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ABSTRACT 

EAJ>erimental measurements of the ionization loss caused 

by charged particles moving with relativistic velocities as they 

pass through thin samples of gas are presented. Th:Cse data d.. ire, 

the result of three experiments where gas samples of 1.G cm of 

Argon or Xenon (mixed '~i th small quantities of other gases) were 

placed in a beam of pions, protons and electrons whose mom1rnta 

covered the range such that p/01 c = 1 to 50, 000 (where p = 
0 

momentum, m =rest mass). 
0 

The shape of the ionization loss distributions obtair1ed , 

and the size of the 'relativistic rise' of ionization loss with 

pa1·ticle velocity are compared '"i th new Honte-Carlo theoretical 

calculation~ . The agreement between ex'Periment and thco.ry is 

sho'm to be good , as compared with previous theories, '·1here- sig

ni fie ant discrepancies '"ere ohserved 1v i th thin samples of gas •. 

The theoretical model is also used to make predictions 

of ionizotion detector properties. 

{v) 



CH .APTER I 

INTRODUCTION 

( 
' 

I. 1 INTTIODUCTION 

This thesis is the description of experimental 1-1ork and nnalysis 

the author has helped carry out from 1972-1975. Host of this work is 
; 
i 

! motivated by the underlying question : How does one identify charged parti-
; 

' i 
cl es at very high energies? As particle velocities approach the speed of 
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light, conventional methods for identifying charged particles become in-

creasingly di fficult or, in some cases, impossible without modificatjons 

being made . For instance , for bubble chamber tecluiiques to bP- still fcasi-

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

daries each with momentum typically. less than ,...., 50 GeV/ c, it is necessary 

to use external detectors which could assist in identifying and in measuri.n~ 

the position of the secondaries emerging from the bubble chamber. Incident 

bBam momenta of this magnitude are typical of the F NA L and C En i·r - SP S 

accel eni tors . It is \·1ith the idea of building a detector which c0uld 

assi s t in particle ident{fication that the follo~ing investigations have 

been carried out. 

In the relativistic region of p/m
0

c ~ 5- 200, (p :::: momentuw, 

m
0 

:::: rest mass) 1 just 1vhere identification methods appear so difficult, 

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

found that if a charged part icle is passed through a sample of gas , the 

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

Yeloc.i ty. This is caused by the relativistic change in shape of the par-

ticle's electromagnetic field as its velocity gets nearer and nearer the 

speed of light . A more detailed desc~iption will be given later. 

"' 
Three E::>..'Jleriments are described i n this thesis which investigate 

\ 

1· 
·~ ~ 

this phenomenon of ionizntion loss at relat.ivistic velocities . The first 

- 1 -
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was an e.>-.-periment performed at the Stanford Linear Accelerator L<.iuorato1·y 

(SL AC) in 1972, whose prime aim was to measure transition radiation (1~hi.e:h 

incidentally is a possible method of particle identification at ttltra rela-

. · t · 1 · t · ( 1 • 2) · I c ...... 200) t1v1s lC ve oc1 ics , ~.e. p m ~ • 
0 

How~ver, since all the 

apparatus and conditions required for ionization measurements are the same 

as for transition radiation, both phenomena '~ere measured . '!'he results of 

this SL AC experiment are not as good as \~as hoped for , because it was 

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

racy. Consequently it became apparent that a very detailed analysis was 

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

ted from '~hich useful ionization information can be obtained . 

The second experiment ,,•as performed at the Rutherford High Energy 

Laboratory (RU EL) in 1073. Its main purpose was to test a prototype 

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

and its fOs1tion. Most of the time in this experiment wa s used for testing 

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

·ment, measurem;rnts \~ere made, using a different detector, of ionization lc.ss 

in gas for various charged particle velocities. Conditions 'vere not 

optimized however for this experiment, and so the accuracy of the results 

leaves something to be desired. Again there is no justification for an 

involved description of the ana l ysis. 

A third experiment '"as performed at the Fermi National Accelerator 

Laboratory (NA L) j.n 1974, whose main aim "1as to measure ionization loss in 

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

ener~ies using this technique. As lVill be seen, the experiment was fairly 

successful and it provided information over a wide range of particle 

velocities . 

Besides the three expedments mention.ed <1bove , this thesis describes 

the resu l ts of theoretical prcc.li ct ions of ionj znti on lo ss ;incl th.: m0 t.ho tls 
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1 

1 atmosphere) are being used the th eory as previously de\'Cloped contnins 

assumptions that do not apply to our ca~e . Consequently a Monte-Carlo 

technique for handling the· theory bas been developed. 

In the final chapter, comparisons o f theory with experiment are 

sllltmwri zed . 

Huch of the work in this thesis follows on from the 1~ork described 

in J .H. Cobb's thesi~ ( 3) to which many references 1~ill b e n.;ade. The group 

at Oxford currently "Working on particle identification teclrniques by ioni-

zation methods is kno'm as the ISIS group, (.!_dentification of .§_econdaries 

by .!_onizatio~1 .§_ampling),. The members of the group are W.W.H. 'Allison , 

C.B. Drooks , J .N. Bunch, J .H. Cobb, P .D. Shield and R.W. Pleming . 

I. 2 WHAT IS IOI,:IZATION LOSS ? 

When a cbarged particle passes through a medium, an electromagnetic 

interaction can occur b etween the charged particle and an atom in the 

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 . 

In these e.>..-periments the medium corresponds typically to a 1. 5 cm 

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

cle 'rnula make on average about 50 co~lisions on its way through the gas , 

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

repeated trnversnls of the sample l>'ill obey a Poisson-type distribution 

centred about fifty . 

I n a coll ision '~ith an Argon atoll! the most likely resul t is the 

prodnction of an ion pair, i.e . ( Ar+ e-) , ,.;ith <l kinetic ~nergy of a fe,~ 
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eV, this amount depc11Lling on the closeness of tile collision. The inciuent 

charged 1,.1rti clc momentum (typica lly of m;:igHi tucJc 25 GeV/ c) ,,. i 11 cf f ect i vcly 

be unch::inged by the collision. 

It is clear froui tue above th<it the probability uistribution of 

ionization loss seen.in c:i sample of gas is the convolution of two prohnbi-

lity distributions, i . e. 

the probability of pro-

ducing a certain number 

of coll isions • and the 

probahili ty of the elec-

tron freed in each colli-

sion having a particular 

enerey. This results in 

a very wide distriUution 

~ -c 
~ 

> w -0 

0 2 t. 6 8 10 
Energy loss(KcV) 

Fig.1-1 landau Distributions for 25 GeV/c Protons and Electrons 

with a significant tail going to very high energies. It is called the 

Landau di stri but ion a ftcr L. Landau ( 
4
), wbo first calc~lated it theoretic-

ally. Fig.1.1 shows exnmples of such a distribution for 25 GeV/c proto:1s 

and electrons (the protons aie the peak at lower energy l oss). Their 

width/peak ~ 1ocr,~ . The high energy tail corresponds to the small but 

finite prolrnbility of collisions producing very high energy electrons . 

The difference in position and hence the difference in the mean of 

t he t,,.o distributions in this figure is 

the property that can be used to discri-

minnte between charged particles of dif-

fcring velocity. To explain how this 

differ ence arises the following pictLu·e 

from reference (5) is outlined . 

Consi der a clwrge q moving with 

Fig.1-2 v elocity v with n ispect to nnothcr fr:ir.ic 
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ot th~ point x nrc EJ,ivcn uclo\~ : 

Frame ( I I I) x1x2x3 Fr Drue (x1x2x3) 

E' 
qb . qb 

E YE; 
yq b 

--- = J = = 1 r'3 ( b2 + Jv2 t2) 2 
1 1 ( b2 + y2 v2 _t2)-;: 

E ' 
. 2 = 0 E2 = 0 

E' 
qvt ' q yvt 

E = E' 
q yvt 

- - --=- = -3 r ' 3 (b2 + y2 v2 t2) 2· 3 3 (b 2 + y2 v2 t2) 2 

B' 
1 

:::: 0 Bl = 0 

B' 
2 

:::: 0 B2 = Y i3 E' 1 i3E1 

I 0 B3 = 0 B3 = 

where Y= 
1 

(1- ~2)2 13 = v/ c . ' 
Thus nt high speeds ,··when Y» 1, the peak transverse electric field, E 1 , of 

a charged part icle as seen by a stationary obse1ver, becomes equal to Y 

times its non-re lat ivistic value (i.e. the transverse f ield lines become den-

ser ~ith increa s ing velocit~). Al so the 

durat ion of apprecialJle field strengths 

at the· observer i s dec reased. A measure 
..,.q -;-J --- - -
b 

of the time interval over '~hich the 

fields are appreciaule i s given by 

b 
6t"' 'iv' see Fig.1 . 3. This time is 

the typical collision time of the inci-

dent charged particle with an electron --
O vt-

in the medium being ionized. When this 
Fig.1..!i 

collision time becomes greater than the oruital period of . the electron 

round its ato:n , the electron will be able to m<:ike many cycles of motion as 

the incident particle passes slowly by. Thus it will only be influenced 

<1<.liob.:it ically by the ficlcJ s Hith 110 net tran .::; .fcr of energy. So. as a 

cl1nrgcd particle becomes more rclntivi st ic, the shape of its clectromag-

nctic fi c lcl chang es in such a wny <1s to make the collision time sa:nllcr ot 

- 5 -



lnrgcr distances ,.,.hich in turn mnkes energy trnn s fer more effective at 

larger distances . 

In actual !net , as the incident particle velocity gets faster anti 

faster , the amount of energy trnnsfcr to the medium does at first get larger, 

but at some point it levels off to a constnnt value. This. is due to n 

:screening effect of the atom · undergoing co ll ision by the pol.:irizntion 

effects of the other atoms of the mediuru . It o.ccurs when the field of the 

charged particle has e:\.-pandeo such that the distance for which energy trans-

fer is possible · has become comparable with atomic spacing in the medium . 

'l'his is known as the density effect. 

F i gure 1.1 shows· schematically a plot of how the mean ionizatio!'l 
2 1 

loss varies with Y (y == (1- v 2)--2 • :NB. P/m c = ~y· and ~"'1 for y'i3 5. ) 

It shows the relativistic 

xise from y ~ 5 to 500 

and the satw·ation thnt 

follows due to the den-

sity effect. The region 

belo'~ Y= 5 has not been 

discussed since it is of 

little concern in this 

thesis. Tb.is region is 

adequately descril>ed by 

semi-classical argtw1ents 

c 0 

c 
0 

;;j 
.~ 
c 
0 .... 

~2.SkeV 
Argon 1·5cm 

~t.SkeV 

5 

--------
• I 
I 
I 
I 
l 
I 
I 
I . 
I 

' I 
500 

ln ( p/m0 c ) 

Fig.1-4 Diagram showing main features of 
relativistic rise curve. 

.starting from the Rutherford scattering fonnula ( <3). The fri ll of ioniz<i-

tion 'l'i th vcloci ty in this region is a kinenmtic consequence . 

The c.x-pression for the mean energy loss as a function of chnrgcd 

particle vcloci ty is given by the Dcthc-:illoch formula ( 7) ; 



Ill 

c 
"' > w 
b 
.... 
v 
.0 
E 
:J 
z 

0 

llntc of 
Energy 

loss per 
cru 1 of 

particle 

2 I, z e 
4nN Z 

m v 2 
c 

Totnl nren 
covcre.d by 
electrons 
in D1editun 

= NZ Tl r 2 
e 

=NZ n( e2 02 
mcc 

[ { 21 m v
2 l. 

.U\ h(w) J 

Hclniivistic 
Rise 

Density 
Effect 

where N = density of atoms, Z = ntomic number~ m = electron mass, 
e 

z e = charge of incident pnrticle. 6 is a term to allow for the density 

effect, not included in the original Bct~c-Bloch forurula. 

The logarithmic dependence of energy loss on I can be seen~ One 

of these fnctors is due to the relativistic expansion of the electromng-

netic field as previously described . The other is due to the kinematic 

consequence that the maximum energy that can be transferred in a collision 

increase£> w:i th Y. 

I I I I 

{Fia .. 1. 1) 

,L I I I 

2 i. 6 6 0 2 4 6 8 
Energy Loss(K<?V) .Mean Energy loss( KeV) 

25 Gt/.V/c Protons and Electrons 

Fig . 1. 5 

Returning to J?ig .1 . 1 it can be seen thut the di ffcrcnce between the 

T...ant1r1t1 cl1strihutions for pnrticlcs having very different Y's ("' 25 for 

}H"otons nnd 50,000 for electrons) is very sm<lll conip<ired ldth the width of 

i.ll c L<1nc.lau Lli!>tril.n1tio11. This me<ins tlrnt to c;iscriniinotc between particles 
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of different ' Y with nny degree of ccrtninty, rcpe<'tecl me;1surements of 

f l t . 1 1st be r.1 .... c.lc F1·rr . 1.5 shows ho'" the i 0 n i z n ti on 1 o s s ~ en 9 1 pa r l c c ml . ' " • o 

re·~olution is lt:ll1e~ ~!'jly if the di stribution of the menn of 300 

mcasureruru1ts for ench particle is plotted instead of tl1e Lnndou distribu-

tion . The theory of the Landau distribution is described in ruorc detail 

in Chapter V. 

~ ·.3 HOW CAN IONIZ...\TION LOSS BE HEASunm? 

In the experiments described in this thesis the ionization loss of 

a charged particle , as it passes through a sample of gas , is measured by 

:using a Hnl tiHire propor-

ti~nnl Counter (H WP C) of 

some fonn . See Pig .1 . 6 for 

s i de view. A proportional 

counter produces an elec-

tricnl signal whose size 

-----------~- g.is bcl, 
-2k't' -Kl phnt 

O~t ...................................... . 
·lk::.:.Y ___ _ _ ____ _ 

Fig.1.6 A simple layout of multiwirc 
proportional chamber 

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

processes . The processes involved in the production of this proportion.al 

signal are as follows . The incident charged pnrticle causes ionizaiion of 

the gas atoms clo·se to its tra ck. This is called 'primary ' ionization . 

Some of the electrons pro.duccd in this prirunry ionization '"ill have enough 

energy to h~vc further collisions with atoms 1 causing ' secqndory ' ionization. 

The electrons drift do~n an electric field towards a thin signal wire. In 

the process they Hill gnin energy from the electric field nnd lose it by 

inelastic collisions with gas molecules. The cnsc Hith '"hich t hey '•ill 

lo se energy to the molecules depends upon the possible excite d states of the 

mo lecule in question . For a noble gns (e. g . Argon), ''ith a closed shell , 

there 0re no 101~ lying states ancl so electrons cJ1·iftini;; in Argon will gni n 

A lot of energy which will mnkc them diffuse rnpicJly . With roly<ltornic 

- 8 -
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molecules (e.g . C02) there arc many 101v lying levels (e .g. vibrntio11al and 

rotat iom1l) for the electron to e:xc i te even \·:hen travel 1 ing at therr.!al velo-

cities. Thus , in this case, electrons will not gnin a lot of energy and 

so will not diffuse ruuch(a) . As the electron cloud drifts close to the 
.1· ... ·. •' 

signal wire , the field intensity increases till, at some point , the electrons 

acquire enough energy to cause further ionizotion of the gns . Conditions 

are controlled in this amplification process snch that the total number of 

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

to the energy of the primary el ectrons . (Signal wires are typically 25 µ 

in diameter and the potential differences between Irr planes and sigcal wires 

are typically - 2. 0 kV when spaced 2cru from each other.) The charncteris-

tic shape of electrical signal (i . e. long tail) is explail~cd '"hen co=1sidera-

tion is given to the motion of the positive ious (see rerereoce (o)) . 

Hulth~ire proportionnl counters contain many signal '"ires and come 

in many shbpes and sizes. For specific examples of Hh'PC 1 s see Chapters 

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

reference (10). For other experiments where proportional cotmters are used 

to measure ionization loss see references (11-15). 

- 9 -



CHAP 1' ER II 

·rnE s LA c EXPEnIH8NT 

II.1 IN'l'IlODDCTION 

An experiment ·was performed at the Stanford Linear Accelerator ) n 

July 1972, by a collaboration 'of groups from th;e Universities of Hawaii, 

Haryland, and Oxford (present author not involved) to observe the proper-

ties of the radiation produced by a fast moving 'charzed particle 'vhen it 

cr-osses a dielectric interface, otherwise known as Transition Radiation . 

The e:-..-perimcnt ,ms supposed to measure transition radiation over a very 

wide range of parameters, e.3 . · several different charged particle veloci-

tics, radiator thicknesses and spacings, detector gases . As well as 

measurin3 the avcrnge number of photons produced per charged particle it 

was supposed to measure the transition radiation spectrum (i . e. a spectrum 

which was not convoluted with an ionization loss spectrum as obtained by 

previous resnl ts ( 1 ) ) . A considerable amolU1t of time has been spent try-

ing to annlyse this very ambitious experiment by the author and l. Katsura 

(University of Ha1vaii , 

the authors knowledge, 

working indepecdently). 

obtained results(iG),.,.hich 

Katsura has up to now, to 

are in severe disagreemeat 

both with results or other experiments and of theory. The present author 

has been unable to obtain a cnlibrution of the data that is self consistent 

to better than 15~·~, in terms of linearity of the scale and in terms of the 

absolute po si ti on of the T n spectrum (l 7). I t has been concluded that 

there i s not enough information available to improve the calibration, and 

so these transition radiation results will not be described here since any 

conclusions ,.,•ould be highly unreliable. 

However, as a by product of this e:>..-perimcnt , a large amount of 

i~1foru1ation 1~ns obtained on ionization loss . Because of the poor calibra-

tion it is ouly possible to o~tuin useful information in a very restricted 



sense . It is still consicJcreu Hortln,!1il e to tliscuss lhc ioni6ation llal.'1 

here siuce it gives nn in<lcpcncJent check to the thco1·ctic<il predictions of 

ionizntion loss in thin gns snmples , as desc ribed in Chnptcr V. The p:wt 

of the experiment ·relevant .to ionization loss nnd its rnrnlysis will thus 

be described very briefly. 

II. 2 

A b enro from the linear accelerator , containing electrons and ptons 

of def incd momentum , was p<1ssed through i:rn nrray of transition radiator 

foils a s shown in Fig . 2.1. From the 'foils the tran s ition X-r<lys and 

-A 

--[p- ~ 
5t .? 0 

t ransition 
radiator foils 3- FIELD /' SH 

MWPC 52 

Fig. 2.1 Schematic diagram of experiment . 

r charged part i cles of t he beam p;:issed through a Helitun bt:ig containing 10 

permnnent ma~nets, placed nlong the beam pnth , over a distance o f 20 metres .. 

Thus the beam o-f chnrgcd particle s w0s slowly deflected a smnll clistnnce 

("' 6 cm in 100 ft . ) m,•ay from the trcm si ti on ra dj at ion, which conhnned to 

travel in a ti~ht cone about the forwnrd direction. 'l'he ·two beams, i.e. 

X-rays <1nd charged particles, then travelled tlu·ough the h;o hlllves rcspcc-

tivcly of e<1ch of eight closely spaced nmltiwire p r oportional counter$ 

(H WP C) along with various scintill<1t ion trigger and veto counters. The 

idcnti ty o f each chnrged particle '~as det ermine d using a shower counter 

plncccl b0hind the HWPC 's. 

The p'1rt icle momenta use d ,.,.ere 3, 9, 15 GeV/ c for elcct1·ons and 

9 GeV/c for pions . The HWPC 's were se[llcd nnd contained .Xenon at one 

atruosphc1·c. They en c h contui11 ccl n ccntl'al plu!lC of signnl wires (st:-iin-

le ss steel - cJinractcr 20 µ - s cp"rntion 2 ouu - nctivc nrea 25 X 25 cm2 ). 

