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Dr. Lynn Stevenson 
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Dear Lynn: 

Proposal 0009A 

May 28, 1971 

In response to your presentation to Ned and me 
just prior to the Washington APS meeting, I discussed 
with our Program Advisory Co!T'mi ttee the status of' your 
plans for an external muon identification and your 
feeling that you needed some encouragement from NAL 
to proceed furt.her with the development of a prototype 
external muon identifier. 

I am impressed by the enthusiasm of your group, and I 
find that ·tl1ere is broad agree1nen.t about tJ1e desireJ:·ility 
for an external muon identifier along the lines that you 
are interested in developing and testing. I have, therefore, 
decided to commit NAL support to your effort during FY 72. 
You may expect such support to be available up to approxi­
mately $30,000. By June of 1972, I expect that both you and 
we will have sufficient evidence at hand to make a firm 
decision with regard to the further development and 
construction of a Phase I external muon iden~ifier. If the 
development goes well, you can expect support from NAL 
during FY 73 up to an amount like $90,000~ It is my 
understanding that funding at that level would make 
it possible to mount your Phase I external muon identifier 
in FY 73. Because of the complicated nature of these plans, 
I feel that you should negotiate an agreement with Jim 
Sanford. This will help to define your goals and our 
joint responsibilities. 

As Ned a~d I have indicated repeatedly to you. in the 
past weeks, we are not yet ready to take definitive 
action on physics proposals for the use of a 15-foot bubble 
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chamber for neutrino research. We .are, in fact, just now planning to 
call for proposals to use that bubble chamber for neutrino studies. 

I hope that these assurances will be sufficient to encourag~ your 
group to continue its work towards the development of an EMI. 

Sincerely, 

µid?n---
cc: Vincent Peterson 
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Unive1,sity of Hawaii (R, Ccncc~ ·r. Ha.l'l'is, H. I'eters, V. Peter$on~ D. Yount) 

Uni versi t:: of Calif·::i::::ni.a t Lawrence ·Radiation l.2tbo:c'atcry ( M. Alston Gat'n~i C".:St ~ 

•'• 

R. Bh'ge i G. GoldhaLer, ... T. Kadyk, S. Parker~. M~ L. Stevc~1son .. t G. 'irilling) 

July 1970 

We wish to respcnd here to some of the misunder3tandings and critic!s~s of 

It i:: 

ations for th~ event, it J..S 

a bubLJ.e 

i11 D,-. t. o~}~':.;l"'>"/B.;-_l.e:!~5 I:.~ .. ~::;-~: r1 ~.: t:'..: .. r~s (;\!(:"! .. €Ll1. po.ss.ih:Lc Xi_n~~~1~rt5.c VG.r·ic::.blt:::~.. ri\;o 
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The motivation that led us to <lcvelope the hyb~i<l system was our awareness 

of how margi1ial the usefulnos1:l of TSTt s for high Emergy nr:.u'crino plys1cs beca::.e 

fop the rr;arginality is that at least two conversion lengths of Ne··H
2 

mixture 

must blw1ket tbc TST. Wh.en the ch-;ii::bcP volume is reduced, the TST voh!1:;c 

redc.ccs a.t a Due:. greater rate. The solid curves of Fig •. 1 su::1mari:~<.:: tb<2' effective 

diameter {in fe0t). The transverse distribution of neutrinos is assu~cd to be 

u.niforn. Pure lie is u::.:ed as the blanket. The d2si~:1 using a 12 foot dic:o:ster 

Our ori.~ir:o:.l propos<•.l (June 1970) fo:.:> -::he d:::vclovr.·:cmt of a by:irid systc:>\ 

portion of the cha~bcr as shew~ i~ Fig, 2. 1~e reasons arc discussed on pa~es 

8-10 of Appendix 1. The solid cv.rvcs of Fig. 3 snc',.; the :::".tduci.al VJ1G'e cf the 
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We add $0. J. mill.ion/ft 0 to take account of added bubble charr,ber body cost. 

This brings the total cost differential to $0.3 million/ft ¢. The percentage 

"" 3° I -bubble chamber- cost- in c1:ease per foot ¢ is "'' 4. '6 .tt ¢. The percentage 

increase in fiducial volume is 6596/ft ~ for TST' s in the truncated spheres 

and is 30%/ft 0 for the hybrid system. The large percentage increase in TST 

effective volume per foot 0 is the r(;ason for om" belief that the present 12' 0 

design is very marginal for TST 1 s. 

The hybrid system with a 12 1 ¢ trunc<itcd sphere has (12/4,l = 3) times the 

effective volume fop one rr0 physics with TST 1 s in a complete 12 1 ¢ sphere and 

(12/2,3 = 5.2) for three n° physics. These factors bccoQe (12/3.3 = 3,6) and 

12/1.6 = 7.5)~ respectively, for TST 1 s in a truncated 12' 0 sphere-!,:': The cost 

of the Quo.ntar:ieter is approximc.tely $0.35 r.iillion. In su:nrnary, for modest 

incre:r:sntal ch2snber costs ( 4. 3%/ft 0) great gain in usefulness both for TST' s 

(65%/ft ~) and the hybrid systc~ (30%/ft 0) can be obtained. We urge MAL to 

expand th,~ ch~-n:-~~er s1.zc to cor·reE~Do~d to a trun.cated sphere of ltt foot dJ_ainet(;r 

'\; ".) 

(total volwne ~ 30rn~). 

III. Deterrn.in<'t~.on of t::e l'.m'.:c:ntu1
:: of the r:e:itrc.l Svsti::·rn 

...,,.,.,,._-""-="'-=~"'-·...-;:07-'""'"""-0:."'1'~·~-·~,.....-'-""'~~'"':.!:":'~~~~~-'1.-z'~,;::)'..1<'..,.-...-'tt.....,...,,~-P=:;\t~~_,,__.c:;,_-:,;~,,..,;,i.;_.-.~e_.....,;>.<• 

The Quan tar.1eter 
~.~ ... ~-'~""~ .......... -""""'"·=--="=""'"-.,..,.-_.,"""" 

sho~crs in the first two radiation l~ngths? This is a natural question for 
_...,.,..~~....._"..,.__,,., .. ~~--n~·-=-...,.,.__-,........._'='"=="-...-~ 't;..,,,..,.._.,.,,~'2':<<:>:-<"rr-:.<~::;<1-":<."'l"-~..,...,=··=·-~<:''-'""""..._.·.•·~...,,.,.,,,_...,.,.-,. 

much dif£o:c.:mt principl.::;. It is, >i<:ll establ.is1~c:d that :Fm.' pho-'..:on::; of cne:r'f~Y 
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greater than l GeV more than 96 9;; of its enerr;y appears in the form of ioniz.atfon 

beyond the first two radiation lengths. Details are given in Appendix I. 

B. Is the preliminary cost estimate for the electronic readout realistic? 
.....,...,.~~~~~~~--7iioc~M:>~iE>'".:tl...W~""""-.o.::->i:>~...,,,::;...,~,_~!;<-=~'ll'"~..,,.,.._,,.~,..-<c.s:::o;;,,.,~.;5~Y.!!i~-:r"'"'"""',.~~_,.,..,..,,..._. 

The proposed multi-wire propor·tional chamber (HVlPC, or 11Charpak criai:iber11
) measur-es 

the position (and ionization) of each charged particle i.n the Quantamete:r.. An 

2 0 0 
area of 25 meters corresponds to 180 x 90 coverage. We assume an average 

of 10 gaps (5 to 15 gaps, depending on position) of cm each. 2 Thus 250;-n of 

a"':'ea is to be digitized. Position o.ccuracy to ±1 mm in two coord.in;:ites is 

desired; in addition 9 pulse height to ±39v is required. 

Standard techniques (one auY£Jl:i.fier/wire) a.re very expensive. Howeve:t', 

recent developments in higher gain in proportional multiplication (Charpak et als 

1970) and delay-line readout (Perez-·Mendez et al. s 1970) (l)make p,ossi'.':ile 

simplifications. The cklay·-·linc can readotit 500 wires ,.with one a'.lpli:""ier. Usin(C 

the positive induced pulses on ste?s in tha negative pl2nes (orisated, say at 

A module of 100 cm width c:md 300 cm height will r·equire about 2000 cente:.:.' 

wires (at 45°) and two l·:yJ.ar planes with 2 ~im wide alu~1inized strips to r·eadout 

x- and y- into orthcgonal delay lines.. The estimated cost of dclr.;.y line r2adoat 

is $5000/~o~uleD( 2 ) including pulse-height; 70 molules would cost 2bout $350K. 

