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Abstract

During summer ���� experiment e������ measured the deuteron

tensor polarization in D�e�e	�d
 scattering in Hall C at Je�erson Labo�

ratory� In a momentum transfer range between ��

 and ��� �GeV�c
��
with slight changes in the experimental setup� the collaboration per�

formed six precision measurements of the deuteron structure function

A�Q�
 in elastic D�e�e	d
 scattering � Scattered electrons and recoil

deuterons were detected in coincidence in the High Momentum Spec�

trometer and the recoil polarimeter POLDER� respectively� At every

kinematics H�e�e	
 data were taken to study systematic e�ects of the

measurement� These new precise measurements resolve discrepancies

between older data sets and put signi�cant constraints on existing
models of the deuteron electromagnetic structure�
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� Introduction

The six A�Q�� measurements presented in this thesis were part of experi�
ment e������� the Measurement of the Deuteron Tensor Polarization �
� ���
at Thomas Je�erson National Accelerator Facility �JLab�� It was necessary
to measure A�Q�� to determine from the tensor polarization observable t��
the individual form factors� The experimental setup was modi�ed such� that
the collaboration was able to perform the A�Q�� measurement with a sys�
tematic uncertainty of ��� and �� statistical error�

The analysis of the elastic D�e�e�d� data and the extracted deuteron struc�
ture function A�Q�� in a Q� range between ���� and ��� �GeV�c�� provide a
crucial test for any model of the deuteron�

��� Deuteron Wave Functions

An important goal of nuclear physics is to understand nuclear structure in
terms of the underlying nucleon	nucleon �NN� interaction� The deuteron�
as the smallest and simplest stable nucleus� is an ideal candidate for the
investigation of our ability to calculate nuclear properties starting from the
NN interaction� The attractive �long� �r � 
 fm� and �intermediate� ���� �
r � 
 fm� range of the NN interaction are reasonably well described by boson
exchange potentials� however the short	range repulsive part �r � ��� fm� is
still poorly understood�

The deuteron�s ground state properties yield information about the char�
acter of the nuclear force� The nonrelativistic Schr�odinger equation can be
solved with a high degree of accuracy� Various modern potential models sug�
gest a tensor force component in addition to the central potential� They all
predict that the tensor force causes the deuteron to have a small admixture
of a �D� state in addition to the dominant �S� state� Therefore� the deuteron
wave function can be written as

� � R�Y
Md

��� � R�Y
Md

��� ���

with R� � u�r and R� � w�r the S	 and D	state wave functions� respec�
tively� normalized such that

R�
� �u� � w��dr � �� and Y Md

JSL the spin	angle
functions� Characteristic shapes of the deuteron radial wave functions are
shown in Fig� � for the Argonne V	�� potential model ���� For r larger than
the range of the interaction potential� the wave functions u�r� and w�r� are
L � � and L � 
 exponentially decreasing �free wave� solutions correspond�

ing to the binding energy EB� with � �
q

�
�
EB�Mn � Mp� � ��
���� fm���

u�r�
r���� ASe

��r �
�




 � INTRODUCTION

Figure � Deuteron wave
function components in
con�guration�space for the
Argonne V��� potential
model ����
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The constants AS and AD are the asymptotic S	 and D	wave amplitudes�
which are normally given in terms of AS and the asymptotic ratio � � AD�AS�

The presence of the repulsive core of the NN interaction is re�ected by
the sharp decrease of the S	state wave function at small r� This region is
poorly understood due to lack of knowledge of the short range	range part of
the NN interaction�

��� Electron�Deuteron Elastic Scattering

Various probes are used to investigate the internal structure of nuclei� Hadrons
have the advantage of large cross sections because they interact strongly� The
complication of the unknown nucleon structure and the reaction mechanism
lead to di�culties in the interpretation of the results� When using an elec�
tromagnetic probe on the other hand� the interaction can be computed in
the framework of quantum electrodynamics �QED��

In elastic electron�deuteron scattering� the energy of the scattered rela�
tivistic electron Ee� is given by

Ee� � fEe� ���



��� Electron�Deuteron Elastic Scattering �

Ee is the incident electron energy and f the recoil factor

f �
�

� � �Ee

Md

sin� �e
�

	 ���

which takes into account the �nite mass of the target nucleus� �e and Md are
the electron scattering angle in the lab frame and the target mass� respec�
tively� As energy and momentum of the scattering process are conserved� the
four�momentum q � �
q	 ��� carried by the virtual photon� can be expressed
as a function of incident and scattered electron energy and the electron scat�
tering angle 

Q� � 
q � � �� � �EeEe� sin
� �e



� �� ���

The virtual photon is �space�like�� In the normal convention q�� is negative�
For the sake of simplicity Q� was introduced� It is related to the kinetic
energy of the deuteron Td via

Td � Ee � Ee� �
Q�


Md

� ���

In the one�photon�exchange or �rst Born approximation� the electron�deuteron
unpolarized elastic di�erential cross section can be written as ���

d�

d�e
�

�
d�

d�

�
Mott

f

�
A�Q�� � B�Q�� tan�

�e



�
	 ���

where the Mott cross section describes the scattering of an electron o� a
pointlike spinless particle according to�

d�

d�

�
Mott

�
�� cos� �e

�

�E�
e sin� �e

�

� ���

Here � is the �ne structure constant and c � !h � � �
The longitudinal and the transverse structure function A�Q�� and B�Q��

�Fig� 
� are determined in cross section measurements� They can be expressed
as combinations of the three Sachs form factors of the deuteron 

A�Q�� � G�
C�Q�� �

�

�
��G�

Q�Q�� �



�
�G�

M�Q��	 ����

B�Q�� �
�

�
��� � ��G�

M�Q��	 ����

with � �
Q�

�M�
d

�
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Figure 
 Structure functions A�Q��
and B�Q�� of the deuteron� Curves
are a �t to world data�

Figure � Tensor polarization t�� of
the deuteron at ���� Curve is a �t
to the world data also plotted�

The structure functions A�Q�� and B�Q�� can be separated by varying
the longitudinal polarization 
 of the virtual photon� given by


 � �� � �

q ��Q�� tan�
�e



���	 ��
�

between � and � while Q� is kept �xed �Rosenbluth separation��
In order to separate the relative contributions of GC�Q�� and GQ�Q��

�Fig� �� from A�Q��� a third observable has to be measured� e� g� the tensor
polarization tkq �Fig� �� which describes the state of spin orientation of an
assembly of particles� The general relations between the tensor polarization
variables and the deuteron form factors are

t�� � � �p

I�

�
�

�
�GCGQ �

�

�
��G�

Q �
�

�
��� � 
�� � �� tan�

�e



�G�
M

�
	 ����

t�� �

p
�I�

�

�
� � �� sin�

�e



����
GMGQ cos��

�e



and ����

t�� � � �



p

�I�
�G�

M with I� � A�Q�� � B�Q�� tan�
�e


� ����

While t�� shows a strong Q� dependence� t�� and t�� are relatively Q� in�
dependent and therefore of less importance for the separation of the form
factors�
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The normalization factors of the form factors �Fig� �� are chosen such
that at Q � �

GC��� � �	 ����

GQ��� � M�
dQd � 
�����	 ����

GM��� � �Md�Mp��d � ����� in units of �N	 ����

with Mp the proton mass� Qd � ��
�������� fm� the quadrupole moment� �d
the magnetic moment of the deuteron and �N the nuclear magneton� The
position of the node of GC�Q�� is very sensitive to various corrections such
as meson exchange currents �MEC�� relativistic e�ects� isobar currents �IC�
and possible quark degrees of freedom �Sec� ����� High precision experimental
data are necessary to study these e�ects and thus to probe the short range
NN interaction�

Figure � Deuteron form
factors GC�Q��� GM�Q��
and GQ�Q��� based on
NRIA calculation by
B�Henning �	� using the
PARIS potential� Si

mon proton and Galster
neutron form factors�
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In elastic unpolarized e	d scattering� the recoil deuterons are tensor polar�
ized� This experiment was part of a measurement of the tensor polarization
t��� The recoil deuterons were transported to a liquid hydrogen target� the
recoil polarimeter POLDER �
� �� ��� where they underwent the secondary
�H�
d	 
p�n reaction which allowed for the determination of the tensor pola�
rization� The cross section for this secondary reaction is

���	 �� � ������� � 
it��iT����� � t��T�����

� 
t��T����� cos� � 
t��T����� cos 
�� ����
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where ttk are the polarization coe�cients of the beam� in this case of the
recoil deuterons� and Ttk the analyzing powers� �� is the cross section of the
unpolarized beam and � the angle between the normal to the reaction plane
and the spin axis of the incident particles� The anayzing powers Ttk and
the unpolarized cross section �� were obtained in calibration experiments
performed at the Laboratoire National SATURNE �
���� France� having used

d beams with known intensity and polarization�

The theoretical understanding of the form factors will be discussed based
on the nonrelativistic impulse approximation �NRIA� model� The main as�
sumptions of the NRIA model are that the virtual photon interacts with
the individual nucleons in the deuteron� and that the electromagnetic form
factors of the nucleons in the deuteron can be described as the ones of free
nucleons� The deuteron form factors GC�Q��� GQ�Q�� and GM�Q�� can be
written in terms of the isoscalar nucleon form factors and the integral over
the S	 and D	state wave functions as

GC � �Gp
E � Gn

E�CE	 �
��

GQ � �Gp
E � Gn

E�CQ	 �
��

GM �
Md

Mp

��Gp
M � Gn

M�CS �
�



�Gp

E � Gn
E�CL�	 �

�

where G
p�n�
E and G

p�n�
M are the electric and magnetic form factors of the proton

�neutron�� respectively� The deuteron structure is described by CE� CQ�
CL and CS which can be calculated in good approximation from the non	
relativistic deuteron wave functions u�r� and w�r� 

