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ABSTRACT

A hew technique is presented for estimating sbanning efficiencies. The

' special feature of this technique is that it allows for the tendency of

different scanners to miss the same events. Fach event is assumed to have
a visibiiity,‘v, depending both on its own characteristics and §n_the
berceptivéﬁeés of the scénners. The.distribution of events in visibility

is described by a function F(v) whose parameters are determined by compafing
the numbers of new‘eﬁents.found in each of three or.more successive scans.
The technique is applied to a study.of u+ decay events, which have been
scanned four tiﬁes.v The "true" nuhiber of events? Nq =L/;l F(v)dv, found
by'thié éechnique and a lower limit to NT found by an alternatevteéhnique

indicate that the inefficiency estimated‘by the usualkdouble-scanhing

method can be low by a large factor.



1. Introduction

’ it'is well recognized that scanning efficiencies for visual detector
experiments may vary withfsignifiéant experimental parameters such as
'scattering‘angie. To alidw for thié, efficiencies are.usually calculated
éfteg the events have been measured and grouped into suitable interValsl).
It i; also recognized that efficiencies 6ften depend on inéidental ﬁarameters
such ééivertex'locatiOn dn& this_ié‘usually'handled by’establishing appropriate
geometrical cut-offs. But what is‘often Qvérlooked or ignored is that after
these precautioné have-been'takeﬁ the efficienéies obtained by comparing
the records of two independent scans may still lead to systematic errors
in the calculated event rates. Whenever.the recognition of interestingv
events is influenced by factors such as the distribution and configuration
of nearby track patterns, the evénts'missed by one scanner tend to be the
same ones_which are missed by another so that scanning efficiencies.are
systematically overestimated®’ 5);.

We‘shal; bfiefly review fhevassumptibns and consequences of the usual

déuble scanning techniqﬁe ahd shall then present a new teéhnique which

allows for differences in visibility.

- 2. 'The deiger-Werner Coincidehce'Techﬁique
2,1 TWO SCANS o
Scanning efficiencies are uSually estimated by the cqingidence technique
developed by Geiger and Wernerh).fof their experiments_in G-particle scattering.
- The Geiger-Werner method as applied say, to é bubble‘chamber or spark
chamber experiment@ may be describédvas follows: Film containiﬁg a'true

(unknown) number of events NT is scanned separately by two scanners using
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the same instructions. If N andrNé are the numbers of events found

respéctively by scanners l_and 2, if Xl'and %2 are the individual scanning

‘efficiencies as defined by the éxpréssions
A =W/l and Ry = N/
" and if we assume that

- 1 %l . %2 probability that an event w1ll be seen by
- : “both scanners,

12, seen by the two scanners in

then we expect the number of events, N
comton (i.e., the number of "eoincidences") to be

My = A Ay e Ny

Solving (1) and (3) for the three unknowns; we have

) ' ”1,=_N12/Né s Ny = /Ny
and”
e N
i T,

On the same basis the "combined inefficiency”, I (i.e., the

_ GwW’
probaebility that 1 and 2 will both miss an event) should be given by
I W é (1 -Kl)(l - %2)
and the "combined efficiency" should be
A, =1- (1 - Al)(l - Ae)
2.2 THREE OR MORE SCANS
The‘anaLyéis\of.sectioh 2.1 may be extended to the case of n

" independent scans. If

SR

1)

(2)

(3)
)

(5)

(6a)

(6)
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n .
- T[ (@ - 7,) = probability that all n scammers will (7)
i =1 miss a particular event
then ‘ . :
AN =1-T @-n) ®
is the combined.efficiency.after n scans.
Note that if (7) is valid then there should be no difficulty in
defining individual effiéiencies.v We expect that aside from statisical

fluctuations

N F I T S S Y B (9)
MW, T TN TN N )
J Jk k kf

2.3 BASIC ASSUMPTION

. The bQSic assumption which underlies the Geiger-Werner technique and
~is implied in (2) énd (8) is that all events have equal a priori probébility
of being observed. That is, the chance that a particular event will be
observed is‘assumed to depend ohly on the percepmiveness of the scanner

(assumed cohstaht); not on the perceptibility of the event.

