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Tim e-of-flight measurements of the neutrón angular flux spectrum in graphite 
have been made to provide a standard of comparison for neutrón penetration ca l- 
culations. The spectrum from  0.002 eV to 15 MeV was measured with an accuracy 
of ±13 to 32% and a resolution of ±2 to 10%, at angles from O to 60® and penetra- 
tions to 66 cm. Comparisons with Monte Cario and discrete ordinates calculations 
using ENDF/B cross  sections indícate fairly good agreement except in resonances 
and near zero degrees for discrete ordinates. Scalar fluxes have also been ca l- 
culated with the moments method.

I, INTRODUCTION

Given the nuclear data, modei’n ccxies and com - 
puters niake possible a theoretically  rigorous 
solution of neutrón transp ort. N evertheless, p rac- 
tica l considerations in storage, running tim e, and 
preparation of data lead to approxim ations in the 
coding and input that need to be tested against ex - 
perinient. In multigroup d iscrete-o rd in ates codes, 
for exam ple, the continuous energy-angle-spatial 
d istributions of the flux and nuclear data are  
approximated by d iscrete  energy groups, angular 
quadrature, truncation of the scatterin g  kernel, 
and finite spatial n iesh. Fu rtherm ore, the solution 
is  iterative and convergence is  not assured . In 
Monte C ario, p ractica l requirem ents in running 
tim es for acceptable s ta tis tica l precisión  require 
biasing. However, the biasing may give not only 
an inaccurate mean but a lso  an inaccurate, often 
optim istic, estím ate of the varian ce. M istakes in 
program m ing, which are  hard to detect in these 
com plicated codes, may a lso  ex ist. We have 
m easured the neutrón angular flux spectrum  from 
a fission  source in graphite^ by the pulsed-source, 
tim e-of-fligh t method to provide a m ore d ifferen-
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tia l test than has been possible up to now. 
Recently, Coates et  al.^ published s im ila r  m ea­
surem ents, but over a m ore lim ited range of 
energy, angle, and depth of penetration.

Com parisons of m easurem ents with calculations 
a lso  provide a test of the nuclear data, and of the 
way in which the data a re  averaged or otherw ise 
handled, in a configuration which can be chosen to 
approximate that in an actual application, Thus, 
the sensitivity of the calculation to nuclear data 
can be judged. M easurem ents of the spectrum  and 
angular distributions a re  p articu larly  useful since 
one can often detect sp ecific energy ranges where 
the data are  or a re  not adequate. Furtherm ore, 
the angular flux spectrum  vs position provides a ll 
the Information needed to compute in tegral quan- 
tit ie s , such as reaction  ra te s , heating, dose in 
tissu e, radiation damage in m a teria ls , e tc . In this 
experim ent, we chose graphite as a common 
nonhydrogenous rea cto r  and shielding m ateria l 
with reasonably well-known c ro ss  sectio n s. How­
ever, even in graphite, we found a discrepancy 
that may be due to an e r ro r  in the total cro ss  
section .

The geometry was sim ple, approximating a 
point isotropic fission  source in an infinite m é­
dium. The spectrum  and other ch a ra c te ris tic s  of 
the source w ere m easured to avoid any ambiguity

=“M. S. COATES, D. B. GAYTHER, and P. D. GOODE. 
“ Measurements of Fast Neutrón Spectra in Reactor 
Materials,”  AERE-R5364, United Kingdom Atomic En­
ergy Research Establishment (1968).

91



92 PROFIO ET AL,

in this regard. Since this is  the f ir s t  complete 
publication of our resu lts , we have gone into some 
detall on the experim ental method used.

The m easurem ents have been compared with 
angular flux spectrum  calculations perform ed with 
the 05R Monte C ario code and the ID F  versión of 
the D T F -IV  d iscrete  ordinatg^ cods. In addltlon, 
s c a la r  flux spectrum  calculations a re  available 
from  the NBS m om ents code. In general, a g ree - 
ment is  fa irly  good, but d iscrep an cies were found 
at zero  d egrees and in the 3 .5-M eV  resonance.

II. EXPERttlENTAL PROCEDURE

In the tim e-of-flig h t method, the neutrón energy 
and angular distribution a re  m easured by ex tra ct- 
ing a collim ated beam from  the experim ental 
assem bly at the desired position and angle and 
m easuring the tim e of flight over a fixed, Itnown 
distance (50 m in this experim ent). The exp eri­
m ental layout is  illustrated  schem atically  in F ig . 
1. T im e zero is  defined by pulsing the neutrón 
so u rce . The source in our experiijient was a 
sm all w ater-cooled , sp h erical, depleted uranium 
target^ irradiated  by a pulsed 28-M eV  electrón  
beam from the linear a c c e le ra to r . The electrons 
generate brem sstralilung, which in turn produces 
a  broad, fission-type spectrum  of fast neutrons by

^A. E. PROFIO, M. R. HACKNEY, G. D. TRIMBLE, 
H. M. ANTUNEZ, and J. L. RUSSELL. J r., “ Angular 
Flux Spectrum and Other Characteristics of the 7.62- 
cm Diameter Uranium Target,”  G A -7 4  0 9, General 
Atomic (1966).

