CHAPTER IIX

241 Radicactive Neutrom Sources (13) (8)

In this category we will condider sources of meutrens
made up of a target material mixed or alloyed with a maturally
decaying radicactive component which supplies the bombarding
radiation for the release of neutrems. Radicactive sources
are usually of relatively small volume. Thus they are readily
portable and adaptable to particular experimental arrangements.
These sources also can be calibrated quite acourately, and the
noutron cutput is <~ prastically constant. In gemeral it
may be said that neutren sources which depend upon a radicac-
tive preparatien for the bembarding radiation are limited in
the rate of neutron smission which can be conveniently
achieved, The radicactive sources which have been used in
the past have an order of neutron emission not greatly exceed-
ing %07 neutrons per sec.

There is a variety of reactions which lead to neutren
productions In such reactions compound nuclevsexcited with
the sum of the binding energy and the kinetie energy (in the
center of mass system) of the prejectiles first are formed by
bombarduent of target muclei with K- particles, protons,
deuterons, or gammaerays. nduuuuuumum
than the binding energy of the "last neutren'in the compound
neucleus, then a meutron is very likely to be emitted.



fhe discuseien will be held on radicsstive (,n) scurces
only because they have beem found to be most useful. The fact
that the alpha particles from radicactive substances do not have
energies extending much above 5 Hev. Those nuclides which have
thresholds for the (c4n) reaction within this region of energy at
firet show a slow rise in the noutren yicld as the alphasparticle
mwwmm This excitation curve rises
more rapidly as the alphawparticle cmsrgy approaches the maxisum
mummmmmmunmum
Becanse of the high yield of meutrens from beryllium, this element
has been used almost emclusively as the target material in (xen)
radicactive neilon source.

AmoricivmwBeryllium (Xon) sources had been used in the
expepimental part of this thosise /Americiumy is alloyed with
mns-umu-u,,i imericium 249 4teelf has a halfelife
of about 470 yearse Although this isetope decay by emitting alphae
particles of about Seb Meve these alpha particles are followed by
ganmaerays dn the 80 to 60 kev region in the majority of the
ddeintegrationse The {c4n) reaction by which alpha particles -
release neutrons from beryllium cun be represented by

R

Hence the reaction is exocergice mww«mm
energy would be empected to range from about 647 Mev to 0.9 New

‘c“ . .u' ¢ 57 Noveel(24%1)




 depending on whether the noutron is emitted the same direction
as that of the inecident alpha particle or in the opposite
directions The detalls of emergetic consideration (E.) and
the strength of neutren source vere given by Beckurts.'”

The neutrons from Am (Xyn) Be sources are not monocenergetic.

2.2 Specifications of Newtrems (6) (10)
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2¢2+1 Thermal Neutrons (14)

When fast neutrons have been slowed down by collisionms
until neutrons reach an energy that is comparable to that of the
atoms of the moderator, the neutrons are called thermal
neutrons. The energy and corresponding velocities of the neutrons.




U

then depend upon the temperature of the mediums The distribue
tion of the velocities approaches the Haxwell distribution,

alv)dv = l.A} C.(-.v’/.') GY sesesssssnsenel2e241)

Vhere n.is the totalneutrens density and A = AT(w/2 k)2,

v dsthe neutren veloeity, m its mass, k is Boltsmanm 'e constant
and 7 the absclute temperature. The maximum number of
neutrons will heve the emergy k¥s The value of kT at 20° ¢

