
Loeees in Slowing Neutron • 

neutron slo ed in an absorbing medi :'" el rt. c col:!.i ... icnt arrive 
at or belo s:ny giv n ener .ith a probe ility t which i le::. t .. n • 
The lo rit of 1/t varia in cert !. ca"'es of interest i...vcr .. ely a the 
square root of the concentration of sc ttering ator~ rcl tive to absorbing 

toms- e eurement . of t e activation of a dGtector hen neutron source 
ia pl cad at various points i a edi of finite extent allow one to d duce 
both th transmission t tor an infinite diuc and th esn square dis nc 
from e. point source at which the n utrons come thermal. 

1. 

Neutrons slowed principally by elast,c collisione arrive at, or 

below, any ~iven energy ~ith a probability, t, which is les tnan one and 

which de end on (a) the concentr tion of absorb~ nuclei, (b) t.e vari

ation 'ffi th energy of the bsorr.tion cross-section, (c) dif usion .... o ee 

(if t e slorlng medium is of finite extent) . 'ffhon t 1e neu•r ns ar al d 

in a hydrogenic ium, their distribution in energy and once t e tr 

i . be -, 1 ted th b . f t' -, h gi by ' . 1 m ss1on can c~cu a on eJ.a o ne generU..I.. eory ven rzDJ. . 

1. E. Fermi, (1935)' p . 128. 

The theory le s in gener to a compllcateu athematice.l connec-

tion etween th tr smis~ion 1d t e structure of th ab orotion spec rUJI 

of the capturing atom • ithin certain ap ro~m tion, 10 ever, it is 

possible to show th t this connection ass s a very impl fcrm (Section 

i). It follow in articular for certain cases of actual hy leal intere t 

(Section 5) tnat the logari of the transmission varies as the inver e 

square root of th& dilution of ab orbing atoms . A lower limit for the 
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con~tant of roportionality ollo from easure~ents of celf- boorption 

and of activation by capture. In Section 4 theory and observation are co 

pared or tbe caEe of urani and lound to ive reasonable agreem-tnt. 

Under suitable restrictions, and with the id of a formula du 

to 1 cz A., the th or~ for hydrogen is ext nded to other slo erials 

(Sections 5 ~~d 6). n partie ar, ll!ei:i.,urements of th tr srr.iss:o::. when 

the absorber is lesolved ·n one slowing medium &llo t he c&lculetion of 

the tranaml l!!ion "or another medium. 

In finite medium, los e by diffu ion r due . tne transmis~ion 

a are difficult to calcul te. When, ho ver, ctivation measure~ents are 

made ith a detector at the center of a s .here an a oint o\~ce of n 

trons e.t various distances along a radius, the tneory is sJ. · 1 (Sections 

7 and 8) . Such mea:Jurements carried out or spheres of two dif ero~~t radii 

allow one (a) to obtain the ean squ re of tne distance of elow neutron 

fro its point or origin, and ( u) to calculate for sp e of an other 

radius the average chance t that a neutron will be slowed i~hout loaa (t.e 

verage being taken in a certain simnle way over various oosi t · ona of the 

source in the interior of the sphere)(Section 3). 

2. Conn bsorntion era~~ ectton. 

Th probability t that neutrons o primary energy shn:l b 

slo d without loss to energy E is defined or our purposes as the n b r 

of neutron arriving p r cecond in a unit energy interval at E expres~Gd in 

relation to the carr spending n ber when there is no los • Fr a the stan-

dard theory2 of the slowing of neutrons in hydrogenic • e find or 

od . Phys . ~ 123 (19 7). 
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this ratio the e~ression 

t = (sp/sp +&p) exp - i [ (a.tfr..E +sE) dE/ • (1) 

Here is the probability per second that a neutron of energy shall b 

lost, whether by c pture alone, as e shall ~s e in th next sections, or 

by any other mechanism, such as diffusion, hich shall consider in Sec-

tions 7, 8 and 9. t present we y write a the produc n0v~0 o~ con-

centr tion of absorbinf ato s tim s neutron velocity time ca ture cress-

Eection (or !I the sum of such product if there ere several s eci "' of ab-

.. orbing atomv) . S1milarly, s = nHv 0}1 is the probability per econd of a 

collision ith a. proton. The comentra.tion of hydrogen is supposed suffi-

cient that such collisions alone are imrortant in slowing neutrons. The 

chance, Apt that a neutron of the primary energy shall be absorbed will be 

negligible compared to sp in most cases of intere~t, so for convenience we 

shall drop the first factor in (1) hereafter; it is easily reintroduced in 

the sub equent formulae. 

