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Formulae for tie f!onwwvatkn .OX14nerzy and Wmmtm. in Nuclear Reactions.
-/.

1.. Scattering.

h incident nucleus of’ maw ~ and energy ~~ is scatte~ W a

target nucleus of ,massHz initially s.trest. Figure I illustrates a

scattering of this kind, the left hand side representi~ the situation

shortly before, the right hand side the situation a short time after the

collision. For the discussion of the system after the collision we need

some additional notation. Tfethe~efore let ~ and @ denote the enerq!

and scatterjry angle of the incident nucleus, k> and .V the corresponding

data for the tar~et nucleus, and- and /M-= the respective scattering

cer.terof gravity systert.

/7

# 4

;

I / I

Since the ri-~:lit hand side of Ti~ure I represents the situation a

given time after the collision, the sides of the two triangles are cle~rly

proportional to velx+ties. specifically we have:

me side (~~) z to the velocity of the incident,nucleus,

the side (#x#x) z to the velocity of the t:’.rsct‘~uc~.?’~~j

the side (flz~) ~ to the velocitj~of the center of ;ravity of the

9y3tem,

the side (c~) zto the nlocity (ifithe.:centerof gravity system}

of the incident nucleus, and

t~Leside (C## \ ~ to ~ne ve].ocity(in the center Of graVit;TSJr9tem)

of tne tar;jet nucleus.



,.. ,.”

!)ncethe ab&e-mentioned velocities have been fowx? t:+eproblen is

I
essentially solved, for it has then been reduced to the application of

trigonometric formulae to tie tw t.ri~(~.;le.s irl F;,yre 1.

In the derivations which follo’:w shall use the fol.lowi~ basic

formulae’frequently: .

Using the formulae qiven above we can readily construct the fo’ lowi~~g

t-m tables. Tn tp,ete we Understmd ‘)ythe center of ;:rcvitythe whole

two-pa~ticle system re~arded as one with its imss concei~trated at the

center of gravity.

Table I. !?efore the collision (laboratorysystem}.

%rticle :’azs .%ergy :;omentum Ve;oci.ty
IncMent
nucleus ~ & D? ~.

‘?ar~et
nucleus 4 ~ ~ ~/zg

1

its



“.? system is conserved the collision does not c.ffect the center of zravit~.

..

C* IWO of the required veloc~ties have to be e.xpreasedirla
,,

requires

m,,

differen<

coordinate system, viz. the center of ~;ravitysystem. In this system tl!e

momenta of the two .Particleshave the sme magnit[lde. ‘;e denote t!lisbyM.

the total energy of the tm partic’.eslesst~e encr~ a:?soc?atedwith the
i-

oenter of zravity. ‘,’{it);this in rind we cm write down the following

equation, the solution of whici~ will em!>le lX to co:lst~~ct Table IIT:

,.,,,,:,

or

(D)

well as before the collision. *,
w,’=——” =t

wm,+~L
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To simplify tke trigonometric calculationswhich

the following notation:

follow we introduce

{l-. J.)
e~a

‘~ =/2#+ H=)
~ Z&_~z=[q+fl=)a “2’

We also redraw Figure I [see Figure 11 below) and assign lengths .

to the sides of the two triangles, proportional to the appropriate

velocities, which are now available in Tables I, 11, and 111. Since we

are going to discuss the upper and lower triangles in Figure II separately

we need not use the sane factor of proportionality. It turns out to be

convenient to

fi
H

for the.

use the

lower.

Figure 11

t’-3 forfactor ~ the upper triangle and the factor

.

y/!!
Using Figure IT and the law of C0sine9 we Obtain:

and using the law of sines and the relationshi~ a s b cos C + c cos B> :

(1.f+)

(1.5) ‘Jo ~ “m “flfi ●.. .. .-. ....” . . .. ...-.
-......_.:,.._-

(1.6)
~==’”z??=c~~---’”~” ““ “-’-’---’’’’”’--’”’- ‘ ‘“”-

(1.7) ‘“’” ‘-~$~ “ ~

~~ecan now elimimtea between (l~2)and (106)~ between (103) am

(1,7), arid between (1.4) md (1.5), awl a&Mne (1.2) with (1.4) d (L3)

with (1.5), obtaining:
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&%&’?&= ‘

ForimiLae(1.8), (1.9), and (1.10)cm also be obbained from the set

of eqyations given below, which is a straightforward statement of the

laws of conservation of energy and mnmentum. Rut to proceed from this sei

would be much more clifficult●

Note. ~f the

it can scatter with

depending on how it

incident nucleus is heavier

two different ener<ies in a

was scattered in the center

than the tar~et nucleus

given direction 4 ,

of gravity system, TIE

&;ioenergies are referred to as the slow and the fast component of the

scattering
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2* Reactions.

-. .

/lnincidentnucleus of mass ~, and energy Ed reacts with a target

nucleus of mass ~z initially at rest, giving rise to two mlclei of

masses ~ and fig, where ~ denotes the heavier nucleus. The energy

released in the rcation is denoted by ~, wiich in the case Q is negative

is interpreted as the energy required for the reaction.

to take 4+M2 ‘~,+~’even though this is strictly

correct, the mass defect being 4/931.

