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ABSTRACT

Detailed knowledge of the energy and spatial distributions of fast
neutrons in bulk media is required in radiation shielding, radiation effects,
and fast reactor physics. Although computer codes are available to calculate
spatially dependent spectra with accuracies presumably limited only by un-
certainties in cross sections and source spectra, few spectrum measurements
which provide a good test for these calculations have been reported.

Here a relatively simple, moderate resolution (12%), differential
proton-recoil, fast neutron spectrometer has been developed to measure directed
neutron fluxes in the presence of high intensity fission gamma fields of 107
to 108 roentgens /hour. Good signal-to-background ratios are obtained by (1)
careful shielding, (2) using silicon surface barrier detectors, (3) positioning
the detectors out of the collimated beam of mixed radiation which traverses
the thin polyethylene (CHp) radiator, and (4) using tandem detectors in anticoin-

6

cidence. The efficiency is about 10™ - for neutrons incident on the radiator.
Measurements of the energy spectrum from 2 to 12 Mev of normally directed

neutrons which leaked from the Ford Nuclear Reactor core and penetrated O,

20.0, 4G.0, and 60.0 cm of H,0 and O, 20.2, 40.4, and 60.6 cm of graphite

are reported. The relatively high accuracy of these deep penetration measure-

ments (ilO% relative intensity and 120% absolute intensity, j?% energy) makes

them useful for testing calculations. Comparison with detailed transport

calculations shows good agreement.

ix






CHAPTER I

INTRODUCTION

A, SIGNIFICANCE OF FAST NEUTRON SPECTRUM MEASUREMENTS IN BULK MEDIA
Knowledge of the energy and spatial distributions of fast neutrons
(1 = 15 Mev) in bulk media is required in the design of radiation shield-

(1-4) the study of radiation effects,(5'7) and the design of fast re-

ing,
actors,(8‘ll) The parallel development of high-speed digital computers
with large memory capacity and multigroup computer codes based on trans-
port and Monte-Carlo methods has made detailed calculations of fast neu-

. . . (1o-1k)
tron spectra feasible. With the more rigorous codes such as NIOBE,

prr-1v,(15) ana o5R, (10)

the accuracy of the calculations is essentially
limited only by uncertainties in the cross sections and source represen-
tation. Unfortunately, due to the difficulty of measuring space and en-
ergy dependent fast neutron fluxes, these calculaticns are usually tested
only against integral flux measurements(l7) or against other calculationsa€r8)
Clearly the best test of a code, and the representation of the cross sec-
tions and the source is a comparison with spectrum measurements. Only

by such comparisons can the accuracy of the calculations be established.

This work reports a method for accurately measuring spatially dependent

fast neutron spectra in bulk media. Measurements in two common reactor

materials are presented and compared with detailed calculations.



B. METHODS FOR MEASURING FAST NEUTRON SPECTRA IN BULK MEDIA
(1319‘25)

Numerous reviews of the methods used to measure fast neutron
spectra have been published. The current methods used to measure spectra
(1-15 Mev) in bulk medis are listed in Table 1. Table 1 also gives typ-
ical values for the efficiency and resolution reported for each method

and indicates which methods require beam extraction, When a beam is ex-
tracted, the directional or angular flux is measured; otherwise, the

scalar flux is measured, In this section, each method is discussed briefly

with emphasis on its limitations.

1. Threshold Activation Method

The threshold activation method(26'29) is based on the activation of

foils with activation thresholds in the energy region of interest. Its
principal limitations are lew efficiency and low resolution. The low ef-
ficiency results from the small size of the folls used and the low cross
sections in the Mev range. The low resolution is due first to the limited
number of materials with suitable activation thresholds and well-~known
cross sections, and secondly to the uncertainties associated with the un-

folding .of spectra from the activation data.

2. Time-of-Flight Method

The time-of-flight (TOF) method consists of measuring neutron flight
times over a known flight path. The origin of the flight time is usually
defined by using a pulsed neutron source., The application of this tech-

nique to spectrum measurements in bulk media has been made possible by
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the development of high intensity, nanosecond scale, pulsed neutron sources.,
The high intensity is required because of the long flight paths necessary
for good resolution and because of the limitation imposed on the repetition
rate by the increase of the pulse width along the flight path. For mea-
surements in nonmultiplying media,(9’5o’51) an electron linear accelerator
(LINAC) is generally used to bombard lead or depleted uranium targets with
~50 Mev electrons to generate bremsstrahlung. This in turn generates up

to 1015 neutrons per second with a near fission spectrum by (y,n) and

(7,f) reactions., Flight paths are usually 50 to 60 meters long. For
measurements in multiplying media,(9’lo’52) less intense sources are
required. The neutron yield obtained from a positive ion accelerator
through the H‘g(d,n)He5 and HB(d,n)Heu reactions is adequate for some
measurements.,

With current TOF apparatus used with LINAC sources, the principal
limitations on resolution are due to (1) counting statistics which re-
quire channel grouping to make statistical uncertainties less than some
specified value£35) and/or () uncertainty in the mean time and the var-
iance in time for neutrons to slow down and migrate from the source to
the entrance of the flight path,(Eu) According to Russell, et é&e,(BO)
this latter effect is small but nonnegligible (~10 ns above 0.5 Mev) in
hydrogenous media, but it may lead to ~40% energy resolution for measure-
ments in a large shield of high A elements such as lead. If this is true,
a 50-meter flight path is too short for these measurements.

Profio(BB) points out that the main shortcomings of his TOF technique



are the uncertainties in the detector efficiency and the transient gamma
background. In order to surpress the latter, a 3.lk-cm thick depleted
uranium plate was interposed in the .flight path during measurements. The
effect of the depleted uranium i1s indicated by spectrum measurements made
with and without the filter. Addition of the filter reduced the measured
1 Mev flux, presumably after correction for attenuation by the filter,

by a factor of three. The measured 10 Mev flux was reduced by 20%. These

results indicate the gamma background may be causing substantial errors.

3, DNuclear Reaction Method

The nuclear reaction method usee either the Hej(n,p)H5 reaction
(Q = +0.76 Mev) or the Li6(n,a)H5 reaction (Q = +4.78 Mev) to produce
charged particles whose total energy is equal to the energy of the neutron
plus the Q of the reaction. This energy is measured using semiconductor

(35-39) (LO,u1)

detectors, gas proportional counters, or scintillation
crystals.(ug:uB)

The semiconductor detectors are arranged in a sandwich configuration
with either a thin LiF £i1m(35-37) or Hed gas at up to 995 psi
pressure(58’59) between them. A sum-coincidence circuit is used to obtain
signals proportional to the full energy of both reaction products and to
remove noncoincident background. The positive Q of both reactions also
assists in gamma discrimination.

Use of the Li6F film is complicated by competing reactions and by

Li6(n,a)H5 reactions induced by thermal neutrons for which the reaction



cross section is very high. Similarly, the use of He3 gas 1s complicated
3

by competing reactions (especially elastic scattering which produces He

recoils).

L, Proton-Recoil Method

The proton-recoil method consists of measuring the energy of elastically
scattered protons. The proton energy, Ep, is related to the neutron
energy, E, by the relation, Ep = E cosgw, where V is the n-p scattering
angle in the laboratory system., If all of the scattered protons are counted,
an integral proton spectrum is obtained. This must be differentiated or
unfolded to obtain the neutron spectrum,

In early applications of the integral proton-recoil method, integral
proton spectra obtained with stilbene scintillation crystals were differ-
(L4)

entiated. More recently, sophisticated unfolding techniques have been

developed to convert integral proton spectra obtained in stilbene scin-

(45,46) L7-L9)

tillator crystals and liquid organic scintillators( and in
hydrogen filled and methane filled proportional counters(5o'52) to neutron
spectra., Pulse shape gamma discrimination is usually used in conjunction
with these detectors.

The chief limitations of the integral proton-recoil method are that
the unfolding techniques require precise detector response functions in
order to be accurate, and the background due to gamma interactions and

neutron interactions other than single n-p scattering is difficult to

determine precisely.



7
In contrast to the integral proton-recoil method, if only those
protons scattered through dwo about wo are counted, a differential proton

spectrum is obtained. Since this is related to the neutron spectrum

through E_ = E cosg Y

D o’ the conversion to the neutron spectrum is straight-

forward.

With this method, a thin hydrogeneous material, such as polyethylene
(CHé), is located in a neutron beam and the protons scattered into some
solid angle are intercepted by a detector for energy analysis. The neu-
tron beam is extracted from the source with a collimator system. The
hydrogeneous film or proton radiator is made thin to reduce the proton

energy losses in it and thus permit good energy resolution. The detectors

(53,54)

are usually scintillator crystals or semiconductor detectors,(55'57)

(58,59)

although Cialella has reported using magnetic energy analysis.

(56)

and detectors

(53)

may be used in series to reduce background with coincidence or

Radiators may be used in series to increase efficiency,

anticoincidence(57) techniques. Tandem detector devices are usually
called telescopes.

The spectrometer developed as part of this work is a differential
proton-recoil device.(57) The detectors are silicon surface barrier di-
odes as used by Furr and Runyon,(55> and like Herdade, et E;.,(5u) they are
located off the collimator axis. The collimator efficiency is ILO'5 and the
detector efficiency varies from 3 to 6 x 10—6 in the energy range 2 to
12 Mev. The resolufion is 2&% at 2 Mev, but improves to 15% at 3% Mev and

to 12% at 12 Mev. For measurements from 2 to 6 Mev, a 1.25 mg/cm2 thick



polyethylene radiator is used with a 245-micron thick detector. A second
detector aligned  ©behind the first cne, is used to identify protons which
are not stopped in the first detector and, by means of an anticoincidence
arrangement, to block signals from the first detector due to these protons.
The signals must be blocked because the energy deposition in the first
detector does not represent the total proton energy. For measurements
from 4 to 12 Mev, a 2.95 mg/cm2 radiator is used with a single 1040-
micron thick detector.

The principal advantages of this type of spectrometer are its low
gamma sensitivity, its well-known absolute efficiency, the straight for-
ward conversion from proton spectra to neutron spectra, and the essentially
unbounded upper energy limit (available by use of multiple thick detectors
and/or a large n-p scattering angle). The main disadvantages are its low
efficiency and the lower energy limit of about 1 Mev (due to poor resolu-

tion resulting from relatively large proton energy losses in the radiator).

C. FAST NEUTRON SPECTRUM MEASUREMENTS IN BULK MEDIA

Measurements of fast neutron spectra in bulk media which are perhaps the
best reported in the literature are summarized in Table 2. OQther measure-
(43,73-7T)

ments were omitted because they are less suitable for testing de-

tailed calculations. Of the measurements listed in Table 2, several are more
useful than the others as tests. First, Verbinski and Bokhari's(56’57) spec-
tra (No. L4) are the most detailed measurements of reactor neutron spectra

in HoO that have been published. However, comparison with the NIOBE and
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DTK* calculations shows only fair agreement. Of note is a dip which ap-
pears at 3.5 Mev in the calculations and at 4 Mev in the measurements.
Since this dip results from the elastic scattering resonance of oxygen

at 3.5 Mev, 1t appears the spectrometer energy calibration was in error.
Also, the NIOBE calculations show another dip at 7.5 Mev which does not
appear in the measurements. In this case, it seems the NIOBE cross sec-
tions used were in error because current oxygen cross sections(78) do

not show a sizable resonance near 7.3 Mev.

Secondly, Verbinski's(37) recently reported spectra (No. 5) of (y,n)
and (y,f) neutrons which penetrated water in slab geometry show good
agreement with NIOBE and DTK calculations., However, the comparison is
somewhat biased because the measured spectra were individually normalized
to the calculated spectra for convenience in comparing spectrum shapes.

Thirdly, Profio's(33) spectra (No. 12) of (y,n) and (y,f) neutrons
in a paraffin sphere (15.2 cm ID and 76.2 cm OD) were measured in very
clean geometry. Even so, comparison with GAPLSN*¥* and GGSN¥*¥** calculations
shows only fair agreement,

Fourthly, Clifford, et gl.’s(u9) recently reported spectra (Nos. 6-9)
of reactor neutrons which traversed several samples were measured in

narrow beam geometry. Thus, only uncollided neutrons were counted. These

*DIK is an early LASL version of DIF-IV.
**¥GAPLSN is a General Atomic version of DITF-TIV.

**%¥GGSN is a faster running version of GAPLSN which permits downscattering
only.
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measured spectra depend only on the spectrum of neutrons incident on the
sample, the sample thickness, and the total cross section of the sample
material, Comparison with calculated spectra, Ni(E) = N,(E) exp
[-Z%(E)t], shows agreement which ranges from good to excellent depending
on which of several sets of total cross sections was used. Although these
measurements provide excellent tests for the total cross sections, they
give no information on slowing down sources,

Thus, in view of the apparent absence of reliable measurements to
test calculated spectra which include scattered neutrons, the spectrum
measurements (Nos., 23 & 2L) reported here should be very useful. At the
deeper penetrations, they are in fact dominated by scattered neutrons,
For example, the ratio of scattered neutrons to unscattered neutrons
ranges from 100 at 2 Mev to 1 at 12 Mev for the neutrons which penetrated

60 cm of HQOn



CHAPTER 1II

SPECTROMETER DESIGN AND OPERATION

A. PRINCIPLES OF DESIGN AND OPERATION

The principal features of the proton-recoil, fast neutron spectrometer
developed for these measurements are shown in Figure 1. During operation,
the spectrometer is submerged in the open pool of the Ford Nuclear Reactor,
the 2 megawatt research reactor at The University of Michigan, Fast neu-
trons from the FNR core stream through the collimator to a proton radiator.
The radiator is a thin polyethylene (CHQ) film from which about one out
of every 106 incident neutrons elastically scatters a proton to the detec-
tor. The detector system generates a voltage pulse whose height is propor-

tional to the energy of the incident recoil proton.