The ratio of bsorntion to cettering can be direct! asured 

for neutrons of the primary energy E • Thus we can obtain from experiment . p 

and plot as in Fig . l(i) the left hand side of an equation equivalent to (1): 

:in(l/t) = if~ cJ u(E,a.bb)/ 17"'H(E,scatt) d(,h ) • (2) 
cr0 (E,abe)/ o-H(E,scatt) + (n11/n0) 

L 

The right hand side of thi equation is an integral of the type 

/ y d x. It represents the area under curve which in general ill possess 

a great any pcakE due to resonwnce absorption. e ill arrive at the same 

v lue for the area. by calcul ting the sum, L. , of the width , ~x, of all 

p ake at a certain height, y , and calculating the integral j L. dy. Either 

by t his arguaent or by part ial int egration we t ransform t he right side of 
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(5) 

wh re rf r/ cr H is no the independent variable and 2 is bbreviation 

for 4 ~ J.nE. The integral has a simple interpretation. Plot the ratio 
' 

of the cross-sectiono o-0 and o-ti s function of the logaritha of energy 

over th€ interv~l E to E0 as in Fib• l(iv). Superpose all these curv s s 

in Fig. l(iii) to obt .Ln the total loga.J.•ithmic energy "dth, 2_ = ~ 1 Jn.E, 
t 

for each v: ue of the ratio £7'0/ o-H• Sha.ci.e in unit area of the resultant 

curve. Its contribution to the logarithm of /tis, ccording to (2), 

(3) 

which is shown ae a function of the dilution ratio (nH/n0)in Pig. l(ii) . 

The function has a maxillum for ( ~/n0) = ( o-J/ cr H) ; moreover the area under 

the maximum of the curve (ii) is essentially equal to the area in curv (iii) 

whose contribution e are discussing (the maximum value of (ii) is l/4( ~ufo-H) 

and the curve M.s a width of 5( 0""0/ CI'"H) at half maximum; the product is .5/4 

as compared to the cross hatched rea of unity) . Add to ether many curves 

of the form (ii) corresponding to all elementary areas under the curve (iii) . 

Then the resultant function is just the curve (i) which represent" the logar

ithm of eof(s0 +a0 )t as a function of the dilution, according to Eq. (2) . 

From t he manner in which curve (i) is built up fro curve (iii), and in par-

ticular from the pronounced maximum in the intermediary curves ( 11), we 

conclude& 

Theorem: 
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levels j& aporoY..imately identical with the curve obt ined f'ro easurements 

identity ha to be qualified b1 the ord "approxi tely" because the fine 

structure of (iii/ i~ lo~t in the transformation to curve (i), and moreover 

curve (i) has for great dilutio s a tail hich is not precent in (iii) and 

which falls off inverse_y ~s the dilution (ac is to be£ ecteu~). 

In order to give a mathem~tical roo of the roximate identity 

of curves (i) and (iii), it will be suf ~cient to sho that a ourier an y-

sis gives the same am~ itudes and phases for the low fre_uency or slowly 

varyin comnonents of both curves. 5 Introduce new independent variables 

5. I am indebted to Professor S. Bochner for suggesting th transfo tion 
of the kernel in (2) to a symmetric form. 

x and 7 defined by (o"""'ufo-'11) =ex, (ni/nu) = ey (i . e., make horizontal me s

ureL'lents in Fig. 1 on a logarithmic scale) and bbreviate h. s0 /(s
0 

+ao)t 

by L. Then, from (~), 

[

.,0 1 1 1 1 1-2 ..;; L(y) = .,o [ exp c2 x- 2"y) + exp (2"y- 2 x) ~ (x)dx. (4) 

'l'he symmetric unction of x-y in the integrand is Al'lO\\'ll to be representable 

as the expression + ,a 

(:l/24<1 d>' e1 .,17 (« ,l/sinh ~ :Y)e-L,.Ix. 

