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ABSTRACT

The predictions of a theory of neutron
.
b

reactions on Li are worked

out and compared with experimental.results with neutrons up to 14 Mev.

The levels of the lithium nuclei involved sre simulated by pn-configurations

of independent particle orbits with L-S coupling. ?i’ormationof compound

nuclear states, direct knock-on, and pickup processes are considered.

One of the purposes is to determine whether other mechanisms are required,

such as would be possible in a cluster model, for example. The results

are that formation of compound states accounts for about half of the

magnitudes of observed cross sections. Direct collisions are of com-

parable importance to n - t and n - 2np reactions, and pickup appears to

be adequate to account for the balance of the n - dn cross sections.

The angular distribution in the latter was examined, but did not prove

6
to be decisive. Additional mechanisms for the n - He and the formation

6
of the 2.2 l!evexcited state of Li appesr to be required.
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A THEORY OF NEUTRON REACTIONS ON Li6

The nuclei of Li6 and Li7 consist of tightly bound, alpha-particle

cores to which two and three nucleons, respectively, are attached by

relatively much weaker forces. Models of the configurations of these

nuclei can be based upon arrangements of the loosely attached nucleons

alone with some confidence so long as the excitation above the ground

state does not exceed, say, 20 Mev. Several models are worthy of study.

One of these conceives of the nuclei as composed primrily of two nu-

clear units, tiz., the alpha-particle and a deuteron, or triton, bound

together and forming a resonating group. Another considers individual

particle orbitals in a central force field. In this model the alpk

core is a completed 1 s shell and the remining nucleons are in 1 p

orbits. A specialization of the latter is the “shell model” in which

the spins of the individual nucleons are strongly coupled to their or-

bits; but these forces are also weak in the lithium nuclei.

It is the purpose of this paper to investigate some predictions

6which can be made for neutron reactions on Li and to do this on the

basis of the configurations formed by nucleons in p-orbitals. The

Russell-Saunders coupling is used. The comparative simplicity of these

configurations makes it possible to describe the nuclear reactions in

greater detail than one can hope to achieve among heavier target nuclei.

In order to keep the excitation of the compound nucleus Li7 below 20 Mev,

we are limited to incident neutron energies below 14 Mev. Also, in this
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range of excitation

figurations,so that

are excited only in

the states of Li7 should be predominantly p3-con-

the reactions which go through the compound nucleus

p-wave collisions.

The collision of a 14 Mev neutron with Li6 (12 Mev, C.M. system)

is Characterized bya wavelength (divided by 2Yr)+t= l.k.kx 10-13 cm.

A p-wave collision may be thought of as occurring within an annulus of

outer radius 2% and inner radius X, hence a geometrical cross section

of 31r*2. So to speak, collisions at distances greater than 2% are not

important to the formtion of a compound nucleus. On the other hand,

the total cross-section for 14 Mev neutrons on Li6 is l.kox 10
-24 cm2

(barns),and if we set this equal to 2fiq2we get a “radius”

q= 4.7 x 10-13 cm,indicating that more is taking place between a neu-
.

tron and Lib than goes through the compound nucleus

section must be less than 12tiz = 0.78 barns. Some

in the so-called “potential” scattering but a third

for which the cross-

of the difference is

possibility must be

taken into account. This is a direct interaction between the incident

neutron and either the neutron or the proton in Lib, i.e., without going

through three-body, compound configurations.

It has been mentioned that the nucleons in p-orbitals are lightly

bound to the alpha-core. Hence the exponential decrease in their wave-

functions is relatively slow and admits a

they be found outside the radius R of ‘&e

bound. We estimate R from the well known

decay energies of mirror nuclei:

noticeable probability that

potential to which they are

formula derived from the beta-

2



~

R = 1.465 A3 10-13 cm = 2.662

That the value of R

fact that the difference

in Li6 is 1.07 Mev,which

radius. It follows from

so obtained is

x 10-13cm (1)

reasonable is supported by the

between binding energies of neutron and proton

would be just about the Coulomb ener~ at this

co-ring R with 2* at 14 Mev that direct in-

teractions will be important to the study of reactions on Li6.

In the following we take up the theory of reactions through the

compound nucleus and through direct interaction, separately. For the

former, we require still a fourth radius which we denote by d. This is
.

the effective radius of interaction between a neutron and the Lib nu-

cleus. Fortunately, the results are not at all sensitive to its exact

value~so we estimate it to be R plus half the radius of a square well

describing nucleon-nucleon interaction:

d =R+ 1.42X10 -13
= 4.o8 X10-13 cm

For the direct interactions we use the impulse approximation and con-

sider only those collisions which are orthogonal to the stite in which

the compound nucleus may be formed.

Reactions through the Compound Nucleus

When the collision between neutron and Li6 has orbital angular

.7momentum unity~an excited state of L~ may be formed. The probability

of emission of a gamma-ray will.be ignored in comparison with that of

3



particle emission.

nucleus are then:

(a) emission

The

of a

of states;

possible modes of the break.qp of the

6neutron snd return of Li to any of a

compound

number

(b) emission of the proton,leaving He6 in either its lSO or l-l),

state;

(c) emission of a deutemn and

spin states, viz., singlet

quartet He5;

(d) emissionof the triton.

He5 (in an

or triplet

s-wave) in one of four

deuteron and doublet or

Some of the Li6-states resulting from (a) can emit the second neu-

tron 5 %, He5 + p,orLi5 + n,but the triplet states havebyway of He +

to compete with emission of the stable deuteron. The excited (%2)

state of He6 emits two neutrons. Only the products p + He6 (in

ground state) and 11e4+ T do not lead to at least one neutron.

As suggested above, the intermediate states will be assumed

the ssme quantum numbers as the p3-configurations,whichwould be

petted to be in the energy range of the excited nucleus. On the

—

the

to have

ex-

other

hand, these states are very broad, hardly levels a.tsll, and we do not

lmow their exact location. Consequently, we select those P3-cOnfigura.

tions which can be excitedby a neutron on the ground state of Li6 and

average the effect of each such state over a wide range of positions for

the “resonant energy”. The intensities resulting from the break-qp of

these states are then summed without regard b

them.

4
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For our purpose, we imagine a certain intermediate state vi, where

i stands for the quantum numbers: J, M, L, C, S, T. As is customary, J

is the t.otslangular momentum, M its Z-component, L the orbital.angular

momentum, S the true spin, and T the is~topic spin. The number C is

the symmetry character of

the alpha core). This is

because it gives a direct

and hence of its position

the p3-state (without adding that created by

used instead of Y of Wignerss (STY) formulism

measure of the exchange character of the state

relative to the others,aXl of which have es-

sentially the ssme kinetic energy. Also, the numbers S and T used here

have their direct physicsl meaning. The spacing in energy between levels

Of the same quantum numbers i will be denoted by Di. This energy gap is

very large for light nuclei,but its numerical value is not important to

the theory.

Let k be the wavenumber outside d, the radius of collision
.

(k=?c-’), and Kbethews.venumber insided. The value of Kis computed

from the kinetic ener~ outside d plus tine energy of binding of a neutron,

7.25 Mev. The cross-section for formation of the compound state ~i,

averaged over the possible positions of the resonant ener.~ in the Breit-

Wigner formula,is (for 1 = 1 waves)

rai
‘= 6Yr%2 —ai

‘i

with

rai=~~ (kd)2 “
G~= ‘i

l+(kd)

(2)

(3)
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In the usual parlance, I’~i is the neutron width, ( k d )2 /[ 1 + (k d)2]

being the Penetration factor for p-waves. The statistical factor gai is

the square of the scalar product taken between the state $i and that

formed from the Li6 ground state plus a plane neutron wave, normalized

over mgles. The subscript a denotes the combined spin state of the

colliding system.

In order to compute the cross section for a given type of reaction
.

we define the partial widths I’f= for emission from ~i into each final

state ~~. The coqynnd state $< then has a totsl width
.l

_.
r= ~

Under our assumption that

J.

z rfi
f

(4)

the pzmbabilities of emission to the various

~f are independent of each other, the cross section for formation of a

particular final state is

.

