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ABSTRACT 

A study has been made of the fast neutron induced 

reactions i n natural neon gas. The neon was contained i n 

a c y l i n d r i c a l geometry fast gridded i o n i z a t i o n chamber, and 

the i r r a d i a t i n g monokinetic neutrons were obtained by bom

barding th i n heavy ice targets with monokinetic deuterons 

accelerated by the U.B.C. Van de Graaff accelerator. Pulse 

height analysis, a f t e r amplification of the pulses, gave 

the energy d i s t r i b u t i o n of the induced reactions, the 

primary reaction proceeding being Ne 20(n,o<)0^, with two 

alpha groups r e s u l t i n g from t r a n s i t i o n s to both the ground 

and f i r s t excited state of the O-^ nucleus. The exc i t a t i o n 

function showed the existence of resonances i n the Ne^l 

compound nucleus at the following energies, i n Mev 10.04, 

10.20, 10.32, 10.46, 10.63, 10.90, 11.06, 11.33, 11.44, 

11.63, 11.76, 11.88, 11.96, 12.05 and 12.24. The t o t a l 

(n,o<) cross section varies from 90 mb to 500 mb i n t h i s 

energy range. 
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INTRODUCTION 

Na t u r a l neon c o n s i s t s of those isotopes Ne 2°, N e 2 1 and 
22 Ne . From neon and r e a c t i o n data, i t i s p o s s i b l e to com

pute the approximate Q-values f o r a l l l i k e l y r e a c t i o n s 
which would occur w i t h f a s t neutron i r r a d i a t i o n w i t h 
neutron energies from 3 Mev to 5.5 Mev, w i t h the r e s u l t 
shown i n the t a b l e below: 

Isotope Abundance (%) Reaction Q-value (Mev) 
N e 2 0 90.92 (n, « ) -0.608 

(n,pj -6.267 
N e 2 1 0.257 (n, c< ) +0.704 

(n,p) -4.945 
N e 2 2 S.82 (n, « ) -5.704 

(n,P) -6 

Thus wi t h neutrons below 5.5 Mev energy, one would expect 
to f i n d only Ne 20(n,<* j d i s i n t e g r a t i o n s (excluding e l a s t i c 
and i n e l a s t i c s c a t t e r i n g ) . 

The e a r l y work of Sikkema (1950) d i d i n f a c t e s t a b l i s h 
20 

the occurrence of the Ne (n,cx) r e a c t i o n over the neutron 
energy range 2.2 to 3.4 Mev, and B a r s c h a l l (1951) showed 
the e x i s t e n c e of lar g e resonances at 2.87 and 3.26 neutron 
bombarding energy. An estimate of the absolute cross 
s e c t i o n was a l s o made by these o t h e r s . F l a c k et a l (1952), 
Warren and Erdman (1953) at t h i s l a b o r a t o r y s t u d i e d t h i s 
r e a c t i o n u s i n g a p a r a l l e l p l a t e geometry, f a s t gridded 
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i o n i z a t i o n chamber and e s t a b l i s h e d the f a c t that the r e a c t i o n 
proceeded to both the ground s t a t e and f i r s t e x c i t e d s t a t e 
of 0 A' as w e l l as the exist e n c e of numerous resonances over 
the neutron energy range 3 to 5 Mev. However, at that time, 
the stopping power of heavy i c e was undergoing a r a t h e r major 
c o r r e c t i o n through the p r e c i s e work of Whaling (195SJ so that 
the absolute cross s e c t i o n data obtained by these workers d i d 
not appear to t a l l y w i t h the e a r l i e s t work. Moreover, the 
p a r a l l e l p l a t e chamber d i s p l a y e d o b j e c t i o n a b l e c h a r a c t e r i s 
t i c s , the magnitude of the y i e l d v a r y i n g q u i t e c o n s i d e r a b l y 
depending on the orientation w i t h respect to the neutron beam. 

Recently Hay and Warren (1959) s t u d i e d the p h o t o d i s i n -
t e g r a t i o n of neon u s i n g a c y l i n d r i c a l geometry gridded 
i o n i s a t i o n chamber, which makes f a r b e t t e r use of the a v a i l 
able neon gas, and because of the s i z e and higher pressure 
used had a r e l a t i v e l y small w a l l e f f e c t . Because of the 
e x c e l l e n t r e s o l u t i o n and performance of t h i s chamber, i t was 
decided to repeat the e a r l i e r measurements on the Ne 20( n,c<) 
r e a c t i o n under c o n d i t i o n s of much higher energy r e s o l u t i o n 
and s t a b i l i t y than were p o s s i b l e i n 1952. While t h i s was 
underway some f u r t h e r p r e l i m i n a r y data concerning the e x c i t a 
t i o n f u n c t i o n was published from the Rice I n s t i t u t e (Bonner 
et a l , 1959), which confirmed many of the resonances pre
v i o u s l y found by the U.B.C. e l e c t r o s t a t i c generator group. 

With the improvement i n technique achieved, i t was 
expected that the d i s i n t e g r a t i o n energies would be adequately 
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a c c u r a t e l y known so as to provide a check on the mass values 
c u r r e n t l y quoted f o r the isotopes i n v o l v e d , and a l s o to 
e s t a b l i s h the existence of r e l a t i v e l y weak resonances t o 
gether w i t h the resonant energies w i t h some moderate 
p r e c i s i o n . Moreover, the increased d e t e c t i o n s e n s i t i v i t y 
w i t h the c y l i n d r i c a l chamber would enable very t h i n heavy 
i c e t a r g e t s to be used, and i n t h i s way to enable very c l o s e l y 
monokinetic neutron beams to be employed f o r running over some 
of the major resonances to e s t a b l i s h that the width observed 
was c h a r a c t e r i s t i c of the resonance and not due to f i n i t e 
neutron energy r e s o l u t i o n . A l l t h i s has i n f a c t been accom
p l i s h e d together w i t h an absolute cross s e c t i o n measurement. 
While i n the absence of angular d i s t r i b u t i o n data i t i s not 
p o s s i b l e to e s t a b l i s h the angular momentum or p a r i t y charac
t e r i s t i c s of the l e v e l s found, the e x c i t a t i o n f u n c t i o n does 
give i n f o r m a t i o n concerning the l e v e l d e n s i t y and average 
l e v e l width i n the reg i o n of e x c i t a t i o n energy examined, and 
a l s o the trend of the cross s e c t i o n w i t h v a r y i n g neutron 
energy which i s of the type which has l e d to the "cloudy 
c r y s t a l b a l l " concept of a nucleus. 
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Chapter I 

THE DISINTEGRATION DETECTOR 

1. Choice of Detector 
Since pure neon i s an e x c e l l e n t counter gas except f o r 

i t s low breakdown p o t e n t i a l , the d i s i n t e g r a t i o n s produced 
i n neon by f a s t neutrons may be conveniently detected by 
means of an i o n i z a t i o n chamber or p r o p o r t i o n a l counter. 

In order to keep the s o l i d angle subtended at the t a r 
get by the d e t e c t i n g chamber to a reasonably small value 
and t o r a i s e the s e n s i t i v i t y w h i l e at the same time reduc
ing the w a l l e f f e c t , i t i s necessary to use neon at s e v e r a l 
atmosphere pressure. Under these circumstances, a simple 
i o n i z a t i o n chamber becomes too "slow" a device s i n c e the 
pulse d u r a t i o n i s set by the t r a v e l time of the p o s i t i v e 
i o n s . A p r o p o r t i o n a l counter can be used but i s r a t h e r 
s e n s i t i v e to gas p u r i t y and the c o l l e c t o r f i e l d near the 
outer w a l l i s r e l a t i v e l y low w i t h f i e l d at the c e n t r a l wire 
adequate to give gas a m p l i f i c a t i o n f a c t o r s of 10 to 100. 
A gridded i o n i z a t i o n chamber thus seems the best choice f o r 
t h i s type of study as i t possesses the v i r t u e s of speed and 
be t t e r s t a b i l i t y to i m p u r i t i e s s i n c e no gas gain i s i n 
volved. I t s u f f e r s from the disadvantage of r e q u i r i n g a 
more complex high gain a m p l i f i e r w i t h low noise head ampli
f i e r , and much depends on the l a t t e r as the noise l e v e l 
s e t t l e s the r e s o l u t i o n o b t a i n a b l e . 
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C y l i n d r i c a l geometry provides b e t t e r use of the a v a i l 
able neon gas as the dead space i s l e s s . A l s o even wi t h 
d i s i n t e g r a t i o n s producing r e l a t i v e l y long t r a c k s , s i n c e so 
few end i n the gridded s h i e l d e d r e g i o n , there can be l i t t l e 
dependence of pulse r a t e on o r i e n t a t i o n w i t h respect to the 
neutron beam. 

2. Operation of the Gridded I o n i z a t i o n Chamber 
A simple i o n i z a t i o n chamber c o n s i s t s u s u a l l y of two 

e l e c t r o d e s ( c o l l e c t o r or anode and cathode), having an 
inherent s e l f c a p a c i t y C. On the passage of a charged par
t i c l e , p o s i t i v e ions and e l e c t r o n s are produced. In the 
presence of an e l e c t r i c f i e l d , the ions d r i f t along the l i n e s 
of f o r c e which s t a r t on the c o l l e c t o r and end on the cathode. 
The d r i f t v e l o c i t y i s p r o p o r t i o n a l to the i n t e n s i t y of the 
e l e c t r o s t a t i c f i e l d and i n v e r s e l y p r o p o r t i o n a l to the gas 
pressure. In r a r e gases, the negative ions are e l e c t r o n s 
which have a d r i f t v e l o c i t y of about 1000 times those of 
p o s i t i v e i o n s . The H.T. (high voltage supply) i s connected 
to the c o l l e c t o r through a l a r g e r e s i s t a n c e R, so that the 
time constant CR i s many times greater than the c o l l e c t i o n 
time T, The charge Ne c o l l e c t e d produces a small voltage 
step on the c o l l e c t o r of amplitude Ne_. This voltage step 

C 
then decays to zero w i t h a time constant CR as the charge 
leaks away through the r e s i s t o r R. To improve the r e s o l v i n g 
time of the chamber and a m p l i f i e r combination, a shaping 
c i r c u i t ( u s u a l l y a d i f f e r e n t i a t i n g c i r c u i t ) i s incorporated 
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which makes the t r a i l i n g edge of the pulses f a l l as r a p i d l y 
as p o s s i b l e . 

