CHAFTER II

TEEORY

2,1 Neutron Spectra in Reacter, (1)

The neutron spectra is generally defined as the
nettron energy spectrum. Hormally the neutron Spectrum.is
reported as the number of neutrons per unit energy as a
function of neutron energy, ié represented by N(E) versus E.
The neulren spectrum is divided inte thres regions. |

l. Fast neutron regioﬁ. Thizs regicon deals with

neutrons which have not heen moderated, The fiszion neutrons
exhibit & wide encrgy range, from zeroc to at least 15 Mev.
The energy distributed is represented by the formula

suggested by Vatt as &

- L.

N(E} ) (e ) R R R

where H{E) = number of nestrons per unit energy
E = neutron cnergy in Mev,

The most accurate fission spectrum i1s shown in

Fig.1l
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Z. Hesonange Neuwtron Region. 4As the neutrons from

the fast region collide with moderator atoms, they are
rapidly slowed down into the % energy distribution region.
Another name {or this region is the resonance region, which
ranging from about 1 Mev. down to lev. A convenieat method
of representing the spectrum of neutrons in the resonance

region is by a relationship between neutron flux and neutron

energy¥. 4 plot of % spectrum is shown in Fig.2
100

Fig. 2 Spectrum in % Region
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3. Thermal Regicn. After making elastic collisions

with a mpderator, the neutrons are slowcd down. They will Lo
silowed down until they have approximately the same average
kinetic energy as the molecules of the moderstor. The

energy depends on the temperature of the medium, and so it
is c¢alled the thermal neutron region. In this region, the

energy exchange between the medium and the neutron is zera.



The kinetie energy of the neutrons of this
region will be distributed statistically accerding to
the Maxwell-Beltimann distribution law, which is
derived from the kinetic theory of gases, The Maxwell~
Boltzmann distribution of velocity for a total of n,

neutron per unit volume is given by

dn = nf{v) dv
2
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where . = total neutron density
k = Boltzmann's constant
T = neutron temperature {absolute}
= = kT =« % mvz
The energy distributien can be written as:
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Fig. 2 ° Maxwell Spcoctrum in Thermal Region
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The peak of the curve cccurs at the most probable

velocity Up' The walue of vp can be found by taking the
cgerivative of the neutron velocity distribution with Trespect

ta v, lotting it equal fto gerc and sclving for v.
1
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The most probvable velocity VP

1
Z

it room temperature EUDC, vp will be 2200 m/f=ec,
corrgsponds to an energy of 0.0235 ev. The neutron average

velecity gan be cbhbtained from
L]

Djhn{v} vdv
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2,2 Variuticn of Cross Section with Neutron Energy, (2)(3)

The neutron cross secticn depends not only on the
hature of Lhe target nacleuws, but also gn the nevtron
energy, whey vary from one isctope to another of the same
glement. The neutron absorption cross sccotion of a nuclide

can be divided inte three regions.

3. Low encrgy rcgipn. For neutron encrgles
below O, ev. which includes the thermal range, the
absorption cross section decreases sieacdily with increasing
neutron enzsrzy. The absorption cross section is inversely
proepartional to the sguare root of the neutron znergy. This

. . 1 .
is ftne w resion.
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2. Hesonance region. After the % region, many

¢lements, especially those of higher atomic weight, exhibit
peaks called resonance peaks, where the neutren crosssections
rise sharply to high velues for certain neutron energles,

and then fall again, Thesc regions occur with neutrons of
¢ncrgy between 0.1 and 10 ev. Some elcments, such as

cadmium and Fhodium have only one resonance peak ,others

have more than ohe,

3. Fast neutron region. For neutrons of high energy,

in the Mev range, the total crose sections are small for ail

nuclides, being less than 10 barns.
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Fig.l Variatien of Heutron Cross Scction with Energy

for a Typiecal Nucleus



243 Flux Perturbation by Detecting Foils,.(4)(5)}(8}

¥oils detectors have been used as instruments
to measure the neutron Flux. The observed activation of
measuring folil in diffusing media must be corrected for
the attenuation of the neutrom flux in the foil and for

the flux depression caused by the presence of the foil.

Consider a foil deftector in a large wvolume

of moderator in which thermal neutrons diffuse, TFlux

|

perturbation facter -- 1= defined as the ratio of the

e

average perturbed flux to the average original flux in the
volume of the foil., For feils af finite thickness, this

ratio is less than uwnity, because of tweo cffects.

1. The prescace of a foil in the moderator will
reduce the local fiux, The foil abserbs neutrons which
would Tave a chance to e scatiered back by the surrounding
mediom, Conscguently, this effect depends onm the
probability of absorption of the foil, and is referred to
as flux depression. We define the ratio of the unperturhed
flux te the flux ai the foil surface as foil depression
factor

2., The .ghielding of the inside of the foil by
the outer layer. This effect depends on the abscorption
cropss section and foil dimension, The foil may attenuate

the flux internally, thus preoducing less activation dAensity



internally than at the surface, Thersfore, the ratio of
the flux averaged through ghe volume of the foil to.the
incident flux averaged over the surface of the foil is
less than unity. This ratio is defined as the self-

shielding facter of the foil,

Neutron flux measurcements made with absorbing
foils require cerrections for self-shielding. Since
the neutron in a reactoer is assumed to consist of
rescnance neutron and thermal néutren, the correction for
self-shielding causcd by the two compcnentsis called the
resonancs sclf-shielding factor, ﬂr‘ and the thermal self-
« The rescnance selfi-shielding facter

th

1
is obtained from Roe = repert (£)., The computed valves of 1-Gr

shielding factor, G

and Gr are plotted as function of £ and T

4 EDkT
® =il "=
Al
where E0 = energy af neutron at the center of
the resonance
r’ = full width of fthe resonance at
half maximum
A = atomic weight
wT = 3275 ev.
t H ) fa) t.
: a o
where N, - number of atom/c.c
da = peak cross section at the center of

the resonance

t = thickness in cm.
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Fig,5 Self=5hielding Factor for Slabs C

