
THE CONSTRUCTION AND ASSEMBLY OF CRYOSTAT EXIT DETECTORS 
FOR BACKWARD ANGLES OF THE G0 EXPERIMENT 

 
Stephanie-Louise Bailey 

 
College of William and Mary 

Department of Physics 
Post Office Box 8795 

Williamsburg, VA 23187-8795 
Advisors: Gary Rutledge and David Armstrong 

 
 

16 December 2004 
 
 

Abstract 
 
The goal of experiment E00-006 (the G0 experiment) [1], currently underway at the Thomas Jefferson 
National Accelerator Facility, is to investigate the contributions of the strange quarks to the fundamental 
properties of the nucleon. This will be achieved by measuring parity-violating scattering asymmetries off 
the proton at both forward and backward angles. In the most basic picture, the G0 experiment is comprised 
of a beam of polarized electrons from the Jefferson Lab accelerator, a liquid hydrogen target, and a Focal 
Plane Detector (FPD) made up of scintillators. The backward angle experiment requires a new set of 
scintillator detectors, Cryostat Exit Detectors (CEDs). The objective of my research this past year was to 
assist in the construction and assembly of the CEDs. 
 

1 Introduction 
 
The G0 experiment will measure parity-violating 
asymmetries in elastic electron scattering from 
the nucleon over a range of momentum transfers 
from 0.1-1.0 (GeV/c)2. The objective of the 
experiment is to separate out the s quark 

contributions, 2( )s
EG Q  and 2( )s

MG Q , to the 
overall charge and magnetization densities of the 
nucleon. No other experiment has performed the 
separation over this range of momentum 
transfers. The G0 apparatus consists of a beam of 
polarized electrons, a liquid hydrogen target that 
provides the protons for the scattering, and a 
spectrometer to measure the scattering products. 
The actual measurement will be performed in 
two phases. In the first phase, a proton recoiling 
from its interaction with an electron was bent in 
the magnetic field produced by the 
superconducting coils according to its 
momentum. Protons of different momenta, 
bending by different amounts in the magnetic 
field, hit the array of particle detectors in 
different places. Figure 1 shows the forward 
angle mode. In the second phase, the apparatus 
will be reversed relative to the beam direction 
and scattered electrons rather than protons will 
be detected. Figure 2 shows the backward angle 
mode. The backward angle measurements of the 

G0 experiment include three momentum transfers 
(Q2=0.3,0.5 and 0.8 GeV2/c2) to provide 
reasonable information on the Q2 dependence of 

2( )s
EG Q  and 2( )s

MG Q [1]. 
 
Detection of electrons in the backward angle 
experiment requires a new set of scintillator 
detectors, Cryostat Exit Detectors (CEDs), to be 
placed near the spectrometer exit windows. My 
contribution was the construction and assembly 
of the CEDs. The next section presents the 
physics necessary to understand the experiment. 
This includes a discussion of electromagnetic 
and weak interactions and parity-violating elastic 
electron scattering. Section 3 discusses the 
detector system. This includes a description of 
the Focal Plane Detector and Cryostat Exit 
Detectors. Within the CED description is a 
discussion of scintillation detectors and 
photomultipliers. Section 4 outlines how to 
construct and assemble a cryostat exit detector. 



 
 
 
 
 
 

 

 
2 Physics of the G0 Experiment 

 
2.1 Electromagnetic and Weak Interactions 
 
An electron and proton can interact via the 
electromagnetic or the weak force. The 
electromagnetic interaction involves the 
exchange of a virtual photon. Virtual photon 
exchange is charge dependent and helicity 
independent. Weak interactions are responsible 
for the decay of massive quarks and leptons to 
lighter quarks and leptons. The carrier particles 
of the weak interactions are the W+, W- and the Z 
bosons. The Z0 interaction is charge independent 
and helicity dependent. Thus, a helicity-
dependent effect signals the Z0 exchange. Figure 
3 shows the Feynman diagrams for the two 
interactions. 

 

The G0 form factor is unique in that only through 
weak interaction with the proton does the form 
factor appear. This weak dependence is given by 
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where ,P
EG g  is the electromagnetic form factor 

for the proton. The definition of 0
EG  is 
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Similar relationships exist for ,P Z
MG and 0,P

MG . 

