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I. Introduction 

Ionizing particles on passing through certain crys¬ 

tals have heen found to produce fluorescent radiation along 

their paths, characteristic in wavelength and intensity of 

the material from which the crystal is made. Such crys¬ 

tals mounted on photomultiplier tubes are very useful in 

detecting elementary particles whether they he ionizing 

particles or not. Gamma rays and neutrons produce Compton 

electrons and recoil protons respectively in the crystal, 

which in turn cause the desired fluorescent radiation. It 

is of course essential that the crystal be transparent to 

its characteristic radiations. Scintillation crystals may 

be made from either organic or inorganic compounds depend¬ 

ing upon the application for which they are intended. If 

gamma rays are to be counted it Is desirable to have heavy 

atoms present so that the number of electrons available for 

secondary emission will be high. Thus for high gamma ray 

counting efficiency one would most likely choose a heavy 

Inorganic crystal. On the other hand if neutrons are to 

be counted It is necessary to have as much hydrogen as pos¬ 

sible in the crystal so that recoil protons may be easily 

produced. Thus for detecting neutrons one would use an or¬ 

ganic crystal. 

Anthracene, CgH/^OHjCgH^, Is the best available crys¬ 

tal for neutron scintillation counters. In it, particles 

produce more light per unit energy loss than in other or¬ 

ganic crystals. The wavelength of the monochromatic light 
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produced in the crystal (4400 A°) is near the peak of the 

sensitivity curve for the Dumont 6292 phototube. The decay 

time (defined as the time during which the light intensity 

falls to of its original value) is 0.03 microseconds.1 

The purpose of the present work is to construct a neu¬ 

tron detector which will measure the energy of monoener- 

getic neutrons in the presence of strong gamma radiation. 

It is equally likely that the recoil protons produced in 

the crystal should receive any amount of energy from zero to 

the energy of the incident neutrons. Thus a plot of count¬ 

ing rate vs. proton energy should give a flat curve with a 

sharp drop-off at the energy of the neutrons. Since for 

high©** energies the pulse height is nearly proportional to 

the energy (see graph 1) a counting rate vs. pulse height 

curve would have nearly the same shape except for a sharp 

rise at very low pulse heights. This sharp rise may be pre» 

dicted from the shape of the energy vs. pulse height curve 

in the region of small pulse heights. Gamma rays which are 

usually present in nuclear reactions distort the flat shape 

of this ourve since they produce Compton electrons along 

their paths which are counted by the photo-tube. The range 

of electrons is much greater than for protons of the same 

energy, but the amount of light produced per unit length of 

path is less for electrons than for protons. Therefore, 

if the amount of anthracene through which the electrons 

pass is reduced, the pulse height for gamma rays will be 

reduced. 
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The ideal procedure would toe to mount a small sphere 

of anthracene above the photosensitive surface of the tube. 

However» the counting rate from such a detector would be 

quite small if the sphere size is on the order of 5 mm, in 

diameter. To increase the counting rate, more spheres may 

toe added if some provision is made for preventing electrons 

from passing from one sphere to another. 

The upper curve of graph 1 shows the relationship be¬ 

tween proton energy and the pulse height received from the 

crystal-photo-tutoe system. A unit pulse height on the scale 

chosen is the pulse height received from the monoenergetlc 

137 Gs gamma rays. The lower curve Is the range energy re¬ 

lationship of protons in anthracene. The pulse height is 

proportional to range for values of energy up to about eight 

million volts tout does not increase quite as rapidly as 

range for higher energies. For lower energy particles the 

amount of light produced along unit length of particle path 

is constant and the crystal is said to toe saturated. Thus 

the amount of light produced along a unit length of par¬ 

ticle path is less for the higher energy particles than for 

2 
the lower energy ones. The effect of different particles 

on passing through the crystal is different. The crystal 

is saturated for heavily ionizing particles so that they 

produce less light per unit energy loss. Electrons produce 

more light per unit energy loss than the other particles. 

The range of 14 Mev protons in anthracene is 2 mm. 

Counters of this ;;type,- £ire well adapted to measuring 
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the total cross section of neutrons in various elements. 

The total cross section is a measure of the attenuation of 

a beam of neutrons In a given substance and includes such 

processes as elastic and inelastic scattering and nuclear 

reactions* The transmission of a beam of neutrons through 

a scatterer decreases exponentially with the length of the 

scatterer and the total cross section Is given by the fol¬ 

lowing equation 

(1) 3B = N0e” * 

where NQ = number of incident neutrons per unit area per 

second 

N = number of transmitted neutrons per unit area 

per second 
•5 

n = number of Beatterer atoms per cm 

o' = cross section 

x = length of scatterer* 

Thus by measuring the intensity of the inoident and emerg¬ 

ing beams a value of the cross section may be computed. 