‘f=
=h3i*—

“f ~
ri

(5)

The I’fi/Diare computed from eq.(3) (except for deuteron emission)

but with k being the wavenunber of the emitted system and g=i being the
J.

overlap between Vi and Vf

~f~ = II<Vi $f

and with the Coulomb barrier factor

I
2

> (6)

(7)
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when charged particles
●

sion has unity for the

(s-waves).

are emitted.

non-Couloxibic

‘lhe formula

part of the

for the deuteron emis-

penetirationfactor

The procedure adopted here differs fmm the usual statistical.one

in explicit calculation of the g-factors on the basis of a model, in-

stead of estimating them, and in identifying the final states as nearly

as possible fmm the known levels of the pxwduct nuclei.

Calculation of Statistical Factors

Among p-orbitals there are three choices of quantum number denoting

space coordinates and two denoting spin direction for each nucleon.

Li6 has, therefore, thirty-six p2-states. These are partially degener-

ate, of course, and actuslly lead to ten different energy levels.

ten levels have been identified, for the p-se of constructing a

with the ten lowest known levels(1) 6
inLio The assignment agrees

These

mdel,

with

the values of J and T,where these are known,and is shown in Table I.

Also in the table we have given the symmet~ character C. Each of the

p2-states is an eigenfunction of the operation of exchanging the posi-

tion (ml-values) of the neutron and p?mton. Six of these states belong

to the eigenvalue one and four to minus one. This helps to locate the——

states since the higher the value of C the greater the (negative)

potentisl energy and the lower the state lies(2)0

7



TABLE I

c

-1

-1

-1

-1

1

1

1

1

1

1

States in the Li6 Model

T Term

1

1

0

1

0

1

0

1

0

0

3P
o

3P
1

3P2

3D
1

1D2

3D
2

%0

3D
3

%1

Energy (Mev)

9.3

8.37

7.40

6.63

5.5

3935

4e52

3.56

2.18

0

The gzxnmd state of Li6 is primarily

states M = 1, 0, -1. These states, taken

of the neutron wave, which we denote by nc

3a S - state with the sub-
1

with the incoming components

~ and no$ , give six inde-

pendent states of collision. The overall cross section is the aversge

of those computed for these states. _ ~ *e symmetry in positive

8



end negative M.states, it is sufficient to average over three of them

(three values of the subscript a).
.

In order b compute each ra= from eq,.(3) we need the overlap in-

tensities gal, and for these we need the p3-configurations. These are

classified in Table II. Multiple subscripts are used to indicate the

various J-vslues.

character zero,and

c = 39 The gzwund

3Primes denote T = ~ states,which have symmetry

asterisks indicate the states of highest symnetry,

.7 2P *
state of L1 is the . and the %.’ is close by.

~
2 $

Hence they (and the lW.states) are not expected to play any mle as corn.

pound states. On the other hand, the states with C = O should be in the

correct range of excitation to be taken into account.

TABLE II

P’ - States of Li’

c = -3

co=

c = 3

T=+ 3T2=-

%1

--

9



‘I!ablesof

tals were used

the Appendix.

the gai over M

a neutron, for

the p3 and p2-configurations in terms of particle orbi-

to compute the gai and gfl. The tibles are presented in

Since we are not concerned with polarization we average

to obtain ~ai. Also, the compound Li7 nucleus my emit

example, into any one of the six neutron orbits:

polarizations to compute gfi.

The resulting values of gfi and

five states, vi, of Li7 which my be

~i
a are given in Table III for the

formed by adding a neutron in a

p-wave to the 3S1 ground state oI? LiG. All these states have C = O.

Several features of the results may be noted. One is that the initial

state, having L = O and T = O for the Li6 and L = l,T=+ for the

neutron, leads only to L = 1, T = # states of Li7. Secondly, the fac-

tor gfi for return to the 3S1 state of Li6 is larger than~ai, the

factor for formtion from that state. The e@anation is, of course,

that the gfi is a sum over all ml and spin values of the emitted neutro~

whereas only one set is represented in the colJ.idingsystem. Also, the

sum of gfi for emission of a neutron is ~correspondlng to the fact

that either neutron may be emitted from the Li7 nucleus.

In Table IVwe give the g=i-values for final states in which a
J.

deuteron is emitted. The deuteron states are

states in Table III,but the sum over spins of

differently, namely, to conespond to the 2P
~

analogous to the Li6

the neutron must be taken
*

and 2P1 (He5 ) states of

5

10



Vi =

Iff

3P
o

3P1

%,

3P
2

3D

%;

3D
2

%0

3D
3

3s
1

l-D2

%’0

4P
;

o

1/8

o

3/8

1/120

o

1/8

o

7/10

2/3

o

0

TABLE III

Values of gfi and ~ai

4P
g

5/36

l/8

o

17/72

7/40

o

13/24

o

7/60

2/3

o

0

4
‘1
5

6n+Li

1/18

3/8

o

5/72

5/8

o

5/24

o

0

2/3

p + He6

o

0

2P
J
2

1/72

1/16

3/4

25/144

1/48

5/36

5/48

1/9

7/24

1/3

5/18

2/9

%, Threshold

F (Mev)

1/18

1/8

3/4

5/72

5/24

5/36

5/24

1/9

o

l/3

4/9

5/9

9*3

8.37

7.40

6.63

5-5

5.35

4.52

3.56

2.18

0

la .70

9999

u



id(S) + He5*

!rABLEIv

Values of gfi for Deuteron Formtion

4P 4P 4
~ ~ ‘1 2P3

?! 2

id(S) + He5 1/9

3d(S) + He5* 4/2710/27 16/27

8/27 2/273d(S) + He5 2/3 5/27

id(D) + He5* 5/72

id(D) + He5 5/72

3d(D) + He5* 5/12 5/27 5/108 25/=6

3d(D) + He5 5/12 35/54 85/108 65/216

n2(s) + & 2/9

1/9

1/27

8/27

5/36

5/27

25/108

12



He5. Also, since L is a good quantum number and since the states of

He5 have odd ~rity, the deuteron may be emitted only in S or D states

which appear in parentheses. Triplet states represent the stable

deuteron and singlets represent the singlet deuteron which subsequently

breaks up. The possibility of emission of a di-neutron occurs and is

allowed foq but the cross-section is very small.

The possible emission of a triton (n-a reaction) presents a problem.

None of the intermediate

produce a triton because

lot of kinetic enerfiyis

de~rtures from symmetry

states has the correct symmetry chamcter to

the latter has C = 3. On the other hand, a

released when a triton is formed and the smll

of the Hamiltonian may have an appreciable ef-

fect. This factor LS unknown, therefore, and will be determined from

the observed cross sections. An upper limit is given by applying the

selection rule on spins so that only the doublet compound states may

contribute. Moreover,

sents the two neutrons

gfi is 1/2 for the 2P
g

only half the intensity in each doublet repre-

in a singlet state,so that the maximun value of

and 2P, states and zero for the quartet states.

The resulting values for cross sections are

section,where they are combined with the effects

and, in the case of deuteron formation, with the

Direct Interactions

Direct interactions wild.be computed in the

presented in a later

of direct interaction

pick-up process.

impulse approximation.

13



That

lonib

The energy of separation of the neutron from Li6

of the proton is 4.55 Mev but the proton has the

barrier of 1.07 Mev. Therefore, we shalJ-assume

iS 5.663 MeV.

additional.Cou-

that the distri-

bution in momentum space is the same for neutron and proton in Li6.

m our model, the neutron iS bound * a I@*ntisJ. *i* is con-

sknt within the IIUHUS R$ w (1)~ =d zero outside

function is then determined by the values of R, the

and the separation energy> PIUS the fact fiat it is

function of radius we get:

it. The wswe-

masses involved

a p-wave. As a

-1

rzR K = 4.790 X 10ti cm-&

[

sin kor
~(r) = * $ kor— - cos kor

)

r<R k. s 1.255 x 1013 cm-l

(8)

The factors am chosen so as to noxmalize the complete rsdial intensity

to unity.

