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1. Introduction 

The application of electromagnetic theory to particle interactions is an old subject 
which represented one of the early successes in the study of particle interactions and 
fundamental forces. The ability to describe properties of electron, positron, and phc+ 
ton interactions has led to applications in numerous experimental devices used in high 
energy experiments. The subject is now considered to be relatively mature, but appli- 
cations continue to evolve as new ideas are tried and new techniques become available. 
This report is a review of the underlying processes, a discussion of the application to 
electromagnetic calorimetry, discussions of some scaling laws and approximations that 
serve to guide designs of experimental devices, and examples where these principles 
are put t*o work. 

2. Electromagnetic Shower Theory 

The processes of interest in cascades of high energy electrons, positrons, and pho- 
tons have long been understood. These processes are the mechanisms by which energy 
from incoming primary electrons, positrons, or photons can transfer energy to an ab- 
sorbing-medium. These energy loss mecha.nisms include excitation of atomic levels, 
ionization of atoms, collisions with atomic electrons, radiation of photons (also called 
bremsstrahlung), and pair production of electron-positron pairs. Not considered in 
the elect.romagnetic theory are other processes such as production of hadrons, pair 
production of muons, or or weak processes. These can be shown to be negligible for 
most considerations. Generally each of the fundamental processes can be calculated 
exactly; the theory of quantum electrodynamics is well understood. In practice, the 
application of these fundamental processes to the interaction with materials is best 
described through suitable simplifications and approximations which deal with pa- 
rameters of the materials. Validity of some of the formulae may be limited. In spite of 
these limitations, however, the usefulness of various approximate formulations make 
designing detectors simpler. 
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Figure 1 shows the fundamental processes of interest. The electromagnetic shower 
._ includes these fundamental processes and others. Collision of charged particles with 

atomic electrons leads to ionization of the atoms.- Collisions of photons with atomic 
electrons with the subsequent emission of an electron is called the photoelectric effect. 
The ejection of an electron with the scattered photon occurs through the Compton 
effect. Deflection of charged particles in the Coulomb field of the nucleus contributes 
to the scattering (“single” for one scatter, “plural” for several scatters, or “multiple” 
for many scatters). High energy photons can interact with the nuclei yielding positron- 
electron pairs, and positrons can scatter from electrons (Bhabha scattering). 
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Figure 1. The primary processes which are responsible for 
electromagnetic shower development: (a) Interactions with 
the nucleus; and (b) Interactions with atomic electrons. 
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. . (a) Interactions with nuclei 

(i) Radiation _ - 
Radiation is the emission of energy in the form of photons by an electron in the 

Coulomb field of a nucleus. Let P(E, k)dk dz be the probability for an electron of 
energy E traversing a material of thickness dz gm/cm2 to emit a photon of energy k 
in the interval dk. Then P(E, k) has the form1 

P(E, k)dk = 4aNo(Z2/A) ‘e2 4% k/E) 

where CY = l/137, No is Avogadro’s Number 6.023 X 1023, 2 and A are respectively 
the nuclear charge and weight, re is the classical electron radius, and F is a smoothly 
varying function. The average energy loss per gm/cm2 by radiation is defined to be 

hi(E) = / k P(E, k) dk 
0 

and has the form 

krad(E) = 4aNo(Z2/A) r; E bz(l832-5) + $ 
I 
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Figure 2. The normalized photon en- 
ergy spectrum k P(E, k) X0 versus k/E 
for lead. The numbers attached to the 
curves refer to the total energy of the 
electrons (from Ref. 1). 
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._ It follows that 

AE/E w At 
_ - 

where At is the thickness Ax/X, and 
. 

l/X0 x 4aN.,(Z2/A) r; tn( 1832-g). 

The quantity X0 is the “radiation length” of the material, and sets the length scale 
for the radiating medium. In different materials shower development is similar when 
expressed in units of radiation lengths. Figure 2 shows the normalized radiated photon 
spectrum for the common material lead. 

For mixtures of materials, the combined radiation length is obtained from 

1/x0 = PllXl + P2lX2 + e-s 

where pl, ~2, . . . represent the fractional weights of the constituent materials of radiation 
lengths Xl, X2, . . . respectively. 

