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Susmary

Neutrons were scattered by iron. The neutrons

were obtained by the deuterium deuterium resaction
1D8¢ 102-'? 2!103, onl

Deuterium gas was ionized in an ion source and the
positive ions were accelerated by a potential dif-
ference of about 100 kilovolts. A target of
deuterium paraffin was placed in the bean of lons.
The neutrons emitted ry the target were scattered by
iron near 1it. Head on collisions of the scattered
neutrons with hydrogen atoms made proton recoill tracks
in a cloud chamber. The lengtns of the tracks were
measured to get the energy spectrum of the acattered
neutrons. The spestrum showed two groups of
inelastically scattered neutrons which indicated
energy levels of the iron nucleus above the ground
state. The energy velues determined were 0.46 MNev.

and 0.86 Xev.

Introduction
It has been reccgnized that much valuable
experimental information concerning energy levels

of nuclei can be gained by a study of the scattering



of protons, deuterons, alpha particles, and neutrons
by such nucloi.l The energy distribution of the
scattered particlea will in general show ~roups which
correspond to those particles scattered slestically
with no loss of energy and those particles scattered
inelastically with discrete losses. This kinetic
energy lost then appears in th- scatteriny nucleus
reising it to a nirsher quantised state, from which it~
will subsequently revert to its normal state with the
emission of gemnma radiation. Hence a measurement

of the energy lost by the inelasti.ully scattered par-
ticles gives directly the excitation energies of the
nuclei. These energies and their differer.ces represent
possible gamma ray emergies the excited nucleus may
give off.

The production of artificall; radiocsctive
elements offers s—nather convenient method of ebtaining
energy levels oﬂ'dlrrorencos of levels. ¥any isotopes
after bombardment by some of the elementary particles
become radioactive. Tholr muclel emit electrons or
positrons which change the element to another element
in an excited state. The exclted nuclei revert to



their ground state with the emission of a zZamna rajy.

For example
2gn5§ ' Onl - 25!“56
25!:156—» 2§P056+ '
Q:Fose—o 26?0560 hy

Magnetic spectrographs 2-4 have been dsveloped
to analyze the energ)y spectrum of the emitted electrons.
In the spectrogrsph Compton recoil electrons from
gemma reys cen also be used to determ.ne the zamms ray
energlies. C. E. Msndeville® gt The Kice Tnstitute
determined & numder cf gamma ray enorgloax::ch (]
spectrograph.

Proton scattering experiments have been done
recently 09507+ 5 ¢ energy levsls in alum num,
magnesium, chromium, and sulfur found by measuring
energies lost by the scattered protons.

The inelastic acattering of protons can he thought
of as a (p,p) reactior in which s proton erers a nucleus
and later leaves with smaller kinetic energy. In the
case of the (p,p) reaction, the emergent proton must
penetrate the Coulomb barrier in order to lsave the
nucleus. This is not the cese for the neutronm in a
(p,n) reaction as the neutron has no charge. It has
been shown that in general a (p,n) reaction is more

likely to ocour than a (p,p) roncuon.e‘ Hence proton
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scattering experiments are limited to elemants with
high (p,n) thresholds.

Furthermore the heavier elements are unsuitabdble
for inelastic scattering experiments becsuse of the
difficulty of tenetration of the Coulomd barrier by
the incident proton.

Neutron scatter:ng experiments have bheen performed
on several slements by many inveatigators. Only e few
(and those only at The Rice Instltute) have obtained
more than the inelastic cross sections for the process.
I« FPo Dunlap and Re h. Little have reported in The
Physical Review, Vole. 60, p. 693 (1941) on The Seatter-
ing of Fest Neutrons by Lead. In their experiment the
energy spectrum of the scattered neutrons was determined
from proton recoils in a cloud chamber.

According to weilsskopf and Ewing? fast neutrons
all having the same energy which have been scattered
inelastically by a hesvy element such as lead should
exhibit an approximately Maxwellian distridbution of
energies. The result of Dunlap and Little's experiment
were in disagreement with this theory. They further
showed that elastic scattering 1s not spherically
symmetrical,and is very small for angles greater than

&bout 50°.



Experiments on neutron scattering by magnesium
have been done at The ffice Institute by Re X. uLittle,
R. W. Lons, and Je. L. Mandeville. Their paper hes
been accepted for publication at a future date 0y the
Physicel Review.

The energ; apectrun oi the scattered neutrons was
determined by measuring protca recoils in a cloud chamber.
The results showed that maegnesium has an ercited state
1.30 Mev. above tne rround state. This was in gfood
agresment witnh the preton scattering and arma ray
spectrograph sxperiments.