the (y,n) and(y,F) reactio n s. Neutrón em ission  is  
coincident witlí, and proportional to, the electrón  
current pulse, and the length of the current pulse 
is  made sm all compared to the flight tim e of the 
fa stest neutrón detected. In a shield placed around 
the target, there is  an additional delay and v a ri-  
ance In em ission because oí the tim e for a source 
neutrón to slow down and diffuse to the point 
where it en ters the collim ated beam to the de­
te c to r . A sm all correction  is  made for the mean 
em ission tim e, but the variance of em ission tim e 
in graphite ultim ately lim its the energy reso lu - 
tion. N evertheless, resolutions of 10% to better 
than 2 % are  achieved over m ost of the energy 
range from 15 MeV to 0.002 eV (the poorest 
resolution, 35%, occu rs near 0.1 eV ). This is  
considerably better than is  available with other 
methods.

The flight path co n sists  essen tia lly  of a p re - 
co llim ator, co llim ators at 16 m and 32 m , a 
shielded detector at 50 m , and larg e-d iam eter 
Steel d rift tubes evacuated to rough vacuum. The 
precollim ator and the d rift tube to 16 m are  
located in the wall of a co n crete - and earth - 
shielded experim ental ce ll. The p reco llim ator 
co n sists  of Steel tubing filled with a le a d -b o r ic -  
acid -ep oxy m ixture. The co llim ators are  made of 
hydrated boric  acid backed by lead o r borated 
paraffin wax covered in cadmium (for therm al- 
neutron m easurem ents). M ylar or aluminum W in ­
dows on the d rift tubes perm it the co llim ators and 
d etector, as w ell as the experim ental assem bly, to 
be located in a ir .  T e sts  have shown that stray  
background with this system  is  le ss  than ambient

Flg. 1. Schematic experimental layout.
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radioactivity . Certain íast and interm edíate sp ec- 
trum nieasurem ents w ere made with a 3 .1 4 4 -cm - 
thick depletod uranium íilte r  in the flight path at 
16 111 to attenuate the brem sstrahlung and beam - 
associated  gamma ray s. AU nieasurem ents with 
the inteniied iate energy detector incorporated a 
‘“B filte r  in the ílíght path, to eliniinate overlap of 
therm al neutrons from preceding pulses.

The neutrons írom  0 .8 -  to 15-M eV energy were 
detected in either a 5 .08-cm -d iam  x 5.08-cm -high  
NE211 scin tilla to r (N uclear E n te rp rises , Ltd.), or 
a 12 .7-cm -d iaiii x 12 .7 -cm -th ick  NE213 sc in til­
lator.'* A boron capture detector® was used from 
200 eV to 0.8 M eV. This detector consisted of a 
19 .0-cm -d iam  disk of borated paraffin backed by a 
nonhydrogenous scintilLator (NE226) to detect the 
478-keV  boron capture gamma ray . Neutrons with 
en erg ies below 200 eV w ere detected in a 9 1 -cm - 
diam bank of enriched B F 3  counters.

A fter correcting  for dead tim e in the analyzer, 
subtracting background, and converting to counts 
per unit energy, C{E), the angular flux per monitor 
count is  calculated as follow s:

____________ C (£)__________
"  G{E) T(E) (Aj/L^) r¡A, M ’

(1)

where

G{E) = in trinsic efficiency, counts/neutrón in ci- 
dent

T{E) = flight path transm ission  

Ad = detector a rea , cm’*

L = flight distance, cm

Ad/Ü' = solid angle, steradian

tjAj  = efficiency of the collim ation s y s t e m  
tim es the referen ce  viewed area  p er­
pendicular to the beam, cm*

M = m onitor count (or relative fluence at the 
m onitor).

The collim ation efficiency is  defined as  the count- 
ing rate  with the co llim ators in place, divided by 
the counting rate without co llim ato rs . It is  c a l­
culated by a ray -tracin g  code, CAP* and accounts 
fo r the angular transm ission  of the co llim ators .

“A. E. PROFIO, P. L. PHELPS,’ J. W. RIGGS, and 
J. C. YOUNG, “ Design and Efficiency Calibration oí 
the 5-cm  and 13-cm  Fast Neutrón Detectors,”  GA- 
7483, General Atomic (1966).

®A. E. PROFIO, “ The Boron Capture Detector for 
T im e-of-F light Measurements,”  G A -7 5 7 8 , General 
Atomic (1966).

®H. C. HONECK, “ CAP, A Collimator Analysis P ro- 
gram ,”  GA-5418, General Dynamics Corporation, Gen­
eral Atomic División (1964).

All m easurem ents a re  norm alized to an a rb i-  
trary  standard source intensity by activation of 
m onitor fo ils in a reproducible geom etry. The 
graphite m easurem ents were norm alized to the 
fluence recorded by activation of a suLfur pellet, 
3.81 cm in diam eter x  0 .95 cm thick, located 
~ 19  cm from the cen ter oí the targ et. The beta 
activity from  the ®®S(m,/»)**P reaction (effective 
threshold, 3 MeV) was counted.

