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ABSTRACT

THE TOTAL CROSS SECTION FOR FAST NEUTRONS OF N1k

The total neutron cross.section of N}h was measured
for neutron energies from 3.6 to 4 Mev. .A 15-cm.~long ligquid
Nitrogen cell was irradiated with monochromatic neutrons from
the D(d,n)He reaction, going in energy steps of approximately
15 kev. The transmission was measured at each energy, using a
propane recoil counter ?or counting the transmitted neutrons.
An identical counter was used at 90° for monitoring. The
results aﬁpear to confirm Stetter and Bothe's measurements,

which were made with a continuous neutron energy distribution.
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INTRODUCTION

The maﬁy possible interactipns of neutfons with nuclei
are expressed in terms of cross sections; 6 square cm, for the
various interactions, where G may be visualized as an effective
target area offeréd by the nucleus to an incident neutron
beam. If a neutron passes normally through a thin sheet of
material, area A, thickness t, containing N nuclei per cm5,

the chance of a collision will be

No of target nuclei x& _ NtG
A - TI
since the overlapping of nuclear areas is negligible. Thus

for an incident beam of n neutrons per cm3

2

moving with a
velocity v the collisions per ém per second will be

n.v. No of gargez nuclei xG” = n.v.Nt.6

or G- = collisions per cm® per seonnd eeel(l)
: n.Vv.N '

Thus whefe the interaction ratg per cm® does not depend on the
neutron energy, the cross section is inversely proportional to
the velocity of the neutrons. |
The variety of.ways in which a neutron of an energy
between a few ev. and 20 Mev. may interact with nuclei may be
conveniently grouped under following processés. In the f;rsf
place the neutron may be scatfered elastically without loss
§£ kinetic energy, as for éxample in the case_Nlé(n,n)Nl4.

Secondly the neutron, after entering the nucleus and forming



a compound nucleus, may be ejected with a lower energy;'the
nucleus being left in an excited state, e.ge. Nl4(n,n')Nl4?
fhis is an inelasﬁic scattering process, in which the surplus
energy is emitted subsequently as a gamma ray.;vThe compound
nucleus, if formed in a state with adequate energy, may bresak
up with the emission of charged particles, such as protons or
alpha particles, or an additional neutron, e.g. N14(n,p)c'q,
Nl4(n,a)Blz, and (n,2n) processes. vAgain,.the neutron may be
captured and the surplus energy emitted as a gamma ray,

€eEe Nl4(n,x0Nl5, a process obviously favoured at low indid§nt
neutron energies. . Finally there is the fission process, in
which the compound nucleus may break up into two roughly
equal.fragments.

All,theée processes may cpntribute to the "total cross
section" of the nuclei for removal of neutrons from a parallel
monokinetic beam. However, a characteristic feature of
neutron induced reactions is the existence of a well defined
total cfoss section, which is essentially the sum of the
elastic scattering and the reaction cross sections, and is
| relétively easy to measure. This is in contrast to the
situation for charged particles, where the total eross section
is il; defined, as the Rutherford scattering at low angles
becomes large and is determined by the Coulomb foreces far
- outside the nuclear radius.

* FPor fast neutrons, 10 to 20 Mev, the total cross
section'is around 2WR? for all nuclei, where R is the nuclear

radtus, WYR® arising from the finite size of the nucleus
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(R>» A, the de Broglie wavelength of the incident neutron),
and ¥ R® from the diffraction or shadow by the nucleus of the
andf?é

respectively. TFor neutrons of energy below a few hundred kev

neutron waves, i.e.§

capture of a neutron cattering

the elastic scattering and capture processes are predominant.
Both show very characteristic resonance behaviour at similar
'énergies, the resonance character of the capture process.with'
slow neﬁtrons being espgcially striking with heavy nuclei and
being superimposed on a general % dependance expected ffom
equation (1). In the moderate energy region of a few Mev
the formatioh of the compéund nucleus may be followed by a
variety of processes such as emission of charged particles,
inelastic scattering etc., which are in competition. The
major process in this region is naturaily inelastic séattering,
since the re-emission of a neutron is more probable than that
of a charged particle, particularly from high Z nuclei. The
general behaviour-of the total cross secfion.ﬁ% will be
similar therefore to the cross section for the formation of
the cbmpound nucleus, rising slowly from WR? at high neutron
energieé proportionally to W (R + X)2 at lower energies, with
possible resonances superimposed, and the contribution of the
elasgtic scatfering cross section from the 'hardg¢phere!
~scattering, which is approximatélyiiRz.

The presence of resonances in the neutron cross section
is interpreted as arising from the presence of stationary,
quantized, energy levels of the compound nucleus. The width,

magnitude and general shape of the resonances may be expressed
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by the Breit Wigner formula to a high degree'of accuracy, and
involves the.angular momentum of the excited state.

In the present work the total fast neutron cross
section of a rather low Z nucleus, Nl4, has been started over
the energy region from 3 to 4 Mev, in which the (n,p) and
(n,a) processes can compete favoursbly with the (n,n)
processes. The neutron energy region up'to 1.8 Mev has
previously been carefully examined and shows several resonances.
In this manner one might expect to find resonances arising
from levels in N1° at the excitation corresponding to the
incident neutron energy, and if so, to resolve the cross
section into its component parts to determine which process

was contributing.



I. THE TRANSMTSSION EXPERTMENT

1. Fundamentals.

-Charged particles,. because of fheir charge, hafe
definite fangés, and may therefore be stopped'completely'by
absorbers, while neutrons and gamma rays can be dimiﬁisged in
numbers only, but never completely stopped. Thus the absorption
of_neutrons when passing through a matérial is completely
determined by the chance that ea¢h individual particle either
passes through unharmed, or interaéts with a nucleﬁs of the

2

eabsorber. Consider an area of 1 cm® of an absorber of

thickness x, and let T = nv be the intensity of the incident

neutrons striking this area. If N is the number of target

3

nuclei per cm“, then the number present in a thih layer dx

- will be Ndx nuclei per ¢ 2

. From equation (1) it can be seen
that the number of neutrons thét will interact with such a
layer will be nvNAx G™= INdx63 As the number of neutrons that
interact must be equai to the decrease of neutron intensity,
INdxG” = - dI ‘

aT

qr' T f - Nedx

‘Integrating over the thickness x of the material,

L - glNex
o]
and substituting I = nv,

E— = e-Nsx = T . .- .II‘..Q..I.(Z)v
no .



T is generally referred to as the transmiSsion.coefficient,
gince it represents the fractioh of particles transmitted.
The measurement of T is the most direct way of obtaining the
total neutron cross section of a substance. It provides

us with an absolute value of the cross section for each
neutron energy under investigation, and therefore diminishes

the likelihood of additive errors.

2. Difficulties and Corrections.

In principle the transmission experiment is very simple.
The absérber is bombarded with neutrons, and the number of
neutrons transmitted is counted. The cross section is then
calculated from equation (2). In practice, however, many
difficulties have to be overcome before relisble cross section
values are obtained.

Generally it is desired to know the energy dependence
of the cross section, and therefore an artificial neutron
source has to be used to obtain monokinetic neutrons.
Unfortunately the intensity of artificially produced neutron
beams is not constant with time, thus some reference is needed
to indicate the relative intensity of the beam. This can be
done either by measuring the current on to the neutron producing
térget; or by having a monitor counter, counting either the
neutrons emitted at a different angle, or some other particles
leaving the target as a byproduct of the neutron producing
reaction. If there exists any doubt as to whether the target

thickness is uniform, a monitor counter should be used rather



than a "current integrator", because with nonuniform thickness
a slight shift in beam position might result in a different
target yield. Using a monitor counter or a current integrator,

the transmission coefficient can be calculated from

- I .
T - ro ..‘.......(5)

where r is the ratio of counts over monitor counts with the
absorber.in place,'and ro is thé ratio of counts o#er monitor
counts with the absorber removed.

