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E0 = t' fL 2 + k2 - (M2 -M1) (7) 

2 2 . (p- k)2 + Mt + Mz f2 

= V m + P + 2 (M1 + M 2) 2M1M2 ' 

Eqs.(4) and (6) give the pion distribution near the 
upper limit of the spectrum. Assuming cote\, s 

= -{3 and considering mesons whose energy 
t, sl f 

differs from the upper limit by an amount of the 

order {3 2 /M, we obtain 

(8) 

Heref ={3 2 (M 1 +M)/2M 1M2 andx and 
t, s t, s 2 m 

w are the limiting values of x and w = 
m 

y m2 + p2 (for f = 0 ). According to (8), the pion 
energy distribution near the upper limit of the spec­
trum has two sharp peaks whose position and 
width is determined by i and i . An experimental 

t s 
investigation of this process in hydrogen and in 
deuterium would enable us to determine these 
important quantities as I a I and I b I· 

If bound states of the nucleons and hyperons ex­
ist there will he discrete lines in addition to the 
continuous portion of the pion energy spectrum. We 
obtain as the corresponding cross sections 

dcrt =( I a 12+ ~ I b 12)2 V oc.~t arctg _x_, 
. X oc.+~ 

(9) 

1 2 V oc.~s X 
dcr = -lbl 2--arctg--. 

s 3 X oc. + f:ls 

In connection with the capture of a K--meson 
from the K-shell or from the continuous spectrum, 
hut with emission of a pion at a small angle with 
relation to the K-meson momentum, certain con­
clusions can he reached regarding the magnitudes 
of a and b (see the Table). Here P K and S K are 
the parity and spin of the K-meson; P Y is the 
parity of the hyperon relative to the nucleon. 

For the study of the interactions between E­
particles and nucleons we can use the reactions 

K- + d ___.. K+ + s- + n, K- + d ___.. Ko + s- + p 

along with the corresponding reactions with pro­
tons. These reactions are impossible in connection 

~\ o+ \ o- \ t+ \ c 

+1 \ a=O\ b=U\ ~= ~~ a=O 

-1 \b=t\a-0\a=t\:;~ 

with the capture of K--mesons from the K-shell 
because of the energy threshold. 

We note in conclusion that the interaction be­
tween nucleons and hyperons could also be studied 
by investigating the energy spectrum of K-mesons 

in reactions such as 3 

( +A+ J<+ ( n +A+ K+ 
p + p ___.. \ p + ' 0 HJlll p + n ___.. 1 n + :E+ + Ko 

' P + :E + I< ~ P + :E- + K+ 
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JN the previous work of our laboratory 1 it was 

found that the spectra of neutrons, produced by 
bombarding tritium and deuterium with 14 mev 
deuterons, are not monchromatic. Besides the 
neutron groups, corresponding to the production of 
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the He4 and He 3 nuclei in the ground state, other 
groups of slower neutrons were observed. The work 
was continued with other light-element targets in 
order to explain the mechanism of neutron produc­
tion in these reactions. The experimental setup 
used analyzed the time of flight of the neutrons for 
the 2.85 m distancebetween the target and the 
counter. The details of the experiment are given in 
Ref. 2. 

Two types of targets were used: gaseous H, He3 
and He4, and solid-T (in zirconium), Li, Be, B, C 
and Cu. The gaseous targets were 4 em thick and 
at the pressure of 2 atmospheres (in the case of 

He 3, 0.8 atmospheres'). The entrance window of 
the targets, 30 mm in diameter, was covered by 
platinum foil 30 p. thick. The back wall, upon 
which the beam was falling after passing through 
the gas, was covered by a thick layer of lead. The 
solid targets, about 0.5 mev thick (for 14 mev 
neutrons) were set up on a thick lead base. Since 
comparatively few neutrons are produced in the 
lead during the bombardment, the difference of the 
results obtained with the target and with the 
empty holder only could be could only be regarded 
as caused by the element under examination. 

The obtained neutron spectra are shown in Figs. 
1-3. The measurements were carried out at the 
angle of 0°. The neutron energy was in the case 
of solid targets equal to 14.4 mev, in the case of 
gases, 13.0 mev. 

The curves shown are the averages obtained from 
several series of measurements having a spread 
qJ to ±20%. This spread is basically due to the 
phase instability in the cyclotron. 

The resolving power of our apparatus can be 
characterized by the width of the y-peak, shown 
in the Figures. In the case of a solid target an­
other 0.5-mev should be added to this width in 
order to account for the thickness of the target. 

The resulting resolving power permits the observa­
tion of separate levels of the final nucleus in the 
case of bombardment of H and He isotopes only. In 
all other cases, the spectra should appear to be 
continuous. 

If the secondary groups of slower neutrons in the 
T + d and D + d reactions were produced in the re­
sult of the deuteron stripping without any change in 
the bombarded nucleus, we could expect a similar 
effect in the case of other light nuclei. The neu­
tron spectrum and the effective production cross 
section should, ronseq.tently, depend smoothly on the 
number of the nucleons in the nucleus. In reality, 
neither the spectrum nor the cross section change 
smoothly. When the reaction has a large positive 

value of Q, the upper limit of the spectra exceeds 
the maximu~ e~ergy ~f a neutron produced by 
deuteron stnppmg, Without any change in the bom­
barded nucleus. In consequence, the state of the 
final nucleus has a marked influence upon the 
neutron spectrum being investigated. 

The comparison of the neutron spectra obtained 
by bombarding T and He 3 targets is of special 
interest (see Fig. 1). These nuclei differ only in 
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FIG. 1. Neutron spectra obtained by bombarding T and 

He 3 with 14.4 mev and 13.0 mev deuterons,respectively. 

The y-peak is shown. 

their charge, which should not greatly influence the 
stripping cross section for incident deuterons, 
since the energy of these is much larger than the 
Coulomb energy. Nonetheless, the neutron produc­
tion cross section is almost twice as large in the 
T+ d reaction as in the He3 reaction. The mean 
neutron energy in the both cases differs also, by 
approximately 3 mev. The cross section differ­
ence is partly due to the reaction ( d, 2n) reaction 
nor by a possible nonuniformity of the energies of 
the incident deuterons. This difference is evi­
dently due to the production of the He 4 nucleus in 
an excited state which was discovered previously 
investigating the T (p,n )He 3 reaction 3,4. 

The results of Henkel, Percy and Smith5 , who 
studied the neutron yield bombarding the H and He 
isotopes with deuterons of energies close to the 
stripping threshold, are also in agreement with 
our deduction. As it can be seen from the graphs, 
the production cross section for neutrons emitted 
at the angle 0° is several times larger for the T 
target than for the He 3 target. This difference can 
be explained by taking into account the existence 
of an excited state of the He4 nucleus, since the 
reaction ( d, 2n) has a 1.2 mev higher threshold 
than the deuteron stripping. 

Comparison of the production cross sections and 
of the neutron spectra in the reactions T + d and 
He 3 + d confirms, therefore, the existence of the 
excited state of He 4 with the excitation energy 
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~qual In about 22 mev, and also indicates the ab­
sence of a similar state for the Li 4 nucleus. It 
should be expected that H4 , similarly to Li4 , does 
not exist in such a state. This confirms the as­
sumption made by Smorodinski and Baz' 6 that the 
isotopic spin of the 22 mev excited state equals 
zero. If the isotopic spin of He 3 in this state were 
equal to l, similar states would exist for Li4 and 

for H4 , and the neutron spectrum of the He 3 + d re­
action would be analogous to the neutron spectrum 
of the T + d reaction. 

The neutron spectrum obtained by bombardment 
of He 4 is of equal interest. The final nucleus ob­
tained in this case for the (d, n) reaction is Li5 • 

For this nucleus the existence of a 2.5 mev ex­
cited state is currently assumed 7 , besides the un­
stable ground state. It is well known that the 
energy difference betwtten the two states of Li 5 

(or He5 ) represents the very important spin-orbit 
splitting constant. It should be noted, however, 
that the data indicating the existence of the ex­
cited state are so far not convincing7 • The neutron 
spectrum obtained by bomba-ding He 4 with 13.0 mev 
deuterons is shown in Fig. 2. The arrows indicate 
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FIG. 2. Neutron spectra obtained by bombarding He 4 

with 13.0 mev deuterons. Arrows indicate neutron ener­
gies corresponding to the ground state (0) and the sup­
posed excited state (1) of Li 5. The y-peak is shown. 

the position of the centers of the energy groups 
which should correspond to the ground state (left) 
md In the excited state(right) of Li 5 • It can be 
seen that in the neutron spectrum of the He4 + d 
reaction the excited state of Li 5 does not show up 
markedly, which is in accord with works denying 
the existence of a similar state for the mirror 
nucleus He 5 • 

We have estimated, for various elements, the 
efective production cross sections for neutrons 
emitted at the angle 0° to the direction of the in­
cident deuteron beam. For all light elements in-
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FIG. 3. Neutron spectra obtained by bombarding H and 
He 4 with 13.0 mev neuter on, and Li, Be, B, C and Cu 
with 14.4 mev deuterons. The y-peak is shown. 

vestigated, with the exception of tritium, the cross 
section equals about 50 m barn/ sterad per nucleon, 
i.e., is roughly proportional to the number of 
nucleons in the nucleus A. For heavier ele­
ments the cross section diminishes; for Cu it is 
equal to 200 mbarn/sterad only. 

The authors express their thanks to the staff of 
the Cyclotron Laboratory of the Academy of Sci­
ences, USSR, who enabled the successful accomp­
lishment of the present work. 
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