IV. Id'i.'!nti:f:i.c.::tion of th2 LcDton 
~~~~...,,.._...._..~~'°""· "'·'"="'--"'=::i==z~"""--..:"7n'"-""t::l<'-"-""'l'-'~'~" ~.,,r,.,......_.~ . ...,..._ 

The prfr1a1'y purpo3e of tlY.; h2drcr:1c:tcr is to absol'b c:tll had:cons ~ pep;;,i tt h:c.~ 

the muons to pass tht'ou.gh and be id8ntificd.. Further• d("taj_ls are gi,:en by l\,Jkhin 

(3) 
and Yount. ' 

How can the hvli::·id sv~ctcm d'>'il 1·1ith rH:;sonr.; that C.cc2y into r:•.;uns? Fast 
_.~..,.,~.,._,,_...._...""""'-...,. ___ ,,_,_.... . ...,,.~";'t-!:";...,.....~ .. -.,~,,.""'*""',._..""-.. '•:.J;;,....,,~..i-'"'•~"'"'''-"""·"""·'!'.·~"''" .. 'U"='"<,..:;.-.;.,,._....,~,.l'<!".;.~~'"'l ~""-''';;.n:r.-t ... _..._.,,_;..:..•.:::' ... '?"<>'2':;:"'..;t·.O',.<•.r'.~.-"'"..._o,...,.,~~~~·r.-~.~...,...~'·"'"'·«:>•~"'-

Thus ac.cu.::·.;;tl~ ;~~c:02r1·tLt:-1l n1easur(..;~~(;1tts (±3~Q) \·15.thin ·c11c H
2
-n0 bubJ->le·~-char:tLer s1·1ouJ.<l ,_ 

be able to detect more than 90"& of iT-\J dsca.ys within the. chamber. f10c~1ys 011tsi.de 



the char.lb er (in Q • or in H ~ or between)° arc more <-}:i.ff'lcult to det~oct, e>:cept 

that for low r:iomcnta ( <2 GeV /c) 11-p decays will usually give anomalously shor>t 

ranges in the had:::'or:'leter fo"::' the measured mornenttrn. 

Thus despite the long average pion decay dist<tnce fron product:i.on vertex 

to ·the hadrometcr ce~1ter' (~ 5 :netors)1> correspondinr; to g9o (at 1 GeV/c) to 

lf'o (9 G~V/c) dscay fr•acU.ons~ range and rnomentu.rr1 t.1casurE.r:ients will detect 

most of these v-~ decays. Full use of the H
2 

volume fo~ momsntun mcasur·erients 

along a suspected rnuon t1~ack is essential. 

The 11 ambiguous 11 r·egion includes r:1ainly the?. quanta:7lete:e (35 cm) and sn::ice 
. ~ 

between quantt.1:.-icter c.~nd hac'l.rorr,et£r ("-'100 cm). 

V. 'I'r.i.rrt;c-:r M te for Quc:ri-:c.r.:e-::2r1 c:nd Ha.dror:etei-' 
-....~....,,...-.,.,il.-.:-~·_,,,,.__~,.;i.c..;.'<-..-.~•J1::>~...-....:.·....._.....,.._.,,......,_....,,,_,~~...,.,y.::._~~""""°..,.C'='l"li._w:;..._ ...... d,r.,....,_,.,_..,_~_,.-

particJ.(=::s (er chart;i:H~ particles from the upstr-cci:r; coi.l) j (b) one or 1cor-::; t~a.cks 

R muon (p2netrating particle) leavinP; 

It strongly favors neutrino i~tcractions in the hydrogen. 

The Q1..1antG.::;ctcrs 1 s pr-~:.portional d1ar.;bc:r is continuously sc;;si t ivc id.th fast 

readout w~ich can be curibined l:ith sci1•tillution lo~;ic to dcc.id2 on soark-cha:d:_im' 

triggers in <l psec. Thus the liadror.1etcr is fir1cd only· i:1-1·2n the signa.tu~(! is 

conpletc. 

If t112 trigg~':?!, r'ute C}:CcE:c.s one per..., bur-st, it is possibl~ to rcfir1c the 

more p:i,'eCJ.seJ.y. Mul ti.pJ.8 e1•:.!ctroni<.: 11 cver:t~: 11 per bu:c::;t c~.n be haudJ.e<l if 

nccc:ssary. This HouJ.d r(;q:.;1-':·e nare than 0:1e.vidiccm canerc. (v:ith electronic 



VI. Whv Don't the Quanta111etm.' c:nj· ll.:ull'or::etc:t' St;btend !'.ore SoJici Mir:lr~? 
_1-,.. ....... ~.,.,,....:.---..-..... ............... ,,.'lU.7-~ll.U"""'"'""''•-.,..,,_.,_....,,.,.~:A/<o-To·-irv"'1"'-""'""' .... --_,,~ ........... --~~.=~-~-.-... :il"·<>'=<l>~.<;S. ... ~t."·<-•""" 
We have the possibility ilt a later date to increase the hadrometcr to 

cover 1B0° thereby detecting m'.lons bcJ.c;~·r t.1GoV. The addition of a TST cvlincler 

that runs the full length of the c.ha11~be·r can also bo added later. 

VII. How Does One Take Accou~t of Hadron Interactions in the Q113nta~~ter? 
• -..-~J<'~~~·'°"'~--.~~t.....-...·=-~-""'"-~"--~·1!1-;l~~.._-:-r.-.-,.,.._.,.,,~,~-:WM~-"•U..,.,._...,.. .... _.,.,,._...,..,._<U ... ~"';'""1"~.._~WH<;''t>.U".a...,.·.;lt-l)~-~"'1<>~<;~" 

Most of the y 1 s from a n° cU'e confined in a cone of full an~le 2/ y • 

If a charged pion has a large probability of being emitted into this cone then 

it Hill pose so;;w prol>lCiTIS for us. Hoi,:cver- 5 we wfr;h to give smnc cruC.e ar9.ur:1ents 

to suegest that this is not the case. Under t:h::cse c:Lrcui:tstc:nccs we c2.n tra.ck 

the tharged hadron through the quant~~eter~ not bei~g bothered by the t sho~ers, 

and get a good measure of the e:rnrgy i:t deposits in the q\:anta7:1eter. 

lf 
The argt:i:i":'.nt is b.:.i.sed on a firdx:i.11 type !T/Xkl w~1er0 one assur.12s that 

a substo.ntia.l number of pions co7:i<:! into thc:,n.::il cqc.lilibriun at a tcn".-,.::,r,~turc 

. . . 
pro:JJ..E:;::1 is 

a solid angle of 

pion r~st energy 

2 71/y • 

2 
i!c • 

of t~~s fir~bnll. 

Tho fraction o~ tha total solid angle~ 4~, thRt 1s 

11 used up 11 by all the yr<:y conc:s is~ 

f 

2 
. \J (: 
F'r~ ". 

x 
0 

7.7 

c1x 

dx 
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Usually s one third of th8 r:1csons will be neutral• in which caso 

,4) ···-· to -
·<nn/ 

.... --------
?:(I 

Let us consider the wox'st possible case·. 

Fro:n Fig. l of our or>1£;inal proporml ( f/9) one sec;s that for Ev = 50 GeV, 

<n >< l:", f < 0.18 for 50 GeV nutr:t.nos. 
1T 0 

The p:t~obability that all charged pio;i.s miss these cones 
(}c- ... tc_,~ -=:clC>l 

for.~.'n ",,:: 15 this proba.hiJ..:ity is -(.82)·"' · .) _· , -- O.J.l} 

ls (1-f ) nch' 
0 

TI,-- . 

The probability that all but one pion Diss 

is 

/ ) / I , ---"; ( I 0 \ \lo\.'(~~. \..' c; 
() ··;- '\ 

':-:><--

that all but·two pions miss is~ 

(
·~--·:. ·----·-·; - '. I I 

<_ (\ ( l· )-- 2 i : } I 
·~1 ,,~-- .... 

that ali but thrcn p1ons mi~s 

I- le\ ~! )CJ·· .. . . • .. ,.,. r:_, 
---:;---· ~ 1 c ~ ~ ?:: :L. (, I z_;) 
' CJ ! I 

,, , \ i \tr .. ,_ 
I l C' l ... ·I 0 'j \ t, ·:: \ 
! -· ------- <.... , , • I ~ / ' ·-;- ... ) " , · .... - i . ' \.,' 
"t c l~ ... ) : 

l, .'.,._1 ~ .~·- .1 > 

11 -- ·t ..., c· " \I ,..,.,_ !.:: ') ·-
>- j- ~ \ ~ ... .:'.. • - { / '· r l,, ·..) •-· ' --

u,·3c 

• r-. I .. · ( . -z 
'· - ~ ( i .. - , ... .,.J> 

·--------~ \.'E z 1" '.I~ s) •) ! ·-<_ 1 
·t-; . .J; 

and E-0 OD. f..3ch ch.::•.rge<l pion that :s-c:'ih:s a cone h2s a probo-~'::iili ty of G -l=. 368 

Jn the p:r.'opo.so.l \·;e assc.:.:::d th.::;t the en:-J.re f:i.lVi1 h2C.ron state ccr::es into 

f'o"t1' ~~-'~.-.··,,•,1::-:_>,~.;::,_n'.. ,('.'1',J_',•,',K'1",r,: (t .• '. :r: i,•1 .. ~~T"'\.,r.,.'·." ~,...~ rj '-. ..,. .,.LYQJ 1] c1 t) ,..;,; "'"'\.1 cl1 1 o- .,.r,vi ~· 1.-.,J -,-1 ~ '1-\ ("'.). <:, -~ .. "'.' -- ~-- - • - -· ... _ ' ·-.• T;··· " ,, •• _ ,, J. •C· J...... - ""'"' <.!JC.d L. •"-•H • 

ln 



6 

15 

We in tend to der,:ons.tPate capabiJ.i ty p.£ the Quantamcter to per.fo1~m the fun ct ion 

we describe in our proposal ,by doirlg a modest experir:ient. 

TABLE I 

Probability th.;i.t all 
charged p.:.ons r.1iss co;ies 

o.735 

0.140 

P1'0Labil:i tv thi=!t no c.lv;ir·;:(ed 
. . " . "!-"' pion interact wit 11n y cones. 

o.735 + .o87 + • 001i t •.• :: o.s3 

0.140 -~ 0.110 t o.oi:o + 0.009 == o.'.'.0 
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(l) 11Electro:na&·netic .Delay Line Readout for P1•oportional Fire Chamber's'', by 

R. Grove~ K. Lee, v. Perez~~Nendcz~ and·J~ Sperinde~ UCRL-·19858~ July 1970. 

Appended to this note. 

(2) See LRL Engineer·ing Hote F.ET-1361(July1~ 1970), 11 D5.~itizin~ Sv::;tem for 

Proportio;iv.l Chambers Using Delay Line Re2dout" ~ by r. A. Kirsten for component 

'"'. ,..,_,,t~ ($0 v7 pe''" ''l
0

"'"' r~O'·" c·12 "'l•.,.,.,.~, c~.,~•,'1'C'") ~'1 ~1 t1d· J
0

'''"' S<'a1 "·"''' ,.,,..,.,)] 1' 1"'J
0 r:.r~ ~nd ~"'~ - ' ,. ' ~ ... •\ ... c ... ;;) ...... c • c ...... , 4 s ~ .. (. __ - "''" .. "·"°;." ! ,_. ... , .... ·'-' "'' 0. 

delay J.ine. 

(3) A. Mukhiri anc't D. Yo!.mt, 11E;.:tel'na.J. v21.'sus ~nter·nal t·:uon Identifj cation in 

the 15-Foot Li..;hble Chamb21-. 11 1970 l!AL S1.i:-:::;\>:::r Stt1dy. 

Constancy of ti'ic Transverse: 1fornentv:71 in !lir;h E:1c;r·gy };uc1.r::o~i-::ucleon Col.lisioris 
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PROPORTIONAL Qi.JANTANE'fER FOR. TEE 15-FOOT BUBBLE CILA .• "1BER 

D. Yount 

University of Hawaii 

ABSTRACT 

The performanc~ of a quantarneter to detect and measure 

the energy of the neutral pions produced by neutrino interactions 

in th·e· is-foot bubble chamber is evaluated. 

INTRODUCTION 

Since the neutrino energy spectru:n is broad, measure:r..ent 

of the Vp and ~d total cross sections requires that the full 

energy o~ each interaction be d~termined. Essentially, there 

