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CHAPTER I 

INTRODUCTION 

When neutrons of moderate energy interact '1.-Ji th 

complex nuclei, one of the chief reactions which occurs 

is the (n,n'Y) reactionc This reaction is of interest 

because of the information it gives concerning the target 

nucleus. The r eaction also can be used to study the scattering 

mechanism itse lf and the optica l modal. For moderate 

neutron energies, up to 10 HeV, the total cros s section as 

'\olell as the energy and angular distribution of the emitted 

neutrons is sensitive to the energy, angular mom entum 

and parity differences which occur between the g:i:·ound state 

and the excited levels of the target nucleus. 

1-! Reaction Me cl}_,.q_rli.sm 

Inelastic scattering pro casses 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 ) of time (10 sec , l1hile many interactions are taking place. 

Then, a particle may be end. tted in a manner ind ependent 

of the moc!e of fo rmation of the compoWld state. In a -direct 

reaction pro ce ss , an incident particle interacts with one or 

a few surf ace nucleons in the target nucleus for a short period 

1 
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of time (lo-22 sec) and a particle is emitted. 

In 1949, Mayer<l) proposed the basis for the shell 

model or single particle model. In this model it is assumed 

that the nucleons form closed shells similar to the atomic 

case and that the nuclear properties are determined by 

the nucleons outside the last closed shell. The model also 

predicts that the effect of the closed shells can be represented 

by a potential \'/ell. 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 a1( 2) introduced the basis for 

the optical model. This model predicts that a nucleon can 

enter a nucleus and move within the nucleus without forming 

a compound state. The target nucleus acts as a potential 

well for the nucleon. The formation of a compound state 

occurs with a probability less than unity. Hence, the effect 

of the nucleus is to act as a potential well with absorption 

and reflection or scattering of the lncident particle in a 

nuclear reaction. The model cari. not 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 statistlcal model was founded in the late 1930's 

and vias developed extensively by \'ieisskopf(3) and hls group. 

The model is based upon three 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 two terms, 

namely the formation of the componn.d state of a given spin 

and parity times the relative probability of decay to a given 

level. 

Inelastic scattering may be treated by two approaches. 

one is the direct reaction approach and the other is the 

Hauser-Feshbach(4) approach which is based on the statistical 

model. Many experiments have been performed to determine 

~rhich model is the one to use for inelastic scattering. 

The general trend seems to indicate that at energies up to 

approximately 6 HeV the statistical model is best and at 

higher energy the direct reaction model works better. Thus 

it is probable that neither model is exact but rather both 

have some validity. The tt.;o models have not been tested to 

any great extent in the energy range· 5-10 HeV. For the 

(n,n'Y), (n,p) and (n,~) reactions the statistical model 

has boon used extens:i.vely. Harion C 5) has published a book 



describing the results of these experiments up to 1965. 

The proceedings of two conferences <6,7) held in 1963 

and 1965 concerning neutron physics provide a summary of 

nwnerous inelastic ne1.1tron 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 symmetry about 90° 

4 

·for the distribution, '-Ihile 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 nucleus model also predicts that 

the cross section for a particular level will decrease with 

energy as more energy levels are involved since the levels 

compete for the decay mode. The d1.rect reaction model does 

not pl"ed:Lct this. 

In this vmrk tho Hauser-Feshbach theory is used 

to predict the total cross section for the levels in the 

(n,n 1 Y) reaction. The theory uses the statistical model 

and the optical model, described in the next section. The 

optical model is used to calculate the neutron transmission 

coefficients which in ttlrn are needed to find the probability 

of forming a compound state and also the relative probability 

of a given decay mode. 



1-2 Optical }iodel 

The first form of the optical model(B) used a 

complex square well potential 

V(r) = V + i.W, 

where V and W were initially treated as constants. 

The imaginary par t of the potential describes inelastic 

processes permitted by the Pauli principle and the lm-1 of 

5 

conservation of energy. One solves the Schrodinger equation 

. using this pot ential to obtain the scattering and reaction 

cross sections. At loi<T energies, later autho.:rs made the 

real part of the potential simi lar 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 

nucleus formation<9). 

In 1955, ~voods and Saxon (lO) replaced the square 

well potential with the following one 

V(r) = ' 

where V is the depth of the potential well, W is the 

naclear absorption pararne ter, R is the nuclear' radius, 1'a" 
t\ II 

is a parameter dete rmining the diffuseness of the 1.-1ell and r 

is the rad:lal distance to the center of the 1·1ell. This 

smo othed out potential vJas used by Beyster < ll) in 1956 

to generate a set of neutron transmission co efficients. 

Although this form of the potential predicts the experimental 



r sults reasonab e well, other corrections have been 

added in recent years t al ou for spin-orbit coupling, 

different effects ue to different energy regions of the 

reaction and various other corrections. 

6 

The two forms of the optical model potential used 

in this work \vere derived by Bjorklund and Fernbach ( 12) (B&:F) 

and by Perey and Buck ( l3) (P&B). Both use a potential vJho se 

rea part is of the Wood -Saxon form namely 

-V ' 1 + exp((r-R)/a) 

and a spin- orbit term of the Thomas form 

-v3 .(t/f'c) 2 .. (1/r) • .9.._ ( -1 ~ .(i.O:), 
dr 1 r exp((r- R)/a 

v3 r) = 

vJhere v8 is a constant, J-4- is the pion mass, I. is the angular 

mo~entum of the neutron with respect to the nucleus and a-

is the spin of the neutron. Both potentials use a surface 

imaginary term but the forms are different. The radial 

dependence of the potential uses the Thomas-FermiCl4) approximation 

which assumes that a Fermi energy can be defined as a function 

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 slm•Jly giving a maximum value at the nuclear surf ace. 

At higher incident energies the effect of this surface 

absorption decreases. The B&F work uses a Gaussian surf ace 

term, namely 

V~ (_) = -i. \II[. exp- ((r-R) /b) 2, 
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while the P&B \.Jork uses a derivative Wood-Saxon form 

vf(r) = -i.W.4.b. d ( ____ -1 ), 
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 assume s 

that a nonlocal optlcal model is required. This means that 

the Schrodinger equation in their case has the following form 

- 11.2 \7 2 
r(r) + V. r(r) = E. f(r). 

2m 
The nonlocal potential V has the following form 

V·lf'(r) = 5 V(r,r'). "/'(r') .d r ' 

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

and V(r,r') = U(p) .H( \r-r 'l ) 

v1here H( lr-r'l ) = 

D 
U(p) = V1 (p) + Vu(p) + V8(p) 

P = 1/2( Jr + r'l ) • 

~ gives the range of the nonlocality. These potentials 

\.Jere used to generate the neutron t ransmission coeff icient s 

us ed . in the Hauser-Feshbach calculations. 

1=.3. ~Y·-Fe shbach Th§Slry 

It is reasonable to assume that at the excitation 

energy of the compound nllcleus, the density and \.Jidths of 

levels are such that a range of spins fu!d parities can occur 

for the intermedi.ate state. The Have functions for the process 

can be ass wned to have random phases so that if phase averages 

are performed then all interference t erms -v;ill vanish. It 

is possible to t reat the reaction in t wo separat e steps, 
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namely the formation of a compound or intermediate state, 

and secondly the decay of the state. The competition ari sing 

from gamma ray emission and charged particle emission \.Jill 

be neglected in this work . Typical cross sections for 

aluminum r eactions (l5) \·lith f as t neutrons ('""' 2 HeV) are 

(n,p) 0 . 03 barns 
(n,o!.) 0.001 
(n,Y) 0.00005 
(n,n'Y) 0.8 

Alwninum has a large (n,p) cross section; but ev en it is 

more t han 20 time s less probable than the (n ,n 1 Y) reaction. 

The cross section for the fo rmation of the compound 

state is given by 
X2 j 

tr = ( 2! + 1 ) 71' 1\ • T• j .t ( E) , 
;r 

where To&jl( E) rGpresents the fraction of the neutrons vJith 

spin j and angular momentwn .1 \vhi ch strike the nucleus an.d 

form a compound state. J gives the value of the resultant 

spin of the nuclens and 0\ indicates the channel. cl.. indicates 

which level is involved in the reaction. X is the neut r·on 
:r 

wave nwnber. The values of the penetrabilities T~~(E) are 

obtained from a t able (l6) based on optical model calculations. 

The probability of fo rming a compound nucleus state of spin 

J is the above probability times the square of the Clebsch- Gordon 

coefficient, which give s the probability of fo rming the spin 

J given the spins of the target and incident neutron . To obtain 

the total cross section for i ne lastic scattering to a 

giv en level in the t arget nucleus, one multiplies the above 
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term by the relative probability for this particular decay 

mode. In other words the vari ous lev ls compete for the 

available neutrons. Thus the cross section(l7) is given by 
~ J j 

a- ( ·~') = 11~ ~ (2J + 12 • ~J.e• T~'..t ' 
:r1' 2(2I + 1) ~ ~·· '".t '' 
j 1 I n '!£" )-

Where I is the spin of the target nucleus,~i is the spin of 

the incident particle, is the orbital angular momentum 

of the incident particle, j is the channel spin defined by 

j..=I+i, 

~is the channel designation and includes energy of initial 

particle and indicates '\vhich level is excited. Primed · 

quantities indicate val es 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 

\J- j~ (J+.f), \I-1\~ j:! (I+i), 

\J- I ~j ~ (J+ 
1

)' and \I'-i' l~j ~ cr!.ri) . 
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 swnmed over 

all possible ways of ecaying to the level of interest, 

and the penetrabilities with no primes are sumed over all 

possible ways of forming the intermediate state J. J is 

surned over all possible values allowed by the conservation 

laws. The factor (2J+l)/(2I+l) is a statistical -v;e ight factor 

and occurs as a result of averaging and manipulati.g over 
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angular momenta. 

The equation giving the cross section was first 

derived by Hauser and Feshbach (l8) and also by v/olfstein (19). 

Later derivations have been given by Feld et al( 20) Lane -- ' 
and Thomas( 2l) and by Feshbach( 21). 

1-~ Previous Work 

One of the earliest measurements of the energy and 

angular distributions of an (n,n'¥ ) reaction was done by 

0' Neil( 22) in 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 allo-v;ed him to study scattered 

neutrons up to 4 NeV in energy and his results indicated 

isotropic scattering. The time of flight tech~ique has 

cont~nued to ·be developed to study the emitted neutrons~ 

by numerous authors such as To1vle and Oivens< 23) who have 

studied 23Na and 27Al targets. One of the first experiments 

'l.vhich contradicted the compound nucleus model approach 

was done by Rosen and Stmvart<24) in 1955. They used 

nuclear emulsions to detect scattered neutrons produced by 

a 4 HeV neutron gener·ator. Their vwrk suggested that the 

compound nucleus model I·JOrked up to approximately 6 HeV 

and above this energy the angular distribution was peaked 

in the forward direction. Since 1960, various experimenters 

such as Hathllr et a l C25) ha 7e successf ully used the Satchler (26 ) 
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forme.lism vJrlich is based on the Hauser Feshbach model to 

explain angular di stributions for the (n,n'Y) 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. 

About 1956, Lane and Lynn< 27) and also Dresner <28 ) 

assumed that the level vlidths have a Porter-Thomas <29) 

distribution with the result that the cross section 

be.comes 

fi = d"(HF) .. W, 

where c:r-(HF) is the cross section calc:u.lated by the Hauser 

Feshbach model and W is a correction factor. Moldauer<30) 

has evaluated vi and has found that it varies from o. 50 

near threshold to 1.0 for higher energy incident particles. 

Numerous experi menters have attempted to test 

this modified fo rm of the Hauser Feshbach theory. Torop (3l) 

studied the angular distribution of garnma r ays follovJing 

inelastic neutron scattering on iron and cerium . Protons 

f rom the Stanford 3 MeV Va.Yl de Graaff accelerator were used 

to produce neutrons by the 3n(p,n) reaction. His work 

showed that effects of the Porter-Thomas fluctuations on 

angular distributions vwre of the same order of uncertainty 

introduced by using different transmission coefficients and 

as a r esult he was unable to verify that the fluctuations 
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exist. A number of experimenters(32,33,3lt) 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 HeV 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<35) used reac.to1~ prodnced neutrons 

to study the neutron inelastic scatteri.ng reaction on 

a number of natural targets. His work '\oTas done using an 

external beam of neutrons and a Nai detection system. Only 

the first few excited states were observed in each case. 

Donahue proposed that for neutron energies greater th~~ 

the threshold energy, the cross section as a function of 

energy can be vJri t ten 

where o;; is a constant depend ing on spin and parity of the 

level and ~ is a universal parameter (3 .:t 1 Hev- 1) independent 

of spin and parity. ~Vi th a reactor source of neutrons 

the gamma ray yield is the product of the cross section 

times the flu.x as a function of energy. Donahue's results 

showed the yield corrected for flux was proportional to the 

square ro ot of tb:i B(E2) values for each level. This 



contradicts the Hauser Feshbach theory which states that 

the cross section should be independent of the nature of 

the state. Donahue'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 l<Jas made to explain the 

results using a Hauser Feshbach calculation. 

In 1968 Ernst< 38 ) did a study of the (n,n'¥) 
' 

reaction using the McHaster University Reactor. His vlork 

was done using an external beam of neutrons and a Ge(Li) 

detector. The neutron energy spectrum was approximated 

by ~(E).-.exp(-«E), where o{= 0.77. Using Donahue's 

equation for the cross section and integrating over the 

flux to flnd the gamma ray yield, Ernst derived the 

following relation 

13 

primary population = ~ • ;
0
.Jield obs.erved 

of a level exp(-ctEtJ 
• 13 --. 

Cl{ ( «>( + 13) 

Thus if one divides the observed yield by exp(-CI(E'*4) 
' 

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 radiation 

damaged and also due to limitations of the beam port 

facilities used, the experimental results lvere inconclusive. 

Similar experiments to the (n,n'r) studies have 

been performed on the (p,p'r) reaction using accelerators. 

The cluef limitation of the accelerator experiments is 

that the protons have to overcome the Coulomb barrier 

thus limiting the energy 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 
' 

fm1ction of energy. In contrast to this reactor produced 

neutrons having a distribution in energy allo"t-1 one 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 mBan reaction rate occurs 

at about 0.5 HeV abcve the threshold energy independent of 

level energy, which is the region most dependent on spin 

and parity of the level. 



CHAPTER 2 

EXPERIMENTAL FACILITIES 

&:1 ~t~ 
The HcHaster University Reactor is a light-vJater, 

enriched fuel, 2 HW s1.-:imming pool reactor designed and 

built by ANF. It has six radial horizontal beam ports 

and one vertical beam tube. It is also provided v1ith a 

thermal column vault. Figure 2-1 indicates the layout of 

the reactor and the irradiation facllity built for this 

work. In order to have sufficient sensitivity for studying 

the (n,n't) reaction, an internal target, tangential 

irradiation facility was developed. Radial beam ports 

are unsuitable fo:r this type of facility since the detector 

would accept gamma and neu.tron radiation directly from the 

core. The vertical beam tube can be set up in the internal 

target arra~gement; 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 around the upper end of the beam tnbe due 

to reactor control equipment ru1d the upper end is·located 

in an area where the background radiation is relatively 

high. Since the thermal column area was not in use, it 

was decided to design a facility using this area. 

