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Um overage nu»bc*r of neutrut* pru4uo«S j*r iiwUaUc ever* w 4*t#mlM4 fw* •  
series <4T «l*«»nta N i  hOUun w  uroniuft for protons, lythanA >IV
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In a t te s t in g  to explain U» yield of neutron* frun targets bonbandoO by

l»4iih-crtrrgy partic les, inform lion onnoornias Um» mwbor of neutrons produced

per Inelastic event, K, iuvi il» cross section for the production of one neutron,
*

olN, la m«M> Theai two qusnUUos hnvc boon detominod for « variety of 

c l ie n ts  for )h(Htev ptOtM» 90-Mev neutrons, lio-Hav neutron#, 190-Nev 

devtorono, $S50*Mov Ocutcrons, and tyCMtov Hô  particles.

IbS steaeureswnlti mm mule by detesting the neutrons in a tank of Mr»X>u 

solution * The targets wont equal to or less than the range of Uw charged

port Isles in m ot casut*

Inc lost lo crooo •notions for the various part loir a worn token fro#
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«**l*r of neutron* « m u 4 fro* * t*ns«t# Mg* for IneUtnv 

4% m c U *  v ii  at*«ii*d in  * MniiO* toloUcm ^ W 1 m 4 i» •  i*r$* t*nk.*

Eight*** Inch** of foluUon •‘urouAfed U* l»fooi-*$u4r* u m » 1 in tfftiefe Un 

u r e « u  v ir t plnstd, tin  p-Xu* i t  u* m r  or On UmmI vu  pnk^  utn* tin 

taix«U v«r* !««• than n m ^ i  thick* for t i l  t v y i t i  U Um M v tm  I n i .  

Tfn •oiuUon n «  cnUbmUd by placing 4 ctUt»mu4 mutton m m  (to***) in 

th* tunml* tin  tcu v lty  induced In Un Mutgnne** vm counted by tw  m i  of 

lhin-v*U*d Oelgtr <*m u n .  for furUnr d*t*il« concerning Um netted, 

UCKL-tOdj ateaid be cuanulUd. tin  reU tiv t crrvr In mnturtavnt U p iUm H  

to bo 3 percent, but beceuae of Um uncertainly In Um neutron eourc* calibre* 

tin*, Vm  absolute error In about 10 percent.

t . im a H anlw

The number of charged particle* incident on th* target v*» measured by 

t  parallel-plat* loo i touon ohuMar operated M M to  render n ^ U iib l f  the 

o rrocti of rccottbirvaioa. 1 Th* ioniintioa chamber vm calibrated a^ainat a 

faraday cop. The- chargee collected vow determined by nonaurin*: Um voltage 

produced Acroat a calibrated coodenocr vlth a Ux>-percent lnvoroo M tiM k  

electrometer* Um condenecr* wore calibrated ogainat a "aeeondnry •tamdard*'
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ce*4tf*teit which wm csllbreUd by the Stations! tureou of Surtsrd* to 0.1 per 

cent. for further details, UCKt*&6) should be consulted. 1ht relative error 

U» aiciwruaeni U m iaatcd  w  U  1 percent* sad U* Absolute error about t  

f tm a t*  o r  1c m .

D t  w h a m  beam uttd in th i t  experiatftt were aooitorad by a t t l l l l  

Utiv* w « u r  telescope using U* recoil protons fron « CJt$ target and the 

m ic m l  n*p differential m M  M l l M i  91a aanltor m e "calibrated* by 

counting C ij, C« «u4 M targets. The relative error u  cstiaated to be Wee 

then I pence**, but the absolute error Is about 10 percent, nataly because 

of the uncertainty 1* the n*p cross section. A tore couplet* 4cscription of 

Uw tel*atop* end Us us* will appear in e t£HL report by Whitehead and other* 

concerning neaauresettts of the energy distribution of the IhO Mcv neutron been 

tad the atetMrepeat of C**(n,l»)C^ cruet section*.

h  Par***let
The changM pt*UcUe used which could he accelerated directly In the 

l0t«inch synchrocyclotron ( Jlo-Hev protons, I90>lfev deuterons, eat tyCMfev bP  

p r t U l i i )  t a r t  very aanotrgie beta s . In M hitiesi deuterons of ftfproalmtely 

JgO Kev were produced by etripping IV5 particle* In on internal urt*l>* This 

botuu had an enercy spread of shout 60 Nov st half wax lam  with s lov*«tttrgy 

toll**

The neutron been* used were produced hy stripping 190-Msv deuterons and 

b90 Mev He> particles in e 1/2-inch osrhon target. The aeon energies were 90 

and i(jO Mcv, with energy spread® «t half woxiwi of about 20 and $0 Mev respec­

tively* HettsureornU could not be mule wltlt the K*/0*Mtv neutron beaj* produced 

by )b0-a*v protons because of the low intensity of the bean.
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F u w
t i l t  target# weed Included el wwiil i  fro*  llth iu n  to uranium, bat to t  t U  

target#  were used fo r t i l  the fcbov* p a rtic le * . In Table l v<? i i a t  the target# 

u##d for the varioue partic le# . Sami of the date ua*4 l r  the calculation# acre 

three or four year# o ld , end the thickness** of these target*  were known only 

in  inch**. the denaitle#  give# i t  the Mnnrtt»»>k of Chemistry tod  Phytic*, )4th 

