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ABSTRACT

EA~erimental measurements of the ionization loss caused

by charged particles moving 'vi th relntivi stic veloci tics as they

pass through thin samples of gas are presented. Thi2sf data d.:re

the result of th1'ee experiments ",here gas samples of 1. r, em of

Argon or Xenon (mixed ",ith small quantities of other gases) were

placed in a beam of pions, protons and electrons whose momenta

covered the range such that p/m c = 1 to 50,000 (where p =:
o

momentluo, m =: rest mass).
o

The shape of the ionization loss distributions obtailled,

and the size of the 'relativistic rise' of ionization loss "With

pill-ticle velocity are compared ",i th new Honte-Carlo theoretical

calculations. The agreement between eA~eriment and thco-ry is

sh01m to be good, as compared with previous theories, ,-,here sig­

nificant discrepancies ",ere observed lVith thin samples of gas.

The theoretical model is also used to make predictions

of ionization detector properties.

(v)
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Argon or Xenon (mixed Hith small quantities of other gases) were

placed in a beam of pions, protons and electrons whose momenta

covered the range such that p/O! c = 1 to 50, 000 (,~here p =
o

momentum, ill = rest mass).
o

The shape of the ionization loss distributions obtailted,

and tlIe size of the Irelativistic rise' of ionization loss with

pa1.'ticle velocity are compared 'vi tb new Honte-Carlo theoretical
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CHAPTER I

INTRODUCTION

(,
1.1 INTTIODUCTION

This thesis is the description of experimental "ork and ~nalysis

the author has helped carry out from 1972-1975. Most of this work is

motivated by the underlying question: HOl, does one identify charged parti-

cles at very high energies? As particle velocities approach the speed of

been carried out.

b2am momenta of this mngnitude nre typical of the FN AL and C En i"J - SP S

amount of ionization produced in the gas is dependent on the particle's

there exists a measurable property of charged particle velocities. It is

Incident

It is ,,,ith the idea of buildine; a detector which c0uld

For instance, for bubble chamber techniques to be still feasi-

found that if a charged particle is passed tlrrough a sample of gas, the

In the relativistic region of plmoc ~ 5 ...... 200, (p ::: momentwn,

mo ::: rest mass), just where identification methods appear so diffi~llt,

assist in particle ident{ficntion that the follo"ing investigntions have

accelera tors.

the position of the secondaries emerging from the bubule chowuer.

daries each i,ith momentum typically less thnn rv 50 GeV/c, it is necessary

creasingly difficult or, in some cases, impossible without modifications

to use external detectors which could assist in identifying nnd in measurin~

ule when nn incident beam momentum of, say, 200 GeV/c is used, giving secon-

being made.

light, conventional methods for identifying charged particles become in-
:-I;
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ticle's electromagnetic field as its velocity gets nearer and nearer the

speed of light.I
velocity. This is caused by the relativistic change in shape of the par-

A more detailed description ~ill be given later.

Three E::.'.."periments are described in this thesis l,hich investigate

this pllenomenon of ionization loss at relativistic velocities. The first
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velocities.

ted from ""hich useful ionization information can be obtained.

optimized ho\vever for this experiment, nnd so the accuracy of the results

all the

The results of

since

Condi tions \."ere not

However,

Again there is no justification for an

of particle identification at ultra rela-

As \Vill be seen, the experiment \vas fairly

Its main purpose \."as to test a prototype

Host of the time in this experiment was used for testing

Consequently it became apparent that a very detailed analysis was

energies using this technique.

in gas for various charged particle velocities.

leaves something to be desired.

involved description of the analysis.

A third experiment \vas performed at the Fermi "National Accelerator

the position sensitive properties of this detector. As a subsidiary ~xperi-

Laborntory (N A L) i.n 1974, \."hose main aim was to measure ionization loss in

The second experiment \,'as performed at the Rutherford High Energy

successful and it provided information over a wiele range of particle

detector capable of measuring both the ionization loss of a charged particle

Besides the three e},:perirnents ruentiolled above, this thesis describes

gas accurately, and to find how good particle discrimination is at various

the results of theoreticill predictions of ionizntion loss <lnrl the l!1('t.!10c1s

Laboratory (RHEL) in 1973.

racy.

ment, measurements \,ere made, using a different detector, of ionizntion loss

not justified, and in this thesis a very small sample of the data is presen-

found impossible to get a consistent calibration to a high degree of accu-

incidentally is a possible method

. . t· l' t . (1, 2). 1m c ~ 200)tlV1S lC ve OCl les ,it.e. p ~ .o

this S LA C experiment are not as good as \~as hoped for, because it \vas

apparatus and conditions required for ionization measurements are the same

and its r-os~tiorr.

as for transition radiation, both phenomena "ere measured.

W(lS (Ill e:x.-perillent performed at the Stanford Linear Accelerator Laboratory

(SL AC) in 1972, \"hose prime aim was to measure transition radiation (h'hich

velocities.
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swnmari zed.

1. 2 'mAT IS IO\'rZATION LOSS?
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Consequently a Monte-Carlo

The members of the group are 'L W.N.Allison,

Huch of the work in this th8sis follows. on from the ,~ork described

Cobb's thesi~(3) to which many references will be ruade. The groupin J .R.

In the final chapter, compari sons of theory ,~ith experiment are

When a clwrged particle passes through a medium, an electroma[1netic

interaction can occur between the charged particle and an atom in the

zation methods is known as the ISIS group, (!dentification of §econdaries

C.B. Brooks, J.N. Bunch, J.n. Cobb, P.D. Shield and R.'v. Pleming.

at Oxford currently working on particle identification techniques by ioni-

by !onizatio!.l §ampling).

technique for handling the-theory has been developed.

assumptions that do not apply to our c()se.

1 ntlllosphere) are being used the theory as previously developed contains

,
I
I
I
i
J

....

.~

medium, resulting in a transfer of energy from the charged particle to the

atom. The atom becomes excited or) if enough energy is transferred) it

can become ionized. The total energy transferred in the collision process~s

that result in ionization of the medium, is the quantity measured in the

experiments described in this thesis.

I
In these eJo.:periments the medium corresponds typically to a L 5 em

sa~ple of Argon gas at atmospheric pressure. A relativistic charged parti-

cle '~ould make on average about 50 collisions on its way through the gas,

but since the process is a statistical one, the number of collisions for

repeated trclVersals of the sample ,~ill obey a Poisson-type distribution

centred about fifty.

In a coIl ision ,~ith an Argon atom the most likely resul t is the

prodnction of an ion pair, Le. (1\:r+ e-), "ith u kinetic energy of a fe,~

~.
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The clectrons drift down an clectric field tOHards a thin signal wire. In

the process they Hill gain energy from thc clectric field lind lose it by
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Thi s is called 'primary' ionization.
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Fig.1.6 A simple layout of multii'/ire
proportional chamber

The incident charged particle causes ionizaiion of

For a noble gas (c.g. Argon), \~ith a closed shcll,

The processes involved in the production of this.proportional

The theory of the Landau distribution is descriued in morc detail

inelastic collisions with gas moleculcs.

molecule ill qnestion.

a lot of energy \,hich will m"kc them diffuse rnpidly.

counter produces an elcc-

signal are as follO\~s.

the gas atoms close to its track.

there [lre no lo\~ lying states and so electrons drifting in Argon \~ill gain

lose encrgy to the molecules depends lIpon the possible excited statcs of the

energy to have further collisions with atoms, causing 'secondary! ionization.

Some of thc electrons produced in this primary ionization idll have enough

is proportionClI to the total energy of the electrons freed in the collision

some form. See Fig .1. 6 for

side view. A proportional

In the experiments described in this thesis the ionization loss of

processes.

trical signal i"hose size

ti~nal Counter (HWPC) of

in Chapter V.
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a charged particle, as it passes through a sample of gas, is measured by
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signal ~ire, the field intensity increases till, at some point, the electrons

rotatioJlCll) for the electron to excite even when travelling <.It then'al velo-

molecules (e.g. CO
2

) there are mcmy 101v lying levels (e.g. vibrntiollal and

."_.".

As the electron cloud drifts close to the

Thus, in this case, electrons "'ill not gain a lot of energy andci ties.

so ~ill not diffuse ruuch(8).

acquire enough energy to cause further ionization of the gas. Condi tions

are controlled in this amplification process snch that the to"tal nnmber of

in diameter and the potential differences betlveen Iff planes and sigr.al \Vires

Hulth~'ire prOI)Ortionul counters contain many signal ~ires and come

tion is given to the motion of the positive ious (see reference (9)).

The charQcteris-

(Signal wires are typically 25 \-l

For specific examples of Hh'PC's see Chnptersin many shbpes and sizes.

are typically - 2.0 kV,vhen spaced 2 cm from each other.)

tic shope of electrical signal (i.e. long tail) is explained \Vhen cO:1sidera-

III, IV, V, and for details of the principles and problems of operation, see

to the energy of the primary electrons.

electrons arriving at a wire (hence the size of the signal) is proportional

_.
f

to measure ionization loss see references (11-15).
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reference (10). For other experiments \'ihere proportional COlmters are used
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of thc experiment relevant .to ionization loss and its ,I11Olysis ,,,ill thus

here since it givcs nn indepcndent check to the theorctical pl'cdictions of

It is still considcreu '''orth\'':lile to discuss the ionization uaCa

The p;1rtioniz<ltion loss in thin gas sZlmples, [IS describcd in Ch<lptcr V.

sense.
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Fig. 2· 1 Schematic diagram of experiment

charged particles of the bC<lm passcd throngh a HeIimD k:lI; containing 10

permnnent magnets, plnced uiong the beam path, over a distance of 20 metres',

Thus the beam of charged particles \J(lS slo'"ly deflccted a smnll distnnce

plnced behind the }l \{ PC f s.

X-rays and charged pnrticles, then travelled tlu'ough the t\W hillves respec-
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(H \{ P C) along with vurious scintillCltion trigger and veto COlmters. The
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less steel - eJi<:lIQcter 20 lJ. - sepnrntion 2nuu - nctivc area 25 X 25 cm 2).
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of the experiment -relevant .to ionization loss nnd its <Llwlysis ,~ill thus

be described very briefly.

II. 2 THE EXPrnUlf:NTAL AJm.:\."\GDJD:T

A beam frOID the linear accelerator, containing electrons and pions

of defined momentum, was pClssed through all. nrray of transition rnclintor

I foils as sh01m in Fig.2.1. From the 'foils the transition X-rnys and
~

I A

--0 e- ~~

a I

a I I

5t ? L _______ ..J
0

i lransition
radiator foils 3- FIELD /' SH

MWPC 52

Fig.2.' Schematic diagram of experiment.

charGed pnrticlcs of the bcnID pnssed thl'on~h a Helitun bLlg containing 10

plncccl behind the Hh'PC '5.

iclGntity of eDch chnrged particle '~DS determined using u sho,~er counter

Thus the be()lJl of c1wrgcd particles ,"",s slo,~ly deflected a small c1istnnce

tively of each of eight closely spaced D1ulti,~ire proportional cOWltcr$

'l'he "hw bemus) i. e ~travel in a ti~ht con~ nbout the fo~\nrd direction.

(rv 6 Cl!l in 100 ft.) [\\,'ay from the transition radiation, which continued t.o

(H \{ P C) along ,~i th v<lrions scintill(ltiol1 trigger flud veto counters. The

perrunnent U1a~nets, pl[\ced along the bcnm p,:d,h, over a distclnce of 20 metrcs-.-

X-rays (lnd charged pnrticles, then travelled tlu'ougll the b,o h"lves respec-

,
I
t

\
The p..rticle l110mcntn used \,'erc 3,9,15 GeV/c for electrons LInd

9 GCI'/ c for pions. The H'I'PC 's ,~ere seal(!d nnd contained .xenon LIt onc

ntruosphCl·C. They each cont[\illCd a centI'nl plClHe of sign"l ",ires (st"ill-

lcss steel - <Jinractcr 20 ~ - sepnrntion 2 DUU - nctivc arca 25 X 25 cm 2) ~

- 11 -



'Thcsc .,'ircs ,,'Cre nt carth potentinl. Onc hnlf of thcse ",ircs were COIl-

"•
I d tl . 1 f d t "'n "'mpl' f' el Tile o-J Iler hal f ,,,.ercl1cct ed toget ler an le sIgna e 0 u to I 1 '. l-

(For furthcr

At a distance of

lHhS sale

dent signals ••ere obta ined correspontling

to the transition X-rays (T R or Aside)

side) respectively.

and charged parti cle benm (D ED X or B

diameter 100 \l - spacing 2 illIU - ,vires at

4mm either side of the signal wire plane

,,,erc, placed the cathode planes (Cu "'ires-

Ir-­lLL

"WIPC

...:-- chamber ~;indow

- s;gn~t wires

1--1---calhode wires
•
•

ov -2-3W ·2t~v

Fig.2.2 MWPC side view

J:rm (rom (rr.m 3mm
-~­e

connccted together and fed to n diffcrcnt amplifier. Thus hJO indepcn-

from each cathode plane came the clwmbcr ,,,indo1l's mnde of alUJllinized mylar.

details of HHPC 's used see referencc (18).)

ThesE' I"ere kept at a potentilll of - 2. tllcV (see Fig. 2. 2).

"right angles to signal 'vires) at a voltage of - 2.31cV ~ 3.5mm furthcr

~

:: Ii
,',IJ
r ,i;

iii

II';
i i. 'I
. I I
i !i

;t ', .
I .'

--lIOnS

Fig.2.3· Read out system

Thc TIend-out systcm is sho'm schematically ill Fig.2.3. The attcllU-

ators 1,'Cre for cqutlliz;in~ the gain on <Ill 16 ChtlllllCls (= 8 X Tn sides +

pnt pulse h<ld <111 upproximCltcly fl<1t top <\nd Wi1S intcgr<ltcd CIt its peClk for

8 XDEDX sides).

110 ns •

The amplifiers h:1d :1 dOH rise time ('" 4\lS). The out-

The ADC 's contujncd eight hit rC'gisicrs (Le. 25G chCln:1Cls),

!
-:· 'Ihcse ".. ires '"ere ::It earth potcntinl. One h<llf of thcse Hires were COIl-
I..
I

nce"! cd togcther <lno the sign<ll fcd to an <lmpl i Ii Cl'. Thc oiher hal f ,,'crc

~ .
, I f
: ' I
;~

connected together and feel to a different amplifier. Thus tHO indcllCll-

'riGht <Ingles to signal Hires) at a voltage of - 2.31cV w 3.5mm further

(For further

At n distance of

dent signals ,,,erc obta ineo corrcsponuing

to the transi ti on X-rays (T n or Aside)

and charged pDrticle benw (D ED X or B

side) respectively.

4rmn either side of the signal ,..ire plane

diameter 100 ~ - spacing 2 mm - ,>'ires at

\Yer~ placed the cathode pl<lnes (eu ,>'ires-

-4-- chamber .,,'jndow

- s;~nal wirts

1--+--__ calhode wire-s•
•

ov ·23kV -2-UV

•

Fig.2·2 MWPC side view

J;l'!ll Lrnm (rr.m 3mm--­o

from l'aeh cathode plane come the chamber Hindo'\,'s made of nlumillized myl<lr.

aeta ils 0 f H1V pel s used see reference (18).)

These Here kept nt n potenti<ll of - 2.'1lcV (sec Fig.2.2).

I
i

,I
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~ i I
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1: ! ~I

[
, 1 I :, .

l:
:

• '1 I
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Fig.2.3 Read out system

The Rend-out s,)'stet.:.l is sho','n schcmnticnlly ill Fig. 2.3. The llttcrm-

utors "cre for cqunlizinr; the gain on <111 1G chmUlcls (= 8 X Tn sides +

pnt pulse ltLll:l ull npproxim<:l1,cly fl'-1t ttlp <I11d '~(1S integr<atcd <It its pen!;: for

8 X OU)X siC1cs).

i
1'1

;, III
· j i!
· t'j

I,

ii
110 ns •

The ullllllifiers h"d" ~loN rise tilUe ('" 41J.S). The out-

The AUC 's cont<lineo eight bit l'(·gisters (Le. 25G ch<lIl:lCls),
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the gGin 011 the first 128 channels bciJ\~ 1 times the gi1i n on the lost 1:.:'..:3

cllllnne 1s.

For the DEDX side, t\vO out of the eiGht H\{PC 's ",ere not uscd

for measuring ionization since their <lssoci<:ltcu electronics ,,,.1S used for

other purposes.

,.
I·~

I
"~-.

The be<lID ,vas

veto

The shover counter, SIll

P.6.
&

d~ay

and
T• T=T
1 10 1

and
t·[A

and

Ti1·T3SH =TH

Logic for SLAC experiment

rn~~ter ~ale
reset erc.

i2r,S~

16nScc

beam
pulse

Fig.2·4

SH I--- C:is~
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Figure 2.1 ShOHS the logic used in the S LA C e:.\:-pcrimcnt. nefcr-

coincid!::l1cc \,ith 7, (i .e. to elimirwte back~round coming in nearly the bC<l1ll

direction).

defincd 1y counters T1 ' T2 ' T 3 in co incidence.

ring to this figure und rig.2.5, it "Worked as follm.,rs.

pulse height ,,'[\S recorded [lnd used luter to separate n 's [lnd e 's. 'rIlc

W1S sometil:Jcs in the trigger to select e's or n's, or other'visc its

vetoed Ly (n) n sccond (or previous) count in T1 'vithin the S<lIDe bC<l!r1

runster triGger to initinte rC<ld-out ,,,as delayed by 1. 7 ~ uno could be

1,1
l~~SN:

A2 fan in
lCnSx

A3 A·A·f.·!:.
12 H

. A~ :L:A

the gain OIl the first 128 channels uein~ 1 tillles the gClin on tbe lClst 1::'.$

ch~nnels.

For the DE 0 X s' de, t\vO out of the e iCht H \{ pet s ,.,.ore not used

for measuring ionization since their Clssoci<ltetl electronics H<lS used for

coincit1!:l1cC \'Iith 7. (i .e. to eliminote bnclq.;rotlnd coming in nC<lrly the uClIm

:..

I

t

m~sler

Irig.

in

The b cnm \,'Cl s

c;\:pcriUlcnt. ncfer-

The shover counter l SIll

A
1

' Af) , A_ , A, (s i tn;:ltcd ,lroul1cl
"""" -.) ll"

FiCure 2.1 shows the logic used in the S LA C

. Fig.2·4 Logic for'SLAC experiment

dcfincu by counters T1 I T2 I T:3 in co incidence.

Al
1~~5!'t

A2
lCn5x

l~n in

~A1AJ A·A.A·~ I disc
lrr.'i~ 11 H

A~ ~rAllnSt>C.

'----
and

~

X- I disc
I .

16nScc
f·fA

I I

Tl I I -Ll!:~~' det~yed I and '-- ordisc
I l~n~or lo~ 11 T. 1~I l.n.,) -

1 10 1 t-- ;:b:\
-and -

T7 I disc I Fn(pc 11' {2·T)
I (

T3 I disc I 17n ~ PC ~eloI I
'-- 4lnd P.6. '-- and

SH I Ti7'T3SH:T~1
t--- &

TH·V
~isc t ilr.S!\: delay

direction).

11ll~IN ~ale
resel ere.

ring to this figuro and Fig.2.5, it worked uS follO\{s.

pulse, (1.') " count in one of

pulse height ,,'ns recorded Lind used later to separate n' sand e' s. 'The

vetoed uy (n) a sccond (or previous) count in T1 within the some UCCl!:l

TUlIster trigger to initinte rend-out lWS dcln)'£:d by 1. 7 ~ and could be

lms sometil~CS in the trigger to select e's or n's lor othenvisc its

other purposes.

j
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11. ;) Cl\.Llill:.:\T10\ OF S LA C L\.I'II; 1.'\L';'I'

The cLilibrLltioll is divided into h'o p;1rts, (i) the time indepelluent

p~rt which includes lDC<lSnrClUents of nonlino<lrity of electronics, etc., Hllll

(ii) the time (lcpendent pnrt ,,'hich includes vilriiltions with time of the gas

gain of the HHPC 'S due to variations of gas density nnd composition, etc.

This cnlibrntion procedure is very similar to the one that viII be described

in detail for the NAL c:h.-pcriment. It will thus only lJe described here
,.';"-~ -'.-

just enough to explain the problems encountered with this cal'ibration.

(i) The nonlinearity of the electronic ilmplifier <md ADC response is

corrected for, by feeding in test pulses of kno1ffi size at the signal wires

of the H\I'PC 's and observing the Dutput of the ADC 'So An approximtltcly

I
I
I
I
I
I,
I
I
I
I

_147

2grad 1 to 4 x grad

22
~--+-----------'----r---

o - 4 -13

I
2561-- ---------

gf<td ,1 ,

12a~----
......
~i

1..0/
0;

ADC output
channel
numb~r.

ADC input volts ("'Zquivalent volts")

Fig. 2·6

bilinear CUXTe for each of the 16 chnnncls 1ms obtnined of the form s11o\\'11

in Fig.2.G. (This is only a schemntic diagram. The magnitudes of inpnt

C:\.-pcrilllcnt, ,mel <lss1.UTIcd to rem<lin COIlstnnt throughout. HOHeVer,. there is

seen there is Cl dcvintion from lino<lrity <IS the pedestal (i.e. zeTo input

As can be

- 15 -

Also, (luring the c:\.-prdlllcnt., the po\wr supply

This cnlibration l{aS performed at the start of the

This c<m be corrected for if the sh<l))e of Pig.2.G is

ilSSUTi1e:<1 to be const<lnt.

test pulses nrc given in arbitrary 'cquiv<llent volts' units.)

volts) is re<lcbcd.

(.13 l'uns ill all).

11.3 CA.I.lilIL\TTCl:\ OF S 1. i\ C L\.I'U; 1..'1L:."\1'

The calibrntion is divided into two pnrts, (i) thc time indepcndent

prlrt wll· ch includes lIJc<lsm'clllents of nonlinci.lrity of clcctronics, etc., (lULl

(ii) the timc. (10pendent pnrt ',hich illcludes v~riDtions 'dtb time of the g<lS

gain 0 f thc H \{ PC's due to vari<.ltions of gus density nnd composition, ctc.

This cnlibration procedure is very similnr to the onc thnt viII be described

just enough to explain thc problems encountered with this cal·ibration.

corrected for, by feeding in ~est pulses of kn01ffi size at thc signal wires

of the i \liP C r S <lnd observing the output of thc AD C r s. An approximately

I
I
I
I
I
I
I
I
I
I
I

- '107

2

It l~ill thus only lie described hcre
~--'--: -.. . ..- .

grad 1 c 4 x grad

22
~--+---------------j---o -It -13

ADC output
channel
numb:?r.

(i) The nonlinearity of the elcctronic amplifier cmd AD C response is

in aeta il for the N A L experiment.

I
I
I
I
~

i
~

i
II

ADC input volts ("'Zquivalcnt volts")

Fig. 2·6

bilinear cur,e for each of the 16 clwnnels 1WS obtained of the form 5110\>'11

in Fi~.2.G. (This is only a schemntic dingram. The rongnitudcs of input

test pnlses nrc given in Clrllitrary 'equiv<llent volts' units.) As can be

seen 1.he1'C is i.I dcvintiOll f 'om linonl'ity ns the pedestal (i. e. zero input

volts) is rcnc~cd. This culibrntion 1,"S pcrformed at the stnrt of the

e:\.-pcrilllcut, nod nsswncd to rcmnin cOllstnnt thrott~hout. Ho\~cvcr, there i 8

(tntn to SIIOH tJI~t the pedcstnl fluctllnt.es t)1)icnlly by ±~~ bct,~een rLUlS,

,.
This CClII be corrected for if the ~hnpe of Pig. 2.6 j $

uS S\lJ .C: t1 to hc con stnnt . Aiso l (luring the c:\.-pC'rimcnt., the po\,'cr supply

... - 15 -
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for th~ A 1) CIS 1,.as replaced (due to n fire in the CMIAC crate!)

C<Hlscd a clwnge in' the pedestals of t)1>ically - 2S5~.

This

(ii) The variation of clwrober gain with time for the D ED X sides 'I'as

measnred by placing an
55Fe· 5.9 keY X-rny source in front 0 f en ell 0 f the

}I 'I' P CIS at npproximately 5 hour intervals. (The 1"hole 45 runs took 50 1Irs.)

The X-ray spectra so obtained ,,.ere corrected for nonliliearity as explained

nbove <lnd 11'ere fitted with a gaussian using a least square minimizing pro-

gram, and hence their peaks ,,,ere obtained. A typical spectrum is sh01m in

with 1 free parameters (;)s used) is very low even thOU~l it may look very

~o

Thus it is better

30

This means th;)t the confi dellce level a f a fit

fig. 2·7

10 20

ADC ou l put ~equivalent volts·

Typical Fe55Calibration Peak

It is estimated that the peak ~ould be determined

,~

o

As can be seen the useful information is contained within ahout

400

In effect the fit gives the peak quite accurately, but its method

to estim~te an error.

of calculnting the error on this perl!\: ,,.ill not ','ork.

good.

Fig.2.7.

10 bins of this histogrmn.

,
"I'i':d!

p:

f
r

i

l I
i,,

for th0 A 1) C r S 1,05 replaced (due to n fire in the CAHAC crate!)

CiHlscd n change in' tile pedestals of t)1>icnUy - 2::f,'~.

This

(ii) The vnrintion of chamber gain ,~ith time for the D ED X sides ','<IS

lUensnred by placing an
55Fe· 5.9 keY X-r<lY source in front of each of t.he

HW P CIS at npproximatcly 5 hour intervals. (The ,..hole 45 runs took 50 hrs.)