15 



, •• ! 

~~~ r.; 
. 0 

p, 
~.c. ::~ 
~- -_ 

·~ '-2 
·rl .l) 
rl ,) 
'.-i (;_1 
(J f.~ 

C': ... , .... ::2 
(l ~ 

<:.--
~, _, r-: 

.;.J 
r.~ 

0 0 
() 

.' . ...; 

'" -. '-J 

(l' .. ~ 
-~ .1-) 

)()) 
-·' ·~ . .... 

0 

,-; () 
(' 

oN . -: ,.., 
- ...... . 

r• ,., .. , \.i 
}~\! r,:) 

~. r: 
C' QJ c_: 
~~ ,.g 4-J 
-:: ·: '.: ~ .::/ 

c_; 
.. ~ <"r-r 

... ; c 0 
t 

t\J \'J ,<:_, 
rl ·.-! 

• Q. ~~· 
c1 E Q, 
.,.; ~ 
: -. (I) 0 



16 

The neutron energy spectrum in the reactor core 

area may be divided into three cat egories: fast, resonance, 

and thermal. The fast neu_t rons extending from 1 to about 

16 MeV are produced by the fission reaction. The re sonance 

neut ron region extends from keV up to 1 MeV giving a 

characteristic 1/E spectrum . These neutrons occur as a 

re sult of fast neutrons being moderated by the light water 

in the pool. The thermal neutrons have a HaX\·Jellian 

distribution of velocities and occur as a result of 

neutrons coming into equiU.br:l..um ·Hith their surroundings. 

The emission rate of fast neutrons depends on the thermal 

neutron fl ux and hence inside the reactor core the hw 

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'¥) reaction it is desirable to filter out the 

thermal and resonance components of t he reactor neutron 

fl ux since both of these can produce the (n,Y) reaction 

which forms an um·umted backgro Lmd . Figure 2-2 indicates 

the neutron fl ux distribution for the three categories of 

neutrons. The relative amount of each component depends 

on the locati on around the cere 'lrJlwre the measurement is 

made~ Section 2-tr of this v10rk gives an experimental 

measurement of the thermal versus the rE1sonance and f ast 

neutron fl ux . 
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2.::_g Tangential Irradia.tion Facility VersQ§._ A Beam Port Facil:i.il 

The study of the gamma radiation following inelastic 

neutron scattering may be accomplished either by use of 

an external neutron beam striklng the sample or by placing 

the sample in a facility beside the reactor core 

and extracting the resultant garnma rays in a beam. The 

external neutron beam method has the advantage v1hen it 

comes to h andU.ng targets, i.e. simple, and fast sample 

changes, no danger of s runples decomposing or overheating. 

The chi ef adVfu'1tage of placing the target by the core in 

the internal position is the greater sensitivity obtainede 

The rate for the internal system is given by 
~ ~ 4 

k.'~'.w.o-.Tv.J\ . .tln.£, 
where k is a constnat, q is the neutron flux at the core, 

W is the weight of the sample, q- is the cross section for 

the reaction Tv is the probability of the gamma ray 
' 

penetrating a.t1y neutron shialding required, 1l: is the solid 

angle for the gamma radiation detector,Jt:is the solid 

angle fo r the neutrons hi.tting the targe t (appro ximate ly 

-rr), a.11d £is the effici.ency of the dete ctor. The rate 

for an external system is given by 

k. tp. \1. a-. T" .11~ fl"c. E. 
·'(. "• ' 

where Tn is the probability that the neutrons will penetrate 
.Q. 

any absorbers in the beam, Jl.,. is the solid angle for the 
... 

neutron beam,Jlyis the solid angle of the gamma radiation 

det e cto r. The chief difference is t hat the external r ate 
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depends on the product of t\vO small solid angles and the 

internal rate depends on the product of one small and one 

large solid ~~gle. 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 ener gy spectrL~ since it is almostthe same as a 

fission sp~ ctrwn for energies above 100 keV. The shape 

of the n~utron distribut ion for the external beam of 

neutrons is greatly affected by the surroundings of the 

beam po r t (39). .A.t1 additional advantage of the i .nternal 

system is that the scattered neutrons a:re absorbed by the 

pool \'Jatar ar o W1d the reactor core, thus gi·eatly reducing 

the amount of external shielding required~ Finally it 

should be noted that the internal target arrangement leads 

to a ~~~ell col limated gc:unma ray beam 'i·Jhich is ess : ntial 

i n using a multiple detector spectrome ter syst em . Thus 

it was decid ed to constrUb t an irradiation facility in 

\·Ihich t he target 1wuld be located beside the · core • 

.?-3. Des~riptio.ll of Ta.!);g_ontial ):r:t~ e~d :Lation Faci J:J.t.Y. 

Figure 2-1 gives the layout of t he f acility <40) 

used . The system consist s .of an evacuated al uminum t arget 

chamber , an in-u pool coll5.mato r , ~~ ext ernal coll.imato:r and 

a detection system. The collimat ion system is located i n 

the thermal col ur;m vault 1-1hich is i so l.at9d fro m the po ol 



19 

by a 2. 54 em thick aluminum plate. ,In order to retain 

maximum flexibility for the system it was decided to thin 

a small region of the plate, 5 em in diameter to 0.60 em 

thickness, rather that to design a collimator built into 

the plate. At 500 keV the percentage of gamma rays passing 

throug~1 the windoH "Jithout interacting is 85% and at 7000 

kBV it is ~t%. The side of th~ core nearest the detection 

system is covered by a 5 inch thick lead plate· \.Jhich helps 

to reduce unv~anted gamma radiation coming directly from 

the·core area. 

The target chamber consists of 7.6 em O.D. 65ST 

alwninum tubing approximately 2 m in length. The tube 

is located in the pool by means of removable annular lead 

weights clad in alwninum at each end of the chamber. The 

weights position the tube on nv" shaped notched supports 

at each end of the pool. Steel wires are attached to the 

weights to make handling of the tubes easy. The chamber 

car.1. be operated either under v acunm. or reduced pressure 

by means of a 30 foot lo.n.g t inch in d:iarneter almninum 

tube attached to the flange at the end of the target 

chamber 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 th€ neutron flux at the end of the chamber 

nearest the detector is about lo-4 of the value at the core. 



Since the ends of the chamber are in direct line vJi th 

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 
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is allowed to remain in storage for at least a week to 

reduce· the radiation hazard before removal of the targets 

and reloading of the tubes. 

The internal collimator consists of a 15 em 

diameter, 23 em long lead annulus with a 3.0 em aperature. 

Discs of 6LiF packed in alwninum contaj.ners are situated 

at each end of the collimator to remove thermal neutrons 

from the beam of gc:unma rays. The space beb-Jeen the discs 

was initially water filled to help remove the fast neutron 

component of the beam. The presence of water however, 

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 almn:i.nmn 

container with thin walls to reduce the amount of material 

available to scatter off of. 

The external collimator placed inside the thermal 

column vault consists of a stepped square shaped alwninum 

collimator 190 em long fl.lled with a mixture of lead and 

polyethylene shot vJith a 1 em opening. The vault itself 

is filled with interlocking barytes concrete blocks. In 

addition to this, t1~o layers of three foot thick barytes 

concrete blocks are located external to the vault to provide 



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 tho course of this and other work, it was 

discovered that the Ge(Li) detectors used suffered from 

neutron radiation damage and as a res11lt the shielding 

was increased. 
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The entire collimation system was aligned with the 

aluminwn windor11 removed using optical methods and then 

checked by means of placing radioactive sources at the 

sample position. The sJze of the source chosen ~o1as 

typical of the samples to be used, namely 1 em in diameter 

and l1- em long. A Nai 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 1 em gives some 
• 

idea of the degree of alignment c:tnd collimation achieved. 

After alignment the windor.'l was keyed to ensure realignment 

at a later time if required. The "V" shaped stand in tb.e 

pool on the side remote 1'rom the detector was made adjustable 

in both helght and position, from the surface of the pool, 

although no adjustment has been found necessary to date. 

The solid angle at the end of the collimator is about 10-6 

of the unit sphere. 

In order to study the (n,n'r) reaction, 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 ~>Jhich produces un~o1anted background radiationo 

This i·Ias accomplished by means of a cadmiwn filter 0.04-8 

inches thick. The filter ''1as mounted on a 3 inch I.D. 

aluminum tube 20 inches in length ivhich slides on the 
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outside of the chamber. The slider was normally positioned 

to shield the s ample from the core and was locked in 

position by means of a large stainless steel s et scre1.; . 

The therm a l neutron fl ux was reduced by a factor of lo- 6 

using the cadmiwn filt er . In order to further red,~ce the 

thermal flux and also to c ut dovm th8 resonance capture 

reaction, a boron filter was used as well. The boron 

filter consisted of B4C po~<Jder sealed inside an aluminum 

annulus with welded joints ~ The container \vas 18 em long 

with a 4.3 em aperture and had a natLJ.ra l boron carbid ·3 

thickness of 1.1 em. The container fitted insid e the 

target chambe r and was locat ed by means of almnin wn straps 

"1hich formed a frame r.-10rk betvJeen. the end caps of the 

chamber . The targets themselves 11e:re either solid me tals 

or were powders encapsulated in ~xtreme ly thin walled 

almninwn tubes and \-Jere mounted inside this filter container. 

The straps on the filter in addition to locating the filter 

and target also allo1.ved one to handle the sources fro m 

a short distance if they i·Jere radioactive. Cooling was ' 
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ot a problem, since the target chamber and the cadmium 

filter were in direct contact 111ith the pool \olater, and 

the boron fi ter had reasonable good thermal contact with 

the target chamber. 

The reduction in neutron capture due to resonance 

neutrons can be calculated iV one assumes a 1/v cross 

section for both boron and the target material . The boron 

cross section can be vlritten 

()';. (E) = (}';. ,. v..,. /V , 

Bhere ~ is the thermal cross section for boron, vT = 2200 

m/sec lli~d v is the incident neutron velocity . The rate 

of resonance capture obtained with just a cadmium filter 

is given by 
c.o 00 

R 0( 5o;;._y_ • d:S 
o·€, V E 

= 5 e;• V-r .___<iy_ 
Vc V V 

= 6: • v.,. 
0 - -

Vc ' 

where vc is the velocity of a neutron at 0.6 ev a~d ~ is 

the thermal cross section of the target. The cadmium 

cutoff has been taken as 0.6 ev. If the boron filte r is 

used in addition, the rate becomes 
co 

Rp ~ S exp- (~ ·-YI • t). ~·--Y...!._ 
o·t. V V 

• dE 
E 

s._ . ( 1 - exp- (~. t .y ..... ) ) , 
~ · t Vc 

= 

where t is the thickness of the boron absorber. The ratio 

of the two cases gives the fractional reduction in the 

rate 

Ratio = l • (l - exp- (a:-.t.y,. )). 
Vt; ~ .t._yy 

Vc;. 
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Figure 2-4 is a graphical representation of this ratio. 

Thus if the cross secti on for both the thermal capture 

rea ction and the f a st neutron inelastic scattering reaction 

are knovm, one can calculate the amount of bo ron r equired . 

In order to r educe the cost of the filter it was decided 

to us e natural boron in the form of B4C povJder in a long 

annulus. The thiclr.ness used was equivalent to ~-0 mg/cm2 

of 10B and gives a reduction of 0.05 times for resonance 

capture . The effect of the cadmium filter o ~n the thermal 

neutron spectrum i s shmvn j_n fj gure 2-5A fo r several 

thickne sses of cad mi wn . The lo\ve st cur ve corresponds to 

the thickness actually used. The effect of the bo ron 

filter in addition to the cadmium filt er is sho\vn in 

figure 2-5B. Again the loi·J est curve is the value us ed . 

Above 500 keV, the b·JO filters have little effect on the 

neutron flux distribution. 

In order to determine the optimlliJ location of the 

t arget chamber a...'1d its size~ several horizonta l and 

· vertical neutron flux measurements viere talten. . Bare and 

cadmium covered Fe-Hn vlii' AS (855& Fe, 13.% Hn , 2% Ho ), \vere 

cut into one inch s ections and \-Je re l ocated at intervals 

insid e a 1 .. 1e ld ed aluminum tube. The tube was then placed 

vertically beside the core and irradiated fo r a fm1 minutes 

and t hen t aken apart and the &.ctivj_ty on the ·Hj_r es measured., 
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A similar experiment was performed vJith the tube in the 

horizontal plane out from the core. Figure 2-6 shoHs the 

results of the measurements. The vertical distribution of 

the resonance neutron flux had the identical shape as the 

total neutron flux cas e . The results indicated that both 

the the rmal and resonance neutron fluxes decrease 

monotonically out f rom the edge of the core. Since no 

maxima were ob served i n the ratio of the two fluxes it 

was decided to locate the tube as close to the core as 

possible. The cross- hatched region on the ve rtical 

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 ba.ckground coming fro m t he walls of the chamb0r 

and entering the collimating system even though this meant 

that the targets would be back from the core. Since the 

tubes were operated under va.cuut11 , it was felt that the flux 

distribution would be reaso nably close to t he value obtained 

at the edge of the core. The cadmium ratio vJaS appl·oximately 

const&it fro m the edge of the core to 20 inches out from 

the core and equal to 50. To some extent the f ltLx pattern 

de pends on the cond itions of the fuel rods and the locatj_on 

of the reactor cont ro l rod's at a..11y given time. 

After the t angential irr·adj_ation f aciU.ty was 
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constructed, experiments were .undertaken to measure the 

absolute thermal and resonance neutron flux inside the 

target chamber. This \IT as done by irradiating aluminum 

wires contaihing 0.1% cobalt for one week periods with 

the cadmi mn filter off to one side of the core and with 
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the sLider in position~ The boron filter was not used in 

these measurements. · After a three v1eek cooling period the 

wires vJe:re counted in a vlell type ionizat:i.on chamber and 

compared to calibrat ed cobalt sources. The cross section 

for cabal t viaS t aken as 37 barns for both cases. This l ed 

to a tota l flux at the target position of 7.0 x 1012 

neut rons/cm2/sec and a resonance flux of 3.0 x 1011 

neut rons/cm2/sec, and hence, a cadmium ratio of 24. The 

values were obtained v1ith the reactor operating at 2 M1'l. 

The reason that this value for the cadmiwu ratio is lo\o~er 

than the earlier one mee.sured may be clue to the fact t hat 

the cadmiwu filt er do es not co mpl ete ly enclose the target 

and as a result some neutrons may be scattered into the 

target area without passing through the filtero 

In addition to the flux 1vire stucUes a carbon sample 

was studied with and 1.Jithout the cadmium filter. The (n,r) 

reaction on carbon produces a simple spectrum containing 

only three gamma rays. The mo st prominent member.is the 

494-3 keV grou..'1d-state transition which has an j_ntensity of 

66 events per 100 capture events<41 ). The (n, n 'Y) reaction 
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leads to a garnr.oa ray at ltl1-39 keV. The cross section for 

this reaction has been measured as 0.23 barns (l.t-2). The 

ratio for the inelastic peak area to the lt9Y-3 keV thermal 

peak area was found to be 0.62. If an exponential fission 

spectrwn 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 1..ras 7. 0 x 1012 , then the fast flux vias 

3.0 x 1012 neutrons/cm2/sec. 

In order to estimate the sensitivity of the syst em , 

a 30 mg sample of vanadium wire was pla ced in the center 

of the target chamber with no neutron filters in place., 

The j_ntensi ty of the 687Y. keV transition (Y-3) v1as used to 

obtain a pair peCl..k rat e for a 100% t:c"ansition of 280 

count s/ sec/ mole/barn. The resolution of the detector used 

was 10 keV and the backgroLmd rate at tr.tis energy \•ias 0 J004· 

counts/sec. If the limit of sensitivi t y is defined as being 

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

( %intensity of transition)x(nmnber of mole- ) ~0.0016. 
barns 

This figure serves as a rough guide of the thermal sensitivity 

since it depends greatly on the shape of the backgrourid 

r ad iation. In the case of the inelastic r eaction it also 

depends greatly on t he o.mollnt of i nterferonce fro m gamma 
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rays originating in the t arget from the (n,y) reactione 

The energy measurement of a gamma ray may be 

