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ABSTRACT 

Charged particle tracking and identification are important elements of 

any elementary particle physics experiment. Transition radiation is often used to 

separate electrons from heavier charged particles. This thesis describes a combined 

tracking and transition radiation detector well suited to the high rate environment 

of the Superconducting Super Collider (SSC). 

In the proposed "Electrons Muons Partons with Air Core Toroids" (EM-

PACT) detector at the SSC the straw tubes with 4 mm diameter filled with 50-50 

Xenon-C02 and polyethylene radiation foams are selected for the tracking system. 

The principles of operation of proportional chambers have been studied. 

The size of the tube is related to the characteristics of the filling gas and the desired 

occupancy. 
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CHAPTER 1 

INTRODUCTION 

In experimental particle physics, progress has been closely linked to the improve

ments in detector and accelerator techniques. The search for new particles of mat

ter requires more study of scattering and annihilation processes at larger center-of-

mass energies. The highest center-of-mass energy available now is 1.8 TeV provided 

to CDF at Fermilab since 1988. The CDF experiment is poised to find the Top 

quark. The energy available to the DO experiment at Fermilab, which is designed 

to find new phenomena and is scheduled to run in 1992, is also 1.8 TeV. 

Ginzburg and Frank [1] introduced the concept of transition radiation in 

1946. Transition radiation is emitted when a charged particle traverses a boundary 

between media with different dielectric constants or magnetic properties and it 

depends on the Lorentz factor, 7 = E/M, i.e. velocity of the moving particle, 

which allows us to identify particles in very high energy regions, 7 > 1000, where 

other methods fail. 

The process of transition radiation is similar to Cherenkov emission, it 

depends on the velocity of the particle and is the response of the matter that 

surrounds the particle path. It is sharply peaked in the forward direction if the 

particle is ultrarelativistic, the same as bremsstrahlung. And the radiated energy 

is in the range of X-rays. 

The yield from a single surface is roughly equal to the fine structure con

stant, a = 1/137, and the total energy radiated is proportional to the Lorentz 
/ 

factor 7. This is the main reason we use transition radiation detectors, i.e. to 
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distinguish particles, e.g. electrons from pions. Artru, Yodh and Mennessier [2] 

suggest how to theoretically optimize such detectors. 

Proportional chambers are extensively used in high energy particles physics 

experiments as radiation monitors. They are simple to operate, easy to maintain, 

and can accurately trace particle trajectories. Today, most fast detectors contain 

a large number of proportional chambers. In 1987, DeSalvo [3] designed a cen

tral tracking system for the SSC based on straw tubes with 3 mm diameter. The 

choice of very small cell size is intended to minimize radiation damage and event 

pile up, driving cell occupancy down to a few percent. The advantages of using 

straw tubes are that they (1) can be prewired and tested before assembly into the 

detector, (2) can be pressurized to give better spatial resolution so that one can re

duce the overall detector dimensions needed to satisfy given momentum resolution 

requirements, and (3) can be self-supporting mechanically. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Proportional Chambers 

The basic feature of a proportional chamber is the proportional multiplication 

inside the chamber itself. Because of this characteristic, proportional chambers 

have been used in tracking systems for a long time. A proportional chamber can 

be described as a conducting cylinder with a fine metal wire stretched along its 

axis. Figure 1 shows an end view of a proportional tube. 

Usually we put high voltage on the central wire and ground the outer 

cylinder [4]. The potential and electric field at a distance r from the central wire 

have the form 

and 

V(r) 

r  Vo dr 
Jb ln(6/a) r 

—Vo rr  dr 
In(b/a) Jb r 
-Vo , 

In (6/a) 

Vo , 
In (b/a) \r J 

L 
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C a t h o d e  

Anode 

Figure 2.1: A cross sectional view of a proportional tube. An anode wire is placed 
on the axis of the cylinder, a, 6 axe the radii of wire and cylinder, r is the radius 
distance from the wire. 
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where 
_2re_ 
ln(6/a) 

is the capacitance per unit length of the system, e is the dielectric constant, Vo 

is the applied potential difference between the wire and cylinder, V{b) = 0 and 

V(a) = Vo, and a, b are the radii of anode wire and conducting cylinder. The ion 

pairs are produced when charged particles, cosmic rays, for example, pass through 

the chamber. When the voltage applied to the chamber is high enough to attract 

ion pairs toward their respective electrodes, the electrons create avalanches along 

their path while drifting toward the anode. If we choose a very small diameter 

for the central wire of the chamber, a high electric field can be obtained near 

the surface of the wire within a few wire diameters. This is the region where 

secondary ionization and avalanches occur. The multiplication forms a drop-like 

avalanche with electrons in front and positive ions behind, each drifting toward 

their respective electrodes. Figure 2 shows the shape of the electric field around 

the anode wire. Figure 3 shows the shapes of current pulses seen on the oscilloscope. 

