
3Y3ll, 
R - 2-0 

OEbEDVfHEHHbli::t 
VfHCTVfTYT 
.HDEPHbiX 

VfCCnEDOBAHVfH 

.[l.y6Ha 

~ • -I ·• I = ::r 
! ... 
Ao • = 
I 
! 
2 • lA 
~ . -.:: 

E-2243 

I. Rotter 

LITHIUM-INDUCED REAC'TIONS .AN) 

THE STRUC'IURE OF LIGHI' NUCLEI 

ff6S 



3512/J pr. 
Rotter,I. 
Lithium-Induced 

one and the ••• 
1965. 

E- 2 243 

I. Rotter 

LITHUM-INDUCED REAC'IIONS ANJ 
TI-E STRUC'IURE OF LIGHI' »JCLEI 

r~.~~~Hmd IWCTIT}'T 
~ ~·.'~ ~~~-"::x ~~~~:~~.".a~~,. 

l ' ' . ! . ~ : · ' i ;:· ~ - - . .. .... ·--- --... .. 

Submitted to Annalen der Physik 



1. Introduction 

Among reactions with corrplex nuclei llthium•induced reactions are of parti

cular interest. A.s is well- known, the Li 
6 

and Li 
7 

nuclei have a mar ked cluster 

structure, a + d and a + tf respectively. 'I't\e binding energies of the clusters 

are low: 1.47 MeV and 2,47 MeV, respectively. Therefore, one has reason in 

many cases to consider the lithium nuclei as a more or less weak association of 

two clusters by analogy with a deuteron which frequently behaves as a weak a&

sociation of p + n • According to this analogy one expects that the mechanism 

of reactions induced by Li 
6 

or Li 
7 

ions with one of the clusters o utgoing is 

a stripping-like one, in the 

6 
Li = a + d ) + A 

main: 

(A+a=B)+d 

~ { (A + d = B') +a 

( Li 
7 

= a + t ) + 
(A +a = B) +I 

A ~ { ") (A+t = B · +a 

In the reaction either an a -particle or a deuteron or a triton will be exchanged. 

The final nucleus B is formed after the union of the exchanged particle with the 

target nucleus A 

lf the reaction mechanism is a stripping-like one, in the main, the spectra of 
6 7 

the deuterons and tritons produced in ( Li , d ) and ( Li , t ) reactions are g iven 

by the r educed a -widths of the various levels of the final nucleus B • Con

sequently, the spectra of deuterons and tritons from reactions on the same target 

nucleus must be similar. Morrison was the first to show that this ,is so, indeed/ 1/. 
6 10 1 1 2 3/ 

In reactions on Li and B targets ' ' with Li ' ions of 2 .1 MeV, 4 ,5 MeV, 

and 6 MeV e n ergy no (or only very weak) transitions were found to the low-lying 

T = l levels of the final nuclei B 
10 

and N 
14

, respectively. ln the case of the 

Li 
6 

, d ) reactions o ne can explain this fact by the isospin selectio n rule, but 
7 

in the case of the ( Li , t ) reactions there is no such a forblddenness , There-

fore, it is reasonable to s uppose that in both reactions the e xchange of an a- pdl'

ticle -takes place, i.e. a stripping- like mechanis m. ( The population of the T= 1 level 

a t 9.17 MeV in the reaction s
10 

( Li 6 , d N
14 

observed in/ 4 / is s urely caused 

by Coulomb mixing of the T= 1 level with the a -threshold levels lying nea r the 

T= 1 !eve/ 
5

/ ). 

~ this paper the simple BuUer the ory for ( d , p) stripping reactions will be 

applied to lithium induced r eactions. In S ec. 2 some characderistic differences be

tween deuteron and lithium induced reactions are considered. ln Sections 3 and 

3 



4 the angular ctistributions and the spectra of the J.Jght final products are dlscU&

sed. It is shown that already the simple theory with plane waves ( without ac

count of Coulomb interactions) is able to explain some characteristic features of 

lithium induced reactions. 