- .,o 

Therefore e may rewrite (4) in the form 
+..o 

L(y) = (1/24<) } d e1 ry (I<>'/ slml M ,.I) 

-<:>() 

-i.,Jx 'S' ( ) e Lt x d:x. 

Take the ourier traneform of both sides of (5) and ob in the re u1t 
-r..D ,-..a 1·-i'-'y L(y)dy = (u-'/ainh ~>') 1•-i;Vx ,Z(x)d%. (6) 

!f the expression (ttv/sinh #V) were replaced by unity, Eq. (6) would state 

(5) 
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that the amplitudes and phases of all Fourier components of the function L 

are identical w1 th those of the function L ; the two functions TiOul be 

exactly equal . The actual attenuation actor for components of frequency 

y is # ; /sinh :tV ; it gives a very great decre~r.ent for high frequencies 

but almost p rfect filtering of lo• frequencie , thus smoothing out curve 

(iii) to the forn (i) (q.e.d.). 

3. Denendence of transmis~ion on concentration. 

A second conclusion apnarent either from Eqs. (1) and (2) or rom 

the geometry of Fig. 1 is that curve (i) ~alls off monotonically with dilu-

tion at rate which is never so r pid as inversely with the dilution. If 

we kno the logarithm of the transmssion probability for one value of (n~n0) , 

t he value of this logarit t t ce the dilution will be less, but not le s 

by as much as a f ctor of two; similarly at half the dilution the logarithm 

will be greater, but not double as much as it w s for the given dilution. 

We shall discuss in more detail the dependence of transmission on 

concent ration, considering three eases: (a) the absorption is due to one 

resonance level with negligible Doppler broadening, (b) is due to eany such 

levels, (c) the Doppler broadenin is appreciable . 

The cross- section due to one level of energy E0 and natural widt h 

r will be given as a function of energy by o-
0

/ 1 + (E -E0 / ~ r )2 • This 

expression varies inversely as (E - E0 )
2 except near exact re onance . Ther 

fore when the cross- ection has fallen to value o-0 sms.ll. compared ith ~0 , 

t he widt h of the level will be r ( o;,/ Oij) 1/ 2• Divide thi by E
0 

and obtain 

the logarit hmic level width indicated by the arrow in Fig. 1 (iv) . This log-

arithmic level width is proportional to the inverse square root of the argu

ment (o-uf orH), the constant of proportionality being 
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r 1/24 ,..,- 1/2 
if o jLo u H • (7) 

With the id of the theorem stated above therefore conclude th t the 

logarith of the neutron tranaoission nrobabillty (or of 1/t) varies in

versely as the root, (nafn0)1/ 2, of the dilution of absorbing atoms, the 

constant o proportionality being given approximatel~ by expression (7). An 

accurate calculation by direct substitution in (2) gives the result 

r cr 1/2 /~ o- 1/2) (1 + n cr / n (7, ) 1/2 o; o.li HHUo • {8) 

Thus the stated dependence on dilution holds when th~ dilution, ~/n0 , is 

small in comparison with the ratio of cross-sections, crcfcr11, a result also 

directly evident from the construction of F • 1. Also the constant of uro

portionality differs from (7) by a factor t~~/2. This difference gives an im-

pression as t o t he extent of the accuracy of the above theorem. 

hhen the absorption is due to many levels, the tr smission will 

be determined by the sum of a number of expressions sinilar to that on the 

r i ght hand aide of (8) . When t he fact ors of the form (l + nHcrH/n0cr0 )
1/ 2 

are essent ially unity (which rill be the case for not too great dilutions}, 

we shall t herefore a gain have t he inverse square root law for the tr nsmis

sion, with t he proportionality constant k = (n~n0 ) 1/2 ~(1/t) given by 

cr'Hl/~ = ~ (« r i / 2Ei) trl l/2 = Sl/2• {9) 
l 

The level structure will not in general be known, but 1t will be possible to 

set a lower limit to the value of k by meas r nt of the following quanti

t ie : (a) the so-called resonance act ivation a, defined as th integral 

~cr0(E) dE/ , and det ermined by t he equation 

a = 4 (# r i/2!.i) o-i = Sl; 
L 
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and (b) the erose-section, o-.. elf' p r etom o thin bsorber or capture 

of the non-thermal neutront which e erge fro paraffin block . Thi cross-

section and the resonance activation a allo one to c cul~te the quantity 

2ao-sel! = ~ (« f1/2E.)cr. 2 = S~· 
. ~ l. h 

(11) 
I 

On the basis of Eqs. (9), (10) and (11), calculate the exoression s
11

/·s
2 
-s

1 
!I, 

in which each term is the product of three infinite eriea. The coefficient 

of 2( r1/2Ei)(M rj/2Ej)(ft r~2~) in this series will be a-/· o-j l/ cr kl/2. + 
1/2 2 1/'2 1/2 1/2 2 . 

