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In the f ollo·r1i n g , we shall consil"l er th e bala nce of neutron 

emissi on a nd absorpt i on in a system c omposed of Ur anium anc'.. a 

lip-ht element , the latter servin :· the -ou~uose of s lowing d own the 

neutrons . The question in wh ich we a l~ e i nterested is v1h ether it 

is possible unc. er certain conditions to maintain a neuclear cha in 

reaction in such a system . We s hall ~1r a cha in reaction only 

~ 

in connection ·vi th ~ process i n \vhich mo"e t han one n eutr on is 

is -p ~oduced f or every ne utron absorb ed within the sys tern. If l e s s 

tha n one n eutr on is pro duced i t will obviously still be t rue that 

a neutron emiss i on i n the f ission of Uranium will cause f urther 

be called divergent . chain reaction takes :place 

of the sy stem. Whe t he r 

the chai.B is conver gent or divergent depen c:s f urther on -the-s·h~..a.-&~t-l:<t-e-81f8@8 .-wft.i·eb is f il-led. by thei" system. 

-Aboutf-1~5 neutrons have be e n f ounc1 to be emitted on the ;· ~, ~ 
average f or ev ery thermal n eutron absorb ed by Uranium. ~~ 

't~....:. . ..J 

~i:ffrftles~~~ -measured by Ha lba n, Joliot, Kova rski and Perrin 

I derive a value of j::..Z. whi ch i s probably more accurate. 

If !If' is a fraction o f neutrons wh i ch re a ch the the rmal regi on 

and the absorption in the thermal re gion by Uranium, then, on the 

L average neutrons are produced in the system 

{ f or every neutron absorbed in the sys tern an C. the cha in reaction is 
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In a system which is composed of uranium and 

gen ~ e&»b~~ the neutrons emitted from uranium are fast and 

are slowed down by the hydrogen ~~ eaP~~ until they finally reach 
f.tn !(-"" / 

thermal energies. A fraction of the neutrons ~(be absorbed be-

fore reaching thermal energies, while the neutrons pass through 

an energy region ( E, at which the uranium has a resonance ab

sorption. Those neutrons which reach thermal energies are then 

either absorbed by uranium or captured by hydrogen ~arbon res-
fast emitted by uranium pectively. If q · is the fraction of the neutronstwhich are absorbed 

in the thermal region by the uranium alone,and i~ fast neut

rons are emitted by uranium for one thermal neutron absorbed by 

uranium, then the condition for the possibility of a chain reaction 

is 

If ~;eis only slightly larger than l,then it may take a very 

large mass of uranium to approach a divergent chain reaction. 

ccording to bxmi:J Anderson, Fermi and Szilard, about /, ~ 
emitted for every thermal neutron absorbed by uranium. 

a more accurate valu~~~~from certain 

Halban, Joliet, Kovarsky and Perrin, and 

thus obtain 

Using this value, %kK account the known cross-

sections of hydrogen and uranium, that in homogenous mixtures of 

water and uranium/ f will certainly not~~ i~er~bl 1. 

Whether it can reach this value is not even certain. This means 
homogenous 

that even if a chain reaction should be possible i~mixtures of 

uranium and water, it would require very large masses of uranium. 



This holds under the well f ounded as sumpt ion that the Ur anium 

. resonance r ise between the Indium resonance and the Iodine r eso

nance. This method ap-pears promising i n '3 o fa r as the Iodine activitie 

need not be me asured i n t he same uni t s as the Ind ium activit i es and 

accordingly the ranges of the B ray s can be left out of consideration. 

An exper i ment of this ~pe is now being performed for n 3. 
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It appears that in order to make a chain reac t ion possible 

Carbon is a very much better element for slowing d ~fln the neutrons 

than Hydrogen . 
./ (/tvV' ~ A-~ f-.:-~ 

; ~ a,...,... '1It takes about 6 collisions to reduce the energy of a neutron 

by a factor . t therei'ore, a neutron which while being slowed 

down has entered the resonance region/ 

region for a comparatively long time . 

~will stay within this 

It has, therefae , a large 

probability to be captured Uranium unless very low UraniuCrr~ 

concentrations are used. 

small ( () /(J(. (. ()' o- 1) 

~ cross-section of CarbonAis 

~ at 

Carb on 

chain reaction from Aomagenea,,s mj x+lt%' e G~ 

Yi:fanjmn aB:8: &arlm·n. At present, we have only the above stated 

upper limit for the Carbon cross-section. 

