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Bothe and Becker,(1) in 1930, found that seversl of the light
elements, when bombarded by alpha particles of polonium; emit a
penetrating radiation which appeared to be of the gamma ray type.

The effect was grestest in the case of Be, but B, Li, F, Mg and Al
gave evidence of the same type of radiation. Subsequent work of Bothe,

Mme. Curie-Joliot and others(z)

showed that the newly discovered
radiation excited in Be posessed a penetrating power which wss dis-
tinctly greater than that of sny gemme re=y known at that time.

Working with extremely strong sources, Mme Curie-Joliot and M.
Joliot(s) discovered that the radiation from Be and B had the smazing
property of being able to impart large amounts of energy to hydrogen
nuclei. In their experiments the radiation from Be was passed through
a thin window into an ionisstion chamber which was connected to & Hoffman
electrometer. When hydrogen containing substances, such as paraffin,
cellophane, etc. were placed in front of the window, the ionisation
wes grestly increzsed; sometimes it was doubled. They showed that the
protons ejected by the Be radietion had ranges in air as great as 26 cm,
which corresponds to 2 velocity of 3xlO9 cm/sec. The B radiztion
ejected protons with a range of sbout 8 cm. To explain this phenomenon
they suggested a 'nuclear Compton process' in which the extremely hard
gamma rey imparted énergy to 2 nucleus in a menner similar to that in
which ordinary gamma rays are known to project electrons. According to
this, the quantum energy of the Be radiation was of the order of 50 ¥EV.,
while that of the B radistion wes of the order of 35 MEV. It wess

difficult to smccount for the emission of this high quantity of energy

in the disintegration of Be.
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Chadwick(4) made some further experiments on the rsdistion from
Re. Using & small ionisation chember which was connected to an
amplifier and sn oscillograph, he sgarched for hesvy particles which
were projected into the chamber by the r=diation. When he placed the
elements Li, B, C and N in front of the chamber, an increased number
of 'kicks' were recorded. Also, when the chamber was filled with the
gases Hy, He, Ny, 05 and A, deflections were obsetved which were att-
ributed to the production of recoil atoms of the respective gases.
The abéorption in Al of the protons ejected from paraffin showed that
they had a maximum range in air of about 40 cm. This corresponds to
a velocity of 3.3 x 109 cm/sec., or to an energy of 5.7 KEV., From
the size of the kicks observed when the chember wes filled with nit-
rogen, it was shown that the N recoil nuclei produced between 30,000
and 40,000 ion pairs. Assuming that the energy required to form esch
ion pair is 35 volts, this gives approximately 1 MEV. for the energy
given to the ﬁitrogen nuclei. This is in good agreemént with the more
accurate determination made by Feather.(5) By photographing the recoil
nitrogen nuclei in a cloud chamber operated at reduced pressure, he
showed that they had a maximum range of 3.5 mm in air =2t standard pressure.
According to the range-velocity data of Blackett and Lees(ﬁ), 2 range
of 3.5 mm corresponds to & velocity of 4.7 x 108 ém/éec., or to an
energy of 1.2 VEV,

By the Comrton process, the maximum energy which a quantum of

energy hY can impart to a particle of mass m is given by

E = 2
2 + mc</hv




If we solve thie equation for h¥ and apply it to the observed
energies in the case of nitrogen and hydrogen recoils, the energies
of the quantz reguiired to eject these nuclei are 90 EV. and 25 MEV.,
respectively.

Chadwick suggeeted that this penetrating redistion wss not
of the gauma rey type, but thet it consisted of & stresm of par-
ticles of unit mess and zero charge. These particles were cealled
neutrons. He showed that if one asssumes the radiation to bs neu-
trons instead of gamme reys, the discrepencies disappesr. Neu-

(7)

trons were discussed by Rutherlord in his Bzkerian Lecture of
1920, and various sttempts to observe them hed been mede in vein.
Chadwick showed that the mass of the neutron is approximstely unity,
as it would indeed be if it were a hydrogen atom in which the elec-
tron had fallen into the nucleus =zs Rutherford had suggested.

If we assume the conservation of energy and momentum in an elastic
collision between two perticies of masses m end &, the mexXximum
velocity V which 2 particle of mzss m and velocity v can impart

to & particle of mees M is given by

Vi ey

Thus the maximum velocity which a neutron of mess m can give

to = hydrogen nucleus is

- S

V., =
P "m+41
and the maximunm velocity which it can give to ¢ nitrogen nucleus is

2n
V, =2 ——
N"m+414



By eliminating v from these two equations, solving for m, and
using the experimentally determined values of 3.7 x 10'9 cm/sec and
4.7 x 108 cm/sec for the velocities of the hydrogen and nitrogen
nuclei Chadwick was able t0 show that the mags of the neutron was
approximately unity. The value obtzined by these calculetions was
1.15.

While this method of determining the meass of the neutron is
sufficiently accurste to show the order of magnitude of ites mass,
it is vestly inferior to anothervmethod for obitaining the exact
value. We will consider this better method in deteil.

¥hen Q, the kinetic energy releesed in the disintegration is
known, a nuclear reaction equation which describes a disintegration
is really a relation emong the several masses involved in the re-~
action. The single relation between the masses and the energies
of the particles can be expressed elther as a relstion between
mesees, or es & relation between energies by the use of the Einstein
reletion E m 02. When kinetic energy appears in the disintegretion
(& is positive) the sum of the messes of the resultant perticles
is less then the sum of the masses of the incident particles,
as this energy is relessed at the expense of the masses. By apply-
ing the conservation of energy and momentum in each individual
disintegretion, in the cases where only two particles share the
kinetic energy after the disintegration, a knowledge of the en-
ergy of either, together with the knowledge of the energy of the
incident pearticle, uniquely determine the energy releessed. This

is shown in the following considerastions: if we denote the mass



and velocity of the incident particle by mj and vj, the mass and
velocity of the neutron by my and vy, and the mass and velocity of
the resultant nucleus by mp and vy, the angle between the direction
of the incident psrticle end the neutron by 6 and the angle be-
tween the direction of the incident particle and the resultant
nucleus by ¢, then momentum considerations will yield the two

equations
mVj = MpVpcos 6 + mpvrcos ¢
0 = myvpsin 6 + myvysin ¢
Energy considerations lead to
mivi2 4 2Q = myvp? + mpeve?

