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ABSTRACT, |

-

%_high reéolﬁ?ion NaI(Tl)-Ge pair ;BECtréahier has

been used te detect the primary E2 transitions following
' 143 162, 164 165

-thermal neutron capture'in Nd, Y, Dy, Ho,'
ls?Er,/I{E:b and 179Hf.‘ These data, as Well as other

thermal, resonance and average-resonance data have been

. analyzed to study the\radiative quadrupola strength. Some

éalgulations have been done to retrieve the E2 intensities

from the average-resonancé work. A quantitative theoreti-

cal expression for the quadrupole strength function

<PYi/D> on the basis of the giant quadrupole resonance

model is deduced. A comparison between the experimental

_and theoretical values for nuclei spanning the‘mass

region between A=12 to A=239 showg’the presence of the

influence of the GQR on the rafliation-strength. A

depression in the quadrﬁpole strength has been observed in
the mass range 144<A<i§0. The gross dependence of the E2
radiation width'on;fhé‘photon energy;and the'nuplear mass
number is deduced. ?ﬂ; reduced E2 transition proba—
bilities fo£5segeral.mass ptiftbexs have bd“’aeterménéd.
The eqérgy a‘& intensity of all the observed hiéh

energy transitions in most of the nuclei under study are
A

presented~W A set of neutron separation-energies of "15
~
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e ) ' : ‘ \\/
isotopes of Nd, Gd, Dy, -Ho, Er, Yb and Hf hads been
=T ;o ' . ) ‘ ' ’ . .
estimated. .Thg thermal radiative capture cross section
-.)»[- . - - . : -
of 14N2 aﬁgfﬁhdard used in this work, is determined with’

C,
improyed precision.
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CHAPTER I

INTRODUCTION

Neutron capture gamma-ray spectroscoby I ;an
importaﬁﬁ'tool'for stﬁdying nuclear structure, properties
of nuclear levels and characteristics of transitions
between levels in general and that of highlg:;xcited
states in particular. This versatile field of nuclear
physics has aided in the kng;ledge of different nuciéar
models and in the understanding of various nuclear reaction
mechanisms. The electric and magnetic dipole transitions

originating from the neutron capture state (known as

primary El and Ml transitions) have been extensively

\m\\,__Ftudied in the past to investigate the spreading of single-

particle transition strength in highly excited states and
to examine the nature of the so-c;lled giant dipole
resonance in fhe region of its lower eﬁérgy tail. But
electric quadrupole transitions (E2) have rarely been
observed in the pas£ because of their extreme weakness, and
as a résult very few works have been done on such transi-

tions.

In this work experiments have been performed to



detect several unmixed primary E2 transitions follow1ng
thermal‘%eutron capture. Results from this work have been
combined with those from other thermal, resonance, and
average-resonance reaction to perform several analyses in
order to extract information related to the quadrupole'

strength. To retrieve primary E2 intensitids from the

resonanée—averéged data some special calculations have
been done. The possibility of the influence of the giant
quadrupole're;onahce on the E2 strength has been investi-
gated. Some quaﬁtities related to the E2 transition
probablllty have been estlmated. Furthermore, precise K '
values of neutron separatlon energies of all the nuclldes
involved and the precise thermal neutron capture cross

14 '

section of N, a common standard used in this work, have

been determined.
3

1.1 General Background

1.1.1 Bagic Process

» A neutron, being electrically'neutra1; readily
enters a nucleus without encountering any Coulomb repul-
sion. The capture of a neutron in a nucleus generally
leads to the formation of a compound nucleus which, with
a mean life of the order of 10™1° sec, &mits a gamma-ray

L ]

photon,



1 ,.
n+ B L ATLr A+

N X + y 1.1 %"
In fact the complete de-excitation of a cumpound ; 5
nucleus méstly takes place through the emission of more
than gEe photon. This reaction is customarily known as
he radiative capture of neutrons and the emitted photons
are ‘called prompt gamma-rays. The branch of science
dealing with prompt gamma-rays from th:}(n,Y) reaction is
broadly known as neutron capture gamma-ray spectfbscdpy.
. The capture state decays to the ground statg/’—
either directly or thrdugh a cascade of gamma-rays (see
figure 1.1). A gamma-ray originating from the capture
state is known as a primary.. The' primary radiation popu- :
lates a lower nuclear level which de-excmtes further
emitting another gamma-ray knowﬁhas a secondary. Thus in g
thls reaction, following the neutron capture a prlmary
radiation and one or more secondarles are emltted tlll the -
final nucleus reaches the ground state or an 1somer1c
staue.
Thermal ‘capture is due to thermal neutrons
(neutrons having a Maxwellian distribution with the
maximum at 0.025 ev). _Aé the euergy of the incident

neutrons is varied different resonances of neutron capture

are found. These resonances occur when the exciﬂgtion of
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Figure 1.1. Neutron capture gamma-ray transitions
in a hypothetical simple nucleus. -
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the coﬁpound nucleus matches the energy of one of its
eigenstates. For a particulAr nuclide thése'fésonances
may have different spins and ‘parities. * As the level :
densitieg of medium and heavy nuclei are very high in this 4
enérgy fegion, resonances are frequently'encoﬁhtered. In
éome-cases tﬁe’spacing between resonances may be only a
few elect;on volts. Resonances rFrely—occur at thermal:
neutron capture. Hdwever, thérmal capture cross sectio

is cont;ibuted by the sum (including interfengnce terms)
of the tails of neighbouring resonances, boéh positive -
(unbound) and negative (bound) and also by direct capture
component ﬂBo?Oah._ Average-resonance capture occurs when
neutron filtérs are used to select a band of enérgy that
is broad_enoughlto excite mény resonances. Each of these
reactions, resonance, thermal or average-resonance has its

own success and limitation.

1.1.2 Neutron Separation Energy
L \

The energy of excitation of a compound nucleus,

-

formed by the capture of a neutron, is contributed to by

the kinetic energy of the incoming neutron /ahd the neutron
. ¢

separation energy. Thus the excitation ener is given by

Ex =E + Sn' , , 1.2
S

where E, is the kinetic energy of the incident neutron in



o)

N

‘the c-m system and Sn is the neutron separation energy of

the final nucleus. The neutron separation energy may be

defined by

. : Sn = (mx+mn—m?)cg, . - 1.3

~

whef& m is the mass of a nucleus or a nucleqn; X and Y

-

refer to the target and final nucleus in the (n,vy)
/ .

reaction. Since the kinetic energy of a thermal neutron

is only 0.025 eV and the Sn values are in the MeV range,

the former in equation 1.2 may be neglected and thus,

The excited compound nucleus, in the case Gf
radiative capture, decays to the ground state eitherv

directly or_throudp a cascade of several gamma rﬁys. For

e

the direct ground state transition,

Sn.= EYo + ER' , 1.5

where EYo is the energy of the photon; and E R’ the rec01l

of tqé'nucleus. The recoil energy can be deduced from the

conservation of momentum and is found't6 be

7 .2.-1
R

the energy of the emitted gamma-ray Eibeing in keV and the
» «*
mass of the nucleus M in a.m.u.

When a primary photon of energy EYj populates a

low-1lying level of the nucleus the energy balance may be

E, = 5.3677 x 10"/ EM ~ keVv 1.6.

N



expressed as

:§ =E_. +E. +E 1.7
n Y] 3 R’ 7

where Ej is the enzrgy of the'popnlated level and is often
a precisely reported quantity. .
Alternatively the total energy released may be
expressed as the sum of the energies of primary and €
secondarf photons plus the recoil energies of the nucleus

in each step. Thus,

Sn = E(Eyi + ERi

where i‘refers to the photon in the cascade involved.

) . 1l.s

1.1.3 Transition Intensity

‘The total radiative transition probabilitj of a
resonance is the reciprocal of the mean life ef the
capture state fof the emission of a photon and thus is pro-
portional to the radiative level width FY' The transition

probability is, therefore, given by

T
T = =EI' 1.9

A

"
The intensity IY (%) of a primary transition is the number
of photons emitted in that transition per 100 neutron

captures. Now, as the total radiative width is given by

F?\= erj' 1.10

the sum of the partial widths of all the Y~ray transitions .



from the capture state, the partial width PYj is given by

13 7

‘ But since the sum of the primary intensities, from the

e 1 I o |
L

T .
Tll =
Y

+

definition, is 100,

. =Tyjr : 1.11

Thus knowzng the absolute intensity and total F of a

-~

resonance, the partial width o£ a y-ray for that resonance

can be determined.
‘.

g

In the case of thermal neﬁtrons, the capture is

rarely dominated by\a‘sinéle resonance. © Thus to convert
. fhe_absolute intensity into the partial width, th former
is generally multiplied bj the average of the total y-

widths of several resonances. This procedure is justlfled

by the observed constancy in this quantity for a glven .

nucleus.

A 1.2

l.;[; Properties of Transition Probability

-

o

Related Theories

The transition probability for emission of a photon -
of energy fiw, angular momentum "% ,m, and of electric or
magnetic type, with the ﬁucleus going from a state i to a -

* state £, is (Pr75)



.

9
' 22+1
2 i .
\f(ozm) = ) KTk, 1i002 112
. LL(28+1) ¢ h
4 where ORm stands for ng or Mﬂm i.e. electric oX magnetic

dipole operator. The type of.radiation is indicated by o.

These operators have the forms

' LI .
Qp - = EeirzYm (i) . 1.13
e
J ~ and
1
= 1y : 2 >, %.m*

) Mzm._ uoi(gsigl oy glill).grad(r Y?_), 1.14

. Mg is the nuclear magneton, and g's are ngomagpetic

ratios.
In geneial there is little interest in_the orien-~
tation of either initial or the final nucleus. Sihcerthe'

components Mi and Mf of Ji and Jf are not usually measured,
it is customary to take an average over all possible
transitions with given % in order to get the transition
probability that can be directly compared with experiment;

The reduced transition rate, or.reduced matrix element, is

defined as = ]

-1 ) .
B(oA,J;+J,) = (27,+1) Z |<f|l{om|1>k2 1.15
. ' i'Mf ‘

which represents the sum over final states and average ayer

initial stateg. Here only one valLe of m, that is
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m = Mf - Mi’ contributes to each term. Thus the transition
probability between states Js and Jf is

_ sm(a+1) ™
L[(22+1) 1

28+1

T{oL) B{ol). 1.16

e E

2.

There are some selection rules for the electro-

- magnetic transitions betweén two nuclear states. Since a
photon in the mode m’carries an angular momentum g (g+1)}%,
radiation of_@gltipolarity m must remove from the nucleus
a tétal angﬁiar momentum exactly equal to (2+1}h, that is,

the vector' difference between the angular nplomenta J; and Jg

must be [ &(2+1). Reversing ‘the argument, the possible
multlpolarltles of transitions between states J and Jf are

given by

|95 -0 |<2<3; 43, ) 1.17 _

- There is the additional constralnt of parity dependlng on

the type of radiation. 1In order to get a non-zero value of

-

the matrix element in equation 1.12, applying symmetry
arguments to the functions in the ng operator, one geﬁs'

the follow1ng rule for the combination of parltles of the‘ -
r

1n1t1al and flnaL-Ltate in an electric multipole tranSLtlon.

N PN
~

Z b -
TI'i'!Tf - ( l) - h 1-18

L

For the magnetic multipole transition the relationship is.

R 241 :
mTime = (-1) - '//;<:iij?

-

- -
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The above rules can be appreciated by considering
the'followihg example. If a transition takes place
between stgtes Ji = 2% ana Jf =3, accérding to fhe -
selection rule (1.17} alone there can be E1l, E2, E3, E4,
E5 and M1, M@, M3,.M4, M5 transitions. But since there
is a change of parity between the two states relations
(l.i8) and (1.19) demand that the radiation ﬁos;esses
only odd electric'multipolarity or even magnetic multi-
polarity. Thus in this example only El, M2, E3, M4 and
E5 transitions may be involved.

Certain éroperties 5f the transition probaﬂiliéies
follow from tﬁeir formulas‘(BlSZ). For the same multi-
polarity, the electric transition\ég in general much

stronger than the magnetic transition. Secondly, for the

same type of radiation} the transition probability

q’decreases with increasihg multipolarity. Thus the

electric dipole (El) transition, for example; is expected
to be much stronger'than the electric quadrupcle (E21.

| The above properties of intensities are evidenced
by the fact that throughout the periodic table, sevefai
thousand El ahd a few hundred M1l primary transitions have
been found (RaB8l), while there are few reports of.primary
E2 transitions in thermal neutron capturé (see section

.

1.3).
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l.2.2 Porter-Thomas Distribuéion

‘The highlyyﬁxcited'stétes formed by the capture
of a neutron by"anhedium weight or heavy nucleus have
complex configurations and often have random overlaps
with the wave,functions of the lower states. As a
result the partial radiative widths are broadly dis-
tributed, fluctuating widely from oné resonance td%%,
another. ?or-the transitions from différent resonances \\
with the game spin and parity to a particular final
state the parFial widths follow a chi-sqdére distribu-

-

~ . R .
tion of one degree of freedom, which is known as the
Porter-Thomas distribution (Po56). The Chi-square pro-

bability density function of v degrees of freedom is

-

P(x) = [F(v/2) ) vy W2 -1-vx/2 4 54

where x = Fj/fj, Fj being a partial width and Fj' the

averége of the widths. Thus the Porter-Thomas distri-

bution is ' .
P(x) = 755- e ~X/2 :

—— 1.21

The chi-~squared distributipn for v =1, 2, 4, 16, and
degrees of freedom is plotted in figure 1.2. Tﬁe .
partial radiative Gidths from a res;nance capture state P‘_’}
follow the P-T agstribution. The widths in the &ase of

thermal capture dominated by a g}ngle resonance will

o



N
{3
f
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h
\v=|6
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Figure 1.2, The chi-squared distribution is
plotted for v=1, 2, 4, 16, and «
. degrees of freedom. The abscissa
x is the ratio of the width T to
its average <I‘> aAv®
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follow the same dietribution. But when in thermal
capture one resonance does not dominate, there are two
casesfto be considered: |

CASE I - when the resonances contributing to
thermal-capture are of the same spin. In this case
there is full interference between resonance amplltudes,
and the sum of amplitudes represents the independent
variable whose square determines the partial width. In
" this case the sum follows a Gaussian distribution, if
each Qariable is presumed to follow a Gaussian. Hence
the square of the sum, or the width, follows the Porter-
Thomas. -

CASE II - when the mixed resonances are of
different spins. 1In this case the distribution depends
on the final state spin. If the fieal state spin is.
I+3/2, only one captufe spin state contributes (in the
case of a dipole transition) and the diétribution is
Porter~Thohas as above. Forlfinal states of spin I*1/2,
both_possible'initial state ‘spins may confiibﬁte inco—l
herently and the distribution will‘correspond to v
between 1 and 2. ‘

The prlmary E2 tran51t10ns, cons;dered in the-

present study, populate a state with spin I+5/2, and thus.
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only one capture spin state contributes, resulting in a

P-T distribution as in cask I.

1.2.3 Quadrupole Gamma-Ray Strength Function

The‘éamma-ray strength function is the distribu-
tion, as a functioﬂ of y-ray energy, of the average
reduced width for transitions of particular multipole
type. This function is defined. in analogy with the well~
established neutron strength. functions (Ly68). The
gamma-ray strength function for decay of levels of a

"particular spin and parity by -emission of radiation of

multipole oL ' :Jg/

I‘:O’L
- AYE (eV) -

£f . (E) —,
Dy (eV) B2 (Mev)

oL

1.22

where ngf is the‘gamma—ray partial width avgraged ver
states A of a given spin and pafity at the capture—zgaﬁ

, DA is the average level spacing for such states and E is
the transition energy. Thg factor E2L+l is analogous t@
the penetration factor which is removed from nucleon
widths to obtain nucleon strength functions. Thus the )
function f; (E) is proportional to the reduced transition
probability for the particula; transition.

According to equation 1.22 the electric quadru-

pole gamma-ray strength function



ps .
PAyf(eV)

fp, (E)= 5 .
D, (eV)E (Mev) :

The function sz(E? is directly related to the well-known
reduced transition probability B(oL)} (the symgbl ¥
indicates the y-decay in contrast with the symbol{ which
implies photo-absorption) in the following,waj/GLo79):

12

BE2 (per MeV) = %Eégpé)i = 1.25x10%£_, (E) - 1.24

4 1

[ezfm MeV ]

For a general undefétanding of the transition
s£rength irrespective of the type of reaction it'is
customary (Lo79) to compare the strength of electro- ™~
‘magnetic transitions between bound states with the ”
Weigskopf single particle units. For the quadrupole
transition, the unit is

B#(EZ)# = 5.94x1072% x a%/3 effm4 "1.25

From the observed sz(E) it is possible to com-
pute BE2 per MeV and compare it with the single-particle’
Weisskopf unit in order to get an estimate of the
spréading of the transition strength.

Unfortunately there is no singie universally
accepted‘aefi;ition of the radiative strength function

(Lo79). Besides equatigh.1.22, there are other
.)
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expressions for the strength function defined‘fpr‘the

sake of convenience and to test specific theoretical

»

models. For El transitions, for example, expressions

= -1 - _ = -1.-3.-2/3 I _
such as rAnyA , k(E1l) = FlnyA E “a and S(EIT\T
TlYfDA—lE_SA—8/3 are also used. -
- On the assumption of uniform distribution of the

single-particle configuration among the highly excited *

states, Blatt and ﬁeisskon (B152) gave the fbllowing

::j estimates for the widths of El, Ml and E2 transitions.

o auia=8.3:2/3 -1
rAYf(El) = 6.8x10 "E”A DyD,
cr =830 % -1 |
= . 1.26
rAyf(Ml) 2.1x10 "E D,D, . :
.o -14_5 4/3_ _ -1
rlYf(Ez) = 4.9#10 ETA D;\Do
‘where T, and D, are in eV, MeV and eV respectively,

~and D,, the single particle level spacing, %@iiﬁg/ﬂév.
For the El and M1 data the éﬁpirically fitted typical
value of D0 has been found to'be 15 MeV (L079).

The single-particle predictions led Bartholomew

(Ba6l) to define a dipole radiative strehgth

c

_ -1_-3_-2/3 o
k(El) = rlanl E .A 1.27

and

_ -1_-3
k(M) = Ty (D,""E
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e
These expressions have been used to test the

single-particle model predictions. Since in this model
K(E1l) and K(Ml) are independent of the Y-ray énergy,
H

often a value of K averaged over all transitions in a

¢

particular nucleus is reported.

- Following the same approach, one can define the
aQa

"quadrupole strength" as

K (E2) = prDA“lE‘SA‘4/3 1.58

The quantity K(E2), averaged over several transitions

in a nucleus or nfclei with adjacent mass numbers is-
absent in the literature. We shall call R(E2) "average
quadrupole strength" instead of quadrupqle strength
function. |

Many previous studies have demonstrated that
the‘single—pgrficle (SP) model is certainly over-
simplified for high’ excitations (except for some
extreme cases of nonstatistical 6}igin) aﬁd collective
effects must be considered, resulting in the influence
of.the giant resonance. The influence of the giant -
dipole resonance (GDR) on the electric dipole strength
in (n,Y) trans{tions is an established fact (Lo79).

Generally, the giant dipole resonance is described by

a classical Lorentzian line shape. An expression was
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developed (Br55, Ax62, Ba73) for the average radiative

partial width of El tfansitions using the tail of a GDR.

