
NOTICE 

Direction des qu:otbns e: 
des services bibi'bgraphiques 

The quality of this microform is 
heavily dependent upan the 
quitiity of the ar3ginaI thesis 
submitted for microfilming. 
Every effort has been made to 
ensure the highest quality of 
reproduction possible. 

If pages are missing, contact the 
university which granted the 
degree. 

Some pages may have indistinct 
print especially if the original 
pages were typed with a poor 
typewriter ribbon or if the 
university sent us an inferior 
photocopy. 

Reproduction in full or in part of 
this microform is governed by 
the Canadian Copyright Act, 
R.S.C. 1970, c. G30, and 
subsequent amendments. 

La qualite de cette microforme 
depend grandement de la qualit6 
de la these scumise au 
microfilmage. Nous avons tout 
fait pour assurer une qualite 
sup6rieure de reproduction. 

S'il manque des pages, veuillez 
communiquer avec I'universite 
qui a confer6 le grade. 

j a  nwW d'impression de - yu m r r  

certaines pages peut laisser a . 

desirer, surtout si les pages 
originales ont 6te 
dactylographibes a I'aide d'un 
ruban us6 ou si I'universith nous 
a fait parvenir une photocopie de 
qualit6 infhrieure. 

La reproduction, mBme partielle, 
de cette microforme est soumise 
& fa b i  canadienne sw Ie drdt 
d'autettr, SSC 1970, c. C-30, et 
ses e~er&inents subsiquents. 



Modeling of the HERMES Transition Radiation 
Detector 

Joseph v. Emerson 

B,Sc.. McGill liniversity, 1993 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT 

OF THE REQU1REMENTS FOR THE DEGREE OF 

VASTER OF SCIENCE 
in the Department 

of 

Physics 

@ Joseph V. Emerson 1995 

SIMON FRASER UNIVERSITY 
July 1995 

Al.l rights reserved. This work may not be 

reproduced in whole or in part, by photocopy 

or other means, without the permission of the author. 



THE AUTHOR HAS GRANTED AN 
IRREVOCABLE NON-EXCLUSIVE 
LTCENa ALLOWING TEE NATIONAL 
LIBRARY OF CANADA TO 
REPRODUCE, LOAN, DISTRlBUTE OR 
SELL COPES OF MS/HER THESIS BY 
ANY MEANS AND IN ANY F O M  OR 
FORMAT, MAKING THlS THESIS 
AVrnABE 'fO lTa'ExEm 
PERSONS. 

THE AUTMQR RETPJNS 0 - H f P  
OF THE C Q P m G m  IN HISlrHlER 
THESIS. NElTHER THE THESIS NOR 
SUBSTANTIAL EXTRACTS FROM IT 
MAY BE PRINTED OR OTERWSE 
REPRODUCED WITHOUT HI- 
PERMISSION. 

L'AUTEUR A ACCQRDE UNE LICENCE 
IRREVOCABLE ET NON EXCLUSIVE 
PERMETTANT A LA BIBLIOTHEQUE 
NATIONALE DU CANADA DE 
REPRODWRE, PRETER, DlSTRIBUER 
ov VENDRE DES COPIES DE SA 
THESE DE QUELQUE MANIERE ET 
SOUS QUELQUE FORME QUE CE SOIT 
POUR MEITRE DES EXEMPLAIRES DE 
CETE THESE A LA DISPOSITION DES 
PERSONNE INTERESSEES. 

L'AUTETJli COi-WERW LA PIPBPRIETE 
DU DROIT D'AUTEUR QUI PROTEGE 
SA THESE. M LA THESE M DES 
EXTRAITS SUBSTANTIELS DE CELLE- 
CI NE lXIIVENT ETRE IMPIUMES OU 
AUTREMENT REFRODUITS SANS SON 
AUTORISATION. 

ISBN 0-612-06642-8 



APPROVAL 

Name: Joseph k-. Emerson 

Degree: Master of Science 

Title of thesk: Modeling of the HERMES Transition Radiation Detector 

Examining Committee: Dr. Byron Jennings 

Chair 

Dr. Michel Vet.terli 

Senior Supervisor 

Prof. Otta HZusser 

Dept. of P&icC S 3 . U .  

Prof. H o w a r d p t  tier 

Dept. of Physics, S.F.U. 

Dr. Dong Bryman 

External Examiner 

Senior Research Scientist, TRIUMF 

Date Approved: 



I hereby grant to Simon Fraser Universi the right to lend my 
thesis, pro'ect or extended essay (the title o which is shown below) l 7 
to users o the Simon Fraser University Library, and to make 
partial or single co ies only for such users or in response to a 
request from the Ii % rary of any other university, or other 
educational institution, on its own behalf or for one of its users. I 
further agree that permission for multiple copying of this work for 
scholarly purposes may be granted by me or the Dean of Graduate 
Studies. I t  is understood that copying or publication of this work 
for hanciai gain shalI not be allowed without my written 
pe~ssi isn.  



Abstract 

The HERMES transition radiation detector (TRD) is an essential component of the 

particle identification system in the HERMES experiment which studies the spin 

structure of the proton and neutron. Monte Carlo simulation of the TRD response is 

compared to experimental prototype data and found to be in good agreement. The 

simulation results are then applied in particle identification algorithms for interpre- 

tation of the HERMES TRD data. 
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Chapter 1 

Introduction 

The HERMES experiment has been designed to study the internal spin structure of 

the nucleon. The precise spin structure of the nucleon has become a subject of much 

tfieoretical and experimental interest since the measurement of the European Muon 

Collaboration (EMC) csperiment which indicated that the net spin of the quarks 

constitutes only a small fraction of the nucleon spin [I]. This unexpected result, 

which begat the nucleon -spin-crisis'. has since been confirmed by other experiments 

at CERS (European Center for _\c:uc!ear Research) and SL-K (Stanfwd Linear Ac- 

celerator). This agreement wit 11 the unexpected EMC result reveals that t he actual 

origin of the nucleon spin remains an open question. In particular, the relative con- 

tributions of valence quarks. sea quarks, gluons, and orbital angular momentum, if 

an?. must be measured to  determine the origin of the nucleon spin. 

In the HERMES deep inelastic scattering experiment 27.5 GeV polarised positrons 

d m  the HERX storage ring are used as probes of the internal structure of polarised 

nucleon targets. Through measurement of the distributions in energy and angle of the 

scattered p i t r o n .  information can be deduced about the nature of the interaction 

between the incident positron and t h e  internal nucleon constituents; in particular, 

the dependence of these distributions on the  relative polarisation of the positron- 

nucimn s>-stem is a measure of the polarisation of the quarks inside the nucleon. 

A schematic of the experiment is given in fig. 1.1 where only the detection of the 

find state p i t  ron is shown, In general, however, measurement of coincident final 
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Figure 1.1: Schematic of lepton-nucleon scattering in the lab frame. 

state nucleon fragments is a unique strength of the HERMES spectrometer and such 

measurements will provide first insight into the flavour dependent polarisation of the 

valence and sea quarks. Measurement of a significant sea quark contribution to the 

nucleon spin could explain the existing disagreement between current experimental 

results and theoretical prediction [2]. An introduction to the theory of polarised deep 

inelastic scattering, an overview of the proposed measurements, and a description of 

the HERMES spectrometer will be presented in chapter 2. 

Efficient determination of the identity of the measured final state particles is 

critical for the HERMES experiment to reach its physics goals. Particle identifi- 

cation (PID) is needed not only for discrimination of the DIS positron against any 

hadrons coincident with the DIS event, but, more importantly, for discrimination of 

DIS positrons against the more significant hadronic background from non-DIS pho- 

toproduction events. 

One essential component of the PID instrumentation in the HERMES spectrom- 

eter is a transition radiation detector (TRD) developed by the Canadian HERMES 

group at TRIUhW. This relatively new detector type provides ultrarelativistic particle 

identification based on the Lorentz factor y of the incident particle. This sensitivity 

to 7,  rather than the vdodty /3, allows for greater identification power over conven- 

tional velocity dependent PID detectors in the comparatively compact space available 

in the HERMES spectrometer. The sensitivity to the Lorentz factor results from the 

explicit generation and subsequent detection of y dependent transition radiation in 
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the TRD. The theory of transition radiation, general TRD design principles, and the 

specific design of the HERMES TRD are the subject of chapter 3. 

The design of the HERMES TRD was guided by prototype tests and computer, 

or Monte Carlo, simulation. The prototype tests were performed at CERN and fo- 

cused on the comparison of different radiator materials for the TR generation. These 

prototype tests served as a confirmation of the adequate performance of the preferred 

radiator material and also provided an important standard of comparison for simu- 

lation. Monte Carlo sirnula-iion was then used to optimise the final HERMES TRD 

design. The analysis of these prototype test results is described in chapter 4. 

Monte Carlo simulation of detector performance has become an important tool in 

high energy physics. In addition to its usefulness in optimisation of detector design, 

simulation has also become an essential tool in the analysis of experimental results. 

A Monte Carlo simulation (HMC) of the complete HERMES spectrometer was de- 

veloped to address these needs. For compatibility with the detector simulation tool 

chosen as the basis for the HMC, namely GEANT, a Monte Carlo simulation of the 

HERMES TRD was developed and compared to the prototype TRD data to test and 

optimise the GEANT algorithms in the modeling of the critical low energy physics 

processes to which the TRD performance is uniquely sensitive. The description and 

optimisation of the GEANT based TRD simulation will be presented in chapter 5. 

One important application of the TRD simulation results is in the interpretation 

of the TRD data. Predetermined TRD response distributions are required by the 

PID algorithms which convert the energy deposition in the TRD detectors into a 

probabilistic determination of the incident particle type. The application of the TRD 

Monte Carlo simulation to the determination of these response distributions is also 

presented in chapter 5 and the PID algorithms developed for interpreting the TRD 

data are the subject of chapter 6 .  



Chapter 2 

The HERMES Experiment 

The HERMES experiment has been developed to study the spin structure of the 

proton and neutron through measurements of the deep inelastic scattering of polarised 

leptons (either electrons or positrons) from polarised nucleons. This chapter first 

reviews the theory of deep inelastic lepton scattering and discusses its interpretation in 

terms of internal nucleon structure. The proposed measurements are then introduced 

along with a discussion of the theoretical predictions for these quantities. In the final 

section the physical design of the experiment is presented for completeness as well 

as for necessary background to the specific role of the HERMES transition radiation 

detector. 

2.1 Deep Inelastic Scattering Theory 

As an introduction to, and background for, the study of polarised deep inelastic 

lepton scattering , it is instruct.ive to first review unpolarised deep inelastic scattering 

(DIS) theory and its implications for our understanding of nucleon structure. In 

particular, the resdts of rmpolasised DIS theory and experiment will both motivate 

and illuminate the interpretation of the spin structure of the nucleon as revealed 

through polarised DIS experiments. The exposition below on unpolarised DIS theory 

follows closely that of reference 131. 

The deep inelastic scattering of a lepton from a nucleon is distinguished from the 



more general inelastic case through the assumption of quasi-elastic scattering with 

the nucleon's internal constituents. Without any a pm'om' knowledge of this internal 

structure the DIS cross section can be parametrised by five unknown functions of the 

available combinations of the kinematic parameters, dubbed structure functions. 

From constraints imposed by the theory of quantum electrodynamics, such as 

conservation of electromagnetic current and conservation of parity in the absence of 

weak interactions, these unknown structure functions can be reduced to only two 

independent functions: and the cross section takes the following conventional form in 

the lab frame where the nucleon is at rest, 

where WZ,2 are the unknown structure functions, E is the energy of the incident 

lepton, E' is the energy of the scattered lepton, cu is the fine structure constant, 6 

is the scattering angle, and the Lorentz-invariant kinematic variables for the four- 

momentum and energy of the exchanged photon, q2 

given in the lab frame by, 

= -Q2 and v respectively, are 

For sufficiently high Q2 events, the virtual photon's corresponding shorter wave- 

length is anticipated to resolve any internal nucleon constituents, and the scattering 

process may be interpreted as an interaction between the virtual photon and these 

nucleon constituents, called 'partons'. If these partons can be considered to be free 

structureless spin-1/2 particles, then the parametrised cross section, given by eq. 2.1, 

should reduce to the well-known cross section for the elastic scattering between two 

free distinguishable Dirac particles, as demonstrated schematically in fig. 2.1. This 

correspondence implies the identities 



Figure 2.1: The Feynman diagram for lepton-parton scattering in the nucleon. 

where M is the nucleon mass and 3'' and F2 are new structure functions which ex- 

hibit the interesting property of becoming functions of only one variable, namely the 

ratio &. Another important theoretical consequence of the simple identification of 

partons with free Dirac particles is the Callan-Gross relation 

The independence of the structure functions Fl and F2 on Q2 or v separately is known 

as Bjorken scaling. 

For a more formal treatment of the parton model of the nucleon, a momentum 

probability distribution f ; ( x )  is introduced where each parton i is considered to carry 

a momentum fraction s of the nucleon's momentum. When the kinematics of the 

scattering process are considered in the infinite momentum frame, or Breit frame, 

where both nucleon a d  parton masses can be neglected, then the parton momentum 

fraction s can be shown to be equal to the ratio &, and this ratio becomes the single 

independent scaling variable determining the structure functions. 

The identity between momentum fraction t and the kinematic observable & al- 

lows for the interpretation of experimental results as measurements of the momentum 
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distributions of the various parton types in the nucleon, that is 

where e; is the charge of parton 2.. As an immediate example of the interpretation 

of F2, consider a simplistic model of the nucleon consisting of n equal mass non- 

interacting partons. In this case one would anticipate to find the measured structure 

function strongly peaked, in fact resembling a delta function, at a momentum fraction 

x = l /n. 

