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THEgEXTERNALvMUON IDENTIFIER FOR THE FERMILAB 15-FT. BUBBLE CHAMBER

R. J. Cence, F. A Harris, S. I ‘Parker, M. W. Peters,
: V. Z Peterson, V. J. Stenger

Department of Phy51cs
University of Hawaii
- Honolulu, Hawaii 96822
and
G;-Lynch, J. Marriner, F. Solmitz, M; L. Stevenson
‘Lawrence Berkeley Laboratory
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- ABSTRACT

An external muon identifier to a1d 1n the 1dent1f1cation of

muons produced in neutrino 1nteract10ns in the Fermilab 15- ft bubble

,chamber has been constructed. Details of deSign‘and analysisv
" procedures are discussed. The spatial resolution and efficiency

have been calibrated using muons regenerated by neutrino interactions

invmaterial upstream of the bubble chamber. A formalism to describe -

the statistical significance of muon matches in the identifier is

‘developed and tested using tracks from actual neutrino interactioms.

* "v R R . o
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I. .Introductipn ’
- In-thé study éf,neutrino interactioﬁs USing:intensé:Eéamé éf”
muon neut:inos»such_as are‘p£oduéed at Fermi ﬁati&nal:A¢ce1erator
Laboratory, muon identification ié of prime‘importance{.'This |
»importahce has been underscored by fhe discoveries of neutrél cﬁrrentl)
.énd_di;léptonz? events; vIn 19705 an.Exterﬁal Muon‘Identifier (EMI)
was proposed3) to aid in identifying muons emefging froﬁ interactions
wiﬁhin the:Fermilab 15-ff Bubble Chamber.. Tests of'the ptoposed
method to.separate'hadroné and muons Were-conducteé using a 3 GeV/c
meson beam at the.Bévatron in 1971, A somewhat scaled down'versipn
'éf the propqsal was approvéd and.became operatidnal during'the summer.
of.1974; in‘time for the first bubble chamber dpération with'né;tfinos
incident on’ hydrogen. The EMI has subseduently beén used by several
groups.in exﬁeriments to study neutrino and antineutrino interactidns
on both hydrogen,and mixtures éf néon—hydrogen, and with both:BOOHGeV
and 400 GeV protons incidént on the neutrino target. )

" Muon identification for neutrino interactions inbtﬁe 15~ft bubble
chambér is -complicated by the fact that not oniy is the muon source
é lafge volume,ubut, further,vthé muons emefge with a wide range of
angles and momenta. The proﬁlem is solved with a.iarge area, single.
plane detecfor:mounted on the Vécuum ;ank of the bubble Chamber.to
'measﬁre the positiong of all tracks emerging ftoﬁ:é relatively thin
absorbef of. 3-5 absorptiOn lengths 1ocated:insidevthe vacuum tgnk.
Somé'of'these tracks afe associated with'neutfiﬁo-interactioné
inside the bubble chambér, but.most arise from interaéfions in‘the

- absorber or other material-sufrounding the sensitive volume of the
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bubble chamber. Interactions of interest Qithin the bubble chambér
are located by scénning the film;bthen:eachltrack is»measufed fo
détermiﬁe its position and momentum. Using the known magnetic.field,
it is:then possible to caiculate‘the position of eaéh track‘at.tﬁe
detector plané and to predict é region in'which the probability of
finding thé particle will.be high if, indeed,vit'is a ﬁuon;: ﬁadrons
gsually updergé strohg iptgrattions’in the abSotber and Will frequently
be:completeiy absorbéd; écatter out of fhe acceptance région, or
produce-hédron cascades. Thus, they may,reveal.their'idéntity byv_
producing nb partiéles in the acceﬁtance region or many ﬁéftiéles

Vin the région'of the exﬁrapqlated tréck. (The latter case has hot>yet.
'pioved_to be very uSeful.)f Some muons are lost because of detector

- inefficiencies, aﬁd ofhers (a known ffaction) are lost becéqse they
are on the tails of the multiple Coulomb scattering-distribution. On
the other hand, some hadrons are mistaken‘as muons because: (a) they
have;within the acceptance region, either a (baékgrouné) track from

an unrelaféd interaétién or a secondary from an interaction of the

hadron in the.absorber, or (b) they fail to interact in the absorber.

II. Experimentél Appératus

The EMI apparatus .is shown sChemafiéaily’in_Fig. 1. The détectér'
plane consists of éh array of 24 multiwire proportional'chambers (MWPC) ,
each-with a sensitive area of one square meter. - They aré‘afranged
‘three high by eight wide and cover appfoximately_l35° azimuthally and
45° verticélly. The éhambers are overlappgd to eliminate the
possibility that particles will pass between chambers. Proportionall

chambers were chosen for this application because they prdvide the
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required fesolution,tq'separate scattéred hadréhs frﬁm'muoné, reqﬁire
no trigger,.are continuouslyusensitive, and épe:ate.well in the
large ndﬁ—ﬁniforﬁ fringe field_of the bubblevchambér superconductiﬁg
magnet.' |

.'The geometric muon acéeptande for the conditidns‘correspohding_
to the first bubble:chamber photographé (neutrinos on hydrogen) has
been célcﬁlated using a MontevCérlo programs). For this period,
300 GeV protons were incident on an aluminum target, and the secoﬁdary
mesons were focﬁéed by a single magnetic horn. Muons from Monte Carlo
generated charged current neutrino interactions inside a 20 m3 |
- fiducial vo}umebwere éxtfapolated through the magnetic field (21 kG at -
the center vathé“bubble chamber);(éndAthe fractioﬁfstriking.tﬁe EMI
detector was detefmined to be 87%. vFor_tﬁose events with a total
visible momentum,gfeatér than 10 GeV/é, it was 892.