From these three equations we maey eliminate g and v, and then we cen

solve for Q in terms of the masses, Vis V4, end 8. When this is done

we obtain:
Q = Bp(1l + mp/mp) - E4(1 - mj/mp) - (mgmi/mp)vivpcos 8 (2)

This formula requires a knowledge of the mass of each of the
nuclei involved in the reaction. Prior to mess spectrograph data,
which followed Thomson's work on positive ray parabolas, the best
information we had concerning nuclear messes was that obtained from
chemical atomic masses. In fact, it wes not known thet the frec-
tional values were due to mixtures of isotopes each of which had
& mess which was almost exactly an integrel multiple of the mass of

hydrogen. Thomson found that neon, of chemical atomic mass 20.183
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wag composed of & large portion of Ne“™ &nd a smeller portion of

2

s

Nézé More recent work has shown the presence of Ne2 , &lso.

The sssemblege of mese spectograph deta was & great aid to nuclear
Physicists in their early attempts to interpret their observed
transmutetions.

Having shown thet the mass of the neutron to the first approx-
imetion was equal to that of the proton, Chadwick turned to this
more exact method for z better determination of the neutron's
mase. At thaet time, there wes no mass spectrograph dete on the
mags of the Re nucleus, so he could not use the deta from the dis-

(8)

integration of Be. Aston, however, had determwined the masses
of B, He, and N and so Chadwick used the date from the disinte-

gration of B, which he assumed to be according to the equetion
11 4 14 1
SB + 2H° —> 7N T o8 + Q3 (3)

for the more precise determination. The energy of the neutrons
wes determined by ebsorbing the ejected protons in Al foil. As
the eneryy of the polonium alphe perticles was known, he wae able
to solve equation (2) for Q3. Then he solved equation (3) for the
mass Of the neutron, end obtsined 1.00C7.

¥any times the resultant nucleue is formed in an excited stete
and subsequently drops to the ground state wifh the emission of a
gamma ray. In theee cases the total energy released in the dis-
integretion is not given by (. Fortunstely, it seems thst a gemume
rey quantum is not always given off. In these instances, the
knowledge of the kinetic energy released in the dieintegretion

gives one & relation between the mesees of the nuclei involved.



Thus, in the investigetions of the energies given to the disin-
tegration products, one is particularly interested in the meximum
energy with which the particles are at times given off, for these
ere the timee when the resultent nucleus is formed in the ground
state, and it ie this meximum value of Q that is useful in deter-
mining the relations hetween the masses.

Y#ith the incressing amount of dieintegration date which hes
been compiled in the past few yesrs, it hes become possible to
arrange from it alone a table of isotopic mameses for the lighter
elements which is internelly consistent to the precision with which
the individusl messureuments are known.(g)

In the first reasctione studied the energies of the charged
disintegration particles were measured by various meesns. Usually
the energies were determined from the ranges, which in turn were
determined by ebsorption measurements, or directly from the lengths
of tracke photogrepned in & cloud chamber. In most of the disin-
tegrations in which neutrons are liberated the charged particle is
guite heavy in comparison to the neutron, so that its renge is eo
short that it ieg either impossible or impractical to determine ¢
from the energy of the charged particle. In these cases it becomes
necesssry to deteruine the energy of the neutron by some meens.

The neutron, as shown by the work of Curie-Joliot(lc) and later by

Dee,(ll)

very seldom disturbs the electron in its peth; nence,

it lesves no trail of ions as does & charged perticle. The neutron
loses energy by meking intimete collisions with the nuclei of tne
material through which it pessses. As it has no charge, the cross

section for zn intimete collision is of the same order of magni-

tude as the nicleus itself, and so it is & rare occurence, compared



to the number of collisions which a charged particle makes under
the same conditions. For thls resson the probability of obser-
ving & recoil nucleus which has received its maximum amount of en-
ergy from 2 neutron is extremely small, unless there are many
neutrons present. This makes the study of neutron energies a slow
and tedious tesk.

Although means of iavestigating neutron energies other than
those first used by Curie-Joliot, Chadwick, znd Feather have bheen
developed, te best methods known today are merely refinements of
the original ones. Dunning, using a shallow ionisstion chanmber
and a linear amplifier explored the energzy spectrum of the neu-

trons emitted from & Be 4 Rn sourceglz)

Following Chedwick, he
measured the absorption of the protons ejected from paraffin.
"nfortunately, neutrons also e_ject nuclei of the gas in the ioni-
sation chamber, thus producing = background, or & residiel number
o counts which are recorded even when the peraffin is not in front
of the chember. This is a serious objection when one is atteup-
ting to determine the meximum energy of the spectrum, as a weak
group of high energy could not be observed in the presence of a
strong group of lower energy by this mesns.

From equation (1) we see that an incident perticle can lose
all of its energy to another particle of the same mass. This is
true of & neutron when it strikes & proton. Neutrons with energies
of the order of 14 VEV. have been observedsls) Protons of this
energy have a range in air of nearly = meters, so one immediately
sees the impossibility of determining the energy of such high
energy neutrons by observing the maximum length of the tracks of

recoil protons in an ordinary cloud chamber. If on: knew the



direction of the incident particle, the velocity end direction
of the struck nucleus, end the values of all the messes invol-
ved in en elastic collision, he would neve sufficient data from
whicn to compuie tne velocity of the incident particle. Thus
one could determine neutron energies from the observed lengtns
and directions of proton tracks in & cluud cuember if he knew
the directions of the incident neutrons. He could measure high
neutron energies in this manner by observing the protons wnich
do not receive the maximum energy of tne neutron and epplying

the formuls
V. = V_COS o (4)

where oL is the angle between the directions of the paths of the
neutron and proton. A few of the early investigatore assumed thet
the neutron went straight from the source to the end of the pro-
ton tracx neerest the source and applied formule ' 4). However,

as Dunning pointed out, oune uniortunately has no way ot knowing
the direction of the incident neutron, @8 it couid nave been
scattered througn & large angle by a heavy nucleus (which is in
the apparatus or the walls of the room) with a very small loss of
energy; for this reason one is led to the wrong answef when he
applies formule (4). If one uses helium or nitrogen in the cloud
chamber part of this difficulty is overcome, as the energy given
to the heavier nucleus is smaller than that given to a hydrogen
nucleus, and ite range for the same energy is smaller. These gas-

14) (15)

es wers used by Feathe$ and by Kurie in the investigation

of neutron energies. However, one must have in a cloud chamber
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not only a permanent gas, but also & condensable vapor. The va-
pors most commonly used are those of water and alcohol. Both of
these contain hydrogen, so there will be a few hydrogen recoils

in the chamber if neutrons traverse it. As it is impossible to
dietinguish the track of & proton from that of a heavier nucleus
with certainty, this sm=11 amount of hydrogen present in the cham-
ber will again give & bzckground to any messurements mede on the
energy given to helium or nitrogen nuclei under those conditions.