The 0
EG  form factor contains the average of the 

up, down, and strange quark distributions with 
the proton. It is a singlet under SU(3) symmetry, 
in which the up, down, and strange quarks have 

identical strong interactions. The 0G  form factor 
can be extracted from asymmetry measurements 

using only proton form factors. Once 0EG  is 

measured, s
EG  can be extracted using 

information on the electromagnetic form factor 
of the neutron and the assumption of charge 
symmetry in the nucleon[1]. 
 
2.2 Parity-violating Elastic Electron Scattering 
 
The probability of scattering is different for 
positive and negative helicity incident electrons 
due to the weak interaction. Thus, an accurate 
determination of this asymmetry will provide a 
method by which to directly investigate the G0 
form factors. The amplitude of an electron-
proton interaction is 

ZM M Mg= + ,              (2.3) 

where M g is the electromagnetic interaction 

amplitude and ZM  is the weak interaction 

amplitude. The term ZM  is usually neglected 
since it is about 105 orders of magnitude smaller 

than M g . In quantum mechanics, probabilities 
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Figure 3. Feynman diagrams for the 
electromagnetic interaction and Z0 
interaction. 



are measured rather than amplitudes. Thus the 
equation becomes 

( )2 22

2 Re
Z Z

M M M M M
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= + +           (2.4) 

Similarly, the term 
2ZM  is negligible. 

However, ZM , unlike M g , has both vector 
and axial-vector pieces. In other words, the cross 
section contains a component that will change 
signs in the mirror experiment. In parity-
violating electron scattering, the mirror 
measurement is made by reversing the beam 
helicity. Thus, the cross term in the cross 
sections violates parity. The cross term can be 
determined experimentally by comparing the 
cross sections of the polarized electron beam 
with positive and negative helicities. Since the 
parity-violating terms in the cross section are 
proportional to the electron helicity, the 
asymmetry is directly related to the cross term 
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where M +  are positive helicity amplitudes and 

M -  are negative helicity amplitudes. To 

experimentally measure ZM , the scattering 
probabilities are observed physically as numbers 
of scattered particles seen by the detector. 
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where N+  is the number of scattered particles 

for positive helicity configurations and N -  is 
the number of scattered particles for negative 
helicity configurations[1].  
 

3 Detectors 
 
The detector system to be used for the backward 
angle measurements is comprised of two arrays 
of scintillators and an aerogel Cherenkov 
detector for each of the eight G0 octants. The two 
arrays of scintillators are a Focal Place Detector 
array that has been used for the forward angle 
measurements and a Cryostat Exit Detector. For 
backward angle electron detection, both arrays 
are required to determine the electron scattering 
angle and momentum, thereby providing an 
adequate separation between elastically and 
inelastically scattered electrons.  The purpose of 

the aerogel Cherenkov detector is to separate the 
pion background from the electron signal. Figure 
4 is a schematic of the detector system. 
 

 

 
 
 
 
 
 
 

 
 
3.1 Focal Plane Detector 
 
The Focal Plane Detector is composed of eight 
octants, within a ferris wheel support structure, 
arranged symmetrically around the beamline 
axis. Figure 5 shows a schematic view of the 
Focal Plane Detector. Figure 6 shows the support 
structure. Four of the octants were built by a 
North American collaboration and the other four 
were built by a French collaboration. Each octant 
consists of 16 pairs of arc-shaped plastic 
scintillators. Each scintillator has two acrylic 
lightguides, one attached at each end. Coupled to 
the ends of each light guide is a photomultiplier 
tube. Figures 7 and 8 show a North American 
and French octant, respectively. 
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3.2 Cryostat Exit Detector 
 
The Cryostat Exit Detector is composed of eight 
octants, within a 2nd mini ferris wheel support 
structure, arranged symmetrically around the 
beamline axis. Figure 9 shows a schematic view 
of the FPD and CED support structure. Like the 
Focal Plane Detector, four of the octants were 
built by a North American collaboration and the 
other four were built by a French collaboration. 
Each octant consists of nine arc-shaped plastic 
scintillators. Each scintillator has two acrylic 
lightguides, one attached at each end. Coupled to 
the ends of each light guide is a photomultiplier 
tube. Figure 10 shows a schematic of the CED. 
 
 
 

Figure 5. Schematic view of the Focal 
Plane Detector showing the spectrometer 
in the forward angle configuration. Two of 
the eight coils and one sector of the 
detectors have been removed for clarity.  

Figure 6. Support structure of the FPD. 