Some plausible assumptions’ gay, te relation-

ship (Ax62) which in turn le er definition of

the El strength function

(E1) = T, . 1.29

<FYi/D> for th quadru?ol transition on the basis of
its relation to the photo-absorption cross section which
in turn is due to the tail of a giant guadrupole
resonance. We shall call <Pyi/D> the duadrupole
strength function foilowing a similar conéenkion for the
El case (Bo70). |
It may be necessary to mention a point before

closing this general discussion.on quaarupole strengths.
In the case of thermal capture, there are contributions
. at best from a few resonances and the distribution' of

the widths-of unmixed/;i drupole transitions follow\a
chi-square distribution with 1 degree of freedom (see
section 1.2.2). To overcome this diéperéion, wheréver

f A

necessary, instead of averaging over the initial states,

the average over the final states may be taken. In
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general there is no correlation between thé transitions
to different final states (Bo70) and the average over m
final states will have a chi-square distribution of m
egrees of eedom with a variance reducing to 2/m.

7 M
: 1.2.4 Giant Resonances

The influencé of the Giant Dipo}e Resonance
(GDR) on the electric dipole strength in (n,Y)
transitions is an establis@ed fact (Lo79}. Although
the existence and properties of another type of
collective nuclear motion which leads to the Giant Quad-
rupole Resonance (GQR), have been studied widely in the
last decade by inelastic hadron scatterings (Be76), its
;9le in the léw energy (n,y) reaction has rarely been
inﬁestigated (Ra78, Ko8l).

The collective motion of the nucleons in a
nucleus gives rise to so-called "giant vibrations“;
There are mainly three modes of electrié vibrations in

: which a large fraction of the nucleons participate:
monopole (E0), dipole (El) and quadrupole (E2). The
giant reéonances may be of two types: isoscalar and

. isovector. Collective motion QE which neutrons and
protons move in phase are isoscalar (T = 0); .if out of

phase, they are isovector (T = 1). The GDR is an
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example of isovector oscillation, while the GQR may be
. =

either isoscalar or isovector. Of the two types of the
~
GQR, the isoscalar one is well-studied and its existence

is widely accepted.
In both the monopole and quadrupole modes, all
the nucleons move cohérently in a direcéion which
depends on their posi;ion in the ﬁucleus. InT=1
dipole motion the neutrons and protons within a nucleu§
move collectively ggainst one another, pfoviding a ///
separation betweeﬁ the centres of mass and charge,:thps

~

creating a dipole moment. A pictorial representation .

N

of the various collective nuclear oscillations

associated with each multipole resonance is given i
figure 1.3. It is to be mentioned here that

mode corresponds to Nuclear Thdmson Scattering from the

dipole oscillation of the nuclear ¢centre of mass (Ha64).~.j

As discussed in several review articles (Be76;

Sa74}), the above collective motions result from coherent

~

superpositions- of single-particle transitions between

shell-model states. Such transitions in a hypothetical
aa

nucleus are depicted in figure-1l.4. The maég} shells
are denoted as N, N+1l, etc., and within each of them
there are several subshells. The major shells are

1/3 MeV. The interaction

/ . ' :

separated by ~1 iw or ~41 A~

t
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" an excitation energy of ~63A"
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D

operator can excite a nucleon by at most Lhiw (L is the
multiplicity), or in other wordé, the nucleon can!be
pfomo;ed by at mos£ i major shells. The number of
shells is either_odd Qr even in order to conserve
parity. 1In figure 1.4 the transﬂgions giving rise to
GDR and GQR are indicated.

In the diagraﬁ, two different sets of E2
transitioné are evident: one set within é major shell
and the other beﬁween shells N and N+2 (AN = 2).- The

former set comprises the so-called Ohw (AN

0} (the

familiar low-lying 2+ levels is an example). The GQR

. is built on the second set of transit#ons and its

energy might be expeéted to.be located at 2hw or.
~82A~-1/3. But the resognance energj ig pushed up or
down depending on whether it is .isoscalar or isovector.
This is because the partiéle-hole residual interéction
is attractive for the.isoscalar mode and repulsive for
the isqgector (Be76). The isoscalar GQR is located at
1/3 MeV and the isovector

GOR at ~120A"1/3_Mev. -

e | 'The'experimental evidence for the GQOR

resonances has been provided by inelastic scattering
of. medium-energy electrons and nuclear projectiles,

rather than the photonuclear reactions traditionally.
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usedfto study the GDR. The isoscalar GQR has been found
for many nuclei spanning thé masé range 12 to 238 (Be76).
On the other hané, the isovector GQR has been detected
for fewer number of nuclides because of some inherent

experimental difficulties.

1.3 Research Motivation

The primary transitions in the {n,Y) reaction are
predominantly electric dipole (El) or magnetic dipole
(M1) in nature. The primary electric quadrupole (ng
transitions are very weak and are rarely detected. This

is understandable because the strength of the electro-

magnetic transition decreases with the increase in multi-~

polarity (B152). Even with the influeﬁce of the giant
quadrupble resonance on the (n,y) reaction, the E2
tpansition is-weak for low energy captufe. In such cases
the cap%uie state which is essenFially at the S value of

the nucleus is far down from the GQR energy, whigh

1/3

follows approximately ~§3A" - MeV (Bé76) and thus t

influence is only from the tail of this resonarnce.
Some unambiguous primary E2 transitions_fol%pw' (e
the thermal and resonance neutron capﬁure have beé&
~

previously reported. These were first compiled by

S. Raman (Ra79) and the compilation has recently been

-



extended by J. Kopecky (Ko81l) and S. Raman (RaB81l)
bringing the number of primary E2 transitions to 28 in
.total. These transitions are listéd in Appendix'A.

ngr and 932r as

[Origina;ly SZ Raman (Ra78) ‘compiled
nuclides ehiﬁting primary ransitions. These two
transitions (Gr72) were ide{tified as E2 transitions on
the basis of incorrect néutron separation eﬁérgies and
they cannot be established as E2 transitions if thé
correct“Sn—values are considered]. Almost all of these
transitions wére incidentally found in different works.

207?b, Raman et al. (Ra78) detected

Only for the target
. - . _ ®

primary E2 transitions to the ground sta}e for many

individual resonances. '

¥ - -
"A further survey in the literature in the

present study has revealed 2 more primary E2 transitions

(Mi70, Ke8lb) in thermal specfra. Quadrupole transi-
tions have also been reported for average-resonance

capture. These have been excluded from the compilation
of S. Raman and J. Kopecky presumabl{ because most of
these E2 transitions aré mixed with thé'p—wave capture |,
El transitiop (see section 3.3). This average-resonance
data is used'in the present study after making a ‘ -
correction for the p-wave contributioﬁ. :A literature

-/ N
survey in thg present study givgs a total of 9 primary

' -~

——— e o
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E2 transitions and the upper limits of intensities of two
more transitions follpwiné avetage—resonance capture.
When thlS pro;ect was undertaken there was
vintually no work in the llterature on. the guadrupole
strength other than that on the localized strength in
208, (Ra78). J. Kbpecky analyzed (KoSl) the thermal
and resonance data of the E2 tran51t10ns from the |
llteratu;e. These data lack any lnformatlon on the mass
region between-A = 137 to'207. However, his analysis of
tﬁe EZ transitiOps is not exhaustive. One can carry on
the analysis further which will be facilitated by the -
availability.éf the data on their missing mass fegion.'
In the past, there was a theoretlcal paper by

Fublnl et al. (Fu72) 'on the radiative quadrupole

strength. The data used in that work was jinadequate. ’

;194%@ by mistake.’

5

ere taken as primary

Also a portiga of that data seems to

156Gd, 158Gd and 167Er

For example,
E2 emitters following the statement of the original
average-resonance work (Bo70). This seems to Be simply-

a mistake because it is obvmous that the tran51tlons 27 -
-

+ W

4 ;2 +4 ~and 1/2 +7/2 in those three nuclel aye not E2

transitions. Besides, it seems that they used the
average data without taking into account the cpntamina-

tion of p-wave capture E1l transitions. The oﬁtamina—
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tion is about 95% in the case of 106

Pd (see section
3.5.4).

It appears from the literature that until this
work thére has been no specific plen for detecting
thermal neutron capture E2 transitions. We decided to
carry out experiments to detect primary E2 tranﬁitions
in several nuclides. Such a plan was expected to

increase data on the quadrupole transition. Further-

more, a premeditated search has a special significance.

'Becauséﬁsf the P-T fluctuation some of primary E2

radiations will not be observed at all; but it is

possible -to estimate an uppef limit for the intensity

of such unobserved transitions.

As the primary E2 transition is very weak high

sensitivity experimehts'aré needed to identify them.
In identifying the E2 strengths, investigation of the

angular distributions from the {n,y) reactlons at high

energles as suggested by Saporetti and Gu1dott1 (Sa78)

may be useful. With our irradiatiaQ system, the latter -

alternative is not feasible, while the high sensitivity'

of our system can be employed to 1dent1fy the E2 llnes

dlrectly from the (n,y) ‘spectrum. The 1dent1f1cat10n

s

Qf:%he E2 transitions is made on the ba51s of energy

whlch in turn is dec1ded upon on the bas;s of the spins

A



< ‘and éarities of-the_capture and final states.
The targets selected for the thefmal neutron
irradiation were within the mass\region 142<A<180.
T . This is the region where the s-wave neutron strength
B function is high and the p-waée strength fJnction is
low and the probability 6f p-wave contribution which
. m;ght contaminate the E2 transitipn is expecteé‘to be .
negligibly small. As the ehergy of the giant quadrupole//}/
resonance varies as -A~ /3, for .the high mass number
nuclei the GQR is locatedlrelativelf close to the
neutron capfpre state and the influence of the GUR may
be  observed. A survey of the.litéfature revealed the
ébsence of any reported primary E2 tr@nsitiong in this
méss region. (Later, however, we found such a
transition in ° r previously reported in the
literature).
Now we shall disé@ss the way' in which expected
—~

E2 transition energies were determined. If the spin

and parity of a-target nucleus is J

" and LW the spln
and parity of the final nucleus will be
,J¢ = Jt * 1/2 (Jc‘= l/2_%f Jo = 0) 1.30
Te = Mo s

if only s-wave capture is assumed. The E2 transition



Figure 1.5.
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DIPOLE

Schematic representations of the different
modes of feeding final states with primary

Y transitions following s-wave neutron s
capture by a nucleus with spin 7/27. Symbol
* indicates E2 transitiopn unmixed with the
dipole.
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'

from the caéture state willjbopulate the nuclear levels
with Jf = Jc r 2, Jc t 1, JC (the constraint that Jf >0
should be remembered) and wf'= L (see figure 1.5).
Among these Jc —+ JC t 1 or J¢ transitions will be
accompanied by M1 radiation. This leaves out’ the
possibility J. * Jc * 2 i.e. J. > Jt t 1/2 + 2, But the
guadrupole tran;ition Jc -+ Jt + 1/2-2 is mixed with the
dipole transitiOanc + Jt - 1/2.-{1 and similarly Jc +

Jt - 1/2 + 2 is mixed with Jc +J_+ 1/2 + 1. Therefore

t
finally we getlthe condition for the unambiguous primary

E2 transition as

Jg = J_ * 5/2 (preserving the positivity;of'JYl

Te =T . ‘ 1.31

The region 142<A<180 was examined for appropriate

cases. Target nuclei giving final nuclei with the
reguired Jf and Te values were comﬁiled. Among these, .
§onf;nuc1ei belong to an element haging adjacent_isbtopes
with capture cross-section several orders of ﬁégnitude
gréater. In soﬁ& cases the expected E2 transition is
interfered with by a line of an accompanying isotope.
Cost of the separated isotope was another factor liniiting
selection in the choice. Considering all these factors

the final 1lidt of the target isotopes with the expected

-
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-TABLE 1.1

L]

Selection of Targets to Detect Primary E2 Transitions

Target Spin Capture Popu- Popu- s b E
nucleus state  lated lated (kgv) (kev)
spin state level?

spin (keV)
143 - - -

Na 7727 37, 4 1 3244.2 7817.11 4572.8
6540 7727 47, 37 17 B2.5 6243.69 6161.1
162p, . ot 1/2 5/2°  781.1 6270.98 5489.8

5/2Y  949.3 5321.6
572 250.9 6020.0
164y, ot 1/2% 5,27 584.0 5715.96 5131.9
Yvp  s/27 37, 27 (5T)  2378.7 7464.63 5085.8
s 92t 5%, 4% (2% 1724.8 7388.64 5663.7
2ty 1637.3 5751.2
-~ . N s
\ 2"y 1300.6 6087.9
Loo2t a3 | 7295.4
- . ’ . - .
167g,  g7.2% 4t 3t .6t 548.5 7771.47 7222.9
)
2Ref. Le78.
bThis work.



33

-

E2 transitions is pfesented in table 1.1. The Sn values
given in the table E;éﬁfrom this work (see seGtion 4.1).
The energies of expected primary E2 radiations were
determined by subtracting the final level energies from
the neutron separation eéergies. Thé-expected photon
energies are less than the transition energies by a small
nuclear recoil energy. - ' -

To investigate the influence of the GQR on the
quadrupole transition strengqth, it was decided in this
study to rigorously deduce a\quantitative expression for
<Pyi/D> on the basis of its gelation to the photo- *
absorptioﬁ cross section. This cross section can be

y

estimated from the tails of the isoscalar and isovector

L]

giant quadrupole reschances. The experimental values of

PYi/D for the primary Quadrupole transitions both from

this wor iterature are compared with the
- corresponding, theoreticdl values to investigate the

. A ,/"‘ '
possible influerce of the resonances.: In the theoretical
work of Fubini et al. (Fu72), the final expression for
<Fyi/D> was given, but not deduced explicitly. It is to
be mentioned here that their value is higher by‘a factor
of 2 than what we have obtained.

The reduced transition probability BE2 per MeV

‘ekpressed in Weisskopf unit will be a useful quantity

in -
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(Lo79). With the accumulation of more &afa and with the
inclusion of corrected'resonancefqveraged-rgsults from the
litératpre, it i% possible to est@mate this guantity for
somei;;sses Oor mass regjions. éimilarly the avérage quad-
rupole strengths K(E2) (gee equation 1.28) for a nucleus,
or_nuclei with adﬁacent Cass numbers are reported. Such
values are the first of tﬁéir'type to appear in the
literature. ) | (

As discussed abové the enefgy of the expected E2
transition is-deterﬁined using the level energy from the
liéeraturé and the neutron seﬁaration energy Sn. -The Sn
values of heavy nuclides are often imprecisely known
(Wap77). Since precise S, values are needed in the
preseqt'study, ié was decided to determine these
A
rquantitiés for ali the nuclides involved. The consistency
in the Sn values of & nuclgus determined by taking
d&fferent cascades is a check on the religbility 6f the
enerqgy scalé. Precise Sn—values of the (n,y) reacpions
are used to g¢alculate the odd-even energf éhift and for
developing more sensitive models of binding energy .

f

systematics. : T
v
The precision in the intensity of a transition is
dependent on the precision of the cross sections of the

sample and the standard (see section~4.2.l). The common

-
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standard that has been used in this work for energy,
efficiency, and intensity calibration is nitrogen.:

Unfortunately the best previously reported value of the

15N was 75 ¢ 7.5 mb

radiative capture cross section of
(Jus 3) end'using that valNe would noﬁ eﬁable one to
determine the intensity of a transitioﬁ with better than
10% precision. Thus it was necessary to determine
precisely the thermal radiative capture cross section -of
14N. Moreover a precise value of o{_for 14N ié a useful
gquantity because this element is frequentdy used as a
calibration standard. -

In order to detect the p;imafy E2 transitions,
the samples were run for long periodsvof time. This
produced excellent statistics for thexepectra and many
previously unknown peaks were deteeted. The high
resolution of the thermal spectra coupled with good
statistics made the identification of new lines possible.
‘The energies and absolute intensities of the high energy

transitions .of most of the nuclides involved are

tabulated in the present study.
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CHAPTER 2 .

EXPERIMENTAL DETAILS

Various ,samples, enriched and naturFl, werq
irradiated with nputrons near the core of the McMaster
reacto£ and the prompt gamma-rays produced were détected
by a pair spectrometer. In this chapter, descriptjions
of the samples, the irradiation system and tﬂe gamma-ray

~

detection sjstem are presented.

2.1 fSamples

' The main samples (supplied by Union Carbide
Corporation Nuclear Division) used in-this work ére.
presented in table 2.1. Their masses aq@ the total
length of time during which their (n;y) épectra were

collected ach of the samples was in oxide

form. As the main objective of this work is the

detection of very weak E2 primary transitions any

possible contribution from the impurities was carefully
' + ’ . . I . J
considered. A list of the important impurities with

thefr atomic percent is displayed in Appendix ‘B. Natural

167Er target whose

erbium was used to exploit the
effective cross-section is 90% of the total. ‘- Natural

z

36
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TABLE 2.1

Irradiation of Samples

Target Atomic Mass of Time of _
Isotope Percent Samples run (hr) | ‘

(mg) .
143va  91.68 148 - 190
1625 96.26 310 .60
_ 1645, 98.43 20 290
%340 99.9 200 210
Y752 229 400 30 -
173y - 92.08 - 456 340 o
17%¢ , s1.85 280 190 .

]

aNatural erbium is used.

. .TABLE 2.2

- Experiments for %, of 4y

Sample Component Mass . Ratio Time
Number of sample {mg) N~atom of run

Cl or Al atom (hr)

i . CoN_H : 1450.3 127.7 18

£ 73766
NH,C1 38.47
2 AlNH4(SO4)2.12H20 2001.6 i SRR - 90'
-' -
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, samples of all the separated isotopes of tablée 2.1 were
, .

run separately in order to check for -any interference
froﬁlthe accompanying isotopes. 'For energy, éfficienqy

i

S,

and absolute inten:;:;ﬁgé;ibration, expe;imentsrin.

addition to those = h£ionéd iﬁ table 2.1 were also-per—-
formed in whigy’;ach of the targets of known mass was
homogeneouély mixed with a knmown amount of melamine
'(C3H6N6). Mixtures with NH4C1 have also been used on
several occasioﬁs.

Fof;the determination of o, bf 14N, chlorine and
aluminum were used as stgndafds._ Preciée values;of both
_intensity ($e81) and cross section (Mu8l) are available
fér chlorine. Also évailable are those of aluminum
(Pr8l, Mu73). For calibration with chlorine, ammonium

. -4
chloride was mixed homogeneously with melamine. TThe T

ratio of nitrogen to chlorine was chosen properly to

al2e
12H20 was used to provide an accurate aluminum/ﬂitrogen

ensure a balanced spectrum. The compound AlNH, (S0

mixture. The data for these Samples are presente&';n

table 2.2, -
In addition a spectrum of the empty tan;23y1a1
tube and that of a typical carbon capsule was observed

to check fo;fany/pessible interference from these sources.

-

—
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Experimental Facility

The McMaster University nuclear_reéctor is a

swimming pool type reactor which uses liéht water for the

triple purpose.of moderation, cooling and reflection.

The “reactor has a loading capacity of about 5 kg of

! _
)
-.\\ ) rani\

w

235

containing 94% enriched U and it normally runs

at 2 MW thermal power although it has a maximum capacity

of 5 MW. At 2 MW the average thermal neutron flux in the

core is gxlo cm sec .