The integrated intensity outside r = R is:

I(R) =
J ()
m @(r)2dr . ~ ~ + ~ e-2KR = 0.338 (9)
R (ICR)3

‘I’heintensity inside R is therefore 0.662.

14



Let the axis of the p-orbital

The complete spatial wave-function

be the vector (COS O., sin O., O).

in the region r > R is then

x (COS e cos 00 +

The Fourier transform of *(r, 0, ~), qpressed as a function of the

wave-miber Zt is,

(12.6W 3 l/2
x(a) = — — e-KR

cos e
iYtK% d

1
(u)

[

SillktR + ktwin kCR - K2COS k~R
x k~R 2K2 + k’ 1

where 01 is the angle between k? and the axis of the p-orbital.

IIX2
The intensity distribution of wavenumber ktI is the integral of

wer angles, Viz.g

(12)

An analogous transformation applies in the region r < R,where the

kinetic energy is positive and rather large (38.86 Mev = Eo). Owing

to the large kinetic energies involved in cold.isionstaking place at

15



r < R, the cress sections are small and comparatively crude approxim-

ationsmay be tolerated. In particular, we shslllsay that the nucleons

in p-orbitsls always have the wave-mxiber ko, i.e., corresponding to e%

(12) we have, in the core,

N2(kt) = 0.662 b(k’ - ko) (13)

Under these assumptions, interference tem C= be -red be-en

the two regions. The total cross section for direct interaction is then

1?.~
/[

N1(kC) + I?2(k’)
1[ 1

(k,k’,e) + am(k,k’ ,(3) dk’ d cos e (14)
%?

+
where e is the angle between the incoming wave-mmiber vector k and ~?.

The factir * form the average wer these angles.

Observed values of the neutmn-pmton cross section have been fitted

to an miricsl function of energy by J. Gammel (unpublished). In the

region

tislly

Gammel

alone.

awe ‘lab = 1

= u-ego‘WP

slso deduced a

We assume tie

Mev, the result, expressed in barns, is essen-

[

1 1

1

(15)
1.75 + Eld - 153 + Elab

similar expression for the singlet co13.isions

neutzxm-neutmn collisions to folJ.owthe same law

as singlet n - p collisions except that a factor foux must be applied

because the neutmm wave is symmetric to exchange. This leads to

[

1 1
a~ = 9.58 0.136 + Elab - 77.7 + Elm

1

(16)

16



h e~(15) and (16), Elab is the energy of the neutron besm when

the target (proton) is at rest. We wish to apply the expressions to a

target nucleon with wave-number Z?. This corres~nds to a nmmentum in

the lab system M ~.. Let the momentum of the boxxibaxxiingneutron be

M ~.. Then the “laboratory” energy corresponding to their collision

is

1 IElab=m M~o- 1M?’.’.* (17)

Now M ~. = A I?, since M is 6/5

i?” is 5/6 the relative velocity.

fine a new wave-number 3,

the reduced mass in the orbitsl and

It iS convenient, therefore} to de-

4i$=M$o=&I~

where ~ is the reduced wave-mmiber of

Then

.
E

a2
lab = =

(p* + k’2 - 2

the colJ_ision

p k? COS e)

(18)

used hitherto.

(19)

Before substituting into eqs. (14), (15),(16)it is desirable to

replace the variable k’ by

x= k~ R (2Q)

and define

a~p R (21)

If En be the energy, in the lab, of the neutron bonibardin.gLi6,

17



ra = 0.5846 En

Each cress section ten in

(En in Mev)

ws. 0.5)2 (I-6)is of -theform

a
e + El~

Let ~ = 2.926 a2; we then have tie forms

a at=
2.926 [a2 + a2 + X2 - 2axcos E)] cz+a2+x2-2axcos e

2

Hence, in the new variables, a, x,

= 4.067

[— -

1
am .598 + a2 + X2 - 2axcosf3

a~ = 3 ●274

[

1

52.3+ a2+xd-2axcosf3 .1 (22)

1

.0465 + a2 + X2 - 2axcose

7
1

26.5 + a2 + X2 - 2axcosf3
J

Now, eq~(12) may be written

6.994 2 -2KR
Nl(x)dx=~ ; e

(uN

[ 1

2
Sinx+ KRxsinx - (KR)2COS X

x— x X2 + (KR)2

18



or,

(23)

x (R= (KR)2+21cR + ~- ~2iX 1 KR 2

(
~+

X2 + (KR)2 X2
x+iKR

)}

The integral of

integrsl from - w to

pole enclosed in the

Nl(x) fromx = O to @ can be written as ~ the

+ - and evaluated by Cauchy’s theonm. The only

form, eq.(23), by completing the contour a?mund

the positive hslf plane is at x . ildl,aud it is readily

result is the total intensity outside r = R, eq.(9), as

seen that the

is to be ex-

pected.

In order to

that the average

form

apply the same method in evd.uating eq.(14), we note

over angles of the cross sections, eq.(22), has the

~ C%2+(a +x)2
~=&

CY2+ (a - X)2

These are even functions of x,each of which have four branch points

in the complex plane. In the positive half-plane one of the branch

points comes from the numerator of the argument of the logarithm, the

other fmm the denominator. These are connected by a cut, therefore,

and there is no accumulation of phase on completing a contour which en-

closes the cut. The integnal in eq.(14) which involves Nl(x) can then

be evaluated, as before, by takjng the residue at x = iKR. The result
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of the integration is then:

2a~R - tan-l
2a~R

.598+ a2 - (KR)2 52.3 + a2 - (KR)2
1

[

+ 22J tin-l 2aic R

.0465 + a2 - (KR)2

-1- tan
2a~R

26.5 + a2 - (tcR)
‘1

+ ah

[

●598 + (a. + a)2

aoa .598+ (a. - a)2

[

.0465+ (a. + a)2
+$h

o .0465 + (a. - a)2

52.3 + (a. - a)21
52.3 + (a. + a)2 1

26.5+ (a. - a)2

1

XKIXLibarns.
26.5+ (ao+ a)2

Here a. is the parsmeter corresponding to Eo, a. = koR = 3.34.

The numerical results are shown in Table V.

The ratio of a namely~ ui*, eq. (2),
Comp $

quite constant. This is of considenible help in

contributions to cross sections for events which

to stir is seen to be

estimating the direct

may also go byway of

the coqpound nucleus; for thenwe can determine a single factor to repre-

sent the fraction of overlapping. Assuming that fraction ta be zexm we

can estimate the fraction of direct interactions which occur in p-wave

collisions (with the Li6) by multiplying uco~adir Wti 9/5. The re-

sult appears as
%~adir

in the table. Since, in the energy range in-

volved, collisions should be mstly in the S and P states we expect

m



this number to be near 3/4. The table bears out this expectation, and

this means that for reactions which can go both ways we must discount

5/9 of the p-wave part of the direct interaction as having already been

accounted for.

TABLE V

Total Cross Sections for Direct Interaction (rob)

En(Mev) 5.67 6080 9.07 11.34 13.61

c1
np

a

r>R

416

353

322

267

263

214

221

176

a
np 198

a 150

‘dir 1250

aComp 508

a
comp~adir ●406

a /0
p dir ●731

fSym .248

r<R

201

153

1123

465

.414

.745

.250

206

160

955

395

.414

.745

210 215

167 173

854 785

343 303

J~2 .386

.724 .695

.247 .244

The last line in Table V, labell.edf
Sym5 pertains to n$czreactions,

which we now consider. Since kinetic energy is released in this pro-

cess we assume that whenever statistical factors are favorable the

n - cz~T reaction takes place.

The first such factor to consider comes from the requirement

that the collision be in a state with symmetry quantum numbers, C, S,

T, which are proper for a triton plus an alpha-psrticle. These are the
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7ssmeasfor thegzuund state of Li (C=39S=T= ~ ). We pointed

out above that these states play no zmle in fomation of tie compound

nucleus because they are too far fmm the region of excitation. We

are not concerned, therefore, with orthogonality to the compound states

(since none of these have the correct symmetry).