A new method for measuring very small captured cross -sections 

has recently been devised and i s now being applied to Graphite 

in the hope of obt~ining a beeter value for 
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It appears that in order to make 

/~ 
I 

a chain reaction possible, 
I 

carbon~ is a very much better element for slowing down the neutrons 

than hydrogen,~ fhough _ it ~ takes~abo 
the neutron energy by a factor 

t 6 collis~ns in carbon to reduce 
A' 
._/ 

It is true that a fast neutron pro-

duced in carbon will diffuse further away from its point of origin be-,. 
fore it' is slowed down to energies of the order of volts. Yet this dis-

tance @ ~raphi tel is only ... of the order of magnitude of .{"lJ ~ On the 

other hand, since the capture cross-section of carbon for thermal neut

rons is small, uranium-carbon mixtures 'could be used, which contain only 
I 

a small amount of uranium. This has the double advantage that the dis-
/ 

tances ~±xwt,which a neutron has to travel in the mixture in order 

to reach thermal energies, is not materially increased by the presence 

of uranium, and that the amount of uranium required ~KkixelJX 
.;(J.,. . /1 . 

, small r-. ... u •• "" ~lo· -?;?t of' ' / . r ~ 
~irrk- ~ , ~ ~ I"" !LC </0 ~, . 
~ce only an upper limit of the capture cross-section of carbon 

is at present known, it is not p ssible to state yet whether a chain 

reaction is possible in 

e-nough 

only very little, 

stays within that region 

fore a large probability 

pelts to use 

and in the circumstance 

prove fatal ~4~ 

6- tlA 

J 

of uranium and carbon. 

with a carbon atom slows the neutron 

has entered the resonance region J' E 
a comparatively long time, and has there-

be captured by uranium atoms. This com-

have a very low concentration of uranium, 

small cross-section of carbon might 
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Uranium has a strong resonance absorption line at energies of 

the order of magnitude of 10 volts. If we have to deal wi th an 

absorption line having a maximum some energiej E :::. E
0
in this 

energy region and. if this line obeys the B - W fo:cmula then the 

following will hold: At thermal energ ies the absorption will 

f ollow the 1/v law which will then go through a minimum at l 
at t:! ~ liB. ximum 

reaching a very small value for - ...,_::l.!? () 
-~the resonance 

region and for a line obeying the B ... W formula we have 

-fo. -:: I 
I 

In the f ollowing we sh all refer to the energy region below }H~ill'tls 0 .21 

as the thermal region. \A,Q:ur~"f~r ~ shall .c.efis iete'i'~S composed of 
~ 

Uranium embedded in Carbon~ shall assume that every neutron which 

reaches the surface of a Uranium body while it is in the resonance 

region as de f ined above is absorbed by the Uranium by radiative 

capture with out causing neutron emission . 
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· A ne~ethf\ for m g ve r~ small apture cross-section has 

been d~·h~~d \ s ow b 1ng ~pp;ied to graphite in the ob-
tainin a reliable value for the' carbQ!l.- captur'e crosV-secti b 

~ ~_!:'., In the present paper ~· wish ~show . that if non-homogenous mixtures 
r 

of carbon and uranium are used, carbon is certainly much more favor-

able than hydrogen, and that in the case of carbon it is possible to 
make use of certain tricks which greatly reduce~ the fraction of the 
neutrons captured by uranium at resonance. One reason for this differ-

ence in favor of carbon is the fact that the scattering cross-section 
/ J' e'/?4/ --~-- -~ of carbon is abda~ for thermal neutrons· as for resonance neut-

rona whereas the scattering cross-section of hydrogen varies by a 

~ I .t 
r.e . 

factor 

Let us a plane sheet of uranium embedded in an in-
t-/ finite space ·filled with carbon, and assume that the uranium is black 

--- It 
Lor thermal neutrons i.e. every thermal 

neutron and .every neutron which has an energy within an energy interval 
£:: _,0 , ~on;f;::aine the resuuauee=:en:e:J::gJt::E,., is absorbed by 

0 

uranium if it reaches the uranium layer at all. We are interested in . ~ 

finding 1the ratio of the number of thermal neutrons and the number of 
resonance neutrons which are absorbed by the uranium, and then try to 

( 1':. ,. r '~/ find other arr~ngements for which this ratio is}higher. v 
The diffusion of thermal neutrons and resonance neutrons towards 

the uranium layer can both be treated with good approximation in ex-

actly the same manner if t~e following is born in mind: 

A thermal neutron produced in the carbon will disappear in pure 

carbon after a certain number of elastic collisions with carbon atoms 

by being captured. The probability that it survives h elastic collisions 
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is given by 
I e a-~ - 1-- -

the expression 

has the dimension it for the sake 

of brevity as the "range" of thermal neutrons in carbon. 