Precise measurements of the unpolarised structure functions have been used to 

test whether the partons of tEe above model may indeed be identified with the quarks 

(and gluons) of Quantum Chromodynamics (QCD). Within this more sophisticated 

framework, known as the Quark Parton Model (QPM), consideration of gluon ex- 

change between the 3 constituent quarks predicts a smearing of the quark momentum 

distribution about the peak value at J: = 1/3. Further, as a result of the virtual 

production of quark anti-quark pairs by the gluons in the nucleon, an increase in the 

distribution of quarks at low x values, that is, at low momentum fractions, is also 

expected. 

The above effects, and the QPM, haye been well established by the data: the 

parton constituents can be consistently identified with the spin-1/2 quarks anticipated 

from hadron spectroscopy. Further, analysis of the momentum distributions of the 

quarks inside the nucleon leads to the conclusion that a substantial fraction of the 

nucleon momentum is unaccounted for by the quarks and is in fact carried by the 

massless gluons. 

Before proceeding to the study of the nucleon spin structure, it is important to 

point out that both the Callan-Gross relation and Bjorken scaling are based on the 

simple identification of the partons with free Dirac particles and are therefore only first 

order approximations. The small deviations that have been experimentally observed 

are known as scaling violations and arise due to QCD correction factors such as 

internal ghon Bremsstraliriung. These deviations show F2 increasing with Q2 for 

x < 0.25 and decreasing with Q2 for x > 0.25, corresponding to large momentum 

fraction quarks appearing as low momentum fraction quarks due to gluon emission. 
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The size of these deviations can be as large as 50% at the low x and high x extremes, 

over an order of magnitude range in Q2. 

Thus the structure functions must be generalised to include dependence on two 

variables, conventionally chosen as x and Q2, and the deviations from the Callan-Gross 

relation are reflected in the function R(x, Q2) where 

In the case of polarised DIS the concepts above are extended to the analysis of the 

spin content of the nucleon, where differences in the cross section for various relative 

orientations of spin direction between the incident lepton beam and the nucleon target 

are measured. Two spin structure functions, G1 and G2, are introduced to represent 

the nucleon spin structure and the differences in the cross sections can be written [4], 

and. 
d2at' #at+ 47ra2E' 

4 ---- sin B { M G ~  ( Q ~ ,  u) + 2 ~ G 2  (Q2, u)) . 
dQ2dv dQ2dv Q2E2 (2.9) 

where the arrows denote relative polarisation of the beam and target respectively. 

Thus eq. 2.8 represents scattering with the polarisation of both the beam and target 

along the beam direction and eq. 2.9 represents scattering with beam polarisation 

parallel to the beam direction and target polarisation transverse to the beam direction. 

These two measurements of the differences in the cross sections allow for complete 

determination of the two independent spin structure functions GI and G2. 

For high Q2 events scaling is anticipated and the identities 

emerge. Due to the scaling violations mentioned previously, modern high precision 

experiments require the generalisation of yl(x) and g2(x) to gl(x, Q2) and gz(x, Q2). 
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In analogy to the interpretation of F2 in terms of constituent momentum distri- 

butions in the Breit frame, gl can be written 

where q+(-) is the distribution of quarks with spin parallel (anti-parallel) to the nu- 

cleon spin and the sum is over quark flavours [5]. 

However, experimental measurements indicate that the spin of the quarks consti- 

tute at most 50% of the nucleon spin. Thus, in general, the spin of the nucleon is 

expressed as, 
1 

(S,) = -(AV+ AS) + AG+ L,, 
2 

(2.13) 

where AV denotes the valence quark contribution, AS  the sea quark contribution, 

AG the net spin of the gluons, and L, any orbital angular momentum contribution 

to the nucleon spin [5]. Semi-inclusive measurements are required for identification of 

the individual contributions of each term in eq. 2.13 to the nucleon spin. 

2.2 Proposed Measurements 

The HERMES experiment will measure the asymmetries All and Al which denote 

scattering with longitudinal and transverse target polarisation respectively. The asym- 

metries are given by, 
,t1 - ,Tl 

All = ,tT + ,I1 , 

where oTT - G-71 is shorthand for the difference in the cross sections with the two 

different longitudinal target-spin orientations, as given by eq. 2.8, and 0: - 01' is 

shorthand for the difference in the cross sections with the two different transverse 

target polarisations, as given by eq. 2.9. The sum in the denominator is a conventional 

normalisation factor. 
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The measurement with transverse relative polarisation is not azymuthally sym- 

metric and 01 is determined by 

where q5 is the angle between the polarisation plane and the scattering plane. 

Note that the above asymmetries assume 100% target and beam polarisation. In 

practice these asymmetries are extracted from a measured asymmetry, 

Here Pt(b) is the targetlbeam) polarisation and f is the fraction of polarisable nucleons 

in the target. 

The experimental asymmetries All and AL relate to the virtual photon asymmetries 

Al and A2 which directly reflect the photon-nucleon absorption cross sections, defined 

where the subscripts 112 and 3/2 refer to the projection of the total angular momen- 

tum of the photon-nucleon system along the incident lepton direction, o~ is the tot a1 

transverse photon-nucleon cross section, and OTL is an interference term between the 

transverse and longitudinal amplitudes. 

The relationship between the lepton-nucleon and photon-nucleon asymmetries is 

where 
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Here R = uL/oT is the ratio of longitudinal to transverse virtual photoabsorption 

cross sections and y = u / E  is a standard kinematic variable which equals the fraction 

of the incident lepton energy transferred in the scattering process. The factors D and 

d arise from depolarisation of the virtual photon and E reflects the degree of transverse 

polarisation of the virtual photon 161. The fact that the kinematic factors 77 and ( are 

small reveals that there is a strong correlation between Al and All and between A2 

and AL. 

Within the framework of the QP34, Al and A2 are related to gl and g2 as follows, 

@ and Fl is the spin-independent structure function. where y = 

The determination of the experimental asymmetries, and thus the spin structure 

functions, over the range 0.02 < x < 0.8, coupled with a theoretical model for the 

extrapolations x --+ 0 and x -+ 1, also allows for an experimental test of the theoretical 

sum rules which predict the values of the integrals of gl and gz for the proton and 

neutron over the full x range. 

Foremost in significance is the fundamental Bjorken sum rule, 

including first order QCD corrections f7]. Eq. 2.28 requires only light cone current 

algebra and QCD to predict the integral over x of the difference of the proton and 

neutron structure functions in terms of the well-known coupling constants g~ and gv 

from neutron beta decay and a, from QCD . The Bjorken sum rule thus amounts 

essentially to a test of QCD itself. 
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Ellis and Jaffe derived sum rules for the proton and neutron separately, 

S3F/D - 1 g:C)(~)d~ = x QCD corrections, (2.29) 
12 gv 3 F / D + 1  

assuming exact SU(3) flavour symmetry and that the strange sea has no net polarisa- 

tion, ie. As = 0 [2]. F and D are SU(3) couplings determined from a fit to available 

neutron and hyperon B decay data. The value of the Ellis-Jaffe sum rule is very sen- 

sitive to changes in the experimental fit of the ratio F / D  as well as QCD correction 

factors. Subject to this caveat, violation of this sum rule is evidence that As # 0 [8]. 

As mentioned in the introduction, the EMC experiment at CERN, through po- 

larised muon scattering from polarised proton targets, first measured the surprising 

result for g; that violated the Ellis-Jaffe sum rule and thus initiated the nucleon 'spin 

crisis' 11, 9). Other experiments were then developed both to check the EMC results 

as well as to explore the spin content of the neutron. 

The SMC (Spin Muon Collaboration) experiment, also at CERN, scattered po- 

larised muons from both polarised deuteron and proton targets to measure gt [lo] and 

g,P [Ill respectively. In parallel, experiments El42 and El43 at SLAC, which scat- 

tered polarised electrons from polarised 3He, proton, and deuteron targets, produced 

results for g," [12], gf 1131, and g," 1141. The experimental results for the Ellis-Jaffe 

and Bjorken sum rules frorn EMC , SMC, and SLAC are summarised in table 2.1 [15]. 

The theoretical predictions for these results as well as the anticipated uncertainty 

from HERMES 161 are also presented in table 2.1 for comparison. 

Another important sum rule has been derived by Burkhardt and Cottingham for 

which results from angular momentum conservation, or, equivalently, rotational sym- 

metry [17]. HERMES anticipates to measure this sum rule with a statistical uncer- 

tainty of f -017 [6J. 

HERMES will also provide first measurements of the spin-dependent structure 

functions &(x) and A(%) associated with nuclear binding effects in the spin-1 deuteron 

target [6]. These structure functions are measured with the beam unpolarised but with 
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Table 2.1: Experiment results and theoretical predictions for sum rules compared to 
HERMES anticipated uncertainty, combined systematic and statistical errors. 

Ellis-Jaffe (proton): .- 
( experiment (target) 

I HERMES ( H )  11 f .007 1 - - 1 
Ellis-J&e (neutron): 

the target polarised parallel (for b l )  or perpendicular (for A) to the incident beam 

direction. 

The interesting possibility of polarisation of the quark sea is suggested by exper- 

imental disagreement with the Ellis-Jaffe sum rule prediction. Because of the open 

acceptance of the spectrometer, the HERMES experiment is in the unique position 

to directly determine the existence of any sea polarisation contribution to the nucleon 

spin through semi-inclusive measurements of hadrons coincident with the DIS event. 

Semi-inclusive refers to  a measurement of the type 

experiment (targets) 

SMC (C4D90D) & EMC (NH3) 
SMC (C4H90H) & SMC (C4DgOD) 
& El42 (3He) 
El42 (3He) & EMC (N&) 
El43 (NH3) & El42 (3He) 
HERMES (H & 3He) 
HERMES ( H  & D) 

where the arrows are a reminder of polarisation, h denotes the measured final state 

I result 

experiment (target) / /  result theory 

0.002f.005 
-0.021 f .018 

- 

- 

SMC (C4DgOD) & EMC (NH3) 
' 

El42 (3He) 
HERMES (3Ae) 

I HERMES (D & H) 

result 

0.20 4- .05 f -04 

0.163 f .017 
0.146 f .021 
0.149 k -014 

~ . 0 1 0  
f .015 

theory 

1 EM C (AT&) 
SMC (C4H90H) 
El43 (NH3) 1 

( Q 2 )  

4.6GeV2 
2 GeV2 

- 

- 

-0 .08 f .04 f .04  
-0.022 f .007 f -009 

f .007 
f .009 

(Q2) 

0.189 f .005 
0.176 f .006 
0.160 f .006 

0.126 f .010 f .015 
0.136 f .011 f .011 
0.127 k -004 f -01 

theory 

0.191 f .002 

0.185 f .004 
0.183 f .007 
0.171 f .008 

- 

- 

10 GeV2 
10 GeV2 
3 GeV2 

(Q2) - 
4.6 GeV2 

5 GeV2 
2 GeV2 
3 GeV2 

- 
- 
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hadron, and X represents the remaining unmeasured nucleon fragments. 

The find state hadron can be identified with the struck quark if it satisfies certain 

kinematic criteria, as shown by Berger fl6]. depending on the rapidity yh and energy 

fraction zh of the leading hadron. The rapidity of the hadron is given by 

where p h , ~  denotes the longitudinal component of the hadron momentum along the 

direction of the virtual photon's momeaf,um, and _TA can be apprttximated by Eh f Ey . 
This semi-inclusive tag on the spin asymmetries allows for the first experimental 

measurement by HERMES of the important flavozsr dependence in the quark helicity 

distributions, that is? the relative contribution to gl(s) from eacb term in ey. 2.12, 

and is thus sensitive to sea quark (6,J s, 3) contributions to the nucleon spin. 

Finally, the open acceptance of the spectrometer offers the further advantage of 

unpolarised measurements of the pion charge asymmetry. This information will help 

elucidate the correct model explaining experimental deviation from the Got tfried sum 

Hzle which predicts the quark charges. 

Description of the Experiment 

The longitudinally po la r id  positrons in the HERA storage ring are scattered from 

internal gas targets into the BERMES magnetic spectrometer. For determination of 

the proton structure functions a hydrogen gas target is used and for the determina- 

tion of the neutron stmc%ure functions two different gases, 3He and deuterium, are 

used. These two independent measurements compensate for the fact that the neutron 

targets are necessarily nuclear, and therefore inevitably contaminated with protons. 

In the case of 3He the spin of the protons cancel to good approximation and thus 

spin dependent asymmetries can be ascribed to the neutron. The neutron structure 

functions are determined from the dengerium target by simpjy subtracting out the 

kdepmden6fj. meamred pmIIm m~itiibutioii. 

The gas targets offer the advantages of rapid reversal of spin direction to minimise 

systematic error as well as superior purity over conventional solid tasgets. For a 



Figure 2 2  The HERMES spectrometer. 

conventional solid target. such as arnnlonia ( SI13). the dilution factor? f from eq. 2.17, 

is of order 311 7. Oe the  other hand the  HERMES targets are essentially pure atomic 

species. with f equal to 1 for H and D. The effect of f on the  statistical uncertainty 

of the  asymmetries is significant sirrccn 

r .  1 he net running time for pure target5 i~ thus reduced b\; a factor f2 over the case for 

the  impure d i d  targets, 

The open acceptance sf  t he  HERMES magnetic spectrometer allows for measure- 

ment of the scattered pasitron as w!P as anl; coincident hadrons. A schematic view of 

the spectrometer is given in fig. 2.2. from which i t  can he seen that the spectrometer 

is divided into two symmetric halves above a d  Selou- the positron beam pipe. The 

sImtrorneter is divided into hdws because i>f the septum =!ate in the mwet which 

shields the beams fmm the magnetic fief& 

I'he front; or pre-magnet region cansists of txvo high resolution gas microstrip vertex 
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Figure 2.3: The kinematic plane with the HERMES acceptance. 

detectors followed by two drift chambers, which measure the position of the scattered 

particles and thus serve to determine both the interaction vertex and the scattering 

angle. The four drift chambers in the back region, combined with the pre-magnet 

detectors and the magnet, complete the measurement of the track momentum by 

determining the impulse applied to the charged particle by the magnetic field. Three 

multi-wire proportional chambers are also placed inside the magnetic field to help 

reduce ambiguities in matching front and back track segments. 

