0.78 · α), (5.6)

with α as introduced in the previous subsection. The factor 0.78 is introduced
to compare the data with the curve determined for particles which traverse
the silicon perpendicular to the surface. In principle, one should bin the
obtained events in α and compare with the appropriate curve. However, the
statistics available do not allow this.

It is derived from equation 5.7, written below, by comparing the exact
energy loss as a function of α with the energy loss as a function of α multiplied
by a fixed factor. One can write the thickness, t, in equation 5.7 as a function
of the cosine of the angle of incidence α. The cosα term was expanded into a
Taylor series of which only the first term was used to extract the factor 0.78.
by expanding both in a Taylor series. Here only the first term was taken
into account. The factor 0.78 obtained makes curves for different α overlap.
The curves for proton and deuteron energy loss in silicon, both shown in
figure 5.5, were calculated using the formalism from [59]:

∆E = E −
(
Eβ − t

CR

)1/β

(5.7)

with ∆E the deposited energy, E the energy before passage through the
silicon, t the silicon thickness, CR and β constants obtained from range
tables [59]. The obtained result can be used for particle identification, but
not for the energy determination as this information is lost in this procedure.
The energy calibration factors and offsets were established for each plane
separately by calculating the distance from each point to the theoretical
curve and minimising the sum of these values. The following calibration
factors and offsets were calculated according to the scheme below:

plane 1 : ∆E1 = a0 ADC1 + a1 (5.8)

plane 2 : ∆E2 = b0 ADC2 + b1 (5.9)

For each particle traversing the silicon layers we want to establish whether it
was a proton or a deuteron and determine its energy before passing through
the silicon detectors. Protons and deuterons can only be separated up to the
point where the protons start to pass through the second layer, as from that
point on the curves of the proton and the deuteron are too close to separate
them considering the accuracy of the deposited energy. For the region where
the curves are relatively far apart, for each point the shortest distance to
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loss in the bottom layer (∆E2). The data have been calibrated using
equations 5.8 and were corrected according to equation 5.6. The data are
compared to the calculated energy-loss curves for protons and deuterons,
with the upper curve for the deuterons and the lower one for the protons.

both curves is calculated. The nearest curve determines the particle type and
immediately the energy of the particle before entering the silicon. However,
as the events took place in the target-cell, the energy lost in passing through
75 µm aluminium has to be accounted for in the nucleon energy calculation.
This is done by using eq. 5.7 again. The energy spectrum of the protons
obtained in this way is used to extract the momentum distribution of the
nucleons in deuterium, which is presented in the next section.

5.8 Nucleon momentum reconstruction

With the energy distribution of the protons from the deuterium target and
the hydrogen target and the mass of the proton, the corresponding momen-
tum distributions were calculated. They are presented in the top and middle
panels of figure 5.6. The hydrogen distribution mainly consists of target frag-
mentation products from deep-inelastic scattering, since spectator protons
cannot be produced on hydrogen. The deuterium distribution also contains
the sought-after spectator protons. The method to obtain a normalised mo-
mentum distribution of these spectators is presented in the next subsection.
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5.8.1 Absolute normalisation of the momentum distribution

To extract a normalised momentum distribution from the STC data, de-
scribed as N(x, Q2, p, θ), with p the recoil momentum and θ the polar angle
of the recoil proton, we have to determine the following differential cross
section

dσ

dxdQ2dpdθ
=

N(x, Q2, p, θ)

L · ∆x∆Q2∆p∆θ
, (5.10)

where L represents the integrated luminosity in [fm−2], and ∆vi represents
the bin size for each variable. The acceptance in x and Q2 is governed by the
HERMES spectrometer and is a complicated function which we represent by
V (x, Q2). The acceptance of the STC is similarly expressed as VSTC(p, θ):

VSTC(p, θ) =
∫

STC
d�p ≈ p2

∫
STC

dΩ = p2 · ASTC , (5.11)

where the STC acceptance is assumed to be p-independent. Using a Monte
Carlo simulation the angular acceptance of the STC, as expressed by the
factor ASTC , can be estimated to be 1.2%. The simulation includes the
target density distribution along z. Including these two acceptance functions
the cross-section expression reads:

dσ

dxdQ2d3p
=

N(x, Q2, p, θ)

L · V (x, Q2) · p2 · ASTC

. (5.12)

The electron acceptance function, V (x, Q2), can be taken from the DIS cross
section and its corresponding yield, Np

incl. on hydrogen

dσDIS

dxdQ2
=

2πα2

Q2

1 + (1 − y)2

x
F2(x, Q2) =

Np
incl.(x, Q2)

L · V (x, Q2)
(5.13)

where the last term describes the measured quantities. This can be used to
extract V (x, Q2), which can then be inserted in eq. 5.12 to give:

dσ

dxdQ2d3p
=

Nd
STC(x, Q2, |p|)/LSTC

Np
incl.(x, Q2)/Lincl.

