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ABSTRACT

The predictions of a theory of neutron reactions on Li6 are worked
out and compared with experimental results with neutrons up to 14 Mev.
The levels of the lithium nuclei involved are simulated by pn-configurations
of independent particle orbits with L-~3 coupling. TIormation of 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 sectionse. Direct collisions are of com-
parable importance ton - 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
to be decisive. Additional mechanisms for the n - He6 and the formation

of the 2.2 Mev excited state of Li6 appear 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 primarily of two nu-
clear units, viz., 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 alpha
core 1s a completed 1 s shell and the remaining 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-
blts; but these forces are also weak in the lithium nuclei.

It is the purpose of this paper to investigate some predictions
which can be made for neutron reactions on Li6 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 incldent neutron energies below 14 Mev. Also, in this



range of excitation the states of Li7 should be predominantly p3-con-
figurations,so that the reactions which go through the compound nucleus
are excited only in p-wave collisions.

The collision of a 14 Mev neutron with Li6 (12 Mev, C.M. system)
is characterized by a wavelength (divided by 21) % = 1.44 X 10713 cm.

A p-wave collision may be thought of as occurring within an annulus of
outer radius 2% and inner radius %, hence a geometrical cross section
of 3nk2. So to speak, collisions at distances greater than 2% are not
important to the formation of a compound nucleus. On the other hand,
the total cross-section for 14 Mev neutrons on Li6 is 1.40 x 1.0-21+ cm2
(barns),and if we set this equal to 2nq? we get a "radius"

qQ=L4.7Tx 10713 cm,indicating that more is taking place between a neu-
tron and Li6 than goes through the compound nucleus for which the cross-
section must be less than l2ak2 = 0.78 barns. Some of the difference is
in the so-called "potential” scattering but a third possibility must be
taken into account. This is a direct interaction between the incident
neutron and elther the neutron or the proton in Li6, 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 noticeable probability that
they be found outside the radius R of the potential to which they are
bound. We estimate R from the well known formula derived from the beta-

decay energies of mirror nuclei:




1
R = 1.465 A3 10723 cm = 2.662 x 107 Bem (1)

That the value of R so obtained is reasonable is supported by the
fact that the difference between binding energlies of neutron and proton
in Li6 is 1.07 Mev, vhich would be just about the Coulomb energy at this
radius. It follows from comparing R with 2x 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 Li6 nu-
cleus. Fortunately, the results are not at all sensitive to its exact
valueyso we estimate it to be R plus half the radius of a square well

describing nucleon-nucleon interaction:

13 13

d=R+ 1.2 x102 = 4,08 x 102 cm

For the direct interactions we use the impulse approximation and con-
sider only those collisions which are orthogonal to the state in which

the compound nucleus may be formed.

Reactions through the Compound Nucleus

When the collision between neutron and Li6 has orbital angular
momentum unity,an excited state of Li7 may be formed. The probability

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



particle emission. The possible modes of the break-up of the compound
nucleus are then:

(a) emission of a neutron and return of Li6 to any of a number
of states;

(b) emission of the proton, leaving He® in either its J‘so or lD2
state;

(c) emission of a deuteron and He” (in en s-wave) in one of four
spin states, viz., singlet or triplet deuteron and doublet or
quartet He55

(d) emission of the triton.

Some of the Li6-states resulting from (a) can emit the second neu-
tron by way of He5 + lD, He5 + p,or Li5 + n,but the triplet states have
to compete with emission of the stable deuteron. The excited (lDz)
state of He6 emits two neutrons. Only the products p + He6 (in the

L

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

As suggested above, the intermediate states will be assumed to have
the same quantum numbers as the p5-configurations,which would be ex-
pected to be in the energy range of the excited nucleus. On the other
hand, these states are very broad, hardly levels at all, and we do not
Iknow their exact location. Consequently, we select those p5-configura-
tions vwhich can be excited by 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-up of

these states are then summed without regard to phase-relations among
them.,




For our purpose, we imagine a certain intermediate state wi, where
i stands for the quantum nurbers: J, M, L, C, S, T. As is customary, J
is the total angular momentum, M its Z-component, L the orbital angular
momentum, S the true spin, and T the isotopic spin. The number C is
the symmetry character of the p5-state (without adding that created by
the alpha-core). This is used instead of Y of Wigner's (STY) forrmulism
because it gives a direct measure of the exchange character of the state
and hence of its position relative to the others,all of which have es-
sentially the same kinetic energy. Also, the numbers S and T used here
have their direct physical 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 = k'l),and K be the wavenumber inside 4., The value of K is computed
from the kinetic energy outside d plus the energy of binding of a neutron,
T.25 Mev, The cross-section for formation of the compound state wi’

averaged over the possible positions of the resonant energy in the Breite-

Wigner formula,is (for £ = 1 waves)

i

T
0. % = 6ix° 2 (2)
i D
i
with
pi_ 2 k (ka)® i, (3)
a 1 K €a i

1+ (kad) 2



In the usual parlance, Pai is the neutron width, ( k d )2 Jl 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 wi and that
formed from the Li6 ground state plus a plane neutron wave, normalized
over angles, 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 Pfi for emission from wi into each final
state Wf- The compound state wi then has a total width

Pinz I‘i (&)

Under our assumption that the probabilities of emission to the various
Vf are independent of each other, the cross section for formation of a

particular final state is

i

N
Op=Z oi* £ (5)
i r

The I‘fi/Di are corputed from eq.(3) (except for deuteron emission)

but with k being the wavenumber of the emitted system and gfi being the

overlap between wi and Vf

. 2
i . ,
g = <vi‘vf >l (6)
and with the Coulonb barrier factor
2 x 1 2 e2
n= X v (7)

e2nn -1




when charged particles are emitted. The formula for the deuteron emils-

sion has unity for the non-Coulombic part of the penetration factor
(s=waves).

The procedure edopted here differs from 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 from the known levels of the product 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 actually lead to ten different energy levels. These
ten levels have been identified, for the purpose of constructing a model,
with the ten lowest known levels(l) in Li6. The assignment agrees with
the values of J and T,where these are lmown,and is shown in Teble I,
Also in the table we have given the symmetry character C. Each of the
p2-states is an eigenfunction of the operation of exchanging the posi-
tion (mz-values) of the neutron and proton. Six of these states belong

to the eigenvalue one and four t0 minus one. This helps to locate the

states since the higher the value of C the greater the (negative)
potential energy and the lower the state lies(z).




TABLE I

States in the Li6 Model

c T Term Energy (Mev)
3
- 1 1 Po 905
3
- 1 0 lPl 7014'0
3
-1 1 P2 6463
3
1
1 1 D, 535
3
1 0 D, k52
1
1 1 So 3.56
3 2,18
1 0 D5
3
1 0] Sl 0]
The ground state of L16 is primarily a 3Sl-sta.te with the sub-

states M = 1, 0, ~l. These states, taken with the incoming components
of the neutron wave, which we denote by noT and nol » glve six inde-
pendent states of collision. The oversall cross section 1s the average

of those computed for these states, Owing to the symmetry in positive




end negative M-states, it is sufficient to averasge over three of them

(three values of the subscript a).

