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In this experiment a tube electrometer capable of measwing effective cross sections

down to ~ 1073! cm? was used. This instrument is only sli

htly sensitive to the

shape of the energy spectrum of the emitted particles. It yie%ds absolute values

directly and permits one to determine the sign of the radioactive emission. It can
moreover be used to measure small as well as large radiation intensities without

alteration of the geometry or the recording apparatus.

The values of the yields for the reactions Clz( ) 12 i i
. p, ¥) and C*“(d, n) in thick targets
in the energy range 300-400 kev agree satisfactorilyywith the shape of the analogggus
curves at energies above 400 kev as presented in Refs. 7 and 8. The measured

s 1 . s .
cross section for the C 2(p, ) reaction in the 300 kev range is in good agreement
with the value computed for this energy from the extrapolation formula.

WHEN carbon is bombarded with protons and

deuterons, radioactive nitrogen is formed as a
result of the following reactions:

G2+ H'—- N2 Q(y); M
N3 - C13 4- B* 4 v; (1a)
G2 H2 >N 1 4 Q; @
(2a)

N3 C13 B+ + v,

Many experimenters have studied reaction (1) as
to the yield of N!® and y-rays. It has been estab-
lished that two resonance peaks exist in the energy
range 0.380 to 1.700 mev. The first resonance
occurs at £ =456 + 2 kev!. The width of the
resonance is AE =35 kev. For the second peak,

E , 1.697 £0.012 mev? and AE =74 £9% kev. In

Ref. 2, furthermore, two excitation levels for N13
were determined from the resonances in the proton
energies, these being at 2.83 +0.018 and 3.53
+0.027 mev.

Measurements of the upper limit of the B*-spec-
trum?® indicated that E 4 = 1.202 £ 0.005 mev. The
positron spectrum has ‘a simple Fermi distribution®.
According to many sources, the half-life period
of N3 (reaction 1a) is about 10 minutes.

As Bethe has shown?®, reaction (1) is the first
stage in the carbon cycle, and the results of re-
search on it have great importance for astrophysi-
cal applications. It is especially important to ob-
tain experimental cross sections near £~ 30
kev. i

On the basis of the Breit-Wigner dispersion equa-
tion for a single level the resonance data given

above may be used for computing cross sections

at low energies. However, in this case the results
may prove questionable because of the considerable
extrapolation from the resonance energy, since
resonances at higher energy may greatly increase
the cross section, and the simple dispersion equa-
tion for one level may not hold true in regions far
from resonance. On the other hand, this extrapola-
tion will simply be ruled out if resonances exist

in the energy region of 1040 kev.

To check these possibilities, Hall and Fowler®
have investigated reaction (1) at proton energies
of the order of 100 kev. The measured cross section
is about two times smaller than the calculated one.
It is equal to 1.0 x 10~34 cm? for an energy of 96
kev, and increases to (8.5 +1) x 10~34 ¢m?2 at 128
kev. The excitation curves of activity in carbon
bombarded with deuterons with energies ranging
from 380 to 900 kev, which are presented in Refs.

7 and 8, indicate that as the deuteron energy in-
creases there is a steady increase in N'3 emission.
For deuterons in the energy range from 0.7 -1.9
mev® measurement of the positron yield from N13
disintegration revealed five resonance maxima at
092, 1.16, 1.30, 1.74 and 1.82 mev. These reson-
ances were also obtained in measurements of the
neutron yield.

The purpose of the present investigation was to
determine the effective cross sections of reactions
(1) and (2) for bombarding particles in the 300-400
kev energy region by measuring the positrons
emitted in the disintegration of N3 nuclei. The
study of reaction (1) permits an interesting com-
parison of the effective cross sections obtained
in the experiment with those computed from the ex-
trapolation formula. One may consider the measure-

201



202

ment of the absolute yield and cross section of re-
action (2) in an energy region close to the threshold
as another important result.