I f the pulse on the c o l l e c t o r i s d i f f e r e n t i a t e d by a 
time constant s h o r t e r than the c o l l e c t i n g time of the p o s i 
t i v e i o n s , the amplitude of the pulses i s no longer propor
t i o n a l to the t o t a l number of i o n p a i r s produced, but i s 
a l s o a f u n c t i o n of the distance from the c o l l e c t o r at which 
the i o n i z a t i o n occurs. As suggested by F r i s h , such a d i s 
advantage may be removed by the i n t r o d u c t i o n of a wire mesh 
s h i e l d g r i d c l o s e to the c o l l e c t o r . 

The g r i d i s h e l d at an intermediate p o t e n t i a l between 
the p o s i t i v e c o l l e c t o r and the earthed cathode which i s i n 
t h i s case the casing of the chamber. When an i o n i z i n g event 
i s produced, the e l e c t r o n s d r i f t toward the g r i d and the 
p o s i t i v e ions i n the opposite d i r e c t i o n . During t h i s pro
cess, no change i s produced on the c o l l e c t o r , s i n c e t h i s i s 
e l e c t r o s t a t i c a l l y screened by the g r i d from the induced 
e f f e c t of the e l e c t r o n s and the p o s i t i v e i o n s . E l e c t r o n s 
i n t h e i r d r i f t pass through the g r i d , w i t h o n l y a very small 
percentage being captured by the g r i d . In t h i s l a s t r e g i o n , 
the e l e c t r o n s begin to induce on the c o l l e c t o r a charge 
which r i s e s from zero to the f u l l value Ne as the e l e c t r o n s 
move through the dis t a n c e from the g r i d to the c o l l e c t o r 
p l a t e . In the same time, the voltage pulse r i s e s to the 

amplitude Ne and i s uninfluenced by the p o s i t i v e ions l e f t 
C 

i n the r e g i o n between the ca s i n g and the g r i d . 



7 

The gridded chamber enables high r e s o l v i n g time and 
preserves r e l a t i o n s h i p between pulse amplitude and p a r t i c l e 
energy. 

3. D e s c r i p t i o n 
Figure 1 i s a drawing of the chamber used. I t was made 

from s t e e l tubing w i t h welded f l a n g e s . The w a l l thickness 
was reduced to 1/8" around the s e n s i t i v e volume. The end 
p l a t e s were sealed w i t h l e a d gasket, a v o i d i n g unnecessary 
exposure of the f i l l i n g gas to rubber. A neoprene O-rlng 

— f i 

was placed o u t s i d e the le a d gasket, thus a vacuum of 10 mm 
of Hg was obtained. A l l i n t e r i o r surfases were coated w i t h 
"aquadag" c o l l o i d a l g r a p h i t e , to reduce background from 
n a t u r a l a c t i v i t y i n the s t e e l . 

On one si d e of the chamber the gas p u r i f i e r was perma
n e n t l y attached to the chamber: being i n a v e r t i c a l p o s i t i o n , 
the convection c u r r e n t s assured c i r c u l a t i o n of gas from the 
chamber through the p u r i f i e r . I t was made of s t e e l s ur
rounded by a heating c o i l capable of r a i s i n g the i n t e r i o r 
temperature of the p u r i f i e r up to 350°C. Copper c o o l i n g 
c o i l s placed at both ends were necessary to p r o t e c t the 
0- r i n g s e a l s i n the ends of the p u r i f i e r . The p u r i f i e r con
t a i n s a compound of calcium and magnesium known to be e f f e c 
t i v e i n removing i m p u r i t i e s such as oxygen, n i t r o g e n and 
water vapor from the counter gas. 

A plutonium source, whose c x - p a r t i c l e s c o u l d be cut o f f 
by a m a g n e t i c a l l y operated s h u t t e r , was placed i n s i d e the 
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chamber, and used to provide an energy c a l i b r a t i o n f o r the 
i o n i z a t i o n p u lses. 

The chamber had a s e n s i t i v e volume of 4.06 l i t e r s and 
was f i l l e d w i t h neon at 120 p . s . i . a . or 8.1 atmosphere 
pressure. 

The design of the g r i d f o l l o w s the recommendations of 
Bunemann, Cranshaw and Harvey (1949). The e l e c t r o d e system 
i s shown i n f i g . 2. The c o l l e c t o r was of Tungsten and the 
g r i d c o n s i s t e d of 36 strands of No. 36 wire (made by Johnson 
Matthey Co. L t d . ) : g r i d c o l l e c t o r spacing was 8.75 mm, and 
g r i d p l a t e 6.75 cm. The g r i d p o t e n t i a l was set at one h a l f 
of the c o l l e c t o r p o t e n t i a l . C a l c u l a t i o n shows that the g r i d 
s h i e l d i n g e f f i c i e n c y under these c o n d i t i o n s was 0.94, and 
the transparency to e l e c t r o n was u n i t y . See Appendix A. 

4. F i l l i n g Gas 
Neon i s w e l l s u i t e d f o r use i n an i o n i z a t i o n chamber, 

si n c e e l e c t r o n attachment does not occur. 
Although the purest o b t a i n a b l e gas was used, the p u r i 

f i e r on the chamber was s t i l l necessary, because of occluded 
gases on the chamber w a l l s , which enter the chamber gas 
a f t e r long p e r i o d s , despite baking under a heat lamp p r i o r 
to f i l l i n g . 

The maximum l i m i t s of p o s s i b l e i m p u r i t y of the neon 
s t a t e d by the manufacturer (Matheson Co., f o r "Research 
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Grade") are: 
Oxygen 0.0005 Mole percent 
Hydrogen 0.0005 " " 
Nitrogen 0.01 " " 
Helium 0.03 " " 

The chamber, a f t e r being evacuated and heated at a 
pressure as low as I O - 6 mm of Hg f o r 5 days, was then f i l l e d , 
by passing the gas through a l i q u i d n i t r o g e n c o l d trap to 
remove water vapour and any other condensed substances which 
might be present. 

In order to increase the number of d i s i n t e g r a t i o n s per 
u n i t of time and to increase the number of events which are 
completely confined to the s e n s i t i v e volume, the pressure 
had to be as high as p o s s i b l e . Neon being a c o s t l y r a r e gas 
the amount of neon a v a i l a b l e f o r t h i s work was l i m i t e d , and 
a l s o by the pressure that the pot was able to hold. Unfor
t u n a t e l y , due to some i m p e r f e c t i o n i n the s o l d e r j o i n t 
between the centre e l e c t r o d e and the top p l a t e , 8.1 atmos
pheres was the maximum pressure which seemed a d v i s a b l e . 
Nevertheless, t h i s pressure i s q u i t e s a t i s f a c t o r y . 

Since a normal mixture of neon contains three s t a b l e 
i s o t o p e s , a simple c a l c u l a t i o n g ives the number of atoms of 
each neon isotope i n the s e n s i t i v e volume of the chamber. 

Isotope Abundance No. of Atoms 
N e 2 0 90.92% 7.511 x I O 2 3 

N e 2 1 0.26% 0.021 x 1 0 2 3 

Ne22 8.82% 0.728 x 10 23 
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Chapter I I 

NEUTRON PRODUCTION 

1. Production of Monoenergetic Fast Neutrons 

For studying the i n t e r a c t i o n between neutrons and 
n u c l e i as a f u n c t i o n of energy, a source of monoenergetic 
neutrons of v a r i a b l e energy i s r e q u i r e d . Such a source w i t h 
l a r g e y i e l d of neutrons and a reasonable energy range i s 

3 
o b t a i n a b l e from D(d,n)He r e a c t i o n . The energy of the i n 
c i d e n t p a r t i c l e s was produced by a c c e l e r a t i n g deuterium 
ions by means of the Van de Graaff generator of U.B.C, 
which has a c a p a c i t y of 2.3 Mev; t h i s permits a range of 
neutron energy from 3.2 Mev to 5.5 Mev. 

A s o l i d heavy i c e ta r g e t was used i n s t e a d of a gas t a r 
get because an adequate neutron i n t e n s i t y would have r e q u i r e d 
a r e l a t i v e l y high gas pressure, which i m p l i e s d i f f i c u l t 
c o n s t r u c t i o n . 

However, i n order to study a high energy spectrum, 
(about 16.7-Mev neutron energy), the r e a c t i o n d(T,n)He^ was 
a l s o used. 
2. D(d,n)He 3 Reaction 

The neutron emitted are monoenergetic, but t h e i r energy 
i s f u n c t i o n of the energy of the incoming p a r t i c l e , and 
depends s t r o n g l y on the angle of emission measured r e l a t i v e l y 
to the deuteron beam. The extent to which the neutron 
energies are t r u l y homogeneous thus depends on the energy 
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spread of the incoming deuterons, the th i c k n e s s of the i c e 
t a r g e t and the smallness of the s o l i d angle subtended by 
the chamber. 