In order to compute each Fal from eq.(5) we need the overlap in-
tensities gal, and for these we need the p5-configurations. These are

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

various J-values, Primes denote T = % states,which have symmetry

character zero, and asterisks indicate the states of highest symmetry,

_ I 2P * o %
C = 3., The ground state of Li' is the 3 and the ) 1s close by.
2 2

Hence they (and the F*-states) are not expected to play any role as com~

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 IT
p° - States of Li!
L ]
T-§ 'I'—2
C= -3 > M
! 55
> 2
2 4 1
P51 P531 T
53 552 22
C=0
2 L 2.t
D D D
23 1221 23
55 5553 5%

(BN
oo




Tables of the p3 and p2-configurations in terms of particle orbi-
tals were used to compute the gai and g fl. The tables are presented in

the Appendix. Since we are not concerned with polarization we average

i

the g 1 over M to obtain § ©. Also, the compound L:L7 nucleus may emit
a a 2

a neutron, for example, into any one of the six neutron orbits:
niA, nlﬁ, noAs By n_l4 R n_l+ . We sum over all these orbits and
polarizations to compute gfi.

The resulting values of g fi and Eai are given in Table III for the

five states, qri, of L:L7 which may be formed by adding a neutron in a

6

p-wave to the 3S ground state of Ii~, All these states have C = O,

1
Several femtures of the results may be noted. One is that the initial

state, ha.vingL=Oa.ndT=0fortheLi6a.ndL=l, T:%forthe

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

tor gfi for return to the 3Sl state of Li6 is larger than Eai, the
factor for formation from that state, The explanation is, of course,
that the g fi is a sum over all ml and spin values of the emitted neutron,
whereas only one set is represented in the colliding system. Also, the
sum of g fi for emission of a neutron is two,corresponding to the fact
that elther neutron may be emitted from the Ii! nucleus.

In Table IV we give the gfi-values for final states in which a
deuteron is emitted. The deuteron states are analogous to the Li6
states in Table III,but the sum over spins of the neutron must be taken

*
differently, namely, to correspond to the 2P.3 and 2Pl (He5 ) states of
2 2

10




oRn®

1/8

3/8

1/120

1/8

7/10

2/3

TABLE III

Values of g fi and Eai

L.

5/36

1/8

17/72

7/%0

13/24

7/60

2/3

1/18

3/8

5/72

5/8

5/24

ol

1/72
1/16
3/
25/1h44

1/48
5/36
5/48
1/9

/24

1/3

5/18

2/9

I'OI}-:‘P

1/18
1/8

3/

5/72
5/2k4
5/36
5/2k

1/9

1/3

4/9

5/9

Threshold
(Mev)

9.3

8.37
7.5%0
6.63
D5

2435
k.52
3.56

2.18

11.70

9.99




TABLE IV

Values of g fi for Deuteron Formation

¥y = 75 73 " 2 Py
5 2 A 2 A
Ya(s) + He 1/9
La(s) + ne’ 1/9
3a(s) + He> 10/27 16/27 u/27 1/27
34(s) + me’ 2/3 8/27 /27 5/27 8/27
1a(p) + HeS 5/72
La(p) + me? 5/72 5/36
3a(p) + H® 5/12 5/27 5/108 25/216 5/27
3a(p) + He’ 5/12 35/54 85/108 65/216 25/108
n2(s) + L1’ 2/9




Hes. Also, since L is a good quantum number and since the states of
He5 have odd perity, 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 foy but the cross-section 1is very small.

The possible emission of a triton (n-a reaction) presents a problem.
None of the intermediate states has the correct symmetry character to
produce a triton because the latter has C = 3., On the other hand, a
lot of kinetic energy is released when a triton is formed and the small
departures from symmetry of the Hamiltonian may have an appreciable ef-
fect. This factor _s 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, only half the intensity in each doublet repre-
sents the two neutrons in a singlet state, so that the maximum value of

gfi is 1/2 for the 2P3 and 2Pl states and zZero for the quartet states.

2 2

The resulting values for cross sections are presented in a later
section,where they are combined with the effects of direct interaction

and, in the case of deuteron formation, with the pick-up process.

Direct Interactions

Direct interactions will be computed in the impulse approximation.

13



The energy of separation of the neutron from Li6 is 5.663 Mev,

That of the proton is 4.55 Mev but the proton has the additional Cou-
lomb barrier of 1,07 Mev. Therefore, we shall assume that the distri-
bution in momentum space is the same for neutron and proton in Li6.
In our model, the neutron is bound to a potential which is con-
stant within the radius R, eq.(1l), and zero outside it. The wave-
function is then determined by the values of R, the masses involved

and the separation energy, plus the fact that it is a p-wave, As a

function of radius we get:

B(r) = 26486 1 (1 +1_) KT

R572 KX (3 o
r>R kK = 4,790 X 1012 o™t (8)
_ 50 ,4-8 1 sin kor
p(r) = —Rjzféz kT k T - cos k,r
r <R k= 1.255 X 1032 ent

The factors are chosen so as to normalize the complete radial intensity
to unityo

The integrated intensity outside r = R 1s:

@ 2 6.994 {1, 1| -2¢kR
1w = 7 gler - £ [ L) B a0 ()

The intensity inside R is therefore 0,662,

14




Let the axis of the p-orbital be the vector (cos 6 _, sin 6 _, 0).

The complete spatial wave-function in the region r > R is then

¥(r,0,8) = g;%;gé 3 1 1 ) o KT

T &k [Tt

X (cos 8 cos @+ sin @ sin O cos @) (10)

The Fourier transform of y¥(r, 6, @), expressed as a function of the

-
wave-number k' is,

1/2
- -
(k') = 2.6446 ( 35} e "R oos 8, (11)
imcak' 2R
sin k'R + k*ksin k'R - nacos k'R
X kKR -

vwhere el is the angle between k' and the axis of the p-orbital,

The intensity distribution of wavenumber Ik'l is the integrel of
‘X‘z over angles, viz,,

-2¢R

' ¢ _ 699k e 2
Nl(k)dk_(n%;fn x

(12)

2
2
]
% {sin k'R, k'ssin k'R - k"cos k'R} iK*

sin X R
k'R AR

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 collisions taking place at

15




r < R, the cross sections are small and comparatively crude approxima-
tions may be tolerated, In particular, we shall say that the nucleons
in p-orbitals always have the wave-number k , i.e., corresponding to eq.

(12) we have, in the core,
N,(k*) = 0,662 8(k' - k) (13)

Under these assumptions, interference terms can be ignored between

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

- ,% [Nl(k') + N (k* )] [anp(k,k',e) + ann(k,k',e)] dk' d cos 6 (14)

P
where 6@ is the angle between the incoming wave-number vector k and -1_:".

