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1 IntrodutionThe 5-paddle photon �ux monitor was developed by the University of Saskathewan groupfor use at the High Intensity Gamma Soure (HIGS) at the Duke University Free EletronLASER faility. It formed part of the M.S. thesis of Otavian Mavrihi[1℄ and its initialuse is desribe in the NIMA publiation, Pywell et al.[2℄.It was designed to interept only a small fration of the inident photons. It may beused in a on�guration where it is plaed before or after the experiment target. In itsurrent on�guration it is plaed in the ollimator hut just after the primary ollimator andis therefore before the experiment target.The monitor works by deteting the reoil eletrons following Compton sattering or theeletron-positron pairs reated in pair prodution. These are reated primarily in a thinonverter plaed between the seond and third sintillator paddles. Currently this onverter(also referred to in the simulation as the absorber) is a thin Aluminum sheet. The reoileletrons or positrons are deteted by requiring a triple oinidene between the last threesintillator paddles while in anti-oinidene with the paddle just before the onverter (re-ferred to as the veto paddle). The veto paddle redued bakground from upstream material.The additional paddle is only used in the set-up of the paddle system to determine thethreshold of the veto paddle, when optimizing its response of the monitor and heking itsoperation.It has been shown that the e�ieny of the 5-paddle system an be predited well by aGEANT4[3℄ simulation. However we do not rely on the simulation. Rather, the e�ieny ismeasured for eah experimental set-up by omparing the response of the monitor to numberof photons measured by a large volume NaI detetor. This alibration is done at a low rateso that NaI an ount all the photons inident upon it.A pakage of odes used for the alibration and use of the �ux monitor is available underthe "Software" tab athttp://kanga.usask.a/nuleusA opy of the GEANT4 ode used to simulate the �ux monitor is available at the sameloation.
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Figure 1: A shemati of the experimental set-up to alibrate the �ux monitor. The al-ibration may be with the experiment target in plae, as shown, or removed. The atualexperiment would be with the NaI detetor moved out of the beam line.2 Calibration of the Flux MonitorThe goal of the alibration is to determine the alibration fator fm de�ned by the relation
Nγ = fmNm (1)where Nγ is the number of gamma rays inident on the �ux monitor, and Nm is the numberof ounts from the photon �ux monitor. Sine all experiments only reord data during theirlive time, Nm is to be onsidered the quantity measured during the experiment live timeand therefore Nγ will be the number of gamma rays that ould ause reations that an bemeasured by the experiment if they reah the target. Ultimately we need to �nd the numberof gamma rays that reah the target, Nt. We will use the simulation to �nd the absorptionfator needed to relate Nt to Nγ.The experimental arrangement to alibrate the �ux monitor is shown in Figure 1. Thealibration may be performed with the experiment target in plae or not. The preferenewould be to do the alibration with the target removed, but in some ases it may be di�ultto remove the target. The atual experiment would use the same shemati but with theNaI detetor removed from the beam line.We de�ne Nd to be the number of gamma rays inident on the NaI detetor. During thealibration we are not able to measure Nd diretly. What we measure is a NaI spetrum whihmust be integrated. Beause of signi�ant low energy bakground in the NaI spetrum it isusually integrated over an energy range that avoids most of this bakground. This integralwe will all Ni. The initial goal of the alibration is to measure the unorreted or rawalibration fator f ′

m de�ned by
Ni = f ′

mNm. (2)Later we will use the GEANT4 simulation to make orretions to determine fm.An example of a NaI spetrum with the low energy bakground visible may be seenin SPIR-144[4℄ �gure 3. Another example from the reent deuterium photodisintegrationmeasurement at a photon beam energy of 18 MeV is shown in Figure 2 shows the NaIspetrum taken during the alibration with a 18 MeV gamma ray beam. A harge integratingADC was used for the NaI signal. The ount rate in the NaI was about 6000 Hz, whih is3
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Figure 2: The NaI spetrum taken during the alibration with a 18 MeV gamma ray beam(in blak). The ount rate in the NaI was about 6000 Hz. The red line is a bakgroundspetrum taken with the beam o�, and saled to the same live time as the the spetrum withthe beam on.near the highest rate reommended. At this rate large pulse heights due to pile-up is not alarge e�et. A hardware threshold redued the low energy bakground. In this example theNaI spetrum was integrated from 8 MeV to 19.5 MeV. From this a bakground spetrum isintegrated over the same energy range and subtrated from the NaI spetrum after saling bythe live time. This bakground orretion is essentially negligible provided the integrationrange does not inlude the low energy bakground. This allows one to alulate Ni inequation 2.
Nm in equation 2 is the number of ounts from the �ux monitor during the live time.However there is a non-negligible bakground in the �ux monitor. This bakground is di�ultto measure beause very long ount times would be neessary to redue the error su�iently,and beause it has been found that bakground rate an depend on suh fators as low longthe beam has been o�. Therefore it is neessary to measure the bakground rate indiretly.The measured number of �ux monitor ounts during the live time Tlive is N ′