- 11 -
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'Ihcsc wires ,,•ere .-it earth potcntinl. One hnlf of these wires were con-

ncct cd together nnd the signn l fed to an nropl i fi er . The other half \.:ere 

connected together and feel to a different aropl i ficr . Tbns two indcpcn-

J;T'!ll trnm t rr.m 3mm 
dent signals were obtnine<l corrcspolll1iug 

" 
• 
• 

- sign~l wirrs 

•--4----calhodr wire1 

4--- chamber 'fi indow 

ov -2.Jkv -2.uv 

to the transition X-rays (TR or A side) 

and charged pDrticle benw (DE DX or B 

side) respectively. At a distance of 

4mm either side of the signal wire pl<me 

wer~ placed the cathode planes (Cu wires -

Fig. 2.2 MWPC side view diameter 100 µ - spacing 2 mm - wires at 

· right angles to signal '~ires) at a voltage of - 2.3 kV~ 3 . 5mm further 

from ea ch cathode plane came the clwmber windows mc:1de of nlwninizec'I mylnr . 

These were kept at a po t entinl of - 2 . 1lkV ( see Fig.2.2). 

details of H WP C 1 s u s ed see reference (18) . ) 

1-----l~rt:p 

MWPC 

tµS 

t1:;hl bit 
A~C 

b1ltr·l~ 

ll!hS sate 

-.. -
\IOnS 

Fig.2-3 Read out system 

(For further 

The Rend-out systct.:.1 is sho'm schcmaticnlly in Fig.2. 3, The nttcnu-

ators '\\ere for cqunlizin~ t he gain on nll 16 chn1mels (= 8 x m sides + 

8 X DEDX s iclcs ). The nmpli fie rs h'1d n ~lo'~ rise time ("" 4 µs ) . The out-

pnt pul s e: h.:1cl an npproximatc:ly fl<'lt top <ind \o/<I S intcgrnted <it its peak fo1· 

110 ns . The ADC ' s contained eight hit rc·gisters (i.e. 2GG clrnnncl s ), 



l 
the g'-1in 011 the first 128 channels bein~ 1 times the g<1in on the l<1st 1::..:3 

ch<lnncls . 

For the D ED X side, two out of the eight H WP C's were not used 

for rocnsuring ionization since their C\ssociated electronics was used for 

other purposes. 

Al 
l~:lSN: 

A2 
l ·nSx 

J.3 

. A~ 

disc 

disc 

T 
disc 

SH 

fan in 

A·A·A·~ disc 
1 2 H 

=I:A 

and 
f.[A 

16nScc 1----------{~--~ 

and 
T. l =t 
1 10 1 

and 

,__ _ _,.,..__,,,__..1----------1 Ti!il3S!!=lM il r. S!'\: 

~a~ mz~lu ~ale 
pu~ reset e[c . 

. Fig.2-4 Logic for· SLAC experiment 

P.6. 
& 

delay 

veto 

Figure 2.1 shows the logic usccl in the S LAC e:x-pcriment~ nefcr-

ring to this fignrc and Fig.2 . 5, it worked ns follows . The bC(llD was 

defined by counters T 1 , T 
2 

, T 3 in co incidence . 'l'he shower counter, SII 1 

'vas somctii!.lcs in the trigger to select e ' s or n's or otherwise its 

pulse height wns recorded <rnd u s ed later to separate n's nnd e 1 s . 'Ihe 

runs tcr tl'igger to initinte rend- out ,.,.ns dclnyed by 1. 7 µs and could be 

vetoed uy (n) a second (or previous) count in T 1 within the srimc lie<1!!1 

pttl s c, (l•) n count in one of A
1 

, A
2

, A3 , A
4 

( s i tnntcd nrouncl T) in 

coinc icl ~ncc \vi th Z (i . e. to climinntc background comin~ in ncnrly the ucnm 

direct ion). 
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ll. 3 Cl\J.Ii ll~\TT():\ OF SI. i\ C L\l'l :t'i l ~ l l:."\"'I' 

The cnlil>rntion is divided into b'o pnrts , (i ) t.lte time iuclcpentlcnt 

pnrt which includes mensurcments of nonlinc<trity of electronics, etc. , H rlll 

( ii) the time. clcpendent part ,,·hich includes variDtions ,,·ith time of tl1c gns 

gain of the H WP C 's due to variations of gas dcnsi ty nnd composition, etc . 

This calibration procedure is very similar to the one that vill be clescriued 

i n detail for the NA L exper i ment. It will thus only u e described here 
~·-.:.·~ .... 

j ust enough to explain the problems encountered with this cal•ibration . 

(i ) The nonlinearity cf the electronic amplifier and ADC respon se i s 

corrected for, by feeding in test pulses of kno1m size at the signal wires 

of. the H WP C 1 s and observjng the output of the ADC 1 s . An approximntely 

ADC output 
channel 
numb>?r. 

grad l c 4 x grad 2 

22 

0 - 4 - 13 
A DC input volts ( "~quiva!(:nt volts ") 

Fig. 2-6 

- 47 

bilinear cun·e for each of the 16 channels was obtained of t.he form shown 

in Fi~ . 2 . G . (This is only a schemnti c diagram . The magnitudes of input 

test pulses arc given in aruitrary ' equivnlcnt volts ' units .) A s can be 

seen there is a devintion from linonrity ns the pedestDl ( i . e . zero i nput 

volts ) i s renched. This calibr.:ition ' ' ns performed at tlle stnrt of the 

c:-..-pcrimcnt, nncl nsswned to remajn co11stnnt throughout. However , t h ere is 

<1ntn to s ltow tlint the pedcstnl fluctunt.cs t)1)icnlly by ±~~ between rtms , 

( :15 .1"1.lll S i 1l nJ.1) • 'l'his can be con·ectcd for if the shnpe of l'ig.2. 6 )$ 

nss\11ne:d to he constnnt . Also , dul"ing tlte exp <' drncnt. , t he 11ower supp l y 

- 15 -
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for th~ A)) C ' s 1.:os replaced (due to n fire in the CAHAC crnte !)' This 

cmtsccl n change in. the pedestals of t)1>ic\llly - 2:Y,~ . 

( ii) The vnrintion of chamber goin with time for the D ED X 8idcs \1<is 

llle<isnred by placiug nn 
55 Fe · 5. 9 keV X-r\ly source in front of en ch of t.hc 

HW PC 's <lt npproximntcly 5 hour intervals. (The whole 45 runs took 50 hrs.) 

The X-rny spectra so obtained "'ere corre cted for nonli1iearity ns explained 

above nnd ·were fitted with a gaussian using a least square minimizing pro-

gram, and hence their peaks 'were obtained. A typical spectrum is sho\vn in 

Fig . 2.7 . 

0 10 20 

ADC out put - equiva~nt volts · 

Typical Fe$Ca!ibration Peak 

Fig. 2-7 

30 ~o 

As cnn be seen the useful information is contained within ahout 

10 bins of this histogr\lm , This ruenns th::it the confidence level of a fit 

with '1 free p<irameters (os used) is very low even though it runy look very 

good. In effect the fit give s the peak quite accurately, but its method 

of caJ culnt:ing the error on this penk wil l not '"ork. Thus it is better 

to estimate an error . It is cstimntecl that the pc.-ik -could he dctcn11incd 



to ± 5; bin ,~i clth which implies an error of ± 31~ in the conversion factor 

of equiv<1lent vol ts to electron vol ts . The variation of this conversion 

factor, f, '~it.h time and chamber is shown in Table 2.1. It can be seen 

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

DEDXO . 

nun Ho. 

95 

111 

119 

125 

129 

TABLE 2.1 

Conversion FClctor, f, (equivalent volts/kcV) 
for DEDX Sides of H\\PC ' s 

DEDXO DEIJX1 DEDX2 i DEDX3 I DEDX4 I DEDXG i 

I 
. 

I 1. 06 0.94 0 . 92 I 0 . 98 

1.11 0.95 0 . 98 
I 1.06 0.97 0.97 0.89 0.98 

1.07 0 .96 0.95 l 0.88 
I 

0.95 l 
! I I 

1.11 1.02 0 .99 0.93 1.06 I 

I ! I 

DEDX6 I DEUX7 

0 . 94 

0.91 

1.01 

1.00 t 

I 1.11 

·It should be mentioned that for the '.fR sides of the HWPC ' s > 

three different calibration X-rays ( 5 . 9 keV, 22 keV , 38 keV) were used . 

It was iom:d. that at 38 keV the H WP C 's were not proportional to lietter 

than 10;~. 

There is one fu:t'ther problem in this calibration \·;hich \·1ill only 

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

a H WP C simultaneously with n charged particle pn ssing through the other 

half. Capacitative cross tnlk effects exist such th<lt a signa l in one 

half of an H WP C induces a signal in the other half of magni tucle equal 

to - 0 .157· X its own magnitude. 
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II.4 P.AnTIAL A~ALYSIS OF S LAC DATA 

With the cali bra ti on as outlined ubove, it · :i:s fotmd that the over-

lap bct,,•een supposeuly identical spectra from different chambers is not 

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

by as much as 9~~ from chamber to· chamber . The calibrated di s tributions 

for the first charuber , DEDXO, are almost ab~ays lower than for the other 

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

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

exit windows of first chamber ! ) and much more likely to b e 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 

of the beam) • 

With these problems in mind the amotmt of useful information is 

some\~hat limited and thus only the following small subset of the data is 

Using the results of only one clrnmrJer, Figs . 2 .8 and 2 . 9 show the 

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

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

butions is ,probably tlms .fairly reliable . Also s hown in these two figur e s 

are the theoretical distributions for 1 . 5 cm Xenon cal culated by Monte

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

go od with :r:espect to the position of the peaks of t h e Landaus , considering 

the accurocy of the calibration . The shape is not so surprising since 

very lnrge calibration errors woul d be needed to have <:in effect on a dis-

tribution that is "'1007& wide. Figs . 2.10 and 2.11 show similar distribu-

tions for 3 GeV/ c and 15 GeV/ c electrons respectively. ( The pion statis-

tics for these energie s are too lo,,· in these runs to obtain a ny useful 

information .) 

* The th0oretical di stributions contain a resolction f~nction witl1 
a= 5~b . This i s awcle t:p of electronic r.oi se a:~a stnti stic.::i l fluc-
t l!utio::s fr the c;as ampl if i cntion process . I t hn.:; uegligible effect 
01~ f.l:r ~ : 1! h1·'1;;rl ;;pcctr<1. 
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II. 5 cm~CLUSIONS Fnmr s LA c EXPIBHII'.\TT 

The L<:1ndetu distributions for 3 , 9, 15 GcV/c electrons and 9 GcV/c 

pions hnve been shown to be in goo d agreement with theory. 

This is the only useful direct piece of quantitntive information 

obtained from this ex-periment by t~i s author. The experiment seems to 

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

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

cx-periment , so not being quite sure exactly whnt was done . 
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CHAPTER III 

THE n II E L E.,'{I>En H iINT 

III.1 I NTROl1 UCTI ot~ 

An experiment was performed by the Oxford ISIS Group at the 

Rutherford High Energy Labpratory (RH EL) in December :l.973, using the 

P 71 test beam line from NHffiOD. The measurements made , that will be 

described in this chapter , are of the ionization los s produced when charged 

particl es at various velocities pass through a thin sample of 90}~ Ar/HYib 

These a1·e used to plot a ' relativistic rise ' curve of the most prob-

able jonjzation loss against incident charged particle velocity . This 

curve j s t.~len compared with that generated theoretic<:illy by Honte- Carlo 

calculation as described in Chapter V. 

These measurements formed a small part of a much bigger test cxperi-

(19) 
ment • They were ma de in a very restricted time interva l during which 

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

For this renson the experiment <:ind the analysis <:i r e not pres ented in any 

~reat cretail . 

III . 2 

The ionization detector \v<:is a multiwire proportional counter (ViWPC). 

It consisted of a pl<:ine, 25 cm square , of signal (anode) wires of dia_meter 

20 µ spaced at 2 mm intervals. This plane was sandwiched bet"'een two 

planes of high voltage (cathode) '~ires , diameter. 100µ, also spaced at 2mm 

intervals. The distance of the signal wire plane from each of the high 

voltage planes was 0. 4 cm . The high voltage wires '~ere at right angles t.o 

the signal wires. 'fids sandwich of wire planes wa s contained in a g;as-

tight box con.tn 5.ning 9(0b Ar/105b CH4 . The high voltage wires were all con-

nectecl together to a power supply at - 1800 1.'cl ts . As cC\n be seen , the 

chMJher was sit:1ilar to the type us ed in the S LAC e:xpcriwcnt , i .e. see 

- 22 - . 



Fig . ~ . 2, p .1 2 , the only tlifferene;e ueing that the voltages used in the t\,•o 

exper imcnts \vere different . 

The method of data col l ection is shown in Fig . 3 . 1 . Parti cl cs of 

defined moutentuw and type ( 0. 5 - 2. 0 GeV/ c n , p , or e ) enter the H WP C ., 
: .~ 

causin~ ionization of the gas . This ionization is amplified and detected 

b y the signal wires which are ail connect ed together to a common ampli ficr. 

The output of this amplifier is fed into an ADC , the ADC b eing gated for 

a fixed tiUle about this output pulse . The ADC gate was sell-triggerecl 

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

tion counters for real particles . The A D C outputs were read via CA.HAG 

by a PDP 8 computer . 

Particles were identified using time of flight (to distinguish pro-

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

electrons), and a shower counter ( to detect electrons). 

For each event , the computer a llowed the ADC output to enter the 
i. 

t 

' I 
1 
I 

I 
~ 

i 

L 

appropriute histogram pl?t if it received the correct preselected combina-

tion of signals from the particle identifying cow1ters mentioned above, and· 

if the magnitude of the ADC output wus large enough . (The presence of a 

soft,~are di scriruina t or Hil l be seen at loH energies in t h e spectrn that 

Histograms of the dE/dx loss ( in arbitrary ADC channel number 

± ± 
units) for the particles, e , n and p were obtained and \ffitten onto 

mogtape . The hi stograru for the escape 'peak in Argon of the 5. 9 keV X-rays 

55 
of Fe \vOs al so i·ecorcled at various times throughout the . e:xperiment for 

calibrotfon of the chamber ( i.e . conversion o f AD C channel number uni ts to 

energy units). 

I 
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III-3 DISCUSSION AffD 'l'ill:J\TH.&\T Of DATA 

Figures 3 . 2 anc1 3.3 show typical Landau distributions obtained for 

n ''s and e's from this experiment. On thes e are superimposed theoretical 

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 anc1 for the electron case , statistics 

are so low that it is difficult to say anything about the fit . It is 

believed that the theoretical shape is good since it agrees w~ith previous 

experiments (see Chapt.er VI). There is not much that can be done to under-

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

that contained in the plots shown. The peak at the low energy encl of these 

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

detector, of a quadrupole magnet situated about 1m away from it. 'lhis 

effect ,,•as reduced considerably by putting an earthed conducting sheet be-

tween this reagnet and the chamber . HG'~ for under the Landau distrilmti.on 

these lo\.; energy 'events' spread is ·not kno,m. 

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

Lanclau distributions for all particle velocities must be obtained and then 

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

methods used in these t1vo steps are described in the next two sections. 

Having obtained the experimental relativistic rise curve , it is 

then compared with that obtained theoretically. 
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III.4 nI:."TEilllI!\AT.ION OF PEJ\XS OF HIS'l'OGilANS 

'.l'he lo,.,. energy noise pec:ik of the type sho'm in Fig . 3 . 2 , and/ or 

the poor statistics, mc:ide the determination of the position of the Lanc.lc:iu 

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

mi zing x2 is menningless since the x2 . is so lc:irge. 

dure 'ms thus adoptei 
20

) . 

The following proce-

The original histogram , 1.,rhose peak must be determined, is used to 

generate four further his togrm.os in the following way. T\.,ro empty histo-

gram plots are set up . An event is put into one of these histograms 

chosen randomly, and this is r.epeated until the swn of the contents of 

each t'w corresponding bins in the two ne1.,r hist.ograms is equal to the 

corresponding bin in the old histogram . This procedure is repeated so 

that c:i total of four •random• histogrc:ims is obtained . In a pm:ti cular 

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

histogrnru (the position of the peak within this bin is determined by the 

relative contents of t he two adjacent bins ). The five peaks thus obtained 

from the four ' randoci' histograms and the originc:il histogram, are nveraged 

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

i s the error due to statistical fluctuations in the hi stogram. I t says 

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

Errors of this kind can only b e e s t imated in a somewhat crude way. The 

error due to the lo'~ energy spike was estim<1ted by extrapolating the high 

edge of t he spike under the Landau distribution , then subtracting it out 

of the h istogram. The resulting change in the position of the peaks is 

estimnted to b e of the order 5 to 10~b in the region of p/m c 
0 

1. 0 GeV/ c protons to 1. 5 GeV/ c pions . For higher values of 

def ined by 

p/m c 
0 

where 

the J.;c:itHlnu peak i s further from the low energy spike, the position of the 

pcnk i s cstimntc d t o cbongc v ery littl e . Very roughly this meHns thnt 
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1 •• 11• 11 J·o1t1m of the rel<ltivi st ic rise curve (Fig . J.5) "'uultl he points ncm· t h e 

shif l..etl up in energy by the length of their error bnrs , l enving point s 

further nwny npproxiru<'ltely the snmc . This '"ould reduce the s ize of the 

rclntivi stic rise seen. 

III.5 CALIDll.ATIO~: OF 'llffi P£.\I\S OF 'fllE lIISTOGfl.A'IS 

The X-rny cal il>ration peak used '"as the Argon escape peak of the 

5 . 89 keV X-rays from an Fe 
55 

source .• (This occurs when the 5. 9 keV X-rny 

exci tcs an Argon atom 1;ith subsequent dc-:exci tat ion aria escape of a 3 keV 

X-ray .) This peok w<is ruensured regul arly at v~rious times during each run . 

~he peak wns taken to be at 5.89 3.0:::: 2 . 80 keV ( the Ka. line s in Ar::;on 

are at 2 . 96 keV and the K ~ 1 ine is nt 3 .19 k eV). A typical cnlibration 

llistog rum is sholm in Fig.3 . 1 , the p<rnk on the right of the figure be in~ 

the escape penk . Si nce the calibration histograms are cut off at high 

150 

r 
e-'-~~~~~.-r:;,,_._,~~~,~~~~~~,~~~·~~~, ~~~~...---1 

0 S2 i04 156 208 260 

ADC Oin Numbe r 

Fig. 3.t, Typ ical Fe~5 Calibrat ion Spectrum 
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energies it is not possible to be certain that the escape peak is com-

pletely resolved from the main peak. Incolllpletc resolution 'wuld cause 

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

lower in energy than they really were. I t is thought the ubsolute norma-

lization of the data could be shifted by as much as 1~~ due to this effect . 

Having determined the calibration peaks and their errors, usin~ 

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

between peaks for different calibration runs was of the SC!me order as the 

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

trends were observed in these fluctuations it was decided to assume fl 

constant calibration peak and to ·nse the mean of all the cnl ibration peaks 

to calibrnte all histogr<1ms, and the r ru s devintion of this mean as the 

error in the calibration peak . 

III.6 RI::SUL'J'S A.ND CO~CPARISON WI'J'H THEORY 

'l'he rcsul ts of this n-periment and the theoretical predictions arc 

given in Fig.3.5 and Tab~e 3 . 1 . There may be nn energy normalization prob-

lcm between theory and experiment due t o the effective thickness of the 

chmnber not being knmm . In the theoretical calculation it was tc1ken as 

the phys.ical th ickness of the gas bet,~een high voltage planes, i.e. 8 mm. 

