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Yield curves have been obtained for eight of the more
important reactions of Li® and Li” produced by proton and
deuteron bombardment in the energy range from 200 to
1000 kev. Each curve was obtained with an accuracy of
about five percent, and a set of intercomparisons served to
determine the relative yields between the different reac-
tions within 20 percent. A special set of observations on a
single reaction then gave the absolute yield for all the
reactions within a factor of about three. An investigation
was made of the reactions involved in the formation and
decay of Li8, the mass of which was found to be 8.02499
+0.00020. The range-distribution of the delayed alpha-
particles from Li8 was measured and the interpretation of

this distribution is discussed. Observations on the reaction
Li¢4-n—He*4H3 gave a value of 4.97 Mev for the reaction
energy as compared to a value of 4.56 Mev derived from
the masses involved. No evidence could be obtained for
the production of Li® by the process Li’+#—Li8. Measure-
ments of the energies of the neutrons produced by deuteron
bombardment of Li® indicated that Be? is formed by the
reaction Li4D?—>Be’+#n. Further experiments showed
that Be’ is radioactive and is converted to Li? by K-electron
capture. It was found that this process is followed
by gamma-ray emission in roughly ten percent of the
transitions.

A. INTRODUCTION

ITHIUM was the first element to be dis-
integrated by artificially accelerated ions

and its transmutation processes have been
studied by many investigators, but at the time
this work was undertaken there still remained
much valuable information to be obtained from
a more comprehensive investigation and correla-
tion of the various processes involved in its trans-
mutations. The products of disintegration have
long been known and the energy balances have
been measured for most of the possible modes of
disintegration, but very little information was
available concerning the yields of the various
reactions and the variations of the yields with the
energy of the bombarding particles. For a more
complete understanding of the nucleus, measure-
ments of the relative yields of different particles
from the same compound nucleus are highly im-
portant. While the types of reactions which will
occur and their energy balances can be predicted
from a knowledge of the masses involved, and the
general shape of most of the yield curves can be
calculated by consideration of the penetration
probabilities, the differences between yield curves
for different isotopes or different projectiles prob-
ably depend on the arrangement of the nuclear
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constituents themselves, and thereby furnish
deﬁni1te criteria for testing the success of any
theory of the structure of the nucleus.

It was the object of the present work to supple-
ment the investigation of the transmutation
processes of lithium previously reported! by ob-
taining accurate data on the yields of the various
processes and by measuring quantitatively several
other features of the reactions which had been
studied only in a qualitative fashion. Some of the
material covered by this paper has been reported
briefly in the Physical Review.?

Because of the large number of possible reac-
tions involved, they are collected in Table I for
the convenience of the reader.

B. EXPERIMENTAL PROCEDURE

In general, the experimental procedure was
similar to that of the previous work. The par-
ticles used in bombardment were accelerated by
the two-meter electrostatic generator of the De-
partment of Terrestrial Magnetism. Voltages
were measured by the high resistance voltmeter,

L. H. Rumbaugh and L. R. Hafstad, Phys. Rev. 50,
681-689 (1936).

?L. H. Rumbaugh, R. B. Roberts, and L. R. Hafstad,
Phys. Rev. 51, 1013 (1937); 51, 1106-1107 (1937); R. B.
Roberts, L. R. Hafstad, and L. H. Rumbaugh, Phys. Rev.
52, 247 (1937); R. B. Roberts and N. P. Heydenburg,
Phys. Rev. 53, 929 (1938); R. B. Roberts, N. P. Heyden-
burg, and G. L. Locher, Phys. Rev. 53, 1016 (1938).
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previously described,? the absolute calibration of
which has since been checked independently by
observations of the scattering of protons in nitro-
gen and argon. The ion current could be varied at
will from 0.2 to 5.0 microamperes, which was a
great convenience in maintaining suitable count-
ing rates. Molecular ions were employed for very
low voltage work on deuteron produced reactions.
The ion current was measured by a current
integrator.

Targets

As in the previous work, a set of 18 isotopic
targets which ranged from 10 micrograms to 4
milligrams in mass was available for use in any
case where the disintegration products of the
two isotopes might be confused. All yleld curves
were taken with thin targets.

Detecting apparatus

The apparatus used in detecting the various
products of disintegration included several ioniza-

TABLE 1. Nuclear reactions of lithtum.*

Li¢+H!—>He? 2 e +Hets cm+3.72 Mev
Li"+H!—>He! cm+He!s em+17.13 Mev
Li"+H!—(Be?)*—>Be3-+hv+ (17 Mev)
Li¢4D?—~He4 s ¢m+He; e +22.07 Mev
Lis+4+D2—Li"+Hlg ¢ +5.03 Mev
Lis+D2—(Li")*+Hlg5 ¢ ;n+4.58 Mev
(Li")*—Li"+hv+0.455 Mev
Li¢+D?*—He3+Het+n+(1.56 Mev)
Li+D2—Be’+n+ (3.1 Mev)
Be"+ex—Li"+94- (1 Mev)
Be'+ex—(Li")*+19+4(0.55 Mev) J (half-life 43 days)
(Li")*—Li"4+hv+0.45 Mev
Li"4D?—Be?+n+(14.5 Mev)
Li"+D?—He5+He!; oy +(14.3 Mev)
(Heb)—He%_¢ o +n-+(0.8 Mev)
Li7+D2’_"He4O-—8 cm+He40—8 cm+n+ (1‘19 Mev)
Li"+D?—Li?4H!—0.2 Mev
L18—>He 06 cm T He%_¢ cm+8"+2+15.9 Mev
(half-life 0.85 sec.)
Lis4+n—He4 cn+H36 crn+4.9 Mev
Li¢+4n—He%+4-H!—2.8 Mev (probable)
Li"+n—Li8+hr (not observed)
Li’+-n—>Het+H2—2.7 Mev (probable)

*The ranges given are for identification only, and are taken from
the well-known original work in which the existence of such groups were
established, no adjustment being made for differences in bombarding
energies in different experiments. The disintegration products which
have been observed are shown by boldface type. Those reaction energies
included in parentheses are approximate.

3L. R. Hafstad, N. P. Heydenburg, and M. A. Tuve,
Phys. Rev. 50, 504—514 (1936).
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tion chambers and Geiger-Miiller counters with
their associated amplifiers and counting circuits,
a shielded Lauritsen electroscope, and a Wilson
cloud chamber. Special features of the equipment
will be described in conjunction with the experi-
ment in which the apparatus was used.

Range measurements

In all measurements of the ranges of the im-
mediate products of disintegrations, the observa-
tions were made at 90° to the incident beam. The
smallest aperture which would give adequate
counting rates was used. Two sets of calibrated
mica windows mounted on wheels provided a
means of rapidly varying the stopping power in
S-mm steps. A screw on the ionization chamber
furnished a fine adjustment. In all cases where
accurate range measurements were desired the
stopping power of the window of the target
chamber and of the effective air path to the
ionization chamber was calibrated by placing a
clean polonium source at the target position and
measuring the range of the emitted alpha-
particles. In converting to energy, the revised
Cornell range-energy curves of 1937 were used
for protons and those of 1938 for alpha-particles.

Elimination of spurious effects

In the first attempt to obtain accurate yield
curves, some difficulty was encountered in getting
reproducible results. The source of the difficulty
was soon traced to the current measurements
which recorded as effective current some ions
which entered the target chamber but were not
effective in producing observable disintegrations;
that is, ions missing the target area or striking
parts of the target shielded from the detector. To
correct this condition the target chamber was
placed at the end of a 60-cm collimating tube.
At each end of this tube was a diaphragm with
a %-inch hole, which insured a well-defined beam
at the target which was located approximately
ten cm below the last diaphragm. The collimating
tube was built in insulated sections so that it also
served as a trap for the electrons liberated from
the diaphragms. Very little ion current was
sacrificed by this arrangement due to the sharp
focus of the accelerating tube. Fluctuations of the
current caused no errors since the current was
measured by an integrator. Voltage fluctuations
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F1c. 1. Yield curves for Li® and Li” bombarded by protons.

were also eliminated because of the high resolu-
tion given by the magnetic field in combination
with the slit system. As soon as this arrangement
was installed, there was no further difficulty in
repeating any observation with agreement better
than five percent. -

The possibility of changes in the calibration of
the voltmeter was eliminated by checking the
voltmeter occasionally with a measurement of
the lithium gamma-ray resonance at 440 kev.
The same measurement applied to the thin tar-
gets of Li7 used for the yield curves showed the
thicknesses of the targets and the amount of
carbon (contamination) which had accumulated
on them.

Despite the magnetic analysis of the ion beam
it was possible, of course, to have molecular
hydrogen present in the mass 2 spot. Its presence
readily could be detected and its percentage esti-
mated by observing the current carried by the
mass 1, 3, and 4 spots. This error was never
serious as the mass 2 spot was almost invariably
better than 95 percent deuterons.