2 . Stripping- like mechanism in lithium-induced reactions 

Symbolically, one can write a stripping-like reaction in the following manner: 

(A+ B ) + C-+ A + (B+C } . 

W ith a c e rtain probability the projectile will be in the cluster state (A+ B) we are 

interested in. The target nucle us will be C • The reaction mechanism consists in 

the union of the cluster B with the target nucleus C forming the final nucleus 

( B + C ) • The a n g ular d istribution is g iven b) 6• 
7

•
8

/ 

H e r e 

a (O) = K r J.L1 

!{I-;;; (2J+1X2J +0 
C Aa 

I 
MJ MJ 

Aa C 

"''I.e "'X 

I g <o> I~ 

= 16 "J.LIJ.L! 2Jac+1 ~(~Aa)~( 8 ac}~(SAa }~ 
(2] c +1}(2S a +1} K 1 o o fA a 

I 
£ 

B C :01 ~ 
( 8 f } T~ R ~ ( q A} R 

a c 
( q c ). 

ac 

~ = ~ = v A(B+C} ( 1 + Q } 
K 

1 
K c (A+ B) C 7 

A a 

- ...; 1+ Q 
EL 

A a 

( 1) 

d e note s the r a tio of the momenta before and after the reaction, A is the rmss 

of the p a rticle A ; J.L = (A+ B} C 1 J.L = A< B+C} , J.L = AA BB ••• are reduced mas-
J 1 A+ B + c r A+ B+ c A a + .. A .. 

ses; J , M is the angular momentum of the particle x ; q } I K + -- K I ~ , 
..... x C .... x r A+B 1 

q 2= I K 
1 

+ __ K, I ~ are the momentum transfers without account of inner momenta; 
C A a 8+-C A 2 A B 2 

( 8 ) 2 
( 8f a ) is the reduced width for the channel ( A+B ). ( 8f ) is 

0 AB AB 

that part of the reduced width which depends only on the symmetry properties of 

the l e v e l fgj • 

x : I 
,\ AB 

2 N 0 

Sf =(_A_} (/"K".(NfAa"fA,)<T 
An A-n

8 
B R A 

T T 
2 

m A' Tam B IT Aa m :a >' )( 
n (2) 

< t A ur r 1 L s T 11 tAr r AJ L s T , e ar r 1 e s T > x 
ArJ AB AB AD A A A B AO D B 

X U S L f · L ,\ ) U L S ,\ . S _ L Aa+L A 
( AB J Aa A A a ' A a A a ( A A AJ a' J A AJ ( ) 

2 

I 

while the r a dial depending parts and the change of the total cross section due to 

the Coulomb interaction are Implied in ( e;a ) 2 
• ln the following calculations it 

will be assumed that ( G:a ) 2 
depends neither on the level nor on the momentum 

with which the cluster is captured into a certain orbit. 

4 

Further 
q ~ ~ 

T = < + __ .. ~ < + ----'!J;;_ 
Aa 2J.L Aa BC 2J.L ac 

~. -~ ~~~ 
BC 

J.L, 

is the transferred energy, and 

R~( q ) - + 
where • A a , • ac are the binc 

respectively, f is the orbital 

cal B~ssel function, A = R [ ~ 
. J 6/ dr 
ln ). 

In the ( Li 
8 

, d ) 1 ( Li 8 , a 

mentum l ._a is given by 

.. 
f = L A a 

where L A= L a= 0 are the o : 

thium ion. The nuclei Li 
8 

an< 

and(3) ~" , respectively, Thei 

takes on only one value. 

Analog ously, it is .. 
f = L 

BC B C 

One has 

for the capture of a deuteron, 

In principle, the capture of a c 

nucleon, because in g eneral a 

least, two different orbital mom• 

with an exchang e of a deutero 

respectively, and L = 0 
B 

Arother difference betweE 

ted with the size of the projec 

small as compared with the tar 



'lt final products are discue

)lane waves ( without ac-

e characteristic features of 

.ced reactions 

ction in the following manner: 

cluster state (A+ B) we are 

~action mechanism consists in 

fonning the final nucleus 

1+ 
EL 

AB 

reaction, 

A 8 
' A+ B 
trticle X 

( 1) 

A is the ITBSS 

are reduced mas-

q~IK +~i< 12 

A r A+B 1 ' 

ut account of inner momenta; 

'innel ( A + 8 ) , ( 8 t 8 
) 

2 
is 

AB 
1 the symmetry properties of 

nAT ' TB m BT I T m T > ,2 )C 
AB AB 

n 

£ 
8

( f ) f S 
B AO 0 

(2) 
T > x 

B 

2 

I 

"l.e total cross section due to 

"l.e following calculations it 

e level nor on the momentum 

t. 