Calculations on the 2 -configurations show that 5/18 of SM. p-

wave collisions have the symmetry required. A similar calculation for

s-wave (and d-wave) collisions show that 1/6 - correct. The value

of fSw in Table V is then 5/18 of ~/utir plus 1/6 (1 - ~/adir).

It is seen that about * of the symetry states are ammpfiate.

The second factor to be considered represents the chance that the

third nucleon be close enough to the point of cold.isionthat a triton

may be formed. We take this distance to be the radius of the nucleon

intensity In H3 (which is different for neut?xm and proton because

their separation energies differ).

the extension of the wave-function

well is

/—

If the separation energy be E5,

beyond the range of the potential

R. y’43
-ME
33

(24)

This has the value
%
n = 1.92 fend for the neutron and p = 2-24

%

fend for the proton. Now, if we assume the effective radius for for-

uation of a triton by a proton to be the “Coulomb” radius (see Blatt

and Weisskopf~ “1’heoreticalNuclear Physics,” Wiley, New York, 1952, p. 204):

-13
Rc = 2.26 x 10 cm (25)
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then that for the neutron intensity should be less by+ (Rjp - n =~)

0.16 fermi. Hence, when the neutmm is the third particle, i.e., the

collision takes place with the proton, we use

R (n) = 2.10x 10-13 cm
c

(26)

We estimate the probability that the third particle be within the

required volume by multiplying the square of the nucleon density with

the volume of the sphere, radius Rc or Rc
(n)

, and titegrating● Let US

T
cell the integral over the density squared I . Since the p-ofiitsls

of the two nucleons in Li6 have the ssme dependence upon angle, inside

r = R we have

-Z-
12 =

3 x .662

4@3

= .2628 ~
4d

2

I

R

3 cos4edcoser2drdjlj
o

(27)

Multiplying by the volumes of the spheres with radii given h eqj% (25)

and (26) we get the respective geometrical.factors. We wish to apply

them, however, to cross sections given in Table V which contain the in-

tensity factor, .662. Dividing by the latter we obtain

G=
P

.2429

Gn = ●1953

(28)

(29)
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~enr>Rwekve

The

is

(30)

(31)—

corresponding

4tiJ

geometrical factors will be written GS and are

(32)

G$ = 0.1485
P

GCn = o.llg2

The final result for the n - a cross section by direct interaction

u =f
na,dir [

sW Gnanp(r <R) + Gpam(r <R)

(33)

1+G’nUnp(r>R) + G’pum(r >R)

where, as mentioned, the u(r...) are the values given in TableV.
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The final computation is presented in a later section,in which the

contributions are summarized.

Direct Interactions Which Have Thresholds

The approximations used to estimate direct interactions will now

be applied to the n - D and n- 2n

process in several ways including

reactions. These differ from an n - a

hating threshold energies. One of the

other differences is that all collisions have an acceptable symmetry,

since there is no symmetry problem for knocking out a neutron or proton

6singly and since the ground state of Li has the same synmetry as the

triplet deuteron. On the other hand, this fact requires that we exclude

the effect of collisions which can form compound states, i.e., 5/9 of

the p-waves. Also, the geometrical factor for the formation of the

deuteron must be estimated

is as large or larger than

differently because the radius of a deuteron

6that of Li .
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tion

Mev,

We consider first the threshold problem. For an n - 2 n, p reac-

the energy transfer to the Li6 neutron must be at least El = 5.66

and considering the existence of the Coulomb barrier,essenthll.y

the same value applies when the collision is with the proton. If tie

energy transfer is sufficient to ren%)vethe nucleon,it is assumed it

will do so, unless it is simultaneously possible to rexuxrea deutezmn

or triton.

title may

using

of mass of

In the latter event, it is assumed &at the heavier par-

be formed.

the notation of eq.(17) et seq., the velocity of the center

the two nucleons which are making the direct collision is

~ (?” + i?l) and their relative velocity of collision, @o - i?l. As-

suming isotropic scattering in

nucleon in the laboratory is

where do is

the initial

\

any unit vectore

kinetic energy of

this system, the energy of a scattered

(34)

This energy must be greater than El plus

the Li6 nucleon, ~ M vl~plus that of the

recoiling mass of five
1 2

nucleons, ~ M v, .
J-V A

E
scat% +~Mv251

Expressed in ergs,

E =?igttg =~fi%g
1 2~ 5M

(35)
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and fmm M VI = K k’ we get

2
E~cat ~~ (K2 + k~2)

Hence,

Let 8 be the @e between to and ~+ ~’. We Men find

=~2+b2-p2
Cos e >

(P2+ k’2)2 - 4 P2 kt2 cOs2 e

where e is the angle between F aud ~~, as above.

b the notation of eqs=(~), (21) ~d deffi~

the lower limit of cos 8 is given by

Cos el = l@2+7x2-5a2

- 4 a2 x2 cos2 t3

if &is be less than unity.

One can readily check that the right hand side of eq.(38) is

greater than unity when

x2>5a2-@2E6c 2

wMch defines the q~tity c = c(a, ~).

27
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Men X2 <6 C2 the COS2e in eq, (38) is restrictedly cos 8<1

to obey

2 Ati
Cos “25 ~2 X2

(6c2- X2) (44))

The right hand side of eq.(40) becomes unity when X2 = C2 (hence

Xa+p% ~2
g) so that when x2 < c2 the limits on cos t)are ~ 1.

The fraction of 4X solid angle through which the recoiling nucleon

has enough energy to escape is then

2hCose’l

F(x$ a, p, 0) = 2

This may be written:

F(x$ a, c, 6) = ~ 1-
7x2+ 5a2-12c2

(a2 + x2)2 - 4 a2 x2 cos2 13

(41)

(42)

The expectation values for threshold cnxs sections thezx?forehave

the form

‘o

[~

x2+5a2-12c
2

;1..
a2+a2+x2-2axcos e 5 (a2 + x2)2 - 4 a2x2cos2f3

1

where A stands for

An d6 (X2 + (32) (6 C2 - X2)

5ax ●
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Let

Then the averaged

eq.(43) over 6:

q =a2+a2 +x2

2
s =-

5
6 (X2 + ~2)(5 a2 - @2 -iX2)

u= 4 + 2tz2(a2 + X2)

j(7x2+Q32-5a2)w=-

cross section contains the forms, titer integrating

=
aa

1 [’

c N(x) +2ax-2w=
~lnq-2ax

&n-l!.2a’’lx2 dx
00 7-]{I(a ‘-x)

(44)

In application, eq. (44) pertains to the four vslues of a2 indicated

by eq.(22) and the two forms of N (x),e=. (12) and (13). The integrsl

over N2(x) is readily carried ou~ of course,and it results in a negli-

gible contribution to the

that without allowing for

larly, the result in this

so we shsll.

corrections

gions.

merely add it

n- 2 n cress section (3 nibat 13.6 Mev,and

competition with the n - D reaction). Simi-

region for the n - D reaction is very small

to that for r > R even

for orthogonality, etc., are not the

though in principle the

ssme for the two re-
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In the region r > R,

The result of integration

section, however> because

eq.(U) was integrated by a digital coqputer.

is not yet the expected value of the cxwss

we have stild.to consider effects of spatial

correlation (for the n - D process), orthogonality

and competition.

We have noted previously that the neut?xm and

to coqpcmnd states

pxwton h Li6 are in

the same substate of a p-orbits3 and that the radius of the deute?xm

(intensity) is large. This indicates that an appropriate esttiate of

the geometrical probabflity is given by snowing the formation of a

deutemn if both nucleons (being outside r = R) are on the ssme side

of the a-core at tie instant of cold.ision. This gives a factor $ .

With respect to orthogonality to the states fonning the coqpound

nucleus we have seen that about 3/4 of sll co~isions appear b be in

F’-states. Thus as a nmgh estimate we should discount ~X$=&,or

about 40~ of the integral. However, we are specifically interested in

the fraction of collisions which occur outside r = R and which are in

P-waves with respect to the Li6. We shall estimate this fraction by

intersecting the radial wave-function, eq.(8), with two cylinders, con-

centric with ~(r) and of radii k and 2 X.

between these cylinders will be conside=d

collisions. Inside % they will be s-waves

L-vslues than one.