The hadron absorber is composed of_tﬁe materiél‘in the bubble
chamber superconductihg magﬁet éoilsvand suppoft structure with
additional zinc added betwéen and behind theé coilé.‘ Zinc was chosen
beéause it is an inexpensive;vnon-magnetic, relatively low Z métefiai
Qith reasqnable density. The conduétor of the magnetvcoils is wound
into flat rings, 3.8 cm thick separate& by'0.3v¢m'gaps.‘ In the analysis
of the data, fhis finé structure.ié ignored, however,.aﬁd a uniform,
homogeneonsvabSorber‘with the samé average dénsi#y is assumed. The
ﬁagnet coils, which éré apprqximately.Z/B copper and:1/3 staiqless
steel, are éiightly,overftwo absorption lgngths'thiék[ The abéorption
1eﬁgths'used are indicated in Table 1. Thrée absﬁrption-lengths

of Zinc‘bldcks'(7 metric tons) have been statked in three port holes.
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in. the magnet suppqrf structure, and another 6 metric tons of zinc
has been added between the coils But inside fhe magnet cryostat.
.After the early 1974 hydrogen exposures, an additional.30 metric
?ons of zinc was added just behind the magnet cryostat.‘ With fhe
present abSorBer, a typical muon passes.through 3 to 5 absorption
lengths of maferialm |

The MWPC'SG) are cons£ructed wifh a 'single 20 um diameter wire
plane ;nd fwo photo-etched cathode planesvmade of gold ﬁlated.copper
bonded to mylar. .Tﬁe copper strips on one cathode piane_are perpen-
dicular to the wire plane and at a 45° angle on the 6ther. The wire
“"plane and two cathode plaqes-pféVide meaéurements of time and three
(one redundant) spatial coofdinétes when used with eleé;roﬁagnetic
delay line readout. ‘The cathode planes are éupported by honeycomb
panels and spaced 8 mm from the wires by a picture fréme of G-10 fiber—
glass. The_proportibnal chambers, delay lines, and'assoéiated
electtonics are mounted in aluminumbboxes which also provide eleétré—
magnefic shielding. Thé'ovérall size of the package is 127 cm X

127 em x 7 cm.

The use ofielectromagﬁetic delay linés with typical delay times
of 10 usec]metef allowé.cobrdinate readout at a lafge cost savings
over conventional amplifier per wire systems. There are fouf‘l—meter
long delay iines per module: one each for‘the x and y axés,'and one.
for each hélf of the diagonal or u axis.: They are physically arranged
" as' shown in Fig. 2. Thé #fand.y delay 1lines havé an amplifier»at each
end, but the ﬁ délay lines, for reasons ofbeconomy; have only one

amplifier each. A seventh amplifier, which is attached between the
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céntrallcbnduépor of the y'delay 1ine.and éround, produces a prompt
.pulse ﬁeariy coincident with the time (t)bof”the avalénéhe at the anode
wire of the MWfC}- The pulses from the other”aﬁplifiersboccur at
‘various delayéd.times détermined'by the spatial coordinafes-x and 'y
and the velocities of a propagation down the\delay.lineé. Passage

of a particle through the,chamﬁer injécts a pulse on the x delay::
line, for example, at a distance x from oné end.' The pulse arrives
a§‘thé oppositevends‘(labeled XAiand XB) of tﬁe deiay 1iné at times
given‘by '

i

t

i
st
I

v J,X/VX +(tb .
(1)

[nd
l
[ad
I

4 - x)/vx'+‘t o

where % is equal'tp 102.6 cm; the width and height'of the active area

of the MWPC, vx,ls the delay line vg;oclty, and tXAO and tXBO are

constant time delays. Similarly the Y delay linevreads.out times

ya " tyag " ylog + ¢
o : - (2)
tyg ~ tyg = (X - y)/vy +t
. ' and the diagbnal U delay line
’ B - - kel i w >
. o o LA tUAO (x - y)/vUA +t ‘1f X v y
: S S o _ v (3)
typ ~ tUBO },=I(y - x)/vUB ,+-t. Cif oy > x
The prompt amplifier measures t directly
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The output of the amplifiers is a 200-1000 mV (typical) positivé
pulse which travels along 160 m of coaxial cable to the EMI céntrol
room where it is applied to a discriminator. The discriminator
consists of two parts: the first part is an amplifier with a variable
gain which differentiates the input pulse, and tﬁe second is a zero
crossing circuit. The zero crossing circuit is aétivated by a minimum
voltage and friggers when ghé differentiated wave crosses zero. In
terms of the inputvaISe, the discriminatof is activated by a minimum
rate Of change of voltaée (%%);vand friggers at thé:peak. The overall
threshdid of thé discriminator is adjusted-By setting the gain of the
'input‘aﬁplifier.- The use of é zero-crossing type discriminatoi-to
find the center of the pulse is esSenfial since the.puléeé are several
hundred nanoseconds widé, while the.éime resolufioniﬁust.bé 30 nsec or
less. The output of the discriminators is digitized by a»CAMAC é&stem
which employs'a 28 MHz clock. Clock pulses are scaledg and thé confents_
of the scaler are recofded in a écratch'pad memory upon the arrivél of
a discriminator pulse. Up‘to.l6 pulses may be recorded for each
amplifier. A‘more complete description ofvthe electroniés has Bée@

7)

given.elsewhere . Between beam spills, the memories are read out by
a PDP-11 éomputer and then written onto magnetic tape:

Since fhe EMI deteétor consists of a single plane; detectihg “
inefficient MWPC chambers is difficult. Fortunately,ithe redundancy
within each,oi the proportionél chambefs may bevusgd.for this purpose.
The online computer.operating syétgm ﬁéés_coémic‘rays betwéen accelérétor

pulses to determine that each proportional chamber records cosmic

rays at approximately the proper.rate, and that a preset fraction
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(usually 65%) of uﬁcomplicated eventé has a éiﬁgle encodihg from each
6f six amplifiers. Cosmic rays are also use&-to adjust the dis-
crimiﬁatdr thfesholds; so that eachr;mplifie? makes éne eﬁcoding
for each cosmic ray és often as possible while encoding extra unwanted
pﬁlées as'seldom as possible. An elaborate system of hardward checks

performed under computer control insures that the electronics is

.operating properly.

III. Analysis f%oceduréé . _
| In order to use the 15-ft Bubble .Chambé‘%r./EMI hybrivd-‘;s-y"stﬁ_evm,' it
is necessary to match bubble chamber tracks to_particle:hits'in fhe.
.»EMI cﬁambers. Two cdmputer programstin addition fo the usual bubble
chamber geometry program are:requifed.. The:first pfogram constructs
all possiblei(x;y,t)-fits from the raw time:digitizations for each
EMI chéﬁber.’ The second ﬁrogram éxtrapolates_tﬁe bubble chamber~‘
tracks to the EMI and compafes the §bserved;fitted x and y pOSitidné
to fhe extrapolated positions.
"Since the time between particlesvis compafabié t0~thé totgl delay'
.time of g.deiay line, it is.nOt unéoﬁhon fér the_fiﬁe drdér of the
arrival of pulses from a given‘amplifiér to differ from tﬁe time
_ordefing‘o% the passage of the particles wﬁicﬁ'initiateﬂ tﬁem.' The
MWBC.coordinate fittiﬂg program then must éarfyfoﬁt twé.functions:
the association of related encbdingS’and tﬁe éalcﬁlation from these
of the_particle coor&inates; In addition, several circumstances may
interfefevwith the.arrival of pulseS'aﬁ the digitizer médules and |

with their accurate encoding. First, signals traveling the full
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length of a delay line and coming from partiéles‘with low primary
ionization may be‘lost beéausg of attenuation. A pulse is aftenuated
by about 0.5 when traveling the length of the delay 1iné. Secbnd, a
pulse may be lost if it folloWS another too closely on a delay line.
The pﬁlse—to—pdlse resolution, i.e., the minimum separation for which
two encodings are reliably produced at bofh endé of the delay line,
is_O.S usec (65 mm on the y delay line). This distanceAis 6.5% of the
total lengthbof the deiay_iine, =10) coincidences leading to loss of -
encodings are not a negligible effect. This sebérati&n is needed for
a small pulse following a large pulse to count. At the eﬁd of the
delay line wﬁefe the small pulse ieads; someﬁhat lesé.than half this
separation 1is necessary. ”