Further 

T = < + 
AB 

2 2 2 2 2 

~~ • +_!s;_ =• -~I~~~ -~c 
21-' AB BC 2,_, BC AB ll l ll AB p BC 

__ 2_K"""A'K_c_ ros 0 I 
MB 

/LAB 

is the transferred energy, and 

2 -h W
2

(f,A, R,q) R ( q ) -
T 2 

- ~{qR it.
1

(qR )-(f+1+A}jf(qR)I 

where • AB, • are the binding energies of the clusters ( A+ B ) and BC 

(3) 

( 4) 

( B+C ), 

respectively, is the orbital nomenturn, R- the cut,. off radius, j e - the spherl-

cal Bessel function, A = R [ ~ fn u (r) J 
I I dr rc: R 

in 6 ). 

In the ( Li 
8

, d ), ( Li 8 , a 

mentum t A 
8 

is given by 

) , ( Li 
7

, t ) , ( 

-+ -+ 

f AB= LAB LA L 
B 

( The notations are the same as 

7 
Li , a ) reactions the orbital mo-

LAB' 

where L A= L 
8
= 0 are the orbital momenta of the clusters, L A., is that of the li

thium ion. The nuclei Li 
0 

and Li 
7 

are with more than 95~ in the state& [2]"!; , 

and(3] 
2

" , respectively, Therefore, L AB is a good quantum number and CAB 

takes on only one value, 

Analogously, it is 

-+ 

fBC LBC -LB -Lc =Lee -LC 

One has 
0,2 

f BC = I 1,3 

0, 2, 4 

for the capture of a d euteron, triton, and a - particle, respectively, in the lp -orbit, 

In principle, the capture of a cluster is more complica ted than tha t of only o n e 

nucle~n, because in g eneral a cluster can be captured into a certain orbit with, at 

least, two different orbital momenta, Interfere n ce te rms do not appear in reactions 

with an exchange of a deuteron or an a -particle because of S 
8 

= 0 a n d 

respectively, and L = 0 
B 

J = 0 
A 

Arother difference between lithium and deuteron induced reactions is connec

ted with the size of the projectile, In the ( d, p ) stripping theory the deuteron is 

small as compared with the target nucleus, what leads to the known fact tha t the 

5 



angular distribution is given nearly perlectly by the properties of the target nuc

leus. '!he deuteron influences the angular d.it5tribution ae a form factor, only. For 

lithium induced reactions on light nuclei this assumption does not holc:l, projectile 
2 

~ targ et nucleus are of a c omparable size. Therefore. R 
1 

( q ) in fonnula 

( 1) must ala<> be ex:preesed in the Conn ( 4). The angular distribution is 

with 

AB 2 B C 2 
u(0)-(21 +1) (8f ) I (ef) Ff t 

BC AB fBC BC AB BC 

( f AB • A, R A • q A) Vi f oc' A • R c' q J (5) 

In a ( d, p ) reaction there is 
2 

F - W (fad A, R 
0

, q 
0

) what means that the angular 

distribution i s given mainly by only one spherical Bessel function. 

