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An experimental investigation of the efficiency of
production of a-particles from boron as a function of the
energy of the bombarding protons is reported. Of the two
established processes,
sB1 4 H!—3,He*+4Q;
sBU+ Hl—,Bed4,He!+Q,,

the second exhibits peculiarities in its efficiency curve

and

whereas the first increases exponentially with proton
energy. This irregularity is interpreted as the occurrence
of a resonance process in the second disintegration, the
resonance peak occurring at 180 kv. A discussion of the
possible theoretical interpretations of the process is given.
Absolute yields for a thick boron target at various proton
energies are given.

INTRODUCTION

HE disintegration of boron by proton bom-
bardment has been studied by the Cam-
bridge group! and by Kirchner and Neuert.2 As a
result the following processes appear to be
established :

;B4 H—3 ;Het4-Q;, (1)
;B4 ;H—,Be+,He*+ Qz- (2)

Process (1) predominates even at low voltages,
and gives rise to a continuous distribution of
a-particles having a maximum at a range of 24
mm. Reaction (2) gives about 1 percent as many
a-particles (at 150 kv) and is responsible for the
appearance of a small homogeneous group hav-
ing a range of about 4.5 cm.

In their careful examination of the energy
distribution of the a-particles, Cockcroft and
Lewis® noted that the yields from the two proc-
esses did not vary in the same way with the
energy of the incident protons; i.e., the two
reactions have different efficiency curves. This
work has been carried further in this laboratory,
and the curves for the yields have been obtained
up to about 250 kv. In agreement with Cockcroft
and Lewis we find markedly different yield volt-
age curves from (1) and (2), that for the latter
exhibiting a resonance effect. The preliminary
results of this work have been published.*

* Now at Westinghouse Electric & Manufacturing Co.
Research Laboratories, East Pittsburgh, Pennsylvania.

1 Oliphant, Kempton and Rutherford, Proc. Roy. Soc.
A150, 241 (1935).

2 Kirchner and Neuert, Physik. Zeits. 34, 897 (1933);
Neuert, Physik. Zeits. 36, 629 (1935).

3 Cockcroft and Lewis, Proc. Roy. Soc. Al54, 246

(1936).
¢ Williams and Wells, Phys. Rev. 50, 187 (1936).

APPARATUS

A resistance controlled transformer-kenetron-
condenser set was adapted to deliver potentials
up to 275 kv which could be manually con-
trolled to fluctuations in the output of one per-
cent. The voltage was measured by a high
resistance voltmeter constructed from 150 indi-
vidually calibrated 10-megohm metallized re-
sistors. This voltage accelerated protons from a
low voltage arc® connected in such a manner
that only the measured external voltage was
effective. The magnetically resolved proton beam
of 2 to 5 microamperes was focused to a spot
diameter of less than 5 mm. By means of a high
resistance potentiometer in series with the
cylindrical accelerating tube elements, a con-
stant focus was obtained over a wide range of
voltages.® The a-particles emitted from a thick
fused B;0; target inclined at 45° were observed
at an angle of 90° from the proton beam. They
were detected by an ionization chamber which
was 7 mm deep, connected to an amplifier of the
Dunning type.” The pulses were recorded by a
scale-of-eight thyratron counter® adjusted to
count all a-particles which entered appreciably
into the ionization chamber. ‘

" Preliminary experiments to test the apparatus
included measurements of the disintegration
efficiency of protons on thick LiCl targets.
The fact that the values obtained agreed to
within 10 percent of the absolute yields given

5 Tuve, Dahl and Van Atta, Phys. Rev. 46, 1072 (1934).
% Hansen and Webster, Rev. Sci.'Inst. 7, 17 (1936).

7 Dunning, Rev. Sci. Inst. 5, 387 (1934).

8 Shepherd and Haxby, Rev. Sci. Inst. 7, 425 (1936).
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F1G. 1. Number of a-particles from a boron target under
proton bombardment reaching a deep ionization chamber
as a function of absorber between target and chamber.
The absolute values for the abscissae are obtained from
comparison with the results of Kirchner and Neuert.

by the Wisconsin group? was taken as evidence
for the satisfactory behavior of the apparatus.

