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The Radioactivity Induced in Oxygen by Deuteron Bombardment*

HENRY W. NEwsoN, Radiation I.aboratory, Department of Physics, University of California

(Received September 3, 1935)

An induced radioactivity of half-life 1.16 minutes has
been observed after the bombardment of oxygen or its
compounds' by 3 MV deuterons. The disintegration
particles were observed to be positrons. Chemical tests
showed that the active substance was an isotope of
Ruorine. The probable reactions are therefore:

p 16+D2 —F17+nl ~ Fl 7 p17 +e+

A product of the same properties was already known to be
induced in nitrogen under n-particle bombardment. The
activation function of oxygen has been measured by col-
lecting radioactive recoil atoms at several points along the
path of the deuteron beam when it is passing through an
atmosphere of oxygen. The excitation curve drops very
rapidly and goes to zero at about 2 MV deuteron energy.
This is best accounted for by assuming that energy
disappears in this reaction, and that the energy of reaction
is the negative of the threshold energy. By correcting for
recoil, Q= —1.8 MV. To confirm this estimate of the
energy of reaction, the maximum angle between the

direction of the deuteron beam and the paths of the
radioactive recoil atoms has been measured. A piece of
optical quartz (Si02) was bombarded at a glancing angle
by a narrow beam of deuterons, and radioactive recoil
atoms were collected on a cylindrical strip of copper which
was placed about the target. The maximum angle of recoil
was found to be about 30' which corresponds to Q= —1.3
MV. The agreement with the value, —1.8 MV found
previously, is within the errors of the measurements. In
order to check the method the same experiment was
performed with a graphite target; the longer half-life of
the active material made possible a more accurate measure-
ment. The maximum angle of recoil was found to be 42'
for the activation of carbon; this corresponds to Q= —0.1
MV for the reaction C'~+D'= Ni'+n'. This agrees reason-
ably well with the experimental value of Q found by Tuve
and Hafstad and with the value of Q which is deduced from
maximum energy of the positrons from N" and the range
of the protons which are emitted when carbon is bombarded
by deuterons.

INTRODUCTION only above a well-defined threshold. An inde-
pendent estimate of the energy of this reaction
shows an energy loss approximately equal to the
threshold energy of the deu'teron.

'EGATIVE results have been obtained in
most of the previous experiments in which

oxygen has been bombarded by charged particles.
No certain effects have been observed with
a-particles or protons of the highest available
energies. Oliphant and Rutherford, ' and Cock-
croft and Walton' have shown that deuterons lead
to the emission of a short proton group, but
McMillan and Livingston-' found no detectable
radioactivity when oxygen was bombarded with
deuterons of 1.9 MV energy. The reason for this
abnormally high stability of the oxygen nucleus
has not been clearly understood. The work to be
described in this paper shows, however, that in at
least one of the cases cited above, the possible
reaction did not occur simply because the energy
of the bombarding particle was not sufficient to
compensate for that lost in the reaction: oxygen
may be activated by bombardment with very
high energy deuterons, but this activation occurs

ESTABLISHMENT OF THE REACTION

The first evidence for induced radioactivity in

oxygen was found 'in some experiments on radio-
active silicon. When a piece of quartz was bom-
barded in an atmosphere of oxygen with 3 MV
deuterons, an activity was found which was much

stronger than any which have been observed in

pure silicon. Activities of the same half-life have
since been found after the bombardment of iron
oxide, water, and gaseous oxygen. A logarithmic
plot of the decay curve of the radioactive sub-

stance is shown in Fig. 1; measurements of the
half-life give a reproducible value of 1.16minutes.

The tracks of the particles emitted by this
substance have been observed in a Wilson cloud
chamber. ' The direction of curvature of the tracks
in a magnetic field shows that they are positrons.
The probable reactions may be written:* A preliminary report on these experiments was given

at the Los Angeles Meeting, June 10, 1935.' See Cockcroft and Walton, Proc. Roy. Soc. A144, 704
(1934).