Edition, iy>t-ly$5, vert used In each ease#. Except for the $/d-by ***-1/4-inch 

diameter, a x 2-tod 3 x $-iach target# , t i l  uranium targete wore of milled . I 

*Mju*re bare of e ith e r  6 or 18 locUee to length, the density of the bare ate 

10.6 i /e t5 . One lithium  target wee contained in t  stalnle#* s te e l cylinder 

with 0*010'inch a te in le t*  e teel window* on e ith e r end] t  recent recalculation 

of the range of lyo-Hcv deuterona in lithium  ahoved that th is  target one only 

h a lf the mag* In th ietoe##. Since the plug of MnS&t (Id  luohe# thick) a t the 

end of the tank turwxjl* wee not removed during bombardment, the neaeured value 

of N /9| ie certainly  too hi^h becouac of fu rther neutron production by deutcron# 

in t)ie plug. The neaaured value was corrected for the deuteron production in 

the hnSOij plug, and wore recently another lithium  target vna used.

%  terror*

the accuracy of the noa&urcffxnttt w ill bo dUcuooed in ten ia  of compar- 

;* * : rela tive  value# for d ifferen t ta rge t#  and d ifferen t beam* The aboolute

value# way be in e rro r  by a further 10 percent becaueo of lnnccuracie# in the 

ncutroo-eourcc calibration* Correction# fo r poealble ayetomattc error# wit? 

not applied except a# noted.

The value# of N/Pn for the d irec tly  accelerated charged p a rtic le  beano 

have a  standard e rro r  o f  about 4 percent on a  re la tive  bael#* Ttvc value# of
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the yield fur the 520-Nev deuterons havt a standard error of about 6 percent, 

with an additional uncertainty in interpreting the results because of the cuergy 

distribution of the bewa. The error in M/Pn for the neutron beans is due almost 

entirely to the error in the n-p cross section and is about 10 percent. 7b 

compare the neutron data at the tvo energies, a relative error of about 5 per­

cent nay be used.

The coobincd errors in the cross section and the target thickness were 

estimated to be about 10 perbittl C l.o., the error in at was assumed to be 

10 per

The errors in the quantities S and cjjj vere calculated by the method of 
propagation of errors. TV* error in due to an error In ot tends to cancel 

for thin targets with the result that ôjf Is generally no re accurate than 5.

III. CALCULATIONS

1. Definitions

The average number of neutrons emitted during on inelastic event nay be 

defined as

N •
I • e ■Out *

vhcro q • N/Pn corrected for background and secondary particle production, t is 

the thickness of the turret, and on is the inclactic cross section for a bom­

barding particle of n nucleons. The cross section for ttic production of one 

neutron m y  then be defined as

i
• a::• •
• •

is* 
t • • • • 

a• •
>sa a s s #

• • s• a s

asssss•
sss • #



For Mali values of t thii reduce* to • *i/t, which shows clearly that errore 

in on tend to cancel in calculating ojjj.

On the assumption that Um  nucleon* in * nultl-nucleoo particle are inde­

pendent at these high cacrelc«, the number of inelastic event* for a particle

These value* of ô yi and F are calculated a* veil aa those defined in Eqs.
(l) and (2), and ore referred to a* the cross section per nucleon and average 

nunber of neutrons per inelastic event per nucleon.

2. Background

The yield for no target, (N/Pn)0» vae measured for all beams used. When 

the neutron beams were used, the neutrons passed through the tunnel in the 

MnSCty tank and did not impinge on any concentration of material near the tank. 

Thus the yield Is taken as

for the neutron bcamo.

When the charged^particlc beams pass through the tunnel, tho particles

tilth n nucleons any be token as ts(l - in which case

h*  ---a— r  ,
o(l - «'°nt)

(3)

and taking o^i ■ o^Rp

m

hit the back waLl of the experimental encloourc1 and produce ncutrono which

may then be detected by the tank The "background" racaourcd in this way m y  be
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cneporcd with the "background** manured with an absorber of s l ig h tly  more than 

one rate's Inserted in the far end of the 40-loch collimator fo r  540-Kov pro* 

tons the yield in the f i r s t  case i s  20 tin e a  greater than in the second case; 

fo r 190-Mcv diuterons, the ra tio  Is  about 5 , but in th is  case the rela tively  

high yield of stripped neutrons In the forward direction causes the neasureaent 

to  be only an upper lim it for the true background.

Thus the Measured (H/Pn)0 can not be used d irec tly  as the  background when 

charged-panicle beans a r t  used. Instead, the  background va t calculated by 

asouaing

The y ield  o f neutrons varies about a t  the square o f the  partic le  

energy,1

The "true" background is  aero*

The range of charged p a rtic le s  varies about as the  square of the 

partic le  energy.

Then the yield should vary about as the range of the partic les, and the back­

ground for targets lees  than a ranee in thickness Is

w here la  the  range o f  th e  p a r t i c l e .  The background vaa Less th a n  20 percent 

o f  th e  measured y ie ld  ( s e e  Table I I ) .