Bonner and Mott-Smith(IG)

removed this troublesome background by
the use of a high pressure cloud chamber filled with either meth-
ane or hydrogen. With this arrangement, there can be no tracks
longer than those due to the hydrogen recoils, end hence there
will be no chance of ascribing more energy to the incident neu-
tron than it actually had. With this apparatus they investigated
the energy spectrum of the neutrons from Be, B, and F when bom~
(17)

barded by alpha perticles from polonium. This was an experimen-

tel chamber and had to be operated by hand.
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APPARATUS

Dr. T. W. Bonner and I designed and constructed an suto-
matic high pressure cloud chamber to be used in the study of
neutron energies. The chamber has been opersted successfully at
a pressure of 20 stmospheres. DBecause of the high pressure =t
which the charber wes to be bperated, speciel precasutions were
taken in its design and construction. The well of the chamber
was made of pyrex glass 1.3 om thick; to increase its strength
the gless wes cemented into 2 brasp cylinder with 0.5 cm walls.
For the top glass we used 2 disk cut from 2.5 cm plste glass.
Perhaps the greztest departure from the design of previocus cham-
bers wes the manner in which the lower part of the chesmber was
gsealed. Not only is the total pressure in the chamber very high,
but the difference in the pressure before aznd after expznsion is
as high ss 40 1bs/sq. in., even when slcohol is used to furnish
the condensable vapor. (A smaller expsnsion ratio is required
for alcohol vapor than for water vapor.) To take care of this
large pressure difference, a modificetion of the sylphon type
of chamber described by Dehl, Hafstad and Tuve(ls) was used.

As shown in the cut of the chamber in Fig. 1, the working vol-
urie V9, which is the cloud chamber proper, ig closed at the
bottom by a close-fitting piston P. Alcohol in the space between
the piston and the sylphon S; serves two purposes: it furnishes
vapor for Vy, end it lowers the volume V, for the gas, so that

Vo will have the same expansion ratio as Vj. There will be no
tendency for gas to blow past the piston =nd cause turbulence in

Vl when the expansion retios of the two volumes zre the same.(lg)
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The fact that the cross section of V5> is an annular ring does
not affect its expansion ratio. Thus, when the level of the al-
cohol is so adjusted thet the axial length of Vi is equal to the

depth of Vi, the reletion

avy/avy = Vy/V,

is satisfied for any finite movement of the piston =z=ssembly.
This is exactly true to the extent that a sylphon cen be consid-
ered & cylinder of constent diameter while its length changes.
As A 1/1, where Al is the distance the piston moves and 1 is the
lenzth of the sylphon, is always less tnen 1/10 it is readily seen
that the error introduced by =zesuming the sylshon to hs:ve a con-
stant diémeter is negligibie. Hence when the correct amount of
alcohol is in the space between the piston and the sylphon there
Wiil be no tendency for the gas to blow past the piston and cause
turbulence in the chamber at the time of expansion. In practice,
we have not found the adjustZment of the alcohol level to be very
criticel. The pressure in V5 is made approximately the saume as
the preessure in Vz after the expansion; thus the maximum pressure
which S, experiences is only z little greeter th:n the change in
sressure in V; upon the expesnsion of the cheamber. Leskage of
gazs from V5 around the piston shsft is prevented by the sylphon 52.
The ch=rber is illuminated by ths light from =z 2007-watt
movie flood lamp. This has been = very satisfazctory source of
light for the photographing of proton znd electron tracks in
methane at pressures of seversl atmososheres or grester, and for

proton trzcks in nydrogen at half atwmospheric pressure. Between
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expansions the volit:ge on the lamp is reduced to 10 volts, and
* pecond before the expansion it is reised to 110 volts. Besides
being 2 most convenient rnd constent source of light, the lamp
has been economicel as well; our first lamp provid=d the illum-
inetion for neariy 150,000 pictures. / Sept movie camers equipped
with =n ¥. 7.5 lens has been used with %% ma super-panchrometic
film for tsking the pictures. Two pzrallel, vertical mirrors zbove
the chember make it possible to teke three images on the same
freme, which mekes stereoptical reprojection in the dark rooum
possible.

e have used this cloud chamber in connection witn the high
potential tube developed by Lauritsen and Cranegze) Using the volt-
age of the million volt (r. =u. 8.) cascade trznsformer set in

the high voltege laborstory, this tube nes been designed to accel-

erzte positively char;ed psrticles with energies up to a miliion
electron volts. When used with 2 cloud chamber, it is obvious-
ly desireable to have the positive ions strike the target only
for = aﬁo;t time after the expansion. To accomplish this, relays
at the potentiel of the ilon source are actusted by solenoids at
ground potential which are connected to tne relays by non-con-
ducting strings. The solenoids are energizcd by current from
the contact system which controls the chawber. When the first
relay is operated, % second before the chamber expands, the follow-
ing things haopen to the ion source and its auxiliary equipement:
a smell amount of ges (usually deuterium) is allowed to enter

the ion source, the low voltage fields of tne high voltage gen-

erators ere energised, and the filament in the ion source
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is reised to emitting temperature ( between expensions it is burned at
e much lower temperature). When the chember is fully expended, the
other relasy 1is operated, throwing the d. c. voltage of tne generatore
on tne ion source. Thus it is impossible for the cnamber to have

