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INTRODUCTION 

The scattering of fast neutrons hy nuclei can occur in 

two ways. In one method, the neutron is actually captured by 

the target nucleus with the formation of a compound nucleus. 

This method of scattering is called “capture scattering." Of 

about equal probability with this process is the method called 

"shadow” or “diffraction scattering." This is analogous to 

the diffraction of a plane wave by a spherical obstacle. Sha¬ 

dow or diffraction scattering is confined to within small 

angles of the direction of the incident neutron, and the in¬ 

cident neutron has the same amount of energy after the colli¬ 

sion as before with the exception of the kinetic energy of 

recoil of the scattering nucleus. This latter quality makes 

shadow or diffraction scattering a type of elastic scattering. 

But this paper is just concerned with a type of capture 

scattering called Inelastic scattering, i.e. scattering in 

which energy of excitation is imparted to the scattering nu¬ 

cleus, and this excitation energy can be detected by the gamma 

rays that are emitted. Competing with Inelastic capture 

scattering is elastic capture scattering, i.e. scattering in 

which the scattering nuclei is left in the ground state and 

emits no gamma rays. 

The cross section of the elements for capture scattering 

show sharp resonances in the slow neutron energy range cor¬ 

responding to distinct energy levels of the compound nucleus. 

At higher neutron energies, the cross section decreases mono- 
p 

tonlcally toward the value IT a for neutrons of wavelength 
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small compared to a, the nuclear radius. But competing with 

the scattering processes are all those reactions which are 

energetically possible. These reactions may Include (n, p), 

(n, <f ), (n,2n ), (n, fission), etc. For neutrons below 5 Mev., 

only the scattering processes are of Importance for all but 

the lightest and heaviest nuclei. But for neutrons somewhat 

higher in energy than 5 Mev* and particularly with the 14 Mev. 

neutrons used in the experiment to be described, the (n, 2n) 

reaction may well be expected to be of importance. 

But assuming for the time being that only inelastic scat¬ 

tering will occur, the product nucleus will be left in an ex¬ 

cited state after the emission of an inelastically scattered 

neutron. The nucleus will be excited to a level equal to the 

energy of the Incident neutron minus the energy of the emitted 

neutron and the kinetic energy of recoil of the nucleus. This 

nucleus, left in an excited state, usually emits its excita¬ 

tion energy as one or more gamma rays. The scattered neutron, 

on the other hand, has all its original energy minus the a- 

mount left with the scattering nucleus. 

Studies of the energy levels of the target nucleus may 

then proceed in two directions. Experiments may be carried out 

to determine either the energy distribution of the scattered 

neutrons or the energy distribution of the associated gamma 

rays. Many experiments have studied the energy distribution 

of the scattered neutrons, but very few have studied the gamma 
♦ 

rays. Of those experiments that have studied these gamma rays, 

just a small number have obtained enough information to permit 

(2) 



accurate and detailed interpretation in terms of the level 

(l 2) 
structure of the target nucleus, * ' 

This lack of quantitative data on the energies of the gam¬ 

ma rays associated with the inelastic scattering of fast neu¬ 

trons may be attributed to the difficulty of detecting the 

gamma rays with energy discrimination. But the advent of Na I 

scintillation counters gives a new method for detecting the 

gamma rays with energy discrimination. It was the purpose of 
1 

this experiment to measure the energies of the gamma rays from 

lead and iron by the use of a single Na I scintillation counter 

for two reasons: 

1. To perfect a geometry for detecting ana measuring the 

energy of the gamma rays from extended sources exposed to fast 

neutrons. 

2. To determine the limits of usefulness of the geometry 

and method as regard detection sensitivity and energy resolu¬ 

tion. 

THE Na I SCINTILLATION SPECTROMETER 

A. Crystal Mounting 

Na I was used as the phosphor in this experiment because 

it is the most widely used crystal for measuring the energy 

of gamma rays from radioactive sources. In mounting these 

crystals on the photosensitive surface of the R.G.A. 5S19 

photomultiplier tube, two points must be kept in mind: 

1, The crystal must be mounted so that all the light 

that is made in the crystal reaches the photosensitive sur- 
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face of the photomultiplier tube, and no light from the out¬ 

side reaches the crystal, 

2. The Na I crystal must be kept perfectly free of 

moisture* 

The Ha I crystal was a oyllnder If inches in diameter 

and if inches in length. It was housed in a moisture proof 

aluminum cup of the same size. This cup was lined on all 

sides by polished aluminum foil to reflect the light. To 

one end of the cup was Joined a luelte light pipe f inch in 

length. The Ha I crystal was Joined to the lucite pipe by 

petroleum Jelly to make a good optical seal. The other end 

of the light pipe was ground out to fit as nearly as possible 

the curved photosensitive surface of the photomultiplier 

tube. These two were Joined together with Canada Balsam to 

make a good optical seal. A ring was machined to fit around 

the top of the photomultiplier tube, the lucite base, and 

the base of the aluminum cup to hold everything in place. 