Background counts of both scattered neutrons and gamma
rays are always present when the neutrons are produced by
particle accelerators. By pfoper selection of the detector
it is.possible to keep the gamma pulses sufficiently sﬁall,
so that they may be biased out electronically. A large
portion of the counts due to scattered neutrons can also
be suppressed by means of biasing. However there will generally
be some amounts of hydrogenous material present to scatter
fast neutrons into the counter, and these neutrons may have
energies comparable to that of the desired neutrons. Ricamo (1951),
and Ricamo and Zinti (1951) showed that these undésired neutrons
can be corrected for by means of a third measurement, using
an absorber of known transmission coefficient, T'. If'ré is
the counting ratio for the known absorber and r; the counting
ratio for the unknown absorber, then the transmission coefficient

for the unknown absorber will be

o =-rT
T = l—(l-T')E%—:-?;‘— .500000000(4)

Generally T' is kept as small as possible so that uncertainties



in T* do not influence T significantly. If T' can be made

small enough to be neglected, equation (4) becomes

T = u 0000000090(5)
1‘0 - I'z

In addition to the scattered neutrons, which are more
or less continuous in energy distribution,~monoenergetié'
neutrons, which are of other than the desired energy, may come
from the source. Such "parasitic" neutrons may be a byproduct
of the target reaction, or they may be caused by interaction
of the ion beam with some other nucleus which is present on the
target, or in its viecinity. In both cases the energy of the
parasitié compqnent will vary with the energy of the ion beam,
and therefore with the energy of the neutrons. If the component
if fairly strong, not only erroneous cross section values may
be measured, but also resonances may be observed at a wrong
place of the energy scale. If the component is not a byproduct
of the target reaction, and its energy is too high to be biased
out without sacrificing too much counter efficiency, everything
possible should be tried to eliminate its source. If this is
not possible or if the component is a byproduct of the target
reaction, then the éomponent must be accounted for, and

equation (4) will take the form

cecese(6)

ro - r1 - p(1 - t)
= 1-(1-~-m7')2
T , ( ) To = Tg - p(1 - &7)

where p is the counting ratio of the parasitic component, and
t and t' the corresponding transmissions. The determination
of p will depend on its origin. If p is a byproduct of the,

target reaction it should be possible to find its strength
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relative to the desired component in the 1iterature on that
reaction. If p is originated by some other reaction its relative
strength may be found by measuring the counting ratio for the
same amount of integrator counts, with and without the target
in place. The relative energy also may be found either from
the literature or by measurement with no target present. +!
will generally be available, as an absorber should be chosen
for which the transmission coefficient is known over a wide '
range of energies. t can be estimated from transmission or
cross section velues either from the wbrk under investigation
or from work done by other asuthors, depending on the energy
range of the parasitic component.

Another source of unwagnted neutrons in the detector
may be the absorber itself. Due to its finite size the aﬁsorber
will scatter some neutrons into the counter. This "in scattering"
may be minimized by keeping both counter and absorber as small
as possible in area. Its effect on the transmiséion coefficient
may be calculated frqm

To = T+ (1 -T)G © eessssseeal?)

.where T, is the true, and T the apparent transmission. The
géometrical factor G is given by

Wikp
= Er:m—o- ......-...(8)

G
The solid angles involved here are illustrated on Fig. 1.
The problem of the choice of the thickness of the
gbsorber, and therefore the choice of T, was investigated by
Rose and Shapiro (1948) and Ey Ricamo (1951). These authors

‘gay the optimel T lies between 0.2 and 0.3. Most authors,



however, prefer T > 0.5, so as to ensure that there is no:
multiple scattering in the absorber.

The physical and chemical constitution of the absorber
must be carefully chosen. To calculate the cross section from
the transmission, the number of nuclei per cm® must be known,
and this depends on the density. Inhomogenity may therefore
be a.source of error, especially since only the average density
can be measured. If the absorber is a chemical compound, |
other atoms will be present, and their cross section must be
corrected for. It is therefore of advantage to use the absorbers
in liquid form.

The use of liquid absorbers will also prove of advantage
in .another respect. The geometrical form and relative density
distribution of the two absorbers should be identicael, and the.
spacial distribution and relative intensity of source and
background should not change during the course of the experiment.
Liquid absorbers, in identical conteiners, will help to meet
these requireménts.

The stétistical érror of the cross section for the case

of equation (5) was calculated by Ricamo (1951), and found to be
as [( ATy \lz (Arl )2 (A-rz(ro'rl)
Tl + +

o T |\ltg - T T] - Is (rl-rg)(ro-rzﬂ_

= = eee(9)

where rg, r] and rg are the respective statistical errors

of the counting ratios.



II. THEORETTICAL CONSIDERATIONS

1. Application of the Breit-Wigner Theory to N4,

The nuclear reactions teking place when neutrons are

absorbed by N’l4 are
n+ N4 P> cl4 . p

——vﬁBll_+ a
—> N4 4+ n
The application to nitrogen of the Breit-Wigner theory,
as presented by Feshbach, Peaslee apd Weisskopf (1947), Blatt.
end Weisskopf (1952) and Feld et al. (1951), is well illustrated
by Hinchley, Stelson and Prestoh (1952), and by Johnson, Patree
end Adair (1951). |

Considering the reaction

a + A = Cc — B + b
bomb.part. target nucleus compound residual outge.parte.
ang mom.Z spin T nucleus nucleus ang.mom.
spin i in state spin I! spin i'{?

. wave length ) of spin J
2n3g

the maximum value of the cross section at the resonance
corresponding to the formation of C in the state of spin J
will be given by |

a,p) = 41)? (2¢+1) g5 R & e}

e.L
£‘ |

wherejja gnd.rb are the partial widts for the emission of the

particles a and b from the compound nucleus respecfively, and {1
is the total width of the resonance J. gg is the statistical

weight factor and is given by



e _ (23 + 1) -
& = e T IvleT = 1)(2C + 1) seeeeee(1l)

This gives for the maximum cross section'oi‘ the Nl4(n,n)Nl4

reaction, i.e. elastic scattering,

2 2
Sy(n,n) = 4k kg E%H%r ‘..........(12)

where YP = _EZL

On the other hamnd fronl;:l equation (10) for the fpa) and (n,p)

reactions - |
Sy(n,p) + S(n,a) = 47 §i§+ 1 "Fn[jp-[:'z_'nm] eese(13)

" M
Using the definitions of ¥ = -[_‘g end L'=D') + 17 + L7 the
expression in sguare brackets in equation (13) becomes
I . '
lnlp"Pn[&_fﬁ fp o +Pn 2 ) _
e bl ) RLCRY
[ - I [ °e
and k"can be evaluated with the help of equation (13) as

S {n,p) + S (n,a)
: l - = J J
¢l =¥ . Al %.(zJ + 1)

ceecscesss(14)

If there would be a "hard" nucleus, i.e. if the nucleus
could be considered as a perfectiy reflecting sphere, there
would be only one type of scattering, the "potential" scattering,
which is given bjr '

Gpot, = 47®(2 €+ 1)sin2§, U 1)

where the phase constants, Sa,, are given by
50 = X
1

61 = X - .%17+ cos X
' -2
§o= x =7+ OOS'ILL&%‘Q]

X being x = R, (R is the nuclear radius). This, combined with
n .
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M

the cross section due to the (n,n) reaction will give the total

elastic scattering as

¢
SJtégfp) f Sy (n,n) +C$éztl ceescacess(16)

reaction
‘The half widths are not fundamental quantities, but may

be split up into

L Da __|€|_ Ll Db .
l_a'_fTag%- l-b Ty, 'é% cscscccase(l7)

Where the T are the penetration probabilities. They are

defined as number of successful attempts to escape

T(a) = through channel a
number of attempts to escape

where o represents the reaction channels (af) and (b{!)
respectively. In principle these probabilities can be
ealculated for neutrons and charged partieles.

The D's lack such a clear cut definition andleennot
yet be computed. They are interpreted, in approximation, as
the spacing between .the states which can be formed by an

incoming particle with a definite angular momentum and spin.

2. Yield of Information.

a) Energy levels.

The energy states of the compound nucleus consist of
two groups. The lower group, that oi the "bound ievels",
extends from the ground state to an energy Eyi,, where Emiﬁ
is the smallest of all separation energies Eg of any particle
a within the nucleus. The higher group, that of the "virtual
levels", extends from Epyip up,.and the emission of particles

is possible only for these levels. Ep;j, then corresponds to
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the ionization energy of an atom, and the virtual levels
correspond to the continuum of an atom. By their nature the
bound levels therefore can bé found only by observing beta or
gamma ray trensitions, or reactions giving N1% as end product,
while the virtual levels may be found by observing the resonances
of the total neutron cross section and the different reaction
cross sections. For the compound nucleus le; Epjn is the
separation energy of the proton, and its value was reported by
Ajzenberg and Lauritzen (1952) to be 10.207 Mev. The séparation
energy of the neutron is, according to the authors, 10.834, and
virtual levels above this enefgy only can be found by observing
resonances in the total neutron cross section. However, since
the separation energies of the proton and the neutron are so

close, this will cover most of the virtual levels.

b) Angular Momenta.