2.2.1

13 -2 -1 T

Eaal

 J

I~

Irradiation System

For neutron captﬁre gamma-ray spectroscopy, high

neutron flux and the absenace of Y-ray background from

nuclear fission and reactor construction material are

desired. To achieve this condition, & tangential tube

(Ni70) passes near the core of the reactor. The tube,

made of Al, is 2 m long”“and 7.6 cm in diameter (figure

2.1).
h g 6x10

12

The thermal neutron flux at the sample site is

em % sec”™) at normal reactor operation. The

gamma-rays from the sample and its container are

extracted through the stepped lead collimators in the
reactor wallrthaﬁaproduce 1 cm collimation, and impinge
on a detector placed at a total distance of 4 m from the

‘sample site. A 50 cm lucite rod in the collimator and a

-
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paraffin slab of 30 cm thickness" between the reactor wall
and the detector absorbs much of the low energy photons
and scatters the fast ﬁeutrons which would otherwise
damage the Ge detector.

The tangential tubeais at 8 m 5é&ow the water

su:EEEé/g;‘:Le reactor. A 10'm long and 2.5 cm %gnaajyh
diameter flexible polyvinyl chloride tube runs from the
water éurface to the sample site through this tube.: When
a éample is removed fromﬁlhe system following irradiation,
a high level of radioactivity is expected for several
hours from the short lived radionuglides formed.in the
sample aﬁd ﬁhe.container. To decrease the turn-around
time there is a storage located near the water surface and.
the sample can be brought o&%ﬁ6fathe core and immédiately
storedlw}thout causing radiation hazard to the éxpéfi; |
mentér. ‘Phe entire system is evacuated using an on;line
dual-seal pump. Thidiis done to prevent the formation of

radioactive Ar from the air and eliminate 14N(n,y)15N

background from nitrogen in the air.

2.2.:\\\Sample Holdsr \

The choice of material for the sample holder ﬁas

such that it provides a minimum (n,y) background and a low

level of radioactivity when the irradiation &nds. Reactgf

*

{

—
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] A
grade graphite is particularly suitable as its cross-

section is low (Pr81) and it has only three (n,y) lines
of sigﬁificaﬁt intensity all below 5.0 MeV, the main
region of interest in this work. Graphite can be
machined to the desired shape of the container capsule.
For the irradiation of all the sampiés in the present
study, 1 or 2 cm3 inner volume graphite capsules were

-~

used.

2.3 Detection System

A

In this work, the gamma-rays were detected by a

pair spectrometer capable of producing high energy
resolution and low continuum to peék ratio in the pulsé-
hgight specErum. The spectrometer consists of an
intrinsic Ge detector surrounded by a quadrisected
‘NaI(Tl) annﬁlus, Before describing different features
of the pair spectrometer and the improvement of the
response function, a brief description of a Ge detectdr
and photon-interactions in german%ym may be meagingful;
z

$.3.1 Ge Detector !

The essential features of the semiconductor
detectors, of which the Ge detectoﬁfzs the mbst widely

' hsed, are the production of large nﬁmbers of electron-
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hole pairs by the'interaction of gamma-rays and the rapid.
collection of‘these charges by electrodes so that an
electrical signal is prodﬁced in an exterﬁal circuit.

The requirqunt of very low enérgy to producefan electreon-
Hoie pair, the high éarrier mobility, and low-traéblng
Cross seét;gn make the resolution of the Ge detector very
'high.—’fgg usefulness éf this detector is.aiso_due:to the
linearity of the,eledtron—holg_production to the initial
energy of the ionizing bhéton. ‘$ﬁe efficiency of . ..
detection is depéndént on the'probabil{f§ of depoéit}en

of all energy by the incoﬁihg-photbﬁ in the detector,
which is in. turn dependent:on the cross section 6f various
interactioﬁs of the phofon %q the detﬁftor and Ehe
detector size.

The Ge detector is essentially a junction tfpe
semiconductor detectorfﬁith p- and n-t?pe semiconducting
electrodes separated by an intrinsig-aegion. ﬁionizing
particlés enter the ihtrinsic region'produciﬁg éléctfoﬁ~
hole pairs and these qharges.ére collected at the
elecyrodes. - s .

In order to secure the advantages of hiéﬁ
resolving powér and low ndise background, it_is necessar&

to maintain the detector at a very low téemperature.
p _ ]

e
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Liguid nitrogen at a temperature of -190°C is generally’

{ used for this purpose. .
: ) ..

2.3.2. Photon Interactions in Germanium
. v
There are three major interaction mechanisms

r N .
which play an important role in radiation measurements.

-
.

At low energies photoe}eqtric absorption‘predominates.
Tpe'phptoelectrdn create% charge gérfie;s-@n‘the
ger;anium intrinsie'regiéh aﬂg the photon‘is completely
absorbed. Theix—rays fromlﬁhe photoelectron emitting
-atom are more liRely to be absqued by a second photé--
electric intékéétion. This contributes further charge
carriers to tﬁe“germanium.' The probability of bhoto—
electric absorbtion is’ roughly aéproximated as (EQSS)

-~ Zn

T =z const x “— - , "' 2.1

E 3
Y

where n varies from 4 to 5. The photoelectric absorption °

coefficient of germaniuh (z = 32) is. shown in figure 2.2. "

At energies above 0.1 MeV, the Compton effect
becomes important. The Compton scattering cross-section

is (K129) .)

. .
] é
. Toe
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Figure.2.2. Linear absorption coetficents
for gamma rays in Ge.

_After de Soete et al.(60)
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where E; is thé incident photon energy. >

The Compton electron gontributes directly to the
charge carriers. The scattered photon can then either
undergo further Compton scattering, ‘escape from the
detector or be absorbed in a photoelectric process. The

’
probabilify of escape is fairly high in a small detector,
giving rise to the large Compton step below each full
gamma energy peak that is typical of gamma-ray spectra.

The third process of interaction, and one that is
the most important for our work, is that of pair produc-
tion. In the presence of the large Coulomb field near a
nucleus a high energy photoﬁ can be completely absorbed
and produce an electfon—positfon pair. ForAan igpér—

mediate energy region, defined by 2m c2 << hﬁ <<

0
l37m0c22—l/3, the cross sectlon for paLr productlon in
the fleld of the nucleus is (En66)

2

Z 2hv _218 o
o ... = 2.3
pé}r .137<4m: m, )( 2 27)

The kinetic energy E - 2m0c H%hafed by the
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electron and positron is transfetred to the detector

through 1onlzlng collisions. _The positron will

eventually be annihilated, produc1ng two oppositely v
directed 0.511 MeV photons. If both of these photons_f

are reabsorbed the detector output pulse represents the

full energy peak. If one or both photons escape from

the detector the spectrum willﬂshow first and second

escape peaks thatiare displaced 0.511 and 1.022 MeV

below the full energy peak. Complioations arise if the
electron and positron do not t£§psfer their full enerqgy

to the detector but instead;Slow down by emitting

bremsstrahlung radiation which subsequently escapes

from the detector. This results 1n a continuum of ﬁv///’“ﬁ\\\

S

degraded events that are\hdded to the spectrum below

- each peak\\JAlso the 0.511 Mev photons could lose part

of their energy to the detector producing a toe or high
‘ *\;F . (:\eniigf step on the first and second escape peaks. .
| ™= Flgure 2.2 shows the total absorption .

.\ : coeff1c1ent for photons as a function of energy for
germanium. Thé relative contribution ‘of the three

’ ! . ) y (] . .
///;} processes is also shown and from this it can be seen

that the photoelectrlc effect makes llttle contrlbutlon

cﬂfi"\‘, above 1 Mev. ‘ S ’ '\;jL\
7 . ’ R

t, e



2.313 Pair Spectrometer

If the Ge de%ector is run in the singles mode,
the corresponding spectrumlcontains all. three types of
peaks corresponding to the eSoape of both annihilation
quanta, siggle quanta or none. -In addition, there is

e

the Compton continuum pro&ucedvby inelastic-scartering

of the incident 2Y. The elimination of the single

escape and'full ener peaks and the Compton continuum
is made possiEie/by/ee eotion of double escape euents.

To achieve this the Ge detector was surrounded by a

quadrlsekted NaI(Tl) annulus (Ni70), ' Each of the four
NaI(T1l) deteetégs ha&useparate photom ltiplier tubes and
'was connected to a SCA’Wthh was-éEEdﬁlth proper w1ndow
to accept 511 keV quanta. The aux111ary c1rcu1t“ﬁas
‘deeigned to accept only those Ge events for—which'there
wes sensed Ii keV guanta by two opposite-NaI(Tl)

-quadrants. ‘This suppresses the single escape and full

enerqgy peeES'and also the continuum background. Thus a

great simplification of the spectra an ighly increased

peak to background ;;tio was achieve
window of th aI(Tl)'detecrors was
the count-;;Z:Tand the background rej

proper investigarion.the window was set betwee

- The choice of ~ -
compromise between

After

tion.

and 511 + éo, o being 0.425 times the FWHM of the



NaI(Tl) detector. -At high energiesL\EEe’ddé;ie escape

séﬂks are dominant and thus by eliminating the other’
peaks, little information was lost. However, not all the
double escape events were detected,.as many ann;hilation
quaz:a lost their energy and fell short of the window

level. 1In fact only 20% of the double escape events were

‘ultimately detected. This loss of efficiency was over-

compensated by the simplification and improved peak to
background:fatio o? the spectrum. - -

The pair mode discussed above éould'nof eliminate
the following,aspects of the response funcfion}

-l. Bremseérahlung Effectf_ Tpe electrons and
positrons following pair creation may emit bremssﬁrahlung

radiation while deccelerating. This gives a

w_bremsstrahlung continuum with a dip just befd/e‘a peak.

The dlp results from modulation of the hxemsstrahlung

cross section. w1th the absorptlon cross section for 1ow
. -

‘energy photons 'in the Ge detector.

N 2. fRange#Efféét; The pair products may them-—
seize§/EScape the_detector and this gives rise to'a long

flat-continuum from 0 to EY - 1.022 MeV.

- 3. High Energy Toe: The annihilation quenta may

lose Bome energy by small angle Compton scatterlng and

W,,L

Produce an qutput in the SCA f?js event Wthh deposzts

. .- R ; : -



50

more en than EY - 1.022 Mexpln the Ge de ctor is

\/then detected causing a characterlstlc hlgh\fnergy toe

|

P’ The last effect is due to 1nherent poor resolu—

in. the' peak.

tlon of the NaI(Tl) detector and nothlng can be done

about 1t. The flrst two effects can be minimized by

f

proper auxiliary/circuttry._ To eliminate the first
effect, while two annihilation quanta were sensed by

opPoSite NaI(T1l) guadrants, if any radiation above 50

keV was detected~1n-e1ther of the remaining quadrants,_
the event was rejected. The threshold'of 50 keV was/
chosen because below this theregmay be cross-talk
between the adjacent;NaI detectors and moreover, below:
thie enetgiﬁthe escape probability fot the bremsstrah~’
lung photons is tery small. It may be noticed that ,
instead of going to tne'third quadrant if the’
bremsstrahlung radiation would go to.either guadrant
accepting an annihilation qnantum,.the event:would also

A

be rejected because that would offset the energy out-

s:.de the window of the SCA, prov:LdJ.ng the energy wl 5 [

suff1c1ent

: . ~_ | _
The range effect can Je minimized by the method

of pulse-shape‘discrimination\(Ro?S);‘ However, dqringf

the present study no circuit was ‘included to eliminate
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this effecéiwhich was not significant for the present Ge

/r“v;;gector.

g

2.3.4 ‘ Electronic Circuitry‘ RS

‘The spectrometer and the auxiliar& circuits are
shown in figure 2.3. Located at the centre of the
spectfometer there is a high purity Ge detector
(fabricated by P%incetoﬁ Gamma Tech. Inc.) with
efficiency 4% of a 3" by 3" NaI détector. The quadri-
sected NaI{(Tl) annulus'(mapufactured by.the Harshaw,-
Chemical Company) surrounding the Ge detéctor-is l§.2 cm
long and has inner and outer diameieré of 8.6 and 23.0 o
cm. The function of the elect?onic circuit is evidgﬁts;\
from £he discussion in section.2.3.3. The 1o§ic'-
provides a final output when theré is an event in the Ge

- - L
detector in time coincidence with the presence of 5I1

e quadrants andl}h-antif

sing of radiation [above 50 keV

keV photons in two oppusj

coincidence with the s
in any other quadrant. ™ ;

Encodement of acceptable pair events was
achieved through use of a 13 bif NS-621 ADC (manu-
factured by Northern Scientific Inc.). A éhal point

NS-454 stabilizer (manufactured by Northern Scientific

Inc.) tracked a 22Na source for the zero correction and

-
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a strong'i561§led.high éhergy frahsitioh in each (n,Y)
spectrumrfor géin sensing. &his'ensured the écquisitipn
of a.high £éso;ﬁtion spectrum over a long period of time.
After encodemegé the digital information was transmitted
over 100 m to a ﬁova computer dedicated to da;a logging
(Co75). Throughout the present study a gain of approxi-
mately.0.74 kevV/channel was uée@ for each experiment.
Tge detector resolution in general ranged from 3.0 eVJ
at 4000 keV to 4.1 keV at 7000 keV. )l

’ - | _ \

- \
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CHAPTER 3

~ DATA ANALYSIS ‘m\
3.1 Determination of Peak Area i R

The area ;f a ph@topeak;in alcomplex spectrum can
be determined by applying the deconvoliution technique.
The bulk «©f int%nsity values for'the-dipole transitions
tabulated in_thé present study were determiried usin;ZEhis
method. For the_qﬁadrupole transitions, all of which are
e;tremely weak, the deconvolution method for area
measurement was not satisféctory and each of the peaks
was analyzed m;;ually using s?raightforwfrd methods. : &
With r;spect fo the background these pedks fall into
thrée categories; , iy -

(a) peaks in the vicinity of a very strong peak,

_(b) peaks partiélly overlabped by another beak

with comparable area,

and (c) peaks with a well-defined background.
The areas of the pegks of the first category could not
b -

be determined and the peaks were ignored., The .region of

a peak of the second type was fitted with- _method‘df

4

least squeres,u - Gaussian model and £hen the

continuum ahd fapping peaks were subtracted

~ N

54
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resulting in a residual,_peak which is the peak of
interest. In other words, the fitting 'ca"be performed

for the region by the function’

2
- all peaks (i-P.)
7(i) = z A, exp{--———l— } + IB_i" 3.1
. . j 2 n
7 =1 20'3

where Pj is the centroid of a peak and the last sum is
from n = 0 to 1 or 2 depending on the nature of the
) '

contifuum. Then the area of the peak of interest j is

A = (Data points in the region)

.2
(i~P.) n
- T A exp {-————%- } - IB_i 3.2
. ! 20,
j#3 j

Details of the method and error analysis are discussed

in Ref Is79. The third type of peak could be analysed

with relative simplicity as is discussed .below.

o The area of some 'of the peaks with a‘well-

1

defined background was determined by simple‘numerical'

. integration and were corrected for- the contribution

from the continuum. The lattey was‘éStimated from the
counts in the regions adjoining the integration limits
using the assumbtion of a linear variation over the

region analyzed. Symbolically, the area

x _ 2-1 aaq Ttk
A=1a, (r2ﬁ+l) I i (55%15) £°a;, 3.3
L i=g 1 i=g-ky 2 i=r+1l *
J \
. m
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where £ and r are thé channel numbers at the left hand

and right hand limit of the peak, ki is the number of

.

points on the left side of the peak chosen'for back-
' [

grgund estimation and k, is that on the right side.

The™ariance of the peak area is

: r+k
r 2 -1 2 ™%y

s?(a) = 1 a; + (r2ﬁ+l) I oa, + (r2i+l) . I a.. 3.4
i=g 1 i=g-k, t i=r+l

-

For some E2 peaks, only one point adjacent to
each side\of the peak was used for the background

estimation. The relation used for these cases is, by

!
~
I

substituting ky =k, 1l in equa%iéﬁ;B.l,

~ . i

r .
A= Ia, - (a =2 R N

2-1% r+l)(
The varjation corresponding to equation 3.3 is

2
+
s?(a) = portapay) 2L T 3.6

a. + (a
. i
1,

1R

L
The areas of some other E2 peaks and also a
liﬁited number of peaks used for efficiency and absolute
intgziisy/éalibration Sr for rédiatiygAcaéture cross
section determination were determined by taking,as m;ny

channels in ‘the background as in the peak. This approach

where k, = ké = r-§+l gives the least relatife erder and

it 'is applicable if there is no interfe
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background within the integration limit. Heré, equation
3.1 takes the form
- ] JE=i+l : >
5 -1 r
A= Za. - a.

z .
._g 1 i - i .
i=% j=g-I §+1 izrtlh_//,\

which can be abbreviated as,

\A=G_'Bl-B2'

where G and B are gross counts and background res-

pectively. The standard deviation of the peak area is

simply, ' [

. e\

S(AR) = G+B,+B

Because of the weakness of the E2 transitions and the
sensitivity of the peak areas to minor interference in 4
the background, equation 3.5 instead of equation 3.7 was

used more often to determine the areas:

3.2 Automapi; Centroid and Ar;a Determination

The effectiveness of data reduction is iﬂdicated
'by ﬁﬁg amount 6f information that can be reliably
extracted from tﬁe_vauired data witg_ﬁ minimum of inter-
action‘in the procedure by the experimentalist. A high
degree of automation is specially needed for thé ‘

complete analysis of (n,Yy) spectra which often spans ~

thousands of channels and hundreds of components.

Y

L )
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3.2.1 Zero Area Filter

The zero area tilter (Ro72) method is highly
automated and noninterventive in determining centroidé
and areas of peaks. 1In this method, the convolution witﬁ
a zero area filter yields a resultant spectrﬁm which is
virtually free from bacﬁground. ﬁlthough.it is fast,
simple 4dnd precise and dées not require previous sub-
traction of the continuum residing beneaﬁh the structure
of‘interest, it.is primérily'applicable pnly in the case’
where the spéctrum is composed of isolated components or
whgn only prominent structure is sought It cannot be
applieé.§UCcessfully to a complex spegtrum with closely

spaced components.

.

3.2.2. Deconvolution .

¢

The pair-spectrometer used in this study
exhibits a resolving power éf_the limit of currently

achievable values. The only'Waj'to fémoﬁéﬁtq somg

. L

_extent the constraints of the ‘existing resolution.is to

be sought in the data reduction method. A deconvolution

+ -

™
algorithm constrained to positivity of solution has been
reported (Ke78a, 78b, 78Bc) ‘and is idgally suited for
general spectral énalysis, partichlarly for complex

structure. This algorithm, which is iterative in nature,
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. Lk
retains both arqé and roid. The operation entails .
lOW'magnificatiéh in npise. The deconvolved spectrum _— g
shows single components whiclf occupy only two channele

and a simple search routine can readiiy determine the.
centroid and area.