In addition, coincident pulses on either‘deiay line‘or_the prompt
channel may saturate the amplifier,-produciﬁg a»flét—tOPped pulse.
Such pulses lead to an encoding representiﬁg the beginning of the flat
atép rathér'than thé éenter of the pulée. Tﬁis "pulling" of the enéoding
is only expected to 5e importgnt wﬁen §evera1 simultaneous particles
hit the'same MWPC (as in'a.shower)5 | -
Finaily, smgll but significant qouplings between amplifiérs can
" give unwanted extra pﬁlses. Additionai énchings-may also be presént
.as a result of eléctromagnetic.interferenée or small high VOltagé
discharges within the chamber. The additional encédings ﬁay appéar‘
in a wide variety of ways; varying both in frequency and in’tﬁe
number.éf channels which are active.

ThusF the reconstruction must allow fof,an arbitrary dvgrlapping

of events and for inefficiencies and noise encodings in arbitrary

ST o
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combinations. If all encodings are present, there:aré_six pieces of

tU), where tU may be- either

datg,avallable (tP"tXA’ tXB’ tYA; tYB’

t depending upon whether the hit was.above or below the

UA O?ftUB’ _
"chamber diagonal. 'There.are fhree.qUantities‘td_bevdetermined for

each hit (t,x,y) so there are three ekcess quantities beyond those
neededvfor a direct solution. A 3-constraint (3C) least squares fit
méy therefore be performed usiﬁg Eqé. (L-3). 1f 1, 2, 6r 3 encodings"
aré miSSing; the fit becomes ZC, lC, or 0C resﬁectively, A good
solutioﬁ must have‘one or moré constfaints, a.sﬁfficienfly sm;ll chi-
Squared, and must use some éncoding which'ﬁas not‘been used‘by a
.sdlution bf:a highef conétraint'class; .This latter requifemeﬁt

eliminates spurious fits -suchas (té, ) where

] ] ’ : ’
xa’ “xB’ “va’ “vs

t s ' A\ U v ' g
tU) and (tP, t t t t tU) are both

(t xa’ Yxp’ tya’ tym’

P> xa’ fyar tyse
vgéod 3C fits. EQen with this.restriction, spurious.orrghbst solutioﬁs
ma§ bebfound.; Two different computer program38>'havevbeen written to
perforﬁ the reducfion of the MWPC data; they producevnearly identical
results. o |

Bgfore the fitting program can be,uséd,‘the_éieveh constants
appeéring in Egs. (i)—(3)»must.be determined for each MWPC. Four
ofvthese are deiay liﬁe velocities,'and'the other seven afe constént
timg délays’for éach‘amblifier‘channel.' Sevén'ConStahts may be
‘determined from a-XZ mihimization‘techniqUe,'using:eveﬁts.eéch with a.

t . encoding. However, the origin.

t tYB,and'tUA or UB

, t t
Epr Txa> Txp» Fya’
of the readout sYstem relative to the chamber remains undetermined
as does the origin in time. Also indeterminate is ‘the overall scale

- 'of the readout system, i.e., only the ratios of the velocities can
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Ee determined bj the X?Vminimization. The‘preblem is greatly alleviated
by the use of fiducial pelses thch are applied to the delay lines in
'places'referenced-to the MWPC. - In principal,vthe fiducial pulses allow
a complete calibfation of all MWPC delay line coﬁstanfs. However,

the fiducial pulses give slightly biased estimetes of‘delay line
constantsﬂsince their pulse sﬂapes.diffef somewhat from those ef actual
chamber pulses. 1In preeeice, the fiducials give‘a first estimate of

© MWPC delay-line constants; the X2 minimization-is then used for those

E))

constants whicﬁ it determines™’. The quantities undetermined b& the
X2 minimization are-accurately calibrated, as wiil'be‘described later;
_by hsing tracks seen in the bubble chamber.

The second cemputer program extrapolates bubBle chamber tracke‘
through the absorber to the proportional chambers by integreting
the‘equations of motion of a particle subject to a magnetie field
and energy loss inba medium. The extrapolated'position is an average
expected position whose deviations are due to meaeurement efrors‘in
.the bubble chamber and'multiple Ceulomb scattering in the absprber.
The proper calculation ef these'erfors is neceesary in order to
describe the statistical significaﬁce of the matches beﬁween extrapolated
positions and actual positions'as reconstrucfed by the MWPC fitting
program. The Coulomb scattering aeviations are»calculated by_a v

standard methodlo)

, while the momentum and angleverrors from the bubble
chamber film measurements are propagated to the EMI in a small turning
angle approximation; The proportional chamber and bubble chamber

spatial resolutions are combined and taken to be 0,33 em, a number

determined from the confidence level distribution of high energy muons.
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All the above added infquaArature yield'ﬁhe e%pected‘rms.deviation.o
of thé‘appropriate MWPC fit about:thevéxtrapolaféd Qalue,if the track'
s a muon. .Thé’rms‘scattering of an average track in;the absorber

is given roughly by 10/P cm;JWhere'P is the‘momentﬁm ih GeV/c; ,At
very high moménﬁum (above’2O GeV), the resoiutiOn of the MWPC apd
bqbble]chamber is uéually the domin;nt,contribution fo 6, while at

lower energies Coulomb scattering usually dominates.

Iv. EMi Célibration

The proportional chamber poéitions were-inifially determined_by
measﬁreménts relétive to:the vacuum_taﬁk of.thé Bubble_chamber. A
'precise determihation of their positions, but rélative to thé.Bubble
chamber fiducials, Qas made with a sample of high energy‘muons
. consisting.of single tracks in the bubble chamber with momenta greatér
_ thaﬁ 10 GeV/c and Which make an éngle of‘less than 2.5° with respec§ 
to the neutrino beam direction in boih dip and azimuth. The hadrqn
' contéminatiqn bf this Sample wés_estimated to be 0.8 * 0.3% by
observing the ratio of intéréctiﬁg to non—interacting-tracks and
' cbrrecting for the interactiQn probability. By compafing the data
frém.the proportional chamber with the position extrapolated from the
bubBle chamber;bthe best values of s, Xg» and Yo in the eduations |

x' = sx + x

0

_ U . (5)
yv = vsy'.+ yO. .