CE �

�Z
�

�u��r� � w��r��j�

�
Qr




�
dr	 �
��

CQ �
�p

�

�Z
�

w�r��u�r�� w�r�



p



�j�

�
Qr




�
dr	 �
��

CS �

�Z
�

f�u��r�� �



w��r��j�

�
Qr




�
�

�



w�r��

p

u�r� �w�r��j�

�
Qr




�
g dr	 �
��

CL �
�




�Z
�

w��r��j�

�
Qr




�
� j�

�
Qr




�
� dr	 �
��

with ji the spherical Bessel functions�
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Figure � A�Q�� deviations of ������� and selected models ����
�� from a
world data �t� The red bar highlights the Q� range covered by our measure

ments� The total error of the �t to the world data is shown by the hatched
band�

��� Motivation

Figure �� the ratio of the form factors to a �t� gives an overview of previous
measurements of A�Q�� which di�er by as much as ��� from each other�
They are going to be discussed in Sec� ���� The di�erent models shown
reproduce the data quite well� although with increasing Q� deviations of
up to ��� occur� The IA is successfully reproducing A�Q�� up to Q� �
��� �GeV�c��� Above� the predictions of many nonrelativistic models have
to be augmented with corrections originating from meson	exchange currents
�MEC� and relativistic contributions� The present treatment of MEC�s is still
incomplete and somewhat model dependent� Several relativistic treatments
of the IA �

�
�� and more sophisticated models �
�	
�� have been published�
A detailed discussion is given in �
���
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In summary� the current situation is unsatisfactory� In addition to theo�
retical discrepancies among various models� there are inconsistencies between
available data sets� Precise measurements are important in order to resolve
the situation�



�

� Experiment

��� Overview

The data analyzed in the present work were taken on isolated days during
experiment e������ between April and September ����� JLab provided con�
tinuous wave �CW� unpolarized electron beams with energies up to � GeV
and currents of ���A for D�e�e�d� runs and 
��A for H�e�e�� calibration
data� We used the High Momentum Spectrometer �HMS� to detect the scat�
tered electron and the recoil polarimeter �POLDER� for the detection of the
coincident deuteron or proton� The speci�c kinematics are summarized in
Table ��

Label Q� Ee �e �d Td
�GeV�c�� GeV deg deg MeV�nucleon

I ����� ������ ����
 ���� ����
II ����� ������ ����� ���� ����

III ���
� 
����� 
���� ���� �����
IV ����� 
����� 
���� ���� �����
V ����� ��
��� 
���� ���� �����
VI ����� ������ 
���� ���� 
����

Table � Kinematical setups of D�e�e�d�� �e is the nominal HMS angle�

��� Accelerator

JLab utilizes two superconducting radio frequency �RF� linear accelerators
�LINACs�� each 
�� m long� combined with two recirculating arcs �Fig� ��� A
thermionic gun delivered electrons leaving the cathode through a hole of � mm
in diameter at an energy of �� keV� They were then rastered with horizontal
and vertical frequencies of ��� MHz and ��� MHz over a collimator with three
holes� one for each hall �Fig� ��� After having split the continuous beam into
consecutive beam bursts of ����� ps width� it is recombined and accelerated
in �� cavities to �� MeV �corresponding to ��� MeV LINAC energy�� Next the
beam is injected into the LINAC with its 
���� Nb�cavities �Fig� �� which
are driven by clystrons at ����� MHz������ GHz� In ���� the electrons
gained ��� MeV per LINAC� The two arcs consist of �ve �east� and four
�west� separate lines� one for every path� The recirculated electron beam is
placed on top of itself in each of the two LINACs�
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Figure � Schematic view of accelerator and experimental halls�

Figure � After the
thermionic gun� the beam
is rastered with x
 and
y
frequencies of ��� MHz
and ��� MHz over three
holes� Its intensity can be
adjusted for every hall by
changing the area of the
corresponding hole�

The electron beam is not truly continuous� But as the dispersion of �ight
times in the spectrometer amounts to a few nanoseconds� the beam de facto
has a quality that approaches the one of a CW beam� The energy dispersion
of the beam �E�E is better than ���� and the angular emittance is less than

����	 m rad�

��� Hall C Beamline

After acceleration the electron beam is ejected from the south LINAC into
the �
 m long Hall C arc which consists of eight identical dipoles� twelve
quadrupoles� eight sextupoles� eight pairs of beam correctors� and several
monitors measuring beam pro�le and position in order to determine the beam
energy �Section 
������ The Arc steers the beam to Hall C� The total de�ec�
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Figure � Left� Cavity with �ve cells� Right� Sine shaped potential and
electric �eld at t � � ns and t � ����� ns�

tion angle is ������ After the Arc� beam current �Section 
���
�� pro�le and
direction �Section 
����� are monitored �Fig� ���

�	�	� Beam Position Measurement

The beam position monitor �BPM� is an non�intrusive device with a spatial
resolution of ��
� mm �
��� It consists of a cavity with four antennae located
at ���� relative to the horizontal axis �Fig� ���� The intensity of the pick�up
signal is proportional to the distance from the antenna to the beam� The
position of the beam is determined from the ratio of the signals from opposing
antennae� During our experiment BPM H��A did not work properly� The
beam direction was therefore only monitored with Superharp scans�

The Superharp incorporates a tungsten wire which is moved through the
beam by a stepper motor �Fig� ��� �
��� A shaft encoder reads the absolute
position of the wire� and therefore of the beam� with an accuracy of �
���m�
As the movement of the wire through the beam leads to a disruption of the
latter� this device can not be used continuously�

�	�	� Beam Current Measurement

The beam current measurement system ���	�
� in Hall C consists of two
di�erent types of current monitors�

The beam cavity monitor �BCM� is a cylindrical wave guide� The
beam passing through excites resonant modes that are picked up by wire
loop antennae� The power in the antennae is proportional to the beam cur�
rent squared� For certain modes the signal is insensitive to the beam position�
The frequency of a mode depends on the size of the cavity which is chosen
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Figure � Schematic of Hall C beamline with major monitoring instrumenta

tion shown�

such that the resonance frequency �f���� is identical to the RF frequency� As
the measured quality factor Q � f���W�Pd� the ratio of stored energy to
dissipated weighted power� varies with material and length of the cavity� the
BCM measurement shows a temperature dependence of ���
����C� During
e������ the temperature of the cavity was constantly monitored and stable
within ���
�C� The uncertainty in the temperature of the readout electron�
ics� located in the electronics room� also leads to an error of �������C� As
the temperature in the electronics room was stable to ���C� this introduced
an uncertainty of ������

However� a cavity alone does not allow for an absolute current measure�
ment as the power output depends on factors like surface �nish which can
not easily be quanti�ed� It therefore needs to be calibrated�

The parametric current transformer �Unser monitor� ���	��� is used
to calibrate the gain of the cavity� The Unser monitor has an extremely
stable gain� but drifts in its o�set ����A�
� h�� The monitor consists of
two toroids and associated electronics� One of the toroids �Fig� �
� measures
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Figure �� Schematic of a BPM� Figure �� Schematic of a Superharp�

the AC� the other the DC currents� An AC modulator is used to drive the
toroid along its hysteresis curve� which is symmetric in the absence of DC
�uctuations� In the presence of the latter� however� the hysteresis curve is
biased and loses its symmetry� A feedback loop restores the symmetry by
delivering a DC current which is then measured� The gain of the Unser
monitor was measured before� during and after the experiment� It was found
to be stable to ����� �����
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Figure �
 Schematic of Unser monitor�

BCM calibration runs were taken during every kinematical setup� The
beam was alternately turned o�� to measure both the o�sets of both the
Unser monitor and the BCMs� and to calibrate the gains of the BCMs using
the known gain and the measured o�set of the Unser monitor� The Unser
monitor has an accuracy of ��
�A which results in an uncertainty of ��
��
for D�e�e�d� runs ��� for H�e�e���� Adding the temperature and the Unser
uncertainty in quadrature� the overall uncertainty on the total charge is ����
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�����

�	�	� Beam Rastering System

During experiment e������ only the fast raster �FR� was in operation� It is
designed to prevent damage to the targets and reduce local boiling in the cryo
targets� The FR magnets are located 
� m upstream of the target �Fig� ���
They are driven sinusoidally by �� kHz in the vertical and 

�� kHz in the
horizontal direction� The raster size was set to ���� mm in both x and y
during all A�Q�� runs�

�	�	� Beam Energy Measurements

The standard way to determine the beam energy is to measure the total �eld
integral

R
Bdl required to bend the beam through the Hall C Arc �Fig� ���

Extensive studies using kinematic information ��
� ��� ��� con�rmed the Arc
measurement and ensured its reliability� Due to the uncertainty of the beam
direction of ���� mrad and its vertical position� of ���� mm �Table ���� a
kinematic check of the beam energy measurement could not be performed
with reasonably small errors�

After the experiment it was discovered that the cycling procedure for the
Arc dipoles used during the experiment was di�erent from the one used when
the dipole �elds were initially mapped� The energy measurements assumed
a cycling up to Imax � ��� A while in reality the dipoles were ramped up to
Imax � 

� A only� As as result the beam energy was overestimated �Fig� ���
and a correction ranging from ����� to ������� depending on kinematics
�Table 
� was applied� The correction has a relative uncertainty of 
��
because the �eld as a function of the current is based on a single measurement�
performed after the experiment was completed�

During the Arc measurement� which is not done continuously� all correc�
tor magnets are turned o�� Position and direction of the beam are measured
at the beginning� middle and end of the Arc� With the precise knowledge
of the