The factor% forms the average over these angles,

Obsexrved values of the neutron-proton cross section have been fitted
to an empirical function of energy by J. Gammel (unpublished). In the

region above E = 1 Mev, the result, expressed in barns, is essen-

lab
tielly

o = 11.90 1 1

- (15)
np 1.75 + El b 153 + Ela.b

Gammel also deduced a similar expression for the singlet collisions
alone, We assume the neutron-neutron collisions to follow the same law
as singlet n - p collisions except that a factor four must be applied

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

1 1
g = 9.58 - (16)
nn [0.136 + Ela.b TTleT + El ) ]

16




In egse (15) and (16), E, ., 18 the energy of the neutron beam when
the target (proton) is at rest, We wish to apply the expressions to a
—
target nucleon with wave-number k', This corresponds to a momentum in

the lab system M \_r’l. Let the momentum of the bombarding neutron be

—
M Ve Then the “laboratory" energy corresponding to their collision
is

E

lab=l§4"M?o'M?1‘2 (17)

Now M ?l =% B, since M is 6/5 the reduced mass in the orbital and

\_r’l is 5/6 the relative velocity. It is convenient, therefore, to de-

o = 4
fine a new wave-number p ,

»ﬁff:Mx’f’=%ﬁi’ (18)

o

where 1_:’ is the reduced wave-number of the collision used hitherto.
Then

2 2

2
E e 0 + k' - 2 p k* cos 0) (19)

lab = 2% (P

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

replace the variable k' by

x=%k" R (20)
and define
azpPR (21)
6

If En be the energy, in the lab, of the neutron bombarding Li-,

17




x» 2 K 2

a = 0,5846 lEn (En in Mev)

Each cross section term in egg. CL5), (16) is of the form

g

€+Ela.b

Let € = 2,926 02; we then have the forms

g a*
=
2.926[a2+a.2+x2-2a.xcose] a2+a.2+x2-2a.xcose

Hence, in the new variables, a, x,

1
g =,"'006'7 -
np [.598+a.2+x2-2a.xcose

1
52.5+a.2+xd-2a.xcose (22)

o, = 327k . 12
OUl65 + a~ + X - 2 a x cos ©
1
26.5+a.2+x2-2a.xcose

Now, eqe(12) may be written

6099)+ 2 -2kR
Nl (X) ax = I_I e

(xR)

2

X 2

2
% {sinx_'_nRxs:Lnx- (kR) cos x
X -l-(nR)2

18




or,

6,994 1 -2kR ‘
Nl(X) = —(:1%5 < € (23)
(kR)Z + 2kR 1 2ix [1 . xR 2
X Re j-=®p——5 + S5 -e rm)
x + (kR) X

The integral of Nl(x) from x = 0 to o« can be written as % the
integral from - o to + o and evaluated by Cauchy's theorem. The only
pole enclosed in the form, eq. (25), by completing the contour around
the positive half plane is at x = ikR,and it is readily seen that the
result i1s the total intensity outside r = R, eq. (9) s as 1s to be ex-
pected,

In order to apply the same method in evaluating eq. (11&), we note
that the average over angles of the cross sections, eq. (22), has the
form

gt o + (a + x)2

= T%Tax in

o + (a - x)°

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 from the denominetor. These are connected by a cut, therefore,
and there is no accumulation of phase on completing a contour which en-
closes the cut. The integral in eq.(14) which involves Nl(x) can then

be evaluated, as before, by taking the residue at x = ikR. The result

19




of the integration is then:

=~ 6_81 -1 2akR -1 2 akR
g = tan - tan
kR 598 + a° - (KR)2 5243 + a? - (KR)2
-1 2 akR =1 2agkgR
+ 222 tan - tan
axR OU65 + a° - (KR)2 26,5 + a® - (KR)2
2 2
673 598 + (a.o + a) 5243 + (a.,o - a)
+ galn 5 5
o 598 + (a.o - a) 5243 + (a.o + a)
Lo OU65 + (a + 8)2  26.5 + (a, - a)2
+ ‘Z'—a in 5 5 millibarns.
o OL65 + (a.o - a) 2645 + (a.o + a)

Here a, is the parameter corresponding to Eo’ a, = koR = 3,34,
The numerical results are shown in Table V,

*
The ratio of acomp s namely §- gy, ed. (2), to o r is seen to be

di
quite constant., This is of considerable help in estimating the direct
contributions to cross sections for events which may also go by way of
the compound nucleus; for then we can determine a single factor to repre-
sent the fraction of overlapping. Assuming that fraction to be zero we
can estimate the fraction of direct interactions which occur in p-wave

collisions (with the Li6) by multiplying o with 9/5, The re-

94ir
sult appears as qb/odir in the table, Since, in the energy range in-

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




this nuriber to be near E/h. The table bears out this expectation, and
this means that for reactions which can go both ways we rust 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 (mb)

En(MeV) 5.67 60&) 9.07 ]_]..51+ 15 061

r>R

°np 485 416 322 263 221,

9 n T 353 267 214 176
r <R

np 198 201 206 210 215

9 n 150 153 160 167 173

Taip 1250 1123 955 84 85

% comp 508 465 39 343 303

]

°comp/° dir o6 Jl1lk Ll Jdio2 «386

op/o dir <731 JTUS 745 oT2h 695

fsym 248 «250 «250 2U7 24l

The last line in Table V, labelled fsym’ pertains to n,x reactions,
which we now consider. Since kinetic energy is released in this pro-
cess we assume that whenever statistical factors are favorable the
n - a, 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-particle. These are the
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same as for the ground state of Li! (C = 3, S = T =% ). We pointed
out above that these states play no role in formation of the compound
nucleus because they are too far from 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 pj -configurations show that 5/ 18 of all p-
wave collisions have the symmetry required. A similar calculation for
s-wave (and d-wave) collisions show that 1/6 are correct. The value
of £, . in Table V is then 5/18 of ap/adir plus 1/6 (1 - cp/adir).

It 1s seen that about 111'- of the symmetry states are appropriate.