o'i crj a'-k + o-. cr. a- k - 'It cr c::r. cr , a quant~ty which never be-
~ J ~ J ~ 

comee negative and only vanishes .. hen O"""i = cr j = cr k" e conclude that t he 

expression in question is never negative and has zero as a lo er bound (which 

is attainable). 

Jaission law is given .BY the inequality 

(n../n-)1/ 2 ..h(l/t) = k = 5 /a: 1/2 ~ s 5/2;('! 1/20"" 1/2 _ a/( 2 6 )1/2 
tl' u /2 1i ::;.--- 1 °2 .ti - selfo-H • 

(12) 

The equality sign will apply when only one lev 1 is L~rt¥nt . 

When there are many levels, w s 11 expect comparable values for the 

rldths r., and values cr., for the cross- ction at the successive resonances 
l. l. 

alling off on the average inversely as velocity. The sum Sl/2. 11 converge 

approzimate y a the series If as a b sis for discussion 

we assume exactly this law of convergence, and tace all levels to be equally 

spaced with a separation D equal to the energy E
0 

of the irst level, we find 

that the sum ~2 is 4. 6 times s great as the contribution of the lowest 

resonance . Similarly s1 is 2. 6 times as great aE for a singl level, s2 1 . 6 

times larger. Th transmission constant i found to be greater by a factor 

1 . 40 than th lo•er l~it of Eq . (12). en the level spacin has twic 
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the value just assumed (i.e., when D = 2E ), the factor in question is l . SS. 
0 

The results of the preceding paragraph show that even when ther 

are many levels, at most the fir ... t few are responsible for uch loss in the 

process of slowint neutrons . The cross-section t resonanc for these 

levels will be of the same order of gnitude as {/, provided t eir ener 'c.s 
0 

d <e:. 
!a low enough for them to contribute at all . Therefore the inver~e square 

root law of tranS!nission · 1 be valid, ccording to t e ar ent following 

Eq . (8), up to a dilut~on of the order of one quarter (case of aany levels) 

to one half (one level) of th value of the ratio, ~/ cr-d' of lo est reson

ance eros section to hydrogen cross-section. For gre ter dilutions the 

logarithm trill fall off more r pid.ly, and for values of n !nu con iderably 

greater then o;,/ o-H it will be inversely roportional to dilution . Very 

sMll valu. a o ng/Ilu, on the other hand, will correspond to values of 

~u1~H (or of the capture eros section) so small that they are realized, 

if at all, only in the region of overlap between resonance levels. The log-

aritha of the transmission will then vary less slo ly than inversely as the 

root of the dilution, 

Doppler broadening of an absorption line reduces the eros - section 

at ex ct resonance and widens the line at its peaK, but doe~ not ch nge the 

shape of the absorption line near its base (the influence of the natural 

widt h falls off inver ely the s uare of the distence from resonance while 

that of the th rmal motion falls off exponentially as the square of thi~ 

distanc ). This fact and the construction of Fig. 1 allow qualit tive 

treatment of neutron lo~ses when the Doppler broadening is 1 rge in co ari-

son with the natural line .idth. The logarithm of the transmission will 

vary for large dilutions invers ly a ~nu, then will co e a r gion here 

the variation ie even slower than <nwtnu>-l/2, then we will get to a con-
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siderab~e range of concentrations ~·here the natural line dt~ p1edo in t a 

and the invene root la holds, and !'inally we co to values of nH/u0 o 

lo t · t, if el~stic collisions ~ith hydrogen are ~till · nly 1 es or:s1.bl 

for the slowi an t h &bov treatment continues to apply1 then th lo 

ithm of the transmission ill vary quite sloftly ith concentr tion . 

4 . Comuarison with the o bserv tions . 