Figure III illustrates a reaction of this kind, the

It is custonwry

speaki~~ not

left hand side

representing the situation shortly before, the right hand side the

situation a short time after the reaction. For the discl~ssionof the

systen after the nuclear reaction we need some additional notation, 1,1,te

therefore let & and #denote the energy and scattering angle of the

heavier nucleus, ~ and ~the corresponding data for the lighter

nucleus, and ~ and /8U-~ the respective scatteri~ angles in the

center of gravity

Fi~re III

I

Since the right hand side in Figure

~iven time after the reaction, the sides

111 repres&ts the situation a

of tie two triangles are clearly

proportional to velocities. Specifically we have:

‘Ikeside (M?=~) N to the velocity of the heavier emerging nucleus,

the side (~#2)N to the velocity of the lighter energi~~ nuc!eus,

Me side (m4 c j ~ b the velocity of the center of gravity of the

system,
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of

of

the side (C~) xtcI t;ne velocity (in the center of gravity system)

the heavier nucleus, and

the side (<~~)zto t;;evelocity (in the center of gravity system)

the lighter nucleus.

~)ncethe above-ffie~tioned~elocitieg have been found the problem is

essentially solved, for it has tlnenbeen reduced to the application of

trigonometric formulae to the two triamjles in Hgure 111.

He repeat here Formulae (A) and (!3)which will be used frequently

in what follows.

(A) }fioment~ = ?wjAssxZncrgjyq ‘inerSy= (!<omentum)2/2-l!ass,

(5.) Velocity S Uomentum/!Iass3 Mxnent.um=

. tTsingthe above formulae we can reacti%yconstruct

tables in which we understand b;~the center of gravity

the following two

the whole system

regarded as one with its mass concentrated at the center of gravity.

Table V. After the reaction (laboratory systen).

:article Mass Energy Momentum VelQcity
Heavier I
nucleus i~ 6 m &z-

Ligjlter
nucleus N~ + m , /&kz

Center of
:ravity @~& &:Z&& m



io

The entries for the center of .Iravi.tyin Table IV are derived from

..

its known mass ~,*Z2 and l’ron the fact t+at itsrnomentum in this case

is simply the sum of the individual momenta. Since the momentlm of the

system is conserved the collision does not affect the center of gravity.

me entries for the center of gravity in Table V are therefore identical

to those in Table IV, except that *~*@ has been rwkced by ~ +M~ ,

TWO of the reqyired velocities have to be expressed in a different

coordinate system, tiz. the center of ~ravity system. !’.’edenote this

magnitude by~ . In addition, the total energy available in this

coordinate system equals the total energy of the two par~icles less the

energy associated with the center of pravity. However, energy is not con-

served in the case of re~ctions, the total energy of the two particles

bei~ ~~ before the reaction and &@=~after. ;;ecm now write down

the equation forM , tk]ecommon momentum of the two particles emerging

after the reaction:

(c)

the solution of which is given by

(D)

!Ye can now constrwi at~ble, which applies to the system after the

reaction has taken Tlace.

Table VI. After the reaction (center of .wwvit’r .wstem)..

Particle Mass
Heavier
nucleus G

Li~hter

nucleus Ha

Center of
vravikv &H~ ~ o



To simplify the tri~onometric calculations wnic!Ifollov we introduce

;}!ealso redraw Fiqnw TIT (see Figure TtJbelow) and assign len@hs

iKI the sides of tiletwo tricuqles, proportional to

velocities now avsilable in Tables IV, V, and VI.

tn discuss the upper and lower trianqles in Fi_gure

the appropriate

Since w we going

ITJ sc~srztely we nmxl

-—____ ,,



3.2

.to can now elhinate~ b>bux?n(2.2) and (2.,6), between (2.3) tind (2.7),

:.!ndbetween (2./4)and (2.5), obtaining: I

>.

e
a@r:

:~n.i

‘he r~lstive intensities J/~/f6):it)dxf~/[&a?e ‘iefingd below

are obtained by different.i.sting(2.4) and (2.5) regmiing &&

were

(see

‘!’hevalues of?4?used in this report are uncertain since they

cotr.putedfrom Me cxperi.mantal masses Of n, p, D, T, He?, azxjHe4

page lJ$).Ueverthelec.sthe tables anq fi.m-eo in this report maybe used

(’or modified values of ~ uain;:the

suppose 4’ for the reaction D

‘.+
)

used in this report.

+ Den +He~+ Q 5.sactually

Zce also note uder formula (1.14)●
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(See the Figure with number corresron,iin~,to +,he
Table number for the graphs of tbe tabuhted functions.)

T%ble 1: E1/F~ C$ a function of @ for various M2.
%ble 2: E@ as a function of @ for v:,riousU2,

?Table 3x I~Q) 1(0) as a function of’ ~ ~or various
Tsble 4: e as a function of # for vmious M2. ~

scatteri~,: Ml n 2.