> . Secondary E f f e c ts

For th ic k  t a r g e t s  th e  h igh-energy  p a r t i c l e s  produced in  th e  ta r g e t  wvy 

undergo  In e la s t ic  c o l l i s i o n s  and produce f u r th e r  n eu tro n s . To c o r r e c t  fo r  

t h i s  c f r c c t ,  I t  i s  n ece ssa ry  to  know th e  nunbor, k ind , and e n e rg ie s  o f  th e  

secondary  p a r t i c l e s  wul th e  average number o f  neu trons produced p e r  secondary

i. • ..., :
: i  {• *.
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collision, 'flic corrections should be sc.ill and apply only to the hi^h-energy 

|.;:ilck*3 produced. It the coae of uraniun, luv-cnerjy neutrons ir̂ay cause 

further production by inducing fission; r.o attempt has been made to correct for 

this effect, farther| absorption of neutrons in the tarcet lias been neglected.

For dcuteronc incident on the targets, the secondary production vao cal­

culated only for the stripped neutrons pi*oduccd. The known stripping cross 

sections, ogjj, were used and tl»c N measured for 90-Mev neutrons vao used. The 

secondary production is then

ft* corrections varied from scro for thin targets to fj  porcont for a m g s  

thlckncub of uranium, the IdgMlt correction found. The correction iu only 

a lover limit, but under the assumptions made above lo certainly c°°d to 

within a factor of 2, If a reasonable value of N la uoed for 90-Mev protona, 

the correction for stripped proton production la nsgl1|lhl»»

For the 90-Mcv neutron boom the secondary production of the caaciuio 

neutrons produced has been calculated by MMKiBQr

(ft) TIwj cascade neutrons are emitted isotropically in the forward 

Imslophcre only,

(b) The mean effective enercy for production of the cuocudo ncUtronc 

is about ‘>0 to (it) Mev, Riviw» an averoce of fi • C neutrons per 

inelastic w l U  N |

and ainco o2tp " °2 “ °1* integrations i»ivc

(6)
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) T. e mean number of cascade neutrons produced per inelastic collision
Cl * 0,0 .

,*h‘; induction due to the fast effect and the absorption of neutrons has again 
cted, as ha* the production caused by the cascade protons produced 

in the target. Then the secondary production R # is given by

• o. A/ •ai\ -oxVU-X)2 4 a2 e - e dX (7)

where --AA. • ;AA.

l'x ■ 2  tan“^ ------- g j  (8)
lx - X)«/(* • *)2 + c2

; ' . n le1* effect due to the assumed angular distribution, and a, b, 

e ere - - metrical .constants of the target.

Pop the l6o-Mev neutron data, ofi vac taken equal to 10.

!.. Data and Penults

The data used in this report are presented in Table II. The standard 

errors listed art? those assigned from statistical variations of the data from 

,u;v*‘.-al determination*, plus the errors liGtcd in l>cc. II5» No corrections 

were applied except as listed in the previous sections, ar.d errors due to un­

certainties in the applied corrections and neglected secondary effects were 

not included in the final error assigned, except in the case of Li(l) and Be.
The calculated values of li and oyj defined according to Kns. (l) rndv(2) 

aw? 1 Uted in Table III and plotted in Figs. T and The values of IT and 

O jjji calculated from tlic definitions of Eos. (5) and (h) are listed in Table 

■ V. IV is plotted in Fig. 2 as a function of mean nucleon energy.

• • •
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P re v io u s ly  J .  £• Kin-\.y measured the number o f  neu tro n s produced p e r  

i n e la s t i c  c o l l  la  ion fo r  90**.cv n e u tro n s . His r e s u l t s  a rc  shevn In  F ie .  1 fo r  

cun.pariaon. Ho measurements o f  th e  in e la s t i c  c ro s s  s e c tio n s  e x is te d  n t  th e  

time o f  h i s  w ork, and he used  0 .$ 6  o f th e  treasured t o t a l  crooo s e c tio n s  f o r  

op. The sm all d if fe re n c e  between tlu? two v a lu es  f o r  uranium  io  com plete ly  

removed upon re c a lc u la t in g  K in sey ’s d a ta  w ith  o u r v a lu e  o f  o^. The f a c to r -o f -  

tv o  d i f f e r e n c e  in  H fo r  th e  medium -we ig h t elem ents canno t be ex p la in ed  by th e  

d i f f e r e n c e s  in  th e  in e la s t i c  c ro s s  se c tio n s  used in  th e  two experim en ts.

