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CHAPTER I
INTRODUCTION

When neutrons of moderate energy interact with
complex nuclei, one of the éhief reactions which occurs
is the (n,n'Y) reaction. This reaction is of interest
because of the information it gives concerning the target
nucleus. The reaction also can be used to study the scattering
'mechanism itself and the optical model. For moderate
neutron energies, up to 10 MeV, the total cross section as
well as the energy and angular distribution of the enitted
nedtrons is sensitive to the energy, angular momentum
and parity differences which occur between the ground state

and the excited levels of the target nucleus,

l-1 Reaction Mechanism

Inelastic scattering processes have been explained
in the past by two different mechanisms., In a compound nucleus
type reaction an incident particle (neutron) is absorbed
into a target nucleus and remains for an appreciable amount

16 sac), while many interactions are taking place.

of time (10~
Then, a particle may be emitted in a manner independent

of the mode of formation of the compound state. In a direct
reaction process, an incident particle interacts with one or

a few surface nucleons in the target nucleus for a short period



22 sec) and a particle is emitted.

of time (10~

In 1949, Mayer(l) proposed the basis for the shell
model or single particle model, In this model it is assumed
that the nucléons form closed shells similar to the atemic
case and that the nuclear properties are determined by
the nucleons outside the last closed shell, The model also
predicts thét the effect of the closed shells can be représented
by>a potential well. ‘This model cast some doubt on the
validity of the compound nucleus idea which proposed that
the incident energy was shared among the nucleons -in the
target. In 1954, Feshbach et 21(?) introduced the basis for
the optical model. This model predictsvthat a nucléon can
enter a nucleus and move within the nucleus without forming
a'compound state. The target nucleus acts as a potenﬁiai
well for the nucleon. The formation of a compound state
occurs with a probability less than unity. Hence, the efféct
of the nucleus 1s to act as a potential well with absorption
and reflection or scattering of the incident particle in a
nuclear reaction. The model can net predict any resonance
phenomena and thus can only be used after averaging over
many resonances of the compound or intermediate state of the
reaction.

. The statistical model was founded in the late 1930's
and was dGVGloped extensively by WGisskopf(3) and his group,

The model is based upon thres assumptions, namely
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1) The Bohr picture of a compound nucleus reaction holds.

2) The spread in energy of the incident particles is sufficiently
high, and at the energy of the incident particles the density
of levels of the target nucleus is also sufficiently high

so that levels of all spins and parities are available,

If this is true, then a statistical average is obtained

over all possible states.

3) The decay of the compound state is independent of the

mode of its formation. This allows the cross section of

the reaction to be written as the product of twe terms,
namely the formation of the compound state of a given spin
and parity times the relative probability of decay to a given
level,

Inelastic scéttering may be treated by two approaches.
one is the direct reaction approach and the other is the
Hauser-Feshbach(*) approach which is based on the statistical
model. Many'experiments have bsen perfarﬁed to détermina
which model is the one to use for inelastic scattering.

The general trend soems to indicate that at energies up to
approximately 6 MeV the statistical model is best and at
higher energy the direct reaction model works better, Thus
it is probeble that neither model is exact but rather both
have some validity. The two models have not bean tested to
any great extent in the energy range 5-10 MeV. For the
(n,n'y), (n,p)'and (n,) reactions the statistical model

has been ussed extensively. iarion(g) has published a book



describing the results of thesé experiments up to 1965.
The proceedings of two conferences (6,7) held in 1963
and 1965 concernhing neutron physics provide a summary of
numerous inelastic neutron scattering experiments,

The compound nucleus reaction can be separated
from the direct reaction by means of the lifetime or width
of the state, A more practical approach has been to study
the angular distribution of the disintegration products.
The compound nucleus model predicts symmstry about-90°
‘for the distribution, while the direct reaction model
predicts the distribution will be .peaked in the forward
direction according to the square of the spherical Bessel
function., The compound ndéleus model:alsorpredicts that
the cross section for a particular level will decrease with
energy as more ehergy levels are involved since the levels
compete for the decay mode, The direct feaction model does
not predict this, |

In this work the Haunser-Feshbach theory is used
to predict the total cross section for the levels in the
(n,n'yv) reaction. The theory uses the statistical model
and the optical model, described in the next section., The
optical model 1s used to calculate the neutron transmission
coaefficients which in turn are needed to find the probability
of forming a compovnd state and also the relative probability

of a given dacay mode.



1-2 Optical Model

The first form of the optical model(8) used a
complex square well potential

V(r) =V + 1.W,
where V and W were initially treated as constants,
The imaginary part of the potential describes inelastic
processes pernitted by the Paull principle and the law of
conservation of energy. One solves the Schrodinger equation
~using this poténtial to obtain the scattering and reaction
cross sections; At low energies, later authors made the
real part of the potential similar to the potential used
in the shell model. The basic square well potential gives
too large a cross section for elastic scattering in backward
directions and too small a cross section for compound
nueleus formation(9).

In 1955, Woods and Saxon‘l®) replaced the square
well potential with the following one

V(r) = S(V + 4.4
i 1+ exp (f:%Y7§Y ’

where V is the depth of the potential well, W is the
nuclear absorption parameter, R is the nuclear radius,"a"

is a parameter deterinining the diffuseness of the well and 'r"
is the radial distance to the center of the well., This
smoothed out potential was used by'Beyster(ll) in 1956

to generate a set of neutron transmission coefficients,

Although this form of the potential predicts the experimental



results reasonable well, other corrections have been
added in recent years to allow for spin-orbit coupling,
different effects due to different energy regions of the
reaction and variocus other corrections.

The two forms of the optical model potential used
in this work were derived by Bjorklund and Ferabach‘l?) (za®)
and by Perey and Buck<l3)(P&B). Both use a potential whose
real part is of the Wood-Saxon form namely

VR(I‘) = v

T+ exp((7-8)72)

and a spin-orbit term of the Thomas form

Vg(r) = =Va.(B/re)2.(1/r). & ( =1 ) (1.7,
dr 1 + exp((r-R)/a)

where Vg is a constant, & is the pion mass, 1 is the angular
momentum of the neutron with respect to the nucleus and o
is the spin of the neutron. DBoth potentials use a surface
imaginary term but the forms are different. The radial

(1%) approximation

dependence of the potential uses the Thomas-Fermi
which assumes that a Fermi energy can be defined as a fuaction
of nucleon density and hence of radial position. The Pauli
principle implies that the imaginary part of the potential

is not proportional to the nucleon density but decreases

more slowly giving a maximum value at the nuclear surface.

At higher incident energies the effect of this surface
absorption decreases. The B&F work uses a Gaussian surface
term, namely

Vi) = -i.W.exp-((z-2)/D)2,



while the P&B work uses a derivative Wood-Saxon forn

D
Vi(l") = -i.w.l{-.bl g___ ( "l )’
- dr 1 + exp((r-R)/b)
where b is a measure of the diffuseness of this term. In

addition to the potential given, the theory of P&B assumes

that a nonlocal optical model is required. This means that

the Schrodinger equation in their case has the following form
-_2_%_?:‘72 Y(r) + v.Y(r) = E.Y(r).

The nonlocal potential V has the following form

v¥(r) = SV(r,r' ) V() dr

with V(r,r') = V(r',r)

and V(r,r') = U(p) H(|r~x? )

vhere H(|r-r'|) = exp-((r-r')/ )2
3, p.%

U(p) = VE(p) + V() + Vg(p)

P= L/2(1r + M),
P gives the range of the nonlecality. These potentials
vwere used to generate the neutron transmission cogfficients
ussd in the Hauser-Feshbach calculations,

1-3 Hauser-Feshbach Theory

It is reasonable to assume that at the excitation
energy of the compound nucleus, the density and widths of
levels are such that a range of spins and parities can occur
for the intermediate state. The wave functions for the process
can be assumed to have random phases so that if phase averages
are performed then all interference terms will vanish, It

is possible to treat the reaction in twe separate steps,



namely the formation of a compound or intermediate state,

and secondly the decay of the state. The competition arising
from gamma ray emission and charged particle emission will

be neglected in this work, Typical cross sections for

(15)

aluminum reactions with fast neutrons (~2 MeV) are

(n,p) 0,03 barns

(n,e) 0,001

(n,y) 0,00005

(nyn'v) 0.8
Aluminum has a large (n,p) cross section; but even it is
‘more than 20 times less probable than the (n,n'¥) reaction,

The cross section for the formation of the compound
state is given by

o = (20 + 1)1r3’\2.tv,,;1(5),

where T;;(E) represents the fraction of the neutrons with
spin j and angular momentum 4 which strike the nucleus and
form a compound state, J gives the value of the resultant
spin of the nucleus and « indicates the channel, o indicates
vhich level is involved in the reaction,k is the neutron
wave number, The values of the penetrabilities Té}(E) are
obtained from a table(l6) based on optical model calculations.
The probability of forming}a compound hucleus state of spin
J is the above probability times the square of the Clebsch-~Gordon
coefficient, which gives the probability of forming the spin
J given the spins of the target and incident neutron, To obtain
the total cross section for inelastic scattering to a

given level in the target nucleus, one multiplies the above
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term by the relative probability for this particular decay
mode, In other words the variocus levels compete for the

available neutrons., Thus the cross section<l7) is given by

2 ~ 7 T
o) = xx' & el =+ - - Ly Z "“z‘;‘”:"""—j’il ’

3}} 2\2.’. 0 .L) ”4‘ .L“,.}-uz‘l

- }‘2 ‘J“l‘

where I is the spin éf the target nucleus, i is the spin of
the incident particle, X is the orbital angular momentum
of the incident particle, 4 is the channel spin defined by
y=1+1i
ol is the channel designation and includes energy of initial
particle and indicates which level is excited., Primed’
quantities indicate values after the reaction. The sums
in this equation are restricted by the conservation of
energy and parity. Conservation of angular momenta and
the definition of channel spin requires that
\T-2kis (T+0), \I-il$J < (I+1),
\T-2'1ej ¢ (T+L), and |T-i'l$j £ (T%1).
The double primed sum is a sum over all possible ways for
the compound state to decay including the decay of interest.
The penetrabilities with a single prime are summed over
all possible ways of decaying to the level of interest,
and the penetrabilities with no primes are sumed over all
possible ways of forming the intermediate state J. J 1is
sumed over all possible values allowed by the conservaticn
laws. The factor (2J+1)/(2I+1) is a statistical weight factor

and occurs as a result of averaging and manipulating over
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angular momenta.

The equation giving the cross section was first
derived by Hauser and Fe:—shbac*n.“‘8> and also by WOlfstein(l9).
Later derivations have been given by Feld et g;(2o), Lane

. (2l)

and Thomas and by Peshbach(21),

1-4 Previous Work

One of the earliest measurements of the energy and
angular distributions of an (n,n'¥) reaction was done by
0'¥ei122) 4n 1954, His experiment used time of flight
techniques to study the neutrons scattered from C, Al, Cu,
Sb, and Pb using neutrons produced by a 14.8 MeV neutron
generator., His equipment allowed him to study scattered
neutrons up to 4 MeV in energy and his results indicated
isotropic scattering. The time of flight technique has
continued to'be develcped to study the emitted neutrons,

(23)

by numercus authors such as Towle and Owens who have
studied 23Na and 27Al targets. One of the first experiments
which contradicted the compound nucleus model approach

was done by Resen and stewart(2¥) in 1955, They used
nuclear emulsions to detect scattered neutrons produced by

a 14 MeV neutron generator. Their work suggested that the
compound nucleus model worked up to approximately 6 MeV

and above this energy the angular distribution was peaked

in the forward direction. Since 1960, various experimenters

él(25) " . (26)

such as Mathur et have successfully used the Satchler



1l

formalism which is based on the Hauser Feshbach model to
explain angular distributions for the (n,n'¥) reaction.

The theory of Hauser and Feshbach is based on the
assumption that there is no interference between different
angular momentum channels and that the mode of decay is
independent of the mode of formation of the compound state.
Abaut 1956, Lane and Lynn(27) and also Dresner (20)
assumed that the level widths have a Porter~Thomas(29)
distribution with the result that the cross section
becomes

o~ = (HF). W,
where ¢(HF) is the cross section calculated by the Hauser
Feshbach model and W is a correction factor, Moldauer (30)
has evaluated W and has found that it varies from 0,50
near threshold to 1.0 for higher energy incident particles.

Numerous experimenters have attempted to test
this modified form of the Hauser Feshbach theory. Torop(3l)
studied the angular distribution of gemma rays following
inelastic neutron scattering on iron and cerium, Protons
from the Stanford 3vMeV Van de Graaff accelerator were used
to produce neutrons by the 3H(p,n) reaction, His work
showed that effects of the Porter-Thomzs fluctuations on
angular distributions were of the same order of uncertainty

introduced by using different transmission coefficients and

as a result he was unable to verify that the fluctuaticns
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exist. A number of experimenters(32’33a34) at the Texas
Nuclear Corporation have studied the angular distributions
and cross sections for a number of elements., Neutrons
in the energy range 3-5 MeV were produced by the D(d,n)He3
reaction using a 3.2 MeV Van de Graaff accelerator,
Their work showed that if the incident energy is close to
threshold (< 200 keV above it) and if only one or a few
levels are excited, then the modified Hauser Feshbach
theory must be used,

In 1962, Donahue$3%) used reactor produced neutrons
to study the neutron inelastic scattering reaction on
a number of natural targets. His work was done using an
external beam of neutrons and a Nal detection system. Only
the first few excited states were observed in each cass,
Donahue proposed that for neutron energies greater than
the threshold energy, the cross section as a function of
energy can be written

o (E) = (1 - exp-F(E,~ Ey,)),
where 0o is a constant depending on spin and parity of the
level and g is a universal parameter (3 + 1 MeV'l) independent
of spin and parity. With a reactor scurce of neutrons
the gamma ray yield is the product of the cross section
times the flux as a function of energy. Donzhue's results
showed the yield ceorrected for flux was proportional to the

square root of the B(EZ) values for each ievel. This
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contrédicts the Hauser Feshbach theory which states that
the cross section should be independent of the nature of
the state., Donghue's results were in opposition to the
results of Guernsey and Wattenburg(36) and in addition
Van Patter(37) has pointed out that Donahue's results
depend- a great deal on two low values obtained for one
element, In addition no attempt was made to explain the
results using a Hauser Feshbach calculation,

In 1968’ Ernst(38) did a study of the (n,n'Y)
reaction using the McMaster University Reactor., His wvork
' was done using an external beam of neutrons and a Ge(lLi)
detector, The neutron energy spectrum was approximated
by $(E)~exp(~-«E), where &= 0,77, Using Donahue's
equation for the cross ssction and integrating over the
flux to find the gamma ray yield, Ernst derived the
following relation

primary population =3 .$._yield observed . g,
of a level exp(-e«k,,) (= + 8y

Thus if one divides the observed yield by exp(-NEﬂ)’ then
all levels of the same spin and parity should have the

same value., In addition to this approach, Ernst did a
limited Hauser Feshbach calculation assuming that branching
to other levels in the depopulation of the intermediate

state could be approximated by a constant., Due to the fact
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that the Ge(Li) detector used was severely radiatioh
damaged and also due to limitations of the beam port
facilities used, the experimental results were inconclusive,

Similar experiments to the (n,n'¥) studies have
béen performed on the (p,p'r) reaction"using accelerators.
The chief limitation of the accelerator experiments is
that the protons have to overcome the Coulomb barrier
thus limiting the ehergy and mass regions that may be
studied. One advantage of the accelerator type experiment
is that the particle energy is monoenergetic and can be
varied, allowing one to measure the cross section as a
function of energy. In contrast to this reactor produced
neutrons having a distribution in energy allow onse to
measure the cross section of all levels of a target in
one experimental run. This implies that branching must
be considered in some detail., A second feature of the
reactor source is that the mean reaction rate occurs
at about 0.5 lMeV abcve the threshold energy independentlof
level energy, which is the region most dependent on spin

and parity of the level,



CHAPTER 2
EXPERIMENTAL FACILITIES

2~1 Reagctor Facility

The McMaster University Reactor is a light-water,
enriched fuel, 2 MW swimming pool reactor designed and
built by AMF. It has six radial horizontal beam ports
and one vertical beam tube, It is also provided with a
thermal column vault. Figure 2-1 indicates the layout of

the reactor and the irradiation facility built for this

vork. In order to have sufficient sensitivity for studying -

the (n,n'Y) reaction, an internal target, tangential
irradiation facility was developed., Radial beam ports

are unsuitable for this type of facility since the detector
would accept gamma and neutron radiation directly from the
core, The vertical beam tube can be set up in the internal
target arrangement; but it is limited by the fact that