~o

Thus it is better

30

A typical spectrum is sho'Yn in

This menns thot the conii dellce level 0 f a fit

10 20

ADC ou t put -equivalent volts·

Typical Fe55Calibration Peak

Fig- 2·7

It is estimntecl that the peak 'Could he determinecl

o

As can be seen the useful information is contained within ahout

400

In effect the fit gives the penh:: quite accurately, but its method

to estimate an error.

800 -r---------------------------,

of caJ clllnting the error on this penk ,,'ill nut ',·ork.

gOOd.

above nnd '"ere fitted ,vi th a gaussian using a least square minimizing pro-

gram, (lnd hence their peaks ,,,ere obtained.

The X-ray spectra so obtained ,.'crc corrected for nonliliearity as explained

10 bins of this histogrillU.

l ..ith '1 free parameters (os used) is very 10', even though it may look very

Fig.2.7.
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DEDXO.
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."r-:-;.

It can be seen

The v<lriution of this conversion

It should be mentioned that for the '£R sides of the H\vPC 1 St

There is one further problem in this calibration which will only

TABLE 2.1

Conversion Factor, f, (eguivalent volts/keY)
for DEDX Sides of E\{PC 's

to - 0.157 X its own magnitude.

half of an }1\{PC induces a signal in the other half of magnitude equal

half. Capacitative cross tulk effects exist such that a signal in one

a H\fPC simnltaneously Hith £I charged particle passing through the other

be mentioned here. When data-taking, an X-ray passes through one hal f of

than 1O;:~.

It ,va s i'um:d that at 38 keY the H \vP C r s were not proportional to better

three different c<llibration X-rays (5.9 keV, 22 keV, 38 keY) Here used.

DEDXO DEDli DIDX2
,

DEDX3 I DEDX4
,

DEDXG DEDX6 i DEDX7nun Ho. i I

I I
.

I95 1.06 0.91 0.92 I .0.98 0.94,
I

I
111 1.11 0.95 0.98 0.91

119 1.06 0.97 0.97 0.89 0.98 1.01
i I I 1125 1.07 0.96 0.95 l 0.88 0.95 1.00

I\ I I
129 1.11 1.02 0.99 0.93 1.06 I 1.11I I,

f<lctor, f, "it.h time and chamber is sho'ffi in Table 2.1.

that the conversion factor· is consistently larger for the first chamber,

of cquivnlent volts to electron volts.

to ± i bin ,~idth ,~hich implies an error of ± 'Y}~ in the conversion factor

_.'~

DEDXO.

- 17 -

that the conversion f<lctor· is consistently larger for the first chamber,

It can be seen

The v<lrintion of this conversion

Capacitative cross talk effects exist such that a signal in onehalf.

half of an ~n/r C induces a signal in the other h<llf of magnitude equal

to - 0.157' X its own magnitude.

There is one fu.rther problem in this calibration ,,;hich ",ill only

than lO;:~.

,It should be mentioned that for the '£R sides of the HHPC IS)

TABLE 2.1

Conversion Factor, £, (equivalent vults/kcV)
for D E D X Sides 0 £ E 'It PC's

a H \y'p C simultaneously ,,,ith a charged particle passing through the other

be mentioned here. \Vhen data-taking, an X-ray passes through one half of

three different calibrntion X-rays (5.9 keV', 22 keV', 38 keY) ,,,ere used.

It ,.;a s lum:d that at 38 keY the H HP CIS ,,,ere not proportional to 'Letter

fa dor, f, ,dt.h time and cbamb er is shOHn in Tnb 1e 2.1.

nun Ho. DEDXO DEDX1 DEDX2 ,i DEDX3 i DEDX4 I DEDXG DEDX6 DEUX7i.
I95 1.06 0.91 0.92 I 0.98 0.94

111 1.11 0.95 0.98 I 0.01

119 1.06 0.97 0.97 0.89 0.98 1.01

125 1.07 0.96 0.95 ! 0.88
I

0.95 I 1,00 I

! I I I129 1.11 1.02 0.99 0.93 1.06 I 1.11I I,

of equivalent volts to electron volts.

to ±;; l.lin ,~idth ,~hich implies an error of ± ~6 in the conversion factor

I
j
~

'.
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llA PAn.TIAL A?\ALYSIS OF S LA C DATA

\vi th the calibration as outlined above, it is found that the over-

lap bet1,'een supposedly identical spectra from different chambers is not

very good. The positions of the peaks of ionization distributions differ

by a s much a s 9~~ from chamber to chamber. The calibrated distributions

for the first chamber, DEDXO, are almost always 101ver than for the other

chambers for all particles and velocities. It is thought unlikely that

this is a real physical effect (e.g. possible bremsstrahlung effects at

exi t ",in(lows of first chamber! ) and much more likely to be a calibration

problem (e.g. possible non-uniformity of gain across DEDXO, since it is

highly unlikely that the X-ray source 1,'as placed in exactly the position

very Inrge calibration errors '.,ould be needed to have an effect on a dis-

some1vhat 1 imi ted ~nd thus only the following small subset 0 f the data is

With these problems in mind the amount of useful information is

(The pion statis-

Also shown in these t1"0 figures

The shape is not so surprising since

Figs.2.10 and 2.11 show similar distribu-

Using the results of only one cham'ber, Figs.2.8 and 2.9 show the

the aecurncy of the calibration.

tribution that is rv 100'}~ wide.

tions for 3 GeV/c and 15 GeV/e electrons respectively.

sho1m.

tics for these energies Dre too low in these runs to obtain any useful

good with respect to the position of the peaks of the Landaus, considering

butions is probably thus fairly reliable.

are the theoretical distributions for 1.5 cm Xenon calculated by Honte­

*Carlo methods as outlined in Chapter V The agreement is surprisingly

Landau ionization distributions of 9 GeV/c e's and n's from data collec-

ted simultaneously in one run. The relative position of the t1W distri-

of the beam).

'I

.J
'":.', i:·,,
!'S 1

~
! ,

I
1 ,
1

"1.\ .

-~l i:
J 'l I

, 'J::

~ ,\ ,

; !

information. )

* The thc'oretical distributions contain a resolution bnction with
IT = 55b. This is Dl(\cle ep of electronic Doise a::.d statistical fluc-
ttlLltio::s L: the GUs a!!)plificntion process. It ha.s negligible effect
Ol~ iLr!(~ C1':1,;(1 :;]JcctrLl

11.4 PAIlTIAL A0iAL 'SIS Or S LAC DATA

\Vith the calibration as outlined ubove, it· is fou.nd that ihe over-

lap bct,,'een supposel1ly identical spectrn frOID di fferent chambers is not

very good. The positions of the pcaks of ionization distributions differ

by n s much a s a~,~ from chamber to' chamber. The calibrated distributions

for the first chamber, DIDXO, are almost al\~ays 10Her tbnn for the other

chambers for all particles aod velocities. It is thought unlikely that

this is Cl real physical effect (e.g. possible bremsstrahlung effects at

exi t ",in(1o,,,s of first chamber! ) and much more likely to be a calilJration

problem (e.g. possible non-uniformity of gain across DEDXO, since it is

highly unlikely that the X-ray source ,,'as placed in exactly the position

, , of the beam).

11ith these problems in mind the amount of useful informntion is

somewhat limited end thus only the following small subset of the data is
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Using the results of only one cham'ber, Figs.2.8 and 2.9 show the

Landau ionization distril.>utions of 9 GeV/c els ~nd n's from data collec-

ted simultaneously in one run. 'l'he relative position of the t,~o distri-

very l<trge calibration errors ",ould be needed to have an effect 011 a dis-

good with J;'espect to the position of the peaks of the Landaus, considering

are the theoretical distributions for 1.5 cm Xenon calculated by Honte­

, *Carlo m~thods as outlined in Chapter V The agreement is surprisingly

Also sho\ffi in these t,,'o figures

The shape is not so surprising since

Figs.2.10 aQd 2.11 show similar distribu-tribution that is '" 100'}& wide.

the accuracy of the calibration.

butions is ,probably thns fairly reliable.
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tics for these energies nre too 10\' in these runs to obtain any useful
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iions for 3 GeV/c and 15 GeV/c electrons respectively. (The pion statis-

information. )

* The th('oretical distributions cO:1tain a resoh~tion f:1l1ction '-lith
a = 5~b. This is OJ,lde t:p of electronic GoisE' a:~d stntistical fluc-
b~utio::s i::: the G<Js i.1!:lplificntiol1 process. It hns lIegligi ble effect
Ol! i.l'.r",I~ h1':1,;(1 :;pcc'or,l,
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The experiment seems to

cm~CLUSIOi';S rnml S LA C EXP:rnU!E\TT

The Landau distributions for 3 , 9 , 15 GeV/ c electrons Clnd 9 GeVjc
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This is the only useful direct piece of quantitative information

eA~erill\ent, so not being quite sure exactly "hat was done.

analysis hindered by the author not having helped in the running of the

have suffered from trying to do too much in too short a time and the

obtained from this eA~eriillent by this author.

pions hnve been shown to be in good Rgreement "ith theory.
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CHAPTER III

great detail.

For t.his reason the experiment and the analysis nre not presented in <:lny

This

The measurements made, that will be

This plane was sandwiched between ~"O

They ,,,ere made in a very restricted time interval during 'vhich

The ionization dp-tector wa s a mul tbvire proportional counter (1.j\y'PC).
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An experiment ,vas performed by the Oxford I SIS Group at the

20 I-l spaced nt 2 mm intervals.

it was possible to make only a fairly crude attempt at data collection.

III.2

These measurements formed C\ small part of a much bigger test experi-

These Rl'e used to plot a 'relativistic rise' curve of the most prob-

curve i s t.~len compared "lith that generated theoreticnlly by Honte-Carlo

planes of high voltage (cnthode) \Vires, diameter 100 I-l, also spaced at 2mm

calculation as described in Chapter V.

It consisted of a plnne, 25 em square, of signal (anode) wires of diameter

able ionization loss against ihcident charged particle velocity.

(H) )
ment •

described in this chapter, are of the ionization loss produced "Ihen charged

particles at various velocities pass through a thin sample of 900jo Ar/10'i~

lILt

P 71 test beam line from NUmOD.
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charJher "as sitailar to the type used in the S LA C experiment, i. e. see

neeted together to a power supply at rV - 1800 vol ts. As can be seen, the

The high voltage wires were all con-

The high voltage wires were at right angles to

This sand"lich of "lire planes was contained in a Q;LlS-

The distance of the signal wire plane from each of the highintervals.

the signal wires.

vol tage pInne s wa s 0.1 cm- .

tight box contn5ning 9C0~ Ar/l05~ CH4 .
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III.2
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Fig.2.2, p.12, the only difference being that the voltages used in the ~wo

experiments were different. r

The output of this amplifier is fed into an AD C, the AD C being gated for

by the signal 'vires which are ail connected togetl:ier to a common amplifier.

defined momentulD and type (0.5- 2.0 GeV/c TI, p, or e) enter the H\vPC

Particles of

The AD C gate was sel'f-triggerec1

This ionizotion is amplified and detec~ed

The method of data collection is shown in Fig.3.1.

a fixed time about this output pulse.

causing ionization of the gas.

L

for the calibration X-ray signals and triggered by beam defining scintilla- ..
k:.~~;~

- 23 -

appropriute histogram plot if it received the correct preselected combina-

tion of signals from the particle identifying cOllilters mentioned above, and·

; ..•;-

(The presence of a

The AD C outputs "Iere read via CAHAC

Histograms of the dEl dx loss (in arbitrary AD C channel number

The histogram for the escape peak in Argon of the 5.9 keV X-rays

if the ruagni tude of the AD C output I'lns large enongh.

follol' ) .

55of Fc ,,,as also l'ecorded at various times throughout the e:>.:perirrient for

± ±
units) for the plClrticles, e TT arid p were obtained and \-Iritten onto

magtape.

software discriminator will be seen at low energies in the spectra ~hat

energy units).

calibr<ltjon of the chamber (i.e. conversion of AD C channel number units to

For each event, the computer allo,ved the AD C ontput to enter the

electrons), and a shm,er counter (to detect electrons).

Particles \-Iere identified using time of flight (to distinguish pro-

tion counters for real particles.

tons from pions and electrons), a gas Cerenkov counter (~o detect pions and

by a PDP 8 computer.

t
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by the signal ,... ires "Which are <:IiI connected together to a COUlmon amplifier.

defined momentulD and type (0.5-2.0 GeY/c Tl,p, or e) enter the HWPC
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Particles of

This ionization is amplified and detected

The method of data collection is shown in Fig.3.1.

causin~ ionization of the gas.

exper imcnts "Iere di fferent.

The output of this amplifier is fed into an AD C, the AD C being gated for

a fixed time about this output pulse. The AD C gate ",as selI-triggerecl

for the calibration X-ray signals and triggered by beam defining scintilla-

Particles ",ere identified using time of flight (to distinguish pro-

tion counters for real particles.

by a PDP 8 computer.

The AD C outputs were read via CAHAC
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tons from pions and electrons), a gas Cerenkov counter (to detect pions and

electrons), and a shower counter (to detect electrons).
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1
III-3 DISCUSSION M:D TREATHE.:.\T OF DATA

Figures 3.2 and 3.3 sho"W typical LandClll distributions obtClined for

11'S and e I s from this experiment. On these are superimposed theoretical

curves normal ized to the experimental number of events and shifted along·

the :x: axis till they give the best fit to the data. As can be seen, in

the pion case the fit is very poor and for the electron case, statistics

calibrated into units of energy from those of AD C channel number. The

methods used in these two steps are described in the next two sections.

This

It io

The peak at the low energy end of these

HC1v fnr lwdcr the Landau distribution

There is not much that can be done to under-

To obtain a relativistic rise curve from the data, the peaks of the

these 10iV energy I events I spread is not kno'm.

t'~een this ~agnet and the chamber.

Lanclau distributions for all particle velocities must be obtained and then

effect 'I'as reduced considerably by putting an earthed conducting sheet be-

then compared with that obtained theoretically.

detector, of a quadrupole magnet situated about 1m alvay from it.

Having obtained the experimental relativistic rise curve, it is

distributions is kno,m to be due mainly to electromagnetic pick-up by the

stand these plots better, since no further information is available than

that contained in the plots shown.

experiments (see Chapter VI).

believed that the theoretical shape is good since it agrees '/ith previons

are so low that it is difficult to say anything about the fit.
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Figures 3.2 and 3.3 show typical Landau elj stributions obtD ined forI
1II-3
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curves normalized to the experimental number of events and shifted along'

the x axis till they give the best fit to the data. As can be seen, in

the pion case the fit is very poor and for the electron case, statistics

effect \,'as reduced considerably by putting an earthed conducting shect be-
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detector, of a quadrupole lllugnet situated about 1m a'Yay from it.

experiments (see Chapter VI).

that contained in the plots shown.

t,,,een this reagnet and the chamber.

are so 10'01 that it is difficult to say anything about the fit.

belicved that the theoretical shape is good since it agrees ,~th previous

these 10''': encr'gy I events' spread is not kn01m.

To obtain a relativistic rise curve from the data, the peaks of th~

Landau distributions for all particle velocities must be obtained and then

calibrated into units of energy from those of AD C channel number. The

mcthods used in these t\VO steps are described in the next t,yO sections.
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the poor stntistics, made the determination of the position of the Landau

III.4 DL"TEIDUl\J\TION OF PEAKS OF HISTOGn.A~IS

'1'he lo'~ energy noise peak of the type 8ho'.o in Fig.3.2, nnd/or
,
I
I'
~
i

peak very difficult. For instance a fit of theory to experiment, by mini-

mizing X2 is meaningless since the X2 . is so large.

dure ,~as thus adoptei 20) •

The following proce_

The original histogram, whose peak must be determined, is used to

An event is put into one of these histogramsI generate four further histograms in the follm~ing ,~ay.

gram plots are set up.

~~o empty histo-
i

chosen randomly, nnd this is repeated until the sum of the contents of

histogram the bin with the largest contents is taken as the peak of that

each t ...~o corresponding bins in the two ne,~ histograms is equnl to the

histograru (the position of the peak ,~ithin this bin is determined by the

This procedure is repeated so Ii.,

In a pnrti. cular

corresponding bin in the old histogram.

that a total of four 'random' histograms is obtained.

I
I
i
I

f

I
i

edge of the s}like ullder the Landau distribution, then subtracting it out

nothing about the error in the real peak due to lo'~ energy spikes etc.

'\
'I,,
:i

,,,here

It says

trbis error

defined by

p/m c
o

The five peaks thus obtained

plm c
o

For higher values of

The resulting change in the position of the peaks is

estim<\ted to be of thc order 5 to 105~ in the region of

is the error due to stntistical fluctuations in the histogram.

Errors of this kind can only be estinJated in a some,~hatcrude ,~ay. The

of the histogram.

error due to the 10.... energy spike was estimated by extrapolating the high

the Landnu pe<dc is further from the lo'~ energy spike, the position of the

from t11e four 'random' histograms and the original histogram, are nveraged

and their r m s deviation is taken as the error on the peak.

relative contents of the two adjacent bins).

1.0 GeV/c protons to 1.5 GeV/c pions.

pcnk is estimnted to chnugc very little. Very roughly this mCHns that
I

~•
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Since the calibration histograms are cut off at high
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5.89 keV X-rays frOID an Fe 55 source.
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energies it is not possible to be cerLain that the escape peak is COffi-

pletely resolved from the main peak. Incolilplete resolution 1'iOuld cause

a systematic shift in the direction of making the dE/dx peaks appear

III.6 RESULTS A..ND COHP..,\RISON \vTI.'H THEORY
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It is thought the absolute norrna-

In Fig.3 d 5 the theory has been normalized to the point

where p/m c = 0.8.
o

brntion section.

the physical thickness of the gas bet"ieen high voltage plnnes, Le. 8 rrrrn.

ch8mber not being knOiI'D. In the theoretical calculation it 1,'as tnken as

On top of these norillilliziltion problems the size of the experimental

relutivistic rise, as sh01m in Fig.3.5, might be too large by 5~'o, due to

systeoCltjc errors in determining the Landau peaks around the minimum. (See

Having determined the calibration peaks and their errors, using

error in the calibration peak.

pre\'lOllS section on determination of peaks.)

tion of the escapG peak from the main X-ray peelk, as mentionGd in the cali-

The results of this e),.:'Periment and the theoretical predictions arc

Also there could be a normalizeltion problem due to the incomplete resolu-

given in Fig.3.5 and Table 3.1. There may be an energy normalization prob-

lcm beb,'een theory and experiment due to the effective thiclmess of the

constant calibration peak ~nd to use the mean of all the calibration pealls

to calibrate all histograms, and the rillS deviation of this mean as the

error (due to statistical fluctuations) in determining 'them and since no

betl~een peaks for different calibration runs was of the S2me order dS the

the method described for the Landau peaks, it was found that variation

lizCltion of the data conld be shifted by as much as lo;~ due to this effect.

lower in energy than they really were.

The relntivistic rise is found to be 1.8 ± 0.5 (error estimated

from en'ors in Fig.3.5). Theory gives 1.58. ~.
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It is not possible to say that theory is definitely

CO\CLUSJO:.l

The quolity of the data is not good enough to form any very posi-

Consequently the conclusion is made th<lt a more accurate expcri-

ment is needed.

inconsistent ,,,ith the experimentally determined relativistic rise curve.

technique.

III.7

tive conclusions.

It is also not possible to predict from these results the upper limit of

the ran::;e of plm c for 'vhich particle discrimination is possible by this
o
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effects due to detector \vindo\,'s.

used to investigate correlation effects bet\veen the suppo sedly independent.

The experiment was also

It will become clear that this

From repeated measurements, proba-

It is builtin such a way that it forms a Sillall

The amount of overlap bet,,'een mean distributions for

nm N A L EXPEnTHDJT

INTnODVCTI 0;'1)

This experiment ,vas performed at Fermi National Accelerator LC'lb.

CH AP r E n IV

confidence with which one can hope to discriminate between particles. The

sal of the gas.

different values of charged particle velocity, gives an indication of the

The ionization eJetector used Iyas a purpose built multi-'Yire propor-

tions of the mean ionization .loss of all samples for each particle iraver-

chamber, in which proportional and drift properties are combined, is an

simul ttlneously in many samples of gas by ch<irged particles of kno,Vll type

gives the so-called 'relativistic rise' curve.

samples of ionization collected simultaneously, and to test the theory of

(22) .
Garybian that the relativistic rise curve as measured, is modified by

prototype of a device Ivhich ,yill hopefnlly he able to identify charged

tional chC'lmber with a small drift region.

part:i.cles in the difficult region of 3- 50 GeV ('vhere other methods fail).

bility distributions of ionization loss werc obtained and also distribn-

and velocity passing through the gas.

variation of the most probable mean ionization loss with particle velocity

in January 1975 by \v. \I1.M. Allison, C.B. Brooks, J .N. Dunch, R.\v. Pleming

(21. )and P.D. Shield . Its aim I~as to meC'lsure the ionization deposited

unconventional desi~n.
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IV.2 TIm E\.PlJlT?'11XDL AHlL\:\(~F~n:\l'

A simple picture of ho,,, thc tletector \wrks and ho\~ the c),:pcrilllPilL

'/

'1
~ ~
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: I

\,'[\S performed is given in the flo'" di<lgrDffi, Fig.4.1.

c:xperimclltnl Llrrml~cmellt is sho"lm in Fig.4.2.

A eli ngrnm 0 f the

· ,
• i
~ ,
· ,
, I The pDrticle benm "lv<lS the N 3 hndron beam as used for the 30 ft

bubble clwmber at N AL • The ionization detector \,'as plnced 200,m up-

strN1ID of the bubble chamber at a point coinciding; '-lith a vertical focus,

where the beam size ~[lS approximately 1 em in the vertical direction, nnd

less thun 10 cm I-lide. Particles of defined rnomcntUlll , ... ere passed through
: \
.. ~

the upper drift region of the detector pClrallel to und rv 1 cm <Hvay from

'the ,,,ire plane. .It Cerenkov counter provic1cd particle idcntificntion, and

S 3 behind the ioniz<ltion detector, provided information on particle pile

I
up. An X-ray source of kno,m energy in n thick metal box \~()s pIa ced ~c ,/

. t'll .L' S 4SCID·1. eLlon C01Ul ers, .i., S 2, ci ther side of the Cerenkov counter "Iith

one of the ~hannels of the ionization detector to provide calibration infor-

mation. 1~e box had a remotely controlled shutter on it, operated by the
, .1

computer, \vhich ,vas opened beb-leen purticle beam bursts.
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Fig.4.2 Schematic diagram of main elCTnents used for measuring
ionization loss.
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Each of these chrll1llcls ,,'as Lllso connected

Fig.'1A(a) ShOll'S pairs of Lldjaccnt signal
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This "'<IS uscd to monitor i'llld cLllibrnte the electronics.

This condition is obtQined with this geometry ,~hen \'(si;;ll~ll-

The electrical connections in the chnlUher to these electrodes' (Ire

F!g. 4· i. c?) Electrical connections to signal wire plane

Fig. 4· t. b) Electrical connections to drift electroocs

shoHn in Figs.4 •.1(<I) nlld (ll).

to a con~on sign<'ll gener<.itor that gencroted signLlls of cOlllpnrallle shnpe to

Sixty such s<llllpies ,·:ere created.

drift field, ,,'hich 1,QS dctcl'l:lined uy the voltnge on thc t".. o drift eleetro(l~s.

nmount of gas LlmplificCltion around a thin SigllLll Hire, independently of the

l'eal SigllQl s.

The tllickcr cLlthodc wires between the sigoQI wires were used to control the

sigll<ll h'ires.

rig.1.1(c) shoh's the electric field lines in the detector for t,)1)icQl opcr<lt­

ing cOIlClitiollS(23). As enn be seell, nIl the drift field lines end up on -tllC'

"lires shnl'ing a COlJUllon hc~d amplifier so definillg Ll 1.5 cm sample size.

Each of these ch"nnels ,,'as also connected

Fig.IA(n) shows pairs of ndjaccnt signnl

. . . . ...... >r~~~
------U?l-------- T m~ pf

C~i1 [l(m:~[

T1Iis \,'<15 used to lIloni tor flud cnl ibrntc the electronics.

This cQndition is obtained wi"'l1 tltis geometry ",hen \'(~':;Il;J1-

CWI HHI m

(SlO
OOJIIEr,s

_-l-~--1-~--t-:I---r·------'w.·YJYIr--f
'-'-----'

Fig. ~." b) Electricai connections to drift el-zctrodes

FIg. It .i.e;'!) Electrical connections to signal wire plane

The elcctrical connections ill thc chnmlJcr to these electrodes' ,H'e

shotm in Figs.4A(tI) nud (u).

)'cnl sigu.:lls.

drift field, \~hich "as octel"J:lincd by the voltngc on the t,,·o drift elccil·otl~s.

\-/ires S!Hll'illg a COUlL/lOll hc:"\d nmplifier SO definiug [I 1.5cm sample size.

Sixty such s<Illlplcs \·:erc creatceJ.

to a con~on signal generdtor that gCllel'flted signals of compnl'<.tblc shnpc to

The thicker cathode \.;ires 1Jcl\'(~ell thc sign.:ll wires 'Wcre used to control the

Fig.1.1(C) ::;110"'5 lhe electric field lines in the eJct€:ctor for tn)ic.:ll opcrtll­

illg COIHlitiollS(23). As Clln be sccn, all the drift fichl lillcs end up on ill!'