Two graphite assem blies w ere studied. The 
fa s t-  and interm edíate-spectrum  m easurem ents 
w ere made in the stack of reacto r-g rad e graphite 
b a rs  depicted schem atícally  in F ig . 2 . The bars 
w ere accurately  machined and jo in ts w ere stag- 
gered in m ore than the one d irectíon  shown, to 
avoid any stream ing. The overall dim ensíons 
w ere 132 cm wide x  152 cm long x 152 cm high, 
and the target was located in a 8 .9-cm -d iam  
cavity in the v e rtica l midplane, 56 cm from the 
bottom and 56 cm from the right fa ce . The target 
was designed for spherically  sym m etric em ission, 
and the dim ensíons of the graphite w ere chosen to 
perm it analysis as  an infinite médium. The neu­
trón beam was extracted  by opening a 7 .6 2 -c m - 
diam probe hole to the proper depth and angle and 
elevatíng the stack to align the hole on the c o lli­
m ator.

M easurem ents below 200 eV w ere made in a 
sm aller stack , 112 cm wide x 112 cm high x 132 
cm long. The target was located on the long ax is, 
56 cm from  one end. M easurem ents (at O o r 90® 
to the long axis) w ere made in the horizontal m id­
plane, with the stack oriented and translated

Fig. 2. Graphite stack for fast spectrum measure­
ments.
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relativa to the co llin iator as required. Neutrons 
w ere extracted from a 3 .81-cm -d iam  probe hoie. 
The sm aller stack was designad for a fa ster 
dieaway oí the theniial-neutroii flux and for sym - 
m etrica l target placement to aid the an alysis. 
Neither It ñor the la rg er agaenibly was effectively 
infinite fo r th en iia l neutrons, and leakage must be 
taken into account in the therm al flux calculation. 
The stack was covered with 0 .32 cm of borated 
polyethylene and 0.051 cm of cadmium to establish 
the thennal-neutron  boundary condition.

The nuclear density of carbón was 0.0833 
(± 0 .6 %) nuclei (b cm )"\  and the nominal tem pera- 
ture was 298°K. A spectroscopic analysis showed 
im purities w ere negligible in fast-neutron pene- 
tration . A thennal-neutron  absorption c ro ss  s e c -  
tion of 5.31 mb (0.0253 eV) was derived from 
pulsed-source, flux dieaway m easurem ents.

The target consisted of a 7 .62-cm -d iam  sphere 
oí depleted uranium (0.22 wt%” ®U) plated with 
0.0254 cm oí copper and 0.0127 cm of n ickel and

surrounded by a layer of w ater 0.20 ± 0.03 cm 
thick and a type 304 sta in less s tee l jack et, 0.07 
cm thick. A reentrant hole, 2.54 cm in d iam eter, 
admitted the electrón  beam to within 0 .85  cm of 
the sphere. This hoie is  a lso  lined with a w ater 
Jacket. However, fo r m ost purposes, sp h erical 
sym m etry can be assumed in calcu lations. The 
m easured neutrón em ission  is  spherically  sym - 
m etric  to within ± 5%. M easurem ents of the 
spatial distribution oí photofission producís sug- 
gest generating the neutrons uniformly in a sp h er­
ic a l volume with a radius oí 0 .85 cm ,and isotropic 
em ission may be assum ed. A lternatively, the 
outw ard-directed energy-angle distribution at the 
target su ríace  may be generated, and the uranium, 
w ater, and sta in less s tee l a re  included only to 
account fo r interactions with backscattered  neu­
tron s. The hem isphere-integrated  leakage sp ec- 
trum , m easured by the tim e-o í-flig h t method with 
a  large co llim ator, is  plotted in F ig . 3 and Usted 
in Table I (norm alized to one neutrón between 0.22

1 0 » 1 0 ^ 1 0 *I05 
E («V)

Fig. 3, Target leakage spectrum.

1 0 ^ 10®
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TABLE I

Normalized Target Leakage Spectrum

Energj’ (eV)

2,2800
2.3900
2.5100
2.6400
2.7800
2.9400
3.1000 
3.2800 
3.4800 
3.6900 
3.9200
4.1800 
4.4700 
5.1300 
5.5200 
5.9500 
6.4300 
6.9800 
7.6000 
7.7600 
7.9900 
8.2300 
8.7500
9.0300 
9.3200 
9.6200
9.9400
1.0300 
1.0600
1.1000 
1.1400
1.1800 
1.2200 
1.2700 
1 3200 
1.3700

05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
05
06 
06 
06 
06 
06 
06 
06 
06 
06

N{E)

