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I' inc sJcructure in therm.al neutron (n, a) reactions has been stucliea_ 

:for· ancl of an instrument called an electro

static p2.1·ticle guide. 
.,• 
This device, which was designed to eliminate the 

:rrtobler:i.s of 1n.cksroL.md and low energy tailing in (n; cr) spectroscopy; is 

de;:;crfoed in detail. Alpha decay has "been observed from thermal neutron 

cs.r;ture stc:.tcs to levels in. the dc.ughter nucleus to r.:;reater than 2 :v;ev 

C:coss sections and a.l:t)ha energies are presented for each tran
146 l~-0 

as well, the al1)ha d.ecay schemes for Nd, Ce. Ex

:t.x:::..A:5.:rs.cn·~sl reC.ucecl widths have been calculated and are discussed in tern1s 

c:t· 1-ia.ng:s theory of a12ha d.ecay. ::::..'vidence is :presented for the (n) Ya ) 

. ", 143,_ 121-0 
:i::ic11e i~d(n;a) Ce reaction. 
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CHAPTER I 


DITRODUCTION 

Since the discovery that certain naturally occurring elements 

.emit alpha particles, the study of alpha-radioactivity has yielded much 

invaluable information to the nuclear spectroscopist. 

Alpha decay, in contrast to beta and gamma radiation, is only 

mildly inhibited by changes in angular momentum. One expects, therefore, 

to populate most low-lying levels of the daughter nucleus. As a spectro

scopic tool, alpha-radiation suffers from two limitations. It is restrict

ed to certain regions of the periodic table and the transition probability 

is very sensitively dependent on alpha energy. Consequently, the alpha 

intensity decreases rapidly as the excitation of the daughter nucleus 

increases. 

In recent years, alpha decay following thermal neutron capture 

has been observed in weak competition with gamma. decay! 1,2). Aside from 

the light elements 'Where the Coulomb barrier is small,two other regions 

are very favorable: above the 50 proton closed shell and in the rare earth 

region above the 82 neutron closed shell. Studies in this latter region 

are the subject of this thesis. 

A basic difference between natural alpha decay and the {n, a) 

reaction is that in the latter case alpha decay is from a complicated 

state at high excitation,whereas in the former case the transition is 

usually from the ground state. In the discussion· which follows, the main 

1 
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features of' alpha decay are considered with particular reference to (n, a.) 

reactions. 

One of the early triumphs of quantmn. mechanics was the explan

ation by Gamow(3) and independently by C~ndon and Gurney ( 4) of the 

sensitive dependence of alpha decay rate on the alpha energy. Their 

simple one body model considered the alpha particle as moving in a pot-

ential-well created by the remaining nucleons and the Coulomb barrier. 

At each collision of the alpha particle with the potential barrier there 

is a probability of es.caping, the penetrability, P. Thus the decay 

constant, A , is given by the product of the collision frequency with 

the wall and the penetrability: 

A :f'P:.!._P .. 1.1 
2R 

In this expression, v is the alpha velocity and R is the radius of the 

potential well .. 

This model is plausible only if the alpha particle can move as 

an entity in the nuclear volume. If one specifies a nuclear radius, R , 

surface thickness, s , and alpha mean free path, .R.a , then the simple 

model is valid only if .,ea>R • If .R.a~s then the alpha. particle cannot 

exist as a well-defined entity in nuclear matter and the notion of an 

alpha-nuclear potential may have meaning only in the surface region. From 

the analysis of alpha-scattering data it is found that l'a~l fm~s <5, 6). 

Thus, while the decay constant can still be considered as a product of 

frequency ru:d penetrability terms, these terms are evidently more comp

licated than in the one body model. 
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In Winslow's "surface-well model" ( 7) the approach is modified 

by considering that the alpha particle is formed at the surface. He 

proposed a surface-well potential with a repulsive potential in the 

.interior. In this model the frequency factor is repJaced by the probability 

of forming an alpha particle in the nucleus, the formation factor. 

The first many body approach to alpha decay was fornrulated by 

Thomas (B) but he did not apply it to a nuclear model to calculate decay 

rates. Mang ( 9' lO) applied the many body approach to the shell model 

with great success in explaining alpha decay of even-even spherical 

nuclei. It is his approach which will be outlined here. 

Alpha decay and (n, ex) reactions must obey certain conservation 

laws. Conservation of energy requires that the kinetic energy of the 

final system at large separation, Qr 1 be given by 

where MA+4 , MA , and Ji\re4 are the nuclear masses of the parent, daughter 

and alpha particle respectively and c is the velocity of lighto For 

thermal neutron (n, ex.) reactions this becomes 

where M:ri is the mass of the neutron. Conservation of linear momentum 

requires that the total kinetic energy be divided between the two products 

·in inverse proportion to their masses. The value, Qf , which is desired 

for calculations is different from the value, Q , measured in the labor

atory since one is dealing with nuclei which have an electron cloud. 

Qr· may be obtained by ad.ding to Q the screening correction, 6E6c which1 
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represents the energy the alpha particle loses in doing work against the 

attractive electron cloud as it leaves the nucleus. This correction is 

given by 

715 2 5=65.3 z - Bo z / eV 

where Z is the atomic number of the parent ( 8) • Parity, the total 

angular momentum and its projection along an axis must be conserved .. 

Since the alpha particle has JJt : O+ the selection rules are simple. 

The orbital angular momentum, L , is restricted to values 

where the subscripts refer to the initial and final stateso If the parity 

of the initial and final states are the same,only even values of L are 

permitted and if the parities are different, L must be odd. 

Mang derives a formula that expresses the decay constant in terms 

of the nuclear wave f'unctions as follows (10). The decaying system is 

described by a wave i'unction iii:(x1 , .. ,XA>t) "Which depends upon the 

spin and space coordinates of the A nucleons. It is assumed that the 

time development of this f'unction in a space-t:ime domain is known •. )(a 

.is assumed to be the internal wave:f'u.nction of the alpha particle andt~ 

a set of internal wave:f'unctions of the daughter nucleus. The quantity 

gj~(R,t) specifies the probability that the initial state~~ contains 

an alpha particle and daughter nucleus with specified quantum numbers at 

a radius R and time t • It is defined as follows: 
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d,, d~ dCJ> 

1.6 

where R : relative distance between daughter nucleus and alpha, 

fO = (e,~) : angular coordinates of the alpha particle in 

center of mass system, 

Tit~ : internal coordinates of alpha and daughter nucleus 

respectively including spin coordinates, 

J,j,L: angular momentum of pa.rent, daughter, and alpha particle 

with respect to the daughter respectively. 

Angular momentum is conserved by summing over m substa.tes and including 

the Clebsch-Gordan coefficients. The binomial coefficients account for 

the fact that the wave functions are not ccmpletely antisymmetrized. 

The condition that cp~ describes a properly decaying state is 

that there is a space time region :in which g;(R,t) has an exponential 

time dependence and that for large R the amplitude gj~(R) has only 

outgoing waves. A crucial assumption :in the derivation is that a radius 

R exists such that for R >R0 the alpha-daughter nucleus :interaction
0 

can be expressed by a potential V(R) , and for R<R nuclear wave
0 

J
:f'unctions may be used to calculate the amplitudes gjL • 

Under these assumptions and using the WKB approx:tma.tion and the 

continuity equation one is led to the expression for the decay constant 
2

:in terms of the barrier penetrabilities, P1(E) , and reduced widths, y jJL. 
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This expression is 

2 1.8where YjJL 

and 

with q(r) : (2 M [E - !{, (L+~)2 - V(r)JI~~ • 
\<fi2 2M 7 v 

In these expressions, E is the kinetic energy of the alpha particle and 

2 r is the outer turning point. Both P1(E) and Y.JL depend on R , 
0 J 0 


2
but their product is independent of R0 • The reduced width, YjJL , 

contains all the information dependent on nuclear properties in the alpha 

decay process. 

In thermal neutron (n, a) reaction studies it has been customary 

to use an alternative definition by Rasmussen (ll,l2) of the reduced 

width, h2 
, which is independent of R0 and is defined as follows 

1.11 


where the barrier penetrability, P , is obtained by calculating the WKB 

integral fran the inner to outer classical turning points of the pot

ential barrier which includes a Coulomb term, centrifugal term and a 

nuclear term. The method of calculation is described in Chapter III. 

The success of the many body theory applied to the shell model 
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has been demonstrated by Mang and Rasnmssen ( l3) in extensive studies 

of even-even spheroidal nuclei. Poggenberg ( 14) has examined many of the 

features of this fornrul.ation and in particular, the penetration of the 

alpha particle through an anisotropic potential barrier. He includes 

extensive calculations for alpha emitters in the actinide region. 

The use of this theory to describe alpha decay from thermal neutron 

capture states is complicated by the fact that one does not know the wave

:fu:nction of the initial (capture) state, cp~ . This will be discussed 

in Chapter VII. 

While it has been possible to obtain good agreement between 

experimental and theoretical relative decay rates using the shell model 

or collective model to describe initial and final states there is still 

a large discrepancy in the absolute values of the decay constants. 

Wilkinson (l5) suggested that a possible solution was to assume that 

the nuclear surface consists mainly of alpha particle clusters. Calcul

ations of Harada (l6) show that the peak of the alpha particle density 

appears at the nuclear surface and that configuration mixing reinforces 

the formation of surface alphas significantly. Beneze ~ .!£, ( l 7) , however, 

conclude that the discrepancy can be removed by using a proper deep alpha• 

nucleus potential and an accurate method of calculating penetrabilities 

( ie not the WKB method ). 

Thermal neutron (n, a) reaction studies were undertaken to obtain 

information on the alpha decay process from excited states of nuclei. 

This reaction is described by means of a two step process. A compound 

nucleus is formed by the capture of a thermal neutron and the state 
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subsequently decays by alpha emission in competition with the more prob

able gamma decay mode. Calculations of thennal neutron (n, a ) cross 

sections have been ma.de by Griffioen ( lB) for many nuclides using the 

statistical model. The width for alpha decay, rc;, is est:imated from the 

(19) to iaverage level spacing, D , g ve 

c: D P 1.12 
Cl 2ii 

where P is the penetrability. The cross section is then obtained from 

~Cl= ra any i.13 

Ir 
where !land a-> are the radiation width for gamma decay and the thermal

ly nY 

neutron capture cross section respectively. It is assumed that \y ~!total• 

Tb.ennal neutron (n, a) cross sections have been reported for many 
(20)

nuclides for Z.$ 30 and for certain nuclides in the rare earth 
21region, in particula.r 149Sm, 147Sm, and 143Nd (l,2' ). In the 

present investigation these last three nuclides have been studied by means 

of a novel instrument which is called an electrostatic :particle guide. 

By means of this device, which is discussed in detail in Chapter II, 

detailed measurements have been ma.de of fine structure which corresponds 

to aliha tra.nsitions from the capture state to levels in the daughter 

nucleus up to greater than 2 MeV excitation. 

Cross sections end alpha energies are presented for each transition 

144 140and as well, the alpha decay schemes for 146rid, Nd and ce which 
148

are derived from alpha decay fran the capture states of 150Sm, Sm., 

and 1~d respectively. Experimental reduced widths have been calculated 

and are discussed in terms of the previously described alpha decay theory. 



CHAPTER II 

ELECTROS'l'ATIC PARTICLE GUIDE 

2.1 Description of The Technigue 

The study of fine structure in the alpha spectrum from thermal 

neutron ( n ,ex) reactions has been J.i.mited by experimental difficulties 

which arise ma.inly from two effects : the intense background radiations 

from the reactor W'.b.ich seriously decrease the energy resolution of alpha 

particle detectors located in regions of moderate flux (108 to 1010 neut. 
rons/cm2/sec ) , and low energy tailing of alpha spectra due to sample 

thickness and the requirement of high counting geometry. It was to solve 

these problems that the system described here was developed. In the sys

tem, which we call an electrostatic particle guide, the solution is achiev

ed by transporting the alpha particles frcm the high background region to 

a low background region where they are counted. The transport of charged 

particles and in particular high energy alpha particles (typically 10 MeV) 

over large distances is accomplished by capturing them into a spiral orbit 

a.bout a negatively charged wire held axially in a long cylinder. 