"mount of g()~ DlTlplif(cation tll'OUlld n thin signal "'ire, indepcndently of the

"
;.
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Fig.4·4c) Electric field lines for NAL chamber as
generated by a computor program for
solving Laplace's eq~ation i teraiively.
(The field lines are not drawn very close
to the wires.)
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dcfinel1 us being 10 elll ~n,'i.\Y fl'OIil i1l1y euge of the signal \,'ire plane. It

Thus the si ze of tll is

active region \,'<15 DOcm (Sptlll coveret.lby signal \~ires coupled to elec-

tronies) X 10 em (horizontal beaC) size).

The electrode <tssernbly <:lnd head a[;)plifiers ,,,ere contained in n g<ls

box as sho\m in }"'IigA.5. The gas box \'JaS all metal (At) so that it olso

acted as an electromagnetic screen. The ga s used ,,,as comffiercinl 8C0~ Ad

2~~ CO
2

,,,hieh was chosen as being the optimum combination of drift <lnd

ionization properties(25) and practical and economic availability. It '~as

passed at a typical running rate of 1 litre/min through a baffle system to

ensure complete flushing of the chaober. (The typical J2urging rate ,,'as

L 10 litre/min and a safe pur6 c period 1,'as 1 day.)
j,
!

,
I
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~eil tIChzn~er: t~rro'Jndjng
II r

i
I
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beHn

\
Il\JIH ... ir.do.....

Fig.l,-5 The gas system of the NAL chamber

The <lctive l'e~ioll of the detect-or frol1l \dlich ll~d"'1 \~"s oht"illc t1
\"IS

dc[illetl <I!.> 1J in~ 10 cm ",,'e'Y frOJll lilly edge of Lhe sign"l \,ire pinne. It

cOllbined 120 igll~l Hircs and 120 c"t.hodc ,~ircs. Thus t.he size of this

active region ','ns 90 cm (sp,)l1 co'\'ered by sigl1<ll 'vIres coupled to elec-

tronics) X 10 cm (horizontal bNICl size).

The electrode assembly and hcnd aGlplifiers ,o/ere contnined in a gns

acted as an electromagnetic screen.

box as sho,,,,n in FigA.5. The gas box "Jas nIl wet'll (At) so that it <'1150

The ga s used ,,,,as couUTlercinl 8o;~ Ar/

2~~ CO
2

,...llich ,...as chosen as being the optimum cOlJ.Jbination of drift and

ionization propeities(25) and practical and economic availability. It \~as

pussed at a typical running rate of 1 litre/Olin thl'ough a baffle system to
"J.I! ensure complete flushing of the chsL..:ber. (The typical Burgin£; rate "'as
I'
i:'
i 10 litre/min and a safe purge period was 1 day.)
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Xray

(See c[llibr<ltion t[lblc, p.G1 for

Xfly SOUIC~ in p! HI ic container
with slit acting H cdlimJIJf

/

A diagram of this X-ray box is sholm in

Fig 4·6 X ray shutter box

micro /
~ilch
t-;Jef .lIed
bJ shutler

With this, the prohlclll of ClecLric<ll in~:;tl1;ILion

box closed"
signa! til
,omp~or

To conclude this section some mechanical aspects of construction

deta iled.

The X-rny

.-. 31) "

source was mounted

ing to be vcry (lcclll'[Itely defined.

in a box above onc

during data taking

runs. It shone in

of the 1.5 em sam-

through an alumi-

the signal seen.)

nized Hylnr ",indo\"

on the top side of the gas box.

pIes (Channel 2)

,Ire

cxnctly ,,'hnt this mcnlls.)

tored continuously [Wu \"ere assumed uniform tJu'oughout.

ll:llst DC consiclol"cd. A photo of the detector out of its ~i1S hox is ShO\·::1

'file Pl'CSSlll'C <lnd tcmpcl'<lture of the g<lS in the (;JI\lI;lOer \.'ere Il\Olll-

f.:lilcd. (Oxygen cnuses electron. attachment, consequently attenuntion of

gns box (see FigA.5), so that the possibility of a tell\pernture gradient

"'uS contuined in its o\m gus-tight box flushcd independently of the lIl\ljn

incorporated in the :syst€lu but at the time of experiment the oxygcn mcter

Facilities to measure the oxygen concentration in the chamber I.;cre

contained in it was reduced.

being set up across the chamber from the beut dissipntcd 1Jy the electroni cs

,
r.

;a
;,j Uniformity of g<lS gain and drift field in the device demand drift
j~1
'i, 1i::! e ectrocle spncing, ,."ire pl<lne positioning, ,~ire sp<lcing, <lnd ""ire tension-
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5·9 ~eY

Xray

(Sec cnlibr<ltion tnble, p.G~ for

_. 30 ..

A diagram of this X-ray box is sho,m in

Fig 4·6 X ray shutter box

Xr~l so ,,~ in plHli, conlainu
lIilh slit acting H ccilimalor

/

micro /
t'Hilch
c-;J~altd

hi s~ulte(

With this, the prohlem of electricnl insuL1Lion

box c!os~d·
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comp~OI

ing to be very <lcclll'ntely defined .

exnctly \dlni thi~ menns.)

on the top side of the gas box.

during data taking

, Tbe X-ray

in a box above onc

through an alumi-

l~unS. It shone in

Fig.4..6.

Facilities to me<lsure the oxyg~n concentration in the chamber ,.;ere

'fhe Pl'CSSlll'C <lntl tcmpcl'<lLure of the g<ls ill the (;h~l:lucr \'(~rc lltoni-

To conclude this section some meclillnical aspects of construction

electroc1e spacing, ",ire plnne positioning, ,~ire spacing, nnd Hire tcn~ion-

,Ire deta iled.

Uniformity of g<ls gnin and drift field in the device dernnllc1 drift

of the 1.5 em sam-

source ~as mounted

f~ilcd. (Oxygen causes electron,' attachment, consequently attenuation of

II:llst 1;e cOllsi~l(,l'ed. A photo of the detecior out of it~

incorporated in the:systen but at the time of experiment the oxygen meter

pl~s (Channel 2)

nizcd Hylnr Hindo",

the sign<ll seen.)

contained in it was reduced.

being set up across the chmnber from the beat dissipnted, uy the electronics

gns box (see Fig.4.5), so tlwt the possibility of n tClIljlerllture gr<lclicnt

tored continuollsly clIld ,,,ere assliUlctl uniform tlu'ou~hotlt.

,,'as contained in its o,m g<ls-tigllt box flushctl indcpCllclcntly of the lII<'1in
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on it while soldering.
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The reason for thi s <'\rrangement ,~as to stop

These were compl ete loops of wire held under the jig

They were each tensioned to 8 kgs by tuning them to

This provided the mcchzmical rigidity required and \'05 the

Accurate wire spacing wos achieved Ly melting slots in a pcrspex rod

The signal wires were mounted by soldering to a printed circuit

The method of tensioning the cathoGe wires can also be seen in the

slotted ",hen alreody mounted to the lOi-ier jig plate. The jig plate ,,,as in

board at either end. Each ,,,ire WuS tensioned by hanging a weight of 30 gill

rical as possible.

using a ~>ecllrcly mounted he<:\t.ed rozo1' blo(1e (see above phot,o). The rods "ere

the jig plate distorting by ensuring forces on either side were as symmet-

electrode ~ere defined parallel to this lower plate by spacers.

plate by a tensioning sere,•.

F natural.

previous photograph.

reference plane of the active region, i.e. the ~ire plane alld top drift

jig-plote.

turn mounted on <1 mill bcd, so the accurucy of the spClcing of the slots ,,,ns

'". .r
- 1-1 -
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The reason for this <'Irrallgement was to stop

These ,,,ere complete loops of ,.ire held under the jig

Each ,.ire W[lS tensioned by hanging [I weight of 30 gIn

They were each tensioned to 8 kgs by tuning them to

This pl'ovided the nlcch~nical rigidity required and \.;as the

on it while soldering.

slotted \·,hen already mounted to the 1m.er jig plnte. The jig plate ,.;as in

A(;cur<lte ,•.ire spacing '~ns achieved Ly weI tir~g slots in a perspex 1'0(1

The signal wires '.ere mounted by sold'ering to a printed circuit

The nethod of tensioning the cathooc ,.;ires can also be seen in the

the jig plate distorting by ensuring forces on either side were as symmet-

board at either end.

using a ~;e(,lIrcl~' mounted hent·ed razor blnc1e (see i'lbove phot.o). The rods "ere

rical as possible.

plat,e by Cl tensioning scre,•.

electrode were defined parallel to this lo,.er plate by spClcers.

previous photograph.

F natural.

reference plar.e of the active rc~ionIi. e. the \~i n~ plane emu top uri ft

jig-plate.

.....

turn mOllnted on n mill bcd, so the accur<JC) of the spncing of the slots ,.as
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The sp~cin~ \,ase'l\l;'ll to the "ccurncy of positioning t.he mill oed.

checked using () trDvell ing microscope Dnd \oms found to be good to < 8 ~il

for the sign"l 'Hires ,,'hich ,,'as very s"tisfactory.

top foil rltctrodr =1 )lop ca;Hlc[lor

L I • to L" '""",,,,r ,
ptroptx $uP90rt~ brldgt circuit

1
7r::tt1

J

The top drift elcc-

frame strengthened ,on th~

top side, in the direction

foil ::;tretched pneumatic-

Clily onto l/Hj" aluruinium

trade WlIS 1/1000" aluminium

parallel to the ,vires of Fig.4-7 Capacitor Bridge Technique

the ,dre pl<:lne, \vith fibre

r;l(lSs sections (see previous photo, pAO). This electro·de \VClS mounted on

perspex pillars, machined to 3.5cm, attached to the lower jig plate elec-

'i,,_ trade. The spacing of the top electrode relative to the bottom one ",,,s

tested, before the Hires wel-e put in, using a very sensitive cap<lcitor

bridge technique, (see Fig.4. 7). T-Ivo metal plCltes ,vere held by a perspex

support ne(lr the h:o drift electrodes respectively, in such a Ha)' as to

form tHO capacitors. The change in c<lpacitacce of the top capacitor with,

respect to the bottom one, ,,'as mC(lsured ,."hile the support was moved arolmd

the active region. Typiclll ch"nges of 40 ~u in the spacing \H~re measured.

i,"
I,

The lc~k~g;,~_cllrrellt'bet\~een drift electrodes and ground was mea-

surcd "s 8 nA., (lnd thnt bet,,'een cathode ,,'ires (lnd ground <IS 4 nA. These

,,'ere both s"tisf"ctory. (A typic"l mean sign"l current \,'as 1 \-1'\.)

As c"n be seen in T[lule '1.6 the mcch<1l1ic£ll tolcr£lnccs achieved "ere

very s<:ltisfC\ctory, and SOllle useful techniques were learnt for future clwllIbers.

I
I!
I!
'j
i

The sp~cin~ \,<IScqU'll to the <tccurncy of positioning t.he mill bcd.

checked using u trnvell ing microscope nnd \-I"S found to be ~oocl to < 8 ~II

for tile signnl '\Vires \dl.lch ,,'os very sntisfnctory.
, !

Tbe top drift clcc-

trode Hns 1/1000" nlumini\UD

foil :>tretched pnenmntic-

flily onto 1/1.6" aluruini um

frame strengthened on th~

top side, in the direction

parallel to the ,,,ires of

1
7cm

!

top foil tltctrodr

Fig.4·7 Capacitor Bridge Technique

the \dre plane, Hith £i bre

~l(lsS sections (sec previous photo, pAO). This electro·de \-1(15 mounted on

perspex pillars, machined to 3.5 cm, Q.ttachcd to the lo\,'cr j i~ plnte elec-

I

.~
! .

trode • Tbe spacing of the top electrode relative to the bottom one wns

: ,

tested, before the ,.;ires ,.'e~·e put ill, using a very sensitive capncii:or

bridge tcclmique, (sec Fig.4.7). Two metQ.l plates were held by a perspex

suppo~t nanr the t\\O dri ft electrodes respectively, in such a "1<\)' as to

form tHo capncitors. The change in cnpncitncce of the top capacitor "ith,

respect to the bottom olle, \,'as me"sured '-Ihile the support w.:\s moved .:\rotmd

the active region. Typic"l chnngcs of 10 ~u in the spaci:1~ ,~erc mcnsuretl.

The le~k~g.~_current 'bet\wen drift electrodes and ground w.:\s mca-

surecl ns 8 n.A, nnd that bet"een cathode ,\'ires <lnd ground <as 4 nA.• These

\,'ere both s"t i sfnc tory. (A typicnl mc".n sign<tl current \,'us 11J'\,)

As cnn be seen in Table '1.6 the mechnnic"l tolernl1ces achieved "'ere

very satisfactory, and sOllie useful techniques were leLirnt for future chmllbcrs.
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IV.3.2 The EleCLl'OlllCS

The electronics section is divided into (A) IUcnsul'ewcnt of the

signnl receivcd, nnd (n) the logic for rccognizing n good c\'cnt nnd rcjcct-
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I

I
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l£CIEVER AI~PlIflEr.

AKO PULSE SHAPER
p.45

PfAO AH?UFIER

p.44

us AV-?t1F1ER
see eh.IV.3.1
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p.45
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DATA MPUI
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OI6ITAl COl\VER lOll

CAHAC DATA f.16HWAY
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lOGIC

Fig. 4· 8 Measurement of signals received

10 lOGI~

(A) is shOhln in Fig.4.8 and in the diagrams nnd tnbles on the

ing or flogging nn ummntcd one.

follo,Hng three pnges.
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IV.3.2 Tile ElCCL1'OlllCS

The electronics section is divided into (A) measurewent of the

6ignil1 receivcu, Clnd (D) the logic for rcco~nizing £1 good cvcnt nnd rcjcct-

ing or flagging an umJOnted one.

. (A) is shown in Fig.4.8 and in the diagrams Dnd tables on the

.
r

follolHng three pages.
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(n), the logic, is shown in Fig.4.10. Referring to this figure,

a good event is either (1) a particle coincidence or (2) a calibration

coincidence. These require the followini conditions:

(iv) The absence of an inhibit sign~l analogous to (l)(v).

(2) (i) A 'BR<\}I OPF' condition analogous to (1)(i) above.

Note these are the only channels that can be classed

as self-triGgering ,~hen collecting ionization data.

,
l ..

I,

Channels 30 and 59 were used for this.detector.

The computer recognises a 'BEA1-1 00)"' condition. This

requires a signal to the computer from the accelerator

control room, which is in fact the magnet ramp signal

of the main accelerator ring.

(ii) The computer is receiving calibration information analo­

gous to (1)(ii) above.

(iii) A trigger signal from channel 2, Le. the channel above

,.;hich the X-ray source is placed. This channel is thus

self triggering in the calibration mode.

(iv) ~he appropriate Cerenkov signal corresponding to the

selected pOlrticle lype passing through the chnmber.

(iii) A coinciclence bet,,,een the signal 'vires of t,,,o of the

detector's gas samples, spaced far apart from each other,

implying ~hat a particle has passed ri~lt through th~

(ii) Calibration information is not belng received by the

computer, 'vhi ch reqnires a signal from the X-r<:ly box

saying it is closed.

(v) The absence of an inhibit signal due to (a) the compu­

ter not being ready, (b) the particle coming in a noisy

interlfal of the mainscycle, (c) there being more

than one pnrticle going through the chamber 'vit-hin its

resolution time, as seen by the scintillation counters,

i.e. a pile-up condition.

(1) (i)I"
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(n), the logic, is shown in Fig.4.10. Referring to this figure,

~ good event is either (1) a particle coincidence or (2) a calibration

Calibration information is not being received by the

computer, 'vhich requires a signal from the X-Tn,}' box

saying it is closed.

requires a signal to the computer from the accelerator

control room, which is in fact the magnet ramp signal

of the main accelerator ring.I
I

co inci uence.

(1) (i)

(ii)

These require the follo~ing conditions:

The computer recogni ses a 'BEAN 001' conuition. This

(iii) A coincidence bet','een the signal ,vires of t,~o of the

detector's gas samples, spaced far apart from each other,

implying that a particle has passed right through thp.

detector. Channels 30 and 59 were used for this.

Note these arc the only channels that cnn be classed

as self-triGgering ,~hen collecting ionization data r

(iv) The appropriate Cerenkov signal corresponding to the

select~d p<lrticle type passing through the cbnmber.

(v)

(2) (i)

The <:lbsence of an inhibit signal due to (8) the compu­

tcr not being yendy, (b) the particle coming in a noisy

inter...·al of the mains cycle, (c) there being more

thaD one pnrticle going through the chamber within its

resolution time, as seen by the scintillation counters,

.• e. a pile-up condition.

A IBR~[ OFF' condition analogous to (l)(i) above.

I,
r­
'1-·'.-

(ii) The computer is receiving calibration information analo­

gous to (1)(ii) above.

(i i i) A trigger signal from chalmel 2, i. e. the chcmnel <:lbove

,·;bieh the X-ray source is placed. This channel is tbus

self triggering in the cal"bration moue.

(iv) The ab~ence of an inhibit signal analogous to (1)(v).
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The presence of a mains trigger generator can be seen in Fig.4.10.

As can be Been from Fig.4.10, bto-way communication between computer

cause of the S CR stabilization 'If magnet po"Wer supplies etc. The effect

cycle since it "Was Daisy 'for the same fraction of each cycle, probably he-

of this gate on a fixed size test input signal can be seen in Fig.~.ll.

and contained information on particle type etc.

status word of each event was recorded on DEC tape along with the event.

This was incorporated since it "Was necessary to gate out part of each mains

Also El title "Word ,"as recorded.

and logic ,"'as by a series of bistables making up a status register. The
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The presence of a mains trigger generator can be seen in Fig.4.10.

Bnd contained information on particle type etc.

of this gate on a fixed size test input signal can be seen in Fig.~.11.

ca'..lse of the S CR stabilizatian vf magnet power supplies etc. The effect

cycle since it was noisy -for the same fraction of each cycle, probably be-

This was incorporated since it was necessary to gate out port of each mains
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1V.3.3 The Ccrf'lll,(w Counter

This ""IS llil NAL facility and so WllS not set up 01' tested ut the

. .,
l'

",.

Ii'

I
t ;.,
I"

i.
" ;

:'

It contained

pHticle bear.1
•

To find the Cerenkov angle for 100 GeV n t S,

Fig.1.12

Inf"'u cere:: 0-5mR
Ovter con2 :: 5- 30mR

Operatin[; cOl1l.litions as specified by NAL and uS

, ~"./Vv-----------'

Not,,:

..

~=---/'7'T~ ...l- ,/\/\, ---,

Fig.4.12 shows sche~Qtically the principle of operation of the

cap<:lble of ~orking at pressures in the range a - 14 psia.

counter. The operating pre:3sures ,.;ere cnlculQted from Figs.'1.13(i1) <ll1c1 (0),

The Cerenkov \~"s () 3~1E.l diffcrenti<:ll cou.nter filled \,'ith heliUlLl,

for eXQUlplc , from the bl'O fi[':ures,the follo\,ing procedure is <:loopted.

n Cerenkov r"di,ltiol1 in the inner cone, the pressure must be less than

rarJinlioll is 0.1;) psi" for helium. Fig.'1.1::5('1) sho\,s thnt to see the

v
Ccrenkov counter

principle of operation

•

(l!10 <lrc listed in T,l1Jle 1.3.

rately at light contained 'I'ithin <:l cone of m~gle 5rnIl. nbout the p<:lrticle

b ... o photolllultipliers and a mirror system so that it ,,'as Clble to look SCpCl-

tively.

bcam and light defined bet\l'een thet\~o cones of angle 5nill and 30 mU respec-

I'roI1l Pig.1.13(b) for 100 Ge\' illS the tllrcshold pressure for Ccrenkov

timc of cXlJeriment.

qnoted below, \~cre i1SSLUUeU reliable uno consequently our kno\,.led~e of this

detector is 1 imi ted (27 1
28 ) •
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IV. J. 3 The C('rrlll,()v COllllter

This H"S "il NAL r<lcility (Ind so ,~"s not ct up 01' tested nt t.he

The Cerenkov ,"(1S () :,h r:l di ffel.~entinl COl.i.llter filled \,'i th he liuriJ ,

be3111 (\no light defined l.let,Yc(m the t\"O cones of angle 5nill and 30 nill rcspec-

•

It contained

pH1icit beam

Oper"til1~ ,:onLlitiOlls tIS speciJicd by N AL und <IS:

Hln

Fig .1.12

mir;cr

Hotr<: tnnu ccne = 0-5mR
Ovtu cone = 5- 30 mR
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l-~:::--_-----------~N\,---------'

Fig.4.12 shows 5chc~ntically the principle of operation of the

capable of ~orkinG at pressures in the range 0 - 14 psia.

v
Cerenkov counter

principle of operation

bow photolllUl tipliers find 0 mi1Tor system so that it ,,'as <lble to lool~ scpo-

r<ltely <It light contained ,.ithin () cone of Cicgle 5rrill. nbout the particle

tively •

time of experiment .

quoted below t \~ere asslUueU relinbl e nllU consequently our knoldect~e of this

detector is 1 imi ted (27 1
28 ) •

, .'. ~
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for exaUlple, from the tl"O fir-lll'cs,thc follo,,,ing procedure 15 <:luopted •

n Ccrcnlwv rnc.liatiOll in the inner conc, the pressure must be less th<1f1

radintion is 0.-1;) JlSitl J01' heliunJ. Fig."1.1:.5('1) ShOh';'> th<1t to see the

'1'0 find the Cerenkov <:lngle for 100 GeV n I s I

COtU1ter. The Opcl'"tillg pressures \,ere c\11cnloted frolll Figs.·1.13(a) "ncl (bL
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data by other particle types. These
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signa}s respectively.

nnd Table 4.3 it can be seen that

the possibility of contamination of

for some operating points there is

Dre shoHn in Fig .1.14. Ci llnd Co

hence Cerenkov nngle, is increused
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-are listed in the next section.
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title "orcl, ,,-(1$ recorcled ou DLC tupe.

puts of the G1 AD C 's , the event number, the event stntus "ord, nnd the

!
.. !

Each burst Has

For the pinged

This choice was arbitrary as it

Slow spill consisted of one pulse per

The beam spill used Wus either in a

E..,ch burst Wll s 300 ~ long an(l contained

Pinged spill consisted of four short bursts of

'pingcd' mode or a 'sl01' spill r mode.

appcared to make no difference to the resulting data.

separu ted from thc next by 100 ms •

purticles per accelerator cycle.

recording ionization information.

tter do~n the benffi line.

of the order of 5 pnrticles at the ionizntion detector.

part of the experiment the bcnm was being controlled by an experiment fur-

time a ptlrtic]€> ptlssed through the chtlwber the evcllt,which included the out-
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data by other particle types. These

the possibility of contnmination of

IVA

nnd Table 4.3 it enn be seen that

are shoHn in Fig.4.14. Ci Dnd Co

refcr to the inner and outer mirror

hencc Cerenkov (lnglc, is incrensed

tics of this counter os pressure,

'are listed in the next section.
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I
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I
I
1
I

1
I
J

TabJ.(~ 4.4: gives tile main parnmeters of ei3ch rnn pcrfonncd ,~hcn

part of thc exp~riment the beam ,ws beine controlled by an experiment fur-

accelerntor cycle of length ""·1 sec and containing nbout 20 pnrticlcs. :c..... ch

Pinged spill consisted of four short bursts of

Each burst "'.:IS

For the pinged

This choice was arbitrary as it

Slow spill consisted of one pulse per

The beam spill used was either in a

E..ch burst \vDS 300 ~ long an(l contnined

'pinced I mode or a 'slo\~ spill r mode.

recording ion i zi3tion information.

particles per accelerator cycle.

scpnrl.l ted from the next by 100 lOS •

tber do~n the beom line.

appeared to make no differcnce to the resulting data.

of the order of 5 particles at the ionization detector.

I
J
1

I
I
I
I
I
I
1

ti me n pnrticl(> pnsscu through the ch<lwber the event, ,,'hich included the O\lt-

puts of the (j1 ADC 's I the event numher, the event stutus "'ord, nnd the

-L i t 1 C II 0 r tl , '" <1 S r e c 0 l' (1 e d 0 l..l nEC t np e .

I:
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30 150 3 5264 Ping p - 7.1
Below

Thrc6bolc1

TT 11. e Outer
Hirror

31 150 4 5756 Ping p - 7.1
Bclow

Thrcshold.

Outer
iT ~.e }Urror

32 50 1.5 3253 Slow P K 7.0

I
Belo,",

Threshold

I 33 100 1.5 5800 Slo\.,'
8.5

P - Beloy

I Thrc5holcl

Outcr
n \-I, e Hirror

34 25 4 5315 Slow P K 11.0
:aelo,",

Threshold

Inner
iT \-I }Urror

IOuter
'e - \-l Hirror ,

During that part of the acceler<:li.or cycle for ,yhich there ,,'ns no

spill, cnlibra·tion datn ,~ns recorded, i.e. the X-ray source box vms opened.

'l'hi s dnta, ,~hi ch all came from channel 2, ,~as histogrammed in core. The

histograUl ~\Ins ,...ritten to DEC t8pe nnd then zeroed once every t"enty miII~ltes

approximately.

Before recording ionization infol'DJ<ltion the chamber ,·:as scnnncd

this prcliminrtry period nre outlincd in the calibrrttion secti.on follo\{jng.

The resul ts 0 fficl'S ,·:cre ildjllstCcJ to hQVC equi11 pcdcst<llsl gains ctc.

over its ,~hole area for non-tUliformity of gain, etc., and ADC's and al!1111i.-

jJ
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Bel 0""

Threshold

33 100 1.5 5300 Slow 8.5
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Dllring that pnrt of the acceler<:l1.or cycle for ,,,hich there ,...as no

spill, cnli1)ration dnta was recorded, Le. the X-ray SOUl'ce box ~'<:lS opened.

l'his data, ,~hich ~ll came from channel 2 1 ",as histogramroed in core. The

histogram ~\I()S '\Tittcn to DEC tnpe and then zeroed once ev ry t,... enty mill\ltes

approximately.