The present sxveriments are on the scattering of
neutrons by en element of medium atomic weigrte Iron
was chosen as it consists mainly of one isotope of 90.2%

abundance (Fobs) with the remaining isotopes Fos‘,ngv

and Fe°° having 655, 2.8% and 0.57 abundance respectively.
Also 1t is resdily ava:lable.

The neutrons fror the D on D reaction have energles
lying in a narrow renge. This reaction is therefore
very suitable for experiments on neutron scactering.

The energy of the neutrocns depends slihtly upon the

_ angle of emission as well as the snergy of the incident

deuterons. This variation is shown graphically in
figure 7. At right angles to the incident beam the

variations are wvery small.

~



Picture correspending to Fig. 5

Picture corresponding
1

Fig.
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Ap. aratus

The complete apparatus is shown in figure 4.

The acceleration tower and ion source are shown in
figure 1 with a cleseup of the ion source in figure 2.
A circuit diagram of the sutomatic timin. device to
control the cloud chsmber is shown in figure 5.

A Cockeroft=kalton voltage doubler clrcuit was
used to obtalin the high potential for accelerating
the deuterons. The number of neutrons produced 1is
proportional to the ion beam current and rises rapldly
with increasing voltages. It is important then to
have &8s high a potential difference as practicadle.
However in the space availlahble it was rether difficult
to obtein voltages above 120 kilovolts without serious
sparking. The ion source was therefore improved so as
to obtain @ lerger ion beam current.

The present design 1s an adaptation of a type of
ion source described by A. T. Pinkolstoin’. An exial
magnetic field 1s used to collimate the electrons and
positive ions which reduces the numbers striking the
walls and electrodes. Consequently the efficiency of
this source is higher than that of the average ion
aource.

The construction of the ion source is showa in

figure 1. The filament A was a 1/8 inch wide platinum



ribbon bent into s loop whose axis was vertical.

The inner s'‘de of the loop -as coated with a nixture
of barium and strontium carbonsates in equal amounts to
increase the emission of electrons from the filament
-hichxgbated to red heat by 15 to 17 amperes. At this
temperature 50 to 80 milliamperes of electron current
were obtained.

The deuteriux gas was introduced _uto the flat
cylindrical tox B8, through which the electrons from the
fi.ament were accelerated. The top and bottom of the
box were made of molybdenum. The gas box was maintalned
some 400 volts positive with respect to the :ilament
by means of a rower supply shown in figure 4.

The Helmholts coils F provided an axial magnetic
field of sbout 350 to 400 oersteds when a cur:-ent of
5 to 6 amperes was flowing in the wind ngs. This axial
magnetic field collimsted the electrons from tne filament
into a fine beam about 2 mn in diameter directed
through the holollln the gas box.

The @ inder D with a nickel plate electrode €
was maintained at the same potential as the {ilament.
This repelled the electrons which passed through the
g8s box causing them to retrace their paths upward.

The magnetic field collimateés the electrons regardless
of their direction of travel. The returning electrons
are in turn repelled by the filament whem they get near

it and again retrece their pathas. This process eon-
7w



tinues until the electrons are captured : ions or
the gas box wallse.

These oscillations of the electrons up and down
through the gas bdox greatly increases the number of
collisions of the slectrons with the dsuterium ces so
that a larger nusber of nosltive ions are obtained which
are accelerated downward by the potential difference
between the box and the electrode C. These positive
ions form the deuteron ion beam which was focussed to
a spot one centineter in diameter or smaller on the
target.

The positive lons formed in the gus box 3 were
accelerated both upward and downward while heins
collimated by the ma;netic field. The usefuvl pertion
was those directed downward while the rema!nder
dissipated their energy on the hrass plate sapping
the ion source. The heat developed was removed by
compressed air circuleted through a copper tube
solderaed to the periphery of the top brass plate.

The air in the tube also cooled the vacuum Jjoint
between the brass plate and the glass cylinder sur-
rounding the source. This vwas necessary as the
gasket used was neoprene with the outside sealed with
glyptal ( a synthetic resin paint that kas geod
electrical insulating properties, can withstand fairly
high temperatures, and is vacuum tight)e.



The small hole at E enabled one to ali,;n the
electrode aystem visually.