1. Energy Analysis

The energy of the recoil protons is related to the energy of the neu-
trons incident on the radiator by applying the laws of conservation of ki-
netic energy and linear momentum, Neglecting the small difference between

proton mass and neutron mass, this results in the following ratio:

proton energy
neutron energy

= cosew

where V¥ is the n-p scattering angle in the laboratory system. This rela-
tion assumes that prior to being scattered, the protons are free

and at rest. These assumptions are reasonable for hydrogen nuclei

12



13

* J9qowoxyoads
uoxqanau 9sel TToosa~uojoad Jo saaniesafy Tedioulag T oJInBTd

(@l wog) doil wpag payonNoDAT
1040
(Q1 WO Gg) Jaqupy) 40493}3(Q PaIDNIDAT]
4042842 U0}0.d J811iDG 99D4ING UODI|IS
|99UM J9p|OH J404DIpDY SSDIg
314409 8011104 pabioy) wnuiwnyy
(@O w2 G2) pidiyS pWWDY pDIT]
(QO wo gl) PIBIYS DWWDY 934§
43}|14 U0J}99|3 wnulWn|Y
(@l wog'|:41x3 | wd 2’| :8dubsul)
J0}DWI(j0D UOJJNBN Pa}DNIDAT

=iy

== |

ELEo w?o

wa |y _

wo |9

wigoe

ol'ol' ol !



1h

held in place by ev bonds and scattered by Mev neutrons.

Since the hydrogen nuclei are scattered from within the radiator, they
lose some energy before leaving it. If the remainder of their energy is
deposited within the detector, then for neutrons with energy E which scat-

ter protons from the radiator through an angle ¥ to the detector,

E cos®y =J’(-§§)A" + (%—)Ax

RADIATOR DETECTOR

This equation assumes the region between the radiator and detector is evac-
uvated and the detector window is very thin. Because the protons are scat-
tered through some angles in 8V about V¥, there are small variations in cosgwo
Also, since the protons travel various distances in the radiator before
escaping i1t, there are variations in the proton energy losses in the radi-
ator. Thus,it is necessary to rewrite the above equation in terms of aver-

age values in the following approximate form,

E cos®y =f(§.§)dx + (%)dx (1)
RAz|ATOR DETECTOR

To simplify the notation, define

SE, 2\ (4E) & = (/4e
DB e

Hence the neutron energy,

c = SEp + Ey

————
cosRY
2. Energy Calibration

The energy calibration of the spectrometer is based on the above re-
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lation., The proton energy deposition in the detector, Ep’ is measured with
a calibrated detector system. This calibration is described in Section
II-B-5. The proton energy deposition in the radiator, SEP, is generally

much less than E_. SEP is calculated using range-energy data(79'8l) or

P
81)

energy loss data(53’ for protons traversing an average radiator thick-

ness of Q/EﬁR sec V¥, where t, is the radiator thickness. Determination

R

of sec V¥ and cosgw requires a careful measurement of the radiator=-detector
geometry and the calculation of their average values as determined by the
angular dependence of n-p scattering. Details of this calculation are in

Section II-F-3.

3. Thick Detector Operation

In order for the detector response to be proportional to the incident
recoil proton energy, the proton must be stopped in the depletion region.
A detector thick enough to stop all incident protons is designated a "thick"
detector in this connection., Since the measured neutron spectra decrease
exponentially above 9 Mev, a detector thick enough to stop protons scattered
by 14 Mev neutrons responds essentially as a thick detector for measurements
to 12 Mev, A block diagram of the instrumentation used with this detector

is shown in Figure 2.

4, Thin Detector Operation
As willbe demonstrated in Section II-D-3, the use of a thin detector
results in important background reduction. Of course, a thin detector does

not stop all incident protons. Thus, in order to accept only those detector
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Figure 2. Block diagram of instrumentation used with thick proton
detector.
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signals due to protons stopped in the thin detector, the two-detector, anti-
coincidence arrangement shown in Figure 3 is used. The energy response
of the two tandem detectors is indicated in Figure 4. As these figures
indicate, protons which traverse the thin detector and deposit enough en-
ergy in the second detector to exceed the discriminator level (0.5 Mev),
trigger a coincidence pulse which blocks the signal from the thin detector,
The dashed lines of Figure 4 show this anticoincidence arrangement should
operate satisfactorily for proton energies up to 4.9 Mev. This corresponds
to neutron energies up to 6.1 Mev.

The detectors are described in the next section and their instrumen-

tation is covered in detail in Section II-C.

B. DETECTORS
Semiconductor devices were first used for nuclear radiation detection
(82) . .
by Van Heerden in 1945, His bulk type detector has been succeeded by

(83) in 1949, It was

the junction type detector first reported by McKay
1960 before extensive use of the latter detector was reported,(8u!85) To-
day surface barrier and diffused junction detectors of intrinsic and lith-

ium-ion-drifted silicon and germanium are used widely. The detectors used

with this spectrometer are intrinsic silicon surface barrier detectors.

1. Silicon Surface Barrier Detectors
These detectors were chosen because of their following characteristics:
thin windows, linear response, high resolution, fast response, high sta-

bility, low gamma sensitivity, and compact size., Details of the detectors
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are given in Table 3. The operation of these detectors is based on the
properties of the depletion region in a semiconductor diode operated with
reverse bias. Electron-hole pairs generated in the depletion region by
ionizing radiation are collected to provide a direct measure of the energy
deposition in this region. The theory of these detectors deals primarily
with the establishment of the depletion region and the generation and col-
lection of electron-hole pairs. Although the theory is covered in the 1lit-

(86-89)

erature, the essential ideas will be reviewed briefly here,

2. Depletion Region

When n-type and p-type crystals of the same material are rlaced to-
gether, electrons diffuse from the n-type into the p-type crystal and holes
diffuse in the opposite direction. The region in which this diffusion oc-
curs 1s characterized by a depletion of the majority charge carriers and
the presence of the resulting space charges due to the bound impurity sites
(donors and acceptors). Reverse biasing (plus to n-type and minus to p-
type) the junction widens the depletion region. Hence, because the region
is depleted of the majority charge carriers, its conductance is low and
very little current flows through it., Forward biasing the junction removes
the depletion region and current flows freely. This action is the basis
for the semiconductor diode rectifier.

The depletion region of the semiconductor diodes is not formed by plac-
ing two crystals together, Rather, for the silicon surface barrier detector,

a p=-type surface layer is formed on a single n-type silicon crystal by ox-
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idation, The depletion region extends into the p-type crystal. Tie approx-
imate thickness of this region is found by solving Poisson's equation for
constant space charge density and using the reverse bias and zero electric
field as boundary conditions. This thickness is X = (kV/Qﬂ Ne)l/g, where
k is the dielectric constant of the crystal, V is the reverse bias, e is
the electronic charge, and N is the charge density due to impurity sites.
If all impurities are ionized, the resistivity of the crystal is p = l/uNe,
where | is the majority charge carrier mobility. Thus, x =(p Vk u/En)l/2
shows the depletion thickness varies as the half power of the crystal re-
sistivity and the reverse bias.

The capacitance of the depletion region is approximately that of a par-
allel plate capacitor of the same thickness with a silicon dielectric. Thus,

the capacitance per unit area,

N -
% :T,:F; - %ﬁ%a (‘61’/6\/\)

When the crystal resistivity and breakdown voltage are sufficiently
high, the reverse bias can be increased until the depletion region extends
from the p-type surface layer to the other side of the n-type crystal. The
resulting fully depleted detector has three advantages over the partially
depleted one, First, with the reverse bias somewhat higher than that re-
quired for full depletion, the thickness of the depletion region and hence
the detector capacitance are insensitive to bias fluctuations. Secondly,
with thin windows on both front and back, essentially all of the energy lost

by charged particles traversing the detector is deposited in the depletion
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region. Thirdly, the pulse rise time 1s reduced as the undepleted region
of the detector is reduced. This is because the undepleted region contri-
butes to the series resistance of the detector and the time constant of
the detector equivalent circuit varies as this resistance. As indicated

in Table %, both the thick and thin detectors are fully depleted.

3. Electron-Hole Pair Generation

The average energy required to generate an electron-hole pair in the

(90,91)

depletion region is predicted by Shockley to be

where Eg is the energy gap between the valence and conduction bands, ER is

the energy of the highest frequency optical mode phonon, and r = (Li/LR)’

the ratio of the mean free path between ionizing collisions, L

i» and the

mean free path for phonon collisions, Lg. For silicon at 300°K, E, = 1.12

g

ev. With r.=17.5 and Ep = 0.063 ev, € = 3.57 ev.
Until recently, all measurements indicated that € was dindependent of
the mass, charge and energy of the ionizing particle. However, careful

measurements by an Italian group(gg) give ey = 3.61 + 0.01 ev for the 5,49

241

Mev alphas of Am and € = 5.79 + 0.01 ev for the 0.365 Mev conversion

15

electrons of Snl . These results have been substantiated by a U. S.

group(93) who found €y = 3.60 + 0.0l ev for the same alphas and € = 3,80 +

0.0l ev for the 1.05 Mev conversion electrons of Bi207. Both sets of results

are for silicon at 300°K (E, = 1.12 ev) and with the data extrapolated to

g
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infinite collecting electric field to eliminate the influence of trap-
ping andrecombination. The approximately 5% difference in ea and €, 1is
not explained by Shockley's model. Even so, the agreement with the pre-

dicted 35.57 ev gives some credence to his model.

L. Electron-Hole Pair Collection

The collection of electron-hole pairs is impeded by two mechanisms:
trapping and recombination. These phenomena usually occur at imperfection
sites in the crystal. Trapping of the charge carriers refers to the immobi-
lization of the carriers at trapping centers. If the mean carrier lifetime
is on the order of or less than the amplifier clipping time, a substantial por-
tion of the signal is lost. The loss of charge carriers by recombination is
most likely to occur in the vicinity of the particle track where the ionization
density is highest. This recombination takes place before the electrons and
holes in the ionized column are separated by the applied electric field. Hence,
recombination increases with increasing ionization density and decreasing elec-
tric field. The principal consequence of trapping and recombination is to re-
duce the collection efficiency and energy resolution of the detector.

The collection efficiency, n = Q/Ne, gives the ratio of the charge Q
on the collecting electrode to the charge generated by the release of N elec-
tron-hole pairs. Here N = E/e, where E is the energy deposited in the de-
pletion region and € is the mean number of ion pairs generated per unit

energy deposited in this region, Most Jjunction detectors can be biased suf-
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ficiently for 1 to be very nearly 100%.

5. Energy Calibration

The energy calibration of the detectors and their instrumentation is
based on the use of a precision pulse generator to determine the zero energy
channel and the use of the 5.49 Mev* alphas of Amgul to fix the channel
width., The pulse generator, whose output is linear, was capacity coupled
to the preamplifier input and the pulse amplitudes were varied to obtain

a plot of pulse height versus channel number. The intercept of this plot

was the zero energy channel. The linearity of this plot demonstrated
the linearity of the preamplifier, amplifier, and ADC combination.

The use of alphas to determine the channel width for protons is based
on the assumption that np/ep = na/ea. It is generally considered that the
difference between Np and 1, 1s too small to be measured with present tech-
niques. However, a recent measurement(97) gives €p/€a = 0.99. At the time
of data reduction, this result was unavailable, Hence, in the absence of
other data to substantiate it, this 1% is neglected. Future measurements
of ep/ea for silicon may indicate the desirability of correcting the channel
width for a small difference between €p and €.

An approximate verification of the calibration procedure was made using
the 1.05 Mev(98) conversion electrons of Bi207. Two previously described

measurements give ee/ea = 1.050 + 0.004 and 1.056 + 0.00k. Assuming then

*m2+l alpha spectrum: 5.4870 Mev (86.0%), 5.4435 Mev (12.7%), 5.3880 Mev
(1.3%), and 20 others G:O.5%),(9“-96)
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that ee/ep = 1.05% and ne/np = 1.000, the 1.05 Mev electrons should be counted

in the channel calibrated for 1.00 Mev protons. This response was observed,

6. Leakage Currents

Another important characteristic of reverse biased junctions is the
current flow in’the absence of radiation, This current, called bulk current,
must be sufficiently small that heating of the crystal is negligible, The
bulk current has two components: the drift current due to the diffusion
of minority carriers into the depletion region and the generation current
due to the thermal generation of minority carriers in the depletion region.