3« Test of Geiger-Werner technique

3.1 NWMBER OF NEW EVENTS FOUND IN nth SCAN, M

In order to test the validity of the Geiéer-Wernef‘technique for a
particular experiment (after taking the precautions mentioned in sectidn l)
one must make three or more scaﬁé Qn.at leést g portion of the film. The
adequagy of the effiéiency estimates may then be ﬁested by comparing the

various values for A, given by (9).



-5-
_Atmore meaningful,tésﬁ, hoWevér,_and‘oné which will beiﬁseful in
overcoming the ?eétficfion of the Geiger—Werner assumption (sectiqn 2.3)
~is to éomparévfhe nuﬁber;'of‘ggy events Mi: Mg; e M, found in each of
- several séans.. Since each scan in turn may be considered the "first,".
+the "secohd," étc., withou£ regard to chronoiogical order we may average
ﬁhe diffefences.beﬁﬁeen scanners'by'immediafely replacing Mi, Mé’ voe Mh,
with average valuesiﬂi, ﬂé, oo Mn.i

With four scans, for example, we would have

Ml (1/9)[A + B+ C +4D] s o o (102)

(1/2)[(AB + A6_+ AD) + (BAI+ BC + BD) . '(lOb).

Mg:

+ (CA + ¢B + ¢D) + (DA + DB + DC)] ,

iy = (LAD(ATE + AFD + ATD) + (30 + 8D + 3)  (100)

+ (CAB + CED + CEB) + (DAB + DAC + DEC)] , (10¢)

and | | » | ‘
i, = (1/4)[ASGD + BACD + CATD + DAEC) , (1)

_where A, By C,vand D are the numbers of events5)‘found by scanners

;'A, B, C and D; AB is the number of events seen by A but missed by B;
ARC is tﬁe number of events seen by A but missed by both B and C,.été.
These.expfessibns may réadily be extended to accommodate any numbéf df‘scans.
3.2 COMPARISON OF THE RATIOSi(Mi/ﬁi_l) FOR 1 =170 n

'If equatiohl(S) is valid then the series ﬁi + M2 + M5 4+ +-+ should.
converge rapidly. For allrvalues of i we expect the ratio.(ﬁi/ﬁi_l) to
have the constant value (1-N\) where A is the average scanning efficiency.

Thus in an“expériment'where the‘first_scan yields 900 events and the second
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adds 90, one would exnect a_third scan to give 9 more (ignoring statistical
fluctuations) leaving onIy one tc be discovered. Buf if the third number
:vwefe.BO instead of 9 onegwould know'immediefely thaf the technique of
‘sectiopne was inadequafeg'c |
'Whenever SOme evénte'are hardef tc'find than others, as is ustally

the case, one will have instead of a constant ratlo the set of 1nequa11t1es
(M/Mnl)>(M /M 2)>--->(M2/Ml) .

The problem then is to flnd the sum N Ml + M + s M when one
knows only a few terms whose rate of convergence 1nd1cates that the

remgining terms are nonAnegllglble.

4. The New Technique

4.1 THE VISIBILITY,

We deflne the v1s1b111ty, v, of a partlcular event to be the probability
that it will be found by an average scanner. |

Although an event may have characteristics which make it highly
‘ conspicnouS»(v»l), invisible (vﬁo),.or anything in between, we do not
attemp% to distinguish between the."inherent’visibility" and the perceptive-
ness of the scanner since neither.of these.factors can be precisely defined
nwithou# reference to the other. The Visibilit& we have defined may be
regarded as the productcof these related factors.

