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It is shown that in the interaction of high energy particles the sum of the quantities ( E - p cos J) 
for all particles emitted after the interaction is equal to the mass of the target particle which 
effectively participates in the interaction. Thus the distribution of ~ (E -p cosJ) is deter
mined by the structure of the target particle. Application of this type of analysis to the experi
mental data shows that interactions with the part of the target which has a mass close to that of 
the 1r meson are dominant. 

l. In reference 1 we derived a form of conserva
tion laws for energy and momentum, proposed by 
S. N. Vernov, which is convenient for the kinematic 
analysis of interactions in which a high energy par
ticle generates secondary particles. 

If the target particle is at rest, we can write for 
sufficiently fast primary particles ( E 0 - Po = M~ I 2p0 

« Mtg) 

(1) 

Here E, p, J, and M are the total energy, the 
momentum, the angle of emission, and the mass of 
the particle. The index 0 denotes the primary par
ticle, i the particle after the interaction, and tg 
the target particle. The summation in (1) goes over 
all particles emitted after the intera<ftion. 

If the particles emitted after the interaction are 
sufficiently fast, we can write (1) in the form 

"i;1 ( MJ . S1 ) Mtg=LJ .-~-sm-&1+PJ.Jtany · 
Lpj_i (2) 

In this form of writing the physical meaning of ex
pression (1) becomes clear: it gives a connection 
between the mass of the target and the values of 
the angles and transverse momenta of the particles 
emitted after the interaction. 

2. Let us generalize relation (1) to the case when 
the target particle moves. 

With the notation Ei -Pi cos Ji = .6.i, we obtain 

~ !::.1 = Mtg + Ttg - Ptg cos t1tg, (3) 

where Ttg is the kinetic energy of the target par
ticle, and Ptg cos Jtg is the projection of its mo
mentum before the collision on the direction of 
motion of the incoming particle. 

We assume further that the target particle is 
bound to some heavier particle. Let us consider, 

964 

for example, the interaction with a nucleon inside 
the nucleus. The potential energy of the nucleon 
in the nucleus, un, is small in comparison with 
the mass of the nucleon. After the emission of 
the nucleon the residual nucleus Mnuc 0 receives 
an impulse on the order of un, which causes it to 
recoil slightly. In studying the interaction with a 
definite moving nucleon, one must take account of 
the fact that the residual nucleus is not at rest be
fore the interaction, but has a momentum which is 
equal and opposite to that of the nucleon in the nu
cleus. The quantity .6.nuc 0 = E - p cos J for the 
residual nucleus can be written in the form 
.6.nuc o = Mnuc o - Pnuc o cos Jnuc o + Tnuc o· Neg
lecting T nuc 0 and using Pnuc 0 = - Pn + a, we 
obtain .6.nuco = Mnuco +Pn cos Jn- a, where a is 
a quantity of the same order as un. 

We write relation (1) for the initial nucleus 
Mnuc in the form 

~ !::.1 + !::. nuc 0 = M nuc , 

where Mnuc = Mnuc 0 + Mn + T n - un, and obtain 

~ !::.; = Mn + T n- (un- oc)- Pn COS -3-n. (4) 

Relation (4) takes account of the recoil of the resid
ual nucleus. If the recoil is neglected, we have 

(5) 

The distribution of the quantities ~.6.i, which we 
shall call Mt in the following, is given in this case 
by a line with a maximum at the value Mn + ( T n - un) 
(the average Pn cos Jn = 0, in any case for unpo
larized nuclei ) . The width of the line is determined 
by the quantity Pn. the Fermi momentum of the nu
cleon in the nucleus. 

3. Let us now consider the interaction of a suf
ficiently fast particle with a nucleus of mass Mnuc· 
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If there are interactions with one, two, or more 
nucleons, the spectrum of the quantities Mt will, 
according to the foregoing, have lines near the val
ues of one, two, etc. nucleon masses. 

In the region of target masses close to Mnuc 
the spectrum of the quantities Mt will be smeared 
out and appear to become continuous. Since the re
coil of the residual nucleus cannot be neglected in 
this region, the position and the width of the line 
do not any more have the clear classical meaning 
expressed by relation (5). Even in this case, how
ever, the form of the spectrum of Mt will reflect 
the structure of the nucleus. 

Since in any case 

(6) 

where Llnuc 0 = E -p cos J for the recoiling resid
ual nucleus as a whole or for its fission products, 
it should be noted that the distribution of the quan
tities Llnuc 0 will simply reflect the distribution 
of the quantities I:Lli. A preference for either one 
of these quantities has to be based on experimental 
considerations. 

4. This method can also be applied to the study 
of the structure of the nucleon by considering the 
interaction of the nucleon with particles whose 
wavelength is small compared with the dimensions 
of the nucleon. 

In this case we extract from the sum of all Lli 
the term which corresponds to the recoil nucleon: 
6..0 = E0 - p0 cos J 0 . It follows from the analog of 
relation (4) that the value of Mt = I:Lli will corre
spond to the value of the "effective masses" of 
those parts of the target nucleon which participate 
in the interaction. 

The value of the quantities Mt obtained in this 
way will determine the relative probability of inter
action with various regions of the nucleon. 

If the nucleon has no structure, the spectrum of 
Mt should not have separate lines. If such lines 
are observed in experiment, it indicates that the 
nucleon is made up of separate structures. In the 
opinion of the authors, the question whether the 
experimentally observed structure is real or vir
tual is to be decided by the relative width of the 
lines in the distribution of Mt. From this point 
of view there is no physical borderline which sepa
rates a real particle from a virtual one; one can 
only speak of the degree of reality of a particle. 

5. Since I:Lli +Llo = Mn, we can obtain the dis
tribution of Mt from I:Lli or from the quantities 
Llo for the recoil nucleon, whichever is more con
venient from the experimental point of view. 

In the region of small energies, where the iden
tification of the recoil protons is possible, it is ob-

viously more convenient experimentally to study 
the recoil nucleons. 

In experiments with high energy particles, on 
the other hand, a number of circumstances are 
favorable for an exact determination of I:Lli for 
the generated particles. 

We emphasize, first of all, that I:Lli and .::..0 
can be calculated without knowing the energy and 
the mass of the incoming particle, which appreci
ably simplifies the experimental procedure. 

According to (2), the particles that give the 
greatest contribution to the sum are those emitted 
under relatively large angles with relatively small 
momenta. This circumstance allows us to relax 
the accuracy requirements with respect to the 
measurement of the momenta. 

For sufficiently high energies of the secondary 
particles and sufficiently high number of generated 
7f mesons, the error arising from the impossibility 
of identifying the fast nucleon is insignificant. If, in 
forming I:Lli> we treat the slow nucleon like a 1r 

meson with the same momentum, then .::..0 will be 
automatically excluded from the sum of the Lli. 

It can be shown that in the sum I:Lli the errors 
in the measurement of the angles and momenta are 
averaged out in first approximation. An increase in 
the number of the 7f mesons generated in the shower 
leads, therefore, to an increase in the accuracy of 
the calculation of I: Lli. 

Since the second term of the sum (2) gives the 
main contribution to the sum of the Lli> a small 
admixture of heavy mesons will not affect the value 
of I: Lli appreciably. 

6. We calculated Mt = I:Lli from the available 
data on the following interactions of high energy 
particles with nucleons and nuclei: 1) proton
proton interaction with proton energy 3. 7 Bev;2 

2) interaction of cosmic ray protons with Be nu
clei with an average proton energy of about 5 Bev;1 

3) pion -proton interaction ( 7f- + p) with pion en
ergies of about 5 Bev;3 4) generation of 7f mesons 
by J..t mesons in lead nuclei, which was treated by 
Kessler and Maze4 like the photoproduction of J..t 

mesons by photons with energies of about 17 Bev; 
5) interaction of 1011 -ev cosrr.::!-ray particles* 
with LiH nuclei; 6) interaction of cosmic ray 
particles with energies 1012-1013 ev with nuclei 

*The authors express their deep gratitude to the workers 
of the cosmic ray laboratories of the Physics Institute of the 
Academy of Science and the Institute of Nuclear Physics of 
the Moscow State University, N. A. Dobrotin, N. L. Grigorov, 
S. A. Slavatinski1, V. S. Murzin, V. V. Guseva, K. S. Kotel'nikov, 
and S. I. Ryabikov for giving us the opportunity to become 
acquainted with their experimental results before publication. 
It was this opportunity which stimulated the present paper. 
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"Jets" in photoemulsions* 

Type 
£ 0 , cV M/Mn Remarks 

Refer-
of star ence 

2+16 p 5 ·1012 0.33 The pf3 of the ionizing par- [Sj 
ticles was determined 

2+15 p 2·1013 0.16 [6] 
1+39 p 5-1012 1.05 

The ;nergy of tb'e 7T0 m;sons 
[8] 