4s 0.0253 eve This diotridution s plotted in Pige 24242
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in mediunm at 20° ¢,
By the integration of eqne (242.1) with some spocified limit
of veloeity, the following velocities v, o ¥, v, are
obtained where v, is the standard veloeity of 2,200 m/sec,
¥ 1o the Maxwellian averdge veloeity and v, i the most
probable veloeity. For a Maxwellian spectrum the relation

mu-mv,/' w T/2 and v./3 = (ﬂ./b!)w



Exose cection: A common and simple situation is the combina=
tion of Maxwellian distribution and absorber with 1/v cross
section, O « M.MWmtlw&uyMOn’w
and known crose seetion; ghus for 1/v cross secticn absorver

olv) = EL'. ‘ " sessssseeel(24242)
W £

Iduxes Neutren flux may be defised as a differential fluxs

DB o &(B) VBIEE wessscssecevesenvelBeded)
or Oividav = nlv) v dy
umummmmmmm'm-
varioty of speeds can be made by writing the flux as an intee
gral:

L 3 /:")"' _“0"&‘...0000.090.0.0(td’.)

Where l(v)smmnudw distribution w. is
mmamuauenmnmmmav.
By the definition of average v-u-m.

¥ o Lntwvar the total fius is
[ nw)dv _
3-' s W ‘ o“ooo’otio.oia.oaooobooooo(aoso,)

Where 1 48 the total density of neutron and

[ s nv .nmn..m..s thermal fluxe



Usually the flux o¥ is computed fur the thermal component
culy of the neutronse However, the flux is often measuvel by
a method which leads to amother convention. The reaction
mummu&-‘mnmmw“«m
(G, ) to chbain tho * flux ",
Beaction rateg ¥ mnawumrstvﬁ
- and the ressiien rate n-/am-mu
o[ G ntv) dv o av 0, = I.r..ummsm
quantity obtained fer the "fiax" in this cace s §, = av,
( comventional thermal flux)sud mot Ve Correspomding to
the definition of the average veioeity -y an average cross
section § ean be defined such that 2 = si® FOF O Maw-
vellian spectrun ¥ = 2v//7 = ,v.(hli‘!.)'.u“

g =« o, ‘lrw )' sssssssscsesesesverenel2eeb)
and ite corresponding reaction rate ds OO

24202 Regonange Hewtrense (13) (17)

The poutrone that are in the process of being slowed
down in the moderator, frequently called resonance noutvens
and the emergy distribution is known as 1/8 spectrume The
1/8 distribution is ploted in Fige 24245«
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Srocs Segtion ¢+ The roscnance cross section was determined
by the useful Breit-vigner formula for the abserption cross
mu&mwmmwum
effect. mcmma-mmnmm
eross sectiony fimally O (E) Is -

Op(E) = -
kg ( I"/z. ———(2.27)

1+ [E-Eo)?
(F/z

ll‘ul. is the energy of the resonance peak and " ds the
total width of the resonance peak.

Fluxes. Since the energy-dependent flux distribution is
defined as the number of neutrons in a range 42 at energy 3

ot Op(E) =




(veloeity v) 45 n(B) 48, and the corresponding flux is
§e) as » n(B) 48 v(8). Thus H(B) 4s the flux
por unit emergy at emergy 5. In the region that §(8) is in-
versly proportional to the emergy, J(E) can be obtained by

introduced a dimensionless variable, the lethargy, as a
substitute for energy. ul- |

.‘Q“) "i’(” WW’
there u 4o the lethargy.

Reaction rates. The opitherasl or resenance reaction rate Re
- 48 given in terwe of o resoncnce integral 0’, B

he = o/..f-pu

249)

o :
g
where J “n - » m‘t.&”’
B
3
B, 4is the energy cut-off of a neutren filter.
Sumnarizes of noutreons specification was constructed in table 2.2.1

Table 2.241
Zype of neutron | Reaction rate Flux Cross sectien
$hormad | Gmev) ave i ¢
.-
Epd thermal ofaff 0 v,
— I i ————————.

