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Nucleon-nucleon scattering cross sections have been calculated on the basis of the theory 
of damping. It is shown that the calculated dependence of the total cross sections on the 
energy cannot be made to agree with experiment. 

I IT is-well known that theoretical attempts to 
explain the behavior of nucleon-nucleon scatter­

ing cross sections at high energies have not been 
successful to date. In particular, the examination 
of this problem within the framework of perturba­
tion theory 1 • 2 also has not led to satisfactory re-

sults insofar as the angular dependence of the 
proton-proton and proton-neutron scattering cross 
sections turned out to be in sharp disagreement 
with experiment. At the same time it was shown 
that 1 the total scattering cross sections found on 
the basis of perturbation theory depend only 
weakly on the energy over a wide energy range and 
remain approximately constant, in agreement with 
experimental data. However, inasmuch as the per­
turbation theory results cannot be trusted, in view 
of the large value of the nuclear interaction con­
stant, it seeemed to be of methodological interest 
to investigate the problem of nucleon-nucleon 
scattering within the framework of the theory of 
damping, which would enable one formally to deal 
with large interaction constants and to compare 
results obtained by different methods. The results 
of such a calculation are presented below. 

2. We write the basic integral equation of the 
theory of damping in the form 3 •4 : 

R (k's~s~-c~ "=~I ks1s2-:1-:2) (l) 

1 M. Jean and J. Prentki, J. Phys. etradium 11,33 (1950) 
2 C. Marty, J. Phys. et radium 12, 833 (1951) 
3 N. Fukuda and T. Miyazima, Prog. Theoret. Phys. 5, 

849 (1950) 

4 J. Pirenne, Phys. Rev. 86, 395 (1951) 
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where R is the scattering amplitude, K = iS 2• Here 
S2 is the matrix element of the S-matrix5 quadratic 
in the interaction constant. We shall consider the 
case of nucleons interacting through a pseudo­
scalar meson field subject to the sum of two 
couplings: a pseudoscalar coupling characterized 
by the constant g, and a pseudovector coupling 
characterized by the constant g '. In this case the 
quantity K occurring in Eq. (l) may be represented 
in the form: 

(2) 

- (;·k+k')s,•s, (;·k+k')s;s, :;-r,•-r, ;"'•'"'} 
2k2 (1+cos.&w)+tL2 • 

Here G = g + (2M/ p.) g ~ u, T are Pauli matrices, 
k is the momentum of the colliding nucleons in the 
center o:f.mass system s 1 , s 2 , T1 , T 2 are the spins 
and isotopic spins of the two colliding nucleons; 

k~ s ;, s;, 7'1 , T~ are the corresponding quantities 
after scattering, p. is the meson mass, M is the 
nucleon mass and Ek = (k2 + M2 )Yz. 

3. In order to solve the integral equation (l) we 
first of all separate out the isotopic spin variables 
by setting 

R = 'l'·*T=oRT=oqrT=o + qr*T=lRT=l\{!•T=J, (2a) 

where 'I' T=O and 'I' T=1 are the isotopic spin func­
tions of the system of two nucleons which cor­
respond to the total isotopic spin of zero or one, 

5 
F. J. Dyson, Phys. Rev. 75, 1736 (1949) 
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respectively. Following this, Eq. (l) separates 
into two independent equations which determine the 
functions RT=O and RT= 1 . We solve the equation 
for RT=O by expanding the unknown function into 

a series with respect to the total angular momentum 
eigenfunctions. Here q denotes the totality of all 
the angle and spin coordinates q = { n' s ' s } . 

1 2 (3) 

RT=O (k's~s~ I ks1s2) =] {W~ (q) A1 w~f (q') 

+ W~( (q) A2 U7~i1 (q') 

+ W~/-1* (q) B1 W~'-1 (q') 

+ W~1+1• (q) B2 W~;'-1 (q') 

+ W~/-1* (q) B3 W~/+1 (q') 

+ W~il+1.B4 W~/+1 (q')}. 

The normalized eigenfunctions of the total 
angular momentum in our case have the form: 

W~ (q) = Y~c (Q) So Cs1s2); 

'w'·' = ~ / (1 + M) (1-M+ 1) }'1 .1 <) 
M V 2.1 (1 + 1) .11-1· ~ 1 

M y' :!<) 
T Jr1 (1 + 1) !II ~II 

-VU+M+1)(1-M\ y1 as . 
'21(1+1) M;-1 -1• 

W1,J-1 =,. /(1 + M) (1 + M- 1) y1-1 3S 
M v ;U ('21 -1) .'11-1 1 

_ ,. / (1 + M) (1-M) yl-1 3S v 1 (21 - 1) .'11 0 

-L-- ./(J-M)(1-M-1) J-1 3 
I v '21 ('2.1- 1) Y.WH 0 S_1: 