The second factor to be considered represents the chance that the
third nucleon be close enough to the point of collision that a triton
may be formed, We take this distance to be the radius of the nucleon
intensity in H3 (vhich is different for neutron and proton because
their separation energies differ), If the separation energy be E5 )
the extension of the wave-function beyond the range of the potential

well is

N
Ry = 3 M E; (2k)

This has the value Rjn = 1.92 fermi for the neutron and R3p = 2,24

fermi for the proton. Now, if we assume the effective radius for for-
netion of a triton by a proton to be the "Coulomb" radius (see Blatt

and Weisskopf, "Theoretical Nuclear Physics," Wiley, New York, 1952, p. 204):

R, = 2.26 X 1075 en (25)
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1
then that for the neutron intensity should be less by 3 (R3p - Rjn) =
0.16 fermi, Hence, when the neutron is the third particle, i.e., the

collision takes place with the proton, we use

Rc(n) =20 x 1072 cm (26)

We estimate the probability that the third particle be within the

required volume by multiplying the square of the nucleon density with

(n)

the volume of the sphere, radius Rc or Rc and integrating. Let us

call the integral over the density squared I2. Since the p-orbitals
of the two nucleons in Li6 have the same dependence upon angle, inside

r = R we have

T 5x.662)2 fR b 2
I, = |==—=—| 3 cos gdcosgr drdg
2 (lmré 0

(27)
2608 2

ey

Multiplying by the volumes of the spheres with radii given in egs. (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, = .2lk2g (28)
G, = 1953 (29)
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When r » R we have

2 0
;1§-= (%%) L/; ¢(r)2 r ar coslL 6 d cos 6 af (30)
=ﬂ(ﬁ—)2 xs_zal%ff“ L. ) o ax
2 T K3 R KR x x2
~ 0.2426 —— I(R) (31)

4rR3
The corresponding geometrical factors will be written G' and are
G*'_ = 0,148

p >

(32)
G'n = 001192

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

is

= < <
%, dir fsym Gnanp(r R) + Gpann(r R)

(33)

t > ' >
+ G ncrnp(r R) + G ponn(r R)]

where, as mentioned, the o(r...) are the values given in Table V.
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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 approximetions used to estimate direct interactions will now
be applied to the n - D and n- 2n reactions. These differ froman n - @
process in several ways including having 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
singly and since the ground state of L16 has the same symmetry as the
triplet deuteron. On the other hand, this fact requires that we exclude
the effect of collisions which can form compound states, 1i.e., 5/9 of
the p-waves. Also, the geometrical factor for the formation of the
deuteron must be estimated differently because the radius of a deuteron

is as large or larger than that of L16.
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We consider first the threshold problem, For ann - 2 n, p reac-
tion the energy transfer to the Li6 neutron must be at least El = 5'.66
Mev, and considering the existence of the Coulomb barrier, essentially
the same value applies when the collision is with the proton. If the
energy transfer 1s sufficient to remove the nucleon,it is assumed it
will do so, unless it is simultaneously possible to remove a deuteron
or triton. In the latter event, it is assumed that the heavier par-
ticle may be formed.

Using the notation of eq.(1l7) et seq., the velocity of the center
of mass of the two nucleons which are making the direct collision is
% (w_r’o + w_r’l) and their relative velocity of collision, Vo - \_r’l. As-
suming isotroplc scattering in this system, the energy of a scattered

nucleon in the laboratory is

1 o)

2
Bscat = % M{?o +V+ T ‘_”o - ?l‘i (34)

where 30 is any unit vector. This energy must be greater than El Plus

the initial kinetic energy of the Li6 nucleon, % Mv 2,plus that of the

1
recoiling mass of five nucleons, % M vla.

> E +%MV2 (35)

Expressed in ergs,
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and fmval='h‘k' we get
30 n2 2 2

| ]
Egcat 2 5N (k= + k*7) (36)

Hence,
(K2 + k'2) .

vl

8 )

Let 6 be the angle between ﬁ’o and D + k' We then find

2
1 - -
(peen|p-2|} »

12 2, 742 _ 2
2 (37)

\n

cos 68 >
2
\f(P + 1:'2)2 -4 p2 k'2 cos2 6

where 9 is the angle between D and 1_:", as above,
In the notation of egs. (20), (21) and defining

B = kR = 1.275

the lower limit of cos @ is given by

5\1 (e + x2)2 - b a° x° cos® o

CcoS8 81 =

if this be less than unity.
One can reasdily check that the right hand side of eq,(38) is

greater than unity when

x°>5a° - 6% g 6 c° (39)

which defines the quantity ¢ = c(a, B).
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When x° < 6 c2 the cos® @ in eq, (38) is restricted by cos 8 < 1

to obey

cos” 9 < nall < (6 e - x2) (40)

The right hand side of eq.(40) becomes unity when X = o2 (hence
x° + ﬁ2 = 2 a.2) g0 that when X° < c° the limits on cos 6 are + 1.
The fraction of U4x solid angle through which the recoiling nucleon

has enough energy to escape is then
F(x, a, B e)ml 1l - cos 8 (%1)
3y = I 2 J
This may be written:

1 7x2+5a2-l2 02 (42)

F(x, ay cy, 8) =3} 1 -
5\/(8- + 322 - 4 a® x° cos® @

2

The expectation values for threshold cross sections therefore have

the form

- c 1 \Bc A
onf N(x)d.xf dcose-i-f N(x)d.xf dcos 0 ( X
0] -1 c -A

(43)
% 1 7x2-l-5a.2-12c2
a2+a.2+x2-2axcose 2 t-
5\/(8-'1' 1La.xcose

where A stands for

\/6(x +B)(6c - 2)

A= 5 ax .
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Let

q=a2+a +x2

n
N

Z\E &+ 8505 8% - 6 - )

u =\ﬁ:zh + sz (a.2 + x2)

1 2 2 2

W= 5 (7 x°+128° - 5 a%)

Then the averaged cross section contains the forms, dfter integrating
eq.(43) over @:

¢ N(x) q+2ax w

1n - 2 = tan

ooha.x qQ-2ax u

= -l 2aux
go=g0 !

: dx
(a7 - x°)

(Lk)

of6
N (x) q+ s w -1 wus
+°ofc hax[lnq-s-at_zta‘n iw |

In application, eq. (44) pertains to the four values of 02 indicated
by eq.(22) and the two forms of N (x), egs.(12) and (13). The integral
over N2(x) is readily carried out, of course,and it results in a negli-
gible contribution to the n - 2 n cross section (3 mb at 13.6 Mev, and
that without allowing for competition with the n - D reaction). Simi-
larly, the result in this region for the n - D reaction is very small
s0 we shall merely add it to that for r > R even though in principle the
corrections for orthogonality, etc., are not the same for the two re-

gions,
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In the region r > R, eq.(4k4) was integrated by a digital computer.
The result of integration is not yet the expected value of the cross
section, however, because we have still to consider effects of spatial
correlation (for the n - D process), orthogonality to compound states
and competition.

We have noted previously that the neutron and proton in L16 are in
the same substate of a p-orbital and that the radius of the deuteron
(intensity) is large. This indicates that an appropriate estimate of
the geometrical probability is given by ellowing the formation of a
deuteron if both nucleons (being outside r = R) are on the same side
of the a-core at the instant of collision. This gives a factor% .