The ionization occurs when charged particles, such as cosmic rays, pass 

through the gaseous chamber. The electric field does nothing other than attracting 

the ion pairs toward the electrodes except in the region near the wire surface where 

the avalanche is created by the drifting electrons. The strength of the electric field 

depends on the applied potential Vo between the anode and cathode. At the 

plateau voltage Vy, which usually varies from 2000 volts to 2400 volts for wires 

of a few micro centimeter diameter, the electric field near the wire surface of the 

anode wire induces the multiplication process. Basically, the number of ion pairs 

produced is related to the sources of charged particles. But in the region near 

the wire surface where the avalanche occurs the number of ion pairs is related to 

applied potential Vo. Increasing Vo to Vy, the gain near the wire could reach to 

M = 104. But when Vo is higher than Vy, the proportionality to the charge is 

gradually lost. This is because when a large amount of charge builds up around 

the wire the electric field is distorted. 
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Figure 2.2: The electric field around the anode wire as a function of distcince from 
the wire. 
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2.1.1 Multiplication of Avalanche 

Secondary ionization occurs when electrons gain sufficient energies from the applied 

electric field. These secondary ionizing electrons create an avalanche. Because the 

mobility of electrons is greater than that of ions, the electrons group ahead of ions 

and form a drop-like shape avalanche [5] [6]. 

The multiplication factor M has the form 

where no is the original number of electrons, a = 1/A is the inverse mean free path 

of electrons, and x is the path length that electrons travel. The mean free path 

of electrons, a-1, is defined as the average distance that an electron has to travel 

before an ionizing collision occurs, then a is the probability of ionization per unit 

path length. It is also known as the first Townsend coefficient. So, if we deposit 

no electrons into the electric field, then in a path dx, dx «C a'1, we gain 

new electrons. By integrating over the path dx, the yield of the total number of 

electrons is 

For the case of non-uniform electric field, a is a function of x, a = a(x), the 

multiplication factor becomes 

M = 71/710 

= exp(ax) 

dn = nactdx 

n = noexp(ax) 

2.1.2 Probability of Ionization 

In general, we separate charged particles into two categories: (1) electrons and 

positrons, and (2) heavy particles, i.e. particles heavier than electrons or positrons, 
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including muons, pions, protons and a—particles. When charged particles traverse 

a gaseous or condensed medium, the particles will lose energy via several processes. 

There are three main processes (1) elastic scattering, (2) excitation, (3) ionization. 

In elastic scattering, the energy loss of the incident particle is a very small portion 

of the particle's total energy because the mass of the nuclei of most materials is very 

large if compared to the incident particle. That is the reason that this process does 

not play a significant role in the operation of gaseous detectors. Also it does not 

produce ionization. The atoms or molecules de-excite by photon emission during 

the process of excitation so it does not yield ionization neither. Therefore, among 

these three interactions, only ionization is useful in the study of a proportional 

chamber. 

The probability of a primary ionization process in a proportional chamber 

is a Poisson-like distribution [7]. Over a path XQ with mean number of ionizations 

fi, a non-negative real number, where fi = x0/\ and A is the mean free path, the 

probability distribution of n ionizations is 

P(n,f l) = ̂ re~ l t
t  7i = 0,1,2,... 

71! 

The inefficiency e of no ionizations will be 

no 
e = y. P(n,n), with n0 = 0 

n=0 

= e-" 

and then the probability of at least one ionization would be 

l-e= £P(ti,/z) 
n=l 

For example, a straw tube with 3 mm diameter filled with pure nobel gas 

Argon at standard conditions, 0°C, 1 atm, if the mean number of ionizing particles 

is 29.4 per centimeter then it would have the probability distribution 

P(n, 2.94) = ^e"2-94 

n\ 
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per millimeter. If the charged particles pass through the center of the straw tube 

then the probability of no ionization in the straw tube would be 

e = e~8-82 

~ 0.00015 

and the probability that at least one ion pair produced would be 

00 8.82" 

n=l n' 

~ 0.99985 

i - e  =  z J — r  •e "8-82 

It is positive that ionization would take place if charged particles with enough 

energy pass through the center of the 3 mm straw tube filled with Argon. 

On the passage of a charged particle in the gaseous medium, a discrete 

number of first ionizations takes place which produce electron-ion pairs. This first 

ionization is the primary ionization that we mentioned above. If the electrons 

produced by the first ionization have enough energy, larger than the ionization 

potential in the medium, they can create secondary electron-ion pairs. This pro

cess is called secondary ionization. The sum of electron-ion pairs from these two 

processes is called the total number of ion pairs, nt, also showed in Table 1 [5] [8]. 

The total number of ion pairs is obtained from 

AE 
B|~ Ex  

where AE is the total energy loss in the gas, and E\ is the effective average energy 

to produce one ion pair. Table 1 shows the number of first and total ionizations 

per centimeter in several gases. Jo is the ionization energy of the gas atom. dE/dx 

is the energy lose per centimeter. For example, take an 80-20 mixture of Ar-C02, 

at normal conditions, 

2440 n „ 3010 A „ 
= -26-x0-8 + -3rX°-2 

= 93.32 pairs/cm 
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Gas Z A np (cm-1) rit (cm *) Io(eV) Ei (eV) difi /keV\ 
TTir ^ cm ) 