'0ld' tracks in it. This lest contect is for a very short time,

(about 1/% second). The camera shutter is opened 1/1U second after
the chember is expanded, end is closed 3/10 second after the expension.
Thus the chamber is not filled with tracke which come in too late to
be recorded on the film. These extra, unphotographed trscks would
cause more vapor to be condensed and thereby increase the time required
between expansions for the chamber to come into equilibrium so that

1t may again be expanded. The time required for the chamber to

come sufficiently into equilibrium when operated under these con-

ditions at the highest pressures is of the order of 50 seconds.
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EXPERIMENTAL PROCEDURE

with the epparatus just described, we have investigated
the energies of the neutrons liberated in several disintegrations.
In all of the work to be described in this thesis, the ges in the
chamber was ordinary illuminating ges taken from the gas meins snd
pumped into suitable conteiners under pressure for us by Dr. 3. H.
Sage of the Chemical Engineering Laboratory. We found that the illum-
ineting gee contained the same gases, and in almost exactly the
same proportion, zs the mixture which the Ohio Chemical Co. sold
aé.‘methane' ges. The mixture was as follows: 85% CHy, 14%
CoHg, 0.87 N, end 0.2% CO. . The chember was also filled with
the vapor of ethyl alcohol, in equilibrium with the liquid. This
mixture of gases worked better in ithe chember thean e mixture con-
siderably richer in CZHA' The pressure of the gas in the chamber
before and after expansion was read from an ordinaery pressure
gauge which had been celibrated hydraulicelly. The stopping
power of the gas relative to eir wese computed from the known pres-
sure and the relative amounts of the gases contained in the chaw~
ber. The stopping powers used were those determined by Bregg,
end were 0.86 for CHy, 1.52 for CpHg, and 0.99 for No. The stopp-
ing power of the alcohol vapor was computed from deta given by
Phillipp.(zl) The pressure of the ges in the chamber was ad-
justed so that the tracke of the protons were of & desirable length.
The direction of motion of the deuteroms in the tube is down-
ward, and the neutrons which enter the chember directly from the

target travel horizontally. Thus for these neutrons, © is zero
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end equation (2) reduces to

Q = Ep(l 4+ my/m) - E5(1 - my/mp) (5)

Every target used has approximetely 1/8" of brass directly below
it. HNeutrons are eanitted with & distribution which is nearly
gpherically symetrical. Those emitted in the forwerd direction

(6 = 0°) nave a slightly greater energy then those eaitted at 90°.
A few of these higher energy neutrons can be scattered tarough

90° by the brass in such = msnner that they may enter the chamber
with greater energy than those which are emitted a2t 90°. We attri-
bute the few tracks of energy nigher than the value we chose for
the maximun to be used in formulas (5) to neutrons which have been
scettered in this manner. For a given energy of disintegration
21l the neutrons enitted at 90o do not have the same energy.

This ie due to the fact that deutserons of all energies up

to the maximum impinge on the targetes and may produce & dis-
integration. Thick targets produce the same effect. However,

for all the disintegretions studied except that of deuterium by
deuterons , the excitetion curve is so steep that the probability
of a disintegration being produced by a deuteron of energy appre-
ciebly less than the maximum is so smell that the spread in
neutron ensrgies from this cause is negligible.

For reprojecting the tracks, the entire assembly of cauera
and nmirrors is removed from the chamnber and taken to the dark room.
A screw cover is removed from the back of the camere, and a lamp
with suiteble condensing lenses is placed back of the film. Thus

it is possible to use the identical opticel system for viewing
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the trackse es is used for teking the pictures. &ny two of the
three images can be combined to determine the position of the track
in space. When the position and direction of the track have been
determined, only one of the images is used to determine its length;
greater contrast on the gredusted probe is obteined in this manner.
Only those tracks are messured which make angles of less than &
with the lines drawn from the points of collision to the center of
the target. However, because of the size of the source, some pro-
tons are meesured which were projected at angles as large es 16°%.
The probebility of messuring those which made angles greater than
8o with a neutron which ceme directly from the source is small,
however. A proton projected at & gets 98.1% of the neutron's
energy, and one projected at 16° gets 92.4%. Thus we should ex-
pect that a large proportion of the measured recoil-protons re-
ceived between 98} and 100% of the energy of the neutrons, and that
a rapidly diminishing number received from 98 down to 92 J4%. Of
course, e small number of protons which appeared to be in this angular
renge (Oo— 89) were ectually protons which had been projected at
large angles by ecattered neutrons. This number is probably quite
small and is effective only in giving a low energy bsckground or

tail to the energy distribution curve.
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NEUTRONS FROM THE DISINTEGRATION OF BERYLLIUM BY DEUTERONS

The copious emission of neutrons from the bombardment of ber;l-
lium by high speed deuterons was first reported by Crane, Lauritsen

and Soltan.(zz) Indications of the energies of the neutrons produced

in this disintegration heve been obtained by Kurieszs) Oliphant,(24)
and Bjerge and Westcottgzs) From the disintegrations produced in

nitrogen by the neutrons from beryllium whiech was bombarded with 2 MEV.
deuterons, Kurie has inferred thet their meximum energy is about 10 MEV.
On the other hand, the results of Oliphant§24) who used a heliun-

filled ionisation chamber and linear awmplifier, suggest that there are
not many neutrons with energies over 3 UEV. Bjerge and Westcott have
found that the deuteron-beryllium neutrons do not induee radiocactivity
in fluorine and silicon as do the high energy neutrons from lithium-
deuterons and those from beryllium- alvhe-perticles. This indicates
that the deuteron-beryllium neutrons are of low energ .

We have investigated the energy spectrum of the neutrons emitted
from beryllium when it is bombarded by 0.9 MEV. deuterons. Test runs
were made in which the deuterons were repleced by protons, and in
which the deuterons were allowed to impinge on a brasse target instead
of the beryllium; in neither cese were more than 1/1000 as many
neutrons observed as when the deuterons bomberded the berylliuam.

