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Cloud Chamber Studies of the Gamma-Radiation from
Lithium Bombarded with Protons
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The gamma-radiation emitted when lithium is bombarded with protons has been studied by
means of a cloud chamber operating in a magnetic field of 2000 gauss. The spectrum consists
of at least eleven lines, the highest of which is 16 MEV. The voltage excitation curve for the
gamma-radiation shows a maximum at 650 kv proton energy, and is very different from the
excitation curve for the 8.4-cm alpha-particles emitted under the same conditions. An attempt
is made to interpret these results. The experimental procedure and methods of measuring the
cloud chamber tracks are also discussed.

INTRODUCTION

~HE gamma-radiation emitted when lithium
is bombarded with protons has been the

subject of considerable discussion, mainly con-
cerning its quantum energy, but in some in-
stances concerning the existence of the radiation
itself. The lack of agreement among experi-
menters working at various voltages as to the
existence of the lithium radiation is, however,
fully explained by the peculiar shape of the
voltage excitation curve, which is not at all
similar to the shape of the curve for the yield of
long range alpha-particles produced under the
same conditions of bombardment. '

Lauritsen and Crane' first measured the ab-
sorption coefficient of the radiation in lead and
found it to be the same as that of gamma-radia-
tion from radium, and hence supposed that its
quantum energy was also the same, namely
about 1.6 MEV. Later, ' with the knowledge of
the way in which the absorption coefficient for
high energies is modified because of the creation
of electron pairs, it was necessary to reinvestigate
the absorption coefficient of the lithium radia-
tion, with absorbers of at least two different
atomic numbers. Lead and copper were used, and
the combination of absorption coefficients found
was such as to place them on the ascending
branch of the curve at about 6.3 MEV, instead
of on the descending branch at 1.6 MEV as
previously supposed. At the same time Crane,
Delsasso, I'owler and Lauritsen obtained Wilson

' Henderson, Phys. Rev. 43, 98 (1933).' Lauritsen and Crane, Phys. Rev. 45, 63 (1934).' Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 46,
531 (1934).
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cloud chamber photographs of the recoil electrons
ejected from a thick lead plate by the radiation,
and bent in a magnetic field. Their results indi-
cated that the spectrum was complex, consisting
of at least two lines, one at 4 and one at 12 to
13 MEV and this composite radiation was con-
sistent with the observed value of the absorption
coefficient which corresponded to 6.3 MEV.

It is mainly the results of a continuation of
these cloud chamber studies which we propose to
discuss in this paper.

APPARATUS

The vacuum tube used for accelerating the
positive ions, the high voltage source and the ion
source used in these experiments are essentially
the same as described in a previous paper. 4 A
horizontal Wilson cloud chamber 15 cm in
diameter by 2 cm effective depth is operated at
the center of a pair of Helmholtz coils capable of
producing a magnetic field of 3000 gauss, con-
stant to about 2 percent. In the present work
fields up to 2000 gauss were used, requiring up to
180 amperes at 100 volts, hence to avoid excess
heating the circuit is closed only for about 1

second, at the time of the expansion. By means
of a system of solenoids and relays separated by
long insulating strings the ion source is also
operated in synchronism with the cloud chamber.
All relays are actuated from a central contact
drum, driven by a motor, and the sequence of
events is as follows:

1st contact: Filament in ion source raised to emitting
temperature; small amount of hydrogen
(H' or H') admitted into ion source; mag-
netic field circuit closed.

' Crane, Lauritsen and Soltan, Phys. Rev. 45, 507 (1934).
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2nd contact: Chamber expanded; anode circuit of ion
source closed, producing ion current of 100
microamperes at target.

3rd contact: Arc light Hashed; camera shutter opened.
4th contact: Everything off.

The chamber is allowed 15 seconds to reach
equilibrium before the next expansion.

By operating the ion source intermittently, as
described, it can be considerably overloaded
during the short time it is actually used. Also the
tube can be run at higher voltages (it will run
steadily at 1000 kv with 100 microamperes inter-
mittent ion current) because less gas is set free by
ion bombardment of the inside of the tube and
bombardment of the target. This has been found

especially advantageous in using targets of
chemical compounds which are decomposed into
gases by the ion stream. When bombarding with
deuterons a considerable saving of heavy hydro-

gen is effected, since the gas is allowed to How

into the ion source for only about one-fifteenth
the total time of running.