The angle of emission of the photon relative to the incident electron is approxi- 
mately given by’ 

0 tms X met 2 tn(E/mec2)/E 

which for high energy electrons is peaked in a very narrow cone about the incident 
electron. At energies below a few MeV, however, the emission of photons can occur at 
wider angles. Thus in electromagnetic showers, the particles seen at wide angles and 
distances from the shower core tend to be low in energy. 

(ii) Pair production 

Pair production is the main energy loss mechanism for high energy photons. This 
process occurs in the Coulomb field of the nucleus. The photon must have the the 
threshold energy 2m,c2 for this process to occur. The probability for a high energy 
photon of energy k to produce a positron of energy E’ in the interval dE’ is1 

P(k, g)dE’ dx = 4aN,,( Z2/A) r; (dE’/E’) G( k, p/k) dx 

where G( k, El/k) is a well-behaved function. The normalized energy spectrum for the 
pozitrons is shown in Figure 3. This spectrum is symmetric about E’ x k/2 with a 
dip in the midpoint that is most pronounced at the highest values of k. 

4 



0.8 

f 0.6 

0.2 

0 
0 0.2 0.4 0.6 0.8 1.0 

7-84 E’/k 4867A4 

Figure 3. The differential probability of 
pair production per radiation length of 
lead versus E’/k, the ratio of positron 
energy to incident photon energy. The 
numbers attached to the curves refer to 
the incident photon energy (from  Ref. 1). 

(iii) Multiple Scattering 

Multiple scattering of charged particles by Coulomb forces in the atoms contribute 
larger divergences in angle, and hence lateral spread, than do the fundamental prc+ 
cesses. For radiating media of finite thickness, the charged particles undergo multiple 
Coulomb encounters, leading to a Gaussian probability in angle and displacement. 
The projected angular deflection can be approximated by a distribution’ 

Q(t, 0,) x 1 exp(-@ i/26,2) 
d&l 

Integration of this distribution leads to the total probability 

J 
P(k, l?)dE’ = 4crNo(Z2/A) r; 

[ 
ff, 1832-1) - h 1 

which leads to a probability per radiation length of 7/9 (compared to unity for an 
electron). The comparison of Compton and pair production probabilities versus energy 
are shown in Figure 4. Figure 5 shows the comparison between ionization energy loss 
and radiation energy loss for an incident electron of-energy E. 
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Figure 4. Comparison of probability per 
radiation length of lead for Compton scat- 
tering and pair production versus inci- 
dent photon energy k (from Ref 1). 
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Figure 5. Comparison of fractional en- 
ergy loss per radiation length of leud 
versus incident electron energy (from 
Ref. 1). 

where ag w Es ~IPP, P and P are the velocity and momentum in MeV, t the 
thiEkness in radiation lengths, and E8 = mec2Jw = 21.2 MeV. This distrubution 
is averaged over the displacement in y. This approximation assumes the charged 
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particle loses no energy during the multiple scatters in the thin material. Photons 
-- suffer no multiple scattering, since they are not influenced by the Coulomb fields. - 

In addition to the angular deflections, charged partick undergo displacements as 
well. The distribution in displacement y is given by approximately by 

where 
Es t3/2 

aY=a=Uet 

and t, = y/X0 is the displacement in units of radiation lengths. 

(b) Interactions with atomic electrons 

(i) Energy loss by ionization 
Energy loss by collision with atomic electrons depends on many properties and 

parameters, including the density of the medium, the velocity of the incident particle, 
the ionization potential of the atoms, and the charge Z and the weight A of the nucleus. 
It is customary to quote the energy loss due to ionization in units of gm/cm2. A typical 
value for ionization energy loss for a minimum ionizing particle (say a cosmic ray j4+ 
of high energy) is approximately 2 MeV per gm/cm2. This energy loss, -dE/dz, is 
given by 

kcol(E) = 2cr;c2 r2(mec2)2 

(I- p2)3/2p - 2’g 
> 1 

where C = nlvo(Z/A)r% = .150(Z/A) gm-‘cm2, p is the velocity, and I is the 
average ionization potential of the medium. This energy loss shows a rapid decrease 
as p increases to a minimum around p = 0.9, then increases into a “relativistic 
risen region. The amount of relativistic rise depends on the density of the medium, 
being larger for low density media such as gases, and almost nonexistent for solids. 
The ionization loss in gases serves as the basis for dE/dz measurements in gas drift 
chambers. 