The thermal self-shielding factor can be saledlated

Trew the following expressicn (5]
g

G, = 1. £ (,9228 - 1n £t)

where £ = macroscopic absorption cross section
t = thickness in cm. ,
2.5 desicott Effective Cross Section. (7)

e Neutron Spectrum is assumed to be made up of a
thermal or Maxwelilian component and an epithermal
component, The reaction rate R, is eguated to the product of

”~
the effeective ¢ross section o, and the conventional flux nv_,
where n is the.neutrdn gengity in neutron;’cm3 and v, 1ls
2200 m/sec

R - Envg ‘i"I'l‘llll'l'll{LI-}
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The effective cross section is defined by the relation

:; - U:} (E-}I‘E} R ).

ihere @ iz the mohosnergetic 2200 m/sec cross section-
The factor g and s are measures of the departure of cross
section From % law in the thermal and epithermal regicn
respectively, for a % absorber, £ =1 s = 6 and r defines
the proporticn of epithermal neutron in the reacter spectrum.
The effective cross section in a pure Maxwellian flux for
which r = o, is 59, The g and s factor can be used to
deduce the epithermal ratio parameter r of a reactor

spectrum from measured cadmiuvm ratios

225 The Cadmium Ratio, (1){B)

cadmium is commenly used in neutron activation
gxperiments as an abscrber for thermal neutrons. The reascn
for the use of cadmium is its high thermal croess section
and an absorption resonance at 0.378 ev, The effective out

off enerpy of cadmium filter is taken to be O.% ev.
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Figtﬁ Total Cross Section of Cadmium as a

function of Neutron Encrgy

The figure above shows the tetal absorption cross
section of sadmium as a function of oneutren energy in the
ranpecl energles from 0.1 to 10 ev. It becomes apparent
froﬁ fhe curve that cadmium is opaque to thermal neutrons,
but tramsparent to neutrons having energies greater than

about 0.4 ov.

A convenient experimental methed for the
determinaticon of the ratio of thermal fo resonance flux is
baged on the eadmium ratio. The cadmium ratio is defined
as the ratio of the reaction rate of a bare foil to the
reaction rate of the cadmium—govered foll. The bare foil

responds to the resonance plus the thermal flux, while the

cadmium-coversd foil teo the rescnance flux onrly, becazuse the

cadmivm, ¢over stops all fhe thermal neutroms but is
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transparcent to those neutrons of energy above the cut off
encrgy. Thi ratic of the thermal flux to the resonance

flux i3 thon given by

t]"I.EI‘rIIa.l flux = CdR-l P ) (E}

rosenance flux
#here CAR is theo measured cadmium ratio. Thus the
cadmiwn ratio (minus one) may be taken as a measure of how
well the neutrons are thermalized the greater ratio, the

greatoer the degree of thermelization

2.6 Westcott Epithermal Index.

There have Been varieties of analyticzl methods
to obtai¥ informations ccncerning epithermal neutrons by
measuring the cadniun ratie of the detecting foils. The
result may be cxpressed as the ratic of epithermal flux per
unit lethargy to the true thermal flux or as the Westcott

epithermal index.

One method is simple and straight-forward.

The expression is as follows (9 }:

+

B = J ' .....4..(?}
ur{CdR~l]

where P stands for tle ratio of the epithermal flux per

unit lethargy to the true thermal flux. 0 and o are the
thermgl cross section and the rescnance integral respectively.
CdR represents thz cadmium ratio’ which is, in general,

experimentally doetermined.
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It has Le be realized that the foil must be
Practically infinitely thin. This condition is hardly met
and corrections for self—shielding effect, especially for
the ecpithermal neuirens, are necessary. In case of indium
foll, the situation beconcs morecomplicated due to the fact
that cadmium iz not un ideal filter with sharp cutoff
resulting in sone allenvation of the epithermal neutrons at
the resomance ra;ion. Two other factors are, (a) part of
the rescnance psak bring cut off by cadmium resulting in
less epithermal activation and (b ) the shift of cadmium

cutoff wilk respect to cadmium thickness.

In Héstcott & convention which has widely been
followed with varietiss of modificatiens. In the sriginal

form, the formula iz as follows {10}:

CAR = Da— U €3

i fr
ro « 3 7

Eq. (8) is applicable for infinitely thin foil. The
definitions and tabulations of g, s, and K are given in

various published literatures (1CX(11){22).

Te inglude various correction factars into the
equation, there are a number of medified versions as

£0tlows (12){13) :

G p
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where g, ry 5 are defined dccording to YWestcott s notation
‘as in 2.4. The ecpithermal index r , cannot be scparated
from the temperaturetferc unless the temperature is

independently determined, and So = 5 To . F is the gorrec-

tion term for the attenuation of resogance newtrons by
cadmium. The factor K is a coefficient calculated from the
variation of the cadmium cross section with neutron energy
and thickness of cadmium used in the irradiation. % is the
correction fer the part of the resonance peak shielded by
cadmium, Gth i the correction for the perturbaticon of
thermal flux by the delecting foil, And Gr iz the correction

for the self-shielding effect by the foil lfor the epithermal

neutrons.
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