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D~nr Placzek : 

426 West ll6th Street 
New York City 

April 19, 1940 

~~any thanks for your letter. It se ems to me the best 

compromise is the following~ Do send me your memorandum~ 
Cl4 

-t.fi-E.' st~o ia wbieh. it is. I s!;cll h3.ve it copied and send 
c.-rc_ 

you one copy. If you will tl~eH be- able to ive me a long~r 

memorandum within the next ten days, I shall '• ·tadrew y·"'ur 

short memorandum an~ repl ce it by t e longer on~ . A meet

ing is scheduled in TFashington for Saturday next, and I want 

to send your short rremoran .. um to ::a shington a ~ew days be

fore this meeting t::.kes place. 

Yours s incerely 

/._ ~ ~ 
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Confidential 

l11emorandum 

sent by Dr . G. Placzek to Dr . L . Szilard 

pril 1940 . 



On the Diffusio in Air 

The diffu ion of neutrons in air DhS b en recently 

d i scus sed. by ethe , Korir and ~laczeK1 , t~e avera~e energy 
2 SYia..tlo...J 

distribut i on as been der ived c lacze~ , and the d&o4~ 

J istri Jution oi neutrons i n air over a ~a~er surface ~s been 

erived o 3 Bethe for t 1e case of pr o uc tion of n eu t rons in 

c... i r homog eneous in a orizontal plane . 

~ l. Di ffus ion of n~utrons i n i r ee a i r . \:e rirst iscus s 

t e dif ·us i on i r1 r'ree air. Tl e results will hola i f t he 

' istance of t 1e neu.tron .source f r01u tile rollil i s lar!:>e:r 

t 11ar. the aiffusion at.._ (see below) of t.1e neutrons roduce<i 

by t e source . 

The average et1er distri oution i s approxi mat ely iven 

5 '\J-1 eS l 1.>-') J. 'IJ' I - M e. '\)"" t l ~ l) 1)-J 

(1) 

tl.ere N (v) t1 i s t 1 ... e numuer of n eutrons of velocities oe t ween 

v and v + dv for initia l velocity v
1

, 1 = 14. 4 the mean 

atomic weight of air , Q the nunber of neutrons ro uced er 

secono. ( -,d t .n veloc i t v1 ) and ! (v) and s f c ( v) t 1e mean 

fr ee path of neutrons i n a i r for scatt er i n an ca t ur e re-

S.tJectively , as func tions of t ile velo city. 

1 .t<:orff and PlaczeA, Ph 57 , 575 , 1940 Be the , s. ev . 
i:::, 
See If IT r er . 30 ' 3 
See II If ref . 31 

' 
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From a di scussion of ( 1) , to6 ctl er v. i th the available 

ex er i nental Hater i al about scatteri n6 a.nu ca. ture cross 

~ections in nitrogen and oxygen i t can be concluded (cf . ref . 

1 ) , tnat capture effects will robaoly not c~anbe tle neutron 

densi t by orders or ma ni tu.de for all ener ies do{.n to 1 ev . 

be roug 1 accountcu or u u~tiplyinb all neutron ens i-

.exr { _ M j "i e~ ( tr J av-J j 
f c. c v ') v J 

t ies wi t h the reduct i on factor 

as soon as t~ e res~8ctive cross sections have een mcas red . 

At e:_er~ies consiJ.erat-1 ue l ow 1 ev tne ca.t-iture Uc to 

tne - p r;:;action i n n i tro ben .. ill co!Ile into lay and remove 

.no t of tne neutr ons before thermc..l ener~:,ics are reac.1ed . rn the follo i nb ta.ble , e ~ive alJ~r oximate numer ical values 

for some 0.1' t 11e Ci.aracteri stic lengt s , im ort nt r·or the 

s t udy of the di ffus i on ~roces s in air. 

These are : The mean free v& t n for scatterin6 ~ or 

1 ast and slov~ neutrons ' t he mean free a t ec..t for capture 

of t nermal neutrons , t e difiusion ath fo r therma~ neutrons 

,A defined by : 

and t he root mean s4uare di stanc e of d i ffus i on 
' 

fo r neutrons roduc ed at energi~ E1 ana ca ture --------- ,. ~ 



f. I 

(E:r-) 
Me# 

s ~ 2 [£) cit:? 
( 'r '~-) ~ E Av 

t: 

3 

(.. 