‘are found. In the above, x and y are the MWPC coordinates obtained

‘with the calibration' described in section TII, and x' and y' are the

1
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corrected MWPC coordinates éfter:the fiﬁal calibration withvmﬁons.
Figure 3 shows the results of a calibration of one chamber. Not all
chambers can be calibrated in this manner because only proportional
chambers directly behiéd the sensitive volume of the bubble chamber
intercept fast muons. However, it is not necessary to have precise
locations for the peripheral chambers, since:muons:interceptéd by
them are of low momentafand have rather large multiple Coulomb scattering
regions. | |

The same sample of muons has begn used to study the error .
distribution of tfack matéhes in the prppor£ional chambgré.' The
behavio; of Ax/CIX whére_Ax is the difference between the extrapolated
‘position and the observed position in the MWPC andvox is the expected
rms deviation was found to be'non—Géussian.: The distributiqn is, however,
well fitted by the sum of two Gaussianbdistributions. . The dominant
features of the distribution are well fitted by a Gaussian of width
Ox,but some additidnal component due to a Gaussian- of width

5 .
;2 = OX + (1.7 cm)2 is necessary to describe events with large Ax.

‘0
The second Gaussian, thch amounts to about 10% of the events, is
understéod to be due to the impeffect two pulse resolution: ' additional
undesired pulses may be due to § rays, a chance coincidence of unrelated
events, or any of the:sources discussed in section III. Using é

pulse which is near tb, but not idenpical with, the true position thus
prodﬁces a considefabiy poorer.MWPC'resolution. " From the data, it

is found that the confidence level C is uniformly distributed between

0 and 1, if
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C=(1-6) exp -1 [Ax” + Ay~ + 8 exp - 1 éE;.+ by (6)
2{ 2 2 € 2\ 272 _
- Y ) : \O c
X y AN 4 y
with 6 = 0.1, Ay and 0; are Aefined similarly to Ax and O;.

The muons can also be used to determine the MWPC efficieﬁcy
since the hadron contamination is sﬁall. In a sample of 4012 tracks,
209_had EMI'matches:with a confidénce level between O and'0.0l, After
correcting for the 0.8% hadron contamination and the 1% of events
expected to populate this range of confidence level, the residual in-
efficieﬂcy is 47%. The inefficiency is caused'largely by the séme
processes asicause the broadening of the MWPC féSolution, éxceptvtha;‘v
instead of'férming nearby\solutions, solutions are lost com?letely
because.of.missing encodings. Tﬁere is also a contribution from
events whose priméry ionization is low, and‘the‘puise heights from
the delay liﬁes are insqfficient to trigger the requifed 4 discriminator

channels for a lC fit.

V. Muon and Hadron Confidencé Levels

It is adVantageoﬁs fo define two quantities, pu énd Py wheré_p;
is thebprobability that a muon will-give'a.worsé fit thén-this tr;ck,
and..ph is the probability that a hadron will gi&e a better fit than
thié track. These‘quantities evaluate{the pfébabilifies of rejecting
" a true hypothesis (missing a muon) or acce?tiﬁg‘a false hypotheéis
(calling a hadfqﬁ a muon). A well identified muon then'isva.track‘
with a large pu and.a smallAph; The calcuiated pfobabilities must
include the effects of multiple scatteriﬁg of muons and non-interacting

hadrdns, EMI and bubble chamber track location errors, efficiency of
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the EMI chgmbers,.spétial coincidenceé with unfelated EMI hits (random
backgrouné), and - the épatial diétribution of interacting hadroms which
penetfate the absorber (punch-through).

The spatial distributioﬁ of muons and non-interacting hadrons
about the extrapolated track is described by the confidence level

(Eq. (6)). Defining X2 and B by

2 2
2 /A A
oo (e
canf = AyOx
an Axc
y

the equation may be rewritten as
c 1

| . 2y 2. '
C= (1- §)exp —(éL)+6exp—22£—(£ + £ cosZB)]

where
O \2 o \2
+ X\
o (51) + ()
x/. y
and

I

_ O\ (O \2
2 "<57) -\

X - Ny

. . _ . b
The confidence level depends on two random variables X~ and B, but
nearly all of the dependénce is on X2 because § is small and E_ tends
to be much smaller than £+.
' The probability that a hadron interacts before feaching the EMI

without producing a seéondary which passes near the extrapélated

position is given by
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Prob

1 - exp(—zgi/ki)

where Zi}=path iength, and X£==absorption length; and the sum Zﬁi/Xi
is acéumulated for all of the varidus materials encount§£ed as‘the
#réck is extrapolated out to the EMI chambers.

' Baékgroﬁnd hits in the EMI may accidentally coincide with tﬁe
extrgpolated position\of a hédrdn that has interacted, thﬁs, making
it look like a non-interacting muon. This effect is small for fracks
lthat extrapolatevto'the'EMI Qith small errors, but may be important
for ibw momenfum or poorly.measuréd trécks where the calculatgd
error, and, thus,'the alldwéd region for.é good hifvis large.
Sbmetimes-fhié efféct‘wili_aléo caﬁseAthe nearest hit to an e#trapolated
muén not to be due to the muon itself, énd may even ''save" a muoﬁ‘fof

. 4 .
which the EMI was inefficient. The observed value of'X2 defines an
elliptical region of the EMI within which any hit would be beﬁfér
than the observed hit. The probability éf getting no background hits

within this ellipse‘is taken as the Poisson probability
= eXP(-p'no o xz) '
. oy

where p . is the area denéity»of hits. This form for the background
assumes that it is random and that the EMI array is infinite. 1In
préctice_the expression for background should be édeqﬁate for areas

<1 m2.