Radiation
Collisions

5 MEV 10 MEV 20 MEV

0.07 0.16 0.36
1.98 2.15 2.32

Radiation
Collisions

6.4
12.5

14.4
13.9

31.4
15.3

quanta is due entirely to increased pair forma-
tion. Since the quantum energy (less 2 mc') is
shared between the two members of each pair,
with the greatest probability for equal division,
the average energy of members of pairs is less
than half the quantum energy, thus contributing
little to the upper end of the electron energy
spectrum, and, in addition, tending to mask any
line structure within the spectrum.

(2) The probability of electrons suffering large
radiative energy losses in passing through lead is
much greater, per electron in the absorber, than
it is in the case of lighter elements. Theory'gives
the following energy loss per cm path for 5, 10
and 20 MEV electrons due to electron collisions
and to radiative collisions with nuclei:

CHoIcE oF ABsoRBING MATERIAL

In our 6rst cloud chamber studies of the radia-
tion from lithium a thick 1'ead plate was used as
the material on the inner wall of the chamber,
from which the observed electrons were ejected.
Because of the rapidly increasing probability of
the creation of electron pairs with increasing
quantum energy, quanta of high energy have a
greater chance of ejecting electrons into the
chamber from a lead absorber than quanta of
low energy (all above 3 MEV). Therefore the
high energy end of a gamma-ray spectrum will

experience greater absorption, and hence be
responsible for a greater number of electrons in

the chamber than will the lower end of the spec-
trum. In addition, there is the possibility of
measuring the combined energy of both members
of many of the pairs, and this, plus 2 mc', should

give directly the energy of the quantum which

produced the pair. However, several effects at-
tend the use of a heavy absorber which tend
greatly to reduce the intensity of the upper end of
the electron spectrum, and tend to destroy any

' line structure which may exist below the upper
energy limit of the radiation. Some of these ef-

fects are listed below.

(1) The increased absorption for high energy

Because of this a large number of electrons
originating below the surface in the lead absorber
may lose a large and undetermined part of their
energy, and their only effect is then to mask any
line structure that may exist lower in the spec-
trum. Fortunately large radiative losses are
usually accompanied by large angle deviations,
and hence many of these electrons can be recog-
nized and discarded in the measuring process.

(3) Pairs, of which both members are meas-
urable likewise suffer radiative energy loss and
scattering, so the total energy of the pair (plus
2 mc') is seldom equal to the full quantum energy.
Nevertheless, this perhaps remains the best indi-

cator of the quantum energy, where a lead ab-
sorber is used.

Hence in cases where good resolution is neces-

sary to reveal the line structure of a spectrum, an
absorber must be chosen which will produce, in

the chamber, as large a ratio of Compton recoil
electrons to pair electrons as possible, and also
give rise to a minimum of radiative energy loss

and large angle scattering.
We have plotted in Fig. 1, from theoretical

data, " the energy spectra of negative electrons

' Bethe and Heitler, Proc. Rcy. Soc. A146, 83 (1934).
' Data cn pairs taken from Bethe and Heitler, reference S.
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FIG. 1. Theoretical energy spectra of negative electrons
which would be produced by a monochromatic gamma-ray
of 10 MEV falling on a'lead absorber (curve I), and on a
glass absorber (curve II), each of thickness corresponding
to 1 MEV stopping power for 10 MEV electrons, neglecting
the effect of scattering.

which would be produced by a monochromatic
gamma-ray of 10 MEU falling on a lead absorber
and on a glass absorber, each of thickness corre-
sponding to 1 MEV stopping power for 10 MEV
electrons, neglecting scattering. The advantage
of using an absorber of light material is evident
from these two curves. For these reasons we have
used the glass wall of the cloud chamber as the
absorber in most of the work described in this
paper.

