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“ABSTRACT

Direct nucleon-nucleon collisions play an important role in high-
energy nuclear reactions. The importance of such collisions at lower
eﬁergies is ﬁot clear. To aid in the in_terpretation of nuclear reactions, we
have analyzed the collisions between an incident nucleon and nucleons in a
Fermi gas by means of the impulse approximation. The treatment given/here
is based on information from nucleon—nuclgon scattering experiments.
Collisions inside a nucleus are considered to be the same as those in the un-
bound state at the same center-of-mass enefgy, except for the effect of the
Pauli exclusion principle. The effective elastic and inelastic cross section,
<0>, between like and unlike nucleons is comput;ad for incident energies from
10 Mev to 6 Bev at several values of the Fermi energy. The properties of

the struck nucleons in allowed collisions are also calculated. This information

may prove useful in interpreting some recoil experiments. Analytical expres-

_sions for <0’> and quantities related to the struck nucleon are given for

elastic collisions in which the scattering is isotropic and the free-particle

- cross sections are either constant or vary inversely as the bombarding

energy.
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"ACCORDING TO THE IMPULSE APPROXIMATION
Thomas P. Clements and Lester Winsberg
Lawrence Radiétion Laboratory .
University of California
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August 11, 1960

INTRODUCTION

The processes that occur during a nuclear reaction are not well

known.. . One usually assumes that the collision between a high-energy particle

and a nucleon inside a nucleus is essentially the sameé as in the unbound state

‘at the same center-of-mass energy, except for the effect of the Pauli exclu-

sion’pfinciple. In line with this "impulse approximation", information |
obtained from p-p, n-p, and w-p scattering experiments has been used in-
the analysis of nuclear reactions induced by high-energy particles. L. This
type'of analysis has been successful in interpreting the .a.vailable information
on reactions induced by particles with energies of 1 Bev or less. However,
serious discrepancies appear at higher energies. ™’

An analysis of nuclear reactions by means of the impillse approxi-
mation would be facilitated if the values of the effective collision croé.s sections
<0> of neutrons and,protons inside nuclear matter were known atvall energies.
This information would be especially helpful for a‘ study of the simpler re-
actions in which one or at most a few nucleons are emitted. The distance the
incident particle pene’frates the nucleus and the probability of escape of the

collision products could be directly calculated from the values of <O’> . The

experimentally determined values of the cross sections, angular distributions,
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and kinetic energies of the products of the simpler nuclear reactions.could u
then be_corﬁpared w.i.th thevresults of a "one-step" calculation. +In the calcu-
lation of.Metrop.olis et al, ',‘ these reactions are treated aléng with all the
other reactions that occur.

The values of <0'> have been prévioﬁsly estimated over a restricted
range of incident e_nergies, usually limited to cases in which the scattering
is isotropic in thebce'nter—of.—vmass system. 3-9 Thev analytical solution of the
general case is very complex. For this reason we have computed <0> on the
IBM-701 computer, by means of the Monte Carlo ﬁethod, -for incident energies
from 10 Mev to 6 Bev at several values of the Fermi energy. The nucleus is
assumed to consist of neutron and proton Fermi gases. Collisions between
two prbtons and between two neutrons are considered to be e;qui_va.len’t° In
addition, we have calculated various quantities related to the momentum of
the struck nucleons in allowed collisions. This information shogld prove: ..

useful in interpreting some recoil experiments:
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- CALCULATION
In Part A of this 'se_ction we touch briefly on the kinematics of
nucleon-nucleon collisions. In Part B we present analytical solutions for <0> and
the quantities related to the momentum of the struck nucleons for elastic

collisions in which the scattermg is 1sotrop1c in the center-of-mass system,

and the free partlcle cross section elther remains constant or varies inversely

~ with energy. The latter type of cross-section dependence occurs below 150

Mev for both p-p and n-p collisions. Above this energy the élastic p-p cross
section is nearly ‘constant until about 1 Bev. - In Part C we consider the in-

elastic collisions. Part D of this section describes the machine computation.

-A. Kinematics of Nucleon-Nucleon Colli's'ionslo

The collision between two moving nucleons in the laboratory system -

is shown in Fig. la. The momentum vectors are denoted by _p\ "The sub-

scripts 1 and 2 refer to the incident and struck particles respectively. The

collision angle, cg, is the angle between —51 and'ﬁz, The direction of motion

of the_ center of mass is EB, where C is the midpoint of AB. The initial

trajectory of the two nucleons in the center-of-mass system lies along AB;

: —
the momentum of the incident particle in this system is given by AC and that

of the struck partlcle by BC as shown in Figs. la and 1b. Quantities in the

—_—

' is the momentum

~vector; 6' is the scattering angle; and}.(b’ is the azimuthal angle, i.e., the
~angle between the planes ACBD and AFBE. The angles a' and x' will be of

.interest in the discussion of inelastic collisions (Part C below). After the

—
collision, the incident particle is moving in the direction CF and the struck

. ' —_—
particle in the direction CE, in the center-of-mass system. An inverse
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Lorentz transformation gives the final energies of the nucleons in the labora-
tory system. The schematic repre‘sentati’onv of the ‘transformation as given
~in Fig. 1 becomes distorted at:relativistic energies.' - '

| For elastic collisions between particles of the satre rest ‘rﬁaSS,”{

m;, the final energy of each particle is given by

E. +E E -E | PP,

1 72 1

+ — 2 ‘cosf' % sinw sinf' coséd', ~ (1)

Efinal =~ 2

where E. and EZ are the energies of the incident and struck particles v " v -

1
riespectively .and. . A-= .y'lyz,—plpz cosw. The ‘incident energy, El,' ‘is defined
here as the energy of the incident particle inside the nuclbeus, i.e. t?lvne_'.}sum of
its,e‘nergy outside the.;m.lclleu:s, and the energy of the potential well. For -our
purposes it is unnecessary to specify either of the latter two quantities,
merely their sum. .In this papeér velocities, denoted by B, are in units of c,

. the velocity of light; momenta, p, are given in units of mgc, ‘and the kiﬁetic

&

energies, E, in units of m, 2, 'Wher:e.mo' is the free nucleon mass. The
total energy of a particle in these units isvy = 14E. The '+ sign of the. second
bar_ld third terms in Eq. .(1) is for the. incider;t"payficl‘e‘, ‘and the - sign is for
the struck particle.  Similar equa'tions for the inelastic case will be given
below. . |

The effective nucleon-nucleon collision cross section inside nuclear

matter is given by.