In addition to the bulk current through the depletion region, some
current flows around its edge. This edge leakage or surface leakage cur-
rent depends on many factors including the design and construction of the
detector, treatment and contamination of its surfaces, and ambient condi-
tions such as temperature, humidity, and pressure, The sum of the bulk
current and the edge leakage current is called the reverse current or leak-
age current., It must be much smaller than the signal currents resulting
from radiation interactions in the depletion region if the signal-to-noise
ratio is to be sufficiently high to permit good energy resolution. Leakage

currents for the detectors used here are given in Table 3,
C. INSTRUMENTATION

Integrating or charge-sensitive preamplifiers are used with these Junc-

tion detectors. This type of preamplifier is favored because its output
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is very nearly independent of the detector capacitance. This is indicated
in Figure 5 which shows the block diagram and equivalent circuit for a re-
verse-biased detector, charge-sensitive preamplifier, and amplifier. Here
the amplifier output voltage pulse due to the collection of charge Q at the
detector Vyp = A(Q/C), where C =[Cp + Cy + (G+1)Cq ]/ G % Cp, G is the
voltage gain of the preamplifier input section (with feedback capacitance
CF), A is the combined voltage gain of the preamplifier (after the input
section) and the amplifier, Cp and Cp are the capacitances to ground of

the detector and the preamplifier input (including stray), respectively.
This equation is derived for negative G. To follow convention,(99)]G| is
written as G. For G = 2000, (i.e., |G| = 2000), Cp = 80pf (as for thin de-
tector), and Cy = 20 pf, C = 1.0l Cp and V = 0.99 A(Q/CF).

In order to keep CA small, the preamplifiers were located within 1 ft

of the detectors., This was done by putting the preamplifiers in a water-
tight box that was attached to the top side of the detector chamber,

Fach preamplifier was connected to an amplifier in a temperature con-
trolled instrument room through a 200 ft length of RG-71 doubly shielded,
93 ohm coaxial cable. The multichannel pulse height analyzer and anticoin-
cidence system were located in the same instrument room.

Block diagrams of the instrumentation are given in Figures 2 and 3,

Details on the components are given in Tables 4 and 5.
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TABLE L4

PROTON ENERGY ANALYSIS INSTRUMENTATION

Component Manufacturer Model
Preamplifier Tennelec 100A
Amplifier Nuclear Data 150F

Multichannel pulse
height analyzer

ADC Nuclear Data 150F
Memory Nuclear Data 150M
TABLE 5

ANTICOINCIDENCE INSTRUMENTATION

Component Manufacturer Model
Preamplifiers Tennelec 100A
Amplifiers Sturrup 101
Discriminators Sturrup 501
Coincidence unit Sturrup 1401
Gate unit Nuclear Data 150F

D, SIGNAL-TO-BACKGROUND RATIO

Since low signal-to-background ratios (S/B) have been the principal
limitation encountered in most measurements of reactor neutron spectra, the
improvement of the S/B has been one of the main objectives in the develop-
ment of this spectrometer system. Here the signal refers to those counts

which result from neutrons entering the source end of the collimator, travel-



30

ing through the collimator without being scattered, and then scattering pro-
tons from the radiator to a detector which is thick enough to stop them.

The background, as it is customarily defined, refers to all nonsignal counts.

1. Sources of Background

It is useful to consider the background as consisting of two components:
nonsignal counts associated with the radiator and all other nonsignal counts.
The latter component is measured by removing the radiator and is usually
found to be the larger one. It is due to charged particles resulting from
gamma and neutron interactions which occur within the detector and in the
shielding and structural material in the vicinity of the detector. Data
which indicates that gamma interactions within the detector dominate at
higher energies and gamma interactions in material around the detector dom-
inate at lower energies will be presented.

The nonsignal counts associated with the radiator are due to (1) protons
scattered from the radiator with such high energy that they are not stopped in
the detector, (2) carbon ions scattered from the CHy radiator by neutrons, and
(3) protons scattered from the radiator by neutrons which either entered the
collimator through the side wall rather than through the source end or entered
the collimator through the source end, but were scattered in the collimator
wall before reaching the radiator. The first case is designated as a nonsignal
count because the measured proton energy is less than the energy of the proton
incident on the detector. The third case, although not usually designated back-

ground in the literature, is designated such here because it does not qualify as
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part of the above defined signal.

2. Desgign Considerations.

As previously stated, most of the background counts usually result from
gamms interactions within and near the detector. Hence,the spectrometer
was specifically designed to reduce this source of backgound. The prin-
cipal features are shown in Figure 1. This spectrometer has been operated
with the source end of its collimator in fission gamma fields of lO7 to 108
roentgens/hour,

The long, evacuated, conical collimator extracts a well-defined neutron
beam from the reactor. It also allows the detector chamber to be far enough
from the reactor core so that the pool water is an effective shield. The
effectiveness of the water shielding was demonstrated by a measurement of

the background count rate with the collimator removed. The measurement .
showed that only 10 to 20% of the background counts from 2 to 5 Mev are due
to radiation which did not enter the detector chamber through the collimatorj
The cylindrical steel and lead shields assist in the collimation of
fission gammas. The desirability of this collimation is indicated in Fig-
ure 6, This figure shows the detector count rate without radiator as a func-
tion of the detector position above and below the collimator axis. This
data was taken with only the lead shield installed. The background reduc-
tion by a factof of over a hundred along with a signal reduction of only
10% dictated the use of an off-axis detector position. The detector was

positioned with its center 4.2 cm above the collimator axis and 10.2 cm
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from the center of the radiator position. The resulting angle between the
radiator-detector centerline and the collimator axis was 24°, As a result
of the suggestion by Dr. F. C. Maienschein of ORNL to increase the thickness
of the gamma shield, the steel shield was added. Its addition reduced the
background counts from 2 to 5 Mev by LL%.

The electron filter is a 50-mil thick aluminum plate located over the
front of the collimator throat to reduce the number of electrons streaming
into the detector chamber. It reduces the background counts from 2 to 5
Mev bY 56%° The charged particle baffle shields the detector from charged
particles originating in the rear portion of the collimator throat. The
beam trap reduces backscattering to the detector,

The radiator wheel is a thin brass plate with six equally spaced 2,1l-cm
diameter holes. They are slightly larger than the 1l.9-cm diameter of the

collimator throat. The wheel can be rotated and stopped so that the center
of any one of the holes is aligned with the collimator axis. Various thick-
ness polyethylene radiators can be mounted over these holes on the collimator
side of the radiator wheel. TFor these measurements, only 1.25 mg/cm2 and
2.9 mg/cm2 thick CHé radiators were used. A blank wheel position was
aligned with the collimastor axis for the measurement of the background

counts not associated with the radiator.

The evacuated detector chamber is much larger than that required to
house the detector, radiator wheel, and motor. The extra volume provides
free space around the detector to reduce charged particle events in ma-

terial near the detector.
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5. Influence of Detector Thickness

The limitation imposed by a low S/B is illustrated by the data of Fig
ure 7, The S/B for this data and for data taken with 60 cm of water between
the reactor core and collimator is shown in Figure 8. The lower S/B for the
latter data indicates the background is dominated by gamma interactions
since water attenuates fast neutrons (the signal) more thah it does gammas
(the background).,

The S/B for the latter data also demonstrates that reliable data (i,e,,
S/B > 1) cannot be taken with this radiator-detector combination through
60 cm of water in the energy range from 2 to 5 Mev. Resolution considera-
tions prohibit the use of a thicker radiator to improve the S/B in this
energy region. An alternative is to use a thinner detector. The effect
of using a detector of the same area but with its thickness reduced by a
factor of four is shown in Figure 9. These curves show that the ratio of
background counts for thick and thin detectors is equal to the ratio of
their thicknesses at high energies but is much greater at lower energies.
Thus, since the detector areas are equal, the background at high energies
is proportional to the detector volume, This indicates gamma interactions
within the detector are the main source of background at these energies.
At the lower energies, the curves indicate the background is dominated by
gamma interactions in material outside the detectors.

Data taken with the thin detector is shown in Figure 10. The coinci-
dence spectrum shows the energy lost in the thin detector by protons which

are not stopped in it. The anticoincidence system discussed earlier prevents
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these counts from being recorded. Alternately, they can be recorded sepa-
rately as shown in Figure 10 and subtracted along with the counts recorded
with the radiator removed. Use of the thin detector and anticoincidence
system permits measurements above 2 Mev through 60 cm of water to be made

with S/B > 1.

L, Carbon Recoils

It is shown in Appendix A that the background due to carbon recoils de-
pends on the neutron energies of interest and on the shape of the spectrum
being measured. For a hypothetical neutron spectrum which is constant from
energy k.2k (EC);in to Epgy, and zero thereafter, the maximum background oc-
curs at the lowest neutron energy of interest, Epine For the present measure-
ments, Eyip = 2 Mev and (Eg)pip = 1.5 Mev. If Epax is 14 Mev, the maximum
background due to carbon recoils is 4%, and if E . is 18 Mev, it is 6.
These are conservative estimates, of course, since the actual measured spec=

tra decrease rapidly with energy above the minimum energy, 4.2k (Ec)pmin

6.36 Mev, required to scatter 1.5 Mev carbon recoils to the detector.

5. Collimator Effects

There are two effects which occur when the collimator walls are not
black. First, some of the neutrons which exit the collimator entered it
through the source end but were scattered in the collimator wall before
reaching the exit. Secondly, some of the neutrons that reach the collimator

exit initially entered the collimator through the side wall rather than

*The lowest carbon recoil energy of interest is (Eq)pip = (Ep)min =
(Epin cosaY - SEP), and 4.24 is the ratio of the incident neutron
energy to the carbon recoil energy.
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through the source end. In Appendix B, these effects are estimated by use
of a crude model to introduce 4.8% and 1.7% errors, respectively, when us-
ing the long conical collimator of this spectrometer.

Because the background due to carbon recoils and collimator effects
is relatively small and the corrections are difficult to determine, no cor-

rections were made for these measurements.

E, EFFICIENCY

The efficiency of the spectrometer can be defined either in terms of
the neutron angular flux at the source end of the collimator or in terms
of the neutron flux incident on the radiator. These two efficiencies, of
course, differ only by the collimator efficiency.

For the first case, the total efficiency ¢(E) is defined as the number
of neutrons with energy E counted per unit time per unit neutron angular
flux incident on the source end of the collimator and directed about the

collimator axis toward the radiator:
C(Ep) dE
€(E) = 2)
| (E)4E (

C(E )dEp is the count rate in counts per sec due to protons which are
scattered from the radiator to the detector by neutrons with
energies in dE gbout E and which deposit energies in dEp about
Ep within the detector.

©(E)dE is the number of neutrons with energies in dE about E per sec
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per cm2 per steradian incident on the source end of the collimator
and directed about the collimator axis toward the radiator.
For the second case, a similar expression is used to define eR(E), the
number of neutrons with energy E which are counted per unit time per unit

neutron flux incident on the radiator.

_ ClEgp
ig(E\ = &R{EHE (3)

where:
®R(E)dE is the number of neutrons with energies in dE about E per sec per
cm2 directed about the collimator axis toward the radiator and

incident on the radiator.

€(E) and ep(E) are related by defining the collimator efficiency,

£ (E)
£ (E)

g

(L)

In order to simplify the evaluation of € and e,(E), the following

gl
assumptions are madeﬁ
a. The radiator is positioned over the exit end of the collimator.
b. The distance from the source end of the collimator to the exit
end is large compared with the largest dimension of these two apertures,
c. The distance from the radiator to the detector is large compared
with the largest dimension of these two components.,
d. The anisotropy of n-p scattering in the center-of-mass system is

negligible for the neutron energies of interest. (This is reasonable be-

cause n-p scattering is essentially 100% s-wave scattering up to 10 Mev and
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is still 99% s-wave scattering at 1h MEV,)(IOO)

e, The radiator is sufficiently thin so that neutron attenuation and
multiple n-p scattering are negligible,

From its definition,

€. S, = —-:- in steradians

where:

9] is the solid angle subtended at the radiator by the source end

«

of the collimator in steradians,

AC is the area of the source end of the collimator in cm<.

L, 1s the distance from the source end of the collimator to the
radiator end in cm.

Also from its definition,

£ (8) = (Ng tc Ag) %w S1p in em®

(NgtRAR) is the number of hydrogen atoms in the radiator.

NR is the number of hydrogen atoms per milligram of radiator.

tR is the thickness of the radiator in milligrams per cm2°
AR: is the radiator area .in cm2°
a0p.p(E, V) ) . i .
NP 2.7 is the differential cross section for neutrons with energy E

to elastically scatter protons through the laboratory angle V¥

with respect to the direction of the incident neutron, aver-

aged with respect to V¥, in cme per hydrogen atom per steradian.
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is the solid angle subtended at the radiator by the detector
in steradians.

Ap 1is the area of the detector in cme,

Lp 1is the distance from the radiator to the detector in cm.

From assumption (4),

dTh-p (E,Y) _ OreplE) cooV
dsL ™

where:
on_p(E) is the cross section for neutrons with energy E to elastically
scatter protons in cm2 per hydrogen atom.
cos ¥ 1is the cosine of the laboratory scattering angle, averaged with

respect to V.