Thus we felt juetified in attributing the obeerved neutrons to the

reaction

4Beg-k 1H2 —> 5qu%* on1 4+ Qg (6)
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Approximetely 3,500 sets of stereoscopic pictures were taken
when a beryllium metal target wss bombarded by C.9 MEV. deuterons.
Prom these, 580 recoil proton tracks were measured. The energy
distribution, plotted in 0.2 MEV. intervals, is given in Fig. 3.

If these seme data were plotted in 0.1 MEV. intervals, severzl more
humps would appear in the curve. However, our previous work(ze)

in which we plotted the deta in zlternste 0.1 LEV, intervals shows
that these extrs humps sre not entirely consistent and reproducible
when different runs are mece 2t different pressures., An energy
interval of 0.1 MEV. corresponds to a renge interval so short

thet smell systemstic errors in the measurement of the tracks would
tend to throw trzcks either into or out of the interval in which
they reaslly belong. A small error J in the measurement of the
track length would make an error of Pg in the range of the particle
where P is the pressure of the gas in the chembers in atmospheres.
The pressure used in this experiment was 7.2 atmospheres.

The different energy groups indicated are sttributed to dis-
integrations with different Qg's. The maximum value of Qg, Qgg,
which ecorresponds to a neutron energy of 4.52 ¥EV., is observed
when the resultant 5Blonucleus ig formed in the ground state.

When it is formed in an excited state, all of the energy relessed

in the disintegration does not appear as kinetic energy; the

energy with which the 5Blois excited is subsequently emitted as

one or perhaps several gamme ray quanta. The work of Crane, Delsasso,

(27)

Fowler and Lauritsen indicates that the spectrum of the gamms
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rays emitted when beryllium is bombarded by deuterons is complex.
Several reactions take place when beryllium is bombarded by deuter-
ons. In these, seversl different resultant nuclei sre formed, and
the gemma rays may be due to any of these several nuclei. The ex-
trapoleted maximum energies of the neutron groups, as shown in

Fig. 3 sare 4.52 VEV,, 4.0 MEV., 2.6 }EV. and 1.4 MEV. The corres-
ponding Qﬁ's are:

2.1 MEV,

Qep = 4.25 MEV. Qe

Qgp = 3.7 MEV. Qgq = 0.8 LEV.
The latter three values of Qg are observed when the 5B10 nucleus is
excited to levels of 0.55 MEV., 2.15 MEV,, and 3.45 MEV. It is
conceivable that gamma ray quanta whose energies correspond to the
differences of trese excited states sre emitted. Thus we might ex-
pect some of the following gamme ray energies to be observed. In
the second column is given the energy of some of the lines observed

by Crane, Delszsso, Fowler and Lauritsen,

Transition Energy Observed
Qgs ~ Qgp = 0.55 MEV 0.6 LEV.
Qa - Qe = 2.15 MEV. 2.0 MEV.
Qga - Qg = 3.45 MEV. 3.3 MEV.

st - Qsc = 1.6 }¢@V.
st - Qsd = 2.9 MEV' 2.9 LEVO

1.3 MEV. 1.3 MEV,

R6c = Yed

Thile this agreement is fair, it should be reslized that
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it is not much better then that which might be obtained with any
six velues picked et randou over the rather small energy interval
of 3 MEV. Thie attempted correletion serves more as an illustretion
of our ideas about the energy levels in nuclei than eas an agreement
between the neutron and gamma rey energy epectra. The main com~
parison to be rmade between the two spectre =t this time is thet

the meximum of the gemme ray spectrum corresponds to the greestest
energy difference in the neutron spectrum. When the gamma rey
epectfum, as well as the kinetic energies relessed when beryllium
is bomberded with deuterons have been determined more esccurately,
entire agreement between them is expected to be found. Thus
'nuclear physics' mey in time become 'nucleer epéctroscogy‘.

“hen we first determined the energy releesed in reaction (6}
there wee & disagreement of prectically % {EV. between our experi-
mentelly determined Q6 and the one computed from the mess spectro-
gravh velues of the masses involved in the reaction. In fact,
there wes disagreeuent of the seme kind in most of the other react-
ions into which the beryllium nucleus entered. The mess-spectro-
graphic value of the mess of hBe9 wae greeter than that of two
alphe particles and a neutron, into which it theoreticslly should
e pontaneously disintegrate. Theoretical papers were written in
attempts to explein how 2 nucleus which wee known to be stable
could be heavier then the sum of the masses of the more elementary
particlee into which it could disintegrate with the emission of

energy . Order was regsined when Olighant(zs) showed that all
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such difficulties could be allevisted if one essuned a slightly
different value for the oxygen-helium r:tio than the one determined
by Aston, and re-arranged the masses of the elements of etoumic
munber less then oxygen eccordingly. Since then the musses have
been further revised to bring them into better agreement with
disnitegration detz, so that there now is very good agreement

in most cases between the experimentzlly determined values of the
Q's of the reactions involving the light elements end the v:lues
computed from the masses of the nuclei involved. We have seen
thet the sxoerimentel value of Qg is 4,25 ¥EV. Oliphent's lztest
masses(zg) give Qg = 4,19 ¥EV., which is szen to be in excellent

agreeument with our experimentelly deteruined value.
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NEUTRONE FROM THE DISTNTEGRATION OF DEUTERIUM BY DEUTERONS

The emiseion of neutrons in lesrge numbere from the bowmberdment
of deuterium by deuterons wes first reported by Oliphant, Herteck

end Rutherford.(5o) They ettributed the neutrons to the reaction
12 4 qH2 > oHe3 - onl 4 o (7)

They used & helium~filled ionisetion cheumber connected to an emplifier
end oscillograph to meesure the maximum energy of the neutrons.
From the meximum oscillograph deflection they estimated that the
neutrons have & maximum energy of 2.2 KEV. From the ranges of 30
recoil-helium trecks in a cloud chamber Dee(51) hes inferred that
the neutrons are homogeneous and have e maximum energy of 1.8 MEV.
We have studied the energy spectrum of the neutrons liberated
when an H5P04 terget wes bombarded by 0.5 HEV. deuterons. In this
experiment the pressure of the methane in the chamber was 2.7
stmospheres. In & series of runs in which approximetely 1200
recoil protone were photographed, 110 met our requirements for
measurementes which have been described previously. The energy
distribution of these protons is given in the lower curve of Fig. S.
The upper curve shows date taken from en experiment on yields and
described in the next section. In thet experiment the chamber was
placed very near the terget, causing the direction of the neutrons
not to be well defined. For thie resson we could not investigate
the entire energy distribution, but by meesuring the long tracks

we were able to get en independent value of the meximum energy of
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the neutrons. The lower curve of Fig. 5 indicetes that the neutrons
are nearly homogeneous in energy with =2 maximum of 2.55:: 0.10 MEV.
%e do not believe that the long tail on the low energy side necessarily
means that neutrons of this energy come from the source; it is
at least partly due to scattered neutrons which made lerge angle
collisions with protons and projected them in a direction such
that they were measured.