<G> = %fff%g '.P(PZ).dpz dCQTSQJ %% ('E“y:_el) ae, _ (2)

where ' B and E" are the velocity and kinetic eﬁeréy respectively of the

[N

incident particle in the coordinate sﬂyétenﬁ of the struck particie, P(pz)dp2 s

i~

@
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the d1str1but1on 1n magmtude of the momenta of the struck partlcles, do /dQ

is the d1_ffevre_nt1al>_ cross sect1»o»n, and E" equals A - 1. The normrallzat_lon :
factor 1/2 az:i“ses.'fxz'om:.‘.the i_ntegrat;ion with respect to cosw between +1 and - 1.
The other_iimits of integration are setiby the requirement that the emergy of
each‘product of the collls1on be greater than the Fermi energy, EF . For-this

purpose we set Ef inal equal to EF in Eq. (1) and in equivalent expressions-

for inelastic collisions.

The averé.ge Value of any variabie x in permitted collisions is

where <0‘x> is obtained from Eq (2) (or Eq. (4) below) by puttmg x under.

the integral s1gn_.

B. Analytical Expressions for Isotropic Elastic Scattering

For isotropic. elastic scattering, Eq. (2) reduces to

1
- Pr . = -
‘1 v,A o d cosw
o > Y +1 (1-2F+E, /E )p(pz)dp |\ [T, 2 1/2°
1 p1 +p2+2p1pzcosw

(4)

where we have F erF/El and o, the total free-particle scattering cross

section, is a function of E''. The lower limit of the first integral sign is zero

for E1 /ZE "For E, < ZEF, we have E, = 2E_-E In either case the upper-

F ‘1 2 F ™1

limit is p'F, the Fermi momentum. For a Fermi gas, we have

o 2. 3 .
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.

The quantities '<0> and <x> can be Zexpressed as poWer series iﬁ F.
For relativistic energies, F isf.smalul and only the first term is éigﬁificant.. N
For nonrelativistic eﬁergies we-obtain solutions to terms in FZ.

The integratibn of Eq. (4) with ‘respect to cosw can bé made eﬁiaétly
both for <0> and@'x>' with the functions ¢ and with most of the variables x
that we will consider. For <0'>. when o is cbr;stan't, we ilave

1
Pl[ A+l d cosw | 1 1 PNa
-1

i =1+ -—~— tanh —_— (6)
2 A 2 2 5 1/2 2
, <pl «!-p2 -!-Zp_lp2 coscp) / pz'\fg pZ+.Y1Y2

where a = '(yl'-ﬂ-yz)z—‘l, " A similar expression.has been derived for o varying
"inversely with the energy. > The ..:'exp_.res:'sibns,_-,-;rfpr::<G‘x>,’a’r'e éir%)il’ai’ in form
to Eq. (6) but involve more terms. For convenience we can alternatively make

the expansion,

Yl-A+1' pl 21_35_2__.1__2cosw
Y, ¥l A /[ 2,2 1/2 2 2 Y, P
1 (p 1¥P 2P P, °°S‘*’> _- S
2Y,7-y, #2 by
+ 1 1 -2 cos w
, Zyl ‘ Py
2 3 3y, +1 3
hE Sk Wi S M
- Z‘Y 3 ( -
EY X '
3
2y, -4y, -4y, +3y 2 p €
1 1 1 1 2
+ COs w
3 ‘ 3
Y, P

I . (7)
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and then integrate with respect to cosw. Fo‘r.the nonrelativistic cases we

Y ' . :
set ﬁ . él{—l equal to 1 and expand Eq.(7) to the fourth power in cosw and

pz/pl. The first six terms of this e‘xpansiorr can be obtained. from the right

side of Eq. (7) byvsettintc:{'-‘y1 =1,

We also solve Eqgs. (3) and (4) when o varies inversely as E'',

i.e., for

v=oy E-'/(A‘-i), | (8

where % is the free- part1cle cross sectlon at the 1nc1dent energy El w1th the

struck particle at rest Expressmns 51m11ar to Eqs (6) and (7) can be ob-

‘tained for this case,

The solet‘ions .of Eqs (3) and (4) for the lower limit of the first
1ntegral As1gn (1ntegrat10n with respect to pz) equal to zero are given in Tables
ItoIV.: We do not give any expressions _.fovr the cond1t1o‘ni E1.< ZE-F" because
the .impulse approkimatio_n implicit in this entire treatment is not valid at low
en-ergies. However, they can be derived from Eq. (4) by setting the lower

1/256

limit of the first integral equal to (4E-2E ) In addition to <o>

F
for allowed c0111s1ons we 11st <p2> » the average value of the momentum, P,
of the struck particle;: <cosoq> » the average value of the cosine of the collision

angle (s'ee Fig, .1); <p2cosg>> cosw>0 end <chos'w>cosw<'0' the average value

of the projection of p, on the beam direction, PT]S (see Fig.l) for positive

"~ and negative"values'of cosw, respectively; and <pzsinw>_,_ the average absolute

value of the projection of p, on the plane perpendicular to the beam direction.
In the INTRODUCTION and SUMMARY we consider the significance

of these quantities for experimental studies of nuclear reactions. The ex-

pression for <0'> in Eq.(a) of Table I was originally derived by Goldberger. 3

For El <2 EF’ other author-s obtaineds’ 6
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B2 BRI N SEURTES DN 77200 IR
<0‘> = O'O [l—gF‘l’ —5-(2-?‘ ] , (9)
where o = T4 The derivation of <0> is also given for the case where ¢ -
varies as > 1/E or as 6 1/(E+ constant).
The solutions of Eqs. {3) and (4) given here are for liké-particle
scattering or for the unlike-particle case where the Fermi energy of the .

: proton is identical to that of the neutron‘.,v EquatiOns (2) to (4) can also be

solved for different values of the Ferm1 energy. We denote E /E for the

. proton by Fp ‘and for the neutron by F . Here, we have

<o %(<0>F=F Coen) o
- where <0‘>F F - and <0> F= FV are the solutions of Eqs (2) or (4). The
P

© limit, - for both is that of the struck partlcle The- quantltles <x> can

PF’
‘be obtained in a similar fashion for this case. For Fp = Fn’ Eq,(l.O) gives
a result nearly the same as that from Eqgs. (2) or (4)."