The cross section of lithium has been determined for • 
3 

neutron energies between 1,0 and 3,3 Mev*- The purpose of 

the present work is to investigate the cross section for 

faster neutrons (4 to ?,5 Mev), Neutrons of these energies 

have been produced with the Bice Institute 5,5 Mev Van de 

Graaff generator using the reaction 

, Hx + , H1 —♦ 3LHe?+ ,na +- 3*268 Mev 
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The neutron energy depends on the deuteron energy in the fol¬ 

lowing manner at zero scattering angle? 

where the subscripts d, n and refer to the deuteron, neu- 

were obtained. 

The cross section computed from equation (1) is slight¬ 

ly in error due to diffraction effects. Some neutrons which 

would not pass through the counter in the absence of the 

spatterer will be scattered through a small angle in the 

scatterer and be detected by the counter. This will increase 

the actual transmission detected and lower the value mea¬ 

sured for the cross section. McMillan and Sewell^ have de¬ 

veloped a method of correcting for this effect. Certain as¬ 

sumptions are made in their derivations but their correction 

yields better results than no correction at all This cor¬ 

rection factor is 

where F - the amount by which the measured cross section 

must be increased 

k ?• neutron wave number 

(2) 

3 tron and gHe respectively. Thus by varying the beam energy 

between 1.5 and 4.2 Mev, neutrons with the desired energy 



X - mean free path of the neutrons = 

r measured cross section. 

The other parameters are shown in the drawing helow. 

^ Jet e et 
20- 

i 
-—  * 

The correction is of the order of 10$ in the present work 

f ©14 V C ® 
jca^erer 

Xr 
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II. Experimental Procedure 

, Figure 1 shows the method decided upon for mounting 

the spheres so that they are separated from one another by 

a material with a fairly high stopping power for electrons. 

Soft glass was used for this purpose and with five 5 mm 

diameter spheres mounted in a circle there will be 5 ram of 

glass between each pair of adjacent Bpheres. This thick¬ 

ness of glass is sufficient to stop electrons of 2 Mev* An 

electron will lose 1,4 Mev in passing through 5 mm of an¬ 

thracene so it would take a 4,8 Mev electron to pass all 

the way through two spheres, Compton electrons of this en¬ 

ergy could be produced by 5 Mev gamma rays, Compton elec- 

137 
trons from Cs gamma rays will have a maximum energy of 

about 0,5 Mev, so an electron traversing the whole diameter 

of a sphere would produce a pulse height about three times 
' i*37 ■ • 

that of the Cs gamma rayB, However the number of pulses 

of this size received from 1,5 Mev gamma rays wonld be quite 

small since very few of the secondary electrons would pass 

through 5 mm of anthracene before emerging from the sphere, 

Similarly 5 Mev gamma rays would produce a very small num- 

, ber of electrons which would pass through 10 mm of anthra- 

137 oene and thus yield pulse heights 6 times that of the Cs 

radiation but the counting rate for such pulse heights would 

be quite small, 

In biasing the effects of gamma radiation from the 

pulse height distribution curves it is well if the gamma 
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ray pulse heights are less than two-thirds the neutron 

pulse heights. From graph 1 we see that 4.5 Mev neutrons 

may he detected in the presence of 1 Mev gamma rays or that 

3 Mev neutrons may he detected In the presence of 0.25 Mev 

gamma rays. The lower energy limit of the counter Is then 

determined by the energy of the gamma radiation present. 

The upper energy limit however is determined hy the size of 

the spheres. As the range of protons in anthracene approa¬ 

ches the radius of the spheres, many of the protons will 

emerge from the sphere before their energy is expended. 

This will cause the counting rate to he low for large pulse 

heights and high for small pulse heights thus disturbing 

the flat shape of the pulse height distribution curve. 

Figure 2 shows a block diagram of the electronics used 

in obtaining data for the pulse height distribution curves. 

Two types of power supplies were used, namely Scientific 

Specialties Corporation Model PS-22 and Atomic Instrument 

Company Model 306. A high voltage of 1000 volts was used 

during most of the runs but high©!* voltages may be used with 

the Dumont tube. It is necessary that the high voltage be 

quite free of fluctuations since small changes in high volt¬ 

age produce large changes in the height of the pulses re¬ 

ceived from the tube. The pre-amplifier was made in the lab¬ 

oratory and consists of a single cathode follower stage and 

a mounting socket for the Dumont tube. In the pre-amplifier 

the high voltage from the power supply is distributed evenly 
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among the 10 dynod.es of the photomultiplier tube, The lin¬ 

ear amplifier used was an Atomic Instrument Company Model 

204 B. This instrument amplifies the negative signal re¬ 

ceived from the pre-amplifier to a useable amplitude and 

also supplies power for the pre-amplifier* The amplifier 

gain is variable from 1 to 64* Values of 8, 16 and 32 were 

most generally used during the course of the experiment. 