Early evidence indicates that punch through does not seem to be
~very sharply peaked about the extrapolated track position. .Theréfore,

we assume that it is uniformly distributed and is included in the

general background of random EMI hits.
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Combining all the effects, P, and'ph may be written R

= 161161 o foro,0,2)] 4 19 - [ o)

_ : 7y
EMI and | Scatters| and No Bacggrqund or. E¥I and No Bacggtound
Works . . Inside _ Fails Inside
4 Outside e :
IR V7N - 2)] -2/
I - [1-e™"7] [e#p( DWOXOYX + Ie ] [Pu] v

| S o -. S ®

' | [ Hadron ' Hadron
. Hadron. and NovBackground -or |does not| and |Behaves Like
Interacts Inside . . . .
: Interact_ Muon

where € is thé.EMI‘inefficiéncy. If the model is correct qhd if the
‘proper values are uéed for €, /X, o, Qx.and'Oy, ;henvby defipition
muons will unifdrmly.populate’v'pu and Hadrons will unifqrmly populéte
P+ The distribution of.ﬁadrons in terms of.ph aﬁd.of muons in terms
~ of ph'is_not given a Briori? but depénds‘on the Qistribution of‘trgcks
in terms of‘the paramefers Q/X; Ox, and Gy. Generally,lhqwever, the
- EMI separates mubns.from hadrons,by the fact that muons tend to
_éoncehtrate at=low;ph, whiie:hadrons concentrate.at low pu (namely;
hédrons are not iikely to hit near the eitrépolated track). 1t
should'be emphasized that for a particular track pU énd Py are
correlated:_ if Ef is zero, the correlatibn is 1002. It Shoﬁld also
: be noted that tragks_which.go through essentially-no absorber may.
“still giVe‘vélues of pu and Py wﬁibh seem té i@ply that théy are well

identified muons.



-17-

fVI. ;CbmpariSon with Data

Neutrinoueventsvfrom.the eérly ﬁydrogeﬁ runs héVe ﬁeenluSed_to~
determine'the pqraﬁeters.p énd A Qﬁiéh'apbear in the ekpressighs_for
pp ahd‘ph and to evaluate the validify of the assumptioﬁs conéefning
background and penettétion of hadrons through the absorber.*‘A saﬁple
of hadroﬁs with littie muon contamination was oBtained from a |

fairiy pure sample of charged current neutrino events. The sample

- consists of events where the negative trackbwith the highest transverse

11 . : . . . ‘
momen tum ) relative to the neutrino beam direction matches the

 predicted position (with pu > 0.15). The remaining tracks in the event

have a muon contamination of about 1%. Hadron tracks are separated

into two categories. Those with EMI matches in time coincidence with

the muon are used to determine A, while those with matches out of

time are used to determiné p.

There are two componénts to the set of hadron tracks which have
matcﬁes in timg‘coincidencé'ﬁith;the muon. The MWPC fits of the
first component closely match the extrapolated position, while the
second is distributed diffusely about the:extrabolated poéitipn. 'This
latter component is due to pqnch—through of the. track in question, |

other tracks in the event, or possibly § rays associated with the

muon and is sufficiently diffuse to be treated as part of the
'background. Background, then, has both in time and out of time

. components.

At first it might seem Sufficient,tp determine p by counting
the avérage'number of hits per chamber. However, it is important fd_

use tracks from actual neutrino events in selecting chambers in the
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determinafion of pibeéause other nearby ttaéks in the neutrino events
élso contribute to the backgroﬁnd. The contribuﬁibn of tﬁese other
tracks may not hecessarily be in the form of MWPC fité‘which.are in
time with the event since these'tracks may by chance make encodiﬁgs
which the_MWPCvreconstructioﬁ program ﬁses.to generate false solutions.
In the data samplé considered, the distribution of the numbér
of fits in a proportipnal chamber follows approximafely a PoiSsOn
distribution;for low numbers of fits butAhas éIIOng”tail_which is
presumably'due_to Shodersi To approximate the distribution,'parameter
0 appearing in Eqé.'(7) and (8) is set eqﬁal to the.number of fits
iﬁ_the cﬁamber if therebié a "shower" (more thanl6 fits) but is -
taken to be some average value when the chamber has fewer than 6 fits.
The average value of p when there aré_féwef thén 6 fits in the
chamber is-determined from the neutrino:evénts} The fraction.f(A)

L

of tracks which match a background fit with the chi-square of the

match'eqﬁal-to or smaller than X2 is f(A) = 1 - e_pA, where
A= ﬂoxoyx . Splv1ng for p:
o(a) = —inll - £(A)] B _ _ (9

.Although’b’waé ass@med tﬁ be a constant in the;derivation of Egs. (7)
and (85.in seCtibn v, the.data which deterﬁine f(A):will require.a
deﬁendence on A. . Displaying p(A) as a function of A allows a determin-
ation‘of the validity of the assUmption p = éonstént.

The funétion f(A) is found by selecting tfécks from the sample of
hadrons where the EMI proportiénal chambér fit which is closest to the

extrapolated position of the track is not in time coincidence with the

i
i
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muon in tﬁe eveﬁt. ,The-critefia fof timé coincident.fifs*ﬁas:téken_to be
'1360 ns é valde much larger than the pr0po£tionél'chémber timeure301u£ion
(6 - 30 ns) but éméll coﬁpargd té-neutﬁino”beam spill time (20 usec). ' The
distribufion in the area A 6f thése out of ﬁime.fits determines f(A) which':
in turn yields p(A);ﬁhrough Eq. (9). Except for-a.sharﬁ peak néar the
.extrépolated-posi?ion,vtracks whose closest MﬁPC.fit is in‘time'have
roughly the same diffuse spatialfdistrib;tion as those with fhe closesg fit
out of time. Thus the élimination ofvfracks‘wifh thevclosesﬁ fit out of
timé.dbes not substaﬁtially aiter the_spatial'distribution f(A), and
therefore does not change'the value of p(A)f The p(A).éalcﬁiated, then,
includes the‘effecfs of both in timé and out'of time background.“ |
Figufe 4 shows pP(A) as determined from the vldata. - The decrease

of b(A) as thevarea increases is understood to be dﬁeiprimarily Eo

tha fact that the EMI array of chambers is not infinifé. In fact,

in séarching for tﬁe.closeép fit, bét&eéﬁ l.and 4 chémBersbwill'be.
examined aepending.qn how close the extrapolated track ié to the édge

'of”the chambers., Thé finite size of the EMI not only plécés a limit
on‘thé'ﬁaximum value A caﬁ take;'But éfeéfes the dééreésingltreﬁd.'

in p as‘fﬂe'area'A expands'fo the point where.it is not entirely

covered'by the EMI proportional_chambefs. Thé value chosen.for’p‘is

not unique:becauée of the siight dependencé on A. The Vaiue

p(o)v= 2.5/m_2 has been used for the conditions of.thé'eafly hydrogen
exposures. The variation of bvfrom cﬁamber to éhamber is smail and

has been neglected. | |

Thevtime coincident matches wﬁich are sharply peaked ébOut the.

extrapolated position are due to non-interacting tracks and the
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forwafd componént'éf the puqch—through. An>overall correction factor n
. is'defined so that Xi;=.nki, where;thevki.érebthe cérrect'abéorpfioh
lengths, and the.Xi‘are the absorption lengths aséumed (Sée Tablé'I)g The
parameter 1 is detérmined by requiring the EXpected number calCuiated from
the absorption'iengﬁhs Xi to agree with thé number of had?ohs‘matéhing'
(confidence 1ev§l >0.15) and in timé coincidence with-the-muon. Figuré 5
shows the behévior of nas a funétion of-momentum;,'Although eacﬁ data
" point is wi;hin errors of n=1, there'is a strong suggestion that the
length increases with momentum, as suggested by a hadron‘showér Monte Carlo
genérationvprogramlz), :In calculating ﬁ; the contamination of the sémple '
due to.muohé has been neglected._ The lowest momentum bin is higher
because much of the diffuse component is included when theVCoulomB
scattering reéion Becomes.large..