Similarly, faster neutrons in pure carbon disappear out of a given 

energy interval 

collisi. ons with carbon atoms. 

, because they are slowed down by elastic 

' The probability that a neutron survives 
approximately 

k col l isions within the energy region is/given by 

I ~~ ,t .. f; -- ---) 
_ ?-s- k - f,;_~ (= - a 1 "11 ) 

Again the expression 7/~ /- (1 7"' 
B-);~~ V :Jo 

Where k 

which has the dimension of a length will be called the "range" of reson-

ance neutrons in carbon. 

By treating the problem as a diffusion p~enomenon we find in the 

case of a plane sheet of uranium embedded in an infinite amount of car-

b on 

~is value h olds under the assumption that same number Q 
of resonance neutrons and thermal neutrons x is produced per cc . and 

sec. ~ ~~ --~ 
} ~t· ~ /~{U~t(,.h 

Let us now compare thi 
. I I I' 

case of a uranium sphere of radius 

R embedded in an infinite amount of carbon, which we wish to consider 

in greater detail. Again we assume that the same number of thermal neut 

rons Q is produced everywhere in the carbon. In reality this is not so 

because, owing to the absorption of resmnance neutrons by the sphere, 
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a smaller n her of thermal neutrons is produced in the neighborhood of 

to the final result. 

If R is large compared to \ the x ~ean free path f or scattering of 
thermal neutrons in carbon, the den;:;i t of the the-rmal neutrons in car-
bon can be calculated as a function of distance r from the center of 
the sphere by treating the problem as a diffusion phenomeno~ ~~ 
can ~alculate from the equation p r) - w ;\...,~rf ~ ((J _l_ (7-f )- S/{ IJ 1- {) -r- = 0 . / - .S . , 

~ ;:. ... ,~c-1!' -t ~~~ .• ~,~~ diJ!C)-=.Jtl- (f)"t" f(I~J-=t) ! = ~~~~- :a e )T A.,~f; Or .. r (_ rr-- ~-:: c ~ ~ ::::. ~ Accordingly, the number of thermal neutrons which reaches the uranium 

Quite similarly, the number of resonance neutrons which reaches 
the "black" uranium sphere is given by 

Jo~.-==- 4" II 
The ratio 

By obtained in the case 
of the plane uranium sheet, we see that for small values of R 

~ fl:_ 

l3 

the case 
of the sphere is more favorable by a factor of 

This factor might have a value of as much as , Though in practice 

of remains very muc¥ 
more favarable than the plane sheet. 
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In order to calculate for conditions which can be realized in 

practice, we have now to consider the case of a uranium sphere which is 

not "black" :f'or thermal neutrons, but which can be considered "black" 

for resonance neutrons. Only a fraction ~( of the thermal neutrons which 

reach the sphere will be ultimately absorbed by it, and the ratio ~/(1 

of the thermal neutrons and the resonance neutrons absorbed by the sphere 
is therefore 

In order to calculate ~we take int o account that inside the uranium 
sphere the therma l neutron density obeys the 

lftt J 8{ (if) - .SVfltJ" I J = o 
/ ~ ~'1-~ ~ ~ I t1.. ,. 