The spectrometer has an angular acceptance of 40 < 0 < 220 mrad, where 0 is the 

scattering angle of the positron. A cut on the invariant =ass, W > 2 GeV, is necessary 

to avoid the nucleon resonance region, and Q2 must be greater than 1 (CeV/c)' to 
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interpret the data using the quark parton model. The kinematic plane is given in 

fig. 2.3 with the above cuts noted. The x range thus accessible to the experiment is 

0.02 < x < 0.8 and the anticipated resolution in J: varies from 1% to 8% [6]. 

A large hadronic background as contamination to the DIS events is anticipated 

in the HERMES experiment, where, for example, the ratio of pion to positron tracks 

may be as high as 400 to 1 at low energy and intermediate angles. This contamination 

arises predominantly from non-DIS photoproduction processes [18], such as y + qq  

which couples strongly to the nucleon, as well as from target fragment's coincident 

with DIS events. 

Thus, in addition to the need for hadron identification for semi-inclusive mea- 

surements, these significant sources of hadronic background motivate the presence of 

several particle identification (PID) detectors in the HERMES spectrometer. The 

post magnet region therefore also contains a threshold gas Cerenkov detector, a six 

module transition radiation detector (TRD), two scintillator hodoscopes, the second 

of which is preceded by a lead sheet, and a lead-glass electromagnetic calorimeter. 

The lead sheet followed by the scintillator counter, which forms a preshower detec- 

tor, and the calorimeter both take advantage of electromagnetic showers to discrimi- 

nate positrons from the hadronic background. An electromagnetic shower consists of 

an initial Bremsstrahlung photon, radiated by a high energy charged particle in mat- 

ter, which then pair-produces into high energy electrons and positrons. These leptons 

in turn, as well as the incident particle, will continue to radiate more Bremsstrahlung 

photons and very quickly an avalanche effect is obtained. 

Recalling that the Bremsstrahlung cross section is inversely proportional to m2, 

where m is the mass of the incident charged particle, and directly proportional to Z 2 ,  

where Z is the atomic number of the material, the lower mass positron is seen to be 

much more likely than a heavier hadron to cause a shower in the high Z lead [19]. 

The positron-hadron separation is somewhat reduced however by the additional fact 

that the hadrons also interact with the nuclei in matter via the strong force, and this 

interaction may produce a similar avalanche effect, known as a hadronic shower. 

The scintillator hodoscope following the lead sheet measures the ionisation radia- 

tion in the scintillator material which results from the multiplicity of charged tracks 
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which make up the avalanche. The lead-glass calorimeter similarly distinguishes the 

positrons from hadrons by measuring the net amount of this radiation, and in the case 

of the positron, the shower of which is completely contained by the thick lead-glass, 

this radiation is proportional to the incident energy. Thus the calorimeter may also 

be used as a second independent measurement of the positron track energy. The two 

scintillator hodoscopes and the calorimeter also serve as a first level trigger of the 

readout electronics for early identification of DIS candidates. 

As mentioned in the introduction, the TRD distinguishes particle type based on 

the emission and detection of transition radiation. The total yield of this radiation 

depends on the Lorentz factor (y = Elm) of the incident particle. Thus the TRD is 

effective at identifying highly relativistic particles in a relatively compact space which 

is insufficient for other detector types which depend on differences in P .  More detailed 

information on the theory and design of the HERMES TRD will be presented in the 

following chapter. 

The combined pion rejection power of the above PID detectors in the regime 

of most significant contamination is anticipated to be of order 40,000 to 1 at 85% 

positron efficiency, assuming optimal detector performance. However, backgrounds 

and correlations in the detector responses may reduce the above quoted performance. 

Fortunately, the anticipated rejection ratio provides a factor of 10 safety margin for 

an acceptable residual contamination of 1% in the event sample for the asymmetry 

measurement. 

Though the TRD, preshower, and calorimeter serve to discriminate positrons from 

hadrons, the Cerenkov detector is designed primarily to discriminate pions coincident 

to the DIS event from the correlated background of heavier hadrons, as required for 

semi-inclusive measurements of the pion charge asymmetry as well as for unpolarised 

studies of the flavour asymmetry of the quark sea. The threshold Cerenkov counter 

detects the characteristic Cerenkov radiation emitted when the velocity of the incident 

charged particle exceeds the velocity of fight in the dielectric gas radiator. Thus, for a 

given track momentum, the detection of radiation in the Cerenkov detector indicates 

that the particle mass is below a certain value. The tetrafluoromethane radiator used 

has thresholds of 4.4,15.8, and 30.0 GeV/c for pions, kaons, and protons respectively. 
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Thus, if the TRD, preshower, and calorimeter indicate that the 4.4 - 15.8 GeV/c 

track was not an electron, the Cerenkov detector will provide identification of pions 

versus heavier hadrons. 



Chapter 3 

The HERMES Transition 

Radiation Detector 

The Transition Radiation Detector (TRD) is an essential component of the HERMES 

particle identification scheme. In the kinematic regime of worst pion contamination, 

for track energy just above threshold (3.5 GeV) and at intermediate angles (7-8 

degrees), the HERMES TRD is anticipated to contribute a pion rejection factor of at 

least 100:l at 90% positron efficiency. 

The TRD is a relatively recent addition to detector types in High Energy Physics 

(HEP) experiments. It exploits the Lorentz factor dependence of transition radiation 

for the identification of relativistic particles. In this chapter the origin and theory 

of transition radiation will be introduced, as well as the general principles of TRD 

design. These principles will then serve as the necessary background for a discussion 

of the design and optimisation specific to the HERMES TRD. 

3.1 Transition Radiation Theory 

Transition radiation is the electromagnetic radiation emitted as a charged particle 

+-.. t,+averses a4 interface between materials with &&rent dielectric constants. Its exis- 

tence in the optical region was predicted by Ginzburg and Frank in 1946 [20], and 

later shown by Garibian to extend into the X-ray region in the case of ultrarelativistic 
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particles where the total energy of the radiation is proportional to the Lorentz factor 

of the incident particle 121, 221. The following review derives much of its content from 

an article by Artru et al. 1231. 

The origin of transition radiation (TR) can be understood more intuitively with 

the aid of an analogy given by Dolgoshein [24], where the radiation emitted from a 

charged particle traveling uniformly through a medium of variable dielectric constant 

is compared to bremsstrahlung, the radiation emitted by a charged particle moving 

non-uniformly through a medium of fixed dielectric constant. In particular, in both 

cases it is the variation of the relationship between the velocity of the particle and 

the velocity of electromagnetic waves in the medium which accounts for the creation 

of electromagnetic radiation. 

In the relativistic case the total energy of the transition radiation emitted at an 

interface is proportional to the Lorentz factor y = E / m c 2  of the incident charged 

particle. This feature makes the signature of transition radiation a viable method of 

particle identification for large values of y where, for example at 5 GeV, positrons 

have a y of order lo4 and pions a y of order only 35. 

For a single dielectric interface the energy emitted per unit solid angle per unit 

frequency can be approximated by 

subject to the conditions, 

where J = wp/w, wp is the plasma frequency, and the subscripts f and g refer to foil 

and gas, which are the typical nature of the two dielectric media. It can be seen from 

eq. 3.1 that the radiation is strongly forward peaked in a cone of angle lly. 

After integrating eq. 3.1 over angles and frequencies and approximating the gas to 

have w, = 0, the total yield is given by 



' 1 ' 1 ~  t.ttit4kwss i t l t c I  spacing of l,he i ~ ~ d i ~ i d ~ ~ a l  dielectric layers in the stack are con- 

at+r;rit~c+cl iy t h t *  'fcmitttiot~ zone' Icrigthu wtmsby thc 'rlt yield is significantly reduced 

i f  t,i~r fcm~wt~ inn  zulw tllickr~c:,us chps i x h w  it certain minimum. The formation zone 

Ir*t~gttts = j ,  dcprwl oti the? plmms frcqtrt!ricica of the materials as well as the Lorentz 

fac't6r vf t.hr5 inc-itict~t part*iclc and are given approximately by, 

This tttitlitt~utn f.hic1mesa e m  hta ttndcrstood as the distancc required for the electro- 

re~ylnctie field to rcdistribtrte itself. Furtiler, this coustraint becomes dominant above 

Ramp nmterid dppctident tkresimld for the Larentr, factor and thus for a given choice 

~f hycr tkieknes~ the TR yield will no longer be proportional to the Lorentz factor, 

but will svcuttrdly begin to saturcttc with increasing y, 
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The yield from a stack of multiple lielectric layers introduces a few new effects as 

well. Foremost, simple self-absorption of the X-rays in the radiator material leads to 

an obvious saturation of the net yield with increasing radiator thickness, the onset 

of which depends on the number and thickness of the dielectric layers as well as the 

density of the materials used. Furthermore, in the absence of regular spacing between 

layers the analytical determination of the anticipated yield becomes an intract able cal- 

culation due to interference effects between layers, in which case numerical evaluation 

is required to calculate the yield of a given radiator configuration. 

3.2 TRD Design Principles 

In light of thc3 above, it is clear that the choice of radiator material and layer thickness 

and spacing requires careful optimisation of a number of factors. Furthermore, the 

dielectric layers of the radiator are not restricted to being foils spaced in gas, but may 

consist of dielectric fibres, porous foam, or in fact any light material configuration 

offering multiple dielectric interfaces. In practice once the experimental constraints 

are given and the range of interest of the Lorentz factor of the TR emitting (radiating) 

particle is known, Monte Carlo simulations as well as experimental tests are required 

to determine the optimal radiator configuration. The design principles outlined below 

draw heavily from a review article by Dolgoshein [24]. 

One fairly common design principle which can be deduced immediately from the 

self-absorption effect mentioned previously is to divide the space available to the 

TRD into multiple sets of radiator-detector systems, where each individual multi- 

layer radiator thickness is kept below acceptable saturation levels. This effectively 

results in multiple statistical measurements of the TR yield. 

The task of detecting the TR X-rays is further complicated by the fact that the 

X-rays are essentially collinear with the incident particle track. Thus the energy de- 

posited by the TR in the X-ray detector, typically a multi-wire proportional chamber 

(MWPC), is superposed on the ionisation energy loss, or dE/dx, associated with all 

charged particle tracks. A strong magnetic field could be used to separate the particle 

track in the downstream X-ray detector from the TR yield, where the mere presence 
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of energy deposited in the extrapolated detector region is a relatively unambiguous 

determination of an incident radiating particle, assuming negligible amounts of syn- 

chrotron radiation. However, due to typical constraints in spectrometer design such 

a configuration would be a rare luxury. Thus other techniques have been developed 

to distinguish the radiating from the non-radiating particle, where the identification 

of the radiating  article is determined using a probability analysis of the detector 

response. 

There are two principal methods of detector operation used to optimise the iden- 

tification of the incident particle, namely the cluster counting method and the total 

energy deposition method. Roughly speaking the former is based on an analysis of 

the distribution of the energy deposited in the detector and the latter on an analysis 

of the total amount of energy deposited in the detector. 

The cluster counting method requires fast electronics to resolve localised fluctua- 

tions in the distribution of the energy deposited in the detector gas. The characteristic 

avalanches associated with these local clusters of energy deposition in the detector gas 

are identified and counted. The principle behind this method is that a TR X-ray will 

usually deposit all of its energy near the point of absorption. Of course this energy 

cluster is added to the relatively smooth ionisation energy (dE/dx) along the particle 

path in the detector gas. Thus the existence of localised clusters of energy above 

some threshold determined by the typical size of fluctuations in the dE/dx energy 

distribution is indicative of collinear TR. X-ray absorption. 

Unfortunately, the rare large fluctuations in the dE/dx may then be mis-identified 

as the absorption of TR X-rays. These large fluctuations, of order 10-100 keV, are 

typically due to ionised electrons at large energy transfers, and are called S-rays 

for historical reasons. Therefore a probability function must be determined which 

accounts for the relative frequency of these 6-rays versus the anticipated number of 

X-rays generated and absorbed in the detector gas for a radiating particle. Note that 

this method is then optimised by a radiator which produces many TR X-rays with an 

energy above the energy deposition threshold. 

The detection of the characteristic X-ray clusters can be improved by taking ad- 

vantage of the fact that the X-ray absorption, which decreases exponentially with 
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distance, is predominant in the first portion of the detector. Thus by using a time- 

expansion drift chamber with a long drift region followed by anode wires at the back 

of the detector, the energy deposition from these X-ray clusters can be delayed until 

the end of the electronic signal and transformed into a time distribution, allowing 

for enhanced identification since the ionisation fluctuations will be evenly distributed 

throughout the duration of the signal. Though this time-expansion enhancement de- 

creases the overall spatial requirement for the TRD, the readout electronics required 

for this method can be, however, prohibitively expensive. 