32 feet of water is required for shielding above the
reactor core, In addition there is a limited working

area available arcund the upper end of the beam tube due

to reactor controlrequipment and the upper end 1s-located
in an area where the background radiation is relatively
high, Since the thermél column area was not in use, it

was decided to design a facility using this area,
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| The neutron energy spectrum in the reactor core
area.may be divided into three categories: fast, resonance,
and thermal. The fast neutrons extending from 1 to about
16 MeV are produced by the fission reaction. The resonance
neutron region extends'from keV up to 1 MeV giving a
characteristic 1/E spectrum. These neutrons occur as a
result of fast neutrons being moderated by the light water
in the pool. The thermal neutrons have a Maxwellian
distribution of velocities and occur as a result of
neutrons céming into equilibrium with their surroundings.
The emission rate of fast neutrons depends on the thermal
neutron flux and hence inside the reactor core the two
distributions are similar. Outside the core there is no
production of fast neutrons and the relative amounts of
each component of the neutron flux depends on the moderation
and absorption properties of the medium. In studying
the (n,n'y) reaction it 1s desirable td filter out the
therinal and resonance components of the reactor neutron
flux since both of these can produce the (n,Y¥) reaction
which forms an unwanted background., Figure 2-2 indicates
the neutron flux distribution for the three categories of
neutrons. The relative amount of each component depends
on the location around the core vhers the measurement is
made. Section 2-4% of this work gives an experimental
measurement of the thermal versus the resonance and fast

neutron flux,
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2-2 Tangential Irradiation Facility Versus A Beam Port Facility

The study of the gamma radiation following inelastic
neutron scattering may be accomplished either by use of
an external neutron beam striking the sample or by placing
the sample in a facility beside the reactor core
and extracting the resultant gamma rays in a beam. The
external neutron beam method has the advantage when it
comes to handling targets, i.e. simple and fast sample
changes, no danger of samples decomposing or overheating.,
The chief advantage of placing the target by the core in
the internal position is the greater sensitivity obtained.
The rate for the internal system is given by

k.¢.w.f.Tv.ft,n;.g ;
where k is a constnat, ¢ is the neutron flux at the core,
W is the weight of the sample, o is the cross section for
the reaction, Ty is the probability of the gamma ray
penetrating any neutron shislding required,lliis the solid
angle for the gamma radiation detector,ﬂiis the solid
angle for ths neutrons hittinz the target (approximately
), and € is the efficiency of the detector, The rate
for an external system is given by

k.$.W.o. T, A 00 €

where T, is the probability that the neutrons will penetrate

?

g .
any absorbers in the beam,llnis the solid angle for the
£
neutron beam,{lyis the solid angle of the gamma radiation

detector, The chief difference is that the external rate
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depends on the product of two small solid angles and the
internal rate depends on the product of one small and one
large solid angle. When typical values are used in the
two rates, it turns out that the internal rate is several
orders of magnitude more sensitive, A second advantage
of the internal case is that it is easier to predict the
neutron energy spectrum since it is almostthe same as a
fission spectrum for energies sbove 100 keV, The shape
of the neubtron distribution for the external beam of
neutrons is greatly affected by the surcoundings of the
beam port(39). An additional advantage of the internal
system is that the scattered neutrons are absorbed by the
pool water around the reactor core,'thus‘greatly reduéing
the amount of externgl shielding required. Finally it
should be noted that the internal target arrangement leads
to a well collimated gamma ray beam which is essesntial

in using a multiple detector spectrometer system, Thus
it was decided to construct an irradiation facility in

which the target would be located beside the core,

2-3 Description of Tangential Irradiation Facility

(4+0)

Figure 2-1 gives the layout of the facility
used, The system consists of an evacuated zluminum target
chamber, an in-pool collimator, an external collimator and
a detection system, The collimation system is located in

the thernal column vault which is isolated from the pool
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by a 2.54 cnm thick aluminum plate, In order to retain
maximun flexibility for the system it was decided to thin
a small regioh of the plate, 5 cm in diameter to 0.60 cm
thickness, rather that to design a collimator built into
the plate., At 500 keV the percentage of gamma rays passing
through the window without interacting is 85% and at 7000
keV it is 94%., The side of the core nearest the detection
system is covered by a 5 inch thick lead plate which helps
to reduce unwanted gamma radiation coming directly from
the core area.

The target chamber consists of 7.6 cm 0.D, 6537
aluminum tubing approximately 2 m in length. The tube
is located in the pool by means of removable annular*léad
welghts clad in aluminum at each end of the chamber, The
weights position the tube on "V'" shaped notched supports
at each end 6f the pool, ©Stesl wires are attached}to the
weights to make handling of the tubes easy. The chamber
can be operated either under vacuun or reduced pressure
by means of a 30 foot long % inch in diémeter aluminun
tube attached to the flange at the end of the target
chanmber and extending to the surface of the pool. For
some experiments the tube can also be used to admit nitrogen
gas for energy calibration purposes. Flux measurements
revealed that the neutlron fidxrat the end of the chanber

nearest the detector is about lO"LlL of the value at the core.
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Since the ends of the chamber are in direct line with

the collimation system, they are thinned to 1,6 mm to
reduce the background radiation due to neutron capture.
Several chambers were made so that after use each chamber
is allowed to remain in storage for at least a week to
reduce the radiation hazard before removal of the targets
ahd reloading of thé tubes, | |

The internal collimator consists of a 15 cnm
diameter, 23 cm long lead annulus with a 3.0 cm aperature,
Disés of 6LiF packed in aluninum containers are situated
at each end of the collimator to remove thermal neutrons
from the beam of gamma rays. The space betwesn the discs
was initially water filled to help remove the fast neutron
component of the beam, The presence of water heowever,
led to a large amount of Compton scattered radiation,
coming from the core area, being scattered into the detector.
Hence the water gap was replaced by an air filled aluminum
container with thin walls to reduce the amount of material
- available to scatter off of,

The external collimator placed ipside the thermal
column vault consiéts of a stepped square shaped aluminum
collimator 190 cm long filled with a mixture of lgad and
polyethylene shot with a 1 cm opening. The vault itself
is filled with interlocking barytes concrete blocks. In
addition to this, two layers of three foot thick barytes

concrete blocks are located extornal to the vault to provide
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additional shielding for the detection system. The
fast neutron component in the gamma ray beam is removed
inside this collimator by means of a 15 em polyethylene
rod. During the course of this and other work, it was
discovered that the Ge(Li) detectors used suffered from
neutron radiation damage and as a result the shielding
was increased,

The entire collimation system was alignéd with the
aluminum window removed using optical methods and then
checked by means of placing radiocactive sources at the
sample posiiion, The size of the source chosen was
typical of the samples to be used, namely 1 em in diameter
and 4 cem leng. A Nal detector and a single channel
analyser and scalar were placed at the end of the external
collimator. Figure 2-3 shows the effect on the rate on
moving the end of the collimator both vertically and
horizontally. The half width of roughly 1L cm gives some
idea of the degree of alignment and collimation achieved.
After alignment the window was keyed to ensure realignment
at a later time if.required. The "V" shaped stand in the
pool on the side remote from the detector was made adjustable
in both height and position, from the surface of the pool,
although no adjustment has been found necessary to date.

6

The solid angle at the end of the collimator is about 10

£ the uwnit sphere.

In order to study the (n,n'vr) rsactien, it was
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necessary to reduce the thermal component of the reactor
flux hitting the target in order to limit the (n,¥)
reaction which produces unwanted background radiation.

This was accomplished by means of a cadmiun filter 0,048
inches thick, The filter was mounted on a 3 inch I.D.
aluninum tube 20 inches in length which slides on the
outside of the chamber., The slider was normally positioned
to shield the sample from the core and was locked in
position by means of a large stainless steel set screw.

The thermal neutron flux was reduced by a factor of 10"6
using the cadmium filter, In order to further reduce the
thermal flux and also to cut down the ressnance capture
reaction, a boron filter was used as well. The boron

filter consisted of B,C powder sealed inside an aluminum
annulus with welded joints. The container was 18 cm long
with a %,3 cm aperture and had a natural boron carbides
thickness of 1.1 cm, The container fitted inside the

target chamber and was located by means of aluminum straps
which formed a framework between the end caps of the

chanber., The targets themselves weve either solid metals

or were powders encapsulated in extremely thin walled
aluminum tubes and were mounted inside this filter container.
The straps on the filter in addition to locating the filter
and target also allowed one to handle the sources fronm

a short distance if they were radioactive. Cooling was
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ilter were in direct contact with the pool water, and
the boron filter had reasonable good thermal contact with
the target chamber.

The reduction in neutron capture due to resonance
neutrons can be calculated i? one assumes a 1/V cross
section for both boron and the target materizl, The boron
cross section can be written

o (B) = Gove/v
where ¢; 1s the thermal cross section for boron, vy = 2200
m/sec and v is the incident neutron velocity. The rate
of resonance capture obtained with just a cadmium filter

is given by

o0
Rcﬂj;;. v_ .43 = .S-g;. Ve, « AV = gp. Ve
o6V g Ve v v Ve

-

where v, is the velocity of a neutron at 0.6 ev and ¢ is
the thermal cross section of the target. The cadmium
cutoff has been taken as 0.6 ev, If the boron filter is

used in addition, the rate becomes

co
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where t is the thickness of the boron absorber. The ratio
of the two cases gives the fractiocnal reduction in the
rate
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Figure 2-4 is a graphical representation of this ratio.
Thus if the cross section for both the thermal capture
reaction and the fast neutron inelastic scattering reaction
are known, one can calculate the amount of boron required,
In order to reduce the cost of the filter it was decided

to use natural boron in the form of B,C powder in a long
annulus. The thickness used was equivalent to 440 mg/cm2

of loB

and gives a reduction of 0.05 times for resohance
capture, The effect of the cadmium filter on the thermal
neutron spectrum is shown in figure 2-54 for several
thicknesses of cadmium. The lowest curve corresponds to
the thickness actually used., The effect of the boron
filter in addition to the cadmium filter is shown in
figure 2-5B. Again the lowest curve is the value used.
Above 500 keV, the two filters have little effect on the

neutron flux distribution,

System Sensitivity

s @ s b

2-4 Neutron Flux Measurements anc

In order tc determine the optimum location of the
target chamber and its size, several horizontal and
'vertical neutron flux measurements were taken, Bare and
cadmium covered Fe-Mn wires (85% Fe, 13% Mn, 2% Mo), were
cut into one inch sections and ware located at intervols
inside a welded aluminum tube., The tube was then placed
vertically beside the core and irradiated for a few minutes

and then taken apart and the zctivity on the wires measured.
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A similar experiment was performed with the tube in the
horizontal plane out from the core, Figure 2-6 shows the
results of the measurements. The vertical distribution of
the resonance neutron flux had the identical shape as the
total neutron flux case. The results indicated that both
the thermal and resonance neutron fluxes decrease
monotonically out from the edge of the core., Since no
maxima were observed in the ratio of the two fluxes it

was decided to locate the tube as close to the core as
possible, The cross-hatched region oh the vertical
distribution shows the location of permanent beam ports.

It was decided to place the chamber above the main beam
ports in order to get a reasonable flux and at the same
time to make handling of the target chambers easy. A 3
inch diameter size was chosen for the chamber to ensure a
minimum of background coming from the w§lls of the chamber
and entering the collimating system even though this meant
that the targets would be back from the core, Since the
tubes were operated vnder vacuum, it was felt that the flux
distribution would be reasonably close to the value obtained
at the edge of the core. The cadmium ratio was approximately
constant from the edge of the core to 20 inches out from
the core and equal to 50, To some extent the flux pattern
depends on the conditions of the f&el rods and the location
of the reactor control rods at any given time,

After the tangentizl irradiation facility was
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constructed, experiments were undertaken to measure the
absolute thermal and resonance neutron flux inside the
target chamber., This was done by irradiating aluminum
wires containing 0.1% cobalt for one week pericds with

the cadmiuvm filter off to one side of the core and with
the slider in position., The boren filter was not used in
these measurements., After a threé veek cooling period the
wires were counted in z well type ionization chamber and
compared to calibrated cobalt sources. The cross section
for cobalt was taken as 37 barns for both cases. This led
to a total flux at the target position of 7.0 x 1012
neutrons/cmz/sec and & resonance flux of 3.0 x lOll
neutrons/cm®/sec, and hence, a cadmium ratio of 24, The
values were obteined with the reactor operating at 2 MW,
The reason that this value for the cadmium ratio is lower
than the earlier one measured may bs due to the fact that
the cadmiuvm filter does not completely enclose the target
and as a result some neutrons may bes scattered inte the
target area without passing through the filter.

In addition to the flux wire studies a carbon sample
was studied with and without the cadmium filter, The (n,¥)
reaction on carbon produces a simple spectrum conteining
only three gamma rays. The most prominent member is the
4oLh3 keV ground-state transition which has an intensity of

66 events per 100 capture ovents{*) ., The (n,n'Y) reaction
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leads to a gamma ray at 4439 keV. The cross section for
this reaction has been measured as 0,23 barns(#Z). The
ratio for the ineiastic peak afea to the 4943 keV thermal
peak area was found to be 0,62, If an exponential fission
spectrum for the fast neutrons and Donahue's formula for
the cross section are assumed, then only 2.,5% of the fast
flux can contribute to the inelastic reaction. If 3.5 mb
is used for the thermal neutron capture cross section, then
the ratio of fast flux to thermal is 0.38. Since the

thermal flux was 7.0 x 1012, then the fast flux was

2.0 % 1012 neutrons/cme/sec.

In order to estimate the sensitivity of the systemn,
a 30 mg sample of vanadium wire was plzced in the center
of the target chamber with no neutron filters in place.
The intensity of the 6874 keV transition(k3> was used to
obtain a pair peak rate for a 1C0% transition of 280
counts/sec/mole/barn., The resolution of the detector used
was 10 keV and the backgrcund'rate at this energy was 0,004
counts/sec., If the limit of sensitivity is defined as being

the case where the peak rate equals the background rate, then

(% intensity of transition)x(number of mole- ) 20,0016,
barns

This figure serves as a rough guide of the thermal sensitivity
since it depends greatly on the shape of the backgrouxrd
radiation. In the case of the inelastic reaction it also

depends greatly on the amount of interfercnce from gamma



28
rays originating in the target from the (n,y) reaction.

2-5 The Ge(Li) Detector

The energy measurement of a gamma ray may be
achieved by taking advantage of the ionization produced |
in a gas or solid by the gamma fay, or by making use cf
scintillation which occurs when a gamma ray strikes an
organic or inorganic crystal. The scintillation method
(Nal detector) gives less energy resolution but a greater
detection efficiency. In a semiconductor diode (Ge(Li)
detector), the gamma ray transfers its energy to a charge
carrier by means of the photoelectric’ Compton or palr
interactions., The charge carrier then loses its kinetic
energy by colliding with other charge carriers which it
liberates. The resultant charge surge which is collected
by the electric field across the diode is proportional
to the energy deposited in the detector.