Confusion due to contamination by carbon or
oxygen on the target was easily avoided in most
cases since the characteristic. groups of charged
particles arising from these elements are well
known. In counting the beta-rays from lithium,

however, it was necessary to use a-coincidence
pair of Geiger-Miiller counters shielded by lead
to avoid spurious effects from x-rays produced in
the tube and from beta- and gamma-rays from
carbon. Carbon neutrons also had an appreciable
effect when counting neutrons at the higher
voltages.

T
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C. YiELp CURVES
(1) Lif+H!

Figure 1 shows the yield curves for the proton
produced reactions in lithium. The yield of the
reaction Li®*+H!—He?+He* was measured with
an ionization chamber by counting He? particles
emitted from a thin isotopic target. It was im-
possible to carry the investigation to voltages
higher than 600 kv because the range of the
scattered protons there became sufficient to inter-
fere with the counting of the He? particles. A
thin isotopic target was used.

(2) Li'+H!

Thin targets of ordinary lithium, as well as
thin Li” targets, were used in investigating the
yield curve for the reaction Li’4+H'—He*+He*.
The alpha-particles from this reaction have a
range of about eight cm, so all alpha-particles of
ranges greater than six cm were counted with an
ion chamber connected to a counting system set
at medium bias.

The resulting yield curve, shown in Fig. 1, is

in satisfactory agreement with the yield functions
which have been published previously.?: ¢ The
possibility that short-range alpha-particles are
emitted in the reaction Li’+H!—He!*+He'+h»
was investigated by the use of a Li’ target to
eliminate the short-range particles from Li®+H!.
The range-number curve (Fig. 2) was taken at
475 kv, and the Li7 target was sufficiently thick
to insure the observation of any contribution
from the 440 kev resonance. No evidence for a
reaction emitting short-range alpha-particles was
found.

The weak peak at 1.2 cm was ascribed to a Li®
contamination of roughly one part in 500, since
the cross section for the Li®4H! reaction is ap-
proximately 30 times greater than for Li’+4H™
While the contamination assumed is about 40
times greater than that measured for the thin
isotopic lithium targets, it was expected to be
large in the present instance because of the very
high deposition current (0.6 milliampere) used in

4R. G. Herb, D. B. Parkinsén, and D. W. Kerst, Phys.
Rev. 48, 118-124 (1935).
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F1G. 4. Alpha-particles from Li¢4 D2,

collecting the thick Li? target in the mass
spectrometer.

(3) Li*+D?

The yield of neutrons from a thin Li® target
is shown in Fig. 3. The target was placed at
the center of a large block of paraffin and the
neutrons were counted in a boron lined ioniza-
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tion chamber. It was believed that neutrons
from carbon deposited on the target made an
appreciable contribution to the number of neu-
trons observed at the higher voltages (over
800 kv). The effect of the carbon contamination
was negligible below 800 kv because of the very
steep excitation curve for the production of car-
bon neutrons. A qualitative method of correcting
for the carbon effect above 800 kv is indicated
below, in the discussion of the neutrons from Li?,
where a similar carbon effect is estimated by
recourse to the alpha-particles which are emitted
in the same reaction as the Li” neutrons.

Figure 4 shows the voltage-yield curve meas-
ured for the reaction Li¢4D2—He*+4Het. A thin
isotopic target was used in order to minimize any
contaminations, which otherwise would be more
abundant by amounts corresponding to the pro-
portional increase in useless Li’”. The alpha-
particles were counted in an ionization chamber
and the thyratron counter was biased to dis-
criminate against protons. The same isotopic
target was used in extending the number-range
curve for Li®+D? through the region ordinarily
obscured by alpha-particles from Li’+4 D2 Fig. 5
indicates that reactions of the type Li¢+4D?
—He*+He*+ kv are highly improbable.
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The total yield of protons from the two proc-
esses Li®+D?*—Li"+H!and Li¢+ D2—Li"™*+-H!'is
shown in Fig. 6 as a function of the deuteron
energy. The thyratron counter was biased to
count both fast and slow protons, and the ioniza-
tion chamber was adjusted for ranges sufficiently
short to include both Li® proton groups but
sufficiently long to stop the alpha-particles from
Li® and the proton groups from carbon and
oxygen which comprised the only appreciable
charged particle groups to be avoided.

The relative yields of the two Li® proton groups
at various deuteron bombarding energies, as
given in Fig. 7, indicate clearly that the relative
probability of forming Li” in an excited state
increases at higher bombarding voltages. The
gradual increase in this probability observed by
Williams, Shepherd, and Haxby® from 100 to
225 kv continues through the interval from 200
to 500 kv but becomes more rapid for deuteron
energies above 500 kev. The mean energy separa-
tion of the two states of Li’, as measured from
the proton groups of Fig. 7, is 455415 kev.

5J. H. Williams, W. G. Shepherd, and R. O. Haxby,
Phys. Rev. 52, 390-396 (1937).

(4) Li’+D?

The yield of neutrons from deuteron bom-
bardment of Li%, shown in Fig. 8, was meas-
ured by counting neutrons and by counting
alpha-particles produced in the same reaction,
Li"4D?—He*+He*+n. The alpha-particles were
counted in the usual ionization chamber with the
thyratron counter lightly biased to record all
alpha-particles, both fast and slow. The alpha-
particles produced in the radioactive disintegra-
tion of Li® were avoided by placing the ionization
chamber at a range of four cm where the relative
numbers of these alpha-particles become negli-
gible. A thin Li” target was used in order to
escape the uncertainty of corrections for the
13-cm group of alpha-particles emitted from Li¢.
In counting the neutrons the target was sur-
rounded with paraffin and the neutrons were
detected in a boron lined ionization chamber.

These two independent methods of measure-
ment gave identical results for bombarding ener-
gies between 200 and 770 kev, but at bombarding
energies above 770 kev the alpha-particle yield
ceased increasing and no longer corresponded to



TRANSMUTATIONS OF LITHIUM

663

100 25

206 KILOVOLTS

T
35 |
SCALES OF CENTIMETERS

500 KILOVOLTS

25 50

800 KILOVOLTS

% , , . . ;
T + + t +
'§ 300 KILOVOLTS 600 KILOVOLTS 900 KILOVOLTS
<
3
50 @ 1 1 4
¢
g
N
Q
©
Oy : +
700 KILOVOLTS
Lso £ N
%) I L I L

Fi1G. 7. Proton doublet from Li¢+D2

T T T

65 60 55 50 45 40 35
10YNRY
LEGEND
X SLOW NEUTRONS; APRIL 81937
© SLOW NEUTRONS; APRIL 10,1937
L, 0 ALPHA-PARTICLES; MAY 20, 1937
O ALPHA-PARTICLES; MAY 22,1937
2
)
©
o
~
L2 /
KILOVOLTS ] l
250 300 400 500 600 700 900 100

Fi1G. 8. Neutrons from Li’4D?=Het+Het+n.



664

the neutron yield. This discrepancy must be
ascribed to the production of neutrons in some
other process than the one mentioned above. One
possible explanation is that the reaction Li"4D?
—Be®+# only becomes relatively probable at
deuteron energies above 770 kev since, according
to Bonner and Brubaker,® this reaction con-
tributes only a small fraction of the total lithium
neutrons at voltages below 800 kv. A much
more plausible explanation is that the excess
observed above 800 kv was due to neutrons
produced in carbon contamination on the target.
The similar effect observed above 800 kv in the
yield curve for neutrons from Li® indicates that
the latter explanation is the correct one.

Figure 9 shows the yield curve for the produc-
tion of radioactive Li® which was measured by
counting the alpha-particles as well as the beta-
particles released in the decay of Li%. A double
coincidence pair of Geiger-Miiller counters was
employed in counting the beta-particles. The
counters were shielded with lead so that the
background count remained very low even when
the high voltage was applied to the tube. The
counters viewed the lithium target through a
small window in the lead covered with Dow
metal to screen out the less energetic beta-
particles from the carbon contamination on the
target. The solid angle subtended by the counters
was adjusted to give counting rates such that the
correction for the recovery time of the counters
(about 10~% sec.) was negligible. The resolving
time for coincident discharges was about 5X10-¢

"second. The effect of the carbon contamination
was shown to be negligible by the fact that no
increase in the background counting rate was ob-
served after the target had been bombarded for
some time. The effect of gamma-rays from carbon
also was proved negligible by comparing con-
tinuous counting rates (that is, rates during bom-
bardment) with the numbers of counts observed
in five-second intervals after bombardment.