In Ref. KeVBa[ the iterative algorithm based A

upon Bayes' postulate is developed, follow’:mg the w -. -

initial work of Richardson (Ri72). b51ng matrix

notation,‘iterations.can be expressed as

) coe
R (n)Z (ns - 3.10
zR T : |

is the estimate of the sought\signal T after \gi>

where T.(n)
\3 .
n erations, R is the response matrix and M the measured
spectrum. - ' ) -
In the present study, the response functlon can ‘éﬁ
be represented well by a Gau551an function modlfled b

the finite channel width. The speed of the algor'

‘which is iterative, i

‘is stationary. An examination of.the energy dependence
of‘the resoiutibn indicated that 512 channel intervals
could be cdonsidered as”qu'sistationary'while, heyond this
range, the width changed sufficiently so as to reduce the
'effectlveness of the procedure. Generally'the number of

iterations was adjusted in such a way that when no
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significant change occurred betweeﬁ:iterations, the
procedure was stopped. Usually this resulte@ in at least
5000 iterations being necessary for closely spaced multi-
plets. For the Nova 2ecompeter used, 0.7 s Qere required
for each iteration ‘when a 512 channel record was\?
processed - It is always necessary to remove the back-

ground or underlying continuum in the original spectrum

——

before the Qecogvolution is carried out. 1In this study, .

the prominent toes of the peaks arising from small angle

- 4
scattering of the annihilation radiation and the

remeining background -were both removed bf'using the
automated backgrounhd extraction technique mentioned in
Ref. Ke8lc. -For iilustrqtion, in figure 3.1, the

original and deconvolved spectrum of an arbitrary nucleus:

1664, between 4.5 and 6 MeV is shown. The multiplets in

the spectrum have been clearly resolved into its com-

- ~

ponents in the deconvolved spectrum.

-

3.3 Energy Calibration

>

The accuracy of energy standards is often a

constraint in (n,y) spectroscopy by Ge detectors. The

reabtion l4N(n,Y) N has been frequently used for energy

callbratlon and there have been successive reports of the

precise values for nitrogen” lines (Gr74, Is74, 5t78,
”~ -

N

.“7~—”
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Gr79, Grso, keSl, Gr80a), the last two reports deserving
special attention. Kennett et al.‘determined a com-

. prehensive set of eneréies for Cl transitions with an
overall accuracy of 0.10 keV &nd on the basis of these
they reproduced a set of energies for the 14N(n,y)15N,
reactions. At about the same time Greenwood et al.
(grBO) reporté@'another set df.precise values for the
nitrogen transigl ns which agree within 0.1 kév with
those of Kennett‘jé\gl. The consistency of these
studies gives some coﬁfidence in the values of N and C1

lines.

N

) The transitions in either qu(n,y)lsN or
35Cl(n,Y)‘36Cl were used for energy calibrétion on
different occasions. The energy scale in this work was
found to be linear in two different regions, one greater
and the ;ther less than 5 MeV. For low energy calibr§- J
tions, other reactions used were lH(n,Y)ZH and |
12c(n,y)l3c. ‘ .
. The various transitions used for energy
calibration are pres%nteipin tabie 3.1. The centréid to
energy transformat&gﬁkfunption was determined by a
linear least—sduarég fit to the energies of stitap}e

transitions.
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YABLE 3.1
Energy Standards
. a ._a Other lines
lines (kev) lines (gv) ERSX3Y  Idemtity  ret:

1884.85 3061.80 4945.319 o b
1999.71 3821.%1 2223.25' H b
2520.52 3981.06
3532.01 4440.61
3677.79 4944.61
4508.72 4979.81 .
5269.14 5517.38
5297.78 5715.30
5533.33 5902.96
5562.04 6111.00 ‘
6322.46 6628.02 .
7299.06 6978.09
o 7414.17

ARef. Ke81l X% ‘

Pref. Gr7a

®Ref. Le78
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3.4 Calibration of Deteééion Efficiency

To measure the intensiLyxo ransitions, it is

with eneérgy. This is determined in general by the

necessary to know the variation in the stem eféi;iency

variation of the pair creation cross section in
germanium modified by such factors as radiative energy

loss and.electron escape from the detector. ¥n this

study the beam is filtered with a plastic absorbexd, that
ion

~

also introduces an energy-dependent transmis actor.

The absolute efficiency at energy E; is

A, .
“Caps By) =kt ~3,11
i .
where- Ai = area of the peak in the spectrum produced by
photons with energy Ei having absolute
intensity Ii' .
k = overall normalizing factor involving the
total number of captures that have produced
the spectrum.

For our purpose, only knowledge of the relative
effiéiency is needed, and it is given by

- Ai .
£, = — 3.12
1 Ii . N

To arrive at a relative efficiency function for the

8

/
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TABLE 3.2

1

Intensity Values from 4N(n,y)lSN Reaction

Used for Efficiency Calibration

Energy . Absolutéa Absolute

{keV) Intensity . Error
- (%)
1885 19.7 1.0
$ - .
' 2521 6.2 0.2
2831 2.0 v 0.14
3532 9.7 0.2
3678 © 14.9 0.3
4509 1&16 0.3
269 30.1 0.4
5298 21.1 0.3
. 5533 20.0° - ° 0.3
" 5562 10.7 0.2
6322 - = 18.8 . 0.3
7299 9.6 0.2

%only for 1885 keV transition, Ref. Th67
was used and for the rest Ref. KeB80 were
used. : _—

-

L} b .
'.,‘ . . Lo e
.

it ” s b i S bl o e e
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system, a standard with well—known intensities is needed.

14 N(n Y) N for which prec1se values

‘'We used the reaction
of intensities aie available (KeB80, Th67). The transi- .

1Fions used for the calibration are presented in table

3.2. A smooth calibration curve is determined from a

weighted linear least squares fit of the data points €y

to the polynomial .

1% +'a—2x2 + a3x3 + a4x4 3.13 -

ei(x) = a
where x = E - 2m0c2 is the kinetic energy of the
electron-positron pair. The analysis yielded a value of
xz/flof 0.78. The variation of detection eff1c1ency with
”1nc1dent energy is shown in flgure 3.4.

A nitrogen spectrum accumilated over two days waé
used for this intensity calibratisn. - Besides, the
nitrogen transitions in different mixed calibration
samples were expleoited Sccasionally to searchiNfor changes
in the efficiency profile of the system as a function of

energy. No significant variation was noted during the -

series of experiments.

~

3.5 Reduction of Average-Resonance Data from

Literature for E2 Stréngth Study

The Average—Resonance Method, develope& by

“gjgolllnger and Thomas {Bo67, Bo68), involves many

Fo | T
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-

resonances‘in the capture state and the intensities in
the speétrum are essentially the averagés of intensities
dqgfto individual resonances. Thus the P-T fluctuation
is greatly reduced so that not only all the El and Ml
primary transitions, but also the primary E2 transitidgg\
are likely to be detected. However in the case of
average resonance capture, éhe E2 transition may Re
contaminated appreciably by p-wave capture followed by

" an El transition.

Ancomplete literature survey shows several Ezf
primary transitions have been observed in average—
résonaﬁce experiments. The transitions along with the
references are\efsplayed in téb;e 3.3.

3.5.1 Normali{Z;g Intensities‘of‘Average—Resohance Data

, - : \
The intéhsities of transitions in all the average

’

resonance data are given as relative intenE}ties. To
~obtain the absolute intensitigg of E2 transitions, con-

version factors were calculated in the present study.

b

Each of thé average spectra was compared with itg'

corresponding thermal spectrum either from literature or

L]

. ' x
from(;hts work. It was assumed that a thermal spectrum
. < 7 . N
is a sample from the spéectra whose averageé~is the

aﬁerage—resonapce spectrum. This neglects the

L
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TABLE 3.3

Average-Resonance Data from Literature

‘Final E Popultd. Capture Final Ref.
Nucleus (keV) level - state state
(kev) spin spin
10645 9562 o . 2%3% ot mo70
_ ) 7856 1765  , ° 0"
150, 6823 1166 37,47 1T Bu70
1665, 6161 < g2 37,4 17 Bo7o0
168p. 7223 548 3t,a7 6t mo70
| 6507 = 1264 (6™) |
180 7295 93 gt,st oF
6189 1199 2*
6128 1260 (2*) |
. 6088 1301 (2¥)  Bu74 -
. 5781 “1637 | 2"
' 5664 1724 (2*)
-



73 .

possibility.of siénifibant\p-wave capture is the
resonance—-averaged spectra. The primary E1 and Ml
transitions in both spectra were used for the calcuia-
tion. The relative intensities of éll El and M1
transitions with énergies betﬁeen ~0.7 sn to Sn weré
summed. The absolute intensities in the “correspondipg
'thermal Spectrum were add'd.t In the lattericase, where
the P-T fluctuation was éi;sent in an individual
transition, the summation.decreaged thé fluétuation
reducing the relative standard'deviafion of the summed
value to (2/N)l/2, whéfe N is the number of transitions
(Bo70a). In the case of both thgrmal and average !

capture, the sum:of the absolute intensitie& of the

——f

! transitions was assumed to be equal. This equality gave

' .
the conversion -factor for a nucleus. The .factor was

used to transform the relative intensities of the quad- .
. L —
.rupole transitions into absolute intensities. Since

-

this conversidn is crqgial, d suhmary of the above
. . &

treatment for the nuclei is given in table 3.4. fhe

absolute intensities were then converted into partial

widths.

-3

-

-
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_TABLE 3.4
Summary of Conversion of Relatiye Intensity

of Averagg Work into Absolute Intensity

Pinal Minimum ,'No. of dipole Ref. for Ref. for \
Nucleus energy of primaries relative absolute
‘pPrimary considered intensity intensity
(keV) of average of thermal
work work
106p4 6971 17 Bo70 co712
1505y 5893 .18 Bu70 Ba76
1664 5684 18 . Bo70 b
1685, 6155 17 . Bo70

180, 5073 23 Bu74

L AThis is a ¢ sonaﬁﬁe spectrum with E_ = 11.8 eV
]

n
(\\//rﬁﬁp"‘bThis work




"state will have spins 1/2° or 3/2  and the 3/2° state
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©3.5.2 Correction fof P~-wave Cépture El Transition

As the intensities are averages over many
-
resonances, the P-T fluctuation is greatly reduced. But

-

because of the weakness 6f E2 transitions, any small
cqntribhtion from El radiation following p-wave capture
may be comparable in the case of a&erage resonance
caﬁture. (Tb illﬁstrate the p-wave contgibuﬁion let us-

. . + . .
assume a target nucleus with spin 0 . If the capture is

- S-wave, the capture state with spin 1/2+ will decay to

\ijlgjr&;%er-lying level radiating an unmixed E2

transition. If there is p-wave capture,- the initial

mmay-decay to.the sarrie 5/2+ sgate through‘an El transi-
tion. Thus in tﬁe-pulSe-height spéctrum, thé E2
transition and the p-wave capture E1l transition will be
superimposgdk& For the typical neutron energies at
which these reactions occur, the penetrabiiity factor
for p-wave neutrons inéreases and thus p-wave capture
is enhanced. In this section a working formula is‘
developed and then applied to ﬁake corrections for P-
wave capture El transitions which are mixed with fhé

. -
quadrupole transitions.

r——
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3.5.3 . Theory

In the average resonance éxperiment, a 10
filter reshapes the remaining 1/E neutron spectrum by
gutting offfthe low eneygy neutrons. Although the 10B
filter has nb effect ojiihe high en;rgy neutrons, the

1/E dﬁpéndence causes this region to fall off in

~intensity. This essentially limits the band of

X —~
neutron energies broad enough to contain many resonances

but narrow enough to preserve the high resolutlon of the
Ge(Ll) detector and low enough to limit the capture to

s-wave and p-wave. The neutron flux passing through the

filter is (Lo73) ' | A
: ¢0 -a/vE ' ‘
$(E) = g (E is in eV) 3.14
a = 36.7x =

10

where x is the thickness of B filter in g/cmz.

The total number of averag onance captures

of %wave neutrons

s

¥, =[5, (E)¢(E)aE : 3&{5

-

where o (E} is the average 'Cross sectlon of the R-wave

resonances at E, N\
!

The cross sedtion Ei(E) can be expressed in terms

of resonance parameters as follows: -



A - . /

E+AE/2

P

- g. T T
_1 prax? 29 nr yr e
AE 7

Jr 5 T |
EZAE/2 (E—E ) +_E
2 . ‘
212x p (E)zzJ—IlLL + 3.16
Y e TLAE

ol
where g; = (J+1)/ 2(3.+1) , J,and J_ being the spins of the

(E) =

a|
Py

capture state and target nucleus respectivs}y. The pehe4
trability factor P, (E) is given by

P, = VE LA

Q
CL2.2
P1=/E'—I—<“'% . 3.17
© 1+K°R ’

where it can be shown that (KR)2 o 7.20x1078E (ev)a2’/3.
Equation 3.16 can be further reduced to

N_. I _>

T = VN A
. G,(E) =F (E)T,-Y-R zg“J)N
i ; J°J .
=F (E)<l,—Y> st 5 g 3.18
L £ "n 3 J ' '
The partial cross section for a transition i is
' r S S _
g _— Yl L - - AN
3y (E) = Fy () ':f.—>15n gJ _ 3.19

Thus the p-wave and s-waveEYields‘are
'A r :

= i 1 . -
Yli <F' >1 SngJi Fl(E)¢(E)dE v 3.20a
- T - : .
_ = >\ g0 '
Yo, <r4?1>0 S,97 [Fo(E)$(E)aE . 3.20b

where J''and J are the initiil state spins for the p-wave
capture El and s-wave capture E2 transitions respectively.

Thgf;;Eio of the p-wave to s-wave contribution is,



N\

therefore,

1
. <ryi>l <> ?_rl gJ" Fl(E)cp(E)dE

0
) = 3.21
. i <Tyi%p <y sy 9 [ F,(E)e(E)aE
In the above equation,
Tyity  Tyi’er Py SED giy s 3.22
<PYi>0 <FYi>E2 DJS(EZ)‘ (23" +h) S(E2)}.
(where the exponential part of D is neglected)
<P> <I'_+TI > <F > .
—-0%_ _n y0,  _vyO 3.23
<1">1 <I‘n+1"Y>l <I‘Y>l <
g1 '
J (27 +1) .
and 35 (20+1) . 3.24

Thus finally ‘the ratio of thewp-wave to the:é-wave con-

.

tribution is

.

=

13 _ s(e1) Sh Ty’ J F1(E)¢(E)dEe s
Y. . " S(E2) <I"Y">l fFo(E)¢(E)dE . . .

0i
The values of Si and <ry> were taken from Ref. Mu73 and Mu8l.

[

S

jo =]

The value of S(El)/S(E2) was estimated using the average

: . -~
The quantity a present~in the'integrals is o inable from

resonance data. The integrals are_evéluatedbi;/?ppendix c.
! . \‘ .

equation 3.14 usihg the thlckness of the 10B filter in the

‘1nd1v1dual average-resonance experlment . ’

The ratio of the partial to the’ total s-waﬂe cross

section is

1,
"3 Y.
991 {B) g, 9y
= = ’
UO(E) . Iy £g;

<r>

0

(.
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from which the relation between IY and Pyi is found to be

Ig .
r .=1Irp -9

yviThTy g 3.26

3.5.4 Corrected Widths of E2 Transitions in Average

Capture

~ &
To estimate tée correcticn for p-wave contribution -

to the E2 transitions in the average data.from literature

the quantity S(El)/S(EZ) was determined from the average-

166 180

resonance spectrum of Ho (Bo70) and Hf (Bu74). 1In

the first approximation, the contaminated E2 intensity was
used to determine the ratio S(El)/S(E2) ﬁPiCh was used to

estimate Y1/Y0. "Then again the same procedure was carrie
out with the corrected E2 intensity. The procass

virtually éonverged after 2 iterations giving a value of

45 for S(E1)/S(E2). The thicknesses in g-/cm2 of 10g filter

106 166 le8

Pd, Ho and Er were obtained directI?fffom-the

150 180

forf

}iterature (Bo70), while for Sm (Bu70) and Hf (Bu74)

10,

it was deduced from the given B thickness inLcm by using

a(densitg of 2.4 g/cm>.

-

2
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TABLE 3.5
P-Wave Correction for Average~Resonancé
Quadrupole Transitions .
» 2
Final 10g <i2Pl> -Si ber >Sb Percentage®
Nucleus thick- — 0' T of p-wave
ness, <X P0> S:n contribution
(g/cm®) ) : '
\- -
106p3 .27 0.021 - 12.5 1.1 ' 93
50sm  0.762 0.069  0.16 0.75 27
16650 0.107 0.0093 0.6 0.9 18
1685+ 0.43 39 0.6 0.9 49
180he  0.3g2 g:.\za_s 0.2 0.9 22

aDensity of 2.4 g/cm3 assumed for 10B

bRef. Ma73 .
A fixed value of 45 used for S(E1l)/S(E2)

<

AL



TABLE 3.6

Average-Resonance Widths

a’ c
p-wave

r..=Tr.rI g
Final E, Corrected bPY R B _EE—
Nucleus (keV) - IY (meV) (mev) J
(per 104) . :
10654 9562 <0.28 145  <0.0097
L J . * o -
7856 <0.08 . <0.0028
1504 6823 0.15 + .62 0.0022 (10)
-
166y, 6161 0.23 - 75 0.0040 (20)
188, - 7223 <0.39 ° 7 88 <0.0061
_ 6507 ' <0.34 _ <0.0053 S
180 " poae
HE. 7296 0.92 62 0.0127 (60)
" 6189 L 0.37 - 0.0051 (20)
6128 0.45 : 0.0062" (30)
6088 0.47 " 0.0064 (30)
5751 0.37 . 0.0051 (22).
5665 0.40 -~ 0.0056 (27) " °

8

qcorrected and normalized in the present study.
Pref. Mu73 _ g ‘

®sum in the numerator is over the two capture states
, . and J is spin of the E2 decaying state.



The percentage of p-wave capture El transition in
the average quadrupole'transitions and the gquantities used

to estimate the percentage are presented in table 3.5. As

106?

expected, the contamination is by far the worst for. d

as the p-wave neutron strength function is very high in

10

this mass region. 'Due to the thin ~°B filter used for

166Ho the p-wave contribution is least in this case. The

p-wave contribution was then subtracted from the gamma-
, widths of all the average resonance guadrupole transi-

tions. The corrected widths are presented in table 3.6.

I
3.5.5 ' Possibility of P-Wave Contribution the Présent

/

Thermal Data . .

Since the ratio between the thermal and the epi-

cadmium flux (¢th and ¢0) of neutrons, in ou® reactor is
. ’ . .
1/20 (KeB2), there is a possibility that p-wave capture
may contribute to the (n,y) reaction in this study;

It is, therefore, necessary to make a calculation for
such a contribution, The worst case for the calculation

’

was analyzéd, S0 tha£ if the contribution is negligible
here, the same would hold.true for the rest of the
nuélides studiedf This topic is discussed here instead
of the place where our theimal data is discussed for.two_-

'reasons.- The most part of this sectibn uses the concept

-~
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of gection 3.5.3. More importantly, some concepts intro-

duced here w1ll be referred to in a subsequent sectlon. \\

»

To begln with, one needs to know the resonance

o

\
integral which, for the (n,Y) reaction, is defined by
. ® aE
Io=| O (E)S= ¥ 73,27
R Jgec Y 'E

where E, is determined by the cadmium cut-off energy.
'The reSonance integral assumes that thé'dE/é neutron
. t

spectrum is not perturbed by the absorbing material.

SN

The value of Ié for a nuclide is, in general, a known

-

quantity (Mu73). The ratio of the total p-wave and s-

wave neutron’ capture is given by

N . -P P ¢
Y _ %en%n * $¢lR |
7 =S

5 %n%n * %Iz

=P, P
Oth + .(1/20)1R

, 3.28
=S 5
Sen + (1720013

where Eih and o, are the average thermal radiative

-~

capture cross sections of s-wave and p-wave. neutrons; -
P.