achieved by taking adv~1tage of the ioni zation produced 

in a gas or solid by the ganuna ray, or by making use of 

scintillation ¥Jhich occurs vJhen a gamma ray strikes an 

organic or inorgan1c cr·y s tal. The scintillation method 

(Nal detector) gives l ess energy r eso l ut ion but a greate r 

detection efficiency. In a semiconductor diod e (G e(Li) 

detector), the gamma r ay transfers its energy to a charge 

carrier by means of the photoelectr ic Compton or pail' 
' 

int eractions~ The charge carrier then lose .s its kinetic 

energy by colliding with other charge carriers wlrlch it 

liberates. ThEl resultant charge surge \Ihich is collected 

by the electric field across the diode is proportional 

to the energy deposit ed in the dete ctor . 

The detecto rs used in th5.s war~ were f abricated 

using techniques described by Fied ler et al <44-) and \vall (lt5). 

The detectors were made fro m hori zontal , float -zoned, 

gallium doped germanium* grO\•lll in the <111'/ dire ction. The 

germanj. wn ingots vJere allo~.red ui t.h li t hiurn as five sided 

co axial det ectors using an electroplati 1g bath (lt4). 

After the drifting procedures and clean-up drlft, the 

detectors v1ere mount ed in cryostats and cooled to liquid 

nit rogen t emperature. 

* The germanil.:uu \.Jas obtaiaod f:com Hoboken in Belgium 
thro ugh NPC Electroni cs Co. loc a t ed in Lo s PJ1oles , 
California , USA. Y 
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Typical detectors us ed were 15-20 cc in active 

volume \•li th a cro ss sectional area of 12 sq em and a 

hei ght of 1.4- to 2.0 em. This size of detector was chosen 

because it \..ras relatively easy to make and by collimating 

the be am doHn t he long axi s of the counter , a reasonable 

percentage of the gamma rays interacted in the detector. 

The f raction of the gamma rays at 7000 keV which interact 

in the detector ifi of the order of 50%. In addition 

there vJas a re asonable probability of the annihilation 

gamma rays escaping from the detector to be captured in 

the Nai annulus, theraby enhancing the pair mode of 

operation . The collimating system was chosen so as to 

pr ovide a beam of gamma rays approximately 1.5 em in 

dic.meter at the detector. Leakage currents of 1 nanoampere 

at 1500 volts bias were obtained for the detectors vJith 

a resolution initial ly of about 3 keV full width at half 

maximnrn at 1 HeV and about 7 keV at 7 HeV. 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 damag e in the detectors. 

Figure 2-7 is a block diagram of the electronics 

syst em used. Signals from the Ge (Li) detector 1;1ere amplified 

by a Tennelec TC 135 charge sensitive preamplifier. The 

signal •.vas t hen filte red an(1 amplified by a Tennelec TC 200 

main amplifi.or . Since high rates were us ed , the signal 
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was passed through a Tenne lec TC 610 baseline restorer. 

~'he signal \oJas delayed using an Ortec Model 427 delay 

amplifier in order to allovl time for signals coming from 

the Nal annulus to be electronically processed. Next, 

the signal \vas presented to a 4K ramp ADC of a Nuclear 

Data 3300 analyzer having 16K of memory. Gain and zero 
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shifts vrere handled in t wo '\·Jays. One method \oJas to use a 

Nucle ar Data Serids 3300 Digital Spectrum Stabilizer unit. 

Sin ce this method req u.ire s strong pe aks at the lo'\17 and high 

energy ends of tho s pec trum, vJhich were not alv1ays 

available , a precision pulser <46) vias built to provide 

them. It was fow1d that the pulser was stable over a 

period of several weeks compared to thermal neutron 

capture gamma rays. A second method of stabilization v1as 

achieved by recording the accumulated spectrum every few 

hours on magnetic tape and then using a computer program 

which lines up a hieh and a lo \v energy peak i n each spectrum 

record ed and then sums the spectra up. The c omputer 

shl.fting method \vas develop~d because the electronic 

stabilizing unit was not avai.lable initially. Both methods 

were fo un.d to be sa tisfactory. The computer shift method 

. did ho i.;ever tie up the tape deck facilities and as a result 

the stabilizer was us ed for mo st of the experi ments. One 

advantage of the computer method was that if the reactor 

was shut doim for a perio d of several days in the middle 

of the experi ment , the stabilizer sorn qtimes needed to be 



adjusted to regain control of the experiment, whereas 

the computer approach made it easy to deal with this 

problem. 
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Figure 2-8C sho\vS a typical detector response for 

a 3 HeV ganuna ray. Figure 2-8A sho'ivS the response for 

photoelectric and Compton events. The full energy peak · 

consists of photo electric events and also multiple events. 

For example, if a Compton scattered photon undergoes a 

photoelectr ic interaction in the detector, the result is 

a full energy event. The peak at mc2/2 occurs as a result 

of back- scatter ed radj_ation. Figure 2-8B indicate s the 

response for pair events. The first and second escape 

peaks occur when one or bJo annihi-lation qua;.'1ta escape ­

completely from the detector. The continuum of events 

corresponds to events in which the quanta interact &'1d 

only partially escape. The 511 keV peak and its associated 

Compton continuwn arises when pair pr oduction occur s in 

the sotn•ce or surroundings and an annihilation quantum 

proceeds into the detector. Counts just beloVJ 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 7 adding to gether in the detector. 

For the det ectors used the full energy peak height vias equal 

in height to the second escape peak height \<!hen the galnma 

ray energy \·Jas about 3000 to 3 500 keV. 
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2-6 Nai SQli t. Annul!l2 Detec_llQ_Q Syst~ 

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 a.11d a Compton continuu.mo Thus 

the response function is redund~!t and also includes a 

significant Cot:Ipton backgrot.llfd wtLi.ch simply lo\·Jers the 

signal to noise r atio. This means that v1e ak photo-peaks 

can be easily masked by the Compton continuum of strong 

higher energy gllinma r ay s . In addition if the spectr wn is 

complex, escape pe aks and photo-peaks of different gamma 

ray::; may interfer e with each other, Increasing the size 

of the Ge(Li) 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 rospoh se by limiting the gamma rays to the 

central part of the active region of the detector. Ho wever, 

pre sent detecto r s have a peak to Co r:J. pton(background) ratio 

of generally less than 25 to 1. The spectral complexity 

and the Lilli·Ianted Compton backg round can both be reduced by 

operating the detector in a pair mode at high energy and 

in a Compton suppression mod e at low energy, using a Nai 

split annulus system. Reduction of tho Compton continuum 

is particularly i mporta_nt in deali.ng \vith gamma rays 

produced in fast neutron re actions since the peaks are 
' 

Doppl er broadened , t hereby reduci ng the peak height to 
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noise ratio. 

The Nai split annulus is 15.2 em long with an 

outside diameter of 23 em. it is split into four optically 

isolated quadrants, each with its ovm photomultiplier. 

The central opening is 7e6 .em in diameter. The entire 

crystal is surrounded by Al203 reflector and is hermetically 

sealed in aluminwn. The design of the Ge(Li) cryostat 

permits the detector to be located at the optimwn position 

along the central axis of the annulus. Figure 2-9 shows 

a cross-sectional schematic drm-;~ing of the annulus with 

the Ge (Li) detector in place. The annulus is surrow1ded 

by a lead shield l.1- em thick and 30.4· em long. The face 

of the annulus nearest the target is protected by a 7.6 

em thick lead shield with a 2.5 em aperture. Since the 

gamma ray beam is approximately 1.5 em in diameter at 

the detector this shield provides crude collimation in 
' 

addition to protecting the w1nulus 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 quadrants are amplified by 

Stirrup prearnp·U.fiers and double delay line amplifiers 

and are then passed throu.gh Stirrup single channel analyzers~ 

Figure 2-7 shovlS the basic electronic logic used to route 

events in the Nuclear Data 3300 analyzer. Pair events 

are selected by demanding a tri.pie time coincidence bet\;~een 
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the Ge(Li) detector and t\oJO opposite quadrants, in 

addition to satisfying the 511 keV energy requirements 

in each quadrant. Rejection of Compton events is achieved 

by demanding anti-coi.ncidence bet1<1een the Ge (Li) detector 

and all quadrants. Compton suppression and pair modes 

can be operated simultaneously by means of routing the 

pulses in the analyzer into tvJO different 4-K memory groups. 

The two level pulser is used to stabilize gain and zero 

for the Ge(Li) detGctor and its pulses are not normally 

stored in the analyzer. 

The Nai annulns spectrometer \oJas tested using a 

Na22 sourcee 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 slu.ft when the source was moved from 

one end of the annulus to the other. The Na22 source was 

mounted inside a t inch diametet', thick walled alwninum 

tube 1~- inches long, \.Jhich is the approximate length of 

the Ge (Li) detectors used. 1'he thick 'lfJall ensured that 

the positrons emitted by the source were annihilated to 

produce 511 keV gamma rayso Figure 2-10 indicates the 

count rate obtained as the source was moved along the 

eentral axis of the annulus. The 1275 keV gamma ray 

cmi.tted by sodiurn is in time coincidence with the positrons; 

thus the time coincidence 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 energy coincidence rates did tend to zero 

at the ends of the annulus. The time coincidence rates 

for the two halves of the anntllus and the individual 

singles rates for each quadrant varied because of the 

difficulty in setting the lower level of the discriminators 

exactly the same on each single channel analyzer. 

Figure 2-11 sho-v1s the detector response to the 

Na22 source placed in front of the Ge(Li) detector on 

the central axis within the D.illlulus. Part A is tho response 

of one of the Nai quadrants, part B is the response of 

the Ge(Li) detector and part C is the response of the 

Ge(Li) detector operated in the pair mode. The peak at 

1786 keV is due to coincidence swnming of the 511 keV 

and 1275 keV grunma rays in the detector. The Ge(Li) 

detector has a peak to Compton ratio of about 10 to 1 with 

a resolution of about 3 koV at 1275 keV. The peak to 

Compton ratio is some"Ylhat limited by the fact the annultlS 

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 logic circuit, and the 

1275 keV gamma ray and its Compton continuum, which are 

in time coincidence with the positron emission, a~e 

recordede Parts B and C were recorded concurrently using 

the routing electronics. The fact that there is no trace 

of a 511 keV gamma ray in part C indicates the reliabil:Lty 
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of t he logic and routing electronics, for the source 

strength used which was typical of the (n,n't) experiments 

done later. One of the reasons for this is the exclusive 

conditions imposed on the pair mode. In practice the 

logic circuitry can be operated with either the energy 

dem~~ds or the timing requirements alone on the pair 

mode. Since the second escape peak was not affected by 

the extra requirements, all experimental results were 

obtained using the full p~i r logic. 

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 

spectrwn \vas a singles mode spectrwn. The middle one 

vlas obtained using the Compton suppression mode and the 

lov.Jer spectrum \vas 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 response. 

The peak to background in this mode is approximately 600 

to 1, at 261~ keV. Since the normal full energy peak 

h ight to continurna ratio is roughly 10 to l at this 

energy, the overall improvement in signal to noise ratio 

is about 60 times. The response in the pair mode consists 

of the second escape peak, a lovJ enerey tail, and a plateau 

extending about 30 keV up on the high energy side. 
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Fig. 2-12 Res ponse of detection system to 
th.oriu.o using the singl es , Compton suppras s i.on 
and pai r modes 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 Nai 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 ltn), by absorption in chamber 'l<ialls and the cryostat 

and by the photoefficiency of the Nai 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 finlte and the 

solid angle subtended by the annulus is less then 41T, 

the partial energy transfer events are not cornpletely 

suppressed. The Compton suppression mode is however still 

fairly effective giving a photopeak to background 

enhancement of up to 5 times. The effectiveness of the 

Compton suppression increases with energy since the ratio 

of the Compton to photoelectric cross sections increases 

with gamma ray energy. Corupton edges are enhanced since 

large angle scatt~ring (backscattered radiation) can escape 

through the entrance aperture of the annulus. The full 



energy peaks are unaffected in the Compton suppression 

mode. Pair and first escape peaks are greatly reduced. 

The 511 keV gamma ray line consists of annihilation 

radiation produced by pair interactions in the source 

itself as \<!ell as being produced by pair events in the 

collimator and chamber vlalls. 
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Figure 2-13 sho11S the response of the entire 

tangential irradiation and detector system on the pair 

mode using a solid melamine sample (C3H6N6)• No neutron 

filters were used for this experiment. Most of the peaks 

in the spectr-um are due to nitrogen ..vi th a f ev1 carbon 

lines and a line at 2223 keV due to neutron capture in 

hydrogen. The intense ground state transition in alumj.num 

at 7725 keV is produced by scattered neutrons being 

captured by the alumir:.Lun parts at the end of the target 

chamber and collimator assembly. The U.ne could also be 

due to elastic scattering of aluminum grunnw. rays origlr:.atj_ng 

in the core area or in the target chamber walls. The 

iron doublet in the background occurs as a result of nslng 

a steel end cap on one end of the target chamber. These 

peaks were not pre sent when an aluminum end cap \<laS used. 

The resolution is 4 keV at 2200 k~V and 7 keV at 7000 keV~ 

The carbon peak at 4433 keV is Doppler broadened since it 

is produced by inelastic scattering of fast neutrons on 12c. 
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The system is sensitive enough to use nitrogen gas at 

atmospheric pressure in the target chamber along with 

a target to do a mixed source energy calibration. Since 

the chamber is connected to the surface of the reactor 

pool by means of a small metal tubing, samples are run 

under· vacuum and nitrogen gas can be admitted while the 

reactor is running. 
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Figure 2-1~· indicates the pair and photoefficiency 

of the system. The pair efficiency curve is given for 

two of the detectors used. For both detectors the pair 

efficiency curve follov/S the theoretical pair cross section 

in germanium up to about 5 HeV Q 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 absorber. 

The fact that a collimated beam of gamma rays is used is 

probably why the curves follow the theoretical curve to 

such a high energy. The difference in the t\w detectors 

is largely due to the height of the detectors~ The one 

in which the curve tends to level off v1as higher than 

the one which drops significantly. It may be that in the 

former detector the path of the direct gamma beam vias 

belo-v1 the dead 11 p11 region of the detector; while for the 

latter one it was .hitting this centra_l dead region thereby 

reducinz the efficiency of tho d~1tect.cir at higher energy. 
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The photoefficiency curve is shown for one of the detectors 

and it forms a fairly straight line on a semilogrithmic 

plot except for se~ere 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 photopeak 

at 3500 keV are equal in height. The pair peak energy 

scale is the full energy of the gamma ray and not the 

energy deposited in the detector. The efficiency curves 

were obtained using nitrogen, gamma rays follovJing decay 

of gallium, vanadium, alumirnw1 and various other star1dards. 

Figure 2-15 shov1s the bE~ckgrotmd of the system. 

Part A \•las obtained using an empty target chamber over a 

24 hou_r 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 vlhich 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 3648 