H2 1 1.01 5.2 9.2 13.6 37 0.34 
He 2 4.00 5.9 7.8 24.59 41 0.32 
N2 7 14.01 10.0 56 14.53 35 1.96 
02 8 16.00 22.0 73 13.62 31 2.26 
Ne 10 20.18 12.0 39 21.56 36 1.41 
Ar 18 39.95 29.4 94 15.76 26 2.44 
Kr 36 83.80 22.0 192 14.00 24 4.60 
Xe 54 131.29 44.0 307 12.13 22 6.76 
C02 22 44.00 34.0 91 13.70 33 3.01 
CH4 10 16.00 16.0 53 13.10 28 1.48 
C4H10 34 58.00 46.0 195 10.80 23 4.50 

Z = Atomic number 
A = Atomic weight 
np = number of ion pairs of primary ionizations 
nt — total number of ion pairs of ionizations 
Io = Ionization energy 
Ex = Effective average energy to produce one ion pair 
dE/dx = energy loss 

Table 2.1: Number of ion pairs, energy loss, and ionization potential of electrons 
in several gases. 



20 

np — 29.4 x 0.8 + 34 x 0.2 

= 30.32 pairs/cm 

We see that the average distance between primary ionizations is 

—= 0.033cm = 330/xm 
OU«uZ 

and each primary ionization produces about two secondary ion pairs on average. 

2.1.3 Drift Speed 

Charged particles in an electric field are accelerated toward the respective elec

trodes along the electric field lines. These movements of electrons and ions are 

slowed via collisions with the gas molecules along the field direction. The average 

velocity of this motion is known as the drift velocity of the charged particle and is 

defined as 

w+ = fiE 

e „ w~ = -—ET 
2m 

where E is the electric field applied, p is the mobility of the charged particles, 

r is the mean time between collisions, w+ and w~ are the drift velocities of ions 

and electrons respectively. The relationship between mobility n and the diffusion 

constant D is given by 
D _ k T  

fi e ' 
Table 2 gives the drift velocity, diffusion coefficients, and mobility of electrons at 

standard conditions [9]. 

As we can see from the equations above, the drift velocity of charged 

particles depends linearly on the electric field applied. The drift velocity of positive 

ions is proportional to the reduced field E/p, where p is the gas pressure. At 

constant pressure, the mobility fi is a constant. Due to its small mass, electrons 

have greater mobility than ions. Approximately, the drift velocity of electrons 
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Gas w D A* 
(104 cm/sec) (cm2/sec) (cm2/sec-V) 

H2 20 0.34 13.0 
He 14 0.26 10.2 
Ar 4.4 0.04 1.7 
o2 5.0 0.06 2.2 
H20 7.1 0.02 0.7 

to = drift velocity 
D = Diffusion constant 
fi — mobility 

Table 2.2: Mobility, drift velocity, and diffusion coefficient of electrons at standard 
conditions. 
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is one thousand times that of ions, i.e. w~ ~ 1000w+. If the mean energy of 

electrons is greater than the thermal energy then the gain in velocity may affect 

the diffusion rate at the same time. Therefore, the mean energy should replace the 

factor kT. This is important when measuring the drift time of ionization electrons 

to determine the position of a track. Figure 4 shows the drift velocities of electrons 

in various gas mixtures as a function of electric field [10]. 

2.1.4 Charge Built Up 

As mentioned in section 2.1, the avalanche occurs within a few wire radii of the 

wire in the proportional chamber. Electrons produced in the avalanche will be 

collected on the anode wire and the positive ions will drift toward the cathode at 

the drift speed w+. We know that the electric field and potential can be written 

as 

is the capacitance per unit length, Vo is the applied potential, e is the dielectric 

constant, r is the radial distance from the wire center, a is the radius of the wire, 

and b is the radius of the cylinder. If a charge Q is located at a distance r from 

the wire, it has a potential energy 

and 
2ire 

In (b/a) 

W 

QV(r) 
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Figure 2.4: Drift speed of electrons in various gaseous mixtures as a function of 
electric field. 
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If the total charge of the cylinder is q = CIV. The electrostatic energy in the 

cylinder is 

W 
fV0 

= I Vd< 
= r 

Jo 
VCldV 

= \clv' 
where I is the length of the cylinder. When charge Q moves a distance dr, the 

change in the energy of the system is 

dW = CIVodV 

= At®* 
Of 

= —QE(r)dr 

where dV is the potential change induced by the movement of charge Q 

——E(r)dr :iv0 
K' 

Q dV{r) 

dV = ——E(r)dr 
CIVo K ' 

CIVo dr 
-dr 

Assume an ionizing event takes place at a distance d from the anode wire 

and avalanche multiplication occurred; the total potential induced by the electrons 

and ions is 

-Q f dV(r) V~ = -2- f1 dr ' I f iJa+d dr 

[V(a)-V{a + d)) 
CIVo 

and 

2irel \ a J 

_Q_,» dV(r) 

CIVo Ja+d dr 
_Q_ 
2r el [^(a + d)  
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The total contribution of the electrons and ions is then 

V = V+ + V~ 

_Q_ 
IC 

We can see from the ratio of these two contributions 

V~ _ ln((a + d)/a) 
V+ ~ In(6/(a + d)) 

that the contribution of the positive ions is greater than that of the electrons. One 

reason for the smaller contribution of the electrons is that the multiplication region 

is limited to the distance within a few wire radii. For example, taking a = 0.005 

cm, b = 2.54 cm, and d = 0.001 cm, it turns out that the ratio of V~ /V+ is around 

0.03. It means that the charge contribution of electrons is 3% of ions. Then the 

pulse signal detected is mostly contributed by the positive ions. Note that only if 

the avalanche multiplication takes place near the anode wire then the contribution 

of the electrons can be ignored. In some cases, the ultraviolet photons that are 

emitted near the anode wire in an avalanche will stretch out the avalanche radially 

and the signal contributed by the electrons becomes significant [11]. 