- In this section 'we'.h.ave, 'd'eri.ved ‘expressions for'-'ela.s‘tic i‘é.'btrop"i"cv
scattering. ' The analytical solution of Eq. (2) for nonisotropic sc:atter:ing is
difficult because of the complexity of the experimental data. 11 It is, there-
fore, not presented here. Furthermore, the expressions given in Tables I~
to IV will be sufficient for the discussion given later. |
" A'machine computation was performed for the solution of the

‘general case. (See section D below) -

Iy
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Tablé I i

Nonrelat1v1st1c expressmns of <o'> and other
quantztfes for 1sotrop1c scattering where

o= 00 and 'El”’ ‘2 EF

2 () cequ-1m

b G wpegu-dmal)
c. (cos u} = - PF A (1~;  3 F')/4pl<o>= °<Pa> /3P,
a (o, cos &) C;Sw"o Z3e, 0p - & w2 gﬁ;ﬁ; P32
c. (o, cos o) c;s-;;o' =';3PF ool + 13 FI/Z_g F ;:fl_ :3/2.

g.v :<p2“vsi‘n -w> '. o = 3'rrpF 0(1 - %—E—F + 3-§4 F )/l6<o>

- %FZ)/16<0>

u B
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Relativistic. expressions of. <0> ‘and other .quantities
~ for isotropic.scattering where

[¢]

el
°

®

3 2

7 Yty =2
() woqu- Tro gty
5y, (y; +1) ,

3 2
Z(Yl + YI = 2)

<?_’z’> =3pgp0, (1_5% F - 9"Yiz (;(1 T 1) ~ F)/4 <0>

(eosd=- ppog (1= FF+

L P 8 2 1/2 1), %1
(P2 905 Wos o > 0ZPFIo (1 -~y ot ’5{44“\7‘7(;‘,}“ !
] - P v :.' o - .- . ]. \- 1 . )

| NS 8 | 1/2 1
<P2'°°S eos w <0 = " 3PFT (1 + 15Y1 +1 F 3{4+

<p2}cos w>= <p2 C?‘s w> cos w >0 ¥ <p2 cos w> cos w<0

22

Y (vl+1

| ; X |
G?Z sin "m>: 3T pF"no (L - %‘{4 ' - ; I } F)/16 <0>

sz,l (yl + 1)

T—-—-—}F) / 1 6< 0>
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Nonrelat1v1st1c express1ons of <0'\ and other quantities

for 1sotrop1c scatterlng where N 1s proportional to .

1/E and .E1 E

<o>—oo (1 - §F+ 13-6—F )

_b.,- <p2 =3pLo, (1_- '1—94 F+ 4— F )/4 o>

/2 7
..<p2cosw> 05 ©>.0 3pFo'0(1+1—5F B—F

o))

| o 1/2 7
e- <p2.c,os w>‘c,os w <0 -3 pFO'o(l 15F 6

e

S 56 (o)

64 _3/2 5 2.
Ftios F /- gF )/16 <o>

. <p2 cos w>= <p2 cos_w> cos w>0 T <p;2 '“C'os'w>.cos w.<0
g (ppsinw)=3mpgog (1~ g F+ 557 79/16(0)
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Table IV

Relat1v1st1c expressions of <o> and other quant1t1es
for - isotropic scatter1ng where o is pr_opor_tlonalto

‘1/E and 1>ZE

4 2

7 :
a. <0>=.00._(1__ F‘F' F)
5(y, +1)
4 2
Yy ‘ 2.y, - 2
4 Y oty + Yy A
2
. Co <COS (.o>._pF O(Yl fyl,n 1)
a4y 6+5Y15“' 8171'%»’1*"‘5Yv13—4vlz=6yl+6 B
hsE 2 /4y e (o)

Z
15(y;+1) (y; +v;-1)

d. <p2.cos w>cos ©>0 " 3 pFGO

2 | 3.2 5,0 | |
Yy kel 2y, -y, =2y 2
e 2 . 1 \/YzT Fl/2. $p 10 T r) /16 o)
o ‘.l, _3Y1 (Y], +1)

e (P08 @) og 4 <0~ "3 P9

(1 .-

2 3 .2 '
IR R Rt i U7 SRS SR PR R 6 (o)
15 ‘ v U S > F) /16 (o
Y Yt
-t 1 3y, (v +1)

£. <p2 cos w> '=<P2'COS w>cos >0 +<PZ cos w>cos w.<0

4 3 2
2y, + 2y, 4y, t2y;-2

> F)/ 16 <o>

6 (v;t1) v;

. - . 4
g. ,<p2 sin ,-w>: 37 VpFOO (1 - T F -
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C. Inelastic Collisions er

“In this report'we-confsid‘er only those.inelastic collisions that lead
to pion production. The formation of other particles is nvegle'cte‘d.’i For

inelastic collisions, the resultant energy of each nucleon depends on the

energy and scattering angle of each pion that is formed in 'additionltno.the

variables, El, EZ’ w, 8', and ¢', present in the elastic case. From the
angular distributions and momenta of the pions and nucleons (discussed below

under INPUT DATA) it is possible to calculate the total energy, L and

) 1
Y fina
the momentum, plfiné.l’ of ‘each nucleon after the interaction in the center-of-

mass system. . The value of Efinaltforq ‘each nucleon is given by

1/2

B - (Y1+Y2)§9lﬁna1 1 + p?""P;;‘ZPIPZ cosw | ".p' .’_ ' :.COSX"
’\/2(—A:1—) . E (A+1) final
N

where X' is the anglé between the dire_cﬁbn of motion, CD, of_the céntef-of—
mass and _I;f:'in;fee Fig. 1lb). The angle x' for the struck particle is shown
in Fig. 1b. | '
The value of cosy ' is given by -
.éosx.' =3+'(cosa' -cos b’ - sina' sin@' cosé'), h (12)
where a' is the angle between: .(ﬁ\) and the direction of ‘motion, ﬁ, 6f the

particle in the center-of-mass systém before the.collision (see Fig. 1b).

The minus sign is for the incident particle; the plus sign is for the struck"

particle.. The value of a' is given by

' ' 1/2 =
sing' = PP, sinw/ \:(pi + pg + Zplp_2 cosw) (A-l)/Z} . - {13)

In' inelastic collisions the values of Y:finai s 0! and ¢' of the incident

H
Pfinal’
particle need not be the same as the corresponding values of the struck

particle.



-15- UCRL-8982

The value of Efirial _f.,or. the elastic case, see Eq.(1), can be obtained
from Eq.(11) by setting-y;.inaf one-half the total_energy in the center-of-mass |
system,: i.e: one-half of '\fZ—(A+—1) -

The values of «<0'> 5 <p2>,,, etc.. for inelastic. collisions were. not -

~ evaluated analytically. A machine computation was performed for this purpose.