The detectors used in this work were fabricated
7 1) ang war1 (490,

XA

using technigues described by Fiedler ¢ 3
Tha detectors were made from horizental, float-zoned,
gallium doped germanium* grown in the <1117 direction. The
germahium ingots were alloyed with lithium as five sided
coaxial detectors using an electroplating bath(ug).
After the drifting procedures and clean-up drift, the
detectors were mounted in cryostats and ceoled to liquid

nitrogen temperature.
* 3
The germanium was obtained from Hoboksn in Belgium

through NPC Electronics Co. located in Los Ancles,
California, USA, f
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Typical detectors used were 15-20 cc in active
volume with a cross sectional area of 12 sq cm and a
height of 1.4 to 2.0 em. This size of detector was chosen
because it was relatively easy to make and by collimating
the beam down the long axis of the counter, a reasonable
percentage of the gamma rays’interacted in the detector,
The fraction of the gamma rays at 7000 keV which interact
in the detector is of the order of 50%. In addition
there was a reasonable probability of the annihilation
gamma rays escaping from the detector to be captured in
the Nal annulus, thereby enhancing the pair mode of
operation, The collimating system was chosen so as to
provide a beam of gamma rays approximately l.5 cm in
diemeter at the detector. Leakage currents of 1 nanoampere
at 1500 volts bias were obtained for the detectors with
a resolution initially of about 3 keV full width at half
maximuwn at 1 MeV and about 7 keV at 7 MeV, The resolution
of the detectors varied somewhat due to rate effects
and greatly deteriorated during usage due to the scattered
fast neutron component of the gamma ray beam which
produced radiation damage in the detectors,

Figure 2-7 is a block diagram of the elecﬁronics
system used. Signals from the Ge(Li) detector were amplified
by a Tennelac TC 135 charge scnsitive preamplifier, The
signal was then filtered and amplified by a Tennelec TC 200

main amplifier, ©Since high rates were used, the signal
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was passed through a Tennelec TC 610 baseline restorer.,
The signal was delayed using an Ortec Model 427 delay
amplifier in order to allow time for signals coming from
the Nal annulus to be electronically processed., Next,

the signal was presented to a WK ramp ADC of a Nuclear

Data 3300 analyzer havihg 16K of memory. Gain and zero
Shiftsrwere handled in two ways. One method was to use a
Nuclear Data Series 3300 Digital Spectrum Stabilizer unit.
Since this method requires strong peaks at the low and high
energy ends of the spectrum, which were not always

(4+6)

available, a precision pulser was built to provide
them., It was found that the pulser was stable over a
period of several weeks compared to thermal neutrasn

capture gamma rays. A second method of stabilization was
achieved by recording the accumulated spectrum every few
hours on maghetic tape and then using a computer progran
which lines up a high and a low energy peak in each spectrum
recorded and then sums the spectra up., The computser
shifting method was developed because the electronic
stabilizing unit was not available initially. Both methods
were found to be satisfactory. The computer shift method
did however tie up the tape deck facilities and as a result
the stabilizer was used for most of the experiments. One .
aGvantage of the computer method was that if the reactor
was shut down for a period of several days in the middle

of the experiment, the stabilizer sometimes needed to be
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adjusted to regain control of the experiment, wheréas
the computer approach made it easy to deal with this
problen,

Figure 2-8C shows a typical detector response for
a 3 MeV gamma ray. Figure 2-8A shows the response for
photoelectric and Compton events, The full energy peak
consists of photoclectric events and alssc multiple events.
For example, if a Conmpton scattered photon undergoes a
photoelectric interaction in the detector, the result is
a full energy event. The peak at m02/2 occurs as a result
of back-scattered radiation, Figure 2-8B indicates the
response for pair events. The first and second escape
peaks occur when one or two annihilation quantsa escapse-
completely from the detector. The continuum of events
corresponds to events in wﬁich the quabta interact and
only partially escape. The 511 keV peak and its associated
Compton continuum arises wheh pair production occurs in
the source or survoundings and an annihilation quantum
proceeds into the detector, Counts just below the full
energy peak can occur either as a result of incomplete
charge collection of a full energy event or as the result
of multiple events, adding together in the detector.
For the detsctors used the full energy peak height was equal
in height to the second escape peak height when the gamma

ray energy was about 3000 to 3500 keV,
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2-6 Nal Split Annulus Detection Systenm

The chief disadvantage of the Ge(Li) spectrometer
is its complicated response function., At energies above
1022 keV the response includes a full energy peak, first
and second escape peaks and a Compton continuum, Thus
the response function is redundant and also inecludes a
significant Compton backgrowid which simply lowers the
signal to noise ratio., This means that weak photo-peaks
can be easily masked by the Compton continuum of strong
higher energy gamma rays. In addition if the spectrum is
complex, escape peaks and photo-peaks of different gamma
rays may interfere with each other, Increasing the size
of the Ge(l.i) detector improves the response by enhancing
the full energy peak; but this approach is limited by
present day fabrication techniques. Collimated beams also
improve the response by limiting the gamma rays to the
central part of the active region of the detector. However,
present detectors have a peak to Compton(background) ratio
of generally less than 25 to 1., The spectral complexity
and the unwanted Compton background can both be reduced by
operating the detector in a pair mode at high energy and
in a Conmpton suppression mode at low energy, using a Nal
split annulus system. Reduction of the Compton continuun
is particularly important in dealing with gamma rays
produced in fast neutron feactions, since the peaks arae

Doppler broadened, theraby reducing the peak height to
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noise ratio,

The Nal split annulus is 15.2 cm long with an
outside diameter of 23 cm, It is split into four optically
isolated quadrants, each with its own photomultiplier,

The central opening is 7.6 .cm in diameter. The entire
crystal is surrounded by A1203 reflector and is hermetically
séaled in aluminum. The design of the Ge(Li) cryostat
pernits the detector to be located at the optimum position
along the central axis of the annulus, Figure 2-9 shows

a cross-sectional schematic drawing of the annulus with
the Ge(Li) detector in place. The annulus is surrounded
by a lead shield % cm thick and 30.4 cm long. The face

of the annulus nearest the target is protected by a 7.6

cm thick lead shield with a 2.5 cm aperture. Since the
gamma ray beam is approximately 1.5 cm in diameter at

the detector, this shileld provides crude collimation in
addition to protecting the annulus from background
radiation, The entire assembly is supported on a steel
table which can be adjusted in all directions in order

to align the detector system with the beam.

| Signals from the four quudrants are amplified by
Stirrup preamplifiers and double delay line amplifiers

and are then passed through Stirrup single channel analyzers,
Figure 2-7 shows the basic electronie logic used to route
events in the Nuclear Data 3300 analyzer. Pair eventis

are selected by demanding a tripie time coincidence batwesn
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the Ge(Li) detector and two opposite quadrants, in
addition to satisfying the 511 keV energy requirements
in each quadrant. Rejection of Compton events is achieved
by demanding anti-coincidence between the Ge(Li) detector
cand all quadrants. Compton suppression and pair modes
can be operated simultaneously by means of routing the |
pulses in the analyzer into two different 4K memory groups.
The two level pulser is used to stabilize gain and zero
for the Ge(Li) detector and its pulses are not normally
stored in the analyzer.

The Nal annulus spectrometer was tested using a
Na2? spurce, With the gains of the four quadrants
matched, resolution of 10% for the four quadrants on the
511 keV gamma ray was obtained, In addition there was
no appreciable gain shift when the source was moved from
one end of the annulus to the other. The Na®? source was
mounted inside a %+ inch dismeter, thick walled aluminum
tube 1% inches long, which is the approximate length of
the Ge(Li) detectors used., The thick wall ensured that
the positrons emitted by the source were annihilated to
produce 511 keV gamma rays. Figure 2-16 indicates the
count rate obtalned as the source was moved along the
central axis of the annulus, The 1275 keV gamma fay
emitted by sodium is in time coincidence with the positrons;
thus the time coincidsence rates for the two halves of the

annulus did not go to zero at the ends of the annulus,
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Since the 511 keV gamma rays are emitted in opposite
directions, the ensergy coincidence rates did tend to zero
at the ends of the annulus, The time coincidence rates
for the two halves of the annulus and the individual
singles rates for each quadrant varied because of the
diffiqulty in setting the lower level of the discriminators
exactly the same on each single channel analyzer.

Figure 2-11 shows the detector response to the
Na22 source placed in front of the Ge(Li) detector on
the central axis within the annulus. Part A is the response
- of one of the Nal quadrants, part B is the response of
the Ge(Li) detector and part C is the response df the . -.
Ge(Li) detector operated in the pair mode., The peak at
1786 keV is due to coincidence summing of the 511 keV
and 1275 keV gamma rays in the detector. The Ge(Li)
detector has a peak to Compton ratio of agbout 10 to 1 with
a resolution of about 3 keV at 1275 keV. The peak to
Compton ratio is somewhat limited by the fact the annulus
is present to scatter events back into the Ge(Li) detector.
In part C, the 511 keV gamma rays produced by positron
annihilation trigger the pair legic circuit, and the
1275 keV gamma ray and its Compton continuum, which are
in time coincidence with the positron emission,'are-
recorded, Parts B and C were recorded concurrently. using
the routing electronicé. The fact that there is no trace

of a 511 keV gamma ray in part C indicates the reliability
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of the logic and routing electronics, for the source
strength used which was typical of the (n,n'Y¥) experiments
done later. One of the reasons for this is the exclusive
conditions impeosed on the pair mode., In practice the
logic circuitry can be operated with either the energy
demands os the timing requirements alone on the pair

mode. Since the second escape peak was not affected by
the extra requirements, all experimental results were

ir logic.

obtained using the full p

o

Figure 2-12 shows the response of the detector
system using a natural thorium sample., All three spectra
were obtained for the same counting time. The uppermost
spectrum was a singles mode spectrum., The middle one
was obtained using the Compton suppressiocn mode and the
lower spectrun was obtained using the pair mode. The
picture of the pair mode response has been shifted down
by a factor of 10 to facilitate the display. It is obvious
that for energies above approximately 1100 keV that the
pair mode greatly reduces the complexity of the responsa,
The peak to background in this mode is approximately 600
to 1, at 261k keV. Since the normal full energy peak
height to continuum ratio is roughly 10 to 1 at this
energy, the overall improvement in sighal to noise ratio
is gbout 60 times. The response in the pair mode consists
of the second escape peask, a low energy tail, and a platean

extending about 30 keV up on the high energy side.



p il B 50
o . i

B
F.

T
.'.::-::-._u:?v. -
'—=_‘—‘_’¢'.;'\- s1n

x
w
z SO L O : >
B =% 8 . ~
: 5y : 4 :
% o 7o)
- ik ey ™~ ’\
o 0
- s T } l
b F L

E J
1

n E % M i k)
- - e ¥ ';‘ ' 4 “
z | L RS DA O |
o B r Y :!
o 103 : 1 '\_.. : ‘

: 5

- 8

102:_— pi 1
L h

R L R
1022

E NERGY (kev)

Fig., 2-12 PResponse of detection system to
thoriun using the singles, Compton suppression
and pzir mcdes of operation.



37

The plateau is the result of small angle scattering of
‘the annihilation radiation in the Ge(Li) detector leaving
behind extra energy which adds on to the true pair energy.
The resolution of the Nal detectors (approximately 50 keV
at 511 keV) still allows the partially degraded annihilation
gamma rays to be accepted as true events, The tail
which extends down to the threshold of the electronics
is caused by electron range effects., The efficiency of
the pair mode is 21% at all energies. The efficiency is
limited by the acceptance angle of the annulus (roughly
80% of 4m), by absorption in chamber walls and the cryostat
and by the photoefficiency of the Nal detectors(of the order
of 50%).

In the Compton suppression mode the annulus is
used in an anti-coincidence mode with the Ge(Li) detector.
Since the dimensions of the detectors are finite and the
solid angle subtended by the annulus is less then 4T,
the partial energy transfer evenis are nholt conmpletely
suppressed. The Compton suppression mode is however still
fairly effective giving a photopeak to background
enhancenent of up to 5 times. The effectiveness of the
Compton suppression increases with energy since the ratie
of the Compton teo photnelectric cross sections increases
with gamma ray energy. Compton edges are enhanced since
large angle scattering (backscattered radiation) can escape

through the entrance aperture of the annulus. The full
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energy peaks are unaffected in the Compton suppression
mode, Pair and first escape peaks are greatly reduced,
The 511 keV gamma ray line conslsts of annihilation
radistion produced by pair interactions in the source
itself as well as being produced by pair events in the

collimator and chamber walls.,

2-7 Performance of Tangential Irradiation Facility

Figure 2-13 shows the response of the entire
tangential irradiation and detector system on the pair
mode using a solid melamine sample (C3H6N6). No neutren
filters were used for this experiment. Most of the peaks
in the spectrum are due to nitrogen with & few carbon
lines and a line ét 2223 keV due to neutron capture in
hydrogen. The intense ground state transition in aluminum
at 7725 keV is produced by scattered neutrons being
captured by the aluminum parts at the énd of the target
chamber and collimator assembly. The line could also be
due to elastic scattering of aluminum gamma rays’originating
in the core area or in the target chamber walls. The
iron doublet in the backgrcund occurs as a result of using
a steel end cap on one end of the target chamber. These
peaks were not present when an sluminum end cap was ussd.,
The resolution is W keV at 2200 keV and 7 keV at'7OQO keV,
The carbon peak at 4433 keV is Doppler broadened since it

\ . . . , 12
is produced by inelastic scattering of fast neutrons on ~°C,
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The system is sensitive enough to use nitrogen gas at
'atmoépheric pressure in the target chamber along with'

a target to do a mixed sourcé energy calibration. Since
the chamber is connected to thé,surface of the reactor
pool by means of a small metal tubing, samples are run
under vacuum and nitrogen gas canh be admitted while the
reactor is running.

Figure 2-1b. indicates the pair and photbefficiency

of the system. The pair efficiency curve is given for

two of the detectcers used. For both detectors the pair
efficiency curve follouws the théoretical pair cross section
in germanium up to about 5 MeV. Above this energy, the -
curves fall off due to finite size of the detectors. The
low end of the pair efficiency curves are very slightly

lower than the_theoretical pair cross section curve due
to absorption of gamma rays by the polyethylene abserber.
The fact that a collimated beam of gamma rays is used is
probgbly why the curves follow the theoretical curve to
such a high energy. The difference in the two detectors
'1s largely due to the height of the detectors. The one
in which the curve tends to levei off was higher than
the one which drops significantly. It may be that in the
former detector the path of the direct gamma beam vas
below the dead "p" region of the detector; while for the
latter‘one it was,hitting this central decad region thereby

reducing the efficiency of the detector at higher ensrgy.
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Fig. 2-1% Pair and photoefficiency of the Ge(lLi) detectors

A and B give the palr efficiency for two different detector
end C gives the photoefficiency of one cf them.
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The photeoefficiency curve is shown for one of the detectors
and it forms a fairly straight line on a semilogrithﬁic
plot except for severe drop off at low energy due to
absorption by the neutron shielding. The two curves are
normalized relative to each other by the fact that in a
single parameter spectrum the pair peak and phetopeak
at 3500 keV are egual in height. The pair peak energy
scale 1s the full energy of the gamma ray and not the
energy deposited in the detector. The efficlency curves
were obtained using nitregen, gamma rays following decay
of gallium, vanadium, aluminum and various other stazndards.
Figure 2-15 shows the background of the system,
Part A was obtained using an empty target chamber over a
24 hour period of time. The prominent peaks are at 7725
keV and 1778 keV due to aluminum, and a peak at 2223 keV
due to neutron capture in hydrogen. In addition to these
there are numerous small peaks which are quite broad,
probably due to Compton scattering. Table 2-1 lists the
lines observed. Part B was obtained by using a carbon
sample at the target position for a 4 hour run. The carbon
spectrum consists of two (n,r) lines at 4945 keV and 3643
keV, and a Doppler broadened line due to inelastic neutron
scattering at 4433 keV. The 7725 keV line appears to be
enhanced ccmpared to the.l778 keV line suggesting the
possibility of elastic scattering as one mechanism

contributing to the formation of these background lines.
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Both the 7725 and 2223 keV lines have a broad Compton

scattered component just below these energies. The

geometry of the reactor and lead plate beside the core

provide an acceptance angle of 2 to 5° for gamma rays

originating in the core area and hitting the aperature

area of the in-pool collimator and scattering inte the

detector. These angles explain the width of the Compton

scattered component of the 7725 and 2223 keV gaﬁma ray

lines. Initially the in-pool collimator was water filled

betueen the CLiF neutron absorbers, After the initial

trial run on the facility, the water was replaced by an

alr filled thin walled aluminum contsiner in order to

reduce the material which can be used for scattering off of,

This cut down the background peaks by approximately 5 to

10 times, Figure 2-15 was obtained after this modification,
Table 2-1

System Backeground

Energy (keV) Rate(counts/min) Width of Line(keV)

1778 0.99 4.6

2023 7.4 7 + 90 keV continuum
- extending downwards

2948 0.68 | 30-40

3110 0.69 30-40

347 0.34% 30-40

3579 0,13 | 30-40

4110 - 0,58 30-40



L2

Energy Rate Width of Line
4237 0.56 30-40

4685 0.77 30-40

4886 0.33 , 30-40

7656 1.93 30-k0

7725 0.36 10-12 + continuum

extending downward

2-8 Doppler Broadening Effects

When fast neutrons (L to 10 MeV) interact with
atoms in a target, they transfer typically 10 to 200 keV
of kinetic energy to the atom according to the laws of
conservation of energy and momentum. The resulfént motion
of the nucleus produces a Doppler shift in the energy of
the gamma rays, which are emitted while the nucleus is in
motion. For each set of given initial conditions there is
a distribution of velocities of the target nucleus and
hence a distribution of possible energy shifts of the
resultant gamma rays. This leads to a broadening of the
gamma ray peaks produced in the (n,n'¥Y) reaction. Figure
2-16 shows a small portion of a spectrum obtaingd for the
reactions 27Al(n,r)28Al and 27Al(n,n'¥)27Al. The radiation
arising from the inelastic reaction is Doppler breadened
and is indicated by arrows in the .figure. The peaks due
to the cabture reaction display the peak width which is

characteristic of the system resolution.
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In order to understand the experimental results
and their limitations, a model for the system has been
derived. The model assumes that the complex geometric
convolution factors can be approximated by assuming that
the incident neutron flux is isotropic, and that the target
nuclei recoil isotropically in the center of mass
co-ordinate system., The gamma rays are assumed to be
emitted isotropically in the center of mass sysfem as
well., In addition to the geometric factors, a quantitative
estimate of the reesction parameters is necessary. The
neutron spectrum is assumed to be an unmodulated fission
spectrum of the form ¢(En)a—exp(-dEn) wvith o= 0,77 Mevnl.
The inelastic neutron scattering cross section is
approximated by Donahue's expression (35)

o (E) ~ (1 ~ exp-g(En-Ex)),
where E, is the center of wmass neutron energy, Ex is the
level energy, P = 3 MeV-l and E,> Ey. The reaction rats
as a function of energy is thus given by

R(E,) ~ (1 - exp~5(En~EX)).exp(-q.Fn).
The mean value of the'neutrons entering into this reaction
in the laboratory system of enefgy is given by

En = (Bxy + 28 ),(A + 12

[rrE——— P i

ICETD) A%

; 2
(Bx + 1.56).(A *+ 1) " MeV,
5 .