2¢2¢7 The Daduium Ratie. (1) (8)
Cadmium is commonly used in neutron activation experie



ments as an absorber for thermal neutrons. Gumolhnr-
mining the ratio of the intensity of the thermel neutrens %o
that of the rescnance neutrons is by measurement of the cadmium
ratice mmtummumwmm‘
effects of resonance neutrons becomes apparent from the curve
in Fige 2+2.% The curve shows the total absorption eress
section of cadedum as a function of the neutron energy in the
range of energles from 0,01 to 10 eve The curve reveals
that cadadum is practically opaque to thermal neutrens, but
transparent to neutrons having energies greater than about
05 eve The highest thermal absorption eoress section is at
04178 ove The cadmium ratic ie defined as the ratio between
the observed noutron inteasity as revealed by a phrticulayr
dotector (bare foil yeaction rates) to the intensity observed
with the same detector sovered OF & layer of cadnium (Cade
miumwgovered reaction rate)s In the first measurement the de-
tector responds to the sum of the thermal plus the rescnsnce
neutrons. In the second measurement the detector responds only
to the resonance neutroms, The cadnium ratio is then

CdR o M ssevssesnssescsnsssstssnseasenleetl)
r

CdR » 1 K -
" . ____:: cevcssssesscnnsessssasesenieaia)

10
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Where B‘Ml.mbmtmnloahtmmndtam

‘tion rates nnp«?
¢
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Fige 242.4 Total cross section of cadmium as a m:tion of

neutron energys : e
Thus the eqne (242412) M2y be taken as a measure of how well the

neutrons are thermalized,The greater thevali, the greater the
degree of thermalization. There is a method to determine the
ratio of epithermal flux per unit lethargy to the true thermal
flux by measuring the cadmium ratio of the depecting foils.

For bare foil the reaction rate is 30+ 00, and the reaction
rate for cadmium covered foil is approximately 80, (true reaction
Tate -eq{<eo;)z-, By definition the cadmium ratio.is -

CdR - = k’ ”.! _oooooooooonoooc.ooco.co(W”

90,
CdR = 1 = _t eessssscsssssnsssesssesl(2e2s4)
i w’
and = ; I ] oooooooooooooooooooooco‘l‘l."‘"’
Pee" 0, (cam - 1)
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2¢3 Vesteott's Fermalism (7) (10) (12)

The convention proposed has the feature that for any
reaction whose oross sectiom varies inversely as the meutren
velocity, the effective value for any meutvon spectrum is just the
24200 m/see oross section. Them the reaction rate is proportional
to the noutron density and is indepondent of the neutrem spectrume
Hence the effective crese esction (0) is defined by equating the
veaction rate per atom present, !'.ﬁ&”ﬁd@dﬂu..
e ;

The reaction rate is the fellewings

R » ".6' uqnnuuunnn_yqnqgn«munuu«‘h’o"

When the neutrom spoctrum is the sum of two components,
-qnwmn-mmgimmcum
lover 1imit of energy and a Masvellian distribution corpesponding
to 2%, These twe compements overlap in energy since no cuteoff
s imposed on the Maxwellian compcnmente An epithermal index
represents the rolative strenghh of the epithermal compomente
The resulting relation for the effeoctive cPoss section is

o ‘. (8 ¢ ¥8) cecovecccosscnsasssssssccscensel2e5:2)



where 0'. is the cross section for 2,200 m/sec¢ neutron and g
and s are functions of the temperature T depending on the
departure of the cross section law from the 1/v form (gon o

1/v law, g = 1 and s ='0),

24341 W Westcott (10) gave the derivation
 of & from the reaction rate of egn (2.3.1) that the reaction
rate per atom with a eross section O (v) in the neutron spec-
trum composed of Maxwellian and épithermal density distribution
functions is given by

L

R = av, & /n(v) 0(v)evdy

b

; e i 3!‘ o""/'l) olv)av
o IT v;
A
+ l‘o"ﬁ ﬁ‘"’)" -ooo.ooo.oooo-0-.‘2.’o3’

Yeuit v
where v, = v-.(‘!/‘!.}’ and a unit step-function is used for
A(A =142 Bypk?y A= 042 E { pik? and p=5)e
f = fraction of the total density in the epithermal
u‘»;&nu-
In the case , . the spectrum poing pure Maxwellian f = Os
: A
The effective cross section for this case is O and the g
factor is given by g = 3’-/6".
When f 4is not sero, we may proceed as follows:

R = .76’ ou[ ,ﬂ-ﬁ(v)«— ]

u‘“ﬁ 0{-}‘ “" —O—ﬁ]% o.utooo'ooooo(zo’t~)
kT



m

fhere » » “*ﬂ"”ﬂ
mummmunwummm-b)z .
nu-~mum~uw<-1m-¢n-omﬁn
lower energy lmit of uET and with a /v term subtracted.
m-oc. (2.344) Westcott defined a quantity S by the equaticn
8 = (“ Z ...........u.-...............u(l-”)

uummmmantwtﬂunmm

232 Gadsiun Batice snd The Detersiation of £(x/e)" (10) (16)

The cadmium ratics con be measured and from these r is
mmummwnmumm
quentity obtained gs »(2/2)® rathor than ro The bave foil
reaction rate may be written as

I. = ”.‘.“0”’ u..uuac:o.»oconouo.uonoo“a,o"

Westoott assumed that the cadmium transmits all noutrens of emergy
wmihnl“ﬂ“ s cadnium cuteoff emergy ) and absorbe
all neutrons of emergy less than B .e Then the epi cadmium
uﬂuﬂ-mh?ﬁnus‘

= -j P Ve 6lv) v &Y scessescscessessecel2e3:7)
.. [2Eed $

then the detoctor has a rescmance near thermal energles or
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near the cadmium cut-off, the integral term in eqn.(2:3.7) may

be widtten ao
ol ZEC

- ET
Lgcd' j@m‘ _I/ZT

Considering the last integral
J2Eed
= /v component + execess over 1/v component
z/ukT N

/

- .'_‘L - ‘z.f‘_ B iz sessssesasesse(2e348) :

("  (aam® 2
mSZ’ummumwmwm

MWF.‘M(AO‘”I?FN
write ¥ » (§2/Z Mo /) wheve 5, = S(n/2)%

{}7"—"!}" ’ . O . _%. + ".ﬁmunm)

(2 ) aem® s

Thus the epiecadnium reaction rate is 007054
B o el :(ﬁ)‘o_-:..,- .':.{.‘J
fr | a'lel (mp? @
od
“ .
¢dR = 5 = ‘ & eee(243510)

For al/vabsorber S« W O and g= 1.

1937072 %
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%
CdRk = ‘ (&) .Q...O..Q......0....-......0.0..“.*“)

br \ 2
Westeott proposed a factor K by comsidering the actual variatiem
of the ¢admium cross section with energy to define an effective
sharp cuteoff of cadmiume Thus |

can s all certieseesssestssssonsesatsstnssssiuabtl)

stae)®

andhmnwwummﬁl'd
B,q 98 :

CdR = atre l. v glVE - W) } oo.oooooo(&’o‘,’

U R

The caduiim ratio need a cerrestion factor F due to some attenus=
etion of the resonance neutrens by cadmiume In addition the
mq,-cc‘.muw_%_.@-dm in eqne
2e3¢13 becomes

ﬁm.)‘ = ______h_____.__ vesse(2e301h)

(rcar = M) 5% +. canti/m « W)
8
muu»ﬁuuumammmm-
ummmuxm.,uu seglocted may be

expresged as

"“ ’I 1 SR RPP o non(lo,o"’
(Fear « 1) _. + Can(¥/x - ®)
14
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2% Flux Perturbation by Detecting Foilse (1), (')

A astandard technique employed in the measurement of low
energy noutron fluxes ia various media is based upon the mease
urement of the activity inducelin thia metal feoil, But the
precsence of the dotecting foil withia the flux to be measured
ereates a number of perturbations which cause the activation
mﬂtmﬁg&tﬂhummmhm
undisturbed neutron flux. '

