
SOVIET PHYSICS JETP VOLUME 36 (9), NUMBER 6 DECEMBER, 1959 

COMPARISON OF THE DIFFERENTIAL CROSS SECTIONS FOR THE (dp) AND (dt) 

REACTIONS 

A. B. KUREPIN and V. G. NEUDACHIN 

Nuclear Physics Institute, Moscow State University 

Submitted to JETP editor November 24, 1958 

J. Exptl. Theoret. Phys. (U.S.S.R.) 36, 1725-1730 (June, 1959) 

The ( dt) reaction is considered as a special case of a stripping reaction involving two 
complex systems. The reduced widths derived from the ( dt) and ( dp) reactions by 
choosing various triton wave functions are compared. The neutron wave function rela
tive to the deuteron in the triton, which yields the best agreement with experiment is 
found. A value of ~ 0.40 is derived for the probability of finding the triton in the 
(deuteron + neutron) state. 

THE analysis of the angular distribution of the 
triton in the reaction ( dt) shows that the mech
anism of the reaction at deuteron energies of the 
order of several Mev is similar to the mechanism 
of the ( dp) reaction, i.e., a stripping reaction is 
encountered. In connection with this, two interre
lated problems arise: a) the comparison of the 
"reduced widths" y obtained for the reactions 
( dp ) and ( dt ) , and b) the determination of that 
part of the wave function of the triton which corre
sponds to the state (deuteron + neutron). Below, 
we consider both problems, and a part of the re
sults is compared with results of other authors. 1•2 

As the analysis of the experimental data ob
tained in recent years shows ( Belyaev, Zakhar' ev, 
and Neudachin, to be published), the "reduced 
width" y2 in the formulae of Butler does not rep
resent the "square of the amplitude of the wave 
function of a nucleon on the surface of the nucleus" 
since it is not constant for varying energy of the 
deuteron but varies very rapidly. It is possible 
that this is due to the influence of the exchange 
effect in the stripping reaction. 3 The comparison 
of y2 from the ( dp) and ( dt) reactions is inter
esting as a check on the analogy between the two 
mechanisms, complementing the comparison of 
the angular distributions. 

In contrast to the deuteron, the triton and He3 

are compound particles, on the wave functions of 
which one has to impose, apart from the vector 
coupling of the moments, the requirements of 
antisymmetry. The calculation was carried out 
by means of the Born approximation using plane 
waves which, for the ratio of the reduced widths, 
gives about the same results as the calculation 
with distorted waves. 

The general expression for a stripping reaction 
between two coupled systems applied to the reaction 
( dt) is of the form (see also reference 1) 

dcr 1-'-di-'-t k1 (2S1 + 1) 

dQ = 4np.~ ;;; (2Sd + 1) (2Sn + 1) 

X [j~ (Za)- gz (za) jz (Za)j2 (2[Ln I li2) r;. (1) 

where I <s3a I s 2a 0 > 12 =! is the parentage co
efficient of the transition from the state s 2 of the 
deuteron with quantum numbers a 0 to the state 
s 3 of the triton with quantum numbers a; nt is 
the number of nucleons in the triton; St. Sd, Sn 
are the spin of the triton, deuteron, and neutron 
respectively; Yo is the reduced width; 

Mi and Mf are the masses of the initial and final 
nuclei; kt, kct are the wave numbers, 

p = kt/3- kd/2, Z = kt - kdMt!(Mj + Mn), 

X = (2[Ln I E b 1)'1•/li, 

and Eb is the binding energy of the neutron in the 
initial nucleus. The interaction radius a is chosen 
for the best fit of the theoretical angular distribu
tion with the experimental one. The function jz (x) 
can be expressed by a Bessel function of half-inte
gral order: 

jz (x) = V rrx I 2 ht-•;, (x) = xjzc (x), 
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where j zc ( x) is the spherical Bessel function; 
jz (x) is the derivate with respect to the radius: 
jz(Za) = Zdjz(x)/dx .for x= Za; and gz(xa) 
are logarithmic derivatives on the boundary of 
the nucleus. These are given for l = 0, 1, and 2 
by Yoshida.'' The reduced widths can be expressed 
in units of the sum ~ y c 2 over all reaction chan-

c 
nels, and one can obtain the non-dimensional quan-
tity 8: 

82 = (a2p.n!31i2 ) 1} 

Furthermore, ( 27T) - 3/ 2 G ( p) is the Fourier 
transform of a function whose square expresses 
the probability of finding a triton in the state 
(deuteron+ neutron). We shall denote the neutron 
contained in the deuteron by n0, the captured neu
tron by n1, and the distances in the triton as 
(noP) = x, (pn1) = y, and (n1 n0) = z. We then 
have 

G (P) = ~ exp {ip (2y- x)} <ft (p, n0 , n1) <fd (p,no) d-r: 

(the integration is carried out over all internal 
coordinates of the triton). For the deuteron, we 
assume the Hulthen wave function 

<fd (p, no)= N d (e-a.x- e-~x)fx, 

N~ = [47t (1;2oc- 2i(oc +~) + 112~)fl, 
oc = 0.23-1013 cm-1, ~ = 1.63-1013 cm-1 • 

The problem of the triton has been studied to 
a much lesser extent than that of the deuteron. 
Therefore, there is still no acceptable wave func
tion for the triton. We assume a function which is 
in good agreement with experimental values of the 
binding energies of H3 and He3, and with the 
difference of the binding energies of H3 and He3 

for a certain choice of potential parameters. These 
are the Gaussian function 

<Pt (p, no, n1) = Nt, exp {- 1'2 (x2 + y2 + z2)}, 

N;, = 24 V3 1t-31'6 , 'I= 0.25·1013 em - 1 [5] 

and the wave function of Irving6 

<Pt (p, no. n1) = Nt, exp {-'A( x2 + y2 + z2)'/.} 1 (x2 + y2 + z2)n, 

n = ~, 'A= 0.759-1013 cm-1, Nt = 4 V3 7t-~'A5 • 

It is shown in several papers that the angular dis
tribution of the reaction ( dt) is well described by 
this function for a suitable choice of the interaction 
radius. In the present work, we have studied the 
applicability of the Gaussian and Irving wave func
tions to a calculation of the reduced width and of 
the angular distribution. For this purpose, it is 
necessary to know, apart from the dependence on 
p, the absolute value of G (p ). 

We shall give the results of the calculation of 
G (p ): 1) for the triton, we assumed the Gaussian 
wave function 

G (p) = 42.5-10-20 exp {- p2121'2}; 

2) for the triton we used the Irving function 

G (p) = NdNt,(8~t2/3) r C/2)'A-'1• [/ (oc)- I(~)] I p, 

where 
1 

I (oc) = ~ (A 2 + B2)-'l. sin (;tan-1 ~) u du, 
0 

B = V~ P ( 1 - u2 )'1•, A = 1 + V-} ~ u 

(see also reference 7). 

FIG. 1. IG(p)l 2 for two cases: 
Solid curve represents the triton 
function according to Irving; 
dotted curve - the Gaussian 
wave function. 
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The final results are given in Fig. 1. It can be 
seen from the figure that the value of the differen
tial cross section depends very slightly on the choice 
(between variants 1 and 2) of the triton wave func
tion. Therefore, in Table I, where the values of 82 

calculated from the reaction ( dt) according to for
mula (1) are compared with the reduced widths cal
culated from the reactions ( dp ) , ( pd ) , and ( nd ) , 
the Irving function was used to calculate eat for 
the corresponding levels. (Formulae for the cross 
sections are given, e.g., in reference 8.) 