Blank electrical scotch tape was then wrapped around this 

to hold it in place and to keep out light, 

B. The Electronic Equipment 

The output of the photomultiplier tube went through a 

preamplifier, thenoe to an A-l linear amplifier, differential 

pulse height selector, scalar, and register. The pulse height 

selector had two dials on it. One is called an E-dial (or 

energy dial) and the other is called a E-dial (or incre¬ 

ment of energy dial). Actually both the E-dial and A E-dial 

read directly in volts, but they could be calibrated to read 



In terras of energy in a manner to be describedi The pulse height 

selector sent to the scalar a pulse whenever a pulse arrived 

from the A-l linear amplifier between E and E f A a volts. 

The preamplifier used was a standard type. More details 

of the pulse height selector can be found in J. E. Francis, Jr,, 

P, R. Bell, and J. 0, Gundlaoh, Rev. Sol. Instr. 22, 133 (1951), 

G. Energy Response, Oalibratlon, and Resolution 

Gamma rays interact with matter in three ways: photo¬ 

electric effect, Compton effect, and pair production. The cross 

section for any one of the three processes varies with the energy 

of the gamma ray and the hind of material through which the gam¬ 

ma ray is passing. But by any one of the three processes, if 

a gamma ray is absorbed or scattered by the crystal, It will 

cause one or two electrons (or perhaps more) to travel in the 

crystal until the electrons are stopped. An electron produces 

an amount of light In the crystal proportional to the energy 

of the electron. In Ha I this light falls to 1/e of its ori¬ 

ginal value in 0.25y^sec,^ Each photon of this light has 

a certain probability, if it reaches the photosensitive sur¬ 

face of the photomultiplier tube, of knocking out an electron. 

Thus the size of the pulse from the photomultiplier tube de¬ 

pends on the energy of the electrons that the gamma rays knocks 

out. The energy distribution of the total energy of these 

electrons in turn depends on the energy of the original gsurnna 

ray. 

It is found that it is more probable for a gamma ray of 

(5) 
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i Figure 1. A. Total cross section for gamma ray absorption 

in Hal. B. Cross section for Compton scattering. C. Cross 
section for photoelectric absorption. D. Cross section 

for pair production. 



a particular energy to make electrons of a certain total energy 

in a crystal than it is for the gamma ray to make electrons of 

a certain lesser total energy. In other words, the curve of 

N(S)dS versus E (where E is the total energy of the electrons 

produced) will show certain peaks, flattenings, and steep drops. 

The position, number, and relative height of these peaks de¬ 

pend on the energy of the original gamma ray. If just one gam¬ 

ma ray is present, it is always possible to determine the en¬ 

ergy of this gamma ray to 10$ accuracy. But if more than one 

gamma ray is present, it may be very easy to distinguish the 

individual gamma rays or it may be impossible depending on the 

individual situation* 

Figure 1 shows the oross section for the three ways in 

which gamma rays interact with matter as a function of energy 

In Na I. From the standpoint of resolution, the Na I crystal 

is perhaps at its beet from about 0.3 Mev. to 1.1 or 1.2 Mev, 

In this energy range the highest and most distinct peak seen 

on the N(E)dE versus E curve is at the place where the total 

gamma ray energy is lost in the crystal. This peak is ordi¬ 

narily called the photoelectric peak referring to the fact 

that the gamma ray was captured by the photoelectric effect. 

Actually, however, part of it is due to the capture by the 

photoelectrio effect of a photon that has already been degraded 

by the Compton effect. In the energy range from O.S to 1.2 

Mev., the photoelectric peak is due more to this last, process 

than it is at lower energies because the photoelectric effeot 

falls so much more irapidly with energy than the Compton effect. 

(6) 
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The region from 1.2 Mev, to about 3 Mev. yields no good peaks. 

The photoelectric effect has fallen to zero, and the onoe scat¬ 

tered Comptons are on the average more energetic than at lower 

energies and are seldom captured. Pair production is not yet 

large enough to yield really good peaks. Above 3 Mev, the 

pair peaks become pronounced and increase in size with increas¬ 

ing energy. 