In the case that the reaction cross sections of the (n,p)
and (n,n) reactions are also available, equations (14) and (12)
may be used to determine the angular momenta of the different
N1°,

states of the compound nucleus This was done for the lower

region (up téiEn.= 2 Mev) by Hinchley et al. (1952) and Johnson
et al. (1951). Théir method mey be summarized by the following
sequence of operations:

i) Calculate the'experimental elastic scattering cross
section by subtracting® (n,p) +G(n,a) from G} at the different
resonances.

ii) Write down the different states that can be formed by

neutrons of angular momentum Q = 0,1,2,3cc0
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iii) For these states calculate'gkfrom equatién (14), using
the experimental values ofCT(n,p) andG (n,a). Note that there
are two vaiues for . Which of the two'is to be used can be
decided only in the next step. |

iv) Substitute Y and its appropriate J-value into equation (12)
and compare the so obtained Sy(n,n) with the S(n,n) obtained '

from experimental data in i).

¢) Energy Level Spacing, D.

By assigning the angular momentum to a state, the value
of ¥is also fixed from equation (14). Using, from the total

cross section determination, the total width
f‘sz'fl-Az , N 6 1)

(wherej?m is the measured width and A the resolution width)
[n is found from Fn =y, ana D? from
Dy = 211%?—
n
The transmission probabilities may be obtained from

_ 4XXo
n =
T x0%|vel® 4 xz\v:ele + 2XXg

eeeeeea(19)

where

\vo‘z =1
' 2

|vil2 = Ll_+_2x_L

. . ) x
|v ‘2 _ (9 + 3x2 + x%)

2 S _

2 _ (225 + 45x° + 6x* + x8)
| v3| 5
\v%\z = ]
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\vi\z = (1 - x'z)z + x°°

lv%\z = (1 - 6x’2)2 + (6x'5 - Bx"z)2
\v%‘z = (1 - 21x"% + a5274)® + (a5x° - 6x'l)2
x =R
xn
1 1 %

X = R| = + ==

_ [ﬂ% xg

' 3‘§ = wave length of neutron inside the nucleus

d) The Present State of Affairs.

In the region E, up to 1.8 MevG} as well asGy and G
have been measured by Hinchley et al. (1952) and by Johnson
et al. (1951), and angular momenta have been assigned to most
of the stétes found.

In the region 1.8 to 3.5 Mev all three neutron cross
sections have been measured, and energy levels have been
assigned by Bollmen and Zunti (1951) and by Ricamo and Zunti (1951)
but reliable absolute cross section.values have been reported
only forG’y. No sngular momenta have been assigned.

The region up to E, = 9 Mev has been investigated by
Stettef and Bothe (1951) wifh continuous neutron energy
distribution only. As in this case the outgoing particle.
energies were measured, the levels may be subject to some
uncertainty in the conversion of the number of ion pairs to
energy, and for some of the resonances there is the uncertainty
that they may lead to an excited state in B¥. Furthermore, the
Q-values uséd to compute the neutron energies may induce some

additively constant error.
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II1. DETECTORS

l. General.

For tétal cfoss section measurements for fast neutrons
the detector is chosen mainly for its ability to distinguish
between desirable and undesirable counts._ Many of the undesired
counts are due to scattered neutrons.and cen be corrected for
in the way described on page 3 by using a monitof. Many of the
undesired counts are due to gamma rays. Otheré are due to
neutrons of a different energy, which aré produced on 6r close
to the source. Therefore the detegtbr should be, to a certain
extent, a proportional counter, i.e. its pulse distribution
must be a function of the energy of the incomiﬁg neutrons, |
Furthermore, it should have ;-low response to gamma rays, since
gamma rays will always be present in fast neutron work.

| Many different types of fast neutron detectors have been
developed ﬁhich meet these requirements to a reasonable eiteht.
Some of these were deve10pe¢ for applications similar to the
one of cross section measurement, i.e. counting all neutrons
with energies above a certain bias energy, while others were
developed for absolute neutron energy measurements. Since the
neutrons themselves do not ionize, all these counters detect
neutrons by detection of secondary particles, produced either
by colligion with neutrons or some form of neutron induced
nuclear reaction.

2. "Ideal" Recoil Counters.
Counters in which the secondary particles are produced
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by collision are the most common in fast neutron work. Generally,
the secondary, or .in this case the "recoil", is a proton since
neutron proton scattering is isotropic for a large range of
neutron energies up to about 10 Mev. Also, the proton recoil
energy is larger than that of any other recoil particle, the
dependence of the cross section on energy is very well known,

and the cross section itself is very large. |

The energy of the recoil particle is given by Segre (1953) as

= m 2 * e o 5 59 & a0
Ep . TE_I_TWZ Epcos<0 . (10)

where M is the mass of the recoil, © the angle under which the
recoil is emitted.mdth-respect_to the original direction of
propagation of the neutron, and E, is the energy of the incoming
neutron. This reduces for protons to the simple form

Eg = Encosze cecessssesl(ll)
which gives a ma#imum recoil energy of Ep = E. The maximum
energy of the recoil protons will therefore be equél to the
energy'of the incoming neutrons. The energy distribution of.
the recoiling protons is uniform from zero to the maximum

energy and can be calculated from (14)

N_n
N(ER) = 0 e ..-.......(12)
By
where Ngo = number of neutrons between © and © + 46
n = number of protons per unit area
G = total cross section for neutron proton scattering.

The yield of hydrogen recoil counters was discussed by
Baldinger and Huber . (1938), by Barschall and Bethe (1947) and
by Rossi and Staub (1949). These authors showed that the

distribution in energy of the neutrons may be found relatively
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simply from the energy distribution of the recoiling protons,
under the condition that the range of the recoils be smaller
than the dimensions of the chamber. The measurement of the |
pulse distribution, however, requires a complicated pulse analyser.
But since in the transmission experiment only the number of
neutrons sbove a certain energy is of interest, the gas filled
recoil chamber can be used to an advantage by counting only
pulses larger than a given size.

If the energy of the smallest recoil pulse counted is
Br, neutrons with an energy B = Br are the fastest neutrons

which still are "biased out". The fraction of recoils above

Br is then J[E? )
N(E,)dE E ~-B
E.‘.R R= 2 =l-E—- -..-......(13)
[NEg)aBr -~ By Ep

The total number of recoils produced By neutrons of energy E,
is pr0portioﬂal to the neutron proton scattering cross section,
(En). The yield is proportional to the fraction of recoils
produced, which are of energy greater than Bp, and.therefore is
proportional to
nas'mn)(l-g_n)- ceeeesesas(la)

provided the rangé corresponding to the recoilhenergy Bgr is

small compared to the dimensions of the chamber. Making use of

the fact that the neutron proton cross section varies approiimately
as E'% for neutron energies. above 50 kev, the yield is nearly

proportional to

1
n ot E 2(1 - 2-) = B 2(x - x°) A & 1-)
where x2 = %—. | :

n



v

FIG, 23 Yield - Energy Dependance of Hydrogaznous Gas
Recoil Counters: R '
%a;“ deal Counter"; (b) 20x0,5; %0;4-; e
o P :

05 | §°=009 ’ %°= 7 e
q

O'“ d m
>

03

02

gj_‘ a8ed moTTOZI OF

N




- 16 -

Rossi and Staub (1949) shoyed that if

GglE) = G B R ¢ 1)
is the cross section of hydrogen, then thelconstant of
proportionality is given by

tx = tv@B © ceenseeees(17)

where E’represenfs the efficiency of the radiator for neutrons
of energy E = B; t is the thickness of the radiator in
‘micrograms per'cmz, and V the number of hydrogen atoms per
microgram. In generél,'according to these authors, the yield
will then be given by |

N - ) F(2) R 1)

where (Ep) = tv63(E,) is the efficiency of the radiator and F
is the integral pulse height distribution, as can be seen from

Fig. 2a. The function x - x° has a minimum at x* =1 or E = 3B.

3
It does not vary more than 25% from its meximum vaiue in the
energy interval
~ 1.57 B < Ey< 9.6B | cevereeess(10)

As can be seen on Fig., 2a the yield of the counter as
a function of energy rises sharply and remains constant fof a
wide range of neutron energies. There.is, therefore, a
threshhold detector of particularly desirable features, in
contrast to the reaction counters, whose yield varies in an
arbitrary manner abové the threshhold. For a certain bias, B,
the number of counts observed is roughly prdportionél to the
number of neutrons with energies greater than approximately 1l.5B.

This convenient relation is due to the simple dependence of the

hydrogen cross section on energy.
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3. Recoil Gas Counters.