D. . Computation
The complex nature of nucleon-nucleon scattering compelled us to
evaluate <cr>and the quantities related to the struck nuglepn by means of machine
- computation for the a;:tual‘ éxpérimental vdata,. " This complexity is e spe‘c‘i.?tlly
marked for the higher bombarding energies where both nonisotropic and in-
eiastic scattering afe p'rqrr')in"en'te. 1
The values of <0'> for the general cz;.sé [Eq'..(Z)] were computed for

each value of E1 by means of the Monte-Carlo method from

\ . Sepdo/ae - K
<"> © B, E(do /&6 ,. (14)

where the sums are taken over a sequence of ra’nd;omfnumvber quadruples, re-

: :1_ated to the kinefnatical variables by Eqs.(15)-to {18). Here we have € =1,

if the energy of both parti;le’s after the collision.is greater than EF" or €3 Q.
otherwise.. The quantities B'' and ¢ depend on P, (or EZ)\,gnd @; do /dQ on P>
w, 67; an@ € onp,, Q,, 8", and ¢' [‘see Eqgs.(1) and (11)’] . The four independent
variables necessary to evaluate each entfy in Eq.(14) were obtained from the

following relationships:

. ?z 7 g111,/3 P - (15)
cosw = l—Zﬁ2 N S . (16)
cosf! = 1 -2 §3 (1T

(bi = ZTT€4, (18)
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where each § ‘ is a rando_m number in the inte_rQal 0 to 1, chosen by a method
given by Olga Taussky and John Todd.v,12 Equat.io_ns (15) to (18).give the correct
distribution of values for each of the variables. Each successive entry in
Eq. (14) was evaluated by m'.eans of a new éet of va;lues for the four ¢§'s,
After each 100 entries, <0'> was ev#luafed for all the cases to that
point for the given: El" The :computatiOn was terminated when the value of
<0> varied by less than 0.375% for three successive sets of 100 entries. If
this test was not satisfied but <0> was 1es§'than' 3.2mb, the computation was
terminated. This exception was made to avoid excessive use of the computer
for evaluating <0> to a precision not justified by the scattering data. Approxi-
mately 1000 to 10,000 entries in Eq. (14) were required for each value of El' |
Several checks were made of the reliability of the computation. The
value of the quantity, ZT(do /df}}/c in Eq.(14), should approach n/4m for
large vé.lues of n, the number- of entries. This was found to be th‘e case. In. -

addition, the value of <o>/0'0. with do /d2 constant was calculated by the
equation, |
<0‘>/0'0-'-‘ Zep'i/nﬁl, o ' (19)
where ve “was ob;ained for the éla_gtic case from Eq. (1). In the computation,
entries in Eqgs.(14) and (19) were made simultaneously from the same set of
€ values. The final v;lue of <vi7> /O'O frgm Eq.‘(19) agreed with that from Eq.(a)
| of TaBle]Liwitkin the statistical uncertainty of the calculation, Reproducibility
>tests, by making several independent calculations at the same value of E-l’
confirmed the reliability of the results. |
The value of <0> for inelastic collisions can also be evaluated |
from Eq. (14), but wvi‘th the values of ¢, do /dQ, and o appropriate to this

type of collision.
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The values of <p,> R <cosw> , andthe other properties of the struck 4
nucleon in allowed collisions were calaulated from the relation R ]
» ; 1 ‘ )
(x) = Exc8 do /40 S 2oy )
) Tep' do /d

simultaneously with the other determinations. We did not.compute the final
directions of motion of the.nucleons and pions (or the energies of the latter),
because, these would have required an extensive elaboration of the computer program
S INPUT DATA

- A large body of experimental data is available on nucleon-nucleon °

11,13 . . . , .
o For convenience in machine computation,

scattering af various énpr_gies_.,.,
we have expresseq the experimental data in the form of power-series functions '
of the energy and the c,osin_e of the center-of-mass scattering angle. These
- expressions are given in reference. 14?,' Only nu;:lear scé.ttering was included.
’I‘hev contribution of Coulomb scattering was Vsubtr'acte.d.,_ :

The values of n-p scatteriﬁg cross sections below 10 Mev were

taken.from the compilation by Hughes and Schwa.rtzvv_13 . The values for nuclear

p-p scattering below 10 Mev were calculated with the aid of scattering theory.15

. At these lower energies, nucleons are thought to interact with the nucleus as
a whole.' The calculations for these energi€s are presented for completeness
‘and’also to hélp determine the role of -nﬁcleén—nﬁcleoh collisions in low'.—energy
nut':‘lea'r"‘ reactions. Nl.iclreon—tnu"cleovni é.cvattefing data above 10 Mév vsl/‘é're taken
from a'review article by Hess and from references listed there. I Elastic
differential dat;a. for n-p collisions are giv-’en there oniy: to 580 Mév.- Wé,
therefore, made the usual assumption that the n-p interaction consists of
equal contributions of s'tateé with total isotopic spin T - 0and T=1.'° The

contribution of the state with T = 1, as obtained from differenfial, p-p
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scattering, was subtracted. . The resulting values for T = 0° were extra-
polated to higher energies with the aid of total elastic n-p and p-p cross
sections from Hess. 1 The-elastic n-p differential cross sections at these
higher energies were taken to be the average of thé T=0and T =1 dafta, the
latter from p-p scattering experiments.

The elastic differential cross sections were expressed as power

- series in cosf', thé scattering angle in the center-of-mass system. The

coefficients of the terms in these expressions were in turn fitted by the method
of least squares to a power series of the energy,. E. In order to do this con-
veniently, the data were divided into several energy intervals up to '6‘;2 Bev.
These expressions, given inieference 14, agree with nearly all the experi-‘
mental values within the quoted experimental errors. The values of %9
{elastic) calculated from these formulas are given in Tables V and VI. At
energies of 1 Bev and greater, the elastic differ'en‘tial-crOSs sections are
given in refgrence 14 as a c.onstant, which is-a function of the enérgy, times
COSNGY. The vaiues of N from these expressions are given in the last column
of Table VI. These values are considered to be the same for like-particle and
unlike-particle cpllis'ions. |

The treatment of inelastic collisions was not as satisfactory as that
of elastic collisions. ‘We were not able to reconcile all the available experi- |
mental data by simple polynomial expressions. Instead, we used Eq. (11) to
derive expressions for the energy of each nucleon resulting from inelastic
collisions, based on two different assumptions about the kinetics of the re-
action. In the first, the momentum wvectors of the pions and nucleons in the
center-ofnrqé.ss system were ali assumed to be in the same plane and to be

equal in magnitude. The angles between these vectors were taken to be equal.
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In the second, the momentum of the pions in the center-of-mass system was

taken to be zero.