F1G. 1. Diagram of the apparatus. 1 — flange, 2 —

ate diaphragm, 3 — window for observing the beam,
,9 — diaphragms, 5, 12 — retaining dia;)‘ﬁragms, 6 — out-

let for tapping diaphragms, 7 — upper cylinder, 8 — outlet
for measuring the current to the c_ygiender, 10 - target,

11 - disc with twelve targets, 13 — lower cylinder, 14 —

screen, 15, 26 - windows, 16 — knob for turning the
disc, 17 — tank for cooling the disc, 18, 24 — shields,

19 — switch knob, 20 ~ collecting electrode, 21 — amber
insulation, 22 — apparatus housing, 23 — switch contacts,
25 — outlet for circuit calibration, 27 — (RO) leakage

resistor, 28 — EM-3 tube, 29 — rubber shock absorber,
30 — socket for cable tapping.

APPARATUS

The protons and deuterons were accelerated in
the electrostatic generator of the Physico-Techni-
cal Institute, Academy of Sciences, Ukrainian SSR.
A rotor voltmeter, calibrated with the resonance
peaks of the F(p, y) reaction ,was used to measure
the voltage to an accuracy of 0.5%.

The experiments were conducted with atomic
and molecular beams of hydrogen and deuterium.
Before the experiments were undertaken, the
beams were analyzed. The current was measured
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with a current integrator.

The method used in the investigation was based
on the quantitative determination of the B-activity
of the reaction products accumulated in the target.
At the present time this method is the only one
that allows the measurement of very small effec-
tive reaction cross-sections (in principle down to
10~35% cm?). Thick targets of natural carbon were
used in the experiments. The positrons were re-
corded with a tube electrometer, assembled with
an EM-3 electronic tube, which was placed in a
vacuum.

A diagram of the apparatus is shown in Fig. 1.
The basic parts of the apparatus are the following:
a) Faraday cylinder — 7, which was used in a dual
capacity: first, to measure the current passing
through it to make sure it was not entering through
the side walls of the cylinder; secondly, to permit
the introduction through lead 8 of a retarding po-
tential for stopping the electrons knocked out of
the target by the beam; b) collecting electrode
(collector) — 20, which was used to collect the
positrons emitted by the target; c) disc with
twelve targets — 11, which could be revolved with
the aid of turning knob 16 to place the targets
under the beam. The same device was used to
move the targets under the collector. All of these
operations were performed from outside , without
disturbing the vacuum; d) electrometer switch —
23, used for connecting the collector to the grid
of the tube, for grounding the collector and grid,
and also for admitting the voltage from its source
to the collector during calibration of the circuit.

In this same apparatus there was an electronic
tube, which was connected by a cable to a balance
circuit (Fig. 2). Power for the circuit was supplied
by acid batteries with a capacity of 120 amp-hr.
Zero displacement in the circuit was practically
non-existent. Before starting an experiment the
circuit was calibrated; after the completion of the
experiment this calibration was checked. The
circuit sensitivity was ~ 5 x 105 V/fission. The
indicator used was a mirror galvanometer of the
M-21 type with a sensitivity of 5 x 10~1% A/mm/m.
The charge sensitivity of the circuit was 7 x 10~16
coulomb /fission.

Given the capacity of the collector, the ballis-
tic sensitivity of the circuit, and the measured
galvanometer deflection, one can find the quantity
of charge that was collected by the collector.
From the charge determined in this manner it is
possible to find the cross section of the reaction
under investigation.
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F1G. 2. The balance circuit, I — collecting electrode, 2 — electrometer switch,
3 — mV-meter, model 0.5, type M-15; 4 — calibration switch; 5 — mA-meter, max.
150 mA, type M-15; 6 — switch for circuit power supply; 7 — 12-volt accumulator
batter)i; 8 — mirror galvanometer; 9 — EM-3 electronic tube; £ — 1.5-volt dr cell;
R,—- 00 Q; R,, R6- 10 Q; R3—209; R,, Rg Ry~ 1000 € R, —-30(; R, ~
45 Q; R, — resistance box to 10,000 Q; R, — galvanometer shunt (0.1; 1; 10;

100; 1000; 2500; 4000Q); R, — 2000 O; R, — 4000 Q; Ry ~5x 101 Q.
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Fi16. 5. C12(p, y) cross section curve,

F16. 3. N'3yield from the C 12(p, y) reaction.