m of whihsome is bakground. Therefore
Nm = N ′

m − BmTlive (3)
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Table 1: Flux monitor alibration runs for the 18 MeV deuterium photodisintegration mea-surement during the Otober 2010 running period. (The seond alibration set was abbre-viated sine the beam was due to be turned o�.) For set 1 a 10.7 m long D2O target wasin the beam while for set 2 a 2.0 m long target was in plae.Set Beam Run Attenuators Flux Monitor NaI Flux Monitor LiveNumber Energy Number In Beam Rate Rate Count Time(MeV) (Hz) (Hz) (s)1 18 145 1-2-3-4 40 1800 9838 219.31 18 146 1-2-3-4-6 12 550 5064 455.61 18 147 2-3-4 108 5000 11179 100.71 18 148 2-3-4-6 21 1200 5556 233.82 18 160 2-4-6 24 1200 6563 291.52 18 161 2-3-4 100 5400 7105 147.52 18 163 2-3-4-5 10 460 3121 336.6where Bm is the bakground rate in the �ux monitor. So
f ′

m =
Ni

N ′

m − BmTlive

. (4)Rearranging this equation we get
Ni

Tlive

= f ′

m

N ′

m

Tlive

− Bmf ′

m . (5)Therefore the �ux monitor alibration should be done at several di�erent beam rates. Thena plot of the rate in the NaI detetor ( Ni

Tlive
) against the measured rate in the �ux monitor( N ′

m

Tlive
) should be a straight line, the slope of whih is f ′

m.The �ux monitor alibration will be done with the opper attenuators plae in the beamso that the beam intensity is redued to minimize pile-up in the NaI detetor. This will bewith NaI ount rates less than about 6000 Hz. At least 3, preferably 4 di�erent rates shouldbe used. We want to determine f ′

m to better than about 1%. This means that we would liketo have a total �ux monitor ounts in eah measurement (N ′

m) of near 10,000. At the lower�ux monitor ount rates (around 10 Hz) this an be relaxed. In that ase the measurementneeds to be long enough to get near 4,000 ounts from the �ux monitor. These are all at �uxmonitor ount rates low enough so that we may make the assumption that the probabilityof two photons in a beam bunh is negligible.Table 1 shows examples of two alibration measurements taken during the 18 MeV deu-terium photodisintegration measurement.
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3 Analysis of the Calibration Data3.1 Extrating The Run InformationThe �rst step in the analysis is to extrat the required data from eah �ux monitor alibrationrun. I have found it onvenient to reate a single text �le with this information in it. Thefollowing is an example of this information for run 161.Listing of file "runinfo.0161.dat"----------------------------------RunNumber: 161NaI-Integral: 361605.5-Paddle(live): 71055-Paddle(real): 23256Bunh(live): 8.23020e+08Bunh(real): 1.42803e+09Live_time: 147.418Real_time: 255.941Live_fration: 0.5759843-Paddle(live): 03-Paddle(real): 0Veto(live): 115780Veto(real): 2040835-Paddle_rate: 48.1963NaI_trigger: 2516.84----------------------------------This information must be extrated from the data �le(s) for the run. If the data was takenusing the Coda system root may be used to extrat this information. The root routineflux_analyze.C is used. It takes as an argument the run number to be analyzed. i.e.> flux_analyze(<runnumber>)This routine �rst reads a �le, rundata.runs. This �le is essentially a list of run numbersalong with the name of a �le whih ontains onstants spei� to the analysis of that runnumber. These onstants inluded the pedestals for the paddle ADCs, the energy alibrationfators for the NaI ADC, and the integration range to be used for the NaI. flux_analyzewill read the parameters from this �le. An example of this �le is given below.# This file shows whih runs we have and where# information needed for analysis is stored.# Energy(MeV) run_number Filename#61.0 3003 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat#61.0 3019 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3020 /home/higs/5-paddle/sept2015/run_data/rundata.3020.dat#61.0 3021 /home/higs/5-paddle/sept2015/run_data/rundata.3021.dat6