Also there coulcJ be a normalizc:ition problem due to the incomplete resolu-

tion of the escape peak from the main X-ray penk, as mentioned in the cali-

brntion section . 

i,.·he1·e p/rn c == 0. 8 . 
0 

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

On top of these no:::malization problems the size of the experimental 

relutivistic dse, as sho\m in Fig . 3.5, might _be too large by 5~~' due t o 

systeCl.:lt3 c errors in determining the LandaLt peaks around the minimum. (See 

pre\' ious section on determination of peaks .) 

The relntivistic ri se is foirnd to be 1. 8 ± 0.5 (error estinrnted 

from er r ors in Fi3.3.5). 1b0ory gives 1.58 . 
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fig .3·S Exp<:rimcn\ t ompu•d w ilh lhcory(cur-.<:) !0< { oE/ d~) mi;~ p/mc 

I 

1-0 10 l00-0 1000.0 
p/mc 

TAi31..L 3 .1 

p,\JlTICLI:: }IO~IE\Tu~l 
EX!'[['! J rn: •. '\' J' ;\.L rnmnY 

TYPB GcV/c p/mc PFAK PF.AX 
c\r cV 

-c 0.1!) 953.1 1G°'1. l ± 2<J1. 4 H3:? 
-

Tl 0.1!) 3.5 722.8 :!:: 61.8 910 
c+ 0.73 1130. 2 1581.2 ± 219. 7 1120 

+ 0.73 5.2 82<J .8 ± 203 . l 911 Tl 

p 0.73 0.8 18·18 . 5 ± 203 . 8 2003 
- 0.97 c 1906.9 1538. 5 ± 131.8 1'123 

Tl 0 . 97 7 . 0 8·12 . 3 ± 5G . 2 939 
+ 

11 0 .07 7.0 838. 2 ± 90.2 939 
p 0 . <)7 1.0 1 2·18.9 :!: 15!). 2 15GG 
-c 1. '1G 2860 . 3 1517.5 :!:: 172.2 1135 

TI 1.'1G 10.5 !)11. 7 ± 11.0 973 
+ l.'1G 10.5 !lGl. 0 ± W8.1 973 TI 

p 1.16 1 . 6 !)6!) . 1 ± GO.O 1087 

n 1.95 13.9 985 . 7 ± 206 .1 1018 

p 1 . 95 2.1 86 2 . 2 ± 113. 3 981 

TT 3.11 21.4 108•1. ~ :!:: 18 .G 10K·1 

Tl 4.69 33.6 1~1-1.8 :!:: 253.!) 11~ 



III.7 CO\CLUSJO:J 

The qunli ty of the uata is not good enough to form nny very po si-

tive conclusions . It is not possibl e to say that theory is definitely 

in consistent with the cxpcrimentnlly determined relativistic rise curve. 

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

the range of p/m c for 1vhicb particle di scrimination is possible by this 
0 

technique . 

Consequently the conclusion is made th.:it a more accurate e:xpcri-

ment is needed. 
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CH AP 1' En IV 

THE N AL .fXPillIHEN'r 

IV . 1 IN1'fiOD UCTIO~..J 

This ex:perjment '~ns performed at Ferrui Nntional Accelerator L<1b . 

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

(21 ) 
an d P . D . Shield · . Its aim was to measure the ionizntion deposited 

simul tnneously iu mnny samples of gas by ch~rged particles of kn°'m iype 

and ve l ocity passing through t he gas . From repeated measurements , proba-

bil i ty distributions of ionization loss were obtained and a l so distribn-

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

sal of the gas . The amount o f overlap between mean distributions for 

diff erent values of charge d particl e velocity, gives an indication of the 

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

Yariation of the raost probable mean ionization l oss with particle velocity 

gives the so-called 'relativistic rise' curve. The e:xperirnent '~as also 

n sed to investigate correlation effects bet\~een the supposedly independent. 

sampl es of ionization collected simultaneously, and to test the theory of 

(22) . 
Garybian · that the relntivistic rise curve as roeasurea, is modified by 

effects clue to detector wind°'"s . 

The io11iz<:ition detector used was a p11rpose built multi-wire propor-

tional chamber with a small drift region . I t will become cleor that this 

chamber , in i~hich proportional and drift properties are coc;bined , is an 

unconventional desian . I t is built in such a '"ay that it forms a S!llall 

prototype of a device which will hopefully he able to identify charged 

p urt:i.cles in the difficult region of 3- 50 GeV {'vhere other methods fail ) . 
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FLOW DIAGRAM OF NAL EXPERI M ENT 
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A simple picture of ho\> the Llcicctor works and how the expcl'i111ei:t 

,..-ns performed is given in the flow dingr<tm, Fig.1.1. A cl i ngrnm of the 

e:>..-pcrimcntal orrm1~c01ent is shown in Fig . 4 . 2 • 

The pc:irticlc beam was the N 3 hadron beam as used for the 30 " 

bubble clwmber at NA L • The ionization detector ,,·as plnced 200.m up-

strcnm of the bubble chamber at a point coinciding with a vertical focus , 

'"here the beam size M.lS approximately 1 cm in the vertical direction , nnd 

less thnn 10 cm ,ddc . Particles of defined momentum were passed th.r01.1gh 

the upper drift region of the detector pcirallel to and "'1 cm away from 

"the wire plane. A Cerenkov counter proviclcd particle id en ti fication, ond 

. t · 11 .L. .J. s .. sc1n ·1 O.L.1on coun.,crs, .L., S 2 , ci ther side of the Cerenkov counter with 

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

I 
up. An X-ray s ource of kno'm energy in a thick metal box w~s plnced ~~ .' 

one of thL: -.·hannels of the ionization detector to provide calibration infor-

mation. 'l'hc box h<id <1 remotely controJ led shutter on it , operated by the 

computer, which was opened between particle bcmn bursts . 

p;irticle 6{ " l-t•rR 
SI 

ce<enkcrt 
e&Jr•l!r • 

CJ 

)6 
S2 

260 m 

ioniuli~n 
cMtcl.'x 

to 30• 

bub~t t 
chzm~er 

Fig.4.2 Schematic diagram of main el~ents used for measuring 
·ionization loss. 
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IV.3 DI-:fAILS or APPAn.!\TTJS 

IV.3 . 1 The Ioniznti·on Mcn suri11rr Octcctor 

A diogrnw of the detector is sho\m in Fig . 4.3 . 

The centrnl signal \d:rc plane consisted of stninlcss steel nno c.lc 

wires , length 35 cru , diamet er 25 µ , spnccct at intcrvnl s of 0. 75 cm nt 

eart.h yotenti(ll. In the snme . plane and midway li ch~een each pail," of these 

signal '~ires '~as a 250 µ stainless steel cathode \~ire. At a distance of 

3 . 5 cm either side of the signal wire plane \~as a flat metal sheet ·Hhich 

acted as a drift electrode . 

:lttlronics 
t?x 

v~s hx / "v/ 

/ 

/ 
/ 

/ 

/ 
1---
! 
I 

/ 
/ 

/ 
/ 

/ 

r---------
/ 

I / 
/ 

L __ -------- __ _v 

' 

~irrp!a n~ 

Fig:4-3a) Schemai ic diagram of NAL chamber 

3Scc:mft.:=============== = = ===== = t--. 9 tttttt i...-----. 
3 Scr.i { 

. . . . . . . . . . 
, ;,l tion 

~:; ft ('. ;1t~l ; 1n 

. . . . . . . . . . . . .. .. 
nv J 7) 1 i') 3 i'S mm • 

Fig-'~ · 3b)Side view of NJ\L chamber 
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Fig. ft .i,<?) Electrica l connect ions to signal wire plane 

. . . . . .. . . . . . . . . . 

fig. ti. t. b) Electricai connections to drift elzctrodes 

The electrical connections j n the chrnuhcr to these i?lcctrodes· C1re 

shoHn in Figs.1.4(n) mid (b). F jg.1.4(n) shows pairs of n djaccnt signnl 

~Jires sharing a COlJUJton he:id amplifier so definiug a 1. 5 cm sample size . 

Sixty such s<11nplcs were crcutccl . Each of these ch<lnne l s was nlso connected 

to a comII!on signal generntor tlwt gcncrnted signnl s of comparable shnpe to 

renl signols . This 1rns used to monito r nnd cnlibrnte the electronics . 

The thicker cnthodc 1;ire s bcl\~cen the signol wires were used to control the 

<imount of gas nmplif(cC1tion nround a thin sigun l 1vire 1 iudepencJently of the 

drift field , which \>OS dctcnaincd by the volt<ige on the two drift elcch·ott0s. 

rig.1.1(c) shows the electric fiel d line s ill the detector for ty1licol 01icr<lt-

. i · t. ( 23) 
lllg COllt l lOllS • As can be seen , nll the cl d f t fi cld liucs end up on i Ii<' 

sign<l l i.·ircs. Tiils condition i s ob t oined witl1 t hi s geometry 1~hen \'( ~i;;n:il-
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~~..-fJ!1$td Qt2'" ,~,... .... .... lft ............ __ ._..,, _ __ ___ ,. __ .............. __ _.... _ __ _ .. _ 

top drift 
electrode 
- 4kV 

_,,__ 
... -t •'c<.-J,,. -

~) ? ...... .... ) !'t • 

bottom -.:........__..__.__.___.__,_....__.;...........;___,_--'--_._..._'=---L.__.__._-'-..._,__,,_,__...__.__.._..__,__.__..__.--'-......__._....__,__.__._.....__._.....__ d r i ft 

Fig.4·4c) Electric field lines for NAL chamber as 
generated by a computor program for 
solv ing Laplace's eq~ation i tera t ive!y . 
(The f ield lines are not drawn very close 
io th~ wires.) 
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Th e <1ctive l'e~io 11 of the (fotec:Lo r from h'h ich tlala w0s obt.-ii11 ctl h'<1 S 

tlcfine l.l ;1 s being 10 cm " ' '"·'Y from nny et.lge of Lhc s ignnl wire plnne . I t 

con t<line cl 120 sig11nl \drcs and 1 20 cnthodc '~i res. Thus the size of t hi s 

active region ,,·ns 90 cm ( sp~rn co\'eretl by signnl wires coupled to e lec-

tronics) X 10 cm (horizonta l bcw c::i size) . 

The electrode asseinhly nnd hcn d araplifiers \.Jere contained in a gns 

box a s shown in 'FigA. 5 . The gas box \·1as all metnl (At) s o that it also 

acte d as an electromagnetic screen . The gas used was couunercia l 8~~ Ar/ 

2~~ C0
2 

which was chosen a s being t he optimum coillbination of drift and 

i onization propeities ( 25) and practical pnd economic availability . I t was 

pi.lssecl at a typical running rate of 1 l i tre/mi n through a baffle sy stem to 

en sure complete flushing of the chanber . (Th e typical _Eur ging rate "'as 

10 litre/min and a safe purge period was 1 day.) 

~cit exchan~ e 

~ rnro11oding 
I tr 

t:ectronics 
( t.u d 
£m;:s l 

1n ~as 
ligh t 
box 

pulicl t ..
beun 

\ 
rnyll r window 

Fig.f,.5 The gas sys t2m of the NAL chamber 



'fhe pre s sm·c nntl tcmpcrnlure of the gas in the <.:lt'11:1l.lcr \1'erc moni-

tored continuously rn1tl \vcrc assumed uniform tlu,oughout. The cle<;tn111ic;,; 

' 'as contained in its own gas-tight box flushed indcpcuc1cntly of the main 

gns box ( see Fig.4.5), so thnt the possibility of n tcrnper<li,urc gradient 

being set up across the chmnbcr from the beat di ssipnted. uy the electronics 

contained in i t was reduced . 

Fa cilities to measure the oxyg~n concentration in the chamber 1.;cre 

incorporate a in the :syste'n but at the time of experiment the oxygen meter 

foile d . (Oxygen causes electron.' attachment, consequently attenuation of 

the signal seen .) 

The X-ray 

source ~as mounted 

in a box above one 

of the 1 .5 cm sam-

pl~s ( Charm el 2) 

duri ng data taking 

runs . It sllonc in 

through an alumi-

nizcd Hylar window 

box closed· 
signal to 
computer 

X riy sourc~ in plJ slic container 
11ith slit acli~g JS cdlimatJr 

/ 

5h~tttr 

I ""-5ti t Hmm ) 
micro 
:witch 
C-/etated 5 .9 KeY 
bj s:iutter' X ray 

Fig 4·6 X ray shutter box 

compu!.-ir 
co~t1ol 

si~nal 

on the top side of the gns box. A di<lgram of this X-ray box is shown in 

Fir; .4 .6 . 

To conclude this sec tion some mechanica l aspects of construction 

11re deta ilcd. 

Uniformity of gas gain <ind drift field in the device demnnc1 clrift 

elcctrocle spncing , wire pl nnc positioning, '~ire spncing, nn d \vire tension-

ing to be very nc~trntcly defined . ( Sec cnlibrntion tnblc , p . G1 for 

cxnctly \dwl this means. ) With this , the prohlem of elcctdcnl insuLilion 

n:o st be considered. A p hoto of the detector out of it~ gas hox is sho1-.·:1 

Tile lower <hi.fl ele..:Lrod~ wns <1 { 11 c1huninittm 
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jig-plntc. This px·ovided the me chanical rigidity r equired and \.;as the 

reference plane of the active region , i.e . the wire plane a11d top drift 

electrode were defined parallel to this lower plate by spacers . 

The JJ:lethod of tensioning the cc:ithooc wires can also be seen in the 

previous photograph. These were cornpl ete loops of '"ire held under the jig 

plate by a tensioning screw. The reason for ·this ~rraugement was to stop 

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

rical as possible . They were each tensioned to 8 kgs by tuning them to 

F natural . 

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

board at either end . Each '"ire '"<ls tensioned by hanging a ' "eight of 30 gm 

on it while soldering . 

Accurate wire spacing wns achieved Ly welting slots in a perspex rod 

using a sec11rcl~· mounted hent.ed x·nzo.r blacle (see <1bove photo) . The rods ,.;ere 

slotted \·1hcn '1lready mounted to the l o\vcr jig plnte . The jig plnte was in 

turn mounted on a mill bed , s o the accurocy of the spacing of the slo-f:s '"ns 
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cqunl to the nccurncy of positioning t.hc mill bed . 

checked using n trnvcll ing ruicroscope nncl 1~as found to be good to < 8 µ11 

for tile sig11<tl wires 1d1ich ,,•as very satisfac tory • 

Tbe top drift clcc-

trodc wn s 1/1000 '' nluminitun 
top foll dtctrodr I ) lop capQcltor 

I I "" lo L~ two om:s of o 
bridg e circuit 

.----'-----~ 

l 
7crn 

J 

foil ::;tretched pneu.mntic-

Ally onto 1/16" aluminium 

frame stren(Tthened on the 
<;:> • 

top side , in the direction 

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

the wire plane, Hi th fibre 

i:;lnss sections (sec previous photo, p.4.0) . 'l'his electro·dc \~CIS mounted on 

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

trode. T~e spacing of the top electrode relC1tive to the bottom one wa s 

tested, before the wires '~c~·e put in , using a very sensitive cap<icitor 

bridge -technique , ( sec .Pig . 1 . 7) . 1\~o metal pfotes were held by a perspex 

SU})por:t neClr the t''o dd ft electrodes respectively, in such a w<1y as to 

form two capncitors. The change in cnpncitnr.ce of the top cnpacitor with . 

respec t to the bottom one, was mcns1.ll'ed while the support was moved nrotmd 

the ~ctive region . Typic:il changes of 40 µu in the spaci:1g were mcrisurccl . 

The le~lrn~-~ -current ' bet\H~en drift electrodes and ground was mca-

surccl ns 8 nA., nncl tlwt bet1>een cnthoc1c ,,·ires <1nd ground ns 4 n.A . These 

\{ere both sntisfric tory . (A typicril m~n_n si_gnal current ,,•ns 1 µA. ) 

As cnn be seen in Tnblc 1L6 the mcchnnic<1l tolcrnnccs achievccl ,,·ere 

very satisf~ctory, and some useful techniques were learnt for future clwml>crs. 
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IV . 3 .2 Th e ElccLronics 

Tl.tc electronics section i s divided into (A) mcosurewcnt of the 

signal received , nnd (D) the l ogic for rcco~niz}.ng n good e\'Cirt nnd reject-

ing or flogging an unwonted one • 

. {A) is shown in Fig.4. 8 and in the diagr ams ond tables on the 

follo,hng three pages. 

Fig. 4 -8 Measurement of signals received 
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L---J...- ------- - --- ------<>-7'1 

'1'1\DLF. 4 , 1 

SPECH'IC\TIO>:s or m::.~o A'IPLIFlEn 

Propng<:ition Time 

· Fall Time 

I/p lnlJledonce 

O/p Imp cd<ince 

Gain G/P 1 , 2 

Noise ( 10 Hiiz B\1:) 

o/p d . c. offset 

- '11 -

7 ± 1 ns 

6 ± 1.5 ns 

11 ± 2 ns 

,..., 20 0 

50 ± 1 0 

39 ± 2 mV/µA 

0.8 ± 0.05 ruV rms 

0.3 ± 0.03 ruV 



L-

I 
I 

l 
~ 
I 
t 
i 
I 

l 
i 
J 

I 
! 
; 

I 
~ 
i 

f 

f 
I_ 

' I 
i 

I 
1 
l 

! 
I 

I 
i 

I 
~ 

I 
I 
I 
L 

v 
56 

T 22~ 

2)1.1 

} 
150 

l!t 

Fi6A. n(c) Receiver ampl ifier <1nd threshold c1ctcctor 

!\ IL 

IJP 2 SI ~ li) 

v ~ 

4 .l p l 

I 

l 

/; 
I ' 

I! 
L 

1: 
! 

" 

1, 

i: :' 
·" 

·j • 

" 
,. 

I• 
•' 



I 
I 
I 
I 

I 
I 
I 
I, ,. 
I 

I ~ 
1 · 

' I .. 
j I 

i: 
i . i: I. 
I : ;· I 

1: ,,..-
1: 
' : 1 

I . 

' i . 
• • . . . . . 
J • 
!- ; 

I . : : 
: 

I 
! • 
! : 

'l.'Ai1LT:: ·I . 2 

SPECJTJCATIO\S OF 11f.CEl\'fJ1 AHPLU'Iffi 

Trigger O/P : Volt<l:; c gain "' 9 
( 3. 3 kO load) 

Rise time ,..,, 10 ns 

Proprig::\ tion time "' 10 ns 

Shaped O/P Hin . voltage gain "' 0 . 5 ± 0. 01. at 1. 6 HIIz 
( 50 0 l oad 

Hise time "' 25 ns 

Propngation tit:le "' 210 ns 

- - ---o-- --=---
/ llithout 

- - -----0· 

Fig.1 . 9 ( d) 

\Jith 

I I I 1 I 

0 •1oo 800 1000 nS 

'fr<' <;C of n photo sho,,·ing the effect of the pnlse 
::;Imper ( sec Fig . -1.0(b)) nnd how it removes the 
lon~ t ;1il from the oliscrvccJ sig11<'ls . This is 
to fo1pro\·c i. hc !'C so lulio11 time of the uctcctor . 
Ench l'Ccc)Yc1· n:i:pU f icr hatl its o'm pul se shnpcr. 



(n) , the logic, is shown in Fig.4. 10. Referring to this figu1c, 

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

co i nci cJence. 

