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CHAPTER I

INTRODUCTION

Since the discovery that certain naturally occurring elements
:emit alpha particles, the study of alpha-radiocactivity has ylelded much
Ainvalugble information to the nuclear spectroscopiste.

Alphs decay, in contrast to beta and gamms radiation, is only
mildly inhibited by changes in angular momentume. 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 alphsa energ&. 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 decayil’e). Agide 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 sbove 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,:x)
:eaction 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



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

One of the early triumphs of quantum mechanics was the explan- |
ation by Gamow(3 ) end independently by c‘ond.on and Gurney (1) of the
sensitive dependence of alpha decay rate on the alpha energy. Theii'
simple one body model considered the alpha particle as moving in a pot=-
ential-well created by the remaining nucleons and the Coulonmb barfier.

At each collision of the alpha particle with the potential barrier there
is & probebility of escaping, the penetrsbility, P. Thus the decay
~ constant, A , is given by the product of the collision frequency with

the wall and the penetrebilitys:

A =FfP =

<

In this expression, v is the alphe velocity and R is the radius of the
‘poten‘bia.l well.

This model is plausible only if the salpha particle can move as
en entity in the nuclear volume. If one specifies a nuclear radius, R ,
surface thickness, s , and alpha mean free path, {, , then the simple
model is valid only if ,(a>R « If ,Qazs then the alpha particle cannot
exlst as a well-defined entity in nuclear matter and the notlon of an
alpha-nuclear potential may have meaning only in the surface region. From
the enalysis of alpha-scattering data it is found that f,~1 fmxs (5 ’6).
Thus, while the decay constant can still be considered as a product of

frequency anl penetrability terms, these terms are evidently more comp-

licated than in the one body model.
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In Winslow's "surface=well mode the approach is modified
by considering that the alpha particle is formed at the surface. H¢
:proposed a surface~well potential with a repulsive potential in the
interior. In this model the frequency factor is replaced by the probability
of forming an alphs particle in the nucleus, the formation factor,

The first many body approach to alpha decay was formulated by
Thomas (8) but he did not apply it to a nuclear model to calculate decay
rates. DMang (9,10) applied the many body approach to the shell model
with great success in explaining alphs decay of even-evén spherical
nuclei, It is ‘his approach which will be outlined here.

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

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

final system at large separation, Qp , be given by

Qe = (M)~ My ~ Mook ) @ 1.2

where MA+1+ > My , and MHel“ are the nuclear masses of the pa.rent s daughter
and alpha particle respectively and c¢ 1is the velocity of light. For

“thermal neutron (n, &) reactions this becomes

Qp = (My g+ Mp— My =M k) c® 1.3

where M, dis the mass of the neutron. Conservation of linear momentum
requires that the total kinetic energy be divided between the two pfoducts
"in inverse proportion to their masses. The value, Qp » which is desired
for calculations is different from the value, Q , measured in the labor-
atory since one is dealing with nuciei which bhave an electron cloud.

‘Q,f- may be obtained by adding to Q the screening correction, AEg, , which



represents the energy the alpha particle loses in doing work sgainst the
attractive electron cloud as it leaves the nucleus. This correction is

given by

AR ' = 6543 27/5 - 80 22/5 eV 1.4

sc

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 J . = 0% the selection rules are simple.

The orbital angular momentum, L s is restricted to values

| |1; - I < L <1y + Il 1.5
where the subscripts refer to the initial and final states. 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
"oi‘ the nuclear wgve functions as follows (10) » The decaying system is
described by a wave function @M(Xl,..,XA,t) which depends upon the
spin and space coordinates of thg A nucleons. It is assumed that th.e
fime development of this function in a space-time domain is known. . Xa
‘is assumed to be the intermal wavefunction of the alpha particle a.nd\]:j?
a set of internal wavefunctions of the daughter nucleus. The quantity
gJ.i(R ,t) specifies thé probebility that the ini’cia.l» state@? contains
an alpha particle and daughter nucleus with specified quantum numbers at

a radius R and time t . It is defined as follows:



gjg(a,t) z [@ @J 72 (Lauten | 3)  ¥,7(6,8)

*
X‘lej-m( n )’><&( §' )@I\; (Xl""..’XA’t) dn dg dw

1.6
where R = relative distance between daughter nucleus and alpha,
o = (0,8) = angular coordinates of the alpha particle in
center of mass system,
N4 = internal coordinates of alpha and daughter nucleus

réspectively including spin coordinates,
J,5,L = angular momentum of parent, daughter, and alpha particle
with respect to the daughter respectively.
Angular momentum is conserved by summing over m substates and including
the Clebsch-Gordan coefficients. The binomial coefficients account for
the fact that the wave functions are not campletely antisymmetrized.

The condition that Cp? describes & properly decaying state is
thet there is a space time region in which g Jg(R ,t) has an exponential
time dependence and that for large R the emplitude g Jg(R) has only
outgoing waves. A crucial assumption in the derivation is that a radius
R o exists such that for R>R, the alpha~daughter nucleus interaction
can be expressed by a potential V(R) , and for R<R, nmuclear wave
functions may be used to calculate the amplitudes gji N

Under these assumptions and using the WKB approximation and the

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

in terms of the barrier penetrabilities, PL( E) , and reduced widths, YiJL.



This expression is

A 21 2> PR ) vy 1.7
A JL
2 ﬁaR J 2
where YjJ-L - o) gJ.L(RO) lo8
o .
and P (E) = 2R, a(Ry) exp ( -2 _,{:'o al{r) ar ) 1.9
. 2 1@ 3
with alr) =({2M |E-n (L+z)" -V(r) . 1.10
#2 M 2

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

2
r, is the outer turning point. Both P (E) and YjJL

but their product is independent of R, . The reduced width,

depend on Ro 3
2
Y
JIL ?
contains all the information dependent on nuclear properties in the alpha
decay process.
In thermal neutron (n,a ) reaction studies it has been custamary

(11,12)

to use an altermative definition by Rasmissen of the reduced

width,ise , which is independent of R, and is defined as follows
§2. Ah
P l.11
where the barrier penetrgbility, P , is obtained by calculating the WKB
integral from the inmer to ocuter classical turning points of the pot-
ential barrier which includes & Coulomb term, centrifugal term and a
nuclea.r' term. The method of calculation 1s described in Chapter III.

The success of the many body theory epplied to the shell model



(13)

L
of evenweven spheroidal nuclei. Poggenberg (14) has exemined many of the

has been demonstrated by Mang and Rasmussen in extensive studies
features of this formlation and in particular, the penetration of the
alphs perticle through an anisotropic potential barrier. He includes
extensive calculations for alphs emitters in the actinide region.

The use of this theory to describe alpha decay from thermal neutron
capture states 1s complicated by the fact that one does not know the wave-

M
function of the initial (capture) state ,@ This will be discussed

J*
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 sbsolute values of the decay constants.
Wilkinson (15) suggested that a possible solution was to assume that
the nuclear surface consists mainly of alpha particle clusters. Calculw~

gtions of Harada (16)

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. Bencze et al (27) s 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 ).

Thexrmel neutron (n, a ) reaction studies were undertsken to obtain
information on the alpha decay process from excited states of nuclei.

This réaction is described by means of & two step process. A compound

nucleus is formed by the capture of s thermsl neutron and the state



subsequently decays by alpha emission in competition with the more prob-

able gamms decay mode. Calculations of thermal neutron (n,a ) cross

(18)

sections have been made by Griffioen for many nuclides using the

statistical model. The width for alpha decay, [: » 1is estimated from the

1
average level spacing, D , (29) to give

E:_EQT(P 1.12

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

mes Lo, 113
[y
where Dand an’Y are the radiation width for gammas decay and the thermsl

neutron capture cross section respectively. It is assumed that G ~ ﬁ:otal‘

Thermal neutron (n,a ) cross sections have been reported for many

20

nuclides for Z2<30 ( ) and for certain nuclides in the rare earth
2

region, in particulsr 1u931n, lhTSm, and llBNd (1,2, 1). In the

present investigatlon 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,
detalled measurements have heen made of fine structure which corresponds
to alphe transgitions from the capture state to levels in the daughter

nucleus up to greater then 2 MeV excitation.

Cross sections and alpha energles are presented for each transition

1k 140

and es well, the alpha decay schemes for 1'0na, Nd and *0Ce which

are derived from alpha decay from the capture states of lsosm, 1h88m,

and lhhl\ld respectively. Experimental reduced widths have been calculated
and are discussed in terms of the previously described alphe decay theory.



CHAPTER II

ELECTROSTATIC PARTICLE GUIDE

2.1 Description of The Technique

The study of fine structure in the alpha spectrum from thermal
neutron (n,*) reactions has been limited by experimental difficulties
which arise mainly from two effects : the intense background radiations
from the reactor which seriously decrease the energy resolution of alpha
particle detectors located in regions of moderate flux (108 to 1010 neut«
rons/cme/ 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 achlev=-
ed by transporting the alphs perticles from the high background region to
& low background region where they are counted., The transport of chearged
particles and in particulsr high energy alpha particles (typically 10 MeV)
over large distances is accomplished by capturing them into & spiral orbit
about & negatively charged wire held axially in a long cylinder.

The qualitative festures of charged particles in such a l/r cent-

(22)

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

first to study electron trajectories in this type of logarithmic potential.
Hooverman('??)ndependently, treated the same problem and gave the importe-

(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
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to build an efficient high vacuum geuge. The ides of transporting charged
reaction products from heavy ion reactions over long distances was con-

(25)

sldered by Ghiorso and coworkers and they were sble to demonstrate that
the device indeed worked in this application.

The electrostaﬁic particle guide is shown in Pigure l. It is an
aluminum cylinder 6.3 meters long and 7.5 cm inside diameter with an ax-
ial nichrame 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-
1y constructed high voltage terminal. The supports were designed to min-
imize the number of pé.rticles Intercepted. In a recent modification to
increase the collection efficiency the wire was replaced by a stainless

steel tube 6 mm in diameter. The cylinder is evacuated to 10"6

torr
and the central electrode held at a potential of <30 kV to =50 kV .