61.0 3043 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3045 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3047 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3048 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3050 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3051 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3052 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3053 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3054 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3055 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3056 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3057 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3058 /home/higs/5-paddle/sept2015/run_data/rundata.3003.dat61.0 3060 /home/higs/5-paddle/sept2015/run_data/rundata.3060.datIn the urrent (September 2015) setup, the saler information is also stored in the rootdata �le and flux_analyze will get that information from there. The saler informationneeded inludes the �ux monitor ounts and the number of beam bunhes in the live timeof the alibration run. (The saler information is also stored in a text �le. Earlier ver-sions of flux_analyze alled a Perl program getsalers.pl whih searhed through theflux_saler �le for the saler information for that run number. This saler informationis then read into flux_analyze.) flux_analyze will then reate histograms, integrate theNaI spetrum, and write �les whih ontain some of the histograms and the runinfo �le.The version of flux_analyze.C provided in this pakage was the one used to analyzethe �ux monitor data for the September 2015 Compton sattering experiment. (This on-tained several details related to dealing with severe NaI pileup due to the use of a peaksensing ADC and the aelerator setup whih was present in an early (June 2009) run Theanalysis of this data is desriber in detail in SPIR-144[4℄.) A similar setup was used in theSeptember 2015 run but the pile-up problems were muh less severe. Nevertheless the odestill inludes orretions for pileup. The routine will undoubtedly need to be modi�ed fordi�erent situations.There is a signi�ant amount of bakground that needs to be subtrated from the NaIspetrum before obtaining the NaI integral. A long bakground run should be taken of theNaI. If this bakground run is analyzed using flux_analyze a �le labeled data.naiE2.xxxx.dat(where xxxx is the run number) is reated in the spetra subdiretory (if that subdiretoryexists). This �le ontains the NaI spetrum from this bakground run. If the �lename ofthis bakground run is given in the rundata �le read by flux_analyze it is used to subtratbakground from the NaI spetrum. To do the subtration the live time for the bakgroundrun is also needed and it too is ontained in the rundata �le.An example rundata �le is given below. (This is for the September 2015 run where thebeam energy was 61 MeV.)# pedestals hit_threshold0 105 201 120 20 7



2 143 203 110 204 105 20# NaI pedestal hit_threshold5 20 10# NaI alibration# energy hannel10.144 450.3561.0 1881# NaI integration range20. 70.# NaI pileup maximum energy140.# NaI bakground livetime (s)55708.0# NaI bakground filenamespetra/data.naiE2.3060.datIf, in this �le, the NaI bakground live time is set to zero a bakground �le is not read and nobakground subtration will be done. (This for example would be neessary for generatingthe bakground �le itself.)For the example below, for the Otober 2010 Deuterium photodisintegration experiment,the data was taken using the LUCID data aquisition system where all the event-by-event in-formation and the saler information is ontained in one �le. In that ase the NaI integrationand the generation of the runinfo �le is aomplished in one step by LUCID.Not all the information ontained in the "runinfo" �le is needed for the subsequentanalysis to obtain the �ux monitor alibration. The neessary quantities are:RunNumber:NaI-Integral:5-Paddle(live):Bunh(live):Bunh(real):Real_time:These labels must written exatly a listed above. There must be white spae between thelabel and the following number. Blank lines and omment lines (lines beginning with #) areignored in the runinfo �le. The quantities are de�ned more fully as follows:NaI-Integral This is the integral of the NaI spetrum between the spei�ed energylimits.5-paddle(live) This is the number of ounts from the 5-paddle �ux monitor during thelive time of the measurement.Bunh(live) This is the number of beam bunhes during the live time of the measure-ment. Often this quantity is presaled before going into a saler, but the quantity in the"runinfo" �le should have the presaling fator removed. The saler must have been gated8



with a live-time gate, or alternatively vetoed with a dead-time gate when the data aquisitionsystem is unable to aept events.Bunh(real) This is the number of beam bunhes during the real time of the measure-ment. Again this should have any presaling fator removed.Real_time This is the real time of the measurement in seonds. This would normallyhave been measured by some �xed frequeny signal going into a saler.The subsequent analysis needs the live time of the measurement. This is alulatedfrom the real time and the ratio of the Bunh(live) and Bunh(real) values sine this iswould usually be more aurate than using a time osillator gated by the live time of themeasurement.3.2 Calulating the Raw Calibration FatorThe data runs in eah measurement set will be �tted to �nd f ′