(1) (i) 

These r equire the following conditions : 

The computer recognises a 'BWI ON' concJ.i.tion . 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) Calibration information is not being received by the 

computer, which requires a signal from the X-ray box 

saying it is closed . 

(iii) A coincidence bet,~een the signal wires of two of the 

detector's gas samples , spc:iced for apart from each other, 

implying that a particle has passed right through the 

detector . Channels 30 and 59 were used for this. 

Note these arc the only channels thnt can be classed 

as self-trirrnering iYhen collecting ionization data. 

(iv) 'l'he <1ppropriate Cerenkov signal corresponding to the 

selected p£1rti cle type passing through the cbrnuber. 

(v) 

(2) (i) 

'Ihe c:ibsence of an inhibit s ignal due to (a) the compu

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

interval of the mainscycle, (c) there being more 

than one p<1rticle going through the chamber within its 

resolution time, as seen by the scintillation counters , 

i.e . a pile- up condition . 

A 'BR<\}I OFF' condition analogous to (l)(i) above . 

(ii) The computer is receiving calibration information analo

gous to (1)(ii) above . 

( iii) A trigger signal from channel 2, i.e . the clrnnnel above 

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

self triggering in the calibration mode . 

( iv) The absence of an inhibit signal anc:ilogous to (1)(v). 
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As coo be seen from Fig .4.10, two-way commQnication between computer 

Dnd l ogic '"as by n series of bi stables making up a status r egister. Tbe 

status word of e<lcb event was recordecl on DEC tape along with the event . 

Al so o title word wa s recorded. This was from a register set up ioanually 

and contained information on particle type etc. 

The presence of a mains trigger generator can be seen in Fig . 4 .10. 

This was incorporated since it was necessary to gate out p <lrt of each mains 

cycle since i t was noi sy ·for the same fraction of each cycle , probably he-

ca'.l se of the S CR stabilizatior::. of magnet power supplies etc. The effect 

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

AOC Bin Numbll r 

Effect of Noise Gate on Puls!l Height Dist ri but ion 

Fi~. 411 

- 19 -
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lV.0.3 The C<'r<'nl\ c)\: Co1111tcr 

This ,,.ns ni\ NA L facility and so wns not set up 01· tested nt the 

time o'f experiment.. Opcrnti nG c:onllitions ns specifie d by N AL ond a s. 

qnotcd below, were nss tuued r e lial>lc nncl consequently our kno\ded~e of this 

detector is limited ( 27,28). 

v 
Cerenkov counter 

principle of operation 

l!'.ir;cr 

Hok: tnnu ccn~ = 0-SmR 
Ovter cone = 5- 30mR 

Fig.4.12 

p1rticlt bear.i 

The Cerenkov \v<ls a 3-tin diffci.·cntinl counter filled \•:ith heliur.:1 1 

capable of ~orking nt pressures in the range 0 - 14 psiR . It contained 

two pho tomultipliers ond n mil'ror system so that it '-'<IS able to look scpo-

rotely at light contained within n cone of angle 5nill. about the pnrticle 

b eam and light defined bet\;ecm the two cones of angle 5nill ond 30 run rcspec-

tivcly . Fig . 4.12 shows schc:::l.:itica lly the principle of operation of the 

colmter . The opci·ntillg pressure s here cnlcnlotcd frolll Figs. ·1.13(n) nnd (h), 

and nrc l isted in TuLlc 1.3 . 'l' o find the Cerenkov nngle for 100 GeV n ' s, 

for example, from the two fir-nr cs ,thc follo\•ing procc clure is n<.lopted. 

I"rom Fig.1.13(b) for 100 Ge\" i1 ' s the threshold pre ssure for Cerenkov 

radiotion i s 0.'10 psin fo1· helium . 

n Cerenkov rndiati on in th e )1111er cone, the pre ssure must b e less thnn 

. \ 
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l Ch~renkov angle vs. Pressure above threshold 

10 
outer 

_ CC<'lt_ ______ -- -

lmer 
cone 

0-1 10 100 
Fig 4-13a)?R£SSUP.£ A2~'1£ THRfSP.OLO I psia J-Hrl ium 

l r,(:ident particle momentum vs. Threshold pressure 
1000 c:---~-r--.-,r-.rr;,---.,---,--,.-..,.-rrrr---,---.---.--.-.-~ 

-u ....... 
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Fig.413b)Tl!iltSHClD Pi?fS~G~( I psi a }·Helium 
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TABLE 4 . 3 

CEnK.\':KOV OPEJ.ll1 .. TU.:G CONDITIONS 
- .. c ' 

}10~1. 
PnESS . THilESHOLD PRESSURE I Pnl~SSUIIB fu30VE Tiill.ESI:IOLD CEnD.-1<0V A.i\GLE 

I 
GcV/ c I p siTi a 

K µ I 'Ti K I 'Ti K lp e µ 
p s i Cl 

p c I p e µ 
I p s i I) I mn 

' 
I ) i! 

4.5 l -150 

l 
7 . 12G 0.2 2.5 8 .9 0 0.11 ir 6 . 925 4. 625 1. 775 7.125 7. 015 5. 5 5.6 5.5 

o. 25 r 100 8 . G5 0.45 5. 5 20.0 0 8 . 10 3 .05 -11 . -15 8.55 8 . 30 6.0 3.651 - 6 . 1 6.0 

50 7 . 01 1.8 22 . 0 80.0 0 1.0 
ll 

5.21 - 14.99 - 73.0 7.01. 6.01 4 .8 - - 15. 5 
5.2 

[ .,_ 11.0 7 . 2 90.0 )100 0 4.2 3.8 -80.0 <-90.0 11. 0 G.80 4.1 I 7.0 5. 5 I - '-> I 11 I - -' . ~l 
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The ccoss-over chnractcris-
1·0 

ti cs of this counter os pressure, 

hence Cerenkov nngle , is increased 

arc ~hown in Fig.4 . 14. Ci ond C0 

0·1 

ref er to the inner and outer mirror 

signa}s respectively . From this 

ond Table 4.3 it can be seen tbat 

f.or some operating points there is iii 
c 
.~0 · 001 

the possibility of contnmination of v 
~ 

!.!.. 

data by other particle types. These 
0:0001 

·are listed in the next section . 

0 

IV.4 

y--·-·-· 
.. 

\I 
·I 
~ 
} 
11 

f h 
· .. . A(~····· ·· ······· ..• I .,_ 

I 
' I ........ ./ -----

·-·-· Cj. ~o 
---- t°i. Co 
-- Cj .C0 
··········· C; .c

0 

1 2 3 ' 5 6 1 6 s 10 11 12 13 

R[LIUH PR£SSUR£ I psi a I 

Fig.4. 14 

Table 4 . L1 gives the ruain parnmcters of euch run pcrfonncd '~hen 

recording ionizntion information. The beam spill used wns either in a 

'pinced' mode or a ' sloH spill' mode . This choice was arbitrary as it 

appeared to make no difference to the resulting dafai. For the pinged 

pnrt of tbc exp~rimcnt the beam was bein~ controlled by an experiment fur-

ther down the bearu line. Pinged spill consisted of four short bursts of 

particles per accel erator cycle. E.•ch burst was 300 µs long ancl contnined 

of the order of 5 particles at the ioniz<ltion detector. Each burst w~ s 

separ<i tccl from the next by 100 rns . Slow spill consisted of one pulse p er 

acccler.:it,or cycle of l ength"'-} sec and containing nbont 20 particles. Each 

time a pnrticl<- pnssecl through the chnwber the evcnt,which inclucled the out-

puts of tl:c G1 ADC 1 s 1 the event nuiuhcr, the event status word 1 ancl the 

t i tle bord, wn s recorded ou OEC tape . 
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}.U'm.m Ge\'/ c hours E\1:..'\'TS ~ii)~)[:; :-;A.\'TS J psin lie 

30 150 3 :>264 Pi11~ p - 7.1 
Del oh' 

TW-e5bold 

Tl µ , e Outer 
~Ii rror 

31 150 4 5756 Pin:; p - 7.1 
Bel oh' 

Tbrcsl.lold. 

TI µ , e Outer 
Hirror 

32 50 1.5 3253 Slow p K 7.0 
Belo"' 

Threshold 

33 100 1.5 5300 Slow 
8.5 

' p - Below 
Thrc!'llol<t 

TI µ, e 
Cutcr 
Hirror 

34 25 4 5315 Slow p K 11.0 
oclo'.1 

Threshold 

Inner n µ 
H.irro r 

I Ou tee 
·e - µ 

~Iirror 
I 

During tlwt pnrt of the accelerator cycle for which there ,,•as i:o 

spill , calibration data wns recorded, i.e. the X-ray source box was opened. 

'l'bis data , '~hich nll carue from channel 2 , was histogramrued in core . The 

hi stogrnm '"as 1,orittcn to DEC tnpe and then zeroed one<?. every twenty min\1'lcs 

approximately . 

Before recording ionization inforointion the chamber was scanned 

over its who.le area for non-tuiiformity of gain , etc. , nnd ADC ' s anrl ompli-

ficrs were i1djustccl to have eqnnl pcdestnls 1 gains etc. The results of' 

this preliminm·y period Dre outlined in the colibrntion section followin~ . 
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The iollo,ving peculiarities existed in the 60 signal \vire channels: 

(1) Chnnnel 2 not only acted as a normal ionization measuring 

channel but <ilso acted as the self-triggering channel for 

looking at X- rays from the calibr<ltion source in other

wise idle times . -

(2) Channel 59 \vas one .o.f the two channels that made up the 

parti cle trigger coincidence. As can be seen later in 

Fig . 4 . 16 (point marked 'trig'), this leads to its average 

signal size being binsed large . 

(3) Channel 30 \vas the other channel in the pcirticle trigger . 

ADC 30 did not \vork and so the ionization information on 

this channel was lost (despite the fact that it ,,·oul<l have 

been biasec1 anyway). 

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

of this channel were connected to a pair of thick 250 µ 

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

region (instead of the normal 25 µ signal wire) . . Becnuse 

of the increased r ·aclius no <ippreciable gas ampli ficution 

could take place around these two wires. Renee the signals 

seen on this channel were those due to noise And pick up . 

An intere sting effect \·1as observed in this channel an<l \vill 

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

IV. 5 CALIBRATION OP NA L DATA 

The preliminary calibrtltion and setting up problems at the start 

of the eA-periment are concerned with the linearity qnd uniformity of the 

mensuring system . Working in order d°'m the sys tem, the following measure-

ments \1 ere made . 

( i) Uniformity of gas gain d°'m the length of each signal wire. 

This was measured by scanning signal wires do\vn their l ength 

with a ~X-ray source , (see Fig . 4-. 15) , TYPiC<11 vciri

'd;ions in gain were~~ . The large drop in one of the scans 

of Fig.4 . 15 i s the foll off of gnin as the cud of the \d.rc is 

rcnched. It i ~ not jn the central 10 cm of the wire lcng th 

used for mca surement . 
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( ii ) Un i formity of gas gain from signal '~ire to signal wire . 

~1:_(~t> '-'"'\ u:--.. 

6- J..r. ".( :..,- -{...~.:. ~~-·~:- . 

Two separate measurements were made : ( a ) A colli1J1ated 

X-r<ly source ''as scanned across the signal '~ire plane at 

right angles to the signal wires . The variation in gain 

was · 2'/~ ( rms cle .... ~iation from rueun signal 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 variatioi:i is estim::ited as a~ 5~t (The 

accuracy of ~his secon d mensnrement was lirui ted by 

statistics . ) 

(i ii) Linearity of gas gain . The signal siz,e from a ,;ire '~as 

measure.a as a func"Lion of vnrious X-ray energies , 7ee 

Fig.4 . 17. In the region usecl , i.e . 0- 8 keV , the gas 

gain is p~oportional . 

( iv) Linearity of electronics . 1'est pulses of sim i lar shape 

(v) 

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

channel a scon was ma de of ADC output versus size of in-

put test pu l se , see Fig.4·. 18 for a typical channel . All 

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

test pulse is mensui·ed in arl.J itrary 'equivalent vo l ts ', 

since the voltage actually ruensured should be multiplied 

by an unknown constant factor to obtain the actunl pealc 

size of the test pulse in volts. 

Linearity of ADC 's . Before performing ( iv) nbove , · the 

zero cun·ent of each of the ADC ' s was adjusted such thnt 

the required range of signal 'vires was in the l inear _region 

o f the ADC 's response . 

(vi) Const<rncy of the ADC integration gate time . 

checked throughout the e:Kperinient by putting a fi xed d . c . 

reference voltage into one of the ADC ' s (ADC 63 ) . I ts 

outpu_t was never observed to vary . 

same gate signal . 

All ADC ' s used the 
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The col ihrn t ion of the detector c.luring the time that ionizntiot1 

clnta \-:a s being collected \va s by use of the X-~·ay shutter box. Fig . 'l. Hl 

sho,~s a typical calibration spectrum obtained '~hilc run:1in:; . The main 

55 ( penk corresponds t o the ionization from the 5 . 9 ke\' X-rays of Ye caused 

55 be electron capture liy the Fe nucleu s with subsequent de-excitation of 

55 the Hn atotU) . The scmller peak i s the argon escape peak at 2.9 kcV. 

The position of the 5. 9 keV peak -was determined by fitting a Gaussian to 

it. The wiclth of this p~ak is caused by fluctuations in the number of 

ion pairs for a given energy loss and in the gas amplification factor (
29

) . 

A table of iron peaks versus run number and the event number at which these 

· histograms were recorded is giv en bel ow. 

TABLE -1.5 

I 
EVTu'\J1' l RUN EVF.\'T A D C BIN KUH;Jffi RUN A D C BIN NliHDill 

NlJ1'fBill I\ Tir.· rn rn OF 5 . 9 kcV PEAX NUt-lBEl.1 Nill1J3Enl OF 5.9 kcV PEAK 

30 803 217 .1 ± 0.2 32 1725 227.8 ± o. 2 

(150 GcV/ c) 1224 220.2 ( 50 GeV/ c) 2095 228.0 

1699 223.2 3216 22'1.9 

2174 221 . 4 

2921 226 . 0 33 2927 193. 3 

3679 227 . 2 (100 GeV/ c) 5308 189 .1 

1-015 228 . 3 7568 184. () 

5G14 229. 0 

31 836 221 . 2 

I (150 GeV/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 198.5 
4722 223.2 7081 197 . 3 

5179 220 . 9 7811 195.8 

5756 220.1 8875 
: 
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Fig.4. 19 

SUJlllll(\rizin~, the following steps c:ire thus performed in the cc:ilibr<1-

tion of an ionizntion event , (i.e . the convel'sion of the recorded digitizc:d 

output of t~.c ADC 's into the corresponding muubcr of electron volts energy 

deposited in e«ch SClmple) 

( :J.) Com•ert each ADC out1)ut bin nuruber to 'volts' using tl1e 

conversion of the tn)e sho'm in Pig. '1 . 18 . This corrects 

for non-lineadty in elect.ronj c amp) ificntion . 

( 2) 55 Interpol<'lte bet,1ee11 the n(Wrest t'~o cnlibration Fe X-rny 

peaks either side of this ~vent in time {more prcd sely 

the interpolation is with respect to event number, not time). 

( 3) Convert interpolated calibration peak to 'volts ' using 

Ji'ig.4.18 agnjn , 

( 4) Use the known enc1·gy of the cn l jbrntio!l pcnk and the pro

portiom1li ty of the cltaruber to e;ive the required result in 

energy units, i.e . eV . 

( 5) Correct the eV result fnrth0r for dens ity etc. as outlined 

below. 
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The X-ray calibration autowaticnlly corrects for vari.<itions in the 

gnin of the gas amplifier due to v<irintions in gDs density. 

does not correct for variations in the primary ~onization by the charged 

particle uben there are vntintions in the gas density. This variation is 

smnll and linear, and '~as eliminDted by converting all histoarams of joniza-- ---
ti on loss to NT P us ing the mean temperature and pre s sure ineasured for the 

appropriate rtnl . 
- ; 

,,.__ .... _/ 

.·Cl •• ?..v. 7-..,) (\.~~<'.-
' . 'I 

t~..--~t.· .. -· 

The variation of density (= pressure/temperature) and X-rC'ly peak 

during the course of runs 30 and 31, are shown in Figs.4.20(a) and (b). 

As can be seen, the variation of density is I).ot a good measure of the vnria-

tion of the X-ray signal size. This is at first surprising but it can be 

e:xpl:::ined, and in the process leads to the follo1~ing question. How 1H?ll 

defined is the relation uebqi::en the rneasu1·ement of an energy deposited by 

an X-ray cmd the measurement of an energy deposited by a charged particlct 

a11cl henCf' \.Jhat is the usefulness of calibrating Hith X-rays r~ Factors 

influencing this r elation are the following: 

(a ) R3te effects. If the rates of either charged particles 

or X-rays are too great , the accnrnulation of charge in the 

gas amplification region will change tbe gain significantly. 

This space charge effect ~as considered non-existent for 
(30) 

this experir:ient , but the almost certain existence of 

another rate dependent effect is outlined in the data <ma

lysis following (p. 71) . 

(b) Gas composition effects. The distance from the si~nal ·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 . 

Hence the drift distances to the signal wires of the ioniz<t-

tion electrons in the two processes are different. There-

for e, if there is a change in gas composition, the two pro-

cesses can be affected in different ~ays. For instance any 

oxygen present will cittcnua te the sir;n<ll s (by attachment of 

cl ectrons to the oxygen molecule). 
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I n FigA.21 <.1 plot is made of the variation withjn a rnn oi gas 

gain as mcwsured by X-rays against the cain as measured by the mean ioniza-

ti on of a particular type o.f cbargccl parti clc. It should be emphnsizccl 

that nl thou~b this plot contains points from all rtms it only contn ins 

information about gain variations within a run . (The ' gain variation ' as 

measured by mean ionization would of course vary between runs ! ) The 

vari<ttiou of points frora the straight line is this figure give a= 1. ~~. 

Unfortunately it is not justifiable to say that this '~ill lH~ the typic<il 

111a~njtudc of the vnriatio~1 bctl~een runs, since the time intcrYals bct\vccn 

them l·:ere l<1rge nnd also not mnch is kno\\'n nbont changes of gas compo-

sition 1Jc t,,.c.:en the clif.fecent gns bottles used in di f.fercnt runss or nbout 

cli<ingc s in l>criin fluxes . Ho\1cvcr , two suppo s cclly identic<"ll runs (00 nncl 31 
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<1t 150 Gc\'/c) wcr~ mnclc nt di ffc:rc11l tjmes and 'lite c:l1nnge in 'llie position 

of the callbr<1tcd mcnn iolli7.<ltion , for n's ancl p ' s , is 3 . ~;~. b <.:'twccn tlte:-;e 

i,"'o rllllS . It wi ll be nssu111ccl t!1;-1l; this i s t))>jcnl lJctwecn nny other t,,·o ru11 s . 

Herc <i s1ui10Jary is mncle of all the <'rrors involved iu the cnlihr;:ition . 

First there nre the foctors that cause the g<iin to vary \·1jthin n nm antl 

"'hicb act in such n '""Y as to ,,·idcn the LnncJ;:iu distributions that 1\'oul<.l 

otherwise be obtained • These arc mainly caused by the mechanical toler-

ances of the detector and·the accuracy of the electronics . Table 1-. G 

sw1\lllnrizes these factors . Scc:ondly , ·there nre the factors that cause gain 

variations bet1<1een runs . These arc thought to Le gas composition <lnc1/or 

rntc effects . Thirdly , there is the possibility of a systematic shift of 

the Landnu distributions, as yet not discussed. 