IV. ANALYSIS OF RESULTS

The y ie ld  o f neu trons from a  ta r g e t  bombarded by charged p a r t i c l e s  may 

• be ex p ressed

n » f  aU\ c*°nX dx (9 )
Jo

i

i f  secondary  even ts a rc  n e g le c te d . In term s o f th e  en e rg y , Eq. (9 )  io

so th a t  th e  q u a n tity  o ^ d E / d x ) ’ 1 g iv e s  u quick e s t im a te  o f th e  manner in  w hich 

th e  y ie ld  w i l l  vary w ith  energy f o r  d i f f e r e n t  p a r t i c l e s .  I f  the  s to p p in g  power, 

dli/dx , i s  ex p ressed  in  th e  u n i t s  Mev ( g/cm2)" 1 , th e n  (dE/dx)(A/A0 ) ,  where A io  

th e  mass number o f  th e  elem ent and A0 i s  Avogadro’s  number, i s  th e  s to p p in g  

power in  u n i t s  o f  Mev (nucTci /cm2 )"1 . The q u a n tity  [o ^ A d E /d x ))[A q/A ) i s  

l i s t e d  in  T ab le  IV und p lo t te d  in  F ig . 4. The s te e p r l3 e  in  the  curve, v h ieh
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begins near A • 230, Is probably caused by the onoct of fission; if the 2.5 

neutrons per fission are subtracted from N for 190*Mcv dcutcrons on uranium, 

the value of (o^^dE/dx) IfA^A) drops from 0.0246 to 0.0177; the latter value 

falln near a smooth curve through the other points. The &«iemcijus behavior of 

the lithium and beryllium points is probably a reflection of the small number 

of particles in these nuclei. and the fact that the predominant isotopes of 

those nuclei have one extra neutron.

It is important to cJte that Bince the stopping power decreases by almost 

a factor of two between carbon and uranium, the relative productivity of dif­

ferent elements is given more realistically in Fig. U than in Fig. 5*

The secondary processes in the targets may be important, particularly 

if the primary target is one range thick and backed by a uranium target. If 

the particles are deuterons, the total production in the primary target is 

given by

if the secondary production by stripped neutrons only is considered; here

for neutrons of approximately half the deuteron energy. For a primary target 

backed by uranium of thickness t, the additional production is given by

°2c C-’1(XJX) to (11)

om(d) 18 the cross section for deuterono and ffpjj(n) is the cross section

(12)

tt • •

so the total production is
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Y -  y + y8 •  W (d)(l - e CzR) + N (n )[(l - c ° lR ) -  ( o j / o j X l  -  e  ° zR)]  

♦ if (n )e '01-B( l  -  e '02BR) ( l  -  e 'o l t ) . (15)

T his expreoslon  n eg lec ts  th e  an g u lar d is t r ib u t io n  o f  th e  s trip p ed  n e u tro n s , 

th e  secondary charged p a r t i c l e s  and knock-on neu trons (im portan t f o r  lov-A 

elem ents)* and the high-energy secondary p a r t i c le s  produced in  the second ta r g e t .  

I t s  g e n e ra l form agrees w ith  th e  em pirica l form ula1 from th e  e x te rn a l y ie ld  d a ta . 

Table V l i s t s  the  c a lc u la te d  and observed1 y ie ld s  fo r  a one-mnge ta r g e t  w ith 

t  a 0 and t  ■ a>. The assumed v a lu es  of N were tak en  from F ig . 2 to  correspond 

to  deu terons o f 1J0 and 210 Mev en erg ies . The g e n e ra l agreement fo r  190 Mev 

i s  p robab ly  fo r tu i to u s . The discrepancy fo r  one range of beryllium  may be due 

in  p a r t  to  m u ltip lic a tio n  o f  th e  s tripped  neu trons in  the MnSÔ  plug a t  th e  

r e a r  o f  th e  tan k ; th e  c o rre c ted  value ( tj b o . 74 ±  0 .17) l i s t e d  in  Table I I  is  

probably a b e t te r  estim ate  o f  y0^ Q and agrees w ith  yCa lc  * O.65.

As i s  ev iden t from Eqs. (1 2 ) and (1 3 ), an e s t i im te  o f the neutron  produc­

t io n  in  th e  secondary ta r g e t  i s  b e s t given in  term s o f 02B/ (  dE/dx) f o r  deuterons, 

This i s  l i s t e d  in  Table V I. In  o rder to  compare th e  expected t o t a l  y ie ld  a s  a 

fu n c tio n  o f th e  ta rg e t  m a te r ia l ,  the r a t io s  o2s /(d E /d x ) should be m u ltip l ie d  by 

N (n), and aince th e  secondary ta r g e t  i s  u su a lly  uranium , 5 (n) fo r  uranium 

should be u sed . These numbers a re  given in  Table VI to g e th e r v i th  th e  sum

ff2s K») + 01J*dE/dx dE/dx ’

The v a rio u s  ra t io s  o f  th e  c a lc u la te d  and observed va lues are given in  Table 

V III . The c a lc u la te d  v a lu es  [<j2s/(dE /dx ) ]N(n), (o ^ / fd E /d x ) ] ,  and t h e i r  cum 

are  p lo t te d  as a  function  o f  th e  mass number o f  th e  prin&ry ta rg e t  in  F ig . 5»



UCRL-H706-16-

The figure clearly showsthut a target should be selected from either the heavy 

or the light element a. The calculated superiority of the light element* shown 

in Pig. 5 is not found experimentally as shown in Table VIII; the discrepancy 

may be due to the neglect of attenuation of the stripped neutrons (greatest in 

the light elements), or, more likely, may be due to the naivete of the calcu­

lations.
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Table I

Description of Basic Target Dimensions

Designation Description (incites) Density (g/c* ')

