111. INTRODUCTION1.1 IntroductionNeutrons, being neutral particles, can be detected only through nuclear reactions thatconvert them to energetic charged particles such as protons or alpha particles. Anyneutron detector, therefore, would include: a material for this conversion and a chargedparticle detector. Detection of neutrons imposes a great challenge for various reasons.Typical neutron fields span many decades of energy (0.1 eV to 1 GeV). For the reactionsof interest, the neutron cross section depends strongly on neutron energy. For example,the thermal neutron (0.025 eV) cross section for 10B(n, a)7Li is 3840 barns. The crosssection value drops rapidly with increasing neutron energy and it is proportional to thereciprocal of neutron velocity (1/v). At 1 MeV neutron energy, the cross section for thisreaction reduces to a mere 0.2 barns (Knoll 1989). Various detection technologies havebeen developed in different neutron energy regions.Slow neutrons (below about 0.5 eV) are relatively simple to detect by neutron capturein some materials due to their large cross section. Fast neutrons may be detected byslowing them down using a moderator before they reach the thermal neutron sensor. Theprocess in which a fast neutron loses most of its initial kinetic energy (in a series of elasticcollisions) to become thermal neutron is called �moderation.� This can be best achievedby using hydrogenous materials such as polyethylene and paraffin. Hydrogen is a very

22suitable moderator since it can absorb the largest fraction* of neutron energy per elasticcollision. A thermal neutron detector is surrounded by a moderator to form a fast neutrondetector. Examples of such moderator type detectors include an Anderson-Braun (AB)remmeter and Bonner Sphere detectors.For most applications, the detectors are operated in pulse mode�. Any detectorsystem operated in pulse mode has some dead time in which there is always someprobability that the true event will be lost. The dead time of BF3-based counters is a fewms. Therefore, the data analysis must include a dead time correction factor to get anaccurate count rate.In a pulsed radiation field such as that in an accelerator facility like Stanford LinearAccelerator Center (SLAC), the radiation measurements can also be affected by the dutyfactor� of the beam. The more seriously affected instruments include GM counters,proportional counters, bare BF3 counters and scintillation counters. The detectors withmoderators are less prone to this effect, because the signal is delayed by the long neutronarrival time (several hundreds of ms). The arrival time of neutrons in such detectors doesaffect the dead time correction factor.

* In particular, for hydrogen scattering, the average energy loss is one half of the initial neutron energy.� In pulse mode operation, the measurement instrumentation is designed to record each individual quantum ofradiation that interacts in the detector.� Duty factor is defined as the fraction of time during which an accelerator delivers a useful beam.

331.2 Dead Time CorrectionTo compensate for the loss of counts due to the dead time of the detector, a correctionfactor must be incorporated in the measured count rate. Two models for the dead timebehavior of a counting system have been in use; paralyzable model and non-paralyzablemodel (Knoll 1989). In the paralyzable model, the dead periods are not always of fixedlength. The true counting rate Rt is calculated as:RRetRTd=-()1where R = measured counting rate and Td = dead time of the detector.In the non-paralyzable model, a fixed dead time Td is assumed and the true countingrate Rt is calculated as:

()RRRTtd=-12These models represent an idealized behavior. Either of these may resemble the responseof a real counting system. Equations (1) and (2) assume that the detector is beingirradiated from a continuos radiation source. If the field is pulsed (i.e., short pulsesrepeated at a constant frequency), the appropriate correction depends on the relativevalue of the detector dead time Td and the beam pulse length Tp. For most accelerator

44beams (Tp » 1 ms) and most health physics neutron instruments (Td » a few ms) whereTp< Td, the following equation should be used (Liu 1991):

()()RRPRPt=--ln13where P = pulse repetition rate.If Tp > Td, then the following equation should be used (Liu 1991):

()RRRTPTTTtdpdp=--�Ł�ł�11124where PTp = duty factor.In situations where moderating type detectors are used for detecting pulsed neutronfields, equation (3) is not valid. Due to moderation and diffusion, short pulses ofneutrons (smaller Tp) are stretched over a longer period of time called the neutron arrivaltime, which could be a few hundreds of microseconds (Tp > >Td). Therefore, equation (4)should be used. In this study, the arrival time of a neutron has been defined as the timebetween the neutron incident on the surface of the detector and the neutron detected bythe sensor. It is the sum of the moderation time* and the diffusion time�. The neutron

* The time for a fast neutron to slow down in the moderator to become a thermal neutron.� The time for a thermal neutron to diffuse in the moderator and reach the sensor.

55arrival time is generally dominated by the diffusion time. The signal recorded by thethermal neutron sensor is delayed with respect to the beam pulse. Therefore, effectivebeam pulse length in equation (4) should not be determined only by the physical Tp value.In this case, Tp is replaced with Tm (mean arrival time) and since Tm >> Td, theparenthetical term in equation (4) is neglected with small error. The equation (4) thenbecomes equation (5):

()RRRTPTtdm=-15It is assumed in equation (5) that the detected neutrons are uniformly distributed intime Tm. Tm is called the mean moderation time by Jenkins (1979). In fact, Tm should bereferred to the mean arrival time as the delay of the signal is caused by both moderationand diffusion. In this study, Tm is called the mean arrival time or the T-values.According to measurements (Ash 1977), the neutron arrival time distribution is closeto an exponential distribution. Therefore, the inverse of the slope of the arrival timedistribution curve is the mean arrival time Tm. By incorporating this fact in equation (5)for paralyzable model, the true count rate can be calculated as follows (Liu 1991):

66()RRrrrt=-ln16 where

rPTRTmd=The parameter r is the ratio of maximum counting rate that can be measured (PTm /Td) tothe measured counting rate (R).The spread of the signal due to moderation and diffusion has made the measurementsof neutrons less prone to the dead time losses in pulsed fields. In the absence ofmoderator, the detector would utmost record a single signal pulse per beam pulse. Thedramatic influence of the moderator on the dead time correction is illustrated by thefollowing example. For a proton recoil counter, at a pulse repetition rate of 10 Hz, acorrection factor is about 1.5 at a measured counting rate of only 2 counts/sec. On theother hand, for the moderated BF3 detector surrounded by 6.3 cm of paraffin, a correctionfactor of 1.5 is required for a high count rate of » 500 counts/sec at 10 Hz (Patterson1973).1.3 Neutron Production at SLACSLAC has a two-mile-long linear accelerator that accelerates electron and positronbeams up to an energy of 50 GeV. These beams can be sent to different experimental

