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Introduction

The main contributionto the error bar in the PrimEx measuremenof the

(o]

decaywidth comesfrom measuremenof the photonflux. This is quotedin the

errorbudget of the proposalas 1%. This documenbutlinesa TDC samplingmethodfor
measuring the flux and estimates the associated errors.

The photonflux referredto hereis a measuremendf the numberof tagged
photonsincident on the physicstarget. For most experimentsjncluding PrimEx, these
photonsare producedat a rate far greaterthanis practicalfor measuringall of them
directly through a data acquisitionsystem(DAQ). It would be possible,however,to
measurghemall via hardwarescalergexcludinga small fraction lost dueto deadtime).
Seethe following sectionfor a discussionon how using scalerscomparego the TDC
sampling method.

The photon flux can be calculatedby sampling the number of tagged
photonsfor a small fraction of the time andestimatingthe rate at which taggedphotons
occur. This canthenbe usedto extrapolate to all time in orderto determinethe total
number of tagged photons represented by a given data sample.

There are somelimitations of this methoddue to limitations in the DAQ
systemitself. Theselimitations are known and can be correctedfor. The corrections

themselves, however, introduce additional errors which can be non-trivial.

Measuring Photon Flux Using Scalers

A more traditional methodusedto measurenormalizationis to countthe
numberof hits in a particulardetectorusingscalers Scalershavethe advantagef being
able to count virtually? all hits from a detector.The countscan be correctedfor the

1 Primex Note 1, pg. 48
2 The scaler will have a deadtime for each hit of at least the discriminator width. A second hit which



livetime usingthe ratio of a gatedscalerto a free runningscaler.Providingthesescalers
countsignalsfrom a beamrelatedsource,this methodautomaticallyaccountsor beam
trips as well.

The problemwith usingscalersbasicallyboils downto this: To calculatethe
crosssection,we needto know the fraction of taggedphotonswhich produceda piO ata
particularenergyandangle.The key point beingthat “taggedphotons”in the numerator
must be identified using the samecriteria as thosein the denominator.If we discard
eventsin the numeratorin which a photon cannotbe fully reconstructetl we must
discardthe sametype of eventsin the flux calculation.The only way to guaranteehat
this is the caseis to apply the samesoftwarecutsto the “normalization” photonsasare
being applied to the “signal” ones.

Initial Rate Calculation

Extracting Rates from TDCs

Therateat which a detectorfires canbe determinedvia TDC information.
The TDC's currentlyinstalledin the photontaggerare LRS1877types. Theseare multi-
hit TDCs with the capabilityof storingup to 16 hits per channelwith a maximumrange
of 32 used. The ideais simply to countthe numberof hits in a particularchanneland
divde by the size of the time window. The initial or raw rate can be calculatedfrom
equation 1. Several correction factors (described in the following sections) will need to be
appliedin order to obtain the rate the detectoractually fired at. Since even high rate
detectorswill tend to have only a few hits per eventon average,it is necessaryto

integrate over many events to obtain an accurate value for the rate.

R N hits
o T (1)
W N s

where:

occurs during this time will be missed.
3 Timing and geometric coincidence.
4 For the August 2003 beam test, we generally set the LIFO size to 8 hits and the range to 10 usec.



ns TDC count (0.5 for LRS1877 )
w out of timewindow width per event (TDC counts)

Noais Number of events N, was integrated over.

Figure 2 showsanexampleof araw TDC spectrunfor a single T-counterin thetagger.
This datais from a high intensity run (100 nA) during the PrimEx beamtestin August
2002. One obvious effect is how the numberof hits trail off to the right side of the
spectrumdue to the LIFO limit. Sincethe LRS1877is usedasa commonstop TDC,
earliertimes areto the right and later timesto the left in this plot. The LRS1877will
alwaysreportthe latesthits. Thus,whenthe LIFO fills up, the earlierhits areoverwritten
by the later ones.Correctingfor this effect is discussedater in the sectionon LIFO
correction.

An importantthing to keepin mind whencountinghits is to discardhits that
could be associateavith thetrigger. Hits which arecorrelatedwith the triggerarebiased
and will artificially increasethe calculatedrate. An 20ut-Of-Time® window (OOT)
should be defined which can include areasboth before and after the trigger peak(s).
Additionally, eventswhich containa hit in the triggerareaof the TDC spectrunmor before
thelower edgeof the OOT shouldbe discardedrom the ratecalculation.This is because
thesehits eachuseonebufferin the LIFO whichwould meanthe LIFO correctionshould
be based on a smaller LIFO size for these events than for others.

5 Since we typically run with multiple triggers (some heavily prescaled), multiple peaks may show up in
a detectors TDC spectrum. To make things simpler, it is desirable to use only events from a single
trigger.
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Figure1 TDC spectrum for T-counter 3. Units are in TDC counts. The spike near TDC=600 is due to
hits correlated with the trigger. The drop-off at larger TDC values (earlier times) is due to the LIFO
limit.