The fitensity of @(r) lying

to be effectively in P-wave

and outside 2 %, higher

Since we are concerned with the intensity at r > R the fraction

inside ~, which is denoted by #o, can be estimated as the ratio of



surfaces

(45)

where we use the reduced energy for the n - Lib system and eq.(21).

Outside the cylinder of radius 2k we have the fraction @l given

by

(46)

The integrand in eq.(46) has a st~% =~~ at 9 = # (fi the r=e

of energy of interest) and is closely approximated by a Gaussian of

equal amplitude and second derivative. Integrating tie Gaussian we

get,

Now 1- #o - @l is the fraction of the region which is effective

in p-wave collisions. ‘I’hen - 2 n md n - D CIVSS sections have ~ere-

fore ta be multiplied by a factor which is given by (assuming that the I
31



average cross

Finally,

fluenced by a

in a summary,

section is representative of that in the p -wave region)

@ ~ (4+ 5do+ 5@J (48)eff = 9

one must correct for the competition. Since this is in-

number of factors which are more conveniently considered

the subject will be finalized in a kter section.

In this section

bility of emitting a

density of states in

we note one factor in deciding the relative proba-

single nucleon or a deuteron or triton is the

the phase space of the emitted system. For two

particles this may be written

4 .p2~ M=MPm
ph (49)

where Ml is the fraction of solid angle which is avaihble and M and p

are the reduced xmss

is already contained

and momentum of the system. The solid angle factor

in8, eqo (44).

Effect of the Pick-up Reaction

The considerations made, so

tern the possibility that one of

fxwm a collision with sufficient

far, about direct

the nucleons in a

interactions con-

p-ofiital recoil

energy to escape either singly> or

if its partner be neafiy, h a stable deuteron. Under much ~re R-

stricted conditions all tiree nucleons escape as a triton.
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We have stild_to consider the cross section for the orbital pzwton

to form a deutemn with the bombarding neutxwn without going tlnxmgh

the compound state. This is the pick-~ process well known to be of

significance at high energy in heavier nuclei. It

importance slso in our energy range of neutrons on

large size and low momenta of the exponential tail

turns out to be of

6
Li , because of the

of the proton wave.

The theory of this cross section has been presented by Chew and

GoMberger\3) who used the Born approximation but avoided the error to

which this leads in the neutron-proton interaction matrix element by

using the wave equation for the deuteron.

Let ~ be the reduced mass of the neutron on Li6, and M, that of

the deuteron-He5 system. In Bom approximation, the

-D
section for going from wave number k of the incident

differential cress

system to ;of the

latter is

(50)

29
da’ = 3

~ ~~ lH12pEm

P2 dp
M2K

~E=—. .—

8YK%3 a 81(%2

The factor? gives the ~pioripmbabil.ityof a triplet state.

In the following we ahald.deal with averages over angles so we replace

N by 4tiand get
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45 M2~H2
a’== ~~ k II (51)

Let cpD(l?)be the wave function of the deuteron in the coordinates

then H may be written (cf. refl3)

.L J.

for d.1 their coordinates

grsl over d~ to be unity,

above and is just (2x)3/2

The second integral

essentially

where p is

reciprocal

(BD is the

The

except that of the proton. Assuming the inte-

the first integral in eq.(53) h= been found

x (&. ZI) , eq. (11).

in eq.(52) was transformed and shown to be

d?= 411

the effective range of

radius of the deuteron

n==
the ttiplet forces and a is the

wave function

2.314 x 1012 cm-l

(53)

P = 1.6 x 10-13 cm.

binding energy of the deutemm. )

form of IH12 is then

(54)
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(55)

with N1(kC) given by eq.(12).

FolJ.owingref.(3), let Bif be the energy difference between ini-

tial and finsl nuclear levels. In our case, Bif is 4.653 Mev when the

He5 is left in the quartet state, which is 2/3 of the time, and 3 or 4

Mev greater when it is left in the doublet state (probability= 1/3).

The magnitude of K is determinedly

*K? BD $k2—- —-
2M. = M ‘if

(56)
z 1.

Averaging over the orientations of the

factor, 3

the sm@e

COS2 ql, in eq.(55) becomes unity.

between ~and ~in

p-orbital in Li6 the

Next we average over p2,

by computing

(57)

(58)

for each k and corresponding values of K, viz., K
3/2 ‘or ‘he ‘e3/25

state and %,2 for the He1,25; the resulting expression for the cross

section is
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u’ =
90 CYR3

)[
; ~ X(K

k*(l - @ 3/2’k)

As mentioned above, the effectiveness

+q(
‘3 1v2’k) (59)

of the PIin level of He5 pre-
+ ~

sents an uncertainty in the prediction. This level appears in scatter-

ing aperiments to be very broad and centered about k Mev above the P
3/2

which is much sharper. In order to mke the computations definite we

assme ‘t ‘ie ‘1/2
level is also sharp and 4 Mev above the P

3/2
level.

The integrations for fi(K,k) and resulting cross sections are given in

Table VI. The pick-up cross section u is computed by multiplying a‘,
pu

eq. (59), with the orthogonality factors, #eff of eq.(~), and ~d the

orthogonality to n - a channeJs given in CXL(61):

(60)

‘I!ABIJ3VI

Results for Pick-Up Cross Section (rob)

‘lab
(Mev)

X(K
3/2)

R(K@)

u’

$a

#eff

‘pu

3*97

15.33

414

●959

.692

275

5.67

1.2.9

339

●956

.640

207

6.80 9.07 SL.34 13.61

10.52 7.76 6.09 5*O7

5.85 7.76 6.24 5*35

363 314 24g 209

.g’jl ●N ●939 “935

.627 .629 .651 .683

216 M36 152 133
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DISCUSSION

From the points of view of relative

and amount of information available, the

magnitudes of cross sections

most important reaction on

Li6 is M6 + n ~a+ d+ n. The most complete experimental results

have been presented by L. Rosen and L. Stewart
(4)

in IA-2643.

In the preceding ~ges three different mechanisms for producing

this reaction have been studied and we now investigate their probable

importance. The compound nuclear method leads to CY+ d+ n in two ways:

either the Li7* emits a neutron going to a 3D state of Li6 which then

emits the deuteron, or Li.7*emits the deuteron directly l=ting He5 in

either its ground state or the excited, P
1/2’

state. In making the

computations on partial widths it was assumed that the P
1/2

level lay

4 Mev above the P level ofHe5. The positions of the %levels of
3/2

Li6 are those assigned in Table I. Being lowest the %3 contributes

most except when selection rules prevent its being reached,as they do

‘m ‘1/2
intermediate states are excited. On the other hand, the

statistical weights of these states are smill.

In ‘I%bleVII we give the results of the production of the n,dn

reaction by the various methods and compare them with the experimental

values. The latter are subject to estimated errors oft 50 mb at high

energy and ~ 100 at the low end. The comparison is shown graphically

in Fig. 1. Ignoring tirect interaction for the moment, the sum of

values from compound nuclear theory and from pickup fits quite well

with experiment except at the lowest energies where theory is a little
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Results

‘lab (Mev) 3.97

njdn X section (mb)

Observed

Compound

Pickup*

Max. Direct Int.

Comp.+ Pickup

Comp.with n,a

Add. %3 contr.

Total

550

150

286

43

436

134

130

539

TA.ELEVII

for Li6n,dn Reaction

5.67

*o

205

217

69

422

190

107

504

6.80

500

225

228

80

453

214

77

507

9.07

350

216

lg’7

96

413

41

436

U.34

350

188

1.62

108

350

184

29

365

13.61

290

166

143

IJ.9

309

163

25

321

*
These M.ffer from u of Table VT because competition with n-a

pu

reaction is not yet included.
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80C

60C

400

20C

$“ experimental

T

6 10 14

neutron energy (MEV)

Fig. 1. Cross Section fornjdn Reaction on LiG. The solid line is the
result of theory, including the compound nuclei and pickup.
If an additional mechanism excites the 2.2 Mev state, the
observed cross section for the htter leads to the dashed curve.
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low. The dip in the theoretical curve near 5 Mev comes from the loss of

‘he ‘ffect ‘f ‘he ‘1/2
state of He5. Hence, if we should assume the ef-

fective position of that state to be lower than 4 Mev,the dip disappears

and the fit improves.