2.2 Transition Radiation Detectors 

Transition radiation is emitted when a charged particle traverses the boundary 

of two media with different dielectric constants or magnetic properties. Ginzberg 

and Frank [12] first introduced the concept of X-ray transition radiation in 1946. 

When the Lorentz factor, 7 = E/M, is greater than about 500, these X-rays are 

produced in a small cone with 6 ~ I/7. Basically, transition radiation depends 

on the Lorentz factor, i.e. velocity of the moving particle, so that it allows us 

to identify particles in the very high energy region where 7 > 1000 where other 

methods fail. 

The yield (mean number of photons per transition) from a single surface 

is roughly equal to the fine structure constant a = 1/137, and the total radiation 
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energy is proportional to the Lorentz factor 7. Thus we can distinguish particles 

with different masses at a given momentum, the electrons from pions, for example, 

by the transition radiation effect. Artru, Yodh, and Mennessier [13] suggest how 

to optimize the transition radiation detectors. The optimized layer thickness and 

spacing for a practical type detector can produce a maximum signal at the peak 

of the detector sensitivity. Since the yield of a single surface is of the order of the 

fine structure constant a, multiple layers of high density material separated by low 

density gas are used to increase the transition radiation yield. 

2.2.1 Bremsstrahlung and Cherenkov Radiation 

Cherenkov radiation was first observed by P. A. Cherenkov and S. I. Vavilov, 

and interpreted theoretically by I. M. Frank and I. E. Tamm in 1937. [14] [15] 

Cherenkov radiation is not like bremsstrahlung radiation. Cherenkov radiation is 

emitted by the medium under the action of the field of the particle moving in it. 

And bremsstrahlung radiation is emitted by an electron itself when it collides with 

atoms. The difference between these two radiations is that bremsstrahlung will 

disappear when the particles have very large masses and Cherenkov radiation is 

not affected by the masses of particles for a given velocity. 

Cherenkov radiation is emitted when the speed of the charged particle is 

greater than the speed of light in the medium. This threshold velocity is given as 

c vt = -
n 

= pc 

where (3 = v/c, c is the speed of light, and n is the index of refraction in the 

medium. There is no light emitted if the speed of the charged particle is less than 

the threshold velocity (3t = 1/n. Then particles that emit Cherenkov radiation 

must have a velocity 

c 
v > — 

n 
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1 

The relation between the wave vector k and the frequency u> of the electromagnetic 

wave in the medium is 

ruu 
c 

where 

c n = — 
v 

VEL 

x/MoCO 

when fi = Ho, e is the permittivity, or dielectric constant, and fi is the magnetic 

permeability. If the particle moves in the medium with a constant velocity v in the 

x-direction then the frequency <v of the Fourier component of the particle's field is 

related to the x-component of the wave vector by 

u) = kxv 

When the particle's velocity is greater than the phase velocity of the wave with 

frequency u, then the radiation at that frequency occurs. Define the angle 0 as the 

angle between the direction of motion of the particle and the direction of emission 

of radiation. Since we have 

kx = — 
v 

and 

kx = k cos 9 
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we find that 

. c 
cos 0 = — 

nv 
J_ 
/3n 

From the equation above, we learn that the radiation is emitted near the forward 

direction. And the radiation is distributed on the surface of a cone with opening 

angle 20. 

2.2.2 Transition Radiation from a Single Surface 

When a charged particle traverses the boundary between two media of different 

dielectric constant, transition radiation is emitted because the charged particle 

has to readjusted its Coulomb field. Solving the boundary condition to satisfy 

t h e  c o n t i n u i t y  e q u a t i o n ,  w e  g e t  t h e  h o m o g e n e o u s  M a x w e l l  e q u a t i o n s  { E R , H R } .  

Using the Poynting vector, we can solve for the energy flux at high 7, most of the 

energy is in the X-ray range and the transition radiation is emitted in the forward 

direction. We can treat the material medium as an electron gas with dielectric 

constant 

e ( w )  =  l  —  u p / u 2  

=  1 - C 2  

where up is the plasma frequency of the medium given as Up = 4irane/me, ne is 

the electron density of the material, me is the mass of the electron, and u is of the 

order of 7up. For an element X§ with density p, the plasma frequency is 

uj, = Aira^rNA— 
A me 

where NA is Avogadro's number, A is the atomic number. Neglecting the reflections 

on the boundary, we assume that 7 1; and J<1. Then the energy 
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radiated per unit solid angle per unit frequency interval from a single surface can 

be estimated as 

<PW 
dwdQ 

a e e 
•2 7-2 + 02 + £2 7-2 + 02 + g 

where £1 = ufp/ui, £2 = wp/w2, and wi, u/2 is the frequency of the particle in 

the medium 1 and 2 which can be solved by knowing medium dielectric constant 

and plasma frequency, and 9 is the angle between the particle trajectory and the 

observation direction. From the expression above, we can see that the bulk of the 

radiation falls in a narrow cone when 62 ranges from 7~2 + £2 to 7-2 + £2 • And 

the angle 0 is independent of the boundary if the cone is completely within the 

medium 2. See Figure 5. 