m. The Perl program rates.plis used to do the �tting. The -h option to rates.pl prints a help message. i.e.> rates.pl -hUsage rates.pl [-p -h℄ <flux_run_filename-p = Print information about eah run.-h = Print this message and exit."flux_run_filename" is the name of a file ontainingthe data runs to be analyzed.The �le that is read from the standard input ontains a list of the data runs to be analyzed.An example of this �le for the Otober 2010 run is given below.Listing of the file "flux.runs"-----------------------------------------# Flux Monitor Calibration data# Otober 2010# Set Energy runnumber# (Set = B means a bakground run for the NaI)B 18.0 1641 18.0 1451 18.0 1461 18.0 1471 18.0 1482 18.0 1602 18.0 1612 18.0 163-----------------------------------------The format of the �le is a alibration set number (several runs at di�erent beam rates forthe same experimental setup), the photon beam energy, and the run number. If the setnumber is replaed with "B", the run is a bakground run for the NaI detetor (in this asethe beam is o� so the energy is meaningless). This bakground run will be used to make9



a orretion to the NaI integral for all the runs following it in the �le until another "B"is enountered. If no "B" line appears in the �le before a line ontaining a set and runnumber, then no bakground orretion will be made. Note: If the data was taken with theoda system and the NaI integrals are generated by flux_analyze.C, the NaI bakgroundis already subtrated so no "B" lines are needed. Comment lines (beginning with #) andblank line are ignored in the �le. There are a few options that are hard oded in the programrates.pl. These appear at the beginning of rates.pl as shown below,#!/usr/bin/perl$max_pad_rate = 200.0;$onst_bak = 0; # if set to 1 the following bakground rate is used$onst_bak_rate = 0.23;$onst_bak_rate_err = 0.14;$runinfodir = "../flux_info";Only data runs where the ount rate from the �ux monitor is less than $max_pad_rate (inHz) are inluded in the �tting. It is possible to use a onstant bakground rate for the�ux monitor, rather than the bakground rate being determined from the �t, by setting$onst_bak = 1 and the following two variables will then speify the bakground rate andits unertainty. The diretory where the runinfo �le for eah run are stored is given by$runinfodir.An example of running rates.pl is given below.> rates.pl < flux.runsFitting for eah set...Maximum 5-paddle rate = 200 HzSet = 1 Energy = 18.0 MeVFACTOR f_m' = 44.07 +/- 0.25BACKGROUND B = 0.26 +/- 0.14Chisq = 4.3, Redued Chisq = 2.2Set = 2 Energy = 18.0 MeVFACTOR f_m' = 51.68 +/- 0.42BACKGROUND B = 1.16 +/- 0.14Chisq = 1.6, Redued Chisq = 1.6In this example we see that the raw alibration fators f ′

m are signi�antly di�erent forthe two sets. This is beause di�erent thikness targets were in plae for eah set.For eah set two �les are reated. One ontains the data that is �tted to �nd thealibration fator and bakground. The other ontains the �t to the data. These may beplotted to hek on the goodness of the �t. Examples of these two �les are given below forset 1 from the Otober 2010 alibration.Listing of the file "Rate.set1.18.0MeV.dat"10
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Figure 4: The �t to the �ux monitor alibration data for set 2 from the Otober 2010 run.3.3 Corretions using the GEANT4 SimulationWe now need to use the GEANT4 simulation of the �ux monitor to make the orretionsneessary to onvert f ′

m to fm. We do not use the simulation to predit the e�ieny ofthe �ux monitor. Rather, we only use the simulation to alulate the absorption of photonsthrough the �ux monitor, air and (if present during the alibration) a target. Therefore it isnot neessary to have the detetor thresholds of the �ux monitor paddles mathed to thoseof the atual detetor. However it is important to have the geometry aurately modelledby the GEANT4 simulation.We use the simulation named flux. (The latest version at the time of this report (Septem-ber 2015) is version 1.6.) This version of the simulation does not write event-by-event dataneessary for a omplete analysis of the �ux monitor, but only determines the number ofphotons deteted by the NaI detetor and ompares it to the number of photons inident onthe �ux monitor.The simulation is ontrolled by maro �les whih de�nes the geometry and other aspetsof the simulation. It is onvenient to reate two separate maro �les. One de�ning thegeometry and the other de�ning the parameters for a partiular run.We give an example below of the �les used for the alibration of the �ux monitor for theSeptember 2015 run with a liquid helium target. The DetetorConstrution. soure �lemust be modi�ed for all but the simplest of target on�gurations. the ommands:/flux/detetor/setTargetAtive true/flux/detetor/setTargetDistane 416 m/flux/detetor/setTargetThikness 2.0 m12