Uranium U(l) U-l/4 dia. cylinder 18*6
U(2) l / l 6  and l/fl x 2 x 2 squares
U 3) l / l 6  x 3 x 3 squares
tlC 41 l/Z  x 1/2 x 6 baru (m illed)
U 5 1 x 1 x 6  bars (m illed)
U(6) 1-1/8 x 1-1/8 x 12 bars (milled)
U(7) 1/2 x 1/2 x 12 bars (m illed)

Thorium 4-1/4 dia. cylinder n o

Lead 11.35
Cadmium 8.65
Molybdenum 4 x 4  squares 10.2
Copper 8.94
Aluminum 2.70
Carbon 1.8

Beryllium 4-l/U dia* cylinder 1*95

Lithium (1) 2 x 2  squares (ace pc* 4) 0.534
Lithium (2) 4 dia. cylinder

• t ••• •
• •  •  i  •• • •• •
* » •  •
i  i  •  •  •
i t  s i t  •



T u i« t TblefeMM

Siti ud Riwlti

i
Mrr^  fcm '  1 • «  *’ ’u '

A. I90»Wtv Omttrow N —

iKD 1/M 0.55* 0.066 0.266 * 0.005 9*5 ft 1.0 56.2 A 0.70 6.6 A 0.9 IT-? A 0.3 187
1/3 la. 0.5t>0 0.057 0.191 i  0.011 8.9 ft 0.6 55*9 ft 0.6 8.2 A 0.9 16.6 ft 0.1 180
1/1 la. 1.06 0.010 1.01 a 0.01 ft 0.9 35.8 ft 0.1 8.6 A 0.9 17.5 ft 0.2 170
1/1 Ia* 1.95 0.012 1.67 ft 0.02 V 1 ft 0.7 31.6 ft 0.1 6.1 ft 0.6 16.6 ft o . t 110
5/« t«. l . jo 0 2.10 t  0.O' 8.9 i  1.1 55.9 A l . t 7-6 A 0.9 15.6 ft 0.6 130

«U ) 5/6 in. *.53 0 2.25 i0.1V 8.9 ft 1.0 55.9 A 1.5 7-8 A 1.5 15.8 A 1.2 130
5/6 la. l .5 l 0 2.21 i  O.'iT 9.0 ft 0.9 3*. 3 A 1.1 W ft 1.0 16.0 ± 0 .3 150

uO) 11.07 « /•* 1.01 0.02 1.01 i  0.0) 9.2 i  l . t 35.0 A 1.7 8.1 A 1.8 17.1 ft 0.9 170

Th 1*0 La. , t . l i 0 2.05 i  0.07 6.1 2 0 . 9 31.7 ft 1.0 7.1 A 0.9 11.6 A 0.5 130
11.61 i/oa* 1.12 0.02 1.06 t  0.06 6.0 A 0.9 50.2 A t.S 7.5 A 1.5 11.6 ft 1.1 160
11.37 «/c«* 1.15 0.05 1.10 i  0.01 8.1 ft 0.8 50.8 A 1.1 7-1 A 0.9 11.8 A 0.5 160

f t 11.59 «/«■* 0.756 0.052 0.715 i  0.050 6.1 ft 0.6 21.0 A 0.9 5-6 ft 0.6 10.2 ft 0.1 160

Cd l t . t l  c/ca* 0.622 0.020 0.565 i  0.020 1.01 t  0.50 9.6 A 0.3 5-6 ft 0.1 1.5 ft 0.2 160

(to 1.0 U . 1.01 0 0.96 ft 0.10 3.6 ft 0.3 7.5 a 0.8 5.1 ft 0.7 130

Cu 11.16 c/ea* 0.126 0.021 0.595 ft 0.018 2.50 ft 0.21 1.0)• A 0.19 2.5 A 0.5 1.91 i  0.09 160
11.71 i/ca* 0.126 0.017 0.105 ft 0.020 2.26 ft 0.21 3.9€1 ft 0.20 t . t A 0.5 1.9 ft 0.1 160
1.0 la 0.78 0 0.75 ft 0.06 2.1 ft 0.5 1.2 ft 0.1 2.5 A 0.5 2.0 ft O.t 150

A1 11.91 |/ca* 0.506 0.015 0.266 ft 0.015 1.22 ft 0.09 1.22 ft 0.06 1.2 ft 0.2 0.56 ft 0.01 150
*-5/1 ia. 0.16 0 0.15 ft 0.05 1.3 ft 0.2 1.3 ft 0.1 1.5 A 0.5 0.61 ft 0.06 130
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fa*la XX

Dftta u d  ftaaulti (Coot.)

tUT|Vt IhlokMM
fc u n f • 1* 1' o jj , I

M*v

A. 190-MiV DcuUran 

C 7.67 f/0B*

Baaa (Coot.) 