The target is located at me end deep inside the thermal column of & reac=
tor. Particles emerge isotropically over ULy geometry and of those which
enter the electrostatic field a small proportion (about 0.05%) achieve

a stable orbit and are transported the length of the cylinder. Here they
are stopped by & silicon surface barrier detector which 1s in the low
background region outside the reactor wall. The small collection efficic-
iency is compensated for by using large ares targets (~50 cm2) and irrsd-
lating 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 ncounting in lower flux positions.. Because of the self collimating

feature of the device alphs spectrs of 30 keV FWHM have been obtained



FIGURE 1: Electrostatic Particle Guide
The mein 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 meintained for long periods at ~-30 kv
(greater than 500 hours) with no breskdown even in the intense radiation
field of the thermal column. Some difficulty has been experienced at
higher voltages. A current limiter, with ammeter, in series with the
high voltage power supply output reduces intense RF discharges and pro-
vides & visual indication of high voltage breakdovn., A high transmission
screen is used to electrostatically shield and protect the detector. A
2000 gauss permenent megnet has been placed in front of the detector to
deflect low energy electrans 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 ebout 50 cm from the detector to defleet
away a current of positrons (produced presumably from pair production
from high energy gemma rays near the reactor core) which are captured
into a spiral orbit ebout the wire. The detector and source are at ground

potential so there is no perturbation of the particle energy.

Collection Efficiency

Point Source Collection Efficiency

The collection efficiency for a point source which emits psrticles
isotropically into k4 mgeometry is obtained by finding the fraction of
these which achleve a bound orbit. These particles will traverse the
length of the electrostatic particle guide to the detector end unless they
strike the central electrode. A correction for those striking the wire

is calculated in Section 2.2-3 .
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The particle position in the electrostatic field between the

central electrode and the outer cylinder is most conveniently expressed
in eylindrical coordinates (r,O,z) where the =z-axis coincides with the
center of the wire. Consider (Figure 2) a particle with velocity, Ve
and charge, q , injected into the field from a point source at a radius
Ty, With initial conditions determined from the angles , B and ¢ « The
camponent of velocity v, 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 plene (r,0) per-

pendicular to the z axis is considered. The component Vo in this plane
leads to spiral motion about the wire. Now

Vp'va sinf ‘.".'Vaa for smell B. 2.1
The particle energy in this plane is then E; where

.2 2 22
At t = O, this takes the form
2
E, = By 87 4+ V(xo) 2.3

where E, 1is 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) = - |av,|n(x/R) 2.4
1n(s/R)
where VO is the potentlal 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,0,z) are used to define the
particle position at & time, t . The angles g and g,

and r, , define the initial conditions.
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It is convenient to eliminate 6 from equation (2.2) by express-
ing %111::‘292 in terms of the initial conditions using the conservation

of angular momentum L. Thus

28 1 ‘
L = mr<o - mroeo - mrovain¢ . 2.5

Using this we obtain

Inr?8? - 3P /mr? = duv? pPsinP 5/12 = B, p2sin’p 2/r2 .
2.6
At an apogee or perigee, r =0 . Thus equation (2.2) at apogee

when combined with equations (2.3) and (2.6) reduces to

2,24 o2
E, z B, + V(r,) = Ep sin“p rg + V() 2.7
Tmax
For a given value of Ty s the lapgest B is determined when the apogee
(rmax)isequaltoR. When rpay =R, BzBpgy » V(R) = O and one

cbtains

B iax - | Vol 1n(ry/R)

E, 1n(s/R)

(1 - (ro/R)2s1n2¢ )"1 . 2.8

The value of B .. determines the size of the "acceptance cone"
for a given r, . The collection efficiency, F(ro) y for a point source
is then given by the solid angle of the acceptance cone divided by 4 g.

Thus

2
F(rg) = 2 fp2 ap = laVo| 1n(ry/R) oyL
57 Jo rmax T T (1 -r2/R2)2 .
gm0 4g 1n(s/R) of
| 2.9
Examination of equations (2.8) and (2.9) reveals some interesting

fegtures. The solid angle of the acceptance cone decreases as To
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increases. At a particular radius the angle of the acceptance cone, ﬁmax’
is greatest for @ = n/2 which corresponds to the maximum amount of ang=
ular momentum with which the particle can be injected.

Using equation (2.9) the fraction of particles collected as &
function of the distance of the polnt source from the wire was calculated
for the particles emitted in the 6Li (n,a) 37 reaction. The resuits
of these calculations are shown in Figure 3. The collection efficiency,
ag 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.Th MeV triton is a little less than half that for the 2.05 MeV alpha

rarticle.

2.2-2 Extended Source Collection Efficiency

Large area targets are used to increase the total nunmber of par=-
ticles that achieve a bound orbit around the wire. Targets as large as
the area of the tube can be used effectively because (as shown in Figure
3) the collection efficiency diminishes to zero only when r, equals the
redius 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 , Fo ,

is given by

2 éb F(ry) r, drg
(b2 - %)

1}

|<1Vo|Re [x(l - 1n(b/R)) = 1n((1 + x)R/D)
28, 1n(s/R)(b° - s2)

- y(1 = 1n(s/R)) + In((1 + y)R/s)] 2,10



FIGURE 3¢ Fraction of Particles Collected
The fraction of particles collected for a point source at

& redius r  , F (ro) , is shown plotted versus r. . The

o]
calculations were made for the alpha and triton from the
6Li (n,‘x)3T regetion using R = 3.75 em , s =~ 0.025 cm

and Vg, = 30 KV .
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L i
where x = (1 - (b/R)3)? and y = (1 -~ (s/R)3)2 . For b»s and R»s

this reduces to

F, = v, | R? [x(l - In(b/R)) - 1n((1 - x)R/v)
28, 1n(s/R)b>

- (In(2) - 1 )] . 2.11

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

( P =R ) equation (2.11) reduces to

F, = (In(2) - 1)|qv_| : 2.12
E, 1n(R/s)

This is the basic relationship which determines the fraction of particles
emitted by an extended source that achieveg a bound orbit. Most of these
are transported the lengbh of the tube without losse. There are, however,
a small number which achieve a bound orbit but are lost. This effect is

discussed in the next sectione.

Z+2=3 Particles Striking the Wire

If the perigee or minimum radius (rmin) for a particle which enters
e, 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 angle B
from a point at a radius ro requires at least a minimum angular momentum
so that rpin> & « At & perigee, r = 0, r = ryi, and one obtains an

equation identical to (2.7) with Tmax replaced by :min »

2 .2 2
EaBE - lqvo|}E££9£E) = EgB sin“g ri/rmin - |qVO| ln(7"'m:i.n/R)

1n(s/R) 1n(s/R)

2013
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Using this equation, the minimum value of P , below which the particle

hite the wire, is obtained by setting rpiy = &8 o Thus,

Boin =sin " [s /1, v 1n(s/rg) . 2.1k
To EgB 1n(s/R)

The solid angle, A{r,) , lost to particles striking the wire is

given approximately by

(#=0)
Afry) = hjgamax $., B ap 2.15

under the conditions that R>»s and T, is greater than about 10s .
Expressing ¢min in terms of B using equation (2.14) yields on integrat-

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

Alro) =Afry) /um

1

5 JaV] [Jlnm/ro)‘ + 1n(ro/s), {Jln(a/roi +/1n<R/s>‘H .
2rroE, | V1n(R/s) in(R/s) Y1n(r./s)

2,16
An exact expression for Fy{r,) is derived in Appendix I. For an extend-
ed source of redius b , the fraction of particles which strike the wire

is given by

Fy = 2 J/b Fi{rs) ro drg . 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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Rp =Fy/F, . 2,18

Evaluating this expression for a target radius equal to the radius
of the tube (b =R) for R =z3.75 cm and s = 0,025 em (the values
used in the initial experiments) gives R, = 0.05 so that the collection
efficiency, FC » should be multiplied by 0.95 to account for this
effect for the particular choice of R and s .

Determination of the Optimum Wire Radilus

An examination of equation (2.12) for the collection efficiency,
Fc¢ , reveals that for a particular outer radius, R , and target radius,
b , the number of particles collected increases as the wire radius, s ,
increases., It is also evident fram equation (2.16) that the number of
particles striking the wire also increases. The number of particles

entering a bound orbit per second is

N, = n(R2 - 52) N Feo 2.19
where F, is given by equation (2.10) end N, is the number of particles
emitted at the source per unit area per second. Similarily, the number

of particles which strike the wire per second is given by
2
Ne =z (R - &) NF, 2.20

where F, 1s given by equation (2.17). Since the approximetions used

in the previous section to derive equation (2.16) for F (r,) 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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Nt = NC - NW L] 2021

This quantity was determined by calculating N, from equation (2.19)
and determining N, by mumerically integrating R( ro) to obtain F .
This was done for R = 3.75 cm and for values of s between 0.025 cm
and 3.2 cm + N, was chosen to be 100 particles/@mz/sec and the cal-
culations were performed for a 5.0 MeV alpha particle with V, equal
to 30 kV . The results are shown in Figure L , in which the number of
particles collected per second is plotted versus the radius of the wire,
8 « The ratio, Ry , is also plotted on the same graph.

An examination of these curves reveals that the highest count
rate is obtained for a wire redius of 0.3 ecm where 34.2% of the alpha
particles which achieve & bound orbit strike the wire. The ratio of the
count rate at the maximum to the rate for a 0.025 om radius wire is 1.33 .
For a wire radius of 0.025 cm , voltage breakdown is a problem sbove 25
kV . With a central electrode 0.3 com in rsdius it has been possible to
maintein stability at 45 KV to 50 kV . Thus, by increasing the radius
from 0,025 em to 0.3 ecm & 33% gain is realized by optimizing s .
In addition there is & factor of two increase due to the increased voltage
giving an overall increase of sbout 2.6 .