Evidence that the ion source was functlioning
properly was ottained from the followin, observations.
A small hole was provided in the Helmholts, coll form
8o that the interior of the ion source could be watched
while it was in operstion. ¥ithout the magnetic
field there was a genersl bhHlue glow; with the
magnetic field the blue glow of positive ions was
restricted to & fine pencil 2 mm diameter passing
through all holes in the electrodes and throurh the
loop of the filament. This fine beam of ~ositive
ions bturned a8 small hole on the axis in a mica
insulatin- sheet near the top of the ion source.

The collimastin- magnetic fleld increased the life
of the filament by ceusing most of the positive ions
to pass through it instead of bomcarding the emitting
surface. The filament could be used 40 to 60 hours
before recoating was necessary whereas the positive
ion bombardnent destroyed(in 15 to 20 hours) earlier
filaments of differeut shape which exposed the emitting
surface to the positive ions.

No measureable beam currents reached the target



below unless the collimating magnetic field was on.
Figure 2 shows the accelerating eleztrode system
with its corona shelds to sliminate corona losses
to the sir. The 100 kilovolts was impressed scross
ths six accelerating electrodes and was distributed
for focuasing by mecans of point to nlane corona gaps
on the electrodes. The gaps were negative point to
vositive plane ss this has been shown to he more
stable in operation than the opposite polarity.
A high vacuum hgd to he maintained at sll times
in the interior of the electrode and target systems.
011 diffusion pumps and a rotary vacuum pump provided

clm of Hg without the deuterium

vacua as low as 1x10
gas inrut. The degree of vacuum was read on a micro-
emmeter in ths ionigsation manometer gage circuite. A
Priani type vacuum zage was used for rough cheoking.

With a 30 to 45 microampere deflection on the
vacuum rage and 100 kilovolts impressed on the
accelerating eleotrodes an unresolved deuteron beam
of 250 to 350 microamperes hitting the target was ob-
tained consistently. The maximum used during ex~-
porimental runs was 450 microamperes.

The components of the unresolved beam have heen

soparated by means of the deflection of the dbeam by a



strong magnetic fleld and measured with & galvanometer.
The atomic ions would be bent into a x-adiugﬁ‘ times
snaller than wers the molecular ions for a flied megaetic
field strength.

A Weliss muznet with 17 amperes flowirn: in its
coils produced a maxirum magnetic fleld of 10,000
oersteds in & gap l.1 cm wide over cole pleces 12 cm
in dianmeter. In this gap was a copper tube bent into
&an arc of 10 cm radius. The lower erd of the tube had
en insulated collactiny platec and the upper end was
attached to the vacuum systom at the target's normal
position. The ratio of the currents reachiny the
collector plate for the proper values of magnetic
fields then jave the relative numbers of the atomic
ions and molecular ions in the beam. The ratio found
was gporoximately 1 te 4, atcmic to moleculare.

The target mas & 1,/8 mm thick layer of deuterium
paraffin on a disc of aluminum foll 1C mm in dlameter.
This target could be tombarded 12 to 15 hours before
the yleld of neutrons dropped appreclably,possibly
due to the brown cherred layer that formed om the surface.

Bombardment of deuterium in the paraffin by the
deuteron bean gives rise to the following disintsgrations:

wlle-
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The protons () Hl) from the second reaction were stopped
by the surrounding scatterer while the neutrons (Onl )
of the first reaction have very long ranges. These
neutrons were scattered by the iron and some passed
into the cloud chamber used as a detector.

The cloud chamdber was plsced relative to the
target and scatterer as shown in figure 3. It was
30 om from the target to the center of the cloud
chamber which had a usable detecting volume 4.5 em deep
by 13.5 cm in diameter. The average half angle in the
vertical plane that the cloud chamber subtended at the
target was 4.5° on either side of 90°. This finite
angle at the deteetor allowed the neutrons direet from
the target to have s spread of energies from 2.4 Mev.f 2.5 Mev.
This was one of the factors contridbuting to the widih
of the peak shown on the curve of figure 6 .

The neutrons themselves ares not detestable dut any
head on collision of the neutrons with one of the
hydrogen atoms present in the ethane (Cg Hg) gas filled
shamber causes recoil protons which are detectabdle.

Because of the protons charge it ionigzed the ethare



along its rec->il path. These lons were condensation
nuclel for the vapor present. (Alcohol in first half;
50% alcohol, 255 acetone, 25% water in ths seeond
half.) The thin condensed vapor tresil was evidence
of the proton's passayge which in turn meant & neutron
had been detected. The length of the track was a
measure of the snergy of the proton and us the nroton
and neutron have nearly the same mass, the traocx
similarly was a measure of the neutron snergy.
(Actually & neutron of 2.5 Mev. energy would retain
about 1000 volts energy after a head on collision with
8 proton due to the slight difference of maas.)