Materials are characterized by their primary specific ionization which is simply the 
average number of collisions which produce one or more free electrons per gm/cm2 of 
material. The total specific ionization is the total number of free electrons produced 
by primary and all secondaries combined per gm/cm’. The interesting parameter is 
the energy spent to produce one ion pair, typically 20 to 35 eV for a wide variety of 
substancesl. 

Fluctuations in the energy loss mechanism can be important to devices designed 
to measure primary energy. The fluctuations are a statistical phenomenon. For thin 



absorbers, these fluctuations can be a large fraction of the average energy loss. More 
----- importantly, these fluctuations are not Gausslcim, but have relatively long tails (the 

“Landau tail”)‘. _ - 

Scattering of positrons and electrons with atomic electrons is an important part 
of the standard picture of energy loss mechanisms. The scattering of positrons by 
electrons is called Bhabha scattering and the scattering of electrons by electrons is 
called Mtiller scattering. 

(ii) Bhabha scattering 
The cross section for Bhabha scattering is2 

where n = electron density (electrons per cm2), E is the incident positron energy, 
E’ is the scattered electron energy, and I31 = 2 - y2, B2 = (1 - 2y)(3 + y2), II3 = 
(1-2~)~+(1-23/)~, B4 = (1-2~)~ with y = l/(7+1), and p = (E’-mec2)/(E-mec2). 

(iii) Mprller Scattering 
The cross section for Moller scattering has the form2 

h!f0dW~EJ = ;;;yTe;;J Cl + P/P - C2)lP + O/P - P) - C2)/P - P)] 

where p = (E’-m,c2)/(E-mec2), Cl = ((~-l)/q)~, C2 = (27-1)/q2, 7 = E/m,c2, 
and E and E’ are the incident and scattered electron energies respectively. 

(iv) Compton scattering 
Compton scattering is the interaction of photons with atomic electrons. The cross 

section for Compton scattering is given by2 
- 

dQm&, P)dV = xon~~mec2[(c~/p + C2)/p + c3 + p] 

where p = k/k’, Cl = bm2, C2 = 1 - 2(1+ 6)/b2, C3 = (1+ 26)/S2, and 6 = k/mec2. 
This process drops rapidly as k’ + k or as k becomes large. 
(v) Two photon annihilation 
Positrons and electrons can also annihilate into two photons with the cross section 

given by2 

Sl(k/mec2) + Sl(r + 1 - k/tiec2) 1 
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.. where Sl(z) = (~+1+2~/(7+1)-11/2)/z-1 and 7 = E/met’. These basic processes 
---- are the ones involved in development of showers-when high energy electrons, positrons, 

or photons interact with atomic electrons. _ - 

3. Electromagnetic Shower Computation 

Development of electromagnetic showers, or cascades, is a complicated multi-body 
problem. It defies any precise analytic analysis, although approximate forms have 
been reasonably successful. The early attempts to characterize electromagnetic show- 
ers were based on diffusion equations. Inconsistencies between calculations and experi- 
mental results led to refined attempts to describe electromagnetic shower development 
by computer code. The underlying quantum mechanical nature of the processes in- 
volved led to development of Monte Carlo techniques when fast computers became 
available3-8. The standard code used today to describe electromagnetic showers is 
called EGS (for Electron-Gamma Shower), written by Ford and Nelson at Stanford 
University. This code evolved over a number of years, and is well described in their 
manual. Unlike earlier analytic calculations, this code permits the experimenter to 
insert details of geometry and complex materials into the calculation. Thus modern 
computers and modern computer code have opened up a new tool for detailed analysis 
of electromagnetic showers in experimental situations. 

Experimental measurements of shower development have also served to refine cal- 
culations. Development of showers in the longitudinal and lateral coordinates have 
beeh measuredg-12. Figure 6 shows a comparison of the EGS Monte Carlo to exper- 
iment~al measurements of charged particle number versus radiation thickness for a 1 
GeV electron-initiated shower. The calculation defines a lower cutoff, 5 MeV, below 
which particles are ignored. Agreement with experimental results is excellent. 