77facilities. One of such facilities is the Final Focus Test Beam (FFTB). Themeasurements for the present work have been made outside the shielding of the FFTBbeam dump.When a very high energy electron beam interacts with matter, only a small fraction ofenergy is dissipated through heat or ionization. The large fraction of the energy is spentin the production of high energy photons by bremsstrahlung. The fraction of the kineticenergy of the incident electrons converted to bremsstrahlung is a function of incidentelectron energy (Eo) that increases with the increasing Eo. The bremsstrahlung photons, inturn, can undergo pair production to produce electron and positron pairs or comptoncollisions to produce electrons. These new secondary electrons and positrons radiateeven more photons and the process goes on until eventually the energies of particlesbecome low. This process is known as electromagnetic (EM) shower.Neutrons are produced in any material struck by the electron or bremsstrahlung beamsof energies above a certain threshold (for example, 4 to 6 MeV for heavy nuclei). It is thephotons that release the neutrons by photonuclear reactions rather than the directinteraction of electrons. The mechanisms by which neutrons are produced are as follows(IAEA 1979):Giant resonanceFor photon energy above a certain threshold and below 30 MeV, neutron productionresults primarily from a process known as giant resonance. The electric field of a

88photon transfers its energy to nucleus by inducing an oscillation in which protons as agroup moves opposite to the neutrons as a group. Neutrons emitted in the decay ofthis nuclear excitation are called Giant Resonance Neutrons (GRN). The averageenergy of GRN is in the order of a few MeVs.Pseudo-deuteronAt photon energies above 30 MeV and below 100 MeV, neutrons are produced bypseudo-deuteron mechanism. In this neutron production mechanism, photo-disintegration of nucleon pairs within the nucleus takes place. Pseudo-deuterons aremore energetic than GRNs. The cross section for this mechanism is an order ofmagnitude lower than the GRN peak.PhotopionPhotons of energy above the pion threshold (140 MeV) produce neutrons byphotopion reaction. These neutrons are much higher in energy than those from GRNand pseudo deuterons. The cross section goes through a number of resonance peaks.At very high energy electron accelerators, these neutrons make the dominantcontribution to the dose rate outside the massive concrete shielding. Only theneutrons with the highest energies are able to penetrate through the thick shielding.The lower energy portions of neutron spectra outside the shielding are generated bythese high energy neutrons interacting in the outer layers of the shielding.

991.4 ObjectiveThe objective of this work was to calculate the neutron arrival time distributions forcommon neutron detectors and compare the results with the measurements made outsidethe shielding of the FFTB beam dump. The T-values for FFTB spectrum have also beenestimated for various neutron detectors from their calculated neutron arrival timedistributions. The detectors used for this study were a moderated BF3 counter, an ABremmeter, and Bonner Sphere detectors (LiI sensor) of 2†, 3†, 5†, 8†, 10†, and 12†diameter.The neutron arrival time distribution is a differential plot of the number of neutronsdetected by the sensor versus their corresponding arrival time. In the moderating typedetectors, there can be a substantial delay for neutrons to be detected after their incidenceon the detector surface. The delay depends on the thickness of the moderator. Thesignificant time delay does not result from the slowing down of the neutrons to thermalenergies, but from the diffusion of the thermal neutrons in the moderator.The investigation of the timing effect of the moderator thickness on the arrival of theneutrons is the primary focus of this study. The neutron arrival time distributions alongwith the energy response of the various detectors have been calculated using theMCNP4A Monte Carlo code (MCNP 1993). Measurements have been performed withfour detectors to record the number and arrival time of the neutrons. The neutron arrival

1010time for the measurements (unlike that for the calculations) is referred to the time betweenthe beam hitting the target and the neutron detected by the detector.Since the neutron signal is roughly exponential in the arrival time distribution, theinverse of the slope of these curves gives the mean arrival time. Therefore, the estimationof the slope is important for the calculation of the dead time correction factor formoderating type detectors.1.5 SummaryThus far, Chapter 1 has given an introduction to the dead time correction and itsimportance in pulsed radiation fields for moderating type detectors. The objective of thestudy has also been outlined.Chapter 2 describes the geometry of the detectors used in this study, namely, themoderated BF3 detector, AB remmeter, and Bonner Sphere detectors. Section 2.2provides general discussion of the MCNP code along with some details of the input filesdeveloped for this study. In Section 2.3, the tally summary of MCNP output file isdiscussed. Neutron sources defined for the MCNP calculations are described in Section2.4.

1111Chapter 3 describes the neutron arrival time measurements made at FFTB. Thelocation of detectors is described in the Section 3.1. The associated electronics for thetiming measurements is described in Section 3.2.The results of the MCNP calculations are discussed in Section 4.1 of Chapter 4.Section 4.2 gives a comparison between the measurements and the calculations. Section4.3 is the calculation of the T-values.Section 5.1 of Chapter 5 is a summary of the study. Conclusions that can be drawnfrom the study are discussed in Section 5.2. Section 5.3 contains suggestions for furtherstudies.

12122. MONTE CARLO CALCULATIONS2.1 IntroductionThe arrival time distributions of neutrons for various detectors are calculated using thelatest version of the MCNP4A Monte Carlo Code (MCNP 1993). This chapterdescribes the basic concept of a Monte Carlo approach and introduces the way theMCNP was used for this study. Geometry of the detectors used in this work isdiscussed in detail in Section 2.2. Neutron sources (monoenergetic and spectra) used forthe calculations are also presented.The general-purpose Monte Carlo N-Particle (MCNP) code is used for calculatingtime-dependent continuous-energy transport of neutrons, photons, and/or electrons inthree-dimensional geometry. The code provides a number of tally (the desired result)output options and various variance reduction techniques that improve the efficiency ofthe calculations. When a neutron travels through a material, it interacts with the constituent atoms ofthat material. Whether the neutrons become absorbed or scattered depends on theneutron interaction cross section in that material. It cannot be predicted exactly how theparticles will interact or how will they travel in the material before being scattered orcaptured. However, the probability of occurrence of one or the other process can bedetermined by the relevant cross sections. The cross sections can enable us to predict the

1313distribution of flight distances (mean free path) that a large number of particles wouldhave before the first interaction. This is done by random-walk analysis in the MCNPcode. The random-walk analysis is the statistical history for the life of each particlegenerated by computer using random numbers.*The MCNP code has extensive nuclear data and cross section libraries, which enablesit to determine which process will occur at a particular time in the life of the particle. Thelife of a particle begins with its generation from the source and ends when it gets absorbedor scattered to move outside of the detector assembly. The code also takes into accounthow much energy is lost during each interaction and what is the new direction of theparticle (if scattered) or how many neutrons created in any fission event.A very large number of histories is evaluated to have a good statistics and to approacha more accurate result with a small uncertainty. Records of all the events in the life of theparticle and the scored tally/tallies are tabulated in an output file (see Section 2.4).In this work, the MCNP4A code is used to simulate transport of neutrons from thesource to the sensor through different layers of materials, including the moderator. In thesensor, neutron captures are scored as a function of time. The description of the problemis given in an input file (see Section 2.3).

*A set of numbers, which have no pattern, that are sampled uniformly between zero and one.