Combining these terms,

ER(ES = _#(N ‘tg\)<-9—z€2'> CDS'LV F(E') " Cmi (5)

Taking the product eCeR(E) to get the total efficiency,

\

£(€) = 7 (N _t><Q; RH”)MG’,}'P( | in em” steradian (6)

An outstanding feature of these efficiency expressions is that the en-

ergy dependent term, o__.(E), is very well known (< + l%)'(lOO) Figures

n-p

11 and 12 show eR(E) and €(E) as calculated using the following constants:

N;f - 0.86 x 1020 H atoms/mg
— 2
tR = 1.25 and 2,95 mg/cn

= n(5.1 cm)2 = 81,7 e’

o=
Q
|
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Ay = 7(0.95 cm)® = 2.84 cn?
Ay = (0,75 cm)2 =177 en?
Lo = 315 cm

Lp = 10.2 cm

cos ¥ = fcosVf(¥) dv. = 0,91
cos?V = feos2yE(V) dv = 0,83

sec ¥ = [secyf(V¥) dv = 1.10

The last two quantities are used to evaluate Ep = E cosgw - SEP and

t —_
SEP = (l/2)bef3%ydx)dx g (l/2)tR secy (%ﬁb . The normalized scattering
E

b

frequency, £(V¥)dV, is derived and evaluated in Section II-F-3,

From the definitions of eR(E) and €(E), the differential fluxes

dile) =
ig(E)AE/JEP

¢ (Ep)
CQ (€) = £ (E) dE/E;

(7)

(€)

The differential count rate, C(Ep) = N(Ep)/At AEP, where N(E ) is the
P

number: of counts accumulated during At in the channel whose width is AE

and whose midpoint is Epo To find %Ef, recall

z - EE-\'%EP
cos*Y

4

Thus,

:J._E_ - [ + d(%Ep) JdEp
dEp o5 %Y

where

i%":f-) 2 bhem? 4, (),

D

*Detector area was measured by counting Amzul alphas with and without an

aluminum mask (1,29 cm2 aperture) in front of detector.
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Since the latter derivative is negative,

dE , |- 44575 8| (9)
AEF - 494“’#’

This Jacobian was calculated and the results are shown in Figure 13.

F. ENERGY RESOLUTION
The spectrometer energy resolution is defined as AE/E, where LE is

the FWHM of the spectrometer response function for monoenergetic neutrons

of energy E. Here the neutron energy E = (EP+SEP)/COSEW° The rescluticn
is found using the relation

)" 7 2 et

where u = u(xy, X, X3, cos)eo Thus,

AE g (QE\ o8 R (10)
( EE) ( E'_-1EP Ez»s*’w [;;.ﬁ;i.:ﬁl{] ”

The three terms are due to variations of (1) the proton detector re-
sponse, (2) the proton energy losses in the radiator, and (3) the n-p scat-

tering angle, respectively. Each term will be discussed in order.

l, Detector Term

The detector term, AEP/E COSEW, is the smallest and is negligible at
all but low energies (6% at 2 Mev, 3% at 4 Mev). Table 3 gives AE,, as 30
and 40 Kev for the thick and thin detectors, respectively, in an evacuated
test chamber. When they are installed in the spectrometer and it is sub-

merged in the reactor pool as it is during normal operation, AEy of both
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detectors increases to about 60 Kev., This increase is probably due to
ground loops. Also, AE@ increases to 140 Kev during some periods, Dur-
ing the same periods, a one megacycle ripple is observed on the preampli-
fier output. The appearance of this ripple has been found to correspond
to the broadcasting time of a local, daytime radio station which transmits
at 1.05 megacycles. Since spectrum measurements were taken about equally
during day and night, an average AEa is 100 Kev., This value is used for
AR,. As before, cosy = [cos2Vf(V)ay = 0.85. Hence, AE,/E cos?y =

120 Kev/E.

2. Radiator Term

The radiator term, A(BEP)/E cosgw, is the dominant term at low energies,
but becomes negligible at high energies. It can be estimated by neglecting
the variations in ¥ and assuming all protons are scattered through some

mean angle V¥, Then the response function is a rectangular function whose
tgsecV

maximum energy is E cosgﬁ and whose minimum energy is E cosgﬂ- fo (dE/dx)dx.

trsec T
Thus, the width of this rectangular function is A(BEP) =,L (dE/ax)ax 2 tp
sec i(dE/dx)Ep. Replacing secV by secV = [secV £(V¥) dy¥ = 1.10, A(BEP) =

o SEP and A(SEP)/E‘COSEW Y oL SEP/E z 1.32 tR (%E)E /E.
P

3. Geometry Term

The last term, A(COSQW)/EBEEE, is called the geometry term because it
is determined primarily by the scattering angles allowed by the collimator
radiator-detector geometry. However, it also depends on the angular depen-

dence of the n-p scattering cross section, As before, the scattering is
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assumed to be isotropic in the CMCS. Also, the neutrons are assumed to be
normally incident on the radiator. The small angular.divergence of the long,
conical collimator makes the latter assumption very good. Thus, the geometry
term is determined by the radiator-detector geometry and the cosine of the
laboratory scattering angle. This term is independent of neutron energy,

and it is the dominant term at high energies.

A(cos®Y) is the FWHM of the normalized distribution function £(cos2y),
where f(cos2V)d(cos®y) = £(¥) dV and £(¥)dV is the fraction of the counts
due to protons scattered in 4y about V.

To find f(V¥), consider a beam of neutrons normally incident on the
differential radiator area, dAR, shown in Figure 14, The resulting cur-

rent of protons scattered in dy about V¥ from dA_ to the differential detec-

R

tor area, dAp, 1s

Tp (£, ¥MEA IR = Ty (E1 D)EdReNRLe ST2lEY) y

where: Jn (E, r,@)dEdAR is the number of neutrons with energies in 4E
about E which are normally incident on dAR per second. J_ (E, r, 6, V)
dEdARdQlp is the number of protons elastically scattered by neutrons with

energies in dE about E from dAg into dlip per second.

S(n&"&’)ﬁd"l’ - S(hgs"l’) cos VW
R% ] H

&ﬂp -

Assuming

AH-P(E)W) - ﬁ.p(ﬁ) cosy
I
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and

T (Er,8) = T (EYF (D)

Tp (EB1¥)dEdR S5 = (Nite /rH) Ormole) T (E)AE F (1, 8) & (1, 6, W) dfig cos™ W 4

Define:
Tp e, ) eEdY 2 j Jpﬁs,r,%w)AsAﬂpanz
E_Fs_-.(ﬂ l', G,W)Aﬁz
Substituting,
Tp (EVVELY =(NELeRe/TH) 0 (2) T, (£)dE S(W) cos®y d¥
Define:
_ .;); (E,Y)dELY
PEY)Y = Q?,(E)JE
P(E,¥)d¥ = (Nktehc /rH) 0o (E) S (V) cog®y dy
But,

_ PIEY)Y
£lv)dy = iy
‘F('\V)AV - SIY) cos*y 4V

[S(¥) costy dy
FOdy = 2 g(w) sty iy

where the normalization constant

z = [fszv)mww]-‘

To find f(cos<¥), recall f(0082W)d(c082W) = £(¥)dy, Since

d(cos?y) = -2 cos ¥ sin V¥ av,

f(cos2y) -(z/2)s (V) cot v ay

The determination of £(V) and f(cos®y) requires S(V¥). The function

S{V¥) must be evaluated for a specific radiator-detector geometry and a
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given F(r,8). Here it is assumed that F(r,0) = F(r). Thus,

stv) = 4 [ | Fin s (n5,9) rdeds
6r

This integral is evaluated by the following graphical-numerical method,
Draw to scale the front view of the radiator and detector shown in

Figure 14, Then draw concentric circles within the radiator that divide

it into m equal areas. Next, draw radii which divide each of the m areas
intc n equal areas. This procedure is illustrated in Figure 15 for m=3

and n=12, FEach of the resulting mn = 36 areas is equal. Due to the sym-
metry, only the 18 areas in the right half of the radiator are used. Arcs
with radii which correspond to various values of V¥ are swung from the centers
of these areas to intercept the detector area. From Figure 14, the arc
radius, o(V¥) = H tan V. Figure 15 shows arcs drawn from area (m,n) ={3,5)
for integral values of V¥, The intercept cf o(24°) with the detector area
is S(TB’ 65, 24°), A set of arcs with radii corresponding to integral
values of ¥ was drawn for each of the radiator areas (m,n). The length of
each intercept with the detector area was measured to get S(rm, QH,W)D Us=

ing these values of S(r_, O, ¥)S(v) = (AAR/AR)m¥n F(ry) S(ry, € ,V),

n

where (AHR/HR\ =(|/'4)a
Thus , £ = (?/14) wSW % F("m') 6(?»,,914) 'W)

and £ (cosP) = - (2/30) GDf"V”ﬂ" Flvw) S (v, 81, %)
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— 25°
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p(24°)=H tan 24°

.. l (r3765)
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&

Figure 15. Example of construction used for calculation of S(V).
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The latter function was evaluated and plotted. The FWHM of this func-
tion is A(COSEW)a It was evaluated for three cases to find the influence

of the radial function F(rp). The results are shown in Table 6,

TABLE 6

INFLUENCE OF F(r_) ON A(cos®y)

Case R(r, ) F(r,) () 5(cos?) Aleoc?y)
cos2y

I 0.323 0.533 0,333 0.108 0.130

1T 0.500 0.3%3 0. 167 0. 100 0.120

TIT 1,000 0 0 0,083 0. 100

The function, f(cos®y) is shown in Figure 16 as calculated for case II.
Due to the cylindrical collimator throat, the F(rm) used for this case is
expected to be a good estimate of the actual F(rm)a The results shown in
the table indicate that the uncertainty in A(COSQW), introduced by the un-
certainty in F(rm), is less than 10%. The average values of cosV, cosgw,
and secV calculated using f(V¥)dV are relatively insensitive to the choice

of F(rm)°

L, System Resolution
The detector, radiator, and geometry terms are combined to get the sys-

tem resolution as follows,

L
AE D, RO Mev\R 4 SE.\R R
E °© B g )*(z'iéi'&) * (9"“0)5} (11)
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Figure 16, Calculated distribution function: f(cosgllf).
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The resolution (i.e., FWHM in per cent) is shown as a function of neu-
tron energy in Figure 17 for the two radiator thicknesses used, Due to
the better resolution at low energies, the thin radiator is used with
the thin detector for neutron energies from 2 to 6 Mev. The thick radiator

and thick detector are used together for neutron energies from 4 to 12 Mev,

5. Influence on Measurement

The effect of the spectrometer resolution on measured neutron spectra
depends on the FWHM and shape of the resolution function and on the shape
of the neutron spectra. Since the fission spectrum decreases approximately
exponentially at high energies, it is of interest to know how the resoluticn
influences the measurement cof an exponential spectrum. To estimate this
effect, the resolution function is assumed to be Gaussian. Thus the meas-

ured spectrum,
0

O (€) =f&cs')r=<e',su=_'
- 00
EI
where &(E') - 47‘ e_x

_ g-g)*

P(E\E) = R e

N
J7r ) €
Using R = 4E/E and o(E) = 2E/2.355 = RE/2,355, evaluation of the in-

tegral gives

Qm (E) (-é%)z

P - €

For = (1,290 Mev)™t = 0.7752 Mev-1 and R = 0.12, ¢ (E)/6(E) = 1.03

(12)

for E = 6 Mev and 1,12 for E = 12 Mev.
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The slope of the measured spectra is

O (E) z
—2%,1_(_5-)- = -X ¥ (7?.‘3’25—5) E (13)

Using the same ¢ and R,

/
(E) _ -
-%::;5 = = 0.765% Mev™ = - (1,304 Mev) " G B Mey

-’ -
= =0, 755 Mey ' = -(/.BRZ MeV) / bor E=IR Mev

For comparison, the slope of the actual spectrum is
'lg) - -1
= -K 2 =07758 Mex = = (1, R90 Mev)' foy E> 0

The above ratios show the spectrometer resolution causes the measured
flux to be greater than the actual flux at a given energy, and the slope
of the measured spectrum to be less than that of the actual spectrum.

The influence of a change or uncertainty in the resolution on the

measured slope is given by the following relation.

INCAEN [ =& R .
Buldy) = |EEkerR) -1 R o

Using the same @ and R again,

A (Km/Dn)
= - 0 0R¥ for E= o Mey
(& / &) £
-0044 (&) hr E= IR Me

Thus, a 10% change or uncertainty in the resolution results in a change

or uncertainty in the measured slope in the opposite sense by less than 0.5%.
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G. ENERGY RANGE

As has been indicated, the energy range of the spectrometer is from
2 to 12 Mev. The lower limit is determined by two factors. First, the sig-
nal-to-background ratio, which increases with decreasing energy, drops be-
low one at about 2 Mev for most of the measured spectra, Secondly, the
resolution becomés poorer at lower energies. The upper limit is also deter-
mined by two factors. The low efficiency and the few neutrons with energies
above 10 Mev result in poor statistics at these energies unless very long
counting times are used. Also, the detector must be thicker than the range
of the highest energy protons of interest.

The above considerations indicate the complex nature of the spectrometer
energy range., It depends on the thickness and geometry of the radiators

and detectors, and on the intensity and energy dependence of both the source

and the background.



CHAPTER III

EXPERIMENTAL RESULTS

A. FORD NUCLEAR REACTOR
The spectrum measurements in water and graphite were made in the Ford
Nuclear Reactor (FNR) pool using core leakage neutrons as the fast neutron

source.

1. Reactor Description

The FNR is an open pool type research reactor operated at power levels
up to 2 megawatts at The University of Michigan. It is very similar to the
Bulk Shielding Reactor I (BSR-I) at Oak Ridge National Laboratory. The vol-
ume fractions of the standard fuel element are 0.2% uranium (95% U235)f L1.6%
aluminum, and 58.2% water. The HQO serves as mcderator, coolant, reflector,
and shield. The reflector system also includes a tank of DyO on the north
core face and graphite reflector elements on other faces. Different core
configurations were used for the water and graphite measurements. The two

configurations are shown in Figure 18.