2 McMillan and Livingston, Phys. Rev. 4'7, 452 (1935).
' I am indebted to Dr. Kurie for the use of his apparatus

in this experiment.
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FIG. 1. A logarithmic plot of the decaY of F"; the half-life
of this substance is found to be 1.16 minutes.

QN+ D2 —F1T+Nl

F17—'Ol 7+g+

The identity of the active subst'ance was estab-
lished by a chemical separation. A small amount
of water was bombarded behind an aluminum
window of 4 mm stopping power. The water was
then rinsed into a boiling solution of potassium
Ruoride which also contained small amounts of
aluminum chloride and nitric acid. . Calcium
chloride was then added and the precipitate,
calcium Auoride, Filtered out; active aluminum
from the window remained in the geid solution.
The precipitate showed a large activity which
decayed with the expected period.

A radioactivity of the same properties has been
observed by tA'ertenstein' and others after the
bombardment of nitrogen by O.-particles. In this
case the probable reactions are

N'4+He4= F"1n',

F"=0"+e+.

THE EXCITATION FUNCTION OF OXYGEN

It will be observed that the reaction giving rise
to F" is analogous to the well-known reactions 2

C12+02 N13+~1

N14+D2=O»+n1.

' Kertenstein, Nature 133, 564 (1.934); Ellis and Hender-
son, Proc. Roy. Soc. Ale, 206 (1934).

However, the excitation function for oxygen must
be quite different from those of the neighboring
elements since the above reactions will go at very
low bombard. ing energies while Livingston and
McMillan could not activate oxygen with 1.9
MV deuterons. It would seem, then, that a study
of this abnormal excitation should be of con-
siderable interest.

The excitation curve for oxygen has been
determined with some care while approximate
curves have been obtained for carbon and
nitrogen for purposes of comparison. The meas-
urements were made by passing the deuteron
beam through a gas containing the element to be
studied and collecting radioactive recoil atoms at
various points along the path of the beam. The
activity was collected on a series of large mesh
copper screens which were placed perpendicular ly
to the beam so that it passed through each one of
them in turn. The screens were spaced about 6
mm apart. The activity collected. on a screen
should be proportional to the excitation of the
element in question by deuterons of the energy
which they have as they pass the screen. The
experiment was carried out in a space about 3 cm
long while the total range of the beam was more
than 10 em; since the experiments were run at
Rtmospherlc pressure, lt was necessRry to replace
some of the earlier screens by foils of known

stopping power in order to carry the measure-
ments to lower energies.

The activities deposited on the screens were
high enough to allow the exposure and measure-
ment of about six screens at one time. The decay
of the activity on each screen was determined,
and, in this way, activities due to contaminations
could be eliminated. In Fig. 2, the results of these
measurements on carbon and oxygen are shown.
A few points on the nitrogen excitation curve
were obtained, and. it was shown to be similar to
that of carbon. The gases used were carbon
dioxide and free nitrogen and oxygen. The short
period activity which would arise from the
oxygen in carbon dioxide was allowed to die out
before the longer lived activity from carbon was
measured.

The most serious error in these measurements
is caused by the interference of the screens with
the beam; if any large fraction of the beam is

stopped by the screens, the excitation curve wi11
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FIG. 2. The excitation curves of oxygen and carbon.
In the oxygen curve (right} the five points along the axis
shown as heavy circles are those for which diffusion has been
eliminated. Diffused activity has not been eliminated on
any of the points on the carbon curve (left) and there is con-
sequently a background, shown as a dotted line, which must
be subtracted from the curve.

drop too rapidly. The screens were lined up as
well as possible to prevent any screen except the
first from stopping deuterons, but, since the
deuteron beam was curved by the strong mag-
netic field of the ion accelerator, the alignment
could not be very precise. However, the impor-
tance of the errors arising from this cause may be
determined by changing the spacing of the
screens. If the experiment is performed twice
under the same conditions except that all six

screens are in place in one case and only the first
and last screens are in place in the other, the total
number of deuterons stopped by the screens
should be much higher in the former case; the
weakening of the beam may be measured by
plotting the results of the two experiments to-
gether. If the two curves coincide at all points
after they have been fitted at one point, the
error under investigation is unimportant. In the
actual measurements, the effective spacing was
changed by introducing foils between two of the
earlier screens. Many exposures were made with

oxygen with great differences in the effective
spacing. It will be seen in Fig. 2 that all of the
several runs follow the same curve independent
of the spacing. The activity found on the first
screen in each run was found to be reproducible
but evidently too high. This is to be expected
since this screen certainly stops 10 percent of the
beam. For this reason, the activity of the first
screen is not shown in the curve.