2.2.3 Transition Radiation from Multiple Layers 

Consider the case of a stack of n media separated by n — 1 gaps. As we said in 

the previous section, using the same method as for the single-surface boundary, we 

get the solution of the radiation field {E'R, B'R} of layer i. All possible reflections 

and refractions on the boundary and the absorption in the media should modify 

t h e  r a d i a t i o n  f i e l d  { 2 3 ^ ,  S ' R } .  B u t  u n d e r  t h e  c o n d i t i o n  t h a t  u >  u p  a n d  7 >  l w e  

can neglect the backward emission, reflections on the boundaries, and the change 

in 6 due to the refractions. The difference of speeds of the wave and particle in 

layer t produces a phase retardation 

I f i  =  W X i / v  —  k {  •  X i  

where fc,- is the wave vector and X{ is the particle path in layer i. By the following 

expressions 

k = y/elu 

1/v ~ 1 + 7-2/2 



electron 
trajectory 

Figure 2.5: The transition radiation from a single-surface 
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fc, • Zj = k{Xi cos 9 

then 

The energy radiated from a single layer is 

( * " )  m ( * * )  x 4 , i n > , / 2 ) .  
\dudil J i_iayer \ dudQ ) surface surface 

For a stack of n layers of constant thickness and spacing, the energy radiated is 

from a single Burface over the solid angle and the frequency of the particle, the 

mean energy radiated from one layer is 

The mean number of photons emitted will be / dW/uj. We mentioned previously 

that the frequency of the particle in the medium, u>, is of the order of 7u>p. Then 

we can conclude that the yield is of the order of a. 

2.3 Energy Loss 

In Bohr's calculation of energy loss for the classical case: Consider a particle with 

charge ze, mass M and velocity v passing through a medium and there is an atomic 

electron at distance b from the particle path. Assume the electron is free and at 

rest initially. Then after collision, the energy gained by the electron is 

/£VT\ _ f( P W \  
\dw<m) n-layer8 ~ vdwdny 

where jW is the n-layer interference factor. If we integrate the energy radiated 

W = 2aiu)p/Z 

2z2e4 

mev2b2 
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where 

J = J Fdt = e J Exdt 

J dx 

= e f e A  
J V 

dx 

2 ze2 

bv 

is the momentum impulse that the electron receives from colliding with the particle. 

Here, because the mass of the incident particle is much larger than the mass of 

the electron, i.e.M S> me, we assume the incident particle is not deviated from its 

original path. 

Then the energy loss of all the electrons that are located in a thickness dx 

and a distance between b and 6 + db is 

where Ne is the electron density of the medium, dV = 2irbdbdx is the volume 

element. By integrating from b = 0 to oo, we get the total energy loss. But this 

violates our original assumptions because at infinity distance, b = oo, the collision 

would not take place over a short period of time and at b = 0, there will be infinite 

energy transfer and AE(6) is meaningless. Therefore, we must integrate over the 

lower and upper limits, bm{„ and 6max. Then 

A E(b)NedV = 
4irz2e4db 

—Ne—dx 
meir b 

'max 

To figure out &min and bmax, we need to take relativity into account. When 

it is a head-on collision, the electron gains maximum energy transferred which is 

2me72v2, where 7 = (1 — /32)-1/2 and /3 = v/c. Then we find 
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and 

^min = 
ze2 

7 mev2 

h  - T L  "moi — _ 
V 

where V is the mean orbital frequency of the electrons bound to atoms. So we have 

dE _ 4irz2e4 . mef2v3 

dx mev2 " ze2 v 

This is Bohr's classical formula for the energy loss of heavy particles such as a-

particles or heavier nuclei. 

For lighter particles like electrons, Bohr's formula must be corrected due 

to quantum effects. The quantum mechanics calculation was first made by Bethe 

and Bloch [16]. The Bethe-Bloch formula is 

dE 
= 2irNArlmec'p 

where re = 2.817 x 10-13 cm, the classical electron radius, 

me = electron mass, 

NA = 6.022 x 1023 mol-1, Avogadro's number, 

I = mean excitation potential, 

Z — atomic number of absorbing material, 

A = atomic weight of absorbing material, 

p = density of absorbing material, 

z = charge of incident particle in units of e, 

P = v/c, v is the velocity of the incident particle, 

7 = 1/VT^, 

Tmax = maximum kinetic energy transfer in a single collision. 
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In fact, there is another correction which must be added to the Bethe-Bloch for

mula: the density correction S. 