If one solves equation (5) for the energy of the neutron E,

he obteins

E, = 3/4Q+ 1/4 E;
where E; is the energy of the deuteron which produced the disin-
tegration. When our bombarding potential was 0.5 MEV., a maximum
of 0.125 MEV. of this energy appeared in the kinetic energy of
the neutrons emitted st right angles. DBecause we used a thick
target and alternating current, disintegrstions were effected by
deuterons of all energies below the maximum., This gave the neutrons
an energy spread of 0.125 MEV., with Q constent. A few neutrons
which were emitted in a direction perellel to that of the incident
deuteron beam made elastic collisions with little loss of energy
in the 3 mm of brass which is directly below the target and so may
have been scattered into the chember. OSuch neuirons received =
maximum of 0.9 LEV. more energy than those emitted at right angles
and so msy have been responsible for a few tracks with energies
greater than 2.55 MEV.

The maximum energy of the neutrons as obtesined from the
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lower curve is 2.554 0,10 LEV, and from the upper curve is 2.62+4 0.10
MEV. The corresponding Q's zre 3.19% 0.13 FEV. and 3.23 & 0.10 MEV,
Dee and Gilbert(sz) have obtained the energy of the short renge 2He3
particles which are produced in the same disintegretion and from
this energy have calculated thet Q7 is 2.8+ 0.2 MEV.

From the energy released in this disintegrstion, one can
calculete the mess of 2He3. Using the value Q = 3.2 MEV., and
Oliphant's latest values of the other masses(zg), 1H2 = 2.0147

and ,nl = 1.0090, we obtain

ZHe3 = 3.0170

This is in excellent agreement with Oliphant's velue of 3.0171
which wes computed from the disintegration of lithium by protons

according to

o118 + jHl —> JHet 4 ,HeS 4 Qg (8)



32

EXCITATION CURVES FOR THE EMISSION OF NEUTRONS

FROK

DEUTERIUN AND BERYLLIUM

When Oliphent, Harteck and Rutherford(3o) reported the emission
of neutrons from the bombardment of deuterium by deuterons, they
reported an equivalent yield of one neutron per 10% deuterons in-
cident on o pure deuterium target at 0.1 KEV. This means an actual
yield of sbout 1 in 107 from targets such as can be used convenient-
ly. This yield from deuterium at 0.1 MEV. is comparasble to the
yield from & beryllium target at 0.8 KEV. reported by Crane,

(33)

Lauritsen 2nd Soltan. However, other experiments in this lab-
oratory =zs well as at Berkeley indicate that at high voltages the
yield of neutrons from beryllium is considerably grester than that
from deuterium.

e have compzred the excitation functions for the emission
of neutrons from Be and H3PO4 targeis when bombarded by deuterons
with energies between 0.5 MEV. and 0.9 MEV. by counting the num-
ber of recoil protons photographed in the chamber. We placed the
chember close to the target so that a lar;e number of recoil protons
could be observed. All observed tracks were counted, regardless
of their orientation. The dats taken in this manner hsve been
reduced to an absolute yield and plotted as shown in Fig. 7. From
1000 to 2000 tracks were counted to determine each point on the curve.
The reletive yields are much more accurate than the absolute ones;

the latter may be in error by as much as a factor of 5 or possibly 10.



w

)

NEUTRONS PER DEUTERON xj0™

£
T

n
T

q
"BP

25

A A A '
So00 600 T00 800

ENERGY OF DEUTERONS

Fig- 7

H
360
IN K.V.



34

When the voltage wes incre=sed from 0.5 KEV. to 0.9 BEV. the aversge
number of tracks per expsnsion increased from 2.7 to 42 with the
Be target and from 7.1 to 13.4 with the H3PO, target.

Exeminstion of Fig.7 shows that the yields from the two are
equal at C0.68 MEV. Since the hydrogen in the H3F0, molecule is
responsible for only 1/8 of the molecular stopying power, one should
rultiply the experimental yield by 8 to get the yield from a pure
deuterium target. From the curves we see that this would mske
the yield of neutrons from a pure deuterium target much greater
than the yield obtained from z Be target when bombarded by deuterons
with energies in the interval investigsted in this experiment.

It is impossible to use a target of pure deuterium, but it might

be possible to use one of heavy wster. If one were to freeze a

thin layer of heavy water on to a brass target and keep it sufficient-
ly cool to keep the ice on it whenvit is placed in & vezcuum and bom=-
barded by deuterons, he would have & target superior to the one we
used. The fractional stopping power of the hydrogen in the weter
molecule is 28%. Thus there would be a gain of more than a factor

of two if one used a target of heavy water instead of H3P0,.

The beryllium excitation curve agrees quite well with the one
obteined by Crzne, Lauritsen and Soltan(33) who used a parsffin-
lined ionisation chamber to detect the neutrons. The curve is
roughly exponential, doubling every 0.1 MEV. The deuterium curve
gppesrs linear in the interval befvaen 0.5 MEV. end 0.9 MEV., increas-

ing about 75% in the entire range. Since the height of the potential
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barrier for deuterons on deuterium is only sbout 0.1 MEV., this
incresse cannot be due to a grezter probebility of penetrsting the
potentinsl barrier, but to the increzsed renge of the deuterons in
the target. The range of a 0.9 ¥EV. deuteron is‘approximately 90%
grester than that of a 0,5 MEV. deuteron, so the agreement is fairly
good.