Although for use as threshhold detector the exact knowledge
of the expected pulse neight distribution of a counter ie of no
direct intefest, it provides the only really good check upon
whether the counter is behaving properly. In an ideal couhter
all recoils would be produced and stopped inside the eensitive
volume. In the transmission experiment however, a compromise
must be found between good geometry and counter behaviour, and
the counter diameter w1ll therefore have to be kept small. Also
because guard rings have to be placed around the ends of the wire
in order to have a well defined sensitive volume, some recoils-
will always be produced outside the sensitive volume; and there
will always be some neﬁtrons which penetrate sufficiently far
into the sensitive volume to produce recoils that leave the
volume, '

. Rossi and Staub (1949) calculated the differential and
integral pulse height distributions taking into consideration
the fact that the counter diameter is smaller than the range of
the recoils (wall effect) and the fact that not all recoils are
produced or stopped in the sensitive volume (end effect). These
distributions are given as function of pulse height, P (in mev},
divided by'the'energy of the incoming neutrons, E,. The

differential distribution is

P Rg, P Ro® Ro
and the integral distribution
Roz

T = iR & R E iR &
PG = (-3 +Q_Q(n) S G 5T (g (20)
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The distributions apply only if the maximum range, R., of the

0
recolls is smaller than the length "a" of the counter. "b" is
the diameter of the counter. The functions L, M, N, Q, S and T
were calculated by Rossi and Staub (1949) and mey be found in

their book tabulated for values of %_ from zero to one.
n
Skyrme, Tunnicliffe and Ward (1952) also calculated the
differential pulse height distribution, considering wall and

end effects. They obtained the following formula

aT ax Ro2 dI
f(X)—l+£o- l RO 2- o 5 -.....(zl)
b dx Q dx ab dx

where x ='%E. However, this distribution applies only if the
range of the recoil is smaller than the length and the diameter
of the sensitive volume. These conditions can hardly be met in

a transmission experiment with fast neutrons, while Rossi and
Staubt's conditions are easier to satisfy, since a small counter
diameter is permitted. The functions I;, Iy and Iz and their
derivatives were galculated by Skyrme, Tunnicliffe aﬁd Waré (1952)
.and are tabulated in their paper for values of x from zeré to

one and neutron energies of 0.25, 0.50 and 1 Mev.

In order to estimate the influence of the wall and end
effects on gas counter in use as threshhold counters, the yleld-
as a function of energy was calculated from equation (18),
using Rossi and Staub's (1949) integral pulse Height distfibution
(equation 20) and their tables for the functions Q, S and T.

The range was assumed to be proportional to E. Fig. 2b shows

. . R
the yield for a counter of such dimensions that EQ =41 and

2
R , _
59 = 4, for a neutron energy of E = 5B. For Fig. 2c¢ the
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R R.
o .
dimensions are — = 0.9 and - = 7.2 for E = 5B. Fig. 2a was
already mentioned above, as representing an "ideal" counter,

i.e. Ro = 0 and Eg = 0. Thus when the maximum range of the

a . b
recoils becomes close to the counter length (case ¢), there is

a large reduction in yield at the higher energies, which is
presumably due to the end effects. This causes the straight
part of the curve to be steeper, and the energy dependence of
the yield will, therefore, be greater. With a counter length
which is twice the range (case b), there is no such decrease

in yield for high energies, the shape of the curve being
practically the same as for the "ideal" counter. ‘The réduction
in yield is distributed evenly and is presumably mainly due to
wall effect. Thus the size of the diameter, which is the
importaﬁt component in counter design for transmission experiments,
does not considerably affect the shape of the response, but only
the overall yield. On the other hand, the length of the counter,
which has little bearing on the transmission experiment, affects

considerably the shape of the response.

4, Counters using Solid Radiators.

While in the above discussions it was assumed that the
recoils are produced by the gas Tilling of the counter, the
recoils may also be produced by a solid hydrogenous "radiator"
mounted close to or inside the counter. In such a cése ﬁideal"‘
counter behaviour can be obtained énly with infinitely thin
radiators. These are impractical since the efficiency is

proportional to the thickness of the radiator. Finite radiator

thicknesses will give a reasonably practical yield, while still



- 20 =

preserving the flatness of the "ideal" yield-energy response,
or even iméroving it.

The differential and integral pulse height distributions
for solid radiator counters were calculated by Roséi and

Staub (1949). The integral distribution is given by

t
P(g) = f%—x (B @ (B eeeeeennn(22)

7
1 -f; 3/2 P 3/27 2
where X = R, \.(E—n-) - (E-I-l') | when X< t
and X =1t otherwise.

If R'(E) is the range in the material of the radiator then R}

is assumed to be R'(E) = R6E5/2. Thé integration of equation (22)
was performed by these éuthors, and the results are shown in

the form of graphs in their book for different values of %7'< 1.
The differential distributions are also shown, as calqulated by

these authors by differentiating the integral distributions.
t

For =2 1 there is always x £ t, and F( ) may readily be integrateq

RS =
F(E—) . %Ré[l - (l’-)] ' ereeeeee(28)

From equation (18) then the yield for "thick" radiators will be

W=3-“SB [1- (o )5/2]2 ceeeneaeea(24)
if R' is assumed to be proportional to ES/2, The factor B
is given by _
S5 = R'(B)vegs~1/2. eeeeene.a(25)
and reprééents the average number of recoils per indéident
neutron of energy En = B.
Since equation (22) as it stemnds, does not give any direct

information on the dependence on the range of the integral
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distribution, the yield for "thin" radiators was estimated the
following way. From Rossi aﬁd Stéub's curves of the integrel

distributions as functions of P_ curves were plotted for F(g—)

En En
t , .
as a function of EQ for different values of %—. Then, assigning
. o n '
' to
nominal thicknesses of =% =.0.1; 0.25; and 0.75; to the point

RS
En = B the effective thicknesses were calculated for different

E,
neutron energles E— from one to 10, assuming the range to be

3/2
prqportional to En/ . US1ng these values, F( ) could be read .
to
off the curves of F(%:) V3. ES for each desired neutron energy.

Thus, values for F( ) as a function of neutron energy were obtaine
Ep

for three different nominal thicknesses. Inserting these into
equation (18) the yield as a function of neutron energy was
obtained fof three different radiator thicknesses. These are
graphically represented on Fig. 3b, ¢, and d. Fig. Ja represents
the yield of a thick radiator, calculated from equation (23).

As in equation (23) the yield is independent of the-radiator
thickness, the one curve wi;l demonstrate the behaiiour of all
thick radiators.

Fig. 5 illuétrates the continuous transition of the energy
response of solid radiator counters from the thin to the thick
case. Curves d and ¢ show close resemblance to the ideal curve,
and due to the ‘increase of the yielﬁ with radiator thickness,
£hey indicate even less energy dependence than- that of the ideél
counter. As the radiator becomes thicker, however, the response
approaches more that of a thick radiator, and the energy

dependence of the yield increases. The overall yield increases
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with the thickness of the thin radiator. Thus there is low
yield in the region of flat response and high yield in the
region of steep response. It must be noted, however, that
these consideratidns are made for counters with no wall and end
effects. 8Since these effects tend to decrease the yield more
for the higher energies, it might be possible, by proper choice
of counter dimensions, to obtain flatter response for thicker

radiators and therefore for higher yields.

5. Practical Considerations.

In the transmission experiment, as in most experiments,
‘high counter yield makes it possible to obtain better statistics
in shorter time. Since, in order to obtain a gobd energy
resolution, it must be tried to keep the target as thin as
humanly possible, since it must be tried to keep the points of
measurement as close as possible, and since the elimination
of background requires three measurements for each point, the
experiment will tend to be rether lengthy. It is therefore
specially desirable to.raise the counter yield as much as possible.
Equation (17) shows that this cen be done by keeping the bias
energy as low as background and parasitic components will permit.
For gas counters the yield can be improved further by increasing
the factor t by incregsing the gas pressure, and using a gas of
high hydrogen content, like a héavy hydrocarbon. This will at
the same time reduce the range and consequently the wall and end
effects, and therefore will result in a better response. For
solid radiator counters the yield could be improved by increasing

. the radiator thickness, but only at the expense of the flatness
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of the response. A

Although in this type of edperiment the results are
independent of the absolute yield of each of the two counters,
the ratio of the yields of the two counters must stay constant
during the whole time of measurement for each point. Flat yield
to energy responSe is therefore an important characteristic,
sincé otherwise an involuntary change in bias, or supply voltage,
would change the counting rate of one counter with respect to
the other. One could try to reduce this danger by increasing
the yield and therefore reducing the counting time. But generally
a system will have nearly the same stabilify over five minutes
as over half an hour, and it is therefore to be preferred not
to sacrifice flatness in response for shorter counting time.

On the other hand it would be unwise to try to achieve
optimum response by meéns of complidated construction of the counter.
A well defined and preferably round counting area is important
‘as it simplifies thé estimation of geometrical effects. The
area should be small, but will have to be a compromise between
yield, response and geometrical considerations. Genefally it
will be found that simplicity in construction is easier obtained
with a gas-counter'than having a solid radiator. Since the
depth 6f the counting folume does ndt affect the geometrical
corrections the counter should be made sufficiently long to make
end effects negligible. This at the same time gives the counter
a more directional response, and therefore helps to reduce the

background counting rate. .
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6., Recoil Scintillation Counters.

