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Introduction
The main contributionto the error bar in the PrimEx measurementof the

�

o decaywidth comesfrom measurementof the photonflux. This is quotedin the

errorbudget1 of theproposalas1%.This documentoutlinesa TDC samplingmethodfor

measuring the flux and estimates the associated errors.

The photonflux referredto hereis a measurementof thenumberof tagged

photonsincident on the physicstarget.For most experiments,including PrimEx, these

photonsare producedat a rate far greaterthan is practical for measuringall of them

directly through a data acquisitionsystem(DAQ). It would be possible,however, to

measurethemall via hardwarescalers(excludinga small fraction lost dueto deadtime).

Seethe following sectionfor a discussionon how using scalerscomparesto the TDC

sampling method. 

The photon flux can be calculatedby sampling the number of tagged

photonsfor a small fraction of the time andestimatingthe rateat which taggedphotons

occur.This can thenbe usedto extrapolate to all time in order to determinethe total

number of tagged photons represented by a given data sample.

Thereare 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 count the

numberof hits in a particulardetectorusingscalers.Scalershavethe advantageof being

able to count virtually2 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 methodautomaticallyaccountsfor beam

trips as well.

Theproblemwith usingscalersbasicallyboils downto this: To calculatethe

crosssection,we needto know the fractionof taggedphotonswhich produceda pi0 at a

particularenergyandangle.Thekey 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 cannot be fully reconstructed3, we must

discardthe sametype of eventsin the flux calculation.The only way to guaranteethat

this is the caseis to apply the samesoftwarecutsto the “normalization” photonsasare

being applied to the “signal” ones. 

Initial Rate Calculation

Extracting Rates from TDCs

The rateat which a detectorfires canbe determinedvia TDC information.

TheTDC's currentlyinstalledin the photontaggerareLRS1877types.Thesearemulti-

hit TDCs with the capabilityof storingup to 16 hits per channelwith a maximumrange

of 32 usec4. The idea is simply to count the 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

applied in order to obtain the rate the detectoractually fired at. Sinceeven high rate

detectorswill tend to have only a few hits per event on average,it is necessaryto

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

Ro
�

N hits
� w N events

                                         (1)  

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

N events �

Number of events N hits was integrated over.

Figure2 showsanexampleof a raw TDC spectrumfor a singleT-counterin the tagger.

This datais from a high intensity run (100 nA) during the PrimEx beamtest in August

2002. One obvious effect is how the numberof hits trail off to the right side of the

spectrumdue to the LIFO limit. Since the LRS1877is usedas a commonstop TDC,

earlier times are to the right and later times to the left in this plot. The LRS1877will

alwaysreportthelatesthits. Thus,whentheLIFO fills up, theearlierhits areoverwritten

by the later ones.Correctingfor this effect is discussedlater in the sectionon LIFO

correction.

An importantthing to keepin mind whencountinghits is to discardhits that

couldbeassociatedwith thetrigger.Hits which arecorrelatedwith the triggerarebiased

and will artificially increasethe calculatedrate. An ªOut-Of-Timeº window (OOT)

shouldbe defined which can include areasboth before and after the trigger peak(s)5.

Additionally, eventswhich containa hit in thetriggerareaof theTDC spectrumor before

thelower edgeof theOOT shouldbediscardedfrom theratecalculation.This is because

thesehits eachuseonebuffer in theLIFO whichwould meantheLIFO 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.



Trigger Supervisor Scalers

PrimExwill usea secondgenerationof theJlabdesignedTriggerSupervisor

module(TS). This is a VXI moduledesginedspecifically to optimize eventsratesfor

Fastbusand VME basedDAQ systemslike thosecommonlyusedin mediumandhigh

energyphysics experiments.One new feature in the secondgenerationmodel is the

inclusionof two scalersdedicatedto measuringthelivetime.Both scalersaredrivenby a

200kHzinternal clock. One,however,is livetime gatedwhile the other is free running.

The ratio of the two will give the livetime. Oneconsequenceof their beingdriven by a

clock rather than a beamrelateddeviceis that beamtrips must be excludedthrougha

software mechanismduring replay. Determining trips is outside the scope of this

documentso it is assumedthey havebeeneffectively removedfor the purposesof this

discussion.

Ultimately,oneis reallyonly interestedin thefinal numberof hits a detector

Figure 1 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.



sawduringthelivetime of thedatasample.This canbeobtainedusingonly thelive-time-

gatedscalerto calculatethe actuallivetime asis shownin Equation2. Note that the free

running scaler is not needed.

T live �

N live

�

                                                 (2)  

where:

N live �

Total Number of scaler counts from gated TSscaler

��� 1
clock rate

inns

  

It is neccesarythat theclock bevery very stablewith a constantfrequency.Theabsolute

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 total �

Rate � T live �

N hits N live

wN events

�

�

                       (3)  

All termsin Equation3 aresimply countedwith theexceptionof the ratio �
	�� . This

ratio representsthefactor for convertingtheTS'sinternalclock periodinto TDC counts.

This ratiocanbedeterminedfrom specificationsfor thehardwareinvolved.It canalsobe

explicitly measuredusinga trival setupwith anexternalpulser.Theerroron theratiowill

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

N hits total .

Corrections



The numberof hits seenby the mutli-hit TDCs for a given channelwill be

systematicallyundermeasureddueto multipleconditionsexistingin theDAQ systemand

detectorsthemselves.This sectiondescribesthoseconditionsandhow theratesmeasured

via Equation1 can be corrected.The TDC relatedcorrectionsare basedon the rate at

which a detector fires. Sincethe total numberof hits scaleswith the rate,thecorrection

factors derived for the rates can also be applied directly to the number of hits.

LIFO Correction

The LRS1877FastbusTDC hasa programmableLIFO of up to 16 hits per

eventper channel.If a channelgetsmorehits in a singleeventthanthe LIFO canhold,

theoldesthits arereplacedwith thenewestones.This meansthat thenumberof hits in a

givenchannelwill besystematicallyundercounteddueto theLIFO limit. This effectcan

bereducedby settingthesizeof theTDC window smallandtheLIFO sizebig. However,

thereis a trade-offin thatmoreeventswill berequiredto reducethestatisticalerror.This

alsomeansintegratingovera long periodof time which canincreasethesystematicerror

due to beamdrift (seethe sectionon Beam Drift). Here, the correctionrequiredfor

missedhits due to LIFO size is calculatedas a function of rate. Figure 2 showsthe

correctiongeneratedfrom a MonteCarlocalculation.Thecorrectionis plottedversusthe

productof detectorrateandOOT sizeover LIFO size.The X-axis canbe thoughtof as

theaveragefractionof LIFO buffersfilled perevent.Thecurvein this plot comesfrom a

4th order polynomial fit to the points.The Monte Carlo will needto be run againwith

more statistics and more points to better define the curve.

The beam current presented in the proposal of 7.2 x 107 equivalent

photonsper secondcorrespondsto a T-counter rate of 1MHz per T-counter.The T-

counterswill be firing at higherratesthanany otherdetectorin the PrimEx experiment

and so, will require the largest corrections.



TDC Deadtime Correction

The LRS1877TDC modulehasa deadtimeassociatedwith eachhit. Hits

that occur too closein time with the previoushit will be missedand the rate will be,

again,undercounted.For low ratedetectors,this effect is negligible.For detectorsfiring

at 1 MHz, however, this can be significant for a precision experiment such as PrimEx. 

The time betweenadjacenthits in a detectorfiring at a given rate from

unrelatedeventsis governedby an exponentialprobability function. The measuredrate

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.



will be proportional to the probability that the detector does NOT fire during the

deadtime T dead . To obtain the actual rate, this must be divided out as shown in

Equation 4.

R �

Ro

e
� RT dead

                                               (4)  

Equation 4 can be solved for R in terms of Ro and T dead by expanding the

exponentialandkeepingonly the first few terms.Expandingto just two termsresultsin

Equation 5.

R �

1 � 1 � 4T dead Ro

2T dead

                                        (5)  

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

Detector Efficiency

The detectorefficiency of the tagger should not affect the final cross-

section.This is dueto theefficiencyappearingin boththenumeratoranddenominatorof

the cross-sectioncalculationsuchthat 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 entireTDC spectrum.Should

an inefficiency developfor eventsreconstructedat earlier timesdueto LIFO limits, this

could effect the normalization calculated. Correcting for software coincidence

inefficiencies due to hardware limits requires a significant extensionto the details

presented here and so will be covered by a separate note.



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

error in themeasurement.TheLIFO correctionfactor is a functionof the raw, measured

rate Ro . The error on Ro can be propagatedthrough the correction formula to

determinethis error as a function of the adjustedrate parameterplottedon the X-axis.

Thishasbeendoneandtheresultis shownin figure 4. Onewouldnotexpectthecurveto

bendbackoverasit doesandthis likely dueto a limitation on how theMonteCarlowas



performed. The curve is believed to be accurate up to to X=2 however.

It is important to note that the error due to the LIFO correctionwill be

perfectlycorrelatedwith theerror on Ro itself. Sincetheseerrorswill alwayshavethe

samesign, they mustbe addedlinearly as opposedto addingthemin quadrature.This

increases the error bar from what it would be for uncorrelated errors.

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 dependentupon two input

parameters: Ro and T dead . Theseareindependent,but bothmaycontainerrorswhich

mustbe propagatedthroughto the final error bar.The partial derivativesof Equation4

with respectto eachof theseshouldbeaddedin quadratureto give the total errordueto

the TDC deadtimecorrection.The relativeerror dueto the error on T dead is given by

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

1
R

�

R
�

T dead

�

T dead �

Ro

�

T dead

1 � Ro T dead

                          (6)  

1
R

�

R
�

Ro

�

Ro �

�

Ro

Ro

1
1 � Ro T dead

� 1                 (7)  

Note in Equation7 that the relativeerror �

Ro �

Ro hasbeenexplicitly subtractedout

in orderto obtain the error inducedby the correctionfactor alone.This is different than

how the LIFO errorwaspresentedabove(i.e. asthecombinederror dueto Ro andthe

LIFO correctionfactor). Figure 5 showsthe individual and combinedcontributionsof

theseerrorsto the flux measurement.The error on T dead is assumedto 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.