The perturbations involving neutron effects can be
separated into two categories: selfeshielding and flux depress-
ione Selfeshielding arises from the attenwation of the neutren
flux as it penetratos the foil, so that the interior of the
foil has a lower saturated activity than the surface layers.
Flux depression desoribes the deorease of the flux in the
sedius near the foll due to absorptions in the foil,

2441 Gorrections for Flux Depression Effects (17)

Within the assumptions of (1) oneevelocity diffusion
theory in the medium, (D) no secattering in an infinite-radius
foll, and (C) the uewal P, expansion of the neutron flux,
the total foil perturbation .“ is giyen by

_::.5.2,.. . esessssccnnel2abiet)

Y -1]
2 37\.10 5

—

Gﬂl - 100[
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“here d’m i 1« 5‘”
:_._h‘.”_ s ". ooovoooocooooooon&mow
-2 4

E = Thermal diffusion leng'h in the medium
288 ems ( in water )
transport mean free path

n, |
0,426 ( for water medium )
foil ‘s rvadius

o Z &/ Dby

Ao

The factor G, is readily receghnised as the thermal self-shield-
mtm.ummauwnmr,(x)

is given by
-l
" FelX) = [iooﬁ(-!—‘- -:-.1)] sesl2e8:3)
’ 2 2\ _Be1
for R)L

- This factor was suggested by Bothes l-n--nun-m
foil of radiuve R would be equivalent in effect on the neutron
density to a spherical shell of a radius 28/3.

2.4%2 gorzecticns for Selfeshislding Effects (£),(15)

Shegmal Self=shielding Factor (6, e (11)

Selfeshielding correction factor may be expressed as
the ratio of the average flux over the foll to the unperturbed
 flux and 4t may be ectimated from the recent paper ©f Baumamn (2)



”

For monoencrgotic meutrons and a purely absorbing foil, the selfe-
shielding corroction factor is given by

! = [‘O ., (x) ] (V) ouoocnoo-oonc‘W’

g
% Gy * 1.{»[*‘5.1-: & f:-.-...(a.&n

mxuhmuummodm and the
effective gaptvre crossesection of the foll in em. /..

X = -’b'iﬂ" A = atomic weight
* ZUgper® Y ¥, = Avogadro's numbers

) « o.m'mv :

The cupression abowe is culled the thermal self-shiclding
factor and Oqne 2.4.5 28 used for thin foil, Beumann ohoose
X 83  gp 4008008 of 5 4n oqme (2,442) because it has boen pedat.
out that a thin 1/v detector reduces a normally ineident Mazwellien
flux by the fastor (1« ( 77 /2) 2 8) where = , 4o tho ovess
section appropriate to v, (2200 meters/sec at 20,4°), ®ut
 that the response of a thin 1/v detector to this flux 40
roduced by tho fator (1 = (2/ 7/77) = 8. It might bo expected
utmuwmwmmmm
ot ¢ Y7 /=, should be used to calculate the fluz dopres-
sion, snd oo of (2/ /7 )=, for the activation depression.

For a2 1/v absorber in an isotropically incident



mm)umuwmmmm-m
vergent serics

i, - G2 e g

¢, 2 22 2 »
2‘:’: + 0,036926 (Z/.”’ cesssssnsessenelokeb)
6

Eesonance Self-shielding Fagtore(15)

The othor selfeshielding correction factor is the resomance
self-shiclding factor { G_ ) #iich accounts for the attemuaticn
due to selfw-shielding in a foil of thickness ¢ of the resonsnce
neutrense G, may be obtalued from the M:Sc. Thesis of Sudhiravue
th . (9 ) or may be derived fron cadnium gutio neasurenentse
The later method is comsidered more asourates

To calculate G, fros cadmius ratic measurements, CdR is

measured for aym‘ﬂ“mum‘wi&nﬂ-

-hod mentioned  4nm snnex III.The gquation (243415) is solved for

'(“." o 5,8,Kand W are tabulated by Westcott and ¥ by Hartin -

3

20

(4 )e G, may be evaluated from eque 2¢3¢1f for foil of thicknoas te
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