0.187 0.025 0.158 a  0.011 0.70 ft 0.09 0 . I 7 ft O.Ol 0.88 ft 0.09 0.215 1 0.019 160

At 10.80 |/ca* 0.155 0.017 0.127 ft 0.015 1.15 ft 0.12 O.T3 ft 0.O3 
0.86 1  0.15

1.8 ft 0.1 0.533 ± 0.012 160
1 la. 0.91 0 0.71 ft 0.18 1.7 ft 0.3 2.C ft 0.3 0.37 1  0.06 13C

U L l )  1-1/2 in. 
U ( l )  6 In.

0.836 0.050 0.191 ft 0.012 0.89 ft 0.10 0.11 ft 0.03 1.0 ft 0.1 0.170 ft 0.011 170
0.71 t 0.12 ft 0.15 1.5 ± 0 .1 0.70 ft 0.23 1.9 ft 0.7 0.32 ft o . n 160

1 . BO-Mrr DtuUroa 

U(l) 1.0 la. 3.85 0 3.00 ftO .15 8.2 ft 0.8 31.2 ft 1 .6 7.0 1 1.0 11.0 ft 0.7 150

C. 5fO-N*r Dawtaroi

U(7) 1/2 In. 8.86 0.12 2.0/ ± 0.10 10.2 ft 1.0 58.8 ft 1.9 9.2 t  1.3 16.1 4 0.9 )00
1.0 In. 1.55 0.05 1.2a ft 0.15 11.5 ft 1.0 13.8 ft 1.8 9.7 ft 1.2 19.1 a  0.7 270

D. 190-Miv Ha* loo Bean 

Cd 6.10 | / cb* 0.113 0.063 0.350 ft 0.01 1.2  ft 0.6 11.2 ft 1.1 5.0 ft 1.1 3.6 4 O.k 150
12.21 ft/ea2 0.758 0.038 0.711 ft 0.07 1.5 ± 0.6 11.8 t  1.2 3.1 ft 1.0 3.8  4 0.1 koo

fa  20.8 g/ea* 1.80 0 1.8 ft 0.2 6.5 ± 0.9 23.1 ± 2 .3 1.2 ft 1.5 7.2 a 0.7 515

U 51.15 t/ca2 3.86 0 5.0 ft 0.3 U.O ft 1.1 18.1 ft 1.8 7.1 ft 2.3 15.9 ft 1.6 315

MU-8374



Table XX

Data and Reailts (Coot.)

Targst Thickness arnUi 7 R ®U
I

Mrr

1*

111

«U ) 1-5/0 la . „ 7.50 0 7.30 a 0.50 16.0 a 1.3 29.6 a  l . t 220
U(3 ) 61.55 g/e»l 4.4t 0.041 4.)8  a  0.19 17.4 a 1.7 32.2 a  1.4 280

94.4 | / « J 6.48 0.00 6.40 1 O.U 17.6 1 1.4 33.4 a  0.7 250
47. t  «/«■* 3.95 O.tH 3.71  1  0.00 18.3 ft 1.7 34.8 a  0.7 300
15.6 i/ca* 1.17 0.50 1.79 10 .07 16.7 ± 1 .7 31.8 a  1.2 320

Th 3*. 4) g/aa2 
62.14 g /c rr

x- 0 0.068 1.90 1 0.10 13.3 i  1.4 24.4 a  1.3 320
3.87 0.041 3.83 1 0.24 15.0 i  1.6 27.4 a  1.7 300

Cd 50.V1 t/<** 
61.4) f /c a z

1.17 0.065 l . U  1 0.04 6.85 i  0.68 7.33 a  0.26 300
1.9b 0.051 1.91 l  0.10 6.44 i  0.64 6.89  a  0.36 270

Cu » • »  « / c ? O.690 0.059 0.631 l  0.040 3.41 i  0.37 2.46 a  0.16 300
59.02 f/c* 2 1.20 0.026 1.17 t  0.04 3.50 i  0.30 2.52 a  0.09 270

A! 18.8 g /c t2 0.501 0.053 0.320 1 0.040 1.40 t  0.22 O.58 a  0.07 300
57.5 g/e*2 0.68** 0.016 0.666 1 0.042 1.69 i  0.17 0.66 1  0.04 260

MU-8378

Tabla II

Data and Results (C o rt.)

Target Thickness II II
Pn Bgd

7 R n »

F. 90*Hev Neutron Dai

U(4) 1/2 In . 1.4 0.01) 1 .4  a  0.4 12.4 t  5.8 25 i 6
1/2 in . 1.26 0.03 1 .2 ) t  0.12 10.9 1 1-5 21.0 i  0.7
1 in . 2.36 0.03 2 .3 ) i  0.24 11.0 ft 1.5 22.0 t  0.8

U(5) 1 in . 2.46 0.03 2.37 l  0.25 11.1 ft 1.5 22.2 ft 2.2
U(6) 1-1/8 in . 2.00 0.03 2.68 ± 0.23 11.4 ft 1.6 22.0 ft 0.4

3-3/8 In. 7.35 0.03 6.84 ^ 0  1 12.4 ft 1.6 24.0 ft 0.4
6-3/4 la . 10.7 0.03 9 .8  1 1.. 12.2 ft 1.4 24.4 ft 0 .)
10-1/6 In. 12.2 0.03 11.1 i  1.2 12.2 ft 1.4 24.4 ft 0.4
14-5/3 in . 12.7 0.0) 11.4 i  I . ) 11.0 ft 1 .) 2).6 ft 0.8

Cd 1-3/8 in . 0.47 0.013 0.46 t  0.05 2.6 ft 0 .) 3-1 ft 0 .)