While gammea ray scintillation counters have made rapid
advances in recent years and are widely used,, neutron scintillation
counters are still in the early development stage. Although the
experience gained in photomultiplier and electronic techniques
is certainly of great help to the development of neutron
counter, the development of scintillators for neutrons has to
go on a completely independent line, because in most fast
neutron work a high gamma ray sensitivity of the counter is
undesirable. |

Most of the considerations of the previous sections will
apply equally to recoil scintillation counters. If the
scintillator and the radiator are either the same substance,
or form an isotropic mixture, one should expect a counter
behaviour similar to that of a hydrogenous gas counter. If
the scintillator and the radiator lie in different layers one
should expect behaviour similar to that of solid radiator
~counters. Matters can become by far more complicated, h9wever,
if the light output of the arrangement is not proportional to
the energy of the recoil protons. Unfortunately, in many
practical cases this will occur.

Anthracene as a séintillafor for neutron counting has
been used since 1947 (Collins, 1948; Moon, 1948; Deutsch;
Marshall and Coltman, 1947; Hallman, 1947; Huber et al. 1949).
Its high light output, short pulses, and high proton content
make it appear most suitable. Since the pulse height is

nearly proportional to the reéoil energy (Krebs, 1953), and
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aince, due to the high stopping power of anthracene, one can
avoid practically all wall and end effects, the response of
anthracene coﬁnters should be very similar to that of "ideal™"
gas counters. HowéVer, in spite of all tﬁese favorable
features anthracene counters are unsuitable ‘for most fast
neutron work because of their extremely high gamma ray
sensitivity. Similarly several organic solﬁtions which have
been investigated by Keeping and Lovberg (1952) for application
as neutron scintillatoré show too high a gamma ray sensitivity
to be practical. Furthermore, insufficient information on the
energy response of such solutions is available, so that their
suitability for threshhold counters cannot be predicted.

In contrast to the organic scintillators, zinc sulfide
shows extremely low sensitivity for gemma rays. Consequently
the more recent investigations for heavy particle detection
concentrate more on this scintillator.: Because ZnS is an
opaqﬁe powdef its light output increases with scintillator
thickness only to a certain point. Its output then décreases
with further increase in thickness, as the light absorption
of the scintillator becomes comparable to the output. The
pulse height distribution for ZnS recoil counters consequently
will be compietely different froﬁ the recoil energy distribution
and it will be difficult to predict the response of such a
counter.

The simplest case to consider would be that of an
isotropic mixture of zinc sulfide with a transparent hydrogenous

material. Here, as a rough guess, pulses can be expected only

'from those recoils that were formed so close to the photocathode



- 26 =

that not all the light which was originated by them could be
absorbed. This should result in a response similar to that of
the thick solid radiator, whére only those recoils can be counted
which are formed so close to the edge as to be able to leave
the radiator. One could therefore expect to obtain similar
response for these two cases. Hornyak (1952),developed.such
a counter by molding ZnS powder uniformly into Lucité. His
yield energy response is very similar to that of thick solid
radiators. For a fixed bias the yield increases nearly
linearly with the neutron energy. While such a respounse is
not %ery suitable for transmission experiments the counter
shows otherwise very desirable features. The counting volume
can easily be adapted to the needs of the experiment. The
yield is very high (up to 8%), and over a wide reange of ZnS
densities it does not vary with weight of ZnS per gram of ILucite,
so that it should be relatively easy to construct countér and
monitor with the same characteristics. Gamma counts are so
low that 17 mév gammas can be completely biased out when counting
6.5 mev neutrons, withouf having to sacrifice a considerablé
amount of the yield.

For the case that the radiator and the Zinc sulfide
afe in two separate layers the situation is more complicated.
For monoenergetic neutrons the recoils leave.the radiator
at different angles, and therefore effectively encounter
different scintillator thicknesses. In addition, at each
angle there are recoils of varioﬁs eneréies, depending on the
depth of their point of origin in the radiator. Thus the

pulse distribution of such counters will be determined by the
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dependence of the light output of ZnS on the neutron ;nergy
and the thickness of the ZnS layer as well as by the recoil
energy distribution. However, for very thin radiators combined
with thin layers of ZnS, one might expect these effects to be
relatively small, and it might be possible to obtain a counter
behaviour similar to that of thin solid radiator counters.
Several methods have been developed to provide uniform ZnS
screens for alpha particle and proton detection (Caldwell and
Armstrong, 1952; Graves et al. 1952). 1In one of these, the
screen is mounted on Lucite backing and therefore should be
practical for neutron counting. The others probably could be
easily adapted for neutron counting by adding a hydrogenous
radiator, e.g. paraffin or Lucite. Unless the scintillator
and the radiator are kept relatively thin, however, it is
difficult to determine the type of response which may be

expected from such counters.

7. Neutron Reactibn Counters.

Although recoil counters are predominantly employed in
fast neutron work, counters producing secondary particlesvby
means of a nuclear reactioﬁ have been tried; it was found that
they have a few advantages over the recoil method. It seems,
however, that these aévdntages are outweighed by one great
disadvantaéet namely the irregularity of the yield energy
response.

The main adventage of the reaction, counter is that its
pulse height is proportional to the energy of the incoﬁing

vneutron; This means that the number of pulses of gize P will
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be given by

N(P) o No(Ep) G  (En) cerrensaaa(26)
where No(Ep) is the number of neutrons of energy E, and O (Ep)
is the total reaction cross section. If we:could find a reaction
which had a cross section which is independent of the neutron
gnergy we wouid have the perfect threshhold detector, the yield
energy response for fixed bias being as shown on Fig. 4. In
practice, the response will take the shape of the variations
of the reaction cross section with energy.

The following reactions are most commonly tried for

neutron reaction counters: -

1i® + n > He? + HO
10 + n —9Lj_7 +
Cl4+

P
St .

B
ad

+n —»
Of these the Blo(na) reaction is used much more than any of -

'thé others. It has a very large cross section and is also

known to obe& the % law in the low energy region, (E;< 500 ev.).
It therefore provides a very suitable counter for thermal
neutrons or for flux measurements where no bias is required;
since then the neutrons can be slowed down to thermal velocities
before entering the chamber. For higher energies all the above
reactions are reported to have resonances. Furthermore the
complication enters that the material used has to be employed
generally as some chemical compound, and therefore it must be
counted with possible resonances in the other nuclei that are
present. .

As mentioned, the boron reaction is the most commonly
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used, the boron being chiefly in the fluoride form. The
apblicability of such counters for fast neutron work was
studied by James (1953), and by James ef al. (1955), by
investigating thé pulse height distributions at different neutron
energies of two BFz counters of different isotopic content of
810, The results showed several resonances, most of which ‘
were assigned to Blo reactions. The conclusion was reached:
that BFz gas 1s not suitable for neutroﬁ spectroscopy. For
use as a threshhold detector in transmission experimgnts the
-BF3 counter is unspitable, gince there a siiple dependence of
the yield on energy is desired.

At the University of British Columbia, Flack and Warren
investigated the I\Tezo(n,a)ol6 reaction,.which yields a single
a-group up to neutron energies of approximately S‘Mev, and only
two a-groups for neutron energies from 3 to 5.5 Mev. The cross
section, while adequte, fluctuates rather more thén desireble
for a fast neutron counter.

The introduction of neutron reaction scintillation
counters so far has not solved this problem. Although already
sevefal different counters, and many different scintillating'
materials, have been tried {Schenck, 1952), they all concentréte
around the Boron and the Lithium reaction, and are épecifically
designed for slow neutron work. No indication can be obtained
from these investigations as to whether such counters would be

suitable for fast neutron work.
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IV. NEUTRON SOURCES

In recent years the interest in cross section measurements
has been concentrated as much on the variation of the cross
section with energy, as on its actual value. If the transmission
experiment is to be employed a source ‘of mohokiheUiarheutrqns
is therefore needed, and this source must be capable of
delivering monokinetic neutrons over a whole range of energies.
The energy spread of such a source then will determine the
energy resolution of the experiment. Since it generally will
be attempted to find resonances in the energy dependence of
~the cross section, the energy resolution should.be smaller than
the width of these resonancés. Natural soﬁrces have much too
wide an energy spread to be suitable, and electrostatic
generators will therefore usually be employed in investigations
with neutron energies of a fow Mev.

Since, when planning a particular experiment, génerally
the properties of the particle accelerator cannot be chosen, the
lefforts in obtaining an optimum source will have to be
concentrated on the target. The problem of choice of the
target is extensively discussed by Graves et al. (1952). The
target reactions which are, according to these authors, the
most important, are listed below in Table I. Along with the
reactions and their Q-values, the neutron energies obtainable
from these reactions with an accelerator capable of 1.5 Mev

are listed. This indicates that, except for energies below

1 Mev, there is one reaction common for each neutron energy
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Table I
Reactions eﬁployed commonly in the production of neutrons

Approx. En.