These transient condensed ve-or trails were then
photographed by m-ans of a fast camera and an iatense
11;:ht source. A Sept movie camera of F/5.5 speed
was used in single frame exposures of the cloud chamber
expansions. The light source was a 15C0 watt incihcs-
cent lamp which was turned on about 1/2 second before
the expansion so that the lamp could reach its full
brilliancy before the exposure of the camera film.

The film used was Ansco Super-Pan Supreme. About 250
pictures could be taken on one loading of the camera.

An aluminised front surface vertical mirror

(see fiz. 4) was provided so that stereoscopie plctures

13-



of the cloud chamber wsre ébtuinod. The mirror
gave & view gt an an;le different f:rom the diresct view.
After the film was developed, the pictures were re-
projected throu;h the same camera system. An laage of
8 track in the two views coincided for oce spatial
orientation only. This rrovided a method of determin-
ing the angles both vertically rnd horisontslly of a
track with respect to the rediat 1line from the target.

Them recoll tracks were nmcusured to the nearest
0.5 m if they lay within 10° of th radial line. The
incluatan of traoks up to 10° increased the num-er
measurable without invalidating the results as suitable
correcticns were ~ade.

The cloud chamber was of iight construction with
8 rubber diaphragm -iston. Compres:ed air benesth
the dlaphragm cauied the 2thane gas aiLove to be
corpressed. A magnetic valve controlled the compressed
air of the expansions. The usable volume previously
mentioned corresponded to the illuminated space. An
electric field was provided in the chamber to clesr the
space of ions formed by cosmic rays, X-rays, and con-
tanination radio~sctivity except at the moment of the
expansion when the field was shorted out, See figure
4. The light construction of the cloud chamber and
the absence of any other materisls in the general

scat erer-detector aresa helped to minimise the ssattering
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of neutrons from any substance other than the !rom
scatterer itsclf. Also care wus taken %0 stand well
away frcxz the ciou! chamber during expansions as the
many hydrogen atoms in the human body are excellsnt
scattering mechanisns.

The cloud shaaber 1s & very inefilclent device
as ‘& 88 time 1ls coucerned. Its sens tive tire
during which trac«s appear clear snd sharv ls
spproximatel; O.1 second. In operation the chamber
s expanded and then left erpanded for 8 tc 1C seconds
teforn the gaes 1is recomnHressed. A period of 20 to 30
seconds must olapse urtil thermal equilidriun is reschedl
in the chamber when the ex,unaion may then take ol=zce
ag8in.

Such & cycle necessarily means automatlc control
equipaent. This wan p;ovided %, an uvlectronic time
delay apparatus (fic. S5) desorided in detall in wy
thesis of 1943. TUTtilizing the finite time to sharge
a condenser through & resistor to a certain potential,
the various controls,indicated in the larger schematic
figure 4 yere operated by mesns of relays and solenoids,
and put into the proper sequence by the time delay

circuit.

18-



The 100 kilovolt notential and the lon source
filgment wore left on contlinuously while the reaa’ader
acted as followst

l. Light on.

2. Q(as Inlactad and the collimating narnetlc
ield on.

3. Cloud chamber expanded.

4. Accelerating potent_al applied to the gas
box, csusing the bean to form.

5. Camera shutter opened.
6. &All off, exgept no compression to chnamhere.
7. Cloud chamber recompreszed.
8. A 30 sacond inte val until no. 1 again.
The interval between 3 and 4 was about Q.03
second so as to insure the cloud chamber's - ing
com:letely expanded tefore any neutrons ceaused recoils.
This precaution nrevsnted any "ol.." trucks from aypearing.
014" tracks of & recoil proton of a certaln energy
would be shorter than "fresh" trucks of the ssme energy,
becsuse the pressure in the cloud charher wculd be
higher before the complete expansion. The different
lengths would be interpyreted as differsnt snergy for
the recoil proton.
The temperature and pressure of the cloud chamber
were checked during the experimental runs. The ethane



gas was certified by the manufacturer to be at leust

95% pure but density tests were made to check the purity.
masaviment’s .

The density/showed trat the ethane was 95.5)s pure with

& poasible error of 0.2 assuming the impurity to be

methane (CHg).