- We fitted 6niy the va_l_ués of the total inelas_tic cross sections and -

the me sor:l.rnultiplic‘itié_e.;r by power series.in E, again by the method of least
squares (see reference 14). Bel.owA l_Bév, we coﬁsidered only single-pion -
production; between 1 and 1.6 Bev only single-and double-pion production,
and at higher energies triple-pion production as well. The same expressions
‘ were used for both p-p and n-p collisi_ons, The production of four or more
mesons was consid_ered to be negligible below 6.2 Bev, the maximum énergy
considered.

We made only a rough evalu_atidn of the a-ngﬁlar distribution of the
interaction prqducfs» of inelastic collisions. For E less than 0.6 mocz, we -
took do /dR of the pion to be. proportional to 1 + 3 CQSZO. For all other in-
elastic cases this expression was used for the nucleon differential cross -
section. 'The_yval.u'es of Uo(inelastic) frofn these expressions are given in

Table VII

i
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“Table .V

Values of d('), "the ,.fi'.ee-'par‘ticle elastic cross section, and also

R <o> / 04 for elastic nucleon-nucleon .fcol_l_isi(_)‘n.s__ in ﬁuclea-f- '

. matter for-incident nucleon energies < 50 Mev

1 - <0’> / 0"0

SR/ @Y o
'P-P . n-p K e E P=p n-p
1 or. or P;f rz);p : F ~ or or
(Mev) - n-n- .p-n nen p-n. (Mev) n-n p-n
10~ .388.2  968.5 1.56
20 160,4 520.2 1.59 12 0.809
. ©24,51  0.819 0.882
40  T71.2 214.8 1.36 1.45 ‘
28.45  0.905 0.923
50 56.4 159.7 . 1.36 1.39 28.45  0.755 0.862
| 33.43  0.766 0.877
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Table VI

Values of Y the free-particle elastic cross section, and also 1-< o) /0'0-
for elastic nucleon-nucleon collisions iri‘nucl_e‘:a_r matter for incident nucleon

energies greater than 50 Mev.

og - |1-(0)/0y=KEL/E,| 1-(o)/0 for N
£, ~ (mb) |for Ep<35 Mev | Ep=48.1 Mev |({do/dQ . a: B
“(Mev) pP-p or|n-p or Kp_por Kn—p; or | p-porpn-p of =|c'osN6§|for El_;l
n-n. p-n n-n. P-n n-n. | p-n Bev) '
60 147.2 | 12607| 1.38 1.41 0.963 | 0.966
70 f4o.9 105.4 | 1.37 | 1.40 0.874 | 0.879
80 36.3 | 90.8 | 1.39| 1.46 0.789 | 0.792
90 32.8 | - 80.4, 1.36| 1.53 0.722 | 0.732
100 1301 | 72.7 ] 1.34| 1.63 0.632 | 0,654
125 | 25.3 60.0 | 1:15| 1.82 | -
150 '23.8 | 4928 | 1.14| 1.92 0.399 | 0.507
175 ' 23.7 | -46z2% 1.30] 2.20° 0.353 | 0.465% |
200 23.6 | 40.9 | 1.41| 2.13 0.324 | 0.409
. 250 | 23.4 38.2 | 1.50| 2.50 0.286 | 0.405
C 300 |23.2 36.0 | 1.52 | 2.76 0.247 | 0.375
350 [ 23.1 | 33.7 | 1.57
400 23,1 | 32.3 | 1.48 | 3.15 | 0.196 | 0.343
450 !23.1. 30.6-| 1.55 |-3.57 0.185 | 0.313
500 |23.3 28.7 | 1.83 | 3.55 0.187 | 0.297
550 | 23.7 26.5 | 2.67 | 3.38 0.209 | 0.261
600 | 25.0 25.3 | 3.81°| 3.53 0.278 | 0.274
700 | 23.4 22.6 | 3.89 | 3.83 0.267 | 0.269
800 :22.8 20.9 | 4.87 | 5.15 0.259 | 0.273
900 22.0 19.5 | 5.94 | 6.97 0.271 | 0.301
1000 ' 19.9 | 17:3 | 4.68% 7.15 0.230 | 0.294 4
1250 21.2 | 14.1 ; 9.73 | | 6
1500 20.4 | l12.5 |12.4 |i12.1 0.334 | 0.316 8
2000 ©18.0 10.1 {15.7 [15.4 0.327 | 0.321 11
2500 15.4 | 8.3 l18.29 S | 13
3000 13.3 7.1 |24.7 |24.0 | 0.266 i 0.257 14.5
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Table VI (continued)

E, 0 | 1- < >/0 =KEL E, 1—<0>/0'0 for . N
(Mev) " {(mb) | for EF<3A5AMev E=48.1 Mev ‘l(;d.zc-rl/\IdQ e
p-p of|n-p or ,Kp-pOI-' Kn por p-p or|n-p or lcos: él:for E1‘>1
n-n p-n | n-n p-n n-n | p-n Bev)
4000 [9.6 5.3 23.6 | 23.4 0.269 | 0.269 18
5000 | 8.6 5.0 43.9 | 46.9 0.304 | 0.321| = 24.5
6000 | 7.3 4.1 57.1 |'55.3 0.381 | 0.374 37

a . s . : .
Incorrect value of 0 given by expressions in reference 14.. Values given

here have been corrected to 09 = 46. 2 mb (see text).

bThe value of Kp Lis 2. 69 when based on ¢, = 23. 6 mb.

=Ps. 0

n .
“The value of I&) -p, is 7. 44 when based on 0y = 21.7 mb.
Based on EF 18.8 Mev only
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Table VII

Values of % the free-parficle cross section, used in the calculations here,

for inelastic.collisions involving one-, two-and three-pion production.