(k,L~/('Y'") =- ~ (e ~ e- ra)' 
~ u :~~ ~~ ,e-/.~-o~- /,, ~ ~ 

From equations we find that the numbe/ of thermal neutrons 

JJ&~?t2 D {:-
Va1ltr J. Ixi~ # ~ ~ ~~·~c..&- . .... ,. ,._.-,_J.,-.--~ ......,.... q r.p ~ 0 

fusiq~ into the sphere 
· "'-== ft'IJ& I<A~-~-

and by comparing with ~xx ~xpressiqn No. 

o ,Jo 
z=='lzo-= R All the calculated values m1 so far hold only if ~~1\;C~ther-

wise the problem cannot be treated as a diffusion problem, but the 

values can of course be deriyed by other methods • 

If 
........ 
; find for a sphere which is black for thermal neut-

rons as well as for resonance neutrons 

and for a sphere which is black for resonance neutrons only, and faintly 

scattering and _absorbing for thermal neutrons 
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we find f or Y 

only if /.( > 
otherwise the problem cannot be tr eated as a diff usion problem, 

but the value s can of course be derived by other method s. 

--------------------------------------------
If ~ one a pphere which is 

#1 
~~ black f or thermal neutrons as well a s for r esonance neutrons 

A'-
..--
B'L 

and for a sphere wh ich is blac k for resonance neutrons 1mly, and 

and faintly scattering and absorbing for thermal n eutrons, 

L 
·l.., ,1 -

E 
~ 

1.1~ 
,.. 

I 

~ A'Jc ( -
fl-~ c({ ) 

v 

~ I 
il 

I! 
I 

, \ ' 
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In order to calculate f- for conditions wh ich ca n be realized 

in:~waeti9e, we have now to c onsider the case of a Ur anium sphere 
~ 

which is not "black" for thermal neutrons, but wh ich can be consi -

dered "black" for resonance neutrons / Only a fraction ( of 

the thermal neutrons which reach the sphere will be ulti ma tely 

absorbed by it, and the rat io f. . of the thermal neutrons and the 

resonance neutrons absorbed by the sphere is t here fore 



I 
I 

I 
I 
I 

. f 

I 

I 
\ 

\ 

/ 

If we have now a lattice of a large number of Uranium spher es 

embedded in an infinite mass of Carbon and want to calculate the 

rati o of the number of. thermal neutrons and resonance neutrons . 
absorbed by the Uranium spheres we shall again assume for the time 

being that everywhere in the Carbon the same number Q of neutrons 

enter the resonance region and the. thermal region per c . c . a second . 

Equation number shows that a Uranium sphere does 

not affect the thermal neutrons' densit,y appreciably at distances 

which are large compared to Ro At a distanc~the center~ 
~y.?-0~ .~--~ J.s J ~ equal to ~/-fo 
~o no~ the value ....... ~ ... the thei"mal neutron density at infinity . 

For this reason the number of thermal neutro+sorbed by one 

Uranium ~her e within the lattice is only insofar affected by the 

other Uranium spheres as the presence of these othe r sph~l:'es -
reduce the average valu~of the thermal neutron density by some 

factor c(__ Ace ordd.ngly 

the number of thermal neutronsfabsorbe one s~here within the 

J '<y It tc. t. ) is by the factor o( smaller attice 

tha.Pe number of thermal neutrons ~J hich an isolated s~ her c absorbs 

under otherwise identical circumstances . 
~ 

-;:y~ 
'The number of resonance neutrons on the other hand which one 

Uranium sphere absorbs 7i thin the l attice .f:j 1e.4 ., ~ ~~ I • 

is the same as~number of resonance neutrons which an ~ol ted 

Uranium sphere would absorb. 
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The fraction of the neutrons produced VJhich is absorbed by -
the Carbon. is pl~oportion· te to the average neutron dens~y j 
Since in the absence of Uranium in the Cc:.rbon we have J ::= {'C) 
and since in the absence of Uranium all the neutrons a!'e absorbed - I 

by the Carbon the fraction of the neutrons 'thich are abso bed by 

the Carbon \'Jhich contains a lattice of J"ranium spheres is pven 

by 

I~ 

Correspon(l;ingly the - racti on of the neut:c•ons ""Jhich arc: absorbed 

oy the lattice -of Uranium S}!heres by ei the as resonance neut··ons 

o!' as thermal neutl"'ons is O.v€m lyy 

(1 - ~) 