We may define the average scanner (of, say, a groun.cf‘four) by the
following h&pothefical scanning procedure. Supnose.each‘ecanner is
identified by an index (1, 2, 3, L) and each is working at a diffefent.
machine. Whenever one of them finds an eventba cyclic permutation is

performed on the indices. Thevprocess is confinued until each roll of
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film has been scanned once.on each of the four machines. The record of *
any one of the four hypothetlcal scanners labeled l, 2, 3. and 4 will be
that of an average scanner for that group. It w1ll-be seen that this
procedure is essentially equlvalent to the averaging process defined by
equations lOa-lOd.
k.2 T”*IE VISIBILITY FUNCTION, F(v): RELATIONSHIPV TO Mi
Let F(v)dv be the number of events having visibilities in the range
v to v+dv. Then the total number of events should be
N, = f F(v)dav . , (11)
T o S
According to the assumption of section 2. 5, F(v) would be a &-function at
-the average scanning efficiency. In general, however, F(v) is an unknown
" function which we shall seek to estimate.

Our method is to infer F(v)‘from the known quantities Mi, ﬁé, e M.
The diétribution of undetected events remaining after one scan, two
scans, and (i-1) scans will be F(v)(1-v), F(v)(l-v)2 and F(v)(l-v)l-l

(see figure 1). Hence the number of new events found in the ith scan

will be

1 . : -
M, = \/; VF(V)(l-V)l-% v . - (12)

1

The n equations_(i2) (1=1 to n) can be used to evaluste F(v) if we assume
for F(v) an expression with not‘more than n parameters.

4.3 CHOICE oF THE FUNCTION F(v) | |

| For pictures of good quality in whioh ninimum ionization tracks are
viéible anywhére.within'the fiducial volume an event will have.low

visibility only if it is hidden by its own unfavorable configuration or
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by superimposed tracks. Since it is unlikely that one track Vill exactly
.eover er smoothly'ﬁoiﬁ another (especially when seen in«several %iews),_
we assume.thét F(v) sheuld_approach_Zero aelﬁ approaChes»zerp.
- A function which.ea; satisfy this cpndition, which accommodates a
wide fagge»ofvpossibiiities'(see figure 2); end which is found to give
a good fit to our own aata, is the expressioné)
R =)’ L = 13)
Since it should usually be feasible to'meke four scans on 8 portion
of fhe film one may overdetermine the three perameters and thus test the
edequacy of the function.
| Other functions should, of cqurse; be tried if (13) fails to give a
'sati.s,tiaetoxy £it.
bl Two-éARAMEIER FIT _ _
If F(v) has a first‘momeni at a high value of v, say v S 0.8, then

one may achleve a falr representatlon of the dlstrlbutlon with a two-

parameter fit. We may, for example, use (13) with B=0. Equation (11)

then gives N, K/(a+l) and with (12) this becomes

O neRR /G dy )
or, in the notation of section 2, | |

My 12(N +N)/(“ _ - N - W) c (15)

We emphasize, however, that a third scan is necessary in order to test the

valldlty of thls or any other two-parameter method., -
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5. Lower Limit for Np

Since the function F(v) inferfed frqm Ml""ﬁﬁ isbonly an‘approximétion
it is useful to find a limit tovNT7by'an'indépendent method., |
vIt'is'éasily‘éhown'(séé Appendix) fha% for any fﬁnéfibﬁ F(?) which is
integrable in the region 0 <v< 1,;and,f§r all'valﬁes of M, (i =1 to,gy
which satisfy eq. (12) we have the inequality N |
(ﬁi+2/ﬁi+l) 2'(ﬁi+l/ﬁi)
ﬁence after n scans we may'assumeA

B AT T SR Y S,

n+l n+2 n+3
- ﬂﬁ- ?+l + Mn ?+l _n+2 + Mn ?+l _n+2 _§+5 d oees
' Mn 'Mh Mh+l ' Mh Mn+l Mn+2
- -n Mﬁ ‘ Mh 2 '
> M- {1+ + (- )+ eeal
= "n - = - . 2
Mh-l Mh-l Mh-l
and we obtain for N the limit
) o i M? . [ S .jfl p
NT'E }; Mi + ( n / Mh-l) 1- (Mh/Mnrl) , L (l )
. i=1

' éubject only to statistical fluctuations in the measured quéntities ﬂi,---Mn.