'r.:\OJ .E '1.6 

SOl!HC£$ OF C'"'\T:"-i V.-\JlUTJO~ \•11111'1 :\ nL~ 

Source Hco snreLDcnt 

1. Drift voltnnc stobi l i tv in Digi tnl vollcic-ter 
absence of ~h3r:;cd po r~iele 

Drift 'oltn~e rippl e Oscil lo scope 

TIT wire voltnGc s!ob i li ty 
la obsence or chor: ed Digilol voltoetcr 
port.icle 

JIT \li re ,·olta;e ripple Oscillo s cope 

LT power supply or.d other 
60Urces or s'lo rt t(;:-o clec
tro~ic C"in variat io~ , e.:;. 
ronOo~ electronic noise 

4 . Gos Cllin voriotion with 
ti~e within u por ticulor 
run , e.g . <lllc to :;.i s coo1po
sit io11 v oria tions, a11ctt1:1-
t i ons ol d.c . level sbift 

6. (o) Gas ~oin voriatio~ alon:; 
\lire 

.(b) Coin varinlion !roo wire 
t o 1"'irC 

5(b) incl11t1cs: 

( i) \..'ire <linn:cter v :-.ri;:ition 

( Ii ) Sicnnl ~ire- position 

( iii) JIT wi re pos ition 

Observed disper
sion o( Lest pulsc 
rc spo1~sc ovcrur.cd· 
over oll ch'1nncls 
( see l'i~.<l.1 1 ) 

See Fig.4 . 21 

X-roy scan 
Sec Fie:. '1 . 15 

X-ray scon 

Cb~rcco pnrticlcs 
See Fi e . 4 . lG 

Loser Oi Uroclion 

Trove)) i~~ micro-
11copc 

Tr:-.vc 11 I nz oli cro
&C?J•<' 

Cl\p.1c1 lor bdl1;: c 

Effect 
Vari~tion on Guin 

15X 10-3 

~20X10- 3 

rox 10- 3 

~SOX 10-J 

(0. 2µ:i1 

< 8 1-J:' J 
::so µ~ 

( o} 

< 0.7~ 

< 0 . 1% 

1 :~ 

< 2 . o;~ 

2 . 0;~ 

<;:; 5 . CY,~ 

- 2.0;~ 
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l \ ' . 6 11\'i'lJ!-Cil:\\"\!U, c:ormGLATJ o:..:s 

If ilie ionization dntn is calibr;1ted as in the prcvioti.S section , 

tile Landau t1islributions obtninecl li<ive penks very much l o\.;er than expected 

from theoreticnl predictions nnd other previous coupnrnblc CJl.1Jerimc;nts. 

This is mainly caused by a serious problem .which could not be completel y 

rectified at the time of ei-periment (becnuse of laclc of time nnd compo:lCnts). 

It was due to insufficient decoupling cnpacitnnce of the drift electrodes 

<tnd cathode ,.,ires to ground . Thus when a charged particle passed through, 

the chamber, the vol tnge changes on- ec:i'ch of the signal (anode) ,.,ires contri-

buted , via capacitive coupling , to·vo l tage changes on the drift electrodes 

and cnthode wires (the ~c:itter were connected together) . This meant thnt 

each signal wire was seeing effects due to the other (150-1) signal wires . 

These d.c. level shifts of the high voltage el ectrodes reduced the observed 

signal sizes . A v ery crude estimate of the magnitude of thi s effect can 

be made as fo l lows. In Fig. "1 . 22, a p icture ,.,h i ch is a very rough approxi-

mation of the circuit c<:using this effect is shown . 

11.V 
pr,wer 
SU'p;:! 

I 
I 

_ _ L_ 

--r- -
1 
I 
I 
I -, 

///f// 

I 
I 

_L 

_ _t _ -

- .,. --
' I 
l 

\Oi<.pf 
decoupling 
capacitance 

Dri ft elec t rode o r 
.---- cathode w ires 

I 
. I 

_ ..J __ --.--
1 
I 
I 

..e-- S tray capacit ance 

( C~ignat wire-electrode) 

-c-- Signa l wires 

-<--- 0 ohms(in preamplifier) 

w - ----- Copp<u braid 

Fig. 1~ . 22 
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A rough idea of C(signal '~ire - electrode) is obtained from the 

. (31) 
standard formula for a wire to plane capacitance : 

2 TI££ t 
0 c tn(2d/a) 

,~here t is length of ·wire, d is wire to plane spacing , and a is wire 

radius . In our case t = 0.35m, d == 3.5 cm, a = 0.0025 cm giving 

C ~ 2-} pF . Thus if it is assumed the total stray capacitance per signal 

wire is 1t pF ( hm drift planes and cathode wires :::;> 3 X 2t, and since 

there are 150 signal wires (including signal wires not coupled to elec-

tronics) then the induced signal on c:iny pair of wires (for each snmplc) 

is of order 

2 X C(signal-elect rode) X ( 150 _ 2) X (or~ginal ~ean) 
C ( decoupling) \ signal size 

~ 0 . 23 X (or iginal mean signal size) 

where we have considered the stray capacitance to a signal wire and the 

decoupling capacitance 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 measurement 

or calculation, it forces one unlmo·wn normalization parameter into the 

results . This effect was also seen on channel 58 '~i th the c:hnmny signal 

,.1ires (see p . 55 ) i.e . a small positive signal was observed (a genuine 

s i gnal due to an ionization event is neg;=\tive going) , but since this channel 

\,•as not calibrated for positive signals (,~here the ADC response is nonlinear) 

no qu;:inti tative information could be obtained. 

Another less important source of interchannel correlations was the 

nearest neighhour cross-talk due to stray capaci ta nee bet,veen signal w·ires 

in adjacent channels . This cross-talk was measured, using a calibration 

X-ray s-onrcc to be - (3 ± 2)% • 



. , .... • ... l • 

effects beh1ecn snmplcs due to o rays , (i . e . h igh energy electrons from 

prionry ionizntion :i:n one snwplc travell i11g tli.rou[;h into nn adjoccnt snmplc 

causing secondary i onization on their 1wy) . The c1<1 :;ni tu de of nny o rny 

~ effect is estimatecl from reference (3:::!) to be. of order 15~ for ndjncent ch<rn-

.. 

l 
.) 

l 

1 
i 
1 
I 
I 
1 

1 .-

nels nntl from this e2..--per iment , nll thnt c<in be said is tlrnt. it is very much 

smaller i n mngnitucJc than 4. 5~b , the cnpncitntive cross talk mngni tude . 

Wi th the above problems in mind it ¥as decided that the best pro-

cedu.re for attempting to handle inter-channel correlati ons ,.:as the follow-

ing : 

(1) Nearest ne i ghbour cross talk . Two cCJ.librated Lrindnu 

distributions, (i) and ( ii) , nre obtained for the events in 

chnnnel N when the signals n!ca sured in channel N + 1 Dre 

( ).. '1 1 +h d ( . . ) 11 tl argcr ., an average , an 11 sma .er . rnn nverngc. 

The difference between these two Landaus is compared with 

the shape of similar plots obtained theoretically with dif

ferent values of nearest neighbour cross- talk . (Of course 

fo:::- zero cross- tnlk and high stntistics there is no differ-

cnce between these two L0ndaus.) This procedure gives n 

rough estimate of the nearest neighbuur cross-talk , e.g. 

see Fig.4 . 23( a) 1~herc the experimental difference hi stogram 

is sho1m with one of the krndnus used in the subtraction , 

and c:ilso with tbe curve of the best tbeoretical Monte-Carlo 

fit . (The 'best fit ' is takeu as when the positive going 

p eaks of theory and e:>..-perimcnt are npproximntely the same 

height . The odd looking overflow bins nrc due to the 

imperfect calibrntion cnusir.g the overflow b ins of the 58 

contr i buting ADC ' s not to ovcrlnp precisely.) 

The best thcoreticnl fit ''as taken as given by 

a= - o.0-15 ~ 0.01 , 

where- a. is defined by 

where €:. 
l. 

c. = o.E. + F.. + a. E . 
1 

, 
l 1 - 1 l l+ 

is pulse hei r;lit oh .s 0r\·ccl on chnnncl Ii 1 rmd 

E. corrcspo11cls to the chnr[;e nctnnlly collected by thnt 
). 
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( 2) 

channel. {The ±0.01 collies fro t;l the clcfinit i o11 of ' ovc r nr,c ' . 

Here it is clefinc: u such tht1t t he t,,•o Lanclnu s , big antl S!l!all , 

liuve equa l statistics . Di ff er cot clcfini ti ons c:in v<1ry a. 

by ±0 . 01) . The plots in Fjes..1.23 (b,c,d) arc simibr 

plots to Fig . 1. 23(a) but for chonnel N '~hen N + 2, 3 or 1 

is big _or smo ll , i.e . non-nea r est neighl>ours . Tlley shoH 

t hat the effect just described is confined to a nearest neigh-

bour effect . 'Fig.1.24 shows the same for electrons . 

DC l evel shift . For each energy and each particle , the 

* peaks of the mean of the lowest 60';6 distributions o·re 

plotted aga inst the equivalent obtained from theory ( colcu

l ated with - 4. 5~6 ncare;t neighbour cross-talk in it), see 

Fig.4. 25. From the gra<li'ent of this line the unlmo1m 

normali z<l tion factor , f3, for the e:x.-pcri mental datn is ob

t a ined. 

3.0[ I 

2.5~ 

- 2.0~ 
~ 
::: 
.,, 
c 
111 1. 5 
"" ~ 

~ is defined by extending the previous equation 

Experi~ntal Means( KeV ) 

Comparison of I-leans of Experiment and Theory 

Fig.1-. 25 

*The me:-in of the lo,~c st GO~~ <li strihut.lon is out<iinecl os follo~,· s : 

for cncl.l event, find 'd1i ch 3S chnr:nels of t.hc total :38 mcnsuring 
i on)ziltion lo ss , hnve the sma)Jc~ t. s)gn:-ils nnd Lhcn detcn11inc the 

mc:in of these l o\:cst GO~b . 
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ways. 

-
e. =o.E. 1 + E. + o.E. - ~S 

1 1- 1 1+1 

where ~ is a suitably defined mean ionization for a parti-

cular particle velocity . The value of 13 obtc:i ined '"as 

13 = 0 . 25 ± 0. 05 [or 13 S ~ 500 ± 100 eV ] . 

The 'error 1 quot.ea for f3 is the variation of this p=:rmnete1' 

due to fluctuations in the d.c . level shift . These are 

caused by the Landau fluctuations of the ioni'.6ation in 120 cm 

of gas. (120 cm = distance a charged particle ·travels across 

the signal vires . ) The Landau fluctuations arc typically 5~1a 

(FW RH) for this thickness of gas (
33

) which gives D a of 

,....., 2~& , hence the variation of 13 • 

Thus , in the procedure det<1iled above, theory has been used in t'vo 

Firstly, it is used to obtain a val~e of nearest neighbour cross-

talk by fitting the shape of theoretical (~~nte-Carlo) distributions to t~e 

e:xperime:"lfal Landau distributions, (using the data from the 25 GeV/c rnn). 

The value for nearest neighbour cross-talk so obtained (-4 . 5~) is c:onsis-

teni with the experimental X-ray measurements (- 3 ± 2']&). Secondly, theory 

has been used to give a value to the unlmoHn energy normnl ization parameter,' 

13 . Again good agreer::ient with a previous crude estimate (see p .65) is ob-

· tained (i.e. - 250;b as opposed to - 23?~) . 

A further related problem is observed when the .equivulent of 

Figs .4 . 23 and 4 . 24 for 25 GeV/ c particles are plotted for any other ener-

gies, e . g . see Fig . 4 . 26 for 150 GeV/c protons . Here a Eositive l ong range 

correlation is seen. It is not completely understood but it is thought to 

be due to a rate effect related to the recovery time of the d . c . high vol-

tage levels, i.e. in runs other thnn the 25 GcV/ c run, particle rates were 

possibly highP.r, such thnt the a.c. level did not hc:ive time to recover 

completely betl-1eeu some events, m<lking all the signc:ils lower than average 

for such cases. This wonld produce a long range correlntion. Since 
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t.lle time constants <.is socioted '~itlJ the po1~cr supplies used nrc not 

kno,m, it is difficult to esti.m<:ite the uin~nitucle of this effect •. Ilu1>'-

ever some i dea of its import0nce can he obtriinecl from the previons 

figure (Fig.4. 21) showing how the X-rny peak fluctuations follow the 

rucan ionization fluc·tuntions . Deviations from the straight line could 

possibly be explained by this rate effect a s also could variations 

b etHeCil runs, 
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IV. 1 DISCUSSIOl-! M!D SUNNAilY OF nESULTS 

OP N A L EXPI:TIIH8."\1T 

The Landau ·distributions of ioniz;.ition measured for various parti-

cles and velocities, calibrated as described in the previous two sections, 

are shown in Fig.4.27. Curves of energy loss· are superimposed ,.,hich are 

derived from the theory as outlined in Chapter V. They contain -: 4 . ~·~ 

·k 
nenrest neighbour cross-talk and a resolution function with a == 1Qy~ • 

The latter has a negligib~e effect on brond spectra . The fits are good 

compared with previous theories (see Chnpter VI), both in terms of shape 

nnd absolute position . The absolute position of course contains one 

unkno'm parameter that has been chosen for the best fit to theory hut 

nevertheless one parameter can be chosen to satisfy the Landaus for all 

different velocities quite '"ell . The errors occurring in ionization loss 

measurement have been listed in Table 4.6. They are all so small com-· 

pared with the '"idth of the Landau (typically 1000fe) that they lrnve l it.t.le 

effect on its shape, and so the theoretic<l l and e:xperimcntu l '"idths ar;ree 

to < 2}L 

The calibrated mean of the lowest 60~6 distr i butions for 25 GeV/ c 

protons, pions and electrons are shown in Figs.4. 28(a) and (b) . The sepa-

rations seen are of the order of a full width at half maximum for this 58 

channel detector . A photograph of 25 GeV/ c proton ai~d pion means, is 

nlso sho'm (p. "16) '~hich .,,,as taken from the on-line display at the time of 

the experiment and is of uncalibrated raw data . (cf . 1''ig.4 . 28 (b) ) . The 

separation that can be seen in the photograph (p.76) is almost completely 

dne to ionization differences between the two particle types , since gas 

gain fluctlrntions etc . have been sho"'lvn to be relatively unimportant . It is 

*This is made up of electronic noise and statistical 

f l uctuations in the gns amplification process(29 ). 
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thus a convincinz dc:uonstr<ltion of how a detector of this form would be 

able to discriminate between charged p<1rticles of different velocities . 

Table 4.7 lists the position of the peaks and widths of all the 

ruean of the lowest 60~~ distributions obtained in the experiment. It also 

lists the theoretical values derived by Honte-Carlo calculation. It can 

be seen that the theoretical widths (typically 6%) are less than the 

experi~ental widths (typically 8%) . This is due mainly to the Land<1u 

fluctuntions nssociated with the d . c . level shift, ( ~ :::: 0 . 25 ± 0.05) which 

widens the meon di stributions . (Host of the errors listed in Table 4.6 

are negligible \~hen averages over 60 chonncls are taken.) 
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' I 
P/mc Run 

2G .6 I Protons at 

53 . 3 

10G .• 6 

1f)9 . 4 

no . 1 Pions at 

716 . 1 

1074 . 4 

'18D 21 Electrons at 

TAr'3LE 4. 7 

'IRE MEAN OF THE LOWEST 35 OUT OF 1J8 X 1. 5 ems OOIPLES 

Argon + 20";& CO 
2 

nt NT P 

Numbe~ B.'.\.l:J er imen ta 1 Distribution 
Defore Shift 1vents 

Menn PWIIH 

25 GeV/c 12G3 1859 165 

50 GeV/c 1521 1909 182 

100 GeV/c · 2173 2033 177 

150 GeV/c 4969 2187 189 

25 GeV/c 1968 2185 172 ' 

100 Gev/6 2381 2177 190 

150 GeV/ c 55G8 2340 199 

25 GeV/ c 2114 2280 212 

All eneraics in el ectron volts 

Experimental 
Meon After 
Shift ( ~S) 

2324 ± 116 

2386 ± 119 

2541 ± 127 

2734 ± 137 

2729 ± 136 

2721 ± 13.6 

2925 ± 146 

2850 ± 113 

•, --" -· ~··-..... ·.-·~~::::·~· -· ·• ..... . . - -- • • • • • -:_._....;.;. , .;.,.· . ' ' • o • • • ' • ~ " • ~. • • :: .. • - :....: -> .;.-.' •. • ·- ~·· • • • · • , , •V;>• .. •o,,.•,,f ~'t'- !"\" . _ ...... - ,,.,•, .. -.. · ·- - ---:,•=•:•· - • ""'";'"'·•-:c.......:•• .. ,t • • , 

. . .. -. .. - -,_ .. ..... . -· .. ..... - ...... 
__ ____ .. -- -: .;;.;.;:.,;;~,,;;~ .. ;=:,-;_;:.:.:..·-----_..-, -,-~.-- ':'!f!l+~:::...,...: '6.,i.•ivl>• ~ ._,...,,..~- • v--• 4 '-_..__,-, ,.,_,""'--·'"'"""lt•·'..,. . ~ ... ..,.,_..,........... _ - •·•<r. • •- • ;-"':"'~·.,_-..--·--··• •• • • 

Monte Carlo 

Xe an FWHH 

2211 105 

2111 11G 

2::>82 122 

2652 122 

2730 120 

2890 133 

2912 131 

2891 143 
I 
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Fig. 4 . 29 · 

Figure 4. 29 shows the ex-perimen tal and theoretical relativi.stic 

r:i.se curves, i.e. a plot of the peaks of the mean of the lo\vest GOy~ dis-

tributions against particle velocity. The error bars on the c.xperimcnta l 

points have been fa ken very conservatively as ± 51~ . These are uwinly to 

cover the unccrt(linty of the relative calibrntion between runs due to r ate 

effects an~ gas composition effects and also the uncertainties associated 

with the a. c. l eve l shift . With the s e errors theory and e~-periruent are 

consistent Hith e[lch other . Although the possibility of some muon con-

tiiwination of the 25 Ge\'/ c clect1·ons cannot be ruled out , the electron 

point is con!pntil>le l1ith the 150 GcV/ c pion point. The relntivistic r i se 

is 51 ± ~~ ancl the Fermi pl<ltC<lll extends· from p/m c ~ 500 u1n,-.:n·ds. 
0 
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4. 8 CONCLUSIONS .FJlOH NA L EXPEl:U.H~T 

With the i ntroduction of a single 't.mlmo'vn pararnei:.er in to the 

calibration of the ex-periruenta l data, the results of Honte-Cnrlo calculn-

tions of energy loss cc;in be shown to be in good agreement vi.th e)...})eri.mcntnl 

CM 
measurements of ionization deposited in 1.5~samples of argon/2~~ C0 2 at 

NT P. This holds for charged particle velocities in the range given by 

p/m c = 26 - 50, 000. 
0 

The resolution of the experiment \.Jas liruitea by instrumental effects 

which can be avoided in futnre. Nonetheless on- line separation of pions 

and protons at 25 GeV/ c '"as obtained and there seems no reason in princi-

ple l~hy very much better separntion could not be achieved l'lith improved 

systematics and more samples. 

The relativistic rise obtained agrees with resul ts measured by 

others in gas samples defined by thin '"indows , ( see Chapter VI). 'l'his 

argues ilgainst the specula tion of Garibyan and Isp i rian( 22) theit the dis<:l -

greement i.;ith calculations is due to the effect of the windo1~s. This 

experiment shoHs that the same results are obtained 1vithout windo,·:s. ( See 

also referenc e (34) for independent confirmation of this result .) 