2. Reactor Power Measurement

The measured spectra were normalized to reactor power. Reactor power
was measured by stopping the seccndary coolant flow while the reactor was
cperating at a steady state power level and observing the rate at which
the pool water temperature increased as the primary coolant water returned
to the pcol. The average reactor power,

LT

P = mec,. -
b At

wWhere AT/At is the rate of the pool water temperature increase, m is the
mass 0f the water in the pool and the primary cooling system, and Cp is the

61
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Figure 18. TFord Nuclear Reactor core configurations.
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specific heat of water. For the FNR, (l/mcp) = 8.65°F/megawatt hour. This
methed assumes (1) nonfission heat sources are negligible, (2) heat losses
are negligible, and (3) the pool water is mixed thoroughly. These assump-

tions are apparently valid and the method is quite reliable and accurate

(+5%) ., (101)

B. WATER MEASUREMENTS

As indicated in Figure 18, the spectrum measurements were made on the
south side of the core. The spectrometer was submerged in the reactor pool
and the collimator axis was aligned with the north-south core centerline,
A photograph of the spectrometer suspended above the pool ischown in Figure
19. Figure 20 shows the submerged collimator 60 cm from the soyth core face,

The demineralized pool water ranged from 35°C to 43°(C during the measurements,

1. Normalization
In order to reduce the influence of flux shifts within the core, due
for instance to contrecl rod withdrawal during xenon buildup, the spectrum
measurements were normalized directly to the fast neutron leakage flux from
the south core face. The spectra were then ncrmslized to reactor power by
relating the leakage flux to a single calorimetric measurement of resctor
power for the same core configuraticn used during the spectrum measurements.
The fast neutron leakage flux was monitored by activating aluminum

2 v
wires and counting the Al ! (n,a) Na2% reaction* product, gammas (1.37 and

*This reaction was used because its threshold is in the Mev range (3.26 Nbv)<26)
and the half life of its product is well known (:9.15%)(102) and much
longer than the half lives of other reaction products present, The other
reactions are the A127 (n,p) Mg2” reaction with threshold at 1.89 Mev and
the A127(n,y) A128 reaction., The half life of Na®t is 1k.97 hours whereas
the half lives of Mg27 and A128 are 9.4 minutes and 2.3 minutes, respec-
tively. Hence, the activated aluminum wires can be allowed to decay un-
til the only significant reaction preduct remaining is Na2lk, The effect
of Na®3 (n,7) Na24 reactions which result from thermal neutron capture
by sodium impurities in the aluminum wires was minimized by using high
purity aluminum and by covering the aluminum with 10 mil cadmium,
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2.75 Mev) with a 3" x 3" Nal (Tl) crystal. Four wires were positioned 30 cm
from the core for each activation. The wires were mounted at 90° intervals
on the circumference of a ring (30-cm diameter) that was centered on the
north-south core centerline. With the wires in these positions, it was
found that when the collimator was against the core, the aluminum activa-
tion was approximately 3%3% higher than it was without the collimator pres-
ent. This undesirable perturbation was negligible at the other collimator
positions, but did introduce an estimated i5% uncertainty in the normalized

amplitude of the zero spectrum measurement.

2. Reactor Power

The FNR was operated at 2 megawatts for all of the measurements ex-
cept those with the collimator against the core. The latter measurements
were made at 0.2 and 0.5 megawatt using the thick detector and thin detector,
respectively. The lower power levels were used to limit the counting rates
and thus reduce pile-up distortion. This distortion.was monitored by ob-
serving the width of the Am®'l alpha pesk. Negligible broadening (< 10%)

was observed at the power levels used.

5. Counting Times and Statistics

The water measurements were made during a four-week period. The
initial measurements were made with the collimator against the reactor core.
For the measurements from 2 to 6 Mev made using the thin detector and thin
radiator, three 20-minute foreground counts and three 20-minute background
counts were taken in alternating sequence. After the zero spectrum was
measured, measurements were made with the collimator 20, 40, and finally
60 cm from the reactor core. The measurement from 4 to 12 Mev for the 60-
cm spectrum made using the thick detector and thick radiator, required the
longest counting time. Here six 10-hour foreground counts and six 5-hour
background counts were taken in alternating sequence.

Due to the few number of neutrons at the higher energies, the statis-
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tical uncertainties were largest at these energies. At 10 Mev the standard
deviation (sigma) of a single point varied from 3.2% to 6.0%, and at 12 Mev

it ranged from 6.5% to 12,9%.

4. Measured Spectra

A machine plot of the measured spectra of FNR leakage neutrons which
penetrated 0, 20.0, 40.0, and 60.0 cm of pool water is.shown in Figure 21,
Each measured point was obtained by subtracting the normalized background
counting rate (without radiator) from the normalized foreground counting
rate (with radiator). Then, as indicated by Equation (8), the resulting
counts per second per Mev of proton energy per megawatt of reactor power

were divided by the total efficiency in cm®

steradian and by the energy
Jacobian in Mev of neutron energy per Mev of proton energy. The resulting
angular flux is expressed in neutrons per second per e per Mev (of neus
tron energy) per steradian (directed normally tc the 'south.core.face) pér
megawatt (of reactor power).

The semilog plot of Figure 21 is characterized by three principal fea-
tures. First, the FNR leakage spectrum falls off exponentially above 5 Mev
as the fission spectrum does. Secondly, the attenuation of lower energy
neutrons is much greater than that of the higher energy neutrons due pri-
marily to the higher elastic scattering cross section of hydrogen at the
lower energies. Thirdly, the progressively deepening dip in the spectra

at about 3.5 Mev is due to the elastic scattering resonance of oxygen at

that energy. The scatter of the data at the higher energies.is:due to
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counting statistics. The calculated spectra shown in Figure 21 are dis-

cussed in Chapter IV,

5., Experimental Uncertainties

The principal experimental uncertainties are summarized in Table 7.
The uncertainties associated with the background were limited by restrict-
ing the reported data to thet with signal-to-background ratios above one.
Even so, with the collimator effects included, these uncertainties may be
as high as + 10% &at 2 Mev.

The influence of the spectrometer resolution was to convolute the
actual spectra with the spectrometer response function, i.e., the measured
spectra are averaged over the energy width of the response function. The
averaging process results in loss of spectral detail and, as shown in Chap-
ter IT for an exponential spectrum like the fission spectrum above 5 Mev,
the slope of the spectrum may be modified. The importance of the latter
effect in determining the slope of the fission source spectrum is discussed
in Chapter IV.

Excluding these resolution effects, the total relative and total abso-
lute uncertainties in the amplitudes of the measured spectra are typically
ilO% and iQO%, respectively. Counting statistics increase these percentages
somewhat at neutron energies above 10 Mev, and background uncertainties
make them slightly higher at neutron energies near 2 Mev.

The iQ% uncertainty in the spectrometer energy calibration is due

mainly to the uncertainties in the mean squared cosine of the n-p scatter-
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TABLE 7

PRINCIPAL EXPERIMENTAL UNCERTAINTIES

A, Proton Recoil Spectra Measurement

Detector Energy Calibration: + 1%

*Background:

*Counting Statistics: Avg, + 3%, Max.

Avg. + 3%, Max. + 10% at 2 Mev

+ 13% at 12 Mev for water
Max, + 23% at 12 Mev for graphite

B, Conversion from Proton Spectra to Neutron Spectra

Spectrometer Energy Calibration (includes detector): + 2%

Efficiency:

+ 5%

C. Normalization

Reactor Power Measurement: + 5%

*Aluminum Activation: + 2% except + 5% for O cm water

D. Shield Geometry

*Thickness:

*Density: +
i

+ 1.5%, + 0.75%, + 0.5% for 20, 40, 60 cm water
+ 0.5% for graphite

0.2% for water

2% for graphite

E. Spectrometer Resolution

*Denotes uncertainties associated with relative measurements,
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ing angle (cosey = O.85i0.0l) and the mean energy required for protons to

generate an electron-hole pair in silicon (ep = ey + 1%).

C. GRAPHITE MEASUREMENTS

The graphite measurements were made with graphite slabs mounted against

the south core face.

1. Description of Graphite Slabs

The graphite was high density, fine grained, HLM grade (Great Lakes Car-
bon Corp.). Its measured density* was 1.7L + 0.04 grams/cmd, Each slab was
20.2 em x 62.5 cm x 62.5 cm. These dimensions include the 0.635-cm thick 6061
aluminum plate which completely encased each slab to keep it dry while sub-
merged in the FNR pool. Two views of four of the slabs fabricated for this
experiment are shown in Figure 22. Figure 23 shows three of the slabs posi-
tioned against the south core face during measurements at 2 megawatts. The
collimator axis was aligned with the north-south core centerline as for the
water measurements., The graphite slabs were suspended from above the re-
actor pool. The tube attached to the top side of each slab was provided

for off-gassing. **

*The supplier specified an average density of 1.72 grams/cm5 for this grade

*ittle off-gassing was observed except from the slab nearest the core for
a short period after the reactor reached full power., This was probably

due to thermal expansion of air within the graphite as gamma heating in-
creased the temperature of the graphite,
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Two views of four graphite slabs,

Figure 22,
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Three graphite slabs positioned against FNR core.

Figure 23.
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2. Reactor Core Modification

Unfortunately the reactivity of the graphite slabs positioned directly
against the fuel elements on the south core face exceeded the maximum re-
activity allowed an experiment by the USAEC license for the FNR. Thus, in
order to decouple the slabs and core, a row of graphite reflector elements
was added on the south core face. The resulting core configuration is shown
in Figure 18, It should be noted that this configuration introduces a 2-cm
water gap between the graphite reflector elements and the zero collimgtor
position, Hence, the source spectrum for the graphite measurements differs
from that of the water measurements in that the former includes the effect
of an additional 10-cm Penetration through the row of graphite reflector
elements and the water g8ap. The volume fractions for the graphite reflector
elements are: 85,1% graphite (1.65 grams/emB),7.9% aluminum, and 7.0% water.
In order to keep the source spectrum constant, the water gap was maintained

during all graphite measurements.

3. DNormalization and Reactor Power

These measurements were normalized to reactor power as in the water
measurements except the aluminum wires were located differently during ac-
tivation. They were positioned on a 36-cm diameter circle within the water
gap. No perturbation in the wire activation due to the collimator position
was observed,

Except for the measurements of the source spectrum, the reactor was

operated at 2 megawatts. The source spectrum was measured at power levels
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of 0.5 and 1.0 megawatt using the thick detector and thin detector, respec-

tively.

4, Counting Times and Statistics

The graphite measurements were :made during a three-week period. The
counting times varied from three 20-minute foreground counts and three 10-
minute background counts for the thin detector-thin radiator case with O
slabs of graphite to five 10-hour foreground counts and five 5-hour back-
ground counts for the thick detector-thick radiator case with 3% slabs of
graphite. As for the water measurements, the foreground and background
counts were alternated.

At the higher neutron energies, the counting statistics were slightly
poorer than those of the water data. At 10 Mev, one sigma ranged from H.l%

to 7.7%, and at 12 Mev it varied from 9.5% to 23.3%.

5. Measured Spectra and Experimentgl Uncertainties

A machine plot of the measured spectra of FNR legkage neutrons which
penetrated O, 1, 2, and 3 slabs of graphite is shown in Figure 24. The
structure is the energy averaged effect of the elastic scattering cross
section of carbon. Again, the scatter of data points at the higher energies
is due to statistical fluctuations. The errors are the same as those of
the water measurements except for those associated with counting statistics,
aluminum activation, shield thickness and shield density. These are noted
in Table 7.

The measured spectra in both water and graphite are tabulated in Appendix C.
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CHAPTER IV

COMPARISON WITH CALCULATIONS.AND CONCLUSIONS

A. NIOBE CALCULATIONS

The calculated spectra shown in Figures 21 and 24 were obtained with
the NIOBE (Numerical Integration of Boltzmann Equation) code, ¥ This code
was developed by Nuclear Development Corp. (now United Nuclear Corp.) be-
ginning with the work of Certaine and Nﬁttelman(lou) in 1955 and culminat-

\
(12) a1 for the TBM 7090 in 1961(12)

ing in codes for the IBM 704 in 1960
NIOBE was selected because of its ability to calculate angular fluxes at
deep penetrations through multilayered configurations, its capacity for
many energy groups, and its exactness. It has two important restrictions:

only spherical configurations are allowed, and any inelastic scattering

cross sections used are treated as isotropic in the laboratory system,

1l. Neutron Transport Equation
NIOBE solves the following steady state, multienergy, neutron trans-

port equation for a finite, multilayered, spherical configuration.

Q- VF(I').U-yE) * z‘t, (r,E)F(r,u,E) = 8(r,u,E) + Iel(F;I‘,p‘.,E) + Iin(F;r,‘p,E)
Wheres

F(r,u,E) is the angular flux, i.e., the number of neutrons with energy

E, per second, per unit energy, per steradian, which move in directions

' 10
¥A11 NIOBE calculations were performed by G. G. Sherwood( 5) using the
IBM-TO94 at the Institute for Defense Analysis, Washington, D.C.

7
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making an angle whose cosine is p with the radius vector crossing unit
area normal to the neutron direction, at distance r measured from the
origin,

S(r,u,E) is the number of neutrons produced by true sources per
second, with energy E, which move in directions making an angle whose
cosine is p with the radius vector, per unit volume, per unit energy,
per steradian, at distance r.

Iel(F;r,u,E) is the number of neutrons produced per second, with
energy E, which move in directions making an angle whose cosine is p
with the radius vector, per unit volume, per unit energy, per stera-
dian, as a result of elastic scattering by all nuclei present at dis-
tance r, when the angular flux is F(r,u,E).

Iin(F;r,u,E) is defined similarly for inelastic scattering.