Reaction Q-value with 1.5 Mev

~Accelerator

cl2 + @ =n1% 4+ n - 0.26 0 to 1 Mev
7° 4+ p—He® + 1 - 0.76 0 tol

1i’ + p —»Be’ + n - 1.65 -

D + d —sHe® + n + 3.28 2 to 5
N14 + d —ﬁ>015 + n + 5.1 5 to 7
13 4+ a4 —sHe* + 1 +17.6 13 to 18

re@ion, and consequently the target readtion will be generally
chosen By its neutron energy region rather than by other
considerations. Many accelerators, however, may give higher
potentials, and the neutron energy regions of the reactions
then may overlap.

As mentioned in the Introduction, the energy region of

NEo

which was to be investigated, is the one that corresponds
to neutron energies above 3.5 Mev, and the D(d,n) reaction was
chosen for neutron production. This reaction was investigated
by many workers for neutron energies up to 4 Mev.

The angular distribution of the neutrons was found by

46 + Dcos6e

Humber and Richards (1949) to be A + Bcosze + Ccos
but the much simpler distribution of A + Becos®e is reported

by Graves et al. (1952) to be correct for deutron energies up
.to epproximately 1 Mev. The neutron yield will thus be greatest
in the forward direction. For deutiron energies below 400 kev,

thick targets produce 2.5 Mevmonoenergetic neutrons at en angle
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of 90°, while-in the forward direction the neutrens will take
the spectral distribution of the neutron beam, These energies
however, will be weghed towards the higher walneeasbecause

the yield increases rapidly with the energy.

For deuteron energies above 500 kev monochromatic neutrons
can be obtained W1th thin targets only. Such targets are often
gas volumes which are seperated from the acce lerator tubel
by an aluminum foil, These targets may presenttconsiderable
difficulties because of large background produced by such
foils, While it is easier to obtain aluminum foil that
that mroduces small energy losses,‘nickel foils give
less baekground. Deuterium ice targets are also employed.
Since the heavy ice can be deposited in such a way that it
faces the beam directly, there will be no stopping of the
deuterium beam, and therefore no thin foils to worry abouts.

- For both gas and ice targets there may be considerable neutron
baekground due to deuterons interacting with carbon deposited
in the target area and on the target itself. mhis carbcn
originates from oil vepour in the vaouum system, and can be
considerably ‘reduced by using liquid air traps . Another '
sericus source of backgroﬁnd may be the contamination of deutegt
rium in the targetﬁarea and on thztarget..Neﬁtronsdue.to
contamination in the target area will have different angles
ahd‘therefore different energiee, and contemination will take
place mostly at_the beam defining aperturesf.it can be reduced
by heating these apertures. Oontamination.ih the target support

will result in lower energy neutrons, since the beem has to
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pass the target and part of the target support before reaching
this deuterium. Background due to such coﬁtamination can be

considerably reduced by changing the target support frequently.
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V. EXPERIMENTAL ARRANGEMENT

l. Counters.

As was pointed out in chapter I, two counters, preferably
of similar'behaviour, are.neceséa;y for the transmission
experiment. It was thus decided to construct two propane
proportional counters as illustrated in Fig. 5. The choice
fell on a gas radiator counter because it was felt that in
accordance with the discussions of chapter III this type would
combine sigplicity of comstruction with good response, even
when considerable wall effects are present. Propane was
chosen rather than methane or hydrogen, because propéne has a
Higher hydrogen content and a higher stopping power. Furthermore,
the relatively high boiling point of propane (-4200) simplified
considerably the purification of the gas.

Fig. 2 in chapter IIT indicates that for a proton
range Ry, and counter length 2R,and diameter %Ro it may be
expected that the wall and end effects still may permit a
reésonably good yield energy response. Thus, in order to
decide on the dimensions of the counter, the range of 4 Mev
protons in propane (C5H8) was calculated with the help of the
curves of proton ranges in air, and of the relative stopping
power, which were published by Livingston and Bethe (1937). The
range, accordiﬁg to thése authors, is given by

lRange in _ Range in Air ceeeeeea(27)

propane _ St. Power Rel.to AiT
' of propane

The range of 4 Mev protons in air was read from the curves as
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Rg = 23.1 cm. The relative stopping power of carbon was read
as 0.911 and that of hydrogen as 0.197; that of propane thus
was calcﬁlated to be

(St. Pwr)Cglg = g x 0.911 + 4 x 0.197 = 2.15
and the range of 4 Mev protons in propane will be

Ro = £2:1 = 10.7 om

Consequently the counter length was chosen 20 cm, and a diameter
of 1" was estimated to be suitable with respect to counter
behaviour as well as with respect to geometryl(c.f. section 4
of this chapter). ’
The thickness of the tgngsten wire anode was chosen
-3 thou in accordance with recommendations by Korff (1947) and
by other workers in this iaboratory. The length of the extension
of the counter beyond the sensitive volume, the diameter of the
guard rings etc. were mainly determined by practical considerations,
such as the kind of copper glass seals, glass and brass tubing
available etc.
The pulse-heiéht distribution to be expected from these
counters was calculated from equation (19) and is shown in
Fig. 6. The calculation of the yield'energy response has
already been discussed and illustrated above (chaptef IIT and

Fig. 2). The counting yield can be calculated from equations (18)

and (17).
E, -+ g
%=EB('B-' 2F(§) ...-..-...(18)
1
£B=tv%B_-z- .oo.noooot(l?i’)

Assuming a bias energy of 0.5 Mev, for 4 Mev neutrons
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the relative neutron energy will be B 8, and therefore,

according to Fig..z the ratio of yield over radiator efficiency'

may be expected to be é%-= 0.3. The number of hydrogen atoms

per cmz, tV, will be equal to the number of hydrogen.atoms in

20 em® propane (CzHg)

) A p _ (8)(20)(6)(10%%) b _ (s myn2l
69 = (8)(20) g7 &5 = (5 20)(103) I '_(5.5)10 I

where A is Avogadrd'snumber, Vm is the volum% of one mole at
atmospheric pressure, and p is the filling pressure of the
counter in cm Hg.
G, was assumed to be 4.2 barn, using the relation
=€Y6E'% to calculate it from cross section values for neutron
proton_scattering published by Adair. This gives a radiator

efficiency of

£q= (3.5)(1022)554.2)(10‘244 = 2.1% p_
. 78

and a counter yield
N = 0.3¢ = 0.65% £

| The counters were .thoroughly clegned with nitric acid,
acetone and alcohol, and outgassed while heated at 0.l micron
pressure. This was.done for two days, until it was found that
no increase in pressure‘occurred in the counters, when they were
leff closed up for twelve hours. Although it was stated by the
manufacturers to be chemically pure, the propane used for the
filling of the counters was condensed in a dry ice alcohol
trap in the vacuum system. This procedure made it possible to
'.evaporate only part of the propane, so that it can be assﬁmed
that no héavier hydrocarbons were present. Furthermore, all

air that could have entered the system together with the propane
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could be pumped out completely before filling. The pressure

" was chosen 54.1 cm Hg, which is sufficiently below atmospheric
to enable fhe glass-blower to seal off the glass seals. This
pressure, according to the calculation of above, would give a

counter yield of 0.45%.

2. Absorbers.

As was discussed in chapter I, best accuracy of the cross
section measurements may be obtained when three measurements are
taken for each neutron energy: oﬁe without absorber, one with a
known absorber and one with the unknown absorber. Furthermore
it Was argued that it is of advantage to use the absorbers in
liquid form. It was therefore decided to take water as known
absorber because of its low transmission, and three brass
ﬁ§Wars were constructed as illustrated ih Fig. 6. Since by
-using metal containers it is easier to make containers of the
éame shape, it was felt it would be of advantage_to have three
containers rather than one. This would avoid time delay, and
contamination of the nitrogen, due to refilling with-a different
absorber between each measurement.

It was decided to base the choice of the length of the
containers on a transmission of approximately 0.5, because
different writers do not seem to agree whether it is better to
choose a transmission above or below this value. Furthermore
it was feltd, since the cross section of Nl4 had to be estimated,
this was the best way to ensure that the actual transmission
would be neither too large nor too small. Thus, using a

transmission of 0.5, the desired length of the absorbers was
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calculated for equation (2)

T = e"NOX

or - log T = - 0.43554nT = 0.435NG"x

where x is the length of the absorber, G” the total cross section
of N14, end N is the total nuﬁhgg of nitrogen atoms per unit
volume. N may be expressed as

= AL (6.02) (10%%)(0.808) _ 5 45(1022)

W 14
where A is Avogadro':s number, 4 the density of liquid nitrogen,
and W the atomic weight of nitrogen. Assuming the cross section
to be 1.5 barn the absorber length will be

X = - log0.5
{1.5)(10~2%)(3.46) (10%%)

= 14 cm

The length of the absorbers thus was chosen to be 15 cm, which
-gives for these absorbers the relationship between transmission

and cross section as

- 108 T = - 2.44(10"%%)10gT
s (0.435) (3.46) (10%%)(15.0) ( )log

or G = - 4.44 log T (barn)
This relation was plotted on semi log paper to permit fast

conversion of transmission into cross section values (Fig. 7).

Se Targebt.

. Since neutrons of energies above 3.5 Mev were required

5 reaction. A -

the neutrons were obtained from the D?(d,n)He
heavy ice target was used, as sketched in Fig. 8. The target
was deposited in the following way. The lower tap was opened

until the manometer read 1.2 cm Hg, then the lower tap was
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closed and the upper opened until the manometer read zefo
pressure.,

The thicknéss of a target produced by such a system may
be estimated. Since 22.4 liters of Dp0 at atmospheric pressure
would weigh 20 grams, the amount of D50 contained in 350 cm® at
1.2 cm Hg will be

Té%%%%%é%%%%%%aT - 7.1(10'4) gns of Dp0

Assuming about one half of this deposits on the target we

2 2

obtain for a 4.7 cm® target a thickness of 7.6(10'2) mg per cm”,
Taking the stopping power of D50 to be

8(10'15) ev-cm per molecule

(8) (10~15) (6} (102%)
20 .

or = Q.24 mev per mg

we find that the stopping power of the target is
(7.6)(10"2)(0.24) = 1.8(10~2) mev/cm®

18 kev/cm?

4, Geometrical Considerations.

Fig. 9 illustrates the geometry of the_experiment.

Assuming the solid angles small, we find

20
_ 2.8 _
_ B8 _
wo = 22 = 0.089

Substituting these values into equation (7), the geometrical

factor is

2 0.039 : :

and if we assume a measured transmission of 0.5, the true
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transmission will then be from equation (8)
T="Ty+ (1-7T) G=0.5+ 0.56 = 0,523

which gives us an error due to geometry of

Tg = T
AL -0 = = 4.7(207®) = 473

This appeared to be below the expeéted statistical errors.

To calculate the expected counting rate the expected
target yield for 4 Mev neutrons and a solid angle of Wy = 0.042
in the forward direction must first be calculated. The target
- yield is given by

n = n, tN’

where ng is the number of incoming deuterons per second.
Assuming a beam current of I = 10 microamperes, we have

-5 '
= L = 10 = 6.4(10%3
© = Charge of an electron 1.6(10-19) ( )

N* is the number of D atoms per mg of target,

23 -
W = 2f - 2 8O ) = 6(10%2) per gm

6(1019) per mg
and t is the thickness of the target in mg per cm?., It was

2 for a

found on page 39 that t is approximately 0.8. mg per cm
20 kev target.

In order to estimate the cross section for neutrons
emerging in =01id eangle from 03 to 62, we must integrate the
differential cross section over that region. As mentioned in
chapter IV,lthe-differential cross secfion for D-D neutrons is
given by

G = A"+ Beos®6 + Ccos?e

Thus the total cross section for neutrons between the angles €,



o4l -

and 6, will be

G1,z =/ G de
6, e, _ e, .
B 3 B 3C :
(A .+ 3+ §'C) e]e + (§ + _8.)cose sn.ne:le
' | | [

_ o,
+ 3C cosse sine]
8 o .

Assuming sin® = © and cos® = 1, this expression will reduce to
92.

9
G'J_,2=(A+B+-8-C) 619
' )

The three constants can be estimated for 1 Mev deuterons from
curves published by Graves (1952)

Az 4 (10737 )em®, Bx 1.4(10737)em®, ¢ ~ 1.6(207%7)cn®
and we obtain for the cross section in the forward direction,

at a solid engle of ), = 0.04

G ¥ (4 + 1.4 + 1.8)(10727)(0.04) = 1.3(10-28)cm2
The target yield then will be |
(6.4)(1013)(1.3)(10728) (6) (1019) (5) (103)
- 2.5(10%) neutrons/sec |

n

Assuming a counter yield of 0.45%, as calculated on page 37,
a counting rate is thus obtained of |

n' ¥ (2.5)(10%)(4.5)(10~%)

" 110 counts/sec

6.6( 10° ) counts/min

5.Energy Control System.

In order to obtain resonances in the energy dependence of
the cross section the energy resolution must be good, and the

energy of the beam must be stable and accurately known. The

system used for controlling the beam energy of the U.B.C.
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Van de Graaf generator is described by Aaronsen (1952). The
deuteron energy ﬁas maintained to *3 kev during the runs made
for this experiment, using a reverse electron beam control
system.

The neutron energy may be ébtained from

1/2

5Q.=4En-Ea—2COSG(2EdEn) _00-....--.(29)

6. Electronic System.

Fig. 10 is a block diagram of the electronic system
employed in this experiment. The counter and the monitor
pulses were each connected through a head amplifier and a
linear amplifier to a scaler, Thé individual components that
were employed are:

E.K. Cole Amplifier Unit Type 1049 B,

Atomic inst. Linear Amplifier Model 204-B,
Lambda Power Supply Model 28,

Northern Electric Fast Linear Amplifier AEP 1444,
Marconi Pulse Height Analyser AEP 516,

Dynatron Radio Scaler Type 1009 A.
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Vi. EXPERIMENTAL PROCEDURE

l. Pest of the Counters.

The counters were first tested with a 50 mc Ra-Be source
and the proportional region was found to be around 3000 Qolts.
The background counting rate was found to be excessive. This
was traced down to break-down on a piece df Bakelite, which was _
.used to support the filter of the H.T. input. After the Bakelite
" had beeﬁ replaced by Lucite, the backgfound without any source
in the vicinity was found to be practically zero for one counter,
and of the order of 10 counts per minute for the other. This
must presumably have been due to chemical contamination or
possibly alpha contaminations from the walls. The counters
were then irradiated with 3.9 and 4.2 Mev monochromatic
neutrons, and their pulse height distributions were recorded
on an eighteen channel pulse height analyser. Both counters
showed the same distribution, although the operating voltage
for the same gas amplification was not quite the samé. Typical
distributions are shown in Fig. l1ll. The background due to
scattered.neutrons and gamma rays was measured by inserting
75" of paraffin between the target and the counter (Fig. llc).
Fig. 12 shows a typical distribution from which the background
was subtracted. Tpis may be compared with the pulse distribution
calculated distribufion mentioned on page 35 and shown on
Fig. 6. Although the experimental distributions are not quite

in agreement with the calculated they are very similar to those

obtained experimentally by Skyrme, Tunnicliffe and Ward (1952)
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with their methane counter.

By varying the operating voltage it was found that the
change in gas amplification was approximately a factor of two
for 200.volts. The absolute gas amplification was measured by
the following simple test pulse generator. A 1.5 volt battery
was connected to a resistor chain through a mercury switch
which was fastened on a pendﬁlum. The pulse height was
determined by a voltmeter and the known attenuation of the
resistor chain, which was connected through a coupling capacitor
to the head amplifier., The attenuation was adjusted until
pulses were obhtained of the same height és pulses from 4 Mev
recoil protons. For one counter it was found that the required
pulse voltage was 7.54(19'2) volts. Having a coupling capacitor
of 10 micro;microfarad, it may be assumed a charge of
Q = ve = (7.54)(10‘2)(10"11) = 7.54(10'13) coulomb produces a
pulse equivalent to that of a 4 Mev proton. Since, on the other
hénd, the Bnergy loss per ion pair is 33 ev, a primary charge |
of 1.20105) ions per'4 Mev proton:. will be produced, or
Qo = 1.9(10'14) coulombs per proton. Thus the gas'amplification-
will be | '

A=0Q = 7.34(10'13L = 39
Q - 1.9(10-1%

In a similar way it was found that the gas amplification for the
other coﬁnter was 30, The ratio 39 to SOIChecks well with the
ratio of thé output voltages of the main amplifier for the two
counters, whiéh was 44 to 34. These gas amplification values
are of the same order of magnitude as one would expect from

hossi and Staub'!s (1949) curves for methane.
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2. Calibration of the Energy Scale and Measurement of the
Target Thickness.