9.3922 -  07 
8.8415 -  07 
9.2784 -  07 
8.8965 -  07 
9.0287 -  07 
8.4926 -  07 
8.6542 -  07 
8.9883 -  07 
9.3518 -  07 
9.6676 -  07 
8.7166 -  07 
9.1609 -  07 
9.1462 -  07 
8.4449 -  07 
8.4412 -  07 
7.8868 -  07 
7.4499 -  07 
6.7266 -  07 
6.0840 -  07 
6.9065 -  07 
6.2970 -  07 
6.0179 -  07 
5.3166 -  07 
5.0926 -  07 
4.6667 -  07 
4.3767 -  07 
4.0022 -  07 
3.8773 -  07 
3.6298 -  07 
3.4389 -  07 
3.2553 -  07 
3.0435 -  07 
2.8540 -  07 
2.6264 -  07 
2.4446 -  07 
2.3201 -  07

Energy (eV)

1.4300 + 08 
1.4800 + 06 
1.5500 + 06 
1.6100 + 06 
1.6800 + 06 
1.7600 + 06 
1.8400 + 06 
1.9200 + 06 
2.0100 + 06 
2.1100 + 06 
2.2200 + 06 
2.3300 + 06 
2.4500 + 06 
2.5800 + 06 
2.7300 + 06 
2.8800 + 06 
3.0500 + 06 
3.2300 + 06 
3.4400 + 06 
3.6600 + 06 
3.9000 + 06 
4.1700 + 06 
4.4600 + 06 
4.7900 + 06 
5.1600 + 06 
5.5700 + 06 
6.0300 + 06 
6.5600 + 06 
7.1500 + 06 
7.8300 + 06 
8.6000 + 06 
9.5000 + 06 
1.0550+ 07 
1.1790 + 07 
1.3250 + 07 
1.5520+ 07

N{E)

07
07
07
07
07
07

2.2159 -  07 
2.0672 -  07 
1.9265 -  07 
1.8116 
1.6438 
1.5583 
1.4496 
1.3060 
1.2216 
1.1287 -  07
1.0589 -  07 
9.7190 -  08 
8.8121 -  08 
7.9492 -  08 
7.4866 -  08 
6.4034 -  08 
5.9922 -  08 
5.2762 -  08 
4.7438 -  08 
4.1711 -  08 
3.7708 -  08 
3.2373 -  08 
2.7960 -  08 
2.4145 -  08 
2.0418 -  08 
1.7128 -  08 
1.4151 -  08
1.0589 -  08 
7.7620 -  09 
5.5002 -  09 
3.4433 -  09 
2.1226 -  09 
1.1408 -  09 
5.7095 -  10 
2.7828 -  10 
1.0453 -  10

and 15 M eV). The angular distribution at the ta r -  
get su rface is  given by groups in Table II as a 
cumulative probability vs /i, the cosine of the 
angle between the radius vector and the direction 
of the neutrón. Beam  conditions were typically 
0.02-/uBec burst width at 360 pulses/sec ío r the 
fast-neutron spectrum  m easurem ents, 0 . 1  usec  at 
180 pulses/sec for the interm edíate spectrum  
m easurem ents, and 0.5 to 4.5 ^isec at 7.5 pulses/ 
sec  ío r  the therm al spectrum  m easurem ents. 
F u rth er details on the method may be found in 
R ef. 7,

III. RESULTS AND ERROR ANALYSIS

The tim e-of-fligh t spectrum  m easurem ents a re  
sum m arized in Table ni. The sp ectra  a re  plotted 
in F ig s . 4 through 9 . Tabulated resu lts  may be 
found in R ef. 1.

The energy sca le , which depends on the flight 
distance, zero  tim e determ ination, and mean em is- 
sion tim e, is  known to b etter than 1 %. The energy 
resolution is  a function of the tim ing uncertainties 
due to the neutrón burst width, detector response, 
variance in em ission tim e, zero channel e r ro r , 
and channel width. The fast-neutron d etectors 
have a timing ji t te r  of ~ 0 . 0 1  /isec; the boron 
capture detector tim ing p recisió n  is  ~ 0 .0 5  jusec, 
and that of the B F 3  detector is  ~ 1  /usec. The 
variance in em ission tim e is  negligible compared 
to other uncertainties above 1 eV , but resu lts  in a 
35% energy resolution n ear 0.1 eV and 12% near 
0.01 eV. The zero channel e rro r  of ± 0.015 usec

’ j .  L. RUSSELL et al., ‘ ‘ Determination of Neutrón 
Spectra in Bulk Media by T im e-of-F light,”  Pulsed 
Neutrón R esearch, Vol, II, p. 445, International Atomic 
Energy Agency, Vienna (1965).