It will be noted in Table VII that the energy dependence of these

two ~rts is very different, the pickup cross section being relatively

stronger at low energy. Therefore, if the pickup process can compete

with forxmtion of the compound state, i.e. #efl, eq.(48), is larger than

we have assumed, the pickup contribution

part smaller.

In making these calculations it has

reaction does not take place through the

symmetry in space does not retch. It iS

becomes larger and the compound

been assumed that the n - a

compound states because the

likely, however, that this sym-

metry (the quantum number C) is not strongly conserved, especially.yin the

process of forming the triton for which the release of kinetic energy is

high. This point is of minor importance to the n-d cross section, how-

ever, because the n - a effect is so small that whether it competes does

not change final values very much. This correction is added kter.

Also shown in Table VII are values for direct interaction under the

assumptions =de above, viz.,if the collision took place in a state which

is orthogonal to the compound state and the recoiling nucleon had suffi-

cient energy to liberate a deutero~ and if the two nucleons were on the

same side of the a-core at the time of collision, then the n-d reaction

resulted. The assumptions are certainly optimistic because of the large
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geometric factor allowed and because the only requirement on the

ics is that energy be conserved. Even so, the calculations shown

dynam-

in

!lkbleVII are rather small,at least at the lower energies. In fact the

energy dependence is the opposite of what is required to improve the

fit. This is interpreted to mean that the direct interaction (through

recoil) should be ignored in the production of deuterons.

On the other hand, it does not seem justified to arbitrarily improve

the fit to total cross

of the compound part.

tions of the deuterons

there are measurements

section by increasing the pickup at the expense

One reason for this is that the angular distribu-

coming from the two parts are quite different and

of differential cross section with which to com-

pare. The theory shows that the compound nuclear angular distribution

is almost spherica~whereas that of the pickup process, i.e.~the inte-

grand of e% (58), is strongly peaked in the forward angles.

The exp=imental results of Rosen

as differential cross sections for the

one of ten zones of equal solid angle.

and Stewart are presented by them

emission of the particles into

These results for deuterons have

been fitted by least squares to quadratic functions of the cosine of the

laboratory angle (COS *2) of emission relative to the direction of the

incident neutron beam. The same process was folLowed in treatmmt of

the theoretical results after transforming them to the laboratory frame.

The ticulations were mde for a simple spherical distribution (in the

C.M. system) and for the mixture with the pickup process represented in

Table VII.
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In Fig. 2 is given the comparison of results for the coefficients

of cos *2. The upper curve comes from the theory presented above and

the lower curve is what would result from

deuterons if the total cross section were

is seen that the experimental points fall

these curves,suggesting that some forward

as much as the theory predicts.

Departure from spherical symmetry is

a spherical distribution of

the same as the theory. It

mostly in the region between

peaking tists but perhaps not

indicated also in the coeffi-

cient of cos2~2. This is shown in Fig. 3. The experimental values are

negative below 8 Mev,reflecting an enhancement in the intensity perpen-

dictir to the beam axis. This can only be an effect of the compound

nucleus, such as certain compound states dominating ~ticular energy

regions, and can not be expected to appear as !mrkedly in a theory that

has been averaged over all level positions. For example, the sign of

4
the cos2~2 term in the He5,d reaction is different for a P5/2 inter-

4
mediate state than for the P~/2 (the latter is negative). Also these

coefficients are comparable to the constint term in magnitude.

Additional etidence of imperfections in the model appears in com-

paring the results on the cross section for formtion of the 2.2 Mev

stite of Li6. In our model, this is the %3 state and is formed only

through formtion of a compound state. However, in Fig. 4 we see that

the theory falls short of experiment and especially at low energy. ‘l!his

may be interpreted either as arising from the difference between a real

nucleus and the model or as reflecting an additional mechanism for form-
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tion of the 3D3 state, or both. In light of the apparent importance of

the pickup process it seems likely that there is some direct excitation

6of Li in states orthogonal to the compound states. This has the added

feature that it represents an additional source of deuterons which has

the correct dependence on energy to account for the difference between

theory and experiment in total cross section, Fig. 1.

As mentioned above these results are obtained without allowing

competition from the n,a reaction. The theory of the latter has sweral

unknown factors in it, the main ones being the importance of symmetry

and the influence of dynamic effects, other than energy, in its produc-

tion through direct interaction. In Table VIII we show the nmchmuu cross

section the theory will allow for the compound nuclear process and for

direct interaction. It wild.be noted that the sum of the two mucimum

‘lab
(Mev)

ancz,obs

Max. Comp. Nut.

Max. Dir. Int.

u + ●53 UtirComp

TABLE VIII

Results for n,o!Reaction (rob)

3*97 5.67 6.80 9.07 11.34 13.61

109 70 54 38 31 27

68.1 44.5 33*3 19.6 1.2.7 9.6

65.3 48.3 44.6 39*3 35.6 33-3

103 70 57 40 32 27
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contributions exceeds the experimental results at all

that dependence upon energy is very different for the

energies and also

two processes.

There must therefore be some optimum mixture of the two theoretical

cross sections. If we determine the optimizing factors by least squares

we find that the compound nuclear contribution should have a weight 1.16

and the direct process a weight .42. In order to rmin consistent with

the theoretical approach we shall assume that the compound process has

weight unity and give the recoil method an average weight .53. This

appears as a
Comp + ●53 ~~r in Table VII\ and the

meat is obviously satisfactory. The experimental.

mate a
n~obs

were taken from ENL 324(5).

agreement with

points used to

experi-

esti-

This result means that even though the symmetry quantum number, C,

Is 3 for the triton-alpha state and is O for the five compound states,

the latter app~r to be fully effective in producing a triton when the

spin is right. It also means that

processes and, in ~rticular, with

nucleus. The lower cross sections

triton emission competes with other

deuteron emission from the compound

are shown in T%ble VII under n,dn

X-section, Comp.with n,c%. On the other had, we have found evidence

for an additional mechanism for the formtion of the 2.2 Mev level and

hence for the emission of deuterons. The estimated additional cross

sections appear under n,dnX section, Add. 3D3 contr. Adding these two to

the pickup cross section, from Table VI, for each energy we get the result

shown as Total. It is clear that this agrees very well with experiment. It

is shown as the dashed curve in Fig. 1. If one does admit the addition,
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of unspecified origin, to for!mtion of the %3 state he widens the 3ati-

tude in the interpretation of the anguhr distribution, of course.

Another source of infomtion for comparison is the report of

J. 1’.Harry@j 6 6on the “Cross Section of the Reaction IiI.(n,p) He “.

So far as our theory is concerned, this reaction goes only through

doublet, compound states. It is therefore sxmll.but greatly affected

by the competition with the n,c%reaction. In Fig. 5 are shown the experi-

mental results and the two curves predicted by compound nucl~r theory.

The u~er, solid curve is that predicted by the theory without emission

of tritons, the lower, dashed curve is with competition. Even the solid

curve falls below the observations,and in light of the results on the

n,CYcross section one would rather expect the lower curve to represent

the contribution of the compound states. It follows that states orthogo-

nal to these appear to contribute about an equal amount to the cross sec-

tion. The obvious mechanism is one in which the incident neutron knocks

the proton out but is itself caught in the ground state of He6. This

possibility has not been included here.

The remining cross section of interest is for the n,p2n r~ction.

The contributions to this final product are several, VIZ., if LiF

emits a neutron and leaves Li6 in a P-state,the latter, being even, can

not in turn emit a deuteron but will emit a neutron or proton (this is the

only method by which the reaction occurs through 4P states); if Li7*

goes to the % state of Li6,
6*

or to the proton leaving He , or the

singlet deuteron and He5, or to Li5 and the “dineutron”, the result is
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an n-2n reaction. The theoretical cross sections summed over these

possibilities and allowing for full competition from the n -

are shown in Table IX.