In the total energy deposition method, which is the method chosen for the HER- 

MES TRD, the radiating and non-radiating particles are distinguished by the total 

amount of energy deposited in the detector. Typical response distributions for this 

method are given in fig. 3.1. Since the integrated signal for the radiating particle 

is the sum of the ionisation energy loss plus the energy deposition of absorbed TR 

X-rays, the total energy deposition method is optimised by a radiator emphasizing 

the total energy of the TR X-rays rather than the net number as in the cluster-count- 

ing method. Fig. 3.2 i.: provided as an example of the impact of the TR energy 

deposition superimposed or! the electron dE/dx in a single module's response. This 

figure compares the detector responses of 5 GeV electrons with no radiator present 

(dE/dx only), 5 GeV electrons with a radiator present (dE/dx + TR), and 5 GeV 

non-radiating pions (dE/dx only). The higher average dE/dx of the electron distribu- 

tion is a result of the mass-dependent relativistic rise effect. This and other features 

of the energy deposition in the TRD will be discussed in chapter 5. 

The extent to which the overlap of the energy deposition distributions for the 

radiating and non-radiating particles is minimised is a measure of the rejection power 

of the TRD. As can be seen from the previous figures, the long high energy tail 

of the dE/dx distributions for non-radiating particles is the "Achilles' Heel" of this 

method. In these tail events the occasional high energy 6-ray has deposited a large 

amount of energy in the detector. The rejection power of the TRD in this method is 

compromised by these events since a non-radiating particle's total energy deposition 

becomes comparable to that which is typical of a radiating particle. Consideration of 

these and other features of the energy loss distributions will be presented in further 
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\ Pions 

Electron and Pion 

Distributions a t  5 GeV 

in a Single TRD Module 

Energy Deposition (keV) 

Figure 3.1: Typical response distributions for total energy deposition method. Each 
distribution contains 503000 events. The spectra axe Monte Carlo simulation results 
for a single module of the HERMES TRD. 
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Figure 3.2: Impact of transition radiation on the electron signal. 
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Figure 3.3: Cross section of one physical TRD module. The beam is incident from 
the LHS and the dots on the RHS denote further modules. 

detail in the following section on the HERMES TRD design. 

In the total energy deposition method, the probability algorithm used far interpre- 

tation of TRD responses to a given experimental event requires rr-se of predetermined 

total energy deposition distributions for radiating and non-radiating particles, like 

those given in fig. 3-1. These are typically deduced from either simulation studies or 

from independent experimental measurements. The met hods of probability analysis 

used for interpretation of the TRD signals will be presented in detail in chapter 6. 

3.3 The ]EIER.MES TRD Physical Design 

The HERA4ES TRD consists of six modules in each of the lower and upper spectrom- 

eter halves. Each physical module consists of a radiatar followed by a flush gap, a 

&fWPC as X-ray detector, and then another flush gap. h h  TRD half has an active 

area of x 72 cm". A ams section of one physical TRD modde is given in fig. 3.3. 

The dots denote further modules in series. The basic physical attributes of each of 

the module's component are presented below. 



3.3.1 The Radiator 

For optimal TR yield the ideal radiator consists of dielectric layers of regular thickness 

and reguIar spacing at the respective minimum formation zone lengths of the material 

and of the gas. Since X-ray absorption goes as Z4. for minimum self-absorption the 

dielectric material should have the lowest possible Z and maximum plasma frequency, 

or eyrridently rnaxim~ltm electron densltj;, with the dielectric layers separated by a gas 

of lowest p s i  bIe 2. or. more idedlz* vacuum ['24]. Due to the practical constraints 

inValred in the cmstmctiom of such an ideal radiator, various alternative radiator 

configurations hate k n  developed, all sharing of course the key feature of multiple 

dielectric transit ions. 

Some of these competing radiator t-pes were tested with a TRD prototype. In 

particular a pseudo-ideal radiator of quasi-regularly spaced foils and various types 

of foam were compared to fibre materials. The performance of the fibres proved 

sufficiently corn pet it ive ta warrant their use from considerat ions of convenience, cost, 

and reliability f6j. The loosely packed c_vlindrical fibres approximate the ideal case of 

foil layers of regular thickness. The fibre diameter and radiator density were optimised 

with the aid of Monte Carla simulation of the TRD. 

The above studies resulted in a choice of radiator material consisting of 17 micron 

diameter polypropylene (CH2) fibres with air at NTP as the second dielectric. The 

radiator materid has a net: density of 0.059 g/cm3. Thus each 6-35 cm radiator 

consistits of roughly 267 dielect.Pic layers. The distribution of fibres within the radiator 

is non-heterogeneous and irregular- The fibres are matted in 2-dimensional layers in 

the x-_v plane (transverse to the beam direction). but these matted layers are then 

quasi-randomly distributed along tbe z (beam) direction. 

3.3.2 The X-ray Detector 

The TR X-ray yield fram each radiator incident upon the MWPC is typically of order 

2-3 photons prec'sminantl_u in the energy range 5-10 keV. A 90A0 Xe/CH4 gas mixture 

is n d  in a 2.-54 cm thick MWTC. The thickness of 2..W cm is a convenient length 

which macimises X-ray a b r p t i o n  in xenon while minimising the dE/dx ionisation 
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energy loss. 

The xenon gas is chosen over other noble gas candidates such as argon or krypton 

because of its efficient absorption of X-rays in the relevant TR energy range, low energy 

fluorescence from the L-shell at 5.5 keV, and consequent high ratio of X-ray absorption 

to ionisation energy loss per unit length. Furthermore, the relativistic rise, or increase 

in the average dE/dx of the radiating positron over that of the non-radiating pion 

of the same momentum- is greater in xenon than other noble gas candidates. These 

and otter characteristics of energy loss will be discussed in more quantitative detaiI 

in chapter 5. 

CH4 is added as a quench gas to maintain the stability of the proportional chamber. 

Daring the multiplicatulm zvdzsiches in the high fields near the anode wire fluorescent 

UV radiation is emitted. If this radiation reaches the cathode foils it may then eject 

electrons by the photoelectric effect. These electrons then drift back to the anode 

leading to an unstable positive feedback mechanism. The role of the CH4 is to quench 

this process by efficiently absorbing the fluorescent radiation via the many vibrational 

modes which result from its molecular structure. 

Since minimising cast rather than space was a primaxy concern, the total energy 

bedtion method was cEosea. T h s  the particle gamma is distinguished based on 

multiple measurements of the total energy deposited in each module for a given track. 

The MWPC has anode wires spaced every 1.27 cm. This wire spacing is a trade 

off which minimises cost while reducing the impact of the energy loss in a given wire 

cell from &rays and hadronic 'showers7 produced in the radiators. Though 6-rays are 

predominantly ejected perpendicular to the incident particle track, through multiple 

scattering their direction is quickly randomised and the finest possible wire spacing 

minimises the likelihood of &-rays wandering into the struck wire cell. The wire spacing 

also minimises the energy deposited in a given wire cell by large energy transfer 6-rays 

emitted in the detector gas itself. 

In the case of h h n i c  'showers', which expression refers to the few secondary 

hadrons generated from a hadronic interaction, minimal wire spacing reduces the 

geometrical acceptance of each wire cell and thus reduces the number of secondary 

tracks which traverse the cell struck by the primary track. Noting that the summed 
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ionisation signal from multiple secondary hadron tracks is easily mis-identified as that 

of a radiating particle, for which the dE/dx ionisation and TR X-ray absorption are 

summed, and also noting that a hadronic 'shower' initiated in one of the first radiators 

may induce mis-identification in many of the remaining modules, the importance of 

reducing sensitivity to these secondary hadron tracks becomes evident. 

3.3.3 The Gas System and Flush Gaps 

Due to the high cost of xenon a rather sophisticated gas system has been developed to 

recirculate the xenon gas mixture as well as remove gas impurities which compromise 

detector performance. The gas system also monitors and maintains the differential 

pressure between the X-ray detector and the flush gaps. 

The primary motivation for the gas system and Aush gaps is to protect the Xe/CH4 

gas mixture from diffusion of impurities, such as the nitrogen, oxygen, and water 

vapour, through the mylar foil. C02 was chosen as the gap gas because it is relatively 

transparent to X-rays, inexpensive, and also a comparatively easy gas impurity to 

remove from the Xe/CH4 gas mixture. 

A second role of the gas system and the pressure-controlled flush gaps is to stabilise 

the aluminised mylar cathode foils which define the X-ray detector gas volume in 

order to keep gain fluctuations within a 1% tolerance. This requires maintaining the 

differential pressure across the foil stable to less than 1 part in lo5, or equivalently, 

stabilising the foil position to within 0.01 mm. 



Chapter 4 

TRD Prototype Tests 

Test experiments using a single TRD prototype module were performed in a CERN 

test-beam in both 1991 and 1992. In the 1992 experiment, the results of which will 

be presented below, the TRD response to various radiator types was measured for 

pions and electrons in the energy range from 5 to 50 GeV. The five radiator types 

tested were a foil radiator of quasi-regularly spaced foils, 2 fibre radiators with fibre 

diameters of 17-20 and 25-30 micron diameters respectively, and 2 types of foam 

radiator. 

Unfortunately the sample radiators were not prepared in an optimal manner for 

direct experimental comparison. These experimental test results were nonetheless 

vital for two reasons: first they provided important evidence that the 'fibre' radiators, 

preferred for the practical reasons outlined earlier, would meet the pion rejection 

factor (PRF) design requirement, and second, the experimental results provided an 

essential check on the accuracy of the Monte Carlo simulation and standard for its 

fine-tuning. In particular, the Monte Car10 simulation had already predicted that 

the 17-20 micron fibre radiator would perform adequately. The experimental tests 

were nonetheless necessary to confirm the reliability of the simulation results which 

would be used to optirnise the final design through studies of the performance of the 

correlated six module TRD. 
Zn this chapter the method of analysis of each radiator's performance is reviewed, 
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followed by a discussion of the specifications and measured performance of each radi- 

ator type. First, however, a brief overview of the experimental setup is presented. 

Overview of Test Experiment 

The test experiment was performed in the X3 test beam line at CERN. The pions 

and electrons of varying energy were tertiary particles produced from the protons of 

the Super Proton Synchrotron (SPS) as follows. The SPS protons were directed into 

a target which produced secondary pions in the H3 beam line. The resulting pion 

beam was directed into a second target the nature of which depended on the final 

particle type requirement for a given run. For a pure electron beam a lead target 

was used and for a mixed beam either a copper or beryllium target was used. For a 

pure tertiary pion beam a 5 mm lead absorber was added downstream of the copper 

or beryllium target. The resulting tertiary pions and electrons were then momentum 

selected by a combination of sweeping magnets with collimators. 

The final particles were identified using two upstream threshold Cerenkov detectors 

which provided independent identification of the particle type. In addition to the 

Cerenkov detectors there were five upstream scintillators used for event triggering. 

Finally, the radiator types under study were rotated on an automated wheel in front 

of the TRD flush gap. 

Method of Analysis 

In this section the basic principles and terminology of the method that will be used 

for quantitative measure of each radiator's performance are introduced. In particular, 

the figure of merit is the pion rejection factor (PRF) of each radiator-detector system 

at a given electron efficiency. The pion rejection factor is a measure of the ability of 

the detector to discriminate non-radiating pions, with a Lorentz factor of roughly 35 

at 5 GeV, from the TR emitting electrons, with a gamma of order 104 at 5 CeV. 

Recalling that in the total energy deposition method radiating and non-radiating 

particles are discriminated based on the net energy deposited in the detector, the 
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electron efficiency represents the percentage of electron events which deposit a net 

amount of energy greater than some energy deposition threshold. Thus once an 

acceptable electron efficiency is determined, the energy threshold which provides this 

efficiency is fixed. The PRF then represents the ratio of the total number of pion 

events to those that deposit more energy in the detector than this threshold. Thus the 

PRF is a measure of the number of pions which would be mis-identified as electrons, 

or equivalently, a measure of the pion contamination, when the particle identity is not 

known a priori. 

The results for the five different radiator types and densities will be presented 

in terms of an extrapolated six module truncated mean. 'Truncated' denotes that 

the highest individual module result is excluded from the mean and 'extrapolated' is 

a reminder that six separate events with the same particle type in a single module 

are being used rather than six successive module responses to the same particle. 

Hereafter the qualifier 'extrapolated' will be implied when referring to the prototype 

TRD results. 

The motivation for the six module comparison is to ascertain the PRF performance 

of the actual six module HERMES TRD. The extrapolation to six modules is of 

course limited in accuracy since correlation effects between the six TRD modules are 

neglected. Further, the existence of different correlated and uncorrelated background 

sources between the experimental environments at CERN and within the HERMES 

spectrometer at HERA also limit the predictive power of these experimental tests. 

In fig. 4.1 the impact of the truncated mean method on the distributions is pre- 

sented in comparison to the simple untruncated six module mean. This figure offers 

a qualitative picture of how the high energy pion tail of the simple mean is reduced 

by the truncated mean algorithm. The effect of truncation on the electron spectrum 

is also shown for comparison. 

The basis fur the tmczded mean method is to preferentially reduce the effects of 

large energy transfer 6-rays generated in the radiator and detector gas, noting that 

high energy 6-rays are created fairly infrequently. In particular, the probability of an 
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Energy Deposition ( k e ~ )  

Figure 4.1: Comparison of distributions for truncated and simple mean algorithms 
using 17 micron fibre radiator data. 
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electron being ejected with energy E can be approximated by [25] ,  

where x is the reduced thickness of the medium in g/cm2, K = 0.154 MeV g-' cm2, 

and p'= vlc. Thus the number of 6-rays produced above a threshold E, can be 

approximated by, 
K Z x  

N ( E  > E,) z -. 
P2AEo 

Using the above formulae the impact of truncation on the PRF can be crudely 

estimated. Consider the simple mean distribution given in fig. 4.1: the pion spectrum 

is peaked at roughly 15 keV and the electron spectrum at roughly 35 keV. The min- 

imum energy of a single 6-ray contaminating one module which, when averaged over 

six modules, would induce mis-identification of a pion as an electron is roughly 100 

keV, assuming also that the responses of all other modules to this pion event average 

to the 15 keV peak of the pion spectrum. Subject to the above caveat, a calculation 

using eq. 4.2 gives of order a few percent of pion events will have 6-rays ejected with 

an energy greater than 100 keV in the combined thickness of six gas detectors (ne- 

glecting also radiator 6-rays which penetrate into the gas.) This means a few extra 

pion events out of every 100 would be misidentified as electrons due to these high 

energy &rays. It is precisely these events which are preferentially discarded by the 

truncated mean method. 