are four components: charged hadrons, charged leptons, neutrons, 

and neutral pions. The charged component can be found with 

high precision (± 3%) fron track· curvature in the 15-foot 

H2 1 D2 bubble chamber, although addit~onal equipment is required 

to identify leptons, particularly muons, with good efficiency. 

The neutron component may be small for most interactions and can 

probably be determined ~ith an external hadrometer to sufficient 

' accuracy that the uncertainty in the total energy is not dorr.inated 

by tl1is source. The most ef ficie·nt method for measuring the 

photon cncrsrY fror:t neutr2J_ pion decay appears to be the lead--plate 

quantainc.~ter: the purpose of this no-Ce is to cstir.wte the rcsolu-

tion and precision of this type of detector, thereby emphasizing 
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the inportance of allowing for such a device in the ·bubble-chamber 

design. 

Typically half t~e energy i~ a neutrino interaction appears 

in the form of charged leptons. Perhaps 1/3 of the total hadron 

energy appears in the fori1 of neutral pions, which therefore 

account for 1/6 of the total neutrino energy. The fraction is 

large enough so that neutral pions must be detected with good 

conversion efficiency in any total-cross-section experiment; 

it is small enough so that even a modest accuracy (± 10% of 

the neutral-pion component) would imply that the dominant error 

results from track curvature. It may therefore be possible to . . 

determine the total neutrino energy to ± 3% in the hybrid H2, D2 

bubble chamber, while an estimate of ± 5% has been given ~~ an 

NAL proposal. 1 Corresponding estimates for the neon bubble 

chamber range as high as ± 20%.2 

Parallel-plate ionization calorimeters, such as the quu.n­

tameters3 widely used in rnon~toring photon 'beams, have several 

intrinsic properties that are essential in determ~ning the neutral-

pion energy accurately. First, t~e response depends only upon 

the relative ionization in the gas gaps as compared to the 

ionization in the platesi tolerances of 1% or less in these 

parameters can be net and insu=e a uniforn response to the same 

leveJ_. Second, since the ratio of gap to plate is independent 

of track angle in a parallel-plate chamber, such a device is 

intrinsically i.:;otro})ic. 'Third, the output of an ionizc..tion 

caloriraet~r is linear in the energy absorbed over a wide range. 
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Fourth, an ion charnber is operated as a one-parameter. device i 

there is one high-voltage setting and one output signal pro-

portional to the tot.a.l energy deposited in the chamber as sampled 

periodically via the ion~zation in the gas gaps. 'l'his last 

feature greatly simplifies the operation of the calorimeter and 

results in a highly reproducible instrument. 

In the case of electromagnetic showers, virtually all 

of the energy appears ul tiIL.a te ly in the form of ions, which are 

sampled directly in the ionization calorimeter thereby avoiding 

such questions as the response of scintillation or Cerenkov 

counters using phototubc~s. The SLAC quantameter~ for exampl~, 

has been shown to be linear in energy to ± 0.2% from 1 GeV to 

14 GeV, the highest energy at which linearity was tested. The 

response for incident elec~rons oi positrons 5 was found to be 

the su.me to abolit ± 0. 3%, and tl1e reproducibility over long periods 

of time is also on this level. The SL.P.C quantameter has been 

calibrated vlith a FCJ.raday cup so H1at it cm1 be used as an absolute 

monitor to a few tenths of one percent. One simply fills the 

ch.amber \"Ii th a st.c:i.nau.rcl ga.s and sots the high voltage. 

,.,. ' , " . r . c , 1 ; , ' "" - -,- -· t" ' , 1 - . --· 1 , . '- . ] . tv f , r , -'· , ' ..t.ilE. ,cre_i, .. J.on, -"·"':cL .. L -,;_, a1,c, rep .. oc.ucJ .. ul .. l _. o _ J.O.llZ.J.L.J.0.1 

quantci;-:·,c,t:crf:~ under very f ctvorabJ.0 circ .. 1;-;tstancc-;s u.re clear1y 

excellent. The performance of a larq2 nroDo;:tional quantameter - ""---'"'-----· 

in detecting Ll1e electromagnetic energy in a single neutrino-

induced event f ro;n the bubble chmnber can be es tirna ted by 

iorate, c.1s oompared with ordinary quantai1e ters used in beam 
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~onitoring. The anaiysis below indicates that a statistical 
., 

uncertainty of ± 3% (1000 tracks for 10 Ge\7 neutral-pion energy) 

results from shower sampling every 1/2 radiation length, while 

sampling every radiation length would give ± 4%. When systematic 

effects are taken into accou~t, the overall accuracy should be 

better than ± 6% for 10 GeV neutral-pion energy or about ± 1% 

of the total neutrino energy in a 60-GeV event. Unlike the neon 

bubble charrber, which has a radius of about 3 radiation lengths, 

the quanta'Tleter .improves with energy, the accuracy varying roughly 

SHO\'IEH S'i'NI'ISTICS 

The gai.n of t."le SLll.C qua.nta;:~eter with l-at.rn~argon-co2 

filling is about 4000 ions per GeV incident. 4 'l'he copper plates 

are 0.963 c;n = 0.72 rad.iat.ion lengths thick \·lith an average 

gas gap of 0.476 cm. An output o~ about 40 ions/track would 

result from a single minimum ionizing particle passing through 

such a gap inG.icating thu.t the number of tracks sampled is of 

order 100/GeV. For a total ~o energy of 10 GeV, 1000 tracks would 

be expected yielding a stac.isticci.l uncertainty of about ± 3%. 

Monte C~rlo calculations for electron-photon showers in le5d6 

predict about 600 electrons above 1.5 MeV for a 6-GeV shower 

samplE~d at intervals of 1/2 rci.dia·::ion length. 'I'his is equivalent 

('rhc qu.:m tarnetc.r p la tcs are son~ev1h at thicker than l/2 radi a t:ion 
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length, but particle~ of less than 1.5 MeV are detected.) 

SHOWER S&VIPLING AFTER 2 RADIATION LENGTHS 

A recent 15-foot bubble-chamber design specifies a thin 

exit wall of 1/2 inc~ steel, equivalent to about 0.7 radiation 

lengths. The front wall of the reentrant tank would be of 

co~parable thickness. Photons originating at the center of the 

bubble cha~ber will pass ihrough about 0.3 radiation lengths 

of liquid hydrogen, so that the total thickness before entering 

the quanta~eter is about 1.7 radiation lengths. This may be 

considered as the first p1o. te of the quc:.ntarneter, which would 

begin with a thin window fo:lowed by a sensitive gas gap .. Since 

photon cascades are dis?l&ced in ·the direction of the shower 

axis by about 1 radiation length with respect to ele~tron cascades,6 

photon-shower sampling beginning after 2 radiation lengths should 

be excellent. 

Quantitatively, only about 0.5% of the total ionization 

in a photon shower at 6 GeV occurs in the first radiation length, 

while at 1 GeV the value is the Sffi~c to 0.2%. Less than 4% 

of the ionization occurs in the first two radiation lengths, 

the difference in 1 and 6 GeV being less than 1%. The shower 

multiplicities versus thickness in lead for these two energies 

are shown in Figure 1 to illustrate this point. 6 Since the 

quant~~ctcr will be calibr~tcd, only the linearity is in suestion: 

this appear~ to be of order 1% for photons above 1 GeV, even 
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if sampling begins after 2 radiation lengths. Clearly, it makes 

negligible difference if 10 GeV reaches the quantameter as two 

photons or a dozen .. Iri fact, the thickness after which sampling 

begins can be varied from 0 to 2 radiation lengths without 

affecting the quantameter output by more than 4%. 

SHO'dER PENETRATION 

The shower penetration in percent ~epends on the incident 

photon energy and could affect the energy linearity if the 

quantaffieter is too thin. About 7% of the ionization in a 

6-GeV p~oton shower occurs after 15 radiation lengths, while 

less than 2% appears after 20 radiat~on lengths.6 In ionization 

quantaoe~ers,3 the spacing of th~ last gas gap is usually made 

large eno\.lgh to' "compe::sate" for shower penetration, reducing 

this loss by perhaps one order of magnitude. Compensation is 

also possible in the proportional quantameter: for ex~tmple, 