If we extrapoleste these curves down to 0.2 MEV. we mey obtain
an ides of the relative yields of the two targets at this bombard-
ing potential. Upon doing this, we find that the ratio of the yield
to be expected from Be to that from HzPO, is 1/20. Thus it is app-
arent that, at potentials of the order of 0.2 MEV., deuterium con-
taminetion on tergets may be responsible for an appreciable portion
of the observed nsutrons.

If one is interested in a source of neutrons with energies of
the order of 2.5 MEV, it is seeﬁ that exceedingly high voltages
are not necessary. In fact, over the range between 0.5 MEV. and
0.9 ¥iV., and probably at any voltage over 0.2 MEV., it would be more
desirsble to increase the yield by the use of targets richer in
deuterium than H3zPO4 , and by employing intense beams of bombarding
particles than to use apparatus designed for higher volteges.

This is particularly true if one were buildiﬁg an gpparatus for

the production of neutrons.
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DISINTEGRATION OF LITHIUM BY DEUTERONS

When lithium is bombarded by deuterons, the following reac-

tions are known to occur:

JLib 4+ (02— zHet - g (9)
Y 1

116 + . —» 1iT 4 jHL 4 Q) (10)

Q7+ H2 = 2Het+ nly Q) (11)

The first two of these reactions have been investigated by several

(34)

reople. The emission of neutrons when lithium is bombarded

by deuterons wes first reported by Crane, Leuritsen and Soltan.(35)
Experiments done with the separsted isotopes of lithium by Oliphant,
Shire and Crowther(36) have shown that the disintegration products
had been attributed to the proper isotope. Oliphant, Kempton end
Rutherford(gv) have determined the energies of the alpha perticles
liberzted in resction (11). We investigated the energy distribution(Bs)

of the neutrons liberszted in the disintegration of lithium by 0.85 AEV.
deuterons. In particular, we were interested in determining the
reximum energy of the neutrons, and in investigeting the probability

7 8

of the transformation of zLi’ into 4Be” according to

JliT 4 HR —» 4BeB+on11—' Q2 (12)

Because of the very long ranges (over 190 c¢m in air) of the
protons projected by neutrons released in the disintegration of
lithium, we found it desirable to deviste slightly from the method
described earlier in this thesis. The longest track which we can

measure in our chamber is 8.8 em long, and as the chamber is circular,
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the probability of observing a track of that length is very small.
Furthermore, the chember is not designed to withst=snd a pressure
great enough that such an energetic proton would be stopped in 8.8
cm of methene. To overcome this difficulty we placed a sheet of
mica of 114 cm air equivalent across the center of the chamber in
a plane perpendicular to a line drswn to the target. Thus, with an
exprnded pressure of 14.7 atmospheres in the chamber we were able to
investigate the range interval of 125 cm to 240 cm, or the energy
intervel of 10.5 MEV. to 15.3 MEV, With & sheet of mica of 58 em
air equivelent we investigeted the energy intervel of 8.4 MEV. to
11.2 ¥EV., =nd with no mica in the chamber we covered the interval
of 2.2 ¥EV. to 8.4 MEV, Because the tracks of the lower energy
protons were too short to be observed at a pressure of 14.7 zt-
rospheres, two more series of runs were made. In one of these we
used hydrogen st a pressure of 0.5 atmospheres, snd in the other we
used methene at 2 pressure of 2.67 atmospheres. The stoprsing power
of the mice was computed in the usual manner, usiné the value 1.43 ng.
per sq. c¢m equivalent to one cm of air.

The ranges of the recoil protons were computed from the track
lengths and the stopping power of the gas and the mica sheet. These
proton rances were then converted into proton energies by the range-

velocity curve of Mano.(Bg)

A correction has been applied to the
data of each run to compensate for the unequal probabilities of
observing tracks of different lengths in the chamber. This was

particularly importent when the mica sheet was used.
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The effect of the smell amount of proton contamination in the
deuteron beam wes examined by making a‘control run in which the
bombarding ions were crotons. There were less than 1/200 28 many
recoil protons photographed s when deuterons were used, which in-
dicates that the proton impurity could not have been responsible
for more than 1/2,000 of the observed neutrons. In test runs which
were made when the lithium chloride target was replaced by a brass
one, less thon 1/200 as meny recoil protons were photographed.

From approximately 60,000 protons which were observed on 19,600
stereoscopic photogrephs, 1,550 met our requirements for measurement.
Fxamples of pictures taken when the mica sheet was placed across the
chamber are shown on pzge 40. The energy distribution of these
recoil protons is given in Fig. 8 . The curve includes datz from
the five overlepping series of runs which were fitted together
2s shown. In the lower energy portion of the curve, the number
of trecks observed in a given 0.4 MEV. interval was only sbout
half the number indiceted.

The upper curve of Fig. 8 gives the distribution of recoil
protons but not necesserily the distribution of the primary neutrons.
4 veriation in the neutron-proton collision area with energy would
make the neutron distritution curve differ from the proton curve.

It is known thet the collision ares incresses as the energy of the
neutrons decre=ses. In order to obiazin the neutron distribution
curve, we heve taken into asccount the experimental variation of ;511-

ision erees with neutron energy as found by Bonner(40) and by Dunning.(41)
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The collision aress used were: E O, F = 31 x 10'24; E = 1.2 MBV.,
g = 5.8 x 100%%4; E = 2.1 MEV., Tz 3.2 x 107%4; E = 5 MEV.,

"= 1.68 x 10°24, Thus we get the dotted curve of Fig. 8, which we
believe to be the approximete form of the neutron distribution curve.
It shows & pronounced hump nesr 13 MEV., which we have interpreted

8 and a neutron

as being due to the transformation of 3Li7 into 4Be
as postulated in resction (12). The ares under the hump is approx-
imotely 5% of the entire sres under the curve; this indicates
that reaction (12) is 1/20 as probeble =s the reaction (11) in

which two alphs particles and a neutron ere formed. This probsbil-

ity mey be = function of the bombarding potential.

g38
Evidence of the existence of 4B98 was first presented by
Kirchner(42) in his study of the disintegration of boron by pro-

tons. He proposed the reaction

11 1 8 4
s+ T 7 Be & JHe -+ Q. (13)

to explain the small homogeneous group of alpha particles of 4.4
cm range at the tsil of the continuous distribution of particles

due to the reaction

Oliphant, Kempton and Rutherford(#3) found that ,Be? could be
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disintegrated to form 4Be8 by either protons or by deuterons:
B+ (L — Bef 4 B2+ Q) (15)
B¢ + 52— el 34+ (16)

They also studied the energies of the particles emitted when boron
is bomberded by protons. In order to determine Q34 they used
the averzge energy of the three alpha perticles. These consider=~

etions led them to
Q Qqa = 4Be - 2.He* = 0.1 MEV
13 T Y14 = 4°° 256" = Y.l V.