keV, and a Doppler broadened line due to inelastic neutron 

scattering at 4433 keV. The 7725 keV line appears to be 

enhanced compared to the 1778 keV line suggesting the 

possibility of elastic scattering as ono mechanism 

contribnting to the formation of these backgrotmd lines. 
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Figure 2-15 System Background. Part A 1vas obtained using an empty target chamber over a 24 hour period 
of time. Part B was obtained using a carbon samp I e at: the target position for a 4 hour run. 
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Both the 7725 and 2223 keV lines have a bro ad Compton 

scattered component just below these energies. The 

geometry of the reactor and le ad 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 into the 

detector. These angles explain the 1'iidth of the Compton 

scattered component of the 7725 and 2223 keV gamma ra.y 

lines. Initial ly the in-pool collimator was water fill ed 

betvJeen the 6LiF neutron absorbers. After the initial 

trial run on the facility, the water ·Has replaced by an 

air filled thin vJalled aluminum cont ainer in order to 

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

This cut do ~om the background peaks by approximately 5 to 

10 times. Figure 2-15 vias obtained after this modification. 

Tablg 2-1 

Sy stern Backgro 1.1r1d 

Energy(keV) Rate(counts/min) ~lidth of Line(keV) 

1778 0 &99 tr-6 

2223 7 .tr- 7 + 90 keV continuum 

2948 0.68 
ext ending do vln'H a rd. s 
30-·40 

3110 0.69 30-Li-O 

3447 0.34 30- 40 

3579 0.13 30-lto 

4110 o. 58 30-4-o 



l}2 

Energy Ra.te Width of Line 

lt237 o. 56 30-ltO 

lt685 0.77 30-ltO 

lt886 0.33 30-ltO 

7656 1.93 30-ltO 

7725 0.36 10-12 + continurnm 
extending downward 

2-8_ Do~l: Broadening Ef'fg_cts 

When fast neutrons (1 to 10 HeV) interact vJith 

atoms in a target, they tr an~Jfer typical ly 10 to 200 keV 

of kinetic energy to the atom according to the laws of 

conserv ation of energy and momentLIJn. The resultant motion 

of the nucleus produces a Doppler shift in the energy of 

the gamma rays, which are emitted vlhile the nuclells is in 

motion. For each set of given initial conditions there is 

a di stri but5.on of ve loci ties of the t arget nuclE;Jus and 

hence a distribution of possible energy shifts of the 

result ant gamma rays. This le ads to a broad ening of the 

gamma ray peaks produced in the (n,n' Y) reaction. Figure 

2-16 shows a small portion of a spectrum obtained for the 

reactions 2'7Al(n,r) 28Al and 27Al(n,n'Y) 27Al. The radiation 

arising from .the inelastic reaction is Doppler broadened 

and is indicated by arrovls in the fi gure . The peaks due 

to the capture reaction d.isplay the peak 1.-lidth which is 

characteristi c of the system r~solution. 
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The r ad i~tion arising from inelastic scatter~ng 
is Doi);jle r broe..dened and is indicated with arroHs . 
The capture components show the usual peak wi dth 
characteristi of the system resolution. 



In order to understand the experimental re sults 

and their limitations, a model for the syst em ha s been 

deriv ed . The mode l assumes that the complex geome t r ic 

convolution f actors can be approximated by assuming that 

the incid ent neutron flux is isotropic, and that the t arget 

nuclei recoil isotropically in the center of mass 

co - ordinate system. The gamma rays are assumed to be 

emi tted isotropical ly in the center of mass system as 

well. In additi.on to the geometri c factors, a quantitative 

estimate of the r eactton parameters is necessary. The 

neutron spectrum is assumed to be an unmodnlated fission 

spect r mn of the fo rm ~(En)""'exp (- ctEn) v!ith e~.. = 0.77 Hev-
1. 

The inelastic neut r on scat t ering cross section is 

approximated by Donahue 's expression (35) 

fr (En) ...-... (1 - exp-tHEn-Ex)), 

\..Jhere En is the center of mass neutron energy, Ex i s the 
-1 l evel energy, p == 3 HeV and En> Ex . ~rhe re act ion rate 

as a function of · energy is thus given by 

The mean value of the neutrons ented.ng into t his reaction 

in the laboratory system of energy is given by 

E = n 

= 

( Ex + « :.:_§ ) • .LL±.~ 
S(ct +IS) A a 

(Ex + 1 6 56) • i.~ __ ±_JJ_~ He V. 
A2.. 

The most probable·neutron energy is given by 

En . ::: ( Ex + ~ • ln.( ~; ..!:q_L ) • ( _4__ ~ iL) 
2 



En = ( Ex + 0 • 53 ) . ( A + l ) 2 He V. ---_;;y:-

Both of these may be represented by the expression 

En = (Ex + A ) • ( A ~ ~L) 2 
1' e V. , 

\>Ji th A:: 1. 56 or 0. 53. 

given by 

The incident energy in the laboratory system is 
2 

En= l.m.Vn , where Vn is the velocity of the 
2 

neutron in the laboratory system. Before the collision 

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

l· m. V n - V c) 
2 

+ l · H. V c 
2 

.= A • En , 
2 2 A+ 1 

where A is the mass of the target ~.nucleus, Vc is the 

velocity of the center of mass and M is the total mass 

of the system. After 
2 

Ex+ ~.m.Vn' 

the co llision 

+ l•I1.VA2 = 
2 .n 

the energy is given by 

"itJhere Vn' is the velocity of the recoil neutron and VA 

is the velocity of the recoil nucleus. The conservation 

of energy states these two energies are equal . Thus 
2 2 Ex= l.m.(A + l).A.(Vc -VA ). 

Since v = c 

2 

·F2~ 3 0 

1 

, the 

previous equation can be rearrfu!ged to obtain 

V =j 2 • E n 2 • E !! 
1 

• 

m(A + 1 ~ m. A.(A + 1) 

The transfo~mation from the center of mass system 

of co-ordinates to the laboratory system is given by 



where 

V2 - v 2 1 - C T 

tan d;~ = --::-::-v""-'A"'""· sin fc. _ _ , 
v .cos c + v - c 

and 

o/, is the angle of scattering in the center of mass 
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system,~ is the angle of scatteri. g in the laborato ry 

system and VJ!. is the recoil ve locity of the target nucleus 

in the laboratory system. 

To calculate the Doppler broadening it is necessary 

to determine t he probability distribution function P(V ). 

If the target nuclei recoil isotropicallY, then 

P(o/c) = l .. sintf>c Thus . 
2 

P < v.t) = P('fc). ~ = VP.. 
dV.a 2.VA.Vc 

and (V c-V.D.) , V ~(VA + Vc). 

!f the gamma radiation is emitted at an angle 

from the recoil direction, then the energy shift is given 

by A Ev = Ex. V~ • cos f. 
c 

If the gamma rays are emitted 

isotropically, then P(f) = l. sin l.f/. 
2 

The probability 

distribution of AEv for a given Vfl. is 

P( Ev Vo ) = P('-'t). d !./-' 
.... d (AEy) 

c • = 

Since P(V,t) has be en calculated, the distribution becomes 
1/, vi/A 

P(AEv) = s c • Vt • dV_.. 
c~ 2. Ev • V!! 2 . VA. V c 

Ev 
= c • (VA + Vc c • .oE y ). 

4.Ey.VA.ffc Ev 
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The full \-Jidth at half maximum of the P_(AEy) distribution 

is given by 

VA and Vc have been given in t erms of En and Ex previously. 

If mean or most probable neutron energies are used and if 

only ground state t :ransi tions are used (Ev = Ex), then 

the full ·Hidth at hal.f maxlmum of the gamma ray. peaks 

becomes AE) f~<Jhm = f2'. Ey. ( j Ev + 4Lt1 + j}' + j E v +A' ) • 
4 ~~ A (A + 1) 

I n the (n,n'Y) reactions studied the mass number A varied 

by a f actor of 4 and the energy by a f actor of 8. Figure 

2-17 giv es the results of a study of the variation in 

peak \vidth \~ith A and Ev. The experimental values of 

AE have been divided by the calculated value given above. 

The two dotted lines give the theoretical values for the 
- A t 1:1o cho.ices of par amet er s En and En. Excellant agreement 

is obtained if En i s used. The average value of t he . 

experimental points is 0.93. 

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 r ad iation is ~~attered 

f rom the targ et. Since t he energy of the scattered 

r adiation is given by 

E' = y 



u 
Q) 

~ 

1·4 

\. 

\ 
\ 

' -
\En 
' ' ' ' ' ' ' ... ' (J 

' .... ... .... ... ..._-

~ A a@ 

--,.:-

::J 
u ¢ ¢ A 
~ 0 En 
ro 1·0 ----------a--------------

0 4 A A OA A A 

~ A tl~~ 
-:5 • .() 
"0 0 

__, -
~ 

a.. 
X 

w 
0·7 

tJ 

• 8 <> Ca 
aNa AAl 

• • 

2 4 6 
ENERGY <MEV) 

A 

• 

:B'igure 2-17 Doppler Broadening Results. 

• 
• 



it can be seen that the target position has a pronounced 

effect upon the spectrw:1 of radi.ation scattered down 
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the beam. If the target 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 ga:i:n in overall sensitivity by 

using this target position more than compensates for the 

small (-"'20%) loss in neutron flux compared to a target 

position opposite the center of the core. Thus targets 

used for this llOrk lvere typically of the order of 3 to 6 

inches in length and 1 inch in diameter and v1ere placed 

beside the last 6 inches of the core. Figures 2-18 and 

2-19 show the result of placing a 4 inch long almninum 

sample at the target position at the back edge of the core 

and also at the edge of the core nearest the detector 

system. 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 ~verall sensitivity accomplished 

by placing the target at the back edge of the reactor 

thereby reducing the general Compton scattered backgrow1d 
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at energ:tes 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 aluminwn sample vJere obtained using only a cadmiwn 

filter. As a result of this, there is a significant 
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gamma .ray contribut lon to the overall spectrum due- to the 

(n,Y) reaction. This component is readily identified since 

the resolution of these peaks is limited by the response 

of t he detector. Gru~ma r ay pe aks due to the inel as tic 

neut ron r eact ion are Doppler broadened. 

A serio us drawback to the position chosen to locate 

the t arge t s is that there is a net energy shift of the 

gamma rays. This is caused by the fact that the neutrons 

are not entir ely isotropic but are peaked about some 

incidence anglo slightly off from 90°. Figure 2-20 

sho Hs the algebraic di fference betvieen the t wo sots of 

results given in figure 2-19. The gains for the t wo 

experi ments v1ere identi cal and the nwnbe r of counts in the 

7725 keV gamma r ay pe ak 1.-1as equal and as a r esult the gamma 

ray s originati.ng in the (n,y) reaction cancelled. The 

peaks due to the inelastic r eaction appear to be bipol ar 

because of the ne t energy shift between the two locat ions . 

Several of the l arger inelastic gamma ray lines lJere 

del e t ed to make t he illustration cleare r. The general 

pattern is caused by the difference in the Co mpton scattered 

backgroUi1.cl radi ation. 
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The net energy shift produced by placing samples 

at each end of the core is given by 

A E .., = 2 • Ex • v t • co s l/' , 
c 

v1here vL is the average recoil velocity and 'l'is the 

4-9 

effective incid ent neL1tron angle relative to the collimator 

axis. An examination of the conservation la1.·1s reveals 

vL -::::::. V c • The value for V c i s 

Vc =A ~1 ·f~~7 

if the average or most probable neutron energy is us ed. 

Thus the shif t is giv en by 

This expression can be integrated over the length of the 

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

shows the experimental values of the energy shift for 

ground st a t<-3 t ransitions in alwninwn . The solid line 

gives the cal cul ated value s using the val ue of f which gives 

the best fit. The angle ris very depend ent upon the s ample 

position as indicated in the insert of figure 2--21. The 

general agreement betv1een the model and the experimental 

dat a is good considering that the Ex a~d A dependence are 

fixed by the equations and the range of cos r is limited by 

the geome try of the reactor. The . equation for the energy 

sh1ft has be en usecl to correct all the gamma ray energies 

given in subsequent chapters of this ~ork. Since the true 

w1shlft-sd energy vloulc1 be obtained opposite the center of 
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the core the shlft is divided by a factor of two. 

2-10 S?Jflple 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 samples 

must not be reactive with air or water at the elevated 

temperature in case of any vacuwn failure while the target 

chamber ls in position. Haterials which were water soluble 

\.Jere encapsulated in thin walled aluminum containers. 

This led to backgrotmd gamma radiation which vias 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 

requirements, it was necessary to choose stable compounds 

containing the desired elements. Since several elements 

were thus studied concurrently it was necessary to study 

several compounds containing each elem.-:mt to separate the 

various components. Fluorides were chosen since they are 

very stable and are easy to obtain. In addition fluorides 

were chosen in order to study th~ effect of stopping power 

on the Doppler broadenin~. The samples studied -uere Si, Al, 

BP, B, melamine, LiF, NaF, CaF2 and PbF2. 



CHAPTER 3 

TYPICAL HAUSER FESHBACH CALCULATIONS 

H Int_r_o_gpctj..QQ 

The cross sectj_on for a given level as a function of 

energy using the Hauser Feshbach ~ormalism is given by 
J" J" 

o- (E) = 7f X~ _(.~J :J)_. t;-e. --J.~~--- . 
j jf... 2 ( 21 I fY ~ I_,., . ,, ", 
j ''.t.' "'"i":i" .... J Jot,. 

One of the chief problems in applying this formula to the 

(n,n'r) reaction using reactor neutrons, is the fact that 

the cross section for one level depends on the branching 

from the intermediate state to all other levels which have 

their threshold energy below the available energy. A 

second pl'Oblem is that the decay scheme and branch...ing 

ratios must be well known in order to correct for the 

population of a level due to the decay of other levels of 

higher energy. In order to minimize these problems, it 

was decided to study sone of the lighter elements in this 

work. The experimental facility is somevihat limited for 

lm·J energy gamma rays belol·l 600 keV due to the large amount 

of Compton scattered radiation coming from the targets. 

In addition, tho neutron absorbers reduce the sensitivity 

of the system at low energy. The detection system is also 

limited at low energies since the Compton suppression mode 

is less effective. However lieht elements do not have 

complicated decay schemes and have relatively few low energy 
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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 accomplished by pLacing 

a target beside the reactor core, thereby averaging over 

a laree range of angles. The intensity and energies of 

the gamma rays emitted \vere then recorded. The energy 

information, along with other experimental results obtained 

by previous experimenters \!as used to determine the decay 

scheme. 1'he intensities were used to obtain values for 

the yield or population of the various levels in the target 

nucleus. The intensi.ties also provided branching ratios 

which are useful aids in predicting spins and parities of levels. 

For energies above 1 NeV, the reactor spectrmn of 

neutrons can be approximated by ~(E)= texp(-«E). The 

constant t>< depends on the amount of water and other material 

located bet1-1een the sample and the reactor core. A pure 

fission spectrum can be approximated by c.c. = 0.77 Hev- 1 • 
. (li-7) The data given in Research Reactor5 suggests a value of 

-1 
o< in the range 0.65 to 0.75 HeV • In handling the silicon 

data, several values of ~ were tried to get the best 

overall agreement with knovm spins and parities. It was 

found that the best value was « = 0.70 Mev- 1• The fission 

spectrum c~~ also be fitted by the fLmction<4S) 
1 

~(E) = sinh(2.F.) 2 .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 of a level after correcting 

for decays from other levels is given. by 

P = So-(E).~(E).dE or for<E).~(E). 
Since the values of the trru1sruission coefficients used to 

calculate ~(E) were obtained from a table, the finite stml 

formula -v1as applied. The energy rBnge was divided up into 

finite steps and level energies were rounded off to the 

nearest step. Several erid sizes or energy divisions 

were trj_ed untiJ. changing the grid size by 507; had less 

than a 5% effect on the predicted population values in 

general. 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 population of the levels by taking the 

energy range to extend up to 3 NeV above the highest state 

observed. 

In order to use tht! Hauser Feshbach formalism, 

one must first draw up a table of possible spin combinations 

for each level of interest usj_ng the restrlctions given 

in chapter 1. Table 3-1 shows the permitted spin 
.... 

comblnations for a·tran.sition from the o· ground state of 

28m. t.o a 2+ excited stats. 



l'aQJ. e_J.::)"" 

N e t.U!.r..9:!t-.l.Jlg u1.SIJ.:.... HQI!1 en t a 
for a 0 to 2+ Excita.iJ_on_, 

P. ~tlt Jy !!__ t• -1·~ l ~+s JT J..t .£' +~ 

0 1/2 1/2+ 2 3/2 3 5/2 5/2- 1 1/2 
2 5/2 1 3/2 

3 5/2 

1 1./2. 1./2- 1 3/2 
3 7/2 