The alpha-particles emitted by Li® can be
observed effectively only if some arrangement is
made to separate them from the instantaneously
emitted alpha-particles from the reaction Li"+D?
—He!4+He!+#n. This separation was accom-
plished by using a target deposited on a wheel

8T, W. Bonner and W. M. Brubaker, Phys. Rev. 48,
742-746 (1935).
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which was rotated during the bombardment.
Only those alpha-particles were observed which
were emitted after the wheel had rotated 90°
from its position during bombardment. A thin
target of ordinary lithium was used since a
separate experiment proved Li® did not emit
any delayed alpha-particles. The particles were
counted with the usual ionization chamber.
Counting rates also were taken with the wheel at
rest to measure the background of neutron
recoils.

All points of the yield curves represent 1000 or
more counts, except for a very few at the lowest
voltages. Because of the great variations in the
yields with incident particle energy, it was some-
times necessary-to change the solid angle of the
detector as well as to vary the current to maintain
usable counting rates. The curves were fitted at
all points at which it was necessary to change the
solid angle. In most cases the two portions.of the
curve have a large overlap. Different portions of
the curves, taken with different apertures, are
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indicated on the curves by different symbols for
the points. '

D. RELATIVE REAcTION CROSS SECTIONS
FOR THE LITHIUM REACTIONS

The curves shown above give only the forms of
the yield curves, since the observed number of
particles is plotted against energy. For many
theoretical considerations a knowledge of relative

reaction cross sections of different reactions, as -

shown in Fig. 10, is of value, so a special effort
was made to obtain dependable relative yields
by a system of intercomparisons carefully chosen
to avoid conflicting groups. In order to obtain
the ratio

Li"+H!—>He*+He*
Li"+D2—He*+He*+n

for instance, it was necessary to use an isotopic
Li" target to avoid counting the 13-cm alpha-
group from Li® and further to make the observa-
tion at a voltage so low that the contribution due
to the delayed alpha-particles from the reaction
Li"+D2—Li8+H! was negligible. For this reason
a bombarding voltage of 380 kv was chosen. All
alpha-particles of ranges greater than eight mm
in the continuous distribution were counted. The
ratios

Li"+H!'—2He*
Lis4+H!—He*+4He3
Li*4+D?*—2He*
Li*4+D?—Li"4-H*
Li"+H'—2He*
Li¢+D?*—2He*

also were obtained at 380 kv from an ordinary

Li target for which Brewer’s value of 11.6 for the

Li7/Li® ratio was assumed. An isotopic Li® target

bombarded at 690 kv checked the ratio
Li®4D?—2Het

Li*+D*—LiT+H"

This ratio was related to the others by means of
the yield curve for the 13-cm alpha-particles
given in Fig. 4.

665

The ratio of the neutron yields

Li’"+D—Bet+4n
—2Het+n

Li*+D?—Be’+n
—He3+Het+n

was obtained by bombardment at 690 kv of iso-
topic targets of nearly equal masses under other-
wise identical experimental conditions, using
paraffin and a boron lined ionization chamber for
the detector.

The relative masses of the isotopic targets were
determined in two ways, namely, (a) from the
integrated collector current in the mass spec-
trometer in which they were deposited and (b) by
taking the alpha-particle ratio

A}

Li"+D2—2He*+n
Lif4+D2—2He*

for the two targets. Then this ratio was compared
with all those discussed above.

The number of neutrons from Li’+D?in terms
of numbers of Li’4D? continuous alpha-particles
was obtained from Bonner and Brubaker’s esti-
mate® that only five percent of total neutrons
from ordinary Li+D? come from reaction
Be?4-#l. It follows that the rest of the Li’4D?
neutrons come from He!4He*+#%. Though the
voltage distribution of the deuterons used by
Bonner and Brubaker was unknown and the Li¢
and Li’7 neutron excitation functions are not
parallel, correction of their data for Li®+D? neu-
trons gives no serious uncertainty since Li7/Li¢
=11.6 in nature.

The internal consistency of the above measure-
ments and cross checks indicated the relative
reaction cross sections given in Fig. 10 to be
accurate to =20 percent between 300 and 750
kv with the exception of the radio-lithium yield.

It proved impossible to isolate the reaction
leading to radio-lithium for an accurate deter-

~mination of the relative yield because of the

short life of Li® and the presence of continuous
alpha-particles from Li”’+4 D2 The estimate of the
relative yield of radio-lithium given in Fig. 10 is
taken from comparisons between the numbers of
delayed and total alpha-particles from Li7+D?
and may be in error by a factor of two.
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Fi1c. 10. Yield curves for lithium reactions.

E. ABsoLUTE CROSS SECTIONS FOR REACTIONS

The yield of He* from Li®+4D? is used to fix the
scale of Fig. 8. The cross section scale adopted is
the average computed from the masses of two
LiOH thin targets analyzed by the National
Bureau of Standards, through the kindness of Dr.
C. J. Rodden, and from the mass of one Li® target
measured in terms of collector currents during
deposition in the mass spectrometer. Because of
difficulty in obtaining absolutely uniform thin
deposits, the various targets gave values for the
absolute cross sections varying among themselves
by a factor of nearly three.

It has been convenient in Fig. 10 to plot the
logarithm of the reaction cross section in cm?
against the velocity of light divided by the
velocity of the bombarding particles in order to
provide a common scale for the reactions result-
ing from both proton and deuteron bombard-

ment. Several significant features are obvious in
the collected cross section curves.

(1) The familiar exponeritial-like dependence
of the reaction cross section upon the velocity
of the incident particles appears in all the
curves.

(2) The increase in the yield of Li® with inci-
dent deuteron velocity is exceptionally rapid.
This increase will be discussed separately in con-
nection with the radio-lithium problems of the
next section.

(3) The remaining curves may be divided into
two groups according to slope so that below 400
kv the rate of increase in cross section is ap-
proximately the same function of the incident
particle velocity, v, for all: the reactions within
the same group. The rate for the first group,
which consists of the two reactions Li®(D? HY)
and Li"(D?, 2He*+n), is greater than the rate for
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the second group of reactions by approximately
a factor .

(4) The curves for the two reactions resulting
from deuteron bombardment of Li” both break
rather sharply near 770 kv and their cross
sections become comparable.

(5) Deuteron bombardment of either lithium
isotope leads to a high neutron yield, but the two
neutron yield curves are different functions of v.

(6) The cross section for the reaction Li7(H!,
2He*) is much smaller than for any other reaction
considered.

The exponential form of the yield functions
may be explained in the usual way by assuming
that the governing term resembles the Gamow
factor for penetration through the potential
barrier, G~exp (—2wraZzcv™t), where a is the fine
structure constant, Z and z are the atomic num-
bers of the reacting particles, v is their relative
velocity, and ¢ is the velocity of light. The various
reactions, excepting the case of radio-lithium,
involve penetration of the potential barrier by
the incident particle only, since the emitted par-
ticles receive energies considerably greater than
the barrier heights. Theoretical discussions of
reaction cross sections have been given by
Gamow,’ Breit and his colleagues,? ® Bethe,*: !
and others. At bombarding energies that are
small compared to the barrier heights, the various
derived expressions generally are asymptotic to
the simplified formula for the cross section,
o~Gu?, where v—2 has the significance of an
absolute cross section proportional to the square
of the wave-lengths of the incident particles. The
simplified formula gives relative cross sections
which increase too slowly by, roughly, a factor of
v through the intermediate range of bombarding
energies (200 to 400 kev) to agree with even the
least steep excitation curves of Fig. 10.

An interpretation of the yield curve for the
reaction Li7(H, 2He?), as measured by Herb,
Parkinson, and Kerst,* and by Hafstad, Heyden-
burg, and Tuve,® at bombarding energies over-
lapping those of the present experiments, has

7 7G) Gamow, Atomic nuclei and radioactivity (Cambridge,
1937). .

8 G. Breit, Phys. Rev. 34, 817 (1929).

9 M. Ostrofsky, G. Breit, and D. P. Johnson, Phys. Rev.
49, 22-34 (1936).

10 H. A. Bethe, Rev. Mod. Phys. 9, 186-219 (1937).

"1 E, J. Konopinski and H. A. Bethe, Phys. Rev. 54,

130-138 (1938).
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been given by Ostrofsky, Breit, and Johnson.?
They calculated the reaction cross section as
proportional to the density of incident protons
within a potential well of chosen breadth and
depth. Both the rate of increaseé with incident
particle energy and the form of the calculated
yield function then became sensitive to the posi-
tions of the resulting resonances. However, their
expression for the cross section at low bombard-
ing energies simplified to the formula ¢~Gv?
when the density factor was included. On the
other hand, a reaction cross section proportional
to the flux of incident particles through the
nucleus simplified to a prior expression, also
given by Breit,® ¢~Gv~!. This oversimplified
formula for the cross section is the one plotted
in Fig. 10 for purposes of comparison, since the
cross sections observed in the present experi-
ments appear to agree more nearly with this
expression.