0+14 a. -1()14 0.08 was determined l' J 
0+7 p 1012 0.10 The ,±and 77° mesons were [9] 

me.asured 

*In the table we list the high energy "jets" in which the angles and 
momenta of the secondary particles have been measured. The energy was 
estimated by the authors of the references on the basis of the angular 
distribution. In these cases the energy of the interaction given by the 
authors of references 5, 6, 7, and 9 is apparently much too high. The 
very poor sampling of the interactions does not allow us to make con
clusions about the true contribution from the interactions with small Mt· 

in photoemulsions, leading to the formation of so
called "jets," in those cases where data on the 
momenta of the particles exist. s-a 

lead to a distortion of the distribution in the region of large Mt. 
The comparison of the distributions of the two above-mentioned 
reactions shows, however, that the occurrence of a maximum in 
the region of small Mt for the reaction in which one pion is 
produced cannot be explained by the sampling. The absence 

The calculated distributions of Mt are given 
in the table and in Figs. 1 to 5, the captions of 
which contain all the necessary notes. 
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FIG. 1. Interaction p + p, E0 = 3. 7 Bev. Mt was deter
mined as the difference Mn - 6.s. The quantities 6. s were 
measured for the nucleons in the interactions p + p-> p + N + 77+ 
(solid line) and p + p-> p + N + 77+ + 77° (dotted line), which 
could be reliably identified. The method of identification could 

of the maximum for the reaction leading to the production of 
two pions is connected with the small value of the center of 
mass energy (E = 500 Mev). 

FIG. 2. Interaction p +Be, E0 = 5 Bev. Mt is, in most 
cases, determined as the difference Mn - 6. 0• In the remaining 
cases it is measured directly as the sum of the 6.i. 

FIG. 3. Interaction 17- + p, E0 = 5 Bev. Mt is determined 
as the difference Mn - 6.. Dotted lines: reliably identified 
protons; solid lines: all events. The dotted curve shows the 
effect of the sampling in the region Mt > 0.5. The character of 
the sampling is analogous to that in the case of the interac
tions shown in Figure 1. 

FIG. 4. Photoproduction of pions, hv = 17 Bev. The figure 
shows the distribution of Mt for the penetrating showers gener
ated by p. mesons of high energy incident on lead nuclei. Mt 
is computed by formula (2) with the value P .U = 4.2 • 108 ev. 

FIG. 5. Interaction of cosmic ray particles with LiH, 
E0 = 1011 ev. The angles and momenta of the particles are 

measured in the Wilson chamber. Mt = 1.5 L 6.i; the factor 
charged 

1.5 corrects for the generation of 17° mesons. 

The experimental data used to obtain the dis
tributions of Mt do not have sufficient statistical 
accuracy to lead to conclusive quantitative results. 
Nevertheless, it can be assumed that more abun
dant experimental material will lead to the follow
ing conclusions. 

A. For nucleon-nucleon interactions in a large 
energy interval the distribution has a maximum in 
the region Mt ~ 0.2 Mn. An analogous maximum 
is observed for interactions of photons with nu
cleons. The occurrence of this maximum indicates 
that the interaction with an "effective mass" close 
to the mass of the 1r meson plays the predominant 
role. 

B. Let us assume that in the nucleon-nucleon 
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interaction the number of cases in which the fast 
nucleon interacts with Mt ~ M7r is equal to the 
number of cases in which the target is a nucleon 
and the incident nucleon interacts only through a 
part of itself, whose mass is close to M7r. Then 
the observed distributions of Mt can be interpre
ted by assuming that the cross section for the in
teraction of the "core" with 1r mesons is a few 
times larger than the cross section for the inter
action of the nucleon "cores" with each other 
(a(N', 1r) ~ 4a(N', N')). 

C. For the interaction of 1r mesons with nu
cleons the distribution of Mt does not have a max
imum in the neighborhood of the 1r meson mass. 
This indicates that the cross section for the 1r-1r 

interaction for energies of 5 Bev is relatively 
small (a(1r, 1r) < 1/ 3 a(1r,N)). 

These results on the distribution of Mt for the 
interactions ( N, N) and ( 1r, N) permit us to esti
mate1 the energy losses in the interaction of nu
cleons with energies 1010-1011 ev with other nu
cleons and to explain the fact, established in cos
mic-ray experiments, that the energy losses in 
the interaction of nucleons of about 1010 ev with 
light nuclei are small, 10 and the energy dependence 
of the energy losses is weak. 11 

7. From the standpoint of our method, the most 
fruitful experiments for the study of the structure 
of the nucleon appear to be the following: 

1) Investigation of the photo production of 1r 

mesons by photons of high energy in nucleons and 
light nuclei. The distribution of Mt reflects, in 
this case, directly the relative frequency of the in
teraction with various parts of the target nucleon. 

2) Comparison of the ~ spectra for the inter
actions p +p and 1r+p with similar effective en
ergies. These experiments make it possible to 
separate the 1r- 1r interaction. 

3) Experiments at such energies of the particles 
that there are no energeticallimitations on inter
actions with small Mt. These experiments lead to 
a more accurate determination of the character of 
the tail of the ~ spectrum and allow us to solve 

the problem of the coupling and, in the last analy
sis, of the degree of reality of the 1r meson in 
the nucleon. 

There is no doubt that this classical treatment 
of the ~ spectra is rather crude for the nucleon. 
One should, obviously, get a deeper insight by treat
ing the interactions quantum -theoretically. 

The authors are deeply grateful to E. L. Fein
berg and D. S. Chernavskii for valuable advice and 
fruitful discussions, and also to S. N. Vernov, N. L. 
Grigorov, G. T. Zatsepin, I. L. Rozental', S. A. 
Slavatinski1, and F. L. Shapiro for participating 
in the critical discussion of the results. 
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Vacuum Tubes (see Methods and Instruments) 
Viscosity (see Liquids) 
Wave Mechanics (see Quantum Mechanics) 
Work Function (see Electrical Properties) 
X-rays 

Anomalous Heat Capacity and Nuclear Resonance in 
Crystalline Hydrogen in Connection with New Data 

ERRATA TO VOLUME 9 

On page 868, column 1, item (e) should read: 

on Its Structure. S. S. Dukhin- 1054L. 
Diffraction of X-rays by Polycrystalline Samples of 

Hydrogen Isotopes. V. S. Kogan, B. G. Lazarev, and 
R. F. Bulatova - 485. 

Investigation of X-ray Spectra of Superconducting CuS. 
I. B. Borovski1 and I. A. Ovsyannikova - 1033L. 

Optical Anisotropy of Atomic Nuclei. A. M. Baldin - 142. 

(e). Ferromagnetic weak solid solutions. By way of an example, we consider the system Fe-Me with 
A2 lattice, where Me = Ti, V, Cr, Mn, Co, and Ni. For these the variation of the moment m with con
centration c is 

'dmjdc = (Nd)Me :t= 0.642 {8 (2.478- RMel +6J2.861- RMe J :t= [ 8 (2.478- Rpe) + 6 (2.861- RFe)]'• 

where the signs - and+ pertain respectively to ferromagnetic and paramagnetic Me when in front of 
the curly brackets, and to metals of class 1 and 2 when in front of the square brackets. The first term 
and the square brackets are considered only for ferromagnetic Me. We then have dm/dc = -3 (-3.3) for 
Ti, -2.6 (-2.2) for V, -2.2 (-2.2) for Cr, -2 (-2) for Mn, 0.7 (0.6) for Ni, and 1.2 (1.2) for Co; the paren
theses contain the experimental values. 

ERRATA TO VOLUME 10 

Page Reads Should Read 

224, Ordinate of figure 1023 1029 

228, Column 1, line 9 from top 3.6 x 10- 2mm/min 0.36 rom/min 
228, Column 1, line 16 from top 0.5 rom/sec 0.05 rom/min 
329, Third line of Eq. (23a) +(1/4 cosh r + ... +1/4(cosh r + ... 
413, Table II, line 2 from bottom -0.0924± -1.0924± 
413, Table II, line 3 from bottom +1.8730± + 0.8370± 
479, Fig. 7, right, 1st line 92 hr 9.2 hr 

499, Second line of Eq. (1.8) + k sin2ajw~+<c2k" ... I 0 2 •l 2 ( ~- r --+ k;wH sm a <c-k ... 

648, Column ;I., line 18 from top 18 x 80 rom 180 x 80 rom 

804, First line of Eq. (17) - 1 / 3 (a;a;+. . .. -3 ('ax a;+ 

967, Column 1, line 11 from top o (N', 1t) z 46 (N', N') o (N', r:) > o (N', A') 

976, First line of Eq. (10) e" e" 
= :or"c4 = iJ1t2c2 

978, First line of Eq. (23) [ (2y2- 1)2 I (2;2-1)2 
(y2 -.1) sin4 (0/2) L (y2- 1)2 sin4 (0/2) 