The determination of the energy of the neutrons, emitted 
from a given nuclear r e a c t i o n as a f u n c t i o n of the energy 
of the i n c i d e n t p a r t i c l e and the angle of emission, can be 
c a l c u l a t e d from the equations Jfor conservation of energy 
and momentum to be 

En = Ed(cos 20 + 1) + 3 Q ± /2Ed. /Ed(cos 26 + 2) + 3 Q cosG 
T~ T 2 / 8 ¥ 

where: En = neutron energy i n the l a b system 
Ed. = deuteron energy i n the l a b system 

3 
Q = Q-value of the D(d,n)Ke r e a c t i o n 

Such a c a l c u l a t i o n i n c l u d i n g r e l a t i v i s t i c c o r r e c t i o n has been 
c a r r i e d out by Fowler and B r o l l e y (1956), using 3.2664 Mev 
f o r the Q-value. The r e s u l t s are tabulated, f o r the f o l l o w 
i n g range: deuteron energy from 100 Kev to 25 Mev and at 
angles 0, 5, 10, 15, 20 degrees and u n t i l 180 by step of 10. 

In f i g . 3, the neutron energies as a f u n c t i o n of bombard
ing energy i s shown f o r neutrons emitted at various angles 
i n the l a b o r a t o r y system of coordinate. Curves of f i g . 4 
show how to cover most e f f i c i e n t l y the complete range of 
neutron energies by u s i n g the proper angle. 

The s o l i d angle subtended at the chamber i s governed by 
the neutron energy spread p e r m i s s i b l e ( i n t h i s work, ± 10 Kev). 
As shown i n f i g . 3., A E n i s minimum at zero degree, there-
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f o r e a l l the runs were done at 0 degree. The t a b l e below 
shows the p o s i t i o n of the chamber (dist a n c e s and angles) 
used to cover the complete neutron energy range. 

Neutron energy, Distance H d " 
(Mev) Angle (degree) (cm)  
En > 4.5 0 100 

3 < En < 4.5 0 80 

3. Beam and Target System 
For f a s t neutron measurements of the type described i n 

t h i s work, there are three main problems. F i r s t of a l l the 
i n c i d e n t deuteron beam must be made a c c u r a t e l y raonokinetic 
i f the spread i n neutron energy i s to be kept small - a 
f i g u r e of l e s s than 25 Kev was the aim i n t h i s work. For 
t h i s purpose a c c u r a t e l y a d j u s t a b l e entrance and e x i t s l i t s 
were made f o r the 90° d e f l e c t i n g magnet. Secondly, to 
avoid spurious monitoring of the neutron f l u x , i t i s h i g h l y 
d e s i r a b l e that the vast m a j o r i t y of the neutrons e n t e r i n g 
the neon chamber and monitor o r i g i n a t e i n the heavy i c e t a r 
get and not somewhere along the beam path. I t i s not 
p o s s i b l e to avoid some neutron production i n the magnet box 
due t o the molecular beam component and b u i l d up of deuteron 
on the d e f i n i n g s l i t s . Consequently the heavy i c e t a r g e t 
was placed a considerable distance (13-1/2 f e e t ) from the 
magnet box, and an e l e c t r o s t a t i c quadrupole l e n s focused 
the beam through the beam pipe at the t a r g e t . The t h i r d 
problem i s that of s c a t t e r e d neutrons which are degraded i n 
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energy, then pass through e i t h e r n e o n - f i l l e d chamber or 
monitors. C o l l i m a t i o n schemes are l a r g e and c o s t l y , and no 
attempt along these l i n e s was made: the f l o o r being almost 
3 f e e t from the t a r g e t , the near w a l l of the room some 8 
f e e t and no other w a l l c l o s e , i t was considered adequate to 
merely keep down the s c a t t e r i n g m a t e r i a l i n the v i c i n i t y of 
the t a r g e t to a minimum. 

The o v e r a l l system used, i s shown i n f i g . 5 and the 
d e t a i l s of the targe t pot i n f i g . 6. 

4. Heavy Ice Target 
To provide a deuteron t a r g e t to be bombarded w i t h 

deuterons, heavy water was, fro z e n onto a metal p l a t e r e f r i 
gerated w i t h l i q u i d n i t r o g e n . The q u a n t i t y of heavy water 
sprayed was measured by the s o - c a l l e d DgO evaporator which 
has been b u i l t f o r the new D-target pot. The d e t a i l s of 
the o p e r a t i o n and a photograph of a s i m i l a r device i s given 
on p. 18 and 24 of Larson's t h e s i s (1957). Such a device 
c o n s i s t s of a l i q u i d DgO r e s e r v o i r which i s at room tempera
ture and j o i n s to the vacuum system so that on the opening 
of the v a l v e , vapor escapes and impinges on the c o l d 
p l a t e which serves as a vapor pump. 

The t a r g e t , on which the i c e was deposited, was of 
copper sheet 1/32 inch t h i c k , 1-1/8 by 1-1/4, which has been 
gold p l a t e d . I t was fastened, t i g h t l y to an hollow brass 
tube c o n t a i n i n g l i q u i d n i t r o g e n . 

The temperature of the i c e should be kept below -100°C 

i n order that the t a r g e t does not vaporize too q u i c k l y . 
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The thermal c o n d u c t i v i t y of i c e at t h i s temperature i s only 
of the order of 0.009 cal./°C-cm-sec. (Fast Neutron 
P h y s i c s , Chap. IV, by J . H. Coon). 
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Chapter I I I 

MONITOR OF THE NEUTRON FLUX 

The neutron f l u x i n c i d e n t upon the n e o n - f i l l e d chamber 
was monitored by means of a "long counter" (or boron t r i -
f l u o r i d e counter) and a " l u c i t e z i n c sulphide counter, and 
was a l s o measured by means of the current i n t e g r a t o r . 

The current i n t e g r a t o r measures the q u a n t i t y of charge 
from the deuteron beam h i t t i n g the ta r g e t and i f the number 
of tar g e t deuterons per sq. cm. i s known, the neutron y i e l d 
i s then obtained from the cross s e c t i o n data, as given i n 
the review a r t i c l e of Fowler and B r o l l e y (1956). 

The l u c i t e z i n c sulphide counter i s a gamma-ray i n s e n s i 
t i v e f a s t neutron counter, ( G r i f f i t h s et a l , Can. J . of 
Phys., V o l . 37, 1959). I t c o n s i s t s of r e c t a n g u l a r sheets of 
l u c i t e coated w i t h z i n c sulphide sandwiched together and 
mounted on a p h o t o m u l t i p l i e r tube (RCA 6342). The d i s c r i m i n a t o r 
may be chosen so that i t counts mostly neutrons of a c e r t a i n 
minimum energy. The absolute e f f i c i e n c y , defined as the 
number of counts observed d i v i d e d by the number of neutrons 
i n c i d e n t on the f r o n t face of the counter, i s , of course, 
a f u n c t i o n of the d i s c r i m i n a t o r l e v e l . For t h i s work, the 
d i s c r i m i n a t i o n l e v e l was set at 450 (pulse height) which 
corresponded to an e f f i c i e n c y of 0.3% f o r neutron energy of 
about 5 Mevj see f i g . 5 and 6 of the above mentioned a r t i c l e 
f o r the e f f i c i e n c y at d i f f e r e n t neutron energy. 

The "long counter" due to i t s geometry (longer than i t s 
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mean f r e e path of the highest neutron energy to be counted) 
has the same e f f i c i e n c y f o r neutrons of a l l energies above 
a few hundred Kev. Most neutrons e n t e r i n g the inner c y l i n d e r 
of p a r a f f i n are thermalized by c o l l i s i o n w i t h protons and 
d r i f t i n t o the counter where they produce pulses through 
B 1 0 ( n , c< ) L i ^ r e a c t i o n . The d e t e c t i n g e f f i c i e n c y of t h i s 
counter was determined by p l a c i n g a c a l i b r a t e d Ra-Be source 
(51 m i l l i c u r i e s ) at the p o s i t i o n normally occupied by the 
D-target. The monitor gives 4.6 counts f o r every 10^ 
neutrons emitted by the source at the p o s i t i o n on i t s a x i s 
150 cm from i t s face which corresponds to an e f f i c i e n c y of 
0.45%. The a c t u a l counter used f o r the work i s f u l l y des
cribed, by Heiberg (1954). The experimental arrangement 
i s shown i n f i g . 5. 
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Chapter IV 

P o s s i b l e Reactions 
20 21 

Since neon contains three i s o t o p e s , Ne , Ne and 
22 

Ne , a number of f a s t neutron induced r e a c t i o n s r e s u l t i n g 
i n charged p a r t i c l e s are p o s s i b l e . Then permitted by the 
Q-value, i n c i d e n t neutron energy together w i t h the e l a s t i c 
neon r e c o i l s w i l l give r i s e to the pulse height d i s t r i b u t i o n 
observed. The t a b l e below s e t s out the p o s s i b l e r e a c t i o n s 
together with t h e i r Q-values, which have been taken from 
the p r e p r i n t of Rev. Mod. Phys. (Ajzenberg and L a u r i t s e n , 
I960), except the one w i t h an a s t e r i s k which has been c a l -

22 
c u l a t e d using the e m p i r i c a l mass formula f o r F 

Isotope Abundance Reaction 
Q-value 
(Mev) 

AT 20 Ne 90.22% Ne 2 0(n,«)0 1 7 -0.608 
N e 2 0 ( n , p ) F 2 0 -6.267 

AT 21 
Ne 0.26% Ne 2 l(n,o<)0 1 8 +0.704 

N e 2 1 ( n , p ) F 2 1 -4.945 
„ 22 Ne 8.82% Ne 2 2(n,o<)0 1 9 -5.704 

N e 2 2 ( n , p ) F 2 2 -6* 

There may of course a l s o be r e a c t i o n s i n v o l v i n g i m p u r i -
14 14 

t i e s , e . g . N (n,p)C x* which has a l a r g e y i e l d : however the 
gas p u r i t y quoted by the manufacturer (maximum l i m i t of 
p o s s i b l e i m p u r i t y i s : oxygen, hydrogen, n i t r o g e n and helium 
0.0005, 0.0005, 0.01 and 0.03 mole percent r e s p e c t i v e l y ) 
together w i t h the f i l l i n g method (passing through a l i q u i d 
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ni t r o g e n t r a p ] plus the hot calcium p u r i f i e r would i t i s 
b e l i e v e d preclude t h i s . 