The final levels available for a given disinte-
gration process include, of course, excited levels
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as well as the ground levels of the disintegration
products. Consequently the cross section curves
of Fig. 10 in some instances represent the meas-
ured sums of the cross sections for more than one
final level, since such measurements were the
experimentally practical ones. Two states of Li”
are summed in the cross section curve for the
reaction Li¢(D?, H'), but the curve for either Li”
state singly may be obtained by reference to Fig.
7. Only a small part of the steeper initial increase
with relative velocity in the total cross section for
the reaction Li®(D?, H') may be attributed to the
increased probability of forming Li” in the ex-
cited state, since the yield of this state relative
to the ground state increases but slowly between
200 and 500 kv according to Fig. 7. However, at
higher voltages the form of the curve is influenced
considerably by the more rapid increase in the
relative strength of the excited state. Likewise,
in the reaction Li’(D?, 2He*4n) a part of the
observed variation of the cross section might be
related to accompanying changes in the distribu-
tion of the disintegration products among the
numerous available final levels, since several
known levels cover a range of about 12 Mev, and
the bombarding energy was varied by nearly one
Mev in obtaining the yield curve. However, there
is no evidence of such changes in the distribution
of available final states for this reaction since (1)
the only discernible variation in the distribution
of the associated alpha-particles which occurred
when the bombarding energy was varied by 400
kev is actually due to the delayed alpha-particles
from Li® (see Fig. 11), and (2) the cross-section
curve from neutron measurements and that from
alpha-particles of ranges greater than four cm
appear identical in shape except for the effect
ascribed to carbon neutrons at high bombarding
voltages (Fig. 8). The final levels for the reaction
Li%(D? #) are unknown except that they are per-
haps about -equally divided between Li®+4D?
—He3+He*+#% and Li*+D2?-—->Be’+#%. The num-
ber of final levels is probably small because the
energy released in the disintegrations is not large.
The disintegrations Li’"+H!—2He?* and Li®+4+D?
—2He* seem able to occur only to the ground
levels according to Fig. 2 and Fig. 5. Likewise,
the reaction Li’4-D?—Li84H! seems to involve
only the ground state of Li® since the energy
release is small and no gamma-radiation has been
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detected (see Section F). However, the apparent
absence of gamma-radiation is not very conclu-
sive evidence by itself due to the experimental
difficulties of detecting it.

The break in the cross-section curves for Li?
under deuteron bombardment at 770 kv cannot
be due solely to the effect of competing reactions
in the compound nucleus since both curves break
at apparently identical deuteron energies. Ac-
cording to the views of Breit and his colleagues,®
a high resonance in Be® might account for either
or both breaks. Such a resonance would need to
be located in the neighborhood of (Li?+ D?—Be?)
+(7/9)(0.77) Mev=17.2 Mev above the ground
state of Be?, and at the same time would account,
at least qualitatively, for the observation that
the cross section for the reaction Li7(D?
2He'+n) increases faster with voltage than do
the cross sections for most lithium reactions.

Above 800 kv the cross section for the forma-
tion of radio-lithium appears to be somewhat
larger than the cross section for neutron emission
in Li7, though this has not been established
definitely due to the uncertainty in the beta-ray
yield, as described in Section D. Various investi-
gators have identified a considerable number of
final levels associated with neutron emissionin the
reaction Li’(D?, 2He!*+#),5% 12 but radio-lithium
appears to be formed only in the ground state
(no gamma-radiation). Consequently, it may be
inferred that in light nuclei other factors can be
more important in determining relative yields of
competing reactions than is Bethe's rule!® that at
emission energies above the potential barrier the
relative yields of competing reactions are ap-
proximately proportional to the relative numbers
of final levels available for the reactions. On the
other hand, this rule more successfully approxi-
mates the relative yields of the competing proc-
esses in Li® under deuteron bombardment.

It should be noted that at the lower bombard-
ing energies the cross section for neutron emis-
sion from Li is sufficiently larger than that from
Li” to account for an appreciable fraction of all
the neutrons observed during deuteron bombard-
ment of ordinary lithium, and such neutrons must
be taken into account in studies of the distribu-
tion in energy of ordinary Li neutrons.

The comparatively low yield of the reaction

12 W. E. Stephens, Phys. Rev. 53, 223-226 (1938).
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Li"(H?, 2He?) relative to other lithium reactions
has been discussed by Goldhaber,® by Breit and
his colleagues,® and by Konopinski and Bethe!t
in connection with the influence of the orbital
momentum of the incident particle upon the
probability that it will penetrate the barrier.

F. Rapro-LitHIUM

The reaction usually assumed for the pro-
duction of radio-lithium, Li’4 D?—Li84+H!+Qy,
seems the only possible one fitting the experi-
mental facts, although the proton group from the
reaction never has been found. During the previ-
ous work with isotopic targets, the upper limit of
the range of this group had been set at eight cm.?
Consequently, in the present investigation, a
special effort was made to find the proton group
superimposed upon the continuous distribution
of alpha-particles ending at eight cm from the
reaction Li"4+D?—He*-+He*+#n.

It is obvious, according to the reaction cross
sections of Fig. 10, that such a proton group
should be especially conspicuous at bombarding
energies of 800 kev or more but should decrease
at lower voltages much more rapidly than do the
yields of other lithium reactions. Accordingly,
range-number curves were obtained at 860 kv
and at 455 kv, using a bias on the detector such

as to count protons near the ends of their range..

These curves are shown in Fig. 11 with ordinates
adjusted to bring the two curves into juxtaposi-
tion for easy comparison. There is no proton
group of range greater than 1.7 cm associable
with Li8, since the two curves apparently are
identical except for the effect at shorter ranges on
the 860-kv curve due to the delayed alpha-
particles from short life radioactive disintegra-
tion of Li8. This effect readily could be estimated,
either from the results of Fig. 10 and Fig. 13, or,
independently, by observing the number of de-
layed alpha-particles after interrupting the bom-
barding beam of deuterons. The proton group
sought should appear in numbers large compared
to the delayed alpha-particles of Fig. 11, being in
equilibrium with the delayed alpha-particles of
all energies after a few seconds’ bombardment.
The group at 3.5 cm clearly is not due to the
formation of Li8 for (1) it is far too weak, (2) it

13 M. Goldhaber, Proc. Camb. Phil. Soc. 30, 561-566
(1934).
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still persists at 455 kv whereas the yield of Li8
has decreased by a factor of 100 according
to Fig. 10, and (3) it appears to be a broad
alpha-particle group belonging to the reaction
Li"+D?—He*+He!+n.

Mass of Li8

The 860-kv curve of Fig. 11 can be used to fix
an upper limit for the energy release, Q,, in the
formation of Li%. Since the energy of the bom-
barding deuterons was 0.860 Mev and since 1.7
cm protons have an energy of 0.830 Mev, it
follows that Q; is less than (1+4%)(0.830)—(1
—2/8)(0.860) =0.290 Mev. A lower limit on Q;
can be set by the fact that disintegrations of
radio-lithium were observed for bombarding
energies as low as 360 kev. The kinetic energy of
the incident deuteron available to the center of
mass system is, at the latter bombarding voltage,
(2)(0.360)=0.280 Mev, so Q; is greater than
—0.280 Mev since the escaping proton must have
positive kinetic energy. In fact, the exceedingly
low yield of the reaction at 360 kev suggests that
Q: is considerably nearer to —0.280 Mev than
to +0.290 Mev.

A better value for Q;, and consequently for the
mass of Li%, can be obtained as follows. Assuming
that the proton is emitted with very low energy,
it can escape the system only by penetrating out
through the potential barrier. Hence, two pene-
tration factors must be included in.computing
the cross section for the reaction. Using the ap-
proximate formula due to Breit® we have

o =Kvp~' exp (—273acvp™) exp (—27w3acv,™),

where vp and v, are the relative velocities for the
deuteron and for the proton, and ¢ and « are the
velocity of light and the fine structure constant,
respectively. The quantity v, is unknown but is
related to vp by the momentum and energy rela-
tions which give

E,=9/80:1+7/8Ep,

where E, and Ep are the kinetic energies of the
proton and deuteron. By means of these equa-
tions, o can be calculated as a function of Ep for
various values of Q; and compared with the cross-
section curve of Fig. 9 in the range 400 to 600
kv. In this way, the best fitting value of Q; was
found to be —0.20040.010 Mev. It is not certain
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that the factor 1/vp is correct in this application
and the observed form of the cross-section curve
probably is influenced by resonances, as discussed
in the preceding section. In spite of this uncer-
tainty, it is very probable that Q; is —0.200
+0.030 Mev, because the double penetration fac-
tor is by far the more important in the formula.
When Livingston and Bethe’s masses for Li7,
D, and H are used, this value of Q; gives a mass
of 8.02499 for Li8. The error in this mass prin-
cipally depends upon the error in the mass of Li”.