SELECTION AND MEASUREMENT OF TRACKS

The general character of the electron spectrum
and r'esolving power depend to a large extent
upon the selection of the tracks which are to be
measured and recorded. The more closely the
counting is restricted to tracks in the forward
direction, the sharper will be the maxima and
minima in the electron spectrum, but also the
smaller will be the number of tracks measured.
Such a selection should not inHuence the final
value of the gamma-ray energy obtained except
as to accuracy. In our present apparatus the
spread in angle in the vertical plane is limited by
the depth of the visible part of the chamber. If a
track is visible for a distance of 2/3 the diameter
of the chamber, it necessarily makes an angle of
less than 7.5 degrees with the direction of the
radiation. Arbitrarily, we allow about the same
spread in angle in the horizontal plane (plane of
the chamber). This rule of selection permits the
measurement of a reasonably large number of
tracks, and at the same time eliminates the fol-
lowing kinds of electrons which are undesirable:

Photon energy
(MEV)

5
10
15

Compton electron
energy (MEV)

4.75 to 4.40
9.75 to 8.05

14.75 to 11.30

Measurement of the tracks is accomplished by
projecting the photograph of the chamber, full

size, onto a card on which is drawn a series of
circles varying in radius by 1/2 cm steps. The
radius of the circle which most nearly fits the
track is recorded.

STRUCTURE OF THE GAMMA-RAY SPECTRUM

In accordance with the methods outlined in the
preceding paragraphs we have measured a total of
1576 negative electron tracks and 57 pairs result-
ing from the lithium radiation, using a magnetic
field of 2000 gauss and using the S,mm glass wall
of the chamber as the absorbing material. This
has, theoretica11y, a stopping power of about
2.5 MEV for 10 MEV electrons. In some cases a
—',-mm lead foil was fixed to the inner side of the
glass wall, in order to obtain a greater number of
pairs. The results obtained with only glass as the

7 The average lateral component of energy of a member of
a pair is mc', independent of the energy of the quantum.

(a) Compton recoil electrons which come oE at a large
angle to the direction of the quantum.

(b) Electrons which have suffered a large radiative
energy loss and accompanying large angle deviation.

(c) Those members of pairs which receive only a small

share of the energy of the quantum. '

A rigorous elimination of the above kinds of
electrons is of course not accomplished, but the
effect of such a selectioo is very much in the
direction of increasing the resolution in the result-

ing electron spectrum. We have demonstrated
this experimentally by comparing spectra ob-
tained from the same photographs, using several
different rules of selection of the tracks. Each
track is inspected carefully for scattering by the
gas along its path and rejected if it is visibly
dellected. About 1/3 to 1/3 of the total number of
measurable tracks in the chamber satisfy the
above requirements as to direction, etc. , the
fraction depending somewhat upon the hardness
of the radiation. The calculated limits in energy
of Compton electrons which fall within the cone
of half-angle 7.5 degrees are given below:
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FIG. 3. Electron spectra resulting from two independent
runs of 600 photographs each, plotted separately and
added. The source of the electrons was the glass wall of
the cloud chamber.

FrG. 2. Electron spectra resulting from three independent
runs of 400 photographs each, plotted separately and added.
The source of the electrons was the glass wall of the cloud
chamber.

absorber are shown in Figs. 2 and 3. In Fig. 2 the
results of three independent runs of 400 photo-
graphs each are plotted separately and then
added together. In Fig. 3 two runs of 600 photo-
graphs each are plotted separately and added.
It is seen that the principal features of the spec-
trum are the same in all the independent groups
of data, and therefore are probably not due to
statistical fiuctuations. The fronts of the peaks
are extended downward (dotted lines) and the
energies corresponding to the intercepts noted on
the diagram. '

The data obtained with the -,'-mm lead foil in
the chamber vyere plotted in two groups, each
consisting of the tracks from 800 photographs.
The plots of these two groups, together with their
sum, are reproduced in Fig. 4. In these measure-
ments a —',-cm radius of curvature (about 0.25
MEV energy) interval was used; hence the
ordinates of the spectrum are only about half as
high as those in the former set, where a 1-cm
interval was used.