the gain of the last gap can be increased so that the signal 

frora this gap is proportional to the penetrating ionization 

rather t~&n simply the ioni~2tion of one gap 2t the particular 

In any case, it is straight 

.r" c 1-,,. -~ , . 0 a" c , : C'l1 .. C'., .,, ., ,_ """" n · . ..., V' J..C'Or. \·,'ri ..L: c',c~ s'I!0\·1 "" 1.· PPI1 ""-' JL-r r> JL·· i' 011 .Ll_wcl..LG::. ,-:.:,.L:;J. d. .il•O.[iLCH~c .... ,l.\..:J. - ••• ,,_ --'-'- '" • 

alters the energy linearity by less than 1%. The back-scattered 

energy a 6-GeV ohoton cascade in lead is about 0.12% of 
"-

,.. 
thG totc:.1. 0 
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SHOWER DATJi. 

Before considering other systematic effects pe~uliar to 

the hybrid application, it is useful to compare the estimates 

of intrinsic quantameter performance with existing data. An 

energy resolution of ± 19% (liWHM) has been obtained at 200 MeV 

by coun'.:ing sparks in a lead plate ch.ou~ber with plates O .15 

radiaiion length thick.7 Scaling to l radiation length and 10 

GeV wou:d give 

as co::-r.pared 1·1it:--i the statistical limit of± 4%. The scaling is 

pessi:-rtistic :=:or t\.·io reasons: 1. ·tracks observed in a photon 

shower at intervals of 0.15 radiation lengths are not independent 

in a statistical.sense, and 2. spark counting is less efficient· 

than a direct ionization ~easurem~nt. 

Backenstoss et al. 8 have measured the resolution of a 

lead-scintillator shower counter consisting of 20 lead plates 

each 0.8 radiation lengths thick. Their result at-10 GeV is 

± 4.9%, which scales to± 5.4% at 1 radiation length. This 

value i~ more ap?licable to the quantaneter configuration than 

that.obtained by scaling track-countin~ results, but it is 

still resolut:'...on, 

light attenuation in plastic sci~tillator, etc. 



Hofstadter and Hughes ~ave stu~ied the resoluti6n in a 

Pb-NaI array as a function o± the thic~ness of lead.9 Their 

results for incident electrons at. 8 GeV are shown in Figure 2. 

The resolution is observed to vary from ± 1% (HWHM) with no 

lead to± 6% with 0.75 inches, about 3 radiation lengths, 

in front of each successive crystal. Since the NaI crystals 

are 7 inches = 7 radiation lengths thick, the results are 

not directly applicable to the thin gas gaps of a proportional 

quanta.meter. They do, however, illustrate that even very crude 

sampling o:: an electro::..-10.gnetic shower at high energy can yield 

excellent resolution. 

Vil\.GNETIC. F :CELD 

Electrons and positrons fro~ photon conversion in the 

0. 7-radiation-length exit ¥7all of the bul::Jble chamber must pass 

through a magnetic field of 30 kG before reaching the quantaLleter. 

Since the H2,D2 container is spherical and the reentrant 

envisioned, the 

dis~ance traveled i11 the mag~etic field depends upon where 

conversion occurs. 

s = 5 cm+ 200(1 - cos0) era 

' ., !'""' ~-\. 



is the separation, S 

in the ~edian plane, 2 "" UV 

9 . 

c:.-i is 

bubble cha;:-;..'Jer' c..nd e is the ansle between the r:.edian pla.ne 

and a line fro;·" the ce:-lte~ of the bub})le cha.:-rJ:ier to the place 

on the 1/2-inch-steel wall where photon conversion occurs. A 

Jcrc~ck v1:.. .:c:: ra.di~.s ec:Lj_a.l -~o t.11.e sepc~:rc:.tion \vill just. rnj_ss the 

quar" ta:1:e t.e:c. c~toff for eetection is then given 

by 

= lOOs. 

Val~es of s &nd p are plotted versus the height above the ~edian 

Ass~~ing the distrib~tion funct~on for the fraction of the 

total enersy siven to an e:ectron or positron is constant, 

energy losses occur in 2(p/p0 ) o:: conversions where Po is 

7he ~ean energy carri~d away when 

a particle is lost is (p/p0 )/2 so t~at· the average for all photon 

convcrsio::-:.s is 7he averase energy loss in percent, 

co~puted i~ this way, is ?lotted versus the height above .L." •. ne 

median ~lane in Fisure 3b for sevoral photon energies. 

model, while exceedingly crude, suggests ·that raeasure~ents of 

the totc..l. \/O c~~ be raade wit~ accuracy O
r.: 
~. a fe;·: percent 

energy is above a few.Gov. The losses in the racdian plane 

: ~ f\ 
...... ,~· ............ ~'> 
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are small even at quite ~ow photon energies, and this property 

could be extended to the entire quantai.L!eter by matching bubble-

char..ber and quantameter geon~etries / either making the back ~f 

the bubble chamber cylindrical or , . maKing the quantameter locally 

spherical. Nine modules 1 m square in a 3 m x 3 m array would 

approximate a spherical st:rf ace nicely if a reentrant tank of 

suitable shape were made to contain them. 

INCIDENT CHARGED LE?TONS 

M.uons penetrating the quc:.nt2,::-.eter would contribute to the 

total ionization about one track per gap. For 20 radiation 

lengths and 40 gaps, this amounts to about 40 tracks/1000 trc:.cks 

= 4% of the signal fro~ a 10-GeV neutral-pion shower. A correction 

6£ this magnitude is straight forward once the penetrating muon 

has been identified, for exc.I:tple, by a hadrometer in the hybrid 

syste~n. 

Electrons or positrons entering the quantameter will be 

detected with exactly the same response as incident photons. 

If the electrons arise from conversion of ·110 photons in the bu.bble 

chamber or steel vacuum tank, the resulting signal should be 

combined directly with that due torro photons, a case already 

discussed. Electrons from an electron-nc::utrino :;,/e vertex can 

be identified by associating a shower in the quantameter with 
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with a charged track in the bubble chamber: spatial resolution 

in the quantameter is required. The energy of the identified 

electron can be determined from track curvature in the bubble 

chamber and can be sub-trac·ted from the total quantameter signal, 

leaving the neutral pion coillponent intact. Dalitz decays are 

rare and yield pairs of electrons which can be identified in 

the quantarneter and retained in the neutral pion signal. 

NEUTRO:\S Al'~~) IXCIDl--~:::\T c:IAR.GED HADRO:~s 

Corrections of order 4% per hadron can be made to the 

quanta~eter sign&l for charged hadrons that penetrate without 

intere;cting. No correc-tio::1 is necessary for n.eutrons t::--.o. t do 

not interact. For in~eracting hadrons the correction may be 

comparable with the neutral pion signal, and it can only be made 

by analyzing eac~ event in ~etail, taking into accoun~ the 

incident hadron energy, the penetrating hadron energy (deter~ined, 

for ex&~ple, by a hadro~eter), and the spatial infor~ation 

provided by the wire readout of the pro?ortional quanta~eter. 

A thickness o~ 15 - 20 ~adiation lengths of lead is 

equivalent to about l collision lensth for strongly interacting 

pa:;:Jcicles. Pe:rl1.:'.c' , _,:..rd o:=. the er:ergy in each collision 

goes into neutral pions~O which shower and are detected with 

good efficiency by the quanta~ctcr unless the interaction 

occurs in the l&st few radiation lengths. Dependins upon the 
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event con~iguration, it ~ay be necGssary to determine the neutral 

pion component from the neutrino vertex by track counting 

rather than by measuring the total quanta.meter signal. 
'.• . Since 

the sum of the ~o and interacting-hadron energies is neasured 

absolutely by the quantametcr, only the relative numbers of 

tracks in various showers is required. An acc~racy approaching 

the statistical linit might still be possible in this case, 

but the analysis would beco~e more complex. A modular quantameter 

design wo~ld substantially reduce the probability for core than 

one shower signal to occur in a single ~eadout. 

Experimental data O " .. the direction 

of a photon sho~er can be deter~ined are shown in Figure 4.11 

The results suggest that the pointi~g error i~proves slowly 

after 1 GeV, while the variation with plate.thickness ~ay 

b ,_1/2 e 1.- • The result, scaled to a plate thickness of 1 radiation 

'l0his should be 

su~ficie~~ to associate i~~ivi~ual s~owers de~acted in the quanta~eter 

with pa~ticular evc~ts see~ in thG bubble ch~nber when more than 

It would also exclude 

photo:::.s fro:-:t in·::.er<:.ctio:"'is j_:;i tr.e coils U.f?s-::.:reu.~,1 of the bubble 