Figure 2 shows the N(E)dE versus E curve for Cs^7 which 

emits a 66l kev. gamma ray. The fartherest peak to the right 

is, of course, the photoelectric peak. The ratio of the height 

of this peak to the '’valley'* lying just to the right of it is 

sometimes taken as a figure of - merit of a particular scintilla¬ 

tion spectrometer. Another figure of merit used is 
£ 

where E is the width of the peak at half maximum, and E is 

the position of the maximum. This last quantity is a measure 

of the sharpness of the peak. Operating under optimum condi¬ 

tions, the Ra I counter used gave a peak to valley ratio of 

10 to 1 and a half-v/idth ratio of 17/&* But the measurements 

made in the experiment to be described were not made under 

optimum conditions as regards the crystal.. The peak to valley 

ratio for the crystal used in making the measurements of Figures 

9 through Ik was about 5 "bo 1, and it had a half-width ratio 

of about 20fo* 

Refer back to Figure 2. Coming out of the valley at E- 

dial * 525, the curve rises sharply and then flattens off 

somewhat. This flattening is the Compton distribution. It 

can be shown that for a gamma ray of energy E y , the maximum 

(7) 
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energy It can give an electron la given by 
ZB2T 

+ ZE* 

where m • Is the rest mass of an electron* For the 66! kev. 

gamma ray from cesium, the Oompton distribution ends at 477 

kev. fhe peak at E-dlal = 200 is 661 kev. - 477 kev. * 184 

kev. $his peak is generally attributed to the scattering 

into the crystal of the backseattered Oompton photon from 

surrounding objects (such as luoite base, crystal holder, 

etc*) since the backseat tered Oompton photon is more probable 

than any other degraded, Oompton photon. 

Figure J is the N(E)dE versus E curve for the 1.28 Mev. 

gamma ray from Na 22. Here again the strongest line is at 

the point where the total gamma ray energy is lost in the 

crystal# to the left of that is the rise at the start of 

the Oompton distribution, the sharp peak at E-dlal - 400 

is plo kev. annlhlllation radiation, this is present since 

Na 22 is a positron emitter. 

the upper curve in Figure 4 is the N(E)dE versus E curve 

for me so-thorium, the most energetic gamma ray here Is the 
It 

2.62 Mev* gamma ray from thorium 0 * At this energy the most 

probable single amount of energy that a gamma ray can lose 

in the Crystal is 1.60 Mev.* which Corresponds to the forma¬ 

tion of a pair with the escape of both annihilation photons. 

Another flattening is seen to appear at 2.11 Mev., which cor¬ 

responds to the capture of Just one annihilation photon. 

No peak is seen at the capture of both annihillation photons 

■ • ' ■ ■ <«> :■ ■' V- . ^ 
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since this is rather improbable. No photoelectric peak is 

seen at this energy. The curve continues to rise to the left 

of 1.6 Mev. because meso-thorium emits a great deal of radia¬ 

tion below 1.5 Mev. Much of this lower energy radiation 

can be eliminated in comparison to the 2.62 Mev. gamma rays 

by placing the thorium source in its container with 2 inch 

lead walls. The lower curve in Figure 4 is the N(E)dE versus 

E curve for thorium in its container. The flattenings are 

not so distinct as previously since the 2.62 Mev. gamma ray 

has been degraded to a certain extent by Compton scattering. 

This effect has a great deal of Influence on the results of 

this experiment and will be referred to later on. 

Figure 5 is the N(E)dE versus E curve for the 4.44 Mev. 

gamma ray from Po - Be. At this energy pair production is 

very probable. The peak at E-dial = 600 corresponds to 3*42 

Mev., which is the pair peak with the escape of both annihil¬ 

ation photons. The curve drops more rapidly to the left of 

this peak than to the right since the capture of just one 

annihillation photon is quite probable. This keeps the curve 

from dropping too rapidly to the right of E-dial - 6(30. As 
it . 

in the case of the thorium C 2.62 Mev. gamma ray, the peak 

corresponding to the capture of both annihillation photons 

(and the photoelectric peak) fall to appear. To the right of 

550, the Compton distribution appears. Various lower energy 

gamma rays begin to appear below E-dial = 200. 

These N(E)dE versus E curves from radioactive sources 

serve two important purposes. In the first plaoe they show 

(9) 
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what sort of N(E)dE versus E curve is obtained from a gamma 

ray of a particular energy. Secondly, these curves are used 

to calibrate the spectrometer. The two most Important gamma 

rays for this last purpose are the 66l kev, Oesium gamma ray 

and the 4.44 lev. ?o - Be gamma ray. The cesium photoelec¬ 

tric peak is used for calibration at lower energies, and the 

Po - Be peak with the escape of two annihillation photons is 

used at higher energies. 

For the energy determination of a particular gamma ray, 

the Na I scintillation spectrometer is best between 0,3 Mev, 

and 1.1 Mev. and again above 4 Mev. In the first region the 

photoelectrio effect gives a sharp peak. In the second region 

pair production gives a tall and somewhat broad peak. The 

region between 1,1 and.4 Mev. is largely Compton effect, and 

it is here that it is most difficult to obtain any useful in¬ 

formation about an unknown gamma ray spectrum with a Ha I 

crystal* 

THE EXPERIMENTAL METHOD 

A. Tke Neutron Source 

The neutrons used in this experiment were obtained by 

bombarding a tritium-zirconium target with 250 or 300 kev, 

deuterons from the molecular beam of the Van de Graaff accel¬ 

erator of the Rice Institute. The neutrons were obtained by 

the reaction: 

H3 + .H”—*- Hn.t M**- 
/ 2- 

This yielded neutrons of ;)3>Iif* Mev. when the bombarding 

(10) 
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energy was 250 to 300 kev. A description and discussion of 

the preparation of the target oan be found in A. B. Lillie 

and J. P. Conner, Rev. Sci. Instr., 22, 210-211 (1951). 