Thus, the angular dependence is more complicated in lithium- induced react

ions as compared to -!l ( d , p ) reaction even when the cluster is captured with 

only one f 
80 

• 

3 . Angular distribution 

7 
As an example of an a n g ular distribution let u.s consider the Li ( Li 

6 
, d ) B 

11 

II 
reaction leading to B in its ground and first excited state. As to the ratio be-

tween the stripping part 

( Li 
6 

= He • + d ) + Li 
7 

.. ( Li 
7 

+ He • = B 11 
) + d 

and the heavy particle stripping part 

7 6 6 15 6 1" 
( Li = He + d ) + Li .. ( Li + He = B J + d 

only a little is known. The reduced widths for Li 
6 

-+ He •+d and Li 7 
.. He 

5 
+ d 

are large but the binding energy of the He • + d clusters in Li 
6 

is less than 

that of the He 
5 

+d clusters in Li 7 
( 1.5 MeV and 9.7 MeV, respectively). There

fore, one can assume the stripping part in this reaction to be the dominant one. 

The a n g ula r distribution following from the Butler theory ( without account of 

heavy particle stripping) for the Li 
1 

( Li 
6

, d) B 
11 

reaction with lithium ions of 2 Me\' 
. 11 1 

a -widt}:ls B -+ Li + a is shown in Fig. 1. The reduced are given in 

Table 1 . Both angular distributions a re determined by a -particles with L= 2 In 

the main. The angular distribution of L = 2 a -particles has no maximum in the 

forward direction in the case o f the transition to the first excited level, but has a 

forward maximum in the case of the transition to the ground state. The difference 

between the two theoretical ang ular distributions is in a qualitative agreement with 

6 

that lri the experimental 

with the experimental cL 

tions w ill be discussec:l, 

wave !SO 

One of the most d 

C 
12 

( Li,
6 

a ) N 1 • rea 

both having 1 = 1 • 1 

from each other / 12 / : 

.p = o. 950 
1 groubd .state) 

if> ~U .954 (4 
( afl o. exo,. a tate) 

In the first case deuterc 

give the main contributi< 

cases the L= 0 deuteror 

deuterons have no such 

ference/ 13/ between the 

theory with plane waves 

h aving 1 = 1 • 

Differences betwee 

nating from the ( Li ~ d ) 

be expected from the fa• 

u(O)-
T 2 

" 

and fAB= 1 for ( Li ' 

u (O) -
T 2 

X 

Thus, the observed diffe 

and tritons are not in cc 



~operties of the target nuo

as a Conn factor, only, For 

m does not hold, projectile 

~~ R ~ { q ) ln fot~ula 
~ular distribution is 

R c' qJ (5) 

what means that the angular 

sel function. 

~ ln lithium-induced read

~ cluster is captured with 

c o n s ider the Li 
7 

{ Li 
6 

, d ) B 
11 

d s tate , As to the r a tio be-

B ') + d 

+ He 4+d and Li 
7 ~ He 

6 
+ d 

.ters ln Li 
6 

is less than 

MeV, respectively). There

>n to be the dominant one. 

· theory ( without account of 

::m with lithium ions of 2 MeV 

Li 
7 

+a are given in 

a - particles with L = 2 in 

tes has no maximum ln the 

irst excited level, but has a 

~round state. The difference 

a qualitative agreement with 

that iri the experimental ones/ 
10

/ , Here , it is not tried to find the best agre ement 

with the experimental c urves because only the dllierence b e tween simllar transi

tions will be discussed, which must b e involved already 1n the theory with pla ne 

wave !SO 

I a, 11! 
One of the most d i s cussed a n gular distribu tions i s that o f the 

C 
12 

{ Li,
8 

a ) N 
14 

r eaction leading to N 
14

in i ts g round and second excited state 

both having J = 1 • The wave func tio n s for these two J = 1 l evel s are different 

from each other / 1 2 /: 

.p 0. 950 [442] '•o - 0.247 [442 ] 13 s - 0.259 [ 433] 11P 
1 a:roun d etat.e ) 

.;, = u.954 [ 442] 
1 8

s + 0.243 [ 442 ] 
1 3

D + 0.173 [ 433 l "P 
( llfl o . e x o.etate) 