The qualitative features of charged particles in such a 1/r cent
(22)

ral force are well known. Waters , in an unpublished report, was the 

first to study electron trajectories in this type of logarithmic potential. 

Hooverma.n(2~:fudependently, treated the same problem and gave the import
, (24)

ant features of the orbits. Herb, Pauly and Fisher found that the 

long mean free paths of electrons injected into such a field could be used 

9 
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to build an efficient high vacuum gauge. The idea of transporting charged 

reaction products from heavy ion reactions over long distances was con

sidered by Ghiorso and coworkers(25)and they were able to demonstrate that 

the device indeed worked in this application. 

The electrostatic particle guide is shown in Figure 1. It :;ts an 

aluminum cylinder 6.3 meters long and 7.5 cm inside diameter with an ax

ial nichrome wire supported at the target end by a thin strip of ceramic 

and at the detector end by a stud connected to the electrode of a special

ly constructed high voltage terminal. The supports were designed to min

im.ize the number of particles intercepted. In a recent modification to 

increase the ·collection efficiency the wire was replaced by a stainless 

~ steel tube 6 nun in diameter. The cylinder is evacuated to 10 torr 

and the central electrode held at a potential of ·30 kV to -50 kV • 

The target is located at cne end deep inside the thermal column of a reac

tor. Particles emerge isotropically over 4x geometry and of those which 

enter the electrostatic field a smal1 proportion (about 0.05~) achieve 

a stable orbit and are transported the length of the cylinder. Here they 

are stopped by a silicon surface barrier detector which is in the low 

background region outside the reactor wall. The small collection efficic

iency is compensated for by using large area targets ("'50 cm2) and irrad

iating at a flux two orders of magnitude higher than what can be used 

when the detector is located close to the target. Combining these two 

effects we obtain an order of magnitude increase in intensity relative 

to 2 li counting in lower flux positions•. Because of the self collimating 

feature or the device alpha spectra of 30 keV FWHM have been obtained 



FIGURE 1: Electrostatic Particle Guide 

The main features of the electrostatic particle guide 

are shown. Schematic particle orbits are indicated. 
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with very little low energy tailing. 

Stable operation has been maintained for long periods at -30 kV 

(greater than 500 hours) with no breakdown even in the intense radiation 

field of the thermal col'UlilD. Some difficulty has been experienced at 

higher voltages. A current l:imiter, with ammeter, in series with the 

high voltage power supply output reduces :!..~tense RF discharges and pro

vides a visual indication of high voltage breakdown. A high transmission 

screen is used to electrostatica.l.ly shield and protect the detector. A 

2000 gauss penna.nent magnet has been placed in front of the detector to 

deflect low energy electrons produced by field emission at the high volt

age terminal. On occasion this effect has resulted in a factor of 10 in

crease in the RMS noise in the detector system without the magnet. A 

second, similar magnet is located about 50 cm from the detector to deflect 

&'W'aY' a current of positrons (produced presumably from pair production 

from high energy gamma rays near the reactor core) which a.re captured 

into a spiral orbit about the wire. The detector and source a.re at ground 

potential so there is no perturbation of the particle energy. 

2.2 Collection Efficiency 

2.2-1 Point Source Collection Efficiency 

The collection efficiency for a point source which emits particles 

isotropically into 4 lt geometry is obtained by finding the fraction of 

these which achieve a bound orbit. These particles will traverse the 

length of the electrostatic particle guide to the detector end unless they 

strike the cent.ral electrode. A correction for "those striking the wire 

is calculated in Section 2.2-3 • 

http:electrostatica.l.ly
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The particle position in the electrostatic field between the 

central electrode and the outer cylinder is most conveniently expressed 

in cylindrical coordinates (r,Q,z) where the z-axis coincides with the 

center of the wire. Consider (Figure 2) a particle with velocity, va , 

and charge, q , injected into the field from a point source at a radius 

r 0 , with initial conditions determined from the angles , ~and ~ • The 

component of velocity vz parallel to the wire transports the particle 

down the cylinder to the detector. Since this component is constant it 

is ignored in what follows and the :particle motion in a plane (r,Q) per

pendicula.r to the z axis is considered. The component vp in this plane 

leads to spiral motion about the wire. Now 

for small ~. 2.1 

The particle energy in this plane is then E..1. where 

2
E.L: mr /2+m:r.2 fi/2 + V(r) 2.2• 

At t : O , this takes the form 

where Ea, is the total kinetic energy of the particle and m is its mass. 

The potential energy term, V( r), for two concentric cylinders is given by 

V(r) : - jciV0 11n(r/R) 2.4 
ln(s/R) 

where V
0 

is the potential difference between the two cylinders, 


R is the radius of the outer cylinder, 


s is the radius of the inner cylinder. 




FIGURE 2: Definition of Particle Coordinates 

Cylindrical coordinates (r,Q,z) are used to define the 

particle position at a time, t • The angles~ and ~ , 

and , define the initial conditions.r 0 
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It is convenient to eliminate e from equation ( 2 .2) by express

ing ~02 in terms of tre initial conditions using the conservation 

of angula.r momenttnn L. Thus 

Using this we obtain 

2~mr2e : ~L2/mr2 : ~~ Ji 2sin2¢ r;;r2 : Ea ~ 2sin2¢ i6/r2 • 
2.6 

At an apogee or perigee, r : 0 • Thus equation (2.2) at apogee 

when combined with equations (2.3) a.nd (2.6) reduces to 

For a given value of r 0 , the lai:gest ~is determined when the apogee 

(rmax) is equal to R • When rma.x : R , ~: ~max , V(R) : 0 and one 

obtains 

~ 2 max 2.8 

The value of ~max determines the size of the "acceptance cone*' 

for a given • The collection efficiency, F(r0 ) , for a point sourcer 0 

is then given by the solid angle of the acceptance cone divided by 4 tt• 

Thus 
2 

F(r0 ) : ..2_ 1p~ d¢ : lqV0 I ln(rJR) (l _ ~/R2) ~ • 
8 1t 0 4Ea. ln( s/R) o 

Examination of equations (2.8) and (2.9) reveals some interesting 

features. The solid angle of the acceptance cone decreases as r 0 

2.9 



increases. At a particuJar radius the angle of the acceptance cone, f:3max' 

is greatest for ¢ : n/2 which corresponds to the ma.x:imum a.mount of ang

ular momentum with which the particle can be injected. 

Using equation (2.9) the fraction of :particles collected as a 

fUnction of the distance of the point source from the wire was calculated 

for the particles emitted in the 6ti (n,a) 3T reaction. The results 

of these calculations are shO'Wll in Figure 3. The collection efficiency, 

as shown in equation (2.9), varies directly with the charge of the particle 

and inversely with its energy. Thus the collection efficiency for the 

2.74 MeV triton is a little less than half that for the 2.05 MeV alpha 

particle. 

2.2-2 Extended Source Collection Efficiency 

Large area targets a.re used to increase the total number of par

ticles that achieve a bound orbit around the wire. Targets as large a.s 

the area. of the tube can be used effectively because (as shown in Figure 

3) the collection efficiency diminishes to zero only 'When equals ther 0 

radius of the tube. 

The collection efficiency for an extended uniform target can be 

readily calculated from equation (2.9) by averaging over the area of the 

target. Thus for a target of radius b , the collection efficiency , F0 , 

is given by 

Fe : 2 t F(ro) ro dro 

(b2 - s2) 

: jqVolR
2 

[x(l - ln(b/R)) - ln((l + x)R/b) 
2Ealn(s/R)(b2 - s2) 

- y(l - ln(s/R)) + ln((l + y)R/s)] 2.10 



FIGURE 3: Fraction of Particles Collected 

The fraction of particles collected for a point source at 

a radius r 
0 

, F (r0 ) , is shown plotted versus r 
0 

• The 

calculations were made for the alpha and triton from the 

6r,i (n, oc)3T reaction using R : 3.75 cm , s : 0.025 cm 

and V0 : 30 kV • 
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where x: (1 - (b/R)2)2 
1 

and y: (1 .. (s/R)2)2 
1 

• For b»s and R»s 

this reduces to 

2 
Fc = IqVo IR [x(l .. ln(b/R)) - ln((l - x)R/b) 

2Ea1n(s/R)b2 

- ( ln(2) - 1 ) J 2.11• 

In the case when the target radius is equal to the tube radius 

( b =R ) equation (2.11) reduces to 

Fe - (1n(2) .. 1) lqvol 2.12 

Ea ln(R/s) 

This is the basic relationship which determines the fraction of particles 

emitted by an extended source that achieves a bound orbit. Most of these 

are transported the length of the tube without loss. There are, however, 

a small number which achieve a bound orbit but a.re lost. This effect is 

discussed in the next section. 

2.2-3 Particles Striking the Wire 

If the perigee or minimum radius (rmin) for a particle which enters 

a bound orbit is less than the radius of the central wire, the particle 

strikes the wire and is lost. Thus, a particle injected at an angl.e 13 

from a point at a radius r 0 requires at least a min:imum angular momentum 

so that rmin ~ s • At a perigee, r : 0 , r = rmin and one obtains an 

equation identical to (2.7) with rma.x replaced by rmin , 

EaJ32 - lqVolln(ro/R) =Ea~2sin2¢ r;/rm~n - jqVol ln(rmin/R) 
ln(s/R) ln(s/R) 
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Using this equation, the minimum value of ~ , below which the particle 

hits the wire, is obtained by setting rmin = s • Thus, 

¢min : sin-1 [~ 1 + lqV~I ln(s/r0 ) ] • 
ro E~ ln(s/R) 

The solid angle, Aw(r0 ) , lost to particles striking the wire is 

given approximately by 

under the conditions that R$ s and r is greater than about 10s • 
0 

Expressing ~min in terms of P using equation (2.14) yields on integrat

ion the fraction of particles from a point source which strike the wire: 

Av,(r0 ) = A..w(r0 ) /4 lt 

- s jqV0 j [)ln(R/r0 ) 
1 

+ ln(r0 /s)ln JJin(R/r0 )

1 

+lin(~/s)'}] • 

27troEa Jin(R/s) ' ln(R/s) l Jin(r0 /s) 

2.16 

An exact expression for Fw{ r 0 ) is derived in Appendix I. For an extend

ed source of radius b , the fraction of particles which strike the wire 

is given by 

: 2.17• 

For a particular size of target the correction factor for particles lost 

to the wire is conveniently expressed as the ratio of the fraction of 

particles which strike the wire, equation (2.17), to the fraction of 

particles which achieve a bound orbit, equation (2.10) : 
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Rh : Fw /Fe • 

Evaluating this expression for a target ra.d.ius equal to the ra.d.ius 

ofthetube (b:R) for R:3.75cm and s:0.025cm (thevalues 

used in the initial exper:iments) gives Rh : 0.05 so that the collection 

efficiency, F
0 

, should be multiplied by 0.95 to account for this 

effect for the particular choice of R and s • 

2.2-4 Determination of the OJ?timum Wire Radius 

A:n examination of equation (2.12) for the collection efficiency, 

Fe , reveals that for a particular outer ra.d.ius, R , and target radius, 

b , the number of particles collected increases as the wire radius, s , 

increases. It is also evident fran equation (2.16) that the number of 

particles striking the wire also increases. The number of particles 

entering a bound orbit per second is 

where F0 is given by equation (2.10) and is the number of particlesN0 

emitted at the source per unit area per second. S:imilarily, the number 

of particles which strike the wire per second is given by 

2 2 - n (R - s ) N F 2.20 
- 0 w 

where Fw is given by equation (2.17). Since the approximations used 

in the previous section to derive equation (2.16) for Fw(r0 ) are not 

valid for large s , it is necessary to use equation (Al.12) of Appendix I 

in this calculation. 

The total number of particles that are collected is then given by 
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• 


This quantity was determ:ined by calculating Ne from equation (2.19) 

and determining Now- by numerically integrating R(r0 ) to obtain Fw • 

This was done for R : 3.75 cm and for values of s between 0.0'25 cm 

and 3.2 cm • N0 was chosen to be 100 particles/cm2/sec and the cal· 

culations were performed for a. 5.0 MeV alpha particle with equalV0 

to 30 kV • The resu1ts are shown in Figure 4 , in which the number of 

particles collected per second is plotted versus the radius of the wire, 

s • The ratio, Rh , is also platted on the same graph. 