' Lo K (p-p or n.-n)5 : - 7 (p-n or n-p)

E, . {mb) S » “ (mb) _
' one pion| two pions| three pions| one pion| two pions three pions

. {Mev)| B

350 | 0.68 0.34

400 | 1.77 10.97

450 | 3.65 2,11

500 | 6.0 3.55

550 | 8.7 5.2

600 | 11.7 6.9

700 17.8 10.4

800 | 23.4 13.5

900 | 27.7 16.0 o
1000 | 28.3 0.7 17. 4 0.5
1500 | 21.3 5.8 22.8 6.2
2000 | 17.0 7.4 1.5 19. 8 8.7 1.8
3000 | 12.9 8.8 4.3 13.7 9.4 4.6
4000 | 10.6 8.7 6.7 10.6 | 8.7 | 6.7
5000 | 9.2 8.2 8.6 9.2 | 8.2 | 8.6
6000 | 8.1 7.7 10. 2 8.1 | 7.7 % 10. 2
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RESULTS
In‘this section we present the results of the machine computation
of <G>elastic and <0>inelastic by Eq. (14) and the quantitie‘s, <p2> , <cos w>,
ei:. » by Eq. (20) for colliwsions between like particles, p-p and rl-_n, and be-
‘tween unlike particle“s, p—n and n-p, as.a. function of the ene‘rgy-of‘ th_e iucident
particle. For conueuieuce, we designate the like—'particle case by "p-p or n-n"
and the unlike- partlcle. case by "n- p or p n“ W‘e compare these.results with

the expressions of Tables Ito IV

| A. <G>e1astic

The values of <0'>for the elastic case were evaluated by means of

Eq. (14), To show the_effect of exclusion clearly, we have expressed the
results of the calculation as - <0></q0. This is also helpful in comparing
the computed results with the equations given in Tables I to IV.

. We were able to improve the accuracy of these values, without

further use of the computer, by means of the following expression.

1= (o) /o, =1 C(1 - (o) /o) Eq.(14)" (21)
where {1 - <0> ‘/.0'(.).). Eq. (1-4) is the value computed by melauS'of Eq. (14),
and C is the ratio .of (1 - <G.>/G-O.) calculated by means of Eq. (a) of Table__II
- and that computed from‘Eq., (19). ’Any deviatiou ln l - <0>/qo »b}y use of
- Eq. (19) from. that‘ by’IEq (2) olf Table I.I‘will be reflected in a similar deviation
in the Value calculated usmg Eq (14) Hence, we expect the factor C will
provide a correctmn for the statlstlcal error of the computatlon The value
of C should appl'oach uulty ae the nurnber of entrles in Eq (19) increases.

This was found to be the case.
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The results for elastic.collisions with different values of EF were

fitted to the equation
1 - <0'> /00 = KEF/E1 ‘= KF . (22)

by the method of least squares with a deviation of several percent or less
Here K is a constant at each value of El’ the incident energy, for EF< El/
This type of fit is suggested by Eqgs. (a) of Table I and II. Th'e values of K
obtained from the data given by Eq.(14) agree with those given by Eq.(21)
with an average deviation of approximately 1%. However, the fit to Eq.(22)
was better for the values of <6’>/ao calculated by means of Eq.(21).

The values of K based on Eq.(21) are given in Table V for in-
- cident energies of 50 Mev and less and in Table VI for 60 Mev and greater.
The values for collision between like particles are listed under K o

: p-p or n-n
and for collisions between unlike particles under K . These values
: ' v n-p or p-n

are plotted in Fig. 2. The values of K given in Table V were obtained with

several values of EF < E‘lk/Z. The results for greater values of EF are

- given in the last two columns as 1 - <0>/(70

The results given in Table VI were calculated for EF = 18.8, 24.5,

28.5, 33.4, and 48.1. Mev except in those cases for which no value of K -p or p-n

is llsted. In the latter cases the neutron and proton were a351gned dlfferent

Fermi energ1es, The fit to Eq.(ZZ)vis best for E_ in the range 18.8 to 33.4 Mev.

F
The values of K for these cases are glven in Table VI. The values of 1 - <0'>/0

at EF 48.1 Mev, calculated according to Eq (14) are also listed in Table VI.

The latter values were essentially identical with those obtamed from Eq.(21)
at nearly all energies, " In the second and third columns of Tables V and VI are

given the values of ¢ calculated by the formulas of reference 14, unless

O,
indicated otherwise. These agree very well with the experimental salues .except

for the unlike-particle case at l75 Mev.
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The values of 1 - <0>/00, and hence K, are sensitive to the value
of e The value of <0'> itself, on the other hand, is relatively insensitive

to 00

because very few collisions have the same ce-nter—of—mass energy as
that for the struck oarticle at rest. :‘. The vv.a.lue'sof I - <0>/00 (and K) at iany

_ incident 'energy'ca»nv-vhe corrected tor a djfferent value of Ty from that giveh
1n Tables V and VI, provid}rhg theadjacent values of Ty in these tables e.od
the corres§0nding angular distributione are unchanged. We‘ha’ve made such .
corrections with nevt vé.lues of 9, for' like—particle collisions at 600 Mev,

23.6 mb, and at 1.0 Bev, 21. 7 mb which we obtained by interpolation of
..ad_]acent values We determmed a corrected value of < >/0 at EF =26.3

© Mev, the average of the four values of EF used to determine K. By th1s means
we o'.Bta.ined the new values, Ko—p‘>or rrn 2.69 at 600 Mev, and 7.44 at 1.0 Bev.
Th1s procedure, while not as correct.as repeatmg the machme computatmn
with the new value o‘f T4 ‘is proba.bly Just1f1_ed by the uncerta.mtlves in the ex-
‘perimental measurement of 0.0..

. For all thev entries in Tables V and VI, the Fermi energies of the.
incident and struck particles are equai. Ih ‘gen‘eral'v,' however, the neutron and
proton Ferm‘i. energie.s 'are'different for an}r giveﬁ nucleus. Ta.bles V and VI
‘are, of course, st111 valid for colhslons between like partlcles In the case
of collisions between unlike particles we have found the following "reletione' Ito
fit the data very well: o
Neutron Fermi energy 1s 1arger than proton Ferm1 eneréy, or Fn> Fp
' (a) Incident partlcle is a neutron o |

_'1-<a>/o = np:orpn(o 7F +O3F) - (23)
(b) Incidnet partlcle is aproton - o

y 1 - o>/o = nporpn(o 5F_+0. 5F) e
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Proton Férmi energy-is larger than neutron Fermi enérgy, or’ Fp> Fn
(a) Incident particle is a proton
1 '—<0'> /o*o‘%':-- Kn-p"o':r p_n(0.7'F-p'--+'0.3 Fﬁ) Co (25)
{b) In'cident particle is a meutron ' : P

1"<">/<r =K, porp n(0BF +O05F ) - Ce)

The values of K are taken from Tables V and VI. ‘These r‘elation's
n-p or p-n . T
were obtained with varicus values of F" and Fp and agree closely w1th Eq

(19). A number of cases were computed with the Fermi energy of one

particle set equal to zero. ‘These cases also agreed with Eqs. (23) to (265.'