B. Method of Taking Data 

The sort of geometry used in taking the data is shown in 

Figure 6. The iron and lead were cast in the form of rings 

of the dimensions shown in Figure J, and placed around the 
photomultiplier tube and just back of the crystal. The reason 

for the choice of this geometry will be explained in the next 

section. 

The neutron flux was monitered by a boron trifloride 

counter placed about five feet from the neutron source and 

in full view of the source* The data to be presented was ob¬ 

tained by setting the A E-dial of the pulse height selector 

on some convenient figure about equal to the difference of 

two successive E-dial readings. The number of E counts in 

a particular length of time was divided by the number of neu¬ 

tron counts in the same time Interval. A reading was taken 

every 25 or 50 scale divisions on the E-dial beginning at 0.5 

Mev. The pulse height selector does not work well above E- 

dial * 1000. So when E-dial = 1000, the gain of the A-l linear 

amplifier was turned to one-half its original value, and the 

E-dial turned back to 300. The process was then repeated, 

and the amplifier gained turned down again if necessary. Thus, 

if E-dlal = 500 at a gain of 1 - & corresponds to 0.5 Mev., 
then it would be necessary to use amplifier gains of 1 - £>, 

1-4, 1-2, and 0.5 ~ 2 to properly cover the energy range 

(11) 
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from 0.5 Mev. to 16 Mev. 

0. Data Taken 

The attempt was first made to find the gamma rays from 

lead. Readings were taken from 0.3 Mev. "to 7 Mev. At 7 Mev* 

the counting rate became so low that E readings were dis¬ 

continued. But a reading was made of all pulses above 7 Mev., 

and it was found that this reading was about the same as the 

reading with the lead ring entirely removed. In each energy 

range background readings without the lead ring were taken 

right after the readings with the lead ring in place. Figures 

10 and 12 give the N(E)dE versus E curve with the lead in 

place and with the lead ring removed in the range from 0.3 

Mev. to 1.3 Mev. and from 2.5 Mev. to 6 Mev. Wo gamma rayf*Hnes 

could be detected from lead at all. These curves are of no 

particular Interest in themselves, but are of more importance 

when compared with the iron curves in.the same energy range. 

In the case of Iron, readings were taken with the Iron 

ring in place and with the iron ring removed Just as In the 

case of lead. Figures 9 and 11 show the results obtained 

from O.65 Mev. to 1.4 Mev. and from 2.5 Mev. to 7 Mev. One 

gamma ray was found at 775 kev., and another probably exists 

at 1.16 Mev., but these will be discussed more in detail later. 

It was also thought interesting to see if any gamma rays 

could be found in the Na I crystal itself when it was exposed 

to the full fast neutron flux. In order to stop thermal neu¬ 

tron scattered from the floor and other places, a B^O shield 

(12) 



one-fourth of an inch thick was placed around the crystal* 

Readings were taken in this manner from 0.4 Mev. to 16 Mev, 

fhen the B^C shield was removed# and the lead cone put in 

place to shield the crystal from the neutron source. Read¬ 

ings were taken in this manner from 0.4 Mev. to f Mev. 

These two sets of readings were to show what the fast neu¬ 

trons do in the Ha I in comparison to the slow neutrons. 

Figure 14 shows the N(E)dE versus E curve from 3 Mev. to 

16 Mev. when the crystal is exposed to the full neutron 

flux. Figure 13 shows the ratio of the readings with the 

lead cone out to the lead cone in from 0.4 Mev. to 4 Mev. 

This data will he discussed more in a later section. 

THE EXPERIMENTAL PROBLEM 

A. ffk® Choice of Geometry 

The geometry shown in Figure 6 was not used by accident. 

It was used after some trial with other very unsuccessful 

geometries. In fact it was the only experimental setup that 

was found to he at all successful. 

At first the attempt was made to measure the gamma rays 

from lead and Iron by placing the counter in the full neutron 

flux without a shield and setting the material whose gamma 

rays were to be measured around It. But this produced abso¬ 

lutely no results at all for the following reason? the neu¬ 

trons interact with the sodium and iodine nuclei In the crystal 

and produce gamma rays., Also a sodium nucleus can recoil with 

a maximum energy of 2,3 Mev. from a backsoattered 14 Mev. neu- 

<13) 



tron. The counts produced in these two ways entirely masked 

any effect that the iron or lead might have been producing. 