In the firs t case d eute rons w i th L = 2 and in the second case d eute r o n s with L = 0 

g ive the ma in contributio n to the r edu ced deuteron width ( see Table 2 ), In both 

cases the L = 0 deute rons have a maximum in the f o rward dire ction, the L = 2 

deute rons have no s u ch a maximum ( see Fig. 2) . There fo r e, the o b served dif

ferenc e/ 
13

/ between the two a n gular distributions may be under s tood already in a 

the ory with plane waves as it must be
1 

thoug h both r eactions l ead to l ev e l s of N 
14 

having J = 1 • 

Differen ces between the a ngular distributions o f deute r o n s a n d trito n s orig 1-

n a ting fr o m the ( L i ~ d ) and ( Li 
7

, t r eactions o n the target nucleus B 
1 0 

are to 
' 6 

b e expected f r o m the fact tha t fA;; 0 fo r ( Li , d r eaction s 

and e = 1 
AB 

a (O) -
2 

T 2 
q A R A j ·1 ( q A R A) + f3 A BRA j 0 ( q A R A ) I X 

X I q c R c j r ( q R ) - ( e + 1 + A )c in 
- 1 C C BC B LBC 

BC 

( q R ) I 
2 

c c 

for ( Li 
7 

, t ) reactions 

a ( (;I ) -
T 2 

X I q R c i e _,( q C R cl- ( e Bff 1 + A BC ) j e ( q 0 R 0) I 
C BC B C 

= F 'e <o l 

Thus, the observed diffe rences/ 
2

/ between the an~:ar distributions of deute rons 

and tritons are not in contradiction with a stripp ing- l.:ke mechanism of these re-

7 



R ; ( q A) is an expression of the a ctions . They are conne cte d with the fa ct that 

Conn ( 4), also, in c ontrast to ( d, p ) r eactions. 

e 
The d e ute r ons and tritons from the ( Li , d ) and ( Li '. t ) reactions o n Li 

a n d Li 
7 

h a ve different ang ular distributions/ 10/ , too. In these cases one can as-

swne the diffe r e n ces to f.ollow, in the main, from a different heavy particle stripping 

part in the two r eactions. For Li 6 + Li 8 and Li 7 + Li 7 
the ratio between 

strip p ing and "heavy particle stripping " part .18 known, and the angular distribution 

o f these r eactio n s reg arding Coulomb interac tion will be cons idered in a next paper. 

4. S p ectra 

It the reactio n mechanis m is in the main a s tripping-like one, then the spec

trum of the light final produ ct is propo rtio nal to the spec trum of the reduced widths . 

On e has for the rela tive population of a lev el 

a - ( 2J + 1 ) ! ( e!c 
BC p L BC 

tiC 
( 6) 

neglecting energy depen ding factors. This fo nnula is a roug h one, so for a com

parison with experimental results spectra are s uitable w ith a pronounced maximum. 

S pectra o f such a kin d h ave b een discusse d freque ntly in the la st time. Pro-
• nounced maxima were found in the spectrum o f a -particle s prod uced in( Li , a ) 

reac tions on Li 6
, Li 7 , Be 

9 targets/ 15•16•17/ . It c ould be s hown that in these r e

actions the final nucleus is formed in a rela tive high excited s tate , in the ma in, 

the energy of which is listed in Table 3. 

• For comparison, the spectrum of redu ced d euteron w idths o f tl)e Be nucleus 

i~ calculated in the framework of the shell model a n d shown in Fig. 3 . For those 
. • II I 18/ . 

of the nuclel Be and B see paper' • As can be seen, the maxlnum m the 

theoretical spectra is a t the same energy as the maximum in the experime n tal ones. 

The maximum in the spectrum o f reduced deuteron widths arises becau s e some le

v els lie ve-ry close to one another the reduced width of each of them i s not (or 

only a little) larger than the r educed width of the other levels in the lower energy 

region. A level with a marked target nucleus + deuteron structu re d oesn' t exist. 

in the case of Be 6 and B
1 1 

the maxima are n ear the deuteron threshold, what 
. . 118/ -

8 
. 

was d1scussed earlier' • ut In the case of 
9 

Be there is n o correlation between 

threshold a nd maximum ( '1'-ctble 3). It would be very interesting to look for a se-
9 

cond maximum near the deuteron threshold in Be what could give valuable con--

clusions about the existence or n onexistence of threshold levels additionally to the 

well- known leve ls of the lp -shell. ("Deuteron threshold levels '' a r e levels w it''1 
. . 119/ 

la r g e reduced deuteron w1dths ly1ng near the threshold for deuteron decay' • 

8 

I 

i 

Either there is only one level 

or there are some levels with 

one another). 

Surely, in all the three 

tide stripping. In the case of 

the "heavy particle stripping " 

chanisms are different and th• 

contribution of the two me chaJ 

Stripping: Li 
7 

+ ( Li 
6 

• 6 
Be + ( Li 

Heavy particle stripping: 

t Li 
7 

= a + t ) 

(Be 9 = a + He 1 

One expects a smaller c o ntrit 

to the stripping one, beca use 

are la r g er than those of the < 

vely , a s c ompared to 1.4 7 M 

9 
For the Be nucleus thE 

the h eavy particie s tripp ing r 

in Fig . 4 , The spectrum of r e 

glon of 10 to 12 MeV tha n the 

overall picture of the r edu ced 

contribute to the r eaction. E sF 

is far from the d e uteron thres 

in e nerg y is e qual to the diff• 

clu s te r s in Li 8 and Li 7 
) • 

A quantitative compar is< 

ones s h o w s n o t only whether 

whether the shell model gives 

te r s x). As is well known, th• 

of the shell model generally c 

difficulties only in calculating 

the pure shell model levels c 

widths. Because levels w ith r 

x} Ther e is no other method 

loped in the framework of the 
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the ratio between 
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like one, then the spec
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(6) 

1gh one, 50 for a com

a pronounced maximum. 

n the last time. Pro-
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oe shown that in these re

:ited state, in the main, 

9 
widths of the Be nucleus 

lown in Fig. 3 . For those 

;een, the maxlnum in the 

n in the experimental ones. 

ari!!>es because some le

each of them i5 not (or 

.evels in the lower energy 

structure doe!!>n' t exist, 

deuteron threshold, what 

e- is no correlation between 

•resting to look for a s o 

could g ive valua ble con

l evels additionally to the 

levels'' are levels wit''1 

:>r deuteron deca) 19
/. 

r 

Either there i!!> only one level with a marked target nucleus + deuteron structure 

or there are some levels without a marked two particle structure but lying near 

one another) • 

Surely, in all the three considered reactions one cannot neglect heavy pal'

tide stripping. In the case of the Li 
6 

( Li 
6

, a )Be 
6 
reaction both the stripping and 

the "heavy particle stripping" parts are. equal. ln the other reactions the two me

chanisms are different and the spe.ctrum of a - particles depa'lds on the relative 

contribution of the two mechanisms. 

Stripping: 

9 
Be 

+ ( Li 
6 

=a + d ) 

+ ( Li 
6 

=a + d ) 

Heavy particle stripping: 

.. a + ( Li 
1 

+ d = Be 
9

) 

.. a + ( Be 
9 + d = B 

1 1 
) 

t Li 
1 

= a + t ) + Li 
6 

.. a + ( L i 
6 

+ t = Be 9
) 

( Be 9 =a + He 6 ) + Li 
6 

.. a + ( Li 
6 
+ He 6 = B 

11
) 

One expects a smaller contribution of the hea vy particle str:pping part as compared 

to the stripping one, because the binding energies of the clusters in Li and Be 

are larger than those of the cluster!!> ln Li 
6 

( 2.47 M e V and 2,53 MeV, respecti-

vely, as compared to 1.47 MeV). 