As.a'éinal che;k, the distribﬁtidn in'pu and ph‘of a statistically
pure_sample of hadrops“and muons will~bé‘gi§en. Figure 6 shows the
pu and Py distribution of the high eﬁg;gy muons‘that-wére used for
calibration and efficiency checks. The.events lying along the straight_
line with Pﬂ and Py both largé gré_due to tracks whichrpaés thréugh
holes in the absorber, thch §¢re.p;esent in the early running. of
_ qoursé, for these events (approximately 5%) the EMI provides no infor- -
mation'on theiidentity offthe_pafticle. Figure 7 sho@s the RU and Py
.disfribution of the ﬁédrons used to detgrmine p and A. The excess
of‘ph =1 is due‘Fd gventé'which had no match at all iﬁ_the (up to 4)
chambers searched. Figﬁres 6 and 7 give some id¢a of the distribution
“of hadrons in térmé of pU and muons in terms of P> which in some

sense is the figure of merit for the early EMI. For instance, if
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CONCLUSION
'In summary, we have shown that the optiéallpulsétions of HZ Her

aré distributed throughout the optical continuum in a way which suggests
thét they are produced by ;he'same X-ray reprocessing mechaqisﬁ which'-
is responsible for most.of the unpulsed 1ight‘from the star. We’find
"né evidence for pﬁlsed emi#sion lines‘and, on the basis of this experi-
ment and the‘simuitaneduévspeétra and pulsation data of JD 2441823 |
(discuésed earlier),:we caﬁ rule out the suggestion of DMM that a few
prominent emission features are responsiﬁle;for the pulsations;'vThe
reported pulsed emission 1ine$ of DMM may'hAQe been transient events,
but their Doppler VQlocity and phase relative to the broadband pulsa-
tions do not fi; well with other obsefvations. We feel thaﬁ any fﬁrther
investigations.into the question of pulséd’emission lines should addreSS'

these latter issues.

We are indebted‘to‘Dr. Joseph Miller for éha;ing his telescbpe
- time and expertise with us, and to Steven Hawléyrfor reduéing the
scanner, data and for numerous conversations conéerning.its interpreta-
tion. We also wish to thank Tim Daly for preparing the figures, and
John Saarioos for hi§ inva1uab1e technical assistance.

"This work was done with support from the United étates Energy

Research and Development Administration.
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‘emission lines raises anq;hgr iptg{ggping problém.- If a strongly
&‘quplated X—ray.begm prgdpces‘thg,emissioleines‘in the upper atmosphere
_r}9£~HZ.Hert‘then‘phé,fegomhiggpipn.gigeglg{g sufﬁiqieptly 1ow2 tba;j;he

.1ingéﬂshog;d app¢a§}% 20% pglsed inicop;rast to our upper limit of 7% .
ihig;disagreemént mighg be resolvediipvap léas; twq.ways._ First, as
Yng;gdugbove? the eﬁission lines,may?Origiqéte_qear_ﬁér X—lﬂ(e,g;}‘in

an Acége#iqq disk?_in§;g%g of HZ“He§. vI%-EQ;§¥gase, the expected pulsed
fraction_wguld‘depenégpgpn the geometry ofvthe disk and ggplq be quite
;. low at this biqary phaée.liggcopa*_the X—rgys}producipg the emissionA
line$ m§y_not;be>strongly:pglsed, ,Shulman et. a}. (1975)Ahave repérted
aysqpsgangial;flux>9f soft X—rays wi;h“a }9w (5»— ZQZ) pplged.fracéion,
‘andlpbesgqsqft X7rays;should bgvmggtmimpggtgnt in progqcipg emissioﬁ“
Aliqg§,vrHoweyer,,thesefQbservatiogs.ipFrggqgé‘prob;e@sso§.their‘own:._
as noted by the authors, this soft X-ray flux shpuld eg;ite'emigsién

lines whose strengths greatly exceed those actually observed.

'2."ACCOrding to the recombination éoéfficieﬁts*and‘deﬂSiﬁies givéﬁ in-
DMM, THe 11 r\,lO'Z s and TN TIT v 10-3 s at Optical depth unity.
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Table 1

Broédband Pulsations of HZ Her

Start of run

End of run
vInitial,binéry phasé
Final biﬂérybphase
Power/local power*

Frequency™
Apparent

At solar system barycenter

Doppler velocity. (relative to

'HZ Her/Her X-1 center of mass)* -

Avérage pplsed fractionf'

JD 2442686.615

© JD 2442686.743

0.181
0.256

63.5

0.807895(5) Hz
0.807932(5) Hz
-21.7(1.8) kn s

1.99(14) x 1077

- Notes.— Uncertainties (t10) in least significant digit(s)
indicated in parentheses. Quantities with an asterisk (*) have:

been calculated using only the first 2

10 ms data bins

(v 95% of data) as a calculational convenience. TPulsed fraction .
is defined here with respect to the instantaneous light level, - -
not .the maximum light from the star as used in Paper I. The

pulsed fraction would be 30 - 407 lower according to the latter

convention.
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has been suggested): .This can be seen as follows: One can show on

genéral grounds'(Avnilgnd=Bahcall 1974)fthat a finite X—ray—té—optical
.reptocessing time T leads fo a'reprocessing efficiency (the ratio of the B
perééﬁtage.optiéal m6dulation to the peréeﬁtage X-ray modulation) of

nm=(QQ+ w2

2. :
™) 2: _ (5)
and a'cof:esponding'phase shift (of the optical pulses relative to the.