3 5/2 3 7/2 7/2- 1 3/2 

3/2 3/2- l/2 
3 5/2 

1 1 3 7/2 
1 3/2 
3 ~/? lt 7/2 7/2+ 2 3/2 ./ ·-
3 7/2 2 5/2 

lf- 7/2 
2. 3/2 3/2+ 0 1/2 4 9/2 

2 3/2 
2 5/2 h 9/2 9/2+ 2 5/2 . 
lt 7/2 l_~ 7/2 

l. 9/2 ,. 
2 ~/"' .; ~ 5/2+ 0 1/2 

2 3/2 
2 5/2 
lf- 7/2 
t~ 9/2 

The pr:i.med qu.anti ties refer to angnlar momenta after the 

roaction. J is tho spin of the intermediate state. The 

.1_ valt.lE'JE; cons.i.d8:t·cd range from 0 to l1. for both the entrar.:.ee 

anci EJx:t t ehMne ls. For this example it is assumed that th.sr·e: 

is only one possible level other than the groLmd state, so 

tlw.t tho clonble primed surn in the cross sect5.on equation 

consists of only t110 terms~ for each given intermediate 

state. Since tho parity is not changed in the overall 

reaction, the parity of 1' in each case must be the same 

as the parity of the corresponding 1 in order to conserve 

parity. •:;_~}w foU.oi--dng eq nation gives th<:.J cross se cti.::Hl f Ol' 



a 0+ to 2+ excitation as a function of energy. The 

intermediate spin and parity are given in brackets at 

the right for each·term. 

2:..g-(E;O+ to 2+) = 
-uX· 
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E' is the ene1•gy difference behJeen the intermediate state 

and the final state. E is the incident neutron ene1•gy. 

(1/2~) 

(3/2-) 

(3/2+) 

( 5/2+) 

( 512·~) 

(7/2-) 

(7/2+) 

(9/2+) 

Figure 3-lA illustrates the predicted cross section 

of the 2+ 1778 keV level in 28 si versus neutron energy u.sing 

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 knmm levels on the calculations. The effect of extra 

levels is that extra transmission coefficients are added 5 .. nto 

the denominator of each te:crn of the cross sectlon equation. 
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The arrmvs in the illustration indicate the kno-vm energy 

levels and their spins and paritie s. Figure 3-lB sho1vs 

the population of the state as a function of energy. Due 

tot he fact that the higher energy states in 28 si are more 

than 2 MeV higher in energy, they have very little effect 

on the population of the 1778 keV level. Figures 3-2A 

and 3-2B give the calculated cross section as a function · 

of energy for the 1778 keV level up to 5 MeV fo~ various 

choices of spins and parities. The effects of the 4614 

keV level have not been included in this cal culation. The 

result s of this calcul ation i ndicates 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 sho\·Js the calculated population values as a function 

of energy. The different spins t end to prod uce pairs of 

curves lying cl ose together . For example, the va lues of the 

1+ and 2+ cases produce similar values as do t he 0+ atld 3+ 

cases. The total populations up to 5 MeV of the 2+,3+ and 

4+ cases are 2.8tt-, 1.99 and 0.86 units respectively. 

Figures 3-3A and 3-3B display the cross section and 

population vallles a: s functions of' energy fo r sa-.;eral ty pi cal 

higher energy levels in 28 si. Hesults are given for the 

calculations asswning there is branching to aU. knmm l evels , 

and also assuming there is only one lev EJl present. 
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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 "'-(1 
' 

where En is the energy of the neutron and E~is the level 

energy. Figure 3-3C is a plot of this equation for a state 

at 2 NeV. As can be seen in the figures 3- 3A,B,C the 

population curves all have the same general shape and reach 

a peak value about 0.5 MeV above t he threshold energy~ 

In ord er to t est how sensitive the calculations 

were to an incorrect choice of spin and parity, various 

combinations of spins were t r ied 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 choices for levels bela''' 3 NeV tended 

to have drastic effects on the re sults for other levels. 

In the nuclides studied in this vJOrk, the spins and pari ti es 

fo r low lying levels were all well known. Thus it was 

pos sible to select reasonable spin choices for higher energy 

levels of w1known spin and use the predicted intensities obt ai.ned 

to iterate to find the correc t spin of the levels. Thi s 

pro ce edure vias r epeat <'Jd until t he best f it v1as obtained for 

all levels simultaneous ly. 

3.::3. Exoer:i:}-n_ental Dili l}andli.ng. 

The experiment al data for each target studied 



consisted of a set of single parameter measurements using 

the singles mode, pair mode ru1d 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 cha.c"lnel 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 gene~ally possible under 

the experimental conditions to determine the centroid to 

the nearest tvJO tenths of a channel vJbich corresponds to 

Oe5 keVin 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 enoughg In addition the gamma 

ray lines may not have a Gaussian response, due to kinematic 

considerations arising from Doppler broadeninge The energies 

of the gamma rays \•Jere obta.:.ned from the expression 

E = a + b.x + c.x2 , 

where x is the chaP~el. The constants a, b, c were deteroined 

using a least squares fit to known gamma ray lines. For 

most spectra, known lines could be obtained from gamma rays 

originating !'rom the (n, ;) :_-.ec:ction which ahJays occured 

as background along ~o;i t~ the (n, n' ;r) reaction. If loH 

energy gamma rays were requ~~ed th~"l an external 56co source 
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was used as well. The accuracy of the energy measurements 

\vas limited by Lmcertainties in predicting the energy shift 

which occured as a result of dealing vJith fast neutrons. 

The general overall energy uncertainty was of the order of 

3 keVo 

The i tensities of the lines were obtained by visually 

fitting a linear backgrow1d to the peaks and then finding 

the area of the peaks. These results were also compared 

to a Gaussilli~ peak fitting program and were found to give 

reasonable agreement. Since practically all the measured 

peaks had more than 1000 counts in them and since the 

background on the pair mo e was low, the statistical uncertainty 

was generally under 5% for all peaks. The intensities 

were corrected for the response of the detection system 

using the efficiency curves given in section 2-7. The 

pair efficiency curve appeared to have uncertainties of 

under 5% judging from the consist ncy of the results. 1arion 

et al<49) reported the error in the intensity of the nitrogen 

lines used for calibration to be w1der 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 

\vas generally less than 15%. 

3-4 28si Results 

The silicon target consisted of a cylind rical 

piece of high purity natural si_icon 4 inches in length and 
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1 inch in diameter. Despite the fact that the boron 

carbide filter as well as the cadmiwn filter vias used, 

there was a sufficj_ent (n,r) contribution in the silicon 

spectrum to use it to calibrate the energy scale. Since 

natural silicon consists of 92.2% 28si, 4.7% 29si and 3.1% 

30si, gamma rays due to inelastj.c scattering reactions on 

all three isotopes occured. In the case of 29si the lines 

due to inelastic neutron scattering were masked by gamma 

d d b t t 2Bs· T bl 3 2 1· ~ rays pro uce y neu ron cap ure on ~. a e - 1Svs 

the gamma ray onergies and intensities for lines orig:"Lnating 

from the inelastlc reaction on 28 si. Table 3-·3 gives the 

branching ratios. Table 3-ll- compar·e s 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 beb;een the 

present measurement and the calculated results based on 

previous work. The two sets of population values were 

normalized to be equal for the 1778 keV level since this 

level had the least experimental uncertainty and its spin 

and parity are well kn01;Jn. For other elements studied 

in this work, normaliztion was usually done for a state 

in the 2-3 MeV region. Lower energy statos were not chosen 

since the neutron flllx ·Hould not fit the simple exponential 

distribution used for the calculatioc.s. High energy states 

were not used since they were generally weakly populated. 
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Column six of table 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. The neutron transmission coefficients 

used in the calculations wer~ those of Bjorklund and 

Fernbach<1~). It was found that the coefficients given 

by Perey and Buck i.n the same reference gave similar 

results within experimental errors. 

!_able 3-:_g 

Q.ag1ma .R§.Y..§..ll:-Q..9.Q£.e(!_J:>...L_i;he. 28 si~[J.n 1 a_28 st.__Reaction 

F.11~ (keV) 

1523.0 

1661.0 

Relative Inte~ Ene~~- (keV) 

5107.1 

5605.3 

6019.1 

6880.0 

7383.6 

Relative Intensitt 

1778.9 

2835.3 

3197.4 

4tl-94.3 

4913.2 

5101.1 

0.00075 

0.0118 

3.152 

o.o7t1-o 

0.03t1-9 

0.00780 

0.00490 

0.00135 

.t?. b 1:.53_ 3-3 

7tl-16. 5 

7934.8 

B , · R .... · for 28 ~1.· L 1 ranC!bill& ... aLolOS ...., eve s 

0.0122 

0.00246 

0.00215 

0.00315 

0.00164 

0.00587 

0.00391 

Initial Final Present Previous Work 
State (keV) State (keV) \'fork % Endt andCS"o) Gibson<5"1) Ernst <52) 

Van der LeUJ."l et al 

1778.9 

4614.2 

g.s. 

1779 

17'79 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 
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Initial Final Present Endt and Gibson Ernst 
State State Work % Van der Leun et al 

-- - --
6274.2 1779 60 90 85 J~ 4614 ·~.to 10 15 

6692.1 1779 100 100 100 100 

6880 g. s. * 67 69 60 
1779 * 33 28 40 
4614 (2) 3 

6886 g.s. * 1 80 
1779 * 100 100 20 

7383.4 g.s. 40 45 45 57 
1779 60 55 55 4-3 

7416.5 g. s. 100 90 92 100 
10 8 

7795.8 17'79 7tl- 75 79 70 
6274- 26 25 21 30 

7934.8 g.s. 100 80 100 100 
1779 20 25 

* In performing the Hauser Feshbach calculations the results 

of Gj_bson were used for the branching ratios ·which have been 

omitted duo to experimental limitations in resolving doublets 

in the gamma ray spectru.r.1. 

Level Previous Predicted Experimental c'f Possibl ;o 

Eneru (keV) _}"I[__ Po pul, 3.tion J:o pu.tf!.J; t£:.n. Di f f.JLten ce J7f v!:! l1,e -· -· __ ..:;;:~:-::~.-:. 

1778.9 2+ 3.067 3.067 1+,2+ 

4614-c 2 4-+ 0.0677 0.0616 +10 4+,u.--. 
4976.3 3+ 0. 03t:-9 0 .. 0377 -7 0+' lt·+ ')_~-
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Level Previous Predicted Exp'l c1 ;o Possible 
Ene~ J"lr_ ~lat~.Q..!l Po puy.:...~or~ Diff erence J1fv alq.§2 __ 
627 -.. 2 3+ 0.0213 0.019 +9 (1+,1-),3+,3-

6692.1 0+ 0.00513 0.00390 +31 0+,0-,4-

6880 3- 0.0112 0.0122 -8 l-,2+,2-,(3-) 

6886 4+ 0.0053 0.0045 +18 lf+,4-

7383.4 l+ 0.0045 O.OOlrl +7 1+,1-

7416.5 2+ 0.0060 0.0059 +22 1-,2+,2-, (3+) 

7795.8 3+ 0.0034 0.0029 +16 1+,1-,3+,3-

7934. 8 2+ 0.0031 0.0039 -20 l-,2+,2-,(3+,3 - ) 

The pred ict ed pos sib l e J values which are in 

brackets are con sid ered unlikely since the values of the 

s pin and parity are more than t \vo units of angular momentum 

different fro m the spin of a level to which the state 

decays to strongly. There appears to be no disagreement 

betvJeen previous results and the present results. No 

calculations were attempted for the b Jo less abundant 

i so topes of silicon since only a fow l eve ls were ob served 

and there would be severe interf er ence fro m the (n, Y) 

r eaction 1vhich prod uce s the same energy gamma rays. 

The silicon ca lculati on cont ain f ewer terms then 

most other targets si nce silicon has a 0+ ground state. 

This means that co rnblning an incident neutron spin \ •T i th 

t he ground st at e spin can only l ead to one intermedia.te 

spin st ate, and hence a limited n umber of te rms in the 

cal culations . Table 3-5 i nd icate s the terms obtained f or 
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27 Al 1vhich has a 5/2+ ground state. Only the formation 

of the intermediate state is indicated in the tabl e . Figure 

3-5 indicates the results of the calculations of the cro ss 

section as a funct ion of energy of the 845 keV level in 

al umi num. The upper curve indicates the result vli.th no 

branching fro m the intermediate level to other levels and the 

lower curve includes t he effects of all known levels. The 

1017 keV level causes the peak in the cross section of the 

8L~5 keV level to drop off mor·e rapidly than in the upper 

case . 

Tabl~.=i 

Fo rmation of Inte r·mediate 
·sf a~ e-s Qinsin···".A1 umi nun1·--

_g_ .e + s J-rr .e.. _!:. 1:_~ J-rr .P. _g_:t__e_ _I:[ 

0 1/2 2+ 2 5/2 2+ 4 7/2 1+ 
3+ 3+ 2+ 

t~+ 3+ 
1 1/2 2- 5+ L:-+ 

3- 5+ 
3 5/2 0- 6+ 

1 3/2 1- 1--
2- 2- 4 9/2 2+ 
3- 3- 3+ 
4- 4- 4+ 

5- 5+ 
2 3/2 1+ 6+ 

2+ 3 7/2 . 1- 7+ 
3+ 2-
4+ 3-

4-
2 5/2 0+ 5-

1+ 6-
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Figure 3-5 Calculated Cross Section Versus Energy for 
the 84-5 keV Level in Aluminum. The upper curve gives the 
result if the effects of other levels is ignored. The 
lower curve includes the effects of levels whose spin 
and parity is kno\·in. The arroviS indic2.te the location 
in energy of these levels. The level at 1014 keV in 
particular has a great influence on the results. 



CHAPTER 4 

RESULTS OF CROSS SECTION NEASUREHENTS 

The method developed by Ernst described in section 

1-lt using Donahue's general cross section formula and an 

expone-ntial neutron flux \·las considered as a possible vJay 

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 lsotope using the Bjorklund and 

Fernbach <16) neutron transmission coefficients. For some 

cases the calculations were also performed using Perey 

and Buck' s(16) and Beyster' s(ll) neutron transmission 

coefficients. Since the results were the same within 

exper·j_mental error·, only the results for the B&F coefficients 

are given. In this chapter, calculated population values 

based on previously kno1-m spins ancl parities have been 

compared ·Hi th the experimental values and predictions have 

been made for the spin and parity of the various levels 

whose spin and parity are unkno1~n. The methods usBd for 

the calculations have been described in detail in chapter 

3 and will not be discussed further in this chapter. Unless 

stated other\oJise it may be assumed that both the cadmiwn 

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. 

61) 
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lt--1 Calcium Results 

Calcium ~as chosen as a target because its 

branching ratios, spins and parities are fairly well known. 

Thus calci~l along with silicon provided a test for the 

mathematical model used in this work. A stwmary of the 

relevant information. concerning calcium up to 1965 vJas 

given in a review article by Endt and Vander LeLm(51J. 

HacDonald(5Lf) et al in 1967 studied the lt-0ca(p,p 1 ¥)lt-oca 

reaction. They measured the branching rati.o s and lifetimes 

of several levels and obtained some infor·mation regarding 

spins and parities. 

Calcium ~as studied in this work using a. calcium 

fluoride target encapsulated in aluminum. Natural calcimn 

consists of 96.97% 4°ca making it virtually a monoisotopic 

element. The fluorine. component of the gamma ray spectrum 

~as easily separated since fluorine was studied using a 

number of different compounds. The energy calibration of 

the spectrlli~ was achieved using gamma rays produced by the 

40ca(n,r)lt-lca reaction and by background lines due to the 

presence of aluminum. No gamma rays originating from the 
19F(n,t)20F reaction ~ere observed. The lower energy region 

~as also calibrated using an external 56co source(55J. 

Both 28si and lt-Oca are magic nuclei and as a result 

both have their first excited states at high energy. The 

grotmd state of ca.lciuro is a 0+ state and the first excited 



state occurs at 3350 keV. Since it also is a 0+ state, 

gamma ray transitions to the ground state are forbidden 

and decay is by internal conversion. Normalization of the 

calculated values to the experimental results was achieved 

using the 3730 keV level. This level is strongly populated 

and decays 100% to the groQ~d state. 

Table ~-lA is a list of the gamma ray transitions 

associated with the inelastic scattering on calcium. Table 

~-lB gives the branching ratios obtained for the various 

levels. Table t1--lC gives the experimental population values 

for the levels of ~Oca and compares them with the calculated 

results vlhich are based upon previously measured spins and 

parities. Figure ~-1 shows the proposed decay scheme 

for ~Oca. 

Table ~-lA 

Gamma Ra1 s. Produced by the 40ca(n,n'Y)40c~ Re~~J~ 
.Energy (keV) Relative Energy Relative 

Intensit,y Intensi:t.Y 

755.1 o.o66o 212~.0 0.0273 

780.0 0.0034 2276.) 0.0020 

1123.4 0.00972 2290.0 0.0248 

1307.6 0.04-ll-1 2294.0 0.003~ 

13411-.5 0.0169 2379.3 0.00801 

1372.3 0.0338 3735.4 o. 538 

1794.0 0.023~ 3904.8 o. 549 

1880.5 0.0235 5249.4 o. 0681 

2120.0 0.0062 5627.5 O.Olt12 

5901.4 0.0453 
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Table 4-1~ 

Bra.nchin_g Ratios for 40qa Levels 

Energ~ of_ Initial Level Fig_a.l Brall.@ing Ratj_o { %2 
Poletti(56) 

Level 
Present lke'li Present Poletti HacDonalq 