Trigger Supervisor Scalers

PrimExwill usea secondyeneratiorof the Jlabdesignedrrigger Supervisor
module (TS). This is a VXI moduledesginedspecifically to optimize eventsratesfor
Fastbusand VME basedDAQ systemdike thosecommonlyusedin mediumand high
energy physics experiments.One new featurein the secondgenerationmodel is the
inclusionof two scalersdedicatedo measuringhelivetime. Both scalersaredrivenby a
200kHzinternal clock. One, however,is livetime gatedwhile the otheris free running.
Theratio of the two will give the livetime. Oneconsequencef their beingdriven by a
clock ratherthan a beamrelateddeviceis that beamtrips must be excludedthrougha
software mechanismduring replay. Determining trips is outside the scope of this
documentso it is assumedhey havebeeneffectively removedfor the purposesof this
discussion.

Ultimately, oneis really only interestedn the final numberof hits a detector



sawduringthelivetime of the datasample.This canbe obtainedusingonly the live-time-
gatedscalerto calculatethe actuallivetime asis shownin Equation2. Note thatthe free

running scaler is not needed.

Tie Nie (2)
where:
N, Total Number of scaler counts from gated TS scaler

————inns
clock rate

It is neccesaryhatthe clock be very very stablewith a constanfrequency.The absolute
frequency itself is not important as will be shown in the next section.

Total Detector Hits During Livetime
The total numberof hits a detectorseesduring the livetime of the data

sample is given by Equation 3.

N hits N live
Niisiow RAE Tje —=———— (3)
events
All termsin Equation3 are simply countedwith the exceptionof the ratio . This

ratio representshe factor for convertingthe TS'sinternalclock periodinto TDC counts.
This ratio canbe determinedrom specificationgor the hardwaranvolved. It canalsobe
explicitly measuredisingatrival setupwith anexternalpulser.Theerroron theratio will

be negligibly small. In fact, only N, will contribute any significant error to

N hits total

Corrections



The numberof hits seenby the mutli-hit TDCs for a given channelwill be
systematicallyundermeasuredueto multiple conditionsexistingin the DAQ systemand
detectordhemselvesThis sectiondescribeghoseconditionsandhow the ratesmeasured
via Equationl1 can be corrected.The TDC relatedcorrectionsare basedon the rate at
which a detector fires. Sincethe total numberof hits scaleswith the rate,the correction
factors derived for the rates can also be applied directly to the number of hits.

LIFO Correction

The LRS1877FastbusTDC hasa programmabld_IFO of up to 16 hits per
eventper channellf a channelgetsmorehits in a single eventthanthe LIFO canhold,
the oldesthits arereplacedwith the newestones.This meanghatthe numberof hitsin a
givenchannebill be systematicallyundercounteddueto the LIFO limit. This effectcan
bereducedoy settingthe sizeof the TDC window smallandthe LIFO sizebig. However,
thereis a trade-offin thatmoreeventswill berequiredto reducethe statisticalerror. This
alsomeandntegratingoveralong periodof time which canincreasdhe systematicerror
due to beamdrift (seethe sectionon Beam Drift). Here,the correctionrequiredfor
missedhits due to LIFO size is calculatedas a function of rate. Figure 2 showsthe
correctiongeneratedrom a Monte Carlo calculation.The correctionis plottedversusthe
productof detectorrate and OOT sizeover LIFO size.The X-axis canbe thoughtof as
theaveragdractionof LIFO buffersfilled perevent.Thecurvein this plot comesfrom a
4™ order polynomialfit to the points. The Monte Carlo will needto be run againwith
more statistics and more points to better define the curve.

The beam current presentedin the proposal of 7.2x10° equivalent
photonsper secondcorresponddo a T-counterrate of 1MHz per T-counter.The T-
counterswill befiring at higherratesthanany otherdetectorin the PrimEx experiment

and so, will require the largest corrections.
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Figure 2 Multiplicative correction factor to account for hits missed due to the LIFO limit from Monte
Carlo calculation. The x-axis can be thought of as the average fraction of the LIFO buffers filled per
event. For the August 2002 beam test, a LIFO of 8 was used with a maximum TDC window of 10 usec.

TDC Deadtime Correction

The LRS1877TDC module hasa deadtimeassociatedvith eachhit. Hits
that occur too closein time with the previoushit will be missedand the rate will be,
again,undecounted.For low rate detectorsthis effectis negligible.For detectordiring
at 1 MHz, however, this can be significant for a precision experiment such as PrimEXx.