A correction for the variation of the range of
the recoil particles with the deuteron energy
might be applied since this range determines the
effective target thickness in these experiments.
However, the correction is not important for the
oxygen curve.

It was shown very simply that diffusion of the
active gas from one region to another had little
effect on the curve where the activity was large.
The activity of a screen was measured on both
sides; the side ef the screen which was struck by
the beam was found to be twice as active as the
other. This is about the difference in intensity to
be expected if a sheet of the same thickness as the
wires of the screen were placed over the active
substance. It is evident, then, that nearly all of
the activity on the screen is on the "front" side.
Since the recoil atoms in both the carbon and the
oxygen reactions are driven only in the forward
direction (see the later experiments) nearly all of
the activity must be deposited on the screens by
recoil. However, 'where the activities are very low,
diffusion of the activity undoubtedly becomes
important. Below 2 MV on the oxygen curve, the
very small activities which are found show no
definite trend and are probably due entirely to
diffusion. In order to eliminate diffused activity,
the five points at the lowest energy were taken
with an aluminum foil of 49 mm stopping power
absorbing most of the energy of the deuterons; it
will be noticed that the activities of this set of
points are decidedly lower than the next higher
set where most of the stopping power was oxygen,
and there was, consequently, more activity to
diffuse. It seems safe to say, then, that there is no
detectable excitation of oxygen by deuterons of
less than 2 MV energy.

The excitation curve of carbon which is shown

in Fig. 2 was obtained from a single set of meas-
urements and is by no means precise. However,
the general trend of the curve has been checked
by an independent method. Since this curve was
obtained only for comparison with that of
oxygen, the corrections mentioned previously
were not made. Since diffusion was not elimina-

ted, there is a background due to it which must
be subtracted from the curve. A few points on
excitation curve of nitrogen have been obtained;
they follow the carbon curve very closely.
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THE ENERGY OF REACTION AND THE

MAqs oF F"
The obvious explanation for the very great

difference between the excitation curve of oxygen
and those of carbon and nitrogen is that a large
amount of energy is lost in the oxygen reaction so
that the energy deficiency must be made up by
the deuterons before any excitation occurs. There
can be no question that the deuterons are enter-
ing the oxygen nucleus, since disintegration
protons have been obtained from oxygen under
bombardment by deuterons of much less than 2

MV energy. ~ How accurately this energy loss
may be estimated from the excitation curve is a
difficult question. In the last section it was shown
that the excitation curve of the reaction shows an
experimental threshold in the neighborhood of 2
MV bombarding energy. However, the real
threshold which corresponds to the loss of energy
in the reaction will lie somewhat below this
energy. In the case of the excitation of carbon,
which is closely analogous to that of oxygen, the
real threshold (i.e. , the energy of reaction) is
about zero (see later experiments) while the
experimental threshold as found by Hafstad and
Tuve' and by Cockcroft, Gilbert and %alton' is
below 0.4 MV. This difference is due, at least in
part, to the potential barrier of the nucleus which
is penetrated with great difficult by charged
particles of low energy. In the case of oxygen, it
is evident that, in the neighborhood of the ex-
perimental threshold, the potential barrier is
being penetrated with relative ease since the
reaction 0"+D'=0' +H' occurs at compara-
tively low bombarding energies; it would be
expected then that the difference between the
real and experimental thresholds would be less
than for carbon, because of the relative ineffec-
tiveness of the potential barrier. If then we take
the real threshold as equal to 2 MV, we are
certainly not high by more than 0,4 MV. Cor-
recting for recoil, the energy of disintegration,
Q=(8/9)2. 0= —1.8 MV.