.Work et al Work 

3735.l~ 3736.8 g. s. 100 100 

3904.8 3904.2 g.s. 100 100 
3350 2 

4490.5 41~91. 7 3735 1.00 100 

5212.4- 5212.2 3905 100 100 

52it9.3 52it8.8 g. s. 80 83 80 
3350 2.5 
3735 2.0 
3905 20 17 20 

5277.1 5277.6 g.s. 8 
3905 100 96 
itit91 4 

5611+.9 561it. 5 ·~435 70 72 65 
~ 91 30 28 35 

5627 .4· 5626.3 g.s. 91 90 
3350 9 10 

5901.4 5900.1 g.s. 100 100 

6025 6025.2 3'735 80 80 
3905 20 20 

6029 6029.0 3735 10 20 
3905 80 84 
524-9 10 13 

6284.1 6285.0 3905 25 24 25 
lf1+91 75 76 75 



Level 
Energy 
{keV) 

3350 

3735.lt-

3904.8 

4490.5 

5212.4 

5249.3 

5277.1 

5614.9 

5627.4 

5901.4 

6025 

6029 

6284.1 

Tab.l.e l.t--lC 

Experime.t}_t_q). Population Yftlue s and 
Qa_l_QU1q_te9_ . .Y£.lues for 0Ga 

Previous Predicted Experimental 
JTr Population Population 

% Possible 
difference JlT 

Values 

0+ decays by internal conversion 

3- 0.461 0.461 1+1-2+2-3+3-

2+ 0.418 0.461 -9 1+,1-,2+,~ 

5- 0.264 0.320 -17 5+, 5-

0+(1) 0. Ol.t-8 9 ( 0+) o. Ol.l-42 +11 0+,0-

2+ 0.104 0.0808 +28 1+1-2+2-3+3-

4+ 0.0335 0.0345 -3 4+,4-

4- 0.0222 0.0279 -20 0+ ' 0- '4+ ' ll--

2+ 0.0452 0.0391 +16 1+,1-,2+,2-

1- 0.0421 o.oLI-53 -7 1+,1-,2+,2-

2- 0.0301 0.0310 -3 1+,1.-,2+,2-

3+ 0.0350 o.o31t1 +3 2+,2-,3+,3-

3- 0.0311 0.03 50 -11 2+,2-,3+,3-

The calculated population values are in good 

agreement with the experimental yalues. All results agree 

within 30% error and 10 out of 11 are within 20%. As v1as 

the case for sj.licon the results are not sensitive to parity. 

The 5212 keV level appears to be a 0+ level and not a 1+ or 

1- level. HacDonald et S!b ( 5LJ.} observed that the level 

previously report~d at 6025 keV was a doublet. The present 

experimental limitations did not permit the resolution of 
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this doublet. 'l'he branching ratio given by NacDonald 

-vms used to divide up the total intensity of the decay of 

the two levols. If a doublet level was not assumed then 

the calculated values for any chol.ce of spin and parity 

was too high by a factor of tHo. In addition a gamma ray 

of energy 780 keV \vas observed '\-Ihich \.Jas assurJed to decay 

from the 6029 keV level to the 5249 keV level. The decay 

from the 6029 keV level to the 5277 keV level may.not have 

been observed due to the loi·.' signal to background ratio of 

the facility at this energy. 

4-2 Pho_§_Q_QQ~ Re§Qlts 

Phosphorus was studied because the spins and pari ties 

of levels up to 4lr31 keV are knolm. and there are a nu.rnber 

of levels above this with unknown spins. The ground state 

spin of phosphorus is 1/2+. Endt and Vander Leun(57) have 

summarized the results of previous 31p work up to 1965. 

In 1968, Ernst(5U) studied the 3lp(n,n'r)3lp reaction. Also 

in 1968, P..ntropov<53) et .?1 studied the 31P(p,p'y)3lp 

reaction using 6 HeV protons. Antropov et al performed 

Hauser Feshbach calculations for levels in the 3 to 4 NeV 

region and found spins in agreement iolith the results given 

by Endt and V~~ der Leun. 

The phosphorus target consisted of a boron phosphide 

sample packed in an aluminw~'l container. The boron component 

Of the Spectrum WaS separB.t8d from the Spectrum by doing 
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a separate experiment using boron metal powder by itself. 

Natural phosphorus consists of 100% 3lp. The energy 

calibration \vas accomplished using gamma rays from the 

31P(n, r)32p reaction (60) as vwll as using known background 

lines. 

Table lt-2A U.sts the gamma rays obtained from the 

inelastic neutron reaction. Table lt-2B gives the branching 

ratios measured. Table 4-2C gives the experimehtal 

population values and compares then vJith the calculated values 

based on prior measurements* Table t1--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. ThB 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 the decay of higher 

energy levels. In addition the neutron flux does not follow 

the simple exponential model at this lm•l energy. The 

predicted values for the spins in table lt-2C which are in 

brackets are eonsidered unlikely since ·the values of spin 

and parity are more thB.L"l tv1o u.rli t s of angular momentum 

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

to strongly. 
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Table 4-:,2.A 

Gamma Raxs Produced by the 3lr:<nJn' r)31p Reaction 

Energy Relative Energy Relative 
_{keV~ Intensit..Y, ikeVL Inte_nsit~ 

1016 .. 0 0.00650 2994-.4 0.0900 

1061.7 0.101 3134-.7 0.534 

1133 .8· Os052 3295.0 0.0220 

l266.4 9.73 3325.8 0.102 

1486.4 0.0632 3370.4 0.229 .. 
19511-.8 0.0500 3437.8 0.007 

2029.7 0.829 3505.6 0.312 

2111.4 0.0228 3655.6 o. otroo 

2150.0 o. 541 3749.1 0.0631 

2196.8 0.0690 384-7.4 0.0911 

2233.8 2.612 4261.4 0.272 

2239.6 0.200 4405.0 0.0750 

2253.8 0.007 4593 .o O.OY-64 

2358.1 0.0368 4782.9 0.0813 

2511-8.4 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 ~0tios fo r 3lp Levels 

Energ,y Ini t.j.a1 LE;ve1 Final Bran.ching Ratto-~ 
(ke V) Level 

Pre S§JJlt.. ];ndt and Pre sent Endt and Ernst 
Van_der 1eun --~·lork Van de t._ Le1111 Work_ ---

1266.4 1266.6 g.s. 100 100 100 

2231+.8 2233.8 g.s. 100 100 93 
1266 1 7 

3134 e l 313!.~. 7 g.s. 100 100 100 

3296.2 329}_~ . 9 1266 90 80 100 
2235 . 10 20 ... 

3416.ti- 341Y-. 2 1266 100 100 100 

3505.8 3 505.5 g.s. 60 60 60 
1266 40 35+ 35 
2235 5- 5 

4190.4 4190.3 1266 80 75 100 
2235 20 25 

4261.4 4260.4 g.s. 75 75 27 
1266 25 20 53 
2235 5 20 

l~tl-30.8 l~Y-31. o 2235 53 55 50 
3296 42 40 45 
3415 5 5 5 

4592.2 4592.4 g.s. 25 25 23 
1266 55 55 59 
2235 20 20 20 

l.t-636.8 463 5 .l:- 1266 100 100 100 

4782.9 l1-782 . 3 g.s. l:- 5 40 
1266 5 
2235 20 20 
3296 35 35 

5016 .3 5015 .ll- g. s. 65 70 61 
1266 35 30 39 
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Energy InitLal Level Branching ft~tios ~ fo2 Present Endt and Final Present Endt aild Ernst 
Work Van d~r LeW1 1_evel. \•/QJ'k Van der LeW1 -

5114.3 5116 1266 70 65 
2235 30 35 

5251.8 5254 g.s. 100 100 

5528.8 5530 2235 50 40 
3416 50 40 

5558.7 5557 g.s. 100 100 

5671.4 5673 1266 80 55 
2235 10 10 
3t1-16 10 10 

5890 .~- 5892 2235 100 )-00 

l_a_b 1 e 2t::..?f 
Experimental Population V~tues and 
_S"a1culg.teP,_Y.fiJllQ§_Jo:t:· P 

Level Prevlous Calculated Experimental d ;o Possible 
Energy Jlf" Population Population Difference JTT" 
{keV.t Values 

1266.4- 3/2+ 7.858 7. 561 +4 1.+.3.+}~ 5.+5-
2 2 2 2 2 

2234.8 5/2-i· 2.328 2.328 3.+,3.- ,..2+, .2-
2 2 2 2 

3134.1 1/2+ o. 586 0.532 +10 1 +,1- ,z+,z-
2 2 2 2 

3296.2 5/2+ 0•785 0.814 -5 1+.3.+}-..2+.2-
2 2 2 2 2 

3416 .ll- 7/2+ o.t+-39 o. 528 -17 l+l-.5+..2-2+2-' 
2 2 2 2 2 2 

3505.8 3/2+ 0.559 o. 511 +9 1 +3. + .3.-..2+.2·-
2 2 2 2 2 

4190.11· 5/2+ 0.312 0.236 +32 l+l-.2+2+2.-
2 2 2 2 2 



Lev el Previous 
Enerr,y JiT 

Y-261.4 3/2+ 

4430.8 7/2+ 

4592.2 

4636.8 

4782.9 

5016.3 3/ 2-

5114.3 

5251.8 

5528.8 

5558.7 

. 5671.4 

Calculated Experiment al 
Populat ion Population 

0 .. 321 

0.169 0.136 

0.185 

Oe234 

0.181 

0 .. 149 0.189 

0.133 

0.0752 

0 .. 0451 

0.0900 

0 .. 0905 

o .. o4ol 

75 

% Fossible J7T 
Diffe rence __ ~V~a~l ~u~e~s ____ __ 

-ll 

+24 

- 21 

.3.+,3.- ,.2+,.2-
2 2 2 2 

1- ,2+,2-
2 2 2 

1+.3.+.3.-..2+.2-(2+) 
2 2 2 2 2 2 

}+,.3.- ,..2+,.2-
2 2 2 2 

.3.+,.3.- ,..2+,.2-
2 2 2 2 

}+,3.- ,..2+,..2-
2 2 2 2 

}+,.3.- ,.2+,.2-
2 2 2 2 

1 +,1- ' (1+,1- ) 
2 2 2 2 

(1+),7+,2-
2 2 2 

.3.+,3.- ,.2+,.2-
2 2 2 2 

3.+,.3.- ,.2+,.2-
2 2 2 2 

l +, 1- ,2+,2-
2 2 2 2 

There were a number of doublets in the phosphorus 

spectrum which sommvhat limited the interpretation of the 

results. Previous 14orkers have observed a gamma ray at 2025 

keV which forms a 5% co mponent to the decay of the 4260 keV 

level. A gamma ray of energy 2029 keV wluch forms 90% 



of the decay of the 3295 keV level vJas obse rv ed. The 

3295 keV level was populated more than hdce as much as the 

4260 keV level. There was no evidence for a gamm a ray at 

2025 keV in this work although its detection would have be en 

difficult due to the facts indicated above. If a gamma r ay 

at 2025 keV exi~ted it would have introd uced a small error 

in the popul ation of the 3295 and -4260 keV levels. · 

The results f or the l eve-ls at 2234 - and 3506 keV 1.vere 

coupled through the 2234-2240 keV gamma ray doublet. In thi.s 

case there \vas some eviden ce of a doublet due to the unus1.1.a lly 

wide peak. The estimated branching r a tio appeared to be in 

agreement with prior results. The 2234 keV gamma ray h a s _ 

an intensity more than ten times -the - intensity of the 2240 

keV gamma ray so that the error in the 2234 keV gamma ray would 

"'be neglieable. In spi.te of uncertainties introduced by the 

double t s in t he spectrum, there does not appear to be any 

discrepancies betvJeen the present work and previous lvor·k . 

4-3 Aluminum R~j:ult s 

The aluminum sample consisted of a pure metal bar of 

aluminum l.1. i nches long 1·1ith a 1 em square cro ss section. 

Aluminum ·Has the first e l ement st udied i n this -work and as a 

r esult only the cadmi wn neutron filter ·was used. This meant 

that the gamma rays coming from the 27Al(n ,J) 28Al r eaction 

formed a prominent part of the result ant spe ctrum. These 

gamma r ay s provid ed a simpl e e.nerey ancl eff ici ency calibration ( 61) 
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for the system. The efficiency calibration agreed well 

with a later one done using a melamine target. Endt and 

Vander Leun(6l) have so~1marized the results for aluminum up 

to 1965. ErnstC 63) studied the neutron inelastic scattering 

reaction on aluminu.rn and .Antro pov (S ~) studied the inelastic 

proton scattering reaction on alLJ.minum in 1968. Since 

aluminum is monoisotopic in nature, all of the broadened 

lines are due to the 27Al(n,n'r) 27Al 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 \>Jas 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 backgroLUld. In 

addition the neutron absorbers in the beam greatly reduced 

the detection efficiency of the system at this lo-v; energy. 

The intensity and energy of this line were assumed to be the 

values given in Endt and Van del' 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 vJas kno\·m relative to other captnre gamma ray 

lines and was subtracted to find the correct intensity of the 

1014 keV line. Similarly a line at 1777 keV was found to 

overlap a U.ne at 1778 keV which occnrs as the de-excitation 

of the first state in siljcon following decay from the 

ground state of 28Al. The t\vO 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 error involved in measuring 

its intensity. The 2199 keV line hov:ever 1·1as very vleak and 

the error in measuring its intensity could be very large. 

The two lines at 3038 and 30t1-5 keV were unresolved and as 

a result there was a large w1certainty in their relative 

intensity to one another. The structure of the doublet 

suggested that the loi.·Jer peak v.1as 50% larger than the upper 

peak. This was in agreement with the work of Ernst in which 

the two lines were better resolved. 

Table tr-3A gives a list of the gamma rays produced 

by the 27Al(n,n 1 r) 27Al reaction. Table ~-3B lists the 

branching ratios. Table ~-3C gives the experimental population 

values for the levels &'1d compares them wi.th the calculated 

ones based on previous work. The table also gives values of 

spins and pari ties for several levels v1here no prior mcaSLlret~lents 

have been made. The two sets of population values are 

normalized to give the best fit for the 2208 and 2732 keV 

levels together. The 1014 and 8~5 keV levels were not used 

for normalization due to their low energy. Figure 4-3A gives 

the proposed decay scheme for 27Al. 
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Table lt-3..4 

Ga~ma ~ays Produced by the 27 Alt,n_,,n' t 2 27 Al Reaction 

Ener!y Relative ·Energy Relative 
.(key InteQsi ty 1!£.eV) Jntensit:z, 

171 not measured 3038.2 0.170 

791.5 o. 590 3044.8 0.260 

843.2 9~390 3213.7 0.512 

1014.1 16.940 3393 o8 0.188 

1194-.2 0.060 3798.2 0.128 

-1363.8 0.180 3955.1 o. 589 

1507.3 0.230 4233.9 0.184-

1718.4 2.880 4 31.1_.!.1- 0.131 

1775.8 0.0921 4408.4 0.392 

2199.1 0.120 4lt30.4 0.0721 

2207.8 7.311 4506.0 0.052 

2299.1 0.540 4580.5 . 0.298 

260Lr-. 5 0.14-2 4-813.1 0.194 

2664.1 0.291 5152.6 0.0882 

2731.7 o-.964 ~31.0 0.410 

2834-.7 0.24-9 5551.2 0.220 

2979.1 1.712 6641.8 0.109 

2999.9 2.683 
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Table.4-J.B 

Branching Ra~ios for 27Al Levels 

Energy Initial Level Final £2ranchin_g_ .)1at_io ~ ~ ~L 
(keV) Level 

.(keV.)_ 
Pre-sent Endt and Present Endt and Ernst 
Work Van d~1,Qun }iQtlL_ Van der Leun 

8lt3. 2 842.9 g.s. 100 100 100 

1011+.1 1013.0 §. s. 97 ( as$wned) 97 97 
43 3 3 3 

2207.8 2208.9 §~3· 96 100 94 
3 2 4 

1014 1 2 1.6 

2732.3 2732.0 g.s. 25 24 21 
1014 75 76 79 

2979.1 2979.7 g.s. 100 100 100 

2999.8 3000.6 g. s. 82 87 74 
2208 18 13 26 

3678.2 3677.8 843 
1014 

46 65 49 
5Y- 35 51 

3955.1 3955.9 g. s. 100 100 100 

4055.9 405'+.8 81+3 75 80 53 
1014- 25 20 47 

4408.2 4409 g.s. 55 55 53 
1014 25 25 27 
2208 20 20 20 

l.r507 .l 4508 g.s. 5 10 4 
2208 60 60 52 
2732 25 20 34 
3000 10 10 10 

4580.4 4580 g.s. 100 100 100 

4812.6 4811 g.s. 41 40 29 
lOllt 30 35 23 
2208 29 25 -
4055 48 



Ene_r_gy Initi a l Leve l Branching R11t_io s ~ ~ 
Pre sent 

· Work 

5153.6 

5248 .o 

5431.0 

5551 . 2 

661-ro. 7 

Level 

Endt and Final Present Endt and 
Van der Leun Level Work Van der Leun 

5155 g.s. 60 
843 40 

5246 lOlL~ 44 
2208 56 

51+34 g.s. 100 

5550 g. s. 100 

66ltO g.s. 60 
2208 40 

Exnerim ental Population Valu•3s and 
____:_yalct1latecl Va.lues for 27 Al 

70 
20 

100 

100 

Pr· evious Calculat ed Experimental % 

81 

Ernst 

- -
50 
50 

26 
74 

Pos sibl e 
Energy J'Tr Population Population Difference JTI 
l,ke.V)_ -----· ---- Values 

8L1-3. 2 1/2+ 9.431 8• 502 +11 1 + ,.!.-
2 2 

1014 . 1 3/2+ . 14.712 13 ~ 50lt +9 3.+, .9.-
2 2 

2207.8 7/2+ 6.4·0 5.80 +10 .2+,.2- ,1+,2-
2 2 2 2 

2732.3 5/2+ 3.40 3.76 -10 · 2+ 7.:+ 1-' ' -2 2 2 

2979.1 3/2+ 1.78 1.71 1+,3.+,3.-, (_2- ) 
2 2 2 2 

2999.8 9/2+ 2.42 3.02 -20 5.:+,2+,2- ,.2+ 
2 2 2 2 

3678.2 1/2+ o. 510 0.541 -6 l +,1-' (11.-) 
2 2 2 

3955.1 (3/2) o. 735 0.590 +25 3.-,.2-, (11+,1.1-) 
2 2 2 2 
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Level Previous Calculated Experimental % Possible 
Ene:r:.&l, JTT Population }?o pulati.Qll_ Dif f ere nc !L_I_[[ ___ __ , ___ 

4055.9 (1,3.) 0.730 (3/2) 0.680 +7 3.+,3.-,(2-) 
2 2 0.482 (1/2) 2 2 2 

411·08 .2 ( 5/2) o.8o6 0.690 +17 .3. + 3.-.2+ (.2-ll +) 
2 2 2 2 2 

4507.1 5/2 0.678 0.910 -25 5.+ ,2+,2- ,.2+ 
2 2 2 2 

4530.4 0.303 1 + 1-3.+.3.- (1-.l+ll- ) 
2 2 2 2 2 2 

4812.6 5/2 0.,562 0.,462 +22 .3.+..2+.2- (1+1-·.2+.2-) 
2 2 2 2 2 2 2 

5153.6 0.220 .3.+3_- (.2- ll +1-1-) 
2 2 2 2 2 

5248 .o 5/2 0.492 o .411-o +12 .2+,1+,1-' (.2+) 
2 2 2 2 

51+31.0 0.410 .2+,7.+,1- ,.2+ 
2 2 2 2 

5551.2 0.221 ) 3.+3.-i+ .2-.2+.2- ( 11 +) 
2 2 2 2 2 2 .2 

6640.7 0.181 .2+,5.- ,.z-:-,.z-
2 2 2 2 

The present experimental results are in agreement with 

prior J values. The value of the spi.n of the 40 56 keV level 

is 3/2. This value was used in calculeting the spins for 

higher levels. Any predicted spin value more than t\w angular 

momentmn units above the spin of a level to 1<1hich there is a 

strong decay mode is U.sted in bra ckets as an unlikely value. 

In addi U .on to inelastic neutron scattering, evidence 

for three other less prominent f ast neutron reactions was 



observed,. The 27.Al(n,o(Y) 24 -Ja(t1 -,n 2~·1g series of reactions 

led to the 275~ and 1368 keV gamr a rays being observed due to 

de - excitation of 2~1·1g l Gvelso Ther·e 1.vere also 867 and L:-72 keV 

gamma ray line s observe· as a r esult of the decay o~ the 1341 

keV level in 2Ll-Na. Evi ence for the 27 Al(n,pct)27 ,ig(f.( ,r) 27.u 

reactions 'l.vas fo tmd. Gamma rays belonging to this set of 

reactions were found at 953, 984, 1692 and 1701 keV . Figure 

4- 3B give s the decay schemes showing the placement of these 

gamma rays. Since they led to the population of the 843 and 

1014 keV levels of 27Al, a small correction for the population 

of these levels was necessary. 

As sho1.vn in figure 4-3C a gamma ray line 35 keV 

above the 7725 keV grotmd state trans· tion in 28 Al "YJas 

observed. This 1vas interpret 3.S being a ground state 

transition from capture in the 35 keV resonance state of 28!1. 

This effect was Heakly observed by two previous investigators<64,6 :;) . 

The a _uminwn target 'l.vas studied at both the front and back 

edge of the reactor core in order to determir:e the energy shift 

due to the use of fast neutrons. The cadmium filter was not 

as effective at the front edge of the co re since it was not 

designed to overlap as far on tb~s side of the core. As a 

result the thermal capture gamma ray lines were enhanced by 