Furthermore, what effect the iron or lead did produce cannot 

all be attributed to the gamma rays from these materials. Much 

of it can be attributed to the neutrons that the iron or lead 

scattered into the crystal. The scattering material was also 

placed at the target, and the counter placed back from the 

target behind the scattering material. The readings with the 

soatterer in place were somewhat lower than the readings with 

the soatterer out. In other words, the neutrons that the scat- 

terer scattered out of the flux had more effect on the crys¬ 

tal than the gamma rays the soatterer produced. But it was 

Just these gamma rays that we wished to study. 

Clearly two things needed to be done to improve the geome¬ 

trical arrangement. The counter needed to be shielded from 

the neutron source, and the material producing the gamma rays 

needed to be placed in such a position that the gamma rays 

would reach the counter whereas the scattered neutrons would 

not. Of course, both effects could not be reduced to zero, 

but a geometry could be used where the ratio of gamma rays to 

scattered neutrons would be as small as possible. 

To shield the counter from the neutrons a lead cone was 

constructed. Figure 6 show's the dimensions of this cone. But 

now the question is this: where should the scattering material 

be placed in order to get the maximum number of gamma rays 

into the counter? 

Let the distanoe from material to crystal be r^ and the 

(1^) 



distance from material to source be Y . Let Y? 4- Y1 =r Y~ =r 

constant. Let N = total number of neutrons from source and 

n * total number of gamma rays from material. The total num- 

C, N 
ber of neutrons stopped in material = ~n~z:—~ oC. ff 

n'TT Yj'^' 
if we assume the dimensions of the scatterer are somewhat 

shorter than the mean free path of a fast neutron in the scat¬ 

terer. Total number of gamma rays reaching crystal = * 

K A/ 

-rtf- 
The graph of this function from Yj‘^<?to Y] - Y0 is as 

follows: 

The point Y ~ — is ‘^lle Place where a minimum number of 
1 2> 

gamma rays reach the crystal, but Y^—O and Y{ — Y0 are the 

points where a maximum number of gamma rays will reach the 

crystal. Thus for maximum effectiveness, the material should 

be placed either as close to the target or as close to the 

crystal as possible. 

But in deciding where to plaoe the gamma ray producing 

material, care should be taken to place it in such a position 

that it will scatter the least number of neutrons into the 

crystal in comparison to the number of its gamma rays that 

(15) 



enter the crystal. The pertinent fact here is that the hack- 

scattering of a fast neutron between 90° and ISO0 is rather 

improbable as compared to scattering it between 0° and 9°°* 

On the other hand, it is supposed that the gamma rays are 

emitted isotropically. Thus the geometrical arrangement shown 

in Figure 6 was chosen. The iron and lead were cast in the 

form of rings of the dimensions shovm. These rings were placed 

around the photomultiplier tube and just back of the crystal 

so that a neutron had to be scattered through an angle of more 

than 90° in order to reach the crystal. The neutrons had to 

go through the lead cone in order to reach the crystal, but 

the lead cone did not shield the neutrons from the iron and 

lead rings. 

B. The Dimensions of the Scatterers 

Another question arises as to the proper site of the rings. 

The thickness of the rings to a neutron from the source should 

be somewhat less than the mean free path of the neutron in 

the material. Otherwise, multiple scattering will be probable, 

and the gamma rays seen will not all be from l4 Mev, neutrons. 

If we assume that the mean free path for inelastic scattering, 

Xi > is given by ^ / 

, where h is 

-13 AV3 

n 7r/r 
the number of nuclei per cm^ and the radius R - 1,4*10 

cm, we obtain for lead X- ~ 14 cm and for iron /Y = 13 cm.^ 
But yet another difficulty arises. ' This difficulty is 

best illustrated by comparing the upper and lower curve of 



Figure 4, The 2.62 Mev. gamma ray of thorium is so degraded in 

passing through the two inch lead walls of its container that 

it is almost unrecognizable. The same is true of the gamma rays 

in this oase in passing from the material in vrtiioh they are 

produced to the crystal. So perhaps a useful criteria here is 

that it is of no use to have the distance from any part of the 

scatterer to the crystal greater than the mean free path of 

that energy gamma ray in the scatterer. Gamma rays from dis¬ 

tance greater than one mean free path have a very small probabi¬ 

lity of reaching the crystal undegraded. The mean free path 

in lead of gamma rays of energies 0.6, 1.0, 2.0, and 5.0 Mev. 

are respectively 0.77 cm, 1.25 cm, 2.1 cm, and 2.1 cm. The 

mean free path in iron for gamma rays of energies 0.6, 1.0, 

2.0, and 5.0 Mev. are respectively 1*6 cm, 2.4- cm* 2.9 cm, and 

4.0 cm. If the scatterer is made too large, a gamma ray is so 

degraded that it cannot be recognized. If the scatterer is 

made too small, a gamma ray is not seen because of the large 

background. The optimum thickness is somewhere between these 

two extremes. But even here, we have no assurance that the 

gamma ray can be recognized because of the large background. 