R
Bdl �eld integral and the absolute position of the beam� the beam

energy can be determined with an uncertainty of �E�E � �� ����� This
uncertainty is based on random variations of the beam energy measurements
over the last �ve years ����� During data taking the beam position in the
middle of the Arc was constantly monitored and ensured to be stable within
�
 mm� This position o�set leads to an additional uncertainty of �� �����

�A �mm vertical beam o�set at the pivot results in a ����� dispersion and thus mo�
mentum o�set at the focal plane of HMS�
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Figure �� Deviation from linear re

lation between beam energy E and
magnetic �eld B of an Arc dipole
magnet as a function of Imax�

Figure �� Correction applied to the
beam energy measured by the Arc� It
has an uncertainty of 
���

Adding the uncertainties in quadrature� the beam energy uncertainty be�
comes ��
� �����

�	�	� Targets

Both cryo and solid targets were accommodated in an aluminum scattering
chamber of �
� cm diameter� Window materials used are listed in Table ��

For the A�Q�� experiment we only used the short hydrogen and deuterium
cryo cells and the dummy target� Fig� �� gives an overview of the cryo cells

Label EArc � GeV �E�E � � ECorr
Arc � GeV

I ������ ������ ������
�� II ������ ������ ������
III 
����� ������ 
�����
IV 
����� ������ 
�����
V ��
�
� ������ ��
���
VI ������ ������ ������

Table 
 Overview of the beam energy correction due to an incorrect cycling
procedure� The absolute error on the corrected beam energy is ���
�� At kin
�� only H�e�e�p� coincidence data were taken�
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Window � mm D�e�e�d� H�e�e��p��
HMS � POLDER HMS POLDER

����
� Kevlar�
������ Mylar

I � V������	� I � IV N�A

��
��
 Al V������	� � VI V � VI �

Table � List of scattering chamber window materials used� On June �	th�
due to radiation damage� the scattering chamber window towards POLDER
started leaking� All chamber windows were replaced� H�e�e�p� coincidence
data were taken at kinematics O � all other hydrogen data come from single
arm measurements�

used� Table � lists crucial dimensions and o�sets for each target ���� ����

Figure �� Schematic view of
D� and H� target cell� The �ow
diverters have the purpose of
reducing local boiling by induc

ing turbulent �ow�

Cell Block

Beam

Exit Window

Entrance
Window

Flow Diverters

Beer Can

Since the cell exit windows were convex� the beam position and its direc�
tion at the target a�ected the e�ective target length� Having had a sinusoidal
�mm amplitude fast raster� a �
������� mm radial and a ��������� mrad an�
gular o�set� the e�ective target length for both cryo targets was only de�
creased by ������ Angular and radial beam o�sets at the target are described
in more detail in Section ���
� No correction was applied�

To estimate the e�ect of localized boiling in the target� D�e�e�� and H�e�e��
data were analyzed with suitable electron identi�cation and tracking parame�
ters selected� By examining the dependence of the normalized yield on beam
current we estimated the localized boiling in the target �Fig� ��� to decrease
the deuterium density by ���������� when running with a beam current of
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D� H� Dummy
Cold Length � cm ��������� ��������� ���������
Entr� Win� � cm ������������� ������������� �������������
Exit Win� � cm ������������� ������������� �������������
Side Walls � cm ����������� ����������� N�A

Width � cm ��������� ��������� N�A
Density � g�cm� ������������� ����
��������� 
�����������

�T
��K� p
����	bar� �T
�	K� p
���

bar� 
�����������
x O�set � cm ��������
 ���������
 N�A
y O�set � cm ����
����
 ���������
 N�A
z O�set � cm ��������� ��������� N�A

Table � Critical dimensions and quantities of cryo and dummy targets� For
the entrance window� Al���
 was used �Exit window� Al������ The survey
coordinate system is assumed� which means �x for beam left� �y for beam
up� �z along the beam�

���A and a raster amplitude of �� mm� For the hydrogen target� where we
ran at 
��A only and no correction was applied�

Chemical gas analyses were performed before and after the experiment�
The purity of the hydrogen gas was always found to be higher than �����
where the largest contaminations were nitrogen and oxygen which are both
frozen onto the surface of the heat exchanger at the operating temperature of
�� K� Thus the contamination in the target cell is negligible� No correction
is applied�
In contrast to the hydrogen loop� the deuterium loop had to be topped o�

Label I II III IV V VI
Purity � � ����� ����� ����� ����� ����
 �����

Table � Deuterium purities in view of the fact of the increasing hydrogen
contamination� Kin II was measured �rst� The absolute uncertainty of the
D� purity is �����

by roughly ���� bar every month� Unfortunately� the re�ll bottle was con�
taminated with 
���� hydrogen and ����� deuterium hydride� Although
hydrogen has not lique�ed at 

 K and ���� bar� the solubility of hydrogen
gas in liquid deuterium was estimated ��
� to be close to ����� e�g� a 
�
hydrogen contamination in the gas phase leads to a 
� hydrogen impurity
at 

 K and ���� bar� Logbook records allowed us to determine the top�o�
dates as well as the amount of gas added� The steplike decrease of the deu�
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Figure �� Local boiling
data taken in April ���
The yield was found to
scale with the ratio between
the beam current Ibeam and
the mean raster amplitude
�rx � ry��
 �����

H(e,e‘) data

Fit to H(e,e‘) data
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terium purity could only be determined inaccurately with a systematic error
of �
�� leading to a total systematic uncertainty of the deuterium purity
of ����� Table � lists the estimated deuterium purities used in the analy�
sis� Kinematics II was measured �rst� Due to uncertainties in temperature
������� localized boiling ������ and deuterium purity ������� an overall un�
certainty of ���� ����� for H�� was applied to the �nal calculation of the
e�ective target length�

��� Electron Spectrometer

The electrons were detected in the QQQD High Momentum Spectrometer
�HMS� �Fig� ���� operated in a point�to�point tune�

Quad 1 Quad 2 Quad 3 Dipole
Target

Chamber

Detector
Hut

Beam

Figure �� Side view of the HMS�



��� Electron Spectrometer ��

The magnetic �eld of the dipole was regulated using NMR probes located
in a region of uniform �eld� The quadrupoles were set to the desired strength
by chosing the appropriate current�

127.6cm

z

y

x

Beam 

Target

2.022cm

2.124cm

11.806cm

6.345cm

11.242cmθHMS

Figure �� Schematic view of the HMS collimator�

The angular acceptance of the experiment was de�ned by a rectangular
tungsten collimator located in a movable slit� placed in front of the HMS
at a distance of �
��� cm from the beam�target interaction point �Fig� ����
The design of the experiment was such that the phase space of the deuteron
spectrometer covered both the angular and the momentum acceptance of the
HMS� At the same time� the HMS collimator was chosen such as to guar�
antee that all electrons passing the collimator would �if the had the right
energy� reach the focal plane detectors� Thus the solid angle of the experi�
ment �Sec� ���� was simply given by the dimensions of the HMS collimator�
No Monte Carlo simulation was needed�

The HMS is equipped with two drift chambers� two pairs of scintillator
arrays� a threshold gas "Cerenkov detector and a lead glass electromagnetic
calorimeter �Fig� ����

� The HMS drift chambers �DCs� provide track information� Both
consist of six planes of sense wires �Fig� 
��� They cover an active area
of ��� cm vertical and �
 cm horizontal� respectively�

� The scintillator arrays generate the trigger for the electronics� Each
pair consists of �� scintillators arranged in the horizontal and �� in




� � EXPERIMENT

x

z

Pb-glass
CalorimeterS2X

S1X

S2Y

S1Y

DC2

DC1

gas Cerenkov

Figure �� Side view of the HMS detector stack� The scattered electrons pass
from left to right�

the vertical direction� ���� cm and �
��� cm long� respectively� All are
� cm thick and � cm wide overlapping on each side by ��� cm with their
neighbours�

The electron trigger ��
� ��� was provided by a coincidence between �
out of � scintillator plane signals �Fig� 
��� A �good� hit in a plane
was de�ned as a coincidence between at least one signal from a positive
and a negative end of any bar of this plane�

� Both "Cerenkov detector and Pb glass calorimeter are used to reject
pions� The current experiment used only the Pb glass calorimeter for
reasons explained in Section ����

Momentum Resolution �p�p ����
Angular Reconstruction �in plane� �� mrad

Angular Reconstruction �out of plane� �� mrad

Table � Summary of important HMS performances �����

Further information on design� calibration and performance of the various
detector elements can be found elsewhere ��
� ��� ��� ��� ��� ����

��� Deuteron Spectrometer

The purpose of the Q�Q�SQ�D deuteron spectrometer �Fig� 

� �
� ��� was

to transport the deuterons to the secondary H� target� where� via H�
d�
p�n



��� Deuteron Spectrometer 
�

X
Y

beam

5mm
overlap

up

Figure 
� Schematic diagram of
DC layout�

Figure 
� Schematic diagram of a
pair of scintillator arrays�

charge exchange� the tensor polarization of the deuterons was measured using
the POLarim�etre �a DEuton de Recul �POLDER� �
������ The deuteron arm
was �xed at ������ It had an out�of�plane �in�plane� angular acceptance
of ���� mrad ���� mrad� and a momentum acceptance which completely
overlapped the HMS momentum acceptance� In order to reduce multiple
scattering the transport channel was �lled with a ��� cm long helium bag�
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Figure 

 Schematic top view of deuteron spectrometer� In the polarimeter
hut� only the scintillators and MWPCs used for A�Q�� are plotted�

For kinematics I�III� a coincidence between the scintillators S� and S
�
both read out on two sides� started the time�of��ight �TOF� TDC� stopped
by the corresponding electron triggering the coincidence� For kinematics IV�
VI� only S� was in the trigger� Large sliding scintillators T� # T
� located
in front of the whole detection apparatus �Fig� 
�� Table �� were mainly
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Figure 
� Schematic
view of deuteron detec

tion setup�

used during the optimization procedure after a kinematics change� They
were moved into the hadron beam during kinematics VI in order to measure
the acceptance mismatch between the two spectrometers �Sec� ����� and the
intrinsic hadron detection e�ciencies of the S� and S
 scintillators �Sec� �����

The analog signals of the detectors permitted additional discrimination
between deuterons and background protons of the same momentum� Two
multiwire proportional chambers �MWPCs� allowed a determination of the
deuteron �and proton� distribution� More details can be found in �
��

Active Area Thickness Distance to S� TOF trigger
cm� mm cm

S� 
�������� ���� � I�III
S
 circular� ����� 
��� ���� I�IV

T��
 
�������� ���� ��
�� VI

Table � Dimensions of deuteron detectors� Trigger� Kin I
III� S� and S
 in
coincidence� kin IV
VI� S� only� kin VI �run ����
� T��T
 only�

��� Data Acquisition

Physics data acquisition at JLab was accomplished with the CEBAF On�
line Data Acquisition �CODA� routines ����� They ran on and controlled
a network of front end controllers� known as Readout Controllers �ROCs��
In addition to the data from the spectrometers� information from beamline
sources� scalers and various databases were collected into the data stream�
For further information the interested reader is referred to �
� �
� ��� ����




�

� Extraction of the Di�erential Cross section

We have measured the elastic di�erential D�e�e�d� cross section at six mo�
mentum transfers� To study the systematic e�ects of the experiment� six
inclusive H�e�e�� and one exclusive H�e�e�p� di�erential cross section mea�
surements were also performed�

A di�erential cross section is de�ned as the probability of a projectile
with energy E to interact with a target and to be detected in a solid angle
element d� at a certain angle �� It can be written as

d�

d�e
�E	 �� �

number of good coincidences

�e 	 ne 	 nd� 	z 

L

	 �
	 �
��

with L the luminosity and � the total e�ciency �trigger� tracking� radiative
corrections� mismatch� deuteron loss� dead time� �nite acceptance correc�
tion��

Sections ��� through ���
 discuss the inputs of Eqn� 
�� Only non	
standard experiment speci�c procedures are going to be discussed� The
interested reader is referred to ��
� ��� ��� ��� where the HMS is described
in extensive detail�

��� Tracking Cuts

The event reconstruction of the HMS generated focal plane �xfp� yfp� x
�
fp and

y�fp with $z parallel to central ray� $x downwards and $y left� and target quanti�
ties �� � �precon�p���p� with p� and precon the central and the reconstructed
momentum respectively of HMS% ytar the horizontal position at the target%
x�tar and y�tar the tangents of the out	of	 and in	plane scattering angles��

Due to the fact that the present experiment used the short �Table ��
targets and a small collimator �Fig� ���� the scattered electrons only illumi�
nated the central ��� of the HMS acceptance� In the �nal analysis� no cuts
on reconstructed quantities other than a cut on � were used�

There are no reconstructed quantities on the hadron side�

��� Electron Identi�cation Cuts and Background Re	
jection

In addition to electrons� the HMS detected mostly pions having the same
momenta� They were rejected by requiring the detected particle to have an
energy fraction Ecal�p greater than ��� deposited in the calorimeter� Ecal is
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the electron energy� measured by the calorimeter� For the inclusive hydrogen
runs� this cut was rejecting pions only between ��� and ��� ��	
� level for

a pion energy resolution of &E�E � �����
q
E�GeV �� ���� ���� However� as

the ��e ratio was smaller than ���� for these runs� a calorimeter cut rejected
all pions �Fig� 
��� For all coincidence runs� the ��e ratio was smaller than
���� and a calorimeter cut would not have been necessary �Fig� 
���
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Figure 
� H�e�e�� run ������
Energy fraction deposited in the
calorimeter� A � cut has been ap

plied to both curves� Red� e and
�� Blue hatched� after additional
�Cerenkov cut ��� photo electron��

Figure 
� D�e�e�d� run ��	
��
Energy fraction deposited in the
calorimeter� A � and a coincidence
cut have been applied to both curves�
Red� e and �� Blue hatched� after
additional �Cerenkov cut ��� photo
electron��

No cut on the "Cerenkov signal was applied as the analysis showed that the
electron detection ine�ciency� the probability to misidentify an electron as a
pion� was larger than the ��e ratio� Figure 
� shows a calorimeter spectrum
of inclusive particles �a �� � cut has been applied to both curves��� While the
red curve represents pions as well as electrons� the blue hatched distribution
only shows particles which have no or a single photo electron in the "Cerenkov
counter� We clearly see the peak to the right which represents the missed
electrons ��������� The rare events to the left are pions ��������� Figure 
�
shows the same plot for D�e�e�d� data� Having applied a coincidence timing
cut in addition to the � cut� all pions could clearly be rejected without a
calorimeter cut�



��� Selection of the e�d coincidences 
�

��� Selection of the e�d coincidences

To discriminate e	d from quasielastic e	p coincidences� we applied

� a time	of	�ight �TOF� cut� The hadron starts the TDC which is
stopped by the coinciding electron� The TOF di�erence between ed
and ep coincidences varied between ��ns at kin I and ��ns at kin VI
�Fig� 
��� The TOF cuts were determined by looking at the derivative

TOF / 0.1ns/channel
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Figure 
� Raw TOF spectras of kin
I and VI�

Figure 
� TOF derivatives �For

ward di�erence between each bin of
the raw TOF spectras� as a function
of the TOF�

of the TOF distribution �Fig� 
��� Accidentals were subtracted apply�
ing a TOF cut on either side of the e	d peak� each cut having half the
width of the main TOF cut�

� a dE�dx energy loss �or ADC� cut on the S
� S� or T��T
 �for run
����
� scintillator signals of POLDER �Fig� 
��� The ADC cut was
optimized by looking for a decrease in the number of e	d coincidences
in the TOF peak while increasing the ADC cut �Fig� 
���

� an electron momentum cut in order to discriminate the quasielastic e	p
coincidences� Fig� �� and �� show that a TOF and a dE�dx cut alone
did not eliminate all e	p coincidences� In case of kin VI� we see that
the smallness of the pathlength di�erences between slow protons and
fast deuterons were leading to a slight ep contamination in the ed TOF
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Figure 
� Raw ADC spectra of kin
V� I and VI�

Figure 
� Number of remaining ed
coincidences as a function of the
ADC cut� no � cut was applied�

peak� The �nite angular acceptance of the spectrometer and the angu�
lar dependence of the scattered electron momentum had been corrected
for by Taylor	expanding the momentum of the scattered electron p���
around �HMS leading to �cor �App� B�� A momentum cut at 	�� was
applied to all runs �Section �����

��� Electronic and Computer Dead Time

There are two types of dead time� First the electronic dead time which results
from events missed because the logic modules are busy processing previous
events� During A�Q�� data taking the electronics deadtime was always less
than ����� Its determination is discussed in more detail in Appendix A�

The second type is the computer dead time� It is due to the busy state of
the data acquisition system caused by �slow� data transfer over the network�
The computer dead time is simply given by the relation ���pretrigger�trigger�
where the trigger and pretrigger rates were measured using �deadtime	free�
scalers� This correction was in the range of ���� to ���� for the coincidence
runs with acquisition rates between � and �� Hz and between ���� and 
��
�
for the inclusive H�e�e�� measurements� By varying the prescale factors� a
study of the computer dead time was performed� The e�ective number of
events per unit charge after applying the dead time correction was constant
within ��
� ����� Therefore� the systematic uncertainty for all runs is ��
��
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Figure �� �cor distribution of kin
I� Calorimeter� TOF and dE�dx cut
have been applied�

Figure �� �cor distribution of kin
VI� Calorimeter� TOF and dE�dx
cut have been applied�

��� Trigger E
ciency

Coincidences can be lost due to ine�ciencies in the scintillator paddles and
drift chambers of HMS or in the detectors on the hadron side�

The electron trigger only required � out of � scintillator planes to �re�
For each plane the e�ciency was determined to be greater than ������ The
total e�ciency of the trigger was therefore

����� � ���� � ���� �
�

�

�

�
��������� ������ � ������ � �������� �
��

The intrinsic e�ciencies of the three hadron detectors S�� S
 and T��T

were determined following the procedure used for the HMS� No correction

S
 S� T��T

� � � ���������� ���������� ����������

Table � Deuteron detector e�ciencies�

for trigger ine�ciency was applied�

��� Tracking E
ciency

Each chamber had two planes measuring the horizontal position y and four
planes measuring primarily x� The �nal momentum and angular resolution
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�Table �� were given by the combination of drift chamber resolution� error
in the vertex reconstruction� multiple scattering e�ects� wire position uncer�
tainties and errors in drift chamber positions and angles�

The tracking e�ciency is the ratio between �good� events with a track
and �good� events� which required

� a � out of � hardware electron trigger� as described earlier in Sec�
tion ����

� at least one hit inside and no hits outside the �ducial region of � out
of � scintillator planes �Fig� �
�� A plane ful�lling this condition was
called �clean�� The �ducial region was in both hodoscopes given by the
scintillator paddles �	�� in x and �	� in y� The size and the location
of the �ducial region were determined by maximizing the contribution
from elastically scattered events while minimizing the contribution from
non	elastically scattered events� For all kinematics more than ��� of
elastically scattered electrons used in the �nal analysis were covered by
the �ducial region�

� both good "Cerenkov and calorimeter signals to reject all pions�

� a coincident deuteron� selected by a TOF and a ADC cut �Fig� ����
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Figure �� TOF and ADC deuteron
cut of D�e�e�d� run ����� to kine

matically constrain the focal plane
illumination of coincident electrons�

The tracking e�ciency was checked by looking at its dependence on the size
of the �ducial region and on the number of clean planes required �Table ���
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In the right column� the �ducial region was opened up completely% all ��
vertical and �� horizontal paddles were in the �ducial trigger� The tracking
e�ciency did not drop below ������������ for the largest �ducial area pos�
sible� regardless of the �ducial trigger used� because mainly the central part
of the HMS acceptance was illuminated due to the kinematic constraint of
elastic scattering% this restriction reduces edge e�ects� The tracking e�ciency
of the �ducial region used in the analysis �left column� drops to ����� when
requiring no clean plane in the �ducial trigger ������ In this case the e��
ciency must be independent of the de�ned �ducial area% indeed� the results
obey this requirement� At � or more clean planes� the tracking e�ciency
stabilizes� An increase of the �ducial area by a factor of � �middle column�
does not change the tracking e�ciency signi�cantly�

Fid� Area x�y �
��� �
� ����� 
�� ����� ����
Fid� trigger ��� �
� ��� ��� ��� ��� ��� ��� ���
�tr � � ���� ��	� ���� ���� ���� ���� ���� ���� ����

Table � Tracking e�ciencies �tr of D�e�e�d� run ����� as a function of the
size of the �ducial region and the number of clean scintillator plane signals
in the �ducial trigger� For example a �ducial trigger labelled ��� means that
the event must have � or more clean planes� Statistical error �������

The reliability of the tracking algorithm was ensured by looking at the
variations of the corrected electron yields � e�

�tr
while changing the various

tracking criteria� e�g� varying the maximum number of hits between �� and
��� The yield varied around the mean within a range of less than �����
The systematic tracking uncertainty was determined by looking for wrong
decisions � of the tracking algorithm using the single event display �SED� ��
��
No tracking error was found while checking ��� electrons of the D�e�e�d� run
����� event by event which gave an upper limit of the systematic uncertainty
of ��
�� To get the total tracking uncertainty of ����� the statistical error
of ����� and the systematic uncertainty of ��
� were added in quadrature�
The �ducial e�ciencies varied between ����� and ������

�	�	� Wrong y�fp�tar Selection

There were some events which could not be reconstructed because of poor
track information� Some electrons did not produce hits in all six planes of a

�It was looked whether the tracking algorithm found a track when it was supposed
to� not necessarily the correct track� and whether it did not �nd a track when it was not
supposed to�
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chamber� As one y information per chamber is needed to form a track� we
requested at least �ve out of six planes to �re� If a single plane had more
than 
� hits� a track was not �t� It was checked with the SED �Fig� ���
that the ine�ciency of the chambers was mainly caused by events where all
�� channels of a discriminator card� due to noise� �red or where a knock	on
electron produced another short track and therefore clusters of wires were
�ring in one chamber� Since both of these conditions occurred for good
electrons� these losses were corrected for �Sec� �����

Figure �� D�e�e�d� electron of run ������ passing through the detectors from
bottom �DC� and DC
� via hodoscopes to top �Pb glass calorimeter�� The
tracking algorithm would not have been able to resolve the ambiguities caused
by ringing cards in the u and v planes of DC
� The event was ignored� The
lost electron had to be corrected for�

In the y�tar spectras� tails reaching to ���mrad were observed �Fig� ����
caused by events with badly reconstructed y�fp information� Figure �� shows
that a ringing card in the second y plane of DC� had mislead the algorithm�
The blue track� with the bigger ��� was not selected� A close examination
with the SED revealed that the blue track should have had precedence over
the red one�

In up to ���� of all HMS triggers� the tracking algorithm found more
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Figure �� Run ������ the electron passed from bottom to top DC� and DC
�
two hodoscopes and Pb glass calorimeter� As the y� plane of DC� had noisy
wires� the algorithm found two tracks selecting the one with the lowest ��

�red�� This selection is wrong�

than one track� The ambiguities were mostly caused by multiple ringing
y cards and therefore badly reconstructed y�fp�tar informations� For such
events the x�fp�tar would be una�ected by such behaviour� In all these cases

the track with the lowest �� was chosen� This led to tails in both ytar and
y�tar� As the small collimator and the short cryo targets constrained the
electrons to illuminate only the central part of the focal plane� no cut on any
reconstructed quantity other than � was applied to the data� The wrong ytar
and y�tar informations did not a�ect the results as they are not used in the
analysis�

��� Aluminum Target Window Subtraction

In order to remove counts coming from the aluminum endcaps of the cryo
targets� data were taken with a �dummy� target of identical length and
��� times thicker windows �to get a similar luminosity�� The luminosity
normalized dummy counts were then subtracted from the regular data� The
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������ The reconstructed track
from �g� �� �red� has a y�tar di

rection of �
� mrad� The correct
�blue� track corresponds to a y�tar
angle of ��
 mrad�

aluminum background varied between ��
	���� for coincidence runs and ���	
���� for H�e�e�� data �Fig� �� and ���� The systematic uncertainty was too
small to be considered�

��� Correction for �nite acceptance and extended tar	
get

To compare to theory and other data� it is necessary to correct the cross
section measured over an experiment	speci�c �nite acceptance and extended
target to that of a pointlike acceptance and target� Therefore every ith bin
of the �	distribution corresponds to a di�erent d�

d�
��i��

By integrating over the target length l as well as the solid angle d�� the
correction factor c was calculated 

c �

R R R d�
d�

���l	 x�	 y���dldx�dy�R R R d�
d�

��o�dldx�dy�
	 �
��

with �o � ��l � �	 x� � �	 y� � �� � �HMS�

World data for A�Q�� and B�Q�� are used to calculate the di�erential cross
sections in Eqn�
�� The correction does not require an absolute knowledge
of the cross sections� The correction factor c normalizes the cross section
to both a point acceptance and a pointlike target� The product of the solid
angle and the extended target acceptance for a speci�c kinematics is then
given by ld��c�
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Figure �� Kin VI D�e�e�d� dummy
subtraction�

Figure �� Kin VI H�e�e�� dummy
subtraction�

For the case where o�sets in angle from the nominal one are present
�known beam and target misalignments� these o�sets can also be accounted
for when calculating the numerator of Eqn�
�� Table �� gives the correction
factors applicable for the case of the small collimator used for the cross section
measurements� The correction increases when going to a longer target cell
and a larger acceptance� The thickness of the collimator ������ cm� reduces

Label � I II III IV V VI
H�e�e�p� ����� ����� ����� ����
 ����
 ����� �����
D�e�e�d� � ����� ����� ����� ���
� ���
� ���
�

Table �� Correction factor c taking into account all known o�sets�

the correction factor by less than ����� in the case of D�e�e�d� ������ for
H�e�e�p��� Table �� shows the correction factors calculated for a pointlike

Label � I II III IV V VI
H�e�e�p� ����� ����� ����� ����� ����� ����� �����
D�e�e�d� � ����� ����� ����� ������ ���
� ���
�

Table �� Correction factor c calculated similarly to Table ��� but requiring
a point target �l���� ��
mrad beam angle correction is again included�
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target� As the target o�sets along the beam are small �Table �� and therefore
negligible� the correction factors displayed in Table �� originate from the
�nite solid angle only� The correction has a relative error of ��� including
the solid angle uncertainty�

The nominal solid angle d� is given by the dimensions of the collimator
and its distance from the target �Eqn�����

d� �

� �����cm� 
� ���
�cm

��
���cm��
� �����msr ����

��
 Radiative Correction

A major drawback in the use of the electron as a probe of nuclear structure
is its tendency to radiate during scattering processes� The radiative e�ects
require corrections� which are �in principle� exactly calculable� Both the
one	photon ���	��� and the two	photon ���� ��� exchange corrections have
been derived� Unfortunately� there is little information available on the un�
certainty of these calculations� Experimentally� one has checked the radiative
corrections by extrapolating form factors to momentum transfer zero� where
F��� is known� These checks lead to an estimated accuracy of less than
�� �����

� layers of CEREX around target cell � cm ������
air gap between chamber and HMS � cm ��

HMS entrance window �Kevlar�Mylar� � cm �����������
�

Table �
 Materials used for external radiative corrections calculations �See
also Table �� ���

Following equations II�� and II�� of ����� the one	photon exchange ra�
diative corrections for both deuterium and hydrogen have been computed
for � cuts between 	�� and 	���� Tables �� � and �
 list all materials of
relevance for the radiative corrections� The calculations were split into pre	
and post	scattering contributions� Preradiation was assumed to happen in
the �rst half of the cryotarget �ltar�
��

The quality of the correction was checked by dividing the number of elec�
trons in a � cut by the corresponding radiative correction� The yield stayed
well within a ��� error band� the systematic uncertainty of the correction�
over the full range of � cuts �Figs� �� and ���� For kin IV	VI� where the TOF
and the dE�dx cut are not ���� e�cient anymore �Sec ���� Fig� 
�	���� this
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Figure �� Quantitative check of ra

diative corrections for D�e�e�d� runs
with statistical errors�

Figure �� Quantitative check of ra

diative corrections for H�e�e�� runs
with statistical errors�

check is only valid for relatively tight � cuts �	
� to 	���� Thus the � cut
is needed to discriminate all e	p events�

Table �� lists the multiplicative corrections for all our kinematics�

Label D�e�e�d� H�e�e�� and H�e�e�p�
� N�A ������
I ������ ������
II ������ ������
III ����
� ������
IV ������ ������
V ���
�� ���
��
VI ���
�� ���
��

Table �� Radiative correction factors calculated for a 
�� � cut�

���� HMS�POLDER Acceptance Mismatch

The deuteron spectrometer �Fig� 

� has been optimized to focus the maxi�
mum number of deuterons on the H� POLDER target located �� cm behind
S
� The deuteron distributions on S
 �Fig� ���� triggering scintillator for kin
I	III� and on S� �Fig� �
�� shows that �	�� of the deuterons were passing
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outside the active region of S
�� and therefore have been missing the trigger�
These events had to be corrected for�
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Figure �� Kin I deuteron distribu

tion reconstructed at S
� Coordinate
system� �x is horizontal towards
bigger scattering angle� �y up� Cir

cle indicates active area of scintilla

tor S
 �r�� cm��

Figure �
 Kin VI deuteron dis

tribution reconstructed at S�� Co

ordinate system� �x is horizontal
towards bigger scattering angle� �y
up� Rectangle indicates active area
of scintillator S� �
�� �� cm���

For kin I� II� V and VI� the deuteron transmission factors were determined
by simulating the deuteron channel phase space� A deuteron event generator
�GLORIA� developed for �
������ and a ray	tracing code �SNAKE� ����� were
used� Both of the codes were extensively used during the design of the T��
experiment� The results are listed in table ��� On average� more than ��� of
the loss occurred at S
� half of the remaining ��� were lost in the transport
channel itself and the rest passed outside S��

In the case of kin I�II� where no experimental veri�cation was possible�
the simulated corrections were used while for kin III and IV� the data were
corrected with transmissions of ����� and ������ For kin V and VI� the losses
at S
 were measured and found to agree with the simulated results� therefore
the measured transmissions were used� The good agreement between mea�
sured and simulated loss con�rms that we have a fair understanding of the
HMS�POLDER acceptance mismatch� The systematic uncertainty of ����
is added in quadrature to the statistical error of ���� of the measured loss
leading to ���� total uncertainty of the correction�



���� Deuteron �and Proton� Absorption ��

Label Simulated total Loss Measured Loss
� of S
 � �

I �������
 N�A
II ���
���
 N�A
III N�A N�A
IV N�A ��������
V �������
 ��������
VI �������
 ��������

Table �� Simulated total loss of deuteron channel and measured geometric
ine�ciency of S
 with statistical errors�

���� Deuteron �and Proton� Absorption

To reach the POLDER detectors� deuterons �and protons for kin �� had
to pass through a number of di�erent types and thicknesses of materials
�Table ���� On their way� they could interact in various manners� The weakly
bound nucleus could either break up� which means it would have been lost�
or it could scatter elastically� In the latter case� if the scattering angle were
small� the deuteron could survive� In the cryo target� where 
�� of the hadron
losses occur� the two processes were treated separately �Sec� �����
�� In all
other materials� any interaction was equated with loss �Sec� �������� therefore
�tot � �el � �inel was used�

Material Thickness � cm Density � g�cm�

Cryo target� D� or H� ���� ����� or ���
�
Target cell wall� Al ������ 
��


CEREX insulation� C��H��O�N� ������ ����

Kevlar� C�
H��O��N� �I�V� ����� ����

Mylar� C
H�O� �I�V� ������ ����
Al �VI� ���
 
��


Air gap� ���N�� 
�� O� �� �����
��
He bag� Mylar ���� ����

He gas ��� ���������
He bag� Mylar ���� ����

Air gap �� �����
��
S� NE	��
� C��H�� ��� ����


Table �� Materials used to calculate hadron losses� Beam o�sets �Table ���
were added to the target thickness�
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�	��	� Deuteron Loss occuring after the target

The inelastic cross section �inel is equal to the sum of di�raction ��di���
proton and neutron stripping ��p�nstr� and absorption ��abs� cross sections
�Tables 
�	
���

Knowing the total cross section of all materials �i� the total loss � of
deuterons can be written as

� � ��X
i

e��ili�iNL�Ai � ��X
i

��� ��ili�iNL�Ai�� ����

with l the thickness� � the density� NL Avogadro�s number and A the mol
mass� For composite materials� � was the weighted sum of the total cross
section of every element� e�g� for Mylar �C
H�O��� �tot � ���dC � ���dH �

� �dO�

�	��	� Elastic d�d �p�p� Scattering in the Target

The elastic scattering in the target was treated di�erently� For the deuteron
case� the angular distribution d�

d�
��� was taken from the Serber model �App� C��

which takes into account the nuclear part of the elastic scattering only% and
for the proton case it was taken from the partial wave analysis code SAID�
For every origin z along the electron beam and all initial directions � and ��
the loss ��z	 �	 �� of a hadron scattering elastically o� a hadron in the target
is

��z	 �	 �� � �� e���z���	�l�NL�A � ��z	 �	 �� l �NL�A ��
�

following Eqn� �� with

��z	 �	 �� �
Z

�
�acc�z���	�

d�

d�
��� sin � d� d�� ����

The integration of Eqn� �� is performed over the entire sphere excluding
the acceptance acc�z	 �	 �� of the deuteron spectrometer� thus the limits of
integration are a function of z� � and ��

The loss ��z	 �	 �� was then folded with experimental hadron distributions
nsur�z����� in order to get the total loss

�tarel �

R
z

R
�

R
	
��z	 �	 ��n�z	 �	 �� dz d� d�R
z

R
�

R
	
n�z	 �	 ��dz d� d�

����

of elastically scattered hadrons�



���� Beam Angle and O�set ��

The momentum of elastically scattered hadrons drops by ���� at a scat�
tering angle of ���� This shifted momentum is well within the momentum
acceptance of POLDER � so that it is not necessary to modify the outlined
calculation to take it into account�

Label � I II III IV V VI
�tarel � � ���� ���� ���� ���� ���� ���� ���

�tarinel � � ���� ��
� ���� 
��� 
��� 
�
� 
��

�resttot � � ���� ���� ���
 ���� ���� ���� ����

�tot � � ���� ���� ���� ���� ���� ���� ����

Table �� Total losses of protons �Kin �� and deuterons� �tarel is the loss
of elastically scattered hadrons in the target� �tarinel is the inelastic loss in the
target� �resttot is the total loss in all other materials except the target�

Table �� gives an overview of the di�erent losses calculated� The deuteron
cross section calculations �App� C� have a relative systematic uncertainty of

�� ���� which is the uncertainty of the deuteron absorption correction�
The proton absorption is based on proton	nucleus cross section data found
in ��
	��� and a SAID calculation of the angular distribution of elastic p	p
scattering� The relative uncertainties of the total reaction cross section mea�
surements� and thus the uncertainties of the proton absorption correction�
are ����

���� Beam Angle and O�set

A picture of the H� cell exit window �Fig� ��� � exposed to beam during
this and the following experiment� clearly indicated both a vertical and a
horizontal o�set in the beam position�

Figure �� Picture of H� target exit
window when looking upstream� The
radius of the inner �middle� circle
is 
��
 �	����mm� The large brown
square shows discolouring caused by
the beam�

Using three Superharp scans �Table ���� we could determine an average
beam position and direction at the target which were in good agreement
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with the o�sets of the large discoloured spot visualized in the exit window
picture� The consistency of the o�sets was later double checked and veri�ed
with W�	plots �Fig� �� and ���� The Superharps have been surveyed with
an accuracy of 
���m� This leads to an angular uncertainty of ��� mrad and
a position uncertainty at the target of ��� mm�

Scan Position O�set � mm Angular O�set � mrad
y x y� x�

���������� 
�� �
�� ��� ����
���
������ ��� ���� ��� ����
����
����� 
�� ���� ��� ���


Mean o�sets 
�� ���� ��� ���


Table �� Beam position and direction at the target� determined with Super

harp scans� Coordinate system assumed� positive x for beam left� positive y
for vertically up�
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Figure �� Invariant mass of
D�e�e�d� kin VI�

Figure �� Relative ratios of in

variant masses with statistical er

rors� The systematic uncertainty is
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	��

Fig� �� shows the relative deviations between the invariant mass W and
the target mass� which should be � for elastic scattering� plotted for each kine�
matic setting� Propagating through the systematic uncertainties of &E�E �
��
� ����� &p��p���������� and &��� mrad results in an absolute system�



���� Spectrometer Angle ��

atic error &W in the order of � MeV or ��
��� which is almost two times
larger than the maximum o�set encountered �kin V�VI� Fig� ����

���� Spectrometer Angle

In the scattering angle range of the experiment �
��	���� the optical axis of
the HMS was mispointing by ���� mm while the magnets showed a maximum
displacement of ��� mm ���� which is neglectable� Inclusive H�e�e�� scans had
been performed to calibrate the HMS angle� The angular o�sets determined
by the scans are ���� mrad ����� To get the total systematic uncertainty of
the scattering angle of ��� mrad� the beam �Section ���
� and the HMS angle
uncertainty were added in quadrature�

���� Systematic Uncertainties

Here the systematic uncertainties� mentioned elsewhere in this work� are
summarized� The sources of uncertainty� shown below in table ��� were
added together in quadrature to estimate the total systematic uncertainty�
listed in table ���

D�e�e�d� H�e�e�� Section
Charge Measurement ��� ��� 
���


Beam Energy� &E�E���
����� ��������� ��������
 
����
Target Density�Boiling�Purity ����������� ����������� 
����

PID E�ciency� Tracking ��� ��� 
������
Scattering Angle� &���mrad ������� ������� ����

Acceptance and Target Correction ���� ���� ���
Radiative Correction ��� ��� ���
Acceptance Mismatch ��� ��� ����

Hadron Absorption ������� ��� ����
Computer Dead Time ��
 ��
 ���

Table �� Systematic uncertainties �in �� in the extraction of d��d��

Label � I II III IV V VI
D�e�e�d� N�A 
��� 
��
 
��
 
��� ���� ����
H�e�e�� 
��� 
��� 
��� 
��� ��
� ���� ����

Table �� Total systematic uncertainty �in �� data�
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� Results and Discussion

In the following three Subsections� H�e�e��� D�e�e�d� elastic cross sections and
A�Q�� values are presented�

The beam energies quoted have been corrected for energy loss� The scat�
tering refers to the center of the target� The values for Eloss are listed in
Table 
��

D�e�e�d� H�e�e��
Eloss � MeV ����
������ ����
������

Table 
� Calculated energy loss of the electron beam before interaction�

��� Electron	Proton Elastic Cross Sections

At each kinematical setup� H�e�e�� data were taken� In addition� one H�e�e�p�
elastic cross section �kin �� was measured� Results are listed in Table 
��

Label E � d��d� &stat &syst

GeV deg nb�sr � �
� ������ 
���
 
����� ��� 
��
I ������ ����
 ����� ��� 
��
II ������ ����� ���
� ��
 
��
III 
����� 
���� 
���� ��� ��

IV 
����� 
���� ����� ��� ���
V ��
��� 
���� ���
� ��� ��

VI ������ 
���� ���� ��� ���

Table 
� Electron
proton cross section results�

Figure �� shows our cross section results relative to a �t� Having used the
world�s supply of �e�p data in a range of ���� �GeV�c�� around the desired
Q�� an L�T two parameter �t was performed ����� Recent models are also
plotted relative to the �t� The agreement is good and veri�es that we have
a reliable understanding of the systematic e�ects of the experiment�

��� Electron	Deuteron Elastic Cross Sections

Results and uncertainties are listed in Table 

� Figure �� shows the ratio
between our D�e�e�d� data points and a �t to previous and the JLab Hall C
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Figure �� Electron
proton cross section results� normalized against a �t to
previous data�

data which are on average ��� higher than the preliminary cross sections of
the JLab Hall A experiment ���� ���� The latter were not considered when
having performed the �t� The data are further discussed in the following
section�

��� Extraction of A�Q	�

A�Q�� was extracted from the cross sections using the Rosenbluth formula
�Section �� Eqn� ��� Although B�Q�� is at least one order of magnitude
smaller than A�Q�� and its contribution is further reduced by the tan���e�
�
factor� it was subtracted using B�Q�� values from a �t to the world data �����
The results are listed in Table 
�� Fig� �� shows our A�Q�� values relative to
a �t to previous data� Our results are in agreement with all but the lowest
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Figure �� Electron
deuteron cross section results� normalized against a �t
to previous ���� �
���� �	� 	����� and the JLab Hall C data� The JLab Hall
A data �		�	�� were not included when having performed the �t�

SLAC data point �Arnold et al�� ���� smoothly approaching the DESY data
�Galster et al�� ���� towards lower Q�� They are ��� higher than the two
highest Q� points of the ALS experiment �Platchkov et al�� ����� Our results
clearly disagree with the CEA �Elias et al�� ��
� and the preliminary JLab
Hall A ���� ��� data � which are ���� lower than our results over the whole
Q� range covered by our experiment� The CEA data were measured with
background contributions which might have been overestimated �Fig� ����
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Label E � d��d� &stat &syst

GeV deg pb�sr � �
I ������ ����
 ����� ��� ���
II ������ ����� �
��� ��� ���
III 
����� 
���� ����� ��� ��

IV 
����� 
���� ����� ��� ���
V ��
��� 
���� ���� ��� ���
VI ������ 
���� 
��� ��� ���

Table 

 Electron
deuteron cross section results�

Label E � Q� �Mott B�Q�� A�Q�� &Astat &Asyst

GeV deg �GeV�c�� nb�sr ����� ����� � �
I ������ ����
 ����� 
������ ����
� �
��� ��� ���
II ������ ����� ����� 

����� 

�
�� ����� ��� ���
III 
����� 
���� ���
� 
����
� ������ ����� ��� ��

IV 
����� 
���� ����� 
������ ������ ����� ��� ���
V ��
��� 
���� ����� 
������ ��
�
� ����� ��� ���
VI ������ 
���� ����� 
������ �����
 ���
� ��� ���

Table 
� Overview of extracted A�Q�� values� The B�Q�� values come from
a �t to the world data �����
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Figure �� A�Q�� data �� present experiment� ������� 		� 	�� relative to a
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Figure �� Deuteron momentum
distribution at Q� � ��	� and
���� �GeV�c��� The deuteron was de

tected in a spectrometer while the
coincident electron was tagged by a
lead�Lucite shower counter ��
�� Us

ing the calculated width of the elastic
peak� the authors estimated the �un

speci�ed� background� indicated by
the straight lines� which was sub

tracted�
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��� Comparison with Theory

Much theoretical work has been devoted to the calculation of the deuteron
structure functions� This allowed for testing descriptions of the MECs� ex�
tracting the electric form factor of the neutron� looking for other degrees of
freedom such as nucleon	resonances or quarks and understanding relativistic
e�ects� Our data are going to be compared to some recent nonrelativistic
and relativistic model calculations in the following sections�

�	�	� Nonrelativistic Calculations

In the impulse approximation �IA�� a virtual photon is exchanged between the
electron and an individual nucleon within the nucleus� The electromagnetic
form factors of the nucleon are assumed to be the same as for free nucleons�
Nonrelativistically� the coupling of the photon to the charges yields to the
form factors as Fourier transformations of the appropriate densities �Eqn� ���
A�Q�� has been calculated in the NRIA for various NN potential models� In
a nonrelativistic limit �eld	theoretical language� the NN potential is derived
from an e�ective Lagrangian by �tting np data for T � � states and np and
pp data for T � � states� The isospin dependence of the NN interaction

Figure �� The current produced
by meson exchange� �a� the
meson�in��ight current� �b� the
pair term current� �c� The �rst�
order contribution to the two�
body electromagnetic current op

erator from the & resonance in
the intermediate state�

is introduced by the exchange of isospin	� particles between nucleons� To
these IA results the contributions of MECs have been added� While isovector
�	 and �	MEC contributions �Fig� ��� are model independent and can be
derived from the NN potential� isoscalar ���	MECs depend purely on the
phenomenological approach� Another MEC contribution which is not directly
related to the NN potential comes from the isobar excitation in the two	
nucleon system� Recent models also apply relativistic corrections�

The NN potentials the JLab Hall C data are compared with �Fig� ���
have been developed over the past �fteen years� They all incorporate the
main features of the NN scattering data� As phaseshift equivalence does not
imply equal potentials or wave functions� the predicted structure functions
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Figure �� A�Q�� results compared to nonrelativistic model calculations ����
��� 
�� ������� discussed in the text� For clarity only previous data from
��
������� are shown�

do still di�er �by 
���� The data agree best with calculations using the
Argonne v�� potential ���� which is an extended version of the v�� potential�
It has a charge	independent as well as a charge	independence breaking part
and is �t to the binding energy� pp� np and low	energy nn scattering data�
The H�ohler parametrization is used for the nucleon form factors� The fact
that the v�� curve is ���� lower than the JLab Hall C data implies that
the nonrelativistic picture with perturbatively added MEC and relativistic
corrections might still be incomplete� A ��� change of the electric form
factor of the neutron would result in a �� change in A�Q�� in the Q� range
presented�



��

�	�	� Relativistic Calculations

At the A�Q���s of interest here nuclear systems are probed with energy and
momentum transfers comparable to the nucleon mass� The �usual� nonrela�
tivistic description of the nucleus may no longer be reliable� Relativistically
covariant models have to be developed� In Fig� �
 the data are compared
with a relativistic quasipotential one	boson	exchange model �RIA� of Hum�
mel and Tjon �

� ��� and a solution of the Bethe	Salpeter equation using
the Gross approximation �CIA� of Van Orden� Divine and Gross ����� The
RIA used H�ohler nucleon form factors while the CIA curves were calculated
with quark model form factors ����� Results of a very recent RIA calcu�
lation from Phillips and Cohen ���� ��� using an equal	time formalism are
also shown� The nucleon form factors used come from Mergell� Meissner and
Drechsel ����� The agreement between the full model calculations �MEC in�
cluded� and the data is reasonable� The three full calculations agree within

�� and the curves are of similar shape�

� Summary

In Hall C of JLab� we have successfully performed a measurement of the
longitudinal structure function A�Q�� in the momentum transfer range be�
tween ���� and ��� �GeV�c��� These new A�Q�� data do resolve discrepancies
between older data sets and will put signi�cant constraints on models of the
deuteron electromagnetic structure�

The A�Q�� results were compared to theoretical models based on non�
relativistic �NRIA� and relativistic �CIA and RIA� impulse approximations
with and without MECs included� The agreement between the full �MEC
included� nonrelativistic calculations using the Argonne v�� potential and
our A�Q�� data is good� The CIA and RIA predictions all underestimate the
structure function over the whole Q�	range of the experiment which indicates
that they lack a good control of the di�erent MEC contributions� Including
the ��� MECs leads for all theories to better agreement between data and
theoretical calculations�
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 A�Q�� results compared to relativistic model calculations �
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A Electronic Dead Time

When a trigger is received� the electronics sets a gate� t���ns wide� During
the time interval t� any incoming triggers� separated by less than ��ns� are
ignored�

Suppose the mean time between events is � � If an event opens a gate of
width t� then the mean number of additional events which occured during
this gate is t�� � As the gate width is orders of magnitude smaller than the
mean time between events� the number of gates Nmeas is to �rst order slightly
smaller than the total number of events Ntot 

Nmeas � Ntot 	 ��� t���� ����

Having used three additional scalers with gate widths ��� �� and �
�ns�
we could easily determine the total number of events at t��� During the
experiment� electronic dead time corrections were always less than �����
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 B REDUCTION OF KINEMATIC BROADENING