Adding the density correction 6 ,  the Bethe-Bloch formula becomes 

dE . nr 2 2 2Z 1 [. /2mec2/32
7

2\ _a 6 
- i s = A W  h (—r 1 ) —  2 

Figure 6 shows the density correction S as a function of /3-y. 

Figure 7, 8, and 9 show the energy loss of positron, muon and pion, with 

200 MeV energy, in a straw tube. 

As we know, the maximum kinetic energy transfer is in "head-on like" 

collision. An incident particle with charge ze and mass M, with momentum p = 

c/3fM, can transfer energy to an unbound stationary electron of 

r 2mec2/3V 
max 1 + 27 me/M + (me/M)2 

If the mass of the incident particle is much greater than that of the electron and 

27me/M <C 1, then 

Tmax ~ 2mec2/3272 

for the low energy case. The error in this approximation is 1% for a 20 GeV pion. It 

means that if the energy transfer is more than 1 MeV then the impact parameter b 

will be less than the radius of the pion and make this "point-charge" approximation 

invalid. So if the energy transfer is large, we need form-factor corrections in this 

approximation. 

2.4 Cross Section and Luminosity 

Consider a particle beam which collides with a fixed target. The number of atoms 

per unit volume na in the target is 

N A X P  
Wn — 
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Figure 2. 7: The energy loss of positrons with incident energy of 2 Ge V in a gas 
mixture of 60% Xenon and 40% C02 • 
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Figure 2.8: The energy loss of muons with incident energy of 2 Ge V in a gas 
mixture of 60% Xenon and 40% C02 • 
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Figure 2.9: The energy loss of pions with incident energy of 2 Ge V in a gas mixture 
of 60% Xenon and 40% C02. 
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where N A = 6.022 X 1023 mole-1 is Avogadro's number, A  (g/mol) is the atomic 

weight, and p (g/cm3) is the density of the target material. Therefore, in a short 

distance dx inside the target there will be nadx atoms per unit area. Assume the 

beam intensity initially deposited is Jo. When the beam passes through the target, 

interactions take place. Then the beam intensity is reduced by dl, 

where <r is the total cross section for the reaction. The unit of cross section is the 

barn, where 

If the target material is homogeneous and the target is very thin, and the 

velocity of the particle is not significantly reduced by the reaction when it passes 

through, then the cross section <r is not a function of x. So if we integrate over the 

path x, 

The intensity of particles decreases exponentially when the beam traverses the 

target. If we define the interaction length A/, also called the mean free path 

between interactions, as 

dl = —I0na<rdx 

1 barn = 10 24 cm2 

J dl = — J Ionatrdx 

we find that 

I ( x )  = Jo exp(—na<rx) 

A i = l/na<r 

and the attenuation coefficient (i as 

H = 1/Aj 

= na<r 

we have 

I{x) = J0 exp(—aj/A/) 

= I0exp(-fix) 
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The probability of interaction after the beam traverses the target a dis

tance x is 

1 - e-MX 

Prob(aj) = ' 
« fix for i<A; 

Then the probability that the particle will not interact with the target atoms after 

passing through a distance x is 

1—Prob(®) = I(x)/I0 

= exp(—na<rx) 

So when x = A/, the beam intensity becomes 

I ( x )  = J0 exp(—1) 
Jo 
e 

In a scattering experiment using a thin target where the target thickness 

x Aj and where the scattered particles are detected within a small solid angle 

AH in the direction of then the particle intensity is 

where da/dil is the differential cross section. Then the probability of an interaction 

will be 
d& 

Prob = n„x—A SI 
ail 

The luminosity C, is given in terms of cross section <r by 

C  =  R / a  

where R is the reaction rate which has the unit of particles/sec. Thus the dimension 

of the luminosity is particles/s-cm2. Assuming that there are two particle beams 

circling around with frequency /, then the luminosity is given by 

C  =  N 2 f / A  
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where N is the number of particles in each particle beam and A is the effective 

cross-section. If the particle number in each beam is not equal, then the luminosity 

is given by Pellegrini [17] 
Cc^fkN1N1 

Airahdu 

where Ni, N2 are the number of particles in each beam, and a„,a/, are the rms 

vertical and horizontal dimensions of the beams at crossing. 



42 

CHAPTER 3 

SIMULATION 

3.1 Experimental Setup 

A preliminary study of a combined tracking system and transition radiation de

tector for the SSC has been made by Boston University [18]. We can divide the 

detector system into three parts: (1) the inner axial straw chambers for r-6 track

ing which consists of 8 layers of close-packed 4 mm diameter straw tubes, (2) 32 

transition radiation modules, (3) 4 layers of close packed 4 mm diameter straw 

tubes as the outer axial tracking. 

These 32 transition radiation modules form a hexagon with the beam line 

on the axis. Each module contains a one centimeter thick radiator and two layers 

of 4 mm diameter straw tubes. The radiator is a stack of 50 polypropylene (CH2) 

foils, with thickness 20 /im each, separated by 180 pm helium (He) filled gaps. The 

straw tubes are placed in the r-9 plane to provide r-z tracking and x-ray detection. 

These straw tubes are made of 30 /xm thick mylar (C5H4O2) and polycarbonate. 