To calibrate the énergy scale the 0.873 Mev resonance of
the Flg(p,rﬁNezo was measured. This resonance haé-been measﬁred
accurately by Aaronsen (1952). The present measurement was
carried out in a manner similar to that of the latter. A
thin fluorine target and a gamma ray scintillation counter,
which were available in this laboratory, were used for the
measurement. As Fig. 13a illustrates, the resonance was found
to be at a proton resonance frequency of 27.79 megacycles per
second. Thus the relation between proton energy and proton
resonance frequency can be expressed as

873.5 kev = ky (27.79mc)®

or kp = 1.141 kev/me?

where kp

with a constant magnetic field and a constant beam deflection,

is the energy calibration constant for protons. Since,

the beam energy is inversely proportional to the mass of the

ions, the energy calibration constant for deuterons will be

kp = ;2 = 0.571 kev/mec®
From this the deuteron energy was calculated for different

frequencies from 31 to 43 mc. Substituting these values into

equation (29) of the last chapter, the neutron energies

corresponding to the different proton resoﬁance frequencies

‘were obtained and a calibration curve of neutron energy as a

function of proton resonance frequency was plotted. This .curve

is illustrated in Fig. 14.

The energy thus having been calibrated, the target
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_ ihickneSs of one "scoop" Dzo (i.e. 50 c.c. D20 at 1.2 cm Hg)

was measured th@_following way. A one "scoop" DZO target was
superimposed on the fluoriné target, and the fluorine resonance
was measured again. The resonance was found to be at 27.97 me
(Fig. 13b). Another target was added, and the resonance was
found to be at 28.35 me (Fig. 13c¢c). The energies for theée
frequencies were calculated with the help of the aﬁove kp fo

be 915 and 930 kev respectively. Thus a target of 50 c.c. D50
at 1.2 cm Hg was fourid to be 15 kev thick for protons of.0.8 Mev
energy. ‘Assuming that the stopping power for deuterons is twice

that for protons, such a target will have a thickness of

30 Mev for deuterons of 0.8 Mev energy.

S« Test of the Absorber Dewars.

Iﬁ order to ensure that all three absorber.Dewars were
equivalént, and that their absorptions therefore cancelled,
the transmission of each of_the three containers was measured.
This was done by comparing the counting ratio with the Dewar
in place with thé counting ratio with the Dewar removed. The
transmiésions were found to be 0.763, 0.622 and 0.630. Since
this is a relatively low transmission end since one of the
Dewars showed quite a discrepancy, the side walls of the
Dewars were thinned as far as it was mechanically possible,
This improved the transmissions to values of 0.922, 0.918 and
0.876. It was thus decided to Qse the Dewar with the slightly
different transmission with water as an absorber, so that this

discrepancy would.not influence the results.
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-4, Counting Rate and Counting Period.

It was found that with a 12 kev target the counting rate
was of the order of 3000 eounté per minute for a 12 microamp.
beam. The estimate in the last chapter gave 6600 counts per
minute for a 20 kev target and 10 microamps, which would give
Léég%%%%%%é%ﬁl = 4700 counts per minute under the above
conditions., Thus the calculated and the measured counting
rates were in fair agreement. That they are not in complete
-agreément was to be expected, since in the estimate a theoretical
counter efficiency Was used, and sihce the ion beam is nevef
quite constant..

_ Because of the instability of the beam it was decided
to control tﬁe counting periods for the different measurement
by means of a current integrator rather than with a clock.
To decide on the most suiteble counting period for each of the
three different runs on one energy point, i.e. the nitrogen
run, the water run and the run with no absorber, preliminary
measufements of the counting ratios were made. It was found
that the counting ratios for the different absorbers were
roughly: for no absorber ro = 0.90, for nitrogen rj = 0.50,
and for water r, = 0.25. Inéerting these into the eipression
given in chapter i for the statiétical efror (equation 9), we
obtain L

-‘;_f’f Z%I-T-[tel ? + 6.25 ;g + 6.25 ri_}‘

This indicates thét the nitrogen run has twice as much influence

on the statistics than each of the two other runs. Thus it

was decided to count on the nitrogen runs twice as long as
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on the other ones.

5. Measurement of the Parasitic Neutron Background.

Since the D(d,h)He reaction pfoduces only one group of
konochromatic neutrons no parasitic neutrons from the target
itself were expected, while it was assumed there would be some
neutrons coming from carbon contamination of the target and
deute:ium contamination of the target support. As the amount
of such contamination would depend on the time that the target
had been exposed, the corrections as discussed in chapter I
could not be applied. Thus all efforts concentrated towards
reducing these neutron components.

To be able to distinguish between the two types of-

- background, a thick carbon target was prepared by applyihg
somé aquadac to a copper sheet. Then a heavy ice target was
bombarded. for several hours, while the preliminary runs for the
cross section measurement were done. When the target looked
nicely dirty, the heavy ice was evaporated and the pulse
spectrum of the dirty target support was measured (Fig. 15a).
The support was then buffed thoroughly until all the dirt was
removed, and was afterwards cleaned thoroughly with carbon
tetrachloride. The pulse spectrum of the cleaned target is
shown on Fig. 15b. Then the carbon target was inserted and

its pulse spectrum measured. (Fig. 15¢). A comparison of .
these three curves seems to indicate that the large background
is due to deuterén contamination in the target backing

support. That the contaminated deuterons give neutron energies

of about 400 kev lower than the ice target-is presumably due
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to stopping of the beam by the target support, before it
reaches the deuterium. To ensure that this argument is rigﬁt,
and to have an estimate of the strength of the background, the
following were measured under the same beam conditions:
a) Dirty heavy ice target, 600 counts per 15 integrator counts.
b) The same target support, the heavy ice evaporated, 351
counts per 15 integrator counts.
c) A new target support, made from the same sheet of copper
as the other, 80 counts per 15 integrator counts.
Thus, the background, after long bombardment of the target,
was up to 50% of the counting rate, was due to deuterium
absorption by the target support, and was approximately 400 kev
lower in energy than the desired neutrons. Since there seemed
no way of eliminating this background completely it was decided
to minimize it by changing the target support after each six

points of cross section measurement.

6. Measurement of the Cross Section.

The cross section was measured for neutron energies
from approximately 3.6 to 4.1 Mev. The results are plotted
in Fig. 16 as a function of energy. To illustrate how these
results were achieved, Table II lists the readings of a typical
point.

The neutron energy and the cross section value were read
from curves similar to Figs. 14 and 7 respectively. The
statistical errors were calculated with the help of equation (9).
First, however, the errors of the individual counting ratios

were calculated. If x is the number of counts on the counter
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-Table ITI

Readings of a typical point of measurement

Absorber Time Integrator Monitor Counter Counting
sec counts counts counts reatio
Air 117 25 5507 7090 1.288 = r4
Hp0 119 25 5646 1465  0.259 = T,
No 107 25 5756 3567 0.620
- 0.603 =
No 113 25 5652 3315 0.587

Proton resonance frequency: 33.202 me Ej = 3.671 Mev
Generating voltmeter: 675 kev

Target current: 12 microamps

. . . - 0.605 L Ol259
Transmission: T - 1.288 - 0.259

= 0.33¢ O = 2.16 barn

and y is the number of counts on the monitor, we obtain for the

error of the nitrogcn counting ratio in the example of Table II

l .
X, + § : =
I R 1 3964 + 8252 |5 g.a81 = O.
Arl o xlyl] Z9eL](8555) 0.481 'O 0102

Similarly we get for the water counting ratio

1
Arg = lﬂfe" 2232}2 0.261 = 0.00876

and with no absorber

. : 1
_ [2884 + 3990 |5 _
Ar, = { R64)T5550) | © 0-948 = 0.0206

and to calculate the error in cross section we find

[ K(z.os)(;o‘z)‘r
Ty - rl _ - 467

ar; 12 _[(.02)(10°®) 1% _ -3
[m] _{( 02) (1 ] - 2.15(107°)

1.92(10’5)

]
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Ary(r, - 1)) 2 ’L8.76»)(lo"5)(0.467) 2 : -3
{(rl T - 3T | =\ {0.2201(0.687) = 0.783 (1077)

and the fractional error then is

1 .
s 1 Tioas 1% (02
> 5315 19.2 + 21.5 + 7.3 (107<)

= 0,059 = 5,9%
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VII. DISCUSSION OF RESULTS

Only one resonance has so far been measured in this
energy region by other workers (c.f. chapter II, section 24).
It was reportéd as being questionable because the measurement was
undertaken with continuous neutron energies and therefore may
have been caused by a transition into an excited state of Bll.
Its position was reported at a neutron eﬁergy of 3.7 Mev. Thié
would coincide approximately with the small peak in cross
section on Fig. 16; However, although the statistics obtained
might justify the assumption that there is a resonance, the
instability of the points below that energyvmakés it rather
doubtful. This instability must presumably have been due to
some ihstability in the.energy control system;

It may thus be concluded that the present measurements
neither confirm nor deny the resoﬂance reported at 3.7 Mev
by Stetter and Bothe (1951). The fact that there appears to be
no resonance between 3.7 and 4 Mev, according to Stetter amd

Bothe, seems confirmed by the present experiment.
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