There are several possible ways in which the

It should be noted that the dotted lines should not
necessarily be parallel, even for adjacent lines, unless the
lines are of equal height and uniformly spaced.
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FIG. 4. Electron spectra resulting from two independent
runs of 800 photographs each, plotted separately and
added. The source cf the electrons was the glass wall of the
cloud chamber, plus a -', -mm lead foil on the inner wall.

above data may be combined or averaged to give
the probable values for the energies of the
gamma-ray lines comprising the spectrum. The
problem of extending the fronts of the peaks
down to the axis is largely a matter of personal
judgment, and subject to error, since the exact
theoretical shape which the component peaks
should have is not known. If all the data were
plotted together as a single curve, the values
which would be obtained for the energies of the
gamma-ray lines would be dependent upon a
single extrapolation. We have thought it more
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Frr.. 5. Upper plot: Values of the gamma-ray energies, as indicated by each of the spectra
in Figs. 2, 3 and 4. Lower plot: Total energies of pairs (2 mc' included), obtained when the —,'-mm
lead foil was placed in the chamber. Each dot represents a pair.

trustworthy, therefore, to draw the intercepts on
each curve separately and average all the inter-
cepts for a given line. In Fig. 5 are shown the
values for the gamma-ray energies obtained from
each spectrum, and a,iso the average for each of
the lines. All the values plotted in Fig. 5 are
—,'mc' (0.25 MEV) higher than the corresponding
intercepts in Figs. 2, 3 and 4, as required by the
theory of Compton collisions.

An independent check, especially on the upper
limit of the spectrum, can be obtained from the
electron pairs. From the photographs in which
the chamber was lined with —,'-mm lead foil 57
pairs were found, both members of which could
be measured with the required accuracy. The
total energies of these pairs, with 2 mc' added in
accordance with the theory of pair formation, are
plotted in Fig. 5. Although the number of pairs
is too small to give detailed structure within the
spectrum, the upper limit is quite clearly indi-
cated at 16 MEV, in agreement with the upper
limit given by the plots of single electrons.

DIVISION OF ENERGY BETWEEN THE MEMBERS

OF PAIRS AND THE RATIO OF POSITIVE TO

NEGATIVE ELECTRONS

Ke can obtain an interesting by-product of this

work by plotting the pairs according to the frac-
tion of the total energy carr~ed away by one of
the members, as shown in Fig. 6. This plot need
not be restricted to the pairs from the lithium
radiation, so we have included all the pairs we
have accumulated from our measurements of
various gamma-rays, and divided them into two
groups according to total energy. A third curve is
added to show the theoretical distribution for
pairs produced by 10 MEV quanta, as given by
Bethe and Heitler. ' The shape of the curve is not
sensitive to quantum energy in this region. It
should be emphasized, however, that only the
center portion of these plots can have any mean-
ing, as far as checking the theory is concerned.
Because of the experimental conditions, the
chance of observing a pair in which one member
has very low energy is small; therefore the ends
of the experimental curve may be expected to
drop off faster than those of the theoretical curve.

In order to obtain the ratio of the numbers of
positive and negative electrons ejected from the
glass absorber we took 400 photographs with a
weak magnetic field (500 gauss), just sufficient to
distinguish positives from negatives. In counting
an arbitrary line was drawn across the projected
image of the chamber perpendicular to the direc-
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FIG. 6. Pairs, plotted according to the fraction of the

total kinetic energy carried away by the negative number.
Curve I:42 pairs having total energy (2 mc2 included) be-
tween 5 and 10 MEV. Curve II: 121 pairs having total
energy between 10 and 16 MEV. Curve III: Theoretical
distribution for 10-MEV pairs, according to Bethe and
Heitler.

tion of the radiation. All tracks which intersected
the line were recorded according to polarity, but
regardless of their energy or the angle at which
they crossed the line. The use of a very low field
eliminates the ambiguity about the polarity of
tracks of low energy, which, in a strong field,
would appear as half circles beginning and ending
on the same side of the chamber. The ratio of
positives to negatives obtained is not entirely
independent of the rules adopted for counting,
because the angular distribution of members of
pairs and of Compton electrons is not exactly the
same, and at best a very limited solid angle can
be made use of. The result of the count was 408
positives and 930 negatives. Only 60 positives had
negatives visibly associated with them. Assuming,
nevertheless, that each positive indicates the
existence of a pair, the ratio of pairs to Compton
electrons can be obtained simply. It is 0.78 pair
per Compton electron. Calculating the ratio of
pair absorption to Klein Nishina absorption for
glass (taking 11 for the average atomic number)
from Bethe and Heitler's theoretical curves, we
find that the ratio 0.78 corresponds to 15 MEV
radiation. Considering the actual spectrum of the
lithium radiation, this value for the effective
quantum energy seems rather high.