Cu 2-5/8 in . 0.86 0.013 0.85 t  0.09 2.2 ft 0 .) 1-9 ft 0.2
1-5/16 in. 0.426 0.013 0.41 t  0.04 1.9 ft 0 .) 1.6 1 o . t

k l  4-1/4 in . 0.252 0.013 0.24 1 0.02 0.91 ft o . u 0 .4 ) ft 0.04

C 6-13/16 in . 0.303 0.01) 0.29 i  0.0) 0.92 ft 0.12 0.22 ft 0.02

G. 160-Mev Neutron Bean

U(6) 2-1/'4 in . 6.6 0.4 5.8  t  0.04 14.2 ft 1.4 20 i  3
5 lc . 11.2 0.4 9-6 t  1.1 15-9 * 1 .6 27 t  3
9 in . 16.4 0.4 13-7 1 1.6 15-6 ft 1.9 30 1 3
15-3/4 in . 17.9 0.4 14.7 a  1.0 15.1 ft 1.8 29 t  3

M U -8376



Table XIX

Avaraga Valuci of H, ajg, I 1 and ow .

Kl—ant Particle
Incident
Snaray
(Mw)

i •l* I* 0U .

Uraniua DauUron 190 9*1 a 0.3 34.9 10 .9 8.2  * 0 .6 7 M  * 0.8
2>0 8.2 a 0.8 51.2 * 1.6 7.0 * 1.0 14.0 *0 .7
320 10.8 « 1.0 41.3 * 2.5 9.6 ± 1 .2 16.9 * 0.7

Proton 340 17.2 l  0.8 35.0 * 1.6
BP loo *•90 11.0 1 1.4 46.4 * 4.8 7.6 * 2.5 15.9 * 1.6
Bautroo 90 11.0 i  1.) 22.0 * 2.5

160 14 ± 2 27 * 5

Thorlua DauUron 190 8.1 i  0.8 30.5 * 1.0 2.6 * 1.0 16.8 * 0.9
Proton 340 14.1 ± 1.2 25i9 1 M

Ua4 DauUron 190 6.1  i  0.6 21.0  * 0.9 5.6  * 0.6 10.2 * 0.6

Tastalua a*9 loo *90 6.5 1 0.9 23 * I 6.2 * 1 .5 7.2 * 0.7

Cadalua DauUron m 6.01 * 0.50 9.6 *0 .5 5.6 * 0.6 6.5 * 0.2
Proton 340 6.65 i  0.6 7.1 ± 0 .)
B*3 loo * 0 4.4 i  0.6 11.5 a  l.o 3.0 * 1 .0 5.7 * 0 .6
Bautron 90 2.6 i  0.6 3.1 * 0.5

Coppar DauUron 190 2.28 * 0.20 6.0t * 0.20 2.3 * 0 .3 1.96 0.09
Proton 340 3.5 10 .3 2.69 * 0.08
Bautron 90 2.0 * 0,3 1.7 *0 .2

aliwrfm— DauUron 190 1.22 * 0.01 1.22 * 0.06 1.2 * 0 .2 0.58 *0.06
Proton 340 1.59 1 0.15 0.62 * 0.06
Bautron 90 0.91 i  0.1« 0.65 * 0.06

Carbon DauUron 190 0.70 i  0.0, 0.6? * 0.06 0.68 * 0.09 0.215 t  0.019
Bautron 90 0.92 1 0.15 0.22 * 0.02

B ary lllua DauUron 190 1.65 i  0.12 0.73 * 0.03 1.8 * 0 .1 0.333 * 0.012

L ith lun DauUron 190 0.89 1 0.10 0.41 * 0.03 1.0 * 0 .1 0.170 * 0.011

MU-8377
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Table IV

Ratio of ô jj to  Stopping Pover of Charged P artic les

Element 190-Mcv deuterons 340-Mev protons 320-Mev deuterons

U ranlum O.U248 0.0509 0.0417
Thorium 0.0222 0.0408
Lead 0.0168
Cadmium 0.0116 0.0192
Copper 0.00746 0.0105
Aluminum 0.00455 0.0054
Carbon 0.0034
Beryllium 0.0076
Lithium 0.0055

Table V

C alculated and ObserVed E xternal Neutron Y ields fo r Deuterons

Tai''''e t  5(1) H(n) yca_ y0b8 t  *coi f  Yoba
U*0) (in.) (t=a)

A. lyu-Mev Deutcrcnc

Uranium 'L l 9.0 2.38 2.34 ± 0.07 305 3.32
Thorium 8.1 7.0 2.15 2.14 * 0.06 3.16 2.95
Copper 2.28 1.6 0.72 0.78  £ 0 .0 8 2.02 I .90
Aluminum 1.22 -.7 C.42 0.46 ± 0.05 1.88 I .90
Carbon 0.70 0.7 0.30 — . 2 .30 2.3
Bery Ilium 1.45 0.7 O.65 0.91  i  0 .09( 7) 2.88 2.90