:'.'J
Before recording ionization inforlJlntion the chamber ,·:(\s scanned

th j s prel iminm'y period nrc outl ined in the col i br<ltion section f0110'1) il:-':.

over its ,.ho.le <lrcn for non-tuliformity of gain, etc., and ..\DC's ann <ll!1jlli-
j

·1
·i
I

..J, ';

iJ
1 1

i

,1 I

I

fiCl'S ,·:ere ndjusted to have equnl pcdcst<llsl g(\ins etc. The results of



The follo'ving peculiurities exi sted in the 60 signal ",ire channels:

(1) Chrmnel 2 not only acted as a normal ioniza-tion measuring

channel but <llso acted CIS the self-triggering channel for

looking at X-rays from the calibrCltion source in other­

wise idle times.

"t
I

of the eA~eriment are concerned with the linearity and uniformity of the

Hence the signals

It is not in the central 10 cm of the ",ire lengt.h

i'lorlcing in order dO\Vl1 the system, the follo'ving measurc-

could take place around these t",o wires.

seen on this channel ,vere those due to noise and pick up.

An interesting effect "las observed in this channel nncl \ViII

be discussed later in the analysis (p.66).

rertched.

CALIBRAT1 ON OF N A L DATA

(i) Uniformity of gas gain dO\m the length of each signal wire.

This ,vas llleasured by scanning signal \Vires do,m their length

",ith a ~,X-ray source, (see Fig.4-.15) > Typical vari­

ations in gain ,-:ere < ~~. The large drop in one of the scans

of Fig.1.15 is the ffl11 off of grtin as the cnd of the 1\'ire is

(4) Channel 58 was not a conventionnl channel. The electronics

of this channel were cormected to a pair of thiele 250 f..I.

wires at the far end of the chamber outside the 'active'

region (inste8d of the normal 25 ~ signal wire). BecCluse

of the increased radius no <lppreciable gas amplificQtion

(3) Channel 30 ",as the other channel in the pClrticle trigger.

AD C 30 did not ,vork and so the ionization information on

this channel ",as lost (despite the fact that it ,.;auld have

been biased anY'vay).

The preliminary calibration and setting up problems at the start

(2) Charmel 59 ",as one of the tlVO channels that made up the

particle trigger coincidence. As can be seen Inter in

Fig.4.16 (point marked 'trig'), this leads to its average

signal size being binsed large.

ments "lere made.

meOlsuring system.

1\'.5
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used for measurement.
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The follo"ing peculinrities existed in the 60 signal ,,,ire channels:

(1) ChClunel 2 not only acted as a normal ionization menstlring

channel but [llso acted CIS the self-t.riggering channel for

looking nt X-rays from the calibrCltion source in other­

wise idle times. -

I
I
i
I
I

I
I

(2) Channel 59 "as one _of the t1VO channels that made up the

particle trigger coincidence. As can be seen Inter in

Fig.4.16 (point marked 'trig'), this leads to its average

signal size being biased large.

of the experiment are concerned with the linearity ~Ild uniformity of the

usCd for measurement.

.
-~

--

r~

I~
i
I

Rence the signnls

It is not in the central 10 em of the Hire lellg th

\'lorking in order do\m the system, the follo,~iug measurc-

could take place around these t",o "ires.

serm on this channel ,,,ere those due to noise cmd pick up.

An interesting effect '-las observed in this cbannel nn(1 "ill

be discussed later in the analysis (p.66).

renched.

CALIBnATION 01" N A L DATA

The preliminary calibration and setting up problems at the start

Channel 58 was not a conventionnl channel. The electronics

of this channel "ere connected to a pair of thick 250 iJ.

wires at the far end of the chamber outside the 'active'

region (instead of the normal 25 iJ. signal 'Wire). - Becnuse

of the increased rndius no appreciable gas amplificQtion

(i) Uniformity of gas gain dO\\'l1 the length of each signal 'vireo

This Has measured by scanning signal wires uO\"l1' th~ir length

l"it.h a cCJllilOated X-ray source, (see Fig.4-.15) > Typicnl vari-
~ ,

~lt.ions in ga i n \-:ere < 2'J~. The large drop in one of the scans

of Fig.'1.15 is the f<lll off of gnin £IS the end of the 'I'ire is

(3) Channel 30 ,~a s the other channel in the pClrticl e trigger.

AD C 30 did not \.Jorlc and so the ionization information on

this channel ",as lost (despite the fact that it ','oulr} have

been biased anyway).

measuring system.

lllents \vere made.
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(ii) Uniformity of gas bain from signol1vire to signal Illire.

11,0 separnte measurements were made: (n) A collimated

X-r<1Y source 1vas sCEwned ncross the signal ",ire plane at

right nnglcs to the signal ,,,ires. The variation in gnin

",as0~ (rms deviation from mean signnl size). (b) 'The

peaks of the Landau distributions for 25 GeV/ c protons

obtained from each of the 58 channels were compared, see

Fig.4.16. The vnriation is estim~ted ns a ~ 5~{y. (The

accuracy of this second mensurelllent was limited by

statistics.)

(iii) Linearity of gas gain. The signal size from a wire was

measured as a function of vnrious X-ray energies, see

Fig .4.17. In the region used, i.e. 0- 8 keY, the gas

to real signals were put onto each signal wire. For each

channel a SCelD was made of AD C output versus size of in­

put test pul se, see Fig. 4.18 for a typical channel. All

'"I! ,
I,:

J--

(iv)

gain is proportionnl.

Linenrity of electronics. Test pulses of similar shape

test pulse is measured in arbitrary 'equivalent volts',

since the voltage actually mensured should be multiplied

by an unknown constant factor to obtain the actual peak

size of the test pulse in volts.

i

I '

I ,

channels were very similar to this one. The size of :"h.:

(v) Linearity of AD C 's. Before performing (iv) above, the

zero current of each of the AD C f s 1V(lS adjusted such that

the required range of signal wires was in the linear region

of the ADC 's response.

(vi) Constnncy of the AD C integrntion gate time. This ",as

checked throughout the eJ<.]Jeriruent by putting a fixed d.e.

reference voltage into one of the AD C 's (AnC 63). Its

'I ,;,.

I
I

output was never observed to vary.

same gnte signal.

All AD CIS used the

(ii) Uniformity of gas {;oin frorn sienHl ,,lire to signal \~ire.

'1''''0 separate measurements were Jlvlde: (0) A collimated

X-yny source \~as sCflnned ncross tbe signal ,,lire plane at

right angles to the signal ,,,ires. The variation in gnin

'''as '0~ (rws de,,:iatiol1 hom ml;'ijn signal size). (b) The

peaks of the Landau distributions for 25 GeV/ c protons

obtained from each of the 58 channels ""ere compared, see

Fig.4.i6. The vori<ltion is estim3ted as 0" ~ 5~6. (The

accuracy of this second mensurement was limited by

statistics.)

(iii) Linearity of gas gain. The signal size from a Hire ,,'as

measured as a func'Li.on of v[lrious X-ray energies, see

rigA.1? In the region use(l, i.e. 0-8 keV, the gas

to rca I signals "'ere put onto each signal ,,lire. For each

chnnnel a scan ,,'as made of AD C oatput versus size of in-

put test pulse, see FigA.i8 for a tn}ical channel. All

,,
'.,,
I ,I.,

)-.

gain is proportional.

(iv) Linearity of electronics. Test pulses of similar shape

channels '.ere very similar to this one. The size of :'lk

test pulse is meosured in arbitr<:lL'Y 'equivalent volts',

since the voltage actually measured should be mul tipliccJ

by an unknOI,'11 constant factor to obtain the actual peale

size of the test pulse in volt5.

(v) Linearity of AOC IS. Before performing (iv) above, the

zero CUT}'ent of each of the An C 's ~,1ns adjusted such that

the required range of signal ,,,ires '''as in the linear .reaion

of the AD C 's resllOnse.

(vi) Cons-toncy of the AD C integrotion gate time. '£hir:. \"a5

ched.ed throughout the eJo,:perinlent by putting a fixed (l.c.

reference voltage into one of the AnC 's (Ane 63). Itsi
i
1

output was never ~bservcd to vary_

same gate signal.

All ADC 's used the
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is caused by fluctuations in the number of

loss and in the gas amplification factor(29).

The smaller peak is the argon escape peak at 2.9 keY.

ion pairs for a given energy

it. The width of this p~ak

TABLE 4.5

The cnlibration of the detector during the time that ionizatioll

The position of the 5.9 keY peak was determined by fitting a Gaussian to

A table of iron peaks versus run number and the event number at ,.;hich these

! RUN EV'R\'T AD C BIN KillIDffi nUN EVE!'\Jl' I A D C DIN KUH.orn
N1J1·2ill i\T"(R·IHDl OF 5.9 keV PEAX N"L'HBEll NUHi3En OF 5.9 keV PEAK

30 803 217.1 ± 0.2 32 1725 227.8 ± 0.2

(150 GeV/ c) 1224 220.2 (50 GeV/c) 2095 228.0
I I I

1699 223.2 3216 221-.9

2171- 22'1. 4

2921 226.0 33 2927 193.3

3679 227.2 (100 GeV/ c) 5308 189.1

1-615 228.3 7568 181·. ()

5G14 229.0

31 836 221.2

I (150 GeY/c) 16-13 221.7 31- 3715 213.2

2465 223.1 (25 GeV/ c) 4972 208.3

2984 223.0 I 6108 203.2

35·19 223.1 6535 200.0
I

4183 222.9 6735 198.5
.4722 223.2 7081 197.3

5179 220.9 7811 195.8

5756 220.1 8875 195.6

55the Hn <:ltom).

data ,,,as ueing collected "(\S by use of the X-~'ay shutter box. Fig.'I. Hl

shmvs a typical calibration spectrum obtnined ",hile run:ling. The main

55
peak corresponds to the ionization from the 5.9 keY X-rnys of Fe (caused

55be electron c<:lpture by the Fe nucleus with subsequent de-excitation of

histograms were recorded is given below.

't'

""tsi
g
'"

I><
.~

;J
.~

.~"

.t
~
\-~

::...;

-..
•
-.
~..,..
·.:
~.,

1
".

~
C-
o'

(~

i
to

.-
j
f
~
I

$

•r
I
r,

, ,.,..
I -;..- :

I:: -.
I.' ,

'" .~

ir • "

.: I

,
I'r,'.
I I •• ,. -

~....'
I, ~

I : ;::

•
i.:
r .: ....

, .

j.:,,'
,I ,

i
~.

i,
I,'
'I.

I
i

{~ ~ -

[; '.:
i:-r·,
l.
j'.

is caused by fluctuations in the number of

loss and in the gas amplification ~actor(29).

The s~aller peak is the argon escape peak at 2.9 keY.

ion pairs for a given energy

it. The width of this p~ak

TABLE 1.5

Tlte cnlibration of the tletector tluring the time thnt ionizutioll

A table of iron peaks versu~ run number Dnd the event number at ,.,hich these

r
RUN EV'E\'T AD C BIN !,1J}GJffi nUN EVL'\ll' I AD (; BIN NlJHDrn

l\T(Jl{aill t-.ru:·1JfER OF 5.9 keV PEAl\: NLi'IBlm NUHi3En Oli' 5.9 keV PEAK

30 803 217.1 ± 0.2 32 1725 227.8 ± 0.2

(150 Ge\/c) 1224 220.2 (50 GeV/c) 2005 228.0

1699 223.2 3216 221-,9

2174 221-.4

2921 226.0 33 2927 lD3.3

367D 227.2 (100 GeV/ c) 5308 180.1
1{)15 228.3 7568 181-.u

5611 229.0

31 836 221.2

I (150 GeY/ c) 16-13 221.7 34 3715 213.2

2165 223.1 (25 GeV/c) 4972 208.3

2984 223.0 6108 203.2

35·19 223.1 6535 200.0

4183 222.9 6735 108.5
4722 223.2 7081 197.3

5179 220.9 7811 195.8
.

5756 220.1 8875 lD5.a
:

The position of the 5.9 keV peak "W(\s determined by fitting a Gaussian to

unta ,.;as Lcing collected ,;as by usc of the X-J.·ay shutter box. Fig.'l.lU

55the Hn atow).

sho'vs a typical calibration spectrum obtained while run:ling. The lUain

55 (peak corresponds to the ionization from the 5.9 keY X-rays of Ye caused

55be electron cnpture by the Fe llucleus ,.. ith subsequent de-excitation of

·histograms were recorded is given below.
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Fig .4.19

1 I ,-,,?-
5i3 102 f 5'3 200

ADC Bin Number

Typical Fe C<1librc:tion Spectrum

(zero energy co~responds to about 50)

55
Intcl'1wlate beh/cell the neare st h/o CuI ibrnti on Fe X-roy

peaks either side of this event in time (more precisely

the interpolation is 1vith respect to event numuer, not time).

o

(2)

(j) C011'."e1'1: each AD C output hin number to 'volts I using the

conversion of the t)1)e sh01m in Pig.4.18. This corrects

for non-lineurity in electronic amplificntion.

Surl1l.]J(\rizing, the foll01l'ing steps arc thus performed in the calibrCl-

400

deposited in each s<IInple)

output oi tl-.c AD C 's into the corresponding llwuber of electron volts energy

tion of an ioniz<:ltiOll event, (i.e. the conversion of the recorded digitized

I
j

, 1
!

i !. !: .~
·.

- i

j !

~?
,

i

~ ·,: :

·

j.

(3) Convert interpolated c<:llibration peak to 'volts' using

FigA.18 again.

(4) Usc the kn01m energy of the calibri.1tion peLlk and the pro­

portionality of the chamber to give the required result in

energy units, i.e. eV.

-- (5) Correct tlle eV result further for density etc. as outlined

belo11.

/.

2S2

FigA.19

50 1~~ 15~ 2CB
ADC Bin Numbu

Typical Fe Co1librc:lion Spectrum

(zero en€rgy co~rcsponds to about 50)

55Intel'J)Ol<tte bet\'leClI the ncare st t\oJO c<:ll ibrati on Pc X-rny

peaks either sidc of this event in time (more precisely

the interpolation is \vith respect to event number, not time).

o

(2)

(J) COlwel t each AD C outIlUt )Jin number to 'volts' using the

conversion of the t)~C shoun in Fig.4.18. This corrects

for non-line<:lrity in electronic amp] ifica·Uon.

SWllllJarizin£;, tbe follo\\'ing steps orc thus performed in the cnlibrCl-

deposited in e<lch 500l1>1e)

tion of an ioniz<ltiOll event, (i.e. the conversion of the recorded digiti'l,c:d

output 0.£ t~,e AD C 's into the corresponding number of electron volts energy
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(3) Convert interpolated c<llibration peak to 'volts' using

Ji'ig.'1-.18 again.

(4) Use the kno\m enel'gy of the cal ibratiO!l peak and the pro­

portionnlity of the chambcr to give the required result in

energy units, i.e. aV.

(5) Correct tile eV result fllrthC'r for (lensity etc. as outlined

~ below.



The X-ray calibration autornaticnlly corrects for V8riations in the
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There-

How ,Yell

HOIvevcr it

For instance any

This variation is

The distance from the signal wire

This is at first surprising but it can be

If the rates of either charged particles

cesses can be affected in different ~ays.

tion electrons in the two processes are different.

(b) Gns composition effects.

(a) Rste effects.

plane to the conversion point of an X-ray and to the traclc of

a charged particle, differed by '" 2 cm in this experiment.

llence the drift distances to the signal wires of the ioniza-

influencing this relation are the following:

or X-rays are too great, the accnmulation of charge in the

gas nmplification region will change the gain significantly.

This space charge effect l,as considered non-existent for
(30 )

this experiment , but the almost certain existence of

another rate dependent effect is outlined in the data ana­

l)'si s following (p. 71) •

fore, if there is a change in gas composition, the two pro-

oxygen present 'viII <.Jttenuate the signclls (by nttachment of

electrons to the oxygen molecule).

defined is the relEition oetl'!8en the ll1easurement of an energy deposited by

The variation of density (= pressure/temperature) and X-rElY peak

expL1ined, and in the process leads to the follo'villg question.

during the course of runs 30 and 31, are sho'ffl in Figs.4.20(a) and (b).

an X-ray and the meosurement of an energy deposited by a charged particle,

olld hence' 'What is the usefulness of calibrating 'vith X-rDYs? Factors

As can be seen, the variation of density is not a good measure of the varia-

does not correct for variations in the primary ionizntion by the charged

tion of the X-ray signal size.

particle ~hen there are va~iations in the gas density.

approprinte

gnin of the gas amplifier due to vari8tions in g8s density.

tion loss to NT P using the mean temperature and pressure rneEisured for the

sInnll and linear, and was elirnin8ted by converting all histoc;rams of ioniza---- ------
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gain of the gas amplifier due to variations in g<lS density, HO\-Ievcr it

---slnnll and linear, and was elirnin<lted by converting all histo~raU1S of ioniza-
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particle ~hen there are v8tiations in the g<lS density.

appropriate r~m._;

The variation of density (= pressure/temperature) and X-rElY peak

defined is the relCltion oet\~eell the l!'.easul'ement of au energy deposited by

influencing this relation are the following:

an X-ray ,md the mensurement of an energy deposited by a charged particle,

There-

How lH~ll

This is at first surprising but it can be

If the rates of either charged particles

tion electrons in the two processes are different.

(a) R3te effects,

or X-rays are too great, the accnmulation of charge in the

gas amplification region will change tbe gain significantly.

This space charge effect was considered non-existent for
(:50 )

this experiQent ,but the almost certain existence of

another rate dependent effect is outlined in the data ana­

lysis following (p. 71).

(b) Gas composition effects. The dist3nce from the signal wire

plane to the conversion point of an X-ray and to the track of

a charged particle, differed by ....., 2 cm in this experiment.

lIence the drift distonces to the signal ,~ires of the ionizll-

during the course of runs 30 and 31, are shOim in Figs.4.20(a) and (b).

explnine d , and in the process le<lds to the fol!ol.iug question.

aIle) henc!' ""hat is tbe usefulness of calibrating \Jith X-rays'~ Factors

tion of the X-ray signal size.
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In FigA.21 <.l plot is made of the variation ,·;ithin a run of gas

gain <:IS measured by X-rays against the eain as Iileasnred by the mean ioniza-

- G3 -

that Cllthou~b this plot contains points from all nms it only contnins

L1<:\gnjtuc1e of the variotio;l bet\"een runs, since the time intenrals betHcen

(The 'gain variation' as

It should be emphasized

thcm ",'erc l[\rge Cllld <.11so not much is kno\\'ll ouout changes of gas compo-

sition l)(:t\,'(:C'11 the cliflcL'cl1t gns oottles used ill clifferent runs, or about

c11nngcs in ocnrn f] uxes. Ho\\evcr, bw supposedly idC'llti cal runs (00 allcl 31

Unfortu!latcly it is not justifinole to sny that this ,\'ill lw the typical

information noont gain variations ,,'itl1in a run.

tion of a particulnr type of cbargccl particle.

variation of points froQ the straight line is this fignre give a == 1. 55~.
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Unfort\\il;ltcl:,' it is not justifioblc to ~;ny that this \~ill lJC the typicnl
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<\t 150 Gc\'/c) ,,'ere l1l:1ucnt oi fferellt till1c~ and thc c1lnngc in -Lhc posi bon

of the cillibr<\tec1 l:Je<\l\ ionization, for n 's anc1 p's, is 3,~~~ beb,'cCll thcse

Herc a slllllUl~ry is mi:lCle of all thc errors involved ill the calibration.

First there are the factors tl~i:lt causc the gi:1in to vary "iithin a nm and

~hich act in such a way as to ~idcn tbe Lanonu distributions that would

otherwise be obtained, These arc mainly cnused by the mechanical toler-

ances of the detector and' the nCCllracy of the electronics. Tnble 4.G

:: .

s~~@arizes these factors. Secondly, -there are the factors that cause gelin

, I variations bebveen runs. The s c arc thought to be ga s compo sit i on <"In el/or

,,'
rute effects. Thirdly, there is the possibility of a systematic shift of

the Landau distributions, as yet not discussed.

1~\m.E '1.6

somers OF GeU\; ~".\TIL\lJO\ "111"~ A TIl')l'

Source HcnsnrcUlcnt

Drift yolt,,~c stnoilitv in Digital volt~eter

ebsence of ~har:;ed p3rticle

Drift ~oltage ripple Os~illoscope

Effect
Variation on Gnin

(0)

< 10- 3

< 10- 3 < 0.7;';

< 10- 4

< 10-4 < 0.1%

10-2 ~ 1.0)~

Observed disper­
sion of test pulse
respor:se a"erur,cd,
over all ch"nnels
(see rigA.11)

TIT ",irc voltage stability
in absence of chor~ed Di~itol voltoetcr
part. i cle

HT 'Wire '\'oltage ripple Oscilloscope

LT pOlJer :iupply nr:d other
sources of s'lort. tc:n elec­
tronic ~niIl v~riation, e.g.
random electronic noise

I
I !

. . .~

, '

. '
I ~:

See Fig.4.21 15XI0- 3
1.~

X-rny scun ~20Xl0-3 < 2.o;~Sec Fie. '1.15

X-ray scan 2QX 10- 3 2.Oj~

Charced particles
~50X 10-3 ~ 5. o;~See Fi~. 4.1G

j

i

I
I

~l

rl
I I'

I F
, "I ';
, I'

\:
i ~
/'

4. Gas cain vnriation lJith
time lJithin u porticulnr
rull, e.g. due to :;os co",[o0­
sitioll varintions, fluctu.:l­
tions 01' d.c. level shift

5. (0) Gos cnin variation along
",ire

,(b) Coin varialion Iroo wire
to ...'i rc

5(b) includes:

(i) Wire diometer variation

(Ii) SiC""l ... ire position

(iii) liT lJire position

(iv) Dri ft. cl cLt..,,,rlc f'':>:; t i on

Loser diffraction

l'rovelli:l~ micro­
scopc

Trnvcl1 j1\~ clicro­
BC'))'!'

Cni,,,ci tor bril1;',e

< 0.2 1-1:'1
<8\-X1 J

:10 ~"

2.0:~

t 1 "0 (j \'/) "l~"e ,nt "l'ffe'l',ll l t)'lIles and t.lle (;lIrlll!_~C in -tile position<I J ,C' C ,,'c::r~ .. u "u" -

of the el\libl'~tcd laNlTl iOlliziltioll, for n 's anc' p's, is 3,:~~,u ·'b,·cell tl\c:-;c

It ",ill b ':'SSlllllCd t! • t this i::; t)1)i c:ll IJch,cCll tillY oth~r b,o rUI1:-i.

Here <I slUllID:try is O1ncle of al thc <.'rrors involved ill the culihl'<Ition.

First thcrc nre thc ructors thut causc the g<1in to vury \,)ithin <l nm nnll

"'hieh act iJ such a \I'aY as to ,,'iden the Landau distributions tlwt ,,'oul<.l

otherwise be obtained, These arc mainly caused by the mechanical toler-

ances of the detector ::lnd'the accuracy of the electronics. Tnule 4.6

'i.
•1 ' slL'lIIl1arizes thcse factors . Sccondly I ·there (Ire the factor s that COllSC ga in

! I variations between runs. These nrc thought to ue gas composition <lnd/or

" ' l'ntc effects. Thirdly, therc is the possibility of a s)'steID<ltic shift of

I

I'
I ~
, '

the Landau distributions, as yet not discusscd.

1~'\ OJ,}: '1, (\

SQt.!IlCCS OF C_\T"i V·\flL\1'I0\ hi11[)\1 '\ m~

I.:
I'

I
Source Hco Sll rCUlcnt

Effect
Vori~tion on Gnin

(0)

I !
Drift Yolln~e stobility in Digitol volt~ete,

ebsencc o! ch::lr~ecJ . :lrt i cl e

Drift ,oltn~e ripple Oscilloscope < O.7~

nT wire voltage stobility
in absence of chOlr~ed

particle

fiT wire '·01 tage ri Pill e

Digit:ll voltoeter

Oscilloscope < 0.1%

LT power l\Upr1y nrod other
sources of s'tor't c:u elec­
tronic :;"in vo:lriolion. e.g.
rQnOo~ electronic noisc

Observcd dispcr­
sian of test pulse
response avcrd~e~

over all chnnncls
(see l'i~A.l1)

GOG eoin variation with
ti~e within u porticulor
run, e.g. cluc to :;.:s CO~IPO­

sitioll YoriOltions. fluctu:l­
tions or d.c. lcvel lo'bift

See Fig.4.21 1:~

2.()-~

- 2.0:~10 ~

<O.21-O~

< 8 \-L'I J
JO vn

X-rOly SCiln
Sec FiC' '1.15

X-ray scon

Cb~rccd p"rticlcs
See Fic:. 4.1G

Loser i Uroction

Trovell i~~ micro­
scopc

Tr;lvcll'"::: ~dcro­

6c')J,r

l\j':lcllor briC1;',c

6. (0) Gas gOlin VQriatio~ alan:;
\lire

(b) Gnin varinlion 11"00 wire
to ...·ire

ri(h) incll\dcs;

(i) "ire dinn:ctcr V:lI'iiltion

(Ii) SiCn"] "'il'c positIon

( iii) liT ... j rc po" i t ion
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If the ionization d"t" is calibrated CIS in the previotis section,
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sign<tl sizcs.

each signal wire was seeing effects due to the other (150-1) signal wires.