400 500 600 700 800 900 IOOO
SOMSARPINQ VOLTAGE ig KV

FiG. 7. Voltage excitation curves of the radiation from
lithium bombarded with protons. Curve I:Experimentally
observed intensity of gamma-radiation from a thick target.
Curve II: curve I differentiated, to approximate a thin
target. Curve III: Yield of 8.4-cm alpha-particles from a
thick target, as obtained by Henderson.

VQLTAGE ExcITATIQN CURvE

The curve for the variation of intensity of the
lithiu'm ra'diation with the energy of the bombard-
ing protons was found to have a rather striking
character, as shown in Fig. 7. The intensity was
measured with a lead-lined ionization chamber,
shielded with enough lead to exclude stray radia-
tion from the tube. A thick' target of LiC1 was
used, and a target of CaC12 was also bombarded
as a check on the possibility of an effect from
chlorine, and found to give negative results. The
curve, as obtained under our experimental condi-
tions, is necessarily an integral curve, since both a
thick target and an ion beam of heterogeneous
velocities were used. By differentiating this curve
we may derive a curve which represents ap-
proximately the results which would have been

' obtained from a very thin target. Correction for
the heterogeneity in velocity of the ion beam
is more complicated and is not attempted here,
for the reason that it would not modify the essen-

' The LiC1 on the surface of the target is decomposed by
the ion beam, so that after a short time the target actually
consists of a thin Li metal film on a LiCl background.
The excitation curve resulting from this should then be
considered as due to a "partially thin" target.
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tial character of the curve. Although the ion
beam is not monochromatic, there is a prepon-
derance of ions having velocity near the maxi-
mum, as has already been pointed out. ' The
differentiated curve shows clearly a sharp maxi-
mum in efficiency at 650 kv, and a decreasing
efficiency above that voltage. The possible
meaning of this will be discussed in the following
section. Henderson's' curve for the yield of
8.4-cm alpha-particles from lithium bombarded
with protons is drawn in for comparison, but
without regard to relative intensity.

DISCUSSION OF RESULTS

Although the values of the energies of the
various lines in the gamma-ray spectrum are not
known precisely enough to permit theories to be
made about series relations, something pertinent
may be said at least in regard to the upper limit
of energy. There can be little doubt that the
observed effect is due to the lithium isotope of
mass 7. No reaction can be imagined involving Li'
which can release sufficient energy to make pos-
sible the emission of a 16-MEV gamma-ray. The
reaction which gives the required energy is

Li'+H'+8„—&He'+He'+17. 0 MEV+En (1)

where the 17.0 MEV is the energy available due
to the difference in mass on the two sides of the
equation, and BH is the energy contributed by
the bombarding proton, because of its kinetic
energy.

Alpha-particles are the only products in reac-
tion (1); therefore, if gamma-rays are emitted,
it is reasonable to suppose that they come from
an excited alpha-particle, and hence are charac-
teristic of transitions between energy levels in the
alpha-particle. ' We shall therefore write the
reaction with one of the alpha-particles excited
to 16 MEV (indicated by a bar), and with the
energy left over for kinetic energy indicated as
before.

Li'+H'+En~He'+He'+1. 0 MEV+En. (2)

The experimental excitation curves show that
the reaction occurs with greatest probability
when the proton bombarding energy is 650 kv.
The maximum in the differentiated curve is

' Lauritsen and Crane, Phys. Rev. 46, 537 (1934).

quite sharp and has a half-breadth of about 100
kv, although part of this breadth is undoubtedly
instrumental. Such a behavior is clear indication
of resonance, or the existence of a virtual quasi
stable level for the products of the reaction at the
corresponding energy, which is equivalent to
saying that the product particles separate
through a resonance tunnel. Using the energy of
the protons at the observed resonance peak, we
find from reaction (2) that the position of the
quasi stable level for the, two alpha-particles is at
1.5 MEV."This will be a level for the system
consisting of one excited and one normal, or of
two normal alpha-particles, according to whether
the separation takes place before or after radia-
tion. Such a level is possible only if the height of
the potential barrier between the particles is

considerably greater than 1.5 MEV. A half-
breadth as small as 100 kv for the peak in the
excitation curve would be understandable if the
barrier height were about 2.5 MEV. For two
normal alpha-particles the data on the anomalous
scattering of alpha-particles in helium" and on
the disintegration of boron by protons" '4 indi-
cate a barrier height between 1.6 and 2 MEV.
This value seems rather low to account for the
observed sharpness of the resonance, but our
data for the excitation energy of the alpha-
particle are hardly of sufficient precision to settle
this point. "