The results show that the mccb<inical construction of the chamber 

and the method of ionization measuring used would not stop one from measnr-

ing ionization loss to ± 1 or 2 percent assuming the systematic effects 

that were encountered in this experiment could be eliminated . This is 

encouraging from the point of view of u s ing this techniqtt~ as a means of 

particle identification . 
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CJIAP'l'ER V 

'l'l.!£01/J::TIGi\J. CALC'GLA'fIO~S OP D!EDGY LOSS 

V .1 IN'l'HODUCTIO~ 

The main problem discussed in this chapter is how to obtain theo-

rctical probability distributions of energy loss for charged particles of 

various velocities , passing through thin samples of various gases . This 

chapter first sturunarizes snme ideas and results of the theory of energy 

loss. S2condly it sho1 .. 1s hew the theoretical cross sections cnn be applied, 

by means of a Monte-Carlo calculation, to obtain predictions of energy lo ss 

distributions. Thirdly, some results for Y<'lrious gas coropositi.ons, detec-

tor resolutions , evaluation of means , etc. are presented. 

This i•iork is an extensio~ of '~ork stn:cted hy Cobb(
3
). Some of 

the results presented here . have already been published in a previous 

paper( 35
), ''hi ch nl so contains further qualitative ide;,:is concerning the 

interpretation of the theory of energy loss in terms of exchange of vir-

tual photons . A simpler Monte- Carlo approach has also been put forward 
1 36) 

rece~tly by Ispiriun~ . 

V.2 SU~NAlW 01" THE THEOnY OF DtE11GY LOSS 

V.2.t General le.lens 

The theory of energy loss seems to be reasonably well understood . 

However the application of the theory to explain e:i..-perimentnlly obtained 

probability distributions of ionization loss has not been very successful 

in th0. case of thin samples of gas until comparatively recently . (By 'thin' 

i s me<rnt a few cm) . The reason for this is due to the fact that certain 

sirn1>l i fying a ssHruptions have been wade in pnst calculutions whi ch do not 

hold goo d for :tll i11 snmpl E!s of gn s. To ~emonst~ntc this problem the theo-

retical solnLion of Landan is described briefly(4) _ 
;, . 
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The required distribution function will he denoted by f(x, 6). 

'l'his i s the probability thnt a particle of given ini t ic:il energy E0 , on 

trnversing n layer x , will lose an amount of energy lying between (;.. and 

tJ+ ati.. Let ,,.(E, e:) be the probability (per unit path length) oi a single 

collision giving an energy loss, e: , for a particle of energy, E. Consider-

ing cases '"here ionization loss is sm:;:ill compared -with E
0

, then 

'"hich will be written as w(e:) in future . 

The change of the distribution function (0£/0.x) dx in a length ax 

is equated to the 1 collision integral 1
, which expresses the difference 

between the number of particles that acquire , due to ionization lo s scs along 

dx , a given energy E , and the nu.mber of particles that leave the given 

energy interval . The following equation is obtained: 

of 
ox 

,..co 
i 

= J 
0 

(The upper limit of integration can be \vritten as co s ince f(x 1 6) ·- 0 

for 6 < 0 and w ( e:) = 0 for e: > E0 • ) 

Landau goes on to sho1~ how a solution of the <ibove equation can be 

obtained by applying the Laplace transformation. The result is a general 

expression for f in terms of an integral over energy loss that· contains 

w ( e:) • The expression is 

f(x, b.) 1 
2 TT i 

-ico+ cr 
r 
J 

+i co+ (J 

{see equation 5 of reference (4)). 

co 
pt.-xJ w{e:)(l- e-pe:)ae: 

e 0 dp 

To pro ceea further , the function w ( e) must be known . It is at 

this point that assumptions are made in the Landau solution ,.,hich cannot 

be applied to thin samples . . ) s 1 
Landnu takes ,.; ( e = - · 2 x E: 

(nutht!rford forr.ruln, 

{ 6)), 'vhich can be sho\Vl1 to b e a valid expression to use ,;hen the fol lo\~-

iltg condition s c:ire satisfied: 
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s/ £ « 1 
m.ax 

where 

(m == mass of electron, e == electronic charge, v = velocity of incident 

particl e , N = Avagadro· •s number , p ==density of medium , Z == utoruic nW'.Jber, 

A= atomic weight) . S is equal to the e:i.ergy loss to within a factor of 

order unity . E:
0 

is the binding energy of an electron in an atom . t1nax 

is the maximum transferable energy in one collision . The first of these 

condi·tions means that the probability of knocking out an electron from an 

atom with an energy close to ~ .. is small. 
lllilX The second condition , ' ' hich 

is satisfied '"1rnn typi?al energy losses are much greater tlrnn th~ bimling 

energy, menns that many electrons <1rc created of the order of the binding 

energy such that their contribution to the fluctuation of ionization los$es 

is negligible . 

'l'hese conditions a1·e required because they restrict the sjgniflcant 

contributions to the integral , in the previous expression for f , to a .range 

of · E: in ·which the expression used for w ( €) i::; valid. This range is gi':en 

by 80 « 8 « €1ua x • In general the form for 'v ( e) ,,•hen e approaches e
0 

is not known, 

For thin absorbers the condition s/ f:o » 1 i s no l onger satl.s-

fiea , VJhich makes the form of w ( e) when e approaches E:o important . 

:E.'ven if '" ( c) is known in this region the solution of the integral becomes 

difficult and so uuroeri cal technic1ues are resorted to . In pri ncipl e "the 

integral could be solve a nwnerically but in practice a Hontc-Carlo tech-

niquc \vas nsed instead . This should lettd to the s<1me results. The · 

Honte-Cnrlo method nttcmpts to acconnt correctly for energy transfers closE;, 

to the 1)).ndin:~ energy . lt al so account~ for the dielectric properties of 

the mcdi \un. A s a penalty, much ll!Ore detail~c! knoHledge is ne e ded for t.Jv) 
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cro ss section s for the variou s colli s ion pro (; cs sc s that occur. Also the 

Jrequency dependence of the diel ectric cons tant of the medium is ncectccl . 

Fortunately, fairly unreal npproxim:ltions to the s e qunnti tics can be t~1kcn 

which will still give good results . This method nlso e)iminates the need 

for the concept of a ' mean ionization potentinl' ·(which is introduced ''hen 

solving the integral over energy loss in Lnndau' s solution) . 

To obtain t he cross-sections required for the Hontc-Carlo cc:ilcu

l ation the treatment of Fa no (
37

) was followed and is swumnri sed in the nexi; 

section. Ho1~ever , before this , mention is made of the review article by 

Crispin and Fowl er (
3S) who show some interesting ways to cons ider the theory. 

In particular they show how the energy l oss process can be represented by n 

Feyman diagram with the transfer or propagation of <i v~rtual photon from 

the incoming particle to an atom , with the resultant emission of an out-

going particle and an ion pair consisting of an electron and n positively 

charged atom. The single photon exchange is then se~arated into longitu-

dinnl and transverse parts (see pnge 292 of reference (38) for definition) . 

The two propagators urc modified separntc l y to take account of th.e effect 

of the medium , by introducing the frequency depent1cnt dielectric constant 

into Haxwcll ' s equations that describe the 4-vector potential of the inci-

dent particle . Also tl~e cross section for absorption of these virtual 

photons is 1ffitten as a product of the equivnlent cross section for real 

photons and a fonn factor. A differential cross section is thus obtained 

for the energy l oss process in the meaium . 
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V.2 . 2 F<lno 's App1·o;;ch 

This section is o s1..arm1nry of the IKtrts of Fnno ' s review orticle ( ::s?) 

relevant to the setting up of the Hontc-Cnrlo ln·ogram for generation of 

energy loss distributions. (His notation will be followed exactly. This 

rueans a change i n not;1tion from the previous section , e.g .. 

cle i n collision with an isoJ.atea bound atomic electron is ob tained u s ing 

a Born approximation and can be written as 

= 

Q(1 + _Q_) = 
\ 2mc2 

m = 

Eu = 

z = 
z = 

IF (q) I z 
n 2 + 

\~ • ~ (.:!.) I 2 } ( Q ) 
2 1 + --

[ 
I Q ) Ell ""12 mc 2 . 

Q'1+- . 
\ 2mc2 - 22.llc2J 

mom~ntum transfer 

mass of the electron 

energy transfer ( continuous unless specifically 
stated others . Note, in the previous section 
this qunnti ty ,,•;;s £ . ) 

component of ~ (particle velocity) perpendicular to .9.. 

ciillrge of incident charge particle 

atomic number 

Fn a nd .f!.n(q) are the form factors for the interaction of the charged 

particle with a bound atomic electron , and can b e described in terms of a 

longitudinal ( Coulowb) intcr<iction and the propogation of transverse vir-

tn<il photons respectively. They a r c dcfincu by 

1 
F (g_) = z- ·3· L. (n \exp ( 2n i .9. • r . h) \ O) ; 

n J -J 

Parity \n) = Pnri ty \ 0) :Lor non-zero F , 

:t 
c; ( CJ ) = z--2- L:. (n\a. . exp ( 2r.in . r . h)lo); 
-u -- J -J .:.!. - J 

Parity \n) =- Parity lo> for non-zero G 

f I · 

•1 ~ ' <- •. 

:· I , . 
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...,here \n) nnd \o) nre the initial and finnl states of the nto10 i n Hhich 

the .th 
J electron is being excited. F nnu G ore thus rontr:ix element!> 

of oper.::itol's of the following form. 

F: The Fourier in-!;egral of the Co ulomb intcrnction is given by 

ze2 

1,r- r. 1
1 - -J 

ze
2 r '2 [ J. = 

2
n2 J dk k-: exp i .!£. ( !:,j - ,!:.) 

each Fourier cor:iponent representing t ransfer of rooruentum h k • 

G: The a bsorption of a photon o f roorucntum h k i s given by 

e c a. . • A exp (- i k • r.) 
-J - s - -J 

where · th 1 t · · t · t t o f the J. th is e re a iv1s ic curren opera or 

electron "nd A i s the polarization vector of the photon ( s::: 1, 2 
-s 

for t wo mutually ortho~ona l directions both Cit right angles to .9.., 

the momentum transfer) . The mechanism of this transverse pnrt of 

the interaction is electro:nagncti c in nature and a s such, only be-

comes in~ortant when the particle approaches the speed of liGht . 

The transverse, i.e. second , tc1·m in the cross section is r esponsi-

blc for tbc relativist i c rise of energy loss as .incident pa r ticle v eloc ity 

increases at high energies . Note, l> ecanse of the pnrity changes {see ex1n:es-· 

sions for F and G above) the longi tudinnl ana transverse t erms add 

incoherently. 

The method of Fano is followed fnirly clo sely to obtain , from the 

above o .. -prcssion for tlle cross section, nn expression fo r the probability 

of a pcirticulnr energy lo ss (E ) as a function of E nnd other meC1surablc 
n n 

paranctcrs . Fnno divides the cross section up i nto three interv<1 l s of Q, 

Le . (i) Qmi n ~ Q < Q 1 ' (iii) Q ~ Q < Q 
2 max 

is a f unction of E the energy loss, and is n kinemati c r e striction-, n' 

Q i s <tlso <.t kincmntic restriction , max i. c . 

2mv 2/(1- v! ). Q
1 

nncl Q
2 c 

form factor G (~) "" 0. 
-n 

are snch tlint in the l'egion Q 1 :< Q < Q 
2 

on cl arc discussed later . 
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The vnriou!: npproximntions and resulting expr essi ons for tlie cross 

section nrc as follow s : 

(1) Lov Q region (Q . .s; Q < Q 1.) • un. n 

llere dipole trilnsitions will predomin<ite so the followin~ <ipproxi-

mations cnn be mncle : 

IP (g) I 2 n 

where x. 
J 

and y . are electron coordinates in the d i rections of 

q and _; 
J ( ~9 ) 

respectively an d fn is the dipole oscillator strength v • 

For a condens ed materia l F;;ino shows thnt, after integrating 

acr ( .) the e:>..'Jlre ssion for . ~ p .81 over Q. 1 the longitudinal component 

of the cross se ction cau be represented as 

an = 0 :for E -/: E. 
n 1 

2nz2 e 4 f i 2m v 2Q 
1 

for E E. an ::::: a. = 
mv2 

z - tn = l E- E? n 1. l 
l 

·where 

i - 1 , 2, •. . , number of (utomic) shel l s 

E. ::: Binding energy of each shell 
1 

f. = Number of electrons in shell i 
l 

E . and f. refer to the 
l l 

' sys Lem ' under considerntion , the size 

of which i s given by ----h/q and thus for condensed mntter n eed not 

nece ssnrily be nn ind ividual atow. Ho'"evcr , in the Honte-Carlo 

c a l cul at i ons performed , E; and f. ure taken as those for an 
.;. ). 

i so l uted atom unmodified by any bulk e ffects in the medium , {e. g . 

there could b e effects like np,•nrd shifts i n the encqn' levels dne 

to l ong r nnge Coulomb effects ns seen i n a crystal lattice) . Al so 

= l~ . • 
1 

Thi s ,,·ill lJc d iscu sse d l nter 



Note , in oll previous theories, the cross section used for 

calculations would not contain individtta l c;icrgy levels , 1rnt a 

' mean ionization potential' would appenr instead . 

The transverse component of the cross section in o condensed 

material is show:-1 to be given by : 

aa 
n 

dE 
n 

1 
- h 

daw _ e2 z2 

aw - N nv2h2 

-where 

where 

r-

+ L~2 - * (see footnote) 

E = hw n 

N = density of atoms per unit volurae 

c
1

(u.:) = e
1

(w) + j e:)w) , is the dielectric constDnt of the 

e:(w) 

li' ,_,. 
l. 

me di um and is token 

1 a( w) 1 ul 2: + = + p i 

= binding energy of 

() s 

E~ 
1 

h2 

·th 1 . 

a sum of Lorentzians, 

f. 
1 

w2 f'f.W 
1 

atomic level 

= number of electrons in shell i . 

i . e . 

::: the ' width' of the effective ionization level. 

Tbe some1·:hat crude approximation to reality involved in 'ffi ting the 

transverse cross-section in terms of the Lorentzian form of the 

dielectric constant leads to problems in the physical interpreta-

tion. In the collision processes , atowic electrons are excited 

from their ground states either to other bound states or to the 

continuum (i.e. ionizntion) . Yi must say something about the 

pr"obability of a pnrticular j w.np occurring. Yi hn s been chosen 

i n the Hontc-Cnrlo cnl culntio11 s performed to be given by Yi == Ei • 

*Sec refc~·ence (35) for nn cxplnnation of how the dielectric constnnt 
represents the mocJificntion of the trnnsvcrsc virtual photon's rnngc 
in a mcc.l.i.m.'I. 

.' 

f. 
! . 

I' 

; ; 

: t . 

d' ... 
. : t 
j i 

I
i 1._ : 

.. 
l 
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lloughly tltis assumes thot either nn elecirou will lie excited 1o 

the continuum and Hill then most likely lwve a kinetic energy le ss 

tllan E. , or , an cl ectron will be cxci ted to auothcr bound sta tc 
l. 

which wi 11 typicully be 
. (55) 

oway from the unbound region . It can E· 1 

li e seen thnt this cross-section inch-!-des a pnrt due to excitation 

processes as well as a par~ due tn ionization . However , often the 

de-excitation processes associated with an excitation will result 

in the emission of an Auger electron , hence such an excitation 

process is effectively an ionization . (Reference will again be 

made to this particular p~oblem in the discuss:i.on follo,.;ing) . It 

should be pointed out that , although the choice of Yi :::: Ei cnnnot 

be shown to be anything more than v<i~ely reason<:ib l e , the ch<1ngcs to 

the Lnntlall distributions that are olit.ajnea ,.,hen y. is t aken as 
1 

\ == 1 cV or Yi :..= 0. 2 Ei are of order 1~~ (in tcrws of shope nn(I 

wi clth) . 

This fa·nnsverso term l written in terrus of the bulk propertii;s 

of the mediuni, leads to the relativisti c rise of ionization loss fo1· 

incrensing charged particle velocity and its subsequent curtniling 

due to the density effect. 

Intermediate Q region (Q 
1 
~ Q < Q) 

The tronsvcrse component i s zero for kinematic reasons in 

this region ( sec reference (37) p . 11) . The longitudinal co~po-

nent presents a probl eo since there is no easy approximation to 

make for F (g) . 
n 

Discussion of this term is deferred until the 

high Q region is discussed. 

lii!!h Q r~'' ion (Q < Q s Q ) 
-

0 2 mnx 

I n this i· c~ion typic<ll ener~y tr<.insfcr s arc rat:ch r,r cntcr 

t hri n atomic binding cnC'rgics <1n d so Q "' E the1·c for.e the form n , 
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foctors can be cnlculatcd by taking the atomic electrons as free , 

giving the following cross sections : 

da da 2n z 2 e4 
n n 

ClE == <X{ == m v2 
n 

and 

z [ " 1 l E E 
n E (i +--n_'. 

n '2mv2 } 

longituclinnl 

co1nponent 

transver se 
component 

[Note th"<:! nbove two cross sections combine to give the fomilior 

B . (10) . 
hnba cross section fo1-mula • 

don 2 n z 2 e 4 1 { -------z- 1 
dE mv2 E2 \ 

11 11 

E 
s2~) 

max 
'"here E == 2m v 2 ..;2] max 

In the Hontc-Carlo calculation the high Q contribu-tion to the 

cross section is taken as 

on p.81) 

Tbe high Q trm!svcrse term is ignored since in the cases con sidered 

( i.e . E « E ) i t is negligibl e 
n max 

Returning to the question of the intermediate Q region, for the 

purpose of tlle Honte Carlo cnlculation, the approxiuwtions are made that 

Q
2

::: Q
1 

and that 

(~f\ong ( da) 
= \0.1 long 

highQ int . Q 

i. c. that the atomic electron can be r egarde d as free in the interroedintc 

Q region <is ,.,.ell n s the- hi gh Q region . This mc<ins that nt Q = Q 
1

, "\·1e 

go strn i ght fro1"11 longi tudinal l o,.,. Q approximntion s (i.e . bonnd atomic 

electron s ,d .th dipole c:xcit<it.ion) to lon[;itndinal hi r;h Q npproximntions 

(fre e electrons). This tr<1nsjti.on is asstun0d to occt1r at morncnttun tr<insfcrs 
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,:hose \>'aveveclor corresponds to tkit of ihc ntorJic electron that is being 

excited, i.e. Q1i· = E
1

. Xt should be noted thnt the nbovc crude nss11111p-

tions for the longitudinal component still sntisfy the sum rule: 

SE IF (q) 12 <lE ::: Q (which can be interpreted os the <1tomic elcctrous 
n n - n 

behaving on nvernge , in t erms of energy nbsorbe<l , ns if they were free, 

regardless of atomic binding .) 

V. 3 HO!\'l'E-C'.A.nLO C:U.CULATIO~S 

The steps in the Hontr.?-Cnrlo calculations are as follows: 

The cross-sections, ' "hose .ckrivation '~c:is snmrnarized in the previous 

section, nre integrntcd over small energy intcrvnl s , bE . 
n 

From this, n 

tabl e is set up ·which gives the proh<ibility for a single collision to pro-

duce an energy loss, in the interval 

mean energy loss of thnt interval. 