For |i?| < 1.5, the number of straw tubes in these 32 transition radiation modules 

is 166,000 and 24,000 in the inner and outer axial tracking direction. If we want to 

increase the coverage up to |t;| < 3 then the number of straw tubes needed might 

double. 

In the Electrons Muons Partons with Air Core Toroids (EMPACT) project, 

the baseline design for the transition radiation detector/tracking system have a to

tal of 384,000 straw tubes to cover the range |)/| < 3. These proportional straw 
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tubes are 4 mm in diameter and are double wrapped by aluminized mylar and 

polycarbonate with 25 /im total thickness. The anode wire inside each tube is 50 

fim in diameter. The gas mixture used is 50% xenon and 50% CO2. There are 24 

double layers of straw tubes distributed from 35 - 77 cm from the beam line in the 

central region of the detector and the radiation foams that lie between every two 

layers of straw tubes form planes parallel the beam line. The radiation foams are 

1 cm in thickness with 6% of polyethylene (CH2). 

J. Shank [19] has made detailed calculations and Monte Carlo simulation 

for the EMPACT TRD system. The x-ray spectrum has a peak around 6 KeV, 

and due to the absorption in the radiator there is a steep fall off at lower energies. 

The minimum ionizing energy deposit in a straw tube with gas is Ri 1 KeV. The 

median energy of the x-rays is around 10 KeV with a small tail above 30 KeV. 

These parameters are helpful in distinguishing most of the transition radiation 

interactions and passages of charged particles. Four threshold levels are set to 

optimize the performance of the TRD and tracking. 

The first threshold level is selected close to the noise level to give high 

efficiency for tracking charged particles. The second threshold level is set between 

the signals of one and two charged particles. This setup will give approximately 

90% efficiency for conversions and 90% for minimum ionizing particles. The third 

threshold is located at the neighborhood of 4.5 KeV for high efficiency for tran

sition radiation x-rays. The fourth threshold is approximately at 30 KeV which 

is used to reject hits with higher energy. Backgrounds from neutron interactions, 

ionization from slow charged particles, or delta rays can be reduced by the rejec

tion of particles with higher energy. These threshold levels enable the detector to 

recognize photon conversions and determine the multiplicity of charged particles 

associate with the vertex. 
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3.2 Particle Trajectories 

The straw tubes in the TRD of EMPACT are arranged in the azimuthal direction 

and are perpendicular to the beamline and the radial direction. Since the straw 

tubes are oriented azimuthally, the occupancy is independent of the z position 

along the beamline and the straw tubes at a certain position cover a fixed rapidity 

interval so it can give a good position of the track. So if two particles from different 

interactions hit the same straw at the same time, then they will hit different straw 

tubes in the following layers because their trajectories are different before they hit 

the same straw tube. The straw tubes give excellent trace of particles whenever 

there are detectable particles passing through. Also the response from different 

parts of the detector varies at the level of 10% because the azimuthal angel varies 

less than 22.5 degrees in an octant. Another advantage is that there is no polar 

angle dependence. 

The TRD can recognize photons in the following ways: (1) If conversions 

take place in the TRD then before the conversion there are noise levels in the straw 

tubes and after the conversion the ionization and x-ray level is doubled. (2) If there 

is no conversion then photons have calorimeter energy with no addition track. (3) 

If photons convert before the TRD then the number of x-rays per radiator along 

its track will be double the usual, as is the minimum ionization. 

Another potential problem is that hadrons in the TRD can fake an electron 

signal. This happens because (1) hadrons with low velocity can create a number 

of ionization, or (2) hadrons with high momentum can generate a lot of transition 

radiation, or (3) the fluctuations in energy loss dE/dx give high threshold hits 

which satisfy the electron identification. All these reasons require us to setup the 

criteria for good hadron rejection and high electron identification efficiency in the 

range of Lorentz factor 7 < 103. One way to do this is to use the large energy 

deposited by the charged particles in the straw. Electrons have the character 

of a minimum ionizing distribution but in 20 - 30 % of the straw tubes transition 
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radiation x-ray are detected. So if we exceed the thresholds for transition radiation, 

the third threshold as 4.5 KeV, and the lowest threshold will lead to a very effective 

rejection of heavily ionizing low energy hadrons and minimum ionizing hadrons and 

have high electron efficiency at the same time. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTION 

4.1 Results 

At the SSC [20], the design luminosity C is 1033 cm-2s-1 at a center of mass energy 

of 40 TeV. With this center of mass energy and design luminosity, the inelastic 

cross section <r is about 100 mb and the interaction rate is 10s per second. The 

time between bunch crossings is 16 ns, so the interaction rate, n/, is 1.6 per bunch 

crossing. Particle production is expected to be uniform in rapidity ij, where 77 is 

defined as 

if = — In tan 

If wires are parallel to the beam line, the particle flux in a straw tube is 

given by 
cPn _ 2bC sin 6anc 

dldt 2TTT2 

where I is the length of the straw tube, 2b is the width of the straw tube, b is the 

radius of the tube, 6 is the angle between the beam line and the detected direction, 

nc is the charged particle multiplicity per unit rapidity, r is the radial distance from 

the beam line to the central wire of the straw tube. 