The probability, t , that~ neutron will b slo.ed ~thout abso 

tion to an energy belo t · lowest resonance o uranium hAs been measur d 

by von Halban, Joliet, Kowar ki and Perrin4 for dilutions, nH/nu, of 30, 

4. H. Halban1 F. Joliet, L. Kowarski and F. Perrin, J . de Physique 10, 
428 (19f9). 

65 and 140, with the results ~(1/t) = 0 . 2~, 0.15 nd 0 .12, r spectively •. 

.in expression of the type k(nt/rt.u) - l/2 fits all three velues itr...in the 

est imated e.xnerim.ente.l error of ±0 . 02. This ccord ith t he invcr~e quare 

root transmission 1 w is reasonable (a) becau t1e dilution is at oost 140, 

~ 1 • - 24/ - 24 wh~le v
0
tCig ~sat least 11,000 x 10 21 x 10 or over 500, according 

5 t o t he absorption measurementc of Anderson and the cross-section for 

neutron-prot on sc ttering given by Hanet in
6; and (b) because the Doppler 

5. H. L. Anderson, Phys. Rev. 58, (1940). I am indebted to Dr . 
Ander on for t he op ort unity to see his manuscript before publication . 

6. H. B. Hanstein, Phys . Rev. 57, 1045 (1940) . 

idt h, t hough pparently comparable with the n tural widt h5, aoes not seea 

to e larger than the latter. 

The abEolute gnituda of the ab orption measured by the P ria gro 

is such as t o give value k = 1. 27 ± 0 . 2 for the constant in the tr ns s ion 

la•. The theor tical lo er limit for k st&ted in E~ . (12) is alre dy i licit 
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in the work of Anderson 5 , r.ho has m o.sured the e.cti vat ion a ( !~0 :r: lo- 24 
cm

2 

± 40 per cent) and the cross-section for self-indication o;olf (4600 7. lo- 24 

cm2 ! 15 per cent); these figure~ giv kain = o. 75. This mini um v ue will 

be attained, ho ever, only when a single lev 1 is re~pontible, a situ tion 

hich see s fro various indication 5 not to be the ca~e for uranium. If 

there any level~ with compar ble propcrti s and spaced at a distance 

of the or er of the energy of the first lev 1, k will be increas by a factor 

of approxiuat ly 1.4 to v ue l . l . The agreement betvoeen thi rand 

the figure obtained fro~ the Paris result hould not be strea e , in vie of 

the difficultie of the measurements. 

Anderson is able to obtain indirectly by means of an ar ent due 

to Fermi t e transmi sion for dilutions greater th&n tho~e e love 1n the 

Paris experiment... Hia figures are smaller than those which would be obt ined 

from the inverse square root la ~th a constant k of either 1. 27 or 1 . 1 . 

! his result may indicate that the dilutions in question lie in the region of 

transition to the inverse first power law . 

5. S owing by lastic collisions in non- hydrogenic • 

An accurate formula for the chance of loss in slowing neutrons in 

non-hydrogenic aterial 211 in general depend in a very complicated ay 

on t he position in the energy spectrum and strength of absorption region~ . A 

si&ple g ner alization of Eq . (1) for hydrogen is, ho•ev r, v&lid in at least 

two pecial cases and will be t~en as sufficiently accurate for our purposes: 

h (l/ t) = j f'(a/a +s) f d(h!;), 

Her r is t he number or el stic collieions which a neutron of ss must 

ke with nuclei of ss in order that t e lo arithm the neutr n energy 
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shall b reduced on the average by th se.m.e amount (i . e . , unity) by which 

it is reduced in one collision in hydrogen: 

t = 1/aver~ge reduction of log rit~a in one collieion. 

It th scattering is i8otropic in a center of gr~vity fr~e of refer nee, one 

collision will leave a neutron of energy E with ener~J equally ltl{ely to lie 

2 ~ at any point in t he interval from E0 (ll- ) /(lt+m) = E0 / to E0 , and t ll 

be given by the expression (s-1)/(s-1- lns). 