Disintegration of Li®

An effort to detect gamma-rays from Li” bom-
barded by deuterons was unsuccessful, and a
similar result has been reported by Bayley and
Crane.* Hence it may be assumed that, of the
possible reactions! in the radioactive decay of Li3,
only the reaction Li®*—2He*+e¢~+4Q is of impor-
tance. This conclusion is supported by the fact
that the number of (delayed) alpha-particles of
range greater than six mm is slightly greater
than (1.1 times) the total number of beta-
particles observed. Corrections for alpha-particles
of shorter range and for the geometry of the beta-

1 D, S. Bayley and H. R. Crane, P hys. Rev. 52, 604-609
(1937).

counter!® would tend to make this ratio closer to
two, which is the factor necessary if Li® always
disintegrates with alpha-emission. Furthermore,
the facts that the two yield curves taken with
beta-particles and with alpha-particles are iden-
tical (Fig. 9) and that the decay periods, deter-
mined for both kinds of particles by least-square
adjustment, are the same within the experi-
mental error (Fig. 12) also suggest that the alpha-
particles and the beta-particles are emitted in the
same reaction. As a final check numerous cloud
chamber photographs were obtained of the simul-
taneous emission of two charged heavy particles
of equal ranges in approximately opposite direc-
tions from a very thin film of lithium previously
bombarded by deuterons. Since the heavy par-
ticles therefore have equal masses and equal
charges and were observed to behave like doubly

15 The relative numbers of alpha- and beta-particles were
obtained by counting the delayed particles of each type
where they emerged through a one-mm hole in a six-mm
thick lead plate at the end of a tube about eight cm distant
from a thin target. Even the use of turned lead baffle
plates, carefully spaced and aligned, apparently did not
eliminate excessive counts due to the “piping” of beta-
particles by small angle scattering. The beta-particle yields
obtained in this manner did not agree with those obtained
with more distant beta-counters viewing a wide-windowed
target chamber through air when no alpha-particles were
being counted.
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charged particles in an ion chamber, it follows
that they can be only He#.16

Alpha-particles from Li8

Breit and Wigner'” have suggested that the
radioactive disintegration of Li® is associated
with the emission of alpha-particles from a rather
broad excited state in the neighborhood of three
to five Mev in Be?, and a somewhat similar ex-
planation has been advanced by Kronig.!® The
most crucial test of such a hypothesis should be
given by the form of the energy distribution
curve for the delayed alpha-particles. Three
different methods were found necessary to ob-
serve these particles effectively at short, inter-
mediate, and long ranges because of their wide
variations in number and range.

16 See also J. C. Bower and D. P. R. Petrie, Proc. Camb.
Phil. Soc. 33, 534-539 (1937).

17 G. Breit and E. Wigner, Phys. Rev. 51, 593 (1937).

18R, de L. Kronig, Physica 4, 171-174 (1937).

An ion chamber in combination with the thin
lithium target deposited on a rotating wheel (de-
scribed above) was suitable for observing alpha-
particles of intermediate range. The number-
energy distribution at constant bombarding volt-
age was readily measured for ranges between one
and four cm with the aid of this device and
showed a decrease in intensity by a factor of over
100 as four cm was approached. At greater ranges
the rotating wheel proved to be too inefficient
since only a small fraction of the delayed alpha-
particles was emitted in front of the detector.

At the longer ranges, an intermittent rotator,
devised by our colleague R. C. Meyer, was used
to measure the alpha-particles. In this apparatus
two targets fixed on opposite ends of a rod about
25 cm long alternately were rotated into position
in the bombarding beam and in front of the de-
tector. The magnetic coupling to the driving
motor was so arranged that the targets were in
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position for roughly one second and then rapidly
exchanged in a fraction of a second. By means of
this apparatus it was possible to fix the end point
of the distribution of delayed alpha-particles at
15.8£0.5 Mev, the large error mainly being due
to the manner in which the alpha-particle in-
tensity approaches zero.

In the low energy region the determination of
range-number distributions by electrical count-
ing methods is unsatisfactory because of the
short ranges of the emitted particles. If the
counter is set to differentiate sharply the effec-
tive range is reduced, and if differentiation is not
used a maximum in a distribution appears only
as an inflection. Though an inflection at short
ranges was observed during the present experi-
ments by using a counter without electrical
differentiation, not enough points could be ob-
tained on the low energy side of the inflection to

establish its position with any certainty. These
observations merely check qualitatively a better
determination made with a cloud chamber. The
use of windows in the cloud chamber was avoided
by mounting a thin target on an arm which could
be moved from the outside. The target proper
was a lithium film deposited on a foil of one mm
of air equivalent thickness. This target could be
swung into a side tube of the chamber where it
was bombarded by deuterons entering through a
metal foil. The arm was moved to the center of
the cloud chamber before expansion, thus per-
mitting the tracks of all charged particles taking
part in a disintegration to be photographed, with-
out any intervening windows or wall effects to
mar observation of the shortest tracks. The
cloud chamber observations showed a definite
maximum at about seven mm air equivalent in
the range distribution but this maximum was less
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sharp on the low energy side than that found by
Fowler and Lauritsen.!® The observations of
Smith and Chang? do not show this maximum,
but it would not be expected to appear in their
experiments since they used a counter technique.

The energy distribution resulting from obser-
vations covering an intensity range of nearly 10°
is plotted in Fig. 13 with the Pasadena and the
Cavendish results shown for comparison. This
distribution curve indicates that the excited level
in question lies between 2.5 and 3 Mev rather
than at the higher value previously reported
from the Cavendish.? -The lower value agrees
well with the excited level of Be? found by Dee
and Gilbert?? in the disintegration of boron.

Discussion

Gamow and Teller? have pointed out that the
main features of the distribution curve can be
explained as a four-body disintegration by con-
siderations based on the Fermi theory of beta-
neutrino. decay. According to this view the
equation for the disintegration is

Li*—He!*+He*+e~+v+Qs,

where v signifies the neutrino. The disintegration
energy, Qs, is divided between the energy of the
light particles, E=E,+E,, and the energy of
the two alpha-particles which is 2E, since the
two heavy particles must receive nearly equal
energies if momentum is to be conserved. Then

0= 2Eo+Ec+E,=2E.+Er,

The probability of beta-decay, N(Epr), is pro-
portional to Ez° in the Fermi theory and there-
fore to (Q2—2E,)% but in the present case there
is an additional factor E,” describing the separa-
tion into two alpha-particles, where # is 1 or 5/2
corresponding to alpha-particles of ‘angular mo-
menta zero or 2. Consequently, on the basis of
the Fermi theory, the number-energy distribu-
tion function for the alpha-particles is given by
N(E,)~(Qs—2E,)*E,", since N(Er) must be

( 19 }72\)/ A. Fowler and C. C. Lauritsen, Phys. Rev. 51, 1103
1937).

20 C, L. Smith and W. Y. Chang, Proc. Roy. Soc. 166,
415-424 (1938).

21W. B. Lewis, W. E. Burcham and W. Y. Chang,
Nature 139, 24 (1937).

2P, I. Dee and C. W. Gilbert, Proc. Roy. Soc. 154,
279-296 (1936). )
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proportional to N(E,) if charge is to be con-
served.

The observed number-energy distribution of
the delayed alpha-particles has been replotted in
Fig. 14 using as abscissa the logarithm of the
energy (Q:—2E,) available to the light particles.
It is seen that the Gamow-Teller formula with
n=% agrees fairly well with the experimental
points except in the region of low alpha-particle
energies, which indicates that the effect of the
potential barrier must be included before a calcu-
lation of the above type can be made exact.
The Konopinski-Uhlenbeck beta-neutrino field
would predict a seventh power dependence on
the energies of the light particles, in marked
disagreement with the observed distribution.

Consequently, it appears that the Fermi beta-
theory should account satisfactorily for most
features of the observed distribution of alpha-
particles from the radioactive decay of Li®.
However, it is important to emphasize that in
the region of the high energy alpha-particles
(where the energy available to the light particles
becomes small) the definiteness of agreement
with the Gamow-Teller calculations becomes
quite sensitive to the wvalues of (Q:—2E,).
(Q2=15.8 Mev, the observed end point of the
distribution of delayed alpha-particles, is used
in Fig. 14.

T T T T T T T

6
SCALE OF ¢M

1]

H3 FROM Li%+n

L

| ] b

Lo /J/{ =

' .
0.9 0 L1 2 36 37 38 3.9
SCALE OF cM H SCALE OF cM

120 ALPHA-PARTICLES

Y A
N

F1c. 15. Range curves for particles from Li®+-#.