With respect to orthogonality to the states forming the compound
nucleus we have seen that about 5/ 4 of 811 collisions appear to be in
P_states. Thus as a rough estimate we should discount g X i— = -iza-,or
about h-O% of the integral. However, we are specificelly interested in
the fraction of collisions which occur outside r = R and which are in
P-waves with respect to the Li6. We shell estimate this fraction by
intersecting the radial wave-function, eq. (8) , with two cylinders, con-
centric with @(r) and of radii x and 2 x. The intensity of @(r) lying
between these cylinders will be considered to be effectively in P-wave
collisions, Inside x they will be s-waves and outside 2 X, higher
L-values than one,

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

inside %, which is denoted by @ _, can be estimated as the ratio of




surfaces

g == - (45)
°  hurP 12 &2

where we use the reduced energy for the n - Li6 system and GQ9(21)0

Outside the cylinder of radius 2x we have the fraction ¢l given

by
[- -] b1 ¢
o=t [, e%fo #(x)2 1 ar sin 0 a0 (46)
csC
6.994 T _
$=F ) 1(m) . 1+ Siﬁ; 0 | e~iekesc 6 ip g g

The integrand in eq. (46) has a strong maximum at 6 = % (in the range
of energy of interest) and is closely approximated by a Gaussian of
equal amplitude and second derivative., Integrating the Gaussian we

get,

1 Y «
¢1 = 2,495 (1 + r—k) e % 21r(12+ wK) (47)
L (kx)° + Sex + 2

o= 5o 1.805\]75:

Now 1 - §_ - @, is the fraction of the region which is effective
in p-wave collisions, The n - 2 n and n - D cross sections have there-

fore to be multiplied by a factor which is given by (assuming thet the
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average cross section is representative of that in the p-wave region)

Boge = 5 (4 + 56, + 56, (48)

Finally, one must correct for the competition. Since this is in-
fluenced by a number of factors which are more conveniently considered
in a summary, the subject will be finalized in a later section.

In this section we note one factor in deciding the relative probe-
bility of emitting a single nucleon or a deuteron or triton is the
density of states in the phase space of the emitted system. For two

particles this may be written

g =2 L m=vpm (49)

where AQ is the fraction of solid angle which is available and M and p
are the reduced mass and momentum of the system. The solid angle factor

is already contained in &, eq. (44).

Effect of the Pick-up Reaction

The considerations mede, so far, sbout direct interactions con-
cern the possibility that one of the nucleons in a p-orbital recoil
from a collision with sufficient energy to escape either singly, or
if its partner be nearby, in a stable deuteron. Under much more re-

stricted conditions all three nucleons escape as a triton.
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We have still to consider the cross section for the orbital proton
to form a deuteron with the bombarding neutron without going through
the compound state., This is the pick-up process well known to be of
significance at high energy in heavier nuclei, It turns out to be of
importance also in our energy range of neutrons on Li6, because of the
large size and low momenta of the exponential tail of the proton wave,

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

Goldberger£3) who used the Born approximation but avoided the error to

whichk this leads in the neutron-proton interaction matrix element by
using the wave equation for the deuteron,

Let Mi be the reduced mass of the neutron on Li6, and M2 that of
the deuteron-He5 systems. In Born approximation, the differential cross
section for going from wave number i) of the incident system to I_(’ of the

latter is

(50)

The factor % gives the a priori probability of a triplet state.
In the following we shell deal with averages over angles so we replace

dQ by 4x and get
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°'=Eli‘5‘ MK [H\ (51)

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

T = ?n - ;’p ; then H may be written (cf. ref. 3)

1A=

i(K-k) 'r i(k - Z K)eTr
n=fe Pyt @ac fo 2 Viney@aF  (52)

where ¥y and ¥, are initial and final states of the nuclei and { stands
for ell their coordinates except that of the proton. Assuming the inte-
gral over df to be unity, the first integral in eq.(53) has been found
above and is just (2:r)3/2 pd (li_{)- ;I) , eq(11).

The second integral in egq,(52) was transformed and shown to be

essentially

=

2
- [0
fooo dr = I-Ht M—- 2“ 1 - ap (53)

vhere p is the effective range of the triplet forces and a is the

reciprocal radius of the deuteron wave function

MB
a = [—2 = 2.3 x 10%2 ent
o
p =16 x 10713 cm, (54)

(BD is the binding energy of the deuteron.)

The form of |H|® is then
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- = o)
6l+u I Nl(]K-kI) 3 cos” @

2 na 1N
1l-px M2 lK _ k\2 Ly
with Nl(k') given by eq.(12).
Following ref. (3), let Bif be the energy difference between ini-

tial and final nuclear levels. In our case, B, _ is 4,653 Mev when the

if
He5 is left in the quartet state, which is 2/3 of the time, and 3 or L
Mev greater when it is left in the doublet state (probability = l/ 3).

The magnitude of K is determined by

2
%‘Bn=ﬁ_22b'1§1“31f (56)

Averaging over the orientations of the p-orbital in Li6 the

factor, 3 cos2 cpl, in eq,(55) becomes unity. Next we average over cp2,

- -
the angle between K and k in

II_(’- KI2 = K + &° - 2Kk cos @, (57)
by computing
3 N (lI_(’ xl)
= 8x 1 B
N(K,k) = f — d cos @ (58)
’ 2R3 IK - KF 2

for each k and corresponding values of K, viz., K3 /2 for the He3 /25
state and K1 /2 for the Hel /25 ; the resulting expression for the cross

section is
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o = @2%1—“% ,:% %@ WK, /oK) + % ElE@ ﬁ(Kl/z,k):I (59)

As mentioned above, the effectiveness of the Pl /2 level of He5 pre-
sents an uncertainty in the prediction. This level appears in scatter-
ing experiments to be very broad and centered about 4 Mev above the P3 /2
vhich is much sharper. In order to make the computations definite we
assume that the Py /2 level is also sharp and 4 Mev above the P3 /2 level.
The integrations for ﬁ(K,k) and resulting cross sections are given in
Table VI. The pick-up cross section % is computed by multiplying o,
eq. (59), with the orthogonality factors, ¢eff of eq.(48), and ¢a’ the

orthogonality to n - & channels given in eq (61):

o, = Bopp B0 (60)

TABLE VI

Results for Pick-Up Cross Section (mb)

Elob (Mev) 3.97 5.67 6.80 9.07 11.3% 13.61
ﬁ(K3/2) 15.33 12.54  10.52 7.76 6.09 5.07
ﬁ(xl/z) 5.85 .76 6.2 5.35
af b1k 339 363 314 2kg 209
N -959 956 -951 -Gk 939 935
¢e or 692 640 627 .629 651 .683
hu 275 207 216 186 152 133
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DISCUSSION

From the points of view of relative magnitudes of cross sections
and amount of information available, the most important reaction on
Li6 is Li6 + n-a+ d+ n. The most complete experimental results
have been presented by L. Rosen and L. Stewart(u) in IA-2643.

In the preceding pages three different mechanisms for producing
this reaction have been studied and we now investigate their probable
importance. The compound nuclear method leads to @+ 4 + n in two ways:
either the Li7* emits a neutron going to a 3D state of L16 which then
emits the deuteron, or Li7* emits the deuteron directly leaving He5 in
elther its ground state or the excited, Pl /2 state. In making the
computations on partial widths it was assumed that the Pl /2

i Mev above the P3 /2 level of He?. The positions of the 3p 1evels of

Li6 are those assigned in Table I. Being lowest the 3D3 contributes

level lay

most except when selection rules prevent its being reached,as they do
when Pl /2 intermediate states are excited. On the other hand, the
statistical weights of these states are small.