9 
For the Be nucleus the spectrum of reduced triton widths corresponding to 

the heavy particie s tripping mechanism in the Li 
7 

( Li 6
, a) Be 

9 
reaction is shown 

in Fig . 4. The spectrum of reduced triton widths h as a weaker maximum in the re

gion of 10 to 12 MeV than the spectrum of the reduced deuteron widths . B ut the 

overall picture of the reduced widths remains the same also if b o th mechanisms 

contribute to the reaction. Especially, it remains the maximum n ear 12 MeV which 

is far from the deuteron threshold a nd far from the triton threshold ( the difference 

in energ y is e qual to the difference in the binding energies of the corresponding 

clusters in Li 6 and Li 1 
) • 

A quantitative comparison of the theoretical spectra with the experimental 

ones shows not only whether the reaction mechanism i s a stripping one but also 

whether the shell model g ives the rig ht reduced widths for the emission of clus

tersx). As is well known, the reduced cluster widths calculated in the framework 

of the shell model generally agree with the experimental ones. There were some 

difficulties only in calculating s mall reduced a -widths/ 
21

/ where admixtures to 

the pure shell model leve ls can give a nonnegligible contribution to the reduced 

widths . Because level s with not too small r edu ced widths a re of inte r est in strip-

x) There is no other me thod to calculate reduced cluste r widths t!'lan that deve

l oped in the frame work of the shell model/ 
20

•
9

/ . 

9 



ping reactions, one may hope that the calculated reduced widths for these rea~ 

ionR are correct. But this assumption mu!!lt be proved experimentally what has 

not been done, so far, 

a ... 
Oniy a little ils known about the contribution of heavy particle stripping to 

e xcluding the cases Li 
6 

+ Li 
6 

and Li 7 + Li 
7 

, In principle, in the 

Li 6 ( Li 
7

, t ) B 
10 

reaction one could estinate the contribution of heavy particle strip-

ping from the population of the first T = 1 level, because this level can be popu

la ted in heavy particle stripping 

( Li 6 = He 3 + t ) + Li 7 
.. t + ( Li 7 + He 

3 = B 10 
) • 

The ( 2)+1) e· values for the first four levels are given in Table 4, The probabi

lity for population of the T= 1 level i!!l less than that for the o the r three levels, 

There fore, one can give no more than an upper limit for heavy particle strlpplr.g 

(The T~ 1 level can be populated also by Coulomb mixing of the T=O 

s h e ll model levels). 

5 , Conclusions 

and T=1 

As is seen from the foregoing, the statements done in the framework of the 

Butle r the ory for lithium induced reactions are not in disagreement with the expe-

rimental data. One must not expect the theory neglecting Coulomb interaction s to 

b e in a full a g reement with all experimental result&, Especially, the differences 

behveen the maxima and the minima in the experimental angular distributions are 

less tha n those in the Butler theory with plane waves what is caused by Coulomb 

interactions, obviously. 

But the theory with plane waves must explain the differenc es behveen a ngu

lar distributions of simila r reactions which have been pbserved experimentally and 

which do not d epend on Coulomb inte r actions. As is shown in Sec. 3, the Butler 

theory with pla ne waves can explain such differences in a qualitative manner, 

The relative excitation of the variou s levels of the final nucleus ( or the 

spectrum of the light outg oing particle) is very characteristic of the reaction me

chanism. It is proportional to the corresponding reduced widths 1 if the reaction 

mech.anism is a stripping-like one, In Sect. 4 for some ( Li 
6 

, a reactions 

the theoretical spectra of reduced deuteron widths and the experimental spectra of 

a -particles are compared and found to agr ee, 

Thus, it seems jus tified to make the two assumptions: 1 , In reactions of the 

type ( Li 6 
1 d), ( Li 

6
, a ), ( Li 

7
, t ), ( Li 

7
, a ) the preponderant reaction me -

cha nis m is the stripping- like one; 2 , The reduced cluster. widths follow from the 

10 
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Table 1 

Reduced a -widths for B 
11 

-+ Li 
1 
+a calculated with che shell 

model wave functions of ret/12/ 

ll 
States of B 
]T, E [Me V] 1..:0 

3/2 1/2, 0 MeV 0.17 

1/2 1/ 2 , 2 ,13 MeV -

a) in 
7 s 11 

Li ( Li , d ) B , 

b) ln Li 
1 

( Li 1 
, t ) B 

11
, 

e ~ ' 21+ o~ e• 
L L L 

L=2 1..:4 (relative units) 

0.39 - 1 

0.32 - 0,27 

E.2,1 MeV, ref/ 10/ 

E. 2,1 MeV, ret.f10/ 

Table 2 
t.t 12 

u 
exp 

( relative unlts) 