B. <G>1nelast1c

The values of < >for 1nelast1c c0111s10ns vvere evaluated ‘separately
for the cases 1nvolv1ng the product1on of one, two and three plons by means of |
E (14) The values of EF used here were the same as those glven ab0ve for
the elastic case. N

N 'l‘he result1ng values of <0'> for 11ke part1c1e colhsmns, _based on
the assumptmn that the center of mass momenta of the p1ons and nucleons are
all equal are'shown 1n Figs.3 to 5 These values are not very dlfferent from
those based on the other assurnptlon ahout the p1.on momentum--that 1t is zero
'1n the cﬂe‘nter vof mass s‘ysteml——a‘s can be seen from Table VIIIL. ~ The rat1os
given in Table VIII are the same for the like- and the un11ke partlcle cases at
the same value of EF Ea'ch value g1ven in Table VIII is the average for the five
different Fermi energies. The value followmg—the *-sign.is the average deviation
of the individual values frorn th1s mean value and results from the variation of the

ratlo with the Fermi energy For smgle plon productlon the ratio increases with

1ncreas1ng Fermi energy. For two-and three~p1on production the ratio decreases
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_ the trend of the ratios with . E

. function of E. for E_, = 18.8 Mev and for E
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as Ep increases. With this information and the values given.in Table VIII we
‘can obtain thlé’-ra;tio at each. of the five values of EF The "ra'ti'ors for ‘o_thef '

values of El can be obtained by iﬁ;erpol_at‘iqn.v The values e_stima_ted in this

- way agree to within 1 or 2% w1th the values computed directly.

The: value of <0>'for unlike-particle collisions can be obtained by
multiplying the values for the like-particle collisions given in Figs. 3 to 8 by
the ratio of the two. cross sections, given in Tablre-'IX. These values of
<0> ) <0> ' are identical for the two.assumptions about

n-p or p-n/ P-p or n-n o _ ‘ N
the pion momentum in the center-of-mass system. The values following the

*+ sign are average deviations from the mean and indicate the magnitude of

. For: El < 1000 Mev, the ratio increases as

F

EF increases for all three cases of pion prodﬁcfioh’.’ At 150_0 and AAZAO-éO‘Mev,

~ the variation is in.the opposite direction.

. C <pz> " <Cos;§> "'<‘p2‘ Cosw">'c“osw>o' ', <pkzbcosw>cc:‘>scq<0 ,- and <p‘2 sinQ>

The vé.lues, of v<p2> ’ v<cosw> » <lp2 cosw Cosweo; <P2 Cos"">cosw<0’

and <pzsmoo> were evaluated by means of Eq. (20) for elastic and inelastic
collisions.. We ‘:co’nsiderv the ela;stic case first,

The .va.luesAof <p2>/pF obtained in this manner are plotted in
‘Fig. 6 as a function of EF/E1 {(or F) for both the like-particle and the unlike-
particle cases. The curve shown in Fig. 6 was calculated by using Eq.,. (b) of
Table I for F <1/2 and an equivalent expression for F>1/2. The values from
Eq. (b} of Table IIl are the same as those from Eq. (b) of Table I within a
fraction of a pércentn The agreement between the points and the curve is close.
The comiﬁﬁted values of <p2> /pF (elastic) are displayed in Figs. 7 and 8 as .a.

1 F F = 33,4 Mev.
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Tabel VIII

' vThe ratio of,<0'> (inelastic)for P (c.m.) =0to <q> (inelastic)for P (c.m.)=

P (c.m.) for one-, two-, and three- pion production.

nucleon °
: One pic_m‘?L o . .Two or three pions
E, - Ratio . = : E1 : © - “.Ratio
(Mev) . o _ v L v_(Mev) :

c o o .d
400 . 0.91.£:0.04 ‘ : 900 - - 0.86 = 0.03
700 0.93 + 0.02 | 1000 0.89 + 0. 04
1000 0.95% 0.01 2000  0.96 % 0.02

© >4000  0.99% 0  >4000 0.98 + 0.01

%Ratio increases with increasing En
’ ?Ratio decreases with increasing EF _
CThese values are for 18.8 Mev.Q<\\Ef‘.{33'..‘47'-Mev'ﬁRatio,’at»EF%.AS.'I.'Me‘V ,=1.16

dOnly for two-pion production. o¢(3w production) = 0.
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Table IX

< > p-p oF p-n /< >P b or p-’ for inelastic collisions involving one-,

two-, and three-pion production.

' 'E'l One pion’ S "+ Two or three pions -'
- {Mev)
200 0.44 + 0.06
250 0.51 + 0.02 |
300 0.55 = 0.0l -
350 to 700 0.58 & ~ 0 : 0.56 = 0,032 P
800 0.60.# 0.01 - 0.64 £ 0.02°
900 0.62 % 0,01 0.69 % 0.02°
1000 0.65 + 0.01 } 0.75 £ 0.03°
o 1052 od
1500° 0.97  0.01 s
S - 117 0
. 2000€ 1.14  0.01 . 1.15% 0.01
K 30000 - 1.06% 0 o 1.05 0
>4000  1.00x 0 . 1L00% 0

-aDouble-meson production begins at 600 Mev for EF 233.4 Mev. (see Fig.4).
anly for‘.tyvo-pion prqduction, o (3'rr production) =

Ratlo decreases with mcreasmg E Rativisconstant or increases with

F?
1ncrea51ng E for all other cases.

dFor two- plon productmn

For three -pion productlon




-31- |  UCRL-8982

~ The coinputed values o'_f-r_. <c§sw> -and those of the average of

various projections of the momenta of the struck part_,ic.le are also shown in
. Figs. 7 and 8. The computed values agree closely with the curves: calculated
by uéiﬁg t}hl_e appropriate ‘ecjuations given in Tables I to IV. The agreement
is best for <p2> and for <p2 sinwl>. - Thus, for E, <200 Mev the eq)l;‘t‘a.tions.
ln Tables III and IV {fit the cémputed values quite well. Here, the experi-
mentally determined cross sections are isotropic.and’ vary inver sel-y‘ with
energy‘» and the agreement is good. At hi‘gher‘éﬁer'gies the equations in
. Tables 1 aﬁd II fit the like-particle results better. Here, the cross sections
are Anearly_constant,_’ -This is not the case for collvisiﬁons Bet{:veen unlike
particles. For such collisions a clear-cut comparison cannot be made be-
cause the é.ngular distributions are not isotropic. Above approximately 500
Mev the like-particle collisions become increasingly nonisotropic. However,
at these energies both types o:f_.relativistic formulafions in Tables II and IV
converge to the values that ;)n,é would expéct without th.e.imposition lof the
" ;'excl(ls'i,on pfihcipllé.,— The':' two fofnﬁﬁlatioﬁs appear to be equav.lly.géod"(o‘r-bad).