Thus f o r neutrons of energy l e s s than 5 Mev only (n,«*.j 
r e a c t i o n s would be expected, and. t h i s predominantly from 

20 
the Ne isotope. The range of the emitted alpha p a r t i c l e 
of 5 Mev energy i n neon at 8 atmosphere w i l l be about 1 cm. 
Consequent^ i n t h i s l a r g e chamber, the " w a l l e f f e c t " or 
the number of events a r i s i n g i n which the alphas h i t the 
w a l l before expending t h e i r f u l l energy i n i o n i z i n g events 
i s q u i t e small of the order of 5% at 5 Mev c x - p a r t i c l e . See 
Appendix "C" f o r t h i s computation. The maximum k i n e t i c 
energy imparted, to neon n u c l e i i n e l a s t i c c o l l i s i o n w i t h 5 
Mev neutrons w i l l be 1/20 of 5 Mev, or 250 kev and t h e i r 
events would be expected to show as a r i s e i n the count 
r a t e at the low pulse amplitude end of the spectrum. 
Energy R e s o l u t i o n of the Chamber 

Using the 5.15-Mev a l p h a - p a r t i c l e s from a plutonium 
source, the energy r e s o l u t i o n of the chamber has been e s t i 
mated to be l e s s than 3%. F i g . -9 shows a t y p i c a l p u l s e -
height d i s t r i b u t i o n where the energy r e s o l u t i o n i s 2.7%. 

The width of the alpha peak i s due mainly to the 
e l e c t r o n i c noise and to a smaller degree to the r e l a t i v e 
p o s i t i o n of the i o n i z a t i o n event and to the channel width 
of the k i c k s o r t e r . However i n the present experiment, i t 
i s only of importance that the peaks i n the d i s t r i b u t i o n 
curves be r e s o l v e d . 
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Energy Measurement of I o n i z a t i o n Events 

In the measurement of the energy of c x - p a r t i c l e , one 
r e l i e s s o l e l y on the i o n i z a t i o n chamber as a device g i v i n g 
a l i n e a r r e l a t i o n between the energy of i o n i z a t i o n and 
pulse amplitude, and the k i c k s o r t e r as another device 
r e g i s t e r i n g the maximum amplitude of those pulses indepen
d e n t l y of t h e i r r i s e time which may vary due to the d i f 
f e r e n t o r i e n t a t i o n of the i o n i z i n g p a r t i c l e . 

The 100 channel k i c k s o r t e r r e l i e s f o r i t s o p e r a t i o n on 
charging a c a p a c i t o r through a diode and has a "reading" 
time between 3.5 and 5 jusec. Then i f the r i s e time i s 
longer than t h i s p e r i o d , the pulse has not reached i t s f u l l 
amplitude at which the k i c k s o r t e r becomes dead to f u r t h e r 
input pulses r e s u l t i n g i n an apparent l o s s of gain and 
decrease i n r e s o l u t i o n . Therefore the k i c k s o r t e r was modi
f i e d to accept pulses 10 ytsec wide. A 0.002 jut condensor 
was put i n p a r a l l e l w i t h the 0.001 ^uf (catalogue number 
C-49, from Encoder p a r t ) , and i n order to reduce o s c i l 
l a t i o n a 210.fl. r e s i s t a n c e was added i n s e r i e s w i t h 0.002yi*f 
condensor. This change permitted a "reading" time up to 
10y-rsec. F i g . 10 shows the v a r i a t i o n i n the r e s o l u t i o n 
before and a f t e r the m o d i f i c a t i o n . 

http://210.fl
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Chapter V 

PROCEDURE AND EXPERIMENTAL SET-UP 

As mentioned p r e v i o u s l y the experimental arrangement 
was chosen to give a very monoenergetic neutron beam wi t h 
an energy spread of not more than 25 Kev, and at the same 
time reasonable freedom from f a s t background neutrons, 
together w i t h a r e l a t i v e l y r a p i d count r a t e and hence short 
running time f o r any p a r t i c u l a r run i n order to achieve 
good s t a b i l i t y . 

The complete experimental arrangement i s shov/n on 
f i g . 5, and the e l e c t r o n i c s on f i g . 7. 

The energy of the incoming deuterons was v a r i e d from 
300 Kev to 2.3 Mev and was measured by the generating v o l t 
meter. The deuteron energies were not taken w i t h con
t i n u o u s l y i n c r e a s i n g energies, but i n v a r y i n g order. Some 
5 to 8 runs were taken grouped near data being taken at a 
"standard." p o i n t , i n order to check t h i s standard energy 
at i n t e r v a l s to v e r i f y that the heavy i c e remained constant. 
About 5 such standard p o i n t s were used i n covering the 
complete neutron energy range. A f t e r about 8 hours of run
n i n g , the number of neutrons r e g i s t e r e d by the neutron 
monitor was decreased by roughly 15%, presumably due to the 
i c e d e t e r i o r a t i o n . 

The quadruple e l e c t r o s t a t i c l e ns which focussed the 
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beam onto the ta r g e t had to be refocussed when the deuteron 
energy was changed by more than 200 Kev. 

To match readings from day to day, the same s e r i e s of 
neutron energies (or "standard" p o i n t ) was run over, and 
the k i c k s o r t e r counts as w e l l as the neutron monitors 
(which should be c o n s i s t e n t ) gave the r e l a t i v e neutron 
y i e l d s , and hence r e l a t i v e t a r g e t t h i c k n e s s . 

The ZnS s c i n t i l l a t i o n counter was found to be c o n s i s 
tent w i t h the i n t e g r a t o r c u r r e n t . However, the BF3 counter, 
due to i t s s e n s i b l y f l a t response to neutrons of a l l 
energies above 500 kev, was d e t e c t i n g a l l neutrons generated 
both by the d e s i r e r e a c t i o n i n c i d e n t d i r e c t l y and s c a t t e r e d 
by the f l o o r , w a l l s , e t c . , i n t o the counter, and by any 
(d,n) r e a c t i o n s i n v a r i o u s p a r t s of the machine. In f a c t , 
i t was dependent on the time needed f o r a run and on the 
exact f o c u s s i n g c o n d i t i o n s of the generator, and i t s read
i n g presumably depended on the D + D b u i l d up on the magnet 
box, e t c . 

The ZnS counter was placed at a distance of 25 cm from 
the center of the D-target (measured from the f r o n t of the 
counter) and at r i g h t angles w i t h the i n c i d e n t beam. On 
the other hand, the "long counter" was opposite to the ZnS 
counter, but at 150 cm from the D-target. 

The beam current at maximum energy was kept at about 1 
^amp and was p r o p o r t i o n a l l y increased by 4 ^uarnp at 300 

Kevj at l e a s t 50% of the beam going downward was obtained 

\ 
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a f t e r 90 degree d e f l e c t i o n by the a n a l y z i n g magnet. 

The aperture of the e x i t and entrance s l i t s was of 
the order of 1 mm and 2 to 3 ram r e s p e c t i v e l y . With such 
a s e t t i n g , a beam of 8 yuamp was obt a i n a b l e at the t a r g e t . 
In order to reduce the f r i n g i n g f i e l d at the e x i t which 
tended to send the beam i n an upward d i r e c t i o n , a s o f t 
i r o n pipe 4 inches long and 1/4 of an inch w a l l t h i c k n e s s 
was placed as c l o s e as p o s s i b l e to the a n a l y z i n g magnet, 
immediately a f t e r the e x i t s l i t . 

The beam, a f t e r passing through the a n a l y z i n g magnet, 
was s t a b i l i z e d by the beam " s n i f f e r " ( w h i c h provided con
t r o l of the energy by means of the reverse e l e c t r o n gun), 
and then focussed at the ta r g e t by means of the strong 
f o c u s s i n g e l e c t r o s t a t i c l e n s . This lens was at a dis t a n c e 
of 6-1/2 f e e t from the magnet box, and 7 f e e t from the 
D-target. The beam before reaching the t a r g e t , was made 
to pass through a 6 i n c h length of 1-1/8 inch diameter 
copper pipe cooled by a l i q u i d n i t r o g e n t r a p i n order to 
p r o t e c t the t a r g e t from any contamination of carbon which 
might come from the d i f f u s i o n pumps. The p o t e n t i a l on the 
fo c u s s i n g lens was adjusted by v a r y i n g the voltage on each 
lens u n t i l the l i g h t spot made by the beam h i t t i n g the 
quartz f o c u s s i n g p l a t e (which i s 3 inches ahead of the 
t a r g e t ) was as small a spot as p o s s i b l e . The p l a t e was then 
removed, a l l o w i n g the beam to le a d to the t a r g e t . The 
beam at the t a r g e t was i n t e n t i o n a l l y unfocussed so 
that the spot appeared as a c i r c l e of about 1/8 of an 
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in c h i n diameter r a t h e r than a poin t to prevent evapora
t i o n of the i c e by spot. The t a r g e t i t s e l f was kept at a 
p o t e n t i a l of +90 v o l t s to e l i m i n a t e the e f f e c t of second
ary e l e c t r o n s ejected, from the t a r g e t on the t a r g e t 
current-recorded. 

The D 20 t a r g e t s were made by condensing heavy water 
vapor from a constant volume dispenser onto a l i q u i d , a i r 
cooled gold p l a t e . The d i s p e n s e r - t a r g e t system was c a l i 
brated by observing the s h i f t i n the 873-Kev resonance 
of the F 1 9 ( p , <*, y ) 0 1 6 r e a c t i o n a f t e r a pressure of 6 cm 
of o i l of DgO vapor was deposited on a t h i n calcium 
f l u o r i d e t a r g e t . 

The Van de Graaff generating voltmeter was c a l i b r a t e d 
19 I S 

u s i n g the a c c u r a t e l y known resonances of the F (p, c< , y )Q 
r e a c t i o n , and i t was found that the generating voltmeter was 
reading the c o r r e c t voltage w i t h i n 1/2%. F i g . 8 shows one 
of the c a l i b r a t i o n point at 873-Kev energy. 