X-ray pulses) of
-1 .
Ap = -tan " (wT). S < (6)

'where.w isvfhe angular*ffequency'ofvthe modulation, 5.08 rad s—l.
Equations (6) and (7)‘are true provided thé energy conversion process
is 1inear“in'the sense %%—m E. One expects this to be the casevboth
for pulsed emission lines and, to a good apprpximation,.for'simple

~ periodic heating and cooling (pulsedﬁcontipﬁum) if thevresulting.pptical
modulation is small. Now the low level of continuum pulsations from
HZ Her can be understood if n é 0.04 allowing for a geometrical atten-~
.uafidn factor of V5 whicﬁ' arises from Aiffering light travel times
IGVer“thé'sufface~(See Paper' I). Thié implies a cooling time of v 5 s,
and ‘a cohséquent‘phase lag of %'88°bwifh réspect to the incoming.mOAu—
© lation, and is consistent with'sevéral thebreticalbvalues fo;'the

cooling time in the range 1 - 10 s (Basko and Sunyaev 1973, Dahab 1974,

and ‘Alme and Wilson 1974). On the other hand, the repOrtedvmodulation
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in the emission lines of DMM is_%.ZSZ, which, again allowing for the
geometriéal factor of v 5, implies n =1 and hence T é 0.1 s, wifh a
resultant phase lag of é 30°. In other words, instead of phase_agree—
ment, one woﬁld expéct puléed emission lines of.the strength reported
by DMM to.ha?e a. phase 609 to 90° ahead of the phase of any continuum
pulsations. |
It should éiso be noted that the observations of DMM appear to
disagfee with Spectroscqpic data of other observers. ‘Aithough the
Déppler velocity and acceleratioﬁ 6f the broadband signal of‘DMM
establish that the observed pulsations come from the sufface of HZ Her,
Crampton and Hutchings (1974) présent sﬁectroscopic evidence which.
they feel suggests.that both the He II and N III emission lines originatef'
near the compact object (Her X-1) rather than ﬁZ Her.‘ In addition,
they detect N ITI1 emission very near eclipse, which is difficult to
explain if this feature driginates from the heated surface of HZ Her.
McClintock, Canizéres; and Tafter (1975)'have noted that one might
_expect He II emission from near the compact object by anaiogy with other,
more easily observed, optical counterparts_of'binary X~ray sources. We
note that-if these features came from near‘Her X-1 and were strongly
pﬁlsed, oﬁe_would expect significant power at the approﬁriate Doppler
shifted frequency; howevgr in ourfdata,vthe-emission and absorption
lines are not signifidéntly‘pulsed af any neafby frequency. Additional
data would be useful in clarifying the ofigin of thevemiséion'from fhis
system. |

The low pulsed fraction which we detect in the N III and He II
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FIGURE LEGENDS
Fig. 1. Integrated spectrum of HZ Her, binary bhasev0.18 - 0.26
| Normalization is uncertain bélpw A 4000. Emission features
N IIT and He.II; Balmer absorption lings, énd night sky lines
(0O I A 557f‘aﬁd‘several lines of Hg ;) are indicated. For
reference, shapes of blackbody curves in an appropriate temper-
ature range (arbitrary normalizations) arelalso éhown.

Fig. 2. Obsefved pulsed fraction of 1iéht from HZ Her as a function
of binary phase. Erfofs.(vertical.bars) are statistics‘dom—
inated; horizéntal bars indicate length of integration. The
upper limit indicated in the 6th point corresponds to a 90%
confidence level.

. Fig. 3. (a) Normalized Fourier amplitudes (see text) at an arbitrary
frequenéy for each of the 255 wavelength channels (v 10 A in
‘width). No éigﬁal is present; scatter‘is due to statistics.
The probability of a pdint falling within the_inner circleAig
% and'in about half of such samﬁigs one point shéuld fall out-
side the outer circle. (b) Normalized amplitudes at the HZ Her
freduenéy, pulse phasé adjusted to bé 0°. 'The'distribution
résembles that of (a)'but shifted to the right, characteristic
of a signal-distributed uniformly fhrdughéut the épectrum.v’

(¢) Same as (b) but the contribution of a 0.2% pulsed fraction
has been subtracted from eéch amplitude. Comparison with (a)
shows thét essentiallyvall of the signal.can be §ccounted for

in this manner. (d) Same as (b) but showing only those



- -18-

amplitudes corresponding to emiséion features discussed in
the text: the He II line (Which falls in the two indicated
channels) and the N III complex (which falls in the remaining
fdur)f These amplitudes do notvhave large components in the
direction speCifiég Ey the broadband pﬁlSe phase (positive |

real axis); corresponding features consequently do not contrib-

ute substantially to the observed pulsations.
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Our results are in diéagféeméht with the‘repofted detection of
pulséd emission lines and ﬁifh'the reSulting'hypothesis of DMM. In
addition, a search df the 1iteratﬁre has established that on at least
one bcgaéioﬁ'(JD 2441823:55 - 2441823.97) whenfrelétiveiy strong pulsa-
tioﬁs were present (run 46 of Paper I) simultaneous obserﬁatioﬁs (Bopp
et. al. 1973) showed Eg_emission'lines.in'thé speétfum'of HZ Her down
to a limit of 0.25A equivalent width. This provides independent evi-
dence that the pulsations atevnot due to a Smail numbervof’prominent‘

emission features.

DATA ACQUISITION AND ANALYSIS

Spéctra of HZ Hef’were recorded for a 3 hour periqd on 1 October’
1975 beginﬁing'at JD 2442686.615, covering the binary phase interval
0.18 ~ 0.26. This night was' selected because the opticai pﬁlsations
were predicted to be relétively_strong on the basis 6f daﬁa in Paper I,
and because both the binary and 35-day phases (the lattér jusf prior to
X-ray turn-dn) closelyiresembléd those during which the feportgd |
detectiéns of pulséabemissionvlines were méde by DMM. The obéervations
were made with the Lick‘Obsér§atory 3m telescope and image-dissector
scanner (IDS) (Robinson and Wampler 1972.) The spectra coVered the
region 3500 - 6000 A and were calibrated and normalized with He-Ne-Ar-Hg
and quartz lamps and a ‘standard star. ' |

To obtain adequate‘time resolution, we recorded a 256 point digital
spectrﬁm every 10 ms on magnetic tape. Eachvpoint was the sum of 8 .

ordinary scanner channels or MZIO.A in width. (Becausé the first channel
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vand cooling of thg atmosphere of HZ_Her-(i.e.; the pulsed X—rajs from
Her X-1 deposit their energy in an optically ﬁhick region), or, alter-
‘nativély, may be due to pulsing emission 1inés which result ffdm the
'recombination,of X—ray:iqnized atoms in an optically ‘thin region (Basko
and Sunyaev_1973.)' (See Crampton and Hutchings (1974) for a‘descriptioﬁ
of the (highly'véfiable) emissibn fgatureé ﬁromvthis systeﬁ.)