4. Scaling Laws and Energy Resolution Considerations 

(a) Shower leakage 

The longitudinal development of a shower can be approximated by the form 

dE/dt w At* exp(--t/X) 

where E is the energy loss to the medium, t is the depth in radiation lengths, and CY 
and X are adjustable parametes. These parameters have slow (logarithmic) variation 
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+ Streamer Chamber Experimental Results 
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Figure 6. Comparison of experimental results with a calcu- 
lation by EGS. The quantities plotted are tne mean number 
of charged part,icles above 5 MeV versus depth in radiation 
lengths of lead, for 1 GeV electrons incident (from  Ref. 2). 

with energy. For 1 GeV showers, the assumption of this form leads to 

dE/dt a E. t2 exp( -t/2)/24 

where the parameter o and X have been set to 2. This form is properly normalized 
to the total incident energy. For shower counters of finite thickness, energy leaks 
out theTack, leading to undetected energy escaping and correspondingly fluctuations 
in the total energy energy absorbed. The fluctuations are primarily driven by the 
longitudinal variation in the point of first interaction. This variation , St x 1, appears 
as a variation in the the total absorption length of approximately 1 X0. The fluctuation 
in energy absorbed in a counter of thickness T is 

SE m  6t x dE/dt (at t = T) 

and 
UL = SE/E0 w T2 exp(-T/2)/24 . 
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(b) Sampling fluctuations 

Sampling fluctuations in sampling shower counters arise because energy losses vary --. - 
in the active and passive radiator sections from one-shower to the next. Active sampling 
media differ in shower counter designs, with scintillatori’ gas proportional counters, 
and liquid argon being common examples. The passive layers in sampling counters 
are usually high Z substances, with lead the most common choice. Fluctuations in 
resolution are estimated by considering the energy deposited in the active parts of the 
devices. 

The total track length L is defined to be 

L = Eo/c, 

where co is the critical energy, defined as the average energy loss per radiation length 
for a high energy electron, and E. is the incident energy. For lead e. has the value of 
7.6 MeV. L has the units of radiation lengths. When the total shower is sampled at 
intervals of A the total number of charged particle crossings in the active samples is 

N = L/A = EolAe,,. 

To a good approximation these are uncorrelated, so the rms fluctuations of the energy 
seen in the scintillator is then 

Qaamp - - bEmedium/Emedium wl/fi=Jm 

This relation has experimentally been verified to be valid down to A 2 .1X0. 

(c) Noise 
In addition to the fluctuations in N, the individual active detecting layer may have 

a “noise” associated with the measurement of energy. For photomultipliers looking at 
scintillator layers, this noise is the fluctuations in photoelectron ripe. In sampling gas 
counters, the noise contribution comes from large fluctuations caused by the Landau 
tails in the energy deposition. In liquid argon counters, the noise is associated with 
the inherent noise in electronic preamplifiers. 

Combining these terms leads to a sampling counter resolution given by 

u = SE/E0 = ll T4 exp(-T)/28 + Aco/Eo + O~,i,, . 

Table I gives estimates of the various contributions to cr for a 1 GeV shower in a variety 
of sampling counter configurations. 
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Table I. Estimation of Sampling Calorimeter Resolution at 1 GeV 

Counter Configuration a~ O&mp %oise *tot 

Pb-Scintillator % % %‘ % 
6X0 12 samples 11.0 6.2 1.5(4.7)* 12.7( 13.4)* 

12x0 24 samples 2.2 6.2 1.5(4.7) 6.7(&l) 
12x0 48 samples 2.2 4.4 1.5(4.7) 5.1(6.8) 
20X0 20 samples 0.1 8.7 1.5(4.7) 8.8(9.9) 

Pb-Glass 
6x0 11.0 0 5.0 12.0 

12x0 2.2 0 5.0 5.5 
20x0 0.1 0 5.0 5.0 

Pb-Gas Prop. Readout 
6X0 12 samples 

12X0 24 samples 
12x0 48 samples 

11.0 6.2 12.4** 17.7 
2.2 6.2 12.4** 14.0 
2.2 4.4 8.8** 10.1 

*( ) for BBQ wavebar readout 

** Assumes baoi,e N 2 X 06,p 

The various counter configurations and types have certain assumptions as follows: 
For-scintillators with photomultipliers attached, the photoelectron statistics were es- 
timated from the assumption of 100 photoelectrons per scintillator per track length. 
This will vary in different counter designs, with good designs collecting more scintilla- 
tion light. Scintillator thickness, quality, light coupling, and photomultiplier quantum 
efficiency all contribute to the photoelectron yield. For wavebar readout of plastic 
scintilla_tor counters, the light conversion is about 10% of that of a direct coupling, 
so the assumption for these counters was 10 photoelectrons per scintillator layer per 
track crossing. For lead-glass shower counters, the production of light is by Cerenkov 
light which results in far fewer photoelectrons. The typical good lead-glass counter 
sees about 400 photoelectrons per GeV of indident energy. Sampling fluctuations in 
lead glass are negligible, since the entire counter is the active medium. For gas propor- 
tional readout the noise contribution is large due to the large fluctuations in individual 
pulses. For this case, c,,i,, WAS set to 2 X CBamp. 