6. Application to an Experiment on u* Decay

To illustrate_the techniﬁue we shall give the scanning data for én
experimentAon u+ decay7), In this experiment the -scanners were instrucféd
to record all et tracks whose radii_of curvature borrésponded to projected |

.ﬁomenta below 7 MeV/b. Ali of the film was scanned at least twice and

about one fifth was scanned four times. The data presented in Tables 1
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and 2 are'for the 1147 events from this 1/5 sample whose measured momenta
| - ‘ 3
were below 6.8 MeV/c.

The data for the 108h events found in the flrst two scans . of the l/5
‘sample 1nd1cated a comblned scanning eff1c1ency % = 97.8% [eq. (6b)] - “g
From this it appeared that the true number of events was 1109 and that
only 25 had been missed.

ane nnmben of new events actually observed in the thira scan, however,
‘was 45, ;Henée'it Wes clear without explicitly carrying ont the test of
sectien 3 that the efficiency of the first two scans was much lower than
had been estimeted.: Applying the method of section 5 to the_three-scan
vdaﬁa,'the tfue»nunber, NT, could be.set above 1141 and applying the method

L L
. efficiency of only 93.4% for the first two scans.

of section 4 to the same data, N, was estimated to be 1160 indicating an

The best'estimate, using the data offell four seans and again the
, . .

method of section U4, was 1168 indicating a 92.8% efficiency for the first

two_scans (or an inefficiency 3.3 times the original estimate).

' Since the estimates 1160 and 1168 from the three- and four-scan

data were in‘fair agreement, and'since the three parameter function (13)
gave a good fit to the four measured quantities Mi, Mé, MB’ and Mh (see
Table 2), we concluded that we had en adequate representation of the true
visibility distribution. | e

To obtain the true nnmner'of events in the remaining Q/B:of the
film the nnmber found in the tﬁo scans of that portion wa.s corrected by
the factor l/b.928 indieated by our best estimate. In anticipation of
‘this procedure the folls of film chosen for quadruple scanning had been

teken at even intervals from the entire sample.
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The result of this analysis was to“increase by 5% our estimate of

the fraction of the positron spectrum below 6.8 MeV, a correction which

thoroughly justified'the 20% extra Séanning effort required, In experiments

with lower scanning efficienéykthere may be even more to gginvby épplying
the.technique wé have deécribed. |

It appears from our experienée that the analysis Qf scanning
efficiency deserves more care than it usually receives énd tha£ the extra
effort required.for a careful analysis shbuld"usually be a small fraction -
of the total'investmeng in the experiment. A third scan of a small portion
of the film should be sufficient to indicate whether more is necessary and
the anount of additional scanning can bé adjusted accordingly. If the

result of the experiment can be strongly influenced by a variétion in

efficiency with some quantity such as momentum or scattering angle so

that it is"neceSsary to subdivide the efficiency analysis in to many bins,
then one is likely to need a larger portion of three- or four-scan data in

order to obtain statistically significant éstimates} Whatever the circum-

stances the effort devoted to multiple scanning should be such that the

remaining uncertainty in scanning efficiency is suitably balanced with

the other systemétiC'and statistiéal»errors.
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Apgend
PROOF OF THE RELAI'IONSHIP (M, +2/M +1) > (M +1/M )

&y

)

If the dlstrlbution F(v) is 1ntegrable over the 1nterval (0, l), : . ¢

' then

where _ B : A :
_ L i-1 |
M, =k/; CvR(v)(1-v)T Tav o, . _ v (Ar) -
Proof:
Define the function Gi(v) = F(v)v‘(l-v)l-l
The relation
2