The presént'work_concérns the wavelength distribution of the opti-
cél puisations, data Which.allows_one, at least in principle, to
distinguish between the various possible pulsation mechanisms. Previous
‘experiments which addreséed'this questioﬁ were carried out by Canizares
and McClintock (1975), whd searched for pulsations in the most prominent
emission features;vthe_N III - C III complex (qeﬁtered ﬁear 4640 A) and
HeVII A 4686, with negative reSultsl, and by Moffett, Nather, and Vanden
Bout (1974) who obtaingd similar negative results in thé.k 4640 complex
alone.- Interestingly, one.run of Moffett et; al. was simulFaneOus with
run 86 of Paper 1 in which broadband pulsations were seen. However,
Davidsen, Margon, and Mlddledltch (1975) (hereafter DMM), in more recent
observations using a 100 A 1nterference filter, have reported the
detection of such pulsed emission lines (from region I.) A total pulsed
equivalent width of v 2 A and a total pulsed fraction of greater than |
25% was reported for fhe He II .and N III 1iﬂes combined. Theée features
were further reported to be pulsing in phase with the broadband signal,
.and it was suggested that all of the optical pulsations may in fact be

due to a small number of such pulsed emission lines.

1. The absence of pulsations reported by Canizares and McClintock may
~not be significant, since the binary phases during which pulsations

are most often present (cf Paper 1) were not covered in their obser—
vations.
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ABSTRACT
We have measured the wevelengeh dependence of_eetical pulsations.

from this system derihg binary phese 0.18 - 0.26. These ﬁulsations;

thch have been shown to originate at the X-ray heated surface of HZ
" Her, are distributed throughout the eptical'continuum and have a speetrum
similar to that‘of the unéulsed component. This suggests that the
pulsations arise primerily frqm heatiné end cooling of the.stellar sur-
face,‘not from emission lieesvas has been proposed. Emission lines are
seen, but are not strongly modulated (<7%) and do not-contfibute signif-

icantly to the observed pulsations.



JINTRODUCTION

Weak optical pulsations from the binary system HZ Herculis/
Hercules X-1 were diecoVered by Davidsen et. al. (1972) and further
elucidated by Middleditch and Neleon (1973) and Groth (1974). These -
pulsations have been studied in detail, and an extensive description of
their behavier is given by Middleditch and Nelson (1976) (hereaftef;
Paper.I). Tﬁose poiﬁts of paper I.which are most important fof-the,~
preeent work may be'bfiefly summarized as-fellows:

(i). The pulsations are essentially sinusoidal, have pefiods close
to the 1,2378175_s_period (Giaceoni 1975) of the associated X-ray pulsar
Her.X—l, and have amplitudes corresponding to aboﬁt 0.1 4‘0.2% of theb_
maximum visiblevlight ffom the system (in contrast to the strong module-
tion of the X-ray soufce (Tananbaum et. al..1972, Doxsey et. el. 1973)).

(iij. The pulsatidns arevintermittent end.strongiy correlated with
the binary phese.of the system (binary period =-1.700165 d.(Giacconi
et. al. 1973)). They are shown to_originate-both at (or ﬁear) the ser—
face of the visible star HZ Her (region I: biﬁary phase ¢ WO.ZS;‘region
IT: ¢ ~0.75) ana near the.neutron star companion Her X;I (region IIIi.
¢ v0.85). Only those pulsations associated with the surface of HZ Her
will be dealt with in the present Werk. |

(iii). Pulsations from the surface of HZ Her are the result of a
reprocessing of the incident X-ray energy in the atmosphere of the etar,
but the broadband oBservations of Paper I do not provide any’iﬁsight
~into the details of this reprocessing mechanism. Two possible nechaﬂisms

are discussed in Paper I: The pulsations may result simply from heating



00 4 %3'%‘5 b U b9 :’&3;8\

21

tracks with pu:>‘0.1 gré'defined to be»muqhs,‘theﬁ.ZSZ of_thé hadrons
hitting the EMI wili be.calied muons.’ If should 'be noted that manyz'

‘of the hadfons.are at very'lov ﬁdméntum. If hadrons below 2 GeV/c”

are eliminated, then the fraction above pu = 0.1 is reducéd frqﬁ_ZSZ

to 16%. This emphasizes how imporfant béckground_is f;; low_momentdﬁ
fracks.‘ The sample df had#ons is a reasonabiy unbiaéed samplé-from
.neuttino interactioﬁs, bﬁt the 10 GeV cut in the muon sample eliminates '

many of the deeply inelaétic»neutrino,interaction_muons.

CVII.  Cohc1ﬁsidns

The EMI!is-a device which~ﬁr6yides-é significént separétion_
bgtween hadrons'and muons. Régeneréﬁéd'mﬁons'have been used td
calibfafe the proportional chamber positions, spatial resqlution,
.and'efficiéncy. ‘A éimpie.model iﬁcorporating-backgf§und, inefficiency,
'Coulomb scattering, inteféction.probabilities; apd measurement errors
describes well the distribution of hadrons'and-muoﬁsvin terms of thé

measured variables.
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Table 1. Densities and nominal absorption
' lengths for various absorber materials.

Material Density (gm/cm3)4 Absorption

Length (cm)

Magnetic Coills:'.. e 231
Stéinless Steel | -7.75' : : VlS.é
Zine . ERTEES | 215
‘Copper o "‘A8.9ém T 1609
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

Plan and elevation views of the 15-ft bubble chamber and EMI.
The plan view shows the zinc absorber'at'the bubble chamber
midplane. The proportional chambers are mounted directly on

the vacuum tank to maximize the solid angle coverage. The

additional zinc behind the magnet.coils was added after the

data used in the paper was obtained.

An avalanche of electrons at Q induces pulses on the delay

lines x, vy, ;nd UA at distances x, ¥s and x - y from the

A ends of the respeétiﬁe delay lines. |

The calibration of an EMI chamber position’by observing the
differenées (Ax, Ay) between prédicted apd observed
éoordiﬁates. The curves shown are a least squares linear fit,

which yields s =1.0093, x, = -0.74, and.yO = —0.105,.where S, -

0

x., and yo are defined in Egs. (5).

0
The density of bgckgrodnd p as a functioﬁ of area around the
exttapolatéd track. |

The;ébsorption length scale factor n as a funétion of'hadron
momentum, where n éﬁgl-and A' is the experimental absorption
length and A is fhe one assumed in Table 1. ,
Distribution in p“ and Py fdr muons. The sample, which has

less than 1% hadron contaminations consists of single tracks
in the bubble chamber with momenta greater than 10 GeV/c and

which are within 2.5° of the neutrino direction in both dip

and azimuth.
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- Fig. 7. DiStribution in pu and ph.forvhadrons from selected neutrino
intéractioﬁs. The mubn'contamination’is about ‘1%.

0
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.




Won o e
LS ;

| TECHNICAL INFORMATION DIVISION * .~
'LAWRENCE BERKELEY LABORATORY - ©

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720 -