180
ALPHA-PARTICLES
FROM Li%+n

b

N/MIN,




674

The value of Q2 may be computed on the basis
of the observation that Li® disintegrates into
two alpha-particles without gamma-radiation, if
negligible rest mass for the neutrino is assumed.
Direct computation from the mass of Li8, as
determined above, and from the mass of He?,
gives 02 =16.03 Mev to which the uncertainty in
the mass of Li” alone contributes about 0.170
Mev in probable error. It seems better to com-
pute Qs by taking the mass of Li” as equivalent
to 2He*—H!'417.13 Mev. Subtracting the equa-
tion Li’"+H!=He*+He*+17.1340.06 Mev from
Li"+D?=Li®+H'—0.204-0.03 Mev, gives Li8
=D?—2H+2He*—17.33 Mev. Then, since Li8
=2He'+Q,, Qs=D2—2H!417.33 Mev=15.90
Mev, where Bainbridge and Jordan’s® value for
the separation of the mass-spectrographic dou-
blet (He'—D?) is used. It is, of course, point-
less to attempt to use the less accurate end point
of the alpha-particle distribution from Li8 as a
check on any of the above values. ~

G. DISINTEGRATION OF LITHIUM BY NEUTRONS

Two thin, square isotopic deposits, 2.5 cm on a
side, were prepared upon flat silver plates
especially for study of the disintegration of
lithium by slow neutrons. One target contained
400 micrograms of Li® and the other 4600 micro-
grams of Li”. These targets were interchangeable
in a target holder located close to a neutron
source at the center of a large block of paraffin in
order to obtain a maximum flux of slow neutrons
through the lithium. :

The neutron produced disintegration particles
from the lithium were observed by means of a
linear amplifier connected to a broad but shallow
ion chamber whose face was parallel to the
lithium target and target holder. The face of the
chamber carried a collimator made from a plate
five mm thick drilled with 1-mm diameter holes
closely spaced in hexagonal pattern, so that only
those disintegration particles whose paths lay
within 6° of the normal to the target could enter
the ion chamber. The chamber could be moved
with respect ‘to the target by means of an
attached screw and each setting was read with a
micrometer. . :

2 K. T. Bainbridge and E. B. Jordan, Phys. Rev. 49,
883 (1936).
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Li*4n

_The alpha-particles and the H3? particles
emitted. in the disintegration of Li® by neutrons,
according to the reaction Li®+#z—He*+H?3, were
observed with this apparatus. The neutron
source, equivalent in strength to 7000 milli-
curies of (Rn—Be), was produced by bombarding
a graphite plate with ten microamperes of 1-Mev
deuterons. Carbon neutrons produced in this
manner are of relatively low energies and,
through the consequent elimination of high
energy recoil particles, give only a fraction of
the background effects of other neutron sources.
When the electrical counter was biased to count
Hs particles near the end of their range, the back-
ground was about equal to the effect produced
by the H? particles, but the H?® peak was still
clearly defined; when the counter was biased to
count only alpha-particles, the background was
negligible. The range-number curves for both
types of particles are plotted in Fig. 15. The
alpha-particles are more suitable for an accurate
determination of the energy released in the
disintegration, since their energy-range relation
is well established in the range interval under

consideration. The less accurately measurable

range and energy of H3 are chiefly useful for
determining the disintegration which occurs and
for checking the experimental value of the
reaction energy obtained from the alpha-particle
measurements.

Immediately after the range-number curve was
taken for the alpha-particles from Li¢, their
range was compared directly with the range of
polonium alpha-particles under identical con-
ditions of geometry and counter bias by replacing
the Li® target with a clean polonium source
prepared on a silver square similar to that
carrying the lithium. This comparison gave
2.13 Mev as the energy of the alpha-particles
from Li® exposed to slow neutrons, whén the
Cornell range curves for alpha-particles (1938)
were used and 3.842 cm was assumed as the mean
range of the polonium alpha-particles.?> The
corresponding reaction energy is then (7/3)(2.13)
=4.97 Mev, in sufficient agreement with the

2 E. Amaldi, L. R. Hafstad and M. A. Tuve, Phys.
Rev. 51, 896-912 (1937).

% M. G. Holloway and M. S. Livingston, Phys. Rev. 54,
18-38 (1938).
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value of 4.86 Mev observed by Livingston and
Hoffman,?® but definitely in disagreement with
the energy release of 4.56 Mev calculated from
commonly accepted values for the masses in-
volved. The value for the energy release found in
the present experiments requires an energy of
(4/7)(4.97)=2.84 Mev for the H3 particle. Ac-
cording to the Cornell proton range curve (1937
revised), the corresponding mean range expected
for the H3 particles is 6.15 cm, in good agreement
with the value of 6.1 cm obtained from the range-
number curve of Fig. 15.

Mass difference of H? and He?

The direct measurement of the energy released
_in the disintegration of Li® by neutrons is of
special interest in view of its application in
establishing a value for the mass difference
between He? and H3. A value for this mass
difference previously has been obtained by
eliminating the mass of deuterium between the
equations

D*+D?=H'+H?+(Q4, (1
D24+ D?=n-+He*+Q., (2)

which gives (He®—H?)+ (n—H!) = Q1 — Q:=0.69
Mev, where Q; is taken as 3.98 Mev, according
to Livingston and Bethe’s?” revision of data by
Oliphant, Kempton, and Rutherford,?® and Q; is
3.29 Mev according to Bonner:?

On the other hand, the masses of Li® and Het
may be eliminated between the equations

Lis+n=Het -+ Ho+Qs, 3)
Li*+H!=He*+He’ 40, 4)

giving (He? —H3) 4+ (r —H'") = Q35— (Q,=1.20 Mev,
if Qs is taken as 4.92 Mev (the average of the
value determined in the present experiment and
that of Livingston and Hoffman) and Q, is taken
as 3.72 Mev.27: 30 ’

Since the value of (Q1—Q,) fails to agree with
the value of (Q;—Qs) by 0.5 Mev, there either

26 M. S. Livingston and J. G. Hoffman, Phys. Rev. 53,
227-233 (1938).

27 M. S. Livingston and H. A. Bethe, Rev. Mod. Phys.
9, 371 (1937).

28 M. L. E. Oliphant, A. R. Kempton, and Lord Ruther-
ford, Proc. Roy. Soc. 149, 406-416 (1935).

29T, W. Bonner, Phys. Rev. 53, 711-713 (1938).

30 H, Neuert, Physik. Zeits. 36, 629-642 (1935).
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must be considerable error in the determination
of one or more of the four reaction energies or
gamma-radiation must accompany at least one
of the disintegrations. In the deuterium reactions,
for example, if Q; were assigned too small a
value or Qs were too large, or if gamma-radiation
were emitted in reaction 1, the value for (Q1—Qs)
given above would be too small. Likewise, the
value of (Q3—Q4) given by the lithium reactions
might be assumed to be too large. However, it
appears difficult to explain an appreciable part
of the 0.5-Mev discrepancy by the latter assump-
tion. The gamma-radiation from lithium under
proton bombardment has been investigated ex-
tensively in a number of laboratories but no
gamma-radiation assignable to reaction 4 has
been found, since the observed gamma-radiation
can be produced from Li’ but not from Li¢
targets and exhibits very strong resonance char-
acteristics.l*2 A 0.5-Mev error would occur in
the determination of Qj if the measured range of
He* were 1.5 mm in error in the present investiga-
tion of reaction 3, while a like error in Q4 would
be introduced by an error of two mm in the
range of He? as determined by Neuert*® for
reaction 4, assuming the Cornell range-energy
relation to be correct. However, possible errors
in the range-energy relation should have but
small effect on the energy difference, (Q3—Q4),
since the ranges of He* in the lithium-neutron
reaction and He? in the lithium-proton reaction
are very nearly equal. Furthermore, it seems un-
likely that the value used for Qs is seriously in
error in view of the manner in which it was
obtained and the close agreement between the
present experiment and that of Livingston and
Hoffman.

Since (z—H?!)=0.74 Mev according to Bethe’s
adjusted mass values,® the evidence obtained
from the Li® reactions predicts that He? is un-
stable by 0.46 Mev and may be transformed to
H3 by K-electron capture. Consequently, it
seems important to look for possible gamma-
radiation accompanying the (D4D) reactions
and to reinvestigate the energy liberated in the
disintegration of Li® by protons because of the
relation of these reactions to the problem of
proton-proton and neutron-neutron interactions.