The center Of the chamber was placed at a distance *d" 
(measured from the D-target) which was governed by the s o l i d 
angle r e q u i r e d to keep the energy spread, of the neutron beam 
w i t h i n 110 Kev. The f o l l o w i n g t a b l e shows the distance and 
the angles used to cover the range of neutron energy 
d e s i r e d . 

Neutron energy Angle (degree) Distance "d" (Mev) (cm) 
En > 4.5 0 100 

3 < En < 4. 5 0 80 
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In order to reduce the neutron background going i n t o 
the chamber and i n t o the monitor, a w a l l of wax (9 inches 
t h i c k ) was b u i l t between the quadrupole lens and the 
D-target. Nevertheless i t made no s i g n i f i c a n t improvement, 

The t o t a l neutron energy spread was kept lower than 
25 Kev, except below 3.7 Mev where i t goes up to 40 Kev. 
The t o t a l neutron energy spread, A E n , i s c a l c u l a t e d by 
the equation 

A E n = / A E n ( A E d ) 2 + A E n ( 6 ) 2 + A E n ( t g ) 2 

where E n i s the t o t a l neutron energy spread 
A E q ( Z^E d) i s the v a r i a t i o n of the neutron 

energy due to the v a r i a t i o n of energy 
i n the deuteron beam (assume A E d = ±5 Kev) 

A E
n ( e ) i s the neutron energy spread due to 

the angular d i s t r i b u t i o n of the 
outgoing neutrons from the D on D 
r e a c t i o n 

A ^ n ( t g ) i s the targe t thickness i n neutron 
energy 

Neutron 
Energy 
Mev 

Distance 
d,(cm) 

A E n ( & E d ) 
Kev 

A E n ( 6 ) 
Kev 

A E n ( t g ) 
Kev 

A E „ 
Ke$ 

3. 500 150 14 32 2.3 35 
4.244 100 11.5 16.5 6.1 21 

5. 500 100 10.5 9 12 18 



The preceding t a b l e i s a t y p i c a l estimate of the neutron 
energy spread at three d i f f e r e n t energies. 
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N r - / N n 

DETERMINATION OF THE ABSOLUTE CROSS SECTION 

1. General Expression f o r the Cross Section 

The general expression f o r the t o t a l number of d i s 
i n t e g r a t i o n events i n the chamber i s given by 

CT^CE) y (dJTL ) d-H. (1) 
'SL \ 

where: N ^ i g t l a e n u m b e r Qf n e o n d i s i n t e g r a t i o n s 

r e g i s t e r e d by the k i c k s o r t e r per count on 
the current i n t e g r a t o r (one i n t e g r a t o r 
count corresponds to an i n t e g r a t e d beam 
current of 95.0 ± 0.5 yucoulorabs). 

N n i s the number of neutrons produced by 
D(d,n)He° r e a c t i o n i n the element of s o l i d 
angle dSL per i n t e g r a t o r count and per 
s t e r a d i a n , of energy E. 

(T~(E) i s the t o t a l cross s e c t i o n of the r e a c t i o n 
o 

i n cm , at neutron energy E. 
77 ( d n ) i s the a r e a l d e n s i t y of neon atoms i n the 

element of s o l i d angle dJ*L , (atoms/cm ). 
j f L i s the s o l i d angle i n s t e r a d i a n subtended 

at the targe t by the chamber. 
I f q i s the q u a n t i t y of charge c a r r i e d by the deuteron 
beam ( i n coulomb per i n t e g r a t o r ) measured by the current 
i n t e g r a t o r and hence i s a measure of the number of i n c i d e n t 
deuterons, then N n may be w r i t t e n 
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N q i n d H = K n D q ^ ( E p ,0) 

where: K i s a p r o p o r t i o n a l i t y constant equal to 
12 

6.25 x 10 e l e c t r o n i c charges per 
-coulomb (I O " 6 c o u l - 1 x - . * •» -J25» ) 

r x y t t c o u l . 1.6x10 A y c o u l . 7 

n D i s the number of D-atoms i n the t a r g e t 
per cm 2. 

C T " ( E ,6) i s the d i f f e r e n t i a l cross s e c t i o n of the 
3 2 D(d,n)He r e a c t i o n i n cm per s t e r a d i a n . 

Since the s o l i d angle subtended by the chamber was 
made small ( l e s s than 0.034 s t e r a d i a n s ) and the cross 
s e c t i o n i n t h i s i n t e r v a l may be assumed constant, thus 
the equation (1) becomes 

N r = K q n D 0^(1^,6) (T(-E) J ^dSL) dJTL (3j 

the above i n t e g r a l i s by d e f i n i t i o n equal to 

>J (dXl ) d S L =rjJTL (4) 

where Yj i s the average a r e a l d e n s i t y of neon atoms, 
(atoms/cm ). 
I f one averages u s i n g small elements of s o l i d angle, the 
computation i s q u i t e tedious. But, s i n c e the chamber sub
tends a small s o l i d angle, one can consider as a good 
approximation the incoming neutrons as a p a r a l l e l beam as 
shown i n f i g . 11. T his assumption r e a l l y leads to an e r r o r 
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2 not too l a r g e i n c o r r e c t choice of d , i . e . one r e a l l y 
o 

would have to weigh the elements as 1/R and get a mean 
value. 
From equation (4) 1 

an 
/Sl 

Due to the above assumption (the incoming neutron being 
p a r a l l e l ) , one can w r i t e 

_ , (X ) dx 1 

I. R dx 
Make the f o l l o w i n g change of v a r i a b l e s ; 

>7(x) = p y and y = 2R s i n e 

x = R cos e 

dx = -R s i n G d0 

7 - 2 p R 2 fn/2 s i n 2 0 de 

- R I sine de V / 2 

2 { R [~ e - s i n 2e 
n/2 
o 

^~ cos e 
n/2 

o 

TT p R where p i s the volume d e n s i t y yj - TT^ p R where p 

o 
i n atoms/cm 

Now i f P denotes the number of atoms, and H, the height 
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i n the s e n s i t i v e volume of the chamber, one can then 
w r i t e 

P = TT R 2 H ^ 

2 
Since yj = TT p R = (71 R H P ) 

( T \ 2RH V 
P 
A 

where A stands f o r the c r o s s e c t i o n a l area of the chamber. 
Hence 

P = A yj 

and the s o l i d angle subtended at the chamber i s 

/-» A 

AL - d~2" ( s t e r a d i a n ) 

I t f o l l o w s that 

7-"- - 7 • (5) 

where d i s the distance measured from the D-target to the 
center of the n e o n - f i l l e d chamber. 
Equation (4) then becomes 

N r = 6.25 I O 1 2 q n D £ T D(E D,e) <T(E) ^ (6) 

2. C o r r e c t i o n f o r absorption of the i n c i d e n t neutron beam  
passing through the chamber w a l l 
From the t o t a l number of neutrons emitted i n t o the 

s o l i d angle of the chamber, a c e r t a i n f r a c t i o n may be 
absorbed or scattered, by the s t e e l w a l l of the chamber 



pressure v e s s e l so that they do not c o n t r i b u t e to the 
d i s i n t e g r a t i o n s at the energy considered. I f one con
s i d e r s the a t t e n u a t i o n o c c u r r i n g i n the s t e e l of the 
chamber c l o s e s t the neutron source, then one can estimate 
the f r a c t i o n J of neutrons which c o n t r i b u t e to the • 
r e a c t i o n u s i n g the usual absorption equation 

- / A x 

where: 

and 

where 

R = R Q e 

R Q i s the number of incoming neutrons 
R i s the number of neutrons t r a v e r s i n g the 

i r o n w a l l of the chamber 
i s the l i n e a r absorption c o e f f i c i e n t = 
n a ( T a 

x i s the average thickness of the absorber 
O 1/8") 

n a i s the number of atoms i n the absorber/cm 3 

(T~& i s the t o t a l neutron cross s e c t i o n of 
i r o n (3.7 barns at about 5-Mev neutron 
energy, obtained from Hughes and Schwartz 
(BNL-325), 1958 

3 

= n a t a = 0.31 cm 

n a = - N o P = 8.4 x I O 2 2 i r o n atoms/cm' 
W 

-1 
.23 N Q i s the Avogadro's number, 6.02 x 10 

>̂ i s the d e n s i t y , 7.8 gm/cm 
V/ i s the atomic weight ( f o r i r o n 56: i t s 

most abundant isotope i s Fe , 92%) 
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F i n a l l y , 

R ? " h - 0.91 

3. D e t e r m i n a t i o n o f t h e number o f d e u t e r o n atoms p e r  
c m * i n t h e p2Q t a r g e t 

The number o f d e u t e r o n atoms p e r s q u a r e cm a t t h e 

t a r g e t i s d e t e r m i n e d by t h e knowledge o f t h e s t o p p i n g 

c r o s s s e c t i o n . 

1 dE 
€ = n ^ " d7 

o r € (E) = T x 10 3 x 2 
nD 

where € (E) i s t h e m o l e c u l a r s t o p p i n g c r o s s s e c t i o n 

V o 
i n ev.-cm a t e n e r g y E . - F o r D 90 and 
H 20, see f i g . 12, 

dE 

- j — i s t h e l o s s o f e n e r g y p e r u n i t p a t h 

l e n g t h i n ev./cm. 

T i s t h e t a r g e t t h i c k n e s s i n Kev. See 

a p p e n d i x B f o r t h e e x p e r i m e n t a l m easure

ment . 

np' i s t h e number o f m o l e c u l e s o f D2O p e r 

cm 3. 

np i s t h e number o f atoms o f d e u t e r i u m p e r 

cm 2. 

N o t e t h a t t h e f a c t o r 2 t r a n s f o r m s m o l e c u l e s i n t o atoms. 