T A B L E  II

Cumulative Probability  for Source Angular D istribution

£(.MeV) 1.00 -0 .99 0 .9 9 -0 .8 7 5 0 .8 7 5 -0 .7 5 0 0 .7 5 0 -0 .6 2 5 0 .6 2 5 -0 .5 0 0 0 .5 0 0 -0 .3 7 5 0 .3 7 5 -0 .2 5 0 0 .2 5 0 -0 .1 2 5 0 .1 2 5 -0 .0

15.00 -1 0 .0 0 0.37515 0.94507 0 .98778 0.99932 1.00000 1.00000 1.00000 1.00000 1.00000

10.00 -  6.70 0.33407 0.86961 0.92311 0.94178 0.99883 1.00000 1.00000 1.00000 1.00000

6.70  -  4.49 0.31717 0.87134 0.94723 0.97849 0.99208 0.99749 0.99952 1.00000 1.00000

4 .49 - 3 .01 0.29114 0.82415 0.91232 0.95396 0.97613 0.98740 0.99332 0.99762 1.00000

3.01 -  2.02 0.28429 0.80479 0.89597 0.94233 0.96924 0.98280 0.98957 0.99694 1.00000

2.02 -  1.35 0.26970 0.77257 0.87008 0.92375 0.95728 0.97561 0.98558 0.99449 1.00000

1.35 -  0.821 0.22590 0.69746 0.81994 0.89410 0.94317 0.97010 0.98376 0.99410 1.00000

0 .8 2 1 - 0 .498 0.16473 0.58862 0.74387 0.84549 0.91607 0.95609 0.97677 0.99171 1.00000

0 .4 9 8 - 0 .302 0.12122 0.49596 0.66771 0.78725 0.87424 0.93058 0.96545 0.98850 1.00000

0 .3 0 2 - 0 .200 0.09054 0.42435 0.60527 0.73822 0.83941 0.91234 0.96142 0.98887 1.00000
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TABLE III

Summary of Neutrón Spectrum Measurements

Angle (degrees)

Hddiu« (om) ftiat tittOfmedtate Thermal

20.3. .. 0 ± 10.4 
30 ± 10 30 ± 10

0
90

35.e 0 ± 5.9 
1G.6 ± G 
34.8 ± 6

16.6 ± 6 
34;8 ± 6

0
90

5 8 .9 !  'g' 58.9 :  '2

50.8 0 ± 3.6
11.5 ± 4
23.6 ± 4.5 
36.9 ± 5

11.5 ± 4
23.6 ± 4.5 
36.9 ± 5

0
90

6G.0 0 ± 3.2

is significant only for the fast-neutron m ea­
surem ents. Channel wídths were 0.031 ptsec for 
fast-neutron and 0.125 ¡laec fo r interm ediate- 
energy-neutron m easurem ents, The energy re so - 
lution, ¿\E/E = 1 í^t/t, is  thus 2% at 0 .8  MeV and 
ín cre a ses as for higher en erg ies. With the 
boron capture d etector, the resolutlon Is 5% at 0.1 
MeV and proportional to . The resolution of 
the therm al-energy m easurem ents is  b asically  
determ ined by the em ission tim e. The mean and 
variance of the em ission tim e were calculated by 
the GATHER-II code,® checked against the m ea- 
sured dieaway.

®G. D. JOANOU, C. V. SMITH, and H. A. VIEWEG, 
‘•GATHER-II, An IBM-7090 FORTRAN-II Program for 
the Computation of Thermal Neutrón ^ e c tr a  and As­
sociated Multigroup C ross Sections,”  GA-4132, General 
Atomic (1963).

Energy (eV)

Fig. 4. Fast neutrón spectra at (f vs radius.
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Fig. 5. High-energy spectrum at 20.3 cm and at an angle of 30°.

107

Energy (eV)

Fig. 6. High-energy spectra at r =  35.6 cm.
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Fig. 7. High-energy spectra a t r  = 50.8 cm.
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Fig. 8. Low-energy spectra at 0“ vs radius.
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Energy (eV)

Fig. 9. Low-energy spectra at 90° vs radius.

No correction  has been made for resolution. 
Resolution should be considered in comparing 
m easurem ents and calculations where the flux is  
varying rapidly, as  in resonances and in the 
transition región near 0.1 eV.

The e r ro r  in the flux m easurem ents includes 
the s ta tis tic a l e r ro r  in the counts, the e r ro rs  in 
the detector efficiency, flight-path transm ission , 
solid angle and viewed a re a  facto r, m onitor nor- 
m alization, background subtraction, and perturba- 
tions. The s ta tis tica l e r r o r  is  ± 1 to.5% except for 
the lowest flux ran g e > 8  tol O MeV, where channels 
a re  grouped to maintain at least ± 1 0 % precisión .

The absolute efficiency of the fast-neutron 
d etectors is  known to ± 8 %, that of the boron 
capture is  known to ± 16%, and the B Fs bank to 
± 7%. The tran sm ission  is  known to ±3  to 6 % over 
m ost of the energy range, but the e r ro r  may be up 
to ± 12% between 200 eV and 10 keV with the de- 
pleted uranium filte r  in p lace. The e r r o r  in the 
solid angle and viewed area  is  estim ated at 
<  5% and affects  only the magnitude and not the 
shape of the spectrum  taken with one d etector. 
The m onitor norm alization is  accurate to ~ ±  3%.