Table I 

Nucleus Hl H 2 .tle4 Be9 0 12 01b 

f 1 1.578 ~.55 4.85 6.55 8. 55 

(M+m)2/4 1 1. 25 1 . 56 2.78 ... . 52 4. 52 

a-; I cr.. (7) 
H s 1 5 13 4 4. 2 5 

7. See reference 6, also Dunning, Pegram, Fink and Mitchell, Phys. F.ev. 48, 
265 (1955); C&rroll and~~' Phys . Rev. 54, 541 (19~8); H. B. 
Hanstein and J. R. Dunni ~, Phys. Rev. 57, (1340). 

The chance / +s of ab""orption per collision will be n0 o-ufnu o-0 + n o-8 = 
( &' u/ o .r1) / ( d uf o-.ti) + ( n6 0" 5/nu crH), where n5 and o-8 represent the concentra-

tion and SC'ttering power of the nuclei hich slc neutrons . Co ar thi 

wit h the results for hydrogen: e see that curve (i) of Fi • 1 will apply 

t o th new slowing medium, provided we rename tne vertical coordinate 

(1/ f) .-k(l/t) and replace th label nH./n0 for the hori~ont coo iu te by-

( cr / a-H) (n/nu). As an ex le let us cb..lculate fro l"i • 1 the ount o 

dilution , n5/n0 by deuterium r quired to ive a trans is ion ~f 70 p r cent. 

For vertical coordinate e have (1/1 . ... 8)~(1/0.7) = 0 . 26; according to the 
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curv t his means a horizontal coordinate of 24, whence (n
6
/n ) = 24{ ~/OS) = 

120. 

6. V idity of transmission for ula. 

In a slowing edi mere there ie no absorption and t 1e sce.ttsr-

ing is isotro ic the number of neutronc arriving per .econd ·n an energy 

interval dE at~ ill b QfdE/, accordin0 to Placzek. 8 Here is the number 

a. G. Pl crek, Phys. Rev. 55, 1130 (19~9). 

of neutrone prouuced per second and it is required (except in the case of 

hydrogen) that be s all co pared with the primary energy in or er that the 

formula be accurate . In the case of weak absorption the number o neutrons 

lost per second in dE will be obtained in the first pproximation by multi

plying the above e ression by the chance a/a+s that a neutron ohall be a 

sorbed on collision, integration over all energies leads then directly to 

" Eq . (1~) h n w ta.'ke into account that t is nearly unity. • (1:-) will 

also be justified in the case the absorption per ato ie arbitrarily strong 

but cone ntr ted at energies E , E 1 , • •. in bands in such a ay th t the n n-
width of each band is small in comparison l'd.th 1/ time its energy e.nd the 

energy or each band is small in comparieon as well with the e ergy of the 

next higher band as with the primary energy. The number of neutrons per 

second absorbea in th highest band will then be 

jr(dE/E. 

Denot t h integral by I n; ccordin to our &sf>umptions I n will be s ll co 

pared t o unity. Then in addition to t he sourc of neutron per second of. 

primary energy we have a "neg tive ~ource• of -~In neutron o£ energy En· 
Since the energy En- l is assumed small in coaparieon wit h En .e can app y 
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Placzek's formula for both sources, to obtain the number of neutrons arriv-

J..ng per second in the lower band. The effect of the absorption near ..._,n is 

to d crea:~e this number by the f ctor l-In which, being early one, ma.y be 

written as exp(-In). We obtain similar factors for the orobability of trans-

asian through each ot the lower bands and so arrive directly at a res~t 

equivalent to Eq. (15). When, however, E 1 (for example) is not small n-
compared to En, Placze 1 a fo ula does net pp y to th "negative neutron 

source at ~; the ePl"OI' is in sueh a d.ir~ctioR as to dec.L'ease the f'actc.:r f 

J!:WX~t4j 11 at :brr At an t:lnergy I. comparable to that of t source, the true 

distribution law falls off .core rapidly t the formula dE/E. ~d tends to 

a limiting expression Q [{U+ml'/4 ] dE/E. (Only for hydrogen are the two 

ressions equal; ee Table I.) The result of this 00r.rection is tnat the 

abso tion at an En does not lo er so much s e have suuposed the number 

of neutrons arriving at En-1• Consequently there ill act y be so 

::nor abforpt~on than we have ca~~ulated at Eh-l. The ssme 19111 be t!'ue at 

11 lower levels. The errors will in general, however, not be great because, 

as we have seen ear ier, the major part of the bsorption occurs inly in 

the lowest fe~ ( ,.._,; 4) level~, the spacing between "Which ldll ordinarily not 

be veJC~ small in comparison with their energies. 