An examination of these curves reveals that the highest count 

rate is obtained for a wire radius of 0.3 cm where 34.2% of the alpha 

particles which achieve a bound orbit strike the wire. The ratio of the 

count rate at the maximum to the rate for a 0.025 cm radius wire is 1.33 • 

For a wire radius of 0.025 cm , voltage breakdown is a problem above 25 

kV • With a central electrode 0.3 cm in radius it has been possible to 

maintain stability at 45 YN to 50 kV • Thus, by increasing the radius 

from 0.025 cm to 0.3 cm a 33</o gain is ree.lized by optimizing s • 

In addition there is a factor of two increase due to the increased voltage 

giving an overe.ll increase of about 2.6 • 

2.2..5 Campe.rison of Calcul.a.tion with Ex,per:lment 

The experimental collection efficiency was measured for the prod· 

ucts of the reaction 6r,i (n,cx) 3T • A target of 6r,i was prepared by 

electrodeposition on a backing 3.75 cm in radius. The target was placed 

in one end of the instrument, as shown inFigure 1, and inserted into 

the thermal column of the reactor. The total intensities of the 2 .05 MeV 

http:overe.ll


FIGURE 4: Determination of Optinrum s 

The number of particles collected, Nt , and the fraction 

of particles lost, Rh , are shown plotted versus the wire 

radius s • The calculations were performed for a 5.0 MeV 

alpha particle with V equal to 30 kV and for an outer rad
0 

ius equal to 3.75 cm. 
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alpha and 2.74 MeV triton groups emerging from the tube at the detector 

end were measured as a function of the voltage on the wire. Sufficient 

6:L1 was present that a particle energy spectrum could be obtained with 

the detector 6.3 meters from the target and no voltage on the wire. The 

2.05 MeV alpha particle intensity increased two orders of magnitude when 

30 kV was applied to the wire. This increase is equivalent to moving the 

detector to within 0.63 meters of the target. The enhancement factor of 

the intensities of the alpha and triton groups was measured at several 

voltages and these data are shown in Figure 5 • The results a.re express

ed in terms of the ratio of the measured intensity at a given voltage to 

the intensity at zero volts, Nv/N0 The solid lines represent theoret

ical collection efficiencies calculated using equation (2.11) and correct

ing for the fraction of particles hitting the wire. The linear relation

ship between V0 and Nv/N0 predicted by equation (2.11) is verified 

exper:imentally for both the alpha and triton groups. The measured values 

are in good agreement with the calculations for the triton group. The 

results for the alpha group are alsc quite satisfactory although there 

appears to be a small but systematic departure from the theoretical curve 

at higher voltages. This deviation represents a loss of particles which 

is possibly due to deviations from ideal conditions such as imperfect 

aligmnent of the central wire, residual gas pressure,or effects due to the 

wire supports. A pa.rt of the discrepancy is certainly due to the diverg

ence of the charged particle beam between the end of the tube and the 

detector (about 15 cm). In the measurement o~ Nv/N0 particles that 

reached the detector at a distance from the axis greater than R were not 



FIGURE 5: Intensity Enhancement Factor 


The variation of the intensity enhancement factor (Nv/N )

0 

is shown plotted versus the voltage on the central wire, 

V , for the products of the 6:r,i (n,o<) 3T reaction. The0 

calculated values are shown as a line and are compared with 

the measured values ( f) . 
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recorded. A correction for these would give better agreement. 

The good agreement between the experimental results and the theory 

demonstrates that equation (2.11) can be used to calculate meaningful 

collection efficiencies as a function of the basic para.meters of the 

electrostatic particle guide. 

The installation of a central electrode 0.3 cm in radius gave 

about two thirds of the calculated increase in collection efficiency (or 

about the same efficiency as the 0.025 cm wire at the same voltage). The 

difficulty of supporting the six meter long tube in e.n axial position in 

exact alignment is one of the major reasons for this discrepancy. The 

higher collection efficiency due to the increased operating voltage has, 

however, justified this modification. 

2.3 Particle Orbits and Radial Distribution 

2.3-1 Calculation of Orbits 

In the course of studying the collection efficiency of this device, 

it became clear that when large area targets were used, the intensity of 

particles emerging was not uniform and appeared greater near the wire. 

Further, when point source targets and small area detectors were used, 

large oscillations in particle intensities were observed as a function of 

wire voltage. This was most drama.tic in the 6Li (n,ct.) 3T spectrum where 

the alpha and triton intensities oscillated out of phase with each other 

as the voltage was varied. It seemed that these features might have some 

ixnportance in experiments planned for the f'uture so it was decided to in

vestigate theoretically the properties of the individual trajectories. 
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Hoove:rma.n( 23) treated the problem of' the shape of electron orbits 

in a logarithmic potential for various input :para."lleters by numerically 

integrating e( r) and t( r) fror:1 apogee to perigee to obta::i.ri the anguJ.a.r 

and temporal separation between successive apogees P.•nd perigees., K:nowi...YJ.g 

the corresponding radii for apogee ancl per:i.gee he was able to sket,ch the 

orbits quite accurately. 

To obtain more information, however, it is desirable to be able 

to calculate the instantaneous radius r, and position angle e, as a :t1..i.nc

tion of t:ime. These functions cannot be obtainec ex.plicitly but can be 

determined by numerical techniques. The equations of motion a.re read:l.1:;

obtained from the Lagrangian written terms of the parameters of our sys

tem. Thus, 

r =Ai/r3 + A2/r 2$22 

. 2and e c/r , 2.23= 

2 2 2~where Ai vp sin , 2.24 = r 0 

= ( lqV0 1 )/ m ln(s/R) , 2.25~ 

1 
and c : Ai2 2.26• 

At t : 0 , r : , r : Vp cos¢ 1 and 9 : 0 • The differentialr 0 

equations (2.22) and (2.23) were solved, subject to the initial condj.t

ions, by digital-analogue techniques using a simulated analogue computer 

program , MIMIC ( 5o), written for a digital can.puter. With this program 

r and e can be obtained for any desired value of ·t • Details of the 

method of calculation are given in Appendix II. So.'!le sample o:r.bits for 

http:K:nowi...YJ
http:obta::i.ri
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2.74 MeV tritons are sho'Wl'l in Figure 6 • Points were calculated at 4.7 

nanosecond intervals. The time of flight for a 2.74 MeV triton is 471 

nanoseconds so that about 5afo of the length of the trajectory is represent

ed in Figure 6 • Three orbits are shown for particles originating at a 

distance of 1 cm from the wire but with different values of~ and ¢ • 

Typically, a particle will make several spiral orbits before emerging 

from the other end of the tube. 

2.3-2 Calculation and Measurement of the Radial Distribution at the Detector End 

The particle radial distribution at the exit end of the particle 

guide was first calculated for a point source at a radius r 0 • This was 

done by calcu1ating the position coordinates, r and e , at the instant 

the particle emerges fran the end of the tube for many values of ~ and ¢ 

representing equal amounts of solid angle over the acceptance cone. Ap• 

proximately 180 trajectories were included in the calculation. These 

results were summed to obtain the particle radial distribution at the exit 

end for a point source at the other end. 

To obtain the density distribution for an extended source (b =R) 

the calculation was repeated by varying r 0 from 0.5 cm to 3.5 cm in 0.5 

cm increments. The total radial density distribution :function (nO'W involv

ing about J300 trajectories) was then obtained by summing the contributions 

from each increment of the source area weighted by the point source col

lection efficiency :function (equation 2.9), and correcting for particles 

that strike the wire. 

Using the calculated density distribution :f'unction, and knO'Wing 

the intensity of the 2.74 MeV triton group at zero volts, the absolute 



FIGURE 6: Calculated Tra.jectorie,s 

The calculated trajectories of 2.T4 MeV triton.a for 

various initial conditions are shown in polar coord

ina.tes (r,Oh No. 1) ~: 0.0143 rad, ¢ = 0.393 ratl,~ 

No. 2) ~ : 0.0202 rad, ¢ : 0.393 rad ; N'o. 3) i:;:: 0.0202 

rad, ¢ : 1.021 rad • The cross section of' the ci::nt;er 

wire with the appropriate radius is represented by the 

black circle in the middle. 
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particle densities were calculated. as a i'ur1t'.t:i.on of' the radial distance 

from the center wire at the detector end. The resuls of these cal"~~ulat

ions is shown in Figure 7 • Th·~ :p~icle density was then meE1sured 

experimentally at four different ra.dH and compared with the calculation!:.l. 

These results have been plotted with the thecretica..l CUJ."Ve sho1-r.n in. F'ig~ 

ure 7 • The agreement is very good. 

The results show that a smaJ..1 at(:8. detector lc>cated on the a.xis 

of the cylinder is intercepting the region of highest particle densi 

Also, if a larger detector is used the intensity will ~1ct inc:cease :Ln an 

amount proportional to the :increase :in i;,r·ea of the detect.or. 

http:detect.or
http:i'ur1t'.t:i.on


J?IGURE 7: Radial Density Fune'; en 

The calculated ( ~ ) and experira.ental ( f ) values of 

the particle density is plotted Vl'~rsus the :i.:'adial d. is~ 

ta.nee from the wire at the detec·t:-or end of the pa.rtid.e 

guide. The calculations were made for a 2.74 MeV tr.iton 

and a wire voltage of 20 kV • 
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CHAPTER III 


EXPERDlENTA.L DETAJLS AND DATl:i. ANALYSIS 

3.1 Sample Preps.ration 

Large area circular targets with a diameter of 7 .5 cm wero , 

prepared by electrodeposition. Samples of neodymium a..'1.d samarium. in the 

oxide form enriched to more than 9CF/o :in the isotope of interest were 

obtained from Oak Ridge National Laboratory. The sample was dissolved 

in nitric acid and evaporated to dryness i~o corNe:M "',,;he material to +..he 

nitrate form. The nitrate was then d.isolved in water (a.bout 0.1 ml per 

mg of sample ), mixed with 150 ml of 2-Propanol, and electrodeposited 

onto a polished aluminum disk 7.5 cm in diameter and l mm thick. The 

plating cell is shown in Figure 8 • It was found that by turning the 

platinum electrode slowly ( about 1 RPM ) and by using about 300 volts, 

uniform targets could be obtained with essentially lro/o plating efficiency. 

The target was heated to decompose the electrodeposited material to its 

oxide form to minimize the target thickness. Targets typically contained 

2 to 5 mg of enriched isotope. 

3.2 Counting TecJ:mique 

To obtain data on the therm.al neutron ( n, a) reaction for a par.. 

ticular nuclide, the target was placed in the electrostatic particle guide 

as :indicated in Figure 1 • The assembly was evacuated and placed in the 

thermal column of the McMaster reactor at a flux position of 1010 neutrons/ 

2
cm /sec. With about -30 kV on the central electrode the spectrum wa.s 

31 
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FIGURE 8: Plating Cell 

The plating cell used to prepare large area targets for 

the electrostatic particle guide is shown. 
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obtained by measuring the aJ.pha particles with a 3 err? surface barrier 

detector placed near the axis. An ORTEC 101-201 preamplifier and amp

lifier system was used and the data analyzed and recorded in a lt.oo-channel 

pulse height analyzer. Since it required many days to accumulate BUf't1cient 

statistics the analyzer memory was printed out dally to prevent the loss 

of more than one day's data in the event of equipnent failure. Gain 

shift amounted to less than two channels (20 keV)over a month long exper• 

:lment and the spectra were corrected for this shirt. 

A canned bismuth plug was placed in tront of the :particle guide 

to reduce the gmmna field at the detector. This lowered the measured 

backgrrurl by a factor of ten to a level about equal to that with the 

reactor off. 
146

The spectrum of the 149sm(n1 a:) Nd reaction was obtained 
140

with a 0.05 cm diameter axial wire while the 143Nd (n, e1) ce and 

147Sm ( n, ex ) 144Nd reactions were mea8'1red with a o.6 cm diameter &Xial 

electrode. 

3.3 Spectrum Analysis 

The measured alpha spectra were analyzed to obtain alpha energies 

and cross sections. Fran the energies the Q_-values were obtained and 

hence the level scheme of the daughter nucleu1. Both the Q-val.ue1 and 

cross sections were used to determine the experimental reduced Widths 

described in the next section. 