2
v (L) 9

— s

or r A

q .7

Zi(r,E) = LN (r)o. (E) ;

i 1

Ni (r) is the number of atoms per unit volume of isotope i at dis-

tance r,
cti(E) is the total cross section per atom of isotope i at
energy E.
The required boundary condition is that the flux at the outer bound-

ary of the configuration be specified. (i.e., that F(A,u,E) be given for

b < O where A is the outer radius).
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In order to reduce this equation to terms suitable for numerical
integration, it is assumed that the angular dependence of F(r,u,E) can
be represented by a finite Legendre series expansion. Accordingly,

L
5 21+1

o b

F(I’,M,E) =
1

Fl(r,E)Pz(u) L <12

Il

Since Legendre polynomials satisfy the orthogonality relation

20+1 41 o - 0, I#m
e - = =
= /7 B, (WP (w)dn im {1, rem

the scalar flux terms are given by

Fy(rE) = 2x [ (rB)R (W)

-

The Gaussian quadrature rule is used to evaluate the above integral,
This scheme requires the selection of a discrete set of pq which are the
zeros of the Legendre polynomial of degree 2Q, where Q is an integer.
This set of Hq are the rays of the angular mesh, The selection of dis=-
crete angular rays so as to facilitate integration is generally referred

to as the discrete ordinate method.

2. Source Terms

The source terms represent the total neutron gains per second per
unit volume per unit energy per steradian due to true sources such as fis-
sion neutrons and slowing down sources consisting of elastically and in-
elastically scattered neutrons.

The true source in the reactor core region is the fission source,
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It was assumed to be separable; i.e. S(r,u,E) = W(u)V(r)g(E). Also, the
angular distribution was assumed to be isotropic in the laboratory system.
Thus, W(u) = 1/4x. The radial distribution, V(r), was approximated by
the measured radial thermal flux distribution(36) .for ‘the ORNL BSR-I.
Subsequent NIOBE calculations were made to test the sensitivity of the
spectra to this V(r). A flat radial distribution produced no significant
change in the core leakage spectrum. Hence, it was concluded the form of
V(r) used was satisfactory.

The source energy distribution was represented by a normalized Max-
wellian distribution, g(E) = (2/f;53)El/2e'E/T. The Maxwellian spectrum
was chosen because it agrees with measured 235 fission spectra as well
or better than Watt<lo5) or Cranberg(lO6) spectra(lo7—llo), its analytical
form is simple, and it requires only one parameter, T, NIOBE calculations
were carried out for several values of T to obtain a best fit to the FNR
leakage spectrum (O cm water). The calculated spectra were sufficiently
sensitive to the choice of T that it could apparently be inferred to
within +0,010 Mev. The best fit was for T=1.285 Mev. This compares well

(108)

with T=1.30+0.03 Mev given by Terrell and the average T=1.30 Mev for

the eight measurements reviewed by Condé and During(lll). All of these
T values refer to UeJD fission induced by thermal neutrons.

For the region outside the core, both the internal source distribu-
tion and the incoming flux at the outer radius were specified to be zero,

The elastic scattering source term, Iel(F;r,u,E), is evaluated by

representing the angular dependence of the elastic scattering cross sec-
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tion in the center-of-mass system by a finite Legendre series expansion,
Then the scattering integral is evaluated using a scattering model ap-
propriate to the mass of the scattering nuclei. NIOBE includes models
for hydrogeneous, infinitely heavy, and intermediate weight scatterers.
The scattering model for hydrogen treats the scattering as isotropic in
the center-of-mass system.

The inelastic scattering source term, I F;r,u,E), is evaluated by

in(
treating the scattering as isotropic in the laboratory system. When
inelastic scattering data is available, the energy distribution of the
neutrons emitted per inelastic scattering at energy E, G(E,E'), is tabu-
lated as a function of E and E',

In summary, the energy dependent cross section data required for
each element consists of (1) the total cross section, (2) the elastic
scattering cross section and Legendre coefficients, and (3) the inelastic

scattering cross section and the energy distribution of inelastically

scattered neutrons.

5. Energy Groups

In addition to the use of an angular mesh and a radial mesh, an energy
mesh, which divides the energy region of interest into equal intervals
of In E, is used. The introduction of the energy mesh allows the trans-
port equation to be reduced to a set of coupled equations in which the
slowing down and transport terms can be treated separately. These equa-

tions are solved in two steps. First, using assumed solutions, the slow-
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ing down source is calculated for each energy group. The true source is
then added to the slowing down source to get the total source for each
energy group. The second step is to solve the resulting set of '"one
velocity" transport equations which have these source terms. The solutions
are then compared with the initially assumed solutions and the process

is repeated until two successive iterations agree within a specified toler-

ance, *

Examination of the cross sections of interest showed that L% energy
intervals retained most of the differential energy detail. More impor-
tantly, 4% energy widths clearly retain more structure than is visible
within the limits of the spectrometer resolution (> 12%). Use of 4% energy
intervals required 76 energy groups for the energy range from 0.90 to
18.02 Mev. Sherwood's 76 group P, NIOBE calculations (16 angular rays

7

and 105 radial points) required about 1 hour on the IBM-7094 computer.

4., Geometry

For the water calculations, the FNR core was represented as a sphere
of approximately equal volume (29 cm radius, 58% HEO and 42% aluminum)
and the pool water was represented as a spherical shell (80 cm thick, 100%
HQO) about this central region.

The same central region was used for the graphite calculations.
Here it was surrounded by two regions: (1) a 10 cm thick shell represent-

ing the row of graphite reflector elements and the water gap (volume

*The convergence criterion used was 0.001.
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fractions: 68.9% graphite (1.65 grams/cmB), 24, 7% water, and 6.4%
aluminum) and (2) an 80 cm thick graphite shell (volume fractions:

93.7% graphite (1.74 grams/cm’) and 6.3% aluminum).

5. Cross Sections

Cross section data was required for hydrogen, carbon, oxygen, and
aluminum., For hydrogen, the total and elastic scattering cross sections
are the same. The scattering model for hydrogen which treats elastic
scattering as isotropic in the center-of-mass system and the theoretical
total cross section curve reported in BNL-525(112) were used. KAPL
total and elastic scattering cross sections and Legendre coefficients were
used for carbon(115) and oxygenc(llu) Since this data extended only up
to 15 Mev, the values at 15 Mev were assumed constant to 18 Mev. Due to
the unavailability of inelastic scattering data for carbon and oxygen,

it was omitted in the slowing down source terms. TFor aluminum, GA(115)

cross section data, including inelastic, was used.

6. Comparison With Measurements

Because the use of 76 energy groups permitted the calculations to
show considerably more energy detail than the measurements, comparisons
between NIOBE calculations and measured spectra were difficult to evaluate.
In order to simplify the comparison, the energy dependent spectrometer
response function was convoluted with the NIOBE calculations. The response

function was assumed to be a Gaussian distribution function with its FWHM
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given as a function of neutron energy by the curves shown in Figure 17.*%
The resulting spectra were normalized with the measured spectra at a
single point (7.5 Mev at O cm) and machine plotted with them as shown in
Figures 21 and 24. Aquantitative comparison is given in Table & which
shows the average and maximum ratios of the calculated flux to the mea-

sured flux.

TABLE 8

RATIOS OF CALCULATED FLUX TO MEASURED FLUX

Shield Thickness Average Ratio Maximum Ratio
O cm HS0 1.00 0.90 at 4.0 Mev
20.0 cm HEO 0.92 0.36 at 3.0 Mev
40.0 cm H,0 0.93% 0.80 at 2.3 Mev
60.0 cm H,0 0.99 1.20 at 3.5 Mev
0 cm Graphite 1.00 0.52 at 2.2 Mev
20.2 cm Gfaphite 0.95 0.74 at 4.2 Mev
40.L4 cm Graphite 0.96 0.67 at k.5 Mev
60.6 cm Graphite 0.96 0.67 at 4.9 Mev

The comparison shows surprisingly good agreement, particularly with

the water data, in view of the assumptions made in the NIOBE calculations.,

*A smooth line between the thin radiator curve at 4 Mev and the thick
radiator curve at 6 Mev was used for the 4 to 6 Mev region.
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These include (1) all regions are homogeneous and spherically symmetrical,
(2) there is no inelastic scattering by carbon and oxygen in the slowing
down source terms, (3) hydrogen scattering is isotropic in the center-of-
mass system, (4) inelastic scattering by aluminum is isotropic in the
laboratory system, and (5) carbon and oxygen cross sections and Legendre
coefficients are constant from 15 Mev to 18 Mev. With regard to the
graphite calculations, much better agreement was obtained by the question-
able procedure of mixing cross sections and Legendre coefficients from
different libraries.

In convoluting the spectrometer response function with the NIOBE cal-
culations, an important bias is introduced. As demonstrated analytically
in Chapter II, the convolution process introduces a tilt in exponential
spectra. Thus, the inference of the Maxwellian T characteristic of the
U255 fission spectrum from the comparison of the measured core leakage
spectrum with smoothed sﬁectra calculated for different values of T re-
quires the response function to be sufficiently well known so as to intro-
duce little or negligible uncertainty in finding T. The greatest uncer-
tainty in the response function is that associated with the radial distri-
bution function, F(rm)a From Table 6, this uncertainty is estimated to
be +10%. Equation 14 shows that a +10% uncertainty in AE/E introduces
< qu5% uncertainty in the slope of smoothed spectra. Since the uncer-

tainty in T associated with matching the measured and calculated core
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leakage spectra is +0.C10 Mev, the total* uncertainty in T is < + [0.010
Mev + 0,005 (1.285 Mev) ] or < +0.016 Mev. Most measurements (108,111)

of this T have reported uncertainties of +0.030 or iQ.OMO Mev,

B. CONCLUSIONS

A relatively simple, moderate resolution (12%), low efficiency (10'6),
differential proton-recoil, fast neutron spectrometer has been developed
to measure directed neutron fluxes in the presence of high intensity fis-
sion gamma fields (lO7 to 108 roentgens/hour). It has been used to mea-
sure the energy distributions (2 to 12 Mev) of normally directed neutrons
which leaked from the Ford Nuclear Reactor core and penetrated several
thicknesses of two common reactor materials, H,O and graphite.

In contrast to Clifford et gl.'s(u9) recent spectrum measurements
of uncollided reactor neutrons, these measured spectra are dominated by
scattered neutrons. For example, the ratio of scattered neutrons to un-
scattered neutrons ranges from 100 at 2 Mev to 1 at 12 Mev for neutrons
which penetrated 60 cm of H>0. Although measurements of uncollided neu-
trons test the total cross sections very well, these measurements test
both the total cross sections and the slowing down sources. In contrast
with other measurements dominated by scattered neutrons and compared with
detailed calculations (such as Verbinski's(Bé) spectra in H.O and

2

Profio's(BB) spectra in CHE)’ the agreement between these measured and

*This does not include effects of uncertainties in the energy calibration
of the spectrometer or in the cross sections used in the NIOBE calcula-
tion of the core leakage spectrum..
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calculated spectra is excellent,

In summary, because of the relatively high accuracy (ilo% relative
intensity and iQO% absolute intensity, iE% energy) and the deep penetration
(up to 60 cm), these measurements are the most useful that have been
reported for testing detailed calculations of fast neutron spectra in

bulk media.

C. SUGGESTED FUTURE WORK
Opportunities for extending the present work lie in two directions.
One is in the choice of experiments and the other is in the modification
and improvement of the spectrometer. However, except for modifications
which give a general reduction in background (as for example might result
from reducing the ID of the beam trap or reshaping the collimator throat),
the important changes in the spectrometer system will probably reflect
the choice of experiment. The following experiments are fairly direct
extensions of the present work.
1. Spectrum measurements in H20 at oblique angles.
2. Spectrum measurements at higher energies.(lOB)
3. Spectrum measurements in other bulk materials (e.g. materials
with relatively high and well known inelastic scattering cross
sections such as iron).
k. Spectrum measurements of fission sources and (o,n) sources.
D. Measurement of angular distributions of n-p scattering using

multiple detectors or a single movable detector in the detector
chamber.
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Measurements of spectrometer efficiency and resolution using

D(d,n)He3 and T(d,n)HeLL neutron sources of known intensity and
energy width,

Collimator studies(ll6'122) to measure the influence of (a)
wall and liner material, (b) shape, and (c) length.



APPENDIX A

EFFECT OF CARBON RECOILS

Fast neutrons . incident on CHp, radiators scatter carbon
lons as well as protons. Although many of the carbon ions are stopped
within the radiator, those which do escape the radiator and reach the
deteétor are indistinguishable from protons of the same energy. The
necessary condition for the background counts due to carbon recoils to

be negligible compared to the proton recoil counts is that

S ) for (B ST -SESE € (B 4E)

C ()

Ee=Ep or 1,5 Mev£Ec £ |00 Mey
where C(EP) is the count rate for protons with energy Ep, and

C(EC) is the count rate for carbon ions with energy Eg.
To find the ratio of carbon recoil counts to proton recoil counts, first

note that from Equations 2 and 6,

Clep) = @QOF, = £N 1.6 227 o, Bef o

vhere (& = (%iﬁl)
=2
The expression for the total efficiency, e(E), was derived with the
assumptions that n-p scattering is isotropic in the center-of-mass system
and that all protons which are scattered toward the detector escape the
radiator with some mean energy loss BEP, where 8E_ << E_. Both of these

1Y 1

assumptions are invalid for carbon ions because n-C scattering is not

89
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isotropic in the center-of-mass system and the carbon ion energy losses
in the radiator are so large that most of the ions do not escape the
radiator with energies above 1.5 Mev.