7. Losses by diffu ion. 

on the slowing ~terial occupi a sphere of finit radius R, 

there will be some lo s of neutron CnJ diffusion as well as by absorption. 

These los e ... will depend in a co licated. way on th distribt;tion of neutron 

sources in the interior but can be calculated in a simple y if (a) the m an 

free path bet een collisions is s 11 compared to R and (b) the n r of 

neutrons produced in a unit volume at a di~tance r fro the center is 
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proport i on to (1/r ) sin(~tr/£R). Thfl iltportance of this part.!.cular dis

t ribution la has been pointed out by PeiTin. 9 It bas the very useful 

tes Kendu~ tea, 1394 (13~3). 

property t hat it is b-

sorption. e can effectively obtain such a di tribution if e e p t eo 

f ixed point in tne oybere th detector ho~o activity e observe, tte sue-

c ssiv aaureme.ts with the source at v ious distances from t e center, 

and w igbt e ch me&Durement in accordance ith h given distribution law. 

The rat of change with ti e of the densitv of neutrone of energy 

E wi·l be given by the diffusion constant D times t e divergence of tne 

gradient of t he density. 1or the distribution in · uestion the .!'usion 

r esults in a fractional deere se in the "ondty 1ich ie the s~e at every 

point in the meiium, so that the distribution a is ~~altered . T is r c

t ional decrease ia (Y./~R) 2D per second; it represents the chance per recond , 

d , t t a neutron of the given energy will be lost by 
..... . 
l..t USJ.On, nd has to 

be added the chance o: Ca ttn'e, C = nU (T UV , to 0 btain the tot 1 chance 

of loe~, t which enters into the quotient a/a+s = c+d/c+d+s in (1:5) . 

The chance t iven ment of diffu inb out of a sphere of r ius large 

in co .:1rison with tae me n free path is , 110wover, always very .3ms. U in cotr.-

"04I'ison ith the total chance a·f sc£..ttering, s, so th t :1en t absor tion 

by c ptur., is also small it will be legit1 te to re i e the above quotit:nt 

in t1 ora (c/o+s) + (d/s). q . (13) c n no be written in the fo 

= 
fo 1 (c/c+s ) 

Eo 

fd ( h ) + j ( d/ s ) ~ ( _l,.q • 
E 

I n tact , t hose absorption regions m1ere capture is ctually co ar ble ith 

scatt ering and t he above decomposit ion into t o terms bre KS down are regions 

wher t h xpr ion c/c+s by it elf reprenents w:tt n cufficient accuracy the 

(14) 
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total integr nd; the logarithmic •idth of ouch regions mu t be small if 

neutrons are to have an a .,..reci~ble chs •• ce o being slo ed 'thout lof: .... ; t 

5econd inte ranu (d/s) i 1 however, el. y~ very s all compare ~itb unity; 

and therefore no appreci ble error is ~are in (14). It !ollo s fr (14) 

that the cbanc a neutron shall be slowed ~th ut loss i~ iven by t1e ccr-

responding figure for an infini e medium, diminished by the factor 
f:o 

F = e:xp - j ( t/2R)~(Jlw's)f u(hili:), (J.5) 

provided the neutron sources are distributed as ·e have ~.ssumed in a 1 ge 

sphere and provided, 'of course, also that the energy is above t.e t er al 

region and tl e region Trhere cher.ti.cu binding is important . In .... d( hE) 

collisions the logarithm of the neutron energy is re uced on the ver e 

by d(~); this n~ber of collision~ divided by the c ance per second, s, 

of collision is the avera~e t ' e re_uired fer t at reduction in energy; 

multi lication by the diffusion constant D gives (per defL~ition) t~ incre se 

in mean squared distance; and t herefore ~e have the re~ult 

(16) 

where r av£ is the .ean equar . distance a neutron diffuses in e.n infinite 

medium in slowing down from nergy E0 to the energy E. 