—

In and Ig resonance integrals due to p-wave and s-wave

captures.

To assess the splitting of I, into Ig and Ig for

the target nucleus 162Dy, a model similar to that in

section Q\S .2 1s 'used.. The only dlfference here is the

~i,

MpALaara T
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10

absence of any B filter and thus the presence of a

simple ¢0/E neutron spectrum. The number of captures of

2-wave neutrons is given by eguation 3.20

) -

} r
Y, = <X %
2T 57, Sp gy j.Fl(E)¢(E)dE
Joo.s
which may be written as
- r F . (E)
- _Y ) L "
Yo T 005y S, o9y | F——dE

L , : .
1s the f-wave resonance integral.

where IR

For s-wave capture,
- T

' (4]
F o (E) v
T—dE'H T/i dE = 2.83
- J0.5 B
For p-wave capture,
. -
M F, (E) CiE ;- 8
~—=—dE ~~ dE, C,=7.29x10 "A
E 0.5 1+C1E E3/2 1
. .= 4.6x10 3

\

2/3

3.29°

3.30 .

3.31

'..“
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, i
‘ The values of neutron strength functions for lssz

are (Mu\'/"S;)\H | | — - | Q\S

0 ‘ -4
Sn o~ 1.6x10
Sl o~ 'lxlo_~4
n
v %
~ Thus
Iy ~ 1x10 *x4.6x1053 = 1.4x1076 3.32
and, :4~ 146x10 %x2.83 = 4.5x10”4 3.33 »

Since the'vra;l.ue of IR for 162Dy is 2730 b (Mu73),

P‘
IR%b .3.34

g IS ~ 2730 b - .

)

The average thermal cross sectlon

; fW(E)¢(E)dE ‘ a

S$(EYAE o *

3.35

'

where the total T

-

opped assuming it to be equal for

s-wave and p-wave capttires.' The expressions for 1"1- are 'V
Y 22 L
rp = Pl<srll>nl = VE —5—5—3 <sl>Dl
' 1+K R )
_ 0 - L ’
Ig = Py<S >Dg = /§<sn>n

0
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Assuming‘*a~l/v variation for the cross section and the

/ .
Maxwellian Qistribution, we have,

3 ! . . l - ‘ 4
AN ' _ . g (E) ~E—17-2- - _ 3.36
.. . ®(E)AE ~ E exp(-E/<T)dE . 3.37

At this point the following plausible approxi-

mations may be made:

"\’\7 \/ ’ 1+ KR 1. - 3.38
.'5\\; (2 . I, = Tp + Tg = Ig 3.3
Thus, '
. .5 -
8l

. .
g @ 0 7E E exp («-E/KT)dE

.5 )
=f E]'/.*,2 exp (-E/«T)dE
0 -

3.5x10"3

© .5
__._]/E(cl?E)exp(-E/nT)dE '
' L

n

D ‘ | |
—2 L1 JE32 exp(-E/kT)aE

o | 0.7, A \)
<ST>D ' '

1 3410710 | _ 3.41

1
0
1 oD
n
0
n
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" b
Since the thermal neutron capture crdss section

~is 180b, it appears from equations 3.40 and 3.41 that

ES = 180 b 3.42

= 0

P

Ql

Thus, using equationg”3.34 and 3.42 in equation

3.28,

l P

23

e

Thus the contribution f p-wave capture El

tran51tlons to the E2 transitions in 163Dy is

-4 S(El
4. 7x10. S(E2)

163Dy'may,‘
1l 0
ue og <Sn>/<Sn>

that is, 6%. The p-wave contami ation in
therefore, be neglected. Since t
for other targets in'this study ére comparable and the
ratios between the .Tesonance integral and the thermal

Cross sectlon are smaller than that of }Gzny, the p-

wave contamlnatlon is negligible in general.

Fo 20°R 5=’ 1.4x1077 .- 3.43
S 180+(1/20)I

~/
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EXPERIMENTAL RESULTS AND DISCUSSI?}ﬁ
LA~

- .

- CHAPTER 4

4.1 _ 'Neutron Separation Enerqgy - ' - {
The conten of this Section‘haé/;;teady been
reported (Is82). o deduce an estimate of the neutron

gép&ration energy of a nucleus, the energy of a primary

gt N -

El or M1 transition was added to that of the populated

level. The currently acceptable Sn value of a nucleus

(Wap 77), was used to identify the finalwstate associated °

with each high energy primary transition observed. Cases

where tHs populated levels were not ipdepeggehtly known
NS e . < .
with a precision of better than 0.1 keV were éxcluded
from coné&deration. When the presence of a doublet was
suspected or overlap 1nterference between two nuclides
was p0551ble the case was rejected.

For each nuclide the mean separatlon energy was

determined by- \

J

S, = (l/N)ﬁ(Ek+Ek) - 4.1

.o, 'J
' where-Ek is the energy of a primary transition (photon

energy plus recoil energy of the nucleus) which populates

the level with -energy Ek and N is the number of cases

88
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considered. The combinations taken for the estimation of

the neutron separation energy of each nucleus are given

in table 4.1. The references for the energy levels used

L]

are also given.

For the ith nuclide, the sample variance is

‘ ni _I 2
I X amx5)
S-z = J=l r ) 4-2
i n;-1 a\ ;
wheré xij is a member ef n; cases consideped for the \;:>

nuclide and ii is the mean of its neutron separation

-

energy. In this;etudy, since all the data were collected

" with the same experlmental arrangement and the energy

scale was essentlally the same, all nuclides were treated
on an ‘equal basis. There weré a total of 15 nuclldes
each with cascades ranging in number from a mlnlmum of 1

to.a maximum of 10. Sample variances of 5 nuclides each

-~
with more than 5 cascades were chosen to calculate the
. _ s
joint -sample variance
. .
. 5 .

-

Sz _ Zuisi .. 4.3

= —=, | .

where v; is the degree of freedom and equals (n; - 1),
©
and v = Iyi. ThlS value of S, found to be 0 09 was used

to estimate o___ = S//ni of the neutron separation

mean
energy for each of the nuclides. In this treatment it

L3
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TABLE 4.1

Estimation of Neutron Separation Energy

‘ﬁfhrough Summation of Cascades

h L

T~
Final T:ansition Level Ref. Sn
nucl. energy enerqgy for: (keV)
h (keV) {kev) level
143xa 4817.63 1306.00 6123.63 >,
5381.49 742.13 Tu78  6123.62
14 4yq 5612. 45 2204.62 7817.06
. 6256.22 1560.81 7817.03
6306.53 1510. 64 Ral3  7817.17
6502. 68 1314, 50 , 7817.18
1465q 7111.51 453.77 Bu75  7565.28
15664 7288.33 1248.00 8536.33
6913.82 1622.47 8536.29 .
6482.44 2054.06 Bu76 . 8536.50
6429.77 2106.65 8536.42
15854 6750. 40 1187.097 7937.49
R 6419.89 1517.401 Gr78  7937.29
- 5784.30 2153.096 ' 7937.39
c 162, 7308.87 888.22 8197.09
7233.86 . 963.00 » 8196.86
7135.96 1061.05 Ba67.  8197.00
7048.80 1148.29 . 8197.09
6986. 78 1210.15 8196.93
163n, 5920.04 351.146 6271.18
: 5881.28 389,747 6271.02
5849.23 421.833 6271.06
5533, 28 737.641 © 6270.92
5504.85 766.208 Sc67 6271.05
- 5450.18 820.783 6270.96
5411.65 859.280 6270.93
5386. 69 884.285 6270.47
5335.74 935.109 6270.86
5221.81 1049.061 6270.87
164p, 7415.80 242,23 7658.02
6830.09 827.17 Scé4 7658.26
6681.21 '976.86 |

7658.07
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TABLE 4.1 (Cont'd)

Transition

6747.79

-Final Level Ref. ]
nucl, energy enerqy for (kQV)
(kev) (?gV) level

165 !
165py 5607.85 108.160 5716.01
5557.37 158.591 5715.96
5177.34 538.61 Bu76a  5715.95
, 5145.59 .570.25 5715.84
A 5142.47 573.56 5716.03
5110 88 605.10 5715.98
1664, 6072.55 171.074 6243.62
6052.95  190.901 6243.85
5988 .04 260.661 6243.70
5895.39 348.257 6243.64
5871.66 371.984 Bu75a  6243.64
5813.68 430.030 6243.71
5772.80 470.839 6243.63
5761.86 481.845 6243.70"
5685.11 558.562 6243.67
6505.46 .638.320 6243.77
1685, 7507.24 264.08 7771.32
695Q.27 821.11 7771.38
6875.74 895.71 —7771.45
6677.51  1093.90 . 77171.8)
6578.54  1193.06 Gr74a = 7771.59
6339.93  1431.54 - 7771.47
6063.57  1708.03 7771.60
5878.55  1893.00 7771.55
174y 7388.19 76.480 7464.66
7211.64 253.123 7464.76
6146.19  1318.31 7464.50
6028.81  1381.92 Mi73 7464.73
5996.42  1468.12 7464 .54
5858:46  1606.25 7464.71
5763.11  1701.41 7464.52
175¢h 5266.12 556.085 5822.21
5011.09 811.425 Br71 5822.35
5830.09 992.263 5822.35
178,¢ 7319.85 306.61 7626.46
. 6451.84  1174.64 : 7626.48
6242.09  1384.53 Gr74b  7626.62
- 6112.64  1513.64 7626.27
180y¢ 7080.64 308.58 7388.64
640.85 Bu74 7388.64




TABLE 4.2

Summary of Neutron Separation Energies

. . from (n,y)'Reqction
\ N

This wo&k Previ&Lé work
Final S, Stapda;d Arotal §n by Wapstra
nucleus (keV) . deviation absolute and Bos

(keV) error (kevV) (kev)

143va  6123.62  0.06 0.13 6122.6 + 0.5
144%a  7817.11 o0.05 0.12 7817.1 £ 1.0
14643 7565.28 0.09 0.14 7564,78 + 0.39
$36ca  8536.39  0.05 0.12 8536.0 *+ 0.9
1584 7937.39  ¢.o05 0.12 7937.4 % 0.6
162py  8196.99 .04 0.12 8196.3 * 1.6
163py  6270.98. ¢.03 0.11 6272.5 % 1.2
1T;Dy‘ 7658.11  0.05 0.12 7656.0 * 1.8
16Ppy  5715.96  0.03 0.11 5715.4 * 1.5
1664s  6243.69  0.03 0.11 6242.6 t 0.7
1685y 7971.47  0.03 0.11 7771.14 * 0.39
7%b  7464.63+ 0.03 0.11 7465.1 * 0.7
175¢b  s822.35  0.05 0.12 5822.6 t 0.5
Y784 7626.46  0.05 0.12 7626.3 + 0.9
180  7388.64  0.06. 0.13 7388.11 t 0.39

%A combination of scale error and standard
The energy scale is based upon
separation energy of 10833.30 (l1l) keVv.

b

deviation.

Ref. Wa77.

15
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was assumed that the variance 0i2 associated with each
nuclide corresponds to a common population. To check the

validity of the hypothesis Bartlett's test fBe54) was

performed. The quantity ' .
. _ 1 2 2
B = E(uzns -Zuiznsi ) 4.4
Z(l/vi)—l/v
was computed, where c = 1 + T(k=1) and k is the

number of sample variances considered which is 5. Using
the fact that the distribution of B may be approximated’
by the Y°-distribution with k-1 degrees of freedom, the
value of B in our calcu}ation was found to correspond to -
the validity ot the hypothesis with a probability of 80%.
' The values of the neutron separation enérgi%§
observed are in general agreement with the systematics‘of
Wapstra et al. (Wa77). The data presented here do
represent a significant improvement in precision. A more
recent value of 7464.8 + 0.5 key (Gr8l) for'l74Yb hgs-
been reporte@'and is ¥n good agreement with our value of
7464.63 + 0.11 keV. The S_ value of 18Dy reported by
Braumandl et ai. (Br79) is 5716.60 t 0.14 keV, which is
much greater than our value'of 5715.96 t 0.1l1l. However,
their neuytron bindiné energy for 13C 4946.74 * 0.30 keV,
is algp/iigner-théh our result of 4946.30 keV, the latter

agreeing well with 4946.329 *+ 0.024 keV reported by

’
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Gfeenwood et al. {Gr80). There is agreement in the Sn-

168

value of Er between our value of 7771.47 + 0.11 keV

and that of Braumamdl et al. which is 7771.33 ¢ 0.20

kev. )
4.2 Absolute Intensity {

N\
4.2.1 Theory -

The absolute intensity of a transition can be

determined in different ways. If the complete decay

scheme is derived or if all the primary transitions are

identified one can use the fact EIYEY = 100 Q. Ror most
Y —

nuclei the complete decay scheme is not known and the
extraction of all\the primary transitions and their

differentjation from the secondary transitions is

extremely difficult.*® . *.

Another wéy to determine fhe absolute intensity
& ,
of a transition and the one that was adopted in this study

is to normalize it to the known intensity oﬁranother

nucleus.” The count rate of a particular transition i is

vE »

where n]x)
A . - Al

X

- 14 [N
/)ﬂo(E) radiative capture cross-secdtion of Ihe

) ’

target nucleus, * -

density of atoms of the target at position



i

o4

35

¢ {x,E) = neutron flux,
€4 o= detection efficiency at the energy Of\\.
tranSLtlon,
Ii = intensity of transition. N
If one assumes the target Eafnave'ﬂ;;ogeneous density and

the flux éEfie thermal only (fhe problem of contribution

‘fram resonance integqral is discussed in section 4.3),

_ 3
‘ Ai = ncEiIi $(x)d~ " x ‘4,6
- Jwv

It follows from equatlon 4 6 that if a sample 1 is mixed

-

homogeneously w1t§[a standard Z and is irradiated,

(A ) nlc e (I. )l
= 4.7
(AJ)2 n,o, e (I )

where the subscript j fers to a transition in the

standard. Thus oY —‘E;A—y////
_ n,o 2EJ(A )1 .

(I;), = (1) . 4.8
i'l © ngo, l(A;)z j‘2 )

If the ratio of the number of atoms of the two nuclides,
their cross sections, relative efficiencies, number of

counts and the-intensity of 'a line of the standard are

-
known, the .absolute intensity of a transition can be - *

determined. It is evident from equation 4.8 that the
) &

precision in the intensity is dependent on the precision

of the cross sections of -the saﬁple and the standard.

e
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eff@ciékpy corfection and the error in the quoted

. " 9g

>
L

4{5?51”;;diative Capture Cross Section of 1%y

The results of this section have already been

repqrted {(Is8l). Thf centéoids of the promineqt
transitions were termined by the zero area filter.
method (Ro72) and t éylwere tfansformed into energies in
the way mentioned in section 3.3: With the help of the
compilation of Rasmussen e£ al. (Ra69) impurities in the
spectra wefe identifiedﬁand a check was made to ensure
that no interferénce'éxisted for éransitions to be
analyzed. The intensitigs of nitrogen lines were used
to calibrate the detection efficiency. Hdwever,'to make
the subsequent g@alculations almost insensitive to
efficiency eacly f 9 lines of nitrogen was paired with

its adjacent C1)and Al lines both higher and lower in

energies. To Ainimize the error contribution from the
RN

-inténs'ties a maximum number of lines of the aboves

A\
hosen for analysis. The transitions and

- :
thensities utilized in this study for the Cl-mixture

1
bnd Al-compound are presented in tables 4.3 and 4.4°

réFpectively. The areas of all these peaks were deter-’
x . .

mined by applying the Zero-area filter_£Ro72). To

cross—-check the .possible bias from the method applied,

areas were also determined by a weighted least—squares

L1} “J
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s . TABLE 4.3

Data‘Used to Derive GY of 1%N

with Chlorine as étandard

Nitrogen (Ke81) Chlorine (Ke81)

= 43.6%0.4 b (MuBl)

E I . E . N
'Y\- Y Y I_Y UY of
(kev) (%) (kev) (%) . (mb)
3522.01 9.7 (2)  3332.90 0.84. 75.9
_ 3981.06  1.04 80.2
4508.72 * 16.6 (3) 4616.65 0.71 76.1
4729.05 0.73 78.6
5269.14 30.1 (4)  4979.81 . 3.95 79.8
5017.80 0.52 82.1
5246.87 0.59 . 77.6
5533, 33 20.0 (3) .5517.38 1.75 76.4
5715.30 5.68 757
5562.04e 10.7 (2) 5517.38 1.75 79.5
5715.30 5.68 78.8
5902.96 1.18 76.4
6322.46 18.8 (3) 6087.08 0.94 78.9
. 6111.00 20.96 77.4
6§619.79 8.31 77.8
6628.02 ‘4.74 77.9
"7299.06 . 9.6 (2) 6978.09 2.40 78.4
: 7414.17 10.69 77.9
8310.12 4.2 (1) 7790.40 8.69 78.8
: . 8578.70 2.84  74.4
. .. Mean: 7.1
Sample error 1.7
Total error 1.8
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. TABLE 4.4

Data Used to Derive UY of qu

w;th Aluminum as Standard

\ : 7
Nitrogen (Ke8l) Aluminum = 230+3 mb (Mu?g?
E .
_ y IY EY (St78) . IY (Pr8l) GY of N
(kev) - (%) (kev) (%) (mb)
3522.01 9.7 (2) 3465.04 7.25 (15) 72.7
: 3591.17 4.86 (10) 74.7
) : 3849.12 3.32 (7) -~ 78.4
4508.72 16.6 (3) 4259.61 7.37 (15) 78.0
4660.13 2.77 (6) - 78.0
'5297.78 21.1 (3) 5134.15 3.26 (6) 75.2
.7299.06 9.6 (2) 7723.88 32.1 (0.6) 76.8
8310.12 4.2 (1) 7723.88 32.1 (0.6) 78.2
~ .
Meaﬂ“‘s 76.7
TABLE 4.5 Sample error 2.2

¥

| Values of OY of 14N ‘

This Work Previous

o (mb) using Cl o_(mb) using Al Average - o (mb)  Ref.
Yas standard Yas standard cY(mb) Y
79.1 + 1.8 76.7 & 2.7 78.4 * 1.5 .75 + 7.5 Jué63

80 t 20  BaS7

AN

-~
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fit to a Gaussian with polynomial background (Qu72).
The peak areas with well-defined background were, also
determined by simple numerical integration (section 3.1).
The raEios of ‘the peak areas obtained by all three
mgthods agreéd with 0.5%. The GY values used for Al and
Cl were 230 # 3 mb (Mu73) and 43.6 * 0.4 mb (Mu8l) respec-
tively and‘intensitie; used were from Ref. Pr8l1 and KeBl.
The cy_value of 14N using standards aluminum and
chlorine are given in tables 4.3 and 4.4. The average
valué was féund to be 78.4 t'1.5 mb. This value along
with those from the literature é;é presented in table
4.5. While this value agrees Qithin error with those
reported in the literature (Jué63, Ba57), the precigion-

has been increased by more than a factor of three.

4.2.3 Experimental Value of Absolute Intensity

For each of the nuclides studied in this work,.
the absolute intensities of a few strong transitions were
determined by normalizing them to nitrogen transitions

and using the GY of 14

N determined above. These values
in turn ‘were used to convert the relative intensities of
all other tranéitions.ihcluding the E2 transitions into
absolute intensities. For the=subsequent'analysis, the

E2 intensities were transformed into partial widths by

of many
\0

multiplying them with the average of PY
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“xesonances at the capture state, and dividing by fractional
contribution from the spin state of interest. The‘abéolute
intensities of the E2 transitions measured in this study are
given in section 4.4 while those of the other hundreds of high

_;energy transitions are presented i7/3ection 4.3 and Appendix D.