/flux/detetor/setTargetDiameter 4 m/flux/detetor/setTargetMaterial D2Orefer only to the atual ative volume of the target and not any ontainer, so anything elsethat is part of the target system, and is in the path of the beam, must be inluded in theDetetorConstrution. �le. In that �le the target should be de�ned within the onstrutif(target_exist){... define target here}If the ommand/flux/detetor/setTargetAtive falseis set in a maro �le the target will not be onstruted. Within your target de�nition youan use the variablesG4Material *target_material; // Target materialG4double target_thikness; // Target thiknessG4double target_diameter; // Target diameterG4double target_distane; // distane from ollimator to target entrewhih may be hanged with ommands in a maro �le, but you may need to de�ne othervariable.An example of a maro �le de�ning the geometry as used for the September 2015 run issetgeometry_target_in.ma and it ontents are given below.# Flux monitor paddle options#------------------------------------/flux/detetor/setMonitorDistane 0.5 m/flux/detetor/setAbsMat Aluminum_6061/flux/detetor/setAbsDist 14.25 mm/flux/detetor/setAbsThik 2.297 mm/flux/detetor/setSintWidth 15 m/flux/detetor/setSintHeight 10 m/flux/detetor/setSintSeperation 28.5 mm# ----/flux/detetor/setLayerIndex 0/flux/detetor/setSintThik 2.339 mm/flux/detetor/setThresh 270 keV/flux/detetor/setSigma_Ele 0.03/flux/detetor/setLayerIndex 1/flux/detetor/setSintThik 2.073 mm/flux/detetor/setThresh 100 keV 13



/flux/detetor/setSigma_Ele 0.03/flux/detetor/setLayerIndex 2/flux/detetor/setSintThik 2.076 mm/flux/detetor/setThresh 81 keV/flux/detetor/setSigma_Ele 0.03/flux/detetor/setLayerIndex 3/flux/detetor/setSintThik 2.352 mm/flux/detetor/setThresh 78 keV/flux/detetor/setSigma_Ele 0.03/flux/detetor/setLayerIndex 4/flux/detetor/setSintThik 2.116 mm/flux/detetor/setThresh 108 keV/flux/detetor/setSigma_Ele 0.03# ---- NaI options ----/flux/detetor/setNaIAtive true/flux/detetor/setNaIDistane 17 m/flux/detetor/setNaIDiameter 23.83 m/flux/detetor/setNaIThikness 35.56 m/flux/detetor/setNaIAlThikness 2.5 mm/flux/detetor/setNaIThreshold 100 keV/flux/detetor/setNaIIntegrate_start 20. MeV/flux/detetor/setNaIIntegrate_stop 70. MeV# ---- Target Options ----/flux/detetor/setTargetAtive true/flux/detetor/setTargetDistane 14 m/flux/detetor/setTargetThikness 20. m/flux/detetor/setTargetDiameter 3.81 m/flux/detetor/setTargetMaterial LHe# -- make sure hanges are inorporated and print/flux/detetor/update/flux/detetor/print# -----Note that omment lines (beginning with #) and blank lines are ignored.A maro �le for atually running the simulation is run_target_in.ma. This �le sets upthe energy of the beam and other run spei� parameters and starts a run. Its ontents are# Set geometry for target in 14



/ontrol/exeute setgeometry_target_in.ma# ---- Gun Options ---# 20 MeV is the default energy# EnergySpread parameter (in %) will apply to# last energy added and all those added after# unless redefined/flux/gun/removeEnergy 20 MeV/flux/gun/addEnergy 61.0 MeV/flux/gun/setEnergySpread 6.78/flux/gun/setTargetMinimumEnergy 55 MeV# photon rate of 0 means one photon per geant event/flux/gun/setPhotonRate 0#/flux/gun/setPhotonRate 55000./flux/gun/setCollDiameter 25.4 mm/flux/gun/setCollDistane 60 m# -- make sure hanges are inorporated and print/flux/detetor/print/flux/gun/print/run/beamOn 40000# -----The simulation is normally run by typingflux run_target_in.mawhere run_target_in.ma is the name of a maro �le used to ontrol the simulation. Typingsimplyfluxwill bring up the QT GUI so that you may hek the geometry. More details about runningthe simulation are given in setion refse:using-simulation.From the simulation we need to �nd two absorption fators CA and CB needed to orret
f ′

m to �nd the number of photons inident on the target. The simulation must be set upwith the geometry exatly at it is for the alibration of the �ux monitor. If the target wasin plae during the alibration it must be inluded and made "ative". (In the simulationthere is an option to make the target disappear by making it not "ative".)The energy integration range for the NaI is set to the same value as used in the analysis ofthe alibration. The simulation will report the ratio of NγA, the number of photons emergingfrom the ollimator, and NiA, the integral of the photons deteted by the NaI between theminimum and maximum energies. The ratio of these we de�ne as the absorption fator
CA =

NγA

NiA

. (6)15



If the target is in plae, the simulation will also reord the number of full energy gammarays hitting the target, NiB. We de�ne as the absorption fator
CB =