The mest probable. neutren ensrgy is given by

=

'\ _
En = (E‘{ + 1 . lﬂ.i ZL -Lg ) ) ° ( A -—t-l
: o [ A%



o 2 "
Bn = (Ey + 0.53).(_A+ 1 )% MeV,
A2

Both of these may be represented by the expression

B, = (Ex +A).(_A X'—”l“)z MeV.,

with 4= 1,56 or 0.53.
The incident energy in the laboratory system is

given by E, = i.m.Vﬁ , where V, is the velocity of the
2

neutren in the laboratory systen. Before the collision

the energy in the center of mass co-ordinate system is

2 - &
lLemo (Vp=V,)" + 1MV, = _4A o5
> n-°e > ]

n v
A+ 1
where A is the mass of the target: nucleus, V, is the
velocity of the center of mass and M is the total mass

of the system. After the collision the energy is given by
~ -
EX+ _:Lorﬁov § + %.l’InVA =4 EX +

o
2 n omo.A.o\IZo <A + l),

1
2
where V,: is the velocity of the recoil neutron and V,

is the velocity of the recoil nucleus. The conservation

of energy states these two energies are equal. Thus

" 2 o 2
E, = _%.m.(A + 1) A (V, 5=V, 7)

Since V. = V A+l = il el 2sBa the
¢ ZI/QH ) A+ 1 m 9

previous equatiocn can be rearranged to obtain

7’
v, =/ 2,Eq - 2. B .
) n(A + 1)% m.A.(A + 1)

The transformation from the center of mass systen

>R

-

of co-ordinates to the lagboratory system is given by
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2

2
V2 = Ve £ V42 + 2.V,.V.cos¢, and

tan @, = Va.sin $e
Vai.CcOSd, + V
oy LA c

9
where ¢.is the angle of scattering in the center of mass
- L s o 1 ;| £ I £ v i -
syauem’ Q1S the angle ol scatlering in the laboratory
system and V, 1s the recoil velocity of the target nucleus
in the laboratory systen.
To calculate the Doppler broadening it is necessary

to determine the probability distribution function P(V,),

If the target nuclei recoil isotropically, then

]

P{¢c) = L.sin@. , _Thus
2
P(Vy_> = P(c?c;). _d_?ég = __Ve
dVﬂ 2'VA°VC
an.d (VC_VA> \< V‘:? (VA ot VC) °

If the gamma radiation is emitted at an angle
from the recoil direction, then the energy shift is given

by AE, = Ex.%: .cosYf. If the gamma rays are emitted
c

isotropically, then PY) = %.sinﬁy. The probability

distribution of AE, for a given Vpis

PAE\T,) = P(Y)._a ¥ = c .
Y d(AE,) 2.5,
Since P(VQ) has been c lculated, the distribution becomes
P(AEV> = S [ . Vl ° dV"_
cAFyv Z.Ev.V‘a_ 2°VA‘VC
Ev
= C_‘_______ . (Vp <+ Vc - C.AEY )o
z;'.Ey. /‘ Vc Ey
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The full width at half maximum of the P(AEV) distribution
is given by

AE)fwhm = EV . (VA + VC)'

VA and V, have been given in terms of E, and Ey previously.
If mean or most probable neutron energies are used and if
only ground state transitions are used (E = Ex), then

the full width at half maximum of the gamma ray peaks

becomes AE) = |2 . Ey. ( [Ey +A(A + 1))+ [Ev +A Je
fwhm = (537 " % / (& + 1)

In the (n,n'¥) reactions studied the mass number A varied

by a factor of 4 and the energy by a factor of 8., Figure
2-17 gives the results of a study of the variation in
peak width with A and E,. The experimental values of

AE have bean divided by the calculated value given above.
The two dotted lines give the theoretical values for the
two choices of parameters En and ﬁh. Excellant agreement
is obtained if ﬁh is used., The average value of the

experimental points is 0.93.

2-9 Sample Position and Energy Shift

The reactor is a source of gamma rays as well as
a neutron source. The wide angle subtended by the core
leads to a broad energy spread when radiation is scattered
from the target. Since the energy of the scattered
radiation is given by

Ey = By

1 + (lecos@®) ._Ev_
mc*
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it canh be seen that the target position has a pronounced
effect upon the spectrua of radiation scattered down

the beam, If the farget is placed in the target position
indicated in figure 2-1, at the edge of the core remote
from the detection system, then the gamma rays are
scattered through large angles with the result that the
scattered gamma ray spectrum‘is compressed into the energy
range 0 to 511 keV, The gain in overéil sensitivity by
using this target position more than compenéates for the
small ~20%) loss in neutron flux compared to a target
position opposite the center of the core. Thus targets
used for this work were typically of the order of 3 to 6
inches in length and 1 inch in diameter and were placed
beside the last 6 inches of the core. Figures 2-18 and
2-19 show the result of placing a &4 inch long aluminum
sample at the target position at the back edge of the core
and also at the edge of the core nearest the detector
syétem. Figure 2-18 is the result of operating the detection
system in the singles mode, The lower electronic threshold
for the case with the sample at the back edge of the core
had to be set high to limit the dead time on the analyzer
due to the high rate at low gamma ray energy. Figure

2-19 shows the same samples done using the pair mode of
operation, The gain in overall sensitivity accomplished
by placing the target at the back edge of the reactor

thereby reducing the general Compten scattered background
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at the back edge (B) of the reactor core.
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at energles above 500 keV can be easily seen. The gain

in sensitivity using the pair mode of operation compared

to the singles mode is also obvious, The results for

the aluminuwn sample were obtained using only a cadmium
filter. As a result of this, there is a significant

gamnma .ray contribution to the overall spectrum due to the
(n,¥) reaction, This component ié readily identified since
the resolution of these peaks is limited by the>response

of the detector. Gamma ray peaks due to the inelastic
neutron reaction are Doppler broadened.

A serious drawback to the position chosen to locate
the targets is that there is a net enargy shift of the
ganma rays. This is caused by the fact that the neutrons
are not entirely isotropic but are peaked about some
incidence angle slightly off from 90°., Figure 2-20
shows the algebraic difference between the two sets of
results given in figure 2-19. The gains for the two
experiments were identical and the number of counts in the
7725 keV gamma ray peak was egual and as a result the gamma
rays originating in the (n,y) reaction cancelied. The
peaks due to the inelastic reaction appear to bé bipolar
because of the net energy shift between the two locations,
Several of the larger inelastic gamma ray lines were
deleted to make the illustraticn clearer. The general
pattern is caused by the difference in the Compton scattered

background radiation,
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The net energy shift produced by placing samples
at each end of the core is given by

AE, = 2,E,.Ve.cos¥
c

where Vv, is the average recoil velocity and Yis the
effective incident neutron angle relative to the collimateor
axis. An examination of the conservation laws reveals

Vo« Ve, The value for V, is given by

Ve = 1 .JfZ.En, = 1. (2(ExtD)
m m

A+ 1 A
if the average or most probable neutron energy is used.

-Thus the shift is given by

BEy = 2,Ex . [2(E +4) ., cos VY.
A 931

This expression can be integrated over the length of the

sample to predict the net energy shift. Figure 2-21

shovws the experimental values of the energy shift for
ground state transitions in aluwniaum, The solid line
gives the calculated values using ths value of Ywhich gives
the best fit. The angle Yis very dependent upon the sample
position as indicated in the insert of figure 2-21. The
general agreement between the model and the experimental
data 1s good considering that the Eyx and A dependence are
fixed by the equations and the ranze of cosY is limited by
the geometry of the reactor. The equation for the energy
shift has been used to c?rrect all the gamma ray energies
given in subsequsnt chapters of this work. Since the true

unshifted enargy would be obtained opposite the center of



|
AT

-2 -l 0 +1 *2
"X" Sample Position(in.)

S

Ll

X

°

01

(W

EE ®
N

>

)
-

L .

Zcl. Py o

LLI5

e
o
®
°
4 | 1 | ] i ]

0 2 4 b
| ENERGY (MEV)

Figure 2~21 Enargy Shift due to Doppler Effectis.
The graph displsys the energy dirfference for an
aluminum sample placed at the front and back

~edges of the reactor core.



50
the core the shift is divided by a factor of two.

2-10 Sample Form .

In choosing the form of sample to use there are
a number of important experimental limitations. Since
most samples would be heated up to a few hundred degrees
Centigrade depending on the material used, the melting
point or decomposition point of any sample used must be
quite high. Reactor safety dictates that the sample$
must not be reactive with air or water at the elevated
temperature in case of any vacuum failure while the target
chamber is in position. Materials which were water soluble
were encapsulated in thin walled aluminum containers.
This led to background gamma radiation which was frequently
used for calibration., Disposal of the irradiated samples
implies that the half life and decay mode of the activated
samples must be considered. In order.to satisfy these
reguirements, it was necessary to choose stable compounds
containing the desired elements., Since sevaral elements
were thus studied concurrently it was necessary to study
several compounds containing each elemant to separate the
various conmponents. Fluorides were chosen since they are
very stable and are easy to obtain., In addition fluorides
were chosen in order to study the effect of stopping power
on the Doppler broadenin®. The samples studied were Si, Al,

BP, B, melamine, LiF, NaF, CaF, and PbFp,



CHAPTER 3
TYPICAL HAUSER FESHBACH CALCULATIONS

3-)1 Introduction

The cross section for a given level as a functien of

energy using the Hauser Feshbach formalism is given by

2 N J T ,

o (E) = v?\é (2041) T, 0 T/i'2’ .
i 2Ty H T
)",C’ a("j" ] J

One of the chief problems in applying this formula to the
(n,n'r) reaction using reactor neutrons, is the fact that
the crosé section for one level depends on the branching
from the intermediate state to all other levels which have
their threshold energy below the aveailable energy. A
sacond problem is that the decay scheme and branching
ratios must be well known in order to correct for the
populacion of a level due to the decay of other levels of
higher energy. In order to minimize these problems, it
was decided to study some of the lighter elements in this
work. The experimental facility is somewhat limited for
lov energy gamma rays below 600 keV due to the large amount
of Compton scatteréd radiation ceming from the targets.

In addition, the neutron absorbers reduce the sensitivity
of the system at low energy. The detectiocn system is alse
limited at low energies since thas Complon suppression mode
is less effective. However light elements do not have

complicated decay schemes and have relatively few low energy

51
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gamma rays in their decays schemes and thus are easier to
work with.
The determination of the total cross section for
given levels of a nucleus was accemplished by placing
a target beside the reactor core, thereby averaging over
‘a large rahge of angles. The intensity and energies of
the gamma rays emitted were then recorded. The energy
information, along with other experimentzl resuits obtained
by previous experimenters wvas used to determine the decay
scheme. The intensities were used to obtain values for
the yield or population of the various levels in the target
nucleus, The intensities alse provided branching ratios
which are useful aids in predicting spins and parities of levels,
For energies above 1 MeV, the reactor spectrum of
neutrons can be approximated by ¢(E) = 4exp(-«E). The
constant X depends on the amount of water and other material
located batween the sample and the reactor core, A pure

fission spectrum can be approximated by o= 0,77 MeV"L.

(&7)

The data given in Research Reactors

o in the range 0.65 to 0.75 MeV-l. In handling the silicon

suggests a value of

data, several values of &% were tried to get the best
overall agreement with known spins and parities. It was
found that the best value was « = 0,70 MeV"l. The fissien
(48)

spectrum can also be fitted by the function

$(E) = sinh(2.E)%.exp(-E).
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This form does not appear to give a good an agreement
as the simple exponential although it does predict the
drop in population observed for the very low energy levels,
The primary population 6f a level after correcting
for decays from other levels is given by |
P=S¢(E).¢(_E).dE or £ (E).4(E).
Since the values of the transmission coefficients used to
calculate ¢ (E) were obtained from a table, the finite sum
formula was applied. The enhergy range was divided up into
finite steps and level ehergies were rounded off to the
nearest step. Several grid sizés or energy divisions
were tried until changing the grid size by 50% had less
than a 5% effect on the predicted population values in
genersl. The step size chosen was 200 keV, Since the
population versus energy for a given level always tends to
peak at 0.5 MeV above threshold it was possible to get a
good value for the pepulation of the levels by taking the
energy range to extend up to 3 MeV above the highest state

pbserved.

3-2 Predicted Population Values for 288i

In order to use the Hauser Feshbach formalism,
one must first draw up a table of possible spin combinations
for each level of interest using the restrictions given
in chapter 1. Table 3-1 shovws the permitted spin
combinations for g transition from the 0+‘ground state of

285; to a 2 excited stata.



Lable 3-1

Neutron Angulsasr Momenta
for a Of to 2T Excitation

L s Jm L0 gxs £ l+s JT L4 f+s
0 1/2 1/2+ 2 3/2 3 5/2 5/2- 1 1/2
2 5/2 1 3/2
3 9%
1 1/2 1/2- 1 3/2
| 3 5/2 3 772 7/2- 1 3/2
3 5/2
1 3/2 3/2- 1 1/2 3 7/2
1 3/2
3 /2 Y v/ 9/2+ 2 3/2
3 7/2 2 5/2
o772
2 3/2 3/2+ © 1/2 L 9/2
2 3/2
2 5/2 L g/2 g9/2+ 2 5/2
Y 772 yo7/2
, 5 9/2
2 5/2  5/2+ 0O 1/2
2 3/2
2 5/2
I 2/2
i g/2

The primed quantities refer to angular momenta after the
reaction, J 1s the spin of the intermediate state. The

L values considered range from O to 4 for both the entrance
anGg exit channels., For this example it is assumed that there
is only one pessible level other than the ground state, so
that the double primed sum in the cross section equation
consists of only two terms, for each given intermediate-
state. Since the parity is not changed in the overagll
reaction, the parity of ' in each case must be the sams

as the parity of the corresponding { in order to conserve

parity. 7The following equation gives the cross section for
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a O+ to 2+ excitation as a function of energy. The
intermediate spin and parity are given in brackets at

the right for each term.

2,5 (B304 to 2+) = 2, ToXE), [L(E') + To(m) + T, tm)] (1/24)
TA TO(E) + TREY) + TE') + DA(E')
2, TOE LT AR+ TEn)] (1/2-)

TRE) + T(B') + TA(EY)

+ W THE)ITEY) + THE) + Tr(E') + Te(E)] (3/2-)
THE) + 1™E') + THE") + TMET) + THET)

3. g, 3/ 72 /2,
v b RUE) LT 4+ TR+ Ta(B) + TR (BT (3/2+)
TRE) + LRED) + Ia(EY) + THEY) + THEY) .

57 I/ 3/, E7A /. e,
+ 6. T (B LTP ) + TNEU) + Ta(E') + Te(B) + Ta(z )] (5/2+)
THE) +IMEY) o+ TRET)w TAET) + TAHBT) + TAEY)

2 4

7 TR ) 4 A '
+ 6, Ta(B).LT (R + TINELL$ To(R) + To(ET  (5/2-)
T;'II( E) + Th{ET) + T‘.v‘( WYy + T:’ VY T;/L(Er -

b BT (BLLT () + To(B) + Te(B)] (7/2-)
TIE) + TET) F TAET) ¥ TA(E')

s W, A /e L7 ‘
+ 8. Ty (B)LTo(i!) + Ta(E') + Ty (B') + Te(E')] (7/2+)
TE) + TME') + TAE') + T;{(EY) + Tf‘(E‘)

9/, S 7y T’ '
+ 10, TyXE) LT2(8') + Tu(B') + Tu(B)]. (9/2+)
TINE) + THET) + TREY + TREY)

E' is the snergy difference between the intermediate state

and the final state. E is the incident neutron energy.
Figure 3-~14 illustrates the predicted cross section

of the 2+ 1778 keV level in 2881 versue neutron energy using

the above equation. The upper curve gives the result

if no other levels other than itself and the ground state

are considered. The lower curve includes the effects of

all known levels on the calculations, The effect of extra

levels is that extra transmission coefficients are added into

the denominator of each term of the cross section eguation,
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The arrows in the illustration indicate the known energy
levels and their spins and parities. Figure 3-1B shows
the population of the state as a function of energy. Due
to the fact that the higher energy states in 28Si are more
than 2 MeV higher in energy, they have very little effect
on the population of the 1778 keV level, Figures 3-24
and 3-2B give the calculated cross section as a function
of energy for the 1778 keV level up to 5 MeV for various
choices of spins and parities. The effects of the U6lk
keV level have not been included in this calculation, The
results of this calculation indicates that the results are
not very sensitive to parity, This result is true in
general, except for level energies below 1.5 MeV, However
the calculations are very sensitive to spin values., Figure
3-2C shows the calculated population values as a function
of energy. The different spins tend to produce pairs of
curves lying close together, For example, the values of the
1+ and 2+ cases produce similar values as do the O+ and 3+
casaes, The total populations up to 5 MeV of the 2+,3+ and
Y+ cases are 2.8%, 1.99 and 0,86 units respectively,
Figures 3-3A and 3-3B display the cross section and

~

population values as functions of energy for ssveral typical
. - :

higher energy levels in Si. Results are given for the

calculations assuming there is branching to all known levels,

and also assuning there is only one level pressnt,
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If Donahue's formula for the cross section is used and if
an exponential neutron flux distribution is used, then the
population of a state is given by

population ~(l - exp-p(E, - E+A)).8Xp~dEn R
where En is the enhergy of the neutron and Ey is the level
energy. Figure 3-3C is a plot of this equation for a state
at 2 MeV, As can be seaen in the figures 3-34,B,C the
population curves all have the same general shape and reach
a peak value about 0.5 MeV above the threshold ensargy.