The excitation curve for the reaction: N'4+He'
=F"+m' has been determined by Haxel. ' A

' Cf. 1. The bombarding energy used by these workers
was less than 1 MV.' Hafstad and Tuve, Phys. Rev. 4V, 506 (1935).' Cockcroft, Gilbert and Walton, Proc. Roy. Soc. A148,
225 (1935}.

Haxel, Zeits. f. Physik 93, 400 (1935).

threshold was found in this excitation curve at an
a-particle energy of 6 MV. This threshold may
be taken as a measure of the energy of reaction by
the same arguments as are used above. The
a-particles are known to be entering the nucleus
below the threshold since protons are emitted at
considerably lower bombarding energies. Then
from the threshold energy Q= —(7/9)6= —4.7
MV. The same kind of an error is made here as
in the previous case.

The consistency of these assumptions may be
checked by calculating the mass of F" from the
two reactions. From the oxygen-deuteron re-
action:
F"= 16.0000+2.0142

—1.0083+0.0019= 17.0078. (1')
From the nitrogen-a-particle reaction:
F"= 14.0080+4.0034

—1.0083+0.0050 = 17.0081. (2')

The check is well within the error in the masses.
The masses are taken from the paper of Oliphant,
Kempton and Rutherford' except for N" for
which the old Aston value is used. The use of the
new masses of Aston" or those generally accepted
last year give satisfactory checks although the
absolute values obtained differ considerably. The
agreement of the two calculated values is inde-
pendent of the mass of the neutron and of a
systematic error in the estimates of the energies
of reaction. The check does show, however, that
the interpretation of the experiments is consistent.

THE ANGLE QF REcoIL oF AcTIvE AToMs

An attempt was made to detect the neutrons
given off during the excitation of oxygen by
measuring the neutron induced activity in silver.
However, no effect was found which was large
enough to show against the high neutron back-
ground of the apparatus. The value of the energy
of reaction obtained from the excitation curve
cannot, then, be checked by studying hydrogen
recoils of the neutrons, but it is possible to study
the radioactive recoil nuclei which are formed at
the same time as the neutrons. Since these
neutrons are not very energetic, they are not able
to drive the recoi1 nuclei in the backward direc-

'Oliphant, Kempton and Rutherford, Proc. Roy. Soc.
A150, 241 (1935}.

"Aston, Nature 135, 541 (1935).
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tion but simply deviate them from the path of the
deuteron beam by an angle dependent on their
energy.

The velocity of the recoil nucleus, V&, may be
found from the equations of conservation of
energy and momentum:

1 3f 235D M+ Mg ( MDq~ V cosS~ Z cos'&+2 Q+Z {1— { . (S)
3II„+Mg 3f +My M 2

. 3IIg3f E. 3f )

M, V and E are mass, velocity and energy, re-
spectively, and the subscripts D, m and E. refer,
respectively, to the bombarding particle, the
emitted particle, and the recoil nucleus; 8 is the
angle between the path of the deuteron and that
of the recoil atom; and Q is the kinetic energy
which appears in the reaction. The expression
urider the radical reduces to the form:

(1—P' sin' 8) l,

or t 2Ms Ms —iq
Q=Z{ sin' 8~,„—

(3IIs+1 cVs+1)
(6)

This maximum angle should be sharply defined
and accurately measurable; the value of Q ob-
tained from it is independent of range velocity
data which are not very accurately known for
heavy particles. The result is, also, largely inde-
pendent of the number of charges on the recoil

'S

FIG. 3. Apparatus for measuring the angle of recoil qf
yadioactivq ytq~s. The tube is 4 cm in diameter,

where p'=
(My+1) I L(Ms —1)/(Ms+ 1)$E+QI

If P') 1 there will be an angle between 0' and 90'
above which this term becomes imaginary. For
reactions in which Q(E, approximately, there
will be a maximum angle of deAection given by
the equation

sin2 8,„=1/P2

atoms and of their velocity after emerging from
the target.