3 H. A. Bethe, Phys. Rev. 53, 313-314 (1938).
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The apparatus described above also was used
in a search for disintegrations produced in Li” by
neutron bombardment. The presence of the 4600
microgram Li7 target in front of the ion chamber
under exposure to 7000 millicuries (Rn—Be)
equivalent of carbon-deuteron neutrons caused
no observable increase over the background
counting rate at any counter bias, indicating
that no appreciable number of charged heavy
particles is emitted by Li” under these conditions.
Veldkamp and Knol®2 have observed a faint
beta-activity, which they attribute to. Li%, by
bombarding lithium with (Rn—Be) neutrons.
The observations of delayed alpha-particles from
the disintegration of radio-lithium is necessary
and sufficient to confirm the presence of Li8, as
discussed in Section F, but since the radioactivity
observed by Veldkamp and Knol is of very low
intensity, it is scarcely to be expected that such
alpha-particles would be detected in the arrange-
ment described above. Consequently, a small
ionization chamber lined with ordinary lithium
was placed at the center of a large block of
paraffin and close to a (D —Be) neutron source
equivalent to 70,000 millicuries of (Rn—Be).2
Repeated observations failed to detect the

32 J. Veldkamp and K. S. Knol, Physica 4, 166-170
(1936).

source was removed by interrupting the deuteron
beam, though the ion chamber counted 4.6
Li¢ disintegrations per minute per millicurie
(Rn—Be) equivalent of (D —Be) neutrons when
the beam was on the target, as determined by
direct count with a weak (D—Be) neutron
source. With the Li’/Li® ratio taken as 11.6, it
was calculated that the maximum cross section
for production of Li® from Li” by neutrons is less
than 5X10-% times the neutron disintegration
cross section of Li®.

It is difficult to compare the sensitivity of the
above method with that used by Veldkamp and
Knol, but it seems unlikely that their method
should have been sufficiently more sensitive to
compensate for the much larger number. of
neutrons (700 -to 1) employed in the present
observations. It should be pointed out that the
present apparatus was sensitive only to heavy
particles and therefore strictly limited to the
detection of Li®, whereas the method of Veld-
kamp and Knol would detect the formation of
any other beta-active elements as well. Since the
half-period of He®, a beta-emitter, is nearly
identical with that of Li8, it follows that they
probably detected the reaction Li®*+#—He®+H!
—2.8 Mev. The endothermic nature of this

3 T. Bjerge, Nature 138, 400 (1936).
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reaction would account for the low intensity of
the radioactivity which they observed, since only
a fraction of their total (Rn—Be) neutrons
would possess sufficient energy to form He®.

H. NEUTRONS FROM Li®

The energy distribution of the neutrons pro-
duced by deuteron bombardment of Li® was
investigated by measuring proton recoil tracks in
a cloud chamber placed to receive neutrons
emitted roughly at right angles to a deuteron
beam incident on a Li® target deposited upon
silver. A bombarding energy of 800 kev was
chosen in accordance with the yield curve for
this process (Section C) in order to obtain the
highest possible intensity of Li® neutrons without
introducing a serious number of neutrons from
carbon. Under these conditions, the maximum
kinetic energy of the Li® neutrons was [(Z)Q
+£(0.8)] Mev, where Q is the energy released in
the reaction. Only recoil proton tracks beginning
and ending in the chamber and projected within
30° of the direction of the incident neutrons were
measured. About 200 such recoil tracks were
obtained in a preliminary survey. The distribu-
tion of the corresponding neutron energies,
plotted in Fig. 16, had a range of over three
Mev. Roughly one-half of the measurable tracks
were produced by neutrons of more than 2.0-
Mev energy, so that the corresponding values of
Q were greater than 1.7 Mev, provided these
neutrons originated in Li® reactions. A series of
tests indicated that the presence of any con-
tamination in amounts sufficient to have pro-
duced a considerable fraction of the total
neutrons could have been detected easily by the
accompanying characteristic groups of charged
particles. Carbon on the target doubtless con-
tributed a small part of the low energy neutrons,
but the effect of deuterium upon the observed
neutron distribution at higher energies appar-
ently was inappreciable.

Deuteron bombardment of Li® may produce
neutrons by either of two reactions

Lis++D2—Be’+n+Qs, (1)
Lis+D2—He*+Hed+n+Qs. (2)

Strong evidence for the occurrence of the first
reaction has been obtained from the energies .of
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recoil particles observed in an ion chamber
during the previous work with lithium isotopes,!
while the second reaction is to be expected, in
analogy with the reaction Li’+ D?*—He*+He!+#,
since it is exothermic.

The energy balance, Q1, for the first case can
be predicted only in so far as the mass of Be’
can be estimated. Since the previous observations
indicated that the formation of Be’ leads to no
radioactivity of short life,! it may be predicted
that Be” should be roughly one Mev heavier
than Li7, either by estimating the Coulomb
energy excess of Be’ over Li7 or by interpolating
between the relative masses of neighboring pairs
of nearly stable isobars. The corresponding
value of Q; is 3.1 Mev. In the second reaction,
Q2 can be calculated from accepted values for
the masses involved and is 1.56 Mev, where the
chief uncertainty is introduced by a probable
error of 0.2 Mev in the mass of Li® according to
Livingston and Bethe.** However, the results of
experiments discussed in the preceding section
indicate that the accepted mass of He® possibly
is too small by 0.5 Mev so that Qs might be as
low as one Mev. When the uncertainty in the
mass of Li® is taken into account it follows that
an upper limit of 1.7 Mev appears reasonable for
Qs, so neutrons of energies greater than (%)(1.7)
+(5)(0.8) ==2.0 Mev would not be expected to
originate in reaction 2. Consequently, the
neutron energy distribution of Fig. 16 consti-
tutes strong but qualitative evidence that Be’ is
formed according to reaction 1. A greater
number of recoil tracks must be measured before
the mass of Be” can be fixed accurately or any
of its energy levels determined in case Be” is
not always left in the ground state. However,
the observed distribution of neutron energies is
not in disagreement with the estimate of the mass
of Be7 given above.

The relative probabilities of reactions 1 and 2
can be estimated to be very roughly equal at
800 kev if all neutrons of energies greater than
2.0 Mev are assigned to reaction 1 and all others
to reaction 2. However, such an estimate is
subject to considerable error, chiefly because of
the uncertainty in the value of Q; and the large
statistical variations which are probable when

3 M. S. Livingston and H. A. Bethe, Rev. Mod. Phys.
9, 373 (1937).
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only 200 tracks are measured. In addition, the
usual observational uncertainties for cloud
chambers are present. The measurement of
tracks tends to discriminate against very low
energy neutrons because the recoil tracks are
short, and against high energy neutrons because
the longer recoil tracks are less apt to end within
the cloud chamber. Likewise, there is the usual
background from scattered neutrons and target
contaminations. When all these factors are
weighted the formation of Be” appears to be the
more probable reaction, but the ratio 1 : 1 for
the relative probabilities of the two reactions, as
estimated by the more direct method, is believed
to be within a factor of three of the true value.

I. Rapioactivity orF Be’

Be” may be expected to be unstable since this
isotope does not occur in beryllium mirerals.
Furthermore, the evidence outlined in the pre-
ceding section indicates that Be’ is heavier than
Li” and consequently should be transformed to
Li” either through positron emission or absorp-

tion of an orbital electron by the nucleus.

A previous investigation of isotopic targets bom-
barded by deuterons had shown that no short
period activity existed which could be associated
with Li® or the formation of Be’.! Consequently,
the possibility of a long half-life was investigated.
Through the cooperation of Dr. G. L. Locher,
a target of ordinary LiF which had been bom-
barded a month earlier with 35 microampere
hours of 1000-kev deuterons was examined and
found to exhibit radioactivity with a half-value
period of 4346 days. Likewise, a thick target of
lithium metal bombarded with 20 microampere
hours of 1000-kev deuterons showed an activity
corresponding to the increased proportion of
lithium in the target. The surface of the latter
target was scraped off and was found to carry
the activity, which demonstrated that deuterons
and not neutrons had produced the activation.
A chemical separation, carried out by Dr. M.
H. Van Horn of George Washington University,
concentrated the active element in a final
precipitation of beryllium from 100 micrograms
of beryllium carbonate added as a carrier. How-
ever, the chemical separation would not remove
iron, which is a common impurity in metallic
lithium. Consequently, an iron target was bom-
barded with 1000-kev deuterons and tested for
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radioactivity, but it was found that an iron
impurity of more than 100 percent would have
been required to account for an activity equiva-
lent in intensity to that observed in the lithium
target. It was apparent, therefore, that the
radioactive element produced was a beryllium
isotope and almost certainly Be’, in view of the
evidence from the Li® neutrons and the fact that
the known isotopes Be?, Be?, and Be! do not
possess a 43-day half-period. )

Proton bombardment of boron

A second reaction which should lead to the
production of Be’ is BY4H!—Be’+He!+ Q.
A boron carbide target which had been bom-
barded with 11 microampere hours of 950-kev
protons exhibited radioactive properties equiva-
lent to those observed in the lithium targets.
The intensity of this radioactivity was 75 percent
as great as that produced in the lithium metal
target, which indicates that transmutations pro-
ducing Be’ constitute an appreciable fraction of
the disintegration processes for B!® under proton
bombardment.