The time betweenadjacenthits in a detectorfiring at a given rate from
unrelatedeventsis governedby an exponentialprobability function. The measuredate



will be proportionalto the probability that the detector does NOT fire during the
deadtime T .y . To obtain the actual rate, this must be divided out as shown in

Equation 4.

R —— (4)

Equation 4 can be solved for R in terms of R, and T4y by expanding the
exponentiabnd keepingonly the first few terms.Expandingto just two termsresultsin
Equation 5.

1 41 4T R,
2T s

(5)

Figure 3 shows a plot of the deadtime correction factor given by Equation 5.

Detector Efficiency

The detector efficiency of the tagger should not affect the final cross-
section.This is dueto the efficiency appearingn boththe numeratomanddenominatoiof
the cross-sectiorcalculationsuchthat it cancelsout. This doesnot neccesarilyinclude
inefficiencieswhich can be introducedthrough the reconstructionsoftwareitself. For
example,pi0 eventswill alwaysoccurat later times (closeto the beginningof the TDC
spectrum)while normalizationeventswill comefrom the entire TDC spectrum.Should
aninefficiency developfor eventsreconstructedt earliertimesdueto LIFO limits, this
could effect the normalization calculated. Correcting for software coincidence
inefficiencies due to hardwarelimits requiresa significant extensionto the details
presented here and so will be covered by a separate note.
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Figure 3: Multiplicative deadtime correction factor plotted as a function of measured rate, For
example, a T-counter firing at 1 MHz, needs about a 2.5% correction.

Error Estimates

Error Due to LIFO Correction

Application of a correctionfactor to a rate will itself inducean additional
errorin themeasuremenilThe LIFO correctionfactoris afunction of the raw, measured
rate R, . The error on R, can be propagatedthrough the correction formula to
determinethis error as a function of the adjustedrate parameteplotted on the X-axis.
This hasbeendoneandthe resultis shownin figure 4. Onewould not expectthe curveto
bendbackoverasit doesandthis likely dueto a limitation on how the Monte Carlowas



performed. The curve is believed to be accurate up to to X=2 however.
It is importantto note that the error due to the LIFO correctionwill be
perfectlycorrelatedwith theerroron R, itself. Sincetheseerrorswill alwayshavethe

samesign, they mustbe addedlinearly as opposedto addingthemin quadratureThis

increases the error bar from what it would be for uncorrelated errors.
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Figure 4 Fractional error due to LIFO correction. This is based on the derivative of the polynomial fit

in figure 2. The fit is influenced heavily by the last point whose large lever arm causes the derivative to
curve back down after x=2. This error includes a 1% error on the measured rate before the LIFO
correction.



Error Due to TDC Deadtime Correction
The TDC deadtimecorrection (Equation4) is dependentpon two input

parameters:R, and T 4y . Theseareindependenthut both may containerrorswhich

mustbe propagatedhroughto the final error bar. The partial derivativesof Equation4
with respecto eachof theseshouldbe addedin quadraturdo give the total errordueto

the TDC deadtimecorrection.The relative error dueto the erroron T4y is given by

Equation 6 while that due to the error dr, is given by equation 7.

1 R R, T
—— T4 = (6)
R T e 1 R,T e
R
1 R R, 2 ! 1 @)
R R, R, \(1 R,Tgeq)

Notein Equation7 thattherelativeerror R, R, hasbeenexplicitly subtractedut
in orderto obtainthe error inducedby the correctionfactor alone.This is differentthan
howthe LIFO errorwaspresentedbove(i.e. asthe combinederrordueto R, andthe
LIFO correctionfactor). Figure 5 showsthe individual and combinedcontributionsof
theseerrorsto the flux measurementThe erroron T 4y iS assumedo be 1 ns. The

error bar is directly proportionalto this value so if this can be measuredat the 0.5 ns
level, the total error will be nearly half what is plotted.
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Figure 5 Errors on measured photon flux due to TDC deadtime correction factor. The blue curve is
due to the error on the deadtime itself (assuming it to be 1 ns). The red curve is due to the error on
the measured rate (assuming it to be 1%). The black curve is the sum of the two added in
quadrature.

Error Due to Beam Current Oscillation

Use of a samplingtechniquecanleadto overcountingif the timesat which
thesamplesaretakentendto be whentheratesarehigher.This effectcanbe calculatedf
we assumea beamcurrentof the form | e, |6 sin t . Thefrequency s
assumedo be large enoughthat many oscillationsoccur over the courseof a run yet
smallenoughso the rateis essentiallyconstaniover the samplingtime (typically around
10 usec).



The PrimExtriggeris dominatedoy accidentaldrom Comptonscatteringn
the window of the vacuumbox and the helium inside the helium bag. This meansthe
trigger rate will be proportional to the beam current squared:

2
Rtrigger ( | beam)
Assuming hits in the tagger are dominatedby good electrons,the tagger rates will

increase linearly with the beam current:

Rda | beam
The number of hits a detector sees over the course of the run will then be:
T T 5
N hits WOOT Rda Rtrigger dt C (I 0 3N t) dt
0 0
where W o is the out of time window width andC is a proportionality constant.