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

Useof a samplingtechniquecanleadto overcountingif the timesat which

thesamplesaretakentendto bewhentheratesarehigher.This effectcanbecalculatedif

we assumea beamcurrentof the form I beam �

I o
���

sin � t . The frequency � is

assumedto be large enoughthat many oscillationsoccur over the courseof a run yet

smallenoughso the rateis essentiallyconstantover the samplingtime (typically around

10 usec).



ThePrimExtrigger is dominatedby accidentalsfrom Comptonscatteringin

the window of the vacuumbox and the helium inside the helium bag. This meansthe

trigger rate will be proportional to the beam current squared:

Rtrigger
� I beam

2

Assuming hits in the tagger are dominatedby good electrons,the tagger rates will

increase linearly with the beam current:

Rdet
� I beam

The number of hits a detector sees over the course of the run will then be:

N hits �

�

0

T

WOOT Rdet Rtrigger dt
�

C
�

0

T

I o ���

sin � t
3
dt

where W OOT is the out of time window width andC is a proportionality constant.

Integration yields:

N hits �

CT I o
3 �

3
2

I o 	

2

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:

N hits
measured 
 N hits

actual

N hits
actual �

3
2

�

I o

2

Take,for example,thecasewhen � is 10%of I o . Thenumberof hits recordedwill

be increased by 3 � 2 0.10 I o � I o
2 � 0.015 or 1.5%.

Error Due to Beam Current Drift

Occasionally,a very slow drift can be observedin the beamcurrent that

becomessignificantovertime.Assuminga beamcurrentof theform I beam �

I o ���

t ,

theabovecalculationcanbe repeatedfor an integrationperiodof �

T � 2 to �

T � 2 .

The resulting number of hits is:



 N hits �

CT I o
3 �

1
4

I o

� 2 T 2

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

N hits
measured � N hits

actual

N hits
actual �

1
4

�

T
I o

2

As anexample,considera periodfor which thebeamdrifted downby 20%beforeit was

corrected. The number of recorded hits will be overcounted by

1 � 4 0.20 I o � I o
2 � 0.01 or 1%. This can be controlled somewhatduring the

analysisby reducingthe time slicesoverwhich thecountsareintegrated.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 consideredwhen determining

the rate via this samplingmethod.Theseare due to the TDC deadtimeand the LIFO

limit. The corrections themselvescan be determinedprecisely given the hardware

settings.They do, however,introduceadditionalcomponentsto the measurementerror

which have been calculated here.

The samplingtechniqueis also susceptibleto systematicovercountingdue

to beaminstabilities.Errorsdue to beaminstability cannotbe correctedfor (unlessthe

natureof the instability is known precisely).It seemsimperativethat if this techniqueis

used, the beam stability must be accurately measured and closely monitored.

The contributionsto the total error on the photonflux measuredusing 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 ( �

I beam �

5 %) 0.40% Systematic

Total ~1.46%

Important things to keep in mind:

 

Tagging ratios may introduce additional errors

Errorspropagatedfrom theerroron theinitial ratemeasurementwill becorrelatedand

so, should be added linearly

The erroron the initial ratemeasurementwasassumedto 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.Reviewing it here, however,helps sharpenour

understanding of these formalisms which we'll use to extend the calculation later.

Theproblemis to find theprobabilitythata detectorfiring at anaveragerate

R will fire at a time t within a period dt . Startby breakingup time into binsof

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 will not  fire in the same time period is just 1 � p . We

can now write the probability of the detector not firing in the first N bins. It is just:

P N � 1 � p N
� P N � 1 1 � p                       (A2)  

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

d P � P N � P N � 1 � P N 1 �

1
1 � p

            (A3)  

Extrapolatingto the continuum, dt becomesarbitraily small suchthat p
�

1 . This

leads to:

d P � P
	 p

1 	 p
�

lim dt 
 0

	 P Rdt                            (A4)  

Dividing by P on both sides and integrating gives the form of the probability function:

d P
P

�

� Rdt � P t � Ae
� Rt

                              (A5)  

Imposing the limit that the differential probability must integrateto 1 over all time6

revealsthat A 
 1 . This yields, finally, the probability that the detectordoesnot fire

during a time t as:

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



P t � e
� Rt                                                  (A6)  

Thus, the probability of the detectorfiring at least once during the sametime is just
� t � 1 � P t � 1 � e �

Rt . This is actuallyjust a simpleform of Poisson©sequation.

Accordingto Poisson©sequation,the probabilityof having r hits from a detectorfiring

at a rate R  during a time t is:

P r �

Rt r e�

Rt

r !
                                          (A7)  

Theprobabilityof havingzerohits is obtainedby settingr=0 which returnsequationA6.

The probability of having one or more hits is:

 
�

r � 1

	

Rt r e 


Rt

r ! �

e 


Rt
�

r � 0

	

Rt r

r ! �

1

e
� Rt eRt 
 1 � 1 
 e

� Rt
��� t