The lmowledge of the composition of the zas and
vapor present enacled one to use the theoreticel curves
of Livingston and 3ethelO to compute the stop ing
power of the gas and vapor relative to alr. It was
necessary to know the value of the stoppin;; power
acourately becsuse the energy values of the neutrons
depend on the stopping power as well as on the lengths
of the proton tracks. The stopping power was de-
termined also usin- the "Q" value of the Don D
reaction, by which the renge in air for a 2.5 Mev. proton
was determined. The extrapolated range for the 2.5 Nev.
proton recoils in e*hane was found experimentally; hence
the ratio of the range in air to the range in the ethane
gave the stopping power. Dr. Bomnerll nas determined
s precise @ value of 3.31 Mev. for the D on D. resction
which waes used to obtain an experimental value of
stopping power of l.64 £ 0.01 for 2.51 Mev. neutrons
whereas from the theory one obtained the value of 1.537.
The value also checked with ranges of alpha particles

from polonium.

a)l7e



Two different views of the iron scatterer

which show the 500 cone that was removed and
the hole for the deuteron beam to reach the

target,



in evelusting esnergles from ranges in the cloud
chamber, the variation of stop:ing power with range
was allowed for bafore using the range-energy rela-
tionship given by Livingston and Botholo.

Referring to figure 5 one sees that the neutrons
were generstad at the bottom of the hemisphere. The
hemisphere had a hole 1.9 om in diameter drilled through
it from top to bottom to allow the bombarding partic.es
to reach the target. The neutrons passed through
the iron seatterer at angles of 90° to 165° with respect
to thie incident deuteron beam. The latter value was
determined from the démmeter of the hole and the dismeter
of the hemisphere. | On the side nserest the cloud
chamber a 50° ccae of ‘ron was removed. This shape
was used in ordar to increase the resoclution of thle
peaks in the energy spectrum of the scuttered neutrons.

The 50° cone wan raraved to climinste the small
“angle scattering which was mentioned in the discussion
of the scattering experiment of Dunlap and Little in
the introduction. It was considered that the effect
undoubtedly would be present in iron as well as lead.

In preliminary experiments that were made with a

spherical scatterer not having the cone removed the

-1 8.



results were rather poorly cefined; that is, the

peaks of the energy spectrum curve werse merged with one
another causing & broad distorted hump and not the well
defined curve of llgure 6.

The small ansle scattering effect allowed neutrons
emitted from the source at angles from 90° = 50° to
90% 50° (relative to the incident deuteron bsam) to be
elasticaily scattered into the cloud chumaver. These
angle limits correspond to energy variations from 2.79
Nev. to 2.25 Mev. at least. This contrihuted about
a 0.54 Mev. width to the peak in the curve. The
varistions in energy of the neutrons direct from the
source in the case of the scatterer with the cone removed
was only 0.07 Meve This was a step toward better
resolution.

Another contributing factor to the poor resolution
with the spherical scatterer waes the large range of
energies of the neutrons passing through the scatterer.
These were from 2.20 Mev. to 2.89 Mev. with an average
value (consideriag numbers/unit solid angle, path length,
and solid angle) of sbout 2.85 lov.lz A neutron of
either of these extreme values when inelastically scattered
then had energy of 2.20= x Nev. or 2.89 = x Mev. where

X is the excitation energy. This spread of values caused

=19-



& wide peak corresponding to the group of inelastically
scattered neutrons for & particular excited level. The
main group of neutrons consisted of elastically scattered
neutrons and neutrons direct from the source. The
average energy of the elastic.lly scattered neutrons
was about 2.65 Mev. and the neutrons direct from the
source had an average value of 2.50 Mev. This com~
tination peak with its width previously discussed and
& wide poak corresponding to an ad jacent excited level
gave a resulteant energy svectrum with very poor
resolution.

With the sphere cut in half the energy range of
the neutrons passing through the iron was only 2.20
Mev. to 2.50 Mev. with an average energy (to be
discussed later) of 2.54 Mev. Any excited level of
x Mev. then caused a peak at 2.34 - x Mev. whereas
for the spherical scatterer the corresponding group
for an excited isvel of x Nev. was 2.65 ~x Meve The
neutrons direct from the source were always prescnt at
2.50 Mev. The peak corresponding to an sxcited
level of x Mev. for the spherical scatterer would have
been only x = (2,86« 2.50) Mev. from the inevitadle
2.50 Mev. peak, while for the hemispheriocal scatterer
the inelastic peak ocorresponding to the same exeited



level was x=(2.34 = 2.50) Mev. removed. The
hemisphsre as a scatterer gives a larger separation
of thg inelastic and direct peak by 0.31 Mev. at
least.