Because of the self-collimating feature ot the electrostatic 

particle guide and because thin targets ( 50 to 100 micr0gr81JJIJ/ c:m.2) were 

used, the peaks in the spectrum were very nea:rly Gaussian in shape. For 



34 


this reason the peak positions were determined by titting a Gaussian to 

the data in the vicinity of the peak channel. This was done by means of 

a standard non-linear least squares techn1que(26) and a program written 

for the IBM 7040 canputer. The alpha energies were then determined by 

using a calibration curve obtained using alpha energy standards. 

The calibration curve was obtained by determining the linearity 

of the electronic system by means of a. mercury pulser and the accurately 

known alpha energies of the 
228

Th decay chain( 27). In the 149Sm and 

146147Sm experiments the 8.734± 0.003 MeV peak <28) fran the 149am(n,a) Nd 

was used as a normalization point for the energy scale. The peak at · 

29.443± 0.003 MeV < B) was used for the same purpose .in the fine structure 

studies of the 14~d(n, a) 140ce reaction. This technique of nomalizing 

to well-known peaks in the spectrum on the reaction under investigation 

was adopted to prevent contamination of the system by recoils fran the 

228Th source which could ca.use background problems. 

The Q-value, corresponding to an alpha transition of energy Ea , 

is given by 

where me. is the alpha particle mass and~ is the mass of the daughter 

nucleus. To detemine the excitation enero the Q-vaJ.ue for decay to the 

excited state was subtracted. tram. the Q•"l'IJ.ue tor the deaq to the cround 

state to give the excitation energy, Ex , 

http:Q�"l'IJ.ue
http:Q-vaJ.ue
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Relative cross sections of the various peaks in the fine structure 

spectrum were obtained as follows. The number of events in each peak, 

Rm.(E) , wa.s determined by numerica.1. integration. This value wa.s corrected 

for the energy dependence of the collection efficiency for the particle 

guide to obtain the true number of events, Rt(E). The relative cross 

section of a peak at energy E1 to one at energy E2 is then given by ihe 

formula 

-- -E1 Rm(E1) 


~ Rm(E2) 


where the energy correction factor, ~/E1 , is obtained fl:-an the collect

ion efficiency formula,equation(2.12). 

The effective thermal neu.:t.ron (n, a) cross sections, CJ;a , for 

the fine structure spectra. were obtained by normalizing the relative 

cross sections to the known values for the most intense a.lpha transitions 

to the ground state or first excited state of the daughter nucleus which 

have been determined by Beg (28) for 149Sm, 147Sm and 143Nd, 

The validity of the energy correction for a small detector which 

does not cover the whole end area of the electrostatic particle guide was 

investigated experimentally by studying the spectrum from a large area 

226aa source. The va.1.ues, Rm.(E) , were obtained using the electrostatic 

particle guide and the values, Rt(E) , were obtained by placing the source 

near the detector. The quantity 

: K 

http:formula,equation(2.12
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was determined and compared with the theoretical value, E2jE1 • An 

additional detennination of K was obtained fran a comparison of the 

transitions to the ground state and first excited state in the reaction 
149 146

Sm (n, ex) Nd obtained directly by Beg and obtained with the electro

static particle guide. The results are shown in Table 3.1 • The measured 

values of K are in reasonable agreement with the theoretical val.ues, and 

for this reason, K : E2_/E1 was used except for E2/E1 greater than 1.3. 

3.4 Calculation of Penetrabilities and Reduced Widths 

The barrier penetrability factors for an alpha particle were 

calculated using the method of Rasmussen (ll). In this technique the 

natural logarithm of the penetrability factor, P , is equaJ. to twice the 

WKB integral 

Jn(P) = - 2 JR0(2Ml~fv(r) + 2Ze
2 +ii~+ l) - E] i dr • 

Ri 11 rL 


Ri and R0 are the inner and outer turning points respectively wrere the 

integrand vanishes. M is the reduced mass of the alpha particle, Ze is 

the charge of the daughter nucleus, L is the orbital angular moment'Um of' 

the emitted alpha particle and E is the total alpha particle decay energy 

including recoil energy plus screening correction. V( r) is the nuclear 

potential and for the present calculations the Igo ( 29) potential was 

used. It is given by 

V(r) = - 1100 exp [-(r -1.17 Al/3,~ MeV •
0.574 ~ 
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Table 3.1 

COID.l?a.rison of Exper:1mentaJ. and Theoret;ca.1 

Energy Correction Factor, K 

K ~/E1 Source 

1.038± 0.034 1.051 149Sm(n,cx)l46Nd 

1.109± o.044 1.109 226.Ra source 

1.143± 0.037 1.174 

1.268± 0.042 1.302 

1.200± 0.052 1.313 

i.397± 0.056 1.455 

1.597± 0.055 1.709 



The integrations were carried out numerically using a program 

written for the IBM 7040 computer. The integrand was solved for Ri and 

R0 by an iterative procedure. Using these values the integral was then 

obtained by dividing the barrier region into 128 intervals and using a 

modified Simpson's rule. 

From the measured thenna.l neutron (n, a) cross sections, cTm , 

the experimental alpha reduced widths, 6~xp , were determined from the 

fornrula 

• 

This fornrula accounts for all pcssible L-waves in the alpha decay of 

the capture state. \y and ernr a.re the radiation width for gamma decay 

and the (n, Y) cross section respectively ( where Ir ~~ota.l. ) • 



CHAPTER !'V 

SAMARIDM 149 RESULTS 

The first experiments with the electrostatic particle guide 

technique were a study of the 149Sm (nth' ex) 146.Nd reaction. The 
1
major 

features of this reaction a.re well kn.own from the studies of Macfarlane 
( l) . (2) (32) (21 33 34)

~ ~ , Cheifetz ~ ~ , Beg and others ' ' • These 

studies yielded information on the more easily detectable transitions to 
146

the ground state and first excited state of Nd. The present work has 

shown many fine structure :pea.ks in +..he al.pm particle spectrum correspond .. 

ing to alpha decay to higher excited states of 146Nd. 

Neutron capture :for 149am in the thermal region is dominated 

by a resonance at 0.0967 eV C35> with a spin and parity 4- (36137138) 

result:ing from the I+~ addition of an s-wave neutron to the nuclear 

149 I spin of Sm , I : 7 2 • The effective cross section of this resonance 

- {39)is ~/ 4 ) : 64700 barns • In addition to this resonance there is 

32133134} with an effect-a 1/v component <39> due to a bound 3- level (l,2, 

ive cross section o;;:~(3·) : 4800 barns. 
146

Alpha decay to the first excited state of Nd is the most 

intense, and a factor of about seven higher than the transition to the 

ground state despite the Coulomb hindrance. This is explained by the 

strong 0.0967 eV 4- resonance 'Which can alpha decay to the 2+ level in 

Nd , but not to the ground state since parity conservation forbids a 

4-=-.o• alpha dec&T tranaition. The transition to the ground state arises 
150from the 3 • bound level of Sm. 

39 

146 
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During the developnent of the electrostatic particle guide 

several studies were made of the 149Sm (n, ct) 1~d reaction. The 

spectra of the two final measurements are shown in Figure 9 and Figure 

10. The results presented in this chapter were obtained frcm these tvo 

experiments. 
I 

Figure 9 shows the spectrum obtained from a 1.4 mg target (35 pg/ 
2

cm ) of samarium enriched to 97.5'/o in 149Sm.. The spectrum, A , was 

obtained by irradiating the target for 235 hours in the thermal column 

of the McMaster reactor at a flux position of 2010 n/cm2/sec. The 

particle guide was operated at 28 kV with a 0.05 cm diameter axial wire. 

The background spectrum, B , was obta.:ined in 97 hours under the same 

conditions as spectrum A except that the target was reversed. Thus, the 

l rmn thick aluminum target backing prevented alpha particles fran the 

l49Sm (n, a) 146Nd reaction from reaching the detector. Is is noted 

that the background increases as the particle energy decreases and that 

there are no pea.ks. 

The second spectrum, 'Which is shown in Figure 10, was obtained 

under similar conditions as before in 301 hours with a 2.2 mg target of 

149Stn ( 55 pg/cm2
). The notable exception was the installation of a 

bismuth plug in f'ront of the particle guide to reduce the gamma field at 

the detector and reduce the background. This lower background is evident 

in that the spectrum no longer rises at low energies and 1everal more 

transitions are evident at low energies. 

The most intense pea.ks labelled A and B (right hand scale) 

correspond to alpha decay from the capture states of l508m to the ground 



Figure 9: l49Sm Spectrum 

A) Alpha. particle spectrum !ran the 149Sm (n, a: )14~d 

reaction; ? : 235 hours. 

B) Background spectrum w1th the sample backing only; T : 97 

hours. 



41 


Particle energy - MeV 
7·00 7·50 

0 

IS t<300 

@ 

10 K200 

Right-
scale 

ISO ~ U)....en 

a c.... 
c J
5 ~ 

~E SK 
(.) 

u 100 
~ 

I 
~ 

A 
~ 

o,_______._______....._____-"-__.:::;;...~~""'"'""'---~o 

40 @ 

oJ...---.:......::..:.::.._:_:.~~~~~~~~~a.6..1111~~ 
rso 200 2eo 300 350 400 

Channel no. 



Figure 10: 149Sm Spectrum 

The alpha pa.rt1cle spectrum fran the 149Sm (n, (l) 14~d 
reaction is shown; T : 301 hours. The lower background 

was achieved by introducing a canned bismuth plug in front 

of the electrostatic particle guide to .reduce the gamma 

flux at the detector. 
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state and first excited state of 14~d reapeet1ve11. Mazl1' of the other 

peaks labelled c through N correspond to known levels in 14~d. Pe&ka 
(21)

E through N were observed by Andreev as a broad distribution. In 

the first spectrum, which has a resolution o:f' 42 keV, there 1• evidence 

for a. low intensity peak, I • This does not show up in the second spectrum 
I 

because of the poorer resolution of 55 keV. An examination of the vidtha 

of the various peaks 1n the first spectrum where the resolution 11 better 

indicates that peak H may be a doublet separated by 10 to 20 keV. The 

doublet, F-G , is evident 1n both spectra. Because of the lower background, 

peaks K e.nd L a.re more prominent 1n the aecond spectrum. As well, there 

is evidence far peaks at the positions labelled M and N. 

Peak positions and alpha particle energies were detel'mined. by the 

methods outl:ined in Chapter In. For a well-separated peak, the mean of 

a Gaussian fit to the data by a non-linear leut squares technique was 

adopted as the peak position. For doublets, such as peaks F-G and peaka 

J-K , the teclmique was modified by fitting to the experimental data the 

sum of two Gaussia.ns, each with the sazne width. This f'ive parameter f'it 

gave the amplitudes, peak positions, and peak width f'or the two members 

of the doublet. Examples of these calculations are shown in Fipfts 11 

and 12 which show the enalysis of portions of the spectrum of' F:S.cure 10. 

In Figure 11, a Gaussian wu fit to peak E and its contribution 

subtracted f'ran peaks F and G. This residual spectrum was then anal.)'Zed 

as above with the results indicated. The aolid line repireaenta the overall. 

fit to the data end the dotted curves1 the conatituent Gauaai&ns. A 1:1.m• 

ilar analysis of peaks J, K and L ia shown in Figure l2. In both cue• 

the excess of measured events over the fitted apectr'11 on the law eraero 

http:Gaussia.ns


Figure 11: Peaks E1 F and G 

The portion of the alpha spectrum ot Figure 10 containing 

pea.ks E1 F 1 and G is shown on an expanded scale by a 

histogram. ~ continuous curve indicates the Gau111.an 

fit to the data. '.rhe dotted portions indicate the 

constituent Ga.ussians f'ran Which the peak positions 

were dete?mined. 

http:Gau111.an
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Figure 12: Pea.ks J, K and L 

The portion of the alpha particle spectrum of Figure 10 

containing peaks J, Kand L is shown on an expanded scale 

by a histogram. 'l'he cont:Uruous curve :indicatea the Gaussian 

fit to the data. The various Gaussians used to dete1"Jll1ne 

the peak positions are :indicated by the dashed curves. 
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side is fran low energy tailing due to the thickness of the source and 

indicates the extent to which the measured spectrum differs fran a true 

Gaussian shape. 