ir: ;-:tcJS t:. cases \'.'OUJd pc::r;':"<i t pa:~rs or Sj_,ngle electron:::: 



The prim&:.cy ionization from a sing~e electro~agnetic 

shm·1er 10 GeV is 110::. su:::=.:_cie:1t. t:o p~Ocl'L..CG a practico.l 

signal &cross the high capacita~ce o~ a large parallel-p~ate 

' .. '--J..:.g:. elect.::-ic :=ield. 

wires 20 -· SO u in diameter and spaced l I~1 t.['J.e 

" -,~.., ~..,.....,..:..... --- ........ ,...... :_ -- -~ ..;__ 
'-..;_uc...... ..... 1.-G.1.1.i...:.::L-~ ..... 

sig:-.al o.c:.:oss t~e capacity o~ one wire. 

s:.nce a .....,, ~ .. .,..... .... ,_ ,-. .,.... 
J..i.\.A..u1 .. _1'i..:! .. of sig::als are i:' .. vol vec1 i~1 

to preserve the o~tpu~ linearity and stability. 

quantameter, appears, t~G~e:::ore, to be limited ffiainly by such 

considerations as ~~a w~re uniformity, the characteristics 

of o.va.la.r.ce tine distribution 

interval sam)led. 

1000 

<jL1C::-;~; o::: 

woul~ be s~~ficient to permit reproducibility, uniformity, and 
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energy linearity ap?roaching the statistical limit (± 4% for 

I-radiation-length plates at 10 GeV) . 

DISCUSSIO:\ 

It appears that a lead-plc..te proportional quantaneter of 

15 - 20 radiation lengtts thickness and a similar nu~ber of gaps 

could be i.:3Cd to C.ete:::-~:.i::e the neutrc..l-pio:'1 ene:cgy from in di viduc..l 

neutrino interactions in the 15-foot b~bble cha~ber with. Qn 

accuracy well under ± lC%. Certain classes of events, ~ar-

ticularly those in whic~ hadrons interact in tl~ quanta~etcr, 

would r2suire detai:ed analysis, incl~ding shower-track coui~ting, 

before this level could be reached. Since on the average only 

1/6 of a neutrino ~~teractio~ cxpccteC. to so 

into neutral pions, an uncertc;_inty as large as ± 10% in this 

co~ponent would contribute a s~aller error to the raeasurcnont 

ot total nc~trino e~ergy tha~ results fro~ trac~ curvature in 

In this sense, it see~s clear 

even if its resolutio~ is several ti~cs worse than prcsontJy 

seems feasi:Ole. 
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ABS'.11RACT 

We describe t11e use of elcctromacnetic dcluy lines to read out 

the position of ionizir:g events in rr:ulti-wire proportj_o'1al chambers. Tne 

delay line used is a cermnic core (non-rr.agnetic) type wi tb a delay of 

80 nanosec/cm. Tne read.u..i.t accuracy achieved depends on Hie wire plunc which 

. is read out: for the positi vc plane w}Jich for;; s the electron av~lanche, the 

accuracy is ± l rnm. (half the wire spacing). l"or the r:cgati ve pla:ie, i,ihich 
• 

records the inckced sip1&l prodl~ced on a nu.'"i-,ber of adj<:tccnt wires by the 

positive ions, the intcrpoJ.ation pro1)ert:/ of the: cielay lir;e perr:;i ts c:n accu:::'acy 

of ± 0.15 mm. 

I. IN'IH.ODUCTIO~·J 

Multi-wire proportional c~ambers are no~ co~ing into extensive use 

in nuclear and. ele:r;:entary particle pbysj_cs. Tr1cir n:ain advanta££e over wire 

spark cha::<bers is the ability to record events at hich ra"~es whereas the sperl: 

chambers are lirrd_ted by the recovery ·U_rcc of the chwr.bcr. Tnc: 1::airi di:~ficuJ.Ly 

with ·wi:rc propoTtional ctan;bers so far tas be: en the readout- -which in the 

simplest case is done by usjng an arr.:1y of m::plificr:.> und storac;e 1o£;:i.c clc-
1) 

ments connected to tl"c incli vidual i,;ire;3. In a previot~s r:eper we s'.10wed t'.:.n t 

a readout scheme using acJ elect:::·c;r:agnc-!.;ic delay J_j_rcc could be made 11~Lich 1;as 
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considerably cheaper and simpler than the amplifier &rray method. . The delay 

line that we used was u ferrite loaded delay line to which the individual wires 

of the chamber were coupled b;:,r coils: the po::;i tionin££ accuracy that we were 

able to achieve 11M:; approx:i.rnatcly 3 mrr:. ·which was the same as the spacing of' 

the wires. In this paper we discuss a similar readout schcrr.e usinc a differ-

ent type of elect.ror:-:agnctic dcluy line without any ferrite or magnetic material 

in it. ~Phis type of delay line has a rn.L11be:r of advantages. 'l'he ratio of delay 

to rise time of a :pulse and the delay :per unit length ere hicher thap :i_n the 

:ferrite line. Furthermore t:he d:i.spersion of the signal y;.er unit delay is 

s1rnller. TJ1e con;bination of these :propertiu; makes it possible to use a readout 

scheme v:hic11 achieves a position accuracy better thon ± 0.15 mm. and can be 

used in the presence of rr:agnetic fj.elds of any strer.e;tl1. 

II. DELAY LH~ CFIJ\ .. il!\CISIUS'ITCS 

For this projec"c, -,;e j-;2vc been us ir;,::; a cor::r:J~rcially availu ble ccrm:tic 
2) 

core delay 1:..ric of a tyre thu-'.:. J_s wcJ .. l described in tte literature. Fig. 1 
3) 

shows the constl·uction of Uie delay li.ne. The center conductor consists of 

silver :p<:ilnted longi tt:dinal strips· on a ceraii,j_c core w)lich is non-rracr.etic. 

Ti1e outer cor:ductor consists of a copper w:i!1d:Lng as sl-io·.m in the fj_gure, n::;de 

of inst:lated cor:pc:r 1-;:ire 0. 09 i:m;. in diameter 1li tr. 108 tur:is/ c:n. 'l'r:e line is 

\10tmd in 3 mu. sectio1~s v.•:i_t}i cacri sectio:i overlappinc the prcvjo~rn one by 

1.5 1un (see }'ig. 1 :i_m;c:ct). All turns cf t::2c 1.-lir:cli:riz, nrc j_n the f;e:::c dir-

ection. '.I'l1is type of' delay line r1os the follmdnc; cta~'octcristks: ]}21Dy --

The readout rnctho~ls described below dcp2nd on the 1lic;h coupling 

possible t}-Jrough external coils (current coupli i1[';) 01· tlirouc;r1 external ccr:clucti11g 
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straps wrapped Drouncl the line (capncitative coupling). Both of these coupling 

scLemes are possible tlue to the fact that the center conductor of.the line is 

operated as tl:ie grounded conductor. 

Tne efficiencies of these coupling methods are shown in li':i.g. 2. 

Fig. 2a shows the arnpli tude of' the output signal for different rise times of 

current pulsef; and various numbers cf turns in tlie coupJj_ng· coils: Fir;. 2b 

sho-ws the corrcspondinc;·. curves for the capac:\tative coupling. 

An important point to com;ider is the effect of the external coupling 

on the delay line characteristics, since we want to n:ainta:i.n an accuracy of 

Urning of the Jiulses to wi t:iin 1-1. 5 nanosecoLds. Tnh; loo.ding effect j_f3 shmm 

in Fig. 3 for botb couplingsj it :i.s seen tlw.t tbe capacitative coupling intro-

duces less dispersion and 'r:i.nginc;' than the coil coupUng. Since it is also 

considerably easier to construct mechanically and electrically, by wrapping 

plastic with cor;ducting striJlS etched on it around tte dE:lay li:'.!eJ j_t is the 

r;;etho::l y)C prefer to use. 

Our measuren:ents were do~ie on cl:an;x~rs with t}Jrce wire planes: a 

central plane consj_sting of wi:i:es 25 microns in dian:eterJ sps.ced by 2 run .• which 

collected tLe electrons and whose f}.eld [;rodient produced the avalanches. ?ne 

·positive ion collectinc planes we:r·e rr.ade of wires 100 r:1icrons in dian'eter J 

sr.aced by 2 in:~. and \-J:itt the "~ires oricn" .. c:l at 90° relat::i.ve to ttose of the 

central pl0r;e. He collected sic;nals froru both tbe centrnl ar:d tte outside pJ.uncs. 

The arrange;;,cnt we used J.s sh01m sctc2::atically in Fig. li. Fo:c timing JUrpo:::cs 
lf) 

~e used a zero-cross rnet11od. 

The positioning acci..;_racy nttainsble -with Hi.is delay line depends on 

the fo2.lo1·!h1g: (a) th::· arnpli tt:de of t11e sjc;nals cibovc the 11o:i.se level of the 
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electronics (b) tlle polarity ar:d ·wire spacing of the plane which is being read-

out. The zero-cross electronics will locate t:w pulse with a jitter of less than 

l nanosec for pulse arJpli tudes at the output of the de1ay line above l+OO micro-

volt. This corresponds to an output of 10-20 nillivolts from the chamber wire. 

Tnis amplitude is attainable with an Are;on-Isobutane (7V;~ Ar: 3r:tfa Isobutane) 

gas mixture ·with the total number of electrons pairs in the avalanche equal to 

6 
f:::;:: 5 x 10 . 

The accuracy of spatial distribution depends on the polari t~' of trie 

plane which is being readout due to the usymrr:etry in tbe signals induced on trie 