?rom this i.t follows that ~ the "'.:'r·-~ctio of all the neutrons 'Jhich 

are absorbeo_ by t 1e Uranium suhE.res in -the region alone :is 

given by 



--0 .. 1 +;h i s exp_ession has its llaxim1..un valu.e 

/ -If-

2nC ~or the maximum val~ . o2 q we have 

I 
- I 

I 

and ---
CORRECTION 

• 
I n calculati n:.; the val ue of q we h ve so 3.~ neglectt.d the 

effect of abso-~t ion c~ _esonance neut ~ons by the Uran i um s~he e 

~~ ratie of cne thermal ana tJ:i~ Pe B-el'le:±~e=::r.reuttons 

a... D"~Mr -s~ u anium sghet,:~7 · 
~~ vr,lt, ( -~---~--------
~(a{_ ~ : . f-:.-- 2 ~ 4 ... /.< 

In order to ,.?:(~t fort£. ~~~~~l,.~z~n. 
~ I""T( PI~~ ~ ~..J 
~g peeenenee ~~ut~g~i!i with how muc _l t he t h ermal neu~~ion 

of a Urnium sphere in ~he l a ttice would be increased 1~ 1ii stopped 

to absorb the resonance neut r ons which reach its surface . Such 

a resonance neutron which the Uranium sphere failed to absorb as 
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resonance neutron would g o on diffusing in the .C a rbon and vould 

finally become thermal . A fraction of such neutrons would then 

be absorbed as a thermal neutron by the same ranium sphere ·1:1 i ch 

failed to absorb it as a resonance neutron . But this ~ion can 

certainly not exceed the value of which we have 
~ 

y 
defined further above . We have , therfore , the correct number 

J~t~) of thermal neutrons absorbed by a Uranium sphere within 

a lattice 

1:md 'll 0 BBV~ f"l-3::Pi;he !' 

# 

ny makh'l~ \l.Se of :t1]I3;::et;tll $I USli :.w::e:;:: • 

--

\S(C) 
( 

0 L' / < fo f>( ( If- <{ £,;cZ) 
- 2.lf /' / 

- v.ff1~ 1tP ~ ~ ~ 

/.c::_ 
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SPACING OF THE LaTTICE 

It is necessary to estimate how widely the Uranium sphe es 
are spaced in the lattice in order to see whether the assumptions 
under which we derive equation No. 

~ tl .... 

are f ulfilled. In deriving ~ equation we have assumed t ha t 
everywhere in t h e Carbon the same number of neutrons 

J 
down to enter th~ resonance region. This assumption ~ tf 
eePPeet ae le!'l:'{; 5Qo8 the distan ce,_{ of the Uran ium spheres in the · 
lattice i~ rto bec~e large compared with the distance to ~-,hich a 
fast neutr on diff uses away from its point ·of ot•igin before it is 
~lowed down to a few volts . ..,m. -.i<BcL"J!rl.e, dr formulae imnlv ; ( ~ "" - -7'- !:.' " 
that this woul~ happen for v~ small values of rf'e(e) ~zr--

(_ .. How ever , the values of ~( C) for wh ich this WJ ulct happen l. eU /tJ -z~ is much smaller t han the value of t), IYIX which is required to make / r ~I_ J Q /:,he value for q given by eq-qation No. 
can therefore be used for studying the prospects of a chain reaction . 

In order to estimate the spaciny 
1
of 

lattice we est imate the volume V 
the Uranium spheres in the 

1 ~IRiliE'tiMe -,.. 

per 1 Uranium sphere ~he lattice . /' 

In the lattice of Ur anium spheres fr om the & ? 
meutrons v.hich are slowed donn ~econd within the volume V 
to resonance energies/the CarDon absorbscf{I( /;! ~ 



..a:ea fut• bite~ 

if q has its maximum value q (1.-L... ,· 



L ~, 
V ~ Lr;;-(1-~ II/.!(; r- r<~ } 

2f~ . /7 

For large values of . z ..,. we can write 

!-~ r;::: / 
- I ?_fA-- \(if;; 

__, -
2- . 
( _J___~-

--

J 
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STABILIZING THE CHAIN REACTION 

If a chain reaction could be maintained in a homogene ous 

mixture of water and Uranium or Carbon and Uranium it would have 

a certain natural stability in the sense that with rising 

temperature there would be a decrease in the neutron production. 

The reason for this is the fact that the absorption of b oth 

Uranium ani Hydrogen obey 1/v law in the thermal region and thus 

the range 9f thermal neutrons in the mixture is larger at hig her 

temperatures. Accord ingly , at hi gher te mperat ures a l ar ge r 

fraction of the thermal neutrons will escape accross the boundary 

of the mixture without having reacted with the Uranium in the 

mixture. 