The results of the analysis of both spectra were averaged to 

obtain the peak energies listed in Table 4.1 • The quoted errors in"the 

energies are can.posed of ± 3 keV in the 8.734 MeV peak which was used as 

a calibration point and the uncertainty in the peak positions. Fran the 

energies the corresponding excitation energies, Ex , were calcu.la.ted 

from equations (3.l) and (3.2) and are also listed in Table 4.1 • 

Relative cross sections were determined as outlined in Chapter III 

from the spectrum after correcting for the background and the low energy 

tail of the intense transitions to the ground state and first excited 

state. The effective thermal neutron (n, a) cross sections were then 

obtained by normalizing to peak B 1 the transition to the first excited 

state. Using the value of 38.7 mb for this transition <28>and averaging 

the results obtained from the two spectra, the values shown in Table 4.l 

were obtained. The errors quoted contain the uncertainties in the cross 

section of the transition to the first excited state and in the areas of 

the pea.ks. 

From the measured alpha energies, penetrabilities were calculated 

for each transition for the various contribuling L-values. Because there 

are two capture states in l50Sm which contribute to the (n, ex) cross 

section, equation (3.7) must be modified as follows to account for this. 

4.1 
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Table 4.1 

. 149 146 
Summary of Results of Studies of the Sm(uth' a) Nd Reaction 

Peak Energy Cross Section Ex 52 J1l 
~xp 

A 9.177± 0.003 MeV 5 .29 ±0.17 mb 0 keV l.l.2 eV o+ 

B 8.734± 0.003 38.7±1.2 455:1" 4 2.22 2+ 

c 8 .161± o.004 669±24 pb 1044:t 5 0.15 ( 4+) 

D 8 .018 :±: 0.004 792 :±:28 1191:: 5 0.52 3

E ·r .835 ±0 ..005 209 ±13 1379±6 0.58 

F' 7.743 ± 0.005 175±15 1474±6 0.74 

·,;" 7 .683 ±o.oo6 97 ± 9 1535±7 0.56 
u.. 7.470:: 0 .. 005 3TI ±18 1754 ±:6 6.10 

.... 

. L 7.39 =0.01 ~37 1840±10 ~0.91 

~T 7 .313:t 0.006 11£± ll 1915:!: 7 5.1£ 

K 7 .245 :t 0 .. 006 88::t 10 1985± 7 4.69 

I, 7.148± 0.004 83±10 2085±5 7.64 

M 7.06 =0.02 ~28 2180±20 ~4.3 

N 6.94 :t 0.02 ~37 2300±20 ~ll.2 



In the calculations it was assumed that ['(3•) : f':'(4-) : 0.058 
(39) y y 

eV • In the case of the first four levels, spins and parities are 

known and the reduced widths were calculated fran equation ( 4.1) using 

the 	penetrabilities shOllll in ~able 4.2 • 

For most of the levels, however, the spins and parities a.re not ,, 
known and an estimate of the reduced widths was made as :f'ollows. An 

examination of Table 4.2 shows that the aJ.pha wave fran. the 4- capture 

state with mininn.un L, 11-nin' contributes about 2/3 of the total (n, a) 

cross section. Thus the reduced width can be est:tmated from 

4.2 

where 	 I.min : ( 4 - J) or ( 4 - J) + 1 to conserve parity, where J is the 

spin of 	the level :tn 146Nd. The values of Lmin for various possible 
jC 

J for peak E are listed in Table 4.2 a.long with the penetrabilities and 

reduced Widths ca.lcula.ted frcm equation ( 4.2). The reduced widths for 

the other pea.ks calcul.a.ted for the same choices of L.m.:tn are in the same 

ratio as those for peak E. For this reason only the values of' be~ for 

I.min : 3 a.re presented in Table 4.1 which summarizes the results. 

Figure 13 shows the level scheme of 146.Na obtained by studying 

the alpha decay of the capture states of l50Sm. Excitation energies in 

MeV are shown at the left. The intensity of ea.ch transition as a percent• 

age of the total (n, o: ) cross section is :lndicated by the numbers in the 

brackets above ea.ch level. Alpha decay of the capture state represents 

only 6.75 x 10·5i of the total decay probability with gamma decay 

accounting for greater than 99fo • 

http:mininn.un


Table 4.2 

Calculation of Reduced Widths 
/

Peak Ener~l J7r L-value piil s;~ 
A 9.177 MeV o+ 3 3.597x1o·T 2.12 

B 8.734 2+ 1 1.122xio·7 2.22 
3 0.671 
5 0.126 

c 8.161 ( 4 +) 1 15.97 x10·9 0.15 
3 6.08 
5 1.09 
7 0.09 

D 8.018 
.. 

3 0 10.22 x10·9 0.52 
2 5.69 
4 1.47 
6 0.18 

Lm~ 
E 7.834 [ 3~4~5+ ] 1 3.63 xio-9 0.22 

[ 2;J;5;6-:] 2 2.45 0.32 

[ 1~2~6;7~ 3 2.36 0.58 

[1;7;8 J 4 0.63 1.26 

• 



Figure J3: 14~d Decay Scheme 

The alpha decay scheme of the thermal neutron capture 

states of l50Sm. is shown. The excitation energies of the 
146levels of Nd are shown at the left. The percentage of 

the total (n,cx) cross section to ea.oh level is :indicated 

by the number :tn brackets. 

,, 
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Many of the levels found in the (n, a. ) studies correspond to 

146levels known i'ran. the electron capture studies of Pm ( 30) and fran 

beta decay studies of 146:er <3i). These results are campe.red in Table 4.3. 

The agreement in the energies is very good with the exception of the 

peak (H) at 1754 keV which is reported as 1720 keV (3l). Wiiels et ,al( 40)' 

however, reported 1750 keV for this level. In the present (n,a) study 

there is no evidence for the reported level at J233 keV and new levels 

are found at 1474, 1535, 1915, and 2085 kl:!V with possible levels at 1840 

and 2300 keV. 

A detailed discussion of the reduced widths Will be left until 

Chapter VII af'ter the results of the studies of 143Nd and 147Sm have 

l1een presented. An examination of Table 4.1 shows that there a.re sane-

fluctuations in the reduced widths for the alpha transitions to levels 

up to about 1.6 MeV. Above this energy there are several transitions 

which appear to be enhanced. 
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Level Scheme of Nd Obtained from the 


Reaction Compared with Results of ·~, Y 


Table 4.3 
146 149 146 

Present Work 

0 

455±4 

1044 ±5 

1191± 5 

1379 ±.: 6 

1474±6 

1535±7 


1754 :t 6 


( 1840±10) * 

1915± 7 

1985 ±7 

2005± 5 

(2180:20)* 
(2300:!."20)* 

Energy Levels - keV 

Refe1ence (10) 

0 

453.9 ±:0.3 

1043 ± 1 

1190.2 ± o.6 

( l233 )* 

Sm(nth' ex) Nd 

Studies 

Reference (ll} 

0 

455±5 

1050±10 

J200:t 15 

1370±20 

1720.±20 

2220±20 

2720±:20 

*uncertain because of low intensity 



CHAPTER V 


NEODYMIUM 143 RESULTS 

The study of the 143Nd ( n, ct) lhOCe reaction has in :many ways 

proven to be the most 	rewarding. Only the most intense tra.nsitlon to 
4 (0 ~1 ~P' 

the ground state of 1 0ce had been measured in previous stud:tee '·· 1 ~,c. ..,,1 

because of the high energy of the first (!:Xcited state at 1.6 MeV 

consequently nru.ch small.er cross section. Only upper l::lmits could "be set 

by these studies on the transitions to this and higher levels. In i~ht-; 

present study, utiliz.ing the high peak to backgrou:nd ratio of the 1~1.ectroA• 

11
static particle guide, alpha. transitions to at least eight levels in /.0ce 

have been detected. In addition, there is evidence f'or a process involv

:L:ng a gamma decay from the capture state of 14~d to lower lying states 

i~o11owed by aJ.pha decay to the ground state of 
14°Ce. Because theoretical 

stiJ.(lies have been made of 
140

ce ( 41), it has been easier to interpret 

The only level in Nd populated by thermal neutron capture is 

the results of this chapter than the results o:f the 149
Sm ( n, Cl) 

11~6m1 
reaction. 

144

a bound level at - 6 eV with an effective neutron capture cross section 

of 335± 20 barns ( i+2). The ground state spin of 143Nd is 7/2• and thus 

s-wave neutron capture will yield 3.. or 4 - states. Since there is alpha 

140
decay to the ground state of Ce 1 the capture state is 3· since pa.ri-ty 

conservation forbids a 4·-0+ alpha decay. 

Figure 14 shows the alpha particle spectrum obtained from a 2 ..4 nig 

53 

http:small.er


/ 

143NdFigure 14: Spectrum 

The alpha particle spectrum for the 143Nd (n, a) l4oce 

reaction is shown; T : 580 hours. The scale for the 

ground state peak is on the right while the scale for 

the rest of the spectrum is on the left. The (n,Ya) 

reaction is also indicated. 
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143 2 
target of neodymium oxide enriched to 91.3~ in Nd ( 65 ]J8/cm ) • The 

10 2 
spectrum was obtained in 580 hours ataflux position of 10 n/cm /sec 

as described previously. The particle guide was operated at 30 kV with 

a o.6 cm diameter axial electrode. 

The most intense peak (right hand scale) corresponds to alpha
I 

140
decay to the ground state of Ce. Most of the other peaks, labelled 

B to J, correspond to known levels in 
140

ce <43) while peak G ( a.swell 

as I and J ) is unreported. Also evident is a broad distribution between 

the peaks labelled A and B which we believe is due to the (n,ra) reaction. 

Peak positions were obtained as before. In the case of peaks E, 

F, G, and H the spectrum was analyzed as follows. The portion of the 

spectrum containing these peaks is shown in Fi8tire 15 with the background 

subtracted. It was analyzed by fitting a Gaussian to E and H and sub

tra.cting these pea.ks fran the spectrum. Pea.ks F and G were obtained by 

fitting to the residual the sum o:f' two Gaussians with the same width to 

obtain the results indicated in Fi8tire 15. The solid curve represents 

the sum of the f aur peaks while the dotted portions indicate the individ

ual Ga.ussia.ns. 

The energies of the various transitions calculated frarn the peak 

positions are presented in Table 5.1. The errors include the uncertainty 

in the peak positions and the uncertainty of ±3 keV in the energy of the 

9.443 MeV peak (A) which was used as a normalization point <2B). The 

excitation energies calculated frarn equations (3.1) and (3.2) are also 

listed. 

The relative cross sections were dete:rm.ined as outlined previously 

http:Ga.ussia.ns


Figure 15: Peaks E, F, G, and H 

The portion of the alpha spectrum containing pea.ks E, F, 

G, and H is shown on a.n expanded scale by a. histogram. 

The continuous curve indicates the Gaussian fit to the 

data. 'l'he dotted portions indicate the constituent 

Gaussia:ns from which the peak positions were determined. • 
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Table 5.1 

143 140
Summary of the Results of the Nd(n, a.) Ce Reaction 

s2 
iPeak Energy Cross Section E.'J{ .... 

}( 

L-value PL ex;p Ex,Ref .(43)-
-6

A 9.443± 0.003 MeV 21.3± Oo64 mb 0 keV o+ 3 2.78 xlO 12.4ev 0 keV 

B 7 .889 ± 0 .005 83± 5 pb 1599±6 2+ 1 1.86 xl0-8 5.0 1596.6± 0.3 
3 0.69 
5 0.12 

o+c 7 .591± 0.005 164±7 1905 t: 6 3 1.70 xl0-9 156 1903 .5 ± 0.3 

D 1 .410± o.009 34± 3 2091± 9 4-t- 1 2.00 xl0-9 19 2083.6± 0.3 
3 0.73 
5 0.12 
7 0.01 

E 7 .165± 0 .010 42±3 2343±10 2+ 1 5.45 xio-10 
88 2348 .4 ±: 0 .3 

3 1.96 
5 0.32 

F 7 .107± 0.010 23±3 2403±10 3+ 1 4.05 xio-10 
65 2412.4± 0.3 

3 1.46 
5 	 0.24 

-10 
G 7 .051± 0 .010 26±3 2460±10 1 3.00 xlO 99 

3 1.08 
5 0.17 

H 6.985:t 0.010 36±3 2528±10 (1+ ,4+) 1 2.09 xlO
-10 

196 {2516.1t 0.5 (4+) 
3 0.75 	 2521.S:t o.4 (1+) 
5 0.12 	 2547 .5±: o.8 

I 6.80 ± 0.02 ~14 27:::0±20 	 2 4.84 xio-1\1~7-0 
VI 

-11 	 ~ 

J 6.71± 0.02 ~12 	 2810t20 2 2 .89 x10 ~670 



a:t'ter correcting the spectrum for background and tailing :f'ran the l.e.rge 

peak, A • The effective thermal neutron (n, a) cross sections were 

determined by normalizing the relative cross sections to peak A. Using 

a value of 21.3± o.64 mb for this transition, the results shown in Table 

5.1 were obtained. The errors quoted include the uncertainties in the 

areas of the peaks and the cross section of the ground state transition. 