Figure 7. French octant. 

Figure 8. North American octant. 



3.2.1 Scintillation Detectors 
 
A scintillation detector is made up of a 
scintillating material that is optically coupled to 
a photomultiplier. The joint can be made either 
directly or by a light guide. When radiation 
passes through a scintillator, it interacts 
electromagnetically with atomic electrons and 
ionizes atoms or molecules in its path. The free 

electrons subsequently combine with the ions to 
form neutral pairs that are initially in an excited 
state. Decay to the ground state produces one or 
more photons visible or near ultraviolet light, 
which travel through the scintillator with little 
attenuation. This light is transmitted to the 
photomultipler where it is converted into a weak 
current of photoelectrons. The current is 
amplified by an electron-multiplier system. The 
resulting current signal is then analyzed by an 
electronics system. 
 
The scintillator signal provides a multitude of 
useful information. First, above a minimum 
energy, the light output from most scintillators 
vary linearly with the energy deposited. The light 
output of a scintillator is directly proportional to 
the exciting energy. The photomultiplier is also a 
linear device so the amplitude of the final 
electrical signal is also proportional to this 
energy. Second, the response and recovery times 
of scintillation detectors are short. This allows 
timing information to be obtained with good 
precision. Third, with some scintillators, it is 
possible to distinguish between different types of 
particles by analyzing the shape of the emitted 
light pulses. 
 
Currently, there are six types of scintillator 
materials: organic crystals, organic liquids, 
plastics, inorganic crystals, gases and glasses. In 
nuclear and particle physics, plastic scintillators 
are the most commonly used of the organic 
detectors. In the G0 experiment, the CED is made 
from plastic scintillators. Plastics yield fast 
signals with a decay constant of about 2-3 ns and 
a high light output. A primary advantage of 
plastics is their flexibility. They are machined by 
normal means and shaped to desired forms. They 
are produced commercially in many sizes and 
shapes, ranging from thin films to cylinders. A 
major disadvantage of plastics is that they are 
easily attacked by organic solvents such as 
acetone. When handling unprotected plastic, one 
should wear cotton or terylene gloves as body 
acids can cause a cracking of the plastic 
(crazing) after a period of time[2]. 
 
3.2.2 Photomultipliers 
 
Photomultipliers (PMTs) are electron tube 
devices that convert light into a measurable 
electric current. A photomultiplier is comprised 
of a cathode, an electron collection system, an 
electron multiplier section, and an anode from 
which the final signal can be taken. All parts are 

Figure 9. Support structure for the FPD 
(large ferris wheel) and CED (mini ferris 
wheel coupled to the existing FPD ferris 
wheel). 

Figure 10. Schematic of one octant of the 
CED. Each octant contains nine 
scintillators. 



enclosed in an evacuated glass tube. During 
operation, a high voltage is applied to the 
cathode, dynodes, and anode. This sets up a 
potential ladder along the structure. When a 
photon from a scintillator impinges upon the 
photocathode, an electron is emitted by the 
photoelectric effect. Due to the applied voltage, 
the electron is directed and accelerated toward 
the first dynode. When it strikes the dynode, it 
transfers some of its energy to the electrons in 
the dynode. This causes secondary electrons to 
be emitted, which in turn, are accelerated 
towards the next dynode where more electrons 
are released and further accelerated. An electron 
cascade down the dynode string is thus created. 
At the anode, this cascade is collected to give a 
current that can be amplified and analyzed.  

 
A scintillator can lose light in two ways: one is 
escape through the scintillator boundaries and 
the other is through absorption by the scintillator 
material. For small detectors, the latter effect is 
negligible. Only when the path lengths traveled 
by the photons are comparable to the attenuation 
length will absorption be significant. The 
attenuation length is defined as that length after 
which the light intensity is reduced by a factor 

1e- . The light intensity as a function of length is 

( )
x
l

oL x L e
� �-� �
� �=        (3.1) 

where l  is the attenuation length, x  is the path 

length travelled by the light and oL , the initial 

light intensity. A typical attenuation length is 1 
m or more, so only very large detectors are 
affected. The most important loss is by 
transmission through the scintillator boundaries. 
Light emitted at any given point in the 
scintillator travels in all directions and only a 
fraction of it directly reaches the photomultiplier. 
The leftover light travels toward the scintillator 
boundaries where, depending on the angle of 
incidence, two things happen. For light 
impinging at an angle greater than the critical 
angle, light is turned back into the scintillator. At 
angles less than the critical angle, partial 
reflection occurs and the remainder is 

transmitted. The critical angle Cq  is given by 

1

int

sin out
C

sc

n
n

q - � �
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� �
       (3.2) 

with intscn  being the index of refraction of the 

scintillator and outn  that of the surrounding 

medium. To facilitate reflection, the most 
common practice is to redirect escaping light. 
The medium surrounding the scintillator should 
therefore have an index of refraction that is as 

small as possible in order to minimize Cq . Air is 

the best and most convenient medium. Assuming 

intscn  is typically 1.5, this implies a 42Cq = ° . 