4.3 Neutron Capture Gamma-R&gl;Qgctra

Throughout the present QFudy care has been taken
}

to keep the errors in the experzhen!ally measurable
quantities minimal. bne‘Such quantity is the absolute
intensity of a quadrupole transitioh. Thig was determined
by normalizing to the strongnprima}y dipole transitions in
the same spectrum. The intensities of most of these
strong traﬁéitions were determined by using 14N as a
sta;dard=;nd in the estimaéion the thermal cfoss section
of 14N w;s used. Compléxgties may arise due to the
possibility of contribution from the resonance integral
(see section 3.5.5). However, there are cases in which
this effect may not be serious. If the thermal cross
section is much higher than the resonance integral and

the sample size is small, it may not be a problem. Con~
vefsely, if the resonance integral is dominant but the
sample size is large, there may not be a problem either.

The high resonance integral makes the mean free path of

the fast neutrons very short and the bulk irradiation is

«d
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mainly due to tﬁermal neutrons. Besides this skin effect,
the weightage of the resonance integral is.due to t@e

ratio of 1/20 between /‘:‘he thermal and epicadmiif flux of
neutrons in our reactéy. Tﬁe factors determining the .
contfibution from the resonance integrals for differg?t
targets are presented in table 4.6. It.is apparent from
the table that there is virtually no problem for the targets
143Nd, 162Dy and 164Dy. For the resl ere may be some

- problem, and among them l7in seems to He a bad-éase. Thhs
it was neceséary to determine the absél te intensities of
‘the strong transitions of ali the nuciffgg and comparé

them with previously reported values. A comparison of our
results of absolutg intensities with those in the literaturg
for well moderated flux showed a general aggggment:

The energies and intensities of the high energy
transitidgs of most of the nuclides involved are tabulated
in the present study. These are given in Appendix D.

In this tabulation, because of the arbitrary inténsity
" limits used, the E2 t{gnsitions given in_section'4.4 are

»

absent.

143

4.3.1 The Nd(n,y)l44Nd Reaction

The-intensitieé of all th%§£#&ﬁ;itions in 144Nd

were normalized to the strong line at 6503 keV. The
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absolute'intensiéy of the 6503 keV line was determined

with the help of the spectrum of the calibration sample

of 143

*

for the intensity calibration are at 6620 and 6628 keV

with intensities 8.31 and 4.74% (KeB8l). The cross

A sectidns used are 325 * 10 b for 143

35

Nd and 43 * 2 b for
Cl (Mu 73). The absolute intensity of the 6503 keV
transition was found to be (8.1 * 0.6)%. The absolute
intensity 6f the same line is 7.0% as calculated from
the intensity:-of natural N4 determiégd by Rasmussen

et al. (Ra69). Groshev et al. (Gr69) reported a value

of 5.8% and S. Raman (Ra67) compiled a value of 7.1%.

Although there have been many works on the levels

of M44yq (Ra76, and Refs. therein) including the ~%3xa

{n,y) reactions, the intensities of most of the capture

gamma—r;ys have never been reported. The energies and
intensities of 116 transitions with energies above 3.8
MeV are ﬁresented in table D.1l. The primary El transi-
//'tion at 7120 keV that populates the 2+ first excited
state 'is of particular interest (Wé?Z) because of its
extremely low intensity. The intensity of the line
found in this work is 0.005 * 0.001 photons/106 n which
.is higher than the value of (0.0027 * 0.0006)% reported

by Raman et al. (Ra74). This may be due to different

Nd and chlorine. The transitions in chlorine used

&
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normalization used to the absolute intensity determina-
tion. -

The levels above 3461 kev populated by primary
transitions (with few exceptioﬁé) in thermal and
resonance quture gamma-rays are given in Ref. Ra74.

We did not find 5 primary transitions aboye 4.36 MeVv
that Raman et al. found.in resonance capture. We found
several gamma-rays with comparable intensity 1in tne same
region that are absent in Raman's work. In addition to
the linesjpresented in table D.1 many weéker lines were
found in the present study. From their inten;ities it
appears that/ﬁhere is a high probability that they are
secondary (the possibility of gquadrupole transitions
c;nnot be ruled out). These weak transitiohs are

-

presented separately in table b.6.

4.3.2 The 1620y(n,y)163by Reaétion

The absolute intensity of the 54%50 keV_transition

in 163Dy’was determinid in the natural Dy spectrum where

162 164

the isotopic ratio of Dy and Dy is known. The

intensity of this line was normalized to the 5608 keV

transition in 165

162

Dy with 3.78% (this work) intensity:

The o, of Dy used in the calculation is 180 * 20 b.

The absolute intensity of the 5450 keV transition in

163Dy was fodhd&to be (2.7 £ 0.4)% which is higher than

/ »

FRN
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the value (2.08 * .40)% obtained by Schult et al. (Sc67).

The difference is due to the different value of the

l65Dy transition used in their work.

In the spectrxum of the-separated isotope of 162Dy,

intensity of the

the only significant contaminant was from the accompanying

16 164

0.69% 4Dy isotope. The spectrum of separated Dy was,

after proper normalization, subtracted from this spectrum

and the spectrum consisting only of transitions in 163Dy

remained.
., .. &63
In table D.2, 327 transitions in Dy between

2.36 to 5.92 MeV are presented. The comparison of the 56

@%@ulated levels with the literature shows that 16 levels

-

are previously unknown and among the rest 4 levels were

known only from (d,t} anda (d,p) reactions.

l64 5

4.3.3 The Dy(n,Y)l6

Dy Regction
The absoclute intensity of tﬁe eleqtric dipole

transition at 5608 keV was defermined by normalizing with
three transitions in nitrogen at 5269, 5533 and 6322 kev.
The cap£ure cross section 6f 164Dy used in the calculation
is 2700 * 75 b (Mu73). The ;glated quantities of nitrogen
are given in section 4.2.2.1\%he absolute intensity of the
5608 keV line was found to be (3.78_i 0.19)%. The values

of the same quantity reported in the literature are (3.00 %

0.65)% (Sc67) and 3.9§ (Ra69) . All the transitions in
. w

&8
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165Dy were normalized to the 6508 keV line and our value
of the ébsolute intensity was used to determine the con-
version factor in finding ‘all the ébsolute intensities.

The photon energies and intensities of 256
transitions between 2.38 to 5.61 MeV are B}esente in

table D.3. The average absolute error of the e ergies

is 0.15 keV and that of the intensities is estimated to

be 5%> These energieskapd intensities were compared with

.

thosexbf the natural Dy spectrum to ensure that the
correct\gssignment has been made. Many new transitions
have bee%;observed and many previously known singlets

have been found to be doublets.

.Possible Low-Lying Levels of 1955;T

Although we found many new gamma-rray transitions

for other nuclei, 187Dy deserves special Ette

Unlike in other nuclei many of the trahsitions in this
nucleus seemed to be corresponding to new levels which

.. are low-lying (<1650 keV) and it appeared to douhgzli;;——H

‘ number of levels previously known (Ma67). We shall,

therefore, discuss these:lévels in some deﬁail and

before accepting the new levels we shall investigate some

of the alternative possibilities. For most of :Hglother

nuclides, we have just tabulated the energy and intensity

of new transitions without referring to their new
hY

levels. ’ L >

- | z’
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3

A comparison of the observed transitions in lGSDy

above 4069 keV with those of Markus et al. (Ma67) reveals
that out of 32 transitions they reported, 15 are absent
in this study. The number of events in the present work
is about 500 times higher than that observed previously -
so that it is extremely unlikely that the lines would not
have been observed. These 15 transitions would appear
therefore to be either contaminants 6r artifacts. (Seven
of these 15 transitipns were considered uncertain, and
—_ ) . ‘

out of the remaining 8 transitions, Ywo were used to con-
struct 2 new levels). As a result, wWe find no evidence
for reported levels at 1449 and l4é9 keV.

‘ Above a photon energy of 4069 kev, 21 newlgamma—
rays have been observed in addition to the 14 previously
established transitions. If these new transitions are

primary gamma-rays from the ls{Dy(n,y)lGS

Dy ;eaction;
théy bopulate 21 unreported levels. Before accepting
_tﬂese new lines the possibility that the lines are due to
the (n,n'Y)-reaction or to a contaminant in the sample
must be explored.. The presence of (n,n'y) due to high
energy negﬁkons has been checked in two ways. The
presence of Y—rays‘ffom the inelastic scattering of

- »
164Dy is more probable in the low energy part

16 165D

.

neutrons by
4Dy(n.n"r) y

~—

L/\/{

of the épectrum. A comparison with a



'spectrum (Ba76) between energies 1.5 MeV and 2.4 MeV
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\.

indicated the absence of such gamma-rays in the presenf
specfrum. Rasmussen et ;l. (Ra69) used a well moderated

fluX having a Cd ratio >3000 to collect the (n,Y)

spsctrum of natural Dy. They observed 8 of the 21 v

trahsitlons in question and the remalnlng 13 have

intensities less than the detection limit in their work.

Thus these 21 transitions are not due to (n,n'y). - The

possibility that these y-rays result from (n,Yy) reactions
with contaminants has also been investigated.

Acceptance of the observed transitions as
indicatérs of low-lying leve;s requires that these transi-
tions'be priﬁaries.‘ A probabilistig calculation (Ke82) shows
it is‘highly probable that 15 of the new 21 transitions may
be primary. Thus, we believe, we have found .29 levels in
total below 1648.kev of which 15 are new.

Using our Sn vglue of 5715.96-1 0.11 keV, the
enérgies of the levels found in this work along with the
previous york are presented in table D.7. The gen;;él
absolute error of the level eﬁergies is 0.18 keV. Out of
the 26 levels given in table D.7, 15 levels are new.

The 1/2+ state formed by S-wave cagture, dominated
by the -1.9 eV resonance, decays to low-lying levels

mainly b§ electric or magnetic dipole transitions. All
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the newly.reported levels are méﬁt likely, therefore, to
have spin 1/2 or 3/2.with either parity. Such states
would represent either rotational band heads or the first

members of the rotational bands.

165 6

4.3.4 The Ho(n,Y)16 Ho Reaction

The absolute intensity of the 5814 keV line was
determined by normalizing to the nitrogen Eransitions at
5533, 5562 and 6322 keV and the walue was found to be \\
7.8 £ 0.4 per 1d00 n captures. The cross section of 165Ho
used is 200 + 20 b (Mu73). The values of I, previqpély
reported are 7.6 * 1.2 (Mo67) and 7.1 (Ra69) per 10Q00

7

captures. '

d between

~

-

A total of 440 transitions have been fo
3.1 to 6.2 MeV in the_lGGHo séectrum. The energies and
intensities of the photons are presgentgd in tablg D.4.
A largé number of lines absent in the previously known

166Ho spectra has been dgt ted. For example,

thermal
while only 25 lines above 4.9'Mev have been reported by
Motz et al. (Mo67), we obtained 90 lines in the same
energy range. But a1comparison between our thermal
sPectrum with the average.resdnance spectrum (BoZO),shows
that above 5 MeV, there are 30% more dipole transitions

in the latter. This is opviously due to P~T fluctuation™

in thermal intensity.
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4.3.5 The 1Gﬁ%r(n,y)lsaEr Reaction
As the cross section of lG?Er,is much higher than

its accompanying isctopes and the expected E2 transition
is at a high eheféy: it was decided to run a nétural
sample instead of a separated one. - For this sample the .
desired quadrupole transition was observed in a relatively
short périod of time andﬂthe sample was not irradiated
furthef. The use of the natural sample coupled with éne
short period of. run left littie possibility of producing -
new transitions and no effort wa;‘taken to extract a com-

167Er(n,Y) reaction.

prehensive list of ‘the lines of the
owever, the energies of some of the strong isolated lines
were determined and they have been used to find the

neutr

separation energy of lanr. The absolﬁfa?
ensity of the strong line at 6229 keV was found to be

B+ .05)% fol ing the normalization with the 6322

The o of 167Er used in -the

keV nitrogen transition

calculation is 670 & 30 b u73). The IY value of the

6229 keV line agrees with 0.93 as found from the compila-

tion of Lone et al. (Lo8l ) after converting their value

lGBE

of natural erbium into that of r. The other wvalue

in the literature is 0.59% (G:GG).
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4.3.6 The ' 3vb(n,y) }7%b Reaction

174

The transitions in Yb were all normalized to

the 7388 keV transition. The absolute intensity of this

strong line was determined using a calibration spectrum

of 174Yb and melamine in a known ratio. The 7388 keVv

line was normalized to the 7299 keVltransition in 1SN.

173,

The o_ of Yb used in the calculatggh is 19 ¢+ 2 b

y -~
(Mu73) . The absolute intensity of the 7388 keV transi-

tion of 174Yb was found to be (1.41 #-0.15)% which

agrees well with 1.44% reported py Greenwood et al.

(Gr81). \
It was very difficult to identify the y-rays of
174Yb as there were many lines of 172'173'175Yb_present

in the spectrum. Besides, the lines of the impurity G4
also posed a problem. These difficulties were coupled
with the éppearance of many new lines previouslylunde-
, tected. The lines of Gd and three isotopes of Yb)wefg
identified with- the help of their eneréies and reported
intensities (Ra69, Gr75, Al71l, Mi76). . The re&éiniﬁg‘
transitions wére‘compared with the- thermal a;d.z keVv
neutron capture spectra reported reéently by Greenwood
et al. (Gr8l). Many lines observed in the present work

are absent in that thermal spectrum but present in the

2 keV spectrum which is effectively averéged over many .
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resonances. This is understandably possible by the
‘improved statistics in the present study. But we
obse;ved some lines which were not present even in the
éverage spectrum and could not be attributed to any !
impurity. This.may be feasible because of the better
resolution and.again the excellent statistics. The

173 174Yb

photon energies and intensities of the Yb(n,yv)
reaction are presented in table D.5. The previously

unknown lines with intensities lower than 0.15 per 1000
are not listed. Some of the lines are interfered with “~

by impurity lines, but no correction was made; instead,

they are simply marked in the table. ;352/

4.3.7 7The *"%Hf(n,v) 8% Reaction -

In the spectrum of this reaction, there is 25%

contribution from the target 177

178H

Hf and 8% contribution

from f. We did not make any effort to identify all

180Hf. The absolute intensity of the strong

Y-rays of
transition at 5847 keV was determined by normalizing it

to the nitrogen lines at 5562 and 6322 keV, and the value
was found to be 0.26 * 0.03 per 100 n captures. The only

other previously reported value is 0.19% (Na66).
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4.4 Possible Primary E2 Transitions Found ip’égzs Work

In total § possible E2 primary trans¥fions were
observed in the present study. In additidn to these, the
upper limits of the intensities of 4 probable E2 transi-
tions were determined. A detection limit corresponding
to 95% probability has been adopted in this study. The
areas of tht peaks were correctéd for defection efficiency ‘
and theh normalized to the intensities of strong dipole
transitions in their respective spectra (section 4.3). The
absolute intensities of the E2 £ransitions are Qfesented in
table 4.7. The qguoted errors are 1 standard devjition.

The 5490 keV transition of 163Dy was intefrfered
with by a 0.12% intensity line (RaGQ) cf the impurity
samarium. Using the 0.75% line (7213 keV) of samarium in
the same épectrum, a correctidn_was made for the contribu-
tion of this element to the 5490 keV transition. This
correctidn amounted to only 5%. Pa{tially overlapped with

180

the 7296 kev t%énsition of Hf, there was the 7299 kevir

transition of nitrogen, a weak (n,y) background of the
system. This problem was handled in two different ways

laOHf found weré

and the met areas of the E2 transition in
in agreement. First, a least-squares fit of the doublet
was performed and the background and nitrogen component

o~
were subtracted. Secondly, the area of the Hf-nitrogen

r
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TABLE 4.7

in this Work

Cc

The spi

tates of interest.

Final EY IY ary ci =T I /f
Nucleus {(keV) (per 104) (meVv) Yiovy
144y 4573 0.28 0.12 B 0.0022 10.001
1635y + 6020 <0.16 | | <0.0025

5490 0.9 +0.3 155 0.014 0.005
5322 <023 <0.0036
1654, 5132 0.18 %0.008 58  0.001 0
16645 6161  0.07 £0.03 75 0.00074%0.00037
lesy, 7223 1.9 #0.2 88  0.025 +0.003
174Yb. 5086 <0.14 76 <0.0015
1804¢ 7296  0.062+0.026 62 0.00048:0.00024
| 6088  0.38 20.11 0.0030 $0.0010
5751 <0.13 <0.001
'égsi/r 0.46 +0.13 0.0036 +0.0012
7
aRef. Mu73 for all but 144Nd.
PRef. Musl.

Symbol £ is the fractional contribution of
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qomplex was Eetegmined by simple numerical integration and
#he contribution of the nitrogen iihe was extracted by
normalizing with the iptensity (Ke81) df an isolate@-
ﬁitrogen peak at 6322 keV in the same spectrum. ;The_
correction for the nitrogen line was only 20%.

The detection of the 8 possible primary E2 transi-
tions increases the numbef of such transitions observed in
thermal capture by'Sd% and the number in both thefmaL and
discrete resonance capture by Bd%\' The upper limit values
qf 4 probable E2'transitions represent a further additio
to ;he present kpowiedge. Subséquently, this study
removes the existing gap in data in the }iterature,in the

maés region 143 < A < 181.



CHAPTER 5

STUDY OF RADIATIVE ELECTRIC QUADRUPOLE STRENGTH

The properties of the E2 transitions of t@e
highly excited states are discussed_iﬁ this chaptE;.
The existence of the giant quadrupole resonances for
nuclel spanningfgﬂg/;hole peripdic table is well-known

(Be76).J It is possible that the GOR may contribute to

. S
the transition strength near the neutron threshold,

(KRB81\. To'investigate the influence rigorously we have
deduced a theoretical quantitative expression fgr the
strength function <FYi/D>‘on the basis of the GQR modeld
and also assuming the equivalence between the radiafive
capture and the photonuclea? reaction. The c ined
effect of the isoscalar anqlthe isovector GQR is taken
into account. The observed values of FYi/D has been
compared with the corresponding theo;é;ical values to
examine the validity of the theoretical model.

The dependence of the E2 radiation width on the
.transition eﬁergy and the nuclear mass number has been
deduced. Quantities such as the reduced transition
probability and the average‘quad;upole strength have been

'calculafed.'

N~
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5.1 Influence of Giant Resonance on Quadrupole
Strength Function ’ ')

5.1.1 Theory ' /\
The linearly energy-weighted sum rule is (Bo69) .

2.
S;, = L(E_ “Eg)[<n|Q, ,]0>]

n

1 .
3<0|{QL0'[H.'QL0]] |0>r 5.1

where 'n is the complete set of excited states that can be
reached gy operation with the électric multipéle operator
Q; g on the ground state. If thelHamiltonién H| does not
exXplicitly depend<-on the momenta of'éhe particiéé\the
commutator in equatioh 5.1 receives contribution Sﬁly_

from the kinetic .energy, and one obtains

2
_h

Lolflo> o 5.2

The electric multiple operator for a system of-

nucleons
. R (i) .
Qy = erzlitty 1YY, o (4) | 5.3
Assuming that the Hamiltonian contains no charge

dependence and thus commutes with the charge operator

[l+13(i)l,'the sum rule can be reduced to
2

_ L(21+1) A 2 2L-2 i
SL = 4= 7m Ze“<r >proton' L>2 5.4 -ﬂ
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Equation 5.4, for quadrupole transitions, is

2
_ 5h" 2 2?’
S2 = ZTmme &°T proton 5.5

where :}2> is the mean-square radius for the protons in
the initial state.