Reduced widths were calculated fran the measured alpha particle 

energies and cross sections. Unlike 14~d1 the spins and parities of 

140most of the levels of Ce a.re known. Using the method of Chapter III 

penetrabilities were calculated for each transition for each contributing 

L-value. These values of PL a.re listed :in Table 5.1 • The corresponding 

reduced widths were calculated :f'ran equation (3.7) using [(3-) : o.006 eV 

and o;;..,. 11 335 barns ( 
42>. In the case of peak G tor wbichy JJt is not 

2
known, and for peak H which corresponds to a triplet, 6exp was estimated 

by considering the contributions of L : 11 3 and 5 • For the possible 

2
transitions J and I, an upper limit was placed on oexp by considering 

a.n L : 2 alpha wave as the major contribution. 

The al.pha decay scheme of the capture states of 1~d is shown 

in Figure 16 • Excitation energies and spins and parities ot the levels 

are shown on the le:t't. Intensities as a percentage of the total (n, ex) 

cross section are also :indicated. The ratio of the alpha decay probabil

ity to gamma decay probability is 5.2 x io·3~ which is higher by two 

149 146
orders of magnitude than for the Sm (n, a) Nd reaction. 1'he total 

(n;Ya) intensity is estimated to be ~'i:!'/> of' the intensity of the alpha 

decay from the capture state to the ground state. 



Figure 16: l40ce Decay Scheme 

The alpha decay scheme of the thermal neutron capture 

states of l~d is shown. The excitation energies and 

J 7t of the levels of 140ce are shown at the left. The 

broad distribution due to the (n, Ya.) reaction to the 

140ground state of ce is also :indicated. 
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The excitation energies of many levels of l4oce are accurately 

known from the gamma decay studies of 140ce following the beta decay 

of 140La ( 43) e.nd these energies a.re shown in the table. The energies 

obtained frcm alpha decay studies a.re 1n good agreement With t.'itese, 

although the energy resolution :1n gM'1.t1'la decay studies using L:i--0-e detectors 

is superior. The level at 2528 keV (H) obtained frail. alpha decay is seen 

to correspond to three close levels. The level at 24()() keV is unreported, 

as a.re the :possible levels at 2720 and 2810 keV (peaks I and J ) • 

144The alpha. reduced widths from the capture states of Nd are 

:found to be w-1 order of magnitude higher ·than in the case or l50am. This 

may be understood in terms of the statistical model and the ef':t'ect o:t:• the 

14482 neutron closed shell which makes the level spacing for Nd an order 

150magnitude larger than for ·· Sm. It is also evident that the transit
140

ior;s to several of the excited states of Ce are enhanced by an order 

of magnitude. .A discussion of this is deferred to Chapter VII. 
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CRA.PTER VI 

SAMARIUM 147 RFSULTS 

147The Sm (n,cx) 144Nd reaction was studied la.st and the results 

of this experiment a.re presented here. In studies of this reaction by 

Cheif'etz et al <2), decay of the capture states of lli8Sm was observe~ 
144to the ground state and first excited state of Nd. The results of 

the present experiment show these transitions as well as those to two 

higher excited states. 

The thermal neutron capture states of lli8Sm are not well known. 

Since the ground state of 147Sm has JJt: 7/2·, the capture of an s-wa.ve 

neutron Will populate only 3· or 4• states. The appearance of the tran
144sition to the ground state of Nd following thermal neutron capture 

lli8 11: :indicates that at least one of the capture states of Sm has J : 3 • 

1''ram the work of Poortmans et al ( 47) such a level is knownat 3 .4 eV. A 

level at 18 .3 eV has JJt = 4 - • Cheifetz et al ( 
2), however, assign 4 • to 

the level at 3.4 eV and 3· to the 1.evel.s at 18.3 eV and 27.1 eV to explain 

the higher alpha decay rate of the capture states of l50Sm to the first 

excited state of 1~d (as compared to the ground state) without invoking 

the existence of a bound level. as in the case of 149Sm. The thermal 

neutron capture cross section of 147Sm is 75± 11 barns (measured with 

400°K neutrons) (4a). 

Figure 17 shows the alpha particle spectrum obtained fran a 5.5 

mg target of samarium enriched to 97 .&{o in 147Sm ( 140 ')181cm2 ) • The 

spectrum was obtained in 845 hours at a flux position of io10 n/c:rrf?./sec. 



/ 

Figure 17: 147Sm Spectrum 

The alpha particle spectrum of the 147Sm (n, Cl ) l44Nd 

reaction is showns T : 845 hours. 
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The particle guide was operated at 30 kV with a. o.6 cm axial electrode. 

The pea.ks la.belled A, B, D, and E a.re due to 147Sm, while the 

peak labelled C a.rises f'rom an :impurity of 149Sm and is due to the 

alpha transition to the first excited state of 146i-rd. There is also a 

contribution to peak B from 149Sm due to the transition to the ground 

state of 146rid. It is interesting that no pea.ks were seen at lower 

energies and in particular near cha.n:nel 205 (8.10 MeV ) which corresponds 

to a known level in 14~d. 

Alpha energies were obtained as before by finding the peak posit

ions and using pea.k C as a norma.J..iza.tion point. The aJ.pha energies a.re 

shown in Table 6.1 as well as the corresponding excitation energies. 

The errors quoted contain the uncertainties in the peak positions as well 

as the uncertainty in the energy of peak C, 8.734 ± 0 .003 MeV ( 28) • 

Relative cross sections were obtained as before a~er correcting 

:for background. Because of the thicker target, the spectrum exhibits 

considerable low energy tailing. This tail was subtracted f'rom lower 

energy peaks by estimating the peak shape f'ram. the well separated peak, A. 

The effective therma.J.. neutron cross sections were obtained by norma.J..izing 

to the known cross section for the transition corresponding to peak C 

( 38 • 7 ± 1.2 mb ) and the known abundances of 147Sm a.nd 149Srn in the target 

( 147Sm = 97.8±0.1i, 149Sm: 0.51±0.05~ ). These cross sections are 

listed in Table 6.1. The errors quoted include the uncertainties in the 

peak areas (including the background uncertainty), the cross section of 

the standard, and the isotopic abundances. 

Reduced widths were ca.lcula.ted as before using equation (3.7) and 

http:0.51�0.05
http:97.8�0.1i


Table 6.1 
147 lli-4

Summary of the Results of the Sm (n,a) Nd Reaction 

Peak- Energy Cross Section Ex J L .. vaJ.ue-- PL 2 oexn Ex ,J?revious 

A 9.844± 0.006 MeV 142 :t17 pb 0 keV 0 3 3.15 x 10-6 0.19 eV 0 keV 

B 9.173± o.006 395 ± 44 690.:t8 2 1 
3 
5 

8.00 x 10·7 
3.16 
0.61 

1.38 696.7 ± o.6< 44> 

D a.562 ±: o.006 49 :!: 8 1318.:t 8 4 1 
3 
5 
7 

7.96 x 10-8 
3.07 
0.56 
0.05 

1.73 1313±1 (45) 

E 8.333:± 0.10 lt8± 8 1553~12 3 1 
3 
5 

2.94 x 10-8 
1.12 
0.20 

4.63 1520 
1556± 8 

( 46~ 
(45 

0\ 
+:'" 
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!y(3-) : O.049 eV ( 49) a.nd a;y :: 75 barns ( 118) • The contributing L-val.ues 

and corresponding penetrabilities are shown in Table 6.1 along with the 

values of 6e~ • 

The alpha decay scheme of Figure 18 shows four levels in 1~d 
populated by alpha decay of the capture states of lli8Sm. The excitation 

/ 

energies and intensities are indicated. 

As shown in Table 6.1, the excitation energies obtair1ed here are 

in good agreement with those from. ( :n, Y) studies with 143Nd ( 45) &J.d beta 

decay studies of 144Pr (44). There a.re two reported levels a.t 1520 and 

1556 keV which bracket the measured energy of peak E of 1553 keV.. An 

exa:m:bation o:f peak E reveals a high energy tail which is not present :tn 

1:.lw '.)ther pea.ks and could be due to the reported doublet. 

With the exception of the groimd state, the reduced widths shaw 

Ll :fluctuation, especia.11.y if peak E is a. doublet. The reduced widths 

C"i.rE.> VE~:ry close to those obtained for the alpha decay of' the capture states 

;yf' l50Sln. The fact that the ground state transition ha.s a reduced width 

00 much smaller than the transition to the f'irst excited state is su.spic

icms ~ It is possible that the decay of 148Sm to the ground state of l44:rfd 

:Ls due t.o the 3- capture state at 3.4 eV a.nd that there is an additional 

l+ ·• bou.. cross section for the alpha. decay11d level Which contributes to the 

144to the excited states of Nd. 



144
Figure 18: N.d Decay Scheme 

'l'he alpha particle decay scheme of the thermal neutron 

~ capture states of 1 Sm is shown. The excitation energies 

144of the levels of Nd a:re shown at the left. The 

measured intensities are ::indicated as a. percentage of the 

total ( n, a) cross section. 
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CHA.PrER VII 

DISCUSSION OF RESULTS 

7.1 General 

This discussion of the (n, et) reaction will include a description 

of the information which can be obtained by this type of study1 the lim.... 

itations of the technique, and suggestions about :f'uture investigations 

that can be made using this method of studying the nucleus. The types of' 

information that can be obtained are as :t'ollows. 

Although little emphasis has been placed on the measurement of 

ground state Q-values ill this study, these a.re important. They provide 

an independent measurement which can be cam.pared with values obtained 

from. mass data. 

It has been seen fran the results of the previous three chapters 

tha,t level schemes can be obtained for the daughter nucleus. '!'he results 

obta:L."led from alpha decay studies are in good agreement with information 

i'rom other sources. Alpha. decay has no strong angular momentum selection 

rule (except that parity must be conserved). Because of this it was 

possible to detect all levels up to about 2 .5 MeV excitation and as well, 

several new levels were found. It must be admitted, however, that the 

resolution in alpha decay studies is certainly worse than in gamma decay 

studies with Li-Ge detectors. 

It is possible in certain cues to investigate the spin and parity 

of the capture state by means of the (n111) reaction. In the cue of. odd 

neutron targets, the gratmd state ot the aaupter nucleus ia 0+. ~ 

the spin and parity- of the tRpt nucleus there are two possible spins 
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for the compound system for s-we.ve neutron capture. One can decide which 

one is populated by determining if e.1.phe. decay to the o+ ground state 

occurs. 

The alpha reduced widths contain all the information dependent 

on nuclear properties in the alpha. decay process. The stu.Q.y of the 

nature of levels in a region of high level density, and in :particular 

thermal neutron capture states, is facilitated by an investigation of the 

fine structure in the decay of the capture states and the corresponding 

reduced widths. A discussion of the reduced widths is given in the last:. 

section of this chapter. 

There is also evidence for alpha decay frcm levels below the 
1.43 14o

r;eu.tro:n separation energy in the Nd ( n ,a) Ce reaction study. This 

p:rocess, the (n,y'cx.) reaction, is discussed in detail in the next section. 

There are certain limitations in the (n,a) reaction studies which 

must be considered.. The alpha transition probability is very sensitively 

dependent on alpha. energy. Because of this,one is limited to studying 

tra."lsitions to levels up to a few MeV excitation. Even for reasonable 

source thicknesses of 30 to 50 p.a/cnf!. the low energy tail tran intense 

t;ransitions to the ground state or law lying excited states is a problem.. 