CROSS SECTION MEASUREMENTS
-1

610 .
To determine the dependence of the cross

sections of the C 12(p, y) and C 12(4, n) reactions
on the energy of the bombarding protons and deuter-
ons, the B*-activity of thick targets was measured.
L The reaction yield for a given energy of the

7 bombarding particles can be presented in the fol-
lowing form:

Yield
AN

Yy=Cknr/N-1.6. 10719 f (] — e=M) (e—rta — g=ts),

300 J50 wo

Deuteron Energy (kev)
where C is the capacity of the collector, £ is the

1 . 12 . e . . . .
F1G. 4. N'? yield from the C**(d, n) reaction. sensitivity of the circuit, n is the number of
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fissions from the galvanometer scale, ) is the
disintegration constant, N is the number of particles
bombarding the target during irradiation, f is the
geometric factor, £; is the irradiation time of the
target by the beam, ¢, is the time of onset of
charge accumulation in the collecting electrode,
and ¢, is the time of the cessation of accumula-
tion. Before the yield was measured, the disinte-
gration constant A was determined, and the decay
period of N3 was computed which, according to
our data, proved to be 10.02 + 0,1 min, in agree-
ment with the findings of other authors.

Figures 3 and 4 show the yield curves for
reactions (1) and (2). The ordinate indicates the
yield, i.e., the number of positrons per particle
bombarding the target, and the abscissa the energy
of the bombarding particles in kilo-electron-volts.

From the yield curves one can determine the
cross section by the familiar equation

= (dy/dE)(dE | dx) | n,

where dE/dx is the loss of energy by the bombard-
ing particles in the target, y is the reaction yield
and n is the number of nuclei per 1 cm3. The
quantities dy and dE are determined from the yield
curve. Specific energy losses by the bombarding
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particles in the target are computed from the
familiar Bethe formula.
Figure 5 shows the C 12(p, y) cross section

curve. The value of the C1%(p, y) effective cross
section is 0.30 x 10~3% c¢m? for an energy of 313
kev and grows to 6.4 x 1073% c¢m? at 358 kev. The
value of the C12(d, n) effective cross section is
0.8 x 10~ 28 cm? for an energy of 340 kev. The
absolute errors in the determined cross sections
do not exceed +10%.
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An exact solution of the equation for the equilibrium spectrum of electrons and photons
has been found with account of scattering, i.e., an expression is obtained foar the angular
and energetic distributions of particles at the shower maximum in heavy elements.

A N analytical expression for the ‘‘equilibrium’’
spectrum (integrated over the depth ¢ *) of

photons and electrons, which is valid for any de-
pendence of the absorption coefficient of the pho-
tons o (E) on the energy, was first obtained in the
work of Tamm and Belen’kii.! An analytical ex-
pression for the ““equilibrium’’ spectrum, with ac-
count of the Rutherford scattering of the charged
particles, was found by Belen’kii and Maksimov.?
However, the equations in Ref. 2 for the equilibrium

* The depth t is measured in atomic units.

spectrum with account of scattering were solved
approximately; making use of the method of ad-

joint equations,® it is possible to find their exact
solution.

Let us write the basic equations of cascade
theory with account of scattering:

cos§ 0 = L, [P (Eq 1, E, 9), (1)

E2
r (E()v t> E: 4(})] + —/;Eh_z A%P (E(),t’ Ey 3),
cos$ I = Ly [P (Eq t, E, ), T'(Eg, t, E, 9)1.
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