C. The Paraffin Shield 

But it was desired to reduce the background still further 

below that which could be obtained with a lead cone. One 

method which was tried but was not successful was the use of 

a paraffin shield. The paraffin shield used was a can of paraf¬ 

fin With eight pounds of borax mixed with it. It was sixteen 

inches in diameter and twenty inches long. The base had a 

(17) 
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cylindrical hole cut In it five inches deep and three inches 

in diameter. The photomultiplier tube was placed in this hole 

in the base, and the whole arrangement set up as in Figure &• 

The theory behind this arrangement is that the fast neutrons 

have a much shorter mean free path in paraffin than gamma rays 

of energy more than 3 lev. A fast neutron once stopped is 

captured by the boron in the borax. Thus the paraffin shield 

stops the fast neutrons so that they cannot reach the crystal. 

The paraffin shield easily stops and captures the slow neutrons 

that are scattered into the counter from the floor and else¬ 

where. If the scattering material is placed around the target, 

the higher energy gamma rays have little difficulty in reaching 

the counter essentially undegraded, 

When this method was tried, however, the situation was 

found to be more complex than this. At energies below 3 Mev., 

the. background was found to be as high with the shield as with¬ 

out it. At higher energies the background was found to be lower¬ 

ed to perhaps half Its original value. Since the lead cone 

did considerably better than this, this method was discarded. 

THE ANALYSIS OF DATA 

The gamma ray at 775 hev. 50 kev.< Is apparently rather 

strong. The fact that it is from the Iron and not a gamma ray 

resulting from the scattering into the counter of neutrons by 

the iron can be established on the following grounds, The 

curve resulting from subtracting the background from the curve 

with the iron ring shows a pronounced peak at this energy. It 



1 Figure 9. Iron spectrum in the lcnr energy range. A. Iron ring in place 

; B. Iron ring removed. C. Difference of Curve A and Curve B. 
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is safe to assume that this is the photoelectric peak of some 

gamma ray. This peak would probably not be so pronounced were 

it from the Na I alone. Furthermore* the ratio of iron read¬ 

ings over background readings also shows a peak at this energy. 

But the clinching argument is that lead does not show a peak 

at this energy. If we assumed this gamma ray were in the Na I 

and that the lead scatters neutrons back into the crystal as 

the iron, then it follows that lead too would show a peak at 

this energy. What little flattening there is at this energy 

in the background can be attributed to the iron stands and the 

magnetic shield around the photomultiplier tube* The apparent¬ 

ly weaker gamma ray at l«l6 Mev. 0.1 Mev. can be established 

on similar grounds to be from the iron. 

have studied the gamma rays from 

These 

both decay to the ground state of Fe''~, which makes up 91.52$ 

of natural iron. By using a magnetic lens spectrometer and 

Elliott and Deatsch.^ 

the beta emitter Mn^ and the positron emitter Co 

56 

making coincident measurements, they found the following energy 

level 
2.. 
2.,09 Me-/, 

0.84TMev. 

a. 13 Y 

/, 81 Mev: r 

' f ’ ' ) 

1. 2.4 MeY. Y 
* 
i 

0, its Mw. Y 
f 

The 775 kev. gamma ray is probably the same as this S45 

kev. gamma ray, and the 1.16 Mev. gamma ray is probably the 

(19) 



1,24- Mev. gamma ray. The fact that both our values are low by 

the same per cent would Indicate that the energy calibration 

is incorrect for some reason. The decay scheme of Fe^° from 

the excited state to the ground state also shows gamma rays 

at 1.61 Mev. and 2.13 Mev. These two gamma rays, if they do 

exist, would give no good peaks in Na I as the 64-5 kev. or 

even the 1.24 Mev, gamma ray would. The photoelectric peak 

disappears at these energies and pair production is not large 

enough to give much of a peak. At least these gamma rays were 

not found. This decay scheme also shows that the 64-5 kev. 

gamma ray is stronger than any of the others. The data seems 

to indicate that the 775 kev. gamma ray is stronger than the 

l,l6 Mev, gamma ray, but another effect must be considered 

here. The total cross section of Na I for the 64-5 kev, gamma 

ray is more than twice what it is for the 1*16 Mev* gamma ray. 

Then, too, the photoelectric cross section is a larger part 

of the total cross section at 64-5 kev. than at 1.24- Mev. 

(2) 
Grace et.al. have investigated the gamma rays from 

iron when it is bombarded by 2.5 Mev. neutrons. The energy 

of the gamma radiation was determined by the method of Bleuler 

and Zunti from the' absorption in aluminum of the secondary 

electrons produced by a polystyrene radiator. They found two 

gamma rays, one at O.S _+ 0,1 Mev, with a cross section of 

-24- ? . 
(1.6 1.3) * 10 cm and the other at 2.2 .2 Mev. with 

a cross section of (0.14- -h.0.05)* 10~^cm2, They claim that 

the iron spectrum can be accounted for by two components, but 

that statistical uncertainty does not exclude the possible 

(20) 



; Figure 10. Lead spectrum in low energy range. A. Lead ring in place.; 
B. Lead ring removed. C. Difference of Curve A and Curve.B* j 
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presence of gamma rays of intermediate energy. These results 

agree very well with our gamma ray at (775 Hh. 50) kev. 