Recently Hafstad and Tuve'" have obtained,
independently, the excitation curve for this reac-
tion over about the same range of voltage, using a
monochromatic ion beam and a thin target. Their
curve exhibits a sharp maximum at 450 kv and a

"%here the mutual energy of the two alpha-particles is
considered, only 7/8 EH is available, on account of the
kinetic energy imparted to the system as a whole.

'2 Rutherford and Chadwick, Phil. Mag. 4, 605 (1927).
~3 Lauritsen and Crane, Phys. Rev. 45, 493 (1934).
'4 Cockcroft, Int. Conf. Phys. London, Oct. 1934.
"An analogous sep'aration of the two products of dis-

integration through a resonance tunnel is clearly exempli-
fied in the excitation curve of the gamma-rays from Auorine
bombarded with protons, obtained by Hafstad and
Tuve" which shows maxima at 350, 600 and 800 kv proton
bombarding energy. The gamma-ray energy is 5.5 MEV,
and the reaction is probably

Fl9+H1+EH 0"+He'+y+2. 6 MEV+ZH.

The energy left over for kinetic energy is clearly not enough
to make possible the escape of the alpha-particle over the0"barrier, so it is reasonable that the three maxima corre-
spond to resonance tunnels for the escaping alpha-particle.

~6 Hafstad and Tuve, Phys. Rev. 4'7, 506 (1935).
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steep rise beginning at about 800 kv and con-
tinuing to the end of their scale, which is 900 kv.
Allowing for a possible difference in absolute
voltage calibration between the two laboratories,
the two sets of data are in good agreement. The
second rise in Hafstad and Tuve's curve may
indicate the process in which the two alpha-
particles separate over their mutual barrier.
However, it is not yet known whether this is a
continued rise or another maximum like the first.

On the basis of theoretical estimates of the life-
time for radiation and for separation of the two
alpha-partides, we must think of the radiation as
being emitted predominantly after the excited
alpha-particle has escaped from the field of the
other alpha-particle. The gamma-rays are thus
characteristic of a free alpha-particle, and only
the probability of excitation wi11 depend upon the
mechanism by which the reaction occurs, and
upon the temporary proximity of the two alpha-
particles. For the time required for the separation
of the two alpha-particles through the tunnel
indicated by the above data we have to expect

T 5/10 ' 10 "sec.

On the other hand, the time required for the
emission of a 16-MEV gamma-ray is

r = (fi/1 0') (100)-10—"' sec. ,

assuming dipole radiation, which gives the short-
est time. Thus if these estimates are to be be-
lieved, the time which the two particles remain
together is very short compared to the lifetime for
radiation. The gamma-rays thus come from an
essentially unperturbed alpha-particle, and the
peak in the excitation is to be attributed to
resonance between the excited and the normal
alpha-particle.

However, since this inference rests upon no
very certain foundation, it is worth while con-
sidering an alternative limiting hypothesis:
namely, that the radiation is characteristic of the
composite unstable Be' nucleus, and that this
nudeus has a lifetime long compared to the radia-
tion time 7. This would make the process ana-
logous to the capture of a proton on a quantized
level by Be' or B"and the subsequent emission of
gamma-radiation (discussed in a succeeding
paragraph), with the one important difference
that the unstable Be' nucleus after radiation