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 i ndicating i t is not the resu_t of a 
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Fi gure lt -· 3B 27r~g contribut1on to 27 Al spe ctrum . 
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t'~armal neutron reaction. The "~:Jidth of the peak implied that ;t 

was produced by an interaction vli th a relatively 101--J energy 

neutron since it showed no Do ppler broadening. A check was 

made to see if other resonance capture effects could be o served 

vJith negative results. A ground state transition from 

capture in the 6 keV resonance vJould have been difficult to 

observe due to the intense 7725 keV transition. 

4-4- Sodium Results 

Sodium \vas studied using a sodium fluoride sample. 

As was the case with the other fluorides the fluorine component 

of the spectrum Has 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,~) 2~a reaction< ) and also oy 

knmvn backgroun.d lines. Prior results for 

summarized by Endt and Van der Leun (66). 

23Na have been 

Table 4--4-A lists the gamma rays due to inelastic 

neutron scattering on 23Na. Table 4--4B gives the branching 

ratios. 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 

4--4 gives a proposed decay scheme for 23Na. Normalization 

of the calculated values to the experimental 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. 
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The 2077 keV l evel '\•las unsuitable for normalization since it 

decayed by a 1635 keV (92.%) t ransi tion 'vJhich occurs at the lovJ 

energy end of the pair re sponss . · The 2391 keV lev el was not 

as suitabl e for normali zation since it s decay is split betwe en 

two gamma rays. 

Table 4-l.I.A 

G,amma Rays Produced bv the 2~~a ~Jl~)23Na React ion 
:[kevr-· 
Energy Rel ative Energy Rel ative 
i~eVL. Int§nsi ty (keV) Int ensity 

441.1 28 .05 2981 " 5 0.960 

624.5 0. 521. 3238.2 0.572 

1038.8 0~0713 347L!-.3 O.l4.S 

1096 0 3679 0 

1601.8 0.0714 3852.7 0.355 

1636.3 4--. 511 3916.0 · 0.450 

1777.3 0~355 4337.2 0.179 

1797.5 0.01+56 41+30. 3 0. 281 

1838 .0 0.149 .4777. 9 0.0300 

1951.4 0.770 5 . ? 374-. ·- 0.312 

2038.4 0.0198 51+93. 0 o.oo4 

207'7 .3 0. 4-31. 5538 .0 0.111 

2263.8 0.812 5600.4· o .Ql,.oo 

2390.5 1.300 5739.7 0.0712 

2539 •1t- 0.960 5760.1 0.199 

2640 . 1 l.LI-02 5934.2 0. 03 .53 

2701 .2 0.0451 5967. 8 0.0350 
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Taple 4:::..4.B 

Branqhing Ratios for 23Na Levels 

~.n.erg,Y Initial Level Final Bran chin_g____3a t i.P (10 
(ke,Y) Level 

lli!I 
Present Endt and Present Endt and . 
\·lork Van der Leun Hor:k__ vau~r k.El.@ 

441.1 440 g.s. 100 100 

2077.4 2078 g.s. 8 10 
lt41 92 90 

2391.5 2393 g. s. 63 65 
4-41 37 35 

2640.1 2641 g.s. 100 100 

2703.4 2705 4lt1 61 60 
2077 39 40 

2981.0 2983 g. s. 50 55 
lfltl 50 45 

3679.2 3678 g. s. 5 
4-41 80 70 
2077 10 10 
261-l·O 10 15 

38 52.7 3850 g. s. 50 50 
2077 50 50 

3915.8 3915 g. s. 60 70 
lt4·1 20 15 
2077 20 15 

4430. 3 4~·31 g.s. 92 95 
. 2392 8 5 

4777.9 4775 g ~ s ~ 10 5 
lt41 60 60 
2077 15 20 
2981 15 10 
3679 5 

5374.2 5378 g.s. 100 

5538 .o 5538 g.s. 100 
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_Energ,Y InitiaLLe_vel. Final Branching Ratio 
Level 

Present Endt and Present Endt and 
Work VaYl der ~ vlork Van der _k?_lJf! 

5739.7 5738 g.s. 100 

5760.1 5762 g.s. 100 

5934.2 5935 g.s. 90 
1:1.1+1 10 

5967.8 5967 g.s. 100 

6dt1.5 6042 441 100 

T a lli..!±.::_l+C 

Experimental Population V~lues 
_Calculated Values for 23N§!. 

and 

Level Previous Calculated Experimental % Possible 
Energy Jlr Population Population Diffe;rence Jr 
!li.E?.YL Values 

441.1 5/2+ 36.501 20.1 +82 

,2077.4 7/2+ 4.508 3.81 +18 .l-,2+,2-
2 2 2 

2391.5 1/2+ 1.8 5?.. 1.87 -11 l+,l-,.2+,.2-
2 2 2 2 

264-0.l 1/2- 1.331+ 1.331+ 0 1 + '1- ' (_2+' .2-) 
2 2 2 2 

2703 .. 4 9/2+ 1.211 1.33 -9 (1 +,1-) ,.2+ ,.2~· 
2 2 2 2 

2981.0 3/2+ 1.86 1.'87 .1. 3.+3.-2+5.-1+ -2 
2 2 2 2 2 

3679.2 3/2- 0.903 0.712 +27 l-,3.-
2 2 

3852.7 5/2(-) 0.908 0.715 +27 1+3.+3.-.2-2+2-
2 2 2 2 2 2 

3915.8 ( 5/2+) 0.836 0.752 +11 3.+3.-5f2-2+1-
2 2 2 2 2 2 
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Level Previous Calculated Experimental at ;o Pos sibl e 
Energ,v _I_:!_. E.Q.Q~ 1. a t ion PoJ2ulation Dif ference .[.][ 

lt4J0.3 l;/2+ 0.281 0.300 -6 1+,1.- , (.2+,.2.- ) 
2 2 2 2 

lt777.9 (_1,.Z)+ 0.3lt2 0.316 +llt .3. +' .3.- ' .2+ '5.- '2 + ' . 2 2 2 2 2 2 2 

5374 .2 (3.,.2) + 0. 23 5 (.,2+) 0.316 -25 .2+,.2~ 
2 2 2 2 2 

5538 .o < l ,Z) + 0.092 (1+) 0.111. -17 1+,1-' (.2+ ' 9-) 
2 2 2 2 ' 2 2 2 

5739.7 (1,3.,.2) 0.0762(1+) 0.0?18 +6 1+,1.-, (.2+,.2- ) 
2 2 2 2 2 2 2 2 

5760 .1 (1 ,.3.,.2) 0.161 (,2+) o. 201t- -21 2+,5.-
2 2 2 2 2 2 

5934·. 2 o.o4oJ. 1 +,1-' ( .2+~.2.-) 
2 2 2 2 

5967.8 (.!_,3.)- 0.0627 (1-) 0.0358 +75 1+,1-, (.2+, .2.- ) 
2 2 2 2 2 2 2 

6041.5 (.3.,.2,2) 0.113 (.,2+ ) o. 011-07 +64 .2rti.,.2-, z+ ,z-
2 2 2 2 2 2 2 2 

The value of the spin used i n the final calculat ed 

value for the populati on of levels whose previously measured 

spins have more than one value i s given in brackets in the 

column along with the po pul ation value. 

There were a numbe r of proble·ms in dealing '\vi th the 

sod iurn spectrum. The 3853 keV l evel de cays partially by means 

of a 1777 keV garnma ray whi ch was unresolved f rom the 1778 keV 

background and its Compton continuL~ . The value found by 

subt racting the knoHn backgro"w1.d l ed to agreement ,,ii th prior 

measur ements of the branching ratio for the l evel. The er1·or 
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in this value could be as high as l.J-0.% hovJever. 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 t wo lev els co uld 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 agree me nt with 

prior results used to calculate population values except for 

the loi,Jest level at 4lrl keV and for hlgher energy states at 

5970 and 6ott-5 keV. In the ca se of the 441 keV level the 

probable reason for the discrepancy isthe fact that the 

ne utron flux \·J as ass1.U11ed to have a simple exponential 

distribution~ The upper level s could be in error due to the 

.presence of a number of higher levels in the range 6 to 7 HeV . · 

The 5374 k eV l evel vJhich wa s listed as a 5/2 or 3/2 

level is a 5/2 l evel. The 5538 keV level vJhich vJ a s listed . as 

a 1/2 or 7/2 level is a 1/2 l evel. The 57t1-o and 5'760 keV 

levels are somewhat coupled in their ~ecay modes due to the 

doublet natur e of the gamma rays depopulating them. Hov;ever, 

the 5'/40 keV level appears to be a 1/2 level and the 5760 keV 

level a 5/2 level. The remainder of the levels have a limited 

number of choices for their spins. Predicted spin values which 

are unlikely due t o the decay mode are indicated in brackets 

in tabla l.t--4C. 
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4-S' Fl uorine Results 

Fluorine \vas stu.died using a ser-ies of compounds, 

namely: lithiwn fluoride, sodiwn fluoride, calcium fluoride, 

and lead fluorideo The common lines to all these spectra 

were attributed to inelastic neutron scattering on 19F 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 throughout the various runs vli th a 

given detector in spite of the radiation damage vJhich occurred . 

Previous results for 19F have been summarized in the Nuclear 

Data SheetsC 67). 

Table 4- 5A lists the g~~ma rays due to inelastic 

neutron scattering on l9F and table 4- 5B gives the branching 

ratios. Table 4- 5C gives the experimental population values 

and compares them to the calcu.lated values based on previous 

spin and parity measurements. Due to the nature of the decay 

modes and resultant spectrum of fluorine, normalization of the 

data presented a problem. This occur·red because of the lack 

of states in the 2 MeV region vJhi ch is usually the most populous 

region of the spectrum. The 1555 keV level was chosen for the 

normalization . The lo~ energy of the level means it is not 

a good one to chaose for normalization 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 4-5A 

Gamma Rays Produced bv the 19F(n 2 n 1 ~) 19F R~~c.gon 

Energy Relative Energy Relative 
(keV) Intensitv .{_keV)_ Intensit;y _..._ 

110.1 not measln·ed 3891.9 o.o4oo 
197.2 not measured 3914.0 0.283 

1234.8 3.341 3920.0 0.072 

134-8.9 3.232 3944.5 0.072 

1357.7 6.623 t:-262.4 0.151 

144-5.0 0. 261+ 4370 .. 9 0.0500 

1458.2 0.812 4525.4 0.0200 

1898.9 0.0321 5228.9 0.782 

2358.3 0.0700 5277.4 0.0384 

2589.2 0.721 5301.4 0.0485 

2656.5 0.159 6081.5 o.o6oo 

2690.5 0.0798 

Table 4- 'iB 
--~-- ..... 

Bra,nehing ~lli_os for 19F LevcJ:s 

}i:ne~-~ll?.:.iigl Leve.J. Final Branching, Ratj_o 00 
L~ 

Present Other Present Other 
Work \vork Hork Work 

--~ 

110.1 109.8+ g. s. 100 100+ 

197.2 197.1+ g.s. 100 100+ 

13'+4. 9 1345.8+ 110 100 100+ 

+ Hhtt.e({,~) 
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~nergy InJ,!..i.a.l Level,. Final Bran chin.g__!ia t i q_ 
'teveT 

P r ~.§_fill_tJ1 or·~ 0 t h§_;r_.k{ or k Present Work Othe_r W.Qrk 

11+58 .8 1458 .2+ g_s. 20 20+ 
110 80 80+ 

155ir-. 9 1554.0+ 110 4 3+ 
197 96 97+ 

2781.4 2783* 197. 100 100* 

3913.2 3913* g.s. 80 
1555 20 

4001.6 ~-002* 110 20 
13tr 5 80 

l.r-035.8 4038* 1345 100 

4372.1 g.s. 25 
110 7-5 

4680.3 2781 100 

5339.0 5338 .8* 110 100 100* 

54-74-.6 5473.7* 197 35 
1555 65 

54-99 .o _51+98. 2* 197 ltO 60* 
1555 60 40* 

6081.2 g.s. 75 
1555 25 

+ \•Ihi te (6 ~) * Nuclear Data Sheets (67) 
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Level Previous Calculated Experimental % Possible 
Energy Jlr Popul~tion 
J._k_eV) _ 

Population Difference J 1r 

110.1 

il97.2 

134-lt. 9 

14-58.8 

15,51+.-9 

3913.2 

4-001.6 

4-372.1 

4-680.3 

5339.0 

5'+74. 6 

.54-99.0 

6081.2 

1/2-

. 5/2+ 

5/2-

3/2-

3/2+ 

(2,.2) 
2 2 

3/2 

7/2 

9/2-

5/2 

(.2,!..3.-·) 
2 2 

1(3_-) 
2 2 

1 
2 

3/2+ 

( 5/2+) 

13.47 

12.83 

3.4-5 3.10 

tl-.036 4.04-

6.34 6.34 

0.596(2+) 0.690 
2 

0.3trlt 0.350 

0.213 0.199 

o.o96 o.o8o 

0.231 0.201 

OG0310(1}-) 0.0322 
2 

0.0682(1) 0.0784-
2 

0.114 

0.119 

0.0521 0.0800 

+11 

0 

0 

-17 

+7 

-20 

+15 

-3 

-13 

-19 

-35 

Values 

1 +,1- ,_2+,5-
2 2 2 2 

1+1-3.+3.-.2+.2-
2 2 2 2 2 2 

1 + 1-.-.3. + 3.-.2-l·-1-
2 2 2 2 2 2 

l +, .1- ,1+,1-
2 2 2 2 

.3.+,.3.~ ,.2+ ,.2-
2 2 2 2 

1 +,1-' (2+,2··) 
2 2 2 2 

.2+ 9-- ,_ 
2 2 

1+1-3.+.3.-.2+.2-
2 2 2 2 2 2 

13.+,1.3.-
2 2 

1+1-3.+3.-.2+..2-
2 2 2 2 2 2 

.3.+,.3.- ,.2+ ,.2-
2 2 2 2 

.3.+ ,3.- ,.2+,_1-
2 2 2 2 

l +,1- ,.2+,.2-
2 2 2 2 



The present results are in agreement with previous 

measurements. The population of the two lowest states was 

not measured due to difficulties in observing the low energy 

decay of these level s . The state at 2783 keV vJhieh was 

previo usly list ed as 9/2 or 7/2 appears to be a 7/2 level. 

The 4681 keV lev el vJhich v.Jas reported as a 5/2 or 13/2 level 

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

high spin l eve l (7/2 leve l at 2783 keV) is additional confirmation 

of this fact. 

The possible error i n a number of the experimental 

population value s is ve r y high due to the doublets in the 

spectrwn. The level at 6080 keV appears to have a population 

value two times hieher than any calculated possible spin values 

suggesting the possibility that the level may in fact be a 

doublet vli th unresolved gamma rays decaying to the ground state. 

Nitrogen was studied in order to test t he Haus er 

Feshbach formalism and assumed model for very light elemE~nts . 

The authors of the table of neut ron transmission coeffic.ients 

point out tb.at the optical model and the coeffi cients have 

li n: i "Led validity fo r A<. 20. The nitrogen spectrum ~<Jas obtained 

using a melamine (C6N3II6) target . -Only t he cadmiu_m UE:1Lltron 

fil ter \vas used and as a resul -t there ·\·las a significant 

contribution to the spectrum .due to the 111-N (n, t) l5N reactj_on <If&>} 

which was used for calibrRtion. Nitrogen occurs in nature 
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as 99.6% 1~-N so that it ls almost monoisotopic .. Ajzenberg­

Selove (6~) has swnmarized the prior results for nitrogen 

in a review article. 

Table 4-6A list s the gamma rays duo to the 14N(n,n'~) 14N 

reaction and t able 4-6B gives the branching ratios. Table 

4-6C gives the experimental population values and compares 

them to the calculated values. Figure 4-6 gives the proposed 

decay scheme for l4N. Normali zation of the data to the 

calculated values was a problem. I nitial attempts to 

normalize the 2312 keV lev e l l ed to all experimen t al values 

being lov/ compared to the calcule.ted values. It vras found 

that the only reasonable results occurred . if the 394-6 keV 

level was used for no rmalization, 

Tabl e 4-6A 

Gamma R~s Produced by the l~1Hn., q ' rJ.]:~-N Reaction 

Energy Relative Energy Relativ e 
ike.VL Intenslli_ ( kfi.Y.L I ntensi t,y 

727.2 0.0982 394-6 .8 0.0300 

1338.8 0.0045 4914-.o 0. 0_51!-l+ 

1633.4 0.4?2 510tt- .4 0.272 

2312.4 1.820 5693.0 . 0.0263 

24-98.0 0.00896 58~0 t:; _, . ./ 0.0328 

2793.6 0.0590 6197.6 0.0131 

3381.4 0 .Olt87 6441.1·,2 0.0314 

3884 .6 0.0394-
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Table 4-6B 

Branching ,Ratios for 14N Levels 

Energy Initial Level Final Branching Ratio (%) 
LeveJ. 

Present Ajzenberg-· ·Present Aj zenberg-
Work Belove Work Selove 

2312.4 2312.81 gii'S. 100 100 

3945.8 3944.7 g. s. 6 3.9 
2312 94 96.1 

4914.0 4913.4 g. s. 100 100 
231? o.4 
3945 1.3 

5104.4 5105o87 g.s. 82 79.9 
2312 18 19.7 
3945- 0.8 

5693.5 5691 g.s. 35 38.1 
2312 65 61.9 
39+5 2 
4913 2 

5831.5 5833 g.s. 25 21.3 
5104 75 78.8 

6197.2 6197.6 g.s. 25 23.8 
2312 75 75.2 

6~lJ11-.2 64lt3 .6 g.s. 70 73.1 
·3945 20 18.9 
510l.t 10 6.8 
5833 2 
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Table 4-6C 

Experimental Population Vfques and 
__Qalculated Values for ·N 

Level Previous Calculated Experimental % Possible 
Energy J7f' Ponulation Population Difference JTr 
(keV2 Values_ 

2312.4 0+ 0.797 1.20 -33 0+,4+,4-

39lt5.8 1+ 0.493 0.493 0 1+1-2-3-4+4-

. 4911+. 0 0- o.o68o 0.051+4 +24 0-,1-

51o4.lr 2- 0.220 0.228 -lt 2+,2-,3+,3·~ 

5693.5 1- 0.0998 0.0750 +33 1+, 1-,lt-+,4-

5831.5. 3- 0.112 0.131 -15 2+,2-,3+,3-

6197.2 1+ 0~0579 0.0525 +10 l+,l-,4+,lt-

644!+.2 3+ 0.0652 o.o448 +45 1+,1-,2+,2-, 
3+,3-,4+,1!--

The experimental population values for nitrogen 

led to the poorest agreement with previous results of all the 

isotopes studied. The experimental proble~s for nitrogen were 

more severe than for the other isotopes studied lareely because 

of the large (n,t) coDlponent of the spectrum. The coefficients 

may also have been of limited value. There was evidence of 

the 14N(n,Oc')llB reaction since a 2141 keV gamma ray which 

could de-excite the first state in boron was observed. ·No 

corrections were made in the calculated values.for fast neutron 

reactions other than inelastic scatt~ring. 
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4~ BorQg Results 

Boron was studied in addition to nitrogen in order 

to te st the model used in this work on light elements. Boron 

was stuaied usin-g a boron phosphide - sam-ple and also using 

a boron po~>Jder sample . Both samples \vere encapsulated in 

alwninum q.nd aluminLUn capture -gamma rays vwre used for calibra.tion. 

Natural bo-ron consists of 19.6% 10R and 80~4-% 1113. lOB has 

a very large cross section for the (n,~) reaction and as a 

result there was no evidence of the 10B(n,n 1 ~)10B reaction. 

The 1°B(n, l)11B reaction popul ates stat~s in llB. All 

broad ened lines appeared to belong to the llB(n,n 1 l)llB reaction. 

The inelastic neutron reaction - 1-1as enhanced for• the heavier 

isotope c6 mpared to the lighter one for -several reasons~ The 

he avier one is four times mor·e abundant in the sample. The 

ground state spin leads to almost a factor of tvJO times in 

f avour of the lls case due t o the 1/(21+1) term in the Ha us er -

Feshbach formalism. Finally the large (n,~) cross section 

limits the (n, n 1 :5') - reaction. The captuTe lines due to the lighter 

isotope overlapped the lines due to inel ast ic _ scattering on 

llB. The 7006 keV , 91·% transition (1o) Hhich occurs as a 

transiti on from the capture state in 11B vJas · used to correc t 

the int ensi ti es of over lapping l ines .- In addition the peak 

widths in the t Ho reactions were quite different allowing them 

to be separated. The correction due to the overlap was relatively 

small. This was primarily due to the competition of the (n,~) 

reaction on 10B. 
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Table 4-7A lists the gamma rays due to the llB(n,n'r)lOB 

reaction and table 4-7B gives the branching ratios. Table 

4-7C give s the experimental population valties and co ~par~s 

them to the calcul ated values • . Figqre 4-7 gives the proposed 

decay schem~ for llB. The lowest energy level in llB {2141 keV) 

was us ed for normalization of the data. 

Tabl ~.4- 7A 