Two types of counters were not considered in the previous discussion because they 
are special. Sodium iodide (NaI) and bismuth germanate (BGO) counters have very 
good energy resolution. The good resolution is the result of totally active media 
(no sampling fluctuations) and high light yield (no photoelectron statistics). Residual 
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effects come from non-uniformity in light collection throughout the volume and residual 

--- - lea,kage of energy out the sides and back. Care in the surface preparation is important, 
and optical uniformity is important in these counters to maintain-the good resolution. 
NaI and BGO counters achieve approximately 1% resolution at 1 GeV, but are costly 
due to the need to purify the materials and to grow crystals. 

Scaling of these resolutions with energy is not generally easy. For counters suffi- 
ciently thick to contain the leakage, the general form of the remaining contributions 
scale approximately as 

a(E) e a(lGeV)/a 

and often experimental measurements of resolution are compared with this formula, 
even though it is only approximate. 

5. Lateral Shower Spreading 

Define U(r) to be the energy from an incident particle of energy E. which falls 
outside a cylinder of radius r whose axis coincides with the path of an incident elec- 
tron, positron or photon of energy Eo. The fraction U/E0 is predicted to decrease 
approximately exponentially as r increases. Analytic shower theory predicts a scaling 
variable, called the Moliere radius t-M, given by 

rM = xOE.&O 

-. 

where Es is 21.2 MeV and co is the critical energy (7.6 MeV for lead). 

Figure 7 shows measurements of this fraction U/E0 for incident energies of 100 
MeV to 1 GeV and for two materials, lead and copperg. The conclusions from these 
measurements are that to a good approximation, the radial spread is independent of 
energy and material when expressed in terms of the parameter rM. An approximate 
numerical fit is 

U/E0 RS .75 exp(-r/.25) + .25 exp(-r/1.081) 

for r in units of rM with r _< 4rM and E. from lOO.MeV to 1 GeV. 
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Figure 7. The fraction of energy escaping 
a cylinder of radius r (in Moliere units) for 
lead and copper at energies from 100 MeV 
to 1 GeV (from Ref. 9). 

6. Pulse Formation in Gas Calorimeters 

Gas calorimeters are popular devices in large, 47r solid angle detectors for a variety 
of reasons including low cost, ease of construction, simplicity of gas amplification, 
and flexible geometries. Segmentation of the calorimeter into many small sections 
permits localizing of shower coordinates and measurement of energy in that localized 
region. The possibility of amplification in the gaseous volume reduces significantly 
the cost of electronics needed. Gas gains of lo4 to 10’ are possible, and in the latter 
regime,mo additional electronics gain is needed; the direct pulses from sense wires can 
drive inexpensive digital registers. Gas mixtures vary in different applications. Typical 
gases used are argon-methane, argon-ethane, argon-isobutane, or argon-ethyl bromide. 
Table II sumarizes performances and parameters of several gas sampling calorimeters 
in use. 

The presence of significant hydrocarbon components in the gases serves to provide 
heavy quenching of avalanches (i.e., to prevent propagation of pulses along anode wires 
via W  photons). 

Pulse formation on sense wires is determined by the relatively fast electron drift 
inwards, followed by a relatively slow drift of the positive ions outward. When an ion 
pair is produced in a cell, the electron will drift to the positive electrode, the anode, 
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Table II. Electromagnetic Gas Calorimeters 

Detector GilS Sample MODE Resolution 
Thickness ~-- ^ - 

MAC prototype Ar-Et h-Alcohol .5 x0 SQS 17% /JE 
49/49/l 

CDF prototype Ar-Et h-Al .5 SQS 23% /l/E 
49/49/l 

AIeph prototype Ar-Isobutane .35 IS%/@ 
17183 

TPC Ar-Ethyl Bromide .25 Geiger 14%/I/E 
9614 

CLEO As-CH4 .2 14%/G 
9119 

Mark III Argon-CH4 .5 Proportional 17.5% /fi 
80/20 

CHARM Argon-Isobutane 1.0 20%/G 
25/75 

and the positive ion will drift to the cathode. The charge induced on the anode, at the 
time of electron arrival will be e + qA for each electron-ion pair, where qA represents 
the induced anode charge due to the positive ion. For a single electron drifting into 
the anode wire where high electric fields exist, the electron will create additional ion 
pairs by avalanche, so that the total charge on the anode wire per incoming electron 
will-be 