In order to test how sensitive the calculations
were to an incorrect choice of spin and parity, various
combinations of spins were tried for the levels, It was
found that an incorrect choice of a spin for a high energy
level had little effect on the calculated values for other
levels, Any incorrect cholces for levels below 3 MeV tended
to have drastic effects on the results for other levels,
In the nuclides studied in this work, the spins and parities
for low lying levels were all well known. Thus it was
possible to select reasonable spin choices for higher energy
levels of unknown spin and use the predicted intensities obtained
to iterate to find the correct spin of the levels, This
proceadure was repeated until the best fit was obtained for

all levels simultaneously.

3-3 Experimental Data Handling

The experimental data for each target studied
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consisted of a set of single parameter measurements using
the singles mode, pair mode and sometimes the Compton
suppression mode of operation, The information obtained
consisted of a set of energies and intensities of the
gamma rays emitted by the target nuclei. In order to
obtain the energy of a gamma ray, the channel position
of the centroid of the response peak for the gamma ray
had to be determined. The easiest technique to do this was
by visual observation. It was generally possible under
the experimental conditions to determine the centroid to
the nearest two tenths of a channel which corresponds to
0.5 keV in energy. For some of the spectra a Gaussian
peak with a linear background was fitted to the gamma ray
peaks using a computer program. Since it gave the same
results within the error quoted, it was felt that the simple
visual approach was good enough., In addition the gamma
ray lines may not have a Gaussian response, due to kinematic
considerations arising from Doppler broadening. The energies
of the gamma rays were obtained from the expression

E=a + bex + C.X° ’
where x is the channel., The constants a, b, ¢ were determined
using a least squares fit to known gamma ray lines. For
nost spectra, knhown lines could be obtained from gamma rays
originating from the (n,¥) reaction which always occured

— " ol b X X 7 ¥ =3 T 0 “ =
as background along with the (n,n'r) reaction. If low

-~

energy gamma rays were required then an external



was used as well. The accuracy of the energy measurements
was limited by uncertainties in predicting the energy shift

which occured as a result of dealing with fast neutrons.

3

he general overall energy uncertainty was of the order of
3 keV,

The intensities of the lines were obtained by visually
fitting a linear background to the peaks and then finding
the area of the peaks. These results were also compared
to a Gaussian peak fitting program and were found to give
reagsonable agreement. Since practically all the measured
peaks had more than 1000 counts in them and since the
background on the pair mode was low, the statistical uncertainty
was generally under 5% for all peaks. The intensities
were corrected for the response of the detection systen
using the efficiency curves given in section 2-7. The
pair efficiency curve appeared to have uncertainties of
under 5% judging from the consistency of the results, Marion

L (49)

et reported the error in the intensity of the nitrogen
lines used for calibration to be under 15%. The photo-
efficiency curve was not as accurate due to the poorer

signal to noise ratio in the singles mode of operation.

The overall error associated with the intensity measurements

was generally less than 15%.

3.k 283i Results

The silicon target consisted of a cylindrical

piece of high purity natural silicon Y% inches in length and
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1 inch in diémeter. Despite the fact that the boron
carbide filter as well as the cadmium filter was used,
there was a sufficient (n,¥) contribution in the silicen
spectrum to use it to calibrate the energy scale, Since
natural silicon consists of 92.2% 2851, 4.,7% 2951 and 3.1%
3061, gamma rays due to inelastic scattering reactions on
all three isotopes oécured. In the case of 2981 the lines
due to inelastic neutron scattering were masked‘by gamma
rays produced by neutron capture on 288i. Table 3-2 lists
the gamma ray energies and intensities for lines originating
from the inelastic reaction on 2881. Table 3-3 gives the
branching ratios, Table 3~ compares the relative
experimental population values for each level with the
calculated values using the Hauser Feshbach formalism using
previously measured spin and parity results., The fifth
column indicates the percentage difference between the
present measurement and the calculated results based on
previous work, The two sets of population values wvere
normalized to be equal for the 1778 keV level since this
levél had the least experimental uncertainty and its spin
and parity are well khown. For other elements studied

in this work, normaliztion was usually dohe for a state

in the 2~3 MeV region. Lower energy stvates were not chosen
since the neutron flux would not fit the simple exponential
distribution used for the calculations. High energy states

wefe not used since they were generally weakly populated.
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Column six of tablé 3-4 indicates each spin and parity
which gives a calculated value within 30% of the experimental
values., Spin states up to 6 were considered in the
calculations, Thé neutron transmission coefficients
used in the calculations were those of Bjorklund and
Fernbach(16), It was found that the coefficients given
by Perey and Buck in the same reference gave similar
results within experimental errors, |

Table 3-2

Gamma Ravs Produced by the 288i(n.n'¥)28Si Reaction

Energy (keV) Relative Intensity  Energy (keV) Relative Intensit

1523,0 0.00075 5107.1 0.0122
1661,0 0.0118 5605.3 0.00246
1778.9 3.152 | 6019.1 0.00215
2835.3 0.074%0 6880.0 0.00315
3197.% 0.0349 7383.6 0,0016k%
Lok, 3 0.00730 7416, 5 | 0.00587
4913.2 0.00490 793%.8 0.00391"
5101.1 0.00135
Iable 3-3

Branchine Ratins for 293i Levels

Initial Final Present Previous Workg g
State (keV) State (keV) Work % Endt and(59  Gibson(®Y Brngst(52)
~Van der Leun et al

Bt e S pP——

1778.9 £.5. - 100 J.00 100 1C0
461k, 2 1779 100 100 100 100

4976.3 1779 100 100 100 100
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Initial Final Present Endt and Gibson  Ernst
State State  Work % Van der Leun et al
627%,2 1779 60 90 85 55
461k 40 10 15 Ly
6692,1 1779 100 100 100 100
6880 2.5 * 67 63 go
1779 * 33 2 0
LE1k (2) 3 -
6886 g.5,. * 1 - 80
1779 * 100 100 20
73834 g.s. 40 L5 45 57
1779 60 55 55 43
7416.5 g.s. 100 90 92 100
- 10 8 -
7795.8 1779 o 75 79 70
: 6274 26 25 21 30
793%.8 g.s. 100 80 100 100
1779 - 20 25 -
* In performing the Hauser Feshbach calculations the results

of Gibson were used for the branching ratiocs which have been

omitted due to experimental limitations in resolving doublets

in the gamma ray spectrum,

Table 3-L

Experimental Population Val

ueg, and
Hauser Feshbach Results for <CSi
Level Previous Predicted  Experimental & Possib]
Energy (keV) __ JWT Popul=ation Population  Difference _JTvalue
1778.9 2+ 3,067 _3.067 - 1+,2+
4612 L+ 0.0677 0.0616 +10 Yt b
%976.3 3+ 0.03%9 0.0377 -7 Ot ottty Ly
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Level Previous Predicted Exp'l % Possible
Energy JT Population Population Difference Jfvalues
6275%,2 3+ 0.0213 0.0196 +9 T (1+,1-),3+,3-
6692,1 O+ 0.00513 0.00390 +31 O+,0~ Lt

6880 Lo 0,0112 0.0122 -8 w5 Dy B {3}
6886 L+ 0.0053 0.0045 +18 Yot L

7383.4 1+ 0.0045 0.00%1 +7 1+,1-

7416, 5 2+ 0.0060 0.,0059 +22 1e,24,2=,(3+)
7795.8 | 3+ 0.0034 0.0029 +16 14,1-,3+,3~
7934.8 2+ 0.0031 0.0039 ~20 1=y 24, 2 s {3ty 3u)

The predicted possible J valuas which are in
brackets are considered unlikely since the values of the
spin and parity are more than two units of angular momentum
different from the spin of a level to which the state
decays to strongly; There appears to be no disagreement
between previous results and the present results, No
calculations were attempted for the two less abundant
isotopes of silicon since only a few levels were observed
and there would be severe interference from the (n,Y)

reaction which produces the same energy gamma rays.

3~-5 Non-zero Ground State Spin Cases

The siliceon calculation contain fewer terms then
most other targets since silicon has a O+ ground state,
This means that cembining an incident neutron spin with
the ground state spin can only lead to one intermediate
spin state, and hence a limitod number of terms in the

calculations, Table 3~5 indicates the terms obtained for
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271 which has a 5/2+ ground state. Only the formation

of the intermediete state is indicated in the table. Figure
3-5 indicates the results of the calculations of the cross
section as a function of energy of the 845 keV level in
aluminum, The upper curve indicates the result with no
branching from the intermediate level to other levels and the
lower curve includes the effects of all known levels. The
1017 keV level causes the peak in the cross section of the

845 keV level to drop off more rapidly than in the upper

case.
Iable 3-5
Formetion of Intermediate
State Spins in Aluminum
9. 2+ s Jr 2 J4+s J £ 4+s T
0 1/2 2+ 2 5/2 2+ L 7/2 1+
3+ - 2+
)'l""i' 3+
1 1/2 2- 5+ o
3- o
3 5/2 O- Gt
1 3/2 %- %n
- - L 2 2+
W 2 9/ 2
L~ L G+
5- 5+
2 3/2 1+ 6+
2+ 3 (i 1- 7+
I+ D
LG+ 3-
7
2 5/2 O+ 5-
1+ b-
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CHAPTER &L
RESULTS OF CROSS SECTION MEASUREMENTS
The method developed by Ernst described in section

1-4% using Donahue's general cross section formula and an
exponential neutron flux was considered as a possible wéy
of explaining the eXperimental population values, It
was found that the large range in population values could
not be explained using this technique.

| Calculations using the Hauser Feshbach formalism
- were performed for each isotope using the Bjorklund and
Fernbach(lé) neutron transmission coefficients, For some
cases the calculations were also performed using Pérey

(11) neutron transmission

and Buck's(lé) and Beyster's
coefficients. Since the results were the same within
experimentzal error, only the results for the B&F coefficlents
are given, In this chapter, czlculated population values
based on previously known $pins and parities have been
compared with the experimental vzlues and predict}ons have
‘been made for the spin and parity of the various levels

whose spin and parity are unknown. The @ethods used for

the calculations have been described in detail in chapter

3 and will not be discussed further in this chaptérg Unless
~ stated otherwise it may be assumed that both the cadmium

and boron neutron filters were used for each element given

in this chapter. All energies have been corrected for the

shift due to Doppler effects.
A 4
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4.1 Calcium Results

Calcium was chosen as a target because its
branching ratios, spins and périties are fairly well known,
Thus calcium along with siliéon provided a test for the
mathematical model used in this work., A summary of the
relevant information concerning calcium up to 1965 uas
given in a review article by Endt and Van der Leun(sg).
MacDonald(qu.gg al in 1967 studied the hoCa(p,b’X)hOCa
reaction. They measured the branching ratios and lifetimes
of several levels and obtained some information regarding
spins and parities. |

Calcium was studied in this work using a calcium
fluoride target encapsulated in aluminum. Natural calcium
consists of 96.97% %0¢, making -it virtually a monoisctopic
element. The fluorine component of the gamma ray spectrum
was easily separated since fluorine was studied using a
number of different compounds. The energy calibration of
the spectrum was achieved using gamma rays produced by the
4OCa(n,Y)#lCa reaction and by background lines due to the
presence of aluminum, Nb gemma rays originating from the
lgF(n,X)ZOF reaction were observed., The lower energy region
was also calibrated using an external 5'6C0 source<557.

Both 2851 and %0Ca are magic nuclei and as a result

both have their first excited states at high energy. The

ground state of calcium 1s a O+ state and the first excited
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state occurs at 3350 keV.  Since it also is a O+ state,
gamma ray transitions to the ground state are forbidden

and decay is by internal conversion. Normalization of ths
calculated values to the experimental results was achieved v
using the 3730 keV level., This level is strongly populated
and decays 100% to the ground state.

Table 4-1A is a list of thé gamma ray transitions
assocliated with the inelastic scattering on caléium. Table
L-1B gives the branching ratios obtained for the various
levels, Table 4-1C gives the experimental population values
for the levels of hoCa and compares them with the calculated
results which are based upon previously measured spins and
parities. Figure 4-1 shows the pfoposed decay.SCheme
for hoca.

Table 4-14

Gamma Rays Produced by the L+OCa(ngn‘Y)uoCa Reaction

Energy (keV) Relative Energy Relative
Intensity Intensity
755.1 0.0660 212%,0 0.0273
780.0 0.003% | 2276.5 0.0020
1123.% 0.00972 2290.0  0.0248
1307.6 0,0441 2294,0 0.003k%
1344, 5 0.0169 2379.3 0,00801
1372,3 - 0,0338 3735.%  0.538
179%.0 0.023% 390k 0,549
1880. 5  0.0235 540k 0.0681
2120,0  0,0062 5627.5  0.0162

5001 4 0.0453
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Table 4-1B

Branching Ratios for qua Levels

Energy of Initial Level Final Branching Ratio (%)
| [(56) Rk |
Present Poletti keV) Present Poletti MacDonald
Work et al Work
3735.4 3736.8 2.5, 100 - 100
3904%,8 3904,2 g.5. 100 - 100
: 3350 - - 2
44 90,5 Yho1,7 3735 100 - 100 2
5212 .4 5212,2 3905 100 - 100
5249,3 5248 .8 g.5. 80 83 80
3350 - - 2.5
3735 - - 2.0
3905 20 17 20
5277.1 5277.6 g.s. - - 8
: 3905 100 - 96
LYol - - b
561%.,9 5614%,5 3735 70 72 65
o1 30 28 35
5627 4 5626.3 g.5, o1 - 90
3350 9 - 10
5901 .4 5900.1 geS.a 100 - 100
6025 6025.2 3735 80 80 -
| 3905 20 20 -
602 6029,0 3735 10 20 -
7 3905 80 8k -
5249 10 13 -
6284, 1 6285.0 3905 25 ok 25
L9l 75 76 75
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Table 4-1¢C

Experimental Population Values and
Calculated Values for *UCa

Level Previous Predicted  Experimental & . Possible
Energy Jm Population Population difference Jr

(keV) Values
3350 O+ decays by internal conversion -

3735.% 3~ 0.461 0.%461 - 1+1-2+2-3+3~
3904,8 2+ 0.418 0.461 -9 . 14,1-,2+,2-
490,5  5- 0,264 0.320 -17 5+, 5~
5212,%  0+(1)  0.0489(0+) 0.0442 +11 0+,0-
5249.3 2+ 0.10% © 0.0808 +28 141-242-3+3~
5277.1 L+ 0.0335 0.0345 -3 R
561%.9 L~ 0.0222 0.0279 -20 O+y 0= Lt e
5627 Lt 2+ 00,0452 0,0391 +16 1+,1-,2+,2-
5901 .4 1- 0.0421 0.0%53 -7 1+,1-,2+,2-
6025 2- 0.6301 0.0310 -3 1+,1-,2+,2~
6029 3+ 0.0350 0,03%1 +3 2+,2-,3+,3~
6284 ,1 3- 0.0311 0.,0350 -11 2+,2-,3+,3-

Thé calculated population values are in good
agreement with the experimental values., All results agree
within 30% error and 10 out of 11 are within 20%. As was
the case for silicon the results are not sensitive to parity.
The 5212 kaV level appears to be a O+ level and not a 1+ or
1- level, MacDonald ef ‘L(54J observed that the level

previsusly reported at 6025 keV was a doublet. The present

experimental limitations did not perwmit the resolution of
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this doublet. The branching ratio given by MacDenald

was used to divide up the total intensity of the decay of
the two levels. If a doublet level was pot assumed then
the calculated values for any choice of spin and parity
was too high by a factor of two., In addition a gamma ray
of energy 780 keV was observed which was aséumed to decay
from the 6029 keV level to the 5249 keV level, The decay
from the 6029 keV level toc the 5277 keV level may not have
been observed due to the low signél to background ratioc of

the facility at this energy.