In Table VII 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 of + 50 mb at high
energy and + 100 at the low end. The comparison is shown graphically
in Fig. 1. Ignoring direct 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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TABLE VII

Results for L16n,dn Reaction

E b (Mev) 3.97

n,dn X section (mb)

Observed 550
Compound 150
Pickup® 286

Max. Direct Int. 43

Comp.+ Pickup 436

Comp.with n,x 134
Add. 3D3 contr. 130

Total 539

*
These differ from o
pu

reaction is not yet in

5.67

205
217
69

koo

190
107
504

6.80

500

225
228

80
453

21k
17
507

9.07

350

216

197

413

209
L1
436

350

188
162
108

350

184
29
365

13.61

290

166
143
19

309

163
25
321

of Table VI because competition with n-a

cluded.
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Fig. 1. Cross Section forn,dn Reaction on Li6. 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 latter leads to the dashed curve.
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low. The dip in the theoretical curve near 5 Mev comes from the loss of

the effect of the Pl/2 state of Hes. Hence, if we should assume the ef-
fective position of that state to be lower than L Mev, the dip disappears
and the fit improves.

It will be noted in Table VII that the energy dependence of these
two parts is very different, the pickup cross section being relatively
stronger at low energy. Therefore, 1f the pickup process can compete
with formation of the compound state, i.e. ¢eff’ eq. (48), is larger than
we have assumed, the pickup contribution becomes larger and the compound
part smaller.

In making these calculations it has been assumed that the n - o
reaction does not take place through the compound states because the
symmetry in space does not match. It is likely, however, that this sym-
metry (the quantum number C) is not strongly conserved, especially in 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 wvalues very much. This correction is added later.

Also shown in Table VII are values for direct interaction under the
assumptions made above, viz., 1f the collision took place in a state which
is orthogonal to the compound state and the recoiling nucleon had suffi-
clent energy to liberate a deuteron,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




geometric factor allowed and because the only requirement on the dynam-
ics is that energy be conserved. Even so, the calculations shown in
Table VII 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 section by increasing the pickup at the expense
of the compound part. One reason for this is that the angular distribu-
tions of the deuterons coming from the two parts are quite different and
there are measurements of differential cross section with which to com-
pare. The theory shows that the compound nuclear angular distribution
is almost spherical, whereas that of the pickup process, i.e., the inte-
grand of eq. (58), is strongly peaked in the forward angles.

The experimental results of Rosen and Stewart are presented by them
as differential cross sections for the emission of the particles into
one of ten zones of equal solid angle. These results for deuterons have
been fitted by least squares to quadratic functions of the cosine of the
laboratory angle (cos WE) of emission relative to the direction of the
incident neutron beam. The same process was followed in treatment of
the theoretical results after transforming them to the laboratory frame.
The calculations were made 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 a spherical distribution of
deuterons if the total cross section were the same as the theory. It
is seen that the experimental points fall mostly in the region between
these curves, suggesting that some forward peaking exists but perhaps not
as much as the theory predicts.

Departure from spherical symmetry is indicated also in the coeffi-
clent of coszwa. This is shown in Fig. 3. The experimental values are
negative below 8 Mev, reflecting an enhancement in the intensity perpen-
dicular to the beam axis. This can only be an effect of the compound
nucleus, such as certain compound states dominating perticular energy
regions, and can not be expected to appear as markedly in a theory that
has been averaged over all level positions. For example, the sign of
the coszwy2 term in the Hes,d reaction is different for a uP /2 inter-

5
medlate state than for the uP /2 (the latter is negative). Also these

3
coefficients are comparable to the constant term in magnitude.
Additional evidence of imperfections in the model appears in com-
paring the results on the cross section for formation of the 2.2 Mev

state of L16. In our model, this is the 3D state and is formed only

3
through formation of a compound state. However, in Fig. 4 we see that

the theory falls short of experiment and especially at low energy. This
may be interpreted either as arising from the difference between a real

nucleus and the model or as reflecting an additional mechanism for forme-

o
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3

tion of the “D, state, or both. In light of the apperent importance of

3
the pickup process it seems likely that there 1s some direct excitation
of L16 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,x reaction. The theory of the latter has several
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 maximum cross

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

direct interaction. It will be noted that the sum of the two maximum

TABLE VIII

Results for n,a Reaction (mb)

Ev (Mev) 3.97 5.67 6.80 9.07 11.34 13.61
%na, obs 109 70 54 38 31 27
Max. Comp. Nuc. 68.1 4y 5 33.3 19.6 12.7 9.6
Max. Dir. Int. 65.3 48.3 4y .6 39.3 35.6 33.3
% comp + 53 044 103 70 57 Lo 32 27

L6




contributions exceeds the experimental results at all energies and also

that dependence upon energy is very different for the 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 remain 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 o, + 53 ¢ air in Table VII] and the agreement with experi-

omp
ment is obviously satisfactory. The experimental points used to esti-
mate ana,obs were taken from BNL 321+(5 ).

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 appear to be fully effective in producing a triton when the
spin is right. It also means that triton emission competes with other
processes and, in particular, with deuteron emission from the compound
nucleus. The lower cross sections are shown in Table VII under n,dn
X-gsection, Comp.with n,a. On the other hand, we have found evidence
for an additional mechanism for the formation of the 2.2 Mev level and
hence for the emission of deuterons. The estimated additional cross

sections appear under n,dn X section, Add. 3D contr. Adding these two to

3
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 unspecifled origin, to formetion of the 3D3 state he widens the lati-

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

Another source of information for comparison is the report of
J. F. Barry‘6), on the "Cross Section of the Reaction Li6(n,p) He6".
So far as our theory is concerned, this reaction goes only through
doublet, compound states. It is therefore small but greatly affected
by the competition with the n,x reaction. In Fig. 5 are shown the experi-
mental results and the two curves predicted by compound nuclear theory.
The upper, 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,x cross 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 Ane 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 remaining cross section of interest is for the n,p2n reaction.
The contributions to this final product are several, viz., if Li7*
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 lLP states); if Li7*
goes to the 1D state of L16, or to the proton leaving Hesi; or the

singlet deuteron and Hes, or to Ii’ 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 - & reaction
are shown in Table IX.

In addition to the compound nuclear mechanism, the n,2n process
takes place directly through collisions in states orthogonal to these.
We have found that this is apparently unimportant to the n-d reaction
and of less than full importance to the n - @ cross section. For the
n,2n cross section, however, there are no estimates of proximity needed
and no dynamic requirements other than that the recoiling nucleons have
sufficient energy. Hence, except for reduction through competition, the
direct interaction should be fully effective ' in the n,2n cross section.