An excited level of 0.50 Mev. was found with the
h/smisphere but was barely possidble to note in the
Tirst experiments with a spherical scatterer. In

l//tho above dlscussion if x s 0,50 Mev. then the peak
of the inelasticslly scattered neutrons in preliminary
experiments was only 0.35 Mev. from the direct 2.50
Mev. peak. The spresd of energies for each pssk was
about 0.2 to 0.3 Mev. Thus the inelastic peak
corresponding to the 0.50 Mev. energy ls vel was ncticed
only as & hump distorting the maein group.

The above considerations led to the decision

to alter the scatterer to the hexisphere with the
50° cone removed. The filnal curve of the energy
spectrum of figure 6 shows that the decision was

Justified.

«2]le



Figure 8

The neutron source is to the left,

A representative track enlarged to
the actual sige it had in the cloud
chamber, The small spot to the right
of the track lies in another plane
when viewed sterseoscopically,



Results

Some 3000 photographs were taken in the pre-
liminary experiments to determine the best conditions
for the eaperiment. The final results are based
upon 2300 photographs which were taken with the
hemispherical scatterer. On these pictures 460
tracks that fulfilled the criteria of distinctness
and being within the 10° cone from the source were
found. These tracks were measured and recorded.

One or more recoil proton tracks were visible in
almost every expansion and often there were 5 to 10
visible. On the average there was one measurable
track in every five pictures taken. A photograph of
several measurable recoil tracks is reproduced as
figure 8.

Table I shows the number of tracks measured and
the correction fectors used to obtain the corrected
number of neutrons in each energy range.

The tabulated track lengths were divided into
groups ocorresponding to equal energy intervals as
follows. The range-energy curve given by Livingston
and Bethel? was used to obtain proton ranges in alr
at standard temperature and pressure for 0.10 Mev.

intervals. By applying the stopping power facter

-22-



743 3

ERE S .
2,66 [0 |3 e300 | 3,80 | 3] 1.,16 22.8
2486 (8 [8 L300 |.325 [ 3,73 |16 2,68 114,8
245 27| 34 | 338 | o360 | 3,65 | 61 | 5,24 383,86
2350 [S1| 32| o365 | o305 | 3,55 | 63| 5,33 354,1
2425 |24 | 24 | 4405 | 430 | 3,48 | 3B | 4,13 188,06
24186 6| 12 | o450 | o470 | 3¢37 | 1B | 2,84 78,5
2006 8| 9| e490 | o815 | 3477 | 17 | 2,76 66,4
1,96 o820 | +850 | 3,20 | 16| 2,09 57.2
1685 |15 | 17 | ¢560 | 078 | 3620 | 32 | 3,79 104.2
1s75 |24 | 18 | 6595 | o818 | 3,02 | 42 | 4,35 126,2
1.85 8| 9] 4640 | 4650 | 2,90 | 17 | 2,76 45,8
1,56 S| €| o680 | (600 | 2,78 | 7| 1,77 17.0
1.45 8|18 | 6700 | 71D | 2,70 | 22 | 3,07 48,0
1e30 (11 ] 12| o740 | 745 | 2,60 | 23 | 3,22 48,3
1.28 8| O | «765 | 780 | 2,80 | 18| 2,42 28,2
1.16 4| 5| 4785 | 800 | 2,40 9] 2,00 16,3
1,06 2] 5| 813|830 | 2,30| 7| 1.7 11,7
0495 2| 3| «845 | 4856 | 2,18 | 12| 2,32 18,8
0.85 7| €] 870 ] 875 ] 2,08 11| 2,22 15,7
0675 O] 6| 885 | ,800]1,95| 15| 2,60 19,8
065 7] 2] 900|900 | 1.84] 9] 2,02 14 4 9.6
0665 4| 2| +850 | «850 | 1,70| 6] 1.6¢ 8 4 4
0e45 S| 1] «800 | 68001 1.60] 4| 1,34 2 8
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(with its variations with energy) to eash range, the
air ranges were converted into ranges in ethane
which could be used with the cloud chamber data.

Column I is the mean energy of the neutrons in
a 0.10 Mev. interval. In column II and column IIIX
are given the numbers of tracks which lay in each
energy interval of column I. Two columns are
necessary because the cloud chamberw;qxture was changed
half way through the experiment. The numbers in
column II were found using the correct stop:ing power
for the first half of the experiment and similarly the
values in column III for the last half.