Therefore, a layer of air should be left between 
the reflector and the scintillator. With plastic 
scintillators, internal reflection is achieved by 
polishing the surfaces of the plastic. A common 
procedure for small detectors is to wrap the 
scintillator in aluminum foil and to follow this 
with a light-tight layer of black tape. To 
maximize internal reflection, the foil should be 
loosely applied so as to ensure a layer of air in 
contact with the scintillator.  
 
Often in many experiments, it is impossible or 
not desirable to couple the PMT directly to the 
scintillator. In such a situation, the scintillator 
light may be conducted to the PMT via a light 
guide. Such guides are usually made of optical 
quality plexiglass, Lucite or perspex and work on 
the principle of internal reflection, that is, light 
entering from one end is guided along the pipe 
by internally reflecting it back and forth between 
the interior walls. Like plastic scintillators, the 
walls are usually polished for this purpose. Of 
course, only that fraction of the light incident at 
angles greater than the critical angle can be 
transferred in this way[2]. 
 
 
4 Assembly and Construction of a Cryostat Exit 
Detector 
 
Step 1 
 
Assemble the necessary materials. These include 
black tape, mylar, teflon, tedlar, the scintillator, 
the light guide, the PMT, its adaptor, UV lamp, 
goggles, glue, syringe, rubber bands, binder 
clips. 
 
Step 2 
 
Clean the PM adapter faces of any old grease or 
dirt. Wrap the midsection of the PMT adapter in 
teflon. On top of the teflon, wrap the PMT 
adapter in one layer of tedlar. Affix the tedlar 
with black tape. 



 
 

Step 3 
 
Clean the faces of the light guide of any old 
grease or dirt. Apply the glue to the face of the 
light guide using a syringe. The glue should be 
applied in a single straight line along the center 
of the face. Using the tip of the syringe, spread 
the glue out uniformally to form a smooth, thin 
layer. Couple the entire surface of the light guide 
to the PMT adapter by means of rubber bands 
and binder clips. If some excess glue spills out 
over the edges, this is acceptable. Avoid trapping 
air bubbles between the light guide and PMT 
thus producing an inefficient optical coupling. 
Handling the light guide with bare hands should 
also be avoided. Apply UV light to the interface 
for about two minutes. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Step 4 
 
Wrap the ends of the light guide loosely in mylar 
so as to assure a layer of air in contact with the 
surfaces. On top of the mylar, wrap the light 
guide in two layers of tedlar. Affix the mylar and 
tedlar with black tape. Wrap the light guide 
neatly in black tape along its entire length so as 
to ensure light tightness. Special attention should 
be paid to corners and sharp bends where light 
leaks will most likely occur. 
 

 



Step 5 
 
Test the light guide/PM adapter assembly for 
light tightness. Cover the assembly in black felt 
and apply voltage. Read the anode current. 
Remove the felt and read the anode current. A 
significant change in anode current indicates a 
light leak. 
 

 
 

 
Step 6 
 
Apply glue to the other face of the light guide 
using a syringe. Using the tip of the syringe, 
spread the glue out uniformally to form a 
smooth, thin layer. Couple the entire surface of 
the light guide to the scintillator by means of 
rubber bands and binder clips. Apply UV light to 
the interface for about two minutes. 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 7 
 
Wrap the interface of the PMT and PMT adapter 
loosely in mylar so as to assure a layer of air in 
contact with the surfaces. On top of the mylar, 
wrap the interface in black tape to ensure light 
tightness. 
 

 
 

 
 
5 Conclusion 
 
At this time, all 144 light guides have been glued 
to PMT adapters, wrapped in mylar and tedlar, 
and tested for light tightness. All four North 
American octants are complete and gluing of the 
French octants is in progress.  
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