On the other hand, the negative impact of rejecting the greatest TR + dE/dx 

yield for the radiating particle in a single module has also been neglected in the above 

estimate. It is, however, much more difficult to estimate the extent to which this neg- 

ative impact on the electron distribution offsets the benefits from eliminating a large 

fraction of the contaminating large energy transfer 6-ray events. The net effect on the 

PRF can only be determined empirically using either experimental results or Monte 

Car10 simulation. Using the 17 micron fibre radiator data the pion rejection factors 

were calculated fm the sizple and trmczted mean distributions given in fig. 4.1. The 

pion rejection factors are 27:l and 133:l for the simple and truncated mean respec- 

tively. Thus the relative improvement of the PRF is in accordance with the rough 
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estimate obtained above, where a few contaminating events for every hundred have 

been eliminated. 

4.3 Results of Analysis 

The five radiator types tested at CERN all diverged from the ideal radiator in different 

ways and degrees. These five radiator types consisted of: 1) a foil radiator of quasi- 

regularly spaced foils, 2) two fibre radiators with fibre diameters of 17-20 and 25-30 

microns respectively, and 3) two types of porous foam. Given that both the space 

allocated for the TRD and the maximum number of TRD modules were both relatively 

inflexible constraints, the performance of the competing radiators would be most fairly 

compared at similar thicknesses, and ideally at the thickness prescribed by the above 

constraints. Since some of the samples available at the time had different thicknesses, 

the fairest possible comparison would then require extrapolation with simulation for 

any radiator types that proved competitive with the preferred 17 micron fibre radiator. 

4.3.1 The Fibre Radiators 

The preferred 17-20 micron polyethylene fibre radiator was prepared with the required 

thickness of 6.35 cm, imposed by TRD design constraints, and a net density of 0.101 

g/cm3. Since the fibres are cylindrical and predominantly transverse to the beam 

direction, the average thickness of a fibre, or 'foil' layer, traversed by an incident 

particle is 13.4 microns. This gives roughly 477 dielectric layers. The six module 

truncated mean for this radiator is given in fig. 4.2, and, at 90% electron efficiency, 

yields a PRF of 133:l. The electron efficiency threshold, or particle identification 

(PID) cut, is indicated by a vertical line. 

The extrapolated PRF for the preferred 17-20 micron fibre radiator thus fulfills 

the design requirement for the six module TRD. However, as mentioned previously, 

this 'extrapolated' truncated mean neglects the impact of correlations between the six 

modules of the TRD, which would reduce the anticipated performance. The studies 

with Monte Carlo simulation of the HERMES TRD which included these correlations 
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PRF of 133 to  1 

for 17 micron fibres 

a t  0.90 electron efficiency 

Six Module Truncated Mean Spectra (channel number) 

Figure 4.2: 17-20 p fibre radiator: six module truncated mean at 5 GeV. The electron 
efficiency threshold (PID cut) is indicated by the vertical line. 
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as well as other second order effects will be discussed in the following chapter. 

The six module truncated mean spectra for the 25-30 micron fibre radiator are 

presented in fig. 4.3, although the ra.diator sample thickness of 3.6 cm is too short for 

direct comparison to the 17-20 micron fibre radiator. As noted in the figure, the PRF 

at 90% electron efficiency for this radiator sample is 391. 

4.3.2 The Foil Radiator 

The quasi-ideal foil radiator had a thickness of 7.29 cm with a density of 0.092 g/cm3. 

Though this radiator was designed to have 15.2 micron foils, regularly spaced by 

141 micron gaps, the prototype construction method proved difficult and the 467 

foils lacked sufficient tension to maintain their designed spacing. Nonetheless the six 

module truncated mean for this foil radiator is still of comparative interest and the 

spectra for 5 GeV pions and electrons are presented in fig. 4.4. The PRF at 90% 

electron efficiency for this radiator is 130:l. Thus the quasi-ideal radiator and the 

17-20 micron fibre radiator are seen to perform comparably. 

4.3.3 The Foam Radiators 

Two types of porous polyethylene foam were tested at CERN. The first of these (R- 

foam) was obtained from Russian colleagues (hence the name) and had a thickness of 

7.62 cm. The second (H-foam) was also 7.62 cm thick. The truncated mean spectra 

for the R-foam and H-foam are presented in fig. 4.5 and fig. 4.6 respectively. The 

PRF at 5 GeV for the H-foam is 59:l and for the R-foam is 46:l. Thus in spite of 

the additional length neither radiator type is competitive with the 17-20 micron fibre 

radiator. 

4.3.4 Summary of Results 

The PRF results of the competitive fibre and foil radiators, all at 90% electron ef- 

ficiency, are collected in table 4.1 for convenient reference. The thicknesses and 

densities of these samples are also noted in the table. 
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at 0.90 electron efficiency 

PID cu t  

I 
I 
I 

r I  
r I 

PRF of 39 t o  1 

f o r  25 micron fibres 

I 
- 

0 50 100 150 200 250 300 350 400 450 500 

Six Module Truncated Mean Spectra (channel number) 

Figure 4.3: 25-30 p fibre radiator: six module truncated mean at 5 GeV. The electron 
efficiency threshold (PID cut) is indicated by the vertic&- line. 
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PRF of 130 to  I 
for foil radiator 

at 0.90 electron efficiency 

PID cut 

Six Module Truncated Mean Spectra (channel number) 

Figure 4.4: Quasi-ideal p foil radiator: six module truncated mean at 5 GeV. The 
electron efficiency threshold (PID cut) is indicated by the vertical line. 
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f PRF of 46 to 7 

Six Module Truncated Mean Spectra (channel number) 

Figure 4.5: R-foam radiator: six module truncated mean at; 5 GeV, The electron 
&denq thrmh~id (PID cut) is i n d i d  by the vertical fine, 



PRF of 59 to 1 
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Six MadiiFe truncated Mean Spectra (channel number) 

Figure 4.6: H-foam radiator: six module truncated mean at 5 GeV. The electron 
efficiency threhdd (PID cut) is indicated by the vertical fine. 
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Table 4.1: Summary of the PRFs for each of the radiator types tested. 

1 25-30 s Fibres 1 I I 

3.6 0.18 1 391 1 

Radiator Type 
1 17-20 p Fibres 

In summary, the experimental tests established that, to first order, the 17-20 mi- 

cron fibre radiators generated sufficient net TR yield for the six module HERMES 

TRD to achieve the required pion rejection factor in the space allotted. This exper- 

imental result confirmed the adequacy of this radiator type as anticipated by Monte 

Carlo simulation. Furthermore, these experimental results provided an essential check 

on and standard for the fine-tuning of this Monte Carlo simulation which was used 

as a tool in developing the final detector design. The experimental results also served 

as a standard for the later Monte Carlo simulation which superseded the original 

simulation. The comparison of the new simulation with experimental data and the 

motivation for its development are provided in the following chapter. 

PRF 
133:l 

Thickness (cm) 
6.35 

Density (g/cm3) 
0.101 



Chapter 5 

Monte Carlo Simulation of the 

TRD 

Monte Carlo simulation in high energy physics (HEP) consists of random numerical 

sampling of the relevant physics cross sections for particles with defined kinematics 

as they are tracked through a geometrical representation of the detector media. It 

is from this random sampling process that the Monte Carlo method of numerical 

evaluation derives its name. Due to the ever increasing complexity of HEP detectors 

and experiments, Monte Carlo simulation has become an important tool not only 

for detector design but also for the optimisation of detector performance and the 

interpretation of experimental results. 

In the first section of this chapter, the uses of Monte Carlo simulation for the 

HERMES TRD specifically as well as for the complete HERMES experiment will 

be introduced and motivated. After a detailed review of the processes of energy 

deposition most relevant to the performance of the TRD, the methods of numerical 

evaluation of these and other secondary processes will be discussed in detail in parallel 

with the description of the final TRD Monte Carlo simulation. The simulation results 

will then be shown to be in good agreement with the experimental test data presented 

in the previous chapter. In the find section of this chapter the Monte Carlo studies 

of the variation of the TRD response under the range of kinematic conditions will 

be presented. The particle identification algorithms which use these TRD response 
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distributions to interpret the TRD data will be reviewed in the final chapter. 

5.1 Overview and Motivation 

Monte Carlo simulation is essential for TRD design due to the analytical intractability 

of radiator performance and the limited opportunity and finances to experiment ally 

test the numerous design possibilities. Thus a Monte Carlo simulation of the TRD 

was developed during the design period. Due to the unavailability at the time of 

a single detector simulation package which had proven itself adequate to accurately 

simulate all the various low energy physics processes which strongly influence the 

TRD performance, this first simulation combined the strengths of various simulation 

packages and algorithms in order to maximise its accuracy. 

The above 'hybrid' simulation was later supplanted by an independent and im- 

proved Monte Carlo simulation which was developed af ter  the design period. The 

second simulation was based almost exclusively on a detector simulation package 

called GEANT [26]. This new GEANT based TRD simulation was developed for 

two reasons. The first of these was to develop, test, and optimise TRD algorithms 

which would be needed for the GEANT based Monte Carlo of the entire HERMES ex- 

periment. The second purpose was to efficiently generate anticipated TRD responses 

under a variety of experimental conditions for use in the event reconstruction software. 

The GEANT simulation tools had been chosen as the basis for the HERMES 

Monbe Carlo (HMC) simulation of the entire HERMES experiment. Hence use of 

the GEANT package for those algorithms relevant to simulating the TRD response 

within the HERMES spectrometer would greatly facilitate integration of the TRD 

subroutines into the HMC simulation. A GEANT based simulation of the prototype 

TRD was thus first developed to test if the GEANT algorithms could reproduce the 

available experimental data. The extent to which the GEANT tools proved adequate 

avoided the difficulties involved in combining various other simulation packages or 

in developing new physics simulation algorithms. The relevant subroutines and opti- 

mised parameter settings of this GEANT based prototype TRD simulation could then 

be easily adapted to the simulation of the HERMES TRD and efficiently included 
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into the HMC simulation. 

The second purpose mentioned above was the generation of st atistical distribu- 

tions of energy deposition in the TRD under the range of kinematic conditions; that 

is, under the various possible combinations of incident particle type, energy, and 

track angle. These simulated response distributions are needed for interpretation of 

the TRD data. This need for accurate simulated data is somewhat unique to the 

particle identification detectors. In the TRD, for example, knowledge of the antic- 

ipated response distributions is in fact necessary to extract the probabilities that a 

particular response in the TRD was caused by each of the particle type candidates, 

as will be explained in detail in the following chapter. The use of simulated data for 

this end is necessary only until sufficient data has been collected by a well-calibrated 

spectrometer to provide the real distributions with good statistical precision. 

Theory of Energy Loss 

This review of the physics of energy loss owes much of its substance to a report 

by Sauli [25] on the energy loss processes in gas detectors. It is divided into two 

separate subsections for each of the two primary mechanisms of energy loss. The first 

of these deals with ionisation energy loss by charged particles and the second with 

the absorption of X-ray radiation. 

For the special case of a TRD, in the comparatively dense radiator material which 

consists of multiple dielect.ric transitions, a very small contribution to the energy loss 

is from the creation of transition radiation (TR). Though the theory of TR has already 

been presented in a previous chapter, the method of numerical evaluation used in the 

TRD simulation for this extremely relevant form of energy loss will be presented in 

the section on the description of the Monte Carlo simulation. 
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5.2.1 Ionisation Energy Loss 

The dominant mechanism of energy loss for charged particles in gas detectors is 

through excitation and ionisation of the atoms of the medium. The theoretical ex- 

pression for the average energy loss per unit length was derived by Bethe and Block 

and is given by [25] , 

where, 

2, A, I, and p are the atomic number, atomic mass, ionisation potential, and density 

of the medium respectively, and z and P are the charge and velocity of the incident 

charged particle. Em,, is the maximum energy transfer allowed in a given interaction 

and is given by, 
2mc2P2 

 ma, = 1 - p 2 '  
From the above equation it can be seen that the average energy loss will decrease 

with increasing particle velocity until some minimum value, referred to as 'minimum 

ionising' energy loss. Eventually however the logarithmic term begins to dominate 

and leads to an increase in the energy loss with increasing particle velocity. The onset 

of this 'relativistic rise' is mass dependent. 

However, in the case of the TRD, it is the distribution, rather than the average, 

of the energy loss which is of even greater interest since the detector performance 

depends critically on the overlap between the distributions of the radiating (dE/dx 

+ TR) and non-radiating (dE/dx only) particle types. The well-known asymmetric 

distribution Landau has derived for the energy loss fluctuations is given by, 

where X is given by, 



CHAPTER 5. MONTE CARL0 SIMULATION OF THE TRD 

Here AE,, is the most probable va1u.e of energy loss, and AE is the actual energy 

loss for a given event. 

The derivation for the Landau distribution of the energy loss is subject to the 

conditions: 

where, 

[ (MeV)  = 0.1536(Z/A)px//3~. 

Here x is the thickness of the medium in cm, p the density in g/cm3, and Eo is 

the typical electron coupling energy in MeV. The second condition (eq. 5.6) of the 

derivation corresponds to the assumption that there are many small energy transfer 

collisions in the medium, allowing their contribution to the fluctuations to be ignored. 