L.2 Phosphorus Results

Phosphorus was studied becauvse the spins and parities
of levels up to YW+3)l keV are known and there are a number
of levels above this with unknown spins. The ground state
spin of phosphorus is 1/2+., Endt and Van der Leun(57) have
summarized the results of previous 31P work up to 1965,
In 1968, Ernst %) studied the 31P(n,n'r)3lP reaction., Also
in 1968, Antropovcga) et al studied the 31P(p,p‘¥)31P
reaction using 6 MeV protons. Antropov et al performed
‘Hauser Feshbach calculations for levels in the 3 to k MeV
region and found spins in agreement with the results given
by Endt and Van der Leun. _

The phospheorus target consisted of a boron phosphide
sample packed.in an aluninum container. The boron component

of the spectrum was ssparsted from the spectrum by doing
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a separate experiment using boron metal powder by itself.
Natural phosphorus consists of 1009 3lp, The energy
calibration was accomplished-using gamma rays from the
31P(n,¥)32P reaction(6o)‘as wall as using known background -
lines. '
Tablé L-24 lists the gamma rays obtained from the
inelastic neutron reaction., Table 4%-2B gives the branching
ratios measured. Table L-2C gives the experimental .
population values and compares theh with the calculated values
based on prior measurements, Table 4-2C also gives
predicted values for spins and parities for levels with
no previous measurements. Figure 4-2 gives the proposed
decay scheme for phosphorus. The Hauser Feshbach calculations
are normalized for the 2234 keV level, It was felt that
the experimental population of this level was the most
reliable to use. The 1266 keV level has a large correction
due to population of this level from thé decay of higher
energy levels., In addition the neutron flux does not follow
the simple exponential model at this low energy. The
predicted values for the spins in table 4-2C which are in
brackets are considered unlikely since the values of spin
and parity are more than two units of angular momentum

different from the spin of a level to which the state decays

- to strongly.
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Table L4-24

Gamma Rays Produced by the 3'P(n,n'¥)3lP Reaction

Energy Relative Energy Relative

(keV) Intensity - (keV) - Intensity
1016.0 0.00650 2994 Lt 0.0900
1061.7 0.101 313%.7 0.534
1133.8 0.052 3295.0 0.0220
1266.4 C9.73 3325.8 0.102
1486.% 0,0632 3370 4 0.229
1954.8 0.0500 3437.8 0.007
2029,7 0.829 3505.6 0.312
2111.%  0,0228 3655.6 00400
2150,0 0. 51 © 37%9.1 0.0631
2196.8 0.0690 38474 0.0911
2233.8 2,612 4261 .4 0.272
2239.6 0.200 4405.0 0.0750
2253.8 0.007 4593.0 0,046k
2358,1 0.0368 4782.,9 0.0813
2548 % 0.0360 5016.7- 0.120
2880, 5 0.0390 5251.8 0.0750

2924 .2 0.182 5558.7 0.0900
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Table 4-2B

Branching Ratios for 3lP T.avals

Energy Initial Level Final  Branching Ratio (%)

{keV) Level
Presaent Endt_and Present Endt and Ernst
Work Van der Leun Work Van der Leun -
1266 .k 1266.6 2.5, 100 100 100
2234,8 2233.8 g.5, 100 100 93
1266 - L p
313k%.1 313%.,7 g.s. 100 100 100
3296,2 329%,9 1266 90 80 100
2235 10 20 % o
3416,k 341k, 2 1266 100 100 100
3505.8 3505,5 2.5, 60 60 60
_ 1266 L0 35+ 35
2235 2 _
4190.4 4+190.3 1266 80 75 100
2235 20 25 -
4261 .4 4260 .1t £.5. 75 75 27
1266 25 20 53
2235 - 5 20
1%30.8 4431,0 2235 53 55 50
3296 L2 L0 L5
3415 5 5 5
%592,2 4592 4 g.5, 25 25 &3
1266 55 5o 59
2235 20 20 20
4636.8 4635,k 1246 100 100 100
47382,9 L4782 .3 g.s, L5 Lo -
1266 = 5 -
2235 20 20 -
3296 35 35 -
5016.3 5015.4‘ 2.5, 65 70 61

1266 35 30 39



Energy Initial Level

Branching Ratios (%)

Present Endt and Final Present Endt and Ernst
Work Van der Leun Level Work ‘Van _dsr Leun -
5114%.3 5116 1266 70 65 -
2235 30 35 -
5251 .8 5254 £.5. 100 100 -
5528 .8 5530 2235 50 %) -
3416 50 Lo -
5558.7 5557 g.s. 100 100 -
56714 5673 1266 80 55 -
2235 10 10 -
3416 10 10 -
5890 .4 5892 2235 lOO 100 -
Table -2C
Experimental Population Vgiues and
Calculated Values for
Level  Previous Calculated  Experimental % Possible
Energy Jr Population  Population Difference JT
(keV) Values
1266 .U 3/2+ 7.858 7.561 +4 J,.i.;.i,_::,..c’
2 2
2231'}‘.8 5’/2{' 2.328 2.328 hed i+’3)_"‘,5+,f):"‘
7 N 2 2 2 2
3134.1 1/2+ 0.586 0.532 +10 1+, l-,2+,2—
' 2 2
329602 5/2+ 0 01785 0 .81}'*‘ -5 .J:.+.3.+.3.-".E+-§_
22222
34164 7/24 0.439 0.528 -17 1+1-5+5-7+7-
222222
3505.8 3/2+ 0.559 0.511 +9 L+3+3~5+5
222 22
4190,k 5/2+ 0.312 0.236 +32 L+1-5+7+7-
22222
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Level Previous Calculated Experimental % Possible JT
Energy J T Population Population Difference  Values
4261.4% 3/2+ 0s32L 0.360 -1l 3+93=, 0+, 5=

2 2 2 2
W30.8 7/2+ 0.169 0.136 +2L L=y Z¥yl-

2 2 2
4592,2 0.185 L+3+3=5+5-(2+)

22222 2
4636.8 0.23% 3.+).3."75.+7.5"

2 2 2 2
4782,9 0.181 Aty 3~y 2, 2~

2 2 2 2
5016.3 3/2- 0.1%9 0.189 -21 3+,3-y 0% 2-

: 2 2 2 2

511’-%.3 0-133 3."'7.3.'75'*')5"

2 2 2 2
5251.8 0.0752 L+,1-,(Z2+,2-)

2 2 2 2
5528 .8 0.0%51 (L+) ,2+,7~

2 2 2
555807 0-0900 3.+732‘a§+>5‘

2 2 2 2
5671 % 0.0905 3ty 3~3 2+ 2~

2 2 2 Z
5890 .5 0.040L Lty ey 7+, 7~

2 2 2 2

There were a number of doublets in the phosphorus

spectrum which somewhat limited the interpretation of the

results.

keV which forms a 5% compone

level. A gamma ray of energy 2029 keV which forms

Previous workers have observed a gamma ray at 2025

to the decay of the 4260 keV

505
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of the decay of the 3295 keV level was observed. The

3295 keV level was populated more than twice as much as the
4260 keV level. There was nho evidence for a gamma ray at
2025 keV in this werk although its detection would have been
difficult due to the facts indicated above. If a gamma ray
at 2025 geV existed it would have introduced a small error
in the population of the 3295 and 4260 keV levels.

The Tresults for the levels at 2234 and 3506 keV were
coupled through the 2234-2240 keV gamma ray doublet. In this
case'there was some evidence of a doublet due to the unusuallyb
wide peak. The estimated branching ratio appeared to be in
agreement with prior results. The 223% keV gamma ray has
an intensity more than ten times the intensity of the 2240
keV ganma ray so that the error in the 2234 keV gamma ray would
"be negligable., In spite of uncertainties introduced by the
doublets in the spectrum, there does not appear to be any

discrepancies between the present work and previous work.

4.3 Aluminum Results

The aluminum sample ccnsisted of a pure metal bar of
aluminum % inches long with a 1 em square cross section.
Aluminum was the first element studied in this work and as a
result only the cadmium neutron filter was used. This meant
that the gamma rays coming from the 27Al(n,x)28Al reaction
formed a prominent part of the resultant spectrum. These

(61)

gamma rays provided a simple energy and efficiency calibration
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for the system. The efficiency calibration agreed well
" with a later one done using a melamine target. Endt and

(62)

Van der Leun have summariaed the results for aluminum up
“to 1965, Ernst(ég) studied the neutron inelastic scatterlng
reaction on aluminum and Antropov(sg) studied the inelastic
proton scattering reaction on aluminum in 1968, Sihce
aluminum is monoisotopic in nature, all of the broadened
lines are due to the 27Al(n n'y) 7Al reaction,

There were several problems in obtaining the intensities
of some of the gamma rays. The gamma ray at 171 keV was
assumed to be present. It was not measured due to the
fact that it would be a relatively weak intensity line in
an area of the energy spectrum with a high background. In
addition the neutron absorbers in the beam greatly reduced
the detection efficiency of the system at this low energy.
The intensity and encrgy of this line were assumed to be the
valueg given in Endt and Van der Leun. The line due to
inelastic neutron scattering at 1014 keV overlapped a strong
thermal capture line at 1017 keV. The intensity of the
1017 keV line was knoun reiative to other capture gamma ray
lines and was subtracted to fihd tﬁe}correct intensity of the
101% keV line. Similarly a linebat 1777 keV was found teo
overlap a line at 1778 keV which occurs as ﬁhe de-excitation
of the first state in}silicon following decay from the

ground state of 2841, The two lines at 2199 and 2212 keV
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occurred in the area of the 2223 keV peak and its Compton
continuum which occur as a background component in all the
experiments. The 2212 keV line was very intense so that
there was very little possible errvor involved in measuring
its intensity. The 2199 keV line however was very weak and
the error in measuring its intensity‘could be very large.
‘The two lines at 3038 and 3045 keV were unresolved and as
a result there was a large uncertainty in their relative
intensity to one another. - The structure of the doublet
suggested that the lower pesak was 50% larger than the upper
peak. This was in agreement with the work of Ernst in which
the two lines were better resolved.

| Téble 4—3A gives a list of the gamma rays produced
by the 27A1(n,n'v)27Al reaction. Table 4-3B lists the
branching ratios. Table 4-3C gives the experimental bopulation
values for the levals and compares them with the cglculated.
ones based on previous werk. The table also gives values of
spins and parities for several levels where ho priocr measurenents
have besn made. The two sets of population values are
normalized to give the best fit for the 2208 and 2732 keV
levels togeﬁher. The 1014 and 845 keV levels were not used
for normalization due to théir low energy. Figure 4-34 gives

the proposed decay scheme for 2741,
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Table 4-3A

. Gamma Rays Produced by the 27Al(n,n'&)27Al Reaction

Energy Relative " Energy
gkeV§ Intensity (keV)

Relative

Intensity
171 not measured 3038.2 0.170
791.5 0.590 304% .8 0.260
843.2 9,390 3213.7 0.512
101k.1 16.940 3393.8 0.188
119%,2 0.060 3798.2 0.128
1363.8 0.180 3955.1 0.589
1507.3 0,230 4233,9 - 0.18%
1718.% 2,880 4310k 0.131
1775.8 0.0921 14408,k 0.392
2199.1 0.120 14300 0.0721
2207.8 7.311 %4506, 0 0.052
2299.1 0.540 4580,5 10.298
260%, 5 0.142 4813.1 0.19%
266%,1 0.291 5152.6 0.0882
2731.7 - 0. 964 54310 0.%410
283%.,7 0.249 5551.2 0.220
2979.1 1.712 6611 ,8 0.109
12999.9 2,683 | |
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Table 4-3B

Branching Ratinsg for 27Al Levels

Energy Initial Level  Final - Branching Ratioc (%)

(keV) " Level
' LkeV). ,
Praesent -  Endt and Prasent Endt and Ernst
Work Van der Leun Work Van der Leun
843,2 . " 842.9 g.5. 100 100 100
101k4.1 1013.0 g.s.'  97(assumed) 97 97
A 43 3 3 3
2207.8 2208.9  g.s. 96 100 ol
543 3 2 L
1014 1 2 1.6
2732.3 2732,0 £.S. 25 I 21
, 1014 75 76 79
2979.1 2979.7 2.5, 100 , 100 100
2999.8 3000.6 g.5., 82 . 87 74
- 2208 18 13 26
3678.2 3677.8 843 L6 65 49
- 101k 5t 35 51
3955.1 3955.9 2.5, 100 100 100
4055, 9 L0548 843 75 80 - 53
o 101k 25 20 47
4h08,2° 4409  geSe 55 55 : 53
' 101% 25 25 27
2208 20 20 20
4507 .1 4508 eSe 5 10 L
, %208 60 - 60 52
2732 25 20 34
3000 10 10 10
L5801+ L580 oS, 100 100 100
 4812.6 4811 2.5, T 40 29
: 1014 30 35 23
2208 - 29 25 -
4055 - - 48
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Fresent Endt and Final Present Endt and Ernst
‘Work Van der Leun Level Work Van der Leun
5153.6 5155 g8, 60 - 50
843 40 - 50
5248,0 5246 1014 Ly 70 26
2208 56 20 i
5431.0 53k £.8. 100 100 -
5551 42 5550 g+Se - 100 100 -
6640,7 6640 EuBa 60 - -
: 2208 40 - -
Table 4-3C
Experimental Popula+1on Values and
Calculated Values for 27Al1
Level Previous Calculated Experimehtal % Possible
Energy Jm Population  Population  Differencs Jm
(keV) Values
843,2 1/2+ 9.431 8,502 +11 l+,1-
2 2
101%4.1 3/2+ . 14,712 13, 50h +9. 319
2207.8 7/2+ 6 .40 5.80 +1.0 N
o 272 72
2732.3 5/2+ 3.40 3.76 -10 AVl
2 2 2
2979.1 3/2+ 1.78 1.71 Hyp 1+,3+,3-,(9~)
' 2= 2 2 2
2999.8 9/2+ 2.2 3,02 -20 S+, 74,739+
2 2 2 2
3678.2 1/2+ 0.510 0.541 -6 1+,1-,(11-)
2. 2 2
3955.1  (3/2)  0.735 04590 +25 39 (UL 1L)



Level Previous Calculated Experimental & Possible
Energy J I Population Population Difference Jm __
L055.9 (L,3) 0.730 (3/2) 0.680 + +,3-, (9=
5’5 0.482 (1/2) 7 e B :
08,2 (5/2) 0.806 0.690 +17 3+3-5+(9-11+)
22 -2 2
)‘*'507-1 5/2 00678 0.910 "25 5’*')2'*'72"’ g
2 2 2 2
4580,k 0.303 l+1-3+3-(11+11-)
2222 2
4812,6 5/2 0.562 o.462 +22 3+5+5-(7+7~94
222 222
5153.6 0.220 3+3~(9-11+11
22 2 2 2
5248.0 5/2 0.492 0.14+0 +12 S+, 7+,7-,(9+
2 2 2 2
5%431,0 0.%410 Dty I+ 7~ 9%
2 2 2 2
o 0.221 3#3-5+5-9+9- (11+)
_ _ 222222
6640,7 0.181 Sty 537+, 7-
. 22 2 2

The present experimental results afe in agreement with
prior J values. The valus of the spin of the 4056 keV level
is 3/2. This value was used in calculating the spins for
higher levels. Any predicted spin valus more than two angular
momentum units above the spin of a level to which there is a
strong decay mode is listed in brackets as an unlikely value.

In addition to inelastic neuﬁron scattering, evidence

for three other less prominent fast neutron reactions was
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observed. The ‘7“l(n,qY)Z "Na( g Mg series of reactions

led to the 275% and 1368 keV gamma rays being observed due to

24

de-excitation of <*Mg levels. There were alsoc 867 and 472 keV

k
3 L1

£

gamma ray lines observed as a result of the decay of the 13
KeV level in 2"Na. Evidence for the 27Al(n,px)27hg(6',3)27 ]
reactions was found. Gamma rays belonging to this set of
reactions were found at 953, 98%, 1692 and 1701 keV. Figure
4-3B gives the decay schemes showing the placement of these
gamma rays. Since they led to the population of the 843 and
101% keV levels of 27Al, a small correction for the population
of these levels was necessary. ‘

As shown in figure 4-3C a gamma ray line 35 keV
above the 7725 keV ground state transition in 2811 was

observed. This was interpre?@d 158 being & ground state
8

n

Al.
(64,65)

transition from capture in the 35 keV resonance state of
This effect was weakly observed by two previous investigators
The aluminum target was studied at both the front and back
edge of the reactor core in order to determine the energy shift
due to the use of fast neutrons. The cadmium filter was not

as effective at the front edge of the core since it was not
designed to overlap as far on this side of the core. As a
result the thermal capture gamma ray lines were enhanced Dby

a factor of two over lines due to fast neutron reactions. The
7725 + 35 keV line was reduced in intensity compared to

thermal capture lines indicating it is not the result of a

Fy
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Figure 4-3B 27Mg contribution to 27Al spectrum.
27Mg states can be populated by fast neutrons by
the (n,p ) reaction, ‘
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thermal neutron reaction. The width of the pezk implied that it
was produced by an interaction with a relatively low energy
neutron since it showed no Doppler broadening. A check was
made to see if other resonance capture effects could be observed
with negative results. A ground state transition from

capture in the 6 keV resonance would have been difficult to

observe due to the intense 7725 keV transition.

L. L Spdium Results

Sodium was studied using a sodium fluoride sample.

As was the case with the other fluorides the fluorine component
of the spectrum was easily identified., ©Sodium is monoisotopic
in nature so that all lines produced by inelastic scattering

of neutrons on sodium belong to 23Na. The energy scale was
calibrated. using the 23Na(n,x)2hNa reactionCéi) and alsc by
known background lines. Prior results for 23Na have been
summarized by Endt and Van der Leun<6é).