As an example, a t a r g e t t h i c k n e s s o f 11 Kev was a c h i e v e d , 

by e v a p o r a t i n g 6 cms o f o i l p r e s s u r e o f D2O v a p o r f r o m t h e 



e v a p o r a t o r , w h i c h c o r r e s p o n d t o 2.62 x 10 atoms o f 
9 

d e u t e r o n p e r era . 

4. D e t e r m i n a t i o n o f t h e number o f neon atoms i n t h e  
s e n s i t i v e volume o f t h e chamber 

The number o f neon atoms "P" i n t h e s e n s i t i v e volume 

o f t h e chamber i s e s t i m a t e d by k n o w i n g t h e p r e s s u r e 

(8.1 atm.) o f t h e neon i n t h e chamber and i t s s e n s i t i v e 

volume. The s e n s i t i v e volume o f t h e chamber i s 4.11 

l i t e r s c a l c u l a t e d by 

V = ( D 2 - d 2 ) H 

where D i s t h e i n s i d e d i a m e t e r o f t h e chamber (67) 

d i s t h e d i a m e t e r o f t h e g r i d d e d r e g i o n o f t h e 

chamber (11/16") 

H i s t h e l e n g t h o f t h e g r i d d e d . r e g i o n o f t h e 

chamber (8-7/8") 

Then t h e number o f neon atoms P, c o n t a i n e d i n t h e s e n s i 

t i v e volume o f t h e chamber i s c a l c u l a t e d by t h e f o r m u l a 

P V = g - R T 

1 No 

where R i s t h e gas c o n s t a n t 

T i s (273 + 23) °K 

N Q i s A v o g a d r o number, 6.02 x 10 

Hence t h e number o f atoms, P, i s e q u a l t o 8.26 x I O 2 3 . 
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5. T y p i c a l c a l c u l a t i o n of the absolute cross s e c t i o n 

As an example, take the c a l c u l a t i o n of the cross 
s e c t i o n f o r the ground s t a t e alpha-group at 1250-Kev 
deuteron energy. The chamber was at 100 cms from the 
neutron source and was making an angle of zero degrees 
w i t h respect to the a c c e l e r a t e d beam. S i x cms of o i l 
pressure gave a t a r g e t measured as having a t h i c k n e s s , T, 
equal to 11 Kev to protons of 873 Kev. This corresponds 
to a t h i c k n e s s of 12.9 Kev to deuteron of 1250-Kev. The 
molecular stopping cross s e c t i o n of heavy water at t h i s 
energy i s 10.7 x 10~15 ev.-cm 2, hence the number of 
D-atoms per square centimeter, n D i s 2.62 x IO* 8. 

From the f o l l o w i n g data 
2470 

N r = ^ d i s i n t e g r a t i o n s per i n t e g r a t o r 

d - 100 cms 
q = 95 x 10~® coulombs/integrator 

°l)(EDej = 31.7 mb or 31.7 x 1 0 ~ 2 7 cm 2 

s u b s t i t u t i n g i n t o equation ( 6 ) , the t o t a l c ross s e c t i o n 
0"~(E) f o r the r e a c t i o n Ne 2 o(n , c A ) o 1 7 i s found to be 

133 mb: 
2 * 7 ° = 6.25 x 1 0 1 2

 Q
1

9 l x 95 x (2.62 x 1 0 1 8 ) (31.7 x I O - 2 7 ) 
(T-(£)(mb) x IO" 2? x 8 - 2 6 q ^ 1 0 2 3 

hence CT"(E) = 133 mb. 
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S i m i l a r c a l c u l a t i o n f o r the cross s e c t i o n was made at 
v a r i o u s neutron energies and t h e i r r e s p e c t i v e cross s e c t i o n 
i s given below. Table 1 gives some d e t a i l s of t h i s 
c a l c u l a t i o n . 

Neutron Energy f o r Ne(n,o<) 
i n Mev i n mb 

3.418 183 
3.793 285 
4.033 198 
4.234 128 
4.386 136 
4.841 92 

The cross s e c t i o n curve a f t e r n o r m a l i z a t i o n was made 
to pass through those p o i n t s by making a l i n e a r c o r r e c t i o n 
between each p a i r of p o i n t s . The c o r r e c t i o n (or s h i f t ) 
was l e s s than 10%, except between 3.8 and 4.05 Mev where 
the c o r r e c t i o n went up to 30%. 



Table 1 

En 
(Mev) Run No. 

No. of 
Counts 

No. of 
Integrators 

D i s t . 
cm D(mB) 

D 20 cm of O i l 
Ne 
(mb) 

3.418 H-5 856 5 100 9 4.9 183 
3.793 H-4 2238 5 100 16.5 4.9 296 

H-6 2099 4.9 277 
J-4 2279 4.9 301 
J-4' 2009 4.9 266 

4.033 H-3 2117 5 100 22.2 4.9 208 
H-7 1978 4.9 194 
J-3 1991 4.9 196 
J-3« 2043 5.0 194 

4.234 H-l 1674 5 100 28.5 4.9 128 
H-9 1729 4.9 132 
J-2 1793 4.9 137 
J-7 1627 4.9 124 
J-11 1556 4.9 119 
L-1,4 1625 5.0 120 

4.386 H-10 1897 5 100 31.7 4.9 130 
J-3 1842 4.9 127 
J-10 2012 4.9 138 
L-5,17 2072 5.0 138 

4,841 J-9 2381 5 100 38.5 4.9 134 
H-11 1859 4.9 105 
L-6 1647 4.9 89 
L-7 1580 5.0 86 

Ne 
(Weighted) 

(mb) 

183 

285 

198 

128 

136 

92 
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Chapter V I I 

RESULTS 

In most of the neutron energy range used (3.2 to 5.5 

Mev), two d i s t i n c t d i s i n t e g r a t i o n peaks appeared i n the 
pulse-height d i s t r i b u t i o n which were due to two d i f f e r e n t 
d i s i n t e g r a t i o n groups, Ne 2 o(n,o< j o 1 7 and N e 2 o ( n , c * ) 0 1 7 * • The 
t r a n s i t i o n to the ground s t a t e and to the f i r s t e x c i t e d 
l e v e l are l a b e l l e d r e s p e c t i v e l y " long" and " s h o r t " range 
c x - p a r t i c l e s . From the pulse-height d i s t r i b u t i o n curves 
taken at small energy i n t e r v a l (12-kev deuteron energy), 
the Q-values of d i s i n t e g r a t i o n s and the e x c i t a t i o n f u n c t i o n 

2 1 

of the compound nucleus, Ne , formed, was determined. Also 
knowing the t a r g e t t h i c k n e s s , the absolute cross s e c t i o n 
has been estimated. 
1. Q-values 

The energy released i n the d i s i n t e g r a t i o n was obtained 
by s u b t r a c t i n g the t o t a l energy of i o n i z a t i o n from the 
energy of the i n c i d e n t neutron. The neutron energies were 
found from the energies of the incoming deuteron beam 
reduced by the mean value of the beam energy l o s t i n going 
through the heavy i c e t a r g e t . The neutron energies i n 
f u n c t i o n of the deuteron energies were obtained from pub
l i s h e d t a b l e s (Fowler and B r o l l e y , 1955). The t o t a l energy 
of i o n i z a t i o n was determined from the r e l a t i v e p o s i t i o n of 
the peak on the k i c k s o r t e r , having p r e v i o u s l y c a l i b r a t e d 
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t h e c h a n n e l number i n f u n c t i o n o f e n e r g y u s i n g a s r e f e r e n c e 

t h e 5.15 Mev Pu-°< s o u r c e . T y p i c a l c u r v e s , f r o m w h i c h 

Q - v a l u e s were f o u n d , a r e shown i n f i g . 13, f o r v a r i o u s 

n e u t r o n e n e r g i e s . 

The Q - v a l u e s f o r a b o u t t h i r t y p e a k s ( f o r e a c h o f t h e 

two c a s e s : Q^ a n d Q 2 d e f i n e d b e l o w j were c a l c u l a t e d a n d t h e n 

a v e r a g e d . Q^ c o r r e s p o n d s t o t h e gr o u n d s t a t e t r a n s i t i o n 
20 17 

Ne ( n , C« )0 , and Qg c o r r e s p o n d s t o t h e t r a n s i t i o n 

N e 2 ° ( n , « J O 1 7 * , where 0 1 7 * i s l e f t i n i t s f i r s t e x c i t e d 

s t a t e . 

The f i n a l Q - v a l u e s o b t a i n e d a r e -0.69, ±0.02 Mev and 

-1.57 ± 0.02 Mev f o r t h e r e a c t i o n N e 2 o ( n , c < )o 1 7 and 
2o 17 # 

Ne (n,<X )o r e s p e c t i v e l y . The e r r o r s q u o t e d a r e t h e 

r.m.s. e r r o r s . 