The rise time was kept at 0,8 microsecond. The single chan¬ 

nel pulse height analyzer was also manufactured by the Atom¬ 

ic Instrument Company and the model number is 510, The 

pulse height analyzer receives the amplified pulses and 

passes only those whose peaks are within a specified vol¬ 

tage increment at a specified voltage bias. The increment 

width and the bias are adjustable. The increment width gen¬ 

erally used was one or two volts and data points were taken 

every 2.5 or 5 volts on the bias scale. The bias was ad¬ 

justable from zero to 100 volts. The scaler used (Atomic 

Instrument Co, Model 101 A) was the conventional scale of 

64 type which causes the mechanical register to count every 

64th pulse. The instrument could also be set to make the 

register count every eighth pulse. 

Five 5 mm spheres were cut by hand from anthracene 

crystals. Each was mounted individually on the top center 

of a Dumont 6292 photo-tube with Dow-Gorning 200 fluid. 

The sphere was covered with aluminum foil to reflect the 

light back down into the tube and than taped with Scotch 
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Electrical Tape to make the tube light tight. A pulse 

height distribution curve was run for each sphere in this 

137 
manner using Cs as a source of radiation. The purpose 

of this test was to determine whether or not all the spheres 

responded in the same way to the gamma rays. It was found 

that some of the spheres produced larger pulse heights cor¬ 

responding to the gamma ray energy than did others so it 

was necessary to make more spheres and attempt to find five 

with similar characteristics. Four more spheres were then 

cut from a single crystal and from the total of nine spheres 

five were found posessing very similar characteristics. A 

sample pulse height distribution curve is included in graph 

2. These five spheres were then mounted in the manner shown 
137 

in figure 1 and a Cs pulse height curve was run. This 

curve is also included in graph 2. 

For determining the cross section of lithium it was 

first necessary to obtain a sample of lithium of the proper 

dimensions. From the Wisconsin data^ an estimated value of 

the cross section was obtained from which a scatterer length 

was computed. The diameter of the scatterer must be large 

enough so that no neutrons can get to the detector without 

passing through the scatterer and yet as small as possible 

since the diffraction error goes up with the square of the 

diameter. The dimensions of the scatterer were 3.94 cm long 

by 1.98 cm in diameter. The cylinder was cut from a large 

sample of lithium with a cork borer. Since lithium reactB 



14 

G RAPH 2 

3 1V d ONIINnOO 

P
U

L
S

E
 

H
E

IG
H

T
 



15 

rapidly with atmospheric moisture some means of protection 

had to he provided against same. A layer of thin Glyptal 

was found to serve this purpose very well. 

Since there were small amounts of carbon present on 

the target assembly there were some high energy gamma rays 

produced, This necessitated the use of a counter which 

would count the neutrons without counting gamma rays. The 

counter herein discussed was not used In the cross section 

experiment since the neutron energy was lower than that for 

which the counter was designed. In biasing out the carbon 

gamma rays most of the neutron pulses would be biased out 

also and the resulting counting rate would be quite low. 

The counters used were similar in construction and identical 

in principle to the one constructed in this project. For 

neutrons between 4*5 and 7 Mev a counter consisting of four 

3 mm anthracene spheres mounted on a glass light pipe on a 

Dumont photo-tube was used. For energies less than 4,5 Mev 

a similar counter with 1.5 mm spheres was used. With these 

counters good counting rates were obtained after all gamma 

ray pulses were biased out. Another advantage of these 

oounters over the five 5 mm sphere counter was their physi¬ 

cal size. The two counters used were f inch in diameter 

while the other counter was 1 inch in diameter. This per¬ 

mitted placing the counter# scatterer and source closer to¬ 

gether and also the use of a smaller scatterer, 

The gas target chamber consisted of a thin walled stain- 
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less steel tube 3*5 cm long and 0.8 cm in diameter. The 

front of the tube was also stainless steel and the beam en¬ 

tered the gas chamber through a nickel foil of thickness 

2*23 mg/cm*% The target chamber was attached to the beam 

tube and evacuated. Deuterium was then permitted to flow 

into the chamber until the pressure was 10 cm Hg. Figure 

3 shows the geometrical arrangement of the equipment used 

in the cross section experiment. 

Two types of monitors were used as references for the 

counting rate. One, a BF^ long counter, was situated 70 cm 

from the target and at an angle of about 75° from the beam 

direction. This counter monitored the actual neutron flux. 

The other was the current integrator which monitored the 

intensity of the deuteron beam. When the background count¬ 

ing rate was low, the long counter readings were used in 

evaluating the data but when the long counter background 

was high the current integrator was used. There was less 

statistical fluxuation In the long counter data when its 

background was low than in the integrator data. 