The background in the NE211 and NE213 de­
tec to rs  c o n s i s t s  of an exponentially decaying

“ aftergiow ”  ( t  = 0 . 1 2  fxsec) at short tim es a íte r 
the brem sstrahlung burst, followed by a nearly 
constant component due to am bient activity and 
other so urces of gamma ra y s . Afterglow is  sub- 
tracted  a fter  extrapolating a s  exp(-//0 . 1 2  fisec) 
from early  tim es where very few counts a re  due 
to neutrons. The co rrection  is  sm all below 8  

M eV, but there may be an uncertainty > 20% at 10 
to 15 MeV in the N E213. The sm aller NE211 de­
tecto r absorbs le ss  brem sstrahlung energy, the 
flu orescence dieaway is  much fa s te r , and little  
afterglow  background is  observed. The zero - 
degree m easurem ents at 2 0 .3 - and 35 .6 -cm  radius 
w ere made with the NE211 d etector.

The constant component of the background in 
the NE211 and NE213 m easurem ents is  found from 
the average count in the interval 9 to 15 Msec 
a fter  the burst, corresponding to neutrón energies 
below the b ias of the d etecto r. Brem sstrahlung 
and gamma rays from  in elastic  scatterin g  a rriv e  
at the detector before the neutrons. The therm al 
capture gamma rays have a  tim e constant of 
~ 2  m sec , henee a re  substantially constant over 
15 /xsec. Isom eric decay gamma rays from  photo- 
fission  products in the target have h alf-liv es in 
the m easured range, but they a re  overwhelmed by
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buildup of niillisecond activ ities  íollowing beta 
decay at the 360/sec repetition ra te . The fissio n - 
product activity is detected in zero -d egree m ea- 
surem ents (viewing the target), but o ff-zero  the 
background is  ció se to aiiibient activ ity . The 
eorrectlon  was sm all In any event, and the con- 
tribution to the e r ro r  in the flux is  estim ated at 
± 1%.

Background £or the boron capture detector was 
íound írom  the average of the counts recorded 
from  3000 to 3500 fisec  a fte r  the neutrón burst, 
corresponding to neutrón energies below 1.5 eV. 
The filte r  in the flight path removed essen - 
tia lly  a ll of the neutrons below 10 eV; henee, the 
background includes anibient activity and any 
beam-dependent gamma rays with sev era l m illi-  
second or longer h a lf-liv e s . It does not include 
the sh o rter h a lí-life  a c tiv ities . Since the boron 
capture detector is  much m ore sensitive to gam ­
ma rays than neutrons, the zero -d egree m easu re- 
m ents a re  suspect and a re  not plotted. N ear-zero  
m easurem ents a lso  tend to lie  somewhat high 
compared to the NE213 resu lts  in their región of 
overlap. At la rg e r  angles, the uncertainty in the 
flux due to the background co rrection  is  estim ated 
at ± 5% in the 0 .1 -M eV región, increasing to p er- 
haps ± 25% at energies <  10 keV because of the 
d ecreasin g  signal-to-background ratio .

Background for the BFa counter m easurem ents 
was íound in a separate run with a “̂B  plug located 
at the bottom of the probe hole in the graphite. 
The plug absorbs nearly a ll the low -energy neu­
trons originating at the point of m easurem ent. 
The beam-independent (ambient) background was 
subtracted f ir s t  and then the beam-dependent 
background as ratioed by the m onitor counts in the 
data and background runs. The e r ro r  in the flux 
due to uncertainty in background subtraction is 
estim ated at <5%.

P o ssib le  perturbations in these m easurem ents 
include the source anisotropy, spurious so u rces, 
room return, and the probe-hole perturbation. 
The anisotropy of the source em ission  is  ± 5% o r  
le s s , and spurious so u rces a re  believed to be 
negligible. Room return is  insignificant for these 
m easurem ents well inside the stack . The larg est 
effect of the probe hole is  expected at large angles 
(since near 0 ° the flux is  little  affected by r e -  
m oval oí sc a tte re r  beyond the m easurem ent point) 
and in the interm edíate energy range where the 
7 .62-cm -d iam  probe hole is  up to 3 mfp a c ro s s . 
A check m easurem ent a t 60° with different size 
probe holes showed the perturbation was < 1 0 %. 
At higher and lower energies and sm aller angles, 
the perturbation is  probably <  5%.

Assuming the e r ro rs  combine m ore or le ss  
independently, the typical accu racy  oí the absolute 
flux is  ± 13% for the B F 3 d etector m easurem ents,

± 22 to 32% for the boron capture d etector, and 
± 13 to 23% fo r the fast-neutron d etecto rs, varying 
with the energy range as d iscussed .

IV. CALCULATIONS

The fast-neutron angular ílux spectrum  m ea­
surem ents have been com pared with 05R  Monte 
C ario  code® calculations and anisotropic d iscre te  
ordinates calculations using the ID F  versión  of 
the D T F -IV  code.“  Source and in elastic  s c a tte r -  
ing subroutines and a sp h erical geom etry angular 
ílux analysis program  were w ritten for use with 
05R.