Integration yields:

3
Niws CT (1o 510 )

The first term gives the numberof hits which would be recordedfor the casewhen

0 . The fractional increase in the number of hits recorded is then given by:

2
measured actual
N hits N hits E L
actual
N hits 2 I 0
Take,for example the casewhen is 10%of |, . Thenumberof hits recordedwill

be increased by 3 2(0.101, I,)* 0.015 or 1.5%.

Error Due to Beam Current Drift
Occasionally,a very slow drift can be observedin the beamcurrentthat

becomesignificantovertime. Assuminga beamcurrentof theform | e, 1o t,

the abovecalculationcanbe repeatedor anintegrationperiodof T 2 to T 2 .

The resulting number of hits is:



1
13 Z"’ °T?)

The fractional increase in the number of hits due to beam drift is then given by:
2

N hits CT (

measured actual
N N

hits hits 1 T

N actual 4 |

hits

o

As anexample considera periodfor which the beamdrifted down by 20% beforeit was
corrected. The number of recorded hits will be overcounted by

1 4(0.201, 1,)* 0.01 or 1%. This can be controlled somewhatduring the

analysisby reducingthe time slicesoverwhich the countsareintegrated Onemight also
try and detect such drifts and either remove the affected data, or correct for the effect.

Summary

The photon flux can be measuredby sampling the rates of the tagger
detectors.Two systematiccorrections,however,must be consideredvhen determining
the rate via this samplingmethod.Theseare due to the TDC deadtimeand the LIFO
limit. The correctionsthemselvescan be determinedprecisely given the hardware
settings.They do, however,introduceadditional componentdo the measuremengrror
which have been calculated here.

The samplingtechniqueis also susceptiblgo systematicovercountingdue
to beaminstabilities.Errors due to beaminstability cannotbe correctedfor (unlessthe
natureof the instability is known precisely).lt seemamperativethatif this techniques
used, the beam stability must be accurately measured and closely monitored.

The contributionsto the total error on the photonflux measuredising this

technique is summarized in the following table.



Error Source Error Type
Raw Rate/LIFO 1.40% Statistical*
Deadtime Correction (Rate) 0.05% Statistical*
Deadtime Correction (Deadtime) 0.10% Systematic
Beam Current ( | ey S %) 0.40% Systematic
Total ~1.46%

Important things to keep in mind:

& Tagging ratios may introduce additional errors

& Errorspropagatedrom theerrorontheinitial ratemeasurememnwill becorrelatedand

so, should be added linearly

@ Theerroron theinitial ratemeasuremeniasassumedo be 1% but it may be much
less. It will be statisticalin natureand can thereforebe reducedby including more

statistics.



Appendix A

Derivation of equation 4.

First, we'll derive the exponentialprobability function. This can be looked
up in any of a numberof textbooks.Reviewingit here, however,helps sharpenour
understanding of these formalisms which we'll use to extend the calculation later.

The problemis to find the probabilitythata detectorfiring atanaverageate

R will fire atatime t within aperiod dt . Startby breakinguptime into bins of

size dt . For small dt , the probability that a hit will occur in a given bin is given by:
p Rdt (A1)

The probability that the detector wilbt fire in the same time periodisjust p . We

can now write the probability of the detector not firing in the first N bins. It is just:
N
P(N) (1 p)° P(N 1)1 p) (A2)

Solving A2 for P(N 1) , the differential of the probability can be written as:

dP P(N) P(N 1) P(N)[l ﬁ] (A3)

Extrapolatingto the continuum, dt becomesarbitraily smallsuchthat p 1 . This

leads to:

dp P[—p] P Rt (Ad)
1 P limd o

Dividing by P on both sides and integrating gives the form of the probability function:
dP R
— Rdt P(t) Ae (A5)
Imposing the limit that the differential probability must integrateto 1 over all time®
revealsthat A 1 . Thisyields,finally, the probability thatthe detectordoesnot fire

during atimet as:

6 Integration from O to infinity where 0 is chosen at some arbitrary point, but not at -infinity.



P(t) e® (A6)
Thus, the probability of the detectorfiring at leastonce during the sametime is just
(t) 1 P(t) 1 e ™ .Thisisactuallyjusta simpleform of Poisson@sjuation.
Accordingto Poisson@suationthe probability of having r hits from a detectorfiring
atarate R duringatimet is:
(R)e”

(A7)
r

P(r)

The probability of havingzerohits is obtainedby settingr=0 which returnsequationA6.
The probability of having one or more hits is:



