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The neutron yields from the F 19 ( t, n) and A127 ( t, n) reactions were studied for triton ener
gies up to 2.4 Mev. The dependence on triton energy of the differential cross section for 
neutron emission at an angle of 0° was derived. Resonance of the differential cross section 
for the F 19 ( t, n) reaction was used to determine excited levels of the intermediate nucleus 
Ne22 (Table 1). The symmetrical neutron distribution around 90° in the c.m.s. at five triton 
energies indicates that up to 2.1 Mev the F 19 ( t, n) reaction proceeds mainly via formation 
of an intermediate nucleus. The total cross section for the F 19 ( t, n) reaction was deter
mined for several energies (Table II). 

1. INTRODUCTION f19 + Hs ___,.. Ne22 ___,.. Ne21 + n, Q = 1 L 145 Mev, 

Fl9 + Hs-Ne22-Ne2o + 2n, Q = 4.388 Mev; 

AJ27 + Hs-siso -Si29 + n, Q = II ,578 Mev, 

AJ27 + I-rs-s;so -Si2s + 2n, Q = 3,104 Mev. 

(1) 

(1a) 

(2) 

(2a) 

' 
NUCLEAR physics has obtained much valuable 
information by investigating the reactions of light 
nuclei with bombarding protons and deuterons. 
Reactions with tritium can undoubtedly be just as 
fruitful. However, the difficulty of producing tri
tium and certain special conditions for working 
with it can account for the fact that relatively few 
investigations have been published1- 10 concerning 
reactions between tritons and light nuclei. 

The minimum excitation energies of the inter
mediate nuclei Ne22 and Si30 are 21.510 and 22.188 
Mev, respectively .11 The present work was intended 
to study the neutron yields from the F19 (t, n) and 
A127 ( t, n ) reactions and the excited levels of the in
termediate nuclei. 

The nucleus investigated in the present work 
was F19 • Since the solid target consisted of A1F3 
the neutron yield from the reaction A127 ( t, n) also 
had to be investigated. 

Neutron-producing reactions between tritons 
and light nuclei are characterized by the positive 
reaction energy Q and the appreciable excitation 
energy of intermediate nuclei. The following re
actions of tritons with fluorine and aluminum are 
possible: 
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2. EXPERIMENTAL PROCEDURE 

The targets were prepared by evaporating alu
minum fluoride on platinum disks and were weighed 
on a microbalance. The weights of the Al F3 targets 
were 0.179, 0.200, 0.211, and 0.280 mg/cm2• For 
1.4-Mev tritons these thicknesses corresponded to 
energy losses of 60, 67, 70, and 92 kev, respec
tively. The A127 target was 0.67-mg/cm2 alumi-
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FIG. 1. Diagram of apparatus. l - magnetic analyzer, 
2 - paraffin-borax shield, 3 - closure, 4 - target, 5 - 30-cm 
copper cone. 6- neutron counter, 7 -target holder, 8- T 
tube 0.2 mm thick, 9 - collimator diaphragms. 

num foil in which 1.8-Mev tritons lost 170 kev. 
Target weights were checked by the relative neu
tron yield per unit weight. 

Tritons were accelerated in the horizontal elec
trostatic generator at a pressure permitting ener
gies up to 2.5 Mev. The generator voltage was 
stabilized by a corona triode. Stabilization was 
monitored by 60° ion-beam deflection in the mag
netic analyzer. The generator voltage was meas
ured from the current supplied to the magnetic 
analyzer. The voltage was calibrated from the 
thresholds of the T ( p, n) and Li ( p, n) reactions 
on ions of atomic and molecular hydrogen, with 
errors not above 0.5%. 

Tritium diluted with helium in the ratio 1 : 12 
was fed into the ion source through a bimetallic 
leak. The intensity ratio of the beams with masses 
1(H+), 2(HH+, D+), 3(T+), 4(He+), and 6(TT+) 
was 0.1: 0.2: 1: 110: 10. Since tritium and He4 

were admitted to the ion source, with hydrogen, 
deuterium, and He3 comprising only a small 
amount of contamination, it was assumed that the 
beams with masses 3 and 6 were practically un
contaminated. The purity of these beams was con
firmed by comparing the neutron yields in the 
Li (t, n) reaction using tritons with 0.5 Mev effec
tive energy. In the neutron yield measurements 
the mean beam current for mass 3 was,.... 0.2 Ji.a. 

The number of tritons striking the target was 
determined by means of a sensitive current inte
grator giving 40.19 counts per microcoulomb. 

The apparatus is represented schematically in 
Fig. 1. The target 4 was positioned in the beam 
path in a special holder 7. The beam was colli
mated by diaphragms 9 with 6 mm x 3 mm aper
tures. A light T tube 8 with 0.2-mm wall thick-

ness was highly transparent to neutrons leaving 
the target in all directions. The target was ro
tated 180° by remote control employing selsyns. 
The triton beam could therefore be directed 
against either the front or back of the target. 

The neutron flux was measured by a long pro
portional boron counter 6 rotated on a circle of 
one-meter radius around a vertical axis passing 
through the center of the target. The neutron 
counter was calibrated against a standard Ra + Be 
neutron source yielding 4.8 x 105 neutrons/sec, 
that was substituted for the target.* Counter ef
ficiency was 1.008 x 104 neutrons/sr per count. 
The sensitivity of the neutron counter12 was within 
± 3% for neutrons from 25 kev to 5 Mev and dropped 
11% for 14-Mev neutrons. 

Background neutrons were taken into account in 
measurements of the neutron yield from the target. 
The diaphragms located before the magnetic ana
lyzer 1 and the walls of the analyzer were strong 
sources of background neutrons generated in 
''spurious targets.'' In order to prevent direct 
entrance of these neutrons into the neutron counter 
a 30-cm shield 2 made of paraffin with an admix
ture of borax was set up at the exit of the triton 
beam from the magnetic analyzer. Under the given 
experimental conditions (Fig. 1) the neutron back
ground consisted of a) neutrons generated in the 
"spurious targets" and collimator diaphragms, 
b) neutrons from the T ( t, n) and C ( t, n) reac
tions occurring in tritium impacted into the target 
by the beam, and in carbon deposited in small 
amounts on the target during bombardment by ac
celerated ions, and c) neutrons from all targets, 
scattered by the surroundings (floor, walls, ceil
ing etc.). 

3. MEASUREMENTS 

For the purpose of taking the background neu
trons into account while measuring the neutron 
yield from the F19 ( t, n) and AI27 ( t, n) reactions, 
four measurements were obtained. In the first 
and second measurements the ion beam struck 
the face of the target without and with the presence 
of the cone 5; the third and fourth measurements 
were analogous for the back of the target. Each 
measurement corresponded to the same number 
of counts from the current integrator, the number 
depending on the neutron yield from the given tar
get. From the four measurements obtained in this 

*The background of neutrons scattered by the surrounding 
medium was 8% when the neutron counter was calibrated. For 
background measurements the counter was covered with a cop
per cone 30 em high. 
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FIG. 2. Differential cross sections for neutron yield at 0° 
angle from triton reactions with aluminum fluoride targets of 
different thicknesses. Et is triton energy. 

manner the number of counts of the neutron counter 
induced by neutrons from the investigated reaction 
can be expressed by 

N = N1 - N2- N3 + N4(t2 + t3 - t 1)/t4 , (3) 

where t1, t2, t3, t 4 are the respective times of the 
four measurements. Consideration of the measure
ment times is associated with the fact that the neu
tron background from the diaphragms. and magnetic 
analyzer walls was essentially a function of time, 
since the current of the undivided beam did not vary 
with time, while the background of all other neutrons 
was a function of the triton beam intensity. The total 
neutron background was easily estimated by analyz
ing the four measurements with identical times. 

With increasing triton acceleration the total 
background was observed to increase, reaching 
30 - 40%. The difference between the third and 
fourth measurements, amounting to 6-10%, indi
cated the background due to neutrons from the 
T ( t, n) and C ( t, n) reactions. Because of the 
smallness of this quantity we neglected the neutron 
background from these reactions that was scattered 
by the surroundings. Periodic purification of the 
diaphragms in front of the magnetic analyzer re
duced the total neutron background considerably. 

4. RESULTS 
The reaction of a triton with a fluorine or alu

minum nucleus can produce a single neutron [Eqs. 
(1) and (2)] or two neutrons [Eqs. (1a) and (2a)]. 
Our technique did not distingui~:;h between these 
reactions but determined only the total cross sec
tion a ( t, n) + a ( t, 2n). This total cross section 
will hereafter be understood when we refer to neu
tron yields. 
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FIG. 3. Differential cross section for neutron yield from 
Al27 (t, n). 

Figures 2 and 3 show the differential cross sec
tions for neutron production at 0° in interactions 
of tritons with aluminum fluoride and aluminum, 
as a function of triton energy. From these data 
we obtained the differential cross section at 0° for 
F19 (t, n) vs triton energy, which is shown in Fig. 4. 

From the resonances observed on the excitation 
curve of F19 ( t, n) the excited levels of Ne22 above 
22.510 Mev were determined; these are given in 
Table I. Only two levels, 22.7 and 23.1 Mev, were 
previously9 discovered in this excitation region of 
Ne22 from the excitation function of F19(t, a). The 
23.1-Mev level agrees with 23.128 Mev within the 
limits of error. 

The angular distribution of neutrons from the 
AIF3 target gave the angular distribution for the 
reaction F19 ( t, n) (Fig. 5). 

Since the neutron yield from AI27 ( t, n) com
prises 6-8% of the yield from the AIF3 target, 
a correction for neutrons from AI27 (t,n) intro
duced no appreciable error if the angular distribu
tions of neutrons in the AI27 ( t, n) and F 19 ( t, n) 
reactions wi/i:e similar. 

O f/Ou 1000 1200 1400 1500 1800 2000 2200 2400 

FIG. 4. Differential cross section for neutron yield at 0° 
angle from F 19 (t, n) vs triton energy. 
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Table I. Levels of com
pound nucleus Ne22* 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Et, Mev Energy level, Level 
Mev width, 

1.215 22.558±0.018 
L470 22. 778±0.018 
1,635 22,921±0,019 
1.760 23.029±0.020 
1.875 23.128±0.020 
2;010 23.245±0.021 
2:100 23.322±0:021 
2.210 23.419±0:022 
2:3oo 23.495±0.022 

Table II. Total 
cross section 
for F19(t, n) 

Utot. mb 

1.066 36.11±2.13 
1 ;218 77 .08±4.24 
1.370 95,92±4.80 
1.572 203,46±9:56 

kev 

300 
150 
100 
100 
80 

130 
90 
70 
50 

2.123 442,50±20,35 

The angular distributions of neutrons are sym
metrical around 90° in the c.m. system. This 
shows that the F19 ( t, n) reaction mainly involves 
the formation of a compound Ne22 nucleus. Table 
II shows the total eros s sections for F19 ( t, n ) cal
culated from the angular distributions assuming 
symmetry around 90°. 

In calculating the absolute errors of the neu
tron yields we assumed ± 3% error in determining 
the number of nuclei in AIF3, ± 1% for the number 
of AI nuclei, and± 1% for the number of tritons. 
The strength of the constant Ra + Be source was 
known to within ±3%. 

Weisskopf's statistical formula13 can be used 
to obtain a very rough estimate of the two-neutron 
contribution to the total cross section. We have 

a (t, 2n)![a (t, n) +a (t, 2n)] ~ 1 - (1 + e/T) e-•IT, (4) 

where E = Emax- En is the maximum energy of 
the second neutron ( Emax is the maximum excita
tion energy of the residual nucleus following ejec
tion of the first neutron, and En is the neutron 
binding energy in the residual nucleus ) , T is the 
temperature of the residual nucleus determined 
from T = ...; 4Emax/a, and a is a constant de
pending on the atomic weight A. 

Heidmann and Bethe14 give a = 0.14 (A- 12) 
Mev-1 for mass numbers 15 <A< 70. Therefore 
for the excitation energy of Ne21 ( Emax = 13.15 
Mev, a= 1.26 Mev-1 ) and Si29 (Emax = 13.6 Mev, 
a= 2.38 Mev-1) the temperatures will be of the 
orders 6.5 and 4.8 Mev, respectively. With in-
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creasing excitation energy the ratio in Eq. (4) 
can increase approximately from 0.14 to 0.26 for 
F19(t,n), and from 0.14 to 0.3 for AI27 (t,n). 

On the other hand, using the experimental tem
peratures obtained by Gugelot and by Graves and 
Rosen15 we obtain T r::::i 1.3 Mev for Ne21 and T 
r::::i 1.2 Mev for Si29 • In this case the ratio (4) can 
increase from 0.86 to 0.96 for F19 (t, n), and from 
0.73 to 0.93 for AI27 (t,n). 

The foregoing results show that reactions pro
ducing two neutrons make a considerable, if not 
the principal, contribution to the neutron yield 
from reactions of tritons with F19 and AI27 • 

It must be emphasized, however, that we have 
obtained only very approximate cross section 
ratios. 
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