'_ /;lGi:(v)’(l-v)2dv | ﬁl Gi(v)('i-v)dv
| ﬂ)l Gy (Mav 3 fo L, (v)av

which may be written <ﬂl-v)%)‘ > <1ry>2 follows from the fact that

the'weighfing function'Gi(v) is non-negative since in that case
{10 =GP - {l-v) -¢1v) ]2>Z 0

Hence

1o s Pl N
ﬂ) F(v)v(1-v)""" fo F(v)v(l-v) av
T " : Z AT i1 ' .
;/; F(v)v(1-v) av k/:) F(v)v(1-v) ~av , . .
and with (Al) we obtain
PV RV,

The equality holds only when F(v) is a S-function.
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L) ' | \ TABLE Nl
" | Scanning datavfor u—décay,experimént.i'A; B, C;iahd D are the numbers of
<] events found by.scaﬁners A, B, é and D; Aﬁ_isxﬁhe numbér of events seen byv
'A bﬁt missed by B; AEC isthe numbef of.evénfé seen by A but missed by both

| B ahd-C, etc.a _

A=969 a2 AT ABCD= 8
. B=012 . AG= 85 AGD=20 - pACD=13
c=101k AD= 6k | AFD=26 CAED=18
D=1057 BA=115 | BAC=28 DABC=20
N M- 75 3525 |
Bb= 66 . BAD=28
c=130 CEB=k3
CB=1T77 | c§5;56'
ch= 77 : CAD=33
DA=132. | DAB=45
DB=191 ' | DBC=50
DG=100 . DAC=35

In the notation of section 2, N, =A=969, N,=B=012, N

l2'=A-A]’3=B-BZ\=797.



51:.6"

TABLE 2

¢ See section 4.k

d Equation (11)

€ Equation (5)

£ Equation (16)

.

Best estimate

e N, . , o B - &
Fits of the visibility function F(v) = Kv (1-v)” to the data of Table 1
using the technique of section 4.2: Estimates of NT.' ol
first 2 scans ‘first 3 scans all 4 scans
obgerved® f£it’ observed” £it? cbserved®  £it?
i, 9%0.5  940.5 965.0 © 965.0  983.0  983.0
M, 1435 14305 125.7 ° 125.7 115.3 - 115.0
it R 19.0° 36.3 36.3 33.9 4.5
w, — 2,2' I 14,5 4.8 14,5
Total = 108k 1127 1147
Seen .
K 5219¢ 1349 829
o 3.55° 1.89 1.38
B = 0° -0.k2 -0.55
NTd 1147¢ 1160 11688
NT(GW)e 1109
NT(Min)f 1109 1141 1158
a _ .
Equation (10)
b Equation (12)
.
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Figure Captions

‘Figure 1.

Figure 2.

Distribution of u;Decay Evénts after 0,1, 2, 3, and 4
Successive Scans. .(Figuies A and B drawn to different scales.)
Curve 0: F(v) = 829vl'58(]_.-v)-0'55 = initisl distribution
estimated as in section 4 by fit of expression (13) to scan
date for the 1147 measured events. Curve 1: f(v)(l-v).=
distribution'remaining aftef first scan.

Curvé»2: F(v)(14v)2‘= distribution remaining after second scan.

etec.

The Function F(v) = Kva(L-v)B. The versatility of the function

is illustrated by curvesjcorresponding to various choices of

the parameters a and-B, a: a=B=0. Db: d%O, B=l. ¢: Qa=p=l.

d: o=, p=0. e: a=2, p=0. f: a=B0, B=20. g: (/B)=(3/2),

O 00,



F(v) (4-v)' _for i=0, 1,2‘,'3_, 4
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with the Commission, or his employment with such contractor.
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