· 1

p2 · ASTC

2πα2

Q2

1 + (1 − y)2

x
F p

2 (x, Q2).

(5.14)
In order to extract information on the proton momentum distribution in
deuterium we make use of the expression for the cross section for DIS with
the observation of a spectator [60]

dσ

dxdQ2d3p
=

2πα2

Q2

1 + (1 − y)2

x
F tag

2 (x, Q2) · n(|p|). (5.15)
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Combining the last two equations yields:

F tag
2 (x, Q2) · n(|p|) =

Nd
STC(x, Q2, |p|)/LSTC

Np
incl.(x, Q2)/Lincl.

· 1

p2 · ASTC

F p
2 (x, Q2). (5.16)

With this last equation it is possible to extract either n(|p|) or F n
2 � tag /F p

2 from
the data. The nucleon momentum distribution can be obtained by integrat-
ing over x and Q2, if it is assumed that the total partonic number density is
the same for the tagged and untagged structure function. It is seen that the
absolute value of the nucleon momentum distribution in deuterium can be
derived from the normalised yield for inclusive scattering and the normalised
yield of the STC. As the luminosity enters twice it is sufficient to use relative
measures of the luminosity as long as the same instrument is used for both.

5.8.2 Spectator proton momentum distribution

With all components now available we can use the energy distributions for the
hydrogen and deuterium targets and calculate the momentum distributions.
To obtain the pure spectator proton momentum distribution we have to sub-
tract the momentum distribution of the fragmentation products as measured
on the proton target from the deuterium distribution, assuming the large-
angle fragmentation spectra for deuterium and hydrogen to be the same.
In doing so, the distributions are normalised using the measured integrated
luminosity on each target. This is expressed by the following equation.

n(pspec) =
Nd

STC(p) − Ld
STC

Lp
STC

· Np
STC(p)

Ld
STC · p2 · ASTC

/(Np
incl./L

p
incl.), (5.17)

with Nd
STC(p) and Np

STC(p) the number of events in the STC for deuterium
and hydrogen targets binned in momentum, Lp,d

STC,incl. the integrated lumi-
nosity for hydrogen and deuterium for the STC events and the collected DIS
events, and Np

incl. the total number of DIS events collected for hydrogen in
HERMES run I. The result is presented in figure 5.6. The separate Nd

STC(p)
and Np

STC(p) spectra are shown in the upper and middle panels of figure 5.6.
The systematic uncertainty on n(p) has an instrumental and a model-

dependent component. The instrumental component is due to the uncer-
tainty in ASTC , which we estimate to be 10%, the unmeasured efficiency of the
STC, which is estimated to be 5%, and the neglected possible p-dependence
of the acceptance, which is also estimated to be 5%. The model-dependent
uncertainties stem from the assumed similarity of the fragmentation momen-
tum distribution for hydrogen and deuterium and the assumed validity of
equation 5.15. These uncertainties are hard to estimate without elaborate
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theoretical considerations and were assigned a fairly arbitrary 10% in this
work. Taken together we arrive at a systematic uncertainty of about 16%.
The result is shown in the lowest panel of figure 5.6. The first data point is
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Fig. 5.6: Momentum distribution of deuterium (top panel), hydrogen (middle
panel), and deuterium after the subtraction of the hydrogen data.

rather low compared to the other data because the STC acceptance is lim-
ited for the lowest momentum particles as we require the particles to traverse
both detectors. They can be stopped in the first layer when they have an an-
gle of incidence different from normal; only when they have a momentum of
at least 125 MeV/c can they make it through both silicon detector layers for
all possible impact angles. For lower momenta part of the proton spectrum
will be stopped in the first layer at large angles.

The curve shown in figure 5.6 represents a parameterisation of the nu-
cleon momentum distribution in the deuteron by Krautschneider [61]. This
parameterisation is derived from 2H(e, e′p) data measured in the quasi-elastic
domain. It is surprising to see how well the STC data are described by the
parameterisation, even on an absolute scale. This is remarkable as the scat-
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tering processes involved are different. In QES the electron scatters elasti-
cally off the proton which is subsequently detected, while in DIS the electron
scatters off a quark in the neutron and the spectator proton is detected.
This also implies that the final-state interaction processes are not necessarily
the same in the two cases. For QES the knocked-out and recoiling nucleon
will interact, while in DIS the particles produced in the current and target
fragmentation processes may interact with the spectator proton. The latter
processes were once believed to possibly cause a significant obstruction to
the detection of spectator protons [62]. This is apparently not the case. The
close correspondence of n(p) derived from DIS and QES data proves that
one can indeed use the spectator protons in DIS to tag neutron structure
functions.
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Fig. 5.7: Nucleon momentum distribution in deuterium as measured in DIS off deu-
terium. The systematic uncertainty is estimated to be 16%, except for the
first bin where it is much larger.