8. Tra.n mi < sion to ther · 1 enertd.e • 

To calcul.at the probability, tis, that s. primery neutron be slowed 

without loss and then captured at ther en rgy by a particular species of 

abf!orbing atom ill, in general, be impossible rlthout a et iled reat nt 

of los s in the region of energi extending from an nergy Ec s veral times 

t.he rolecul r 2.ero point energy down to thermal energi • In this energy 
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rang we cannot apply the la of slaTing valid for higher ene~gie • en , 

however, capture is n~gligible in this region, the desired absor tion prob -

bili ty will be iven by ·the chance tc of tr n .. mission to the energy Ec in 

a material of infinite extent, ultinlied by exp- (•2/4)(r 2/R2) ( here r 2 
v av 

is no the mean square ciistance iffu~ed in an infinite med~um in slo :in 

from the nrimar energy to therm energy), multiplied by the fraction 

c~c1~c2+d (the r tio for ther al velocitiee bet een the chance n r second 

of the given mode of ca ture and the chance of all orms of loss). In this 

fraction ci ha the value nio-ivth a.nd d is given by {)~/4R2 ) times the dif

fusion canst nt for thermal energie : D = (vth/Z)•l (mean fre patn for 

c ttering). Thus e have 

tl,th = tc(~o-1/~crl + n2cr2 + 2 f/12R2) e~- ( 2/4)(rav2/R2) . (17) 

Applied for ex ple to a spher of pure ater 10 c~ in radius, Eq. (17) gives 
. -4 

tl,th = 1(0.019/0 .019 + 0 . 0025) exp- 7.18 = 8 x 10 , 

22 -24 when e adopt the valu s ~ o-1 = 6. 7 x 10 x 0 . 28 x 10 = 1 . 

1 0 :ro 2 ~"'o 2 = . ~ em, raT = ~~ em • 

9. Determination of dif~usion distance . 

- 2 - 1 10 em , 

ittle infer tion i av ilable about th diffu~ion dis~ance r 2 
aT 

for non-hydrogenic materials, but Eq. (17) offers the possibility of deter

llining this uanti ty .-hen e kno (&) the mean fr e p tn 1 ith r sp~ct to 

* scattering for ther~ neutrons (b) the ratio t 1 ,tn/t1 ,th of the activities 

produced by absorption in the thermal region in the caee of pheres of 

r dii Rand R*. Knowing from other cources the v u of th tot l capture 

and 2 olve for r : av 
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( • 1"*) (t /t* ) = e·.,..... ( 2/4) ('!!r2 - R- 2)r 2 • 
Af ~ 'th .L.' th .6)._J ' n av 

The ratio of the titi~s t may be foun ~s follovs: ( ) roe s e in turn 

the ctivity roduc d in st "ord detector :ocated at t e center o on 

s here when t e source i~ placed t number "of distance from the center, 

(b) plot t he results as a unction of r, (c) multi ly every ~lilt by 

(r/R ) sin ( r/2R) to obto.in new curve, d calcul~te the are U.'"lder this 

curve, (d) take the ratio of the ar-as obta.:ned in th t'\'!"o caser (rPdii • and 

R*). (One is of course not forced to use a spher ; 

R and height is employed, ho ever, the activity has to be ~easured a larger 

number of points, multiplied by (rdrdz/LR2) cos (ttz/L) J0 (2.4J48r/:·), and 

integrated with respect to zan R. The exponent~ in t,e bove e ~tions also 

have to be cna.nged to [(~e/L) 2 -r (2 . 4048/R)
2
]r 

2
.) av 



Fig. 1. 

(iv) and logarit 

Caption for 7ig. 1. 

eo~&trical relation between energy level structure 

of the probabil~ty t of slowing •ithout c pture. n 

(iv) is plotted the ca tura cross-section, clu, of t e diseolveJ 

absorbing at oms (rel tive to the sc ttering cross-section, crH, of 

hydrogen) as a function of t.ae logarith of energy. 1 .in£ represents 

t he logarithmic width of the first resonance peak, nd is function of 

ifu/ OH• The sum of all such wic.ths -ives curve (iii), hich is shown 

in t he t ext to oe approxiruately the sa e curve s (1) . The alte1native 

labelling in (i) applies when elastic collisions ith nuclei ot' er han 

protons effect t h slo ing of t he neutrons . Then n3 an~ cr; represent 

t he concentr tion and sc ttering cro5s-section of t.ese nuclei, and f is 

a number given in T be I . Curve (i) su~arizes t.e av i able informa

tion in the cas of uranium. 
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