( 3) 

Me_ H - IS, b 

E lies sli6htly a ove t ner al energies . c 
em vater equi valent 

{

for fa.st neutrons 

11 slow " 

----
for G~ev neutrons 

II\ 

18 

~ . 6 

24 

4 . 6 

150 

meters a i r at 
normEtl _t->ressure 

140 

20 

1 90 

35 

1200 

The most inaccurat e of t nese i 6 ures i.3 l'r> l Av , b cause of 

insuffici ent da ta about t11e energy varic:tt i on o ' t he m an 

'ree pat" . ( see ref .~e spatial oistribut i on of the 

neutron can be found approxi mately by as _, uming t 11at t he 

time spent in tne slowing down pr ocess t·r om tne original energ 

El to any energy E2 is t he same for all neutrons, so tnat 

the ener y is a func tion of the 11 age 11 of the neutron . Then 

t he ~roblem can be treated by t he standar me t hods of 

d i ffusion t heory. c t ually, the assumption is not u i te 

correct , s i nce to every en er y belongs an age distr ibut i on 

of n12utrons , but it can be s 10V . that the use of t h i s i deali -

zation is a good a roximation as long as capture is uni m or-

tant . 

If we define a symbolic time ~ by 

5 l \ 
( 4) 



t he d i ffus i on e 4uation r eads 

( 5 ) 

where " i s the neutron density . I f r neutr ons of veloci t y 

v1 are reduce ' er s~cond at r = 0 , the e l uti on o ( 5) i s 

)'L.. 

e LJ {t(..r J 

---:-- ?; 
( ~..t 1i %-c v- ) 2_ 

( 6 ) 

' f 
} \ ~ ( tl 

Or , i f we intrad~ce t e di ffus i on at~ L (v) by 

L Cv-) -=- L ~ :::: 
( 7 ) : 

F (_ v-, 'f) - 1"1 Q t ( v-) dv-s -:.__ , 
v-l. ( 6a) 

. 
I f we ave a source of thermal neutrons , tnetr densit Ft 

i s determi ned by the e4uat ion 

( 8) 

vhere L. i t he l i f etime 01.~ therm ...... l neutrons in a ir ( about 

l/100 sec), ~ and A. i s t,iV -"n oy ( l::: ). (7) is solved by 

( 9 ) 

4 
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t he nu be r oi tnermal neutrons roduced er sec . 

~ 2 . Diffusion 0.1~ neutrons a.uove round.. Vle no·; cons i der 

tne follow i n _tirO blem: Th sl'ace of air is lin:i te - uy a 'lcne 

infin ite botm...Lary z = 0 ( "' r ound ). At an al ti tu e z
0 

e have 

a oint so~rce of neutrons of velocity v1 . ~e as~ for ~e 

neutron dens ity i n air &s a 'unction of velocity and 

coordinates. Obviously , the neutron ~....ensi t- ·vil de end on 

the ca;Jture an 
~/ 

scattering ~roperties , a.nd ence~t. e cne hical 

composition 0.1~ t~ e n~ater i al r'orming t he .:;roun owever , we 

will ~et lo ·er limit for tne neutron density y assu · n~ that 

ev ry n eutron reac i na t he 6rounu i s ca tured. This eads to 
f' { v) 

t he l.oundary conc.. i tion F' = 0 .1 or z - - 5 - ...;;;; . 
The solution of t he diffusion e uation with this boundary 

con it i on is ~ 

z is t ne altitude and f t he Jistance of t e projections 

of source point Ci.l1d fiel<i oint on tne plane z = 0 . If t11e 

source is at z
0 

= 0 and we are interesteQ in th~ spatial 

dep endence of t h neutron ens ity on ti ~10) be comes 
J 

a proximately ~Or L ( \t) :>> e'): 
I If. )'L 

no, f , 11-) ~ M qed: e. -d, 
1J-" - 3/. 1 3 

/1 2 I...J 

v 
(lOa) 

Com ar i n · ( lOa) with (6a) , we see t"at t r:.e neutron dens it r 

at tne c;roun i s reduced by t.ne factor 5'~ {;9 2. with resvect 

!. t ., 
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to the c se of f r ee air . ~h i s r edJction fa c t o r rlo es n ot d e n en d on 

t he d i sta n ce / 

I f t Le n- roun d is f ormed by a substanc E'; t he n eu.:; "on c on s t ant s of 

wh ich ar e suff i c i ently vte l l known , 8 s for i n st a n c e v1a t e r , the abov e 

tr e e t me nt can be ro f i n er by c nlcul.,ti n s the p r obabiJ i t., J" ( v , v
0

) 

th t a neutron hi ttin ~ t h e ~urf .ce V·'i t h ve l oci t y v 
0

, re - emerges f rom 

it wi th v e l o c 5ty v, an rl then usin ry t he p roduct o f t h e curr en t of t he 

den s i ty ( 6 a) as function of v
0 

t i mes the fun c t i on I (v ,v0 ) a s a nevt 

sou rce i n the d iffusion e u a t i on ( - ) . 'l'hi s pro cedur e c an b e ap n l ied 

a s a in t o t-he n Gw result , .n c in t his way a we l l c onv e r ing s e r i e s of 

pos i ti v e t e r ms is obta ined . ~'he ph ysi c g l me an ing of t n i s pro c e a u r e is 

tha t one considers suc c es s ive l y the n eutron s ,u_ ich h a v e ente r ed a nd 