Table Y4-L44 lists the gamma rays due to inelastic
neutron scattering on 23Na. Table 4-4B gives the branching
ratics., Table 4-4C gives the experimental population values
and compares them to calculated values and also gives predicted
values of spins and parities for the various levels., Figure
L-4 gives a proposed decay scheme for 23Na, Normalization
of the calculated values to the experimentzl population values
was done using the 2640 keV level., This level was chosen
because it decays 100% to the ground state and has a small

correction due to population from higher energy states.



6042
04 (3/2,5/2.7/2)

5968 k
o%eh (1/2,3/2)-
R =(1/2,3/2,5/2)
ggﬁg? j(1/2,7/2)+
53%4 (3/2,5/2) +
4778 (5/2,7/2) +
4430 172 +
3916 ' (5/2+t)
3853 22
S 3/2~
2981 : 3/2
2703
2640 ) iilisss
2392 1/2 *
2077 3 v vl 3 7/_2 +
44 _l v ¥ ! ¥ wlv 5/9 4
G,S. ., W A ’ ? s 4 3/2 +
ENERGY JTT

Fig. 4-4 23Na Decay Scheme



85

The 2077 keV level was unsuitable for normalization since it
decayed by a 1635 keV (92%) transition which occurs at the low
energy end of the pair response. The 2391 keV level was not
as suitable for normalization since its decay is split between

two gamma rays.

Table h-la

Gamma Rays Produced by the 23Na(n.n'x)23Na Reaction
(keV)

Wh1,1 28.05 2981.5 0.960
624, 5 0. 521 3238.2 0.572
1038.8 0.0713 34743 0.148
1096 , 0 3679 | 0
1601.8 . 0.0714 3852.7 0.355
1636.3 4,511 ~ 3916.0° 0.450
1777.3 0.355 S 4337.2 0.179
1797.5 0.0456 4430.3 0.281
1838.0 0.149 W777.9 - 0.0300
19514 0.770 5374, 2 0.312
2038 & 0.0198 5493.0 0.00%
2077.3 0,431 V_ 5538.0 0.111
2263.8 0.812 56001 0.0%00
2390.5 1.300 5739.7 0.0712
2539.% 0.960 5760.1 0.199
2640,1 1.402 593k.2 0.0358

2701.2 7 0.0451 5967 .8 0.0350



Table 4-4B

<3

Branching Ratios for Na Levels

Energy Initial Level Final  Branching Ratio (%)

(keV) Laevel
§KeV§
Present Endt and Presant Endt and
Work Van der Leun ~ Work Van der Lenn
41,1 . 440 g.5S. 100 100
2077 .4 2078 2.8, 8 10
TS 92 90
2391.5 2393 2.5, 63 65
L1 37 35
26401 2641 - 100 100
2703 .4 2705 Ll 61 60
| 2077 39 40
2981.,0 2983 2 4 B 50 55
Ly 50 L5
3679.2 3678 ge8, - 5
g Iy 80 70
2077 10 10
2640 10 15
-3852,7 - 3850 g8, - 50 50
2077 50 50
3915.8 3915 g .5, 60 70
Ly 20 15
2077 20 15
4430,3 L3 2.8 92 95
2392 8 . B
wa97, %y €.5, 10 5
Ve oed L 60 60
2077 15 20
2981 15 10
3679 - 5
5374,2 5378 g.S. 100 =

5538.0 5538 8.5, 100 -
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Enerey Initial Level Final Branching Ratio
Leval
Present Endt and » Present Endt and
Work Van der Leun Work Van der Leun
5739.7 5738 g8eS. 100 -
5760.1 5762 2.5, 100 -
593%,2 5935 geSe 90 -
W4 10 -
5967.8 5967 S, 100 -
6041 .5 ©60k2 Ly 100 -
Table 4-4¢
Experimental Population Values and
Caleulated Values for 23Na
Level Previous Calculated Experimental % Possible
Energy JmT Population  Population Difference JFT
(keV) - - Values
1,1 5/2+ 36.501 20.1 +82 -
2077 .4 7/2+ %, 508 3.81 +18 KRPYAL Yo
g v 2 2 2
2391.5  1/2+ 1.852 1.87 -11 L+,1-,9+,9~
2 2 2
2640.1 1/2- 1.33% 1.33% 0 L+,%—,(2+,9->
2703 .4 9/2+ 1.211 1.33 -9 (l+,1-),9+,9~
L 2 2 2 2
2981.0  3/2+ 1.86 1.87 % 3+3-5+5-7+
‘ 22222
3679.2  3/2- 0.903 0.712 +27 103
38 5207 5/2(") ' 00908 00715 +27 .1—.'*'3.'*‘3.".5"2'*‘.2"‘
v 222222
3915.8 - 0.752 S +11 3+3-5+2-7+7~
2 2 2 2

(5/2+)

0.836
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Level Previous Calculated Experimental % Possible
Energy J Population Population Difference JT B
4430.3 1/2+ 0,281 0.300 -6 1+,1-,(9+,9-)
2 2 2 2
4Yw777.9 (5,2 + 0.342 0.316 L4 34y 3=y 550- 7%,
2 2 2 2 2 2 2
537%.2  (3,2)+  0.235 (F+) 0.316 -25 2ty2=
2 2 2 2 2
5538.0  (L,72)+ 0.092 (1+) 0,111 -17 1+,1-,(9+,9-)
‘ e 2 2 22 2
5739.7 (1,3,5  0.0762(1l+) 0.0718 +6 L#y1=5(94,9-)
e 2 & - 2 2 2
5760.1  (1,3,2  0.161 (5+) 0,204 =23 5+, 5-
2 22 2 2 2
5931*'02 O-O‘“*‘Ol .]:.4'9;." ’ (2'*'5.9">
2 2 2 2
5967 .8 (1,3)- 0.0627(1-) 0.0358 +75 1+,1-, (.9.+,2“)
' 2 2 2 2 2 2 2
6041.5  (3,5,2) 0.113 (5+) 0.0407 +6k4 S#y Gy 75 7~
22 2 2 e 2 2 2

The value of {he spin used in the final calculated

sured

[$4]

value for the population of levels whose previously me
spins have more than one value is given in brackets in the
column along with the}population value,

There were a number of problems in dealing with the
sodium spectrum. The 3853 keV level decavs partially by means
of a 1777 keV gamma ray which was unresolved from the 1778 keV
background and its Compton continuum.4 The value found by
subtracting the known background led to agreement with prior

measurements of the branching ratio for the level. The errvor
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in this value could be as high as 40% however, The 5740
'and‘5760 keV levels were assumed to both decay by means of
ground state transitions producing a broad doublet. Thus, the
error in the relative population of these two levels could be
quite large. Finally, the 5934 and 5970 keV ground state
transitions were not completely resolved., In this case the
overlap did not cause any large possible error,

The sodium results gave reasonable agreement with
prior results used to calculate population values except for
the lowest level at W+l keV and for higher energy states at
5970 and 6045 keV., In the case of the W4l keV level the
probable reason for the discrepancy is the fact that the
neutron flux was assumed to have a simple exponential
distribution. The upper levels could be in errér due to the
_presence of a number of higher levels in the range 6 to 7 MeV.

The 5374 keV level which was listed as a 5/2 or 3/2
level is a 5/2 level. The 5538 keV level which vwas listed as
a 1/2 or 7/2 level is a 1/2 level. The 5740 and 5760 keV
levels are somewhat coupled in their decay modes due to thse
doublet nature of the gamma‘rays dapopulating them. However,
the 5740 keV level appears to be a 1/2 level and the 5760 keV
level a 5/2 level; The remaindzr of the levels have a limited
nunber of choices for their spins. 'Predicted spin values which
are unlikely due to the decay mode are indicated in brackets

in table 4-4C.
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4.5 Fluorine Results

Fluorine was studied using a series of compounds,
namely: lithium fluoride, sodium fluoride, calcium fluoride,
and lead fluoride. The common lines to all these spectra
were attributed to inelastic neutron scattering on 19 except
for background lines. The various spectra were calibrated
using thermal capture lines which occurred as background. The
efficiency calibration was checked using the fluorine lines
as well as the capture gamma ray lines in the various spectra
and found to be constant threughout the various runs with a
given detector in spite of the radiation damage which occurred.
Previous results for l9F have been summarized in the Nuclear
Data Sheets(67>. |

Table 4-5A lists the gamma rays due to inelastic
neutron scattering on 19F and table 4-53 gives the branching
ratios., Table 4-5C gives the experimental population values
and compares them to the calculated values based on previous
spin and parity measurements. Due to the nature of the decay
modes and resultant spectrum of fluerine, normalization of the
data presented a problem., This occurred because of the lack
of states in the 2 MeV region which is usually the most populous
region of the spectrum. The 1555 keV level was chosen for the
normalization. The low energy of the level means it is not
a good one to cheose for normzlization but it is the best
available. Numerous doublets in the spectrum also limit the

the accurracy of the results. Figure 4-5 gives the proposed
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decay scheme for 19F

Table %-54

Gamma Rays Producad_by'the_19F(nin‘¥)l9F Reactinn

(iev’  Intensity ey
110.1 not measured 3891.9
197.2 not measured 391%,0

123%.8 3.3%1 3920,0

1348.9 3.232 3944, 5

1357.7 6.623 42621

45,0 0.26% 4370,9

1453.2 0.812 4525,k

1898.9 0.0321 5228.9

2358.3 0.0700 5277 4

2589.2 0.721 5301 1

2656.5 0.159 6081.5

2690, 5 0.0798

Table 4-5B

Relative
Intensity

0.04C0
0.283
10,072
0.072
0.151
0.0500
0.0200
0.782
0.038k4
0.0485
0.0600

Branching Ratios for +9F Levels

Energy Initi=)l Leve) Final Branching Ratio (%)
Leveal : ‘

Present Other Present Other

Wark Work Work Work
110.1 109.8+ 2.5, 100. 100+
197.2 197.1+ g.S. 100 100+
1344.9 1345.8+ 110 100 100+

(68)

+ White
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Energy Initial Level Final
. . Level
Prasent Work Other Work - Present Work Other Work
1458 .8 1458, 2+ g.S. 20 20+
11 80 80+
155%.9 155%,0+ 110 L 3+
197 96 97+
2781 .4 2783 % 197 . 100 100%*
3913.2 3913%* g£.5, 80
1555 20
4001.6 Loo2x* 110 20
1345 80
4035,8 4038 * 1345 - 100
4372,1 g.5. 25
11 75
4680,3 2781 100
5339.0 5338 ,8% 110 100 100%*
7k .6 S473.7*% 197 35
1555 65
5499.,0 5408, 2% 197 40 60%
1555 60 Lo*
6081,2 g.s. 75
1555 25

+ White (6 9)

* Nuclear Data Sheets (67)



Level
Energy

(keV)
110.1

1197,2
13%%4,9

1458.8

27.81.L+
3913.2
4001 .6
4035.8
4372.1
- 4680.3
5339.0
547k 6
5499.0

- 6081,2

Table L4-5C

Experimental Population Values and
Calculated Values for 19F

Previous Calculated Experimental % Possible
JT Populaticn  Population Difference J T
Values
1/2- 13.47 - - -
- 5/2+ 12,83 - - -
5/2- 3.45 3.10 +11 L+y1~, 5+, 5~
2 2 2
3/2- 4,036 L, Ok 0 L1+1-3+3=5+5~
222222
3/2+ 6.3% 6.3k 0 L+l=3 43540
222222
(Z,9) 0.596(Z7+) 0.690 -1k Lbgl- 7+, 7=
22 2 2 2 2 2
3/2 0,344 0.350 -17 3+ 3=y 0, 2
2 2 2 2
7/2 0.213 0.199 +7 Ly 1ey (74,7
2 2 2 2
9/2- 0.096 0,080 ~20 9+, 9
2 2
5/2 0.231 0.201 415 L+l-3+43~5+5~
222222
(5,13~ 0,0310(13-) 0.0322 -3 i3+,13-
2 2 2 2 2
L(i") 0.0682(L) 0.0784% ~13 1+1-343-5+5~
2 2 2 222222
1 0.11% I+y3=~; 5%, 5= |
2 ' .2 2 2 2
3/2+ 0.0965 0,119 -19 3ty 3y 0%y -
| 2°2°2°2
(5/2+) 0.0521. 0.0800 -35 I
2 2 2 2
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The present results are in agreement with previous
measurements, The population of the two lowest states was
not measured due to difficulties in obssrving the low energy
decay of these levels. The state at 2783 keV which was
previously listed as 9/2 or 7/2 appears to be a 7/2 level,

The 4681 keV level which was reported as a 5/2 or 13/2 level

is a 13/2 level. The fact that this level only decays to a

high spin level (7/2 level at 2783 keV) is additional confirmation
of this fact.

The possible error in a number of the experimental
population valuves is very high due to the doublets in the
spectrum, The level at 6080 keV appears to have a population
value two times higher than any calculated possible spin values
suggesting the possibility that the level may in fact be a

docublet with unresclved gamma rays decaying to the ground state,

L.6 Nitrozen Results

Nitrogen was studied in order to test the Hauser
Feshbach formalism and assumed model for very light elements.
The authors of the table of neutron transmission coefficients
point cut that the optical model and the coefficients have
limited validity for A 20, The nitrogen spectrum was obtained
using a melamine (CgN3lg) target. -Only the cadmium neutron
filter was used and as a result there was a significant
contribution to the spectrum due to the luN(n,X)lfﬁ reaction(qg)

which was used fer calibration. Nitrogen cccurs in nature
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as 99.6% MY so that it is almost monoisotopic. Ajzenberg-
Selove(gs) has summarized the prior results for nitrogen
in a review article,

Table 4-64A lists the gamma rays due to the qu(n,n'y)th
reaction and table 4%-6B gives the branching ratios. Table
L_6C giveg the experimental population values and compares
them to the calculated values. Figure 4-6 gives the proposed
decay scheme for luﬁ. Normalization of the data to the
calculated values was a problem, Initial attempts to
normalize the 2312 keV level led to.all experimental values
being low compared to the calculated values, It was found
that the only reasonable results occurred if the 3946 keV

level was used for normalization.

Table Y-6A

Gamma Ravs Produced by the luN(n,n'k)luN Reaction

797,2 0.0982 3946.8 0.0300
1338.8 0.004%5 4914.0 0,054
1633.4% 0472 5104,k 0.272
23124 1.820 5693.0 00,0263
2498 .0 0.00896 5830.5 0.0328
2793.6 0.0590 6197.6 0.0131

3381.% 0.0487 6Ll 2 0.031%
38846 0.039% |
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Table 4-6B

Branching Ratios for l&N Levels

Energy Initial Level Final Branching Ratio (%)
' ' Level '
Present  Ajzenberg-- ~Present - Ajzenberg-
Work Sglove Work Selove
2312,%  2312.81 gis. 100 100
3945.8 3947 2.5, 6 3.9
2312 ol 96,1
4914.0 - %913.L g.s. 100 100
2312 - Oo)"'
39}‘*'5 - 103
51.0)4".1*' 5105087 g.S. . 82 » 79'9
. 2312 18 19.7
3945" - 008
5693.5 5691, g£.S. 35 38.1
2312 65 61.9
3945 - 2
k913 - 2
5831.5 5833 geS. 25 21.3
- , 5104 75 78.8
6197.2 6197.6 g.s. 25 23.8
| 2312 75 75.2
6uLl, 2 6443 .6 g.s. © 90 73,1
- : 3945 20 18.9
. 5104 10 6.8
5833 - 2
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Table 4-6C

Experimental Population Viﬁues and
Calculated Values for N

Level = Previous Calculated Experimenﬁal. % . Possible
E§25§y JT Pooulation  Population Difference %;{ues
2312,k O+ 0.797 1.20 233 Okl ke
358 0 1+ o.i+93 0.%93 0 14123l adin
49140 . 0-  0.0680  0.054 w24 0m,yl-
5104l 2- 0,220 0,228 -l 2+, 2 ;34,3
5693.5 1= 0.0998 0.0750 433 14, 1= b e
5831.5 3= 0.112 0.131 .15 24,23+, 3~
6197.2 1+  0.0579 0.0525 410 L, Lol ke
G2 3+ 0.0652  0.0448 &5 14, 1,24,2-,

343 ity ke

The experimental population values for nitrogen
led to the poorest agreement with previous results of all the
isotopes studied. The experimental prﬁblems,for nitrogan were
more.severeAthan‘for'the'dther isotopes studied largely becauss
" of the large (n,¥) camponeﬁt of the spectrum. The ceefficients
may alsé have been of limited valus. There was evidence of
the l”N(n,d)llB‘reaction since a 2141 keV gamma ray which
could de-sxcite the first state in boron was observed. - No
 c6rrectibhs wefe made in the‘calculated values. for fast neutron

reactions other than inelastic scattering.
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4.7 Boron Results

Boron was studied in addition to nitrogen in order
to test the model used in this work on light elements. Boron
was studied using a boron phosphide sampie and also using
a boron powder sample. Both samples were encapsulated in
aluminum and aluminum capture- gamma rays were used for calibration.
Natural boron consists of 19.6%*105 and 80.4% llB. 108 has
a very large cross section'for the (n,«j reaction and as a
result there was no evidence of the lOB(n,n'X)lOB reaction,
The lQB(n,J)llB reaction populates states in 11g, an
broadened lines appeared to belong to the 1lB(n,n’X)llB reaction,
The inelastic neutron reagction was enharnced for the heaviesr
isotope compared to the lighter one for several reasons. The
heavier cne is four times more abundant in the sample. The
ground state spin leads to almost a factor of two times in
favour of the 113 cass due to the 1/(2I+l) tevm in the Fauser

Feshbach formalism. Tinally the large (n,%) cross section

L

limits the. (n,n'¥) reaction, The capture lines due to the lighter
isotopz overlapped the lines dus to inelastic scattering on

llg.  The 7006 keV, 543 transition(7°) which occurs as a
transition from the capture state in llB was used to correct

the intensities of overlapping lines. In addition the peak

widths in the two reactions were quite different alloﬁing thenm

to be separated. The correction due to the overlap was relatively
small, This was primarily due to the competition of the (n,c)

reaction on lOB.
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Table 4-7A lists the gamma rays due to the 1lB(n,n'y)10B
reaction and table 4-7B gives the branching ratios. Table
4-7C gives the experimental population values and comparas
them to the calculated values., Figure 4-7 gives the proposed
decay scheme forvllB.r The lowest energy level in llp (2141 keV)

was used for normalization of the data.