Table 9: E~E@ as a fuiictionof 0 for vzr~.ons }!2.
Table 1!.):EYE as a function of # foe w.rious ?[2.
Table ~: 1(-Q)?I(@)as a function of e for v~ious
Table 12: e M a fIM3ctiioaOf @ foT V-WiOUS 1’2. *

S03tteririg: xl z 4*

Table 13t E@o m a function-of e i’orvai+.ow X2.
Table U: E

P
as a function of # for w.rims l;~o

Table 15: 14)91(8) as ~ function of e for vmiovs
Table 16~ 0 as a function of # for v~rious U.. ~..

. I

Particle LiaSs

I .00}:93
1.00812
~eo~72
3.01703
3.01703
4.00387



INDEX OF TABLliS(con’t.)

~ D+ D+p+T +3.98 Miv.

~%,?
Table 17: d~~ as a function of @ for various ~.

.- Table 18: 1(~)/1(6) as a function of 6 for various ~.
Table 19: E2/W and 1(~)/1(#J)as a function of # for various ~.

Table 20: 6 and~as a function ofd for various ~.

q Table 21: .fZas a function of e for various ~.

4 D+ Den +He3+ 3.24 L!&T.

Table 22: ~/@as a function of e for various ~.
Table 23: 1(~)/1(9) as a function of e for various G.
Table 24: i32/~ and I(a)/l(~) as a function of # for various do.

Table 25: f3andaas a function of d for various ~.
Table 26: n as a function of @ for various &.

!)+ He3+p +He4 + M.40 ‘L!EV.

Table 27: El/ET and 1(~)/I(e) as a
Table 28: E2@Tan5 I(fi)/1(~)as a
Table 29: 43 ard C us a function

function of efOr vwious E..
function of #for v.~riouslZ~.
of d for vmious Hn.

Table 30: ~ a~ a function of e for ~~rious Ec,& ‘J

D +T + n + He4+ 17.60 ?’YV.

Table 31:
[

E1/ZT amt 1~~/I(e) as a function of ‘for Vdrims E~.
Table 32: Ea/j3Tand I 4j/J(#) as a function of # for various EO.
Tzble 33: ‘e and ~ as a function of @ for v::riottsE9.
Table 34: Q CSa function of e for vaious EO.

p+T~n+H~_@.761~e

Table 35: ~ /E as a function of.s for vsious 3..
Table 36: I~s)~I(@) as a function of e for various EO.
Table 37: EO/ET and 1(-@,/1(~)as a function of # for various Eo.
l%ble 38: ~ and AQ3 Q function of + for various JO.
Table 39: _fZas a function of e for various EO.

Rutherford Scatterin&

‘J’able 4(3: Relative Partial Crossections as a function of ?<l/?.f2
for various e -Intervals.

RGW e-F~er~ Relationg.

15

t

Table @.: Range of p and-He4 particles as a function of ener~y for
various nuclesr research emulsions.
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Fig. 7 (See Table 7)
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Fig. 10 (See Table “IO)
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Fig. 17 (Sea Table 17)

o

0.

—

. .

. ..

:



54

:*..

,-”.7.

.;q

— ..- .. ----- -.. ..U .. _,.. \ .
i



55

;
●

.,
.,

.

w



5

Fig. 1> (See Table19)
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Fig. Za (See Table 23) I
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Fig. 23b (See Table 23)
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Fig. U (See Table 2L)
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Fig. 25a(Sea TabZe 25)
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Fig. 26 (See Table 26)
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Fig. 27a (See Table 27)
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Fig. 3Ze (See Table 32)
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Fig. 32b (See Tablej2)
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Fig. 33a (See ‘S’able 33)
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Fig. 33b (See Table 33)
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Fig. 3~ (See Table 3.L\

;



.

n

od

gr+n

a

/ @
oa

v

o
K

=

A
d

.
6



?7

1“;?..

,.*e---



.

.

-.



a)

I



.



.’.‘ ,r;
*.

cm

0.7

o.517--;+++!.-!*;

0.2

\ ,wl+j+j+.4&}-\/.. . . .., ..,,,

++--+-.-+4-4-+--s

6



102
Fig. 36a (See Table s6)
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fig. 373 (See Table 37’)
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Fig. Yb (See Table ~)
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. . h’eare indebted to W. C. F. iowell and his collea~es of
the H. 1[.;;ills;hysical laboratory, llniversit.j~of %istol for the
followin:~ data:

7. r:. G. l.attes,P. H. Fovler zn~.1I’.Ltier
Bristol, January 1947.

iner.gy
(Mv)

%mge of protons .Rangeofo(-prticles
(ricrons) (microns)

1;:;

26.0
LQ.O
56.5
75.0
?7.0

120.5
146.0
1.73.0
zr-jz●O
234.0
269.~
306.0
345 ●0
385.0
424.0
469.0
515.0
564 .f)
614.0
666.0
720.0
776.0
$34.11
?95 .(:

1135.@

?recision in the ran~e from 2 to 13 MN, ~ ~. +%3xtrzpolated -

These figures appl~~~lSO to B.2, Cel ~nclC.Z teypese For E.I
the rarge for a ~iven energy is about.,1% less than ti-ieVLIUC stated.

...,. Zxtr:ipblatedvalues.
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