14142.2 Geometry of detectors2.2.1 Moderated BF3 detectorA schematic drawing of a custom-made moderated BF3 detector is shown in Fig. 2.1.This detector is specially designed for the neutron fluence measurement. The moderatedBF3 detector consists of a BF3 proportional counter (Reuter Stokes RS-P1-1613: 31 cmlong and 5 cm in diameter) with an attached preamplifier that is inserted into a cadmium(Cd)-covered polyethylene cylinder. In this device, boron trifluoride (BF3) serves both asa target for conversion of neutron to secondary charged particles as well as a proportionalgas. The gas is highly enriched in 10B to increase its efficiency. The absolute pressure intypical BF3 tube is 70 cm Hg. The whole assembly is encased in an aluminum cylinder.The BF3 gas is a thermal neutron sensor. The thermal neutrons cross section for10B(n, a)7Li reaction is 3840 barns. Neutrons that have been slowed down to a fewhundreds of eV can also react with 10B, however, the reaction cross section varies as 1/vand drops to about 100 barns at 100 eV. The reaction may be written as follows :5100137242427922310BnLiMeVgroundstateLiMeVexcitedstate+fi++�aa.()*.()

1515

1616Fig. 2.1 Schematic representation of cross-section of the moderated BF3 detector.In either case (ground state or excited state), the Q-value of the reaction is very largecompared to the energies of slow neutrons. The energy imparted to reaction products(7Li and a) is the Q-value itself. Any information about the neutron energy is submergedin the much larger reaction energy.The BF3 detector is relatively insensitive to gamma rays, because high energy photonslose small fractions of their energy in the detector. The resulting secondary electrons giverise to smaller pulses, whereas the 7Li ion and alpha particles have relatively shorterranges in the gases and deposit most of their energy (Q-value energy) to give rise to alarger pulse.As mentioned in Chapter 1, the purpose of the BF3 detector being inserted in the Cd-covered polyethylene moderator is to use this detector for detecting fast neutrons. Mostfast neutrons (above a few MeV) incident on the cylindrical polyethylene moderator (aradial thickness of 6 cm and 42.5 cm long) are slowed down to thermal energy (0.025 eV)before interacting with the BF3 gas. On the average, the elastic scattering of a fast neutronon hydrogen [in polyethylene (C2H4)n] results in the loss of half of the initial neutronenergy.

1717The polyethylene is covered with a 0.08 cm thick layer of cadmium (Cd) to ensurethat only epithermal neutrons enter the moderator. Since Cd has a very high thermalneutron capture cross section of 3620 barn, it absorbs essentially all the incident thermalneutrons. Hence, the moderated BF3 detector responds only to the incident neutronswith energies greater than the Cd cut-off (0.4 eV).2.2.2 Anderson-Braun (AB) remmeterA schematic drawing of an Anderson-Braun (AB) remmeter is shown in Fig. 2.2a. Ithas a BF3 proportional counter as the thermal neutron sensor. The detection techniqueworks the same way as that for the moderated BF3 detector. The BF3 tube in thisdetector is only one third of the size of the one in the moderated BF3 detector. Since it isdesigned to measure dose equivalent rate, it is called a remmeter and the structure of itsmoderator is more complicated. The total thickness of the polyethylene is larger (6.5 +1.6 = 8.1 cm) than that of the moderated BF3 detector.Figure 2.2b shows the (AB) remmeter and its components. A 10.8 cm long and 3.4cm in diameter aluminum tube is filled with BF3 gas. The gas has a pressure of 70 cm Hg.The BF3 tube is surrounded by an inner polyethylene (15 cm long and 1.6 cm radialthickness), covered with a 0.5 cm thick boron plastic cylinder, and an outer polyethylenemoderator which is 24.4 cm in length and of 6.5 cm radial thickness.The boron plastic is boron doped synthetic rubber and has a number of holes in itslateral, front, and end surfaces. The holes are 10 mm in diameter. They cover 22% of the

1818total boron plastic area. The purpose of the boron plastic is to capture some of thethermal and epithermal neutrons. This moderator design simulates an energy responsewhich is close to the fluence to dose equivalent conversion factor curve for fast neutrons(ICRP 1973).

1919Fig. 2.2a Schematic representation of cross-section of the Anderson-Braun remmeter.

2020

2121Due to its pseudo-spherical body (24.2 cm x 21.6 cm), the response of an ABremmeter is similar for neutrons incident from the side and that from the end (Liu 1991).During this work, the detector was placed laterally relative to the source direction.2.2.3 Bonner Sphere detectorA schematic drawing of a Bonner Sphere detector probe is shown in Fig. 2.3a. Thedetector has a 4 mm x 4 mm enriched 6LiI(Eu) crystal as the thermal neutron sensor. The6LiI (a scintillator) is coupled to photomultiplier tube (PMT) by a 10 cm long Plexiglaslight guide. The scintillator crystal, light guide, and photomultiplier are placed in analuminum housing; together, they constitute the detector probe. The Bonner Spheredetector probe is placed inside the polyethylene sphere so that crystal lies at the center ofthe sphere. This is called the detector assembly. Example of placement of sphere overdetector probe is shown schematically in Fig. 2.3b.Neutrons arrive at the center of the moderator as thermal neutrons and interact withthe scintillator via 6Li(n, a)3H reaction. The reaction produces a total of 4.79 MeV a and3H particles that are stopped in the 6LiI(Eu) crystal. The crystal then produces lightpulses. The light pulses guided through the light guide reach PMT and are converted toelectronic signals that are recorded with the associated counting system.

2222

2323Fig. 2.3a Schematic representation of cross-section of the Bonner Sphere detector probe.

2424Fig. 2.3b Schematic representation of cross-section of the Bonner Sphere detectorassembly.The response of this instrument as a function of neutron energy varies substantiallywith the size of the moderator (Knoll 1989). Therefore, polyethylene spheres of variousdiameters are used to detect neutrons in different energy range. The different thickness ofthe moderator also affects the neutron arrival time distributions. Being spherical in shape,the angular response of Bonner Spheres detector is almost perfectly isotropic. In thiswork, the detector was placed in such a position that the probe axis was perpendicular tothe incident neutron source.2.3 MCNP input fileThis section briefly describes an MCNP input file. The input file includes theproblem geometry, source definition, tallies, material specification, physics of theproblem, histories to be run, and the tables desired to be printed in the output file. TheMCNP input file consists of these sections: Title card,* Cell cards, Surface cards, andData cards.Appendix A1 is MCNP input file of the moderated BF3 detector for monoenergeticneutrons. The geometry of the detector is simulated in details. The BF3 gas has a density

* The word �card� is used throughout this chapter to describe a single line output up to 80 characters.

2525of 0.002567 g/cm3, with the boron enriched 96% 10B. Density of the polyethylenemoderator is 0.95 g/cm3.The code models a 20-MeV neutron source incident on the surface perpendicular tothe axis of the detector and uniformly distributed over the detector surface. The averageneutron flux is scored in the sensor (BF3 gas) for the reaction (n, a) that is indicated by areaction number 107. The results are multiplied by a constant 0.024 (atomic density ofBF3) to include the normalization of �per cm3� (MCNP 1993). The tally is separatedinto 50 time bins from 0 ms to 500 ms. Hence, the number of (n, a) reactions per cm3 inBF3 are calculated in each time bin.Appendix A2 is MCNP input file of the moderated BF3 detector for GRNs. TheGRN spectrum is generated by the MCNP using the relation P(E) = C E exp (-E/a) forwhich C is a constant and the parameter �a� is set as 1 MeV (MCNP 1993). The MCNPcalculations for FFTB spectrum are done by constructing an input file in which measuredFFTB neutron spectrum is entered as the cumulative source probabilities for variousenergy bins (see Appendix A3).The input files for other detectors were developed in a similar manner by definingappropriate geometry and material specification. Also, the appropriate tallymultiplicative constant and reaction number are specified for each detector. AppendicesB1, B2, and B3 are the MCNP input files of the AB remmeter for monoenergetic 1-MeVneutrons, GRNs, and the measured FFTB neutron spectrum, respectively. The reaction

2626number for the remmeter remains the same as 107, because it has the same sensor as thatof BF3 detector. The tally is separated in 24 time bins from 0 ms to 200 ms. To simplifythe geometry input, instead of defining holes in geometry, a reduced material density isentered on the cell card. The density of the boron plastic in the remmeter is reduceddirectly by 22% (from 1.0 to 0.78 g/cm3).For the Bonner Sphere calculations, a reaction number 105 is entered whichcorresponds to 7Li(n, a)3H reaction in LiI crystal. The multiplicative constant in thiscase is 0.11733, which is the atom density of LiI. The neutron source is positioned onthe plane normal to the probe axis and is uniformly distributed. Appendices C1, C2, andC3 are the examples of the MCNP simulation of monoenergetic 1-MeV neutrons, GRNs,and the measured FFTB neutron spectrum, respectively, for various Bonner Spheres.The polyethylene spheres used for the calculations are of 2†, 3†, 5†, 8†, 10†, and 12†diameter. The geometry of detector assembly was defined for each sphere in a separateinput file.2.4 MCNP output fileWhen a problem runs successfully, MCNP loads significant amounts of informationin the output file. The tallies are printed in the end portion of the output file as theproblem summary. The output file includes the following information:¥ Echo of input file.

2727¥ Description of cell densities and masses.¥ Material and cross section information.¥ Neutron creation and loss summary table.¥ Problem summary.¥ Error analysis table.A portion of output file of the moderated BF3 detector for monoenergetic 1-MeVneutrons is shown in Appendix D. It includes the averaged neutron fluence per sourceneutron for the corresponding time bin with the statistical uncertainties in each time bin.At the end of the tally summary, the total number of scored neutrons in all time bins(1.51896E-05) is also listed. It corresponds to the total area in the arrival timedistribution curve. This is the response in counts per incident neutron.The MCNP code also provides warning messages to inform the user about possiblemistakes. The problem, however, will run with the warning messages. All warningmessages from an MCNP calculation are examined and understood to be certain that thereis no mistake in the problem specification.2.5 Neutron sourcesFor the calculation purpose, two types of spectra and various monoenergetic neutronswere defined on the source card of separate input files for each detector. Themonoenergetic sources were in the 0.1 eV to 20 MeV energy range.

2828A GRN spectrum was generated by the MCNP4A code itself by using a value of 1MeV for the parameter �a� in the evaporation spectrum formula P(E) = C E exp (-E/a).The spectrum is shown in Fig. 2.4. It has a neutron fluence peak at 1 MeV and theintensity drops to minimum at 10 MeV. The spectrum has a small component of lowenergy neutrons.The other neutron spectrum was the measured FFTB spectrum (Fig. 2.5) in a �hotspot� location (Thai 1996), at which the measurements in this work were made. TheFFTB spectrum exhibits a two-peak structure.

2929Fig. 2.4 MCNP-calculated GRN spectrum using the parameter �a� = 1 MeV in theformula P(E) = C E exp (-E/a). Notice that the peak is at 1 MeV.

3030Fig. 2.5 The measured neutron spectrum for FFTB-�hot spot� location. The spectrumhas a two peak structure.The one at higher neutron energy (~100 MeV) results from the slowed-down photopionneutrons. These are the neutrons produced by photopion reaction and have highestenergies of all, which could penetrate the thick shielding. The lower energy peak at 1MeV is generated by the high energy neutrons in the outer layers of shielding.Both, the GRN and FFTB spectra were simulated up to a 20 MeV neutron energy forthe MCNP calculations. This is the upper energy limit in the MCNP code. Therefore,for the measured FFTB spectrum, the neutrons above 20 MeV are not included in thecalculations. Due to the low sensitivity of the detector to neutrons above 20 MeV, thecalculations without the inclusion of neutrons above 20 MeV are acceptable.

3131

32323. MEASUREMENTS3.1 IntroductionThe locations of the various detectors at which the measurements were performed aredescribed in this chapter. The associated electronics and the procedure of collecting dataare also discussed.The measurements for the purpose of our work were possible only when the beamwas available for certain high energy physics experimental research. The Final Focus TestBeam (FFTB) facility focuses the 46.7 GeV electron beam to an extremely small sizeneeded for the NLC (Next Linear Collider) project. The beam is then sent to a beamdump which is a metallic cylinder of iron and aluminum. The measurements wereperformed outside the shielding of the FFTB beam dump on the following days: 12/14/95,12/19/95 and 12/20/95. During the measurements the electron beam parameters were asfollows; beam energy = 46.7 GeV, beam current = 0.7 x 1010 e/pulse, pulse repetition rate= 30 Hz, and the average beam power = 1.56 kW.The schematic drawing of the location of the detectors outside the FFTB beam dumpshielding is shown in Fig. 3.1a. The beam dump is surrounded by 2 to 4 feet of iron and 4to 5 feet of concrete shielding to reduce the dose rates to acceptable levels. A 22-m-longiron block is placed in the forward direction with respect to the beam to shield against themuons*.

* Muons (m–) are produced in the forward direction, through pair production, the way electrons (e–) are.

3333

3434Fig. 3.1a Schematic drawing of the locations of all the detectors for the measurementsoutside the shielding of FFTB beam dump.Figure 3.1b shows the placement of two moderated BF3 detectors, a remmeter and apaddle (the paddle shaped scintillation detector) outside the shielding of the FFTB dump.The paddle was placed on the muon shielding to detect the muons which indicates thepresence of the electron beam. The upper right corner of the Fig. 3.1b shows the Bldg.110 (close to shielding wall) which housed the associated counting electronics. Fig 3.1cshows the location of the Bonner Sphere detector (with 2† polyethylene sphere on thedetector probe) on the other side of muon shielding, close to the concrete wall.All the measurements were made on the ground outside the shielding wall, in theforward direction with respect to the beam. These locations have been found to have thehighest dose rates and are called the FFTB �hot spot� (Thai 1996). The data werecollected simultaneously for all detectors at these locations. The data represent thenumber of neutrons (detected by the sensor of the detector) with respect to their arrivaltime. The arrival time in the measurements is the period between the instant when thebeam hits the target and when the sensor detects the neutrons.3.2 ElectronicsThe schematic of the associated electronics for the timing measurements is shown inFig. 3.2. As shown in this figure, the associated counting electronics for each of the

3535detectors basically consists of a high voltage power supply, an amplifier, and twocounters. The Bonner Sphere system has its own high voltage power supply and

3636

3737

3838

3939Fig. 3.2 Schematic drawing of the electronics setup for the counting measurements madeoutside the shielding of FFTB beam dump.amplifier built in the ORTEC �Nomad� multichannel analyzer as a part of its countingsystem. The Bonner Sphere system was operated with the following parameters: highvoltage = +600 V, coarse gain = 100, and fine gain = 2.0. The remmeter was set at highvoltage = +1800 V, coarse gain = 50 and fine gain = 1.5. The settings for two moderatedBF3 were as follows: high voltage = +1800 V, coarse gain = 50, fine gain =1.5. The paddledetector was operated with a high voltage supply of -1200 V.The presence of the beam was detected by the paddle signal. The analog pulse fromthe paddle was converted into digital pulse with a discriminator and counted. The leadingedge of this digital pulse indicates the time of occurrence of an input analog pulse (i.e.electron beam). This signal acts as a trigger to the gate generator and a gate pulse* isgenerated. Then the gate pulse is used to trigger a pulse generator. The output signalfrom the pulse generator constitutes the main gate. The main gate is fed to one of the twocounters of each detector to record the gated signal. The other counter records theungated signal.The combination of the pulse generator and the gate generator enables the gate to beopened at desired time width. In the absence of the beam, pulses from the PDU� (see fig.3.2) allowed us to set the timing of the gate generating circuit within the resolution of

* The gate pulse is a standard logic pulse whose width is adjustable.�PDU stands for Programmable Delay Unit and is used to synchronize the timing signal with the beamsignal.

4040electronics system. In the presence of the beam, the PDU was adjusted to coincide withthe beam signal.

4141Fig. 3.3a The photograph of the oscilloscope screen displaying that the position of thegate (1) is ahead of the signal from the paddle (2). At this position of the gate, gatedcounters do not detect any neutrons. 21

4242Figs. 3.3b The photograph of the oscilloscope screen displaying the position of the gate(1) and the signal from the paddle (2).(top) The width of the gate is 6.904 ms and the signal is at 3.8 ms before the gate ends.(bottom) The gate width is shifted to 40 ms and the signal is at 16.46 ms before the gateends.Figures 3.3a and 3.3b show the movement of the gate as seen on the oscilloscope screen.In Fig. 3.3a the gate pulse is arriving earlier in time by 23.48 ms than the paddle signal,however, the gate width is only 5ms. At this position of the gate, the detectors do not�see� any neutrons at gated counters. The width of the gate pulse is then adjusted, so thatthe gate is open when neutrons arrive. Figure 3.3b show the different widths of the gaterelative to the beam signal.The gate width was increased in appropriate steps starting from the 2 ms time bin. Ineach time bin, the gated signal was recorded for every detector except for the referencemoderated BF3 detector. The ungated signal was also recorded for all the detectors in thesame setup.The gated signal in each time bin represents the cumulative number of neutronsdetected by the sensor within that time. The ungated signal refers to the total number ofthe neutrons detected by the sensor over all time bins. The gated and ungated signal foreach detector were normalized to the reference moderated BF3 detector signal. These datawere used to generate neutron arrival time distribution, which is a differential plot of thenumber of the neutrons as a function of their arrival time. The uncertainty in the

4343differential representation of the data was large, and therefore, the integral representationof the data (ratio of gated to ungated signal) was used for the analysis.The timing measurements for the moderated BF3 detector were also made previously(Rokni 1996) and had better statistics than the present work. The data taken previouslywere used for the analysis in this work.4. RESULTS AND DISCUSSION4.1 Calculations4.1.1 Moderated BF3 detector resultsThe results of the MCNP calculations for the moderated BF3 detector are given inFigs. 4.1a, b, c, and d. The curves shown in these figures are called the neutron arrivaltime distributions. Figs. 4.1a, b, and c are the MCNP simulations for monoenergeticneutrons incident on the surface of the detector. Figure 4.1d shows the comparison of thearrival time distributions of 1 MeV neutrons with those of GRN and FFTB spectrum.The data used to generate these plots were obtained directly from the respectiveMCNP output files, example of which is shown in Appendix D. This portion of outputfile includes the number of neutron reactions in the sensor per source neutron and theiruncertainties in the corresponding time bins. The total number of reactions across all timebins is also listed, which corresponds to the total area of the curve. For example, in themoderated BF3 detector, 1 MeV neutrons have 1.51896 E-05 reactions per incident

4444neutron in total (with a fractional uncertainty of 0.0042). The incident surface area of thedetector multiplied by this number gives the response of detector. The response of adetector is defined as counts per unit fluence [cm2]. The calculated response function ofthe moderated BF3 detectors for incident from the side is given in Fig. 4.1e. It shows thatthe detector is most sensitive to 1 MeV neutrons. The statistical uncertainties in thecalculations of all the neutron arrival time distributions for moderated BF3 detector are

4545Figs. 4.1 a and b MCNP-calculated neutron arrival time distribution in the moderatedBF

3 detector for monoenergetic neutrons. (a) for 0.6 eV - 100 eV (b) for 1 keV - 20MeV.

4646Figs. 4.1 c and d. MCNP-calculated neutron arrival time distribution in the moderatedBF

3 detector (c) 500 keV - 2 MeV (d) for GRN and FFTB measured neutron spectrum.

4747Fig. 4.1e. MCNP-calculated response of the moderated BF

3 detector for the neutronsincident from the side.less than 4% for most cases. Note that there is a noticeable peak shift in various neutronarrival time distributions for different neutron energies. It is clear from Figs. 4.1 a, b and cthat the high energy neutrons are reaching the sensor faster than the lower energyneutrons. For example, 1 eV neutrons have a peak at approximately 140 ms (Fig. 4.1 a),whereas 1 MeV neutrons have a peak at about 40 ms (Fig. 4.1 c). The shift in the peakmay be explained qualitatively as follows.When high energy neutrons (e.g., 1 MeV) enter the detector, they penetrate deep intothe polyethylene moderator as nearly uncollided fast neutrons, because of the lowinteraction cross section (larger mean free path). Therefore, the slowing down

4848interactions of the fast neutrons may occur relatively near the sensor. The resulting slowneutrons have to diffuse through a short distance to reach the sensor and be detected.On the other hand, the low energy neutron (e.g. 1 eV) do not travel deep intopolyethylene before their first interaction because of their smaller mean free path. Theylose most of the initial kinetic energy and become thermalized near the surface. Theseslowed-down neutrons have to diffuse through a thicker moderator layer to reach thesensor, compared to the case of incident fast neutrons. Therefore, low energy incidentneutrons will be detected later in time than the high energy neutrons.The total area in Fig.4.1d shows that the moderated BF3 detector has higher responseto 1 MeV neutrons than the GRN or FFTB spectra. This is due to the fact that GRN andFFTB spectra include a number of neutrons above and below 1 MeV neutronsrespectively, to which the detector is less sensitive. The neutron arrival timedistributions for GRN and measured FFTB spectra are very close to that of 1 MeVneutrons, and both spectra have peak at 1 MeV. Figure 4.1e shows that the MCNP-calculated response of moderated BF3 detector has a peak at 1 MeV. The responsecalculations are in close agreement with those done in the past for a similar moderated BF3detector having a 6 cm radial thickness of polyethylene moderator (Kosako 1985).4.1.2 Anderson-Braun remmeter results

4949Figures 4.2 a and b show the results of MCNP simulation of monoenergetic neutronsincident on the AB remmeter. Fig. 4.2c shows a comparison of results of the GRN andFFTB spectrum with that of 1 MeV monoenergetic neutrons. The data for these plotswere obtained in a similar way as that used for the moderated BF3 detector. Calculatedresponse of the AB remmeter is shown in Fig. 4.2d, which has a peak at about 2 MeV.The data used to generate response curves of the AB remmeter, as well as that ofmoderated BF3 detector are given in Appendix E. The statistical uncertainties in the ABremmeter calculations are very small (< 3 %), except for the 10 eV neutrons for which theerror is about 18%.The shift in the peak of the arrival time distribution as a function of neutron energy isalso observed here. The remmeter also has a lower response for the FFTB spectrum thanfor GRN and 1-MeV neutrons.

5050Figs. 4.2a and b. MCNP-calculated neutron arrival time distribution in the Anderson-Braun remmeter for monoenergetic neutrons.(a) for 10 eV - 2 MeV (b) for 500 keV - 10MeV.

5151Fig. 4.2c. MCNP-calculated neutron arrival time distribution in the Anderson-Braunremmeter for GRN and FFTB measure neutron spectrum compared with that for 1 MeVneutrons.

5252Fig. 4.2d. MCNP-calculated response of the Anderson-Braun remmeter. Note that thecounts are per unit fluence.4.1.3 Bonner Sphere results

5353The results of the MCNP calculations for some monoenergetic, GRN and FFTBneutrons are given in Figs. 4.3 through 4.8 for the Bonner Sphere detectors withpolyethylene spheres of 2†, 3†, 5†, 8†, 10†, and 12† diameter, respectively.The neutron arrival time distributions for all the Bonner Spheres have a spike at thebeginning of the curve. It might be explained by the fact that the cross section for 6Li(n,a)3H reaction has a pronounced resonance peak at a neutron energy of about 250 keV.Therefore, the incident fast neutrons component around the resonant region entering theLiI crystal is detected with a higher efficiency. However, the 1 keV curve also exhibit aspike, so the above explanation does not fully account for this effect. It should be notedthat neutron arrival time distribution curves of 8†, 10†, and 12† Bonner Sphere for GRNshave been smoothed.The responses of these detectors are tabulated in Tables 1, 2, and 3. The calculatedresponse functions for all spheres are reasonable and have the expected shape. Thesmaller Bonner Spheres (2†, 3†, and 5†) have high response at low energies (few eV tokeV) whereas the response peak shifts to higher energies (100 keV to few MeV) for largerspheres (8†, 10†, and 12†).For the Bonner Sphere detector with a larger moderator, the arrival of low energyneutrons is delayed by a significant amount of time. For example 0.1 eV neutrons in 10†

5454Bonner Sphere detector arrive at the sensor after 140 ms (Fig. 4.7a) and for 12† BonnerSphere, even 100 eV neutrons do not reach the detector until 140 ms (Fig. 4.8a).

5555Figs. 4.3a and b. MCNP-calculated neutron arrival time distribution in the 2

† BonnerSphere detector for monoenergetic neutrons.(a) for 0.1 eV - 100 eV (b) for 100 eV - 1 MeV..

5656Fig. 4.3c. MCNP-calculated neutron arrival time distribution in the 2

† Bonner Spheredetector for GRN and FFTB measured neutron spectrum compared with that for 1 MeVneutrons.

5757Figs. 4.4a and b. MCNP-calculated neutron arrival time distribution in the 3

† BonnerSphere detector (a) for monoenergetic neutrons (b) for GRN and FFTB measured neutronspectrum compared with that for 1 MeV neutrons.

5858Figs. 4.5a and b MCNP-calculated neutron arrival time distribution in the 5

† BonnerSphere detector (a) for monoenergetic neutrons (b) for GRN and FFTB measured neutronspectrum compared with that for 1 MeV neutrons.

5959Figs. 4.6a and b MCNP-calculated neutron arrival time distribution in the 8

† BonnerSphere detector (a) for monoenergetic neutrons (b) for GRN and FFTB measured neutronspectrum.

6060Figs. 4.7a and b MCNP-calculated neutron arrival time distribution in the 10

† BonnerSphere detector (a) for monoenergetic neutrons.(b) for GRN and FFTB measured neutronspectrum compared with that for 1 MeV neutrons.

6161Figs. 4.8a and b MCNP-calculated neutron arrival time distribution in the 12

† BonnerSphere detector (a) for monoenergetic neutrons (b) for GRN and FFTB measured neutronspectrum compared with that for 1 MeV neutrons.Table 1. MCNP Calculations of response of 2† and 3† Bonner Sphere detector. 2† Bonner Sphere (20.30 cm2)a 3† Bonner Sphere (45.60 cm2)aEnergyCounts bErrorResponse cCounts b ErrorResponse c(%)[cm2] (%)[cm2]0.1 eV1.090.4322.030.380.6617.120.6 eV�1 eV1.520.3530.820.660.5130.1510 eV�100 eV1.000.5620.340.720.4932.721 keV0.680.5013.840.610.5327.9010 keV�100 keV�500 keV�750 keV�1 MeV0.071.541.380.190.968.472 MeV�10 MeV�20 MeV�

6262GRN0.061.621.150.150.626.65FFTB0.490.2210.000.330.7115.22a cross sectional area of the detectorb number of reactions per source neutron in LiIc per unit fluence

6363Table 2. MCNP Calculations of response of 5† and 8† Bonner Sphere detector. 5† Bonner Sphere (126.70 cm2)a 8† Bonner Sphere (324.30cm2)aEnergyCounts bErrorResponse cCounts b ErrorResponse c(%)[cm2] (%)[cm2]0.1 eV�0.6 eV�1 eV�10 eV0.170.9021.060.019.953.12100 eV�1 keV0.230..8229.060.027.506.5010 keV�100 keV�0.045.8013.21500 keV�0.071.1021.90750 keV�1 MeV0.210.8426.520.082.9627.172 MeV�0.090.7329.3110 MeV�20 MeV�GRN0.191.3524.070.082.1326.05FFTB0.160.4919.790.040.8714.20a cross sectional area of the detectorb number of reactions per source neutron in LiIc per unit fluence

6464Table 3. MCNP Calculations of response of 10† and 12† Bonner Sphere detector. 10† Bonner Sphere (506.7 cm2)a 12† Bonner Sphere (729.7cm2)aEnergyCounts bErrorResponse cCounts b ErrorResponse c(%)[cm2] (%)[cm2]0.1 eV4.23E-0415.100.21�0.6 eV�1 eV1.23E-038.600.61�10 eV�100 eV�8.70E-049.600.631 keV2.90E-035.901.471.02E-038.200.7410 keV�100 keV�500 keV2.01E-021.7010.167.93E-034.905.78750 keV�1 MeV3.20E-022.0616.211.44E-022.9010.512 MeV4.41E-021.201.202.44E-023.6017.8310 MeV�20 MeV�GRN4.50E-024.2022.802.12E-025.1015.47FFTB1.96E-021.619.919.76E-031.857.12a cross sectional area of the detectorb number of reactions per source neutron in LiIc per unit fluence

65654.2 Measurements and comparisonsThe measurements for the arrival time distributions were made for the moderated BF3detector, AB remmeter, 2† and 10† Bonner Sphere detectors. The results are shown inFigs. 4.9 - 4.12, respectively. The integral plots were used for this analysis. Themeasurement results are compared with the corresponding integral plots of the calculatedneutron arrival time distributions (i.e. MCNP calculated fractional cumulative counts formeasured FFTB spectrum).Figure. 4.9a and b shows the comparison between the measured and calculated resultsfor the moderated BF3 detector. In this figure, calculation results include the FFTBmeasured neutron spectrum and the MCNP-calculated GRN spectra with three differentvalues of parameter �a� (a = 1 MeV, 1.2 MeV, 0.8 MeV). The MCNP calculation resultsfor different spectra are very similar. The measurements (for the FFTB measured neutronspectrum) differ from calculations by » 20% at 100 ms. The error in both calculation andmeasurements are less than 2%.Figure 4.10a and b shows the comparison between measurement and calculationresults for an AB remmeter. There is a difference of » 15% at 100 ms. The statisticalerror in both calculations as well as measurements are less than 1.5%. Thediscrepancies in the moderated BF3 detector and AB remmeter comparison are real andunexplained at present, which need further investigation.

6666

6767Figs. 4.9a and b A comparison between the MCNP-calculations and the measurement offractional cumulative counts versus the neutron arrival time for the FFTB spectrumincident on the moderated BF

3 detector (a) a semilog plot (b) a linear plot. Thecalculations include the results for three GRN spectra (for a =1 MeV, a =1.2 MeV, and a=0.8 MeV) and the measured FFTB neutron spectrum.

6868Figs. 4.10a and b A comparison between the MCNP-calculations and the measurementof fractional cumulative counts versus the neutron arrival time for the FFTB spectrumincident on the Anderson-Braun remmeter (a) a semilog plot (b) a linear plot.

6969Figs. 4.11a and b A comparison between the MCNP-calculations and the measurementof fractional cumulative counts versus the neutron arrival time for the FFTB spectrumincident on the 2

† Bonner Sphere detector (a) a semilog plot (b) a linear plot.

7070Figs. 4.12a and b A comparison between the MCNP-calculations and the measurementof fractional cumulative counts versus the neutron arrival time for the FFTB spectrumincident on the 10

† Bonner Sphere detector (a) a semilog plot (b) a linear plot.Figure 4.11a and b is a comparison between the calculations and measurements for2† Bonner Sphere detector. It is clear that the 2† Bonner Sphere calculations reach to100% much faster than the measurement result. This can be explained by the fact thatthe 2† Bonner Sphere is most sensitive to low energy neutrons and, in the real case,low energy neutrons in FFTB spectrum are delayed by the timing effect of concreteshielding before they reach the detector. In the calculations, this shielding effect is notaccounted for. If this delay of slow neutrons is simulated in MCNP calculation, theresults would agree better with the measurements.A comparison in the calculations and measurements results for the 10† Bonner Spheredetector is shown in Fig. 4.12a and b. The calculation results are in close agreement withthe measurement.4.3 Calculation of T-values

7171The mean arrival time (T-value) is the inverse of the slope of the neutron arrival timedistributions. T-values for various detectors have been calculated for FFTB spectrumfrom the calculated neutron arrival time distributions and are shown in the Table 4.Table 4. Mean neutron arrival time for FFTB spectrumDetectorT-value (ms)BF3 detector107AB remmeter43Bonner Spheres2†253 †835 †1268 †20510 †24112 †2595. SUMMARY AND CONCLUSIONS5.1 SummaryNeutron arrival time distributions for three moderating type fast neutron detectorswere calculated using the MCNP4A code. The detectors were a moderated BF3 detector,an Anderson-Braun remmeter and Bonner Sphere detectors (of 2†, 3†, 5†, 8†, 10†, and 12†diameter). Each of the detectors had polyethylene as a moderator.The input files including modeled geometry of each detector and various sourcedescriptions were developed. Number of reactions in the sensor per source neutron as afunction of neutron arrival time was calculated. Output from the MCNP code was

7272represented as the neutron arrival time distributions. The response of each detector wasalso calculated. Results obtained were discussed for each detector.The results from the calculations were compared with the measurement made atFFTB (46.7 GeV e- beam dump at SLAC) for the moderated BF3 detector, AB remmeterand Bonner Spheres (of 2† and 10† diameter).The calculated and measured results for large Bonner Sphere (10†) are in closeagreement. The disagreement for 2† Bonner Sphere is due the delay in low-energyneutrons before they reach the detector. The delay is introduced by the timing effect ofthe concrete shielding, which was not accounted for in the MCNP calculations.The difference in the measured and calculated results for the moderated BF3 detectorand AB remmeter can not be completely explained at present.5.2 ConclusionsFrom the study of the MCNP calculated neutron arrival time distributions ofmoderating type detectors, the following conclusions can be drawn:1) The neutron arrival time distributions exhibit the exponential behavior2) For each detector in this study there is a noticeable shift in the peak of the neutronarrival time distributions, depending on the thickness of the moderator and the energy ofthe incident neutrons. The delay in the arrival of low-energy incident neutrons at thesensor is due to low-energy neutrons becoming thermalized near the surface of the

7373detector. The thermal neutrons in this case have to diffuse through a larger moderatorthickness to reach the sensor as compared to the case of fast incident neutrons3) The neutron arrival time distributions are spectrum dependent.4)The neutron arrival time distributions for Bonner Spheres (LiI sensor) detectorsshow a spike at the beginning of the curve. It might be partially explained by thepresence of pronounced response peak around 250 keV in the cross section of 6Li(n, a)3Hreaction.5) The MCNP calculated responses of all detectors are reasonable and have theshapes as expected. The moderated BF3 detector has a peak at 1 MeV. AB remmeter hasa peak at about 2 MeV. The Bonner Sphere detectors of small diameters (2†, 3†, and 5†)have high response to low energy incident neutron and larger spheres (8†, 10†, and 12†)have high response to high energy incident neutrons.6) Except for the 2† and 3† Bonner Sphere all the detectors show lower response tothe FFTB measured spectrum than GRNs and 1 MeV monoenergetic neutrons.The 10† Bonner Sphere detector shows a good agreement between the measured andcalculated results. The comparison of 2† Bonner Sphere calculations and themeasurements results shows discrepancies. The calculations show that neutrons reachthe detector faster than that of the measurement results.Similar calculations were done by Liu (1996) for an experimental setup at ANL(Argonne National Laboratory). He simulated the ANL room geometry with MCNP for

74742† Bonner Sphere detector. The timing effect of the concrete shielding was alsoincorporated in the calculations. The arrival time distribution results closely agree withthe experimental data for that set-up.Therefore, the discrepancies of 2† Bonner Sphere detector for our work may beexplained by the fact that the low-energy neutrons are significantly delayed through theconcrete shielding in FFTB dump before entering the detector. This effect was notaccounted for in our calculations and therefore, the calculated 2† sphere results do notagree with the measurements.The comparison between the measured and calculated results for AB remmeter andmoderated BF3 detector show discrepancies and can not be completely explained atpresent. However, it can be postulated that it may be due to the anisotropic response ofthese detectors. The measurements include neutrons incident from all sides, whereas inthe calculations, neutron sources are simulated as incident only in the directionperpendicular to the detector axis. The neutrons incident parallel to the detector axiscould have longer arrival time and can reach the sensor later in time as found in themeasurements. Further studies are needed for the confirmation of this postulate.5.3 Further studiesThe first further work would be the calculation of the timing effect of the concreteshielding and its effect on the arrival of neutrons in various detectors. Another studywould be to calculate the slopes (and therefore, T-values) of the neutron arrival time

7575distributions for various detectors for other spectra. This could be helpful in thecalculations of the dead time correction factor for moderating type fast neutron detectorsoperating in pulse mode in a pulsed radiation field.

7676REFERENCESAsh, W.; DeStaebler, H.; Harris, J.; and Murray, J. PEP radiation shielding tests in SLACA Beam. SLAC-TN-77-5, PEP-252, Stanford Linear Accelerator Center, Stanford, CA; 1977.International Commission on Radiological Protection. Data for protection against ionizingradiation for external sources. Oxford Pergamon Press, ICRP Publication 21; 1973.International Atomic Energy Agency. Radiation safety aspects of the operation of electron linear accelerators. Technical report series no. 188, IAEA Vienna; 1979.Jenkins, T.M. Neutron and photon measurements through concrete from a 15 GeV electron beam on a target - comparison with model and calculations. Nucl. Instrum. Methods 159, pp. 265-288 (1979).Knoll, G.F. Radiation detection and measurement. 2nd edition, John Wiley & Son, Inc.; 1989.Kosako, T.; Nakamura, T.; Iwai, S. Estimation of response function of moderating type neutron detectors by the time-of-flight method combined with a large lead pile. Nucl. Instrum. Methods in Phys. Res., A235, pp. 103-122; 1985.Liu, J. C.; Jenkins, T. M; McCall, R. C.; Ipe, N. E. Neutron dosimetry at SLAC: neutronsources and instrumentation. Report No. SLAC-TN-91-3 Stanford Linear AcceleratorCenter, Stanford, CA; 1991.Liu, J.C. Private communications. SLAC; 1996.MCNP - A General purpose Monte Carlo N-Particle Transport Code, Version 4A, Los Alamos National Laboratory, New Mexico; 1993.Patterson, H. W; Thomas, R. H. Accelerator health physics. Academic press, Inc. New York, NY (1973).Rokni, S. Private communications. SLAC; 1996.Thai, X. Private communication. SLAC; 1996.

7777Appendix A1MCNP input file of the moderated BF3 detector for monoenergetic neutrons (20 MeV).

7878Appendix A2MCNP input file of the moderated BF3 detector for GRNs.

7979Appendix A3MCNP input file of the moderated BF3 detector for FFTB measured neutron spectrum.

8080Appendix B1MCNP input file of the Anderson-Braun remmeter for monoenergetic neutrons (1 MeV).

8181Appendix B2MCNP input file of the Anderson-Braun remmeter for GRNs.

8282Appendix B3MCNP input file of the Anderson-Braun remmeter for FFTB measured neutronspectrum.

8383Appendix C1MCNP input file of the 2† Bonner Sphere for monoenergetic neutrons (1 MeV).

8484Appendix C2MCNP input file of the 8† Bonner Sphere for GRNs.

8585Appendix C3MCNP input file of the 12† Bonner Sphere for FFTB measured neutron spectrum.

8686Appendix DA portion of MCNP output file of moderated BF3 detector for 1 MeV neutrons.

8787Appendix E MCNP Calculations of response of BF3 detector and Anderson-Braun remmeter. BF3 detector (822 cm2)a AB remmeter (490 cm2)aEnergyCounts bErrorResponse cCounts b ErrorResponse c(%)[cm2] (%)[cm2]0.1 eV�0.6 eV2.71E-060.872.23E-03�1 eV4.00E-060.723.29E-03�

888810 eV5.92E-060.804.86E-032.62E-085.701.31E-05100 eV6.11E-060.615.02E-03�1 keV8.08E-060.556.64E-031.41E-072.907.02E-0510 keV8.79E-060.537.22E-03�100 keV1.02E-050.508.35E-037.85E-070.923.91E-04500 keV1.39E-050.441.15E-032.94E-060.671.47E-03750 keV1.48E-050.421.22E-03�1 MeV1.52E-050.421.22E-034.59E-060.542.29E-032 MeV1.40E-050.441.15E-035.63E-060.491.55E-0310 MeV�3.12E-060.641.55E-0320 MeV4.07E-060.813.35E-03�GRN1.33E-050.451.09E-024.72E-060.372.35E-03FFTB8.14E-060.576.69E-032.03E-060.801.01E-03a cross sectional area of the detectorb number of reactions per source neutron in LiIc per unit fluence