In ad~tion to the compound nuclear mechanism, the n,2n

takes place directly through collisions in states orthogonal

We have found that this is apprently unimportant to the n-d

and of less than full importance to the n - a cross section.

a reaction

process

to these.

reaction

For the

n,2n cross section, however, there are no estimates of protimity needed

and no dynamic requirements other than that the

sufficient energy. Hence, except for reduction

direct interaction should be fully effective-in

recoiling nucleons have

through competition, the

the n,2n cross section.

Competition with the n - a process will.take place only in that

fraction of collisions which are favorable to formation of a triton.

Practically all of the collisions which permit the ejection of a neu-

tron are in the region r > R and they are in states which are orthogo-

nal to the compound states. The collisions which permit the formation

of a triton are orthogonal because of the symmetry requirement. colli-

sions which are orthogonal to the compound states at r > R present a

cross section $m@@ u(r > R)~and of these the cross section for ejecting
CA A

the nucleon is a Now
n,2n”

among these same states,so

is right for ejection of a

is

all coUisions leading to

that the probability that

nucleon is also right for

tritons must occur

a collision which

_ the triton
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‘lab
(Mev)

u
n,2n, comp

‘n,2n, max@tr

fleff

@eff amx,tir

.53a
na, dlr

u(r > R)tir

deff “(r > R)&

.53a~@eff ~(r > R)

$a

da #,flC7mx ~r
Y

a
n,2n

TABLE IX

Results for n,p2.nReaction (m)

3*97

.692

34.6

1221

845

.041

●959

5.67

●5

.640

25.6

902

577

.04-4

.956

●5

6.80

6.5

7=3

.627

4.6

23.6

769

482

.049

● $1’jl

4.4

10.9

9.07

29.0

62.0

.629

39.0

20.8

589

370

.056

.944

36.8

65.8

11.34

50.1

126.o

.651

75*5

18.9

477

3KL

.061

● 939

70.9

121.0

13.61

55.6

156.4

.683

106.8

17.6

397

271.

.C65

● 935

99.9

155.5
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.53an ~ (r > R)tir

u(r > R‘ieff )dir

The statistical factor for emission of

~~ (@)$is SO overwhe~ngly I%vorable

correction factor for competition with

the triton, instead of a nucleon,

to the triton that we assume a

the n,2n process to be

(r > R)tir
J&d- ‘53an’:(r>R

‘eff )dir
(61)

There remains

sion can lower the

direct interaction

the possibility that competition with deuteron emis-

predicted n,2n cross section. For, although the

(other than pickup) is of no noticeable importance

to the total n-d cross section, an amount of, say, 20 or 30 millibars

would not be noticed in that comparison, Fig. 1. Hence, the results

given in Table IX for the n,2n cross section are probably upper limits.

On the other hand they are to be compared with the measurements(7) nde

+50
at 14 Mev indicating a cross section of 122-40 mb.
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CONCUSSION

Simple independent particle models of

suit that about half the observed reaction

6
on Li can be accounted for as having gone

Li6=d Li7 lead to the re-

cross sections with neutrons

through compound states.

The calculations were made by averaging over possible positions of the

latter. The additional mechanisms of r-ction are assumed to be effec-

tive only in sates orthogonal to possible compound states and the or-

thogonality factor estimated on geometrical grounds.

Most prominent of the additional modes is the pickup reaction giv-

ing an n-d reaction. This was estimated by using the Fourier transform

6
of a neutron wave in the square well representing its binding to I-d,

instead of that of a proton wave, but the two should be very similar.

The pickup r~ction, however, produces somewhat more of a forward peak

in the deuteron distribution than is observed. On the other hand, the

observations are more peaked than one would expect from

states alone (practically spherical in center of ~ss).

There is no convincing evidence that deuterons are

the compound

formed by nu-

cleons recoiling from what is called direct

nucleon collisions calculated as though the

However, the effect would be small compared

interaction, i.e. neutron-

two were free particles.

with the toti n-d cross

section and could be of importance only to the n,2n cross section by

presenting competition.

Evidence for direct interaction comes in the n-a reaction which,

first, requires all that the compound nucl-r states can supply and in
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addition 53% of the maximum estimate for direct interaction. This indi-

cates that, of the quantum numbers (C, S, T), the latter two are con-
.

served (and give a g-factor ~ ) but t~t the space symmetry is not con-

served. It also means that allowance must be made for competition with

the n-a reaction when the doublet compound states are formed or when

direct interaction is important.

Additional reaction mechanisms

theory with experimental results on

are

the

suggested by co-ring the

excitation of the 2.2 Mev level

6 6of Li and on the production of He . Both of these are observed to be

higher than the compound nuclear theory alone, by about a factor two,

or less in some regions. Assuming that there efist such additional

mechanisms, the excitation of the 2.2 Mev level represents an added

source of deuterons. If we add this to that from the compound nucleus,

plus pickup reaction, (corrected for n-a competition) we get very good

agreement for the n-d cross section.

Finally, the n,2n cross section is calculated from

ddrect intemction theories. Owing to the zero binding

compound @lS

energy of the

singlet deuteron there is no pickup effect predicted. The result at

14 Mev is within range of the experimental result,but it must be re-

membered that the direct intention contribution might be smaller than

calculated because no allowance is made for deuteron formation by this

process.
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APPENDIX I

P2 CONFIGURATIONS

We are concerned here with the dependence of wave

spin~ isotopic spin> and angle. Since only p-orbitals

functions upon

for individual

nucleons are being considered> the wave function of particle 1 is

detemined by the quantum numbers ml, Sz, and Tz.

(Al)

The dependence upon ml is givenby the normalized Legendre functions

Yml

YY = ~+ ei$ sin e,
Y‘o = & Cos “ yi+

-ifdSti
1 ‘-1=- Yfe

(A2)

The two values of Sz will be indicated by the arrows 4 and ~ repre-

senting normd.ized spinors~ Similarly, the two values of Tz willbe

denoted n andp, for neutron and proton; these are also normalized

spinors●

e
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We use these

is a neutron with

symbols to abbreviate eq.

positive spin ccxqponent

(Al.). Thus if particle 1

# =n 4
‘f

or a proton in YO and negative spin

*(1)
= Po+

and so on. The scalar product then represents a sum over spin, isotopic

spin, and integral.over 0 and ~.

The antisymnetrized two-particle (P*) wave function has the form

(A3)

Suppose *(1)is given by the abbreviated form n# and V(2) by PO+ ;

then the antisymmetry of
&2)

and its normalization can be retained by

considering nl~ and PO+ to be anticommuting uni~

@,2)
order determines the sign of Y ● Thus we represent

SiXQ)~ by

operators whose

Y) in this example,

(A4)
= -PO* n#
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In the first form

and in the second

particle 1 has the quantum numbers indicated by nl~ ,

form it has those of pO~ ●

In this notation the 3D3 state of Li6 has the form

(M=3) n,+ p,+ (A5)
-L.

The function for M=2 can

which carries ~ into ~

A

then be generated by an infinitesimal rotation

and n, into @Ls etc., and results in the sum
J. u

(M=2) ~+ Pl+ + nl+ P14 + J6 (nl+ PO+ + no+ pl+ ) (A6)

The sum of squares of the coefficients is 6, so this is normalizedby

dividing with V6. The choice of signs in eq. (A2) is such that an

infinitesimal rotation carries pa into ~2 p-1, and n. into ~2 n-1, of
w

course.

We see from eq. (A6) that there are

which have a maximum M%?. These are, of

this way the composition of all possible

u

three states orthogonal to %3

+)course> 3D2, ~, and 3P20 In

p2 configurations as sums of

determinants similar to eq. (A4) can be developed. The remaining quantum

number C is then determined from the symmetry with regard to exchange of

subscripts

It iS

in tibular

m and mto
f f

convenient to present the coefficients in these superpositions

form. Four tables are required (Tables X to XIII), one each for

M= 3,2,1,0. The waves for negative M may be obtained from those of positive M by
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interchanging ~ with + and subscripts 1 with -1. The coefficients

remain the same except for states having J=2, and in these all signs

change.