The source in 05R was represented as an 
outw ard-directed em itter on a su rface of 4 .4 5 -cm  
radius with the spectrum  given in Table I and the 
angular distribution given in Table II. The u r- 
anium, w ater, and sta in less s tee l target m a teria ls  
w ere omitted for sim plicity , henee in teractions 
with backscattered  neutrons w ere not taken into 
account. C ross sections for carbón w ere taken 
from  the ENDF/B library , which is  based on the 
Slaggie and Reynolds evaluation.'^ A d ire ct analog 
Monte C ario calculation was perform ed, and the 
flux Crossing the sp h erical su rfaces at 2 0 .3 - and 
35 .6 -cm  radii was accumulated in appropriate 
energy and angle b ins. The resu lts  a re  shown in 
F ig s . 10 and 11. The m easurem ents have been 
norm alized to the calculations at 20.3 cm and zero 
d egrees.

Agreem ent between m easurem ent and 05R c a l­
culation is  reasonably good except n ear 3 .5  M eV. 
The 0° calculated flux at 35.6 cm is  1.9 tim es the 
m easured flux averaged over 3 .0  to 3.7 MeV and 
1.4 tim es the m easured averaged flux from  3.7 to
4 .0  M eV. We believe the discrepancy is  due to an 
e r r o r  in the total c ro s s  section fo r carbón. 
Slaggie and Reynolds‘  ̂ fit optical m odel ca lcu la­
tions to the data of Fossan  et al.^  ̂ The data of 
Tsukada and F u se“  a re  in good agreem ent. The 
F r e ie r  e í ai.*® data a re  low er, while the Glasgow 
and F o s te r“ data a re  ~ 10%  higher. At these high 
en erg ies, a good estim ate of the change in the 
w ell-co llim ated , 0 ° spectrum  with a change in

»D .C . IRVING, R. M. FREESTONE, Jr., and F. B. K, 
KAM, “ 05R A General Purpose Monte Cario Neutrón 
Transport Cede,”  ORNL-3622, Oak Ridge National Lab- 
oratory (1965).

*°K. D. LATHROP, “ DTF-IV, A FORTRAN-IV Pro­
gram fo r  Solving the Multlgroup Transport Equatlon 
with Anisotropic Scattering,”  LA-3373, Los Alamos 
Scientific Laboratory (1965).

**E. L. SLAGGIE and J. T. REYNOLDS, “ C“  Fast 
Neutrón C ross Sections and Legendre Moments Below
15.0 MeV,”  KAPL-3099, Knolls Atomic Power Labora­
tory (1966).

“ BNL-325, 2nd ed., Supp. 2, VoL 1, Brookhaven 
National Laboratory (1964).
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Fig. 10. Comparison of 05R and measured spectra at 
20.3 cm.

a-j- can be obtained from a sim ple exponential 
attenuation calculation. Such a calculation shows 
that a 1 0 % in crease  in 'the total c ro ss  section near 
3.5 MeV w ill give niuch b etter agreem ent with the 
spectrum  m easurenient. L ater m easurem ents by 
Yergin et al.^  ̂ a lso  indícate that the total c ro ss  
section  is  la rg er than in ENDF/B. It is  in ter- 
esting to note the sensitiv ity of the 0 ° spectrum  to 
a sm all e r ro r  in the c ro s s  section .

The ID F  calculations w ere perform ed with 
15-group Ps c ro s s  sections (0.1 to 14.9 MeV) 
obtained from  an infinite-m edium  B 3  calculation in 
the GAM-II code^  ̂ using. ENDF/B data. The c a l­
culation was made in sp h erica l geom etry with an 
outer radius of 80 cm , and the sp h erical, w ater- 
cooled, depleted uranium target was included

“ P. F. YERGIN et al,, “ MeV Total C ross Sections 
with the Rensselaer LINAC,”  P roc. Conf. Neutrón C ross 
Section Technology, Washington, D .C ., March 22-24, 
1966, CONF-660303.

“ G. D. JOANOU and J. S. DUDEK, “ GAM-II, A B 3 
Code for the Calculation of Fast Neutrón Spectra and 
Associated Multigroup Constants,”  GA-4265, General 
Atomic (1963).
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Fig. 11. Comparison of 05R and measured spectra 
at 35.6 cm.

exp licitly . The source was a uniform isotropic 
em itter in a 0 .8 5 -cm -ra d iu s volume imbedded at 
the cen ter of the uranium, with a photoneutron 
spectrum  which gave agreem ent with the m ea­
sured target leakage spectrum . The ID F ca lcu - 
lated and m easured angular flux sp e ctra  are  
compared in F ig . 12. The m easurem ents are 
norm alized to the calculations at 60 to 62.7° and 
1 to 2 MeV. Agreem ent is ra th er good except in 
resonances where the energy resolution in the 
calculation is too co arse  to reproduce the exp eri­
m ental detail. The angular resolution in the ca l­
culation is poorer than the experim ental resolution, 
and a much fin er angular m esh is  required to c a l­
cúlate the angular distribution near zero  degrees.