A similar set bf'cbfhparisbns is made in Flgs 6,9, 1.‘0, and 11 for
thé:'ir'l_el.'ast'tic case. H.el;e too, the eQuatibns in Tablgs IL and IV .give"\}alues
that agree with the computed results in thevmulti—Bev region of ‘bom}%arding
energies. At energies closer to the thresholds fovr‘_single; apd for mu1£ip1e-
pion pr‘o"dgction, ‘strong dgviations océur. Theée deviations are to be expected,
of course. Large values of_pzlahd w are favored, fortiheseresiltin the largest
center-of-mass energies (see Fig. 1) andhence the largest cross sections.
This is due to the sharp rise in the ineléstic cross section with energy above
the threshold.. In Figs. 6,9, 10, and 11 a large incre.ase in the value of
<_p2> /pF occurs as the energy of the incident particle decreases. The other
quantities,.in contrast, - decrease _r_apidly in value as E. decreases. Here we

1

see the tendency toward large collision angles.



SUMMARY
The effect of the exclusmn pr1nc1p1e on the elastic cross sect1on
is large even at hlgh 1nc1dent energles, as can be seen in Tables v and VI
This is due to the strong forward scattermg at these energ1es, Wthh counter—
balances the effect of the decreasmg values of EF/El., The values of
< > show the effects of both the excluslon pr1nc1p1e and the rap1d
inelastic
rise of the free- -particle inelastic cross sectlon near the threshold The
effect of the latter is pronounced at lower energles,‘ resultmg in an increase
in <a>. . as E_ increase (see Figs. 3 to 5). At intermediate energies,
in elastic F .

the effect of exclusion causes a small drop“ in <

: o) inelastic for single- and

double-pion production (Fi‘gsf '3 and 4).: The effect is more noticeable for
single-pion production. At the highest energies the inelastic cross sections
are essentially unaffected by thwe]exdl:u"sﬂumprinciple.. It is our hope that the
values of <0> given here will be useful in the interpretation of nuclear
cross-section measurements.
| The values of <p2> s <cosw> , and the other qua;ntities in elastic
~collisions can be determined either by machine computation or from the equa‘i'ei.-'
tions given in Tables I to IV. Agreement between the two methods, while not
complete, is probably adequate for many purposes. The valnes for inelastic
collisions near the threshold for pion\ production deviate strongly from those
given by‘the analytical expressions. - This is not surprising since the latter
were obtained for elastic collisions. As the bombarding energy increases,
the values of these quantities for both elastic and inelastic collisions converge
to the.original values of these quantities before the collision. ‘
One possible application of these results is in the interpretation of
recoil experiments. 16 Some high-energy reactions involve the ejection of a

’

single particle, An example of this type is the (p, pn) reaction, such as
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C1.165(py pn) Gu64. If both the incident‘_andw £he struek pa_rticles leave the
nucleuIS' Qitﬁeut fufthei‘ in‘teractiom the nueleus left ]'oehiﬁdv('Cmu64 in the L
'examp'le given he,"re) will re-co'il With a_memermtqm which depey;ds o{n}_tlgltatbo_f .
the e‘je‘ct.ed nucleen The momentum of the recoﬂmg nucleus can be meas-‘
ured. Compar1sons of thls type w1th the values of <pz> \p2 smw> and
<p2 cosw > ngen here may prov1de an effectwe probe of the momentum

dlstrlbutlon of the nuclear particles.
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FIGURE ICEGENDS E

. 1. Kinematics of nucleon—nucleon collisions in the

(a) laboratory system and (b) center- of -mass system

. 2. The variation of K in the express1on (r> =0y (l KE /E for

elastlc nucleon- nucleon collislons as a function of the energy, l’ of

the 1nc1dent nucleon Like-particle collisions are indicated by p-p or -

n-n, unllke-particle collisions'by n-p or p-n. See Tables V and VI..
. 3. The values of( 0'> in melastic nucleon-nucleon collisions for s1ng1e-

.pion productlon based on the assumption that the center—of—mass momenta

of the pion and the nucleons are equal.

. 4. The values of <0> in inelastic nucleon-nucleon collisions for double-
‘pion production based on the assumption that the center-of-mass momenta
of the pions and the nucleons are equal.

. 5. The values of <0> in inelastic nucleon-nucleon collisions for triple-

pion production based on the\‘a.fs sumption that the center-of-mass momenta
of the p1ons and the nucleons are equal
6. The values of <p2> /pF ‘as a function of E /E Computed values

for elastic coll151ons are indicated by the symbols:

_ » S - E; (Mev) ) o
Collision type 0 -50 60 - 100 125 - 450 > 450
pP-p or n-n : O h A 0 S °
n-p or p-n ® A e

Values calculated by using Eqs. (b) of Tables I and III for- EF/El <L 0.5
are indicated by the solid line. Computed values for inelastic collisions

leading to single-pion production are indicated by the broken lines.
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7. Average values of quant}ities:related to the struck nucleons in elastic
collisions for - EF = 18.8 Mev. The' momentum of the struck particle is
Pys the Fermi rh:ornerltum is Pps and the collision angle is w.. Cdm—
puted values are lndicatﬂed by open symbols forlike-nucleon collisiolns
a.nd by closed symbols for collisions between unl1ke nucleons. Values
calculated by usmg the equations in Tables Ito lV are indicated by solid
l1nes for 0'0 = constant and by dashed lines for oy~ l/E The solid
and dashed lines c01nc1de for \p2> / pF

. 8. Average values of quant1t1es related to the struck nucleons in elastic

coll1s1ons for EF = 33.4 Mev. For notation, see Fig. 7.

. 9. Average values of quantities related to the struck nucleons in in-

elastic collisions resulting in single-pion production for EF = 18.8 Mev
and 33.4 Mev. For nrotation, see Fig, 7. The values given by the equa-
tions in Tables Ito IV for F = 0 are indicatedv by the horizontal lines.

{The value for ‘<cos w> is 0 since Py = 0 when F =0.)

. 10. Average values of quantities related to the struck nucleons in

inelastic cpllisions resulting in doub‘le—piolrl preduction fer‘_ EF = 18.8
M.ev aud‘ 334 Mev. For notatiovn, _.see F":lg, 7. For explanation of hori-
zontal lines, see Fig., 9. |

ll. Average values of q‘uantities related to the struck nucleqns in |

inelastic collisions resulting in triple-pion production for EF' = 18.8 Mev

-and 33.4 Mev. For notatiou, see Fig. 7. For explanation of horizontal

liues,. see Fig. 9,
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This report was prepared as an account of Government
sponsored work. . Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access

to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