2.2-5 Compaerison of Calculstion with Expexriment

The experimental collection efficiency was measured for the prod=-
ucts Qf the reaction 6Li (n,n) 3‘1‘ « A target of 6L:i. wags prepared by
electrodeposition on & backing 3.75 cm in redius. The target was placed
in one end of the instrument, as shown in Figure 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 Optimum s

The number of particles collected, Nt s and the fraction
of particles lost, Ry , are shown plotted versus the wire
radius s . The calculations were performed for a 5.0 MeV

alpha particle with VO equal to 30 kV and for an outer rad-

ius equal to 3.75 cm.
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alpha and 2.Thk MeV triton groups emerging from the tube at the detector
end were measured as a function of the voltage on the wire., Sufficient
6Li was present that a particle energy spectrum could be obtained with

the detector 6.3 meters from the target snd 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 are express-
ed in terms of the ratio of the measured intensity at & given voltage to
the intensity at zero volts, NV/NO + 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 Vo and Ny/N, predicted by equation (2.11) is verified
experimentally 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
alignment of the central wire, residual gas pressure,or effects due to the
wire supports. A part of the discrepancy is certainly due to the diverg-
ence of the charged particle beam between the end of the tube and the
detector (gbout 15 ecm ). In the measurement of Nv/No 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/NO)
is shown plotted versus the voltage on the central wire,
V, , for the products of the 6LJ‘. (n,o) 37 reaction. The
calculated values are shown as s line and are compared with

the measured values (4) .
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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 parameters of the
electrostatic particle guide.

The installation of a central electrode 0.3 cm in radius gave
gbout 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 Qf supporting the six meter long tube in an 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.

Particle Orbits and Radial Distribution

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 neer 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 dramatic in the 6Li (n,d) 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
importance in experiments planned for the future so it was decided to in-

vestigate theoretically the properties of the individual trajectories.
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Hooverman(23) treated the problem of the shape of electron orbits
in a logarithmic potential for various input parameters by numerically
integrating 6(r) and t(r) from apogee to perigee to cbtain the angular
and temporal separstion between successgive apogees end perigees. Knowing
the corresponding radil for apogee and perigee he was ghle to sketch the
orbits quite accurately.

To obtain more informaticn, however, it is desirable to be able
to calculate the instantaneous radius v, and position angle €, as a fune-
tion of time. These functions cannot be obtained explicitly bub can be
determined by numerical techniques. The equations of motion are readlly
obtained from the Lagrangian written terms of the vparameters of our sys-

tem. Thus,

¥ = Aqfr3 + ap/r 2,22
A 2 e
and 8 = ¢/r s 2423
where A7 = rg v% sin®g =1
Ay = (|aVo|)/ m 1n(s/R) , 2.25

1
and C - Alz . 2»26

At t =20, rz=r,, T =vycosf,and © =0 . The differential

equations (2.22) and (2.23) were solved, subject to the initial condit=
ions, by digital-analogue techniques using a simulated analogue computer

program , MIMIC (50)

, written for a digital camputer. With this progrem
r and © can be obtained for any desired velue of t + Details of the

method of calculation are given in Appendix II. Some sample orbits for
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2.Th MeV tritons are shown in Figure 6 . Points were calculated at 4.7
nanosecond intervals. The time of flight for a 2.T4 MeV triton is 471
nanoseconds so that about 50% of the length of the trajectory is represent-
ed in Figure 6 . Three orbits are shown for particles originating at a
distance of 1 em from the wire but with different values of B and ¢ .
Typically, & particle will make several spiral orbits before emerging

from the other end of the tube.

Calculation and Measurement of the Radial Distribution at the Detector End

The particle radisl distribution at the exit end of the particle
guide was first calculated for a point source at a radius r, « This was
done by calculating the position coordinates, r and © , at the instant
the particle emerges froam the end of the tube for many values of B and ¢
representing equal amounts of solid angle over the acceptance cone. Apw
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, from 0.5 cm to 3.5 cm in 0.5
em increments. The total radial density distribution function (now involv-
ing sbout 1300 trajectories) was then obtained by summing the contributions
fram each increment of the source area weighted by the point source col-
lection efficiency funetion (equation 2.9), and correcting for particles
that strike the wire,

Using the calculated density distribution function, and knowing

the intensity of the 2.Th4 MeV triton group at zero volts, the absolute



FIGURE 6: Calculated Trajectories
The calculated trajectories of 2.7h MeV itritons for

various initial conditions are shown in polar coord-

ingtes (r,0)s No. 1) B 0.0143 rad, ¢ = 0.393 rad;

No. 2) g =z 0.0202 red, $ = 0.393 rad ; No. 3) pz 0.0202
rad, ¢ = 1.021 rad « The cross section of the center
wire with the agppropriste radius is represented by the

black circle in the middle.
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particle densities were calculated as & function of the radial digtance
from the center wire at the detector end. The resuls of these calculai-
ions is shown in Figure 7 « The particle density was then measured
experimentally at four different radii snd compared with the caleulations.
These results have been plotted with the thecretical curve shown in Fige
ure T « The agreement is very good.

The results show that a smsll area detector located On the axis

of the cylinder is intercepting the region of highest particle

Also, if & larger detector is used the inbtensity will not increase in an

amount proportional to the increase in area of the detecior.
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FIGURE T: Radial Density Functiion
The calculated (¢ ) and experimental (§,) values of
the particle density is plotted versus the radial dig-

tance from the wire at the detector end of the particis

guide. The calculstions were made for s 2.7h

-3

eV triton

b

and a wire voltage of 20 kV .
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3.1

CHAPTER III

EXPERIMENTAL DETATLS AND DATA ANALYSIS

Sample Preparation

Large ares cilrcular targets with a diameter of T.5 cm were |
prepared by electrodeposition. Samples of neodymium and samarvium In the
oxide form enriched to more than 90% in the isotope of interest were
obtained from Oak Ridge National Lzborstory. The sample was dissolved
in nitric acid and evaporated to dryness to convert the materisl to ths
nitrate form. The nitrate was then discived in water (about 0.1 ml per
mg of sample ), mixed with 150 ml of 2-Propanol, and electrodeposited
onto & polished sluminum disk 7.5 com in diameter and 1 mm thick. The
plating cell is shown in Figure 8 . It was found that by turning the
platimm electrode slowly ( about 1 RPM ) and by using sbout 300 volte,
uniform targets could be obtained with essentially 100% 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.

Counting Technique

To obtain date on the thermal neutron (n, ) reaction for & 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/

cm?/sec. With gbout ~30 kV on the central electrode the spectrum weas

31


http:therm.al

FIGURE 8: Plating Cell
The plating cell used to prepare large ares targets for

the electrostatic particle gulde is shown.
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obtained by measuring the alpha particles with a 3 cm2 surface barrier
detector placed near the axis. An ORTEC 101-20]1 preamplifier and amp=
lifier system was used and the dates analyzed and recorded in a 400-channel
pulse height anslyzer. Since 1t required many days to accumulate sufficient
statistics the analyzer memory wes printed out dally to prevent the loss
of more than one day's data in the event of equipment failure. Gain
shift amounted to less than two channels (20 keV)over a month long exper-
iment and the spectra were corrected for this shift. |

A canned bismuth plug was placed in front of the pearticle guide
to reduce the gamme field at the detector. This lowered the measured
backgroud by a factor of ten to a level sbout equal to that with the
reactor off,

The spectrum of the ¥98m(n, a) 11‘6116. reaction was cbtained

1u3Nd (n,a) 1hoCe and

with a 0,05 cm dlasmeter axial wire while the
WTgn (n,a) J'MNd reactions were measured with & 0.6 cm diameter axial

electrode,

Spectrum Analysis

The measured alphs spectra were analyzed to obtain alpha energies
and cross sections. From the energles the Q-values were obtained and
hence the level scheme of the daughter nucleus., Both the Q-values and
cross sections were used to determine the experimental reduced widths
described in the next section.

Because of the pelf-collimating feature of the electrostetic
particle guide and because thin targets (50 to 100 microg:rams/cmz) were

used, the pegks in the spectrum were very nearly Gaussian in shape. For
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this reason the peak positions were determined by fitting a Gaussian to
the date in the vicinity of the pesk channel. This was done by mesns of
a standard non-linear leest squares technique( 26) and a program written
for the IBM TO4O computer. The alpha energies were then determined by
using & calibration curve obtained using alpha energy standards. [
The calibration curve was cobtained by determining the llinearity
of the electronic system by means of a mercury pulser and the accurately

known alphs energies of the 228'I'h decay chain( 21) "
(28)

In the 1%9m ang

1h6N a

WTgy experiments the 8.T34% 0.003 MeV peak from the 11"9Sm(n,a)

was used as a normelization point for the energy scale. The peak at-
(28)

9.4431 0.003 MeV was used for the same purpose in the fine structure
studies of the lm*Nd(n sa) 0se  reaction. This technique of normalizing
to well~-known peaks in the spectrum on the reactlion under investigation
was adopted to prevent contamination of the system by recoils from the
228’I‘h source which could cause background problems.

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

is given by

Qg = Eg ( 1 - mp/Mg ) 3.1

where mg is the alpha particle mass and Md is the mass of the daughter

nucleus. To determine the excitation energy the Q-value for decay to the

exclted state was subtracted from the Q-value for the decay to the ground

state to give the excitation energy, Ey ,

Ex = Qg,g+8, = Q'a,x . 3.2
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Relative cross sections of the verious peeks in the fine structure
spectrum were obteined as follows., The number of events in each pesk,
me) » was determined by numerical integration. This value was 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 pesk at energy Eq to one at energy E, is then given by the

formula

Ry(E7) = E1 Rm(E1) 343
Ry(E2) E, Rp(E2)

where the energy correction factor, E2/E1 s 1s obtained fram the collect-
ion efficiency formula,equation(2.12).

The effective thermal neutron (n,a) cross sections, a'{l o 2 Tor
the fine structure spectra were obtained by normalizing the relative
cross sections to the known values for the most Intense alpha trensitions
to the ground state or first excited state of the daughter nucleus which
have been determined by Beg (28) for ll*9Sm, IWSm and lh3Nd.

The validity of the energy correction for a small detector which
does not cover the whole end aree of the electrostatic particle guide was
investigated experimentally by studying the spectrum from a large area
226Rg gource. The values s Bp(E) , were obtained using the electrostatic
particle guide and the values, Ry(E) , were obtained by placing the source

near the detector. The quantity

Rm(El)} Ry(Ey) } : K 3.4
Rp(E2) R, (E5)
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was determined and compared with the theoretical velue, Ep /El « An
additional determination of K was cbtained from a comparison of the
transitions to the ground state and first excited state in the reaction
lthm (n, a) 1u6Nd 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 reesonsble sgreement with the theoretical values, and

for this reason, K = Ep/Ej was used except for E,/E, greater than 1.3.