This equates to a detector thickness requirement [27]: 

which fails in the case of a 2.54 cm Xe/CH4 detector. 

Though the Landau theory offers insights into the quantitative evaluation of energy 

loss fluctuations, the deviation of experimental results from the Landau distribution 

in the case of very thin absorbers limits its usefulness in describing energy loss in 

the thin gas layers which characterise proportional chambers, where the width of 

the distribution of energy loss is much broader than predicted by Landau theory. 

On the other hand, as will be seen below, methods of numerical evaluation have 

been developed which overcome the constraint of eq. 5.6 in the calculation of the 

fluctuations in energy loss in very thin absorbers. 

5.2.2 Absorption of X-ray Radiation 

The attenuation of electromagnetic radiation in a medium of reduced thickness x (in 

g/cm2) can be written as, 
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= I. exp [s] . 

THE TED 

(5.10) 

Here p is the mass attenuation coefficient, p is the medium density, and X = ( p p ) - l  

is the mean absorption length. 

In the soft X-ray range of the electromagnetic spectrum, corresponding to the 

detectable transition radiation, the dominant contribution to the attenuation is from 

the photoelectric effect. In this process an electron of energy Ee is ejected from an 

atomic or molecular shell of binding energy Ej through the absorption of a photon of 

energy E, = Ej + Ee. Thus the energy loss from the photoelectric effect is a discrete 

localised event in contrast to that of ionisation. 

After photoelectric absorption the atom or molecule will then de-excite primarily 

through either the Auger effect or fluorescense. In the case of the Auger effcct the 

remaining bound electrons de-excite through radiationless transitions resulting in the 

emission of another electron with energy just less than Ej. Through this process 

nearly all of the incident X-ray energy is converted into electron kinetic energy. 

The other mechanism of de-excitation is fluorescence, in which case a photon of 

energy Ef = Ej - E; is emitted during an electron transition from the ith to the 

empty j th shell. The fluorescent photon will then have a much larger mean free path 

since its energy Ef is just below the jth absorption edge. This effect is important to 

take into account since a large fraction of this fluorescent energy will in fact escape 

the detector gas totally. The percentage of events involving fluorescence, rather than 

Auger transitions, is called the fluorescent yield. 

Description of the Monte Carlo Simulation 

This section will focus on the description of the GEANT based simulation which su- 

perseded the earlier hybrid simulation in accuracy. Unless otherwise stated, hereafter 

'TRD simulation' refers to the GEANT based simulation. 

The version of GEANT available at the time officially claimed to reproduce to 

within a few percent all electromagnetic energy loss processes for particle energy 

down to 10 keV [26]. Uno•’Ecidy, however, the latest version of GEANT had been 
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recently extended to include energy loss down to 1 keV 1281, which is necessary for 

correct simulation of TR photoabsorption. As mentioned above, the TRD simulation 

was developed to test if these new GEANT algorithms could perform adequately, 

or, more specifically, to determine which, if any, of the various alternative models of 

energy loss in GEANT most relevant to the performance of the TRD could accurately 

reproduce energy loss in the TRD gas down to the few keV range. 

Though the focus below will be on models of electromagnetic ionisation and pho- 

toabsorption, there are many other physics processes of secondary importance to the 

simulation. The accuracy of the GEANT models for these processes is not as critical 

as for the physics processes outlined above. In principle the default GEANT param- 

eters and models for these second order effects in the TRD simulation were tested 

implicitly in the final comparison to the experimental data. 

The algorithm for the detector simulation can be broken down into the following 

components: definition of the geometry and materials; ini tialisation of cross section 

tables; generation of incident particle kinematics; transport, or tracking, through the 

geometry of these particles and any secondaries generated; numerical sampling of the 

physics processes affecting the particles in the successive media; and evaluation, or 

digitisation, of the energy deposited in the detector volumes. 

For the TRD simulation of the test experiment, the TRD itself and the five up- 

stream scintillator counters were included in the geometrical representation. The 

scintillator material was included in light of its small but important contribution to 

generating hadronic 'showers' which contaminate the pion distribution. The 1 cm 

thick scintillator counters were positioned 23.5, 38.8, 50.8, 109.8, and 126.8 cm up- 

stream from the center of the TRD. 

The initial kinematics of the pions and electrons were set to match those of the 

beamline for different runs: namely, momenta of 5, 10, 20, and 30 GeV/c. The 

medium and algorithm parameters for the different radiators had to be changed for 

separate runs. 
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5.3.1 Modeling of Ionisation Energy Loss 

Before discussing the models of ionisation energy loss offered by GEANT it is necessary 

to first introduce a few basic parameters that are critical for the optimisation of these 

routines. Foremost among these are the energy cuts, that is, the energy below which 

GEANT ceases to track each particle type. When the particle's energy drops below 

this minimum the remaining energy of the particle is deposited at the location in 

the detector where tracking ceases. The optimal energy cuts for the various particle 

types must be determined by the user and those used for the TRD simulation will be 

justified shortly. 

Another important parameter requiring optimisation is the threshold above which 

6-rays are explicitlygenerated. Here it is important to distinguish the energy lost by an 

incident particle from the energy deposited by that particle in the medium of interest. 

The theoretical Landau distribution, for example, concerns itself with the energy lost 

by charged particles as they traverse a given thickness of matter. Recalling that 

this energy loss consists of ionisation of the atoms in the medium, it is immediately 

obvious that the ionised 6-rays will be free to wander through the medium and thus 

will have a certain likelihood of escaping the volume in which they were produced. In 

this case a fraction of the energy lost by the incident particle in a medium will in fact 

not be deposited in that medium. This effect will occur, for example, in the detector 

gas, where a small fraction of the energy loss will not be deposited in the wire cell of 

interest, namely the one traversed by the primary particle track. 

Of more significant impact, 6-rays produced in the comparatively dense material 

of the radiator may penetrate, or 'punch-through', into the X-ray detector, depositing 

a portion or all of their energy there. Although the 6-rays tend to be ejected at a 

large angle to the incident track, as mentioned previously through multiple scattering 

their direction is quickly randomised. Thus in the case of a multi-module TRD this 

randomisation implies that the punch-through effect may affect the preceding X-ray 

detector as well as the following one. Very high energy &rays, which are more strongly 

forward peaked, may even cross several detector modules. For pion events punch- 

through 6-rays will have a significant impact on the rejection power of the TRD, 
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noting that the occasional punch-through radiator 6-ray will have a large influence on 

the small statistics of the high energy tail of the pion distribution. 

In light of the above, accurate tracking of S-rays is seen to be critical to reproduce 

the distribution of energy deposited in the detector. Thus GEANT's unofficial claim 

to provide accurate particle tracking and energy loss down to 1 keV is seen to be 

an attractive feature not only for X-ray photoabsorption, but also for the tracking of 

6-ray electrons. 

In order to accommodate the above distinction between energy loss and energy de- 

position, in GEANT the calculation of energy loss fluctuations can be limited by some 

maximum energy transfer. This maximum energy transfer is determined by the S-ray 

generation threshold mentioned previously and a model distribution of 'restricted' 

fluctuations is sampled below this threshold and S-rays are generated explicitly above 

it. In thin layers GEANT offers two different models of energy loss which support this 

option, namely the Urban model and the photoabsorption ionisation (PAI) model. 

The PA1 model is a new feature of GEANT added into the package specifically 

for modeling of ionisation energy loss in very thin layers 126, 281. The method uses 

photoelectric cross sections to describe the detailed nature of atomic structure in order 

to better estimate the fluctuations in energy transfer for the small number of individual 

collisions which characterise thin layers. A similar photoabsorption method was used 

in the original hybrid TRD simulation to determine the energy loss fluctuations and 

this similar method was found to be satisfactory. 

The Urban model on the other hand is GEANT's older default method for explicit 

generation of Grays above a given threshold. This simple model is advertised as valid 

for any detector thickness. The model parameterises the atoms of the medium with 

two excitation energy levels and one ionisation cross section to reproduce both the 

low and high energy transfer collisions [26]. 

In order to test these models of energy loss the results of simulation were com- 

pafed primarily to the pius distributions of energy loss measured in the prototype 

"rRD test experiment. Comparison with the pion distributions allows for tests focus- 

ing on the ionisation energy loss and &ray tracking, noting that for pions the further 
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complexity of low energy X-ray transition radiation generation and absorption is ab- 

sent. Experimental ionisation distributions for electrons, obtained in the case of no 

radiator in front of the X-ray detector, were also used for comparison. However, the 

electron distributions could not include the important effect of punch-through 6-rays 

from the radiator and thus were not as critical as a standard of comparison as the 

pion distributions. 

As mentioned earlier, optimal 6-ray tracking is essential since &rays either pene- 

trating or escaping the relevant wire cell volume have a large influence on the small 

statistics of the high energy tail of the energy deposition distribution. In turn, it is 

specifically the integral of this tail above the electron efficiency cut which determines 

the pion rejection factor of the TRD. Therefore, in light of GEANT7s unofficial claim 

of reliable 6-ray generatios and tracking down to 1 keV, these models were tested 

with 1, 5, and 10 keV cuts on both electron tracking and 6-ray production. For the 

PA1 model the results displayed alarming sensitivity to the different cuts and with 1 

and 5 keV cuts the comparison with data was poor. With 10 keV cuts the simulation 

results for the PA1 model converge to good agreement with the data. The results of 

the comparison to data for the PA1 model with 5 keV cuts are shown in fig. 5.1 and 

with 10 keV cuts in fig. 5.2. The GEANT developers were contacted regarding this 

alanning sensitivity to cuts below 10 keV and eventually identified the origin of the 

PA1 model failure. Apparently the unfulfilled assumption of the model for cuts below 

10 keV is that the S-ray threshold must be much greater than the ionisation potential, 

I, of the gas, and this assumption failed for cuts below 5 keV or so for xenon for which 

I is of order 0.5 keV [28]. 

The Urban model results on the other hand were self-consistent with cuts down 

to 1 keV. The results with 5 keV cuts are given in fig. 5.3 and with 10 keV cuts are 

given in fig. 5.4. The agreement with the data is seen to be good in both cases. 

In light of the sensitivity of at least one of the models to low energy cuts on &ray 

generation and out of consideration for the finite CPU time available for tracking low 

energy particles, the 6-ray generation and tracking threshold required for accurate 

TRD simulation was evaluated more carefully. The dominant factor determining the 

maximum acceptable cut is the range of the 6-ray electrons. The effective range of 
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Figure 5.1: The PA1 model for ionisation energy loss with 5 keV cuts compared to 
the experimental pion distribution. 
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Figure 5.2: The PA1 male1 for ionisation energy loss urith 10 keV cuts -pared to 
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Figure 5.3: The Urban model for ionisation energy loss with 5 keV m t s  compared to 
a he expekrnmtal pion distribution. 
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Figure 5.4: The Urban model for ionisation energy loss with 10 keV cuts compared 
to the experimental pion distribution. 
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S-ray electrons can be approximated up to a few hundred keV by [25], 

where R is in g/cm2 and E is in MeV. Using this formula, a more moderate electron 

energy cut of 10 keV implies a maximum effective range for the untrucked 6-rays of 

order only 0.5 mm in the Xe/CH4 gas mixture. This is less than 2% of the active area 

of 1 wire cell in the prototype TRD and less than 4% of the active area of 1 wire cell 

in the HERMES TRD. 

Since under actual experimental conditions the TRD tracking alignment accuracy 

in the HERMES experiment will likely not exceed 1 mm, this energy cut on 6-ray 

tracking in the gas would be within the track reconstruction tolerance, noting that it 

is the track reconstruction which identifies which TRD wire cells are to be associated 

with a given track. Moreover, 6-rays emitted from the radiator would have a similar 

maximum range in the flush gap, that is, any 6-rays with energy below 10 keV would 

be unlikely to reach the detector gas, and thus the 10 keV threshold is adequate also 

in consideration of the punch-through 6-rays. 

In light of these calculations the agreement of TRD prototype data with simulation 

results with a 10 kev energy cut on electron tracking is not unexpected. Further, the 

above considerations also imply that 10 keV electron cuts would be adequate for 

simulation of the HERMES TRD. Although both models agreed with the data with 

10 keV S-ray generation and electron tracking cuts, due to superior agreement in the 

critical high energy tail of the pion distribution and also a faster algorithm, the Urban 

model was chosen over the PA1 model. 

5-32? Modeling of Ilransition Radiation 

A model for the generation of transition radiation is unfortunately not available within 

the GEANT package. The independent TR generator which was explicitly included in 

the TRD simulation was the one of the earlier hybrid TRD simulation, which had been 

devdopd starting from ekmeats of 2 gener&x o b t a k d  from the CG milaboration 

r29]. This TR generator is based on a numerid method of Garibian et al. [30] which 

evaluates the TR yield from an irregulas stack of dielectric layers. 
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Defining < d&/& > to be the average number of TR photons per unit frequency 

emitted by a stack of N layers of average thickness < a > and average spacing < b >, 
and 8 to be the angle of emission of the transition radiation, then, 

where, 

Here I is a general interference term which is a ra.ther complex function of a, b, 8 ,  P,  
and 6 = 1 -t2. The reader is referred to the original article 1301 for the full expression. 

If the distribution for the thicknesses and spacings of the layers is given by a 

function, f (x), then the averaging of eq. 5.12 can be performed as follows, 

assuming that the integral of the function f(x) is normalised to unity. 