WJ,J-.;-1=. /(1-M+ 2) (1--M+ 1) y1+1 3S 
.til v (21 + 2) ('21 + :l) .H-1 1 

+ ,/(1+M-r-1)(1-M+1) y1--l-1 3S 
V (1 + 1) (:!J + ~l) M o 

I ./(1+M+1)(1+M+'2) 1-l-1 3 

I v ('21 + '2) ('.!.1 + :;) YM+l S_l; 

(4) 

where S 0 (s 1 , s 2 ) and 3Sm (s 1 , s 2 ) are the singlet 

and triplet spin functions for a system of two 
nucleons. The spherical harmonics yl ( 0) are 

m 
defined in accordance with reference 6. 
6---

H. Bethe, Quantum Mechanics of the Simplest Sys­
tems, Handbuch der Physik, vol. XXIV- 1 

On substituting the expansion (3) into the equa­
tion determining RT=O, one finds the expansion 
coefficients Ai and Bi. We shall not give here the 
explicit form of these coefficients insofar as we 
shall be interested only in the total nucleon scat­
tering cross section, into which enter only the 
squares of the absolute values of these coefficients 
given below .. 

The total nucleon-nucleon scattering cross sec­
tion is determined by the formula 

1 '\:l E~ \ ·• 
o = 4 LJ <4rr)2 ~ dQ, I R 1-. (5) 

spin 

Substituting the expansion (3) into Eq. (5) we 
obtain the total nucleon scattering cross section 
in the state T = 0 

b9 b? 2'·9 9)"' 'l + 3 + u2 + 8 (b/J3 - b~ - ) 

+ 1 + 4 (l;i + b~ + 2b;) + 16 (/J1 b3 - b~)25 f' 
Here the following notation has been used: 

a 1 = U (~~: 11 K1+r + 21 ~ 1 K1-1- K1); 

a2 = U ( K, - ~: \ K1-1 - 21 ~ 1 K1+1} 

1 
bl = U 2T+T (K1-1- !{,); 

_ V1(1 + 1) ? ? 

b2-U 21 + 1 (k.1--1+A1+r-2K1); 

1 
b3 = u 21 + 1 (K1- KJ+I); 

(7) 

+t 
k Q2t0. 1/ _ \ P 1 (x)dx [Lz 

u = f:.h_ 25~' I\] - ~ - z - X ' z = J + 2k2 ; 
-1 

1 1 
S0 = 2 [l- ( -1)1]; S1 = T [1 + (-1)1]; 

S= ~ [1:+(-1)1 +1]; t0 =-3; 

P. (x) is the Legendre polynomial normalized by 
1 

the condition 

-1-r 0 ') 

~ PJ(x) dx = 21 ~ 1. 
(7a) 

-1 

4. The equation for RT=1 is solved by a quite 
analogous method and the following expression is 
obtained for the total nucleon scattering cross 
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section in the state T = 1 

+ b~ (J = 0) + 4 [ b1 (J = 0) b3 (J = 0)- b~ (J = O)f } 

1 + 4 (bi (J = 0) + b; (J = 0) + 2b~ (J = 0)] + 16 [bl (J = 0) b3 (J = 0)- h~ (J = 0)] 2 • 

(8) 

The quantities a .• b. and s. occurring in formula • • • 
(8) differ from the corresponding quantities given 

in Eq. (7) by the fact that in (7) the following sub­
stitutions should be made: 

fo__,.tl =I; S 0 -7 1/ 2 [I+ (-I)']; (8a) 

S1-7 1/2(I-(-I)1 j; 

5 K . h . T=O d T 1 • nowtng t e cross .sections a an a = , 
it is easy to obtain the total proton-proton and 

proton-neutron scattering cross sections with the 
aid of formulas 

The Figure shows graphs of the dependence of 
a and a on the energy for various values of 

, PP pn ( M/ ) , F the interaction constant G = g + 2 f1. g . or 
comparison, the same Figure also gives curves 
obtained by neglecting damping, i.e., correspond­
ing to the perturbation theory results* 1• From the 

Figure it may be seen that while the total cross 
sections calculated by perturbation theory for 
G 2 "'70 represents quite well the experimentally 
observed independence of the total cross sections 

on the energy, the curves which correspond to the 
more consistent method of calculation on the basis 

of the theory of damping disagree sharply with 
the experimental data**. As may be seen from the 

* Our Eqs. (9) agree with the corresponding formulas 
of reference 1 in the case that damping is neglected. 
However, it should he noted that in reference 1 a fac­
tor equal to 1/4 has been left out which corresponds to 
averaging over the spins of the initial nucleons, in 
view of which the formulas of reference 1 must be mul­
tiplied by 1/4 before the cross sections are compared. 

** We also note that at sufficiently high energies, 
processes of inelastic scattering of nucleons accom­
panied by production of mesons become possible. We 
have not taken such processes into account. 

The dependence on the nucleon energy (in the labora­
tory system) of the total cross sections a and a . for 

2 PP pn 
various values of the constsnt G • Curves 1-4 corres­
pond to perturbation theory, 5-9 to damping theory. 

1. a , G2 = 70; 2. a , G2 = 70; 3. a , G2 = 80; 
pn 2 PP 2 pn 2 

4. a , G = 80; 5. a =a , G = 80/3; 6. app' G 
PP 2 PP pn 2 2 

= 80; 7. a , G = 80; B. a , G = 240; 9. a , G pn pp pn 
= 240; the dotted curve show~ the approximate energy 
dependence of the cross sections a and a for ·a 

2 PP pn 
value of the constant G intermediate between 80 and 
240. The experimental data for app correspond to a 

cross section which is independent of the energy, and 
10-27 2 is approximately equal to 24 X em . 

Figure, for large values .of the interaction constant 

the theoretical curves depend strongly on the en­
ergy, while for smaller values of the interaction 

co~stant, although a weaker dependence of the 
cross sections on the energy is obtained, never­
theless, the absolute values of the cross sections 
tum out to be too small. Therefore, in the case 
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of nucleon-nucleon scattering, the theory of damp­
ing in the approximation considered cannot be 
made to agree with experiment, as was also the 

Translated by G. M. Volkoff 
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situation in the case of the scattering of mesons 
by nucleons 7 • 

7 
G. F. Zharkov, J, Exper. Theoret. Phys. USSR 27, 

296 (1954) 
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In the interaction of fast deuterons with nuclei, the processes usually considered are 
stripping, deuteron capture, electric dissociation and diffracti_on sc~ttering of the deut~ron 
as a whole. It is shown that, in addition, as a result of the d!ffrachon of deuterons, dis· 
sociation of the deuteron takes place outside the nucleus, the nucleus recoili_ng only 
slightly in the process. A general formula is derived which can serve as basis for cal­
culations on diffraction dissociation induced by either purely nuclear forces or by nuclear 
and electric forces. 

l IN the .analysis of the interaction between nu-
• clei and fast, nonrelati vis tic deuterons (energy 

E0 "- 30 - 300 mev ), it is usual to consider only 
three processes: a) capture of the deuteron by the 
nucleus (followed by a nuclear reaction), b) cap­
ture by the nucleus of the neutron (or proton) in 
the deuteron, with an accompanying nuclear reac­
tion and emission of a fast proton (or neutron) --­
the so-called stripping process and c) dissociation 
of the deuteron into a free proton and neutron under 
the influence of the electric field of the nucleus. 

The first of these processes, deuteron capture, 
has the largest cross section. For a black nucleus, 

a = 11(R + Rd) 2 , where Rand Rd are some capt 
effective radii for the nucleus and deuteron. For 
medium and heavy nuclei, the stripping cross sec­
tion is less by a factor of order Rq_/ ( R + Rq_) (for 

a black nucleus, a "" 11/2 R Rd) 1. The cross sec-st 
tion ael for dissociation in an electric field is 

still smaller, except for the heaviest nuclei (this 
cross section cannot be expressed by such a 
simple formula). 

To this list we should add d) diffraction scat­
tering of the deuteron as a whole --- a process 

1 A. I. Akhiezer and I. Ia. Pomeranchuk, Some Prob­
lems in the Theory of the Nucleus, Second Edition, 
Moscow 1952, Sees. 13, 14 

which at the present time can be considered trivial. 
It is a necessary consequence of the existence of 
all the other processes depleting the initial deuteron beam, 
and has a cross section of order of magnitude the 

h I . d' d b . diff same as t e argest m 1cate a ove, I.e., a scatt 

"- 11 ( R + Rd) 2 ( for a black nucleus). 

However, there is yet another process, of very 
unusual character, and with a cross section, as 
we shall show, comparalt e to the cross sections 
of processes b) and c). This process is associ­
ated with the fact that in the diffraction scattering 
of deuterons, a certain momentum is given to the 
nucleus as a whole. As a consequence, not only can 
the deuteron be scattered, but it may also dissoci­
ate and give rise to a free proton and neutron. 
The characteristic feature of this diffraction dis­
sociation is that the nucleus absorbs the momentum 
as a whole, and undergoes no nuclear reaction. 
Similar physical phenomena have been investi­
gated in several recent papers on the theory of 
diffraction processes 2 •3 • These phenomena are 
characterized by the fact that when the colliding 
particles have large energies, the momentum 

:.! L. D. Landau and I. Ia. Pomeranchuk, J, Exper. 
Theoret. Phys. USSR 24, 505 (1953); I. Ia. Pomeranchuk, 
Dokl. Akad. Nauk SSSR 96, 265 (1954) 

3 I. Ia. Pomeranchuk and E. L. Feinberg, Dokl. Akad. 
Nauk SSSR 93, 439 (1953) 


