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Reactions of the ( n, t) type are examined qualitatively. Two competing processes are dis
cussed: (a) the process of" successive stripping" ( n-d-t ), and (b) the process of simul
taneous capture of two nucleons. 

As is known, a characteristic peculiarity of the 
angular distributions in the stripping reactions 
( d, p) and ( d, n) and in the pick-up reactions 
( p, d) and ( n, d) is the presence of a maximum 
in the region of small angles whose position per
mits the determination of the orbital angular mo
mentum l of the captured nucleon. 1 The experi
mental data (e.g., references 2 to 4) show that a 
pick-up process may also occur in the reactions 
(n,t), (d,t), (d,a), andsimilarones. Inthis 
connection attempts5- 7 were made to give a theo
retical foundation for the stripping mechanism in 
a more general form, as an extension of the direct 
interaction process. 

In the present paper we give a qualitative dis
cussion of the reactions of the type ( n, t ) , ( p, t ) , 
(n, He3 ), and (p, He3 ).* 

We consider the expression for the amplitude 
of the reverse reaction ( t, n). In analogy to the 
usual stripping theory,8 the amplitude is deter
mined by the integral equation 

(1) 

Here 0 is the index referring to the emitted neu
tron, 1, 2 are the indices of the nucleons captured 
by the nucleus, 1/Jo is the wave function of the initial 
system (nucleus A+ triton), G is the Green's 
function for the Schrodinger equation of the final 
system (nucleus (A + 2) + neutron), and V ij is 
the interaction potential of the two nucleons. In 
Born approximation the 1/J on the right hand side 
is changed to zp0• In calculations using the method 
of distorted waves the Schrodinger equation con
tains the interaction between the neutron with the 
nucleus (A + 2 ) , for example, in the form of the 
optical potential. 

*The reaction (p, t) for Li' was considered by A. I. Baz' 
(Paper delivered by A. A. Ogloblin at the Conference on Nu-
clear Reactions in Moscow, 1957). 
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Generally speaking, two processes contribute 
to the amplitude of the reaction: (a) a transition 
of type ( n-d-t) with the formation of a deuteron 
in the intermediary stage, and (b) a direct transi
tion ( n-t), made possible by the fact that the 
nucleons in the triton, as well as (on account of 
pair interactions ) the nucleons in the nucleus, do 
not have a definite energy, so that the initial and 
final states of the nucleons are not orthogonal. 

In general the angular distributions of the par
ticles emitted in processes (a) and (b) may be 
different. We consider these distributions on the 
basis of the shell model of the nucleus. In this 
case the reaction cross section is determined, in 
the Born approximation, by the square of the ma
trix element 

'I 
I= 2 ( n (n ;.-- 1)) '<Ln-z rxzL2SzlzT2; 

(2) 

where we assume LS coupling, having in view the 
application of this formula to the lightest nuclei 
with a p shell.* 

After summing the square of the matrix element 
over the magnetic quantum numbers of th,e initial 
and final states by the method of Levinson, 9 we ob
tain the following expression: 

/ 2 = 2n(n -1)(2L1 + 1) (2S1 + 1) 

X (211 + 1) (212 + 1) (2St + 1) 

X ~ (2S + 1 fl (- 1 )P ( zn rx1 L1 S1 T 1 i [n-2 rx2 L2 S 2 T 2 ; l2 LST)2 

X C},T(T1MT,; Ah,O)Ch,(1/z- 1/2; 0- 1/2)Dt,k1 (l2, L) 

x ~ (21.. + 1) (- 1)~'- W (S1 S1 L1 L1, t..JJ) W (S2 Sz S1 S1; /,S1) 

X \¥1 (L1 L1 L2 L2; t..L) W (l,z L2 S2 S2; f..J 2); 

p = J2- J1 + S + 2S2; 

*The qualitative conclusions are the same for jj coupling. 
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f1. = J1 + lz + L + 2 (Sl + S2 + L1 + L2); 

D~n, kt (f2, L) = (2L + Ir1 ~ 1/kt(O, 1, 2)J Vol! 12 LML(l, 2); 
ML 

(3) 

C and W denote, respectively, the Clebsch-Gordan 
and Racah coefficients; ( znatizn-2a 2; Z2 ) is the 
parentage coefficient.10 •11 The wave functions of 
the free particles are normalized to unit amplitude. 
L is the total orbital angular momentum of the two 
nucleons escaping from the nucleus. A non-zero 
contribution to expression (3) comes only from 
those values of L which satisfy the condition 

L = 0, 2, ... , 21; St + J2 = L + J1 + Sn. 

The expression for the differential cross sec
tion has the usual form: 

dcr MnMt kt 1 - f2. 
df:! - 47t21i4 T;; (2Sn + 1) (2h +1) (4) 

In either process (a) or (b), the angular dis
tributions are very similar in form to the some
what smeared curves characteristic for the usual 
stripping process .1 The difference between the 
processes (a) and (b) is that the value of the 
orbital angular momentum of the captured nucleon 
in the usual stripping theory is replaced by l in 
case (a), and by L in case (b). The interference 
term has, of course, a more complicated form. As 
in the usual stripping theory (for neutrons of en
ergy "'15 to 20 Mev), the cross section for the 
transition (b) with L = 2 will, other conditions 
being equal, be one order of magnitude smaller 
than the cross section for the transition (b) with 
L = 0. 

Figure 1 shows the angular distribution for the 
process (a) with l = 1 (nucleus with a p shell) 
obtained by an approximate treatment of the "suc
cessive stripping" ( p-d-t). It was assumed that 
the energy of the system is conserved in the in
termediate stage. The calculation was made for 
the reaction Li7 (p, t)Li6 with Ep = 12 Mev, 
since experimental data are available for this 
case.2 

Figure 2 shows the angular distributions for 
the process (b) with L = 0 at Ep = 12 and 35 

FIG. 1. Angular distribu
tion for process (a); reaction 
Li'(p, t)Li5 , Ep = 12 Mev, 
l = 1. Abscissa: angles in 
the center-of-mass system; 
ordinate: differential cross 
sections in arbitrary units. 
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FIG. 2. Angular distribution for process (b); reaction Lf 

(p, t) Li', L = 0. Curve 1) Ep =. 12 Mev, curve 2) Ep = 35 Mev. 

Mev. Figure 3 shows the case L = 2 at the same 
energies. The angular distributions for process 
(b) are also calculated approximately. In the 
computation, oscillator wave functions were used 
for the nucleons bound in the nucleus. This per
mits the use of a representation that separates 
the center-of-mass motion of the two nucleons 
from their relative motion; 12 in the result, the 
integration in the matrix element becomes much 
simpler, as it is extended over the whole range 
of the argument. (This procedure affects the 
angular distribution very little13 ). Furthermore, 
the interaction between the nucleons was assumed 
to have the form of a delta function. The internal 
wave function of the triton was taken from the 
paper of Newns. 15 In the general case, when sev
eral values L contribute to expression (3), and 
when the intermediary deuterons in process (a) 
have sufficient energy, the angular distribution 
will be the sum of several contributions, and its 
analysis will be more difficult. An example for 
this case is the reaction Li 7 ( p, t) Li 5, where the 
sum over L in formula (3) comprises two values, 
L = 0 and L = 2, with approximately equal par
entage coefficients.10 •11 We do not know the ratio 
of the amplitudes for processes {a) and (b). The 
experimental angular distributions2 indicate the 
presence of two peaks: one with a maximum at 0°, 
and another, with half the amplitude, at "' 55°. It 
may be assumed that the second peak is caused by 

FIG. 3. Angular distri
tion for process (b); reaction 
Lf (p, t)Li5 , L=2. Curve 1) 
Ep= 12 Mev, curve 2) Ep= 35 
Mev. 
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either the interference of processes (a) and (b) 
for L = 2, or by process (b) with L = 2. 

A whole series of cases exists where the situa
tion is less complicated, and where the analysis is 
less ambiguous. In particular, we have such a case 
when the sum over L in expression (3) contains 
only one term, as, for example, in the reaction 
Li6 ( n, t) He4, where L = 0. The experimental 
angular distribution4 is in qualitative agreement 
with the theory (Figs. 1 and 2). However, in this 
case the angular distributions for processes (a) 
and (b) are similar, which makes their separation 
impossible. A separation may be possible if the 
expression (3) contains only the term L = 2, for 
example (Fig. 3). This may be the case if the 
initial value of J is significantly different from 
the final value, as, for example, in the reactions 
B10 ( n, t) Be8 and C12 ( n, t) B10 with formation 
of the final nuclei in the ground state. However, 
experimental data for these reactions are missing 
up to now. 

Processes (a) and (b) may also be separated 
in the reactions ( n, t ), ( p, t ), etc. for which 
the threshold for deuteron formation E~ is above 
the threshold for triton formation E~, where 
E~- E~ is sufficiently large. It is of interest 
here to compare the angular distributions of the 
tritons for incident particles of energies below 
the threshold E~, when only process (b) is pos
sible, and for those of energies above the threshold 
E~, when both processes are possible. If the prob
ability of process (a) is comparable with the prob
ability of process (b), some changes can be expected 
in the behavior of the excitation curve in the region 
of incident energies corresponding to the threshold 
for process (a). Thus, for the reaction Be9 ( n, t) Li 7 

the thresholds E~ and E~ are respectively equal 
to 11.5 and 16.2 Mev, while the corresponding val
ues for the reaction C12 (p, t)C10 are 5.8 and 17.9 
Mev. At present, experimental data have only been· 
published for the reaction Be9 ( n, t) Li7 at incident 
energies between E~ and E~. 3 The measured an
gular distribution has one maximum at 40°. The in
terpretation of this result is not clear, since ex
pression (3) should get the largest contribution 
from L = 0. 

We can also hope for a separation of the proc
esses (a) and (b) if l > L. Examples for this may 
be found among the reactions with nuclei with the 

shell 1 f7; 2 • For example, we can expect that in 
the reaction Ca42 (p, t) Ca40 ( l = 3, L = o, 1) the 
angular distribution for the process (b) has a peak 
around 0°, while the maximum of the differential 
cross section for the process (a) will supposedly 
lie in the region of large angles. 

In conclusion, the authors express th~ir grati
tude to S. S. Vasil'ev for a discussion of this paper 
and to A. S. Davydov for a discussion of the formu
lation of the problem. 
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