The two different stopping powers required two
different cloud chsmber corrections which are tabulated
in columns IV and V. These factors were necessary to
correct for the finite volume of the detector as a
long track has a smaller probability of eccurence in
a fixed space than a short track. These correstion
factors adjusted the number of tracks of a certain
length which were observed into the number which
would have been seen if the chamber were infinite.

A long track is less likely to be measured because
(a) 1t is more likely to strike the wall, and (b) it
is more likely to go out of the illuminated space at

the top or bottom of the chamber.

«23e



The cloud chamber correction is the yroduct of

two corrections, the first of which is ;iven by

™ -L - 4 N -]l
(1) p=1 '-r/_l (L/2r) -s-‘g'un !%

where P is the probability of occurence of a traek of
length L in a circular chamber of radius r.

Formula (1) is btased on & parallel beam of
incident neutrons. Actually there was a divergent
beanm. Expressions were set up for the divergent beam
case and the resulting ellipticsel integrals svaluated.
The exact correction factor differed negligibly from
the parallel beam formulae; hence the simpler formula
(1) was used.

Measuring tracks up to 10° with respect to the
redial line from the target introduced another error
in the number observed. A long track inclined 10°
in the vertical plane has a greater chance of traveling
out of the illuminated space than has a shorter track at
the same angle. This again reduced the mumber ebserved.

The correction is

LA = cos W(a]
(2) ps 1 X

where P is the probability of occurence of a track
of length L in an illuminated space a units high when
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tracks may be inclined as much as %X/2 to the
horizontal.

The correction given by equation (2) is sometimes
overlooked in cloud chamber experiments. However 1t
amounts to 16% for tracks of 2.5 Mev. energy.

In equations (1) and (2) on which the factors in
columns IV and V are based, r = 6.75 cm, & ® 4,5 onm,
and &/2 = 10° or 0.1745 redans.

Column VI gives the reciprocal of the neutron-
proton cross secticn factor. Neutrons with high
energy have a smaller collision cross section with
protons than have neutrons of lower energye. Hence
this factor also affects the number of tracks observed
in each interval. The values tabulated were based on
the work of Kittel and Broitla.

The numbers observed in column II and columm III
were corrected by multiplying by the correction factor
of columa VI and dividing by the correction factor of
column IV for each interval. This is written in an
shbreviated form II x VI x 1/IV'= X; III x VIx1/U =
XI. These corrected numbers (col. X and XI) were
summed to get the final value for the relative nurhars
of neutrons in each energy interval (column XII.)

Probable errors for the number in each interval
were calculated from 0.67 \n' where n is the number



of tracks in each interval (col. VIII). This

probable error must also be multiplied by the cor-
rection factor VI x 1/IV to get the corrected probable
error of column IX.

The graph of figure 6 1s a plot of the values
from column XII versus column I with probable errors
indicated from column IX. This graph was the basls
for all conclusions drawn about the energy levels in
iron. Several different arrangements and methods of
analysis were made of the data in order to eliminate
accidental grouping not representative of the data.
All graphs from these different methods agreed within
the experimental error.

The main peak represents neutrons direct from
the source, scatterer or no scatterer present. The
neutrons which enter the scatterer have a smaller average
energy than the neutrons which go direstly to the cloud
chamber. To find the loss of energy due to inelastic
collisions, it 1is necessary to know the average energy
of the inelastic''secattered neutrons before they are
scattered. The reference energy used to determine
the energy of the excited ls vels indicated by the
smaller peaks was cbtained as follows:

I. The average path length in the iron for the
neutrons as a function of angle was determined. This



gave a curve of average path length versus the
angle of emission.

II. The number Of neutrons emitted per unit solid
angle as & function of angle as derived from the work
of Huntoon et al.,l"as plotted. This was necessary
because the spatial distribution of the emitted neutrons
from the D on D reaction is not isotropic but depends
on the angle of emission according to the following
relation:

R, = Nggo (1 =4 cos? @) where
@ 1s the angle between the forward direction of the
deuteron beam and the direction of the emitted neutron
in a coo-dirute system in which the center of gravity
is at rest, and HO is the number of neutrons emitted
per unit solid angle at angle @, A s 0.7 for the atomic
beam and A = 0.4 for the molecular beam.

IIX. The s0lid angle factor was drawn for the
scatterer.

Egqch curve was normalized to unity at 90°,

A plot of the product of the factors I x II x III versus
angle was made. .