The quantum numbers of the pz states, J, L, and S, appear in the

usual spectroscopic notationy whereas C and T appear in separate rows~

The value of T is zero if the wave function vanishes when p is replaced

by n, as in eq. (A5). If it does not vanish, T = 1.

TABLE x

M=3

c

T

1

0

1

1
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c

T

N-2

1

1

3)2

1

-1

2

TABLE XI

M=2

1

0

3D
2

-1

-1

6

1

0

-1

1

3D
3

3P
2

1

1

1

-1

6 2

q.+@

Here we have used q to represent + ~2. Also, we

-2
of squares of coefficients for each state> N . Hence

zation factor for the sum. These

tables.

include the sum

N is the normali-

appear in all the following
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c

T

N-2

1

0

3~
1

-1

1

1

1

0

3D
3

2

1

1

1

0

3D
2

-2q

-q

-q

1

1

1

1

2q

24

TABLE XII

M=l

1

0

3D
1

2q

q

q

-3

-3

-3

-3

6q

-1

1

-1

1

-1 1

0 1

3P
2

-q

q

-1

-1

1

1

8

3?
1

-q

~

1

1

-1

-1

8

1

-1

-1

1

1

-1

1

-1

4 4
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TABLE XIII

M=O

c

T

N-2

-1

1

3P
1

-1

1

1

-1

4

1

0

3
‘2

1

1

-1

-1

4

-1

1

3P
2

1

-1

1

-1

q

q

-q

-q

12

-1

1

3P
o

-q

q

-q

q

1

1

-1

-1

12

1

0

3D
3

q

q

q

q

1

1

1

1

2

2

20

1

0

3
‘1

3

3

3

3

-q

-q

-q

-q

-2q

-2q

60

. .
1

0

3~
1

1

1

1

1

-1

-1

6

-L

1

%0

-1

1

-1

1

-1

1

6

1.

1

+12

-1

1

-1

1

2

-2

12

-J.

o

%1

1

-1

-1

1

4



APPENDIX II

P3 CONFIGURATIONS

The procedure

p3 configurations.

now changed to the

outlined in Appendix I is followed in finding

The rule for determining the function for -M

the

is

fOllowing: interchanging ~ with ~ and m.= 1 with
L

-1 gives the negative of the wave function when the coefficients for

positive M are used, except

the sign remains the same.

Also} for convenience,

For three particles a given

forJ=~
1

~dJ.-.
2’

in these functions

the value of ZT is tabulated instead of T.

S, L, and J my occur more than once, and it

is necessary to classify the states according to eigenvalues T and C.

The results are presented in Tables XIV through XVIII.

63



c

2T

N-2

TABLE Xrv

3

1

o

1

4
‘7/2

1

1

1 1



c

2T

0

1

4
‘7
z!

q

q

1

1

1

7

TABLE xv

5M=z

o

1

4
‘5
z

-3

-3

2q

2q

2q

42

0

3

%5

5

1

-1

-1

3

0

1

2D3
Z

1

-1

1

3

3

1

?F5

5

1

-1

-1

x

21
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“1. .,.” .“,.- .

“.IAOJJI!I AVJJ.

M. $ Doublets

c

2T

333

111

Pq -6 -%

1 2q 2

2 % -1

q -3 q

q +3 -q

-q 3*

q -3 q

q -3 q

-q 3+

2 % -1

-1 -2q -2

1 2q 2

-2 -% 1

30

1 3

%, %2

52

3

2q -q

4 q

-1 -1

1 -1

11

-1 1

-1 -2

1 -2

-q

-2q

2q q

q q

-q

-q

1

1

2

45 ~

o 0

33

2D3 %3

F z

-3 -1

3 -1

q q

q -q

9 q

-q -q

2q

2q

31

3 -1

-3 1

-3 -1

-q q

-q -q

-2q

90 18

0 0

11

%5 %3
Z?2

q 3

-q -3

-1 q

-1 q

-2 2q

-2 2q

l-q

1 -q

q 3

q 3

-q -3

-q -3

1 -q

1 -q

2 -2q

3%

-3 0

11

%, %3

55

-1

-1

-1 q

-1 -q

1

1

1 -q

1 q

1

-1

-1

1

-2 -q

-2 q

2

18 ~8

o

1

%1
2

-q

-q

-1

1

1

-1

q

-q

-q

q

1

-1

18
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TABLE XVIII

c

2T

0

1

4
‘5

E

-2q

-2q

-q

-q

-q

-q

5

5

5

5

3

5

-q

-Q

-2q

-9

-9

6q

420

M = ~ Quartets

o

1

4

‘;

2q

2q

Q

Q

q

Q

-3

-3

-3

-3

-3

-3

q

Q

2q

-3

-3

6q

180

0

1

4
‘1
3

-2q

-2q

-q

-q

-q

-q

-Q

-q

-2q

6

6

6q

180

-3

3

4~

$

-1

-1

1

1

1

1

1

1

-1

9

0

1

4
‘~

Q

-Q

Q

-Q

1

-1

-1

1

1

-1

-Q

q

1

-1

20

0

1

4P
$

-1

1

-1

1

2q

-2Q

-2q

2Q

2q

-2q

1

-1

-3Q

3q

w
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APPENDIX III

CALCULATION OF g-FAC’IORS

Consider the collision between a neutzwn with spin + ~
6

and a Li

nucleus with M = 1. The angular and spin dependence of the neutron is

then no~and fmm Table XII the compxition of the 3S1 state is

Taking the antisymmetric pxmduct of this with no$, the second term

vanishes and for the incident three body state we have

3Thishasn=F; looking at Table XVI we find
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4
and no+ pl~ n-lA is the same with reversed signs on the P terms.

Hence

()3~lpo4= $($4P5P-VG 4p3/J3,2

.
The partial g: factors for 4P 4

5/2 and Pj,2 are therefore 4/15 and 2/5,

respectively. Analogous calculations for the other two incident states

produce the results in Table X3X.

As an illustration of calculation of g;,consider the M = 3/2

4
Accozxlingto Table XVI this is

‘ate ‘f ‘5/29

[)
4 1

[i— - 2 no4P14n-1~ +~2 ~~p-l~no$
‘5/23/, =@

- ~~pltn-l+ + ~+POtno4 + ~+po$not

Taking the scslar product of

ttie factor for emitting the

this with n-l+ , say, we get the aqpli-

neutzwn with m = - 1 and Sz = 4
1 23

viz.

Consulting Table XI we find this wave to be expressed in p2-terms as
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co=

4P
5/2

4P
3/2

4P
1/2

2P
3/2

2P
1/2

c = 3

2P
3/2

2P
1/2

TABLE XIX

Values of g 1a

4/15 2/15

2/5 2/135

2/27

4/27

2/27

10/27

3/27

()3~~ ~ no~

4/15

4/135

4/27

2/27

1/27

sun

3/27

5/24

Ave

.
eax

2/9

4/27

2/27

2/27

1/27

5/9

>/27

5/54

sum 5/18
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{

{‘-l+ =q- - 2
1 3D ,fz 3~ +2 3P-—

f6 2— f6 3(22 1
[

~311D+2D+J3D-—

f 2 2v62f63 1

probability factors for emission into each of these states are

then

3
● D2 1/30

3● D
3

4/15

3
● P2 1/10

The values of gfi given in Table III are the surdsof such factors

over the six possible neutron states. For example one can reach the

3 4
‘3 ‘tate ‘mm ‘5/2by the following paths, with the pzmbability

factors:

n-~+ 9 n-l+, no+, no+, %$, %*



APPENDIX Iv

CONSTANTS

Calculations of wave numbers and neutron wave ~(r), eq. (8),are

based upon the following numerical vslues

Mass of neutron M= 1.008986A.M.U.

-24
= 1.6739x 10 gm

Mass of Li5 = 5.01S948A.M.U.

Planck~s constant -h = 1.0545 X 10-27 erg sec

6
10 electron volts 1.60209 x 10

-6
erg

For reduction of masses in the cross sections for direct inter-

action the integrsl velues of the masses were used.
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