electron collecting wires or on those tlmt receive the displacer.:ent current due 

to the positive ions. Since the signal pro:luccd on the del.J.y line is a corn-

-posi tc of the sic;nals fy-orr: a number of wires adjc:cent to the soupce of ioc1-

ization, interpolation between wires is :possible j_f the amplitude of ttesc pt.:lses 

falls off mo~otonically ~ith distu~ce. Fig. 5 Ehows the electric lines of force. 

it occurs in the rcr,ion !'.c'\ or AB. 'l'r1e posi.tic:1 of the ava lanchc along tf':e 1-lire 

has a displace:ncnt error whicl-1 :i.s due rnain1y to diff'usj_on of the electron 

trajectory due to scatteriq; collisio!:S in the gs:s. T.i1e displacen~c11t current 

signal induced on the positive ion collecting planes centers on the point 

perp2ndicularl;y opposite to the center of the avale.nche, since due to the s~10.pc 

of lines of' force there is no 'quantizinc; 1 effect. 

Our meusurc~:;cnts conf':Lrrn ":;bis effect, as shcnm in Fig. 6 > in whie}) 

-we l)lot tlie pos:i:Lion of t:ic ionizhJt; event rr.casurcd by tl1e delay ]_j_ne, as a 
c-c:· 

fw1ctior1 of the :pc::dtioc-1 of a collirr.~1tcc1 ccurce of 5. 9 KeV ;-rays frora Fe)), 

'Tne width of the error bars :i.s the full 1.Jidth at half n~axh:urn of the djstribu-'_;ion 

observed frurn t!1c outpnt of the P.H.A. '.E1:i.~3 is clue to source 1ridt~1 di.str:i.b~1t:i.0:1, 
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jitter in electronic tin;ing and diffusion of the elcctro:1s in the gas. '.i.'Le 

difference ic position accuracy and interpolstion bet'.-.'een the two planes is 

evident. A proportional chamber with this asyrnrr:etry is however quite useful 

in magnetic spectrometer experiments where the position of the particle tra­

jectories in the plane perpc;ndicular to the magnetic :f'icld of the deflecting 

magnet is usually required to the highest accuracy for the rnorr,entum detendn­

ation. 

If symmetry in positional accuracy in two coordinates is dq;ired from 

one chamber the simplest r;;cthod is to build it with the JlOSi ti ve ion callee ting 

planes oriented at ± 45° relative to the central plane and which arc 'then used 

for the readout. 

The width of t~1e signo.l pulse on the delay Hne, relative to tl;e 

velocity of propagation deterrr:ines the pulse r,air resolution for t;,:o sin:ultan-

eously occurring ionizing events. 'J:'"nis is shmm in 1"5g. 7. TLe results tcre 

obtsir:cl by siEul tb.nco~_;.s~-Y putting t~;o sicr,o.ls on F:c .delay lir:e ar:cl tten ob-

serving the arrival of the sic;~:o.ls Ett cne encl of the line. The pos:Ltion o:f' A 

is fixed <Jnd B is moved. Tne two dasLed lines indicate the resul tf.; ',Jiiich -v:ould 

·be obtained. foc.· a sir.gle pulse at :position A or B. Interfcrer:.ce between the 

two pulses vill cause the rr:eo.suren:ents to deviate fro:n the straj.ght lines. In 

the present setup the two pulse resoluU.on is 30 mrn., ns can be seen from the 

f:i.cure. \·.'care li!!iitcd bere by the si:i:pJe z.ero-cros~; r.:ethod o:'.:' fjndir.2; the 

pulse center. 1.:casuril1c; t:O:e lcudj_nc; edge: of the pulse at each end of the delay 

line and a suitable codiri.c; r1·,cthod vould irn1n·ove the tvo r>ulse resolution. 

IV. CONCLUSIOI;S 

A deley J:ine readout of tl:e type desc'rj_bed u.11ovc has tl1e aclvantu.f~eE 
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over tbe individual amplHier per line scheme of greater sirr.plici ty and less 

expense. It is also more accurate due to Uie ability to j_ntcrpolate an:ong wires. 

Tne two track resolution as noted above is somewhat poorer) but can be improved. 

We should also point cut that electromagnetic dcl2y lines of Ulis 

type can be used for reading out 1·r1re spark chai:lbers in magnetic fields. 11he 

signals f'rom these chambers--current cu.1pled or capacitativcly coupled arc lnrge 

enough so that very little amplifi.catio:-i is needed. 
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FIGURE L:_-;GEND3 
l''J 

Perspective view of ceramic core delay Jjnc. 

Effic:~ency of cou:pl:LnG fro:!'! the cho.wccr to the delay line as a 
function of t'.ic i:ipJt })i-'.be rise tin~e for (a) coils of 50, 7) and 
100 turns and (b) copper ~;traps l mm. and 2 mm. wide. 

Loading effect of couplinc; on a 10 cm. clela:-,' line for (a) ca1>a.ci tative 
coupHnc; and (b) coil couplinG. 'I'!.1c delay lines are loaded i.dt}i coils 
or straps, 6ne:cvery two rnilli~etcrs. 

Bloc}: dfogrmn of the electronics used for tirdn13 tlie pulse. The delay 
line :Ls capc.::.ci t.atj_1,ely coupled to the chamber ancl zero-cross dis­
criminators are uscd to locate the center of the pulse. 

Electrj_c lines of force j_n the chamber in (o) the view norreDl to tl1e 
central w:J.res sl:.m1ir1c; the origin of Jvhe c;_nantiziq~ eL'.:'cct ar:d (h) 
the view p::ire.llel to the ccntrcil 1-1irec. To mate the lines of' force 
in (b) as parallel as poss~ble flat strips should be used for the 
negative plane. 

~easurc~ents of V]c rositio~ accuracy for locati~[ ionizinc ~vents 
as read cut by tl~c delay li~c. Fisure 6a sh0~s ~~e eve~t location 
as a function o:C rcx;i_tion 1-:!1en t!,e del<<; li.ne j_s co:i<c:ctE:d to tf;c 
electron coll-:::ctir:c '.-:ire:::.. I'i,::ure t·b ::o!-10>-:s a si:,.j_ler r::e:ust:re~::ent 
\Ii t 11 tLe event rc~<::d oTt. fro::: t:.e nosi-LL·e i.on collec"~ir:,; plE1Le, 

Out}I~lt p;1lsc se:!"<tra cion a;:; a. f'..:nction of the in:pl.~t pulse f::cpanttion. 
Tbc dashed line~; represent :t:·1e ;-:,::::c.sured pos::Ltio~i ::":'or G sini;1c pulse 
at A ot B. 
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SUMMARY ---
We will have analyzed approximately 2500 neutrino interactions by the 

time the 50,000 pictures test of the Phase I External Muon Identifier (EMI) 

is completed (E-155). We are now requesting 300,000 pictures of the 15 foot­

* hybrid -bubble chamber, filled with hydrogen and exposed to a \llide band 

anti neutrino beam, in order to obtain a comparable number of anti neutrino 

interactions. We request that at least 50,000 of these anti neutrino 

pictures be taken during the April-May 1975 run sequence. By that time 

we will have analyzed 200 neutrino interactions from the copied portion 

of Experiment 45A film and, hopefully, 500 additional events from 

the 10,000 picture portion of the above mentioned test sample that we are 

requesting from the October-November 1974 run sequence. In this way we 

will make an early comparison of the hadronic final states fox;·. 

neutrinos and anti neutrinos on hydrogen using the wide band 

beam. This was the original spirit of the deferred portion of 

our physics proposal 9B (9 July 71) which called for 50,000 

wide· band events. 

-Rost--of-the physlcs-argume~1ts and.ho~/ tli-eT1nematics of-~1r1ti n·euTriilo 
interactionSplace constraints on the detectors are contained in that proposal. 

The first three figures of that proposal are reproduced here. The first 

summarizes the kinematics, the second shows pictorial momentum vector diagrams 

to give some idea of what a 20 GeV neutrino interaction might look like. The 

Landau thermodynamic model 3 was used as a 11 worst-case 11 estimate of hadron 

multiplicity. The third figure summarizes how the muons are bent by the 

magnetic field and shows why we wanted to place the EMI proportional chambers 

at 90° azimuth to the neutrino direction. 

* With External Muon Identifier. (See reference 2) 
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Physics Justification 

The main purpose of the experiment is to supplement the information 
I 

that has been obtained by the two counter neutrino experiments, · · namely 

to provide detailed information about the hadronic state of anti neutrino 

interactions. Muon identification is crucial to a clear understanding. 

The geometrical efficiency of the EMI is greater for 

anti neutrinos because more of their muons go forward. 

(See Figs 1 & 3.} Furthermore, any neutrino contamination 

in the anti neutrino beam can be more readily dealt with 

if one employs the EMI. 

A. Charged lepton current 

1. Although, the neutrino energy is low (~50 GeV) we will search 

for jet-1 i ke structure of the 11 dres sed up" recoi 1 i ng parton 

and observe how the charge-momentum distribution compares with 