EXPERIMENTAL PROCEDURE

Protons accelerated by a constant potential of
200 kv were allowed to strike the thick BsOs;
target, and the number of emitted a-particles
entering a deep ionization -chamber were ob-
served when various thicknesses of mica and air
were inserted between the target and the cham-
ber. These observations are shown in Fig. 1.
They serve to indicate the presence of the
homogeneous group of «-particles attributed to
reaction (2) and by comparison with the results
of Kirchner and Neuert? give a calibration of the
range scale of our detecting apparatus. No at-
tempt was made to obtain the shape of this
number vs. range curve sufficiently accurately to
contribute any information as to the nature of
reaction (1), since the present method is in this
respect experimentally inherently inferior to that
of Kirchner and Neuert? and that of Dee and
Gilbert.10

With the range scale thus calibrated we ob-
tained, with range as a parameter, the number of
a-particles emitted in a calculated solid angle as

® Herb, Parkinson and Kerst, Phys. Rev. 48, 118 (1935);

Heydenberg, Zahn and King, Phys. Rev. 49, 100 (1936).
10 Dee and Gilbert, Proc. Roy. Soc. A154, 279 (1936).
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F1G. 2. Yield curves for a-particles from the disintegra-
tion of boron by protons. The yields are in arbitrary units
and the zeros for the various curves are shifted vertically
as indicated. For comparison purposes the yield curve for

the a-particles from lithium bombarded with protons is
included.

a function of proton energy. Since the ionization
chamber records all a-particles which enter it,

the yield curves will be for all a-particles having

a range greater than that necessary to reach the
ionization chamber. This experimental condition
undoubtedly contributes to the diffculty of
interpreting the yield curves, but does not
mask their significance. Representative observed
efficiency curves are shown in Fig. 2.

It is seen that the main group of a-particles of
range greater than 18 mm follows an ordinary
excitation curve with no evidence of marked
irregularities. However, when sufficient mica
is introduced to remove most of the a-particles
from (1), so that the majority of those recorded
are of range greater than 38 mm, the efficiency
curve is found to be markedly different. The
yield expected from a thin target, obtained by
differentiating the thick target curve with re-
spect to the 3/2 power of the accelerating
voltage? is shown in Fig. 3 (cf. the next section
for discussion).

The several curves of increasing range from 28.
mm to 40 mm show different slopes at voltages
greater than 200 kv. We interpret this as due
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F1c. 3. The yield of long range a-particles expected
from a thin target of boron as a function of the bom-
barding proton’s energy. The curve is obtained by differ-
entiating the observed thick target curve with respect to
(voltage)?.

either to the onset of further modes of disintegra-
tion or to the inclusion of a small number of
a-particles from the continuous distribution of
disintegration (1). An examination of Fig. 5
of Cockcroft and Lewis’ paper® shows that the
number-vs.-range curve for (1) changes its shape
with increasing voltage in a manner such that the
continuous distribution extends to greater ranges
at the higher voltages. From this point of view
the efficiency curve of a-particles of some definite
range, say 38 mm, would not decrease exponen-
tially to zero with diminishing incident proton
energies, but would have an apparently definite
“excitation potential.”

An attempt was made to overcome the effect
of measuring «-particles from (1) by working
at ranges greater than 43 mm. Since the yield of
a-particles from (2) is small, it is necessary to
arrange the geometry of the ionization chamber
to subtend a large solid angle at the target.
This imposes the condition that a-particles pass
from the focal spot to the ionization chamber over
a wide range of angles distributed about 90°
from the direction of the proton beam. Con-
sequently only a certain fraction of the 45 mm
range a-particles were able to pass through the
43 mm of mica and air absorber between the
target and the chamber. In changing the voltage
during the measurement of an efficiency curve,
very slight changes in the size and position of the
focal spot gave gross changes in the number of
a-particles which were able to reach the ioniza-
tion chamber. This effect, although unimportant

WELLS,

TATE AND HILL

for absorbers of less than 40 mm stopping power,
made accurate relative measurements impossible
at greater thicknesses of absorber.

An effort was made to investigate the similar
disintegration

5B1°+1H2—>‘Be3+2He4+Q3 (3)

to test whether any correlation could be found in
the yield curves, but with the available accelerat-
ing voltages it was not possible to obtain satis-
factory efficiency curves, since the yields from
(3) are small compared to those from (1) and
(2) at low energies. However, we did obtain
qualitative measurements on the number-vs.-
range curve, which were in agreement with the
results of Cockcroft and Lewis® in showing
the presence of an homogeneous group of parti-
cles arising from (3).