' A system on the other ha.nd in which "bla ck" Ur anium bodies 
4"""-

a r e embedded in Carbon has a na.~ural thermal /Stability. 'rhis 

is due to the fact that with rising temperature the captured 

cross-section of the Carbon deer eases whereas the "blackness" 

of the Uranium spheres remainS unchanged. Accordingly, a larger 

fraction of the thermal neutrons is absorbed by Uranium leading 

to an increase in q. 

It is, however , quite easy artificially to stabilize the crein 

reaction by slowly shifting the positJ:2n of absorbing bodies within 

the system in such a way as to reduceithe average value of q whenever 

the densit~ of the neutron radiation emanating from the chain reaction 

increases.D,y controlling the position of such abs orbing bodies 

automatically by the intensity of the' radiati~n the chain reaction 

can be stabilized without difficulty. Since statements found 

their way into print which give the impression that the time within 



STABILIZING THE CHAIN REACTION 

reaction could be maintained in a homogeneous mixt~e 
~ 

of water and anium or Carbon and Uranium it would ~ a certain natural 

stability in the sense that with rising temperature there would be a 

decrease in production.$r we ~a;ve, ifar...-4"fl'St&J:l.o~~ a:phere fille c' 

spae~ S-{)-. that t h ermal 

ts sur:f:'aae the fract.ion of -thermal neutrons 

~ea~ting with Uranium will 

~ ncr~aw-ec:!!! h increasing 
~_,.,_ 

~sorption of both Uran~ m md Hydrogen obeys the 1/V law in the 

thermal region 

at higher temperatures, 

bod ies are embedded in 

in rising 

to increas~or to decreas~h~iorr i the 

by inserting or removing ~w neutron absorbe ~~~~~a-~o~f~.v"it~i~e~h 
.c..ou.ld be cong:gn ·eo by aa incr·eaae ~ 

in the cpain ~~. The time t have 

to 'be . ....(>rought about- is of' the order of magnitude. 

i~{ 
elf t~ t{ ( 

I" 

~,__,....,... .... ......,...._. '-



·r 
~· !Y~ ~-~-

\) 1.-1' L~ tL~\ \' vt-:.£_ . 
which such cC)ll.tro;t11J'lll' ?atiop, wouJ.~ve to take place 7.f~:::;,;l,

,j (A._ ,..,_.t.vr ;f -"-~-~ --c ,1 ~ ~-t-~~~ ~ ~ ~/ ~~ -r short it !s perhaps advisable to point out the :following: 

{ 

1 

' 

r ~ 

~~~ 
(J: ~ 

Of the neutrons which are emitted in the chain reaction by 

Uranium only a fraction ~ is absorbed within the system and 

I 

/....:.. ~ escapes across the boundary of the system without reacting 

with Uranium a stationary state can be maintained as long as 

We write 

In order to indicate tmt this product is a function of the t emperatur 

T and also t-e~ on a parameter su~h as the position~f some 

absorbing or scattering bodiet near or within the system which can 

be shifted by the controL and which can thus be IIBde the functions 

of tirre t. 

ln o.rder to have a large neutron production we must maintain 

a chain reaction near the point 

~ If this product becomes larger than ]as it may well happen there 
"'~~ ~J is an exponential rise in the neutron production ar.d accordingly 

also in the temperature. In case of ~eviation from 1 I JJ.. ~ l'~n- ~ ..... ~ '/ ~. ,a._.__~ a~''-~ 

'1. 'i r= r: /!TJ) 
J ~ \ the time t in which the number of neutrons 

f.;- l ~~ by 2... f; 2- ~ j t- I 

is given 

• 



Where t
1 

is the time w'1i ch a fast ne u t ron which i s emitted by a 

Uranium atom in the mixture an d which is slowed down within and 

absorbed by the mixture would require to pr oduce two fast neutrons 



/~ 
~~·hr y 

In arriving at these conclu~ we did not take into consideration 

the fact tbat the fraction is emitted by Uranium with a time delay 

of about 10 seconds. Th~s this small fraction has an effect in 

considerations of this type and leads to longer ti mes than those 

we have estirmted. Since, however, the time which we have g iven is 

already long enough for all practical purposes we refrain f or the 

present from including t he delayed neutron emission in the treatment 

of this subject. 
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