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Experimental data are presented on the production of tritium in lead and aluminum by 70390 Mev deuterons and 140-750 Mev a particles, and in zinc and cadmium by 750-Mev a
particles. The tritium yields from aluminum and lead targets of different thicknesses bombarded with 660-Mev protons are given.
EXPERIMENTAL PROCEDURE

TRITIUM production by high-energy protons has
been investigated by many authors, 1 - 9 but relatively
few investigations of tritium production by deuterons and a particles have been published. 5• 10 In the
present work tritium production in metals by highenergy deuterons and a particles is studied.
As in earlier work, 7 the targets were made of
aluminum and lead with the dimensions (1.5- 2)
x 6 x (15- 30) mm, and were bombarded by 70390 Mev deuterons and 140- 750 Mev a particles
in the internal beam of the synchrocyclotron of the
Joint Institute for Nuclear Research.
Three to six target samples were fastened simultaneously to a heavy aluminum holder. Heat
was removed from the target through the holder,
which was clamped tightly to the synchrocyclotron
probe. When lead targets were bombarded the deuteron beam was reduced to one ~half or one-third
of the maximum, 2 x 10 12 deuterons/sec. The intensity of the a-particle beam was (4- 5) x 10 10
particles/ sec. The beam direction was parallel
to the 6-mm side of the target. Different bombard-

ing energies were associated with the positioning
of the targets in orbits of different radii within the
vacuum chamber of the synchrocyclotron. Deuteron
bombardment lasted from 2 to 5 min, while a particle bombardment lasted from 5 to 20 min.
The amount of tritium in a bombarded target
was determined by separating the tritium component from the target using the vacuum system represented in Fig. 1. This system consists of a
quartz tube 1 for melting the targets, a palladium
filter 4 with an electric heater, where a hydrogentritium mixture was separated from the other gaseous reaction products, a mercury pump 5 producing the required pressure drop when the active
hydrogen-tritium mixture was admitted, and a
Geiger counter shielded (9) by 35 mm of steel and
35 mm of lead. The system was also equipped with
glass reservoirs for hydrogen, pure helium, and
alcohol (10), and with an extra vessel 11 for dilution of the highly active mixture.
The targets were melted in the 200-cm 3 quartz
tube in a hydrogen atmosphere at 40 -100 mm Hg.
Each melted target was kept in the hydrogen atmosphere at 850- 950° C for 40 -100 min, resulting in

FIG. 1. Diagram of vacuum system: 1- quartz tube,
2- target, 3- furnace, 4- palladium filter, 5- vacuum
pump, 6- mercury manometer, 7- VK-1 vacuum tube,
8- MS-9 counter, 9- shield, 10- ethyl alcohol container,
11- additional vessel.
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*Cross sections aT for tritium production were obtained-by using extrapolations of data
on Na 24 production in aluminum 11 • 12 by high-energy deuterons and a. particles,

the removal of"' 90% of the tritium; this was
checked by remelting under the same conditions.
The vacuum system made available for measurement 4 to 63% of the hydrogen-tritium mixture produced by melting of the targets. This mixture produced a pressure of 1 to 25 mm Hg in the counter.
Beta particles from tritium decay were registered by a cylindrical "'200 cm 3 counter with a
copper cathode. The counter contained, in addition
to the hydrogen-tritium mixture, a working mixture of ethyl alcohol at 15 mm and helium at 95 100 mm. The counter was operated in the Geiger
region, in most instances with the following characteristics: 100-150 v plateau, plateau slope not
greater than 10% at 100 v, and intrinsic background
130- 200 pulses/min. Under higher hydrogen pressure ( > 15 mm) the counter characteristics were
adversely affected: "'50- 80 v plateau, and 15 - 20%
slope at 100 v. The measured tritium activity
amounted to 500 to 10 000 pulses/min. The efficiency of {3-particle registration from tritium
decay is estimated at about 90%.