NγA

NiB

. (7)If the target was not in plae during the atual alibration, two simulations will need to berun. One without the target in plae to �nd CA, and a seond with the target in plae to�nd CB.When we do the atual �ux monitor alibration, Ni is the integral of the NaI spetrum,and so the number of photons emerging from the ollimator is
Nγ =

NγA

NiA

Ni = CANi (8)where Nm is the number of ounts measured from the �ux monitor. Therefore, the truealibration fator is
fm =

Nγ

Nm

= CA

Ni

Nm

= CAf ′

m. (9)The number of photons inident on the target position is then
Nt =

NiB

NγB

Nγ =
1

CB

Nγ =
fm

CB

Nm. (10)As an example we �nd the true alibration fator for set 1 of the Otober 2010 experiment.For set 1 a 10 m long D2O target was in plae during the alibration. Simulation A usesthe parameters as listed in the example runeff.ma above. The most relevant variables are/flux/detetor/setNaIDistane 17 m/flux/detetor/setNaIThreshold 100 keV/flux/detetor/setNaIIntegrate_start 8 MeV/flux/detetor/setNaIIntegrate_stop 19.5 MeV# ---- Target Options ----/flux/detetor/setTargetAtive true/flux/detetor/setTargetThikness 10.7 m/flux/detetor/setTargetMaterial D2OThe �nal output for this simulation isEnd of Run 111 --------------One photon per geant event (bunh)NaI integration range: 8 to 19.5 MeVEnergy 18 (MeV)Events 40000 Bunhes 40000 Photons 40000Deteted by monitor 673 16



Table 2: Applying the absorption fators to �nd the true alibration fator using equation 9.Set Beam f ′

m CA CB fmNumber Energy(MeV)1 18.0 44.07 ± 0.25 1.344 ± 0.008 1.069 ± 0.006 59.23 ± 0.492 18.0 51.68 ± 0.42 1.142 ± 0.006 1.069 ± 0.006 59.02 ± 0.57Veto hits 331Hits on NaI detetor 30660Integral of NaI detetor 29767Minimum Energy for hit on target 17.5 MeVHits on target 37568Integral on target 37427Absorption fator C_A (photons / integral): 1.344 +/- 0.008 )Absorption fator C_B (photons / target integral): 1.069 +/- 0.006 )(Predited alibration fator (photons / deteted): 59.44 +/- 2.29 )Thus the absorption fator CA = 1.344±0.008, and the absorption fator CB = 1.069±0.006.In the seond set the target thikness was 2.0 m. Using the simulation in the same waywe get CA = 1.142± 0.006 and (of ourse) CB is the same as alulated above. We an nowalulate the true alibration fators using equation 9. The results are shown in table 2.We see that, after orretions, the true orretion fator is the same, within errors, for thesame beam energy. This is as we should expet. We also note that the unertainty in theorretion fator is of the order of 1% whih should be the aim of eah alibration. We woulduse the average value of fm = 59.13 ± 0.51 for the analysis of data at 18.0 MeV with thisexperimental set up. We would also use the "�ux-monitor-to-target" absorption fator (CB)of 1.069 ± 0.006 to �nd the number of photons inident on the target.It may be noted that the GEANT4 simulation predits that the alibration fator for18 MeV should be 59.44 ± 2.29. The startling agreement with our measured fator shouldbe onsidered somewhat fortuitous sine no attempt has been made to ensure that the�ux monitor thresholds used in the simulation exatly math the atual values for the �uxmonitor during the measurement. Nevertheless, this shows that the simulation is good forestimating the the alibration fator. The alibration fator does need to be measured foreah experimental setup.
17