Calculation of Penetrebllities and Reduced Widths

The barrier penetrsbility fectors for an alpha particle were
calculated using the method of Rasmussen (11) « In this technique the
natural logarithm of the penetrsbility factor, P , is equal to twice the

WKB integral

R 1 1
In(P) = = 2 O(EMF v(r) + 27¢° + th(L +1) = E} 2 g
4::. ! [ T M2
3.5

Ri and R, are the imner and outer turning points respectively where the
integrand vanishes. M is the reduced mass of the alpha particle, Ze is
the charge of the daughter mucleus, L is the orbital angular momentum 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 celculations the Igo (29) potential was

used. It is given by

V(r) = - 1100 exp ;(r - 1.17 A1/3) MevV 3.6
0.5Th



Table 3el
Comparison of Experimental and Theoretical

Energy Correction Factor, K

K Es/E;q Source

1,038+ 0,034 1.051  am(n,a)Ona
1.109% 0,044 1.109 226Ra gsource
1,143+ 0,037 1,27k

1.268+ 0,042 1.302

1.260% 0,052 1.313

1.397+ 0.056 1.455

1,597+ 0,055 1,709
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The integrations were carried out mumerically using a program
written for the IBM TO40 computer. The integrand was solved for Ry and
R, 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 thermal neutron (n, a) cross sections, Gy »
the experimentsl alpha reduced widths, Sixp , were determined from the

formula

§2  son[.0m 1 . 3.7
exp - Y

Ony ELSPL
This formula accounts for all possible L-waves In the alpha decsay of
the capture state. f; and G ny 8re the radiation width for gamms decay

and the (n, Y ) cross section respectively ( where [_;% total )e



CHAPTER IV
SAMARTUM 149 RESULTS

The first experiments with the electrostatic pearticle guide
technique were s study of the 1h9Sm (ngp, o) 1h6Nd reaction. The major

features of this reactlion are well known from the studies of Macfarlsne

et al (1), Cheifetz et al (2), Beg (32) and others (21’33’34). These

studies ylelded 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 peaks in the alphe particle spectrum correspond-

146

ing to alpha decay to higher excited states of Nd.

Neutron capture for 1h9Sm in the thermal region 1ls dominated

(35) 36,37,38)

by a rescnance at 0.0967 eV with a spin and parity & (

resulting from the I+3 addition of an s-wave neutron to the nuclear

spin of 1h9Sm s I =7/2" « The effective cross section of this resonance
is Oy (47) = 64700 barns (39). In addition to this resonance there is
(39) (1,2,32,33,34)

a 1/v component due to a bound 3~ level with an effect-
ive cross section O (37) z 4800 barns.

Alphe decay to the first exclted state of lh6Nd is the most
intense, and a factor of sbout seven hlgher than the trsnsition to the
ground state despite the Coulomb hindrance. This 1s explained by the
strong 0.0967 eV 4~ resonance which can alpha decay to the 2% level in
1M€Nd s but not to the ground state since parity conservation forbids a
47>0" alpha decay transition. The transition to the ground state arises

from the 3~ bound level of 1SOSm.

39
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During the development of the electrostatic particle gulde
seversel studies were made of the 1h9Sm (n, a) thNd reaction. The
spectra of the two final measurements are shown in Figure 9 and Figure
10. The results presented in this chapter were obtained from these two
experiments.

Figure 9 shows the spectrum obtained from & l.4 mg target (3; pe/
or”) of samerium enriched to 97.5% in 198m. The spectrum, A , was
obtained by irradiating the target for 235 hours in the thermsl column -
of the McMaster reactor at a flux position of 10%° n/en®/sec. The
particle guide was operated at 28 XV with a 0.05 cm diameter axial wiree.
The background spectrum, B , was obtained in 97 hours under the same
conditions as spectrum A except that the target was reversed. Thus, the
1 mm thick aluminum target backing prevented alpha particles from the
11&9Sm (n, o) 12+6Nd reaction from reaching the detector. Is 1s noted
that the background increases as the particle energy decreases and that
there are no peakse.

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
11*9Sm (55 }13/ mna). The noteble exception was the installation of a
bismuth plug In front of the perticle guide to reduce the gamme field at
the detector and reduce the background. This lower background ls evident
in that the spectrum no longer rises at low energies and several more
transitions are evident at low energies.

The most intense peaks lebelled A and B (right hend scale)

150

correspond to alpha decay from the capture states of 8m to the ground



Figure 9 1L’9Sm Spectrum

A) Alpha perticle spectrum fram the Jsm (n, o )M6na
reaction; T = 235 hours.

B) Background spectrum with the sample backing only; T = 97

hours.
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Figure 10: 12"9Sm Spectrum

The alphs particle spectrum from the 1h9Sm (nya) héyy
reaction is shown; T = 301 hours. The lower background
was achieved by introducing a canned bismuth plug in front
of the electrostatic particle gulde to peduce the gamma

flux at the detector.
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state and first excited state of 1h6Nd respectively. Many of the other
peaks labelled C through N correspond to known levels in 1*ya. Peaks
E through N were observed by Andreev (al)as a broad distribution. In
the first spectrum, which has & resolution of 42 keV, there is evidence
for a low intensity peak, I + Thls does not show up in the second spectrum
because of the poorer resolution of 55 keV. An exsmination of the w:;.dtht
of the various pesks in the first spectrum where the resolution is better
indicates that peak H may be & doublet separated by 10 to 20 keV, The
doublet, F=G , 1s evident in both spectra. Because of the lower background,
peaks K aend L are more prominent in the second spectrium. As well, there
is evidence fdr peaks at the positions lebelled M and N,

Peak pasitions aend alpha particle energiles were determined by the
methods outlined in Chapter III. For a well-separated peak, the mean of
& Gaussian fit to the data by a non-linear least squares technique was
adopted as the peak position. For doublets, such as peaks F«G and peaks
J-K , the technique was modified by fitting to the experimental data the
sun of two Gaussians, each with the same width. This five parameter fit
gave the amplltudes, pesk positlions, and peak width for the two members
of the doublet. Exmmples of these calculations are shown in Figures 11
end 12 which show the analysis of portions of the spectrum of Figure 10.

In Figure 11, a Gaussian was fit to peak E and its contribution
subtracted fram peaks F and G. This residual spectrum was then anslyzed
as above with the results indicated, The solid line represents the overall
fit to the data and the dotted curves, the constituent Gaussians. A sim=-
ilar analysis of peaks J, K and L is shown in Figure 12, In both cases

the excess of measured events over the fitted spectrwm on the low energy
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Figure 11t Peeks E, F and G

The portion of the alpha spectrum of Figure 10 containing
peaks E, F, and G is shown on an expanded scale by a
histogram. The continuous curve indlcates the Gsussian
fit to the data. The dotted portions indicate the
constituent Geussisns from which the peak positions

were determined.,
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Figure 12: Peaks J, K and L

The portion of the alphs particle spectrum of Figure 10
containing peeks J, K and L. 18 shown on an expanded sca;.le
by & histogram. The continmuous curve indicates the Gaussian
fit to the data. The various Gaussians used to determine

the peak positions are indlicated by the dashed curves.
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side 1is fram low energy talling due to the thickness of the source and
indicates the extent to which the measured spectrum differs from a true
Geussian 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 sre camposed of *3 keV in the 8.T34 MeV peak which was used as
8 calibration point and the uncertainty in the peak positions. From the

energies the corresponding excitation energiles, E

« » Were calculated

from equations (3.1) and (3.2) and are alsc listed in Table k.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, the transition to the first excilted

gtate. Using the value of 38.7 mb for this transition (28)

and averaging
the results obtained fram the two spectra, the values shown in Tsble 4.1
were obtained. The errors quoted contain the uncertainties in the cross
section of the transition to the first exclited state and in the areas of
the peaks.

From the measured alpha energies, penetrebilities were calculated
for each transition for the various contribuling Le-velues. Because there

150

are two captwre states in Sm which contribute to the (n, q ) cross

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

Beqp = 278 [Tm(37) D 4 %) ) ey 1 ua
[y (37) * ;) *
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Table 4.1
Sumary of Results of Studies of the *Psm(ny,, a ) *Na Reaction
Peak Energy Cross Section Ex 6 ixp 5

A 9177 0,003 MeV  5.20 10,17 mb 0 keV 1.12 ev OV
B 8.734% 0.003 38.7+1.2 ys5+ 4 2,22 2t
o 8.161% 0.004 66924  pb 10kh 5 0.15 (&%)
D 8.018 = 0.00k 792+ 28 1191*%5 0.52 3~
E 7.835+ 0,005 209 +13 13796 0.58

F T+ 743+ 0.005 17515 1Th+6 0.7k

G 7.683 % 0,006 97 % 9 1535+ 7 0.56

1 7470 0.005 37T 218 1754+ 6 6.0

I Te39 + 0.01 €37 1840#10  <0.91

J T+313% 0,006 148+ 11 1915+ 7 5.48

K T+2h5+ 0,006 8810 1985+ T L.69

L T+148+ 0,00k 83*10 2085%5 T+6k4

M T.06 £ 0.02 <28 2180t20 . <k.3

i 6.94 * 0.02 <37 2300320 <11.2
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In the calculations it was assumed that [;(3") = f;(lr) - 0.058
eV (39). In the case of the first four levels, spins and parities are
known and the reduced widths were calculated from equation (k4.1) using
the penetrsbilities shown in Tsble 4.2 .

For most of the levels, however, the spins and parities are z}ot
known end an estimate of the reduced widths was made as follows. An
examination of Table 4.2 shows that the slphs wave fram the 47 capture
state with minimm L, L 4, contributes sbout 2/3 of the total (n, a)
cross sections. Thus the reduced width can be estimated from

82 -2
exp 3

2r Oga [ v (47) k.o
Gﬁy(b‘u) Plmin

where Lpgn = (4 - J) or (4 - J)+1 to conserve parity, where J is the

. L6
spin of the level in 1*0ya., The values of L for various possible

min
J’E for peak E are listed in Tsble L.2 along with the penetrabilities and
reduced widths calculated fram equation (%.2). The reduced widths for
the other pesks calculated for the same choices of Lyin 8&re in the same
ratio as those for peak E. For this reason only the values of Sezacp for
Lpmgp = 3 are presented in Teble 4,1 which summarizes the results.