E 
n 

tEn ~l 
to E + , versus the 

n 2 2 

(This prob<'lbility table is thus of 

v.·( e:) versus e: , referring to the Landau notation of .p.82.) This is 

sunrmarized owt.hemnticnlly belo1> : 

Eu+(C.~/2) 

0
1 = s 

En-(M;)z) 

cl(J ., _ n 
" dB n 

dE 
n 

where Ei = binding energy of 

F'n + ( t.t:/2) dO 
o = f N-0 aE 

2 f.-j(fll::/2) <ll::Q D 
D n 

E , r· /21 n n ' 

C!J N ~~ cl"' 

E - ill:: /2) 
11.J:: ~ 

0 D 

<lO 2n z 2 c 
4 

1 n 7. et== 
J;l '/2 £2 

n 0 

f or E 
0 

where 

(l ov Q loagitudiu::il) 

ith ato~i c level 

"Where 

(lo"' Q troosverse) 

,;here 

( Ill gb Q l<;og I L11<1 i no l) 

:>: E. . 
l 



The differential cross sections giving and a3 , as usec.1 in 

t he cnlculation for Argon/20% C0
2

, are shown in Figs.5 . 1 ana 5 . 2. The 

cross sections for a vuriety of different particle velocities are shown 

and for the transverse cross section the difference giving the relativistic 

rise is seen . The l ongitudinal cross section shows very little change with 

par·ticle velocity . Peaks for these cross sections occur at the atomic bind-

ing energies . 

Cross section a1 is a series of sp~kes at the atomic binding 

energies . This is a crude approximation to reality, but as stated earlier 

it at least sotisfies the sum rule and hence the associated physical consc-

quences . 

Before proceeding, a possible error in the treatment should be 

pointe~ out here. As can be seen in Fig.5 .1, the lowest energy loss per 

collision was taken ns 1 eV . For Argon /co
2 

the lo\vest binding energy 

is 17 . 7 eV , thus nn energy loss of 1 eV cannot lead to ionization ·which 

is the quantity measured. Changing the minimum energy loss to 17.7 eV 

systematically, shifts the re l ativistic ri se curve down by 0 .9%. The 

results follo\·;ing contain this error , but considering the crudi ty of the 

method , the theoretical results are probably not accurate at the 1~~ level 

The above cross sections lead to the table of probability versQs 

energy loss for a single collision which is shO\m pictorially in Fig.5 . 3 

for 25 GeV lJrotons in the energy l oss :range 1-500 cV . ('l'herc are a few 

events above 500 eV not shown .) These figures s how the energy intervals 

taken :for the t<:ible, each interval correspont1j ng to one bin in the figure s 

( i.e . their size increases \vitb energy loss). Similar distributions <:ire 

shown for 25 GeV electrons in Fig.5. 1 . Superimposed ( in dot s ) is ·i..hc tra?1S-

ve l·sc curnponcnt of the proton clj str i bution fro1~1 the previous fignre . Tltc 
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i 
componeuLs give no detcct.ciblc chonge.) From this it should lie clc<1r thnt, 

J 

.! in choo~·iing o gns th<.1t will show the ~reatcst relativistic :rise, the rela-

f 
I ·-I i 

.! 

t) vc wagni tucle o:f the transverse to longi tudin<ll terms is as importnnt n 

considcn1tion os the chtingcs o f trcinsverse cross-section with velocity • 

·j 
I ~ Botu these considerations depend on the plasma frequency ancl energy levels 
·~ 

! 

l ~ 
l.i 

of the gas . 

~ 

:i It shoulcl be emphosizcd that in Figs . 5.3 nnd 5.4 , most of the colli-
. i 
f 
! 

q 
.I 
1 

sions ore H shell ionizations of Argon atoms (39 . 5 eV), which is not 

so obvious frc~ these figrl~' CS because they are plottccl on log scales . 

.;~ 

. 1 
~ It would be interesting to con11)<:irc the cross sections derived here 
• l 
:~ 

t 
' .; 
l 

\~ith eJq;erimerrtal measurements . Ho,,·ever th0 author htts not yet snccee<Jec.1 

in finding any data suitoble for comparison . This is becC\usc expcri.mentC1l 
~ 

4 
;! 

~ 
rneasnrements see:i1 only to havt! been mn<le for incident ptt r ticle energies 

:j 

t1 
1 
~ -. 

.J 

which ore very l°'" (e.g. 500 eY) . Also these C:.\.']leriments have measured 

diffc:rentinl cross sections <lt particular angles \~here Attention \V<IS givee 

• 
'! to coll isio!l pr9ces ses re!)ul t i.ng in exci tatj.on, not nece ssarily ion).zation , 

} 
:. of the ntom. 

~ 

! 
4 

'l'hc probRhility tables, as sho'm in Pigs . 5 . 3 and 5.4 , nre used to 

E , gcnerc1tc probability distributions of energy loss by computer sinru] a ting 
~ 

~ 
i the passnge of a charged particle through D sa_m1;le of gas. The amount of 
1 

J • 
energy loss for eacl1 collision that the charged ptirticle makes is obtained 

~ 
l 

i from the probobility toble using a standttrd Monte-Carlo technique . The 
' 
.£ 

total energy loss from all the collisions that the pttrticle makes is thns 

. , obtained . This process is repecitec.1 for vc1·y runny chorged pttrticl c tr aver-

sals tln·ough the snmplc and so a probnbi.lity distribution is built up. 

'l'o 'l.ISC the cli str ibntions obttt.i.ned by the above method to make theo-

re ti cul. J.>: ' t ( lj ct ions, the follo\~ing underlyi.n.; ns suruption must be pointed 
, 
1 out . 1lic theory giv<>s C\n cncnrv lo::: ~ chstribution whc'rcas most experiments 
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measure ionization deposited in a medium. It is assumed in all the 

following comparisons with experiment, that W, the energy lo ::;t by an 

ionizing particle per ion pair created is, on average , a constant fo~ all 

incident particle energies for a given materi al . (For gases this energy 

is always around 30 eV and is about h1ice the. first ionization potentia l.) 

It has been shown for a limi tea energy range that, for noble gases, W 

appears to be energy independent to better than 1~~, but for molecular 

gases this is only true to within 6?~ (41
). With this assumption of the 

constancy of W , then for an experiment such as the one outlined in 

Chapter IV , comparisons between theoretical energy loss and the e:xperi-

mental ionization loss distributions can be made . This is because the 

ionization detector is calibrated using an X-ray sonrce with a kuo1m energy 

loss . Thus subsequent ionization measurements are calibrat.ea in terms of 

the energy absorbed 0s ionization by the detector from this X-ray of known 

energy, (assuming no loss of ionizatic.~ from the bound<iries of the detec

tor etc.(42)). 

As the Monte- Carlo calculation has been described so far , the only 

comparisons that can be made 1-1ith experiment nre in terms of the shape and 

position of the probability distribution . To make the theory give predic-

tions about multi-sampling problems , ( e . g . see the multi-sample detector of 

Chapter IV) , a further Honte-Carlo program was used . This simulated the 

passage of a charged particle through many samples of gas. From this it 

could det~rmine the 'mean' ionization for one charged particle as measured 

by the many samples , and hence for mnny trnversals, a mean distribution 

could be built up. (The dcfini ti on of 'mean' is di scusscd in the ne.:\.-t 

t . \ sec lon ., This Hon-tc-Carlo progrnru hncl as its input, the probability 

di:::.trilrniion of the first Honte-Carlo p:t·ogram. 

'l'bc Honte-Cm· lo theory has been appl iecl in the fol lo wing four 1~ays: 
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V. 3 .1 

(a) To investigate veloc ity n~solution <ls <1 fW1ction of 

various de tee tor para me t.crs and 'mean' ioni:r.a ti on 

e stiruators . This is relate<l directly to practical 

applicntion. 

(b) To compare the ioni za t ion properties of cliffcrent gases . 

This is motivated more by tbeoreticnl interest since 

some of the g<i ses are impractical. 

(c) To obtain a value for the u nknown parameter , ~' in 

the NA L experiment , RS outlined in section IV . 5. 

It wi ll not be described f urther in this section . 

( d) To compare theory '~i th experit71en t in as many c<i sc s as 

possible . See Chapter VI . 

Velocity Ticso l ution of a Hul ti-Snmpl e 
Ioniza tion ~etector 

The difference bet,.-ccn th\) distr·ibution of ioniznt.io!1 111ccsttre-

ments of charged particles at various different veloci t_i.es, · decide t he 

v elocity resolution of the detector . 

The velocity resolution of a ruul ti-sampl e ionization detc ctor is 

dependent on th<? definiti on of the ' meon' of the nwny measurements 

obtained ·when a particle passes through it . The qualitative reason for 

this C<:ln b e seen in Fig.1.1, which shows the Landan di stributions o.f 

25 GeV p's and e's . At the high en ergy end of the spectrwu the differ-

ence beh·een the two di stributions decreases with i ncreasing energy loss. 

Thus this ta il contains little i nform<ition and only serv es to degrade the 

variance of the me<ln of the sma ller , more probnble measur ements . There-

fore , for the ln-::idau distribution of output pul ses obtFtinecl for each 

charced p~rticl e traversal, a fixe d fraction of the largest measurements 

is clist;<1rded 1 and the mean of the remainder is determined . (See re f erence 

(13) fo} other definitions o[ 'mean ' ionization lo ss - it is sho'm that 

this nic:tho d of cst,imnt5.on is <i l uiost as good a s 3 11wxin1um likelihood method .) 
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Yig.5.5 sh1ws ho\.; re solution varies ns n fu11clioll o.f this cut . (The reso-

lution in this figure is tnken ns the sprenu (Fh'I!M) of the rue:an 

iani~ntion r.icnsurcment divided by the sepnration of the menns , of 25 GeV 
+ . 

./'- (A; t i . 

( 6r 1 .:6r_2 
p's nnd c 's. , i . e . 

r esolution -
2 

As cnn be seen this qmmtity is a minimum when the lnrgest 405~ of 

the measurements are rej ectea. This then '~as the cut imposed on all 

experiraentnl and theoretical d<itn . 

Figure 5.6 sho1.;s how the resolutinn varies as a func:tion of . number 

of samples and device length. Typic<illy n 5 m device with 1.5 cm snmples 

i s coruparabl e to a 7 m device with 3 cm samples. So to get equivalent 

re solution with a smaller number of cbmmels the device length must be 

increased, reducing angular accept~nc€:. 
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Fig . 5.7 
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.Pigure 5 . 7 shows how the resolution is affecte d if , as is the case 

in practice, cress talk bet1~~en adjacent samples is present , i.e . each 

ioni~ation measurement is dependent to some extent on the aOjaceut neigh-

bo1irs. It can ~e seen that the effect is fairly swall . (In the NA L 

e:>-..-periment analysed previously, this effect was - 4 . 57~ . ) The most obvious 

causes of cross talk in ioniz.ation .chambers with drift regions (as in the 

NAL cham·ber) are as follows: 

(a) Capacitative cross talk aue to the stray capacitance bet1.:ecn 

signal wires. (Negative, i.e. larger signal on one channel 

makes the signal smaller on adjacent channel.) 

(1) ) !::r-ray cross talk due to a fast electron from the primary 

ionization producing secondary ionization in its own sample 

and then travelling through into a neighbouring sample ( 3 2
), 

{Positive) . 

{c) Diffusion cross talk, due to the diffusion of som~ electrons 

p:i.·oduced in the ionization process , diffusing towards other 

signal wires instead of drifting to the signal wire of their 

own sample(2S) {Positive) . 

Figure 5.8 shows the response {i. e . mean of 101.;est 605~) e.A-pectea 

from a 5 m ionization detector mede 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 

ratio 10: 1 : 1. 

Figure 5.9 shows the same . at 60 GeV/c and now the separation is 

marginal . .An optimum cut between lcaons and pions would result in a loss 

of about 10~~ of kaons into the pion peak and the satae number of pions mis-

identified as kaons . In order to make a definitive comparison betl-.ieen 

different gases, a calculation has been made to :find at which momentum the 

kaon/pion sep<lration is 90Cfa ptU'C in the above sense, see Table 5 . 1 . 
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a) Separation at 25 GeV/c - Theory 

5 rn~tres argon= 330 x 1. 5 ems. 

p k 

t J 

1.3 
Yro 

Fig. 5·8 

1.4 1. 5 

b) Separation at 60 GeV/c -Throry 
5 metres argon= 330x 1.s. ems. 

p 

i 

1.3 

k 

i 

1.4 Vro 
Fig. 5.9 

1. 5 1· 6 



' -· V.3 . 2 Compnrison of Ionization Properties 

of Different Gases 

The Monte-Carlo programs have been run for a wide range of differ-

ent gases and incident charged particle velocities. 'l'be parameters varied 

were as follows : (i) atomic e~ergy levels ; (ii) number of electrons in 

each level ; (iii) electron density, written in terms of plasma frequency 
I 

\~ 
2 ) . = ;e ; (iv) relative concentrations, in the case of gas mirtures . 

4 E: m 
0 

The value taken for these various parameters are listed in Table 5 . 2 . 

'rhe following effects due to variation of these parameters mus t 

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 increc:1sing plasma frequency, i . e . 

electron density. 

(b) The change in the transverse cross-section ''i th particle 

velocity, producing the relativistic rise, saturates 

earlier as plasma frequency is increased . (Dl.1.e to density 

effect saturating the range of the transverse virtual photon). 

( c) The relative change in the trc:nsver se cross-section with pc:1rti

cle velocity increases as atomic binding energies increase. 

(a) 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 lo ss collisions. 

The results of the various runs made are given in Table 5.1 and a1·e 

sho1m in the follO\~ing figures . (All gases at NT P • Note in Figs.5.10 

to 5.13 the ion) zation, I, refers to the mean ionization of the lowest 601~ . ) 

Figure 5.10, for the noble gases: shows that the relativistic rise 

increases with increasing <itomic number. This is because the mean binding 

energy is increasing faster than the plasma frequency , ( i . e . effect (c) 

dominates effect (b) in previous list) . 
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TAR LE 5.1 

CALCULAT_~~!~dE/dx for 1.5 ems OF GAS A'T NTP 

Tn11H~nted meD.n Resolution of Rclativistic.X/n Most probnble Relativistic 
ionisntion loss (oV) mean (Fl'iHM) Rise limit .ionisation loss (eV) Rise 

P/mc 4 
5.10

4 
GcV/c 

Sxl04 
4 32 128 512 S>elO 4 4 32 128 512 

.RARE: 
Heliu.~ 254 298 342 358 359 s. 2~£ 4,9% 1.41 45 275 325 372 389 390 1.42 
Neon 1115 13S9 158:5 1696 171·4 S.4% s. n 1.54 so 1117 1380 1616 1724 1760 l. 58 
Ari:on 1961 2403 2733 299S 3095 5.3% ·4. a~. 1.58 SS 2062 2495 2891 3103 3168 1. 54 
:<rrpton 3886 4788 5546 S978 6199 5.2% 4 . n 1.60 55 3921 4905 5699 6156 6365 l ,t62 
Xc11on 5323 6655 ' 7734 8581 902'5 5.5% - 5. 0~6 1. 70 9S ~339 6704 7878 8726 92t12 1. 73 

FIHST PERIOD: 
I-' 1-!('th:inc 1417 1685 1851 1918 1922 3.9% 3. 9\ I. 36 30 1459 1744 1916 1988 1992 l. 37 
0 
rv Ar.~.:on ia 1356 161S 1797 187,6 1889 4 ._2% 4.1% 1.39 45 1390 1664 18SS 1936 1970 1. 42 

Neun 1115 13S9 1583 1696 ·Pl4 5.4% 5 . 1% l.54 so 1117 1380 1616 1724 17?0 1. 58 
Nit :-01:cn 1778 2154 2t152 2568 2636 4.6% ~ . H 1.43 4S 1858 2255 2570 2703 2743 l,48 
1-!1 XTURES: 
Ar1:on 1961 2408 2783 2995 3095 5,3\ 4,8% 1.58 SS 2062 2495 2891 3103 3168 1. S4 
Ar)!on/20\. Co2 2152 2633 3022 3227 3325 4. 9~,; 4 . S% 1. $S SS 2244 2713 3096 3363 3404 1. S2 
C::i r bor.d io,xide 2915 3523 3969 4167 4226 3.9% 3.n. 1.45 so 3014 3668 4110 4354 4394 1. 46 

Number of 
Collisions/metre 

?RIHA.RY IONISATION: 
Argon/20\ Co2 2457 2915 3370 3486 3497 2 . 1\ 1.8% l.42 65 
He/SO\ Ne 1050 1242 1442 1544 lS4S 3.3~ 2. 6% 1.47 85 

For both dE/dx and primary ionisation ·thc quoted resolutions a..."'ld separations ref er to a S metre track length. 



-----··· ·- _.; .. ·--··-.-~ ... -·---~-~....:..i..::..--~~--.:..... _. __ .. ·-- ····-· . 

Plnsr.ia 
energy 

Bi nding energies 
(cV) and'. 
electrons 
per ir.olcculo 

Holium 

0. 272 

·24 . 5(2) 

. ~::·::·: ;=,.-·.: =.;;-= -~-.:._ .... · - • .. --:-: -;,· ••:=-·:.··-- .. ··- -

). 

TABLE 5.2 ---
ATOMIC DATA USED IN CALCULl\TIO:-lS 

N(lon Argon Xrypton Xenon Methane Ammonia Nitrogen Ccr b<ln 
Dioxide 

0.609 

870 . . (2) 
54 .4 (8) 

0,816 

3196 (2) 
294 (8) 

39:S(S) 

1.156 

14280 (2) 
1754 (8) 

152 (13) 
39.4(8) 

l.414 

34612 (2) 
5073 (8) 

831 (18) 
169 (18) 
25.8(8) 

A:gon/20% Co2 Plasma energy a 0. 834eV 

Hc/50% Ne' Plasr.ia energy u 0. 472cV 

0,609 

313 (2) 
55 , 8(2) 
17' .7(2) 
13,6 (4 ) 

0.609 

412 (2). 
47.6(2) 
31.3(.3) 

. 13.6(3) 

Atomic <lat:?. from S~rnheimer (1 952) Ref'. 44 Chemical 

effects neglected • 

o. 721 

412 (4) 
47 .6(4) 
3L3(6) 

.. .. ···.-; ·---- -·--: -··---··-----

0,902 

313 (2) 
55, 8 (2) 
17,7 (2) 

5 75 (4) 
S.t. 4 ( '1) 
.39 . 4(8) 

- - - -- - ·- ··-------·-· ·-- .. ---~-----~ ...... """' .... -.... ~ .. ,,_ ~.,..., ... _ __..,,.... ___ .....,._.. __ _,. __ ...;r .. .... t""Y"""' " ' ... :'"" -"··- •' "" . - ... ,, ~ .. • ,,. .. .- .. ...... / ,_ "-- - --·- - ......... --.__...~ ... ~ -.,...__~ . ... 
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Tnble 5.1 sho~•s that the velocity resolution is approximately con-

stant at rv 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 two effects tend to 

cancel each other out, leaving tre percent variance of the mean ionization 

loss constant. 

Figure 5.11 sho,.,rs the effect of increasing binding energy while 

.· keeping plasma frequency constant. (CH4 , NH3 and Ne have equal nnrnbers 

of elect:i;:ons/molecnle.) The relativistic rise increases with increasing 

binding energy . The total probability of a collision process goes do1m, 

' ·1hich results in a decre<1se o f me<1n energy loss and a slight worsening of 

the velocity resolution (Table. 5 . 1). 

Figure 5 . :i.2 shows the small effect that the addition of 2QJ~ (by 

volu..'Tle) of ca:r·bon dioxide has on the relcitivistic rise of argon. 

acts as a cooling gas to reduce electron diffusion in drift chambers) . 