4 Using The Flux MonitorTo use the output of the �ux monitor in the alulation of a ross setion, the number ofphotons inident on the target during the live time of the experiment is needed. Thus it isneessary to measure the output of the �ux monitor during the live time of the experiment.This would usually be done by ounting the �ux monitor pulses with a live time gated saler.The number of photons inident on the �ux monitor would, in priniple, be given by
nγ = fmNm (11)where Nm is the �ux monitor ounts during the live time. However, the HIGS beam is not a100% duty fator photon beam. The photon beam omes in bunhes at a rate of 5.58 MHz orabout 180 ns apart. The dead-time of the �ux monitor is of the order 60 ns (about the widthof the veto generated by the veto paddle). Therefore photons arriving in separate bunheswill always be ounted by the saler if they are deteted by the �ux monitor. However, morethan one photon being deteted in the �ux monitor in a single bunh will be ounted as onlyone.The alibration fator determined in the above alibration proedure, fm, is measured atvery low photon �uxes so that the probability of more than one photon being deteted in asingle bunh is extremely small. Therefore the measured e�ieny, is an absolute e�ienyappropriate only at low rates. At high photon rates a orretion for multiple hits in a bunhmust be made.The number of photons deteted is redued when two or more photons are deteted ina single bunh and are ounted as only one. A further redution ours when a photon isdeteted, but there is also a hit in the veto paddle, thus killing the deteted photon.Therefore in order to alulate the orretion at high rates the probability that there isa hit in the �ux monitor veto paddle in a single bunh is also needed. In the �ux monitorpubliation[2℄ it was suggested that this information an be obtained from the simulation.However, it is our experiene that in the urrent loation of the �ux monitor, the bakgroundrate in the veto paddle is higher than that predited by the simulation. Therefore it isneessary to measure the veto paddle ounts during the experiment. i.e. the veto paddlehits needs to be ounted by a live time gated saler during eah run.We de�ne, Nh = Nγ/fm = the number of hits on the �ux monitor that have the potentialto be ounted. So then, µh = Nh/B = the average number of hits per bunh, where B is thenumber of aelerator bunhes during the live time of a measurement. If Ph(xh, µh) is theprobability of xh hits in a bunh aording to Poisson statistis, then sine one or more hitswill be ounted as one, the probability of a ount will be

Ph(xh ≥ 1, µh) = 1 − Ph(0, µh) = 1 − e−µh . (12)But this hit may be vetoed if another photon in the bunh auses a hit in the veto paddle.The probability that there is a hit in the veto paddle in a partiular bunh is simply
Pv = Nv/B (13)18



where Nv is the number of veto hits ounted during the live time. Therefore the total numberof ounts from the �ux monitor is
Nm = BP̄vPh(xh ≥ 1, µh)

= B

(

1 −
Nv

B

)

(

1 − e−
Nγ

fmB

) (14)Therefore, solving for Nγ we �nd
Nγ = fmB ln

(

B − Nv

B − Nv − Nm

)

. (15)The error in Nγ depends on the unertainties in fm, Nm and Nv in the usual way,
δNγ

2 =

(

∂Nγ

∂fm

)2

δfm
2 +

(

∂Nγ

∂Nm

)2

δNm
2 +

(

∂Nγ

∂Nv

)2

δNv
2, (16)where it an be shown that

∂Nγ

∂fm

=
Nγ

fm

,

∂Nγ

∂Nm

= fmB
1

(B − Nv − Nm)
, and

∂Nγ

∂Nv

= fmB
Nm

(B − Nv)(B − Nv − Nm)
. (17)One Nγ has been found then the number of gamma rays hitting the target may be foundby

Nt = Nγ/CB. (18)The orretness of equation 15 has been tested using the GEANT4 simulation. Thesimulation has the option of traking multiple photons per GEANT event. The number ofphotons initiated in a GEANT event (or bunh) is alulated from Poisson statistis givenan average photon rate spei�ed by setPhotonRate, e.g./flux/gun/setPhotonRate 30000000.sets the photon rate to 3.0×107 Hz. When run, the simulation reports the number of 5-paddle�ux monitor hits, the number of beam bunhes, and the number of veto paddle hits duringthe live time. Also reported is the atual number of photons simulated. These numbers areentered into equation 15 to alulate the number of photons from the �ux monitor output.The results for various photon rates are shown in �gure 5. Also shown in the �gure is theratio if the number of photons is alulated using equation 11, i.e. with no rate orretion.We see that the rate orretion does a good job of alulating the orret number of photons.The simulation does not simulate additional bakground that may be present in the vetopaddle beyond that reated by the photon beam itself.19
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Figure 5: The ratio of the number of photons alulated using the �ux monitor outputdivided by the true number of photons simulated by GEANT4.
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5 Flux Monitor Chek List5.1 Calibrating the Flux MonitorThe following quantities need to measured for several low photon �ux rates.1. Beam bunhes in the live time.2. Live time.3. Flux monitor ounts in the live time.4. NaI spetrum in the live time (whih will be integrated over a given energy range).5. A bakground NaI spetrum (with beam o�) and its live time.Note: It may be more aurate to alulate the live time from the real time and the ratioof the beam bunhes in the live time to the measured number of beam bunhes in the realtime.5.2 Running an ExperimentThe following quantities are needed to be able to make the rate orretion and alulate thenumber of photons inident on the target.1. Beam bunhes in the live time.2. Flux monitor ounts in the live time.3. Flux monitor veto paddle ounts in the live time.

21



6 Using the SimulationThe urrent version of this simulation is flux-1.6. Get the pakageflux-1.6.tgz from http://kanga.usask.a/nuleus under the "Software" tab.Complete instrutions on how to install the pakage in inluded in the README �le inludedin the pakage.The simulation makes use of the pakage LightOutput for alulating the light out-put response of the sintillators in the �ux monitor. The latest version of this pakage isLightOutput-1.3 whih is also available from http://kanga.usask.a/nuleus under the"Software" tab.After installation the appliation flux should now be available to be run. Typing just> fluxwill start the appliation and the QT viewer.The ommand Set Geometry Target In under Run will run the maro setgeometry_target_in.maso that the geometry an be viewed. (The geometry inluded with the distribution is for theliquid helium target.) so that the geometry an be viewed. You an hange whih optionsare available in the QT viewer menu by editing the gui.ma �le.Under the Help tab in the QT viewer you an obtain desriptions of eah of the ommandsavailable for ontrolling the simulation. There are many ommands under /flux/detetorwhih allow you to hange many variables assoiated with the �ux monitor, the NaI detetor,and the target. There are also ommands under /flux/gun whih ontrol fators de�ning thebeam in a partiular experiment. Commands under /flux/ounters are more for debuggingpurposes.One you are satis�ed that the geometry is orret you an run a alulation by typing> flux <maro file>The appliation will print the results after exeution and also save the results by appendingto the �le flux.rundata.There are several modes in whih the GEANT4 simulation an be run.6.1 Prediting the Calibration FatorIn this mode the target and the NaI detetor should both be made not ative to speed thesimulation. i.e./flux/detetor/setNaIAtive false/flux/detetor/setTargetAtive falseThe simulation should be set to simulate only one photon per GEANT4 event. i.e./flux/gun/setPhotonRate 0About 10 million events should be run to obtain less that 1% auray.22



6.2 Finding the Absorption FatorsThe NaI should be made ative, i.e./flux/detetor/setNaIAtive trueIf the target was in plae during the alibration measurement it must me made ative, i.e./flux/detetor/setTargetAtive trueAs well, its parameters (size, loation, material) must be set to the values used. This maymean modifying the DetetorDesrition. part of the ode sine, at present, only a solidylindrial target is inluded with a limited number of materials de�ned. If the target wasnot in plae during the alibration measurement it must be made not ative./flux/detetor/setTargetAtive falseThe simulation an run several photon beam energies at one. The default energy is20 MeV, so if that is not one of the energies you want it must be removed from the energylist by/flux/gun/removeEnergy 20 MeVFor eah energy you want to run you must speify the energy, energy spread, and minimumenergy needed at the target to be ounted. These will be explained below.The beam energy is set /flux/gun/addEnery. For eah energy you need to speifythe energy spread. For the simulation this is de�ned as one-half the di�erene betweenthe maximum and minimum energy that will pass through the ollimator. The PERL sripthigs_energy_spread.pl is inluded with the GEANT4 pakage to allow this to be estimatedgiven the aelerator settings and the ollimator size. The energy spread should be spei�edin perent with the ommand /flux/gun/setEnergySpread.The simulation will ount the number of photons reahing the target. We only want toount the number of full-energy photons reahing the target sine these are what is importantfor the experiment. There will be a few degraded energy photons reahing the target. There-fore only photons with energy above a de�ned minimum should be ounted, this is the targetintegral. The minimum energy for this integral an be set by /flux/setTargetMinimumEnergy.This minimum should normally be set to just below the lowest energy allowed by the energyspread parameter. For example, in the September 2015 run at 61 MeV with a 1 inh diameterollimator, the energy spread is alulated to 6.78%. So the energy is set in the simulationwith the ommands/flux/gun/addEnergy 61.0 MeV/flux/gun/setEnergySpread 6.78/flux/gun/setTargetMinimumEnergy 55 MeVThe NaI detetor must be integrated and therefore the integration limits must be set.e.g. 23



/flux/detetor/setNaIIntegrate_start 8 MeV/flux/detetor/setNaIIntegrate_stop 19.5 MeVThe simulation should be set to simulate only one photon per GEANT4 event. i.e./flux/gun/setPhotonRate 0Only about 40,000 events is needed to obtain sub-perent auray for the absorption fators.The simulation will report the absorption fator CA. If the target was set to ative thesimulation will also report the absorption fator CB. If the target was not set to ative aseond simulation must be run with the target set to ative to obtain CB.6.3 Simulating a High Photon Flux RateThis may be done by setting the photon �ux rate in Hz. e.g./flux/gun/setPhotonRate 30000000.In this ase both the NaI detetor and the target may be set to be not ative.
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