Competition with the n - @ 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 2 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 ¢eff ag(r > R), and of these the cross section for ejecting

the nucleon is o Now all collisions leading to tritons must occur

n,en’
among these same states, so that the probability that a collision which
is right for ejection of a nucleon is also right for meking the triton

is
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Elab(Mev)

Un,2n, comp
c .
n,2n, max,dir
¢eff
¢eff amax,dir
-23 ana,dir

>
o(r R)dir

>

¢eff o(r R)dir
N >
53 0,/ Pepr o(x > R)
P
By Bope @
a "eff "max,dir

c
n,2n

TABLE IX

Results for n,p2n Reaction (mb)

3.97

34.6

1221

5.67

3

25.6
S02

T

51

6.80

6.5
73
.627
L.6
23.6
T69

482

9.07

29.0
62.0
629
39.0
20.8
589

370

.056

36.8

65.8

11.34

50.1
116.0
651
155
18.9
W7

311

+939
70.9

121.0

13.61

55.6

156.4
.683
106.8
17.6
397

27

«935
99.9

155.5



*33 on,a (r > R)dir

¢eff olr > R)dir

The statistical factor for emission of the triton, instead of a nucleon,
eq, (49), is so overwhelmingly favorable to the triton that we assume a

correction factor for competition with the n,2n process to be

*23 o'n,Ct (r > R)dir

olr 2 R) (61)

Chbh Per

dir
There remains the possibility that competition with deuteron emis-
slon can lower the predicted n,2n cross section. For, although the
direct interaction (other than pickup) is of no noticeable importance
to the total n-d cross section, an amount of, say, 20 or 30 millibarns
would not be noticed in that comparison, Fig. l. Hence, the results
given in Table IX for the n,2n cross section are probably upper limits.
(1)

On the other hand they are to be compared with the measurements made

at 14 Mev indicating a cross section of 1257D0 mb.
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CONCLUSION

Simple independent particle models of Ii® and 117 lead to the re-

sult that about half the observed reaction cross sections with neutrons
on L16 can be accounted for as having gone through compound states.

The calculations were made by averaging over possible positions of the
latter. The additional mechanisms of reaction are assumed to be effec-
tive only in states 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
of a neutron wave in the square well representing its binding to L16,
instead of that of a proton wave, but the two should be very similar.
The pickup reaction, 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 the compound
states alone (practically spherical in center of mass).

There 1s no convincing evidence that deuterons are formed by nu-
cleons recoiling from what is called direct interaction, i.e. neutron-
nucleon collisions calculated as though the two were free particles.
However, the effect would be small compared with the total 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 nuclear 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 that the space symmetry is not con-
served. It also means that allowance must be made for competition with
the n-¢ reaction when the doublet compound states are formed or when
direct interaction is important.

Additional reaction mechanisms are suggested by comparing the
theory with experimental results on the excitation of the 2.2 Mev level
of L16 and on the production of He6. 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 exist 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 compound plus
direct interaction theories. Owing to the zero binding 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 interaction 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 functions upon
spin, isotopic spin, and angle. Since only p-orbitals for individual
nucleons are being considered, the wave function of perticle 1 is
determined by the quantum numbers ml » Sz » and Tz.

NENIINCIR

my »S,,T,) (A1)
The dependence upon m, is given by the normalized Legendre functions

Ym y

Y, = ‘/8% ei¢ sin 6, Y, = ‘/E?-r- cos 6, Y, =~ ‘/5% e“i¢ sin ©

(A2)
The two values of Sz will be indicated by the errows A and ¥ repre-
senting normalized spinorse Similarly, the two values of Tz will be
denoted n and p, for neutron and proton; these are also normslized

spinorse.
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We use these symbols to abbreviate eqe.(Al). Thus if particle 1

is a neutron with positive spin component

or a proton in Yo and negative spin

(1)

¥ =p0+

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

spin, and integral over 6 and ¢.

The antisymmetrized two-particle (p2) weve function has the form

(1) (2)
‘y(l,2) -1 ¥ (ml’sz’Tz) ¥ (ml’sz’Tz) (A3)
‘/2 W(l)(m;:S;:T;) \F(a) (m;,S;,T;)
5 (1) (2) .
uppose ¥ is given by the abbreviated form nlé and ¥ by po$ ;

2
then the antisymmetry of ‘1'(1’ ) and its normalization can be retained by

considering n14 and pOV to be anticommuting unitary operators whose

2
order determines the sign of YCL’ ). Thus we represent ¥, in this example,
simply by

(AL)
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In the first form particle 1 has the quantum numbers indicated by m4 ,

and in the second form it has those of poV .

In this notation the 3 D5 state of L16 has the form

(4=3)  nApA (a5)

The function for M=2 can then be generated by an infinitesimal rotation
which carries A into ¥ and n, into l/2no, etce, and results in the sum

(M=2) nl* pr + an pl$ + J2 (nl$ po4 + no4 pl4 ) (A6)

The sum of squares of the coefficients is 6, so this is normalized by
dividing with l/6. The choice of signs in eqe (A2) is such that an
infinitesimal rotation carries po into l/2 p-1l, and no into 1/2 n-1, of
course.

We see from eqe. (A6) that there are three states orthogonal to 3

3

which have a maximum M=2. These are, of course, 5D ]D2’ and 5P2. In

2’
this way the composition of all possible p2 configurations as sums of
determinants similar to eqe (A4) can be developed. The remaining quantum
number C is then determined from the symmetry with regard to exchange of
subscripts m, and ml'.

It is convenient to present the coefficlents in these superpositions
in tabular 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 4 with ¥ and subscripts 1 with -l1. The coefficients
remain the same except for states having J=2, and in these all signs
changee.

The quantum numbers of the p2 states, J, L, and S, appear in the
usual speciroscopic notation, whereas C and T appear in separate rowse
The value of T is zero if the wave function vanishes when p is replaced

by n, as in eqe (AS)e If it does not vanish, T = 1.

TABLE X
M=3
c 1
T 0
3D3
nlépﬂ 1
a 1
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TABLE XI

M=2
Cc 1 1 1 -1
T 1 0 0 1
3 3 3
lDz D2 D5 P2

nl4 pr 1 q 1
no4 pl4 -1 q 1
nl4 po4 =1 q =1
N2 2 6 6 2

q= + ‘/2

Here we have used q to represent + }/2. Also, we include the sum
of squares of coefficients for each state, N'2. Hence N is the normali-
zation factor for the sume These notations appear in all the following

tablese.
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c 1
T 0
331
no4 po4 =1
nl4 p_ A 1
n_f pl* 1
nl4 poV
an po4
no4 plW
noV pl+
nl* pr
N2 3

[

[

H o0 a0

15

TABLE XII

M=1
1 1
0 0

> >
D, Dy

=2q 2q

-q q

-q q
1 =3
1 -3
1 -3
1 -3

2q 6q

ol 120

61
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noV pr

n_.LV poV

et

no4 p_l4

Y ot

n_l$ pr

n, ¥P 3 4

n

n

nlé p_lV

s p¥

noV po4

-1

-1

-q

TABLE XIII

M=20

-1 1

1 0]

3 )

P0 D 3

-q q

q q

-q q

q q

1

1 1

=1 1

-1 1

2

2

12 20

62
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APPENDIX IT

p3 CONFIGURATIONS

The procedure outlined in Appendix I is followed in finding the

p5 configurationse The rule for determining the function for -M is

now changed to the following: interchanging A with ¥ and m,= 1 with

]
-1 gives the negative of the wave function when the coefficients for
positive M are used, except for J = % and J = L; in these functions

the sign remains the same.