2. E x c i t a t i o n F u n c t i o n 

The e x c i t a t i o n f u n c t i o n i n t h e n e u t r o n e n e r g y r a n g e 

f r o m 3.2 t o 5.5 Mev was f o u n d f r o m t h r e e s e t s o f r u n s b a s e d 

on r e f e r e n c e e n e r g i e s o f 0.460, 0.74o, 0.930, 1.100, 1.230, 

1.600 and 1.800 Mev. The number o f d i s i n t e g r a t i o n s a s s o c i a 

t e d w i t h e a c h p a r t i c l e g r o u p was c a l c u l a t e d f r o m t h e p u l s e -

h e i g h t d i s t r i b u t i o n s i m i l a r t o t h o s e shown i n f i g . 13. F o r 

th e f u l l e n e r g y peak, t h e number o f d i s i n t e g r a t i o n s i s t a k e n 

a s t h e i n t e g r a t e d number o f c o u n t s u n d e r t h e peak r e d u c e d 

by t h e b a c k g r o u n d w h i c h was t a k e n as h a v i n g an a r e a c o r r e s 

p o n d i n g t o one h a l f t h e h e i g h t o f t h e knee a t t h e l o w e r end 

o f t h e peak ( t h e r a t i o o f t h i s a r e a o v e r t h e t o t a l a r e a u n d e r 

t h e peak was o f t h e o r d e r o f 5%, i . e . r a n g i n g f r o m 3% t o 7%). 
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These numbers were then normalized to correspond to the 
same distance from the ta r g e t (100 cm), and the same number 
of i n t e g r a t o r s . Two curves were then drawn. The f i r s t one 
was normalized as mentioned above, and, represented a p l o t 
of the y i e l d against energy u s i n g the i n t e g r a t e d deuteron 
beam as a measure of the i n c i d e n t neutron f l u x . The second 
was normalized to the same number of counts of the z i n c 
sulphide neutron monitor. This neutron counter has an 
e f f i c i e n c y which increases sl o w l y and monotonically w i t h 
the neutron energy, so that f o r a small energy range, i t s 
e f f i c i e n c y i s approximately constant. Those two curves were 
used, c o n c u r r e n t l y i n order to e l i m i n a t e any erroneous point 
which can be found, by comparing point by point those two 
curves. The z i n c sulphide counter thus provided a check on 
tar g e t d e t e r i o r a t i o n and change but was i t s e l f s u s c e p t i b l e 
to beam wandering, as part of i t s reading come from back
ground, neutrons. 

A supplementary s e r i e s of p o i n t s were taken i n the 
neutron energy range from 4.4 to 4.8 Mev, because of a d i s 
crepancy noticed.in the number of d i s i n t e g r a t i o n s when running 
over t h i s r e g i o n w i t h decreasing the energy. Although a l l 
t h i s care was taken, the matching of those three curves were 
not as good as expected; so a d d i t i o n a l runs were performed. 

In a f u r t h e r attempt to match these three segments of 
curve, a s e r i e s of runs covering the complete energy region 
were done which permitted the n o r m a l i z a t i o n of the complete 
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energy r e g i o n . These p o i n t s are shown i n red i n P l a t e 1. 
A f t e r t h i s adjustment, the e x c i t a t i o n f u n c t i o n s f o r the two 
groups of O X - p a r t i c l e s are shown i n P l a t e s 1 and 2. 

The maxima appear at neutron energy as tabul a t e d 
below. 

Neutron Energies i n Mev 

Long Range-« Short Range-« 

3.278 
3.438 
3.559 3.567 
3.708 3.700 
3.871 3.874 
4.142 4.168 
4.304 

4.365 
4.575 4.552 
4.685 

4.723 
4.876 
4.999 5.016 
5.120 
5.203 
5.295 
5.478 

No attempt was made to separate components of peaks 
such as the one near 4.6, 4.7, 4.9 and 5.0 Mev, because the 
e f f e c t of the "wings" of the other nearby resonances are 
too l a r g e to get a meaningful e x t r a p o l a t i o n . 

3. Absolute Cross S e c t i o n 
In an attempt to determine the absolute cross s e c t i o n , 

a s p e c i a l s e r i e s of runs (four independent determinations) 
were performed i n which the current i n t e g r a t o r device was 
c a r e f u l l y c a l i b r a t e d and the ta r g e t thickness measured. 



. Using equation ( 6 ) , page 29, the absolute t o t a l cross 
s e c t i o n was evaluated at neutron energies 3.453, 3.820, 
4.052, 4.251, 4.400 and 4,800 Mev. For the d e t a i l s of the 
c a l c u l a t i o n s and the approximations behind equation ( 6 ) , 
see Chapter VI. 

P l a t e s 1 and 2 show the e x c i t a t i o n f u n c t i o n where the 
or d i n a t e i s given i n m i l l i b a r n s . 

In the determination of the cross s e c t i o n , there are 
a number of measurements, c a l c u l a t i o n s and c o r r e c t i o n s 
which c o n t r i b u t e to the e r r o r : 

1. The i n t e g r a t i o n of each of the twocx-groups 
as obtained from the pulse-height d i s t r i b u t i o n 
at each neutron energy. An e r r o r of about 17% 
can be allowed due to the r e d u c t i o n of back
ground counts under the peaks. 

2. The c a l c u l a t i o n of the neutron f l u x from the 
D on D r e a c t i o n ( e r r o r of about 7%), the t a r g e t 
t h i c k n e s s and the stopping power i n heavy 
water ( e r r o r of the order of 10%). 

3. The a t t e n u a t i o n of the neutrons by the pressure 
v e s s e l of the chamber (about 2%). 

4. The p r e c i s i o n of the current i n t e g r a t o r device. 
(Over the complete p e r i o d of these runs, the 
v a r i a t i o n was l e s s than 1%.) 

5. The volume of the s e n s i t i v e volume of the 
chamber (about 3% due to the p o s s i b l e e r r o r i n 
the dimension of the g r i d and of the i n s i d e 
diameter of the c y l i n d e r ) . 



6 . The measurement of the distance of the chamber. 
( I t f o l l o w s the inverse square law c o r r e c t i o n ; 
the e r r o r i s l e s s than 1 % . ) 

7 . The measurement of the gas pressure i n the 
chamber. ( E r r o r of 1 % , due to the p r e c i s i o n 
of the pressure gauge.} 

8. The c o r r e c t i o n f o r the w a l l e f f e c t . As c a l c u 
l a t e d i n Appendix C, the number of d i s i n t e g r a 
t i o n s f a l l i n g o u t s i d e the peak i s l e s s than 
5 % at energy below 5-Mev c X - p a r t i c l e . 

9 . The counting s t a t i s t i c s . The e r r o r goes up 
to 3 % (when the number of counts under the 
peak i s of the order of 1 5 0 0 ) . 

Of these sources of e r r o r s , item 1 i s the most impor
ta n t . Because the above e r r o r s are r e l a t i v e l y l a r g e 
compared to the w a l l e f f e c t , the c o r r e c t i o n f o r w a l l e f f e c t 
was not made. 

Based, on the above c o n s i d e r a t i o n s , estimates of the 
probable e r r o r s i n the determination of the cross s e c t i o n 
i s about - 20%. R e l a t i v e e r r o r i n the data are somewhat 
l e s s than these absolute e r r o r estimates. This i s an 
o p t i m i s t i c estimate, s i n c e they may be hidden systematic 
e r r o r s . 

4 . S p e c i a l Run at 1 6 . 7 Mev Neutron Energy 
A s p e c i a l energy spectrum was taken at 1 6 . 7 4 neutron 

energy u s i n g D(T,n)He 4 as source of neutrons; the t a r g e t 
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t h i c k n e s s was about 75 kev. At t h i s energy, the com
p l e t e energy spectrum wi t h s e v e r a l peaks corresponding 
to various energies d i s s i p a t e d i n the chamber i s shown 
i n P l a t e 3. 

Maxima i n the energy d i s t r i b u t i o n appear at 3.05, 3.9, 
4.25, 5.8, 8.3, 10.0 and 12.7 Mev, a very wide peak between 
15 and 16.5 Mev, and a shoulder between 2 and 3 Mev. 

The 10-Mev peak i s probably due to the r e a c t i o n 
Ne 2^(n, p )F 2 <^ where the f l u o r i n e i s l e f t i n i t s ground 
s t a t e ; t h i s i s on the b a s i s of a c o r r e c t c a l c u l a t e d Q-value 
from masses. 

The broad peak between 15 and 16.5 Mev i s probably 
due to the Ne (n,«j0 and. 0 r e a c t i o n s , l e a v i n g 0 i n 
i t s ground s t a t e and i n i t s f i r s t excited, s t a t e . A l s o the 
12.8 Mev peak i s due to the same r e a c t i o n , but l e a v i n g the 
17 

0 i n i t s second e x c i t e d s t a t e . 
The shoulder between 2 and 3 Mev may be explained by 

the neon r e c o i l s a r i s i n g from neutrons e l a s t i c a l l y s c a t t e r e d . 
From c o l l i s i o n theory, i t has been c a l c u l a t e d t h a t , f o r an 
e l a s t i c c o l l i s i o n , the neon nucleus can c a r r y up to 3.03 
Mev. 

Coming back to the range 15 to 16.5 Mev, the smear out 
i n t h i s r e g i o n , where the r e a c t i o n Ne 2^(n }o<)o^ i s going 
to the ground s t a t e and to the f i r s t excited, s t a t e of 0*^, 
may be a t t r i b u t e d to the i o n i z i n g e f f e c t of the r e c o i l 
nucleus being a l i t t l e d i f f e r e n t from that of an °<-particle. 
This w i l l have the e f f e c t of spreading the peak. 
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DISCUSSION OF RESULTS 

1. Q-values 
In the energy spectrums, below neutron energy of 5.5 

Mev, only two peaks appear and from t h e i r Q-values (Q^ 
and Q 2) there i s no doubt that they correspond to the 
r e a c t i o n s N e 2 o ( n , «*)o17 and N e 2 o ( n , t * ) 0 1 7 * where 0 1 7 * stands 
f o r the f i r s t e x c i t e d l e v e l of 0 1 7 . 

Then a p r e c i s e measurement of Q x and Qg were taken 
on t h i r t y d i f f e r e n t energy spectrums, chosen i n the neutron 
energy range of 3.2 to 5.5 Mev. The measurement of Q i i s 
i n agreement w i t h the r e s u l t of Flack (-0.70 ± 0.05). 
A l s o the e x c i t e d s t a t e of 0 1 7 l i e s at 0.88 ± 0.01 Mev 
above the ground s t a t e i n agreement with the value of 0.872 
Mev quoted by Ajzenberg and L a u r i t s e n (1955). 