EXPERIMENTAL REsULTS

From our voltage yield curve we can conclude
that the yield from reaction (1) follows a Gamow
type curve within our experimental error. The
yield of 45 mm particles attributed to (2) shows,
on the other hand, a distinct resonance effect in
the neighborhood of 180 kv. Making reasonable
corrections for the contributions of the tail end
of the low energy continuous distribution to the
high energy group of a-particles, we find that
the “thin target’” efficiency curve® has a half-
width of about 11 kv at half-maximum. As the
energy of the incident protons was very steady,
it is felt that the error in this value should not
exceed 3 kv. Fig. 3 shows a typical ‘differen-
tiated” curve (i.e., differentiated with respect to
V),

Qualitative results for the yield of a-particles
per proton calculated for a pure boron target by
multiplying the observations on the thick
B:0; target by 34/10 are:

RANGE >18 mm >40 mm
150 kv 1.68X 10~ 1.79X10™1
175 7.06 17.4

200 18.4 49.7

225 32.3 59.7

The relative yields from the two disintegrations
may be compared to Kirchner and Neuert's
value of 1:200 at 150 kv, Oliphant, Kempton and
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Rutherford’s value at 1:70 at an unstated volt-
age, and Cockcroft and Lewis’ values 1:60 at 185
kv and 1:240 at 360 kv.

Discussion

A general formal theory of resonances in
nuclear processes has been given by Breit and
Wigner,"* with special consideration of neutron
capture or scattering processes with or without
y-ray emission. As regards the latter, y-rays
have been observed? from boron bombarded
with protons of 900 kv energy, but their inten-
sities appeared to be very strong functions of the
veltage, and were inappreciable below 700 kv.
The emission of the y-rays was postulated to be a
direct capture of the proton without disintegra-
tion; i.e.,

Bl H1—,C2 iy,

If this be the case, there is no obvious reason
why vy-ray emission should not appear as an
alternative reaction to the two modes of disinte-
gration considered here, even at the lower
voltages used by us, unless, as suggested by
Crane, Delsasso, Fowler and Lauritsen, the
probability of emission of the #y-rays is ab-
normally high in the region of 900 kv bombard-
ing energy.!?

The energy balance which is obtained without
consideration of possible simultaneous ~y-ray
emission seems to be so good that little room is
left for the disposal of much energy in this way,
and we provisionally assume that when one or the
other disintegration occurs, no y-ray is emitted.
The possible influence of an alternative process
of y-ray emission must be left open at the
moment.

According to current ideas on the dynamics of
disintegration processes, it is convenient to con-
sider that they occur through a transient inter-

mediary stage of an excited ‘“‘compound”’
nucleus so that we write them as
5B“+1Hl—->5(:12* -—)32H€4, (1’)

—eC12%*— Bes4-,Hel. (2"

11 Breit and Wigner, Phys. Rev. 49, 519 (1936). Cf. also
Dirac, Quantum Mechanics, Second Edition, p. 203.

12 Crane, Delsasso, Fowler and Lauritsen, Phys. Rev.
48, 102 (1935).

13 It would be interesting to extend the disintegration
11}feasurements to this region to look for further resonance
effects.
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It is of interest to decide, if possible, whether
the two levels of the excited C'? nucleus implied
in (1’) and (2’) are the same. Save for a possible
influence of the resonance phenomenon itself in
producing a shift in the levels,'* if two different
levels are involved they should differ in energy
merely by the binding energy of ,Bed At the
present time this is an uncertain quantity, so that
it is not possible to come to any conclusion on
this basis. Considered as excited levels of ¢C!?
they lie well within the continuum of energy
levels above the first “‘dissociation potential’’

sC12+(~7.5 Mev)—3.He*

The “‘resonance levels” referred to might better
be spoken of as ‘‘pre-dissociation levels” lying at
about 16.1 Mev above the normal state of C'2.

From our experimental results it seems most
probable that the two excited levels involved in
(1”) and (2') are distinct from each other, and
that (1’) and (2’) represent independent modes
of capture and disintegration rather than alter-
native disintegrations from one single resonance
level. The reason for supposing this is as follows:
Suppose that (1”) and (2’) both went through the
same excited level of ¢C2. Let v, be the contribu-
tion to the width of the intermediate level due to
transitions from the initial proton state, and v
and 7. be the half-widths of the transitions out of
this state, while y=vyo++v1+v2 Then the cor-
responding cross sections in the immediate
neighborhood of the resonance energy may be
written on the resonance theory in the approxi-
mate forms!®

YoY1
(V= V)2 dn?
YovYe |
(V—=V) 4~

O’1"’A 1A2

where 4, and 4, are nearly equal and vary only
slowly with V7 close to.the resonance potential V..
From these formulas one would expect that both
processes should show the resonance phenom-

M Breit and Wigner, reference 11, p. 526.