<llld c<lthode wires (the latter were connected together). This meant that

the chamber, the voltage chnnges on ea'ch of the signal (anode) wires contri-

These d.c. level shifts of the high voltage electrodes reduced the observed

be made as follows.

from theoretical predictions nnd other prcvious cOl21pnrnble cATlcrimcnts.

buted, via capacitive coupling, to 'voltage changes on the drift electrodes

It was due to insufficient oecoupling capacitance of the drift electrodes

[lod cathode ,,,ires to ground.

mation of the circuit cClusing this effect is 5ho\,'n.

l'ectified at tbe time of e2.."pcriment (because of lack of time nnd compoacnts).

This is IDainly cnused by a serious problem which could not be completely

thc Landau tlisLributions obt"ined h<1vC peaks very Uluch 100,er than expected
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signal sizes.

the chamber, the voltage chnnges on en'ch of the sign<ll (anode) ,dres contri-

each signal ,~ire ,.as seeing effects due to the other (150-1) sir;nal , ... ires.

These d,c. level shifts of the high voltnge electrodes reduced the observed

find cnthocle ,dres (the ~atter were connected together). This meant thnt

be made as follo",s~

from theoretical predictions and other previous conpnrable e}':Ilerim<;nts.

It was due to insufficient ctecoupling capacitance of the drift electrodes

<lno cathode ,... ires to ground.

outed, via capacitive coupling, to ·voltage changes on the drift electrodes

)'eetified at tIJe time of e:A:pcriment (becnuse of lack of time and compo:lcnts) ~

maticn of the circuit c8using this effect is sho\m.

This is mainly caused by a serious problem,whicll could not be completely

the L<llldau uisLributions olJtnined h<lve pcnks very llluch 100.;er tlwn expected

1\'.6

---



obtained from the

tn(2d!a)
C

A rough idea of C(signal ''lire - electrode) is

. t (3:1)
standard formula for a ,-lire to plane capac1 -ance :

211££ t
o

~here t is length of ~ire, d 15 wire to plane spacing, and a is wire

radius. In our case t = 0.35m, d = 3.5cm, a 0.0025 cm giving

c ~ 2-} pIo'. Thus if it is assumed the total stray capacitance per signal

"Iire is 7t pF (bvo drift planes and cathode '-lires =) 3 X 2t, and since

there are 150 signal 'vires (including signal 'vires not coupled to elec-

tronics) then the induced signal on any pair of wires (for each san~le)

is of order

2 X C(signal-electrode) X (:150- 2) X (or~ginal ~ean)
C {decoupling) \ s1gnal S1ze

~ 0.23 X (original mean signal size)

where we have considered the stray capacitance to a signal wire and the

decoupliDg capacitance acting together as a voltage divider.

This effect is estimated as described later in this section, to be

- 25~b but because this figure cannot be obtained accurately by measurement

or calculation, it forces one Unlm010Jll normalization parameter into the

Tesults. This effect ,vas also seen on channel 58 ''lith the dmnmy signal

"Iires (see p. 55) i. e. a small positive signal was observed (a genuine

signal due to an ionization event is negative going), but since this channel

,,'as not calibrated for positive signals (,vhere the AD C response is nonlinear)

no quantitative information could be obtained.

Another less important source of interchannel correlations ,vas the

nearest neighlwur cross-tulk due to stray capacitance beboJeen signal 'vires

in adjacent channels. This cross-tnlk was measured, using a calilJration

i

X-rn)' sonrce to be - (3 ± 2)%.

A rough iLlen of C(signal ,~ire - clcet..rode) is obtained from the

"t (31)stanl1ard formula for ;). ,~ire to plane capac1 ·once :

2nE:£ t
o

C = -;-tCCn('"2::;-0/T:.,)

,,,here t is length of ,'lire, d 18 ,~irc to plnne spacing, and a is wire

radius. In our case {. = O.35m, d = 3.5 em I U O.0025cm giving

C~2-}pF. Thus if it is assumed the total stray capacitance per signal

'wire is 7t pF (hw drift planes and cathode ,·lires ::::} '3 X 2t 1 and since

there are 150 si~nal wires (including sic;nal ,.ires not coupled to elec-

tronies) then the induced signal on any pair of wires (for each snn~lc)

is of order

2 X C(signal_electrode)
C (decouplillg)

x (150- 2) X (or~ginal ~can)
\ Sl.gnal 51 ze

~ 0.23 X (original mean signal size)

,,,here \Je have considered the stray capacitance to a signal wire nnd the

decoupl Log; capaci tance acting together as a voltage divider.

This effect is estimated as described later in this section, to be

- 25% but because this figure cannot be obtained accurately by rneasureUient

or calculation, it forces one unlcnoHll normalization parameter into the

results. Thi8 effect was also seen on channel 58 with the dummy si~nal

1~ires (see p. 55) i.e. a small positive signal ,~as observed (n genuine

signal due to em ionization event is negiltive going) I but since this channel

\,'as not Cfl] ibrated for positive signals (\~here the AD C response is nonlinear)

no qu~ntitative information could be obtained.

Another less important source of interchannel correlations \~as the

nearest neighhour cross-talk due to stray capacitnllce bet\~een signal \~ires

in aujacent chnnneis. This cross-tnlL: \~as rueasttred, using a calillration

I,

I

X-rn)' !'>'OlIrcc to be - (3 ± 2)fc..
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The odd looking overflow bins are due to the

The best theoretical fit '''I S tnken as given by

u= - 0.0-15
==

0.01,

ex. is defined by

c. == ex.E. + E. +ex.E. ~ ,
1 1-1 1 1+

height.

'\-Iherc e.
1

E. corresponds to the chnr~e actunlly collccted by thnt
1.

where

imperfect calibration causing the overflOH bins of the 58

contributing AD C 's not to ovcrl<lp precisely.)

(1) Nearest neighbour cross talk. Tvto calibrated Lnndnu

distributions, (i) and (ii), ure obtaincd for the events in

chunnel N "Ihen the signals ~eusured in channel N + 1 are

(i) larger them average, and (ii) smaller thnn ClverClGc.

The difference betw'een these b,'o Landaus is compared "ith

the shape of similar plots obtained theoretically with dif­

fercnt values of nearest neighbour cross-talk. (Of course

for~ cross-tnllc and high statistics there is no differ-

ence bC'h,'cen these tHO Lundaus.) This procedure gives u -

rough estimate of the nearest neighbour cross-talk, e.g.

see Fig.1. 23( 01) ,~hcre the e).:perimcntnl difference hi stogr01El

is shoHn ,.. ith one of the Land01us used in the subtroction,

and <:lIsa ,,-i tIl the curve of the best theoretical Hontc-Cnrlo

fit. ('The 'best fit' is taken as when the positive going

peaks of theory and e:A.1Jerimcnt are approximntely the snme

\'lith the above problems in mind it "as decided that the best pro-

ing:

cedure for attempting to handle inter-chmmel correlations "~las the f0110,.-

smaller in m<tgnitudc than 4.55~, the capacitntive cross talk mugnitude.
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€. = a.E. + r. , + a. E . ~ ,
~ ~-1 1 1+..1.

(1) Nearcst neighbour cross talk. 'l\vo C<:llibrated Lnndllu

distributions, (i) and (ii), nre obtained for the events in

chnnnel N "Ihen the signols ~cnsured in ch~Ulnel N + 1 are

(i) larger thnn average, and (ii) smaller than averngc.

The difference bet,,,cen these hio Lnndaus is compared Hi th

the shape of similar plots obtained theoretically with dif­

ferent values of nearest neighbour cross-talk. (Of conrse

for~ cross-t[ll1c and high statistics there is no differ-

ence betHeen these t",o Lnndaus.) This procedure gives a

rough estimate of the nearest neighbour cross-talk, e.g.

see Fig.1. 23(n) 1~hcrc the e),:perimcntnl difference hi stogrmn

is sho,.;n ,,,ith one of the L<lndmts used in the subtraction,

and <lIso 1d tIl tbe curve of the best tbeoretical ~Iontc-Cnrlo

fit. (The rbest fit' is taken as when the positive going

peaks of theory and e:JI:perimcnt are approximlltely the SUlle

height. The odd looking overflow bins nre due to the

imperfect calibration cnusing tho overflow bins of the 58

contriuuting AD C's not to overl<:lp precisely.)

With tbe above problcms in mind it ~as decided that tile best pro-

ing:

cedure for attempting to handle inter-chnnnel correlations 1,:as the follo,-l-

causing secondary ionizntion on their 1~a)').

smaller in mngnitude than 4. 57~ I the cnpacit[ltive cross talk mllgni tude.

priClory ionization in one sllwple trnvelling throu:;h into nil ndjoccnt s<1mple

effects behleen sllnlples due to 0 roys, (i. c. high energy electrolls from

effect is estimated from refercnce (32) to be of oruer 1)~ for ndjaccnt chi1ll-

nels nnd from this e:A1Jerintent, [Ill tlwt Cun be said is thut. it is very mnch
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normaliz<ltion factor, S, for the e:x.'})erimental data is ob­

tained.. ~ is defined by extending the previous equation

FigA-.25.
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that the effect just described is confined to 0 nearest neigh-

bour effect. Fig.1.21 sbo'''s the saroe for electrons.
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I
e. =a E . 1 + E. + aE. - ~ s

1 1- 1 1+1

~here ~ is a suitably defined mean ionization for a parti-

possibly highp.r, such thClt the d.c. level did not have time to recover

has been used to give a value to the unk.no,Vl1 energy normCllization parumeter,

be due to a rate effect related to the recovery time of the d.c. high vol-

A further related problem is observed 'When the equivalent of

These are

Secondly, theory

Here a positive long range

~ S ~ 500 ± 100 eV J.[or

The value of ~ obta ined ,,,as

It is not completely understood but it is thought to

~ = O. 25 ± 0.05

due to fluctuations in the d.c. level shift.

cular particle velocity .

Firstly, it is used to obtain a value of nearest neighbour cross-

Thus, in the procedure det<liled above, theory has been used in hm

caused by the Landau fluctuations of the ionbation in 120 cm

of gas. (120 cm = distance a charged particle travels across

the signal 'vires.) The Landau fluctuations are typically 5C%'&

(FWHH) for this thickness of gas(33) 'Which gives <l a of

'" 2~~) hence the variation of ~'

experime'1tal Landau distributions, (using the data from the 25 GeVjc run).

The I error I quoted for ~ is the variation of this psrameter

correlation is seen.

talk by fitting the shape of theoretical (Honte-Carlo) oi stributions to the

tage levels, i.e. in runs other thCln the 25 GeV/c run, particle rates ",ere

gies, e.g. see Fig.4.26 for 150 GeVjc protons.

teni 'With the experimental X-ray measurements (- 3 ± 2l~) .

13. P.gain good agreement 'With <l previous crude estimate (see p.65) is ob-

The value for nearest neighbour cross-talk so obtained (-4.5%) is consis-

Figs. 4.23 and 4.24 for 25 GeVj c particles are plotted for any othercner-

~ays.

. tained (Le. - 255& as opposed to - 2~~).
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completely beb,.een some events, ffi<)king all the signals l01,er than average

for such C<lScs. This would produce a long range corrclntion. Since
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as follo,.s:

€. :::: o..E. 1 + E, + (lE. - ~ S
J. J.- J. J.+1

where ~ is a suitably defined mean ionization for a parti-

cular particle velocity. The value of f3 obtained \Vas

~ = 0.25 ± 0.05 [or f3S~500 ±100 eV1.

r'," The ' error' quot.ed for S is the variation of this p£rnmetel'

due to fluctuations in the d.c. level shift. These are

be due to a rate effect related to the recovery time of the d.c. high vol-

has been used to give a value to the unknown energy normalization parameter,

, tained (Le. - 2~~ as opposed to - 231~).

13. Again good agreement with a previous crude estiClate (see p.65) is ob-

Secondly, theory

Here a positive long range

It is not completely understood but it is thought to

Firstly, it is used to obtain a value of uearest neighbour cross-

Thus, in the procedure detfl:i.led above, tlleory has been used in t,w

correlation is seen.

gies, e.g. see Fig.4.26 for 150 GeV/c protons.

caused by the Landau fluctuations of the ioni~ation in 120cm

of gas. (120 cm = distance a charged particle travels across

the signal '~ires.) The Landau fluctuations arc typically 5~b

(FlfHH) for this thickness of ga/
33

) \Vhich gives a a of

'" 209~ 1 hence the variation of ~.

The value for nearest neighbour cross-talk so obtained (-4.5%) is consis-

teni with the experimental X-ray measurements (- 3 ± 27&).

A further related problem is observed when the .equivalent of

Figs.4.23 and 4.24 for 25 GeV/c particles are plotted for any other ener-

talk by fitting the shape of theoretical (Monte-Carlo) distributions to the

experime:'1ti\l Landau distributions , (using the data from the 25 GeV/ c run).
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The sepa-

The fits are good

They contain ~ 4. 5tJ,~

I *U = 1050 •

They are all so small com-

The errors occurring in ionization loss

The absolute position of course contains one

Curves of energy loss' are superimposed which are

A photograph of 25 GeV/ c proton ar.d pion means, is

The Landau distributions of ionizution measured for various part i-

DISCUSSION M;D SU11NMY OF nESULTS

OP N A L EXPillHII..\TT

different velocities quite well.

channel detector.

The calibrated mean of the lo,~est 6o~6 distributions for 25 GeV/c

effect on its shape, and so the theoretical and experimental widths aGree

* This is made up of electronic noise and statistical

fluctuations in the gas amplification process(29).

unlmo\m parameter that has been chosen for the best fit to theory hut

due to ionization differences bet\l'een the t,w particle types, since gas

separation that can be seen in the photograph (p.76 ) is almost completely

protons, pions and electrons are sho\ffi in Figs.4.28(a) and (b).

to <:?}L

pared with the width of the Landau (typically 1000;0) that. they hnve Ii t.t.le

compared with previous theories (see Chapter VI), both in terms of shape

also shown (p.16) which was taken from the on-line display at the time of

rations seen are of the order of a full \~idth at half maximum for this 58

measurement have been listed in Table 4.6.

gain fluctuations etc. have been shown to be relatively unimportclllt. It is

derived from the theory as outlined in Chapter V.

the experiment and is of uncalibrated raw data. (cf. Fig.4.28(b)). The

nevertheless one parameter can be chosen to satisfy the Landaus for all

and absolute position.

The latter has a negligib~e effect on broad spectra.

cles and velocities, calibrated as described in the previous two sections,

nearest neighbour cross-talk and a resolution function "ith

are shmYn in Fig.4.27.
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effect on its shape) and so the theoreticnl and experimental \~idths aeree

unkno\m parameter that has been chosen for the best fit to theory lnrc

~ain fluctu<ltions etc. have been sho\m to be relatively unimportcll1t. It is

compared with previous theories (see Chapter VI), both in terms of shape

the experiment and is of uncalibrated raw data. (~. Fig.4.28(b)). The

separation that can be seen in the photo~raph (p.76 ) is almost completely

due to ionizat.ion differences bet\~een the t,.;o particle types, since gas

7: This is made up of electronic noise ond statistic",l

fluctuations in the gns amplification process(29).

nod absolute position.

Dlso sho\m (p.76) \,hich ·,~as taken from the on-line display at the time of

pared ·,."ith the \~idth of the Landau (typically 10~~) that they have lit-t.le

derived from the theory as outlined in Chapter V.

nevertheless one parameter can be chosen to satisfy tlJ(~ Landaus for nIl

measurement have been listed in Table 4.6.

Th9 latter has a negligib~e effect on brond spectra.

-k
nearest neighbour cross-talk and a resolution ftmction ,,'ith (J = 105~ .

are sho\m in Fig. 4. 2? .
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able to discriminate bet1Veen charged particles of different velocities.

Table 4.7 lists the position of the peaks and 1Vidths of all the

It can

It also

This is due mainly to the Landau

(Host of the errors listed in Table 4.6

fluctuations nssociated 'With the d.c. level shift, (~= 0.25 ± 0.05) which

lists the theoretical values derived by Honte-Carlo calculation.

are negl igible ,,,hen avernges over 50 channels are taken.)

be seen that the theoretical \Vidths (typically 6%) are less than the

experimental widths (typically 8%).

mean of the lowest 60~b di stributions obtained in the experiment.

widens the mean distributions.
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TABLE 4.7

THE HEAN OF THE LOWEST 35 OUT OF 1)8 X 1.5 ems SAHPLES
~ _ • ...O-~_~"'____c._

Argon + 2Oj~ CO
2

nt NT P

I

N 1 f 1R'1'crimentol Distribution
, Experimental Monte CarloI P/mc Run um )er 0 - n f Sh . f~ Heon After~v ~e ore ~ v

< ents Henn F ,nUl Shift (~S) Menn FWHH_. -

2G .6 I Protons nt 25 GeV/c 12G3
I

1859 165 2324 :±: 116 2211 105

53.3 50 GeV/c 1521 1909 182 2386 ± 119 2114 l1G

10G.6 100 GeV/c 2173 2033 177 2541 ± 127 2Ci82 122

159.4 150 GeV/c 4969 2187 189 2734 ± 137 2652 122

nD.l Pions at 25 GeV/c 1968 2185 172 - 2729 ± 136 2730 12G

716.1 100 GeV/c 2381 2177 190 2721 ± 136 2890 133

1074.4 150 GeV/c I 55G8 2340 199 2925 ± 146 2912 131

18D 24 Electrons nt 25 GeV/ c 2114 2280 212 2850 ± 143 2891 143

All enerGies in electron volts
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.._-.- ..._._- - --_._---------_._--------------

TN"3LE 4.7

pm }-JEA.~ OF THE LOWEST 3[; OUT OF ti8 X 1.5 ems SA1'lPLES

Argon + 20"/0 CC'z at NT P

,
I Nmlll)er of R"\T>criment<ll Distribution Experimrmtnl

Monte CarloP/mc Run h\rents :::::cfore Shift Hean After
Henn P',I' 11 H Shift (~S) Xenn F\lllH

I - -
26.6 Protons ot 25 GeY/e 12G3 1859 165 2324 ± 116 2211 105

53.3 50 GeY/e 1521 10C9 182 2386 ± 119 2414 116

106.6 100 GeY/e 2473 2033 177 2541 ± 127 2[i82 122

159.4 150 GeY/ e 4069 2187 189 2734 ± 137 2652 122

'.70.1 Pions tit 25 GeY/ e 1968 2185 172 2729 ± 1313 2730 126

716.4 100 GeY/e 2381 2177 190 2721 ± 1::5,6 2890 133

1074.4 150 GeY/ e 55G8 2340 199 2925 ± 146 2912 134

48924 Electrons nt 25 GaV/ c 2114 2280 212 2850 ± 143 2891 143

All eneraies in electron volts
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These are mainly to

The rel~tivistic rise
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The error bars on the c:>...-perimcnt<'ll
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Hi th these errors theory and e:>.-periment are
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Figure 4.2D sho1-1s the e:xperimental and theoretical relativi.stic

tributions against particle vcloci ty.

rise curves, i. e. a plot of the penhs of the meaD of the 10Hest 605~ dis-

COVer the uncertainty of,the relative ealibrntion between runs due to rate

points have been taken very conscrvutively as ± 5~b.

effects aJl~ gas compositiori effects and also the uncertainties associated

consistent with each other.

\-lith the d.e. level shift.

tilwinntion of the 25 GeV/ c electrons cannot be ruled out, the electron

is 51 ± ~~ <:Iud the Fermi pl(\tc(\u cxtencls' from p/m e ::::: 500 Up','D.l·ds.
o

point is conlpnti1Jle 'lith the 150 GeV/c pion point.
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4.8 CONCLUSIONS FIlOH N A L EXPEIHH.E\T \
l

With the introduction of n single unlcno"l'iD pari1meT,er into the

cnlibri1tion of the e:x.-perimental dati1, the results of Honte-Cnrlo calcul<l-

tions of energy loss C<ln be sho'Wn to be in good agreement ,·lith e)c-perimenbl

CM
measurements of ionization deposited in 1.5~samples of argon/2~~ CO 2 at

NT P. This holds for charged particle velocities in the range given by

p/ffi c =:: 26 - 50, 000.
o

The resolution of the experiment "Was limited by instrumental effects

f
)
.1'
.I

.;

"Which can be avoided in future. Nonetheless on-line separation of pions

I~
I
i

I

and protons at 25 GeV/ c \'Ias obtained and there seems no reason in princi-

pIe why very much better separation could not be achieved with improved

systematics and mare samples.

The relativistic rise obtained agrees with results measured by

others in gas samples defined by thin windo\"s, (see Chapter VI). 'l'his

argues ilgainst the speculation of Garib:yan and Ispirian(22) tha't the disa-

greemcnt \'1ith calculations is due to the effect of the \vindo-ws. This

experiment shoHs that the same results are obtained \vithout -windo"l';s. (See

also reference (34) for independent confirmation of this result.)

The results sho-w that the mechi1nical construction of the chamber

encouraging from the point of view of using this techniqu~ as a means of

particle identification.

ing ionization loss to ± 1 or 2 percent assuming the systematic effects

/,

This isthat were encountered in this experiment could be eliminated.

and the method of ioni;wtion measuring used \'iould not stop one from measur-
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CHAPTER V

'l'JIEOJLfc:TICM, CALCLL'\TI00!S OF DJEIlGY LOSS

V.2 SmN.'\.HY OF THE TlIEOny OF .D-:1mGY LOSS

V.1 Ij\,'TTHODUCTIO~

probability distributions of ionization loss has not been very successful

This

Some of

Thirdly, SOllie results for various gas compositions, detec-

General Ideus

The theory of energy loss seems to be reasonably lvell understood.

This work is <:In extension of Iwl'k st[l:cted by Cobb(3) .

SC'condly it Sh01'!S hc)1o! the tlleoretical cross sections cun be applied,

distributions.

loss.

chapter first smmnarizes s(\rne ideas and results of the theory of energy

interpretation of the theory of energy loss in terms of exchange of vir-

The main problem discussed in this chapter is how to obtain theo-

in th0. case of thin samples of gas until comparatively recently. (By 'thin'

by means of a Monte-Carlo calculation, to obtain predictions of energy loss

tor resolutions, evaluation of means, etc. are presented.

the results presented here have already been pUblished in a previous

paper(35), 1\'hich <11so contains further qualit<:ltive ide<:ts concerning the

V.2.1.

tual photons. .A simpler ~,fonte-Carlo approach has also been put forward

1 36 )
recently by Ispirian' .

various velocities, passing through thin samples of various gases.

However the apIJlic<:ltion of the theory to explain e:A'}Jerimentnlly obtained

reticDl probability distributions of energy loss for charged particles of
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is equated to the 'collision integral', which expresses the difference

This is the probability that a particle of given initial energy Eo, on

I
I
!
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f
f
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e, l
1 1
! t ..
i: J •
i i
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Let \,(E, c) be the probability (per unit path length) of a single

The required distribution function \'!ill be denoted by f(x, 6) .

The change of the distribution function (Of/Ox:) dx in a length dx

b+ d6.

ing Cllses \.,here ionization loss is small compared "With Eo' then

collision giving an energy loss, c, for a particle of energy, E. Consider-

traversing a layer x, ",ill lose an amount of energy lying betl'!een II and

which ",ill be \,ritten as \v( e) in future.

-,

l
~
.

~'

f-

behleen the munber of particles that acquire, due to ionization 105ses along

dX, a given energy E, and the number of particles that leave the given

for 6 < 0 and \1' (d = 0 for e > Eo .)

r
;
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~
~

~.
f, i

f(x, b) .- 0

\, (c) [f(X, b- c) - f(x, b)Jdeof
ox

The following equation is obtained:
nCO

= J
o

(The upper limit of integration can be ,I'ritten as co since

energy interval.

Landau goes on to show how a solution of the above equation can be
" I I, I

It is at

The result is a general

CO

P tr-x J I"~ { E:)( 1 - e-pc) d C

e 0 ~

S 1
Lunduu tClkes \0.'( E:) = -. 2 (nutherford formu1<l,

x E:

1
2TTi

f(x,6) =

The eh~ression is

To proceed further, the function ",(e) must be knO\ill.

(see equation 5 of reference (4)).

( 6)), \Vhich can be shO\Vl1 to be a valid expression to use when the fol101,-

_ 81 --
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(The upper lil:Jit of integration can be \Yrittcn as co since f(x,6).- 0

energy interval.

for 6 < 0 and \" (c) = 0 for e > Eo .)

expression for f in terms of an integral over energy loss that- contains

It is at

The result is a general

co

p~x S ".{ c)(l- e-pe) de
e 0 dp1

2j1'i
f(x,6)

The eA~ression is

To proceed furt.her, the function wee) IDust be kno,m.

(see equation 5 of reference (4)).

obtained by applying the Laplace transformation.
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this point that assumptions are Ulade in the Landau solution ,~hich cannot

illg conditions flre satisfied;

( 6)), '.Jhich can be ShO\Vll to be a valid expression to use "hen the follo\~-
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is the maximum transferable energy in one collision.

is satisfied \,'hen typical energy losses are much greater than the binding

contributions to the integral, in the previo~ls expression for f, to a .range
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difficult and so numerical techniclues are resorted to. In principle the
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the incoming particle to an atom, with the resultant emission of an out-

going particle and an ion pair consisting of an electron and a positively

Feyman diagram ,.ith the transfer or propagation of a virtual photon from
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This method also c) iminates the need

The single photon exchange is then separated into longitu-charged atom.

solving the integral over energy loss in LancL.iu I s solution).

In particular they show ho,y the energy loss process can be represented by a

for the concept of a 'meall ionization potential' -("hich is introduced "hell

To obtain the cross-sections required for the I-Ionte-Carlo calcu­

lation the treatment of Fano (37) was follo,.ed and is summari sed in the nc:>.--t

section. HOI. ever , before this, mention is maue of the review article by

Crispin and Fo,vler(38) who sho,." some interesting ",ays to consider the theory.

cross sections for the vnrious collision proccsscs th<lt occur.

frequency dependence of the dielectric constant of the mcdiwil 1S needed.