In the energy spectrum obtained at 16.74-Mev neutron 
energy, the 10-Mev peak was i d e n t i f i e d as being due to 
the Ne 2°(n,p)F 2° r e a c t i o n when the F 2 0 i s l e f t i n i t s 
ground s t a t e . The Q-value of t h i s r e a c t i o n has been mea
sured to be -6.1 ± 0.2 Mev compared w i t h -6.267 Mev c a l c u 
l a t e d from the masses (Ajzenberg and L a u r i t s e n , 1955). 

2. E x c i t a t i o n f u n c t i o n 

The r e s u l t s of Bonner et a l (1959) and those of F l a c k 
(1952) are given i n Table 2. Considering only the (n,o<) 

process l e a v i n g 0 1 7 i n i t s ground s t a t e , then maxima i n 
t h i s work appear mostly i n accord w i t h t h e i r r e s u l t s . A l l 
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maxima observed by Bonner have a l s o been observed here, 
except at 3.559 Mev where he found two peaks at 3.52 and 
3.60 Mev. 

Most resonances i n both - p a r t i c l e groups l e d to the 
20 

same e x c i t a t i o n energy of the compound nucleus, Ne , as 
expected by the theory. 

Table 2 

E x c i t a t i o n Neutron Energy at Maxima i n Mev 
Ne 2l(Mev) 1st cx--group 2nd o<-group Bonner Fl a c k 

Width 
Kev 

10.035 3.278 70 3.29 3.24 
10.195 3.438 65* 3.48 
10.316 3.559 70* 3.567 (1:8 
10.465 3.708 110 3.700 3.70 3.74 
10.628 3.871 110 3.874 3.87 3.91 
10.899 4.142 80 4.168 4.15 4.15 
11.061 4.304 55 4.31 4.30 

4.365 4.50 
11.332 4.575 80* 4.552 4.58 
11.442 4.685 100* 4.62 4.65 

4.723 4.74 
11.633 4.876 60* 4.85 
11.756 4.999 90 5.016 4.98 4.97 
11.877 5.120 
11.960 5.203 
12.052 5.295 
12.235 5.478 120* 5.52 

Assuming the b i n d i n g energy of a neutron i n Ne 20 l i e s 
6.756 Mev (Ajzenberg and L a u r i t s e n , 1959) above the ground 
s t a t e , then the energy l e v e l s i n Ne 2* corresponding to 
these resonances l i e between e x c i t a t i o n energies of 10.035 
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and 12.235 Mev (Table 2 ) . But the u n c e r t a i n t y i n the 
neutron energy was kept below 25 Kev, except below 3.7 Mev 
where i t goes up to 40 Kev. Therefore, the energies at 
which maxima are judged to occur are of about the same 
accuracy. 

Since the r e a c t i o n widths are wider than the neutron 
width ( i . e . neutron energy spread) one can b e l i e v e that 
the measured widths are i n f a c t a d i r e c t measure of the 
n a t u r a l width of these l e v e l s . The measured r e a c t i o n 
widths are given i n Table 2, where * i n d i c a t e s that one 
has r e s o l v e d g r a p h i c a l l y the peak and then estimated the 
width. 

3. Absolute Cross S e c t i o n 
The values of the cross s e c t i o n quoted by F l a c k (1952), 

u s i n g a gridded p a r a l l e l p l a t e i o n i z a t i o n chamber, are 
between 2.5 and 12.5 mb ( i n the range 3.2 to 5.1 Mev, 
neutron energy) which are i n disagreement w i t h the values 
obtained here by a f a c t o r roughly 30 s m a l l e r . 

Johnson et a l (1951), u s i n g a p r o p o r t i o n a l counter 
as a d e t e c t o r , gave a cross s e c t i o n of 160 mb at a neutron 
energy of 3.26 Mev. This value i s a f a c t o r 2.5 smaller 
than the value reported here. However, Bonner et a l (1959), 
using a l s o a gridded p a r a l l e l p l a t e i o n i z a t i o n chamber, 
found a peak at 3.29 Mev w i t h a corresponding cross s e c t i o n 
of 210 mb. This value i s a f a c t o r 1.9 smaller than our 
value. 



46 
Our values of the cross s e c t i o n , which i s l a r g e r than 

the values reported by other workers, may be p a r t i a l l y due 
to the b e t t e r symmetry of our i o n i z a t i o n chamber. One 
might expect t h a t our peaks are l e s s smeared out, and there
f o r e maxima i n the e x c i t a t i o n curve could be higher. I t 
would be c o n c l u s i v e i f the value of the absolute cross 
s e c t i o n at one energy or two would have been taken by u s i n g 
deuterium gas t a r g e t . 

Nevertheless i t i s b e l i e v e d that our absolute cross 
s e c t i o n f o r N e 20( n^x)0 1 7 r e a c t i o n i s accurate to ± 15%; 
t h i s value i s based on an estimate given on page 4o. How
ever the e r r o r i n the r e l a t i v e c ross s e c t i o n i s somewhat 
l e s s . 
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APPENDIX A 

C a l c u l a t i o n of the e f f i c i e n c y of the g r i d and the  
transparency to e l e c t r o n s 

The c a l c u l a t i o n i s q u i t e complicated and has been 
performed by Bunemann (1949J. The r e s u l t i s expressed i n 
terms of parameters i n f u n c t i o n of the g r i d constant and 
the a p p l i e d voltage on the e l e c t r o d e s . 

The i n e f f i c i e n c y " <T~" of the g r i d represents the 
f r a c t i o n of the l i n e s of f o r c e which end on the g r i d and 
those which end on the c o l l e c t o r . (The word "end" may 
be replaced by " s t a r t " depending on whether the c o l l e c t o r 
i s p o s i t i v e or negative.) On the other hand the t r a n s 
parency " X " to e l e c t r o n s represents the f r a c t i o n of the 
e l e c t r o n s c o l l e c t e d onto the g r i d . 

From F i g . 3 and 4 of Bunemann's paper, and usi n g h i s 
n o t a t i o n , one gets the f o l l o w i n g r e s u l t s : 

Given: 2r = 0.005" V p = 2,500 v o l t s 

d = 2 mm VQ = 1 > 2 5 0 v o l t s 

p = 8.75 mm VA = 0 v o l t s 

a = 6.75 mm 
Then | r = 0.03 and — = 0.23} t h e r e f o r e from F i g . 3, 

ZT~ =0.06 and the i n e f f i c i e n c y of the g r i d i s then 0.94. 
Now p = 2 7 7 r =0.20 and = 7.7: from F i g . 4, X =0. \ d EQ 

Therefore the f r a c t i o n of the e l e c t r o n c o l l e c t e d i s zero. 
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APPENDIX B 

D2O t a r g e t thickness measurement 
The t h i c k n e s s of the D2O i c e ta r g e t was measured by 

observing the s h i f t of the 873-kev resonance of F*®(p,«x,vjO1*' 
r e a c t i o n a f t e r a given q u a n t i t y of D2O vapor was deposited 
on a t h i n calcium f l u o r i d e t a r g e t . The e x c i t a t i o n f u n c t i o n 
f o r t h i s r e a c t i o n was determined i n the neighborhood of the 
a c c u r a t e l y known 873-kev resonance. The increase i n the 
i n c i d e n t proton energy re q u i r e d to produce resonance, when 
passing through the i c e l a y e r , was considered to be equal 
to the mean energy l o s t by the protons i n t r a v e r s i n g the 
heavy-ice l a y e r . 

I t has been shown experimentally and. t h e o r e t i c a l l y 
that the stopping cross s e c t i o n f o r proton and. deuteron of 
the same v e l o c i t y are equal. On t h i s b a s i s , the stopping 
cross s e c t i o n f o r a given proton energy i s the same as f o r 
a deuteron of double energy. 

In the heavy-ice pot, the gold t a r g e t was replaced 
by the t h i n CaF t a r g e t . A s i m i l a r heavy-ice t a r g e t was l a i d 
down on that t a r g e t . The t a r g e t was operated at a p o t e n t i a l 
of +90 v o l t s to suppress secondary e l e c t r o n s . With a 
pressure corresponding to 6 cm of o i l , the targe t turned 
out to be 11 kev t h i c k (see F i g . 8) at 873-kev proton, or 
1746-kev deuteron energy. Using F i g . 12, one f i n d s that the 
i c e thickness i s 18-kev at 873-kev deuteron energy. 
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APPENDIX C 

Wall e f f e c t c o r r e c t i o n f o r c y l i n d r i c a l detector 
The w a l l e f f e c t c o r r e c t i o n i s the determination of 

the f r a c t i o n of the events not counted i n the peak. Some 
p a r t i c l e s w i l l h i t the w a l l during t h e i r i o n i z a t i o n path 
and the pulse then produced may have any energy up to the 
maximum energy of the p a r t i c l e . 

R o s s i and Staub (1949) have derived an expression and 
t h e i r approximate d e t e c t i o n e f f i c i e n c y " £ " i s given by 

C _ T _ r(B) 

where b' : the r a d i u s of the c y l i n d r i c a l 
chamber (3 inches) 

r(B) = R Q - R ( E Q - B) 
R c i maximum range of the charged p a r t i c l e 

R(E 0-B) : range of p a r t i c l e at energy E 0-B 
E 0 • o r i g i n a l energy of the p a r t i c l e 
B : b i a s energy 

From the range of c x - p a r t i c l e s and of protons at 
var i o u s energies (Whaling, 1958), the detector e f f i c i e n c y 
i s c a l c u l a t e d by the above formula. The r e s u l t s are 
tabulated i n the f o l l o w i n g t a b l e f o r c x - p a r t i c l e s from 
3 to 15 Mev and f o r protons up to 10 Mev. 



I o n i z i n g P a r t i c l e s E Q B R Q 

Mev Mev cm % 

Alphas 

Protons 

3 3 0.3b 97 
4 4 0.55 96 
5 5 0.75 95 
6 6 1.0 93 

10 10 2.2 86 
15 15 4.24 72 

4 4 4.76 69 
3 72 

6 6 9.45 38 
5 41 

10 4 22.8 16 
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