1 

{0~68 a) 
0.13 b) 

Reduced deuteron widths for N -. C +d calculatjd 
with the shell model wave functions of ret) 12 

~ 
~ 

" filL 
(2)+ 1) ~ 8 L 0 States of N L oxp 

]T, E [MeV] L =O L =2 (relative unlts) (relative unlts) 

1,0 0 MeV 0,02 0,22 1 1 
1 , 0 3,9 MeV 0,31 !O,Ul 1.3 r ~5 2 ,2 

1,8 ~5 1~3 

a) /13/ E • 1,7 MeV, ref, 

b) E • 3,2 MeV, ref./ 14/ 

c ) /14/ E • 3,6 MeV, ref, 

d) 
/14/ E • 4 ,0 MeV, r ef, 

12 

The position of 
the ( Li 6 , a ) re 
spectra of redu 

Reaction p 

m• 

Li 

LiT 

( Li 6 
, a) Be&' 

6 9 . 
( Li , a) Be 

Be 9 (Lj 6 ' a ) B t t• 

a) ref./ 15/ • b) ret.' 1 

( 2 J + 1) I e~ for 
calculated Lwith th• 

States of B
10 

JT1 E (MeV ] 

3; O; 0 MeV 

1; 0; 0,72MeV 

O; 1; 1 .74 MeV 

1; 0; 2 ,15 MeV 

(2J + l )I 

for B10
-+ Li 

(relative 

1 

0.3. 

0.0 
0.3 

a) E • 2 ,1 MeV, ref, 110 

b) E • 2,6 to 3 ,6 MeV., 
of the first ( 1 ,0) level 

c) E • 1,2 to 2 ,8 MeV, 



•ted with me shell 

.27 

calculatid 
ref) 12 

u ... 
(relative units) 

u 

1 

{0~68 a) 

0,13 b) 

exp 

( relative units) 

'Table 3 

The position of the maximum in the spectra of a -particles from 
the ( Li 8

, a ) reactions on Li 8 , Li 7 , Be 1 and in the corresponding 
spectra of reduced deuteron widths for Be 8 , Be 1 , 8 1 1 , 

Reactio n Position of the Position of the Threshold for 
maximum ( exp) m~um ( theor,) deuteron decay 

[MeV l [MeV] [MeV] 

Li ( Li 
8 

,a ) Be 8 ' 20,7 a) 20 - 21 22.3 

Li 7 ( Li 8 
,a) Be 

9 . 
b) 11,9 11 16.7 

Be 9 (Li. ' a 
) 8 II• 13.2 c) 12 13 15,8 

a) ref./ 151, b) ret.l
161 , c) ref, I 171 

'Table 4 

(2 J +l) I e.~ for B
10 ~Li 7 +He 8 and for B 10~Li 6 +He' 

calcula ted Lw ith the shell model wave functions of ref.' l21 

S tates o f 8
10 

JT, E (Mev] 

3 ; 0; 0 Me V . 
1; 0; 0 ,72MeV 

0; 1 ; 1.74 MeV 

1; 0 ; 2 ,15 Me V 

(2J + l)I B~ 
for B 10~L i 7+He8 

( r e lative units) 

1 

0.32 

0.08 
0.36 

a ) E • 2 , 1 M e V, r e f, I 1o1 

(2J+lli e~ 
for B 10~ Li. +a 

(relative units) 

1 

15.55 

18, 05 

u exp (relative units) 

Li 6 (Li 7 ,t)B 10 Li 8 (Li • ,d)B 10 

1 1 

5 ,9 a) 5 ,0 a) 

< 0 ,12 b) < 0,1 b) 

14,2 b) I 6 ,8 b ) 
8 ,1 c) 

b) E • 2 ,6 to 3,6 MeV., ref.! 
2 21, r· r e lation to u ••• 

of the firs t ( 1,0) level o f r ef) 10 • 

c ) E • 1,2 to 2 ,8 MeV, rec.
1231

, in rela tio n to u ••• of the firs t (1, 0 ) level of ref.' 
101 
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