Data was taken at 0.3 Mev intervals of beam energy be¬ 

tween 1.50 Mev and 4.20 Mev, This corresponds to neutron 

energies of 4,33 Mev to 7.31 Mev. For neutron energies less 

than 5 Mev 6400 to 20,000 counts were taken at each energy 

interval with the scatterer in place and similarly with it 

out (see Table 1). At energies greater than 5 Mev 20,000 

to 35,000 counts were taken at each point. The detecting 
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system was checked several times during the experiment with 

a strong Go gamma source (energy = 1.33 Mev) and the back¬ 

ground with the beam on was also checked to see that no 

gamma rays were being counted. A bias of 50 volts was us¬ 

ually found to be satisfactory and neutron pulses usually 

cut off at around 70 volts. The'long counter background 

was checked periodically to determine the validity of the 

long counter data. 
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III, . Results 

The results of the five sphere eounter are quite good, 

Graph 3 is the pulse height distribution curve produced by 

this counter with 14 Mev neutrons, As explained previously 

this is at the upper energy limit of the counter. Many of 

the protons here are leaving the spheres before their en¬ 

ergy is expended and the otherwise flat portion of the curve 

is distorted to a line with a steep slope. Even here though, 

the pulse height corresponding to the energy of the neutrons 

Is apparant and the counter could be used to measure neutron 

energies of this order of magnitude. This counter could be 

used very well in neutron cross section work with 14 Mev 

neutrons In the presence of hard gamma rays, Cs137 gamma 

rays produce pulses only l/24 the height of these neutron 

pulses and gamma rays of very high energies would produce 

a few pulses of from 3 to 6 times this amount. Therefore a 

bias of 30$» maximum pulse height would remove all gamma con¬ 

tributions, 

(Jpaph 4 and Table 1 give the results of the cross sec- 

tion experiment. The resolution was about 32 kilovolts at 

4,5 Mev neutron energy and 16 kilovolts at 7 Mev, Brooke1- 
3 

man et al of Wisconsin have taken lithium cross section 

data for neutrons in the energy range 1 to 3.3 Mev (produced 

3 
with the reaction T(p,n)He ), Their detecting system was a 

cylindrical ionization chamber filled with hydrogen in which 

recoil protons were observed. Total cross sections were 
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obtained by measuring the transmission through a cylindrical 

sample of lithium metal* The neutron energy resolution is 

given as 20 kev, The energy interval between data points 

in their work is 25 kev so that the cross section was mea¬ 

sured at about 100 different neutron energies. Statistics 
g 

give a fluctuation of about 0.1 barn, Adair previously 

measured the cross section for lithium between 20 kev and 

1*4 Mev in a very similar manner He found a very sharp re¬ 

sonance (45 kev wide) at a neutron energy of 2?0 kilovolts. 

8 
This corresponds to a 2.28 Mev excited state of the Li 

compound nucleus , This data is included in graph 4 with 

the present work and by interpolating between the two sets 

of data a low resonance appears whose half helgjht width is 

2.5 Mev and whose peak is at 3.85 Mev, Assuming that this 

resonance corresponds to an excited state of the compound 

nucleus, the energy of such a state would be 5.4 Mev. At 

present there is no other evidence available to either sub- 
3 

stantiate or contradict such a level, Brockelman et al 

doubt the possibility that a single level of the compound 

nucleus could be several Mev wide and attribute the slow 

rise in their cross section data to the superposition of 

several broad levels. If the peak is considered as one 

-22 
broad level it would have a lifetime of 2,5 x 10 seconds. 

There is also the possibility that the peak is not due 

to any energy level but is explained by the recent theory 

submitted by Feshpach and Welsskopf^, Previously it has 
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been assumed that compound nuclei were formed immediately 

upon the entrance of the neutron into the nuclei. Wide 

peaks Securing regularly in the cross section curves of hea¬ 

vier elements (A >50) seem to Indicate an interference ef¬ 

fect between the incoming and outgoing neutron waves. This 

contradicts the above assumption and suggests that the in¬ 

coming neutrons pass through a certain length of nuclear 

matter before an interaction occurs. Feshbach and Weiss- 

kopf have determined a value for this length and calculated 

cross section curves for various elements. These theoreti¬ 

cal curves are in quite good agreement with experimental 

curves in the energy range 0 to 3 Mev for the heavier ele- 

ments, Nereson' has recently found wide,low peaks in the 

oross" sections of heavy elements at neutron energies of 

from 6 to 14 Mev, Such peaks are not predicted by the Fesh- 

bach-Welsskopf theory but are strong evidence in support of 

the theory of interference between incoming and outgoing 

neutron waves. 

It remains to be seen whether the low resonance ob¬ 

served in the present work is due to an excited state or 

states of the compound nucleus or to the diffraction phen¬ 

omenon theorized by Feshbach and Welsskopf. 
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