Q(t) = G(e + !?A(t)) 

where G is the gas gain. The induced charge qA(t) can be calculated using an elec- 
trostatics theorem, called Green’s Theorem, which states that for a set of charges qi 
on a set of conductors at potentials Vi, and a second set of charges dj on the same 
conductors at potentials V/, 

Applied to this problem, suppose initially charges &A + qA, QC + qc, and Qion are 
on the cathode, anode, and ions respectively. Take the potentials to be VA ,Vc, and 
V aon- The final configuration corresponds to normal conditions QA, Qc, and 0, with 
potentials VA and VC as before. Then 

(qA+Q~)VA+(qc+Qc)Vc+qionVion= QAVA+QCVC 

or - 
qA& + qCvC + qionFon-= ’ 
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but also 

-__. - qA+!?C+qionm=O. 

Solving. for $4 yields _ - 

$4 = -qio,#‘:on - vC)/(b - b) * 

The induced charge thus depends on the the potential at the location of the ions. For 
proportional, saturated avalanche, of limited streamer modes, the ions form near the 
sense wire. The induced charges from electrons and ions initially sum to zero. When 
the ion eventually disappears, the final charge is Ge. 

The motion of the ion is radia.1 with velocity 

V = dr/dt = pE 

where ~1 is the ion mobility, and E is the electric field given by 

E= cvA - vC) 
T- tn(rC/“A) 

and rc a.nd rA are the radii of the cathode and anode. Solving for r(t) gives 

“tt) = \12dvA - VC)t/~h/rA) + ‘$ 

and 
v. -v, rc 

_ qA( t) = -qion yAnm v = - qion 
C vA - k J Edr = ~e~~hlr(w 

r(t) 
~‘h+A) * 

The total induced charge is 

Q(t) = G(e + qAtt)) = 2 e,cii,rA, f@/ti + 1) 

where ti = ?$&(rC/rA)/@(VA - VC). The current pulse is given by 

i(t) = 40) 
t/t;+1 
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where 
i(o) = 

Ge %tvC - vA) 
2 tn2(rC/rA) ri ’ _ - 

Typical-proportional cells have rC/rA x 1000, VAVC ~~3 kV, and p = 1 cm2/Vsec. 
In these cells the gas gain is G. For. these values of the parameters, i(0) NN .6 PA for 
GC 105, and ti w 1.8 nsec. The response to a single drifting electron is fast, but 
note that the time to collect the full charge is 

Qdl = tr; - r~)h(rC/r,&?pv w 1.1 mSeC 

Integration times are generally much shorter than 1 msec in most experimental situa- 
tions. For shorter integration times, T, the charge collected per ion pair produced by 
an ionizing particle will be 

Q(T) = Ge en(T/t; + 1) 
2 +C/1;4) 

and for T = 10 pee, Q(10 psec) NN .6 Ge for the parameters used above. 

The number of ion pairs per millimeter of track length is approximately 4 in argon- 
based gases, and increases somewhat in more dense hydrocarbon gases. Fluctuations 
on this number may be quite large. The pulse formation from a track passing through 
a single cell will result from the ionization of electrons which drift in to the sense wire, 
avalanche, and in each case contribute a current i(O)/(t/ti+l) response. Ionization fluc- 
tuations, dispersion in electron arrival times, and avalanche (i.e., gain) fluctuations all 
contribute significantly to pulse fluctuations. Thus gas counters are intrinsically much 
more noisy amplifiers than are the scintillator or liquid argon readout systems. These 
fluctuations are reflected in the poorer energy resolution of gas sampling calorimeters. 
Figure 8 summarizes this discussion on pulse formation in proportional wire cells. -. 