The maximum angle of recoil was measured
with the apparatus shown in Fig. 3.The deuteron
beam enters the brass tube, 8, through the slit,
5, and strikes the target, T, at a glancing angle.
The radioactive recoil atoms are collected by a
metal strip, C, which lines the inside of the tube
B.This arrangement collects only those atoms of
which the component of velocity perpendicular to
the beam is approximately parallel to the strong
magnetic field H which must be present in this
type of ion accelerator. The field cannot therefore
change the angle 8 greatly although very slow or
highly charged recoil atoms are considerably bent
by the magnetic field. In performing the experi-
ment, the target was bombarded in vacuum for
several half-lives of the substance. The metal
strip was removed, cut into small'slices perpen-
dicular to its long side, and the activity of each
piece was measured on the electroscope. The
decay of some of the pieces was checked to be
sure that the activity was due to the element
studied.

THE ENERGY OF REACTION IN THE

ACTIVATION OF CARBON

Because of the convenient half-life (10.4
minutes) and the great intensity of the activity of
carbon, the first experiments were performed on a
graphite target. Fig. 4 shows a histogram of the
distribution of activity between 12' and 100'.
The distribution between 80' and 180' was
studied carefully in another experiment and was
found to be constant within the accuracy of the
measurements. This small activity might be
ascribed to a weak group of neutrons of energy
greater than 2E, but the lack of any apparent
dependence of the distribution on the angle leads
one to suspect that the activity is due to some
other cause, S&nce the total activity found in this
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FIG. 4. The angular distribution of the recoil atoms
from carbon. The dotted line is a background probably
due to diffused activity.

FrG. 5. The angular distribution of the recoil atoms
from carbon. The dotted line is again a background.

( 12+D2 = ( 12+ Hi+ Q

N" =C"+e++ (e
—

) +Q

(7)

(7a)

combining these with the reaction

C12+D2 N12+ 221+ Q (3)

we obtain Q=H' ni —e+ —(e )+Qi ——Q2. (8)

Qi may be calculated from the data of Hender-

region is less than one percent of that of the
graphite target, it is probable that enough
charged atoms could escape from the target at
thermal velocities and stick to the surrounding
surfaces to account for the observed activity.
The dotted line in Fig. 4 shows the magnitude of
this background which should be subtracted from
the observed activities at smaller angles. After
correcting for the background, a "tail" of low

intensity remains between 42' and 80'. Since
cloud chamber experience shows that about ten
percent of the observed tracks of heavy atoms are
perceptibly bent, it seems likely that the tail is

composed of atoms which have been scattered
from the intense beam which is found at smaller
angles. Scattering is nearly as probable in this
experiment as in a cloud chamber since most of
the recoil atoms must travel an appreciable
distance below the surface of the target before
they emerge. The rate of fall of the curve in this
region is not inconsistent with the assumption
that the active atoms have been scattered.

Taking the maximum angle of recoil as the high
angle side of the region of intense activity,
8, =42', and Q= —0.1 MV. This value of Q
may be compared with one calculated from the
reactions:

son, Livingston and Lawrence;" if it is assumed
that no y-rays accompany the protons, Qi ——2.65
MV. Q2 may be taken as 1.3 MV, the maximum
energy of the positrons from N", as measured by
a number of workers. "Using the same masses as
before we obtain Q=0.1 which is in excellent
agreement with the measured value. The two
values of Q obtained here are in reasonably good
agreement with the measurements of Tuve and
Hafstad"' who find Q= 0.25 MV for this reaction.
The agreement of these three values of Q seems to
be a good check on the reliability of this method;
however, the measurements described here leave
open the possibility of very weak groups of higher
energy neutrons. Evidence for such groups has
been found by Cockcroft, Gilbert and Walton,
although the activities reported were very small.
The measurements do show, however, that Q—:0
for the principal group of neutrons which agrees
with the conclusions of Tuve and Hafstad.

THE ENERGY OF REACTION IN THE

ACTIVATION OF OXYGEN

The angle of recoil of F' was measured in order
to check the estimate of the energy of activation
of oxygen as obtained from its excitation curve.
Because of the short half-life of F", this was a
much more difficult experiment than the cor-
responding measurement on carbon. A piece of
optical quartz was used as a target and the angle
of incidence of the beam was reduced to less than
5'. It was necessary to check the decay of each
section of the collector strip in order to eliminate
activities due to silicon and to carbon contamina-
tion; only three sections could be measured in the
available time.