The vzlue for the mass of 4838 which they found to give the grest-

est consistency in all of their remctions in which it is involved is

4338 = 2,He*+ 0.2 MEV.

Dee and Gilbert(44) have recently re-exemined the ranges of
the alpha particles emitted when boron is bombarded by protouns.
After a cereful and detailed study of the mode of disintegration

into three slpha perticles, they arrived at the conclusion that
4Be® = 2,06

within the limits of the accurscy of their messurements. They

8 is sometimes formed in an excited

also found evidence that ,Be
state, 3 MEV. =bove the ground state. 1In this case, its life

can not be longer than about 1017 seconds.
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(45) found that 4Be8is formed when _B1C

Cockroft and Lewis 5

is bombarded with deuterons
10 2 8 4
5B 4 (H® —> ,Be” + JHe” + Q4 (17)

Their evidence was again a smell homogeneous group at the tsil
of the continuous distribution of alpha particles arising from

the reaction
10 2 4
@ +f{ —93£M + %8 (18)

By combining their results with those of other well known reections

(46)

end Bainbridge's value of the difference

2 4
2,H" - JHe
they obtained

8 _ 4
4Be = 22He + 0.3 MEV

From the energy of the apparently homogeneous group of neutrons
at the tail of the neutron distribution curve we may compute the
kinetic energy released in reaction {12). Equation (5) becomes,

for this case,
Qo = 9/8 E, - 3/4 E;

The extrapolated meximum energy is 13.6 4- 0.5 MEV. Because
Mano's range-velocity curve is for mean and not extrapolated
ranges, 0.1 MEV. should be subtracted from our extrapolated

neutron energy. Using the value 13.5 MiV. for E, and 0.85 MEV.
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for Ei we obtaein
le = 14;5 t 0-5 I\EV.

The rather broad limite on the neutron energy are given for
severel reasons. The shapé of the distribution curve is such

that the extrapolated energy ie not clearly defined. The range-
velocity curve for protons of this energy has never been invest-
igated experimentally, nor is it known that the stopping power of
the mica remains constant for ell velocities up to those observed
in this experiment; there is evidence to the contrary. The value
of G;, cen be inserted in equation (12) and one may then solve

for the mases of ABea in terms of the other messes appearing in the

same equation. Using Oliphant's(?9) latest values this leads to
4BE = 2.He* + 0.28 MEV.

A more direct method of determining the nass of ABe8 would be
given by knowing the energy released in the slternstive mode of
disintegretion in which two alphe perticles and & neutron are

formed, as in equetion (11).

Oliphent, Kempton and Rutherford(47) have investigated the energies
of the alphe particles liberated in this reection, and find thest

they have & meximum range of 7.7 cm. It ie not known just how
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the kinetic enerzy relessed in the disintegretion is shared among
the three particles. However, they assumed that this maximum
range of the alpha particles corresponds to the mode in which the
greatest possible energy is given to the alpha particle; i. e.,
when the other alpha particle and the neutron escape in the opposite
direction, psrallel to one snother, and with the same velocity.
When this happens, the first alpha particle receives 5/9 of Qll‘
For any other division of the energy, the most energetic alpha
perticle would get less than 5/9 of Q11 It is improbable that
the alpha particle and the neutron should come off parsllel to'each
other and with the same velocity. Just how nearly this may happen
will remain a matter of conjecture until the energy releassed in
reaction (11) is known accurately, from the masses or some other
means; then one may compute the angle of seperation of the two
particles from Q11 and the meximum alpha particle energy. By
assuming that the two particles come off in directions so nearly
opposite that of the high energy alpha particle that the cosines

of the angles are approximetely unity, Oliphant, Kempton and
Rutherford were able to set a lower limit to the value of Q7. The
value they obtained in this menner is 14.6 * 0.25 MEV. The value
to be expected from Qliphent's masses is 14.8 MEV. While the value
obtained by Oliphant, Kempton and R@therford agrees with the one
computed from the messes, within the probable error, it is probable
that part of the discrepancy is due to the fact that the mode of

disintegration which is most favorable for a high alpha particle
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energy is not obtained in reality.

Because of the uncerteinties involved in determining the
energy relessed in a disintegretion when it is shared by three
perticles, it is perhaps hetter to use the value of Q11 given by
the masses than the one determined by Oliphent, Kempton and

Rutherford. Combining this value with our experimentelly determined

velus of Q;, we find
le - Qll = 4B68 - 22H64 = 0,3 MEV,

or 4B08 - 22He4+ 0.3 MEV.

Thus it is seen that there is great consistency in the values
of the mass of z’Be8 which are computsd in several wayes. It seems
evident thet 4838 is 8lightly heavier thzn two alpha particles.

This makes it unsteble and explains why it is not found in nature.
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A brief history of the discovery and identification of the
neutron is given. It is shown how disintegration data give rele-
tions between the maeses of the nuclei involved, and how one may
obtein @, the kinetic energy releassed in the disintegration, by
observing tne direction and velocity of one of the disintegration
varticles, in the cases where this energy is shsred by only two par-
ticles. When & neutron is one of the disintegration particles, the
determinetion of ( is more difficult. ieans of determining neutron
energies by observing recoil protons in a high pressure cloud cham~
ber is expleined in detail, ineluding the design of e chamber for
this work.

The energy distribution curves of the neutrons emitted by
beryllium, deuterium and lithium when bombarded by deuterons,
eg well as the excitation curves for the emission of neutrons by
beryllium and deuterium ere given. It is shown that the mass values
obtained by this meens sgree very well with those obtained by other

means .
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