A straw tube of length L located at radial distance r away from the beam 

line has a current draw of 
_ 4b2ncC<rGneL 

2irr2 

where e is electron charge, e = 1.6 X 10-19 Coulombs, G is the gas gain, [i = 1/A, 

ionization rate in the gas, A is mean free path of the gas. 
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For example, a layer of 4 mm diameter straw tubes placed at a radial 

distance of 50 cm from the beam line covering |7}| < 1.5, assume the gas gain is 

2 x 104, the ionization rate ft = 100 electrons/cm in a gas, nc = 7.5, L = 200 

cm, under the conditions that C, = 1033 cm-2s-1, a = 100 mb = 10"25 cm2, the 

particle flux at 9 = 90° would be 1.9 x 104 particles/cm-s, the current draw per 

wire is 0.48 /iA. 

The lifetime of a wire chamber is determined by the charge accumulated 

per unit length. Then the lifetime of a wire chamber should be calculated by 

current draw per wire times running time divided by length of the chamber. For 

the example above, a 200 cm long, 4 mm diameter straw tube at 50 cm radial 

distance from the beam line with a current of 0.48 fiA, with a lifetime of five years 

(5 x 10r sec) would take 

0.48/iA x 5 x 107sec/200cm = 0.12Coulomb/cm. 

The hit rate of a wire chamber covering |t;| < i)mas is given by 

R_ 2bncC<rHmax 
irr 

The straw tube mentioned above covering \q\ < 1.5 would have a hit rate of 2.9 

MHz per wire. Instruments today can handle ~ 10 MHz of frequency. 

The occupancy of a wire is given as 

Q 
irr 

where d is electron drift distance, i.e. <2 = 6, ns is the bunch crossing number per 

resolving time of the chamber and is defined as 

where tjt is the resolving time of the chamber, ta is the time between bunch 

crossings, and int(z) means the largest integer < x. But actually n# ~ tji/ts. 
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The resolving time = d/w, where w is the electron drift velocity. Again, 

an electron in a straw tube of 4 mm diameter, with drift distance d = 2 mm, has 

a typical drift velocity of 50 /im/ns leads to the resolving time tR = d/w = 40 ns 

and 2.6 bunch crossing for every 40 ns, ne = 2.6. Then the occupancy will be 12% 

for the straw tube. 

Talcing ns = = d/wts, we can see that the occupancy becomes 

Q 27lc7frnax7lJ 
nrwtg 

The occupancy is then proportional to <P/r. In other words, the tube size d can 

increase only as the square root of the radial distance T for a certain occupancy. 

But if we increase the size of the straw tube, d, then the number of bunch crossings 

in a straw tube per resolving time, n#, will increase respectively and confounds 

pattern recognition and track finding. We can not simply increase the tube size 

or move the tube to a closer distance without considering the effects on current 

draw and chamber lifetime for a given reasonable occupancy. Occupancy limits 

the choice of tube size at any given radial distance. 

In EMPACT, assuming the interaction rate is 1.4 per bunch crossing, 7ij 

= 1.4, 8 charged particles per unit of rapidity, nc = 8, and the average number 

of charged particles from beam-beam interaction per crossing in a straw tube is 

0.016 at 35 cm radial distance from the beamline, 0.007 for straw tubes located at 

77 cm away from the beamline. The occupancy is 6% for the tubes at r = 35 cm 

and 3% for the tubes at r = 77 cm. The ionization rate in a straw tube is 70 ion 

pairs for each particle traversal. 

Assume the gas gain is 1 x 104, the current draw per wire is 0.05 and 0.1 

fiA for the tubes at 35 cm and 77 cm respectively. The integrated current draw 

will be < 0.04 Coulomb/cm for a year running time of 1 X 107 second. Compare 

to the levels of 0.1 - 1.0 Coulomb/cm, doses where wire chambers begin to suffer, 

this dose is fairly low. 
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4.2 Conclusions and Future Direction 

There are several purposes for the charged particle tracking in EMPACT: (1) Pat

tern recognition, (2) determining the multiplicity of charged particles, (3) separa

tion of electrons and photons, (4) identify the track of particles with high Lorentz 

factor 7 by the detection of transition radiation, 

To attack these problems, the central tracking system is designed with an 

array of straw tube chambers oriented in the azimuthal direction with interleaved 

polyethylene (CH2) forming slabs with every two straw tube layers to give r-z 

tracking for charged particles and to serves as a transition radiation detector. 

There are several alternative designs inside the TRD: 1) single layers of 

straw tubes instead of double layers, 2) the 48 straw tube layers reduced to 32 

layers, and 3) the amount of transition radiator increased. Besides being easier 

to assemble, the channel count could be reduced and the gas gain during high 

luminosity operation could be lowered. All these changes need more detailed cal

culations and simulations in the pattern recognition and gain variation effects and 

to determine the maximum luminosity that can be run in the detector. 

There is an alternative design for the TRD called pinwheel. In this design, 

the occupancy in the inner layer increases and the angle variation of tracks is large. 

But all straw tubes are accessible from outside where all the electronics and cooling 

system could be located and the radial intermodule gaps are eliminated. More 

studies are needed to evaluate this alternative. 
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