The range of the alpha-particle group from the
reaction BY+4H!—Be’+He!+Q could be used
to determine the mass of Be’. An attempt was
made to observe this group superimposed upon
the intense continuous - distribution of alpha-
particles from the four times more abundant
isotope B! but the experimental difficulties
proved to be too great. If Be’ is assumed to be
one Mev heavier than Li7, the expected range of
the alpha-particle group from B is only about
five mm for the negligible bombarding energies
which are required in order to avoid protons
scattered from the target. A reasonably intense
superimposed group usually can be resolved by
using counters with strong electrical differentia-
tion, but differential counters cannot be used for
very short range particles. Consequently, in the
present experiments it was necessary to use a
shallow ion chamber connected to an amplifier
and counter without differentiation, but this
arrangement did not reveal any significant de-
parture from the expected continuous distribu-
tion of alpha-particles from B! down to ranges as
short as three mm, where scattered 200-kev
protons from the target began to enter the ion
chamber.
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Nature of radiation

The 43-day half-life radioactivity observed in
the lithium and boron targets was shown to be
due to gamma-ray emission.. When covered
targets were alternated with uncovered targets
within the chamber of a Lauritsen electroscope,
the comparative discharge rates were those to
be expected from gamma-ray ionization only.
Likewise, no charged particles could be detected
with Geiger-Miiller counters having wall. thick-
nesses equivalent to only a few centimeters of air,
although the counting rates obtained with
shielded counters indicated the emission of more
than 100 gamma-ray quanta per second.

This unusual type of radioactivity might

originate in the decay of Be’ to form Li’" by

either of two reactions

Be™—Li’4-et 4o, 1)
e+—|-e——>2hvl,

Be’4-e~—Li"4-v,
Be'+e~—Li"™*+v, ‘ (2)
Li"™*—Li"+ hv,,

where v signifies a neutrino. In the first case, Be’
may emit a positron with so little energy that
it does not ionize appreciably but can be de-
tected by the resulting radiation of two simul-
taneous 0.5-Mev annihilation quanta. In the
second case, an orbital electron may be absorbed
by Be’ so that the resulting Li” nucleus is formed,
at least part of the time, in an excited state
from which it then passes to the ground level
' with gamma-ray emission. In the second reac-
tion, the expected number of gamma-ray quanta
per transmutation is less than unity because
part of the Li” nuclei may be formed in the
ground state and emit no gamma-radiation.

It is evident from the above discussion that
several experimental tests (involving energy,
simultaneity, and number of gamma-ray quanta
emitted by Be’) may be used to discriminate
between transmutations of Be’? by positron
emission and by K-electron capture. Geiger-
Miiller counters were used in making three such
tests and it was found efficacious to compare the
Be’ radiation directly with the 0.5-Mev annihila-
tion radiation from the positron emitter N,
produced in ample quantities according to the
reaction C2+D?—>NB+4x by bombarding a
graphite target with 1000-kev deuterons. N
probably decays entirely by the transmutation
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NB—CB4-et+49 so that two 0.5-Mev annihila-
tion quanta per N atom result. In addition,
comparatively faint 0.2-Mev gamma-radiation
(presumably corresponding to occasional forma-
tion of C¥in an excited state) has been reported.?s
In the present experiments, monochromatic 0.5-
Mev radiation in equilibrium with its secondaries
was assured after the rays had passed through
% inch of lead, since the absorption curve ob-
served with greater thicknesses of lead was a
simple exponential.

Absorption coefficient

The comparative absorption coefficients for
the gamma-radiation from Be? and for the
0.5-Mev radiation from N3, measured in lead
under identical conditions, were found to be
0.16940.008 and 0.13040.002 g cm™, respec-
tively, by a least-square determination. The
corresponding energy for the Be” gamma-radia-
tion is 425425 kev, in reasonable agreement
with the energy to be expected if a K electron
were absorbed by Be’ to form Li” in its known
excited state at 450 kev (Section C).

Simultaneity

Another test to determine the decay process
was made by placing Be” between two Geiger-
Miiller counters arranged to count double coin-
cidence discharges. No statistically significant
departure from the cosmic-ray background rate
of 0.6 counts per minute was observed with the
Be’ in position. If Be” decayed only by positron
emission, the resultant simultaneous emission of
two annihilation quanta in opposite directions
should have increased the counting rate by a
factor of three over the background rate.

Number of quanta

A third experimental test, indicative of the
process by which Be’ decays, was made by
determining approximately the average number
of quanta emitted per Be” atom. The gamma-ray
counting rates from lithium targets containing
Be” and from graphite targets containing N
were measured under identical conditions with a
Geiger-Miiller counter shielded with % inch of
lead. If u radioactive atoms having a decay
constant A sec.”! and emitting # gamma-rays per
disintegration are presented to a counter shielded
to insure equilibrium between gamma-rays and
% J, R. Richardson, Phys. Rev. 53, 610 (1938).
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their secondaries, the observed counting rate, C,
is given by ‘
C=\une sec.™.,

where ¢ is the over-all efficiency of the detecting
apparatus. In the present experiment, e was con-
sidered to be the same for both Be’” and N®
gamma-ray quanta since their energies are prac-
tically alike and all other conditions were held
constant throughout the observations. Then, the
ratio of the gamma-ray counting rates for Be”
and N is given by

C1/C2= ()\1141”1)/()‘2#2712)1

where the subscripts 1 and 2 refer to Be” and N%,
respectively. The decay constants, A\; and A,
were known with considerable accuracy and #
was assumed to be two annihilation quanta per
N8 atom. The ratio ui/ue was calculated, with
appropriate corrections for radioactive decay,
from available information on neutron yields for
the reactions in which Be” and N were formed.
The numbers of neutrons from deuteron bom-
bardment of lithium and carbon targets had been
measured by Amaldi, Hafstad, and Tuve,* the
relative neutron yields from Li® and Li” were
obtained from Fig. 10 of the present experiments
and the known isotope ratio, and the approxi-
mate fraction of Li® neutrons corresponding to
the formation of Be” was estimated within a
factor of three from Fig. 16. Calculations based
on the above data gave #; as 0.1 gamma-ray
quantum per Be’” atom within limits 0.03 <%,
< 0.3, which is consistent with the hypothesis of
~ K-electron capture because transitions to the
ground state of Li7, which produce no gamma-
radiation, should be more probable than the less
energetic transitions to excited levels.

Possibility of positron emission

The experiments enumerated above did not
preclude the possibility of the emission of low
energy positrons by a small fraction of the Be’
atoms. Accordingly, a bare LiF target which had
been bombarded some weeks previously was
placed inside a cloud chamber. Repeated expan-
sions failed to reveal any particle track of any
length whatsoever which definitely originated in
the target, nor was there any evidence of ioniza-
tion in the immediate neighborhood of the target.
However, the gamma-ray emission was suffi-
ciently intense that occasional Compton electron
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tracks were observed in various parts of the
chamber. The total number of Be” atoms decay-

‘ing during the sensitive periods of the cloud

chamber could be estimated, since the decay
constant and the approximate number of Be’
atoms present in the target were known, as out-
lined above. Thus, it was possible to estimate
that, provided positron emission occurs at all,
probably not more than one Be” atom per
thousand decays with the emission of a positron
of more than a few kilovolts’ energy.

Discussion

There are four separate lines of experimental
evidence in all, which strongly indicate that
positron emission does not occur and that Be”
decays only through the absorption of an orbital
electron to form Li’” sometimes in the ground
state and sometimes in the 450-kev excited level.
It follows that the upper and lower limits for
the mass difference (Be”’—Li") may be set at
1.0 Mev and 0.45 Mev, respectively, since for
greater differences positron emission would be-
come probable and for lesser differences Li”
could not be formed in the 450-kev state. More-
over, mass differences near the lower limit are
not to be expected, since the transition proba-
bility for the 450-kev state should decrease more
rapidly than Be’—Li"—450 kev, the energy
available for this transition, in analogy with all
other known radioactive processes. For example,
if the relative transition probabilities for the two
Li7 states, as given by the number of gamma-rays
observed per Be” atom, arbitrarily are taken to
be proportional to the fourth power of the
relative transition energies;?® then the mass
difference (Be”—Li") is approximately one Mev
for 0.1 gamma-ray quantum per Be” atom, and
0.8 Mev for 0.03 quantum per Be” atom.
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