The angular distribution so obtained is shown

as a histogram in Fig. 5. This may be interpreted
only by comparison with the corresponding dis-
tribution from carbon. Enough activity was
found between 45' and 180' to account for a
background of about the same intensity as that
found in the carbon distribution; this background
is shown as a dotted line in Fig. 5. If the back-

11 Unpublished.
'2 Neddermeyer and Anderson, Phys. Rev. 45, 653 (1934);

Alichanow, Alichanian and Dzelepow, Nature 133, 950
(1934); Cockcroft, Gilbert and Walton, cf. 7.

"Tuve and Hafstad, Phys, Rev. 48, &06 (&935).
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ground is subtracted from the curve, only a small
activity remains in the region 30'—45'; this
activity is of about the same intensity as that
previously ascribed to scattering and it is
probably due to the same cause. In short, the
distribution found for oxygen would be nearly
the same as that for carbon if the carbon curve
were shifted about 15' toward smaller angles.
The maximum angle of projection may, then, be
taken as approximately 30' and from Eq. (6)

Q= —1.3 MV. The agreement with the value
Q= —1.8 MV as obtained with the excitation
curve is as good as could be expected in an
experiment of such low resolving power.

In conclusion, the author wishes to express his
thanks to Professor Lawrence and to other
workers in the laboratory for their assistance and
advice in this work. The financial support of the
Research Corporation and the Chemical Founda-
tion is gratefully acknowledged.
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Rotational Structure of the Schumann-Runge Bands of Oxygen in the Vacuum Region

HARQLD P. KNAUss AND STANLEY S. BAI.I.ARD, t Universi(y of California, Berkeley

(Received September 3, 1935)

Absorption bands of the Schumann-Runge system of oxygen have been photographed
with a 3-meter vacuum spectrograph in the region ) 1760—),1925. A rotational analysis yields
constants for the upper states which are new in the range v'=8 to 15 inclusive. Origins of the
bands in this progression are represented within the limits of accuracy of the observations by
the following equation:

s (,i 0) =49,014.93+700.360(v+ —,') —8.0023(e+ -')' —0 37535(v+-')'.

The energy of dissociation, Dp", is 5,05 volts.

INTRODUCTION EXPERIMENTAL

ROTATIONAL analysis of absorption bands
of the Schumann-Runge system of 02 ob-

tainable in air at atmospheric pressure has been
made by Curry and Herzberg, ' who obtained
data on the upper vibrational levels v'=1 to 7

inclusive. In the course of some experiments on
absorption in the vacuum region of diatomic
gases at low pressures, we obtained clearly re-
solved rotational structure of further members of
the system, and have been able to extend the
analysis to v'=15. The emission bands of this
system all lie on the long wave-length side of the
origin of the system and involve no upper levels
with v' greater than 2; hence the absorption
bands furnish the only available information
about the higher levels of the upper electronic
state, and we are reporting brieHy the results of
our analysis.

* Now at Ohio State University.
f Now at University of Hawaii.
~ Curry and Herzberg, Ann. d. Physik 19, 800 (1934).

The spectrograph used was designed by
Professor H. E. White and built in the shops of
the Physics Department. The design is similar to
that of the 2-meter instrument described by
Jeppesen, 2 except for the enlarged dimensions
required to accommodate the 3-meter grating.
The grating was ruled with about 14,000 lines per
inch, at the National Physical Laboratory, in
England. Light from the slit falls on the grating
at a grazing angle of about 7 degrees, and the
plateholder covers the range 0—3100A in the
erst order. Two oil diffusion pumps in series,
backed by a Megavac pump, exhaust the 180-
liter receiver to 10 ' mm in about one hour.
During the absorption experiments, tank oxygen
was admitted directly to the receiver at pressures
ranging from 0.02 to 20 mm. At higher pressures
in the receiver, the How of gas through the slit to
the discharge tube was too rapid to be balanced

' C. R. Jeppesen, Phys. Rev. 44, 165 (1933).