It is of interest to compare the n(p) data obtained with the STC to
a relativistic plane-wave impulse approximation (PWIA) calculation of the
deuterium wave function by Hummel and Tjon [63]. This comparison is
presented in figure 5.7, where the calculation is seen to be in fairly good
agreement with the experimental data. The agreement between data and
the relativistic PWIA calculation implies that final-state interaction effects
between spectators and target and current fragmentation products are small.
As there can be no ∆(1232) or meson-exchange current contributions in DIS,
we conclude that spectator data in DIS provide a surprisingly clean measure-
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ment of the nucleon momentum distribution in the deuteron. Future mea-
surements with a large-angle recoil detector will enable a much more precise
measurement of n(p) using this method.

5.9 Extraction of F n
2 � tag /F p

2

Having proven that the spectator mechanism works very well in DIS, we
can make one more step. It is now possible to use the detected spectator
protons to tag events occurring on the neutron in deuterium and evaluate
the structure function ratio F n

2 � tag /F p
2 . Equation 5.16 was used in this

procedure. In this case the equation is integrated over Q2 and the result
is plotted versus x for one momentum bin. The formula used to obtain
F n

2 � tag /F p
2 is written as follows:

F n
2 � tag (x, |p|)

F p
2

=
Nd

STC(x, p)

Ld
STC · p2 · ASTC · n(p)

/
Np

DIS

Lp
incl.

. (5.18)

In the left panel of figure 5.8 the ratio F n
2 � tag /F p

2 is presented for the
whole spectator momentum range, as presented in figure 5.6, i.e. from 125-
625 MeV/c. The lowest momentum bin was left out of this analysis for the
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Fig. 5.8: The ratio Fn
2 � tag /F p

2 presented for different spectator momentum ranges
as mentioned in the text. The systematic uncertainty for the presented
results is about 16%

reasons mentioned above. The curve corresponds to the fit of the HERMES
σd/σp data discussed in section 4.6.1 and shown in figure 4.9. In this case
the parameterisation was converted to F n

2 /F p
2 . In the middle panel the same
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quantity is presented, but for spectator protons with a momentum less than
225 MeV/c. These data are in agreement - albeit with poor statistics -
with F n

2 /F p
2 as determined from the inclusive analysis. This demonstrates

the feasibility of tagged structure function measurements in DIS. The right
panel shows the F n

2 � tag /F p
2 ratio for the spectator protons with a momentum

higher than 225 MeV/c. With the behaviour of F n
2 � tag /F p

2 available for the
different momentum ranges we can investigate the relative behaviour of this
ratio for the fast spectators relative to the slow ones. In figure 5.9 this ratio
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Fig. 5.9: The obtained ratio for Fn
2 � tag /F p

2 with the high-momentum spectator
protons (p > 225 MeV/c) divided by the ratio obtained for the low-
momentum spectator protons (p < 225 MeV/c).

of F n
2 � tag /F p

2 for the fast protons over F n
2 � tag /F p

2 for the slower protons is
presented. This shows that at higher x the ratio possibly drops below unity.
It is remarkable that the possible deviation hinted at has the same shape as
the EMC-effect, i.e. a reduction of strength in the x-domain between 0.3 and
0.7. These data can be interpreted - if confirmed by future high statistics data
- as evidence for a p-dependence of the structure function ratio F n

2 /F p
2 . They

support similar observations (with similar statistics) reported by the E745
experiment [4] based on deep inelastic neutrino scattering data using bubble
chambers. However, in the E745 experiment no explicit measurement of the
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recoil proton momentum could be performed. Moreover, the interpretation
of these neutrino data is obscured by the fact that it is assumed that the
observed protons originate from correlated n−p pairs in heavy nuclei. In this
respect, the present experimental data represent a more direct observation
of a possible p-dependence of F2(x), although statistically the data are of
similar quality.

A full large solid angle recoil detector has to be constructed in order to
provide high quality data on F n

2 /F p
2 for various momentum bins. Neverthe-

less, the first data on F n
2 � tag /F p

2 presented in this thesis already give a clear
indication of the potential of this technique.