7. High Gas Gain 

There are several advantages in operating gas sampling calorimeters in a high gas 
gain regime. There are also some disadvantages. Several regimes of operation have 
been identified and are referred to in literature. They include: 

(i) Proportional mode: This regime is the lowest in gain, usually limited to G < 
5 x lo4 where significant non-linearities or non-proportional performance sets in. The 
non-linearities are caused by space charge effects which limit the gain for higher charges 
deposited in the cell. 
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Figure 8. Pulse formation on an anode 
wire for cylindrical geometry is illustrated 
in three steps; (a) an ionizing particle track 
in a cell leaves electron-ion pairs in the 
gas; (b) electrons drift to the anode with 
velocities determined by the gas, electric 
fields, and pressure; (c) electrons undergo 
avalanche and gain with electrons collect- 
ing on the anode and positive ions drifting 
outward toward the cathode. The current 
pulse seen on the anode is the superposi- 
tion of pulses from each electron arriving 
at the anode. 
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(ii) Saturated avalanche: At higher gains, G > lo’, the ability for a pulse to 
~- grow in amplitude is strongly limited. In this regime, the charge deposition on anode 

wires becomes relatively independent of input charge due to the limiting mechanism. 
Thus the cell tends to produce a standard size pulse fora passing minimum ionizing 
particle. This mode is beneficial to gas calorimetry due to the reduced fluctuations. 

(iii) Limited streamer mode: A higher gains in heavily quenched gases, large 
standard pulses will form for each passing track. These large pulses simplify the task 
for the preamplifier electronics. The pulses are digital in nature, and a simple system 
that counts the total number of pulses and measures the distribution of pulses works 
well. Energy resolution in this mode is comparable to that for saturated avalanche 
sampling counters. The large signals also lead to large induced cathode signals which 
are readily detected. Systems having conducting plastic cathodes with external pickup 
pads have been developed in Italy and Japan . 

(iv) Geiger pulses, consisting of the entire anode wire breaking into a discharge, 
occur at higher gas gains in underquenched gases. This mode has been used for many 
years in Geiger tubes. Limiting the growth of the Geiger pulse by placing nylon fibers 
on sense wires achieves a digital gas readout similar to limited streamer mode devices, 
and achieves similar energy resolution. 

Some experimental studies on how the mode of operation affects resolution in 
gas sampling calorimeters has been reported 13. Operating a sampling device in the 
saturated avalanche or limited streamer modes offers an advantage in that large fluc- 
tuations in individual pulses can be limited. The contribution to the total signal from 
pulse fluctuations thus can be reduced. The philosophy in operating a gas calorimeter 
in the proportional mode is that the accumulated charge will be a good measure of 
energy. By operating in saturation, the hope is that the signal will have smaller fluc- 
tuations. Some detectors go to the extreme of operating in the Geiger region, limiting 
the growth of the Geiger pulses by fibers placed on the sense wires. In each of these 
modes, however, resolutions from 16%/G to 20%/@ have been reported, and all 
techniques in the final analysis seem to work about equally well. Table II summarizes 
the results of different gas sampling electromagnetic calorimeters. 

Figure 9 shows the performance properties of a prototype calorimeter for MAC13. 
The high voltages needed to drive that device into proportional, saturated avalanche, 
of limited streamer mode are shown. Figure 10 shows the corresponding resolution 
obtained for hadron interactions, versus voltage. The expected improvement in reso- 
lution is seen, having a minimum between saturated avalanche and limited streamer 
modes. Increasing the high voltage beyond these values worsened the observed resolu- 
tion. 
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Figure 9. The gain (in units of ADC counts) 
versus high voltage in a MAC prototype test 
using argon-ethane-ethyl alcohol (49.3/49.3/1.4). 
Three regions of operation are identified (from 
Ref. 13). 
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Figure 10. The resolution versus high volt- 
age for the MAC prototype, for for three 
different energies of the incident A mesons 
(from Ref. 13). 
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8. Conclusions 

The underlying physics of electromagnetic shower development is well understood. 
Analytic solutions of the complicated many body processes have been attempted with 
reasonable success, but modern day Monte Carlo computation yields the best numerical 
results. Experimental details may be inserted into the existing codes to study details 
such geometric effects. 

Gas sampling calorimetry is the most economical and flexible system for large 
detectors of electrons, positrons, and photons. Resolution in energy is dominated by 
sampling fluctuations and pulse formation fluctuations. Typical systems approach 
aE x . l5@ in units of GeV, for sampling thicknesses of R .5X,. 

Advantages of operating gas sampling calorimeters at high gas gain exist. They 
include improved energy resolution and cheaper electronics. 
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