Fortunately, fairly unreal npproxim;\tions to these quantities can be {.,ken

which will still give good results.
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F: The Fourier integral of the Coulomb intcruction is givcn by
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electron is being excited.
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-where

G: The absorption of a photon of mOllJcnturil h k is givcn by

.th
J

(s=1,2is the polarizQtion vector of the photon

e ca .• A exp (- i k • 1'.)
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is the relativistic current operator of the
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for hio mutually ortho~onal directions both Clt right angles to .9..)

the momentum transfer). The ruecholDism of this transverse purt of

the interaction is electromagnetic in nature and as such, only be-·

where e c Q.
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electron nnd

comes important Hhen the particle approaches the speed of liGht.

The transverse, Le. second, tel'm in the cross scction is responsi-

ble for the relativistic rise of energy loss as incident particle velocity

increases at high energies. Note,uecanse of the parity chnnges (see ex-pres-"

sions for F and G Clbove) the longitudinal and transverse terms add

incoherently.
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F<lno divides the cross section up into three intervills of Q,

of a p3rticular energy loss (En) as a function of

above ex~rcssion for the cross section, Cln expression for the probability

parameters.
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Q. is a function of E, the energy loss, and is i:l I\:inematic restriction;
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2rJw2/(1_ v~). Q1 <lno Q2 are such tllnt in the region Q~ ~ Q < Q
2

the
c

form r<lctor ~(~) rv O. Q1 [lnd Q
2

are discussed later.

11

F: The Fourier integral of thc Coulomb internction is given by

each Fourier cOl:lponent representing transfer of momentum h k •

r

i
!
j
I

I !

I l
I !

I

F antI G Drc thus m<ltrlx elements

nnd \0) !lre the initial ~nd finn1 s-tr1lcs of the ntolO in Hhich

electron is being excitcd.

In)

_th
Jthe

G: The absorption of a photon of momcntum h k is given by

of operators of the folloHin~ form.

where

. tb.
J

(s=1,2

e ca. .• A exp (- i k • r.)
- J -5 - -J

is the relativistic current operator of the

i is the polarization vcctor of the photon
-5

for hio mutually orthogonal directions both Clt right angles to 9..,

the momentum transfer). The mech,mism of this transverse part of

the interaction is electro:nagnetic in nature and as sHch, only be·-

.....here e c 0..
-J

el ectron cmd

comes in~ortnnt when the particle approaches the speed of liCht.

~)he transverse, Le. second, tcrm in the cross section is responsi-

ble for the relativistic rise of energy loss as incident particle velocity

increases at high energies. Note, lJecanse of the parity chnnges (see e)..1n-es-'

siens for F and G Clbove) thc longi tudinn1 and transverse -terms add

incoherently.
• ' I, , I, .,
,,! .;
: I ~

" I

\i:~
i

• I

11 •
~ ::
I ... ,
(

i

I
t:
I
i

i
r,

the

Q ;<;;; Q < Q
2 max

( iii)

i. e.

nre discussed Inter.

are such t}lnt in the region Q1. $ Q < Q
2

ondQ
1

Fnno divides the cross section up into three interv<lls of Q,

i.e.

is <l function of E, the energy loss, Dnd is n kincDmtlc restriction;n

The method of Fano is followed fnirly closely t.o olrt.ain ,from the

pnrm:lcters.

of a p3rticulnr energy loss (E ) as u function of E ilnd other meClsurilble
n n

above eA~rcssion for tbe cross section, Cln e~)ression for the probnbility

Q is (llso <.t kinemntic restriction,
max

2!Jw2j (1- v:). Q1 ilnd Q2
c

for~ fnctor G (~) ~ O.
-n



I .i
f j

~4,
I -'.: The vnriouE: npp:!:oxiroations nnd resulting expressions for the cross

section nre ns follo,",s:

E = E.n 1.
for
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are taken as those for anand f.
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for E f:. E.n 1.

and y. are electron coo~dinates in the directions of
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respectively and f n is the dipole oscillator strength '-' •

calculations performed, E~...

neccssnrily be an individual ntall.

i _. 1,2, • ,. I number of (atomic) shells

E. Binding energy of each shell
1.

f . = Number of electrons in shell i
1.

E. and f. refer to the 'sysLern' under consideration, the size
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of "lhich is given by ,,-,h/q and thus for condensed matter need not
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Note, in oIl previous thcories, the cross section used for

calculations would not cont<\in indivic.ltwl e;1crgy lcvels, but a

'mean ionization potential' would appcnr instead.

The transverse component of the cross section in 0 condensed

material is sho~ io be given by :

dO'n
dE

n

*(see footnote)

where

E hw
n

N = density of atoms per unit voluQe

c
1

(w) = €l(W) + j c
2

(w) , is the dielectric constDnt of thc

mediUill and is tnken as a sum of Lorentzinns, i. e.

E. = binding energy of i tlt atomic level
1.

where

e{w) 1 + o{w) 1 + w2 ~
P i E~

1

h 2

f.
1

{y.w
1

l,
I
I

I
I

f· = number of electrons in shell i.
3.

Yi the 'width' of the effective ionization level.

The somc"l·:hnt crude approximation to reality involved in writing the

transverse cross-section in terms of the Lorcntzian form of th0

from their ground states either to other bound stntcs or to the

dielectric constant leads to problems in the physical interpreta-

tion. In the collision processes, atomic electrons are excited

i:

\

'.I .,
I

i

continuum (i.e. ionization). Yi must say something about the

prohnbiliiy of a particulnr jl~P occurring. Yi has been chosen

in the Honte-Cnrlo cnlculnti011S pcrformed to be given by \ = Ei •

* See rCfOl"CnCC (35) for on e:h.1l1onation of ho,,", thc dielectric consti1nt
represcnts thc mocJificotion of tho tri1nsversc virtual photon's runge
in a medlUln.

Note, in 011 previous theories, the cross scction used for

calculations \-IOuld not contuin individllul C:1ergy levels, lJut a

'mean ioniz~tion potcntial' would uppear instcod.

The transverse component of the cross section in 0 condensed

materi~l is sho~ to be given by:

°an
dE

n

aa
:::; 1 --..\!!:::;

h oW

1

tn [(1- ~2 e:)2 + ~"= E:~)J-~

*(see footnote)

'Where

E :::; hllJ
n

N :::; density of atoms per unit voluQe

c/w):::; Cl(W) + j e:)w) , is the dielectric const('lnt of the

mediUlll and is tnken as a sum of Lorentzinns, i.e.

- e:(w) 1 + 0.( w)
f.

1

{y.w
1

where
E.

1.
:::; binding energy of i tlt atomic level

I,

, .

:::; number of electrons in shell i.

Yi the 'width' of the effective ionization level.

transverse cross-section in terms of the Lorentzian form of the

from their ground states either to other bound sti'ltes or to the

The somc,,:h<lt crude npproximation to renli ty involved in ,~ri tiD::; the

dielectric constone leads to problems iD t~le physicol intcrpretLl-

i i.
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In the collision processes, atomic electrons arc excitedtion.

contir.uuIJI (i.e. ionizntion). Yi must say something about the

probability of a particular jump occurring. Yi 110S been chosen

in tllC }lonte-Carlo Culculntiolls performed to be given by y. - E"
1 - l'

ok Sec rcfc~'cnce (35) for LIn cxplLllwtion of ho", the dielectric constnnt
represents the modificntion of the trnnsverse virtual photon's r<.lJ1gc
in a mcd.i.uJ-'I.



of the medium, leads to the rel<:lLivistic rise of ionization loss for

due to the density effcct.

the continuum nnd \ViII then most likely h;\ve a kinetic energy less

y. is takcn ;)S
1.

However, often the

The longitudinal compo-

(Reference i,ill again be

Q r-J E there for.e the formn'

. (55)
owny from the unbound rcg10n. It c(lnE·1.

Discussion of this term is deferred until the

processes as well as a pnrt due tn ionization.

this region (see reference (37) p.11).

The tr<lnsverse component is zero for kinematic reasons in

Iloughly tuis assumes that either (In eleetrotl will be excited to

increasing charged pnrticle velocity and its S'Jbsequeat cnrt<lili!1;;

In this l'c~ion typicill ener;;y tr<.tllsfcl'S arc r;n:ch ~rcatcr

than ntoIlilc binding energies (\nd so

\ :-.: 1 cV or Yi := 0.2 Ei are of order 1~~ (in terms of shope (l!1d

the LnnuiHl distributions that are ollt.ajned when

in the emission of an Auger electron, hence such an excitation

This trcll1svcrSG term, ivritten in terms of the bulk propertic:s

be seen thnt this cross-section incl,-!-des n p<lrt due to excitation

tllan E., or, an electron \"ill be excited to nllothcr bounu st(\tc
1.

should be pointed ont that, although the choice of Yi = Ei c<lnnot

made to this particular px:oblem in the discuss:ion follo\.ing). It

Intermcdiatc Q region (Q 1 ~ Q <Q2)

process is effectively an ionization.

Dent prcsents a problem since there is no easy approximation to

width).

'Which \.;ill typictllly be

high Q region is di sCHssed •

be shcnm to be anything more than vi:1g11ely rensonnblc, the (;h,'lJ1gcs to

malce for F (g).
n
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The longitudinal co~po-
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foctors can be calculated by taking the atomic electrons as free,

giving the following cross sections:

1~here

E
(32 _n)

Emax

the above t,.o cross sections combine to give the fWIliliar
- (10)

cross section formula •

==

dO" dO" 2n z2 e.l;

Z [ 1 l longitudinaln n
dE

:= d1 == mv 2 E E
n n E(1 + __n_'. cOHlponent

n 2mv2) .

dO" do 2
n n 2nz2 e 4 Z [ ~t ] transverse

dE == ell :=

mv2 E component
n n 2m 0

2

cross section is taken as

dBn

dO'n

In the Honte-Carlo calculation the high Q contribution to the

and

The high Q trnnsvcrse term is ignored since in ·the cases considered

(i. e. E «E ) it is negligible
n max

(.£! \oJ ( s) on p.81)

Returning to the question of the interruedinte Q region, for the

i.e. that the atomic electron enn be regarded as free in the intermediate

This mcnns that nt Q == Ql' ...·le

( dO")
== \ul long

into Q

go strnight frOlll longitudinal 10\. Q RPln'oximatiolls (i.e. bound atomic

electrons \6th dipole excihd,jon) to longitudinal hi[;h Q <lpproX:imations

purpose of the ~·Ionte Carlo c<llculation, the approxiwDtions are mnde that

Q region <IS Hell <IS the high Q region.

Q2 == Q1 and that

I dO)
\(Q long

highQ

(frec elec~rons). This tnlOsition is <lsswnr:d to occlIr at momentmn tr<l1151e)'s

- 89 -

foctors can be c~lculDtcd by tnking the atomic electrons os free,

giving the follo,.ing cross sections:

long) tudinol

cOloponentZ [ 1 1E E
n E(1 + __n_\

n 2JJJv2) .

da
n

dE
n
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r

I
f
!
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i : ~
I

f

!
i i
I ~
I
I ~

i l
}

on p.81)C£!. \. (e:)

E := 2m v 2 ...;Jmax

transverse
component

E
~2 ~) ,,'here

max

cross section is taken as

and

In 'the Monte-Carlo calculation the high Q contribution to the

[Note th'e <lbove t\.o cross sections combine to give the fnmili.:tr
"(10) ,

Bhaba cross section f011lmla •

The high Q trnDsverse term is ir;nored since in the cases considered

• 'J
"f

1

purpose of the Honte Carlo c<llculntion, the approxiwntions are made that

Returning to the question of the intermediate Q region, for the

Q Q and that2 = 1

E «E ) it is negligible
n max

1:/
, I~

Ii
, : f

I
I

I
,j,

fda)
:= \111 long

into Q
(~g)lOng

highQ

(i. e.
i

"<i
I
,I

f
, .-4
, 'J

i. c. that the ntontic clectnln can be rcg<lrdcd as free in the interroediilte ! '
I

Q reG ion us,''' ell <l s t h C' 11 i gh Q region. Th's menns that <It Q.:= Ql' 1JC

go stril ight fro!!\ longi tudina I 10" Q Clpprox imntiollS (i. e. bonnd atomi c

electrons ,,'ith (lipoIc cx<:ibUon) to lon~itlldinnl hi 6h Q npproximntiollS

(frce elec-::'rons). 'This tr<lnsjtion is aSSlUIl~d to occur at momentum trill1sfers
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It should be noted thnt the f100ve crude aSS\llIlp-

V.3 HO~'l'E-C'AnLO CALcur.A.TIO~S

The steps in the Monte-CorIo calculations are as follows:

the

Thi 5 j S

, versus

From this) a

~l
2

~E •
n

2
E

n

(This probability table is thus of

duce em energy loss, in the interval

section) (Ire integrated over small energy intervals,

excited, i.e. Q1 io= E
i

.

tions for the 10ngitudinLll component still satisfy the sum rule:

'l'he cross-sections, "hose ilerivation \Vas summarized in the previous

table is set up 'I'hich gives -the prohability for a single collision to pro­
tE

n
to E +n

mean energy loss of th(lt interval.

regardless of atomic binding.)

behaving on aver<lge, in terms of energy nosorbed, as if they ,... ere frec,

SEn \I'
n

(.2) 12 dEn = Q ("hi ch can be interpreted £15 the <ltomic electrons

"'(8) versus E:, referring to the Landuu notution of p.82.)

,:hose \,nvevector correspollc!s to th<lt of the ntorJic electron thc1t is Leillg

sUD.GJi3rized untheillCltic<llly belo'... :

da
N~

dE
n

dE
n

'Where

(lo", Q 10Dgitudi~al)

'Wllcre E
i

= binding energy of i th 8to~ic level

,.
-tn[(1- ~2cl)2+ ~4()2 + ~4C~J-2 -t

'Where

(lo.., Q troD6VerBe)

fl2 C(U;) }
arctan 2

1-~2£1{lU)

E -titlE /2)n n

E - tiE /2)
D n

",here

1
z "[2"

D

(ill gh Q long lLlICli no 1)

10r E ;;, E.
D 1

I

L
,.:hose '''.:lVcvcctor COI'1'C511011(\::; to tb<:lt of the utor.llc electron thnt is lJcilli:.',

It should be not~d ihnt the obovc crude assullIp-

••, tions for the lon:;r,itudinal component still satisfy the stirn rule:

dE = Q
n

(\~hich can be interpreted us the <tiowic electrons

bc}mving on overtlge, in terms of energy oosorbcd, os if they Here free,

1
I
.<

regardless of atomic bintling.)

V.3 BOoTE-CARLO CALCUlJ\TIO~S

The steps in the ~lont~-Cnrll) calculations .are <ll; follo'~s:

The cross-sections} ",hose i:crivation ,~as summarized in the previous

section, <1re integrated ovcr small energy intcn'ills, bE .
n

From thi 5, <l

table 1. set np \,'hi ch gives the prohabi 1 it)' for a single collision to pro-
tE i'E"

ducc loss, in the illterva1 E n to E theEm energy
2 ...

2
, ver,';us

n n

This is

(rUgh Q lOllgltudinal)

(10". Q longit.udi';al)

(This prob;"lbility tahle is thus of

\;here
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"
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E _ ill:: 12)
" "

",.("",/,)

". = f
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The differential cross sections giving and as used in

the calculation for Argon!20io CO , are sholID in Figs.5.1 and 5.2. The
2

cross sections for a variety of different particle veloci ties are sholID

and for the transverse cross section the difference giving the relCltivistic

rise is seen. The longitudinal cross section shol';s very little change \-lith

particle veloci-ty. Peaks for these cross sections occur at the atomic bind-

ing energies.

Cross section u1 is a series of spikes CIt the atomic binding

energies. This is a crude approximation to reality, but as stated earlier

it at lenst satisfies the sum rule and hence the associated physical conse-

quences.

Before proceeding, a possible error in the treatment should be

pointed out here. As CCln be seen in Fig.5.1, the lowest energy loss per

collision was taken as 1 eV. For Argon /C0
2

the 10l-lest binding energy

is 17.7 e\T, thus an energy loss of 1 eV cannot lead to ioni zation \.hich

15 the quantity measured. Changing the minimum energy loss to 17.7 eV

systematically, shifts the relativistic rise curve down by O.9~. The

results follo''iing contain this error, but considering the crucli ty of the

method, the theoretical results are probably not accurate at the 15~ level

an)'lYny.

The above cross sections lead to the table of probability versus

energy loss for a single collision which is sho\Vl1 pictorially in Fig.5.3

for 25 GeV protons in the energy 105s range 1-500 eV. (There are a few

taken Jor the table, each interv<\l corresponcling to one bin in the figures

These figures sho\y the energy intervnlsevents above 500 eV not ShO\Vf1.)

(i.e. their size increases with energy loss). Similar distributions are

i I

i I
I'
~

I
ShOHll for 25 CieV electrons in Fig.5.-1. Superimposed (in dots) is -DIe trans-

verse clJtnponcnt of the pro-Lon distriblltion fror~l the previous figure. The

The C1iffcrential cross sections giving 02 and 03 I as used in

the Calculation for Argon!20% CO
2

, are sho,m in Figs.5.! and 5.2. The

cross sections for a v<.lriety of different particle velocities are sho\m

and for the transverse cross section the difference giving the relativistic

rise is seen. 'l'he longituClinal cross section sho\~s very little change Hith

paI·ticle velocity. Peaks for these cross sections occur at the atomic bind_

ing energies.

Cross section 0'1 is a series of spikes fit the atomic binding

energies. This is a crude opproximation to renlity, but 85 stated earlier

it at least sotisfies the sum rule and hence the associiltcd physical COllSC_

quences.

Before proceecling, a possible error in the treatment should be

pointe~ out here. As cnn be seen in Fig.5.!, the lowest energy loss per

collisioa WIS i.<lkCll ns ! eV. I,'or Argon /C0
2

the lo\~est binaing energy

is 17.7 e\! , thus DO energy loss of 1 eV cClnnot lead to ioni :liJtion \.,;hich

is the quantity measured. Chomging the minimum energy loss to 11.7 eV

systematically, shifts the relntivistic rise curve ilOlm by 0.9~~. The

results follO"'ing cont<:lin this error, but considering the crUdity of the

metho(], the theoretical results are probably not accurate at the 1~~ level

The above cross sections lend to the table of prouability versus

energy loss for a single collision ",hich is shmm pictoriolly in Fig.5.3

for 25 GeV lJrotons in the energy loss range 1_500 eV. (1'here are a few

events (lbQve 500 eV not ShOM1.) These figures sho\/ the energy intcn-Dls

taken Jor the tobIe, each i,nterv<.\l corresponding to onc bin in the figures

, ,

(i.e. their size increases ",ith eneq~y loss). Similar distributions nrc

ShOHll for 2fJ GeV electrolls in Fig.5.1. Superill1poscd (in ilots) is ";'.he tl'<lns_

VI:)'se cutnpon0nt o( the prr,toll Oistriblltion frOI~l tIl(' previous figure. The
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considerntion ns the chnngcs of transverse cross-secLion \~ith velocity.

so obvious fro:TI these figl.lY'CS because they are plotted on log seal es.

It would be interesting to compQre the cross sections derived here

From this it should l)e clc'lr Uli1t,

It should be emphnsized that in Figs.5.3 and 5.4, most of the colli-

ill choosing n gns that will show the greatest relativistic rise, the rela-

componellLs give no detectaole chnnge.)

of the Q;ClS.

sions arc H shell ionizations of Argon atoms (39.5 eV), "ihi ch is not

tivc magnitude of the transverse to longitudinal terms is as important a

i~ith e:>"lH~rjnental measurements. HOi,'ever th~ author hns not yet sHcceeded

Both these considerntions depend on the plasmn frequency and energy levels

in finding ,my data suitable for comparison. This is becclUse experimental

measurements seem only to have been made for incident particle ellcrgies

of the <"ltom.

total energy loss from all the collisions thnt the particle makes is thus

The probability t<"lbles, as shovn in Figs.5.3 and 5.4, Dre used to

generate proP3bility distributions of energy loss by computer simulating

The DTlJOunt of

Also these e:\.l1criments hnve mCasured

differenti<JI cross sections elt pClrticular nngles ,,,here nttention W"lS givel~

from the probability table using a standard Monte-Carlo technique. The

energy loss for each collision that the charged pnrticle makes is obtained

to collision prpcesses re~ulting in excitation, not necessClrily ionization,

the passage of a charged particle through a sample of gas.

,'Ihich nre very 10', (c.g. 500 eY).d·•
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obtained. This process is repeated for very runny charged particle traver-

s31s througll the s<"lmple <:lUd so a probnbility distribution is built up.

To usc the distributions obtained by the above method to make theo-

re ti cilI .!-':'ulj ctiolls, th9 follo'''ing ulldcrlyin;;; ussUruptiOll must be pointed

out. 1he theory givps <In cnpr[;v lo",s tlistrilJution "Jht'rc<lS most experiments
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of the <ltom.

total energy loss from all the collisions thnt the pnrtiele makes is thus

in finding any data sui table for cVl:nparison. This is becnuse exre~'iU1ent<ll

so obvious f.e:'".: th~se figt.~'cs because they are plotted on log scales.

The amount of

From Lhis it should he <:le<lr ·i;h<lt,

Also these c),:periments hn-.:c measured

ene~·gy Jo:.;s for each collision that the charged }!ilrticle makes is obtained

from the probQhility tDblc using a stElndnrd Nonte_Carlo technique. The

'l'he prob<lbiHty t<lblcs, as shOHn in Figs.5.3 and 5.'1, nre used to

in choosillg a gas th,:lt ,~ill sho\~ the grcCltcst relativistic rise, the relu-

differentiol cross section.!; <It pnrt.icul<lr angles ,.here i'lt-Lention HflS givel~

It 'WoulcJ be interesting to conrpol'C the cross sect.i.ons derived here

It should be emphasized that in Figs.5.3 nnd 5.4, most of the colli-

COl!.ljh>llelLl,s give no tlei.cc"l.i.lblc chnngc.)

tjyC 111(lgnituue of the transverse to longitudinal terIlls is as imporLnnt n

cOllsidcl"iltion as the changes of transverse cross-sec Lion \~ith Yelocity.

r:leaSlll'cmt:ots seem only to havt1 been Illade for incident pnt"tic.:le energies

to collisioll pr9c~sses re::;ulting in excitation I not necessnrily ioni.z.ati/)n,

of the g<ls.

\"hich ore very IC\~ (c. g. 500 eY) .

the passage of a charged pflrticle through n sample of gas.

gcner<lte probability distributions of energy loss by computer simu]<lting

sions nrc H shell ionizations of Argon atow-s (39.5 eV), \~hich is not

Bote these considerations depend on the plasmD frequ(;ncy and energy levels
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obtained. This pl:ocess is repei::lted for Vel')' roomy charged pQrticle traver_

sals through the snorplc nnd so a prohQbi1ity distribution is built up.

To \Ise tht: (listributions obtn.inetl by the .J1>Qve method to make thco-

•
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by the many samples, and hence for many traversnls, a mean distribution
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From this it

This simulated the

This is because the

(For gases this energy

To mnke the theory give predic-

(Tbe definition of 'm0an' is discussed in the ne::\'-t

This Hon-1;c-Carlo program had as its input, the probi:lbility

Thus subsequent ionization measurements are calibrated in terms of

coUld be built up.

t ' \scc lon.)

The Honte-Cm'lo theory has been applied in the follo\,ing four \,'ays:

Chapter IV), a further Honte-Carlo program 'ws used.

could determine the 'menn' ionizntion for one charged particle as men~lred

tions about multi-sampling problems, (e.g. see the multi-sample detector of

di~tribuiion of the first HOllte-Carlo pl'ogrnm.

constancy of \{, then for an experiment such as the one outlined in

is ah...ays around 30 eV and is about h ... ice the' first ionization potential.)

the energy absorbed dS ionization by the detcctor from this X-ray of knmm

loss.

As the Honte-Carlo calculation has been described so far, the only

ionization detector is cal ibrated using an X-rny SOUTce "ith a kno,m energy

comparisons that can be made with experirneGt nre in terms of the shape and

energy, (nssurning no loss of ionizatic,~ from the bounduries of the detec­

tor etc.(42)).

Chapter IV, comparisons bet,... een theoretical energy loss and the experi-

position of the probability distribution.

incident particle energies for a given material.

passage of a charged particle through many samples of gas.

ionizing particle per ion pair created is, on average, n constant fo~ all

mental ionization loss distributions can be made.

It has been sbo'm for a limited energy range that, for noble gases, W

following comparisons , ... ith experiment, thnt H, the energy lost by nn

appears to be energy independent -to better than 1~~, but for molecular

gases this is only true to , ... ithin 67~(41). Hith this assumption of the

measure ionization deposited in a medium. It 1S assumed in all theme~sure ionization deposited in a medium. It lS assumed in all the

follo,~ing compari sons ,~ith experiment, that \if , the energy lo~t by an,

I:.~ ionizing particle per ion poiI' created is, on average, a constant for. al).

I: incident particle energies for a given material. (:for gases this energy

is alHays around 30 eV and is ubout t"ice the' first ionization potential.)

It has been sbo,m for a limited energy range that, for noble gases, W

As the l·[onte-Carlo calculation has been described so far, the only
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This is because the
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Thus subsequent ionization measureillcnts are calibrated in terms of

the energy absorbed flS ionization by the detector from this X-ray of knmm

tions about multi-sampling problems, (e.g. see the multi-sample detector of

comparisons tha t can be made "With ex-periment nre in terms of the shape and

loss.

constancy of H, then for an experiment such as the one outlined in

ionization detector is calibrated using an X-roy sonrce ,... ith a known energy

energy, (assuming no loss of ionizatic.'. from the bounduries of the detec­

tor etc.(42)).

Chapter IV), a further Honte-Carlo program "as used.

Chapter IV, comparisons bet\veen theoreticnl energy loss and the experi-

passage of a chnrged p~rticle through many samples of gas.

appears to be energy independent to better than l~G, but for molecular

gases this is only true to ,.ithin 6~~ (41). Hith this assumption of the

position of the probability distribution.

Inental ionization loss distributions can be made.

uy the many snmples, and hence for many traversals, a mean distribution

dis.triUuiiOll of the first HOllte-CArlo pl'ogram.

could be built up.
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(The definition of 'mean' is disc;ussed in the next
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Tbe Honte-Cm'lo theory has been applied in the follo\.;ing four ,,'ays:
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The velocity resolution of a multi-sample ionization detector is

ments of charged particles at various different velocities, decide the

velocity resolution of the detector.

There-

The qualitative reason for

Se~ Chapter VI.possible.

The difference bet1\cen the distribution of ionizntion lUe<:lSm'e-

Velocity Resolution of a Multi-Sample

Ionization Setector

('13) f01' other definitions of 'mean' ionizntion loss - it is sho\m that

Lhis nJ(:thod of estirmltion is .:11most as good <IS 3 1113xilllum 1ikelihoo(1 method.)

is di~(;<lrded, and the me<ln of the remainder is determined. (See reference

(c) To obtain a value for the unkno~n parameter, ~, in

the NA L experiment, as outlined in section IV.5.

It will not be described further in this section.

25 GeV p' s <md e' s. At the high energy end of the spectrwu the differ-

(d) To compare theory with e)..-periL'lent in as many cases as

(b) To compare the ionization properties of different gases.

This is motivated more by theoretical interest since

some of the gases aie impractical.

(a) To investi;:;ate velocity resolution as it flmction of

vnrious detector parameters and 'menu' ionization

estimators. This is related directly to practical

application.

fore, for the La'.ldau distribution of output pulses obti'lined for e<lch

charGed pdrticle traversal, <l fixed frDction of the 18rgest measurements

ence betLeen the hvo distributions decreases with increasing energy loss .

dependent on th~ dcfini tion of the 'mc8n' of the mnny me8surements

this CDn be seen in Fig.1.1, ,,,hich sho\,s the Landau distributions o.f

variance of the menn of the smaller, more probable measurements.

obtained 1,'hen a particle pnss~s through it.

Thus this tail contains little information and only serves to degrade the
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lIlents of charged pnrticles ot variO'lIR different velocities, decide the

velocity resoluticn of the detector.

There-

The qUBlitutive reason for

See Chapter VI.

The diJ:.fcl'cnce bch;ccn the distl'ilJution of iotliz<1tio:"1 H1ccsurc-

Velocity ncsolution of a Hul ti-Snn:ple
Ionization Letectol"

(13) I(.»" other definitions of 'moun' ioniz<ttio~ loss _ it is sho\m thnt

is Ois(;<u'oecl, <.lOO the me<ln oJ the remninder is determined. (See reference

Lhi.s n!(:U10tl of est..imiltion j~ nllllost as ~oo(] ns ;) lU,)xiJIILtw likelihood met.hotl.)

ch<lreed p"rtiele traversal, a fixed frnction of the largest measurements

fore, for the In:7ldau distrihution of output pulses obt.(lineO for each

25 GeV V's and e r s. At the high energy end of the spectrwu the differ-

(il) 'fa inve5ti~atc velocity n~solution Cl5 ,t fW1ction of

vnrious detector paramet.ers and 'me<l.ll' iOllizillion

cstinl<ltOTs. 'l'his is related directly to practical

application.

(c) '1'0 obtain a value for the unknolm paral!leter l f3 I in

the NA L experiment, AS outlined in section IV.5.

It -will not be described further in this section.

(d) To compare theory -with e:X1)cri:..'1cnt in as many C<lgCS as

The vclodty Tesolutioll of a nllllti-samllle ionization detector is

(b) To compare the ionization properties of different gases.

This is motivated more by tbeoreticd interest since

some of the gases are impractical.

ence bet,"een the tHO distributions decreases ,,,ith increasing energy loss.

dependent on th~ definition of the 'mean' of the mClny measurements

Thus this tail contains little inform<ltion and only serves to degrnde the

obtained ,.'hen a particle p:)sses tllrough it.

vDrinnce of the menn of the smaller, more probable measurements.

this C<ln be seen in Fig.i.i, \~hich ShOHS the Landau uistrihutions oJ
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ionization r,lCi15Urement divided by the separ<ltion of the mCilnS I of 25 GeY

lution ill this figure is takcn ns the sprenu (F\','IlH) of the llJellll

(The rcso-

../ .'. or-
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resolution

p'S ,md c's., i.e.

fig.5.5 slto','s !la'" resolution v<lrics as 11 fUllction of this cut.
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As cnn be seen this quantity is a mininrum ,~hen the largest 4056 0 f

the measurements are rejected. This then ,ms the cut imposed on all

experimental and theoretical data.

Fignre 5.6 sho·ws ho,," the resolutinn varies as a function ofnnmber

of samples and device length. Typically Cl 5m device with 1.5 em samples

is cQ!!JpClrable to a 7 ill device with 3 em samples. So to get equivalent

resolution "ith a smaller number of chnnneis the devicc length must be

increased, reducing angular acceptBrl~€:.
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ionization measurement is dependent to some extent on the adjacent neigh-
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(In the NA L

(Negeltive, i.e. larger signal on one channelsignell wires.

t:r-ray cross talk due to a fast electron from the primary

ionization producing secondary ionization in its o.m sample

and then travelling tlrrough into a neighbouring sample(32),

(Positive) .

makes the signal smaller on adjacent channel.)

It can be seen that the effect is fairly small.

(c) Diffusion cross talk, mlC to the diffusion of some electrons

produced in the ionization process, diffusing towards other

signal wires instead of drifting to the signal wire of their

own sample(2S) (Positive).

(a) Capncitative cross talk due to the stray capacitance bet.veen

(h)

Figure 5.8 shows the response (i. e. mean of 101vest 605~) e2.:pected

chamber) are as foll01vs:

Figure 5.7 shows ho•.; the resolution is affected if, as is the case

causes of cross talk in ionization chambers witb drift regions (as in the

from a 5 m ionization detector ruGde up of 330 X 1.5 cm samples of argon,

and exposed to a mixture of pions, kaons and protons at 25 GeV/c in the

eA-periment analysed previously, this effect "Was - 4. 57~.) Tbe most obvious

NAL

bours.

in practice, cress talk bet1>een adjacent samples is present, i.e. each

ratio 10:1:1.

Figure 5.9 ShOlvS the same at 60 GeV/c and now the separation is

different gases, a calculation has been made to :find at lvhich momentum the

of about 109~ of kaons into the pion peak and the same number of pions mis-

kaon/pion sepClration is 9OC/o pure in the above sense, see Table 5. L
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In order to make a definitive comparison bet'veen

An optimum cut bet'veen kaons and pions would result in a loss

identified as kaons.

marginal.
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and then travelling tl~ough into a neighbouring sample(32),
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Figure 5.8 shows the response (i.e. mean of lo\vest 605~) expected

from a 5 m ioni'l.'::ltion detector mede up of 330 X 1. 5 em samples of argon,

and exposed to a mixture of pions, kaons and protons at 25 GeV!c in the
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V.3.2 Comparison of Ionization Properties

of Different Gases

The Honte-Carlo programs have been run for a wide range of differ-

;­...

be considered:

ent gases and incident charged particle velocities. The parameters varied

'Ow
" ••,

(ii) number of electrons in

The following effects due to variation of these parameters nmst

level; (iii) electron density, written in terms of plasma frequency

Ne 2 ) ,
=~ ; (iv) relative concentrations, in the case of gas mixtures.

4 € m
a

value taken for these various parameters are listed in Table 5.2.

each

The

were as follows: (i) atomic energy levels;
~i
, "

'1

,i

(a) The total number of collisions per unit thickness of gas

increases for all parts (i.e. longitudinal and transverse)

of ihe cross-section with incre<:lsing plasma frequency, i. e.

electron density.

(b) The change in the transverse cross-section ,,,ith particle

velocity, producing the relativistic rise, saturates

earlier as plasma frequency is increased. (~ie to density

effect saturating the range of the transverse virtual photon).

(c) The relative change in the transverse cross-section ,·lith pEll'ti­

cle velocity increases as atomic binding energies increase.

Figure 5.10, for the noble gases, shows that the relativistic rise

The results of the various runs made are given in Table 5.1 and are

dominates effect (1) in previous list).

energy is increasing faster than the plasma frequency, (i.e. effect (c)
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Note in Figs.5.10

This is because the lliean binding

(All gases at NTP.

(d) For a given mean energy loss in the medium, the resolution

is better when the atomic binding energies are smaller due

to the increased statistics of small energy loss collisions.

increases ,o/ith increasing fltomic number.

sho'm in the following figures.

to 5.13 the ionization, I, refers to the mean ionization of the lowest 60~~.)

I
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V.3.2 Compnrison of Ionization Properties

of Different Gases

The ~Ionte-Carlo programs have been run for a wide range of differ- .~

, ,,1
I j

I'
I

ent gases and incident charged particle velocities. The parameters varied

'Were as fo11o\..s: (i) atomic e~ergy levels; (ii) number of electrons in

each level; (iii) electron density, written in terms of plasma frequency

I Ne 2 ) .
~w2p = ; (iv) relative concentrations, in the case of gas mixtures.

4rf 8 ttl
o

The value taken for these various parameters are listed in Table 5.2.

The follO'lying effects Que to variation of these parameters must

I' •

. , be considered:

(a) The total number of collisions per unit thickness of gas

increases for all parts (i.e. longitudinal and transverse)

of the cross-section with incre;:. sing plasma frequency, i. e.

electron density.

(b) The change in the transverse cross-section \vi th particle

velocity, producing the relativistic rise, saturates

earlier as plasma frequency is increased. (Thie to density

effect saturating the range of the transverse virtual photon).

(c) The relative change in the transverse cross-sectiOll 1·rith pGI.!.·ti­

cle velocity increases as atomic binding energies increase.

(d) For a given mean energy loss in the medium, the resolution

is better when the atomic binding energies are smaller due

to the increased statistics of small energy loss collisions.

Figure 5.10, for the noble gases~ sho'vs that the relativistic rise

The results of the various runs made are given in Table 5.1 and al'e

to 5.13 the ionj zation, I, refers to the mean ionization of the 101vest 60~~.)
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Note in Figs.5.10

This is because the mean binding

(All gases <It NTP.

increases ~ith inoreasing ~tomic n\~ber.

energy is increasing faster than the plasma frequency, (i.e. effect (c)

dominates effect (u) in previous list).
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TARLE 5.1

CA1-.CUL~.J~9NS OL.~E/ dx fo~2... ems OF GAS A'r NTP

T%'\m(~t\ted mOM Resolution of Relativistic,K/n Most probnble Rela.tivistic
ionisation loss (~V) mean ()7h'HM) RiSe limit ~onisation loss (eV) Rise

PI 4 5.104
GcV/c

5xlO4
roc 4 32 128 512 5,,10 <1 4 32 128 512

.RARE:
Heliu.~ 254 298 342 358 359 5.2°t 4.9% 1.41 45 275 325 372 389 390 1. 42
Ncon 1115 1359 158:5 1696 171'4 5.4% s.n 1.54 50 1117 1380 1616 1724 1760 1. 58
i\r!:on 1961 2403 2733 2995 3095 5.3% ·4. 8~" 1.58 55 2062 2495 2891 3103 3168 1. 54
Krypton 3886 4788 5546 5978 6199 5.2% 4 •7"" 1. 60 55 3921 4905 5699 6156 6365 1 .t62
Xenon 5323 6655 7734 8581 9025 5.5%. 5.01 1. 70 95 ;;339 6704 7878 8726 92-12 1.7:>

FII{ST PERIOD:,... 1·:cth3ne 1417 1685 1851 1918 1922 3.9% 3.9% 1. ~6 30 1459 1744 1916 InS 1992 1. 37
0
t\.! Ar-~.:onia 1356 1615 1797 187.6 1889 4.2% 4.1% 1.39 45 1390 1664 1855 1936 1970 1. 42

Ncun 1115 1359 1583 1696 ,P14 5.4% 5.1% 1. 54 50 1117 1380 1616 1724 17~0 1. 58
Nit,o/:cn 1778 2154 21\52 2568 2636 4.6% ~.l% 1.43 45 1858 2255 2570 2703 2743 1,48
/,lIXTURES:
Argon 1961 2408 2783 2995 .3095 5.3\ 4.8% 1. 58 55 2062 2495 2891 3103 3168 1. 54
Argon/20\·C02 2152 2633 3022 3227 3325 4.9",; 4.5% 1. 55 5S 2244 2713 3096 3363 3404 1. 52
C:Jrbor.dioxide 2915 3523 3969 4167 4226 3.9% 3.n, 1.45 SO 3014 3668 4110 4354 4394 1. 46

Number of
Collisions/metre

PRHIARY IONISATION:
Ar zon/20\ CO2 2457 2915 3370 3486 3497 2.1% 1.8\ 1.42 65
Hc/SO'i Ne 1050 1242 1442 1544 1545 3.3% 2.6% 1.47 S5

For both dE/dx and primary ionisatio'n ·the quoted resolutions <L"1d separations Tefer to a 5 metre track lenzth.

) )

Tl\m..E 5.1

dE
CALCULflT~!,"':'" /dx f0..::.2:.:~ em:: OF GAS A'r :-''TP

)

Resolution of
mean (fn!W)

<\ 5.10
4

Relativistic.X/n
RiSe limi t

GcV/c

Most probable
.ionisation loss

<1 32 128

(eY)

512 5xl0
4

Rc 11::. t i visti C­
Rise

.PAnE:
He! i:.:..~

Neon
Aq:o:'l
Kr~'pton

Xetlon

25'
1115
1961
3886
5323

298
1359
2403
4788
6655

342
1585
2733
5546
7734

358
16%
2995
597S
8581

359
171"4
309S
619'1
902"S

S.2·~ 4.9%
5.4% 5.1%
5.3% ·4.8~.

5.2% 'l.n,
5.5~. 5.0~'

1.<:1
1.54
1.58
1. 60
1. 70

'5
SO
55
55
95

275
1117
2062
3921
$339

3is
1380
2495
<1905
6704

372
1616
2891
5699
1878

389
1724
3103
6156
8726

390
1760
31G8
6365
92012

1.42
loSS
1. 54
1.162
1. 73

FIltST PERIOD:
1·~('th;Jne

AI"J.:onia
Ncon
Nitrogen
!.1l XTURE$:

Arj:o~

Ar~on/20\"C02
CJrbor.dioxide

1417
1356
1115
1778

1961
2152
2915

1685
1615
1359
2154

2408
2633
3523

1851
1797
1583
21152

2783
3022
3969

19J8
187.6
1696
2568

2995
3227
4167

1922
1889

·1714
2636

3095
3325
4226

3.9\
4.2\
5.4%
4.6t

5.3\
4. 9~,;

3.91.

3.9\
4.1%
5.1%
~ . 1'.;

4.8\
4.5\
.1.7!.

1. ~6
1. 39
1. 54
1.43

1. 58
1.55
1.4$

30
'5
50
'5

55
55
SO

1459
1390
1117
1858

2062
2244
3014

1744
Hi64
1380
2255

2495
2713
3668

1916
1855
1616
2570

2891
3096
4110

1988
1936
1724
2703

3103
.1363
4354

1992
1970
1760
2743

3163
3404
4394

1. 37
1. 42
1. 58
1.48

1. 54
1. 52
1. 46

Number of
Colli5ions/metro

PRIHo\RY IONISATION:
Arzon/20\ C02 2457 2915 3370 3486 3497
Hc/SO\ Nc 1050 1242 1442 1544 1545

2.1\ I.S\
3.3~ 2.6%

1.42
1.47

6S
55

For both dE/dx and primary ionisation·the quoted resol~tions ~id scr~ratio~s refer to a 5 metre track lenzth.
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TABLE 5.2-_..._-
ATOl-IIC DATA USED IN CA'LCULAnO~S
..... _.. "--

Holium N60n Argon Krypton Xenon Methane Ammonia Nitrogen Cn:roon
Dioxide

PlnsMa 0.272 0.609 0.816 1.156 1.414 0.609 0.G09 0.721 0.902
energy

Binding energies 24.5(2) 870' .(2) 3196 (2) 14280 (2) 34612 (2) 313 (2) 412 (2) 412 (4) 313 (2)
(cV) <Ina. 54.4(8) 294 (8) 1754 (8) 5073 (8) 55.8(2) 47.6(2) 47.6(4) 55.8(2)

,... electrons 39:5(3) 152 (13) 831 (18) 17.7(2) 31. 3 (3) 3L3(6) 17.7(2)
0 per molecule 39.4(8) 169 (18) 13.6(4) 13.6(3) 575 (4 )
c...: 25.8(8) 5~.4(Jj)

39.4(8)

Argon/20% CO2 Plasma energy a 0.834eV

He/SO' N~ PlaSMa energy u 0.472cV

Atomic data from S~rnheimcr (1952) Ref. 44 Chemical

effects neglected.
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TABLE 5.2---

)

"Tome DATA lISED IN CA1CUlA"fION$

Holium Nelon Areon Krypton Xenon Methane A.m.'nonia Nitrogen Cc.rbo:"l
Dioxide

Plll.sr.I:l 0.272 0.609 0.816 1.156 1.414 0.609 0.609 0.721 0.902
energy

Binding energies ·24.5(2) 870· .(2) 3196 (2) 14280 (2) 34612 (2) 313 (2) 412 (2) 412 (4) 313 (2)
(cV) <lnd 54.4(8) 294 (8) 1754 (8) 5073 (8) 55.8(2) 47.6(2) 47.6(4) 55.8(2)
electrons 39:5(S) 152 (13) B31 (18) 17.7(2) 31.3(3) 3\.3(6) 17.7(2)

~

0 pCT It.olcculo 39.4(8) 169 (18) 13.5(4) 13.6(3) 575 (' )

" 25.8(8) 5.1.4(1\)
39,4(B}

A~gon/20\ CO2 Plasma energy. O.834eV

Hc/SO\ Ne Plasr.I.:l energy. O.472cY

Atomic date. from S~rnheimcr (1952) Ref. 44 Chcmiclll

effects neelected.
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T<:lble 5.1 sho,'iS thnt the velocity resolution is approximately con-

stant nt '" ff;'~ for all the noble gases. This is because for gases of

increasing Z the statistics of the collision process (Poisson) improve

(in terms of the percent variance of the number of collisions) but the most

likely energy loss per collision is greater. These t~o effects tend to

"

cancel each other out, leaving the percent variance of the mean ionization

loss constant.

Figure 5.11 sho\Vs the effect of increasing binding energy ~hile

keeping plasma frequency constant. (CH4 ' NH3 and Ne have equal numbers

of electr.ons/molecule.) The relativistic rise increases with increasing

binding energy. The total probability of a collision process goes do~n,

''ihich results in a decrC8se of mec:m energy loss and () slight ,,'orsening of

the velociiy resolution (Table' 5.1).

Figure 5.:1.2 shoHs the small effect that the addition of 20'7~ (by

vol~~e) of carbon dioxide has on the relativistic rise of argon.

acts as a cooling gas to reduce electron diffusion in drift chumbers).

Figure 5.13 compc:n'es primary ionization measurements (i. e. number

smaller for a number of collisions due to the equal weighting of large

of collisions) with energy loss measurements. TIle relativistic rise is
~

f.
and small energy loss collisions. But on the other hand the velocity "

~:

resolution (Table 5.1) is very much better. Fig.5.14 sho\Vs the proba-

hility distributions for 25 GeV protons, pions and electrons, in terms of

number of collisions (cf Fig.l.l, which is the same distribution in terms

of energy loss). It sho,'1s ho\'! much easier it \'ioulo be to obtain a desireo

There 8re practical difficulties though.

velocity resolution using a technique that measured number of collisions.

A streamer chanilier(45) is the

only suitable device that is available at present for measuring primcll'Y

ionization 8nd this IS no good for accurate measurements becnuse a count

of strenmcrs cannot be mnde ,dth high ellough resolution.

-- 105 -

TobIe 5.1 slJo',s thnt the velocity resolution is approxiIDi:ltely con-

sLant [It rv 5't~ for all the noble gases. This is because for gases of

increasing Z the statistics of the collision process (Poisson) inprove

(in terms of the percent variance of the number of collisions) but the most

likely energy loss per collision is greater. These t"o effects tend to

-.

cancel each other out, leaving t~e percent variance of the mean ionization

loss constant.

Figure 5.11 shO',s the effect of increasing binding energy while

I' ~
f.

1

' ,~
,I..

" ,., ~.

keeping pla sma frequency constant. (CH
4

, NH
3

,md Ne have equal numbers

of clectr.ons/molecule.) The relativistic rise increases "ith increasing

binding energy. The total probability of a collision process goes down, "

"Ihich results in a decrc<lse of me,ln energy loss and a slight \\ol'sening of

the velociiy resolution (Tablc' 5.1).

-
Figure 5.12 shoHs the small effect that the addition of 201~ (by

volu..'11e) of car'bon dioxide has on the relDtivistic rise of argon.

(lets ae (l cooling gil:5 to reduce electron diffusion in drift chambers).

Figure 5.13 compell'es primary ionization measurements (i. e. number

of collisions) ~ith energy loss measurements. TIle relativistic rise is

smaller for a number of collisions due to the equal ~eighting of large

and small energy loss collisions. nut on the other hand the velocity

resolution (Table 5.1) is very ~ch better. Fig.5.14 sho~s the proba- . I

hil . ty di stributions for 25 GeV protons, pions and electrons, in terms of : ;

number of collisions (cf Fig.l.l, which is the same distribution in terms

There <lre practical difficulties though.

only suitnble device that is available at present for measllring prim~Il'Y
.
'j

!;,

It sho'~s ho\~ much easier it would be to obtain a desiredof energy loss).

velocity resolution using a technique that measured number of collisions.

A streamer chanilier(45) is the

ionizntion <lnd this is no good for ilccurClte measurements because a COllilt

of streamers cannot be m<loe ",lth high cnoug}. resolution.
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Tnllle 5.1 sho\.;s th<:lt the relntivistic rise is approxiumtely the SC\;;Je

if measured either in terms of the liean of the 10"lest 6~~ of snmples, or

I

i
t•

in terms of the most probable ionization loss (,,,hich is in popular use).

The most probable is defined here as the peak of a cubic thnt has been

least squnres fitted to that part of the Landau distribution above 2~~

of its peak value.

In Appendix I there ,... ill be found a more comprehensive list of the

results of all Monte-CQrlo calculations performed.

5.4 CO;;(;LUSION

As ,,'ill be seen, the cOllrpQrison of the theory ,,,iLh e:>":Jlcrimcnt.i:.ll

resul ts (Cr18pter VI) produces good agreement bet-'-Ieen the t,,,o, and removes

- 108 -

cheap.

lity to the pr'edictions, that have been illnde here, of particle identific~-

an optinn.un gas for such purposes since it is both effective, prflctic<ll and

This gives credibi-

It sho'''5 that Argon is very likely

cliscrepnDcics that ex,i steel '-lith previous theories.

tioD properties for different gases.
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Tnld.c 5.1 ShOi';S th,rt tI!e relotivj stic rise is approxinmteJ y the sa::re

if lUcosur·cu either in terms of the wean of the lowest 6~G of snmplcs, or

in terms of the most prolwble ionization loss (,.,hich is in popular use).

The most probable is defined here as the peak of a cubic thnt has been

least squ<:Ires fitted to tlwt part of the Landau distribution above 257~

of its peak value.

In Appendix I there will be found a more comprehensive list of the

rcsults of all Monte-Carlo calculations performed.

5.4 CO~CLUSION

As \,'ill be seen, the comparison of the theory HiLh e:>,,-pcl'imcntill

resul ts (Chapter VI) produces good agreement beh/cen the two, and removes

cJiSCl'eponcies that xj steel ,,,ith previous theories. This gives credibi-

lity to the predictions, that have been mnde here, of pnrticle idcntific3-

tion properties for different gHSC5. It shows that. Argon is veJ:y likely

I;;
rJ
11
"
i,
I'
1

an opti ,UP. gas faT such purposes since j·t is both effective I prClcticnl alld

cheap.
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CII .A. PTE R VI

COHP...'illISON OF EXP£RL\1RVr A./\"'D 'l1TEOny

VI.1 I.NTnODUC'TION

This chapter's aim is to summarize, aud to compare ,,,ith theory, the

results of various different experiments in ,,,hich measurements have been

made of the ionization loss of relativistic charged particl.es as they pass

through thin samples of gas.

.. ~ VI • 2 COHPARI SON OF EXPEIUHEN'r AND TI-illOII.Y

First, the difference bet1Yeen the results of Landau(4) , Blunk and

Leisegang(46) and Monte-Carlo calculations of theoretical probability dis­

tributions for the energy loss of 25 GeV/ c protons in 1.5 em Argon are

I, .

Landau theory to alIa,,, for the effects of atomic binding on the energy loss

has not been refe.1Ted to till noIY, is an attempted modification of the

distribution. However, for very thin absorbers this approximation fqils

i

d
, <I

f,.