disintegrates into two alpha-particles. On this
view it would be equally possible to attribute the
resonance to the two normal alpha-particles
which are left after radiation. In this case the
theoretical estimates of both T and 7 would be
smaller by a factor of about 100. On this view it
would be hard, however, to account for the com-
plex character of the gamma-ray spectrum. If the
ground level to which the system radiated were a
quasi stable combination composed of two normal
alpha-particles, the radiative transition down to
this level would be about 100 times as probable
as a transition to an intermediate level (which
would presumably not be quasi stable for the
two particles), and we should therefore expect
only the 16-MEV line to appear with appreciable
intensity. The situation is not helped by suppos-
ing the resonance to occur for the two particles
before radiation, since if this were so we should
expect the Be' to disintegrate readily after a part
of its energy, corresponding to a transition to one
of the intermediate levels, had been radiated.
Both these mechanisms should give rise to a
number of homogeneous groups of alpha-par-
ticles, related +o the intermediate levels in the
alpha-particle or in Be'. No such groups have
been found, and their absence must mean that
the transfer of energy between the "inner"
degrees of freedom of the alpha-particle and the
inter alpha-particle kinetic energy must be slow
compared to the rate of radiation. This again is
theoretically very hard to accept, and furnishes a
further argument against Be' as the origin of the
gamma-rays.

Returning to the hypothesis that the gamma-
rays come from the excited alpha-particle after
disintegration, it is clear that their structure
must be related to the energy levels of the free-
alpha-particle. We must assume that the alpha-
particle is nearly always excited initially to the
full 16 MEV, and that it falls, usually by more
than one step, to the ground state, thus giving
rise to the observed softer lines. In order to ac-
count for the eleven observed lines it is necessary
to assume that the alpha-particle has a series of
at least seven levels between 0 and 16 MEV. It
is not possible, however, to construct a unique
level scheme on the basis of the present data.

If any level lower than the 16-MEV level could
be excited, enough kinetic energy would remain
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for the two alpha-particles to clear any reasonable
potential barrier, even for quite low proton bom-
barding voltages. The absence, experimentally, of

any appreciable radiation at low voltages indi-
cates that the excitation of the 16-MEV level is
far more likely than that of any other. In part
this can be accounted for by the effect of reson-
ance between the two alpha-particles when this
level is excited, but the relative probability of
exciting this level seems rather large to be ac-
counted for on the basis of the resonance alone.
It might suggest that the 16-MEV level corre-
sponds to an internal structure which is not
radically different from that of Li' plus the bom-
barding proton. From the excitation curve, and
from experiments made by Oliphant, we can be
sure that lower levels are not excited with an
efficiency greater than about 5 percent of that of
the 16-MEV level at full resonance.

We have observed several instances in which a
proton seems to be captured by a nucleus, form-
ing a new nucleus in a quantized state, with sub-
sequent emission of gamma-radiation only. In
two of these, 'beryllium and boron, the upper
limits of energy of the gamma-ray spectra are so
high that they can be accounted for only by the
processes Be'+H'~B' and B"+H' —&C" re-
spectively. The formation of N" when carbon is
bombarded by protons exhibits the character-
istics of a capture process: Hafstad and Tuve"
have found that the voltage excitation curve has
one, and possibly two, maxima between 400 and

500 kv, and we have found indications of a weak
gamma-radiation of quantum energy as high as
6 MEV, although very few tracks were obtained.
The formation of C" when boron is bombarded
with protons is probably another capture
process:

B10+H1~C11

and doubtless has a sharp maximum in the exci-
tation curve, accounting at least in part for the
lack of agreement as to the ratio of the proton
and deuteron effects.

Assuming, as is indicated by the results pre-
sented in this paper, that even the lightest nuclei
possess a large number of quantized energy
levels spaced at rather small intervals, we should
expect that in general within the available range
of a half million volts in the bombarding energy
we should 6nd some particular energy at which
the proton is captured by the bombarded nucleus
with the emission of gamma-radiation.

The yields found for such processes indicate
that the levels on which the protons can be cap-
tured are at least of the order of 10,000 volts wide.
This is in rough agreement with the calculations
of Breit and Yost.17
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By use of a Siegbahn vacuum spectrograph, the in-
tensities relative to that of the parent line, were measured
for the satellites of the Enj. line for elements in the atomic
number range 16—29; but these intensities are in general
much lower than those reported for the satellites of the
line LPs. The variation in this range is from approximately
0.7 percent to about 5 percent while the maximum found

for the satellites of LP2 was 52 percent. These results are in

agreement with the prediction of Coster and Kronig as to
low intensities for Ea satellites; but, contrary to the
Coster-Kronig theory, we find a possibility of a maximum
of intensity which could not be explained on their assump-
tion that the satellites originate in an Auger effect.