The energy of the carbon ions before losing any energy is related

to the energy of the incident neutrons by

With A = 12 and cos®y = 0.83, B} = 0.236E'
An expression for C(EC) which includes the carbon ion energy losses

in the radiator is developed as follows

Eé'
CE)dE. = | Co(EcVAE, P(E. \E.)JE, (17)
E

where CO(Eé)dEé is defined as C(Egp)dE, except that carbon ion energy
losses in the radiator are assumed to be zero,

P(Eé,EC)dEC is the probability that carbon ions, which would be

counted with energies in dEé about Eé if energy

losses in the radiator were zero, are counted with
energies in dEC about EC'
"o _
EC = O°256Emax

From its definition,
ColEL)dEL = 2 (€ Ke") dE’

where €(E') is the total efficiency for counting carbon ions with energy
Eé = 0,236E'. It is evaluated as before for n-p scattering except that
the carbon ions are assumed to be scattered isotropically in the labora-

tory system. This assumption requires that



o1

dfrc (EVW) _  Trel€)
dSL - YT
This is equivalent to replacing (1/x) Gn_p(E) cosV by (1/bx) 0,.c(E) in

the previous expression for ¢(E) so that

ColEL)dEL 2= NR1r G 07 (B &(e\dE (1)
Thus,
E,
_ o' N
CEc) = 7 NRte 6 :@‘(P(EAE;\ 0y (R €\ P (wRvEL)dEC
Ec

gi
EP(EL.Ec\ G R EL ) Pl RES) dE,

C(Ec) _ N (AE,')
’( ’ ( g)% Or-pl€) &/ (8] =)

C (Ep) \*+rzsW/\N§ ('l'fr

For a CH radiator, (NS/NE) = 1/e.

Hence, the ratio of count rates

Here cosV = 0,91, (dE/dEp)'g‘<l/COS2W) = 1,20, and (dE'/dEé) = b, 2k,

Using these values, the ratio becomes

Ee ,
CE) JPleL e (e e ) Qrve iy
clgp) e () A (E)

In order to evaluate the integral, o,.c(E) and ¢(E) must be specified.

For example, choose
D) for O<E < LAY (E),,
&(E\ - &o 'CDV' *z*(EL\mm ‘E £ Em;,g
0 fov € > Epax

where (Ec)min = (E_) = (E

2V - = - ,
o) min cos2y SEP) 1.5 Mev and 4.2k (EC)min = 6.3%4 Mev

min

Since Gn_C(E) = 1.5 + 0.8 barns for 6,36 Mev < E < 20 Mev, choose

Th.c (E) = E-:c e 1.5 karns i 5Bb WMev ¢E £ RO Mev
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For this example,

E”
C(Ee) (n-c ¢ /
C (Ep) W-P(E) Z(E"E‘)AE‘

To evaluate the integral, assume

PlEc, E.)AE,. = P(x)dx = .é.’.‘.

(-

CHz (Ee\ RCH:(E ‘ ;OP O £% < [RCH&(E%‘}-RZH;LEG]
3"A ‘t 2 RgHg (E:)

where X = R

(E.) is the range of carbon ions with energy E, in CH,

c
fen, o c

t = tR secV = 1.38 milligrams/cm®

Thus,

E;" R:H‘ (Eg"\ 'R‘H (E‘\ .
fP(E",E‘)AE; =j’% i Ry (E') = Réis (6.
& o i 5

Using this result,

Cleel | asRoE)RMED o
C (Efé) Th-p (E) mq fem®
E‘=EF
vhere B, = E, = E cosew-aﬂp and E} = 0,236 B .

A range-energy curve for carbon ions in CH, is not available, An
3)
approximate one can be obtained using the following relationship(lgj’a

Reng (el RU,. (Eulmy £\ _(Ey
RE (Eelme) ~ R (B, /i) o ("\'(W;)

With MH = 1 amu and MC = 12 amu,

RCHR( ‘/ \ E:HR(E 8) Rg (EG/IZ\ ‘FDY (E‘/’g) :~EH
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where Ep and (EC/IQ) are the energies of the hydrogen and carbon ions,
respectively, expressed in Mev/amuo

A range-energy curve for protons in carbon for the proton energies
of interest (0.1 to 0.5 Mev) is not available., Hence, the ratic of

ranges of protons in CH. and carbon is estimated by assuming that both

2

of the ranges can be represented by R(E) = AE® so that

RgHaLE“\ - Hiuz
_R% &) A

The constants are evaluated using the ranges of protons in GH2 and

H H
BCHQ- 8‘

(Ex)

7813
carbon at EH = 2 Mev and EH = 4 Mev as calculated by Barkas and Berger“8l”o

Using this procedure, the ratic is found tc vary from 0.70 to 0.75 &s EH
increases from 0,1 to 0.5 Mev,

Using these results and a range-energy ourve(lg5> for carben lons
in carbon, an approximate range-energy curve for carbon ions in CHp is
obtained. From this curve, which is shown in Figure 25, and the values
fer cn~p<E) which are ftabulsted by Gammel(loo>, the ratic of ccunt rastes
is calculated for Emax = 1L Mev and Emax = 18 Mev. The results are shcwn
in Figure 26 as a functicn of the incident neutron energy.

It is noted that this example generally overestimates the background

due to carbon recoils for the spectrum measurements reported here, Even

so, as shown in Figure 26, the effect of carbon reccils is small,



Ok

ol

60

*susTAY3aLTod UL SUOT UOQIBO JO a3usy *Gz 2an3Tg

zWO H3d SWVHOITTIW NI 2HD NI SNOI NO8YVYJ 40 39NWY
80 40 90 S0 1 40) €0 20

10

A3W NI SNOI NOGYVD 40 A9H3N3



95

*SquNnoo TTooal uoqoxd 031 S3UNOD TTOD9I UOQIBD JO OTQBY

A3JW NI A9H3IN3 NOYLNIN
9 S 14

‘gz 2anITA

[

NTW b1

NN 81 "3

x<iu < m J O
XYW3335A3N 9¢9° oﬂv = (3) ¢

AJN 9€9>3>0" (¢
938 ~ 5003 = 93 =23

100

200

€00
(93)0
(>3

00

GO0

900

200



APPENDIX B

COLLIMATOR EFFECTS

To zeroth order approximation, the neutron beam which exits the
collimator consists only of neutrons which entered the source end of the
collimator and traveled to the exit end without being scattered or atten
uated. Let these neutrons be designated FE‘ Three corrections must be
considered. First, a fraction of the neutrons are absorbed or: scattered
by the gas in the collimator, For long, air-filled collimators this frac-
tion can be significant. Here, it is negligible because the collimator
is evacuated,

Secondly, some of the neutrons in the exiting beam entered the collimator
through the source end, but were scattered in the collimator wall before
reaching the exit. These neutrons are degraded in energy, although for
long collimators the most probable scattering angles may be so small that
the energy degradation is negligible. Even 50, these scattered neutrons
were not directed toward the exit when they entered the collimator so
that the exiting neutrons have an additional component which is designated
FEW°

Thirdly, some of the neutrons in the exiting beam entered the col-
limator initially through the wall rather than through the source end,
Let this additional component be designated FW’

Both FEW and Fw depend on the angular dependence of the source and

on the geometry of the source and the collimator., There are no general

96
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expressions available which can be used to evaluate these terms., How-
ever, they can be roughly estimated for long, cylindrical and long, con-
ical collimators used with isotropic sources. Here "long" implies that
the length of the collimator is much larger than its largest diameter.
Simon and Clifford(116) have estimated (FEW/FE) for the case where
a point, isotropic source is located on the axis of a long, cylindrical
collimator. Their calculation considers only single scattering in the
collimator walls and depends on the assumptions that the scattering is
isotropic in the laboratory system and that the energy degradation is

negligible, Their result is

@0 @

where & 1is the radius of the cylinder
I 1is the length of the cylinder

Zs andZ% are the macroscopic scattering and total cross sections,
respectively, for the wall of the cylinder.

If the collimator wall is hydrogeneous, it is a good approximation
to assume the scattering is isotropic in the center-of-mass system. This
assumption can be incorporated into the above results by replacing ZS by
Ly Zg E} where U is the average cosine of the scattering angles associated
with Fgye Since for long collimators, most of the neutrons which contri-
bute to FEW are scattered through relatively small angles, U is approx-
imately unity. Thus, for long, cylindrical collimators with hydrogeneous

walls,



()% = (208 - = (3

where: A = 1/Zb and Ay = 1/Zt

%) (22)

Extension of the analysis of Simon and Clifford to long, conical col-

limators gives the same result except that
1
5 = 5 (SS + 8)

where: BS is the radius of the source end and
Se is the radius of the exit end
(FW/FE) can be crudely estimated for the case of a plane, isotropic

source at the end of a long, cylindrical collimator. If only the uncollided

neutrons are considered, it can be shown that

G:E> ¢ 2<&> (23)
B yA

Extension of the same analysis to long, conical collimators gives

<fﬂ> ” QG.e) <L+> (ok)
Py 5.) \u

From the abecve two expressions, it 1s noted that
(1) For long collimators, (Fw/FE) depends on (At/ﬂ), not (8/1);
(2) When using a long, comical collimator with a plane source,
it is advantageous to use the large end of the collimtor as the source
end so that (56/65) <1.
Also, it is noted that the above expressions for (FW/FE) do not in-

clude neutrons which enter the collimator through the wall and then
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reenter the wall to be scattered to the collimator exit. This contribu=-

tion is expected to be small compared to (FEW/FE), at least when (SG/SS) < 1.
(FEW/FE) and (FW/FE) can now be evaluated for the collimator used with

this spectrometer. The cross section of the collimator is actually dode-

cagonal rather than circular, but the difference is neglected here. The

wall of the collimator is 0.32 cm thick aluminum surrounded by water.

Since the aluminum is very thin relative to the mean free path of Mev

neutrons in aluminum, the collimator wall is represented by a water wall.

Hence, these ratios are evaluated for a long, evacuated, conical collima=

tor with water walls and the following dimensions: [ = 305 cm, SS = 5,10 cm,

and 8¢ = 0.95 cm. For 10 Mev neutrens in water, Ay = 9.6 cm and Ag = 12.L cm.

HO
TEW\ e _ 2>5+5 = 0.048 (25)
Fg AHQO
F B\ [0 |
W o (&)= ) = o.017 (26)
i AN

Thus , (FEW/FE) + (FW/FE) # 6.5%. This small percentage, although

Using these values,

e

only a rough estimate, indicates the ccllimator effects are relatively

small.



APPENDIX C

TABULATION OF MEASURED SPECTRA

The measured spectra are tabulated on the following four pages.

The neutron energy .12030E+02 is read 12.03 Mev.

The flux .19700E+09 is read 1.97 x 10° neutrons sec™t em=2 Mev™l
steradian™t megawatt'lo It was measured normal to the reactor core.

The phrase O CM WATER refers to the thickness (0 cm) of material
(water) between the Ford Nuclear Reactor core and the source end of the

spectrometer collimator.
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NEUTRON

ENERGY

IN MEV

«12030E+02
«11910E+02
«11790E+02
«11670E+02
«11550E+02
«11430E+02
«11310E+02
«11190E+02
«11070E+02
.10950£+02
.10830E+02
+10710E+02
«10590E+02
«10470E+02
«10350E+02
«10230E+02
«10110E+02
«99900E+01
+.98800€E+01
«97600E+01
«96400£+01
«95200E+01
«94000E+401
«92800E+01
«91600E+01
«90400E+01
«89200E+01
.88000E+01
.86800E+01
.85600E401
«84500E+01
«83300E+01
.82100E+401
.80900E+01
«79700E+01
. 78500E+01
«T7300E+01
«76200E+01
«75000E+01
«73800E+01
«T2600E+01
«71400E+01
. 70200E+01

FLUX

0 CM

WATER

«19700E+09
«20800E+09
«23500E+09
«25200E+09
«32400E+09
«30000E+09
«34500E+09
+38300E+09
+40700E+09
+«39300E+09
«48800E+09
+48300E+09
«50900E+09
«55000E+09
«65900E+09
«74200E+09
«TT300E+09
.86200E+09
«92500E+09
+98300E+09
«10200E+10
«11800E+10
«13300E+10
«13600E+10
«14600E+10
.16100E+10
«17100E+10
«19100E+10
»19200E+10
«22200E+10
«24400E+10
«25800E+10
+28600E+10
«30900E+10
«34300E+10
«36400E+10
«38800E+10
+42100€E+10
-47800E+10
«50700E+10
«54500E+10
.58700E+10
«66400E+10

101

FLUX

20.0 CM
WATER
«38700E+08
«42400E+08
«44300E+08
.51100E+08
«51800E+08
«55000£E+08
«+65200E+08
«68400E+08
«83000E+08
«78400E+08
«86700E+08
- 90500E+08
«99200E+08
.11800E+09
-119500E+09
«12400E+09
+13400E+09
-14600E+09
«16100E+09
«17600E+09
«18600E+09
«20500E+09
«22600E+09
«22700E+09
«24800E+09
«27T7T00E+09
+«29800E+09
«30600E+09
«32700E+09
«35000E+09
«39100E+09
«39400E+09
«42900E+09
«45800E+09
«49600E+09
«52700E+09
«56100E+09
«62T00E+09
«6T400E+09
« 7T1LTO0E+09
«17900E+09
«85600E+09
«91400E+09