The s c a la r  flux spectrum  has been calculated 
by m om ents, ID F , and 05R , a ll  using the b asic  
ENDF/B data. The m om ents calculation was p er-
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Fig. 12. Comparison of 35.6-cm  measurements and 
ID F-EN D F/B  calculation.

form ed by Eisenhauer“  and w ill be published 
la te r . The source was assum ed to be point iso - 
tropic inibedded in infinite graphite. The sp ec- 
truni was essentially  that in Table I. The quantity 
N = was calculated fo r /io>'= 1, 2, 3 , 4 , 5,
where Mo is  the m acroscop ic to ta l c ro ss  section at 
15 M eV. These w ere interpolated as In N vs íío»* at 
r  minus 4 .45 cm and divided by 4 7 rr* to give the 
s c a la r  flux zt r  = 20.3 and 35,6 cm in graphite at a 
density of 1.64 g/cm^. The spectrum  is  plotted in 
F ig . 13 along with the 05R and ID F  re su lts . The 
ID F  calculations fo r one photoneutron per sec 
have been multiplied by 1.30 to convert to one 
target leakage neutrón per s e c . This valué Is 
su b ject to some revisión as improved target c a l­
culations with fissioning included a re  made.

The moments calculation was made with a fin er 
energy m esh than ID F , and there is  m ore detail in 
the resonance región. P art of the discrepancy in 
the average flux may be due to the d ifferen ces in 
the so u rce, although, in our experiehce, the sc a la r  
flux is  not very sensitive to the angular d is tr i-  
bution of the source em issio n . T h is example

EISENHAUER and L. V. SPENCER, “ Neutrón 
Flux from  a Point Isotropic Source in Carbón Calculated 
by the Moments Method,”  to appear 
Bureau of Standards Report,

as a National

Fig. 13. Calculated scalar fluxes in graphite.

illu stra tes  one of the problem s in testing codes by 
com paring one calculation with another: it is  
d ifficult to make them identical in every resp ect 
except ío r  the method uied to solve the transport 
equation. We do not have sc a la r  flux spectrum  
m easurem ents iñ graphite to te st the m oments 
calculations d irectly , and angular d istributions 
could not be obtained from  m om ents fo r lack of 
suitable fitting functions. The 05R calculated s c a ­
la r  flux is  probably the best for com parison and 
is  given in Table IV.

V. CONCLUSIONS

H igh-resolutlon m easurem ents of the neutrón 
angular flux in graphite have provided a good te st 
of the nuclear data fo r graphite and of the ability  
of theoretically  rigorous codes to calcú late the
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TABLE IV 
05R Calculated Scalar Flux

MíV)

2.47
4.08
7.43
1.35
2.02
2.73
3.01
3.68
4.07
4.97
6.70
8.19
1.00
1.22

+ 5 to 4.08 + 5 
+ 5 7.43 + 5 

1.35 + 6 
2.02 + 6 
2.73 + 6 
3.01 + 6 
3.68 + 6 
4.07 + 6 
4.97 + 6 
6.70 + 6 
8.19 + 6 
1.00 + 7 
1.22 + 7 
1.49 + 7

+ 5 
+ 6 
+ 6 
+ 6 
+ 6  

+ 6 
+ 6 
+ 6 
+ 6 
+ 6 
+ 7 
+ 7

</>(£) n /cm ’  eV per 
Source Neutrón

li B 20.3 em

2.789 - 
1.459 - 
6.583 -
3.114 - 
1.534 - 
7.321 - 
5.382 - 
4.056 - 
3.022 - 
1.620 - 
4.184 - 
3.646 - 
3.700 -
3.115 -

10
10

11

11

11
12

12
12

12
12
13
13
14 
14

li ■ as,6 cm

2.652 - 11 
1.443 - 11 
8.202  -  12 

4.066 - 
1.993 - 
6.700 -
5.653 - 
4.909 - 
3.998 - 
2.334 - 
6.610 - 
4.061 - 
3.740 - 15 
3.168 - 15

12

12
13
13
13
13
13
14 
14

stru ctu re was too co arse  to reveal a ll the detail in 
the m easurem ent. The ENDF/B c ro s s  sections, 
averaged in GAM-II and truncated at P 3 , and the 
G auss-Legendre n = 16 angular quadrature w ere 
adequate except at 0 °, where a fin er angular m esh 
is  needed to match the experim ental resolution. 
Previous experience had indlcated that P i  s c a tte r -  
ing was not adequate fo r calculation of fa s t-  
neutron penetration.

The moments calcu lations w ere perform ed by 
E isenhau er,“  using the ENDF/B c ro ss  sectio n s. 
Agreem ent with the 05R calculated sc a la r  flux is  
not a s  good as might be expected, perhaps because 
of the d ifference in source representation.

Low -energy calculations were not perform ed 
but the experim ental data a re  available for those 
who wish to malte a theory-experim ent com pari- 
son. Leakage m ust be taken into account for the 
therm al neutrons because of the low-absorption 
c ro s s  section of the graphite.

angular and energy distributions. The discrepancy 
between the m easured and calculated spectrum  at 
0 ° indicates the total c ro s s  section fo r carbón in 
the ENDF/B library  is  too low by ~10%  in the 
3 .5-M eV  resonance. O therw ise, the 05R Monte 
C ario code with our source, in elastic  scattering , 
and analysis program s gave excellent agreem ent 
with experinient.

The ID F  d iscrete  ordinates code gave fairly  
good agreem ent off 0 °, but the energy group
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