No other gamma ray lines oould he distinguished from back¬ 

ground in the entire energy range from 0.4 Mev. to 7 Mev. in 

either iron or lead. The gamma ray line seen in Figure 11 at 

510 kev. is just annihillation radiation and represents no 

line. Even though no gamma ray lines were seen in the higher 

energy range except in Na I, it is interesting to compare the 

results obtained in the different materials used since the re¬ 

sults were not the same. The result with Na I alone will be 

considered first. Figure 13 shows the ratio of “cone out” to 

“cone in« from 0.4 to 4 Mev. The main feature of this graph 

is the inorease of this ratio from 0.4 Mev.. to 2 Mev. and then 

its flattening off above 2 Mev. In particular, there seems to 

be some gamma rays in the Na I with energies between 1.5 and 

2.0 Mev. from slow neutrons which make this graph rise rapidly 

in this region. This indicates that slow neutrons may not 

produce any gamma rays in Na I above 2 Mev.; this we cannot 

say on the basis of Figure 13. But Figure 13 does not exolude 

this possibility. 

But an analysis of Figure 12 indicates that either the 

lead scatters few neutrons into the crystal or the slow neu¬ 

trons produce very few gamma rays above 3 Mev. in Na I. If 

we Just assume that the lead ring scatters few neutrons back 

Into the crystal as compared with those that are coming from 

elsewhere, then the gamma ray at 5£, 0.4 Mev. might be a 

oapture gamma ray in the iodine. Iodine has a rather high 

(21) 



! Figure 11. Iron spectrum in high energy range. Upper curve - ' 
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KubetschaLs cross section for neutron capture even at 0,1 Mev. 

and Dancoff^ found the highest energy gamma ray from neutron 

capture in iodine to be ?,0 i 0.4 Mev. The gamma ray at 5«& 

Mev. might be one of the resulting capture gamma rays. The 

spectrum of Na I exposed to the full fast neutron flux shows 

no gamma ray at this energy. This indicates that the $.8 Mev. 

gamma ray is from neutron capture. 

But regardless of whether the slow neutrons produce any 

gamma rays in Na I above 3 Mev. > Figure 12 is perhaps even more 

striking because it shows that the lead Itself gives few gamma 
(4) 

rays above 3 Mev. Stelson and Goodman have studied the in¬ 

elastic scattered neutrons from iron, aluminum, and lead. They 

found that a 15 Mev. neutron looses at least 12 Mev, on 3,$s 

first inelastic collision in lead. The fact that the lead pro¬ 

duces no high energy gamma rays and scatters no fast neutrons 

could be the case even if inelastic scattering predominantly 

occurs: the lead nucleus could be left excited to 12 or 13 

Mev. and then decay to the ground state in cascade. But what 

seems more probable is that the (n,2n) reaction occurs. The 

three main isotopes of lead (making up 9S$ of the natural ele¬ 

ment) have (n,2n) thresholds of 6.90, 6.75* and 7*30 Mev., 
(9) 

respectively. 
7
 Thus what probably happens is that the (n,2n) 

reaction occurs, and there is about 7 Mev. to be divided be¬ 

tween two neutrons and any gamma rays emitted. 

But the case of iron is different. The (n,2n) reaction 

may not occur to any appreciable extent. The reason for be¬ 

lieving this is that the gamma ray lines found (775 kev. and 

(22) 
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1.16 Mev.) belong to the reaction (n,n~) rather than (n,2n). 

makes up 91$ of natural iron* The (n, 2n) reaction pro¬ 

duces Fe^. The energy levels of Fe*^ have been obtained by 
(g\ 

Deutsch and Hedgram' ' by studying the gamma rays produced 

when the positron emitter decays to the ground state of 

Fe^. They obtained the following energy level scheme for Fe^: 
1,41 

0, psM&. 1 

 ] r > 

Y 

t 

No gamma ray lines were found corresponding to these 

energies. Of course, the 477 kev. radiation would be about the 

same as the annihillation radiation, and it would be impossible 

to distinguish the two. But the 935 kev. radiation would pro¬ 

duce a fairly good photoelectric peak. The threshold for the 

reaction (n,2n) in Fe-^ Is 11.15 Mev.,^ and that would leave 

just 3 Mev. to be divided between the two neutrons and any 

emitted gamma rays. Of course, it may be argued that the (n,2n) 

reaction still occurs, but the two neutrons take away the 3 

Mev, excitation energy and the O.935 Mev. level is excited only 

a very small per cent of the time. But however that may be, 

it does seem that the (n, n1) reaction ooours a good per cent 

of the time since the 775 kev. line is as strong as it is. 