B. 5H0*,Mev Deuterons

U ranlurn 10.8 16 6.2 (6.7 + 0.2) 8-1/2 11.1 9 - ± 0.3
Curban 0.83 1.3 0.7b 1.2 ± 0 . 2 10-1/8 7.5 4.3 ± 0.2
Beryllium 1.72 1.3 1.3 1.9 ± 0 . 2 8-1/2 7.9 "

,« • • • • • • • • • • • • • • | . I « • III • « I • •• • •• « I • • • » • • • • • •
• I *«« | IK ♦ • «* • I • ••



Table VI

Ratio o f S tr ip p in e  Crocs 8cction  to  Rate of Energy Loss fo r Dcuterons

Element °2s . 
(barns)

190-Mev deuterons 
®2s/( dE/dx)

320-Mev dcuterons 
02s/( d E /^ )

Uranium 1.70 0.00127 0.00274
Thorium 1.76 0 . 0012G
Lead 1.6^ 0.00130
Cadmium 1.16 O.OOlhO
Copper 0.91 0.00172
Aluminum 0.55 0.00197
Carbon 0.U2 0.00306
Beryllium 0.32 0.00332
Lithium 0.30 0.00402

Table VIi

R atio  c f  S tripping  Crocs Section toJ5toppinc Pover 
of 190-Mcv Dcuterons M ultip lied  by ll(n) fu r  Uranium

Uranium O.OlUO 0.0388
Thorium 0*0141 0.0363
Lead 0.014) 0.0311
Cadmium 0.0154 0.0260
Copper 0,0109 6.0264
Alumi num O.0217 0.0263
Carbon 0.0337 0.0371
B eryllium 0.0366 0.0442
Lithium 0.044) 0.O490
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Table V III
C alculated  and Observed Ratios o f Y ie lds fo r 190-Mev Deuterons

Observed Observed
Element oiN

dE/dx
Primary 

Target Yield
° 2s

3ETEL
Secondary 

Target Yield
Sum Observed T otal 

External Y ield

Uranium 1.000 1.000 1.00 . 1.00 1.000 1.000
Thorium 0.(395 0.915 1.01 O.63 0.935 0 .b )
Lend 0.676 — 1.02 - - 0.801 - -

Cadmium 0.1*60 — 1.10 - - 0.721 - -

Copper 0.301 0.334 1-35 1.35 0.680 0.57
Aluminum 0.103 0.196 1.55 1.69 0.677 0.45
Carbon 0.137 — 2.41 - - 0.955 0.57
Beryllium 0.506 0.509 2.62 2.02 1.140 0.67
Lithium 0.222 ? 3.16 ? 1.203 7
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Figure 1

The near* imber of neutrons produced per inelastic  collision of an 
incident particle  ;• _y. (1) of the tex t vr. lass ; i*or A.
of the target. The values of ?! for 90-Kev neutrons fron th is report 
and Kinsey1 s experiment are not directly comparable because d iffer­
ent ine las tic  crosr sections were used} correcting his cross section 
for uranium brings his value down to 11 but does not remove the d is­
crepancy at copper and the a parent discrepancy near A ** lin .
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The lean router of neutrons produced per in e la s tic  c o llis io n  of an 
inc ident nucleor. as riven by Eq, (3) of the tex t vs. neir. nucleon 

. Joints aw l r uranium) • fo itn 9 copper and iluninun
ta r gets. The » ean energy was taken to he the energy of the nucleon 
(o a rt le le  energy divided by nunher o f nucleons in  the oar t id e )  a t 
the middle of t ic  ta rge t* The varia tion of energy fo r the cane 
^ a r t ic le  is  the resu lt o f using targets o f d if fe re n t thicknesses. 
The tala fo r the lov-A d a ie n tr  fron ?0-!'ev neutrons a pear to be 
syata a ic a l ly  lew as co nared w ith  the trend fo r uraniur.#
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The cross sec tion  fo r  producing one neu tron  as given by Eq, (2 ) o f  
the  te x t  vs. mass number A o f  the ta rg e t.
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.1 1-llJ______I___L. 1 .1 1.1 11110 KX)
MASS NUMBER A

I poo

MU-ISM

Fin irc I4
The ratio of tc stooping power per atom for charged particles as 
a function of tne target mass number. The points should be roughly 
Droportional to the neutron yield from targets of one range or less 
thickness.
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Figure 5

The auantities [ a Q^/(d^dx)], I o 2 s /(AE/tix) 11! (n) ,  and their sun for 
190-Kev deuterons as a function of t l«  target -ass number. The so lid  
dots are (r™/(dE/dx) and should be roughly proportional to the y ie ld  • 
from targets up to  one range thick; the open dots are ( Opg/CdE/doO^fn) 
(where TIfn) i s  the average nunber of neutrons produced when a 60-*'ev 
neutron 1ms an in e la s t ic  event in uranium) and should be roughly pro­
portional to the y ie ld  from a primary target of mass number A. backed by 
a th?ck uranium secondary target. For.comparison with observed resu lts , 
see Table VIII, : i ; i ‘ : I
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