We have assumed that, for the choice of a good 
triton wave function, the interaction radius chosen 
to describe the angular distribution of the ( dt) re
action should coincide with the interaction radius 
for the corresponding (pd) reaction14 and the re
duced widths obtained from the ( dt ) reaction 
should be approximately equal to 8~d· Since the 
accuracy of the ratio 82 for identical targets and 
for different states of the final nucleus is greater 
than the accuracy of the absolute values, then the 
ratio 82 for two levels of Li from reactions ( dt) 
and (pd) should coincide even better. It can be 
seen from Table I that all these requirements are 
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TABLE I 

Reaction Ed, Mev 
c.m.s. a, f I Error, 'j', I Reference 

U 7 (pd) us 7.7 5.5 0.052 20 ["] 
LF (pd,) us* 6.07 5.5 0 036 20 [9] 
c12 (dp) c1a 5.87 5.3 0.060 10 Pijl 

2.02 5.8 0.030 3 [13] 
us (nd) He5 6.4.8 4.5 0.090 5 [ll] 
Be9 (pd) BeB 12.3 3 0.025 20 [9] 
LF (dt) Li6 8.7 6 0.067 20 [12] 
LF (dt) Li6* 8 7 6.5 0.038 20 [12] 
Cl3 (dt) C12 2.4.7 6.25 0.050 3 [13] 
u• (dt) Li5 

I 
11.3 5.5 0.140 20 [14] 

Be9 (dt) Be8 13.4 4.0 0.061 20 [14] 

*Transition to the 2.187-Mev level; in all other cases, transition to the ground 
state. 

fulfilled for wave functions of a triton in both Irving 
and Gaussian forms. Besides, the functions do not 
give the correct asymptotic behavior of the wave 
function f0 of the neutron in the triton with respect 
to a deuteron described by the function exp (-AR)/R, 
where A = 0 .45 as calculated from the binding 
energy of the neutron in the triton. 

One can try to determine the function f0 which 
best satisfies the condition given above directly 
from experimental data. 

Making use of the series expansion (see refer
ence 15). 

o/t (rRStMst) = ~ AM ms/·(d· (rSdMsd) Cdi (RSnms ) 
. ~ • n 
•.Msdmsn 

(where r is the vector between the particles in the 
deuteron, R is the distance from the middle of r 
to the second neutron in the triton, Cifi is the 
wave function of this neutron with a normalization 
factor, and i denotes the different states of the 
deuteron in the triton), we can substitute in the 
formula for the cross section of the ( dt) reaction: 

a~ (p) O~t = (2;c? A~C~Q)2 (k) 0~~. (2) 

where k = 2p is the momentum of the neutron in 
the triton with respect to the deuteron, <I> ( k) is 
the Fourier transform of the function f0 ( R ) , 
chosen to be equal to one for k = 0, and A3 is 
the probability of finding a triton in the state ( deu
teron + neutron ) . 

Vlasov and Oglobin 14 give the variation of <I> 2 ( k) 
for k = ( 0.3- 0.55) x 1013 em -1, and mention that 
<I>2 ( k) describes the angular distribution of the 
reaction Li 7 ( dt ) Li 6 and Li 7 ( dt ) Li 6 * with the 
same interaction radius. For k :::: 0 to 0.34, ac
cording to data of Holmgren et al., 13 <I> (k) 
= 1/ (k2 + ,\ 2 ) and ,\ = 0.45, which gives the correct 
asymptotic exponential behavior of f0 (R) (see 
also reference 1). It was also found that <I> ( k) 
for small and large k join smoothly (see Fig. 2, 

0 0.1 liZ fJ.J 0.4 Q..f 0.6 K,1013cm~1 

FIG. 2. Fourier transform «1>2 (k) determined from experi
mental data (solid curve). Dotted curve - transform (k2 + A2)-2 

of the asymptote of f0 • 

where, for large k, an average <I> ( k) is taken 
for Li7 (dt) Li6 at Ed= 20 Mev and Ed= 14.4 
Mev). 

Choosing in a rather arbitrary way the asym
ptotic behavior of <I> 2 (k) for larg~ momenta 
(which, however, does not introduce a large error), 
we find the distribution Rf0 ( R), Fig. 3. It has a 
maximum for R = 3f, and, beginning with R :::: 
4.5f, gives the asymptotic dependence exp (-A R). 
Thus, f0 ( R) satisfies the physical requirements 

FIG. 3. The function 
R2P. (R) (solid curve) 1.0 
and the function propor-
tional to exp (- 2 >.. R) 
(dotted curve). Arbitrary 
units. 
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of the proper asymptotic behavior at large dis
tances and has a maximum for R of the order of 
the deuteron radius. These properties of functions 
f0 (R) are mentioned by Werner,1 who calculated 
f0 by solving the Schrodinger equation for the sec
ond neutron in the triton with a Gaussian potential. 
The normalizing coefficient of the function f0 is 
given by the equation 

co 

C2 = ( 4n:) f~ (R) R2 dR)-1 =, 4 ·I o-ag em -t. 

We can now find A5 from different experiments. 
The interaction radius and the reduced width for the 
( dt) reaction were taken from the corresponding 
( dp), ( pd), and ( nd) reactions (see Table II). 
The low accuracy of the experimental data obtained 
from the (pd) reactions involving Be and from 
the reactions of low-energy deuterons with carbon 
should be noted. The average value A~= 0.37 
( 20% error ) is greater than the upper limit 0.11 
given by Werner. 

Reaction 

Li 7 (dt) Li 6 

LF (dt) Li6* 
Li6 (dt) Li5 

Be9 (dt) Bes 
C'3 (dl) C12 

TABLE II 

f I 82 = 02 I_ A2 I Refer-a, at pd I u ence 

5.5 o.o52 o.36o I r•· 121 
5.5 0.035 0.377 ["• 12] 
4.5 0.090 0.3721 [11, 14] 
3.o o.o25 o.39o r•· 14J 
5.8 0.030 0.330 [13] 

*See footnote for Table I. 
~-------~--~----~ 

We note that Werner has compared the ( dt) 
and (pd) reactions for different energies; if the 
comparison is made at the same energy using the 
data of Holmgren et al. ta the value 0 .11 should be 
increased by a factor of two. 

The deviation from our value of 0.4 can be ex
plained by the fact that the function f0, and con
sequently the normalizing coefficient for it, have 
been obtained from experimental data and are dif
ferent from f0 and C2 calculated by Werner for 
a definite choice of the interaction. 

Recently El Nadi and Hadid2 estimated A~, 
using the calculations of Werner, from the reac
tion Li7 (dt) Li6 (reference 12) and Li7 (pd) Li6 

(reference 9) from F19 ( dt) Ft8 (reference 16), 
and from F19 (pd) Ft8 (reference 9) for the ground 
states of the final nuclei. The estimate A~< 0.06 
obtained from the reactions with Li is doubtful, 
since the authors maintain that, for a choice of 
ii> (k) similar to that of Werner, the value a= 
6¢ describes the angular distribution of the ( dt) 
reaction, while, in references 12 and 17, a = 6 

is assumed for ii> (k) calculated from the wave 
function of the triton according to Irving. From 
the reactions involving fluorine a still smaller 
value A~ < 0.02 has been obtained in reference 2. 
From the same experimental data, we obtain A~ 
f':j 0.06. This value is in disagreement with five 
values of A~, two of which are in agreement be
tween themselves, obtained from data of three ex
perimentst2-14 (see Table II). 

To obtain a correct formula for the experimental 
angular distribution of the ( dt) reaction with the 
same interaction radii as in the corresponding 
(pd) reaction, and to calculate the reduced width 
e~lt• it is necessary to substitute Eq. (2) into Eq. 
(1) and to substitute the above-given values of Aij 
and c5. 

The authors thank N. A. Vlasov and A. A. Oglo
blin for their helpful discussion. 

Note added in proof (April29, 1959): The an
gular distribution of the reaction eta ( dp) ct4 for 
the ground state of ct4 (reference 18), and the 
reaction ct4 ( dt) eta (reference 19) for the ground 
state of eta and the 3.08-Mev and 3.68-Mev excited 
states are satisfactorily described by the choice 
a= 5.4¢. The value of A~ is 0.3 (100% error). 
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