the corresponding neutrino induced state. It is very important 

in this analysis to know the direction of the momentum transfer 

vector. Unless the muon is identified and neutral current 

events removed from the samp1e)errors wi11 be introduced into 

the analysis. (See Fig. 2) 

2. The known (l~y) 2 dependence of the anti neutrino charged lepton 

current cross section makes anti neutrinos very useful for 

searching for the production of rare, massive hadronic states. 

From Fig. 1 , which shows l i.nes of constant hadron invariant mass 

W, one observes that thresholds for massive hadronic states occur 

at large y and small x (::Q.?./..2MV) where a paucity of events 

occurs. Fig. 4 shows, approximately, how the 2500 events will 

distribute themselves in the x, y space. Here, for simplicity, 

we have used vW2 a: 1-x. Charmed particles, if they exist, are 

expected to have leptonic decay modes. Here, again the EMI is 

useful.for detecting its muonic decay mode. 
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3. Observation of the Ye\o...hve \""o.teS' of .AS = LlQ andA.S = 0 

reactions a la Cabibbo, where the final state baryon systems may 

not be in the same SU(3) multiplet as the proton. 

P+ p ~ f + + [2:0
fuss)-) ~ ~ J 

Y+p--? (++ [.1°l1ns)_, wrr l 

For example, 

t\ S::: o 
) 

Here, there is a greater chance for misidentifying the muon than 

when the baryons are in the same multiplet as the proton. The 

· EMI will eliminate the ambiguity. 

4. Test of Adler's relation, 

B. Neutr_al lepton current. 

·1. Although the neutral lepton current events can be identified in 

approximately 20 or 30% of the cases we have little chance of 

being able to determine x and y for them because of our inability 

to measure the energy-momentum of the neutral portion of the 

hadronic state.· We wil 1, however, try to· extract the maximum 

amount of information from the charg~d portion. We are submitting 

a separate proposal to use the EMI with a light mixture of Ne in the 

hydrogen bubble chamber so as to be able to measure x and y. 
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2. Neutron background studies are crucial to an ultimate understanding 

of neutral current physics. We intend to search for anti neutrino 

interactions in the surrounding super conducting coils where the 

associated neutron interacts in the bubble chamber. From this we 

wi 11 be able to esf-irvta.te the neutron background • 

C. Possible Surprising Physics 

With a detector system that maximizes particle identification~one is 

best able to detect unusual processes. 
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~aratus Needed 

A. 15 1 
-- Hydrogen filled b.Ubble chamber. 

B. External Muon Identifier. 

The twenty-five lm2 - multiwire proportional chambers (Mt·iPC) 

envelope the downstream portion of the 22 1 diameter vacuum tank. Fig. 

5 summarizes the geometri ca 1 coverage of the 22. MWPC 1 s used during the 

July-Aug 74 run of E45A. It shows the vertical and azimuthal coverage 

as viewed by an observer' at the center of the bubble chamber. The 

plotted points are the predicted hit positions in the MWPC of incoming 

regenerated muons ~ram the berm and earth shiel~ that traverse the 

visible volume of the bubble chamber. Fig. 6 shows the deviation of the 

measured position in the EMI from the predicted one~ The RMS deviation 

is very nearly that expected from multiple scattering in the four inter­

action lengths absorber between the bubble chamber body and the MWPC 1 s. 

Mor~thttl\86percenttof the observed hits fall within the 11 96% circle" 

centered at the predicted point. Less than two percent of these 

incoming tracks interactjconsequently, they are mostly muons. Details 

of this. earlier run (400 GeV triplet load) are given in TM513. 2 

C. Neutrino Beam Monitoring Equipment. 

O. We would like to assist Experiment 3 (A (Derrick) in determining the 

effectiveness of the plug that is likely to be first installed for the 

April-May 75 run. We plan to operate the EMI during a reasonable 

fraction of E-~1~ 1 s exposure in Oct-Nov 74. 

E. Scan Projector suitable for monitoring the quality of the bubble chamber 

pictures from the test strips. 

9tsome of the beam spill was known to be out of time with the 

EMI gate during this early run. 
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Scope of the Experiment 

1. 50,000 of 300,000 ~nti neutrino pictures to be taken during the April-May 

1975 run sequence. 

2. The remaining 250,000 pictures to be acquired as the schedule permits. 

3. At this early stage of bubble chamber operation we shall assume that 

30,000 pictures can be accumulated per week. The first 50,000 pictures 

will take about two weeks, and the remaining 250,000 another eight weeks. 

4. Very little testing of equipment is required. We assume implicitly 

that all beams that are capable of producing neutron or charged back­

ground in the bubble chamber will have their spill times not during 

the bubble chamber sensitive time. 
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FIGURE CAPTIONS 

Figure 1. The kinematics of ineldstic lepton scattering are 

summarized here. The solid lines radiating from 

Q2 =0, v(=Vmax=E) are loci of equal final lepton 

scattering angle. The parallel solid lines are loci 

of equal invariant final state hadron mass. They 

also show "worst case" predictions of hadron multi­

plicity. The radial line originating at Q2 =0, 

v=O are loci of constant x(=Q 2/2Mv). The dashed 

curves are loci of constant Lorentz factors, tw 
of the hadron system. 

Figure 2. Typical momentum vector diagrams for various regions 

in the x, y space are shown. The opening angles of 

the cones are typical of those expected of the 

Landau Thermodynamical model. A jet-like model 

would predict opening angles and multiplicities much 

smaller than these. 

Figure 3. Typical Muon Trajectories in the 30 kG field of the 

15' chamber are shown. The two solid curves for each 

(x,y) are the extremes for muons produced in the 

equatorial plane. The dashed curve is that for a 

muon emitted with its extreme dip value. 

Figure 4. This figure shows approximately how the 2500 anti 

neutrino events will populate the x,y space. 

Figure 5. The azimuthal and vertical c~verage of the EMI, as 

viewed by an observer at the center of the bubble 
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chamber, is summarized here. It also shows where 

regenerated muons (from the rear portion of the 1000 

meter earth shield) are predicted cy the bubble chamber 

me~surements to strike the EMI. 

Figure 6. Summary of the deviation of the measured position of 

muons in the EMI from the predicted position using 

the bubble chamber picture. x is horizontal and y is 

vertical. 
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SUMMARY 

We wil 1 have analyzed approximately 2500 neutrino ·interactions by the 

time the 50,000 pictures test of the Phase I External Muon Identifier {EMI) 

is completed (E-155). We are now requesting 300,000 pictures of the 15 foot­

* hybrid -bubble chamber, filled with hydrogen and exposed to a wide band 

anti neutrino beam, in order to obtain a comparable number of anti neutrino 

interactions. He request that at least 50,000 of these anti neutrino 

pictures be taken during the April-May 1975 run sequence. By that time 

we will have analyzed 200 neutrino interactions from the copied portion 

of Experiment 45A film and, hopefully, 500 additional events from 

the 10,000 picture portion of the above mentioned test sample that we are 

requesting from the October-November 1974 run sequence. In this way we 

will make an early comparison of the hadronic final states for• 

neutrinos and anti neutrinos on hydrogen using the wide band 

peam. This was the original spirit of the deferred portion of 

our physics proposal 9B (9 Jul~ 71) which called for 50,000 

wide· band events. 

lfost._of "ffie pny5id3 argume~1tS and hO\'I the kinematics ·of anff n·e:tll'r-illa· 

interactionsplace constraints on the detectors are contained in that proposal. 

The first three figures of that proposal are reproduced here. The first 