15 Cf, Breit and Wigner, reference 11, Eq. (14) for the
analogous case of neutron scattering or capture with y-ray
emission. In the formulas in the text we have not con-
sidered the effect of the variation in the Gamow penetra-
tion factor over the width of the resonance level. Its
inclusion should hardly affect the general conclusion.



438 WILLIAMS,
enon, and that their corresponding cross sections
should be roughly in the ratio of their correspond-
ing half-widths; i.e., the ratio of the correspond-
ing yields. Since (1’) is a much more prolific
reaction than (2’), one would then expect to find
a large resonance in the main group of a-particles.
While this might be somewhat masked by the
apparent exponential increase in the yield which
is observed, yet the absence of any observable
resonance in (1’) leads us to consider that the
dynamics of the two disintegration processes
probably involve two different modes of ‘“‘cap-
ture” of the proton.

We can estimate roughly the relative prob-

abilities of “‘capture’ into the two excited levels -

as follows: We find, in agreement with Kirchner
and Neuert? that about 100 times as many
a-particles are observed in the main group as in
the small high energy group. From (2’) we would
expect to be able to observe only one a-particle
per disintegration even if the Be? nucleus should
be unstable and disintegrate, since the resulting
a-particles would have very small energies. It has
further been shown by Dee and Gilbert!® that the
most probable disintegration from (1) is such
that one a-particle receives very little energy, the
other two dividing the energy roughly evenly.
From such a break-up there are then two par-
ticles available for measurement. This gives for
the relative number of disintegrations from (1)
and (2’) about 50 to 1. If we neglect the prob-
abilities of other modes of passage out of the
excited levels (or better, assume that they are
equally important for both) then we can use this
figure as a rough measure of the probabilities of
“capture’ into the two levels.!® The most impor-

18 This statement is only of tentative and approximate
significance since the mathematical theory of the disinte-
gration through a résonance level does not provide that
the probability of disintegration is equal to the product
of a probability for capture and a probability for dis-
integration after capture. Instead the total probability is
determined by a formula of the general type

(e H'[R) | D) |?
/)| 2 E—E)+B |

where a and b refer to the initial and final states; i.e.,
before and after disintegration, and % refers to the inter-
mediate states within the resonance band. « and 8 are
constants. This allows for the possibility of an interference
between the different modes of resonance capture within
the resonance band. It is only under special circumstances
in which this interference is unimportant that the above
expression can be reduced to the form
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tant correction to this seems likely to come from
the possible influence of y-ray emission, men-
tioned above. .

This ratio suggests that the two processes (1°)
and (2’) may result from interactions of s and p
protons, respectively, with the BY nucleus, the
gross difference being due primarily to the influ-
ence of the angular momentum of the p protons
in keeping them away from the nucleus. The
resonance would then be a resonance of the p
protons. Check calculations on the potential well
model are being made to test this hypothesis, but
without definite results to date.

While no detailed theory can be given at the
moment, a suggestion may be made from the
observed value of the width of the resonance
region on the nature of the mechanism of the
disintegration. The observed value of about 11 kv
for the half-width indicates a mean lifetime of the
excited state involved in (2’) of about 10718 or
10719 sec. If the initial state of the nucleus is
represented by one particle wave functions say as
in a Hartree model, without any more tendency
towards the formation of specific groups than is
implied in the use of a self-consistent field and a
shell structure modeled after that of the external
electrons, it would seem that the probability for
the formation of the structures actually observed
in the disintegration would be much too low.
Particularly as in the present case where there
must be the formation of three a-particles which
must then distribute the available kinetic energy
among themselves in a manner distinctly differ-
ent from that to be expected a prior:.!® The in-
ference is that it would be advantageous to allow
in the theory for a predisposition for the pre-
formation of the group structures which make
their appearance on disintegration.!” I't is hoped to
return to this problem in a more definite way in a
later communication.
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[H'[k)|2] (k[ H'|b)|?

(E—Eo)*+p2 '
where E, is the energy at the maximum of the resonance

band and g(E,) is a weighting factor.
17 Wells and Hill, Phys. Rev. 49, 858 (1936).
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