:rn the region above 2 to 3 MeV excitation this tail and the f'act that 

the level spacing is decreasing makes it difficult to resolve individual 

peaks. 

The Coulomb hindrance also limits the possible nuclei which one 

can study. Li the rare earth region several nuclide& have a Q•value of 

8 to 10 MeV for alpha decay f'ran the capture state to the ground state. 

This is still well below the Coulam'b barrier height. However, the 
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possibility of' observing the weak alpha decay branch in can.petition with 

the predcminant gamma decay mode is enhanced by studying nuclei with a 

large neutron capture cross section. 'l'hus one is restricted to using 

targets which have a high Q-va.l.ue and a large eapture cross section 

usually odd neutron isotopes. 

Future investigations of (n,a:) reactions should :include a study 

:in a region of deformed nuclei. Targets of 155Gd and l5TGd are a good 

choice for studying alpha decay fran neutron capture states to a rotational 

band in the daughter. 

By modifying the existing technique to use a higher neutron f'lux 

and by using a detector which covers the whole end area of' t...iie electro• 

si;a;t:l:.c particle guide the count rate could be increased signi:fica.ntly.. 

It should then be possible to study systematically the (n,a) reaction 

for many nuclei throughout the periodic table. 

'.-fh..!.. {n.ug..) Reaction 

The spectrum of the reaction 143Nd (n, a) 140ce shown in Jigure 

14 reveals a broad distribution of alpbaa between the ground state and 

first excit.;ed state transitions. These alphas are believed to cane from 

the reaction whereby the capture state of 1~d emits a gamma ray and 

deexcites to a level below the capture state. This state then, has a 

:probability for decay by alpha e1111aaion. The possibility or observing 

such a continuum was mentioned by Cheifetz ~ !,;l <2>. i'he 143ud(n,a)140ce 

reaction is idea.lly suited to the study or the (n,ra:) reaction because 

of the large energy difference ( i.6 MeV) ·between the ground state and 

first excited state and because o:t the l&rge (n,a) cross section (....22 mb) 

http:Q-va.l.ue
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for the ground state transition. 

In the measurements of the energy correction factor, K , described 

in Chapter III the spectrum was obtained. tran a mixed 226.aa - 228Th source. 

A portion of this spectrum is shown in Figure 19 to show the measured 

line shape for a monoenergetic alpha transition. 

One can derive an expression for the shape of the {n,ra) spectrum 

as follows. The partial radiation width for electric radiation of order 

1 between a level at energy Ea, and one of energy Et,, by a gamma ray of 

energy Ey 111 Ea. - Et, is given by (5l) 

where 

• 

In these expressions R is the nuclear radius, e, fl, and c have the usual 

meanings and) is the mu.1.tipolarity of the gamma radiation. Since on1y 

the dipole, 1 a 1 , term contributes significantly (54,55) other values 

of ). will be ignored (as well as magnetic radiation) in the discussion 

which follows. The level spacing, lJ (E) ,(for levels of the same spin 

and parity) can be given by ( 52) 

D..e_(E) 11 D0 exp (- 2~) 

where D0 is the level spacing at the ground state and a determines the 

rate of che.nge of the level spacing with energy. For El radiation, then , 

the partial radiation width is given by 

• 



Figure 19: 214Po Alpha Spectrum 

The l:i.ne shape of a monoenergetic alpha transition is 
214shown. The Po peak ( 7 .68 MeV) 1pectrua was obtained 

using a l.arge area source and the electrostatic particle 

guide. 
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Fran equation ( 7 .3) and ( 7 .4) one obtains the total radiation 

width for gamma decay for a level at energy Ea• It is given by 

• 

The radiation width for alpha emission fran a level at energy 

Ea is given by the expression, 

82where is the reduced width and P1 is the penetrability. Qa specifies 

the Q-value for alpha decay of a level in the parent at an excitation 

energy Ea• Equation (7.6) considers only al.pha emission to the ground 

state of the daughter nucleus and hence only one value of P1 need be 

considered (for even-even nuclei). 
14°In the particular case of the :reaction l43Nd ( n, a) Ce, the 

capture state has J Jt : 3- and alpha decay to the ground state has L : 3 • 

1t + 4+El gamma emission from the capture state populates levels with J ~ 2 , 

which can alpha decay to the ground state of l40ce. 

The probability for ga:mma. emission :t'rom the capture state at 

energy ~ to a level at energy En .. Ey is given by 

Py(En,Ey) : !E1CEtuEn·Er) 
• 

ltot<En) 

The probability of a gannna of energy Ey to Ey+ d.Ey is then 

= i;1(En,En-Ey) 1 7.8---- • 
lt'ot(En) D(F.n-Ey) 



73 

From equation ( 7.6) the level at energy (~-Ey) has a. probability of' 

alpha. decay given by 

Pa(En-Ey) : 	 r:(Qp-EY) 


ltot(En·Ey) 


Thus the probability of alpha. decay following gamma emission is obtained 

by combining equations (7.6), (7.8), and (7.9). This gives 

Na(Qn-Ey)d.Ey: 	 ~l(En_,Ep,-Ey) 1 g2(Qn-Ey) P(Qn-Ey)d.Ey 


~ot(Eu) D{J!n-Ey) 2JC ~ot(~-Ey) 


Where 

• 

'The ratio of the number of alphas per unit energy which arise 

from the (n,ya) reaction, to the number from the capture state, R(E) , 

is then given by 

R(E)dE : 	 P(Qn-Ey) 82(Qn•Ey) r;l(En,En-El) __dE_x_ 


P3(Qn) 82(9n) ~0t(En•Ey) D(En-Ey) 


Using equations (7.3), (7.4) and (7.5) this becomes 

R(E)dE = 	J?(Qn..Er) 82(Qn-Ex)exp{-2 JaE;' [1 - 2 }1 - §:/~]}~ ~ 
P3(Q.n) 52(Q.n) [.£F.n-!k, [-2 }a((E,,-E,.)-Ei] ;;3 dE] 

7.13 

At this point it is worthwhile to. consider the validity of this 

equation :ln terms of the asS'Ull1ptions used to derive it. The use of 

http:P(Qn-Ey)d.Ey
http:Na(Qn-Ey)d.Ey
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equations ( 7.3) and ( 7.4) to calculate ~gives only fair agreement with 

experiment by appropriate choices of D0 and a. In equation (7.12), however; 

D0 cancels out and only the parameter, a , remains in the level spacing 

formula. Because ratios have been taken, the uncerta1nty due to a poor 

knowledge of the exact form of the expression f'or (f;~(Ea1Bi,) )av and 

the uncerta1nty due to using only 1.:: l should cancel out. 

Equation ( 7 .13) was evaluated using values of Ey f'rom 0 to 1.6 

MeV at :intervals of 0.1 MeV using the value, a =8.9 , and assuming that 

2 28 (Qn-E-r)/6 (Qn) : 1 • The value, a , was obta1ned f'rom a linear inter

polation between the values of a : 8.0 for A : 115 , and a : 10.0 for 
( 53)

A :: 181 • The equation was recalculated for values of' a : 8.0 and 

a :: 10.0 to show the small dependence on a. Figure 20 shows the calculated 

spectrum for the three values of a, 'Where R(E)dE is plotted versus the 

alpha energy. On the same graph a.re plotted the experimental values 

which were obtained f'rom the spectrum of Figure 14 by subtracting off 

a reasonable background due to tailing f'rom the source thickness, The 

error bars include the uncertainty in the background (..vl0%) and the 

statistical uncertainties. 

The calculated spectrum is lower than the experimental. one and 

not the same shape. It is felt, however, that the asSl.mlption that the 

reduced width is constant is not good. Since the 62 
for the ground state 

is about 105 t:illles as large as 62 for the capture state it is reasonable 

to expect that 62(Qn-Ey) has some energy dependence. This was taken to 

be of the f'orm 



Figure 20: (n,Y«) Spectrum 

The experimental ( t ) and calculated (n,y!l) spectrum 

is shown; b : 0 and 1) a : 8.o ( • ), 2) a : 8.9 ( • ), 

3) a : 10.0 ( • ) • 
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where E is the 	excitation energy, S~ is the ground state alpha reduced 

width, and b is determined from the measured alpha reduced width for the 

capture state. Using s; : 223 keV (56) and 62(7.83) • 12.4 eV one 

obtains a value b : 3.07 • 

Using this value R(E)dE was recalculated for a : 8.9 • This 

curve, which is shomi in Figure 21, agrees remarkably well with the 

experimental data. 

7.3 Alpha Reduced Widths 

For 	aJ..l observed transitions studied in the (n,cx) reactions, 

2alpha reduced widths, 6ex:p , have been determined. It is of interest to 

relate these to a nuclear model. A successful model will give agreement 

between measured and calcul.a.ted reduced widths for different nuclei- in 

particular for transitions to the ground state or first excited state. 

It will also give an understanding of the fluctuations in reduced widths 

to various levels of the same daughter nucleus. 

The problem of comparing reduced widths for various nuclei will 

be discussed first. From the statistical. model, the radiation width for 

alpha decay can be expressed as 

, 

where D is the 	average level spacing and P1 is the penetrability. Since 
2

Oex:p : A..h/P one can obtain an expression for the reduced width as follows 

, 

where S2 is the reduced width for ground state alpha. decay and D is the00 

level spacing near the ground state ( and is typical.ly taken to be l MeV). 

http:typical.ly


Figure 21: (n, Ya:) Spectrum 

The experimental ( t) and ca.lcula.ted (n, Ya:) spectrum is 

shown; b : 3.07 and a : 8.9 ( • ). 



77 


L() 

(j) 

O> 

• Q) 

(j) ~ 

~ 

O'> 
~ 
Q) 
c: 
Q) 

i.q 
CX> c 

.L:. 
Q. 

<( 

0 . 

co 

LO W 0 LO tO0 0N ,::E N 
w-)( a:: 



Us:ing known values of 5~ (or 100 keV if the value is unknown) and meas

ured values of D one can obta:in an estimate of ~,2 for alpha decay f'rom 

the capture state. These values are shown :in Table 7.1 along with the 

experimental values for 149Sm, 147sm and 143Nd. 

In general the agreement is satisfactory. The only exception 

is the experimental reduced width for the transition to the ground state 
144

of Nd • This value is quite low. It was determined by considering 

a capture cross section of 75 ± 11 barns determ:ined by Simpson ,tl !fh (49 ~ 
It was assumed that this was due to a 3- level. However, the only known 

7t - 4level with J : 3 is at 3. eV. Evaluat:ing the Breit-Wigner formula at 
(47) 

0 .026 eV for this level using the parameters obta:ined by Poortmans ~ !fh 

one f:inds a contribution of only 3 .2 barns. The resonance at 18 .3 eV 

with Jic: 4- contributes 4.2 barns. Assuming that a 4- bound level 

is contribut:ing the major portion of the capture cross section (ie 67 b) 

62one obta:ins a value : 4.4 eV for the alpha decay to the ground state 

of l411Nd. This is :in agreement with the results for 149sm and 143Nd 

which have similar reduced widths for the transitions to the ground state 

and first excited state. 

It is :interest:ing that an experimentally determined level spacing, 

D, can be used to es.t:ima.te reduced widths. It gives same experimental 

verification of the periodic motion of the nucleus at high excitation. 

The alpha reduced widths for decay f'ram the capture state to 

various levels :in the daughter nucleus show fluctuations f'ram level to 

level as well as the the differences :in alpha reduced widths f'rom nuclide 
4 . 

to nuclide. In the case of 1 9Sm there are variations :in the reduced 

width for levels up to about 1.6 MeV. Above this there are several 

http:es.t:ima.te


Table 7 .1 

Calculated Alpha Reduced Widths 

52Tar5et 0 Do D 6~alc 
149 

100 keV 1.0 MeV 6.6 ev 0.83 eV~ 

147sm 100 1.0 14 i.74 

143Nd 223 i.o 33 7.36 

h~xp 
g.st. 18tex. 