The deuteron and a particle intensities were
monitored by aluminum foils, as described in reference 7. The dependences of the yields from the
reactions Al 27 (d, ap) Na 24 and Al 27 (a, a2pn) Na 24
on bombarding energy were taken from the literature.11•12 The cross sections for Na24 production
in aluminum by deuterons above 200 Mev and a
particles above 400 Mev were determined by extrapolating the Na 24 yields to higher energies. The
cross section for Na 24 production in aluminum by
270-Mev and 390-Mev deuterons is estimated at
"' 22 mb. "'20 mb and "' 18 mb are obtained for
540-Mev and 750-Mev a particles, respectively.
Beta particles from Na 24 decay were registered by a counter with a quartz end window ( < 5
mg/cm 2 ). The detecting equipment registered
"' 18% of the entire activity of a sample.

f9

8

4.0
6

3.0

2.0

,...,.,.. ......

1.0

/.-1"

--

AL -9-'1------- ~----

Er1, Mev
oL-------,~07
0------~zo~o~·----~J~oo~----~4~00

FIG. 2. Relative yields of tritium from aluminum and lead
vs deuteron energy.
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FIG. 3. Relative yields of tritium from aluminum and lead
vs a.-particle energy.
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The table gives the relative yields NT/NNa
10,0
and the cross sections <TT for tritium production*
8,0
in aluminum and lead bombarded with 70-390 Mev
deuterons and 140-750 Mev a particles. The
b,O
relative yields of tritium from zinc and cadmium
bombarded by 750-Mev a particles are also given.
4,0
The relative yields are the averages of at least
At
z.o
five independent measurements, except for zinc
and cadmium, in which cases only two measure0
200
ments were averaged. Determination of the cross
50
150
100
sections <TT took into account the systematic exFIG. 4. Relative yield or tritium produced by 750-Mev acparperimental errors and the errors in determining
ticles vs atomic weight of target.
the cross section for Na24 production in aluminum.
Figure 5 shows the experimental tritium yields
The probable experimental error was estimated from aluminum and lead targets of different thickby constructing a histogram of the departures of
nesses. The tritium yield is practically constant
relative tritium yields from the average in all runs.
for lead thicknesses greater than 800~-L and alumiThe error, which was the half-width of the nearnum thicknesses greater than 500/-(. For lead thickGaussian distribution, was under 15%.
nesses less than 800 ll the tritium yield is observed
Figures 2 and 3 show the relative yields of trito decrease.
tium from aluminum and lead vs deuteron and aThe triton energy spectrum can be determined
particle energies. The relative yields from aluindirectly from the given experimental setup with
minum do not increase much with the bombarding
a lead target. For this purpose calculated curves
energy. In the case of lead the increase is much
of tritium yields from lead targets of different
more pronounced for both deuterons and a parthicknesses are plotted in the figure. The method
ticles.
of calculation is similar to that described in refFigure 4 shows the dependence of tritium proerence 13 for the emission of lithium fragments
duction by 750-Mev a particles on atomic number.
from lead foils of different thicknesses bombarded
The yield increases with the atomic number just as
with protons. In the present work it was assumed
in the case of bombardment by 450-Mev and 660that the experimentally observed tritium was
Mev protons. 7 With 750-Mev a particles the triformed only by evaporation and that the angular
tium yield from lead is about four times greater
distribution of the tritons is isotropic. The triton
than that from aluminum; corresponding values
energy spectrum was obtained from the formula
of A differ by a factor of about 8.
P (E) = (E- V) T- 2e- (£-V);-,,
As a basis for deciding on target thicknesses
the tritium yields were determined from 60 ZJ NT/NNa.
1500 ll lead targets and 500- 2000 ll aluminum targets bombarded by an internal 660-Mev proton
20
beam. Three 6 mm x 20 mm targets were fastened
to the aluminum holder at one time. The beam
path was parallel to the 6-mm side of the targets.
15
Lead targets were covered with 2-mm aluminum.
In this way the number of protons passing through
10
the lead targets was reduced to less than one-tenth
of the maximum intensity ( 5 x 10 12 protons/sec),
I
and the proton flux was more uniformly distributed
5 I
throughout the target thickness.
I

~

I

*The cross section for tritium production was determined
from the formula aT= O"Na NTINNa 1 obtaining N from N =
N0 e.\t•/(l- e.\t,), where t 1 is the duration of target bombardment, t 2 is the length of time from the determination of bombardment to the start of activity measurement, No is the activity per gram-atom of the target material at the time t 2 , and
.\ is the decay constant.
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FIG. 5. Tritium yields from different thicknesses l of aluminum (open circles) and lead (filled circles) targets. The small
squares represent data from reference 7. The solid curve was
calculated from evaporation theory for 't = 3.5 Mev and V = 7
Mev, and the dashed curve for 't = 5 Mev and V = 7 Mev •
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in Heisenberg's evaporation theory. 14 The parameters T and V, representing the temperature of
the nucleus and the Coulomb barrier, respectively,
were selected to satisfy the experimental results.
The two curves shown in Fig. 5 were calculated
with two sets of parameters: T = 3.5 Mev, V = 7
Mev and T = 5 Mev, V = 7 Mev. The second set
is in better agreement with experiment.
The mean temperature T = 5 Mev is higher than
that predicted by the existing evaporation theory
( Tevap : : : 3 Mev). This indicates that evaporation
is not the only mechanism for tritium production
by high-energy protons. Wade et al. 5 observed
some anisotropy of triton emission favoring the
forward direction in proton, deuteron, and aparticle bombardments. Lefort et al. 8 observed
"' 10% fast tritons unaccounted for by the existing
evaporation theory, in addition to the bulk of the
tritons, which are associated with evaporation.
The experimental tritium yields from lead targets
of different thicknesses show that the triton kinetic
energy does not generally exceed 30-40 Mev. Our
experimental arrangement permits an additional
contribution from cascade neutrons and neutrons of
"evaporation" origin from both the target and screening aluminum. The additionaltritonyield from interactions of evaporation and cascade neutrons with
the aluminum screening of the targets was investigated separately. A stack of 14 identical 400-J.L
aluminum foils was irradiated with 400-Mev deuterons for 10 min in the internal synchrocyclotron
beam. Foil activity decreased progressively with
depth in the stack. This experiment was intended
to determine the systematic increase of NTINNa
from the first to the last foil. The failure to observe this increase indicates that less than 10%
of the tritium results from interactions of cascade
and evaporation neutrons with the aluminum.
DISCUSSION OF RESULTS

Figures 2 and 3 and the table show that the tritium yield from aluminum is not observed to increase strongly with the bombarding energy. However, the yield from lead increases appreciably
with deuteron energy, and even more strongly as
a-particle energy is increased from 540 to 750
Mev. In the latter case the effect apparently results frpm a considerable increase of the excitation energy due to nuclear capture of pions created in nucleon-nucleon collisions.
The mean excitation energies were calculated
for the bombardment of both aluminum and lead
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by deuterons and a particles, using both the present data and the results given in reference 7. The
formulas of Hagedorn and Macke were used, i 4
showing direct dependence of tritium production
probability on nuclear excitation energy. The combined data indicate that 70-Mev deuter:ons and 140Mev a particles striking a target nucleus contribute almost all their energy to nuclear excitation.
Hence the mean excitation energy of all.uninum and
lead bombarded by 390-Mev deuterons is estimated
at"' 65 Mev and"' 110 Mev, respectively; for 750Mev a particles the mean values are "'150 Mev
and"' 180 Mev, respectively.
An analysis of the tritium production cross sections in reference 7 at bombarding energies < 200
Mev shows highest probability for a particles, followed by deuterons and protons, in that order. A
deuteron or a particle impinging on a target nucleus must evidently be treated as two or four independent particles, respectively, which participate independently in cascade development within
the nucleus; this leads to large energy transfer to
the target nucleus and thus to a high probability of
tritium production. It must not be forgotten, however, that in deuteron and a-particle bombardments a possible contribution to triton production
comes from neutron pickup by deuterons and proton stripping from a particles in nuclear force
fields. 5,15
In conclusion the author wishes to thank M. Ya.
Kuznetsova, V. N. Mekhedov, and V. A. Khalkin for
their interest and several critical comments.
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