This final curve then enabled one to determine the
angle of emission for the average neutron. This angle
on the curves of figure 7 gave two slightly different
energies for the neutrons dppending upon whether they
were produced by the molecular or atomic ions. The
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knowledge of the relative numver of atomie lons and
molecular ions in the bomtarding beam and the reslative
effectiveness of each in producing disintegrations
enabled one to £ind the best average value of the
snergy of the ineident neutrons. The latter ratio
was derived from the Gamow formula of reaction
probability. FPormula 797 in Livingston «nd Jethe,
Review of Modern Physics, Vol. 9, p. 235 (1937)

N=Kexp (-3s2 (MEB)YR)

where K 18 & constant, z and Z are the charges on
the bombardment and bombarded particles, M is the
atomi: weight ~f the incident particle, R ls tLe
energy of the incident particle.

For llcorresponding to Ejn 0.10 Mev. and for Ng
corresponding to E2 & 0.05 Kev.(both cases s= Z = 1

and M = 2) one obtains

108.%.ﬁ E.#' _1-;

: A

|
this gives ..'L - 8.36

2
This shows that the atomic ions were six times

more effective than the molecular ions in produeing

neutrons.
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The Gamow formula has been checked experimentally
and fair agreement has been obtained, Baldinger, Huber,
and Steubld® got a retio of four to one while Robertsl6
in a more precise experiment obtained a six to one
ratio.

The average snergy of the neutrons that may be
inelastically scaitered was found to be 2.34 Mev.
after considering the sbove factors.

From the curve of figure 6 the most probable
energy of the "lowest excited level"™ group 1is found
to be 1.78 Mev. This does not correspond to the
average energy as the neutron-proton recoils were
meamured when they weme within 10° of the forward
direction. The correction is 1/2 E «, where  1s
in redians and E the most probable energy. This added
correction is 0.027 Nev. Furthermore an iron nucleus
that inelastically scatters a neutron will take some
of the energy in recoiling. The recoil energy amounts
to By 258 x m quox, where m = 1, K = 56, Eo = 2.34
Mev and € the energy of excitation. This glves0.073
Mev. more to be added. The two corrections convert
the most probable energy of 1.78 Mev. into an average
energy of 1.8 Meve The difference between this
average energy of the inelastically scattered group and

=20«



the average energy of the incident neutrons sives the
energy of the first excited level In iron. 2.34 - 1.88
® 0,46 ¥ev,

In a similaer manner the most probable energy of
the second inelastically scattered group of 1.40 Mev.
converts intc a mesn energy of l.48 Meve 234 = 1,48
® 0,86 Hev. which is interpreted as the snergy of
the second excited level of an iron nucleus.

Possibly the third group indicaetes an excited
level. Thy number of tracks measured in this enorgy
renge was not very large and the actual track lemngths
were small (6-10mm). These two facts have caused
some doubt as to the reliability of the points. How-
ever by considering the ;roup to indicate an excited
level, calculations similar to those outlined above
gave 1.47 Mev. as the energy for that level.

This last level is very doubtful because there 1s
& good possibility that the peak corresponds te &

group f neutrons which have been inelastically scattered

three times with the same loss of energye The snergy
loss would be S X 046 Nev., 1.38 Mev.

Also the seaond peak could be interpreted as
beingz partly double scattered particles of energy
2:.34 = 0.46 = 0.46 ® ]1.42 MNev. which when corrected to



e e e

allow for recoiling nuclei and measurements to 10°

gives 1.26 Mev. This energy for the recoll protons
would be on the low side of the peak found but neverthe-
leas its presence can account for the resultant energy

of the corresponding level (0.86 Mev.) being siightly high
compared to the more accurate value 0.845 Mev. found

by gamma and @ ray spectrographs measurements.

The probable errors in the determination of
energies from track lengths were estimated to be 1%
for stopping power, 2% in measure-ments of a track of
average length, and 3% for total straggling. These
gave & 0.05 Mev. as the probable error in determining
the energy of a single neutron.

The range of energy values for the neutroms incident
upon the scatterer was, as pointed out before, from
2.20 to 2.50 Mev, This variation of 0.30 Mev. plus
the uncertainty of messurements of 0.05 Mev. allowed a
variation of 0.35 Mev. at least for the meamured proton
recoils. The minima between the peaks were therefore
not sero as there were contributions from the adjscent
peaks, due to the spread of energies of the incident
neutrons.

Early reports of gamma ray and @8 ray spectrograph
measurements have been in considerable disagreement as to
the energy level scheme of iron. Recently more accurate
experiments have shown better agreement.

The 8 and gamma ray spectra of radioactive man-

ganese and radioactive cobalt indicate the possible
3l