Also, for convenience, the value of 2T is tabulated instead of Te
For three particles a given S, L, and J may 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.
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n, AP, A n_14
o, ApyAng A
n, Ap, ¥ o 4
n, yp, 40,4
AP, An ¥
n, A B, A an
n, AP, ¥o ¥

T S - T

b
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-1

PO

-1

N

P o e @

-1

-1
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99

|_l
|_l
1
by
0

-2

e I R

-2
-2
-2
2q

2q

= H 0 0 0 0 0 0

& & & - u

2q

=-q

TABLE XVI

=1

-1

3 210 210 60 30 10

-q

-1

=1

_aq

-1

_aq

15

PO

-1

-1

-1

2q

o I\N'J\)

=1

-1

-1

PORN

-1

-1

-1

-1

PORN

-1

-2

eI L]

oA




2T

ngA A 1, ¥

nAp Vo ¥
n Ap, ¥,V

njApyAn_ ¥
o ¥ poh oy A
n) ¥P_; Any A
n04p14n_lV
o, Ap_ Ang¥
n,¥p, An_ A
A Po¥ 2oV

o, yPpvo_ A
mAP VR,V
anPo Vno*

PV 2o AR ¥

o, ¥p An_ ¥
n,Ap, ¥o_ 4
o, AP, ¥ 0gh
n APy VB ;4

N-2

TABLE XVII

M = L Doublets

2

%’2 %’l 2D2
2 2 2
=34 3

2 2q -q

-1 - q

q -1 =1
-q 1 -1
-q 1 1

qQ -1 1

q -1 -2
-q 1 -2
-1 -q
-2 -2q

2 2q q

b 3
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-q

-q

-2q

PO

-1

-1

-q

-1

-1

-q

18

o

-q

-1

-1

18

-q
-1
-1
-2

-2

-q

-q

0 =3
1 1
D5 %8

2 2
3
=3

qa -1
q -1
2q 1
2q 1
-q 1
-q 1
3

3
=3
=3
-q -2
-q -2
-2q 2
9 18

PO

-1

-1

-q

-1

-1

-q

18

-1

-q

-1

18




oA poh n_¥
n,¥ poh n_
n, ¥ p_P nOA
oA pA n_ ¥
n,A p_l4 no*
n,¥ pA n_»A
n, A pyY no¥
n,¥ p¥ n_4
nl$ pl" n_l"
n,¥ p ¥ n A
n,¥ D no*
nl* pl4 n_f

n A pl" n_l¢
n,A p_f’ no$
oA po¥ n_/A
oA p A n A
nt pgh n_ 4
0,V py¥ o ¥

N-2

L s

v a2 a a9 a 9 a Qo

Q

P

35

TABLE XVIIT

M= %‘- Quartets

I'\)I\NU

2q

2q

o} =3

1 3
L 4

L5

2 2

-2q -1
-2q -1
-q 1
-q 1
-q 1
-q 1
-q 1
-q 1
-2q -1

6

6
6q
180 9
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CALCULATION OF g-FACTORS

6

Consider the collision between a neutron with spin + % and a Li
nucleus with M = 1, The angular and spin dependence of the neutron is

then noA,a.nd from Table XII the composition of the 5Sl state is

(P =\/§ [mARL A - m AR A +n A4 |

Taking the antisymmetric product of this with nOA » the second term

vanishes and for the incident three body state we have

(581)1 n A =‘/§ (A p_l+no+ + n_l+ pl+no+)

1
=V5 ("1+ P,An A - nAp A n-l*)
This has n = % 3 looking at Table XVI we find
_ 1 14y _ 3Y2h Y2 4

_ 3 Y2 b
\30 Fs/2 * V10 Fs/2
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and n°4;pl4.n_14u is the same with reversed signs on the uP terms,

Hence
( Sl)l n, A 73 (75 Fs/2 ‘/10 P3/2> 3/2

The partial g; factors for lLP and uP /2 are therefore 4/15 and 2/2

5/2 3
respectively. Analogous calculations for the other two incident states
produce the results in Table XIX,

As an illustration of calculation of g%,consider the M = 5/2

state of uP5/2' According to Table XVI this is

4 1
( P5/2)3/2 =g Ve roAm AT LA V2 A An A
-mAP ¥ A +yAp Vo A +nAp An ¥
-m¥PyAn A +n¥yp An A - nl+pl+n_l*]

Taking the scalar product of this with n 14‘, say, we get the ampli-

tude factor for emitting the neutron with m, = - 1l and Sz = X

5 > viz.

1
A A =\-/_1_<; [- Ve nAp A - nAp ¥ - n1+p1+]

Consulting Table XI we find this wave to be expressed in p2-terms as
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(%)

4/15

2/5

lno

TABLE XIX

Values of gal

(331)1 ny ¥

2/15
2/135
2/
L/27

2/27

10/27

5/27

T

(331)0 no+

4/15
4/135
L/27
2/27

1/27
Sum

5/27

5/24

Sum

Ave

2/9

u/27
2/27
2/27

1/27

5/9

5/27

5/5k4

5/18



Ay =‘-/-JJ-:-(-)- {-Va [-‘/—2 5D2+‘% 51)5-1-‘/—32~ 5P2]
1y L V23 13
'[\/2 2 e 2 Vs D5]

21, ,V2 3, , 13
'['\/2 2ty et D5]

1 13 b 3 3 }
A = [-—= “p, - “p -7p
-14 V10 V3 2 Ve 3 2

The probability factors for emission into each of these states are

then
-1 2
3
n A . D5 4/15
3
n,A + 7B, 1/10

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

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

5D5 state from lLP5/2 by the following paths, with the probability
factors:
n_l$, n_lw: no*’ no*’ nl* ’ nlv
4 4 Lo, 6,1 .2 .1 -5

B0 153 * YBT3 5 o

T2




APPENDIX IV

CONSTANTS

Calculations of wave numbers and neutron wave @(r), eg. (8), are

based upon the following numerical values

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

= 1.6739 X 10724 en
Mass of Li’ = 5.013948 A.M,U.
Planck's constant M = 1.0545 X .'1.0'27 erg sec
106 electron volts 1.60209 X 10‘6 erg

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

action the integrel values of the masses were used,
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