(The areas under the curves, in the range 1.5 to 6.5sho"l'lll in Fig. G.1.

keY, are normalized to each other.) The Blunk and Leisegang theory, ",hich

for similnr reasons to the failure of the Landau theory in this regioIl;

and cross-talk effects have been included in the theory; this has little

repeat of l"ig.'L27, where fits for other energies are also sho''Ill. As can

(Cbanwer resolution

This is not surprising since, as has

25 GeV/c protons in 1.5cm Argon/20)~ CO 2 is ShO"'ll.

other two theories shown in Fig.5.1.

be seen, the ~Ionte-Carlo theory gives a very good fit to the shape of the

prob~bility distribution ",hicb 'would obviously not be the case ""ith the

(see p.81 nnd also reference (47) for further elucidation. Note~ the: agree­

ment for thicker samples is good, e.g. see reference (1).)

In Fig.6.2 the Honte-Carlo fit to e>..-perimental measurements of

been stnted prcviously, thesc other tva theories contain assumptions "hicb

effect on the theory as is also the case with the inclusion of the CO 2 ,

thus making comparisons betveen Fig.5.1 and 5.2 possible.) Fig.6.2 is a

,1

nre explicitly stated not to hold in this region of thin absorber and high

- 109 -

CHAP T En VI

COHP.ARISON OF EXPERDlE:Vr A.I\,'D 'HillOny

VI.1 INTTIODUCTION

This chnpter's aim is to summarizc, Clnd to comparc ,~ith theory, the

through thin samples of gas.

Landau theory to allo" for the effects of atomic binding on the energy loss

has not bcen refe.l'red to till no'~, is an attempted modification of the

"

I
'I

(The areas under the curves, in the range 1.5 to 6.5shown in Fig.G.l.

keV, are, normalized to each other.) The Blunk and Leisegang theory, whicb

distribution. However, for very thin absorbers this approxinmtion f>"\ils

results of various different experiments in "hich measurements have been

made of the ionization loss of relativistic ch<lrgcd particles as they 'pass

VI. 2 COHPARI '-'ON OF EXPEnIHEN'r AND THEORY

First, the difference bet"een the results of Landau (4), Blunk uncI

LeiSegang(46) and Honte-Carlo calculations of theoretical probability dis­

tributions for the energy loss of 25 GeV/ c protons in 1. 5 em Argon Drc

-

"-

and cross-talk effects have been included in the theory; this has little

repeat of Fig.4.27, where fits for other energies are also shown. As can

In Fig. 6.2 the Nonte-Car10 ii t to e2.:periUlental meu surements 0 f

• 'L
: i"
I~
, ~

,..

(Chanilicr resolution25 GeV/c protons in 1.5cm Argon/205~ CO 2 is ShO'~lL

for similar reasons to the failure of the Landau theory in this regioll;

(see ,P.81 <lnd ali;;o reference (47) for further elucidation. Note~ th~ agree­

ment for thicker samples is good, e.g. see reference (1).)

effect on the theory as is also the case ,~ith the inclusion of the CO 2 ,

thus mal.cing compurisons between Fig.6.1 and 6.2 possible.) Fig.6.2 is a

been stnted pl'C'viouslYI these other t,,'O theories contain assumptions "hich

nrc expli.citly stated not to hold in thi.s region of thin ahsorber [lnd high
,
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To sho'" that the Honte-Celrlo theory agrees 1vith other theories in

the pC1ramcters of the Symon theory is given by G = .~/ ~ax (see p.82 for

the region ,·,here they are supposed to hold, a cOT31Jelrison of the Honte-Corlo
_., , 1''': --r;:-

(48) !, r ~.'
theory ,dtll the S)'lnon thcory isronde. The Symon theory can be consi-

The minimum v<tlue of G for which Symon's

!j
'III'
i!
ii
'I

11
"'II
I

One of

definition of sand emax)'

dered here as a convenient parametrization of the Lnndau theory.

theory holds is givcn by G = 0.01, corresponding to the 'thirmest' absor-

Fig.6.3(u) Sh01~S a cOIIlJ>arisonbel'S (Notc: G for Fig.6.2 is "-'10-6
).

of Honte-Carlo theory \Vi th Symon's tbeory for G = 0.01. Fig.6.3(b) shows

() similur corupilrison for G = 0.003, vihich is no,,, just outside the limits

of the S)lllOn theory, and ,dlCrc it Cun be seen thnt the Hontc-C<lrlo theory

has givcn (\ slightly ,'!ioer distrihutiol~. Figs.G.3(a) nnd (b) ",ere choscn

bccC::ll1sC thcy ,,.erC uscd to fit to yicld curves in thc e:Xl)crilllcnt describcd

I
I
l
!

I,II, I
I(

in refcl'cnce (-19). This "'[\S un experiment in Nhich 1. G~!cV~ ol}1ha
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the pc:rm!lcters of the Symon theory is given by G:::: ·S/ tmnx (see p.82 for

the region ",here they (Ire supposed to hold, a cOr:Jpnrison of the Honte-CnrIo
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dered here us a convenient pnrnmetrization of the Lnndau theory.
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theory 1101(lS is given by G = 0.01, corresponding to the 'thinnest I absor-

ber s (N 0 t e : G for Fig. 6 • 2 is""" 10-6
) • Pig.6.3(u) shows a comparison

t

"

i

of Honte-Curlo theory ,... ith Symon's tileory for G = 0.01. Fig.6.3(b) sholVs

fI silUilnr corup':lr:ison for G:::: 0.003, ,vhich is nO\... just outside the limits

of the 5)1110n theory, nnd where it can be seen that the Honte-Carlo theory

h~s given Cl slightly 'videI' clistribtltiol~. FiGs.G.3(a) nnu (b) ,~ere chosen

because they \,'ere u~cd to ii t to yield curves in the c:>"1)erilll~nt described

in rCfCl'CIlCC (-19). This "'[IS (In experimcnt in Nhich 1. GHeV~ (l1p11a
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Honte-Carlo curves gnve slightly better fits but the difference from the

Symon theory ""1S too small, Dnd the test not sensitivc enough, to mnke any

particle energy, hence the need to lillo" the energy loss distribution. The

\\nen extracting a yield curve for <I pnrticular resonance

in pig, allowance bad to be made for the straggling of the incident a

p~\rtic1es I~Cre fircc\ nt a Nitrogen-1 5 /;,as target to study the reaction

definite statements.

A criticism of the cOlllpnrison made in Fir;.6.2 is that the cX]1cri-

mental datu hns been nOl'mElli2cd in terllis of enerc;y (i.e. shifted alonx the

x axis) to give the best fit to theory, since in this experiment, there

\.Jas one l~nlmo,m pm'8meter (see p. 70). Thi.s though does not inv<llidnte thp.

compDrison bet"een the shapes of the distributions. Three further compari-

sons are DO\'; sho,m of theoretical Dnd experimental proba'b ili ty di stri bu-

tions \:here no free parameters are used either in eA:periment or theory.

13enlioned, evc;) thou::;;h the fits are good, tbe ahsolute position of tt.e

experime:.tnl peaks is uncertClir: to 9% but the width of the distribution

Figures 6A(a) - 6.~.l:(d) show the comparison of theory '\'Jth Xenon

is good to < l?L }'igs.6.5(a) - 6.5(d) sho\'! cnotLer comp2risor. wii;h Xenon

data from un expcrineat by \\'illis et al (50). A.:-;air: quite good agreement

As hClS ltcencbta ns obtained iE the S LA C experiment (Chapter II).

,

1
~
~

~
i
i
I.
1
i,
1
!

is obtClined. The 2Greeme3t see~s better for Figs.6.5(a) and (b) than

for Pibs.G.G(c) 2nd (d). A possible reason for this is the choice of g2S

mixture llsed for tile data of the latter tvo figures, (i.e. 415~ Xel 415~ :=;el

185~ Uethylal). Xenon and Helium have very different densities and it is

thought that this prob<lbly resnlted in a mixing problem, hence changing

the effecti ve cOlliposi tion of the ga s. (Note, for the sake 0 f coruplete-

llr~ss, the 1)in(IiJlg cncrgies used for ~lcthylal in this theory calculation

hOle tJIC same us thosc of Cal'uon dioxide as given in Table 5.1, plus that

of Hydrogr.'11 (l3.() cV). These 1Jinding cnergies are those for isolated
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is obi-nined. The <lGrecme3t sec~s better for Fits.6.5(o) and (b) than

for Fi b s.6.5(c) ond (d). A possible re.:lSCJl for this is the (;boic~ of li<::S

mixture used for tiH? data of the l<:ltter h'o figures, (Le. '!.j$~ Xel 415ft 7:.el

185~ Uethylal). Xenon and Helium have very different densities anCl it. is

tbotlght th:Jt this lll'obllbly resulted in a mixing problem, hence changing

th~ c:ffcctivc composition of the gas. (Note, for the sake of corupletc-

n(;~s, the 1.'intJiJlg energies used fo'c Hethylol in this theory calcnl<ltion

\;CI'I~ tllc ~nmc ;:.s those of Cal'uoll d_ioxidc 01::;; given in 'Joule 5.1, plus that
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atoms. Holecu13T effects are ignored.) Figs.6.6(n) - 6.6(d) ShOl'! a

comparison, <:lS IU8de by Cobh(3), ,'!ith A.rgon ddta obtnined from nn experi-

ment by Hurris et <:l1(1). Quite good agreement is obtnined.

A comparison is noI'! made of the relativistic rise curve obtnined

".r:
~«

."l'
from theory <:lnd that obtained from mnny different experiments. This is

complicated by the fact that different experiments have used different

g<:lS mixtures ond sample thicknesses from each other. A relatively crude

cocrpLlrison is wade of all the data available from experiments that have

used a thin sample (i. e. :1-20 cm) of a gas mixture 1 ,.hich consisted pre-

dominantly of Argon. This is shown in Fig.G.7. As can be seen I instead

As c'.'n be seen, the Sternbcimer calculll-

:.

of plotting straightfonvurd ionization loss (I) 1 the ratio of 1/ I min '-)[IS

plotted against p/moc, hence removing almost completely normalizntion

problems beh;een detectors of different thicknesses etc. The continuous

curve is the ~·Ionte-C()Tlo theory prediction and the dotted line is the

Sternheimer calculation(4~,51).

tion gives too much rellltivistic rj se "hen compared ,.;i tIl these eA1Jerimental

points for thin samples. (Ho,.ever, the ngreement is good for thick samples,

solids, etc., e.g. see reference (53).) This Sternheimer calculntion is

of the most probClble energy loss as calculated by Landau (nfter n small

correction(54) has been mnde to his originnl calculation(4)), modified to

allo\~ for thc density effect due to the dielectric properties of the medium.

The effect of the mcdium is represented classically by a series of disper-

sion oscillators, the values of the pnrameters involved (i.e. ionizntion

potentl<lls) being chosen to givc agreeQcnt with experimentally determined

value'S of mean ionization potential. For the same re<lsons as for the

Lrf'i:lkdo\olll of the Landau theory for thin samples (p. 81), the Sternhejmer

cnlculntion cilnnot be applied to thin silmplcs.

- H7 -
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c<llc:ul<ltion C,11ll10t be appli cd to thin snmplcs.
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APPENDIX 1\.1

This appendix contains a complete list of th8 results of the theo-

reticnl predictions from the Honte-Cnrlo calculntions performed. It is

from subsets of these results that Table 5.1 and Figs.5.10 to 5.13 were

genernted. The Cltomic energy levels nnd plesma frecluenci es llsed in the

calcul<ttions ure listed in Table 5.2.

In order to e:x:plain the tables follo'Nin~1 reference is mode to Fig.

1.5. On the left of Fig.1.5 \~ill be seen h'o probi:lhility distributions
•
"I
i

~..
as gell~rated by the first Honte-·CClrlo program (sec p.95). Tahles Al.1

allcl 1\1.2 respectively, refer to the peak Clnd full \.;idLh nt half DlClximum

of such probability distributions. On the right of Fig.1.5 ,,'ill 1)c sccn

hio me<ln of the 10i,'e5t G(}-;~ distributions <IS generated by the second Hontc-

CClrlO progrC\l!l (i.e. the multi-sauipling program - sce p.!J5; for the defi-

)1ition of wean of the lo\,:est GO~~, sec p.9G). Tables A1.3 and Al.4

respccti\'ely refer to the penk [lnd full \'Iidth cd; half maXiJ1lUlll of such meClIl

oi stribuh ons.

All the results presented in these tables following are for 1.5 em

gClS s<lmples. The resul is in Tables Ai. 3 and A1. 4 EIre tho se thClt \wuId be

obtained by EI 500 em detector, in \,'hich there \vas 110 cross talk between

allY of its 333 samples.

It should be pointed O',lt that the resuJts of Table Al.2 arc subject

to elTors possihly <::s large as ±5~6 (due to problems C'lssociated \,ith the

fillite bill size used to plot the probability distributions from which the

Thi.s prohlem docs not occnr in any of the other

fuul' L<lble~, \,here the errors in the determination of the results nre

"1 :jyk/ -r,{ %.

APPENDIX A.l
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!
[
1

~
!
I
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In orcler to e:>':}llilin the tables follo'",ing, reference is !l!<:lde to Fig.

1.5. On thc left of Fig.l.5 ~ill be secn two probability distributions

as gCJI!!rat(;d by the first Hontc-Corlo progralll (see p.95). 'J'ahlesAl.1

a11(1 .\1.2 respectively, refer to the peal,: Clnd fLlll ',1oLh at hulf m<lximum
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obtClined by a 500 em detector, in Hhieh there Has tlO cross tCllk bet\~een
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It should be pointed O'_lt that the l'esuJts of TCJble A1. 2 <ll'C subject

to CI'rOTS pOf;sihly <.:s large as ± 5~~ (due to problems <lSSoci<:ltecJ ,.. itll the

finite bill size used to plot the prolJability distributions from ,..hich 1.1 e

r\,'ll~l 's ...·ere obt',ined). This prollleru docs not occur in any o,f the other
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TABLE Al.l-_.-.-

Gas Peak (eV) of Landau distribution
for 1.5cm gas samples

p/moc 2 3 4 5 6 8 16 32 6l~ 128 256 512 1024 2048 50000

Heliu'11 309 281 275 278 276 285 YJ9 325 3h8 372 384 389 387 390 390
Neon 1236 1137 1117 1142 1147 1156 1278 1)80 1504 1616 1683 1724 1731 1757 1760
Argon 2200 2062 2157 2302 2495 2734 2891 2997 3103 3161 3116 3168

'""'[\J Krypto:1 4250 3921 ~·096 4482 4905 5296 5699 5927 6156 6266 6271 636501

Xenon 5743 5339 5658 6153 6704 7271 7878 8387 8726 9002 9098 9242
MethaJ1e 1605 1485 1459 1478 1481 1507 1632 1744 1849 1916 1965 1988 1999 1994 1992
Ano_r:Jonia 1527 1408 1390 1403 1411 11:33 1543 1664 1788 1855 1905 1936 1957 1964 1970
Nitrogen 2042 1858 19;~ 2087 2255 2421 2570 2673 2703 2756 2757 2743
Argon/C02 (20%) 2410 2244 2330 2517 2713 2905 3096 3256 3363 3371 3409 3404
Carbon Dioxide 3279 3032 3014 3047 3063 3145 337iJ. )668 3895 4110 4263 4354 4360 4370 4394
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TABLE Al.l

Gas Peak (eV) of landau distribution
for 1.5cm gas samples

p/moc 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000

Heliu.'1l 309 281 275 278 276 285 309 325 3'18 372 384 389 387 390 390
Neon 12)6 1137 1117 1142 1147 1156 1278 1380 1504 1616 1683 1724 1731 1757 1760
A~gon 2200 2062 2157 2;02 2495 27)4 2891 2997 3103 3161 3116 3168

~

~ KrY;Jto:1 4250 3921 4096 4482 4905 5296 5699 5927 6156 6266 6271 6365u

Xenon 5743 5339 5658 6153 6704 7271 7878 8387 8726 9002 9098 9242
flletha'1e 1605 1485 1459 1478 1481 1507 1632 1744 1849 1916 1965 1988 1999 1994 1992
Mt":1onia 1527 1408 1390 1403 1411 1

"
33 1543 1664 1788 1855 1905 1936 1957 1964 1970

Nitrogen 2042 1858 19:;0 2087 2255 2421 2570 2673 2703 2756 2757 274)

Argon!C02(20%) 2410 2244 2330 2517 2713 2905 3096 3258 3363 3371 3409 3404
Carbon Dioxide 3279 3032 3014 3047 3063 3145 337" )668 3895 4110 4263 4354 4)60 4370 4394
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TABLE Al.2

Gas F\<lH.'V1 (eV) of Lar:dau. eli stribution
for 1.5cm gas samples

p/moc 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000

Helium 215 195 188 205 206 213 242 250 260 277 262 284 288 286 291
Neon 920 853 831 783 877 870 969 997 1167 1287 1)88 1358 1342 1481 1427

Argon 1618 1475 1655 1759 1778 1937 1978 . 2086 2178 2158 2149 2195
\-" Krypton 3385 3182 31(.') 3468 37lt5 3886 43l-l4 4693 4631 4600 4727 5123t\:l
,;:,.

Xenon 4277 3922 Lt3S0 4658 4991 5449 5922 6122 64Lt5 7433 7339 T)67

r,iethane 1003 954 959 960 971 948 987 1075 1089 l1 l+S 1213 1181 1291 1156 1164

Ammonia 1084 1022 973 988 994 1029 1040 1066 1156 1233 1220 1259 1334 1329 1359
Nitroge!l 1461 1338 1L~25 1496 1552 1624 1606 1822 1825 1849 1817 1818

Arson/C02 (20%) 1706 1640 1551 1623 1581 1775 1812 1823 1872 2033 2175 2188 2269 2288 2393
Carbon Dioxide 1976 1720 1847 1993 1980 1972 2048 2051 2217 2351 2332 2534 2565 2505 2597

.. _ _ __ ~._ _.--_._----_ .._--_."' __.._.,_.-~ ..~-_.- ......:.-__ -...-....

) ) - )

TAgLE A1.2

lJ~s F'1"lh."I1 (eV) of Lc·l,.'~dau distribution
for 1.5cm gas samples

?/moc 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000

Heliu.'Tl 2'- 195 188 205 206 213 242 250 260 277 262 284 288 286 291-0

Neon 920 853 831 783 877 870 969 997 1167 1287 1388 1353 1)42 1481 1427

A~gon 1618 1475 1655 1759 1778 1937 1978 . 2086 2178 2158 2149 2195
~ Krypton 3385 3182 310 3468 37'15 3886 4344 4693 46)1 4600 4727 5123'"'" Xenon 4277 3922 1~3SO 4658 4991 5449 5922 6122 64115 7438 7339 7367

1·10 t.i1ane 1003 954 959 960 971 948 987 1075 1089 l1"S 1213 1181 1291 1156 1164

Ammon.i.a 1084 1022 973 988 994 1029 1040 1066 1156 1233 1220 1259 1334 1329 1359
Nitrogen 1461 1338 llt25 1496 1552 1624 1606 1822 1825 1849 1817 1818

Arson/C02 (20%) 1706 1640 1551 1623 1581 1775 1812 1823 1872 2038 2175 2188 2269 2288 2393
Carben Dioxide 1976 1720 1847 1993 1980 1972 2048 2051 2217 2351 2332 2534 2565 2505 2597



TABLE A1.2

Gas Peak (eV) of mean of lowest 60% distribution
for 3)3 x 1.5cm samples

p/moc 2 3 4- 5 6 8 16 32 64 128 256 512 1024 2048 50000

Helium 283 259 254 254 29+ 260 277 298 319 342 355 358 357 358 359
Neon 1232 1139 1115 1131 1142 1165 1263 1359 1476 1583 1648 1696 1710 1719 1714

f-lo AY'gon 21L~3 1961 2057 221)1- 2L~08 2602 2783 2901 2995 )039 30)+9 )095
LJ
C;\ Krypton 4220 3886 4059 4407 4788 5163 5546 5762 5978 6102 6135 6199

Xenon 5784 5323 5606 6107 6655 7186 7734 8216 8581 8778 8939 9025
Methane 1559 1441 1417 1423 1438 1456 1574 1685 1790 1851 1894 1918 1927 1927 1922

Ar.1mO!'lia 1489 1370 1356 1361 1371 1401 1493 1615 1731 1797 1853 1876 1889 1892 1889
Nitrogen 1953 1778 1849 1994 2154 2311 2452 2531 2568 2618 2635 26)6

Argon/C02 (20%) 2.352 2152 2247 2443 2633 2847 3022 3162 3227 3275 3321 3325
Carbon Dioxide 3196 2952 2915 2935 2960 3018 3246 3523 3771 3969 4102 4167 4203 4217 4226

)
" .

)

TABLE A1.3

Gas Peak (eV) of mean of lowest 60% distribution
for }j) x 1.5cm samples

p/ffiOC 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000

Helium 283 259 254 254 25'1 260 277 298 319 )42 355 358 357 358 359
Neon 1232 1139 1115 1131 1142 1165 1263 1359 1476 1583 1648 1696 1710 1719 1714

~
A:,gon 2143 1961 2057 221}j. 2

"
08 2602 2783 2901 2995 YJ39 30!~9 YJ95

'0

"' XrY;H.on 4220 3386 4059 4407 4788 5163 5546 5762 5978 6102 6135 6199
XenO:1 5784 5323 5606 6107 6655 7186 7734 8216 8581 8778 8939 9025
Methane 1559 1441 1417 1423 1433 14:;6 1574 1685 17 90 1851 1894 1918 1927 1927 1922
Ar.lmonia 1489 1370 1356 1)61 1371 1401 1493 1615 1731 1797 1853 1876 1889 1892 1889
Nitrogen 1953 1778 1849 1994 2154 2311 2452 2531 2568 2618 2635 2636
Argon/C02 (20%) 2352 2152 2247 2443 2633 2847 3022 3162 3227 3275 3321 3325
Carbon Dioxide 3196 2952 2915 2935 2960 YJ18 3246 3523 3771 3969 4102 4167 4203 4217 4226
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'1'ABLE A1.4
._------~-

Gas F\~W (%) of rnea~ of lowest 60% distribution
for 333 x 1.5cm gas samples

p/rnoc 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000

Helium 5.12 5.33 5.23 5.37 5.27 5.22 5·19 5.15 5.05 4.84 4.63 4.75 4.98 4.96 4.91
:Jeon 5.)8 5.58 5.4)+ 5.45 5.41 5.32 5·31 5.28 5.11 4.9c) )+.92 4.97 5.21 5.34 5.20

--'
Argo~ 5.05 5.26 5.03 5·02 4.83 4.70 4.7!.1· 4.80 4.77 4.80 4.74 4.81

.. , Krypto~ 5.09 5.24 4.98 4.90 )+.66 4.68 4.65 4.60 4.57 4.y3 4.50 4.66
Xeno~ 5.45 5.48 5.)8 5.30 5.23 5.12 5.0!.1 5.05 5.01 4.97 4.96 5·05
i'~ethane 3.81 4.00 3.86 3.92 3.88 3.81 3.79 3.73 3.60 3.59 3.53 3.58 3.79 3.81 3.89
Ammonia 4.19 4.36 4.23 4.21 4.18 4.19 4.10 1~.02 3.98 3.85 3.79 3.88 4.10 4.11 4.07
Nitrogen 4.48 1r.63 4.47 4.3!.1· 1L20 4.12 4.10 4.20 4.17 4.15 4.07 Jt.oG

!lrgon/C02(20%) 4.76 4.92 4.77 4.68 lr.52 4.44 4.47 4.47 4. 1+7 4.52 4. 117 4.53
Carbon Dioxide 3.86 4.03 3.94 3.97 3.90 3·90 3.80 3.79 3.59 3.57 3.48 3·55 3.67 3.77 3.74

)

· . - -_~._._- . ._----
)

'rABLE AI. 4._----

Gas F'\m"1 (%) of rnea~ of lowest 60% distribution
for 333 x 1.5cm gas samples

p/rnoc 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 saOOO

Hel1u~ 5.12 5·33 5.23 5·37 5.27 5.22 5.19 - ,- 5.05 4.84 4.63 4.75 4.98 4.96 <.91;>.-::>

:.leon 5.38 5.58 5.41t 5.45 5.<1 5.32 5.31 5.28 5.11 .'+.96 }~. 92 <·97 5·21 5·34 5.20

- Argo:1. 5.05 5.26 5.03 5.02 1+.83 4.70 4.74 4.80 4.77 <.80 4.74 4.81
... Krypto:1 5.09 5.24 4.98 4·90 '1.66 <.68 4.65 4.60 4.57 4·58 4·sa <.66

Xenon 5.45 5.48 5.38 5·)0 5·23 5.12 5.04 5.05 5.01 4.97 4.96 5.05
~:et.hane 3.81 4.00 3.86 3·92 3.88 3.81 3.79 3.73 3.60 3.59 3.53 3.58 3.79 3.81 3.89
Ar.:monia 4.19 4.36 4.23 4.21 4.18 4.19 4,10 l~. 02 3.98 3.85 3.79 3.88 <.10 4.11 .'+.07

f'.!itrogen 4.48 ".63 4.47 4.34 !j..20 4.12 <.10 4.20 4.17 4.15 4.07 h.CS

I<cgon!C02(2Q%) 4.76 4.92 4.77 4.68 if·52 4.44 4.47 4.47 4.47 4.52 <. "7 !t.5)

Carbon Dioxide 3.86 4.03 3.94 3.97 3.90 3·90 3.80 3.79 3.59 3.57 3. 48 3·55 3.67 3.77 3.7'1
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(1975) .

Also reprouuced in
(Gordon and Breach,

Nuc!. Jnstr. 3: Hethods, 105, 431 (1072).DL'\"OT, et al.,

Sec reference (10), p.232.

CODD, J .11., I SIS IlItcrnnl ~otcs 9 nnd 12 (unpublished)
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