1.12 ev 2.22 eV 

0.19 1.38 
(4.4 ) 

:12.4 5.0 
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t:tansitions that appear to be enhanced by about a factor of 5. Since 

spins &1d parities are not k...1own, however, the actual reduced widths 

may differ :from those listed in Table 4.1 by as much as a. :factor o:f 2. 

i1~6
'.L.'he neutron pairing energy for .... Nd is about 2 'MeV (57). This suggests 

that these levels may have a large 1-particle-1-hole component which could 

enhance the transition from the multi-particle-hole capture states. 

Only four alpha transitions have been observed :from the capture 

states of lh8sm to the levels in l44Nd. The spins and parities are 

known for these levels There is, however, some uncertainty about whicho 

of the capture states are contributing to the ground state (n,a) cross 

section. The alpha reduced widths in this case are fairly constant. 

For these two cases there is little that can be done at the 

present time in trying to calculate alpha reduced widths. Not only is 

the wavei'unction for the capture state unknown, but as well, the nature 

146 14h .of the levels in Nd and 'Nd is not lm.ovm.. 

On the other hand, for the 143Nd (n,a) 140ce reaction, the 

sp:ins and parities of the levels of 140ce are lmO'wn. As well, studies 

41of the levels have been made theoretically by Rho ( ) and experimentally 

( 43)
by Baer et .§J. • The alpha reduced widths of this reaction a.re discus

sed below. 

Rho C4i,59) has discussed the level scheme of 140ce in terms of 

two g_uasiparticle levels. He calculates the wa.vef'unctions for most of the 

levels fou..1d in our (n, °') studies of 143Nd • Experimental studies( 43) 

tend to verify his calculations. 
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l-'~o.ng's equation for the reduced width, '/1 , of equation (1.6) 

.involves integration over the coordinates of the nucleons of the daughter 

and relative coordinates of the four nucleons of the alpha particle. 

Using the delta-function approximation for the alpha particle (5,l5,58) 

a great deal of simplification can be achieved. It has been shovm that 

even with this approximation good relative decay i~ates can be obtained <53). 

The equations of pertinence here are summarized as follows. For 

alpha decay of the form [ ( jp) 1( jp) 1 )
1 

( jn)~ core::=;:: core the expression 

for the amplitude, Y
1

, is given by 

Const 

where jn, jp, 1n and 1-p specify the nucleon orbitals and 1 is the relative 

angular momentum. The values Bn and BP t correct the reduced width 

a.rnplitudes for an overestimate of Yfor high j orbitals. They are given 

by 

Bn : exp[-·0.013 1n(1:rJ.+ 1)] 

Bp': exp(- 0.0065 [ 1p( lp+ 1) + lp 1(1-pr + 1) - ~1(1+1)J) • 
7.19 

The quantities Rn and RP a.re values of nucleon wavefunctions evaluated 

at the chosen connection radius R0 • One may use three dimensional 

harmonic oscillator f'unctions or the numerical wave:f'unctions calculated. 
by Blomavist et al ( 59) • 
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E~uation (7.17) could be used if the capture state were O+ and 

under the assumption that the capture state configuration is similar to 

the daughter plus two protons and two neutrons. Corrections to the theory 

CG.ll be made to calculate brG.llching ratios to the levels in l40c~ and these 

will be carried out in the f'uture. 



CHAPTER VIII 


CONCLUSIONS 

Fine structure in thermal neutron (n,a) reactions has been 

studied for targets 149Sm, 147Sm, and 143Nd. The investigation of 

alpha. decay fran therme.1 neutron capture states to levels in the daughter 

nucleus up to excitation energies of 2 to 3 Mev was made possible by a 

new device, called an electrostatic particle guide. 

This device consists of a long cylinder vith a central electrode 

held at a negative potential ot 30 to 50 k\T. It focusses and directs 

alpha particles from a target in the intense neutron flux of the themal 

column of a reactor (which is a region of high background) to a low 

background region in the roan where they a.re detected. The use of this 

technique which solves the problems of background and low energy tailing 

has been amply justified by the wealth of fine structure data that has 

been obtained. 

The electrostatic particle gu.ide technique has been described 

in detail and equations derived which expresa the collection efficiency 

in terms of the parameters and dimensions of the device. The validity 

of these equations has been hn'est1gated and ver1fietl experimentally. 

Fran the reaction studies, accurate alpha energies and cross 

sections have been deter.mined for each transition. Level schemes for 

14~d, 14\d, 140c.e have been obtained with good agreement with previous 

results obtained. by other methods. Several new levels were found 1n 

146.Nd. 

83 . 



84 


In the 143Nd (n,a) l40ce reaction study, evidence has been seen 

140for the much less intense reaction 143Nd (n,Ya) ce. The shape of this 

continutun of alpha particles depends on the level spacing and the energy 

dependence of the reduced width. The spectrum has been calculated assuming 

dipole radiation from the capture state to be predominant, and assuming 

that the reduced width depends on the level spacing. The exper:i.ment8..l 

spectrum is in good agreement with the calculated one. The total (n,Ya) 

intensity is found to be ~2?/o of the total intensity of the capture state 

to ground state transition. 

Experimental alpha reduced widths have been calculated and dis

cussed in detail. The variation in 52 from nucleus to nucleus can be 

understood on the basis of the statistical model and depends on the level 

spacing at the neutron binding energy. The levels in 140ce can be 

described adequately as two quasiparticle levels and it is found exper

:i.mentally that alpha transitions to levels of the S8llle configuration 

(ie (g7J2)J:0,2,4) have.similar alpha reduced widths. The transitions 

to the levels with a predominant (d~/2 )3 configuration are enhanced by 

an order of magnitude over levels with a predominant (g~/2 )3 configurat

ion. 



APPENDIX I 

DETAILS OF THE CALCULATION OF THE FRACTION OF PARTICLES STRIKING THE WIRE 

The angle of the acceptance cone is defined by equation ( 2 .8): 

Al.l 

where 2
A : jqVol ln(R/rQ) Al.2• 

Ea ln(R/s) 

Since ~ is small, the end of the acceptance cone on a unit sphere is an 

ellipse defined in polar coordinates ( P/ ~ ) by equation (Al.l) as 

shown in F1gure 22 • The solid angle of the acceptance cone lost to par

ticles striking the wire is then the shaded area shown in Figure 22 whose 

boundaries are Pm.ax and ~ • The latter is given by equation (2.14) 

as follows 

¢min : sin-1(( s/ro) j 1 + k.2-/rf!- ' ) 

where k.2 = jqVol ln(ro/s) Al.4• 
Ea ln(R/s) 

Transforming to cartesian coordinates x • ~cos~ / and y : ~ sin¢ on~ 

obtains 
Al.5 

in place of Pma.x • Similarily, ~min becomes 

y Al.6• 



FIGURE 22: Collection Cone 

The end of the collection cone on the surface of a unit 

sphere is shown with shaded areas indicating the pa.rt 

lost to particles striking the wire. 
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Thus the solid angle , ~v(r0 ) , lost to particle striking the 

wire for a point source at a radius r 0 is given by 

Now 

2fJ.;:. + k dx : (x/2) }.£. + k2' + (k2/2) ln( x + ).£. + k2'> 

Al.8 

A2 2' Al.9: (x/2) J - x 

Combining (Al.8) and (A1.9) with (Al.7) gives 

Aw(r0 ) : 2s [x j~ • k2
1 

+ k2 ln(Xo + }x; + k2
1 

) - k2 ln(k)l 
~ 2' 0 ~j r 0 -s 

Al.10 

where 

x0 : R2A2(r~  s 2) - s 2k
2

(R
2 

~ (R2 - s2) 

- r;) • Al.11 

The fraction of particles from a point source at a radius r 0 

the wire is given by 

which strike 

Al.12• 

Under the .assumptions that R)) s and that r0~ lOs, equation (Al.l l) 
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reduces to x0 : A and one obtains 

j1IJ.(R/r0 )' + jlil(R/sjJ] . 
[ /ln(r0 /s)' 

Al.13 

which is identical to equation (2.16). 

For an extended source of radius b, the fraction of particles which 

strike the wire is given by 

For a particular size of target the correction factor for particles lost 

to the wire is conveniently expressed as the ratio of the fraction of 

particles which strike the wire, equation (Al.14), to the fraction of 

particles which achieve a bound orbit, equation (2.10), 

Al.15 



APPENDIX II 

DETAILS OF THE RADIAL DISTRIBUTION CALCULATION 

The solution of differential equations by analogue techniques is 

well known. In the MIMIC programming system(50) for the IBM 7040 com

puter an analogue computer is simulated by providing a number of operation

al elements such as adders, integrators and multipliers. These are inter

connected in the program in a way' Similar to the interconnection of the 

elements of an analogue computer but without the problems of time and 

amplitude scaling. The solution to the differential equation can be print

ed out at preselected equal time intervals. 

The equations of motion for a particle in the electrostatic par

ticle guide are given by equations (2.22) and(2.23) : 

and Q=c /r2 

2 2 . 2ntwhere A : vp sm 'P ,
1 r 0 

A2: ( jqvol)/ m ln(s/R) A2.4
' 

1 

and c - A 2 • - 1 

At t =0 , the initial conditions are r : , r : vp cos~ , and G : 0r 0 
1 

(where vp : ~ (2Ea./m)2 ) • The symbols are defined in Chapter 2 • The 

block diagram representing the solution of these equations is shown in 

Figure 23. 

http:and(2.23


Figure 23 : Solution of Orbit Equations 

The block diagram is shown for the solution of the equations 

of motion of a charged particle in a logarithmic potential. 
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The particle radial distribution :function for a point source is 

given by g(r
0 

,rd) which is normalized to unity and specifies the fraction 

of particles be~een rd and rd +drd at the detector end for a point 

source at radius r from the axis. Consider an extended source of radius0 

R, emitting N0 pa:rticles/cm2/sec isotropically in angle. The radial 

density :t'unction,,P(rd) , which gives the number of particles /cm2/sec at 

a radius rd , is given by 

A2.6 

where F(r ) is the point source collection efficiency formula given by
0 

equation (2.9). Fw(r0 ) corrects for particles striking the wire and is 

given by equation (2.16) • 

The first step in the calculation ofj(rd) was to determine the 

radial distribution :function, g(r0 ,rd) , for a point source at radius r •
0 

This was done by dividing the acceptance cone into about 180 segments of 

equal solid angle, each cha.ractarized by a value of ~ and ¢ • A trajec• 

tory was determined for each of these J.80 values of JS and ¢ using the 

MTh!IC program and the radius, rd , at which the particle left the cylin

der was obtained. The distribution, g(r
0 
,rd) , no:rmalized to unity, is 

then given by 

g(r0 ,rd) : The Number of Particles Between r 0 and ra + Sr4 
Nc(ro) 

: 	 N(r0 , rd) 


Nc(r0 ) 
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where Nc(r0 ) is the number of trajectories calculated at a radius r 0 • 

This distribution was determined for values of r 0 :t'rom o.5cm to 3.5 cm 

in 0.5 cm increments for a 2.74 MeV triton with V0 : 20 kV , s : 0.025 cm 

and R =3.75 cm. The radial density function ,.f (rd) , was then deter

mined by numerically integrating equation (A2 .6) and using the value of 

N determined fran the intensity of the 2.74 MeV triton group with no0 

voltage on the wire. Table A.llists the data used in obtaining the func

tion,p (rd) , and Figure 7 shows the calculated values off (rd) plotted 

along with four values determined experimentally. The agreement is very 

good. 
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TABLE A.l 


Values of N(r0 ,rd) Used to Obtain]J(rd) 


cmrd cm ro 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 

50 15 8 2 3 2 10-0.5 

0.5-1.0 64 46 19 14 11 7 8 

1.0-1.5 46 53 lj.6 22 18 6 17 

0 31 50 43 23 22 28 

2 .0-2 .5 

1.5-2.0 

7 28 23 41 33 34 25 

13 7 23 29 55 46 342 .5-3 .o 

0 0 5 26 29 43 303.0-3.5 

0 13 15 8 10 17 253.5-3.75 

180 193 189 185 182 177 168Nc(ro) 

8 .1J.Ox 5.07 3.67 2.68 2.00 1.33 o.68 
lo-1J. 

o.87x 0.27 0.16 0.10 0.07 0.04 0.02 

F(r0 ) 

Fw(ro) 410

http:o.87x0.27
http:3.5-3.75
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