Garibian et al. [30] approximate the distribution f (x) with a gamma distribution, 

/3;xa-' exp (--pox) 
f ( 4  = 

W )  
7 

where r ( a )  is the Euler gamma function, and a and po are real positive non-zero 

parameters determined from: 

where (x) and (Ax2) are the average value and mean square deviation of the dielectric 

layer thickness. Thus a determines the variation through: 

The gamma distribution allows for the averaging in eq. 5.12 to be performed analyti- 

cally. The integration over angles in eq. 5.12, however, must be evaluated numerically. 
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In the absence of experimental results for TR X-ray generation alone, that is to 

say, disentangled from both the effective amount of TR absorbed in the detector gas 

and from the underlying ionisation of the electron track, the performance of the TR 

generator can only be compared to experimental data in terms of the total electron 

distribution. This comparison will be made after consideration of the modeling of 

photoabsorption. 

5.3.3 Modeling of Photoabsorption 

Photoabsorption in GEANT is calculated using parameterisations of the known pho- 

toabsorption cross sections for all the elements, as a function of photon energy E,, 

where the mass attenuation coefficient of eq. 5.10 is fit as follcrws (for Z 5 loo), 

Here the index i runs over elements and j over the number of fitting intervals; p 

is in cm2/g. As mentioned above, GEANT had recently unofficially extended the 

parameterised photoabsorption cross sections down to 1 keV. It is this new feature 

which made GEANT attractive for accurately simulating the critical photoabsorption 

in the soft X-ray energy range above a few keV. 

GEANT also tabulates four shell energy levels for each element, namely K, LI ,  

LIT, Lrrr, as well as their radiative and non-radiative decay mode probabilities. This 

allows GEANT to include the effects of both fluorescence and radiationless transitions 

subsequent to the photoelectric absorption [26]. 

5.4 Comparison to Experimental Data 

In light of the above considerations, the Urban model was chosen for simulation of 

Ionisatim enefgy loss fhr:t.aa+uions with explicit 6-ray genepation above 10 keV and 

electron tracking down to f 0 keV. For the TR generator, the parameter a-'I2 of 

eq. 5.17 was set to 0.1 itnd 1.0 for the variation of the cylindrical fibre thicknesses 

and spacings respectively. These best fits were determined in the previous 'hybrid' 
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simulation [29]. The photon tracking cut was set at 1 keV. The final simulation 

results with these optimised cuts are compared in fig. 5.5 to the experimental pion 

and electron distributions at 5 GeV obtained with the 17-20 p fibre radiator. The 

simulated and real data can be seen to agree well over the full range of interest. 

The simulation performance is also compared to test data at 10 GeV in fig. 5.6. As 

can be seen from the figure the simulation results at higher energy also agree well with 

the data. In particular, the upward shift of the pion spectrum with increasing beam 

energy reflects the relativistic rise of ionisation energy loss mentioned previously. The 

comparative insensitivity of the electron spectrum to incident beam energy reflects 

both the saturation of the relativistic rise of energy loss as well as the saturation of TR 

generation. These topics will be addressed in greater detail in the following section. 

The above studies indicate that with optimised cuts and parameter settings, as 

well as propitious choice of energy loss model, GEANT is capable of accurately repro- 

ducing the relevant ionisation energy loss fluctuations necessary for simulation of the 

TRD. Further, the algorithm for TR generation and the GEANT photoabsorption are 

also successful at reproducing the TR X-ray generation in the irregular fibres of the 

radiator and absorption in the radiator itself as well as in the detector gas. 

Following this success two efforts were undertaken. The first of these was to include 

the TR generator, the relevant TRD simulation routines, and the optimised GEANT 

parameter settings into the HERMES Monte Carlo simulation. The second was to 

convert the simulation of the prototype TRD into a simulation of the full six module 

HERMES TRD. The motivation for and use of this simulation of the six module 

HERMES TRD are the subjects of the following section. 

5.5 Study of H[ERMEX TRD Response Distribu- 

tions 

iln the case of the prototype TRD tes% experiment and dso in the case of Monte Carlo 

simulation, the incident particle type is known a pririori. This information allows for 

the determination of the stat ist id distributions of energy deposition for each particle 
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Figure 5.5: The simdatioo resdts for 17-20 p radiator compared to the 5 GeV dectron 
and pion distributions obtained from TRD prototype data. 
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Figure 5.6: The simulation results for 17-20 y radiator compared to the 10 GeV 
electron and pion distributions obtained from TRD prototype data. 
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type. Under actual experimental conditions the particle type is not known a priori 

and the task of the PID algorithms is to identify the incident particle type given 

the specific detector responses to that event and using the known detector response 

distributions. 

Since the spectra for pions and positrons are known to overlap significantly, as was 

shown for example in fig. 3.1, the probability that an event can be identified with a 

given particle type becomes a function of the height of the known response distribution 

for that particle at the value of energy deposition measured in each detector. Thus 

knowledge of these response distributions for all particle types and for each detector 

(or module) is essential to the PID analysis. 

A further point of complexity is introduced however in recognition of the fact 

that the energy deposition distributions for both pions and positrons, indeed for all 

particle type candidates, are dependent upon the incident track angle and momentum 

as well as a number of other conditions which will be outlined below. Thus, in order 

to optimise the particle identification algorithm, the response distributions must be 

determined for all combinations of the known conditions which define the event. 

Though in principle these studies could be performed with the HERMES Monte 

Car10 simulation, for flexibility as well as speed considerations the prototype TRD 

simulation was simply upgraded to a simulation of the six module HERMES TRD 

with some background effects fiom the spectrometer environment included. The most 

significant sources of correlated background from the HERMES spectrometer were an- 

ticipated to be the upstream scintillator material, which induces hadronic secondaries, 

and the lead sheet of the preshower, which introduces backscattered background par- 

ticles into the TRD acceptance. To accommodate these effects the above materials 

were included in the geometry definition. Events were then accumulated under the 

range of possible kinematic conditions to study the anticipated kinematic and detector 

dependent variations in the TRD response distributions. 

The relevant kinematic information available for the TRD analysis &er each event 

is the momentum, angle though the TR6), and charge of each trxk. These parameters 

are determined fiom the position measurements of the tracking chambers coupled with 

the track deflection through the magnet. Before presenting the simulation results on 
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the variation of the response distributions under the different kinematic conditions, 

it will be instructive to briefly review the physical origin of each variation. 
& 

5.5.1 Momentum Dependence of Response Distributions 

Considering first the transition radiation, the variation of the TR generation is limited 

by the 7 dependent saturation effect which was given by eq. 3.7. This saturation of 

the yield resulted from the non-zero plasma frequency of air and, using eq. 3.7, this 

saturation value can be estimated. Noting that wjYP = 0.7eV, for 10 keV X-rays a y 

value of roughly lo4 c a ~  be anticipated for the onset of saturation of the yield. This 

corresponds to 5 GeV positrons. Thus over the m o m e n t a  range of interest the TR 

yield is beginning to saturate and will increase only slightly. 

In terms of ionisation energy loss, as shown in eq. 5.1: the average dE/dx for 

charged particles is known to begin to increase after some mass-dependent threshold. 

The energy loss preceding this relativistic rise is called minimum ionising and the 

saturation following this rise is called the Fermi Plateau. Around the lower momentum 

limit of 3.5 GeV/c for events of interest in the HERMES experiment, pions are only 

about half way up the relativistic rise curve. On the other hand positrons are already 

iijnising at the saturation value of the Fermi plateau. 

The above considerations imply that the average value of the energy deposition 

spectra for both pions and positrons should migrate upwards slightly with increasing 

track momentum, This behaviour is confirmed in fig. 5.7 which shows the response 

distributions for pions and positrons at 4 and 28 GeVJc. 

5.5.2 Angular Dependence of Response Distributions 

Considering next the angular dependence, the variation of TR generation and self- 

absorption in the radiator can be expected to be negligible. This follows from the 

fact that the to td  number of cylindrical fibres traversed by the incident track will be 

independent of the incident an&, as will the mt mamt 0% fibre mzk,rlz! (&sorption 

in air being negligible in comparison to fibre materid). 

The TR absorption in the detector, on the other hand, will increase slightly at 
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Figure 5.7: The energy deposition distributions for 4 and 28 GeV/c incident tracks 
in m d d e  3 m betermkeb bjj h401ite C a b  simdation. 
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large angles since the net amount of gas traversed will increase as cos-'9, which is 

at most a 3% increase in length at maximum track angle. It is important to note, 

however, that the additional absorption does not vary linearly with this geometrical 

factor since the attenuation of radiation is an exponentially decreasing function, as 

given by eq. 5.10 earlier. 

In terms of ionisation energy loss, as given by eq. 5.1, the average dE/dx is pro- 

portional to the thickness of the medium. The increase of the detector length by the 

factor cos-'9 implies an increase of roughly 3% in the average dE/dx for a maximum 

track angle of approximately 15 degrees. This corresponds to a shift in the spectrum 

of only 0.33 keV. 

These effects are shown in fig. 5.8 which compares the pion and positron distribu- 

tions at 0 and 250 mrads. The angular dependence is seen to be slightly less significant 

than the momentum dependence. 

5.5.3 Simulation Results for Detector Effects 

In addition to the kinematic effects presented above there are also background and 

detector effects which influence the energy deposition distributions. The figures shown 

above were response distributions given by the 3rd module of the TRD. in fact, 

although the module dependence of the distributions was anticipated to reflect the 

increasing impact of hadronic showers and of the contribution from backscattering 

from the lead sheet in downstream modules, another import effect was discovered. In 

particular, the positron energy deposition was observed to increase with increasing 

module number. This effect, which improves the particle discrimination of the later 

modules, arises from 'punch-through' transition radiation produced in an upstream 

radiator but only absorbed in the second or even third subsequent X-ray detector. 

In fig. 5.9 the distributions fc- modules 1 and 6 are ~zesented. The impact of this 

punch-through TR effect is seen to be significant. 

Finally, alI of the figures shown have been generated under the condition that 

the particle track is compIetefy contained within a single wire cell. fn general, with 
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Figure 5.8: The energy deposition distributions for 0 and 250 mrad track angles in 
mod& 3 as determined from Monte Carlo simulation. 
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Figure 5.9: The energy deposition distributions in TRD module numbers I and 6 at 
4 GeV fc  for paitr~iis aid pie~s as beCdneC by Monte C d o  simdation. 



increasing track angle there is an increasing likelihood that a particle track will tra- 

verse two adjacent wire cells in the same module. Further: even a straight track may 

straddle the median between two adjacent wires. Under these conditions the TR 

absorption (if any) will be distributed in both wire cells requiring the summation of 

these two wire cells to obtain the full signal. The relative frequency of events where 

2 wires must be summed for the total energy deposition is a complex function of the 

track angle . tracking alignment accuracy, and the a pr4m-i distribution of tracks in- 

cident upon the TRD according to the deep inelastic and photoproduction scattering 

processes. 

In fig. 5.10 the distributions for pions and electrons are compared for the cases 

when the track c t v s  m e  oi t i i j~ wire cells in a single module. Though visually the 

impact may appear small, it is important to recall that the sensitivity of the pion 

rejection factor to the increased background which occurs when two adj~cent cells 

must be included in the s u m  for a single module is significant because of the impact 

this extra background have on the small statistics of the high energy tail of the 

pion distribution. To emphasize this point the six module truncated mean spectra 

for I. wire and 2 wires in the energy deposition sum of each module are compared in 

fig- 5.11. The effect on the hi& energy taii of the pion distribution is now obvious. 

As mentioned previously. the dominant contributions to this background are hadronic 

%howerst and punch-through &-rays. Further, the above sensitivity to the wire sum is 

a minimum estimate based only on those sources of background explicitly included in 

the simulation, namely correlated background from the upstream scintillator material 

and the lead sheet following the TRD. 

5-5-4 Monte Carlo Generation of Response Distributions 

In light of the above studies, the response distributions required for the PID algorithm 

were generated for thee  d u e s  of -both track angle and momentum, leading to a total 

of nine pennutati~ns; in momentum m d  angle, This d o w s  for a q u d d i c  fit in both 

momentum and angle for any given event. The values of momentum were 4, 10 , 
armd 28 GeV/c and the values of angle were 0, 100, and 250 mrads. Further, each 
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Figure 3.10: The energy deposition distributions for 1 and 2 wires included in the 
energy depasition sum for pions and positrons in module 6 as determined by Monte 
Car10 &mulation. 
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Figure 5.11: The energy deposition distributions in the six module truncated mean 
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permutation of momentum and angle was generated for both wire sum possibilities; 

for the case in which the track was completely contained within one wire cell and for 

the case in which the track crossed two wire cells. 

Thus with 3 momentum and 3 angle values, 6 modules, 2 wire summing possi- 

bilities, and 2 primary particle types, the total number of distributions available for 

interpretation of the TRD data is 216. Each distribution extended from 0 to 100 

keV with a bin size of 1 keV and was generated with 5 x lo5 events. The details 

of the algorithms which use these distributions for the TED PID and the proposed 

3ERMES PID dgorithms axe presented in the following chapter. 



Chapter 6 

Particle Identification Analysis 

The task of the particle identification (PID) algorithm is to convert the energy depo- 

sition signals recorded in the detectors for a given event into a quantitative measure 

of particle type. In particular, for the six modules of the transition radiation detector 

(TRD), the results of all modules for a given track must be combined in an optimal 

manner to obtain a complete TRD measurement of the particle type. The probabili- 

ties obtained from the other PID detectors must then also be combined with the TRD 

measurement in a consistent way to make the final experimental determination of the 

particle's identity. 

In this chapter the method of interpretation of the TRD measurements is first 

introduced quaiitatively. This will be followed by a review of relevant concepts from 

probability theory which will be applied first in an algorithm for the TRD PID and 

then in a final algorithm for combining the results of all PID detectors. 