Figure 13 shows the level scheme of luGNd ocbtained by studying
the alpha decay of the capture states of 15°an. Excitation energies in
MeV are shown at the left. The intensity of each transition as & percent-
age of the total (n,a ) cross section is indicated by the numbers in the
brackets sbove each level. Alpha decay of the capture state represents
only 6.75 x 10'5% of the total decay probebility with gamma decay
accounting for greater than 99% .
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Table 4.2
Calculation of Reduced Widths
r P g2 -
Pegk Energy J L -value e &Xp
A 9.177 Mev O* 3 3.597x10" 7 1.12
B 8.73k o+ 1 14722x20°" 2,22
3 0.6T71
5 0.126
c 8,161 (4*) 1 15.97 x10"9 0.15
3 .
5 1.09
7 0.09
D 8.018 3" 0 10.22 x10™7 0.52
2 5469
h 1.47
6 0.18
L
—mdn
E 7.83%  [33W55t ] 1 3.63 %1077 0.22
(233753671 2 2.45 0.32
[125657F 3 1436 0.58
[1;758= ] & 0.63 1.26



Figure 13t lhsNd Decey Scheme

The alpha decay scheme of the thermal neutron capture

1508m is shown. The excitation energies of the

levels of 1%Nd are shown at the left. The percentage of

states of

the total (n,a) cross section to each level is indicated

by the number in brackets.
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Many of the levels found in the (n,a ) studles correspond to
levels known fraom the electron capture studies of 1h6Pm (30) and from
beta decay studies of 1n6Pr (31). These results are compared in Table 4.3,
The agreement in the energies is very good with the exception of the
peak (H) at 175k keV which is reported as 1720 kev (31}, Deniels et 9__1( L;o),
however, reported 1750 keV for this level. In the present (n,a) study
there is no evidence for the repcrited level at 1233 keV and new levels
are found at 1474, 1535, 1915, and 2085 keV with possible levels at 1840
and 2300 keV.

A detalled discussion of the reduced widths will be left until
Chapter VII after the results of the studies of lu3Nd and 1h7Sm have
been presented. An examination of Table 4.1 shows that there are some-
fluctuations in the reduced widths for the alpha transitions to levels

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

which appear to be enhanced.



Table 4 03

L
W63 Obtained from the 1k9Sm(nth, o)’ 6Nd

Level Scheme of
Reaction Compared with Results of 8,y Studies

Energy Levels ~ keV

Present Work Refexence (10) Reference (11)
0 0 0
ksl 45349 £0.3 k55 +5
104k £5 043 %1 1050110
1191%5 1190.2%* 0.6 1200t 15
(1233 )"

13796 137020
1kTh 6
15357
175k £ 6 172020
(1840210
1915+ 7
1985+ 7 1970430
2085+ 5
(2180+20)" 2220120
( 2300:20)*
272020

N <
uncertain because of low intensity



CHAPTFER V

NEODYMIUM 143 RESULTS

13 140 ) .
The study of the Nd {n, o) Ce reaction has in many ways

proven to be the most rewarding. Only the most intense transition to

' 140 o (2,01,28)
the ground state of Ce had been meagured in previous studies

)

because of the high energy of the first excited state at 1.6 MeV and its

.

consequently much smaller cross section. Only upper limits could be set
by these studies on the transitions to this and higher levels. In the
present study, utilizing the high peak to background ratio of the eleciroe
static particle guide, slphs transitions to at least eight levels in 1&00e
have been detected. In addition, there 1s evidence for a process involve-
ing a genma decay from the capiure state of lthd to lower iying states

follovwed by alpha decay to the ground state of JAOCew Because theoretical

11;0Ce (k1)

studies have been made of s it has been easier to interpret

1“9Sm ( n, Ob) 1&61\&1

the resulte of this chapter than the results of the
regction.

The only level in 1uhNd populated by thermal neutron cepture is
e bound level at - 6 eV with an effective neutron capture cross section
of 535+ 20 barns '2), The ground state spin of 1'3Na is 7/~ and thus
s-wave neutron capture will yleld 3~ or 4~ states. Since there is alpha
decay to the ground state of 1h00e , the capture state 1s 3~ since parity
conservation forbids a 4™ 0" alpha decay.

Figure 14 shows the alpha particle gpectrum cbteined from e 2.b4 ng

53
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Figure 1h: 143

The alpha particle spectrum for the %3N (ny a) 1404,

N& Spectrum

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,va)

reaction 1s slso indicated.



Counts per channel

Particle energy (MeV)

~

650 7-00 7-50 8-00 850 9-00 950

1] T i i |l L 1

? A

¢
1"

200} —~20K
Right-hand
Scale

8 \
150} ! —iskK

100 ~I0K

S

) i i | 4
100 IS0 200 250 300 350~ 400
Channel number

75



55

target of neodymium oxide enriched to 91.3% in 1h3Nd ( 65 p.g/cm2 Y« The
spectrum was obtained in 580 hours ata flux position of 1010 n/cmz/ sec
as described previously. The particle guide was operated at 30 kV with
a 0.6 cm dismeter axial electrode. |

The most intense peak (right hand scale) corresponds to alpha
decay to the ground state of 1hoCe. Most of the other peaks, labelled
B to J, correspond to known levels in luOCe (43) while peak G ( as well
as I and J ) is unreported. Also evident is a brosd distribution between
the peaks lsabelled A and B which we belleve is due to the (n,Ya) regction.

Pesk positions were obtained as before. In the case of peaks E,
¥, G, and H the spectrum was snalyzed as follows. The portion of the
spectrum containing these peaks is shown in Figure 15 with the background
subtracted. It was analyzed by fitting a Gaussian to E and H and sub~-
trecting these pesks from the spectrum. Peaks F and G were obtained by
fitting to the residual the sum of two Gaussians with the same width to
obtain the results indicated in Figure 15. The solid curve represents
the sum of the four peaks while the dotted portions indicate the individ-
ual Gaussianse.

The energies of the various transitions calculated from the peak
positions are presented in Teble 5.l1. 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 normalizetion point (28) .

The
excitation energies calculated from equations (3.1) and (3.2) are also
listed,

The relative cross sectlions were determined as outlined previously


http:Ga.ussia.ns

Figure 153 Pesks E, F, G, and H

The portion of the alpha spectrum containing peeks E, F,
G, and H is shown on an expanded scale by a histogram,
The continuous curve indicates the Gauséian fit to the
data. The dotted portions indicate the constituent

Gaussians from which the pesk positions were determined .
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Table 5.1

143 1540 .
Sumexry of the Results of the ~ “Nd{n,a ) Ce Reaction

2
Pesk Energy Cross Section Ey J}t L.yvglue PL Sexa Ex,Ref.(43)
A 9,443+ 0,003 MeV 21.3% 0.6k mb 0 kev OF 3 2.78 x10"6 12.bhev o} keV
B 7.889+ 0.005 83%5 Jo 1599+6 2t 1 1.{26 x10"8 5.0 1596.6%0.3
3 0.69
5 0.12
c T.591% 0.005 164 7 19056 0 3 1.70 %1072 156 1903.5+ 0.3
D T.410% 0.008 34%3 2091+ 9 47 1 2.00 x10'9 19 2083.61 0.3
3 0.73
5 0.12
7 0.01
E T.165+ 0.010 ho+ 3 2343+10 2t 1 5.45 xlo'lo 88 2348 .4 + 0.3
3 1.96
5 0.32
F 7.107% 0,010 5343 240310 3+ 1 405 xa071° 65 ohiphrou3
3 1.46
5 0.24
/ ~10
G 7.051% 0.010 26+3 2460+10 1 3.00 x10 ! 99
3 1.08
5 0.17
H 6.985+ 0.010 36%3 2528410 (1*,4%) 1 2.09 xlo'lo 196 2516.1+ 0.5 (4*)
3 0.75 2521.8+* 0.4 (1%)
5 0.12 2547.5+ 0.8
T 6.80+% 0.02 <1 2729£20 2 h.8h x10™ 0
J 6.71% 0,02 <12 £810£20 2 2.89 €10 %670

LS
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after correcting the spectrum for background and tailing fram the large
peak, A « The effective thermal neutron (n, @) cross sections were
determined by normalizing the relative cross sections to peak A. Using
a value of 21.3% 0.6k mb for this transition, the results shown in Table
5.1 were obtained. The errors quoted include the uncertainties in the
areas of the pesks and the cross section of the ground state transition.
Reduced widths were calculated from the measured alpha particle
energies and cross sections. Unlike lhéNd s the spins and parities of
most of the levels of lhoCe are knowne. Using the method of Chapter III
penetrabilities were calculated for each transition for each contributing
Levalue. These values of PL are listed in Table 5.1 « The corresponding
reduced widths were calculated from equation (3.7) using ]_;(3') = 0,086 ev

(42)

and O = 335 barms ~ ‘. In the case of pesk G for which J is not
known, and for pesk H which corresponds to a triplet, Se,ecp was estimsted
by considering the contributions of L =1, 3 and 5 « For the possible
transitions J and I, an upper limit was placed on Se:ch by considering
en L - 2 alpha wave &8 the major contribution.

The slpha decay scheme of the capture states of lm'Nd is shown
in Figure 16 + Excitation energies and spins end parities of the levels
are shown on the left. Intensities as a percentage of the total (n, a)
cross section are also indicated. The ratio of the alphs decay probabil-
ity to gamma decay probability is 5.2 x 10"3$ which is higher by two
orders of magnitude than for the lhgsm (n,a) lhslm reaction. The total
(n,Ya) intensity is estimated to be 2% of the intensity of the alpha

decay from the capture state to the ground state.