Furthermore, the N(E)dE versus E curve for iron from 3 Mev. to 

7 Mev. shows no sign of becoming identical with the background 

curve as the lead did. (See Figure 11.) Of course this could 

(23) 
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also be accounted for on the grounds that the iron elastically 

scatters 1*1- Mev. neutrons into the counter, whereas the lead 

does not. But in any case it still seems that the reaction 

(^n1) occurs an appreciable fraction of the time. 
(4) 

Stelson and Goodman ' have studied the inelastic scatter¬ 

ing of 15 Mev. neutrons by lead, iron, and aluminum by the use 

of photographic plates. They found that a 15 Mev. neutron 

looses at least 12 Mev. when it is first lnelastically scattered 

by an iron nucleus. The energy distribution of the Scattered 

neutrons fits Weisskopf statistical theory of the nucleus. At 

this excitation energy, they obtained 0.02 Mev. for the energy 

level separation in iron. 

The l4 Mev. neutrons used in this experiment were evident¬ 

ly degraded about 12 Mev. in the first Inelastic collision, 

This is so close to the (n,2n) threshold that the (n,2n) re¬ 

action is Just not probable. For the (n,2n) reaction to occur, 

at least 11 Mev. of the available 12 Mev, would have to be 

concentrated in one neutron, and that is not probable on a 

statistical basis. 

The excited iron nucleus at 12 Mev, above ground state 

must then ordinarily, decay to the ground state with several 

steps in cascade. The counting rate above 6 Mev, is so low 

compared to the strength of the 775 kev. gamma ray that it is 

safe to state that extremely few six, eight, and ten Mev. 

gamma rays are emitted. If a strong line were present at 

these energies, it would be easily detected because it would 

make a good pair peak. This apparent continuium of gamma 

(2M-) 



figure lii. Spectrum of the Nal itself in the high energy range --,-ith 
no shield. 
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rays may not prove the close level spacing predicated"''by''t-iie 

Weisskopf statistical theory, but it is about what one might 

expect from the theory. 

Figure l4 shows the N(E)dE versus E curve for Na X with 

no shield from 4 Mev. to 16 Mev. No lines are seen, but a very 

few extremely high energy pulses are seen even at 14 Mev. 

As has already been stated, the sodium nucleus can recoil 

from a 14 Mev. neutron with energy all the way from zero to 

2.3 Mev. It would be interesting to leno?/ the ratio of the 

pxjlse from the 2.3 Mev. recoil to a completely converted 2.3 

Mev. gamma ray. Franzen, Peele, and Sherr^"0^ have studied 

the ratio of proton pulses to gamma ray pulses In Na I. They 

found this ratio to be about one. But because of denser ioni¬ 

zation In the Na I with the sodium nuclei, this ratio might 

be considerably less than one. The ratio of "cone out" to 

"cone in" might fall considerably as we go from the energy 

range with sodium recoil pulses to the energy range without 

sodium recoil pulses. Since this ratio never falls, but in¬ 

creases from 0,4 to 4 Mev., it is possible a 2.3 Mev, sodium 

nucleus gives a pulse that is equivalent to a pulse from a 

gamma ray of energy less than 0.4 Mev. 

In conclusion then, we can say the following things. In 

lead 14 lev, neutrons seem to yield the (n,2n) reaction. As 

a result, lead gives no high energy gamma rays. In iron, 

however, inelastic scattering is the predominant effect. At 

low energies lines at O.775 and I.16 Mev. are observable. 

(25) 



But at higher energies the counting rate becomes very small 

and decreases exponentially. There is an apparent continuium 

of gamma ray energies. This is the result one might expect to 

get on the basis of the Weisskopf statistical theory. 

In Na I the 2.3. Mev. sodium nucleus recoils from l4 Mev. 

neutrons give a pulse that is probably equivalent to a pulse 

from a gamma ray of energy less than 0*4 Mev. There is a gam¬ 

ma ray in Ha I at 5*2 Mev, It is likely a capture gamma ray 

In the iodine nucleus. 

THE EVALUATION OF THE METHOD 

This method of using a single Na I crystal to measure the 

energy of gamma rays in the presence of so many fast neutrons 

has several disadvantages among which are the following! 

1. The lines below 4 Mev. must be fairly strong before 

they can be seen at all because of the high background, 

2. The crystal gives poorest energy discrimination be¬ 

tween 1 Mev. and 3 Mev. where a great many lines might be ex¬ 

pected to be found. 

3. Even under ideal conditions from radioactive sources, 

the energy resolution is never much less than 10$, Thus if 

two or more gamma rays have energy separation of less than 

10$, it would be very difficult to distinguish them. They 

might even appear as a continuium. 

4. The gamma ray lines are degraded by the material in 

which they are produced in reaching the counter. This makes a 

line harder to see than a line of the same energy from a radio¬ 

active source. 
(26) 
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