6.1 Overview of Probability Method 

The performance of the prototype TRD was extrapolated to the six module TRD 

performance using the t;nmcated mean method. However, optimal interpretation of 

the TRD results icw!ves a probabi!itq ma!j;sis which uses the information from all 

TRD modda.  Therefore the Monte Carlo studies of the previous chapter were based 

on individual module rather than truncated mean distributions. For each module's 
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response then a probability can be extracted from each module's predetermined energy 

deposition distributions for each particle type candidate. 

The response distributions have all been generated under aa equal ratio of pions 

to positrons. Under act-uaJ experimental conditions, however, the relative flux rates 

of pions, kaons, protons, and positrons are neither equal nor constant with varying 

momentum and scat tekng angle. Thus a straightforward extraction of the relative 

Heights of each particle type's distribution at the given value of energy deposition is 

not a valid basis for comparison. In fact the relative flux rates of the different particle 

types must be included to normalise, or weight, the energy deposition distributions 

as a function of incident angle and momentum. 

The importance of these factors in the PID formulae can be understood more 

qualitatively with the aid of a simple example. Consider the extreme case where under 

certain experimental conditions, say at a certain momentum and angle, the production 

of positrons is zero. Then use of the response distributions without weighting for 

extracting probabilities would occasionally yield a 'maximum' probability that the 

incident particle was a positron when in fact the true probability is zero. Under less 

extreme and more realistic circumstances, the incident flux information is at the very 

least an important weighting factor in the determination and comparison of particle 

type probabilities. 

A visual example of the above argument; is presented in fig. 6.1, where the single 

module pion distribution has been scaled by a factor of 40. This factor is the antici- 

pated flux ratio of pions to positrons (at 4-5 GeV and intermediate angles) once the 

events have beeu filtered by the first level trigger. From this figure it is clear that a 

simple comparison of the heights of the response distributions which are normalised 

to quid ambers  of events for each particle type is not a valid basis for ascertaining 

probabilities. Fig. 6.2 is also provided as an example of the iznpact of the scaling on 

the t m c a t d  mean spectra These truncated mean distributions provide a compar- 

ative measure of the hme-it_d net pion cmtamination w h e ~  incident fl-ax rates are 

taken into account. The quantitative method of analysis developed for combining and 

interpreting probabilities which acco~~l~~lodates this flux dependence is introduced in 

the following section. 
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Figttre 6 .2  T'ne relative s d e  of piou to positron distributions estimated from the 
anticipated incident flux ratio. 
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Figure 5.2: The refaiive d e  of pion to positron truncated mean cfistributions esti- 
mated from the anticipated incident flux ratio. 
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6.2 Maximum Likelihood and Bayes Theorem 

Let fF(E) be the known distribution of energy deposition E for particle type i in 

module rn under the kinematic and detector conditions which define the incident 

track and let Em be the specific energy deposition in 

the integral of this distribution is normalised to unity, 

module rn from this track. If 

(6-1) 

where Em,, is the greatest relevant value of energy deposition, then the value of 

f&(E,) is the conditional probabilitx or likelihood, that this module's response was 

induced by particle type i. Here the word conditional is used to emphasize that this 

quantity is not the probability that the track was particle type i, but the prabability 

of obtaining this response if the incident particle was type i. 

If the results from all TRD modules can be assumed to be nearly independent 

then they can be combined as independent probabilities according to 

Here P>L~(E) is the conditional probability that particle type i would have induced 

the combined TRD response E. The fact the P&, will in general be small should 

not be alarming, noting that it is the relative magnitude of the P;L for each particle 

type i which will be the source of identifying the particle type of maximum likelihood. 

Assuming the independence of results from the various PID detectors, namely 

the Cerenkov, TRD, preshower, and cdorimeter, these detector probabilities can be 

combined by the same multiplication method: 

Here the subscript, d denotes each PIP) detector. The track now can be associated with 

the particle type i which has maximum likelihood, that is, greatest relative magnitude 

of P s i .  The above method however fails to provide any quantitative measure of the 

relative contamination from other particle types since it  doesn't make use of the actual 

incident flux information, This effect was shown to be crucial in section G.L. 
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A quantitative measure of this contamination can be obtained from knowledge of 

the a pmteriori probability that the track in question can be correctly identified with 

particle type i . The relationship between this last probability and the conditional 

one gisen in eq. 6.3 is defined by Bayes Theorem [32], 

which reads: the probability that effect Ej can be attributed to cause C; is propor- 

tional to the probability that cause C; would lead to effect Ej times the probability 

of occurrence of cause Ci 1321. 

The factors P(Ci) in the case of HERMES PID are the relative incident rates for 

each particle type. Thus the factors P(Ci) are the necessary weighting factors of the 

distributions f ' ( ~ )  motivated earlier. 

Although the ratio of background hadrons to positrons is known to be a strong 

function of momentum and scattering angle, the exact dependence is not known. This 

leads to the observation that the usefulness of Bayes Theorem seems limited since a 

prior+ knowledge of these relative flux rates are required. This limitation may be 

overcome, however? by an iterative procedure which fits the observed event rates to 

the known distributions. This procedure allows for determination of the flux ratio of 

pions to positrons, or, equivalently, for determination of the flux factors P(Gi). The 

algorithm for this iterative procedure will be presented at the end of the following 

section. 

6.3 Particle Identification Algorithms 

In light of the above considerations it  is now possible to introduce the PID algorithms. 

These algorithms apply the above fonnulae to the interpretation of the detector re- 

qxmses 25 q?~mtiWhx pmba.bd&ks that a gken CLraek am be identified with each 

partide candidate i. 
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6.3.1 TRD PID Algorithm 

The generated f i (E)  distributions of section 5.5.4 were stored in arrays for use in the 

BERMES reconstruction JHRC) program. This program uses the position information 

from the tracking chambers to reconstruct particle tracks in the front and back regions 

of the spectrometer. The front and back segments are then combined, if possible, 

according to deflection through the magnetic field. The magnitude of this deflection 

determines the momentum of the particle. 

T i e  TRD PID aigorithm uses the back segment of the track to determine which 

TRD wire cells were struck, and, if the track crossed two wire cells in a given module 

(which determination is also constrained by the alignment resolution) then the energy 

depwitlon values from these wire cells are summed. In either case, for each module 

the energy deposition value Em is obtained after gain calibrations are applied. The 

values of fi (Em)  are then extracted from the generated distributions for each module 

n~ and particle type i. 

Recalling that there are 9 such fL(E;,) values reflecting permutations of incident 

angle and momentum, these 9 values for each i and m are then interpolated to the 

value of incident angle and momentum determined from the track reconstruction. 

This double ioterpdztim msu!ts in the set of numbers fk(E, j. The results for the 

six modules are then combined using eg. 6.2 to obtain p?AD(d) for each particle type i. 

This last step approximates that the responses from separate modules are independent 

measurements. Correlation effects can be included if the multiplication in eq. 6.2 is 

replaced with a 6 dimensionai matrix containing the distribution of combined six 

module responses, E, for each particle type. Such an approach would require a large 

investment of CPU time if performed with simulation. In light of the inexact nature 

of simulation data and the significant investment of CPU time, such a study of the 

second order biases which result from neglecting correlations is best reserved for once 

data are available to determine the accuracy of simulation results. 
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6.3.2 Proposed HERMES PID Algorithm 

The remaining task is to combine the results of all detectors according to eq. 6.3, 

yielding values of pcsi(E) for each track. Correlations may be included in a manner 

analogous to that for combining the TRD conditional probabilities, but again such a 

study is best deferred until experimental data are available. 

The conditional probabilities for each particle type can be converted to final a 

posteriori probabilities through application of Bayes Theorem: 

where Pi(E)  is the final probability that the combined detector responses ,!? for the 

track in quession can be identified with particle type i, and where P&(p, 8) and pC*'(E) 

are the flux factor and combined detector conditional probability corresponding to the 

given incident track angle and momentum. Precise knowledge of the flux factors allows 

for maximum positron efficiency as a function of incident angle and momentum for a 

given hadron contamination threshold. 

The factors P;Cp, 6) can be obtained from a Bayesian iteration procedure following 

that of ref. [32]. Given a set of initial guesses for the relative flux rates, ~ $ ' ( p ,  o ) ,  a 

first application of Bayes theorem allows for assignment of the expected number of 

events to each particle type i according to: 

where rids is the total number of events at a given incident angle and momentum and 

for a given permutation 4 of detector responses. 

The initial guesses for the relative flux rates can  the^ be improved with the esti- 

mate: 

where, 
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This procedure is repea~ed iteratively until convergence within an acceptable x2 be- 

tween the last two flux estimates is achieved. 

The optimal flux factor binning in incident angle and momentum which is neces- 

sary for the implementation of this procedure depends on the amount and distribution 

of experimental data, as d l  as the precision required of the probability analysis. Fur- 

t her, the Bayes iteration algorithm is sufEciently flexible to accommodate correlation 

effects between detectors. This corresponds to the case when the conditional prob- 

ability matrix, P'Y'(~?~), is constructed explicitly rather than obtained from a multi- 

plication of individual detector probabilities. In fact, since the combined responses 

n&,(&) automatically include correlations, the flux factors obtained from the Bayes 

iteration should be more accurate when the conditional probability matrix includes 

these correlation effects. 
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Conclusion 

The HERMES experiment is currently being comn~issioned and data collection will 

begin shortly. The experiment anticipates to contribute important knowledge to our 

understanding of the origin of the nucleon spin. 

The TRD plays an essential role in the particle identification system of the HER- 

MES spectrometer. Prototype tests of the TRD were performed studying various 

radiator types and the 17-20 micron fibre radiators proved, to first order, to be ca- 

pable of providing suEcient particle separation for the HERMES TRD to reach its 

design pion rejection factor goal. The test data also served as an important standard 

for the optimisation of Monte Carlo simulation of the six module HERMES TRD. 

Monte Carlo modeling is necessary not only for optimisation of the HERMES 

TRD design, but also for studies of the TRD performance and interpretation of the 

TRD data. Since the Monte Carlo of the complete HERMES experiment (HMC) was 

based on the GEANT detector simulation tool and since the TRD performance is 

uniquely sensitive to low energy physics processes, an independent simulation of the 

prototype TRD was developed using the GEANT tools in order to test and optimise 

their accuracy. Different models of energy loss and the important impact of low energy 

5-ray tracking were s t u d i d  An dgmithm for the ge~erztion of transition rdiation 

(TR) in the irregular fibre radiator was also obtained from a.n eaxfier simulation and 

integrated with the GEAMT physics modeling algorithms. 

The optirnised results of the TRD simulation were found to be in good agreement 
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with the available prototype TRD dat.a. Following this success, the prototype TRD 

algorithms were integrated into the HMG simulation. The prototype TRD simulation 

was then also modified and extended into an independent simulation of the six module 

HERMES TRD, including some significant effects from the HERMES spectrometer 

environment. This simulation was then available for fast and ffexible studies of the 

TRD performance. 

The first application of this independent TRD simulation was in studies for opti- 

mising the particle identification (PID) algorithms required for interpretation of the 

TRD response. In particular, the sources of variation in the TRD response distribu- 

tions needed to be identified and determined. Further, a set of response distributions 

spanning the range of these variations had to be generated for use in the PID algo- 

rithms. 

These Monte Carlo studies confirmed the anticipated kinematic variations but also 

revealed important unanticipated detector dependent effects in the response distribu- 

tions. In particular, the cumulative effect of 'punch-through' TR was found to be 

significant, ultimately enhancing the particle separation of downstream modules. In 

light of these studies a set of distributions were generated for use in the PID algo- 

rithms. 

Once the nature and magnitude of the variation of the energy deposition distri- 

butions had been determined, TRD particle identification algorithms were developed 

which apply these distributions to the interpretation of TRD results. Further, a PID 
algorithm for combining the results of all HERMES PID detectors was also developed 

which accommodates the relative flux factors necessary for quantitative measure of 

the actual hadron contamination of the positron data sample. Finally, an iterative 

algorithm is proposed which measures the precise incident angle and momentum de- 

pendence of the relative flux factor rates for each particle type for use in the HERMES 

PIB probability algorithm. 



Appendix: Contribution to 

HERMES 

Modern high energy experiments have come to require the combined effort of many 

physicists, students, and technicians to efficiently achieve the desired physics goals. 

In light of this group effort, the contribution of any one individual can be difficult to 

identify. Thus, at the request of my supervisory committee, this appendix is provided 

to specify my primary contributions to the HERMES experiment. 

My involvement with HERMES began in September 1993 and my primary task 

until October 1994 was the construction of the TRD at TRIUMF. This involvement 

was in parallel with course work and extecds over the complete construction phase of 

the TRD. 

During the summer of 1994 I began to acquire familiarity with the HERMES soft- 

ware. At that time the task of developing and testing algorithms for the modeling 

of the TRD which could be integrated with the existing HERMES software was pre- 

sented to me. This involved software work at TRIUMF and also two short trips to 

DESY for software workshops. 

Through the remainder of the fall of 1994 my primary responsibility became soft- 

ware development and analysis of the existing prototype TRD data which had been 

taken prior to my involvement with HERMES. After the completion of my course 

work requirements at the end of the fall term of 1994 I began to work full time at 

DESY. in parallel with continued software development I contributed about one third 

of my time to the h a 1  phase of the installation of the TRD. 

In the spring of 1995 I completed the Monte Carlo studies of the TRD response 



distributions and developed the PID algorithms for the TRD and for the general 

HERMES PID analysis. This work was supplemented with contributions to the in- 

strumentation of the high voltage and electronics readout of the TRD, as well as 

with involvement in preliminary commissioning of the TRD. In the late spring and 

early summer of 1995 I also ran data taking shifts during coarnissioning runs for the 

HERMES spectrometer. 
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