Figure 162 1405 Decay Scheme

The slpha decay scheme of the thermsl neutron capture
states of lm'Nd is ghown., The excitation energies and
J” of the levels of :U*OCe are shown at the left. The
broed distribution due to the (n,va) reaction to the

ground state of *0Ce 1s also indicated.
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The excitation energies of many levels o Ce are accurately

known from the gamma decay studies of lhaCe following the beta decay

of lhoLa (18)

end these energles sre shown in the tables The energiles
obtained fram alpha decay studies are in good agreement with these,
although the energy resolution in gemms decay studies using Li-Ge detectors
is superior. The level at 2528 keV (H) obtained from alpha decay is seen
to correspond to three close levels. The level at 2460 keV is unreported,
as are the possible levels at 2720 and 2810 keV (peaks I and J ).

1LLN6 are

The alpha reducsd widiths from the capture states of
found to be an order of megnitude higher than in the case of 150 + This
may ba understeod in terms of the statlstical model and the effect of the
82 neutron closed shell which maskes the level spacing for 1thd an order
of megnitude larger than for ISOSm. It is also evident that the transite-
jons to several of the excited states of 1h00e are enhanced by an order

of megnitude. A discussion of this is deferred to Chapter VII.



CHAPTER VI
SAMARTUM 14T RESULTS

The 11‘73m (n,a) w‘m reaction was studied lest and the results

of this experiment are presented here. In studies of this reaction by
(2) .

» decay of the capture states of thSm was observed

1“1\16.. The resulis of

Cheifetz et al
to the ground state and first excited state of
the present experiment show these transitions as well as those to two
higher excited states.

The thermal neutron capture states of 148

Sm are not well known,
Since the ground state of Wen has 7 7. 7/2", the capture of an s-wave
neutron will populste only 3~ or 4 states. The appearsnce of the tran-

gition to the ground state of ymNd following thermal neutron capture

M8gy nas % = 37,

indicates that at least one of the capture states of
From the work of Poortmens et al (4T) quch & level 1s knownat 3.4 eVe A
level at 18.3 eV has J = L™, Cheifetz et al (2), however, assign 4 to
the level at 3.4 eV and 37 to the levels at 18.3 eV and 27.1 eV to explain
the higher alphs decay rate of the cepture states of 15°Sm to the first
excited state of 1*Nd (as compared to the ground state) without invoking
the existence of a bound level as in the case of *98m. The thermal
neutron capture cross section of llﬂSm is 75% 11 barns (measured with
400K neutrons) (48) .

Figure 17 shows the alpha particle spectrum obtained from & 5.5
mg terget of samarium enriched to 97.8% in ll‘TSm ( 1so )1g/cm2 ) The

spectrum was cbtained in 845 hours at & flux position of 10%° n/en”/sec.
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Figure 1T: Wl Spectrum
The alpha particle spectrum of the 1’+7Sm (n, o) Wil

reaction is shown: T = 845 hours.
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The particle guide was operated at 30 kV with a 0.6 cm axial electrode.

The peaks labelled A, B, D, and E are due to #Tsm, while the
peak labelled C arises from an impurity of 1h9Sm and 1is due to the
alpha transition to the first excited state of 11+6Nd. There is also =
contribution to peak B fram 1h9Sm due to the transition to the ground
state of 11+6Nd. It is interesting that no pesks were seen at lower
energies and in particular near channel 205 (8.10 MeV ) which correspordis
to & known level in *'wa.

Alpha energies were obtained as before by finding the peak positw
ions and using pesk C as a normalization point. The alpha energies are
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 after correcting
for background. Because of the thicker target, the spectrum exhibits
considerable low energy tailing. This tail was subtracted from lower
energy peaks by estimating the peak shape from the well separated peak, A.
The effective thermal neutron cross sections were obtained by normalizing
to the known cross section for the transition corresponding to peak C
( 38.7+1.2 mb ) and the known abundances of ﬂLTSm and ™98m in the target
( lhTSm z 97.8%0.,1%, 1)"98111 2 0.51+0.056 ). These cross sections are
listed in Teble 6,1. The errors quoted include the uncertainties in the
peak areas (including the background uncertainty), the cross section of
the standard, and the isctopiec abundances.

Reduced widths were calculated as before using equation (3.7) end
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Table 6.1

: 1k
Summary of the Results of the IATSm (n,a) Nd Reaction

Peak Energy Cross Section Ey J

L-value

P

A 9,844+ 0,006 MeV 11»2‘-*17}119 0O keV O
B 9,173+ 0,006 395 = L 6908 2

D 8.,562=0,006 g+ 8 1318+ 8 I

E 8,333+ 0,10 18+ 8 155312 3

VWit ~JWVIW Vi W

3,15 x 10~6

8.00 x 1077
3,16
0.61

7.96 x 1070
3.07

0.56

0.05

2 09)4- X 10.-8
1.2
0.20

0.2
——S X

0‘19 eV

1.38

Ex ,Previous

0O keV
696.7+ 0.6 44
1B13+1  (45)
1520 <u6g
15568 (k45

19
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f;(3') = 0,049 ev (49) and OBY = 75 barns (h8). The contributing L-values
and corresponding penetrabilities are shown in Table 6.1 along with the
values of Seip .

The alpha decay scheme of Figure 18 shows four levels in luhNd
populated by alpha decay of the capture states of 1h8Sm. The excitation
energies and intengities are indicated. /

As shown in Table 6.1, the excitation energies obtained here arz
in good agreement with those from (n,Y) studies with lhBNd (45} and bets
decay studies of lthr (hh). There sare two reported levels at 1520 and
1556 keV which bracket the measured energy of peak E of 1553 keV. A4n
sxvaminabion of peak E reveals a high energy tsill which is not present in
whe other peaks and could be due to the reported doublet.

With the exception of the ground state, the reduced widths show

Little fluctuation, especially if pesk E is a doublet. The reduced widths

3

are very close to those obtained for the alphe decay of the capture states

i

Sy

of 4508nm, The fact that the ground state transition has a reduced width

so much smaller than the transition to the first excited state is suspic-

148

ious. It is possible that the decay of Sm to the ground state of lthd

is due to the 3~ capture state at 3.4 eV and that there is an additional
L7 pound level which contributes to the cross section for the alpha decay

to the excited states of luhNd.



Figure 18: lhhﬂd Decay Scheme

The alphe particle decay scheme of the thermsl neutron

1L‘8Sm is shown. The excitation energies

lu&Nd are shown at the left. The

capbure states of
of the levels of

measured intengities are indicated as a percentage of the

total (n,a) cross section.
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CHAPTER VII
DISCUSSION OF RESULTS
T.l General

This discussion of the (n, a) resction will include a description
of the informetion which cen be cbtalned by this type of study, the lim=
itations of the technique, and suggestions gbout future investigations
that can be made using this methed of studying the mucleus. The types of
information that can be cbtained are as follows.

Although little emphasls has been placed on the measurement of
ground state Q-values in this study, these are important. They provide
an independent mesgurement which can be compered with values obtained
from mass data.

It has been seen from the resu:lts of the previous three chapters
that level schemes can be cbtained for the daughter nucleus. The results
obtained from alpha decay studles are in good agreement with information
from 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 exclitation and as well,
seversl new levels were found. It must be admitted, however, that the
resolution in alpha decay studies is certailnly worse than in gammma decay
studies with Li-Ge detectors.

It is possible in certain cases to Investigate the spin and parity
of the capture state by means of the (n,x) reaction. In the case of odd
neutron targets, the ground state of the dsughter nuclens is 0'. Knowing

the spin and parity of the target nucleus there are two possible spins

67
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for the compound system for s-wave neutron capture. One can decide which
one is populated by determining if alpha decay to the Ot ground state
OCCUrS .

The alphs reduced widths contein all the Informstion dependent
on huclesr properties in the alphs decay process. The study of the
nature of levels in a region of high level density, and in particulsr
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 lasi
section of this chapter.

There is also evidence for slpha decay from levels below the
nentron separation energy in the 1h3Nd (n,a) lmCe regction study. This
process, the (n,YX) reaction, is discussed in detail in the next section.

There are certain limitations in the (n,x) remction studies which
wist be consldered. The alpha transition probebility is very semsitively
dependent on alpha energy. Because of this,one lg limited to studying
transitions to levels up to a few MeV excitation. Even for reagonable
source thicknesses of 30 to 50 pg/mng the low energy tail from intense
transitions to the ground state or low lying excited states 1s & problem.
In the region above 2 to 3 MeV excitation this tail and the fact that
the level gpacing is decreesing makes it difficult to resolve individusl
peaks.

The Coulomb hindrence also limits the possible nuclei which one
can study. In the rare esrth region several nuclides have a Qevalue of
8 to 10 MeV for alpha decay from the capture state to the ground state.

This is still well below the Coulomb barrier height. However, the
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possibility of observing the weak alpha decay dbranch in campetition with
the predominant gamma decay mode is enhanced by studying nuclei with s
large neutron capbture cross section. Thus one ig restricted 1o using
targets which have s high Q-value and s large eéapture cross section =
usually odd neutron isotopes.

Future investigations of (n,x) reactions should include s study

155 57

in & region of deformed nuclei, Targets of G4 and Gd are & good

choice for studying alpha decay fram neutron capture states to a robational

band in the daughter.

By modifying the existing technique to use a higher neutron flux
and by using a detector which covers the whole end ares of the electro-
ghatic particle guide the count rate could be increased significantly.
It should then be possible to study systematically the (n,a) reaction

tor many nuclei throughout the perlodic table.

The {n,ys) Reaction

The spectrum of the reaction ll"3Nd (n,a) J'hoCe shown in Figure
14 reveals s broad distribution of alphas between the ground state and
first exclted state transitions. These alphas are believed to came from
the reaction whereby the capture state of lm"Nd emits a gamma ray and
deexcites to a level below the cepture state. This state then, has a
probebility for decay by alpha emission. The possibility of observing
such a continmuum was mentioned by Cheifetz et al (2). The lhBNd(n,a)lhOCe
reaction 1s ideally suited to the study of the (n,va) reaction because
of the large energy difference (1.6 MeV) between the ground state and

first excited state and because of the large (n,a) cross section (~22 mb)
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for the ground state transition.