Figure 5.13 compa1·es primary ionization l!leasurements (i . e . nw.nber 

of colli sions) with energy loss measurements . The relativistic rise is 

smal ler for a number of collisions due to the equal -weighting of large 

and small energy loss collisions. But on the other hand the velocity 

resolution (Table 5 . 1) is very I!ll\Ch better. Fig.5 . 14 shows the proba-

bility distributions for 25 GeV protons , pions and electrons , in terms of 

number of collisions (cf Fig.1.1, which is tbe same distribution in terns 

of energy loss). It sho,~s ho\v much easier it '"oulcl be t o obtain a desired 

velocity resolution using a technique that measured number of collisions. 

There are practical difficulties though . A streamer chamber(45) is the 

only suitable device that is <:ivailable at present for measuring primo1·y 

ionizntion ana this is no good for nccurate measurements because a count 

of streamers cannot be made with high enough resolution. 
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'l'nlilc 5.1 sho,.;s that the relotivistic rise is approxinmteJ y the sa::ie 

if ruco surccJ either in terms of the mean of the loHest 6~6 of samples, or 

in terms of the most probable ionization loss (wh ich is in popular use) . 

The most probable is defined here as the peak of a cubic thnt has been 

le<1st squ<ires fitted to that part of the Landau distribution above 257~ 

of its p eak value. 

In Appendix I there will be found a more comprehensive list of the 

results of all Monte-Corlo calculations performed . 

5. 4· COl·:CLUSION 

As 1"ill be seen, the comparison of the theory wiLh e:ll.J>Cl.' imcntal 

results (Chapter VI) procluces good agreement bet1·1een the two, and removes 

cJiscrep<rncies that <.'xj steel 11ith previous theori es . 'l'his gives ere di bi-

lity to the prP.dictions, thnt have been made here, of particle idcntifica-

tion prope~tics f or different gNsC5, It shows that Argon is vex·y likely 

an optirmun gas for such purposes s inc e it is both effective 1 pr<lcticril and 

cheap. 
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CHAPTER VI 

COMPARISON OF EXPERHl£:Yr A.l\'D TilEOTIY 

VI . 1 I.N"TTIODUC'I'ION 

This ch<:ipter ' s aim is to summarize, and to compnre ,,,i th theory, the 

results of various different experiments in '~hich mensurements have been 

made of the ionization loss of rela tivistic clrnrged particles as they .Pass 

through thin samples of gas . 

VI. 2 cmO?ARISON OP EXPEIUHEN'11 A.i\1D THEORY 

First, the difference between the results of Landau ( 4), :a1unk nncl 

Leisegang ( 45) and Monte-Carlo calculations of theoretical probability dis

tributions for the energy lo ss of 25 GeV/ c protons in 1. 5 cm Argon are 

shown in Fig . G. 1 . (The areas under the curves, in the range 1. 5 to 6 . 5 

keV , are . normalized to each other.) The Blunk and Leisegang theory, which 

has not been referred to till no,,,, is an attempted modification of the 

Landau theory to allo'" for the effects of atomic binding on the energy lo ss 

di stribution . However, for v ery thin absorbers this approxinmtion f:iils 

for similar reasons to the failure of the Landau theory in this region ; 

(see p . 81 and a b;o reference ( 47) for further elucid<ltion. Note~ th~ a~rec

ment for thicker samples is good, e.g . see reference ( 1) .) 

In Fig . 6 . 2 the }fonte- Carlo fit to e~])eriu1ental measurements of 

25 GeV/c protons in 1.5cm Argon/205~ C0 2 is sho1m . (~amber resolution 

and cross-talk effects have been included in the theory; this bas little 

effect on the theory as is also the case with the inclusion of the C0 2 , 

thus making comparisons between Fig.6.1 and 6.2 possible .) Fig . 6.2 is a 

repeat of Fig . 1 . 27 , where fits for other energies are a l so shown . As can 

be seen, the Monte-Car lo theory gives a very good fit to the shape of the 

pro hr: bi li ty di stribution which would obviously not be the ca se with the 

other two theories shown in Fig .6.1 . This is not surprising since , as bas 

been stated p1·cviously, these other two theories contnin assumptions ,,·hicb 

nre explicitly stnted not to hold in thi.s region of thin absorber and high 
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velocity . lio,~cver tlle coaip<11 ison docs serve to cmplrnsize the n eed for n 

new calculation to explain this region. 

0.0 

(o) 1 
G = O. 01 . 

· ~ 
I . [ 

~ . 1 
~ 

2.0 6. (3 8.0 
JCeV 

F ig.6 . 3 

0.0 1. 0 

G = 

2.0 
KeV 

Con1p<1rison of Honte-Cnrlo t heory (histogram) 
·with the Symon theory (curve) 

(b) 

0.003 

3.0 1. 0 

To sho,,; that the Honte-Carlo theory agrees ,d.th o·ther theories in 

the re[;ion where they are supposed to hold , a comp<1rison of the Nontc-Cnrlo 
. . · r f:: 

( 48) \ r . ' 
theory with the S)'1no n thco1·y i S"mnde. The Symon theory can be consi-

dered here us a convenient pc:ir<lmetrization of the Lnndau theory. One of 

the pC\rtnncters of the Symon theory is given by G = ·s/ ~nx {see p .8 2 for 

definition of S and c max). The mini mum value of G for which Symon's 

theory holc1s is given by G = 0.01 , corresponding to the 'thinnest' absor-

bers (Note: G for Fig. 6 . 2 is "'10- 6
) . Pig. 6. 3 (a) shows a comparison 

of Honte-Cnrlo theory with Symon 's theory for G = 0.01. Fig . 6.3(b) shows 

fl similnr coruporjson for G = 0.003, \~hich is now just outside the limits 

of the S)111on theory, ancl ,,•here it cnn be seen that the Honte-C<lrlo theory 

h~s given <1 slightly \vider distributio1~ . Figs.G . 3(n) nncl (b) Herc chosen 

bccnusc they ''ere u~cd to fit to yield curves in the C"Xl>erirn0nt described 

in reference {-19). This "'u S an experiment in which 4.GMeV~ <1lpha 
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p<'lrticJ.e s 11ere firecl at a Nit.rogeu-15 ~as target to study the reaction 

1 
~ 
1 
' 

I \ 
t 

\\"hen extracting a yield curve for n particuLn· re sonance 

i n F10 , allo1~ancc bad to be tn<Jde for the straggline of tbe incident a. 

pClrtide ener gy , he:-ice the need to know the energy loss di s tr·ibution. 'l'he 

I Honte- C2rlo curves gave sli ghtly better fits but the difference from the 

! 
! 

Symon theory was too smal l , nnd the test not sensitive enough, to mnke any 

definite statements . 
J 
4 
·; 

1 
\. 
( 
I 

A criticism of the comparison mC\<.le in Fi;:; . 6 . 2 is tlrnt tlle expcri-

menta l tlatll hns been normali~ed in t e riJis of energy ( Le . shifted alonx the 

~ x axis ) to give the best fit to theory, since in this e:xperiruent , there 
~ 
.. :. 

t 

~ 
·l 
~ 
• \ 

'ins one t~nkno ·1m pan!roeter ( see p . 70) . 'l'his though docs not invC1lidnte thP. 

~omparison l:>etween the shapes of the distributions . Three further compari-

sons are no" sho\m of theoretical a nd experimental probability <listribn-
i 
1 
l 
! 

tions ,.:here no free parameters are u sed ei tber in c:xperiment or t heory . 

l 
l 
l -,. Figu1·e s 6 . 4 (a )- 6. -:l:(cl) show the compClrison of theory ·1>·ith Xer!on 

' J 
\ 
I 

! 
cbta os obtained in the SLAC eA.11erirnent (Chapter II). As hos ucen 

I 

~enlioned, even tbou~h the fits are good, the absol\tte position o f the 

expr>rime::;tol peaks is uncertai 1 ~ to 0% but the width of the distribution 

is good to < 1~~ . hgs . 6 . 5(o) - 6 . 5 ( d) show ~notLcr comparisor~ wiih Xenon 

datCl from an expcr:!.L1e~1t by Wi ll is et al ( 5o) _ AJai~ quite goocl agreement 

is ob t::i ined . The aGreerne3t see~s better for Figs .6 . 5(a ) and (b ) t han 

for Pics . 6 . 5 ( c) and ( d) . A possible reoson f or this is the cho i c e o f ~es 

mixture used for tr1e data of the latter t\~o figures , ( i.e . 4l5& Xe / 415& ?ie / 

1.8~~ Hethylal) . Xenon and Helium have very different densities and i t is 

thought tlw.t thi s pl'obably resulted in a mixing problem, hence changing 

the c:ffect.ivc co0tposition of the gas . (Note , for the sake of compl ete-

ne:s s, the l) i 1HJing energies us ed for Hethylal in th i s theory ca l culation 

\-:C:1 · <! the s::imc tis tho se of Ccil'l.1on dioxide ns given in 'l'aule 5 . 1 , plus that 

'U1e:;e binding ener gi e s are those for isolated 
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atoms . HoleculC1r effects are ignored . ) Figs . 6 . 6(n) - 6 . 6(d) show a 

comparison 1 <ls run de by Cobh (
3
), 1;i th Argon dnt<l obtained from an experi-

ment by Hurris et <ll ( i) . Quite good agreement is obt<1ined . 

A compnrison is no1v made of the relativistic rise curve obtained 

from theory and that obtainel'l from many di ffcrent experiments . This is 

complicated by the foct that different experiments have used different 

gas mixtures and sumple thicknesses from each other . A relatively crude 

coop~ri son is wade of all the data available from experiments that have 

used a thin snmple (
• > '"'O i . e . J.-~· cm) of a gas mixture 1 which consisted pre-

dominantly of Argon. This is shown in Fig . G. 7 . As can be seen, instead 

of plotting straightforw<trd ionization loss (I) 1 the ratio of I/ Iruin ·wC\s 

plotted agnins·t; p/ru
0
c, hence removing almost completely normalization 

problems beh;een detectors of different thicknesses etc . 'fhe continuous 

curve is the Honte-Carlo theory prediction and the dotted line is the 

Sternheimer calculation (4~ , 51 ) . As c~~ be seen , the Stcrnheimer calcula-

tion gives too much relntivistic rj sc ,.-hen compared with these e.xperimentnl 

points for thin samples . (llo\vever , the ngreement is good for thick samples , 

solids, etc ., e.g . see reference (53) . ) This Sternheimer calculation is 

of the most probable energy loss as calculated by Landau (after a sm:ill 

correction (
54

) hns been wade to his original calcul ation ( 4 ) ), modified to 

allo'~ for the density effect due to the dielectric properties of the .medium . 

The effect of the medium is represented cla:::sically by a series of disper-

si on oscillators, the values of the pnrameters involved (i. e . ionization 

potent ·inls) being chosen to give agreefilent \~ith e:xperimentally determined 

values of mean ionization p otcntiul . For tlle same reasons as for the 

Lrenkdown of the Landau theory for thin samples (p . 81 ), the Sternheimer 

c<llc:ulation cunnot be appU ed to thin snmplcs . 

-:117-
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1'h<he relativistic 

rises irom the V4lrious exp er .,;.m8nts shown , are all of or cl er ± ~~ apart from 

the nninana Mnrthy data which is of orrler ± 9~~. The general agreement of 

the data , ... ith Honte-Carlo theory seems very rensonable considering the 

comparative crudity of this comparison . 

VI.3 CON'CLUSI ON 

'l'he Honte-Carlo predictions fit experimental results fairly \vell 

in terms of the shape and position of the ionization loss cJistril.rntion 

for thin samples of gas. For thicker samples of gas and lower pax·ticle 

velocities, \vhcre other theoretical soh1tions hold, Honte-Carlo theory 

agrees with them .. 

Hore :prcci se comparisons of theory with eJ\.-perirnent would require 

investig~1tions i:J.to the validity of the assumption that the mean energy 

per ion pair created is a constant . Also, iwprovcrucnts in the theoreti-

cal model to give a pl1ysically more real interpretation of the dielectric 

properties of the mcdi\uu, and to allo\1' for molecular effects , etc . , could 

be mncle . Ho,~ever the r esults so far obtained are felt to be very sati s-

factory. 

-· j 21 -

' r· 

;~ '~ 
,t 
.fj 

l 
I ;_ 
! 

I . 
1 

!I . ,, 
Is r 

l 
i 
I 

I. 



l . 
1-
i 
! 
! 
f 
I 

! 
I 

! 

-

APPENDIX A.1 

HO~TF~ CAilLO R8STJLTS 

This appendix contains a complete list of t.bc results o( the theo-

retical predie:.tions from the ~Jonte-Carlo calculntions perfol'r?!Cd . It is 

from sul>sets of these results thnt 'falil e 5 . 1 and }'igs . 5.10 to 5. 13 were 

generated . The <itomic energy levels nncl pl2sma frequenc) es used in the 

cnlculati.ons u1·c listed in '!'able 5 . 2 . 

In order to e:>..-plain the tables follo·..Jing, reference is !!Wdc to Fig. 

1 . 5. On the left of Fig.1 . 5 vil l be seen two probability distributions 

as generated by the first Honte-Carlo program ( see p.95). Tahl cs A1.1 

and J\1.2 res1)(!Ctively, refer to the peak and full ,., .. idLlt at hnlf mn:'dmurn 

of sue;b proll<ibili ty distri1Jutions . On the rizht of Fig.1.5 ,,•ill h<~ seen 

h;o me11n of the lo\\est GO-~ distributions as generated t:r th0. second Honte-

Cvrlo prog:::<lm (i.e. the nrulti-sampling program - see p.!:i5; for the dcfl-

nit.ion of wean of the lowest 60~6, sec p . 96). Tables A1 . 3 and Al . 4 

respectivel y refer to the peok nnd full width cit holf runximurn o.f such rnc<:ln 

distributions. 

All the rcsnl ts presentccJ in these tables following are fo1· 1. 5 cm 

gus sc:imples . The resul is in Tables Al . 3 and Al. 4 are those tlwt wonld be 

obtained by a 500 cm detector , in which there was no cross talk between 

any oI its 333 samples . 

I t should be pointed o·.1t that the i·esu)ts of Tc.ible A1 . 2 arc subject 

to e1·ror s })Ossihly <::s l arge as ± 5~b (due to problems <issocfotccJ ''ith the 

f)nite bin size used to plot the prohability distril>ut.ions from which i.he 

r h' ll M 's we1·e obtn incd) . This problem tlocs not occur in any of the other 

f0u1· Lc1hlcs, ,,here the crTurs jn the determination of the result!> nrc 

,,i :-<yk / 1:. I I I J • • 
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TABLE Al.l 

Gas Peak (eV) of Landau distribution 
for l.5cm gas samples 

p/m0 c 2 3 4 5 6 8 16 32 61~ 128 256 512 1024 2048 50000 

Heliu'Tl 309 281 275 278 276 285 309 325 31is 372 384 389 387 390 390 
Neon 1236 1137 1117 1142 1147 1156 1278 1)80 1504 1616 1683 1724 . 1731 1757 1760 
A~gon 2200 2062 2157 2302 2495 2734 2891 2997 3103 3161 3116 3168 ._,, 

(\:J Krypto!:I 4250 3921 ~096 >-t482 4905 5296 5699 5927 6156 6266 6271 6365 01 

Xenon 5743 5339 5658 6153 6704 7271 7878 8387 8726 9002 9098 9242 
Methane 1605 1485 1459 1478 1481 1507 1632 1744 1849 1916 1965 1988 1999 1994 1992 
Afli_r:ionia 1527 1408 1390 1403 1411 11l·33 1543 1664 1788 1855 1905 1936 1957 1964 1970 
Nitrogen 2042 1858 193''8 2087 2255 2421 2570 2673 2703 2756 2757 2743 
Argon/C02(20%) 2410 2244 2330 2517 2713 2905 3096 3256 3363 3371 34c9 3404 
Carbon Dioxide 3279 3032 3014 3047 3063 3145 3374- 3668 3895 4110 4263 4354 4360 4370 4394 

- - --- - ---------·· -----··-· .. ·--·-···- -~- - · ----"- -··r-·-------· ---- ...... ·- . . . . ---· •r· 
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TA:SLE Al. 2 

Gas FWh."\1 ( eV) of L:'l..~dau. distribution 
for l . 5cm gas samples 

p/m0 c 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000 

Heliu.rn 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)38 1358 1342 1481 1427 
Argon 1618 1475 1655 1759 1778 1937 1978 . 2086 2178 2158 2149 2195 

1--" Krypton 3335 3182 31 (.9 3468 371~5 3386 4344 4693 4631 4600 4727 5123 [\j 
,.;::,. 

Xenon 4277 3922 1~3so 4658 4991 5449 5922 6122 641~5 7438 7339 7367 
Methane 1003 954 959 960 971 948 987 1075 1089 111+8 1213 1181 1291 1156 1164 
Ammonia 1084 1022 973 988 994 1029 1040 1066 1156 1233 1220 1259 1334 1329 1359 
Nitrogen 1461 1333 1425 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 
Carbon Dioxide 1976 1720 1847 1993 1980 1972 2048 2051 2217 2351 2332 2534 2565 2505 2597 



• • • • • • - ~ • " • .. •• · t '· • ~- · • .. . • • : · . • • .· : . . . . 

TABLE Al.3 

Gas Peak (eV) of mean of lowest 60% distribution 
for 3)3 x l.5cm samples 

p/m0 c 2 3 4 5 6 8 16 32 64 128 256 512 1024 2048 50000 

Helium 283 259 254 254 2S1+ 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 

,.... A~gon 21!~3 1961 2057 221J;. 2!~08 2602 2783 2901 2995 YJ39 301!9 YJ95 
Iv 
(.;I 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 14)6 1574 1685 1790 1851 1894 1918 1927 1927 1922 
Ar.1monia 1489 1370 1356 1361 1371 1401 1493 1615 1731 1797 1853 1876 1889 1892 1889 
Nitrogen 1953 1778 184-9 1994 2154 2311 2452 2531 2568 2618 2635 26)6 

Argon/C02(20%) 2352 2152 2247 2443 2633 2847 :;<)22 3162 3227 3275 3321 3325 
Carbon Dioxide 3196 2952 2915 2935 2960 3018 3246 3523 3771 3969 4102 4167 4203 4217 4226 



-· · ---.... ··---·--"' · ·----- '·- ' - -- ·-.. ··--·-·-· -- -··--· 

. ) ) 

'I'ABLE Al.4 ·-----

Gas FWr~ (%) o.f mea'!1 of lowest 60% dist ribution 
for 333 x 1. 5cm gas samples 

p/m0 c 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 4.9l 
'.'Jeon 5,38 5 , 58 5. 41+ 5. 45 5. 41 5.32 5 .31 5. 28 5.11 4.96 J~ .92 4.97 5. 21 5 .34 5. 20 

-' 
Ar go!'l 5.05 5.26 5.03 5.02 1+ .83 4. 70 4.74 4.80 4.77 4.80 4.74 4.81 

... Krypto!'l 5.09 5. 24 4.98 4.90 )+, 66 4.68 4.65 4.60 4.57 4. 5'3 4. 50 4.66 
Xenon 5. 45 5. 48 5,38 5. 30 5.23 5.12 5 .01{. 5.05 5.01 4.97 4.96 5.05 
i'~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 
A~monia 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 ~ . 07 

Nitrogen 4. 48 lL63 4.47 4. 31.l. lJ..20 4.12 4.10 4. 20 4. 17 4.15 4. 07 Ji. . OG 

f.. rgon/co2 ( 20%) 4.76 4.92 4.77 4.68 1~ . 52 4. 44 4. 47 4.47 4. 1+7 4. 52 4. Ll7 4. 5:7 
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;+ 
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