FLUX

40.0 CM
WATER
«56200E+07
. 70200E+07
«68T00E+07
«T2700E+07
«8T7500E+07
.88900E+07
«89500E+07
«99600€E+07
«95400E+07
«11400E+08
«12700E+08
«13400E+08
«14100E+08
+«16100E+08
«18200E+08
«16400E+08
«21600E+08
«22600E+08
«21200E+08
«25500E+08
«25100E+08
«26900E+08
«32200E+08
«32000€+08
«33400E+08
«35900E+08
«38000E+08
+41700E+08
+39000E+08
.45100E+08
«44500E+08
«4T200E+08
«52000E+08
«56400E+08
«61900E+08
«64400E+08
«67T00E+08
«71900E+08
« T4900E+08
+83100E+08
.88200E+08
«96800E+08
«10500E+09

FLUX

60.0 CM
WATER
.81100E+06
«89500E+06
+95200E+06
«92800E+06
«11800E+07
«12800E+07
«10300E+07
«13400E+07
«14400E+07
«15000E+07
«20300E+07
«21000E+07
«21400E+07
«21200E+07
«22400E+07
« 28000E+07
«26800E+07
«30300E+07
«29400E+07
«32600E+07
«32400E+07
«37900E+07
«36000E+07
«46800E+07
«44500E+07
«49T00E+0Q7
«49800E+07
«48T00E+0Q7
«52100E+07
«53600E+07
«48400E+07
«55500E+07
- 63800E+07
«62000E+07
«60400E+07
«63000E+07
«65800E+07
«75500E+07
«74300E+07
«.83300E+07
«90700E+07
«.10200€£+08
«10600E+08



NEUTRON

ENERGY

IN MEV

+69100E+01
«67900E+01
+66T00E+401
«65500£+01
+64400E+01
«63200E+01
«62000E+01
«60800E+01
+59600E+01
«58500E+01
«57300E+01
«56100E+01
«55000E+01
«53800E+01
«52600E+01
«51400E+01
«50300E+01
«49100€E+01
+47900E+01
«46700E+01
«45500E+01
+44300E+01
«43100E+01
«42000E+01
+40800E+01
«39600E+01
«38400E+01
«37300E+01
+36100E+01
«34900E+01
+33700E+01
«32600E+01
«31400E+01
«30200E+01
«29100E+01
«27900E+01
«26700E+01
«25600E+01
«264400E+01
«23300E+01
«22200E+01
.21000E+01
«19900E+01

FLUX

0 CM

WATER
«71300E+10
«T7T7300E+10
«84400E+10
«90600E+10
«98000E+10
«10900E+11
«11600E+11
«12500E+11
«13700E+11
«15000E+11
«16100E+11
«18000E+11
«19500E+11
«20800E+11
«22800E+11
«25000E+11
«27100E+11
«28900E+11
«31000E+11
«33300E+11
«35600E+11
«36900E+11
«39400E+11
«41800E+11
«43900E+11
«46200E+11
«48100E+11
«50800E+11
«54500E+11
«58800E+11
«65700E+11
«71700E+11
.78800E+11
«85100E+11
«90100E+11
+95200E+11
.10400E+12
«11600E+12
«12800E+12
«13800E+12
«14500E+12
«15300E+12
«16200E+12

102

FLUX

20.0 CM
WATER
+«99600E+09
«10900E+10
«11400E+10
«12500E+10
«13200E+10
«14000E+10
«14700E+10
«15500E+10
«16300E+10
«17300E+10
«18200E+10
«19100E+10
«20200E+10
«21100E+10
«22400E+10
«23600E+10
«24400E+10
«25400E+10
«26400E+10
«26500E+10
«27000E+10
«2T7T400E+10
«28500E+10
«28600E+10
«28500E+10
«2T7600E+10
«26500E+10
«25800E+10
«25800E+10
«267T00E+10
«30300E+10
«35600E+10
«41700E+10
«47300E+10
.51600E+10
«55700E+10
«58600E+10
«64000E+10
«68200€E+10
+69800E+10
«6TT00E+10
«64600E+10
«62000E+10

FLUX

40.0 CM
WATER
«11100E+09
+12000E+09
+«12900E+09
«13400E+09
«14000E+09
«14700E+09
«15400E+09
«15400E+09
«15100E+09
«15300E+09
+15600E+09
+15900E+09
«16400E+09
«16900E+09
«17500E+09
+17600E+09
«18200E+09
«18500E+09
«18800E+09
«18600E+09
«17600E+09
«17300E+09
«17200E+09
+16200E+09
«15700E+09
«14200E+09
«12400E+09
«11800E+09
«10400E+09
+10500E+09
«11300E+409
«13600E+09
«16100E+09
«18300E+09
«20400E+09
.21300E+09
«23500E+09
»24800E+09
«26900E+09
«28400E+09
«25600E+09
«23300E+09

FLUX

60.0 CM
WATER
.11800E+08
«12400E+08
«12900E+08
«14000E+08
+13600E+08
«14000E+08
«13500E+08
«13900E+08
«13300E+08
«13900E+08
«13900E+08
«14300E+08
«13500E+08
.12800E+08
«14100E+08
«13500E+08
«14400E+08
«14000E+08
«13400E+08
«13300E+08
«12900E+08
.11500E+08
«10600E+08
«10200E+08
«92600E+07
«8T7T400E+07
«T4900E+07
«60400E+07
«62600E+07
«53600E+07
«62000E+07
«66600E+07
«80400E+07
«92500E+07
«95900E+07
«89100E+07
«94300E+07
. 10200E+08
.11100E+08



NEUTRON

ENERGY

IN Mev

.12030£+02
«11910E+02
«11790E+02
«116T0E+02
«11550E+02
«11430E+02
«11310E+02
«11190E+02
«11070E+02
«10950E+02
«10830E+02
«10710E+02
«10590E+02
«10470E+02
.10350E+02
«10230E+02
«10110E+02
«99900E+01
.98800E+01
«97600E+01
«96400E+01
«95200E+01
«94000E+01
«92800E+01
«91600E+01
«90400€E+01
«89200E+01
.88000E+01
.86800E+01
«85600E+01
«84500E+01
«83300E+01
«82100E+01
«80900E+01
«T9700E+01
«T78500£+01
«T7300E+01
- 76200E+01
«75000E+01
. 73800E+01
«72600E+01
«71400E+01
«70200E+01

FLUX

0 CM
GRAPHITE
«91700E+08
«11200E+09
«11500E+09
«97100E+08
+14600E+09
«11200E+09
«14200E+09
«15100E+09
«20T7T00E+09
«19600E+09
«21900E+09
.23800E+09
«27300E+09
«28000E+09
«28700E+09
+36300E+09
«34300E+09
«40700E+09
«46300E+09
«44600E+09
«52100E+09
«53500E+09
«57T100E+09
«66300E+09
«71200E+09
+817T00E+09
.86300E+09
«93300E+09
«98700E+09
«10700€E+10
.10800E+10
«12400E+10
«12700E+10
-13900E+10
«14600E+10
«17500E+10
«18400E+10
«20900E+10
«24900E+10
«27900E+10
.31800E+10
+«35800E+10
«39500E+10

103

FLUX

20.2 CM
GRAPHITE
«17000E+08
«17500E+08
«16500E+08
«21400E+08
.20300E+08
«26200E+08
«22300E+08
«27400E+08
«31200E+08
+«33600E+08
«38200E+08
«46500E+08
«42000E+08
«53400E+08
«55300E+08
«61300E+08
«T7T1600E+08
«71000E+08
«79600E+08
.84400E+08
.87500E+08
«10800E+09
«11300E+09
+12800E+09
«13700E+09
«14900E+09
«15900€E+09
«16800E+09
-« 18200E+09
«19100E+09
+18600E+09
«19300E+09
«19500E+09
«207T00E+09
«22900E+09
«25800E+09
«32600E+09
«39400E+09
«49500E+09
«61700E+09
«7T6100E+09
.88100E+09
«97400E+09

FLUX

40.4 CM
GRAPHITE
«24000E+07
«19900E+07
«27500E+07
.20800E+07
«32200E+07
«3T600E+07
«34800E+07
+55000E+07
+50300E+07
«54600E+07
«63400E+07
+66900E+07
«64700E+07
+67900E+07
«99300E+07
«94500E+07
«10500E+08
«11600E+08
«12300E+08
+12900€+408
.12800E+08
«16300E+08
.18900E+08
«1960CE+08
«21000E+08
«24100E+08
«26500E+08
«27300E+08
+30600E+08
+33400E+08
«29900E+08
«31600E+08
«30700E+08
+29700E+08
«31400E+08
«36100E+08
«56900E+08
.80200E+08
«10700E+09
«13400E+09
«17800E+09
«21900E+09
«24600E+09

FLUX

60.6 CM
GRAPHITE
«24000E+06
«29900E+06
«33700E+06
«25400E+06
«35100E+06
«39700E+06
«46300E+06
«58400E+06
«4T400E+06
«72600E+06
«97800E+06
«94900E+06
«91400E+06
«12800E+07
«12700E+07
«15600E+07
«13900E+07
«17400E+07
«20200E+07
«20200E+07
«21800E+07
«28200E+07
«28T00E+07
«31300E+07
«38200E+07
«45000E+07
«46000E+07
«51800E+07
«58100E+07
«57900E+07
«54200E+07
«54400E+07
«49300E+07
«48000E+07
«54100E+07
«7T1000E+07
«12100E+08
«19100E+08
«2T7600E+08
+«35900E+08
«46200E+08
«55600E+08
«62600E+08



NEUTRON

ENERGY

IN MEV

«69100E+01
«6T900E+01
«66T7T00E+01
«65500E£+01
«64400E+01
+63200E+01
«+62000E+01
«60800E+01
«59600E+01
+58500E+01
«57300E+01
«56100E+01
+55000E+01
+53800E+01
«52600E+01
«51400E+01
«50300E+01
«49100E+01
«4T900E+01
«46TO0E+01
«+45500E+01
«44300E+01
«43100E+01
«42000E+01
«40800E+01
«39600E+401
«38400E+01
«37300€E+01
+36100E+01
«34900E+01
«33700E+01
«32600E+01
+31400E+01
-30200E+01
«29100E+01
«27900E+01
«26700E+01
«25600E+01
«24400E+01
«23300E+01
+22200E+01
«21000E+01
.19900E+401

FLUX

0 CM
GRAPHITE
«42500E+10
«45800E+10
+48700E+10
«52500E+10
«56300E+10
«59300E+10
«63B00E+10
«68900E+10
«72600E+10
«80200E+10
«86400E+10
-91600E+10
«99300E+10
«10500E+11
«11600E+11
«12200E+11
«13100E+11
«13800E+11
«14400E+11
«15000E+11
«15300E+11
+16000E+11
«16600E+11
«17500E+11
«17800E+11
«17600E+11
«17300E+11
«17400E+11
«.18100E+11
«19500E+11
«22300E+11
«25300E+11
«+28900E+11
«31200E+11
«34600E+11
«39600E+11
«45600E+11
«52200E+11
«57T600E+11
«60000E+11
«61400E+11
«63400E+11
+66500E+11
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FLUX

20.2 CM
GRAPHITE
.10500E+10
«10900E+10
«11500E+10
«»11600E+10
«11700E+10
.12100E+10
«12500E+10
«13400E+10
«14500E+10
«15500E+10
«16500E+10
«17800E+10
«19400E+10
«20500E+10
«21600E+10
-22300E+10
«23300E+10
+23400E+10
+22900E+10
«22600E+10
.21300E+10
«20400E+10
»19500E+10
«19200E+10
«18300E+10
«16600E+10
«14600E+10
.13500E+10
«13100E+10
«15000E+10
«19500E+10
+«24900E+10
«29000E+10
«31900E+10
«33800E+10
«38700E+10
+46100E+10
«55300E+10
«63100E+10
«68200E+10
-« 71400€+10
«T5100E+10
«7T9100E+10

FLUX

40.4 CM
GRAPHITE
«26300E+09
«2T7400E+09
«2T7200E+09
-26000E+09
«25600E+09
«24600€+09
«24400E+09
«24300E+09
«25900E+09
«27800E+09
«30000E+09
«31800E+09
«34600E+09
«35700E+09
«37800E+09
«37500E+09
«38300E+09
-40000E+09
+«37800E+09
«34500€+09
«30900E+09
«26900E+09
«24000E+09
«21800E+09
.18800E+09
«17100E+09
«14800E+09
«13000E+09
«11200E+09
«12000E+09
«16800E+09
«23700E+09
«29900E+09
«32500E+09
«32700E+09
+34500E+09
«39400E+09
+48200E+09
«57500E+C9
+65900E+09
. 7T1200E+09
-« 75800E+09
«81300E+09

FLUX

60.6 CM
GRAPHITE
«66300E+08
«6T200E+08
+63800E+08
«60000E+08
«54400E+08
«50100E+08
«46600E+08
«44000E+08
+44800E+08
«45600E+08
«47000E+08
«50500E+08
«54200E+08
+54600E+08
«57400E+08
«62200E+08
«64TO0E+08
«62200E+08
«553900E+08
«4T300E+08
«41300E+08
+35700E+08
«27800E+08
«26400E+08
«20900E+08
«19500E+08
- 16900E+08
»14800E+08
«12000E+08
«14600€E+08
«18600E+08
«26200E+08
+.32800E+08
«38800E+08
+36100E+08
«38000E+08
«43100E+08
«51900E+08
«60800E+08
«68500E+08
«71600E+08
«74100E+08
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