B Reduction of Kinematic Broadening

The only reconstructed quantity used for the extraction of the cross sections
was � � p����p�

p�
� In order to improve the momentum resolution a correction

was applied which eliminated kinematic broadening of the discrete momen�
tum peak caused by the �nite spectrometer angular acceptance and the an�
gular dependence of the scattered electron energy� Starting with the known
kinematic relation

p��� �
pbeam

� � �pbeam
md

sin� �
�

	 ����

pcor� the corrected momentum� was �rst order Taylor�expanded in the follow�
ing way 

pcor � p��� �
�

�


d

d�
p���

����
�
��� � �� � 	 	 	 ����

with
d

d�
p��� � �p����

md

sin �� ����

The corrected relative momentum �cor then becomes

�cor � ��� 	
�
pcor
p�

� �
�
� ����
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Figure �� �
� correlation of kin VI�
Calorimeter� TOF and dE�dx cut
have been applied�

Figure �� �cor
� correlation of kin
VI� Calorimeter� TOF and dE�dx
cut have been applied�

Fig� �� and �� show the �� � correlation before and after having applied
the kinematic correction� The corrected momentum �cor does hardly show a
� correlation anymore�
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C Deuteron cross section calculations

C�� Theoretical Considerations

The di�erent possible cross sections ' elastic� di�raction� proton and neu�
tron stripping and absorption ' were calculated within the Serber model�
developed by Serber ��
� and Glauber ���� to describe the breakup of the
deuteron� This model has in the recent past also been used successfully to
describe the breakup of exotic nuclei ' halo nuclei ' which have proper�
ties� which are quite similar to the deuteron weak binding energy and large
spatial extension� see ���� and ���� and references therein�

In the Serber model� the interaction with the target is described by a so
called pro�le function Si�b� for the proton and the neutron� which depends
only on the impact parameter b� In the eikonal approximation the pro�le
function is given by integrating the interaction potential along the beam
axis 

S�
b� � exp
��i

!hv

Z
dzV �
b � z$z�



����

At the energies studied� it is assumed that the interaction potential is
proportional to the density and the forward scattering amplitude 

Vn�r� � ��



!hv �i � ��

�
ZT�np � NT�nn

�
��r�� ����

Similarly� �by exchanging ZT and NT � for Sn the pro�le function is given as

Sn�
b� � exp
���



��� i��

�
ZT�np � NT�nn

�
�t�b�

�
	 ��
�

with �t�b� the density of the target integrated along the beam axis�
For the parameter �� which is the ratio of the real to imaginary part of

the forward scattering amplitude� we have used the parameterisation as given
by ����� which is based on the SAID program� For the nucleon�nucleon cross
section� we have used the parameterization of ����� A similar Table of the �
parameters can also be found in ����� For the densities of the targets we have
used the tabulated values of �����

For the deuteron wave function we have assumed a simple s�state wave
function in a Wood Saxon potential �r� � � fm� a � ��� fm�� The depth has
been chosen to reproduce the experimental binding energy �B � 
�

� MeV��

The di�erent nuclear reaction processes can now be calculated in the fol�
lowing manner The di�erential and total cross section for elastic scattering
are given by

d�el�

d� 
K�

�
ja� 
K��j�

�
���
	 ����
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with

a� 
K�� �
Z
d� 
R�e

�i �K���R
Z
d�r����
r��Sp�bp�Sn�bn�� �����
r� 	 ����

where bp � R� � r�� bn � R� � r�� and

�el� �
Z
d� 
R�

����
Z
d�r����
r��SpSn � �����
r�

����� � ����

The total interaction cross section consists of four di�erent subprocesses The
inelastic scattering of the deuteron� also called di�raction is given by

�di�� �
Z
d� 
R�

� Z
d�r���
r�

� jSpSnj� ���
r��
����
Z
d�r���
r�

�SpSn���
r�
�����
�
� ����

In addition there is absorption� where either the proton or the neutron reacts
with the target and is therefore not seen in the forward direction� One can
distinguish neutron
stripping� where the proton remains in the �nal state�
proton
stripping with only the neutron in the �nal state and the absorption
of both nucleons� that is� neither proton nor neutron in the forward direction�
The respective cross section are

�n�str� �
Z
d�
bn

�
��

���Sn�
bn�
����
 Z d�r���
r�

�
���Sp�
bp����� ���
r� ����

�p�str� �
Z
d�
bp

�
��

���Sp�
bp�����
 Z d�r���
r�
�
���Sn�
bn�

���� ���
r� ����

�abs� �
Z
d�
bp

�
��

���Sc�
bp�����
 Z d�r���
r�
�
�
��

���Sn�
bn�
����
���
r� ����

A simpli�cation of the full Serber model has been used quite often Here
one de�nes a interaction potential for the whole deuteron� This approxima�
tion was used by ���� to describe the interaction of stable nuclei� In this
approach we can no longer distinguish between the di�erent interaction cross
section mechanism� The combined pro�le function in this case is then given
by folding the deuteron density with the interaction potential

VD�r� �
Z
d�x�D�x�VN�j
r � 
xj� � ����

and therefore

SD�b� � exp
���



AT ��np � �nn�

Z
d�x�D�
x��t�
b� 
x��



����

For the deuteron density we have used a �t of the form

�D�r� � r

c� � c�r � c�r�
exp���r� ��
�
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with the parameters �tted to reproduce the density as calculated from the
PARIS deuteron analytic wave function ����� The elastic and interaction
cross sections in this picture are given by

d�el�

d� 
K�

�
ja� 
K��j�

�
���
	 ����

with
a� 
K�� �

Z
d� 
R�e

�i �K���R�SD � �� ����

and
�el� �

Z
d� 
R� jSD � �j� ����

�I �
Z
d� 
R�

�
�� jSDj�

�
����

The use of this approximation is well justi�ed for strongly bound nuclei� but
its use for halo nuclei has been criticized in ����� due to the correlation of the
movement of halo�nucleon and core in this case� This critic is of course even
more valid in the case of the deuteron� Detailed listings of all �tot�E� and
d��d���� distributions used are listed in App� C�

C�� Results of Deuteron Cross Section Calculations

Elastic as well as interaction cross sections� calculated using the �full� Serber
model� and the total cross sections� calculated with the �simpli�ed� Glauber
model� are given in the Tables below�

Using the Serber model we are giving the decomposition of the interaction
cross section into di�erent absorption channels as well�

E�A �I �el �tot �di� �pstr �nstr �abs
MeV mb mb

�� 
��� ���� 
�� 
��� ���� ���� 
���

�� ���� ���� 
�� 

�� ���� ���� �����
��� ���� �
�� ��� ���� ���� ���� �
���
��� ���� ���� ��� ���� ���� ���� ����
��� ���� 
��� ��� �
�� ���� ���� ����

�
 ���� ���� ��� ���� ���� ���� ����

�� ���� ���� ��� ���� ���� ���� ����

�� ���
 ���� ��� ���� ���� ���� ��
�

Table 
� D�d�X� cross sections� calculated with the full Serber model�
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E�A �I �el �tot �di� �pstr �nstr �abs
MeV mb mb
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Table 
� �He�d�X� cross sections� calculated with the full Serber model�
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Table 
� ��C�d�X� cross sections� calculated with the full Serber model�
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Table 
� ��N�d�X� cross sections� calculated with the full Serber model�
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Table 
� ��Al�d�X� cross sections� calculated with the full Serber model�
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Table �� H�d�X� cross sections� calculated with the Glauber model�
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Lebenslauf

Die Primarschule besuchte ich in Reinach �BL�� Es folgten zwei Jahre Pro�
gymnasium in Aesch �BL� sowie ein weiteres Jahr Mittelstufe an der Bezirks�
schule Breitenbach �SO�� Nach vier Jahren am Gymnasium in Laufen �BL�
schloss ich im Herbst ���� mit der Matura Typus C ab�

Im November ���� begann ich an der ETH Z�urich mit dem Studium der
Ingenieurwissenschaften� von welchem ich im folgenden Fr�uhjahr direkt ins
Sommersemester des ersten Jahreskurses Physik der Uni Basel �Nebenfach
Bio II� wechselte� um im Fr�uhjahr ���� abzuschliessen�

Nach einem sechsmonatigen Master of Science Kursus in Strahlenbiologie
am St� Bartholomew�s Hospital in London ������ folgte ab M�arz ���� unter
der Leitung von Prof�Dr� I� Sick und PD�Dr� J� Jourdan die Teilnahme an di�
versen Streuexperimenten am Hadronenbeschleuniger Paul�Scherrer�Institut
�PSI� sowie den Elektronenbeschleunigern Mainzer Mikrotron �MAMI� und
Je�erson Accelerator Facility �TJNAF��

W�ahrend meiner Dissertation war ich unter den Herren Prof� Dr� P� Oel�
hafen und Prof� Dr� E� Meyer als Vorlesungsassistent in der Vorlesung f�ur
Studierende der Medizin und Pharmazie t�atig�

Seit dem �� August ���� bin ich mit Nicole Honegger�Feigenwinter ver�
heiratet� Zu Weihnachten erwarten wir Nachwuchs


Meine Ausbildung in den F�achern Experimentalphysik� theroetische Phy�
sik� Mathematik� Informatik� P�adagogik # Didaktik sowie Bio II verdanke
ich folgenden Dozentinnen und Dozenten 
N� A�Campo� C� Bandle� G� Backenstoss� G� Baur� H� Burckhardt� P� Diehl�
O� D�or�er� J� Engel� F�J� Elmer� R� Franklin� J� F�unfschilling� H�J� G�un�
therodt� H�P� Hauri� H�Ch� Im Hof� J� Jourdan� K� Kirschner� H� Kraft�
H� Kubli� J�G� Nicholls� P� Oelhafen� H� Rudin� G� Schatz� I� Sick� L� Tauscher�
H� Thomas� D� Trautmann� Ch� Ullrich� D� Vossiek� R� Wagner� I� Zschokke�
Gr�anacher�




