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ABSTRACT 

Measurements of the neutron angular flux spectrum in graphite 

have been made to provide a standard of comparison for neutron pene- 

tration calculations.    The configuration approximated a point,  fission- 

like source in an infinite medium.    The spectrum from 0. 002 eV to 

15 MeV was measured with an accuracy of ±10% to ±20%,   and resolution 

of  - 10%,   by the pulsed-source,  time-of-flight method.    The source spec- 

trum and other characteristics were also measured.    Spectra were ob- 

tained at angles from 0   to 60   and penetrations to 66 cm.    In addition, 

dieaway measurements,  indium subcadmium and epicadmium flux 

traverses,   sulfur and aluminum threshold foil traverses,  and a threshold 

foil spectrum measurement were made.    Procedures,  apparatus,   and 

results are described in detail so that others can evaluate our results 

and use them to test transport codes and input approximations.    Com- 

parison of the time-of-flight data with a preliminary discrete-ordinates 

calculation indicates fairly good agreement except for detail in the carbon 

resonance region,   where the flux oscillates strongly.    Both calculations 

and experiment indicate the intermediate spectrum for r > 20 cm from 

the source is not 1/E as usually assumed.    Low energy foil activation 

and time-of-flight results are consistent,   but threshold foils give poor 

res ult s. 
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i.    INTRODUCTION 

The purpose of this research project was to measure the neutron 

angular flux spectrum in graphite,  to provide a standard of comparison 

for neutron penetration calculations.    The geometry was made very 

simple,  approximating a point source in an infinite medium.    The spec- 

trum from 0. 002 eV to 15 MeV was measured with good accuracy and 

energy resolution by the pulsed source,  time-of-flight method.    The 

source spectrum and other characteristics were measured to avoid any 

ambiguity in this regard.    Procedures,   apparatus,  and results are re- 

ported in detail so that others may evaluate our results and use them to 

test transport codes and input approximations. 

In addition to the time-of-flight measurements described in Sec- 

tion 2,  we measured the thermal neutron flux dieaway and derived a 

mean emission time correction,  which is discussed in Section 3.    Spatial 

distributions of thermal,   indium resonance,   and fast neutron fluxes were 

measured with foils,   and threshold foils were irradiated for comparison 

with the time-of-flight spectra.    This work is reported in Section 4. 

Although the research was primarily experimental,   preliminary 

calculations were made as described in Section 5.    Results are discussed 

and compared,   and conclusions and recommendations given,   in Section 6. 

The target is discussed in more detail in Appendix A,   and the 

tabulated time-of-flight spectra are listed in Appendix B. 
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2.    T1ME-OF-FLIGHT EXPERIMENT 

2. 1     PRINCIPLES OF THE TIM E-OFrFLIGHT METHOD 

In the time-of-flight method,  the neutron energy and angular dis- 

tribution are measured by extracting a collimated beam from the experi- 

mental assembly at the desired position and angle,  and measuring the 

time-of-flight over a fixed,  known distance (50 meters in this experiment). 

Time-zero is defined by pulsing the neutron source.    The pulsed neutron 

source in our experiments is a depleted uranium target bombarded by 

28-MeV electrons from the linear accelerator.    The electrons generate 

bremsstrahlung,  which in turn produces a broad spectrum of fast neutrons 

by the (v, n) and (v,F) reactions.   Neutron emission is coincident with, 

and proportional to,  the electron current pulse,  and the length of the 

current pulse is always made small compared to the flight time of the 

fastest neutron detected.    For measurements in a large experimental 

assembly,  however,  a small correction is made for the mean emission 

time,   i. e. ,   the average time for a source neutron to slow down and dif- 

fuse to the point where it enters the collimated beam to the detector. 

The neutrons are detected in any one of three counters,  depending 

on the energy.    A proton-recoil organic liquid scintillator is used for high 

energies (0. 5-15 MeV).    A boron capture detector is used from 200 eV 

to 1. 5 MeV.    A bank of BF    counters is used below 200 eV.    The arrival 

ox the neutron is timed by a fast discriminator,   and hence the speed and 

energy are measured with good resolution.    However,   to convert count- 

ing rate to flux it is necessary tc divide by the neutron detection effic- 

iency at that energy.    The absolute efficiencies of our detectors have 



been accurately measured and calculated,   so that it is possible to report 

angular fluxes with good precision.    All measurements are normalized 

to a standard source intensity by activation of monitor foils in a repro- 

ducible geometry. 

Two graphite assemblies were investigated in this experiment. 

The fast and intermediate spectrum measurements by the time-of-flight 

method were made in a 152 cm x 152 cm x 132 cm block,  which allowed 

for measurements at angles up to 60   to the radius vector by displace- 

ment of the stack as explained in the following section.    Thermal spec- 

trum measurements and foil activations were made in a smaller block, 

112 cm x 112 cm x 132 cm.    Since the beam was always extracted in the 

horizontal plane (at 0   or 90    to the long axis) this size was sufficient, 

and it had a shorter dieaway time constant than the larger assembly. 

2.. 2     THE FAST SPECTRUM ASSEMBLY 

Measurements of the neutron angular flux spectrum from 200 eV 

to 15 MeV were made in the graphite assembly illustrated in Fig.   2. 1. 

The assembly was designed to be effectively infinite,   i.e.,   large enough 

that the measured flux was insensitive to the location of the boundaries. 

The measured flux can thus be compared with one-dimensional or infinite- 

medium calculations.    The criterion for effectively infinite behavior was 

to locate the target (source) and measurement points some three mean 

free paths from the nearest boundary.    In Fig.   2. 2 the total mean free 
3 

path of graphite at density p = 1.64 g/cm    is plotted against energy. 

The largest mean free path is about 20 cm and it approaches a constant 

2. 5 cm at lower energies.    In the configuration of Fig.   2. 1 the target 

was locateJ 56 cm from the edge,  which was believed to be acceptable. 

The measurement points,  as we shall see later,  were at least 66 cm from 

the sides and top,   and all,   except the last 0 

more than 46 cm from the end of the block. 

the sides and top,   and all,   except the last 0    measurement position,  were 
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As a further aid to the design,  the fast neutron angular flux spec- 

trum in spherical geometry was obtained from P ,  S., GAPLSN       cal- 

culations.    Effective cross sections for 10 energy groups from 0.8 to 14.9 

MeV were obtained from an infinite-medium GAM-II       calculations.    For 

these preliminary calculations the 3. 81-cm radius target was centered 

in a 7. 62-cm radius cavity.    The calculated angular flux in a 37. 62-cm 

radius sphere is given in Fig.   2. 3,  and in a 52. 62-cm radius sphere in 

Fig.   2. 4.    The curves are labeled by the nominal penetration in graphite 

(IS 30 or 45 cm),   and the angle to the radius vector.    The spectrum at 30 

cm increases only by 30% or less upon adding the 15 cm of graphite,   which 

implies that even less than three mean free paths is probably sufficient for 

infinitp medium conditions.    The 0    flux,   which is mostly uncollided,  is 

unaffected by the additional material,  indicating that 0    measurements could 

be made as close to the boundary as desired. 

The magnitude of the calculated fluxes when compared to earlier 

measurements in CH_       indicated that no difficulty should be experienced 

in making measurements to a 45-cm penetration in graphite.    Actually, 

one 0    measurement was made at 61 cm.    The relatively small change 

in flux at 30 cm,   with and without the additional graphite,  implied that the 

much smaller perturbation due to a probe hole of reasonable size should 

be acceptable,   at least for energies above 0. 8 MeV.    The earlier mea- 

surements in CH   were made on the surface with our standard 6. 3-cm 

diameter collimator.    To maintain a reasonable counting rate at equal 

attenuations,  we decided to use this collimator for the fast and intermed- 

iate spectrum measurements.    The collimatiou requires a 7. 62-cm 

diameter hole for extracting a neutron beam from the interior of an 

assembly.    In the thermal neutron spectrum measurements a smaller 

collimator and a 3.81-cm diameter hole were used. 
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The graphite stack was made of machined 4. 000 in.   x 4, 000 in. 

(10. 16 cm x 10. 16 cm) stringers and it was convenient to build on this 

module in the vertical dimension.    The angular distribution was to be 

measured over several angles from 0    to 60  ,   and the spatial distribu- 

tion at suitable intervals up to at least 45 cm penetration.    Although at 

one time the target was to be located in a 7.62-cm radius spherical 

cavity,  we later decided to make the air gap smaller and centered the 

target in a 4. 45 cm radius cavity.    The angles and radii measured are 

shown in Fig.   2. 5.    From the results in Appendix A,   spherical symmetry 

could br assumed (isotropic target and infinite medium),   hence the off-zero 

angula.   *~ieasurements were made by lowering the entire graphite stack past 

the fixed precollimator (Fig.   2. 1) in 10. 16-cm increments.     This required 

bending the electron beam  downwarda few degrees and tilting the target 

slightly for alignment on the beam.     The assembly was aligned on the collima- 

tor axis by a transit and cross hairs on the precollimator and 16-meter 

station window of the flight path,   and by plumb lines. 

About 22, 000 kg of reactor-grade graphite were borrowed for 

the experiment.    The measured density was  1.65 ± 0. 01 g/cm  .    The 

results of a spectroscopic analysis (General Atomic samples 15537 and 

15538) are given in Table 2. 1.    Activation analysis for oxygen gave 

580 ± 40 ppm (General Atomic service order 5672,   April 12,   J9b6). 

Gravimetric analysis for hydrogen (General Atomic chemistry depart- 

ment) revealed 10 ppm.    Although these impurities should have very 

little effect on the spectrum,  we decided to bake out all the graphite to 

remove any excessive moisture which had not been detected in the analy- 

sis of samples.    After baking a sample at 100  C for four hours the hydro- 

gen content was reduced to 6 ppm,   and after 24 hours it was 2-3 ppm. 

The graphite stringers were baked in batches for 24 hours at over 100  C. 

The graphite does absorb a small amount of moisture from the air,   since 

it is not practical to hermetically seal the stack.    This should have little 

effect on the neutronics,   but could be included in calculations if desired. 
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Table 2. 1 

SPECTROSCOPIC ANALYSIS OF GRAPHITE (ppm) 

Ag < 1 

Al < 4 

As < 40 

Au < 5 

B < 0. 5 

Ba < 1 

Be < 1 

Bi < 4 

Ca < 10 

Cd < 20 

Co < 10 

Cr < 60 

Ce < 10 

Cu < 100 

Fe < 6 

Ga < 6 

Ge < 40 

Hf < 40 

Hg < 8 

In < 20 

Ir < 40 

K < 1 

Li < 1 

Mg < 1 

Mn < 2 

Mo < 10 

Na < 1 

Nb < 100 

Ni < 8 

P < 100 

Pb < 40 

Fd < 10 

Pt < 6 

Rb < 2 

Rh < 20 

Ru < 10 

Sb < 10 

Si < 8 

Sn < 4 

Sr < 10 

Ta < 60 

Te < 8 

Th < 10 

Ti < 4 

Tl < 40 

V < 4 

W < 60 

Zn < 6 

Zr < 1 

11 
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Figure 2. j is a cutaway drawing of the graphite stack with the 

target in place and the probe hole opened for a 0    measurement.    The 

drawing indicates the stacking only schematically,   since 30. 5 cm to 

91.4 cmlöng stringers were used, and joints wer« staggered in more than 

one direction to eliminate streaming cracks.    In the most cri ical area, 

the neutron beam extraction probe holes,   alternate rows of stringers 

were stacked horizontally and vertically.    Since the stringers are 

machined to a flatness and straightness tolerance of 0. 0127 cm,   and 

since the only possible opening is at the intersection of the horizontal 

and vertical joints,   streaming should be negligible.    The top of the probe- 

area graphite assembly was bridged with long graphite stringers to en- 

able the probe area graphite to be removed without having to restack a 

major portion of the pile.    This left a slight gap,   estimated at 0. 05 cm 

average; however,   it was located well above the measurement points and 

should not affect the results. 

The different radii and corresponding angles of measurement were 

reached by adding or removing graphite plugs machined to the proper 

angles and lengths.    The plugs are 7.62 cm in diameter and fit quite 

snugly into the probe hole.    In one measurement,  the innermost 30. 5-cm 

of the probe hole was fitted with graphite sleeves stopping the diameter 

down to 3.81 cm,  to test for probe hole perturbation.    Figure 2. 7 is a 

photograph of the probe area graphite,   spaced to show the construction, 

with a selection of plugs in the foreground.    The four columns on the left 

do not have plugs.    All but one stringer in each column is solid.    One 

stringer with a 7.62-cm diameter hole in the proper location is moved 

about to extend the probe hole to the surface.    With the plug and stringer 

airangement,   there are no holes left other than the one needed for the 

neutron beam extraction in that particular measurement. 

12 
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The water-cooled,  depleted uranium target was located in the 

8.9-cm diameter cavity as shown in Fig.  2.8.    One side of the stringer 

containing the cavity has been moved aside to permit the target sphere to 

be seen.    The target was fitted with inlet and outlet water tubes long enough 

to extend outside the stack, where they made a right-angle bend and 

connected to the coolant water hoses.    The target is completely welded 

except for one brazed joint at the snout,  minimizing the possibility of 

water leakage into the graphite.    The target was vacuum tested and water 

pressure and flow tested before use.    As a further precaution against 

wetting,  the target was bagged in a thin polyethylene film.    The water 

circulating system was equipped with low-level and low-flow interlocks 

to shut down the Linac and the water pump in case of trouble.    An elec- 

trical conductivity leak detector was installed under the target and inside 

the bag to sound an alarm in case of water leakage.    The leak detector 

consisted of a strip of absorbent paper with two copper ribbons taped to 

one side.    Insulated leads were taken to a remote amplifier,   rejayt  and 

bell assembly designed and built by P.   L.   Phelps of the Linac electronics 

staff.    A single drop of water,  or anything which reduces the resistance 

across the ribbons to less than 60, 000 ohms,   is sufficient to trip the 

alarm.    Fortunately,   no leakage was experienced in the entire experi- 

ment. 

The 28-MeV electron beam from the linear accelerator was 

brought through a 0. 005-cm thick stainless steel window brazed to the 

end of a 3. 18-cm diameter tube sealed to the Linac vacuum system. 

The window was cooled by a stream of dry compressed air.    The beam 

then traveled about 23 cm through air to the bottom of the reentrant hole 

in the target.    The beam was deflected,   both horizontally and vertically, 

by electromagnets,  and focused by magnetic quadrupole lenses.    To 

monitor the position and size of the electron beam,  we painted the tar- 

get opening with a fluorescent material,  and viewed the beam spot glow 
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with a closed-circuit TV camera and mirror.   A small light bulb with 

rheostat control was installed to provide enough light for initial focusing 

of the camera.    The graphite was cut away just enough to clear the water 

tubes and electron beam tube,  but this provided a sufficient opening for 

the TV camera sight line.    Figure 2. 9 is a photograph of the fast spec- 

trum assembly from the Linac side,  showing the support table with its 

electrically-powered jacks and the electron beam tube and target water 

lines.    The occasional damaged graphite stringersv visible were used 

only at the surface. 

The Linac operator observed on an oscilloscope the pulsed 

current from the electrically-insul?.ted target.    However, this current 

is related in an unknown way to the neutron output, because of variable 

resistance to ground (e.g.,  in the water lines),  and drifts in spot posi- 

tion and beam energy.    Thus the integrated target current,  in this ex- 

periment,  may not give a reliable normalization to a standard sc xrce 

intensity from run to run.    Instead, we irradiated a 1.5-in.  (3.81 cm) 

diameter by 0, 375-in. (0.952 cm) thick standard sulfur pellet (supplied 

and beta-counted by E. G. G., Inc., Goleta,  California) and * 1. 59-cm 

diameter by 3. 81-cm long aluminum rod,  in the monitor stringer shown 

in Fig. 2.6.    The sulfur pellet was held in a hole 1. 27-cm deep and 

3.18-cm from the center to end of the stringer; the center of the sulfur 

was 19.1 cm from the center of the target.    The aluminum rod was held 

in a hole 7. 32-cm deep and 6. 40-cm from the center to the end; the cen- 

ter of the aluminum rod was 21. 9 cm from the center of the target.    The 

measurements were reduced to a standard intensity as given by the: sul- 

fur pellet, while the aluminum activity served as a check. 
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Fig.    2. 9--Fast spectrum assembly 
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2. 3     THE THERMAL SPECTRUM ASSEMBLY 

Measurements of the neutron angular flux spectrom from 0. 002 

to 200 eV were made in the graphite assembly shown in Fig.   2. 10.    Foil 

flux plots,   threshold foil irradiations,   and thermal neutron flux dieaway 

experiments were also made in this assembly.    Since the low energy flux 

should be nearly isotropic,   measurements were made in the horizontal 

plane only at 0    and 90    to the long axis of the stack,  as seen in Fig. 

2. 10.    Since we wanted to measure at the same radii as in the fast spec- 

trum experiment,   and wanted to maintain the target and monitors in 

approximately the same geometry,  the length of the stack was left at 

lc-2 cm.    However,   a truly infinite medium could not be achieved in the 

unpoisoned graphite,  where the slowing down length to indium resonance 

is about 43 cm and the diffusion length about 50 cm.    Furthermore,  to 

achieve good energy resolution,  we had to reduce the thf *mal neutron 

dieaway time constant to about 2000 fisec by making the transverse di- 

mension 112 cm.    The target was located symmetrically and since most 

so-called infinite-medium calculations can include a buckling factor,  truly 

infinite medium conditions were considered not to be essential. 

Part of the graphite from the fast spectrum assembly was re- 

stacked into the thermal spectrum assembly,   recut as necessary.    Al- 

ternate layers were criss-crossed.    The sixth layer contained the target 

in its cavity,  the special pieces for the water tubes,  electron   beam tube, 

and TV viewing space,  the monitor foil stringer, and the stringers with 

3.81-cm diameter probe holes.    Holes not needed for a particular mea- 

surement were filled with closely fitting graphite plugs,   usually 15.2 cm 

long.    Figure 2. 11 is a photograph of the graphite for the sixth layer, 

except for the target assembly stringers,  as arranged for the 0    mea- 

surements.    The plugs shown were used in the indium flux plots and 

have c  small depression in the end to hold the foil.    In the time-of-flight 

experiment,   plugs were inserted to make measurements at 20. 3 cm, 
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Fig.  2. 10--Dimensions of the thermal spectrum assembly 

20 



Fig.    2. 11--Sixth layer,  0    measurements 
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35. 6 cm,   SO. 8 cm,  or 66. 0 cm from the center of the target.    The 

arrangement for a 90    measurement at 20. 3 cm from the center of the 

target,  on the centeriine,   is shown in Fig.   2. 12.    To make measure- 

ments at the other distances the stringer with the hole was exchanged 

with the appropriate solid stringer. 

The thermal neutron boundary conditions were defined by cover- 

ing the stack with 0. 32 cm of borated polyethylene and 0. 051 cm of cad- 

mium.    The new universal-motion table was used for this assembly, 

with the graphite stacked on a bed consisting of a 1. 27-cm thick sheet 

of aluminum,  the cadmium,  the borated polyethylene,   and a 0. 32-cm 

thick sheet of aluminum.    The final assembly,   seen from the side opposite 

the Linac,  is shown in Fig.   2. 13. 

2.4  THE PULSED NEUTRON SOURCE 

The pulsed neutron source consists of a nominal 3-in.   {7.6 cm) 

diameter depleted uranium target,  water-cooled,   irradiated by the 

pulsed electron beam from the General Atomic three-section L-band 

linear accelerator.    Since the target was developed for use on several 

projects,   it has been described in a separate report,  which is included 

as Appendix A.    The linear accelerator facility is shown in Fig.   2. 14, 

and general characteristics of the accelerator are summarized in 

Table 2.2. 

Typical accelerator pulse conditions were 28 MeV,   0. 02 jisec 

pulse width,   360 pps,  and peak pulse currents up to ~ 1 ampere in the 

fast spectrum measurements with the liquid scintillation detectors.    For the 

intermediate (200 eV--1.8 MeV) spectrum measurements with the boron cap- 

ture detector,  the repetition rate was reduced to  180 pps and the pulse width 

increased to 0. 05 or 0. 1 jisec.    However,   the photomultiplier tube (and 
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Table 2. 2 

ELECTRON LINEAR ACCELERATOR, 45 MeV L-BAND 

OPERATING CHARACTERISTICS 

Microwave frequency,  Mc      1300 
Number of accelerator waveguides  . 3 
Energy range.  Mev 1 to 45 
Beam energy at maximum efficiency,  Mev  25 
Peak beam current at maximum efficiency,  ma 500-700 
Rated average power,  kw: 

At 8 Mev  4 
At 20 Mev  u 
At 25 Mev ,      13. 6 
At 30 Mev  12 
At 40 Mev  4 

Maximum peak beam current,  ma 
(puisea longer than 0.5  Msec        700 

Maximum peak beam current,  ma 
(pulses shorter than 0. 5  iusec     200C 

Beam pulse lengths,   >isec       0.01 to 4   ? 
Pulse repetition rates per second: 

At 5  Msec 1,  7.5,   15,  30,  60,   120,   180 
At 2. 5 Msec        360 
At 0.5 Msec and shorter        720 

Energy spectrum,  AE/E full width, 
half maximum      — 3% 

OUTPUT CHARACTERISTICS 

5       6 
Approximate electron dose at one foot       10  -10    rads/burst 
Electron dose rate at one foot during burst      1010-10      rads/sec 
Approximate gamma dose at cne foot        10    rads/burst 
Gamma ray dose rate at one foot during burst 10    -10    rads/sec 
Approximate neutron yield,  near fission spectrum ....    1011 neutrons/burst 
Maximum neutron yield rate during burst 10      neutrons/sec 
Sustained neutron yield rate 1013 neutrons/sec 
Positron energy,   Mev 3 to 30 
Maximum positron yield during burst,   amperes 10"° to 3 x 10" 
Approximate sustained positron yield,   amperes 10"      to 3 x 10" 
Energy resolution, AE/E full width  2% 
Monoenergetic gamma-ray source,   Mev 3 to 30 
Maximum photon yield during burst,   forward direction 10^/sec: 
Sustained photon yield,   forward direction 10  /sec 
Energy   resolution,   AE/E full width  2% 
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RF pulse on the Linac) were gated on at a 360 pps rate so that back- 

ground could be measured midway between the neutron bursts.    For 

the thermal spectrum measurements with BF_ counters the pulse width 

was 2 to 4. 5 jisec and the repetition rate was 7. 5 pps. 

2. 5 NEUTRON DETECTORS AND ELECTRONICS 

The 5. 08 cm x 5. 08 cm NE211 liquid scintillation detector and 

the 12.7 cm x 12.7 cm NE213 liquid scintillation detector are described 
(4) 

in a separate report,       which also discusses the measured and calculated 

efficiency,  G(E) counts /neutron incident.    The G(E)'s used in reducing 

the graphite experiments are listed in Tables 2. 3 and 2. 4.    Figure 2. 15 

is a block diagram of the electronics as used in the fast spectrum mea- 

surements in graphite.    The linear channel, with the timing discrimin- 

ator in coincidence,  is used to set the bias of the discriminator.    In the 

actual time-of-flight experiment, the discriminator stops the time- 

analyzer ramp,  which is started by the injector trigger pulse.    The in- 

jector trigger pulse fires the accelerator,  and after being delayed by 0.4 

jLtsec, gates the phototube on after the brems Strahlung has reached and 

passed the detector.    The phototube remains on for about 120-150 jisec. 

Time zero is obtained from the channel in which the bremsstrahlung is 

recorded (with the tube temporarily gated on during the bremsstrahlung 

arrival period),  corrected for the flight time of the photons.    The fast neu- 

tron time distribution was taken in 512 channels,  each 31. 25 nanoseconds 

wide.    Since the analyzer can accept only one signal pulse per ramp,  a 

counting rate loss correction is necessary.    To keep the correction small, 

the Linac current is adjusted so that the data counts are 10-20% or less 

of the injector trigger pulses,  or less than about 4000 cpm at the 360 pps 

repetition rate.    Background is obtained from the average counting rate 

after some 10 fisec,  corresponding to neutron energies below the bias of 

the detector. 
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Table 2.3 

EFFICIENCY OF THE 5.08 CM DETECTOR 
AT 0. 040 COBALT BIAS,   COUNTS NEUTRON INCIDENT (4) 

Energy 
(eV) 

1.4400 4 07 
1.2800 + 07 
1. 1000 + 07 
9.4000 + 06 
8. 1200 + 06 
7.0000+06 
5.9700 + 06 
5.0000+06 
3.9600+06 
3.5000 +06 
2.9800 +0b 
2.4000 +06 
1.9100 +06 
1. 5600 +06 
1.2500 +06 
9.4600 +05 
8.5000 +05 
7.6000 +05 
7.0000 +05 
6.5000 +05 
6.0000 +05 
5. 5800 +05 
5.3200 +05 
5.0000 +05 
4.6800 +05 
4.2900 +05 
4.0000 +05 
3.6300 +05 
3.3500 +05 
3.0000 +05 
2.7200 +05 

G(E) 

1.6300-01 
1.6500-01 
1.7100-01 
1.8000-01 
1.8900-01 
2.0500-01 
2.2500-01 
2.4500-01 
2.7300-01 
2.8600-01 
3.0Q00-01 
3.2900-01 
3.5000-01 
3.7000-01 
3.7700-01 
3.7000-01 
3.5900-01 
3.3900-01 
3.1900-01 
2.9600-01 
2. 6200-01 
2. 0000-01 
1.7000-01 
1. 3100-01 
1.0000-01 
7.0000-02 
5.3000-02 
3.5000-02 
2.4000-02 
1.5000-02 
1.0100-02 
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Table 2. 4 

EFFICIENCY OF THE 12.70 CM DETECTOR 
AT 0.046 COBALT BIAS,  COUNTS/NEUTRON INCIDENT (4) 

Energy 
(eV) 

1.4400+07 
1. 1000+07 
9.0000+06 
7.0000+06 
5.0000+06 
4.0000+06 
3.0000 + 06 
2.0000 + 06 
1.5000 + 06 
1.2500 + 06 
1.0000 + 06 
8.0000 + 05 
6.0000 + 05 
5.0000 + 05 
4.0000 + 05 
3.5000 + 05 
3.0000 + 05 
2.5000 + 05 
2.0000 + 05 
1.8000 + 05 
1.7000 + 05 

G(E) 

4.2200-01 
4.2700-01 
4.6100-01 
5. 1500-01 
5.8300-01 
6. 1800-01 
6.6500-01 
7.0900-01 
7. 1700-01 
7. 1700-01 

6.8100-01 
5.8600-01 
3.9500-01 
2.7300-01 
8.8000-02 
4.5000-02 
2.8000-02 
1.7000-02 
7.0000-03 
2.0000-03 
1.0100-03 
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The intermediate neutron energy detector consists of a NE226 

liquid scintillator counting capture gamma rays from a disk of boron 

carbide-loaded paraffin wax.    The detector and its efficiency calibration 

are discussed in Ref.  5, and the G(£) used in the graphite data reduction 

is given in Table 2. 5.    Figure 2.16 is a block diagram of the electronics 

as used in the graphite experiment.    The linear channel is the same as for 

the NE211 and NE213 detectors,  except that a separate preamplifier is 

used.    Two time analyzers were operated simultaneously to obtain data 

and inter-pulse background.    The TMC211 analyzer accumulated data in 

1, 024 channels each 0. 250 /isec wide (in the LC oscillator mode; discrim- 

inator should be set to 8).    The 256-channel RCL analyzer has a special 

unit built at General Atomic with 16 ps time channel width.    Thus it ac- 

cumulated data and background out to 4096 usec.    However,  the photo- 

multiplier tube is gated on twice in each 1/180 pps (period = 5555 fjsec). 

At a few tenths of a microsecond after the brems Strahlung burst,  it is 

gated on for about 500-600 jisec.    After a 3000-jAsec delay,  it is gated on 

again for the same interval.    A 3000-jusec flight time at 50 meters corres- 

ponds to neutrons of 1. 5 eV energy.    A boron-10 filter was inserted in the 

flight path at 16 meters to absorb neutrons below about 10 eV.    Thus the 

background measured should be mostly ambient and long dieaway-time 

gamma rays.    The gate trigger arrangement shown in Fig.  2. 17 was used 

during most of the experiment.    However, the 0    measurement at 20. 3 

cm,  which was made first, had the JLinac RF pulsed at 360 pps,  giving a 

trigger to gate the photo multiplier tube at 2778 fAsec intervals. 

The thermal neutron detector used in this experiment was a bank 

of thirty-six enriched boron trifluoride proportional counters filled to 

70 cm pressure.    The "36 BF " bank and its efficiency calibration are 

discussed in Ref.  6.    The G(E) used in the data reduction of the graphite 

experiment is listed in Table 2. 6.    The electronic setup for the time- 

of-flight measurement is shown in Fig.  2. 17.    Two time-analyzers 
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Table 2.5 

EFFICIENCY OF THE BORON CAPTURE 
DETECTOR 10/14/66 COUNTS/NEUTRON INCIDENT    ' 

Energy Energy 

(eV) G(E) (eV) G(E) 

1 0001 + 02 b. 3600-03 4. 0000+05 7. 2700-03 
2 0000+02 6. 3800-03 4. 1000+05 7. 0500-03 

5 0000+02 6. 4000-03 4 1500+05 b. 9800-03 

1 0000+03 6. 4300-03 4 2000+05 b. O100-03 

3 0000+03 6 4500-03 4. 2500+05 6. 9000-03 

5 0000+03 b. 4700-03 4 3000+05 b. 9200-03 

1 0000+04 6 4900-03 4 3500+05 b. 9600-03 
3 0000+04 6. 5200-03 4. 4000+05 7. 0200-03 

4 0000+04 6. 5250-03 4 6000+05 7. 2800-03 

5 0000+04 6 5350-03 4 8000+05 7. 5000-03 
5 =»000+04 b. 5400-03 5 0000+05 7. 8000-03 

D 0000+04 b 5500-03 5 2000+05 7. 9800-03 

b 5000+04 6 5b00-03 5 3000+05 8. 0100-03 

7 0000+04 6 5800-03 5 4000+05 8. 0300-03 

8 0000+04 6 6300-03 5 5000+05 8. 0500-03 

9 0000+04 6 6900-03 5 b000+05 8. 0400-03 

1 0000+05 6 7500-03 5. 7000+05 8. 0350-03 

1 1000+05 b 8100-03 5 8000+05 8. 0250-03 

1 4000+05 7 0200-03 6 0000+05 8. 0000-03 

1 7000+05 7. 2200-03 6. 2000+05 7. 9700-03 

1 0000+05 7. 3000-03 6. 6000+05 7. 8000-03 

2 0000+05 7. 3500-03 7 0000+05 7. 8000-03 

I 3000+05 7. 4300-03 7 4000+05 7 7200-03 
) 5000+05 7 4700-03 7 8000+05 7. b500-03 
2 7000+05 7 5000-03 8 2000+05 7 5bOO-03 

> 9000405 7. 5200-03 8. 6000+05 7. 4Q00-0* 
3. 0000+05 7. 5300-03 9 0000+05 7. 4200-03 

3. 3000+05 7. 5400-03 9. 4000+0 5 7. 3700-03 

3. 5000+05 7 5500-03 9. 8000+05 7. 2900-03 

3. 6000+05 7. 5400-03 1 2000+06 6. 9400-03 

3 7000+05 7. 5300-03 1 4000+06 6. 5900-03 

3. 7500+05 7. 5250-03 1 6000+06 6. 2100-03 

3. 8000+05 7. 5200-03 1. 8000+06 5. 8800-03 

3. 8500+05 7. 4500-03 2 0000+06 5. 5800-03 

3. 9000+05 7, 3800-03 2 1000+06 5. 5000-03 
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Table 2.6 

EFFICIENCY OF THE 3b BF3 BANK 1/9/67 
G(E) COUNTS  NEUTRON INCIDENT^61 

Energy Energy 
(eV) G(E) (eV) G(E) 

1.0010-03 9.5400-01 1.5000-01 4.7700-01 
1.5000-03 8.9100-01 2.0000-01 4.2900-01 
2.0000-03 8.7800-01 3.0000-01 3.7000-01 
3.0000-03 8.4100-01 4.0000-01 3.5800-01 
4.0000-03 8.0600-01 6.0000-01 3.5700-01 
4.5000-03 8.0000-01 8.0n00-01 3.1500-01 
5.0000-03 7.9900-01 1.0000+00 2.9200-01 
5.5000-03 7.9100-01 1.5000+00 2.7300-01 
6.0000-03 7.8100-01 2.0000+00 2.6000-01 
6.5000-03 7.7200-01 3.0000+00 2.4600-01 
7.0000-03 7.5600-01 4.0000+00 2.3400-01 
7.5000-03 7.5300-01 6.0000+00 2. 1800-01 
8.0000-03 7.4700-01 8.0000+00 2. 1000-01 
9.0000-03 7. 1300-C1 1.0000+01 2.0300-01 
1.0000-02 6.5900-01 1.5000+01 1.8900-01 
1.3000-02 6.5500-01 2.0000+01 1.8100-01 
1.6000-02 6.2200-01 3.     ^00+01 1.7100-01 
1.Q000-02 6.0300-01 4.0000+01 1.6400-01 
2.2000-02 5.8100-01 6.0000+01 1.5400-01 
2.5000-02 5.6100-01 8.0000+01 1.4700-01 
3.0000-02 5.6200-01 1.0000+02 1.4100-01 
3.*000-02 5.5100-01 1.5000+02 1.3300-01 
4.0000-02 5.3000-01 2.0000+02 1.2600-01 
*. 5000-0: 5.2800-01 3.0000+02 1.1700-01 
5.0000-02 5.1900-01 4.0000+02 1. 1100-01 
5.5000-02 5.1700-01 6.0000+02 1.0100-01 
6.0000-02 5.0200-01 8.0000+02 9.3600-02 
7.0000-02 4.8700-01 1.0000+03 8.9600-02 
8.0000-02 4.8600-01 1.5000+03 7.8700-02 
9.0000-02 4.6700-01 2.0000+03 7.0900-02 
1.0000-01 4.6200-01 
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were used,  with different channel widths,  to provide good time resolu- 

tion at the higher energies while covering the entire thermal energy ranjie 

with the wider channels.    Background for each BF   detector measure- 

ment was obtained in a separate run with a neutron absorber installed at 

the bottom of the 3. 81-cm diameter probe hole.    The absorber was a 

3. 81-cm diameter by 3. 18 cm long,  thin-wail (0. 06 cm) aluminum cylin- 

der filled with 93% enriched boron powder. 

2. 6     COLLIMATION AND FLIGHT PATH 

The fast and intermediate spectrum measurements were made on 

a 50-meter flight path.    The flight path consists essentially of a pre- 

collimator,   collimators at 16 m and 32 mf  a shielded detector at 50 m, 

and large diameter steel drift tubes evacuated to rough vacuum with 

mechanical pumps.    Most of the fast and intermediate spectrum measure- 

ments were made with a 3. 0 in.  (7.62 cm) diameter probe hole in the 

graphite and a 2. 5 in.  (6. 35 cm) I. D.   precollimator.    This configuration 

is shown in Fig.   2. 18.    One intermediate spectrum measurement,  at 

60   and 35. 6 cm radius,  was made with a 1. 5 in.   (3.81 cm) diameter 

probe hole and the 0.87 in.  (2.21 cm) I. D.  precollimation system shown 

in Fig.  2. 19.    The precollimators and inserts are made of mild steel tubes 

filled with a mixture of lead dust,   boric acid,  and epoxy resin.    The 16 m 

and 32 m collimators are made of hydrated boric acid backed by 10. 16 cm 

of lead.    Tests have shown that stray background with these systems is 

much less than ambient.    The neutrons pass through Mylar windows on the 

drift tubes.    For certain measurements,  as described later,  a 3. 144-cm 

thick x 30. 5 cm x 30. 5 cm filter of depleted uranium may be inserted at 
10 

the 16 m position.    For other measurements a B      filter (Fig.  2.20) may 

be inserted in the flight path. 
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-6061 ALUMINUM 
0.0813 THICK 

0.0315 G/CM* BORON 
90% ENRICHED IN S™ 

1—.. 279^ 

(DIMENSIONS   IN CM). 

Fig.  2. 20--B10 filter 
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Thermal neutron spectrum measurements were made with the 36 

BF   bank at 50 meters and the collimation system shown in Fig.  2.21. 

To reduce the counting rate per unit energy,  C(E) counts/sec eV, to 

angular flux per unit energy, ^(E) n/cm    sec sr eV, we use 

*(E)   =    £i£l  (2.1) 

G(E) T(E) -4 1? A , 

where, 

G(E)   =   intrinsic efficiency,  counts/neutron incident 

T(E)   =   flight path transmission 
2 

A     =   detector area,  cm 
a 

* L   =   flight distance,  cm 

A  /L     =   solid angle,   steradian 
d 
TJ A     =   efficiency of the collimation system times the 

reference viewed area perpendicular to the 
beam,  cm^. 

The collimation efficiency is defined as the counting rate with 

the collimators in place, divided by the counting rate without the collima- 
(7) 

tors.    It has been calculated for our geometries by the CAP code. 

The geometry for CAP calculations is shown in Fig.   2.22.    Neutrons are 

emitted from the disk source, diameter d  ,  which is located at the 
s 

bottom of the probe hole,  and is assigned the area A   of the probe-hole 
s 

cross section.    The other possible limiting apertures are included as 

d?,  d-,  etc.,  ending with the detector as the last aperture.    The thick- 

ness of tie collimatois are indicated by t ,  t ,  etc.    The distances of 

the entrance apertures of the collimators from the outside face of the 

experimental assembly are defined by the z coordinates.    The z   dis- 

tance and the depth of the probe hole, I,  depend on the location of the 
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measurement.    The other distances can be found from Figs. 2. 18, 2. 19, 

and 2.21.    The source (probe hole) and detector diameters and areas are 

indicated in Fig. 2.22 and the collimator diameter and areas in Figs. 

2. 18,  2. 19,  and 2, 21„    The CAP program traces rays from small dis- 

crete areas on the source to the detector,  computes the efficiency for 

each area,  and then computes an average efficiency r\ of the whole system. 

The results of the collimation efficiency calculations and the over- 
2 

all geometrical factor (A  /L ) 1) A    are listed in Table 2.7 for the angles 
Q S 

and radii in the graphite experiments.    Factors in parenthesis are inter- 

polated from other CAP calculations. 

A study was made to determine the sensitivity of 7f to the align- 

ment of the source,   collimators,  and detector with the collimation axis. 

It was found that a 2. 54-cm displacement of the detectors resulted in no 

change in r\,  and we believe that our alignment was always within this 

figure.    A 2. 54-cm displacement of the 16-meter collimator (for the fast 

and intermediate spectrum runs) resulted in a 30% decrease in 77.    How- 

ever, we believe the 16-m collimator was always aligned to witMn ± 0. 1 

cm.    A 2. 54-cm displacement of the 32-meter collimator (for the thermal 

spectrum runs) resulted in no change in TJ. 

The collimator efficiency was found to be fairly sensitive to mis- 

alignment of the source,   especially for the BF    bank.    In addition,  with 

sufficient misalignment,  the flux from the walls of the probe hole or even 

the outer surface of the assembly will contribute,   a most undesirable 

condition.    On the other hand,  the probe hole diameter is made as small 

as practical,   to reduce the perturbation of the flux in the assembly.    With 

the transit and cross hairs on the precollimator and probe hole,  we be- 

lieve we can align the probe hole to ±0. 1 cm.    This amount of misalign- 

ment has an effect of less than 0.5% using the NE211,  NE213 or boron 

detector (NE226 scintillator).    The geometry factor for the BF- bank,  how- 

ever,  is reduced by 4%.    Thus with this detector,  which does not lie within 
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Table 2. 7 

GEOMETRICAL FACTORS* A 

Radius 
cm Angle Detector Precoliimator 

A  /L2 

a 
~ri A  (10"5) 

n     L 

20.3 0° NE211 6.35 1.02xl0"6 0.691    3. 21x10 
0° NE226 6.35 11.22 0.691 35.35 
0° BF3 2.21 258. 5 0. 134 39.49 

30° NE213 6.35 4.99 (0.686) 15.61 
30° NE226 6   35 11.22 (0.691) 35.35 
90° BF3 2.21 258.5 (0.134) 39.49 

35.6 0° NE211 6.35 1.02 0.691 3.21 
0° NE213 6.35 4.99 0.686 15.61 
0° NE226 6.35 11.22 0.680 34.79 
0° BF3 2.21 258.5 0.135 39.78 

17° NE213 6.35 4.99 (0.686) lb.61 
17° NE226 6.35 11.22 (0.680) 34.79 
35° NE213 6.35 4.99 (0.686) 15.61 
35° NE226 6.35 11.22 (0.680) 34.79 
60° NE213 6.35 4.99 (0.686) 15.61 
60° NE226 6.35 11.22 (0.680) 34.79 
60° NE226 2.21 11.22 0.309 3.95 
90° BF3 2.21 258.5 (0, 134) 39.49 

50.8 0° NE213 6.35 4.99 0.686 15.61 
0° NE226 6.35 11.22 0.679 34.74 
0° BF3 2.21 258.5 0. 134 39.49 

12° NE213 6.35 4.99 (0.686) 15.61 
12° NE226 6.35 11.22 (0.679) 34.74 
24° NE213 6.35 4.99 (0.686) 15.61 
24° NE226 6.35 11.22 (0.679) 34.74 
37° NE213 6.35 4.99 (0.686) 15.61 
37° NE226 6.35 11. 22 (0.679) 34.74 
90° BF3 2.21 258. 5 (0.134) 39.49 

66.0 0° NE213 6.35 4.99 0,686 15.61 
0° NE226 6.35 11.22 0.681 34.84 

*An average zj - 31.4 cm and average L = 5138 cm (BF3) or 5146 cm 
(NE211,   213,   226) were used for these factors.    The exact L was used 
for the time-of-flight to energy conversion.    The I length was 76.2 cm 
at 20. 3 cm radius,  61. 0 at 35. 6,  45. 8 at 50. 8,   and 30. 6 cm radius. 
As - 45.60 cm^ for 6.35 cm collimator (7.62 cm diameter probe hole), 
As = 11.40 cm^ for 2.21 cm collimator (3.81 cm diameter probe hole). 
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the collimated beam as do the others,  normalization errors of several per- 

cent may be expected due to unavoidable alignment errors.    It should be 

noted also that most of the fast and intermediate spectrum measurements 

were made by interchanging detectors while leaving the collimators and 

assembly unchanged at a given radius and angle.    Thus although the ab- 

solute over-all detection efficiency may be affected slightly by misalign- 

ment,  the relative normalization should not be affected,  provided the 

detectors were reinstalled each time to within 2. 54 cm of the collimation 

axis. 

Transmission of neutrons through the flight path is calculated as 

T(E) = exp (- ]T N.a.(E)t.) where i refers to the material,   N the nuclear 
i 

density, a the total cross section,  and t the thickness.    The materials 

considered are air at 50%    elative humidity,  Mylar,  the 3. 144 cm of 
235 

depleted uranium (0. 22 wt % U       ) and its 0. 02-cm total thickness of 

polyethylene wrapping (replaced by 3. 1 cm of NTP air when removed) 
10 

and the B      filter when it is used.    For the thermal spectrum measure- 

ments some of the Mylar windows were replaced by aluminum windows. 

The total equivalent thickness of air at NTP,   including the residual air 

in the drift tubes,  on the fifty-meter flight path,  has been calculated as 

214. 9 cm (without filters) plus the distance from the detector to the drift 

tube,  the distance from the precollimator to the bottom of the probe hole, 

and the equivalent thickness of air at the pressure existing in the pre- 

collimator-to-16 m section (about 42 cm).    The cross sections of & metal, 

H,  O,   N,  and C are usually included along with Al and enriched B when 

needed.    The reference nuclear densities are given in Table 2. 8.    For 

convenience the nuclear densities of H and O are taken as those in air 

at NTP (293 K,   1 atm).    The factors for multiplying the thickness (cm) 

of Mylar and polyethylene to convert the equivalent thickness in air at 

NTP are also given in the table.    The nuclear density of carbon in Mylar 

is tabulated.    The factor for converting from polyethylene is also given. 
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Table 2. 8 

REFERENCE NUCLEAR DENSITIES IN FLIGHT PATH 

Material      N (nuclei/cm  )      Factor for Mylar      Factor for Polyethylene 

5.36    xlO4 1.219 xlO5 

1.589 xlO3 

■- 91 

u 4.73 x 10"2 

H 6.48 x 10"7 

o 1.09? x 10"D 

N 3.93 
-5 

x 10 

C 4.34 x 10**2 

Al '   6.03 x 10"2 

B 6.73 x 10"2 

The total cross sections for uranium were obtained from 

BNL 325   Supplement 2 and AWRE 7963,  for 

hydrogen        Gammel,   BNL 325,  and  UCRL 5226,   for 

oxygen KAPL-M-6452,  for 

nitrogen BNL 325   Supplement 2 and UCRL 5226; 

carbon BNL 325   Supplement 2 and KFK 120; 

aluminum 
7075 BNL 325   2nd edition and Supplement 2,  GA 5884; 

aluminum 
6061 BNL 325   2nd edition and Supplement 2,  GA 5884; 

boron From BNL  SCISRS   TAPE and BNL 325 2nd edition. 
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The transmission of the flight path with the 6. 35 cm precollima- 

tor and no filters,  at r = 35.6 cm,  0   is plotted in Fig,  2. 23.    The trans- 

mission is nearly unity and should be accurate to ± 3%.    The total cross 
235 

section of depleted uranium (. 22 wt % U "    ) is given in Table 2. 9.    The 

computed transmission of the depleted uranium filter with its polyethylene 

wrapping is plotted in Fig.  2.24 (200 eV to 15 MsV).    The transmission 

correction is large,   especially at the lower energies.    The estimated 

accuracy is ± 12% from 200 eV to 100 keV and ± 6% from 100 keV to 15 

MeV.    The resonances at a few keV had to be included to avoid spurious 

oscillations in the graphite spectrum.    The transmission or the enriched 

boron filter including its aluminum windows is plotted in Fig.  2. 25. 

Accuracy in the 200 eV-15 MeV range is estimated at ± 5%,   except at the 

aluminum resonances.    The transmission of the flight path with aluminum 

(and Mylar) windows and no filters,  as in the thermal spectrum measure- 

ments at r = 35.6 cm,  0 ,  is plotted 

eV.    Accuracy is estimated at ± 3%. 

ments at r = 35. 6 cm,   0°,  is plotted in Fig.  2. 26 from 0. 001 eV to 400 

All experimental spectra aie normalized to a standard target in- 

tensity by dividing by a number proportional to the activity of a foil ir- 

radiated in a reproducible geometry.    The graphite experiments used 

standard sulfur pellets,   3. 31 cm in diameter by 0. 95 cm thick (18 gm), 

supplied by Edgeton,  Germeshausen and Grier,   Inc.,  and counted by 

them at their Goleta,   California laboratory.    The beta-activity from the 
32 32 

S    (n, p)P      reaction,  with an effective threshold of 3 MeV and effective 

cross section of 300 mb,  is scintillation-counted at least three times and 

the decay-corrected data analyzed,  after making sure the correct half- 

life (14.3 days) is observed.    Decay is corrected to the midpoint of the 

exposure interval.    Exposures are typically 1 to 3 hours.    Calibration is 

obtained from a Cockcroft-Walton accelerator exposure (D-T neutrons) 

monitored with an associated particle counter.    Over-all systematic 

accuracy is specified at ± 10%.    However,  we have been informed by 
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Table 2. 9 

TOTAL CROSS SECTION OF DEPLETED URANIUM 

Energy 
(eV) 

aT(b) 
Energy 
(eV) 

aT(b) 

1.5000+07 5.9100+00 6.0000+04 1.2400+01 
1.4000+07 5.7400+00 i. 0000+04 1.2690+01 
1.3000+07 5.5700+00 4. 0000+04 1.2970+01 
1.2500+07 5.5000+00 3. 0000+04 1.3250+01 
1.2000+07 5.4700+00 2.0000+04 1.3540+01 
1. 1750+07 5.4600+00 1.0000+04 1.4000+01 
1.1500+07 5.4700+00 9.0000+03 1.4300+01 
1.1000+07 5. 5000+00 8.0000+03 1.5000+01 
1.0500+07 5.5500+00 7.5000+03 1.5000+01 
1.0000+07 5.6500+00 7. 0000+03 1.5000+01 
9.5000+06 5.7800+00 6.5000+03 1.5000+01 
9.0000+06 5.9200+00 6.0000+03 1.5000+01 
8.5000+06 6.1100+00 5.5000+03 1.5000+01 
8. 0000+06 6.3000+00 5.0000+03 1.500G+01 
7.5000+06 6.5000+00 4.5000+03 1.5000+01 
7.2500+06 6.6600+00 4.4000+03 1.5000+01 
7.0000+06 6.8100+00 4.3000+03 1.5300+01 
6.7500+06 6.9700+00 4.2000+03 1.5500+01 
6.5000+06 7.1100+00 4. 1500+03 1.6000+01 
6.2500+06 7.2500+00 4.1000+03 2.0000+01 
6.0000+06 7.3800+00 4.0000+03 1.8000+01 
5.7500+06 7.5000+00 3.9000+03 1.6500+01 
5.5000+06 7.6200+00 3. 8000+03 1.5000+01 
5.2500+06 7.7300+00 3.7000+03 1.5000+01 
5.0000+06 7.8100+00 3.6000+03 1.5400+01 
4.7500+06 7.8000+00 3.5500+03 1.6500+01 
4. 5000+06 7.9400+00 3.5000+03 1.6500+01 
4.2500+06 7.9800+00 3.4500+03 1.5000+01 
4.0000+06 7.9900+00 3.4000+03 1.5000+01 
3.5500+06 7.9900+00 3.3000+03 1.5500+01 
3.4500+06 7.9800+00 3.2000+03 1.6000+01 
3.2500+06 7.9500+00 3.1000+03 1.6500+01 
3. 0000+06 7.9000+00 3.0000+03 1.6000+01 
2.7500+06 7.8500+00 2.9500+03 1.5800+01 
2.5000+06 7.7500+00 2.9000+03 1.6000+01 
2.2500+06 7.6300+00 2.8500+03 1.6500+01 

49 



W ■ WHfc—mnmm> 

Table 2.9 (Continued) 

Energy 
1             (eV) 

aT(b) 
Energy 
(eV) 

aT(b) 

2.0000406 7.4800+00 2.8000+03 1.6000+01 
1          1.7500+06 7.3000+00 2.7000+03 1.5300+01 

1.5000+06 7.1000+00 2.6500+03 2.1500+01 
1.4000+06 6.9000+00 2.5000+03 1.7500+01 
1.3000+06 6.8100+00 2.4000+03 1.5500+01 
1.2000+06 6.8000+00 2.3500+03 1.4500+01 
1.10C0+06 6.8700+00 2.3000+03 1.5200+01 

I. 1.0000+06 6.9400+00 2.2000+03 1.7500+01 
■"'■" 9.0000+05 7.0700+00 2.1000+03 1.2000+01 

8.0000+05 7.2100+00 2.0000+03 1.5000+01 
7.0000+05 7.3900+00 1.9500+03 1.7700+01 

i. 6.0000+05 7.5800+00 1.9000+03 1.6000+01 
w 
£ 5.0000+05 7.8200+00 1.8800+03 1.2500+01 
i 4.5000+05 7.9800+00 1.8000+03 1.4500+01 

4.0000+05 8.1600+00 1.7000+03 1.3500+01 

1 3.5000+05 8.4000+00 1.6000+03 1.5500+01 
V, »           3.0000+05 8.7000+00 1.5500+03 1.3500+01 
1 2.7000+05 8. 9400+00 1.5300+03 1.2500+01 

5" 
2.4000+05 9.2300+00 1.5000+03 1.4000+01 
2.1000+05 9.5000+00 1.4200+03 1.2700+01 

I' 1.8000+05 9.9900+00 1.3800+03 1.6000+01 
1.5000+05 1.0490+01 1.3200+03 1.3500+01 

#" 1.2000+05 1.1030+01 1.2400+03 1.5500+01 

1 1.0000+05 1.1450+01 1.2000+03 1.5500+01 
> 

9. 0000+04 1.1690+01 1.1000+03 1.5500+01 
**/ 8. 0000+04 1.1910+01 1.0500+03 1.5500+01 

* 

7.0000+04 1.2160+01 1.0000+03 1.5500+01 
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F. G.G.   that the relative activation of foils measured within n  3-month 

periou is accurate to about 1%,   taking into account the systematic  error 

due to counter drift.    Statistical errors in counting are in addition to 
2 

this and are quoted along with the fluence,  nvt n  cm   "» 3 MeV based on 

the standard cross section. 

As a backup in case of loss of the sulfur normalization,  we also 

exposed and counted at General Atomic an aluminum rod 1. 59 cm in 

diameter and 4.45 cm long (in the fast spectrum assembly) or a 1. 28 cm 

diameter by 0. 00254 cm thick copper foil held at the lower end of a simi- 

lar aluminum rod (in the thermal spectrum assembly).    We found that 

the activity counted in the aluminum appeared to be mostly due to impuri- 

ties,   probably copper,   hence we changed to copper foils in the later 

experiments. 

A cross section of the monitor foil stringer and its relation to 

the target is shown in Fig.  2.27 and the sulfur monitor results are listed 

in Tables 2. 10 and 2. 1 1. 

2. 8     DATA REDUCTION AND RESULTS 

The graphite spectrum measurements are summarized in Tables 

2. 10 and 2. 11. 

The data is obtained as counts per time channel vs channel num- 

ber.    First the data is reduced with the code HECTO. Briefly,  the 

code performs the following operations.    The flight time corresponding 

to the middle of the time channel is calculated and converted to energy 

from 

E(eV)   = 
5.2268 x 10"7 LZ 

(t-t/ 
U.Z) 
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Fig.  2.27 --Monitor geometry 
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Table 2. 10 
SUMMARY OF FAST AND INTERMEDIATE 

SPECTRUM MEASUREMENTS 

Date Run 

001 

Radius 

20.3 

Angle 

0° 

Pre coll. 

6.35 

Detector 

NE226 

Füf.er 

U*B10 

Burst 
(neec) 

100 

S 
Monitor 

1.004.01(10) 

Monitor 
M 

5-17 1000. 

002 20.3 0° 6.35 NE211 u 20 1.204.01(10) 1200. 

003 35.6 0° 6.35 NE211 U 20 4.914.08(10) 4910. 

5-20 001 35.6 0° 6.35 NE213 Ü 20 5.464.05(9) 546. 

002 35.6 0° 6.35 NE226 U+B10 50 5.211. 03(10) 5210. 

003 50.8 0° 6.35 NE226 U+B10 
50 1.17*. 01(11) 11700. 

004 50.8 0° 6.35 NE213 u 20 3.184,01(10) 3180. 

5-21 005 66.0 0° 6.35 NE213 u 20 4.324.04(10) 4320. 

006 66.0 0° 6.35 NE226 U*B10 50 4.624.03(10) 4620. 

008 35.6 60° 6.35 NE226 B10 100 9.474.01(10) 9470. 

009 35.6 60° 6.35 NE226 U+B10 100 2.854.01(10) 2850. 

010 35.6 60° 6.35 NE213 U4B10 50 4.674.01(10) 4670. 

5-24 001 35.6 60° 2.21 NE226 B10 100 9.504.07(10) 9500. 

002 50.8 37° 6.35 NE226 B10 100 9.044.04(10) 9040. 

003 50.8 37° 6.35 NE213 None 20 2.7 4.1  (10) 2700. 

5-27 001 20.3 30° 6.35 NE213 None 20 4.5 4.1  (9) 450. 

002 

^00. 

^5 

20.3 

20.3 

35.6 

30° 

30° 

17° 

6.35 

6.35 

6.35 

NE226 

NE226 

NE226 

B10 

U+B10 

B10 

50 

50 

100 

5. 324. 02(9) 

6.804.02(10) 

3.304.01(10) 

532. 

6800. 

3300. 

006* 35.6 17° 6.35 NE213 None 20 1.474.01(10) 1470. 

007 b0.8 12° 6.35 NE213 None 20 2.864.01(10) 2860. 

008 5X8 12° 6.35 NE213 U 20 6.594.02(10) 6590. 

009 JO. 8 12° 6.35 NE226 B10 100 1.024.01(11) 10200. 

5-28 010 35.6 35° 6.35 NE226 B10 100 8.694.03(10) 8690. 

Oil 35 6 35° 6.35 NE213 None 20 3.384.02(10) 3380. 

012 35.6 35° 6.35 NE213 U 20 3.274.02(10) 3270. 

013 50.8 24° 6.35 NE213 U 50 9.484.03(10) 9480. 

01 } 50.8 24° 6.35 N5226 B10 100 1.234.01(11) 12300. 

*(, 



Table 2. 11 

SUMMARY OF BF    THERMAL SPECTRUM MEASUREMENTS 

Background Burst S M 
Date        Run Radiut       Angle Plug M»ec Monitor Monitor 

Ro 7"22 001 50.8 0 out 2.0      1.88±.01(10) i880 

„o 002 50.8 0 in 2.0      1.52±.03(10) 1520 

003 35.6 0° out 1.0      9.4 ±.2 (9) 940 

„o 
004 35.6             0 in 1.0 8.87 4.09(9) 887 

005 20.3              0° out 0.5 4.9 ±. 1 (9) 490 

006 20.3             0° in 0.5 4.4 ±.1(9) 440 

7-25         001 50.8 90° out 2.0 1.52±. 01(10) U20 

002 50.8 90° in 2.0 1.89±. 01(10) 1890 

7-26         003 50.8 90° out 4.5 3.10±. 01(11) 

004 35.6 90° out 1.2 i.lli.OlVO) mo 

005 35.6 90° in 1.2 1.21*. 01(10) 1210 

006 20.3 90° out 0.4 2.36±. 08(9) 

7-28         001 20.3 90° in 0.4 2.79±. 03(9) 279 

002 20.3 90° out 0.4 2.63±.07(9) 263 
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where L is the flight distance (cm),  t is in milliseconds,  and t   is the 

zero-time,  including any mean emission time and detection time delay. 

The counts are corrected for deadtime and the deadtime corrected back- 

ground is subtracted from the data.    The number of neutrons per eV is 

found from the relationship C(E)AE = C(t) At   where At    is the channel 
c c 

width.    Then C(E) is divided by S(E) = G(E) T(E), where G(E) is the in- 

trinsic detection efficiency already discussed and T(E) the flight path 

transmission.    We now have N'(E),  the number of neutrons per eV which 

would be incident on the detector if T = 1, versus E.    To normalize co 

the source intensity and the length of irradiation,  the published output 

is 

N(E)   =  Hi*?* (2. 3) 

where Mis a number proportional to the time-integrated irradiation (the 

fluence given by the sulfur pellet in the graphite experiment). 

In addition to the channel-by-channel reduced data,  the code 

groups and prints the average N(E) in several adjacent channels,  the 

first grouping to satisfy an energy resolution criterion specified by the 

experimenter.    This may be either AE/E = constant,  or AE/E propor- 
1/2 

tional to E       ,  which corresponds to the case when the time uncertainty 
-1/2 

At is fixed,   since the flight time t is proportional to E .    Further 

grouping is done if the average N(E) does not meet a second criterion, 

viz. the statistical error DELTA(N)/N less than a specified value.    The 

statistical error includes the statistical error in the background. 

The quantity of interest is the angular fluxj/)(r_,   E, ß),  the num- 

ber of neutrons at position r,  per eV,  per steradian,  per second,  which 
2 

cross a 1 cm    area perpendicular to the direction ft.    The number of 

neutron incident on   the detector (for T = 1),  per eV,  is 
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l
R//♦(£• E-S N'(E)   =   t   //0(r,E,n)di*iA (2.4) 

where t    is the run time.    The dependence on t    and on the source in- 
XV XV 

tensity S n/sec,  is removed by referring to the number of monitor 

counts 

M   =   kStR (2.5) 

where k is a calibration constant.    The angular flux can be removed 

from the integral by considering an average value,  and 

// 
diMA   =  -| TJAS (2.6) 

the geometrical factor discussed in Section 2.6 and listed in Table 2.7. 
2 

Final results for N(E) divided by (A /L )r\ A   are given in Appendix B. 
Q S 

Thus all experimental results are reduced to angular flux per unit sulfur 

monitor fluence. 
o 

The 0   fast neutron spectra are plotted in Fig.  2. 38 for the dif- 

ferent radii.    The boron detector spectra are not plotted because they 

must be corrected further for background,  as discussed later.    The 0 

thermal neutron spectra (BF^ detector) are plotted in Fig.  2. 29 and the 

90° spectra in Fig.  2. 30. 

The spectrum from 200 eV to 10 MeV at r = 20. 3 cm,   3C° is 

plotted in Fig.  2.31.    The spectra at r = 35.6 cm and the various angles 

are plotted in Fig.  2. 32 from 200 eV to 10 MeV,  except at 0°.    The high 

energy spectra at r = 50. 8 cm are similarly plotted in Fig.  2. 33. 

Additional measurements and discussion of all results are in- 

cluded in Section 6. 
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m 3.    DIEAWAY EXPERIMENT AND MEAN EMISSION TIME 

I 

In our large,   unpoisoned graphite stack,   the mean emission time 

(MET) of thermal neutrons is quite long.    For a pure fundamental mode 

the MET approaches,  at certain energies,  0. 15 times the neutron time of 

flight (T-O-F) for a 50-m flight path.    In off-center measurement positions 

the ratio can easily be as high as 0. 25 (cf.  Fig.   3. 1).    Thus a 10% error 

in the determination of the MET will result in an error of up to 5% in the 

neutron energy assigned to a certain time channel,   and the error further 

distorts the measured spectrum when reducing the data with a detector 

sensitivity curve shifted in energy.    (A 10% error in the determination of 

the MET is not unlikely since it changes very rapidly with energy, precisely 

in the . 1 eV region,   where MET/TOF is largest.)   For these reasons,  a 

careful determination of the MET was undertaken in the present experi- 

mental program.    As a byproduct,  information about the time spread of 

the neutron emission was obtained,   which was applied to evaluate the 

energy resolution of the measured spectra. 

The MET was determined at the positions of the T-O-F measure- 

ments by the following steps: 

1. Measurements of the neutron dieaway 

2. Approximate modal analysis of the results 

3. Evaluation of the absorption cross section 

4. Calculation of the slowing down time with the contin- 
uous slowing down model. 

5.      Calculation of the migration time (mean value and standard 
deviation) for the fundamental mode by the time moments 
method with the GATHER-II code (101 groups for energies 
from 1.55 eV down). 
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6.     Evaluation of the spatial dependence of the MET. 

3. 1   NEUTRON DIEAWAY MEASUREMENTS 

The time dependence of the thermal neutron population was mea- 

sured at the four locations in the graphite stack where neutron spectrum 

measurements were made (20. 3 cm,  35. 6 cm,  50. 8 cm,  and 66 cm 

radius).    The graphite stack setup was the same as for the 90    spectrum 

measurements.    In every case the detector was located against the bottom 

wall of the 3.81 cm diameter reentrant hole.    A block diagram of the 

% electronics used is shown in Fig.   3. 2.    The detector was a 0. 63-cm diame- 
235 

ter,  2. 5 cm active length fission chamber internally coated with U       .    It 
235 

is well known that the practical U        thickness limitation on these detec- , 

tors is imposed by the fission fragment range.    Even a "thick" 2 mg 
2 

U-Oft/cm    detector has a negligible effect due to self-shielding on the 

energy dependence of its thermal neutron sensitivity:    1% on radially inci- 

dent 0. 002 eV neutrons.    The discriminator was set in the valley in the 

pulse height spectrum between the noise and the fission fragment pulses. 

The time distributions of the pulses after the Linac burst,  obtained with a 

TMC 1024-cnannel analyzer,  are shown in Fig.   3,3.    Ten^jsec channels 

were used with a 10-^isec lapse between channels to allow for storage in 

the computer memory.    The time analyzer was started by the injector 

trigger of the Linac (t = 0),   coincident with the electron burst.    The lead- 

ing edge of the first channel occurs 18 ^xsec thereafter. 

The Linac pulse repetition rate was increased to 30 pps; in the 

thermal spectrum measurements it had to be lower to avoid pulse over- 

lap due to the long TOF of the lower energy neutrons.    In all the runs the 

electron burst width was very short,  20 nsec or less; the electron energy 

was the same as in the T-O-F runs,  28 MeV,  and the current was low 

enough to keep the deadtime count losses below 1% in all the time channels 

used for the decay constant computation. 
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A constant background for every run (which includes counts from 

neutrons from previous bursts) was determined at long times after the 

Linac pulse,  and subtracted from the data. 

3. 2    APPROXLMATE MODAL ANALYSIS OF THE RESULTS 

255 
The time distribution of the U        fission detector count rate 

C(t) = k   /ar(E)<p(E,t)dE- k'   J-<p(E,t)dE = k'n(t) (t) = k   /a£(E)<p(Eft)dE-k'   r^p(E, 

is .seen to be approximately (except for non 1   v behavior of    (E)) propor- 

tional to the thermal neutron population n(t).    The data were analyzed with 
(9) 

the code GAPS. The least-squares fit to 

C(t) =   C   e"Xt M. I, 
o 

resulted in the values shown in Table 3. 1 for >v.   its standard deviation 

".   and C   ,   for different ranyes of time after the Linac burst.    It is worth 
o 

noting that the \ valves in our experiment are well below [\Y\    .       2600 
-1(10) -1 (8) min 

sec ,   or even (v£) =   1000 sec      for graphite,       and that the waiting 
mm 

times after the Linac burst are safely above the recommended value of 
(12,13) 

2 msec. 

To thoroughly understand the position and time dependence of the w 

■, values,  a qualitative picture was drawn of the contributions of the first 

four "longitudinal" modes (those along the  1S2 cm axis),  according to tin« 

source and detector positions in the graphite assembly (see Fig.   3.4). 

Along the  112 cm axes,   the source and detector are centered,   so that onlv 

the fundamental and higher odd modes will be present. 

Tha constancy of \ in the 20. 3 cm radius position,  after 2. 8 msec, 

shows that only the first longitudinal mode is observed there at long times. 

Hence,  \, ..  (i.e.,  the value of \ for the  1 1 1 mode) is taken as (478. 4 i 1 . <) 
-1 

sec 
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Table 3. 1 

EXPONENTIAL FIT PARAMETERS FOR C(i) 

-1 

V* 

Position 
Time range 

msec 

\ 
-1 

sec 
-1 

sec 

k 

msec 
co 

20 . 3 cm, 90° 2.8 to 12 478.4 i. 3 2.090 7578. 

2.8 to 4.9 475.6 4.4 2. 103 7823. 

4.9 to 7.8 460. b 5. 1 2. 171 6818. 

7.8 to 12. 481.1 7.6 2.079 7692. 

35 , 6 cm, 90° 3.  to 12. 452.7 1.2 2.209 11745. 

3.  to 4.8 428.2 4.8 2. 336 10635. 

4.8 to 7.4 444.2 5.4 2.251 11390. 

7.4 to 12. 483.0 4. 3 2.070 15093. 

50 . 8 cm, 90° 5.5 to  12. 453.6 1.6 2.204 27431. 

5.5 to 7. 6 424.5 5,7 2. 35b 22748. 

7.6 to 9. 6 459.0 6. 5 2. 179 29145. 

9.6 to 12. 488.4 9.4 2.048 38h05. 

66 . 0 cm, 90° 5.8 to 11.2 433.2 2.2 2. 308 17309. 

5.8 to 8.2 411.4 5. 1 2.431 14961. 

8.2 to 11.2 444.5 6.4 2.250 19135. 

This value,  with the X     and £    calculated as described in Section 
tr a 

3. 3,   results in 

(K 111J 

<>-211» 

u 311' 

(>-411> 

-1 
I 
-1 

-1 

-   1 

2. 09 msec 

1. 37 msec 

0.87 msec 

0. 57 msec 

(X131)~ = 0. 58 msec 

(X23i) = 0. 51 msec 

(\331)~    = 0.42 msec 

U431)1 = °'34 mSeC 

(\MJ"    = 0. 34 msec 
-1 

(*233)      = 0. 31  msec 

(\333)~    a 0.28 msec 

(X433)      = 0. 24 msec, 

where the first subindex corresponds to the longitudinal mode. 
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The preceding qualitative and numerical information suggested 

analyzing the dieaway at 35. 6 cm,   50. 8 cm,  and 66. 0 cm radius in terms 

of two longitudinal (z-axis) modes, thus 

"^111* '^211* 
n(z,t)=cH1e cos Bulz +c2Ue cosB^z        (3.2) 

where B. .. and B~.. are the square-roots of the buckling for the two 

modes (calculated from the extrapolated dimensions).   At 35. 6 cm and 

50.8 cm the dieaway eventually reaches the fundamental (first) mode and 

the coefficient c     . can be evaluated.    Subtracting the counting rate that 

follows the first mode decay from the total counting rate at early times, 

we can evaluate c? ...    Then at intermediate times the difference between 

the measured counting rate and that calculated from Eq.   3.2 is a measure 

of the accuracy of the two-mode description.    Table 3.2 gives the results. 

The measured counting rates at each radius are normalized for convenience. 

The differences between calculated and measured values are sufficiently 

small to indicate the adequacy of the two-mode analysis for times greater 

than 3 msec (35.6 cm) or 5.5 msec (50.8 cm). 

At 66.0 cm the dieaway reached background before the pure first 

mode was established.    In this case the separation into modes was accom- 

plished by taking c?. . /c..    =   0. 50,  the same as at 35.6 cm.    (The ratio 

should be constant,  but at 50. 8 cm it was 0. 46,   since the two-mode 

description is not exact.) 
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Table 3. 2 

COMPARISON OF TWO-MODE DESCRIPTION OF THERMAL NEUTRON 
POPULATION DIEAWAY WITH MEASURED VALUES 

R = 35.6 cm 
1st and 2nd Difference 

Time (msec) Measured First mode Second mode modes % 

3.0 65.8 76.2 -10.7 65.5 0 

4.8 29.9 - - 29.5 -1 

7.4 9.4 - - 9.0 i      -4 

12.0 1.00 - - 1.03 3 

R = 50. 8 cm 
1st and 2nd Difference 

Time (msec) Measured First mode Second mode modes % 

5.5 19.8 22.8 -3.0 19.8 0 

7.6 8. 1 - - 7.85 -3 

9.6 3.23 - - 3.08 -5 

12.0 1.00 - - 1.00 0 

R = 66. 0 cm 

Time (msec) Measured First mode Second mode 
1st and 2nd 

modes 
Difference 

% 

5.8 10.2 12.5 -2. 3 10.2 0 

8.2 3.82 m 3.62 -5 

11.2 1.00 - - 0.92 -8 

3. 3     EVALUATION OF THE ABSORPTION CROSS SECTION 

As usual,  the absorption cross section of the graphite could not 

be computed to the needed degree of precision from chemical analysis. 

It was therefore calculated from the expression for the fundamental mode 

decay constant A. on pages 215 and 220 of Ref.   (14). 

Ill 
vL   + (Dv)    B2 - CB4 + FB    + . (3.3) 
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t 

where: 

Z 
B    is the geometrical (fundamental mode) buckling, 

C is the diffusion cooling constant, 

F is the coefficient of the third degree term in the poly- 
nomial approximation for A        =L   (B  ), 

vS   is the average value of the product vL,  which is in- 
dependent of the spectrum unless Ea does not depend on 
energy as 1/v, 

(Dv)0 is the average value of the product Dv for a Max- 
wellian neutron distribution with a temperature equal to 
the temperature of the moderator. 

A = 478. 4 ±  1.3 sec"    (from Section 3. 2). 

-3 
The density of our graphite was taken to be (1.66) gem     ,  and the 

o - 5-1 
measurements were made at 25  C,  i. e.,  for v = 2. 50 x 10    cm sec 

A value of A      - 2. 50 rn was used,  obtained by reducing to the 

density of our graphite the average of Tables 3. 10 and 3. 12 of Ref.  (15). 
2 -2 

From this extrapolation distance € = 1.77 cm,  and B    = .001890 cm     . 

Then,  using the values appropriate to our temperature,   density,   and 

buckling range, 

1. L    = (38. 2 ± 2.5) x 10"5 cm'1 with (Dv")    and C from 
a o 

the three parameter analysis of Ref.   12. 

2. E    = (38.2 ± 2.5) x 10"5 cm"1 with (Dv)  ,   C and F 
a o 

from the four parameter analysis of Ref.   12. 

3. E    = (39.2 ± 1.5) x 10"5 cm"1 with (Dv")    and C from 
a o 

the three parameter analysis of Ref.   13. 

A value of L    = (38. 8 ± 2. 5) x 10"    cm"    was chosen.    (Note that with the 
a 

value of D - 0. 833 cm,   this corresponds to a diffusion length L = 46. 4 cm. 

At 0. 025 e V, a    - 5. 3 ± 0. 4 mb compared to pure carbon a    ~ 3. 4 ± 0. 2 mb. 
a a 

The difference may be explained by 0. 25 mb absorption due to nitrogen in 

the pores,   0. 85 mb from 1 ppm boron,  and about 0. ID rnb equivalent from 

neutrons absorbed in the target. 
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3.4   CALCULATION OF THE SLOWING-DOWN TIME 

In the energy region well above thermal,  where no upscattering 

is possible,  the leakage effect was neglected for the calculation of the 

slowing-down time.    This is a usual and justified assumption,   since for 

carbon and for our fission-type source spectrum: 

1. There is practically no inelastic scattering below 4.43 
MeV,   the first excited state of C12 (the first excited 
state of C13,   i. 11% in abundance,  is 3.09 MeV). 

2. Since a = 0.716 all neutrons which have slowed down to 
energy E have at least suffered (except for inelastic scatter- 
ing) one collision at an energy E' £ E/a < 1.4 E; and since 
the cross sections are very smooth below 2 MeV down to 
the thermal region,  the leakage probabilities do not vary 
appreciably within all the possible histories which can lead 
a neutron to have energy E. 

Hence,  the average time for a neutron to slow down to energy E 

is not affected by the dimensions of the graphite stack to a good approxi- 

mation. 

The mean slowing-down time was calculated then for pure elastic 

scattering in an infinite medium with the formula from page 172 of Ref.  (14) 

with a correction for the velocity  vn corresponding to the average neutron 

source energy,  taken as 2 MeV: 

(A+2)    (l     J_\ 
<tE>=^rlr-rl 0.4) 

where E    is the average macroscopic scattering cross section, 
s 
The value of the ratio of the standard deviation of t     to <t   > is 

independent of E.    From the same source: 

<tE> 

(A+4)(A+|) 

L   (A+2)2 
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'-&&■****,■>**»>. 

For graphite, a/<t >  =0-185 gives a measure of the relative dispersion 

in the time of moderation to energy E. 

The calculation with Eq.  (3.4) was performed for the energy range 

between the average source energy (2 MeV) and the source energies for 

the GATHER!? calculation discussed in Section 3. 5. 

Estimated ranges for systematic errors are as follows: 

Above   1 MeV ± 100% 

0. 5 MeV ±    50% 

0. 25 MeV ±    25% 

0. 1 MeV ±    15% 

30 keV ±    10% 

10 keV ±      8% 

3 keV ±      5% 

Below   1 keV *      3% 

In the first few values,  the main source of error lies in not 

having considered the energy distribution of the source neutrons.    In 

the others, the error is attributed to the uncertainty of the Z calculation. 

| However,  the mean emission time in this range is small compared to the 

l>" time-of-flight (cf.   Fig.   3. 1),  and there are other more important sources 

of error. 

I 3.5   CALCULATION OF THE MIGRATION TIME FOR THE 
I FUNDAMENTAL MODE 

The principles of the time moments method for the calculation of 

migration time8 are described elsewhere. The code GATHER-II, in- 

corporated into the code GGC-II, was used to calculate the neutron 
2 

flux and its first and second time moments, <t> and < t >,  as a function 

of energy,  in the P0 approximation.    The code worked on 101 energy points 

from 1.55 to 0.001 eV with cross sections from the "3E 92PT GASKET" 

tape for: 
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i.     Graphite at 300 K (the temperature in our experiment 
was actually 298. 2°K) including scattering data from 
Ref.  (18). 

2.     A 1 /v absorber,  no scattering,  to account for the excess 
of a    for the graphite used in the measurements over aa 

for graphite in the tape.    The energy dependence of the 
different values of aa was taken into account.in assigning 
an atom density to this absorber. 

2 -2 
The buckling B    = 0.001890 cm      (from Section 3.3) was used.    The 

source term was calculated by the code, assuming a 1/E epithermal flux. 

No appreciable difference in computer running time was observed when 

using a flux guess cp =   1 or the output of a previous similar problem. 

The first time moment calculated by the code,   plus the slowing- 

down time to the source energy,   is the MET as a function of energy for the 

fundamental mode.    Sin^s the source is spread over several energy groups 

between 1. 55 and 1.15 eV   *s QJ (1.55 eV) a weighted average of the corres- 

ponding mean slowing down times.was used. 
/    2 2 

= /<t  > - < The standard deviation of the emission time, a       =/<t  > - < t> 
5m 

and the ratio of the standard deviation to the MET and TOF was determined 

for a few energy values with the results shown in Table 3.3.    The high 

values of this ratio in the 0.15 eV region seriously limit the energy resolu- 

tion in that area.    However,  this only happens to such a degree in 

unpoisoned graphite measurements,   and then the spectrum is smooth. 

Obviously,  when a. poison is present,  the emission time,  and hence a  are 

very much shortened; and for a fixed flight path length a       /TOF is smaller 

and the energy resolution considerably improved. 
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Table 3. 3 

STANDARD DEVIATION OF THE EMISSION TIME 
FOR THE FUNDAMENTAL MODE 

& Energy 
eV 

0.0022 

0.010 

0.095 

0. 130 

0. 150 

0. 170 

0.200 

0.245 

0.305 

0.995 

em 
msec 

2. 16 

2. 07 

1. 93 

1. 82 

1. 72 

1. 58 

1. 31 

0. 84 

0. 374 

0. 005 

em MET 

0. 77 

0. 84 

1. 18 

1. 38 

1. 55 

1. 78 

2. 24 

3. 21 

3 91 

0. 18 

CJ em; TOF 

.028 

.058 

. 168 

. 184 

. 187 

. 184 

. 164 

. 117 

.058 

.001 

3. b   SPATIAL DEPENDENCE OF THE MEAN EMISSION TIME 

Before choosing the method for describing the spatial dependence 

of the MET,   let us consider the consistency of the two sets of data available: 

1. The "calculated" ^ t> as a function of energy from the 
GATHER-II code,   as discussed in Section 3. 5.    These 
values are based on the geometrical buckling in the 
fundamental mode of our graphite stack,  and on a 
£a resulting from the measured dieaway constant >.| j j, 
as discussed in Sections 3. 2 and 3. 3.    It should be 
recalled that GATHER-II is an infinite-medium code, 
and it furnishes the flux and its time-moments for a 
pure spatial mode in the P   approximation. 

2. The "measured" time-dependent flux,   energy-integrated 
by the detector,  as a function of position. 

In order to compare the two sets of data,  the "calculated" first 

time moment (the MET) was averaged in energy with the corresponding 
235 

flux calculated by GATHER-II,  multiplied by the U fission cross section 
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as the weighting function.    The resulting energy-averaged MET is given 

in the first line of Table 3. 4.    The following four lines show the effect on 

the energy-averaged MET of varying several parameters in its 

calculation. 

The "measured" energy-averaged MET (also designated by <MET>) 

for each of the four detector locations includes contributions from several 

spatial modes.    The values listed in Table 3.4 were computed by properly 

integrating the time distributions plotted in Fig.   3. 3.    In the last line of 

the table,  the value of (\       )      is considered to be the < MET> for a pure 

fundamental mode. 

There is a discrepancy of 7% between the 1. 95 msec from the first 

line of the "calculated" <MET> and the 2. 09 msec of the last line for the 

"measured" <MET>.    Several possible reasons for the discrepancy were 

investigated: 

1. It would be inconsistent to use the graphite absorption 
cross section from the "BE 92P7 GASKET" tape, 
instead of the diffusion-cooling corrected cross sec- 
tion as measured in our stack.    However,   it is worth 
noting that if the GASKET cross section were used, 
it would bring the "calculated" value to1 within 1% 
of the "measured" value. 

2. A reduction in the buckling of 1% (corresponding to in- 
creasing all three extrapolated dimensions of the stack 
by 0. 5 cm) would incrc ase the "calculated" value by 
only 1%. 

3. A reduction of the diffusion coefficient by 1% would 
have the same effect. 

4. Use of cp(E)v      as weighting function instead of the 
proper one would increase the "calculated" value 
by 1%. 

Examination of the dieaway experiment showed that: 

1.     As explained in Section 3.1,  the self ^shielding effect 
of the detector is negligible. 
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Table 3. 4 

MEAN EMISSION TIME VALUES AVERAGED IN ENERGY 

"Calculated" Values,  Integrated from GATHER II MET(E) Plus Slowing 
Down Time (Fundamental Mode) 

B2(cm"2) 
j   (.025 eV) (mbarn) 

Weight function <MET>   (msec) 

.001890a 5.33a ?(E)a£(E) 1.95 

.001890a 4.65b 9(E)af(E) 1.99 

.001890a 3.42C cp(E)af(E) 2.07 

.001875 3.42C cp(E)af(E) 2.09 

.001890a 4.65b cp(E)v-l 1.97 

"Measured" Values,  Integrated from the Time Distribution of Pulses 
(Die Away Measurements) 

Position 

R = 20. 3 cm 

R a 35. 6 cm 

R as 50. 8 cm 

R = 66. 0 cm 

Modes contributing (cf.  Fig.  3.3)      <MET(R)>   (msec) 

Odd modes 

All modes 

All modes 

All modes 

Pure fundamental mode: X    ) -1 

1.99 

2.36 

2.87 

3.36 

2.09 

Measured value 

Measured value,   not corrected for diffusion cooling 

From BE 92 PT GASKE^ tape 
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2. The uncertainty in the position of the detector has a 
negligible effect on the fundamental mode dieaway con- 
stant determination (see Section 3.Z). 

3. About 7% of the neutron captures in the graphite stack 
occur in the target assembly (see Section 6. 2) but 
the effect of this extra absorber is already taken into 
account in the calculations in a first approximation. 
In fact, £    results from a measurement made in the a 
stack as it is. 

As a consequence of this analysis,   we believe the small discrepancy be- 

tween the two values can be attributed to: 

1.      The use of (X,       )      as the "measured" value of the 
c> METN  for a pure fundamental mode.    This is 
equivalent to assuming that such a mode is excited 
for thermal neutrons instantaneously after the 
Linac burst: 

00 

/ 
••F,n(t)t dt 

. MET>m 

i ?,i,(t) dt 111 

"' 1111 t dt 
e 

/ 

_/ 1 1 ll    , MI 
e dt 

  (3.6) 
A. 

Note that by extrapolating cp(t) for t -»  0 in the r -  20. 3 cm data,  it can be 

estimated that 

^ MET>U1 *   1.02 (Xni)"1 (3.7) 

Actually,   the asymptotic value (2.09 msec),   measured after thermalization 

has been completed,   is not the same as the GATHER-II "calculated" value, 

which includes a contribution from epithermal neutrons (from the slowing- 

down source),  and which decreases the energy-averaged MET. 
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2.      The approximate nature of the models used to compute 
I)    from X i i i and to calculate the time-moments with 
GATHER-II. 

Since a more exact analysis would be time-consuming,  and since 

| our primary purpose was to obtain a fairly small correction to time-of- 

'}*' flight data,   we decided to normalize the MET values from GATHER-II to 

I the experimental values for the different measurement positions.    Assum- 
jjk 

ing space-energy separability,  this also counts for the spatial dependence 

of the MET. 
2 

It was observed in a GATHER-II calculation for B    = 0 that the 
2 -2 

MET does not differ appreciably from the B   =   .001890 cm      values above 

0. 5 eV.    Hence,  the correction for position-dependence was made only for 

energies below 0. 5 eV.    (MET =   0, 04 msec for that energy.)   A linear 

correction was made: 

MET(E, R)   =   0. 04 msec + [MET(E,   GATHER-II)-0. 04 msec J* MET(R)> 
i.yDmsec 

(3.8) 

with^.MET(R)> from Table 3.4.    The resulting MET(R, E) values are 

compiled in Table 3. 5 (where the first four lines are written in the usual 
6 

floating point notation,  e.g.,  + 06 means 10  ). 

The systematic errors of MET(R, E) are estimated to be within 

± 8%.    This accounts for the observed difference between "calculated" and 

"measured" < MET>   for the fundamental mode and for the error resulting 

from detector positioning which is at most ± 3%; and for the assumed 

space-energy separability.    The resulting relative errors in the neutron 

energy are not larger than 2. 2% in the 20. 3 cm,  and 3. 2% in the 50. 8 cm 

radius position; and this for the energy of the most unfavorable MET/TOF, 

which is approximately 0. 1 eV (see Fig.   3. 1). 

The energy resolution limitation of these thermal spectrum mea- 

surements in unpoisoned graphite is mainly due to the standard deviation 

of the emission time as discussed in Section 3. 5. 
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Table 3. 5 

MEAN EMISSION TIME AS A FUNCTION OF 
NEUTRON ENERGY FOR THREE DIFFERENT POSITIONS IN 

THE THERMAL SPECTRUM GRAPHITE STACK 

E(eY) 
METImiec) 

2. 
0.0 

4-06 
-06 

1. 
14.6 

+06 
-06 

5. 
29.8 

♦05 
-06 

2.5 
42.4 

♦05 
-C6 

1. 11 
67.6 

+05 
-06 

6.25        +04 
92.1          -06 

4. 
116. 

E(*V) 
MET(ma«cl 

2.78 
138. 

♦04 
-06 

2.04 
162. 

♦ 04 
-06 

1.56 
186. 

+04 
-06 

1.233 
215. 

♦04 
• 06 

1. 
235. 

♦ 04 
-06 

6.95        +03 
282.              -06 

5.1 
332. 

E(«V> 
MET(miK) 

3.91 
377. 

+03 
-06 

3.09 
426. 

♦03 
-06 

2.5 
475. 

-03 1.6 
608. 

♦03 
-06 

1.11 
717. 

+03 
-06 

816. 
841.              -06 

625. 
961. 

E(.V) 
MET(maec) 

494 
1086. -06 

400. 
1201. -06 

330. 
1327. -C6 

278. 
1452. -06 

237. 
1577. -06 

204. 
1692. 

156. 
.00193 

E(aV) 
MET(mi«c| 

123.3 
.00218 

100. 
.00242 

69.5 
.00291 

51. 
.00341 

39.1 
.0039 

30.9 
.00439 

25. 
.00487 

E(.V) 
MET(mitc) 

16. 
.00609 

11. : 
.00731 

8.16 
.00853 

6.25 
.00976 

4.94 
.01098 

4. 
.0122 

3.3 
.01342 

E(eV) 
MET(meec) 

2.78 
.01464 

2.37 
.01587 

2.04 
.01709 

l.SS 
.0214 

1.45 
.0222 

1.36 
.0231 

1.28 
.024 

E(«V) 
MET(maee) 

1.21 
.0249 

1. 15 
0258 

1. 1 
.0266 

1.06 
.027 

1.03 
.0274 

1.01 
.0276 

.995 

.028 

E(«V) 
MET(tnacc) 

.98 

.0282 
.965 
.0284 

.95 

.0287 
.935 
.0289 

.92 

.0291 
.905 

0294 
.89 
.0297 

E(eVJ 
MET(ma«cJ 

.875 

.0299 
.86 
.0302 

.845 
0305 

.83 

.030« 
.815 
.0312 

.8 

.0315 
.785 
.0318 

E(«VJ 
MET(maec) 

.77 
0322 

.755 

.0325 
.74 
.0329 

.725 

.0333 
.71 
.0337 

.695 

.0342 
.68 
.0346 

E(.V) 
MET(mi«| 

.665 

.0351 
.65 
.0356 

.635 

.0361 
62 

.0366 
.605 
.0372 

.59 

.0377 
.575 
.0383 

E(.V) 
MET R-20.3 cm(miec) 
MET R-35.6 cm(miic) 
MET R -50.8 cmlmiici 

.56 

.0390 

.0390 

.0390 

.545 

.0397 

.0397 

.0397 

.53 

.0404 

.0404 

.0404 

.515 

.0411 

.0411 

.0411 

.5 

.042 

.0423 

.0428 

.485 

.0429 

.0434 

.0442 

.47 

.0439 

.0447 

.0457 

E(«V) 
MET R-20.3 cm(mtec) 
MET R-35.6 cm(meec) 
MET R - 50. 8 cm|mi«c) 

.455 

.0451 

.046 

.0473 

44 
.0463 
.0475 
.0491 

.425 

.0477 

.0492 

.0512 

.41 

.0494 

.0511 

.0536 

.395 

.0514 

.0536 

.0565 

.38 

.0541 
.0568 
.0604 

.365 

.0577 

.0611 

.0656 

E(eV) 
MET R-20.3 cm(maec-) 
MET R-35.6 cm|mi«c) 
MET R = 50.8cm(maac) 

.35 

.0627 

.0669 

.0728 

.335 

.0695 

.075 

.0826 

.32 

.0794 

.0868 

.0969 

.305 

.0937 

.1037 

.1176 

.29 

.1144 

.1283 

.1476 

.275 

.1443 

.1638 

.1908 

.26 

.1866 

.214 

.2519 

E(eV) 
MET R-20.3 cm(ma«c) 
MET R - 35. 6 cm(mnc) 
MET R- 50.8 cm(miec) 

.245 

.246 

.284 

. 337 

.23 

.324 

.377 

.45 

.215 

.425 

.497 

.596 

.2 

.545 

.64 

.771 

.19 

.638 

.75 

.904 

.18 

.734 

.864 
1.043 

.17 

.836 

.985 
1.19 

E(«V) 
MET R« 20.3 cm(mitc) 
MET R- 35.6 cm|mnc| 
MET R- 50.8 cm(maec) 

. 16 

.940 
1.108 
1.341 

.15 
1.045 
1.233 
1.493 

.14 
1. 148 
1.356 
1.642 

. 13 
1.249 
1.476 
1.788 

.123 
1.313 
1.552 
1.88 

.116 
1,379 
1.63 
1.976 

.109 
1.441 
1.703 
2.065 

E(eV) 
MET R-20.3 cm(maec) 
MET R - 35. 6 cm(muc) 
MET R» 50.8 cm(maec) 

. 102 
1.502 
1.776 
2. 153 

.095 
1.56 
1.844 
2 236 

.088 

. 1617 
1.913 
2.32 

.081 
1.673 
1.979 
2.4 

.074 
1.727 
2.042 
2.478 

.067 
1.781 
2.107 
2.557 

.06 
1.834 
2.17 
2. 633 

E(eV) 
MET R-20.3 cm(maac) 
MET R- 35.6 cm(maac) 
MET R- 50.8 cm(maec) 

.055 
1.872 
2.215 
2.687 

.05 
1.911 
2.261 
2.744 

.045 
1.954 
2.312 
2.805 

.04 
1.997 
2.363 
2.868 

.035 
2.045 
2.421 
Z.938 

.03 
2.098 
2.483 
3.014 

.025 
2.156 
2.552 
3.097 

E(eV) 
MET R - 20.3 cmlmuc) 
MET R- 35.6 cm(miec) 
MET R- 50.8 cm(niHc) 

.02 
2.222 
2.63 
3. 193 

.016 
2,281 
2.701 
3.279 

.013 
2.326 
2.754 
3.343 

.01 
2.405 
2.848 
3.458 

.008 
2.461 
2.914 
3.539 

.007 
2.491 
2.949 
3.582 

.006 
2.534 
3.001 
3.644 

E(tV) 
MET R ■ 20. 3 cm(maac) 
MET R - 35.6 cm(meec) 
MET R - 50.8 cm(maoc) 

.005 
2.567 
3.040 
3.692 

.004 
2.604 
3.084 
3.746 

.003 
2.67 
3. 162 
3.841 

.0022 
2.744 
3.251 
3.948 

.0015 
2.407 
2.85 
3.461 

.001 
2.485 
2.942 
3.573 
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4.    ACTIVATION EXPERIMENT 

4. 1     INDIUM FOIL TRAVERSES 

Indium foils,  bare and cadmium covered, were irradiated in the 

graphite assembly to determine the spatial distribution of the thermal and 

resonance neutron flux.    The buckling and approximate values of the ther- 

mal diffusion length and the neutron age were also derived.    Gold foils 

were exposed at one point and analyzed by E. G.  and G.  to give the abso- 

lute magnitude of the thermal neutron flux. 

The indium foils used were those numbered 23 through 157 in the 

Linac foil set.    The foils are of an indium aluminum alloy which contains 

12.7 ± 2*   weight percent indium.    Each foil is 0. 0254 ± 0. 000762 cm 

thick by 0. 635 ± 0. 00508 cm in diameter (specified by the supplier, 

Dresser Products,  Inc.,  Great Barrington,  Massachusetts) and has a 

mass of about 0. 0220 ± 0. 0008 gm     (This number was not calculated but 

estimated from a table of foil weights which is in the possession of J.  M. 

Neill of General Atomic. ) Because of the consistency of the foil masses, 

no weight corrections were made to the counting data. 

The cadmium covers were 0.9525 cm diameter by 0.05588 cm 

thick.    Each cover consisted of a cup,  with a slight indentation to hold 

the foil,  and a flat cover.    The bare,  or uncovered,  foils were placed 

between aluminum discs to avoid contamination of the foils by the cello- 

phane tape used to hold them in place (Scotch Magic Tape). 

A plan view of the graphite stack showing the locations at which 

the flux was mapped is shown in Fig.  4. 1.    In the Z direction a 3. 81-cm 

diameter hole was drilled and cylindrical graphite plugs 10. 16 cm long 

were made to slide in this hole.    Indentations 0. 95 cm in diameter and 
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Fig.  4. 1--Indium foil locations 
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0. 318 cm deep were machined in the center of one face of each plug to 

hold the foils and their covers.    During each irradiation the separation 

between foils was at least 10. 16 cm.    A 5. 08 cm long cylindrical spacer 

was placed in one end of the hole on alternate runs so the neutron distri- 

bution could be mapped at 5.08 cm intervals. 

For the AA and BB horizontal traverses,   10. 16 cm cubes,  with 

an indentation machined in one face to receive the foils,   were used.    These 

blocks were slightly undersized so they would slide through the stack and 

could be loaded simply by pushing one in after another.    A spacer 5. 08 cm 

thick was also available so the distribution could be mapped at 5. 08 cm 

intervals. 

A 2. 461 cm diameter graphite rod was made to fit in a vertical 

hole through the center of the stack.    The foils were placed in 0. 318 cm 

slots milled in the rod at 10. 16 cm intervals as shown in Fig.  4. 1.    For 

one run,   the first slot was 2. 54 cm from the bottom of the graphite block; 

for the succeeding irradiation the rod was turned over so that the first 

foil was 6. 985 cm from the bottom.    In this way the vertical distribution 

was mapped an approximately 5 cm intervals. 

For all runs the foils were exposed for ten minutes as measured 

by a stop watch.    The Linac was operated at 28 MeV with a beam current 

of 400 mA,   7. 5 pulses per second,  and a burst width of 0.2 |jsec.    Copper 

and indium foils were placed in reproducible positions during each run as 

flux monitors.    The indium monitors were used to normalize each run 

rather than the copper because of the higher counting rates obtained. 

After irradiation each foil was placed in a numbered plastic vial 

1. 59 cm diameter by 2, 54 cm tall and counted in either a 5. 08 x 5. 08 cm 

Nal well crystal or on a 5. 08 x 5. 08 cm solid Nal crystal.    In the latter 

case a plastic collar was fitted over the crystal to hold the vial,   so that 

each could be counted in reproducible geometry.    The bias on each counter 

was set at about 350 kilovolts (well crystal) or 200 kiiovolts (solid crystal). 

The average background of the flat crystal was about 380 counts per 
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minute with the Linac on and  100 cpm with it off.    The indium monitor 

toils were counted several times with each counter to establish a ratio 

so that all counts could be normalized to the well counter«    Each foil was 

counted at least twice for one minute intervals.    The data for each foil 

were then corrected for decay using a half-life of 54.42 minutes (John 

Neill's decay tables),  averaged to give a single count for each foil,   cor- 

rected to a common counter,  and corrected by the monitor foils to give 

the flux distributions. 

Most of the activations resulted in counting rates greater than 

10, 000 cpm,   giving better than 1% statistics.    However,   some of the 

counts,   particularly for the cadmium-covered foils far from the source, 

had higher errors.    Some typical errors,   representing one standard de- 

viation,   as calculated from counting statistics alone are given with the 

data tabulated in Table 4. 1 to 4. 4.    The data are plotted in Figs.  4. 2, 

4. 3,  and 4.4,   except for the BB horizontal traverse which had poor statis- 

tics in the cadmium-covered activity. 

The good cadmium-covered indium data were plotted against the 

square of the distance from the source,  on semilog paper.    A straight 

line was drawn through the points at intermediate distances from the 
2 

source.    An age of 303 cm    was obtained from the slope.    This may be 
2 

compared with an age of 294 cm    for fission neutrons derived from ad- 

justing to 1. 65 g/cm    density the age reported on page 128 of Ref.   15. 

Both horizontal and vertical traverses were taken to test for the 

possibility of a perturbation due to the heavy support table.    However, 

both thermal (subcadmium) flux traverses are symmetrical and can be 

fitted with a cosine using an extrapolation distance of 1.77 cm from 

Section 3. 3.    The transverse buckling so obtained is then 

B|-2 (ill.76+2(1.77))     "    l.*H4xlO'3cm-2 

Although the experiment was not designed for a precision measure- 

ment of the diffusion length,   it is interesting to calculate an approximate L 
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Table 4. 1 

INDIUM HORIZONTAL TRAVERSE (AA) 

Distance From 
center  (cm) 

Bare Foil 
Counts /min. 

Cd-Cove red 
Counts/min. 

Cadmium 
Difference Ratio 

5. 08 

10. 16 

15. 24 

20. 32 

25. 40 

30. 48 

35. 56 

40. 64 

45. 72 

50. 80 

55. 88 

81719 

236090 ± < 1%     86367 ± < 1% 

228000 76055 

200390 

167617 

147706 

125870 

92376 

68365 

68512 

51672 

39997 

25864 

22247 

16500 

44309 ±~ 1.5%     9298 

24480 5502 ±-3% 

7256 1000 

149733 2.74 

151945 3.00 

131878 2.94 

115845 3.24 

107709 3.70 

100006 4.85 

70129 4.15 

51865 4. 14 

35011 4.77 

18978 4.44 

6256 7.3 
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Table 4. 2 

INDIUM HORIZONTAL TRAVERSE (BB) 

Distance From 
center (cm) 

Bare Foil 
Counts/min 

0 72673 

5. 08 68816 

10. 16 67245 

15. 24 65232 

20. 32 63747 

25. 40 58893 

30. 48 54216 

35, 56 48246 

40. 64 41679 

45. 72 33392 

50. 80 25918 

Cd-Cove red 
Counts/min.        Difference      Cd Ratio 

7913 

5493 

5841 

3189 

3154 

1646 

1101 

927 

212 

770 

60903 8.70 

61752 12.24 

59391 11.17 

60558 20.09 

55739 18.67 

52570 32.94 

47145 43.82 

40752 44.96 

33180 157.51 

25148 33.66 

55.88 
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Table 4. 3 

INDIUM VERTICAL TRAVERSE 

Distance From 
Bottom of Stack 

(cm) 
Bare Foil 

Count/min. 

18044 

Cd-Covered 
Counts/min. 

3609 

Difference 

14435 

Cd Ratio 

2.54 5.0 

6.98 6567 

12.70 53667 13573 40094 3.96 

17.14 79691 14652 65039 5.40 

22.86 94650 25950 68700 3.65 

27.30 131482 35914 95568 3.66 

33.02 150191 48069 102122 3.13 

37.46 175584 66642 108942 2.64 

43.18 198615 76684 121931 2.59 

47.62 210226 81244 128982 2.59 

53.34 216812 88472 ± < 1% 128340 2.46 

63.50 216628 86039 139589 2.52 

67.94 204073 73009 132064 2.81 

73.66 165805 58766 107039 

78.10 157463 45813 37471 

83.82 119837 35590 84247 3.37 

88.26 104619 22289 82330 4.70 

93.98 70222 14905 55317 4.70 

98.42 59400 10203 49197 4.70 

104.14 31859 ±~ 1. 5% 4617 ± 3 .5% 27242 6.90 

108.58 18422 3585 14837 5.10 
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Table 4. 4 

INDIUM Z DIRECTION TRAVERSE 

Distance From 
Center of Source Bare Cd-Covered 

(cm) Counts /min. 

199,913 ± < 1% 

Counts /min. 

64,605 ± < 1% 

Difference 

135,300 

Cd Ratio 

25.40 3. 1 

30.48 170,960 45, 141 125,820 3.8 

35.56 Au Foil 

40.64 96,127 20,510 75,617 4.7 

45.72 85, 090 12,052 73,040 7. 1 

50.80 60,907 7,011 53. 896 8.6 

55.88 47,915 6,741 41,174 7.1 

60.96 31,555 3,976 27,579 7.9 

66.04 31,490 2,470 29. 020 12.8 

71.12 22,647 1,208 21,439 18.8 

76.20 16,341 1,551 -i~ -4% 14,790 10.5 

81.28 11,798 424 11,374 27.8 

86.36 8,459 691 7,768 12.2 

91.44 4,075 204 3,871 19.8 

96.52 2, 575±~ 2.5% 245 ±~ 10% 2,330 10.5 
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from the data available.    The thermal neutron flux not too near the source 

should be fit by 

<pth(z)   =  «,o(z)e-V2 [l.e-2^-z)] (4.1) 

where the factor in brackets is the end correction and c the boundary 

in the Z-direction.    The diffusion length is related to -y by 

1 2 2 
-T  =   V    -Bf (4.2) 
i/ X 

As a first trial the points far from the end were fit to an exponential to 

get a trial v.    The points were then corrected by the factor in brackets 

and refit by a single exponential to give v = 0. 04582 cm    ,  hence 

Lxi 40 cm.    However,   1/L    is a small difference between two large 

numbers.    A diffusion length of 50 cm would be obtained if v were only 

6% smaller. 

Bare and cadmium-covered gold foils were exposed for ten min- 

utes during two of the indium foil runs at a position 35. 56 cm from the 

source in the Z direction.    The foils were analyzed by E.G.  and G for 
10 

the absolute neutron fluence.    The results are bare foil,   1.00 ±0.01 x 10 
2 8 2 

n/cm  ,  cadmium-covered foil,   9.6 i 0.2 x 10    n/cm  .    Fora 10-minute 

exposure this corresponds to a thermal neutron flux of 1. 507 x 10    n/cm   - 

sec.    The absolute thermal neutron flux was then inferred from the fit to 

the indium foil distribution (Eq.  4. 1),  and tabulated in Table 4. 5.    However, 

the point at 20. 32 cm lies below the fitted curve.    Recommended values 

are listed in the third column. 

The nan in which the absolute thermal flux was measured was 

monitored with sulfur pellet 7S49.    In order to improve counting statistics, 

this pellet was irradiated in three more ten-minute runs on 7/22/66.    The 

neutron yield,  as monitored by individual In-Al foils for each run,  varied 
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Table 4. 5 

THERMAL NEUTRON FLUX 

Distance From 
$,(n/cm  -sec) 

th Recommended 
Source (cm) Exponential Fit 

3.04    x 107 

Value 

20.3 1.78    x 107 

35.6 i.507 x 107 1. 507 x 107 

50.8 0.74    x 10' 0.74    x 107 

66.0 0.35    x 107 0.35    x 107 

between 93% and 98% of the yield in the run with the gold foil.    The total 
9 

fluence measured by 7S49 was  1.3± 0.1 x 10    nvt,   E > 3 MeV.    Corrected 

to the average fluence in the four runs,  the sulfur monitor gave 
8 9 

3. 3 ±   . 3 x 10    nvt (E >  3 MeV) compared to 9. 04 x 10    nvt thermal flux 

measured by the gold foils at 35. 6 cm.    Hence unit sulfur monitor fluence 

corresponds to 27. 4 n/cm    thermal at 35. 6 cm. 

4.2   SULFUR AND ALUMINUM FOIL TRAVERSES 

Sulfur and aluminum foils were exposed at positions 20. 3,   35. 6, 

50. 8,   and 66.0 cm from the source (along the Z-direction) to compare 

the fast neutron attenuation as measured by foil activation with that mea- 

sured by time of flight.    The reactions used were      S(n, p)     P with a thresh- 
27 24 

old of about 3 MeV and      Al(n,a)     Na with a threshold of about 8 MeV. 

The sulfur pellets were 0.965 cm thick by 3.81 cm diameter,   with a mass 

of 18 grams,  and were obtained from and analyzed by E. G.  and G. 

The aluminum foils used were 2. 54 cm in diameter with a mass 

of 0. 036 gms.    These foils were stacked 10 to a package and covered with 

cadmium before irradiation.    After irradiation each package was gamma 

counted with a 5. 08 cm x 5. 08 cm Nal crystal biased at about 200 keV. 

They were counted for five minutes at various times until the activity was 

decaying on a 15-hour half life.    The measured counts are plotted in 
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Fig.  4. 5.    Each count after 15 hours was multiplied by e    ,  with 
0.693      -1 

A = ——— hr     ,  to give the equivalent activity at time of removal from 
1 D 

the irradiating flux.    These numbers were averaged and are represented 

on Fig.  4. 5 by the intersection of the 15-hour decay lines with the count 

axis.    The shorter-lived activity was not identified,  but may be a 2. 58- 

hour activity from manganese impurity. 

The background for these five-minute intervals was about 1800 

counts which gives a counting error of 2.4%.    Since the net number of 

counts is the difference between a higher number of counts (with a cor- 

respondingly smaller error) and the background,  the error in the net 

counts must be at least this large.    At   nost it will be ^[2(2. 4)    = 3.4%. 

The activity calculated at X = 0 is the average of several numbers with 

about a 3% deviation so this number itself will have a standard deviation 

of the order of 3% from counting statistics alone. 

Several of the individual aluminum foils were weighed and the 

weights averaged.    The mass of each ten-foil packet used in the experi- 

ment is 0. 36 ± 0. 01 gm which will contribute another 3% uncertainty in 

the final data.    The number of nuclei used in the data reduction was 

0.8037 x 1022. 

The counting efficiency of the detector was obtained by counting 

a calibrated Na-24 source made by the General Atomic chemistry divi- 

sion.    This source had an initial activity of 1.73 ficuries at 12:00 noon 

July 2 5,   1966.    It was counted in one-minute intervals for several half- 

lives.    Counts were fit by least-squares to find the measured counting 

rate at the time of calibration. 

The measured aluminum activity was corrected for nonsaturation 

during irradiation and counter efficiency,   and divided by the number of 

2 
results are tabulated in Table 4. 6 and the activities times 4 Tr    are listed 

atoms of Al-27 to obtain the saturated activity per atom (or nucleus).    The 

results are tabulated in Table 4. 6 am 

in Table 4. 7  and plotted in Fig.  4. 6. 
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Table 4. 6 
27Al(n,a)24Na AND 32S(n, p)32P ACTIVITIES 

(DIS /SEC- ATOM) 

Distance From Source 
(cm) Al(n.a) 

0.0948 x lO" 
■18 

S(n, p) 

20.3 2.66 x 10"18 

35.6 0.0182 0.425 x 10"18 

50.8 0.00285   

66.0 • . . — 0.0254 x 10"18 

Table 4. 7 

Al(n,a) AND S(n, p) ACTIVITIES x 4ffr2 

-1 -1        2 
Distance From Source dis-sec      atom      cm 

(cm) 4?rr 
2 

Al(n,a) S(n, p) 

20.3 0. 52 x io4 4.93    x 10 
-14 

1.38    x 10 

35.6 1.60 2.91    x 10"16 0.68    x 10"14 

50.8 3.25 0.925 x 10"16 

66.0 5.47 .... 0.139 x 10"14 
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The sulfur pellets were counted by E. G.  and G.  and the results 

reported in disintegrations per minute per gram at the time of removal 

from the neutron flux.    These numbers were divided by a nonsaturation 

factor,  the number of atoms of S-32 per gram,  and 60 seconds per min- 

ute, to give the saturated activity per atom.    These data are tabulated 

and plotted in Table 4.7 and Fig.   4.6. 

The activity of the aluminum foil at 66 cm was too low to count 

and the sulfur pellet at 35. 6 cm had been crushed during removal or in- 

sertion in the stack; no activities are rbailable for these two. 

Additional data are available on the Al(n, a) and S(n, p) activities 

from the spectrum measurements which were made at 35. 6 cm from the 

source along an axis 90    from the Z-direction.    These numbers are 
-18 -18 

0.0216 x 10        dis/sec-nucleus for the Al(n,a) reaction and 0.4938 x 10 

dis/sec-nucleus for the S(n, p) reaction, which are in fair agreement with 

the numbers in Table 4.6. 

4. 3  THRESHOLD FOIL MEASUREMENTS 

Threshold foils are activation foils which have a finite cross sec- 

tion for the reaction of interest above some energy of the incident neu- 

tron,  called the threshold energy,  and zero cross section below this 

energy.    Typical reactions which have this characteristic are (n, p), 

(n, a),   (n, 2n), (n, F) and (n, n').    Thresholds range from a few tenths of 

a MeV for the (n, F) and (n, n') reaction to 10-20 MeV for (n,a) and (n, 2n) 

reactions. 

If a set of threshold detectors is exposed to a neutron fluence and 

the resultant activity determined,  a set of equations is obtained of the 

form 

A.    =       /     <j.<E)*(E)dE, (4.3) 
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* 
th 

where the subscript i represents the i     detector and E     is the thresh- 

old energy of that detector.    From this set of equations the neutron flux 

spectrum 4>(E) can be calculated in as many energy intervals as there 
I 

are detectors. 

4. 3. 1    Selection of Reactions 

To be useful for the measurement of fast-neutron spectra the 

reactions must have the following characteristics. 

1. Material:   The element must be readily available in a 
form that can be easily h  ndled.    It should be free 
from impurities that will activate and preferably 
should be monoisotopic to eliminate interfering reac- 
tions. 

2. Cross Section: The cross section should have a well- 
Known (X(E) curve so the flux can be reconstructed and 
the cross section should be of convenient magnitude. 

3. Half-life:    The half-life should be long enough so the 
product activity can be counted conveniently and it 
should not be so long the   the specific activity will be 
low. 

4. Decay Scheme:    The decay scheme should be simple so 
that the absolute activity can be determined. 

With the Linac an additional source of interference is present, 

i.e.,   photonuclear reactions produced by the bremsstrahlung.    Effec- 

tively this eliminates the (n, P) reactions,  all of which have sizeable 

photonuclear cross sections,   (n, n') reactions,   since the metastable 

states can also be produced by gamma excitation,  and (n, 2n) reactions 

which are equivalent to (v, n) reactions.    Thus we are left with only (n, p) 

and (n,CL) produced isotopes. 
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(14) 
Zijp      lists 23 reactions for which the cross sections are known 

23 23 
to some extent; 16 of these are either (n, p) or (n,a).    Two,   "*  Na(n, p)    Ne 

v o 7 8 
and  '   Si(n, p)    Al,   can be eliminated because their half-lives,   38 seconds 

54 54 
and 23 minutes respectively,  are too short.    Three more,       Fe(n, p)     Mn, 

Cu(n,a)    Co and      Ni(n, p)    Co have half-lives that are too long,  314 

days and 5. 3 years,  to be activated to any extent in a reasonable irradia- 
31 31 

tion.        P(n, p)    Si was not used because of the difficulty of obtaining 
65 65 

phosphorus in a useful form.    The reaction      Cu(n, p)    Ni could not be 
65 

used because of the difficulty of counting the 2. 56 hour      Ni in the pres- 
64 

ence of the 12. 9 hour      Cu that would be produced by (n, 2n) and (y, n) 

reactions in copper.    The two reactions      Fe(n, p)    Mn and      Co(n, a)    Mn 

were not employed because it is virtually impossible to obtain iron or 

cobalt without trace impurities of manganese,  which will activate by (n, y) 

to      Mn.    This would not be a problem in a purely fast-neutron spectrum 

but in. a moderating material with a significant resonance flux,  resonance 

activations in manganese can be significant (manganese has about a 14- 

barn resonance integral). 
24 24 27 27 

This leaves seven reactions ""  Mg(n, p)    Na,   ' Al(n, p)     Mg, 
2?A1/       x2*^      370/       ,32„   46^.,       ,46^,      58XT.,       ,58^ Al(n,a)     Na,       S(n, p)     P,       Ti(n, p)    Sc,       Ni(n, p)     Co,  and 
64     .       ,64 

Zn(n, p)     Cu.    A titanium foil was obtained from E.G.  and G,   exposed 

and returned for counting. The count rate was so low that they were un- 

able to report any activity so this reaction was also discarded. Charac- 

teristics of the other six reactions are .summarized in Table 4.8. 
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4. 3. 2    Reaction Characteristics 

Table 4. 8 

THRESHOLDS AND CROSS SECTIONS 

Eth Qeff <a> 
Reaction MeV mbarn mbarn Half-Life 

58...,       .58. 
Ni(n, p)     Co 2.8 490 100 71 day 

32c/       i32o Mn, p)     P 2.7 265 65 14. 3 day 

64„  ,       .64_ 
Zn(P; p)     Cu 4.4 220 30 12.8 hr 

27 AW         \Z1x* Al(n, p)     Mg 5.4 80 3.5 9. 5 min 

24.,  ,       ,24.T Mg(n, p)     Na 7.0 124 1.5 15 hr 

Al(n,a)    Na 8.1 180 0.65 15 hr 

The a -- and E .   values are taken from a table in Ref.  (19) and are 
eff th 

listed only for comparison.    There is no one "good" set of values, but 

these quantities do not affect the final spectrum.    The quantities are 

defined as 

go 00 

ff   /    *><E)dE   =     / 

^th 

a  ,,    /    * (E)dE   =      /   a(E)* (E)dE (4.4) 
eff    I        o I o 

and 

CO 

/ 
g(E) $ (E)dE 

o 

<0>   =   *—  (4.5) 

/ 

* (E)dE 
o 
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where $ (E) is the spectrum of fission neutrons from U fission.    Note 
o 

that a rr and E     are a dependent pair - one may be chosen arbitrarily 
efi tn 

which then fixes the other. 

We will now discuss decay schemes and possible interfering re- 

actions. 

Ni(n, p)     Co 

Isotopes Ni 
60 

Ni Ni Ni 
64 

Ni 

% Abundance 67.88 26.23 1.19 3.66 1.08 

1.664 

0.799 

1. f>% 

99% 
0       _1_ 

(9. 2h)Co 
58m 

0.025 

Co     (7 Id) 

EC,0T 

Dominant gamma peaks would be 0.799 MeV (99%) and 0. 51 MeV- 

positron annihilation (15% j3+) 

Interferences 

64KT..       .65... 
Ni(n,*y)     Ni 

58^..     ,   .57XT., 
Ni(n, 2n)     Ni 

Ni(-y, n)     Ni 

NI(Y» np)     Co 

Ni(\, np)     Co 

Half Life 

2.56 hr 

36 hr 

77 days 

71 days 

Comment 

Wait for decay 

Wait for decay 

Low cross section 

Low cross section 
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I 

32S(n,p,"p 

Isotopes 32s 33s 34s 
% Abundance 95 0.76 4.22 

32P (14d) 

No gammas,  must be beta counted. 

Interferences Half-Life 
° 

Comnnent 

34Q/       \35Q S(n, y)    S 86. 7 day Low abundance 
Long half-life- 
Low energy 

36c/       \37c S(u, y)    S 5. 1 min Wait for decay 

33S(n,P>33P 25 days Low abundance 

33S(Y,P)32P 15 days Low abundance 

34S(Y,np)32P 14 days Low abundance 

6*„   ,       v64^ 
Zn(n, p)     Cu 

Isotopes 
6*„ Zn Mr, Zn 

67 ^ Zn 
68„              7() Zn                Zn 

% Abundance 48.8° 27.81 4. 11 18.57          0.62 

34 

64 
Cu *(13h) 

1. 
. 5% Ä+, EC 

^0% 

\ 
39" 

<"         . 
_/o 
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Dominant gamma peaks:   0. 51 MeV from positron annihilation 

(19% ß ) 

Interferences: 
Reaction 

Zn(n, <y)     Zn 

Zn(n, y)     Zn 

Half-Life 

245 days 

14 hr 

Comment 

Long half-life can 
be subtracted 

Minimized by cadmium- 
cover,  possible error. 

Zn(n, -y)     Zn 

55 min 

3.9 hr 

No Y»   minimized by 
cadmium cover. 

Low abundance - short 
half-life 

2. 5 min Short half-life - wait 

66 ^   /       £b^ Zn(n, p)     Cu 

Zn(n, p)     Cu 

66^   .     ,   .,65 
Zn(n, 2n)Zn 

64„   , ,64^ 
Zn(v, np)     Cu 

5. 1  min 

61 hr 

245 days 

12.9 hr 

Short half-life-wait 

Low abundance - long 
half-life can be sub- 
tracted 

Long half-life 

Possible error,   low 
production 
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Z7Al(n,p)27Mg 

11 
Al -  100% abundant 

1.013 

.843 

30% 

Dominant gammas:    0. 843 MeV (70%); 1, 013 MeV (30%) 

Interferences: 
Reaction Half-Life 

2. 3 min 
11 KM           \28A1 Al(n, <y)    Al 

27Al(n,a)Z4Na 15 hr 

24x*  /       V24KT Mg(n, p)    Na 

Isotope 
24 

Mg "Mg Mg 

% Abundance 78, .70 10. 13 11.17 

Comments 

Short half-life - wait 

Long half-life  can be 
subtracted 
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NaZ4m (0.02 sec)      .477 

IT 

(15 hr) 

ß 

-100% 

4. 122 

1.368 

0 

Dominant gammas:    1.37 MeV (100%); 2.76 MeV (100%) 

Interferences: 
Reaction Half-Life 

Mg(n,-y)     Mg 9. 5 min 

Mg(v,p)    Na 15 hr 

26x.  /         *24M j                               Mg(v,np)     Na 
1 

15 hr 

27Al(n,a)24Na 

*      24w   , v24„T 

Comments 

Short half-life - wait 

Possible trouble 

Possible trouble 

27 27 
See      Mg(nf p)     Na for decay scheme and      Al(n, p)     Mg for in- 

terferences. 
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4. 3. 3    Description of Foils 

All of the materials were in the form of thin metal foils 2. 54 cm 

in diameter,   except for sulfur.    The sulfur was 3, pellet 3. 81 cm in dia- 

meter by 0.965 cm thick which was obtained from E.G.  and G.  and re- 

turned to them for processing.    All metal foils were cut with a die from 

pure metal sheets (£ 99. 9%) obtained from A.   D.   MacKay,   New York. 

Table 4. 9 is a list of foil weights for each run (runs will be explained 

later). 

Table 4. 9 

FOIL WEIGHTS (grams 

Material Run  1 

Zn 1.0503 

Mg   

Ni 0.5780 

Al 0. 1793 

Run 2 

0. 1124 

0. 5749 

0. 5575 

In addition,  an aluminum foil weighing approximately 1. 2 gm,  a 

magnesium foil weighing 0.78 gm,   a nickel foil weighing 2. 3 gm and a 

titanium foil weighing   0„ 06 gm were exposed during the first run and 

returned to E. G.  and G.  for analysis. 

4. 3. 4    Exposures 

All foils except for the sulfur were stacked together in a cadmium 

box with walls 0. 0813 cm thick.    The sulfur foil was not covered but was 

placed on top of the can containing the rest of the foils.    The entire pack- 

age fits in an oversized 3. 81 cm diameter hole drilled in a graphite 

stringer such that center of the foil package was 35. 56 cm from the center 

of the neutron source.    This position was in a plane normal to the direc- 

tion of the incident electron beam to minimize the gamma fiux which is 

highest in the forward direction of the electron beam. 
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Two foil irradiations were made,   one on the night of July 24-25 

for a total of 7. 72 hours and one on the night of July 28-29 for a total of 

11.27 hours.    Linac conditions and times are listed in Table 4. 10.    Dur- 

ing Run 1 there was a shutdown for over an hour which was accounted for 
24 64 

in the calculation of nonsaturation factors for the      Na and      Cu activities 

but not for the longer lived isotopes.    During the second run there were 

some shorter shutdowns that were not accounted for.    The reason for the 

second run was to repeat at higher power some activations which had 

given low count rates in the first run. 

Table 4. 10 

IRRADIATION CONDITIONS 

Time Time Elapsed Pulses per Burst Current 
On Off 

2351 

Time 

1. Ohour 

Second Width ßs 

2 

(mA) 

2251 7.5 500 
0116 0759 6.72 7.5 4.5 500 

1829 1929 1.0 15 4.5 400 
1938 0554 10.27 15 4.5 400 

Run 1 

Run 2 

4. 3. 5    Counting Techniques 

Except for sulfur, which was analyzed by E. G. and G. , the foils 

were all gamma counted on a 5. 08 cm x 5. 08 cm Nal crystal with an in- 

tegral bias set at about 200 kilovolts. The foils were placed in a Lucite 

plastic dish which was then centered on top of the crystal so the foils could 

be counted in reproducible geometry. The bottom of the Lucite dish was 

0. 318 cm thick which was sufficient to stop most of the betas. Each foil 

was counted many times to insure that the decay had the proper half-life 

so that shorte ed interferences would not be counted,   and that longer 

lived activities could be subtracted.    An attempt was made to set a differential 
24 

window and count only one gamma peak,   e.g. ,  the  1. 37 MeV      Na gamma; 

however,   this was not found to be feasible because of the low count rates 

involved. 
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*!4 1.4 
Standard si.urces of       Na and       Cu were  made bv  tin- General 

Atomn   Chemistry   revision {Mr.   M.   Hiatt) to calibrate the counters. 

These  sources  were made by irradiating liquid solutions of NaCl and 

CuSO    in the General Atomic Triga reactor.     Two S nil aliquot s (.)( each 

solution were taken,   one to be counted in the chemistry department's 

standard,   calibrated geometry for absolute determination of the activity. 

The second aliquot was evaporated in a  £. S4 cm diameter plastic   cup 

identical to the one made for holding the foils during counting.     The cup 

was then filled with an epoxy resin to seal the source.     These calibrated, 

sealed sources were counted in the same geometry as the  foils.    Each 

standard was counted over several half-lives and the data fit by least 

squares to determine the proper count  rate at the» time of calibration. 
11 27 

To calibrate the      Al(n, p)     Mg reaction a magnesium foil was ex- 

posed for ten minutes in the graphite assembly at a point which had been 

mapped by the indium (and gold) foils.     The magnesium foil was counted 

for several Ihi rty - second intervals over two half-lives and the data fit by 

least  squares to get the counting  rate at time of removal from the irradiating 

flux. 

S8 S 8 5 8 
The       Co activity produced by the       Ni(n, p)     Co reaction was 

counted until it was determined that all shorter lived activities had died 

away and then the foil was taken to the chemistry department where a 

cobalt carrier was added,   the foil dissolved in hot nitric acid and then 

evaporated to i ml for counting in the standard geometry.    It was then 

counted for 800 minutes with a multichannel analyzer and the number of 

counts in the 800 keV photopeak used to determine the absolute activity. 

Results are discussed below and summarized in Table 4. 11. 
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Table 4. 11 

RECOMMENDED VALUES,   THRESHOLD FOILS 

Disintegrations/sec - 
Reaction Nucleus Activated 

3iS(n,p)32P 5. 10 x 10"i9 

CO CO .JO 

Ni(n, p)     Co 6.88 x 10 
64„   ,       ,64^ ,   , „      ,^-18 

Zn(n, p)     Cu 2.64 x 10 

27Al(n, p)2?Mg 7. 85 x 10"2° 
27 24 -20 

Mg(n, p)    Na 2.77 x 10 
27 24 -20 

Al(n,a)     Na 2.50 x 10 

4.3.6    Calculations and Results 

32 32 
For      S(n, p)    P,   E.G.  and G.  counted two foils, 7S57 in Run 1 

and 7S66 in Run 2.    The activity at the end of exposure was reported as 
3 4 

5. 38 x 10   dis/min-gm ;n Run 1 and 1. 24 x 10   dis/min-gm in Run 2. 
22 

The S-32 nuclear density is 1.784 x 10      S-32 nuclei/gm of sulfur. 

The activity is divided by the number of S-32 nuclei,  60 sec/min,  and 

the nonsaturation factors (0. 0156 for Run 1,   0. 0227 for Run 2).    The 
-19 

final results are 3.22 x 10        dis/sec-nucleus S-32 in Run 1,  and 
-19 5. 10 x 10        dis/sec-nucleus in Run 2.    All results are normalized to 

-19 Run 2.    Hence the recommended value for this reaction is 5. 10 x 10 

d  sec-nucleus S-32 and all Run 1  results of other foils are to be multiplied 

by the ratio of the sulfur activities,   viz.   1,58. 
r Q c Q 

For      Ni(n, p)     Co,  the Ni foil in Run 1 

G and reported as 2. 14 x 10    dis/min-gm,   corrected to end of exposure. 

N-5 
-19 

r Q c Q 

For "   Ni(n, p)     Co,  the Ni foil in Run 1 was counted by E.G.  and 

4x10    dis/min-gm,   corrected to em 
-3 21 

Dividing by 3. 14 x 10      (nonsaturation factor),  6.95 x 10      nuclei N-58/ 

gm Ni,  and 60 sec/min,  and multiplying by 1. 58,  we get 2. 58 x 10 

dis/sec-nucleus Ni-58.    However,  judging from counts made at the Linac 

for Nickel foil No,   6,  irradiated in Run 2,  the result obtained by the GA 

Chemistry Division is more reliable.    After a wait of ten days (decay 
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correction,   0. 907),  the foil was dissolved and counted by the General Atomic 
2 

Chemistry Division to obtain 6.86 x 10    dis/min.    The number of Ni-58 
21 

nuclti in the 0. 5749 gm foil is 3.99 x 10     .    The nonsaturation correction 

in the exposure is 4. 58 x 10     .    Thus the recommended value,  from the 
-19 

Chemistry measurement,  is 6.8b x 10        dis  sec-nucleus Ni-58. 

64 64 
Run 1 was sufficient for the      Zn(n, p)     Cu reaction.    After sub- 

tracting a long-lived activity,  and neglecting all counts for times shorter 

than five hours,  the resulting counts were fit by least-squares to a half- 

life of 13. 04 hr (vs the accepted value of '2.9 hr).    The count rate at the 
64 

end of exposure was 6200 counts/rnin.    The      Cu standard of 1. 30 jicurie 

gave a counting rate of 1. 118 x 10    cpm.    Thus the Zn(n, p) activity was 

2.67 x 10    d/sec.    The nonsaturation factor had to be computed in three 

steps since the Linac was shut down for 1. 42 hr after 1. 0 hr oft   posure. 

The correction factor derived was 0. 338.    The number of Zn-64 nuclei 
21 

in the 1. 0503 gm foil was calculated as 4.73 x 10     .    Then the saturated 
-18 

activity is 1. 167 x 10        dis/sec-nucleus Zn-64.    Normalized to Run 2 
-18 

by multiplying by 1.58,  we get 2.64 x 10        dis/sec-nucleus Zn-64. 
27 27 

The      Al(n, p)    Mg irradiation was also carried out only for 

Run 1 (aluminum foil No.   116).    First the counter efficiency had to be 
27 

determined for      Mg.    A magnesium foil was exposed for ten minutes in 

the graphite assembly,  along with the indium foils.    The magnesium foil 

was counted in 30 sec intervals from 4 to 10 minutes after exposure.    The 

counts were fit by least squares to give a half-life of 10.7 min (vs the 

accepted 9. 5 min),  and had an activity of 401 counts/30 sec at the end 

of exposure.    The thermal neutron flux at the position of the magnesium 
7 2 

foil was 1.813 x 10    n/cm  sec,  obtained from the subcadmium indium 

foil flux plot,   normalized against the standard gold foil.    Using an activa- 
20 26 

tion cross section of 0. 027 barn,   3. 11 x 10      atoms       Mg in the 0. 1124 gm 

Mg foil,   and correcting for nonsaturation in the 10-minute exposure (0. 520) 

and decay in the 30 sec counter interval (0. 036),  and with the decay con- 

stant \ = 1.222 x 10"    se 

counting was found to be 

-3 -1 27 
stant A. = 1.222 x 10      sec     ,   the efficiency of the counter for      Mg 
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c  =  LC  
-At 

Na<p(l-e     °)(l-e"AAI) 

1.222 x 10"3 x4.01 x 10^ 

3.11 x 102°x2.7 x 10"2 x 10"24x 1.813 x 10? x 0.52 x 0. 036 

=   0.171 

The aluminum foil activity,  with a long-lived background subtracted,  was 

fit by least squares to a half-life of 10. 1 min (compared to 9. 5 min 
27 

accepted for      Mg) and the count rate at the end of exposure was 2045 

c/m.    The activity was saturated in the 7-hr irradiation.    The number of 
27 21 

Al nuclei in the Al foil was 4. 00 x 10    .    Dividing the count rate by the 

counter efficiency and number of nuclei, we get 4. 964 x 10        dis/sec- 
27 

nucleus      Al.    Normalizing to Run 2,  we get the recommended value 

n    or in"20 *       I i 27 A i 7.85x10        dis/sec-nucleus      Al. 
24 24 

In Run 1 the      Mg(n, p)    Na activity was low,  but E. G. and G. 
3 

reported 6.76 ± 0. 1 x 10   dis/min-gm Mg at end of exposure.    The non- 

saturation factor,  corrected for the down time during the exposure, was 
24 

found to be 0. 299.    The number of nuclei of      Mg in 1 gm of Mg is 
21 

1.95 x 10    .    Thus the saturated activity per gm,  normalized ko Run 2, 
-20 

is 3. 05 x 10       .    In Run 2 the foil was counted at the Linac for times 

3 to 29 hr after exposure.    The counting rate at end of exposure was 839 

counts/5 min counting interval,  with a standard deviation of 10%.    The 
21 24 

nonsaturation factor was 0.406,  and there were 2. 19 x 10      nuclei      Mg 
24 

in the 0. 1124 gm Mg foil.    The 1.73 ßc      Na standard source gave 

4. 82 x 10    c/m.    The disintegration rate of the foil was then computed 
-20 

as 2.49 x 10        dis/sec-nucleus Mg-24.    The recommended value is 
-20 

the average of the E.G. and G.  and Linac results,  2.77 x 10        dis/  ec- 

nucleus Mg-24. 
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27 24 
Finally,  for      Al(n,a)    Na,   E. G.  and G. obtained (in Run 1), 

7. 20 ± 0. 1 x 10   dis/min-gm which with 2. 24 x 10      nuclei      Al/gm 

and a nonsaturation factor of 0. 299»  and normalized to Run 2,  is 

2.83 x 10        dis/sec-nucleus Al-27.    In Run 2 the foil was counted after 

12 hrs to allow a short-lived activity to decay,  and continued to 55 hrs 

after exposure.    The counting rate at end of exposure was 4130 counts/ 

5 min with a standard deviation of 6%.    This result was divided by the 

nonsaturation factor of 0.406,  the 1. 245 x 10      nucl« * of Al-27 in 
5 4 

0. 5575 gm Al,  and the 4. 82 x 10    c/m per 1.73^c ;t>.40xl0   di?/sec) 
24 -20 

of the      Na standard source,  to obtain 2. 17 x 10        dis/sec-nucleus 

Al-i\    The recommended value is the average of the E.G.  and G. 

(Run 1) and Linac (Run 2) results,  or 2.50 x 10        dis/sec-nucleus Al-27. 

4.3.7   Spectrum Calculations 

The quantity which has been measured is the product 

(a*).= j       a.(E)*((E)dE = a. (4.6) 

Eth. 
l 

where the subscript i identifies the foil. We have a set of n equations, 

where n is the total number of foils, which must be solved for the flux 

spectrum $(E). 

In this experiment we were limited to six reactions which means 

that one must unfold an energy spectrum over the range from about 2 to 

14 MeV with only six numbers.    Obviously the energy resolution obtainable 

with threshold foils is very much poorer than the energy resolution ob- 

tained in the time-of-flight measurements. 

The best review of the various unfolding techniques is in Ref.  (19), 

which lists 14 techniques that have been proposed or used by various 
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authors,  roughly divided into three classifications:   (a) mathematical 

methods:   the assumptions on 4(E) are of a purely mathematical type; 

(b) perturbation methods:   the assumptions on 4(E) are related to a devia- 

tion from the fission neutron spectrum i  (E); and (c) weighting methods: 

the assumptions on $(E) are of a mathematical type» but include a weighting 

function which can take into account the rough shape of the spectrum. 

(a)   An example of the mathematical techniques is the "step curve 

method" in which the energy range of fast neutrons is divided into succes- 

sive regions, the number of which is equal to the number of threshold de- 

tectors used.    The assumption is made that in each interval the flux den- 

sity is constant.    Usually the boundaries are taken equal to the effective 

thresholds of the detectors.    The response of the i     detector can be 

written as 

E2 •„      h E 

«r^f °i™**tt / CTi(E>dE+ ••• +/n ai<E>dE 
E
l E2 En-1 

n 

E a..*.   . (4.7) 
ij   j 

As the a., values are considered to be known,  n linear equations in the 

n unknown $. are obtained.    However, there are certain unsatisfactory 
j 

facets to this approach.    For one the solution depends strongly on the 

values chosen for E.,  E_ -- and it is not clear what is the best way of 

picking these energy limits, other than an iterative process.   If they 

are not properly chosen it is possible to obtain negative values of the 

flux in certain intervals.    Secondly,  if the threshold values are not widely 

spaced,  so that the activations strongly overlap in energy, then one will 

obtain a set of equations that is not truly independent. 

Other mathematical techniques involve assuming forms for the 

flux shape such as a series of polygons, polynomials,  orthonormal 
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polynomials,  etc.   All of these methods suffer to some extent, as does the 

step function approach, in that one often gets ill conditioned linear systems, 

(b)   Perturbation methods:   These approaches assume that the spec- 

trum is a deviation from the fission spectrum $ (E).    Probably the best 

known,  and a good example of the approach, is the method of spectral in- 

dices.    The simplest analytical form of the fission neutron spectrum is 

. (EJ-CE^V0-775* (4.8) o 

which suggests the following form of a perturbed fission spectrum 

♦ (E)=CE1/2e"*E (4.9) 

where the parameter ß takes into account the deformation of the spectrum. 

The spectral index S.. is defined by the following equation 

00 

1 _      O   1_ 

*.        * " <o.: 
J    I    Gj(E) * (E>dE J 

a. 
s..= —=   - = —- (4.10) 

ij    a.       * <a.> 

S.. can be calculated for different reactions and for different spec- 

tra (i.e. , for different ß values) when cross section curves are available. 

Experimental values for S.. are obtained as ratios of measured activities 

and compared to calculated ones for particular values of ß.    When they 

match one assumes that the analytical expression with this ß value is the 

most suitable. 

This approach does not attempt to reconstruct the spectrum but only 

gives some measure of the "hardness" of the spectrum.   It is useful for 

investigating spectral changes,  but that seems to be about all. 

Note that perturbation techniques would not be expected to be too 

good if the spectrum deviates appreciably from the assumed fission spectrum. 
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(c)   Weighting methods:    The so-called weighting methods are 

generalizations of the previous approaches and represent attempts to arrive 

at a general approach. 

The analysis used for the graphite measurements is a variation of 

the iterative approach suggested by Bresesti in Ref.  (20) and developed by 

Mr.  G. I.   Coulbourn and T.  G.   Williamson at the University of Virginia. 

Assume that the energy range can be divided into n energy intervals, 

where n is the number of detecting foils.    The energies specifying the inter- 

vals are arbitrarily selected as values close to the threshold energy for 

each foil.    In each energy interval the flux is assumed to be represented 

by an exponential of the form. 

*(E) =   Ce"KE (4.11) 

Thus the activity of the i     detector will be 

/n + 1 
a.,    *  dE 
inn 

n      E 
n 

(4.12) 

/n + 1 

■E J G.      C  e     n    dE 
i, n     n 

n      E 
n 

where the summation is performed over the n energy intervals.    The cross 

sections are calculated from 

/ 

E„+i 
a. (E) i   (E) dE 

E 
a.     = —i  (4.13) 

-En + 1 

/ *    (E) dE 
E 

n 
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where $    (E) is an input trial spectrum, usually the fission spectrum. 

For the detector of highest response energy,  in our case n =  6, 

choose K, as the proper value to match the high energy tail of the fission 

spectrum so that 

00 

«6 =   /  *6,6<E* V""6^ (4.14) 

With an assumed value of K, and a, being the measured quantity, the value 

of C, can be calculated.    For the next detector 

a5i5(E)C5e 
-K5E 

00 

dE+ J    a5,6(E) C6e 
-K6E 

dE 

(4.15) 

where a .   ,. (E) is the cross section of the fifth detector in the fifth energy 

interval.    The boundary condition is 

-K5E6 -K6E6 

S "- =  C6 e (4.16) 

The values of K_ and C_ can now be found.    Similarly all values of C. and 
5 5 \ 

K. can be calculated to give the first trial spectrum $   (E).    From this 

spectrum new values of the activation integral, 

/ 
a. (E) il (E) dE (4.17) 

are calculated and compared with the measured values.   If they do not agree, 

new average cross sections, 
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E      , 

/ a. (E) §    (E) dE 
E 

a.      = -Jl  (4.18) 
i, n E 

n + 1     . 
$    (E)   dE 

r 

/ 
E 

n 

are calculated and the process is repeated until the activation values have 

converged. 

The activation values in Table 4. 11 were first compared with cal- 

culations of activities that would be expected for a fission spectrum.    These 

numbers,  normalized to the sulfur data,   are listed in Table 4. 12. 

Table 4. 12 

COMPARISON OF MEASURED ACTIVITIES WITH 
THOSE CALCULATED FOR A FISSION SPECTRUM 

Measured 

1.0 

jz (E) $o (E)  dE 

S(n, p) 1.0 

Ni(n, p) 1. 35 1.5 

Zn(n, p) 5.2 0.45 

Al(n, p) 0. 015 0.06 

Mg(n,p) 0. 054 0.022 

Ai(n.a) 0.049 0.009 

Since the spectrum in graphite is not a fission spectrum the measured 

and calculated activities are not expected to be the same.    However,  the com- 

parison gives some indication of gross errors.    It is immediately obvious 

that the zinc results are a factor of ten higher than might be expected.    This 

is probably due to copper impurities in the zinc.    Attempts were made to 

include the zinc results in the calculations but the program would not work, 

i.e.,  the values of the parameters k. that it attempted to calculate were 

either too large or too small. 
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The Mg(n.p) and Al(n,a) numbers are inconsistent.    There is no 

reason for saying which determination is correct since the activities of 
24 

each were compared with the same standard (Na    ) and the count rates for 

each were about the same.    Thus,  the errors in each determination should 

be comparable.    Also these two reactions have threshold energies that are 

very close to each other and responses that overlap.    Because of this over- 

UD and the apparent inconsistency in the data the program would not con- 

verge when the activities of both foils were included at the same time. 

Similarly the Ni(n, p) and S(n, p) reactions have thresholds that differ by 

only a few tenths of an MeV and the reactions have much overlap in their 

responses.    Thus the program was unable to handle both of these foils 

simultaneously.    The best that could be done was to calculate the spectrum 

three foils at a time in various combinations. 

The calculated spectra are tabulated in Table 4. 13 and plotted in 

Fig.   4. 7-4. 10.    Included in the table are the threshold energies,  the con- 
-kE 

stants in the flux relation,  I  (E) =   C e ,  the activity as calculated from 

A =   /$ (E) G   (E) dE where #(E) is the final spectrum,  the measured activi- 

ties,   and the percent deviation between the two. 

It is not evident from the foil results alone which spectrum is the 

most accurate.    However,  there was a problem in determining the proper 

counting efficiency in counting the Ni(n, p) activity, and it has a larger 

uncertainty than the S(n,p) activity. 

The threshold foil results are compared with a calculated spectrum 

in Section 6. 4. 

4.3.8   Threshold Reaction Cross Section Data 

Nearly all of the cross section data on threshold foils measured up 

to 1961 i^ tabulated in: 

(a)   H.  Liskien and A.   Poulsen,   "Computation of Cross Sections for 

Some Neutron Induced Threshold reactions, " Euratom Central Bureau for 

Nuclear Measurements,  EUR 119.2 (Nov.   1961). 
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Table 4. 13 

NEUTRON SPECTRA FROM THRESHOLD FOILS 

Calc.        Meas. 
E                                                      dis/sec/atm _     .  A. n                                                                     '    R Deviation 

Reaction    MeV            C                   K                   x IP"  (%) 

S(n,p)         3.0     2.23xl04      -0.65       0.50            0.5) -2.0 

Al(n,p)       5.3      5.24xl07        0.81       0.0816       0.0785 3.9 

Mg(n,p)     7.2      3.80xl07        0.766    0.0288        0.0277 4.0 

S(n, p)         3.0      1.48xl04      -0.66       0.50            0.51 -2.0 

Al(n.p)       5.3      5.13xl06        0.43       0.0803        0.0785 2.3 

Al(n,tf        8.0     7.58xl06        0.766    0.0260        0.0250 4.0 

Ni(n,p)       2.8      1.34xl0"3     -3.67      0.668          0.688 -2.9 

Al(n,p)       5.3      5.13xl06        0.43       0.0804        0.0785 2.4 

Ai(n,a)       8.0     7.58xl07        0.766    0.0260        0.0250 4.0 

Ni(n,p)       2.8     6.92X101       -1.72       0.668          0.688 -2.9 

Al(n,p)       5.3      5.24xl0?        0.81       0.0816       0.0785 3.9 

Mg(n.p)     7.2      3.80xl0?        0.766    0.0288        0.0277 4.0 

This tabulation has plotted most of the measurements to date and 

discusses briefly the errors associated with each.    Many of the references 

that follow are taken from this compilation. 

Some of the cross sections are also available from 

(b) R.  J.  Howerton,   "Tabulated Neutron Cross Sections, " UCRL- 

5226,   1958,  however,   this reference is incomplete because of its date. 

Probably the best reference for the elements of Z < 20,  which in- 

cludes Al,   Mg and S is 

(c) BNL-325,  Neutron Cross Sections. 
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Specific references follow: 

32S(n.p)P32 

References (a),  (b) and (c) above,  and Butler & Santry,  Canadian 

Journal of Physics,  41,  372,   1963 (note the data reported in this reference 

seems to represent a good average of all the other measurements plotted 

in (a)). 

58ivr/       i58,- Ni(n, p)    Co 

CO CO 

(e) J.  F.  Barry,   "The Cross Section of the      Ni(n, p)    Co Reac- 

tion for Neutrons, " Journal of Nuclear Energy,  A/B \6j 467 (1962). 
~~~~ 58 58 (f) Nakai,  et al.,   "Excitation Functions of Ni    (n, p)Co      and 

64 64 
Zn    (n, p)Cu    , " Journal of the Physical Society of Japan,   17,   1215, 

(1962). 

(g) T.  O.  Passell,   "The Use of Nickel-58 and Iron-54 as Integra- 

tors of Fast-Neutron Flux, " Neutron Dosimetry,  Vol.   1,  International 

Atomic Energy Agency,  Vienna,  501,  (1963). 

(h)   T.  O.   Passell and R. Heath,  Nucl. Sei.  Eng.,   10,   308(1961). 

(For some reason the data here for this reaction does not agree with 

other data and the later publication (g). ) 

_ 64.       ._ 64 
Zu    (n, p)Cu 

References (f) and (h) 

Al27/        ix,  Z1 
Al    (n, p)Mg 

Reference (c) 

(i)    Calvi,  et al.,   "Neutron Reactions in Aluminum from 2. 5 to 

5 MeV, " Nuclear Physics,  39 621 (1962). 
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(j)   Mani,  et al.,   "Neutron Cross Sections in Aluminum, " Nuclear 

Physics,   1%  535 (I960). 

(k)   Bullock and Moore,   "Odd-Even Dependence of Nuclear Level 

Density, " Phys.  Rev.  49 721 (I960). 

XÄ    24/ VKT    24 Mg    (n, p)Na 

Reference (c) and (d) 

A127,       ,__ 24 Al    (n,a)Na 

Reference (c),  (d),  (j) and (k). 

The cross section curves were plotted and smooth curves were 

fit through the points (smooth curves means the resonance structure 

was ignored and the points averaged).    Cross sections read from these 

curves are tabulated in Table 4. 14, and the product <j$ , where $   is 
o o 

the Watt fission spectrum (Reference Goldstein,  Fundamental Aspects 

of Reactor Shielding),  is tabulated in Table 4. 15. 

The products a(E)$ (E) were numerically integrated (Simpson's 

Rule) to give the following values: 

Foil /$ (E)a(E)dE 
J   ° -27 

S(n,p) 67.0 x 10 

Ni(n,p) 101 

Zn(n, p) 30. 6 

Al(n, p) 4. 06 

Mg(n,p) 1.47 

Al(n,a) 0.602 
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fr 

E 
MeV S(n, p) Ni(n, p) 

.5 

1.0 

1.5 2 10 

2.0 25 50 

2.5 85 120 

3.0 145 190 

3.5 204 262 

4.0 244 332 

4.5 275 406 

5.0 298 478 

5.5 316 528 

6.0 328 564 

6.5 334 592 

7.0 338 614 

7.5 342 630 

8.0 345 642 

8.5 350 645 

9.0 360 642 

9.5 374 633 

10.0 388 620 

10.5 398 602 

11.0 400 578 

11.5 388 552 

12.0 368 525 

13.0 306 465 

14.0 250 395 

15.0 194 315 

Table 4.14 

THRESHOLD CROSS SECTIONS-MILLIBARNS 

Zn(n, p)        Al(n, p)        Mg(n, p)        Al(n,ft) 

10 

26 

46 

68 

93 

170 

152 

188 

222 

258 

293 

328 

356 

384 

410 

432 

452 

466 

468 

464 

452 

400 

296 

270 

2 

4 

6 

10 

14 

20 

28 

39 

50 

62 

71 

79 

86 

91 

96 

100 

102 

103 

103 

99 

90 

82 

73 

5 

14 

29 

46 

64 

85 

105 

122 

136 

149 

160 

170 

179 

185 

191 

187 

167 

2 

7 

16 

28 

44 

57 

70 

81 

90 

100 

107 

114 

119 

123 

119 

109 
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Table 4. 14 (Continued) 

E 
MeV S(n, p) Ni(n,p) Zn(n, p) Al(n, p) Mg(n, p) Al(n,a) 

16.0 138 225 64 143 97 

17.0 80 56 124 82 

18.0 26 47 107 65 
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Table 4. 15 

FISSION SPECTRUM ACTIVATION RATES 
<X(E)N(E) 

k 
■ 

E 
MeV N(E^(B) S(n, p) Ni(n, p) Zn(n, p)   Al(n. -») Mg(n,p) Al(n,a) 

.5 .347 

1.0 .347 

1.5 .298 .60 2.98 

2.0 .239 5.97 11.98 2.39 .200 

2.5 .184 15.6 22.08 4.78 .368 

3.0 .138 20.0 26.22 6.35 .552 

3.5 .102 20.8 26.72 6.94 .612 

4.0 .0738 18.0 24.50 6.86 .738 

4.5 .0528 14.5 21.43 6.34 .739 

5.0 .0375 11.2 17.92 5.70 .750 

5.5 .0263 8.31 13.89 4.94 .736 .131 

6.0 .0184 6,03 10.38 4.08 .717 .258 .037 

6.5 .0127 4.24 7.52 3.28 .635 .368 .089 

7.0 8.77xl0"3 2.96 5.38 2.57 .544 .403 .140 

7.5 6.01 2.05 3.78 1.97 .427 .385 .168 

8.0 4. 10 1.41 2.63 1.46 .324 .348 .180 

8.5 2.79 .976 1.80 1.07 .240 .293 .159 

9.0 1.88 .677 1.21 .771 .171 .229 .132 

9.5 1.27 .475 .804 .550 .122 .173 .103 

10.0 8. 56xl0"4 .333 .531 .387 .086 .127 .077 

10.5 5.74 .227 .345 .267 .058 .092 .057 

11.0 3.84 .152 .222 
%■ 

.180 .039 .065 .041 

11.5 2.56 .101 .141 .179 .026 .046 .029 

12.0 1.70 .063 .089 .077 .017 .031 .020 

13.0 7.48xl0"5 .021 .035 .030 .007 .014 .009 
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Table 4.15 (Continued) 

E 
MeV N(E)(o(£)      S(n, p)     Ni(n, p)    Zn(n, p)   Al(n, p)   Mg(n, p)     Al(n,q) 

14.0 3.26 .008 .013        .009      .003 .006 .004 

15.0 1.41 .003 .004        .004      .001 .002 .001 

16.0 6.07xl0"6 

17.0 2.59 

18.0 1.10 
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5.    DISCRETE-QRDINATES CALCULATIONS 

Although the research was primarily experimental,  a calculation 

was carried out with the DTF-IV discrete-ordinates transport code. 

Twenty-five group cross sections were obtained from an infinite medium 

B   \B = i0~      cm"   ) calculation with the GAM-II*     code.    The group 

structure is given in Table 5. 1.    The source spectrum was the final 

photoneutron spectrum from Appendix A.    The total leakage spectrum 

from the uranium target might have been a better choice,   but since the 

averaging flux spectrum of the GAM-II calculation cannot match the 

spatially-dependent spectrum which actually exists in the graphite assem- 

bly,   the refinement is probably not worthwhile.    For the purpose of ob- 

taining multigroup cross sections,   it is only necessary that the GAM-II 

flux have nearly the same shape within each group interval.    Macroscopic 

P   cross sections (N     = 8.234 x 10      atoms/barn-cm) were prepared for 
3 C» 

the transport calculation. 

The DTF-IV calculation was performed with a P..  angular mesh 
lb 

(Gauss-Legendre ordinates and weights),   plus a fi = 1 (0°) angle with 

zero weight,   and the usual ß= -1 angle with zero weight which is used to 

I begin the calculation at the outer boundary.    The angular mesh is given 

in Table 5. 2.    In order to use the ß= 1 angle it was necessary to modify 

DTF-IV to eliminate the test for an odd number of angles. 

The calculation was made in spherical geometry with the spherical, 

water-cooled,  depleted uranium target (Appendix A) located at the center. 

Tht- calculation included the uranium,  water,  and stainless steel jacket. 
•t 

The source spectrum was the adjusted photoneutron spectrum from Appendix 

A,   with isotropic emission in a spherical volume of 2.2 cm    imbedded at 
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the center of the uranium.    The inner radius of the graphite was 4.45 cm 

and the outer radius was 80. 0 cm.    There were 26 intervals in the target 

region, one in the air gap, and 48 in the graphite.    The total number of 

spatial intervals was 75, which filled the data storage capacity of the 

Univac 1108 computer. 
-5 The convergence parameter EPS was 10    .    This is a measure of 

the change from one iteration to the next of the volume-integrated within 

group scattering source.    Convergence took about four minutes. 

The calculated angular fluxes times energy, vs energy, are 

plotted in Figs. 5. 1 through 5.3 for forward angles up to 62.7  .    (Note, 

the 30 ,  8.3 MeV point in Fig.  5. 1 should be plotted one decade higher. ) 

The calculated scalar flux spectrum is plotted in Fig.   5.4. 

The storage capacity of the computer was filled at 25 groups, and 

proper calculation of the flux from 14, 92 MeV through 0. 002 eV would 
(12) have required many more low energy groups.    However, the GATHER-II 

calculation carried out in the analysis of the dieaway experiments (Section 

3) is of interest.    This calculation was made for a buckling corresponding 

to the asymptotic fundamental mode (geometrical buckling along all three 

axes) rather than the steady-state spectrum,  which is measured in the 

pulsed source, time-of-flight experiment.    The slowing down source was 

assumed to be 1/E from 1. 15 eV to 1. 55 eV.    The spectrum of the scalar 

flux is plotted in Fig.  5. 5.    GATHER-II does not handle a negative buckling 
2 

directly,  and attempts to include the (i 0. 04582)    buckling of the T. O. F. 

spectrum experiment have not been successful thus far.   It may be neces- 

sary to extend the DTF-IV calculation to lower energies to complete the 

theory-experiment comparison. 
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Table 5.1 

GROUP STRUCTURE FOR CARBON CALCULATION 

r 

Group E(eV) Lethargy 

1 14.92 + 7 to   10.00 + 7 -0.40 to 0.00 

2 6.70 + 6 0.40 

3 4. 49 + 6 0.80 

4 3.01+6 1.20 

5 2. 02 + 6 1.60 

6 1.35 + 6 2.00 

7 8.21 + 5 2.50 

8 4.98 + 5 3.00 

9 3. 02 + 5 3.50 

10 1.83 + 5 4.00 

11 1.11 + b 4.50 

12 6.74 + 4 5.00 

13 4. 09 + 4 5.50 

14 2.48 + 4 6.00 

15 1.50 + 4 6.50 

16 9.12 + 3 7.00 

17 5.53 + 3 7.50 

18 2. 03 + 3 8.50 

19 7.49 + 2 9.50 

20 2.75 + 2 10.50 

21 1.01+2 11.50 

22 3.73 + 1 12.50 

23 1.37 + 1 13.50 

24 5. 04 + 0 14.50 

25 1.36 + 0 15.50 
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Table 5. 2 

ANGULAR MESH FOR DTF-IV CALCULATION 

-1.000000 

-0.989401 

-0.944575 

-0.865631 

-0.755404 

-0.617876 

-0.458017 

-0.281604 

-0.0950125 

0.0950125 

0. 281604 

0.458017 

0.617876 

0.755404 

0.865631 

0.944575 

0. 989401 

1.000000 

Angle 

180. 0° 

171.7° 

160.8° 

150.0° 

139.1° 

128.2° 

117.3° 

106.4° 

95.5° 

84.5° 

73.6° 

62.7° 

51.8° 

40.9° 

30.0° 

19.2° 

8.3° 

0.0° 

Weight (%) 

0.00000 

1.35763 

3.11268 

4.75793 

6.23145 

7.47980 

8.45783 

9.13017 

9.47253 

9.47253 

9.13017 

8.45783 

7.47980 

6.23145 

4.75793 

3.11268 

1.35763 

0.00000 
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6.    DISCUSSION AND RECOMMENDATIONS 

6. 1   ERROR ANALYSIS 

The statistical errors in the time-of-flight measurements,  Delta(N)/ 

N,  are tabulated with the data in Appendix B.    In addition,  there are sys- 

tematic errors,  listed in Tables 6. 1 and 6. 2.    The first table is concerned 

with the energy scale and resolution.    The second table is concerned with 
2 

the relative and absolute magnitude of the angular flux,   n/cm    sec eV sr, 

at a standard source intensity. 

The neutron burst width in each of the measurements is given in Tables 

2. 10 and 2.11.    If we consider the middle of the neutron burst as the effec- 

tive time of neutron production,  there is no error in the mean energy.    How- 

ever,  the contribution of the width At,   to the energy resolution A E/E goes 
-1/2 

as 2 At, /t,  where t,  the time-of-flight,   is proportional to E .    The 
b 

values listed in Table 6. 1 are for the maximum A t,   for each series of runs 
b 

at the energy cited. 

The emission time is discussed in Section 3.    The analyzed time inter- 

val is corrected for the mean emission time, < t >.    The residual error 

after making this correction is small for the fast and intermediate spectrum 

measurements,  but there may be an error of up to 3% near 0. 1 eV.    The 

timing uncertainty A t    due to the spread in emission time about the mean 
e 

is generally equated to the standard deviation a = /< t   > — < t > 2,  where 
2 

< t > is the second time-moment of the distribution.    The ratio a/t is small 

and fairly constant in the slowing down region,   reaches a peak near 0. 1 eV, 

and then decreases again (see Table 3.3 and Fig.   3. 1). 

The delay in detector response includes the mean time-to-capture 

in the boron detector (the neutron interaction time in the organic scintilla- 

tor and BF- detector is negligible compared to other uncertainties).    The 
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Table 6. 1 

ERRORS IN ENERGY 

Source of Error Mean Energy Energy Resolution 

1.    Neutron burst width < 10% (10 MeV) 
< 2% (0.1 MeV) 
< 2. 5% (100 eV) 

2.    Emission time correction 0. 1 to 3% (at 0. 1 eV) 0.1% (> 1 eV) 
35% (0.1 eV) 
12% (0.01 eV) 

3.    uctector response time <  i% 2% (10 MeV) 
3% (0. 1 MeV) 
0.5% (100 eV) 

4.    Zero channel 3% (10 MeV) 
0. 3% (100 eV) 

5.    Channel width < 0. 5% 

2% (10 MeV) 

3% (10 MeV) 
1% (0. 1 MeV) 
3% (100 eV) 
0.2% (0.01 eV) 

b.    Length of flight path 0. 1% 

data are corrected for the average (over incident energy) of the mean time- 

to-capture: the contribution to the residual error is estimated from the 

variation in mean-times and the estimated accuracy of the calculations. 

Delavs in cables,   etc.  are not considered since the flight time is actually 

measured with respect to the bremsstrahlung channel,   and these delays 

affect neutron and photon signals equally. 

The fast neutron detectors have an estimated jitter of 10 nanoseconds, 

except near the discriminator threshold,  where it increases to 30 nano- 

seconds or more.    However,  near threshold (~400 keV) the data cannot be 

trusted anyway since the efficiency is ill-defined.    The boron capture detec- 

tor has a similar response,   but most of the counts occur with pulse heights 

well above the threshold,   and furthermore the timing jitter is small com- 

pared to the mean time-to-capture.    The jitter of the BF3 proportional 
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Table 6.2 

ERRORS INFLUX 

Source of Error Relative Flux Absolute Flux 

1. Intrinsic efficiency ±5% (NE211,  NE213) 
±10% (NE226) 
±5%(BF3 

±8% (NE211,   NE213) 
±16% (NE226) 
±7% (BF3 

2. Geometry factor 1 to 5% (one 
detector) 

collimator, 5% 

3. Transmission ±3 to±   12% ±3 to± 12% 

4. Energy calibration <18% 
(see text) " 

5. Deadtime correction <1% < 1% 

6. Monitor normalization ±2% ±11% 

7. Background Section 6. 2 

8. Perturbations Section 6. 3 

counter is estimated at ±  1 usec with an additional uncertainty of 0. 1 asec 

or so in the discriminator triggering. 

The zero channel refers to the channel in which the brems Strahlung 

signal appears in the scintillation detectors; after subtracting the time-of- 

flight of the photons,  it defines the time of the neutron burst to ± 0. 5 channel 

(the smallest channel width available was 31.2 nsec,  hence the zero time 

under ideal conditions was measured to ± 15. 6 nsec).    However it has been 

found that the brems Strahlung does not always appear in a single channel; 

the position of the midpoint (or peak) is sensitive to the electron beam cur- 

rent,  and there may be errors in the determination of the peak due to dead- 

time.    The zero channel should be measured with a beam current large 

enough to get the bremsstrahlung signal well above background,   including 

background from accelerator dark current (the very small current observed 

from gas ionization even when the electron injector is turned off).    On the 

other hand,  the beam current should not be so large that deadtime losses 

or other effects distort the measured time distribution.    The discriminator 
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signal from the BF, detector is gated-off for 50 tjsec during the bremsstrah- 

lung flash (there is also considerable RF noise pickup during this interval). 

However,  the time-delay between the injector trigger and the opening of the 

first analysis channel of the modified TMC 212 unit has been measured 

electronically as 18 jjsec,  with good precision.    Various delays in the 

electronic, not accounted for in the measurement    amount to at most 

1 ijsec. 

The zero-channel should define the zero time.    However,  the analyzer 

is started with a signal derived from the injector trigger generator,  and 

there was a jitter of about ±10 nanoseconds in the actual time of the brems- 

strahlung burst relative to the analyzer start.    This jitter is negligible 

except at the highest neutron energies. 

The channel width of the TMC digital time analyzer is determined by 

the frequency of an oscillator.    The nominal channel widths with the 

TMC 201 unit are 31.25,   62. 5,  and 125 nanoseconds.    However, a measure- 

ment of the oscillator frequency disclosed the channel widths should be 

31.166,   62.332,  and 124. 664 nsec.    This correction has been made. 

Errors in the wider channels of the TMC 211 and TMC 212 units have been 

found to be negligible.    The quoted error in mean energy is based on estima- 

ted frequency stability.    There remains an uncertainty of ±0. 5 channel 

since the energy is computed for the time at the center of the channel. 

Channel widths are discussed in Section 2. 5.    The value quoted at 100 eV 

is for the 10 ^sec channel width,  and at 0.01 eV for the 80 jjsec channel 

width. 

The uncertainty in the flight path length,  including the positioning of 

the assembly,  is estimated at 5 cm,  or 0. 1%,   which is also the percentage 

error in the flight time. 

The error in the mean energy is probably most important in the 

MeV region,  where carbon has several resonances.    The zero-degree 

measurements exhibit dips in the flux at these resonances,  and since the 

energies of the resonances are known, the calibration of the energy scale 
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can be checked.   The 2. 08 MeV resonance in carbon appeared at 2. 01 MeV 

(ungrouped channels) in the 0  ,   35. 6 cm measurement,  or 3% low.   However, 

this is hardly outside of the energy resolution and is only off one channel. 

We have grouped the channels according to the estimated resolution: 

6% at 10 MeV,  decreasing as/E, for the NE211 and NE213 detectors, 25% 

at 10 MeV,  decreasing as/E,  for the NE226 detector,  and a constant 8% 

for the BF^ detector runs.  The ungrouped output is on file at General Atomic. 

The intrinsic efficiencies of the detectors (Table 6.2) are discussed 

in Refs.  4,   5,  and 6.    The error quoted for the relative efficiency due to 

error in the geometry factor is based on the estimated reproducibiiity in 

positioning.    The absolute error includes the estimated uncertainty in 
2 

(n A ),  A,,   • -\d L   ,   when using the average L to calculate the geometry 
s d 

factor.    Transmission errors are discussed in Section 2. 6. 

The uncertainty in the energy scale, and energy resolution,  can affect 

the flux measurement when either the detector efficiency or transmission 

varies rapidly,  as in a resonance.    In addition,  the energy resolution affects 

the shape when the actual flux is varying rapidly,  as in a resonance or near 

the transition between the 1 7E and the thermal spectrum.    The efficiency 

of the BF_ detector varies smoothly and slowly with energy and there are 

no resonances in the transmission of the flight path for the BF- measure- 

ments.    The shape of the spectrum in thv  transition region is identical as 

measured with the 10 usec channels and the 80 |jsec channels.    However, 

the experimental resolution is mainly determined by the variation in emission 

time,   rather than the channel width.    The resolution correction to the time 

spectrum is given by 

Y      true      Y      obs X   R(X)dX 

X R(X)dX 

00 

L X    R(X)dX 

4! ,<PW 
djjjt) 

dt' 
(6.1) 
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The second derivative was evaluated graphically for the time distri- 

bution measured in Runs 3 and 4,  7-22-66 (thermal spectrum at 35. 6 cm, 

0  ) with 80 Lisec channels.    If the resolution function R(\) is taken as a 

Gaussian with a standard deviation a obtained from the emission time,  the 

largest correction is 18% and occurs at 0. 17 eV.    At the same energy,  if 

the resolution function were rectangular with a width of 2 a,  the correction 

would be 6%.    Since the resolution correction is fairly small and somewhat 

uncertain because of the uncertain shape of the resolution function,  and 

since it is significant only in a small energy range,   the correction has not 

been made.    Table 6.2 estimates an upper limit of 18% for the resolution 

correction. 

The boron capture(NE226) detector measurements were made with 

the boron-aluminum filter,  which has many resonances.    The detector 

itself has a dip in efficiency due to a boron resonance.    It is possible that 

there may be a small error remaining at the resonances,   but the energy 

calibration and resolution are good,  the true   flux is smoothly varying, and 

there is little evidence of spurious oscillations in the grouped flux output. 

The 0    measurements were made with the depleted uranium filter in the 

flight path,  and there are small residual oscillations at a few keV. 

"4 The efficiency of the NE2 1 1 and NE213 detectors is slowly varying 

except near the threshold,  where it varies approximately linearly in energy. 

There are a few resonances in the flight path transmission but they are 

small.    Energy resolution and mean energy calibration are reasonably good. 

However,  in the zero-degree measurements there are large and rapid 

variations in the true flux due to the carbon resonances.    The results 

quoted are averaged over the instrumental resolution and no attempt has 

been made to remove the instrumental broadening.    Since the resolution 

is much better in the time-of-flight measurements than in any other experi- 

ment,  and calculations us ally have much poorer resolution,  this should 

be no problem. 
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The recorded counts vs time are corrected for deadtime in the analy- 

zer.    The correction is most important for the TMC 201 unit (which accepts 

only one count per beam pulse) and the TMC 211 unit (which has a fixed 

deadtime of 16 usec).    There are two types of correction,   one for the 

"shadowing" of later channels and the other for the coincidence loss within 

the channel accepting a count.    The correction is based on 

WMIC 
S(I)     _ 

ROD 
=  I        exp(-RCI-t) RCI. dt=   1  - exp (-RCI'WMIC) (6.2) 

or 

RCI- WMIC =   - In (l-S(I) /ROD*) (6. 3) 

where 

S(I) = counts recorded in channel I 

RCI = the desired quantity,  true counting rate per beam pulse 

ROD = true number of beam pulses 

ROD = reduced number of beam pulses 

WMIC - channel width,  ^jsec 

For the TMC 201 unit, 

1-1 

ROD* = ROD -y      S(I) (6. 4) 

1=1 

and for the TMC 211 unit, 

1-1 

ROD* = ROD -  2_\ S(1' (6* 5) 

A 

where A is the larger of 1 and the integer part of (I - 16/WMIC).    In the 

graphite runs,   the largest S(I)/ROD* was 3. 14 x 10"   ,  and for S(I)/ROD* 

< <  1,   Eq.   6. 3 is approximately equal to 
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RCI- WMIC =  S(I)  ROD* (6.6) 

hence the fractional correction is 

C =   1 - (S(I)  ROD*)  (S(I)   ROD) =   1 - ROD ROD* (6. 7) 

%                              The largest value of E S(I)   ROD occurred for Run 1 of 5-27-66, where 
4 
ft,   ■ there was 0.248 counts/beam pulse.    For this run the correction was cal- 

culated by hand for 

1. the highest count in a channel (channel lib); 8.8% correction 

2. the largest ratio S(I)   ROD* (channel 121);  10.2% correction 

3. the largest ROD ROD* ratio (channel 512); 33. 1% correction 

The correction in the last channel looks large,  but actually this channel 

does not contribute to the data except as it is averaged into the "late 

channel" background.    The statistical error of the background averaged in 

the last 200 channels was ±1. 67%,  and a 33% correction in all of these chan- 

nels would result in an error of only 0. 55%. 

Another possible source of uncertainty is the deadtime correction 

when the counts/beam pulse ratio is allowed to vary during the run.    For 

example,  the accelerator current may drift,  and there are often a few minutes 

at the beginning of the run ir which the current is varied while the counts/ 

beam pulse ratio is being evaluated.    Three examples were devised to 

estimate the importance of this effect: 

1. 0.2 5 counts   beam pulse for 30 minutes and 0.20 counts/beam 

pulse for 30 minutes.    The corrected counts in each separate 

period were summed and compared     .th the counts using the 

average correction.    The difference was 0.083%. 

2. 0.25 counts  beam pulse :>>; 10 minutes,  and 0. 125 counts/beam 

pulse for 50 minutes.    The difference in the separate and the 

average correction was 0. 615%. 

3. 0. 125 counts/beam pulse for 10 minutes,  and 0.25 counts/beam 

pulse for 50 minutes.    The difference in the separate and the 

average correction was 0. 965%. 
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We concluded that residual error  due to inadequate deadtime correction is 

less than 1%. 

The monitor normalization has already been discussed in Section 2. 7. 

The errors quoted by E.G.G.,  Inc. have been increased slightly to allow 

for possible nonreproducibility in positioning of the monitor in the graphite 

stock.    Relative error refers to run-to-run normalization* absolute error 

to the value of the fluence as measured by the sulfur activation. 

Background is discussed in Section 6. 2 and perturbations in Section 6. 3. 

6.2   BACKGROUND 

The possible sources of background in the graphite time-of-flight 

experiments are given in Table 6. 3.    There are three types or classes: 

background which is constant in time and independent of the accelerator 

beam current,  background which is essentially constant within the inter- 

pulse period but which is proportional to the beam current (through the 

neutron and gamma-ray yield),   and time-dependent background which is 

necessarily also beam-dependent. 

Ambient background is included in the counts in the la*e channels of 

the fast neutron spectrum analysis (NE211 and NE213 detectors),  which 

are insensitive to neutrons below about 400 keV.    Sine* the background is 

accumulated during the same run as the data,  and is truly constant,  no 

further correction is necessary.    As a matter of interest,  the ambient 
-5 

counting rates in the lead shield at the 50-meter station are 6.4 ± 1.6 x 10 

counts ^sec-beam pulse for the 5. 08 cm x 5.08  cm NE211 detector,and 
-4 

1. 8 ± 0. 3x10      countsl\±sec-beam pulse for the 12. 70 cm x 12. 70 cm 

NE213 detector. 

Ambient backgrounds for the boron capture detector (NE226 scintillator) 

and 36 BF_ bank were measured in separate beam-off runs (Run 015,   5/28/66 

for the NE226,  and Run 007,   7/22/66 for the BF-).    In the boron detector 

measurements background is accumulated in a second time analyzer during 

the same run as the data,   with a B      filter in the flight path,   as explained 
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in Section 2. 5.    The filter is essentially black to neutrons of ^> 3000 ^jsec 

flight time (—1.4 eV),  and this procedure should subtract ambient properly, 

assuming the electronics are reliable.    Background is probably known to 

about ± 10%,  plus the statistical error. 

The background in the BF-, detector measurements is subtracted by 
10 

measuring the spectrum in a separate run with a B      plug located   at the 

bottom of the probe hole in the graphite.    The plug should remove essentially 

all of the neutrons,  leaving ambient and any time-dependent gamma-ray 

background.    The HECTO data reduction code normalizes the background 

run to the data run by the ratio of monitor fluences,   rather than beam 

pulses (or time).    However,  the background was corrected by hand when the 

difference in monitor ratio and time ratio was significant.    The residual 

systematic error in the ambient background subtraction is estimated at 

<  1%. 

Long-lived activity is believed to be small in all detectors and in the 

graphite assembly.    In any event,   it is correctly subtracted by the late 

channel and second analyzer procedures,  and by the separate run procedure 

unless the waiting period is too long. 

Overlap refers to neutrons which arrive at the detector from previous 

bursts,   due to a long flight time ( and emission time) compared to the inter- 

pulse period.    Fast neutrons are moderated and arrive at the fast neutron 

detector with no overlap and the fast neutron detector is insensitive to 

lower-energy neutrons.    Intermediate energy neutrons are moderated and 
10 

arrive at the boron capture detector with no overlap,  and the B      filter 

removes lower-energy neutrons which would otherwise reach the detector 

and be counted.    In the BF> detector runs,   the repetition rate was 7.5 sec 

giving an interpulse period of 133, 333 pisec.    Subtracting a mean emission 

timo of 2090 iasec,  the overlap occurs at an energy of 0.00076 eV,  while 

we measure only to 0. 002 eV.    Any contribution of fast neutrons to the 

counting rate at 0.002 eV is not seen.    The tail of the thermal neutron 

distribution adds to the faster neutron channels,  but this background should 
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be small with our graphite spectrum,   detector sensitivity, and repetition 

rate.    In a typical case,  the estimated counts /channel in the tail of the 

thermal neutron distribution was« 350 while the counts/channel at 200 eV 

was *j 10, 000.    This estimate includes the ratio of the sensitivities at 
I 
§ äS 0. 001 e V compared to 200 e V. 

t Photofission gamma rays are delayed gamma rays from fission pro- 

duct isomeric transitions and beta-decay in the depleted uranium target 

(bremsStrahlung and gamma rays with a half-life of much less than 0. 1 

l^sec arrive before the neutrons).    Measurements have been made at the 

General Atomic Linac of the delayed gamma rays from        U(v, F) in 

the range of 2 ^sec to 1 second after fission.    Results are shown in Fig.   6. 1, 

which is the same as Fig.   17 in Ref.   20.    The gamma rays were observed 

with an organic scintillator biased at 510 keV.    However,   except for one 

with a few usec half-life,   the same isomers (with different yields) have 

been observed with a sodium-iodide spectrometer in the neutron-induced 
235 239 

fission of        U and        Pu,  and half-lives from 2. 3 jjsec to 80 ^ec and 
(24) energies from 110 keV to 1330   keV have been assigned. Absolute 

intensities are given in terms of photons/i, ^ond per fission; there are 

about 2. 5 fission neutrons per photofission or 3.0 neutrons per photo- 

fission,   counting the direct photoneutrcns. 

Photofission gamma rays (as well as gamma rays from absorption 

in the target and graphite) are not a problem with the BF~ detector since it 

is relatively insensitive to gamma radiation and furthermore the background 

run should properly remove time-dependent as well as constant background 

(a possible exception is activity of several minutes half-life whose magni- 

tude would depend on the exact irradiation history; however,   no such activity 

appears to be significant in the BF~ runs). 

In the fast neutron detector measurements,   background is measured 

from 9 usec to 15 (jsec after fission (actually the detector is insensitive to 

neutrons after 6 usec).    From Fig.   6. 1,   we see that the rapidly-decaying 

(isomeric) component falls by a factor of 5 between 1 jjsec and 6 (jsec,  and by 
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a factor of 2. 5 between 6 jisec and 15 usec.    Thus if the isomeric component 

is important,   we would expect a large decrease in counting rate from 6 to 

15 jjsec.    An examination of the data shows that,   on the contrary,  the count- 

ing rates are nearly constant.    The worst situation occurs at 0    and 66 cm, 

fa since there the target is viewed directly through graphite, which attenuates 

neutrons more effectively than gamma rays.  In this run the counting rate de- 

creased no more than 20% between 6 and 15 usec.  Extrapolated to 1 ^isec the 

time-dependent background would at most double the background to be sub- 

tracted which would result in less than a  1% change in the flux.  As a further 

check, we can estimate the gamma ray /neutron counting rate ratio, assuming 

equal detection efficiencies anda gamma ray energy of 1330 keV(corresponding 

to ;a =   1.17 cm      in the depleted uranium filter and |i = 0. 091 cm      in the 

graphite).     The gamma-ray intensity at,   say,   2 usec is about 1, 5 x 10 

photons 'usec-fission or 0.5 photons  usec-source neutron.    The average 

neutron intensity,  assuming an effective emission time of some 3 ^sec 

at the detector,   is about 0.3 usec      per source neutron.    Thus without 

attenuation the y n counting rate ratio is roughly 1.7 x 10     .    The neutrons 
4 

are attenuated in the graphite by approximately 10   ,   and in the flight path 
4 

(including the uranium filter) by about 3 or 3 x 10    altogether.    The gamma 

rays are attenuated by 263 in the 61 cm of graphite,  and by 40 in the 3. 144 
4 

cm of uranium,   or about 10    altogether.    Thus the y /n counting rate ratio 

would be  1. 7(10     ) (3) = 5. 4 x 10     ,  which is negligible. 

Gamma rays from absorption in the target and graphite should be 

properly subtracted by the late-channel counts in the fast neutron detectors, 

since most of these gamma rays will follow the millisecond dieaway of the 

neutron density,   and the change in density between 1 (jsec and 15 ^ec is 

negligible. 

Photofission and absorption gamma rays are more of a problem in 

the boron capture detector,   since its gamma ray efficiency is on the order 

of 30 times the neutron detection efficiency (the scintillator area is 0. 45 

of the neutron-detecting area,   but the intrinsic gamma-ray detection 
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efficiency is probably about 50% compared to a neutron detection efficiency 

of about 0. 7%.    The boron capture detector is biased at 150 keV gamma 

ray energy).    Background is measured at« 3000 ^isec after fission,  in the 

constant or plateau region corresponding to gamma rays following beta 

decay.    It would be difficult to determine accurately the magnitude of the 

isomeric component,  as detected by the boron-capture detector under our 

experimental conditions.    However,  we note that the relative magnitude of 

the beta-decay component is enhanced by the high repetition rate (180 pps) 

in these experiments.    Without loss of generality we can assume one fission 

per pulse; the measured intensity of the isomeric component will then be 

given by the values in Fig.   6. 1.    The measured intensity of the beta-decay 

component will be 180 times the total number of beta-decay photons cor- 

responding to irradiation periods on the order of an hour (about 80% of the 

infinite-irradiation rate).    Earlier studies      ' indicate about 4 photons 

per fission,  each with an energy of about 1 MeV.    The beta- ^ecay component 

is then 4(180) = 720 photons/sec and would exceed the isomeric component 

for all times greater than a few (jsec after the pulse.    Thus the background 

at the times corresponding to neutron energies in the 100 eV region,  where 

signal-to-background tends to be poorest,   should be correctly subtracted 

by the counts measured at 3000 g,sec.    Unfortunately,  in some of the runs 

the counting rate at 25 5 ^ec (& 200 eV) was only 20 or 30% above the back- 

ground so measured (also in these runs the 300 jjsec counting rate was 

typically 1. 0 to 1.2 times ambient).    A small error in measuring the con- 

stant background can lead to a large error in the flux.    In this case it is 

better to adjust background until agreement is achieved with the BF~ de- 

tector in the common energy region.    The residual error near 1 MeV can 

be estimated by comparison with the fast neutron detector results. 

Before making such adjustments,   we wish to estimate the importance 

of gamma ray background from thermal neutron capture in the target and 

in the graphite.    These gamma rays will presumably decay with half-lives 

on the order of milliseconds,  and a measurement at 3000 |jsec will usually 
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underestimate them (from Fig.   3.3,  graphite captures at large distances 

from the target may be overestimated,  however,  the gamma ray flux in- 

cludes contributions from captures at smaller distances also.    The point 

is,  the measurement at 3000 >jsec give the 2-255 jjsec background only 

approximately). 

From age-diffusion theory for a point source in an infinite medium, 

we can estimate the order-of-magnitude of the thermal neutron captures 

in the depleted uranium target,   relative to the photonssion delayed gamma 

ray intensity.    From page 164 of Ref.   14.  the thermal neutron flux per unit 

fast neutron source intensity is 

*th(r) = T-Ö7 [ e ['T"H^7-->-e       [l-erf^-—)]}        (6.8) 

where 
2 2 

T = age to thermal = 303 cm    + 53 cm    (Ref.   14,  p.   351) 

L = diffusion length,   40 cm 

D = diffusion coefficient,   0.833 cm. 
-3 2 

At r - 0,  M. (r) =   1.4 x 10      n  cm   sec per source neutron/second.    The 
238 235 

capture rate in the target(       U   + 0.2.2.%        U) is 

R, = W«>th <6-9) 

where 

f   =   self-shielding factor, * 0. 5 
1 -1 

£     =  0. 048 (2. 7  - . 0022 (694)) =   0. 20 cm 
a 3 
V=  volume = 232 cm 

hence R   = 0. 032 absorptions per source neutron.    Assuming the dieaway time 

constant is on the order of 2000 ijsec,  and taking about 6 photons/absorption, 

the target thermal neutron absorption gamma ray intensity is 

160 



-t/2000 usec 
,, »      «  ^-.-» äbs      - neut      ,    v       e It   = 0. 032 •   3  •   6 -J~    r—r  

fiss fiss abs 2000 jjsec 

->   ~      ,Ä-4    -t/2000   photons 
=  2.9x10      e -*- -—:— 

usec-ussion 

= 2.9xl02e-^SeC)/200°      Pho;°nS (6.10) 
sec-fission 

- T 'T -1 
Repetitive pulsing will enhance this by the factor (1-e      '   )      =1.07 

where T = interpulse period =   5555 jjsec (180 pps),  and T=  2000 J_I sec. 

The calculation is only approximate.    However,  the estimat ed intensity 

is small compared to the photofission gamma ray intensity and is probably 

negligible. 

About 27% of the absorptions in the target result in fission,  with re- 

lease of 2. 5 neutrons per fission.    Thus there will be a slowly decaying tail 

on the fast neutron pulse with an integrated intensity of about 0. 032 (.27) 

(2.5) = 2% of the prompt neutron emission (in addition to these delayed 

neutrons there are the usual delayed neutrons following fission,   but their 

intensity is very low).    The target delayed neutron background is small 

and is included in the late channel counts of the fast neutron detectors. 

The BF., detector is relatively insensitive to fast neutrons, and in any event 

the mean emission time is hardly affected.    The contribution to the back- 

ground of the boron capture detector is small and approximately corrected 

by the 3000 fjsec measurement. 

Graphite inelastic scattering gamma rays are emitted within a few 

nanoseconds of the neutron burst and should not contribute to the background 

in any of the detectors. 

The thermal neutron absorption cross section in our graphite is 
-5-1 -5-1 

38.8x10      cm     ,  compared to 28. 1 x 10      cm      for pure carbon (BNL- 

325,   2nd   Ed.,  Suppl.  2,  Vol.   1).    Carbon emits one 4.95 MeV gamma 

ray in 75% of the captures,  and two ^amma rays (3. 68 MeV and 1. 26 MeV) 
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(27) 
in cascade in 25% of the captures. The impurities in the graphite 

are not known precisely,  but the largest contributor to the absorption 

is probably boron, which emits one 0.478 MeV gamma ray.    The iower 

energy gamma rays are attenuated more rapidly than the 3.68 MeV and 

4. 95 MeV carbon gamma rays,  and the latter should be the most im- 

portant.    The attenuation coefficient in graphite at 4. 95 MeV is 0. 05 cm    , 

or a 20 cm attenuation length.    The attenuation length of the thermal 

neutron flux varies between the 22 cm observed in the smaller graphite 

assembly,  and the 40 cm diffusion length.    Thus we expect the gamma 

ray/thermal neutron flux ratio to either remain approximately constant 

or decrease with distance from the target.    On the other hand,  the cad- 

mium ratio increases,  indicating the ratio of epithermal flux to thermal 

flux is decreasing.    An exact calculation of the time-dependent gamma 

ray background would be difficult.    However,  we note that for a 1/E 

spectrum, <p(E) = <0     ./E,  the neutron counting rate is proportional to 
-1 ePl 

cp    . dE 
N(E) dE = -^  = N(t)dt 

2    2 
E = gL    't 

NW-^f-^* <6-H) 

Tue gamma-ray intensity varies more slowly than t     ,  hence the largest 

gamma ray to neutron ratio occurs at large t (low energy).    The rea- 

sonable agreement between the off-zero degree calculations and boron 

capture detector measurements indicates the graphite capture gamma 

ray background is probably small. 

Figure 6. 2 shows the 0    spectra at 20. 3 cm,  35. 6 cm,  and 50. 8 cm 

after attempting to adjust the boron capture detector background to match the 
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"correct",  approximately IE,   flux as measured by the BF. detector.    The 

ratio of the 1 E flux as measured by the BF- detector,   to the flux near 

ZOO eV as measured by the boron capture detector,  was used to correct 

the net counts of the boron capture detector ant< thus to find an adjusted, 

larger,   constant background.    The final correction still does not bring the 

boron capture results into agreement with the BF- results.    However,  the 

counting rate of the boron capture detector in the hundred eV region is only 

~20% above the background obtained from the second analyzer.    The com- 

puted flux is extremely sensitive to the amount of background subtracted, 

and statistics are very poor so that the lowest grouped point is found in the 

kilovolt range or higher.    Even if this could be overcome,   e.g.  by the use 

of smoothed data,  the results could not be trusted since the correction 

depends too sensitively on the accuracy of the flux measurements and the 
o 

assumed constancy of gamma-ray background.    The 0    boron capture detec- 

tor results may still contain sizeable errors in the few hundred eV range.,  but 

should be accurate above about  10 keV since the signal/background ratio is 

much larger at the higher energies. 

Afterglow refers to the rapidly decaying exponential counting rate 

observed just after the photomultiplier tube is gated on; it arises from the 

scintillator phosphorescence and possibly electronic recovery effects follow- 

ing the overload from the brems Strahlung flash.    It is often significant above 

— 8 MeV in zero-degree and near zero-degree measurements,   even with the 

uranium filter in the flight path.    An approximate correction for the after- 

glow in the NE213 detector measurements was made by comparing the 

NE213 and NE21 1 measurements at 0°,   35. 6 cm.    (The NE211 detector, 

which has a faster fluorescence dieaway and smaller bremsstrahlung energy 

absorption because of its smaller size,   exhibits very little afterglow back- 

ground. )   In the NE2 13 the afterglow background is quite negligible at 

6. 67 MeV.    A mean-life of 120 nanoseconds for the NE213 afterglow was 

found,  and the ratio of the neutron flux at 6. 67 MeV to that at 13.7 MeV was 

49.    Using the neutron flux ratio,   we found the magnitude of the afterglow 
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at 13.7 MeV and corrected the 6.67 MeV-13.7 MeV NE213 results by 

subtracting an exponentially decaying background with the proper magni- 

tude at 13.7 MeV and a 120 nsec mean-life.    At other positions and angles, 

we used the same mean-life and assumed the same neutron flux ratio to 

derive the afterglow correction.    The correction was often quite large, 

~  100% at 10 MeV.    Since there is no guarantee that the flux ratio is 

correct,   there may still be sizeable errors in our NE213 results above 

as 8 MeV. 

Background due to neutrons scattered in the collimators,  or trans- 

mitted through them is thought to be very small,  based on earlier experi- 

ments with the same collimation system. 

6. 3     PERTURBATIONS 

Even if the flux were assumed to be measured with perfect accuracy, 

there might still be a discrepancy between experiment and any calculation 

which did not take into account the exact geometry and composition, 

boundary conditions,  and radiation sources pertaining to the experiment. 

In a simplified calculation the deviations from the ideal small,  isotropic 

neutron source in infinite homogeneous graphite may be considered as 

perturbations. 

Possible perturbations are listed in Table 6.4. 

Source anisotropy is discussed in Appendix A.    Fission,   scattering, 

and absorption interactions of back-scattered neutrons with the target 

materials may be considered a perturbation if the target is not included 

explicitly in the calculation,  although this is more in the nature of an 

approximation than a perturbation.    We did try a calculation with the target 

in a 7.62 cm radius cavity and compared it with the calculation in a 4. 45 cm 

radius cavity.    At a depth of penetration of 31.2 cm in graphite,   corrected 

for the difference in 1/r    attenuation,  the scalar fluxes at an arbitrary 

"medium" energy of 145 keV were essentially identical.    Since there would 

be considerably less interaction in the larger cavity,  this suggests that the 

interaction effect with the smaller cavity is small.    Also,  in Section 3 

165 



Table 6.4 

PERTURBATIONS 

1. Source anisotropy ± 5% 

2. Interactions in source material < 5% 

3. Spurious sources Small 

4. Non-infinite geometry Calculable 

5. Room return Negligible 
;>                                                          6.    Probe-hole perturbation < 10% 
f 

7.    Electron-beam perturbation Small 

we estimated the thermal neutron absorption in the target influenced the 

dieaway by less than 5%,   and in Section 4 the flux plots indicate little if any 

flux distortion which might be attributed to the target. 

No measurements were made of spurious sources of neutrons,   such 

as photoneutrons produced in the electron beam piping or in the graphite. 

Based on previous experience and comparisons of theory and experiment 

in similar experiments,   we believe spurious sources are small. 

The influence of non-infinite geometry in the high energy experiments 

is discussed in Section 2. 2.    It should be negligible,   especially since in 

most calculations there will actually be an outer boundary,   probably spherical, 

to maintain a one-dimensional configuration.    Low energy spectrum calcula- 

tions must include the boundary explicitly or account for leakage by a local 

buckling which can be calculated from the flux plots in Section 4. 

Room return,   i.e.,  an external (delayed) source on the outer boundary 

due t. neutrons backscattered from the walls and floors of the room,   should 

have little effect on the high-energy spectrum measurements since they are 

made a few mean-free-paths from the boundaries.    The thermal neutron flux 

plots indicate the perturbation of even the support table is negligible. 

Perturbations by the probe hole for extraction of the neutron beam are 

more important,   since the hole would seldom be included in a calculation 

and the unperturbed spectrum at the point of measurement is desired. 
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Various experimental and analytical studies hav* been made,  but few general 

conclusions have been drawn.    The perturbation is smaller with smaller 

probe hole diameter,  and it is reasonable to measure the diameter in terms 

of mean-free-paths in the surrounding medium.    In the thermal experi- 

ments,   the d/X ratio was  1. 5.    In the intermediate neutron energy range, 

the d '\   ratio varied from 3. 0 to about one.    In the fast neutron range the 

ratio varied from one to 0. 3.    On this basis,  the largest perturbation would 

be expected at the lower energy end of the spectrum measured with the 

7. 62 cm diameter probe hole and boron-capture detector.    Another con- 

sideration is the angular distribution.    The 0    flux,   which is mostly 

uncollided,  has essentially zero perturbation.    Removal of the ecatterer in 

the probe hole volume would be expected to make the most difference at large 

angles,   toward the backward direction.    To test the probe hole perturbation 

in graphite we made one boron-capture detector measurement at 60    and 

35.6 cm radius with the usual 7.62 cm diameter hole (Run 8,   5-21-66) 

and one with a 3. 81 cm diameter hole for the first 30 cm (Run 1,   5-24-66). 

Results are plotted in Fig.   6. 3.    The flux as measured with the smaller 

probe-hole was equal to or somewhat larger than the spectrum measured 

with the perturbation of the larger hole.    If the fluxes are normalized in 

the  100 keV -  1  MeV region,  where the perturbation should be smallest, 

the two runs agree to within 10% or so at all energies except perhaps the 

very lowest.     We conclude that the probe hole perturbation is less than 

10%.    Since the electron beam tube and entrance hole are small and far 

removed from the measurement position,   their perturbation should be 

even smaller. 

6.4   COMPARISON OF RESULTS 

The time-of-flight and foil activation measurements contain a 

great deal of information.    It will take some time to exploit them to the 

fullest extent.    Meanwhile we have made some preliminary comparisons of 

the measurements with each other,   and with the available calculations. 
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The spatial distribution of the absolute thermal neutron flux,  as 

measured by indium and gold foils,  is discussed in Section 4. 1.    The values 

normalized to unit sulfur monitor fluence are plotted in Fig.   6.4.    These 
2 

may be compared with 4TT times the angular flux (n/cm    sr per unit sulfur 

monitor fluence) as measured at 90    in the time-of-flight experiment.    The 

flux per unit energy was integrated numerically from 0. 002 eV to 0.5 eV, 
13 

multiplied by 4n steradian, and divided by 7. 15 x 10     .    The latter figure 

arises from a peculiarity (to be corrected) of our data reduction code which 

multiplies the flux by an arbitrary factor of 7. 15 x 10  ,  and from an arbitrary 

factor of 10    between M,   the monitor value used,  and the actual sulfur moni- 

tor fluence.    At 35. 6 cm,   where the gold foil was located,  the fluxes agree 

to within better than 10%.    At 20. 3 cm and 50. 8 cm the results differ by 

2 5-30%,  only slightly outside the estimated experimental errors. 

The relative spatial distributions of the flux at 1. 5 eV are plotted in 

Fig.   6. 5.    The cadmium-covered indium activity,  which is mostly due to 

capture in the 1.46 eV resonance,   is plotted from the Z-direction traverse 

(Table 4. 4),  extrapolated from 25. 4 cm to 20. 3 cm using the shape of the 

vertical traverse (Table 4. 3).    The indium activity is normalized at 20. 3 cm 
o 

to the 90    angular flux measured in the time-of-flight experiment.    At 

3 5.6 crn the fluxes agree to within 12%,  and to within 30% at 50. 8 cm.    How- 

ever,  there is some evidence that the 90    flux at 50. 8 cm is somewhat too 

high,  judging from the 0    angular flux,  which is also plotted.    The DTF-IV 

calculation of the scalar flux,  normalized at 20.3 cm,  is also shown.    The 

calculation is actually for the lowest energy group,  which extends from 

1. 86 eV to 5. 04 eV,  but the relative spatial distribution is not expected to 

be significantly different at 1. 5 eV.    The slope of the calculated flux is 

somewhat steeper than either the foil or time-of-flight measurements. 

Relative spatial distributions of the S(n, p) and Al(n, at) foil activations 

are discussed in Section 4.2.    These activations should be proportional to 

/CO 

cp(E)aAct(E) dE (6.12) 
Threshold 
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where pis the scalar flux.    The time-of-flight experiment does not measure 

scalar flux,   but angular flux,   and since the fast neutron flux is very aniso- 

tropic it will take more time and effort to derive the scalar flux from the 

measurements.    However,  we can compare the foil results with the re- 

lative activation calculated from the cross sections given in Table 4. 14 

and the scalar flux (Table   6. 5) in the DTF-IV calculation of Section 5.    An 

approximate numerical integration of the weighted group fluxes gave the 

S(n, p) and Al(n, Ot) relative activations given in Table 6.5.    The foil activa- 
- 

tion results from Table 4.7 are replotted in Fig.  6.6.    The calculated 

1 activities,  normalized to experiment at 20. 3 cm,  are also plotted.    The 

calculated and measured Al(n, tt) activities agree very well at 50. 8 cm but 

the foil result appears to be about 40% too high at 35.6 cm.    This deviation 

from a smooth exponential attenuation may also be noted in Fig. 4.6.    The 

S(n, p) activities definitely appear to have different slopes,   the calculated 

attenuation being greater than that measured by the sulfur foils.    This 

requires further investigation but is probably related to the resonance 

structure in the actual flux spectrum. 

Figure 6. 7 is a plot of the fast neutron scalar flux spectrum at 35.6 cm 

as measured by the threshold foils (discussed in Section 4.3),   and the 

DTF-IV calculation arbitrarily normalized in this case to the 1 S(n, p), 

Al(n, p),   Al(n,a )]   set at  10 MeV.    There are only a few points,  but it can 

be said that agreement is fair above 5 MeV and widely discrepant below 

that.     The calculation should be repeated with a finer group structure, 

however it appears that S(n, p) exaggerates the dip at 3. 5 MeV. 

The fast neutron angular flux spectra at 35. 6 cm are compared with 

the DTF-IV angular flux calculations in Fig.   6.8.    Here the  17    measure- 

ments have been normalized to the 19    calculations at 2 MeV.    Obviously 

the seven energy groups between  1 and  15 MeV do not reproduce the detail 

in tht» time-of-flight spectra,   bu. approximately average the flux.     There 
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Table 6.5 

DTF-IV SCALAR FLUX 

£
mid 

(eV) AE(eV) 
<*E) 

Gp 20.3 cm    ' 35. 6 cm 50.8 cm 

1 1.25 + 7 4. 92 + 6 2.77-5 3.10-6 4.87-7 

2 8.4 + 6 3.30 + 6 9.40-6 1.05-6 1.74-7 

3 5.6 + 6 2.21 +6 3.79-6 5.14-7 1.00-7 

4. 3.75 + 6 1.48 + 6 8.64-7 1.24-7 2.62-8 

5 2.5+6 9.93 + 5 8.07-8 1.25-8 2.94-9 

s- £+v(SVEj 9.211 + 3 1.131 + 3 2.060 + 2 

Al=   EV{AVEJ 2.135 + 2 3.112 + 1 6.736 + 0 

4Trr2 S 4.79 + 7 1.81 + 7 0.67 + 7 

47rr2 Al 1.11+6 0.498 + 6 0.219 + 6 
1 

is evidence of a systematic discrepancy at lower energies,   the calculations 

predicting somewhat lower fluxes than were measured.    The zero-degree 

measurement lies between the calculated 0    and 8.3    fluxes (except at the 

large resonance dip),   as it should.    The "0  " measurement is actually an 

average over a finite angular resolution of ±5. 1   .    It includes all the un- 

collided flux from the target,  which lies within an angle of about ±1.3   . 

However,   the DTF-IV code does not properly calculate this sharply peaked 

angular distribution and thus there is no proper way of averaging the cal- 

culations over the experimental resolution. 

The 20.3 cm,   30    intermediate-energy (^10    to 10    eV) spectrum 

measured by time-of-flight agrees quite well (± 10-20%) with the DTF-IV 

calculation,   and both are nearly 1/E (there is a slight decrease at lower 

energies).   At 35.6 cm both theory and experiment rise approximately twice 

as fast as 1/E, with decreasing energy.   At 50.8 cm experiment and theory rise 
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approximately three times as fast as  l/E.    Qualitatively,   this variation 

is expected since the spectrum softens with distance in a graphite column. 

There are no DTF-IV calculations available yet for energies below 

a few eV.    Th    low-energy spectrum in reactor-grade graphite is very 

sensitive to leakage (as well as to the scattering kernel),   and the positive- 

buckling GATHER-II calculation does not agree at all with the measure- 

ments.    Attempts to calculate the spectrum with a negative buckling have 

been unsuccessful so far. 

6.5   RECOMMENDATIONS 

The experimental research in this program has provided a rather 

complete description of the penetration of neutrons in graphite,   comprising 

time-of-flight and foil measurements of spectra and energy-integrated 

fluxes,   as well as dieaway measurements.    Many more comparisons could 

be made between experimental results,  particularly to explore the relia- 

bility of threshold-foil measurements.    However,   the main purpose of the 

research was to provide an experimental standard for guiding and testing 

transport calculaticns.    The choice of input meshes,   and other numerical 

and physical approximations,   is always restricted by finite computer 

storage and computation time.    Given accurate,   high-resolution measure- 

ments of the space-energy-angle distribution,  as well as some time- 

dependent information,   it should be possible to track down the sources of 

discrepancies between theory and experiment with much more insight and 

confidence than has hitherto been possible. 

A start has been made on theory-experiment comparison,   as dis- 

cussed in Section 6.4.    However,   perhaps the most interesting aspect,   viz. 

the influence of the energy-group structure and cross sections on the cal- 

culation of the spectrum and spatial distribution,   could not be investigated. 

Reliable thermal neutron calculations are entirely lacking.    Graphite,   like 

some other non-hydrogenous materials,  has interesting neutron attenuation 

properties.    The flux is attenuated much more strongly in the resonances 
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than between or below them,  which severely tests the multigroup approxi- 

mation.    In hydrogenous materials the low-energy flux follows the fast 

neutron attenuation and reaches an asymptotic spectrum,   while in graphite 

the low energy neutrons are attenuated less rapidly than the fast neutrons, 

and the spectrum continues to soften with distance.    Approximations which 

might be valid for hydrogenous materials may not work for graphite.    In 

Monte Carlo calculations it is necessary to include some form of variance- 

reduction to obtain decent statistical precision even at moderate penetra- 

tions.    Comparison of Monte Carlo calculations with the measurements 

should help evaluate the reliability of different variance-reduction proce- 

dures.    Additional calculations by Monte Carlo and discrete-ordinates codes 

are strongly recommended. 

The graphite assemblies could not be made truly infinite for low- 

energy neutrons.    With so little absorption,   the spectrum is quite sensitive 

to leakage.    There is probably a real difference in the flux at 200 eV in the 

smaller and larger graphite assemblies,   although the monitoring may have 

been somewhat different and the accuracy of both the BF    and the boron- 

capture detector measurements is poorest here (the signal/background ratio 

is small and the efficiency of the BF    detector is not too well known).    This 

question bears more investigation,   however,   we note that the thermal spec- 

trum can still be calculated separately,  using the spatial distribution of 

the slowing-down source from the indium foil activations. 

In future work we recommend studying the common hydrogenous 

material,   water,   the common high-Z material,   iron,   and then iron/water 

laminated shields.    Neutron angular flux spectrum measurements;   and 

later gamma-ray angular 'lux spectrum measurements,   will test the oxygen 

and iron cross sections and the theoretical procedures for handling the 

important problems of inelastic scattering,   secondary gamma ray produc- 

tion,   and the spatial distribution of the low energy flux near the iron/water 

interface.    The neutron spectrum measurements can be performed as in 

the graphite,   except our new high-efficiency,   low-background 
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intermediate-energy detector wouid be used and either a larger NE211 

detector or the NE213 detector with pulse-shape discrimination.    The 

new on-line computer will permit time-compression of the analysis chan- 

nels,  and more flexibility in accumulating and subtracting background.    A 

concurrent effort in analysis should be carried out if maximum benefit is 

to be realized. 
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1. INTRODUCTION 

Measurements of neutron spectra in shields,  moderators,  and 

subcritical reactors are made by the pulsed source,  time-of-flight tech- 

nique at the General Atomic Linear Accelerator Laboratory.    The object 

of this report is to describe the characteristics of the 7. 62-cm diameter 

depleted uranium target developed as the standard neutron source for 

fast and intermediate spectrum measurements. 

In any comparison of calculated and measured spectra it is essen- 

tial that the source spectrum and angular distribution be known accurately. 

An advantage of the Linac measurements is that the angular flux spectrum 

of the source can be measured by the time-of-flight technique,  just as in 

the assembly itself.    Since the target is often imbedded in the shield or 

reactor,   it is desirable that the emission be reasonably independent of 

position on the target surface.    The position-independence,  or spherical 

symmetry,   is sometimes expressed by saying the target is isotropic (with 

respect to the axis of the electron beam).    This is particularly important 

when the flux at different angles is measured at supposedly equivalent posi- 

tions within the experimental assembly,  a situation which often arises 

since it is impossible to rotate the flight path and it is often inconvenient 

to bend the electron beam.    In measurements of the penetration of neutrons 

to great depths in shields,  a very intense pulsed source is required.    To 

accept the full electron beam power from the Linear Accelerator,  the tar- 

get must be water-cooled instead of air-cooled,  but the isotropy relative 

to the electron beam should not be impaired.    It is desirable also that 

there be little degradation of the fast neutron spectrum. 

2. TARGET DESIGN 

Figure 1 is a photograph of the target showing the water coolant 

connections in one standard configuration.    Figure 2 is a simplified cross 

section.    From time to time,   modifications have been made in the design 
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Fig.   1--Photograph of the 7.6Z cm water-cooled uranium target 
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of the electron beam inlet snout, water connections, support, and method 

of assembly, but these should not change the neutron emission character- 

istics appreciably.    The basic component is the depleted uranium sphere 
235 

(0. 22 weight percent        U),  7. 62 cm in diameter,  with a 2. 54 cm dia- 

meter cylindrical reentrant hole extending to within 0. 85 cm of the center 

of the sphere.    The electron beam impinges on the bottom of this hole. 

To avoid fission-product and uranium contamination of    ie water,  the sphere 

is plated with 0. 0254 cm cf copper and 0. 0127 cm of nickel.    (The main 

difficuHy with the target is getting a satisfactory plating of the reentrant 

hole.)   The cooling water flows between the bottom of the reentrant hole 

and the 0. 0813 cm thick copper window admitting the electron beam.    A 

parallel stream flows around the outside of the sphere,  directed by thin 

vanes not shown in the figure.    The water is contained by a 0. 0762 cm 

thick jacket of Type 304 stainless steel.    Because of variations in fabrica- 

tion and assembly,  the outer water stream may vary from 0. 18 cm to 0. 23 

cm thickness.    The stream at the electron impingement surf?ce is 0. 32 

cm thick. 

The depth of the reentrant hole and the diameter of the sphere were 

carefully chosen as a result of the investigations of G.  D.  Trimble,  et al., 

at the Linear Accelerator Laboratory.    The depth of the hole was chosen 

to make   he centroid )i photoneutron production coincide with the center of 

the sphere.    Three radiation lengths between the electron impingement sur- 

face and the center of the sphere was found to be best in experiments with 

Fansteel (89% W,  7% Ni,  4% Cu) and depleted uranium targets.    The neu- 

trons then traverse the same amount of material in every direction,   except 

at the reentrant hole itself.    The target diameter was made sufficiently 

large that scattering smooths out the remaining anisotropy; the larger 

diameter also helps attenuate the brems Strahlung incident on the experi- 

mental assembly and neutron detector.    Fansteel spheres of 2. 54,  7.62, 

and 9. 60 cm diameter were investigated,  as well as 5. 08 and 7. 62 cm 



diameter spheres of depleted uranium.    The emission vs angle to the 

electron beam was measured by activation of sulfur and aluminum foils 

placed in a ring around the target,  and by time-of-flight measurements. 

The emission of the 7.62 cm diameter uranium sphere is as uniform as 

the 9. 60 cm diameter Fansteel sphere,  presumably because of the iso- 

tropy of photofission neutron production.    The photoneutron yield of 
(2) 

uranium is twice as large as that for Fansteel,        and uranium was chosen 

despite the disadvantage of fission-product contamination in event of cool- 

ing or plating failure. 

With air cooling,  the target can dissipate about 200 watts without 

excessive temperature risj.    To handle higher electron beam power,  and 

to contain any fission products or uranium which may escape,  the water 

cooling jacket was added.    Calculated heat removal capacity is 1. 5 kW at 

250 F maximum uranium temperature,  at a flow rate of 6 gal/min and 

system backpressure of 25-30 lb/in .    Measurements indicate the design 

is conservative,  and somewhat higher power could be accommodated. 

3.    MEASURED NEUTRON EMISSION 

3. 1 ISOTROPY RELATIVE TO THE ELECTRON BEAM 

Figure 3 is a polar plot of the relative activation of sulfur foils 

placed around the air-cooled or water-cooled target at a radius of 15 cm. 
32 32 

The reaction is      S(n, p)    P, with a 3 MeV threshold.    Figure 4 is a plot 
27 24 

for the activity from     Al(n,a)    Na,  which has a 7 MeV threshold.    The 

deviations from uniform emission,  as seen by the foils,  are 6-10%,  ex- 

cept in the backward direction.    In shield and reactor spectrum measure- 

ments,  the neutron beam is generally extracted from the assembly in the 

30° to 100° region. 
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3. 2   MEASUREMENTS OF THE ANGULAR FLUX SPECTRUM 

Measurements of the spectrum have been made by the time-of- 

flight method on at least three separate occasions,     '        These measure- 

ments have been made at different angles to the radius vector,  different 

positions on the surface,  and with different size collimators.    All con- 

firm the rather high degree of position-independence implied by the foil 

activation experiments at MeV energies,  and the uniformity should be 

even better at lower energies.    The latest series of measurements will 

be discussed here.    For these measurements the electron beam was bent 

by an electromagnet,  and the target was translated left-to-right or up- 

and-down,  so that different areas on the target surface and different angles 

to the radius vector could be observed. 

At each position and angle the spectrum was measured with the 5. 08 

cm by 5. 08 cm NE211 liquid scintillation detector biased at 0. 054 cobalt 

units,        or about 500 keV neutron energy.    For measurements below about 

1.5 MeV,  our 19 cm diameter boron capture detector was used.    This con- 

sists of a disk of boron carbide plus paraffin mixture (approximately 75 

weight percent B  C,  and 25 weight percent CH  ),   19 cm diameter and 10 

cm thick,  which slows down and captures neutrons.    The 480 keV boron 

capture gamma ray is detected in a 12. 7 cm diameter by 7. 6 cm thick 

NE226 (hexafluorobenzene base) liquid scintillator.    The scintillation de- 

tector is mounted coaxially and in contact with the borated disk; bias was 

145 keV electron energy.    The efficiency of the NE211 scintillator was 

obtained from the Verbinski calculations. The efficiency of the boron 

capture detector was obtained in two steps.    First the probability and 

spatial distribution of captures for selected neutron energies was calcu- 

lated with the 05R Monte Carlo code.    Secondly the absolute detection 

efficiency for 480 keV gamma rays was measured with a 1 cm by 1 cm 
7 

Be    source,  as a function of position in a duplicate borated disk.    The 



over-all efficiency is then simply the weighted, volume-integrated cap- 

ture probability.    The 05R code also calculates the first and second 

moments of the time-to-capture,  for corrections to the measured time 

spectrum. 

Run-to-run source output monitoring was accomplished by activa- 

tion of sulfur foils.    The results from the two detectors are expressed as 

neutrons incident (corrected to a flight path transmission of unity) per eV, 

per monitor count.    To correct for the difference in solid angles of the 

two detectors,  the boron detector results have been multiplied by 11. 04, 

the ratio of the area of the borated disk to the area of the 5. 08 cm NE211 

detector.    In Fig.  5 we see the angular flux at 0   to the radius vector at 

different positions on the surface,  measured with a 1. 27 cm diameter 

collimator.    The positions are indicated by the diagram in the figure.    In 

Fig. 6 we have similar measurements,  but now at about 30   to the radius 

vector.    The angular flux spectrum from the target is quite symmetric, 

i. e.,  independent of position on the surface,  in agreement with the activa- 
o 

tion measurements.    The angular distribution is more peaked at 0   than 

a cosine,  as would be expected for a sphere only a mean free path or so 

in radius.    The spectrum is softer at larger angles,  indicating the impor- 

tance of inelastic scattering relative to absorption. 

In another series of measurements (with a different sulfur monitor 

location),  the target spectrum was measured with a collimator which 

viewed the entire hemisphere,  (see Fig.  7).    The angle between the elec- 

tron beam and the collii 

integrated angular flux 

tron beam and the collimator was 95    in this case.    The hemisphere- 

ff/2 

*(E)   =   lit   I     <p(E) sine do 

/ 
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assuming spherical symmetry, where 6 is the angle to the radius vector. 

The result is also equal to the angle-integrated leakage at one point.    For 

some calculations the hemisphere-integrated spectrum (total leakage) may 

be sufficient; however, for other calculations the angular distribution at 

the surface has to be included.   The measured spectra are listed in Tables 

I through XIV. 

When the target is imbedded in the experimental assembly, inter- 

actions of neutrons with the uranium may not be negligible.    The uranium 

is then included in the calculations, and the source is taken as the nascent 

photoneutron-production.    Photoneutron distributions are discussed in the 

following section. 

4.    PHOTONEUTRON DISTRIBUTIONS 

4. 1        MEASURED SPATIAL DISTRIBUTIONS 

The spatial distribution of high-energy brems Strahlung from 28 

MeV electrons incident on depleted uranium was measured by activation 

of 0. 318 cm diameter by 0. 0076 cm thick copper foils sandwiched between 

18 depleted uranium disks each 2. 54 cm in diameter,  0. 076 cm thick, and 

plated all over with 0. 0127 cm of copper for protection against oxidation. 

The electron beam (diameter less than 1 cm) was normally incident on 

axis at one end of the stack, and passed through a 2. 54 cm diameter by 

0. 0076 cm thick copper disk which served for run-to-run beam monitor- 
63 62 

ing.    The 10-minute activity from the      Cu(v, n)    Cu reaction was counted 

on a Nal(Tl) scintillation detector.    The (v, n) cross section peaks at about 

18 MeV and has a width in the giant resonance of about 6 MeV (FWHM). 
238 For        U the peak occurs a few MeV lower, but the copper foils should 

give a reasonable measure of the spatial distribution of photoneutron pro- 

duction.    Results are shown in Fig.  8.   As a further measure of the spa- 

tial distribution, the fission-product activity (gamma rays above 0.511 

MeV) from each of the depleted uranium disks was counted 24 hours after 
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irradiation.    The relative activation is plotted vs thickness (actually 

number of disks) in Fig. 9.    From these measurements we conclude that 

the photoneutron-photofission neutron production can be approximately 

represented as a uniform distribution within a sphere of 0. 85 cm radius, 

located at the center of the target sphere. 

4. 2        SPECTRUM AND ANGULAR DISTRIBUTION 

No measurements have been made of the angular distribution of thin- 

target photoneutrons.    We have made one measurement of the spectrum from 

a thin (0. 46 cm) disk of depleted uranium, plotted in Fig.  10.    However, 

the statistics below 50 keV were poor and there was some question about 

the performance of both the NE211 and boron detectors.    This experiment 

may be repeated later» but it is difficult to get reliable results with thin 

targets.    There is a very large scattered gamma ray background,  and 

the neutron spectrum from a thin target may not be representative of 

the spectrum of photoneutrons in a thick target such as the 7.62 cm sphere. 

Nevertheless, it is a point of departure for calculations,  as discussed 

later. 
(4) 

MacGregor       states that the (v, n) process yields neutrons princi- 

pally in an evaporation spectrum peaking at about 2 MeV,  plus a high energy 

tail.    The (v, F) process produces a neutron spectrum peaked around 1 MeV. 

The spectrum is essentially independent of electron bombarding energy 

\at high energy), presumably because the photonuclear cross section is 

peaked at about 15 MeV.    MacGregor refers to nuclear emulsion data'  ' 

;or 70 MeV brems Strahlung in Pb,  Sn,  Cu,  Fe, Al,  and C.    The photoneu- 

tron spectra were interpreted as a combination of evaporation and direct 

absorption.    The evaporation spectrum is of the form 

N(E)   =   const.  E exp (-E/T) 
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with a constant nuclear temperature of 1. 2 ± 0. 1 MeV for Cu and 

1.0 ± 0.2 MeV for Pb.    The evaporation neutrons are emitted isotropically 

in the laboratory system.    The direct component contributes a spectrum 

peaking at about 5 MeV and is anisotropic.    The work of the MIT Linac 

group      shows angular distributions are fitted by W(6) = an+a   P   +a    P 

where P   and P? are the JLegendre polynomials and 8 is the angle of neu- 

tron emission relative to the electron and brems Strahlung beam.    At 15 

MeV maximum brems Strahlung energy,  a.  = 0 and -a?/an varies from 0 

to 0. 8 depending on the nuclide and the neutron energy (the coefficients 

are given for evaporation plus direct neutrons,  but the anisotropy comes 

in with the direct component).    Thus the angular distribution is symmetric 

about and peaks at 90 .    The fraction of photoneutrons which are direct is 

0. 2 to 0. 3.    Photoneutrons from uranium are expected to follow the same 

general behavior as those from other heavy elements. 

The photofission neutron spectrum has the same form as the neu- 

tron-induced fission neutron spectrum, 

N(E)   =   const. V^exp (-E/T      ) 
eii 

where T       is an effective temperature.    The spectrum from thermal 

neutron fission of        U and the        U photofission neutron spectrum      as 

measured just above threshold (~ 5 MeV) are essentially identical, with 

T       = 1.3 MeV.    For higher excitation energy we might expect the photo- 

fission spectrum to be somewhat harder.    If MacGregor's statement is 

to be taken literally,   T       = 2 MeV since this gives a spectrum peaking at 

1 MeV.    The angular distribution of photofission neutrons is isotropic in 

the lab system. 

Spectrum measurements are rare,  but there are some measure- 
(8 9) 

ments of photonuclear cross sections.     '        The ratio of the integrated 

photofission cross section to the integrated total neutron emission cross 
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238 ~* section is 0. 24 in        U.    Taking an average v = 3 for the neutrons per 

fission, we find that some 72% of the neutrons should come from photo- 

fission and hence be emitted isotropically and follow a \E dependence 

at low energies. 

The discussion above indicates in a broad way what to expect, but 

the photoneutron distributions should receive more attention.    Meanwhile, 

we rely on the thick target (sphere) angular flux spectrum measurements. 

5.    TARGET CALCULATIONS 

An extensive series of calculations were carried out on the leak- 

age spectrum from the depleted uranium target.    The target was calcu- 

lated as a 3. 03 in.  (7. 69 cm) diameter sphere of depleted uranium (0. 20% 
235 

U),  surrounded by a spherical shell of water 0. 090 in.  (0. 229 cm) 

thick,  and then a spherical shell of stainless steel 0.034 in.  (0. 086 cm) 

thick.    Cross sections were generated for 26 energy groups extending 

from 14.9 MeV to 1.86 eV,  using the GAM-II code. The group struc- 

ture is given in Table V.    The source spectrum used in GAM-II was an 
238 extrapolated,  measured        U thin target photoneutron spectrum.    A reson- 

ance calculation was done for        U,  at a temperature of 300 K,  and the 

buckling was 10        in the B    calculation. 

The angular flux at the surface and the total leakage vs energy 

(computed by 2ffr   4^.(fI)|I A|i) were calculated with GAPLSN. * The 
1   1 238 

extrapolated, measured thin-target        U photoneutron spectrum was 
3 

used in an isotropic source distributed in a small volume (2. 1 cm ) at 

the center of the uranium. The group intensity, Q , is listed in Table XV 

for the trial calculations made to determine the effect of different approxi- 

mations. 
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5. 2   EFFECT OF ANGULAR MESH 

The total leakage, with P   cross sections, was calculated in the 

S , S.,,  and S«2 approximations.    The S., and S      angular meshes agree 

to 1% or better even in the highest energy groups where the flux is most 

anisotropic.    The S. predicted flux tends to be low, about 10% in the 

highest energy groups and less at lower energies.    The angular flux at 

the surface is not predicted at all well by S   for energies in the MeV re- 

gion.    The S., and S__ results are closer,  deviations being about 20% at 

2. 5 MeV.    The S , calculation is probably adequate for most purposes, 

although S ? is desirable for very high energy neutrons. 

5.3 EFFECT OF SPATIAL MESH 

The number of spatial intervals was increased from 33 to 54 with 

no significant difference in either the total leakage or the angular flux. 

This indicates that 33 intervals are sufficient,  and a fewer number might 

have been adequate. 

The angular flux at the "surface" is actually the average flux in 

the last spatial interval, which was about 0. 04 cm wide.    Thus it is 

possible to get a small, but non-zero,  computed flux for ji< 0.    Usually 

this is of no consequence.    A calculation was carried out for a 0. 4 cm 

void outside of the target.   As expected, the return flux (ß< 0) was ac- 

tually zero, the total leakage was not affected, and the angular flux was 

more forward-peaked (as the distance from the target is increased, 

the angular distribution approaches that from a point source).   In subse- 

quent calculations the average flux in the small outer interval (no void) 

was accepted. 

5. 4   EFFECT OF ENERGY GROUPING 

An investigation was made of the adequacy of the 25 energy group 

structure.    Results for groups 1-11 of the 25-group structure were 
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compared with results for 28 groups over the same energy range (14.9- 

0. 11 MeV).    This represents the maximum detail available (GAM-1I fine 

group structure, A/i = 0. 1) and removes any dependence on the averaging 

flux spectrum.    The total leakage at the higher energies is 6-8% lower 

with 11 groups than with 28 groups,  but only 2-3% lower at lower energies. 

The angular fluxes at the surface for the first group differ by 8%,  but less 

than 3% below group 3.    Thus the coarser energy grouping is probably ade- 

quate except perhaps near 14. 9 MeV. 

5. 5        EFFECT OF CONVERGENCE PARAMETER 

Most of the calculations were performed with the GAPLSN conver- 

gence parameter (change in the volume integrated scalar flux between 

iterations) equal to 10    ,  which should be sufficiently small.    To test 

this,  one calculation was done with a convergence parameter of 10 

No significant differences in the fluxes were found. 

5. 6   EFFECT OF SOURCE VOLUME 

In most of the calculations the isotropic source was assumed to be 

uniformly distributed in a 2. 1 cm    spherical volume at the center of the 

target.    This is slightly less than the effective volume derived from the ac- 

tivation measurements in Section 4. 1.    To investigate the importance of 

the source volume,  the calculation was repeated with a volume of 7. 2 cm . 

The total leakage,  normalized to the same number of source neutrons,  is 

the same within 2%.    The angular flux spectrum at the surface also agrees 

to within 2%,  except for \i = 1.    However,  the u = 1 (0  ) flux is calculated 

by a special version of GAPLSN.    It has zero weight and is not used in the 

angular integration.    Previous experience has indicated that the magnitude 

of the ß = 1 calculation is probably in error.    This effect is being inves- 

tigated in calculations with the DTF-IV code where angles nearer ft = 1 

can be included for the same number of angular intervals. 
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5. 7        EFFECT OF WATER AND STAINLESS STEEL JACKET 

A possible variation of 0. 06 in.  (0. 152 cm) to 0. 09 in.  (0. 229 cm) 

in the thickness of the water jacket may arise from fabrication and assem- 

bly tolerances.    A calculation with 0. 152 cm water thickness showed 

essentially no difference in total leakage at energies above 100 keV (Table 

XVI).    At lower energies,  however,  the moderation of the additional 

0. 076 cm of water becomes significant,  and at 100 eV the leakage is 50% 

larger with the thicker layer.    The angular flux at the surface essentially 

unchanged above 1 MeV,   is 20% larger at 10 keV,  and twice as large with 

the thicker layer at lower energies.    This shows the importance of main- 

taining a uniform water thickness for low energy work in heavy metal 

assemblies.    However,  the variation in water thickness should make little 

difference in light materials such as graphite or CH?,  because the low 

energy spectrum is determined mainly by elastic moderation rather than 

by the source spectrum. 

In another calculation the water,  and the stainless steel jacket, 

were removed entirely.    Without them,   the leakage is 3% higher at 12 

MeV,  8% higher at 1 MeV,  and more than a factor of 2 lower below 10 

keV.    Large differences also occur in the angular fluxes.    The 0.229 cm 

water and stainless steel jacket were included in all other calculations. 

5. 8        COMPARISON OF CALCULATED AND MEASURED SPECTRA 

The total leakage spectra as measured (Fig.  7) and as computed 

in a P ,  S.,,  25-group,  2. 1-cm    source GAPLSN calculation using the 

| trial photoneutron spectrum from Table V are plotted in Fig.   11.    The ; 

photoneutron spectrum is also plotted.    Calculations are normalized to 

the measurement at 2. 5 MeV.    The calculated leakage spectrum is in 

rather good agreement above 2 MeV,  but is too high at lower energies. 
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Since the photoneutron spectrum has not been measured accurately 

between 50 keV and 1. 5 MeV, and the extrapolation below 50 keV is un- 

certain, we have elected to adjust the low energy source spectrum down- 

ward to force close agreement in the total leakage spectra.    Thus when 

the adjusted source is used in a similar discrete-ordinates calculation, 

the correct leakage spectrum will be produced.    Table XVII lists the 

group intensity Q   and Q /AE of the adjusted source spectrum,  and the 

ratio of calculated to measured total leakage with this source.    The adjust- 

ment has achieved agreement to within a few percent except at the lowest 

energies.    Also compared in Table XVII are the calculated and measured 

angular flux spectra at 0 , and the flux calculated at an average angle of 

20   compared to the flux measured at about 30 .    All spectra are normal- 

ized at 2, 5 MeV for shape comparison.    Agreement is within 20% or so 

except at the highest energies, where the S.,  calculation may be inade- 

quate. 

The agreement in total leakage strictly holds only for a similar 

discrete-ordinates calculation.    For other types of calculations the source 

may have to be adjusted slightly to match calculated and measured spectra. 

The calculated angular fluxes are listed in Table XVIII. 
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Table XV 

GROUP STRUCTURE AND TRIAL SOURCE 
Trial Trial 

Group Energy Interval (eV) Lethargy Interval 
Qo Q0/AE 

1 1.492 +7-1.000 + 7 -0.4 -  0.0 2.300-3 4.67-10 

2 6.703 + 6 0.4 1.748-2 5. 30-9 

3 4.493 + 6 0.8 4.016-2 1.82-8 

4 3.012 +6 1.2 6.041-2 4.08-8 

5 2.019 + 6 1.6 8.425-2 8.48-8 

6 1.353 + 6 2.0 1.636-1 1.75-7 

7 8. 209 + 5 2.5 2.0241-1 3.80-7 

8 4. 979 + 5 3.0 1.8416-1 5.70-7 

9 3. 020 + 5 3.5 1.2813-1 6.54-7 

10 1.832 + 5 4.0 6.887-2 5.80-7 

11 1.111 + 5 4.5 3.883-2 5.39-7 

12 6.738 + 4 5.0 2.305-2 5.27-7 

13 4. 087 + 4 5.5 1.396-2 5.3-7 

14 2.479 + 4 6.0 8.470-3 5.3-7 

15 1.503 + 4 6.5 5.140-3 5.3-7 

16 9.119 + 3 7.0 3.120-3 5.3-7 

17 5.531 + 3 7.5 1.890-3 5.3-7 

18 2.035 + 3 8.5 1.840-3 5.3-7 

19 7.485 + 2 9.5 6.800-4 5.3-7 

20 2.754 + 2 10.5 2.500-4 5.3-7 

21 1.013 + 2 11.5 9.2-5 5.3-7 

22 3.727 + 1 12.5 3.4-5 5.3-7 

23 1.371 + 1 13.5 1.2-5 5.3-7 

24 5. 043 + 0 14.5 4.6-6 5.3-7 

25 1.855 + 0 15.5 1.7-6 5.3-7 
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Table XVI 

COMPARISON OF TOTAL LEAKAGE FOR WATER THICKNESS 
OF 0. 229 cm AND 0. 152 cm 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

0. 229 cm Water 0.152 cm Water 

5.49-10 5.47-10 

5.82-9 5.82-9 

1.96-8 1.95-8 

4. 34-8 4. 34-8 

9.53-8 9.56-8 

2.25-7 2.27-7 

6.27-7 6.41-7 

1.28-6 1.30-6 

1.70-6 1.73-6 

1.80-6 1.81-6 

1.74-6 1.70-6 

1.72-6 1.67-6 

1.82-6 1.71-6 

1.75-6 1.56-6 

1.99-6 1.72-6 

2.30-6 1.92-6 

2.60-6 2.07-6 

3.47-6 2.66-6 

5.16-6 3.66-6 

7.67-6 5.01-6 

1.18-5 7.16-6 

1.83-5 1.05-5 

2.57-5 1.37-5 

4.44-5 2.21-5 

7.19-5 3.32-5 
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Table XVII 

ADJUSTED SOURCE AND TARGET FLUX SPECTRA 

Group E(eV) 

1.25+7 

Adjusted 
Qo 

Q0/AE 

6.10-10 

Total Leakage 
Calculated/ 
Measured 

0.99 

Flux at 0W 

Calculated/ 
Measured 

l.M 

Flux at 20" 
Calculated/ 
Measured 

1 3.00-3   

2 8.35+6 2.08-2 6.31-9 1.00 1.43 1.56 

3 5.60+6 5.36-2 2.42-8 1.01 1.00 1.07 

4 3.76+6 8.19-2 5.53-8 1.01 0.99 1.01 

5 2. 52+6 1.089-1 1.10-7 1.00 1.00 1.00 

6 1.69+6 1.252-1 1.88-7 1.00 1.09 0.98 

7 1. 09+6 1.765-1 3.32-7 1.00 1.25 1.14 

8 6. 59+5 1.605-1 4.97-7 1.01 1.16 0.99 

9 4. 00+5 1.075-1 5.49-7 1.00 1.10 1.02 

10 2.43+5 5.28-2 4.44-7 1.02 0.97 0.79 

11 1.47+5 3.65-2 5.06-7 0.94 0.98 0.81 

12 8.92+4 2.42-2 5.54-7 0.97 

13 5.41+4 1.44-2 5.43-7 0.99 

14 3. 28+4 9.20-3 5,72-7 0.97 

15 1.99+4 6.10-3 6.25-7 0.95 

16 1.21+4 5.10-3 8.64-7 0.89 

17 7.23+3 5.40-3 1.50-6 0.80 

18 3.78+3 5.20-3 1.5-6 

19 1.39+3 1.90-3 1.5-6 

20 5.12+2 7.00-4 1.5-6 

21 1.88+2 2.60-4 1.5-6 

22 5.2+1 9.40-5 1.5-6 

23 2.5+1 3.50-5 1.5-6 

24 1.0+1 1.30-5 1.5-6 

25 3.4+0 4.80-6 1.5-6 
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IMF INI TL   MEDIUM GI--APHITE   SPFCTWII« 

5/27/*6  OOS       Rz35.6 17 l)F.6f»CFT,       MF.226 

I COMPUTED 2/15/671 

utf.Hur net) E*N(t) PElTMNl/N ENERGY M(E) E*N(E> OCLTA(N)/N 
(LV) (EV) 

l.a.57l40b 6.89934ne 1,0605413 2.5785-02 8.7810403 1.23764 09 1.0867413 5.«593-02 
1.3üV3«0b 7.b347406 9.8651412 2.7347-02 6.3034403 1.2760409 1.0595*13 5.5249-02 
l.U»740f> 8.3914406 9.4713412 2.8328-02 7.P62U4P3 1.5012409 1.IA03413 5.8614-02 
'».*Jü99*0b 9.4393406 9.2787412 2.9409-02 7.«999403 1.5844409 1.1883413 5.9593-02 
8.63794 0b 1.0608407 9.1629412 3.0147-02 7.1217403 1.6020409 1.1409413 5.5723-02 
7.o:>OJ40b 1.1311407 8.6534412 3. J»40-02 6.7335403 1.6656409 1.1215*13 5.7564-02 
<>.o^29*0b 1.2500407 8.5289412 3.2740-02 6.3763403 1.9078409 1.2165*13 5.5803-02 
6.1220*05 1.2796407 7.8340412 3.4024-02 6.0467403 2.3195*09 1.4025*13 5.6790-02 
5.:><ir>l40b 1.2(30407 7,0e8b4l2 3.8157-02 b.7133403 2.0971409 1.1«*1413 5.5295-02 
b.Ul0940b 1.5764407 7.8991412 3.7010-02 5.3796*03 2.2249*09 1,1069413 5.4765-02 
4.b(>5340b 1.7337407 7,9143412 4.1664-02 b.0985403 2.5558409 1.3031*13 5.7828-02 
4.17bb40b 1.bt92407 7.0547*12 4.6601-02 4.8618403 2.6846*09 1.3052*13 5.8735-02 
3.ö3bl40b 1.7««03407 6.6749412 4.5U37-02 4.6413403 2. 9*»96409 1.3<»22*13 5.7217-02 
3.b34b40b 1.8510407 6.5424412 4.6753-02 4.4159403 2.6672409 1.1778*13 5.9456-02 
i.267640b 2.2?49407 7.2700412 4.5390-02 4.1880403 3.0694409 1.2855*13 5.7061-02 
J.029840b 2.2J*57407 6.9254412 4.8024-02 3.9772*03 3.2244*09 1.2824*13 5.8358-02 
2.Ü17I40-J 2.4fi95407 7.0131412 4.9107-02 3.7666403 3.3729*09 1.2704413 5,5562-02 
2.u26040b 2.7107407 7.1183412 4.8990-02 3.5719403 3.7828409 1.3512413 5.6609-02 
2.<»b3740b 3.0800407 7.5574412 4.8757-02 3.4054403 4.0711409 1.3864413 5.O084-02 
2.297940b 3.0123407 6.9219412 5.2189-02 3.2258403 3.8695409 1.2482413 5.6292-02 
2.1b6440b 3.0183407 6.5086412 5.5032-02 3.0483403 4.5807409 1.3963413 5.7235-02 
2.027640b 3.6*188407 7.3982412 5.3372-02 2.0956403 4.8348409 1.4000*13 5.6430-02 
1.9i0040b 3.b764407 6.8309412 5.5965-02 2.7445403 4.9097409 1.3475*13 5.7412-02 
1.0J2H40b 3.8»<39407 7.0003412 5.6584-02 2.6047403 5.8459409 1.5227*13 5.7739-02 
1.703640b 3.9204407 6.6787412 5.9591-02 2.4755403 5.4948409 1.3602*13 5.«572-02 
1.612740b 4.6714407 7.5336412 5.8273-02 2.3555403 6.4994409 1.5309*13 5.9883-02 
1.4901*05 4.7515407 7.0802412 4.3993-02 2.2442*03 6.6217409 1.4660*13 5.0422-02 
1.346440b 5.4457407 7.3321412 4.3375-02 2.1405403 7.6834*09 1.6446*13 5.9418-02 
1.222640b 6.3044407 7.7078412 4.4377-02 2.0439403 7.6021*09 1.55:^8*13 5.8945-02 
l.llbl40b 6.4109407 7.1488412 4.6656-02 1.9422403 7.6343409 1.4827*13 5.8604-02 
1.021140b 7.79^4407 7.9639412 4.5827-02 1.8424403 8.3647409 1.5411*13 5.8349-02 
9.i6b940M 7.4052407 6.9504412 5.3067-02 1.7453403 8.7235409 1.5225*13 5.7099-02 
8.Ubb6404 8.0483407 6.9671412 5.6344-02 1.6466403 8.7112*09 1.4344*13 5.8299-02 
«.Ü0924IJ«» 9.1935407 7.3633412 5.2776-02 1.5560*03 1.0436*10 1.6239*13 5,7414-02 
7,4317404 1.0368408 7.7052412 5.1863-02 1.4727403 1.0641410 1.5671*13 5.7578-0'» 
6.9146404 1.1980408 8.2834412 5.1126-02- 1.3959403 1.1769410 1.6429413 5.9849-02 
6.4496404 1.2390408 7.9911412 5.3362-02 1.3202403 1.3321410 1.7694413 5.8060-02 
6.0300401 1.3.t23408 8.3351412 5.3140-02 1.2623403 1.4080410 1.7773413 5.6577-02 
b.ül)0040H 1.4859408 8.3956412 5.4278-02 1.1957403 1.3963410 1.6695413 5.8170-02 
S,3049404 1.5540408 8.2437412 5.6171-02 1.1315403 1.5377410 1.7399413 5.7853-02 
4.9904404 1.6369408 8.1689412 5.7422-02 1.0748403 1.7519*10 1.882*»* 13 5.8462-02 
4.6364404 1.7064408 7.9117412 4.8916-02 1.0201403 1.7137410 1.7461*13 5.8244-02 
4.3166404 1.9194408 8.2854412 5.9461-02 9.6533402 1.8363410 1.7727*13 5.8964-02 
M.O306404 2.0997408 8.4632412 4.9553-02 9.1304402 1.9282410 1.7605*13 5.8283-02 
3.7225404 2.2076408 8.5157412 5.3220-02 6.6484402 2.1284410 1.6407*13 5.9792-02 
3.4464404 2.4J59408 8.3999412 5.9040-02 6.2041402 2.2566410 1.8514*13 5.8518-02 
3.203540«» 2.7331408 8,7556412 5.1555-02 7.7927402 2.5632410 1,9974*13 5.6641-02 
2.9Ü37404 2.8355408 8*4604412 5.2578-02 7.3718402 2.3097410 1.7027*13 5.8913-02 
2.7859404 3,2118408 8.9477412 5.2025-02 6.9583402 2,7668410 1.9253*13 5.8369-02 
2.o07l404 3.0777408 8.0239412 5.6639-02 6.5570402 2.5374410 1.6636*13 5.9275-02 
2.4449404 3.3863408 8.2793412 5.6813-02 6.1678402 2.9910*10 1.8448*13 5.9456-02 
2.2975404 3.9M1408 9.1007412 5.4655-02 5.8502402 3.4725410 2.0315*13 5.9962-02 
2.1630404 3.9&45408 8.5536412 5,7896-02 5.5657402 3.7484410 2.0862*13 5.6198-02 
2.U399404 4.3300408 8.8329412 5.8082-02 5.2851*02 3.7751410 1.9952*13 5,9456-02 
1.9271404 4.6002408 8.8651412 5,9237-02 5.0100*02 4,0493*10 2.0287*13 5.8317-02 
1.8072404 5.03804Q8 9,1047412 5.1713-02 4.7214402 3.7779410 1.7837*13 5.9471-02 
1.6976404 5,6013408 9,5088412 5.9436-02 4.4501402 4.5508410 2.0252*13 5.9427-02 
1.6117404 6.2662408 1,0099413 5.8460-02 4.2193402 4.9085410 2.0711*13 5,9735-02 
l.bl95404 6,5684408 1.0011*13 5.1911-02 3,9794402 4.6105410 1.8347*13 5.9712-02 
1.4234404 6.6^20408 9.5123*12 5.4630-02 3.7539402 5.6320*10 2.1142*13 5,9995-02 
1.3465404 8.4959408 1.1440*13 5.7347-02 3.5565402 5.9398*10 2.1125*13 5.6387-02 
i.*855404 8.9403408 1.1493*13 5,8082-02 3.3576*02 5.9743*10 2.0059*13 5,9712-02 
1.2196404 8,2263408 1.0033413 5.5577-02 3.1597*02 6.2459*10 1.9735*13 5.9464-02 
1.1501404 9,3839408 1.0792*13 5.4^49-02 2.9752*02 6.9576*10 2.0700*13 5.9737-02 
1.U864404 8,7853408 9.5443*12 5.9891-02 2.8096*02 7.6225*10 2.1416*13 5.9521-02 
1.U279404 1.0594409 1.0889*13 5.6235-02 2.6404*02 7.3934*10 1.9522*13 5.8978-02 
9,7396403 1.0725409 1.0446413 5.8819-02 2.4751402 8.4295*10 2.0864*13 5.9304-02 
9.2417403 1.2125409 1.1206413 5.7441-02 2.3250402 8.9053410 2,0705*13 5.9244-02 
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