In the measurements of the energy correction factor, K , described
in Chapter IIT the spectrum wes cbtained from & mixed 226Ra - 220m gource.
A portion of this spectrum is shown in Figure 19 toc show the messured
line shape for a monoenergetic alphs transition.

One can derive an expression for the shape of the (n,va) spectrum
as follows. The partisl radistion width for electric radistion of order
R between a level at energy E,, and one of energy Ep, by a gamma ray of

energy Ey = Eg =~ By is given by (51)

<E1(E5,Eb)>av ~ C£E29+1 D, (Eq) Tel

where

C, = 18“"'1!‘22 '1'1) e2 __1__ R 22 . o2
. 4 c D ["1.'1—_{| !

20@+3)= [(20+1)¢

In these expressions R is the nuclear radius, e, h, and ¢ have the usual
meanings snd { is the multipolarity of the gamma radiation. Since only
the dipole, { = 1 , term contributes significantly (5k,55) other values
of A will be ignored (as well as magnetic radiation) in the discussion
which follows. The level spacing, lze(E) s(for levels of the same spin

and parity) can be given by (52)

Dy(E) = Dy exp (- 2/2E") Te3

where D, 1s the level spacing at the ground state and & determines the
rate of change of the level spacing with energy. For El redistion, then ,
the partial radiation width is given by

[ 1(FasBy) = ¢ B D (B) : T.h



Figure 19: 2P0 Alpha Spectrun

The line shape of a monoenergetic alpha transition is
shown. The 211‘15-0 peak (T.68 MeV) spectrum was obtained
using & large area source and the electrostatic particle

guide.
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Fram equation (T.3) and (T.4t) one obtaeins the total radiation

width for gamma decay for a level at energy E,. It is given by

B
a
[sot(Es) = fo B _DE) d® . Te5
D(E,- E)
The radiation width for slpha emission from a level at energy

Ea is given by the expression,

E(Qa) = SE(Qa) PL(QQ) /2Jt 7¢6

where O° is the reduced width end P is the penetrsbility. Q, specifies
the Q~value for &lphe decay of a level in the parent at an exeitation
energy E,. Equation (7.6) considers only alpha emission to the ground
gtate of the daughter nucleus and hence only one value of PL need be
considered (for even~-even nuclei).

In the particular case of thereaction 3y (n,a) lm(}e , the
capture state has J r = 3~ and alphs decay to the ground state has L = 3.

E1l gamma emission from the capture state populates levels with J T 5 2+, h+

140ge,

which can alpha decay to the ground stete of
The probebllity for gamme emlssion from the cepture state at

energy E, to a level at energy E, - Ey is given by

Py(Ey,Ey) = |E1(EnsEn-EY) 7.7
l—{:ot(En)

The probability of a garma of energy E, to EY+d.EY is then

Ny(En?Ey)dE = Gl(En:En"EY) 1 | dEy 7.8

——

[tot(En) D Ey~Ey )
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From equation (7.6) the level at energy (E,-Ey) has a probability of

alphs decay given by

Po(En=Ey) = Cg Qn-EY) ’ Te9
Eot(En“‘EY)

Thus the probability of alpha decay following gemms emission is obtained

by combining equations (T.6), (7.8), and (7.9). This gives

Mo Qn-B, ), = |EA(En Ep-By) 1 8%(an-By) R(ay-Ey)
[fot(Z)  D(EneBy) 2l (m-Ey)

dBy  7.10

where

P(Qu=Ey) = PE(Q,H-EY) + Ph(an-EY) . To11

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)EE = Plan-Ey) 8%(Qy-Ey) E;;(En,EQ-EI) dEy .
P3(n)  9XQ,)  [tot(Bn=By) D(Ey-Ey)

T.12

Using equations (7.3), (T.4) and (7.5) this becomes

R(E)aE = P(QnEy) $2(a-Ey)exp -2 Jame [1 - 2./1 - By /m )53 aE,
. 82 Fy-
P3(Qn) (Qn) [é EYJ@ [ /a((En-EY)-E)]E3 d.‘E}

Te13
At this point it is worthwhile to consider the validity of this

equation in terms of the assumptions uged to derive it. The use of


http:P(Qn-Ey)d.Ey
http:Na(Qn-Ey)d.Ey

Th

equations (T.3) and (T.k) to calculate Ejéives only fair agreement with
experiment by appropriate choices of D, and a. In equation (7.12), however,
D, cancels out and only the parameter, s , remains in the level spacing
formula. Because ratios have been taken, the uncertainty due to a poor
knowledge of the exact form of the expression for <J;x(Ea,Eb)>av and
the uncertainty due to using only {= 1 should cancel out.

Equation (7.13) was eveluated using values of Ey from O to 1.6
MeV at intervals of 0.1 MeV using the value, a = 8.9 , and assuming that
SQ(QH-EY)/SE(Qn) - 1 . The valve, a , was obtained from a linear inter-
polation between the values of a = 8.0 for A = 115 , and a = 10,0 for

A= 11 (53)

. 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 are plotted the experimental values

which were obtained from the spectrum of Figure 1k by subtracting off

8, reasonable background due to tailing ffom the source thickness. The
error bars include the uncertainty in the background (~10%) and the
statistical uncertainties.

The calculsted spectrum 1s lower thsn the expexrimentsl one and
not the same shape. It 1s felt, however, that the assumption that the
reduced width is constant is not good. Since the 82 for the ground state
is gbout 105 times as large as 82 for the capture state it is reasonsble
to expect that 82(Qn-EY) has some energy dependence. This was taken to

be of the form

§°(E) = 82 exp(-2,/oE') 7.1



Figure 20: (n,Ya) Spectrum

The experimental (4 ) and calculated (n,ya) spectrum

15 showny b = O and 1) & = 8.0 (™), 2) a = 8.9 (v),
3) a = 10.0(e),
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where E is the excitation energy, S‘g is the ground state alphs reduced
width, and b is determined from the measured alpha reduced width for the
capture state. Using 8% = 223 keV (56) and 82(7.83) e 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 shown in Figure 21, sgrees remarksbly well with the

experimental data.

Alpha Reduced Widths

For all observed transitions studied in the (n,x) reactionms,
alpha reduced widths, ngp » have been determined. It 1s of interest to
relate these to a nuclear model. A successful model will give agreement
between measured and calculated 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 fluctustions in reduced widths
to various levels of the same daughter nucleus.

The problem of compaxring reduced widths for various nuclei will
be discussed first. From the statistical model, the radiation width for
alphs decay can be expressed as

[e= D P , 7415
2n
where D is the aversge level spacing and P, is the penetrability. Since

L
ngp :>\h/P one can obtaln an expression for the reduced width as follows

2 2
6 = 80 D/DO » - 7.16

where Si is the reduced width for ground state alpha decay and D, is the

level spacing near the ground state ( and is typically taken to be 1 MeV).


http:typical.ly

Figure 21: (n,Yva) Spectrum
The experimental (}) and calculated (n,Ya) spectrum is

shown; b = 3.07T and a = 8.9 (®).
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Using known values of 6§ (or 100 keV if the value is unknown) and meas-
ured velues of D one can obtain an estimate of & for alphsa decay from
the ecapture state. These values are shown in Table T.l along with the
experimental values for lthm, 1h7$m and lle’Nd.

In general the agreement is satisfactory. The only exception
is the experimental reduced width for the transition to the ground state
of llmNd « This value is quite low. It was determined by considering
a capture cross section of 75+ 11 barns determined by Simpson et al (h92
It was assumed that this was due to a 3~ level., However, the only knowm
level with J™ = 3”7 is at 3.4 eV, Evalusting the Breit-Wigner formula at )
0.026 eV for this level using the parameters obtained by Poortmans et g;f "
one finds a contribution of only 3.2 barns. The resonance at 18.3 &V
with 3™ 2z 4~ contributes 4.2 barns. Assuming that & 4~ bound level
is contributing the major portion of the capture cross section (ie 6T b)
one obtains a value 6° = k.t eV for the alphs decay to the ground state
of a4, This 1s in sgreement with the results for “Jsm ana Y3na
which have similar reduced widths for the transitions to the ground state
and flrst excited state.

It is interesting that an experimentally determined level spacing,
D, can be used to estimate reduced widths. It gives some experimental
verification of the periodic motion of the nucleus at high excitation.

The alpha reduced widths for decay from the capture state to
various levels in the daughter nucleus show fluctuations from level to
level as well as the the differences in alphs reduced widths from nuclide

149

to nuclide. In the case of Sm there are varistions in the reduced

width for levels up to sbout 1.6 MeV. Above this there are geveral


http:es.t:ima.te

Teble T.l

Calculated Alpha Reduced Widths

62
2 exp
Target Sg Do D Scale g.5t.  15%ex,
1k
9Sm 100 keV 1.0 MeV 6.6 eV 0,83 eV 1,12 eV 2,22 eV
W 100 1.0 1 1.7 0.19  1.38
(hok )

W3y 203 1.0 33 736 12.4 5.0
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transitions that appear to be enhanced by gbout a factor of 5. Since
spins and parities are not known, however, the actual reduced widths
may differ from those listed in Table L.l by as much as a factor of 2.
- ) - , e . . (57) . .
The neutron pairing energy for N3 iz gbout 2 MeV « This suggests
that these levels may have a large l-particle~l-hole component which could
enhance the transitlion from the multi-particle-hole capbure states.

Only four alpha transitions have been observed from the capture

),
]”8Sm to the levels in 144Nd. The spins and parities are

states of
known for these levels. There is, however, some uncertainty about which
of the capture states are contributing to the ground state (n,a) eross
sectlon. The alpha reduced widths in thils case are falrly 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 wavefunction for the capture state unknown, but as well, the nature
of the levels in lh6Nd and lthd is not known.

On the other hand, for the 1u3Nd (n,a) IMOCe reaction, the

lhoCe are known. As well, studies

(k1)

spins and parities of the levels of

of the levels have been made theoretically by Rho
(13)

by Baer et al . The alpha reduced widths of this reaction are discus=-

and experimentally

sed below.

(%42, 140

Rho 59) hag discussed the level scheme of Ce in terms of
two quasiparticle levels. He calculates the wavefunctions for most of the
levels found in our (n, «€) studies of 1A3Nd « Dxperimental studies(43)

tend to verify his calculations.
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Mang's equation for the reduced width, YL , 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.