The_sum rule includes both the isoscalar tT = 0)
and the isovector (T = 1) transitions. The first term
in the operator in eqﬁation 5.3 deséribeg the isoscalar
transition and the second term, the isovectar-—transition.
If there is no interference betwgen these two kinds of
transitions, thgn'the sum rule for the quédrupole

transition for each kind can be written as (Wa69)

2 2 '
sT = 3h ey 2, : 5.6

2 41mm T -

where OT = ZZ/A for T = 0, and 04 = N2/A for T = 1. It

0 2 2
<y = > .
is assumed here that <r®> oton <r > ucleon

Now the photonuclear cross—-section with a target
of spin zero® (B152) H3
T and(r+1) (2r+1) k2E7L o 2o, .2 5
e 2 D L’l L’_l av ‘
L{{2L+1) 1! L

where DL is the level spacing at the final state and

. -
average is thati.ef the square of the multipole matrix

elements between the lower level and a 1arge number of

-

upper levels. The sum rule ) ﬁﬁ
-
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T 2 2
OY _ (L+l)(2L+l) <JQL.1| +|QL,—ll >av.
—dE. = 2,33 D. (E) dE
E LI(2L+1) ] Dy,
0
873 (L+1) (2L+1) 2_ dE

= E<|Q | “>—=zt 5.8
-y 2\w"]2ﬁ33 L,0' "B (®) -

where the fact <IQLMI2> is indgpendent of M has been used.
The integral on the right hand side of equation 5.8 is

essentially the sum rule in equation 5.1. Therefore

w T

g

—%dE _ Bﬂ (L+l)(2§+%)355 5.9
0 E LI(2n+1)!!'1%A ¢

For the quadrupole transition, equation 5.9 reduces to
o T

2 2
12 >
—ldE = §W (%E)OTEE—E
0 E mc
' 2
= irfa0 E ) 5.10
mc
The mean square radius
2, _ 352 _ 3. 2,2/3 _
. <r”> = §R = 5r0 A ¢ Iy = 1.233 £fm 5.11

where R is the equivalent uniform radius. The compilation
of the values of ﬁ_given in Ref. Pr75 for 20 nuclides
spanning the wholemz;s»sange was used in Ehe-present
study to defermine the valde-of Iy Substituting the
numerical values in equation 5.10.

R’

SIdE = 2.35x10° OTA 3 mb/Mev 5.12
E .
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The energy dependence of a giant resonance may be
approximated by a Lorentz-shaped resénance line and thus

another expression for the photonuclear cross section is

T o 252
g, - a - P .
y 0(32—E02)2+p232 | 5.13

T . .
where g, is the.peak redoflance cross section, T and E,. are

0
the width and’energy of the resonance corresponding to the

transition T. The integral

- © @
a .
Yag = LT | 5,14
2 2%
o E 2E, - .

a
,

Thus a comparison between equations 5.12 .and 5.14 readily

gives
. '

4 2/3302/r mb - 5.15

og = 1.50x10"

OTA
At this point, it is interesting to compare this
result with the literature. The value of Ug obtained by
Fubini et al. (Fu72) is 2 times higher, pecause the value_
used by fhem for Ehe'sum rule, equation 5:12, is twice as
large aS"obtained in the pfesent work. .The expression in
equation 5.12 is consistent with that deduced by Iu. K.
Khokhlov (Kh57) by a different method.’ Fubini et al.'s

value would agree with ours if it were coxresponding to

that before splitting into ﬁgagcalar (T = @) and iso-
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vector (T = 1) parts.
L3
Using equation 5.15 in equation 5.13 and writing

—, .
the iéaggalar and isovector parts separately

- 2 +.2
0.t = 1.50x1074232/3 +2 I E mb  5.16
Y A 0 2 _ 22, 2,
(E “E, ) fr+ E
"2 -2
- -4NZ2,2/3_ - I'E
OY = 1.50x10 A A E0 " 72 2 ; mb §.17
_ (E ~E, ) +T E

/ i
The superscripts + and - étana\for the isoscalar and the
isovector giant resonaﬂggs respectively,
It can be shown that the éverége photonuclear

cross section (Ax62)

<6J(EL)> = 2m x gJ< Yﬁﬂ , . 5.18

= (2J+1)/[2(J0+l)], J, and J being the spins of

the ground d final states, and FYO is the partial width

for de-excitati to the ground state. The average tdtal

~

photonuclear crps section

J(EL) > = 21?x22gJ< Y‘> 5.19

Assuming the strength function <PY/D> to,be independent

of J,

J0+L . L
<o, (EL)> = 7 <._Y__> Z (23+1) - :

(23 +1) +1)

"]
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which is reduced to

<0Y(EL)_'> = r2L+1)w25(2<F;#°> 5.20
It is to be noted here that PYO is a.ground state transi-
tion from a particular spin state and D is the level
spacing of the same spin states. | . /
Although equation 5.20 is applicable to the
ground state transition, it can be extended to transitions

to excited states following the Brink hypothesis (Br55).

Therefore the quadrupole strength function o
..
(8- S e
5uX :
= 5.2x10—8E2<0Y(E2)>
(E is in MeV) c 5.21

Using equations 5.16 and 5.17 in equation 5.21, the final

expressions for the strength functions are

T ) 2 +
XN = 7.77x10 124t 52,71/3 T 5.22a
D /T=0 Eo > 22 .2,
(E“- 0 ) +F E*“.
Fys | ~12.4 <2 C173 0 1T N
<—D— p=1 = 7-77x107 6% 7 Nza — » 5.22b
7 (E“-E E

0
Thus fhe total quadrupole strength function
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o

/

5.1.2 Comparison bétween Experimental and Theoretical

Resul /”//

i

The vagg;; of <rYi/D> predicted by equation 5.23
were compared with the experimental values both from the
literature and this work. Since the guantities depend-éq
enefgyfand mass number %n a rather complex way, corres-
ponding to each experimental data point the theoretical
value was calculated and the ratio was taken. Finally

h
-+

the proper average of these ratios were takern.

Computation of Theoretical Values

"In equations 5.22a and 5.22b, the atomic number

Z was replaced by the expression correspondihg to

: y
maximum stability (Bu73)

u - A - '
_ Z = . 5.24
L& 7 1.98+0.0158°7 >

The resonance energies are giﬁen by (Be76)

et = g3a"1/3

E " = 120a"1/3

-

To obtain the width of tne giaht,quadrupole resonance of
each of the nuclei, the systematicslcompiled by

F.E; Bertrand (Be76) were used. The datg.was provided by
inelaé#ic scattering of medium-energy electronsiand
nuclear projedtiles. The values of the isoscalar éQR

s
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.-widthe spanning_the whole| mass number range were given.
A least*squares fit of the datarof 32 nuclides was per-
formed with equal weighting as all the errors were
comparable A The best flt for the isoscalar resonance
w1dth was a stralght line with a negatLve slope

' rt - 6.11—0.01214xA MeV . 5.26

For the isowector GQR, widths of only 4 nuclei, all_from
(e,e') measuremenﬁs were\available. Since the subseque7£J
calculation is not very sensltlve to the 1sovector

resonance width, a Iinear fit of‘these four valueé‘waS'

accepted. The function was

BRI f
TT = 10.64-0. 0270xA Mev . . i 5.27
,

U51ng equations 5. 24, 5.25, 5.26 and 5.27 in equation
5. 23, we obtain an expre551on for the gquadrupcle strength

functlon whlch only contalns 2 varlables, the energy

vector and total strength functions (S¢), {(S1) and
S(theo) are given in the seventh eighth and ninth

columns.
AW

Experimental Results and Theoretical Values

The expe:imenial widths Fyi of:all the acceptable .
E2;tranéitions,_observed in thermal, fesonance-and

average-resonance experiments are presented in table 5.1.

)
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In this list, 109

Pd was not included for the. lack of
infcrmation about its level density. Also excluded was
the set of resonance capture transitions in 208Pb

" because there is prominent structure in the GQR of this
nugleus (Ra78) and consequently our simplified model of
one-isoscalar and one isovector GQR does not hold.

‘It is true that there may be such structure effects in
some other nuclei as well, and since a gross average of
the ratios of experimental and theoretlcal strength
functions is sought its "inclusion may be justified. But
as there are 27 E2 transitions in 208Pb it bears.much
ueight and again it is ccmplicated-by the fact that

_ three widely dlfferent values of the level spacing of the,
1n1t1al 2 states of 5 (Ra?B), B (Ho78) and 14 kev (Mu73)
have been reported in the literature. For the sake of
simplicity, the EZ transitions of 208p haue been listed
-separatelj‘in tables D;é and D.9, and the results are dis-
cussed later in a qualitative way. T A
: The ratio T ./D for each transition in table 5.1

was calculated. The average level spacing, D at the

capture State of a nucleus with a particular spin was ~{

generally obtained from the lrterature (Mu73). This L

quantity was calculated when only the level spacing
e

C:>f'irrespectiVe of spins was known. For the calculation,
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the spin deperdence (Ex58) of the level'density

F(JJ~(2J+l)exp{ 5.28
o

was used. A value of 4.5 was used for the spin dependence

_J(J+l)}
207

parameter ¢ (Gi6S5).

The ratio of the experimental to theoretical value
of PYi/D for each transition is given ;n the 10th column
of table 5.1. To display the ratios as a function of the
mass number, the values for the same A were averaged
thgreby reducing statistical fluctuations. For the
average-resonance data, only experimental errors are
shown ip figure 5.1, while for the rest confidence limits
of 66%1§re given. If T has a Xz—distribution with v
degrees of freedom7y one can determine the value of-x such ¥

that Pr(T<t) = P, The pProbability
2

d
It
Hh
t
o,
ﬁ-
&;
1]
H
. m

'—h
&,
N

is the chi-squared pProbability density_function. The

values of x2 for degrees of fireedom v, were dete:min%d
Corresponding to P = 0.17 and 0.83. As the quantity

t = vx/x, the lower confidence limit for the value x is

»
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X i/v for P = 0.17 and the upper confidence limit is
given by the same expression for P= 0.83. To determine the
confidence limits of the ratios in table S}l, the ratios
themselves were assumed to be éhe mean of each xz- dis-
tribution.

The horizontal line in figure 5.1 at thelratio.l
is correspondiﬁg to complete agreement between the
experiment and theqry. A rough overall agreement,between”""ﬁfﬂ
thg obsgpéed aﬁd theoretically predicted values is
apparent. To compare more quantitatively, a gross
average of the ratios of all the nuclei in table 5.1 was {
sought.‘ But there seems to be a dip in the ratios for
the nuclides 143<A<181, and the quel of a.constant
strength funétion may be erroneous. However, we at
first made a rough estimation of the gross average and
then treated the entire data in a few subgroups
sep;;ately. ’ )

Assuming crudely a Gaussian dLstribﬁtion of all
the déta, the average was searched. The weighted
avefage was determined'by the relation’

zRi/Oiz

R = = , 5.30
El/oi '

where Al s for the thermal™and discrete resonance were
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due to P-T fluctuations and those forlthe.avergge—
resonaﬁce data were mainly of experimental origin. To
éalculaﬁe the oi's for the first group, the average was
intuitively assumed t%,be between 0.3 to 1. The above
treatment gave a .rgauced x2>22 which was unacceptable
and it showed tTat the model of a constant strength
function was not valid. The high value of the reduced
x2 demonstrated the presence of structures in the
strength function. The possibility of thé presence of
structures led. to the assumption of an additional error
in all the aata. A constant error 0, was added in

quadrature with each of the Ui'S. The O, was varied to

obtain a reduced xz of 1. The corresponding grbss

average was found to be 1.7 * 0.4. This value roughly

equals the average‘if determined with equal weighta
The value 1.7, although higher than 1, indicatés
tentatively an overall agreement of the observafions'
with the prediction of the theoryf

//' The average of the ratios ﬁpr the nuclei outside
the range 143<A<1Bl, was determined separately. The

.

average R was found by minimizing
i

y = E —————31— 5.31

%3
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with respe to R. The quantities Tj and xj are theoreti-
cal and experimental TYi/D respectively. Thé‘weightage'

sz may be assessed for different xj's. The relation

- ' 8Y - n.
K 0

gives the expressiony for the averdge:

x.T.
_ T 0.2 '
R = ————;7—~7§ ‘ 5.32
DIENLS
g .

To determine the weightdge of the thermal and discrete

- B

i

resonance data, let us gonsider tfie likelihood function
corresponding to xz—distributioqs with degrees of. freedom

\)il’

L = I I; 22 %7 5.33

! i _
where all factors independent of the average x of X have

been dropped. Since 2BL attains its maximum for the same
— [ 8
value of R as L, we consider the eguation

- senL _ ’ o :
; - 5.34

Substituting L from equation 5.33 in equation 5.34, we get

- : .Ev.x.- ? >
‘ X = —== .4 5,35
= N X - zvi ..&,‘:‘ . "
. 4 ’ ¥

3 . . . . .
Using the averaging process 1n’eguatlon 5.35 in equation
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5.32 the expression R for the thermal and discrete
resonance data: A »

\
_ x.T.v, : . .
R o= LTiTiCi 5.36
2 ,
T, “v,

The ?orresponding Uncértainty (Ba73) for such a qua§?gty.

ii,/)
._ . . | |
AR = Rafm , . 5.37
where m is the total number of degrees of freedom.

The averagé ot the ratios for the region outside

the dip was found to equal 1.3 * 0.2.

—

-

/ For the region 143<A<181, the average was at

first determined with the average-~resonance data alone.

The weighted average wa® found to 0.7 & 0.2. This value

is clearly much smalle 0.2 determined for the

rest of the nuclei. ue 0.7 raises the possibility

of a depression in fthe t sition strength in the mass

region. To ascért in the dip we searched for a siﬁilar-
averége in our thermal data in this region. The average
Was detexmined using equation 5.36. The Vvalue for our
data was fouﬁd to be 0.5 + 0.2 which supported the ‘result
of the average-resonance data. ; ‘

The above results show that there may be a dip in

the strength function in the mass region 143<A<180.

7 %
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Sinee most of the nuclides in this region are well-
deformeé, there'may be btoadening of the giant reéoﬁandee
(Lo79) for them. But such broadening should tncrease the
ratio of experimental to theoretg:al values instead'ef
decreasing it. This reduction in quadrupole strength J

[y

function in the region is due to some other reasons.

-

There is a possibility that in the GQR for this region,
there may be such structures in the low energy tail which

may cause the dip in the'strepgth function.

Strength Functlon of ZOBPb-

The ratios of the observatlon and the theoretlcal

.predlctlon are shown in table D.8 and table D. 9 with the

level spaC1ng 8 keV (Ho78) and 14 keV (Mu73) respectlvely.
The averages are 5.1 # 1 4 and 2 9 £ 0.8. In either case.
1t is much greater than 1. This high value is possible’
as there is prominent etructure in thé'GQR.ef 2Oan

(Ra78) capable of‘enhancing the radiation strength in the

enerxgy region of interest.



———

The expression of the

134

5.2 Dependence of Quadrupole Radiation Width on E
“and A |

It has been indicated in the previous section that

" possibly there is the influence of the GOR on the E2

radiation &igth. Another way of investigating the decay

éesgﬂT§*§3 find the dependence of the transition width
on the [energy and the nuclear mass number; The commonly

used procedure to do this is to assume a model for the

average width

<T'(E2)> = kAqu<D>, 5.38
and then find the parameters k, p and g by using the

eXperimental data. : S .

It w entioned in section 1.2.3 that the single-

particle model (B132) predicts a dependence of the form-

r(g2)> = ka%/3g5<ps,  5.39
model prediction'discusseé in
detail in section 5.1 can be reduced to the form 6f
equation 5.38 when only the isoscalar GOR is considered
and certain plausible approximations are made. If the
values of E = 7 MeV and A = 100 are used to represent the

global properties of the whole mass range, the following

expression for the E2 giant resonance moézl holds (ax62,

Ko81)

/
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o

<r(E2)> = xa% g% 2¢p» 5.40
which deviates from the single-particle estimaté mainly
in an additional mass dependence.

To test lhe single-particle prediction, the
quantitigs

[(E2)

. _ 5.41
a73:505

k(E2) =

where E is in MeV and T and D are in eV, were calculated
for our thermal data and other thermal, resonance and
average-reéonanée data. The,yalues as a function of a
are plotted on a logarithmic scale inlf%gure 5:2. Some
of the points in the plot resulted fromlthef%yerage over
the same mass numbér."Except for the presence of a dip
around A~160, an overall increase in the value of k with

N

the mass number is apparent.

To arrive ét the best estimate of k, p and q,
the method of maximum likelihood (Ke6l) was applied to
the experimental data. 1In this treatment the inclusion

.of the average-resonance data would be cémplicated .
- because of the combined gffect of its low value and the
Gaussian nature of its distribuﬁion. Therefore, the

. \@verage-resonance data was ignored. The thermal and

discrete resonance data from the literature, and our

_thermal values including -the upper limits were sub-
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—
\

jected to the treatment, ' . /’“\\_/

The likelihood of observing”a particular value of

" the thermal or discrete resonance data

L, = cT. e
. 1 i

_ ";i ‘gi(f;%) : " 5.42
1
here c confains terms(}nvolving fuéctions of vy énd Pi.
- The ligelihood of obéerving a value less than or equal to
an upper limit Xi {for a x2 dist;ibution of-l degree of

freedom)

L., = )7%x e—x/zdx ‘ 5.43
where Xq = Xi/Fi and x = Fi/Pi. Substituting

y2 = x/2,

' Using approximations from Ref. Ha55,

1
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2.3 yoliety) 5.46
erf y, = l-(a,t+a,t+a t’)e Y0 Yo .
- 1 _ . : 35
= Troyg P = 0.471 Je(y,)|g2.5x10 -
a; = 0.348
. a, = —0.096 '
\ 33 = 0.748
Neglecting E(yo) in equation 5.46,
2 -
_ 2 3, - X
erf y, = l—(ait+a2t +tajtT)e Yo _ 5.47

-

Equation 5.47 giVes the likelihood of observing a value less
than or equal to an upper limit Xi. Thus the total ‘likeli-

hgod of a combined set of N values and M upper limits

N - i —_i 1 ( 1

) :
= -(; 2 3ye7Y
L= [qT : I I {1 (altj+a2tj&+a3tj Je 70 }.5.48

i=1

'where t. =
J

“The value of &nL, determined by the values of Ai’

E; and D,, was maximized with respectcto a set of values

of the parameters k, p and g. For the the;gal'data, vy
" was éssumed to be 1. Thé number of resonances was taken

to equal v, for the discrete resonance values.