eme r ~ ed from t he b oundary on ce , t wic e , t h r e e t i mes , an ~ so on . r he 

most i mpor· t an t d if f er en c e of ttJ. s s ol ut i on compa r er~ t o t h e f i rst ap r.- rox-

i mation ( 6 a ) in the c a s e of \a t e r i s the pres ence in a ir of a c e rta in 

amoun t or' thGrma l n eut rons , wh i ch h ave been s l owed down in t h e wate r and 

eme r ged f rom it . ;he f ur t h e r 6 i ffus i on o f t he s e the r ma l n e u t r ons c a n 

h en b e tr e a t e d in a s in •l e st e n by s o l ving a ~ if fer Pn t ia l eou at ion o f 

th e t ype ( 8 ), with a s i mp l e boun dary cond i t ion wh i ch is ootaine d from 

a l b edo cons iderat i on s . 
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~ 3. Total effect on s mall black detector. 

We now calcula te the total number of neutrons above 

velocity v absorbed by a bl ack detector of dimensions s mall 

compar ed to t he mean free pat h . 
v-

The number of neutrons above velocity~bsorbed per 

second and unit surfc:.ce of t he detector can be shovm to be 

(for a convex detector) 

;;
I J 71':.._ T (v-) ~ , ·v- r ( v-) rl v-

(ll) 

F~r constant mean free path, the integr a tion gives in t he 
I 

cas e of the free a tmos phere (6a): 

::: ':3 Q {1-~(~)j 
I~~~ ;f (12) 

and in the cas e of source near capturing ground (lOa): 

T(v-)=-
(13) 

where ~ is the error function and i is related to the in

complete r -function of order 3/2 by 

i (X)~ -
If the distance from the source i s small compared to L , 

<t> and 'f can be neglected. Fig. l gives t he dependence 

of l 
_, 

and l - f on '(' 
T"" 

and J 
Actually, in air, the mean f ree path is not constant, 
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but varies from about 140m for fast neutr ons to about 20m 

for slow neutrons. The transition robably taKes place 

i n there ion between 150.000 and 10.000 ev . (cf. ref . l). 

We may roughly describe t h is behavior by put ting 

e.~ ~ c= /l()'M 

R ?- es ~ zo ~ 

for c) E, 

t;.<E, (14) 

where E1 lies between 150.000 and 10.000 ev . With (14) we 

get instead 

T (\r) ~ 
:::. -----

I 6 7i 

where L-f 
energy E1 • 

of (12) and (13) 

~ {1-f(~) + et ( i [ l J-lll/L" ls rl~ ~ '.f. 2a) 

(l3a) 

is t he diffusion p~th fror t he initial energy to 
~or an i nitial energv of 2 Mev 

~ ith the values (l~) for t , L-1 ha~ / 

~~ value between about 0.75 km and lAm depending on t he value of 

E
1

• Because of t he s mall mean f r ee path for slow neutrons , 

the total diffusion path L is not very different from L-f . 
For energies in the 

becomes i mportant), 

neighborhood of E (at which ca ture c 
L- Lf. 

L_, 
is of tne order of 5 per cent. 

In s ite of this, t he slow neutron contribution to I is 

still important in the case of the free atmosphere and can be 

derived from fig. l (for r = L-f it is of the same order of 

magnitude as t he fast neutron contr i bution). For capturing 

ground , however , i t is in general negligible because of the 



small f actor 

with e :c el- . 

tl.. (11 e.) 

e~~t (l3a) may be replaced by 

9 

(13) 



TELEPHONE 

UNIVERSITY 4 -2700 
OPPOSITE 

COLUMBIA UNIVERSITY 

UND ER KNOTT MANAGEMENT 

420 WEST I 16 TH STREET, 

Professor G. Placzek 
Corn~ll University 
Itha ca , New York 

Dee,r Plaozeka 

N EW YORK N .Y . 

.Tuly 14, 1941 

~ny t hanks f or your letter and the enclosure. 

I will try to fi nd your first expense account and 

then settle bo th toeether. It dll perhaps interest 

you t hat it now seem:.; that t th in a month or bio r~e 

shall have no difficulty in discussine freely the 

work in w ich we are both interested. Thi. chan8e 

is coming about wi thout any di rect action on my part 

and even ngninst my ishes insofar as the particular 

fonn is concerned w'1i ch will apparently be chosen. 

However, t h is point is perhaps of small importance 

and you m i~ht f ind the ·orm satisfactory from your own 

point of view. 

I hope these soMewha t dark hints will cheer you 

up even more t hun the pr ospect of e•entually gettin~ 

your expense account settled . 

Yours, 

(Leo Szilard) 





Q:hristmas <5rtttings 
AND BEST WISHES FOR A HAPPY NEW YEAR 



10 w 3 0 5 

From a watercolor by Sabra © 

GALLERY ARTISTS COMPANY 

Printed in U.S.A. 
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