- = da s - et KA o * (5)15258)
Using the delta~function approximation for the alpha particle
a great deal of simplification can be achieved. It has been shown that

8
even with this approximetion good relative decay rates can be obtained (5 ).

The equations of pertinence here are summarized as follows. IFor

elpha decay of the form |(Jp)H 3u)tl. (3 )2 core==core ‘the expression
b b/ i1, Y¥n‘o

for the amplitude, YL’ is given by

l+jn“% . > IR | -]'1'
Y. = Const (-1)"2 (2in+1)(2dp +1)(23p" + 1)1 % x
L 2L +1

x (jpjp%-%—lLO) Rﬁ Ry, Ryt By Byt Te1T

where Jp, jp, 1n and lp specify the nucleon orbitals and L is the relative
angular momentum. The values Bn and. Bp' correct the reduced width

amplitudes for an overestimate of Yfor high J orbitals. They are given

-

by
Bp = exp[-'o.OB 1.3+ 1)} | 7.18

and By' = exp<- 0.0065 [:Lp(lp+ 1) +2LP,(1P'+ 1) - 3L(L +1)]> .
T.19

The gquantities Rp and R, are values of nucleon wavefunctions evaluated
at the chosen connection radius Ry, « One may use three dimensional
harmonic oscillator functions or the numerical wavefumetions calculated

by Blomgvist et al (59) .
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Lquation (7.17) could be used if the capture state were O+ énd
wnder the assumption that the capture state configuration is similar to
the daughter plus two protons and two neutrons. Corrections to the'theory
can be made to calculate branching ratios to the levels in luOCé and these

will be carried out in the future.



CHAPTER VIII

CONCLUSIONS

Fine structure in thermal neutron (n,a) reactions has been

studied for targets “Vsm, Tom, ana 3

Nde The investigation of
alpha decay fram thermsal neutron capture states to levels in the daughter
nucleus up fo 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 with a central electrode
held at a negative potential of 30 to 50 kV. It focusses and directs
alphs particles fram a target in the intense neutron flux of the thermal
colunn of a reactor (which is a region of high background) to a low
background region in the room where they are detected. The use of this
technique which solves the problems of background and low energy tailing
has been smply jJustified by the wealth of fine structure data that has
been obtained.

The electrostatic particle guide technique has been described
in detail and equations derived which express the collection efficiency
in terms of the parasmeters and dimensions of the device. The validity
of these equations has been investigated and verified experimentally.

| Fram the reaction studies, accurate alpha energles and cross
sections have been determined for each transition. Level schemes for
11*61\16., lu'Nd s 11&003 have been obtained with good agreement with previous

results obtained by other methods. Several new levels were found in

1h6ya,
83 .
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In thé 1M3Nd (n,a) lhoCe reaction study, evidence has been seen
for the much less intense reaction 1H3Nd (n,Ya) lhoCe. The shape of this
continuum of alpha particles depends on the level spacing and the energy
dependence of the reduced width. The spectrum has been calculated assuning
dipole radiation from the capture state to be predominant, and assuming
that the reduced width depends on the level spacing. The experimentel
spectrum is in good agreement with the calculated one. The total (n,Ya)
intensity is found to be 5;2% 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 82 from nucleus to nucleus can be
understood on the basis of the statistical model and depends on the ievel

1hOCe can be

spacing at the neutron binding energy. The levels in

described adequately as two quasiparticle levels and it is found exper-

imentally that alpha transitions to levels of the same configuration

(ie (g 72) _ ) have similar alpha reduced widths. The transitions
1/2/3=0,2,4

t0 the levels with a predominant (d§/2 )J configuration are enhanced by

an order of magnitude over levels with a predominant (g$/2)J configurat-

ione.



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):

Buax = A/ (/1 - (ro/R)? sin2¢\) Al.l
where 2 '
A% = |aVol In(R/xy) . Al.2
E, 1n(R/s)

Since B is small, the end of the acceptance cone on a unit sphere is an
ellipse defined in polar coordinates ( B, § ) by equation (Al.1) as

shown in Figure 22 + The solid angle of the acceptance cone lost to pear-
ticles striking the wire is then the shaded ares shown in Figure 22 whose

boundaries are B, .. and ¢m1n + The latter is given by equation (2.1k4)

g8 follows
Buin = 830" (s/z,) ) 1+ 2/@ ) | Al1.3
wvhere k° = lavol 1n(ro/s) . Al.L
BEg 1n(R/s)

Transforming to cartesian coordinates x = Bcosf , and y = Bsinf one

obtains '
/2 '

¥y =R é...:..’f_ Al.5
R2 - p2

in place of B . . Similarily, ¢min becomes

y ®s Al.6

£

x2 4 P
-8

0

85



FIGURE 22:¢ Collection Cone
The end of the collection cone on the surface of a unit
sphere is shown with shaded areas indicating the part

lost to particles striking the wire.
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Thus the solid angle , Aw(ro) , lost to particle striking the

wire for a point source at a radius r, is given by
>4 A

u_/os [ 4 ¥ ax +/R/A2-x2 JALLT
0 r‘g - sz %o RZ - r%

Now
/\/y? + ¥ ax (x/2) /¥ + ¥ 4+ (x3/2) 1In( x + J**+ K°)
A1.8

/,/Ae - X2 ax = (x/2) /A% - N + (A%/2) sin=1 (x/A) Al.9

Combining (Al1.8) and (Al.9) with (Al.7) gives

e

Aflro ) =25 |x, [ +12 + 3 In(xg+ /5o + ¥ ) - k2 ln(k)]
rg -sc b
2R [ - 5 -1
+ A% sin~l(1) - X /A= - xg - 42 g1n (xo/A)J
R= -r8 L |
Al.10
where

22, .2 2 2,2,.2 2y

%o =/RA(ro'5)'sk(R - 7o) : A1.11

5 (R? - 6°)

The fraction of particles from & point source at a radius r, which strike

the wire is given by
Fw(ro) = A'W(rO)/ 1!-7( . Al.l2

Under the assumptions that R}» s and that r > 10s, equation (Al.11)
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reduces to x. = A and one obtains

F(r,) = _8ldVol| /m(B/xo) N In(ro/8)1n [JJn(R/ro)‘+ /ln(R/s)]
nroBs | In(R/s)  1n(R/s) 1n(r/s)
Al1.13

which is identical to equation (2.16).
For an extended source of radius b, the fraction of pasrticles which

strike the wire is given by
2_.2 b
F, = (2/(v°-s ))/s' Flr,) r, dr, . Al.k

Tor 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),

Ry =Fy/Fe 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 TOLO com-
puter an analogue computer is simulated by providing s number of operation-
al elements such as adders, integrators and multipliers. These are inter-
connected in the progream 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) :

T =A1/1‘3+ A2/r A2.1
and 6=¢/rf A2.2
where Al = rg v% sin2¢ 3 A2.3

Ap = (|avol)/ m 1n(s/R) , A2.b
1
and C = Ay° . A2.5

At t = 0, the initial conditions are T =T, , T = vy cosf , and € z 0
1

(where v, =B (2Eg/m)2 ). The symbols are defined in Chapter 2 . The

block diagram representing the solution of these equations is shown in

Figure 23 .

89
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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(ro ,rd) which is normalized to unity and specifies the fraction
of particles ‘bet.ween rq and ry *dry at the detector end for a point
source at radius’ r, from the axis. Consider an extended source of radius
R, emitting N, particles/cm®/sec isotropically in angle. The radial
density function, f)(rd) , which gives the number of particles /cm®/sec at

a redius ry , is given by

n .
f)(rd) drg = gjrd/s g(ro,rd) [F (ro) - Fw(ro)] 2 nr Ndr

A2.6

where F(ro) is the point source collection efficiency formula given by
equation (2.9). Fy(re) corrects for particles striking the wire and is
given by equation (2.16) .

The first step in the calculation of f)(rd) was to determine the
radial distribution function, g(ro,rd) » for a point source at radius roe
This was done by dividing the acceptance cone into sbout 180 segments of
equal solid angle, each cheractarized by & value of P and ¢ o A trajece
tory was determined for each of these 180 velues of B and $ using the
MIMIC program and the radius, rgq , at which the particle left the cylin-
der wes obtained. The distribution, g(ro,rd) , normalized to unity, is

then given by

g(i'o »Tq) = The Number of Particles Between ry and rg + Srg
No(ro)

= Mo, Tq) A2.T
No(70) ‘
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where No(r,) is the mmber of trajectories calculated at a radius r.
This distribution was determined for velues of r, from O.5cm to 3.5 em
in 0.5 em increments for a 2.74 MeV triton with Vo=220kV , 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
No determined from the intensity of the 2.T4 MeV triton group with no
voltage on the wire. Table Asllists the data used in obtaining the func=-
tion,f)(rd) , and Figure T shows the calculated values of f)(rd) plotted
along with four values determined experimentally. The agreement is very

good..



TABLE A.l

Values of N(r,,rg) Used to ObtainJO(rd)

I'd cm I‘o cm
0.5 1.0 1.5 2.0 2.5 3.0 3.5

0-0.5 50 15 8 2 3 2 1
0.5=1.0 N L6 19 14 11 T 8
1,0-1.5 46 53 46 22 18 6 17
1.5-2.0 0 31 50 43 23 22 28
2.0-2.5 T 28 23 L3 33 34 25
2.5-3.0 13 7 23 29 55 46 3L
3.0-3.5 0 0 5 26 29 43 30
3.5=3.T5 0 13 15 8 10 17 25
Ne(ry) 180 193 189 185 182 177 168
F(ry) 8.?g§u 5.07 3.67 2.68 2.00 1.33 0.68
Fy(ry) 0.87x, 0.27 0.6 0.10 0,07 0.04  0.02

10~
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(1)
(2)
(3)
(L)
(5)
(6)
(7)
(8)
(9)
(10)
(12)
(12)

(13)
(1k)
(15)

(16)
(17)
(18)
(19)

(20)

(21)

P.

G

Ge

Re.

He.

He.

Jde

Je

North-Holland Publ. Co. (19

He
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