Table 4-74

Gamma Ravs Produced by the llB(n.n'J)llB Reaction

2141,2 2,006 5028 k% 0.281

2275.8 ©0,002% - - 5845,0 0.0050
229%.,0 - 0,0300 64312 0.005%
2861.3 0.00122 6738.6 0.0710
2888 4 0.0700 6808.0 0.0369
4125,1 0.00179 73057 0,024
W5, 1 0. 546 7937,2 0.0050
72,8 0.0007 8571.5 0.0090
4668.1 0.0123 8919.% 0.0156

Table Y73

Branchine Ratios for llB Levels

Energy Initial Level  Final Branching Ratio (%)
Present Thomas(qo) Present Olness(ZI)
Work et al Work et al
2141,2 2140 £.S. 100 100
W51 ki 2.5, 100 100

21_1‘}1 Lo ’ Oo 5
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Energy Initial Level | Final  Branching Ratio (%)
Level
Present Thonas Present Olness
Work et al Work et al
5028.8 - 5030 D agams e s B0 85
2141 20 15
Wl - i P
6738.7 6739 g.s. 70 70
2141 - 3
W g 30 30
502 - 1
68082 6310 g.s. 75 71
2141 25 29
Wil g - 8
_ 502 - 8
7305.7 7300 2.8, - -85 87
2141 - I
5029 10 Ze3
7986.,7 7990 1. .8aS, 50 L7
2141 50 53
W 5 " 1
5029 - 1
8571.5 8570 g.5. 50 56
2141 30 30
Ll 5 10 5
5029 10 9
8919.% 8920 2.5, 96 95
2141 - i
FATAPRS L 4.5

MCEMASTER UINIVEBQITY ¢ 1m0 a @



Level
Energy

(keV)
2141.2
W5, 1

5026.8

6738.8

6808.2

7305.7

7986.7

857L.5

891904

Table 4-7C

Experimental Population Vflues and
Calculated Values for *+IB
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Previous Calculated - Bxperimental % Possible
Jr Population  Population Difference JTT
Values
1/2- 1.91% 1,914 0 l+,1-,9+,9~
2 2 2 ¥
- 5/2- 0.613 0.512 +20 3+3- 54 5-7+7
222222
(_1,-_’3_) 0. 28 5(3/2) 0 03,"'7 "18 3.".5{—.5".7_"
2 2 2222
0.1%+(1/2) ,
7/2- 0.0787 0.101 2 Gy Gy T
2
(,];,3) 0.0553(3/2) 0.0492 « 412 J+y3~499+,9~
2 2 2 2 2 2
0.0290(1/2)
(3,2) 0.0331(5/2) 0,024k +30 54, 5
2 2 2 2
0.0448(3/2) '
3/24+ 0.0197  0,0190 +4 1+,1-,3+
_ 2
5/0- 0.0166(5/2) 0.0179 -7 3433~y 0+ 5~47
N _ 2 2 2 2 2
0.0126(3/2)
6/ 2= 0.011% 0.0163 -31 S+, 5m, 74,7~
2 2 2 2
The present exparimental and calculated results
yielded better agreement than the nitregen results, The
5029 keV level appears to be a 3/2 spin state, the 6808 keV
level a 3/2 state and the 7306 keV level a 5/2 state. The 8572

- keV level is either a 3/2 or 5/2 level with the 5/2 value
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more likely. One of the problems in handling the experimental
data for both nitrogen and boron is the extreme broadening
which occurred especially at high gamma ray energies. For

both boron and nitrogen the (n,¥) reaction limits the accurracy

of the population values.



CHAPTER 5
STOPPING POWER CALCULATIONS

5-1 Introduction
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When a fast neutr
atom (A~19) in a solid, it gives the atom cn the average

approximately 100 keV of recoil energy. If the atom then

emits a gamma ray before slowing down as the result of collisions

in the medium, it will be Doppler shifted due to the motion
of the nuclaus, If ths lifetime of the excited state is in

a reasonable range (~ 0.1 psec), then the resultant Doppler
shift effect,which leads to a broadening of the gamma ray

due tn the geonmetry of the target and reactor, will be less
than the maximum possible if there was no slowing down,

The reduced width of the peak gives a measure of the stopping
power of the medium or the half life of the nvecleus depending

on which is known previsusly. From figure U4-5 it can be ssen

~

that 19F has severa) states with lifetimes in the required
gion. The purpose of this chapter is to demonstrate the
feasibility of measuring the stopping powsr of different media
cr the lifetimes of states uwusing the internal target facility.
Northeliffe and Schilling have compiled tables(72)
of stopping powers for various ions and media based on
experimental data up to 1970 -and have extrapolated the tables

" . . ) . 2
using the theory given in a 1963 reviaw artlcle(7d) to cover

103



10

all mass and energy ranges. The slowing down of energetic
atoms in matter is deftermined by two processes: electronic
and nuclear. At high enargy the electronic process, which
varies as the velocity of the atom, dominates. At low energy
(< 100 keV) the nuclear process, which varies inversely with
the velocity of the atom, dominates. In the energy region
10-200 keV, figure 1 of Northcliffe's work(72) indicates that
the stopping pouer for a L9% atom is approximately constant,
This occurs as a result of the fact that the electrohic ahd
nuclear components of the stopping power are egual in
maghitude at approximately 100 keV,

The effect of the Doppler broadening can be calculated
for this work by defining a Doppler attenuation factor (F)

F = ABv( <v>)
AL, ( <V,>)

whera 4E,( <v,>) is the maximum broadening obtained by
calculating the average initial velocity ( <Vv,>) of the
recoiling atom, and 4E,(<v>) is the actual broadening
observed. <v> is the average velocity of the ion at the
time of emission of the gamma ray. In section 2-8 of this
work it was shown that AB,(¢w>) = -%!KVA + Vo). For the
purpose of this work it will Dbe aésumed that the broadeninng
AEy(<v>) ot 2v>

where v = Ve. Thus the attenuation factor becomes
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If a lifetime T° is assumed for the excited state, then
o0

<V> = ____]____S v(t).exp(v-il).dt,
v o T

where v(t) is the velocity of the ion at the time of emission

of the gamma ray. In section 2-8 the average initial center

of mass velocity was calculated to be

<.V°> = 2;(EK +A) ®©
M.A.A

If the stopping power is a constant in the region of interest

then v({t) =<v,> - «.t

where o = 100.0.¢2 .dE  and

AR T S

103.4,931 dx

dE is the stopping power measured in units of keV-cm2/xg.
dx ‘

A is the mass of a}uorine and ¢ is the density of the medium,
v
Thus <w= 1, §(<V,> - o, ,t). . exp(-t).dt.
T T

= LV> =T + ot .Thexp(-f) where £ =<Vs7.
&< T

The upper limit of integration in this equation is _s¢
Vo

sines v{t) = O for t greater than this valus of t. Thus

t
F=1- (1 + (L).exp(-8) .
[ B

Figura 5-1 gives a graphical representation of this equation.
If a density of 2 g/cc and a stopping power of 2 keV-cmzéug
for a medium is assumed, then a lifetime in the range 0.1 to
1 psec is required for a state at 1.5 MeV in an element of
mass 19 to give a value of F in & reascnable range to be

measured (0.2 to 0.8).
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5-2 Experimental Results

The width of the peaks was measured using three
different techniques: hand fitting, using a Gaussian computer
fitting program and using probability graph paper. Figure
5-24 and 5-2B show the result of plotting a typical thermal
capture line and a broadened lins on probability paper.

If the peaks were Gzussian shaped a straight line would result.
Beth lines appeared to be Gaussian if the points in the

lower 10% of the peak are neglected., The 1348-1356 keV
doublet in 9% was analyzed by hand., The remaining lines

in fluorine were zanalyzed by all three metheds giving similar
results, The widths of the broadened lines were corrected
for the response of the Ge{lLi) detectocr system, Figure

5-3 gives the typicsal resclution of the detector for capture
lines after subtracting the electronic noise out, The slope
of one indicates that the charge collection efficlency varies
as BE' as it should.

Table 5-1 gives the results obtained for the stopping
power of various media. For each compound, the widths of
gamma rays de-exciting the 1458 keV level of 197 were measured,
The lifetime(ég) of this level was known to be .06 psec.

F was found using the definiticn given by the ratio of the

>

actual broadening divided by the calculated maximum broadening.

The value for dF was obtained by substituting in the eguation
dx

-

given on page 105, for F,T, Vg and solving for o and in turn for
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dE of the compound. The tabulated values of the stopping
dx
power were obtained using the relatiun(7mp

—

dE(compound) = n;.dE), + n5,0E)s + ...
dx 1 dx 1 2 ax =

B element and gE),

where n, is the atomic fraction of the k
: ax

is the stopping povwer of that elemnent obtained from Northcliffe's

tables.

Table 5-1

Stopping Pouer Results

Compound Line T E(exp't) F  dE(exp't) dE(table)
(keV) (psec) (keV) % dx
LiF 1458 0.06 1 N D97 - 0e39 2,39
1348 0.06 1.4 0.95 0.64%
NaF 1458 0.06 9.5 0.79 2.70 1.92
1348 0,06 10,0 0.83 2,18
CaFo 1458 0.06 8.1 0.68 3,10 1.81
PbF, 1458 0.06 0 0 4,9 1,46
1348 0.06 0 0 4,9

The lifetime values in table 5-1 are given in the units keV—cmzAhg.
Table 5-2 gives the results of measurements used to

determine the lifetime of the 1554+ and 1346 keV levels in 9%,

The 15% keV level decays by a strong 1355 keV gamma ray and

by an extremely weak 1444+ keV line. The 1346 keV level decays

by a 1235 keV gamma ray. In table 5-2 the value of dE
dx

- was set egual to the average value obtained experimentally in
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Figure 5-2 Peak Shape. The curves show the result of plotting
an inelastic peak (A) and a capture gamma ray peak (B) on
a Gaussian probability graph. A Gaussian response would give
a straight line on this graph.
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table 5-1. The value for T was obtained by selving the
. equation for F given on page 105,

Table 5-2

Lifetime Measurements

Compound Line dp E(exp't F T(exp't) (white(68>)

(keV) dx (keV) (psec) (psec)
LiF 1235 0,52 1.73 0.1% 1.3 0.k
1356 0.52 9.8 - 0.79 0.31 0.4
NaF 1356 2,44 8.5 0.71 0,09 0.kt
Caly 1356 3.30 6.0 0.50 O.b% 0.k

The possible experimentzl errors for the measured

i

values of the stopping power in tzble 5-1 and of T in . .
A
(4]

table 5-2 are of the order of 20 to 40%. This arises
primarily because of the unresolved 1348-1356 keV doubletb

in the decay scheme,

5.3 Discussion. of Stopping Power Results

The results obtainéd in tables 5-1 and 5-2, although
somewhat limited in valus, demonstrzte the feasibility of using
the facility to obtain information regarding stopping power
and lifetimes, The results for PbF, were meaningless since
the value of F was in a region where it was not very sensitive
to the value of g .

There ars a number of severa experimental limitations
on the uss of the facility for stopping power and lifetime
experiments, The fagct that there is a continuous energy
spectrum of neutrons-interacting with the target over a wide

range of incident angles implies that the target nucleil recoil
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I

with 2 wide range of velocities., This means that the

stopping power obtained is an aversge value over a wide range
of energies., No correction was made for the fact that the
atoms change direction as they slow down. This is particularly
important at low energies, when nuclear collisions predominate.
Another problem 1s that the energy levels which have reasonable
lifetimes for use in measuring the stopping power usually have
a 1-2 MeV gamma ray decay mode., This region is the one of
lowest sensitivity for the palr mode of the detection system.,
In addition there is a reasonably large scattered gamma ray
background at lower energies. In addition to the reduction

of the broadening due to slowing down effects, the energy

shift is also reduced. In the case of l9F, two of the levels
which have a reasonable lifetime produce a doublet which

is only poorly resclved. One other limitation in the
calculation ié the assumption that the stopping power is constant
in the energy region used, and that 2E,(<v>) & V, . 3Some

of these problems could be eliminated by doing this type of
experiment using an external beam port facllity. The Doppler

shift could be measured instead of the broadening in this case.



6-1 General Conclusions

This worx has demonstrated that the (n,n'y) reaction
cén be profitably studied using a light water, enriched fuel
reactor source of neutrons. In particular it has been
demonstrated that spin information can be obtained from
studying the cross section of the (n,n'y¥) reaction for each
level., The Doppler broadening and energy shift effects have
been adequately explained by kinematic arguments. Chapter
5 has shown that stopping power and lifetime experiments
can be performed using the facility. Table 6-1 gives some

of how well the present experimental results and the

jo))

ide

[$V]

calculated values for the population values based on previcus

measurements agree.

Comparison of Calculated and Experimental Population Values

Isotope Number of Diffcrence Between Cazlculated and Exp!l Val
Levels of <1l 11-20% 51-307% 307
Known J

2851 11 5 3 2 1

%0ca 12 6 4 5 5

31F 10 % 3 2 1

2741 13 6 3 % 0

23Na 17 5 5 L 3

~97 13 L 7 1 1

110
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isotope Number of 11% 11-20% 21-30% 30%
Levels -

1y 8 - 2 2 1 " 3

11 9 3 2 2 RS-

Total 92 3k 29 18 11

The results given in this workx are for elements in
the mass range A = 11 to 40 and cover an energy range from
appfoximately 1 to 6 MeV with a few higher levels in nitrogen,
boron and silicon. The results show excellent agreement in
general with previous work as well as giving information
regarding spins of unknown levels. The light elements boron
and nitrogen gave the poorest agreement with prior work., This
vas probably due to experimental difficulties with these
elements and may also have been due to limitations of the
neutron transmission coefficients used. The results do
however suggest that the model has sone validity even for
very light elements. The fact that very few levels were
observed sbove 6 MeV mezans that the effect of a possible

direct reaction component at higher energy could not be evaluated.

6-2 Limitations ef the Experiment

From table 6~1.0ne can seg that the predicted population
values of 60% of the known levels agreoed within 20% error
with the experimental results obltained in the present work,
0f the remainder some may have had a larger error due to

incorrect values of spins being assigned and some have a larger
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error due to experimental problems, The possible error in
"this work due to statistical effects and intensity calibrations
would be of the order of 10 to 15‘%. One of the limits on the
sensitivity of the system was the large neutron capture component
in the spectra. In future work, this could bes reduced by using
lOB separated isotope in the boron filter and by extending the
cadniun filter to improve the filtering of the neutrens., In
addition samples could be encapsulated in carbon rather than
aluminum in order to reduce unwanted background radiation.

The 7725 keV transition in aluminwa in particular limited

the sensitivity at higher energy. .Probably the next largest
source of error was due to using an enargy grid to calculate

1ith a set of tables

<t

the yield as a function of energy along
of neutron transmission coefficients, This meant that the
energy of the levels was rounded off to ths nearest 100 keV,
A possible future extension of this work would be to calculate
the transmission coefficilents as a function of energy and vary
the parameters of the optical model used to obtain the
coefficients to obtain the best fit,

There were a numbef of minor pessible corrections

that were not allowed for. No correction was made on the cross

=iy

section for the effect of competing fast neutron reactions,
There was no attemnpt made to correct for attenuation of the
gamma rays in the targets themselves. The neutron. flux was

assumad to be isotropic which was not strictly true. There
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may also have been minor effects con the neutron flux
distribution due to resonance effects in the filters and
aluninua tubing. All of these effects were considered to

intrnduce small errors compared to other sources of error so

—_— //

that no attempt was made to correct for them.

In addition to obtaining spin information, future //
possibilities for extending the presént work include an
investigation of Moldauer's theory and the possibility of
explaining the results by a direct reaction mechanism especially
at higher energies, The work concerning lifetimes and

stopping powers could also be extended.
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