To determine the errorgﬁ%‘ , Andﬂg, the second L

derlvatlves of fnL were derive ith respect to the

- e .
RN ST IT R U PRI,
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the parameter. 1In the error analysis, for the sake

'simplicity,vthe upper limits were treated as actual

values. The second derivatives are

' L2
% Wi [ dnay)
Sp - kEi A D,

|

$2 v, ri(ani)2 (
,f~_ e kEi Ai Di

62.' {vi 1 UlPl
—.,{Z&nL,) = o — =, -
ske 1 :E: 2 2 kaAipE 9p
The varianceé,_therefore} are [Keé6l) —
0p2 = 1 5 .
| :E:f; Fy(ema) ™ .
2 q,pP ,’
D.kE . '
. . hi® A
2 1
[4) =
q E :f; [ (2nE) % -
. 2 p,ke9aP
i
. ) N
— o
2 1
and, ¢ =
X viri _ Xi 1
3, P, g 2 .2
k Ai Ei Di k

'5.49

5.50

5.51

5.53

5.54

The above analysis was performed twice: once with the

‘valués from the literature only (thus ignoring the region

BRSSP

% SR
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of depressed strength) and then with all our thermal
values included. With the former set, the best fitted

-

values are

2.5+0.1 '

p =
I q = 4.9:0.1 5.55
' . ' _ -1l6 '
. - and k = (9.6%2,0)x10
B When our data is ‘Included, i , . ’
' p = 2.9%0.1

q® 5:0.1 5.56
and k = (2.7£0.5)x10” %5 |

The values pof d q, excludinb the region‘l43<A<18£

. agree lei wiéiﬁii¥t predicted by the GQR model. The

inclusion of the region of dip was .expected to bring down

the overall dependence of A. Therefore, when it was

. 2
d~f6ﬁequal 2.2 which is
Pgd

included, the poﬁer of A was

less than 2.5. fThe functions Fi' <D> in‘thé-two cases .

are plotted in figures 5.3 and 5.4. The solid horizontal

line in éach plot represents the fitted valqe of k..: ‘ '
‘ In both the casés discussed abdve, the depenaénce

on the mass number is cleafly higher than 4/3 predicted

by the single—pariicle model. ‘iﬁs extra dependence may

be due to the-coi ective nature of the transition. It \j;>/r\
. - . " . / .
may therefore be concluded that the giant quadrupole e -

-



. . *upauw ayl 03 spuodsarIod
PUTT TBIUOZTIOY BYJ °JINFBIIITT 2Y} WOIJ eIPP SDUPUOSSI
9319IDSTP pueR TRWISY] 2Y3 2I° SITNSaI aYyJ °I3quUnu sseuw Jo
uotriouny B se ‘umoys Se pauriep ‘syjzbusiaiys zd poonpax ayyg

v )

00z 0ST 00T 0S

*€°g @2Inb14g

T
4

[
—Oo——
-0
—0

/

Pi-

0T



Jo-

-ueaw 3y3 o3 spuodsaiaiod
SUTT UMBRIP 3YJ ‘e3ep TewIdayj InO pue ‘2iInjeaslT] WOIF' SYIoM
90URUOSOI 932I0STP puR TRWISYI SIPNTOUT BIep YL "IdqUnu sseu

\

I

bmo uoT3ioungy e se ‘umoys se paulisp ‘sy S zd peoupax 9yl ™G musmmm
. t ’ i B :
00¢ 0ST 0T . 0s
~ T T 1Y /'\ T
] 5 !
’ I 4
o] _
4 2 ﬁ I
- : - g -
< i |

81—

01 {
\JﬁnA.J
N
&
S
0T By
=
[9)]
0T

PT-




-~

X\

143

resonance is to a large extent responsible for the

transition properties of the E2 radiation near t

threshold.

13

he neutron
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5.3 Reduced Transition Probabllltles

~

The reduced transition probabllltles BE2 {per.
MeV) were determined for several masses or mass reglons.
They were then expressed in the Weisskopf single particle

unit. To estimace BE?2 (per MeV), the {pnctions

. ' Flnyz (ev) |
sz(E) = (" g 1.23
‘ DA(eV)E (MeV)

ined. The average was taken over several

were

nuclldes and/okq several resonances. Averaging over

adjacent did not introduce mere than 4% error

which i% much smaller than the P-7 fluctuation even after

Qits reducéipn As'before: ?e\s;iree of freedom of a

thermaleé§tran51tlon, .as well as\that of a eipgle
—’"‘—-——r\ A

—~\

resonanc

ture E2 transition, was taken to~be 1. The
. = g .
average was det®rmined by the relation _

; , g
and the error was determined on the basis of pP-T

. fluctuation alone. The function sz(E) was transformed

BE2 (pEr MeV) and,ﬁEZ/BW(E ) (per MeV) are presented in

lues of 150Sm,

table 5.2. For the everage-
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166Ho and lBOHf, the errors affxfffrﬁpféxperimental

origins and various factors involved. The errors of

most of the results in table 5.2 are too high to make

[3

any definite conclusion. Nevertheless it is apparent
4

) that for nuclei 150<A<180 a fraction of the single
. (lpartlcle transition strength is spread over 1 MeV.

The quadrupole°strenqths
—Tvi

5ah /3
DAE A

K(E2) 1.28

averaged over-éeveral transitions in a nucleus, or
nuclei with adjacent mass numbers were determined.

These values are presented in table 5.2.



tD.

. - e
-~ 146 X
o | : TABLE 502 ' \(
- | .
o Reduced Transit#@¥ Probabi)ity per MeV
and the Average Quadrupole~ﬁ§fength
DY
T R B e K
92- 94 12. 94+ 38 3.7°£#1.5 1.8 #0.7
104-109 ‘11 226+ 96 7.7 3.3 3.7 %1.6
136 6 102+ 55 2.5 1.4 . 1.2 16,7
T 150 a 3?f=t§/;, 0.79%0.40 0.37£0.19
163-166 5~ 18% 11 0.33%0.20 0.16%0.09
166 a 94+ 49 1.7 £1.0 0.82:0.40
180 4 40+ 28 0.66%0.47 0.32%0.22
180 102+ 35 1.7 0.7 1 0.81%0.29
208-210 3 4774358 6.4 4.8 . 3?1 +2.3
235-239 9 466210 5.3 +2.4 2.5 £1.2

a L .
Average resonance capture. The errors in

BE2 are of pure experimental origin.

e A
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CHAPTER 6 |

CONCLUSIONS

This work has increased the number of known primary

E2 transitions following thermal neut}on capture by 50%.
In total 8 primary E2 tran;itions iﬁ 6 nuclei have been
detected and their intensities have been determined. The
upper limitssof the intensities of 4 transitions have

been estimated. This data removes the gap in the existing

knowledge of E2 intensities in the mass regioﬁ 143<A<181.

The data obtained in the present study along with
those from the literature is analyzed to study the
radiative quadrupole strength in neutron capture. A
quantitative expression for the strength'functﬁgg\;r . /D>

has been derived on the basis of the influence of the

giant quadrupocle resonances (;goscalar and 1sovector) on

‘the transition strength. All the experimental)values of
\ .

Fyi/D are compared with their cdrresponding theoretical

prediction. It is found that the eXxperimental values on

an average are higher than the theoretical values. Never-
theless there is an overall agreement between the %:o.
Thus the GQR seems to contribute to the E2 streng}h We

-

have found a depression in the strength functlon in the

L;

147 e
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- 8

mass region 143<A<181. This deficiency is supported both
by.the average-resonance data and our thermal data. The
probable reason behind this dip may be the presence of
such structures in the giant resonances in this mass
region that depletes the strength. Sihce this region
consists mainly-of the deformed nuclei a theoretical in-
vestigation of the low value of the strength function may
be worthwhile.

The method of maximum likeliheood has been applied
to data acquired in the present ytudy along with the .
L - - preﬁious thermal and discrete resonance data in order to

find the best estimatg of the energy and mass number

dependence offthe quadrupole radiation width; If the

. ‘ :
region of dip is not included, the power of A is found to

Yo

éi: 2.5+0.1 and the power of E equals 4.920.1. These
lues agrEELylth the giant resohance prediction (ax62,

~

Ko8l) of 2.7 and 3.2. The previously reported (Ko8l) mass

'j dependence, aérived by slight;y different set of data
{(3.0+0.3)

and by the method of. least squares,'w%s A which

agrees within error with our result. But when the region
143<A<181 is included in our analysis, a mass dependence

of A(2 240.1) is found. Obviously the low values of the

o .
radiatipn widths in the region have br ght down the value

N - -
e power of A. It seems more reasonable to assume a
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Y
Emooth function with the higher power of A superimposed

with a dip in the region 143<A<18] rather than the overall
decrem%pt in the dependénce of A. |
t It may be.concluded that the giant quadrupole
resonance does influence the radiative strength in neutron
capture. The single—particle'predicfionlof the mass
dependence‘A4/3'is too low to adequately describe the daﬁa.
The reduced transition probabilities in Weisskopf
unit and the average gquadrupole strengths of some mass
" numbers have been calculated in this work. These
quantities for the quadrﬁpole transition are new of its
type in‘thé literature. To use them for studying nuclear
% properties (Lo79), more sucly numbers are rgquired and in, -
most of the cases'the'imﬁrovement in precision is needed.
To have more qndé}standing of the influence of the

giant gquadrupole resonances at the neutron threshold and

to identify the presence of structures, more E2 data for

many of the missing nuclides is to be acquired. One way

‘\to enrich the knowledge,of the E2 intensities is to look
for E2 transitions in (n,y) reactions even though it may

' be meant for some other invéstiggtioﬁé and if the E2
raéiétion is not detécted it is sometimes possible to

assign the upper limit of its intensity. These_upper
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limits may be useful in thé subsequent analysis.

In the course of detecting and analyzing the E2
transitions, the néutron separation energies of 15
nuclides pave been determined.™ These values agree in
. general with those refrted in the literature {(wa77), but
the preciéipn in our values has been increased by moré
than a factor of 20 in many cases. The radiative

14

capture cross section of the calibration standard N has

bee?i found.to be 78.4+1.5 mb. ThiS is a marked-‘improve_

ment in the precisionfover the previously known value of
75.0t7 5 mb (Ju63). A large number of new ga?ma—ray
tran51tlons in the (n,y) reactions has been found, and
their intensities andfenergles are presented. - Some of
these transitions are iqdicativé of“new nuclear leve%%.

165

The number of possible levels in Dy below le50 keV has

been increaéed by a factor of 2.
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S APPENDIX A ,
TABLE A.l
Survey of the Primary E2 Transitions in

(n,y) Reactions

»

E E I 2 br |
' nucious (keG) (key) Transition Ref. . V. 4 (JEQ) (nixh
ZINQE . th 6410 1/27+5/2% Be71 8010 560  4.512.3
28Mg th 11093 2 +0T  Se69 115 3900 .4.342.%
33g. th 6676 1/2%+5/2" ke67 60x20 1900 115
s . th <\ 5754 1/2%+5/2% RaBL 743 1900  1.3:0.6
Mg ‘\¥6723 2 44t Rrasl  2a1 680 0.1450.07
35_ ‘ N + + -
s _ th 4269 1/2%+5/2%" RaB1 - 3415 1900  6.5:1.0
465 th %618 3" 1" Tis2 - 24:8 840  2.0%0.8
-+ 37pe 1.1(P) 7511 1/2"+5/2" cCh73" K 14.5+5
Tige th' 9606 4¥ 22" We66 *3.6:0.4 - 200 0.079:0.008
7Ge . th . 8998 4¥ +2*  We66 0.7:0.2 200 0.014%0.004
9255 th  se3s 2t +0% " or70 1143 140‘“37}5gp:05
P3M0 0.35(S) 8067 1/2++5/2;4 wal3 - " 9+]
P3M0 <>, 8067 1/2%+5/5%  Wa73
93Mo <>, 6375 1/2%»5/2% wa73 -
94\ az{;;;jzf 7229 4% +6*  chr1
94 '

Nb 0.036(P) 6833 5~ +(37) Ch7l

J -/ - 151
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TABLE A.l (Cont'd)

Nii?gis En E-Y Transi;;on.Ref. I-Y 4 aP‘I bFYi.
(kev) {kev) ‘ - (per 10%) (meV) (meV)
1044 th 6731 17 »3” xeﬁkb 0.740.2 160 0.011%0.004
104ch <§>; - 6948 07 27 Ri70 - 16.1x6 160  0.2620.13
1040, <> 6731 17 +37  Ri70 5.8:2.8 160 0.09:0.04
10954 th 6153 1/27+5/2% caso.  11:2 77 0.085:0.017
10954 th 5613  1/2%+5/2% caso 9+e 77  0.069%0.034
109p4 — tn 5172 1/2%»5/2% caso  30:12 77 0.23%£0.10
1365, s> 9107 2%t ~0"  ch74 | 0.37%0.21
2085, tn 4753 17 +37%  Ma72 113 5000  5.5:1.8
208y,,.d <p>,.7371-8167 2% +o* Ra78 )
21055 ¢n 4285 47 »27  7Tss2  109:21 45  ©2.1:0.5
2105; th 471 57 +7” 582 30208400 45 ©17.740.4
235, th 5246 17275727 gues 82 25  0.02%.006
239y "th 4610  1/2%+5/27 Bo72 1642 25  0.04%.005
239, '<s>7 4610 1/2%+5/2% pres 0.01%0.001

3For Agl109, Ref. MuBl; For the rest, Ref. Mu73.
bThose FYi for which no corresponding IY was given,
were determined directly.

®spins of resonances taken from Ref. Ha7s5.

dPartial widths of 27 transitions caﬁ be obtained
directly from Ref. Ra78.

eCorrection done for spin states at neutron capture,

s

*
ot it G w e deaan



APPENDIX B
TABLE B.1 BN

Acontents of the Separated Isotope Samples.

/)

Separated Element Mass Atomic o b
isotope \ Number Eercent (barn)
- \
14344 Nd 142 2.92
\ 143 91.68 325
T 144 4.27 4
145 0.46 42
146 0.52 1
- 148 0.0 3
150 " 0.06 1
Gd - <p.02 49000
Sm /<0.05 5800
cd " <0.05 2450
Dy :+ 156 0.02 © 930
158, _ Snioz 43
. 160 vl 08 61
161 1\22 . 585
162 96 ~26 180
163 1.75 - 130
le4 - 0.69 2700
Sm ' <0.05
Gd ’ <0.02
cd <0.05
164
- Dy Dy 156 <0.01 . 930
: 158 <0.01 - ° 43
. : 160 0.01 61
161 --. 0.15 585
162 0.35 180
163 : 1.05 130
A 164 98.43 . 2700
Sm _ <0.05 ‘
Gd <0.02
p : cd . <0.05

153
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TABLE B.1l (Cont'd.)

Separated Element ~Mass Atomic on JJ
isotope Number percent (barn)
17gyb Yb 168 .02 @ 37
‘ 170. 0.08
-171 . 0.62
172 2.44
173 92.08
174 4.46
176 ‘ 0.32
Gd <0.02
' Sm . <0.05
< cd . ) <0.05
. Dy ;i <0.1 930
179y¢ HE 174 <0.05 102
176 > 0.56 38
17 3.42 365
178 5.42 86
17 81.85 45
19 8.74 - 44
Gd . : <0.02
Sm ( -~.) <0.05 - -
Dy S ' <0.1
cd RN <0.05
aSupplied 5y.Union Carbide Corporation .
Nuclear Division. Spectrographic analysis.
Pref. Mu73. q .

)
rd

4~
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N APPENDIX C / < % e
Calculation for Ve Correction *~ : \\\

in Ayerage Resonance Data

[,,./‘1\) o . /\_, :

The _wave ‘number for a neutron

! \"‘.

/ - K = 2/18x1011/E1eV) m” c 1
S .The ‘quantity - Ve ( “\

/
| (kR) 2 = 7.23x10" E{eV)A 2/3 | yhere R=1. 233 1/3 y—C. 2
e 9 , '
The integral in equgylon 3.20 b can be replaced by
V- ‘ B e-}a/fE—'—
: ' ' Ip = A 377 °F
ﬁl\\)jUsing E = iz, I, = 2f e Fax =;§ . C.3
.. -\ . . x - h N . "

0
Similarly, the integral in eqﬁation'3.20‘a'c§p be replaced by

o b,

‘ - &
| -a//E  CoE N -
. _ e 2 2/3 : .
I, = 372 l,..'_czEdE [c,=7. 29x10~832/3]
\ 0 | | I
o -

I = 20, 5—t——e™ax c.4 |

X +(/C )2 . .o,

Using\the«Table*of Integrals (GrES),

I, = z/ﬁé{Qi(a/ﬁa)sin(a/E;)-Si(a/EE)gos(a/Eij}

155
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= 2 Cz{cl(y)51n(y)-51(y)cqs(y)} L// C.5
\ 2k "_
Gily) = ! 2k(2k) L S c.6 ™
= A !
Euler's constant C = 0.5772. ,The third term im’equation -
N
3.6 is negligible. .7 ey

L e
sit) - WY S
; 2 {(2k-1) (2k-1)!
. k=1
where the second term is negligible.
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Weak Transitions in
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TABLE D.é6

~

144

Nd an 165Dy

Final No. Energy I, -
Nucleus (keV} (photons/1000)
\ .
- |
1 5602.4 0.04
2 5496.6 - 0.12
3 5432.3 ‘ 0.08
4 . +5373.4 0.01
2/’ 5324.7 0.06
5301.2 0.04
7 5259.8 0.03
8 5189.4 0.06
9 - 5174.9 ° 0.08
10 5137.0 0.08
11 5103.3 0.09
32 5082.2 0.03
144 13 5071.2 0.06
“%%Na 14 4966.0 0.06
15 4891.0 0.08
16 4805.0 « 0.10
17 4680.5 0.05
18 4656.3 0.16
19 4605.5 0.05
, 20 4482.9. 0.25
21 4447.4 0.02
22 4384.5 0.20
23 4364.0 0.03, p
24 4333.7 0.04
25 4285.6 0.13
. 26 4197.3 0.05
27 3880.8 0.12, °
, 1 4300.21 0.09°
2 4292.02 0.03
165 3 4236.86 0.11
Dy 4 4224.88 0.06
i 5 4214.93¢ 0.16
_ 6 ° 4194.57 0.05
7 4179.10 Q.06
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TAELE D.7

165

Low-Lying Levels in Dy with Spin <3/2

b
Previous work

This work

Levela

No. Photon Level Spin
enerqgy energy enerqgy
(keV) (keV) (keV)
. ~
1 5607.75 108:13 108.160 1/2_
2 5557.27 158.61 158.591 3/2,
3 5177.25 538.64 538.61 3/2°
4 5145.51 570.38 570.25 1/2_
5 5142.39 573.50 573.56 T 3/2_
6 5110.80 605.09 605.10 3/2
7 4804.01 911.95
8 4699.98 1015.93
9 4635.87 80.04 _
10 4612.92 _ 1102.99—_1103.3 (3/27)
11 460786 1108.05
12/' 4557.52 1158.39 +
13 4549,12 1166.79 1167 (3/27)
14 . 4497.55 1218.37
15 4459.47 1256.45 1253 -
/16 4339.60 1376.32
17: '4335.18  (1380.73 :
18 4315.84 1400.08 1401
19 4275.30 1440.62
20 ,4259.62 1456.30
21 4251.16 1464.76
22 4214.93 1501.05
23 '4160.52  1555.41 -
24 4155.85 1560.07 1563 1/2,3/2
25 4124.15 1591.77 1590.9 (3/2)
26 4092.73 1623.19
27 . 4083.85 1632,08 1628
28 \..4081.58  '1634.34 _
2 4067.68 1648.25 1646 (1/2,3/27)

aAverage.error is 0.18 kev.

Ref. Bu74.
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AX

Ba

Ba

Ra

Be
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