summarizes the kinematics, the second shows pictorial momentum vector diagrams 

to give some idea of what a 20 GeV neutrino interaction might look like. The 

Landau thermodynamic model 3 was used as a 11 worst-case 11 estimate of tiadron 

multiplicity. The third figure summarizes how the muons are bent by the 

magnetic field and shows why we wanted to place the EMI proportional chambers 

at 90° azimuth to the neutrino direction. 

* With External Muon Identifier. (See reference 2) 
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Physics Justification 

The main purpose of the experiment is to supplement the information 
I 

that has been obtained by the two counter neutrino experiments, namely 

to provide detailed information about the hadronic state of anti neutrino 

interactions. Muon identification is crucial to a clear understanding. 

The geometrical efficiency of the EMI is greater for 

anti neutrinos because more of their muons go forward. 

(See Figs 1 & 3.) Furthermore, any neutrino contamination 

in the anti neutrino beam can be more readily dealt with 

if one employs the EMI. 

A. Charged lepton current 

l. Although, the neutrino energy is low (~50 GeV) we will search 

for jet-like structure of the 11 dressed up 11 recoiling parton 

and observe how the charge-momentum distribution compares with 

the corresponding neutrino induced state. It is very important 

in this analysis to know the direction of the momentum transfer 

vector. Unless the muon is identified and neutral current 

events removed from the sample;errors will be introduced into 

the analysis. (See Fig. 2) 

2. The known (l~y) 2 dependence of the anti neutrino charged lepton 

current cross section makes anti neutrinos very useful for 

searching for the production of rare, massive hadronic states. 

From Fig. l, which shows Hnes ·of constant hadron invariant mass 

W, one observes that thresholds for massive hadronic states occur 

at large y and sma11 x (::Cl/2MV) where a paucity of events 
,. 

occurs. Fig. 4- shows, approximately, how the 2500 events 'will 

distribute themselve·s in the x, y space. Here, for simplicity, 

we have used vW2 a: 1-x. Charmed particles, if they exist, are 

expected to have leptonic decay modes. Here, again the·EMI is 

useful for detecting its muonic decay mode. 
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3. Observation of the r-ela..+1ve \""o.tes- of ;AS = LlQ andA.S = 0 

reactions ~la Cabibbo, where the final state baryon systems may 

not be in the same SU(3) multiplet as the proton. For example, 

;.1$=: D 
) 

Here, there is a greater chance for misidentifying the muon than 

when the baryons are in the same multiplet as the proton. The 

EMI will eliminate the ambiguity. 

4. Test of Adler's relation, 

L
. dcr(vp) 
IV>1 -

Ev--7 o0 d Q z. 

B. __ Neutra 1 1 epton current. 

·1. Although the neutral lepton current events can be identified in 

approximately 20 or 30% of the cases we have little chance of 

being able to determine x and y for them because of our inability 

to measure the energy-momentum of the neutral portion of the 

hadronic state. We will, however, try to extract the maximum 

amount of information from the charg~d portion. ~e are submitting 

a separate proposal to use the EMI with a light mixture of Ne in the· 

hydrogen bubble chamber so as to be able to measure x and y. 
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2. Neutron background studies are crucial to an ultimate understanding 

of neutral current physics. We intend to search for anti neutrino 

interactions in the surrounding super conducting coils where the 

associated neutron interacts in the bubble chamber. From this we 

wil 1 be able to e>ttvw.rte the neutron background • 

C. Possible Surprising Physics 

With a detector system that maximizes particle identification?one is 

best able to detect unusual processes. 
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Apparatus Needed 

A. 15' -- Hydrogen filled bUbble chamber. 

B. External Muon Identifier. 

The twenty-five lm2 - multiwi re proporti ona 1 chambers (MWPC) 

envelope the downstream portion of the 22 1 diameter vacuum tank. Fig. 

5 summarizes the geometrical coverage of the 22 MHPC 1 s used during the 

July-Aug 74 run of E45A. It sho1t1s the vertical and azimutha 1 coverage 

as viewed by an observer~ at the center of the bubble chamber. The 

plotted points are the predicted hit positions in the MWPC of incoming 

regenerated muons (from the berm and earth shield) that traverse the 

visible volume of the bubble chamber. Fig. 6 shows the deviation of the 
. :z. 

measured position in the EMI from the predicted one. The RMS deviation 

is very nearly that expected from multiple scattering in the four inter­

action lengths absorber between the bubble chamber body and the MWPC 1 s. 

Mor~diJttn80percenttof the observed hits fall within the 11 96% circle 11 

centered at the predicted point. Less than two percent of these 

incoming tracks interactjconsequently, they are mostly muons. Details 

of · f:his. earlier run (400 GeV triplet load) are given in TM513. 2 

C. Neutrino Beam Monitoring Equipment. 

D. We would like to assist Experiment 3r A (Derrick} in determining the 

effectiveness of the plug that is likely to be first installed for the 

April-May 75 run. We plan to operate the EMI during a reasonable 

fraction of E-3tA's exposure in Oct-Nov 74. 

E. Scan Projector suitable for monitoring the quality of the bubble chamber 

pictures from the test strips. 

t Some of the beam spill was known to be out of time with the 

EMI gate during this early run. 
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Scope of the Experiment 

l. 50,000 of 300,000 Enti neutrino pictures to be taken during the April-May 

1975 run sequence. 

2. The remaining 250,000 pictures to be acquired as the schedule permits. 

3. At this early stage of bubble chamber operation we shall assume that 

30,000 pictures can be accumulated per week. The first 50,000 pictures 

will take about two weeks, and the remaining 250,000 another eight weeks. 

4. Very little testing of equipment is required. We assume implicitly 

that all beams that are capable of producing neutron or charged back­

ground in the bubble chamber will have their spill times not during 

the bubble chamber sensitive time. 
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FIGURE CAPTIONS 

Figure 1. The kinematics of ineldstic lepton scattering are 

summarized here. The solid lines radiating from 

Q2 =0, v(=Vmax=E) are loci of equal final lepton 

scattering angle. The parallel solid lines are loci 

of equal invariant final state hadron mass. They 

also show "worst case" predictions of hadron multi­

plicity. The radial line originating at Q2 =0, 

v=O are loci of constant x(=Q 2 /2Mv). The dashed 

curves are loci of constant Lorentz factors, tw 
of the hadron system. 

Figure 2. Typical momentum vector diagrams for various regions 

in the x, y space are shown. The opening angles of 

the cones are typical of those expected of the 

Landau Thermodynamical model. A jet-like model 

would predict opening angles and multiplicities much 

smaller than these. 

Figure 3. Typical Muon Trajectories in the 30 kG field of the 

15' chamber are shown. The two solid curves for each 

(x,y) are the extremes for muons produced in the 

equatorial plane. The dashed curve is that for a 

muon emitted with its extreme dip value. 

Figure 4. This figure shows approximately how the 2500 anti 

neutrino events will populate the x,y space. 

Figure 5. The azimuthal and vertical co..verage of the EMI, as 

viewed by an observer at the center of the bubble 
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chamber, is summarized here. It also shows where 

regenerated muons {from the rear portion of the 1000 

meter earth shield) are predicted qr the bubble chamber 

measurements to strike the EMI. 

Figure 6. Summary of the deviation of the measured position of 

muons in the EMI from the predicted position using 

the bubble chamber picture. x is horizontal and y is 

vertical. 
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