Gamma Ra~ s ... Yr o d !lf'& d_Q:L_ _ t_Q§._ll B ( n ,_~!2 11 B React i on 

Energy Rel at i ve Energy Rel ative 
(keV) . I ntensi t y (.keV2~ Intensi t.Y.. - --------
2llf-1. 2 2,006 5028 .4 - 0.281 

2275.8 0.002lt - 58lt ). 0 0.0050 

229l~. 0 0.0300 6431.2 0 .005'+ 

2861.3 0.00122 6738.6 0.0?10 

2888.4 0.0700 6808.0 0.0369 

ltJ.25.1 0.00179 7305.7 0. 024lt 

4411-5.1 0. 5'+6 7987.2 0.0050 

411-72.8 . 0.0007 8571.5 0.0090 

4668 .1 0.0123 8919. 1+ 0.0156 

Tabl e 4-:'ZB 

BranclYiJ.lg fiaj;_i_o s f or 11 :~?. Leve 1 s 

Ene rg.z_J ntt_i a_l_j, eve l Fina l B~a.l1ch-i_!}f1.-Ig_t_i o _( ;&)_ 
.. Thoma s('lO) 

Lev-eT 
01nes s<71) -Present Present 

.t[ork __ et al ~vorL_ et _gl_ 

2141.2 21Y·O g.s. 100 100 

44J~o 5 .1 44lr5 g.s. 1.00 100 
2lll·l 0.5 
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Ene-rgy Ini t;L-a1 Level Final Branching ]\atio ( 2f)_ 
Lev-el 

Present Thonas Present 01ne ss 
11ork et aL ~vo_r.L_ et al 

5028.8 5030 g. s. 80 85 
2141 . 20 15 
41-1-45 0.3 

6738.7 6739 g.s. 70 70 
2141 3 
41-rtl-5 30 30 
5029 1 

6808.2 6810 g. s. 75 71 
2141 25 29 
444-5 8 
5029 8 

7305.7 7300 g.s. 8·5 87 
2141 - 1 
4lfll-5 5 5.5 
5029 10 7.5 

7986.7 .7990 _g. s. 50 47 
2llt-1 50 5" .) 

441+5 1 
5029 1 

8571.5 8570 g. s. 50 . 56 
2141 30 30 
4l+tl· 5 10 5 
5029 10 9 

8919.l.l- 8920 g. s • . 96 95 
214·1. - 1 
4J+l.r5 4 4.5 

McMASTE 



Level 
Energy 
ik.EL'LL 
2141.2 

4411-5.1 

5028 . 8 

6808.2 

7305.7 

8 571.5 

8919.4 

Table 4-'Zf 

Experimental Population Values and 
_ _;C:;..;;alcul§ltecl Val_ues for __:_:B~--

Previous Calculated 
J1j Population 

Experimental 
Population 

1/2- . 1. 914 1. 914-

... 5/2-

(1,}) 
2 2 

7/2-

(l,J) 
2 2 

(},.5) 
2 2 

3/2+ 

5/2-

5/2-

0. 613 . .. 0. 512 

0.285(3/2) 0.347 

0 .14tr-( 1/2) 

0.0787 0.101 

0.0553 (3/2) o "ot1-92 

0.0290(1/2) 

0.0331(5/2) 0.0244 

o • o4lt-8 ( 3 I 2) . 

0.0197 0.0190 

0.0166( 5/2) 0.0179 

0.0126(3/2) 

0.011.4 0.0163 
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% Possible 
Difference J1T 

Values 

+20 

-18 

-22 

+12 

+30 

-7 

-31 

J.+l-.2+.2-2.+2-
2 2 2 2 2 2 

3.-.2+.2-1-
2 2 2 2 

.2+,5.- ,1-
2 2 2 

.3:+ '3.- '.2.+ ' .2-
2 2 2 2 

.2+,.2-
2 2 

1+ ,_ ":l+ 
- , .'.!:. ' .J. 
2 2 2 

3.+,.3.- ,.2+, .2- ,.2 
2 2 2 2 2 

.2+,.2-,2+,2-
2 2 2 2 

The present experimental and calculated results 

yield ed bett er agreement than the nitrogen results. The 

5029 keV level appears to be a 3/2 spin state, the 6808 keV 

level a 3/2 stat e ru1d the 7306 keV level a 5/2 state. The 8572 

keV level is ei thor a 3/2 or 5/2 l evel 1-1i th 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 occur red especially at high gamma ray energies. For 

both boron and nitrogen the (n,Y) r eaction limits the accurracy 

of the po pulation values • 

• 



CH APTJ!;l1 5 

STOPPING PO WEH CALCUL ATIONS 

i_-1 ):nt rod uct:Loq 

When a f a.s t n e ut ron (""-' 2 He V) interacts 1,1ith an 

atom ( A..-v 19) in a s o lid, it gives the atom on the average 

approximately 100 keV of recoil Gnergy . If the atom then 

e mit s a gamma ra~' uefore s lo '~Jing dovm as the result of collisions 

i n t he Q9dium, it wi ll be Dopple r shifted due to t he mo tion 

of the nucl eus . If t ha lifetime of the excited state i s in 

a reasonable range (""- 0.1 pse c), then the r e sul tant Dopple r~ 

shift offoct , which _l eads t o a broad ening of the ga~m a r ay 

due t o the geometry of t he t arget and react.o1', will be le ss 

than the maximum pos sible if there was no slowing down. 

The r educed width of the peak gives a meas ure of t he stopping 

powe:- of the medium or the h a lf U . .fe of the nucl e us . depending 

on 'vhi Gh is kno ym previa u sly . Frcr,1 f .igL:;.re 4-- 5 it can. be seDn 

that l9F ha s se'.' er<d. states \vi th U.f eti mf;S :i.n the r&qtliYed 

regioJ.t. The pur po se of this chapter j,s to de monstrate the 

feasibilit y of mea~uring t he stopping powsr o~ different media 

or the lifetime s or st 2t es using the i nternal target facility. 

NorthcU.ffe a.nJ Schilltng have comp1 led tabl •3S (72) 

of stoppint; poHers for val'ious ions and media based on 

exp6l' i ment a.l data up t o 1970 ·and have extrapola t ed the t ables 

using t he th0ory given in a 1963 revi ew article (73) to cover 
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all mass and energy ranges . The sloT11ing down of energe tic 

atoms in matt er is det ermined by two processes: electronic 

and nuclear . At high enorgy t he elect ronic process , vJhich 

varies as the yeloc:Lty of the atom, dominates . At l ow energy 

(< 100 keV) the nucle ar proces s , which varies inv erse ly with 

the velocity of the a t om , domi nates . In the energy region 

10-200 keV , figur e 1 of Northcliffe 1 s work (72) indicates that 

the sto ppj_ng pOiiler fo r a 19F atom is app:c·oximate ly const ant. 

This occurs as a result of the fact that the electronic and 

hucl ear cofuponsnts of the stopping power are equal in 

magnitude a t approximately 100 keV ~ 

The effect of the Doppl er broadening cetn be calculat ed 

fo r this work by def ining a Doppl er attenuation factor (F) 

F :: 4 Ev ( 4 v > ) 
XEv( <Vo> J 

"\'Jhe:ce t.Ey( <v0 >) is the maximum br og_dening obt ained by 

calcul ating the average j_ni tial ve l ocity ( < Vo >) of t he 

recoiling atom, and 4 Ev( < v >) is the actual broad ening 

observed. ~ v > is t he average ve l ocity of t he ion at the 

t ime of emi ss:i.on of the gamma r ay. In sec tion 2-8 of' this 

work it \.Jas shown that A Ey (< Vo'>) = fu.(VA + V c) . For the 
c 

purpose of this work i t will be as.sumed that the broadeninng 

AE v(< V>) o< ~ V> 
' 

where v = Vc. Thus the a t tenuation factor becomes 



If a lifetime T is assumed fo r the excited state , t hen 
oO 

<v> ::: -~-s v(t).exp(--j).dt, 
~ 0 "L 
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where v(t) is t he velocity of the ion at the t ime of emission 

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

of mass ve l ocity was calcul ated to be 

If the stopping po we r is a constant in the re~ion of int erest 

then 

\vhere 

V(t) = < V0 > - eX .t 

ct. = 106.f.c2_ . dE and 
103. Ao 931 dx 

dE is the stopping pOi<Jer measured in units of keV-cm2b-< g •. 
dx 

A is the ma ss of fl:.1o rine and (> is t he density of the med :i.um. 
c.t./110 

Thus < V> = 1· SC< Vo> - d.. t).exp(-·.t).dt. 
't• D "i:" 

= <v~> -· c! . 'T + «."t".exp(-1) where 

. The upper limit of integration in this equa tion is « 
Vo 

since v(t) = 0 fo r t greater than this value of t. Thus 

F = 1 - (1 ) + ( l ) .exp(-P) • 
(J p 

Figur e 5-l gives a graphical representation of this equation . 

If a density of 2 g/cc a...r1d a. stopping po1•1er of 2 keV-cm2,?ug 

for a medium is assumed, then a lifeti~e 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 val ue of F in a r easonable r ange to be 

measured (0.2 to 0.8). 
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The width of the peaks was measured using three 

different tech..niques: hand fitting, using a Gaussian computer 

fit t1ng program an(1 us i ns pro babi li ty graph paper. Figure 

5-2A and 5-2B sho"\v the result of plotting a typica l thermal 

capture line and a broadened line on probability paper. 

If the peaks were Gaussian shaped a straight line would result. 

Both lines appeared to be Gaussian if the points in the 

loHer 10% of the peak art-1 neglected. The 13t1-8-13 56 keV 

doublet in 19F was analyzed by hand . The r emaining lines 

in flnorine vJGre analyz 9d by a ll three methods giving simile:1.r 

results. The widths of the broadened lines were correct ed 

for the response of the Ge(Li) detector system. Figure 

5-3 gives the typical re so luti on of the detector for capture 

lines after subtracting the electronic noi.se out. The slope 

of one indicates that the charge collection efficiency vari es 

as E1 as it should. 

Table 5-l gives the results obtained for the stopping 

power of various medic=!. For each compo•J.nd, the -v:idths of 

gamma rays de-exciting the 1458 keV lev e l of 19F wer e meCJ.surec1. 

The lifetime(,~) of this level was known to be 0~06 psec. 

F was fow1d using the definition given by the ratio of the 

actual broadening divided hy the calculated maximum broadening. 

The value for i.t! was o bt ::tined by su.bsti tnting in the equation 
dx 

given on page 105, for F , 'C', V0 ancl solv ing for eX. and in turn for 
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dE of the c ompounde The t abulat ed va l ues of the stopping 
dx 

poHer \~Jere o btainec1 using the relation (7/f) 

d E(compound )::: n 1 .dE) 1 + n2._d E)2 + •.• 
dx dx · dx 

whe re nk is t he at omic fraction of the kth element and d E)k 
dx 

is the stbpping power of that element obtained fro m Nor thcliff e 1 s 

tabl es . 

Tab1 e 5~- 1 

St o P p ir~ Po'.~.§2:" Re_sul t s 

Compo"und Line "'t' E(exp't) F dE (exp 't) dE( table) 

---- fuVl. ( pse9). ( keV) dx dx __ ~-------
LiF 1458 0.06 11.7 .. 0.97 . 0.39 2.39 

13lt8 0. 06 ll.lr 0.95 0.64-

NaF 1458 o.o6 9.5 0.79 2.70 1.99 
131,-8 o.o6 10.0 0. 83 2.18 

CaF2 ll,-58 0.06 8.1 0.68 3.10 1. 8 1 
13l1-8 0.06 7.9 0.66 3. 50 

PbF2 .14-58 0.06 0 0 4.9 l.ll-6 
131t8 0.06 0 0 4. 9 

The lifetime values in tabl e 5-l are given in the u...r11ts keV-cm2/}'g. 

Table 5-2 gi.ves the :results of measurements us ed to 

determine the l ifetime of t he 1554- and 1346 keV levels in 19F. 

The 1554 keV l eve l decays by a strong 1356 keV gamma ray and 

by an ext re me l y l·le ak 14·41-l· keV line. The 13t1-6 keV level c1 ecay s 

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

was set equal to the ave rage value obt ained experimentally in 
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t able 5-l. The va lue for 't' was obtained by s o l ving the 

. equat ion for F given on page 105. 

Compound Line dE E ( ·9XP 1 t ) F "t( exp ' t) (Hhite (68)) 
( keY)_ 9~- l keV). ( pse~cL_ . (p_sec). 

LiF 1235 o. 52 1. 73 0.14- 1.3 0.4· 
1356 o. 52 9 . 8 0.79 0.31 0 .4-

NaF 1356 2.41+ 8 .5 0.71 0.09 o.4 
CaF2 1356 3.30 6.0 o. 50 0. 411- 0 .!;. 

The possible experimental errors for the measured 

values of the stopping povJer in t2.ble 5-l and of 1:'" in 

t able 5-2 are of the ord er of 20 to 40%. This arises 

primarily becaus e of the unr eso lv ed 1.348-13 56 keV doublet 

in the decay scheme . 

5.:..3. DiscussioE of Stopping Po1·1er Re sLllts 

The results obtained :!.n t ablElS 5-l ancl 5-2 , although 

somewhat limi t ed in value , demons t rate the feasibility of using 

the f aciU.ty to obtaiD info rmation regarding stopping power 

and l.i.fet 5.me s . The re st1.l.t s for PbF2 vere meaning1e ss since 

the value of F was in a r egion where it was not very sensitive 

to the value of p . 

There are a nnmber of sever~ experimenta l l imitations 

on the usa of t h9 facility f or stopping power and lifetime 

experiments . The fac t that there i s a cont inuous energy 

spectru.m of neutrons ·int eracting \•Ji th the targe t over a \•J5.d e 

r ange of incid ent c.ng J_es imp]_ies tha t the target nucle:i. r e coi l 



vli th e. v1id e r ange of ve l a citie s . This mean s that the 

stopping p o ~oJer obt ai ned is an avere.ge value over a "Yiide range 

of energies. No correction wa s mad e f or the f act that the 

ato ms change direction as they slow down. This i s particularly 

important at low ener gi e s, Hhen nuclear collisions predominate. 

Another problem is t : a t the energy levels \·Jhich have reasonable 

lifetimes for use in measur ing the stopping power usually have 

a 1-2 leV gamma ray decay mode. This region is the one of 

lowest sensitivity for the pair mode of the detection system . 

In addition there is a r easonabl 7 large scattered grunma ray 

background at lovJer energies Q In 'addition to the reduction 

of the broadening due to slowing down effects, the energy 

shift is also reduced. In the case of 19F, t1vo of the levels 

\vhich have a reasonable lifetime produce a doublet vJhi ch 

is only poorly resolved . One other limitation in the 

calculation is the assumption that the stopping po>:Jer is constant 

in the energy region used 9 and that E.,. ( < v > ) ' V c • Same 

of these problems cou_d be eliminated by doing this type of 

experiment using an extel~n.al beam port facility. The Doppler 

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



CH.4.PTER 6 

DISCUSSION OF RESULTS 

6-1 General Conclusions 

This work has demonstrat ed that the (n,n' r) reaction 

can be profitably studied using a light Hater, enriched fuel 

reactor source of neutrons. I n particular i t has been 

demonstrated that s pin 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 kinema~ic arguments. Chapter 

5 has sho1m that stopping po1.;er and lifetime experiments 

can be performed using the facility. Table 6-1 gives some 

i dea of hOi.<i we ll t he present experimental results and the 

calculated values for the population values based on previous 

mea s urements agree8 

Tabl e 6-1 

C~mparison of Calc ulated and Exoerimental Population Values 

I so tope 

3lp 

27Al 

23Na 

r·Jumber of 
Levels of 
KnoHn J 

ll 

12 

10 

13 

17 

13 

Diff c r Ailce 
--11 ', .. 

.::::..::::.J-

5 

6 

lt 

6 

5 

4 

110 

Bet\.Jeen Calc ulated a.t'ld Zxo 1 l 
11-20~ 21-~0~ >30 j, 

..., 2 1 .) 

) , 2 0 I 

3 2 l 

3 lt 0 

5 lt 3 

? l l 

- alu~ 
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I so t o DE~ 
-'--• 

Nu..rn Q.9r .Q£ 11 s .UJ~ 1 1-20~ 21-30% JO% 
Level s __ 

14N 8 · 2 2 1 3 

l lB 9 3 2 2 2 

Total 92 34 2 9 18 11 

The r esult s giv en. in t hi s vTOI'k are fo r elements i n 

the ma s s r ange A = 11 to 40 and cover an energy r er1ge fr om 

a ppr oxi mat e l y 1 t o 6 MeV with a f ew higher l evel s in nit rogen , 

boron and sil icon . Tha resul t s show excel l ent agreement i n 

general with previous work as ~e ll as giv ing info r mation 

r egarding spins of unknoHn l evels . 'I'ho U .ght e l ement s boron 

and nit r ogen gave t he poo res t agreement wi t h prior wor k . This 

was probably d ue to experimen t a l diff i cul t i es with t hese 

elemen t s and may also have been due to l i mit at ion s of the 

neutro n tr ansmission coeffi ci ents used. The res ults do 

howe ver sugges t t ha t t he model has s ome va lidity even fo r 

very light e lements. The fact that very f ew l ev el s were . 

obs erv ed abov e 6 MeV means tha t t he ef fe ct of a poss ible 

di rec t re action co mponent a t highe r ene r gy could not be ev a l uated . 

From t abl e 6-1 one can see t hat t he p~adicted pb pul a tion 

value s of 60% of t he kno wn l eve l s agreed within 20% erro r 

""ith t ho ex:p erirnen t a l re s ul t s obta.i.nGd i n the pre sent "Y/ork . 

Of the r emai nde i· some may ha ve had a lc!r ge r err· or d uc to 

i ncorr e ct va l ues of spi ns bei ng as s igned and some hav e a l arge r 
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error due to experimantal problems. The possible error in 

this work due to statistical effects w.'1d intensity calibrations 

vio uld be of the order of 10 to 15J-b. One of the limits on the 

sensitivity of the system was -the large neutron capture component 

in the spectra. In futur e 1·Jork , this could be reduced by using 
10B separated isotope in the boron fiLter and by extending the 

c~dmium filter to improve the filtering of the neutrons. In 

add:.Ltion samples could be encapsul ated in carbon rather t han 

aluminum in order to reduce um-1anted background radj_ation. 

The 7725 keV transition j_n e<.lwnintm in particular l imited 

the sensit"ivity at higher energy. Pro bably the next l argest 

source of e1·ror Has due to using an energy gr:ld to calculat8 

the yield as a fw1cti on of energy along i-Jith a set of tables 

of neutron transmi ssion coeffi.cients. This meant tholt the 

energy of the l evels -vvas rounded off to the nearest 100 keV . 

A possible future extensi on of th5.s work wo uld be to calculate 

the transmission co efficients as a functi on of energy and vary 

the parameters of the optical mo~el used to obtain the 

coeff icients to obtain tho best fit. 

There \vere a number of minor po ssi.ble corrections 

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

section for the effect of co mpeting fast neutron reactions. 

There was no atteQpt made t c correct for attenuation of the 

gamma rays in the targets themselves. The neutron flux vJas 

asswned to be isotropic ,,,hich was not strictly true. There 
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may also have been minor effects on tho neutron flux 

distribution due to resonance effects in the filters and _ 

aluminurl1 tubing. All of these effects we:::·e considered to 

introduce small errors compared t~ 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 present \·mrk include an 

investigation of Mol.dauer's theory and the possibility of 

explaining the results by a direct reaction mechanism especially 

at higher energi6s. The work concerning lifetimes and 

stopping powers could also be extended. 
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